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ABSTRACT 
 

Presympathetic neurons in the rostral ventrolateral medulla (RVLM) provide a monosynaptic 

excitatory drive to sympathetic preganglionic neurons (SPN) of the spinal cord and are 

involved in the differential regulation of sympathetic outflows to different target tissues. 

Neurons in the RVLM integrate information from the centre and periphery, including: 

respiration, and baro-, chemo- and somatosympathetic reflex afferent neurons. Metabotropic 

transmitters including neuropeptides, apart from basic neurotransmitters (e.g. glutamate and 

GABA), with long-term effects play important roles in the regulation of RVLM neurons. This 

thesis investigates the role of one such neuropeptide, orexin A (OX-A), in the control of blood 

pressure and breathing and to see if its role is altered in diseases such as hypertension. 

Results of this work will provide a better understanding of the way that the brain controls 

blood pressure and breathing, and may also lead to the development of new therapies for 

hypertension. 

In the first set of experiments (chapter 3, Shahid et al., 2011), the effects of OX-A in the 

spinal cord on vasomotor tone and adaptive reflexes were investigated. Intrathecal (i.t.) 

administration of OX-A caused a prolonged and dose-dependent increase in mean arterial 

pressure (MAP), heart rate (HR) and splanchnic sympathetic nerve activity (sSNA). OX-A 

also dose-dependently increased respiratory drive, as indicated by a rise in phrenic nerve 

amplitude (PNamp) and a fall in phrenic nerve frequency (PNf), an increase in neural minute 

ventilation, a lengthening of the expiratory period, and a shortening of the inspiratory period. 

All cardiorespiratory effects of OX-A were attenuated by the orexin 1 (OX1) receptor 

antagonist SB 334867. I.t. OX-A significantly reduced both the sympathoexcitatory peaks of 

somatosympathetic reflex but increased baroreflex sensitivity.  

In the second set of experiments (chapter 4, Shahid et al., 2012a), immunohistochemistry 

was performed to detect the presence of OX-A and it’s receptors in the RVLM. Tyrosine 

hydroxylase immunoreactive (TH-ir) neurons in the RVLM frequently expressed OX1 and 

orexin 2 (OX2) receptors and closely apposed to OX-A-ir terminals. OX1 receptor 

immunoreactivity was found in 78 ± 2% of TH-ir neurons in the RVLM and OX2 receptor in 77 

± 3% of TH-ir neurons. In addition, within the RVLM, about 51% of OX1 receptors and 56% of 

OX2 receptors were expressed in non-TH-ir or non-C1 neurons, suggesting that both C1 and 

non-C1 neurons in the RVLM contain both OX receptors.  
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In the third set of experiments (chapter 4, Shahid et al., 2012a), OX-A was injected bilaterally 

into the RVLM of normotensive Sprague-Dawley rats and the effects on cardiorespiratory 

function and sympathetic reflexes were observed. Microinjection of OX-A into the RVLM 

elicited a pressor and sympathoexcitatory response. Responses to OX-A were attenuated by 

the OX1 receptor antagonist, SB 334867, and reproduced by the OX2 receptor agonist, 

[Ala11, D-Leu15]orexin B indicating that both OX receptors are involved in OX-A mediated 

response in the RVLM. OX-A increased baroreflex sensitivity but attenuated the 

somatosympathetic reflex. OX-A injection into the RVLM also increased or reduced 

sympathoexcitation following hypoxia or hypercapnia respectively. 

A fourth set of experiments (chapter 5) were conducted to investigate whether OX-A 

responses in the RVLM of normotensive rats are exaggerated in hypertensive animal 

models. OX-A injected into the RVLM elicited hypertension, tachycardia and 

sympathoexcitation in both hypertensive and normotensive rat models. The pressor and 

sympathoexcitatory responses evoked by OX-A were exaggerated in spontaneously 

hypertensive rats (SHR). OX-A also increased PNamp in both strains. The 

sympathoexcitatory peaks of somatosympathetic reflex were attenuated following OX-A 

injection in both SHR and Wistar-Kyoto rats (WKY). The attenuation of the 

sympathoexcitatory peaks of the somatosympathetic reflex was potentiated in SHR. OX-A 

injection into the RVLM increased baroreflex sensitivity in both SHR and WKY. An interesting 

finding is that the extent of increase in the barosensitivity evoked by OX-A was reduced in 

SHR as compared to WKY.  

Taken together, the presence of OX receptors in C1 bulbospinal sympathoexcitatory neurons 

of the rostral RVLM and the effects of OX-A in the RVLM and spinal cord on basal 

cardiorespiratory parameters and adaptive reflexes suggest that OX receptor activation plays 

a key role in mediating the sympathoexcitatory responses. These data also suggest a role for 

OX-A in the development and maintenance of essential hypertension. The precise 

physiological circumstances in which OX-A is released to exert the effects described in this 

thesis remains to be established.  
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Literature Review 

 

Part of this chapter has been published in Vitamins and Hormones (see Appendix 2) 

Shahid, IZ, Rahman, AA, Pilowsky, PM (2012b). Orexin and central regulation of 

cardiorespiratory system. Vitam Horm 89: 159-184. 

1.1 Introduction 

 

Life is maintained by the proper functioning of the cardiorespiratory system which 

ensures the required delivery of oxygen (O2) and nutrients to, and removal of carbon 

dioxide (CO2) and other wastes from, the tissues and organs.  The cardiovascular 

system principally comprises the heart and blood vessels (arteries, veins and 

capillaries). The blood vessels form an integrated network that supply all cells with 

nutrients, thus allowing cellular homeostasis. To maintain homeostasis, the 

cardiovascular system needs to provide a continuous and controlled flow of blood 

keeping arterial blood pressure (BP) relatively stable. Although long term BP is 

regulated by hormonal and renal mechanisms, short term minute-to-minute 

regulation depends on central neural mechanisms involving both the sympathetic and 

parasympathetic branches of the autonomic nervous system (ANS). Heart rate (HR) 

is predominantly controlled by the parasympathetic nervous system (PNS) whereas 

sympathetic nerves regulate resistance of the arteries and hence total peripheral 

resistance. Thus, changes in HR combined with total peripheral resistance determine 

mean arterial pressure (MAP). Several regions within the central nervous system 

(CNS) are essential for the regulation of the sympathetic nervous system (SNS) and 

therefore sympathetic tone, with the brainstem playing a particularly important role 

(Bianchi et al., 1995; Sun, 1995).    

 

The respiratory system regulates the intake of O2 and the expiration of excess CO2 

by the rhythmic movement of the main pump muscle, the diaphragm, which is 

innervated by the phrenic nerve.  The central control of respiratory rhythm and 

pattern is governed by a network of neurons within the brainstem (Dobbins & 

Feldman, 1994). 
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Among the brainstem nuclei, the rostral ventrolateral medulla (RVLM) is essential for 

maintaining the vasomotor tone. In anaesthetised animals, acute chemical or 

electrical lesion of RVLM neurons causes hypotension due to removal of sympathetic 

vasomotor tone (Guertzenstein & Silver, 1974; Dampney & Moon, 1980). Similarly in 

conscious animals, inhibition of the RVLM evokes a profound reduction in BP and 

sympathetic nerve activity (SNA) (Sakima et al., 2000). In normotensive animals, 

there is no other site within the CNS whereby a lesion alters sympathetic vasomotor 

tone to such an extent. In the hypertensive rat, some excitatory contribution arises 

from the paraventricular nucleus (PVN) of the hypothalamus which is in fact mediated 

via the RVLM (Allen, 2002).   

 

Viral and retrograde tracing studies show that neurons directly projecting to the 

sympathetic preganglionic neurons (SPN) in the spinal cord are found in the RVLM 

and these are known as RVLM presympathetic neurons (Schramm et al., 1993). It is 

generally accepted that the basal level of sympathetic vasomotor tone is maintained 

by barosensitive RVLM presympathetic neurons due to the fact that maximal 

activation of baroreceptors abolishes sympathetic vasomotor activity. 

 

SPN, located in the intermediolateral cell column (IML) of the thoracolumbar spinal 

cord, are the only line of communication between central sympathetic outflow and the 

peripheral ganglia. SPN receive input from the RVLM and different discrete regions 

of the brain and participate in controlling cardiovascular responses via projections to 

the adrenal medulla and sympathetic autonomic ganglia in the periphery (Pilowsky & 

Goodchild, 2002; Guyenet, 2006).  

 

The RVLM is also essential for the integration of afferent, from the central nuclei or 

the periphery, to efferent signals, relaying the necessary output. Glutamate and γ-

amino butyric acid (GABA) contribute, largely, to the short-term regulation of RVLM 

neurons. Different metabotropic neurotransmitters, including neuropeptides, that 

have long term effects on cell function, are expressed in and/or released on RVLM 

neurons to modulate the activity of fast-acting neurotransmitters (Pilowsky et al., 

2008; Pilowsky et al., 2009). 
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This thesis is focused on the autonomic control of the cardiorespiratory system, and 

the effects of the peptide orexin A (OX-A) on the tonic and reflex regulatory control of 

this system. OX-A is a neuropeptide solely produced by a group of neurons in the 

hypothalamic region of the brain. From the hypothalamus, OX-A producing cells 

communicate with many different regions of the brain that are critical for regulating 

BP and breathing including PVN, RVLM, retrotrapezoid nucleus (RTN), caudal raphé, 

and spinal cord. OX-A is generally excitatory, acting via two G-protein coupled 

receptors (GPCRs) (coupled to Gαq/11 and/or Gαi), orexin 1 (OX1) and orexin 2 (OX2) 

receptors. Stimulation of OX receptors activate several intracellular signalling 

pathways including: activation of adenylate cyclase and phospholipase C, to exert 

short- and long- term changes on neuronal activity (for review see Sakurai, 2007; 

Kuwaki et al., 2008).  

 

In this chapter, the current knowledge concerning the sympathetic control of the 

circulation, brainstem cardiovascular reflexes, and central control of breathing is 

discussed. Finally, the role played by the neuropeptide OX-A in modulating 

cardiorespiratory function is addressed. 

1.2 Autonomic control of cardiovascular system 

 

The conventional concept of the ANS was described by Langley almost a century 

ago, as primarily a motor, or efferent, branch of the peripheral nervous system which 

transmits signal from the CNS to effector tissues thereby regulating function. The 

ANS, in concert with the endocrine system, plays a vital role in controlling visceral 

tone, BP, HR, respiration and temperature regulation, and maintaining general 

homeostasis (Langley, 1916; Morrison, 2001; McCorry, 2007; Powley et al., 2008). 

Therefore the maintenance of homeostatic balance depends on the afferent input 

from peripheral receptors and central drives, and the corresponding efferent outflow. 

The ANS has two major components: the SNS and PNS.  

 

Both the sympathetic and parasympathetic divisions consist of parallel but 

differentially regulated pathways made up of preganglionic neurons located in the 

thoracolumbar regions of the spinal cord and craniosacral regions, respectively. 

Preganglionic neurons synapse with postganglionic neurons and hence transduce 
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the subsequent outcome onto the effector organs. Parasympathetic cholinergic 

preganglionic neurons innervate peripheral ganglia, from which in turn, 

postganglionic cholinergic neurons innervate, and regulate limited organs, such as 

the heart, lung, kidneys and stomach, in a more precise and target-focused manner 

(Morrison, 2001; Guyenet, 2006). In contrast to the parasympathetic division, the 

SNS is the most diverse autonomic system and exhibits an exquisite differential 

regulation of the vasculature and all of its other target organs (Malpas, 2010).  

 

Autonomic control of the circulation depends both on parasympathetic neurons 

innervating mainly the heart, and sympathetic neurons innervating blood vessels, 

heart, kidneys and the adrenal medulla (Guyenet, 2006). The PNS innervates the 

heart via the vagus nerve and plays a major role in the control of HR, contractility and 

speed of conduction of impulses in the conducting system of the heart. Conversely, 

sympathetic nerve fibers increase HR and cause vasoconstriction, directing blood 

flow to skeletal muscle, preparing the body for a “fight or flight” response. Thus the 

actions of the two systems complement each other to control visceral organs and 

blood vessels (Malpas, 2010). 

1.2.1 Sympathetic control of cardiovascular system 

Mass activation of the SNS is recognized as the “fight or flight response” whereby 

there is an increase in HR, BP, energy expenditure, mobilization of fats and glycogen 

and a reduction in the blood flow to the gut (Guyenet, 2006). The SNS is responsible 

for homeostasis of cardiovascular function such as resting state changes in HR, 

cardiac contractility, venous capacitance and constriction of resistance vessels, as 

well as responding to stressful conditions such as exercise and disease (Guyenet, 

2006; Kishi, 2012). These functions are coordinated via a complex network operating 

through SPN in the spinal cord. In general, sympathetic control of the blood vessels 

and heart occurs from excitatory noradrenergic cell populations localised in the pre- 

and para-vertebral ganglia (Janig & Habler, 2003). These postganglionic nerve fibres 

travel through the body to reach their effector organs and control smooth muscle and 

other visceral targets (e.g. kidneys, stomach, intestine and liver). These cells receive 

excitatory inputs from cholinergic SPN in the spinal cord (Strack et al., 1988). The 

SPN are discussed in section 1.2.3. 
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1.2.2 Cardiovascular presympathetic nuclei 

Presympathetic neurons are, by definition, neurons that synapse with SPN. The 

properties of these higher autonomic nuclei have been investigated by 

electrophysiological and immunohistochemical approaches (e.g. Dampney et al., 

1984; Card et al., 1990). Retrograde labelling of SPN in the IML of the spinal cord 

with neurotropic viruses demonstrated inputs originating from the hypothalamus and 

the brainstem (Strack et al., 1988). The ongoing synaptic activity in SPN arises 

predominantly from excitatory monosynaptic inputs, mediated over both fast and 

slow-conducting pathways (Barman & Gebber, 1985; Dembowsky et al., 1985; 

Morrison, 1993), from at least six regions, namely, RVLM, rostral ventromedial 

medulla (RVMM), A5 neurons, caudal raphé, PVN (Strack et al., 1989a) and the 

medullo-cervical pressor area (MCPA) (Seyedabadi et al., 2006) (Fig 1.1). Certainly 

there are other sites in the CNS that contribute to cardiovascular regulation but their 

action is predominantly relayed through one or more of these nuclei. Presympathetic 

neurons differentially regulate the activity of sympathetic nerves (Morrison, 2001; 

Janig & Habler, 2003). For instance, RVLM presympathetic neurons regulate 

cardiovascular target tissues to control BP, whereas some medullary raphé 

presympathetic neurons selectively control the sympathetic outflow involved in 

thermoregulatory and metabolic control (Morrison, 1999; Cao & Morrison, 2003). All 

these six areas are discussed below. 

1.2.2.1 Paraventricular nucleus of the hypothalamus 

The hypothalamic PVN is a convergence point for various regions involved in bodily 

homeostasis (for example, fluid regulation, metabolism, immune responses and 

thermoregulation) (Benarroch, 2005). The parvocellular subdivision of the nucleus 

innervates the lower brainstem (for example, the nucleus tractus solitarius (NTS), 

and RVLM) and spinal cord (Benarroch, 2005; Coote, 2005), and is involved in the 

regulation of cardiovascular function as well as sympathetic outflow. The PVN also 

innervates other autonomic nuclei, including the midbrain periaqueductal gray (PAG), 

parabrachial region, dorsal vagal nucleus, and the nucleus ambiguus (Luiten et al., 

1985; Dampney et al., 1987). However the specific role of these pathways in 

cardiovascular regulation is poorly understood. The autonomic neurons of the PVN 

use glutamate as well as peptides as transmitters (for example, vasopressin, 

oxytocin and corticotropin releasing factor (CRF)) (Benarroch, 2005; Stocker et al., 
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2006). The PVN also receive inputs from autonomic nuclei, including NTS and RVLM 

(Sawchenko & Swanson, 1982; Card et al., 2006). Spinally projecting PVN neurons 

express oxytocin, vasopressin, enkephalin (ENK), galanin, substance P, neurotensin, 

and cholecystokinin (Cechetto & Saper, 1988). Angiotensin receptor 1 (AT1) 

expressing neurons do not project to the RVLM or the spinal cord but most of them 

project to neurons of the median eminence (Oldfield et al., 2001). As neurons of the 

median eminence release CRF, AT1 expressing PVN neurons are suggested to be 

involved in stress regulation (Oldfield et al., 2001). 

 

Experiments conducted to reveal the role of PVN on sympathetic outflow have 

yielded conflicting results. For example, electrical stimulation, as well as chemical 

stimulation by microinjection of excitatory amino acids (EAAs), of the PVN increases 

or decreases BP and SNA (Gilbey et al., 1982; Porter & Brody, 1985; Yamashita et 

al., 1987; Katafuchi et al., 1988; Kannan et al., 1989). PVN stimulation with glutamate 

elicits an increase in adrenal nerve activity and a decrease in renal nerve activity 

(Katafuchi et al., 1988). Such differential control by PVN neurons of different 

sympathetic outflows may be attributed to the differential projection of different 

subgroups of PVN neurons to different types of SPN (Dampney, 1994) or the 

influence of other autonomic nuclei receiving inputs from PVN neurons. However, the 

PVN has little or no effect in the generation or maintenance of sympathetic 

vasomotor tone.   

 

Despite the autonomic PVN neurons playing a minor  role in the moment-to-moment 

regulation of BP, they are inhibited by baroreceptor inputs provided that their basal 

firing rate is artificially increased (Lovick & Coote, 1988). Lesions of the PVN 

increase the baroreceptor-induced inhibition of lumbar sympathetic activity, but have 

little effect on the cardiac component of the baroreceptor reflex (Darlington et al., 

1988; Patel & Schmid, 1988). Some evidence also shows that the hyperactivity of 

RVLM barosensitive neurons in some models of hypertension depends partly on the 

increased excitatory drive from the autonomic PVN neurons (Allen, 2002; Ito et al., 

2003), indicating that the integrity of the PVN is essential for the production of certain 

types of neurogenic hypertension (Ciriello et al., 1984; Zhang & Ciriello, 1985).  
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1.2.2.2 A5 noradrenergic cell groups in the pons 

The A5 region in the pons receives inputs from the perifornical area and PVN in the 

hypothalamus, Kolliker-Fuse (KF) nucleus, lateral parabrachial nucleus (PBN), and 

NTS (Woodruff et al., 1986; Byrum & Guyenet, 1987). Although the A5 cell group is 

one of the major sources of noradrenergic input to SPN (Byrum et al., 1984; Strack et 

al., 1989b), its role in controlling the sympathetic outflow is not clearly established 

due to the contradictory results obtained from different types of physiological and 

pharmacological studies. 

 

Chemical stimulation of the A5 region results in a decrease in BP and HR (Loewy et 

al., 1986; Drye et al., 1990) which may be due to the direct inhibition of vasomotor 

SPN. In contrast, another study has shown that stimulation of the A5 region produces 

an increase in renal SNA (rSNA) and splanchnic SNA (sSNA), an effect that is 

abolished by administration of the neurotoxin 6-hydroxydopamine (Huangfu et al., 

1992). Spinally projecting A5 cells are inhibited by baroreceptor inputs suggesting 

that they are more likely to be excitatory rather than inhibitory to SPN (Andrade & 

Aghajanian, 1982; Byrum et al., 1984; Guyenet, 1984; Huangfu et al., 1991).  

 

Byrum and Guyenet (1987) suggested that A5 cells may affect integrated 

cardiovascular responses by widespread actions on cardiovascular nuclei located in 

several different regions. This hypothesis is supported by the widespread projections 

of A5 cells to autonomic nuclei distributed throughout the CNS, including the medulla 

oblongata, pons, midbrain, hypothalamus, and the limbic system (Loewy et al., 1986; 

Byrum & Guyenet, 1987). However, more information on the physiological properties 

of A5 cells is required to make any conclusions about their precise role in 

cardiovascular regulation. 

1.2.2.3 Rostral ventrolateral medulla 

It is now well established that the presympathetic neurons in the RVLM are essential 

for the generation and maintenance of sympathetic vasomotor tone. The RVLM is 

also involved in the reflex regulation of BP and is one of the major concerns of this 

thesis and will be discussed in greater detail in section 1.2.4.   
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1.2.2.4 Rostral ventromedial medulla  

Presympathetic neurons of the RVMM lie in the ventral medullary region just lateral 

to the pyramidal tract and project directly to SPN innervating the adrenal medulla and 

all the major sympathetic ganglia in the rat (Strack et al., 1989a; Strack et al., 1989b) 

(Fig 1.1). RVMM neurons differ in both chemical and functional properties from 

RVLM neurons. These neurons use glutamate as their main neurotransmitter, while 

they also contain and release other neurotransmitters such as 5-hydroxytryptamine 

(5-HT), substance P, thyrotropin releasing hormone (TRH), and ENK (Strack et al., 

1989b).  

 

Electrical and chemical stimulation of RVMM neurons evoke a pressor effect, at least 

in rats (Minson et al., 1987; Zhuo & Gebhart, 1990) that is abolished by pre-treatment 

with 5,7-dihydroxytryptamine, a selective neurotoxin for 5-HT neurons indicating that 

the response is solely mediated by 5-HT neurons. On the other hand, microinjection 

of lignocaine into RVMM decreases BP and SNA. More interestingly, microinjection 

of glycine in the same regions of the RVMM where N-methyl-D-aspartate (NMDA) 

had a pressor effect, also resulted in pressor effect in anaesthetised rats (Varner et 

al., 1992). However the role of RVMM in the tonic and reflex regulation of vasomotor 

tone is poorly understood. RVMM neurons also modulate nociception (Heinricher et 

al., 2009), thermogenesis (Smith et al., 1998; Morrison et al., 2008) and the 

chemoreflex (Miura et al., 1996).  

1.2.2.5 Caudal (medullary) raphé 

The caudal raphé nuclei (raphé obscurus and pallidus) are located in the midline of 

the medulla, extending ventrally to the pyramids at the level of RVLM (Figure 1.1). 

These nuclei directly project to, and their axons synapse with, SPN that innervate the 

adrenal medulla and all major sympathetic ganglia (Amendt et al., 1979; Loewy, 

1981; Miura et al., 1983; Strack et al., 1989a). The caudal raphé also sends inputs to 

the RVLM (Bacon et al., 1990; Heslop et al., 2004) as well as receiving inputs from 

the NTS, RVLM, and the hypothalamus (Loewy & Burton, 1978; Hosoya, 1985; Luppi 

et al., 1989), although it is not clear whether these inputs project specifically to 

cardiovascular neurons in the raphé or to neurons subserving other functions. 
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Electrical or chemical stimulation of the medullary raphé nuclei elicit either an 

increasing or decreasing effect on BP and sympathetic activity, depending on the site 

of stimulation and the experimental conditions (Adair et al., 1977; Futuro-Neto & 

Coote, 1982; Haselton et al., 1988; McCall, 1988; Dreteler et al., 1991). These 

variable patterns of response are likely due to the presence of both 

sympathoexcitatory and sympathoinhibitory neurons in the raphé, as revealed by 

single-cell recording experiments. The sympathoinhibitory action of the caudal raphé 

is mediated primarily by GABA (McCall & Humphrey, 1985; McCall, 1988). Gebber 

and co-workers (Morrison & Gebber, 1982, 1985; Barman & Gebber, 1989) 

demonstrated that presympathetic raphé neurons are excited by baroreceptor 

stimulation, indicating that they are sympathoinhibitory. In contrast, Pilowsky et al., 

(1995) reported that at least some bulbospinal neurons in the rat caudal raphé are 

inhibited by activation of arterial baroreceptors (Pilowsky et al., 1995). However, the 

reflex is maintained following lesions of the midline medulla including the caudal 

raphé, indicating that they are not a crucial component of the baroreceptor reflex 

pathway (McCall & Harris, 1987). 

1.2.2.6 Medullo-cervical pressor area 

The existence of the MCPA was first reported by Jansen and Lowey (1997) as 

neurons in the cervical spinal cord white matter that innervate SPN (Jansen & Loewy, 

1997). Subsequently, Seyedabadi et. al., (2006) provided functional evidence for a 

cardiovascular role of this presympathetic nuclei that extend caudally from the 

medulla at the level of the caudal pole of the inferior olive, to the fourth cervical 

segment and termed as “MCPA” (Seyedabadi et al., 2006) (Figure 1.1).  

 

Chemical stimulation of the MCPA with glutamate microinjection evokes large 

sympathetically mediated pressor responses that do not depend on the RVLM and 

may be mediated by glutamatergic neurons. This region is distinct from the caudal 

pressor area (CPA), as blockade of the RVLM with muscimol inhibited this pressor 

response, but not that evoked from the MCPA (Seyedabadi et al., 2006). However, 

the MCPA is not involved in maintaining vasomotor tone as it does not act to restore 

BP after chemical lesion of the RVLM. Hence, the physiological role of this 

sympathoexcitatory region in circulatory control remains to be determined. 
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1.2.3 Sympathetic preganglionic neurons 

The sympathetic division of the ANS emerges bilaterally from the last cervical, entire 

thoracic and the upper lumbar segments (C8-L2 levels) of the spinal cord. SPN cell 

bodies are located in four regions of these segments: the IML, lateral funiculus, 

intercalated nucleus, and central autonomic nucleus (Coote, 1988; Strack et al., 

1988; Pyner & Coote, 1994). However, the majority of SPN are found in the IML 

(~85% of total SPN) and in the adjacent lateral funiculus (Oldfield & McLachlan, 

1981; Strack et al., 1988; Pyner & Coote, 1994).  

1.2.3.1 Morphology of SPN 

SPN cell bodies in the IML are organized into four groups: nucleus intermediolateralis 

thoracolumbalis - pars funicularis (ILf) and pars principalis (ILp), nucleus intercalatus 

spinalis and nucleus intermediomedialis (central autonomic nucleus) (Petras & 

Cummings, 1972; Oldfield & McLachlan, 1981). Due to the different autonomic 

innervations, the distribution of cells within groups varies within spinal cord levels 

(Lichtman et al., 1979). ILf cells are scattered within the lateral funiculus and 

medially, join the cells of the principal part of the nucleus; ILf cells are multipolar or 

round, are normally larger than ILp cells, and form longitudinal series of cell nests 

(Petras & Cummings, 1972; Pilowsky et al., 1994). The nucleus intercalatus, located 

medial to the ILp, is composed of large elongated fusiform neurons (Petras & 

Cummings, 1972).  There are two groups of neurons found in the central autonomic 

nucleus: the first group of neurons appear in clusters and surrounding the central 

canal; the second group of neurons (the nucleus intercalatus paraependymalis) 

contain medium-sized, small fusiform cells located between the central canal and the 

Clarke column (Petras & Cummings, 1972). Axons of SPN exit the spinal cord 

through the ventral roots to the white communicating rami and onto the sympathetic 

ganglia. The dendrites of SPN in the IML have an extensive mediolateral orientation 

(Bacon & Smith, 1988; Vera et al., 1990b) that would provide a way by which SPN 

are innervated by axons descending through the lateral funiculus on both sides of the 

spinal cord. SPN synapse with noradrenergic sympathetic postganglionic neurons in 

the paravertebral and prevertebral ganglia which, in turn, innervate peripheral target 

organs (Pick, 1970; Baron et al., 1985). The only exception is the chromaffin cells of 

the adrenal medulla which are directly innervated by SPN (Strack et al., 1989a).  



Figure 1.1. Presympathetic neurons projecting to the spinal cord.

The six regions of the brain that project to sympathetic preganglionic neurons (SPN) in the 

intermediolateral cell column (IML) of the spinal cord: the paraventricular nucleus (PVN) of 

hypothalamus, the A5 cell group in the pons, rostral ventrolateral medulla (RVLM), rostral 

ventromedial medulla (RVMM), medullary raphe (MR) and medullo-cervical pressor area 

(MCPA). Adapted from Strack et al., 1989a; Seyedabadi et al., 2006. Abbreviations: NA, nucleus 

ambiguus; NTS,  nucleus tractus solitarius; PBN,  parabrachial nucleus; Sp5,  spinal trigeminal 

nucleus.
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1.2.3.2 Organization of SPN 

SPN have a particular organization through the spinal segments of the IML. For 

example, there is an approximate rostrocaudal organization of the SPN that 

corresponds with the rostrocaudal position of ganglia (Strack & Loewy, 1990). There 

is also columnar organization of the SPN. For example, the neurons innervating the 

stellate ganglion are located in the intermediate IML, those innervating the adrenal 

medulla are in the lateral portion of the IML and those innervating the superior 

cervical ganglion are in the medial portion of the IML (Pyner & Coote, 1994). 

However this organization may not be identical throughout all species (Funakoshi et 

al., 1996).        

 

SPN are also topographically organized, albeit with considerable overlap, according 

to their peripheral targets. For example, the cell bodies of SPN innervating the 

cervical sympathetic nerve are located between C8 and T5 and those innervating the 

adrenal gland are located between T4 and T12 (Strack et al., 1988). In addition, SPN 

which innervatine  adrenaline- and noradrenaline (NA) - secreting adrenal chromaffin 

cells are histologically and electrophysiologically distinct populations in rat and cat 

(Edwards et al., 1996; Morrison & Cao, 2000). For example, SPN regulating 

adrenaline secreting chromaffin cells are sensitive to 2-deoxyglucose (2-DG), a 

glucoprivic agent, but are not sensitive to baroreceptor activation. Alternatively, SPN 

that project to NA secreting chromaffin cells are not affected by 2-DG, but are excited 

by baroreceptor activation (Morrison & Cao, 2000). However, functional specificity of 

SPN is not observed in the lumbar spinal cord of the cat, where intracellular 

recordings from vasomotor SPN show that they are dispersed throughout the IML 

(Pilowsky et al., 1994).  These differences in functional state and topographical 

orientation within SPN reflect the differences in the central circuits that determine the 

activity of SPN and underlie the concept of differential control of sympathetic outflow 

(for review see Morrison, 2001; Guyenet, 2006).  

 

In addition to supraspinal regulation, SPN are also regulated by a network of spinal 

interneurons (Poree & Schramm, 1992; Chizh et al., 1998). Interneurons are 

multipolar neurons that do not project to spinal nerves (Deuchars et al., 2001). 

Electrical and chemical (glutamate) stimulation of the central autonomic nucleus 
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containing interneurons causes inhibitory postsynaptic potentials to SPN.  Since 

bicuculline (GABAA antagonist) blocks the excitatory effects of glutamate in the 

central autonomic nucleus, it is suggested that the inhibitory effect of interneurons 

that synapse with SPN is mediated via GABAA receptors (Deuchars et al., 2005). On 

the other hand, interneurons can also be excitatory, this is observed in certain cases 

of brainstem-provoked sympathoexcitation (for review see Deuchars, 2007). 

Electrophysiological recordings have shown that the firing frequency of the 

interneurons is higher than that of the SPN, potentially allowing for a greater level of 

regulation of the SPN (Brooke et al., 2002). However, spinal interneurons are not 

considered to be vital for the generation and maintenance of sympathetic tone 

because acute C1 spinal transection eliminates efferent sympathetic nerve activity 

(Alexander, 1946; Taylor & Schramm, 1987).        

1.2.3.3 Neurochemistry of the SPN 

The SPN receive inputs from a number of sources including local interneurons (see 

above), central respiratory nuclei, and other higher centres including the six 

supraspinal cardiovascular sites that have significant bulbospinal projections (section 

1.2.2). All SPN are cholinergic (Schafer et al., 1998) and they are identified by 

immunoreactivity to choline acetyltransferase (ChAT) (Fenwick et al., 2006), the 

enzyme required to synthesize acetylcholine (ACh). Anatomical and pharmacological 

studies have shown diverse chemical phenotypes of neurotransmitters and 

neuropeptides in the varicosities that surround SPN. The most important 

neurotransmitters released from nerve terminals which synapse with SPN are the 

amino acids such as glutamate (Morrison et al., 1989a; Morrison et al., 1989b; 

Llewellyn-Smith et al., 1992), GABA (Bacon & Smith, 1988; Bogan et al., 1989; Chiba 

& Semba, 1991; Llewellyn-Smith et al., 1998), glycine (Chiba & Semba, 1991; Cabot 

et al., 1992), and 5-HT (Bacon & Smith, 1988; Chiba, 1989; Vera et al., 1990a; 

Poulat et al., 1992). In fact, it has been demonstrated that two-thirds of all terminals 

apposing SPN in the thoracic spinal cord of the rat contain glutamate (Llewellyn-

Smith et al., 1992) which acts as the major neurotransmitter and plays crucial role in 

the maintenance of vasomotor tone. Moreover, other studies illustrate that about one-

third of all axons making contact with SPN are GABAergic (Bacon & Smith, 1988; 

Llewellyn-Smith et al., 1998). However, glutamate and GABA are not colocalized in 

the same nerve terminals (Llewellyn-Smith et al., 1992).  
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In addition to neurotransmitter, axon terminals synapsing with SPN are also 

immunoreactive for a wide variety of neuropeptides including substance P (Bacon & 

Smith, 1988; Vera et al., 1990a; Pilowsky et al., 1992), neuropeptides Y (NPY) 

(Chiba, 1989), angiotensin II (Galabov, 1992), ENK (Vera et al., 1990a), TRH (Poulat 

et al., 1992), pituitary adenylate cyclase activating polypeptide (PACAP) (Chiba et al., 

1996), somatostatin (Chiba, 1989) and orexin (Geerling et al., 2003; Llewellyn-Smith 

et al., 2003). Synapses have also been demonstrated between both noradrenergic 

and adrenergic, terminals and SPN (Chiba & Masuko, 1986, 1987; Milner et al., 

1988a; Bernstein-Goral & Bohn, 1989). Although various neurotransmitters and 

neuropeptides are colocalized with glutamate or GABA in terminals synapsing on 

SPN, the exact physiological condition at which these colocalized neurotransmitters 

are co-released and the effects they produce are still not clear. 

 

Based on peptide immunoreactivity, SPN fibres can be divided according to their 

function, into, cardiac, vascular (vasoconstrictor) and non-cardiovascular. In general 

two groups of cardiac SPN exist: calretinin (calcium-binding protein), and non-

calretinin containing (Anderson, 1998; Richardson et al., 2006). Nitric oxide (NO) 

synthetase (NOS), which is present in the majority of SPN, coexists with a significant 

number of calretinin- and neurokynin receptor 1 (NK-1)- positive SPN (Anderson, 

1992; Anderson et al., 1993; Grkovic & Anderson, 1996; Anderson, 1998). The 

distribution of chemically distinctive terminals surrounding SPN in the different spinal 

segments is non-uniform. For instance, some SPN are densely innervated by 

catecholamine terminals while others are sparsely innervated by catecholamine 

terminals (McLachlan & Oldfield, 1981). In addition, glycine immunoreactive terminals 

are associated particularly with SPN in the central autonomic area and intercalated 

nuclei (Cabot et al., 1992).  

 

SPN have many cell surface receptors, including the substance P receptor (Benoliel 

et al., 2000), ENK 1 receptor (Llewellyn-Smith et al., 2005), angiotensin II type 1a 

receptor (Ahmad et al., 2003), 5-HT receptor (Nakamura et al., 2004) and OX 

receptors (van den Top et al., 2003). The findings suggest multiple levels and types 

of transmission in the spinal cord in regards to SPN activity.  Lewis and Coote (1990) 

proposed that the function of co-released compounds may be quite different from that 
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observed when a compound is applied in isolation (Lewis & Coote, 1990). For 

instance, in the presence of low concentrations of an EAA (DL-homocysteic acid), NA 

has an inhibitory effect, but the opposite effect (excitation) is exhibited when the 

concentration of the amino acid is increased (Lewis & Coote, 1990). A growing body 

of evidence suggests that co-stored and co-released neurotransmitters or 

neuropeptides might modulate the responses of classical neurotransmitters such as 

glutamate or GABA.  

 

The effects of OX-A in the spinal cord on the cardiorespiratory response and 

responses to arterial baroreceptor, somatic receptor, and peripheral chemoreceptor 

stimulation are detailed in chapter 3.  

1.2.4 Rostral ventrolateral medulla 

The RVLM is the most comprehensively studied sympathetic premotor cell groups in 

the brain, particularly in relation to cardiovascular control. The RVLM plays a key role 

in the regulation of basal cardiac and vasomotor sympathetic tone and in mediating 

the sympathetic responses to baroreceptor, chemoreceptor and somatic receptor 

activation. Anatomically, the RVLM is now most commonly accepted as the region 

that extends (approximately 1mm) caudally from the caudal pole of the facial 

nucleus, ventral to the compact formation of the nucleus ambiguus and Bötzinger 

Complex (BötC), rostral to the pre-Bötzinger Complex (preBötC), and lateral to the 

spinal trigeminal nucleus (Ruggiero et al., 1994; Goodchild & Moon, 2009). In the 

context of cardiovascular regulation, the most rostral 500 μm of the RVLM is 

considered the „hot spot‟ because this area evokes the largest pressor response to 

glutamate microinjection (Goodchild & Moon, 2009) (chapters 4 and 5). 

1.2.4.1 Identification of the vasomotor centre and the RVLM 

The importance of the ventrolateral medulla in the regulation of BP was first made by 

Carl Friedrich Wilhelm Ludwig, the head of the Leipzig Physiological Institute, during 

the 1870‟s. Ludwig with his co-workers Owsjannikow and Dittmar, suggested that a 

vasomotor centre in the brainstem controls the contraction of arterial blood vessels 

by receiving inputs from the periphery via a „depressor nerve‟ (for overview see 

Pagani et al., 1982; Gillis et al., 1983; Seller, 1996). In 1873 Dittmar showed that 

destruction of the ventral but not the dorsal medulla around the level of the facial 
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nucleus, pertaining to the RVLM, resulted in a profound fall in BP (Sun, 1995). After a 

century, in 1972, Feldberg and Guertzenstein revitalized the idea of a vasomotor 

centre in the brainstem. Feldberg and Guertzenstein observed a transient pressor 

effect even with the slightest mechanical (cannula) manipulation of „a small area at 

the ventral surface of the medulla oblongata‟ (Feldberg & Guertzenstein, 1972). An 

extreme decline in BP was observed following local application of sodium 

pentobarbitone to the area „situated lateral to the pyramids and just caudal to the 

trapezoid bodies‟ (Feldberg & Guertzenstein, 1972). In addition, the activity of RVLM 

neurons was suppressed by the application of glycine to the surface of the ventral 

medulla or by microinjection of glycine into the RVLM in the cat (Guertzenstein & 

Silver, 1974; Wennergren & Oberg, 1980; Hilton et al., 1983; Dean & Coote, 1986) 

which suggests that these neurons are tonically active. Under stereotaxic guidance, 

chemical inhibition or electrical lesions of the RVLM in the anaesthetised rabbit 

(Dampney & Moon, 1980; Pilowsky et al., 1985), rat (Willette et al., 1983b; Ross et 

al., 1984b) and cat (McAllen, 1985), evoked hypotension and sympathoinhibition to 

the same extent as that seen following C1 spinal transection or ganglionic blockade. 

The excitation of the RVLM by electrical or chemical stimulation caused hypertension 

and a powerful increase in sympathetic drive to the heart, blood vessels and adrenal 

medulla (Goodchild et al., 1982; Willette et al., 1983a; Ross et al., 1984b; McAllen, 

1986) and monosynaptically excited SPN (Deuchars et al., 1995). The effects of 

inhibition or excitation of RVLM neurons on sympathetic vasomotor tone (described 

above) were observed in anaesthetised animals. Similarly in conscious animals, 

inhibition of the RVLM by microinjection of the neuroinhibitory compound glycine, 

evoked a profound reduction in rSNA as well as BP (Sakima et al., 2000). These data 

further support the idea that RVLM neurons play a critical role in the maintenance of 

sympathetic vasomotor tone in the conscious as well as the anaesthetised state. 

Around the same time (1980s), studies illustrated that the RVLM is the critical center 

in the control of adaptive autonomic reflexes, particularly the baroreflex (Willette et 

al., 1983b) (see section 1.3.1) and somatosympathetic reflex (McAllen, 1985) (see 

section 1.3.2). These studies, and many others, recognized the RVLM as a key 

brainstem site responsible for the tonic and reflex control of cardiovascular function. 
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1.2.4.2 Classification of RVLM neurons 

The RVLM consists mainly of two groups of neurons: the catecholaminergic (C1) and 

the non catecholaminergic (non-C1) neurons. The C1 population is defined by the 

presence of the enzymes required for the synthesis of adrenaline (tyrosine 

hydroxylase (TH), dopamine β-hydroxylase (DβH) and phenylethanolamine-N-

methyltransferase (PNMT)) (Hokfelt et al., 1973; Blessing et al., 1981; Ross et al., 

1981; Goodchild et al., 1984; Phillips et al., 2001; Stornetta et al., 2002). Bulbospinal 

and non-bulbospinal RVLM neurons are anatomically and neurochemically distinct 

groups of neurons. Retrograde tracing studies have shown that RVLM 

presympathetic neurons display bilateral spinal projections making monosynaptic 

connections with SPN in the thoracolumbar spinal cord, with an ipsilateral 

predominance (Jeske & McKenna, 1992; Moon et al., 2002). Spinal projections were 

also demonstrated by antidromic activation of RVLM neurons (Lipski, 1981; Brown & 

Guyenet, 1985; Lipski et al., 1995b). Most barosensitive bulbospinal neurons reside 

at the rostral pole of the RVLM (0-300μm caudal to the facial nucleus in rat) and 

project to SPN at all levels of the spinal cord (Strack et al., 1989a; Jansen et al., 

1995; Pyner & Coote, 1998). Whereas neurons concentrated in the caudal half of the 

RVLM (600-800 μm caudal to the facial nucleus in the rat) send projections to higher 

brain regions (Sawchenko & Swanson, 1982; Tucker et al., 1987; Petrov et al., 

1993). Immunohistochemistry studies show that, RVLM neurons that project to the 

spinal cord and hypothalamic area, form completely separate subpopulations (Tucker 

et al., 1987). Approximately 60–70% of bulbospinal neurons are phenotypically 

defined as C1 neurons. Bulbospinal C1 neurons comprise ~25-33% of all C1 

neurons, whereas C1 neurons projecting to the hypothalamus make up more than 

50% of the total C1 population (Minson et al., 1990; Stornetta et al., 1999; Verberne 

et al., 1999; Phillips et al., 2001). Many C1 neurons are sympathoexcitatory (Abbott 

et al., 2009a), barosensitive (Sartor & Verberne, 2003) and are activated by a fall in 

BP (Sved et al., 1994). Bulbospinal and non-bulbospinal RVLM neurons also exhibit 

differences in expression of neurochemicals. For instance, using retrograde labelling, 

NPY mRNA was visualized in 96% of C1 neurons with hypothalamic projections, but 

only in 9% of spinally projecting C1 neurons (Stornetta et al., 1999). This suggests 

that C1 neurons may not have a major synaptic input to all SPN. In addition, Pilowsky 

et al.,(1994) reported in cat, that only approximately 8% of SPN were of a 

vasoconstrictor type (Pilowsky et al., 1994).   
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Depending on the conduction velocity of the axon, the barosensitive bulbospinal 

RVLM neurons are further classified as either fast or slow conducting (Brown & 

Guyenet, 1984). Approximately 80% of bulbospinal RVLM neurons are lightly 

myelinated, and have a high axonal conduction velocity (average of 3m/s), while 20% 

are unmyelinated, and have a slow axonal conduction velocity (<1m/s) (Morrison et 

al., 1988). The conduction velocity is correlated with the basal activity of RVLM 

neurons; the highest spontaneous activity is observed in neurons with the fastest 

conduction velocity (Schreihofer & Guyenet, 1997). Lipski and colleagues gave a 

similar classification of bulbospinal RVLM neurons based on in vivo intracellular 

recordings. The first criterion was barosensitivity, as demonstrated by an inhibitory 

response to aortic nerve stimulation (in rats the aortic nerve is exclusively 

barosensitive while in humans and rabbits it also contains chemosensitive properties) 

(Lipski et al., 1995a; Lipski et al., 1996a). The second criterion was the antidromic 

response of efferent pathways to near-threshold stimulation that does not 

significantly alter BP, or the amplitude of synaptic responses (Lipski et al., 1995a; 

Lipski et al., 1996a). Later Lipski et al., (1996) confirmed the observation that the 

majority of barosensitive bulbospinal RVLM neurons are fast conducting, however 

the study failed to identify neurons with slow-conducting velocity (i.e. the non-

myelinated fibres). The reasons behind the inability to identify neurons with slow-

conducting activity were also explained in the study. The first reason was the 

difficulty of recording intracellular activity from small cell bodies of unmyelinated 

fibres, while the second reason was the „masking effect‟ of faster conducted afferent 

fibres that masked the antidromic action potentials of slower conducting fibres (Lipski 

et al., 1996a). The physiological difference and contribution of the slow and fast 

conducting spinally projecting RVLM neurons in the regulation of sympathetic tone 

and reflexes is unclear and remains to be investigated. 

 

For many years, C1 neurons were thought to be the generators of vasomotor tone. 

Now the importance of C1 neurons in cardiovascular regulation, particularly in the 

long term, has been questioned: the elimination of up to 90% of C1 neurons by 

neurotoxin lesion of C1 cells (Madden et al., 1999; Madden & Sved, 2003) or lesion 

of the bulbospinal C1 subpopulation (Schreihofer et al., 2000) reduced BP by less 

than 10 mmHg, if at all, and had no significant effects on tonic SNA. However, 
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lesioning studies have revealed that RVLM C1 neurons are important for the 

sympathetic responses to baroreceptor loading and unloading (Schreihofer & 

Guyenet, 2000; Guyenet et al., 2001) and other sympathoexcitatory reflexes 

including the chemoreflex (Schreihofer & Guyenet, 2000) and somatosympathetic 

reflex (McAllen, 1985; Morrison & Reis, 1989). In contrast, a recent study has shown 

that C1 neurons do not appear to mediate the sympathoexcitation evoked by 

hypercapnia (Marina et al., 2011). Perhaps the most plausible explanation for the 

stability of BP following C1 destruction, is that the non C1 neurons and other 

regulatory sites may compensate or that there is such redundancy that only 10% of 

the C1 neurons are required to maintain basal levels of vasomotor tone. 

 

The function of presympathetic cardiovascular non-C1 neurons in the RVLM is not 

well studied. Although these neurons are differentiated from the C1 population by the 

absence of the markers for catecholamines, they share similar electrophysiological 

properties (Lipski et al., 1995a; Lipski et al., 1995b), anatomical projections (Ross et 

al., 1984b; Card et al., 2006) and express many, but not all, of the same 

neurotransmitters and neuropeptides (see section 1.2.4.5). There is an obvious 

difference between C1 and non-C1 neurons in terms of their conduction velocity. 

Schreihofer and Guyenet (1997) demonstrated that the conduction velocity of 

bulbospinal RVLM neurons is correlated with TH content; C1 and non-C1 neurons 

display fast conducting bulbospinal axons, whereas slow conducting axons originate 

only from C1 neurons (Schreihofer & Guyenet, 1997). However the functional 

significance of non-C1 neurons is important to know to identify subpopulation of the 

RVLM neurons that are critical in generating sympathetic vasomotor tone.  

1.2.4.3 Connectivity of the RVLM 

1.2.4.3.1 Inputs   

The RVLM receives and integrates information from diverse regions of the brain. 

