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ABBREVIATIONS: 

10N  Dorsal motor nucleus of the vagus 
12N  hypoglossal nucleus 
A5  A5 noradrenergic cell group 
Amb  Nucleus ambiguus 
AP  Area postrema 
BAC  Bacterial artificial chromosome 
BIC  Nucleus of the brachium of the inferior colliculus 
Cu  Cuneate nucleus 
DLPAG  Dorsolateral periaqueductal grey 
DMPAG Dorsomedial periaqueductal grey 
DRD  Dorsal raphe nucleus, dorsal part 
DRI  Dorsal raphe nucleus, infascicular part 
DRN  Dorsal raphe nucleus 
DRVL  Dorsal raphe nucleus, ventrolateral part 
ECIC(2) External cortex of the inferior colliculus 
GFP  Green Fluorescent Protein 
GiV  Gigantocellular reticular nucleus 
Gr  Gracile nucleus 
IS  Inferior salivatory nucleus 
LC  Locus coeruleus 
LDTg  Laterodorsal tegmental nucleus 
LPAG  Lateral periaqueductal grey 
LPGi  Lateral paragigantocellular nucleus 
MnR  Median Raphe nucleus 
Mo5  Motor trigeminal nucleus 
mRNA  Messenger ribose nucleic acid 
MVePC  Medial vestibular nucleus, parvicellular part 
MVeMC Medial vestibular nucleus, magnocellular part 
MVe  Medial vestibular nucleus 
NOS1  Nitric oxide synthase, type 1 
NTS  Nucleus of the solitary tract 
OX1  Orexin-1 receptor subtype 
OX2  Orexin-2 receptor subtype 
PBS  Phosphate buffered saline 
PCRtA  Parvicellular reticular nucleus 
PFA  Paraformaldehyde  
PMn  Paramedian reticular nucleus 
PnR  Pontine raphe nucleus 
PPTg  Pedunculopontine tegmental nucleus 
RMg  Raphe magnus nucleus 
ROb  Raphe obscurus nucleus 
RtTg  Reticulotegmental nucleus of the pons 
RPa  Raphe pallidus nucleus 
RVLM  Rostral ventrolateral medulla 
SolIM  Nucleus of solitary tract, intermediate part 
Sp5C  Spinal trigeminal nucleus, caudal 
SubCD  Nucleus sub-coeruleus 
TH  Tyrosine hydroxylase 
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ABSTRACT 

 

We used a reporter mouse line in which green fluorescent protein (GFP) was inserted into 

the orexin-1 receptor (OX1) locus to systematically map the neuroanatomical distribution of 

the OX1 receptor in the mouse brainstem and pons. Here, we show that the OX1 receptor is 

expressed in a select subset of medullary and pontine nuclei. In the medulla, we observed 

OX1-GFP expression in the cuneate, gracile, dorsal motor nucleus of the vagus (10N), 

nucleus of the solitary tract and medullary raphe areas. In the pons, the greatest expression 

was found in the locus coeruleus (LC) and dorsal raphe nucleus (DRN). High to moderate 

expression was found in the pedunculopontine tegmental nucleus (PPTg), laterodorsal 

tegmental nucleus, A5 cell group and the periaqueductal grey. Double-labelling with neuronal 

nitric oxide synthase (NOS1) revealed extensive co-localisation in cell bodies and fibres of 

the dorsal motor nucleus of the vagus, A5 cell group and the pedunculopontine tegmental 

nucleus. Double-staining with tyrosine hydroxylase (TH) revealed extensive co-expression in 

the LC, DRN and the lateral paragigantocellularis cell group in the ventral medulla. Our 

findings faithfully recapitulate the findings of OX1 mRNA expression previously reported. This 

is the first study to systematically map the neuroanatomical distribution of OX1 receptors 

within the mouse hindbrain and suggests that this OX1-GFP transgenic reporter mouse line 

might be a useful tool with which to study the neuroanatomy and physiology of OX1 receptor 

expressing cells.  
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Introduction 

The neuropeptides Orexin-A and Orexin-B are produced via the proteolytic cleavage of a 130 

amino acid long prepro-orexin protein, coded by a single gene transcript into 33 and 28 

amino acid peptides, respectively (Sakurai et al., 1998). The prepro-orexin gene and protein 

are expressed by subsets of neurons located around the fornix, lateral hypothalamic area 

and dorsomedial hypothalamus. While the distribution of these neurons is localised within the 

hypothalamus, they have widespread projections that extend throughout the central nervous 

system (Peyron et al., 1998; Date et al., 1999). Unsurprisingly, the orexinergic system has 

been implicated in a range of diverse functions including the control of the sleep-wake cycle 

(Inutsuka & Yamanaka, 2013; Xu et al., 2013), thermoregulation (Tupone et al., 2011), 

feeding (Kay et al., 2014), reward (Lawrence 2010; Xu et al., 2013), and neuroendocrine 

(Inutsuka & Yamanaka, 2013) and cardiovascular regulation (Antunes et al., 2001; Carrive, 

2013; Ciriello et al., 2013). 

