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ABSTRACT 

Sympathetic premotor neurons within the rostral ventrolateral medulla (RVLM) exhibit tonic 

activity in vivo, which is thought to be critical for generating sympathetic nerve activity (SNA) 

and maintaining blood pressure. The mechanisms responsible for the generation of 

spontaneous activity in these neurons are therefore a topic of considerable research 

interest. In the current thesis we examine intrinsic and extrinsic mechanisms that contribute 

to the excitability of these neurons in vitro. 

First we investigated two candidate mechanisms for mediating the hypoxia-sensitivity of 

these cells. We initially examined the evidence for expression and function of the putative 

oxygen-sensor heme oxygenase 2 (HO-2) on bulbospinal neurons. We found no HO-2 

immunoreactivity on spinally projecting or catecholaminergic RVLM neurons, and found no 

effect of HO-2 blockade on electrophysiological responses to acute cyanide hypoxia. We 

then demonstrated that extracellular ATP release is critically important for mediating 

responses to hypoxia, and that destruction of brainstem glia abolishes cyanide sensitivity, 

indicating a previous unrecognized role for glia in driving hypoxic responses.  

Second, we examined the role played by RVLM sympathetic premotor neurons in driving 

adrenaline release in response to acute glucoprivation. We found that RVLM bulbospinal 

neurons are not sensitive to changes in extracellular glucose concentration in vitro, but that 

RVLM neurons are activated by an orexinergic relay originating in the perifornical 

hypothalamus (PeH) in response to systemic or PeH glucoprivation in vivo. 

Third, we examined the cellular mechanisms responsible for the dramatic 

sympathoinhibition evoked by microinjection of somatostatin (Sst) into the RVLM in vivo, 

despite the limited expression of the SST2A receptor on putative sympathetic premotor 

neurons. Consistent with our previous anatomical data we found that Sst hyperpolarises 

only 50% of bulbospinal RVLM neurons (via an inwardly rectifying potassium channel). Given 

the profound effect of Sst receptor agonists in this region and the limited distribution of the 

SST2A-R and sensitivity of bulbospinal neurons to Sst, these findings support our previous 

suggestion that Sst-sensitive neurons may play a critical role in generating vasomotor tone. 

Finally, we examined the hypothesis that synaptic coupling between spinally projecting 

RVLM neurons contributes to the burst generation in sympathetic nerves in vivo. We did not 
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find any evidence of monosynaptic connections between simultaneously recorded pairs of 

RVLM bulbospinal neurons and conclude that synaptic mechanisms does not contribute to 

the synchronisation of these neurons. 

Overall, these data extend our knowledge of the innate properties of bulbospinal RVLM 

neurons and the neuronal networks in which they reside. 
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CHAPTER 1: LITERATURE REVIEW 
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Cardiovascular disease is the major determinant of life expectancy worldwide; an Australian 

dies from cardiovascular disease every ten minutes. One of the major risk factors for all 

cardiovascular diseases is high blood pressure, but the reasons why blood pressure becomes 

high are unclear. In many cases, it seems that the part of the brain that normally maintains 

blood pressure within the healthy range ceases to function normally.  

Blood pressure is controlled by networks of cardiovascular control neurons in the brainstem 

and spinal cord (the sympathetic nervous system). Although we understand how the 

individual neurons that compose these networks work, we don't really understand how the 

behaviour of an individual neuron is influenced by the rest of the neuronal network, or how 

a single neuron can modify the overall behaviour of this network. This is important because 

it is the dysfunction of the whole network, rather than of individual neurons that can lead to 

serious cardiovascular diseases like hypertension.  

In this thesis I attempt to solve some of the mysteries that surround our understanding of 

the functional properties and organisation of the neurons that compose the sympathetic 

nervous system. 

ARTERIAL BLOOD PRESSURE CONTROL 

The autonomic nervous system controls diverse functions and has specific targets such as 

the kidneys, blood vessels, heart, lungs, liver, sweat glands and gut. It is composed of the 

parasympathetic nervous system responsible for the ‘rest and digest’ responses which 

stimulate digestion for example; and the sympathetic nervous system responsible for the 

‘fight or flight’ responses such as increasing the blood pressure and heart rate following 

stressful conditions. Both systems regulate pathways of preganglionic and cholinergic 

neurons residing in the central nervous system (CNS), peripheral ganglionic networks, glands 

and organs.  

The activity of sympathetic nerves determines the flow of blood between different parts of 

the body and is responsible for maintaining blood pressure. It is responsible for regulating 

the total peripheral resistance and the increases in cardiac output which have direct effect 

on the elevation of blood pressure (Cornish et al., 1990, Guyenet, 2006). The end-diastolic 

volume, heart rate and myocardial contractility determine the cardiac output (Guyenet, 

2006). Total peripheral resistance is controlled by the constriction of arterial resistance 
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vessels which is maintained by ongoing sympathetic nerve activity and adjusted according to 

continuous physiological demand (Share and Crofton, 1984, Mancia et al., 1997, Esler, 2000, 

Grisk, 2005). 

Sympathetic activity regulating vasomotor targets is tonically active and varies greatly with 

internal and external stressors (such as fear, heat/cold exposure, exercise etc.) reflecting 

adaptive responses. Sympathetic nerve activity is controlled by sympathetic premotor 

neurons residing in the brainstem and midbrain (for review, see Dampney, 1994). These 

neurons receive inputs that are directly related to the psychological and physiological state 

of an animal, which are then integrated in the brain to provide the appropriate sympathetic 

output.  

Elevated sympathetic nerve activity has been detected in different disease states such as 

obesity, sleep apnoea and heart failure which are known to be causative of hypertension 

(Malpas, 2010). There is strong evidence that increases in sympathetic nerve activity are 

causative or contributory to hypertension aetiology (Rahn, 1999, Smith et al., 2004); 

sympathetic hyperactivity is seen in humans and animals that go on to develop hypertension 

prior to any measurable increase in blood pressure. 

Spinally projecting neurons within the rostral ventrolateral medulla (RVLM) in the brainstem 

appears to play a key role in the generation of sympathetic tone, these neurons are a major 

driver of sympathetic nerve activity (Guyenet, 2006). The spontaneous activity of these 

neurons corresponds with the sympathetic nerve activity and blood pressure, all three are 

sensitive to the same type of stimuli and afferent inputs such as hypoxia and baroreceptor 

activation (Brown and Guyenet, 1985). The neural mechanisms responsible for the 

generation of sympathetic nerve activity have emerged as a major research goal (Coote, 

2007). In this chapter I will review the main populations of neurons that are involved in 

cardiovascular regulation, with a particular focus on sympathetic premotor neurons in the 

RVLM. 

SYMPATHETIC PREGANGLIONIC NEURONS (SPN) 

The sympathetic control of the heart and blood vessels comes from noradrenergic 

sympathetic excitatory neurons located in the pre- and para-vertebral ganglia (Janig and 

Habler, 2003). These neurons receive excitatory cholinergic input from sympathetic 
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preganglionic neurons (SPN) (Strack et al., 1988). SPN cell bodies with vasomotor targets 

tend to be distributed in longitudinal cell clusters in the thoracic and lumbar 

interomediolateral cell column (IML) within the spinal cord (Figure 1.1. adapted from Strack 

et al. (1988)), topographically distributed in accordance with the ganglia or peripheral target 

organs they innervate (Strack et al., 1988). 

Maintained by excitatory input from neurons in multiple supraspinal premotor nuclei, the 

ongoing activity of SPNs plays a key role in maintaining sympathetic vasomotor tone and 

arterial pressure. The main source of this excitatory drive to SPN originates from the release 

of excitatory transmitters, mainly glutamate, from the terminals of presympathetic neurons 

(Morrison et al., 1991, Deuchars et al., 1995, Deuchars et al., 1997, Lewis and Coote, 2008). 

SPN activity and excitability is also influenced by other transmitters such as: GABA, 

serotonin, catecholamines, substance P and opioids originating from presympathetic 

neurons and spinal interneurons (Guyenet and Cabot, 1981, Yoshimura et al., 1986, Inokuchi 

et al., 1993, Matsumoto et al., 1994, Deuchars et al., 1997, Stornetta et al., 2001, Minson et 

al., 2002). Spinal interneurons known to mainly inhibit SPN do not play a key role in 

maintaining sympathetic tone. The functional role of inhibition of SPN activity, and the 

architecture of spinal sympathetic circuitry, is yet to be determined.  

SYMPATHETIC PREMOTOR NEURONS 

In the rat brain, supraspinal inputs arise from five different regions of the brainstem and 

hypothalamus (for review, see Dampney, 1994): the RVLM, the rostral ventromedial medulla 

(RVMM), the caudal medullary raphe nuclei, the A5 noradrenergic cell group in the pons, 

and the paraventricular nucleus (PVN) in the hypothalamus (Figure 1.2. adapted from Strack 

et al. (1989a)). These presympathetic groups are considered to be the main source of 

innervation of the SPN (Meckler and Weaver, 1985). Although physiological evidence 

indicates that activation of each of these groups increases sympathetic outflow (Morrison, 

2001, Guyenet, 2006, Coote, 2007), one cell group in particular, the RVLM has emerged as 

the major focus for the maintenance of vasomotor sympathetic tone and the elaboration of 

homeostatic sympathetic reflexes (Brown and Guyenet, 1985, Pilowsky and Goodchild, 

2002). The mechanisms that regulate the activity of these neurons is the major topic of the 

current thesis. 
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Chemical and electrical activation of the RVLM produces a large increase in the activity of 

vasomotor sympathetic nerves (Morrison, 1999, Rathner and McAllen, 1999, Cao and 

Morrison, 2003). Critically, inhibition of neurons within the RVLM, but not nuclei containing 

other putative sympathetic premotor neurons, is sufficient to produce a pronounced fall in 

blood pressure and sympathetic nerve activity to spinal levels (50 mmHg), similar to C1 

spinal cord transection or ganglionic blockade (Guertzenstein and Silver, 1974) and to 

disrupt cardiovascular reflex pathways that converge in the RVLM (Dampney and Moon, 

1980, Stornetta et al., 1989, Zanzinger et al., 1994, Nagata et al., 1995). These observations 

have led many investigators to conclude that the RVLM plays a key role in generating 

sympathetic nerve activity and in integrating homeostatic reflex pathways that control blood 

pressure. As a result, the RVLM has emerged as the major focus of research into the 

mechanisms that control blood pressure in normal and pathophysiological conditions. 

In the following sections, the location, neurochemistry, connections and functional role of 

RVLM presympathetic neurons are reviewed. 

THE ROSTRAL VENTROLATERAL MEDULLA (RVLM) 

The activity of RVLM neurons located immediately caudal to the facial motor nucleus 

determines ongoing vasomotor and reflex activity in sympathetic efferent pathways (Reis et 

al., 1984, Dampney, 1994, Pilowsky and Goodchild, 2002, Guyenet, 2006). In cats, bilateral 

inhibition of neurons near the ventral medullary surface using pentobarbital, glycine or γ-

Aminobutyric acid (GABA), caused a large reduction in arterial pressure (Feldberg and 

Guertzenstein, 1972, 1976). Many other studies in a variety of species (rabbits, rats and 

cats), have provided evidence that the RVLM plays a crucial role in the maintenance of 

arterial pressure and sympathetic nerve discharge following stimulation, inhibition or 

destruction of the RVLM using either electrical, chemical, optogenetic or pharmacogenetic 

techniques (Dampney and Moon, 1980, Willette et al., 1983b, Ross et al., 1984, McAllen, 

1985, Pilowsky et al., 1985, Abbott et al., 2009c, Marina et al., 2011).  

Following excitation of the RVLM, large increases in arterial pressure and activity in 

sympathetic nerves innervating the heart, blood vessels and adrenal medulla have been 

recorded (Goodchild et al., 1982, Willette et al., 1983a, Ross et al., 1984, McAllen, 1986). 

This increased activity was not recorded in sympathetic nerves that stimulate non-
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vasomotor organs such as smooth muscle of the gut and sweat glands (McAllen, 1986). 

Anatomical (Amendt et al., 1979, Ross et al., 1981, Dampney et al., 1982, Caverson et al., 

1983) and electrophysiological (Deuchars et al., 1995, Oshima et al., 2006, Oshima et al., 

2008) evidence suggest that the sympathoexcitation evoked by RVLM stimulation is due to 

monosynaptic activation of thoracic SPN. Following inhibition of the RVLM, reflex and 

centrally evoked sympathetic vasomotor responses were abolished (Willette et al., 1983b).  

The RVLM region contains a functionally and neurochemically heterogeneous population of 

neurons; some are involved in cardiovascular regulation such as sympathetic premotor 

neurons and supra-spinal interneurons; and some are considered non-cardiovascular, such 

as the extensive respiratory and chemoreceptive circuits that lie in adjacent and overlapping 

groups (Kanjhan et al., 1995, Sun et al., 1998, Mulkey et al., 2004, Stornetta et al., 2006, 

Gourine et al., 2010, Smith et al., 2012), as well as many other neurons with unidentified 

functions. 

Putative cardiovascular RVLM neurons are defined as those with spontaneous activity that is 

modulated by sensory modalities that affect sympathetic nerve activity, particularly an 

inhibitory response to baroreceptor activation (Lipski et al., 1995a, McAllen and May, 1996). 

This population includes bulbospinal (i.e. sympathetic premotor neurons) and non-

bulbospinal neurons (Caverson et al., 1983, Ross et al., 1984, Barman and Gebber, 1985, 

Brown and Guyenet, 1985, Tucker et al., 1987, Morrison et al., 1988, Granata and Kitai, 

1992, Oshima et al., 2006). The response of cardiovascular bulbospinal neurons following the 

activation of supra-medullary (Lovick, 1992b, Verberne and Guyenet, 1992, Wang and 

Lovick, 1993, Verberne, 1996, Verberne et al., 1999a), somatic (Morrison and Reis, 1989, 

Zanzinger et al., 1994, McMullan et al., 2008) and visceral (Ermirio et al., 1993, Saita and 

Verberne, 2003) inputs is essentially identical to the response of peripheral vasomotor 

sympathetic outflow. Thus, cardiovascular sympathetic premotor neurons are thought to be 

directly involved in the regulation of sympathetic nerve activity, the modulation of SPN, and 

the maintenance of vasomotor tone. 

Although bulbospinal neurons have received the greatest attention by researchers in this 

field, it is also worth pointing out that there is also a considerable non-bulbospinal 

barosensitive population, many of which can be antidromically activated by electrical 
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stimulation of the hypothalamus (Verberne et al., 1999c). These neurons may be 

differentiated anatomically from the bulbospinal group by their expression of neuropeptide 

Y (Minson et al., 1994, Stornetta et al., 1999), and may play a role in driving behavioural and 

cerebral vasomotor responses to acute brainstem hypoxia/ischaemia (Golanov et al., 2000, 

Golanov et al., 2001, Ilch and Golanov, 2004, Abbott et al., 2013) as well as effects on 

vasopressin release (Cunningham et al., 1990). 

RVLM SYMPATHETIC PREMOTOR NEURONS: NEUROCHEMICAL PHENOTYPE 

Figure 1.3, adapted from Pilowsky et al. (2002), shows the diverse neurochemical 

phenotypes of bulbospinal RVLM neurons which are almost uniformly excitatory, as 

indicated by the expression of vesicular glutamate transporter 2 (VGLUT2: Stornetta et al., 

2002) and contain a diverse complement of amino acid and peptide neurotransmitters 

(reviewed by Stornetta, 2009). Nearly 70 % of sympathetic premotor neurons can be 

identified as members of the adrenergic C1 group by their expression of catecholaminergic 

enzymes: dopamine-β-hydroxylase (DβH), tyrosine hydroxylase (TH), or 

phenylethanolamine-N-methyltransferase (PNMT) (Hokfelt et al., 1973, Blessing et al., 1981, 

Ross et al., 1981, Goodchild et al., 1984, Schreihofer and Guyenet, 1997, Phillips et al., 2001, 

Stornetta et al., 2002). C1 neurons that project to the hypothalamus constitute more than 50 

% of this population (Stornetta et al., 1999, Verberne et al., 1999b, Phillips et al., 2001). 

Most C1 cells are barosensitive (Sved et al., 1994, Sartor and Verberne, 2003); however, 

lesion of the C1 group or selective ablation of the bulbospinal subset has no significant effect 

on sympathetic nerve activity and merely reduces the arterial pressure by approximately 10 

mmHg (Madden et al., 1999, Schreihofer et al., 2000, Madden and Sved, 2003b), suggesting 

that C1 neurons alone are not responsible for maintaining vasomotor function. Of the non-

C1 group, preproenkephalin is expressed in 80 % of bulbospinal neurons (and 20 % of C1 

bulbospinal neurons: Stornetta et al., 2001). 

Peptide transmitters colocalized with catecholamine precursor enzymes in the RVLM include 

pituitary adenylyl cyclase activating polypeptide transporter (PACAP), which has been found 

in 84 % of C1 neurons in which 82 % were bulbospinal. PACAP has also been found in 10 % of 

non-C1 bulbospinal neurons (Farnham et al., 2008). Preprotachykinin, a substance P 

precursor, is expressed in 20 % of C1 bulbospinal neurons (Milner et al., 1988, Li et al., 2005). 

Neuropeptide-Y is absent in bulbospinal RVLM neurons but is expressed in 95 % of the C1 
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population projecting to the hypothalamus (Stornetta et al., 1999, Schreihofer et al., 2000). 

Catestatin (Gaede et al., 2009), cocaine- amphetamine-regulated transcript (Burman et al., 

2004) and calbindin (Goodchild et al., 2000) also define a portion of bulbospinal and non-

bulbospinal RVLM neurons. These neurons rarely express GABAergic or glycinergic 

precursors, and are therefore assumed to be uniformly excitatory (Stornetta et al., 2004). In 

contrast, a significant proportion of RVMM and raphé bulbospinal neurons are found to be 

GABAergic and glycinergic (Stornetta and Guyenet, 1999, Stornetta et al., 2004). 

RVLM SYMPATHETIC PREMOTOR NEURONS: ELECTROPHYSIOLOGICAL PROPERTIES 

Many bulbospinal neurons recorded in vivo are spontaneously active, with a firing rate of 1 - 

40 spikes/s and a spinal conduction velocity of 1 – 30 m/s (Brown and Guyenet, 1984, 1985, 

Verberne et al., 1999c, McMullan et al., 2008, McMullan and Pilowsky, 2012). The spinal 

conduction velocities of barosensitive neurons are bimodal, composed of slowly conducting 

axons (unmyelinated: < 1m/s) and rapidly conducting axons (lightly myelinated, >1 m/s) 

(Morrison et al., 1988, Allen and Guyenet, 1993, Schreihofer and Guyenet, 1997). Baseline 

discharge rate and neurochemical phenotype correlated to a great extent with the axonal 

conduction velocity (Allen and Guyenet, 1993, Schreihofer and Guyenet, 1997, Sartor and 

Verberne, 2003). Neurons with rapidly conducting axons (3.1 ± 0.4 m/s) exhibit high 

spontaneous activity (19 ± 3 Hz, n = 23) and are equally likely to be C1 or non-C1 neurons, 

whereas neurons with slowly conducting axons group (0.6 ± 0.1 m/s) are less active (4 ± 1 

Hz, n = 16) and uniformly catecholaminergic (Schreihofer and Guyenet, 1997). Both groups 

are equally barosensitive (Brown and Guyenet, 1985). However, relative contributions of 

myelinated versus unmyelinated bulbospinal barosensitive neurons in the control of 

sympathetic vasomotor tone are still unclear: given the rapidly-conducting group, which 

contains the non-C1 cells, is responsible for generating a greater volume of bulbospinal drive 

and is presumably responsible for maintaining sympathetic tone after depletion of C1 

neurons (Madden et al., 1999, Schreihofer and Guyenet, 2000, Schreihofer et al., 2000, 

Guyenet et al., 2001), some authors have suggested that this population is predominantly 

responsible for the maintenance of sympathetic tone (Schreihofer and Guyenet, 2000, 

Madden and Sved, 2003a, Burke et al., 2011). 

Bulbospinal RVLM neurons recorded in neonatal slices also exhibit spontaneous activity (Sun 

et al., 1988a, Sun et al., 1988b, Kangrga and Loewy, 1995, Li et al., 1995). As neither blood 
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pressure (Ito and Sved, 1997), sympathetic nerve activity (Sun and Guyenet, 1986), nor the 

firing of spinally projecting RVLM neurons in vivo (Sun et al., 1988a) or in vitro (Sun et al., 

1988a, Li et al., 1995) is affected by blockade of RVLM glutamate receptors, some authors 

have interpreted the continued activity of these neurons as evidence of intrinsic 

autodepolarization. However, spontaneous activity is not apparent in acutely dissociated 

RVLM bulbospinal neurons (Lipski et al., 1998). Furthermore, the same group found that 

intracellularly recorded action potentials are always preceded by excitatory post-synaptic 

potentials in vivo (Lipski et al., 1996a), suggesting that (non-glutamatergic) transmission may 

be necessary for the generation of action potentials. As a result, it is now widely accepted 

that pacemaker currents play a minor role in the generation of spontaneous activity in these 

neurons in vivo (Coote, 2007), and that instead as yet unidentified extracellular signals drive 

activity in this population (Barman and Gebber, 1989, Guyenet, 2006, Coote, 2007).  

This network interaction has been proposed by many researchers as a rhythmic driver of 

sympathetic nerves (Cohen and Gootman, 1970, Barman and Gebber, 1980, Zhong et al., 

1992, McAllen et al., 2001) however, the source(s) of such drive remain unknown. 

RVLM SYMPATHETIC PREMOTOR NEURONS: EFFERENT PROJECTIONS  

The axonal arborizations of bulbospinal barosensitive neurons extend dorsomedially for 

nearly 1.5 – 2 mm before following their pathway to the spinal cord (Schreihofer and 

Guyenet, 1997). These arborizations project to different brainstem regions including the 

CVLM, RVLM, A5, and RVMM (Haselton and Guyenet, 1990, Lipski et al., 1995b). Non-

bulbospinal barosensitive neurons follow the same trajectory before ultimately projecting in 

a rostral direction (Lipski et al., 1995b, Schreihofer and Guyenet, 1997). 

Similar axonal projections of bulbospinal and non-bulbospinal C1 neurons have recently 

been reported by investigators using viral vectors that selectively drive reporter expression 

in catecholaminergic neurons (Card et al., 2006, Sevigny et al., 2008, Abbott et al., 2009b). 

Using this approach, Card et al. (2006) were also able to identify local synapses and 

varicosities formed by C1 neurons and demonstrate that they form close appositions with 

both C1 and non C1-neurons in the RVLM (Agassandian et al., 2012), suggesting that C1 

RVLM neurons form a local synaptic network in addition to their supraspinal and 

reticulospinal projections. The participation of putative sympathetic premotor neurons in 
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local circuits is a recent discovery and an emergent topic of interest in this field; experiments 

investigating the prevalence of synaptic connections between pairs of bulbospinal RVLM 

neurons are described in Chapter 5. 

RVLM SYMPATHETIC PREMOTOR NEURONS: NEUROPHARMACOLOGY 

The RVLM is targeted by afferent projections from spinal, medullary, pontine and midbrain 

centres including the ipsi- and contralateral medulla, the inferior olive, RVMM, midline 

medulla, nucleus of the solitary tract (NTS), area postrema, dorsal motor nucleus of the 

vagus, caudal ventrolateral medulla (CVLM), nucleus ambiguus, periaqueductal grey (PAG), 

cuneiform nucleus, lateral parabrachial nucleus / kölliker-fuse, laterodorsal and 

pedunculopontine tegmental nuclei, and A5 (Dampney et al., 1987, Carrive et al., 1988, Yasui 

et al., 1990, Verberne, 1995, Koshiya and Guyenet, 1996, Horiuchi et al., 1999a, Padley et al., 

2007, McMullan and Pilowsky, 2012, Bowman et al., 2013, Turner et al., 2013, Korim et al., 

2014). In addition, the RVLM receives inputs from parts of the hypothalamus (lateral, 

perifornical, dorsomedial and paraventricular subnuclei), basal forebrain (central nucleus of 

the amygdala) and the cortex (insular and medial prefrontal cortex) (Shafton et al., 1998, 

Saha et al., 2005, Gabbott et al., 2007). Several neurotransmitter substances have been 

identified as having a direct effect on sympathetic nerve discharge and their pre- or post-

synaptic receptors were found to be expressed in the RVLM. These include amino acids 

(GABA, glutamate and glycine), neuropeptides (angiotensin II, PACAP, orexin, opiates, 

substance P, galanin, somatostatin (SST) and cannabinoids), amines (acetylcholine, 

dopamine, serotonin, histamine, noradrenaline and adrenaline) and purines (ATP and 

adenosine) (Zanzinger et al., 1995, Stasinopoulos et al., 2000, Padley et al., 2003, Pimentel et 

al., 2003, Makeham et al., 2005, Padley et al., 2007, Abbott and Pilowsky, 2009). 

Unfortunately, a detailed connectomic map of sources of input to RVLM sympathetic 

premotor neurons and the neurotransmitters which evoke responses in the RVLM remain to 

be described. The following paragraphs represent a brief review of some of the 

metabotropic and ionotropic inputs which either supress or stimulate the RVLM and the 

sympathetic outflow, these neuromodulators will be linked to some functional and reflex 

roles played by the RVLM in later sections of this literature review. 

Amino Acids 
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RVLM GABAergic drive plays an important role in the regulation of vasomotor activity: 

microinjection of the GABAA receptor antagonist bicuculline into the RVLM pressor region 

strongly increased sympathetic nerve activity and blood pressure (Willette et al., 1983b, 

Koshiya et al., 1993, Ito and Sved, 1997), and blocked inhibitory reflexes such as the 

baroreflex, abdominal vasodepressor and Bezold-jarisch reflexes (Willette et al., 1983a, 

Willette et al., 1983b, Koshiya et al., 1993). Smaller activation of these factors was recorded 

following blockade of GABAB or glycine (Ross et al., 1984, Guyenet et al., 1990, Li and 

Guyenet, 1995), suggesting that tonic activation of these receptors is less significant in the 

control of baselines sympathetic nerve activity. The likely sources of GABAergic transmission 

to the RVLM are widespread and include the nucleus of the solitary tract, area postrema, 

CVLM, midline raphe, ventrolateral periaqueductal gray, lateral hypothalamic area, central 

nucleus of the amygdala, sublenticular extended amygdala, interstitial nucleus of the 

posterior limb of the anterior commissure, bed nucleus of the stria terminals, and medial 

preoptic area (Cravo and Morrison, 1993, Bowman et al., 2013), but the physiological 

circumstances under which GABA is released from these structures is largely unknown. 

Blockade of excitatory amino acidic inputs in the RVLM blocked the somatosympathetic 

reflex, the peripheral chemoreflex, and stimulation from higher brain regions such as the 

hypothalamus, PAG, and the cerebellum (Li and Lovick, 1985, McAllen, 1985, Koshiya et al., 

1993, Kiely and Gordon, 1994, Miyawaki et al., 1996, Coote et al., 1998).  

The major excitatory neurotransmitter examined within the RVLM is glutamate. It has been 

shown that glutamate RVLM microinjection caused a decrease in phrenic nerve frequency 

and an increase in heart rate, sympathetic nerve activity, arterial pressure and 

musculoskeletal vascular resistance (McAllen and Dampney, 1990, Miura et al., 1991, 

Tsuchihashi and Averill, 1993, Tsuchihashi et al., 1994). Some of the sources of glutamate in 

the RVLM include the contralateral RVLM, PVN, nucleus of the solitary tract (NTS), lateral 

parabrachial nucleus, kölliker-fuse, and central nucleus of the amygdala (Takayama and 

Miura, 1992). Excluding the NTS (Koshiya and Guyenet, 1996, Moraes et al., 2011), the 

glutamate-mediated effects played by these brain regions on the control of blood pressure is 

known. Following chemoactivation, AMPA/ kainate (Miyawaki et al., 1996) and NMDA (Kubo 

et al., 1993) receptors were found to be involved in the recorded sympathoexcitatory 

response. Furthermore, following sciatic nerve stimulation, non-NMDA receptors were 
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found to be involved in the recorded somatosympathetic response (Kiely and Gordon, 1993, 

Kiely and Gordon, 1994). 

Neuropeptides and amines 

While blockade of delta opioid receptors in the RVLM of anaesthetised rabbits causes an 

increase in arterial pressure and sympathetic nerve activity (Morilak et al., 1990) and 

blockade of muscarinic receptors causes large sympathoinhibition and hypotension in 

anaesthetised rats (Padley et al., 2007); for a large number of metabotropic 

neuromodulators such as: angiotensin I, NK1, cannabinoid 1, 5HT1A, P2X, PAC1 and SST2A 

receptors, arterial pressure and sympathetic nerve activity in rats was not affected in vivo 

(Hirooka et al., 1997, Horiuchi et al., 1999b, Miyawaki et al., 2001, Padley et al., 2003, 

Makeham et al., 2005, Burke et al., 2008, Farnham et al., 2008). Blockade of baseline 

transmission of metabotropic neuromodulators such as angiotensin II (Head and Mayorov, 

2001), NK1 (Makeham et al., 2005), cannabinoid 1 (Padley et al., 2003), 5HT1A , P2X 

(Horiuchi et al., 1999b), PAC1 (Farnham et al., 2008) and SST2A receptors (Burke et al., 2008) 

is not associated with any change in arterial pressure or sympathetic nerve activity in vivo.  

Although some of these transmitters have been associated with defined functional role such 

as orexinergic and cholinergic transmissions, which contribute to the regulation of the heart 

rate and arterial pressure following exercise and arousal (Padley et al., 2007, Furlong et al., 

2009), the main physiological drivers of metabotropic neuromodulator release such as 

PACAP, SST and enkephalin are still unknown. In this thesis we test the direct effect of SST 

on sympathetic premotor RVLM neurons (see Chapter 4). 

In summary, it seems that metabotropic neuromodulators potentially play an important role 

in the modulation of sympathoexcitatory neurons, but the functional roles of most 

neuromodulators is yet to be defined. 

Purines 

Exogenous ATP or ATP receptor agonist application has an excitatory effect on sympathetic 

premotor RVLM neurons (Sun et al., 1992b, Ralevic et al., 1999). In addition, increased 

arterial blood pressure, heart rate and renal sympathetic nerve activity were recorded 

following activation of ATP RVLM receptors (Sun et al., 1992b, Horiuchi et al., 1999b, Ralevic 

et al., 1999, Thomas et al., 2001). 
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The mechanisms responsible for oxygen sensing of RVLM neurons are unknown, but there is 

evidence suggesting an important role for ATP in mediating such sensitivity. First, ATP is 

released within the RVLM region following brainstem hypoxia (Gourine et al., 2005). Second, 

RVLM sympathetic premotor neurons are depolarized not only by exogenous ATP (Sun et al., 

1992b, Horiuchi et al., 1999b, Ralevic et al., 1999, Zoccal et al., 2011) but also by glial ATP 

(Marina et al., 2013). Furthermore, glia are activated by hypoxia and in response to such 

signal they release ATP (for review, see Fields and Stevens-Graham, 2002, Aley et al., 2006, 

McDougal et al., 2013). In this thesis we tested whether glial ATP release plays a role in 

mediating hypoxic responses of RVLM bulbospinal neurons (see Chapter 2). 

RVLM SYMPATHETIC PREMOTOR NEURONS: INVOLVEMENT IN 

AUTONOMIC REFLEX PATHWAYS 

BARORECEPTOR REFLEX 

The baroreceptor reflex, also referred to at the brainstem level as sympathetic baroreflex, is 

a negative feedback loop that buffers the response of the cardiovascular system to changes 

in the physiological state of the animal (i.e. exercise, stress, arousal) and postural and 

orthostatic changes to maintain arterial pressure within a narrow physiological range. 

Increased arterial pressure activates baroreceptors located in the walls of the aortic arch and 

carotid sinus. Signals are then transmitted via myelinated and unmyelinated fibres of the 

glossopharyngeal (IX) and vagal (X) nerves (Eyzaguirre and Uchizono, 1961, McDonald, 1983) 

or the aortic depressor nerve in rat, rabbit and mouse (Krieger and Marseillan, 1963, 

Devanandan, 1964, Fan and Andresen, 1998). Researchers have identified mainly 

glutamatergic baroreceptor afferent projections in the NTS using anterograde tracing 

techniques in the rat, cat and rabbit (Leone and Gordon, 1989, Seagard et al., 2000). The NTS 

is a large region in the dorsomedial medulla which has different first order cardiorespiratory 

reflex synapses including the peripheral chemoreflex and cardiovagal reflex in addition to 

the baroreflex (Finley and Katz, 1992, Kubin et al., 2006). Direct projections from the NTS to 

the CVLM have been found using retrograde and anterograde tracers (Ross et al., 1985), and 

electrophysiological experiments describe an excitatory baro-activated drive to the CVLM 

which in turn, was found to contain GABAergic neurons (Guyenet et al., 1987, Agarwal et al., 

1990, Schreihofer and Guyenet, 2003), which are subsequently thought to inhibit 
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barosensitive presympathetic RVLM neurons (Cravo et al., 1991, Jeske et al., 1993, Jeske et 

al., 1995, Yu and Gordon, 1996, Schreihofer and Guyenet, 2003) (Figure 1.4). 

The barosensitivity of RVLM sympathetic premotor neurons is one of their defining 

characteristics, and is the major functional criteria used to identify them in vivo. Bulbospinal 

RVLM neurons are inhibited by naturalistic changes in arterial pressure (Brown and Guyenet, 

1985) or electrical stimulation of baroreceptor afferents (Lipski et al., 1995a). Furthermore, 

the sympathetic baroreflex, heart rate and plasma noradrenaline response to hydralazine 

were significantly attenuated following the depletion of bulbospinal C1 neurons by the 

application of anti-dopamine β-hydroxylase-saporin injected at the thoracic level of the 

spinal cord or in the RVLM. This highlights the important role played by C1 bulbospinal RVLM 

neurons in the control of the sympathetic baroreflex (Schreihofer and Guyenet, 2000, 

Madden et al., 2006). 

One feature of the baroreflex is that it can be conditionally augmented depending on the 

physiological state of the animal. This is achieved by modulation of synaptic transmission at 

multiple points in the baroreflex arch, including the RVLM (reviewed by Pilowsky and 

Goodchild, 2002, Dampney et al., 2003a). During exercise for example, cholinergic 

projections are activated via a feed-forward mechanism from the pedunculopontine 

tegmental to the RVLM in order to increase baroreflex sensitivity and calibrate the arterial 

pressure (Padley et al., 2007). In addition, neurons in the locus coeruleus, A5 and 

hypothalamic regions do not directly subserve the baroreflex but may exhibit cardiac related 

rhythms or respond to baroreceptor activation (Guyenet, 1984, Guyenet and Byrum, 1985, 

Murase et al., 1994, Dampney et al., 2003b). More likely, these networks coordinate 

baroreceptive feedback with other blood pressure controllers in order to cope with 

behavioural responses to physiological changes. 

