
Int J Clin Exp Pathol 2014;7(11):7962-7966
www.ijcep.com /ISSN:1936-2625/IJCEP0002427

Original Article
RVLM-IML pathway may implicate controlling peripheral 
airways by melanocortinergic-sympathetic signaling: a 
transneuronal labeling study using pseudorabies virus
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Abstract: Pseudorabies virus (PRV)-614 was injected into the tracheal wall of male MC4R-GFP transgenic mice, 
resulting in retrograde infections in spinal cord and autonomic premotor areas of the brain including the rostroven-
trolateral medulla (RVLM). This polysynaptic pathway to the airway may form the substrate underlying the impact of 
IML and RVLM on airway function. The neurochemical phenotype of MC4R-GFP-positive neurons was identified us-
ing fluorescence immunocytochemical labeling. PRV-614/MC4R-GFP dual labeled neurons were detected in spinal 
IML and the rostral ventrolateral medulla (RVLM). These data demonstrate the RVLM-IML pathway of synaptically 
connected neurons extending to the airway through melanocortinergic-sympathetic signaling.
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Introduction

It is well known that the rostral ventrolateral 
medulla (RVLM) is the primary region of the 
brainstem that regulates sympathetic outflow 
to vasomotor tone [1, 2]. Moon et al indicated 
that spinally projecting sympathoexcitatory 
neurons in the RVLM, synapse with sympathet-
ic preganglionic neurons and regulate the activ-
ity of sympathetic nerves that control the adre-
nal medulla [3]. Considerable evidence indi- 
cates that two major neuronal subpopulations 
in the RVLM include pre-sympathetic (sympa-
thoexcitatory) neurons, and expiratory neurons 
of the Bötzinger complex [4]. It was reported 
that neurons in the brainstem midline and ven-
trolateral medulla participate in the control of 
breathing [5]. Therefore, RVLM may implicate 
controlling breathing by sympathetic signaling.

It is demonstrated that sympathetic regulation 
is an important component of central melano-
cortin action [6-9], and sympathetic activity is 
tightly interconnected via central melanocortin-
ergic pathways involving the melanocortin-4 

receptor (MC4R) [10-13]. However, the exact 
neurosubstrate underlying the airway regula-
tion of sympathetic function by the central mel-
anocortin system is poorly understood. In the 
present study, we used transgenic recombi-
nants of an attenuated PRV strain, PRV-614, 
expressing the red fluorescent protein (RFP) for 
direct visualization under fluorescence micro-
scope [14-18]. The aim of this study was to pro-
vide morphologic evidence of the neuroanatom-
ical circuitry between RVLM and peripheral 
airway in MC4R-green fluorescent protein (GFP) 
transgenic mice, by PRV-614-mediated trans-
synaptic retrograde tracer.

Materials and methods

Animals

The MC4R-GFP transgenic mice weighing 
between 25 g and 30 g (n = 5) were used for 
these experiments. Mice were genotyped as 
described before [19]. Mice were housed under 
controlled conditions (12 h alternating light-
dark cycle, 21±1°C, ~60% relative humidity). 
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Standard diet and water were provided ad libi-
tumm unless noted otherwise. Experimental 
procedures and protocols were approved in 
advance by the Animal Care and Use Committee 
of Huazhong University of Science & Technology. 
Only male mice were used in this study.

Microinjection of virus into the tracheal wall

PRV-614 was generated by the Enquist labora-
tory at Princeton University and was made 
available through the Center for Neuroanatomy 
with Neurotropic Viruses (NIH P40 OD010996). 
PRV-614 was used as a retrograde transneuro-
nal marker to identify the CNS neurons that 
innervate the tracheal wall. Experiments were 
performed on anesthetized mice (n = 5), as pre-
viously described [20, 21]. Injections were 
made carefully under magnification. Following 
C8 spinalectomy, the tracheobronchial tree 
was exposed and a four unilateral 0.5 µl injec-
tions of PRV-614 (2×108 = plaque forming 
units/ml) were made in the tracheal wall of C8 
spinal cord with a Hamilton syringe and a 
26-gauge needle. The needle was held in place 
for 2 min following each injection to promote 
uptake of PRV-614 at the injection site. The 
mice were carefully monitored and 1 ml/100 g 
body weight of sterile saline was given subcuta-
neously every 12 h.

