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Abstract Complex sensations accompany the activation

of sensory neurons within the respiratory system, yet little

is known about the organization of sensory pathways in the

brain that mediate these sensations. In the present study, we

employ anterograde viral neuroanatomical tract tracing

with isogenic self-reporting recombinants of HSV-1 strain

H129 to map the higher brain regions in receipt of vagal

sensory neurons arising from the trachea versus the lungs,

and single-cell PCR to characterize the phenotype of sen-

sory neurons arising from these two divisions of the

respiratory tree. The results suggest that the upper and

lower airways are predominantly innervated by sensory

neurons derived from the somatic jugular and visceral

nodose cranial ganglia, respectively. This coincides with

central circuitry that is predominately somatic-like, arising

from the trachea, and visceral-like, arising from the lungs.

Although some convergence of sensory pathways was

noted in preautonomic cell groups, this was notably absent

in thalamic and cortical regions. These data support the

notion that distinct afferent subtypes, via distinct central

circuits, subserve sensations arising from the upper versus

lower airways. The findings may explain why sensations

arising from different levels of the respiratory tree are

qualitatively and quantitatively unique.

Keywords HSV-1 H129 � Isogenic recombinant viruses �
Transynaptic � Somatosensory � Viscerosensory �
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Introduction

The respiratory system is densely innervated by vagal sen-

sory nerve fibers, the activation of which is known to con-

tribute substantially to the symptoms of pulmonary disease.

These symptoms notably include cough, mucous secretion,

bronchospasm and airway wall edema, all of which occur

via well-described reflex pathways that regulate brainstem

autonomic and respiratory motor outputs (Shannon et al.

2004; Haxhiu et al. 2005; Mazzone et al. 2005; McGovern

and Mazzone 2010; Mazzone and Canning 2013). However,

the activation of pulmonary sensory nerves can also induce

complex respiratory sensations including dyspnea and the

perception of airways irritation leading to the urge to cough.

These sensations are contingent on ascending sensory inputs

to higher brain regions that encode perceptual awareness of

the pulmonary environment (Mazzone et al. 2007; Daven-

port and Vovk 2009; Evans 2010; Mazzone et al. 2011).

However, unlike reflexive neural pathways, our under-

standing of higher brain sensory pathways arising from the

respiratory system is limited.

A growing body of evidence indicates that the primary

sensory neurons innervating the airways are not homoge-

nous. Indeed, subtypes can be delineated based on
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functionality, anatomy and neurochemistry, but perhaps

more interestingly they can also be differentiated based on

embryological origin (Kummer et al. 1992; Riccio et al.

1996; Undem et al. 2004; Mazzone and McGovern 2008;

Nassenstein et al. 2010). For example, in mice and guinea

pigs, vagal sensory neurons innervating the upper airways

(larynx/trachea) are principally derived from the jugular

cranial ganglia and somatic tissues of the neural crest of

embryological origin (comparable to the dorsal root gan-

glia of the spinal cord). This is in contrast to the sensory

innervation of the lower airways (lungs) which displays

characteristics of being derived from the nodose cranial

ganglia derived from the epibranchial placodes that form

the visceral nervous system (Undem et al. 2004; Kwong

et al. 2008; Nassenstein et al. 2010; Lieu et al. 2011). This

embryological distinction raises important questions about

the central organization of sensory pathways arising from

the upper versus lower airways, which might in turn pro-

vide insights into the perceptual processing of respiratory

sensations.

Previously, we have reported the development of a

novel method for mapping intact sensory neural circuits in

animal models using a genetically modified herpes simplex

virus 1 (HSV-1), strain H129 (McGovern et al. 2012b).

HSV-1 H129 is unique inasmuch as it infects neurons,

moves along axons and can pass between synaptically

connected neurons preferentially, albeit not exclusively, in

the anterograde direction (Garner and LaVail 1999; Rina-

man and Schwartz 2004; Song et al. 2008; Lo and

Anderson 2011; McGovern et al. 2012a, b; Vaughan and

Bartness 2012; Wojaczynski et al. 2014). Thus, insights

into the organization of complex neural circuits can be

made by following the successive pattern of HSV-1 H129

infection throughout the nervous system subsequent to

central or peripheral inoculation. Using this tool we have

shown that at least two ascending neural pathways arise

from the upper airways (extrathoracic trachea), one which

follows the trigeminothalamocortical tracts (from the

brainstem to ventrobasal thalamus and onto the sensory

cortex) and a second via a thalamolimbic circuit (from the

brainstem to the mediodorsal and/or submedius thalamus to

the rostral agranular insular/lateral orbital and cingulate

cortices) (McGovern et al. 2012a, b). This circuitry is

somewhat analogous to the lateral and medial pain path-

ways described for processing of noxious stimuli arising

from somatic tissues (Jasmin et al. 2004; Tang et al. 2009;

Whitt et al. 2013). Notably, HSV-1 H129 following tra-

cheal inoculation does not appear in the ‘visceral thalamus’

(ventrobasal parvicellular thalamus), a region of the thal-

amus shown to be in receipt of afferent pathways from

other viscera (Allen et al. 1991). These observations might

suggest that upper airway sensory pathways ascend into the

brain via circuits that resemble those described for somatic

noxious sensory processing. In the present study, we set out

to compare the organization of upper airway sensory cir-

cuitry in the brain to that arising from the lower airways, to

assess the possibility that distinct neural circuits underpin

sensory processing arising from differentially innervated

regions of the respiratory system.

Methods

All experiments were approved by the University of

Queensland Institutional Animal Ethics Committee.

Experiments were performed on adult male Sprague–

Dawley rats (150–250 g), which were individually housed

in a standard environment and given ad libitum access to

water and food. All efforts were made to minimize the

number of animals used and their suffering.

