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Abstract 

The development of efficient and accessible anterograde monosynaptic tracing tools 
holds immense potential for shaping the future of neuroscience research. However, no 
such tool currently exists. In this study, we introduced a novel pseudotyping strategy, 
termed REACH, which replaces the native rabies glycoprotein responsible for 
retrograde infectivity with three glycoproteins derived from herpes simplex virus (HSV) 
that facilitate anterograde infectivity. 

We demonstrated the production of infectious virions in vitro using a plaque assay and 
further showed transsynaptic infectivity in a wild-type in vivo model. To investigate the 
nature of this transfer, we employed a Cre-recombinase model, which provided strong 
evidence for selective anterograde transsynaptic transfer. Subsequently, we examined 
the interplay between this strategy and observed tissue toxicity. This exploration led to 
the development of potential strategies for reducing toxicity and enhancing transfer 
efficiency. Additionally, this study has contributed to a deeper understanding of the 
potential of pseudotyping across viral families, which may inform the rational design of 
next-generation tracing tools. 

In conclusion, this study presents the neuroscience community with a promising new 
approach for investigating the nervous system through anterograde monosynaptic 
tracing. 
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Impact Statement 

The development of new research tools represents some of the highest impact research 
available. If successful the ability to catalyse wider research is significant and can have 
impact not only within the entire field but across multiple disciplines. This revelatory 
impact can be seen in the progress of science in the wake of development of tools such 
as the light microscope or, in more recent years, genetic tools such as optogenetics.   

The effective elucidation of synaptically connected neurons represents a significant 
where the development of novel tools could have a wide impact. Currently available 
tools have a number of significant caveats, such as toxic effects in experimental animals 
and inflexible usage for a wide variety of research questions and disease models. In this 
study the REACH strategy was developed to attempt to create an improved alternative 
to these options. The initial viability and potential of this approach has been 
demonstrated with use by research groups within relative reach. 
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1. Introduction  

 

ñI was fully convinced that, in order to make a significant advance in the knowledge of 
the structure of the nerve centres, it was absolutely necessary to make use of 

procedures capable of showing the most delicate rootlets of a nerve fibre vigorously and 
selectively coloured upon a clear backgroundò 

-          Santiago Ramón y Cajal (1901) 

 

1.1. Neuroanatomy: A Hard Problem for Neuroscience 

Biology is Structure and Structure is Function 

In the early 18th century humanityôs understanding of proteins was no greater than the 
chemist Antoine Fourcroyôs observation of the variable reaction of eggs to acid or heat 
(Tanford & Reynolds, 2003). In little over two hundred years we have progressed to not 
only being on the cusp of generating artificial human eggs (Smela et al,. 2023) but 
additionally a potentially limitless number of AI generated proteins never seen before in 
nature (Madani et al,. 2023). The key to this progress has undoubtedly been through the 
understanding of structure. By determining how the underlying subunits, amino acids, 
interact and fold into complex 3D structures, clues of the emergent properties, the 
function, of the protein can be revealed. 

In comparison, our knowledge in neuroscience is limited to understanding only some of 
the subunits, neurons, in relative isolation (Hubel & Wiesel, 1959; OôKeefe & 
Dostrovsky, 1971) with only a partial understanding of how these interact to form the 
complex structure, circuits, of the nervous system. Consequently, understanding most 
of the complex emergent properties of the nervous system, from movement to 
consciousness, remains out of reach (Denk et al,. 2012).  

One of the critical lessons from the revolution in molecular biology is the significance of 
the right tools (Ronai, 2017). For example, the development of x-ray crystallography 
was instrumental in revealing protein structure, beyond individual amino acids, to assist 
in determining function (Smyth & Martin, 2000). A significance highlighted by the 29 
Nobel prize awards utilising this method (Galli, 2014). Equally revolutionary has been 
the development of genetic sequencing allowing the genetic structure, beyond individual 
base pairs, of whole organisms to be visualised with relative ease (Hood & Rowen, 
2013). 

The key to driving the next revolution in neuroscience is therefore the development of 
the right tools to enable the visualisation of not individual neurons but the complex 
circuits, and ultimately function, that they create. 
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Selective Visualisation: Seeing the Trees for the Wood 

The unique structure of the nervous system has consistently proven to be a barrier to 
understanding its anatomy and consequently its function. For early neuroanatomists the 
morphology of neurons, ranging across multiple microscope slides, could only be 
visualised as whole structures following difficult and laborious cell dissociation 
techniques from the surrounding tissue (Cajal, 1901; Pannese, 1999).  

A fuller anatomical understanding of the nervous system instead depended on the 
development of the eponymous Golgi stain (Golgi, 1873). The effectiveness of the Golgi 
stain lay in its ability to render visible the intricate details of individual neurons amidst 
the intricate web of neural networks. The method employs solutions of potassium 
dichromate and silver nitrate, selectively impregnating a limited number of neurons, 
roughly in the region of 1-3%, through depositing precipitate within the cytoplasmic 
matrix of the neuron (Zaqupt & Kaindl, 2016). This visualises neurons in an all-or-
nothing fashion, with a limited dynamic range, allowing for the isolation of their structure 
against a clear background and producing images of remarkable contrast and clarity 
(Vints et al,. 2019). 

This method became a cornerstone for the detailed anatomical exploration of neurons, 
unveiling the complexity of their forms, a factor that still offers insight where changes to 
small neuronal structures, such as dendritic spines in disease models, can be visualised 
with relative ease (Baloyannis, 2015). However, undoubtedly this techniques greatest 
contribution to neuroscience has been due to the formation of the óNeuron Doctrineô by 
Cajal and the understanding of the nervous system as a network of circuits formed by 
individual neurons (Cajal, 1894; Llinas, 2003).  

In contemporary neuroscience the question of how circuits facilitate complex behaviour 
remains largely unknown due in large part to the incomplete knowledge of the 
components of circuits and how they interact (Briggman et al,. 2011).  The visualisation 
of single cells, as in Cajalôs day, has allowed valuable information to be conferred about 
individual components of circuitry, such as gross anatomical location or morphology, but 
the wider picture of its place within the circuit can only be inferred via axonal and 
dendritic projections. The use of methods that allow entire single cells to be visualised 
has provided valuable information on anatomical location and morphology , 
nevertheless their relations to other circuit components can only be inferred via axonal 
and dendritic projections (Harris et al,. 2019). Although this light level approach has 
resulted in previous accurate predictions, for the vast majority of neurons the 
assumption that synapses are only formed at the termini of their axonal or dendritic 
trees, or occur at every axonal dendritic overlap, has been shown to be consistently 
incorrect (Shepherd & Harris, 1998; Wickersham & Feinberg, 2012) and provides a poor 
basis for accurately deducing functional circuit relationships. 

Effective methods to move beyond single neurons and detail their interconnections have 
existed for many decades, initially with the advent of electron microscopy (Robertis & 
Bennett, 1955) and subsequently with intracellular recordings (Petreanu et al, 2009; Tao 
et al, 2015). However, although useful at dissecting local microscale circuits when 
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considered for interareal mesoscale circuits (Zeng, 2018) these methods become 
impractical in terms of time and cost for the wide exploration of hypotheses, especially 
in circuits with distant projections, necessary to advance the field (Mikula, 2016; 
Wickersham & Feinberg, 2012).  The use of visualisable transsynaptic molecules known 
as tracers has allowed a more practical approach to both mesoscale and microscale 
connectomics as neither specialised equipment is necessary for their  application, via a 
standardised stereotaxic injection, nor their visualisation, using ubiquitous low-
magnification fluorescent microscopy (Osten & Margrie, 2013). 

Nevertheless ótranssynaptic tracerô is a broad term and encapsulates a wide range of 
tools each with its own strengths and caveats. However, important progress has been 
made in recent years with an increasing convergence on effective and practical 
methods able to answer a greater range of scientific questions.  It is therefore 
necessary to survey the transsynaptic tracing methods available and provide scrutiny as 
to the suitability of each method for the application in a wide range of neuroscientific 
applications. Furthermore by evaluating the mechanisms underlying each approach it 
should be possible to speculate further on the most promising direction for the field as a 
whole towards revolutionising neuroanatomy and our fundamental understanding of 
neural function. 

1.2. Effective Tracers: The Necessary Steps 

Prior to evaluating the merits of transsynaptic tracers it is useful to characterise the 
necessary requirements and the broad mechanisms by which to achieve these.  

Tracers Must Visualise Cells of Interest Distinctly from Surrounding Tissue 

The dense, reticular nature of nervous tissue demands that we pinpoint and view 
specific cells clearly to avoid unambiguous observations. Consequently, strategies to 
label only specific cells, or populations of cells, are vital to determining accurate 
reconstructions of connectivity. 

Tracers Must be Intracellularly Mobile 

For a tracer to be viable across micro and mesoscales it is essential that tracers be able 
to traverse intracellular distances up to the centimetre range in a practical timescale. 
Considering the dense macromolecular crowding within the cytoplasm, and the 
existence of regulatory cytoskeletal structures such as the axon initial segment, free 
diffusion is limited to only the smallest of molecules with larger structures dependent on 
interactions with the intracellular trafficking system to travel significant distances. 

Tracers Must Be Transsynaptic 

The multitude of synaptic connections found along a neuron's entire projection path 
suggests that inferring connections from projection patterns is insufficient to fully 
determine accurate neuroanatomy. Any ideal tracer must therefore label across the 
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synapse. Furthermore, this labelling should occur for all synapses and not be biased 
towards those of a certain type or activity level. 

Tracers Must Provide Unambiguous Results 

To facilitate the precise elucidation of neural circuits, it is imperative that tracers render 
unequivocal information regarding connectivity. It is critical that tracers are capable of 
traversing solely through a singular synapse to preclude any ambiguity between 
second-order connections and direct connections. Furthermore, tracers should exhibit 
strictly unidirectional transmission, to ensure that input and output cells can be distinctly 
identified and are not erroneously conflated. This will aid in refining the delineation of 
neural circuits, enabling a more accurate representation and understanding of their 
structural and functional aspects. 

Tracers Must Accurately Display Tissue in an Unperturbed State 

To determine faithful neuroanatomical representations of circuitry it is vital that the 
information acquired represents the tissue as it exists in its natural state. Any 
disruptions due to the application of the tracer are likely to create false negatives that 
obscure the true nature of the circuitry. Not only could this have significant effects in 
warping our sense of the underlying neuroanatomy but it potentially mitigates the 
usefulness of these methods in establishing changes to neuroanatomy in disease 
models. 

Tracers Should be Accessible and Flexible in Use  

The full revolutionary potential in developing neuroanatomical tracers is not only in their 
capability to construct a connectome but also for their targeted application in answering 
particular research questions. Consequently, it is imperative that tools should be 
accessible to as wide a range of laboratories as possible. In one sense this means 
limiting the requirement of expensive equipment and reagents, which may be 
unattainable for the vast majority of research groups. However it additionally means that 
tracers should not be incompatible with other specialised requirements of specific 
research questions such as genetic mouse lines or models. 

1.3. General Classes of Transsynaptic Tracers 

Degenerative Tracers 

The first method to demonstrate transsynaptic labelling utilised the effect of an aberrant 
neurotransmitter, most likely glutamate, release to cause degeneration in post-synaptic 
neurons, a well-known pathological mechanism in many neurodegenerative disorders 
(Deleglise et al, 2018). To determine which neurons were synaptically connected tissue 
was therefore observed microscopically post-mortem to identify cells and regions 
undergoing signs of apoptosis. The effect was first shown when following enucleation of 
the eye ,or sectioning of the optic nerve, degeneration was observed within the lateral 
geniculate nucleus (Le Gros Clark & Penman, 1934) and subsequently refined, through 
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selective degeneration of the retina, to deduce a topological map of inputs (Cook, 
Walker & Murray, 1951). Further connectivity maps were later investigated across the 
sensory systems, peripheral nervous system and even a few central nuclei (Cowan et 
al, 1970). As a relatively simple method only requiring a single surgical procedure this 
approach was a valuable tool in the arsenal of early neuroanatomists with, in some rare 
cases, transsynaptic degeneration visible even in third order neurons from the initial 
lesion point (Valverde & Esteban, 1968). 

Nevertheless, although a simple method, the lack of nuance this approach offers gives 
little appeal for neuroanatomical studies today and explains why it has all but been 
superseded, except to offer a fresh perspective in clinical pathology. Firstly, early 
pioneers observed that the extent of degeneration could vary inversely with the age of 
the animals used, with even greater inter-species variation observed (Cowan et al,. 
1970). Secondly, although effective at the time in sensory systems where external 
organs could be removed relatively cleanly, the precision required for delivering lesions 
to central nuclei can be extremely challenging, as any damaged fibres of passage may 
result in confounding degeneration in unintended nuclei. The extent to which genetically  
targeted degeneration could be viable, for example via the selective expression of the 
diphtheria toxin receptor (Saito et al,. 2001), has not been fully explored in the modern 
era as it appears to offer little advantages in comparison to modern tools. 

Integrative Tracers 

Integrative tracers: Amino Acids 

The first improvement on degeneration based methods came in the form of the targeted 
application of radioisotopes of cellular precursor molecules visualised through 
autoradiography. In contrast to degenerative methods, labelled precursors actively co-
opt the cellular machinery to achieve visualisation of neuronal morphology through 
membrane transport, incorporation into cellular macromolecules and transport 
throughout cellular compartments (Kristensson et al,. 1971). 

Originally intended as a method to label single cells (Weiss & Holland, 1967) it was 
noted that particular precursors, such as proline (Schubert & Kreutzberg, 1974), fucose 
(Specht & Grafstein, 1973) and adenosine (Rose & Schubert, 1977), were particularly 
effective at transneuronal labelling and potentially multi-synaptic in specific cases (Streit 
et al,. 1980). Furthermore, as macromolecular synthesis predominantly occurs at the 
cell body, the labelling of fibres of passage is at a much lower sensitivity, thus allowing 
significantly less ambiguous visualisation of central pathways (Swanson, 1981), a key 
factor in its use of many key neuroanatomical discoveries such as those of ocular 
dominance columns in the visual cortex (Wiesel et al, 1974). 

Evidence from electron microscopy studies, displaying labelled vesicles, suggest a 
small subset of precursors are integrated into cellular macromolecules that are directed 
to synaptic release and subsequently endocytosed into post-synaptic neurons (Barber 
et al, 1978). This fact is further reinforced by studies highlighting how labelling can be 
activity dependent and electrically inducible (Schubert et al, 1976).  However,  the 
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extent to which this depends on macromolecules, or precursors displaying a role as 
neurotransmitters such as proline (Henzi et al, 1992) and adenosine (Dunwiddie & 
Masino, 2001), is debatable as protein synthesis inhibitors seem to have a negligible 
effect on transneuronal labelling (Grafstein & Laureno, 1973). 

Nevertheless, the mechanism behind either approach likely underpins the low efficiency 
associated with autoradiographic tracing and the main caveat of its application. 
Although the cellular uptake of precursors is incredibly efficient the proportion 
incorporated into specifically synaptic bound proteins, or as neurotransmitters, is 
significantly lower, a fact highlighted by an estimated  2% efficiency relative to 
independent counts of first order neurons (Grafstein, 1971). Considering that labelling 
has been linked to activity it highlights the possibility that many weaker connections may 
receive insufficient precursors to be detectable.  Furthermore, what labelling does occur 
is in combination with extremely high concentrations of radioactive precursor, often in 
the range of two to three millicuries (Streit, Stella & Cuenod, 1980), which, aside from 
having safety concerns, may also have noticeable effects on animal behaviour and 
physiology (Jain, 2014). In addition to sensitivity issues,  other caveats that limit its 
practicality for contemporary neuroanatomists include: the difficulties of establishing 
infection sites due to precursor diffusion (Swanson, 1981), differential precursor efficacy 
across cell types, and the time required, sometimes up to six weeks, to generate 
autoradiographs (Beaudet et al, 1981). 

Integrative tracers: Lipophilic Dyes 

A more immediate alternative to lengthy autoradiographic procedures is to use inorganic 
fluorescent dyes.  Although some dyes are claimed to be transsynaptic many are either 
non-permeable to membranes, thus requiring intracellular injection (Stewart, 1978), or 
display effectivity only for invertebrates where their spread is likely to be non-synaptic 
due to the presence of a multitude of gap junctions (Strausfeld & Obermayer, 1976). 
However, the extracellular application of two dyes in the óHoechstô family, bisbenzimide 
and Nuclear Yellow, have been shown to cause anterograde transneuronal labelling 
after injection into peripheral mammalian sensory systems (Davis & McKinnon, 1982; 
Weidner et al,. 1983) and central nuclei (Aschoff & Hollander, 1982). 

Whilst these dye based approaches offer effective benefits in visualisation they include 
many caveats that have limited their impact on neuroanatomy. Most pressingly they are 
known to be cytotoxic at the high concentrations utilised, with necrosis following 
injection visible within 30 minutes of application (Aschoff & Hollander, 1982), a known 
potential side effect of in-vivo Hoechst staining generally (Zhao et al, 2009). In addition 
the transsynaptic mechanism is poorly understood and likely to be nonspecific with the 
most likely explanation that Hoechst stains are constitutively released from a cell via 
active efflux pumps (Krishan, 1987). Of these only a subset will be located peri-
synaptically, a fact highlighted by the labelling of glial cells alongside labelled axons 
(Bentivoglio et al,. 1980). Furthermore the reproducibility of the labelling has been 
questioned in other studies (Sawchenko & Swanson, 1981).           
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Such shortcomings are also observed for  dyes that confer retrograde transneuronal 
labelling such as doxorubicin (Bigotte & Olsson, 1982) with high toxicity, and 
Rhodamine /3-isothiocyanate (RITC) which requires the addition of cytotoxic kainic acid 
(Miceli et al, 1993; Miceli et al, 1997). 

Associative Tracers 

Associative Tracers: Horseradish Peroxidase 

An alternative method to achieve simple visualisation has been the use of the enzyme 
horseradish peroxidase (HRP) which is able to catalyse the conversion of chromogenic 
substances, such as diaminobenzidine (DAB), into a form visualisable with both light 
and electron microscopy. Early electron microscopy studies displayed that two HRP 
subtypes, isoenzyme B and C, displayed HRP labelling within synaptic vesicles 
(Grafstein & Forman, 1980). Subsequently transsynaptic labelling was recorded in the 
fly (Nasser, 1981) and fish (Triller & Korn, 1981; Wilczynski & Zakon, 1982) by light 
microscopy and, when conjugated to poly-l-ornithine, in mammals by electron 
microscopy (Itaya et al., 1978). Although a mammalian study potentially visualised 
synaptic connections, with a similar topology to previous autoradiographic adenosine 
tracing, in mammals with light microscopy (Crutcher et al,. 1981), the fact that this 
required a very high concentration and displayed no reproducibility has led to some 
controversy as to whether the inefficient uptake of extracellular HRP limits its 
applicability for light microscopy (Trojanowski, 1983). 

Associative Tracers: Lectins 

The inefficient uptake of HRP is related to its cellular uptake mechanism of bulk 
endocytosis, meaning that this method is reliant on intense neuronal activity for pre-
synaptic membrane to be internalised for the production of new synaptic vesicles 
(Dumas et al,. 1979).  In contrast plant lectins, most notably wheat germ agglutinin 
(WGA) (Fabian & Coulter, 1985) interact with membrane carbohydrates and utilise 
efficient adsorptive endocytosis and are trafficked and released transsynaptically 
according to a well characterised intracellular pathway (Broadwell & Balin, 1985). 
Additionally, although detectable via autoradiographic means (Schwab et al, 1978), 
WGA can be easily visualised via conjugation to HRP providing a transsynaptic tracer 
with a sensitivity 40x greater than unconjugated HRP (Gonatas et al, 1979). As 
visualisation methods have improved, the need for HRP has further been superseded 
by derivatives of WGA conjugated to fluorophores, such as fluorescent proteins 
(Yoshihara et al, 1999) or Alexa dyes (Levy et al, 2017), and by advancements in direct 
immunohistochemical staining for native WGA (Kinoshita et al,. 2002). 