 

The actions of both orexin-A and orexin-B are mediated by two different G-protein coupled 

receptors: orexin-1 (OX1) and orexin-2 (OX2) (Sakurai et al., 1998). Pharmacological studies 

demonstrate that both orexin-A and orexin-B have similar affinities for OX2 receptors, 

whereas orexin-A is 10-fold more selective for OX1 receptors than orexin-B (Sakurai et al., 

1998). As such, orexin-A is widely regarded as being selective for OX1 receptors. Activation 

of OX1 receptors within the ventrolateral periaqueductal grey has been shown to induce anti-

nociception (Ho et al., 2011), while in the hindbrain, OX1 receptors modulate meal size 

(Parise et al., 2011). In the rostral ventrolateral medulla (RVLM), OX1 receptors have been 

suggested to be expressed on sympathoexcitatory bulbospinal neurons as exogenous 

application of orexin-A has been shown to elicits increases in blood pressure, 

sympathoexcitation and increases baroreflex sensitivity (Shahid et al., 2012).  

 

There have been few studies that have mapped the distribution of the OX1 and OX2 receptor 

subtypes within the mammalian brain. There have, however, been comprehensive studies 
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describing the distribution of the OX1 receptor messenger RNA (Marcus et al., 2001; Hervieu 

et al., 2001). This is most likely due to the fact that producing specific antibodies to G-protein 

coupled receptors has been challenging. Many of the available antibodies appear to lack 

specificity and produce high levels of background staining. To circumvent this issue, we used 

an enhanced green fluorescent protein (GFP) reporter mouse to characterise the distribution 

of OX1 receptors within the mouse brain stem and pons. Additionally, given the evidence for 

interactions between the orexinergic, nitrergic (Shih and Chuang, 2001; Xiao et al., 2013) 

and catecholaminergic (Soya et al., 2013; Shahid et al., 2012) systems, we also performed a 

systematic analysis of OX1-GFP co-localisation with the neuronal isoform of nitric oxide 

synthase (NOS1) and a synthetic enzyme for catecholamines, tyrosine hydroxylase (TH).  
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Methods 

All experimental protocols used in this study were performed in accordance with the 

Prevention of Cruelty to Animals Act, Australia 1986, conformed with the guidelines set out 

by the National Health and Medical Research Council of Australia (2007), and were 

approved by the Florey Institute of Neuroscience and Mental Health Animal Ethics 

Committee. 

 

To determine the distribution of OX1 receptors in the brainstem and pons, adult male 

transgenic OX1-GFP (BAC) reporter mice (founder line KP68Gsat/Mmed) from the Mutant 

Mouse Regional Resource Centers on a CD-1 background were used (n=8). A GFP reporter 

gene, followed by a polyadenylation sequence, was inserted into BAC clone RP23-282L14 at 

the initiating ATG codon of the first coding exon of the Hcrtr1 gene. The modified BAC 

containing the inserted GFP upstream of the Hcrtr1 gene was injected into the pronuclei of 

FVB/N fertilized oocytes. Hemizygous progeny were mated to Crl:CD1(ICR) mice. The 

original founder animals were a gift from Dr Danny Winder (Vanderbilt University, Nashville, 

TN) and Dr Paul Kenny (Mount Sinai School of Medicine, New York, NY). All mice used in 

this study were males aged between 18-22 weeks. Mice were housed under 12h-12h light-

dark conditions and allowed ad libitum access to standard laboratory chow (Barastoc, 

Australia) and tap water.  

 

Perfusion 

All perfusions were performed during the light phase (between 9:00-12:00). Mice (35-42 g) 

were deeply anaesthetised with sodium pentobarbitone (100 mg/kg i.p.), and perfused with 

50 ml of 0.1 M phosphate buffered saline (PBS; pH 7.4) at 90-120 mmHg of perfusion 

pressure followed by 50 ml of 4% paraformaldehyde (PFA; w/v; Merck Millipore). The brain 

was then removed and transferred to 4% PFA for 4 hours then PBS containing 20% sucrose 

(w/v) and stored at 4°C until processed. 
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Prior to sectioning, the brains were frozen over liquid nitrogen and four sets of coronal 

sections were cut (30 µm thickness) on a cryostat (Leica Cryocut 1850, Leica Microsystems, 

Wetzlar, Germany). The free-floating sections were collected in 24-well tissue culture plates 

containing PBS prior to being processed for immunohistochemical detection of GFP, NOS1 

and TH.  

 

Immunohistochemical detection of GFP 

For immunohistochemical detection of GFP, we used a commercial chicken polyclonal GFP 

antisera directed against the full-length recombinant GFP protein (Abcam, Cambridge, UK; 

catalogue number: ab13970, lot number: 13879-5). The specificity of this antibody has been 

extensively characterised in the past and has been shown to be highly specific (Llewellyn-

Smith et al., 2011; Leinders-Zufall et al., 2014). Immunohistochemistry was performed as 

described previously (Yao et al., 2012). Free-floating mouse brain stem sections were 

incubated for 10 minutes in a blocking solution comprising 10% normal goat serum (NGS, 

Sigma-Aldrich, MO) and 0.3% Triton X-100 (Sigma-Aldrich) in 0.1 M PBS followed by rinses 

in PBS (3 x 10 minutes). Sections were then incubated in a polyclonal chicken anti-GFP 

primary antiserum (1:10,000 dilution) in PBS containing 0.3% Triton X-100 for 24 hours at 

4°C. After the primary antibody incubation, sections were rinsed in PBS (3 x 10 minutes) 

prior to a 1 hour incubation in PBS containing biotinylated goat anti-chicken IgG (1:500 

dilution, Jackson Laboratories, PA, USA), in PBS/0.3% Triton X-100 at room temperature. 