Conventional retrograde tracing of vagal sensory

neurons innervating the trachea and lung

Rats (n = 6) were anesthetized with 5 % isoflurane in an

induction chamber and maintained at 2.5 % in medical

oxygen via a nose cone. 5 ll of 0.5 % DiI (2 % stock in

DMSO, diluted to a final concentration in sterile saline)

was administered to either the trachea or lung. For tracheal

injections, the extrathoracic trachea was exposed via a

ventral midline incision in the animal’s neck as previously

described (Mazzone and McGovern 2006, 2008; McGov-

ern and Mazzone 2010; McGovern et al. 2012a, b) and the

dye was injected into the lumen of the trachea two cartilage

rings caudal to the larynx. For lung injections, the left lung

was injected from the posterior side of the animal and

through the seventh intercostal space as previously

described by others (Undem et al. 2004). Briefly, skin and

external intercostal musculature was retracted, the lung

visualized underneath the intact internal intercostals and,

using a 30G needle attached to a 10 ll gastight Hamilton

syringe, 5 ll of DiI was injected into the left lung lobe. The
needle was left in place for 60 s to limit the spread of dye

onto surrounding tissues. The incisions were sutured and

animals were allowed to recover for up to 2 weeks. An

analgesic, meloxicam (1 mg/kg, s.c.), was administered

prior to the end of each surgery.

Single-cell isolation

To identify vagal sensory neurons traced from either the

trachea or lung, animals were euthanized with an overdose

of sodium pentobarbital (100 mg/kg i.p) and their vagal

ganglia dissociated as previously described (Kalous and

Keast 2010). Briefly, ganglia were removed and freed from

surrounding connective tissue and placed into a tube
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containing an enzymatic solution of collagenase (Type I)

and trypsin/EDTA dissolved in modified Tyrodes solution

(Kalous and Keast 2010) and bubbled with 95 % oxygen

and 5 % carbon dioxide. The cells were gently triturated

with fire-polished glass Pasteur pipettes of decreasing

diameter, washed with modified Tyrodes and centrifuged at

500g to remove myelin and cellular debris. Cells were then

resuspended in Neurobasal A medium containing B27

supplement, Glutamax I and antibiotic/mycotic solution

(Life technologies) and plated out onto the center of poly-

L-lysine coated coverslips and incubated at 37 �C with 5 %

carbon dioxide. Two hours after plating, the cells were

washed twice with complete Neurobasal A medium and

flooded with fresh medium. Within 4 h of dissociation,

cells were identified by fluorescence microscopy and single

traced neurons were collected by suction with RNase-free

glass pipettes (tip diameter 20–70 lm) pulled with a

micropipette puller (P-97 Micropipette Puller, Sutter

Instrument Company). The pipette tips were broken into a

PCR tube containing resuspension buffer and RNase OUT

(Life technologies), snap frozen and stored at -80 �C.
Samples of cell culture medium adjacent to cells were

collected as negative controls.

Single-cell RT-PCR

Cells were processed using the SuperScript III CellsDirect

cDNA synthesis kit (Life Technologies) according to the

manufacturer’s instructions and following previously

described methods (Lieu et al. 2011). A total of 27 cells

traced from the trachea and 23 cells traced from the lung

were successfully collected and processed for RT-PCR, to

characterize each cell as either of placodal (nodose) or

neural crest (jugular) origin based on their differential

expression of TRKA, TRKB, PPT-A and P2X2 (Undem

et al. 2004; Kwong et al. 2008; Nassenstein et al. 2010;

Lieu et al. 2011). TRPV1 expression was also assessed for

delineating C-fiber afferents. For RT-PCR we utilized a

nested primer approach. The first PCR reaction contained 1

unit of Hot Start My Taq Polymerase (Bioline), with PCR

buffer, primers (Table 1, outer primer pair) for beta-actin,

TRPV1, TRKA, TRKB, PPT-A and P2X2 and template

(1.5 ll cDNA, no RT control or bath control). Whole rat

vagal ganglion tissue was run as a positive control. The

PCR conditions included 40 cycles with an initial dena-

turation at 98 �C for 1 min, denaturation at 98 �C for 10 s,

annealing at 58 �C for 15 s and extension at 72 �C for 15 s,

followed by a final extension at 72 �C for 10 min. The

second PCR reaction contained 1 unit of Hot Start My Taq

Polymerase (Bioline), with PCR buffer, primers internal to

the first primer binding sites (Table 1, inner primer pair)

for beta-actin TRPV1, TRKA, TRKB, PPT-A and P2X2

and template (1 ll of product from first reaction). Negative

control samples (culture media) were processed in parallel.

Products were visualized by electrophoresis on ethidium

bromide-stained 2 % agarose gels.

Construction of self-reporting HSV1-H129 viral tracers

We have previously reported in detail the construction of

the anterograde viral tracer HSV-1 H129 EGFP (McGov-

ern et al. 2012b), and following the same protocol we

generated and characterized an isogenic viral recombinant

expressing tdTomato. As part of this characterization, we

performed intra-tracheal injections of the tdTomato virus

(see below) to compare the central pattern of infection

obtained with this recombinant to that which we have

previously reported (McGovern et al. 2012a, b). All viral

stocks were propagated on Vero cells and then concen-

trated by ultracentrifugation (106,000g for 3 h 30 min at

4 �C, with the pellet resuspended in sterile PBS) to a final

titer of 1 9 109 pfu/ml. Aliquots were stored frozen at

-80 �C until the time of in vivo inoculation. Procedures

involving live HSV-1 H129 virus were conducted in

accordance with Biosafety level 2 standards.

Viral inoculations

Using the same surgical techniques as described above for

DiI injections, animals were inoculated with 10 ll of

1 9 109 pfu/ml of either HSV-1 tdTomato or 5 ll HSV-1
H129 EGFP into the tracheal lumen (n = 18) or left lung

(n = 16), respectively. After inoculation, the wound was

sutured and animals were allowed to recover for 48–96 h

(denoted ‘early time point’, n = 9), 96–120 h (denoted as

‘mid time point’, n = 11) and 120–168 h (denoted ‘late

time point’, n = 14). In separate experiments to assess the

levels of divergence and/or convergence in the brain of

sensory inputs arising from the trachea and lung, dual

inoculation of both tdTomato (into trachea) and EGFP (into

lung) viruses was performed simultaneously (n = 7) and

animals were killed at 96–168 h p.i.

