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Abstract

Background: Viral transneuronal tracing has become a well established technology used to 

define the synaptic architecture of polysynaptic neural networks.

New Method: In this report we define the neuroinvasive profile and reporter expression of a new 

recombinant of the Bartha strain of pseudorabies virus (PRV). The new recombinant, PRV-290, 

expresses the mTurquoise2 fluorophor and is designed to complement other isogenic recombinants 

of Bartha that express different reporters of infection.

Results & Comparison with Existing Methods: PRV-290 was injected either alone or in 

combination with isogenic recombinants of PRV that express enhanced green fluorescent protein 

(EGFP; PRV-152) or monomeric red fluorescent protein (mRFP; PRV-614). Circuits previously 

defined using PRV-152 and PRV-614 were used for the analysis. The data demonstrate that 

PRV-290 is a retrograde transneuronal tracer with temporal kinetics similar to those of its isogenic 

recombinants. Stable expression of the diffusible mTurquoise2 reporter filled infected neurons, 

with the extent and intensity of labeling increasing with advancing post inoculation survival. In 

multiple injection experiments, PRV-290 established productive infections in neurons also 

replicating PRV-152 and/or PRV-614. This novel demonstration of three recombinants infecting 

individual neurons represents an important advance in the technology.

Corresponding Author: J. Patrick Card, Ph.D., Department of Neuroscience, University of Pittsburgh, Pittsburgh, PA 15260, 
card@pitt.edu.
5Present Address: Center for Immunotherapy, Vaccines and Virotherapy, Biodesign Institute & School of Life Sciences, PO Box 
875001, 1001 S. McAllister Avenue, Arizona State University, Tempe, AZ 85287-5001, ihogue@asu.edu

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Neurosci Methods. Author manuscript; available in PMC 2019 October 01.

Published in final edited form as:
J Neurosci Methods. 2018 October 01; 308: 228–239. doi:10.1016/j.jneumeth.2018.08.004.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion: Collectively, these data demonstrate that PRV-290 is a valuable addition to the viral 

tracer toolbox for transneuronal tracing of neural circuitry.
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INTRODUCTION

The ability of neuroinvasive viruses to spread in a direction-specific manner through 

synaptically connected neurons is now a well-established technology used to define the 

synaptic architecture of neural networks. Pseudorabies virus (PRV), a member of the alpha 

herpesvirus family, was among the earliest viruses employed for this purpose. This is in 

large part due to the isolation of a strain of the virus, PRV-Bartha (Bartha, 1961), that is less 

virulent than wild type virus and whose infectious progeny selectively travel in the 

retrograde direction through synaptically connected neurons (Dolivo, 1980; Martin and 

Dolivo, 1983). The usefulness of PRV-Bartha as a tool for circuit definition has been 

substantially improved through the engineering of recombinants that express a variety of 

reporters of infection (Boldogkoi et al., 2009; Boldogkoi et al., 2002; Card and Enquist, 

2014, 2012; Ekstrand et al., 2008; Geerling et al., 2006). The development of isogenic 

recombinants that express unique reporters of infection, either constitutively or 

conditionally, has made PRV a particularly powerful reagent for defining the location, 

phenotype and connections of neurons embedded within complex neural networks (Card et 

al., 2011b; Card et al., 2011d; DeFalco et al., 2001; Pomeranz et al., 2017). Here we report 

the construction and characterization of a new PRV-Bartha recombinant (PRV-290) that 

constitutively expresses mTurquoise2, an intense and stable cyan fluorescent reporter 

protein. mTurquoise2 is reported to be at least two-fold brighter than previous cyan 

fluorescent protein variants, with a quantum yield approaching the theoretical maximum 

(Goedhart et al., 2012). PRV-290 is also isogenic with two other PRV Bartha recombinants 

that express spectrally distinct fluorescent reporters (EGFP and mRFP), raising the 

possibility that it can be effectively used in multiple injection experiments to identify 

neurons whose axons collateralize to innervate spatially separate populations of neurons.

In this report we document the invasive profile of PRV-290 in neural networks that have 

been the subject of prior viral tracing studies employing other PRV-Bartha recombinants. 

The temporal kinetics of circuit invasion and the efficiency of reporter expression were 

characterized after single injection of PRV-290 and in experiments that combined injection 

of PRV-290 with isogenic recombinants expressing either EGFP (PRV-152) or mRFP 

(PRV-614). Our results demonstrate that PRV-290, a) produces a bright cyan fluorescent 

reporter that is resistant to fading, fills all compartments of infected cells, and is stable at 

survival intervals extending to 96 hours, b) is transported retrogradely through neural 

circuitry with temporal kinetics similar to those of its isogenic recombinants, and c) 

replicates productively in neurons also co-infected with PRV152 and/or PRV-614.
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MATERIALS AND METHODS

The in vitro procedures used to construct and characterize PRV-290 were conducted at 

Princeton University and were approved by the Institutional Biosafety Committee (IBC). 

Animal experiments were conducted at the University of Pittsburgh and were approved by 

the Institutional Animal Care and Use Committee, the IBC, and the Division of 

Environmental Health and Safety.

Construction and In Vitro Characterization of PRV-290

Viruses and cells.—PK15 cells, a transformed porcine kidney epithelial cell line, were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and penicillin/streptomycin. PRV recombinants were propagated on 

PK15 cells (American Type Culture Collection) in DMEM (HyClone) with 2% fetal bovine 

serum, (HyClone) penicillin/streptomycin (GIBCO), and 20mM HEPES buffer. All of the 

PRV recombinants generated for this analysis are derivatives of the attenuated vaccine and 

retrograde polysynaptic tracer, PRV-Bartha (Bartha, 1961; Card and Enquist, 2014). Isogenic 

strains PRV-614, PRV-152, and PRV-273 each contain a fluorescent protein expression 

cassette, which consists of a cytomegalovirus immediate early gene promoter, fluorescent 

protein coding sequence, and SV40 polyadenylation signal, inserted into the US4/gG 
genomic locus (Figure 1A). PRV-614 expresses the red fluorescent protein mRFP1 (Banfield 

et al., 2003), PRV-152 expresses the green fluorescent protein EGFP (Billig et al., 2000b), 

and PRV-273 expresses the cyan fluorescent protein mCerulean (Kobiler et al., 2010) (Figure 

1A).

Construction of PRV-290.—PRV-290 was constructed by co-transfecting the plasmid 

pmTurquoise2-N1 (obtained from D. Gadella via Addgene catalog #60561) with PRV-614 

DNA purified from viral nucleocapsids. Recombinants were screened for loss of red 

fluorescence and gain of cyan fluorescence, and were purified through three rounds of 

plaque picking.