Following rinses in PBS (3 x 10 minutes), the sections were incubated for 1 hour in 

streptavidin-conjugated Alexfluor-488 (1:500 dilution, Life Technologies, UK) in PBS 

containing 0.3% Triton X-100. Subsequent to further washes (3 x 10 minutes) the sections 

were mounted onto microscope slides with 0.5% gelatin solution and coverslipped using anti-

fade mountant containing DAPI (Fluoroshield ™, Sigma-Aldrich, Clayton, Australia). 
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GFP, NOS1 and TH triple fluorescence immunohistochemistry 

In order to determine whether OX1-GFP expressing neurons also express NOS1 and/or TH, 

we performed triple-labelling fluorescence immunohistochemistry.  The NOS1 and TH 

staining was carried out using a mouse anti-NOS1 antibody (Santa Cruz Biotechnology, CA; 

catalogue number: sc-5302, lot number: E2610) and a rabbit anti-TH antibody (Merck 

Millipore, Kilsyth, Australia; catalogue number: AB152, Lot number: 2219275), both 

extensively characterised in the past (Wang et al., 2011; Szot et al., 2012). To confirm the 

presence of OX1-GFP expression in neurons we used a mouse anti-nuclear antigen N 

(NeuN; 1:1000 dilution; Merck Millipore, Kilsyth, Australia, catalogue number: MAB377). A 

rabbit anti-glial fibrilliary acidic protein (GFAP; 1:2000 dilution; Dako, Sydney, Australia, 

catalogue number: Z0334) was also used to determine whether OX1-GFP was expressed in 

glia.  

 

After sectioning, brainstem slices were rinsed with PBS containing Triton X-100 (0.3%) for 10 

minutes. Sections were then incubated with the primary antisera (Chicken anti-GFP; 

1:10,000 dilution; mouse anti-nNOS; 1:1000 dilution; and rabbit anti-TH; 1:2000 dilution) in 

PBS containing Triton X-100 (0.3%) for 1 hour at room temperature and then 24 hours at 

4°C. Following repeated rinses in PBS (3 x 10 min) the sections were incubated for 1 hour at 

room temperature in PBS containing goat anti-Chicken Alexafluor 488 (1:500; Life 

Technologies, Australia) for visualisation of GFP, goat anti-mouse AlexaFluor 594 (1:500; 

Life Technologies, USA) for visualisation of NOS1 and goat anti-rabbit Alexafluor 680 (1:500; 

Jackson Immunoresearch Laboratories, PA, USA) for the visualisation of TH. Following 

further rinses in PBS (3 x 5 min), sections were mounted onto glass microscope slides in 

0.5% gelatin and allowed to air dry for 10-15 minutes before being coverslipped with 

Fluoroshield™ (Sigma-Aldrich). In order to control for non-specific staining, sections were 

also processed in the absence of either the primary or secondary antisera.   

 

Histological Analysis 
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A quantitative analysis of the labelling observed was made by counting the number of 

immunopositive neurons located within the defined borders of individual brainstem nuclei, as 

defined and delineated by the mouse brain atlas of Paxinos and Franklin (2001). All the 

stereotaxic co-ordinates and nomenclature were also adapted from the above atlas. The 

scoring system relied on the number of neurons judged by two independent investigators. 

The number of neurons counted was scored as: (-) <5 cells, (+) 6-10 cells, (++) 10-50 cells, 

(+++) >50 cells, (++++) >100 cells per brain nuclei per section.   

 

Photomicroscopy and preparation of figures 

The processed sections were examined on a confocal laser scanning microscope (Leica 

TCS SP8™; Leica GmbH, Wetzlar, Germany).  Photomicrographs were taken with a Leica 

HyD™ detection and capture system using Leica Application Suite Advanced Fluorescence 

(LAS AF) software (LAS AF version 3.0, Leica GmbH, Wetzlar, Germany), saved as Leica 

Image files (.lif) and converted to TIFF images at 300 dpi resolution, and arranged in their 

respective sequences in Adobe Illustrator CS6 (version 16.0, Adobe, USA) for figure 

production.  
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Results  

Validation of staining specificity 

Incubation of mouse brainstem sections in the GFP antisera revealed robust staining that co-

localised in exactly the same cells as those expressing intrinsic GFP fluorescence. No 

staining was observed in control brainstem sections from wildtype mice that do not express 

GFP. Incubation of mouse brain stem sections with the NOS1- and TH-antisera revealed the 

same patterns of distribution for nNOS (Gotti et al., 2005) and TH (Marcel et al., 1996; 

Puskás et al., 2010) staining previously reported in the mouse pons and brainstem. Omission 

of either the primary or secondary antisera resulted in the absence of staining.  

 

Distribution of OX1-GFP in the mouse brain stem 

Staining for OX1-GFP was observed in a number of discrete areas in the medulla oblongata 

and pons (Table 1). Both neuronal cell bodies and their proximal dendritic processes and 

axonal fibres were clearly labelled. The distribution of OX1-GFP was consistent across all 

animals used in this study. A comparison of the quantity and location of OX1-GFP labelling 

seen in the present study with the distribution of OX1 mRNA reported by Marcus and 

colleagues (2001) are summarised in Table 2. In our study the staining was exclusively 

neuronal as revealed by double staining with the neuronal marker, NeuN (Figure 1A). We did 

not see any co-localisation when we double stained for the glia marker, glial fibrillary acidic 

protein (Figure 1B).  

