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metabolism [8-13]. Though the melanocortiner-
gic source of the CNS neurons innervating renal 
tissues has been previously described [14-19], 
it is not clear that mouse PAG neurons retro-
gradely traced with PRV-614 from kidney also 
express immunohistochemically detectable 
melanocortin-4 receptor (MC4R). We hypothe-
sized that there existed the melanocortin-4 
receptor expression in the PAG innervating 
renal tissues.

Materials and methods

Animals 

All experiments conformed to the National 
Institutes of Health Guide for the Care and Use 
of Laboratory Animals and were approved by 
the Institutional Animal Care and Use 
Committee. Efforts were made to minimize the 
number of animals. The subjects were 5 adult 
male transgenic MC4R-GFP mice in which green 
fluorescent protein (GFP) expression is under 
control of the MC4R gene promoter (MC4R-
GFP), and first obtained from Dr. Joel Elmquist 
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Abstract: To determine the neuronal connections in the periaqueductal gray (PAG) is important for studying modula-
tion of neuronal activity of PAG to influence sympathetic responses. We had characterized projections from the left 
kidney to the midbrain PAG in adult male melanocortin-4 receptor (MC4R)-green fluorescent protein (GFP) trans-
genic mice by using retrograde tracing techniques of pseudorabies virus (PRV)-614 for direct visualization under 
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grade infection of neurons in the ventrolateral sub-areas of PAG, and PRV-614/MC4R-GFP double-labeled neurons 
were detected in the ventrolateral sub-areas of PAG. These results indicated that a subpopulation of ventrolateral 
PAG neurons innervating renal tissues expressed MC4R, suggesting that deep brain stimulation of the ventrolateral 
PAG may influence renal function by melanocortinergic pathway.
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Introduction

The periaqueductal gray (PAG) is considered a 
part of the mesencephalic sympathetic region 
and involved in the nociceptive modulation net-
work that operates both at the supraspinal 
level and through dorsal horn interneurons 
[1-3]. Though deep brain stimulation (DBS) for 
the PAG improves symptoms of chronic neuro-
pathic pain [4] and relieve refractory hyperten-
sion [5], it has been suggested that modulation 
of neuronal activity of PAG may influence sym-
pathetic responses, and further investigations 
are required to explore this possible mecha-
nism. Some reports showed that PAG was the 
essential relay center that conveys information 
of bladder fullness to the pontine micturition 
center (Barrington’s nucleus) [6, 7], however, 
the exact neurosubstrate underlying the regula-
tion of renal function by the central melanocor-
tin system has not been well defined. 

Recent data suggests that the brain melano-
cortinergic system plays an important role in 
regulating energy homeostasis and glucose 
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tein (RFP), was generated by the Enquist labo-
ratory at Princeton University and was made 
available through the Center for Neuroanatomy 
with Neurotropic Viruses (NIH P40 OD010996). 
PRV-614 was microinjected into the left kidney 
on male transgenic MC4R-GFP mice using a 
previously described approach [4]. Briefly, after 
mice were anesthetized, a small transverse 
incision was made to expose the left kidney, 

(UT Southwestern Medical Center, USA). Mice 
weighing between 25 g and 30 g were main-
tained at a 12 h light/dark cycle with ad libitum 
access to food and water.

Microinjection of virus into the left kidney

PRV-614, a PRV construct isogenic with PRV- 
Bartha, which expresses red fluorescent pro-

Figure 1. PRV-614/MC4R-GFP double-labeled neurons in the dlPAG. Image (A) showed MC4R-GFP positive neurons 
in the dlPAG; Image (C) showed neurons infected with PRV-614, which send transsynaptic projections to the kidney; 
Image (E) showed overlaid images of (A) plus (C). Images (B, D, F) amplified views of (A, C, E), respectively. Arrows 
(white) indicate double-labeled neurons. Aq: aqueduct; dlPAG: ventrolateral periaqueductal gray; DR: dorsal raphe. 
Scale bars, 50 µm.
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chemistry staining. Using two-photon immuno-
fluorescence microscopy, we found a large 
number of MC4R-GFP-ir cells in the ventrolat-
eral sub-areas of PAG, and observed that dou-
ble-labeled MC4R-GFP/PRV-614 cells were 
present in the ventrolateral sub-areas of PAG 
(Figure 1).