Electrophysiological and neuroanatomical studies confirm that neurons in the RVLM 

receive inputs from other brain regions including the PVN of the hypothalamus 

(Coote et al., 1998), lateral hypothalamus (Ciriello et al., 1985; Sun & Guyenet, 

1986a), RVMM (Farkas et al., 1998; Sartor & Verberne, 2003), NTS (Ross et al., 

1985; Ciriello & Caverson, 1986) and caudal ventrolateral medulla (CVLM) (Li et al., 

1992). They also receive inputs from cardiovascular reflexes, including: 
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baroreceptors, chemoreceptors and somatic receptors, either directly or indirectly 

(Stornetta et al., 1989; Koshiya et al., 1993; Pilowsky & Goodchild, 2002). Inputs can 

be described by their place of origin, function and/or by chemical identification. For 

instance, CVLM to RVLM input is divided into: baroreceptor and non-baroreceptor 

sensitive inhibitory input. These two inputs may be from the same and/or separate 

neuronal populations within the CVLM. For example, microinjection of kainic acid into 

the rostral CVLM causes an increase in BP and SNA, as well as an inhibition of 

baroreceptor silencing of SNA. This disruption to the baroreceptor reflex response is 

not found following caudal CVLM injection of kainic acid. This differential effect 

reflects the heterogeneous organization in the CVLM, such that, the barosensitive 

input from CVLM to RVLM originates from the rostral part of the CVLM (Cravo et al., 

1991). However, the barosensitive and non-barosensitive CVLM outputs may be 

integrated without anatomical segregation (Schreihofer & Guyenet, 2002). Most of 

the cardiovascular and reflex responses that originate from other brain regions are 

known to relay and integrate in the RVLM. For instance, damage to the RVLM 

eliminates the rise in BP produced by lesions in the NTS (Benarroch et al., 1986). 

1.2.4.3.2 Outputs  

It is well accepted that the RVLM projects to all levels of the thoracic IML (Dampney, 

1994). This was initially demonstrated using retrograde tracers injected at different 

levels of the thoracic spinal cord (Amendt et al., 1979; Ross et al., 1984a; Jeske & 

McKenna, 1992). Direct synaptic contact between the terminals of RVLM neurons in 

the IML and SPN retrogradely labelled from the adrenal medulla or superior cervical 

ganglion was also demonstrated with this technique (Zagon & Smith, 1993; Coote et 

al., 1998). Electrical stimulation of the spinal cord combined with single unit 

recordings of RVLM neurons confirmed spinal projections (Brown & Guyenet, 1985; 

Lipski et al., 1995b) that are monosynaptic (Oshima et al., 2006; Oshima et al., 

2008). Caudal RVLM neurons send projections to higher brain regions, including the 

PVN, supraoptic nucleus (SON) of the hypothalamus and basal forebrain 

(Sawchenko & Swanson, 1982; Tucker et al., 1987; Petrov et al., 1993). Rostral 

projections are believed to drive aspects of central cardiovascular control that are 

regulated by the hypothalamic-pituitary axis, including osmolality and blood volume. 

RVLM neurons that project to arcuate and raphé nuclei are involved in feeding, 

circadian rhythms and thermogenesis (Card et al., 2006), while neurons projecting to 
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the PAG (Herbert & Saper, 1992) and locus coeruleus (LC) (Pieribone & Aston-

Jones, 1991) are involved in sleep and pain regulation.   

1.2.4.4 Morphology and electrophysiological properties of RVLM neurons 

The cell bodies of RVLM neurons come in a variety of shapes and sizes, there may 

be a presence or absence of spinal projections and/or rostral ipsilateral and 

contralateral brainstem communications (Lipski et al., 1995b). Cell bodies of RVLM 

neurons are spindle shaped, and multipolar with the average area of the soma being 

approximately ~20-30 µm2 (Lipski et al., 1995b; Schreihofer & Guyenet, 1997). 

Multiple dendrites arise from the cell bodies, and project mainly in the coronal plane, 

although many do project to the ventral medullary surface and terminate immediately 

beneath the pia mater (Lipski et al., 1995b; Schreihofer & Guyenet, 1997). The axons 

of barosensitive bulbospinal neurons project dorsomedially before turning in a caudal 

direction to project to the spinal cord (Schreihofer & Guyenet, 1997).  

 

RVLM neurons have a wide range of firing frequencies and patterns which may be 

associated with differential release of neurotransmitters (Morris, 1999; Todorov et al., 

1999; Fulop et al., 2005). In some cases, the firing pattern is dependent on 

conduction velocities, which is in turn related to the size and myelination of the axon 

(Morrison et al., 1988). For instance, RVLM neurons with myelinated axons have 

increased firing rates (Schreihofer & Guyenet, 1997). Two criteria for the 

identification of presympathetic vasomotor neurons have been recommended during 

in vivo intracellular recording; 1) that they should have an inhibitory post synaptic 

potential (IPSP) following low frequency electrical stimulation of the aortic depressor 

nerve while avoiding large changes in BP and 2) that they should be antidromically 

activated when stimulated from the thoracic spinal cord (Lipski et al., 1996b). Other 

key features of RVLM neurons are: (i) RVLM neurons have irregular firing discharges 

that are maintained by ongoing excitatory and inhibitory inputs; (ii) these irregular 

firing discharges become regular when induced with a large depolarising current or 

injury, thereby showing that the inhibitory inputs modulate the excitability of the 

RVLM neurons (Lipski et al., 1996b).  

 

Experiments conducted in vitro to characterize RVLM neurons gave rise to a debate 

on the origin of their activity. RVLM neurons in medullary slices from neonatal rats, 
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which were deprived of synaptic inputs, were found to evoke a pacemaker like 

discharge (Sun et al., 1988b). This pacemaker activity was not inhibited when the 

slice was treated with glutamate receptor antagonists, further strengthening the idea 

that RVLM neurons have an intrinsic pacemaker property and thus led to the 

pacemaker theory (Sun et al., 1988a). The intrinsic pacemaker property of RVLM 

neurons was further confirmed by several other in vitro studies (Sun et al., 1988c; 

Kangrga & Loewy, 1995; Li et al., 1995). This pacemaker theory has been opposed 

and the network theory advocated by other groups due to the absence of any 

pacemaker properties in RVLM neurons in in vivo experiments with adult rats (Lipski 

et al., 1996b). It has since been concluded, based on in vivo and in vitro intracellular 

recordings, that the cells in the RVLM lack known pacemaker currents and that all 

action potentials in the RVLM neurons are preceded by excitatory post synaptic 

potentials (EPSP) produced by synaptic inputs (Lipski et al., 2002). An argument was 

also made that only cells in slice preparations of neonatal rat brains show pacemaker 

properties and the actual activity of RVLM neurons is produced by a summed effect 

of excitatory and inhibitory inputs to these neurons under normal physiological 

conditions in an adult rat (Dampney et al., 2000). 

1.2.4.5 Neurotransmitters / neuromodulators and signal transduction in the 
RVLM 

A great deal of effort has been devoted to determining the neurochemical and 

receptor phenotype of RVLM neurons since these will determine the potential 

function and downstream/upstream targets of RVLM neurons. Neurotransmitters and 

neuromodulators that are suggested to act on the RVLM neurons range from 

classical amino acids (GABA, glycine) and glutamate to gases (NO, O2) and 

neuropeptides (ENK, substance P, PACAP, orexin, somatostatin, galanin etc).    

 

Accumulating evidence suggests that glutamate and GABA receptors are essential 

for the excitation and tonic inhibition of RVLM neurons. Glutamate is considered to 

be the principal excitatory neurotransmitter of RVLM presympathetic neurons 

projecting to the spinal cord (Morrison, 2003). Markers for glutamate transmission 

such as phosphate-activated glutaminase (a glutamate-synthesizing enzyme) 

(Minson et al., 1991) and the vesicular glutamate transporter 2 (VGLUT2) mRNA 

(Stornetta et al., 2002) are expressed in most of the RVLM presympathetic neurons. 
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In addition, the excitatory response to the stimulation of C1 cells in the RVLM is 

completely abolished by blockade of ionotropic glutamate transmission with 

kynurenic acid in the spinal cord (Mills et al., 1990; Bazil & Gordon, 1993; Morrison, 

2003). Furthermore, stimulation of the RVLM causes an immediate increase in the 

release of glutamate and aspartate as measured by dialysis (Kapoor et al., 1992). On 

the other hand, GABA receptors, expressed on presympathetic RVLM neurons (Li & 

Guyenet, 1996), are proposed to be involved in the tonic inhibition of these neurons 

by GABA despite the expression of precursors for GABA or glycine (Stornetta et al., 

2004) being rare in the RVLM. Moreover, GABA terminals synapse with PNMT 

immunoreactive cell bodies and dendrites in the RVLM (Milner et al., 1987) and 

injection of a GABA antagonist into the RVLM resulted in an increase in BP indicating 

tonic inhibition of the RVLM by endogenous GABA (Amano & Kubo, 1993).  

 

Neurotransmitters / neuromodulators other than glutamate and GABA are also found 

within subpopulations of RVLM neurons, and participate in the modulation of RVLM 

responses. PACAP mRNA is found in both C1 (82%) and non-C1 (10%) bulbospinal 

neurons in the RVLM (Farnham et al., 2008). Both C1 and non-C1 neurons also 

express cocaine- and amphetamine-regulated transcript (CART) that has been 

suggested to be a histological marker for all RVLM neurons (Dun et al., 2002; 

Burman et al., 2004; Wittmann et al., 2004). Other peptides or their precursors 

differentially expressed in the subpopulations of RVLM neurons include substance P 

(Pilowsky et al., 1986; Milner et al., 1988b; Li et al., 2005), NPY (Stornetta et al., 

1999), preprogalanin (Sweerts et al., 1999), ENK (Sasek & Helke, 1989), TRH (Helke 

et al., 1986; Hirsch & Helke, 1988), somatostatin (Burke et al., 2008) and opiates 

(Stornetta et al., 2001). For instance, NPY is expressed by 95% of hypothalamic 

projecting C1 neurons but is absent from most spinally projecting RVLM neurons 

(Sawchenko et al., 1985; Stornetta et al., 1999; Schreihofer et al., 2000). 

Preproenkephalin (PPE) is expressed by ~29% of bulbospinal C1 neurons (Stornetta 

et al., 2001), while the substance P precursor, preprotachykinin (PPT), is expressed 

in ~20% of bulbospinal C1 neurons (Li et al., 2005). 80% of non-C1 bulbospinal 

neurons express PPE (Stornetta et al., 2001). In addition to expressing different 

neurotransmitters RVLM neurons are closely apposed to, and make synapses with 

many other neurotransmitters that act via GPCRs. For example, the RVLM receives 

projections which utilize different neuropeptides (e.g. angiotensin II (Lind et al., 
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1985), PACAP (Das et al., 2007), substance P (Milner et al., 1989; Milner et al., 

1996), orexin (Machado et al., 2002)), amines (ACh (Giuliano et al., 1989; Padley et 

al., 2007), serotonin (Bago et al., 2002)), and gases (NO (Iadecola et al., 1993)).  

 

Subpopulations of RVLM neurons also show diversity in their receptor content. 

Receptors for a variety of neurotransmitters and neuropeptides, apart from glutamate 

and GABA, that are also pre- or post-synaptically expressed within the RVLM 

(Ruggiero et al., 1989) include angiotensin II (Song et al., 1992), ACh (Padley et al., 

2007), substance P (Helke et al., 1984; Nakaya et al., 1994; Makeham et al., 2001), 

somatostatin (Burke et al., 2008), opiates (Stasinopoulos et al., 2000), serotonin 

(Polson et al., 1992; Helke et al., 1997), and adenosine (Jiang et al., 2011). However, 

the role played by most of these receptors in the RVLM under normal physiological 

conditions is not clearly understood. Antagonism of metabotropic receptors including 

NK1 receptors (Makeham et al., 2005), cannabinoid 1 receptor (Padley et al., 2003), 

5-HT1A receptor (Miyawaki et al., 2001), and somatostatin 2A receptor (Burke et al., 

2008) in the RVLM in the anaesthetised rat has little effect on resting BP and SNA. 

However, there are a few exceptions, blockade of delta (δ) opioid receptors (Morilak 

et al., 1990b, a) and muscarinic receptors (Padley et al., 2007) in the RVLM of an 

anaesthetised preparation produce changes in the resting BP and SNA. Possible 

explanations for the lack of metabotropic transmission under resting conditions are 

that; i) only classical neurotransmitters (i.e. glutamate, GABA) are required for the 

maintenance of BP in a resting state, ii) anaesthesia obscures the role of these 

neurotransmitters, or iii) neuropeptides require repetitive action potentials at high 

frequencies (10-40 Hz) to mobilise and fuse the dense core vesicles storing them to 

the membrane (Hokfelt et al., 2000; Mansvelder & Kits, 2000).  

 

Recent studies provide evidence for the role of metabotropic transmitters / peptides 

on the modulation of differential reflex responses integrated within bulbospinal 

presympathetic RVLM neurons. For instance, activation of the δ-opioid receptor in 

the RVLM impairs somatosensory inputs, but has no effect on baroreceptor or 

chemoreceptor inputs; μ-opioid receptors activation blocks sympathetic baroreflex, 

but has no effect on somatosympathetic or peripheral chemoreceptor reflexes 

(Miyawaki et al., 2002a; Kasamatsu & Sapru, 2005). AT1 receptor activation 

increases the maximum range of the SNA baroreflex, but has no effect on baroreflex 
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gain (Head & Mayorov, 2001); whereas activation of the muscarinic cholinergic 

receptor increases the range and gain of the sympathetic baroreflex, but attenuates 

somatosensory and chemoafferent inputs (Padley et al., 2007). Injection of 5-HT1A 

agonists (Miyawaki et al, 2001), NK1 agonists (Makeham et al., 2005), and 

somatostatin 2A agonists (Burke et al., 2008) have also shown differential effects on 

sympathetic vasomotor tone and reflexes. All the accumulated evidence suggests 

that, different neuropeptides cause differential modulation of the subpopulations of 

bulbospinal presympathetic RVLM neurons that are also activated differentially by 

different reflex stimuli. This apparent functional specificity is investigated further in 

chapters 4 and 5, with sympathetic baroreflex, somatosympathetic reflex and 

sympathetic chemoreflex responses following administration of OX-A in the RVLM. 

 

1.3 Central pathways mediating sympathetic reflexes  

 

Autonomic reflexes are important in order to provide minute-to-minute alterations in 

sympathetic activity to various vascular beds which enables all organs to meet their 

nutritional requirements and thus maintain homeostasis. The most extensively 

studied autonomic reflexes are the sympathetic baroreflex, somatosympathetic 

reflex, and peripheral and central chemoreceptor reflexes that are integrated in, and 

mediated through the RVLM and finally relayed via SPN. These are discussed in 

some detail below. 

1.3.1 The baroreceptor reflex 

The primary role of the baroreflex is to normalize any deviations in baseline arterial 

BP. Therefore the aim of the baroreflex is to lower sympathetic outflow, in response 

to an increase in arterial BP, by inhibiting the excitation of sympathoexcitatory RVLM 

neurons. Similarly, a decrease in BP results in a reflex increase in SNA that elevates 

BP to baseline (Figure 1.2). 

 

Although the basic understanding of the baroreflex was described in 1866 when 

Ludwig and Cyon performed experiments showing that electrical stimulation of the 

aortic nerve resulted in acute hypotension and bradycardia via brainstem 

mechanisms (for review see Green & Heffron, 1966). However the current concept of 
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the baroreflex involved in short-term control of BP was first illustrated in denervated 

dogs by Cowley and colleagues who observed that denervation of arterial 

baroreceptors caused a pressor effect that persisted for several weeks until BP finally 

returned to pre-denervation levels (Cowley et al., 1973). Baroreceptors are slowly 

adapting specialised mechanoreceptors that originate primarily in the adventitia of 

the carotid sinus and the aortic arch whose cell bodies are located in the petrosal 

ganglion and nodose ganglion respectively (Andersen et al., 1978; Donoghue et al., 

1984; Kumada et al., 1990; Chapleau et al., 1995).  

 

An increase in arterial pressure stretches the baroreceptors and mechanical 

deformation of the vessel wall leads to the opening of mechanosensitive cation 

channels resulting in baroreceptor afferent depolarization, increased firing and 

subsequent generation of an action potential (Brown, 1980; Chapleau et al., 2001). 

The nerve signal is then transmitted via the aortic depressor nerves (arising from the 

aortic arch) that join the vagus nerve, and Hering‟s nerve (arising from the carotid 

sinus), which joins the glossopharyngeal nerve (Ciriello, 1983; Housley et al., 1987). 

However in terms of baroreceptor reflex control, the aortic baroreceptors have a 

dominant role over carotid baroreceptors since the reflex bradycardia which occurrs 

after baroreflex is reduced by 85% following denervation of the aortic depressor 

nerve (Pickering et al., 2008). The primary baroreceptor afferent nerves first synapse 

with neurons of the medial and dorsolateral subdivision of the NTS (Lipski et al., 

1975; Ciriello, 1983; Zhang & Mifflin, 1998). Glutamate is presumably the primary 

neurotransmitter in relaying the baroreceptor information to the NTS since bilateral 

blockade of EAA receptors eliminates the baroreflex in anaesthetised rats (Guyenet 

et al., 1987; Leone & Gordon, 1989). The NTS have a number of outputs influencing 

many regions of nervous system. However, the most critical output in terms of 

baroreflex is the excitatory projection of the NTS to the GABAergic neurons in the 

CVLM via a combination of NMDA and AMPA/kainate receptors (Chalmers et al., 

1994; Dampney, 1994; Sun, 1995; Pilowsky & Goodchild, 2002).  

 

The CVLM is thought to be a sympathoinhibitory region as lesions or inhibitions of 

the CVLM neurons evoke long lasting pressor and sympathoexcitatory responses. 

Further, stimulation of the CVLM results in depressor and sympathoinhibitory 

responses (Pilowsky et al., 1987; Cravo & Morrison, 1993; Schreihofer & Guyenet, 
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2002).  Barosensitive GABAergic CVLM neurons are concentrated in the most rostral 

part of the CVLM, while tonically active non-barosensitive GABAergic neurons are 

more common in the caudal CVLM (Cravo et al., 1991; Sved et al., 2000; Horiuchi & 

Dampney, 2002). Barosensitive inhibitory neurons of the CVLM project 

monosynaptically to bulbospinal sympathoexcitatory neurons in the RVLM (Masuda 

et al., 1991) and inhibit their activity by releasing GABA as the principal 

neurotransmitter (Li et al., 1991; Minson et al., 1997). Barosensitive CVLM neurons 

exhibit tonic baroreceptor related discharges (Schreihofer & Guyenet, 2003) which 

are crucial for the arterial baroreflex (Dampney, 1994). After acute lesions of the NTS 

combined with CVLM inhibition, administration of bicuculline results in a larger 

increase in BP both in baroreceptor intact and barodenervated rats indicating baro-

insensitive neuronal control of the RVLM (Sved et al., 2000; Schreihofer & Guyenet, 

2003). The RVLM is the final central site for integration of the baroreflex. Both the C1 

and non-C1 cells in the RVLM influence the baroreflex. As previously mentioned, 

approximately 70% of electrophysiologically identified bulbospinal barosensitive 

neurons of the RVLM are catecholaminergic. Although these barosensitive C1 

neurons are not essential for the maintenance of resting sympathetic tone, they are 

involved in the baroreflex as evidenced by the approximately 40% reduction in 

baroreflex gain following chemical depletion of these bulbospinal C1 neurons 

(Schreihofer & Guyenet, 2000; Guyenet et al., 2001). Thus inhibition of RVLM activity 

results in decreased sympathetic output to SPN causing a reduction in cardiac output 

and heart activity, as well as a reduction in peripheral vascular resistance (Sved et 

al., 2001; Pilowsky & Goodchild, 2002; Guyenet, 2006), which ultimately result in a 

reduction in MAP.  

  

In addition to the baroreflex-sympathoinhibitory pathway, there is also a baroreflex-

cardioinhibitory pathway that involves a direct input from the NTS to a group of vagal 

(parasympathetic) preganglionic neurons (cholinergic) in the nucleus ambiguus. 

These cardiac vagal preganglionic motoneurons are activated to reduce HR (McAllen 

& Spyer, 1976, 1978; Simms et al., 2007). In normotensive rats, the SNS is dominant 

at lower BP levels, in contrast to the parasympathetic, which is dominant at higher 

BP levels (Simms et al., 2007). 
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Figure 1.2. Central pathways involved in the sympathetic baroreceptor reflex.

Elevated blood pressure (BP) causes reflex sympathoinhibition to return BP to normal 
level. Arterial baroreceptors, when activated by elevated BP, send excitatory inputs to 
NTS. The sympathoinhibition occurs via disinhibition of RVLM neurons by GABA-ergic 
projection from CVLM that receives excitatory input from the NTS. Excitatory pathways 
are indicated by red lines and inhibitory pathways are indicated by dashed blue lines. 
Abbreviations: NTS, nucleus tractus solitarius; CVLM, caudal ventrolateral medulla; 
RVLM, rostral ventrolateral medulla; IML, intermediolateral cell column. 
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Since the major concern of this thesis is the regulation of sympathetic reflexes, the 

cardiac baroreflex is not discussed in detail here. Moreover the methods (chapter 2) 

and result chapters (3–5) in this thesis detail experiments conducted in bilaterally 

atropine treated and vagotomised rats where the PNS controlling the cardiovagal 

baroreflex is inactive.  

1.3.2 The somatosympathetic reflex 

The term “somatosympathetic reflex” refers to responses exhibited in the SNA 

following activation of somatic afferent neurons (Schmidt & Schönfuss, 1970; Sato & 

Schmidt, 1973). Somatic afferent nerves convey information about temperature, 

touch, body position, mechanical pressure, and distortion of the muscle (e.g. muscle 

stretch and tendon tension) and skin, to central autonomic nuclei (Christensen & 

Perl, 1970; Uchino et al., 1970; Bessou et al., 1971; Kumazawa & Perl, 1977). 

Activation of sensory pathways leads to appropriate changes in O2, pH, and energy 

levels in the skeletal muscle and skin to meet metabolic demands and maintain 

homeostasis (Potts & Mitchell, 1998).  

 

The afferent limb of the somatosympathetic reflex consists of primary afferent 

neurons synapsing directly with laminae I and II cells in the dorsal horn of the spinal 

cord (Light & Perl, 1979). Substance P plays a major role in the transmission of 

nociceptive somatic afferent input to the spinal cord. Axons of these cells cross the 

midline and ascend in the spinothalamic tract located in the dorsolateral funiculus on 

the contralateral side of the spinal cord. They may target autonomic sites in the 

spinal cord (SPN) (Willis & Westlund, 1997), then brainstem (RVLM, A1, NTS, A5, 

PBN), midbrain (PAG) and forebrain (hypothalamus, amygdala, thalamus) and, in 

primates, the cortex (Stornetta et al., 1989; Andrew et al., 2003; Craig, 2003) where 

the integration of the afferent signal takes place. The efferent limb comprises of 

presympathetic neurons projecting to, and synapsing with the SPN, which provides 

the basis for spino-spinal, spino-medullary, and spino-mesencephalic 

somatosympathetic reflex arcs (Sato & Schmidt, 1973; Craig, 2003) (Figure 1.3). 

 

Intermittent electrical stimulation of somatic nerves (e.g. sciatic nerve) at low voltage 

in rats, consistently evokes two characteristic excitatory peaks in SNA with latencies 
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of  ~ 70 and 170 ms (Morrison & Reis, 1989; Miyawaki et al., 2001). A third late peak 

(peak III; ~250 ms) is also observed if the nerve is stimulated electrically at high 

intensity (Morrison & Reis, 1989; Burke et al., 2011). Based on the conduction 

velocities of the peaks, it has been suggested that the first two peaks correspond to 

the lightly myelinated A-δ afferent fibres and the third peak belongs to the 

unmyelinated C- fibres. Furthermore, A-δ afferent fibres are suggested to be 

sufficient to produce the somatosympathetic reflex with a limited role for C-fibres in 

this response (Morrison & Reis, 1989).    

 

Despite extensive studies on somatosympathetic reflex, there is still some debate 

about the origin of the two peaks observed in the SNA. As per the proposal of 

Morrison & Reis (1989), somatic afferent fibres (primarily A-δ fibres) course to the 

contralateral spinal cord with two different conduction velocities. These ascending 

afferent fibres then evoke direct or indirect excitation of both myelinated and 

unmyelinated presympathetic RVLM neurons through intermedullary neurons 

resulting in two excitatory peaks (Morrison & Reis, 1989). This proposal was further 

supported by Miyawaki et al., (2001) who showed that the time between the two 

excitatory peaks are identical following electrical stimulation of the sciatic nerve and 

hypothesised different conduction velocities in efferent neurons to the RVLM . On the 

other hand, McMullan and colleagues proposed an alternative model to the origin of 

sympathoexcitatory peaks of somatosympathetic reflex in 2008. According to their 

study, stimulation of the sciatic nerve activates both A and C fibres which, in turn, 

drive separate second-order pathways from the contralateral side of the dorsal horn 

(Figure 1.3). These pathways were hypothesized to remain segregated until 

convergence on the RVLM neurons, which drive sympathetic nerve output in equal 

measure (McMullan et al., 2008). However, the hypothesis remains to be confirmed. 

 

The RVLM is crucial for the characteristic sympathoexcitatory response to somatic 

afferent nerve stimulation. Cooling the ventrolateral medulla (Zanzinger et al., 1994) 

or neurotoxic lesions of cell bodies in the RVLM (Morrison & Reis, 1989) abolishes 

late (>50 ms; Schouenborg & Kalliomaki, 1990), but not early sympathetic responses, 

following stimulation of somatic afferents. Premotor RVLM neurons are suggested to 

relay the late supraspinal responses seen in the somatosympathetic reflex since  
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Figure 1.3. Central pathways involved in the somatosympathetic reflex.

Schematic diagram of the somatosympathetic pathway illustrating a possible mechanism by 

which myelinated and unmyelinated somatic inputs may regulate SNA. The green lines 

represent unmyelinated pathway and purple represent myelinated pathway. Adapted from 

McMullan et al., 2008). 

Abbreviations: IML, intermediolateral cell column; NTS, nucleus tractus solitarius; RVLM, 

rostral ventrolateral medulla; sSNA, splanchnic sympathetic nerve activity.
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pharmacological blockade of this region has been shown to eliminate the supraspinal 

component of the reflex (Burke et al., 2008). Extensive evidence supports the idea 

that glutamate transmission mediates the inputs to RVLM neurons activated in the 

somatosympathetic reflex. Blockade of glutamate receptors in the RVLM in cats 

(Zanzinger et al., 1994) or rats (Miyawaki et al., 1997) abolished the late supraspinal 

somatosympathetic reflex. Although the EAAs are proposed to be the major 

excitatory neurotransmitters for the somatosympathetic reflex in the RVLM, the reflex 

can be modulated by many other substances. For instance, selective activation of the 

γ-opioid receptors or 5-HT1A in the RVLM abolishes the somatosympathetic reflex 

whereas selective activation of δ -opioid receptors has no effect (Miyawaki et al., 

2001, 2002a).       

1.3.3 The chemoreceptor reflex  

The chemoreceptor reflex is an autonomic reflex that involves the monitoring of 

arterial O2 and CO2 levels on a second-to-second basis and a reflex response of 

neurally mediated adjustments in cardio-respiratory parameters to maintain 

homeostasis. Two types of chemoreceptors are implicated in this reflex, peripheral 

chemoreceptors that detect falls in PaO2 (also known as the hypoxic chemoreflex), 

and central chemoreceptors that sense changes in arterial PaCO2 or pH (also known 

as the hypercapnic chemoreflex). 

1.3.3.1 Peripheral (hypoxic) chemoreflex 

Peripheral chemoreceptors are located in the carotid bodies (in all mammals) and 

aortic bodies (in some species like human, cats and dogs). Glomus cells in the 

carotid bodies sense hypoxia while aortic bodies monitor O2 saturation (Prabhakar & 

Peng, 2004). Although peripheral chemoreceptors can also be activated in response 

to other stimuli, e.g. hypercapnia, hypoglycaemia and pressure, the influence of 

these secondary reflexes on the sympathetic response is not significant (Morris et al., 

1996; Guyenet, 2000; Pardal & Lopez-Barneo, 2002). Sensory information from 

peripheral chemoreceptors travels via branches of the vagus nerve, and 

glossopharyngeal nerve together with fibres from baroreceptors (Sapru & Krieger, 

1977; Housley et al., 1987). 
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Chemosensitive afferents primarily terminate in the medial and commissural NTS at 

the level of the obex (CommNTS) (Lipski et al., 1977; Finley & Katz, 1992; Mifflin, 

1992). The major neurotransmitter of the chemoreceptor afferents projecting to the 

NTS is presumed to be an EAA, likely glutamate (Mizusawa et al., 1994; Zhang & 

Mifflin, 1998). Glutamate microinjections into the commissural NTS increases phrenic 

nerve activity (PNA) identical to chemoreceptor activation (Vardhan et al., 1993). An 

in vivo microdialysis study shows that glutamate is released in the NTS during 

hypoxia and that carotid body denervation abolishes this effect (Mizusawa et al., 

1994). The integrity of the NTS is crucial for the sympathoexcitatory effect of hypoxia 

which is further evidenced by the abolishment of sympathoexcitation by 

microinjection of EAA receptor antagonists (Vardhan et al., 1993; Moreira et al., 

2006).    

 

The NTS is believed to transmit chemoreceptor input from peripheral 

chemoreceptors to the RVLM, providing a neural substrate for the EAA-dependent 

excitation of RVLM neurons caused by hypoxia (Sun & Spyer, 1991; McAllen, 1992; 

Koshiya et al., 1993; Sun & Reis, 1993a, b; Miyawaki et al., 1996b) (Figure 1.4). 

Under anaesthesia, bilateral microinjection of kynurenic acid (glutamate antagonist) 

into the RVLM abolishes the sympathoexcitatory and pressor response following 

peripheral chemoreceptor activation which suggests glutamate mediated 

neurotransmission (Koshiya et al., 1993; Sun & Reis, 1995).     

 

A robust sympathoexcitatory response synchronized with central respiratory drive 

and PNA is observed following activation of the hypoxic chemoreflex (Koshiya & 

Guyenet, 1996b). This supports the notion that some chemoreflex information 

reaches the RVLM presympathetic neurons via the respiratory network. Electron 

microscopy studies have illustrated that some NTS neurons make monosynaptic 

connections with the C1 presympathetic neurons in the RVLM (Aicher et al., 1996) 

(Figure 1.4). Certain neurons in the commissural NTS are excited by stimulation of 

the hypoxic chemoreflex and project to the RVLM, but do not display visible 

respiratory entrainment (Koshiya & Guyenet, 1996a). This suggests that these 

neurons do not receive central respiratory input. In addition, the neural circuitry 

subserving the hypoxic chemoreflex beyond the NTS is still unclear. There is 

evidence that the hypoxia-related changes in respiratory frequency and tidal volume 
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involve alteration in activity of medullary neurons in the DRG and VRG that are 

mediated by direct and indirect projections from the chemosensitive caudal NTS (St-

John & Bianchi, 1985; Richter et al., 1991; Fortuna et al., 2008). Anatomical studies 

using tracers as well as functional studies, indicate that other brain regions such as 

the hypothalamic PVN innervating RVLM, noradrenergic A5 cell groups of the pons 

and PBN and RTN (Rosin et al., 2006) also contribute in the central neuronal 

circuitry, along with the RVLM, underlying the processing of the sympathoexcitatory 

component of the chemoreflex (Guyenet et al., 1993; Olivan et al., 2001; Haibara et 

al., 2002; Cruz et al., 2008). Fos studies further demonstrate c-fos (a marker for 

neural activity) expression in other areas including the medullary raphé, A5, KF, LC, 

dorsal raphé, and ventrolateral PAG (Hirooka et al., 1997; Teppema et al., 1997). 

This suggests the involvement of these activated areas in the response to hypoxia 

(either the ventilatory or cardiovascular responses).  

1.3.3.2 Central (hypercapnic) chemoreflex 

Central chemoreceptors are stimulated by the acidification of brain extracellular fluid 

or an increase in the CO2 level in the CNS. Although the location and phenotype of 

central chemoreceptors are widely debated, there is general agreement that central 

chemoreceptors have an intrinsic ability to detect changes in CO2/H+ and have the 

anatomical connections to respiratory centres that would enable them to regulate 

breathing (Putnam et al., 2004; Guyenet et al., 2005b). Hypercapnia causes powerful 

augmentation in BP and SNA even after surgical removal of peripheral 

chemoreceptors and baroreceptors suggesting that the reflex response to an 

elevated CO2 is mediated mainly via central chemoreceptors (Millhorn & Eldridge, 

1986; Oikawa et al., 2005).  
 

Central chemoreceptors are proposed to exist in various neurons including 

catecholaminergic neurons, serotonergic neurons, orexinergic neurons and NK-1 

expressing neurons in different regions including the RTN, NTS, LC, ventral 

respiratory group, the A5 region, the raphé and fastigial nucleus  (Nattie & Li, 2006a; 

Huckstepp et al., 2010). For example, regional acidification in putative chemoreceptor 

sites including RTN (Li et al., 1999; Dias et al., 2008), medullary raphé (Nattie & Li, 

2001), NTS (Nattie & Li, 2002a), and preBotC (Solomon et al., 2000; Solomon, 2002) 

increases ventilation. In addition, local inhibition or destruction of neurons within these 
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putative neurons reduces the ventilatory response to hypercapnia from 22% to 65% 

(Nattie & Li, 1994; Nattie & Li, 2000, 2006b). However, the neurons in the RTN are 

considered to be central respiratory chemoreceptors based on their anatomical 

location, electrophysiological and chemical properties. For instance, in vivo single unit 

recordings from a subpopulation of glutamatergic, tonically active neurons in the RTN 

show a significant increase in discharge frequency in response to hypercapnia. This 

increased discharge frequency of RTN neurons persists even after peripheral 

chemoreceptor denervation and also after application of kynurenic acid (Mulkey et al., 

2004; Guyenet et al., 2005a). Moreover, chemical stimulation of the RTN with 

glutamate increases PNA in anaesthetised, paralysed, vagotomised, artificially 

ventilated cats (Nattie & Li, 1994). Bilateral microinjection of muscimol (GABAA 

agonist) into the RTN completely abolishes sensitivity to hypercapnia and the drive to 

breathe in both anaesthetised and conscious rats (Nattie & Li, 2000; Takakura et al., 

2006), while bicuculline has no effect on chemosensitivity but promotes breathing 

under resting conditions (Nattie et al., 2001). The data suggest that RTN neurons are 

intrinsically chemosensitive and that they also receive tonic inhibitory input originating 

from early inspiratory, post-inspiratory, and expiratory augmenting neurons via 

GABAA receptors that modulate respiration and potentially prevent saturation of 

neuronal discharge following hypercapnia (Guyenet et al., 2005a). Neurochemical 

profiling has shown that chemosensitive neurons in the RTN express VGLUT2, a 

large portion of which co-localise Phox2b (necessary for the development of all types 

of autonomic ganglia) and the NK-1 receptor (Nattie & Li, 2002b; Mulkey et al., 2004; 

Stornetta et al., 2006). Unilateral lesion of 70% of Phox2b expressing RTN neurons 

attenuates central chemosensitivity and abolishes PNA following blockade of the 

contralateral RTN with muscimol (Takakura et al., 2008). Recently Takakura et al., 

(2011) showed that inhibition of chemosensitive RTN neurons eliminates resting 

breathing suggesting that central chemoreceptor-induced PNA is dependent on the 

RTN (Takakura et al., 2011). 

 

Activation of central chemoreceptors by an increase in brain CO2 also induces 

sympathoexcitation. The activity of the RVLM presympathetic neurons is increased by 

70% following central chemoreceptor stimulation (Haselton & Guyenet, 1989; Moreira 

et al., 2006) suggesting that the RVLM contributes to the sympathoexcitation of 

hypercapnia. RTN neurons are considered as the plausible source of CO2-dependent
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Figure 1.4. Central pathways involved in peripheral and central chemoreflex

A. Peripheral chemoreflex. Low PaO  level activates carotid chemoreceptors and causes 2

reflex vasoconstriction, elevates BP and redistributes blood flow to the brain and heart. The 

increased SNA is mediated primarily by activation of the bulbospinal sympathoexcitatory 

neurons of the RVLM. 

B. Central chemoreflex. CNS acidification (low pH) activates central chemoreceptors located 

in the RTN, and causes reflex vasoconstriction, elevates BP and redistributes blood flow to the 

brain and heart. The increased SNA is mediated primarily by activation of the bulbospinal 

sympathoexcitatory neurons of the RVLM. 

CPG, central/respiratory pattern generator; CVLM, caudal ventrolateral medulla; 

NA, nucleus ambiguus; NTS, ; RTN, 

retrotrapezoid nucleus; RVLM, rostral ventrolateral medulla. Adapted from Moreira et al., 2006.

Excitatory pathways are indicated by red lines and inhibitory pathways are indicated by blue 

lines. Blue circle indicate inhibitory neurons and red circles indicate excitatory neurons. 

Abbreviations: 

IML, intermediolateral nucleus; nucleus tractus solitarius
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excitatory input to RVLM presympathetic neurons (Takakura et al., 2011) since these 

neurons are not intrinsically pH-sensitive (Lazarenko et al., 2009). Moreover, recent 

studies show that inhibition of the chemosensitive neurons located in the RTN 

reduced the sympathoexcitatory responses produced by central chemoreceptor 

activation (Takakura et al., 2011) suggesting that sympathoexcitation and pressor 

responses to hypercapnia are partially mediated by the RTN. The sympathoexcitation 

produced by hypercapnia is reduced after injection of the NMDA glutamate antagonist 

(AP-5) into the RTN which might be due to the decrease in the excitability of RVLM 

presympathetic neurons after removing baseline facilitatory glutamatergic signals 

from the RTN (Moreira et al., 2011) (Figure 1.4). Furthermore, the activation of RVLM 

neurons is patterned by the central respiratory cycle in the same manner as is SNA 

(McAllen, 1987; Haselton & Guyenet, 1989; Miyawaki et al., 1995; Moreira et al., 

2006). 

1.4 Central regulation of respiration: a brief overview 

 

Respiration (or breathing) is a process that maintains life by ensuring the appropriate 

delivery of O2 to, and removal of CO2 from, body tissues and organs. This autonomic 

process depends on the coordinated synchronization of the central respiratory 

neurons and other bodily functions such as swallowing, motion and coughing (St-

John, 1998).  

 

Respiratory neurons are organized within longitudinally arranged columns of 

functional groups in the pons and medulla of the brainstem, in close proximity of the 

sympathetic cardiovascular neurons (Smith et al., 2009). Several muscle groups 

including the diaphragm, intercostal muscles and those of the upper airways and 

abdomen also participate in breathing by displaying a specific pattern of activity 

during reflex responses. However, these muscles are activated to a lesser extent 

during normal breathing. Phrenic motoneurons located in the cervical spinal cord at 

levels C3-C5 receive excitatory monosynaptic input from the inspiratory neurons in 

the ventral respiratory column (VRC), and innervate the diaphragm (Dobbins & 

Feldman, 1994; Bianchi et al., 1995). The activity of phrenic nerve fibres is commonly 
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used as a measure of neural inspiratory drive. The medullary networks that regulate 

PNA are primarily discussed in this thesis.    

1.4.1 Respiratory cycle 

Central respiratory output is usually divided into three main phases: inspiration, post 

inspiration (or early expiration) and late expiration. In the inspiratory period, the 

diaphragm contracts, resulting in inflation of the lungs. During post-inspiration, the 

activity of inspiratory muscles decreases while muscles of the upper airways are 

activated to control the rate of airflow out of the lungs. Finally, in late expiration, 

contraction of the abdominal and intercostal muscles occurs to force air out of the 

lungs (Richter, 1982; Bianchi et al., 1995).  

1.4.2 Organization of respiratory neurons 

Respiratory neural centres located in bilateral columns of nuclei in the pons, and the 

dorsal and ventral respiratory column of the medulla oblongata (Figure 1.5) are 

functionally classified into three major groups: (1) rhythm generators that initiate 

inspiration, (2) premotor neurons that shape and elaborate specific respiratory 

patterns and (3) motoneurons innervating respiratory muscles.   

1.4.2.1 Pontine respiratory nuclei (PRN) 

Pontine respiratory neurons comprise the PB / KF complexes and the inter-trigeminal 

(ITR) area extending rostrocaudally from the dorsolateral pons to the ventrolateral 

pons and A5. These neurons show reciprocal connection with all the nuclei in the 

VRC and dorsal respiratory group (DRG) (Herbert et al., 1990; Bianchi et al., 1995; 

Alheid et al., 2004; Chamberlin, 2004).  

 

PRN are essential to maintain the respiratory cycle, particularly after bilateral 

vagotomy (Dick et al., 2009). From earlier as well as recent studies, it is evident that 

removal or lesion of the pons evokes abnormalities in respiration, including apneusis 

(Lumsden, 1923; O'Sullivan et al., 2008). PRN also serve as vital interface nuclei 

linking behaviour and environmental cues with rhythm and pattern generating circuits 

of the VRC. For example, the ventrolateral pons and A5 region initiate adaptive 

breathing patterns in response to hypoxia (Dick & Coles, 2000). Bilateral inactivation 
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of pontine nuclei markedly attenuates or abolishes respiratory adjustments to these 

various reflexes (Coles & Dick, 1996; Jiang et al., 2004).  

1.4.2.2 Dorsal respiratory group (DRG) 

The DRG is composed largely of inspiratory neurons located at the level of obex in 

the ventrolateral subnucleus of the NTS and the reticular formation ventral to the 

NTS. A portion of DRG neurons (66%, in cat) are bulbospinal (n = 31/47; Fedorko et 

al., 1983) while some show monosynaptic projection to phrenic motoneurons 

(Bianchi et al., 1995). DRG neurons are second order neurons that receive afferent 

inputs from pulmonary stretch receptors, and are activated by lung inflation or 

deflation (Ezure & Tanaka, 2000). These neurons are also reported to be driven by 

the inspiratory neurons in the VRC (Ezure & Tanaka, 2000).  

1.4.2.3 Ventral respiratory column (VRC) 

The VRC in the medulla oblongata extends rostrocaudally from the caudal pole of the 

facial nucleus to the rostral portion of the first cervical spinal segment (Chitravanshi & 

Sapru, 1999). The column consists of highly interconnected neurons that can be 

divided into at least four functional groups: the BötC, preBötC and the rostral (rVRG) 

and caudal (cVRG) parts of the ventral respiratory group (VRG) (Figure 1.5). 

1.4.2.3.1 The Bötzinger Complex (BötC) 

BötC neurons are located in the most rostral part of the VRC (Figure 1.5) and consist 

mainly of bulbospinal expiratory neurons and propriobulbar neurons. The BötC 

neurons are intermingled with ventrally located presympathetic RVLM neurons 

(Moraes et al., 2011) as well as with the caudally located inspiratory neurons of 

preBötC (Sun et al., 1998; Zheng et al., 1998, Zheng et al., 1991, 1992). Glycine is 

the principal neurotransmitter of the BötC (Schreihofer et al., 1999; Ezure et al., 

2003) that provide monosynaptic inhibitory projection to a wide variety of area 

including other respiratory (such as preBötC, rVRG, cVRG, DRG and phrenic 

motoneurons) (Tian et al., 1998), cardiovascular (such as RVLM and CVLM) (Sun et 

al., 1997), and chemosensitive neurons (RTN) (Sun et al., 1997; Tian et al., 1999; 

Rosin et al., 2006). The primary function of the BötC is to terminate the inspiratory 

phase via its projection to the rhythm generator, preBötC, and to maintain the 

expiratory phase.  
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1.4.2.3.2 The preBötzinger Complex (preBötC) 

The preBötC, discovered in the early 1990s, is considered as a key site for rhythm 

generation (Ellenberger & Feldman, 1990; Feldman et al., 1990). This complex lies 

caudal to the BötC and rostral to the rVRG (Figure 1.5), and the neurons are 

intermingled with ventral GABAergic CVLM neurons. These neurons also show 

extensive interconnections with all ponto-medullary respiratory nuclei (Sun et al., 

1998; Tan et al., 2009). PreBötC neurons consist of a mixed population of 

propriobulbar inspiratory, expiratory and phase-spanning neurons. These neurons 

also show heterogeneity in their neurotransmitter and receptor content. The preBötC 

neurons contain a glutamate marker (VGLUT2) and are immunoreactive to NK-1 

(Gray et al., 2001; Wang et al., 2001; Guyenet et al., 2002), GABA and glycine 

receptors (Liu et al., 2001; Liu & Wong-Riley, 2002). In addition, recent studies have 

shown the presence of glycinergic pacemaker neurons in the preBötC that are 

suggested to be important in the generation and maintenance of the respiratory 

rhythm (Winter et al., 2009; Morgado-Valle et al., 2010). 

 

Extensive studies have been conducted to reveal the role of preBötC in respiratory 

rhythm generation and to date at least four different theories have been suggested: 

the group-pacemaker model (also referred to as the inspiratory-expiratory two 

oscillator model) (Feldman & Del Negro, 2006), the hybrid pacemaker-network model 

(Smith et al., 2000; Rybak et al., 2004), the maturational network-burster model 

(Richter & Spyer, 2001), and the dual pacemaker model (Ramirez et al., 2004). 

However, the mechanism by which the preBötC generates respiratory related rhythm 

remains controversial.  

1.4.2.3.3 Caudal ventral respiratory group (cVRG) 

The cVRG is located caudal to the inspiratory neurons of the rVRG and extends to 

the level of the pyramidal decussation. This nucleus consists mainly of excitatory, 

expiratory neurons that project largely to spinal thoracic and lumbar expiratory 

motoneurons controlling abdominal and internal intercostal muscles (late expiratory 

musculature), and to a lesser extent, to the phrenic motoneurons (Feldman et al., 

1985; Monteau & Hilaire,1991). The cVRG also project to the rVRG, contralateral 

cVRG, BötC, 



Figure 1.5. Schematic of respiratory related regions of the brainstem. 

A simplified representation of spatially arrayed subnuclei of brainstem involved in the 
regulation of respiration. The pontine respiratory group (PRG) consists of parabrachial 
nucleus (PB) and K?lliker Fuse (KF). The ventral respiratory column consists of  
B?tzinger complex (B?tC), pre-B?tzinger complex (pre-B?tC), rostral ventral respiratory 
group (rVRG), and caudal VRG (cVRG). See text for descriptions of the functional 
properties of each nucleus. 

NA, nucleus ambiguus; NTS, ; PMN, phrenic 
motoneuron; RTN, retrotrapezoid nucleus.
Abbreviations: nucleus tractus solitarius
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A5 and KF (Ellenberger & Feldman, 1990; Nunez-Abades et al., 1991; Gaytan et al., 

1997; Saito et al., 2002). 