Single-Step Replication and Plaque Size Measurements.—PK15 cells were seeded 

into each well of 6-well plates and grown for 24 hours. PRV recombinants were inoculated 

in triplicate at a multiplicity of infection of 5 plaque-forming units per cell, incubated at 

37°C for 1 hour, and thoroughly washed three times with phosphate-buffered saline. Cells 

and supernatants were harvested 2, 4, 6, 8, 10, and 24 hours post-infection, and titered by 

serial dilution plaque assays. To count plaques and measure plaque diameters, PK15 cell 

monolayers containing virus plaques were fixed and stained with 0.5% (w/v) methylene blue 

in 70% (v/v) methanol, thoroughly rinsed with deionized water, and air-dried. Methylene 

blue-stained monolayers were imaged using a photo scanner (Canon 8400F) to compare 

PRVBartha, PRV-152, PRV-614, and PRV-290 plaques. Alternatively, individual fluorescent 

plaques were imaged using a previously described Nikon epifluorescence microscope 

(Taylor et al., 2013) with a 4 × Plan Fluor Objective, Photometrics CoolSNAP ES2 camera, 

EXFO X-Cite 120 light source, and Chroma 430/24 nm excitation and 470/24 nm emission 

filters, to compare fluorophor expression generated by PRV-290 and PRV-273 infection.
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In Vivo Characterization of PRV-290 Reporter Expression and Neuroinvasion

Viruses.—Two plaque isolates of PRV-290 were tested in experimental paradigms in which 

the virus was injected either alone or in combination with PRV-152 and/or PRV-614 (Table 

1). Clone 1 had a titer of 9.64 × 108 plaque forming units per milliliter (pfu/ml) and clone 2 

had a titer of 7.98 × 108 pfu/ml. The isogenic recombinants used in dual and triple injection 

experiments had titers of 6.68 × 108 pfu/ml (PRV-152) and 1.3 × 109 pfu/ml (PRV-614). 

Details regarding the construction and invasive profiles of PRV-152 and PRV-614 have been 

published (Banfield et al., 2003; Billig et al., 2000b; Smith et al., 2000).

Animals.—Adult male Sprague-Dawley rats (Harlan) weighing 250 to 360 grams at the 

time of virus injection were single-housed in a Biosafety Level 2 certified laboratory for a 

minimum of two days prior to surgery, and until termination of the experiment. Photoperiod 

(12 hours light; light on at 0700) and temperature (22–25°C) were standardized, and animals 

had free access to food and water.

Surgeries were conducted in a surgical suite within the Biosafety laboratory. Deep anesthesia 

was induced and maintained by isoflurane (1–3% in oxygen) administered through a 

nosecone and body temperature was maintained with a heating pad. Following surgery, 

animals received a subcutaneous injection of Ketophen (Henry Schein; 2 mg/kg) while 

recovering under a heat lamp and were returned to their home cages within the housing unit 

when fully ambulatory. Animals were weighed daily following virus injection and, when 

present, symptoms of infection (e.g., oronasal excretions, failure to groom, lethargy) were 

recorded. The detailed procedures for injection of virus in each experiment employed in our 

laboratory have been published (Cano et al., 2004b; Card et al., 1999a; Card et al., 2011b; 

Card et al., 2011d; Card et al., 1993a; Card et al., 1990; Rinaman et al., 1993b), and the 

basic procedures used in each experiment in this study are described in the following 

sections. Table 1 summarizes the sites of virus injection, weight change during the post-

inoculation interval, symptoms of infection, and the post-inoculation survival intervals for 

each experiment.

Single injections of the viscera.—Retrograde transneuronal passage of PRV-290 was 

characterized after injection of the ventral stomach wall (n = 4) or kidney (n = 2). The skin 

overlying the stomach or kidney was shaved and disinfected with Betadine and each organ 

was exposed through an incision that penetrated the skin and abdominal wall. Virus 

injections were made using a 10 μl Hamilton syringe equipped with a 22 gauge beveled 

needle. The syringe was loaded from virus aliquots that had been stored frozen at −80°C and 

thawed on wet ice immediately prior to injection. Each organ was injected with a total of 4 

μl of virus through four needle tracts (1 μl per tract) equally spaced along the greater 

curvature of the organ. For stomach injections, the syringe needle was pushed between the 

muscle layers of the ventral stomach wall toward the lesser curvature. In the kidney, with the 

syringe needle was inserted into the greater curvature and pushed toward the hilus through 

the kidney parenchyma. In each case, the needle was inserted to the desired depth, and then 

1 μl of virus was injected along the needle tract as it was slowly withdrawn. No bleeding or 

virus reflux from injection sites was noted. The organs were returned to the abdominal 
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cavity, the muscle wall and skin were sutured closed, and the animals were placed under a 

heat lamp to recover.

Single injections of the brain.—Virus was injected unilaterally into the striatum of two 

animals using a previously published procedure (Card et al., 1999a; Wojaczynski et al., 

2015). The head was secured in a stereotaxic frame, the skin was shaved and swabbed with 

Betadine, an incision was made in the scalp to expose the skull, and a hole was drilled in the 

cranium 0.5 mm anterior to Bregma and 2.5 mm lateral from the midline. The dura mater 

was pierced, and the tip of a pulled glass pipette affixed to a 1 μl syringe was lowered 5 mm 

from the surface of the brain into the striatum. Virus (100 nl) was manually delivered from 

the pipette tip over a period of 5 minutes. The pipette was slowly removed from the brain 10 

minutes after completion of the virus injection, the hole in the cranium was filled with bone 

wax, the scalp incision was sutured closed, and the animal was placed under a heat lamp to 

recover.

Dual injections of the viscera and brain.—Three experiments combined injection of 

PRV-290 with isogenic recombinants expressing EGFP (PRV-152) or mRFP (PRV-614). 

Two of these experiments were designed to characterize viral invasion of central neural 

networks synaptically linked to peripheral organs (Figure 2). The third experiment analyzed 

viral spread within the forebrain after separate injections of the left and right striatum.

Experiment 1 involved injection of PRV-290 into the ventral stomach wall using the same 

procedures described above. In the same surgery, a total of 4 μl of PRV-152 or PRV-614 was 

injected along four tracts in the musculature of the dorsal stomach wall. These experiments 

took advantage of the prior demonstration that vagal motor neurons in the left dorsal motor 

nucleus of the vagus (DMV) predominantly innervate the ventral stomach wall while 

neurons in the right DMV differentially innervate the dorsal stomach wall (Shapiro and 

Miselis, 1985). Thus, the architecture of this parasympathetic circuitry provides an accurate 

comparison of the temporal kinetics of PRV-290 invasion relative to other isogenic 

recombinants. The surgical procedures duplicated those used for single injections of the 

stomach wall.

Experiment 2 examined viral invasion of the CNS after injection of PRV-290 into the kidney 

and PRV-152 or PRV-614 into the spleen. Both organs are selectively innervated by the 

sympathetic division of the ANS (i.e., there is no parasympathetic innervation). Prior studies 

have demonstrated that it is necessary to inject a larger volume of virus into the spleen to 

generate a productive infection in sympathetic neurons, in large part because the open 

venous sinuses dilute the viral inoculum (Cano et al., 2001b). Those studies also 

demonstrated that viral invasion of the CNS from the kidney is faster than that from the 

spleen (Cano, 2002). Thus, to ensure that both viruses infected neurons in the spinal cord at 

approximately the same time, spleen injections were made 12 hours prior to those of the 

kidney, and larger volumes of virus were injected into the spleen (6 μl) than into the kidney 

(4 μl). Two animals received an injection of PRV-290 into the spleen followed by injection 

of PRV-614 into the kidney, and the sites of recombinant injections were reversed in the 

other two animals. The procedures for kidney injections duplicated those described above. 