A clear strength of associative tracing based on biological compounds has been their 
ability to take advantage of the concurrent development of genetic engineering 
techniques to achieve unprecedented selective cellular labelling. Due to the biological 
origin of associative tracer proteins it has proven possible to develop mouse lines that 
express the gene for the protein under the influence of a cell-type specific promoter 
(Yoshihara et al, 1999; Horowitz et al, 1999). In addition to avoiding the unintentional 
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labelling of adjacent cells from an injection this approach also minimises any tissue 
damage caused as a result of the injection surgery and of any immune response 
generated to an exogenous protein (Yoshihara, 2002).  Although this approach has the 
potential drawback that it requires the time consuming generation of novel transgenic 
mouse lines for each tracing experiment, this step was circumvented through the use of 
viral vectors to deliver the tracer transgene (Kinoshita et al, 2002). Viral transgenic 
methods offer the additional benefit of  controlling the expression of WGA through cell-
type specific promoters enabling more precise targeting in comparison to injection of the 
native WGA protein. Furthermore, at least in some cases (e.g.  the olfactory system) 
(Kinoshita et al,. 2002) the strength of transsynaptic labelling is increased in comparison 
to using the native protein (Itaya, 1987). Although this may be due to an increased 
efficacy for cellular entry for the viral vector it is also likely that the strategy of having the 
protein produced intracellularly and creating localised high concentrations of tracer 
would be difficult to achieve via extraneous injection.  

Perhaps most importantly, genetic approaches facilitate the design of conditional 
tracers, packaged with recombinase proteins that allow for the functional dissection of 
circuits. Although the conjugation of large proteins, such as fluorophores, to lectins 
would likely limit the ability of associative tracers to interact with the cellular trafficking 
machinery, cre recombinase, at 343 amino acids in length (Song & Palmiter, 2018), is 
small enough to not interfere with the function, trafficking and transport of the tracer 
(Gradinaru et al, 2010). Providing that post-synaptic cells include a functional gene 
contained within two lox sites, introduced either via a viral vector or in a specific mouse 
line, the small quantity of trafficked cre recombinase will be sufficient to allow 
expression of the gene and functional manipulation of the cell through optogenetics 
(Gradinaru et al, 2010), the Tet-on/off system (Xu & Sudhof, 2013) and chemogenetics 
(Gompf et al, 2015). Lectins also appear to minimally perturb tissue. As, although lethal 
if delivered to the circulatory system, barley lectin, which shares 98% of its amino acid 
sequence with WGA, displays no effect on cellular physiology or animal behaviour when 
administered to the olfactory system (Horowitz et al, 1999). 

Nevertheless the use of native WGA as a tracer is mainly limited by the lack of signal 
amplification within post-synaptic cells, even in cases where the gene is highly 
expressed within pre-synaptic cells. By turning to genetic engineering it has also been 
possible to overcome this caveat to a certain degree. If a mouse line is used that 
expresses a cre-dependent form of a fluorophore then a cre-recombinase conjugated 
form of the tracer is able to amplify the signal to a larger amount than would be 
achievable with the use of the native tracer (Libbrecht et al, 2017). However, with this 
approach another fundamental caveat with WGA tracing is observed. Although WGA is 
known to bind to common constituents of neuronal membrane glycoconjugates, N-
acetylglucosamine and sialic acid (Sawchenko & Gerfen, 1985), the relative expression 
levels across cell types is not homogenous (Hatten et al,. 1979). As a result the tracing 
efficiency witnessed across different brain regions can vary to a larger extent than 
would be expected with the potential that this could be activity dependent in favour of 
stronger connections (Schnyder & Kunzle, 1983; Libbrecht et al, 2017). 
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Additionally, the selectivity of lectin tracing is undetermined. For example, the labelling 
of glia observed in some studies (Rhodes et al,. 1987). In addition, the directionality of 
transfer appears not to be selective with both post-synaptic and pre-synaptic cells 
observed (Köbbert et al., 2000). 

Replicative Tracers 

One of the significant disadvantages of associative tracers is the difficulty in amplifying 
signal within neurons to achieve accurate visualisation. Although this obstacle has been 
overcome through the use of cre amplification with WGA (Gradinaru et al,. 2010) this 
limits the use of this method for specific genetic lines. A more flexible solution to this 
problem has been the adoption of tracers that autonomously amplify their own signal in 
the use of replication competent viruses. 

Although it was previously known that viruses could infect the brain (Negri, 1903) it was 
first documented that this could occur via the selective infection of neurons with herpes 
simplex virus (HSV) in 1923 (Goodpasture & Teague, 1923). Beginning in the 1970s 
this property was exploited to study circuitry within the somatosensory (Baringer & 
Griffith, 1970; Knotts et al,. 1974), olfactory (Tomlinson & Esiri, 1983; Stroop et al,. 
1984), motor (Kristensson, 1970; Bak et al,. 1977) and limbic systems (McLean et al,. 
1989; Hoover & Strick, 1993). 

Despite some use, these viruses did not supplant non-replicative methods initially due 
to various factors. Firstly, detecting viral infection was challenging. This was initially 
achieved either through determining degenerative hallmarks or via costly and time 
intensive techniques such as electron microscopy (Baringer & Griffith, 1970). Later 
applications were able to use immunohistochemistry for viral antigens (Blessing et al,. 
1991; Hoover & Strick, 1993) however these potentially can have issues relating to 
sensitivity, specificity and background labelling in addition to cost (Saper, 2005). In 
addition, by labelling the virus directly it requires that infection be sufficient enough for 
viral antigens to be widely spread. Consequently, cells must be visualised when most at 
risk of degradation. 

Secondly, viral infectivity was uncontrolled meaning determining direct connections, 
instead of poly-synaptic connections, was a significant caveat (Aston-Jones & Card, 
2000). Predominantly, experiments were conducted across narrow time windows to limit 
infection across a single synapse (Kuypers & Ugolini, 1990). Not only did this require 
significant experimentation to determine (Enquist et al,. 1998), with inter strain variance 
(Jansen et al,. 1995), but it still created ambiguity of the nature of the underlying 
connection. Furthermore, although strain dependent biases were observed (Card et al,. 
1991; Zemanick et al,. 1991) it appeared that viral spread could occur to both pre- and 
post-synaptically connected neurons (Enquist et al,. 1998). 

Thirdly, using wild type infectious viruses posed a risk of lab-acquired infections for 
either researchers (Pike, 1979; Strick and Card, 1992), or other organisms such as 
livestock (Ugolini et al,. 1990). This concern is heightened because these viruses need 
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to be grown in high concentrations before they can be utilised (Ugolini et al., 1987, 
1989). As a result, the specialised facilities for this production were not available to all 
research groups.  

However, significant advances in these tools were developed following advances in 
genetic engineering in the 1990ôs (Cunningham & Davison, 1993). Initially this facilitated 
the insertion of exogenous genes, such as LacZ (Mettenleiter & Rauh, 1990) and the 
firefly luciferase gene (Kovacs & Mettenleiter, 1991), which facilitated more reliable 
detection through enzymatic reactions than viral antigens. These advances were 
subsequently applied in neural tracing studies to great effect (Loewy et al,. 1991; 
Jansen et al,. 1995). However, the most significant advancement was undoubtedly the 
exploitation of recently discovered fluorescent proteins (Prasher et al,. 1992, 1995). 
When cloned into the viral genome the viral driven replication of the protein would 
facilitate the clear and unambiguous visualisation of infected cells (Jons & Mettenleiter, 
1997). This development was promptly utilised in a wide range of neuronal tracing 
studies (Boldogköi et al,. 1999; Pyner et al,. 2001). 

The development of site-specific recombinases (Branda & Dymecki, 2004; Dymecki et 
al,. 2010) additionally facilitated the development of highly controlled tracing 
experiments. Due to their susceptibility to genetic engineering viruses can have genes 
necessary to infectivity be dependent on the presence of cre-recombinase. Firstly this 
allows the initial infection to be isolated to specific neuronal populations induced to 
express cre-recombinase. Secondly, it can change the natural polysynaptic infectivity of 
viruses to  monosynaptic infectivity by limiting infection from cells unable to express cre-
recombinase. 

Genetic engineering furthermore facilitates the inclusion of additional genetic material, 
in addition to the deletion of endogenous genes, which can be expressed in both initial 
starter and transsynaptically connected neurons. This allows additional tools to be 
encoded that allow additional information to be acquired about circuits beyond 
connectivity. Firstly, proteins can be encoded that enable the visualisation of neural 
activity in real time. Notably this can be achieved through calcium indicators, such as 
GCaMP (Tian et al,. 2009) and RCaMP (Akerboom et al,. 2013), voltage sensors, such 
as arch (Kralj et al,. 2011), and glutamate sensors such as iGluSnFR (Marvin et al,. 
2013), can be expressed in both starter and transsynaptic cell populations via viral 
tracers (Oksada & Callaway, 2013; Ginger et al,. 2013; Reardon et al,. 2016).  

Secondly, neural activity can be artificially manipulated via the insertion of ligand-gated 
ion channels, such as DREADDs (Roth, 2016) and PSAM (Yizhar & Wiegert et al,. 
2019), or light-gated ion channel pumps, such as channelrhodopsin (Boyden et al,. 
2005), halorhodopsin (Zhang et al,. 2019) and archaerhodopsin (El-Gaby et al,. 2016). 
The expression of these proteins in viral tracers can allow the reversible control of 
neural activity to reveal casual relationships between connected populations (Kim et al,. 
2017).  

In conclusion replicative viral tracers have demonstrated many significant advantages 
over non-replicative tracers through their control, relative ease of use and detectability. 
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1.4 General Classes of Transsynaptic Viral Tracers 

Retrograde Viral Tracers 

Although replicative viral tracers demonstrate significant advantages over previous 
tracing methods notable caveats exist. Most notably each virus has evolved for specific 
niches within the nervous system and consequently display distinct properties which 
affect their functionality as tools. The most notable of these for tracing purposes is the 
directionality of infection as either anterograde or retrograde.   

Retrograde Viral Tracers: Pseudorabies 

Pseudorabies virus belongs to the herpesviridae family, a group of large, enveloped, 
double-stranded DNA viruses predominantly known to infect the epithelium from which 
they can replicate and spread to new hosts (Denes et al,. 2020). While all linked to a 
common ancestor (McGeoch et al,. 1995), the alpha subfamily, alphaherpesviridae, is 
unique in additionally infecting, and establishing latency, within neurons of the 
peripheral nervous system (Efstathiou & Preston, 2005), likely as a means to escape 
the immune system (Wilson & Mohr, 2012). It is this neurovirulence that has been 
exploited for use of viruses within this family as tracers.  

The natural lifecycle of alphaherpes viruses requires that they naturally demonstrate 
anterograde, to establish latency in peripheral neurons, and retrograde, to return to the 
epithelia to spread between hosts. Nevertheless, it has been observed that the Bartha  
strain of PRV spreads only retrogradely virus within the central nervous system (Strack 
& Loewy, 1990).  In addition to this property the ability to relatively simple genetically 
engineer the virus, due to its DNA genomic structure, have aided itôs development as a 
tracing tool. In addition to being able to express fluorophores (Smith et al,. 2000) the 
use of a cre-dependent thymidine kinase (TK) gene, a necessary protein for viral 
replication, has allowed targeting of the virus to specific neuronal populations 
(Boldogkoi et al,. 2009). Furthermore, adopting a similar system the virus can be utilised 
as a monosynaptic tracer by complementing utilising a TK knockout variant that is 
complemented only within upstream neurons (Kondoh et al,. 2016). As a result of these 
additions PRV-Bartha has been used widely in a range of circuits such as the visual 
(Viney et al,. 2007), olfactory (Yoon et al,. 2005) and reward systems (Luo et al,. 2011). 

Another common feature of alphaherpesviruses is their relatively rapid expression of 
transgenes and transsynaptic infectivity, at one and two days respectively for PRV-
Bartha (Card et al,. 1991). However, in addition to this the virus additionally causes 
rapid toxicity with neuronal death occurring within four days (Card & Enquist, 2014). 
Consequently this severely limits the use of the virus in studies that require long term 
cell survival. To overcome this a less virulent strain has been developed. This variant 
has a deletion to the immediate early gene IE80,  the master transcriptional regulator, 
and successfully maintains infected neurons in a state similar to non-infected neurons 
for up to six months post-infection (Oyibo et al,. 2014). However, this is achieved at the 
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loss of transsynaptic labelling as the virus is unable to replicate sufficiently in pre-
synaptic neurons to achieve visualisation.  

Finally, whilst PRV-Bartha is unable to infect higher primates, and is therefore safe in 
experimental practice (Nara, 2019),  it should be noted that even in attenuated forms it 
is a highly lethal pathogen to most animals. For example, the polysynaptic version will 
typically kill an animal within 5 to 6 days upon peripheral exposure (Ugolini et al,. 1987). 
Consequently use of the virus can be heavily restricted, for example it is prohibited in 
the UK where the pathogen has been eliminated (Ugolini, 1995).  

In conclusion, PRV-Bartha demonstrates some utility as a retrograde transsynaptic 
tracer, however, it is limited to relatively niche applications where its toxicity does not 
interfere with key experimental aims.  

Retrograde Viral Tracers: Rabies 

Similarly to viruses of the alphaherpesviridae family it was observed at an early time 
point that viruses from the rhabdoviridae family were able to spread within the nervous 
system (Sabin, 1938). In particular rabies, similarly to PRV, appears to be selectively 
retrograde with infection occurring at presynaptic inputs to starter neurons (Kelly & 
Strick, 2000; Ugolini, 2011). Although more recent work has observed that in the very 
specific circuitry of peripheral sensory neurons this is selectively anterograde (Zampieri 
et al,. 2014; Pimpinella et al,. 2021). 

However, despite the similarity in name, rabies is genetically unrelated to PRV and is 
instead a member of the rhabodoviridae family which display significant differences. 
Comparatively, rhabdoviruses are significantly smaller, both genetically and structurally, 
and utilise negative sense single stranded RNA as their genome (Davis et al,. 2015). 
For example, the genome of HSV-1 is 152kb in size and encodes at least 74 proteins 
(Denes et al,. 2020) whilst most rhabdoviridae have genomes in the range of 11-15kb 
encoding 5-6 proteins, depending on the virus. 

Due to the stark differences between rabies and alphaherpesviridae families they 
display different characteristics. Furthermore, for rhabdoviridae, these can represent 
significant benefits as a tracing tool in comparison to the caveats of using PRV. For 
example, rabies demonstrates a long asymptomatic period, typically between 3 weeks 
and 3 months in humans (Plotkin, 2000; Jackson 2002) resulting in infected cells, and 
surrounding tissue, appearing healthy for the duration of most tracing studies (Kelly & 
Strick, 2003; Moschovakis et al,. 2004). This difference is likely because, unlike PRV 
which spreads via the epithelium, rabies is primarily a pathogen of the nervous system 
which is typically highly infected in late stage infections (Murphy et al,. 1977), which 
functions as an integral part of the viral life cycle. For example, rabies must drive 
significant behavioural change within the host, typically aggression and psychosis, to 
induce the host to spread the virus through biting and thus exposing virus laden saliva 
to a new host (Fisher et al,. 2018). 
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However, despite this advantage in terms of toxicity. the development of rabies derived 
tracing tools lagged those of herpesviruses due to the greater difficulties in genetically 
manipulating RNA viruses until the development of reverse genetics (Conzelmann, 
1996). This hampered not only the direct improvement of rabies tracers but also limited 
alterations that would improve the safety of laboratory workers handling a deadly human 
pathogen with no known cure (Winkler et al,. 1973).  

Nevertheless, the first genetically engineered rabies tracing tool (Wickersham et al,. 
2007) has proven to be effective and widely adopted as the retrograde tracing tool of 
choice at the time of writing (Saleeba et al,. 2019; Lanciego & Wouterlood, 2020). This 
success has been driven partly by the intrinsic advantages of rabies, as detailed above, 
in addition to other factors enabled by the genetic structure of rabies exploited by the 
strategy.  

Firstly, similarly to genetic engineered PRV-Bartha, this strategy utilises a virally 
amplified fluorescent protein expression to clearly visualise infected cells. However, 
unlike PRV-Bartha, rabies can be limited in infectivity through the deletion of its single 
glycoprotein gene, G, (Etessami et al,. 2000) that has no impact on replication. 
Consequently fluorescent protein expression is high within both starter and pre-synaptic 
neurons with minimal cellular degradation. To facilitate infection, starter cells are 
complemented, initially via transfection (Wickersham et al,. 2007) but more commonly 
with an AAV (Callaway & Luo, 2015), with the viral glycoprotein and a complementary 
fluorescent protein to that expressed by the rabies virus.  

Secondly, tracing can be easily targeted to cell populations of choice. While 
herpesviruses are coated with 11 glycoproteins, rhabdoviruses have only a single 
glycoprotein that easily facilitates pseudotyping. Pseudotyping is the phenomenon 
whereby enveloped viruses will coat themselves in the glycoproteins of other viruses 
thereby acquiring their functionality (Sanders, 2002). In monosynaptic rabies tracing the 
virus variants, unable to express their own glycoprotein, are pseudotyped via production 
of cultured cells expressing the envelope protein, EnvA, from the avian sarcoma and 
leukosis (ASLV) virus. Since the cognate receptor for EnvA, TVA, is not expressed in 
mammals, when it is introduced into a cell population, via the same AAV expressing the 
rabies glycoprotein, infection of the EnvA-pseudotyped rabies can be made selective. 
This system maintains a degree of flexibility allowing TVA expression to be dependent 
on the presence of cre-recombinase, allowing specific targeting in genetically defined 
mouse lines, or through anatomically localised injections in wild type mice.  

In conclusion, unlike PRV, genetically engineered rabies tracing satisfies many of the 
criteria of an ideal tracer. It generates a strong labelling. The spread of infectivity is 
selectively mobile in the retrograde direction and able to cross the synapse. Tissue and 
cells are labelled in a relatively unperturbed state. Finally, the strategy is flexible and 
relatively accessible to most research groups as demonstrated by its widely adopted 
use in a range of important discoveries (Takeoka et al 2014; Kohl et al,. 2018; Kaelberer 
et al,. 2018). 
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Nevertheless, despite representing significant progress over preceding tools, it is 
important to note that genetically engineered rabies tools demonstrate a few key 
caveats.  

Firstly, tracing efficiency is limited and does not faithfully represent the full range of 
presynaptic inputs to a starter cell population.  Recent work suggests that roughly 35-
40% of pre-synaptic connections are labelled (Patiño et al., 2022), although this 
appears to still demonstrate a high degree of variability between animals. Furthermore, 
this appears to be highly influenced by factors such as the number of starter cells (Tran-
Van-Minh et al,. 2023) and glycoprotein expression with neurons complemented via 
patch pipette (Rancz et al,. 2011) displaying significantly higher tracing efficiency, ~500 
cells, than those complemented via AAV, ~250 cells (Miyamichi et al,. 2010). Studies 
have had some success improving this process, through optimised glycoprotein 
expression (Kim et al,. 2016), and differential strains (Reardon et al,. 2016), however 
suboptimal tracing efficiency remains (Patiño et al., 2022). 

Secondly, the virus appears to display a degree of tropism in determining the synaptic 
connections it will infect. For example, tracing with PRV, a retrograde transsynaptic 
tracer of the alphaherpesviridae family, displays distinct differences in retrogradely 
labelled regions in comparison to rabies (Sun et al,. 2019). Furthermore, in some 
circuits the spread of rabies appears to be directly related to the relative activity of some 
infected starter cells (Beier et al,. 2017) with an additional small number of cell 
populations appearing to be fully resistant to glycoprotein mediated infection (Albisetti et 
al,. 2017). 

Thirdly, although rabies demonstrates significant reduction in toxicity in comparison to 
tracers derived from the alphaherpesviridae family, it will kill infected neurons over a 
longer time frame. For example, in some cases it is proven unviable to make whole-cell 
recordings on infected neurons 12 days post-infection (Osakada et al,. 2011). However, 
these effects have been mitigated through optimised strains (Reardon et al,. 2016) and 
potentially eliminated through improved genetic engineering (Jin et al,. 2023). 
Nevertheless, it has yet to be demonstrated that these approaches can accommodate 
the expression of functional proteins, such as opsins or calcium indicators, in 
longitudinal studies which could significantly enhance the efficacy of this tool for wider 
research. 
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Anterograde Viral Tracers 

Anterograde Viral Tracers: Herpes Simplex Virus-1 

Although alphaherpesviruses naturally demonstrate bidirectional infectivity, the H129 
(Dix et al,. 1983; Zemanick et al,. 1991) strain of HSV-1 has been demonstrated to 
predominantly display anterograde infectivity similarly to how the PRV-Bartha strain has 
shown retrograde infectivity.  