CHEMORECEPTOR REFLEX 

Peripheral chemoreceptor reflex 

Hypoxia is detected as a change in partial pressure of oxygen (PaO2) by peripheral 

chemoreceptors located within the carotid and aortic bodies (Marshall, 1994).  

Chemoreceptor activation triggers a sympathoexcitatory reflex pathway that, via an 

excitatory relay in the NTS, increases the activity of RVLM sympathetic premotor neurons 
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and sympathetic nerve discharge, in order to maintain cerebral perfusion and counteract the 

vasodilatory effect of hypoxia by redistributing oxygenated blood to the brain and the heart 

(Marshall, 1994, Guyenet, 2000). The pathway involved in the sympathetic chemoreflex is 

illustrated in Figure 1.5. Activation of peripheral chemoreceptors by low O2 and/or high 

CO2/changes in pH causes the release of excitatory transmitters including ATP, acetylcholine 

and dopamine in order to activate chemosensory fibres of the carotid sinus nerve (Spyer et 

al., 2004, Nurse, 2005), which in turn activate second order neurons in the medial and 

commissural NTS (Mifflin, 1992). Chemosensitive NTS neurons then monosynaptically 

activate the RVLM region (Aicher et al., 1996, Koshiya and Guyenet, 1996), which may also 

be stimulated by synaptic relays from the RTN, ventral respiratory column VRC, CVLM, A5 

and lateral parabrachial nucleus / Kölliker-Fuse (Takakura et al., 2006, Mandel and 

Schreihofer, 2009). 

This reflex pathway is responsible for producing sympathoexcitation of sympathetic nerve 

discharge, but the level of excitation can also be influenced by several mechanisms such as 

synaptic inputs from pontine structure (Koshiya and Guyenet, 1994) and intrinsic hypoxia 

sensitivity of sympathetic premotor RVLM neurons (Sun and Reis, 1994c). Following central 

and peripheral chemoreceptor activation, galanin suppressed cardiovascular and ventilatory 

responses in the RVLM and Bötzinger complex respectively (Abbott et al., 2009a, Abbott and 

Pilowsky, 2009). However, opioids, serotonin and neuropeptide-Y inputs do not seem to 

affect RVLM modulation of the peripheral chemoreflex (Miyawaki et al., 2001, 2002, 

Kashihara et al., 2008). GABAergic inhibitory input to the RVLM from the CVLM during 

peripheral chemoreflex is well known. GABAergic CVLM neurons and presympathetic RVLM 

neurons are robustly activated by peripheral chemoreceptor stimulation. Increased central 

respiratory drive increases the activity of RVLM and CVLM neurons (Haselton and Guyenet, 

1989, Kanjhan et al., 1995, Mandel and Schreihofer, 2006). Furthermore, during hypoxia, 

phasic inhibition of the respiratory-related splanchnic sympathetic nerve activity was 

abolished following the application of kynurenate (glutamate receptor antagonist) in the 

CVLM. However the splanchnic nerve amplitude was increased suggesting that the CVLM, in 

addition to its tonic sympathoinhibitory role, also has a respiratory modulation role to play 

(Mandel and Schreihofer, 2009). In addition, peptides, such as SST microinjected into the 
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RVLM attenuated the splanchnic sympathetic nerve activity response and abolished the 

pressor response to isocapnic anoxia (Burke et al., 2008). 

Hypercapnia 

Hypercapneic stimuli facilitate and redistribute blood flow, facilitate CO2 clearance, and 

counteract the direct vasodilatory effects of CO2.  

Although peripheral chemoreceptors are activated following increases in CO2 levels (Lahiri et 

al., 1979) and may play some role in driving sympathetic responses to hypercapnia, the 

activation of RVLM presympathetic neurons and sympathetic nerve discharge seems 

predominantly mediated by mechanisms that are insensitive to baro- and chemo- receptors 

denervation (Hanna et al., 1981, Haselton and Guyenet, 1989, Oikawa et al., 2005, Moreira 

et al., 2006). Central chemoreceptors responsible for driving autonomic and behavioural 

responses to elevated  CO2 are distributed throughout the brain, including the 

retrotrapezoid nucleus (RTN)(Mulkey et al., 2004, Guyenet et al., 2008), raphe obscurus 

(Depuy et al., 2011)  pons and ventral respiratory column (Nattie and Li, 2009). 

Central hypoxic chemoreceptor reflex 

Perfusion of the subarachnoid space with artificial cerebrospinal fluid (aCSF) mixed with 

either NaCN or increasing CO2 and H+ led to immediate cardiovascular and respiratory 

changes suggesting that central chemoreceptors may be located in the ventrolateral surface 

of the medulla (Severinghaus et al., 1963). Further studies have shown that other brain 

regions such as: the preBӧtzinger complex, the locus coeruleus, the NTS and the caudal 

raphé may be involved in detecting and responding to changes in PaCO2 and pH which 

suggests that central chemoreception may not be restricted to the ventral medulla (Pineda 

and Aghajanian, 1997, Solomon et al., 2000, Nattie and Li, 2002, da Silva et al., 2011). It does 

appear however that the RTN, residing in the ventral surface of the medulla, is one of the 

most critical sites for central CO2 sensing (Guyenet et al., 2005, Gourine et al., 2010, Marina 

et al., 2010)  

In the absence of chemoafferent inputs, RVLM neurons can generate patterned responses to 

focal hypoxia consisting of cerebral vasodilation, an increase in cortical blood flow and 

sympathetic nerve activation that is mimicked by microinjection of cyanide into the RVLM 

(Sun et al., 1992a, Golanov and Reis, 1996, Reis et al., 1997). Iontophoresis of cyanide 
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directly excites presympathetic barosensitive RVLM neurons (but inhibits respiratory 

neurons) and does not affect non-bulbospinal barosensitive RVLM neurons (Sun and Reis, 

1993, 1994a). Studies in vitro indicate that depolarization in response to hypoxia/cyanide 

persist in presympathetic RVLM neurons in the presence of the sodium channel blocker 

tetrodotoxin (TTX), suggesting that hypoxic responses are not secondary to activation of pre-

synaptic neurons (Sun and Reis, 1994b). However, the cellular mechanisms that underlie O2-

sensing in RVLM neurons remain unclear. In Chapter 2 of this thesis I examine the 

contribution to RVLM hypoxia-sensing made by two mechanisms, the putative oxygen sensor 

Heme Oxygenase 2 (HO-2) (D'Agostino et al., 2009) and the role played by RVLM glia.  

SOMATOSYMPATHETIC REFLEX 

Stimulation of cutaneous or muscle Aδ (myelinated) and C (unmyelinated) afferent fibres 

evokes stereotypical sympathoexcitatory responses that result from activation of 

propriospinal and spino-RVLM-spinal pathways (Sato and Schmidt, 1971, Morrison and Reis, 

1989, Stornetta et al., 1989, McMullan et al., 2008). Nociceptive afferents synapse in lamina 

I of the dorsal horn (Light and Perl, 1979) then these neurons project, via polysynaptic 

pathways, to SPNs in the thoracic and lumbar parts of the spinal cord bilaterally (Craig, 1993) 

then crosses the spinal cord before ascending to the ventrolateral medulla (Ammons, 1988) 

and other supraspinal nuclei (Craig, 1995, Craig and Dostrovsky, 2001). 

Activation of somatic fibres results in distinctive phasic activation of sympathetic nerve 

fibres, composed of three distinct phases of activation (Burke et al., 2011). First, a short 

latency component (~20 ms) that is mediated by spinal pathways and normally suppressed 

in the intact preparation. Second, the ‘first peak’ of supraspinal sympathoexcitation, which 

occurs at ~100 ms, followed by a later ‘second peak’ that occurs ~100 ms later. This general 

pattern (without the spinal loop) is apparent in the activity of individual RVLM sympathetic 

premotor neurons (Morrison and Reis, 1989, McMullan et al., 2008), with recruitment of the 

first and second peaks occurring at different stimulus intensities, suggesting that the peaks 

correspond to recruitment of afferent fibres with different conduction velocities. 

Alternatively, some authors have argued that the different peaks apparent in peripheral 

sympathetic nerve recordings instead reflect simultaneous activation of bulbospinal RVLM 

neurons with rapid and slow conduction velocities, corresponding to non-C1 and C1 neurons 

respectively (Burke et al., 2011). 
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The somatosympathetic reflex is affected by different neurotransmitters such as: serotonin 

(Miyawaki et al., 2001), orexin (Shahid et al., 2012), substance P (Makeham et al., 2005), 

catestatin (Gaede and Pilowsky, 2010), enkephalin (Miyawaki et al., 2002) and SST (Burke et 

al., 2008), and the role played by these transmitters is well defined.  

VISCEROSYMPATHETIC REFLEX 

Deep pain triggers the viscerosympathetic reflex causing a reduction in sympathetic nerve 

activity, blood pressure and cardiac output (Keay and Bandler, 2002, Lumb, 2004). The role 

of the RVLM in mediating the viscerosympathetic reflex is unclear. In anaesthetized and 

vagotomized rabbits, Koganezawa et al. (2010) showed that most of RVLM barosensitive 

bulbospinal neurons responded to the stimulation of the greater splanchnic nerve showing 

in their responses inhibitory and excitatory components similar to the ones recorded in the 

reflex responses of the renal sympathetic activity following electrical stimulation of the 

greater splanchnic nerve. They also showed that GABAergic and glutamatergic transmission 

in the RVLM are related to the viscerosympathetic reflex; first, following bilateral 

microinjection of muscimol (a GABAA receptor agonist) into the RVLM the reflex responses 

were blocked. On the other hand, following bilateral microinjection of bicuculline (a GABAA 

receptor antagonist) the inhibitory component was significantly attenuated. Second, 

following kynurenic acid (a glutamate receptor antagonist) application the excitatory 

component was abolished.  

The main sources of glutamatergic input to the RVLM that plays a role in the 

viscerosympathetic reflex remain unknown, however the NTS which sends excitatory inputs 

to the RVLM (Urbanski and Sapru, 1988, Aicher et al., 1996), is activated during visceral pain 

(Hammond et al., 1992). In addition, neuronal nitric oxide synthase mediate the pressor and 

sympathoexcitatory response to epicardial bradykinin (Guo et al., 2009) and may act as a 

facilitator of glutamatergic transmission (Wu et al., 2001). On the other hand, the main 

GABAergic input is mainly the CVLM (Masuda et al., 1992), since CVLM inhibition following 

activation of opioids activation or by glutamate antagonism application decreases the 

depressor response (Peng et al., 2002). 

DIVING REFLEX 
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The stimuli that trigger the diving response are nasopharyngeal stimulation or immersion of 

the face in water (Gandevia et al., 1978), which evokes apnoea, bradycardia and sympathetic 

pressor responses (Campbell et al., 1969, de Burgh Daly et al., 1977, Drummond and Jones, 

1979). Brain transection at the level of the midbrain (Gabbott and Jones, 1991), colliculus 

(Panneton et al., 2010) and pontomedullary border (Panneton et al., 2012) did not alter the 

diving response, suggesting that supramedullary centres are not involved in mediating 

autonomic components of the reflex. In contrast, an important role for the RVLM in driving 

such reflex was confirmed physiologically and anatomically. In conscious rabbit c-Fos 

expression in RVLM neurons is evoked by nasopharyngeal stimulation, of which 68% belong 

to the C1 group (Gieroba et al., 1994); similarly, in rats, underwater immersion activated 

50% of C1 neurons (McCulloch and Panneton, 2003). Anterograde tracing from the anterior 

ethmoidal nerve, shown to be activated following nasal mucosa stimulation (Dutschmann 

and Herbert, 1997, McCulloch et al., 1999a), reveals dense labelling in the RVLM (Panneton 

et al., 2000). Furthermore, it has been shown by McCulloch et al. (1999b) that the activated 

RVLM neurons following nasal stimulation receive direct input from the medullary dorsal 

horn and that these excitatory inputs directly oppose barosensitive inhibitory inputs from 

the CVLM. Taken together, the RVLM is important for driving the diving reflex but 

neurotransmitters responsible for such role is unrevealed. 

GLUCOPRIVATION RESPONSE 

In order to maintain glucose homeostasis, physiological and behavioural responses are 

activated in response to glucoprivation. These include a decrease in insulin secretion, 

increases in glucagon, adrenaline, cortisol/corticosterone, growth hormone secretion, 

sweating, anxiety, hunger and tremor which trigger the ingestion of food (Yamaguchi, 1992, 

DeRosa and Cryer, 2004, Ritter et al., 2011, Beall et al., 2012). Extreme and prolonged 

glucoprivation causes the loss of cognitive function and in severe cases can cause death 

(Cryer, 2007). 

Acute glucoprivation/hypoglycemia can be produced by 2-deoxy-D-glucose (2-DG), which 

stimulates glucose mobilization by interfering with glycolysis at the cellular level (Smith and 

Epstein, 1969, Kang and Hwang, 2006, Kurtoglu et al., 2007, Ritter et al., 2011). 2-DG is used 

experimentally to study glucoregulatory mechanisms in neurons (Borg et al., 1995, Sanders 

and Ritter, 2001, a, Andrew et al., 2007, Gonzalez et al., 2008).  
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Chemical excitation of RVLM neurons causes adrenaline release (McAllen, 1986) while 

disinhibition of the RVLM with bicuculline increases blood glucose which depends on the 

adrenal glands (Verberne and Sartor, 2010). Furthermore, a subpopulation of spinally 

projecting non-barosensitive C1 neurons are activated by 2-DG (Verberne et al., 1999a, 

Verberne and Sartor, 2010) suggesting that sympathetic premotor barosensitive neurons 

which respond to glucoprivation may be neurochemically distinct.  

Sympathetic premotor RVLM neurons (Ritter et al., 1998, Verberne and Sartor, 2010) and 

orexinergic perifornical hypothalamus (PeH) neurons (Sakurai et al., 1998, Briski and 

Sylvester, 2001) are excited following systemic glucoprivation using 2-DG. Injection of 

neurotropic viruses into the adrenal gland label neurons in both the RVLM (Strack et al., 

1989b) and PeH (Jansen et al., 1995). However, the factors responsible for excitation of 

RVLM adrenal premotor neurons in response to glucoprivation remain unknown and are 

considered in Chapter 3 of the current thesis.  
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AIMS AND OBJECTIVES 

In the current thesis I examine intrinsic and extrinsic mechanisms that contribute to the 

excitability of sympathetic premotor neurons residing within the RVLM in vitro.  

Since the molecular mechanisms that underlie the hypoxia-sensitivity of RVLM sympathetic 

premotor neurons remain elusive, In Chapter 2 I compare two rival mechanisms for which 

some evidence of involvement in RVLM oxygen-sensing exist. I first considered the role of 

the enzyme HO-2, an enzyme involved in the catabolism of heme, in driving excitatory 

neuronal responses to acute hypoxia. I then considered the hypothesis that responses to 

acute hypoxia may be secondary to local glial activation and subsequent release of 

excitatory transmitters, including ATP. 

Systemic glucoprivation using 2-DG excites RVLM sympathetic premotor neurons. However, 

whether sympathetic premotor neurons are intrinsically glucose sensitive or whether their 

sensitivity to glucoprivation is secondary to activation of presynaptic inputs remains 

contentious. In Chapter 3 I directly examine the sensitivity of RVLM sympathetic premotor 

neurons to extracellular glucose concentration and examine their role in driving adrenaline 

release in response to acute glucoprivation, and find that orexinergic inputs from the 

hypothalamus play a key role in this pathway. 

Activation of SST2A receptors in the RVLM in vivo evokes powerful sympathoinhibition and 

reduces blood pressure to spinal levels. However, the distribution of SST2A is restricted to a 

minority of bulbospinal neurons, suggesting that SST2A expressing neurons are critically 

important for the maintenance of sympathetic vasomotor tone. A key caveat of this 

interpretation of the data is the assumption that SST2A immunoreactivity closely correlates 

with SST sensitivity. In Chapter 4 we directly examine the sensitivity of RVLM sympathetic 

premotor neurons to SST, correlate SST sensitivity to SST receptor immunoreactivity, and 

map potential sources of SSTergic drive to the RVLM. 

In vivo, the activities of sympathetic nerves and spinally projecting neurons in the RVLM 

display rhythmic bursting that is independent of baroreceptor input. Some investigators 

have proposed that such synchronisation represents reciprocal interaction between 

components of central brainstem circuits that co-ordinate spinal sympathetic outflow. 

Although many previous studies have focused on RVLM inputs from distant brain nuclei, the 

organisation of local RVLM microcircuits responsible for co-ordinating spinally projecting 
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outflows remains poorly characterised. Recent anatomical evidence indicates that many C1 

neurons in the region receive inputs from other local C1 neurons, suggesting that RVLM 

sympathetic premotor neurons may provide drive to other sympathetic premotor neurons, 

providing a mechanism through which neuronal activity may feed back into cardiovascular 

control circuits. In Chapter 5 I investigate this hypothesis by examining functional coupling 

between pairs of RVLM spinally projecting neurons.  
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CHAPTER 1 FIGURES AND TABLES 

 

 

 

 

 

 

 

 

 

Figure 1.1: SPN distribution in the rat spinal cord. The histograms show the proportional 

distribution of SPNs following Fluorogold injections into different areas of the sympathetic 

ganglia and adrenal glands (on the right). Adapted from Strack et al. (1988). 

  



 
 

24 
 

 

Figure 1.2: Sympathetic premotor neurons that project to the thoracic IML. The five main 

presympathetic inputs to IML SPNs are: the paraventricular hypothalamic nucleus (PVN), the 

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

medulla (RVMM), and the caudal raphé nuclei (MRN). Adapted from Strack et al. (1989a). 
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Figure 1.3: The neurochemical phenotype of neurons in the ventral medulla (Adapted from 

(Pilowsky et al., 2002)). 

Intermedullary connections are indicated above, while neurons with spinal projections are 

identified in red, those with supramedullary projections are in blue and those that have both 

spinal and supramedullary projections are in green. Abbreviations: BötC, Bötzinger complex; 

CgA, Chromogranin A; CPA, caudal pressor area; CVLM, caudal ventrolateral medulla; cVRG, 

caudal ventral respiratory group; LRN, lateral reticular nucleus; NPY, neuropeptide Y; NTS, 

nucleus of the solitary tract; preBötC, pre-Bötzinger complex; RTN/pFRG, retrotrapezoid 

nucleus/parafacial respiratory group; RVLM, rostral ventrolateral medulla; rVRG, rostral 

ventral respiratory group; VIIn, facial nucleus. 

 

 

 



 
 

26 
 

 

Figure 1.4: The sympathetic baroreflex. Afferent and efferent connections involved 

in the modulation of the baroreceptor reflex; including excitatory (in red) input from 

the NTS to GABAergic inhibitory CVLM neurons (in green) which in turn connects to 

excitatory bulbospinal RVLM neurons which project to SPNs that control the 

sympathetic outflow. 

 

 

Figure 1.5: The hypoxic chemoreflex. Afferent and efferent connections involved in 

the modulation of the hypoxic chemoreflex; including excitatory (in red) input from 

the NTS to excitatory C1 and non-C1 bulbospinal RVLM neurons which project to 

SPNs that control the sympathetic outflow. 
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CHAPTER 2: GLIAL ATP RELEASE, BUT NOT 

ACTIVATION OF HEME OXYGENASE 2, 
CONTRIBUTES TO THE SENSITIVITY OF 

SYMPATHETIC PREMOTOR NEURONS IN THE 

ROSTRAL VENTROLATERAL MEDULLA TO 

CHEMICAL HYPOXIA 
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ABSTRACT 

Sympathetic premotor neurons in the rostral ventrolateral medulla (RVLM) have an 

exaggerated sensitivity to local hypoxia compared to neighbouring non-bulbospinal neurons, 

but previous attempts to identify the cellular mechanisms responsible have been 

inconclusive. Here we investigate the contributions of two candidate mechanisms, activation 

of the putative oxygen sensor heme oxygenase 2 (HO-2) and glial ATP release. 

The increased sensitivity of spinally projecting RVLM neurons to application of sodium 

cyanide (5 - 20 mM: NaCN) was first verified in vitro: bulbospinal neurons were labelled by 

microinjection of fluorescent tracer into the thoracic spinal cords of P7 – P25 rat pups and 

recorded in acute brainstem slices. Consistent with previous reports, the amplitudes of 

inward currents evoked by NaCN were dose-dependent, significantly greater in bulbospinal 

than unlabelled neurons, and were unaffected by tetrodotoxin. Bulbospinal and 

catecholaminergic RVLM neurons were then examined for HO-2 immunoreactivity. No 

evidence of HO-2 expression was found in putative sympathetic premotor neurons in adult 

or juvenile rats, or in bulbospinal RVLM neurons electrophysiologically verified as NaCN-

sensitive. 

In contrast, blockade of P2X receptors reduced the amplitudes of responses to NaCN, 

suggesting that extracellular ATP transmission contributes to hypoxic responses. 

Furthermore, pre-incubation of slices in a glial toxin, fluoroacetic acid, abolished responses 

to NaCN without altering any other electrophysiological property of recorded neurons or 

their sensitivity to iontophoretically applied ATP. 

These data suggest a crucial role for RVLM astrocytes, but not HO-2, in driving sympathetic 

responses to acute brainstem hypoxia. 

  

http://www.jneurosci.org/site/misc/ifa_organization.xhtml#Abstract
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INTRODUCTION 

The detection of hypoxemia is a fundamental homeostatic function that is subserved by both 

peripheral and central oxygen sensors. Although respiratory responses to systemic hypoxia 

are reversed by destruction of peripheral chemoreceptive nerves, sympathoexcitatory and 

vasomotor responses persist (Sun and Reis, 1993, 1994c, Niewinski et al., 2014), indicating a 

role for central oxygen sensors in the neural control of blood pressure. 

Putative sympathetic premotor neurons in the rostral ventrolateral medulla (RVLM) play a 

key role in the generation of sympathetic vasomotor tone and elaboration of multiple 

sympathetic reflexes, including vasomotor responses to hypoxia (reviewed by Guyenet et al., 

2013). Sympathoexcitatory and pressor responses to central hypoxia/ischaemia are 

abolished by electrolytic or chemical lesion of the RVLM (Dampney and Moon, 1980, 

Guyenet and Brown, 1986, Sun and Reis, 1996), and spinally-projecting RVLM neurons are 

excited by systemic hypoxia, even after destruction of peripheral chemoreceptors (Sun and 

Reis, 1993, 1994c, Koganezawa and Terui, 2006, Koganezawa and Paton, 2014), and by local 

histotoxic hypoxia evoked by sodium cyanide (NaCN) iontophoresis (Sun et al., 1992a, Sun 

and Reis, 1994c). Furthermore, spinally-projecting RVLM neurons show enhanced sensitivity 

to hypoxia compared to non-bulbospinal RVLM neurons in vivo (Sun and Reis, 1994c, 1996) 

and retain that sensitivity in acute slices in vitro (Wang et al., 2001). These observations are 

widely interpreted as evidence that RVLM sympathetic premotor neurons are intrinsically 

oxygen-sensitive (as reviewed by Dampney, 1994, Reis et al., 1997, Neubauer and 

Sunderram, 2004, Guyenet et al., 2013), but the cellular mechanisms that underlie this 

property remain elusive. 

There are two major candidates for which supportive evidence can be identified. The first is 

the putative oxygen sensor heme oxygenase (HO: recently reviewed by Munoz-Sanchez and 

Chanez-Cardenas, 2014). There are three isoforms of HO; an inducible form, HO-1, which is 

largely absent from the brain under baseline conditions (Sun et al., 1990), but which may be 

upregulated by exposure to chronic hypoxia (Mazza et al., 2001, Sunderram et al., 2009), and 

two constitutively expressed forms, HO-2 and HO-3, of which HO-3 protein expression is low 

(Scapagnini et al., 2002) or undetectable (Hayashi et al., 2004) in the brain. Brain HO-2 

immunoreactivity is, however, widespread (Ewing and Maines, 1992), and has been reported 

http://www.jneurosci.org/site/misc/ifa_organization.xhtml#Introduction
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in brainstem autonomic nuclei that are activated by hypoxia, including the nucleus of the 

solitary tract (Lo et al., 2006) and RVLM (Mazza et al., 2001, Dai et al., 2010). HO-2 is a 

candidate oxygen sensor in excitable cells: under hypoxic conditions HO-2 activity is 

suppressed, reducing the catabolism of heme to biliverdin and carbon monoxide, 

inactivating BK channels and subsequently depolarizing HO-expressing cells (Prabhakar et al., 

1995, Maines, 1997, Adachi et al., 2004, Williams et al., 2004, Wu and Wang, 2005). In RVLM 

neurons maintained in dissociated cultures, hypoxia sensitivity is strongly correlated with 

HO-2 immunoreactivity, and is blocked by the HO-2 blocker tin protoporphyrin-IX 

(D'Agostino et al., 2009). However, no previous investigation has directly examined the 

expression of HO-2 in RVLM sympathetic premotor neurons. 

The second candidate mechanism is the hypoxic activation of RVLM astrocytes, leading to 

the release of excitatory gliotransmitters such as ATP and subsequent excitation of adjacent 

sympathetic premotor neurons. Previous studies support key components of this 

arrangement: brainstem hypoxia drives the release of ATP within the RVLM region (Gourine 

et al., 2005), and RVLM sympathetic premotor neurons are depolarized by exogenous (Sun 

et al., 1992b, Horiuchi et al., 1999b, Ralevic et al., 1999, Zoccal et al., 2011) and glial ATP 

(Marina et al., 2013). 

Critical evidence that directly assesses the role of HO-2 and/or glial activation in driving the 

responses of sympathetic premotor neurons to acute hypoxia is missing. Both hypotheses 

are tested in the current study. We first verified the enhanced sensitivity of spinally-

projecting putative sympathetic premotor neurons versus non-spinal RVLM neurons to acute 

chemical hypoxia in brainstem slices prepared from neonatal rats. We then examined the 

distribution of HO-2 immunoreactivity in the adult and neonatal rat brainstem and in 

functionally verified hypoxia-sensitive RVLM sympathetic premotor neurons. Having 

established that HO-2 is not significantly expressed in spinally projecting neurons, we then 

determined that ATP transmission contributes to hypoxic responses in spinally projecting 

neurons. Finally, we show that disruption of glial activity attenuates responses to acute 

chemical hypoxia.  
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MATERIALS AND METHODS 

All animal experiments were conducted in accordance with the Australian code of practice 

for the care and use of animals for scientific purposes and were approved by Macquarie 

University Animal Ethics Committee. 

LABELLING OF BULBOSPINAL RVLM NEURONS 

Sprague Dawley rat pups of either sex (P5 – P20) were anesthetized with intraperitoneal 

ketamine (7.5 mg/Kg, Parnell laboratories, Australia) mixed with medetomidine (0.05 mg/Kg, 

Pfizer animal health, Australia) and moved onto a heated pad. Adult rats (400 – 500 g) were 

anaesthetized with 75 mg/kg ketamine and 0.75 mg/kg medetomidine. Rats were treated 

with prophylactic analgesia (Carprofen, 2.5 mg/kg s.c. Norbrook Pharmaceuticals, Australia) 

and antibiotics (cefazolin sodium, 0.55 g/kg, i.m.; Mayne Pharma, Australia). A dorsal 

laminectomy was performed and the T2 spinal cord exposed. Fluorescently conjugated 

cholera toxin β subunit (CTB-Alexa 555, 0.5 %, Invitrogen) was injected (1 to 3 100 nl 

injections each side) bilaterally at co-ordinates corresponding to the intermediolateral cell 

column. After completion of microinjections, the wound was closed with cyanoacrylate glue 

(pups) or staples (adults) and anaesthesia was reversed with atipamazole (0.1 mg s.c., Pfizer 

animal health, Australia). Post-operative rats were monitored carefully for the duration of 

experiments and treated with additional analgesia when indicated. 

IMMUNOHISTOCHEMISTRY 

2 – 5 days after CTB injection rats were removed from their cages, euthanized with 

pentobarbital sodium (>100 mg/kg i.p.) and perfused transcardially with 300 ml of ice-cold 

Dulbecco’s modified Eagle medium (Sigma-Aldrich, Australia) followed by 300 ml of ice-cold 

fixative (4 % paraformaldehyde/0.1 M phosphate buffer; pH 7.4; Sigma-Aldrich, Australia). 

The central nervous system was removed and post-fixed overnight. The following day 

coronal sections of the brainstem (40 μm thick) and spinal cord (100 μm thick) were 

prepared on a vibrating microtome. Spinal cord sections were mounted and immediately 

visualised to confirm tracer injection sites; every 5th brainstem section was collected for 

immunohistochemistry. Other sections from the same adult rats were used for a different 

study (Parker et al., 2013). Sections were permeabilized in PBS containing 0.1% Tween-20, 

and incubated in primary antibodies raised against HO-2 (Rabbit anti-HO-2, Tocris 

http://www.jneurosci.org/site/misc/ifa_organization.xhtml#Materials
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bioscience, 1:1000) and tyrosine hydroxylase (TH: mouse anti-TH, Sigma Aldrich,1:2000) for 

72 hours at 4 oC in 10% normal horse serum. Sections were washed and incubated in 

secondary antibodies (donkey anti-mouse 488, Jackson Immunoresearch, 1:500; donkey 

anti-rabbit Cy5, Jackson Immunoresearch, 1:500) with 5% horse serum overnight. 

Cryoprotected brainstem slices containing biocytin-labelled neurons were processed using a 

different immunohistochemistry protocol (Gogolla et al., 2006). Sections were washed and 

permeabilized in PBS containing 0.5 % Triton X-100 for 12 hours at 4 oC, incubated in 

blocking solution (5 % bovine serum albumin, BSA) for 4 hours at room temperature 

followed by incubation with the same primary antibodies as above for 4 hours at room 

temperature in 5 % BSA. Sections were then washed and incubated in secondary antibodies 

(donkey anti-mouse 350 (Jackson Immunoresearch, 1:500; donkey anti-rabbit Cy5, Jackson 

Immunoresearch, 1:500) and ExtraAvidin FiTC (Jackson Immunoresearch, 1:500) with 5 % 

BSA for 4 hours at room temperature. 

Sections were washed, mounted, coverslipped and imaged under confocal or epi-

fluorescence with appropriate filter sets. 

IN VITRO ELECTROPHYSIOLOGY 

Solutions (mM) 

Cutting solution: 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4.H2O, 10 D-glucose, 1 CaCl2, 6 

MgCl2; equilibrated with 95% O2 – 5% CO2.  

Artificial cerebrospinal fluid (aCSF): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4.H2O, 25 D-

glucose, 2 CaCl2, 1 MgCl2; equilibrated with 95% O2 – 5% CO2.  

Cesium chloride internal solution: 140 CsCl, 5 Hepes, 10 EGTA, 1 MgCl2, 2 CaCl2, 2 MgATP, 

0.05% biocytin (pH = 7.3, 280 < Osmolarity < 285 mOsm). 

Potassium gluconate internal solution: 125 K-gluconate, 10 Hepes, 11 EGTA, 15 NaCl, 1 

MgCl2, 2 MgATP, 0.25 NaGTP, 0.05% biocytin (pH = 7.3, 280 < Osmolality < 285). 

ATP iontophoresis solution: 200 ATP, 160 NaCl (pH = 8.5). 

Whole-cell recordings from acute brainstem slices 
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2-5 days after tracer microinjection pups (P7 – P25) were anaesthetized with isoflurane and 

quickly decapitated. The whole brain was rapidly removed and placed in ice cold oxygenated 

cutting solution. The brainstem was dissected, mounted in a vibratome, and 2-3 300 µm 

thick coronal sections from the region overlapping with the caudal pole of the facial nucleus 

were cut in ice-cold cutting solution and transferred to carbogen-bubbled aCSF at 34°C for at 

least 1 h before recording. Recordings were performed at room temperature in a 2 ml 

chamber superfused at 1.5 – 2 ml/min with carbogen-bubbled aCSF. Tracer-labelled neurons 

were viewed under epi-fluorescence: CTB-filled neurons lying ventral to nucleus ambiguus 

and lateral to the inferior olive were identified as putative sympathetic premotor neurons. 

Whole-cell recordings were made from RVLM neurons using borosilicate pipettes with 1.5 - 2 

µm tip diameters (pipette resistance: 3 – 6 MΩ). After formation of a gigaseal voltage-clamp 

(holding potential: -60 mV) or current-clamp recordings were obtained using Multiclamp 

700B (Molecular Devices). Series resistance was compensated to 70-80 %. All recorded 

parameters were digitized using Spike 2 version 6.11 with a Power1401 mark II (Cambridge 

Electronic Design, UK). Voltage-clamp recordings were low-pass filtered at 200 Hz. 

In some experiments recorded neurons were labelled by addition of 0.05 % biocytin to the 

internal solution. At the conclusion of recordings the pipette was withdrawn and slices were 

fixed overnight in 4% paraformaldehyde and then frozen in cryoprotectant until 

immunohistochemical processing. 

Neuronal responses to acute hypoxia 

Once holding current stabilized the extracellular perfusion was switched to carbogen-

equilibrated aCSF containing 5, 10 or 20 mM NaCN (Sigma-Aldrich) until a response was 

observed or for a maximum of 60 seconds. Slices were then washed in normal aCSF for five 

minutes or until holding currents had recovered to baseline. 

Responses to repeated 10 mM NaCN were compared in six bulbospinal neurons before and 

after addition of 1 - 10 μM tetrodotoxin (TTX, Jomar Bioscience) to the perfusion in order to 

determine whether responses were independent of activity in presynaptic neurons. Baseline 

responses to NaCN were recorded and allowed to recover for five minutes before 5 minutes 

incubation with TTX and re-exposure to NaCN. 
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The role played by ionotropic ATP receptors in driving responses to hypoxia was examined 

by comparing responses to repeated 10 mM NaCN before and after incubation with the P2X 

receptor antagonist pyridoxalphosphate-6-azophenyl-2', 4'-disulfonic acid (PPADS, 30 μM, 

Sigma-Aldrich) for five minutes. In six experiments the effect of PPADS on NaCN-evoked 

currents was examined using aCSF containing TTX; the remaining three experiments were 

conducted in the absence of TTX. The effect of PPADS on NaCN-evoked responses was 

similar in both groups, so the data were pooled. 

The dependence of neuronal responses to chemical hypoxia on intact glial activity was 

examined by incubating sections for 30 – 60 minutes in aCSF containing a glial toxin, 

fluoroacetic acid (5 mM, Sigma Aldrich) prior to recordings of responses to 5, 10 and 20 mM 

NaCN. 

In order to control for any potential effect of fluoroacetic acid on neuronal responses to 

exogenous ATP (independent of any effect on glia), responses to ATP iontophoresis were 

compared in neurons incubated in normal aCSF and aCSF containing fluoroacetic acid as 

described above. Neuronal activity was recorded in current clamp mode using potassium 

gluconate internal solution and ATP was iontophoretically applied (20 - 100 nA, 5 - 10 s) 

using a second pipette positioned within 10 µm of the recorded cell. ATP iontophoresis was 

controlled by an Axoclamp 900A (Molecular Devices); resistance of ATP-filled pipettes was 

20 – 40 MΩ. A retaining current of -2 to -10 nA was applied between periods of drug 

ejection.  