The spleen injections involved 6 1 μl injections equidistantly spaced along its linear axis. At 
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each site, virus was injected into the spleen parenchyma, and the injection needle was slowly 

removed. Surgical incisions were sutured closed and animals recovered under a heat lamp 

following each surgery.

Experiment 3 evaluated the kinetics of PRV-290 transport and its ability to infect neurons 

also replicating either PRV-152 or PRV-614 after each virus was injected directly into the 

brain. Two animals were included in the analysis. In both cases, PRV-290 was injected into 

the striatum on one side of the brain, and either PRV-152 or PRV-614 was injected into the 

contralateral striatum. The procedures duplicated those described above for single injections 

of PRV-290.

Triple Injections of the viscera.—Three animals received injections of PRV-290, 

PRV-152, and PRV-614 into separate visceral sites during a single surgery. In all cases 

PRV-152 was injected into the ventral stomach wall, PRV-614 was injected into the dorsal 

stomach wall, and PRV-290 was injected into the pancreas. Injections of the stomach wall 

duplicated the procedures described above, although only 2 μl (0.5 μl into 4 separate sites) 

rather than 4 μl of virus was injected into the muscle layers. Injections of the pancreas were 

conducted as previously described (Rinaman and Miselis, 1987b). The main body of the 

pancreas was identified in its position adjacent to the duodenum along the greater curvature 

of the stomach. Four 0.5 μl injections of PRV-290 were made into separate sites in the main 

body of the pancreas, including both the left and right lobes. Each injection site was gently 

blotted with a fresh sterile saline-soaked cotton swab immediately after removing the 

syringe tip. After the final pancreas injection, the viscera were returned to the abdominal 

cavity, the abdominal muscle incision was sutured closed, and the skin incision was closed 

with stainless steel wound clips. The animal was then placed under a heat lamp to recover.

Tissue Processing

At predetermined post inoculation survival intervals (Table 1) animals were deeply 

anesthetized with an intraperitoneal injection of a sodium pentobarbital based agent (Fatal 

Plus; Vortech Pharmaceuticals, Ltd.) and perfused transcardially with 4% paraformaldehyde 

(Sigma Aldrich) containing lysine (Sigma Aldrich) and sodium-meta-periodate (Sigma 

Aldrich) (McLean and Nakane, 1974) as described previously (Card and Enquist, 2013, 

2012). The brain was removed and stored overnight in the same fixative at 4°C, prior to 

being cryoprotected by immersion in 30% phosphate buffered sucrose for 24 to 72 hours at 

4°C. Each brain was sectioned serially at 35 μm in the coronal plane using a sliding 

microtome (Leica, Germany) fitted with a freezing stage (Physitemp, Clifton, NJ). Sections 

were collected sequentially in 6 bins of cryoprotectant (Watson et al., 1986) such that each 

bin of tissue contained sections at a frequency of 210 μm throughout the rostrocaudal extent 

of the neuraxis. One bin of tissue was immediately processed for immunoperoxidase 

localization of infected neurons using a rabbit polyclonal antiserum (Rb133) that recognizes 

viral proteins (Card et al., 1990), biotin conjugated donkey anti rabbit secondary antibody 

(Jackson ImmunoResearch, West Grove PA), and Elite Vectastain reagents (Vector 

Laboratories; Burlingame, CA). This localization did not discriminate among recombinants, 

but did provide a permanent record of the pattern and extent of infection that guided the 

localization of fluorescent reporters in analysis of adjacent bins of tissue. To visualize the 
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native fluorescence of reporter proteins unique to each recombinant, tissue sections were 

mounted onto gelatin-coated slides and coverslipped with Vectastain Hard Set mounting 

medium (Vector Laboratories, Burlingame, CA).

Data Collection and Analysis

As noted above, the pattern and extent of infection in each case was initially determined 

through examination of tissue processed for immunoperoxidase localization of antigens 

unique to PRV, which revealed all infected cells. The distribution of infected neurons was 

compared to that documented in prior studies in which PRV-Bartha or its recombinants were 

used to define the neural networks synaptically linked to each site of virus injection. These 

networks included preautonomic circuitry linked to the stomach, kidney, spleen and pancreas 

(Figure 2A), as well as neurons infected by retrograde transneuronal passage of virus from 

the striatum. This analysis served as a guide for selecting sections for fluorescence 

microscopic localization of the unique reporters of infection expressed by PRV-290 

(mTurquoise2), PRV-152 (EGFP), and PRV-614 (mRFP). In each case, fluorescence analysis 

characterized the following features of infection.

• The intracellular distribution of the mTurquoise2 reporter within infected 

neurons.

• The influence of advancing post-inoculation survival upon the intensity and 

stability of mTurquoise2 expression.

• The specificity and temporal kinetics of PRV-290 invasion of each circuit, and 

how these aspects compared to the isogenic recombinants PRV-152 and 

PRV-614.

• The ability of PRV-290 to establish productive infections in neurons that also 

were replicating PRV-152 and/or PRV-614.

Infected neurons were photographed using Olympus (BX-51) and Keyence (BZ-X700) 

photomicroscopes. Immunoperoxidase preparations were photographed with brightfield 

optics using Koehler illumination. The fluorescence analyses employed narrow band filters 

specific for detection of mTurquoise2, EGFP, and mRFP, with no bleed-through. Adobe 

Illustrator and Photoshop were used to assemble the figures. Color balance of the images 

was not altered.

RESULTS

In vitro experiments demonstrated expression of the mTurquoise2 fluorophor that is more 

intense and stable than that produced by a previous PRV-Bartha recombinant (PRV-273) 

expressing the mCerulean cyan reporter. This was also apparent in the in vivo experiments in 

which PRV-290 invaded a variety of neural circuits, either alone or combined with PRV-152 

and/or PRV-614. In every experiment, the patterns and kinetics of infection produced by 

PRV-290 recapitulated infection produced by retrograde transneuronal passage of PRV-152 

and PRV-614, and mTurquoise2 fluorescence intensely labeled all neurons infected with 

PRV-290 at post-inoculation survival intervals extending to 96 hours. PRV-290 also 

established a productive infection in neurons that were also replicating PRV-152 and/or 
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PRV-614 in dual and triple injection experiments, demonstrating its utility for studying axon 

collateralization within complex neural networks. These features were true of all 

experiments and at all post inoculation intervals. In this report we focus upon two 

experimental approaches to provide a cohesive description and illustration of reporter 

expression and circuit invasion of PRV-290. These include retrograde infection and 

transneuronal passage of virus from the viscera through the dorsal motor vagal complex and 

retrograde transport of virus from the basal ganglia after direct injection of the striatum.

In Vitro Characterization of PRV-290 Replication

The transgenes whose products were the fluorescent reporters of infection in this analysis 

were inserted into the US4 locus of the PRV-Bartha genome (Figure 1A). To compare virus 

replication of three isogenic strains versus the parental strain PRV-Bartha in PK15 cells, we 

measured the single-step virus replication of parallel cultures over a 24 hour time course. 

PRV-290 replication kinetics were indistinguishable from those of PRV-152 and PRV-614. 