Fluorescence immunohistochemistry and tis-
sue analysis

Four days after the PRV-614 injection, the mice 
were anesthetized and perfused. Spinal cords 
and brainstem were removed and post-fixed for 
2-3 h at 4°C. Tissues were sectioned into 30 
µm coronal sections on a freezing-stages ledge 
microtome, and collected into 4 serially-ordered 

sets of sections. Sections were prepared for 
immunohistochemistry as described above 
[14, 22]. Immunofluorescence studies were 
carried out to determine expression of MC4R-
GFP in IML and RVLM slices. Sections were pre-
incubated in 0.01 M PBS and 2% normal don-
key serum followed by incubation for 48 h with 
primary antibody to GFP in chicken (1:1000) in 
0.01M PBS containing 0.5% Triton-X 100 at 
4°C. Slices were then washed with 0.01 M PBS 
3 times for 10 minutes and incubated with 
Alexafluor 488-conjugated anti-chicken IgG 
(1:1000) for 2 h; then they were washed several 
times at room temperature. After a final wash, 
sections were mounted onto slides and cover 
slipped with mounting media. Negative controls 
for all immunohistochemical reactions omitted 
the primary antibody. All negative controls 
lacked cellular staining.

To identify immunohistochemical co-localiza-
tion of MC4R-GFP and tracheal wall-related 
neurons, an Olympus IX81 photomicroscope 
was used. Borders of the RVLM as defined in 
The Mouse Brain Atlas [23] were superimposed 
on each drawing. Double labeled neurons were 
merged by using Adobe Photoshop. These data 
were obtained from at least 4-5 sections. 

Results

Distribution of pseudorabies virus-614 labeled 
neurons

Transsynaptically and retrogradely labeled 
PRV-614 immunoreactive neurons were distrib-
uted in the intermediolateral cell column (IML) 
and ventral horn (VH) of spinal cord (Figure 1) 
and throughout the medulla (Figure 2). Stained 
neurons were present in autonomic premotor 

Figure 1. PRV-614/MC4R-GFP double-labeled neurons in the spinal cord. Images A-C were taken from the animal 
spinal cord after injections of PRV-614. A. Showed MC4R-GFP positive neurons in the spinal cord; B. Showed neu-
rons infected with PRV-614, which send transsynaptic projections to the tracheal wall; C. Showed overlaid images of 
A plus B. Arrows (yellow) indicate double-labeled neurons. DH, Dorsal horn; IML, the intermediolateral cell column; 
VH, ventral horn. Scale bars, 50 µm.
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areas of the brain including the rostroventrolat-
eral medulla (RVLM), the nucleus raphe palli-
dus, nucleus raphe obscurus, nucleus raphe 
magnus and gigantocellular reticular nucleus 
(Gi). The infection stage following inoculation of 
the peripheral airway with PRV-614 was consis-
tent with previously published results using 
PRV Bartha [20, 21].

Distribution of PRV-614/MC4R-GFP double-
labeled neurons

MC4R-GFP immunoreactive neurons were 
found in the IML of spinal cord (Figure 1) and 
throughout the caudal medulla, localized to the 
midline raphe and adjacent reticular formation 
(Figure 2). The greatest numbers of stained 

neurons were found in the RVLM, nucleus 
raphe magnus, raphe pallidus and raphe 
obscures. Most PRV-614/MC4R-GFP double-
labeled neurons were located in sections 
through IML (Figure 1C) and RVLM (Figure 2C).

Discussion

We used transsynaptic retrograde transport of 
PRV-614 combined with immunoreactivity for 
MC4R to locate the premotor neurons innervat-
ing the peripheral airways. Two major findings 
have emerged from this investigation: (1) a 
large number of GFP-positive neurons were 
located in the IML and RVLM; (2) most of the 
GFP-positive neurons in the IML and RVLM 
were PRV-614-immunoreactive.