DATA ANALYSIS 

Hypoxic responses were quantified by subtracting the holding current from the peak current 

evoked by NaCN perfusion. The sensitivities of bulbospinal and non-bulbospinal RVLM 

neurons to 5, 10 and 20 mM NaCN were compared by 2-way ANOVA. Repeated responses of 

bulbospinal neurons to NaCN following application of TTX or PPADS to the perfusate were 

normalized with respect to baseline responses; changes in median holding currents were 

assessed using Wilcoxon matched-pairs signed rank test (TTX) or 1-way ANOVA followed by 

Dunn’s Multiple Comparison Test (PPADS). The magnitude of responses to 5, 10 and 20 mM 

NaCN recorded after incubation with fluoroacetic acid was compared to baseline responses 

using 2-way ANOVA. Effects of fluoroacetic acid on baseline electrophysiological properties 
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(holding current (voltage clamp mode; measured over 60 s prior to NaCN administration), 

synaptic current frequency (voltage clamp mode; measured over 30 s prior to NaCN 

administration), firing rate (current clamp mode; measured over 10 s of baseline), action 

potential rise time (averaged from spontaneous spikes occurring in 10 s of baseline activity, 

defined as the interval between the start of depolarization to peak membrane potential), 

action potential height (the total amplitude of the action potential), and the change in the 

firing rate following exogenous ATP iontophoresis (quantified by subtracting the baseline 

firing rate measured over 10 seconds prior to iontophoresis from the firing rate measured 

during iontophoresis) were assessed using an unpaired t-test. Parametric data are expressed 

as mean ± S.E.M. Non-parametric data are expressed as median (range). Differences were 

judged significant at P<0.05. In all figures *: P<0.05; **: P<0.01; ***: P<0.001. Statistical 

analyses were performed using Graphpad Prism 6.0. 
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RESULTS 

BULBOSPINAL NEURONS WERE PREFERENTIALLY ACTIVATED BY NaCN 

Responses to graded doses of NaCN were examined in 12 non-bulbospinal and 27 

bulbospinal RVLM neurons from 28 animals. NaCN caused inward currents in all bulbospinal 

neurons examined and in most non-bulbospinal neurons (figure 2.1). Responses were dose-

dependent (2-way ANOVA versus dose: F2, 89 = 4.808, P = 0.0104), reproducible, and in most 

cases reversible. Peak responses to 5, 10 and 20 mM NaCN in bulbospinal neurons were 83 ± 

19, 548 ± 126 and 1030 ± 317 pA respectively, significantly greater than non-bulbospinal 

RVLM neurons (39 ± 4, 112 ± 14 and 169 ± 43 pA respectively, 2-way ANOVA: F1, 89 = 9.94, P = 

0.0022 figure 2.1B). No outward currents were seen. Responses of bulbospinal neurons to 10 

mM NaCN were unchanged by addition of TTX to the perfusate (87.1% (52 - 121.9%), 

Wilcoxon two-tailed P = 0.438, n = 6, data not shown: see figure 2.4 for example of response 

to NaCN under TTX). Intermittent short-lasting (< 3 ms) large (> 1 nA) inward currents, 

consistent with action current, were apparent on some recordings (e.g. figure 2.3). Such 

effects presumably resulted from action potentials propagating from the dendritic 

compartment, as they were abolished by TTX, and therefore considered space-clamp 

artefacts. Responses to NaCN in such cases appeared normal so the data were included. 

RVLM SYMPATHETIC PREMOTOR NEURONS WERE NOT HO-2 IMMUNOREACTIVE 

The RVLM was defined as the region of the ventral brainstem lying lateral to the inferior 

olive and ventral to nucleus ambiguus. Sections lying caudal to the main body of the facial 

nucleus and rostral to the emergence of the central canal into the fourth ventricle were 

considered to contain RVLM, equivalent to Bregma – 13.56 to –11.88 mm in the adult rat 

(Paxinos and Watson, 2007). Brainstem sections from 2 adult and 2 juvenile rats were 

examined were for colocalization of HO-2 immunoreactivity with TH immunoreactivity or 

CTB transported from the spinal cord. The expression pattern of HO-2 immunoreactivity was 

similar in adult and neonatal rats: expression was strong in the facial nucleus, moderate in 

the nucleus of the solitary tract, prepositus nucleus, ventral midline raphe, and ventromedial 

medulla, and weak at all rostrocaudal levels of the RVLM. In many cases RVLM HO-2 

immunoreactivity was intermingled with, but never colocalized with, CTB labelling and TH-

immunoreactivity (figure 2.2; some double-labelling of CTB and HO-2 immunoreactivity was 
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seen in the ventromedial medulla; such neurons were always medial to the main body of the 

TH positive cell group and were considered part of the rostral ventromedial medulla 

bulbospinal group. NaCN-sensitive biocytin-labelled bulbospinal neurons (n = 12) were 

examined for HO-2 immunoreactivity. Responses to NaCN were typical of bulbospinal 

neurons; all were identified as HO-2-negative (figure 2.3). 

P2X RECEPTOR BLOCKADE ATTENUATED RESPONSES OF RVLM BULBOSPINAL NEURONS TO 

NaCN 

Responses of bulbospinal RVLM neurons to 10 mM NaCN were significantly attenuated by 

superfusion with PPADS (1-way ANOVA P = 0.0006, figure 2.4). Median responses were 

reduced to 32.1% (4.9 % - 80.1 %) compared to control (Dunn’s Multiple Comparison test: P 

< 0.001, n = 9) and in five neurons in which recordings were maintained median recovery 

was 97.2 % (17.4 % - 104.6 %). 

INHIBITION OF GLIA DID NOT ALTER BASELINE ELECTROPHYSIOLOGICAL PARAMETERS OF 

BULBOSPINAL NEURONS 

Baseline electrophysiological properties of bulbospinal neurons were unaffected by 

incubation in the glial toxin, fluoroacetic acid, for 30 – 60 minutes: in voltage clamp mode 

(CsCl internal solution), holding currents were unchanged compared to recordings obtained 

after incubation in normal aCSF (-142 ± 10 (n = 12) vs. -133 ± 14 pA respectively (n = 27), 

unpaired t-test: t = 0.42, df = 37, two-tailed P = 0.68), and no significant change in the 

frequency of spontaneous synaptic currents was recorded (1.8 ± 0.2 (n = 12) vs. 2.0 ± 0.1 Hz 

(n = 27), unpaired t-test: t = 0.9, df = 37, two-tailed P = 0.37, figure 2.5A). Bulbospinal 

neurons recorded in current clamp mode (K-gluconate internal solution) exhibited 

spontaneous action potentials that occurred at the same discharge rate in control (1.9 ± 0.8 

Hz, n = 5) and fluoroacetic acid-incubated groups (1.4 ± 0.7 Hz, n = 5, unpaired t-test: t = 

0.42, df = 8, two-tailed P = 0.68). Neither the height nor rise time of spontaneous action 

potentials were significantly different in control vs fluoroacetic acid-incubated groups 

(height: 93 ± 3 vs. 92 ± 3 mV, unpaired t-test: t = 0.31, df = 8, two-tailed P = 0.76; rise time: 

1.9 ± 0.3 vs. 2.1 ± 0.3 ms, unpaired t-test: t = 0.36, df = 8, two-tailed P = 0.73, figure 2.5B). 

GLIAL INHIBITION DID NOT ALTER RESPONSES TO ATP IONTOPHORESIS BUT SIGNIFICANTLY 

ATTENUATED RESPONSES TO NaCN 
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All five bulbospinal neurons examined were excited by iontophoretic application of ATP: ATP 

caused a dose-dependent increase in firing frequency within 1 - 2 s of the beginning of 

iontophoresis that was sustained for the duration of ATP application (figure 2.6). The same 

iontophoresis parameters caused no effect on neuronal discharge when applied via a pipette 

containing aCSF without ATP (n = 3, figure 2.6C). No difference in responses evoked by 100 

nA ATP iontophoresis was detected in neurons incubated in aCSF compared to fluoroacetic 

acid (2.3 ± 0.7 vs. 2.8 ± 0.7 spikes/s respectively, n = 5 in each group, unpaired t-test: t = 

0.52, df = 8, two-tailed P = 0.62, figure2.6D). 

Responses of bulbospinal RVLM neurons to acute chemical hypoxia were significantly 

reduced after 30-60 minutes incubation in fluoroacetic acid (5 mM): in all cases, addition of 

NaCN to the perfusate failed to evoke large inward currents typical of baseline recordings 

(figure 2.7A). Mean responses to 5, 10 and 20 mM NaCN were 9.4 ± 3 (n = 10), 21.4 ± 6.7 (n = 

12) and 20.6 ± 7.8 pA (n = 8) respectively in the fluoroacetic acid group (figure 2.7B), 

significantly smaller than those observed in control experiments (2-way ANOVA versus 

untreated bulbospinal neurons: F1, 84 = 12.12, P = 0.0008).   
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DISCUSSION 

The major findings of this study are firstly that, consistent with previous reports, RVLM 

sympathetic premotor neurons have an exaggerated dose-dependent response to acute 

chemical hypoxia (NaCN) compared to unlabelled and presumably non bulbospinal 

neighbouring neurons. Second, HO-2 immunoreactivity, although present in adjacent 

brainstem regions, was not detected in bulbospinal neurons within the C1 region of the 

RVLM or in electrophysiologically characterised hypoxia-sensitive sympathetic premotor 

neurons. Third, blockade of P2X receptors significantly attenuated, and selective disruption 

of glial metabolism virtually abolished, response of RVLM bulbospinal neurons to NaCN. 

These findings indicate that responses of RVLM sympathetic premotor neurons to acute 

chemical hypoxia in vitro are independent of HO-2 expression, and are secondary to 

exogenous ATP transmission that originates most likely from neighbouring glial cells. We 

conclude that brainstem glia appear to play a key role in driving sympathoexcitatory 

responses to local chemical hypoxia. 

In the current study sodium cyanide was used to evoke experimental hypoxia. Salts of 

cyanide evoke histotoxic anoxia by inhibiting the mitochondrial oxygen chain (Way, 1984) 

and have been widely used as an experimental model of chemical hypoxia. In our study, 

cyanide was substituted for hypoxia in order to have a better control of timing and dosage 

(Goldberg et al., 1987). Furthermore, researchers previously used both chemical and hypoxic 

hypoxia and same effects were recorded for both stimuli (Sun and Reis, 1994b, Wang et al., 

2001, D'Agostino et al., 2009).  

The concentrations of NaCN used in the current protocol (5 - 20 mM) are based on those 

used by D'Agostino et al. (2009) (3 - 10 mM) and are moderately high (although the 

exposure time brief) compared to a number of similar studies (e.g. 5.4 mM, 20 min: Noma, 

1983, 4 mM, 5 min: Jiang et al., 1994, 0.3 mM, 40 s: Sun and Reis, 1994b, 5 mM, 5 min: 

Hammarström and Gage, 1999), although it should be pointed out that NaCN concentration 

would not have reached equilibrium in our setup. The responses observed here likely reflect 

direct sensitivity to cellular oxygen availability, rather than effects mediated by the 

breakdown of ATP metabolism and subsequent depletion of cellular energy stores, as the 

http://www.jneurosci.org/site/misc/ifa_organization.xhtml#Discussion
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effects were rapid and we observed no comparable responses to acute glucoprivation 

(Korim et al., 2014). 

Under baseline conditions inward currents were consistently evoked by brief exposure to 

NaCN; responses were rapid, dose-dependent, reproducible and reversible, and greater in 

bulbospinal neurons than neighbouring non-bulbospinal cells. Outward currents, 

corresponding to the hyperpolarizing responses to acute cyanide occasionally encountered 

by D'Agostino et al. (2009) and Wang et al. (2001), were never seen. Although the relative 

sensitivities of bulbospinal and non-bulbospinal RVLM neurons to graded chemical hypoxia 

have not previously been compared in voltage-clamp mode, these findings are consistent 

with previous reports in vivo (Sun and Reis, 1993, 1994c) and in vitro (Wang et al., 2001), and 

support a role for RVLM sympathetic premotor neurons as central oxygen sensors. 

Technically, recordings made at room temperature in vitro may alter neuronal properties 

such as the input resistance and action potential amplitude and width, and the data 

collected at higher temperatures may more closely resemble conditions in vivo (Graham et 

al., 2008). Although recordings reported here were made at room temperature, it is unlikely 

that temperature significantly influenced responses to hypoxia as they resembled previously 

collected data in vivo (Sun and Reis, 1993, 1994c). Furthermore, many studies did similar 

recordings at room temperature in vitro (Kawai et al., 1999, Wang et al., 2001) and data 

were consistent. 

Responses to NaCN were unaffected by TTX at concentrations that suppress action potential 

generation. Similar findings in RVLM pacemaker neurons recorded in the presence of TTX in 

vitro (Sun and Reis, 1994b) or in barosensitive RVLM neurons recorded under blockade of 

fast neurotransmission in situ (Koganezawa and Paton, 2014) have been interpreted as 

evidence that sensitivity to acute hypoxia is an endogenous property of sympathetic 

premotor neurons, rather than the result of synaptic drive. However an important caveat to 

this reading of the current data is that cyanide can itself drive synaptic glutamate release in 

the absence of neuronal activity (Dong et al., 2012). We acknowledge that global glutamate 

exocytosis may contribute to the effects we report here, and indeed may underlie the 

inward currents and enhanced synaptic activity often seen in non-bulbospinal neurons. 

However, such effects are unlikely to account for the differences in responses seen in 

bulbospinal compared to non-bulbospinal neurons. 
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HO-2 activation does not appear to underlie the chemical hypoxia sensitivity of RVLM 

sympathetic premotor neurons 

As reviewed in the introduction of this chapter, Maines et al. have described three forms of 

HO (Maines et al., 1986, McCoubrey et al., 1997). HO-2, which is a constitutive isoform 

expressed under homeostatic conditions (Maines et al., 1986) and is involved in hypoxic 

responses in dissociated cultured RVLM neurons (D'Agostino et al., 2009). Furthermore, 

following transient cerebral ischemia, HO-2 was found to be responsible for preventing 

neuronal death in brain cultures (Dore et al., 2000). In contrast, the other isoforms seem 

unlikely to mediate responses to hypoxia; HO-1 is not expressed under normal conditions, 

but is an inducible isoform that increases in response to oxidative stress; like hypoxia 

(Geddes et al., 1996, Nimura et al., 1996). HO-3 is reported to be catalytically inactive 

(McCoubrey et al., 1997), therefore suggesting that HO-2 should be the focus of this study. 

HO-2 immunoreactivity has been reported in the RVLM region (Mazza et al., 2001) and, by 

the same group, in cultured RVLM neurons electrophysiologically confirmed as hypoxia-

sensitive (D'Agostino et al., 2009). In that study responses to acute hypoxia were 

consistently blocked by application of the non-specific heme oxygenase inhibitor, tin 

protoporphyrin IX. 

In the current study we observed no compelling evidence for involvement of HO-2 in 

mediating chemical hypoxia sensitivity in RVLM sympathetic premotor neurons. Consistent 

with previous reports (Ewing and Maines, 1992, Mazza et al., 2001), we saw robust HO-2 

immunoreactivity in the facial nucleus, but sparse expression in the area that corresponds 

with the RVLM pressor region (Goodchild and Moon, 2009), and no colocalization of HO-2 

immunoreactivity in spinally projecting or TH-immunoreactive RVLM neurons, widely 

accepted anatomical and phenotypic markers of sympathetic premotor neurons (Burke et 

al., 2008, Stornetta, 2009, Guyenet et al., 2013). Furthermore, no HO-2 immunoreactivity 

was detected in 12 biotin-labelled sympathetic premotor neurons that were 

electrophysiologically confirmed as hypoxia-sensitive. 

As D'Agostino et al. (2009) did not discriminate between bulbospinal and non-bulbospinal 

neurons, the most parsimonious explanation for this discrepancy is that HO-2 may 

contribute to the hypoxia-sensitivity of non-bulbospinal neurons, which were not 
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investigated in detail in the current study, but does not appear to underlie the enhanced 

hypoxia-sensitivity of bulbospinal cells, which represent a small subpopulation of RVLM 

neurons. Alternatively it could be that HO-2 is not involved in generating hypoxic responses 

in acute preparations, but assumes a more significant role under the dissociated culture 

conditions used by D'Agostino et al. (2009). 

Hypoxic responses are ATP-mediated  

The relatively higher hypoxia-sensitivity of bulbospinal compared to non-bulbospinal RVLM 

neurons is not maintained in acutely dissociated preparations (Kawai et al., 1999). This key 

observation suggests that a component of the immediate extracellular environment is 

responsible for sensing hypoxia and providing excitatory drive to RVLM sympathetic 

premotor neurons. ATP is released in the ventral medulla in response to acute central 

hypoxia in vivo (Gourine et al., 2005) and is implicated in driving bradypnoeic responses to 

central hypoxia (Rong et al., 2003, Lorier et al., 2008, Huxtable et al., 2009, Zhang et al., 

2012), but no previous study has investigated its role in generating sympathoexcitatory 

responses to acute hypoxia. In the current study blockade of ionotropic ATP receptors by 

PPADS reversibly attenuated responses to NaCN, indicating that responses are at least 

partially mediated by ATP signalling. This effect was observed in the presence of TTX, 

suggesting that hypoxic ATP release is independent of action potential generation, 

consistent with a non-synaptic release mechanism. 

Astrocytes release transmitters including adenosine, ATP and glutamate in response to a 

range of metabolic stimuli, including acute hypoxia (for review, see Fields and Stevens-

Graham, 2002, Aley et al., 2006, Martín et al., 2007, McDougal et al., 2013), and contribute 

to the regulation of neuronal excitability during acute (Oliva et al., 2013) and chronic 

ischaemia (Hines and Haydon, 2013), and are therefore a strong candidate as mediators of 

hypoxic ATP release in the RVLM. This proposal was investigated by examining responses of 

bulbospinal neurons to NaCN following incubation of slices in a glial toxin, fluoroacetic acid, 

for 30 - 60 minutes prior to recordings. In the present study, fluoroacetic acid potently 

blocked responses of bulbospinal neurons to NaCN, reducing NaCN-evoked currents by over 

90% overall. 
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Fluoroacetic acid inhibits cell metabolism by blocking the tricarboxylic acid cycle. As the 

uptake of acetate (and fluoroacetate) is relatively higher in glia compared to neurons, 

fluoroacetic acid administration has been widely used by other researchers as a selective 

inhibitor of glial function (reviewed by: Fonnum et al., 1997, Goncharov et al., 2006). 

Although fluoroacetic acid has numerous effects on glial biology (Szerb and Issekutz, 1987, 

Swanson and Graham, 1994, Fonnum et al., 1997, Largo et al., 1997, Magistretti and 

Chatton, 2005, Goncharov et al., 2006), of particular relevance to the current study its 

inhibition of glial transmitter release including ATP (Koenig and Patel, 1970, Cremer-Lacuara 

et al., 1980, Accorsi-Mendonca et al., 2013) and glutamate (Hassel et al., 1994). A number of 

key studies suggest that fluoroacetic acid is specifically gliotoxic at the dose and the 

incubation time used here (20 mM, 30 min: Canals et al., 2008, 5 mM, 50 - 80 min: Parsons 

and Hirasawa, 2010), and, in accordance with the data presented here, confirm that effects 

on glia are observed in the absence of any changes in neuronal electrophysiological 

properties (Parsons and Hirasawa, 2010, Accorsi-Mendonca et al., 2013). Of particular 

relevance to the current study, Accorsi-Mendonca et al. (2013) found that a 20 minute 

perfusion with 1 mM fluoroacetic acid decreased spontaneous ATP release in NTS slices, but 

had no effect on the amplitude or half-width of spontaneous synaptic events of NTS 

neurons. In the current study we found no effect of fluoroacetic acid on baseline 

electrophysiological properties of recorded neurons or their sensitivity to exogenous ATP, 

suggesting a glial site of action of the toxin. 

We therefore propose a critical role for RVLM astrocytes in mediating hypoxic responses in 

RVLM sympathetic premotor neurons, analogous to the role played by astrocytes in sensing 

pH in the neighbouring retrotrapezoid nucleus (Gourine et al., 2010, Kasymov et al., 2013). 

However, the mechanisms that underlie the relative sensitivity of bulbospinal compared to 

non-bulbospinal neurons remain enigmatic. One obvious possibility is that bulbospinal 

neurons may differentially express ATP receptors compared to non-bulbospinal neurons. 

P2X receptor immunoreactivity is detectable at moderate levels in the RVLM (Kanjhan et al., 

1999, Yao et al., 2000, Yao et al., 2003, Zhang et al., 2012), including a high proportion of C1 

neurons (at least 50%: Yao et al., 2000); similarly, 50% of RVLM neurons activated by the 

P2Y1 agonist MRS2365 are also found to be TH-immunoreactive (Wenker et al., 2013). 

Furthermore, as mentioned previously, glia release glutamate so we suggest that 
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glutamatergic transmission could underlie the remaining current recorded following P2X 

receptor blockade. 

Functional Significance 

The previously widespread view of glia as essentially supportive cells that play little role in 

the elaboration of complex brain functions has recently been challenged by parallel 

developments in diverse branches of neuroscience (Tsuda et al., 2003, Halassa et al., 2009, 

Gourine et al., 2010, Ferrini et al., 2013). The present study implicates glia as critical 

mediators of defensive cardiovascular responses to acute oxygen deprivation and 

complements recent work that implicates RVLM astrocytes in the pathophysiology of heart 

failure (Marina et al., 2013), a condition characterized by reduced cerebral perfusion (Gruhn 

et al., 2001, Alves et al., 2005) and sympathoexcitation (Hasking et al., 1985, Leimbach Jr et 

al., 1986). A key objective for future studies will be to directly compare the oxygen-

sensitivity of RVLM glia to glia obtained from other brain regions, as performed for 

establishing the role of astrocytes as putative pH sensors in the retrotrapezoid nucleus 

(Kasymov et al., 2013). 
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CHAPTER 2 FIGURES AND TABLES 

 

Figure 2.1: RVLM sympathetic premotor neurons have an exaggerated and dose-

dependent response to sodium cyanide (NaCN) compared to neighbouring non-

bulbospinal neurons. A. Raw data: Typical voltage-clamp responses to perfusion with NaCN. 

B. Pooled data: closed circles: bulbospinal RVLM neurons; open squares: unlabelled RVLM 

neurons, **: P<0.01. Numbers of neurons in parentheses. 
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Figure 2.2: HO-2 immunoreactivity does not colocalize with markers of cardiovascular 

function in the RVLM. A. Low-power merged image showing HO-2 (green), TH (blue) and 

CTB (red) immunofluorescence in the ventrolateral medulla of the adult rat. HO-2 

immunoreactivity is abundant in the facial nucleus (top right corner) but sparse elsewhere. 

B. Enlarged images of boxed area indicated in A. No colocalisation of HO-2 and TH 

immunoreactivity is seen, although HO-2 positive CTB-positive neurons (arrowheads) were 

consistently identified medial to the TH-positive cell group. C. Schematic diagram modified 

from Paxinos and Watson (2007) indicating the location of the photomicrograph shown in A. 

D. Schematic diagram (LHS) and corresponding histological section (RHS) showing CTB 

injection site in the thoracic spinal cord. Contrast, intensity and colour of images have been 

adjusted for optimal clarity. 
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Figure 2.3: Hypoxia-sensitive sympathetic premotor neurons do not contain HO-2 

immunoreactivity. A. Dose-dependent responses to NaCN in a bulbospinal RVLM neuron 

that was filled with biocytin during recording. B. Confocal images confirm the same neuron 

as bulbospinal (CTB) and catecholaminergic (TH), but HO-2 negative. Action currents in A 

have been truncated for clarity. Contrast, intensity and colour of images in B have been 

adjusted for optimal display. 
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Figure 2.4: Blockade of ionotropic ATP receptors attenuates responses to 10 mM NaCN in 

RVLM sympathetic premotor neurons. A. Voltage-clamp recording of responses to acute 

chemical hypoxia before and after the addition of PPADS to the perfusion. Experiment 

conducted using aCSF containing TTX. B. Pooled data: *** P < 0.001, numbers of cells in 

parentheses. Grey horizontal line indicates median. 
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Figure 2.5: Incubation of slices in glial metabolic inhibitor fluoroacetic acid (5 mM) for 30 - 

60 minutes has no measureable effect on baseline electrophysiological properties recorded 

in bulbospinal RVLM neurons. A. In voltage clamp mode there was no significant effect of 

fluoroacetic acid incubation on current (A1) or synaptic current frequency (A2). B. In current 

clamp there was no effect of fluoroacetic acid incubation on electrophysiological parameters 

measured from spontaneous action potentials. B1 shows superimposed action potentials 

recorded after incubation in aCSF (n = 5) holding or fluoroacetic acid (n = 5); insets show 

expanded detail of boxed portions and indicates measured variables. There was no 

measureable effect of fluoroacetic acid incubation on the duration of the rising phase of the 

action potential (AP Rise, B2), the height of spontaneous action potentials (AP height, B3), or 

the frequency of spontaneous action potentials (B4). Numbers of cells in parentheses. 
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Figure 2.6: Neuronal firing in response to 20 – 100 nA ATP iontophoresis in bulbospinal 

RVLM neurons incubated for 30 - 60 minutes in (A) aCSF or (B) fluoroacetic acid. C. No firing 

was evoked by 100 nA delivered via a pipette containing aCSF without ATP. D. Pooled data of 

responses to 100 nA ATP iontophoresis. 
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Figure 2.7: Incubation of slices in fluoroacetic acid abolished responses to NaCN in RVLM 

bulbospinal neurons. A. Response to 10 mM NaCN in a bulbospinal neuron after 30 minutes 

incubation in 5 mM fluoroacetic acid. B. Pooled data from bulbospinal neurons incubated for 

30 - 60 minutes in fluoroacetic acid (open triangles) and bulbospinal neurons incubated in 

normal aCSF (same data as Figure 2.1, closed circles). Numbers of neurons in parentheses. 
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CHAPTER 3: OREXINERGIC ACTIVATION OF 
MEDULLARY PREMOTOR NEURONS 

MODULATES THE ADRENAL 
SYMPATHOEXCITATION TO HYPOTHALAMIC 

GLUCOPRIVATION 
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ABSTRACT 

Glucoprivation activates neurons in the perifornical hypothalamus (PeH) and in the rostral 

ventrolateral medulla (RVLM), which results in release of adrenaline. The current study 

aimed to establish (i) whether neuroglucoprivation in the PeH or in the RVLM elicits 

adrenaline release in vivo; and (ii) whether direct activation by glucoprivation or orexin 

release in the RVLM modulates the adrenaline release. Neuroglucoprivation in the PeH or 

RVLM was elicited by microinjections of 2-deoxy-D-glucose or 5-thio-D-glucose in 

anesthetized, euglycemic, rats. We found that inhibition of neurons in the PeH abolished the 

increase in adrenal sympathetic nerve activity (ASNA) to systemic glucoprivation. Secondly, 

glucoprivation of neurons in the PeH increased ASNA. Thirdly, in vivo or in vitro 

glucoprivation did not affect the activity of RVLM adrenal premotor neurons. Finally, 

blockade of orexin receptors in the RVLM abolished the increase in ASNA to 

neuroglucoprivation in the PeH. The evoked changes in ASNA were directly correlated to 

levels of plasma metanephrine, but not to normetanephrine. These findings suggest that 

orexin release modulates the activation of adrenal presympathetic neurons in the RVLM.  

http://www.jneurosci.org/site/misc/ifa_organization.xhtml#Abstract
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INTRODUCTION 

Glucoprivation is a metabolic challenge capable of eliciting adrenaline release, an important 

mechanism for restoration of normal blood sugar levels. Additionally, neuroglucoprivation 

produced by 2-deoxy-D-glucose (2-DG) is used as an experimental tool to study 

glucoregulatory neurons (Borg et al., 1995, Sanders and Ritter, 2001, Andrew et al., 2007, 

Gonzalez et al., 2008). Previous findings suggest that adrenaline release in response to 

glucoprivation involves activation of neurons in the perifornical hypothalamus (PeH) and 

rostral ventrolateral medulla (RVLM). Systemic glucoprivation using 2-DG excites RVLM 

sympathetic premotor neurons (Ritter et al., 1998, Verberne and Sartor, 2010) and 

orexinergic neurons (Sakurai et al., 1998) in the PeH (Briski and Sylvester, 2001). 

Additionally, neurotropic viruses injected into the adrenal gland trans-synaptically label 

neurons in both the RVLM (Strack et al., 1989b) and PeH (Jansen et al., 1995). Disinhibition 

of perifornical neurons produces an increase in endogenous glucose production in the liver, 

which is mediated by the autonomic nervous system (Yi et al., 2009). However, it remains 

unknown as to whether intrinsic glucose sensitivity or projections from hypothalamic 

glucose-sensitive neurons (Oomura et al., 1974, Burdakov et al., 2005, Gonzalez et al., 2008) 

plays an important role in the excitation of RVLM adrenal premotor neurons in response to 

glucoprivation. In particular, if the responses evoked in RVLM neurons are modulated by 

orexinergic inputs (De Lecea et al., 1998, Peyron et al., 1998). 

In this study, we hypothesize that perifornical hypothalamic neurons respond to 

neuroglucoprivation, and elicit adrenaline release by orexinergic activation of sympathetic 

premotor neurons in the RVLM. To test this hypothesis, we used a combination of in vivo 

and in vitro electrophysiological techniques to first examine the role played by neurons in 

the PeH in driving adrenal sympathetic nerve activity (ASNA). We then demonstrate for the 

first time that these effects are independent of any intrinsic sensitivity of neurons in the 

RVLM to glucoprivation, and that the activation of orexin receptors in the RVLM modulates 

the adrenal sympathoexcitatory responses.  

http://www.jneurosci.org/site/misc/ifa_organization.xhtml#Introduction
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MATERIALS AND METHODS 

Experiments were performed according to the “Australian Code of Practice for the Care and 

Use of Animals for Scientific Purposes”. All experiments were approved by the Austin Health 

(2012/4764) and Macquarie University (2011/055) Animal Ethics Committees. 

IN VIVO EXPERIMENTS 

General procedures 

Adult male Sprague-Dawley rats (250 - 350 g) were anesthetized with isoflurane (1.7 % in 

100 % O2). The left femoral vein and artery were cannulated for drug administration and 

arterial blood pressure (AP) recording, respectively. Body temperature was kept at 37 ± 0.5 

oC by a thermocouple-controlled heating pad. The rats were tracheostomized, paralyzed 

(pancuronium bromide; 1 mg*kg-1, i.v.; supplemented by 0.1 mg*kg-1*h-1), and artificially 

ventilated with oxygen-enriched air (3.5 ml, 70 cycles*min-1). Following completion of 

surgery, isoflurane was replaced by urethane (1.2 g*kg-1; i.v.). The level of anesthesia was 

monitored by hindpaw pinch and the corneal reflex; urethane was supplemented (0.2 g*kg-1 

i.v.) as required. After neuromuscular blockade, anesthesia was maintained at a level in 

which paw pinch produced minimal changes in blood pressure (≤ 10 mmHg). Blood glucose 

was measured by withdrawing a drop of ar blood from the femoral artery and applied to a 

glucometer (Optium Xceed; Medisense; Abbott Laboratories, Bedford, USA), as previously 

described (Verberne and Sartor, 2010). 

Adrenal sympathetic nerve recording 

The right adrenal sympathetic nerve was prepared for recording via a retroperitoneal 

approach. Fibers emerging from the ganglion projecting towards the adrenal gland were 

carefully dissected free from connective tissue and fat. The fibers were tied together using 

10 - 0 surgical nylon, cut distally, and mounted on bipolar silver wire electrodes. The nerve 

was covered with paraffin oil or embedded in a silicone elastomer (Kwik-Cast Sealant, WPI, 

Sarasota, FL, USA). Adrenal sympathetic nerve activity (ASNA) was amplified (x 10000; Grass 

7P5B, Quincy, MA, USA) filtered (100 Hz - 3 kHz), and sampled at 6 kHz using a CED 

Power1401 (Cambridge Electronic Design, UK) with Spike2 v7.02 software. ASNA was 

rectified and integrated (= 1s) prior to analysis. All neurograms were normalized with 

reference to the resting level prior to stimulus (100 %) after subtraction of the noise (0 %), 
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determined post mortem or after clonidine (200 μg*kg-1, i.v.; Sigma-Aldrich). Experiments 

were not included for analysis if the ratio of pre-/post- ganglionic ASNA was higher than 50 

%, verified by intravenous hexamethonium (40 mg*kg-1, Sigma-Aldrich) at the end of the 

experiments. 

Measurement of blood catecholamines 

Due to the rapid degradation of catecholamines, we measured plasma levels of 

metanephrines (Lenders et al., 2002). Plasma (0.2 ml) was extracted from blood (0.5 ml), 

withdrawn from the femoral arterial cannula, to determine the levels of metanephrine and 

normetanephrine. Plasma metanephrines were assayed by liquid chromatography tandem 

mass spectrometry, modified from the method of Whiting (2009). Heparinized plasma 

samples had deuterated internal standards for each analyte that were added prior to solid 

phase extraction using weak cation exchange. Extracted samples were evaporated to 

dryness, reconstituted and derivatised using cyanoborohydride and acetaldehyde prior to 

chromatographic separation and mass spectrometric detection using multiple reactions 

monitoring (model 6460 Agilent Technologies, Mulgrave, Australia). 

Location of the PeH and RVLM 

The perifornical hypothalamus (PeH) was located using stereotaxic coordinates (Paxinos and 

Watson, 1998). These were: 2.9 - 3.4 mm caudal to Bregma, 1.1 - 1.3 mm lateral to the 

midline, 8.6 - 8.7 mm ventral to the dorsal surface.  

RVLM adrenal sympathetic premotor neurons are mingled with cardiovascular premotor 

neurons (Verberne and Sartor, 2010). Hence, the RVLM was identified by extracellular 

recording of cardiovascular sympathetic premotor neurons, which were inhibited by 

phenylephrine (10 µg*kg-1; i.v.; Sigma-Aldrich - Supplementary figure 3.1) (Brown and 

Guyenet, 1985, a, Verberne and Sartor, 2010). These neurons were identified following 

antidromic field potential mapping of the facial nucleus, elicited by electrical stimulation (0.5 

Hz, 0.1 ms, 0.5 - 1.0 mA) of the facial nerve. Extracellular recordings were made using glass 

microelectrodes (2 mm OD, 5 - 9 MΩ) filled with 2 % Pontamine Sky Blue in 0.5 M sodium 

acetate. Extracellular potentials were recorded using a window discriminator and amplifier 

(x 10000; 400 - 4000 Hz; Fintronics, Orange, USA). RVLM sympathetic premotor neurons 
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were found at: + 0.1 rostral to - 0.3mm caudal, 0.1 - 0.3 mm medial, and 0.1 - 0.3 mm ventral 

to the caudal pole of the facial nucleus.  