All three isogenic strains expressing fluorescent proteins exhibited a modest defect in virus 

replication relative to PRV-Bartha (Figure 1B). As a measure of virus replication and cell-

cell spread, we also measured virus plaque diameter on PK15 cells. Consistent with single-

step replication, average plaque diameters of the three isogenic recombinants were slightly 

reduced relative to PRV-Bartha; however, plaque diameters were not significantly different 

between PRV-290, PRV-152, and PRV-614 (Figure 1C-D).

In Vitro Characterization of PRV-290 mTurquoise2 Reporter Expression

A previously described PRV strain, PRV-273, expressing an older cyan fluorescent protein 

variant, mCerulean, was produced by Cre-mediated recombination of a Brainbow-1.0L 

cassette (Livet et al., 2007). The cassette also contains a yellow fluorescent protein (EYFP) 

coding sequence, but EYFP is not expressed. We previously reported that cyan fluorescence 

expressed by PRV-273 was very dim, limiting the detection of infected cells (Kobiler et al., 

2010), a feature that was also noted in in vivo studies employing a PRV recombinant that 

conditionally expresses mCerulean in the presence of cre recombinase (Card et al., 2011b;

Card et al., 2011d). To compare the intensity of reporter expression of PRV-290 with 

PRV-273 we performed fluorescence microscopy, using identical imaging parameters, and 

measured plaque diameter and cyan fluorescence in the resulting images. We found no 

significant difference in plaque diameter produced by these virus strains, indicating that 

differences in plaque cyan fluorescence could not be attributed to differences in virus 

replication and cell-tocell spread (Figure 1E). Under identical imaging parameters, PRV-290 

infected cells were approximately 20-fold brighter than cells infected with PRV-273 (Figure 

1F-H).

In Vivo Characterization of PRV-290 mTurquoise2 Reporter Expression

Infection of neurons with PRV-290 in each experimental paradigm produced bright and 

stable expression of the mTurquoise2 reporter (Figures 2 - 6). Because the fluorescent 

reporter is freely diffusible within the cytoplasm, it progressively filled both the 

somatodendritic and axonal compartments of infected neurons (Figures 2C & D). For 

example, at 72 hours post injection, retrograde transport of PRV-290 from the ventral 
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stomach wall produced a first-order infection of DMV neurons in the caudal brainstem, and 

retrograde transneuronal infection of NTS neurons and higher order neurons in the 

preautonomic network synaptically linked to infected DMV neurons. Infected neurons were 

differentially concentrated in the left DMV and NTS (Figure 3A), consistent with evidence 

that the ventral stomach wall is principally innervated by the left DMV (Shapiro and Miselis, 

1985). Similarly, infected preautonomic neurons were differentially concentrated in the left 

side of the brain due to retrograde transneuronal passage of virus from the left DMV. These 

included neurons in the immediately adjacent nucleus of the solitary tract (NTS), the ventral 

locus coeruleus, the hypothalamic paraventricular and suprachiasmatic nuclei (Figures 3 & 

4), as well as all cell groups previously shown to be infected in this experimental paradigm. 

In each of these cell groups, and all other infected elements of the preautonomic network, 

the mTurquoise2 reporter produced intense fluorescence of the cell bodies of infected 

neurons and, with advancing survival time, their associated dendrites and axons. As the post 

inoculation survival interval was lengthened, the extent and intensity of labeling within these 

cellular compartments increased. This is readily apparent in comparing reporter expression 

in the paraventricular hypothalamic nucleus (PVN) 72 and 96 hours post inoculation. At 96 

hours the number of mTurquoise2 expressing PVN neurons is increased over those labeled 

at 72 hours and the extent of labeling of individual cells is increased (compare Figures 3B & 

C). Notably, the neuropil of the PVN at 72 hours exhibits sparse labeling of dendrites and 

axons of infected neurons, which are robustly labeled in animals that survived 96 hours 

(compare the areas marked by asterisks in 3B & C). We also noted that the intensity of 

mTurquoise2 fluorescence did not fade perceptibly even when the same section was 

examined on multiple occasions or for protracted periods at high magnification.

Whereas neurons in all cell groups contributing to an infected circuit continued to express 

the mTurquoise2 reporter at survival times extending to 96 hours, we did note that there was 

an apparent reduction in the number of mTurquoise2 labeled neurons in areas that had been 

replicating virus for the longest period of time. Although the small number of animals in 

each experiment precluded statistical analysis, we noted that the apparent reduction in the 

number of neurons exhibiting reporter expression strongly correlated with cases in which a) 

the post inoculation survival interval extended to 96 hours, b) there was marked weight loss 

during the post inoculation interval, c) the animals displayed symptoms of infection 

(lethargy and oro-nasal excretions), and d) animals were included in dual or triple injection 

experiments (Table 1). The apparent reduction in cell numbers was readily observed when 

comparing the relative number and morphology of DMV motor neurons at 72 and 96 hours 

after injection of virus into stomach wall. In this experiment, vagal motor neurons directly 

infected by retrograde transport of virus from the stomach wall are the population of neurons 

that have been replicating virus the longest. Figures 3D and 3E show PRV-290 reporter 

expression in vagal motor neurons of the left DMV 72 and 96 hours following injection of 

the virus into the ventral wall of the stomach. It should also be noted that the 96 hour animal 

is case 9 (Table 1), in which PRV-290 was injected into the ventral stomach wall and 

PRV-614 was injected into the dorsal stomach wall. At 72 hours, large numbers of neurons 

expressing mTurquoise2 are present in the left DMV (Figure 3D). However, at 96 hours the 

number of neurons expressing the mTurquoise2 reporter appeared reduced (Figure 3E). This 

stood in marked contrast to reporter expression within preautonomic forebrain cell groups in 
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the same animal. As noted above, more mTurquoise2 expressing neurons were observed 

within the PVN after 96 hours than after 72 hours, and the fluorescent reporter diffused to 

fill more of the dendrites and axons of infected PVN neurons at 96 hours (compare Figures 

3B & C). Thus, the apparent reduction in the number of DMV neurons expressing the 

reporter of infection appeared to be tightly correlated with the length of time that these 

neurons had been infected.

Longer post inoculation survival intervals also were accompanied by clear evidence of 

pathology within the DMV, which was most evident in tissue sections processed for 

immunoperoxidase localization of viral antigens. Infected DMV neurons 72 hours post 

inoculation displayed largely normal morphology, with a centrally placed cell nucleus within 

a large cell soma, and smooth branching dendrites radiating from the cell body for extended 

distances (see inset of Figure 3D). In contrast, a subset of infected DMV neurons displayed 

prominent pathological changes 96 hours post inoculation (see inset of Figure 3E). The 

somata of these neurons commonly appeared shrunken and misshapen, with displaced cell 

nuclei and beaded dendrites. This contrasted with the appearance of forebrain neurons 

infected by retrograde transneuronal passage of virus in the same animal. For example, 

infected PVN neurons displayed normal morphology at both 72 and 96 hours post 

inoculation (compare insets of Figures 3B & 3C), supporting the conclusion that the 

apparent reduction in reporter expression in the longest infected DMV neurons is a 

consequence of virus-induced pathology rather than toxicity relating to the expression of the 

fluorescent reporters of infection.