Akin to PRV-Bartha this strain has proven amenable to genetic engineering with 
monosynaptic variants constructed through the use of cre-recombinase specific TK (Lo 
& Anderson, 2011). Additionally, Further optimisations to this protocol have been 
demonstrated. For example, a variant two fluorescent proteins, green fluorescent 
protein (GFP) and mCherry (Shaner et al,. 2004), were expressed in the genome but 
with GFP excised by cre (McGovern et al,. 2015) allowing differential colour expressing 
in starter neurons, those initially infected, to synaptically labelled neurons.  A similar 
strategy was also utilised using adeno associated virus (AAV), expressing GFP, to 
complement TK expression in the starter neurons and provide monosynaptic transfer 
(Zeng et al,. 2017). This approach further provided functionality for cell populations with 
no known cre recombinase identifier.  

However, as with PRV-Bartha, H129 HSV-1 demonstrates a number of caveats that 
have limited its application. Firstly, directionality of transfer has been demonstrated to 
be not specific with delayed retrograde transfer demonstrated (Wojaczynski et al,. 
2015). However, there is some speculation that this may not represent transsynaptic 
transfer as it could instead represent terminal uptake by pre-synaptic transfer (Su et al,. 
2019). Nevertheless, regardless of the mechanism, this still creates ambiguous labelling 
using herpesviridae derived tracers. 

Secondly, as also with PRV-Bartha, it demonstrates severe cytotoxicity. In polysynaptic 
tracing an animal will typically die within 3-7 days with higher titres typically resulting in 
expediated death (Lo & Anderson, 2011; Su et al,. 2019).  Furthermore, prior to death, 
areas of the brain, especially near the injection site, often show significant inflammation 
and tissue damage (Lo & Anderson, 2011; Wojaczynski et al., 2015). Infected neurons 
can demonstrate apoptotic hallmarks such as irregular morphology and disrupted axons 
and dendritic arbours (Li et al,. 2020). This toxicity can be reduced in variants that limit 
viral replication using tyrosine kinase (Lo & Anderson, 2011; Zeng et al., 2017). 
However, this protection is limited to the synaptically labelled neurons. Starter neurons 
begin showing signs of cell death within 3-7 days and become undetectable by the 10th 
day (Zeng et al., 2017). 

Thirdly, whilst variants that minimise toxicity offer certain advantages they also minimise 
the expression of fluorophores as a negative side effect. This problem is further 
amplified by the need to cull the animal in the narrow time window, 3-5 days, before 
starter cell toxicity occurs. Consequently, while these neurons are detectable, they 
require immunohistological processing to visualise. Subsequent variants have 
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attempted to ameliorate this issue. One strategy was to include multiple copies of 
fluorophore genes within the viral construct (Zeng et al,. 2017) although this appears to 
only partly offset the lack of replication.  

A more sophisticated strategy, called a ñTrojan horse approachò, allows the fluorescent 
protein to replicate independently of the virus genome (Su et al,. 2019). This was 
achieved through encoding aspects of the AAV genome within HSV-1, the ñrepò gene 
and inverted terminal repeat elements (ITRs), which flank GFP. Consequently this gene 
replicates independently as an episome (Penaud-Budloo et al,. 2008). Whilst this 
appears a significant improvement over previous approaches it is notable that no further 
studies have used this virus since its development. It is likely that this strategy is 
undermined by the fact that AAV episomes typically need 2-4 weeks to reach peak 
expression (Stoica et al, 2014), a vastly longer time frame than the 3-5 days that this 
approach requires in order to maintain starter cell viability. 

Finally, it is notable that no herpesviridae tracers have been shown to be selectively 
transsynaptic in nature. The primary evidence for transsynaptic transfer is the 
observation that most labelled non-starter cells are located within areas known to be 
anatomically connected to these cells through other techniques (Lo & Anderson, 2011). 
However, there are sufficient reasons to be concerned that this is not entirely selective. 
For example,, it has been demonstrated that viruses from the herpesviridae family can 
spread via non-synaptic varicosities (Sattentau, 2008). This ambiguity is further 
reinforced through well documented examples of labelled astrocytes in tracing 
experiments (Zeng et al,. 2017). 

 

Anterograde Viral Tracers: Vesicular Stomatis Virus 

Vesciular stomatis virus (VSV) is a virus in the rhadboviridae family with a genetic and 
physical structure similar to rabies (Bourhy et al,. 1990). However, unlike rabies, VSV 
displays non-specific directional transfer in both the retrograde and anterograde 
directions (Lundh, 1990; van den Pol et al,. 2002). Nevertheless, due to the simple 
genome several strategies have attempted to engineer exclusive anterograde infectivity. 

Initial work attempted to achieve this issue by deleting the native glycoprotein and 
instead complementing the virus with the glycoprotein from the lymphocytic 
choriomeningitis virus (LCMV) (Beier et al,. 2011), emulating the strategy utilised for 
retrograde monosynaptic rabies tracing (Wickersham et al,. 2007). However, VSV 
demonstrated significantly higher toxicity than is observed with rabies virus with cell 
death observed at six days post-infection (van den Pol et al,. 2009). Furthermore, later 
evidence suggested that this occurred solely through the contamination of viral stocks 
with the native VSV glycoprotein rather than that of LCMV, suggesting the presence of 
retrograde transfer (Beier, 2012).  

Subsequent further work with VSV consequently utilised the native glycoprotein and did 
not attempt to limit infectivity to a single synapse (Mundell et al,. 2015). Although the 
authors claim that only anterograde infectivity is observed this is difficult to confirm in 
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polysynaptic tracing due to the number of recurrent connections within the CNS. 
Furthermore, it is contrary to previously observed bidirectional infectivity with VSV 
(Lundh, 1990; van den Pol et al,. 2002). 

More recent work has attempted to ameliorate the toxic effects of VSV by emulating the 
strategy of alphaherpesviridae tracers and limiting viral replication through genome 
deletions. One such approach has mutated the viral nucleocapsid protein (N) to create a 
variant that replicates two-to-three orders of magnitude slower than wild type VSV (Lin 
et al,. 2020). While this demonstrates reduced cytotoxicity it is notable that the tracer is 
polysynaptic and therefore offers little insight into the bidirectional nature of transfer. 
Furthermore, it is unclear whether the reduced replication has deleterious effect on the 
brightness of labelling in transsynaptic labelled cells, as is observed in similar 
alphaherpesviridae strategies (Zeng et al,. 2017). 

A similar strategy has been independently developed within zebrafish by mutating the 
viral matrix protein (M) (Ma et al,. 2020; Kler et al,. 2021). This approach utilises a 
helper lentivirus, equivalent in purpose to AAVs utilised in monosynaptic retrograde 
rabies tracing, to facilitate monosynaptic infectivity. This approach appears to have 
similar outcomes to the N mutant used in mice (Lin et al,. 2020) with reduced, but still 
notable toxicity. In addition it was noted that poly-synaptic spread could still occur at 
high titres with the speculation that the virus is able to recycle the small amount of 
glycoprotein carried into the post-synaptic cell within the capsid (Ma et al,. 2020). The 
fact, to our knowledge, that this process has never been observed with monosynaptic 
retrograde rabies tracing in mice, despite many hundreds of applications, implies that 
there may be a fundamental difference in requirements for tracing tools in rodents and 
zebrafish which could limit the wider application of this strategy. Certainly it is notable 
that no published work within rodents with this strategy has been observed. 

In conclusion, despite a phylogenetic relationship to rabies, VSV demonstrates few of 
the advantages of that virus. In particular toxicity and bidirectional spread appear to be 
significant challenges with currently limited evidence that these can be effectively 
overcome. 

 

Anterograde Viral Tracers: Adeno-Associated Virus 

Whilst toxicity is a known caveat to all viral tracing tools, recent work has demonstrated 
potential utility in the non-toxic AAV virus when engineered to express a fluorophore 
marker.  This incongruous characteristic is due to the fact that AAV does not fit the 
mould of being a óreplicativeô tracer. These small, non-enveloped, DNA viruses are 
known as adeno associated viruses (AAVs) due to their requirement for the co-infection 
of adenoviruses in order to drive replication. However, despite this requirement, AAVs 
are still able to deliver genetic material to infected cells that are expressed. These 
reliable properties underlie the significant popularity of the use of AAVs for gene therapy 
(Wang et al,. 2019) and research applications (Haery et al,. 2019). 
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Considering these advantages it was a significant discovery that certain serotypes of 
AAV, AAV1 and AAV9, are able to cross the synapse in a putatively anterograde 
specific manner (Zingg et al,. 2017). However, whilst no toxicity is observed in putative 
post-synaptic cells, it is also notable that the transfer efficiency of this technique is 
extremely low. Furthermore, when combined with the lack of replicative ability to amplify 
signal, post-synaptic cells are not detectable unless the virus expresses cre-
recombinase in a mouse line that expresses a cre-dependent fluorescent protein within 
every neuron (Kawamoto et al,. 2000). Due to the highly effective catalytic ability of cre-
recombinase (Mattheakis et al,. 1999) even a miniscule amount is able to drive 
detectable fluorophore expression.  

While this strategy has many uses, in particular in the long-term labelling of circuits, it is 
notable that functionally this approach shares many of the characteristics, and therefore 
caveats, of preceding óassociativeô tracers such as the WGA-Cre strategy (Gradinaru et 
al,. 2010). In particular this strategy lacks flexibility of use due to its reliance on cre-
reporter lines and is therefore unviable for any studies that require their own genetic 
lines such as disease models (Scholok & Eftekharpour, 2023). Furthermore, although 
the strategy allows the long term expression of functional proteins, such as opsins and 
calcium indicators, the relatively limited trangene packaging capacity of 4.7kb, not 
inclusive of necessary cre recombinase expression, limits the full range of possible 
uses.  

In addition, while partially true for all viral tracers, the mechanisms of how AAV 
serotypes become transsynaptic are particularly reclusive. For example, transsynaptic 
tracing appears to only occur at exceptionally high viral titres, 10^14, and is speculated 
to result from overwhelming the axonal transport and neurotransmitter release system 
(Castle et al,. 2014). Further evidence of this can be determined from blocking of 
infectivity when the tetanus toxin light chain, an inhibitor of presynaptic vesicle fusion, is 
co-expressed (Zingg et al,. 2020).  An additional negative effect of using high titres is 
that cre-recombinase is expressed at extremely high levels in starter neurons which can 
have a toxic effect within these populations (Zingg et al,. 2020). The authors noted that 
this can be mitigated through the use of two viruses, cre-recombinase and flp-
recombinase variants, however this use of two recombinases further reduces the 
flexibility of use of the strategy. 

Overall, the mechanistic uncertainty also creates relative ambiguity about the directional 
and synaptic specificity of transfer. For example, one of the serotypes AAV1, has been 
previously demonstrated to exhibit retrograde transport capabilities (Rothermel et al,. 
2013). Furthermore, the strategy appears unable to label neuromodulatory synapses 
(Zingg et al,. 2020). 

In conclusion, anterograde AAV tracers appear to fill a specific niche, as demonstrated 
by their wide use in a variety of studies (An et al,. 2020; Foster et al,. 2021; Muñoz-
Castañeda et al,. 2021). However, without further optimisations they are unlikely to offer 
significant flexibility of use. Whilst AAV has been demonstrated to be amenable to 
optimisation for other applications via a directed evolution approach (Deverman et al,. 
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2016), it appears likely that these tracing caveats may prove insurmountable due to the 
inherent non-replicative nature of the virus.  

Summary 

Overall all viral tracers appear to offer significant advantages over previous generations 
of tracing techniques due to their ability to successfully co-opt the significant progress in 
genetic development. Labelling can be clear and robust due to the amplification of 
encoded fluorescent proteins. The utilisation of cre-recombinase technology has 
delivered tracers capable of being targeted to genetically defined neuronal populations 
and restricted to monosynaptic infection. Neuronal activity can be monitored through 
calcium indicators and manipulations conducted through the use of exogenous ligand 
and light gated ion channels. Furthermore, as new technologies are developed viral 
tracers will remain a platform to readily integrate these. 

However, while integrating new functionality into viral tracers has proved relatively 
achievable, a significant challenge has been to manipulate viruses to remove aspects of 
their natural properties. Most notably this can be observed in toxicity and infection 
directionality.  

Almost all tracers exhibit some form of toxicity in infected cells. In the case of tracers 
derived from alphaherpesviridae this is particularly prominent. While strategies have 
been developed to mitigate these they all utilise reducing viral replication, as with the 
use of AAV and tyrosine kinase deletions in alphaherpes viruses. However, this strategy 
additionally undermines one of the key advantages of viral tracers, the amplification of 
fluorescent signal. Additionally, almost all viruses naturally display bidirectional 
infectivity, a factor particularly notable in anterograde viral tracers with all displaying 
some form of additional retrograde infectivity. Whereas limiting viral infectivity can be 
achieved through deletions of single genes, fundamentally changing viral tropisms likely 
requires significant alterations to viral genomes. A factor of particular importance in 
viruses with large genomes, such as those from the alphaherpesviridae family.  

However, amongst these caveats one virus demonstrates clear advantages. Compared 
to all other viral tracers rabies displays delayed toxicity and strict retrograde 
directionality within the central nervous system, factors that have led to it being widely 
adopted over alternative retrograde tracing strategies.   

Although, significant work has been conducted in developing an anterograde tracer with 
equivalent functionality, it is notable that, at the time of writing, this has not been 
achieved. Nevertheless, the relatively rapid adoption of anterograde AAV tracers 
demonstrates the appetite within neuroscientific research for anterograde tracers with 
reduced, or eliminated, toxicity. However, it is also clear that an equivalent tool with 
replicative properties is required for flexibility of use beyond the requirement of cre-
recombinase in post-synaptic cells to amplify fluorophore expression.  
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1.5. Designing a Novel Monosynaptic Anterograde Tracing 
Strategy 

Due to the substantial benefits that an effective anterograde viral tracer would provide to 
the neuroscientific research community it is worth assessing whether such a tracer can 
be designed. As this has been attempted, as discussed above, in various forms already 
it is important to clearly outline the criteria that any ideal tracer should achieve. 

Criteria for a Successful Monosynaptic Anterograde Tracer 

While the necessary steps for generally effective tracer have been outlined at the 
beginning of this document, it is useful to update these with the specific results that 
would be needed to be observed experimentally. At a minimum these should try and 
match those demonstrated by retrograde rabies tracing, currently the most effective viral 
tracing tool available. 

 

 
1) The experimental procedure should be flexible and effective across all animal 

models in addition to being applicable in the discovery of novel circuitry. For 
example, while anterograde AAV tracing has proven effective it requires the 
presence of cre-recombinase in post-synaptic neurons to accurately observe 
connections, thus precluding its use to reporter lines or to circuits where 
connections are known apriori and cre-recombinase can be introduced. Rabies is 
able to overcome these restrictions as transgene complementation is only 
required in the initial starter cell population.  
 

2) Infectivity should be demonstrated to be selectively anterograde. As with rabies, 
adequate controls are required to determine that any putative anterograde 
transfer is by a transsynaptic mechanism.  
 

3) Transsynaptic spread should occur across a range of circuits and cell types. A 
notable feature of anterograde AAV tracing is the inability of the virus to cross 
neuromodulatory synapses (Zingg et al,. 2020). Tracing tools should aim to 
display an accurate representation of cellular connectivity and mitigate the 
presence of false negatives. Although rabies is known to demonstrate some 
biases in infectivity, for example by preferentially crossing active synapses (Beier 
et al,. 2017), it is not known to be cross particular synapse classes or infect 
specific cell types. 
 

4) Toxicity in both initially infected cells and transsynaptically labelled cells should 
be limited and occur only across a sufficiently large time scale. This aspect has 
been particularly lacking in previously developed viral anterograde tracers where 
rapid toxicity is either present or curtailed through the loss of signal amplification.  
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Pseudotyped-Rabies as a Backbone for Strategy Development 

Considering the noted advantageous properties of rabies as a retrograde viral tracer it is 
worth exploring whether this virus can be manipulated to become selectively 
anterograde. This strategy appears appealing as the simple genome, of only five genes, 
provides a relatively accessible platform for genetic engineering. In particular the 
potential for novel pseudotyping, through the complementation of alternative 
glycoproteins, has been unexplored. 

Pseudotyping presents an appealing strategy for numerous reasons. Firstly, it has been 
demonstrated that alternative glycoproteins can fundamentally alter the infectivity and 
intracellular trafficking of the host virus. For example, when VSV is pseudotyped with 
the rabies glycoprotein it adopts the same retrograde infectivity observed with wild type 
rabies (Beier et al,. 2013). In addition, lentivirus vectors pseudotyped with the same 
glycoprotein have been observed to be trafficked in a retrograde manner (Mazarkis et 
al,. 2001). These observations naturally invite the speculation that rabies pseudotyped 
with an equivalent anterograde glycoprotein may demonstrate the desired 
characteristics of an anterograde monosynaptic tracer. 

HSV-1 Glycoproteins gE, gI and US9 as Anterograde Specific 
Glycoproteins 

The difficulty in exploring this strategy has been the identification of viral glycoproteins 
that provide anterograde specific infectivity equivalent to the retrograde specificity 
observed with the rabies glycoprotein. For example, no natural virus to date has been 
demonstrated to observe strictly anterograde infectivity, with most viruses that are partly 
anterograde, such as VSV, demonstrating some degree of retrograde infectivity (Lundh, 
1990; van den Pol et al,. 2002). 

However, it is worth considering that alphaherpesviruses, which demonstrate 
bidirectional infectivity, rely on multiple glycoproteins. Furthermore, it has been 
observed that the directionality of transfer of viruses within this family is dependent only 
on a subsection of these glycoproteins. For example, the PRV óBarthaô strain (Pickard et 
al,. 2002) is noted to infect only in the retrograde direction, with observations that this 
may be related to the absence of the genes that encode the glycoproteins gE, gI and 
US9 within its genome (Lyman et al,. 2003). Further work has established that the 
removal of these genes from HSV-1 will eliminate anterograde infectivity of the virus 
(Howard et al,. 2013).  In addition, these glycoproteins appear to play no role in the 
retrograde infectivity of the virus (Smith, 2012; DuRaine et al,. 2021). 
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1.6. REACH: Rabies Engineered Anterograde 
Connectomics using HSV-1 

Considering the putative anterograde functionality of gE, gI and US9 it therefore seems 
interesting to explore whether rabies pseudotyped with these proteins will acquire 
anterograde infectivity while maintaining the other inherent advantages of rabies. If 
complemented in the same manner as utilised with monosynaptic retrograde tracing this 
could theoretically create a tool that demonstrates many of the ideal characteristics 
outlined above. It would utilise a similar experimental procedure as retrograde rabies 
tracing, thus allowing its flexible use in a wide range of models. It would be specifically 
anterograde in nature and low in toxicity. In addition, should it acquire the tropisms of 
HSV-1 it would be functional across a wide range of synapses and cell types.  

However, while appealing on a theoretical basis there are multiple significant challenges 
that must be overcome to demonstrate that this strategy is viable. 

Firstly, this process will rely on pseudotyping, a vastly understudied phenomenon (Li et 
al; 2018). In particular it is unknown how effectively this can occur between viruses of 
distinctly different families. For example, there are considerable differences between the 
viral life cycles of HSV-1 and rabies. As a DNA virus HSV-1 replicates within the 
nucleus of the host and egresses from this by acquiring a lipid membrane (Copeland et 
al,. 2008). In contrast, as an RNA virus, rabies replicates within its own inclusion bodies, 
also known as óNegri bodiesô (Lahaye et al,. 2009), within the cytoplasm of a host cell 
and appears not to acquire a membrane prior to egress from the cell (Okumura & Harty, 
2011). 