Glucoprivation and microinjections 

All experimental procedures were conducted following establishment of a euglycemic 

baseline (4.8 - 7.0 mM; average: 6.1 ± 0.1 mM, n = 60). Systemic glucoprivation was 

produced by 2DG (250 mg*kg-1, i.v.; Sigma-Aldrich). Microinjections were performed using 

multibarrel micropipettes. All drugs were diluted in a solution of latex fluorescent beads 2 % 

(Invitrogen) in artificial cerebrospinal fluid (aCSF (in mM): NaCl, 128; KCl, 2.6; NaH2PO4, 1.3; 

NaHCO3, 2; CaCl2, 1.3; MgCl2, 0.9). All microinjections were 50 nl. Neuroglucoprivation was 

elicited by microinjections of 2DG (0.2 - 20 mM) or 5-thio-D-glucose (5-TG; 0.6 - 600 mM; 

Sigma-Aldrich), using doses based on previous reports (Shiraishi and Simpson, 1987, Andrew 

et al., 2007). Perifornical neurons were permanently inhibited by the GABAA agonist 

muscimol (4 mM; Sigma-Aldrich) or disinhibited by the GABAA antagonist bicuculline (1 mM; 

Sigma-Aldrich). Note that these agents were used primarily to inhibit or activate 

hypothalamic neurons, and also to determine the role of their respective GABAergic inputs 

in glucose homeostasis. Orexin A (0.1 - 10 mM; Sigma-Aldrich) was microinjected into the 

RVLM using doses based on a previous study (Shahid et al., 2012). Orexin receptors in the 

RVLM were blocked using the non-selective antagonist TCS1102 (5 mM; Tocris), diluted in 50 

% dimethyl sulfoxide (DMSO, Sigma-Aldrich) using a dose based on a previous report (Hsiao 

et al., 2012).  

Histology 

At the end of the experiments, animals were perfused with NaCl 0.9 % w/v followed by 10 % 

formalin. Brains were removed, fixed in formalin overnight, and cut with a vibratome in 100 

m coronal sections. Sections were mounted onto gelatin-subbed slides for identification of 

the injection sites. Sections were examined under epi-fluorescence to locate the fluorescent 

bead deposits. The center of the injections were photographed (Sony DXC-9100P; Tokyo, 

Japan), and plotted (Supplementary figure 3.1) with reference to a rat brain atlas (Paxinos 

and Watson, 1998). 

IN VITRO EXPERIMENTS 

Voltage-clamp recordings from putative rvlm sympathetic premotor neurons 
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Sprague Dawley rat pups (P5 – P20) were anesthetized with 2 - 5% isoflurane (Veterinary 

Companies of Australia) in oxygen and moved onto a heated pad. A dorsal laminectomy was 

performed and the T2 spinal cord exposed. Fluorescently conjugated cholera toxin β subunit 

(CTB-Alexa 555, 0.5 – 1 %, Invitrogen) was injected bilaterally at co-ordinates corresponding 

to the intermediolateral cell column (100 nl injections each side). After completion of 

microinjections the wound was closed with cyanoacrylate glue and anesthesia discontinued. 

Pups were allowed to recover on a warm pad until ambulatory and were then returned to 

the cage with their mother and littermates. Post-operative rats were carefully monitored 

and treated with additional analgesia when indicated (Carprofen, 2 mg/kg s.c. Norbrook 

pharmaceuticals, Australia). 

Whole-cell recordings from RVLM medullospinal neurons 

Solutions (mM): 

Cutting solution: 118 NaCl, 25 NaHCO3, 3 KCl, 1.2 NaH2PO4.H2O, 10 D-glucose, 1.5 CaCl2, 1 

MgCl2; equilibrated with 95 % O2 – 5 % CO2 (Burdakov and Ashcroft, 2002). 

aCSF: 125 NaCl, 21 NaHCO3, 2.5 KCl, 1.2 NaH2PO4.H2O, 2 D-glucose, 2 CaCl2, 2 MgCl2; 

equilibrated with 95 % O2 – 5 % CO2 (pH = 7.35). 

Potassium gluconate internal solution: 125 K-gluconate, 10 Hepes, 11 EGTA, 15 NaCl, 1 

MgCl2, 2 MgATP, 0.25 NaGTP, 0.05% biocytin (pH = 7.3, 280 < Osmolarity < 285 mOsm). 

2 - 5 days after tracer microinjection pups were anaesthetized with isoflurane and quickly 

decapitated. The whole brain was quickly removed and dissected in ice cold oxygenated 

cutting solution; the brainstem was mounted in a vibratome and 300 µm thick coronal 

sections were cut under ice-cold carbogen-bubbled cutting solution. 3-4 sections from the 

region immediately caudal the facial nucleus were retained and transferred to carbogen-

bubbled aCSF containing 2 mM glucose at 34 oC for at least 1h. Recordings were performed 

at room temperature in the recording chamber of an Olympus microscope superfused at 1.5 

– 2 ml/min with carbogen-bubbled aCSF. 

Tracer-labeled neurons were identified under epi-fluorescence: CTB-filled neurons lying 

ventral to nucleus ambiguus and lateral to the inferior olive were identified as RVLM 

putative sympathetic premotor neurons. Whole-cell recordings were made in voltage - or 
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current-clamp modes using borosilicate pipettes with 1.5 - 2 µm tip diameters (3 – 6 MΩ). 

After formation of a gigaseal, recordings were obtained using a Multiclamp 700B patch 

clamp amplifier (Molecular Devices, USA). Baseline recordings were made for 300 seconds 

prior to 2DG administration. Series resistance compensation of 70 - 80 % was used in voltage 

clamp recordings. Recorded parameters were digitized using Spike2 with a Power 1401 mark 

II (Cambridge Electronic Design, UK). Data from 3 neurons recorded with the addition of 

1 μM tetrodotoxin (TTX, Jomar Bioscience) to the aCSF were included in the dataset. At the 

conclusion of recordings the pipette was withdrawn and slices were fixed overnight in 4 % 

paraformaldehyde and then frozen in cryoprotectant prior to immunohistochemical 

processing for biocytin and tyrosine hydroxylase immunoreactivity. 

Immunohistochemistry 

Sections containing biocytin-labelled neurons were removed from cryoprotectant, washed, 

and permeabilized in PBS with 0.5 % Triton X- 100 for 12 hours at 4 oC. The sections were 

incubated in blocking solution (5 % bovine serum albumin, BSA, in PBS) for 4 hours at room 

temperature followed by incubation in mouse anti-tyrosine hydroxylase primary antibodies 

(TH - 1:2000, Sigma-Aldrich) for 4 hours at room temperature in 5 % BSA. Sections were then 

washed and incubated in secondary antibodies (Cy5 Donkey anti-Mouse and ExtrAvidin FITC 

(both 1:500, Jackson Immunoresearch) with 5 % BSA for 4 hours at room temperature, then 

washed, mounted and coverslipped. Sections were visualized and photographed using a 

Zeiss Z1 microscope (Carl Zeiss, USA), under epi-fluorescence with appropriate filter sets. 

Data analysis 

The effects of 2-DG were assessed by comparing the holding current and the synaptic 

current frequency, averaged over 50 seconds prior to drug administration (baseline), to the 

mean over the last 50 seconds of drug perfusion (drug). The dose of 2-DG (5 mM) was 

selected based on previous reports (Burdakov et al., 2005, Gonzalez et al., 2008). 

D’Agostino & Pearson omnibus test was performed to verify normal distribution of the data. 

Changes in ASNA are presented as mean±S.E.M., determined from a 60 second window 

average, compared along time. Student’s t-test, one-way ANOVA, and two-way ANOVA with 

the Bonferroni corrections were used for group comparisons. Correlations were determined 

by the Pearson or Spearman tests for parametric and non-parametric samples, respectively; 
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with linear regression to determine confidence intervals. Data that fit a normal distribution 

are presented as mean±SEM; non-parametric data are expressed as median (range). 

Statistical significance was determined when P < 0.05. All tests were performed using the 

GraphPad Prism 5.0. 

EXPERIMENTAL PROTOCOLS 

1. ASNA was plotted against levels of circulating metanephrines to establish the relationship 

between nerve discharge and adrenaline release. Two samples were taken per experiment: 

during the resting condition when ASNA recordings had been stable for 10 minutes and ~ 6 - 

10 minutes after intravenous injection of 2-DG. 

2. ASNA responses to intravenous 2-DG were tested after microinjection of muscimol or 

bicuculline into the PeH to determine the role of GABAergic drive to perifornical neurons in 

adrenal sympathetic responses to glucoprivation. 2-DG was also microinjected after 

bicuculline to determine its pharmacological effect in the absence of inhibitory tone to 

perifornical neurons. Lumbar sympathetic nerve activity (LSNA) and ASNA were recorded to 

determine if sympathetic responses to glucoprivation are differentially regulated. 

3. The effects of focal PeH neuroglucoprivation on ASNA were determined by bilateral 

microinjections of 2-DG or 5-TG, according to previous reports (Shiraishi and Simpson, 1987, 

Andrew et al., 2007). 

4. ASNA was compared before and after bilateral microinjections of 2-DG into the RVLM to 

determine whether adrenal RVLM sympathetic premotor neurons were responsive to 

glucoprivation in vivo. Subsequent intravenous injection of 2-DG confirmed that the ASNA 

responses were not dependent on a direct effect on RVLM neurons. 

5. The intrinsic sensitivity of RVLM sympathetic premotor neurons to glucoprivation was also 

tested in vitro. Following the establishment of stable recordings in aCSF containing 2 mM 

glucose slices were perfused for 300 s in aCSF containing 5 mM 2-DG (Burdakov et al., 2005, 

Gonzalez et al., 2008). The effect of glucoprivation on membrane potential and spontaneous 

discharge frequency was assessed by comparing measurements made over the final 50 s of 

the control period to the final 50 s of 2-DG application. Membrane resistance was monitored 

by measuring changes in membrane potential evoked by hyperpolarizing currents (- 40 pA, 1 
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s) every 30 seconds and calculated using Ohm’s Law (Gonzalez et al., 2008). The average 

membrane resistance measured over the final 3 steps of the control period was compared to 

data measured at the corresponding periods of 2-DG administration. Neuronal excitability 

was assessed by comparing the number of action potentials generated by depolarizing 

current pulses (20 pA, 3 s) every 60 seconds (Burdakov et al., 2005). As described above data 

were averaged from the final 3 consecutive depolarizing steps in the control and 2-DG 

periods. Voltage clamp ramps from 0 to - 140 mV from a holding potential of - 60 mV were 

performed to assess current-voltage relationships (Gonzalez et al., 2008).  

6. These experiments determined whether orexinergic activation of premotor neurons in the 

RVLM mediates the adrenal sympathoexcitatation to glucoprivation. Orexin receptors were 

activated using microinjections of orexin A at different doses before and after microinjection 

of the antagonist TCS1102. Adrenal sympathoexcitation in response to microinjection of 2-

DG into the PeH was also tested following microinjections of TCS1102 or vehicle into the 

RVLM. 
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RESULTS 

CORRELATION OF ASNA AND PLASMA METANEPHRINES 

At rest, the levels of blood glucose were 6.0 ± 0.1 mM (n = 8); systemic glucoprivation (2-DG, 

250 mg/kg) increased the concentration of plasma metanephrine (3.4 ± 0.7 vs. 18.4 ± 4.4 

pmol*l-1, P = 0.008, n = 8), a methylated metabolite of adrenaline, in direct proportion to the 

increase in ASNA (P < 0.001, Spearman r = 0.79, n = 15; figure 3.1). In contrast, 2-DG failed to 

change the levels of normetanephrine (49.1 ± 9.9 vs. 44.3 ± 5.6 pmol*l-1, P = 0.583, n = 8), a 

methylated metabolite of noradrenaline. Hence, changes in the levels of normetanephrine 

were not correlated with ASNA (P = 0.849, Spearman r = - 0.05, n = 15). 

ROLE OF PERIFORNICAL NEURONS IN DRIVING SYMPATHETIC RESPONSES TO 

GLUCOPRIVATION 

ASNA responses to systemic 2-DG (250mg/kg) in intact rats were compared to those 

measured following inhibition of perifornical neurons with microinjections of muscimol 

(4 mM). Prior to 2-DG administration, blood glucose was at 6.0 ± 0.2 mM (n = 14). Systemic 

glucoprivation increased ASNA (165 ± 12 %, P < 0.001, n = 17), which peaked at ~ 6 min 

(figure 3.2. A & B). Bilateral microinjections of muscimol into the PeH abolished the ASNA 

increase to systemic 2-DG (88 ± 9 %, P < 0.001, n = 6; figure 3.2. C & D). By contrast, 

following establishment of a stable glucose baseline (6.0 ± 0.2 mM; n = 8) unilateral 

microinjection of bicuculline (1 mM) into the PeH increased ASNA (199 ± 14 %, P < 0.001, n = 

8) while subsequent microinjection of 2-DG reduced ASNA (143 ± 12 %, P < 0.001, n = 8; 

figure 3.2. E & F). Systemic glucoprivation (2-DG; 250mg/kg) selectively increased ASNA (162 

± 9%, P < 0.001, n = 6), but did not affect LSNA (101 ± 6 %, P = 0.22, n = 6). By contrast, 

elevation of blood pressure (phenylephrine, 10 μg*kg-1) or blockade of sympathetic 

ganglionic transmission (hexamethonium, 40 mg*kg-1) reduced only LSNA (figure 3.2. G & H). 

EFFECTS OF NEUROGLUCOPRIVATION IN THE PeH 

Perifornical focal microinjection of 2-DG or 5-TG evoked adrenal sympathoexcitation (figure 

3.3). Resting levels of blood glucose prior to 2-DG and 5-TG administration were 6.6 ± 0.3 

mM (n = 10) and 6.7 ± 0.1 mM (n = 6), respectively. Bilateral microinjections of 2-DG into the 

PeH (Shiraishi and Simpson, 1987) dose-dependently augmented ASNA (175 ± 10 %, P < 
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0.001, n = 10). Bilateral 5-TG also increased ASNA (145 ± 11 %, P < 0.01, n = 6). The increases 

in ASNA in response to either 2-DG or 5-TG were similar in magnitude (P > 0.05, n = 6), and 

correlated with the increases in arterial blood glucose (figure 3.3. D & F). 

GLUCOPRIVATION OF RVLM SYMPATHETIC PREMOTOR NEURONS IN VIVO 

At a blood glucose baseline of 6.4 ± 0.2 mM (n = 6), bilateral microinjections of 2-DG (2 mM) 

into the RVLM evoked no effect on ASNA (90 ± 12 %, P = 0.33, n = 6; figure 3.4). Subsequent 

systemic injection of 2-DG (250 mg/kg; i.v.) increased ASNA (162 ± 18 %, P < 0.001, n = 6). 

GLUCOPRIVATION OF RVLM SYMPATHETIC PREMOTOR NEURONS IN VITRO  

16 sympathetic premotor neurons were recorded in 11 brainstem slices from 5 rats (Figure 

3.5). In all but three cases current- and voltage-clamp data were obtained from the same 

neurons. In no case did 2-DG evoke any clear effect on any parameter recorded. In current 

clamp the resting membrane potential was -52.7 ± 1.6 mV (n = 15 including 3 neurons 

recorded with TTX), with spontaneous action potentials occurring at 3.7 ± 0.8 Hz (n = 12). At 

the end of the 2-DG superfusion the membrane potential (-53.3 ± 1.6 mV, P = 0.55, n = 15), 

spontaneous discharge frequency (3.6 ± 0.8 Hz, P = 0.46, n = 12) and input resistance (335 ± 

38 vs 327 ± 41 MΩ, P = 0.35, n = 14) were unchanged from baseline values. There was no 

significant change in the number of action potentials evoked by depolarizing current pulses 

by addition of 2DG to the perfusate (11.8 ± 1.7 vs 10.9 ± 1.6 spikes, P = 0.48, n = 12, figure 

4.5. D). In voltage clamp mode no changes in holding current (-54.4 ± 7.5 vs -55.9 ± 7.4 pA, P 

= 0.54, n = 13) or response to voltage ramps were noted following addition of 2-DG to the 

perfusion fluid. 

BLOCKADE OF OREXIN RECEPTORS IN THE RVLM DURING NEUROGLUCOPRIVATION OF THE 

PeH 

Microinjection of orexin A into the RVLM produced an increase in ASNA (162 ± 16 %, P < 

0.001, n = 6) that was blocked by the non-selective antagonist TCS 1102 (99 ± 3 %, P < 0.001, 

n = 6; figure 3.6. A-D). Bilateral microinjections of 2-DG (2 mM) into the PeH increased ASNA 

(151 ± 16 %, P < 0.01, n = 6), following microinjections of vehicle into the RVLM. By contrast, 

TCS 1102 in the RVLM abolished the increase in ASNA (95 ± 5 %, P < 0.001, n = 6) produced 

by microinjection of 2-DG into the PeH (figure 3.6. E-G). 



 
 

67 
 

  



 
 

68 
 

DISCUSSION 

The principal finding in this study is that orexin modulates the activity of RVLM adrenal 

sympathetic premotor neurons resulting in excitation of adrenal chromaffin cells. We 

showed that local glucoprivation or disinhibition of PeH neurons increased ASNA while 

inhibition of PeH neurons abolished the ASNA response following systemic glucoprivation. 

Conversely, glucoprivation of perifornical neurons subsequent to activation by the GABAA 

antagonist bicuculline reduced the adrenal sympathoexcitatory response. In addition, local 

neuroglucoprivation in the RVLM failed to activate premotor neurons in vivo or in vitro 

suggesting that RVLM neurons are not intrinsically glucose sensitive. Finally, ASNA was 

directly correlated with plasma metanephrine levels but not normetanephrine levels 

confirming that adrenal sympathoexcitation coincides with adrenaline release into the 

circulation. The ASNA, noradrenaline, and adrenaline responses to glucoprivation noted in 

our study were consistent with previous reports of the effects of glucoprivation on 

sympathetic preganglionic neurons (Morrison and Cao, 2000).  

In this study, microinjection of 2-DG/5-TG or bicuculline into the PeH increased ASNA, 

whereas microinjection of the GABAA agonist muscimol into the PeH abolished the ASNA 

response to systemic injection of 2-DG. Reports by others have shown that 2-DG exerts a 

glucomimetic inhibition of orexinergic and GABAergic perifornical neurons (Burdakov et al., 

2005, Gonzalez et al., 2008, Karnani et al., 2013). Thus, direct excitation of perifornical 

neurons by 2-DG in our study is unlikely to be the mechanism underlying the increase in 

ASNA. Alternatively, adrenal sympathoexcitation could result from disinhibition of 

perifornical neurons that receive GABAergic drive (Yi et al., 2009). Orexinergic neurons 

express GABA receptors (Alam et al., 2005), and may receive inhibitory inputs from adjacent 

interneurons (Karnani et al., 2013) or from the ventromedial hypothalamus (Chan et al., 

2006, Chan et al., 2011). In our study, microinjection of 2-DG into the PeH decreased the 

ASNA response evoked by prior administration of bicuculline into the same site, confirming 

the glucomimetic inhibitory effect of 2-DG seen in vitro (Burdakov et al., 2005, Gonzalez et 

al., 2008, Karnani et al., 2013). One interpretation of this result is that 2-DG acts at some 

location adjacent to the PeH. If so, this could explain the onset (~1min) of the ASNA 

response to microinjection of 2-DG into the PeH. Consistent with this notion, are previous 

observations that injection of 2-DG into the ventromedial hypothalamus (Borg et al., 1995) 

http://www.jneurosci.org/site/misc/ifa_organization.xhtml#Discussion


 
 

69 
 

or into the ventrolateral portion of the lateral hypothalamus (Yoshimatsu et al., 1991) elicits 

glucoprivic effects resulting in adrenaline release and adrenal sympathoexcitation, 

respectively. While we have demonstrated that 2-DG can exert inhibitory effects on PeH 

neurons, consistent with previous observations in vitro (Burdakov et al., 2005, Gonzalez et 

al., 2008, Karnani et al., 2013), the inevitable conclusion is that in our in vivo study an 

excitatory response predominates. 

Blockade of orexin receptors in the RVLM by microinjection of TCS1102 eliminated the 

adrenal sympathoexcitatory response to injections of 2-DG into the PeH. The dose of the 

orexin antagonist used was sufficient to block the effects of microinjection of orexin into the 

RVLM on ASNA. Based on the density of the extracellular milieu (Nicholson, 1985) and 

histology, our injections extended for ~ 400 µm, and so targeted the majority of C1 neurons 

(Ritter et al., 1998). The ASNA response to microinjection of orexin into the RVLM concurs 

with previous observations (Shahid et al., 2012). Glucoprivation activates slow-conducting 

(<1 m/s) RVLM adrenal premotor neurons, which are intermingled with the cardiovascular 

premotor neurons (Verberne and Sartor, 2010). The slow-conducting axons suggest that 

they are C1 catecholaminergic cells (Schreihofer and Guyenet, 1997). Glucoprivation also 

elicits Fos expression (Ritter et al., 1998) and phosphorylation (Damanhuri et al., 2012) in C1 

neurons. Orexinergic neurons project to the C1 region of the RVLM (De Lecea et al., 1998, 

Peyron et al., 1998) and their terminals make close appositions with C1 neurons (Puskas et 

al., 2010). Moreover, neurotoxic ablation of C1 neurons eliminates the glucoregulatory 

response to 2-DG (Ritter et al., 2001). Together, the evidence suggests that orexinergic 

activation of adrenal sympathetic premotor neurons modulates the adrenal 

sympathoexcitatory response to glucoprivation. Although previous studies (DiRocco and 

Grill, 1979, Ritter et al., 1981) have shown that selective glucoprivation of hindbrain neurons 

increases blood glucose; local application of 2-DG failed to activate the RVLM adrenal 

premotor neurons. Thus, hindbrain glucose-sensitive neurons (Ritter et al., 1998, Dunn-

Meynell et al., 2002) are presumably located outside the RVLM, but project to (Aicher et al., 

1996) and excite the adrenal C1 neurons.  

Whether orexinergic neurons are directly glucose sensitive or they respond to 

glucoprivation-evoked drive from either glial or neuronal input remains unknown. 

Researchers have described an important role for glia in driving glucoprivic responses in 
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other brain systems: first, the existence of central glucose sensors requiring glucose 

transporter type 2 expression in glial cells in the NTS and the dorsal motor nucleus of the 

vagus has been identified (Marty et al., 2005). Second, increases in gastric motility recorded 

following glucoprivation depends on intact hindbrain astrocytes (McDougal et al., 2013, 

Hermann et al., 2014). Finally, Ainscow and colleagues showed that hypothalamic glia 

respond to increases in extracellular glucose (Ainscow et al. 2002); so addressing whether 

hypothalamic astrocytes activates the glucose sensing pathway of orexinergic neurons is a 

plausible hypothesis that should be investigated. 

The present study has explored the neural pathway(s) that relay the adrenal 

sympathoexcitatory response to neuroglucoprivation. We used 2-DG as a glucoprivic agent 

in vivo because it allows the investigator to produce localized glucoprivation when injected 

into the brain parenchyma and in vitro because it’s a non-metabolizable glucose analogue 

that competes with glucose, depleting available energy, and is easy to use and control. 

Importantly, systemic 2-DG produces secretion of adrenaline, glucagon, cortisol, and growth 

hormone (Goldsmith et al., 1970, Ritter et al., 1995). Since 2-DG is also detected by most 

glucometers, we were unable to determine blood glucose changes after systemic 2-DG. 

Nonetheless, glucoprivation elicits hyperglycemia via activation of glycogenolysis and 

gluconeogenesis in the liver (Sanders and Ritter, 2001, Watt et al., 2001, Yi et al., 2009). 

General anesthesia was essential for measurement of ASNA and eliminated the influence of 

stress, respiration, or body temperature (Ehrentheil et al., 1967, Shah et al., 1977, Guenther 

et al., 2012). Anesthesia can alter neural metabolism and modulate glycemia and it is known 

that intraperitoneal urethane causes hyperglycemia (Reinert, 1964). However, under the 

conditions of our experiment we found that urethane produced normoglycemic animals (~ 

6.1 mM). Comparison of different methods for determining catecholamine levels indicated 

that plasma metanephrines determined by mass spectrometry is the most reliable method 

(Lenders et al., 2002). In addition, the age of rat pups used the in vitro experiments 

correspond to previous electrophysiological studies (Cotero and Routh, 2009) and the 

catecholaminergic neurons are likely to be mature and functional (Roux et al., 2003).  

In conclusion, our findings suggest a key role for orexin in modulating the sympathetic drive 

to the adrenal chromaffin cells during glucoprivation. It is possible that during arousal orexin 

changes the electrophysiological properties of adrenal premotor neurons facilitating 
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adrenaline release in response to glucopenia – a mechanism that may be compromised 

when hypoglycemia unawareness develops in response to recurrent glucoprivation (Sanders 

and Ritter, 2001).  
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CHAPTER 3 FIGURES AND TABLES 

 

Figure 3.1: Glucoprivation elicits increases in ASNA correlated with the levels of 

metanephrines. Systemic injection of 2-DG increased adrenal sympathetic nerve activity 

(ASNA). The increase in ASNA correlated with plasma levels of metanephrine, a methylated 

metabolite of adrenaline. However, 2-DG failed to alter the levels of normetanephrine, the 

corresponding methylated metabolite of noradrenaline. All data are presented as mean ± 

S.E.M. ** P < 0.01; n.s. non-significant. 
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Figure 3.2: Selective effects of glucoprivation on ASNA depends on perifornical neurons. A. 

Neurograms of adrenal sympathetic nerve activity (ASNA), top: arbitrary units (a.u.) bottom: 

rectified, integrated, and normalized to % of baseline. Systemic glucoprivation with 2-deoxy-
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D-glucose (2-DG) increased ASNA, which was abolished by bilateral microinjections of 

muscimol into the perifornical hypothalamus (PeH). B. Pooled increases in ASNA following 2-

DG. C. Group data of the response to 2-DG after inhibition of the PeH. D. Muscimol in the 

PeH reduced the maximum increase in ASNA to systemic 2-DG in the group. E. 

Microinjection of bicuculline into the PeH increased ASNA, and subsequent microinjection of 

2DG reduced the evoked increase in ASNA. F. Group data of maximum ASNA increases to 

microinjection of bicuculline and 2-DG into the PeH. G. Systemic 2-DG increased only ASNA, 

but did not affect lumbar sympathetic nerve activity (LSNA). H. The differential sympathetic 

response to 2-DG replicated within the group. All data are presented as mean ± S.E.M. * P < 

0.05, ** P < 0.01, *** P < 0.001 to baseline; ++ P < 0.01, +++ P < 0.001 to control group; n.s. 

non-significant. AP, arterial blood pressure. 
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Figure 3.3: Glucoprivation in the PeH increases ASNA. A. Neurograms of raw and rectified, 

smoothed, and normalized adrenal sympathetic nerve activity (ASNA). Bilateral 

microinjections of 2-deoxy-D-glucose (2-DG) into the perifornical hypothalamus (PeH) 

elicited dose-dependent increases in ASNA. B. Bilateral microinjections of 5-thio-D-glucose 

(5-TG) into the PeH also augmented ASNA. C. Group data of sympathetic responses to 

microinjections of 2-DG and 5-TG. D. Pooled data of maximum increases in ASNA to 2-DG or 

5-TG into the PeH. E. Increases in ASNA in response to microinjections of 2-DG and 5-TG into 

the PeH were directly correlated with levels of blood glucose. All data are presented as mean 

± S.E.M. ** P < 0.01, *** P < 0.001 to baseline; +++ P < 0.001 to 2-DG (2 mM); n.s. non-

significant. aCSF, artificial cerebrospinal fluid. 
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Figure 3.4: RVLM neurons are not glucose-sensitive in vivo. A. Neurograms of raw and 

rectified, smoothed, and normalized (% of baseline) adrenal sympathetic nerve activity 

(ASNA). Bilateral microinjections of 2-deoxy-D-glucose (2-DG) into the rostral ventrolateral 

medulla (RVLM), where premotor neurons are found, did not alter ASNA. However, 

subsequent intravenous injection of 2-DG in the same animal increased ASNA. B. Group data 

of ASNA responses to microinjections of 2-DG into the RVLM, followed by systemic 2-DG. All 

data are presented as mean ± S.E.M. + P < 0.05, ++ P < 0.01, +++ P < 0.001 to 2-DG into the 

RVLM; n.s. non-significant. 
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Figure 3.5: 2-DG exerts no direct effect on medullospinal RVLM neurons recorded in vitro. 

A. Whole-cell current clamp recording performed in the presence of TTX: bath application of 

2-DG exerts no effect on resting membrane potential or resistance. Deflections indicate 

responses to current injection. B1. Current clamp recording showing effect of 2-DG on 

spontaneous discharge of medullospinal RVLM neuron. Regular increases in firing frequency 

indicate responses to depolarizing current injections. Breaks in recordings in panels A and B1 

indicate recording mode switch. B2. Raw data excerpts at points denoted (arrows) in panel 

B1. C. 2-DG exerted no effect on current-voltage relationships recorded in voltage clamp 

mode. D. 2-DG exerted no effect on responsiveness to depolarizing currents (see also panel 

B1). E. In some cases neurons were filled with biocytin during recording and subsequently 

examined histologically. i. Low power photomicrograph showing distribution of CTB labeling. 

Field of view of high powered images denoted by box. ii. Two neurons were recorded and 

recovered in the experiment shown; raw data from each is shown in panels C & D. Both were 

CTB-labeled (iii) and under close examination C was lightly TH-positive whereas D was TH-

negative (iv). v. Schematic diagram showing locations of recorded neurons. 
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Figure 3.6: Orexin in the RVLM mediates the ASNA increase to glucoprivation. A. 

Neurograms of rectified, smoothed, and normalized (% of baseline) adrenal sympathetic 

nerve activity (ASNA). Microinjection of orexin A (OxA) into the rostral ventrolateral medulla 

(RVLM) produced sympathoexcitation, which was blocked by the non-selective antagonist 

TCS1102. B. The blockade of the response replicated in a group of animals. C. Neurograms of 

raw ASNA. OxA into the RVLM evoked a dose-dependent increase in ASNA that was 
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antagonized by TCS1102. D. The dose-response effect replicated in a group of animals. E. 

Neurograms of raw (Top) and rectified, smoothed, and normalized (Bottom) ASNA. Bilateral 

microinjections of 2-DG into the perifornical hypothalamus (PeH), following vehicle (50% 

dimethyl sulfoxide; DMSO) microinjection into the rostral ventrolateral medulla (RVLM), 

increased ASNA. However, bilateral injections of the antagonist TCS1102 into the RVLM 

abolished the rise elicited by 2DG in the PeH. F. Blockade of the ASNA response replicated in 

a group of animals. G. Grouped data of maximum increases in ASNA to 2-DG in the PeH, 

subsequent to DMSO or TCS1102 in the RVLM. All data are presented as mean ± S.E.M. ** 

P<0.01, *** P < 0.001 to baseline; + P < 0.05, +++ P < 0.001 to control group; ++ P < 0.01 to 

OxA (1mM); n.s. non-significant. 
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Supplementary Figure 3.1. 
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Supplementary Figure 3.2. 
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CHAPTER 4: SOMATOSTATIN IN THE RAT 

ROSTRAL VENTROLATERAL MEDULLA: ORIGINS 

AND MECHANISM OF ACTION 
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ABSTRACT 

Somatostatin (SST) or agonists of the SST-2 receptor (sst2) in the rostral ventrolateral 

medulla (RVLM) lower sympathetic nerve activity, arterial pressure and heart rate, or when 

administered within the Bötzinger region, evoke apneusis. Our aims were to describe the 

mechanisms responsible for the sympathoinhibitory effects of SST on bulbospinal neurons 

and to identify likely sources of RVLM SST release. Patch clamp recordings were made from 

bulbospinal RVLM neurons (n = 31) in brainstem slices prepared from juvenile rat pups. 55% 

of neurons responded to SST, displaying an increase in conductance that reversed at -93 mV, 

indicative of an inwardly rectifying potassium channel (GIRK) mechanism. Blockade of sst2 

abolished this effect, but application of tetrodotoxin did not, indicating that the SST effect is 

independent of presynaptic activity. Fourteen bulbospinal RVLM neurons were recovered for 

immunohistochemistry; nine were SST insensitive and did not express sst2A. Three out of five 

responsive neurons were sst2A immunoreactive. Neurons that contained preprosomatostatin 

mRNA and cholera-toxin-B retrogradely transported from the RVLM were detected in: 

paratrigeminal nucleus, lateral parabrachial nucleus, Kölliker-Fuse nucleus, ventrolateral 

periaqueductal grey area , central nucleus of the amygdala , sublenticular extended 

amygdala , interstitial nucleus of the posterior limb of the anterior commissure nucleus  and 

bed nucleus of the stria terminalis. Thus, those brain regions likely contribute to the 

sympathoinhibition exerted via sst2 in the RVLM to mediate sympathoinhibition and/or 

apneusis. 
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INTRODUCTION  

The inhibitory peptide somatostatin (SST) is expressed widely throughout the brain; its two 

isoforms, SST-14 and SST-28, act on six receptors, sst1-5 (Bruno et al., 1992, O'Carroll et al., 

1992, Vanetti et al., 1992, Yasuda et al., 1992, Hoyer et al., 1995), with sst2 receptors present 

in two subtypes, sst2A and sst2B (Vanetti et al., 1992, Vanetti et al., 1994). 

The expression of SST and its receptors within the rostral ventrolateral medulla (RVLM), and 

the functional consequences of SST transmission in this region, has emerged as a topic of 

considerable interest in both the fields of central respiratory and central cardiovascular 

control. The medullary distribution of SST partially overlaps with putative markers of 

respiratory rhythm-generating neurons in the pre-Bötzinger Complex (Stornetta et al., 2003, 

Gray et al., 2010, Tupal et al., 2014), and pharmacogenetic silencing of SSTergic neurons in 

and around the pre-Bötzinger Complex causes apnoea in vivo (Tan et al., 2008), leading to 

the proposal that SST may be a marker of pre-Bötzinger complex pacemaker neurons (Gray 

et al., 2010). Furthermore, microinjection of SST into the Bötzinger region, one target of pre-

Bötzinger Complex SSTergic neurons (Tan et al., 2010), evokes apneusis, a gasping breathing 

pattern characterized by a lengthened inspiratory phase and a shortened expiratory period 

(Burke et al., 2010). 

SST also causes dose-dependent sympathoinhibition, hypotension and bradycardia, as well 

as attenuation of chemo- and somatosympathetic reflexes, when microinjected into the 

pressor region of the RVLM (Burke et al., 2008). A direct effect of SST agonists on RVLM 

sympathetic premotor neurons is presumed to underlie this effect, as sst2A receptors are the 

predominant receptor subtype expressed in the region and are widely expressed on RVLM 

C1 and non-C1 neurons (Burke et al., 2008, Spary et al., 2008), including those with 

bulbospinal projections (Burke et al., 2008). Involvement of other receptor subtypes is 

unlikely, as sst5 mRNA is absent from the VLM, and isoforms 1, 2b and 4 are expressed at low 

levels (Spary et al., 2008, Ramírez-Jarquín et al., 2012). Similarly, we and others have 

reported pronounced VLM expression of sst2a immunoreactivity, weak expression of sst4, 

and no consistent neuronal expression of any other subtype (Burke et al., 2008, Spary et al., 

2008). Finally, pre-treatment with the sst2 selective antagonist BIM-23627 abolishes 



 
 

86 
 

cardiovascular responses evoked by both SST and the sst2 agonist lanreotide (Burke et al., 

2008). 