 

In the caudal medulla oblongata, very few cells were observed in the NTS (caudal of the area 

postrema) around the A2 noradrenergic region. Most of the cells were observed in the gracile 

nucleus (Figure 2A). Very limited OX1-GFP positive cells were seen in the subpostremal NTS 

(one to two cells per 30 μm section). The only other group of OX1-GFP positive cells was 

seen in the dorsal motor nucleus of the vagus nerve situated around the medial tip of the 

rostral NTS (Figure 2B,C). Many more cells were observed in the cuneate nuclei, and these 

cell groups extended throughout most of the rostro-caudal aspect of these nuclei.  
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In the ventral medulla, dense compact clusters of OX1-GFP positive cells were observed in 

the lateral paragigantocellularis nucleus and ventral gigantocellular reticular cell group 

(Figure 3A). Tight clusters of cells were also seen in the raphe obscurus (Figure 3A), raphe 

pallidus (Figure 3A, 4D) nucleus, and more rostrally, the raphe magnus nucleus. No OX1-

GFP positive cells were observed in the RVLM, the compact formation of the nucleus 

ambiguus or the rostral ventromedial medulla (Figure 3A). 

 

More rostral, towards the pons, cells were located close to the ventricular border of the 

magnocellular portion of the medial vestibular nucleus (at around bregma -6.0 mm). A small 

cluster of OX1-GFP positive cells was seen in A5 region lateral to the facial nucleus. A tight 

cluster of large neurons were located in the inferior salivatory nucleus and a dense plexus of 

fibres was seen projecting ventrally from the salivatory nucleus towards the A5 area. In the 

raphe region, we observed substantial staining in the pontine raphe (Figure 4B) and median 

raphe nuclei (Figure 4C). We also observed a dense and compact cluster of OX1-GFP 

positive cells in the A6 (or LC) region, but no expression was observed in either Barrington’s 

nucleus (pontine micturition centre) or laterodorsal tegmental nucleus medial to the LC, or in 

the mesencephalic trigeminal nucleus bordering the LC laterally (Figure 5A). The positive 

cells extended ventrally towards the nucleus subcoeruleus where we also observed 

substantial staining. A small, elongated cluster of cells was also seen running along the 

medial borders of the medial longitudinal fasciculus near the midline.  

 

Further rostral in the pons, towards the periaqueductal grey region, a dense collection of 

neurons was seen in the caudal and interfascicular subdivisions of the dorsal raphe nucleus 

(Figure 4A). A small cluster of cells was also distributed in the lateral dorsal tegmental area 

immediately ventral to the superior cerebral peduncle and the external cortex of the inferior 

colliculus (Figure 6A,B). OX1-GFP positive cells were also seen in the pedunculopontine 

tegmentum (Figure 6C), ventrolateral aspect of the dorsal raphe nucleus (Figure 6D) and 
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reticular tegmentum (Figure 6E). The ventral lateral periaqueductal grey contained a small 

number, less than 15 cells per section, of OX1-GFP positive cells.  

 

OX1-GFP and NOS1 co-localisation 

In the median raphe nucleus, cell bodies immunoreactive for OX1-GFP and NOS1 were 

found to lie in close apposition, but no double-labelled cells were observed. OX1-GFP and 

NOS1 co-localisation was seen predominantly in three areas of the brainstem and pons. In 

the medulla, co-localisation (OX1-GFP neurons that were also NOS1-positive) was seen in 

the dorsal motor nucleus of the vagus nerve (64±9%), (Figure 2C), while in the pons, double 

staining was observed in both the A5 region (24±6%) and the pedunculopontine tegmentum 

(83±6%; Figure 6C). These data are summarised in Figure 7A. 

 

OX1-GFP and TH co-localisation 

OX1-GFP and TH co-localisation was seen in a number of brain areas, and these are 

summarised in Figure 7B. The highest percentage of co-localisation (OX1-GFP neurons that 

were also TH-positive) was observed in the LC (94±4%; Figure 5D), followed by the lateral 

paragigantocelluris cell group (85±4%; Figure 3D) situated in the ventral medulla, 

immediately dorsal and lateral of the inferior olives. OX1-GFP and TH double-labelling was 

also seen in the median raphe (Figure 5C), raphe magnus, raphe obscurus and raphe 

pallidus nuclei (Figure 5D). A smaller percentage (15±3%) of OX1-GFP cells located in the 

A5 region were also TH immunoreactive.   
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Discussion 

In the present study we systematically mapped the anatomical distribution of OX1-GFP 

expression throughout the brain stem and pons of OX1-GFP transgenic reporter mice. We 

observed discrete and specific expression in a number of nuclei distributed throughout the 

medulla oblongata and pons. Although our results are highly consistent with the distribution 

of OX1 mRNA, we failed to detect OX1 receptor expression in areas of the medulla where 

OX1 receptor protein expression has previously been described (Hervieu et al., 2001; Shahid 

et al., 2012). This calls into question the specificity of some antibodies previously used. Co-

labelling of OX1-GFP expression with NOS1 and TH revealed co-localisation of NOS1 and 

OX1-GFP in only a few discrete nuclei (viz, dorsal vagal motor nucleus, A5 region and 

pedunculopontine tegmentum). TH and OX1-GFP co-localisation was mainly found in the LC, 

raphe nuclei and the lateral paragigantocellularis cell group, but not in the rostal ventrolateral 

or rostral ventromedial medulla. While we observed OX1-GFP positive cells double labelled 

for either NOS1 or TH immunoreactivity, only very few triple-labelled cells were observed and 

represented a small percentage of OX1-GFP cells quantified. 