Secondly, the function of the HSV-1 glycoproteins themselves are relatively 
understudied. For example, although it is well established that they play an intrinsic role 
in axonal trafficking (Howard et al,. 2013; DuRaine et al,. 2021), there is a paucity of 
evidence to suggest that they can facilitate transsynaptic transfer. Considering that 
rabies is documented to require its own glycoprotein to be infectious (Etessami et al,. 
2000) any complemented glycoproteins would likely need to fulfil this function.  

Thirdly, due to our incomplete knowledge of rabies virology it is difficult to anticipate 
whether pseudotyping will negatively impact some of the fundamental advantages of 
using this system. For example, it is well established that rabies toxicity is linked to the 
expression and strain of glycoprotein used (Faber et al,. 2002; Reardon et al,. 2016). It 
is therefore entirely plausible that alternative glycoproteins may confer greater toxicity, 
undermining one of the key characteristics of this virus.  

Nevertheless, the theoretical benefits of developing REACH as a strategy dictate that 
this approach should be explored. In this study the viability of this strategy will be 
explored through various experimental means with the overall aim of providing a 
comparison to pre-existing anterograde tracing tools. Furthermore, this exploration of 
novel pseudotyping approaches will hopefully provide further insight into fundamental 
viral mechanisms and a potential framework for the development of improved viral tools 
for the benefit of wider neuroscientific research.  
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2. Methods and Materials 

 

2.1. In Vitro Methods and Materials 

Plasmid Cloning 

The coding sequences for the herpes simplex virus (HSV) glycoproteins gE, gI, and the 
membrane protein US9 were amplified by PCR using gene-specific primers 
(ThermoFisher). The primers were designed to introduce restriction BamHI and EcoRI 
enzyme sites (New England Biolabs) at the 5' and 3' ends of each amplicon, 
respectively, for subsequent cloning into an empty plasmid backbone expressing the 
ampicillin resistance gene. 

PCR reactions were performed using high-fidelity DNA polymerase Phusion 
(ThermoFisher) following the manufacturer's instructions. The cycling conditions were 
as follows: initial denaturation at 98°C for 30 seconds; 35 cycles of denaturation at 98°C 
for 10 seconds, annealing at the primer-specific temperature (e.g., 55-65°C) for 30 
seconds, and extension at 72°C for 1 minute per kilobase; followed by a final extension 
at 72°C for 10 minutes. 

The resulting PCR products were analysed by agarose gel electrophoresis, and the 
bands of expected size were excised and purified using a Qiagen gel extraction kit 
following the manufacturer's instructions. The purified PCR products and the plasmid 
backbone were digested by restriction enzymes and then purified using a Qiagen PCR 
purification kit. 

The digested PCR products and the AAV expression plasmid were ligated together 
using T4 DNA ligase from New England Biolabs following the manufacturer's 
instructions. The ligation reactions were then transformed into NEB-stable chemically 
competent Escherichia coli cells (New England Biolabs) using the heat shock method, 
and the transformed cells were plated on LB agar plates containing ampicillin for 
selection. 

Colonies were screened for the presence of the insert by colony PCR using the original 
gene-specific primers, and positive colonies were cultured in LB broth containing the 
appropriate antibiotic for plasmid extraction. Plasmid DNA was purified using a Qiagen 
plasmid miniprep kit and the presence of the insert was confirmed by restriction enzyme 
digestion and agarose gel electrophoresis. The cloned sequences were further verified 
by Sanger sequencing and DNA concentration determined using a NanoDrop 
spectrophotometer (ThermoFisher).  
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Plaque Assay 

Cell Culture and Passaging of HEK293 Cells 

HEK293 cells were obtained as a frozen vial (Sigma Aldrich) and transferred to liquid 
nitrogen for long term storage. Complete high glucose Dulbecco's Modified Eagle 
Medium (DMEM) was prepared by  supplementing with 10% fetal bovine serum (FBS)  
and 1% penicillin-streptomycin, all supplied by ThermoFisher . Prior to initiating the 
assay, a vial of HEK293 cells, at passage number 8, was quickly thawed in a 37°C 
water bath, gently swirling the vial to ensure even thawing. 

Once thawed, the cell suspension was transferred to a sterile 15 mL conical tube, and 
10 mL of pre-warmed DMEM was added dropwise to the tube to dilute the 
cryoprotectant. The cell suspension was then centrifuged at 200 x g for 5 minutes to 
pellet the cells. The supernatant was discarded, and the cell pellet was gently 
resuspended in fresh complete DMEM. The resuspended cells were seeded into a T-75 
tissue culture flask (ThermoFisher).  

Cells were passaged three times to maintain exponential growth. To passage the cells, 
the culture medium was aspirated, and the cell monolayer was washed with pre-
warmed sterile phosphate-buffered saline (PBS) to remove any residual medium and 
serum proteins. Cells were then detached from the culture flask using 0.25% trypsin-
EDTA solution (ThermoFisher), which was added in a minimal volume and incubated for 
2-3 minutes at 37°C. The trypsinization reaction was stopped by adding an equal 
volume of DMEM containing 10% FBS. The cell suspension was transferred to a sterile 
15 mL conical tube and centrifuged at 200 x g for 5 minutes to pellet the cells. The 
supernatant was discarded, and the cell pellet was gently resuspended in fresh 
complete DMEM. 10ml of the cell suspension was added to a new T75 flask before 
being returned to the incubator. 

Culture Dish Preparation  

Two 96-well culture dishes (ThermoFisher) were prepared prior to beginning the assay. 
The inner wells of the plates were coated with poly-L-lysine at a concentration of 0.1 
mg/mL.  50 µL of the poly-L-lysine solution (Sigma) was added to each well to cover the 
entire surface, and the plate was incubated at 37°C for 30 minutes to allow the poly-L-
lysine to bind to the well surface. After incubation, the poly-L-lysine solution was 
removed, and the wells were washed twice with 200 µL of sterile phosphate-buffered 
saline (PBS) to remove any unbound poly-L-lysine. The outer wells of the plate were 
filled with 200 µL of PBS to minimise evaporation and maintain the humidity within the 
plate during the assay. Prior to cell seeding, the coated wells were aspirated, and the 
plate was air-dried for a few minutes in a laminar flow hood. 

Lipofectamine Transfection 

HEK293 cells were seeded at a density of 1.0 x 10^4 cells per well in the central 24 
wells of each dish and incubated for24 hours to achieve roughly 70% confluency. The 
transfection complexes were prepared using Lipofectamine 2000 reagent 
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(ThermoFisher Scientific) according to the manufacturer's instructions. Briefly, for each 
well, 0.2 ɛg of the plasmid DNA containing the genes of interest was diluted in 25 ɛL of 
Opti-MEM Reduced Serum Medium (Thermo Fisher Scientific) and mixed gently. In a 
separate tube, 0.5 ɛL of Lipofectamine 3000 reagent was diluted in 25 ɛL of Opti-MEM 
Reduced Serum Medium and mixed gently. The diluted DNA and Lipofectamine 3000 
reagent were combined and incubated at room temperature for 15 minutes to allow the 
formation of DNA-lipid complexes. After the incubation, 50 ɛL of the DNA-lipid 
complexes was added dropwise to each well containing HEK293 cells, resulting in a 
final volume of 150 ɛL per well. 

A total of eight combinations were utilised with all possible combinations of genes. A 
stock GFP expressing plasmid, utilising the same backbone, was added to all wells. To 
achieve the same concentration of plasmid DNA per well an empty plasmid backbone 
was added to all wells, except the ones expressing all four genes, to achieve the same 
total DNA plasmid concentration across conditions.  

Following a 24 hour incubation period the media was removed and replaced with 200ul 
media containing glycoprotein coated CVS-N2cȹG  rabies (provided by Dr A. Murray) at 
a concentration of 1x10^4 viral particles per 100ul. The virus was genetically modified to 
replace the glycoprotein gene with that of the fluorescent protein mCherry. Following a 
further 24 hour incubation the media was replaced. Media replacements occurring every 
48 hours after until the end of the experiment. 

Image Acquisition 

Culture dishes were imaged every 48 hours from the application of the rabies containing 
media on an epifluorescent EVOS FL Auto (Thermofisher) inverted microscope. A 
scanning protocol was established to image the central area of each well corresponding 
to roughly 10% of the total culture area. Prior to each imaging session the plate was 
aligned using the top corner of the culture plate as reference. Additionally, the 
incorporated incubation chamber would be activated 30 minutes prior to imaging to 
achieve an ambient 37°C temperature throughout the imaging session. The CO2 
function of the incubation chamber was not utilised due to having no CO2 input 
available. In addition, the humidity feature was also not used due to evidence of 
corresponding condensation accumulating on the objective disrupting imaging quality in 
previous undescribed pilot experiments. 

Images were acquired in a single Z plane for both the green and red fluorescent 
channels using the EVOS GFP and RFP filter cubes respectively, using a 10x objective. 
The manufacturer does not specify the numerical aperture of the objective or the 
specificities of the camera but the resolution of each acquired image was 0.9um per 
pixel as noted by the software. The focal plane for each well was manually set for each 
well from the GFP signal at the centre of each well.  The inbuilt LED light source of the 
microscope was used for illumination with manually adjusted intensities and camera 
exposure times for each fluorophore. For GFP the light intensity was set to ñ12ò, with 0 
gain and a 90ms exposure time. For mCherry the intensity was set to ñ37ò with 0 gain 
and a 124ms exposure time. All imaging was conducted in the dark. 
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Analysis 

Individual tile images for each well were stitched into a single composite image that was 
converted into a 32 Bit TIFF format and analysed in the ImageJ software package. A 
custom ImageJ macro script was created to analyse images through an automated 
standardised pipeline. Images were automatically thresholded on light intensity using 
the óOtsuô thresholding method before size filtering for remaining particles larger than 
45ɛm^2 in area. The area of each image remaining after both rounds of filtering was 
quantified as a percentage of total image area using the ImageJ óAnalyze Particlesô 
function. 

The thresholding criteria were set a priori following manual analysis. Firstly, the 
ñThreshold Checkò function on the ImageJ plugin ñBiovoxxelò (Brocher, 2014) was used 
to assess the accuracy of all available automated threshold algorithms on ImageJ 
relative to signal manually determined to be low-intensity but distinct from the 
background. This was applied to a total of 24 images, six randomly selected per time 
point. This analysis demonstrated that the óOtsuô method was the most robust for these 
images.  

A lower size threshold for cells was established through manually measuring 100 cells 
across 10 randomly selected images using the ImageJ ROI (region of interest) and 
óMeasureô functions. This analysis determined that the lower bound was 45ɛm^2 in 
area. 

Following quantification statistical analysis was conducted on the data using custom 
Python scripts in a Jupyter Notebook file. The óPandasô package was done for collating 
and comparing conditions using the mean averages. The óstatsmodelsô package was 
used for further statistical analysis.  

2.2. In Vivo Methods and Materials 

Adeno Associated Viruses (AAVs) 

AAV Production and Acquisition 

To generate AAV-DJ vectors carrying gE, gI, US9, and GFP genes, the target genes 
were cloned into the same plasmid backbone used in the previous chapter, resulting in 
gE-GFP, gI-GFP, and US9-GFP plasmids. HEK293 cells were seeded in 7 15-cm 
culture dishes (Appleton Woods Ltd) until and grown until roughly 70% confluent and 
cultured in equivalent conditions to described in the in vitro section above.  

For transfection, the HEK293 medium was replaced with 25 mL of Iscoveôs Modified 
Dulbeccoôs Medium (IMDM) (ThermoFisher). The transfection mixture was prepared as 
follows: 6.7 mL of distilled water, 2.9 mL of 1 M calcium chloride (Sigma), 43.75 µg of 
transgene plasmid, 43.75 µg of pHelper plasmid, and 43.75 µg of AAV-DJ capsid helper 
plasmid were sequentially added to a sterile 50 mL tube. The transfection mixture was 
sterile-filtered using a 0.22 µm filter (VWR). While gently vortexing the mixture, 9.1 mL 



37 

of Hepes buffered saline (VWR) was added quickly. The tube was capped and vortexed 
vigorously for 15 seconds, then allowed to stand at room temperature for 1 minute 45 
seconds. 

Next, 2.5 mL of the transfection mixture was gently added to each plate of HEK293-AAV 
cells. The plates were gently rocked six times to ensure even distribution and then 
incubated at 37°C in a humidified atmosphere with 5% CO2. After 16-20 hours, the 
media were replaced with 25 mL of complete DMEM. 

On day 4, the media were replaced with 10 mL PBS, and the cells were harvested and 
processed using a Takara AAV purification kit and protocol (Takara Bio), starting from 
step 5. Cells were scraped using a cell scraper and centrifuged at 3900 rpm. The final 
AAV-DJ vector solution was concentrated to a volume of more than 200 µl using 
Amicon filters. 

To produce the gI-US9-mTagBFP2 and gE-TVA66T-EGFP vectors, the individual gene 
plasmids from the in vitro study were sent to the commercial vector production company 
VectorBuilder, which created the vectors with a high titer of 1*10^14. The mCherry AAV 
used in the toxicity control experiments was acquired from the viral vector core at the 
Sainsbury Wellcome Centre, UK. 

Viruses obtained from all sources were aliquoted into 5µl volumes and stored at -80°C 
until use, ensuring that they were not thawed more than once. 

AAV Titre Validation 

For viral titer determination, a qPCR assay was performed using a standard curve with 
serial dilutions of a known plasmid and diluted viral samples. First, dilutions for the 
standard curve and viral samples were prepared. The standard curve ranged from 10^8 
to 10^4 in 1:10 dilution steps. Viral samples were prepared with initial dilution of 1:200, 
followed by two subsequent 1:10 dilutions to yield 1:2,000 and 1:20,000 dilutions. 

A PCR master mix was prepared by calculating the required volumes of SensiMix 
(Scientific Laboratory Supplies), forward primer, reverse primer, and water, accounting 
for the number of tubes needed plus an additional 10% for pipetting errors. Each qPCR 
tube contained a final volume of 20 µl, with 18 µl of the master mix and 2 µl of the 
dilution of either an unknown viral sample or a known standard curve sample. 

The qPCR assay was run on a thermocycler (Corbett Research RG-6000) using a 
specific program. After the run, data were analysed using the software provided by the 
thermocycler manufacturer, and quality control metrics such as Ct values, standard 
curve efficiency, and melting temperature peaks were checked. The Ct values were 
compared to the standard curve to determine the number of viral genome copies, and 
the final titer of each AAV-DJ vector was calculated as genome copies per millilitre 
(gc/mL). Externally sourced viruses were supplied with equivalent titers (gc/mL) 
determined via qPCR.  
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AAV Function Validation 

All in-house created and commercially acquired adeno-associated viruses (AAVs) were 
tested for function in vitro prior to use in vivo. HEK293 cells were cultured in 10cm 
dishes, and 1µl of AAV was applied at the highest possible titer to the media once cells 
were 70% confluent. After three days, the cells were observed using the EVOS FL Auto 
inverted microscope to detect signs of fluorescence. The gE-TVA66T AAV was also 
tested for a functional receptor in a similar manner. Twenty-four hours after AAV 
application, the culture media was changed, and an EnvA-coated CVS-N2cȹG  rabies 
virus encoding mCherry was applied. The cells were maintained for five days, with the 
media changed two days after rabies virus application. At the end of the time period, the 
cells were inspected for signs of mCherry expression. All culturing practices and 
procedures were equivalent to those described in the previous in vitro section. 

Rabies Acquisition  

All rabies viruses used were either of the CVS-N2cȹG  (Reardon et al,. 2016) or SAD-
B19 ȹG (Wickersham et al,. 2007) strains. The CVS-N2cȹG strain was produced by the 
viral vector core of the Sainsbury Wellcome Centre, and the SAD-B19ȹG  strain was 
provided by Dr. M. Strom. Both strains were genetically modified to replace the 
glycoprotein gene with the fluorophore mCherry and pseudotyped with the EnvA 
glycoprotein through cultivation in an EnvA-expressing cell line. The virus titers had 
been determined  by standard plaque assay by the supplier prior to acquisition. Aliquots 
were stored at -80°C until use, ensuring that they were not thawed more than once.  

Virus Summary Table 

 

Type Strain/ 
Serotype 

Promoter/ 
Pesudotyp
e 

Transgenes Fluorophore Post-
transcriptio
nal 
Element 

Cre-
dependent 

Injection 
Dilution/ 
Titre 

AAV DJ CAG gE GFP WPRE No 1:4 

AAV DJ CAG gI GFP WPRE No 1:4 

AAV DJ CAG US9 GFP WPRE No 1:4 

AAV DJ CAG TVA GFP WPRE No 1:4 

AAV DJ Cbh gI and US9 mTagBFP2 WPRE3 Yes 1:1 

AAV DJ Cbh gE and 
TVA66T 

GFP WPRE3 Yes 1:1 

AAV 2/1 EF1A N/A mCherry WPRE Yes Undiluted 

Rabie
s 

CVS-
N2cȹG 

EnvA N/A mCherry N/A No 1x10^9 
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Rabie
s 

SAD-
B19ȹG 

EnvA N/A mCherry N/A No 1x10^9 

Mice 

All mice utilised in this study were either wild type mice of the C57BL/6 strain, acquired 
on an ad hoc basis from the commercial provider Charles River, or the L7/PCP-2-cre 
genetic line. A breeding pair of L7/PCP2-cre mice were provided by the Hofer group at 
the Sainsbury Wellcome Centre, UK, with all mice used in the experiments being bred 
from this pair in-house. To ensure accurate genotyping, all L7/PCP-2-cre mice were 
ear-punched and genotyped using a commercial service (Transnetyx). 

Mice were housed under standard conditions with an inverted 12-hour light/dark cycle 
and ad libitum access to food and water. All procedures were performed in accordance 
with institutional guidelines and approved by the local animal care and use committee. 
Where possible the age and sex of the mice used in these experiments were balanced 
and controlled for, to minimise potential confounding factors. However, due the 
relatively small numbers of animals used for certain experiments this was not always 
feasible. 

Stereotactic Surgery 

Injection Coordinate Acquisition 

Injection coordinates were derived from the Franklin and Paxinos mouse atlas (Franklin 
& Paxinos, 2019). First, digital images from the atlas were imported into ImageJ. Once 
the images were loaded, we set the spatial scale according to the reference scale 
provided in the Paxinos Atlas. To do this, the 'Straight Line' tool was used to draw a line 
of known length in the atlas image, and then the 'Set Scale' function was employed to 
input the known distance and adjust the image scale accordingly. 

Next, we identified the regions of interest (ROIs) for injection sites within the brain. 
Using the 'Freehand Line' tool, we manually traced lines from the reference point 
(bregma) to the ROIs. The 'Measure' function was then used to determine the distance 
from bregma to each ROI along the traced lines, providing us with the stereotactic 
coordinates for each injection site. These coordinates were recorded in the anterior-
posterior, medial-lateral, and dorsal-ventral axes. The medial-lateral coordinates were 
noted as positive for the left hemisphere and negative for the right hemisphere, 
respectively, when viewing the brain from a posterior perspective. Unilateral injections 
were conducted only in the left hemisphere, while bilateral injections were performed in 
both hemispheres. 
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Injection Coordinate Summary Table 

 

Injection 
Target 

Anterior-
Posterior (mm) 

Medial-Lateral 
(mm) 

Dorsal-Ventral 
(mm) 

AAV Injection 
Volume (nl) 

Rabies 
Injection 
volume (nl) 

Lateral 
Vestibular 
Nucleus 

-6.050 +/- 1.380 -4.300 50 100 

Lateral 
Vestibular 
Nucleus 

-6.050 +/- 1.380 -4.400 50 100 

Lateral 
Vestibular 
Nucleus 

-6.050 +/- 1.380 -4.500 50 100 

Simplex 
Lobule 

-5.655 +/- 1.205 -3.200 50 100 

Simplex 
Lobule 

-5.655 +/- 2.020 -2.820 50 100 

Simplex 
Lobule 

-5.855 +/- 1.311 -2.770 50 100 

Simplex 
Lobule 

-5.855 +/- 1.882 -2.155 50 100 

Simplex 
Lobule 

-6.055 +/- 1.377 -2.320 50 100 

 

Surgical Preparation 

To prepare the injection pipettes for the intracranial AAV injection, borosilicate glass 
capillaries Drummond Scientific) were used at a length of 3.5inches and an inner 
diameter of 0.53mm. The capillaries were pulled using a Sutter P-1000 Flaming/Brown 
micropipette puller with the following settings: heat set to 450, pull force set to 30, 
velocity set to 100, and delay time set to 150 ms. The puller settings were adjusted to 
achieve a tip diameter of approximately 40-60 ɛm to avoid blocking during insertion. 
Before the injection, the pipettes were visually inspected under a light microscope to 
ensure that the tip diameter was consistent and met the requirements for the 
experiment. 