PRV-290 Neuroinvasiveness is Equivalent to its Isogenic Recombinants

Results from all of the dual injection experiments demonstrated that the pattern and extent of 

infection produced by PRV-290 appears equivalent to that produced by PRV-152 and 

PRV-614, regardless of the sites of virus injection, the post inoculation survival intervals, or 

the combination of viruses injected. For example, when PRV-290 was injected into the 

ventral stomach wall and PRV-614 was injected into the dorsal stomach wall, the pattern and 

extent of infection produced by the two isogenic recombinants appeared equivalent, and 

closely reflected the differential patterns of vagal innervation of the dorsal and ventral 

gastric walls (Shapiro and Miselis, 1985). Thus, the majority of DMV neurons on the left 

side of the brainstem that innervate the ventral stomach wall expressed the mTurquoise2 

reporter (Figure 4A), while vagal motor neurons in the right DMV that principally innervate 

the dorsal stomach wall were differentially labeled with the mRFP reporter (Figure 4B). This 

segregated pattern of infection was also reflected in the retrograde transneuronal infection of 

synaptically linked components of the preautonomic network linked to the left and right 

DMV. For example, mTurquoise2-expressing neurons were differentially concentrated in the 

left PVN (Figure 4C) and mRFP labeled neurons were concentrated in the right PVN 

(Figure 4D). Injection of PRV-290 in combination with PRV-152 produced the same result.

Direct injections of the striatum with PRV-290 and either PRV-152 or PRV-614 revealed 

equivalent rates of retrograde replication and transneuronal passage of these isogenic 

recombinants 48 hours post inoculation. Further, the extent and pattern of infection 

recapitulated that previously documented when 100 nl of PRV-Bartha was injected into the 
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same striatal region (Card et al., 1999a). Results from the case in which PRV-290 was 

injected into the dorsomedial quadrant of the left striatum and PRV-152 was injected into the 

dorsomedial quadrant of the right striatum are presented in Figure 5. Consistent with the 

ipsilaterally segregated projections of the nigrostriatal pathway, neurons in the left substantia 

nigra expressed only the mTurquoise2 reporter (Figure 5A), and neurons in the right 

substantia nigra expressed only the EGFP reporter (data not shown). Within the substantia 

nigra, infected neurons were sequestered within the medial half of the pars compacta, known 

to contain the cell bodies of nigral neurons that project to the dorsomedial area of the 

striatum where the recombinants were injected (Card et al., 1999b; Fallon and Moore, 1978). 

Corticostriate projections also displayed a differential distribution, with the majority of 

infected cortical neurons displaying the reporter of the virus injected into the ipsilateral 

striatum (Figure 5B). However, consistent with our prior investigations, we also noted a 

small number of cortical pyramidal neurons that expressed the reporter of the virus injected 

into the contralateral striatum. In all cases, the majority of infected cortical neurons were 

large pyramidal neurons concentrated in layer 5 of the medial mesocortex and the medial 

portion of the agranular motor cortex. Monoamine cell groups also displayed ipsilateral 

striatal innervation patterns, as evident in coronal sections through the dorsal raphe nucleus, 

in which mTurquoise2 expressing cells were concentrated in the left portion of the nucleus 

and EGFP expressing cells were concentrated in the right portion of the nucleus (Figure 5E). 

Similarly, sections through the left locus coeruleus revealed a mixture of mTurquoise2 and 

EGFP expressing neurons, with the largest population expressing the PRV-290 reporter of 

infection (Figure 5I).

PRV-290 Co-Infects Neurons Replicating PRV-152 and/or PRV-614

Dual and triple infection paradigms involving PRV-290 and its isogenic recombinants 

consistently demonstrated the ability of PRV-290 to generate a productive infection in 

neurons also replicating PRV-152 and/or PRV-614. This was true irrespective of the 

experiment, the combination of recombinant viruses injected, or the sites of recombinant 

injection.

Figure 4E illustrates the pattern of infection in the left DMV and NTS 96 hours following 

injection of PRV-290 in the ventral stomach wall and PRV-614 into the dorsal stomach wall. 

Consistent with results following single injection of PRV recombinants into the dorsal or 

ventral stomach wall, both the left and right DMV contained neurons expressing either 

mTurquoise2 or mRFP, with more DMV neurons in the left DMV expressing mTurquoise2. 

This is clearly apparent when the color channels are displayed separately to show the 

localization of mTurquoise2 (Figure 4F) and mRFP (Figure 4G). These images also reveal 

DMV and NTS neurons that are replicating both strains of virus (yellow arrowheads). Dual 

infected neurons were also present in higher order cell groups contributing to the 

preautonomic network, including the locus coeruleus, PVN, and suprachiasmatic nucleus of 

the hypothalamus (arrowheads in Figures 4H - 4J).

Figure 5 illustrates neurons replicating both PRV-290 and PRV-152 48 hours after injection 

into the left and right striatum, respectively. In each of the cell groups illustrated (cortex, 

dorsal raphe, locus coeruleus), three populations of neurons are apparent: a) those infected 
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only with PRV-290, b) those infected only with PRV-152, and c) those neurons infected with 

both viruses. Co-infected neurons (yellow arrowheads) are best visualized in images in 

which the mTurquoise2 (Figures C, G & K) and EGFP (Figures D, H & L) reporters are 

shown in separate color channels.

Results from triple injection experiments further revealed that PRV-290 has the ability to 

replicate productively in neurons that are simultaneously replicating PRV-152 and PRV-614. 

In these experiments, PRV-152 and PRV-614 were injected into the ventral and dorsal 

stomach wall, respectively, and PRV-290 was injected into the pancreas. The pattern of vagal 

innervation of these organs by DMV neurons has been mapped in detail (Rinaman and 

Miselis, 1987b; Shapiro and Miselis, 1985), and the close proximity of the stomach and 

pancreas optimized the chance for all three viruses to reach the DMV in close temporal 

proximity. Vagal neurons innervating the pancreas were prevalent throughout both the left 

and right DMV, consistent with having injected both the left and right pancreatic lobes 

(Rinaman and Miselis, 1987a). Figures 6B - C illustrate the DMV and NTS expression 

patterns for the three recombinants in two cases in which the post inoculation survival 

interval was 72 hours. All three reporters are expressed within each region, with some 

neurons expressing more than one reporter. To accurately determine the reporter profile of 

each neuron, we separated the fluorescence channels and mapped the reporter phenotype of 

each neuron infected DMV and NTS neuron. Figures 6D through H illustrate the results of 

one of these analyses, revealing multiple examples of neurons in both regions of the DMV 

and NTS that express all three reporters of infection (yellow arrowheads), indicating that 

they are replicating all three recombinants.