Tissue harvest

After the designated survival time, animals were overdosed

with sodium pentobarbital (100 mg/kg i.p.) and transcar-

dially perfused with 300 ml of 5 % sucrose in 0.1 M

phosphate buffered saline (PBS, pH 7.4) followed by

300 ml of 4 % paraformaldehyde (in PBS, pH 7.4). Left

and right vagal ganglia, brain and trachea/lung were col-

lected from all animals. Tissues were post-fixed in 4 %

paraformaldehyde overnight at 4 �C and then cryoprotect-

ed in 20 % sucrose at 4 �C. Tracheae were opened longi-

tudinally along the ventral surface and pinned flat in a

Sylgard-filled viewing chamber such that the mucosal
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surface could be viewed as a whole mount preparation for

assessment of tdTomato-expressing cells. Vagal ganglia,

lung and brains were frozen in OCT-embedding com-

pound, and brain sections (50 lm), ganglia and lung sec-

tions (30 lm) were cut using a Hyrax C60 cryostat. Brain

sections, from the olfactory bulbs to the spinomedullary

junction, were collected in series into 0.1 M PBS. Every

second section (i.e., at 100 lm intervals) was mounted onto

gelatin-coated slides and screened for tdTomato and/or

EGFP fluorescence (infected neurons). When infected

neurons were observed, the corresponding adjacent section

was subsequently immunostained (free floating) using

mouse anti-parvalbumin or rabbit anti-calbindin antisera

(1:500; Swant, Bellinzona, Switzerland) to provide mor-

phological detail for delineating the loci of infected neu-

rons. Vagal ganglia and lung sections were thaw mounted

onto gelatin-coated slides immediately after sectioning and

coverslipped and viewed for tdTomato and/or EGFP

fluorescence.

Data analysis

All tissues were examined for HSV-1 immunoreactiv-

ity using an Olympus BX51 microscope and

representative images were captured with an Olympus

DP72 camera. Brain regions were delineated and

named according to the nomenclature defined in the

Chemoarchitectonic Atlas of the Rat Brainstem and

Forebrain (Paxinos et al. 1999a, b) with the exception

of the rostral agranular insular cortex (RAIC) which

was defined as the agranular insular/lateral orbital

cortices from 1.70 to 3.70 mm rostral to the bregma

(Burkey et al. 1999; Jasmin et al. 2003, 2004). Rep-

resentative digital images were imported into Adobe

Photoshop CS4 (version 11.0) and optimized (mini-

mally) for brightness, contrast and size for preparation

of representative photomicrographs.

Infected vagal ganglia cells arising from either the tra-

chea or lung were quantified separately in the left and right

vagal ganglia at 72–96 h p.i. (time of peak infection) as

previously described (McGovern et al. 2012a, b). For the

brain, every second section collected was first qualitatively

assessed for absence or presence of infected neurons and

this was used to calculate the proportion of animals in

which virus was present in any given region of interest.

Subsequently, quantitative cell counts of the number of

infected cells in each brain region were performed at

200 lm intervals to limit the possibility of recounting the

Table 1 Primer sequences for

single-cell RT-PCR

a Product length refers to inner

product only

Gene Primer Sequence Product length (bp)a

b-Actin Forward outer (50–30) GTGGGCCGCTCTAGGCACCAA 420

Reverse outer (50–30) CTCTTTGATGTCACGCACGATTTC

Forward inner (50–30) GACTCCTATGTGGGTGACGAGG

Reverse inner (50–30) GGATCTTCATGAGGTAGTCCGTCA

TRPV1 Forward outer (50–30) CTTACAGCAGCAGTGAGACC 239

Reverse outer (50–30) CCATGGAAGCCACATACTCC

Forward inner (50–30) AGTTCTCTTTCCCCTACTGA

Reverse inner (50–30) AGCAAGAAAGACCTTTCCAA

TRKA Forward outer (50–30) CAAATTTGGGATCAACCGCC 162

Reverse outer (50–30) GCAGACTCCAAAGAAGCGTA

Forward inner (50–30) AGTTCTCTTTCCCCTACTGA

Reverse inner (50–30) AGCAAGAAAGACCTTTCCAA

TRKB Forward outer (50–30) AGCTGGATAACCCCACTCAT 214

Reverse outer (50–30) AAGAAGACGGAGTGTTGCTC

Forward inner (50–30) AACTGACATCGGGGATACTA

Reverse inner (50–30) ATCGTCGTTGCTGATGAC

PPT-A Forward outer (50–30) AAACGGGATGCTGATTCCTC 221

Reverse outer (50–30) TGTCTTTGGAGACTGCATCG

Forward inner (50–30) AAACAAGTGGCCCTGTTAAA

Reverse inner (50–30) TTATTTTACCGCTCACTGCT

P2X2 Forward outer (50–30) TTCAGGAGAGGGACATCCAG 153

Reverse outer (50–30) GTCTGAATGGCAGGTAGAGC

Forward inner (50–30) GAATACGTAAAGCCCCCG

Reverse inner (50–30) CTCGATCCTGGTGATGATG
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same cells in adjacent sections. Hemispheric laterality of

infection was assessed for lung only, as it was not possible

to meaningfully distinguish hemispheric differences arising

from the trachea given its midline position. All cell counts

represent the mean ± the standard error of the mean

(SEM) of the total number of infected cells per ganglia or

brain region at the p.i. times indicated. Student’s t tests

were performed to assess differences between the numbers

of infected neurons where appropriate. In all instances

p B 0.05 was considered to be significant. Pearson’s cor-

relation analyses were used to investigate the relationship

between the number of infected vagal ganglia neurons and

the number of infected neurons in the brainstem nuclei of

interest. The ratio of neurons infected in brain regions of

interest following tracheal or lung inoculations was asses-

sed by calculating the sum total of all infected neurons and

expressing the trachea versus lung infected regions as a

percentage of the sum total.

Results

Molecular characterization of vagal sensory neurons

innervating the trachea and lungs

Consistent with previous studies conducted on guinea pigs

and mice, two broad phenotypes of airway vagal sensory

neurons collected from the vagal ganglia of rats could be

identified based on the expression of TRKA versus TRKB

and PPTA versus P2X2. Thus, tracheal vagal afferent

neurons characteristically expressed TRPV1 (96 % of

cells), PPT-A (85 % of cells) and TRKA (67 % of cells),

whereas fewer expressed TRKB (33 % of cells) or the

P2X2 receptor (11 % of cells) (Fig. 1). By contrast, lung

vagal afferent neurons typically expressed: TRPV1 (78 %

of cells), TRKB (74 % of cells) or P2X2 (61 % of cells),

whereas fewer cells expressed PPT-A (48 % of cells) and

TRKA (43 % of cells) (Fig. 1). Of the TRPV1 nociceptor

population innervating the trachea, 70 and 85 % expressed

TRKA and PPT-A, respectively, compared to the expres-

sion of TRKB and P2X2, which were confined to 15 and

11 % of the neurons, respectively. By contrast, in TRPV1-

positive lung nociceptors, 44 and 55 % expressed TRKA

and PPT-A, respectively, and 72 and 61 % expressed

TRKB and P2X2, respectively. Although some neurons

showed a complex molecular phenotype, most ([80 %)

were delineated by either TRKA/PPT-A or TRKB/P2X2

expression. These data are consistent with the trachea being

innervated predominately by jugular ganglia neurons,

whereas a mixed population of nodose and jugular ganglia

neurons innervates the lungs.