Surgical tools (World Precision Instruments), including forceps and spring-loaded 
scissors of various sizes, and cotton buds were sterilised by autoclaving (ThermoFisher) 
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prior to use. Sterilisation was achieved by applying a temperature of 121°C and 
pressure of 15 psi (pounds per square inch) for 20 minutes. 

On the day of surgery, AAVs were thawed on ice and diluted to the required titer with 
saline. A master mix of all viruses was then created using the defined dilution ratio for 
each virus. This mix was kept on ice until use. 

Surgical Procedure 

All stereotactic surgery procedures were conducted following a standardised protocol 
under aseptic conditions. Mice were anaesthetized with isoflurane at 4% before being 
administered with the nonsteroidal anti-inflammatory methylcarbazole-2-acetic acid, 
known as "Carprofen." Carprofen was diluted 1:4 in saline and administered at a 
concentration of 5mg per kilogram of animal weight via intraperitoneal (IP) injection with 
a sterile disposable insulin syringe. 

The head of each mouse was shaved before being placed in a stereotactic frame (Kopf) 
on a mat maintained at an ambient temperature of 37°C . Eye drops were applied, and 
the toe pinch reflex was monitored to determine the correct depth of anesthesia. The 
injection pipette was backfilled with mineral oil and fitted into an auto-nanoliter injector 
called 'Nanoject II'(Drummond Scientific) , which was attached to the frame. The tip of 
the injection pipette was cut at approximately a 45-degree angle using surgical scissors 
and filled with relevant viruses to an appropriate volume required for the experiment.  

Breathing of the mouse was monitored carefully throughout the surgical procedure for 
irregularities and isoflurane concentration was gradually reduced to 1.5%. Additional 
oxygen was provided throughout the surgical procedure at a flow rate of 1 L/min. 
Surgical tools were used to make an incision along the head to expose the skull. 
Autoclaved cotton buds and sterile saline were used to clean the wound. 

Ear bars, placed adjacent to the ear canal, and a nose cone, attached to the isoflurane-
administering tubing, were carefully adjusted to level the skull within the medial-lateral 
and anterior-posterior axis. This was assessed by the discrepancy between the depth 
(Z) measurement of the injection pipette on the skull from 1.5mm on each side of the 
midline for the medial-lateral axis and from bregma to lambda for the anterior-posterior 
axis, aiming for a discrepancy of 0.05mm or less in all axes. 

Relevant injection coordinates were calculated as the distance from the confluence of 
bregma and the midline and marked on the skull using a permanent marker. 
Craniotomies were created using a dental drill, and any bleeding was controlled using 
autoclaved cotton buds. The injection pipette was cleaned with saline and inserted 
slowly into the craniotomy to the required depth dictated by the injection coordinates. 
Depth was calculated as the depth from the bregma-lambda confluence. The injection 
pipette was left for 2 minutes before injecting the virus using the 'slow' setting of the 
Nanoject II. For AAV injections, this involved a single 50nl injection at each coordinate 
point. Following all injections, the pipette was left at the coordinate point for 3 minutes to 
allow sufficient viral diffusion and avoid backfilling before retraction. For injections with 
multiple coordinates, the pipette tip was cleaned with sterile saline before reinsertion. 
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Once all injections were completed, the incision was closed with Vicryl Rapide sutures 
(Ethicon), and isoflurane was terminated. The animal was placed in an empty cage and 
monitored closely until normal behaviour returned before returning to its home cage. 
Animals were given additional Carprofen doses for two days following surgery at the 
same concentration as used pre-surgery and monitored for wellbeing through 
appearance, behaviour, and weight. If any of these criteria were deemed abnormal, 
such as weight not recovering to pre-surgical weight within two days, animals were 
euthanised to reduce unnecessary suffering. 

Following an incubation period to allow sufficient transgene expression the procedure 
was repeated. In the second procedure rabies would be injected to the same 
coordinates at a volume of 100nl across two 50nl injections. A 1 minute pause between 
each 50nl injection was observed. 

 

Mouse and Injection Details Summary Table 

 

Chapter Mouse 
Strain 

Gender Age 
(Days) 

Bilateral/
unilateral 

AAV 
Titre 
(gc/ml) 

AAV 
incubatio
n (Days) 

Rabies 
incubatio
n (Days) 

Rabies 
strain 

4 C57BL/6 Male 179 Bilateral 1x10^11 14 14 CVS-N2c 

4 C57BL/6 Male 180 Bilateral 1x10^11 14 14 CVS-N2c 

5 L7/PCP-2-
Cre 

Male 120 Bilateral 1x10^13 14 14 SAD-B19 

5 L7/PCP-2-
Cre 

Female 120 Bilateral 1x10^13 14 14 SAD-B19 

5 L7/PCP-2-
Cre 

Female 120 Bilateral 1x10^13 14 14 SAD-B19 

5 L7/PCP-2-
Cre 

Male 100 Bilateral 1x10^13 14 14 SAD-B19 

6.2 L7/PCP-2-
Cre 

Male 148 Unilatera
l 

1x10^13 14 14 CVS-N2c 

6.2 L7/PCP-2-
Cre 

Male 148 Unilatera
l 

1x10^13 14 14 CVS-N2c 

6.3 L7/PCP-2-
Cre 

Female 136 Bilateral 1x10^14 14 14 CVS-N2c 

6.3 L7/PCP-2-
Cre 

Female 136 Bilateral 1x10^14 14 14 CVS-N2c 
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6.4 L7/PCP-2-
Cre 

Female 94 Unilatera
l 

1x10^14 6 6 CVS-N2c 

6.4 L7/PCP-2-
Cre 

Female 94 Unilatera
l 

1x10^14 6 6 CVS-N2c 

6.5 L7/PCP-2-
Cre 

Male 101 Bilateral 1x10^13 14 N/A N/A 

6.5 L7/PCP-2-
Cre 

Male 101 Bilateral 1x10^13 14 N/A N/A 

6.5 L7/PCP-2-
Cre 

Female 88 Bilateral 1x10^13 14 N/A N/A 

6.5 C57BL/6 Female 88 Bilateral 1x10^13 14 N/A N/A 

6.6 L7/PCP-2-
Cre 

Male 303 Unilatera
l 

1x10^12 14 14 CVS-N2c 

6.6 L7/PCP-2-
Cre 

Female 260 Unilatera
l 

1x10^12 14 14 CVS-N2c 

6.6 L7/PCP-2-
Cre 

Female 283 Unilatera
l 

1x10^12 14 14 CVS-N2c 

6.6 L7/PCP-2-
Cre 

Male 279 Unilatera
l 

1x10^12 14 14 CVS-N2c 

 

Tissue Processing & Immunohistochemistry 

Trans-cardiac Perfusion 

At the end time point for each experiment, mice were administered with phenobarbital 
(supplied under the brand name "Euthatal"), diluted 3:7 in saline at a concentration of 
0.33mg per gram of mouse weight. Once the pain reflex of each animal had subsided, 
as assessed through gently squeezing the paws with forceps, an incision through the 
sternum was made to access the heart. A 30G thin syringe was then inserted into the 
left ventricle, and the liver was cut with scissors in multiple places to facilitate perfusion.  

Phosphate-buffered solution (PBS) was infused through the circulatory system using a 
peristaltic pump set at a flow rate of 10 millilitres per minute. Once the blood had been 
removed from the circulatory system, as determined by clear solution leaving the liver, 
4% paraformaldehyde (PFA) was applied at the same flow rate. A total of 50 ml of PFA 
was applied to the mouse before the cessation of the perfusion procedure. PFA was 
prepared before each perfusion by diluting 16% concentration aliquots (ThermoFisher) 
1:4 with PBS. 
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Following the cessation of the perfusion procedure, the brain was carefully dissected 
from the skull and placed in a 15 ml conical centrifuge tube containing 4% PFA. The 
tube was then incubated for 24 hours at room temperature, protected from light, to allow 
for complete fixation of the brain tissue. 

Stabilisation in Agarose 

Following 24 hours each brain was washed three times with PBS before being placed 
into a brain matrix (Conduct Science) with the dorsal side visible. This matrix allowed 
the brain to be cut within the coronal plane using a razor blade in a straight line. A 
coronal incision was made in the forebrain, and the resulting flat edge was placed face 
down in a well of a 6-well cell culture dish. 

A 3.5% agarose solution was prepared by dissolving 1.75 g of agarose (ThermoFisher) 
in 50 ml of PBS. This solution was heated in a microwave until fully dissolved and then 
allowed to cool to 37°C. Once cool, the solution was poured over the top of the brain 
and left for 25 minutes at room temperature to set. 

Vibratome Sectioning 

Once the agarose had set, the block was carefully removed with a scalpel, and the flat 
forebrain end was secured to the metal plate of a Leica VT1000S vibratome using 
cyanoacrylate adhesive. The adhesive was left for 15 minutes to harden. The vibratome 
bath was filled with PBS, and 50 µm sections were cut and placed in individual wells of 
a 96-well plate containing a PBS solution with 0.05% sodium azide (Scientific 
Laboratory Supplies). Sections were cut within a range that included the injection site 
plus 1 mm on either side. The vibratome was typically set to a cutting speed of 
0.75mm/s at a frequency of 90 Hz.  

Cut sections, as well as unused areas of the brain, were stored in a PBS solution with 
0.05% sodium azide at 4°C. All sections were processed further within one month of 
sectioning to ensure the preservation of tissue quality. 

Antibody Acquisition and Use 

On acquisition all antibodies were thawed and distributed into 4ul aliquots before being 
stored at -20°C. All aliquots were only thawed once prior to use.  

Secondary antibodies would be used with complementary wavelengths for the 
fluorescent proteins they targeted. Non-fluorescent targets were used with secondary 
antibodies conjugated to an Alexa 647 fluorophore.  For all applications of antibodies, 
including washing, an óantibody diluentô solution of PBS, 0.3% Triton X-100 (Sigma), 
1mg/ml bovine serum albumin (Sigma) and 0.05% sodium azide was used.  

Due to structural similarities between mTagBFP2 and EGFP a custom made nanobody 
was acquired, from the commercial provider Nanotag Biotechnologies, which would not 
bind to antigens on the GFP molecule. This nanobody was custom conjugated to an 
Alexa-405 fluorophore. A custom conjugated Alexa 488 fluorophore was also acquired 
from the laboratory of Dr M Schnell.  



45 

All primary antibodies were acquired from Abcam and used at at a dilution of 1:1000, 
aside from the mTagBFP2 nanobody and the rabies nucleoprotein antibodies which 
were used at the concentrations of 1:500 and 1:250, respectively, as specified by their 
suppliers. All secondary antibodies were acquired from ThermoFisher and used at a 
dilution of 1:1000. 

Antibody Summary Table 

Primary 
Antibody 
Target 

Primary 
Dilution 

Primary 
Species  

Secondary 
Antibody 
Target 

Secondary 
Species 

Secondary 
Dilution 

Emission 
Wavelength 

GFP 1:1000 Goat Anti-Goat  Donkey 1:1000 488 

mCherry 1:1000 Chicken Anti-
Chicken 

Goat 1:1000 594 

GFAP 1:1000 Rabbit Anti-Rabbit Donkey 1:1000 647 

mTagBFP2 1:500 Camelid N/A N/A N/A 405 

Rabies 
Nucleoprote
in 

1:250 Mouse N/A N/A N/A 488 

 

Immunohistochemical Processing 

All immunohistochemical processing was conducted on 'floating sections' within the 
wells of the 96-well plate they were stored in. First, the solution from each well was 
removed and then, 50 µl of primary antibody solution, diluted in antibody diluent was 
added to each well. Sections were incubated for 24 hours at room temperature, 
protected from light, on a shaker set to 30 revolutions per minute. 

Following the primary antibody incubation, sections were washed three times with the 
antibody diluent solution (without the antibody) to remove unbound primary antibodies. 
Next, 50 µl of secondary antibody solution, diluted in antibody diluent, was added to 
each well. This solution was incubated with the sections for 24 hours at room 
temperature, protected from light, on a shaker set to 30 revolutions per minute. After the 
secondary antibody incubation, sections were washed three times with 200 µl of PBS 
per well to remove unbound secondary antibodies and stored in PBS with 0.05% 
sodium azide at 4°C for further processing. 

For sections counterstained with NeuroTrace-647 (ThermoFisher), the dye was initially 
diluted in antibody diluent at a 1:250 ratio and applied at 100 µl per well. The sections 
were incubated with the NeuroTrace-647  solution for 15 minutes, protected from light, 
and then washed three times with PBS before storage in PBS with 0.05% sodium azide 
at 4°C. 
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TUNEL Labelling 

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining was 
performed on floating sections using a commercially available TUNEL staining kit 
(Thermo Fisher) according to the manufacturer's instructions with minor modifications. 
The main difference was in applying the procedure to floating sections instead of 
adhered slides to conform with the standardised immunohistochemical protocol. To 
achieve this, necessary solution volumes were adjusted to utilise 50 ɛl of reaction 
volume per well. 

The TUNEL procedure was conducted on sections prior to initiating any other 
histological processing due to the requirement to use a 15-minute incubation of 4% PFA 
during the protocol, which could have negatively affected antibody staining. 

As suggested by the manufacturer, positive controls were conducted on spinal cord 
tissue from the mice used in the toxicity control study. Half of these sections were 
subjected to a 15-minute incubation with DNase I (New England Biolabs), per the 
manufacturer's instructions, prior to beginning the protocol. 

Image Acquisition 

Slide Preparation 

Brain sections were carefully mounted onto charged glass microscope slides 
(ThermoFisher) to ensure proper adhesion and preservation. Charged slides were 
selected for their ability to retain tissue sections during staining and imaging 
procedures. Prior to mounting, the charged glass slides were labelled with relevant 
identifiers, such as animal number, section location, or experimental group. Floating 
brain sections were carefully transferred onto the surface of the charged slides using 
paint brushes ensuring the tissue laid flat without folds or creases. Sections were then 
allowed to air-dry on the slides at room temperature for a sufficient duration, typically 20 
minutes, to promote adherence. 

100ul of water-based, glycerol-containing mounting medium, under the brand name 
ñFluoromountò (ThermoFisher) was applied to each slide and a glass coverslip of 
0.13mm thickness applied (Scientific Laboratory Supplies).  For slides counterstained 
with DAPI a version of Fluoromount was used that contained the counterstain within the 
medium (ThermoFisher). The concentration of DAPI within this medium is not freely 
provided by the manufacturer.  

Slides were then left overnight, covered from light, at room temperature until the 
mounting medium set. Slides were stored at 4 degrees until processed further. No 
slides were left longer than a month prior to further processing. 

Epifluorescent Imaging 

All epifluorescent imaging was conducted using a Zeiss Axio Scan Z1 automated 
microscope and its proprietary ZEN software. Images were acquired with a plan-
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apochromat 10x objective featuring a 0.45 numerical aperture, which provided a 
resolution of 0.44um per pixel. A Hamamatsu Orca Flash model camera and an HXP 
120W lamp were employed in the process. Pre-set excitation and emission filters were 
selected within the Zen software for each fluorophore, corresponding to excitation 
wavelengths of 353nm, 493nm, 599nm, and 650nm, and emission wavelengths of 
465nm, 517nm, 625nm, and 673nm for DAPI, EGFP, mCherry, and Alexa-647 imaging, 
respectively. 

The light source intensity was consistently set to 100%, with the dynamic range 
adjusted solely through camera exposure time modification to expedite imaging 
sessions. Exposure times were set at 100ms for DAPI, 90ms for EGFP, and 40ms for 
mCherry fluorophores. Alexa-647 exposure time varied based on the application: 900ms 
for NeuroTrace-647, 450ms for TUNEL, and 150ms for GFAP detection. mTagBFP2 
was not imaged via epifluorescent imaging due to the absence of suitable filter cubes in 
the microscope. 

The area around each section was manually defined in the software using drawn 
regions of interest. The autofocus feature utilised the counterstain (either DAPI or 
NeuroTrace-647) as a reference channel, with low source intensities and exposure 
times to minimise photobleaching and scan times. These were set to 5% intensity and 
10ms exposure time for DAPI and 10% intensity and 50ms exposure time for 
NeuroTrace-647. If autofocus failed to accurately image sections, they were reimaged 
with longer exposure times and the sampling rate changed from "default" to "fine." 

Confocal Imaging 

All confocal imaging was conducted using the Leica TCS SP8 confocal laser scanning 
microscope and its proprietary Leica Application Suite X (LAS X) software. 
Epifluorescent images served as guides for imaging cells of interest. A harmonic 
compound plan-apochromat 40x oil immersion objective with a numerical aperture of 
1.30 was employed. The Leica Hybrid Detector captured images at a resolution of 
512x512 pixels, providing an approximate pixel resolution of 0.414 µm Bidirectional 
laser scanning was employed to expedite scanning time. 

Two Leica light sources were utilised: a white light laser (WLL) with excitation 
wavelengths selected for specific fluorophores (488nm for GFP, 561nm for mCherry, 
and 633nm for Alexa-647), and a 405nm diode-emitting laser for detecting mTagBFP2. 
Laser power was adjusted for each fluorophore at 30%, 50%, and 20% power, with 
20%, 15%, and 10% gain for mTagBFP2, GFP, and mCherry detection, respectively. 

To minimise spectral overlap and cross-talk between fluorophores, several steps were 
taken. First, individual channels were acquired using single-channel sequential 
scanning. Second, emission detection windows were set as follows: 400-460 nm for 
mTagBFP2, 480-550 nm for GFP, and 570-630 nm for mCherry. 

Additional measures ensured full detection of fluorophore signals. First, frame averaging 
was employed, with each pixel captured three times per image. Second, a relatively low 
scan speed of 400, corresponding to a line frequency of 400Hz, was used. Third, a 
complete z-stack with a 1um resolution was acquired for each cell. The full z-range of 
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each cell was manually determined by observing the Z-limits through live microscopy. 
The final image was composed as a max-projection of all channels and z-slices. 

Serial 2-photon Imaging 

Following perfusion, the spinal cords of both mice were dissected and incubated with 
4% PFA under the same conditions as the brains for 24 hours at room temperature. The 
cords were then embedded in 5% agarose prepared by dissolving 2,5g of agarose in 50 
ml of PBS.  To ensure the cords remained relatively linear, an assistance device 
designed by Dr. S West was utilised. This metal cube featured small side holes and 
used guitar strings to hold the cords in position while the agarose was applied. The 
agarose was allowed to set at room temperature for 30 minutes before further 
processing. 

The agarose block was then glued to a microscope slide and submerged in PBS on the 
'Brainsaw,' a serial 2-photon microscope (Amato et al,. 2016) at the Sainsbury 
Wellcome Centre, UK. This microscope automatically imaged the top of the agarose 
block using 2-photon microscopy before removing a 50µm section via an automated 
vibratome. This process was repeated overnight for each mouse, with all sections 
collected in a glass beaker of PBS containing 0.05% sodium azide. 

The agarose block was submerged in PBS, and imaging was performed using a 780nm 
laser to simultaneously excite both the GFP and mCherry fluorophores. To distinguish 
between the signals, dichroic mirrors and bandpass filters were used, with the detected 
signal passed through three photomultiplier tube (PMT) channels. Laser power was set 
to 2800mW, with filters set for 505-550nm for GFP detection and 570-640nm for 
mCherry detection. In addition, the PMTs had a gain of 875V applied. Following 
acquisition, the files were combined into a stack using the ImageJ software package 
and manually inspected for fluorescent cells. 