1.4.2.4 Retrotrapezoid nucleus (RTN)  

RTN neurons are considered to be the key central chemoreceptors and are located 

on the ventral surface of the medulla, beneath the facial nucleus and extend caudal 

to the level of the BötC (Figure 1.5). This nucleus is a major central chemosensory 

site as the firing rate of these neurons are increased in response to local changes in 

pH as suggested by both in vivo and in vitro studies (Mulkey et al., 2004; Takakura et 

al., 2006; Abbott et al., 2009b; Guyenet et al., 2009; Guyenet et al., 2010). The 

chemosensitive RTN neurons are non-cholinergic but are glutamatergic and express 

the homeodomain transcription factor Phox2b (Mulkey et al., 2004; Stornetta et al., 

2006; Lazarenko et al., 2009; Guyenet & Mulkey, 2010).  

 

The RTN is also involved in the reflex responses to hypoxia (Takakura et al., 2006). 

The neurons are interconnected with the VRG, DRG, NTS, nucleus ambiguus, KF, 

and also with the autonomic areas of the spinal cord, brainstem (medulla: RVLM & 

CVLM), lateral hypothalamus and amygdala (Smith et al., 1989; Weston et al., 2004; 

Rosin et al., 2006).  

1.4.3 Respiratory modulation of SNA 

The idea that SNA is coupled to distinct phases of the respiratory cycle was first 

demonstrated in 1932 (Adrian et al., 1932). This coupling is characterised by a 

rhythmic fluctuation in SNA in relation to PNA and the exact pattern of this coupling 

depends on the species, strain, and peripheral nerve (Janig & Habler, 2003). The 

presence of respiratory-coupling after bilateral vagotomy and paralysis indicates that 

it originates in the CNS. PNA triggered averaging of the cervical and lumbar nerves 

commonly reveal only one peak during the post-inspiratory (post-I) phase (Miyawaki 

et al., 2002b), while the splanchnic nerve displays a biphasic pattern of activity with 

peaks during both the inspiration and post-I periods (Dick et al., 2004) in the adult rat. 

This difference in the pattern of respiratory coupling of SNA may be due to functional 

specificity of sympathetic nerves innervating different tissue beds.  
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The exact source and target area involved in cardiorespiratory coupling are still not 

clear. The most likely source of respiratory input is either the putative respiratory 

rhythm generating centre within the brainstem, the preBötC, or closely associated 

respiratory related interneurons. Pontine circuits are suggested to be the source of 

the excitatory post-I input of the modulation (Baekey et al., 2008; Dick et al., 2009). 

The synaptic interaction between central respiratory drive and vasomotor neurons 

takes place in the ventrolateral medulla (McAllen, 1987; Pilowsky et al., 1996). As 

evidence of support, morphological studies show that medullary respiratory neurons 

project to cardiovascular neurons in the RVLM (Pilowsky et al., 1990; Sun et al., 

1997). In addition, microinjection of muscimol in the preBötC abolishes all central 

respiratory activity including the respiratory related modulation of SNA (Koshiya & 

Guyenet, 1996b). In bilaterally vagotomised rats, the post-I splanchnic SNA (sSNA) 

peak is blocked by ionotropic glutamate receptor blockade in the RVLM suggesting 

that the post-I coupling of sSNA is derived from an excitatory synaptic input to the 

RVLM (Miyawaki et al., 1996a). Furthermore, blockade of RVLM GABAA receptors 

with bicuculline increases the post-I peak of both sSNA and  lumbar SNA (Miyawaki 

et al., 2002b) indicating that excitatory and inhibitory drives are both important for 

cardiorespiratory coupling.  

 

The pattern of respiratory-modulated SNA is also influenced by reflex changes. For 

example, central respiratory drive modulates the activity of RVLM neurons to 

baroreceptor inputs (Miyawaki et al., 1995). An augmented post-I related SNA has 

been reported in juvenile pre-hypertensive spontaneously hypertensive rats (SHR) 

(Simms et al., 2009) suggesting an alteration in cardiorespiratory coupling in 

hypertension. The post-I sSNA peak is greatly increased during acute hypoxic 

exposure (Dick et al., 2004; Dick et al., 2007) suggesting chemoreceptor-dependent 

modulation of cardiorespiratory coupling.  

 

1.5 Hypertension 

 

Hypertension is the most prevalent cause of cardiovascular disease leading to heart 

failure, stroke and ultimately to death. Hypertension currently affects 10%-30% of the 

Australian population (Briganti et al., 2003). Hypertension is characterised by an 
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elevation of BP, an increase in vascular resistance to blood flow, cardiac 

hypertrophy, often an increase in cardiac output, increased activity of SNS, change 

within vascular smooth muscles, often atherosclerosis, and renal dysfunction 

(Hennersdorf & Strauer, 2001). Since hypertension and other cardiovascular 

diseases are the leading causes of death, dedicated research efforts, to elucidate the 

mechanism of and explore the treatment for hypertension, have been taken. Despite 

the research efforts taken over the century, the specific mechanisms behind the 

development of hypertension are poorly understood (Zaiman et al., 2005). It is 

generally believed that both genetic and environmental factors and their interactions, 

play a critical role in the pathogenesis of hypertension (Carretero & Oparil, 2000; 

Touyz, 2000; Oudit et al., 2003). Hypertension is classified into two types: primary or 

essential hypertension, and secondary hypertension. The aetiology of essential 

hypertension is largely unknown and the cause of it may be multifactorial (Izawa et 

al., 2003).  Secondary hypertension is caused by known pathological conditions 

including dysfunction in the renin-angiotensin-aldosterone system, vasopressin, NO 

and endothelin (Zaiman et al., 2005; Sakao et al., 2009).  

1.5.1 Neural mechanisms of hypertension  

Much evidence supports the „neurogenic hypothesis of hypertension‟ which implies 

that excessive sympathetic vasomotor activity plays a key pathogenic role in 

triggering and sustaining the hypertensive state (Fisher & Fadel, 2010; Grassi, 2010). 

Increased sympathetic outflow to the heart results in elevated cardiac output via 

increased force and rate of contraction contributing to an elevation in BP. The effect 

of sympathetic nerve activation to the kidney leads to excessive sodium retention 

resulting in blood volume expansion. This increase in blood volume will cause BP to 

elevate via an increase in cardiac output. In addition, increased rSNA results in 

increased renin secretion which activates the systemic renin – angiotensin system 

(RAS) leading to angiotensin (Ang) II-induced vasoconstriction. Persistent elevation 

in sympathetic outflow would also contribute to rise in BP by causing trophic effects 

on vascular smooth muscle leading to increases in vascular resistance and 

enhanced responses to vasoconstrictor stimuli (for review see Veerasingham & 

Raizada, 2003). The neural basis of hypertension is also supported by a high rate of 

cardiac and renal NA spillover due to an impairment in the neuronal NA reuptake 

system (Rumantir et al., 2000), which is attributed to increased sympathetic nerve 
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firing to the heart, kidney and skeletal muscle (Esler et al., 1988; Esler et al., 1990). 

Muscle SNA measured by microneurography (Yamada et al., 1988) and single unit 

recording (Grassi et al., 1998; Lambert et al., 2007) in hypertensive patients 

compared to normotensive patients, revealed elevated sympathetic outflow, 

supporting the concept of a central neural mechanism for sympathetic activation in 

hypertension.  

 

The arterial baroreflex is a major control mechanism of arterial pressure and 

sympathetic vasomotor activity. In particular, alterations in arterial baroreflex function 

appear to contribute to the pathogenesis of hypertension (Gonzalez et al., 1983; 

Widdop et al., 1990; Head & Adams, 1992). The arterial baroreflex responds to 

changes in BP by modulating parasympathetic and SNA and hence, HR and vascular 

tone. This curtails fluctuations in BP and maintains it close to a particular set point. In 

response to a static increase in BP, the baroreflex rapidly resets towards a higher 

pressure (Andresen & Yang, 1989). In hypertensive conditions, resetting of the 

operational point of the arterial baroreflex may therefore contribute to maintaining an 

increased BP rather than opposing it. In humans, arterial baroreflex function is 

significantly related to the prognosis of acute myocardial infarction, arrhythmias, 

heart failure and stroke. Patients with a lower baroreflex sensitivity exhibit shorter 

survival times (La Rovere et al., 2002; Guyenet, 2006; Seedat, 2009). The baroreflex 

resetting by neural mechanisms also contributes to sympathetic overactivity leading 

to hypertension.   

1.5.2 The RVLM in hypertension  

The RVLM is the major vasomotor centre that determines basal SNA and is essential 

for the maintenance of basal vasomotor tone and reflex responses (Pilowsky & 

Goodchild, 2002; Guyenet, 2006). Accumulating evidence suggests that increased 

RVLM activity leads to chronic sympathetic hyperactivity in many forms of 

hypertension. For example, in SHR, excitation of the RVLM vasomotor neurons is 

increased by L-glutamate-mediated excitation and decreased by GABA-mediated 

inhibition (Sun & Guyenet, 1986b; Minson et al., 1996; Leenen, 1999; Palatini, 2001; 

Campese & Krol, 2002; Sved et al., 2003). Thus any imbalance of excitatory or 

inhibitory inputs to the RVLM could potentially lead to an elevation in the SNA and 

thus in hypertension. Greater expression of c-fos is observed in the RVLM of SHR 
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compared to Wistar-Kyoto rats (WKY) (Minson et al., 1996) and the reason for the 

greater c-fos expression might be due to augmented neural activity in the RVLM of 

SHR. In SHR, an upregulation of RVLM catecholaminergic gene expression is found 

which indicates a higher level of activity of these neurons contributing to the aetiology 

of neurogenic hypertension (Kumai et al., 1996; Xiong et al., 1998; Reja et al., 2002a; 

Reja et al., 2002b). Electrophysiological studies also support the notion that RVLM 

activity is increased in hypertension. For instance, the majority of SHR RVLM 

neurons (57%) exhibited double (irregular) discharges while 43% of neurons showed 

single (regular) discharge patterns. In contrast, only 7% of WKY RVLM neurons 

displayed double discharges and 93% of these neurons showed single discharge 

pattern (Chan et al., 1991). In addition, intracellular recordings using whole cell patch 

clamp technique in neonatal SHR found that RVLM neurons had significantly lower 

membrane potentials and exhibited increased firing rates compared to their 

normotensive counterparts (Matsuura et al., 2002). Moreover, peptides like apelin 

(Zhang et al., 2009), AT1 receptors (Allen, 2011), and muscarinic cholinergic 

receptor (Kumar et al., 2009) mRNA levels are upregulated in the RVLM neurons of 

the SHR compared to their normotensive counterparts. The understanding of the role 

of this altered peptidergic mechanism in the development or maintenance of 

essential hypertension is not clear.  

1.5.3 Rodent models of hypertension  

Animal models are useful for studying the pathophysiology of hypertension, and 

seeking new therapies. The first animal model of hypertension was developed by 

clipping the renal artery in the dog to decrease blood flow to the kidney producing a 

renovascular hypertension phenotype (Goldblatt, 1964). Since then, a number of 

hypertensive rat models, according to hypertension etiology, have been developed 

(Figure 1.6). Although the final common manifestation of all these models is high BP, 

none of them encompass all traits of human hypertension. 

 

In addition to high BP, various animal models of hypertension are also associated 

with elevated SNA such as the spontaneously hypertensive rat (SHR) (Cabassi et al., 

2002), the renin transgenic rat (TGR mRen2) (Arribas et al., 1996), the Dahl salt 

sensitive rat (Leenen et al., 2002) and the deoxycorticosterone acetate (DOCA)-salt 

rat (Takeda & Bunag, 1980). By using different types of experimental hypertensive 
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models, scientists may identify and evaluate potential risk factors contributing to 

hypertension and related cardiovascular diseases.  

1.5.3.1 Spontaneously hypertensive rats (SHR)  

The SHR, genetically derived from the Wistar-Kyoto line with the highest BP 

(Okamoto & Aoki, 1963), is an inbred strain with heritable hypertension and is widely 

employed as an animal model of essential hypertension (for review see Sun & 

Zhang, 2005). SHR develop many features of hypertensive end-organ damage 

including cardiac hypertrophy, heart failure, and renal dysfunction. Although the 

mechanisms for producing the hypertension are not clear, different studies seem to 

indicate the participation of the hypothalamus and the medulla oblongata including 

RVLM, in the mechanisms underlying the expression or maintenance of hypertension 

in SHR (Renaud et al., 1979; Miyagawa et al., 1991; Vasquez et al., 1992). In SHR, 

excitation of RVLM vasomotor neurons is mainly due to increased glutamate 

mediated excitation and decreased GABA mediated inhibition (Sved et al., 2003; 

Hirooka et al., 2010). Overactivity of the brain RAS appears to be involved in initiating 

the development of spontaneous hypertension based on the finding that central 

injections of angiotensin II receptor antagonists cause greater reductions in BP in 

SHR than in normotensive rat (Mann et al., 1978; Yang et al., 1992). Interestingly, 

some hemodynamic alterations which occur during the progression of the disease 

are similar to human essential hypertension (i.e. a high cardiac output at an early 

stage, and a normal cardiac output and increased vascular resistance in the adult) 

(Trippodo & Frohlich, 1981). In the SHR, basal BP is 40–60 mmHg higher than in 

normotensive rats, and the sigmoid curve demonstrating baroreflex control of MAP 

and SNA is shifted upward but remains parallel to the normal baroreflex curve 

(Gonzalez et al., 1983; Hayashi et al., 1993; Yin & Sved, 1996).  

Previous studies reported the effects of OX-A on blood pressure and heart rate 

following injection into the RVLM of rats (Chen et al., 2000; Machado et al., 2002). 

But there are no studies prior to this work that reveal the effects of OX-A into the 

RVLM on sympathetic and phrenic nerve activity, and on sympathetic reflexes. The 

expression of OX receptors in the RVLM is also unexplored.  
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Based on the results of previous studies and the presence of OX-A fibres in the 

RVLM we aimed to evaluate the role of OX-A on cardiorespiratory parameters and 

sympathetic reflexes following bilateral microinjection into the RVLM. 
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Figure 1.6. Animal models of hypertension.

The classification of major animal models of hypertension. Primary hypertension is the most 
common form in humans, and is often represented by genetic models of hypertension, such as 
SHR. This thesis used SHR. Figure and legend adapted from Sun & Zhang, 2005. 
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1.6 Orexin A 

1.6.1 Identification and structure 

1.6.1.1 Orexins 

OX-A and orexin B (OX-B) (also called hypocretin 1 and hypocretin 2) were first 

identified in 1998 by two separate groups via two different approaches (de Lecea et 

al., 1998; Acuna-Goycolea & van den Pol, 2004; Alexander et al., 2011). In the 

current review we will use the term orexin, which is derived from the Greek word 

„orexis’, meaning „appetite‟. Orexins were so named for their stimulatory role in 

feeding (Sakurai et al., 1998). Both OX-A and OX-B are produced by proteolytic 

cleavage of the gene product prepro-orexin.   

 

Mammalian (human, pig, dog, rat, mouse) prepro-orexin, composed of 130-131 

amino acid, is highly conserved with 75% amino acid sequence identity (de Lecea et 

al., 1998; Sakurai et al., 1998; Dyer et al., 1999; Hungs et al., 2001). The human 

prepro-orexin gene is localized on chromosome 17q21 (Sakurai et al., 1998). The 

mRNA of this precursor is abundantly and specifically expressed in the lateral 

hypothalamus and adjacent areas important in the central regulation of feeding 

behaviour and energy homeostasis (Sakurai et al., 1999). 

 

OX-A is a 33-amino acid peptide of 3562 Da. It consists of an N-terminal 

pyroglutamyl residue, two intramolecular disulfide bridges between Cys6-Cys12 and 

Cys7-Cys14, and a C-terminal amidation. The primary structure of OX-A is completely 

conserved among several mammals (human, rat, mouse, dog, cow, sheep and pig) 

(Figure 1.7A). On the other hand, OX-B is a 28-amino acid linear peptide of 2937 Da 

with a C-terminal amidation. Human OX-B differs by one amino acid from pig and 

dog OX-B, and by two amino acids from rat and mouse OX-B (Figure 1.7B). OX-B 

shares 46% sequence identity with OX-A. The similarity in amino acid sequence lies 

mainly in C-terminus whereas the N-terminal half is more variable (Figure 1.7A). The 

free N-terminal can be related to the rapid metabolism and shorter action of OX-B as 

compared to OX-A. In contrast, post-translational modifications of both termini and 

two intrachain disulfide bonds may render orexin-A more stable and readily available 
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in cerebrospinal fluid. OX-A also shows higher lipid solubility than OX-B which makes 

it more blood brain barrier permeable (Kastin & Akerstrom, 1999).      

1.6.1.2 OX receptors 

HFGAN72, the orphan GPCR, was identified as an OX receptor when OX was 

discovered and was named OX receptor 1 (OX1R) (also called hypocretin 1). An 

extensive search for amino acid sequence identity with OX1R resulted in the 

discovery of a second receptor for OX, another GPCR, named OX receptor 2 (OX2R) 

(also known as hypocretin 2) (Sakurai et al., 1998; Alexander et al., 2011). OX 

receptors show only 20-28% structural similarity with other GPCR neuropeptide 

receptors such as neuropeptide Y2 receptor, thyrotropin releasing hormone receptor, 

cholesystokinin type-A receptor and neurokinin 2 receptor (Sakurai et al, 1998).  

 

Human OX1R is a 425-amino acid long protein and OX2R is a 444-amino acid long 

protein sharing 64% sequence identity with each other. OX1R gene is localized on 

chromosome 1p33 and OX2R gene on chromosome 6p11-q11 (Sakurai et al, 1998; 

De Lecea et al, 1998). Each of the receptors consists of seven putative 

transmembrane helices, several modifications (glycolysation and phosphorylation) of 

extracellular and intracellular loops, and are encoded by seven exons. In human 

OX1R and OX2R, all transmembrane segments, extracellular loops and intracellular 

loops I and II are highly conserved while the N-terminal extracellular domain, 

intracellular loop III and the C-terminal tail exhibit great variability in amino acid 

sequence as well as length. The amino acid sequence of human OX1R and OX2R are 

94% and 95% (respectively) identical to their rat counterparts, respectively, indicating 

that both receptor genes are highly conserved among species (Peyron et al., 2000).  

 

Radioligand-binding studies have shown that OX1R has one order of magnitude 

greater affinity for OX-A (IC50: 20 nM) than for OX-B (IC50: 420 nM), indicating that 

OX1R is highly selective for OX-A. In contrast, tracer binding to OX2R shows that OX-

A and OX-B bind with OX2R with similar affinity indicating that OX2R is a nonselective 

receptor for both OXs (Sakurai et al., 1998; Smart et al., 2000; Okumura et al., 2001).



Orexin A
(human/rat/mouse/pig/dog/sheep)               

Orexin B               

 Pyr-PLPDCCRQKTCSC YE HGA TL-NH2RL LL GNHAAGIL

            ----RSGPPGLQG QR QAS TM-NH2RL LL GNHAAGIL

A

Human Orexin B                           ----R GPPGLQGRLQRLLQA GNHAAGILTM-NH2S S

Pig/dog Orexin B               

Mouse/rat Orexin B               

B

            ----R GPPGLQGRLQRLLQA GNHAAGILTM-NH2P S

            ----R GPPGLQGRLQRLLQA GNHAAGILTM-NH2P N

Figure 1.7. Structures of orexin A (OX-A) and orexin B and their sequences in different 
species. 

A,B: Grey boxes indicate dissimilar amino acids (as compared with human variants). Cystine 
bridges in OX-A are shown in A with solid lines. 
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In recombinant systems, activation of either OX1R or OX2R, coupled to Gq G-protein, 

results in the elevation of intracellular Ca2+ concentrations (Smart et al., 1999; Lund 

et al., 2000). In chinese hamster ovary (CHO) cells, stimulation of OX1R activates the 

receptor-operated influx of extracellular Ca2+ that occurs via opening of N-/L-type 

voltage-gated Ca2+ channels. This influx of Ca2+ enhances Gq-mediated stimulation 

of phosphatidylinositol-specific phospholipase C leading to inositol triphosphate (IP3) 

production and Ca2+ release from intracellular stores (Figure 1.8) (Smart et al., 1999; 

Lund et al., 2000). In CHO cells, Smart et al, (1999) and Lund et al, (2000) have 

shown that Ca2+ elevation requires extracellular Ca2+ and removal of extracellular 

Ca2+ causes a significant drop in the potency of OX-A for the OX1R. The exact 

identity of the Ca2+ influx pathway, its activation mechanism by OX receptors, and the 

relation between Ca2+ influx and Gq mediated intracellular Ca2+ release remains 

unresolved. However it can be suggested that in both neuronal and nonneuronal 

cells, OX receptors activate both Ca2+ influx and the phosphatidylinositol-specific 

phospholipase C pathway (Figure 1.8). Other studies have shown that OX causes 

protein kinase C-mediated Ca2+ influx in hypothalamic cultures (van den Pol et al., 

1998); inhibits K+ channels in rat LC and in guinea pig ileal submucosal ganglia 

(Horvath et al., 1999; Kirchgessner & Liu, 1999); and activates Ca2+ sensitive K+ 

channels in immune cells (Figure 1.8) (Ichinose et al., 1998).    

1.6.2 Distribution of OXs and its receptors 

1.6.2.1 Distribution in the CNS 

OXs and their precursor, prepro-orexin, have been identified in the CNS of mammals 

including human (Sakurai et al, 1998), rat (Chen et al., 1999; Mondal et al., 1999; 

Nambu et al., 1999), mouse, pig (Dyer et al., 1999) and cows (Sakurai et al., 1999) 

as well as in the CNS of amphibians (Shibahara et al., 1999; Galas et al., 2001). 

Within the CNS, orexinergic cell bodies are localized solely in the hypothalamus, 

particularly in the perifornical nucleus, lateral hypothalamic area (LHA) and posterior 

hypothalamic area (Broberger et al., 1998; de Lecea et al., 1998; Peyron et al., 1998; 

Sakurai et al., 1998; Chen et al., 1999; Cutler et al., 1999; Date et al., 1999; Nambu 

et al., 1999). Occasionally isolated orexinergic cell bodies have also been found in 

median eminence, dorsal and dorsomedial hypothalamus (DMH) and arcuate 

nucleus (Arc) and sub-incertal nucleus (Peyron et al., 1998; Chen et al., 1999; Cutler 

et al., 1999). OX neurons are variable in area (diameter of cell body: 15-40 µm) and 
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shape (spherical, fusiform, multipolar) (Chen et al., 1999; Cutler et al., 1999; Date et 

al., 1999; Nambu et al., 1999) and are believed to number 1100-3400, ~20000 and 

50000-83000 in the rat, dog and human brain, respectively (Peyron et al., 1998; 

Harrison et al., 1999; Thannickal et al., 2000; Ripley et al., 2001). While orexinergic 

cell bodies are restricted to the hypothalamus, OX fibres project widely throughout 

the CNS (Figure 1.9). The most important areas receiving orexinergic projections 

include the hypothalamus, cerebral cortex, thalamic nuclei, circumventricular organs, 

brainstem and along the whole length of the spinal cord (Table 1.1).  

 

As with the OX peptides, the distribution of OX receptors in the CNS has been 

investigated in detail with molecular biological and immunological methods; mostly in 

rats. OX receptors are expressed in regions that have a high density of OX 

projections, as described above. OX1R and OX2R mRNAs show partially overlapping 

and partially distinct distribution patterns suggesting that they may play diverse 

physiological roles. Both OX1R and OX2R are expressed in many brain regions 

including the amygdala, hippocampus, thalamus, anterior hypothalamus, 

hypothalamic preoptic nucleus, Arc, PVN, ventromedial hypothalamus (VMH), 

supraoptic nucleus, dorsal tegmental nucleus, ventral tegmental area (VTA), dorsal 

raphé (DR), NTS, RVMM, nucleus ambiguus, preBötC, and spinal cord (Trivedi et al., 

1998; Bingham et al., 2001; Hervieu et al., 2001; Marcus et al., 2001; Cluderay et al., 

2002; Ciriello & de Oliveira, 2003). On the other hand, OX1R is prominent in the 

prefrontal cortex, CA2 region of the hippocampus and LC while OX2R is 

predominantly expressed in the CA3 region of the hippocampus, DMH, PVN of 

hypothalamus, tuberomammillary nucleus (TMN) and spinal trigeminal nucleus 

(Trivedi et al., 1998; Marcus et al., 2001). This differential distribution of the OX 

receptors suggests that each may have a physiologically distinct role. 
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Figure 1.8. Schematic of the main signalling pathways of OX R and OX R upon 1 2
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Figure 1.9. Schematic drawing of sagittal section through the rat brain to 
summarize the organization of orexin neuronal system. 

Dots indicate the relative location of orexin-immunoreactive neurons, and arrows show 
some of the more prominent terminal fields. Adapted from Nambu et al., 1999.
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Table 1.1. Orexin distribution in rat central nervous system 

 

Brain Division Orexin Levels in Subdivision 

Forebrain Olfactory nucleus, cerebral cortex, hippocampus, septal 

nucleus, BST, subfornical organ, amygdala, substantia nigra, 

subthalamic nucleus, PVN, preoptic area, supraoptic nucleus, 

zona incerta, VMH, DMH, Arc, posterior part of the 

paraventricular hypothalamic nucleus, TMN. 

Brainstem dorsal raphé, median raphé, locus coeruleus, parabrachial 

nucleus, A1 noradrenergic cells, area postrema, NTS, RVMM, 

RVLM, NA, pre-Bötzinger complex, RTN, dorsal motor nucleus 

of the vagus, trigeminal motor nucleus, facial motor nucleus, 

hypoglossal nucleus, Spinal trigeminal nucleus. 

Spinal cord Whole length of the spinal cord from cervical to lumbar 

segments. 
 

Data are from Ciriello et al., 2003; Date et al., 1999; de Lecea et al., 1998; Machado 

et al., 2002; Nambu et al., 1999; Peyron et al., 1998; Young et al., 2005. 

1.6.2.2 Distribution in the periphery 

OX immunoreactivity or prepro-orexin mRNA has been found in a variety of 

peripheral organs, including both neurons and endocrine cells. OX immunoreactivity 

has been detected in the neurons (submucosal and myenteric plexi) and endocrine 

(enterochromaffin) cells of the gastrointestinal tract (rat, mouse, guinea pig and 

human), extrinsic neurons in pancreatic ganglia and endocrine B cells of the 

pancreas (rat, guinea pig), endocrine cells (anterior and intermediate lobe) of rat 

pituitary, rat testis and endocrine cells of the rat pineal gland (Kirchgessner & Liu, 

1999; Arihara et al., 2000; Date et al., 2000; Jöhren et al., 2001; Nanmoku et al., 

2002; Näslund et al., 2002). OX-A has also been detected in human adult adrenal 

glands (Randeva et al., 2001) and at very low levels in the rat heart (Jöhren et al., 

2001). However, it still needs to be determined whether OX-A is released into plasma 

from the CNS and if so to what extent peripheral and central OX production sites 

contribute to plasma levels of OX. 
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As with OXs, OX receptors are also expressed in the periphery; and are mostly 

colocated with the same organs as the peptide proteins. The receptors might be 

expressed in endocrine, muscle and nerve cells and the expression of receptor 

subtypes varies in different tissues. Immunoreactivity for both OX1R and OX2R have 

been found in the gastrointestinal tract, pancreas, pituitary, adrenals, medulla 

(including chromaffin cells) and cortex of mammals (human and rat) (Kirchgessner & 

Liu, 1999; Lopez et al., 1999; Blanco et al., 2001; Jöhren et al., 2001; Malendowicz et 

al., 2001a; Malendowicz et al., 2001b; Blanco et al., 2002; Näslund et al., 2002). Only 

OX1R has been found in the kidney, thyroid and testis (Jöhren et al., 2001) while only 

OX2R in the lung and pineal gland (Jöhren et al., 2001; Mikkelsen et al., 2001). 

Distribution of OX and OX receptors in the peripheral tissues suggest that OXs are 

involved in the regulation of many peripheral functions.  

1.6.3 Connections of OXs with other transmitters  

OX neurons in the hypothalamus are innervated by a variety of upstream neuronal 

populations including those involved in feeding, reward system, sleep-wakefulness, 

memory and emotional state regulation. Some of the important brain regions 

innervating OX neurons include the basal forebrain cholinergic neurons, GABA-

containing neurons in the ventrolateral preoptic area (VLPO), neurons in the 

dorsomedial/posterior hypothalamus, VTA neurons, and serotonergic neurons in the 

raphé nuclei. OX neurons also receive inputs from regions associated with energy 

homeostasis including NPY, agouti-related peptide, and α-melanin-stimulating 

hormone-immunoreactive fibres presumably coming from the Arc. Brain regions 

associated with emotion including the amygdala, infralimbic cortex, shell region of 

nucleus accumbens (NAc), lateral septum (LS) and the bed nucleus of stria terminalis 

(BST) also innervate OX neurons (Sakurai et al., 2005; Yoshida et al., 2006). 

Orexinergic neurons even make contact with other orexinergic neurons within the 

hypothalamus (Horvath et al., 1999; Bäckberg et al., 2002). 

 

From the regions mentioned above, neurons provide an input to OX neurons and 

regulate OX neuronal activity by secretion of neurotransmitters or neuromodulators. 

OX neurons are activated by glutamate, ghrelin, cholecystokinin, CRF, neurotensin, 

vasopressin, oxytocins and glucagon-like peptide (Li et al., 2002; Yamanaka et al., 

2003a; Yamanaka et al., 2003b; Acuna-Goycolea & van den Pol, 2004; Winsky 
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Sommerer et al., 2004; Tsujino et al., 2005). On the other hand, GABA, NA, 

serotonin, dopamine, NPY, leptin and adenosine inhibit the activity of OX neurons (Li 

et al., 2002; Yamanaka et al., 2003a; Yamanaka et al., 2003b; Fu et al., 2004; Muraki 

et al., 2004; Xie et al., 2006; Yamanaka et al., 2006; Liu & Gao, 2007). The 

cholinergic agonist, carbachol, activates 27% and inhibits 6% of OX neurons 

(Yamanaka et al., 2003b; Sakurai et al., 2005). Metabolic signals also contribute to 

the regulation of OX neuron acivity; hypoglycaemia stimulates OX neurons whereas 

hyperglycaemia has an inhibitory effect (Yamanaka et al., 2003a). OX neurons are 

also affected by physiological fluctuations in pH and CO2 levels. Increased H+ 

concentration or CO2 level increases OX neuronal excitability, whereas reduced 

levels have the opposite effect (Williams et al., 2007). 

 

Orexinergic nerves from the lateral hypothalamus also innervate, and regulate the 

activity of, various neuronal circuits that utilize many different neurotransmitters or 

neuromodulators, for instance, NA, glutamate, GABA, dopamine, serotonin, 

histamine, acetylcholine, vasopressin, vasoactive intestinal peptide (VIP), 

somatostatin, CRF, NPYand melanin concentrating hormone (MCH) (Peyron et al., 

1998; Cutler et al., 1999; Date et al., 1999; Nambu et al., 1999; Bäckberg et al., 

2002).   

1.6.4 Systemic effects of OX 

1.6.4.1 In feeding behaviour and energy homeostasis 

There is a considerable body of evidence for a role of OX in the regulation of feeding 

and energy homeostasis. Orexinergic cell bodies are located in the LHA which is a 

known feeding centre. OX and OX receptor immunoreactivity have also been found 

in brain regions involved in food intake and energy homeostasis including the Arc, 

VMH, DMH and PVN (Elias et al., 1998; Peyron et al., 1998; Sakurai et al., 1998; 

Trivedi et al., 1998; Cutler et al., 1999; Nambu et al., 1999; Marcus et al., 2001). 

Intracerebroventricular (icv), and microinjection of OX-A into several hypothalamic 

nuclei, including the PVN, DMH, LHA and perifornical area, increases food intake 

(Sakurai et al., 1998; Dube et al., 1999; Sutcliffe & De Lecea, 2000; Willie et al., 

2001). Both prepro-orexin and OX receptors are up-regulated in fasted animals 

(Sakurai et al., 1998; Cai et al., 1999; Lu et al., 2000). In addition, central 

administration of anti-OX antibody or an OX1R selective antagonist caused a 
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profound inhibition of feeding in fasted rats as well as OX-A induced feeding (Haynes 

et al., 2000; Yamada et al., 2000; Rodgers et al., 2001). Moreover, prepro-orexin 

knockout mice and transgenic mice lacking OX neurons have a lower food intake 

compared to control wild-type mice (Hara et al., 2001; Willie et al., 2001). Taken 

together, these data provide strong pharmacological evidence for a physiological role 

of the endogenous OX in the modulation of feeding behaviours.     

 

Additional evidence for a role of OX in feeding has been provided by data from a 

wide range of studies. OX neurons in the LHA send dense projections to the Arc and 

are innervated by POMC and NPY neurons in the Arc (Elias et al., 1998; Peyron et 

al., 1998; Date et al., 1999; Yamanaka et al., 2000). Icv injection of OX increases Fos 

expression in NPY neurons of the Arc (Yamanaka et al., 2000), and 

electrophysiological data revealed that OX directly or indirectly activated NPY 

neurons but inhibited POMC neurons (Muroya et al., 2004; van den Top et al., 2004; 

Li & van den Pol, 2006; Ma et al., 2007). Furthermore, prior administration of NPY-Y1 

receptor antagonist has been found to reduce OX induced food intake (Yamanaka et 

al., 2000). These experiments suggest that activation of NPY neurons are, at least in 

part, involved in OX-stimulated food intake.  

 

Recent studies have demonstrated that feeding behaviour is increased following 

infusion of OX-A into the shell of NAc, an area involved in the regulation of the limbic 

system (Thorpe & Kotz, 2005). Moreover, administration of the GABAA receptor 

agonist, muscimol, into the NAc shell causes a profound increase in food intake, and 

increases Fos expression, particularly in OX neurons (Baldo et al., 2004). These 

findings indicate that interaction between OX neurons and the limbic systems also 

have a role in the regulation of feeding.  

 

OX neurons also participate in the regulation of feeding and energy homeostasis via 

responding to several metabolic signals that reflect the state of energy resources. 

Increased extracellular glucose concentration, as well as leptin, inhibits the firing of 

OX neurons. Conversely, decreased glucose concentration activates and causes 

depolarization of the same neurons (Yamanaka et al., 2003a; Burdakov et al., 2005). 

In addition, prepro-orexin mRNA levels are increased after 48 hr of fasting and by 

acute insulin induced hypoglycaemia, suggesting activation of these neurons in 
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hunger (Sakurai et al., 1998; Cai et al., 1999; Mondal et al., 1999). However, 

hypothalamic prepro-orexin mRNA levels are not increased in rats with increased 

appetite due to insulin-deficient diabetes, or access to palatable foods, indicating that 

OX neurons are not activated under all conditions of hunger (Cai et al., 1999; Cai et 

al., 2000). Taken together, the findings suggest that low plasma glucose levels 

and/or absence of food from gut stimulates OX neurons, and that OXs are involved in 

short-term regulation of feeding behaviour.      

1.6.4.2 In sleep-wakefulness 

Regulation of sleep/wakefulness is the most well demonstrated systemic effect of the 

orexinergic system. Anatomically, OX neurons are placed between sleep-promoting 

neurons in the VLPO and wake-promoting neurons in the brainstem including 

neurons in the TMN, LC and DR. VLPO neurons play a crucial role in initiation of 

non-rapid-eye-movement (NREM) sleep and maintenance of NREM and rapid-eye-

movement (REM) sleep (Sherin et al., 1998). These neurons fire rapidly during sleep, 

with attenuation of firing during waking periods. Sleep-active neurons in the VLPO 

mostly contain GABA and/or galanin and inhibit wake active monoaminergic and 

cholinergic neurons in the arousal regions including noradrenergic neurons of the LC, 

serotonergic neurons of the DR and histaminergic neurons of the TMN during sleep 

(Sherin et al., 1998; Lu et al., 2002). On the other hand, monoaminergic neurons in 

the TMN, LC and DR play crucial roles for the maintenance of arousal. These 

neurons fire tonically during the awake state, less during NREM sleep and are 

virtually silent during REM sleep (Vanni-Mercier et al., 1984). These monoaminergic 

and cholinergic wake-promoting neurotransmitters inhibit sleep-active neurons in the 

VLPO during waking periods (Gallopin et al., 2000). These reciprocal interactions of 

inhibition between sleep-active and wake-active neurons are crucial for switching 

between the sleep/awake states.  

 

In addition to the reciprocal connection between VLPO and sleep-active brainstem 

neurons, OX neurons act as a link between these neurons and stabilize behavioural 

states by activating arousal regions during wakefulness, preventing undesirable 

transitions between wakefulness and sleep.  
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It is now well established that OX neurons fire during active waking and virtually 

cease firing during sleep, including the NREM and REM periods (Lee et al., 2005). 

Furthermore, monoaminergic neurons in the TMN, LC and DR express both OX 

receptors and are densely innervated by OX neurons suggesting that these neurons 

might be activated during wakeful periods, and that they exert excitatory influence on 

these wake-active neurons to sustain their activity. In fact, in vitro studies revealed 

that noradrenergic neurons of the LC, dopaminergic cells of the VTA, serotonergic 

neurons of the DR and histaminergic neurons of the TMN are all activated by OXs 

(Hagan et al., 1999; Nakamura et al., 2000; Brown et al., 2002; Liu et al., 2002; 

Yamanaka et al., 2002). On the other hand, noradrenergic and serotonergic neurons 

send inhibitory projections to OX neurons (Muraki et al., 2004; Sakurai, 2005; 

Yamanaka et al., 2006). These connections between OX neurons and wake-active 

neurons, as well as in vitro results, suggest that OX neurons activate monoaminergic 

neurons, which in turn inhibit OX neurons during active waking. This small decrease 

in the activity of monoaminergic neurons results in a decreased inhibitory influence 

on OX neurons. Subsequently, OX neurons are disinhibited and their excitatory 

influence on monoaminergic neurons to maintain their activity. OX neurons also 

receive dense projection from GABAergic neurons in the VLPO, and are inhibited by 

them during sleep (Yamanaka et al., 2003a; Sakurai et al., 2005; Xie et al., 2006; 

Yoshida et al., 2006). Moreover, selective deletion of the GABAB receptor gene in OX 

neurons causes highly unstable sleep/wake architecture in mice (Matsuki et al., 

2009). This pathway might be important to turn off OX neurons during sleep. OX 

neurons are also reciprocally connected with cholinergic neurons of the BF, which 

also play an important role in regulating arousal. Cholinergic neurons in the BF are 

activated by OXs, and in turn activate some populations of these neurons, thereby 

playing a role in stabilization of wakefulness (Eggermann et al., 2001; Sakurai et al., 

2005). 

 

Electrophysiological and knock-out studies provide further evidence of the 

physiological role of OXs and/or OX receptors in sleep-wakefulness. Icv injection of 

OX during light periods potently increases the awake period in rats. This effect is 

markedly attenuated by H1 antagonists and is completely absent in histamine H1-

receptor-deficient mice suggesting that TMN-histaminergic pathway is an important 

effector site of OX for sleep/wake regulation (Huang et al., 2001; Yamanaka et al., 
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2002). Prepro-orexin knockout mice and OX1R/OX2R-double knockout mice are 

severely affected by behaviourally abnormal attacks of NREM sleep and show a 

similar degree of disrupted wakefulness (Willie et al., 2003). These findings suggest 

that the profound dysregulation of wakefulness in narcolepsy syndrome is due to a 

loss of signalling through OX and/or OX receptor dependent pathways.   

1.6.5 Other responses 

1.6.5.1 OX and reward system 

There is considerable evidence that OXs are involved in the modulation of reward 

function. OX neurons receive projections from regions involved in the reward system 

including the VTA, NAc and LS (Yoshida et al., 2006). In the LHA/PFA, dopamine 

has an inhibitory influence on reward pathways, and inhibits OX neurons (Yang et al., 

1997; Yamanaka et al., 2003b). On the other hand, OX neurons project to, and 

directly activate dopaminergic neurons of the VTA (Peyron et al., 1998; Nakamura et 

al., 2000; Fadel & Deutch, 2002; Korotkova et al., 2003). These reciprocal 

interactions may constitute regulatory mechanisms of a reward system. Injection of 

OX1R antagonist into the VTA blocks the development of heroin-conditioned place 

preferences (Narita et al., 2006). In addition, in vivo administration of OX1R 

antagonist blocks locomotor sensitization to cocaine (Borgland et al., 2006). Taken 

together these findings suggest a role for OX in the mechanism of reward system 

and drug addiction. 

1.6.5.2 Neuroendocrine effects of OX  

The anatomical distribution of OX as well as its receptors in the Arc and PVN suggest 

that OX systems are involved in the control of neuroendocrine function. Icv 

administration of OXs increases plasma levels of corticosterone in rats (Hagan et al., 

1999; Malendowicz et al., 1999a). OXs also stimulate the release of CRF, VIP, 

neurotensin and luteinizing hormone-releasing hormone from hypothalamic explants 

(Russell et al., 2000). OX-A also inhibits plasma levels of prolactin via both dopamine 

-dependent and -independent mechanisms. OX-A also inhibits the secretion of 

growth hormone by stimulating the release of somatostatin from the hypothalamus 

via a direct action on the pituitary (Hagan et al., 1999; Russell et al., 2000).  
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1.6.5.3 OX and pain 

Several studies suggest that OXs play a role in the transmission of nociceptive 

information. OX-A immunoreactive fibres and OX receptors, OX1R in particular, are 

abundantly expressed throughout the spinal cord including lamina I, an area 

associated with nociception. OX1R are also expressed in dorsal root ganglia. In 

addition, intravenous injection of OX-A has an analgesic effect in both the mouse and 

rat models of nociception and hyperalgesia. This effect is mediated solely by OX1R 

since the analgesic effect of OX-A was blocked by a selective OX1R antagonist, SB 

334867, but not by the opioid antagonist, naloxone. Furthermore, SB 334867 

enhances hyperalgesia under certain inflammatory conditions suggesting a tonic 

inhibitory OX input in these circumstances (Bingham et al., 2001). 

1.6.5.4 Peripheral effects of OX 

The presence of OX, and OX receptors, in different peripheral tissues suggests that 

OXs play an important role in the periphery along with their central function. OX-A 

activates secretomotor neurons in the guinea pig submucosal plexus and regulates 

gut motility by increasing the velocity of propulsion in isolated guinea pig colon. OXs 

have also been reported to inhibit fasting motility in the rat duodenum (Yamanaka et 

al., 2000). OXs may affect glucose homeostasis by regulating the secretion of 

pancreatic hormones including insulin and glucagon. Both in vivo (subcutaneous 

injection of OX-A) and in vitro studies have revealed that OX-A stimulates insulin and 

glucagon secretion (Nowak et al., 1999). OXs may also activate adrenals 

independently of central mechanisms (via endocrine, paracrine or neurocrine 

mechanisms) by binding with OX receptors. OXs stimulate corticosteroid secretion 

from rat and human adrenocortical cells (Malendowicz et al., 1999b; Mazzocchi et al., 

2001). In addition, OX-A stimulates the release of adrenaline and NA from cultured 

porcine adrenal medullary cells and of aldosterone from cultured porcine adrenal 

cortex cells (Fujiki et al., 2001)  

1.6.6 Central cardiovascular effects of OX  

The distribution of OXs and OX receptors in the cardiovascular regulatory centres, as 

well as functional studies, indicate a crucial role of OX in the regulation of autonomic 

function. OX neurons in the hypothalamus project to the PVN and to different 

brainstem nuclei involved in the control of sympathetic and parasympathetic outflow 
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including the NTS, RVMM, RVLM and NA, and to the final relay centre of 

sympathetic tone - SPN of the spinal cord (de Lecea et al., 1998; Peyron et al., 1998; 

Cutler et al., 1999; Date et al., 1999; Nambu et al., 1999; van den Pol, 1999; 

Machado et al., 2002; Ciriello et al., 2003). OX receptors are also expressed in most 

of these areas (Trivedi et al., 1998; Marcus et al., 2001; Sunter et al., 2001; Cluderay 

et al., 2002; Ciriello & de Oliveira, 2003; van den Top et al., 2003). However, the 

expression of OX1R and OX2R in the RVLM neurons including TH-immunoreactive 

(TH-ir) neurons is unknown.  

 

In OX knockout mice, basal BP is lower than their wild-type littermates (Kayaba et al., 

2003), suggesting that OXs physiologically stimulate sympathetic outflow. It has been 

demonstrated that icv injection of OXs increases BP, HR, rSNA and plasma 

catecholamine in the rat and the rabbit (Samson et al., 1999; Shirasaka et al., 1999; 

Matsumura et al., 2001). On the other hand, intravenous injection of OX produces no 

cardiovascular effect (Matsumura et al., 2001) suggesting that OX mediated 

cardiovascular function operates solely via central mechanisms. Furthermore, 

intrathecal (i.t.) injection of OX-A at the level of thoracic 1-2 (T1-T2), a site that 

principally innervates the heart, increases MAP and HR in urethane anaesthetized 

rats and the effects are markedly attenuated by iv injection of α-or β-adrenoceptor 

antagonist (Antunes et al., 2001).  

 

Direct microinjection of OX-A into the NA, an area involved in the parasympathetic 

control of HR, elicits a dose-related decrease in HR with little or no direct change in 

MAP (Ciriello & De Oliveira, 2003). Whereas the effect of OX-A microinjection into 

the NTS is controversial and appears to depend on the doses administered. Low 

doses of OX-A (10 pM – 10 nM) injected into the NTS increased MAP and HR in a 

dose-dependent manner (Smith et al, 2002). However, at high doses (25 µM - 250 

µM), microinjection of OX-A into the NTS was shown to decrease MAP and HR in a 

dose-dependent manner (De Oliveira et al., 2003). As well, Shih and Chuang (2007) 

found that at a dose of 100 µM, OX-A injection into the NTS elicited slight decrease 

in MAP and HR while at higher doses of 4 mM, MAP and HR were decreased. NO is 

suggested to be a neuromodulator responsible for the bidirectional activity of OXs. 

Low concentrations of NO, synthesized by low dose of OX, stimulate NOS 

potentiating glutamatergic excitatory postsynaptic potentials, thereby decreasing BP. 
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On the other hand a high dose of OX-A stimulates the production of more NO which 

increases BP through potentiation of GABA-ergic inhibitory pathways (Shih & 

Chuang, 2007). Microinjection of OX-A into the RVMM has also been shown to 

increase HR dose-dependently with a little or no change in MAP (Ciriello et al., 

2003).  

 

OX-A has also been microinjected into the RVLM in both anaesthetized and 

conscious rats. In both conditions, OX-A injection into the RVLM increased MAP and 

HR (Chen et al., 2000; Machado et al., 2002). In addition, in vitro recordings of RVLM 

neuronal activity showed that OX dose-dependently depolarizes RVLM neurons and 

this depolarization is mediated predominantly via OX2R (Huang et al., 2010).  

 

Several studies also indicate a role of OX-A on HR baroreflex. OX-A potentiates 

reflex bradycardia induced by activation of the arterial baroreflex when injected into 

nucleus ambiguus (Ciriello & De Oliveira, 2003) or into the NTS (De Oliveira et al., 

2003) while it has been shown to attenuate the reflex response after microinjection 

into RVMM (Ciriello et al, 2003).  