HSV-1 H129 infection of primary sensory

and medullary neurons following tracheal and lung

inoculations

As previously reported (McGovern et al. 2012a), inocula-

tion of the trachea with HSV-1 H129 resulted in viral

Fig. 1 Characterization of vagal sensory neurons retrogradely

labeled from the trachea or lung. The images show single-cell RT-

PCR bands of ten representative neurons, each traced from the trachea

or lung with DiI and collected from acutely dissociated ganglia.

Isolated mRNA from each cell was used both to reverse transcribe

(RT) cDNA for assessing gene expression and as a no (-) RT control.

Positive (?) control samples of whole vagal ganglia and blank

(B) control samples consisting of small volumes of the culture media

adjacent to cells were run in parallel. Only cells expressing b-actin
were included in the analysis. The majority of traced neurons were

nociceptors (defined as expressing TRPV1). Neurons traced from the

trachea characteristically expressed PPT-A (i.e., substance P) and the

neutrophin receptor TRKA. By contrast, lung sensory neurons

characteristically expressed TRKB and the ATP receptor P2X2. See

text for percentage expression data
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infection (tdTomato expression) in scattered tracheal epi-

thelial cells within a restricted area encompassing three to

four cartilage rings (approximately, 6 mm in length)

localized to the injection site (2 cartilage rings caudal to the

larynx). No viral infection was ever seen in the caudal

trachea or indeed in the intrapulmonary airways or lung. By

contrast, HSV-1 H129 injection into the lung produced

diffuse labelling (EGFP expression) of cells over a wider

area (7.4–9.8 mm), but almost exclusively contained within

the lung parenchymal tissue or (on occasion) to the walls of

small conducting airways. We never saw viral infection in

the large airways (bronchi), the trachea or the contralateral

lung. Within 48–72 h of inoculating the tracheal lumen with

HSV-1 H129 tdTomato, sensory neurons within both the

left and right vagal ganglia were robustly infected (Fig. 2a)

with no evidence of lateral dominance. Unilateral (left) lung

inoculation with HSV-1 H129 EGFP also resulted in

infection of sensory neurons in the vagal ganglia. However,

unlike tracheal sensory neurons, which were evenly dis-

tributed between both the left and right ganglia, cells

infected from the left lung were largely and significantly

(p B 0.05) confined ipsilaterally to the left vagal ganglion

(Fig. 2a). In total, fewer sensory neurons were infected in

the vagal ganglia following viral inoculation of the lung

compared to the trachea, possibly reflecting the unilateral

nature of the infection, the smaller volume of inoculum (5

versus 10 ll), the differences in tissue architecture between
the two injection sites and/or the reported proximal to distal

Fig. 2 The relationship between the number of primary sensory and

brainstem neurons infected by HSV-1 H129 recombinant viruses

following tracheal or lung inoculation. a Inoculation of the trachea

with HSV-1 H129 resulted in the infection of vagal ganglia neurons,

evenly distributed between the left and right ganglia (analyzed at

early- and mid-infection time points). By contrast, unilateral lung

injection infected fewer neurons and these were significantly confined

to the ipsilateral ganglion (p = 0.05). b Quantification of the number

of infected cells in the left nucleus of the solitary tract (Sol) and

paratrigeminal nucleus (Pa5) at early- and mid-infection time points.

As can be seen, the total number of infected neurons (Sol ? Pa5) is

not different between tracheal and lung inoculations, despite the fewer

vagal ganglia neurons infected. Furthermore, differences are evident

in the distribution of tracheal and lung afferent inputs to the Sol and

Pa5 (summarized in c). d, e Relationships between the number of

vagal ganglia neurons infected (from the trachea or lung) and the

resultant number of neurons infected in the Sol, Pa5 or both (total). Of

note is the steepness of the lung regression line in d, indicative of lung
afferents synapsing with many more Sol neurons than do tracheal

afferents. Data (a, b) represent the mean ± SEM of infected cell

soma counted from n = 9 animals. #Significant difference (p\ 0.05)

when comparing infected neurons in the left and right vagal ganglia

following lung inoculation. *p\ 0.05. See text for additional details
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reduction in nerve fiber density that occurs along the tra-

cheobronchial tree (Larson et al. 2003).

Evidence for viral infection within the central nervous

system was not seen until 72 h p.i., (for both the trachea and

lung inoculations), and at the early time points surveyed

(72–96 h p.i.), the virus was limited to the brainstem nuclei

(bilaterally for tracheal injections and predominately ipsi-

laterally for lung injections; Table 2). This notably began

with the appearance of virus simultaneously within caudal

regions of the nucleus of the solitary tract (particularly in

and around the dorsolateral subnucleus) and a caudal dorsal

region of the spinal trigeminal tract and nucleus, in a region

that includes the paratrigeminal nucleus (Figs. 2, 3, 4). The

distribution of HSV-1 H129 infection in the brainstem

following tracheal or lung inoculation was more extensive

at mid-infection time points (96–120 h p.i.). This period

was characterized by an expansion of the infection in the

medullary solitary and trigeminal nuclei, as well as the

appearance of the virus in more rostral brainstem regions

(see below). Intriguingly, despite the fewer total vagal

ganglia neurons that were infected following lung inocu-

lations, there was no difference in the combined total

number of neurons (i.e., the sum of those in the nucleus of

the solitary tract and the paratrigeminal nucleus) subse-

quently infected in brainstem sensory relay nuclei following

lung and tracheal inoculations (Fig. 2b). However, the

pattern of medullary infection following tracheal and lung

inoculations was not identical. In particular, significantly

(p B 0.05) more paratrigeminal neurons were infected at

mid and late time points following tracheal inoculation

compared to lung inoculation (Fig. 2b; Table 2). Further-

more, when the total number of infected neurons in the

brainstem was considered, differences between the ratios of

lung versus tracheal afferent innervated populations became

apparent, with lung inoculations appearing to infect neurons

preferentially in the nucleus of the solitary tract (Fig. 2c).