DISCUSSION

The engineering of neuroinvasive herpes viruses to express unique reporters of infection is 

among the most important advances in viral transneuronal tracing technology. Early 

successful efforts to obtain robust intracellular expression of β-galactosidase from the viral 

genome provided not only a unique marker of infection, but also a means of defining the 

morphology of neurons embedded within polysynaptic networks since the reporter filled the 

soma, dendrites and axons of infected cells (Banfield et al., 1998; Jansen et al., 1995a; 

Loewy et al., 1991; Mettenleiter and Rauh, 1990; Standish et al., 1995). Subsequent 

development of viruses that expressed unique reporters of infection provided a means of 

identifying neurons whose axons collateralize to innervate spatially separate targets (Jansen 

et al., 1995b; Kim et al., 1999). These early investigations stimulated the construction of a 

diverse array of reporter viruses, and was foundational for recognizing the importance of 

using isogenic strains of virus that invade circuitry with similar temporal kinetics in studies 

of axon collateralization (Billig et al., 2000a; Geerling et al., 2003; Kerman et al., 2003; Kim 

et al., 1999). The present report demonstrates that PRV-290 is a valuable addition to the 

catalog of isogenic recombinants of the Bartha stain of PRV that express unique fluorescent 

reporters of infection under the control of the immediate-early cytomegalovirus promoter 

(see review by (Hogue et al., 2015)). We demonstrate that the expression of the mTurquoise2 

reporter by PRV-290 is both intense and stable in vitro through four days post inoculation of 

visceral organs, a timeframe that in which virus moves retrogradely to infect higher order 

preautonomic neurons throughout the neuraxis of infected animals. We further demonstrate 
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that expression of the mTurquoise2 reporter remains stable and intense in neurons that are 

also infected with and express the unique reporters of infection from other isogenic 

recombinants of PRV.

Recombinants of the Bartha strain of PRV are reduced in virulence, but still produce 

cytopathology in infected neurons at long survival intervals. This was apparent in our 

experiments where the number of first order infected neurons in the DMV appeared to be 

reduced at the longest post inoculation intervals. In prior studies we demonstrated that the 

reduction of virulence and cytopathology of PRV-Bartha compared to wild type virus is 

related to a deletion that removed the gE, gI and US9 genes from the wild type genome 

(Brideau et al., 2000; Card et al., 1992; Enquist et al., 1994; Whealy et al., 1993). This 

mutation also restricted transneuronal passage of virus to the retrograde direction, a feature 

that may further contribute to the reduction of virulence. We have also demonstrated that a 

minimum of 105 pfu/ml is necessary to produce predictable uptake and transneuronal 

passage of PRV and that cytopathogenicity resulting from viral infection is not increased 

when higher concentrations of virus are injected (Card et al., 1995; Card et al., 1999b). 

Importantly, the recombinants used in this investigation, including PRV-290, were equivalent 

to one another with respect to invasiveness and cytopathogenicity, and produced results 

similar to those reported in prior studies using PRV-Bartha and its recombinants to analyze 

the same circuitry (Cano et al., 2000; Cano et al., 2004a; Cano et al., 2001a; Card et al., 

2011a; Card et al., 1993b; Curanovic et al., 2009; Kim et al., 1999; Rinaman et al., 1993a; 

Serrano et al., 2002; Yang et al., 1999). Thus, the stable and intense expression of 

mTurquoise2, either alone or in combination with other fluorescent reporters of infection in 

dual and triple infection experiments, does not appear to increase cytopathology of infected 

neurons.

The value of fluorescent reporters of infection in transneuronal tracing experiments is 

largely related to their intensity and stability of expression. Recombinants of PRV-Bartha 

that express EGFP (PRV-152) and mRFP (PRV-614) have been employed in numerous 

transneuronal tracing investigations because they produce intense fluorescence signals that 

persist through long post inoculation intervals in all elements of a circuit. These fluorescent 

reporters are also resistant to fading, a feature that protects against false negatives in 

detecting infected neurons. When combined with immunocytochemical localizations, these 

attributes of reporter expression also permit characterization of the neurochemical phenotype 

of neurons contributing to a circuit. Our demonstration that PRV-290 produces intense and 

stable expression of the mTurquoise2 reporter that fills both the somatodendritic 

compartments of infected neurons adds to the catalog of reporter viruses available for 

transneuronal circuit analysis.

Our data also demonstrate that PRV-290 invades neural circuitry with temporal kinetics that 

are very similar to those of its isogenic recombinants PRV-152 and PRV-614. This was true 

of all experiments included in our study, including both retrograde transport of virus from 

peripheral organs and after direct injection of the brain. Data from experiments in which 

recombinants infected vagal motor neurons following injection of the stomach and pancreas 

were particularly informative in this regard. This is largely due to the fact that dorsal motor 

vagal (DMV) neurons in the left and right half of the brainstem innervate different portions 
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of the stomach and pancreas, thereby producing unique patterns of infection that can be 

easily visualized (Rinaman and Miselis, 1987a; Shapiro and Miselis, 1985). In addition, the 

axons of vagal motor neurons innervating each abdominal organ are quite similar in length, 

optimizing the likelihood that capsids that invade axon terminals at sites of virus injection 

will reach parent neurons within the same temporal window. Given these properties we were 

able to demonstrate that the patterns of infection resulting from separate injection of 

isogenic recombinants into the dorsal and ventral walls of the stomach produced patterns of 

infection within the same post inoculation intervals that recapitulated those predicted by 

earlier studies employing classical tracers that do not cross synapses. Similarly, experiments 

using dual injection of the dorsal and ventral stomach wall or triple injection of the dorsal 

and ventral walls of the stomach and pancreas produced the expected patterns of first order 

infection in the DMV at the same post inoculation intervals. These data have important 

implications for studies of axon collateralization that depend upon isogenic recombinants 

invading branches of collateralized axon terminals to reach parent neurons within a narrow 

timeframe (Kim et al., 1999).

Perhaps the strongest evidence that PRV-290 and its recombinants invade circuitry with 

similar temporal kinetics derives from work by Kobiler and colleagues demonstrating that 

fewer than seven genomes are replicated and packaged into virions in infected cells (Kobiler 

et al., 2010). In contrast to superinfection exclusion resulting from the expression of virally 

encoded gD on the cell membrane (Campadelli-Fiume et al., 1988; Campadelli-Fiume et al., 

1990), the exclusion phenomenon documented by Kobiler and others (Taylor et al., 2012) is 

related to a limited number of centers within the cell nucleus available for replication of viral 

genomes. Thus, the expression of multiple genomes of PRV recombinants expressing 

distinct reporters of infection in individual neurons documented in our experiments, and 

other similar studies of collateralization, seemingly depends upon capsids of all invading 

recombinants reaching the cell nucleus during a time frame in which there are available 

replication centers. The fact that this was observed in all of our dual and triple injection 

experiments strongly supports the fact that PRV-290, PRV-152 and PRV-614 invade circuitry 

at similar rates and also emphasizes the importance of using isogenic strains of virus that 

invade circuity with similar temporal kinetics. However, it is also important to note that the 

dual and triple infections observed in our experiments involved first and second order 

infections of well-documented circuitry in which the length of axons were largely 

equivalent. More complex circuitry would likely interfere with the equivalence of invasion 

of different recombinants creating the possibility of false negatives.

Numerous studies have used dual injection approaches to gain insight into the synaptic 

relations of neurons in complex neural networks (e.g., (Kerman et al., 2006; Nguyen et al., 

2017; Stanley et al., 2010; Wiedmann et al., 2017). The majority of these studies have 

employed combined injections of PRV-152 and PRV-614 into different visceral organs to 

identify neurons within the preautonomic network that collateralize to influence both targets. 

However, while in vitro studies of superior cervical ganglion explants have shown that 

individual neurons can replicate three PRV recombinants (see figure 1E of (Hogue et al., 

2015)), no study to date has successfully shown this to occur in vivo. Our data clearly 

demonstrates that three isogenic PRV recombinants can efficiently invade neural circuitry in 
vivo to establish productive infections in individual neurons, thereby providing a means of 
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demonstrating neurons that collateralize diffusely to innervate spatially separate neurons. 