 

Differential effects of OXs in various regions of the brain, along with evidence of 

orexinergic projections in most of these areas, strongly suggest its involvement in 

regulation of the cardiovascular system. Activation or inhibition of reflex bradycardia, 

evoked by the activation of arterial baroreceptor after administration of OXs to the 

NTS and nucleus ambiguus or RVMM, also support the sensitivity of the baroreflex to 

OXs. Effects of an endogenous level of OXs in different central cardioregulatory 

areas as well as in the baroreflex arc may reveal a new aspect in cardiovascular 

regulation.  

1.6.7 Respiratory effects of OX 

The role of hypothalamic OX system in the regulation of breathing is well recognised 

from both anatomical and functional evidence. Axons of OX neurons project to 

respiratory-related nuclei including RVLM sympathoexcitatory neurons, pre-BötC 

(part of respiratory rhythm generator), the NTS (area containing inspiratory cells 

responsive to sensory afferents), retrotrapezoid nucleus (RTN) (central 

chemoreceptor), raphé nuclei (an area regulating respiratory long term facilitation), 
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and hypoglossal and phrenic nuclei (areas that control swallowing and diaphragm 

movements (Fung et al., 2001; Machado et al., 2002; Volgin et al., 2002; Krout et al., 

2003; Young et al., 2005; Rosin et al., 2006). OX receptors are also expressed in 

most of these neurons (Trivedi et al., 1998; Marcus et al., 2001; Sunter et al., 2001; 

Cluderay et al., 2002; Young et al., 2005; Dias et al., 2009).  

 

Physiological evidence indicates that OXs affect ventilation. Icv administration of OX 

increases breathing frequency and tidal volume (Zhang et al., 2005). In addition, 

microinjection of OX-A into the preBötC and microperfusion into phrenic 

motoneurons, results in the increase of diaphragm electromyographic activity (Young 

et al., 2005). In addition, Toyama et al., (2009) showed that phrenic long-term 

facilitation (LTF) is attenuated in OX neuron-ablated mice. These results suggest that 

OX plays an important role in respiration as well as in the development of respiratory 

LTF.  

 

Further evidence linking OX and breathing comes from studies on the response of 

OX to changes in pH or extracellular CO2 levels. OX neurons themselves are 

chemosensitive both in vivo and in vitro (Williams et al., 2007; Sunanaga et al., 

2009). A physiological level of acidosis (low pH, high CO2) depolarizes OX neurons 

and increases their firing, while alkalosis (high pH, low CO2) causes hyperpolarization 

and an inhibition of firing (Williams et al., 2007). Prepro-orexin deficient mice have a 

50% decrease in the ventilatory CO2 (hypercapnia) response during wakefulness but 

not sleep. OX knockout mice also display a markedly higher frequency of 

spontaneous apnoeic episodes during sleep (Nakamura et al., 2007). Furthermore, 

icv administration of SB334867 decreases the respiratory chemoreflex in wild-type 

mice (Deng et al., 2007) suggesting a role for OX in modulation of the chemoreflex. 

Moreover, antagonism of OX1R in the RTN, which is a key chemosensory nucleus 

(Stornetta et al., 2009; Guyenet et al., 2010), or in medullary slices containing 

preBötC and hypoglossal motornuclei, blunts the response to hypercapnia (Dias et 

al., 2009; Corcoran et al., 2010). These findings suggest that OX may modulate 

chemoreflex responses directly through the activation of OX neurons or indirectly via 

an action in the RTN, preBötC, or hypoglossal motornuclei. 
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No previous studies have demonstrated the effects of OX-A on sympathetic outflow, 

PNA and sympathetic reflexes by injection into the spinal cord (chapter 3) and the 

RVLM (chapter 4) of normotensive rats as well as into the RVLM of a hypertensive 

animal model (chapter 5).  

1.7 Aims 

 

OX-A, a hypothalamic peptide, has several known functions in the body, but its role 

in central cardiorespiratory regulation remains poorly understood. The overall aim of 

this thesis is to investigate the role played by OX-A in the central control of 

cardiorespiratory function and sympathetic reflexes and also in the pathogenesis of 

hypertension. 

This overall aim will be addressed with several specific-aims: 

 

1. Chapter 3 
i. To determine if OX-A modulates sympathetic vasomotor output and breathing at 

the spinal level 

ii. To evaluate the effects of i.t. OX-A on the somatosympathetic, baroreceptor and 

peripheral chemoreceptor reflexes 

iii. To determine if the responses following i.t. OX-A are due to an action in the spinal 

cord, or if supraspinal regions are required to elaborate the responses 

(Appendix 2, Shahid et al., 2011). 

 
2. Chapter 4 
i. To determine whether OX1 and OX2 receptors are expressed within neurons in the 

RVLM, and to determine if they are co-localized with putative sympatho-excitatory 

catecholamine-containing neurons of the rostral C1 cell group 

ii. To determine the cardiovascular and respiratory effects elicited by microinjection of 

OX-A into the RVLM 

iii. To determine which type of OX receptor mediates the central effects of OX-A 

iv. To evaluate the effects of OX-A on somatosympathetic, baro- and chemoreflexes 

in the RVLM 

(Appendix 2, Shahid et al., 2012a) 
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3. Chapter 5 
i. To determine the effects of bilateral microinjection of OX-A on baseline 

cardiorespiratory variables in hypertensive and normotensive rat models 

ii. To investigate the role of OX-A in the regulation of adaptive reflexes when 

microinjected into the RVLM in hypertensive and normotensive rat models. 
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General Methods 
 

Methods commonly used during studies are discussed here. Please refer to the 

individual methods sections of each results Chapter for specific methods used in the 

individual studies. Complete details of the equipment, chemicals/reagents, drugs, and 

analysis software used to conduct the experiments in this thesis are listed in 

Appendix 1.  

2.1 Ethical approval 
 

All procedures were approved by the Macquarie University Animal Ethics Committee 

(ARA 2009/016; see Appendix 3) in accordance with the guidelines of the Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes (http://www 

.nhmrc.gov.au/guidelines/publications/ea16) 

2.2 Animals                 
 

Most of the experiments were conducted using adult male Sprague-Dawley (SD), 

rats weighing between 350g and 500g (chapters 3-4). Wistar Kyoto rats (WKY) and 

Spontaneously Hypertensive rats (SHR) weighing between 315g and 380g were 

used in chapter 5 only. SHR and WKY rats were age-matched and only used 

(including phenotyping) after 18 weeks of age. All animals were supplied by the 

Animal Resources Centre (Perth, WA, Australia) and housed at the Macquarie 

University Animal House in a 12-hour light/dark cycle. Rats had access to food and 

water ad libitum and were provided with environmental enrichment items. 

2.3 Anaesthesia and maintenance of animal 
 

Individual rats were collected from the Macquarie University Animal House on the 

day of the experiment and transported to the laboratory. Animals were handled 

carefully to minimise stress prior to anaesthesia and surgery. 

2.3.1 Anaesthesia 

All experiments were performed under surgical anaesthesia. The choice of 

anaesthetic agent differed according to the aims of the study. Surgical anaesthesia 
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was ascertained in the unparalysed condition by the absence of reflex responses to 

nociceptive stimuli (e.g. paw/tail pinches), or alternatively, by the absence of corneal 

blink reflex to corneal touch. In paralysed condition, it was confirmed by <10 mmHg 

change in mean arterial pressure (MAP) in response to noxious paw/tail pinch. 

 

In electrophysiological studies, anaesthesia was induced via intraperitoneal (i.p.) 

injection of urethane (Ethyl Carbamate) (1.2-1.4 g kg-1; 10% w/v in 0.9% 

physiological saline) using a 26.5G needle. Urethane provides long periods of stable 

surgical anaesthesia with a large therapeutic window, minimal cardiorespiratory 

depression and enables for stable nerve recordings  (Field et al., 1993). The injection 

was given in 3 bolus doses separated by 10 minutes, to minimise the risk of 

anaesthetic overdose. This injection was supplemented with atropine sulfate (50µg 

i.p.) to reduce bronchial secretions. When adequate anaesthesia was achieved, 

bodily regions of the rat were shaved to expose skin sites for surgical incisions. 

Throughout the experiment, the withdrawal reflex and/or arterial pressure changes 

(>10 mmHg) in response to a strong hind paw pinch were used to assess the depth 

of anaesthesia at every 30 min. Intravenous (i.v.) doses of sodium pentobarbital (10 

mg in 20% solution w/v) or urethane (0.2 g kg-1 i.v.) were administered as required to 

suppress reflexes and maintain anaesthesia. 

2.3.2 Temperature monitoring      

Core body temperature was monitored by using a rectal probe thermometer, and was 

maintained between 36.5°C and 37.5°C by placing rats on a feedback-controlled 

heating blanket with the aid of an infrared heating lamp as necessary. 

2.4 General surgical procedures for electrophysiological 
experiments 

2.4.1 Arterial and venous cannulation 

The right carotid artery and left jugular vein were cannulated for measurement of BP 

and regular injections of drugs and fluids, respectively. In addition, the right femoral 

artery was cannulated to enable withdrawal of arterial blood for blood gas 

measurements while continuously monitoring BP. In some experiments, both femoral 

veins were cannulated to enable administration of sodium nitroprusside (SNP) or 

phenylephrine hydrochloride (PE). A midline incision on the ventral surface of the 
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neck was made to access the right carotid artery and left jugular vein. The femoral 

veins and artery were approached via a ventral superficial skin incision. Each blood 

vessel was carefully isolated from surrounding tissues and a silk suture (5/0) was tied 

proximally to occlude distal blood flow temporarily (occlusion of blood flow in the 

artery was assisted with the use of an artery clip). A small incision was then made in 

the vessel wall and a cannula was inserted and advanced 1-2 cm, and secured with 

silk suture (5/0). Cannulas were made from plastic (polyvinyl chloride) tubing (OD: 

0.96 mm x ID: 0.58 mm) attached to a 3-way tap via a 18G needle and silastic tubing. 

The venous catheter contained 0.9% saline and the arterial catheter was filled with 

heparinised (~ 10 IU heparin mL-1) 0.9% saline to prevent blood clotting in the line. 

The arterial catheter was attached to a pressure transducer.   

2.4.2 Tracheal intubation            

A tracheotomy was performed to allow mechanical ventilation. The trachea was 

exposed using the same midline incision used for venous and arterial cannulations 

(section 2.4.1). A gap was blunt dissected between the bilateral sternohyoid muscles 

to reveal the trachea. A small incision was made in the trachea. A 14-guage i.v. 

catheter was inserted into the trachea and secured with braided silk suture (2/0). 

Rats continued to breathe freely up until such time that a bilateral vagotomy (section 

2.4.3) was performed, after which, mechanical ventilation (section 2.4.4) was 

commenced.  

2.4.3 Vagotomy  

A bilateral vagotomy was performed to prevent entrainment of the phrenic nerve 

discharge to the ventilator and also to remove parasympathetic activity, creating a 

‘purely’ sympathetic system. The right vagus nerve was separated from the carotid 

sheath and transected at the time of carotid artery cannulation. The left vagus nerve 

was later cut during the phrenic nerve dissection, using a dorsal approach (section 

2.4.5.2). 

2.4.4 Ventilation  

Immediately following vagotomy, the tracheal cannula was connected to a rodent 

ventilator, and rats were mechanically ventilated with oxygen-enriched room air at a 

ventilation rate of 60-80 rpm with a tidal volume of 1.0 mL per 100 g. End tidal CO2 

was monitored with a CO2 analyser connected to the expiratory ventilator line, close 
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to the rat and maintained between 3.5-5.0% by altering the ventilation rate and/or 

stroke volume accordingly. 

 

Adequacy of ventilation was verified by measuring arterial blood gas and electrolyte 

concentrations 30 min following the start of mechanical ventilation. The normal 

ranges for measured variables in an arterial blood gas analysis were; pH (7.35 – 

7.45), PaO2 (>200 mmHg as ventilated with hyperoxic/room air mixture), PaCO2 (35 

– 45 mmHg) and HCO3- (22 – 28 mM). If respiratory acidosis/alkalosis was observed, 

ventilation parameters (rate and/or volume) were adjusted accordingly to keep blood 

gas and electrolyte concentrations within the optimum range. If necessary, a bolus 

injection of 5% w/v sodium bicarbonate in saline was given when metabolic acidosis 

(HCO3-  <20 mM) was apparent. 

Animals were paralysed with pancuronium bromide (0.8 mg i.v. initially, followed by 

0.4 mg h-1 i.v.), an agent that acts at the neuromuscular junction. Neuromuscular 

blockade was maintained with continuous infusion of 10% pancuronium bromide in a 

5% w/v glucose in water, infused with an automated infuser at a rate of 1.0-2.0 mL hr-

1. Continuous infusion with fluids helped support hydration, energy production and 

electrolyte balance, along with maintaining paralysis. 

2.4.5 Nerve dissection for recording 

Sympathetic nerve discharge was recorded from the left greater splanchnic nerve. 

The splanchnic nerve innervates the abdominal vasculature and viscera, and 

splanchnic sympathetic nerve activity (sSNA) was used as a measure of sympathetic 

outflow. Respiratory activity was quantified by recording phrenic nerve activity (PNA). 

More specifically, phrenic nerve amplitude (PNamp) and phrenic nerve frequency 

(PNf) were used as a measure of inspiratory drive and to calculate carediorespiratory 

coupling. 

2.4.5.1 Splanchnic sympathetic nerves  

The splanchnic nerve was isolated using a retroperitoneal approach. A midline 

incision was made from the lower thoracic level to the pelvis to expose the nerve. 

The underlying muscle layers were cauterised and the fascia was separated by blunt 

dissection to expose the retroperitoneal cavity. The muscles and skin were retracted 

by ties to expose the left kidney and adrenal gland. The adipose tissue covering the 
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adrenal gland and celiac ganglion were removed by blunt dissection. The adrenal 

was then carefully tied with a silk suture and retracted to expose the celiac ganglion. 

The left greater splanchnic was isolated and tied off proximal to celiac ganglion with 

5/0 silk sutures and cut distal to the tie. Saline-soaked cotton wool was placed in the 

cavity surrounding the splanchnic nerve to keep the nerve moist until the rat was 

placed on the stereotaxic frame. 

2.4.5.2 Phrenic nerve 

A longitudinal dorso-caudal incision from the base of the skull to the mid thoracic 

level was made to access the phrenic nerve. The parascapular muscles and scapula 

were retracted to expose the brachial plexus and a superomedially directed blunt 

dissection distal to the plexus exposed the phrenic nerve. The nerve was identified 

as the medium-sized, striated nerve deep to the communication of the origin of the 

supra- and sub-scapular nerves. The phrenic nerve was then carefully separated 

from surrounding fascia, tied distally with 5/0 silk sutures and cut distal to the tie. The 

nerve was covered with saline-soaked cotton wool to keep moist until recording. 

2.4.6 Nerve dissection for stimulation 

In some animals, the sciatic nerve was isolated for electrical stimulation to test the 

somatosympathetic reflex.                                                                                         

2.4.6.1 Sciatic nerve 

To isolate the sciatic nerve, an incision was made at the upper-thigh level and blunt 

dissection through the hip extensor muscle, including gluteal and hamstring muscles. 

The overlaying muscles and surrounding tissue were dissected away from the nerve. 

The distal end of the sciatic nerve was tied with silk suture (5/0) and cut distal to the 

tie and covered with cotton wool soaked in saline. Once the nerve was prepared for 

stimulation, it was used for testing the somatosympathetic reflex (section 2.8.2). 

2.4.7 Temporary spinal blockade by microinjection of bupivacaine 
anaesthetic at the C8 spinal level 

In some cases (chapter 3), the spinal cord was anaesthetized at the C8 level by 

microinjection of a local anaesthetic, bupivacaine (500 nL) into the middle of each 

hemi-spinal cord. These injections were always adequate to cause BP and sSNA to 
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fall to levels equivalent to that seen following spinal transection at the C8 level 

(Goodchild et al., 2008) .  

2.4.8 Exposure of atlanto-occipital junction and the dorsal medulla  

Following nerve dissections, rats were secured in a stereotaxic frame. A skin incision 

was made from the top of the skull to the level of T2. The occipital musculature and 

tissue were removed to expose the occipital bone and the atlanto-occipital 

membrane, which consists of dura mater and the underlying arachnoid. The atlanto-

occipital junction (chapter 3) was exposed, and a slit was made through the dura 

mater. The intrathecal catheter was inserted into the intrathecal space through this 

slit, and advanced caudally to the level of T6-T8. Intrathecal injections were made 

using a 25 μl Hamilton syringe; the time course for each injection was approximately 

20 seconds. 

 

For dorsal medulla exposure (chapters 4 and 5), an occipital craniotomy was 

performed using bone rongeurs, and the dura was cut and removed exposing the 

dorsal surface of the medulla oblongata at the level of the obex and fourth ventricle. 

2.4.9 Euthanasia  

At the end of each experiment, rat was euthanized with a bolus i.v. injection of 0.5mL 

of 3M potassium chloride. This dose was sufficient to instantly stop the heart. Death 

was confirmed by zero blood pressure and lack of respiratory activity. Recordings of 

all parameters were continued for at least 10 minutes after death to obtain the 

background level of noise (death level) from the nerve recordings.  

2.5 Electrophysiological recordings    
 

All signals were digitised (A/D Converter 1401) and recorded in real time on a 

computer using Spike2 (7.07) acquisition and analysis software.  

2.5.1 Arterial blood pressure (BP) and heart rate (HR) recordings 

The arterial catheter was attached to a pressure transducer. This signal was 

amplified 1000 fold by a bridge amplifier, digitalised and recorded on computer using 

Spike2 software at a sampling rate of 250 Hz. A smoothing function (1 s) was applied 

to the BP recording to measure mean arterial pressure (MAP). The pressure 
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transducer was periodically, manually calibrated with a sphygmomanometer to 

ensure accuracy. 
 

A custom made three lead needle electrodes was used to record electrocardiogram 

(ECG). The positive and negative leads were inserted into the front-paws of the rat 

and the ground lead was placed in into exposed muscle as close as possible to nerve 

recording sites. HR was then derived from either BP or ECG waveforms with an 

event channel triggered systole (BP) or triggered the major voltage deflection (QRS 

complex) of the ECG. 

2.5.2 Nerve recordings 

Before starting nerve record, a pool filled with paraffin oil or silgel was created for 

each nerve by securing the surrounding tissues and skin to the stereotaxic frame. 

The paraffin oil or silgel maintains a hydrophobic medium that electrically isolates the 

nerve. Bipolar silver wire recording hook electrodes were fabricated and used to 

record the nerves. The electrodes were carefully placed in the pools and the isolated 

nerves (section 2.4.5) were laid/suspended across the two poles of the electrodes. 

To ensure good quality nerve recording by minimising electrical noise, several 

measures were taken including: (i) earthing of all electrical equipment and metal 

objects (ii) pre-amplification close to the signal (iii) passing signals via a noise 

cancelling ‘Humbug’ (50/60-Hz line frequency filter).  

 

Nerve signals were pre-amplified 10 times by a preamplifier, band pass filtered (0.1 – 

2 kHz) and then amplified a further 1000 times by a scaling amplifier (Bioamplifier), 

50/60-Hz line frequency filtered, digitalised, sampled at a rate of 2kHz and recorded 

and displayed on computer using Spike2 software as a waveform (in arbitrary units or 

in µV). The recording system for nerve activity was calibrated by introducing a known 

voltage at the amplifier headstage. 

2.5.3 Nerve stimulation 

The sciatic nerve was stimulated with custom built bipolar silver wire electrodes 

connected to a stimulator that was operated by a ‘pulser’ script (Lidierth, 2005) using 

Spike 2 software. The stimulus intensity was 50 sweeps at 1 Hz; 0.2 ms pulse width; 

5-30 volts (chapters 3-5).  
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2.6 Intrathecal (i.t.) drug administration 
 

I.t. drug administration was performed as described previously (Rahman et al., 2011; 

Rahman et al., 2012a). The i.t. catheter (PVC; OD: 0.8 mm x ID: 0.4 mm) of 

appropriate size was taken by measuring the length between the atlanto-occipital 

junction and T5-T7 (identified by counting the spinous processes). To enable of 

Hamilton syringe attachment, a small piece of silastic tubing was attached to the 

external end of the catheter. The catheter was then inserted into the intrathecal 

space through the slit in the atlanto-occipital membrane (section 2.4.8) and advanced 

caudally to the level of T5-T7.  

 

Drawing cerebrospinal fluid up the catheter with a glass Hamilton syringe ensures the 

positioning of the catheter within the intrathecal space. The location of the catheter 

tip was confirmed by injecting L-glutamate (100 mM, 10 µL). Sharp increases in BP 

(~20 mmHg), HR (~30 bpm) and SNA (~30%) indicated a successful catheterization 

(Hong & Henry, 1992). 

2.6.1 I.t. drug administration procedure 

Intrathecal injections were performed using a 25 μl Hamilton syringe; the time course 

for each injection was approximately 20 seconds. Volume of all injections is 10µl 

flushed by catheter volume (dead space: range 6–7 µL) of 10 mM phosphate 

buffered 0.9% saline (PBS). All animals received control injections of the vehicle, 

PBS (10µl of PBS flushed by catheter volume of PBS), 30 min prior to their drug 

treatments. Drugs were dissolved in 10mM PBS, aliquoted and immediately frozen at 

-20°C until needed. In 11 animals, a selective OX1 antagonist, N-(2-methyl-6-

benzoxazolyl)-N-1,5-naphthyridin-4-yl-urea 200 nmol (SB 334867; Tocris Bioscience, 

Bristol, UK), was injected i.t. 20 min prior to the i.t. injection of OX-A (20 nmol): six 

with OX-A and five without. Drugs injected into the intrathecal space in this study 

include those listed in Table 2.1. 
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Table 2.1 : Drugs used in intrathecal injection studies 
 

Drug Concentration Injection 
Volume 

Vehicle 

L-glutamic 

acid 
100 mM 10 µL 10 mM PBS (0.9%), pH 7.4 

 

OX-A 100 µM, 500 µM,  

1mM, 2mM 

 

10 µL 10 mM PBS (0.9%), pH 7.4 

SB 334867 20 mM 10 µL 10 mM PBS (0.9%), pH 7.4 

 

Refer to Appendix 1 for company/supplier information.  

 

Specific drug treatments used in experiments varied depending on the study and its 

aims, please refer to chapter 3 for the specifics of the treatments used in each study.                                 

2.6.2 Injection site validation 

The location of the injection site was marked by an injection of 10 μl of India ink 

flushed with PBS at the end of each experiment. Following euthanasia (section 2.4.9) 

a laminectomy was performed to assess the location of the catheter tip. The spinal 

segment level of the catheter was recorded as the level where the tip of the catheter 

was found or where the blue/black spot appeared most intensely on the spinal cord. 

Data which failed to meet the T5-T7 anatomical criteria were excluded from analysis. 

2.7 RVLM microinjection 
 

Single or multi-barrelled glass micropipettes were used for microinjection of vehicle 

and drug into the RVLM (Goodchild et al., 1982; Rahman et al., 2012b). Single barrel 

glass pipettes were made using borosilicate glass capillary tubes (OD 1.0 mm, ID 

0.25 mm) and a laser pipette puller. Same glass capillaries bound by heat-shrink 

tubing were used to prepare triple barreled micropipettes with a programmable multi-

pipette puller.  

 

Each micropipette was filled using suction applied by a syringe and tubing attached 

to the pipette. Pressure microinjections were carried out using an air-filled syringe 
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and attached tubing. The injection volume was ascertained by direct observation of 

the fluid meniscus against an attached calibrated grid (each square = 50 nL) using 

the operating microscope.  

 

The RVLM was identified functionally by an increase of >30 mmHg in the MAP 

following microinjection of L-glutamic acid (100 mM, 50 nL). The preliminary 

coordinates used to locate the RVLM were 1.8 mm rostral, 1.8 mm lateral, and 3.5 

mm ventral to calamus scriptorius. All variables were allowed to return to baseline 

(>30 min) before microinjection of vehicle solutions, PBS. PBS contained 2% 

rhodamine beads were used to aid in subsequent histological verification of the 

injection site. After a further 30 min, OX-A was microinjected into the same site and 

observation was continued for a further 60 min. Microinjections of vehicle (PBS) and 

drug were bilateral and performed over 5 s. During the course of the experiment, the 

pipette was not exchanged or removed from the electrode holder. For single barrel 

microinjections, the pipette was rinsed with vehicle after microinjection of glutamate 

to find the appropriate RVLM site.  

 

Table 2.2 : Drugs used in micoinjection studies 

Drug Concentration Injection 
Volume 

Vehicle 

L-glutamic acid 100 mM 50 nL 10 mM PBS (0.9%), pH 7.4 

 

OX-A 250 μM, 500 μM, 

1 mM, 2 mM 

50 nL 10 mM PBS (0.9%), pH 7.4 

 

SB 334867 20 mM 50 nL 10 mM PBS (0.9%), pH 7.4 

 

[Ala11,D-Leu 
15]orexin B  
 

15 μM 50 nL 10 mM PBS (0.9%), pH 7.4 

 

Refer to Appendix 2 for company/supplier information.  

    
Specific drug treatments given in experiments varied depending on the study and its 

aims, please refer to chapters 4 and 5 for the specifics of the treatments used in each 

study.  
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2.7.1 Verification of microinjection site 

Brainstem microinjection sites were marked with a 50 nL injection of 10 mM PBS 

(0.9%), contained 2% rhodamine beads, pH 7.4 (chapters 4 and 5). Following 

euthanasia (section 2.4.9), the brain was removed and post-fixed in 4% 

paraformaldehyde solution overnight. 

 

After removal of meningeal layers, the separated brainstem was cut into serial 

100 µm sections on a vibrating microtome. Then the sections were mounted on 

gelatinized glass slides, air-dried and coverslipped. The microinjection sites were 

visualized using an epifluorescence microscope. The RVLM was defined as a 

triangular area ventral to the nucleus ambiguus, medial to the spinal trigeminal tract, 

and lateral to the pyramidal tract or the inferior olive (Goodchild & Moon, 2009). Only 

rats with microinjection sites within the defined boundaries of the RVLM were used 

for data analysis. 

2.8 Activation of sympathetic reflexes  
 

2.8.1 Baroreceptor reflex  

Stimulation of the sympathetic baroreceptor is used to measure the ability of an 

animal to respond to instantaneous changes in BP, and it is also used as an indicator 

of cardiovascular health (see section 1.3.1). The sympathetic baroreflex sensitivity 

was assessed by sequential i.v. injections of PE (0.1 mg kg-1), and SNP (10µg kg-1) 

to create baroreflex function curves. PE is an α1-adrenergic receptor agonist that 

induces a rapid increase in BP due to vasoconstriction, causing a reflex decrease in 

SNA. SNP is a NO- donor that induces a rapid decrease in BP due to vasodilatation, 

causing a reflex increase in SNA. BP and SNA return to baseline shortly (within 2-3 

minutes).  

2.8.2 Somatosympathetic reflex 

The somatosympathetic reflex was induced by stimulating the sciatic nerve, and was 

used to reveal any changes in the sympathetic response to noxious stimuli (see 

section 1.3.2). Threshold for the SSR was measured by reducing the stimulus 

voltage until the classic two-peak averaged SNA response was no longer detected. 
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The nerve was stimulated at three times threshold (3xT; 5-30 V, 0.2 ms pulse width, 

50 sweeps at 1Hz). Peri-stimulus waveform averaging of SNA following sciatic nerve 

stimulation was used to analyze the somatosympathetic reflex. 

2.8.3 Peripheral (hypoxic) chemoreflex  

The hypoxic chemoreflex is an indication of alterations in cardiovascular 

responsiveness to changes in arterial partial O2 (see section 1.3.3.1). Peripheral 

chemoreceptors were stimulated by ventilating rat with 100% N2 for 12-14 s. 

2.8.4 Central (hypercapnic) chemoreflex  

The hypercapnic chemoreflex is a measure of alterations in cardiovascular 

responsiveness to the acidification of brain extracellular fluid or an increase in the 

CO2 level in the CNS (see section 1.3.3.2). Central chemoreceptors were stimulated 

by ventilating the animals with 10% CO2:90%O2 for 1 min. 

2.9 Data analysis  
 

Data were analysed off-line using Spike2 (v 7) software and either entered into a 

Microsoft Excel spreadsheet for further calculations or exported directly into 

GraphPad Prism software (5.04). Data analysis varied depending on the experiment; 

please refer to chapters 3 - 5for the specifics of the data analysis used in each study. 

2.9.1 Mean arterial pressure (MAP) and heart rate (HR) 

All raw traces used in chapters 3 – 5 presents BP (grey) and MAP (black line). HR is 

expressed as beats per minute (bpm).  Baseline values for MAP and HR were 

obtained by averaging 60 s of data 5 min prior to PBS or drug injection and maximum 

responses were expressed as absolute (MAP and HR) changes from baseline 

values.  

2.9.2 Sympathetic nerve activity (SNA) 

SNA neurograms were rectified and smoothed/averaged to 1 s time constant. Zero 

SNA value was taken from the minimum background activity after death and was 

subtracted from SNA. Baseline values were obtained by averaging 60 s of data 5 min 

prior to PBS or drug injection and the maximum responses were expressed as 

percentage (%) changes from the baseline values. 
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2.9.3 Phrenic nerve activity (PNA) 

All raw PNA data were rectified and smoothed/averaged to 0.05 s time constant. 

Waveform averages of PNA were generated by averaging 60 s of data triggered from 

the onset of the phrenic burst. Baseline values were obtained by averaging 60 s of 

data 5 min prior to PBS or OX-A injection. Phrenic variables measured were: duration 

of inspiratory burst (TI); duration of expiratory period (TE); PNf and PNamp. Maximum 

responses were expressed as absolute (TI, TE and PNf), or percentage (PNamp) 

changes from baseline values. 

 

Cardio-respiratory coupling was determined as previously (Rahman et al., 2012b). 

Phrenic-triggered ensemble averages of SNA were created from 60 s portions of 

data before and after OX-A injection to determine cardiorespiratory coupling. The 

area under the curve (AUC), less baseline, of SNA activity during the inspiratory (I) 

and post-inspiratory (PI) phases were evaluated. 

2.9.4 Sympathetic reflexes 

SNA was rectified and smoothed at 1 s and 5 ms time constants to analyze the 

baroreceptor reflex and somatosympathetic reflex, respectively. To analyze reflexes, 

SNA was normalized between the activity of SNA before PBS injection (100%) and 

the SNA after death (0%). The SNA response to the sciatic nerve stimulation was 

analyzed using peristimulus waveform averaging. The area under the curve (AUC) of 

the sympathoexcitatory peaks was analyzed. The responses to hypoxia (100% N2 

inhalation for 12-14 s) and hypercapnia (10% CO2 in 90% O2 for 1 min) were 

measured by comparing the average maximum SNA during hypoxia or hypercapnia 

with a baseline period during normal hyperoxic ventilation. To normalize the 

difference in baseline values, efficiency of the somatosympathetic and 

chemoreceptor reflexes were determined by calculating percent change from the 

control. The percentage changes for the somatosymapthetic, peripheral chemo- and 

central chemo- reflexes were measured according to Eq 1. 

 

(Response to drug or vehicle or control/control response) x 100%          Eq 1 

 

To analyse the data from the baroreflex function tests, the mean MAP was divided 

into 1 s consecutive bins and the average SNA during each bin was determined; 
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successive values were tabulated and graphed as XY plots, taking MAP as the 

abscissa and SNA as the ordinate. Each data set was then analysed to determine 

the sigmoidal curve of best fit (Kent et al., 1972), which is described by Eq 2.  

 

y = A1 / [1 + exp {A2(x − A3)}] + A4                                                          Eq 2 

 

where y is SNA, x is MAP, A1 is the y range (y at the top plateau – y at the bottom 

plateau), A2 is the gain coefficient, A3 is the value of x at the midpoint (which is also 

the point of maximum gain), and A4 is y at the bottom plateau. The computed 

baroreflex function curves were differentiated to determine the gain of SNA of the 

baroreflex across the full range of MAP and the peak gain of each curve was 

determined. The range of SNA was calculated as the difference between the values 

at the upper and lower plateaus of the curve. The threshold and saturation values for 

MAP were defined (McDowall & Dampney, 2006) as the values of MAP at which y 

was 5% (of the y range) below and above the upper and lower plateaus, respectively. 

2.9.5 Statistical analysis 

All statistical analysis and graphical representations were performed using GraphPad 

Prism (v 5.0), graphs were aesthetically altered in CorelDraw software for 

presentation in figures. Statistical analysis varied depending on the experiment and 

included paired Student’s t-tests, one and two way ANOVAs. All data were 

expressed as mean ± standard error (SE), results were presented as either vehicle 

control versus drug treatment, or as a treatment pre-stimulus versus post-stimulus. In 

all cases, responses and differences were considered statistically significant if 

P<0.05. Please refer to chapters 3 - 5 for the specifics of the statistical analysis used 

in each study. 

 

2.10 General methods for molecular biology studies 

2.10.1 Anaesthesia 

Rats perfused for immunohistochemistry (IHC) studies were anesthetized (overdose) 

with i.p. injections of sodium pentobarbital (70 mg/kg i.p.). 
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2.10.2 Transcardial perfusion 

A midline ventral incision was made from the neck to the abdomen and the 

peritoneum opened. The diaphragm was cut and bilateral cuts were made into the 

thoracic cage, which was then reflected rostrally to expose the heart. In a rapid 

manner, the cannula tip attached to a 3-way tap of the perfusion line was inserted 

into the left ventricle and advanced towards the aorta. 1 mL mixture containing 0.9 

mL heparin (900 IU) and 0.1 mL 5% sodium nitrate (in 0.1 M PBS) was injected to 

prevent blood coagulation during perfusion. A small cut into the right atrium was 

made to open the circulatory system on the venous side and allow fluid drainage. 

The animal was exsanguinated by pumping 350mL of saline (0.9% w/v, pH 7.4) 

through the animal using a perfusion pump until the outflow of fluid ran clear. 

Thereafter, 350 mL of fixative, 4% paraformaldehyde in 0.1 M phosphate buffer (pH 

7.4), was pumped through the animal. Once completed, the brainstem was removed 

and post-fixed overnight in 4% paraformaldehyde at 4°C on an orbital shaker. 

 

Once fixed, the brainstem was rinsed with Tris-phosphate buffered saline (TPBS; 

Tris–HCl 10 mM, PBS 10 mM, 0.9% saline, pH 7.4) and the dura and arachnoid 

layers removed. The brainstem was then mounted on the stage of a vibrating 

microtome and serial 40 µm coronal sections were cut into TPBS. The brain slices 

were used in fluorescence IHC protocols.  

2.10.3 Fluorescence IHC protocol 

Free floating 40 μm brainstem sections were washed in TPBS for 15 minutes at room 

temperature on an orbital shaker. Sections were incubated in 5x sodium citrate 

(SSC) + 0.1% Tween at 580 C overnight. Sections were then washed in cold TPBS 

3x30 minutes at room temperature on an orbital shaker. Primary antibodies were 

added to 10% normal horse serum (NHS) + TPBSm (TPBS, pH 7.4, containing 

0.05% merthiolate) solution: anti-OX-A (rabbit, 1:2000), anti-tyrosine hydroxylase 

(TH) (mouse, 1:2500), OX1 receptors (rabbit, 1:50) and OX2 receptors (goat, 1:50). 

Sections were incubated at room temperature for one hour on the orbital shaker, then 

at 40 C for 48 hours. Sections were then washed in cold TPBS 3x30 minutes at room 

temperature. Thereafter, fluorophore-conjugated secondary antibodies were added to 

2% NHS+ TPBSm solution. Mouse anti-TH was visualized by incubation overnight 

with Alexa Fluor 488 donkey anti-mouse IgG (1:500). Rabbit anti-OX-A was 
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visualized by incubation overnight with a Cy3-conjugated donkey anti-rabbit IgG 

secondary (1:500). Rabbit OX1 receptors and goat OX2 receptors were visualized by 

incubation overnight with a Cy3-conjugated donkey anti-rabbit IgG (1:500) and Cy3-

conjugated donkey anti-sheep IgG (1:500) respectively. Brainstem sections were 

washed in cold TPBS 3x30 minutes at room temperature on the orbital shaker, and 

then sequentially mounted on slides and coverslipped with Vectashield to prevent 

photobleaching and sealed with nail polish.  

2.10.4 Cell counts and data analysis 

Brainstem slices were viewed using an epifluorescence microscope. Cy3-stained 

OX1, OX2 receptors expressing neurons were visualized using a Cy3–4040B filter 

set, and Alexa Fluor 488 -stained TH-immunoreactive (ir) neurons were visualized 

using a FITC-3540B filter set. Images were captured in greyscale with an Axiocam 

MR3 digital camera. Pseudo-coloring was applied to the images (Cy3, red; Alexa 

Fluor 488, green) for better visualization of distribution and colocalization. The 

images were adjusted individually for brightness and contrast with Axiovision 4.5 

software to best reflect the original images. 

 

Cell counts within the RVLM of each replicate were performed bilaterally on six to 

seven serial sections at 200 μm increments. The sections extended from Bregma - 

1.6 mm caudally to Bregma -12.6 mm. The RVLM was defined as a triangular region 

ventral to the nucleus ambiguus pars compacta, medial to the spinal trigeminal tract 

(Sp5), and lateral to the inferior olive or the pyramidal tracts. Data were plotted as the 

means ± SEM at 200-μm intervals. Counts were made for OX1, OX2 receptors 

expressing neurons and TH-ir neurons, as well as all double-labelling (TH-ir/OX1 

receptor and TH-ir/OX2 receptor) combinations. OX-ir fibres and terminals were also 

observed in the RVLM.   
 

 



 

90 

 

  

Chapter 3. 
 
Intrathecal orexin A increases sympathetic outflow and 
respiratory drive, enhances baroreflex sensitivity and 
blocks the somato-sympathetic reflex 

 

3.1 Abstract ........................................................................................................ 91 

3.2 Introduction .................................................................................................. 92 

3.3 Methods ....................................................................................................... 93 

3.3.1 Surgical preparation .............................................................................. 94 

3.3.2 Activation of sympathetic reflexes ......................................................... 95 

3.3.3 Intrathecal drug administration .............................................................. 95 

3.3.4 Temporary spinal blockade by microinjection of bupivacaine anaesthetic 
at the C8 spinal level .......................................................................................... 96 

3.3.5 Data acquisition and analysis ................................................................ 96 

3.3.6 Drugs ..................................................................................................... 97 

3.4 Results ......................................................................................................... 98 

3.4.1 Effects of intrathecal OX-A on resting cardio-respiratory parameters .... 98 

3.4.2 Effects of bupivacaine anaesthesia at the C8 spinal level on OX-A 
activity 104 

3.4.3 Effects of OX-A on somatosympathetic reflex ..................................... 107 

3.4.4 Effects of OX-A on baroreflex .............................................................. 107 

3.4.5 Effects of OX-A on peripheral chemoreflex ......................................... 107 

3.5 Discussion .................................................................................................. 111 

 
 
 
 
 
 
 
 
 
 



 

91 

 

Intrathecal orexin A increases sympathetic outflow and 
respiratory drive, enhances baroreflex sensitivity and 
blocks the somato-sympathetic reflex 
 

3.1 Abstract 
 

Intrathecal (i.t.) injection of orexin A (OX-A) increases blood pressure and heart rate 

(HR), but the effects of OX-A on sympathetic and phrenic, nerve activity, and the 

baro-, somatosympathetic and hypoxic chemo-, reflexes are unknown. Urethane-

anesthetized, vagotomised and artificially ventilated male Sprague-Dawley rats (n = 

38) were examined in this study. The effects of i.t. OX-A (20 nmol/10µL) on 

cardiorespiratory parameters, and responses to stimulation of the sciatic nerve 

(electrical), arterial baroreceptors (phenylephrine hydrochloride, 0.01 mg kg-1 i.v.) and 

peripheral (hypoxia) chemoreceptors were also investigated. Intrathecal OX-A 

caused a prolonged dose-dependent sympathoexcitation, pressor response and 

tachycardia. The peak effect was observed at 20 nmol with increases in mean arterial 

pressure (MAP), HR and splanchnic sympathetic nerve activity (sSNA) of 32 mmHg, 

52 bpm and 100 % from baseline, respectively. OX-A also dose-dependently 

increased respiratory drive as indicated by a rise in phrenic nerve amplitude (PNamp) 

and a fall in phrenic nerve frequency (PNf), an increase in neural minute ventilation, a 

lengthening of the expiratory period (TE), and a shortening of the inspiratory period 

(TI). All effects of OX-A (20 nmol) were attenuated by the OX1R antagonist SB 

334867. OX-A significantly reduced both sympathoexcitatory peaks of somato-

sympathetic reflex while increasing baroreflex sensitivity. OX-A increased the 

amplitude of the pressor response and markedly amplified the effect of hypoxia on 

sSNA. Thus, activation of OX receptors in rat spinal cord alters cardiorespiratory 

function and differentially modulates sympathetic reflexes. 
 

The results of this chapter has been published in British Journal of Pharmacology (see 

Appendix 2) 

Israt Z. Shahid, Ahmed A. Rahman, Paul M. Pilowsky. (2011). Intrathecal orexin A 

increases sympathetic outflow and respiratory drive, enhances baroreflex sensitivity and 

blocks the somatosympathetic reflex. Br J Pharmacol 162, 961–973. 



 

92 

 

3.2 Introduction 
 

Orexin A (OX-A) and orexin B (OX-B), also referred to as hypocretin-1 and -2, are 

neuropeptides that are cleaved from a common precursor, prepro-orexin. The amino 

acid sequences of the 33-residue peptide OX-A and the 28-residue peptide OX-B are 

encoded by a single gene localized on human chromosome 17q21 and share 46% 

homology (de Lecea et al., 1998; Sakurai et al., 1998). The actions of these peptides 

are mediated by two G-protein coupled receptors, orexin receptor-1 (OX1R) and 

orexin receptor-2 (OX2R). OX1R is selective for orexin-A and OX2R interacts with 

both orexin-A and -B (Sakurai et al., 1998). Activation of OX1R results in the 

activation of Gαq/11, which results in the elevation of intracellular Ca+2 and the OX2R 

couples to both Gαq/11 and inhibitory Gαi G proteins (Zhu et al., 2003). 

 

Immunohistochemical and in situ hybridisation studies have revealed that OX 

containing cell bodies are restricted to the lateral hypothalamus, perifornical area and 

dorsomedial hypothalamus. OX containing nerve terminals and receptors, on the 

other hand, are widely distributed in the hypothalamus, thalamus, cerebral cortex, 

circumventricular organs, brainstem and spinal cord (Elias et al., 1998; Llewellyn-

Smith et al., 2003; Nambu et al., 1999). This distribution of OX-nerve terminals 

establishes a basis for the contributions by OX to the control of multiple physiological 

functions, including control of energy homeostasis, feeding behaviour, sleep–wake 

state, stress response, reward and nociception (Kukkonen et al., 2002; Sakurai, 

2007; Tsujino and Sakurai, 2009).  

 

There is a growing body of evidence to suggest that OX is involved in central 

cardiovascular and respiratory control. Intracerebroventricular (ICV; 3rd ventricle) or 

intracisternomagnal (ICM) application of OX-A or OX-B augments sympathetic 

outflow and catecholamine release and a dose-dependent increase in systemic 

arterial pressure (SAP) and heart rate (HR) (Matsumura et al., 2001; Shirasaka et al., 

1999; Zhang et al., 2005). On the other hand, prepro-orexin knockout mice with a 

complete lack of both OX-A and OX-B manifest lower baseline arterial pressure than 

the wild-type controls (Kayaba et al., 2003). However, the effects of intrathecal OX-A 

on in vivo splanchnic sympathetic nerve activity (sSNA), phrenic nerve activity (PNA) 

as well as on sympathetic reflexes are unknown.  
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Sympathetic preganglionic neurons (SPN), located in the intermediolateral cell 

column (IML) of the spinal cord, receive inputs from different brain regions and 

regulate the cardiovascular responses through their projections to the adrenal 

medulla and sympathetic autonomic ganglia in periphery (Guyenet, 2006; Pilowsky 

and Goodchild, 2002). Orexinergic fibers and receptors are distributed throughout the 

spinal cord including IML. OX fibers have also been found in the dorsal and ventral 

horn neurons of spinal cord (Cluderay et al., 2002; Date et al., 2000; van den Pol, 

1999). The dense innervation of all spinal cord regions by OX fibers, expression of 

OX receptors on SPN and the depolarizing action of OX on spinal neurons (van den 

Top et al., 2003) also suggest that OX is a neuropeptide in the spinal cord. 

Therefore, it is likely that OX not only regulates cardiovascular function acting as a 

neurotransmitter in the spinal cord but also modulates sympathetic reflexes.   

 

Since OX-A has a greater selectivity for the OX1R we first evaluated the hypothesis 

that OX-A, by acting on SPN, might influence spinal sympathetic outflow, as 

assessed by a change in mean arterial pressure (MAP), HR, sSNA when delivered 

intrathecally. Additionally, the effects of i.t. OX-A on phrenic nerve activity and 

cardiovascular responses to stimulation of somato-sympathetic, arterial baroreceptor 

and peripheral chemoreceptor reflexes were examined. Our principal findings are 

that intrathecal OX-A causes a dose-dependent increase in MAP, HR and sSNA, and 

an increase in phrenic nerve discharge. Adaptive reflexes are differentially affected: 

barosensitivity is enhanced, the somato-sympathetic reflex is attenuated, and the 

hypoxic chemoreflex is enhanced for MAP and sSNA. The data reveal that OX-A has 

pleiotropic effects on cardiorespiratory functions and reflexes that warrant further 

investigation. Part of this work was presented to the Australian Neuroscience Society 

(Shahid and Pilowsky, 2010). 

 

3.3 Methods 
 

All animal experiments in this study complied with the guidelines of the Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes (NSW – 

Animal Research Act 1985) and were approved by the Animal Ethics Committee of 

Macquarie University, Sydney, Australia.  
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3.3.1 Surgical preparation 

Surgical preparation was performed as described previously (Burke et al., 2008; 

Farnham et al., 2008; Gaede et al., 2009). Briefly, male Sprague-Dawley rats (n = 38, 

350–600 g) were anesthetized with urethane (1.2-1.4 g kg-1, i.p.). The depth of 

anaesthesia was assessed approximately every 30 min by monitoring changes in 

arterial pressure in response to pinching a hind paw; supplemental doses of urethane 

20-30 mg, i.v. were given if blood pressure rose more than 10mmHg. Animals were 

placed on a feedback-controlled heating blanket for the duration of the experiment to 

maintain body temperature between 360C and 370C (Harvard Apparatus). 