 

Caveats and limitations 

The expression and localisation of certain G-protein coupled receptors has been difficult to 

study and systematically map largely due to a lack of specific antibodies. Using reporter 

genes to tag selected neuronal populations is an important approach, enabling investigators 

to overcome this limitation and perform anatomical and physiological studies that were 

previously difficult. However, the use of reporter genes is not without limitations. For 

example, substantial variability in the pattern of GFP expression among mice generated from 

the same construct has been previously reported (Feng et al., 2000). However, in the present 

study we observed very consistent expression of OX1-GFP within the medulla oblongata and 

pons in all mice used. This is not unexpected as variations are minimal among descendants 

of a single founder (Feng et al., 2000). There has also been some evidence of over- or 

under-reporting of reporter genes (Sun et al., 2014). Here, we undertook a detailed 
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comparison of the expression patterns of OX1-GFP with the OX1 mRNA previously reported 

(Marcus et al., 2001) and see faithful recapitulation of the endogenous OX1 gene expression 

pattern. Importantly, we did not see ectopic expression where none had been reported 

previously (Marcus et al, 2001), suggesting that it is unlikely that the transgenic reporter 

mouse line we used is over-reporting. Another potential limitation of the study relates to the 

labelling of fine dendritic processes that project some distance away from the cell body. 

While we observed dendritic labelling close to the neuronal cell bodies expressing OX1-GFP, 

we did not find dendritic or nerve terminal labelling in areas where we did not see OX1-GFP 

positive cell bodies.  

 

There was generally excellent agreement between the expression of OX1-GFP in the pons 

and medulla oblongata found in the present study with the mRNA expression described 

previously by Marcus and colleagues in rat brain (2001; see Table 2).  They reported dense 

mRNA expression in structures such as the LC, A5 noradrenergic cell group, and the various 

raphe nuclei, areas where we recorded clear OX1-GFP expression. Marcus et al (2001) 

reported no mRNA expression in areas such as Barrington’s nucleus, hypoglossal nucleus 

and the nucleus ambiguus – areas where we also did not see OX1-GFP expression in cells. 

The study of Hervieu et al., (2001) looked at the expression of OX1 receptor mRNA and 

protein in pontine and brain stem areas in a more limited and less comprehensive manner. 

They reported OX1 receptor immunoreactivity in the LC, spinal trigeminal nucleus, medial 

vestibular nucleus and gigantocellular reticular nucleus, which is in agreement with the 

distribution we see in the present study. However, they also reported dense 

immunohistochemical staining within the olivary complex and the facial nucleus, two areas 

where we did not see any OX1-GFP positive cells or dendritic processes. We believe these 

discrepancies are primarily due to the challenging task of producing antibodies that are 

specific for G-protein coupled receptors.  
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When injected into the 4th ventricle, both low and high doses of orexin-A increase food intake 

over a 2-hour period, an effect that was blocked by the selective OX1 receptor antagonist, 

SB334867 (Parise et al., 2011). These data suggest that orexin-A in the hindbrain plays a 

role in regulating food intake. However, we observed very few OX1-GFP positive cells within 

the NTS and none within the area postrema. This was somewhat unexpected as Parise and 

colleagues (2011) describe fairly dense networks of Orexin-A positive fibres apposing 

putative amylin containing cells within the NTS and AP in rats. Moreover, we did not see any 

OX1-GFP positive cells or dendritic processes in the regions of the AP where Parise and 

colleagues saw Fos labelling following 4th ventricular injections of orexin-A. This suggests 

that the orexin-A released in the AP is more likely to act on OX2 and not OX1 receptors. 

Microinjection of orexin-A into the NTS of urethane-anaesthetised rats elicits increases in 

both blood pressure and heart rate (Smith et al, 2002a). Given that orexin-B also elicits 

similar cardiovascular responses, the authors suggested that the OX2 receptor might be 

responsible for the cardiovascular actions of both orexin-A and orexin-B within the caudal 

NTS (Smith et al., 2002a). This is supported by electrophysiological studies showing that 

orexin-B stimulates almost half (48%) of all NTS cells tested (Smith et al., 2002b). These, 

together with our findings, are consistent with the Allen Brain Atlas, which shows higher 

expression of the OX2 than OX1 mRNA within the AP and NTS of the mouse brain. We 

cannot, however, rule out the possibility that our staining method was not sensitive enough to 

label all dendritic and terminal processes expressing the OX1 receptor. Hence, while there 

appears to be limited expression of OX1 receptors in the caudal NTS, we cannot rule out the 

possibility of OX1 receptor expression on dendrites and nerve terminals in this area. 

Moreover, we cannot discount the possibility that there might be species (and/or strain) 

differences in the expression of OX1 receptors between rats and mice; however, our finding 

of similar expression patterns of OX1-GFP in mice compared with OX1 mRNA in rats (Marcus 

et al., 2001) suggests that may not be the case.   
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Microinjection of orexin-A into the RVLM of conscious rats elicits increases in both blood 

pressure and heart rate (Machado et al., 2002). More recent studies have demonstrated the 

presence of both OX1 and OX2 receptors within the rat RVLM and similarly that bilateral 

microinjections of orexin-A evokes pressor, tachycardic and sympathoexcitatory responses in 

a dose-dependent manner (Shahid et al., 2012; Xiao et al., 2013). These effects were 

attenuated with prior treatment with SB334867 (Shahid et al., 2012) and SB408124 (Xiao et 

al., 2004), selective OX1 receptor antagonists, suggesting that the responses were 

predominantly mediated by OX1 receptors. These investigators went on to show expression 

of both OX1 and OX2 receptors on both TH and non-TH positive C1 cells (Shahid et al., 2012) 

and neuronal nitric oxide synthase and inducible nitric oxide synthase expressing cells (Xiao 

et al., 2013) within the RVLM by immunohistochemistry. In the present study, we did not see 

any OX1-GFP labelling within the RVLM in our GFP transgenic reporter mice. Much of the 

expression was located in the lateral paragigantocellularis cell group located just medial of 

the RVLM towards the inferior olives. We therefore propose that, either the effects of orexin-

A are predominantly mediated by the OX2 receptor within the rat RVLM (as the OX1 selective 

antagonist only partially attenuated the response), or that there might be a species difference 

in the expression of OX1 receptors within the RVLM of rats and mice.  