The cellular mechanisms that underlie the inhibitory effects of RVLM SST receptor activation, 

the sources of RVLM SST release, and the circumstances under which SST is released in the 

RVLM, are unknown. In general, the cellular responses evoked by SST receptor activation are 

wide ranging, modulating multiple second messenger systems. These include G-protein 

modulation of adenylate cyclase, Ca2+ and K+ channels, phospholipases, MAP kinase and 

phosphotyrosine protein phosphatases (Patel, 1999). When sst2-5 receptors were co-

expressed with a GIRK subunit in oocytes, sst2 receptors were the most efficient in activating 

a GIRK mediated current (Kreienkamp et al., 1997). Similarly, whole cell patch clamp 

recordings of neurons in the periaqueductal grey (Connor et al., 2004) or the substantia 

gelatinosa of the spinal cord (Nakatsuka et al., 2008) show that SST application evokes a 

large outward current mediated by K+ channels consistent with GIRK characteristics, 

although calcium currents may also be activated (Connor et al., 2004). 

Regions innervating the RVLM are well described and widely distributed (Hopkins and 

Holstege, 1978, Ross et al., 1985, Dampney et al., 1987, Carrive et al., 1988, M'Hamed et al., 

1993, Padley et al., 2007, Bowman et al., 2013), as is the brain-wide distribution of neurons 

expressing SST-immunoreactivity or preprosomatostatin (PPS) mRNA (De León et al., 1992, 

Gray and Magnuson, 1992, Smith et al., 1994). However, whether or not RVLM-projecting 

neurons synthesize SST is largely unknown. 

Therefore the aims of this study are, firstly, to determine the cellular mechanisms 

responsible for the inhibition of RVLM sympathetic premotor neurons by SST, using whole 

cell patch clamp in acute brainstem slices and, secondly, to define likely sources of SST by 

identifying RVLM-projecting neurons that contain PPS mRNA using a combination of 

retrograde tracing and in situ hybridization. 
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MATERIALS AND METHODS 

All experiments were approved by the Macquarie University Animal Ethics Committee and 

performed in accordance with the Australian Code of Practice for the Care and Use of 

Animals for Scientific Purposes. 

IN VITRO ELECTROPHYSIOLOGY 

Labelling of bulbospinal RVLM neurons 

Sprague Dawley rat pups (P5 – P25) were anaesthetized with 2-5% isoflurane (Veterinary 

Companies of Australia, Pty) in oxygen and moved onto a heated pad. A dorsal laminectomy 

was performed and the T2 spinal cord exposed. Fluorescently conjugated cholera toxin β 

subunit (CTB-Alexa 555, 0.5 - 1%, Invitrogen) was injected bilaterally at co-ordinates 

corresponding to the interomediolateral cell column (1 to 3 100 nl injections each side). 

After completion of microinjections the wound was closed with cyanoacrylate glue and 

anesthesia discontinued. Pups were allowed to recover on a warm pad until ambulatory and 

were then placed back in the cage with their mother and littermates. Post-operative rats 

were carefully monitored for the duration of experiments and treated with additional 

analgesia when indicated (Carprofen, 2 mg/kg s.c. Norbrook pharmaceuticals, Australia). 

Solutions (mM): 

Cutting solution: 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4.H2O, 10 D-glucose, 1 CaCl2, 6 

MgCl2; equilibrated with 95% O2 – 5% CO2. 

Artificial cerebrospinal fluid (aCSF): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4.H2O, 25 D-

glucose, 2 CaCl2, 1 MgCl2; equilibrated with 95% O2 – 5% CO2 (pH = 7.35).  

Potassium gluconate internal solution: 125 K-gluconate, 10 Hepes, 11 EGTA, 15 NaCl, 1 

MgCl2, 2 MgATP, 0.25 NaGTP, 0.05% biocytin (pH = 7.3, Osmolarity 280 - 285 mOsm). 

Whole-cell recordings 

Two to five days following tracer injection pups (P8 – P28) were anaesthetized with 

isoflurane and decapitated. The brain was rapidly removed and placed in ice-cold 

oxygenated cutting solution. The brainstem was isolated, mounted in a vibratome, and 

immersed in ice-cold aCSF solution. Coronal sections of 300 µm thickness were taken from 
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the region immediately caudal to the caudal pole of the facial nucleus and transferred to 

continuously oxygenated (aCSF) at 36 °C and left for at least 1 hr before recordings in an 

oxygenated aCSF-filled chamber maintained at room temperature. Tracer-labelled neurons 

were viewed under epifluorescence: CTB-labelled neurons ventral to nucleus ambiguus and 

lateral to the inferior olive were identified as putative RVLM premotor neurons and 

targeted. 

Whole-cell recordings were obtained from RVLM neurons in voltage clamp mode using 

borosilicate pipettes with 1.5 - 2 µm tip diameters (pipette resistance: 3 - 6 MΩ when filled 

with internal solution). After formation of a gigaseal, voltage clamp recordings were 

obtained using a Multiclamp 700B (Molecular Devices). Once the holding current (I) and 

input resistance (Ri) stabilized, baseline recordings were made for at least five minutes prior 

to commencement of the experimental protocol. Series resistance (Rs) was compensated by 

70-80%. All recorded parameters were digitized using Spike 2 version 6.11 with a Power 

1401 mark II digitizer (Cambridge Electronic Design, UK). In some experiments two neurons 

were simultaneously recorded from the same slice. 

Recorded neurons were labelled using 0.05% biocytin contained in the internal solution. At 

the conclusion of experiments slices were briefly fixed in 4% paraformaldehyde and 

cryoprotected until immunohistochemical processing. 

Experimental protocol 

The effect of SST on bulbospinal RVLM neurons was determined by superfusing slices with 

300 nM SST (Auspep, Australia) as described previously for midbrain slices (Connor et al., 

2004) in carbogen-equilibrated aCSF for up to 100 s which was then washed out until 

recovery to baseline was achieved. Membrane currents were evoked by voltage command 

steps from -60 to -130 mV in 10 mV increments and 250 ms duration before, during and 

after drug infusion. In order to confirm the hyperpolarizing effect of SST slices were perfused 

with 10 μM Baclofen (Sigma Aldrich) for 100 s and washed out until recovery to baseline. 

In order to assess whether the inhibition seen following SST application was mediated by 

SST2 receptor activation, the effects of repeated SST application were compared before and 

after the addition of the sst2 receptor antagonist cyanamid to the perfusate (CYN-154806, 

300 nM, Tocris, UK). Baseline responses to 300 or 50 nM SST were assessed as described 
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above; once a response to SST was detected sections were washed in aCSF for 1000 s then 

CYN-154806 was perfused for 500 s before the second application of SST. 

To determine whether responses to SST were dependent on activity in putative presynaptic 

neurons we compared responses to 100 nM SST before and after addition of 10 μM 

tetrodotoxin (TTX, Jomar Bioscience) to the perfusion. This concentration blocked 

electrically-evoked synaptic currents in pilot experiments (data not shown) and exceeds that 

generally used elsewhere (Kawai et al., 1999, Kawashima et al., 2013). Baseline responses to 

SST were recorded and allowed to recover for 1000 s before incubation with TTX for 5 min 

and re-exposure to SST. 

Data analysis 

Responses to SST were quantified by measuring the peak change in holding current recorded 

immediately following SST application. The current-voltage relationship was calculated by 

plotting membrane current against holding potential (Connor et al., 2004). Repeated 

responses of bulbospinal neurons to SST following application of TTX or cyanamid to the 

perfusate were compared using Student’s paired t-test. Grouped data are expressed as 

mean ± SEM for parametric series or median (range) for non-parametric series. Differences 

were judged significant at p < 0.05. Statistical analyses were performed using Graphpad 

Prism 6.0. 

Immunohistochemical processing and analysis of recorded neurons 

All slices were fixed overnight in 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4) 

then frozen in cryoprotectant (30% sucrose plus glycerol). Slices were then processed for 

sst2A receptor immunoreactivity using a protocol based on that described by Gogolla et al. 

(2006). 

Free-floating slices were washed in 20 ml pots for 10 min in 0.01 M PBS and incubated 

overnight at 4 °C in 0.5% Triton X-100 in 0.01 M PBS. Then slices underwent a blocking step 

in 5% bovine serum albumin (BSA) in 0.01 M PBS for 4 hr at room temperature. Primary 

antibody (rabbit anti-sst2A receptor, 1:100, #SS-800, Biotrend, Germany) was added to 5% 

BSA/0.01 M PBS for a 4 hr incubation at room temperature then washed off with 30 min 

TPBS. Slices were then incubated at 4 °C overnight in 5% BSA/0.01 M PBS containing 

secondary antibody for detection of sst2A receptor expression (AlexaFluor 647 donkey anti-
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rabbit, 1:250, #711-605-152 Jackson ImmunoResearch, USA) and biocytin-filled cells 

(ExtraAvidin-FITC, 1:500, #E2761 Sigma-Aldrich, USA). Antibodies were washed off with TPBS 

for 30 min. Slices were wet-mounted on glass slides, coverslipped and viewed under 

epifluorescence to confirm labelling before mounting with DAKO fluorescent mounting 

medium. Fourteen slices contained intact recovered neurons and were imaged using an 

AxioImager Z2 microscope with ZEISS Efficient Navigation software (2012 version, Carl Zeiss). 

RETROGRADE TRACING OF SST-ERGIC NEURONS 

Animal surgery 

Experiments were performed on male Sprague Dawley rats (n = 10); 14-15 weeks old, 400-

550 g) from the Animal Resources Centre, Perth, Western Australia. The retrograde tracing 

and combined in situ hybridization and immunohistochemistry methods used here have 

been previously published (Kumar et al., 2009). In brief, rats were anaesthetized with 

ketamine (Parnell Laboratories, Australia) mixed with medetomidine hydrochloride (Pfizer 

Animal Health, 75 and 0.5 mg/kg respectively, i.p.) and administered preoperative analgesia 

(carprofen, 5 mg/kg s.c.) and prophylactic antibiotics (cephazolin, 20 mg/kg i.m., Mayne 

Pharma, Australia). A flat skull approach was used to microinject the retrograde tracer 

cholera toxin subunit B (CTB, 1% in 200 nl saline; List Biological, Campbell, CA, USA) 

unilaterally into the RVLM. After conducting a small craniotomy through the occipital bone 

and incision through the dura, antidromic facial field potentials were evoked by stimulation 

of the facial nerve. CTB microinjections were made 0.3 mm caudal to the facial nucleus, 1.7-

2.1 mm lateral to midline and 0.3 mm deep to the ventral margin of the facial field (that is, 

8.8 - 9.2 mm from the dorsal surface of the brain). After withdrawal of the pipette, the 

wound was closed and 5 ml of physiological saline was administered i.p. Rats were then 

administered sedative reversal agent atipamezole hydrochloride (Pfizer Animal Health, 

Australia, 0.75 mg, 0.15 ml s.c.) and allowed to recover for 2-3 days under close monitoring.  

Tissue preparation 

Animals were deeply anaesthetized with sodium pentobarbitone (>100 mg/kg i.p.) and 

perfused transcardially with 250 ml heparinized 0.9% sodium chloride followed by 250 ml 4% 

paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). The brain was removed, the medulla 

dissected and fixed overnight at 4 °C. Brains were sectioned coronally at 40 µm into four 

series using a vibrating microtome (VT1200S; Leica, Germany). Sections in each series were 
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thus separated by 160 µm. Fluorescent immunohistochemical detection of CTB was 

conducted using a rabbit anti-CTB primary antibody (1:5000, #7927, ViroStat, Portland, ME, 

US) and a Dylight 488-conjugated donkey anti-rabbit IgG secondary antibody (1:500, Jackson 

Immunoresearch Laboratories) alongside detection of mRNA using digoxigenin (DIG)-labelled 

riboprobes targeting PPS mRNA as described previously (Burke et al., 2008). Both anti-sense 

and sense probes were synthesized, with RNA polymerase T7 and SP6 promoters attached to 

the 5’ end of the reverse and forward oligonucleotide primers respectively (primers listed 

below in lowercase with promoter attached in uppercase). PCR amplified cDNA template 

was then in vitro transcribed using T7 (AmpliScribe™ T7-Flash™ Transcription Kit, #ASF 3257, 

Epicentre Biotechnologies, Madison, WI) or SP6 (RiboMAX large scale RNA production 

system, #P1280, Promega, Madison, WI) in vitro transcription kits. Digoxigenin-11-UTP 

(Roche Applied Sciences, Mannheim, Germany) was incorporated into the riboprobes during 

in vitro transcription. 

PPS Forward: GGATCCATTTAGGTGACACTATAGAAGctcaagctcggctgtctgag 

PPS Reverse: GAATTCTAATACGACTCACTATAGGGAGAggaggagagggatcagaggt 

Free floating brain sections were processed using the protocol described by Li et al. (2005). 

No labelling in any brain region was seen using sense probes. 

Cell counts and analysis 

Tissue sections were mounted on glass slides, coverslipped (Vectashield Hardset, Vector 

Laboratories, USA) and viewed and imaged using a Zeiss AxioImager Z1 microscope under 

epifluorescence. Images were acquired with Zeiss Axiovision software (Version 4.8). In each 

whole brain, sections separated by 160 µm were analyzed from Bregma level 5.16 mm to -

15.24 mm. Six of the ten brains injected with CTB were selected for quantitative analysis, 

with every region quantified in at least three brains and confirmation assessed qualitatively 

in all other cases. Brains were selected due to their small CTB injection sites centered in the 

RVLM with little impingement on surrounding regions. 

Each brain region containing CTB labelled neurons was assessed for expression of PPS mRNA. 

A neuron was considered CTB immunoreactive (-ir) when the cell body contained Dylight-

488 labelling within the cytoplasm and/or in the proximal dendrites. When a region was 
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found to contain double-labelled neurons, the section that contained the most CTB labelling 

was selected for counting, and, dependent upon the rostrocaudal extent of the region, a 

second and third section was also assessed for double labelling (> 300 µm apart).  

Using these counts, the percentage of CTB-ir neurons that colocalized with PPS in that brain 

region, combining all sampled rostrocaudal levels, was determined for 3 - 4 animals and the 

mean ± SEM was calculated.  

In addition, in order to describe those regions which provided the greatest number of 

retrogradely traced neurons containing PPS mRNA, the number of double-labelled neurons 

in each region (combining the selected rostrocaudal levels) was determined as a proportion 

of all double-labelled neurons and the results expressed as the mean percentage. 
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RESULTS 

IN VITRO ELECTROPHYSIOLOGY 

Superfusion of 300 nM SST produced an outward current (ISST) in 18/31 (58 %) bulbospinal 

neurons tested. The mean value of ISST was 40.7 ± 4.8 pA (figure 4.1). Subsequent application 

of GABAB agonist baclofen (10 μM) produced an outward current in SST-responsive (49.3 ± 5. 

9 pA, n = 4, figure 4.1A) and SST-insensitive neurons (42.6 ± 4.3 pA, n = 5, figure 4.1B).  

SST-sensitive neurons displayed desensitization to repeated application of 50 [n = 2], 100 [n 

= 2] or 300 nM [n = 1] SST. Responses to 50, 100 or 300 nM SST were reduced by 20.0 %, 

32.4 %, or 43.8 % respectively: pooled responses were 36.6 ± 5.5 vs 24.8 ± 2.4 pA, Paired t-

test t = 3.4, df = 4, 2-tailed p = 0.027, figure 4.2A. A similar reduction of response amplitude 

following repeated 100 nM SST application was observed following addition of TTX to the 

perfusate between SST trials (39.7 ± 4.9 vs 25.9 ± 4.6 pA, Paired t-test t = 15.4, df = 4, 2-

tailed p = 0.0001, n = 5, figure 4.2B). 

In order to assess whether sst2-receptor activation underlies responses of bulbospinal 

neurons to SST, we reapplied SST to neurons previously shown to be SST-sensitive in the 

presence of the sst2 antagonist cyanamid (300 nM). Baseline responses to 300 nM (n = 2) or 

50 nM (n = 3) SST were of 40.15 ± 3.5 pA (300 nM) or 25.12 ± 2.9 pA (50 nM) respectively. 

Cyanamid reduced the amplitude of SST-evoked responses from 31.1 ± 4.1 pA to 2.8 ± 0.6 pA 

(Paired-t-test t = 6.7, df = 4, 2-tailed p = 0.0025, n = 5, figure 4.3). 

In 17 bulbospinal neurons in which SST induced an outward current at a holding potential of 

-60 mV, the resting membrane conductance showed inward rectification (figure 4.4). SST 

activated a conductance that was greater at more negative currents and had a reversal 

potential of -93 ± 6 mV in responsive neurons (figure 4.4ii) which was not detected in SST-

insensitive neurons. 

Sst2A receptor expression on electrophysiologically characterized bulbospinal neurons 

Fourteen biocytin-labelled bulbospinal neurons were recovered for histological processing. 

No sst2A immunoreactivity was ever identified on SST-insensitive neurons (n = 9, figure 4.5A). 

SST evoked responses of 42.3 ± 7.9 pA in the remaining 5 neurons: 3/5 were subsequently 

identified as sst2a-positive (figure 4.5). 
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RETROGRADE TRACING OF SSTERGIC NEURONS 

CTB injection sites were located in the RVLM and extended 0.7- 1.1 mm caudal to the facial 

nucleus (Bregma -11.64 mm) with the core of the injection sites centred between Bregma -

11.8 and -12.3 mm (figure 4.6).  

The majority of brain regions that contained CTB-labelled neurons also contained neurons 

expressing PPS mRNA. Table 4.1 presents the distribution and relative density of cells 

containing CTB and/ or PPS mRNA in all brain regions that contained CTB labelled neurons. 

Colocalization of PPS mRNA with CTB immunoreactivity was restricted to 8 brain regions: the 

paratrigeminal nucleus (Pa5), lateral parabrachial nucleus (LPB), Kölliker-Fuse nucleus (KF), 

ventrolateral periaqueductal grey area (VLPAG), central nucleus of the amygdala (CeA), 

sublenticular extended amygdala (SLEA), interstitial nucleus of the posterior limb of the 

anterior commissure nucleus (IPAC) and bed nucleus of the stria terminalis (BNST). Figure 4.7 

shows examples of double labelling in the Pa5, VLPAG, CeA and BNST.  

The proportion of CTB-labelled neurons that contain PPS mRNA within each region is shown 

in figure 4.8. Of the eight brain regions, CTB-labelled cells in Pa5 contained the highest PPS-

expression (40 ± 3%, 73/173 CTB-ir cells, n = 4), followed closely by the SLEA (34 ± 6%, 

65/180, n = 3). The IPAC possessed a small, variable population of double-labelled cells 

across animals (26 ± 10%, 20/68 CTB-ir cells, n = 3). The VLPAG contained PPS mRNA 

expression in approximately one fifth of its RVLM-projecting cell population (22 ± 3%), 

however this region also exhibited the highest number of double labelled cells of all regions 

analyzed (158/791, n = 4). Retrogradely traced populations of the LPB and BNST contained 

similar proportions of PPS (13 ± 1%, 47/369, n = 4 and 12 ± 2%, 48/406, n = 3 respectively), 

followed by the KF (10 ± 0.5%, 14/137, n = 4) which furthermore contained the lowest 

number of double labelled cells of all RVLM-projecting populations. Despite the CeA 

possessing the lowest percentage of double labelled neurons (10 ± 1%), it contained a 

relatively large number of PPS-expressing CTB labelled cells (110/713 cells, n = 3), which was 

only overshadowed by the size of the VLPAG projection. 
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DISCUSSION 

The main findings are: firstly, that SST evoked an outward current suggestive of activation of 

an inwardly rectifying potassium channel in approximately half of RVLM bulbospinal 

neurons. Second, this effect is most likely due to activation of sst2 receptors, as SST-activated 

currents were blocked by cyanamid and sst2A receptor expression was identified on SST-

sensitive neurons. Thirdly, putative sources of SSTergic drive to the RVLM were identified in 

8 distinct brain regions: the Pa5, KF, LPB, VLPAG, CeA, SLEA, IPAC and BNST. 

SST hyperpolarizes spinally-projecting RVLM neurons via GIRK channels 

SST hyperpolarized about 50% of bulbospinal neurons in acute brain slices from young rats. 

300 nM SST has been reported to evoke approximately 75% maximal inhibitory effect on 

spontaneously firing locus coeruleus neurons recorded in acute brain slices (Chessell et al., 

1996) and 95% inhibition of calcium current in dissociated periaqueductal grey neurons 

(Connor et al., 2004). The SST-evoked responses were effectively blocked by cyanamid, a 

selective antagonist of sst2 receptors (Nunn et al., 2003), suggesting specific involvement of 

sst2 receptors in mediating the response in bulbospinal neurons. Addition of TTX to the 

perfusate did not alter outward currents evoked by SST, indicating that the evoked currents 

were mediated by postsynaptic rather than presynaptic mechanisms. The proportion of SST-

sensitive neurons in the current study is consistent with the proportion of bulbospinal (35%) 

and C1 neurons (50%) that were previously identified as sst2A-immunoreactive in adult 

animals (Burke et al., 2008), although higher than the proportion of biotin-labelled 

bulbospinal neurons identified as sst2A-immunoreactive in the current study (21%). Dialysis 

of sst2A from the recording pipette, and difficulties in discriminating lightly immunoreactive 

neurons in thick slices from electrophysiology experiments may contribute to this lower than 

expected result. 

The outward current evoked by SST resulted from an increase in inwardly rectifying 

potassium conductance, since at more negative potentials SST activated a greater 

conductance and had a reversal potential approaching the Nernst potential calculated for a 

potassium (-93 mV). This is in keeping with data indicating that sst2 couples efficiently to 

GIRK1, examined by comparing dose-response curves and the maximum currents obtained 

by the five different rat SST receptor subtypes (sst1 – sst5) that were co-expressed with GIRK1 
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(Kreienkamp et al., 1997). Our results are consistent with the effects of SST on inwardly 

rectifying potassium conductance in neurons in other brainstem regions including the locus 

coeruleus (Inoue et al., 1988) and PAG (Connor et al., 2004). In addition, in different brain 

regions such as the superior cervical ganglion (Shapiro and Hille, 1993), amygdala (Viana and 

Hille, 1996) and PAG (Connor et al., 2004), SST directly activates potassium conductance and 

inhibits GABA release via a presynaptic calcium dependent mechanism. Such experiments 

should be carried to test these effects on RVLM sympathetic premotor neurons. 

Of the five recovered neurons that responded to SST, only three clearly expressed sst2A 

immunoreactivity, whereas all 9 non-responsive neurons were sst2A negative. In the neurons 

that expressed sst2A it seems likely that the SST-evoked response was mediated via this 

receptor, although our data does not eliminate the possibility that other receptor subtypes 

could also have contributed. In neurons that responded to SST but did not express sst2A it is 

possible that sst2A expression was too low for detection by fluorescence 

immunohistochemistry, although it may also have been that sst2A receptors had internalized 

following stimulation and were not re-expressed (Waser et al., 2009). However we cannot 

eliminate the possibility that other SST receptors were expressed on these cell bodies or 

their dendrites. 

In the current study, repeated application of SST evoked hyperpolarizing responses that 

showed considerable desensitization. Following long exposure to agonists, G-protein 

coupled receptors mediate a signal that triggers receptor dephosphorylation (Premont et al., 

1995, Bohm et al., 1997, Lefkowitz, 1998, Horie and Insel, 2000). Desensitization of the SST 

receptors has been reported in rat hippocampal and neocortical neurons (Wang et al., 1990, 

Priestley, 1992, Young Shim et al., 2006, Yin et al., 2009), and, of particular relevance to the 

current study, Liu et al. (2008) found that SST2 receptors internalize and desensitize 

following agonist stimulation within minutes. 

The current study also identified the expression of a hyperpolarization-activated inward 

current (Ih) in 6 out of 18 SST-sensitive bulbospinal RVLM neurons. Although not studied in 

detail, the time-course and reversal potential of this current were consistent with the 

distinctive profile of hyperpolarization and cyclic nucleotide channel-mediated Ih (reviewed 

by Robinson and Siegelbaum, 2003). Ih has not previously been demonstrated on RVLM 
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sympathetic premotor neurons. Although Ih has been implicated in the generation of 

spontaneous pacemaker activity in other cell types (recently reviewed by He et al., 2014), it 

is not thought to play a critical role in driving autodepolarization in RVLM, as its blockade by 

ZD7288 evokes no significant effect on sympathetic nerve activity or blood pressure 

(Miyawaki et al., 2003). 

Technical limitations 

Electrophysiological recordings were confined to brain slices made from 8 -28 days old rats. 

As global SST binding and brain-wide sst receptor expression undergo some lability in the 

neonatal period in rats (Gonzalez et al., 1989, Thoss et al., 1995), it is possible that changes 

in the relative expression of sst receptor isoforms in the brainstem could complicate 

interpretation of the current data. No developmental study has yet described the relative 

expression of sst isoforms in the brainstem over the neonatal period. However, the 

expression of sst2a in putative TH-positive neurons containing the Lmx1b and Phox2b 

transcription factors is already established by birth (Gray, 2013). Furthermore, the gross 

pattern of sst expression, including sst2a, in P5 rats is similar to that observed in adults (Thoss 

et al., 1995). Although the quality of sst2a labelling in thick brain slices reported here is 

inferior to that observed in conventional thin sections (Burke et al., 2008), sst2A–like 

immunoreactivity was detected on all slices tested and the general pattern of expression 

was similar to that seen in adult rats, suggesting that sst2a expression in juveniles is likely to 

be representative of older animals.  

In common with many other studies using conventional retrograde tracers, interpretation of 

our anatomical study should be tempered with three caveats. First, CTB may be taken up by 

any fiber that passes through the site of tracer deposition. We cannot therefore determine 

whether retrogradely labelled neurons form synaptic terminals within the RVLM or simply 

represent fibers of passage. Second, assuming some CTB-labelled neurons do actually form 

terminals within the RVLM, we cannot determine the function or phenotype of their post-

synaptic targets. Finally, significant numbers of neurons in the ventrolateral medulla express 

somatostatin and project to the ipsi- and contralateral RVLM (Tan et al., 2010). However, 

discrimination of local SSTergic neurons was confounded by the tracer injection site; we 

therefore cannot exclude local interneurons as a potential source of SST release. 
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PPS mRNA is found in select groups of neurons projecting to the RVLM 

The paratrigeminal nucleus  

Distinct clusters of PPS mRNA-expressing neurons were found in the Pa5 in the current 

study, as previously noted (Kiyama and Emson, 1990). Both anterograde and retrograde 

studies have revealed projections from the Pa5 to the RVLM (Caous et al., 2001, de Sousa 

Buck et al., 2001), however this is the first study to describe a somatostatinergic phenotype 

in just under half the RVLM-projecting neurons in the region. Enkephalin, calbindin, and 

nNOS have been detected in Pa5 neurons that project to the dorsal motor nucleus of the 

vagus (Armstrong and Hopkins, 1998); these groups may also overlap with the PPS 

containing population described here. Pa5 microinjection of bradykinin evokes pressor 

effects (Lindsey et al., 1997) via direct activation of barosensitive RVLM neurons (Caous et 

al., 2004). Many (60-80%) Pa5 neurons are themselves barosensitive, increasing their firing 

rate in response to phenylephrine administration (Balan Jr et al., 2004, Sousa and Lindsey, 

2009b), while bilateral Pa5 ablation reduces cardiac barosensitivity (Sousa and Lindsey, 

2009a). Whether SST participates in mediating such reflex modulation in the RVLM is 

unknown. 

The Kölliker-Fuse and lateral parabrachial nuclei 

Together, the KF and LPB form the pontine respiratory group, and while PPS expression has 

been explicitly demonstrated in the LPB (Kiyama and Emson, 1990), reporting of its 

localization in the KF has been overlooked prior to the current study (Kiyama and Emson, 

1990, Giehl and Mestres, 1995). Projections from both KF and LPB to the RVLM region have 

been described (Smith et al., 1989). Although cardiovascular responses to chemical 

stimulation of parabrachial nuclei have been examined, they are inconsistent, brief and/ or 

small (Ward, 1988, Chamberlin and Saper, 1994, Lara et al., 1994), and the region’s function 

in respiratory control is certainly better understood (Smith et al., 1989, Morschel and 

Dutschmann, 2009). At LPB/ KF sites corresponding to the location of PPS-expressing, RVLM 

projecting neurons detected in the current study, glutamate microinjection elicits inspiratory 

facilitation resembling apneusis (Chamberlin and Saper, 1994).  

The ventrolateral periaqueductal grey (VLPAG) 

PPS mRNA expression was observed in the VLPAG as previously described (Smith et al., 

1994), and in neurons projecting to the raphe magnus (Beitz et al., 1983). Although 
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projections from the VLPAG to the RVLM have been described (Carrive and Bandler, 1991), 

this is the first study to attribute a somatostatinergic phenotype to some elements of the 

pathway. Depressor responses associated with reductions in renal vascular resistance are 

evoked chiefly by stimulation of the caudal VLPAG (Carrive and Bandler, 1991), which 

overlaps anatomically with the PPS-expressing RVLM projecting neurons identified in the 

current study. On the other hand stimulation of the VLPAG also evokes vasodilation in the 

hindlimb (Lovick, 1992a) and this has been attributed to a raphe-mediated pathway (Wang 

and Lovick, 1993). It is possible that raphe and RVLM projections arise from discrete regions 

of the VLPAG, as changes in iliac or renal blood flow are associated with different 

rostrocaudal levels of the VLPAG and corresponding RVLM termination sites (Carrive and 

Bandler, 1991). The caudal VLPAG has also been implicated in hemorrhage as the activity of 

neurons in the region increase during the decompensatory or hypotensive phase (Cavun and 

Millington, 2001).  

The central nucleus of the amygdala (CeA) and the extended amygdala 

Somatostatinergic neurons have been described in the CeA (Vincent et al., 1985) and these 

project to the PAG (Gray and Magnuson, 1992) and/ or dorsal vagal complex, in particular 

the NTS (Veening et al., 1984, Gray and Magnuson, 1987, Saha et al., 2002). The present 

study however, is the first to demonstrate a dense PPS-expressing projection to the RVLM. 

Both coronal transection caudal to, or sagittal transection medial to the CeA reduce the 

amount of SST-ir fibers in the ventrolateral medulla (Kawai et al., 1982) supporting our 

findings. Furthermore the CeA also contains a glutamatergic population which projects to 

the RVLM (Takayama and Miura, 1991), and terminals arising from cells in the CeA appose 

barosensitive C1 neurons and non-C1 neurons (Cassell and Gray, 1989, Saha et al., 2005). 

Therefore it is possible that the PPS expressing neurons in the CeA described in the present 

study also contain glutamate. 

The functional role of these neurons is more difficult to ascribe. Low frequency stimulation 

of CeA in the awake animal promotes inspiration, even respiratory entrainment (Harper et 

al., 1984). At higher frequencies (>10 Hz), phrenic nerve frequency is increased (Cox et al., 

1987) and a prolonged period of inspiration occurs (Harper et al., 1984), while mostly 

pressor and some depressor effects have been reported (Stock et al., 1978, Frysinger et al., 

1984, Harper et al., 1984, Gelsema et al., 1987, Iwata et al., 1987). It also appears that the 
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responses evoked are state dependent, with sleep and anesthesia either dampening or 

reversing cardiorespiratory effects (Stock et al., 1978, Frysinger et al., 1984, Harper et al., 

1984, Cox et al., 1987, Gelsema et al., 1987, Iwata et al., 1987). As the CeA forms a crucial 

link in the coordination of autonomic and behavioral responses to stress such as conditioned 

fear (LeDoux et al., 1988, Paré et al., 2004, Wilensky et al., 2006), it is possible that the 

somatostatinergic pathway identified in the current study may be involved in recovery 

responses such as the return of mean arterial pressure to baseline levels following freezing 

responses to conditioned fear (Carrive, 2000, Dielenberg et al., 2001) or the suppression of 

sympathetic responses during passive versus active coping (Sherwood et al., 1990, 

Roozendaal et al., 1991).  

Extending dorsomedially from rostral parts of the CeA, the SLEA also contained a population 

of PPS-expressing RVLM-projecting neurons which has otherwise only been referred to 

briefly in studies of the developing and adult rodent brain (Real et al., 2009, deCampo and 

Fudge, 2013). Prior to this study knowledge of the SLEA’s descending projections was 

restricted to the NTS/DMV and parabrachial complex (Grove, 1988; Sun et al., 1994; 

Waraczynski, 2006). Chemical stimulation of the SLEA elicits depressor responses (Gelsema 

et al., 1993). Although a respiratory relationship is associated with the SLEA, it is somewhat 

complex, as SLEA activity is normally synchronized with the onset of spontaneous breathing 

but suppressed during cognitive tasks which drive respiration (Evans et al., 2009). Activation 

of the SLEA is evident in subjects experiencing dyspnea, and is associated with the 

unpleasant emotional processing that occurs during a dyspneic episode (von Leupoldt et al., 

2008). It is possible that the PPS-expressing pathway to the RVLM from the SLEA may be part 

of a complex circuit linking emotional state to cardiovascular and respiratory outflows. 

The interstitial nucleus of the posterior limb of the anterior commissure (IPAC) expresses 

PPS mRNA in neurons projecting to the RVLM however very little is known about its function 

except for its role in reward and motivational processes (Waraczynski, 2003). Perhaps, as 

with other components of the extended amygdala, the IPAC is involved in the integration of 

emotional processing and autonomic outflows.  

We have identified PPS-expressing neurons in the BNST that project to the RVLM despite the 

fact that such neurons have been found previously to project to the LPB, the PAG and dorsal 
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vagal complex (Gray and Magnuson, 1987, Moga et al., 1989, Gray and Magnuson, 1992), 

and furthermore, neurochemically undefined neurons are known to project to the lateral 

tegmental field (Holstege et al., 1985). Although ablation of the region does not affect 

baseline arterial pressure or heart rate (Crestani et al., 2006), both chemical and electrical 

stimulation of the lateral subdivisions of BNST (where many PPS neurons in the present 

study were located) evoke a depressor response (Dunn and Williams, 1995). As PPS neurons 

projecting to the LPB and NTS are involved in feeding related responses (Smith et al., 2005, Li 

and Cho, 2006, Saggu and Lundy, 2008, Panguluri et al., 2009) it is possible that the 

projection identified here has a corresponding role. Alternatively, the BNST modulates MAP 

and HR during exercise (Alves et al., 2011), so whether the bradycardic and depressor 

responses evoked by SST microinjection in the RVLM (Burke et al., 2008) are simulating this 

function remains to be determined.  