Image Analysis 

Manual Tissue and Cell Inspection 

Images acquired from epifluorescent and confocal imaging were analysed by inspection 
in the relative proprietary softwares for each microscope, ZEN and LAS X respectively.  
All software was used in the most recent versions at the time of writing. 

ABBA and QuPath Pipeline 

For quantitative analysis with the ABBA (Duarte et al,. 2023) to QuPath (Bankhead et 
al,. 2017) pipeline, sections were first observed in the ZEN software to manually 
determine the range of viral expression within the tissue. Files of any sections that 
demonstrated this labelling were imported directly from ZEN into ImageJ using the .CZI  
file format. Using the ABBA ImageJ plugin, sections were manually aligned to the Allen 
Atlas by adjusting section size and angle. The fourth ventricle was utilised as a primary 
landmark due to its ubiquitous presence in all sections and proximity to the intended 
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injection site. This was completed manually for all sections to ensure the highest 
possible accuracy to the atlas. 

Following alignment, a saved file was created in the ABBA plugin and imported directly 
into QuPath. In QuPath, images were filtered on both innate fluorescent properties and 
via two user-trained classifiers. Firstly, a fluorescence intensity filter was manually 
created to identify a range of putative mCherry-expressing cells. The criteria were 
deliberately set to include many false positives so as to provide a rich data set to train 
the classifiers. 

Once putative cells were established, a classifier was trained on all detections using a 
Random Trees (RTrees) model. Detections were manually inspected for mCherry 
expression and either given the annotation "background" or "rabies-positive". This 
process was completed across 15 randomly selected duplicated images per mouse, 
labelling at least 50 detections per section. The software provided live updates to the 
image of the classifier's efficacy, allowing its progress to be monitored until it achieved 
an adequate level. Following this, on duplicated images, all "background" annotated 
detections were deleted, and a second classifier, using the same model, was trained by 
manually inspecting cells to determine the expression of mCherry and GFP and 
annotated as either "rabies only" or "starter cell". This was trained to the number of 
sections and detections as the previous criteria. 

Finally, a script was written in the Groovy language to apply the filtering and two-
classifying steps in sequential order across all images in a mouse. The resulting data 
was then exported as a CSV file. Cell size and pixel intensity data were analysed in a 
Python script utilising the Pandas package. 3D visualisation of detection coordinates 
was created using the Python package brainrender (Claudi et al., 2021) from the atlas 
coordinate data exported within the CSV file. 

QuPath Fluorescence Filter Settings Table 

Channel mCherry 

Requested Pixel size (um) 0.65 

Background radius (um) 9 

Median filter radius (um) 1 

Sigma (um^2) 1.5 

Minimum Area (um^2) 75 

Maximum Area (um^2) 1300 

Minimum Pixel Threshold 2000 

Watershed post-processing Yes 
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Pixel Intensity Analysis 

In experiments where pixel intensity was measured outside of QuPath, files were 
converted to the 32 Bit TIFF format and imported into ImageJ. In the software regions of 
interest (ROIs) were manually drawn and the óMeasureô function was used to calculate 
the mean pixel value within the ROI. These values were then exported as a CSV file 
and further analysed using the Python package Pandas. 
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3. REACH Creates Infectious Virions In Vitro 

3.1. Introduction 

Viruses have been employed as tools within neuroscience for many decades 
(Goodpasture & Teague, 1923; Kuypers & Ugolini, 1990), although they are typically 
used in their wild-type form (Kristensson et al., 1982; Strack et al., 1989b) or with minor 
deletions to their own genome (Wickersham et al., 2007b). This approach has been 
notably successful when the goal of the tool closely aligns with the natural life cycle of 
the virus in question. A prime example of this is the widespread adoption of rabies as a 
monosynaptic retrograde tracer, where the single deletion of the glycoprotein, G, is 
sufficient to provide control over the virus to meet the experimenter's needs (Callaway & 
Luo, 2015). 

However, progress has stagnated for applications requiring a tool where no virus 
demonstrates equivalent natural behaviour. The development of a specifically 
anterograde tracing tool, comparable in use to retrograde rabies tracing, is particularly 
necessary. This has been hampered by the fact that all known neurotropic viruses 
exhibit both retrograde and anterograde infectivity (Xu et al., 2020). In the absence of a 
natural virus to co-opt, tool designers must increasingly turn to more sophisticated 
methods of adapting viruses to mould their life cycles for a required purpose. 

A significant challenge in this endeavour, however, has been the scarcity of knowledge 
surrounding the fundamental biology of many viruses. While the study of viruses has 
existed for over a century, this field has traditionally focused on investigating them as 
purely pathological agents (Burrell et al,. 2017). Nevertheless, over the past decades, 
the viability of viruses as vectors, particularly in the burgeoning field of gene therapy, 
has prompted extensive developments in the manipulation of viruses for beneficial aims 
(bin Umair et al., 2022). 

One of the intriguing findings from this field has been the observation that viral life 
cycles can be manipulated through the formation of viral pseudotypes, whereby viruses 
utilise the proteins, typically glycoproteins, of other viruses within the same cell to 
exploit mechanisms unavailable to the wild-type virus (Sanders, 2002). This approach 
subsequently allows vectors to be coated in alternative viral glycoproteins to facilitate 
their entry within specific cell populations for therapeutic effect (Thaler et al., 2003; 
Gutierrez-Guerrero et al., 2020). 

Such approaches have potential applications in the development of viral tracing tools. 
To some extent, this has been demonstrated with the use of EnvA pseudotyped rabies 
as a means to specifically target cell populations expressing the exogenous receptor 
TVA (Callaway & Luo, 2015). However, while pseudotyping is highly effective at 
targeting viruses for infection, little is known regarding its effectiveness for manipulating 
other aspects of the viral life cycle, as the fundamental biology of pseudotyping remains 
poorly understood. For example, although the process has broadly been demonstrated 
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to occur across viral families with dissimilar genetic structures (Huang et al., 1974; 
Zavada, 1982), inconsistencies exist. For instance, some rhabdoviruses, such as VSV, 
can be easily coated by a wide range of glycoproteins (Rogalin & Heldwein, 2016), 
while rabies, from the same viral family, has been shown to only tolerate exogenous 
glycoproteins that encode the same cytoplasmic tail as its native glycoprotein 
(Mebatsion et al., 1996; Wickersham et al., 2007b). 

This uncertainty has profound implications for the development of the anterograde 
strategy REACH, which aims to subtly manipulate rabies behaviour via pseudotyping 
with three HSV-1 glycoproteins, gE, gI and US9. While evidence suggests that any 
pseudotyping would require the cytoplasmic tail of G, it is also the case that this same 
protein has been implicated in trafficking the virus in a retrograde direction (Nakahara et 
al., 2003). Furthermore, the cytoplasmic tails of gE/gI are implicated in associating with 
US9 and axonal trafficking mechanisms to facilitate anterograde infectivity (DuRaine et 
al., 2017). Consequently, alterations to the cytoplasmic tail of either protein are likely to 
undermine the required changes to the viral life cycle. Currently, there is no research 
examining the pseudotyping of rabies using glycoproteins from HSV-1. Yet, given the 
related VSV's adaptability, as demonstrated by Rogalin & Heldwein (2016), it's 
conceivable that this might be achievable with rabies. 

Finally, akin to the unknown aspects of pseudotyping, another potential issue for the 
REACH strategy is the paucity of knowledge surrounding aspects of HSV-1 virology 
(Whisnant et al., 2019). In the absence of its native glycoprotein, G, rabies will be 
dependent on pseudotyping with the HSV-1 glycoproteins for infectivity. However, the 
conventional wisdom is that HSV-1 infectivity is dependent on the glycoprotein gD. This 
conclusion, however, rests on numerous studies investigating the infectivity of HSV-1 in 
culture (Turner et al., 1998; Fan et al., 2017), or from neurons to epithelial cells (Richart 
et al., 2003; Miranda-Saksena et al., 2018), and may not reflect an exhaustive account 
of the mechanisms HSV-1 can utilise. Furthermore, tentative data suggests a 
fundamental role for gE/gI in infectivity (Polcicova et al., 2005), and that infection can 
occur in neurons in a gD-independent manner (Dingwell et al., 1995; Brunetti et al., 
1995). However, conclusive evidence that this occurs entirely via a gE/gI-mediated 
mechanism is lacking and requires investigation to confirm. 

In conclusion, pseudotyping presents an innovative approach for modifying specific 
aspects of the rabies life cycle to develop an anterograde tracing tool. However, due to 
the broader knowledge gaps in the field, the fundamental viability of this strategy 
remains unknown. In particular the ability to pseudotype rabies with HSV-1 
glycoproteins, and whether these are able to provide infectivity, requires screening to 
determine whether this strategy shows promise for developing as a valuable tool for 
neuroscientific research. Consequently we sought to test whether the REACH strategy 
could impart infectivity within an in vitro paradigm. 
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3.2. Designing An In Vitro Screening Assay 

An effective method for screening for viral infectivity within the field of virology is the 
plaque assay (Baer, 2014; Mendoza et al., 2020). Typically, virus-containing solution is 
applied to cultured cells and the infectivity is deduced from the number of infected cells 
either labelled by a viral associated marker, or traditionally with pathogenic viruses, the 
presence of dead cells as plaques (Grosche et al,. 2019). This method was chosen to 
screen for infectious REACH pseudotypes as the ease of set-up and the ability to 
multiplex different transgene combinations facilitates the faster acquisition of data than 
can be acquired through equivalent experiments in vivo. 

For this study the assay was modified to fit certain requirements. Firstly, HEK293 cells 
were cultured in wells across a 96 well plate (Figure 1A). This cell type was primarily 
chosen due to their proven efficient cultivation of rabies (Madhusudana et al,. 2010; 
Zamudio et a,. 2021), high transfection efficiency (Maurisse et al,. 2010) and ease of 
culture, a factor demonstrated in their ubiquitous use in viral vector production (Tan et 
al,. 2021). 

Additionally, this cell line offers advantages for the unique requirements of this study as 
it is speculated to be of neuronal origin and subsequently expresses many specific 
neuronal proteins (Shaw et al., 2002). Importantly for the study of HSV-1 pseudotyping, 
this includes cell adhesion molecules found at specialised cell junctions (Inada et al,. 
2016) which enable synapse formation in neuron-HEK293 co-cultures with minimal 
gene supplementation (Chiang et al,. 2021). In particular this includes the expression of 
beta-catenin, a cell adhesion molecule found at synapses (Maguschak & Ressler, 2012)  
and associated with the gE/gI dimer and speculated to play a crucial role in facilitating 
gD independent cell-to-cell spread for HSV-1 (Dingwell & Johnson,. 1998). 

Cells were cultured to reach 70% confluency, to facilitate efficient transfection, and were 
transfected with a mixture of glycoprotein-encoding plasmids using lipofectamine. These 
constructs were combined in all possible permutations, along with a GFP-encoding 
plasmid to serve as a marker for successful transfection. Considering the uncertainty of 
the underlying biology underpinning REACH it was deemed valuable to ascertain the 
contribution of each glycoprotein combination to the inducement of infectivity. Each 
combination, referred to as a condition, was assigned six wells across two 96 well 
plates and was conducted in parallel. An additional control condition was transfected 
solely with the GFP plasmid (Figure 1B). 

To ensure equal glycoprotein expression across conditions, plasmid concentrations 
were adjusted to the same concentration. Moreover, to account for potential negative 
effects on cell culture health due to the high total plasmid concentration (Qiagen, Inc, 
n.d) required for the condition containing all glycoproteins, a control blank plasmid 
backboneðidentical to the one used for constructing all plasmidsðwas transfected at 
an equivalent concentration for each missing glycoprotein to maintain the same 
consistent total plasmid concentration across all conditions.  
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Following a 24-hour incubation period, cells were infected with a G-deleted rabies CVS-
N2c preparation, in which the G gene had been replaced by the mCherry fluorophore. 

 

 

 

Figure 1: A schematic of the experimental plan for the in vitro assay. (A) HEK293 cells are cultured in a 
96 well plate to a confluency of 70%. (B) Wells are transfected with plasmids encoding either HSV-1 
glycoproteins, GFP or empty backbones. (C) Cells are infected with G coated rabies unable to express its 
own glycoprotein to form a starter cell population. (D) Over time the virus infected cell population should 
increase over time as a result of glycoprotein incorporation relative to uncomplemented populations.  

 

The virus utilised a native G glycoprotein coating, as it had been previously cultured in 
G-expressing cells (Osakada & Callaway, 2013) (Figure 1C).  The central area of each 
well, corresponding to 10% of the total well area, was imaged every two days, and 
images were analysed to determine if the area occupied by infected cells expanded, 
analogous to measuring the plaque size in a typical virology assay. 

Employing a G-coated rabies virus ensured an initial population of infected cells in each 
well. However, in the absence of native glycoprotein assistance, the virus would be 
unable to infect other cells beyond this initial population (Etessami et al,. 2000). 
Consequently, an increase in the infected cell population over time would imply that the 
transfected HSV-1 glycoproteins could facilitate this process in lieu of the native 
glycoprotein. As the GFP control condition contained no glycoproteins, it served as a 
reliable reference for comparing the infectivity of other conditions (Figure 1D). 
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3.3. Assay Parameter Selection - Identifying Starting Cell 
Populations 

Before analysing the data it was crucial to define specific parameters pertinent to the 
assay. Firstly, to accurately assess the extent of viral spread, it was important to 
establish a reliable estimate of the starting cell population for each condition. The first 
time point, and thus the starting population, was defined as the moment when mCherry-
expressing cells, indicative of rabies infection, became visible.  

Manual examination of the images revealed that mCherry fluorescence expression was 
extremely low at days two and four post-infection and only became more prominent 
than the blue channel fluorescence at six days post-infection. From the start time point 
of six days post-infection imaging was extended for an additional six days, up to day 
twelve post-infection, at which point the culture vessels became unsuitable for further 
analysis due to cell detachment. 

3.4. Assay Parameter Selection - Automated Background 
Threshold Selection 

A second necessary parameter to establish was the method for detecting and 
quantifying cell area. To accurately quantify the area of infected cells efficiently, without 
bias, and with reproducibility, an automated thresholding technique was employed using 
the ImageJ software package (Collins, 2007). This method was utilised to differentiate 
the fluorescent signal of mCherry-expressing infected cells from the background signal. 

The Biovoxxel plugin (Brocher, 2014) was employed to aid in selecting the optimal 
technique, using its 'Threshold Check' function. This function employs a hybrid manual 
and automated approach. Initially, individual cells from an image representing the 
lowest acceptable cell signal are manually selected (Figure 2B-C).The plugin 
automatically uses each automated threshold method available in ImageJ software, 
producing a summary image and a relative 'quality' score to numerically represent the 
accuracy of the threshold in identifying the manually chosen cell relative to the 
background signal (Brocher, 2014) (Figure 2D-E). To account for changes in 
fluorescence expression over time, this analysis was conducted across conditions on 
six randomly selected images at each of the four time points. The results of this analysis 
revealed that the Otsu method (X. Xu et al., 2011) yielded the highest mean quality 
score and was relatively consistent across all images compared to other thresholding 
methods (Figure 2F). 
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3.5. Assay Parameter Selection - Cell Size Filtering 

While image segmentation based on fluorescence is an effective tool for eliminating 
background signal, when used alone, it can generate false positives by including 
fluorescent debris or other non-cellular artefacts. To address this issue, a minimum cell 
size filter was applied. One hundred cells were manually measured in ImageJ software 
across a random selection of images (Figure 2H). This data demonstrated that 
individual cell sizes ranged from 45ɛm^2 to 260ɛm^2. The range found corresponds to 
similar findings reported in the literature and used in commercial cell counting software 
(Beckman Coulter, Inc,. n.d). The slight variance observed here is likely due to the 
intrinsic difficulties of measuring a three-dimensional object in a two-dimensional image 
and the constrained culture space found at later time points of the assay. 

An upper limit for pixel size was deemed unnecessary as, due to their mitotic nature of 
HEK293 cells, by 6 days post-infection wells were typically fully confluent, making it 
difficult to algorithmically distinguish between adjacent cells. Therefore, approximating 
the spread of infectious cells by measuring the area of the culture vesselcovered by 
fluorescent cells, as determined by light microscopy, as considered more useful. 
Analysis of the cell size data further supported this approach, revealing a relatively 
small amount of variation in cell sizes (Figure 2G). 

 

3.6. Image Adjustment and Exclusion  

After processing, images were meticulously evaluated through manual inspection to 
ensure the accuracy and validity of the results. It was determined that certain images 
needed adjustment or exclusion to avoid skewing the data. 

Firstly, during manual examination of the images, it was observed that the field of view 
exhibited slight drift between imaging sessions, likely due to imperfect attachment of the 
culture vessel to the microscope. As calculating cell spread necessitated maintaining a 
consistent starter cell population, it was essential to exclude cultured areas not present 
in all images. To address this issue, distinct landmarks, such as large cell clusters, were 
identified within a set of images, and their distance from the origin was calculated. 

Figure 2: Assay Parameter Selection. (A) Images of an example showing mCherry expression) across 
time. Red box highlights the time point when mCherry fluorescence becomes more visible than 
autofluorescence. (B) Overview of an example well image used to screen thresholding methods. (C) 
Higher magnification of the dashed white box in B, with a dashed white box indicating the example cell 
chosen to represent a low-intensity cell. (D) and (E) show the same images as B and C, but after 
thresholding with the Otsu method. (F) Bar plot displaying the quantification of threshold quality following 
analysis of 24 images. (G) Example cell measured to establish the minimum cell area. (H) Histogram 
presenting the results of 100 measured cells. Dashed red lines represent the range of cell sizes 
previously established in the literature. 
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Subsequently, areas determined not to be present in all images were cropped and 
excluded from the analysis (Figure 3A) . 

Secondly, it was observed that some wells exhibited imaging artefacts, such as 
condensation on the culture vessel, which could produce false positives if the same 
artefact was absent at later time points (Figure 3B). Thirdly, some images featured large 
clumps of detached cells (Figure 3C). These cells were not effectively imaged due to 
being in a different focal plane and were not easily segmented through automated 
thresholding. This could led to potential false negatives, as cells are not identified 
through the image analysis, or false positives, as blurred pixels are detected as 
erroneously large cells. Lastly, other wells displayed low levels of cell coverage, likely 
caused by cell detachment during culturing procedures (Figure 3D). These images were 
excluded for two reasons: firstly, not all cells in a well might have been transfected, 
increasing the likelihood of including wells with little or no transfection and potentially 
resulting in false negatives. Secondly, to accurately measure infectivity, it is essential for 
adjacent cells to be present for infection, and the absence of such cells introduces 
further potential false negatives. 

Using these criteria, four wells were excluded from the analysis. One well each was 
removed from the control and gE + gI + US9 conditions, with an additional two wells 
removed from the gE + US9 condition. Out of a total of forty-eight wells, this 
represented a minor loss of approximately 8% of wells, with 92% remaining suitable for 
analysis. 

3.7. gE, gI and US9 Facilitate Viral Spread In Vitro 

After defining parameters and adjusting and excluding images, the remaining images 
were analysed using an ImageJ workflow that segmented the background signal with an 
automated Otsu thresholding method and filtered based on a minimum cell size of 45ɛm 
(Figure 4A). 

The data demonstrated that, in the absence of any glycoprotein in the control condition, 
a decrease in cell-covered area over time was observed on average across control 
wells.  



59 

 



60 

Figure 3: Image Adjustment and Exclusion Criteria. (A) Example images illustrating the calculation and 
correction of camera drift during imaging. First column: calculation of drift by measuring the distance from 
the origin of identifiable landmarks within an image from the first time point. Second column: cropping 
conducted to remove areas not covered in both images. Third column: final images cropped to display the 
same cultured area. (B) Example images showing images excluded due to imaging artefacts. First 
column: raw image at two different time points, with dashed white area indicating a section obscured by 
an imaging artefact. Second column: same image and shaded area after Otsu thresholding. (C) Example 
images showing a well excluded due to cell detachment. First column: raw images at two different time 
points, with white dashed area highlighting an area with detached cells. Second column: same images 
and dashed area after Otsu thresholding. (D) Example images showing a well excluded due to insufficient 
cell coverage. Image surrounded by the red dashed box exhibits a well with low (>50%) cell coverage, 
which would be excluded. Images surrounded by the green dashed box show wells from the same 
condition with sufficient (>50%) cell coverage, which would be included. 