 

In the past, there has been little distinction between the lateral paragigantocellularis nucleus 

and the RVLM. Therefore, it is conceivable that the microinjection might have spread to the 

lateral paragigantocelluar nucleus, which we have shown to contain OX1-GFP expressing 

neurons. There is now good evidence that the RVLM and lateral paragiantocellular nucleus 

are distinct cell groups (Paxinos & Franklin, 2001) and both play a role in controlling 

sympathetic function (Carrive & Gorissen, 2008). Additionally, while we observed robust cell 

body and dendritic staining that was in close proximity to the OX1-GFP neuron cell bodies, it 

is possible that our staining method lacked the sensitivity to label more distally located 

dendritic fibres and nerve terminals. As such, it is also conceivable that the responses 

described could result from the activation of OX1 receptors located on distal dendritic 
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processes or terminal fields. Our findings are more consistent with the study of Huang and 

colleagues (2010). They reported that rat RVLM neurons predominantly express OX2, as 

opposed to the OX1 receptors, which might explain the effects of Orexin-A when 

exogenously applied to the RVLM. Our finding of OX1 receptor expression in the lateral 

paragigantocellular cell group is also supported by functional studies reporting that orexin-A, 

via OX1 receptors have an antinociceptive action to thermal (hot plate) and chemical 

(formalin) stimulation when microinjected into the lateral paragigantocellular nucleus of 

conscious rats – a response that was blocked by the selective OX1 receptor antagonist, 

SB334867 (Erami et al., 2012).  

 

The LC is known to receive the most dense orexinergic innervation within the mammalian 

central nervous system (Hagan et al., 1999; Horvath et al., 1999; Puskás et al., 2010). We 

observed high levels of OX1-GFP expression within the LC and the majority (>94%) of the 

cells were co-localised with TH. This was not an unexpected finding as high OX1 mRNA 

expression has been previously reported in this nucleus (Marcus et al., 2001; Hervieu et al., 

2001). The effects of orexin-A within the LC have been well documented. Exogenous 

application of orexin-A increases the firing rate of LC neurons and when administered at the 

onset of the normal sleep period, induced a significant increase in arousal during the second 

and third hour after administration (Hagan et al., 1999). Orexin-A also caused a significant 

increase in locomotor activity. Interestingly, knocking down the OX1 receptor with short 

interfering RNAs in the LC increased rapid eye movement sleep (Chen et al., 2010).  

 

While the LC showed the greatest expression of OX1-GFP, strong expression was also 

observed in the dorsal raphe nucleus (DRN). The DRN has been shown to play a role in 

modulation of the sleep wake cycle and in processing the sensation of pain (Wang et al., 

1994). When orexin-A was directly applied to the DRN via reverse microdialysis, it caused 

the release of 5-HT in a dose-dependent manner (Tao et al., 2006). Hence, orexin-A appears 

to excite the OX1 receptor subtype within the DRN to increase 5-HT release to mediate 
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wakefulness. Application of orexin-B was far less effective within the DRN, suggesting that 

the OX1 receptor subtype is the predominant receptor expressed within this nucleus. These 

functional, in vivo, findings are consistent with our present histological findings. 

 

Conclusion 

Using an OX1-GFP transgenic reporter mouse, we extensively mapped the anatomical 

distribution of OX1 receptors and their co-localisation with NOS1 and TH throughout the 

medulla oblongata and pons. Our results are in agreement with the reported expression of 

OX1 receptor mRNA in the rat brainstem and pons (Marcus et al., 2001). However, to the 

best of our knowledge, no other study has systematically mapped the OX1 receptor protein in 

the mouse brain. Based on the distribution of OX1-GFP, our results support the involvement 

of orexin-A in the regulation of a number of physiological and behaviour functions, such as 

the regulation of arousal, the sleep-wake cycle, control of feeding and in mood regulation. 

The absence or limited expression of OX1-GFP in the RVLM and NTS suggests that the OX2 

receptor might be the principle effector of either the orexin-A or orexin-B peptides within 

these structures.   
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Table 1: Distribution OX1-GFP in the mouse brainstem and pons 

 
 

dist from Bregma 

(mm) Abbr Brain Nucleus 

    

       -7.92 Cu Cuneate nucleus 

  

+ 

 

NTS Nucleus of the solitary tract 

 

+ 

 

Rob Raphe obscurus 

  

+ 

       -7.76 10N Dorsal motor nucleus of the vagus 

 

- 

 

12N hypoglossal nucleus 

  

- 

 

Cu Cuneate nucleus 

  

- 

 

Gr Gracile nucleus 

  

++ 

 

NTS Nucleus of the solitary tract 

 

+ 

 

PMn Paramedian reticular nucleus  

 

- 

 

Sp5C Spinal trigeminal nucleus, caudal 

 

++ 

       -7.56 Cu Cuneate nucleus 

  

+ 

 

10N Dorsal motor nucleus of the vagus 

 