Indeed, although we noted correlations between the number

of infected vagal ganglia neurons and the corresponding

number of infected brainstem neurons within individual

animals (Fig. 2d, e, f), many more neurons in the brainstem

(particularly, in the nucleus of the solitary tract) were

infected for each afferent infected from the lung compared

to the trachea. This is reflected in the steep slope of the lung

regression line (Fig. 2d, f) and suggests a substantial dif-

ference in the number of nucleus of the solitary tract neu-

rons in synaptic connectivity with any given lung versus

tracheal afferent neuron.

HSV-1 H129 infection of the supramedullary regions

following tracheal and lung inoculations

Inoculation of the tracheal lumen or lung with HSV-1

H129 resulted in a time-dependent appearance of

fluorescent reporter expression (viral infection) throughout

the supramedullary neuraxis (Figs. 3, 4; Table 2). At mid-

infection time points (96–120 h p.i.), HSV-1 H129 infec-

tion appeared at more rostral brainstem regions (i.e., in

pontine and midbrain nuclei) including the parabrachial

nuclei (typically, the lateral subnucleus), the Kölliker-Fuse

nucleus, locus coeruleus and the periaqueductal gray. The

distribution of HSV-1 H129 infection in pontine and

midbrain nuclei was bilateral following tracheal inocula-

tion, but predominately ipsilateral to the inoculation site

following lung inoculations. Significantly (p B 0.05) more

neurons were infected in the locus coeruleus (at late time

points) following tracheal inoculation with virus, whereas

we typically noted more cells infected in the periaqueductal

gray and parabrachial nuclei following tracheal and lung

injections, respectively (Table 2).

Mid- to late-infection time points were characterized by

viral infection in a number of subcortical forebrain nuclei.

In the thalamus, robust infection was confined to the ven-

trobasal thalamus (ventral posterolateral and ventral pos-

teromedial nuclei), reticular nucleus, submedius nucleus

and mediodorsal nucleus following tracheal inoculations

(Fig. 3; Table 2), although a number of other thalamic

nuclei contained infected cells (Table 2). In the hypothal-

amus and subthalamic regions of the same animals,

infection was largely confined to the lateral and paraven-

tricular nuclei and the zona incerta (Fig. 3; Table 2). Fol-

lowing lung inoculations, while the contralateral

ventrobasal thalamus (particularly the ventral posterome-

dial nucleus) was routinely infected, the incidence of

infection in the reticular, mediodorsal and submedius

thalamus was much lower than that observed following

tracheal injections (Table 2). Thus, only one animal with a

lung injection of virus displayed infection in the medio-

dorsal thalamus at any time points surveyed, and only two

animals had contralateral infections in the reticular and

submedius thalamus at late-infection time points. This

resulted in significantly fewer total number of infected cells

identified in these regions following lung inoculations

(Table 2). Significantly fewer infected cells were also

noted in the ventral posterolateral thalamus following lung

injection of virus. A robust infection was seen within the

contralateral parvicellular portion of the ventrobasal com-

plex following lung inoculation, beginning at mid-infection

time points (Fig. 4; Table 2). Infection was never seen in

this region following tracheal viral inoculation. The loca-

tion of subthalamic and other subcortical infections was

largely comparable between lung and tracheal inoculated

animals, although the number of infected cells in regions

such as the zona incerta, lateral hypothalamus and para-

ventricular nucleus in lung-inoculated animals was typi-

cally less than in animals injected with virus into the

trachea (Table 2).
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On late infection (120–168 h p.i.), HSV-1 H129 was

routinely present in the central subnucleus of the amygdala,

globus pallidus and caudate putamen, as well as in cortical

brain regions following both tracheal and lung injections.

The latter included infection in the rostral agranular insu-

lar/lateral orbital cortex (RAIC), more caudal regions of

the agranular, dysgranular and granular insular cortex and

in layer 4 of the primary and secondary somatosensory

cortices (Figs. 3, 4; Table 2). We consistently saw more

infected cells in the RAIC and secondary somatosensory

cortex following tracheal inoculation, whereas lung inoc-

ulations of virus resulted in more infected cells in the

caudal insular regions (Table 2). There was no evidence of

any unilaterality with respect to the infection patterns in the

subcortical or cortical nuclei identified following tracheal

inoculation with virus, whereas virally infected cells were

typically confined to the contralateral primary and sec-

ondary somatosensory regions, following lung inoculations

(suggesting limited or no labeling of cortico-cortical pro-

jections at this time point).

Dual HSV-1 H129 mapping of tracheal and lung

sensory pathways

We performed a series of experiments in which animals

were simultaneously inoculated with HSV-1 H129 tdTo-

mato into the trachea and HSV-1 H129 EGFP into the lung

to assess the degree of convergence of upper and lower

airway afferent pathways onto common populations of

neurons in the brain. In these animals, the overall central

organization of the pathways arising from the trachea and

lungs was comparable to that identified with single viral

tracing as described above. Evidence for co-infected cells

in the brainstem was confined to a minimal number of cells

in the nucleus of the solitary tract and paratrigeminal

nucleus at early-infection time points, suggesting that

convergence of afferent inputs in the lower brainstem may

be uncommon. Indeed, relatively few regions of the brain

in receipt of afferent input from both the trachea and lungs

showed evidence for dually infected cells, with the

exception of the preautonomic cell groups in the pontine

locus coeruleus and the paraventricular nucleus in the

hypothalamus at mid-infection time points which consis-

tently displayed robust dual infections (Fig. 5).