Nevertheless, it is important to emphasize that the aforementioned limitations on the ability 

of cells to replicate multiple viral genomes emphasize the importance of conservative 

interpretation of co-infection data. Stated more directly, absence of co-infection in multiple 

injection experiments cannot be used as evidence that neurons do not collateralize to 

innervate separate populations of neurons.

The stable and intense expression of mTurquoise2 from the PRV genome improves upon the 

usefulness of PRV stains expressing cyan reporters, such as PRV-263, which contains a 

“Brainbow 1.0L” cassette in the gG locus of the PRV-Bartha genome (Card et al., 2011a; 

Card et al., 2011c). The default reporter of PRV-263 is dTomato, but in the presence of cre 

recombinase (Cre) the dTomato gene is spliced from the cassette, liberating the expression 

of mCerulean or EYFP. The proof-of-principle study characterizing PRV-263 demonstrated 

that the conditional expression of mCerulean or EYFP enabled by the targeted expression of 

Cre has great power in defining synaptic connections to neurons embedded within complex 

neural networks (Card et al., 2011c). However, while mCerulean was efficiently expressed in 

the presence of cre recombinase, it was evident that this cyan reporter faded quickly, raising 

the possibility of false negatives. The rapid fading reduced the effectiveness of PRV-263, a 

shortcoming that can now be addressed by replacing the mCerulean gene in the Brainbow 

cassette with the mTurquoise2 gene.

In conclusion, we have characterized a recombinant of PRV-Bartha whose cyan reporter of 

infection is far superior to other cyan reporters of PRV (e.g., PRV-263) with respect to its 

intensity of expression and resistance to fading. The demonstration that it can be effectively 

used in single and multiple injection experiments provides another important tool that can be 

used to unravel the complexities of synaptic architecture.
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Highlights

• A new recombinant of pseudorabies virus, PRV-290, expresses mTurquoise2.

• PRV-290 is selectively transported retrogradely through polysynaptic circuits.

• Expression of the mTurquoise2 reporter is bright, stable and long-lasting.

• PRV-290 productively infects neurons simultaneously replicating one or two 

different isogenic recombinants
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Figure 1: In vitro characterization of PRV recombinants.
(A) Fluorescent protein expression cassettes, consisting of a CMV promoter, fluorescent 

protein coding sequence, and SV40 polyadenylation signal (pA), were inserted into the US4 

genomic locus of PRVBartha. PRV-273 contains an additional EYFP coding sequence that is 

not expressed (Kobiler et al., 2010). (B) Single-step replication. Parallel cell cultures were 

infected with the indicated parental viruses, cells and supernatants were harvested at 

indicated times, and concentration of pfu/ml was measured by serial dilution plaque assay. 

(C-E) Plaque size analysis. Confluent cell monolayers infected with the indicated viruses 
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were fixed and stained with methylene blue to visualize plaques. Images represent 1cm2. 

Measurements of plaques in panels C-D were performed at the same time, and plaque 

measurements in panel E were performed as a separate experiment. (F-H) Comparison of 

plaque cyan fluorescence intensity. Images were acquired using the same fluorescence 

imaging parameters, so that the fluorescence intensity in panels F and G are directly 

comparable. Panel H is the same image data as panel G, but with fluorescence intensities 

multiplied by 20 for the purpose of comparison. Images represent 1.8 mm2.
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Figure 2: Autonomic circuitry employed for in vivo studies.
(A) The sagittal schematic illustrates the prominent cell groups that contribute to the 

preautonomic neural network previously defined by retrograde transneuronal transport of 

PRV-Bartha and its recombinants from peripheral organs. The schematic is meant to 

illustrate general features of the autonomic network and is not intended to represent the 

complex synaptic circuitry within the network. Cell groups identified in the figure have been 

shown in contribute to the network, either via descending projections to neurons that give 

rise to autonomic outflow to visceral organs or via connections among one another within 

the network. In this investigation we examined neuroinvasiveness of PRV-290 through 

sympathetic and parasympathetic pathways following injection of virus into the stomach 

wall, pancreas, spleen and kidney, either alone or in combination with PRV-152 and/or 

PRV-164. Details regarding each experimental paradigm are provided in Table 1. For the 

most cohesive presentation of data in this report we focus upon viral transport through the 
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vagal motor neurons innervating the stomach wall and pancreas. (B) A schematic of a 

coronal section at the level of the vertical line through the dorsal motor vagal complex in 

figure A illustrates the basic synaptic relations of neurons in the nucleus tractus solitarius 

(NTS) and area postrema (AP) infected by retrograde transneuronal passage of virus from 

the DMV. This caudal brainstem circuit was a principal focus of our analysis along with cell 

the locus coeruleus (LC) and paraventricular nucleus (PVN), both colored red in the 

schematic diagram. (C) Immunoperoxidase localization of virus in the DMV and 

immediately adjacent NTS 72 hours following injection of PRV-290 into the ventral stomach 

wall. Note the higher concentration of neurons in the left DMV, which is known to 

differentially innervate the musculature of the ventral stomach wall. (D and E) Tissue 

sections adjacent to C processed for fluorescence detection of the mTurquoise2 reporter 

revealed robust expression of the reporter in DMV and NTS neurons (panel D) and in the 

axons of infected DMV neurons (panel E) projecting to the stomach. The schematic 

diagrams were modified from the Swanson Brain Maps atlas (Swanson, 1998). Scale bars 

for C = 1 mm, D = 250 μm & E = 100 μm.
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Figure 3: Temporal kinetics of PRV-290 invasion of gastric preautonomic circuitry and 
associated cytopathology.
(A) Pattern of infection in the DVC 72 hours following injection of PRV-290 into the ventral 

stomach wall. Retrograde infection of the left DMV and transneuronal infection of 

synaptically linked NTS neurons is more advanced in the left DMV and NTS due to the 

differential innervation of the ventral stomach wall by the vagal motor neurons in the left 

DMV. (B-C) At 72 hours post-infection, virus has also passed retrogradely to infect neurons 

in the ipsilateral PVN (panel B). Twenty-four hours later the number of infected PVN 

neurons has increased substantially (panel C) and the mTurquoise2 reporter has diffused to 
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fill dendrites and axons of the infected neurons (compare areas marked by asterisks). (D-E) 

Comparison of reporter expression in the left DMV at 72 and 96 hours post infection reveals 

an apparent reduction of neurons expressing the mTurquoise2 reporter as well as 

cytopathology at 96 hours. Examination of adjacent tissue sections, in which viral antigens 

were localized with a rabbit anti-PRV polyclonal antiserum and immunoperoxidase staining 

confirms pathological changes in DMV neurons at the longer survival interval (compare 

insets of D & E). Scale bar for A = 250 μm. Scale bars for B-E = 100 μm. Scale bars for the 

immunoperoxidase insets of panels D-E = 50 μm.
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Figure 4: Co-Infection of autonomic circuitry.
Dual infection experiments demonstrated an equivalence in the temporal kinetics of 

PRV-290 and PRV-614 invasion of gastric preautonomic circuitry, and the ability of the two 

recombinants to establish productive infections in the same neurons. In this experiment 