+ 

 

NTS Nucleus of the solitary tract 

 

- 

       -7.08 10N Dorsal motor nucleus of the vagus 

 

+ 

 

LPGi Lateral paragigantocellular nucleus 

 

+ 

 

ROb Raphe obscurus 

  

++ 

       -6.84 Amb Nucleus ambiguus 

  

- 

 

LPGi Lateral paragiantocellular 

 

++ 

 

Mve Medial vestibular nucleus 

  

+ 

 

ROb Raphe obscurus 

  

++ 

 

RPa Raphe pallidus 

  

++ 

       -6.72 Amb Nucleus ambiguus 

  

- 

 

GiV Gigantocellular reticular nucleus 

 

++ 

 

ROb Raphe obscurus 

  

++ 

 

RPa Raphe pallidus 

  

++ 

 

RVL Rostral ventrolateral medulla 

 

- 

       -6.48 10N  Dorsal motor nuclues vagus + 

 

MVePC Medial vestibular nucleus, parvicellular part  

 

+ 

 

RMg Raphe magus 

  

++ 

 

RPa Raphe pallidus 

  

++ 

       -6.24 RPa Raphe pallidus 

  

++ 

 

SolIM Nucleus of solitary tract, intermediate part + 

       -6 MVeMC Medial vestibular nucleus, magnocellular part + 
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PCRtA Parvicellular reticular nucleus 

 

+ 

 

RPa Raphe pallidus 

  

++ 

       -5.8 A5 A5 noradrenergic cell group 

 

++ 

 

IS Inferior salivatory nucleus 

 

+ 

 

MVePC Medial vestibular nucleus, parvicellular part + 

 

RMg Raphe magus 

  

+ 

 

RPa Raphe pallidus 

  

++ 

       -5.5 LC Locus coeruleus 

  

++++ 

 

RMg Raphe magus 

  

++ 

 

RPa Raphe pallidus 

  

+ 

       

-5.34 DRI 

Dorsal raphe nucleus, 

infascicular part 

  

+ 

 

LC Locus coeruleus 

  

++++ 

 

PnR Pontine raphe nucleus 

  

++ 

 

RMg Raphe magus 

  

++ 

 

SubCD Nucleus sub-coeruleus 

  

++ 

       -5.02 ECIC (2) External cortex of the inferior colliculus  ++ 

 

LDTg  Laterodorsal tegmental nucleus 

 

++ 

 

LPAG Lateral periaqueductal grey 

 

+ 

 

MnR Median raphe nucleus 

  

++ 

 

PPTg Pedunculopontine tegmental nucleus 

 

++ 

       -4.84 DRVL Dorsal raphe nucleus, ventrolateral part 

 

+++ 

 

PPTg Pedunculopontine tegmental nucleus 

 

++ 

 

RtTg Reticulotegmental nucleus of the pons 

 

++ 

       -4.6 BIC Nucleus of the brachium of the inferior colliculus + 

 

DLPAG Dorsolateral periaqueductal grey 

 

+ 

 

DMPAG Dorsomedial periaqueductal grey 

 

+ 

 

DRD 

Dorsal raphe nucleus, dorsal 

part 

  

++ 

 

DRVL Dorsal raphe nucleus, ventrolateral part 

 

+++ 

 

Mo5 Motor trigeminal nucleus 

  

+ 

 

RtTg Reticulotegmental nucleus of the pons 

 

++ 

       

 

- < 5 cells / section 

   

 

+ 6-10 cells/section 

   

 

++ 10-50 cells/section 

   

 

+++ >50 cells/section 

   

 

++++ >100 cells/section 
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TABLE 2  Comparision of OX1-GFP distribution (this paper) with OX1 receptor mRNA 

distribution (Marcus et al, 2001). 

 

 

    

OX1-GFP OX1 mRNA  

      A5 noradrenergic cell group ++ +++ 

Barrington’s nucleus - - 

Cuneate nucleus 

  

+ nd 

Dorsal motor nucleus of the vagus 

 

+ ++ 

Dorsal raphe nucleus, ventrolateral part +++ ++ 

Dorsolateral periaqueductal gray + ++ 

Dorsomedial periaqueductal gray 

 

+ ++ 

External cortex of the inferior colliculus  ++ + 

Gracile nucleus ++ nd 

Hypoglossal nucleus - - 

Inferior salivatory nucleus 

 

+ nd 

Lateral paragigantocellular nucleus 

 

+ nd 

Laterodorsal tegmental nucleus ++ ++ 

Locus coeruleus ++++ +++ 

Medial vestibular nucleus 

 

+ + 

Nucleus ambiguus 

  

- - 

Nucleus of the solitary tract + ++ 

Nucleus sub-coeruleus ++ nd 

Nuclues of the brachium of the inferior colliculus + - 

Paramedian reticular nucleus 

 

- nd 

Parvicellular reticular nucleus + nd 

Pedunculopontine tegmental nucleus ++ ++ 

Pontine raphe Nucleus 

  

++ nd 

Raphe magus nucleus 

  

++ + 

Raphe obscurus nucleus ++ ++ 

Reticulotegmental nucleus of the pons ++ ++ 

Spinal trigeminal nucleus 

  

++ - 
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Figure Legends 

 

Figure 1. Representative confocal photomicrographs of double-immunofluorescence for 

green fluorescent protein (GFP; green), and A) the neuronal marker, NeuN, B) the glia 

marker glial fibrilliary acid protein, GFAP in the pedunculopontine tegmental nucleus of the 

pons. OX1-GFP double-staining was co-localised with NeuN (indicated by the white arrow-

heads) but not GFAP. Scale bar: 50µm.  