 

The right jugular vein and carotid artery were cannulated with polyethylene tubing 

(I.D.= 0.58 mm; O.D.= 0.96 mm) for administration of drugs and fluids, and for 

measurement of arterial blood pressure (AP), respectively. In some experiments, 

both femoral veins were cannulated to enable administration of sodium nitroprusside 

(SNP) or phenylephrine hydrochloride (PE). HR was derived from AP. A tracheal 

cannula permitted artificial ventilation. Ventilation was adjusted so that phrenic nerve 

discharge was just above the apnoeic threshold. Nerve recordings were made of 

PNA and sSNA. The left phrenic nerve was approached dorsally and the left greater 

splanchnic nerve was dissected using a retro-peritoneal approach. The distal end of 

the respective nerves were tied with silk thread and cut to permit recording of efferent 

nerve activity. In an additional subset of animals, sciatic nerve was isolated, tied and 

cut. Once the nerves were isolated, they were covered with saline-soaked cotton 

wool for the duration of the remainder of surgical preparation to prevent desiccation. 

The neurograms were amplified (x10,000, CWE Inc., Ardmore, PA, USA), band-pass 

filtered (0.1-2 kHz), sampled at 3 kHz (1401 plus, CED Ltd, Cambridge, UK) and 

recorded on computer using Spike2 software (v7, CED Ltd., Cambridge, UK). 

 

Rats were secured in a stereotaxic frame, paralysed (pancuronium bromide; 0.8 mg 

i.v. initially, then 0.4 mg/h i.v.) and artificially ventilated with oxygen enriched room 

air. End-tidal CO2 was monitored and maintained between 4.0% and 4.5%. Arterial 

blood gas was monitored and the rate and depth of ventilation adjusted to maintain 

pH at an optimum range (7.35-7.45, pH 7.4 ± 0.01, PaCO2 40.9 ± 0.8). Animals were 

infused with 5% glucose in saline (1.0-2.0 ml/h) to ensure hydration. Three needle 

electrodes were placed under the skin at the right and left arm and the right hind limb 
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to record an electrocardiogram (ECG). Nerve recordings were made with bipolar 

silver wire electrodes. The recording electrodes were immersed in a pool of liquid 

paraffin oil to prevent dehydration and for electrical insulation. After being placed on 

the recording electrodes, the rat was allowed to stabilize for 30-60 min.  

3.3.2 Activation of sympathetic reflexes 

Reflexes were evoked as described previously (Makeham et al., 2004; Miyawaki et 

al., 2002a). Activation of somato-sympathetic reflex was achieved by electrical 

stimulation (10-25 V, 100, 0.2 ms pulses at 1 Hz) of the sciatic nerve with bipolar 

electrodes. Sympathetic baroreflex function curves were generated by sequential 

intravenous injection of SNP (0.01 mg kg-1) and PE (0.01 mg kg-1) via two different 

vein lines. Peripheral chemoreceptors were stimulated with a brief period of hypoxia 

induced by ventilating the animals with 100% N2 for 12-14 s. 

3.3.3 Intrathecal drug administration 

The occipital crest of the skull was exposed, and the atlanto-occipital membrane was 

incised. A polyethylene catheter (I.D.= 0.4 mm; O.D.= 0.8 mm) was inserted through 

this slit into the intrathecal space and advanced caudally to the levels of T6-T8. The 

slit was left open to prevent increases in intrathecal pressure caused by the injection 

of agents or by flushing. The volume of each catheter was measured before insertion 

(range 6-7 µl) and this volume was then used to flush the catheter. A 25- µl Hamilton 

syringe was used to inject drugs (OX-A; 100 µM, 500 µM, 1 mM and 2 mM equivalent 

to 1, 5, 10 and 20 nmol) or vehicle (10 mM phosphate-buffered saline (PBS); pH 7.4) 

in a total volume of 10 µl. Injections were made over a 15- to 20-s period. In 11 

animals, a selective OX1R antagonist, SB 334867, (N-(2-methyl-6-benzoxazolyl)-N´-

1,5-naphthyridin-4-yl-urea, Tocris Bioscience, Bristol, UK) 200 nmol) was injected i.t., 

20 min prior to the i.t. injection of OX-A (20 nmol): 6 with OX-A, and 5 without. 

Successful catheterization into the intrathecal space was confirmed by administering 

L-glutamate (100 mM, 10 µl) and observing sharp increases in BP (~20 mmHg), HR 

(~30 bpm) and sSNA (~30%) (e.g. Hong and Henry, 1992).  

 

To reveal the physiological role of any neuropeptide (e.g. OX-A) is based on its 

pharmacological properties. The well-established way to choose dose for any in vivo 

experiment is to use the ten times of the effective dose used in in vitro experiments. 
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The minimum dose of OX-A administered into the spinal cord was based on the in 

vitro studies published with OX-A. The dose was then increased until a near plateau 

level of response was obtained.The following reflexes were activated before and 40 

or 15 min after intrathecal injection of OX-A (20 nmol) or PBS, respectively: (a) 

somatosympathetic reflex, (b) baroreflex (c) peripheral chemoreceptor reflex. The 

spread of injectate was determined by observing the distribution of a 10 µL injection 

of India ink. Following euthanasia (3 M KCl, 0.5 ml, i.v.) a laminectomy was 

performed to verify the location of the catheter tip. To avoid possible confounding 

effects of drug interactions, each animal received only one treatment of OX-A. 

3.3.4 Temporary spinal blockade by microinjection of bupivacaine anaesthetic 
at the C8 spinal level 

The spinal cord was anaesthetised at the C8 level by microinjection of a local 

anaesthetic, bupivacaine (500 nl, AstraZeneca, Australia) into the middle of each 

hemi-spinal cord in four animals. These injections were always adequate to cause 

blood pressure and sympathetic nerve activity to fall to levels equivalent to that seen 

following spinal transection at the C8 level (Goodchild et al., 2008). Following local 

anaesthetic injection at C8, OX-A (20 nmol) or PBS was injected intrathecally. 

3.3.5 Data acquisition and analysis  

Neurograms were rectified and smoothed (sSNA, 1 s time constant; PNA, 50 ms). 

Minimum background activity after death was taken as zero sSNA, and this value 

was subtracted from sSNA before analysis with off-line software (Spike 2 version 

6.01). To analyze blood pressure, HR, sSNA, PNamp, PNf,  neural minute ventilation 

(=PNamp x PNf), duration of inspiratory burst (TI) and duration of expiratory period 

(TE), baseline values were obtained by averaging 60 s of data 5 min prior to drug or 

PBS injection. Maximum responses were expressed as absolute changes in MAP, 

HR and PNf, and percent changes in sSNA, PNamp and neural minute ventilation 

from baseline values. Time course analysis averaged 60 s of data every 5 min from 

0 min to 60 or 70 min post injection for OX-A. To evaluate cardio-respiratory 

coupling, phrenic-triggered ensemble averages of sSNA were generated from 60 s 

portions of data. The area under the curve (AUC), less baseline, of sSNA activity 

during the inspiratory and post-inspiratory phases was determined. sSNA was 

rectified and smoothed at 1 s and 5 ms time constants to analyse baroreceptor reflex 

and somato-sympathetic reflex, respectively. To analyse reflexes, sSNA was 
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normalized between the activity of sSNA before PBS injection (100%) and the sSNA 

after death (0%). The sSNA response to sciatic nerve stimulation was analysed using 

peristimulus waveform averaging. The AUC of the sympathoexcitatory peaks was 

analysed. The maximum response to stimulation was then expressed as a 

percentage change from the baseline (control). The response to hypoxia (100% N2 

inhalation for 12-14s) was quantified by comparing the average maximum sSNA  

during hypoxia compared with a control period during normal hyperoxic ventilation. 

The percentage changes were calculated according to the formulae below. 

 

 
 

 
Where OXAHR is the response to hypoxia following OX-A, PBSHR is the response to 

hypoxia following PBS injection. CHR is the response to hypoxia in the absence of 

any intrathecal injection. 

 

Analysis was conducted with GraphPad Prism (version 5.0). All values are expressed 

as mean ± SE. Results are presented as control versus OX-A. Paired t-test was used 

to analyse peak effects and reflexes. A one-way repeated-measures ANOVA with 

Dunnett’s post hoc multiple comparison test was used to compare values after OX-A 

(20 nmol) administration with the baseline value. P < 0.05 was considered significant. 

 

3.3.6 Drugs 

OX-A (MW = 3561.2) was obtained from, Bachem AG, Bubendorf, Switzerland), SB 

334867 from Tocris Bioscience. Urethane, L-glutamate, PE and SNP were 

purchased from Sigma-Aldrich (St. Louis, MO, USA), pancuronium bromide and 

bupivacaine from AstraZeneca Pty Ltd (NSW, Australia) and PBS (10 mM in 0.9% 

NaCl) tablets from AMRESCO (USA). OX-A was dissolved and further diluted in PBS 

(10 mM; pH 7.4). SB 334867 was dissolved and further diluted in 10% dimethyl 

sulfoxide (DMSO). PBS, PE and SNP were prepared in de-ionised water. Urethane 

was dissolved in 0.9% NaCl and L-glutamate in PBS. 
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3.4 Results 

3.4.1 Effects of intrathecal OX-A on resting cardio-respiratory parameters 

To test the hypothesis that exogenous application of OX-A to the spinal cord 

modulates cardio-respiratory responses, OX-A (1, 5, 10 and 20 nmol) was 

administered intrathecally and the effects on MAP, HR, sSNA, PNf, PNamp, neural 

minute ventilation,TE and TI were evaluated (n=34). OX-A evoked a dose-dependent 

and significant increase in MAP, HR and sSNA (Figures 3.1A, 3.2). The maximum 

elevation occurred after injection of 20 nmol OX-A and the highest levels attained 

were 32 ± 5 mmHg (MAP, n= 6, P<0.01), 52 ± 6 bpm (HR, n= 6, P <0.001) and 100 ± 

9 % (sSNA, n= 6, P <0.001) from the baseline (Figure 3.2). Following administration 

of OX-A (20 nmol, i.t.), the peak pressor effect was reached after approximately 20 

min (Figure 3.1A, B). Blood pressure was monitored for about 70 min, and remained 

elevated (Figure 3.1B). Both HR and sSNA increased progressively after 20 nmol 

OX-A injection reaching a maximum change of 35 bpm and 97%, respectively, at the 

end of the recording period (Figure 3.1A, B). Injection of PBS (vehicle) into the spinal 

cord was without effect on MAP (5 ± 1 mmHg, n= 6), HR (5 ± 1 bpm, n= 6) or sSNA 

(8 ± 1 %, n= 6) above basal values (Figure 3.2).  

 

 

 

 

 

 

 

 



 



Figure 3.1. Effect of intrathecal injection of OX-A on mean arterial pressure (MAP), heart 
rate (HR) and splanchnic sympathetic nerve activity (sSNA). 

A: Representative trace data from a recording of blood pressure (BP), HR and  sSNA [arbitrary 
unit (a.u.)] before and after injection of PBS or OX-A (20 nmol). Rectified and integrated sSNA 
(black) is superimposed over rectified sSNA (grey). MAP (black) is superimposed on BP (grey). 
B: Grouped time course effects of PBS or OX-A (20 nmol) on MAP, HR and sSNA . Values are 
expressed as mean ± SE. Number of animals are shown in parentheses. ns, non-significant;  ** 
P < 0.01 compared with PBS . bpm, beats per minute. 
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Figure. 3.2. Effect of intrathecal injection of OX-A on mean arterial pressure (MAP), heart 
rate (HR) and splanchnic sympathetic nerve activity (sSNA). 

Comparison of peak cardiovascular effects produced by PBS, OX-A (1, 5, 10 and 20 nmol) 
334867 (200 nmol). Peak effects are shown as absolute (BP, HR) or percentage (sSNA) change 
from respective basal values. Values are expressed as mean ± SE. Number of animals are 
shown in parentheses. ns, non-significant; *** P < 0.001, ** < 0.01, * < 0.05 compared with 
PBS (except SB 334867 (200 nmol) + OX-A (20 nmol) that was compared with OX-A (20 nmol)). 
bpm, beats per minute. 
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Injection of OX-A (1, 5, 10 and 20 nmol) evoked a dose-dependent increase in 

PNamp, and neural minute ventilation and a decrease in PNf (Figures 3.3A, B; 3.4A). 

The maximum decrease in PNf of 18 ± 2 bpm (n=6, P <0.01) was elicited by OX-A 

(20 nmol). OX-A (20 nmol) also caused a peak increase in PNamp of 62 ± 9% (n=6, 

P<0.01) and neural minute ventilation of 53.47 ± 12% (n= 6, P <0.05) from the 

baseline (Figure 3.4A). Following OX-A (20 nmol) administration, PNf decreased, 

PNamp and neural minute ventilation increased gradually reaching peak levels after 

about 30 min (Figure 3.3A, B). There is a clear dose response relationship between 

the concentration of OX-A, and increasing PNamp (Figure 3.4A). A dose-response 

relationship is also seen between the concentration of OX-A and the fall in PNf 

(Figure 3.4A). However, the maximum effect on phrenic nerve amplitude is seen at 

20 nmol, whilst the effect on phrenic nerve frequency is maximal at 5 nmol; this 

means that beyond 5 nmol, there is an increasing effect on phrenic neural minute 

ventilation. OX-A (20 nmol) caused a lengthening of TE and a shortening of TI 

reaching a peak level of 0.75 ± 0.1 s (n=5, P <0.05) and -0.122 ± 0.03 s (n=3, P 

<0.05), respectively (Figures 3.3A, B; 3.4B). No significant changes in PNf, PNamp, 

neural minute ventilation, TE or TI were observed after injection of PBS (vehicle) 

(Figures 3.3A, B; 3.4A, B).   

 

In the absence of OX-A, SB 334867 (200 nmol) did not affect MAP, HR, sSNA, 

PNamp, PNf or neural minute ventilation (n=5) (data not shown). On the other hand, 

the cardio-respiratory effects of OX-A (20 nmol) were significantly reduced by prior i.t. 

injection of SB 334867 (MAP: 9 ± 2 vs. 32 ± 5 mmHg, P <0.01; HR: 16 ± 6 vs. 52 ± 6 

bpm, P <0.01; sSNA: 28 ± 6 vs. 100 ± 9%, P <0.01; PNamp: 34 ± 3 vs. 62 ± 8%, ns; 

PNf: -8 ± 1 vs. -18 ± 2 bpm, P <0.05; neural minute ventilation: 23 ± 6 vs. 53 ± 12%, 

ns, of baseline; n= 6, Figures 3.2; 3.4 A). 
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period (T ) before and after injection of PBS or OX-A.  B: Grouped time course effects  of PBS or E

OX-A (20 nmol) on PNamp, PNf, neural minute ventilation, T and T . Values are expressed as I E

mean ± SE. Number of animals are shown in parentheses. ns, non-significant; *** P < 0.001, ** 
< 0.01, * P < 0.05 compared with PBS. bpm, bursts per minute. 

P 

B

20 40 60
0

20

40

60

80

 (
%

 b
a

se
lin

e
)

Time (min)

(6)

(6)
20 40 60

-15

-10

-5

0

5

Time (min)

 (
b

p
m

)

(6)

(6)

Neural minute ventilation

20 40 60
0

10

20

30

40

50

Time (min)

(%
 b

a
se

lin
e

)

10 20 30 40

-0.15

-0.10

-0.05

0.00

0.05

Time (min)

(s
)

(3)

(3)

10 20 30 40

-0.5

0.0

0.5

1.0

Time (min)

(s
)

(5)

(5)

PBS

OX-A (20 nmol) 

(5)

(5)

PNamp PNf

TI TE

Israt
Text Box
102





Figure 3.4. Effect of intrathecal injection of OX-A on phrenic nerve activity (PNA). 

A: Comparison of peak effects produced by PBS, OX-A (1, 5, 10 and 20 nmol) or SB 334867 
(200 nmol) + OX-A (20 nmol) on PNamp, PNf and neural minute ventilation. Peak effects are 
shown as absolute or percentage change from respective basal values. B: Grouped data 
illustrating the effects of PBS and OX-A (20 nmol) on T and T . Values are expressed as mean I E

± SE. Number of animals are shown in parentheses. ns, non-significant; *** P < 0.001, ** < 
0.01, * P < 0.05 compared with PBS (except SB 334867 (200 nmol) + OX-A (20 nmol) that was 
compared with OX-A (20 nmol)). bpm, bursts per minute. 
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Peri-phrenic averaging of the sympathetic nerve activity reveals an inspiratory (I) and 

post-inspiratory (P-I) peak of sSNA (Figure 3.5A). The amplitude of P-I peak of sSNA 

was significantly increased by i.t. injection of 20 nmol OX-A (153 ± 41% vs 13 ± 7% 

of PBS; P <0.05; n=5) (Figure 3.5A, C) over baseline (control). OX-A showed a 

gradual increase in P-I peak over time (Figure 3.5B). In contrast, no significant 

change in the amplitude of I-peak was observed (43 ± 9% vs 27 ± 3% of PBS; ns; 

n=5, Figure 3.5A, C). 

3.4.2 Effects of bupivacaine anaesthesia at the C8 spinal level on OX-A activity 

C8 anaesthesia caused a fall in MAP (from 95 ± 7 to 59 ± 3  mmHg), HR (from 459 ± 

8  to 408 ± 19 bpm) and sSNA (-45 ± 12 %) without any change in PNA (n= 3, Figure 

3.6B). Following C8 transection, i.t. OX-A (20 nmol) caused a greater increase in 

MAP, HR and sSNA, but for a shorter period when compared to intact animals (MAP: 

74 ± 7 vs. 32 ±  5 mmHg, P <0.05; HR: 51 ± 10 vs. 52 ± 6 bpm, ns; sSNA: 292 ± 26 

vs. 100 ± 9%, P <0.05, of the baseline, Figure 3.6A-C).  Conversely, the effects of 

OX-A on PNA were abolished when compared to the response prior to C8 

anaesthesia (PNamp: 10 ± 4 vs. 62 ± 8%, P <0.05; PNf: 0.7 ± 1 vs. -18 ± 2 bpm, P 

<0.05, of the baseline; Figure 3.6A-C). PBS injection after C8 anaesthesia showed 

no change on MAP, HR, sSNA or PNA (n= 1) (data not shown). 





Figure 3.5. Effect of OX-A on phrenic nerve discharge-related rhythmicity of sSNA. 

A: Phrenic-triggered average of sSNA before (black) and after (red) intrathecal injection of OX-
A (20 nmol). B: Time course effect of OX-A (20 nmol) on inspiratory (I) and post-inspiratory (PI) 
related activity of sSNA. C: Grouped data illustrating the  effects  of OX-A (20 nmol, n=5) on the 
area under the curve (AUC) of inspiratory and post-inspiratory peaks of sSNA. Values are 
expressed as mean ± SE. ns, non-significant; * P < 0.05 compared with PBS. Both PBS and 
OX-A values were normalised to the control period prior to injections.
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 10ul OX A (1 mM) flushed with 7ul PBS

Figure 3.6. Effect of intrathecal OX-A (20 nmol) on mean arterial pressure (MAP), heart 
rate (HR), splanchnic sympathetic nerve activity (sSNA) and phrenic nerve activity 
(PNA) in intact rat (A) and C8 anaesthetized rat (B).

 A: Representative trace of data from a recording of PNA, blood pressure (BP), HR and sSNA 
[arbitrary unit (a.u.)] in intact rat. Integrated sSNA (black) is superimposed over raw sSNA 
(grey). MAP (black) is superimposed over blood pressure (BP)(grey). B: Representative trace 
of data from a recording of PNA, BP, HR and sSNA [arbitrary unit (a.u.)] in a C8 anaesthetized 
rat. C: Comparison of peak cardio-respiratory effects produced by OX-A (20 nmol) in intact (n= 
6) and C8 anaesthetized rat (n= 3). Peak effects are shown as absolute or percentage change 
from respective basal values. Values are expressed as mean ± SE. Number of animals are 
shown in parentheses. ns, non-significant; * P < 0.05 compared with OX-A response in intact 
animal. bpm, beats per minute, bursts per minute.
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3.4.3 Effects of OX-A on somatosympathetic reflex 

The average sSNA response to intermittent stimulation of the sciatic nerve was 

evaluated (somato-sympathetic reflex) before and after i.t. injection of PBS (vehicle) 

or OX-A (20 nmol). In five animals, intermittent stimulation of the sciatic nerve 

resulted in two characteristic excitatory peaks in sSNA with latencies of 93 ± 3 ms 

and 188 ± 2 ms (n=5, Figure 3.7A). The latencies were not significantly altered by 

PBS (91 ± 3 ms and 186 ± 1 ms, n=5, ns) or by OX-A (89 ± 2 ms and 191 ± 4 ms, 

n=5, ns) injection. OX-A significantly increased the basal sSNA to 221 ± 22% (n=5, 

P<0.05) as compared to PBS (100 ± 7%). OX-A markedly attenuated the amplitude 

of both excitatory peaks. The first and second sympatho-excitatory peaks were 

attenuated by 25 ± 10% and 72 ± 13% of the baseline (n=5, P <0.05, Figure 3.7A) as 

compared to the effect seen following PBS injection (Figure 3.7A).  

3.4.4 Effects of OX-A on baroreflex 

In five animals, the changes in sSNA were plotted against the changes in MAP 

evoked by intravenous injection of SNP and PE. The changes in arterial blood 

pressure following PE injection were of nearly equal magnitude (71 ± 7 mmHg 

following PBS injection, and 65 ± 8 mmHg following OX-A injection). In fact, the blood 

pressure increase following PE after OX-A injection was, if anything, slightly smaller 

than the increase that followed PBS injection. OX-A (20 nmol, i.t.) significantly 

enhanced the reflex sympathoexcitatory and inhibitory responses evoked by these 

equipotent doses of SNP and PE (Figure 3.7B). OX-A significantly increased the 

upper plateau, range of sSNA and maximum gain of the sSNA  without significantly 

altering lower plateau, the threshold level, midpoint, the saturation levels of MAP and 

the operating range as compared to PBS (Table 3.1).  

3.4.5 Effects of OX-A on peripheral chemoreflex 

Activation of peripheral chemoreceptors with brief hypoxia evoked an increase in 

MAP, sSNA and HR (Figure 3.7C). Peak effects occurred near the end of stimulus 

and recovered rapidly to baseline.  Injection of OX-A (20 nmol) into spinal cord 

significantly increased the pressor response which was 25 ± 4% greater than control, 

compared with the PBS response which was only 1 ± 1% greater than control (n= 5, 

P<0.01, Figure 3.7C). The sympathoexcitatory effect was also markedly increased by 

OX-A compared with the response following PBS (94 ± 7% vs 6 ± 7%, n=5, P<0.001, 
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Figure 3.7C). The effect on heart rate was unchanged by OX-A (-25 ± 10 vs -10 ± 

11%, n=5, ns, Figure 3.7C). OX-A increased peak PNf, but had no effect on the peak 

amplitude of PNamp and neural minute ventilation during hypoxia (PNf: 21 ± 5 vs. 1 ± 

2%, P<0.05; peak PNamp: -35 ± 11 vs. -21 ± 12%, ns; neural minute ventilation: 7 ±  

5 vs. -4 ± 7%, ns, of control baseline (n=5). 
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Table 3.1. Parameters describing baroreflex control of sSNA after intrathecal injection of PBS or OX-A (20 nmol) 

 

 

 

 

 

 

 

 

Values are means ± SE (n = 5). Maximum (Max.) gain is the slope of the sigmoid curve of best fit at the MAP corresponding to steepest 

part of the curve. ns, non-significant. 
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Plateau 

(%) 

Upper 

Plateau 

(%) 

Mid Point 

(mmHg) 

Max. Gain 

(%/mmHg) 

Range of 

SNA (%) 

Threshold 

Level 

(mmHg) 

Saturation 

Level 

(mmHg) 

Operating Range 

(mmHg) 

PBS 29.7±8.7 111.2±2.3 157.9±7.0 -1.8±0.4 81.6±9.4 118.0±6.6 197.8±12.9 79.7±14.9 

OX-A 
(20 nmol) 

24.6±16.

9 (ns) 

279.1±38.0 

(p<0.01) 

175.2±6.2 

(ns) 

-3.6±0.6 

(p<0.05) 

254.6±48 

(p<0.01) 

121.4±10.4 

(ns) 

228.9±12.1 

(ns) 

107.5±18.8 

(ns) 





Figure 3.7. Effect of intrathecal injection of OX-A on somatosympathetic, baroreceptor and 
peripheral chemoreceptor reflex. 

A: Effect on somatosympathetic reflex evoked by sciatic nerve (SN) stimulation. Left 3 traces represent 
grouped effect of SN-evoked stimulation of sSNA at control period and after injection of PBS and OX-A. 
Data are mean (black) ± SE (grey). Arrows indicate the time of stimulation. Trace at right represents group 
data illustrating the area under the curve (AUC) of 1st and 2nd sympathoexcitatory peaks.  B: Effect on 
baroreceptor reflex evoked by intravenous injection of SNP and PE. Left trace represents experimental 
recording of the effect of changes in BP on sSNA due to SNP or PE after PBS and OX-A injection. Middle 
trace shows average sympathetic baroreflex functional curves generated for data after PBS (black) or OX-
A (red) injection. Trace at right represents baroreflex gain for sSNA (error bars are omitted for clarity). C: 
Effect of peripheral chemoreceptor reflex activated by brief hypoxia with 100% N  for 12-14 s. Left trace 2

shows experimental recording of hypoxic episodes at control period and after PBS or OX-A injection. 
Three histograms at right represent comparison of peak effects on MAP, HR and sSNA after intrathecal 
injection of PBS and OX-A in response to brief hypoxia. Values are expressed as mean ± SE. Number of 
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3.5 Discussion 
 

This study is the first to investigate the in vivo effects of intrathecal OX-A on 

sympathetic outflow, phrenic burst discharge, and sympathetic physiological reflexes. 

The major findings are that i.t. injection of OX-A in the 1 - 20 nmol range 1) elicits 

sympathetically mediated hypertension and tachycardia, confirming an earlier report 

(Antunes et al., 2001), 2) modulates respiratory drive by increasing phrenic nerve 

amplitude and decreasing phrenic nerve frequency, 3) reduces both 

sympathoexcitatory peaks in response to sciatic nerve stimulation, 4) increases 

sympathetic baroreflex sensitivity and 5) potentiates the pressor responses and 

sympathoexcitation to hypoxia. 

 

SPN integrate the central nervous system output to vasomotor pathways and 

chromaffin cells (Gilbey, 1997). L-Glutamate, or a related amino acid, is likely to be 

the major excitatory neurotransmitter to these neurons (Pilowsky and Goodchild, 

2002; Pilowsky et al., 2009). Extensive evidence supports the view that the excitatory 

cardiovascular effects in the spinal cord are modulated by a number of neuropeptides 

(Pilowsky et al., 2009) including vasopressin (Riphagen and Pittman, 1989), 

angiotensin (Yashpal et al., 1989), substance P (Yashpal et al., 1987), PACAP 

(Farnham et al., 2008).   

 

OX-A fibers and nerve terminals are widely distributed throughout the spinal cord in 

rat, mouse and human (Cutler et al., 1999; Date et al., 2000; van den Pol, 1999). OX-

A directly, and reversibly, depolarises SPN by activation of pertussis toxin-sensitive 

G-proteins and closure of a K+ conductance via a protein kinase-A dependent 

pathway (Antunes et al., 2001; van den Top et al., 2003). Pre-treatment with α1 and 

β-adrenoceptor antagonists attenuates the pressor and tachycardiac response to 

intrathecal OX-A. Intravenous OX-A does not affect blood pressure or heart rate 

(Antunes et al., 2001; Chen et al., 2000). These reports support the idea that the 

pressor and tachycardiac effects induced by i.t. OX-A are mediated centrally. In 

addition, mRNA for OX1R and OX2R are expressed on the majority of SPN and 

neurons in the dorsal and ventral horns of the spinal cord (Cluderay et al., 2002; 

Guan et al., 2004; van den Top et al., 2003). OX1R is selective for orexin-A and 

OX2R interacts with both orexin-A and -B (Sakurai et al., 1998). As a selective OX1R 
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antagonist was unable to abolish entirely, it seems likely that the excitatory effects of 

OX-A observed in our study may be due to both OX1R and OX2R. 

 

An unanticipated finding of this study is that phrenic nerve activity increased after 

OX-A injection at T6-T8 spinal levels. The respiratory effects of intrathecal OX-A do 

not appear to be due to either retrograde diffusion of the peptide into supra-spinal 

structures or diffusion to C3-C5 level, because 1) C8 anaesthesia abolishes the 

effects of OX-A on PNA and 2) India ink injected i.t. at the end of the experiments 

only spread as far rostral as T2. Moreover, in our previous study we reported that 

transection at the C1 level leaves the effects of i.t. bicuculline infusion unaltered 

(Goodchild et al., 2000; Goodchild et al., 2008) and i.t. administration of drugs appear 

not to spread more than a few segments away from the site of administration (Yaksh 

and Rudy, 1976) and are able to penetrate around 2mm (Yamada et al., 1984). 

Furthermore, it is known that in adult cat, SPN have dendrites that reach the dorsal 

pial surface of the spinal cord (Pilowsky et al., 1994); in the neonatal rat, dendrites of 

SPN are reported to project towards the dorsolateral funiculus (Shen and Dun, 1990), 

but it is not yet known if they reach the sub-pial area in the adult. Paralysis, vagotomy 

and artificial ventilation of the animals rule out the possibility that OX-A acts directly 

on intercostal and abdominal motor neurons thereby limiting lung inflation leading to 

an increase in phrenic nerve output. The mechanisms underlying the increase in 

PNamp, decrease in PNf and increase in neural minute ventilation following i.t. OX-A 

injection are currently unknown. Conceivably, activation of spinal OX receptors might 

affect sensory and intraspinal pathways thereby modulating spinal pattern 

generators. On the other hand, the decrease in PNf is likely to be mediated by spino-

bulbar connections modulating the respiratory rhythm generator.  

 

The very long-lasting increase in PNA and SNA following i.t. OX-A seen here mimics 

the long term facilitation (LTF) of PNA and SNA induced by acute intermittent 

hypoxia (AIH) (Xing and Pilowsky, 2010). A possible role for OX-A in AIH/LTF is 

supported by the finding that OX neuron ablated mice have reduced capacity for the 

development of AIH/LTF (Toyama et al., 2009). 

 

SNA activity displays a rhythmic fluctuation in relation to PNA (Adrian et al., 1932; 

Miyawaki et al., 2002b) that is dependent on the level of arterial CO2. The significant 

increase in post-inspiratory peak as well as change in baseline activity of sSNA by i.t. 
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OX-A may be due to the depolarization and increase in sensitivity of SPN (Antunes et 

al., 2001; Date et al., 2000; van den Top et al., 2003). A large part of the 

enhancement of SNA seen here was clearly related to a marked increase in phrenic 

discharge-related activity in SNA. 

 

Lamina I of spinal cord receives inputs from myelinated and unmyelinated 

nociceptors and transfers the information to brainstem including RVLM and higher 

regions of the brain (McMullan et al., 2008; Sato and Schmidt, 1973). The somato-

sympathetic response, integrated in the RVLM, is relayed to SPN (Makeham et al., 

2005; Miyawaki et al., 2002a; Stornetta et al., 1989). The present study demonstrates 

that the activation of OX receptors in the spinal cord inhibited both the first and 

second sympatho-excitatory peaks of the somato-sympathetic reflex induced by 

sciatic nerve stimulation. This reflex inhibition was unrelated to OX-A induced 

sympathoexcitation. The distribution of orexin fibers as well as receptors in dorsal 

horn including superficial lamina (Date et al., 2000; Grudt et al., 2002; van den Pol, 

1999) and in dorsal root ganglionic cells (Bingham et al., 2001) suggest that OX-A 

might modulate somato-sympahetic reflex at spinal level. Activation of spinal GABAA 

receptors is hypothesized to decrease nociceptive traffic in the spinothalamic tract. 

OX receptors have been found to increase pre-synaptic release of GABA in lateral 

hypothalamus (van den Pol et al., 1998). If this is also the case in spinal cord, 

intrathecal OX-A induced inhibition of somato-sympathetic reflex might be due to the 

modulation of sensory information from primary afferents by increasing the release of 

GABA. However, the precise mechanism is yet to be established. 

 

RVLM neurons that are inhibited by baroreceptors project to SPN and provide the 

major descending excitatory input responsible for baroreflex activity (Pilowsky and 

Goodchild, 2002; Pilowsky et al., 2009). Two pathways may mediate baroreceptor 

induced sympathoinhibition, i) inhibition of tonically active descending excitatory 

pathway which is believed to be the principal mode of action (Pilowsky and 

Goodchild, 2002) and ii) a direct spinal inhibitory mechanism (Wang et al., 2008). 

The present study reveals an increase in the upper plateau, range and maximum 

gain of the baroreflex function curves obtained from sSNA, indicating that intrathecal 

OX-A significantly increases baroreflex sensitivity. OX-A may modulate either the 

disfacilitation or the direct inhibition at the spinal level to enhance the baroreflex 

sensitivity.  
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Hypoxia causes a rapid and reversible excitation of reticulospinal sympathoexcitatory 

RVLM neurons that monosynaptically excite SPN. Intrathecal kynurenate blocks the 

sympathetic excitation elicited by hypoxia revealing the involvement of glutamatergic 

transmission (Sun and Reis, 1994). Intrathecal OX-A increases the amplitude of the 

pressor response and markedly amplifies the chemoreflex effect on sSNA. PNf was 

increased, but PNamp was not affected, and neural minute ventilation was 

unchanged following OX-A.  

 

In conclusion, the present study reveals a direct excitatory effect of OX-A on SPN, 

that is presumably mediated by the activation of OX1R and OX2R in the rat spinal 

cord and a potent modulation of respiratory drive to SPN. Our results also show that 

OX-A differentially modulates behavioural reflexes. Collectively, these data help to 

elucidate the role of OX-A system in the regulation of autonomic nervous system and 

physiological reflexes.  

 

Perspective 

 

RVLM, the key nucleus maintaining SNA and adaptive reflexes, sends a direct input 

to the spinal cord and regulates its activity. RVLM receive input from orexin neurons 

in the hypothalamus and injection of OX-A into the RVLM increases BP and HR 

(Chen et al., 2000; Machado et al., 2002). However the expression of OX receptors 

and the effects of OX-A on SNA, PNA and sympathetic reflexes are as yet 

unexplored.  

Thus, our next aim is to determine the expression of OX receptors in the RVLM and 

to evaluate the effect of bilateral microinjection of OX-A into the RVLM on 

cardiorespiratory parameters and sympathetic reflexes. 
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Orexin A in rat rostral ventrolateral medulla is pressor, 
sympathoexcitatory, increases barosensitivity and 
attenuates the somatosympathetic reflex 
 

4.1 Abstract 
 

The rostral ventrolateral medulla (RVLM) maintains sympathetic nerve activity (SNA), 

and integrates adaptive reflexes. Orexin A (OX-A)-immunoreactive (-ir) neurons in 

the lateral hypothalamus project to the RVLM. Microinjection of OX-A into RVLM 

increases blood pressure and heart rate (HR). The expression of orexin receptors, 

and effect of OX-A in the RVLM on splanchnic SNA (sSNA), respiration and adaptive 

reflexes is unknown. The effect of OX-A on baseline cardiorespiratory variables as 

well as the somatosympathetic, baroreceptor and chemoreceptor reflexes in RVLM 

were investigated in urethane-anaesthetized, vagotomized and artificially ventilated 

male Sprague-Dawley rats (n = 49). OX-A and its receptors were detected with 

fluorescence immunohistochemistry. RVLM tyrosine hydroxylase-ir (TH-ir) neurons 

were frequently colocalised with orexin receptor 1 (OX1) and orexin receptor 2 (OX2), 

and closely apposed by OX-A-ir terminals. RVLM injection of OX-A is pressor and 

sympathoexcitatory. The peak effect was observed at 50 pmol with increase in mean 

arterial pressure (MAP) and SNA of 42 mmHg and 45 % from baseline, respectively. 

The responses to OX-A (50 pmol) were attenuated by the OX1 antagonist, 

SB334867, and reproduced by the OX2 agonist, [Ala11, D-Leu15]orexin B. OX-A 

attenuated the somatosympathetic reflex but increased baroreflex sensitivity. OX-A 

increased or reduced the sympathoexcitation following hypoxia or hypercapnia 

respectively. The results demonstrate that while the central cardiorespiratory control 

mechanisms at rest do not rely on orexin, responses to adaptive stimuli are 

dramatically affected by the functional state of orexin receptors.  

 

The results of this chapter has been published in British Journal of Pharmacology 

(see Appendix 2) 

Israt Z. Shahid, Ahmed A. Rahman, Paul M. Pilowsky. (2012). Orexin A in rat rostral 

ventrolateral medulla is pressor, sympathoexcitatory, increases barosensitivity and 

attenuates the somatosympathetic reflex. Br J Pharmacol 165, 2292–2303. 
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4.2 Introduction 
 

Tonically active sympathetic premotor neurons in the rostral ventrolateral medulla 

(RVLM) project to the intermediolateral cell column of the spinal cord and provide an 

excitatory input to sympathetic preganglionic neurons so as to maintain the resting 

level of sympathetic vasomotor tone (Pilowsky and Goodchild, 2002; Pilowsky et al., 

2009). The RVLM is the key site for cardiovascular homoeostasis. Neurons in the 

RVLM integrate information from the centre and periphery, including: respiration, and 

baro-, chemo- and somatosympathetic reflex afferent neurons. Although synaptic 

input modulates the excitability of RVLM neurons (Pilowsky et al., 2009), the sources 

of this input and the transmitters involved are not thoroughly characterized. 

Glutamate and gamma amino butyric acid (GABA) are the key contributors for the 

short-term control of RVLM neurons. Regulation of RVLM neurons by metabotropic 

transmitters, including neuropeptides that have long-term effects on cell function, 

may affect adaptive reflexes, and encode distinct patterns of autonomic output 

(Pilowsky et al., 2009).  

 

Orexin A (OX-A) and orexin B (OX-B) (also known as hypocretin 1 and hypocretin 2) 

have well-established roles in feeding and sleep-wakefulness. Recent evidence 

suggests a role for orexin as neuromodulators in central cardiorespiratory regulation. 

OX-A increases blood pressure (BP) and heart rate (HR) following intracisternal 

injection, or microinjection into the RVLM, to awake or anaesthetized rats (Chen et 

al., 2000; Machado et al., 2002). However, the effects of RVLM orexin (OX) receptors 

activation on sympathetic nerve activity, or autonomic reflexes is unknown.  

Although OX-containing cell bodies are restricted to the lateral hypothalamus, 

perifornical area and dorsomedial hypothalamus, OX-immunoreactive (-ir) fibers are 

widely distributed in the brain, including many brainstem areas that influence 

cardiorespiratory function, including the nucleus tractus solitarius (NTS), RVLM, 

rostral ventromedial medulla (RVMM), pre-Bötzinger complex, retrotrapezoid nucleus 

(RTN), dorsal motor nucleus of the vagus, and the raphe (Ciriello et al., 2003b; Date 

et al., 1999; de Lecea et al., 1998; Machado et al., 2002; Nambu et al., 1999; Peyron 

et al., 1998; Young et al., 2005). OX binds to two G protein coupled (Gαq/11 and/or 

Gαi) receptors: OX receptor 1 (OX1) and OX receptor 2 (OX2). OX1 has preferential 

affinity for OX-A, whereas OX2 exhibits similar affinities for OX-A and OX-B in vitro 
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(Sakurai et al., 1998). OX receptors also showed wide spread distribution throughout 

the brain including thalamus, hypothalamus, brainstem areas like nucleus ambiguus 

(NA), RVMM, pre-Bötzinger complex, NTS and spinal cord (Trivedi et al., 1998; 

Marcus et al., 2001; Sunter et al., 2001; Cluderay et al., 2002; Ciriello and de 

Oliveira, 2003a). The distribution of OX1 and OX2 in relation to putative 

sympathoexcitatory neurons in the RVLM is unknown.  

 

The aims of this study were 1) to determine whether OX1 and OX2 are expressed 

within neurons in the RVLM, and to determine if they are co-localised with putative 

sympathoexcitatory catecholamine-containing neurons of the rostral C1 cell group; 2) 

to evaluate the actions of OX-A in the RVLM on splanchnic sympathetic (sSNA) and 

phrenic nerve activity (PNA), and on the baro-, chemo-, and somatosympathetic 

reflexes; 3) to determine which type of OX-receptor mediates the central effects of 

orexin.  

 

Our principal findings are that OX1 and OX2 are expressed abundantly in the RVLM 

neurons. Bilateral injection of OX-A in the RVLM increases mean arterial pressure 

(MAP), HR, sSNA and phrenic nerve amplitude (PNamp). OX-A in the RVLM 

attenuates the somatosympathetic reflex but increases barosensitivity. Following OX-

A injection into the RVLM, sympathoexcitatory responses to hypoxia or hypercapnia 

were increased or reduced, respectively,. The findings demonstrate a role for OX-A 

in the RVLM in both the tonic and reflex regulation of central cardiorespiratory 

control. 

  

4.3 Methods 
 

Experiments were conducted on male Sprague-Dawley rats (n = 49, 350–500 g). 

Rats were housed under controlled conditions with a standard 12-h light/dark cycle. 

Standard laboratory rat chow and tap water were available ad libitum. They were 

allowed to acclimatize for at least 7 days before experimental manipulations. Food 

and water were withdrawn 30 min before anaesthesia. All experiments were carried 

out following the guidelines of the Australian Code of Practice for the Care and Use 

of Animals for Scientific Purposes (http://www.nhmrc.gov.au/publications/ 
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synopses/eal6syn.htm) and with the approval of the Animal Ethics Committee of 

Macquarie University, Sydney, Australia.  

4.3.1 Immunohistochemical experiments 

Rats (n = 3) were anaesthetized (pentobarbitone sodium, 70 mg kg-1, ip), 

transcardially perfused and brainstems were processed for fluorescence 

immunohistochemistry (IHC) as described previously (Li et al., 2005; Padley et al., 

2007). In brief, 40 µm sections were incubated with species-specific primary 

antibodies to detect tyrosine hydroxylase (TH) (mouse, 1:2500), OX-A (rabbit, 

1:2000), OX1 (rabbit, 1:50) and OX2 (goat, 1:50). Sections were then washed (3 x 30 

min) in TPBS buffer (10 mM Tris HCl, 10 mM sodium phosphate buffer, 0.9% NaCl, 

pH 7.4) and incubated with fluorophore-conjugated secondary antibodies (Alexa 

Fluor 488 donkey anti-mouse IgG, and Cy3 donkey anti-rabbit IgG or Cy3 donkey 

anti-sheep IgG; 1:500) to reveal TH, OX-A, OX1 and OX2, respectively. Finally, 

sections were mounted on glass slides, coverslipped with Vectashield, and sealed 

with nail polish. 

 

Brainstem sections, including RVLM region, extending from 11.6 to 12.8 mm caudal 

to Bregma were examined using an epifluorescence microscope (Axio- Imager Z1; 

Zeiss, Germany). The RVLM was defined as a triangular area ventral to the NA, 

medial to the spinal trigeminal tract and lateral to the pyramidal tract or the inferior 

olive. Labelled neurons in the RVLM were counted from 6-7 sections, 200 µm apart. 

Counts were made for OX1, OX2 and TH-ir neurons, as well as all double- labeling 

combinations. Results were plotted as the mean ± standard error (SE) at 200 µm 

intervals. Images were captured in grey scale with an Axiocam MR3 digital camera 

and pseudocolouring was applied. Staining for all antigens was observed throughout 

the depth of the section indicating adequate antibody penetration. 

4.3.2 Electrophysiological experiments 

4.3.2.1 Experimental design 

Electrophysiological experiments were conducted as described previously (Shahid et 

al., 2011). Briefly, rats (n = 47) were anaesthetized with urethane (1.2-1.4 g kg-1, 

i.p.). Supplemental doses of urethane (30-40 mg, i.v.) were given when necessary if 
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nociceptive stimuli (tested every half an hour) caused a change in MAP of more than 

10 mmHg. Rectal temperature was maintained at ~36.50C with a thermostatically 

controlled heating pad (Harvard Apparatus, Holliston, MA, USA) and infrared heat 

lamp. 

 

The left jugular vein and right carotid artery were cannulated with polyethylene tubing 

(internal diameter = 0.58 mm; outer diameter = 0.96 mm) for administration of drugs 

and fluids and for measurement of BP, respectively. In some experiments, both 

femoral veins were cannulated to enable administration of sodium nitroprusside 

(SNP) or phenylephrine hydrochloride (PE). The trachea was cannulated to enable 

artificial ventilation and a 3 lead electrocardiogram was recorded.  HR was derived 

from the BP. The left greater splanchnic nerve and phrenic nerve were isolated, tied 

with silk thread and cut distally to permit recording of efferent sSNA and PNA, 

respectively. In an additional subset of animals, the sciatic nerve was isolated, tied 

and cut distally for electrical stimulation to allow activation of somatosympathetic 

reflex. Rats were secured in a stereotaxic frame, vagotomized, paralyzed 

(pancuronium bromide; 0.8 mg initially, then 0.4 mg h-1) and artificially ventilated with 

oxygen enriched room air. End-tidal CO2 was monitored and maintained between 

4.0% and 4.5% (Capstar 100, CWE Inc., Ardmore, PA, USA). Arterial blood gas was 

analyzed to maintain pH at 7.35-7.45 (pH 7.4 ± 0.03; PaCO2 40.4 ± 0.9) by 

electrolyte and blood gas analyzer (IDEXX Vetstat, West brook, Maine, USA). 

Animals were infused with 5% glucose in water (1.0-2.0 ml h-1) to ensure hydration. 

Nerve recordings were made with bipolar silver wire electrodes. The neurograms 

were amplified (x10 000, CWE Inc., Ardmore, PA, USA), bandpass filtered (0.1–2 

kHz), sampled at 3 kHz (1401 plus, CED Ltd, Cambridge, UK) and recorded on 

computer using Spike2 software (v7, CED Ltd, Cambridge, UK).  

 

The dorsal medulla was exposed after an occipital craniotomy. Bilateral 

microinjections of L-glutamate (100mM, 5nmol in 50nl), OX-A (250 µM, 500 µM, 1 

mM, 2 mM equivalent to 12.5, 25, 50 and 100 pmol; 50 nl per side) and vehicle 

(phosphate buffered saline (PBS)) into the RVLM were made, using single- or multi- 

barrel glass pipettes and, as described previously (Miyawaki et al., 2001; Rahman et 

al., 2011a). The RVLM was functionally identified by an increase of >30 mmHg in 

MAP following microinjection of L-glutamate. All variables were allowed to return to 
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baseline (>30 min) before microinjection of PBS. After a further 30 min, OX-A was 

microinjected into the same site and observation continued for a further 60 min. For 

all experiments, microinjections (50 nl) were performed over 5 seconds. Injection 

sites were marked with 2% rhodamine beads added to the PBS (50nl) which was 

also microinjected as a volume, and vehicle, control. 