Conclusion 

This study reveals that a discrete subset of brain regions provides somatostatinergic 

projections to the RVLM: the Pa5, KF, LPB, VLPAG, CeA, SLEA, IPAC and BNST, and we have 

provided evidence-based speculation as to the roles of these projections. The projection 

from the KF and LPB most likely has a respiratory function, however the role of the other 

pathways suggested remains to be tested. Nevertheless it is clear that SST activates G-

protein coupled sst2 (most likely sst2A) receptors whereby GIRK channels are activated that 

serve to hyperpolarize neurons in the RVLM, but the role of endogenously released SST in 

determining the RVLM activity and its cardiovascular reflexes remains to be determined.  
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CHAPTER 4 FIGURES AND TABLES 

 

Figure 4.1: Responses of bulbospinal RVLM neurons to SST. A. SST and baclofen (black 

horizontal bars indicate time of application) produced outward currents in sst-sensitive 

bulbospinal RVLM neurons. B. baclofen still produced outward currents in sst-insensitive 

bulbospinal RVLM neurons. 

Figure 4.2: Responses of bulbospinal RVLM neurons to SST application exhibited 

desensitization. A. Raw data showing desensitization to repeated application of 50 nM SST 

(‘v’ denotes where voltage steps were performed; steps have been removed from traces to 

aid clarity). B. Pooled data; responses to 50, 100 and 300 nM SST have been combined. C. 

raw data demonstrating that responses to repeated SST were unaffected by tetrodotoxin 
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(TTX). D. pooled data of responses to 100 nM SST before and after addition of TTX to the 

perfusate. 

Figure 4.3: SST2 blockade abolished sst-induced outward currents. A. raw data showing 

responses to SST application before and after superfusion with the sst2 blocker cyn-154806 

(‘v’ denotes where voltage steps were performed). B. pooled data. 

 

Figure 4.4: Current-voltage relationship of sst-sensitive (A) and sst-insensitive (B) 

bulbospinal RVLM neurons. Examples of membrane currents evoked by voltage steps 

before, during and after 300 nm sst superfusion; raw data shown in i and iii, i-v plots shown 

in ii and iv. 250 ms command voltages were stepped from -60 to -130 mv in 10 mv 

increments (v). 
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Figure 4.5: Immunohistochemical recovery of electrophysiologically characterised rvlm 

bulbospinal neurons. A1. Simultaneous recordings from two bulbospinal RVLM neurons; 

neither responded to 100 nm SST. A2. Histological recovery of the same neurons; both were 

confirmed as CTB-positive and sst2a-negative. B. Weakly sst2a-positive bulbospinal neuron 

recorded in a different experiment; electrophysiological response to SST is shown in Figure 

4.1A. 
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Figure 4.6: CTB injection sites targeting the RVLM. The left coronal hemisection shows the 

CTB injection site from one animal. The right hemisection shows schematically the extents of 

six injection sites in animals used for quantitative analysis. 
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Figure 4.7: Brain regions (bregma levels indicated) showing neurons retrogradely labelled 

from the RVLM (CTB-ir, green) that express PPS mRNA. The magenta box shown in the left 

hand schematic panel is the site depicted in the central panel showing neurons expressing 

PPS mRNA (black) and in the right hand panel showing CTB labelling (green). Double-labelled 

cells are indicated by magenta arrowheads. A. paratrigeminal (pa5) B. ventrolateral 

periaqueductal grey (VLPAG) C. central nucleus of the amygdala (CeA) D. bed nucleus of the 

stria terminalis lateral and medial divisions (STL and STM respectively). Scale bars = 50µm. 

schematic diagrams adapted from Paxinos and Watson (2007). 
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Figure 4.8: Brain regions containing RVLM projecting (CTB-ir) neurons that express PPS 

mRNA.  
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Table 4.1: Relative abundance of neurons containing CTB-ir and/ or PPS mRNA in each 

brain region projecting to the RVLM. Scattered (+) labelling refers to sparsely distributed 

cells (<5 per region) light (++) labelling indicates coverage of less than one third of the 

defined region. Moderate (+++) labelling indicates a range of labelling from approximately 

one to two thirds coverage of the cell group while dense (++++) labelling describes an area 

containing a high number of labelled cells which cover more than two thirds of the 

anatomically defined region. 

LOCATION SUBREGION 
LATERALITY 

OF CTB 
CTB PPS 

Cortical Motor Cortex (MC) Bi ++ +++ 

 Sensory Cortex (SC) Bi ++ ++ 

 Infralimbic Cortex (IL) Bi +++ +++ 

 Prelimbic Cortex (PrL) Bi ++ +++ 

 Insular Cortex (IC) Bi ++ ++ 

Subcortical 

 

 

 

 

Vascular Organ, Lamina Terminalis 

Medial Preoptic Area (MPA) 

Bed Nucleus, Stria Terminalis (BNST) 

Interstitial Nucleus of Posterior Limb, 

Anterior Commissure (IPAC) 

Sublenticular Extended Amygdala (SLEA) 

Paraventricular Nucleus, Hypothalamus 

(PVN)                                

- 

bi 

bi 

 

ipsi 

ipsi 

bi 

++ 

++ 

+++ 

 

++ 

+++ 

++++ 

+ 

+ 

++++ 

 

+++ 

+++ 

++ 

 Ventromedial Hypothalamus (VMH) Bi + +++ 

 Central Nucleus of the Amygdala (CeA) Ipsi ++++ +++ 
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 Dorsomedial Hypothalamus (DMH) 

Zona Incerta (ZI) 

bi  

bi 

++ 

++ 

++ 

 Lateral Hypothalamic Area (LHA) Bi +++ ++ 

Midbrain Lateral PAG (LPAG) 

Ventrolateral PAG (VLPAG) 

Bi 

bi 

+ 

+++ 

++ 

+++ 

 Dorsomedial PAG (DMPAG) 

Oculomotor Nucleus, Parvicellular (3PC) 

Intermediate White Layer, Superior 

Colliculus (InWh) 

Inferior Colliculus (InC)  

Dorsal Raphe, Caudal Part (DRC) 

Retrorubral Field (RRF) 

Bi 

contra 

 

contra 

bi 

- 

Bi 

+++ 

+ 

 

+ 

++ 

++ 

++ 

++ 

++++ 

 

+ 

+++ 

- 

+ 

Pons Pedunculopontine Tegmental Area (PPTg) Bi ++ + 

 Lateral Parabrachial Nucleus (LPB) Bi +++ +++ 

 Medial Parabrachial Nucleus (MPB) Bi ++ ++ 

 Kölliker Fuse (KF) Bi +++ ++++ 

 Locus Coeruleus (LC) 

Subcoeruleus (SubC) 

Ipsi 

ipsi 

++ 

++ 

+ 

- 

 A5 region Bi ++ + 

Medulla Midline Raphe - +++ ++ 

 Vestibular Nucleus Bi ++ +++ 
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 Gigantocellular Reticular Nucleus (Gi) 

Caudal Ventrolateral Medulla (CVLM) 

Intermediate Reticular Nucleus 

Nucleus of the Solitary Tract (NTS) 

Bi 

bi 

bi 

bi 

+ 

+++ 

+ 

++++ 

+ 

++ 

+ 

++ 

 Area Postrema (AP) 

Paratrigeminal Nucleus (Pa5) 

- 

bi 

++++ 

+ 

- 

+++ 

 A1 region/ Retro Ambiguus Bi ++ + 
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CHAPTER 5: EXAMINATION OF RVLM 

MICROCIRCUITS THAT CONTROL 

SYMPATHETIC NERVE ACTIVITY  
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ABSTRACT 

Sympathetic premotor neurons within the rostral ventrolateral medulla (RVLM) are thought 

to drive the activity of sympathetic nerves and therefore contribute to the maintenance of 

blood pressure. In vivo, the activities of sympathetic nerves and spinally projecting RVLM 

neurons display rhythmic bursting that is independent of baroreceptor input. We have 

previously proposed that such synchronisation could result from functional coupling 

between spinally projecting neurons. 

In this study we directly test that hypothesis by examining the prevalence of functional 

synapses linking pairs of RVLM sympathetic premotor neurons, identified by retrograde 

transport of a fluorescent tracer microinjected into the spinal cord. 

Whole-cell patch clamp recordings were performed on pairs of bulbospinal neurons in acute 

brainstem slices prepared from P8 – P28 rats. By simultaneously recording membrane 

current in a putative post-synaptic cell and driving trains of action potentials in the 'pre-

synaptic' cell, the prevalence of functional synapses linking bulbospinal neurons within close 

proximity to one another was examined. 

Averages of 'post-synaptic' membrane currents, triggered by 'pre-synaptic' action potentials, 

were generated from 38 pairs of spinally projecting RVLM neurons. In no case was any 

evidence of a temporal relationship between the occurrence of synaptic currents in the post-

synaptic cell and the timing of action potentials in the pre-synaptic neuron observed. We 

conclude that direct links between bulbospinal neurons are rarely, if ever, present in juvenile 

rats and are unlikely to contribute significantly to the synchronization of sympathetic nerve 

activity. 
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INTRODUCTION 

The spinal sympathetic preganglionic neurons (SPN) that give rise to sympathetic nerves are 

critically dependent on supraspinal drive for their spontaneous activity (Morrison et al., 

1991, Deuchars et al., 1995, Deuchars et al., 1997, Lewis and Coote, 2008). Although 

multiple brain regions contain neurons that synapse with SPN (see Dampney, 1994), 

disruption of neuronal activity within the rostral ventrolateral medulla (RVLM) is alone 

sufficient to largely abolish baseline sympathetic nerve activity and reduce blood pressure to 

spinal levels (Guertzenstein and Silver, 1974, Dampney and Moon, 1980). Putative 

sympathetic premotor neurons within the RVLM project to the thoracic spinal cord, are 

spontaneously active, and are sensitive to multiple afferent sensory modalities and inputs 

from higher centres that modulate sympathetic nerve activity, and have phasic bursting 

patterns coinciding with sympathetic nerve activity (Morrison et al., 1988, see Guyenet, 

2006). Given the strong correlation between the functional properties of these neurons and 

the activity of vasomotor sympathetic nerves, unravelling the factors that underlie their 

spontaneous activity is a major research goal (Coote, 2007). 

Putative sympathetic premotor neurons from juvenile animals exhibit spontaneous 

depolarisations that are independent of excitatory synaptic inputs in vitro (Sun et al., 1988b, 

Guyenet et al., 1989, Kangrga and Loewy, 1995, Li et al., 1995) and in situ (Koganezawa and 

Paton, 2014). These data were initially interpreted as evidence that RVLM sympathetic 

premotor neurons have a capacity for auto-depolarization. However, the ‘pacemaker’ 

hypothesis has been undermined by two critical observations. First, acutely dissociated 

sympathetic premotor RVLM neurons are not spontaneously active despite the presence of 

sodium and calcium conductances (Lipski et al., 1998). Second, action potentials in 

sympathetic premotor neurons recorded from adult rats in vivo are always preceded by 

excitatory synaptic potentials (Lipski et al., 1996a). As a result, the ‘pacemaker’ hypothesis 

has been largely superseded by a ‘network’ hypothesis, which proposes that tonic 

vasomotor tone is produced by the summation of many excitatory and inhibitory synaptic 

inputs within the RVLM, or a hybrid pacemaker-network arrangement, in which 

autonomously active neurons play a minor role (Lipski et al., 1996a, Lipski et al., 1996b, Ito 

and Sved, 1997, Lipski et al., 1998, Lipski et al., 2002, Dampney et al., 2003a, Koganezawa 

and Paton, 2014). 
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Although RVLM sympathetic premotor neurons appear to receive tonic inhibitory control 

from the caudal ventrolateral medulla (Cravo and Morrison, 1993) and contralateral RVLM 

(McMullan and Pilowsky, 2012), little progress has been made in identifying other sources of 

tonic drive to RVLM sympathetic premotor neurons, and in particular no source of tonic 

excitatory input has yet been identified. One intriguing possibility is that RVLM premotor 

neurons may themselves participate in reciprocal local microcircuits. Such an arrangement 

would allow percolation of activity generated by active units across networks of synaptically 

linked neurons, potentially contributing to the excitability of other sympathetic premotor 

neurons and synchronising activity across the network. Anatomical observations are 

supportive of such an arrangement: RVLM C1 neurons form multiple local arborisations that 

target C1 and non-C1 RVLM neurons (Patrick Card et al., 2010), and catecholaminergic 

synapses that originate in the RVLM have been identified on many RVLM C1 neurons 

(Agassandian et al., 2012). However, functional evidence for such an arrangement is 

inconclusive: one previous study has examined cross-correlograms of spike timing recorded 

from pairs of sympathetic premotor neurons in vivo (McAllen et al., 2001). Although no 

evidence of monosynaptic coupling was identified in that study, technical limitations 

associated with the cross-correlation technique hampers interpretation of those results 

since the technique may miss weakly coupled neurons and is dependent on the recording of 

large blocks of activity (Shannon et al., 2000, Oshima et al., 2006).  

The paired whole-cell patch clamp technique provides a more powerful tool for the study of 

neuronal circuitry, as it allows the identification of sub-threshold synaptic events or 

inhibitory synaptic currents (Miles and Poncer, 1996, Debanne et al., 2008) and is less 

dependent on huge datasets for reliable detection of events. 

The objective of the current study was to use the paired whole-cell patch clamp technique to 

examine whether pairs of spinally projecting RVLM neurons form functional synapses in 

vitro. By examining whether action potentials in one neuron lead to time-locked synaptic 

currents in the other, we have directly examined the evidence for microcircuit participation 

in these neurons.  
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MATERIALS AND METHODS 

All animal experiments were conducted in accordance with the Australian code of practice 

for the care and use of animals for scientific purposes and were approved by Macquarie 

University Animal Ethics Committee. 

ANATOMY 

Labelling of bulbospinal RVLM neurons 

Sprague Dawley rat pups (P5 – P25) were anaesthetized with 2-5% isoflurane (Veterinary 

Companies of Australia, Pty) in oxygen and moved onto a heated pad. A dorsal laminectomy 

was performed and the T2 spinal cord exposed. Fluorescently conjugated cholera toxin β 

subunit (CTB-Alexa 555, 0.5 - 1%, Invitrogen) was injected bilaterally at co-ordinates 

corresponding to the intermediolateral cell column (1 to 3 100 nl injections each side). After 

completion of microinjections the wound was closed with cyanoacrylate glue and 

anaesthesia discontinued. Pups were allowed to recover on a warm pad until ambulatory 

and were then placed back in the cage with their mother and littermates. Post-operative rats 

were carefully monitored for the duration of experiments and treated with analgesia when 

indicated (Carprofen, 2 mg/kg s.c. Norbrook pharmaceuticals, Australia). 

IN VITRO ELECTROPHYSIOLOGY 

SOLUTIONS (mM) 

Cutting solution: 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4.H2O, 10 D-glucose, 1 CaCl2, 6 

MgCl2; equilibrated with 95% O2 – 5% CO2. 

Artificial cerebrospinal fluid (aCSF): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4.H2O, 25 D-

glucose, 2 CaCl2, 1 MgCl2; equilibrated with 95% O2 – 5% CO2 (pH = 7.35).  

Potassium gluconate internal solution: 125 K-gluconate, 10 Hepes, 11 EGTA, 15 NaCl, 1 

MgCl2, 2 MgATP, 0.25 NaGTP, 0.05% biocytin (pH = 7.3, 280 < Osmolarity < 285 mOsm). 

Cesium chloride internal solution: 140 CsCl, 5 Hepes, 10 EGTA, 1 MgCl2, 2 CaCl2, 2 MgATP, 

0.05% biocytin (pH = 7.3, 280 < Osmolarity < 285 mOsm). 

Whole-cell recordings from acute brainstem slices 

http://www.jneurosci.org/site/misc/ifa_organization.xhtml#Materials
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2-5 days after tracer microinjection, pups (P8 – P28) were anaesthetized with isoflurane and 

quickly decapitated. The whole brain was rapidly removed and placed in ice cold oxygenated 

cutting solution. The brainstem was dissected, mounted in a vibratome, and 2 - 3 300 µm 

thick coronal sections from the region overlapping the caudal pole of the facial nucleus were 

cut in ice-cold cutting solution, transferred to carbogen-bubbled aCSF at 34°C and rested for 

at least 1 h before recording. Recordings were performed at room temperature in a 2 ml 

chamber superfused at 1.5 – 2 ml/min with carbogen-bubbled aCSF. Tracer-labelled neurons 

were viewed under epi-fluorescence: CTB-filled neurons lying ventral to nucleus ambiguus 

and lateral to the inferior olive were identified as putative sympathetic premotor neurons. 

Whole-cell recordings were made from labelled RVLM neurons using borosilicate glass 

pipettes with 1.5 - 2 µm tip diameters (pipette resistance: 3 – 6 MΩ). After formation of a 

gigaseal, voltage clamp recordings were obtained using Multiclamp 700B (Molecular 

Devices). Series resistance was compensated to 70 - 80 %. All recorded parameters were 

digitized using Spike 2 version 6.11 with a Power1401 mark II (Cambridge Electronic Design, 

UK). 

In some cases recorded neurons were labelled by addition of 0.05 % biocytin to the internal 

solution. At the conclusion of recordings the pipette was withdrawn, slices were fixed 

overnight in 4% paraformaldehyde and then frozen in cryoprotectant until 

immunohistochemical processing. 

EXPERIMENTAL PROTOCOL 

Simultaneous recordings from pairs of bulbospinal neurons 

Simultaneous recordings of membrane voltage and current were performed in pairs of 

bulbospinal RVLM neurons recorded in close proximity to one another (< 100 µm between 

cells). The ‘pre-synaptic’ neuron was held in current clamp mode, whereas the ‘post-

synaptic’ cell was held in voltage clamp at a holding potential of -60 mV. Stable recordings 

were established for up to 25 minutes, over which spontaneous or evoked action potentials 

(pre-synaptic cell) and synaptic currents (post-synaptic cell) were recorded. In neurons in 

which spontaneous action potentials were infrequent or absent depolarizing currents were 

injected to increase neuronal excitability. If recordings remained stable the recording modes 
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were switched so that the ‘pre-synaptic’ neuron became the ‘post-synaptic’ cell, and the 

recording protocol was repeated, allowing examination of any reciprocal connections. 

Control experiments 

As a control experiment, we tested our ability to detect constant-latency synaptic events 

evoked by electrical stimulation of presynaptic neurons or axons. Intermittent monopolar 

stimulation (0 to 800 µA, 0.2 ms, 0.5 – 2 Hz) was delivered via a borosilicate pipette (10 µm 

outer diameter) filled with aCSF. The stimulating electrode was placed on the contralateral 

side of the RVLM between the ventral surface of the slice and the nucleus ambiguous or in 

close proximity to the recorded neuron. Control experiments were performed using CsCl 

internal solution; all paired recordings were performed using K-gluconate internal solutions. 

DATA ANALYSIS 

In order to ensure that identification of a synaptic connection was not confused with 

spontaneous currents (it is possible to fail to detect weak synapses of 10 pA in the recording 

noise: Debanne et al. (2008)); trains of 102 to 1658 action potentials were used to trigger 

waveform averages of holding current as previously described (Barman, 1990, Chen and 

Toney, 2003, Stocker and Toney, 2005, 2007, Boudkkazi et al., 2011). Negative controls for 

each recording were made by processing the same block of data triggered by a “dummy” 

channel with an average frequency equal to that of the current-clamped neuron. Spike-

triggered averages were 100 ms long with a 50 ms pre-trigger offset. The acceptance criteria 

for evidence of a synaptic connection was the presence of a constant latency synaptic 

current (> 5 pA) in the spike-triggered average of the ‘post-synaptic’ neuron within 50 ms of 

action potential generation in the ‘presynaptic’ cell (Debanne et al., 2008). The amplitude of 

a putative synaptic current should also exceed twice the standard deviation of data triggered 

by the dummy channel. All the data in the current study are expressed as mean ± SEM. 

Statistical analysis was performed using Spike 2 (Cambridge Electronic Design, UK), Excel 

(Microsoft, USA) and Prism 6.0 (Graphpad Software, Inc, USA). 

IMMUNOHISTOCHEMISTRY 

Some sections containing biocytin-labelled neurons were removed from cryoprotectant, 

washed, and permeabilized in phosphate buffered solution (PBS) with 0.5% Triton X-100 for 

12 hours at 4 oC. Sections were incubated in blocking solution (5% bovine serum albumin, 
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BSA, in PBS) for 4 hours at room temperature followed by incubation in secondary 

antibodies (ExtraAvidin FITC 1:500, Jackson Immunoresearch) with 5 % BSA for 4 hours at 

room temperature, washed, mounted and coverslipped. Sections were examined and 

photographed under epi-fluorescence with appropriate filter sets. 
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RESULTS 

ELECTROPHYSIOLOGICAL CHARACTERISTICS OF RECORDED NEURONS 

38 pairs of neurons were simultaneously recorded from 46 CTB-labelled RVLM neurons. The 

average length of each recording was 478 ± 28 seconds, the average number of spikes 

recorded in current clamped neurons was 619 ± 64 and the frequency of synaptic events of 

the neurons recorded in voltage clamp mode was 1.98 ± 0.13 Hz. 

As a positive control, we were able to detect constant-latency synaptic events recorded from 

bulbospinal RVLM neurons evoked by electrical stimulation of the contralateral brainstem in 

7 cases (average latency = 7.32 ± 0.51 ms, the evoked synaptic current amplitude varied 

from 42.2 pA to 141.4 pA. The stimulation threshold ranged from 20 µA to 380 µA, figure 

5.1).  

EVIDENCE FOR SYNAPTIC CONNECTIONS BETWEEN RECORDED CELLS 

Simultaneous recordings were made from 38 pairs of RVLM neurons. In no instance did we 

encounter evidence of synaptic currents in the ‘post-synaptic’ cell that were time-locked to 

action potentials in the ‘pre-synaptic’ neuron (figures 5.2 and 5.3). An example of a pair 

biocytin-filled bulbospinal RVLM neurons is shown in figure 5.4. 
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DISCUSSION 

The aim of this study was to electrophysiologically examine the hypothesis that collateral 

axons from RVLM sympathetic premotor neurons provide synaptic drive to local bulbospinal 

neurons. Although long and stable recordings of neuronal activity was maintained, sufficient 

to permit robust statistical examination of our hypothesis, no evidence for connections 

between pairs of spinally projecting neurons was encountered. We therefore conclude that 

connections between RVLM sympathetic premotor neurons are either non-existent, so 

sparse as to be unlikely to fulfil any significant functional role, or undetectable using the 

approaches employed here. These findings are consistent with a study by McAllen et al. 

(2001), in which pairs of bulbospinal barosensitive RVLM neurons were recorded in 

anaesthetised cats and examined for evidence of synaptic coupling, but at odds with 

neuroanatomical evidence suggesting that RVLM sympathetic premotor neurons and C1 

neurons contribute to local neuronal networks. Reconstructions of single RVLM sympathetic 

premotor neurons filled intracellularly with lucifer yellow and visualised after 

diaminobenzidine immunohistochemistry indicate extensive colateralisation of axons and 

with local varicosities and terminals (Lipski et al., 1995b). These findings are supported by 

recent imaging data obtained following infection of RVLM C1 neurons with a lentiviral vector 

that drives the expression of a green fluorescent reporter (Card et al., 2006, Agassandian et 

al., 2012). Using this technology, Card et al. (2006) were able to map the efferent projections 

of C1 neurons and identified axonal varicose arborizations that form close appositions with 

other neurons residing in close proximity to the C1 population, confirmed as synapses in 

subsequent electron microscopy studies (Agassandian et al., 2012). Agassandian et al. (2012) 

also demonstrated the presence of reporter-filled synapses on C1 and non-C1 cells 

throughout the rostrocaudal extent of the C1 cell column. These data are consistent to some 

extent with previous work from our laboratory that shows that small numbers of C1 and 

bulbospinal neurons are retrogradely labelled from the contralateral RVLM pressor region 

(Turner et al., 2013) and therefore likely to participate in local RVLM circuits in addition to 

their well-defined bulbospinal and rostral projections. Although we did not observe changes 

in post-synaptic holding current in response to current injection in the pre-synaptic neuron, 

the possibility of electrical coupling was not systematically investigated, and therefore 

remains plausible (Alvarez et al., 2002, Mancilla et al., 2007). 
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Technical considerations 

Antidromic activation of neurons following electrical stimulation of the spinal cord is the 

gold-standard for evidence of bulbospinal projection, whereas sensitivity to stimuli known to 

modulate sympathetic nerve activity (e.g. activation of the baroreflex) are used to 

functionally identify these neurons in vivo (Brown and Guyenet, 1984, Lipski et al., 1995a). 

Conformity to both sets of criteria are required for the confident interpretation of 

electrophysiological recordings obtained in vivo. In the slice preparation identification of 

bulbospinal neurons by retrograde transport of fluorescent dyes is straightforward, but 

functional classification of neurons is impossible, so we consider the data described here as 

coming from putative sympathetic premotor neurons. Assuming that most of these neurons 

represent sympathetic premotor neurons, it seems that there is little or no connectivity 

between cells. 

A major limitation of the current study is that that preparation of brain slices reduces 

connectivity, as by definition many axons and dendrites are damaged during slicing 

(Debanne et al., 2008). In order to minimise tissue damage we glued the brainstem block 

with the ventral surface of the brain facing the blade and supported the dorsal surface with 

an agar block, and advanced the vibratome blade at speed that minimised brain 

compression and tissue displacement. Using ice, we kept the slicing chamber cool 

throughout the entire procedure and the tissue was exposed to aCSF saturated with 

carbogen before slicing and carbogen bubbling was maintained in order to keep the tissue 

alive. A balance of care and speed was used in order to minimise the amount of time needed 

to slice a block of tissue and to keep it healthy at the same time. We also limited recordings 

to pairs of neurons recorded in close proximity to each other and away from the surface of 

the slice. Finally, coronal sections may truncate connections if the neuronal organization is 

rostral-caudally oriented. 

Conclusions 

Excitatory synaptic drive plays a crucial role in generating baseline activity in RVLM 

sympathetic premotor neurons in healthy animals, and synaptic plasticity in the RVLM is 

thought to drive pathophysiological changes in baselines sympathetic nerve activity 

characteristic of many cardiovascular diseases. However, identifying the interneurons that 
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contribute to their baseline activity remains incomplete. In the current study we investigated 

the hypothesis that sympathetic premotor neurons in the RVLM are one source of synaptic 

drive to other nearby sympathetic premotor neurons. We did not find any sign of 

bulbospinal to bulbospinal microcircuit formation within the RVLM. New technologies, such 

as restricted trans-synaptic tracing techniques (Marshel et al., 2010) coupled with the dual 

patch clamp method or optogenetic techniques could be used to unambiguously identify the 

networks that drive RVLM sympathetic premotor neurons in the future. 
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CHAPTER 5 FIGURES AND TABLES 

 

Figure 5.1: Evoked post synaptic current following electrical stimulation. A. Raw data 

recorded from a sympathetic premotor RVLM neuron and showing inward current evoked by 

electrical stimulation of pre-synaptic neurons. B. Average evoked responses of 50 sweeps 

following electrical stimulation with a shock intensity of 50 µA. C. shows overdraw of 10 

evoked responses. Recording performed using CsCl internal solution. 
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Figure 5.2: Conceptual overview of experiment. A. Schematic diagram showing a connected 

pair of neurons and expected relationship between presynaptic action potential and time-

locked post-synaptic currents. B. Raw data showing action potentials recorded in current 

clamp mode in cell 1 and membrane currents recorded in voltage clamp mode in cell 2. Note 

‘trigger’ channel, derived from action potential timing, and ‘dummy’ channel, derived from a 

clock running at the same average frequency as cell 1. C. Average of membrane currents 

recorded in cell 2 triggered by trigger (136 sweeps, top trace) or dummy channel (199 

sweeps). Red arrows indicate the trigger. 
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Figure 5.3: More examples of paired recordings of bulbospinal RVLM neurons. A & B. 

shows two different examples of tested pairs recorded from bulbospinal neurons. 

Connections between the pairs were not found. The red arrows show the action potential / 

trigger point recorded from the presynaptic neuron. 
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Figure 5.4: Histologically recovered recorded bulbospinal neurons. Biotin-filled neurons 

(white arrow) from a paired recording experiment (raw data: Figure 5.3A). A. Brainstem 

hemisection showing position of recovered neurons (red box). B. Merged high-power image 

of region denoted by red box showing adjacent biotin-labelled CTB positive neurons 

(arrows). C and D. individual CTB and biotin channels. 
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CHAPTER 6: SUMMARY OF FINDINGS 
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The RVLM is a small area of the brainstem that is essential for the generation of sympathetic 

vasomotor tone and elaboration of multiple homeostatic reflexes. These properties arise 

from the continuous activity of sympathetic premotor RVLM neurons, which is modulated by 

a combination of ascending and descending inputs. The functional profile of these neurons 

emerges from the integration of intrinsic (membrane) properties, synaptic drive, and the 

activity of glia in their immediate vicinity. 

The main objectives of the studies conducted in the current thesis were:  

1. To investigate the hypoxia-sensitivity of sympathetic premotor RVLM neurons and its 

probable mediators.  

2. To determine the role played by RVLM bulbospinal neurons in driving adrenaline 

release in response to acute glucoprivation.  

3. To determine the cellular mechanisms responsible for sympathoinhibition caused by 

somatostatin. 

4. To examine whether there is any functional evidence of direct synaptic connections 

between pairs of spinally projecting RVLM.  

Chapter 2: summary, perspectives and future directions 

In chapter 2 of this thesis I investigated the cellular mechanisms that underlie the hypoxia-

sensitivity of bulbospinal RVLM neurons in vitro. Consistent with previous reports, I found 

that brief cyanide application evoked dose-dependent inward currents that were relatively 

greater in bulbospinal RVLM neurons compared to randomly selected non bulbospinal RVLM 

neurons and were unaffected by TTX application, supporting a role of bulbospinal neurons as 

acute hypoxia sensors.  

I first eliminated one candidate mediator for the RVLM hypoxic response, Heme-Oxygenase 

2 (HO-2). Consistent with Mazza et al. (2001), we found that HO-2 was densely expressed in 

the adjacent facial nucleus, but that HO-2 immunoreactivity was sparse in the RVLM. 

Colocalization of HO-2 immunoreactivity was never detected in putative RVLM sympathetic 

premotor neurons, including those functionally verified as hypoxia-sensitive, suggesting that 

HO-2 is unlikely to play an important role in determining hypoxia-sensitivity in this 

population.  
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I then investigated glial ATP release as a candidate mediator of this effect, since it has been 

shown by Gourine et al. (2005) that during hypoxia ATP is released from the ventral surface 

of the medulla. I found that P2X receptor blockade reversibly attenuated the hypoxia 

sensitivity in bulbospinal RVLM neurons, suggesting that ATP release is a key component of 

this response. Furthermore, I also found that hypoxia sensitivity was essentially abolished by 

incubation in a glia inhibitor, fluoroacetate. Taken together, these findings support a strong 

role for RVLM glia in mediating responses to acute brainstem hypoxia. 

Limitations of this study were, first, that HO-2 immunoreactivity may not be sufficiently 

sensitive to identify low levels of HO-2 expression that may be functionally significant. 

Second, our case for a role for glia in mediating hypoxic responses is based on inductive 

reasoning, rather than direct examination of glia. Third, it is unclear whether the 

mechanisms identified here in vitro play a functionally significant role in vivo. Finally, it 

would also be interesting to examine whether these mechanisms play a role in disease states 

characterised by chronic or repeated hypoxia or brainstem hypoperfusion. 

Future directions that could address these limitations would be to pharmacologically block 

HO-2 activity and then examine neuronal responses to hypoxia, comprehensively eliminating 

any role for HO-2 in mediating these responses, to test the role played by glutamate 

released by glia in testing its effect on the remaining current following P2X receptor 

blockade and to directly record glial responses to hypoxia using electrophysiological or 

optical recordings. The question of whether the same mechanisms play an important role in 

vivo, and whether glial ATP release contributes to pathophysiological conditions, could be 

addressed by using viral vectors to either block gliotransmitter release or metabolise 

extracellular ATP. 

Chapter 3: summary, perspectives and future directions 

In chapter 3 of this thesis I investigated the role of sympathetic premotor RVLM neurons in 

driving adrenaline release in response to acute glucoprivation. In vivo, we found that ASNA 

increases following local glucoprivation or disinhibition of PeH neurons and following 

systemic glucoprivation and that ASNA correlated with plasma metanephrine levels but not 

normetanephrine levels. This effect was abolished by inhibition of the PeH. Then we 

demonstrated that the adrenal sympathoexcitatory response was reduced by the 
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glucoprivation of perifornical neurons subsequent to activation by bicuculline, a GABAA 

antagonist. In vitro we showed that local neuroglucoprivation in the RVLM failed to activate 

sympathetic premotor neurons.  

C1 cells seem to play an important role in hyperglycemic responses to glucoprivation; first, 

these neurons express Fos following 2-DG application (Ritter et al., 1998). Second, 

adrenaline is released from the adrenal medulla following glucoprivation (Sun et al., 1979, 

Rappaport et al., 1982, Storlien et al., 1985, Matsunaga et al., 1989). Third, C1 neurons 

project to preganglionic cells that innervate the adrenal gland (Strack et al., 1989b). Fourth, 

following RVLM stimulation the 2-DG sensitive sympathetic preganglionic neurons are 

activated with a slow conducting velocity (Morrison et al., 1988) corresponding to that of C1 

neurons (Schreihofer and Guyenet, 1997). So, it has been suggested that C1 neurons project 

to sympathetic preganglionic neurons which in turn innervate adrenal chromaffin cells. 

In our study we found that orexin modulates the activity of RVLM adrenal sympathetic 

premotor neurons resulting in excitation of adrenal chromaffin cells and we also found that 

bulbospinal RVLM neurons are not intrinsically glucose sensitive. In order to confirm the 

glucose-sensing pathway described in this study, the next step should be testing the 

sensitivity of RVLM neurons to orexin. 

Further studies to determine the function of glucose sensing neurons and to identify 

glucose-sensing cells that control counter-regulatory responses are crucial. In order to 

specifically target C1 neurons and test their responses to glucoprivation, we can use viral 

vectors that specifically infect C1 neurons. In addition, for a full understanding of energy 

homeostasis it is very important to determine the role played by hindbrain counter-

regulatory systems in response to glucose homeostasis under non-glucoprivic conditions.  

Chapter 4: summary, perspectives and future directions 

In chapter 4 of this thesis I investigated the cellular mechanisms responsible for the 

inhibition of RVLM sympathetic premotor neurons by SST and its probable sources. I showed 

that SST evoked an outward current in 50% of RVLM sympathetic premotor neurons. The 

SSTergic responses were blocked by Cyanamid, an sst2 receptor blocker and sst2A receptor 

was identified on SST-sensitive recorded neurons. We also identified 8 distinct brain regions 
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as sources of SSTergic input to the RVLM. The study conducted here examined the effect of 

SST on neurons that play a key role in the regulation of the sympathetic vasomotor tone. 