 

Figure 2. Representative confocal photomicrographs of triple-immunoflourescence for green 

fluorescent protein (GFP; green), tyrosine hydroxylase (TH; purple) and neuronal nitric oxide 

synthase (NOS1; red) in the dorsal medulla of the OX1-GFP reporter mouse. OX1-GFP 

expression was seen in the gracile nucleus (A) and the dorsal motor nucleus of the vagus 

(B). Photomicrographs taken at higher magnification (of the area represented by the box 

bordered by dotted lines in (B) demonstrate double staining for GFP and NOS1, but not TH 

(C). Abbreviations: AP, area postrema; CC, central canal; Gr, gracile nucleus; NTS, nucleus 

of the solitary tract. Arrowheads indicate cells that are OX1-GFP and NOS1 positive. Scale 

bars: 200µm in A,B; 100µm in C.  

 

Figure 3. Representative confocal photomicrographs of triple-immunoflourescence for green 

fluorescent protein (GFP; green), tyrosine hydroxylase (TH; purple) and neuronal nitric oxide 

synthase (NOS1; red) in the ventral medulla of the OX1-GFP reporter mouse. OX1-GFP 

expression was seen in the raphe pallidus, raphe obscurus and the ventral gigantocellular 

reticular cell group (A). Immunostaining for TH (B) and NOS1 (C) revealed co-localisation of 

OX1-GFP with TH (indicated by the white arrow-heads), but not NOS1 (D). The inserts 

shown in each panel shows the region delineated by the dashed rectangles at higher 

magnification. Abbreviations: Amb, nucleus ambiguus; GiV, ventral gigantocellular reticular 

cell group; py, pyramidal tract; ROb, raphe obscurus; RPa, raphe pallidus; RVL, rostral 
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ventrolateral medulla; sp5, spinal trigeminal tract. Scale bar: 200µm in A, B, C, D; 50µm in 

A’, A’’, B’, B’’, C’, C’’, D’, D’’). 

 

Figure 4. Representative confocal photomicrographs of triple-immunoflourescence for green 

fluorescent protein (GFP; green), tyrosine hydroxylase (TH; purple) and neuronal nitric oxide 

synthase (NOS1; red) in the raphe regions. OX1-GFP expression was seen in the dorsal 

raphe (A), pontine raphe (B) and median raphe (C) nuclei, and the raphe pallidus (D). Triple 

immunostaining revealed co-localisation of OX1-GFP with TH, but not NOS1. Abbreviations: 

Aq, aqueduct; DR, dorsal raphe; mlf, medial longitudinal fasciculus. Arrowheads point to cells 

that are OX1-GFP and TH positive. Scale bars:  200µm in A,C; 50µm in B; 100µm in D. 

 

Figure 5. Confocal photomicrographs of triple-immunoflourescence for green fluorescent 

protein (GFP; green), tyrosine hydroxylase (TH; purple) and neuronal nitric oxide synthase 

(NOS1; red) in the region of the locus coeruleus (LC). OX1-GFP expression was 

predominantly seen in the LC, but not medially in Barrington’s nucleus or laterally in the 

mesencephalic trigeminal nucleus. Triple immunostaining with TH (B) and NOS1 (C) 

revealed extensive co-localisation of OX1-GFP with TH, but not NOS1 (D). Abbreviations: 

Bar, Barrington’s nucleus; Cb, cerebellum; DTgC dorsal tegmentum, central part; LC, locus 

coeruleus; LDTg, laterodorsal tegmentum; LPB, lateral parabrachial nucleus; Me5, 

mesencephalic trigeminal nucleus; MPB, medial parabrachial nucleus; mlf, medial 

longitudinal fasciculus; scp, superior cerebral peduncle. Scale bar: 500µm 

 

Figure 6. Confocal photomicrographs of double-immunoflourescence for green fluorescent 

protein (GFP; green) and neuronal nitric oxide synthase (NOS1; red) in the rostral pons 

around the periaqueductal grey (A). OX1-GFP positive cells were seen in the external cortex 

of the inferior colliculus (B), pedunculopontine tegmental nucleus (C), ventolateral portion of 

the dorsal raphe nucleus (D) and the reticulotegmental nucleus of the pons (E). Double 

staining for OX1-GFP and NOS1 was only seen in the pedunculopontine tegmental nucleus 
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at this level of the pons, as indicated by the white arrowheads. Abbreviations: Aq, aqueduct; 

ECIC, external cortex of the inferior colliculus; DRVL, ventolateral portion of the dorsal raphe; 

PPTG, pedunculopontine tegmental nucleus; RPO, rostral periolivary region; RtTg, 

reticulotegmental nucleus of the pons. Scale bars: 100µm in B,C,D,E. 

 

Figure 7.  These graphs show the extent of OX1-GFP co-localisation with neuronal (A) nitric 

oxide synthase (NOS1) and (B) tyrosine hydroxylase (TH) in the brainstem and pons of the 

OX1-GFP reporter mouse. Data are shown as the mean ± SE (n=5). Abbreviations: 10N, 

dorsal motor nucleus of the vagus; A5, A5 noradrenergic cell group; LC, locus coeruleus; 

LPGi, lateral paragigantocellularis; MnR, median raphe nucleus; PPTg, pedunculopontine 

tegmental nucleus; RMg, raphe magnus; ROb, raphe obscurus; RPa, raphe pallidus. 
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