Figure 2. Sympathetic and melanocortinergic neurons in rostroventrolateral reticular nucleus (RVLM). We seek to 
map the melanocortin-sympathetic pathway between tracheal wall and RVLM region in MC4R-GFP transgenic mice 
by using retrograde tracing techniques of PRV-614. Drawings in the left-upper column indicate the locations of 
anatomical regions shown to the right and lower panel. Images (A-C) were taken from an animal that survived 6 d 
after injections of PRV-614. (A) Showed MC4R-GFP positive neurons in the STN; (B) Showed neurons infected with 
PRV-614, which send transsynaptic projections to the tracheal wall; (C) Showed overlaid images of A plus B. Arrows 
(yellow) indicate double-labeled neurons. GiV, Gigantocellular reticular nucleus, ventral part; ION, Inferior olivary 
nucleus; LPGi, Lateral paragigantocellular reticular nucleus; PT, Pyramidal tract; RVLM, Rostroventrolateral reticular 
nucleus; Scale bars, 100 µm. Some drawings were taken from S Hadziefendic (J Auton Nerv Syst 1999).
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Figure 3. Summary diagram showed that the sympa-
thetic pathway between the RVLM and the tracheal 
wall. Injection of PRV-614 into the tracheal wall re-
sulted in retrograde infection of neurons in the DMV 
by parasympathetic pathway (shown in black line), 
and IML and RVLM by sympathetic pathway (shown in 
red line). PRV-614/MC4R-GFP dual-labeled neurons 
were detected in the IML, RVLM and DMV. DMV, dor-
sal motor nucleus of the vagus nerve; IML, interme-
diolateral column; MC4R, melanocortin-4 receptor; 
RVLM, rostroventrolateral reticular nucleus. Some 
drawings were taken from HB Xiang (Brain 2013).

The regions of RVLM reported by Kerman et al 
[24] and Lee et al [25] were collective struc-
tures consisting of the triangular region at the 
ventral surface of the brainstem ventral to 
nucleus ambiguous and lateral to the inferior 
olive. Gowen et al indicated that the RVLM was 
defined as the region of the reticular formation 
from the ventral surface of the brainstem, lat-
eral to the inferior olivary nucleus but medial to 
the spinal trigeminal nucleus [1]. In this study, 
the RVLM areas we termed were consistent 
with the prior reported by Kerman et al [24] and 
Lee et al [25]. Previous evidence showed that 
the CNS inputs to the parasympathetic pregan-
glionic cells that innervate peripheral airways 
originate mainly from regions of the lateral and 
the medial ventral medulla [26-28]. In this 
study, we provided evidence linking RVLM neu-
rons to the control of airway function by sympa-
thetic signaling (Figure 3), which were also in 
line with previous studies in which the RVLM 
provide drive to vasomotor sympathetic premo-
tor neurons [26]. 

A large body of evidence has shown that MC4R 
is an important regulator of energy homeosta-
sis and is broadly expressed in the CNS [9], so, 
we ascertained whether MC4R-GFP-positive 
neurons located in the IML and RVLM expressed 
airway-related mouse neurons. Our study 

showed that most of the GFP-positive neurons 
in the IML and RVLM were PRV-614-immu- 
noreactive, suggesting that RVLM and IML may 
implicate controlling peripheral airways by mel-
anocortinergic signaling (Figure 3).

In our knowledge, this is the first study in mice 
that has identified RVLM innervating MC4R-
GFP positive sympathetic preganglionic neu-
rons that regulate functions of peripheral air-
ways, using the transsynaptic transmission of 
PRV-614 via sympathetic preganglionic neu-
rons. Based on all these findings, we speculate 
that RVLM-IML pathway may play a major role 
in controlling peripheral airways by melanocort-
inergic- sympathetic signaling.