 

For statistical purposes, all wells in each condition had the change in cell area plotted to 
determine that all wells followed either a positive or negative linear relationship over 
time (Figure 4B). In addition, analysis using the Shapiro-Wilks test for normality 
(Alizadeh Noughabi, 2016) revealed a strong likelihood of a gaussian distribution across 
conditions (Figure 4D).  To visualise this trend a linear regression line was drawn and a 
correlation factor calculated. This revealed a correlation factor of -0.52, indicating a 
moderate negative relationship between cell coverage and increased time for the 
control condition (Figure 4B). Almost all other conditions either demonstrate a similar 
moderate negative relationship, such as gE and US9, or a correlation factor close to 
zero, indicating no linear relationship between the variables. The single exception is the 
condition utilising all three glycoproteins (gE, gI, and US9), which demonstrates a 
correlation factor of 0.50, indicative of a moderate positive correlation between 
increasing cell coverage and increasing time (Figure 4B). The narrow shaded 
confidence interval for this condition indicates a reliable estimate of the true relationship 
between the variables. However, considering the small sample sizes used, and the 
potential skewing of the regression by treating each well independently from its previous 
time point, these trend lines should be interpreted as a trend as the sample size is too 
small to discern statistical significance. 

To obtain a more statistically robust analysis of the difference in average area for each 
condition, the percentage change in area from the first time point (day six post-infection) 
to the final time point (day twelve post-infection) was calculated and averaged, resulting 
in a mean percentage change in area (Figure 4C). This data quantifies the change in 
cell coverage area as approximately a third decrease in the control (-32.9%) and 
roughly a third increase in the gE, gI, and US9 condition (32%). Across all other 
conditions, a decrease in cell coverage is also observed, ranging from moderate 
amounts, -5.5% for "gI + US9", to rates similar to the control condition, with a -27.7% 
decrease seen for "gE". Furthermore, the range of values for these wells spans a similar 
range, evident by inspecting the individual points and through the overlap or near 
overlap of the SEM for these conditions. The exception to this is the condition "gE + 
US9", which shows a minor increase of 3.8%. 



61 

 



62 

Figure 4: gE, gI, and US9 Facilitate Viral Spread In Vitro. (A) Example images demonstrating image 
analysis. Top row: example well image with a smaller region outlined in a white dashed box. Bottom row: 
magnified view of the area in the white dashed box. First column: raw images. Second column: images 
after Otsu thresholding. Final column: Otsu thresholded images after filtering based on cell size. (B) Line 
and regression plots displaying the percentage change in area covered by fluorescent cells over time for 
each condition. Individual well percentage changes are shown by shaded coloured lines. The regression 
line for the entire condition is indicated by a single bold coloured line. Shaded area corresponds to SEM. 
(C) Bar plot displaying the mean percentage change in area from the initial time point (6 days post-
infection) to the final time point (12 days post-infection). Each individual circle represents a well, with error 
bars denoting the standard error of the mean (SEM). Statistical significance was determined using 
Tukey's post-hoc test following an ANOVA, where *** indicates p < 0.005. (D) Table displaying p-values 
for each condition obtained from the Shapiro-Wilk test for normality assessment. (E) Table presenting p-
values derived from Tukey's post-hoc test following an ANOVA. Rows highlighted in grey indicate 
statistical significance with a threshold of p < 0.05. 

 

To assess the statistical significance of these findings, several tests were conducted. 
Initially, each condition was considered likely to follow a normal distribution based on 
the Shapiro-Wilkes test results (Figure 4D. Levene's test, which tests for the equality of 
variances across groups, was performed across all conditions. A p-value of 0.470 from 
Levene's test indicates homogeneity of variances among conditions, ensuring the 
assumptions for subsequent tests are met (Schultz, 1985). Under these assumptions, a 
one-way analysis of variance (ANOVA) (Moodie & Johnson, 2022) was utilised with the 
null-hypothesis of no difference between the means. This gave a p-value of 0.00034 
indicating a statistical difference between conditions allowing the null-hypothesis to be 
rejected. To identify which specific conditions exhibited significant differences, Tukey's 
HSD post-hoc test (Hervé & Williams, 2010) was carried out. This test found that the 
only significant difference between means, defined as a p-value less than 0.05, 
occurred between the "gE + gI + US9" condition and the control, with a p-value of 
0.0003 (Figure 4E). No other significant differences between means were detected 
across groups. 
 
Given the small sample sizes used, the assumption of normality in the data could be 
considered potentially inaccurate. Bearing this in mind, a Kruskal-Wallis test 
(Ostertagová et al., 2014), a non-parametric equivalent to a one-way ANOVA for non-
normally distributed data, was also conducted. This test yielded a p-value of 0.011, 
further indicating a significant difference between the means of the conditions. A 
subsequent Dunn's post-hoc test revealed that, similar to the Tukey's test results, a 
significant difference in medians was only observed between the "gE + gI + US9" 
condition and the control, with a p-value of 0.038. No other significant differences 
between medians were detected across groups. 

This finding reflects what can be seen across the individual wells, with four of the five 
wells analysed demonstrating larger percentage increases than all other wells in the 
assay. Overall, this suggests that the co-expression of gE, gI, and US9 can induce 
rabies infectivity in the absence of its native glycoprotein. However, this effect is 
dependent on the simultaneous expression of all three glycoproteins and is not 
observed with the individual or partially combined expression of the glycoproteins. This 
finding highlights the importance of the synergistic action of gE, gI, and US9 in 
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promoting rabies infectivity, warranting further investigation into the specific 
mechanisms underlying this phenomenon. 
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3.8. Discussion 

The development of novel viral tracing tools, particularly in areas not directly related to 
medical applications, is limited due to our incomplete understanding of virology. Among 
these knowledge gaps, the interaction between different viral families within infected 
cells, especially through the phenomenon of pseudotyping, is particularly significant. 
Consequently, the REACH method, which utilises the interaction between three HSV-1 
glycoproteins and rabies, required screening to assess its infectivity and viability as a 
potential anatomical tracer. 

To evaluate this, a modified plaque assay (Baer, 2014; Mendoza et al., 2020) was 
employed, wherein G-deficient rabies was introduced into starter cells within a HEK293 
culture and complemented with all combinations of the HSV-1 glycoproteins. The 
spread of the virus was then quantified as the percentage increase of culture vessel 
area occupied by rabies-infected cells over time. This assay demonstrated that, on 
average, only the wells complemented with all three HSV-1 glycoproteins, gE, gI and 
US9, exhibited an increase in area. In contrast, all other conditions either showed a 
decrease or no significant increase (Figure 4C). 

These findings have significant implications for the development of a REACH-based tool 
for several reasons. Firstly, the viability of HSV-1 induced infectivity in the absence of 
the glycoprotein gD was highly speculative. Although gD- transfer has been previously 
demonstrated in culture (Brunetti et al, 1995; Dingwell et al, 1995), it has never been 
shown to occur entirely via a gE/gI mediated mechanism, likely due to the technical 
difficulties of deleting 10 additional glycoproteins from the HSV-1 genome. Secondly, 
the minimal effect of gE/gI complementation alone suggests that infectivity requires the 
presence of US9 to facilitate this process, either entirely or at a reliable efficiency. This 
finding is significant as previous work had reported an entirely neuronal function for US9 
(DuRaine & Johnson, 2021), although no prior investigation has been conducted on the 
nature of gE/gI induced infectivity. Thirdly, this data indicates that an interaction, either 
directly or indirectly, between rabies and HSV-1 glycoproteins is likely occurring. This 
observation is of particular importance as it was previously assumed that viruses from 
the rhabdoviridae family, including rabies, could only be pseudotyped if the cytoplasmic 
tail of the glycoprotein was modified to that of the rabies glycoprotein (Mebatsion & 
Conzelmann, 1996; Schnell et al., 2000; McKenna et al., 2004). 

However, these conclusions have a number of notable caveats, predominantly 
associated with the experimental design. Firstly, this pilot study was conducted across 
only six wells, carried out in parallel, thus not providing a biological. Secondly, the 
variance for the data presented could be considered relatively large. For example, the 
condition with all three glycoproteins, "gE + gI + US9", demonstrates a single well with a 
significant decrease in cell area, whereas the control shows a single well with a 
relatively small decrease (Figure 4C). Thirdly, the increase in cell area for the "gE + gI + 
US9" condition, at roughly a third over six days, could be considered to represent 
relatively low efficiency, especially when compared to the equivalent viral transfer 
observed in wild-type viruses in similar studies (Carmichael et al., 2018; Sumser et al., 
2022). 
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The impact of the experimental design, however, complicates the interpretation of these 
findings. Most notably, the use of individual plasmids for each glycoprotein likely results 
in significant variation as it becomes impossible in the combination conditions to verify 
the proportion of the cells expressing only individual glycoproteins. This takes on further 
significance if the importance of all three glycoproteins is assumed. However, it is 
important to note that all plasmids were present at the time of transfection. Prior to 
experimentation plasmids were sequenced with adequate concentrations determined 
via a NanoDrop spectrophotometer.  

Further impact may have also been created via the decision to image only the central 
10% of each well, combined with inherent variances of transfection efficiency, suggests 
that each well could represent heterogeneous populations of starter cells when 
compared. 

Moreover, further variance is likely inherent due to the immeasurable effect of cell death 
in the assay. While the decrease in cell area across most wells, particularly the control, 
indicates that this process is occurring, it is challenging to quantify whether this process 
is uniform across wells. For example, it is well documented that wells located at the 
edge of culture vessels experience greater media evaporation, and thus cell death, than 
medially located wells (Lundholt et al., 2003). In particular, for the "gE + gI + US9" 
condition, this complicates the attempts to determine the efficiency of infectivity, as it is 
difficult to ascertain whether the increase should be measured from only its starting 
population, with no assumption of cell death, or in comparison to the control, with the 
assumption of equivalent cell death. In the former interpretation, this would indicate a 
relatively modest increase of roughly 33%, whereas in the latter, it would suggest a 
significantly improved increase of approximately 100%. 

A further possible complication that may arise from cell death within the assay is the 
disruption of populations of adjacent cells. While the mechanism of infectivity within this 
assay is unknown, as HEK293 cells do not display synapses, it is plausible that cellular 
proximity may assist in viral infectivity. However, it is also likely that infectivity can also 
be caused by virions suspended in culture media. For example, rabies retains infectivity 
when carried in the saliva of rabid hosts. Since the culture media was mixed thoroughly 
when changed, a process that occurred every two days, it is likely that virus particles 
were evenly distributed throughout the culture vessels.  

The use of HEK293 cells for this study, while beneficial for a pilot due to their high 
transfection efficiency, contributes to this caveat as their immortalised state promotes 
cell division and ultimately death when cultured for the time periods required by this 
assay (Liste-Calleja et al., 2013). However, the most significant limitation of utilising this 
cell line is that, despite their supposed neuronal origin (Shaw et al., 2002), they lack 
many of the unique properties of neurons, most notably synapses, which would allow for 
analogous comparisons of the strategyôs viability in vivo. 

It is notable that this would be possible to test this further in vitro, for example by 
electroporating, single primary neurons and monitoring infectivity to connected cells. 
However, this could be considered suboptimal for a number of reasons. For example, 
neurons cultured in this manner can display altered cell behaviour, such as gene 
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transcription and electrophysiological properties, due to the artificial environment they 
are cultured in (Belle et al,. 2018). Consequently this may effect aspects of the viral life 
cycle, for example viral trafficking, that could provide misleading results. Additionally, 
the in vitro environment does not have an immune system, which plays a crucial role in 
viral infection dynamics in vivo (Schiffer & Corey, 2013).   

In conclusion, although this study has caveats, it does provide an indication that, 
despite assumptions derived from the underlying virology, the REACH strategy may 
impart infectivity.  Consequently, it is essential to conduct further work to validate these 
findings in vivo where the results would be more closely aligned with the final 
applications of the tool. 
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4. REACH Facilitates Transsynaptic Labelling In Vivo 

4.1. Introduction 

One of the great challenges in devising a tool to map the nervous system lies in 
designing a strategy capable of navigating the unique and highly specialised structure of 
neurons (Terenzio et al., 2017). Neurons are highly polarised, with each compartment 
requiring different mechanisms for traversal. For example, any anterograde 
transsynaptic tracer must enter the axon, a process tightly regulated by the axon initial 
segment, an ankyrin-G and actin-F containing filter (Song et al., 2008). After 
surmounting this initial hurdle, it must then travel the entire length of the axon to the 
synapse, a distance measurable in centimetres or even metres, depending on the circuit 
or organism. Subsequently, the synapse must be crossed, which is a multistep process 
involving pre-synaptic release and post-synaptic uptake, before navigating the length of 
the dendrite to the soma of the post-synaptic cell. 

Any tool must therefore strike a balance between this strict set of criteria to be 
successful. For instance, while the use of dyes or equivalent organic compounds can 
label single neurons with relative ease by simply diffusing between compartments, their 
lack of engagement with cellular mechanisms precludes the crucial synaptic transfer 
required to map connections (Lanciego & Wouterlood, 2011). However, more complex 
strategies, such as viruses or lectins capable of co-opting cellular machinery for 
synaptic transfer, are too large to rely on diffusion for movement within the neuron and 
must also co-opt cellular trafficking mechanisms for travelling even short distances 
(Sodeik, 2000). 

Given this specific set of criteria, it is not sufficient to rely on infectivity of HEK293 cells 
in vitro as a fully reliable indicator of the viability of REACH as a tracing tool. Despite 
their speculated neural origins (Shaw et al., 2002) and expression of many neural genes 
(He & Soderlund, 2010), HEK293 cells lack the specialised compartments of axons, 
dendrites, and perhaps most crucially, synaptic connections between cells. 

Nonetheless, there are many reasons to suggest that the REACH strategy will be viable 
in vivo. Firstly, it is no coincidence that the most effective mapping tools developed to 
date have utilised neurotropic viruses, typically from the rhabdoviridae and 
herpesviridae families (Xu et al., 2020), that, through the selective pressures of 
evolution, have adapted specific mechanisms to overcome the challenges of being 
neurovirulent. For example, HSV-1 has been demonstrated to achieve axonal transport, 
through the axon initial segment, to the synapse through microtubule-associated vesicle 
transport via the association of kinesin-like protein, KIF1A, and gE, gI, and US9 (Kramer 
et al., 2012; Scherer et al., 2020). Additionally, the rabies phosphoprotein, P, has been 
identified to associate with the dynein light chain, LC8, to facilitate retrograde transport 
(Tan, 2007; Reck-Peterson et al., 2018). 
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However, our understanding of how these functions will work within REACH is 
incomplete. For example, although the rabies P protein binds to dynein for retrograde 
transport, this has only been identified within axons and not dendrites. Nevertheless, the 
mixed polarity of microtubules within dendrites (Stone et al., 2008), the relative 
homogeneity of dynein families compared to kinesins (Abraham et al., 2018), and the 
observation of anterograde rabies infection within some circuits (Zampieri et al., 2014) 
suggest that retrograde transport should function similarly within dendrites as in axons.  

Moreover, HSV-1 is commonly assumed to require the glycoprotein gD to facilitate 
HSV-1 infectivity by binding to extracellular receptors (Clarke et al., 2013; Madavaraju 
et al., 2021). However, the majority of work in this area has investigated infectivity 
entirely in cultured lines (Subramanian & Geraghty, 2007; Fan et al., 2017) or the 
retrograde spread from HSV-1 infected neurons to epithelial cells (Richart et al., 2003; 
Miranda-Saksena et al., 2018) with limited research conducted on anterograde neuron-
to-neuron connections. It has been demonstrated that gD appears to be required for 
retrograde transfer in vivo, although a limited amount of transfer via a non-gD 
dependent mechanism has been observed in neuronal cultures (Dingwell et al., 1995). 
Nevertheless, the similar structure of gD to gE (McGeoch et al., 1985 ;Polcicova et al., 
2005), and the infectivity demonstrated in the previous chapter, suggest that the gE/gI 
dimer may be able to initiate receptor binding in lieu of gD. 

In conclusion, there remains considerable uncertainty as to whether these functions, the 
trafficking capacity of US9, and the receptor binding of the gE/gI dimer will function 
within neurons. These therefore highlight the need to examine the infectivity of REACH 
in vivo to establish a clearer understanding of its underlying mechanisms and, 
ultimately, its viability as a reliable tool for circuit mapping. 
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4.2. Designing An In Vivo Screen For Neuronal Infectivity 

Assessing viral infectivity in vivo presents several technical challenges compared to the 
in vitro screening employed in the previous chapter that must be taken into 
consideration. 

Firstly, introducing glycoprotein expression into starter cell populations cannot be 
efficiently achieved via transfection and instead requires either the generation of 
transgenic animals or the utilisation of viral vectors via stereotactic injection near target 
cells (Gama Sosa et al., 2009). Due to the preliminary nature of this experiment, and the 
extensive time requirement to create a transgenic line, rAAVs were engineered to 
express the REACH glycoproteins (Figure 5). 

However, the use of rAAVs must consider various caveats. Firstly, rAAVs have a 
restricted capacity to encode multiple large exogenous genes, such as gE, gI and US9 
(Wu et al., 2010). Therefore, three separate vectors were engineered to individually 
express each HSV-1 glycoprotein. Moreover, transgene expression via rAAV operates 
on a delayed time frame relative to lipofectamine transfection in cultured cells (Karra & 
Dahm, 2010) . Consequently, this necessitates extended time intervals between 
injections, in addition to the substantial time needed for rabies virus replication and 
spread, as observed in the assay for the previous chapter. Taking these factors into 
account, an experimental timeline was established, allowing for a 14-day period 
following rAAV injection and an additional 14 days after the rabies injection (Figure 5). 

Additionally, in vivo experiments necessitate careful consideration of the targeted brain 
regions and cell populations. Although any viral spread in vivo would provide valuable 
insights into the REACH strategy, it is important to determine whether this infectivity 
occurs via synaptic mechanisms and the directionality of such transfer. Several 
challenges arise in this context. First, due to the extensive connectivity among neurons, 
discerning whether infectivity occurs through synaptic or non-synaptic mechanisms, 
such as leakage from passing fibres, is immensely complex. Furthermore, recurrent 
connections between brain regions are pervasive, making it difficult to determine the 
directionality of infection. 

A feasible strategy to overcome these obstacles is to target a starter cell population with 
well-defined input and output populations that are distant from passing fibres and devoid 
of known recurrent connections, allowing for isolated examination. Consequently, for 
this pilot experiment, a circuit with a clearly defined structure was chosen to minimise 
ambiguity. Given the high degree of interconnectivity within the central nervous system 
(CNS), it was logical to target an output pathway from the CNS to the periphery, where 
information flow is typically less recurrent. This rationale led to the selection of the motor 
system, as it can be broadly considered to receive inputs from the environment via the 
sensory system and process these as outputs through the motor system onto muscle 
spindles (Braitenberg, 1984). 
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Figure 5. A schematic of the experimental design for in vivo injection of AAVs and rabies virus into the 
Lateral Vestibular Nucleus (LVN). The diagram on the left shows the injection site in the LVN, with its 
non-reciprocal inputs from the Purkinje Cells and outputs to motor neurons in the spinal cord. The 
timeline on the right displays the experimental timeline with incubation times between injections. 

 

Targeting the motor neurons within the CNS, also known as 'upper motor neurons', 
offers the advantage of tracing to peripheral targets located at a considerable distance 
(on the order of centimetres) from the injection site in the CNS. Therefore, if any 
labelled cells are observed, there can be reduced uncertainty that these are the result of 
synaptic transfer rather than confounding factors such as infectivity from varicosities 
(Sattentau, 2008; Li et al., 2020), injection inaccuracies, or viral diffusion. 

Upper motor neurons are present in various neural pathways, including the 
corticospinal, colliculospinal, and reticulospinal tracts (Stifani, 2014). In addition to 
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providing easily identifiable anterograde outputs, such as labelled cells in the spinal 
cord, it is also advantageous to readily discern any retrograde inputs to the population 
that would indicate undesired retrograde transfer. 