Discussion

Complex sensations arise from the airways and lungs in

health and disease, indicating that stimuli in the respiratory

system are transmitted to cortical brain regions where

perception and cognition are encoded (Davenport and

Vovk 2009). However, little is known about the regions ofT
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the brain that are involved in such processes, and even less

is known about the brain sensory circuits that interconnect

the respiratory system to the higher brain. Furthermore, it is

unclear if inputs from the upper airways and lower airways

are confined to a single sensory pathway or if there is more

than one route for afferent information to reach higher

Fig. 3 Representative photomicrographs showing anterograde circuit

tracing from the extrathoracic trachea with HSV-1 H129 tdTomato.

a Schematic representation of the tracheal injection site, showing the

vagal nerves and associated nodose (N) and jugular (J) ganglia via

which viral transmission to the CNS is mediated. At early time points,

tdTomato-expressing (virally infected) cells are first seen in (b)
sensory relay nuclei in the caudal medulla. At mid time points, viral

infection has progressed to the (c) pontine, (d) subthalamic and (e,
f) thalamic regions. By late time points viral infection is present in

(g) layer 4 of the somatosensory cortex and (h) rostral agranular

insular/lateral orbital cortex (RAIC). Sections were counterstained for

parvalbumin or calbindin expression (green) to provide structural

detail. Refer to Table 2 for abbreviations. Scale bar represents

200 lm

3692 Brain Struct Funct (2015) 220:3683–3699

123



Fig. 4 Representative photomicrographs showing anterograde circuit

tracing from the left lung with HSV-1 H129 EGFP. a Schematic

representation of the lung injection site, showing the vagal nerves and

associated nodose (N) and jugular (J) ganglia via which viral

transmission to the CNS is mediated. At early time points, EGFP-

expressing (virally infected) cells are first seen in (b) sensory relay

nuclei in the caudal medulla. At mid time points, viral infection has

progressed to the (c) pontine, (d) subthalamic and (e, f) thalamic

regions, although note the near absence of infection in the zona

incerta (ventral and dorsal) and submedius and the appearance of

infection in the ventral posterior parvicellular thalamus compared to

that following tracheal inoculation (compare Fig. 3). By late time

points, viral infection is present in the granular and dysgranular

insular (g) and layer 4 of the somatosensory cortex (h). Sections were
counterstained for parvalbumin or calbindin expression (red) to

provide structural detail. Refer to Table 2 for abbreviations. Scale bar

represents 200 lm
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levels of the neuraxis. The results from the present study

recapitulate our previous studies mapping the ascending

sensory pathways arising from the upper airways, showing

that the extrathoracic airways project sensory pathways via

brainstem and thalamic relays to cortical brain regions

which notably include the primary and secondary sensory

cortices and the RAIC (McGovern et al. 2012a, b). Indeed,

much of this circuitry resembles that known to be

important for noxious somatosensation (Jasmin et al. 2004;

Tang et al. 2009; Whitt et al. 2013). Furthermore, we show

that the primary sensory innervation to the respiratory

system is not homogeneous, but rather differs with respect

to the likely ganglionic origin and phenotype of their

sensory neuron terminals. This coincides with differences

in the central organization of the ascending sensory circuits

arising from the trachea versus the lungs, the latter dis-

playing projections to distinct thalamic and cortical nuclei

thought to be involved in processing visceral sensations.

These data provide novel insights into where in the brain

respiratory sensations are encoded and may suggest reasons

why airway sensations differ qualitatively at different

levels of the respiratory tree.

Evidence for multiple central neural pathways

mediating respiratory sensations

Functional brain imaging in humans during experimentally

induced dyspnea or irritant inhalation evoked urge to cough

shows neural activity in the brain encompassing a widely

distributed network thought to be integral for processing of

sensations arising from the airways (Davenport et al. 1986;

Corfield et al. 1995; Mazzone et al. 2007; McKay et al.

2008; Pattinson et al. 2009; Farrell et al. 2012; Raux et al.

2013). For example, inhalation of the nociceptive C-fiber

stimulant capsaicin, to evoke laryngeal irritation, induces

neural activity in the anterior insular and somatosensory

cortex of healthy humans that is thought to encode aspects

of sensory discrimination relating to stimulus intensity and

perception (Mazzone et al. 2007; Farrell et al. 2012).

Activations are also seen in motor cortical regions that

enable behavioral control of coughing and in orbital and

cingulate cortices, regions that may be involved in the

affective or emotive aspects of airways irritation. Studies of

experimentally induced dyspnea (evoked by CO2 inhala-

tion or breath-holding) similarly report neural activations

bFig. 5 Representative photomicrographs showing dual simultaneous

anterograde circuit tracing from both the trachea and left lung with

HSV-1 H129 tdTomato and HSV-1 H129 EGFP, respectively. In the

caudal medulla (a) populations of tdTomato or EGFP expressing

(virally infected) cells are first seen in (a0) the nucleus of the solitary

tract and (a00) the paratrigeminal nucleus. In these sensory relay

nuclei, relatively few cells show evidence of dual infection (yellow

cells). By contrast in (b) the pontine locus coeruleus, many dual

infected cells were routinely observed. Within the diencephalic

regions, largely distinct populations of cells were anterogradely

labeled in (c) the ventrobasal thalamus. Note the absence of tdTomato

expression (tracheal pathway, c) in the ventral posterior parvicellular

thalamus and EGFP expression (lung pathway, d and d0) in the

submedius nucleus. In the hypothalamus, dual labeled neurons in the

paraventricular nucleus (d00) were routinely observed. None of the

animals tested had successful dual tracing to cortical regions. Sections

were counterstained for parvalbumin or calbindin expression (blue) to

provide structural detail. Refer to Table 2 for abbreviations
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in somatosensory, motor and limbic brain regions, indi-

cating that some homogeneity may exist between the

central processes involved in encoding different airway

sensations (Corfield et al. 1995; McKay et al. 2008; Patt-

inson et al. 2009; Raux et al. 2013). However, such studies

do not provide insight into cellular organization of regional

responses or the connectivity of airway sensory circuits in

the brain, nor do they afford the capacity to localize the

stimulus to discrete regions of the respiratory tree.

The herpes virus neuroanatomical tracing methods

employed in the present study allowed us to localize, at the

cellular level, the central termination patterns of sensory

pathways arising from different discrete regions of the

respiratory tree. Furthermore, by monitoring the time-

dependent nature of the viral infection in the CNS, we can

provide insight into the possible interconnectivity of the

brain regions in receipt of airway sensory neural input. We

have previously validated this viral tracing method

(McGovern et al. 2012a, b) and employed the wild-type

HSV-1 H129 to map the central projections of sensory

pathways arising from the extrathoracic trachea (McGov-

ern et al. 2012a). The results from our present study using a

fluorescent reporter recombinant of the virus closely

resemble the observations made in our original study.