Acknowledgements

We gratefully acknowledge Dr. Lynn Enquist for 
kindly providing us with PRV-614 and Dr. Joel 
Elmquist (UT Southwestern Medical Center) for 
providing the MC4R-GFP transgenic mice. PRV-
614 was generated by the Enquist laboratory at 
Princeton University and was made available 
through the Center for Neuroanatomy with 
Neurotropic Viruses (NIH P40 OD010996).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Qi Huang, Depart- 
ment of Thoracic Surgery, Tongji Hospital, Tongji 
Medical College, Huazhong University of Science 
and Technology, Wuhan 430030, Hubei, P. R. China. 
E-mail: qihuangtj@163.com

References

[1] Gowen MF, Ogburn SW, Suzuki T, Sugiyama Y, 
Cotter LA and Yates BJ. Collateralization of pro-
jections from the rostral ventrolateral medulla 
to the rostral and caudal thoracic spinal cord in 
felines. Exp Brain Res 2012; 220: 121-133.

[2] Turner A, Kumar N, Farnham M, Lung M, 
Pilowsky P and McMullan S. Rostroventrolater-
al medulla neurons with commissural projec-
tions provide input to sympathetic premotor 
neurons: anatomical and functional evidence. 
Eur J Neurosci 2013; 38: 2504-2515.

[3] Moon EA, Goodchild AK and Pilowsky PM. Lat-
eralisation of projections from the rostral ven-
trolateral medulla to sympathetic preganglion-
ic neurons in the rat. Brain Res 2002; 929: 
181-190.

[4] Kanjhan R, Lipski J, Kruszewska B and Rong 
W. A comparative study of pre-sympathetic and 
Botzinger neurons in the rostral ventrolateral 

mailto:qihuangtj@163.com


RVLM-IML pathway controlling peripheral airways

7966 Int J Clin Exp Pathol 2014;7(11):7962-7966

medulla (RVLM) of the rat. Brain Res 1995; 
699: 19-32.

[5] Lindsey BG, Segers LS, Morris KF, Hernandez 
YM, Saporta S and Shannon R. Distributed ac-
tions and dynamic associations in respiratory-
related neuronal assemblies of the ventrolat-
eral medulla and brain stem midline: evidence 
from spike train analysis. J Neurophysiol 1994; 
72: 1830-1851.

[6] Elmquist JK. Hypothalamic pathways underly-
ing the endocrine, autonomic, and behavioral 
effects of leptin. Int J Obes Relat Metab Disord 
2001; 25 Suppl 5: S78-82.

[7] Elmquist JK. Hypothalamic pathways underly-
ing the endocrine, autonomic, and behavioral 
effects of leptin. Physiol Behav 2001; 74: 703-
708.

[8] Saper CB, Chou TC and Elmquist JK. The need 
to feed: homeostatic and hedonic control of 
eating. Neuron 2002; 36: 199-211.

[9] Liu H, Kishi T, Roseberry AG, Cai X, Lee CE, 
Montez JM, Friedman JM and Elmquist JK. 
Transgenic mice expressing green fluorescent 
protein under the control of the melanocor-
tin-4 receptor promoter. J Neurosci 2003; 23: 
7143-7154.

[10] Sayk F, Heutling D, Dodt C, Iwen KA, Wellhoner 
JP, Scherag S, Hinney A, Hebebrand J and 
Lehnert H. Sympathetic function in human car-
riers of melanocortin-4 receptor gene muta-
tions. J Clin Endocrinol Metab 2010; 95: 1998-
2002.

[11] Greenfield JR, Miller JW, Keogh JM, Henning E, 
Satterwhite JH, Cameron GS, Astruc B, Mayer 
JP, Brage S, See TC, Lomas DJ, O’Rahilly S and 
Farooqi IS. Modulation of blood pressure by 
central melanocortinergic pathways. N Engl J 
Med 2009; 360: 44-52.

[12] Maier T and Hoyer J. Modulation of blood pres-
sure by central melanocortinergic pathways. 
Nephrol Dial Transplant 2010; 25: 674-677.

[13] Greenfield JR. Melanocortin signalling and the 
regulation of blood pressure in human obesity. 
J Neuroendocrinol 2011; 23: 186-193.