Discussion

We had characterized projections from the left 
kidney to the PAG of the midbrain in adult male 
MC4R-green fluorescent protein (GFP) trans-
genic mice by using retrograde tracing tech-
niques of pseudorabies virus (PRV)-614, 
expressing a novel monomeric red fluorescent 
protein (mRFP1) under control of the cytomega-
lovirus immediate early promoter, for direct 
visualization [22-26] under two-photon immu-
nofluorescence microscope. We found that 
injections of PRV-614 into the kidney resulted 
in retrograde infection of neurons in the ventro-
lateral sub-areas of PAG, and PRV-614/MC4R-
GFP double-labeled neurons were detected in 
the ventrolateral sub-areas of PAG (Figure 1), 
which were in line with a previous immunohisto-
chemical study showing that the PAG exhibited 
moderate to high levels of GFP immunoreactiv-
ity using a mouse line in which GFP is expressed 
under control of MC4R gene promoter [27]. We 
had reported that the PAG neurons retrogradely 
traced with PRV-614 from the left gastrocne-
mius muscle in spinally transected transgenic 
mouse also express immunohistochemically 
detectable MC4R-GFP [1], suggesting that 
deep brain stimulation of the PAG may influ-
ence renal function by melanocortinergic-sym-
pathetic pathway. 

The PAG is continuous with the periventricular 
gray matter and exhibits the sophisticated neu-
rochemical properties, including dopaminergic, 
GABAergic, serotonergic, catecholaminergic 
and glutamatergic-containing neurons [3, 
28-32]. Previous studies in rat and mouse doc-
umented that neurons in the PAG (ventrolater-
al, dorsomedial and dorsolateral PAG) involved 
in the control of the sympathetic outflow to the 
kidneys [33], and a subpopulation of PAG neu-
rons express the melanocortin-4 receptor 
(MC4R) [1], a G protein-coupled, seven-trans-
membrane receptor expressed in the brain. 
Otherwise, a growing body of literature sup-
ports that sympathetic activity are tightly inter-
connected via central melanocortinergic path-
ways involving the MC4R. These studies 

the PRV-614 was injected with a 30-gauge nee-
dle connected to a Hamilton syringe (10 µl) 
inserted into the upper left kidney (2×108 pfu/
ml in a total of 1 µl per injection at four injection 
sites) under microscopic guidance. The wounds 
were sutured with sterile surgical silk.

Fluorescence immunohistochemistry and tis-
sue analysis

At 5 d after PRV-614 injection, transgenic 
MC4R-GFP mice were sacrificed under deep 
anesthesia and transcardially perfused with 
0.9% saline followed by 4% paraformaldehyde-
borate fixative (pH 9.5). Middle brainstem were 
removed and sectioned into 30µm coronal 
sections.

PRV-614- positive neurons express the red fluo-
rescent protein for direct visualization under 
fluorescence microscope [20, 21]. GFP immu-
nofluorescence staining was performed as 
described previously. Briefly, sections including 
PAG were incubated with rabbit anti-GFP 
(1:1000, life technologies, A6455)diluted in 
PBS containing 0.1% Triton X-100 and 10% 
donkey serum overnight at 4°C. Subsequently, 
sections were incubated with a mixture of FITC-
conjugated mouse-anti-Goat IgG(H+L) (1:1000, 
Jackson ImmunoResearch) and Biotin-sp-
conjugated affinipure donkey anti-Rabbit IgG 
(1:2000, Jackson ImmunoResearch). Sections 
were collected onto glass microscope slides, 
covered with a coverslip, and examined under 
the fluorescence microscope by an investigator 
blinded as to treatment. 

Using two-photon immunofluorescence micros-
copy, the PRV-614-IR and MC4R-GFP positive 
neurons were counted under the 20× objective 
of a fluorescence microscope on both sides on 
all sections in each series. The number of neu-
rons expressing PRV-614 and GFP per section 
was assessed for each animal. 

Results

PRV-614 positive neurons were observed in 
unilateral regions of the PAG in all transgenic 
MC4R-GFP mice after the left kidney inocula-
tion (Figure 1). Neuronal infection in the PAG 
always was more prominent on the ventrolater-
al sub-areas (Figure 1), where sympathetic 
neurons that project to the kidney are located.

We checked GFP expression in the MC4R-GFP 
reporter mouse by fluorescence immunohisto-
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indicate that the melanocortinergic activity of 
ventrolateral PAG neurons may influence renal 
function. 

Thus, this observation added a new element to 
the phenomenon of the ventrolateral PAG neu-
ral circuits innervating renal tissues, clearly 
demonstrating the rodent PAG regions that con-
tain MC4R, and belonging to the descending 
pathways that involve in the control of the kid-
ney. Altogether, these data may help provide 
further rationale for the potential development 
of MC4R agonists for the treatment of some 
renal diseases.

Conclusions

Based on the above analyses, this study has 
demonstrated that a subpopulation of ventro-
lateral PAG neurons innervating renal tissues 
express MC4R,suggesting that deep brain 
stimulation of the ventrolateral PAG may influ-
ence renal function by melanocortinergic path-
way. Our future research will elucidate the 
mechanism of this pathway.
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