Among these pathways, the lateral vestibulospinal tract, originating in the lateral 
vestibular nucleus (LVN) or "Deiters' Nucleus," represents an ideal target for several 
reasons. First, the neurons are clustered in a small nucleus rather than dispersed, 
facilitating their targeting via stereotactic injection (Murray et al,. 2018). Second, the 
upper motor neurons within the LVN, known as "Deiters' neurons" exhibit distinct 
morphologies, with some of the largest cell soma sizes in the CNS (Watson et al,. 
2011), allowing for clear histological identification from adjacent cell types. Note, this 
should not be confused with the similarly named non-neuronal ñDietersô cells within the 
inner ear (Zhou et al., 2022). 

Lastly, the circuitry offers well-defined anatomical inputs and outputs. Inputs have been 
identified from Purkinje cells (Hashimoto et al, 2018), which, due to the modular 
organisation of cerebellar circuitry, receive inputs exclusively from climbing fibres 
originating in the inferior olive, parallel fibres from granule cells, and basket and stellate 
cells in the cerebellar cortex (Apps et al, 2018). Outputs are observed in alpha motor 
neurons in the spinal cord (Murray et al, 2018), which project directly onto muscle fibres 
(Stifani, 2014). This well-defined circuitry simplifies the identification and examination of 
synaptic connections, making the lateral vestibulospinal tract an optimal target for 
investigating the viability of REACH in vivo. Consequently, bilateral injections, to 
mitigate the effects of stereotactic inaccuracy, were targeted at the LVN with cell 
numbers analysed with a particular focus to quantify spinal cord outputs and Purkinje 
cell inputs (Figure 5).    

Due to the exploratory speculative nature of this study it was conducted as a pilot study 
on a cohort of two mice. As the aim of this study is to demonstrate qualitative data of 
effective viral infectivity it was determined that a larger cohort would not necessarily 
provide useful additional information. 

4.3. Atlas Registration 

Ascertaining the accurate location of starter cells within the correct nucleus is vital for 
determining whether synaptic transfer has occurred and in the appropriate direction, 
similar to the significance of defining the starter cell population in the previous chapter. 

This aspect is particularly crucial due to the potential for small errors during stereotactic 
surgery, which may arise from inaccurate identification of cranial landmarks or errors in 
ear bar placement, leading to off-target injections and erroneous labelling. This 
challenge is compounded in this study by the implementation of a dual injection strategy 
that necessitates both injections to be in close proximity (Figure 5), firstly for EnvA 
pseudotyped rabies to enter infected cells via the TVA receptor, and secondly for HSV-1 
glycoproteins to be present within the same cells to facilitate viral transfer. 
Consequently, the accuracy and efficiency of labelling are subject to a high degree of 
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variability, as both injections must be delivered within relative proximity to generate 
starter cells. Additionally, the risk of inaccuracy is markedly increased for the secondary 
procedure due to the healing process potentially obscuring cranial landmarks and 
hindering the approximation of correct stereotactic coordinates. Moreover, the rabies 
virus is larger than AAV (180nm by 75nm vs 25nm) and exhibits more restricted 
diffusion properties (Horowitz et al., 2013; Navarro Sanchez et al., 2020), necessitating 
that the second injection be close to the first to ensure adequate overlap of virally 
exposed areas. 

In addition the inherent variability in injection accuracy is compounded by the difficulty in 
manually identifying many nuclei from neighbouring nuclei in histological sections, 
increasing the likelihood of incorrectly identified starter neurons. This challenge is 
further complicated by the fact that the two dimensional appearance of sections from an 
individual brain may deviate from standardised brain atlases due to subtle differences in 
cutting angles during histological slice preparation. 

To address these sources of error, tissue sections from this study were aligned with the 
Allen Atlas, a reputable and widely used source of anatomical information for the mouse 
(Oh et al, 2014), employing the software package ABBA (Aligning Big Brains to Atlases) 
(Duarte et al,. 2023).  

This approach offered numerous advantages. Firstly, by using the Allen Atlas definition 
of nuclei the delineation of nuclei within the sections is standardised and less reliant on 
manual definition and user error. Secondly, ABBA facilitates manual alignment of the 
atlas to known landmarks on the sections and allows for adjusting the atlas across all 
axes to account for discrepancies introduced during section preparation. In this study, 
sections were aligned to fit the fourth ventricle for several reasons: first, this landmark is 
consistently present across all sections where the lateral vestibular nucleus is present; 
second, the ventricle's shape is easily identifiable and serves as a reliable indicator of 
its location within the anterior-posterior axis; and third, the LVN is situated immediately 
adjacent to the ventricle, rendering it more likely to be located within the same 3D space 
as the ventricle, in contrast to more distal nuclei whose location may be more skewed 
by cutting angle (Figure 6A-D). 

4.4. QuPath Quantification 

Following atlas registration, it was essential to quantify and differentiate putative starter 
and transsynaptic cells. To achieve this, the software package QuPath (Bankhead et al, 
2017) was employed for two reasons. 



73 

 



74 

  



75 

 

Figure 6: Atlas Registration and QuPath Analysis. (A) and (C) display example coronal sections from 
Mouse 488.2 and 488.3, respectively, with corresponding Allen Atlas overlays. (B) and (D) show 
magnified views of the white dashed boxes in (A) and (C), respectively, at the injection site. In (A-D), 
green signal corresponds to EGFP expression in all helper AAV-infected cells, while red signal 
corresponds to mCherry expression in rabies-infected cells. Individual nuclei names, as defined by the 
Allen Atlas, are overlaid. (E-H) Example images of the QuPath analytical workflow.(E) Raw mCherry 
image. (F) Same image after applying a detection algorithm and detection classifier for mCherry-
expressing cells. Red outlined cells: mCherry-expressing cells; purple outlined cells: non-mCherry-
expressing cells. (G) Same image in raw EGFP channel following another detection classifier to 
determine cells expressing both mCherry and EGFP. Green outlined cells: mCherry-positive and EGFP-
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negative cells. Cyan outlined cells: mCherry and EGFP co-expressing cells. (H) Same image merged with 
both EGFP and mCherry channels. In (E-H), a red dashed box indicates an example of a mCherry-only 
expressing cell, while a green dashed box indicates an example of an mCherry and EGFP co-expressing 
cell. 

 

Firstly, as in the previous chapter, an automated method of quantification was 
considered more consistent, reproducible, and time-effective compared to manual 
identification and quantification. This notion was further reinforced by the substantial 
number of putative starter and transsynaptic cells observed across both mice. However, 
unlike in the previous chapter, employing a simple thresholding method in vivo can be 
challenging due to inherent complicating factors in tissue compared to in vitro. For 
instance, surrounding tissue can exhibit more significant autofluorescence than culture 
vessels (Monici, 2005), a factor influenced by perfusion quality and thus variable across 
mice, differing properties of cell types unlike an in vitro monoculture, and variable signal 
resulting from histological staining differences between animals. 

QuPath offers a semi-automated approach to mitigate these issues. Firstly, background 
segmentation and size filters can be applied to generate a broad starting population of 
putative cells, similar to the approach used in the previous chapter. Additionally, a 
classifier can be trained within the software through manual selection of correctly and 
incorrectly labelled cells. Once trained across a selection of images, the classifier can 
then be applied efficiently to the entire dataset. 

Furthermore, QuPath supports the direct import and analysis of Allen Atlas-aligned 
sections from ABBA, allowing cells to be quantified in relation to their parent nuclei and 
providing an efficient and reliable means to determine the number and location of 
putative starter and transsynaptic cells. Lastly, the software enables the export of each 
cell's coordinates through the Allen CCF framework, permitting the data to be visualised 
in 3D using the brainrender Python package (Claudi et al, 2021). 

For this study, cells were quantified through a defined workflow. Firstly, background 
segmentation and size filters were applied with deliberately broad criteria in the 
mCherry channel to capture a wide range of mCherry-expressing and non-expressing 
cells. A classifier was then trained on this initial population to identify mCherry signal, 
the marker of a rabies-infected cell, from background autofluorescence (Figure 6C). 
Once the population deemed to be background signal was removed, a second classifier 
was trained to identify the subpopulation of mCherry-expressing cells also co-
expressive for EGFP, the marker for a cell infected with one of the four rAAVs, and to 
classify them as either putative starter cells, co-expressive for both markers, or putative 
transsynaptic cells, solely expressing mCherry (Figure 6C). 
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Figure 7: Visualisation of Starter and Transsynaptic Cell Populations. 3D rendering of cell locations using 
the brainrender package. (A) Individual images demonstrating the localisation of individual starter cells 
and transsynaptic cells from the dorsal and caudal perspective for both mice. (B) Merged overlay of both 
cells for Mouse 488.2 (C) Merged overlay of both cells for Mouse 488.3. Green points represent EGFP 
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and mCherry co-expressing starter cells, while red points represent mCherry-only expressing 
transsynaptic cells. Cyan outline in posterior sections represents the brainstem outline for the anterior 
band shown in dorsal perspectives. Grey shaded area in both perspectives corresponds to the fourth 
ventricle. 

 

4.5. Starter Cell Quantification and Localisation 

Across the two mice the number of putative LVN starter cells was relatively at consistent 
at 45 and 54 for Mouse 488.2 and Mouse 488.3, respectively (Figure 8A-B).  However, 
this population is heterogeneous with smaller non-Dietersô neurons labelled in addition 
to large Dietersô neurons (Figure 9A).   

To differentiate between the populations a soma size filter of 400ɛm^2, as determined 
to represent Dietersô neurons(Stitt et al, 2022), was applied demonstrating that only a 
small percentage, 22% (10 out of 45) for Mouse 488.2, and 7.4% (4 out of 54) for 
Mouse 488.3, of putative LVN starter cells satisfied the criteria of Dietersô neurons 
(Figure 9B).  

Moreover, it has been demonstrated that only a further subset of Dietersô neurons 
project directly to spinal motor neurons, known as LVN-E cells due to their effect on the 
extensor musculature, located within the medial area of the LVN in the dorsal-ventral 
axis, with Dietersô neurons outside of this area, known as LVN-C for their effects on co-
activation of flexor and extensor musculature, projecting to spinal neurons via a 
disynaptic connection to interneurons within the pontine reticular nucleus (Murray et al, 
2018). Utilising the CCF coordinates exported from QuPath these Dietersô neurons 
could be further segmented against the area defined in Murray et al, 2018 revealing four 
and three putative starter Dietersô neurons with possible monosynaptic projections to 
spinal motor neurons for Mouse 488.2 and 488.3, respectively (Figure 9C). 

Due to the lack of a genetic marker for Dietersô neurons these cells were targeted only 
by anatomical injection. Consequently, a number of off-target cells were labelled as 
starter cells, both expressive of markers for AAV and rabies infection.  

For both mice, the majority of off-target cells were located within the vestibular nuclei, of 
which the LVN is a constituent nucleus, with limited spread from this area in the 
anterior-posterior and dorsal-ventral axes. Furthermore, across both mice, a higher 
density of labelling was found in the right hemisphere compared to the left. However, 
subtle differences can be observed, with Mouse 488.3 displaying a higher density of 
labelling overall but with lower accuracy, resulting in overflow labelling to ventrally 
located nuclei relative to the vestibular nucleus. In contrast, Mouse 488.2 demonstrates 
a lower density with reduce off-target labelling (Figure 7) . 

Across the mice this resulted in a total of 399 putative vestibular starter cells quantified 
in Mouse 488.2 compared to 875 quantified in Mouse 488.3. Furthermore, in Mouse 
488.2, this represents 86% (out of a total of 462 putative starter cells) being of vestibular 
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origin, in comparison to 55% (out of a total of 1592) for Mouse 488.3, which 
demonstrates 30% of putative starter cells (479) in the ventrally located nucleus of the 
solitary tract. Despite the generally higher density of labelling of vestibular starter cells 
in Mouse 488.3, these are predominantly found in the adjacent medial and spinal 
vestibular nuclei. 

While the number of off-target labelling is large relative to the number of labelled 
Dietersô neurons this is technically challenging to avoid due to the small nature of the 
LVN as a nucleus. Furthermore, this does not invalidate the strategy utilised for this 
study as no labelled off-target populations receive projections from motor neurons in the 
spinal cord, thereby eliminating an avenue of potential ambiguous retrograde infectivity. 

4.6. Transsynaptic Cell Quantification and Localisation 

Visualising the QuPath data reveals a substantial number of putative transsynaptic cells 
for both mice, with similar observable patterns of labelling of populations within the 
vestibular nuclei, adjacent nuclei, and particularly within the cerebellar nuclei. While the 
patterns of labelling are similar, a significantly higher number is seen within Mouse 
488.3 (2246 cells), mirroring the higher number of putative starter cells, particularly 
centred around local connections within the vestibular nuclei. Conversely, Mouse 488.2 
demonstrates fewer total connections (1034), mirroring a lower number of putative 
starter cells, with the bulk of the labelling found within the cerebellar nuclei (Figure 7). 

Quantification further highlights these patterns, with Mouse 488.3 displaying 51% of its 
total transsynaptic cell count within the vestibular nuclei (1148 out of 2246) and a further 
14.7% (330 out of 2246) from cells within the nucleus of the solitary tract, which 
demonstrated 30% of all putative starter cells. In contrast, Mouse 488.2 displays 12% 
(125 out of 1034) of its total transsynaptic cell count within the vestibular nuclei but 
displays 55% (572 out of 1034) within the cerebellar nuclei, a significantly higher 
proportion than the 14.86% (334 out of 2246) found in the region for Mouse 488.3 
(Figure 8A-B). 

In addition to these primary nuclei, the proportion of transsynaptic cells in distal nuclei 
from the LVN increases, in both mice, relative to the number of starter neurons. In 
Mouse 488.2, this can be seen in such nuclei as the parvicellular reticular nucleus (from 
2 to 19), the pontine reticular nucleus (from 3 to 15), and the principal sensory nucleus 
of the trigeminal (from 0 to 14). The same trend is observed in Mouse 488.3 in the 
gigantocellular reticular nucleus (from 1 to 14), the intermediate reticular nucleus (from 
9 to 44), and the paragigantocellular reticular nucleus (from 8 to 24).
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Figure 8: Starter and transsynaptic cell populations are found in diverse and distal nuclei. (A-B) Bar charts 
denoting the number of starter and transsynaptic cells per nuclei for Mouse 488.2 and Mouse 488.3, 
respectively. Nuclei ordered in descending proximity, as measured by the centre of mass in the Allen 
CCF, from the lateral vestibular nucleus. (C-D) Plots denoting the distance of labelled cells and nuclei 
from the suspected injection site in absolute distance, mm. Suspected injection site calculated as the 
average location of all starter cells. Nuclei locations calculated as the average location of either starter or 
transsynaptic cells within that nuclei. Circles correspond to individual nuclei with colour denoting cell 
population. Line corresponds to a histogram distribution of either starter or transsynaptic cells across all 
nuclei smoothed by a kernel density estimation (KDE). Green; Starter cells. Red: Transsynaptic cells.  

However, while these labelled cells indicate the existence of transsynaptic cells, due to 
the absence of EGFP, the marker for TVA which would permit the initial EnvA-
pseudotyped rabies to infect starter cells, it is of extreme difficultly to determine the 
nature of this transfer, both in terms of directionality and synaptic specificity, within this 
context for a number of reasons. 

Firstly, in both mice, the starting population is heterogeneous, particularly in Mouse 
488.3, rendering the degree of recurrent connections extremely difficult to establish. For 
instance, the fastigial nuclei, a constituent of the cerebellar nuclei, an area displaying 
significant transsynaptic labelling in both mice, is known to send projections to 60 
distinct regions, including the vestibular nuclei (Fujita et al., 2020), reticular nuclei (Fujita 
et al., 2020), and trigeminal nuclei (Novello et al., 2022), which display starting cell 
populations. However, the cerebellar nuclei are also known to receive mossy fibre 
inputs from a wide range of brainstem nuclei (Kebschull et al., 2023), including those 
originating in the vestibular nuclei (Ando et al., 2020), reticular nuclei (Wu et al., 1999), 
and trigeminal nuclei (Yatim et al., 1996). 
 
Furthermore, considering the relatively close proximity of even the most distally labelled 
nuclei, it is difficult to discount potential spread via non-synaptic mechanisms. This can 
be illustrated by the complex axonal reconstruction of individual medial vestibular nuclei 
(MVN) axons, which can be seen to project throughout the entire brainstem prior to 
synapsing within the cerebellar nuclei (Ando et al., 2020).  

4.7. Anterograde Cell Quantification and Localisation 

In contrast to the challenges of establishing the nature of transsynaptic transfer within 
hindbrain circuits, the long-distance projection targets of Dietersô neurons in the LVN, 
specifically spinal motor neurons, could be analysed without concerns regarding 
recurrent feedback and with a significantly reduced impact of non-synaptic transfer from 
passing fibres.  

To facilitate the histological processing of each spinal cord, an integrated vibratome and 
two-photon microscope were employed for automated sectioning. The sections were 
subsequently manually inspected for the presence of mCherry labelled cells. Using this 
approach, no cells were identified for Mouse CA488.2; however, a notably large cell 
was detected for Mouse CA488.3 within the lumbosacral region and in lamina VIII of the 
spinal ventral horn grey matter (Figure 9D), a known spinal projection zone for Dietersô 
neurons (Murray et al., 2018).  
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Figure 9:A limited Dieter Cell starter neuron population facilitates transsynaptic transfer to spinal motor 
neurons. (A) Example images of a Dietersô cell and non-Dietersô cell in the lateral vestibular nucleus.(B) 
Violin plot displaying lateral vestibular nucleus cell size distribution per mouse. Each black point 
represents a single cell. Red dashed line: Dieter cell size cut-off, as indicated in Stitt et al, 2022. (C) 3D 
renderings of the lateral vestibular nucleus for Mouse 488.2 and Mouse 488.3. Green points: starter cells 
above the 400 ɛm cut-off shown in (C). Blue dashed lines: areas with direct spinal cord projecting Dieter 
cells, as indicated in Murray et al, 2018. (D) 2-photon and epifluorescent lumbar spinal cord images from 
Mouse CA488.3. For the two photon image green signal indicates autofluoresence with red signal 
indicating mCherry expression. For the epifluorescent image green signal indicates Rabies N protein 
expression with red signal indicating mCherry expression. White dashed boxes identify the same cell 
across both images. 

 

Due to the low resolution of the two-photon image, the corresponding section was 
located and processed using immunohistochemistry before being imaged with an 
epifluorescent microscope. To provide further confirmation, the section was also stained 
with primary antibodies against the rabies phosphoprotein, P, conjugated to an Alexa-
488 fluorophore. 

The resulting high-resolution image further confirmed the likelihood of the identified cell 
being an alpha motor neuron, owing to its location and distinctively large morphology, 
characteristic of spinal motor neurons (Figure 9D). Moreover, the dual labelling of both 
mCherry and the 488 signal, originally absent in the two-photon image, provided 
confirmation of the cell's infection by rabies. 

4.8. Retrograde Cell Quantification and Localisation 

To investigate any retrograde infectivity, Purkinje cells throughout the cerebellum were 
analysed due to their known projections to the vestibular nuclei (Hasimoto et al,. 2018) 
and well-defined inputs from specific populations that did not have any starter cell 
populations within this study. 

Quantification of the QuPath data from both mice revealed labelling of cells within the 
cerebellum, including the cerebellar nuclei, across hemispheric and vermal regions, with 
123 cells (53 hemispheric, 70 vermal) for Mouse CA488.2 and 60 cells (36 hemispheric, 
24 vermal) for Mouse CA488.3. To determine the nature of these detections, they were 
manually inspected to ascertain whether they exhibited the distinctive morphology and 
location, specifically within the identifiable 'Purkinje cell layer', of Purkinje cells. 

This analysis demonstrated that while the vast majority of detected cells were situated 
within the Purkinje cell layer, they were excluded from further analysis for several 
reasons. Firstly, the mCherry signal detected for each cell was indistinguishable, by 
eye, from the background signal or adjacent cells that were considered not to express 
mCherry.  
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