The role of SST in the ventrolateral medulla is mainly depressor. In cats and rats, SST evokes 

hypotension when it is locally injected in the ventrolateral medulla (Yamamoto et al., 1988, 

Chen et al., 1990). Most relevant to this thesis is the study made by Burke et al. (2008), who 

proved that SST causes a dramatic splanchnic sympathoinhibition, bradycardia and 

hypotension when injected bilaterally into the RVLM. These effects were dose-dependent 

and reversible; in addition it has been shown that the reflex control of sympathetic nerve 

activity was less affected.  

SST is involved in many disease states such as sudden infant death where the victims express 

an abnormally high level of SST receptor expression in the ventrolateral medulla and other 

brainstem areas (Chigr et al., 1992, Carpentier et al., 1998). However, the mechanisms that 

control the release of SST under physiological conditions have not yet been described.  

Limitations of this study were, first, we cannot confirm that CTB labelled neurons form 

synaptic terminals within the RVLM or simply represent fibres of passage, since CTB labels all 

fibres that cross the injection site. Second, CTB-labelled SSTergic neurons do not necessarily 

indicate the presence of an SSTergic input to RVLM bulbospinal neurons. Third, we cannot 

exclude local interneurons as a potential source of SST release. Fourth, we are using rat 

pups, SST receptors may not be fully developed on the recorded neurons which could 

complicate interpretation of our data. 

Future directions that could address these limitations would be to use new technologies 

such as restricted trans-synaptic tracing techniques that will link us to the exact SSTergic 

inputs to the RVLM. In addition, patch clamp recordings can also be performed on slices 

collected from adult rats which is much harder to perform but feasible. 

Chapter 5: summary, perspectives and future directions 

In chapter 5 of this thesis I investigated whether or not bulbospinal RVLM neurons form a 

local network in vitro. I used the paired-patch clamp technique in order to record 

simultaneously from pairs of neuron; links between recorded bulbospinal RVLM neurons 

were not found, suggesting that the local network that may be formed by bulbospinal RVLM 
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neurons does not significantly contribute to the activity of these cells. We found a 

discrepancy in the data since anatomical studies had indicated that connection may be 

present. Consistent with our finding, McAllen et al. (2001) showed, using extracellular 

recordings in cats, that there is little synchronicity between pairs of RVLM neurons and no 

evidence of synaptic interconnections between the pairs was presented. Hence, RVLM 

neurons, known to be a group of premotor units driving rhythmic discharge of sympathetic 

nerves, do not appear to contribute synaptic drive to other sympathetic premotor neurons. 

These neurons appear to be rhythmically entrained by common afferent inputs. Roles for 

angiotensin and glutamatergic inputs have been postulated as they tonically excite RVLM 

cells (Dampney et al., 2005, Stocker et al., 2006); but the sources of these inputs are still 

unclear. 

Limitations of this study were, first, we used fresh prepared brainstem slices, even though I 

was very careful in preparing the slices some connections (axons and dendrites) might be cut 

during slicing. Second, I used rat pups in which axons may not be fully developed. 

Future directions that could address these limitations would be to either pair patch RVLM 

bulbospinal neurons in vivo, and this is very complicated to perform since the RVLM is a 

deep brain area, or to use restricted trans-synaptic tracing techniques coupled with the dual 

patch clamp method used in this study in order to map the network of these neurons. 

Closing remarks 

Within the hypothalamus and lower brainstem resides the neural circuit that underlies 

circulation and breathing functions. From birth, this circuit is constructed in a way to 

respond to homeostatic challenges that are essential for survival such as: blood loss, injury, 

infection, hypoxia and hypotension. Hence, identifying the mechanisms that regulate the 

activity of the cardiovascular and respiratory networks are primordial. In this thesis we 

studied some of the intrinsic characteristics and network organisation of sympathetic 

premotor RVLM neurons.  

Guyenet et al. (2013), in their recent review, described C1 neurons as the body’s “emergency 

medical technicians”, since these cells are implicated in autonomic, metabolic, and 

neuroendocrine responses that help survival. However, many fundamental characteristics 

regarding C1 neurons remain unclear: first, are C1 and non-C1 sympathetic premotor 
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neurons developmentally related? Second, from where does the mysterious excitatory drive, 

thought to generate spontaneous activity in these neurons, arise? Third, do factors, such as 

gliotransmitters, have a more prerequisite role in regulating the activity of these neurons? 

Fourth, what other undiscovered functional subsets of sympathetic premotor neurons 

remain to be discovered? 
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Willian S. Korim,1 Lama Bou Farah,2 Simon McMullan,2 and Anthony J.M. Verberne1

Orexinergic Activation of
Medullary Premotor Neurons
Modulates the Adrenal
Sympathoexcitation to
Hypothalamic Glucoprivation
Diabetes 2014;63:1895–1906 | DOI: 10.2337/db13-1073

Glucoprivation activates neurons in the perifornical
hypothalamus (PeH) and in the rostral ventrolateral
medulla (RVLM), which results in the release of adren-
aline. The current study aimed to establish 1) whether
neuroglucoprivation in the PeH or in the RVLM elicits
adrenaline release in vivo and 2) whether direct activa-
tion by glucoprivation or orexin release in the RVLM
modulates the adrenaline release. Neuroglucoprivation
in the PeH or RVLM was elicited by microinjections of
2-deoxy-D-glucose or 5-thio-D-glucose in anesthetized,
euglycemic rats. Firstly, inhibition of neurons in the PeH
abolished the increase in adrenal sympathetic nerve
activity (ASNA) to systemic glucoprivation. Secondly,
glucoprivation of neurons in the PeH increased ASNA.
Thirdly, in vivo or in vitro glucoprivation did not affect the
activity of RVLM adrenal premotor neurons. Finally,
blockade of orexin receptors in the RVLM abolished
the increase in ASNA to neuroglucoprivation in the
PeH. The evoked changes in ASNA were directly corre-
lated to levels of plasma metanephrine but not to nor-
metanephrine. These findings suggest that orexin release
modulates the activation of adrenal presympathetic neu-
rons in the RVLM.

Glucoprivation is a metabolic challenge capable of eliciting
adrenaline release, an important mechanism for the res-
toration of normal blood glucose levels. Additionally,
neuroglucoprivation produced by 2-deoxy-D-glucose (2DG)

is used as an experimental tool to study glucoregulatory
neurons (1–4). Previous findings suggest that adrenaline
release in response to glucoprivation involves activation
of neurons in the perifornical hypothalamus (PeH) and
rostral ventrolateral medulla (RVLM). Systemic glucopri-
vation using 2DG excites RVLM sympathetic premotor
neurons (5,6) and orexinergic neurons (7) in the PeH
(8). Additionally, neurotropic viruses injected into the
adrenal gland transsynaptically label neurons in the
RVLM (9) and PeH (10). Disinhibition of perifornical
neurons produces an increase in endogenous glucose pro-
duction in the liver, which is mediated by the autonomic
nervous system (11). However, it remains unknown
whether intrinsic glucose sensitivity or projections from
hypothalamic glucose-sensitive neurons (4,12,13) play an
important role in the excitation of RVLM adrenal premo-
tor neurons in response to glucoprivation; in particular,
whether the responses evoked in RVLM neurons are
modulated by orexinergic inputs (14,15).

In this study, we hypothesized that PeH neurons
respond to neuroglucoprivation and elicit adrenaline
release by orexinergic activation of sympathetic premotor
neurons in the RVLM. To test this hypothesis, we used
a combination of in vivo and in vitro electrophysiological
techniques to first examine the role played by neurons in
the PeH in driving adrenal sympathetic nerve activity
(ASNA). We then demonstrate for the first time that
these effects are independent of any intrinsic sensitivity
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of neurons in the RVLM to glucoprivation and that the
activation of orexin receptors in the RVLM modulates the
adrenal sympathoexcitatory responses.

RESEARCH DESIGN AND METHODS

Experiments were performed according to the Australian
Code of Practice for the Care and Use of Animals for Scientific
Purposes. All experiments were approved by the Austin
Health (2012/4764) and Macquarie University (2011/
055) Animal Ethics Committees.

In Vivo Experiments

General Procedures
Adult male Sprague-Dawley rats (250–350 g) were anes-
thetized with isoflurane (1.7% in 100% O2). The left
femoral vein and artery were cannulated for drug admin-
istration and arterial blood pressure recording, respec-
tively. Body temperature was kept at 37° 6 0.5°C by
a thermocouple-controlled heating pad. The rats were
tracheostomized, paralyzed (pancuronium bromide;
1 mg/kg i.v.; supplemented by 0.1 mg/kg/h), and artifi-
cially ventilated with oxygen-enriched air (3.5 mL, 70
cycles/min). After completion of surgery, isoflurane
was replaced by urethane (1.2 g/kg i.v.). The level of
anesthesia was monitored by hind paw pinch and the
corneal reflex; urethane was supplemented (0.2 g/kg i.v.)
as required. After neuromuscular blockade, anesthesia was
maintained at a level in which paw pinch produced minimal
changes in blood pressure (#10 mmHg). Blood glucose was
measured by withdrawing a drop of blood from the femoral
artery and applying it to a glucometer (Optium Xceed;
Medisense; Abbott Laboratories, Bedford, MA), as previ-
ously described (5).

Adrenal Sympathetic Nerve Recording
The right adrenal sympathetic nerve was prepared for
recording via a retroperitoneal approach. Fibers emerging
from the ganglion projecting toward the adrenal gland
were carefully dissected free from connective tissue and
fat. The fibers were tied together using 10-0 surgical
nylon, cut distally, and mounted on bipolar silver wire
electrodes. The nerve was covered with paraffin oil or
embedded in a silicone elastomer (Kwik-Cast Sealant;
WPI, Sarasota, FL). ASNA was amplified 310,000 (7P5B;
Grass Instruments, Quincy, MA) filtered (100 Hz–3 kHz),
and sampled at 6 kHz using a CED Power1401 (Cam-
bridge Electronic Design LTD, Cambridge, U.K.) with
Spike2 v7.02 software. ASNA was rectified and inte-
grated (t = 1 s) before analysis. All neurograms were
normalized with reference to the resting level before
stimulus (100%) after subtraction of the noise (0%), de-
termined postmortem or after clonidine (200 mg/kg i.v.;
Sigma-Aldrich). Experiments were not included for
analysis if the ratio of pre-to-postganglionic ASNA
was higher than 50%, verified by intravenous hexame-
thonium (40 mg/kg; Sigma-Aldrich) at the end of the
experiments.

Measurement of Blood Catecholamines
Owing to the rapid degradation of catecholamines, we
measured plasma levels of metanephrines (16). Plasma
(0.2 mL) was extracted from blood (0.5 mL) withdrawn
from the femoral arterial cannula to determine the levels
of metanephrine and normetanephrine. Plasma meta-
nephrines were assayed by liquid chromatography tandem
mass spectrometry, modified from the method of Whiting
(17). Heparinized plasma samples had deuterated internal
standards for each analyte that were added before solid-
phase extraction using weak cation exchange. Extracted
samples were evaporated to dryness, reconstituted, and
derivatized using cyanoborohydride and acetaldehyde be-
fore chromatographic separation and mass spectrometric
detection using multiple reactions monitoring (model
6460; Agilent Technologies, Mulgrave, Victoria, Australia).

Location of the PeH and RVLM
The PeH was located using stereotaxic coordinates (18).
These were 2.9–3.4 mm caudal to the bregma, 1.1–1.3
mm lateral to the midline, and 8.6–8.7 mm ventral to
the dorsal surface.

RVLM adrenal sympathetic premotor neurons are min-
gled with cardiovascular premotor neurons (5). Hence, the
RVLM was identified by extracellular recording of cardio-
vascular sympathetic premotor neurons, which were
inhibited by phenylephrine (10 mg/kg i.v.; Sigma-Aldrich;
Supplementary Fig. 1) (5,19). These neurons were identi-
fied after antidromic field-potential mapping of the facial
nucleus, elicited by electrical stimulation (0.5 Hz, 0.1 ms,
0.5–1.0 mA) of the facial nerve. Extracellular recordings
were made using glass microelectrodes (2 mm outer di-
ameter; 5–9 mol/LV) filled with 2% Pontamine Sky
Blue in sodium acetate (0.5 mol/L). Extracellular poten-
tials were recorded using a window discriminator and
amplifier (310,000; 400–4,000 Hz; Fintronics, Orange,
CT). RVLM sympathetic premotor neurons were found
at +0.1 rostral to 20.3 mm caudal, 0.1–0.3 mm medial,
and 0.1–0.3 mm ventral to the caudal pole of the facial
nucleus.

Glucoprivation and Microinjections
All experimental procedures were conducted after estab-
lishment of a euglycemic baseline (4.8–7.0 mmol/L; aver-
age: 6.1 6 0.1 mmol/L; n = 60). Systemic glucoprivation
was produced by 2DG (250 mg/kg i.v.; Sigma-Aldrich).
Microinjections were performed using multibarrel micro-
pipettes. All drugs were diluted in a solution of latex
fluorescent beads 2% (Invitrogen) in artificial cerebrospi-
nal fluid (aCSF; in mmol/L: NaCl, 128; KCl, 2.6; NaH2PO4,
1.3; NaHCO3, 2; CaCl2, 1.3; and MgCl2, 0.9). All micro-
injections were 50 nL. Neuroglucoprivation was elicited
by microinjections of 2DG (0.2–20 mmol/L) or 5-thio-
D-glucose (5TG; 0.6–600 mmol/L; Sigma-Aldrich), using
doses based on previous reports (2,20). Perifornical neu-
rons were permanently inhibited by the g-aminobutyric
acid (GABA)A agonist muscimol (4 mmol/L; Sigma-Aldrich)
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or disinhibited by the GABAA antagonist bicuculline
(1 mmol/L; Sigma-Aldrich). Note that these agents were
used primarily to inhibit or activate hypothalamic neu-
rons and also to determine the role of their respective
GABAergic inputs in glucose homeostasis. Orexin A (0.1–
10 mmol/L; Sigma-Aldrich) was microinjected into the
RVLM using doses based on a previous study (21). Orexin
receptors in the RVLM were blocked using the nonselec-
tive antagonist TCS 1102 (5 mmol/L; Tocris Bioscience),
diluted in 50% DMSO (Sigma-Aldrich), using a dose based
on a previous report (22).

Histology
At the end of the experiments, animals were perfused
with NaCl 0.9% (weight for volume), followed by 10%
formalin. Brains were removed, fixed in formalin over-
night, and cut with a Vibratome in 100-mm coronal sec-
tions. Sections were mounted onto gelatin-subbed slides
for identification of the injection sites. Sections were ex-
amined under epifluorescence to locate the fluorescent
bead deposits. The center of the injections were photo-
graphed (DXC-9100P; Sony, Tokyo, Japan) and plotted
(Supplementary Fig. 1) with reference to a rat brain atlas
(18).

In Vitro Experiments

Voltage-Clamp Recordings From Putative RVLM
Sympathetic Premotor Neurons
Sprague-Dawley rat pups (P5–P20) were anesthetized
with 2–5% isoflurane (Veterinary Companies of Australia)
in oxygen and moved onto a heated pad. A dorsal lam-
inectomy was performed and the T2 spinal cord exposed.
Fluorescently conjugated cholera toxin b-subunit (CTB-
Alexa 555, 0.5–1%; Invitrogen) was injected bilaterally
at coordinates corresponding to the intermediolateral
cell column (100 nL injections each side). After the micro-
injections were completed, the wound was closed with
cyanoacrylate glue and anesthesia discontinued. Pups
were allowed to recover on a warm pad until ambulatory
and were then returned to the cage with their mother and
littermates. Postoperative rats were carefully monitored
and treated with additional analgesia (Carprofen, 2 mg/kg
subcutaneous; Norbrook Pharmaceuticals, Australia) when
indicated.

Whole-Cell Recordings From RVLM Medullospinal
Neurons
Solutions (in mmol/L):

Cutting solution: 118 NaCl, 25 NaHCO3, 3 KCl, 1.2
NaH2PO4.H2O, 10 D-glucose, 1.5 CaCl2, 1 MgCl2; equili-
brated with 95% O2 and 5% CO2 (23).

aCSF: 125 NaCl, 21 NaHCO3, 2.5 KCl, 1.2 NaH2PO4.
H2O, 2 D-glucose, 2 CaCl2, 2 MgCl2; equilibrated with 95%
O2 and 5% CO2 (pH = 7.35).

Potassium gluconate internal solution: 125 K-gluconate,
10 HEPES, 11 EGTA, 15 NaCl, 1 MgCl2, 2 MgATP, 0.25
Na guanosine-59-triphosphate, 0.05% biocytin (pH = 7.3;
osmolarity 280–285 mOsm).

At 2–5 days after tracer microinjection, pups were
anesthetized with isoflurane and quickly decapitated.
The whole brain was quickly removed and dissected in
ice-cold oxygenated cutting solution. The brainstem was
mounted in a Vibratome, and 300-mm-thick coronal sec-
tions were cut under ice-cold carbogen-bubbled cutting
solution. Three to four sections from the region immedi-
ately caudal to the facial nucleus were retained and trans-
ferred to carbogen-bubbled aCSF containing 2 mmol/L
glucose at 34°C for at least 1 h. Recordings were per-
formed at room temperature in the recording chamber
of an Olympus microscope superfused at 1.5–2 mL/min
with carbogen-bubbled aCSF.

Tracer-labeled neurons were identified under epifluores-
cence: CTB-filled neurons lying ventral to nucleus ambiguus
and lateral to the inferior olive were identified as RVLM
putative sympathetic premotor neurons. Whole-cell re-
cordings were made in voltage- or current-clamp modes
using borosilicate pipettes with 1.5- to 2-mm tip diame-
ters (3–6 MV). After formation of a gigaseal, recordings
were obtained using a Multiclamp 700B patch clamp am-
plifier (Molecular Devices LLC, Sunnyvale, CA). Baseline
recordings were made for 300 s before 2DG administra-
tion. Series resistance compensation of 70–80% was used
in voltage-clamp recordings. Recorded parameters were
digitized using Spike2 with a Power 1401 mark II (Cam-
bridge Electronic Design LTD). Data from three neurons
recorded with the addition of 1 mmol/L tetrodotoxin
(Jomar Bioscience) to the aCSF were included in the
data set. At the conclusion of recordings, the pipette
was withdrawn, and slices were fixed overnight in 4%
paraformaldehyde and frozen in cryoprotectant before
immunohistochemical processing for biocytin and tyro-
sine hydroxylase immunoreactivity.

Immunohistochemistry
Sections containing biocytin-labeled neurons were re-
moved from the cryoprotectant, washed, and permeabi-
lized in PBS with 0.5% Triton X-100 for 12 h at 4°C. The
sections were incubated in blocking solution (5% BSA in
PBS) for 4 h at room temperature, followed by incubation
in mouse anti-tyrosine hydroxylase primary antibodies
(1:2,000; Sigma-Aldrich) for 4 h at room temperature in
5% BSA. Sections were washed and incubated in second-
ary antibodies (Cy5 donkey anti-mouse and ExtrAvidin
FITC, both 1:500; Jackson ImmunoResearch) with 5%
BSA for 4 h at room temperature, and then washed,
mounted, and coverslipped. Sections were visualized and
photographed using a Zeiss Z1 microscope (Carl Zeiss,
Thornwood, NY), under epifluorescence with appropriate
filter sets.

Data Analysis
The effects of 2DG were assessed by comparing the
holding current and the synaptic current frequency,
averaged over 50 s before drug administration (baseline),
to the mean over the last 50 s of drug perfusion (drug).
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The dose of 2DG (5 mmol/L) was selected based on pre-
vious reports (4,13).

Statistics
The D’Agostino and Pearson omnibus test was performed
to verify normal distribution of the data. Changes in
ASNA are presented as mean 6 SEM, determined from
a 60-s window average, compared along time. Student
t test, one-way ANOVA, and two-way ANOVA with the
Bonferroni corrections were used for group comparisons.
Correlations were determined by the Pearson or Spear-
man tests for parametric and nonparametric samples, re-
spectively, with linear regression to determine CIs. Data
that fit a normal distribution are presented as mean 6
SEM, and nonparametric data are expressed as median
(range). Statistical significance was determined when
P was ,0.05. All tests were performed using GraphPad
Prism 5.0 software.

Experimental Protocols

1. ASNA was plotted against levels of circulating meta-
nephrines to establish the relationship between nerve
discharge and adrenaline release. Two samples were
taken per experiment: during the resting condition
when ASNA recordings had been stable for 10 min
and ;6–10 min after intravenous injection of 2DG.

2. ASNA responses to intravenous 2DG were tested after
microinjection of muscimol or bicuculline into the PeH
to determine the role of GABAergic drive to perifornical
neurons in adrenal sympathetic responses to glucopri-
vation. 2DG was also microinjected after bicuculline to
determine its pharmacological effect in the absence of
inhibitory tone to perifornical neurons. Lumbar sympa-
thetic nerve activity (LSNA) and ASNA were recorded
to determine whether sympathetic responses to gluco-
privation are differentially regulated.

3. The effects of focal PeH neuroglucoprivation on ASNA
were determined by bilateral microinjections of 2DG or
5TG, according to previous reports (2,20).

4. ASNA was compared before and after bilateral micro-
injections of 2DG into the RVLM to determine whether
adrenal RVLM sympathetic premotor neurons were
responsive to glucoprivation in vivo. Subsequent in-
travenous injection of 2DG confirmed that the ASNA
responses were not dependent on a direct effect on
RVLM neurons.

5. The intrinsic sensitivity of RVLM sympathetic premo-
tor neurons to glucoprivation was also tested in vitro.
After the establishment of stable recordings in aCSF
containing 2 mmol/L glucose, slices were perfused for
300 s in aCSF containing 5 mmol/L 2DG (4,13). The
effect of glucoprivation on membrane potential and
spontaneous discharge frequency was assessed by com-
paring measurements made over the final 50 s of the
control period to the final 50 s of 2DG application. Mem-
brane resistance was monitored by measuring changes in
membrane potential evoked by hyperpolarizing currents

(240 pA, 1 s) every 30 s and calculated using Ohm’s
Law (4). The average membrane resistance measured
over the final three steps of the control period was com-
pared with data measured at the corresponding peri-
ods of 2DG administration. Neuronal excitability was
assessed by comparing the number of action potentials
generated by depolarizing current pulses (20 pA, 3 s)
every 60 s (13). As described above, data were averaged
from the final three consecutive depolarizing steps in
the control and 2DG periods. Voltage clamp ramps
from 0 to 2140 mV from a holding potential of
260 mV were performed to assess current-voltage
relationships (4).

6. These experiments determined whether orexinergic ac-
tivation of premotor neurons in the RVLM mediates
the adrenal sympathoexcitation to glucoprivation. Orexin
receptors were activated using microinjections of orexin
A at different doses before and after microinjection of
the antagonist TCS 1102. Adrenal sympathoexcitation
in response to microinjection of 2DG into the PeH was
also tested after microinjections of TCS 1102 or vehicle
into the RVLM.

RESULTS

Correlation of ASNA and Plasma Metanephrines
At rest, the levels of blood glucose were 6.06 0.1 mmol/L
(n = 8); systemic glucoprivation (2DG, 250 mg/kg) in-
creased the concentration of plasma metanephrine
(3.4 6 0.7 vs. 18.4 6 4.4 pmol/L, n = 8; P = 0.008),
a methylated metabolite of adrenaline, in direct propor-
tion to the increase in ASNA (n = 15; rs = 0.79, P , 0.001;
Fig. 1). In contrast, 2DG failed to change the levels of
normetanephrine (49.1 6 9.9 vs. 44.3 6 5.6 pmol/L,
n = 8; P = 0.583), a methylated metabolite of noradrena-
line. Hence, changes in the levels of normetanephrine
were not correlated with ASNA (n = 15; rs = 20.05, P =
0.849).

Role of Perifornical Neurons in Driving Sympathetic
Responses to Glucoprivation
ASNA responses to systemic 2DG (250 mg/kg) in intact
rats were compared with those measured after inhibition
of perifornical neurons with microinjections of muscimol
(4 mmol/L). Before 2DG administration, blood glucose
was at 6.0 6 0.2 mmol/L (n = 14). Systemic glucopriva-
tion increased ASNA (165 6 12%, n = 17; P , 0.001),
which peaked at ;6 min (Fig. 2A and B). Bilateral micro-
injections of muscimol into the PeH abolished the ASNA
increase to systemic 2DG (88 6 9%, n = 6; P , 0.001;
Fig. 2C and D). By contrast, after establishment of a stable
glucose baseline (6.0 6 0.2 mmol/L), unilateral microin-
jection of bicuculline (1 mmol/L) into the PeH increased
ASNA (199 6 14%, n = 8; P , 0.001), whereas sub-
sequent microinjection of 2DG reduced ASNA (143 6
12%, n = 8; P , 0.001; Fig. 2E and F). Systemic
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glucoprivation (2DG; 250 mg/kg) selectively increased
ASNA (162 6 9%, n = 6; P , 0.001) but did not affect
LSNA (101 6 6%, n = 6; P = 0.22). By contrast, elevation
of blood pressure (phenylephrine, 10 mg/ kg) or blockade
of sympathetic ganglionic transmission (hexamethonium,
40 mg/kg) reduced only LSNA (Fig. 2G and H).

Effects of Neuroglucoprivation in the PeH
Perifornical focal microinjection of 2DG or 5TG evoked
adrenal sympathoexcitation (Fig. 3). Resting levels of
blood glucose before 2DG and 5TG administration were
6.6 6 0.3 mmol/L (n = 10) and 6.7 6 0.1 mmol/L (n = 6),
respectively. Bilateral microinjections of 2DG into the
PeH (20) dose-dependently augmented ASNA (175 6
10%, n = 10; P , 0.001). Bilateral 5TG also increased
ASNA (145 6 11%, n = 6; P , 0.01). The increases in
ASNA in response to 2DG or 5TG were similar in magni-
tude (n = 6; P . 0.05) and correlated with the increases
in arterial blood glucose (Fig. 3D and F).

Glucoprivation of RVLM Sympathetic Premotor
Neurons In Vivo
At a blood glucose baseline of 6.4 6 0.2 mmol/L (n = 6),
bilateral microinjections of 2DG (2 mmol/L) into the

RVLM evoked no effect on ASNA (90 6 12%, n = 6;
P = 0.33; Fig. 4). Subsequent systemic injection of 2DG
(250 mg/kg i.v.) increased ASNA (162 6 18%, n = 6;
P , 0.001).

Glucoprivation of RVLM Sympathetic Premotor
Neurons In Vitro
Sixteen sympathetic premotor neurons were recorded in
11 brainstem slices from five rats (Fig. 5). In all but three
cases current- and voltage-clamp data were obtained from
the same neurons. In no case did 2DG evoke any clear
effect on any parameter recorded. In current clamp, the
resting membrane potential was 252.7 6 1.6 mV (n = 15
including three neurons recorded with tetrodotoxin), with
spontaneous action potentials occurring at 3.7 6 0.8 Hz
(n = 12). At the end of the 2DG superfusion the mem-
brane potential (253.3 6 1.6 mV, n = 15; P = 0.55),
spontaneous discharge frequency (3.6 6 0.8 Hz, n = 12;
P = 0.46), and input resistance (335 6 38 vs. 327 6
41MV, n = 14; P = 0.35) were unchanged from baseline
values. There was no significant change in the number of
action potentials evoked by depolarizing current pulses by
the addition of 2DG to the perfusate (11.8 6 1.7 vs.

Figure 1—Glucoprivation elicits increases in ASNA correlated with the levels of metanephrines. Systemic injection of 2DG increased ASNA.
The increase in ASNA correlated with plasma levels of metanephrine, a methylated metabolite of adrenaline. However, 2DG failed to alter
the levels of normetanephrine, the corresponding methylated metabolite of noradrenaline. All data are presented as mean 6 SEM. **P <
0.01; n.s., nonsignificant.
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Figure 2—Selective effects of glucoprivation on ASNA depends on perifornical neurons. A: Neurograms of ASNA in arbitrary units (a.u.)
(top) rectified, integrated, and normalized to the percentage of baseline (bottom). Systemic glucoprivation with 2DG increased ASNA, which
was abolished by bilateral microinjections of muscimol into the PeH. B: Pooled increases in ASNA after 2DG. C: Group data of the response
to 2DG after inhibition of the PeH. D: Muscimol in the PeH reduced the maximum increase in ASNA to systemic 2DG in the group.
E: Microinjection of bicuculline into the PeH increased ASNA, and subsequent microinjection of 2DG reduced the evoked increase in ASNA.
F: Group data of maximum ASNA increases to microinjection of bicuculline and 2DG into the PeH. G: Systemic 2DG increased only ASNA but
did not affect LSNA. H: The differential sympathetic response to 2DG replicated within the group. All data are presented as mean 6 SEM.
*P< 0.05, **P< 0.01, ***P< 0.001 to baseline; ++P< 0.01, +++P< 0.001 to control group. AP, arterial blood pressure; n.s., nonsignificant.
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10.9 6 1.6 spikes, n = 12; P = 0.48; Fig. 5D). In the
voltage-clamp mode, no changes in holding current
(254.4 6 7.5 vs. 255.9 6 7.4 pA, n = 13; P = 0.54) or
response to voltage ramps were noted after the addition
of 2DG to the perfusion fluid.

Blockade of Orexin Receptors in the RVLM During
Neuroglucoprivation of the PeH
Microinjection of orexin A into the RVLM produced an
increase in ASNA (162 6 16%, n = 6; P , 0.001) that was
blocked by the nonselective antagonist TCS 1102 (99 6
3%, n = 6; P , 0.001; Fig. 6A–D). Bilateral microinjec-
tions of 2DG (2 mmol/L) into the PeH increased ASNA
(151 6 16%, n = 6; P , 0.01) after microinjections of
vehicle into the RVLM. By contrast, TCS 1102 in the
RVLM abolished the increase in ASNA (95 6 5%, n = 6;
P , 0.001) produced by microinjection of 2DG into the
PeH (Fig. 6E–G).

DISCUSSION

The principal finding in this study is that orexin modulates
the activity of RVLM adrenal sympathetic premotor
neurons, resulting in excitation of adrenal chromaffin
cells. We showed that local glucoprivation or disinhibition
of PeH neurons increased ASNA, whereas inhibition of
PeH neurons abolished the ASNA response after systemic
glucoprivation. Conversely, glucoprivation of perifornical
neurons subsequent to activation by the GABAA antago-
nist bicuculline reduced the adrenal sympathoexcitatory
response. In addition, local neuroglucoprivation in the
RVLM failed to activate premotor neurons in vivo or in
vitro, suggesting that RVLM neurons are not intrinsically
glucose-sensitive. Finally, ASNA was directly correlated
with plasma metanephrine levels but not normetanephrine
levels, confirming that adrenal sympathoexcitation coin-
cides with adrenaline release into the circulation. The

Figure 3—Glucoprivation in the PeH increases ASNA. A: Neurograms of raw and rectified, smoothed, and normalized ASNA (a.u., arbitrary
units). Bilateral microinjections of 2DG into the PeH elicited dose-dependent increases in ASNA. B: Bilateral microinjections of 5TG into the
PeH also augmented ASNA. C: Group data of sympathetic responses to microinjections of 2DG and 5TG. D: Pooled data of maximum
increases in ASNA to 2DG or 5TG into the PeH. E: Increases in ASNA in response to microinjections of 2DG and 5TG into the PeH were
directly correlated with levels of blood glucose. All data are presented as mean6 SEM. **P < 0.01, ***P < 0.001 to baseline; +++P< 0.001
to 2DG (2 mmol/L); n.s. nonsignificant.
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ASNA, noradrenaline, and adrenaline responses to gluco-
privation noted in our study were consistent with previous
reports of the effects of glucoprivation on sympathetic
preganglionic neurons (24).

In this study, microinjection of 2DG/5TG or bicuculline
into the PeH increased ASNA, whereas microinjection of
the GABAA agonist muscimol into the PeH abolished the
ASNA response to systemic injection of 2DG. Reports by

Figure 4—RVLM neurons are not glucose-sensitive in vivo. A: Neurograms of raw and rectified, smoothed, and normalized (% of baseline)
ASNA (a.u., arbitrary units). Bilateral microinjections of 2DG into the RVLM, where premotor neurons are found, did not alter ASNA.
However, a subsequent intravenous injection of 2DG in the same animal increased ASNA. B: Group data of ASNA responses to micro-
injections of 2DG into the RVLM, followed by systemic 2DG. All data are presented as mean6 SEM. +P< 0.05, ++P< 0.01, +++P< 0.001
to 2DG into the RVLM.

Figure 5—2DG exerts no direct effect on medullospinal RVLM neurons recorded in vitro. A: Whole-cell current-clamp recording performed
in the presence of tetrodotoxin (TTX): bath application of 2DG exerts no effect on resting membrane potential or resistance. Deflections
indicate responses to current injection. B1: Current clamp recording shows effect of 2DG on spontaneous discharge of medullospinal
RVLM neuron. Regular increases in firing frequency indicate responses to depolarizing current injections. Breaks in recordings in panels
A and B1 indicate recording mode switch. B2: Raw data excerpts at points denoted (arrows) in panel B1. C: 2DG exerted no effect on current-
voltage relationships recorded in voltage-clamp mode. D: 2DG exerted no effect on responsiveness to depolarizing currents (see also panel
B1). E: In some cases, neurons were filled with biocytin during recording and subsequently examined histologically. Ei: Low-power
photomicrograph shows distribution of CTB labeling. Field of view of high-powered images denoted by box. Eii: Two neurons were
recorded and recovered in the experiment shown (indicated by arrows); raw data from each are shown in panels C and D. Both were
CTB-labeled (Eiii), and under close examination, C was lightly tyrosine hydroxylase (TH)-positive whereas D was TH-negative (Eiv). Ev:
Schematic diagram shows locations of recorded neurons.
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Figure 6—Orexin in the RVLM mediates the ASNA increase to glucoprivation. A: Neurograms of rectified, smoothed, and normalized (% of
baseline) ASNA (a.u., arbitrary units). Microinjection of orexin A (OxA) into the RVLM produced sympathoexcitation, which was blocked by
the nonselective antagonist TCS 1102. B: The blockade of the response replicated in a group of animals. C: Neurograms of raw ASNA. OxA
into the RVLM evoked a dose-dependent increase in ASNA that was antagonized by TCS 1102. D: The dose-response effect replicated in
a group of animals. E: Neurograms of raw (top) and rectified, smoothed, and normalized (bottom) ASNA. Bilateral microinjections of 2DG
into the PeH after vehicle (50% DMSO) microinjection into the RVLM increased ASNA. However, bilateral injections of the antagonist
TCS 1102 into the RVLM abolished the rise elicited by 2DG in the PeH. F: Blockade of the ASNA response replicated in a group of animals.
G: Grouped data of maximum increases in ASNA to 2DG in the PeH, subsequent to DMSO or TCS 1102 in the RVLM. All data are presented
as mean 6 SEM. **P < 0.01, ***P < 0.001 to baseline; +P < 0.05, +++P < 0.001 to control group; ++P < 0.01 to OxA (1 mmol/L);
n.s., nonsignificant.
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others have shown that 2DG exerts a glucomimetic in-
hibition of orexinergic and GABAergic perifornical neu-
rons (4,13,25). Thus, direct excitation of perifornical
neurons by 2DG in our study is unlikely to be the mech-
anism underlying the increase in ASNA. Alternatively, ad-
renal sympathoexcitation could result from disinhibition
of perifornical neurons that receive GABAergic drive (11).
Orexinergic neurons express GABA receptors (26) and
may receive inhibitory inputs from adjacent interneurons
(25) or from the ventromedial hypothalamus (27,28). In
our study, microinjection of 2DG into the PeH decreased
the ASNA response evoked by prior administration of
bicuculline into the same site, confirming the glucomi-
metic inhibitory effect of 2DG seen in vitro (4,13,25).
One interpretation of this result is that 2DG acts at
some location adjacent to the PeH. If so, this could ex-
plain the onset (;1 min) of the ASNA response to micro-
injection of 2DG into the PeH. Consistent with this
notion are previous observations that injection of 2DG
into the ventromedial hypothalamus (1) or into the ven-
trolateral portion of the lateral hypothalamus (29) elicits
glucoprivic effects resulting in adrenaline release and ad-
renal sympathoexcitation, respectively. Although we have
demonstrated that 2DG can exert inhibitory effects on
PeH neurons, consistent with previous observations in
vitro (4,13,25), the inevitable conclusion is that an excit-
atory response predominates in our in vivo study.