Thus, tracheal vagal sensory neurons terminate in both the

nucleus of the solitary tract and the paratrigeminal nucleus

in the brainstem and connect to cortical regions via at least

two ascending circuits, one of which projects via the

trigeminothalamocortical tracts to the primary and sec-

ondary sensory cortices and the second via a thalamolimbic

circuit to the RAIC. Indeed, the organization of these two

pathways is remarkably similar to the lateral and medial

ascending pain pathways that have been described for so-

matosensation (Jasmin et al. 2004; Tang et al. 2009; Whitt

et al. 2013). Consistent with this, we have previously

shown in humans with functional brain imaging that the

pattern of neural activation associated with laryngeal irri-

tation and the urge to cough is strikingly similar to that

observed following noxious stimuli applied to the skin

(Mazzone et al. 2009).

Previous neuroanatomical and functional studies in

rodents have shown that viscerosensory (but not somato-

sensory) pathways have strong projections via brainstem

parabrachial nuclei to the parvicellular region of the ven-

trobasal thalamus and onto the granular or dysgranular

insular cortices (Allen et al. 1991; Bester et al. 1999; Ce-

chetto 2013). This pathway is thought to be important for

transmitting visceral sensations to the brain, but our present

and previous studies are yet to find any evidence for tra-

cheal sensory projections to the brain via this circuit.

Interestingly, however, our present data suggest that while

sensory neurons innervating the lung and trachea may

terminate in overlapping medullary regions (the nucleus of

the solitary tract and the paratrigeminal nucleus), their

ascending organization is in part distinct, with a substantial

number of lung afferents projecting to the higher brain via

the putative viscerosensory pathway. Thus, we found (in a

time-dependent manner) a more robust HSV-1 H129

infection in the parabrachial nuclei following lung (com-

pared to trachea) inoculation, as well as infections in the

parvicellular ventrobasal thalamus and granular/dysgranu-

lar insular cortices. Indeed, whereas the trachea had strong

projections to the ventral posterolateral thalamus, subme-

dius thalamus, mediodorsal thalamus, reticular thalamus,

zona incerta, secondary somatosensory cortices and RAIC,

comparable termination patterns arising from the lung were

either less numerous or absent (Fig. 6). Nevertheless, we

also noted commonalities in the ascending pathways to the

ventral posteromedial thalamus and primary somatosensory

cortices.

It was interesting to note that although lung inoculation

with HSV-1 H129 resulted in significantly fewer vagal

sensory neurons infected compared to tracheal inocula-

tions, the total number of neurons subsequently infected in

the brainstem was not different between the two. Indeed,

our data suggest that (at least in the nucleus of the solitary

tract) there may be significantly more divergence of lung

versus tracheal primary afferent inputs onto second-order

neurons, effectively meaning that more second-order neu-

rons are synaptically connected to each lung primary

afferent neuron compared to each tracheal primary afferent

neuron. The functional relevance of this divergence is

unclear. However, one could speculate that this may con-

tribute to differences in the fidelity of sensory processing

arising from the upper versus lower airways.

Our dual tracing studies showed cellular convergence

of tracheal and lung circuits in regions such as locus

coeruleus and paraventricular nucleus of the hypothala-

mus, nuclei with well-defined involvement in the control

of autonomic functions. However, we noted little evidence

for convergence at other brain sites into which tracheal

and lung afferent pathways project, including in brainstem

regions where primary afferents terminate. This would

also suggest the existence of both common and unique

pathways to the brain from the upper and lower airways.

However, the lack of extensive co-infection in the dual

tracing studies should be interpreted with some caution as

previous studies with herpes viruses have shown that even

when the number of available virions is high, very few (on

average less than seven) of the incoming genomes are

expressed in an infected cell (Kobiler et al. 2010). Fur-

thermore, the capacity of a cell to replicate different viral

recombinants, even if the recombinants are isogenic, is

highly dependent on both viruses reaching the cell in close

temporal proximity (Banfield et al. 2003), which may not

occur uniformly in all brain regions identified in our
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tracing studies. These characteristics have significant

implications in terms of the efficiency of dual tracing

attempts and, therefore while the presence of co-infection

in a single neuron can be interpreted with confidence as

convergence between two pathways, an absence of co-

infection does not negate the possibility that cellular

convergence occurs. Nevertheless, when considered in

conjunction with the findings from our single viral tracing

experiments, the data provide additional evidence for both

similarities and differences in the ascending pathways

originating from the upper and lower airways.

Although a large body of evidence has detailed the

anterograde transneuronal motility of HSV-1 H129, it is

important to note that a recent study has called into ques-

tion the specificity of this virus as an anterograde-only

neuronal circuit tracer. In a series of elegant experiments,

Wojaczynski and colleagues (2014) showed definitively

that HSV-1 H129 maintains some capacity to infect neural

circuits via retrograde transynaptic processes, albeit at a

significantly delayed temporal rate. This has implications

for interpreting tracing outcomes after long survival peri-

ods, more so than for experiments with short- to mid-term

durations. In our own studies, we have reported HSV-1

H129 infection in sympathetic postganglionic neurons

following tracheal injections, consistent with retrograde

infection of first-order sympathetic neurons that innervate

the airways (McGovern et al. 2012a). However, even after

long survival periods (144 h), we do not see infected cells

in the intermediolateral cell column (the location of sym-

pathetic preganglionic neurons that would synapse on to

infected postganglionic neurons) arguing against signifi-

cant retrograde transneuronal infection from the airways

per se. Similar findings have been reported from the

stomach wall using this viral tool (Rinaman and Schwartz

2004). Nevertheless, we cannot rule out that retrograde

transneuronal movement could occur at synapses within

Fig. 6 Organization of

ascending sensory circuits

arising from the trachea (red)

versus lung (green) as revealed

by HSV-1 H129 viral tracing.

a The ratio of infected neurons

in various brainstem and

forebrain regions following

tracheal or lung inoculation. b A

sagittal schematic of the rat

brain summarizing the proposed

circuitry. Black lines denote

regions to which both tracheal

and lung airway sensory

pathways equally project. Red

and green solid lines show

dominant tracheal and lung

projections, respectively.

Dashed lines indicate

disproportionately less

innervation. Note, some brain

regions omitted for clarity.