PRV-290 was injected into the ventral stomach wall and PRV-614 was injected into the 

dorsal stomach wall. (A-C) Reporter expression from the two isogenic recombinants 

revealed differential distribution of neurons infected by the two strains in the DMV (panels 

A & B) and PVN (panels C & D). The majority of neurons in the left DMV expressed the 
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mTurquose2 reporter of PRV-290 infection, consistent with the fact that vagal motor neurons 

in the left DMV differentially innervate the ventral stomach wall (panel A). Similarly, the 

majority of neurons in the right DMV, which preferentially innervate the dorsal stomach 

wall, expressed the mRFP reporter of PRV-614 infection. These patterns of reporter 

expression were also apparent in synaptically connected neurons of the NTS and PVN 

ipsilateral to the left (panel C) and right DMV (panel D). (E-G) Dual infected neurons were 

present in both the NTS and PVN. The yellow arrowheads highlight neurons in the DMV 

and NTS replicating both viruses, with panels F and G selectively showing the fluorescent 

profiles for the mTurquoise2 cyan and mRFP reporters. Similarly, dual labeled neurons are 

present in the locus coeruleus (panel H), PVN (panel I) and suprachiasmatic nucleus (panel 

J), consistent with the fact that these cell groups are known to be synaptically liked to the 

DVC. Scale bars for A - G and I = 100 μm. Scale bars for H, J and inset of I = 50 μm.
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Figure 5: Co-infection of neurons afferent to the striatum.
Reporter expression and ability of PRV-290 to replicate in neurons also replicating PRV-152 

is shown in animals in which the two recombinants were injected intracerebrally. In this 

experiment PRV-290 was injected into the striatum on one side of the brain and PRV-152 

was injected into a comparable area of the contralateral striatum. (A) Dopamine neurons of 

the substantia nigra, pars compacta (SNpc) ipsilateral to the striatum injected with PRV-290 

selectively expressed the mTurquoise2 reporter 48 hours following virus injection, consistent 

with the known ipsilateral segregation of this projection. Other regions such as the cortex 

(panels B-D), dorsal raphe nucleus (panels E-H), and locus coeruleus (panels I-L) that 

project to the striatum contained neurons infected with both viruses with the majority 

replicating the recombinant injected into the ipsilateral striatum. Within each of these 

regions neurons were present that were replicating both PRV-290 and PRV-152. The boxed 
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areas in panels E and I are shown at higher magnification in panels F-H and J-L, 

respectively. The black and white images show the selective illumination of the mTurquoise2 

(panels C, G, K) or EGFP (panels D, H, I) reporters. Scale bars = 50 μm.
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Figure 6: Triple infection of autonomic circuitry.
The ability of PRV-290 to establish a productive infection in neurons also replicating both 

PRV-152 and PRV-614 is illustrated. In this experiment PRV-152 was injected into the 

ventral stomach wall, PRV-614 was injected into the dorsal stomach wall, and PRV-290 was 

injected into the body of the pancreas, all in the same surgery. The schematic diagrams in 

panel A illustrate the two coronal planes through the dorsal motor vagal complex, rostral to 

and at the level of the area postrema, which are approximately 600 μm apart. The circuitry 

illustrated in those two coronal planes is the same as that shown at higher magnification in 
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figure 2B. All images are of the right dorsal motor vagal complex. Panels B, C and D are 

from the two cases in which the reporters of infection were localized 72 hours following 

injection of virus. Infected neurons displaying all three reporters are present in both the 

DMV and immediately adjacent NTS, and it is apparent that some neurons are replicating 

more than one virus. The pattern of infection typical of that observed in all three cases is 

shown in panel D, with the inset showing the boxed area of the DMV at higher 

magnification. Panels F, G and H show the same field selectively illuminated for detection of 

the mTurquoise2 (panel F), EGFP (panel G) and panel (Figure H). The schematic in panel E 

maps the reporter phenotype of each neuron in figure D with the number in parentheses 

representing the number of neurons in each category within both the DMV and NTS. 

Consistent with known circuitry, the number of neurons in the right DMV infected with 

PRV-614 (mRFP reporter) exceeded those infected with PRV-152 (EGFP reporter) and 

neurons infected by retrograde transport of PRV-290 from the pancreas are found throughout 

the DMV (panel F). Neurons replicating two or more viruses were common throughout the 

DMV and NTS, with every combination of recombinants represented (panel E). Scale bars 

for B - D and F - H = 200 μm. Scale bar for D inset = 100 μm. Scale bars for F - H insets = 

25 μm.
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Table 1

Case Procedure Weight Change Symptoms Survival Time

Single Injections of PRV-290 Plaque Isolate 1

1: PRV-290 Ventral Stomach Wall +23 g None 72 hrs

2: PRV-290 Ventral Stomach Wall +8 g None 72 hrs

3: PRV-290 Kidney 0 g None 96 hrs

4: PRV-290 Striatum +3 g None 48 hrs

Single Injections of PRV-290 Plaque Isolate 2

5: PRV-290 Ventral Stomach Wall +36 g None 72 hrs

6: PRV-290 Ventral Stomach Wall +25 g None 72 hrs

7: PRV-290 Kidney + 8 g L 96 hrs

8: PRV-290 Striatum -17 g L 48 hrs

Dual Injections of PR -290 Plaque Isolate 1 with PRV-152 or PRV-614

9: PRV-290 PRV-614 Ventral Stomach Wall Dorsal Stomach Wall -32 g L, Ex 96 hrs

10: PRV-290 PRV-152 Ventral Stomach Wall Dorsal Stomach Wall -35 g L, Ex 96 hrs

11: PRV-290 PRV-614 Spleen Kidney +16 g None 96 hrs 84 hrs

12: PRV-290 PRV-614 Spleen Kidney -28 g L, Ex 96 hrs 84 hrs

13: PRV-290 PRV-614 Kidney Spleen + 17 g None 84 hrs 96 hrs

14: PRV-290 PRV-614 Kidney Spleen − 12 g L 84 hrs 96 hrs

15: PRV-290 PRV-152 Left Striatum Right Striatum -30 g L, Ex 48 hrs

Dual Injections of PR -290 Plaque Isolate 2 with PRV-152 or PRV-614

16: PRV-290 PRV-152 Ventral Stomach Wall Dorsal Stomach Wall -37 g L, Ex 96 hrs

17: PRV-290 PRV-614 Ventral Stomach Wall Dorsal Stomach Wall -27 g L, Ex 96 hrs

18: PRV-290 PRV-614 Left Striatum Right Striatum -39 g L, Ex 48 hrs

Triple Injections of PRV-290 Plaque Isolate 1 with PRV-152 and PRV-614

19: PRV-152 PRV-614 PRV-290 Ventral Stomach Wall Dorsal Stomach Wall Pancreas -21 g L, Ex 72 hrs

20: PRV-152 PRV-614 PRV-290 Ventral Stomach Wall Dorsal Stomach Wall Pancreas +2 g L 72 hrs

21: PRV-152 PRV-614 PRV-290 Ventral Stomach Wall Dorsal Stomach Wall Pancreas − 27 g L, Ex 96 hrs

L = lethargic, Ex = oro-nasal excretions.
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