 

Cardiorespiratory reflexes were evoked as described previously (Abbott and 

Pilowsky, 2009; Rahman et al., 2011b; Shahid et al., 2011), with sequential iv 

injection of SNP and PE (0.01 mg kg-1) or electrical stimulation (10-25 V, 50, 0.2 ms 

pulses at 1 Hz) of the sciatic nerve. Chemoreceptors were activated by ventilating 

animals with 100% N2 (12-14 s, brief hypoxia; peripheral; BOC gas and gear, NSW, 

Australia) or 5% CO2:95%O2 (3 min, hypercapnia; central; BOC gas and gear, NSW, 

Australia), respectively. Reflexes were activated before and after bilateral 

microinjection of PBS or OX-A (50 pmol, per side, 50 nl), respectively. Following 

euthanasia (3 M KCl, 0.5 ml, i.v.) brainstems were removed and injection sites were 

verified. Preliminary experiments revealed that tachyphylaxis occurs following OX-A 

injection, therefore, each animal received only one injection of OX-A. Different 

reflexes and antagonist studies were conducted on different sets of animals. Cardio-

respiratory coupling was analyzed from the same group used to determine the 

cardio-respiratory responses.  

4.3.2.2 Data acquisition and analysis 

Neurograms were rectified and smoothed (sSNA, 1 s time constant; PNA, 50 ms). 

Minimum background activity after death was taken as zero sSNA, and this value 

was subtracted from sSNA before analysis with off-line software (Spike 2 version 7). 

Baseline values were obtained by averaging 60 s of data 5 min prior to OX-A or PBS 

injection and maximum changes were expressed as absolute or percentage changes 

from baseline values. Phrenic-triggered ensemble averages of sSNA were generated 

from 60-s portions of data to evaluate cardiorespiratory coupling. The area under the 

curve (AUC), less baseline, of sSNA activity during the inspiratory and post-

inspiratory phases was determined. sSNA was  rectified and smoothed at 1 s and 5 

ms time constants to analyse baroreceptor reflex and somatosympathetic reflex, 

respectively. To analyse reflexes, sSNA was normalized between the activity of 

sSNA before PBS injection (100%) and the sSNA after death (0%). The sSNA 
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response to sciatic nerve stimulation was analyzed using peristimulus waveform 

averaging. The AUC of the sympathoexcitatory peaks was analyzed. The response 

to hypoxia (100% N2 inhalation for 12–14 s) was quantified by comparing the average 

maximum sSNA during hypoxia compared with a control period during normal 

hyperoxic ventilation. The maximum response to stimulation was then expressed as 

a percentage change from the baseline (control) considering maximum reflex 

response in control as 100%.  

 

Statistical analysis was conducted with GraphPad Prism (version 5.0) (GraphPad, La 

Jolla, CA, USA). Grouped data are expressed as mean ± SE. A two way repeated 

measures ANOVA with Bonferroni’s correction was used to compare values after 

OX-A (50 pmol) administration on sSNA and PNA with the PBS value. Paired t-test 

was used to analyze peak effects and reflexes. P < 0.05 was considered significant. 

4.3.3 Drugs 

OX-A (MW = 3561.16; Cat. No: H-4172; Lot No: 1013059) was obtained from, 

Bachem AG (Bubendorf, Switzerland) while OX1 antagonist, SB334867 (N-(2-Methyl-

6-benzoxazolyl)-N´-1,5-naphthyridin-4-yl urea) (Cat. No: 1960; Batch No: 5), and OX2 

agonist, [Ala11, D-Leu15]OX-B (Cat. No: 2142; Batch No: 10), were from Tocris 

Bioscience (Missouri, USA). Urethane, L-glutamate, glucose, PE and SNP were 

purchased from Sigma-Aldrich (Sydney, Australia), pancuronium bromide from 

AstraZeneca Pty Ltd (Sydney, Australia), pentobarbitone sodium from Merial 

Australia Pty Ltd (NSW, Australia), rhodamine microbeads from Molecular Probes 

(Sydney, Australia) and PBS (10 mM in 0.9% NaCl) tablets from AMRESCO Inc. 

(Solon, OH, USA). Primary antibodies for OX-A (Cat No: PC362), OX1 (Cat. No: 

AB3092; Lot No: LV1387169), OX2 (Cat. No: sc-8074) and TH were from Merck 

(Darmstadt, Germany), Millipore (Billerica, MA, USA),  Santa Cruz Biotechnology, 

Inc. (Santa Cruz, CA, USA) and Sigma-Aldrich, respectively. Fluorophore-conjugated 

secondary antibodies such as Alexa Fluor 488 donkey anti-mouse IgG (Cat. No: 

A21202; Lot No: 811493), Cy3 donkey anti-rabbit IgG (Cat. No: 711-166-152; Lot No: 

92082) or Cy3 donkey anti-sheep IgG (Cat. No: 713-166-147; Lot No: 89763) were 

from Invitrogen (Victoria, Australia) and Jackson ImmunoResearch Laboratories 

(West Grove, PA, USA), and vectashield from Vector Laboratories (QLD, Australia). 

OX-A, [Ala11, D-Leu15]OX-B, and rhodamine (2% v/v) were dissolved and further 
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diluted in PBS (10 mM; pH 7.4). SB334867 was dissolved and further diluted in 10% 

dimethyl sulfoxide (DMSO). PBS, PE and SNP were prepared in de-ionised water. 

Urethane was dissolved in 0.9% NaCl and L-glutamate in PBS. 

All drug and receptor nomenclature conforms to the BJP’s guide to receptors and 

channels (Alexander et al., 2009). 

 

4.4 Results 

4.4.1 Expression of OX-A terminals and its receptors in the RVLM 

The expression of OX-A, OX1 and OX2 in the RVLM was examined using 

fluorescence immunohistochemistry. OX-A-ir fibers and terminals were found 

commonly throughout the RVLM (Figure 4.1A). OX-A-ir terminals were also closely 

apposed to TH-ir cell bodies as well as dendrites (n = 3, Figure 4.1A).  

 

Both OX1 and OX2 were expressed in the RVLM. Intense immunoreactivity for both 

receptors was observed on cell bodies as well as on dendrites, fibers and terminals 

throughout the RVLM (Figure 4.1B, C). OX1-ir and TH-ir were frequently colocalized 

in the RVLM neurons (Figure 4.1B). OX1-ir was found in 78 ± 2% (561 of 727 

neurons across the region counted from -11.6 to -12.8; n = 3) of TH-ir neurons in the 

RVLM (Figure 4.1B); OX2-ir was found in 77 ± 3% (475 of 611 neurons) of TH-ir 

neurons in the RVLM (Figure 4.1C). Within the RVLM about 51% of OX1 (590 of 1151 

neurons across the entire region counted from -11.6 to -12.8, n = 3) and 56% of OX2 

(615 of 1090 neurons across the entire region counted from -11.6 to -12.6, n = 3) 

were expressed in non-TH-ir or non-C1 neurons, suggesting that both C1 and non-

C1 neurons in the RVLM contain both OX receptors (Figure 4.1B, C). OX1-ir, OX2-ir 

and TH-ir showed similar distribution pattern in the RVLM being expressed most 

frequently in the rostral pole (Figure 4.1B, C).  

4.4.2 Effects of OX-A in the RVLM on cardiorespiratory parameters 

Bilateral microinjection of OX-A at four different doses (12.5, 25, 50 and 100 pmol, 

per side) evoked a pressor response, tachycardia and sympathoexcitation in a dose-

dependent manner (Figure 4.2A, B). The maximum effects occurred following 

injection of 50 pmol OX-A and the highest levels attained were 42 ± 2 mmHg (MAP, 
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n= 6, P<0.001), 16 ± 1 bpm (HR, n= 6, P <0.01) and 45 ± 4 % (sSNA, n= 6, P 

<0.001) from the baseline (Figure 4.2B). Bilateral injection of PBS (vehicle) in the 

RVLM was without effect on MAP (4 ± 1 mmHg, n= 6), HR (3 ± 1 bpm, n= 6) or sSNA 

(2 ± 1 %, n= 6; Figure 4.2B).  

 

OX-A injected bilaterally (12.5, 25, 50 and 100 pmol, per side) in the RVLM evoked a 

significant increase in PNamp without any effect on phrenic nerve frequency (PNf) 

(Figure 4.2A, B). The maximum increase in PNamp of 31 ± 2% (n= 6, P <0.001) was 

elicited by 50 pmol OX-A (Figure 4.2B). No significant change in PNamp or PNf was 

observed after injection of PBS (vehicle) (Figure 4.2A, B). 

 

In some experiments (n = 5), bilateral injection of OX-A (50 or 100 pmol, per side) in 

the RVLM evoked a long-lasting increase in sSNA and PNA (Figure 4.2A, C) that 

mimics the pattern of long term facilitation (LTF) of sSNA and PNA induced by acute 

intermittent hypoxia (Baker-Herman and Mitchell, 2002; Dick et al., 2007) or by 

intrathecal injection of OX-A (Shahid et al, 2011). All injection sites were centred in 

the RVLM (Figure 4.2D). 
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in the rostral ventrolateral medulla (RVLM). 

A: Tyrosine hydroxylase (TH) positive C1 neurons (green) in the RVLM are surrounded by OX-A 
immunoreactive (ir) varicosities (red) that form close appositions with TH-positive cell bodies 
and dendrites (arrows). B: Expression of OX -ir in the RVLM. OX -ir (red) is expressed in TH-ir 1 1
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Figure 4.2. Effect of bilateral microinjection of orexin A (OX-A) in the rostral ventrolateral 
medulla.

 A: Continuous recording of blood pressure (BP) (grey – pulsatile and black – mean), heart rate 
(HR), splanchnic sympathetic nerve activity (sSNA) (grey – raw and black - rectified and 
integrated) [arbitrary unit (a.u.)], rectified PNA (a.u.), phrenic nerve frequency (PNf) and phrenic 
nerve amplitude (PNamp) before and after injection of glutamate (Glu), phosphate buffered 
saline (PBS) or OX-A (50 pmol). B: Grouped data of maximum cardiovascular and respiratory 
effects following PBS or OX-A (12.5, 25, 50 and 100 pmol). Peak effects are shown as absolute 
(mean arterial pressure (MAP), HR, PNf) or percentage (sSNA, PNamp) change from 
respective basal values. C: Grouped time course effects of PBS (grey) or OX-A (50 pmol) (black) 
on sSNA and PNamp. D: Microinjection sites in the RVLM and a section showing an injection 
site stained following an injection of rhodamine microbeads . NA: nucleus ambiguus; sp5: spinal 
trigeminal tract; IOL: inferior olive; Py: pyramidal tract. Data are expressed as mean ± SE. 
Number of animals are shown in parentheses. *** P < 0.001, ** P < 0.01, * P < 0.05 compared 
with PBS. bpm, beats per minute for HR or bursts per minute for PNf.
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4.4.3 Effects of OX receptor antagonism or agonism on OX-A mediated 
cardiorespiratory responses 

In the absence of OX-A, SB334867 (1 nmol, per side) did not affect MAP, HR, sSNA, 

PNamp or PNf (n=5) (data not shown). On the other hand, the cardiorespiratory 

effects of OX-A (50 pmol per side) in the RVLM were significantly reduced by prior 

bilateral injection of SB334867 (MAP: 21 ± 7 vs. 42 ± 2 mmHg, P <0.05; HR: 08 ± 2 

vs. 16 ± 1 bpm, P <0.05; sSNA: 22 ± 2 vs. 45 ± 4%, P <0.05; PNamp: 14 ± 2 vs. 31 ± 

2%, P <0.01, of baseline; n= 5, Figure 4.3). 

 

Bilateral microinjection of the OX2 agonist, [Ala11, D-Leu15]OX-B (0.75 pmol, per side; 

n=6), into the RVLM significantly increased MAP, HR, sSNA and PNamp to an extent 

that was similar or slightly higher in magnitude with OX-A (50 pmol) response (Figure 

4.3). The only exception was a decrease in PNf as compared to PBS (Figure 4.3).  

4.4.4 Effects of OX-A in the RVLM on cardiorespiratory coupling 

Peri-phrenic averaging of the sympathetic nerve activity reveals an inspiratory (I) and 

post-inspiratory (PI) peak of sSNA (Figure 4.4A). The AUC of both I and PI peaks of 

sSNA was significantly increased by bilateral injection of 50 pmol OX-A (I peak: 45 ± 

9%, P <0.05; PI peak: 41 ± 9%; P <0.05; n=4, Figure 4.4B) compared with injection 

of PBS.  



 



0

20

40

60

0

10

20

0

25

50

75

100

0

20

40

-10

0

10

(m
m

H
g

)
MAP HR

(b
p

m
)

(%
 b

a
se

lin
e

)

sSNA PNamp

(%
 b

a
se

lin
e

)

(%
 b

p
m

)

PNf

PBS(6)

OX-A(50pmol)(6)

[Ala ,D-Leu ]OX-B (0.75pmol)(6)11 15

SB 334867(1nmol)+OX-A(50pmol)(5)

Figure 4.3. Effects of SB 334867 and [Ala11, D-Leu15]OX-B on orexin A (OX-A) induced 
cardiorespiratory effects in the RVLM. 

Bar charts showing group data of maximum cardiovascular and respiratory effects following 
injection of PBS, OX-A (50 pmol), SB 334867 (1 nmol + OX-A (50 pmol)) or [Ala11, D-Leu15]OX-
B (0.75 pmol). Peak effects are shown as absolute (mean arterial pressure (MAP), HR, PNf) or 
percentage (sSNA, PNamp) change from respective basal values. Data are expressed as mean 
± SE. Number of animals are shown in parentheses. *** P < 0.001, ** P < 0.01, * P < 0.05 
compared with PBS (except SB 334867 (1 nmol + OX-A (50 pmol)), which was compared with 
OX-A (50 pmol)). bpm, beats per minute for HR or bursts per minute for PNf.

Israt
Text Box
128





1
0

µ
V

1
0

µ
V

500 ms

500 ms

A

PI peak

I peak

PBS (I
 p

ea
k)

(4
)

PBS (P
I p

ea
k)

(4
)

0

20

40

60

A
U

C
 (

%
 c

o
n

tr
o

l)

B

O
X-A

 (I
 p

ea
k)

(4
)

O
X-A

 (P
I p

ea
k)

(4
)

Control OX-A(50 pmol)
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A: Phrenic-triggered average of sSNA before (grey) and after (black) bilateral OX-A (50 pmol, 
each side) injection. B: Grouped data illustrating the effects of phosphate buffered saline (PBS) 
or OX-A (50 pmol, n=4) on inspiratory (I) and post-inspiratory (PI) peaks of sSNA. Values are 
expressed as mean ± SE. * P < 0.05 compared with PBS. Both PBS and OX-A values were 
normalised to the control period prior to injections.
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4.4.5 Effects of OX-A in the RVLM on somatosympathetic reflex 

Intermittent stimulation of the sciatic nerve resulted in two characteristic excitatory 

peaks in sSNA with latencies of 84 ± 6 ms and 186 ± 7 ms prior to microinjection (n = 

5, Figure 4.5A). The latencies of the peaks were not significantly altered by PBS (89 

± 5 ms and 190 ± 7 ms, n = 5, ns), or by OX-A (88 ± 5 ms and 189 ± 8 ms, n = 5, ns), 

injection. Bilateral OX-A injection (50 pmol per side) in the RVLM markedly 

attenuated the AUC of both excitatory peaks by 32% (68 ± 6% and 68 ± 5%, 

respectively; P <0.01) of baseline (n = 5, Figure 4.5B).   

4.4.6 Effects of OX-A in the RVLM on baroreflex  

In five animals, the changes in sSNA were plotted against the changes in MAP 

evoked by intravenous injection of SNP and PE. Bilateral RVLM microinjection of OX-

A (50 pmol per side) significantly enhanced the reflex sympathoinhibitory responses 

evoked by PE (Figure 4.6A). OX-A significantly increased the upper plateau, range of 

sSNA, operating range and maximum gain of the sSNA without significantly altering 

the lower plateau, the threshold level, midpoint and the saturation levels of MAP as 

compared to control (Figure 4.6B, Table 4.1).  
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Table 4.1. Parameters describing baroreflex control of sSNA after bilateral microinjection of OX-A (50 pmol) 

 

 

Values are mean ± SE (n = 5). Maximum (Max.) gain is the slope of the sigmoid curve of best fit at the MAP corresponding to 

steepest part of the curve. ns, non-significant; ** P < 0.01, * P < 0.05 compared with control. 

 

Lower 

Plateau 

(%) 

Upper 

Plateau 

(%) 

Mid Point 

(mmHg) 

Max. Gain 

(%/mmHg) 

Range of 

SNA (%) 

Threshold 

Level 

(mmHg) 

Saturation 

Level 

(mmHg) 

Operating Range 

(mmHg) 

Control 24.1± 6.9 93.2 ± 9.1 131.2 ± 3.2 -1.4 ± 0.2 57.3 ± 8.5 93.7 ± 6.5 168.8 ± 5.3 68.3 ± 10.2 

OX-A 

(50 pmol) 

26.5± 7.6 

(ns) 

131.0 ± 4.6 

(**) 

138.0 ± 3.1 

(ns) 

-2.1 ± 0.3 

(**) 

100.4 ± 5.2 

(*) 

99.3 ± 3.6 

(ns) 

176.6 ± 7.5 

(ns) 

104.7 ± 16.2 

(ns) 
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Figure 4.5. Effect of bilateral microinjection of orexin A (OX-A) on somatosympathetic 
reflex. 

A: Grouped effect of sciatic nerve (SN)-evoked stimulation of splanchnic sympathetic nerve 
activity (sSNA) at control period and after injection of phosphate buffered saline (PBS) and OX-
A. Data are mean (black) ± SE (grey). Arrows indicate the time of stimulation. B: Group data 
illustrating the effects of PBS or OX-A (50 pmol, n=5) on the AUC of 1st and 2nd 
sympathoexcitatory peaks. ** P < 0.01, compared with control.  
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baroreflex evoked by intravenous injection of sodium nitroprusside (SNP) and 
phenylephrine hydrochloride (PE). 

A: Representative experimental recording of the effect of changes in blood pressure (BP) on 
splanchnic sympathetic nerve activity (sSNA) due to SNP or PE before (control) or after OX-A 
injection. B: Average sympathetic baroreflex function curves generated for data before (control, 
grey) or after OX-A (black) (50 pmol, n=5) injection. Trace at right represents baroreflex gain for 
sSNA (error bars are omitted for clarity - see Table 4.1). The range and gain of the reflex are 
significantly increased. 
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4.4.7 Effects of OX-A in the RVLM on chemoreflex 

Activation of peripheral chemoreceptors with brief hypoxia evoked an increase in 

MAP, sSNA, HR, PNamp and PNf (Figure 4.7A). Peak effects occurred near the end 

of stimulus and recovered rapidly to baseline. Bilateral injection of OX-A (50 pmol per 

side) in the RVLM significantly increased the sympathoexcitatory response by 23% 

(123 ± 4% of baseline, P <0.01) while attenuated the tachycardia by 43% (57 ± 5% of 

baseline, P <0.01) without any significant alteration in the pressor response (n = 4, 

Figure 4.7B). OX-A caused significant attenuation of peak amplitude of PNamp and 

peak PNf during hypoxia by 33% and 24%, respectively (peak PNamp: 67 ± 9, P 

<0.05; PNf: 74 ± 2, P<0.001; of baseline; n = 4; Figure 4.7B). 

 

Activation of central chemoreceptors with hypercapnia evoked an increase in MAP, 

sSNA, PNamp and a decrease in HR (Figure 4.7C). OX-A (50 pmol per side) 

markedly attenuated the effect of hypercapnia on MAP by 143% (-43 ± 12% of 

baseline, P <0.01) and sSNA by 82% (18 ± 11% of baseline, P <0.01) without any 

significant alteration in the bradycardia response (n = 5, Figure 4.7D). The effects of 

hypercapnia on peak PNamp was also reduced (65 ± 8, P <0.05; of baseline) 

following OX-A (50 pmol per side) injection in the RVLM (n = 5, Figure 4.7D). 
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Figure 4.7. Effect of bilateral orexin A (OX-A) injection in RVLM on the cardiovascular and 
respiratory response to hypoxia and hypercapnia. 

A: Effect on the peripheral chemoreceptor reflex activated by brief hypoxia with 100% N2 for 12-
14s - experimental recording of hypoxic episodes at control period and after PBS or OX-A 
injection. B: Grouped data of peak effects on cardiovascular (MAP, HR and sSNA) (top bar 
chart) and respiratory function (PNamp and PNf) (bottom bar chart) after injection of PBS and 
OX-A (50 pmol, n=4) in response to brief hypoxia. C: Effect on central chemoreceptor reflex 
activated by hypercapnia with 5% CO2 in oxygen for 3min - experimental recording of 
hypercapnic episodes at control period and after PBS or OX-A injection. D: Comparison of peak 
effects on cardiovascular (MAP, HR and sSNA) and respiratory function (PNamp) after injection 
of PBS and OX-A (50 pmol, n=5) in response to hypercapnia. Values are expressed as mean ± 
SE. *** P < 0.001, ** P < 0.01, * P < 0.05 compared with control. bpm, beats per minute for HR or 
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4.5 Discussion 
 

The principal new findings of the present study are 1) OX1 and OX2 are expressed in 

both C1 and non-C1 neurons of the RVLM; 2) Microinjection of OX-A into the RVLM 

causes sympathoexcitation, hypertension and tachycardia; 3) OX-A microinjection 

significantly increases PNamp without affecting PNf. 4) The respiratory modulation of 

sSNA is dramatically increased after microinjection of OX-A; 5) Both OX1 and OX2 

are involved in the cardiorespiratory responses to OX-A.; 6) Both peaks of 

somatosympathetic reflex are attenuated by OX-A; 7) Sympathetic baroreflex 

sensitivity is increased following OX-A microinjection; 8) The sympathoexcitatory 

response to hypoxia is potentiated, but there is a decrease in the HR, and PNA, 

response. 9) The cardiovascular and respiratory responses to hypercapnia are 

attenuated by OX-A.  

 

Both C1 and non-C1 neurons in the RVLM play a role in the tonic and reflex control 

of sympathetic vasomotor tone (Lipski et al., 1995b; Lipski et al., 1996a; Pilowsky 

and Goodchild, 2002; Guyenet, 2006; Pilowsky et al., 2009). The results of this study 

reveal that both OX1 and OX2 are expressed in a discrete population of C1 and non-

C1 neurons throughout the rostro-caudal pole of the RVLM, some of which may be 

bulbospinal and barosensitive. This study also demonstrates that varicose OX-A-ir 

fibres are present in RVLM and are in close proximity to TH-ir neurons, consistent 

with the findings of Machado et al., (2002). The findings suggest OX1/2R's are 

activated under physiological or pathological conditions to modulate the activity of 

cardiorespiratory neurons in RVLM. OX1 and OX2 are found throughout the brainstem 

in regions involved in cardiorespiratory regulation, including: the NTS, RVMM, NA, 

pre-Bötzinger complex (Trivedi et al., 1998; Marcus et al., 2001; Sunter et al., 2001; 

Cluderay et al., 2002; Ciriello and de Oliveira, 2003a). The presence of OX1/2R's 

within C1 neurons in the rostral 600 µm of the RVLM is consistent with the idea that 

these receptors are expressed by bulbospinal barosensitive sympathoexcitatory 

neurons (Brown and Guyenet, 1984; Lipski et al., 1995b; Lipski et al., 1996a; 

Schreihofer et al., 1997), and that OX-A is involved in regulating sympathetic outflow. 

 

Here we find that the hypertensive and tachycardiac effects of centrally administered 

OX-A, reported in previous studies (Chen et al., 2000; Machado et al., 2002), are 
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likely due to an increase in sympathetic vasomotor tone mediated by the RVLM. In 

previous studies OX-A microinjection into the RVLM resulted in hypertension and 

tachycardia for 25-30 min in anaesthetized rat (Chen et al., 2000) and for about 7 min 

in awake rat (Machado et al., 2002). We observed a significant sympathetically 

mediated hypertension and tachycardia after bilateral microinjection of OX-A into the 

RVLM that last for ~10 min. There were several differences between this study, and 

earlier work; first, the rats used in this study were vagotomized, second, the rats used 

here were significantly larger (~280 g vs ~425g) and third, the doses used in this 

study, based on an initial dose-response study, was higher (~250 µM vs 1 mM). The 

dose and weight used here was similar to that used in our earlier study of the effects 

of OX-A in the spinal cord (Shahid et al., 2011). 

 

Presympathetic neurons in the RVLM region are close to, and intermingled with, 

neurons in the Bötzinger region and pre-Bötzinger complex (Kanjhan et al., 1995; 

Pilowsky et al., 1990; Sun et al., 1994) and receive projections from the respiratory 

column (Sun et al., 1994.). Here, we find that PNamp is increased following OX-A 

microinjection into RVLM while PNf remained unchanged. This result agrees with 

previous studies demonstrating that OX-A in the pre-Bötzinger complex increased 

amplitude without affecting breathing rate (Young et al., 2005). We also observed a 

LTF of sSNA and PNA in some of the experiments following OX-A microinjection into 

the RVLM that strengthens previous suggestions for a role for OX-A in LTF in the 

brain (Mileykovskiy et al., 2002; Terada et al., 2008; Toyama et al., 2009; Walling et 

al., 2004; Wayner et al., 2004). One possible explanation is that OX-A triggers the 

release of excitatory neurotransmitters (glutamate or noradrenaline) in the spinal 

cord, and respiratory column, to cause LTF of SNA and PNA (Shi et al., 1988).  

      

RVLM neurons are influenced by central respiratory activity (Guyenet et al., 1990; 

Miyawaki et al., 1996a; Pilowsky et al., 1996), and sympathetic nerve discharge 

shows a respiratory rhythmicity in relation to PNA (Adrian et al., 1932; Guyenet, 

2000). The significant increase in the I- and PI-burst in sSNA, with an increase on 

baseline activity, following OX receptor activation suggests that they enhance the 

respiratory-related excitatory synaptic drive to RVLM neurons.  
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To determine if OX-A is involved in the tonic regulation of neurons in RVLM, and to 

find out which type of OX receptor mediates the central effects of OX-A, the selective 

OX1 antagonist, SB334867 (pKb OX1=7.2), and the selective OX2 (400 times 

compared with OX1) agonist, [Ala11, D-Leu15]OX-B, were injected into RVLM. 

SB334867 itself did not affect baseline cardiorespiratory parameters, suggesting that 

OX1 is not constitutively, or tonically, active. SB334867 reduced OX-A induced 

cardiorespiratory responses by about 50%. Furthermore, [Ala11, D-Leu15]OX-B 

induced sympathoexcitation, hypertension, tachycardia and increases respiratory 

drive, in a similar manner to OX-A. Taken together, the results suggest that both OX1 

and OX2 mediate the central effects of OX-A, confirming previous in vitro study 

(Huang et al., 2010). Huang et al, (2010) suggested a minor role of OX1 on OX-A 

induced depolarization of RVLM neurons in the brainstem slice preparation. This 

discrepancy may be due to the lower dose of SB334867 used compared to other 

studies (Deng et al., 2007; Shih and Chuang, 2007), or developmental differences 

between the neonate and the adult. In this study we also found that activation of OX2 

increases phrenic nerve amplitude, but decreases phrenic nerve frequency. We 

speculate that activation of orexin receptors decreases the activity of inhibitory 

Bötzinger neurons, resulting in an increase in phrenic nerve amplitude. This increase 

in amplitude may be counteracted by a reflex decrease in frequency by the 

unaffected preBötzinger complex, which controls respiratory rhythm. Further studies 

will be required to clarify this issue. 

 

In order to maintain cardiovascular homoeostasis, RVLM neurons integrate 

information from many peripheral afferent neurons, including: somatic receptors, 

baroreceptors and chemoreceptors (Dampney, 1994; Pilowsky et al., 2009; Sun, 

1995). Peptide neurotransmitters modulate the different reflex responses of RVLM 

neurons via pre- or post- synaptic pathways (Abbott and Pilowsky, 2009; Burke et al., 

2008; Kashihara et al., 2008; Makeham et al., 2005; Miyawaki et al., 2002a). The 

somatosympathetic reflex evoked by sciatic nerve stimulation was significantly 

attenuated by OX-A microinjection into the RVLM. This result suggests that the 

attenuation of somatosympathetic reflex was not an indirect effect of raised 

sympathetic activity following OX-A injection into the RVLM. The mechanism by 

which OX-A exerts its effect on the somatosympathetic reflex is likely to be 

complicated, since OX1 were found to be localised both pre- and post- synaptically. 
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The reflex responses of sSNA to baroreceptor loading and unloading induced by 

vasoactive drug administration were markedly enhanced by OX-A microinjection into 

RVLM. This response is not due to an increase in sSNA following OX-A injection, 

since PE injection was equally able to reduce sSNA to the same low levels seen in 

the control situation. Exogenous OX-A increased the upper plateau of the baroreflex 

curve as well as the maximum gain and operating range, suggesting that OX-A in 

RVLM regulates baroreflex control of sSNA by increasing disinhibition of RVLM 

neurons or by activation of barosensitive RVLM neurons.      

 

Neurons in the ventral respiratory column and the RVLM are activated directly, and 

indirectly, by hypoxia. (De Paula and Branco, 2005; Alheid and McCrimmon, 2008; 

Sun and Reis, 1994). OX-A microinjection into RVLM enhanced the 

sympathoexcitatory response to hypoxia while reducing tachycardiac and phrenic 

responses. Enhanced sympathoexitatory, but reduced tachycardiac effects, suggest 

that OX-A activates different population of presympathetic RVLM neurons projecting 

to different levels of the spinal cord. On the other hand, attenuated respiratory 

responses to hypoxia following OX-A microinjection into RVLM suggest that OX-A 

may act on inhibitory Bötzinger neurons that project to other respiratory nuclei in the 

brainstem and spinal cord. 

 

The reflex sympathetic response to hypercapnia is initiated by central 

chemoreceptors in the RTN, which then activate presympathetic neurons in RVLM 

(Guyenet, 2000; Guyenet et al., 2010). OX-A microinjection in RVLM markedly 

attenuated cardiorespiratory responses to hypercapnia. It is not known whether 

chemosensitive RTN neurons make monosynaptic or polysynaptic connection with 

bulbospinal RVLM neurons. The inhibition of cardiovascular response to hypercapnia 

suggest the possible activation of GABAergic interneurons in RVLM by OX-A.  

 

Our findings show that OX1 and OX2 are present in both C1 and non-C1 neurons in 

RVLM and activation of OX receptors in RVLM causes sympathetically mediated 

hypertension, tachycardia and increase in respiratory drive. OX receptor activation in 

RVLM reduces the somatosympathetic reflex, but increases barosensitivity. 

Sympathoexcitatory responses to hypoxia and hypercapnia are enhanced and 

inhibited, respectively, by OX receptors activation in RVLM. OX-A and OX-B play a 
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key role in the stabilization of wakefulness, and are thought to be arousal-promoting 

peptides. OX ablated mice have disrupted sleep patterns (Sakurai, 2007). OX 

neurons are activated just before awakening, remain activated during wakefulness 

and cease firing during sleep (Kuwaki and Zhang, 2010). Active waking causes 

increase in HR, MAP, respiration and locomotor activity. However, the neural 

mechanisms and pathways that mediate the pressor and tachycardic responses to 

arousal are poorly understood.  The presence of OX receptors in C1 bulbospinal 

sympathoexcitatory neurons of the rostral RVLM and the effects of OX-A in RVLM on 

basal cardiorespiratory parameters and adaptive reflexes suggests that OX receptor 

activation plays a key role in mediating the sympathoexcitatory responses to arousal. 

Finally, the results suggest that drugs affecting central orexinergic pathways may be 

a useful target for the pharmacological treatment of disorders such as hypertension.       

 

Perspective 

 

Based on the presence of OX receptors in the RVLM and its excitatory effect on 

cardiorespiratory function in normotensive rat as described in this chapter we 

hypothesize that OX-A effects in the RVLM are exaggerated in hypertensive rat 

model and participate in the pathogenesis of hypertension. Thus our next aim is to 

determine the cardiorespiratory effects of microinjection of OX-A into the RVLM of 

spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto rats (WKY), 

and to evaluate the effects of OX-A on somatosympathetic, and baroreceptor 

reflexes in the RVLM. 
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Role of orexin A in rostral ventrolateral medulla in 
regulation of sympathetic nerve activity and reflexes in 
wistar-kyoto and spontaneously hypertensive rats  

5.1 Abstract 
 

Orexin A (OX-A), located in the central nervous system, plays an important role in 

sleep-wakefulness, feeding, respiration and energy homeostasis. We demonstrated 

previously that OX receptor activation in the rostral ventrolateral medulla (RVLM) of 

normotensive rat increases blood pressure (BP), heart rate, sympathetic nerve 

activity (SNA) and phrenic nerve activity, and differentially modulates sympathetic 

reflexes. However, the functional role of OX-A signalling in cardiorespiratory 

regulation in hypertension, particularly in the RVLM, is unknown. Thus, we 

investigated whether OX-A signalling in the RVLM is involved in the modulation of 

cardiorespiratory function, and somatosympathetic and baroreceptor reflexes in 

urethane anaesthetized, vagotomised and artificially ventilated male spontaneously 

hypertensive rats (SHR) and Wistar-Kyoto rats (WKY). OX-A injected into the RVLM 

increased BP, SNA and phrenic nerve amplitude in both hypertensive and 

normotensive rat models. The pressor, sympathoexcitatory and respiratory 

responses of OX-A were exaggerated in SHR as compared to WKY. OX-A injection 

into the RVLM attenuated both the excitatory peaks of somatosympathetic reflex in 

both SHR and WKY. The extent of attenuation of sympathoexcitatory peaks is 

greater in SHR as compared to WKY. Baroreflex sensitivity was increased in both 

SHR and WKY as indicated by an increase in the maximum gain. However, the 

extent of increase in maximum gain is smaller in SHR as compared to WKY. Our 

findings indicate that increased OX-A signalling in the RVLM may contribute to the 

neural mechanisms of hypertension. 

 
Co-contributors: Experiments were conducted by both the candidate and AA 

Rahman. The analysis was performed, and the manuscript was written by the 

candidate. 
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5.2 Introduction 
 

Hypertension is the most common cardiovascular disorder, causing severe target 

organ damage at many sites including: arteries, brain, heart, and kidneys. 

(Hennersdorf & Strauer, 2001). Accumulating evidence suggests that over activity of 

sympathetic nerve activity (SNA) participates in the pathogenesis of hypertension 

(Judy & Farrell, 1979; Lundin et al., 1984; Cabassi et al., 1998; Guyenet, 2006). 

Altered SNA in hypertension is associated with an increased sensitivity of RVLM 

neurons (a key, integrative site within the medulla participating in the tonic and reflex 

control of blood pressure (BP) and SNA) to excitatory synaptic inputs, increased 

neuronal firing rates or changes in the regulation of the neurotransmitter 

noradrenaline (Adams et al., 1989; Cabassi et al., 1998). Moreover, sympathetic 

baroreflex function is impaired and reset to higher BP leading to change in 

sympathetic outflow in hypertension (Head, 1995; Esler et al., 2001), and may also 

contribute to the development and maintenance of the disease. Alterations in the 

functional state of neuropeptide receptors, along with neurotransmitters, at the level 

of the RVLM may be involved in the change of afferent and efferent signalling, or 

integration of information in hypertension (Boone Jr & McMillen, 1994; Kishi et al., 

2010). However, the exact role of this altered peptidergic mechanism in the 

generation or maintenance of hypertension is poorly understood. 

 

Orexin A (OX-A) and orexin B (also known as hypocretin 1 and hypocretin 2) are 

neuropeptides solely produced by a group of neurons in the hypothalamic region of 

the brain. From the hypothalamus, OX-A producing cells communicate with many 

different regions of the brain that are critical for regulating BP and breathing including 

paraventricular nucleus (PVN), the nucleus tractus solitarius (NTS), RVLM, rostral 

ventromedial medulla (RVMM), pre-Bötzinger complex, retrotrapezoid nucleus (RTN), 

dorsal motor nucleus of the vagus, the raphe and spinal cord (de Lecea et al., 1998; 

Peyron et al., 1998; Date et al., 1999; Nambu et al., 1999; Machado et al., 2002; 

Ciriello et al., 2003; Young et al., 2005). OX-A is generally excitatory, acting through 

two G-protein coupled receptors (coupled to Gαq/11 and/or Gαi), orexin 1 (OX1) and 

orexin 2 (OX2) receptors (nomenclature follows Alexander et al., 2011). Stimulation of 

OX receptors activates several intracellular signalling pathways including: adenylate 

cyclase and phospholipase C, to exert short- and long- term changes on neuronal 

activity (Smart et al., 1999; Lund et al., 2000; Shahid et al., 2011; Shahid et al., 
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2012a). Application of OX-A into the central nervous system is known to increase 

food intake (Sakurai et al., 1998; Dube et al., 1999; Sutcliffe & De Lecea, 2000; Willie 

et al., 2001). 

 

OX receptors are also widely expressed throughout the brain including thalamus, 

hypothalamus, and brainstem areas such as the nucleus ambiguus, RVMM, pre-

Bötzinger complex, the raphe, NTS and spinal cord (Trivedi et al., 1998; Marcus et 

al., 2001; Sunter et al., 2001; Cluderay et al., 2002; Ciriello & de Oliveira, 2003). OX-

A plays a critical role in the maintenance of sleep and wakefulness (Eggermann et 

al., 2001; Sakurai et al., 2005), feeding and energy homeostasis (Haynes et al., 

2000; Yamada et al., 2000; Rodgers et al., 2001). Recently we have shown that OX1 

and OX2 receptors are abundantly expressed in the RVLM neurons and frequently 

colocalize with tyrosine hydroxylase immunoreactive neurons. We have also shown 

that OX-A, injected into the RVLM and spinal cord, causes persistent increase in BP, 

splanchnic SNA (sSNA) and breathing. Moreover, OX-A differentially modulates 

reflex cardiorespiratory responses to high or low BP, hypoxia, hypercapnia and 

stimulation of somatic nerve (Shahid et al., 2011; Shahid et al., 2012a). But whether 

the effects of OX-A in the RVLM are altered in hypertensive rat models are unknown.  

 

Based on the anatomic location of OX-A and OX receptors, and on the effects of OX-

A on cardiorespiratory parameters and sympathetic reflexes in normotensive animals 

we hypothesize that OX-A effects in the RVLM are exaggerated in hypertensive rat 

model and participate in the pathogenesis of hypertension. The objectives of the 

present study were 1) to determine whether OX-A in the RVLM contributes to the 

maintenance or elevation of BP in a rat model of hypertension through investigating 

the cardiorespiratory effects of microinjection of OX-A into the RVLM of 

spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto rats (WKY), 

and 2) to evaluate the effects of OX-A on somatosympathetic, and baroreceptor 

reflexes in the RVLM. Our principal findings are that bilateral microinjection of OX-A 

into the RVLM causes pressor responses, tachycardia and sympathoexcitation in 

both SHR and WKY. The pressor and sympathoexcitatory effects in SHR are 

significantly higher than those in WKY. OX-A also increases respiratory drive in both 

strains and the extent is greater in SHR. OX-A in the RVLM of both SHR and WKY 

attenuates both the sympathoexcitatory peaks of the somatosympathetic reflex. 

Baroreflex sensitivity is enhanced following microinjection of OX-A into the RVLM in 
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SHR and WKY. The findings demonstrate a role for OX-A in the RVLM on the 

cardiovascular and reflex responses in hypertension. 

5.3 Methods 
 

All animal experiments in this study complied with the guidelines of the Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes (http: 

//www.nhmrc.gov.au/guidelines/publications/ea16) and were approved by the Animal 

Ethics Committee of Macquarie University, Sydney, Australia. 

 

Experiments were performed in 18-20 weeks, age-matched adult male SHR (315-

380 g) (n=10) and WKY (355-385 g) (n=10). Rats were anaesthetized with urethane 

(1.2-1.4 g kg-1, i.p.; supplemental doses of 30-40 mg, i.v. were given when 

necessary). Animals were prepared as described in detail in chapter 2 (Sections 2.1-

2.5).  

5.3.1 RVLM microinjection of OX-A 

The dorsal medulla was exposed as described in section 2.4.8. Single or multibarrel 

glass pipettes were used to microinject drugs to the RVLM. L-Glutamate (100 mM, 5 

nmol in 50 nl per side) and OX-A (1 mM, 50 pmol in 50 nl per side) were dissolved in 

phosphate buffered saline (PBS) (10 mM, pH 7.4) and injected bilaterally into the 

RVLM in all rats. PBS (50 nl per side) was also microinjected as a volume and 

vehicle control. The RVLM was first functionally identified (section 2.7) on both side 

by an increase of >30 mmHg in WKY and of >60 mmHg in SHR in mean arterial 

pressure (MAP) following microinjection of L-glutamate (100 mM, 5 nmol in 50 nl), as 

determined in previous studies (Abbott & Pilowsky, 2009; Shahid et al., 2012a). All 

variables were allowed to return to baseline (~30 min) before microinjection of PBS 

was performed. After a further 30 min, OX-A was microinjected into the same site 

and observation continued for a further 60 min. At the completion of each 

experiment, the injection site was marked with rhodamine beads (2% in PBS). Rats 

were then killed with 0.5 ml of 3 M KCl i.v., the brainstem was removed and placed in 

fixative (4% formaldehyde in 0.1 M PBS, pH 7.4). Histology was performed to identify 

injection sites (section 2.7.1). 
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5.3.2 Activation of sympathetic reflexes 

Reflexes were evoked as described in chapter 2 (section 2.8). The cardiorespiratory 

reflexes that were activated before and after microinjection of OX-A include: (a) 

somatosympathetic reflex by SN stimulation, and (b) baroreflex by intravenous 

injection of PE.  

5.3.3 Data acquisition and analysis 

Data from the experiments was acquired and analysed as described in chapter 2 

(section 2.9). All statistical analysis was conducted with GraphPad Prism (version 

5.0). Paired t-test was used to analyse peak effects and reflexes. P < 0.05 was 

considered significant in all cases. All values are expressed as means ± SE. 

5.4 Results 

 

5.4.1 Cardiorespiratory effects of OX-A injection into the RVLM 

Microinjection of OX-A (50 pmol, 50 nl per side) into the RVLM of both WKY and 

SHR elicited rapid increase in resting MAP, HR and sSNA (Figure 5.1). Although the 

time course for these cardiovascular changes appears to be similar between strains, 

OX receptor activation in RVLM of SHR produced a significantly greater increase in 

both MAP (51 ± 4.9 vs 30 ± 1.0 mmHg, P < 0.01) and sSNA (62 ± 10.5 vs 43 ± 6.6 

%, P < 0.05), but similar increase in HR (21 ± 3.7 vs 20 ± 3.0 bpm) compared with 

WKY (Figure 5.1).  

OX-A microinjected bilaterally into the RVLM also caused a significant increase in 

phrenic nerve amplitude (PNamp) and the increase was significantly greater in SHR 

than in WKY (57 ± 5.1 vs 27 ± 5.8 %, P < 0.05, Figure 5.2). No significant change in 

phrenic nerve frequency was observed in either strain (Figure 5.2).    
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Figure 5.1. Effect of bilateral microinjection of orexin A (OX-A) into the RVLM on 
cardiovascular function of SHR and WKY. 

A, B: Representative recording of blood pressure (BP) (grey – pulsatile and black – mean), 
heart rate (HR) and splanchnic sympathetic nerve activity (sSNA) (grey – unrectified and black - 
rectified and integrated) [arbitrary unit (a.u.)] before and after injection of L-glutamic acid (Glu), 
phosphate buffered saline (PBS) or OX-A (50 pmol) in WKY (A) and SHR (B). C: Grouped data 
of maximum cardiovascular effects following PBS or OX-A. Peak effects are shown as absolute 
(mean arterial pressure (MAP), HR) or percentage (sSNA) change from respective basal 
values. D: Microinjection sites in the RVLM and a section showing an injection site stained 
following an injection of rhodamine microbeads. NA: nucleus ambiguus; sp5: spinal trigeminal 
tract; IOL: inferior olive; Py: pyramidal tract; LHS: left hand side; RHS: right hand side. Data are 
expressed as mean ± SE. Number of animals are shown in parentheses. *** P < 0.001, ** P < 
0.01, * P < 0.05. bpm, beats per minute.
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respiratory function of SHR and WKY. 
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phrenic nerve frequency (PNf) and phrenic nerve amplitude (PNamp) before and after injection 
of phosphate buffered saline (PBS) or OX-A (50 pmol) in WKY (A) and SHR (B). C: Grouped 
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5.4.2 Effects of OX-A injection into the RVLM on splanchnic sympathetic 
responses to SN stimulation  

The response to intermittent SN stimulation was recorded in the sSNA of SHR and 

WKY. In both strains SN stimulation evoked two distinct peaks in sSNA (latencies: 82 

± 1.2 ms and 160 ± 1.8 ms in WKY; 80 ± 2.6 ms and 153 ± 2.2 ms in SHR). In the 

control period (pre-injection level) in WKY the first excitatory peak of sSNA was 

greater than the second peak whereas in SHR both peaks were of almost equal 

amplitude (Figure 5.3A, B). The AUC of the first peak in SHR was significantly 

smaller than that in WKY (Figure 5.3B). Bilateral microinjection of OX-A into the 

RVLM significantly reduced the AUC of both the sympathoexcitatory peaks of sSNA 

in both SHR and WKY as compared with pre-injection level (Figure 5.3C-F). The 

extent of decline in the sympathoexcitatory peaks of sSNA in SHR was significantly 

greater than in WKY (1st peak: 27 ± 5.3 vs 64 ± 3.9 %; 2nd peak: 50 ± 3.4 vs 63 ± 1.5 

%; P < 0.05; Figure 5.3C-F). No significant change in latency was observed after OX-

A injection into the RVLM in either strain (WKY: 79 ± 6.2 ms and 155 ± 1.1 ms; SHR: 

82 ± 2.8 ms and 152 ± 2.7 ms; Figure 5.3 A, C, E).  

5.4.3 Effects of OX-A injection into the RVLM on sSNA barosensitivity  

A partial sSNA baroreflex curve was generated in response to baroreceptor loading 

by PE in both SHR and WKY. At control period, baroreflex sensitivity is reduced in 

SHR as indicated by attenuation of maximum gain as compared to WKY. In both 

strains, bilateral microinjection of OX-A into the RVLM significantly increased 

maximum gain as compared to control, thereby suggesting an increase in 

barosensitivity (Figure 5.4, Tables 5.1, 5.2). The increase in maximum gain in SHR 

was significantly smaller than that in WKY (Figure 5.4E). OX-A also caused a 

significant increase in upper plateau, range of sSNA and the threshold level of MAP 

in SHR; whereas increased range of sSNA and the saturation level of MAP in WKY 

as compared to control (Tables 5.1, 5.2).  



150 

 

 

 

Table 5.1. Parameters describing baroreflex control of sSNA after bilateral microinjection of OX-A (50 pmol) in the RVLM of SHR 

 

Values are mean ± SE (n = 4). Maximum (Max.) gain is the slope of the sigmoid curve of best fit at the MAP corresponding to 

steepest part of the curve. ns, non-significant; * P < 0.05 compared with control.   