Refer to Table 2 for

abbreviations
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the central nervous system. For example, it is conceivable

that infected ascending neurons in the nucleus of the soli-

tary tract or paratrigeminal nucleus (or elsewhere) may

receive descending inputs from forebrain nuclei which

could be retrogradely labeled after longer survival periods.

As an argument against this occurring on a widespread

scale in our study, much of the circuitry identified is highly

consistent with well-described somatic and visceral sensory

pathways in the brain.

Somatic and visceral sensory neuronal phenotypes

innervate the airways

Pulmonary sensory neurons are not homogeneous, and

there exists a variety of ways to classify different sensory

subtypes. One such way is to identify the particular vagal

ganglion from which they are derived, as the jugular and

nodose vagal ganglia are embryologically distinct tissues.

Jugular ganglia neurons develop out of the neural crest cell

lineage that forms much of the somatic nervous system,

whereas nodose neurons are derived from the epibranchial

placodes that form the visceral and autonomic nervous

systems (Baker and Schlosser 2005). The present study in

rats is consistent with previous studies in mice and guinea

pigs, in that the sensory innervation of the extrathoracic

trachea is predominately derived from the jugular neural

crest inasmuch as the neurons express molecular markers

(TRKA, PPT-A) characteristic of jugular neurons. By

contrast, the lung appears to be in receipt of both neural

crest and placodal (nodose) neurons, the latter identified by

their expression of TRKB and the purinergic receptor P2X2

(present data; Undem et al. 2004; Kwong et al. 2008;

Nassenstein et al. 2010; Lieu et al. 2011). Interestingly, in

developing mouse and chick embryos there is evidence for

unique transcription factors driving jugular neurons to

predominately terminate in the trigeminal nuclei in the

brainstem compared to nodose neurons, which are guided

into the nucleus of the solitary tract (D’Autréaux et al.

2011). This raises the possibility that sensory neurons

originating from jugular and nodose ganglia may differ-

entially input to somatic versus visceral ascending circuits

in the brain. Indeed, we noted differences in the pattern of

inputs from the trachea and lung to the paratrigeminal

nucleus and nucleus of the solitary tract, and this is

somewhat consistent with our circuit tracing outcomes

showing mostly somatosensory-like projection pathways

arising from the trachea compared to a mixed visceral-like

and somatosensory-like projection pathway from the lung.

However, confirmation of whether different vagal afferent

populations input to distinct ascending circuits in the brain

awaits the development of more sophisticated methods to

map the central neural circuits innervated by single airway

sensory neuron subtypes.

Significance

Clinical observations would indicate that airway sensations

in humans differ qualitatively at different levels of the

respiratory tree and the capacity to localize the site of a

stimulus diminishes in more distal airways (Morice et al.

2006). In experimental settings, capsaicin inhalation pro-

duces an unpleasant but discretely localized noxious sen-

sation in the laryngotracheal airways that is described as

itching or scratching in the larynx (Mazzone et al. 2007),

but when administered intravenously (via the superior vena

cava) to the pulmonary vascular bed it produces a diffuse

‘raw burning’ sensation in the chest (Winning et al. 1986).

This might indicate that differences exist in the sensory

pathways arising from different regions of the respiratory

tract, which in turn may have implications in the mani-

festation of sensory abnormalities in respiratory diseases.

Indeed, airway vagal sensory nerve stimulation can give

rise to both dyspnea and the urge to cough, two very dif-

ferent sensory experiences (Mazzone et al. 2007; Burki and

Lee 2010).

An interesting observation in the present study was the

less frequent and less robust nature of the inputs to the zona

incerta, submedius thalamus and reticular nucleus of the

thalamus arising from the lung compared to the trachea.

These subcortical nuclei play an important role in thalamic

gating of ascending sensations (zona incerta and reticular

thalamus) (Lee et al. 1994; Liu et al. 1995; Trageser and

Keller 2004; Trageser et al. 2006) and/or in descending

inhibitory control systems (the submedius nucleus of the

thalamus) (Zhang et al. 1997; Jasmin et al. 2004; Huo et al.

2008; Tang et al. 2009). Thus, neurons from the zona in-

certa and reticular thalamus provide GABAergic inhibitory

inputs to the sensory thalamic nuclei that can reduce the

amount of sensory information relayed to the cortex (Lee

et al. 1994; Liu et al. 1995; Wang et al. 2005). Interest-

ingly, it is well accepted that the pain-relieving effects of

transcranial magnetic motor cortex stimulation in humans

and animals reflects the activation of a motor cortex–zona

incerta–thalamus suppressive circuit (Lucas et al. 2011;

Cha et al. 2013). Similarly, the submedius thalamus has

well-described projections to the RAIC, which in turn can

provide descending inhibitory control (via projections to

the midbrain periaqueductal gray) to reduce primary sen-

sory inputs to the spinal cord (Zhang et al. 1997; Jasmin

et al. 2004; Huo et al. 2008; Tang et al. 2009). Whether

similar circuits can regulate vagal afferent inputs from the

airways is unknown, although the present data might sug-

gest that the upper airways has a greater propensity for

sensory inputs to the brain to be filtered or inhibited, per-

haps (albeit speculative) important for the increased like-

lihood of sensory neuron activation in the proximal

airways, due to their intimate relationship with the external
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environment. It is interesting to note that attentional dis-

traction inhibits the affective, but not the sensory, dimen-

sions of induced dyspnea (von Leupoldt et al. 2007, 2011),

unlike the sensory component of the urge to cough from the

upper airways, which is readily modifiable by cognitive

manipulations (Leech et al. 2012, 2013).

Concluding remarks

The results of the present study suggest the existence of

multiple sensory pathways in the brain arising from the

airways and lungs, perhaps differentiated by the dual

somatic and visceral nature of the airway sensory inner-

vation. The data highlight the primary afferent terminations

into the paratrigeminal nucleus and the nucleus of the

solitary tract, raising questions about the functional sig-

nificance of these two brainstem integration nuclei with

respect to the processing airway sensations. Perhaps, this

brainstem organization similarly reflects the distinct pri-

mary afferent pathways, which in turn differentially con-

tribute to the higher brain circuits described herein. If true,

this has important implications for interpreting the nature

of sensations arising from different parts of the airways and

lungs, and could lead to the identification of novel targets

for relieving abnormal respiratory sensations that are

common in lung disease.
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