[14] Ye DW, Liu C, Liu TT, Tian XB and Xiang HB. Mo-
tor cortex-periaqueductal gray-spinal cord neu-
ronal circuitry may involve in modulation of 
nociception: a virally mediated transsynaptic 
tracing study in spinally transected transgenic 
mouse model. PLoS One 2014; 9: e89486.

[15] Xiang HB, Liu C, Liu TT and Xiong J. Central cir-
cuits regulating the sympathetic outflow to 
lumbar muscles in spinally transected mice by 
retrograde transsynaptic transport. Int J Clin 
Exp Pathol 2014; 7: 2987-2997.

[16] Qiu Q, Li RC, Ding DF, Liu C, Liu TT, Tian XB, 
Xiang HB and Cheung CW. Possible mecha-
nism of regulating glucose metabolism with 
subthalamic nucleus stimulation in parkin-
son’s disease: a virally mediated trans-synap-
tic tracing study in transgenic mice. Parkinson-
ism Relat Disord 2014; 20: 468-470.

[17] Ke B, Liu TT, Liu C, Xiang HB and Xiong J. Dor-
sal subthalamic nucleus electrical stimulation 
for drug/treatment-refractory epilepsy may 
modulate melanocortinergic signaling in astro-
cytes. Epilepsy Behav 2014; 36: 6-8.

[18] Hong Q, Fang G, Liu TT, Guan XH, Xiang HB and 
Liu Z. Posterior pedunculopontine tegmental 
nucleus may be involved in visual complaints 
with intractable epilepsy. Epilepsy Behav 
2014; 34C: 55-57.

[19] Rossi J, Balthasar N, Olson D, Scott M, Ber-
glund E, Lee CE, Choi MJ, Lauzon D, Lowell BB 
and Elmquist JK. Melanocortin-4 receptors ex-
pressed by cholinergic neurons regulate ener-
gy balance and glucose homeostasis. Cell 
Metab 2011; 13: 195-204.

[20] Hadziefendic S and Haxhiu MA. CNS innerva-
tion of vagal preganglionic neurons controlling 
peripheral airways: a transneuronal labeling 
study using pseudorabies virus. J Auton Nerv 
Syst 1999; 76: 135-145.

[21] Haxhiu MA, Jansen AS, Cherniack NS and 
Loewy AD. CNS innervation of airway-related 
parasympathetic preganglionic neurons: a 
transneuronal labeling study using pseudora-
bies virus. Brain Res 1993; 618: 115-134.

[22] Pan XC, Song YT, Liu C, Xiang HB and Lu CJ. 
Melanocortin-4 receptor expression in the ros-
tral ventromedial medulla involved in modula-
tion of nociception in transgenic mice. J 
Huazhong Univ Sci Technolog Med Sci 2013; 
33: 195-198.

[23] Franklin KB and Paxinos G. The mouse Brain in 
Stereotaxic Coordinates. 3rd edition. San Di-
ego, CA: Academic Press; 2007.

[24] Kerman IA, Enquist LW, Watson SJ and Yates 
BJ. Brainstem substrates of sympatho-motor 
circuitry identified using trans-synaptic tracing 
with pseudorabies virus recombinants. J Neu-
rosci 2003; 23: 4657-4666.

[25] Lee TK, Lois JH, Troupe JH, Wilson TD and 
Yates BJ. Transneuronal tracing of neural path-
ways that regulate hindlimb muscle blood flow. 
Am J Physiol Regul Integr Comp Physiol 2007; 
292: R1532-1541.

[26] McMullan S and Pilowsky PM. Sympathetic 
premotor neurones project to and are influ-
enced by neurones in the contralateral rostral 
ventrolateral medulla of the rat in vivo. Brain 
Res 2012; 1439: 34-43.

[27] Campos RR and McAllen RM. Tonic drive to 
sympathetic premotor neurons of rostral ven-
trolateral medulla from caudal pressor area 
neurons. Am J Physiol 1999; 276: R1209-
1213.

[28] Haxhiu MA, Erokwu B, Bhardwaj V and Dreshaj 
IA. The role of the medullary raphe nuclei in 
regulation of cholinergic outflow to the airways. 
J Auton Nerv Syst 1998; 69: 64-71.