 Lower 
Plateau (%) 

Upper 
Plateau (%) 

Mid Point 
(mmHg) 

Max. Gain 
(%/mmHg) 

Range of 
SNA (%) 

Threshold 
Level 
(mmHg) 

Saturation 
Level (mmHg) 

Operating 
Range 
(mmHg) 

Control 14.5 ± 4.8 108.6 ± 6.4 160.1 ± 8.9 -1.1 ± 0.1 103.6 ± 9.1 87.7 ± 13.1 232.5 ± 11.6 144.8 ± 17.1 

OX-A (50 
pmol) 

14.3 ± 4.2 

(ns) 

144.0 ± 13.6 

(*) 

169.5 ± 7.6 

(ns) 

-1.7 ± 0.2 

(*) 

150 ± 21.3 

(*) 

107.1 ± 10.7 

(*) 

231.9 ± 7.5 

(ns) 

124.8 ± 10.6 

(ns) 
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Table 5.2. Parameters describing baroreflex control of sSNA after bilateral microinjection of OX-A (50 pmol) in the RVLM of WKY 

 

 

 

 

 

 

 

 

Values are mean ± SE (n = 4). Maximum (Max.) gain is the slope of the sigmoid curve of best fit at the MAP corresponding to steepest 

part of the curve. ns, non-significant; * P < 0.05 compared with control.  

 Lower 
Plateau (%) 

Upper 
Plateau (%) 

Mid Point 
(mmHg) 

Max. Gain 
(%/mmHg) 

Range of 
SNA (%) 

Threshold 
Level 
(mmHg) 

Saturation 
Level (mmHg) 

Operating 
Range 
(mmHg) 

Control 32.7 ± 5.2 100.2 ± 2.1 123.2 ± 5.9 -1.8 ± 0.1 68.1 ± 7.3 92.7 ± 6.6 156.7 ± 5.6 57.3 ± 4.8 

OX-A (50 
pmol) 

31.1 ± 3.5 

(ns) 

107.1 ± 7.0 

(ns) 

130.9 ± 9.9 

(ns) 

-2.7 ± 0.2 

(*) 

87.2 ± 7.2 

(*) 

105.2 ± 11.8 

(ns) 

165.7 ± 4.4 

(*) 

62.5 ± 8.1 

(ns) 
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Figure 5.3. Effect of bilateral microinjection of orexin A (OX-A) on somatosympathetic 
reflex in SHR and WKY. 

A: Grouped effect of sciatic nerve (SN)-evoked stimulation of splanchnic sympathetic nerve 
activity (sSNA) (µV) at control period in SHR and WKY. C, E: Grouped effect of SN-evoked 
stimulation of sSNA (%) at control period and after injection of OX-A in WKY (C) and SHR (E). 
Error bars are omitted for clarity. Arrows indicate the time of stimulation. B: Grouped data 
comparing the AUC of 1st and 2nd sympathoexcitatory peaks between WKY and SHR during 
control (pre-drug administration) period. D, F: Grouped data illustrating the effects of OX-A (50 
pmol, n = 4 for each strain) on the AUC of 1st and 2nd sympathoexcitatory peaks in WKY (D) 
and SHR (F). ** P < 0.001, **  < 0.01, *  < 0.05.  P P
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Figure 5.4. Effect of bilateral microinjection of orexin A (OX-A) in the RVLM on arterial 
baroreflex in SHR and WKY.

A, B: Average splanchnic sympathetic baroreflex function curves generated for data before 
(control) or after OX-A (50 pmol, n = 4 for each strain) injection in SHR (A) and WKY (B). C, D: 
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for WKY). E: Comparison of the effect of OX-A on the baroreflex gain in WKY and SHR. Data are 
expressed as mean ± SE. Number of animals are shown in parentheses.  ** P < 0.01.
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5.5 Discussion 

 

The findings of the present study demonstrate for the first time that, i) OX-A 

microinjected bilaterally into the RVLM evokes a pressor response, tachycardia and 

sympathoexcitation in both hypertensive and normotensive rats; ii) OX-A injection 

into the RVLM also increases respiratory drive; iii) Somatosympathetic reflex is 

attenuated after OX-A injection into the RVLM of both strains and the extent of 

attenuation is greater in SHR as compared with WKY; iv) OX-A injection into the 

RVLM causes a significant increase in the barosensitivity in both SHR and WKY, but 

the extent of the increase is smaller in SHR than in WKY.  

 

It is now well established that altered RVLM function and elevated SNA are 

implicated in the pathogenesis of hypertension in several hypertensive animal 

models (Esler, 2000; Mancia et al., 2000; Colombari et al., 2001; de Wardener, 

2001). OX-A fibres are distributed throughout the medulla oblongata including the 

RVLM (Machado et al., 2002; Shahid et al., 2012a). Recently we reported that OX1 

and OX2 receptors are abundantly expressed in catecholaminergic as well as non-

catecholaminergic neurons in the RVLM of Sprague-Dawley (SD) rats. We have also 

shown that OX-A injected bilaterally into the RVLM elicits pressor, tachycardiac and 

sympathoexcitatory responses, attenuates the somatosympathetic reflex, and 

increases sympathetic barosensitivity in SD rats (Shahid et al., 2012a). Here we 

report for the first time that bilateral microinjection of OX-A into the RVLM 

significantly increases MAP, HR and sSNA in both SHR and WKY, and the pressor 

and sympathoexcitatory response in SHR is greater than that in WKY. Plausible 

explanations for the exaggerated effects in SHR are that; i) one or both OX receptors 

are over-expressed in the RVLM; or ii) the OX receptors become more sensitive; or 

iii) the 2nd messenger system become more activated, in hypertensive rats. Thus 

additional experiments will be necessary to reveal the role of OX receptors as well as 

the signalling pathway(s) involved in the excitatory action of OX-A in hypertension. 

Considerable evidence indicates that increased SNA is a critical mechanism in 

hypertension, in the development of cardiac and vascular hypertrophy as well as in 

diabetes and obesity that may lead to cardiovascular diseases (Leenen, 1999; 

Palatini, 2001; Campese & Krol, 2002; Stas et al., 2004; Rahmouni et al., 2005). 

Thus, the excitatory effect of OX-A on sympathetic outflow suggest that OX systems 



155 

 

in the RVLM may play a critical role in cardiovascular diseases such as hypertension 

and heart failure.   

 

As previously noted in SD rats (Shahid et al., 2012a), in anesthetized and 

vagotomized SHR and WKY, discrete application of OX-A in the RVLM increases 

respiratory drive as indicated by an increase in PNamp. The respiratory changes 

start immediately after the microinjection of OX-A into the RVLM suggesting that 

these effects are not due to the drug diffusion to other respiratory (ventral respiratory 

column) regions of the brainstem. Cardiovascular and respiratory (Bötzinger and pre-

Bötzinger) neurons are intermingled in the RVLM (Pilowsky et al., 1990; Kanjhan et 

al., 1995). RVLM neurons also receive synaptic input from respiratory neurons 

(Pilowsky et al., 1994; Sun et al., 1994) suggesting a possible interaction between 

the two systems (Haselton & Guyenet, 1989; Pilowsky, 1995) and a possible 

explanation for the effects of OX-A on respiration observed in this study. The 

respiratory changes observed in SD, SHR and WKY following OX-A injection into the 

RVLM clearly indicate a role of OX-A on respiration. Furthermore, the increase in 

PNamp in SHR is greater than in WKY that suggest a change in the interaction 

between the cardiovascular and respiratory neurons at the level of RVLM modulated 

by OX-A. However the exact mechanism for this exaggerated effect is yet to be 

revealed.  

 

Afferent signal due to stimulation of somatic (sciatic) nerve is suggested to contribute 

in the formation of background (spontaneous) activity of sympathetic nerves 

(Shcherbin & Tsyrlin, 2004). Medulla oblongata, RVLM in particular, is a key site for 

the integration of afferent information with efferent sympathetic discharge (Sun, 

1995). Stimulation of SN evokes two excitatory peaks in sSNA in both hypertensive 

and normotensive rat model. An interesting finding of this study is that the 1st 

sympathoexcitatory peak in the control period is significantly lower in SHR compared 

with WKY. We demonstrated for the first time that direct injection of OX-A into the 

RVLM causes a significant attenuation of the sympathoexcitatory peaks of the 

somatosympathetic reflex in both SHR and WKY; consistent with our previous 

observation in SD rats (Shahid et al., 2012a). Furthermore, the extent of attenuation 

of both peaks is smaller in SHR than in WKY. The increased baseline value of sSNA 

in SHR compared with WKY, the further increase in sSNA after OX-A injection and 

the possibility of saturation of the excitability of sSNA cannot be excluded as the 
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reasons for this reduction in the sympathoexcitatory peaks in SHR. However, the 

exact mechanism for the effects observed here is not clear, and is yet to be resolved.   

 

The sympathetic baroreflex plays a crucial role in the regulation of cardiovascular 

function by buffering BP changes through regulation of sympathetic and 

parasympathetic activity. Baroreflex sensitivity is reduced or impaired in hypertensive 

animal models and thus is involved in the development and maintenance of 

hypertension (Gonzalez et al., 1983; Widdop et al., 1990; Head & Adams, 1992). 

RVLM plays a key role in the integration of afferent and efferent signals of 

sympathetic reflexes including baroreceptor loading and unloading. Consistent with 

previous studies (Hayward et al., 2002; Huang et al., 2006), our findings here 

demonstrate that the resting MAP and sSNA are higher, but that barosensitivity is 

blunted in SHR before experimental intervention as compared to WKY. In SD rats, 

centrally administered OX-A (into the RVLM and spinal cord) increased sympathetic 

outflow and baroreflex sensitivity (Shahid et al., 2011; Shahid et al., 2012a). Here we 

show that OX-A injected bilaterally into the RVLM elicits a significant increase in 

sympathetic barosensitivity as indicated by an increase in the maximum gain in both 

hypertensive and normotensive rats compared with control. However, the magnitude 

of increase in maximum gain in SHR is smaller than in WKY after OX-A injection. The 

exact mechanism behind the role of OX-A in the attenuation of barosensitivity in SHR 

is not clear. The possible explanation is that OX-A participates in the alteration of 

afferent or efferent signalling, or of integrating baroreceptor information within the 

RVLM in hypertensive animal model.         

 

In conclusion, our findings indicate that OX signalling in the RVLM exerts pressor 

response, tachycardia, sympathoexcitation, and increases respiratory drive in both 

hypertensive and normotensive rats. Furthermore, activation of OX receptors in the 

RVLM attenuates the somatosympathetic reflex but increases barosensitivity in both 

strains. The OX effects in SHR are higher or lower in magnitude as compared to 

WKY. OX system is crucial to maintain arousal (Sakurai, 2007), and increases 

feeding (Sakurai et al., 1998; Dube et al., 1999; Sutcliffe & De Lecea, 2000; Willie et 

al., 2001) that may lead to obesity as well as obesity induced hypertension. Previous 

studies showed that OX-A injected into the RVLM, RVMM and NTS increases BP 

and HR (Chen et al., 2000; Machado et al., 2002; Smith et al., 2002; Ciriello et al., 

2003; Shih & Chuang, 2007) while reducing them following injection into the nucleus 
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ambiguous and NTS (Ciriello & de Oliveira, 2003; De Oliveira et al., 2003). OX-A also 

potentiates or attenuates reflex bradycardia evoked by activation of arterial 

baroreceptor when injected into the NTS (De Oliveira et al., 2003) or RVMM (Ciriello 

et al., 2003). All these area receive orexinergic projection from the hypothalamus and 

express OX receptors. The findings of this study, along with our observation in SD rat 

and other previous studies, provide strong evidence for the role of OX-A in the 

central regulation of cardiorespiratory system and sympathetic reflexes as well as in 

the pathogenesis of hypertension thereby making OX system a potential target for 

the pharmacological treatment of cardiovascular disorders.   
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Chapter 6. 
 
General Discussion 
 

OX-A and its receptors are widely distributed throughout the brain including areas 

associated with cardiorespiratory and reflex control, such as the RVLM, NTS and 

SPN of spinal cord (Trivedi et al., 1998; Marcus et al., 2001; Cluderay et al., 2002; 

Peyron et al., 1998; Date et al., 1999; Nambu et al., 1999; Machado et al., 2002). 

However, very little is known about the functional role of OX-A in the regulation of 

cardiorespiratory system and sympathetic reflexes in the RVLM and spinal cord.  

 

The aims of this thesis were:  

 

1. To investigate the effects of OX-A in the spinal cord on vasomotor tone and 
adaptive reflexes (chapter 3).  

OX-A containing neurons are restricted to the lateral hypothalamus and perifornical 

areas. However, orexinergic fibres travel throughout the brain and synapses with 

neurons expressing OX receptors located in key regions of the neuraxis including the 

SPN of the entire spinal cord, that are crucial for central regulation of the 

cardiorespiratory function. The pharmacological experiments described in chapter 3 

(Shahid et al., 2011) demonstrate for the first time that exogenous OX-A injected 

intrathecally causes long lasting increase of splanchnic and phrenic nerves along 

with previously reported pressor response and tachycardia (Antunes et al., 2000). 

OX-A also increases post-inspiratory peak of sSNA. The cardiorespiratory responses 

to OX-A are not abolished but attenuated following pre-injection of SB 334867, a 

selective OX1 receptor antagonist, indicating that both OX receptors participate in 

OX-A mediated response in the spinal cord. The phrenic response to i.t. OX-A 

precluded the idea of diffusing drug to phrenic motor neuron whereas the 

cardiovascular response was solely via spinal cord as C8 anaesthesia completely 

abolished the effects of OX-A on respiration but did not attenuate the effects on MAP 

and sSNA.    
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I.t. injection of OX-A at thoracic spinal cord increased barosensitivity and potentiated 

the pressor and sympathoexcitatory response to hypoxia, but attenuated the 

somatosympathetic reflex. The spinal cord receives and conveys afferent information 

of somatosympathetic reflex to higher centres and relays the integrated efferent 

signals of different reflexes including somatosympathetic, baroreceptor and 

chemoreceptor reflexes (Coote & Lewis, 1995; Lewis & Coote, 1996; Sun & Reis, 

1994; Stornetta et al., 1989; Makeham et al., 2005) to effector organs. Neurons that 

are involved in the transmission of afferent or efferent signals of these reflexes, 

closely appose to OX-A fibres and also express OX receptors indicating that OX-A 

might be involved in the modulation of these reflexes in the spinal cord. The use of 

OX receptor antagonists is required to determine whether OX-A is released by 

neurons in response to the reflex challenges investigated here or whether it is 

released from neurons that modulate cardiovascular function at the level of the spinal 

cord but are not directly involved in the expression of these challenges. 

 

In summary, OX-A acts as an excitatory neuropeptide in the spinal cord, consistent 

with the intracellular signalling cascades linked to its receptors. This work adds to the 

body of literature concerning the modulatory role of neuropeptides in the spinal cord 

in autonomic regulation. 

 
2. To determine the expression of OX receptors, and to evaluate the effects of 

exogenous OX-A on sympathetic outflow and reflexes, in the RVLM (chapter 
4).  

The RVLM is a key site for cardiovascular homoeostasis that integrates information 

from the centre and periphery, including: respiration, and baro-, chemo- and 

somatosympathetic reflex afferent neurons. Neurons in the RVLM receive projection 

from orexinergic neurons in the hypothalamus (Machado et al., 2002). The 

anatomical experiments in chapter 4 (Shahid et al., 2012) described for the first time 

the expression of OX1 and OX2 receptors in the RVLM neurons with a focus on the 

TH-ir neurons. Abundant immunoreactivity for both OX receptors was evident in a 

discrete population of C1 and non-C1 neurons throughout the rostro-caudal pole of 

the RVLM. About 80% of TH-ir neurons express OX1 and OX2 receptors, whereas 

around 50% of the OX receptors were found in non-C1 neurons suggesting a role for 
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OX-A on a variety of actions mediated by both type of neurons in the RVLM. OX-A 

fibres and terminals were also found frequently in, and closely apposed to TH-ir cell 

bodies and dendrites, in the RVLM as consistent with previous findings (Machado et 

al., 2002).  

 

The electrophysiological experiments described in chapter 4 (Shahid et al., 2012) 

show that bilateral microinjection of OX-A into the RVLM elicited splanchnic 

sympathoexcitation, pressor response and tachycardia. The cardiovascular effects 

were associated with an increase in respiratory drive. OX-A induced 

sympathoexcitation and an increase in PNamp that persists for more than one hour, 

mimicking the pattern of long term facilitation (LTF) of sSNA and PNA induced by 

acute intermittent hypoxia (Xing & Pilowsky, 2010) or by i.t. injection of OX-A (Shahid 

et al., 2011). The evidence that phrenic LTF is reduced in OX neuron ablated mice 

(Toyama et al., 2010) further strengthens the role of OX-A in LTF in the brain. 

Another novel finding of this study was an increase in the inspiratory and post-

inspiratory burst in sSNA suggesting, at least pharmacologically, that OX-A 

participates in the coupling of respiratory rhythm and sympathetic nerve discharge.  

  

The cardiorespiratory responses to OX-A in the RVLM were reduced by about 50% 

following pre-injection of SB 334867. In addition the responses were reproduced by 

bilateral microinjection of OX2 receptor agonist, [Ala11, D-Leu15]orexin B. Taken 

together, the results suggest that OX-A activates both OX1 and OX2 receptors in the 

RVLM, confirming results from a previous in vitro study (Huang et al., 2010). 

However, Huang et al., (2010) suggested a minor role of OX1 receptors on OX-A 

induced depolarization of RVLM neurons in the brainstem slice preparation. The 

lower dose of SB 334867 used compared with other studies (Deng et al., 2007; Shih 

& Chuang, 2007), or developmental differences between the neonate and the adult 

animal may explain the observed discrepancy.  

 

The study of this chapter also demonstrates that OX-A attenuated both peaks of 

somatosympathetic reflex but increased sympathetic baroreflex sensitivity. The 

sympathoexcitatory response to hypoxia was potentiated, but that to hypercapnia 

was reduced by OX-A in the RVLM. The respiratory responses to hypoxia and 

hypercapnia were attenuated by orexin A. The baseline increase in sSNA following 
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microinjection of OX-A into the RVLM cannot be excluded as a reason for the 

attenuation of somatosympathetic reflex. Expression of both OX receptors on nerve 

terminals as well as cell bodies and dendrites suggest that OX-A contributes to the 

reflex responses by increasing presynaptic neurotransmitter release or by acting on 

the presympathetic neurons. Further investigation is needed to reveal the exact 

mechanism behind this effect. Moreover, experiments using OX receptor antagonist 

are required to determine if OX-A is involved in the regulation of sympathetic reflexes 

in the RVLM at normal physiology.   

 

These results suggest that OX-A and its receptors play an integral role in the 

regulation of autonomic nervous system and adaptive reflexes in the RVLM.  

 
3. To investigate whether OX-A signalling in the RVLM is involved in the 

modulation of cardiorespiratory function, and somatosympathetic and 
baroreceptor reflexes in hypertensive rat models (chapter 5).  

Over-activity of SNA is suggested to contribute in the pathogenesis of hypertension 

(Judy & Farrell, 1979; Lundin et al., 1984; Cabassi et al., 1998; Guyenet, 2006), and 

this altered SNA is associated with an increased sensitivity of RVLM neurons to 

excitatory synaptic inputs, increased neuronal firing rates or changes in the 

regulation of the neurotransmitter noradrenaline (Adams et al., 1989; Cabassi et al., 

1998). Sympathetic baroreflex function is also impaired and reset to higher BP 

leading to change in sympathetic outflow in hypertension (Head, 1995; Esler et al., 

2001), and may contribute to the development and maintenance of the disease. 

Functional state of neuropeptides and their receptors may also be altered at the level 

of the RVLM in hypertension (Boone Jr & McMillen, 1994; Kishi et al., 2010). 

 

The findings described in chapter 5, reveal for the first time that OX-A microinjection 

into the RVLM of both normotensive and hypertensive rats increased BP, sSNA and 

HR. Increase in phrenic nerve amplitude was also enhanced following OX-A in both 

SHR and WKY. The higher magnitude of pressor, sympathoexcitatory and respiratory 

responses of OX-A in SHR as compared to WKY clearly indicates a functional role of 

OX-A in hypertension.   
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An interesting finding of chapter 5 is that the first sympathoexcitatory peak of the 

somatosympathetic reflex in the control period was significantly lower in SHR as 

compared to WKY. Direct injection of OX-A into the RVLM significantly attenuated 

both the sympathoexcitatory peaks of the somatosympathetic reflex in both SHR and 

WKY, as consistent with previous observation in SD rats (chapter 4; Shahid et al., 

2012). The extent of attenuation of sympathoexcitatory peaks is smaller in SHR than 

in WKY. The reduction in the sympathoexcitatory peaks in SHR may be due to 

increased baseline value of sSNA in SHR compared with WKY with a further 

increase in sSNA after OX-A injection and the excitability of sSNA is saturated in 

SHR, although this is entirely speculative. Result of this study also shows that OX-A 

injected bilaterally into the RVLM caused a significant increase in sympathetic 

barosensitivity in both strains, but the magnitude of increase in maximum gain in 

SHR is smaller than in WKY after OX-A injection. The possible explanation behind 

the reduced barosensitivity in SHR is that OX-A participates in the alteration of 

afferent or efferent signalling, or of integrating baroreceptor information within the 

RVLM in hypertensive animal model. However, the exact mechanism for the effects 

observed here is not clear, and is yet to be resolved.  

 

In summary, OX-A effects are exaggerated and/or attenuated in hypertensive model 

as compared to normotensive rats suggesting a clear role of OX-A in the central 

regulation of cardiorespiratory system and sympathetic reflexes in physiology and 

pathology. 

   

Concluding remarks and future directions 

Successful homeostatic regulation requires, inter alia, delicate interactions between 

neuroendocrine systems and central autonomic control pathways. Minor changes in 

one system will cause feedback changes in others. It is now well established that 

metabotropic neurotransmitters, including neuropeptides, that act on GPCRs are 

crucial in the modulation of the regulatory activity of classical neurotransmitters (e.g. 

glutamate, GABA and glycine) on the autonomic control of cardiorespiratory function 

and behavioural reflexes. After more than a decade of research, orexin neurons have 

emerged as a crucial neurophysiological link between energy balance, emotion, 

reward systems and arousal. An OX receptor antagonist is now used for the 
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treatment of insomnia. Taken together, the presence of orexinergic fibre and 

terminals as well as its receptors throughout the brain and spinal cord, and the 

physiological and pharmacological role played suggest that OX-A can be a key 

modulator in the central control of cardiorespiratory system (Figure 6.1). 
  

This thesis provides several novel insights into orexinergic system that increases 

cardiorespiratory outflow and modulates sympathetic reflexes in normotensive as 

well as hypertensive animal models. Future studies will aim to determine; i) the 

physiological significance of OX-A in the autonomic control of cardiorespiratory 

regulation, ii) the circumstances in which OX-A in released onto the neurons in the 

RVLM and spinal cord, iii) any alteration in the expression of OX receptors or in OX 

signalling in cardiovascular disorders including hypertension, and iv) pharmacological 

and physiological importance of OX-A in other brainstem areas crucial for 

cardiorespiratory regulation. The more precise physiological role of OX in the central 

cardiorespiratory regulation may further be investigated by using OX or OX receptor 

knockout animals. Furthermore the long lasting increases observed in sSNA and 

PNA following administration of OX-A into both the spinal cord and RVLM require 

further investigation to elucidate the precise mechanism and its role in diseases 

caused by long term elevation of sympathetic and phrenic nerve such as sleep 

apnoea, and hypertension.  
 

Obesity and hypertension, two of the most common health problems in the world 

including Australia, are both associated with elevated SNA. These abnormal states 

also accompany other cardiorespiratory disorders including sleep apnoea. Orexin 

neurons are activated, and remain so, in wakefulness. Central administration of OX-A 

increases feeding that may lead to obesity. BP, HR and breathing are increased 

during active waking.  Previous studies showed functional role of OX-A on BP and 

HR in different brainstem regions (for review, see Shahid et al., 2012b). This thesis 

provides a unique insight into the role of OX-A in the regulation of sympathetic 

outflow, respiratory function and sympathetic reflexes that are altered in hypertensive 

models. Together, the evidence suggests that OX-A may be one of the important 

factors linking active waking to elevated BP and respiration as well as in the 

pathogenesis of hypertension or other respiratory disorder thereby making OX and its 

receptors a potential target for the pharmacological treatment of cardiorespiratory 

diseases.  
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Vasostatin I (CgA1–76) is a naturally occurring biologically active peptide derived from chromogranin A (CgA),
and is so named for its inhibitory effects on vascular tension. CgA mRNA is expressed abundantly in sym-
pathoexcitatory catecholaminergic neurons of the rostral ventrolateral medulla (RVLM). CgA microinjection
into the RVLM decreases blood pressure (BP), heart rate (HR) and sympathetic nerve activity (SNA). Proteo-
lytic fragments of CgA are thought to be responsible for the cardiovascular effects observed. We hypothesised
that vasostatin I is one of the fragments responsible for the central effects of CgA. We examined the role of a
vasostatin I fragment, CgA17–76 (VS-I(CgA17–76)), containing the portion important for biological effects. The ef-
fects of VS-I(CgA17–76) delivered by intrathecal injection, or microinjection into the RVLM, on cardio-respirato-
ry function in urethane anaesthetised, vagotomised, mechanically ventilated Sprague-Dawley rats (n=21)
were evaluated. The effects of intrathecal VS-I(CgA17–76) on the somato-sympathetic, baroreceptor and periph-
eral chemoreceptor reflexes were also examined. At the concentrations used (10, 100 or 200 μM, intrathecal;
or 5 μM, RVLM microinjection) VS-I(CgA17–76) produced no change in mean arterial pressure, HR, splanchnic
SNA, phrenic nerve amplitude or phrenic nerve frequency. All reflexes examined were unchanged following
intrathecal VS-I(CgA17–76). In the periphery, VS-I(CgA17–76) potentiated the contractile effects of noradrenaline
on rat mesenteric arteries (n=6), with a significant left-shift in the dose response curve to noradrenaline
(3.7×10−7 vs 7.7×10−7). Our results indicate that VS-I(CgA17–76) is active in the periphery but not centrally,
and is not a central modulator of cardiorespiratory function and physiological reflexes.
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1. Introduction

Chromogranin A (CgA) is a 439 amino acid protein that was first
identified in the secretory granules of chromaffin cells of bovine adrenal
medulla (Banks and Helle, 1965), but is now known to be distributed in
other neuroendocrine tissues, including adrenergic and noradrenergic
neurons of the central nervous system (Somogyi et al., 1984; Woulfe
et al., 1999). CgA is co-stored with an assortment of neuromodulators
andhormones including amines and peptides and is co-released by exo-
cytosis. Mice lacking the CgA gene are hypertensive with increased left
ventricular mass, suggesting an important role for CgA in autonomic
control of circulation (Mahapatra et al., 2005).

Tissue- and species- specific proteolytic processing of CgA produces
several biologically active peptides including catestatin (CgA344–364),
vasostatin I (CgA1–76), vasostatin II (CgA1–113), and a variety of shorter
vasostatin peptide fragments: CgA1–40, CgA7–57, CgA47–66, CgA67–76,
that are found endogenously (Metz-Boutigue et al., 1993; Tota et al.,
rig

CgA
tneu
2008). Vasostatin I fragment (CgA17–39) is found as a circulating peptide
in mammals (Stridsberg et al., 2000) and can produce peripheral car-
diovascular effects, including suppression of blood vessel contraction
(Aardal andHelle, 1992; Aardal et al., 1993; Brekke et al., 2002). Recently
both vasostatin I and catestatin were reported to induce a negative
inotropic effect on the isolated rat heart under basal conditions and
after β-adrenergic stimulation (Cerra et al., 2006; Angelone et al., 2008).

While CgA peptide products clearly have peripheral cardiovascular
effects, the function of these peptides within the central nervous sys-
tem is less clear. Recently we reported that CgA mRNA is expressed in
sympathoexcitatory catecholaminergic neurons within the rostral
ventrolateral medulla (RVLM), a region important in establishment
andmaintenance of basal sympathetic tone (Gaede et al., 2009). In ad-
dition, catestatin was also found in catecholaminergic RVLM neurons
and microinjection of catestatin into RVLM increased both mean arte-
rial pressure (MAP) and sympathetic nerve activity (SNA), as well as
modulated a number of cardiorespiratory reflexes (Gaede and
Pilowsky, 2010). In contrast, intrathecal catestatin had no effect on
cardiovascular parameters (Gaede et al., 2009). However, the effects
of other CgA cleavage products, including vasostatin remain unknown.
We aimed to examine the effects of a vasostatin I fragment CgA17–76

(VS-I(CgA17–76)) in the splanchnic vascular bed by in vitro myograph
hts reserved.

17-76) vasoconstricts rat splanchnic vascular bed but does not affect central cardiovascular 
.2011.08.023
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and on central cardiorespiratory function using intrathecal adminis-
tration, or direct microinjection into the RVLM. This fragment of
vasostatin I contains the disulfide-bridge region (CgA17–38SS) that is
important for biological effects (Tota et al., 2003). We hypothesised
that vasostatin I and catestatin (Gaede et al., 2009;Gaede and Pilowsky,
2010) may act through similar mechanisms and both peptides might
exert similar cardiorespiratory actions when delivered centrally.

2. Experimental procedures

All animal experiments in this study complied with the guidelines of
the Australian Code of Practice for the Care and Use of Animals for Scien-
tific Purposes (http://www.nhmrc.gov.au/publications/synopses/eal6syn.
htm) and were approved by the Animal Ethics Committee of Macquarie
University, Sydney, Australia.

2.1. General procedures

Surgical preparationwas performed as described previously (Shahid
et al., 2011; Rahman et al., 2011). Male Sprague-Dawley rats (350–
500 g) were anaesthetized with urethane (1.2–1.4 g/kg, i.p.; supple-
mental doses of 30–40 mg, i.v. were given when necessary). The rectal
temperature was maintained between 36°C and 37°C with a thermo-
statically controlled heating pad (Harvard Apparatus).

The left jugular vein and right carotid artery were cannulated with
polyethylene tubing for administration of drugs and fluids, and for
measurement of arterial blood pressure, respectively. In some experi-
ments, both femoral veins were cannulated for the administration of
sodium nitroprusside (SNP) and phenylephrine hydrochloride (PE)
for baroreflex activation. The trachea was cannulated to permit artifi-
cial ventilation and ECG was recorded. The left greater splanchnic
nerve and phrenic nerve were isolated, tied with silk thread and cut
to permit recording (neurograms were sampled at 3 kHz, filtered
(0.1–2 kHz) and amplified (×10,000)) of efferent sSNA and phrenic
nerve activity (PNA), respectively. In an additional subset of animals,
the sciatic nerve was isolated, tied and cut for the activation of
somato-sympathetic reflex. The rats were secured in a stereotaxic
frame, vagotomised, paralysed (pancuronium bromide; 0.8 mg initial-
ly, then 0.4 mg/h, Astra Pharmaceuticals) and artificially ventilated
with oxygen enriched room air. End-tidal CO2 was monitored and
maintained between 4.0% and 4.5%. Arterial blood gas was analysed
to maintain pH (7.35–7.45). Animals were infused with 5% glucose
(1.0–2.0 ml/h) to ensure hydration. The depth of anaesthesia was
assessed frequently by monitoring the absence of changes in arterial
pressure and heart rate in response to pinching a hind paw. Nerve re-
cordings were made with bipolar silver wire electrodes.

2.2. Activation of sympathetic reflexes

Reflexes were evoked as described previously (Miyawaki et al.,
2002; Makeham et al., 2004). Activation of the somato-sympathetic re-
flex was achieved by electrical stimulation (10–20 V, 100 cycles at 1 Hz
across 100 s) of the sciatic nerve with bipolar electrodes. Sympathetic
baroreflex function curves were generated by sequential intravenous
injection of SNP (10 μg/kg) and PE (10 μg/kg). Peripheral chemorecep-
tors were stimulated by a brief period of hypoxia evoked by ventilation
with 100% N2 for 12–14 s.

2.3. Experimental protocols

2.3.1. Intrathecal injection of VS-I(CgA17–76)
The occipital crest of the skull was exposed, and the atlanto-occipital

membrane was incised. A polyethylene catheter (ID, 0.4 mm; OD,
0.8 mm) was inserted through this slit into the intrathecal space and
advanced caudally to the levels of T4–T6. The slit was then left open
to avoid increased intrathecal pressure caused by the injection of agents
or by flushing. Vehicle and volume control injections of 10 μl of 10 mM
phosphate-buffered saline (PBS in 0.9% saline) flushed with 8 μl PBS
were injected intrathecally. Thirty minutes after PBS injection, 10 μl of
one dose of 10 μM (n=5), 100 μM (n=5) or 200 μM (n=6) human
VS-I(CgA17–76) (CgA17–76, MW=6811.83; Phoenix Pharmaceuticals,
CA) was injected and flushed with a further 8 μl of PBS. Injections
were made over a 15- to 20-s period. Responses were recorded for at
least 30 min after the VS-I(CgA17–76) injections. The location of the cath-
eter tip was confirmed by administering L-glutamate (100 mM, 10 μl).
Sharp increases in BP (~20 mmHg), HR (~30 bpm) and sSNA (~30%) in-
dicated a successful catheterization (Hong and Henry, 1992).

In a subset of animals (n=6), the following cardio-respiratory re-
flexes were activated before and 15 min after intrathecal injection of
VS-I(CgA17–76) (200 μM) or PBS: (a) somato-sympathetic reflex by sciatic
nerve stimulation, (b) baroreflex by intravenous injection of SNP and
PE, and (c) peripheral chemoreceptor reflex by brief hypoxia. The loca-
tion of the injection site wasmarked by an injection of 10 μl of India ink
flushedwith 8 μl PBS. Following euthanasia (3 MKCl, 0.5 ml, i.v.) a lami-
nectomy was performed to verify the location of the cannula tip. Each
animal received only one treatment of VS-I(CgA17–76) in order to avoid
the confounding effects of drug interactions and tachyphylaxis.

2.3.2. RVLM microinjection of VS-I(CgA17–76)
The dorsal medulla was exposed after an occipital craniotomy.

Single or multibarrel glass pipettes were used to microinject drugs
to the RVLM. L-Glutamate (100 mM, 5 nmol in 50 nl; Sigma-Aldrich)
and human VS-I(CgA17–76) (5 μM, 100 nl, Phoenix Pharmaceuticals,
CA) were dissolved in PBS (10 mM, pH 7.4) and injected unilaterally
into the RVLM in all rats (n=5). PBS (100 nl) was also microinjected
as a volume and vehicle control. The RVLM was first functionally
identified by an increase of N30 mm Hg in MAP following microinjec-
tion of L-glutamate (100 mM, 5 nmol in 50 nl), as determined in pre-
vious studies (Abbott and Pilowsky, 2009). All variables were allowed
to return to baseline (N30 min) before microinjection of PBS (100 nl)
was performed. After a further 30 min, VS-I(CgA17–76) (5 μM, 100 nl)
was microinjected into the same site and observation continued for
a further 60 min. At the completion of each experiment, the injection
site was marked with pontamine sky blue (1% in saline). Rats were
then killed with 0.5 ml of 3 M KCl i.v., the brain stem was removed
and placed in fixative (4% formaldehyde in 0.1 M PBS, pH 7.4). Histol-
ogy was performed to identify injection sites.

2.4. In vitro myograph

The myograph protocol was adapted from (Mulvany and Halpern,
1977). In brief, gut mesenteric tissue was collected from adult male
SD rats (n=6, 400–500 g), euthanized with sodium pentobarbitone
(300 mg/kg, i.v.), and stored on ice overnight in physiological saline
solution (PSS). The following morning, two, third order, mesenteric
arteries from each rat were dissected and threaded onto 40 μm diam-
eter stainless steel wires mounted in a two chamber wire myograph
(DMT model 410A). Vessels were warmed to 37 °C, bubbled with car-
bogen and rested for 30 min. The vessels were then stretched and
their internal circumference set to 90% of that occurring at an effec-
tive transmural pressure of 100 mm Hg. The vessels were again rested
for 30 min prior to reactivation using high potassium (60 mM) solu-
tion, KPSS. Vessels were reactivated by bathing for 2 min in the fol-
lowing solutions separated by 3 min washes with PSS: 2 times with
10 μMnoradrenaline (NA) in KPSS, 10 μMNA in PSS, KPSS, and finally,
10 μM NA in PSS. Vessels were allowed to rest for a further 30 min in
PSS before the start of the protocol.

Discrete concentration responses curve to NA (0.1–10 μM) were
obtained for all vessels and the EC50 value for each vessel was calculated.
The EC50 concentration of NA was re-applied a further two times, after
20–30 min rest periods, to ensure reproducibility of the response. Only
vessels that produced consistent responses to EC50 concentrations of NA
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were used in the following protocol. VS-I(CgA17–76) (200 nM) was added
to one chamber and allowed to incubate for 15 min. A VS-I(CgA17–76)
concentration of 200 nM was chosen based on the peak plasma con-
centration following intravenous infusion of vasostatin I (Roatta et al.,
2011). VS-I(CgA17–76) was omitted from the other chamber, which
acted as a time-control. Only one vessel from each rat was exposed
to VS-I(CgA17–76). EC50 concentrations of NA were re-applied to all ves-
sels a further 3 times, separated by washing and 20 min rest in PSS.
A second concentration response curve to NA (0.1–10 μM) was
repeated.

2.5. Data acquisition and analysis

Data from the in vivo experiments was acquired using a Cambridge
Electronic Design ADC system (model 1401; Cambridge Electronic
Design, Cambridge, UK) and Spike 2 acquisition and analysis software
(version 6.09). Neurograms were rectified and smoothed (sSNA, 1 s
time constant; PNA, 50 ms time constant). Zero sSNA was taken as
theminimum background activity after death, and this value was sub-
tracted from sSNA before analysis with off-line software (Spike 2 ver-
sion 6.01). To analyse blood pressure, sSNA, HR, PNamp and PNf
baseline values were obtained by averaging 60 s of data 5 min prior
to drug or PBS injection. Maximum responses were expressed as abso-
lute changes in MAP, HR and PNf, and percent changes in sSNA and
PNamp from baseline values. sSNA was rectified and smoothed at 1 s
and 5 ms time constants to analyse baroreceptor reflex and somato-
sympathetic reflex, respectively. sSNA was normalised against the
pre-injection baseline. The sSNA response to sciatic nerve stimulation
was analysed using peristimulus waveform averaging. The amplitude
of sSNA from−100 to 0 ms before stimulation was taken as the base-
line. The maximum response to stimulation was then expressed as a
percentage change from the baseline. The response to hypoxia was
quantified by comparing the average maximum sSNA for 10 s caused
by the inhaled 100% N2 as a percent change from a control period of
10 s average sSNA before 100% N2 inhalation.

Data from in vitro myograph experiments was acquired using an
ADInstruments ADC system (PowerLab 8/30; ADInstruments, Bella
Vista, Australia) and LabChart software (ver 7.2). Responses to NA
were measured at the plateau and calculated as the change in force
(mN) from the baseline immediately before the drug was added.
The responses to all concentrations of NA was normalised to 10 μM
NA for each curve within each vessel. 10 μM NA was considered to
be the maximal response (100%). Concentration-response curves to
NA for in vitro myography experiments were plotted using GraphPad
Prism (verson 5.0).

All statistical analysis was conductedwith Graph Pad Prism (version
5.0). Paired t-test was used to analyse peak effects and reflexes for in
vivo experiments. For the in vitro myograph experiments, two way
ANOVA was conducted to compare the concentration-response curve
to NA, and t-tests were conducted to compare the EC50 between
the different groups. Pb0.05 was considered significant in all cases. All
values are expressed as means±SE.

2.6. Solutions

Analyses provided by the manufacturer (Phoenix Pharmaceuticals
Inc) included mass spectroscopy, high pressure/performance liquid
chromatography (HPLC), and all assays confirmed the presence of
VS-I(CgA17–76) at a purity of ≥95%.

Physiological saline solution (PSS), containing 119.0 mM NaCl,
4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2,
25.0 mM NaHCO3, 0.03 mM EDTA and 5.5 mM glucose, was bubbled
with carbogen (95% O2/5% CO2) before use to obtain a pH of 7.4.
High potassium PSS (KPSS, 60 mM) was obtained by substitution of
NaCl with equimolar KCl. NA (Sigma-Aldrich, St Louis, USA) was
dissolved in distilled water, made immediately before use, and kept
on ice, in the dark.

3. Results

3.1. Effects of intrathecal VS-I(CgA17–76)

The baseline MAP and heart rate (HR) in anaesthetized rats were
98±5 mm Hg and 457±12 bpm (n=16). Intrathecal VS-I(CgA17–76)
(10, 100 and 200 μM) produced no change in any of the cardiovascular
parameters (MAP, HR or splanchnic SNA (sSNA)), or respiratory pa-
rameters (phrenic nerve amplitude (PNamp), phrenic nerve frequen-
cy (PNf)). A representative experiment is shown in Fig. 1A. Intrathecal
injection of PBS caused no significant change in any of the above pa-
rameters. The magnitude of change in MAP, HR, sSNA, PNamp and
PNf following VS-1(CgA17–76) injections was non-significant compared
to vehicle (PBS) and the group data is presented in Fig. 1B.

3.2. Effects of RVLM microinjection of VS-I(CgA17–76) on cardiorespiratory
parameters

We also sought to determine whether VS-I(CgA17–76) has any effect
when applied directly into the RVLM. In five animals (baseline MAP:
98±9 mm Hg and HR: 499±8 bpm), the RVLM was identified func-
tionally by microinjection of L-glutamate prior to microinjection of
VS-I(CgA17–76) (5 μM, Fig. 2A). VS-I(CgA17–76) microinjected into RVLM
had no significant effect on MAP, HR, sSNA, PNf or PNamp compared
to vehicle (PBS). Example traces from a representative experiment is
shown in Fig. 2A and the group data illustrated in Fig. 2B.

3.3. Effects of intrathecal VS-I(CgA17–76) on sympathetic reflexes

Fig. 3 illustrates the effects of intrathecal VS-I(CgA17–76) (200 μM) on
somato-sympathetic, baroreceptor and peripheral chemoreceptor re-
flexes. Sciatic nerve stimulation resulted in a characteristic two-peaked
response in sSNA with the latencies of 75±10ms and 172±4 ms
(n=6). These latencies were not significantly altered by intrathecal
VS-I(CgA17–76) (89±3 and 174±5ms, respectively). The excitatory re-
sponse to sciatic nerve stimulation in the sSNA was unaffected by
VS-I(CgA17–76) injection (first peak: 136±46 to 135±39%; second
peak: 49±11 to 50±10%, of baseline, n=6, Fig. 3A).

In five animals, intrathecal injection of VS-I(CgA17–76) had no effect
on any of the variables (upper and lower plateaus, threshold, mid-
point or saturation levels) of the baroreflex function curve or maxi-
mum gain compared to vehicle (Table 1, Fig. 3B).

Activation of peripheral chemoreceptors with brief hypoxia
evoked an increase in MAP (65±9 mm Hg), HR (32±3 bpm) and
sSNA (152±25%, Fig. 3C). Peak effects occurred near the end of stim-
ulus and recovered rapidly to baseline. The pressor, tachycardic and
sympathoexcitatory responses to hypoxia were not affected by the in-
trathecal injection of VS-I(CgA17–76) (n=6, Fig. 3C).

3.4. Effects of VS-I(CgA17–76) on noradrenergic responses in rat mesenteric
arteries

The VS-I(CgA17–76) was tested in the in vitro myograph to verify its
biological activity. NA produced concentration-dependent isomet-
ric contractions of the rat mesenteric artery prior to addition of
VS-I(CgA17–76) (Fig. 4B — Baseline). Addition of VS-I(CgA17–76) alone
produced no change in force, indicating that VS-I(CgA17–76) is not
vasoactive (Fig. 4A). A subsequent application of an EC50 concen-
tration of NA to vessels incubated with the VS-I(CgA17–76) revealed
an increase in amplitude of response compared to the baseline re-
sponse (Fig. 4A). VS-I(CgA17–76) (n=6) produced a significant left-
shift of the concentration-response curve to NA compared to the
baseline (Fig. 4B), with a significantly lower EC50 value (Table 2).



Fig. 1. Effect of intrathecal vasostatin I fragment, CgA17–76 (VS-I(CgA17–76)) on mean arterial pressure (MAP), heart rate (HR), splanchnic sympathetic nerve activity (sSNA), phrenic
nerve frequency (PNf) and phrenic nerve amplitude (PNamp). A: Representative traces following intrathecal injections of vehicle (PBS, open arrow) and VS-I(CgA17–76) (200 μM)
(filled arrow). Traces from top to bottom represent blood pressure (BP), HR, integrated sSNA [arbitrary units (a.u.)], rectified phrenic nerve activity (PNA) [(a.u.)], PNf and
PNamp. MAP (black) is superimposed on BP (grey) and integrated sSNA (black) is superimposed over raw sSNA (grey). B: comparison of peak cardiovascular and respiratory effects
produced by vehicle (PBS, n=5–6) and 10 μM (n=5), 100 μM (n=5) and 200 μM (n=6) of VS-I(CgA17–76). All the effects were non-significant as compared to PBS. bpm, beats per
minute for HR and bursts per minute for PNf.
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In a subset of vessels, the NA concentration-response curve was re-
peated without the addition of VS-I(CgA17–76) (n=4), resulting in
no shift of the concentration-response curve, or change to the
EC50 value (Fig. 4B, Table 2).

4. Discussion

To the best of our knowledge, this is the first study to examine
the central effect of VS-I(CgA17–76) on cardiorespiratory systems and
reflexes and the effect of VS-I(CgA17–76) on rat mesenteric arteries.
Our data demonstrate that i) VS-I(CgA17–76) applied in the CNS pro-
duces no cardiorespiratory effects under the conditions reported
here, ii) intrathecal VS-I(CgA17–76) does not modulate sympathetic re-
flexes examined, and iii) VS-I(CgA17–76) enhances the effect of NA on
rat mesenteric arteries. The data suggests that VS-I(CgA17–76) acts
through different mechanisms to catestatin, which does exhibit cen-
tral cardiorespiratory effects when microinjected into the RVLM
(Gaede and Pilowsky, 2010). Interestingly, the peripheral effects of
VS-I(CgA17–76) appear to be dependent on the vascular bed examined
since in human saphenous vein vasostatin I causes relaxation (Aardal
and Helle, 1992).
Microinjection of VS-I(CgA17–76) into the RVLM did not elicit any
cardiorespiratory changes. The RVLM is essential for the maintenance
of the basal level of sympathetic nerve activity as well as resting MAP
and reflex control of MAP. Earlier studies showed abundant CgA
mRNA in catecholaminergic sympathoexcitatory neurons in the
RVLM (Gaede et al., 2009) and CgA was functionally active within
the RVLM (Krassioukov et al., 1994). Microinjection of another CgA
fragment, catestatin, into the RVLM produced sympathoexcitation, el-
evates blood pressure and augments phrenic burst amplitude (Gaede
and Pilowsky, 2010). In contrast, microinjection of VS-I(CgA17–76) into
RVLM, or intrathecally, in the present study produced no cardiorespi-
ratory changes. This suggests that VS-I(CgA17–76) acting on its own is
not an active CgA fragment within the RVLM.

Sympathetic preganglionic neurones (SPN), located in interme-
diolateral cell column of the thoracolumbar spinal cord, receive in-
puts from a number of brain regions, including the RVLM and
participate in controlling cardiovascular responses through their pro-
jections to the adrenal medulla and sympathetic autonomic ganglia
(Pilowsky and Goodchild, 2002; Guyenet, 2006). The spinal cord is
also integral in receiving and conveying afferent information to the
brain, as well as relaying the integrated efferent signals of different



Fig. 2. Effect of unilateralmicroinjection of vasostatin I fragment, CgA17–76 (VS-I(CgA17–76))
(5 μM) on mean arterial pressure (MAP), heart rate (HR), splanchnic sympathetic nerve
activity (sSNA), phrenic nerve frequency (PNf) and phrenic nerve amplitude (PNamp).
A: Representative traces of the effects of L-glutamate (dotted arrow), vehicle (PBS, open
arrow) and VS-I(CgA17–76) (5 μM, filled arrow) microinjection into the RVLM. Traces from
top to bottom represent blood pressure (BP), HR, integrated sSNA [arbitrary unit (a.u)],
rectified PNA [(a.u)], PNf and PNamp. MAP (black) is superimposed on BP (grey) and in-
tegrated sSNA (black) is superimposed over rectified sSNA (grey). B: Comparison of
peak cardiorespiratory effects produced by vehicle (PBS, n=5) and VS-I(CgA17–76)
(n=5). C: Microinjection sites in the RVLM and a section showing an injection site la-
belled with pontamine sky blue. NA: nucleus ambiguus; sp5: spinal trigeminal tract;
IOL: inferior olive; Py: pyramidal tract. All changes were non-significant. bpm, beats per
minute for HR and bursts per minute for PNf.

Fig. 3. Effect of intrathecal vasostatin I fragment, CgA17–76 (VS-I(CgA17–76)) (200 μM) on
somato-sympathetic, baroreceptor and chemoreceptor reflex. A: Effect on somato-
sympathetic reflex evoked by sciatic nerve (SN) stimulation. Left 2 traces represent
grouped effect of SN-stimulation evoked excitation of splanchnic sympathetic nerve
activity (sSNA) after intrathecal injection of vehicle (PBS, n=6) and VS-I(CgA17–76)
(200 μM, n=6). Black and grey data denote mean±SE. Arrows indicate the times of
stimulation. Graph on the right panel represents the comparison of peak height. B: Ef-
fect on baroreceptor reflex evoked by intravenous injection of phenylephrine hydro-
chloride and sodium nitroprusside. Left trace represents average sympathetic
baroreflex functional curves generated for data after intrathecal injection vehicle
(PBS, n=5) and VS-I(CgA17–76) (200 μM, n=5) injection. Right trace represents baror-
eflex gain for sSNA (error bars are omitted for clarity). C: Comparison of peak effects on
mean arterial pressure (MAP), heart rate (HR) and sSNA after intrathecal injection of
vehicle (PBS, n=6) and VS-I(CgA17–76) (200 μM, n=6) in response to brief hypoxia in-
duced by ventilation of 100% N2 for 12–14 s. All the effects were non-significant as
compared to PBS. bpm, beats per minute.
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reflexes. For example, SPN are involved in the baroreflex mediated in-
hibition of vasomotor activity (Coote and Lewis, 1995; Lewis and
Coote, 1996), and are the final relay centre for the integrated efferent
signal of peripheral chemoreceptor activation (Sun and Reis, 1994)
and the somato-sympathetic response (Stornetta et al., 1989; Make-
ham et al., 2005). We hypothesised that CgA containing neurons
within the RVLMmay release CgA, or its fragments, onto SPN to mod-
ulate cardiorespiratory functions and reflexes. Our study demon-
strates that VS-I(CgA17–76) delivered intrathecally had no effect on
cardiovascular or respiratory function. Previous works in our lab
have shown that intrathecal administration of many peptides, includ-
ing orexin A, neuromedin U and many others, can alter BP, sSNA and
HR, indicating peptidergic modulation of cardiovascular functions at
the level of the spinal cord (Pilowsky et al., 2009; Shahid et al.,
2011; Rahman et al., 2011). Our current observation is similar to
that previously shown for another CgA fragment, catestatin and sug-
gests that CgA fragments may not participate in modulation of basal
cardiorespiratory parameters at the level of the spinal cord. Further-
more, VS-I(CgA17–76) modulates neither the afferent nor the efferent
pathway of somato-sympathetic, baroreceptors, or chemoreceptor re-
flex within the spinal cord. However, this does not preclude the pos-
sibility that other CgA fragments may be involved in the modulation
of physiological reflexes at the level of the spinal cord.
The lack of central effect following VS-I(CgA17–76) application in
this study is not likely due to insufficient peptide injected or the use
of inactive fragments. Firstly, chromatographic assay (Section 2.6)
confirmed the presence of VS-I(CgA17–76) in all injectate used in our
experiments. Secondly, the fragment used in the current experiments
contain two cysteine residues, at the 17th and 38th amino acid posi-
tions of vasostatin I to form a disulfide bridge loop (CgA17–38ss) that is
thought to be important for the biological activities (Tota et al., 2003).
Other vasostatin I fragments that contain this disulfide-bridge loop,
including CgA1–40 (Brekke et al., 2002), and CgA7–57 (Tota et al.,
2003; Imbrogno et al., 2004), showed similar activity as vasostatin I.
Furthermore, the in vitro myograph data in this study demonstrate
that VS-I(CgA17–76) potentiated the contractile effects of noradrenaline
on rat mesenteric arteries, indicating that this fragment is a biologi-
cally active derivative of the original vasostatin I (CgA1–76). Taken to-
gether with the lack of effect after either intrathecal or microinjection
of VS-I(CgA17–76), this supports the notion that VS-I(CgA17–76) does not
directly modulate neuronal activity, but may modulate blood vessel
tone in the periphery.
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Table 1
Baroreflex control of sSNA after intrathecal injection of vehicle (PBS) or the vasostatin I fragment VS-I (CgA17–76), 200 μM.

Lower plateau
(%)

Upper plateau
(%)

Mid point
(mm Hg)

Max. gain Range of SNA
(%)

Threshold level
(mm Hg)

Saturation level
(mm Hg)

Operating range
(mmHg)

PBS 22.5±7.9 108.8±5.9 143.5±12.2 −0.83±0.2 86.3±11.9 91.6±14.2 195.5±11.5 103.8±8.1

(continued on next page)

Table 2
Noradrenaline concentration-response curve parameters for rat third-order mesenteric
arteries in the presence and absence of vasostatin I fragment (VS-I (CgA17–76)).

Baseline With VS-I(CgA17–76) Without VS-I(CgA17–76)

EC50 (μM) 9.1×10−7 3.7×10−7* 7.7×10−7

Hill slope 1.9 2.3 1.3

*Pb0.0001 vs baseline, P b0.05 vs ′without VS-I (CgA17-76)′, Student's t test. n=10 for
baseline, n=6 for ′with VS-I (CgA17-76)′, n=4 for ′without VS-I (CgA17–76)′.
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Three different methods of receptor independent activation by
vasostatin I have been proposed. Vasostatin I can 1) exert potent neg-
ative inotrophy via NO-cGMP-PKG dependent mechanism, 2) is a
non-competitive inhibitor of the β-adrenergic receptor on cardio-
myocytes (Logothetis et al., 1987; Cappello et al., 2007; Cerra et al.,
2008) or 3) induce vasodilatation via opening of GIRK channels as ad-
ditional accessory proteins (Helle, 2010). As these mechanisms are
present within the brainstem and spinal cord, the lack of effect of
VS-I(CgA17–76) in the present study suggest that VS-I(CgA17–76) is not
functionally active under the conditions examined. Another CgA frag-
ment, catestatin, was also unable to modulate cardiovascular system
when administered intrathecally (Gaede et al., 2009). However, as
CgA is functionally active within the central nervous system, it re-
mains possible that other proteolytic fragment of CgA, including
catestatin (Gaede and Pilowsky, 2010), and others, such as chromos-
tatin, pancreastatin or as yet unidentified fragments might be in-
volved in the central effects of CgA. The effects of these fragments
on central cardiovascular regulation remain to be determined.

The precursor for vasostatin I, CgA, is widely distributed in the
brainstem and suggests that its fragments, including vasostatin I,
Fig. 4. Effect of noradrenaline (NA) on a third-order rat mesenteric artery. A: Represen-
tative traces showing addition of NA causes isometric contraction that is potentiat-
ed by pre-incubation with vasostatin I fragment, CgA17–76 (VS-I(CgA17–76), top trace).
VS-I(CgA17–76) alone had no effect. Repeat application of NA, without pre-incubation with
VS-I(CgA17–76), was not different to earlier NA (lower trace). B: Comparison of NA concen-
tration-response curves generated at the beginning of the experiment (baseline, n=10),
repeated following pre-incubation with VS-I(CgA17–76) (with VS-I(CgA17-76), n=6), or
equivalent time-control (without VS-I(CgA17–76), n=4). IncubationwithVS-I(CgA17–76) pro-
duced a significant left-shift of the concentration-response curve (* = two-way ANOVA,
Pb0.05).
have modulatory actions within the brain. While the present study
demonstrated that vasostatin I, or its fragment, may not be involved
in neuronal control of cardiorespiratory function or reflexes under
normotensive condition, this does not preclude the possibility that
vasostatin I may be involved in other local actions. Vasostation I is a
significant factor in cardiovascular regulation in the periphery, in-
cluding inhibition of vascular contractility, cardiac contractility, and
vascular endothelial cell function (Helle, 2010). Intriguingly, our
data demonstrates that vasostatin I may have different effects in dif-
ferent parts of the peripheral vasculature. Our current data indicates
that the vasostatin I fragment, VS-I(CgA17–76), enhances noradrenaline
evoked contractility in the rat mesenteric bed, and is in agreement
with a recent study that demonstrated vasostatin I may induce α-
adrenoreceptor mediated vasoconstriction (Roatta et al., 2011). In-
creased contractility of mesenteric artery will result in diversion of
blood flow from the mesentery to other vascular beds and is consis-
tent with the inhibitory effect of vasostatin I on gastric motility
(Amato et al., 2005). However, this data is in contrast to previous
studies in human saphenous vein and internal thoracic artery (Aardal
and Helle, 1992; Aardal et al., 1993) and bovine coronary arteries
(Brekke et al., 2002). This raises an interesting possibility that vasos-
tatin I may have different modulatory actions on the different vascu-
lar beds. It is possible that although vasostatin I does not affect
neuronal activity, it may have local effects on the vasculature. In addi-
tion, recent evidence indicates that the CgA gene may be involved in
essential hypertension as ablation of the CgA gene resulted in hyper-
tension (Sahu et al., 2010). The effects of vasostatin I on local blood
flow and in hypertension deserve future study, and remain to be ex-
plored in detail. Nevertheless, it is tempting to speculate that vasosta-
tin I could be involved simultaneously in redirecting blood flow from
the gut towards the heart, brain and other vital organs in times of
stress. Such a combination of effects would be consistent with the re-
lease of CgA from the adrenal gland in times of stress.

Abbreviations
CgA Chromogranin A
ECG electrocardiogram
HR heart rate
IML intermediolateral cell column
i.t. intrathecal
KPSS high potassium physiological saline solution
MAP mean arterial pressure
NA noradrenaline
PBS phosphate buffered saline
PE phenylephrine hydrochloride
PNA phrenic nerve activity
PNamp phrenic nerve amplitude
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PSS physiological saline solution
RVLM rostral ventrolateral medulla
SNP sodium nitroprusside
SPN sympathetic preganglionic neurons
sSNA splanchnic sympathetic nerve activity
VS-I(CgA17–76) Vasostatin I fragment
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a b s t r a c t

Neuromedin U (NMU) causes biphasic cardiovascular and sympathetic responses and attenuates adaptive
reflexes in the rostral ventrolateral medulla (RVLM) and spinal cord in normotensive animal. However, the
role of NMU in the pathogenesis of hypertension is unknown. The effect of NMU on baseline cardiorespi-
ratory variables in the RVLM and spinal cord were investigated in urethane-anaesthetized, vagotomized
and artificially ventilated male spontaneously hypertensive rats (SHR) and Wistar–Kyoto rats (WKY).
Experiments were also conducted to determine the effects of NMU on somatosympathetic and barore-
ceptor reflexes in the RVLM of SHR and WKY. NMU injected into the RVLM and spinal cord elicited
biphasic response, a brief pressor and sympathoexcitatory response followed by a prolonged depressor
and sympathoinhibitory response in both hypertensive and normotensive rat models. The pressor, sym-
pathoexcitatory and sympathoinhibitory responses evoked by NMU were exaggerated in SHR. Phrenic
nerve amplitude was also increased following intrathecal or microinjection of NMU into the RVLM of both

strains. NMU injection into the RVLM attenuated the somatosympathetic reflex in both SHR and WKY.
Baroreflex sensitivity was impaired in SHR at baseline and further impaired following NMU injection into
the RVLM. NMU did not affect baroreflex activity in WKY. The present study provides functional evidence
that NMU can have an important effect on the cardiovascular and reflex responses that are integrated in
the RVLM and spinal cord. A role for NMU in the development and maintenance of essential hypertension
remains to be determined.
. Introduction

Neuromedin U (NMU) was originally purified from porcine
pinal cord and named because of its potent contractile activity on
terine smooth muscle [19]. NMU is implicated not only in uter-
ne smooth muscle contraction, but also in other functions such
s feeding, blood pressure (BP) regulation and regional blood flow,
on transport in the gut, adrenocortical function, anxiety-related

Abbreviations: AUC, area under the curve; BP, blood pressure; HR, heart rate; i.t.,
ntrathecal; MAP, mean arterial pressure; NMU, neuromedin U; NMU1, neuromedin

receptor 1; NMU2, neuromedin U receptor 2; NTS, nucleus tractus solitarius;
BS, phosphate buffered saline; PE, phenylephrine hydrochloride; PNA, phrenic
erve activity; PNamp, phrenic nerve amplitude; PNf, phrenic nerve frequency;
VLM, rostral ventrolateral medulla; SD, Sprague-Dawley rats; SHR, spontaneously
ypertensive rats; SPN, sympathetic preganglionic neurons; sSNA, splanchnic sym-
athetic nerve activity; WKY, Wistar–Kyoto rats.
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behavior, nociception, inflammation, bone-remodeling and, more
recently even in cancer, suggesting differential physiological and
pharmacological roles of NMU (reviewed in [20]). NMU acts at two
GPCRs (Gq/11 and/or Gi/0), NMU receptor 1 (NMU1) and NMU recep-
tor 2 (NMU2) [1]. NMU1 is predominantly expressed in peripheral
tissues while NMU2 in the central nervous system [12,31,43,48].

The presence of NMU immunoreactive neurons in key car-
diovascular areas of the brainstem and spinal cord including the
nucleus tractus solitarius (NTS), dorsal motor nucleus of the vagus,
inferior olive and area postrema [12], raising the possibility that
NMU may participate in the central control of cardiovascular func-
tion. NMU increases sympathetic nerve activity (SNA), BP, heart
rate (HR) and plasma noradrenaline when given by intracere-
broventricular injection [5,44]. Microinjection of NMU into the
NTS decreases BP and HR [45]. Recently we demonstrated that
NMU delivered intrathecally or microinjected into the RVLM, shows
biphasic effects on sympathetic vasomotor tone and differentially

modulates sympathetic reflexes [33,34]. However, whether the
NMU system in the RVLM and/or in the spinal cord contributes to
the pathogenesis of hypertension is unknown. These data, along
with those concerning the role of NMU in the modulation of
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ardiovascular function and sympathetic reflexes in normotensive
ats, led us to hypothesize that altered NMU  activity in the RVLM
nd spinal cord contribute to the pathogenesis of hypertension in
HR. The objectives of the present study were 1) to investigate the
ardiovascular and respiratory effects of NMU  following microin-
ection into the RVLM, and intrathecal (i.t.) injection at the T5–T7
evel of thoracic spinal cord in SHR and normotensive Wistar–Kyoto
ats (WKY), and 2) to evaluate the effects of NMU  on somatosym-
athetic, and baroreceptor reflexes in the RVLM.

. Materials and methods

All procedures in the present study were approved by the Ani-
al  Ethics Committee of Macquarie University, Sydney, Australia

nd conducted in accordance with the guidelines of the Australian
ode of Practice for the Care and Use of Animals for Scientific Pur-
oses (http://www.nhmrc.gov.au/guidelines/publications/ea16).

.1. General procedures

Experiments were performed in 18–20 weeks, age-matched
dult male SHR (310–375 g) and WKY  (355–385 g). Rats were
naesthetized with an initial dose (1.2–1.4 g kg−1, i.p.) of urethane.
upplemental doses of urethane (20–30 mg,  i.v.) were given if
P rose more than 10 mmHg  in response to hind paw pinch at
very 30 min. Body temperature was monitored and maintained at
7 ± 0.5 ◦C by placing rats on a feedback-controlled heating blanket
or the duration of the experiment (Harvard Apparatus, Holliston,

A, USA).
The left carotid artery and right jugular vein were cannulated

or measurement of BP and regular injections of drugs and fluids,
espectively. In 5 animals, the left femoral vein was  cannulated
or administration of phenylephrine hydrochloride (PE). HR was
erived from the arterial BP. The trachea was cannulated to permit
rtificial ventilation and end-tidal CO2 monitoring. Nerve recor-
ings were obtained from the splanchnic and phrenic nerves. The

eft greater splanchnic nerve was isolated and dissected through a
etroperitoneal approach. The phrenic nerve was accessed from a
orsolateral approach after retraction of the left shoulder blade. The
istal end of the nerves were tied with 5/0 silk thread and cut to per-
it  recording of efferent nerve activity. In 5 experiments, the sciatic

erve was isolated, tied and cut. Once the nerves were isolated, they
ere covered with saline soaked cotton wool for the duration of the

emainder of surgical preparation to prevent desiccation.
Animals were secured in a stereotaxic frame and the head tilted

ownwards at a 45◦ angle to the horizontal. All animals were para-
yzed (pancuronium bromide; 0.8 mg  i.v. initially, then 0.4 mg  h−1,
.v.), artificially ventilated with oxygen-enriched room air and bilat-
rally vagotomized to prevent entrainment of the phrenic nerve
ischarge to the ventilator. End-tidal CO2 and pH were maintained
t 4.0–4.5% and 7.35–7.45, respectively, by adjusting the rate and
epth of ventilation after arterial blood gas analysis (pH 7.4 ± 0.05,
aCO2 40.4 ± 0.6). Animals were infused with 5% glucose in water
1.0–2.0 ml  h−1) to ensure hydration. Nerve recordings were made
ith bipolar silver wire electrodes. The recording electrodes were

mmersed in a pool of liquid paraffin oil to prevent dehydration and
or electrical insulation. After nerves were placed on the recording
lectrodes, rats were allowed to stabilize for 30–60 min. The neuro-
rams were amplified (10,000×; CWE  Inc., Ardmore, PA, USA), band
ass filtered (0.1–2 kHz), sampled at 3 kHz (1401 plus, CED Ltd.,
ambridge, UK) and recorded on computer using Spike2 software
v7, CED Ltd., Cambridge, UK).
.2. RVLM microinjections

To enable microinjection into the RVLM, the dorsal surface of
he medulla was exposed by partial occipital craniotomy. The dura
es 44 (2013) 15–24

was cut and reflected laterally. The brainstem was kept moist
using phosphate buffered saline (PBS) soaked cotton wool until the
experiment protocol began. Brain microinjection, and functional
identification of the RVLM, was  performed as described previ-
ously [32,38]. Briefly, bilateral microinjection of test agents into
the RVLM, at a fixed volume of 50 nl, was  carried out stereotaxi-
cally and sequentially with single barrel glass pipettes over a 10-s
period. At the beginning of each experiment, RVLM was identified
functionally on either side by an increase of >30 mmHg in MAP fol-
lowing microinjection of l-glutamic acid (5 nmol). The preliminary
coordinates used to find the RVLM were 1.8 mm rostral, 1.8 mm
lateral, and 3.5 mm ventral to calamus scriptorius. Vehicle solu-
tions, PBS contained 2% rhodamine beads to aid in subsequent
histological verification of the injection site. Following euthana-
sia (3 M KCl, 0.5 ml,  i.v.) the brain was removed from the skulls,
fixed in 4% paraformaldehyde and sectioned at 100 �m to verify
the microinjection sites. Only rats with microinjection sites within
the boundaries of the RVLM were used for data analysis.

2.3. I.t. drug administration

I.t. drug injection was  performed as described previously
[34,37]. Briefly, an i.t. catheter was  inserted into the sub-arachnoid
space and advanced caudally to the levels of T5–T7 following expo-
sure of the occipital crest and incision of the atlanto-occipital
membrane. The patency of the catheter was examined immedi-
ately after insertion by withdrawal of cerebrospinal fluid. The slit
was left open to prevent increase in i.t. pressure caused by the
injection of agents or by flushing. Drug (NMU; 2 mM)  and vehi-
cle (10 mM PBS; pH 7.4) were administered i.t. in a total volume of
10 �l using a 25-�l Hamilton syringe. The volume of each catheter
was measured before insertion (range 6–8 �l) into i.t. space and this
volume was then used to flush the catheter. Injections were made
over a 15- to 20-s period. Successful catheterization was  confirmed
by injecting l-glutamic acid (100 mM,  10 �l). Sharp increases in
BP (∼20 mmHg), HR (∼30 bpm) and sSNA (∼30%) indicated a suc-
cessful catheterization [e.g. 11, 34]. At the end of experiment the
location of the injection site was  marked by an injection of 10 �l of
India ink flushed with PBS. Following euthanasia (3 M KCl, 0.5 ml,
i.v.) a laminectomy was performed to verify the location of the
cannula tip.

2.4. Sympathetic reflex activation

Baroreflexes were evoked as described previously [6,34]. The
sciatic nerve (somatosympathetic reflex) was stimulated intermit-
tently (0.2 ms  pulse width; 50 pulses, 1 Hz) at a voltage that was
sufficient to generate 2 distinct peaks in the rectified, averaged
sSNA trace over the stimulus period (6–18 V) before and after
microinjection of NMU. Baroreceptors were activated by intra-
venous injection of PE (0.1 mg  kg−1) before and after microinjection
of NMU.

2.5. Experimental protocol

To investigate the effects of NMU  on cardiovascular and respi-
ratory responses in the RVLM, NMU  (2 mM equivalent to 100 pmol
per side, 50 nl) was  injected into the RVLM. The dose of NMU
was chosen according to dose response curves done in previous
experiments [33,34]. PBS was microinjected as a volume and vehi-
cle control 30 min  after the completion of glutamate application.
This time lag was  adopted to ensure complete recovery from the

glutamate-induced pressor response before bilateral microinjec-
tion into the RVLM of vehicle. Another gap of 30 min was given
before injection of NMU. In another set of animals, the somatosym-
pathetic and arterial baroreflexes were evoked before and after

http://www.nhmrc.gov.au/guidelines/publications/ea16
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ilateral microinjection of NMU. As the inhibitory effect of NMU
as more prominent, reflexes were induced at this phase.

NMU  (2 mM equivalent to 20 nmol, 10 �l) and PBS were also
njected i.t. at T5–T7 level to determine the effects of NMU  in
ardiorespiratory parameters in the spinal cord. In both RVLM
icroinjection and i.t. injection experiments, each animal received

nly one treatment and vehicle to avoid tachyphylaxis. The effect
f NMU  on basal MAP, HR, sSNA or phrenic nerve activity (PNA)
as evaluated for 60 min  post-treatment.

.6. Data acquisition and analysis

Data were analyzed using Spike 2 version 7 software (CED, UK).
eurograms were rectified and smoothed (sSNA 1 s time constant;
NA, 50 ms). Zero sSNA value was obtained from the minimum
ackground activity after death and was subtracted from sSNA.
aseline values were obtained by averaging 60 s of data 5 min  prior
o NMU  or PBS injection and maximum changes were expressed as
bsolute (MAP, HR, phrenic nerve frequency (PNf)), or percentage
sSNA and phrenic nerve amplitude (PNamp)) changes from base-
ine values. sSNA was rectified and smoothed at 5 ms  and 1 s time
onstants to analyze somatosympathetic reflex and barorecep-
or reflex, respectively. To analyze reflexes, sSNA was  normalized
etween the activity of sSNA before NMU  injection (100%) and the
SNA after death (0%). The sSNA response to sciatic nerve stimula-
ion was analyzed using peristimulus waveform averaging. The area
nder the curve (AUC) of the sympathoexcitatory peaks was  ana-

yzed. To normalize the difference in baseline values, efficiency of
he somatosympathetic reflex was assessed by calculating percent
hange from the control (pre-drug administration). The percentage
hanges for somatosymapthetic reflex were calculated according to
q. (1).

Response to drug or control
control response

)
× 100% (1)

To analyze the data from the baroreflex function tests, mean
AP  was divided into 1 s consecutive bins and the average sSNA

uring each bin was determined; successive values were tabulated
nd graphed as XY plots, taking MAP  as the abscissa and sSNA as
he ordinate. Each data set was then analysed to determine the
igmoidal curve of best fit [15], which is described by Eq. (2).

 = A1
[1 + exp (A2(x − A3))] + A4

(2)

here y is sSNA, x is MAP, A1 is the y range (y at the upper plateau − y
t the lower plateau), A2 is the gain coefficient, A3 is the value of x
t the midpoint (which is also the point of maximum gain), and A4
s y at the lower plateau. The computed baroreflex function curves

ere differentiated to determine the gain of SNA of the baroreflex
cross the full range of MAP  and the peak gain of each curve were
etermined. The range of sSNA was calculated as the difference
etween the values at the upper and lower plateaus of the curve.
he threshold and saturation values for MAP  were defined [18] as
he values of MAP  at which y was 5% (of the y range) below and
bove the upper and lower plateaus, respectively.

.7. Statistics
Statistical analysis was conducted with GraphPad Prism (ver-
ion 5.0) (GraphPad, La Jolla, CA, USA). Grouped data are expressed
s mean ± SE. Paired t-test was used to analyze peak effects and
eflexes. One-way ANOVA with Bonferroni’s correction was used
o compare the drug responses between the strains. Differences
ere considered significant when the P value was less than 0.05.
es 44 (2013) 15–24 17

2.8. Drugs

NMU  (MW  = 2643; Cat. No: 2421; Lot No: 30955) was obtained
from Auspep (Australia). Urethane, l-glutamic acid, glucose, PE
were purchased from Sigma–Aldrich (Sydney, Australia), pan-
curonium bromide from AstraZeneca Pty Ltd. (Sydney, Australia),
rhodamine microbeads from Molecular Probes (NSW, Australia)
and PBS (10 mM in 0.9% NaCl) tablets from AMRESCO Inc. (Solon,
OH, USA). NMU  and rhodamine (2%, v/v) were dissolved and further
diluted in PBS (10 mM;  pH 7.4). PBS and PE were prepared in de-
ionised water. Urethane was  dissolved in 0.9% NaCl and l-glutamic
acid in PBS.

3. Results

3.1. Cardiovascular and sympathetic responses to microinjection
of NMU into the RVLM

NMU  (100 pmol per side, 50 nl) was microinjected bilaterally
into the functionally identified and histologically verified sites
within the RVLM to determine its effect on MAP, HR and sSNA.
The baseline MAP, HR and integrated sSNA in anaesthetized WKY
(n = 6) and SHR (n = 6) were 84 ± 4 and 127 ± 9 mmHg, 444 ± 13 and
451 ± 9 bpm, and 4.3 ± 0.6 and 8.9 ± 0.8 �V, respectively. Baseline
MAP  and integrated sSNA in SHR were significantly higher (P < 0.05)
than those recorded in WKY. Bilateral microinjection of NMU into
the RVLM elicited a short-term hypertensive, tachycardiac and
sympathoexcitatory response followed by a prolonged hypoten-
sive, bradycardiac and sympathoinhibitory response in both SHR
(n = 6) and WKY  (n = 6) (Fig. 1A–C). The effects were almost imme-
diate and peaked about 30 seconds after bilateral administration
of the peptide (Fig. 1A and B). The excitatory response lasted for
≈5 min  when the inhibitory response started that returned to base-
line in about 30 min  (Fig. 1A and B). The hypertensive (39 ± 4 mmHg
vs 16 ± 2 mmHg, P < 0.01), sympathoexcitatory (35 ± 4% vs 24 ± 1%
of baseline, P < 0.05) and sympathoinhibitory (−32 ± 4% vs −12 ± 2%
of baseline, P < 0.05) responses were significantly higher in SHR as
compared with WKY  (Fig. 1C).

Microscopic examination of microinjection sites, marked with
rhodamine microbeads, confirmed that all injections used in this
study were within 500 �m of the caudal end of the facial nucleus
(Fig. 1D).

3.2. Respiratory response to microinjection of NMU  into the RVLM

NMU  injected bilaterally (100 pmol per side, 50 nl) into the
RVLM evoked a significant increase in PNamp without any effect
on PNf in both SHR (n = 6) and WKY  (n = 6) (Fig. 1A–C). No sig-
nificant difference was  observed in the PNamp increase between
SHR (28 ± 4% of baseline, P < 0.05) and WKY  (24 ± 2% of baseline,
P < 0.001) (Fig. 1C).

3.3. Somatosympathetic reflex response to microinjection of NMU
into the RVLM

Intermittent stimulation of the sciatic nerve resulted in two
characteristic excitatory peaks in sSNA of both SHR and WKY. The
latencies of the peaks at control period did not differ significantly
in the two strains (SHR: 84 ± 3 and 165 ± 5 ms;  WKY: 80 ± 1 and
157 ± 3 ms)  (Fig. 2A). However the baseline of sSNA was  shifted to
higher level at SHR compared to WKY  (Fig. 2A), and the AUC of first
excitatory peak was  significantly smaller in SHR (n = 5) than that in

WKY  (n = 5) (P < 0.05) (Fig. 2B). Bilateral NMU  injection (100 pmol
per side, 50 nl) in the RVLM markedly attenuated the AUC of both
excitatory peaks of sSNA at both hypertensive and normotensive
rats as compared to control (Fig. 2B–F). However the latencies of
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Fig. 1. Effect of bilateral microinjection of neuromedin U (NMU) into the rostral ventrolateral medulla (RVLM) of spontaneously hypertensive rats (SHR) and Wistar–Kyoto
rats  (WKY). (A) and (B) representative recording of blood pressure (BP) (gray – pulsatile and black – mean), heart rate (HR), splanchnic sympathetic nerve activity (sSNA) (gray
–  rectified and black – rectified and integrated) [arbitrary unit (a.u.)], phrenic nerve amplitude (PNamp) and rectified phrenic nerve activity (PNA) [arbitrary unit (a.u.)] before
and  after injection of l-glutamic acid (Glu), phosphate buffered saline (PBS) or NMU (100 pmol) in WKY  (A) and SHR (B). (C) Grouped data of maximum cardiorespiratory
effects  following PBS or NMU. Peak effects are shown as absolute (mean arterial pressure (MAP), HR, phrenic nerve frequency (PNf)) or percentage (sSNA, PNamp) change
f wing
e  **P < 0
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rom  respective basal values. (D) Microinjection sites in the RVLM and a section sho
xpressed as mean ± SE. Number of animals are shown in parentheses. ***P < 0.001,
er  minute for HR or bursts per minute for PNf.

he peaks of sSNA were not significantly altered by NMU  injection
n any strain (data not shown).

.4. Baroreflex response to microinjection of NMU  into the RVLM

Changes in sSNA were plotted against changes in MAP  evoked
y i.v. injection of PE in both SHR (n = 5) and WKY  (n = 5). Dur-

ng the control period baroreflex sensitivity was reduced in SHR,
s indicated by a decrease in maximum gain, when compared to

KY. Bilateral microinjection of NMU  (100 pmol per side, 50 nl)

nto RVLM significantly inhibited the reflex sympathoinhibitory
esponses evoked by PE in SHR. NMU  significantly decreased the
aximum gain, range of sSNA, the threshold level, midpoint and
 an injection site stained following an injection of rhodamine microbeads. Data are
.01, *P < 0.05 compared with PBS or compared between SHR and WKY. bpm, beats

the saturation level of MAP  without significantly altering the lower
plateau, upper plateau and operating range as compared with con-
trol (Fig. 3A and Table 1). In contrast, NMU  failed to change the
baroreflex sensitivity of sSNA in WKY  (Fig. 3B and Table 2).

3.5. Cardiovascular and sympathetic responses to i.t. injection of
NMU

To elucidate the role of NMU  in the spinal cord on MAP, HR and

sSNA, NMU  was injected i.t. at T5–T7 level of the spinal cord. In both
SHR (n = 5) and WKY  (n = 5), i.t. injection of NMU  (20 nmol) evoked a
biphasic response consisting of a rapid transient increase followed
by a marked prolonged decrease in MAP  and sSNA, that reached
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Fig. 2. Effect of bilateral microinjection of neuromedin U (NMU) on somatosympathetic reflex in spontaneously hypertensive rats (SHR) and Wistar–Kyoto rats (WKY). (A)
Grouped effect of sciatic nerve-evoked stimulation of splanchnic sympathetic nerve activity (sSNA) (in �V unit) at control period in SHR and WKY. (C) and (E) Grouped effect
of  sciatic nerve-evoked stimulation of sSNA (%) at control period and after injection of NMU  in WKY  (C) and SHR (E). Error bars are omitted for clarity. Arrows indicate the time
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f  stimulation. (B) Grouped data comparing the AUC of 1st and 2nd sympathoexcit
nd  (F) Grouped data illustrating the effects of NMU  (100 pmol, n = 5 for each strain)
P  < 0.05 compared with control or compared between SHR and WKY.

 maximum inhibition ≈10 min  after the injection (Fig. 4A–C).
eak of the pressor response and sympathoexcitation was reached
ithin 2–3 min  after injection (Fig. 4A and B). All variables returned

oward basal values after 30 min. The magnitude of increase in MAP
nd decrease in sSNA evoked by NMU  was significantly higher in
HR than in WKY  (�MAP, 39 ± 6 vs. 9 ± 5 mmHg, P < 0.01; �sSNA,
48 ± 8% vs −27 ± 5% of baseline, P < 0.05; n = 5 for each strain;
ig. 4C). NMU  did not cause any significant change in HR in both
trains (Fig. 4A–C). Vehicle (PBS) (n = 5 for each strain) had no effect
n MAP, HR or sSNA (Fig. 4A–C).

.6. Respiratory response to i.t. injection of NMU

I.t. injection of NMU  evoked moderate increase in PNamp in both

HR (n = 5) and WKY  (n = 5), that peaked at ≈15 min  post-injection
nd returned gradually to baseline in 30 min  (Fig. 4A and B). The
hange in PNamp evoked by NMU  was significantly higher in SHR
han in WKY  (38 ± 8% vs 20 ± 3% of baseline; n = 5 for each strain;
peaks between WKY  and SHR during control (pre-drug administration) period. (D)
e AUC of 1st and 2nd sympathoexcitatory peaks in WKY  (D) and SHR (F). **P  < 0.01,

P < 0.05) (Fig. 4C). In contrast, NMU  did not induce any significant
change in PNf in any strain. I.t injection of PBS also had no effect on
PNamp and PNf (Fig. 4A–C).

4. Discussion

The main findings of the present study are first, that NMU
causes biphasic cardiovascular and sympathetic responses consist-
ing of an initial pressor and sympathoexcitatory phase followed
by a sustained hypotensive and sympathoinhibitory phase when
administered intrathecally, or when microinjected into the RVLM,
in both SHR and WKY. Secondly, that NMU  increases PNamp follow-
ing injection intrathecally or into the RVLM, of both hypertensive
and normotensive rats. Thirdly, that NMU  impairs the sympathetic

baroreflex in the RVLM of SHR, but not in normotensive animals.
Fourthly, that the excitatory peaks of sSNA evoked by sciatic nerve
stimulation – somatosympathetic reflex – are attenuated by NMU
injection into the RVLM in both SHR and WKY.
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Fig. 3. Effect of bilateral microinjection of neuromedin U (NMU) in the rostral ventrolateral medulla on the arterial baroreflex evoked by intravenous injection of phenylephrine
hydrochloride (PE) in spontaneously hypertensive rats (SHR) and Wistar–Kyoto rats (WKY). (A) and (B) Average splanchnic sympathetic baroreflex function curves generated
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or  data before (control) or after NMU  (100 pmol, n = 5 for each strain) injection in
mitted  for clarity – see Table 1 for SHR and Table 2 for WKY).

Consistent with our previous findings in Sprague-Dawley rats
SD) [33], bilateral microinjection of NMU  into the RVLM causes

 biphasic response consisting of an initial brief hypertension,
achycardia and sympathoexcitation followed by a prolonged
ypotension, bradycardia and sympathoinhibition in both WKY
nd SHR. These data suggest that NMU  receptors are present on
VLM neurons in WKY  and SHR, and that activation of these
eceptors profoundly alters the function of cardiorespiratory neu-
ons in the RVLM. Considerable evidence indicates that increased
VLM neuronal activity leading to increased basal SNA is a critical
echanism for the development and maintenance of hypertension

4,16,23]. In SHR, excitation of RVLM vasomotor neurons is mainly
ue to increased glutamate mediated excitation and decreased
ABA mediated inhibition [10,42]. The mechanism of the effect of
MU  on neuronal activity in the RVLM of SHR and WKY  is unclear.

 lack of availability of potent and selective NMU  receptor antag-
nists and/or a good antibody for NMU  receptors further restricts
ur ability to elucidate the precise mechanism of the NMU  medi-
ted modulation of cardiovascular function in RVLM. Recently we
uggested that the excitatory effect is due to the activation of NMU2
hereas the inhibitory effect is due to the activation of NMU1 [33].
owever, involvement of other unknown or unidentified receptors
or NMU  cannot be excluded [24,50]. Further studies are necessary
o clarify the precise mechanisms involved.

In this study we find that the pressor, sympathoexcitatory and
ympathoinhibitory responses evoked by NMU  are significantly
A) and WKY  (B). Traces at right represent baroreflex gain for sSNA (error bars are

higher in SHR compared to WKY. This augmented sympathoin-
hibitory effect in SHR is likely due to the higher level of sympathetic
activity present in SHR as seen here and in previous work [13].
The effects of NMU  microinjection into the RVLM of SD, WKY  and
SHR strongly suggest a role of NMU  and the presence of NMU
receptors in the RVLM. NMU1 and NMU2 are both coupled to
phospholipase C stimulation via a Gq-type G protein, resulting in
the release of the inositol triphosphate (IP3) second messenger
and increased intracellular Ca2+ [3,30,47]. Phosphatidylinositol-3
kinase-sensitive pathway in the RVLM is considered to be an impor-
tant cause of the elevated arterial pressure in SHR [36,46]. These
data seem to indicate that NMU  receptors are either more sensi-
tive or greater in number in the RVLM of SHR. Further studies are
needed to clarify this mechanism.

Here we  show that in anesthetized and vagotomized SHR and
WKY, discrete application of exogenous NMU  in the RVLM increases
respiratory drive as indicated by an increase in PNamp without any
effect on PNf as previously noted in SD [33]. The respiratory changes
in response to NMU  occurred immediately after the microinjec-
tions into the RVLM suggesting that these effects are not due to
the drug diffusion to other respiratory (ventral respiratory column)
regions of the brainstem. The RVLM is a functionally heteroge-

neous region in which cardiovascular and respiratory (Bötzinger
and pre-Bötzinger) neurons are intermingled [14,28]. This close
relationship, and likely synaptic input from respiratory neurons
to RVLM neurons [26,40], along with close appositions between
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Fig. 4. Effect of intrathecal (i.t.) injection of neuromedin U (NMU) on cardiorespiraory function in spontaneously hypertensive rats (SHR) and Wistar–Kyoto rats (WKY). (A)
and  (B) Representative recording of blood pressure (BP) (gray – pulsatile and black – mean), heart rate (HR), splanchnic sympathetic nerve activity (sSNA) (gray – rectified
and  black – rectified and integrated) [arbitrary unit (a.u.)], phrenic nerve amplitude (PNamp) and rectified phrenic nerve activity (PNA) [arbitrary unit (a.u.)] before and after
injection of phosphate buffered saline (PBS) or NMU  (20 nmol) in WKY  (A) and SHR (B). (C) Grouped data of maximum cardiorespiratory effects following PBS or NMU. Peak
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ffects  are shown as absolute (mean arterial pressure (MAP), HR, phrenic nerve freq
xpressed as mean ± SE. Number of animals are shown in parentheses. ***P < 0.001,
er  minute for HR or bursts per minute for PNf.

ulbospinal tyrosine hydroxylase immunoreactive neurons of the
1 cell group and boutons from identified Bötzinger neurons [41]
uggests a possible interaction between the two systems [8,25]. It
emains to be determined if the effect of NMU  on sympathetic activ-
ty is due to effects on antecedent respiratory neurons, or direct
ffects, or a combination of both.

Neurons in the RVLM integrate information from diverse
nputs, including baroreceptors, chemoreceptors and nociceptors
17,27,29]. The sympathetic baroreflex is one of the most impor-
ant regulatory mechanisms in the cardiovascular system, and
aroreflex dysfunction is associated with many forms of hyper-
ension, and may  contribute to the development and maintenance
f the disease [7,9,49]. Central NMU  plays an important role in
odulating sympathetic outflow and baroreflex [33,34]. Before

xperimental application of NMU, we observed a significantly
igher resting blood pressure and a reduced barosensitivity, as

ndicated by a decrease in maximum gain, in SHR relative to age-
atched WKY. Interestingly, in the present study, we found that
icroinjection of NMU  into the RVLM impairs the baroreflex in
HR but not in the WKY. Neurochemical alterations in hyperten-
ion might alter afferent and efferent signaling or integration of
aroreceptor information within the RVLM and might be the under-

ying cause of the impaired baroreflex observed here. Since NMU
 (PNf)) or percentage (sSNA, PNamp) change from respective basal values. Data are
.01, *P < 0.05 compared with PBS or compared between SHR and WKY. bpm, beats

impairs the baroreflex selectively in SHR, the NMU  system may, at
least in part, be associated with the development and maintenance
of hypertension in SHR.

In the present study we report for the first time the direct
effects of NMU  in the RVLM on somatosympathetic reflex in
SHR and WKY. Electrical stimulation of sciatic nerve evokes an
early and late excitatory peaks in sSNA of both SHR and WKY,
as commonly observed in normotensive rats [21,22]. An inter-
esting finding of this study is that the early peak in the control
period is significantly lower in SHR compared with WKY. The
increased baseline value of sSNA in SHR and the possibility of
saturation of the excitability of sSNA cannot be excluded as a rea-
son for this reduction in the early peak in SHR compared with
WKY. Although the organization of the somatosympathetic reflex
is identical in hypertensive and normotensive animals, the reflex
excitability of the splanchnic sympathetic nerve, at least the early
response, is decreased in SHR. This finding contradicts an earlier
study where Scherbin and Tsyrlin [39] reported that the reflex
excitability of the cervical sympathetic nerve was increased in SHR.

Our data also show that NMU  induces a significant decrease in the
AUC of both peaks of somatosympathetic reflex in both SHR and
WKY  and mimics that which we have described previously in SD
[33].
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Table 1
Parameters describing baroreflex control of sSNA after bilateral microinjection of NMU  (100 pmol) in the RVLM of SHR.

Lower plateau (%) Upper plateau (%) Mid  point (mmHg) Max. gain (%/mmHg) Range of SNA (%) Threshold level (mmHg) Saturation level (mmHg) Operating range (mmHg)

Control 6.6 ± 3.5 99.3 ± 2.3 169.6 ± 9.2 −1.5 ± 0.2 92.6 ± 4.5 125.2 ± 13.8 214.1 ± 5.3 88.9 ± 9.9
NMU  12.0 ± 1.6 (ns) 82.8 ± 10.2 (ns) 135.0 ± 3.5 (*) −0.9 ± 0.1 (**) 70.8 ± 10.7 (*) 87.22 ± 3.5 (*) 182.7 ± 6.2 (*) 95.5 ± 7.1 (ns)

Values are mean ± SE (n = 5). Maximum (Max.) gain is the slope of the sigmoid curve of best fit at the MAP  corresponding to steepest part of the curve. ns, non-significant; **P < 0.01, *P < 0.05 compared with control.

Table  2
Parameters describing baroreflex control of sSNA after bilateral microinjection of NMU  (100 pmol) in the RVLM of WKY.

Lower plateau (%) Upper plateau (%) Mid  point (mmHg) Max. gain (%/mmHg) Range of SNA (%) Threshold level (mmHg) Saturation level (mmHg) Operating range (mmHg)

Control 30.0 ± 9.5 99.1 ± 5.1 113.4 ± 2.4 −1.9 ± 0.1 68.9 ± 14.5 81.3 ± 1.2 145.5 ± 5.0 64.1 ± 5.4
NMU  33.0 ± 12.8 (ns) 103.8 ± 10.4 (ns) 107.5 ± 5.1 (ns) −1.8 ± 0.1 (ns) 70.7 ± 12.4 (ns) 76.4 ± 0.9 (ns) 138.5 ± 9.5 (ns) 62.1 ± 8.7 (ns)

Values are mean ± SE (n = 5). Maximum (Max.) gain is the slope of the sigmoid curve of best fit at the MAP  corresponding to steepest part of the curve. ns, non-significant; compared with control.
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Here we investigated the possibility that differences in the NMU
ystem in the spinal cord contribute to the pathogenesis of hyper-
ension in SHR. The data show that i.t. injection of NMU  induces

 biphasic vasomotor response, consisting of an initial pressor
esponse along with sympathoexcitation followed by a prolonged
asodepression and sympathoinhibition both in SHR and WKY  that
as also observed in SD [34]. Our findings also show that the pres-

or response evoked by NMU  is exaggerated in SHR, although not
ediated by excessive increase in splanchnic sympathoexcitation.

nterestingly sympathoinhibition by NMU  is of a higher magnitude
n SHR compared to WKY. Although we favor the mechanism under-
ying the biphasic effects of NMU  described in an earlier study [34],
nother explanation for the exaggerated hypertensive and sympa-
hoinhibitory response in the SHR is that NMU-receptor expressing
PN in SHR may  be more sensitive to NMU. The adrenal medulla is
mportant in the pathogenesis of hypertension in the SHR [2,35].
he possibility of an increase in the number of NMU-receptors
xpressed in SPN projecting to adrenal medulla in SHR or differ-
nces in the resting level of excitability of SPN in SHR cannot be
uled out and needs further investigation.

. Conclusion

Exogenous NMU, administered i.t. or into the RVLM, has a
iphasic effect on cardiovascular and sympathetic function. The
MU response includes a rapid transient increase followed by

 prolonged intense inhibition of BP and sSNA in both SHR and
KY. Additionally, NMU  increases respiratory drive. Our results

lso show that NMU  attenuates somatosymapthetic reflex in both
ypertensive and normotensive rats, and baroreflex in SHR. This
tudy suggests a novel role of NMU  in the central regulation of the
utonomic nervous system and adaptive reflexes in both SHR and
KY. However the physiological role of NMU  in each of these places

eserves future study and remains to be explored. In conclusion,
e speculate that NMU  induces an exaggerated pressor response

nd baroreflex impairement in SHR suggesting that NMU  might be
artially responsible for the development of hypertension in SHR.
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