Blockade of orexin receptors in the RVLM by micro-
injection of TCS 1102 eliminated the adrenal sympathoex-
citatory response to injections of 2DG into the PeH.
The dose of the orexin antagonist used was sufficient to
block the effects of the orexin microinjection into the
RVLM on ASNA. On the basis of the density of the
extracellular milieu (30) and histology, our injections ex-
tended for ;400 mm and so targeted most of the C1
neurons (6). The ASNA response to microinjection of
orexin into the RVLM concurs with previous observations
(21). Glucoprivation activates slow-conducting (,1 m/s)
RVLM adrenal premotor neurons, which are intermingled
with the cardiovascular premotor neurons (5). The slow-
conducting axons suggest that they are C1 catecholamin-
ergic cells (31). Glucoprivation also elicits Fos expression
(6) and phosphorylation (32) in C1 neurons. Orexinergic
neurons project to the C1 region of the RVLM (14,15),
and their terminals make close appositions with C1 neu-
rons (33). Moreover, neurotoxic ablation of C1 neurons
eliminates the glucoregulatory response to 2DG (34).
Together, the evidence suggests that orexinergic activa-
tion of adrenal sympathetic premotor neurons modulates
the adrenal sympathoexcitatory response to glucoprivation.
Although previous studies (35,36) have shown that
selective glucoprivation of hindbrain neurons increases
blood glucose, local application of 2DG failed to activate
the RVLM adrenal premotor neurons. Thus, hindbrain
glucose-sensitive neurons (6,37) are presumably located
outside the RVLM but project to (38) and excite the ad-
renal C1 neurons.

The current study has explored the neural pathway(s)
that relay the adrenal sympathoexcitatory response to
neuroglucoprivation. We used 2DG as a glucoprivic agent
because it allows the investigator to produce localized
glucoprivation when injected into the brain parenchyma.
Importantly, systemic 2DG produces secretion of adren-
aline, glucagon, cortisol, and growth hormone (39,40).
Because 2DG is also detected by most glucometers, we
were unable to determine blood glucose changes after
systemic 2DG. Nonetheless, glucoprivation elicits hyper-
glycemia via activation of glycogenolysis and gluconeogen-
esis in the liver (3,11,41). General anesthesia was
essential for measurement of ASNA and eliminated the
influence of stress, respiration, or body temperature (42–
44). Anesthesia can alter neural metabolism and modulate
glycemia, and intraperitoneal urethane is known to cause
hyperglycemia (45). However, under the conditions of our
experiment, we found that urethane produced normogly-
cemic animals (;6.1 mmol/L). Comparison of different
methods for determining catecholamine levels indicated
that plasma metanephrines determined by mass spectrom-
etry is the most reliable method (16). Finally, the age of rat
pups used the in vitro experiments correspond to previous
electrophysiological studies (46), and the catecholaminergic
neurons are likely to be mature and functional (47).

In conclusion, our findings suggest a key role for orexin
in modulating the sympathetic drive to the adrenal
chromaffin cells during glucoprivation. It is possible that
during arousal, orexin changes the electrophysiological
properties of adrenal premotor neurons facilitating
adrenaline release in response to glucopenia, a mechanism
that may be compromised when hypoglycemia unaware-
ness develops in response to recurrent glucoprivation (3).
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ABSTRACT 

Somatostatin (SST) or agonists of the SST-2 receptor (sst2) in the rostral ventrolateral 

medulla (RVLM) lower sympathetic nerve activity, arterial pressure and heart rate, or 

when administered within the Bötzinger region, evoke apneusis. Our aims were to 

describe the mechanisms responsible for the sympathoinhibitory effects of SST on 

bulbospinal neurons and to identify likely sources of RVLM SST release. Patch clamp 

recordings were made from bulbospinal RVLM neurons (n = 31) in brainstem slices 

prepared from juvenile rat pups. 58% of neurons responded to SST, displaying an 

increase in conductance that reversed at -93 mV, indicative of an inwardly rectifying 

potassium channel (GIRK) mechanism. Blockade of sst2 abolished this effect, but 

application of tetrodotoxin did not, indicating that the SST effect is independent of 

presynaptic activity. Fourteen bulbospinal RVLM neurons were recovered for 

immunohistochemistry; nine were SST insensitive and did not express sst2a. Three out 

of five responsive neurons were sst2a immunoreactive. Neurons that contained 

preprosomatostatin mRNA and cholera-toxin-B retrogradely transported from the RVLM 

were detected in: paratrigeminal nucleus, lateral parabrachial nucleus, Kölliker-Fuse 

nucleus, ventrolateral periaqueductal grey area, central nucleus of the amygdala, 

sublenticular extended amygdala, interstitial nucleus of the posterior limb of the anterior 

commissure nucleus and bed nucleus of the stria terminalis. Thus, those brain regions 

are putative sources of endogenous SST release that, when activated, may evoke 

sympathoinhibitory effects via interactions with subsets of sympathetic premotor 

neurons that express sst2. 
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INTRODUCTION  

The inhibitory peptide somatostatin (SST) is expressed widely throughout the brain; its 

two isoforms, SST-14 and SST-28, act on six receptors, sst1-5, with sst2 receptors 

present in two subtypes, sst2a and sst2b (Bruno et al., 1992; O'Carroll et al., 1992; 

Vanetti et al., 1992; Vanetti et al., 1994; Yasuda et al., 1992). 

The expression of SST and its receptors within the rostral ventrolateral medulla 

(RVLM), and the functional consequences of SST transmission in this region, has 

emerged as a topic of considerable interest in both the fields of central respiratory and 

central cardiovascular control. The medullary distribution of SST partially overlaps with 

putative markers of respiratory rhythm-generating neurons in the pre-Bötzinger 

Complex (Gray et al., 2010; Stornetta et al., 2003; Tupal et al., 2014), and 

pharmacogenetic silencing of SSTergic neurons in and around the pre-Bötzinger 

Complex causes apnea in vivo (Tan et al., 2008), leading to the proposal that SST may 

be a marker of pre-Bötzinger complex pacemaker neurons (Gray et al., 2010; Stornetta 

et al., 2003). Furthermore, microinjection of SST into the Bötzinger region, one target of 

pre-Bötzinger Complex SSTergic neurons (Tan et al., 2010), evokes apneusis, a 

gasping breathing pattern characterized by a lengthened inspiratory phase and a 

shortened expiratory period (Burke et al., 2010). 

SST also causes dose-dependent sympathoinhibition, hypotension and bradycardia, as 

well as attenuation of chemo- and somatosympathetic reflexes, when microinjected into 

the pressor region of the RVLM (Burke et al., 2008). A direct effect of SST agonists on 

RVLM sympathetic premotor neurons is presumed to underlie this effect, as sst2a 

receptors are the predominant receptor subtype expressed in the region and are widely 

expressed on RVLM C1 and non-C1 neurons (Burke et al., 2008; Spary et al., 2008), 

including those with bulbospinal projections (Burke et al., 2008). Involvement of other 

receptor subtypes is unlikely, as sst5 mRNA is absent from the VLM, and isoforms 1, 2b 

and 4 are expressed at low levels (Ramírez-Jarquín et al., 2012; Spary et al., 2008). 

Similarly, we and others have reported pronounced VLM expression of sst2a 

immunoreactivity, weak expression of sst4, and no consistent neuronal expression of 

any other subtype (Burke et al., 2008; Spary et al., 2008). Finally, pre-treatment with the 

sst2 selective antagonist BIM-23627 abolishes cardiovascular responses evoked by 

both SST and the sst2 agonist lanreotide (Burke et al., 2008). 
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The cellular mechanisms that underlie the inhibitory effects of RVLM SST receptor 

activation, the sources of RVLM SST release, and the circumstances under which SST 

is released in the RVLM, are unknown. In general, the cellular responses evoked by 

SST receptor activation are wide ranging, modulating multiple second messenger 

systems. These include G-protein modulation of adenylate cyclase, Ca2+ and K+ 

channels, phospholipases, MAP kinase and phosphotyrosine protein phosphatases 

(Patel, 1999). When sst2-5 receptors were co-expressed with a GIRK subunit in oocytes, 

sst2 receptors were the most efficient in activating a GIRK mediated current 

(Kreienkamp et al., 1997). Similarly, whole cell patch clamp recordings of neurons in the 

periaqueductal grey (Connor et al., 2004) or the substantia gelatinosa of the spinal cord 

(Nakatsuka et al., 2008) show that SST application evokes a large outward current 

mediated by K+ channels consistent with GIRK characteristics, although calcium 

currents may also be activated (Connor et al., 2004). 

Regions innervating the RVLM are well described and widely distributed (Bowman et 

al., 2013; Carrive et al., 1988; Dampney et al., 1987; Hopkins and Holstege, 1978; 

M'Hamed et al., 1993; Padley et al., 2007; Ross et al., 1985), as is the brain-wide 

distribution of neurons expressing SST-immunoreactivity or preprosomatostatin (PPS) 

mRNA (De León et al., 1992; Gray and Magnuson, 1992; Smith et al., 1994). However, 

whether or not RVLM-projecting neurons synthesize SST is largely unknown. 

Therefore the aims of this study are, firstly, to determine the cellular mechanisms 

responsible for the inhibition of RVLM sympathetic premotor neurons by SST, using 

whole cell patch clamp in acute brainstem slices and, secondly, to define likely sources 

of SST by identifying RVLM-projecting neurons that contain PPS mRNA using a 

combination of retrograde tracing and in situ hybridization. 
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MATERIALS AND METHODS 

All experiments were approved by the Macquarie University Animal Ethics Committee 

and performed in accordance with the Australian Code of Practice for the Care and Use 

of Animals for Scientific Purposes. 

In vitro electrophysiology 

Labelling of bulbospinal RVLM neurons 

Sprague Dawley rat pups (P5 – P25) were anaesthetized with 2-5% isoflurane 

(Veterinary Companies of Australia, Pty) in oxygen and moved onto a heated pad. A 

dorsal laminectomy was performed and the T2 spinal cord exposed. Fluorescently 

conjugated cholera toxin β subunit (CTB-Alexa 555 or 488, 0.5 - 1%, Invitrogen) was 

injected bilaterally at co-ordinates corresponding to the interomediolateral cell column 

(1 to 3 100 nl injections each side). After completion of microinjections the wound was 

closed with cyanoacrylate glue and anesthesia discontinued. Pups were allowed to 

recover on a warm pad until ambulatory and were then placed back in the cage with 

their mother and littermates. Post-operative rats were carefully monitored for the 

duration of experiments and treated with additional analgesia when indicated 

(Carprofen, 2 mg/kg s.c. Norbrook pharmaceuticals, Australia). 

Electrophysiology Solutions (all values in mM):  

Cutting solution: 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4.H2O, 10 D-glucose, 1 

CaCl2, 6 MgCl2; equilibrated with 95% O2 – 5% CO2. 

Artificial cerebrospinal fluid (aCSF): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4.H2O, 

25 D-glucose, 2 CaCl2, 1 MgCl2; equilibrated with 95% O2 – 5% CO2 (pH = 7.35).  

Potassium gluconate internal solution: 125 K-gluconate, 10 Hepes, 11 EGTA, 15 NaCl, 

1 MgCl2, 2 MgATP, 0.25 NaGTP, 0.05% biocytin (pH = 7.3, Osmolarity 280 - 285 

mOsm). 

Whole-cell recordings 

Two to five days following tracer injection pups (P8 – P28) were anaesthetized with 

isoflurane and decapitated. The brain was rapidly removed and placed in ice-cold 

oxygenated cutting solution. The brainstem was isolated, mounted in a vibratome, and 

immersed in ice-cold aCSF solution. Coronal sections of 300 µm thickness were taken 

from the region immediately caudal to the caudal pole of the facial nucleus and 

transferred to continuously oxygenated aCSF at 36 °C and left for at least 1 hr. before 
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recordings in an oxygenated aCSF-filled chamber maintained at room temperature. 

Tracer-labelled neurons were viewed under epifluorescence: CTB-labelled neurons 

ventral to nucleus ambiguus and lateral to the inferior olive were identified as putative 

RVLM premotor neurons and targeted. 

Whole-cell recordings were obtained from RVLM neurons in voltage clamp mode using 

borosilicate pipettes with 1.5 - 2 µm tip diameters (pipette resistance: 3 - 6 MΩ when 

filled with internal solution). After formation of a gigaseal, voltage clamp recordings 

were obtained using a Multiclamp 700B (Molecular Devices). Once the holding current 

and input resistance stabilized, baseline recordings were made for at least five minutes 

prior to commencement of the experimental protocol. Series resistance was 

compensated by 70-80%. All recorded parameters were digitized using Spike 2 version 

6.11 (RRID: nlx_156886) with a Power 1401 mark II digitizer (Cambridge Electronic 

Design, UK). In some experiments two neurons were simultaneously recorded from the 

same slice. 

Recorded neurons were labelled using 0.05% biocytin contained in the internal solution. 

At the conclusion of experiments slices were briefly fixed in 4% paraformaldehyde and 

cryoprotected until immunohistochemical processing. 

Experimental protocol 

The effect of SST on bulbospinal RVLM neurons was determined by superfusing slices 

with 50-300 nM SST (Auspep, Australia) in carbogen-equilibrated aCSF for up to 100 s, 

which was then washed out until recovery to baseline was achieved. 300 nM SST has 

been reported to evoke approximately 75% maximal inhibitory effect on spontaneously 

firing locus coeruleus neurons recorded in acute brain slices (Chessell et al., 1996) and 

95% inhibition of calcium current in dissociated periaqueductal grey neurons (Connor et 

al., 2004). Membrane currents were evoked by voltage command steps from -60 to -

130 mV in 10 mV increments and 250 ms duration before, at peak response to SST, 

and after return to baseline (see Figures 4 & 5). Voltage steps in SST-insensitive 

neurons were performed at equivalent times. In initial experiments the sensitivity of 

neurons to 10 μM Baclofen (Sigma Aldrich), an agonist of the metabotropic GABA B 

receptor that exerts its effects via activation of GIRK channels (Kerr and Ong, 1995; 

Lüscher et al., 1997), was used to ensure that the diminished responsiveness to 

repeated SST exposure was specific to SST receptor activation, rather than, for 

example, dialysis of intracellular GIRK effectors. 
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In order to assess whether the inhibition seen following SST application was mediated 

by SST2 receptor activation, the effects of repeated SST application were compared 

before and after the addition of the sst2 receptor antagonist cyanamid to the perfusate 

(CYN-154806, 300 nM, Tocris, UK). Baseline responses to 300 or 50 nM SST were 

assessed as described above; once a response to SST was detected sections were 

washed in aCSF for 1000 s then CYN-154806 was perfused for 500 s before the 

second application of SST. 

To determine whether responses to SST were dependent on activity in putative 

presynaptic neurons we compared responses to 100 nM SST before and after addition 

of 10 µM tetrodotoxin (TTX, Jomar Bioscience) to the perfusion. This concentration 

blocked electrically-evoked synaptic currents in pilot experiments (data not shown) and 

exceeds that generally used elsewhere (Kawai et al., 1999; Kawashima et al., 2013). 

Baseline responses to SST were recorded and allowed to recover for 1000 s before 

incubation with TTX for 5 min and re-exposure to SST. 

Data analysis 

Responses to SST were quantified by measuring the peak change in holding current 

recorded immediately following SST application. The current-voltage relationship was 

calculated by plotting membrane current against holding potential (Connor et al., 2004). 

In some experiments hyperpolarization-activated currents were observed; these were 

quantified by subtracting initial from steady-state currents evoked by hyperpolarizing 

steps from a holding potential of -60 mV to -130 mV in -10 mV increments (Gao et al., 

2012, see Figure 7).Repeated responses of bulbospinal neurons to SST following 

application of TTX or cyanamid to the perfusate were compared using Student’s paired 

t-test for comparison of raw data within groups or unpaired t-test for comparison of 

normalized responses between groups. Grouped data are expressed as mean ± SEM 

for parametric series or median (range) for non-parametric series. Differences were 

judged significant at p < 0.05. Statistical analyses were performed using Graphpad 

Prism 6.0 (RRID: rid_000081) or Graphpad Quickcalcs 

(http://www.graphpad.com/quickcalcs/) for categorical data. 

Immunohistochemical processing and analysis of recorded neurons 

All slices were fixed overnight in 4% paraformaldehyde in phosphate buffer (0.1 M, pH 

7.4) then frozen in cryoprotectant (30% sucrose plus glycerol). Slices were then 
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processed for sst2a receptor immunoreactivity using a protocol based on that described 

by Gogolla et al. (2006). 

Free-floating slices were washed in 20 ml pots for 10 min in 0.01 M PBS and incubated 

overnight at 4 °C in 0.5% Triton X-100 in 0.01 M PBS. Then slices underwent a blocking 

step in 5% bovine serum albumin (BSA) in 0.01 M PBS for 4 hr. at room temperature. 

Primary antibodies (see Table 1) were added to 5% BSA/0.01 M PBS for a 4 hr. 

incubation at room temperature then washed off with 30 min TPBS. Sections were then 

incubated at 4 °C overnight in 5% BSA/0.01 M PBS containing secondary antibody for 

detection of sst2a receptor expression and ExtrAvidin-FITC for detection of biocytin-filled 

cells. Antibodies were washed off with TPBS for 30 min. Slices were wet-mounted on 

glass slides, coverslipped and viewed under epifluorescence to confirm labelling before 

mounting with DAKO fluorescent mounting medium. Fourteen slices contained intact 

recovered neurons and were imaged using an AxioImager Z2 microscope with ZEN 

software (2012 version, Carl Zeiss, RRID: SCR_013672). In some cases neurons were 

also imaged using a Leica SP5 TCS confocal microscope and processed using Leica 

LAS AF software (RRID: SCR_013673). All figures were prepared using Coreldraw and 

Corel Photopaint X4 (RRID: SCR_013674). 

Antibody Characterization 

The rabbit anti-sst2a antibody used in the current study (Biotrend UMB-1) has previously 

been characterized by Western blot and immunoprecipitation experiments in wild-type 

and sst2 knock-out mice, and is reported to specifically label HEK cells transfected with 

sst2a, but not other SST receptor isoforms (Fischer et al., 2008). In initial experiments 

we directly compared the binding of the rabbit monoclonal sst2a antiserum to that 

obtained using a guinea pig antiserum raised against the same antigen sequence. 

Binding of the guinea pig antiserum has previously been verified by dot blot and 

Western blot assay and screening in sst2 knock-out animals (Allen et al., 2003; Korner 

et al., 2005; Schulz et al., 1998a; Schulz et al., 1998b; Spary et al., 2008), and its 

distribution in the RVLM has been used to define sst2a expression in regions of the 

medulla associated with cardiovascular (Burke et al., 2008) and respiratory function 

(Gray et al., 2010), where it is colocalized with tyrosine hydroxylase (TH) and 

neurokinin-1 receptor (NK1R) respectively. 

In pilot studies using 50 µm thick sections processed as described below, the binding 

distribution of the rabbit antiserum was consistent with that reported for the guinea-pig 
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antiserum: binding was colocalized with TH throughout the VLM and with NK1R 

between 600 and 1200 µm caudal to the facial nucleus, corresponding to the Pre-

Bӧtzinger Complex (Figure 1). 

No immunoreactivity was observed when either antibody was preincubated for 8 hours 

at 4 °C with the sst2a antigen (Biotrend SS-801, 1:5 by weight, RRID: SCR_013675, 

Figure 2A & B). Binding of rabbit and guinea pig antisera overlapped completely in 

tissue incubated with both primary antibodies and visualised with different fluorescent 

secondary antibodies (Figure 2C).  

Retrograde tracing of SSTergic neurons 

Animal surgery  

Experiments were performed on male Sprague Dawley rats (n = 10), 14-15 weeks old 

(400-550 g) from the Animal Resources Centre, Perth, Western Australia. The 

retrograde tracing and combined in situ hybridization and immunohistochemistry 

methods used here have been previously published (Kumar et al., 2009). In brief, rats 

were anaesthetized with ketamine (Parnell Laboratories, Australia) mixed with 

medetomidine hydrochloride (Pfizer Animal Health, 75 and 0.5 mg/kg respectively, i.p.) 

and treated with preoperative analgesia (carprofen, 5 mg/kg s.c.) and prophylactic 

antibiotics (cephazolin, 20 mg/kg i.m., Mayne Pharma, Australia). A flat skull approach 

was used to microinject the retrograde tracer cholera toxin subunit B (CTB, 1% in 200 nl 

saline; List Biological, Campbell, CA, USA) unilaterally into the RVLM. After conducting 

a small craniotomy through the occipital bone and incision through the dura, antidromic 

facial field potentials were evoked by stimulation of the facial nerve. CTB 

microinjections were made 0.3 mm caudal to the facial nucleus, 1.7-2.1 mm lateral to 

midline and 0.3 mm deep to the ventral margin of the facial field (that is, 8.8 - 9.2 mm 

from the dorsal surface of the brain). After withdrawal of the pipette, the wound was 

closed and 5 ml of physiological saline was administered i.p. Rats were then 

administered sedative reversal agent atipamezole hydrochloride (Pfizer Animal Health, 

Australia, 0.75 mg, 0.15 ml s.c.) and allowed to recover for 2-3 days under close 

monitoring.  

Tissue preparation  

Animals were deeply anaesthetized with sodium pentobarbitone (>100 mg/kg i.p.) and 

perfused transcardially with 250 ml heparinized 0.9% sodium chloride followed by 250 

ml 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). The brain was removed, 
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the medulla dissected and fixed overnight at 4 °C. Brains were sectioned coronally at 

40 µm into four series using a vibrating microtome (VT1200S; Leica, Germany). 

Sections in each series were thus separated by 160 µm. Fluorescent 

immunohistochemical detection of CTB was conducted using a rabbit anti-CTB primary 

antibody and a 488-conjugated donkey anti-rabbit alongside detection of mRNA using 

digoxigenin (DIG)-labelled riboprobes targeting PPS mRNA as described previously 

(Burke et al., 2008). Both anti-sense and sense probes were synthesized, with RNA 

polymerase T7 and SP6 promoters attached to the 5’ end of the reverse and forward 

oligonucleotide primers respectively (primers listed below in lowercase with promoter 

attached in uppercase). PCR amplified cDNA template was then in vitro transcribed 

using T7 (AmpliScribe™ T7-Flash™ Transcription Kit, #ASF 3257, Epicentre 

Biotechnologies, Madison, WI) or SP6 (RiboMAX large scale RNA production system, 

#P1280, Promega, Madison, WI) in vitro transcription kits. Digoxigenin-11-UTP (Roche 

Applied Sciences, Mannheim, Germany) was incorporated into the riboprobes during in 

vitro transcription. 

PPS Forward: GGATCCATTTAGGTGACACTATAGAAGctcaagctcggctgtctgag 

PPS Reverse: GAATTCTAATACGACTCACTATAGGGAGAggaggagagggatcagaggt 

Free floating brain sections were processed using the protocol described by Li et al. 

(2005). No labelling in any brain region was seen when the sense probe was 

substituted for the anti-sense probe. 

Cell counts and analysis  

Tissue sections were mounted on glass slides, coverslipped (Vectashield Hardset, 

Vector Laboratories, USA) and viewed and imaged using a Zeiss AxioImager Z1 

microscope under epifluorescence. Images were acquired with Zeiss Axiovision 

software (Version 4.8, RRID: SciRes_000111). In each whole brain, sections separated 

by 160 µm were analyzed from Bregma level 5.16 mm to -15.24 mm. Six of the ten 

brains injected with CTB were selected for quantitative analysis, with every region 

quantified in at least three brains and confirmation assessed qualitatively in all other 

cases. Brains were selected due to their small CTB injection sites centered in the RVLM 

with little impingement on surrounding regions. 

Each brain region containing CTB labelled neurons was assessed for expression of 

PPS mRNA. CTB immunoreactivity (-ir) was determined using the criteria described by 

Bowman et al. (2013), in which neurons were considered CTB-ir if distinct Dylight-488 
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labelling was apparent within the cytoplasm, organelles, and/or in the proximal 

dendrites. Where intense ISH signal obfuscated cytoplasmic CTB-ir, neurons were 

considered double labelled where CTB-ir proximal dendrites or organelles were clearly 

visible. When a region was found to contain double-labelled neurons, the section that 

contained the most CTB labelling was selected for counting, and, dependent upon the 

rostrocaudal extent of the region, a second and third section was also assessed for 

double labelling (> 300 µm apart). Regions of interest were imaged at multiple focal 

planes (“z-stack”) so that CTB-positive proximal dendrites could be clearly discriminated 

in neurons in which intense ISH signal quenched the cytoplasmic CTB signal (Bowman 

et al., 2013). 

Using these counts, the percentage of CTB-ir neurons that colocalized with PPS in that 

brain region, combining all sampled rostrocaudal levels, was determined for 3 - 4 

animals and the mean ± SEM was calculated.  

In addition, in order to describe those regions which provided the greatest number of 

retrogradely traced neurons containing PPS mRNA, the number of double-labelled 

neurons in each region (combining the selected rostrocaudal levels) was determined as 

a proportion of all double-labelled neurons and the results expressed as the mean 

percentage.  
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RESULTS 

In vitro electrophysiology 

Superfusion of 300 nM SST produced an outward current (ISST) in 18/31 (58 %) 

bulbospinal neurons tested. The mean value of ISST was 40.7 ± 4.8 pA (Figure 3). 

Subsequent application of GABAB agonist baclofen (10 μM) produced an outward 

current in SST-responsive (49.3 ± 5. 9 pA, n = 4, Figure 3A) and SST-insensitive 

neurons (42.6 ± 4.3 pA, n = 5, Figure 3B).  

SST-sensitive neurons displayed desensitization to repeated application of 50 [n = 2], 

100 [n = 2] or 300 nM [n = 1] SST. Responses to 50, 100 or 300 nM SST were reduced 

by 20.0 %, 32.4 %, or 43.8 % respectively: pooled responses were 36.6 ± 5.5 vs. 24.8 ± 

2.4 pA, Paired t-test t = 3.4, df = 4, 2-tailed p = 0.027, Figure 4A. A similar reduction of 

response amplitude following repeated 100 nM SST application was observed following 

addition of TTX to the perfusate between SST trials (39.7 ± 4.9 vs. 25.9 ± 4.6 pA, 

Paired t-test t = 15.4, df = 4, 2-tailed p = 0.0001, n = 5, Figure 4B). 

In order to assess whether sst2-receptor activation underlies responses of bulbospinal 

neurons to SST, we reapplied SST to neurons previously shown to be SST-sensitive in 

the presence of the sst2 antagonist cyanamid (300 nM). Baseline responses to 300 nM 

(n = 2) or 50 nM (n = 3) SST were of 40.15 ± 3.5 pA (300 nM) or 25.12 ± 2.9 pA (50 nM) 

respectively. Cyanamid reduced the amplitude of SST-evoked responses from 31.1 ± 

4.1 pA to 2.8 ± 0.6 pA (Paired t-test t = 6.7, df = 4, 2-tailed p = 0.0025, n = 5, Figure 5). 

When normalized with respect to control responses, responses to second applications 

of SST were more attenuated in the presence of cyanamid (9.9 ± 2.7%) compared to 

repeated SST applications conducted in normal aCSF (70.3 ± 4.6%, unpaired t-test vs. 

cyanamid: t = 11.3, df = 8, p<0.0001, n = 5) or in the presence of TTX (63.4 ± 4.6%, 

unpaired t-test vs. cyanamid: t = 10, df = 8, p<0.0001, n = 5). 

In 17 bulbospinal neurons in which SST induced an outward current at a holding 

potential of -60 mV, baseline slope conductances of 3 ± 0.4 nS and 3.7 ± 0.6 nS were 

measured between -60/-80 and -110/-130 mV respectively. Following 300 nM SST 

slope conductances increased to 3.6 ± 0.5 nS and 4.9 ± 0.6 nS over the same 

potentials, indicating inward rectification (2-way ANOVA: F1, 32 = 10.57, P = 0.002, 

pooled data inset in Figure 6A(ii)). The SST-evoked current was greater at more 

Page 14 of 52

John Wiley & Sons

Journal of Comparative Neurology

This article is protected by copyright. All rights reserved.



 

negative currents, had a reversal potential of -93 ± 6 mV, and was not detected in SST-

insensitive neurons. 

Hyperpolarizing steps beyond -70 mV were also associated with slowly activating 

inward currents in 10/26 neurons tested (Figure 7), which were consistent in timecourse 

and profile with activation of the hyperpolarization-activated cation channel, Ih. The 

amplitudes of hyperpolarization-activated currents were highly variable between 

neurons, with a median value of -55 pA at -130 mV (range: 10 – 291 pA). The 

proportion of SST-sensitive neurons was not significantly different in neurons that 

expressed Ih compared to those that did not (P = 1, Fisher’s Exact Test). 

sst2a receptor expression on electrophysiologically characterized bulbospinal neurons 

Fourteen biocytin-labelled bulbospinal neurons were recovered for histological 

processing. No sst2a immunoreactivity was ever identified on SST-insensitive neurons 

(n = 9, Figure 8A). SST evoked responses of 42.3 ± 7.9 pA in the remaining 5 neurons: 

3/5 were subsequently identified as sst2a-positive (Figure 8B). 

Retrograde tracing of SSTergic neurons 

CTB injection sites were located in the RVLM and extended 0.7- 1.1 mm caudal to the 

facial nucleus (Bregma -11.64 mm) with the core of the injection sites centered between 

Bregma -11.8 and -12.3 mm (Figure 9).  

The majority of brain regions that contained CTB-labelled neurons also contained 

neurons expressing PPS mRNA. Table 2 presents the distribution and relative density 

of cells containing CTB and/ or PPS mRNA in all brain regions that contained CTB 

labelled neurons. 

Colocalization of PPS mRNA with CTB immunoreactivity was restricted to 8 brain 

regions: the paratrigeminal nucleus (Pa5), lateral parabrachial nucleus (LPB), Kölliker-

Fuse nucleus (KF), ventrolateral periaqueductal grey area (VLPAG), central nucleus of 

the amygdala (CeA), sublenticular extended amygdala (SLEA), interstitial nucleus of the 

posterior limb of the anterior commissure nucleus (IPAC) and bed nucleus of the stria 

terminalis (BNST). Figure 10 shows examples of double labelling in the Pa5, VLPAG, 

CeA and BNST.  

The proportion of CTB-labelled neurons that contain PPS mRNA within each region is 

shown in Figure 11. Of the eight brain regions, CTB-labelled cells in Pa5 contained the 

highest PPS-expression (40 ± 3%, 73/173 CTB-ir cells, n = 4), followed closely by the 

Page 15 of 52

John Wiley & Sons

Journal of Comparative Neurology

This article is protected by copyright. All rights reserved.



 

SLEA (34 ± 6%, 65/180, n = 3). The IPAC possessed a small, variable population of 

double-labelled cells across animals (26 ± 10%, 20/68 CTB-ir cells, n = 3). The VLPAG 

contained PPS mRNA expression in approximately one fifth of its RVLM-projecting cell 

population (22 ± 3%), however this region also exhibited the highest number of double 

labelled cells of all regions analyzed (158/791, n = 4). Retrogradely traced populations 

of the LPB and BNST contained similar proportions of PPS (13 ± 1%, 47/369, n = 4 and 

12 ± 2%, 48/406, n = 3 respectively), followed by the KF (10 ± 0.5%, n = 4) which 

furthermore contained the lowest number of double labelled cells of all RVLM-projecting 

populations. Despite the CeA possessing the lowest percentage of double labelled 

neurons (10 ± 1%), it contained a relatively large number of PPS-expressing CTB 

labelled cells (110/713 cells, n = 3), which was only overshadowed by the size of the 

VLPAG projection.  
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DISCUSSION 

The main findings are: firstly, that SST evoked an outward current suggestive of 

activation of an inwardly rectifying potassium channel in approximately half of RVLM 

bulbospinal neurons. Second, this effect is most likely due to activation of sst2 

receptors, as SST-activated currents were blocked by cyanamid and sst2a receptor 

expression was identified on SST-sensitive neurons. Thirdly, putative sources of 

SSTergic drive to the RVLM were identified in 8 distinct brain regions: the Pa5, KF, 

LPB, VLPAG, CeA, SLEA, IPAC and BNST. 

SST hyperpolarizes spinally-projecting RVLM neurons via GIRK channels 

SST hyperpolarized about 60% of bulbospinal neurons in acute brain slices from young 

rats. The response amplitudes obtained and dose range used were similar to those 

reported in SST-sensitive neurons in the periaqueductal grey (Connor et al., 2004). The 

SST-evoked responses were effectively blocked by cyanamid, a selective antagonist of 

sst2 receptors (Nunn et al., 2003), suggesting specific involvement of sst2 receptors in 

mediating the response in bulbospinal neurons. Addition of TTX to the perfusate did not 

alter outward currents evoked by SST, indicating that the evoked currents were 

mediated by postsynaptic rather than presynaptic mechanisms. The proportion of SST-

sensitive neurons in the current study is consistent with the proportion of bulbospinal 

(35%) and C1 neurons (50%) that were previously identified as sst2a-immunoreactive in 

adult animals (Burke et al., 2008), although higher than the overall proportion of biotin-

labelled bulbospinal neurons identified as sst2a-immunoreactive in the current study 

(21%). Of the five recovered neurons that responded to SST, only three clearly 

expressed sst2a immunoreactivity, whereas all 9 non-responsive neurons were sst2a 

negative. In neurons that expressed sst2a it seems likely that the SST-evoked response 

was mediated via this receptor. In neurons that responded to SST in which sst2a 

immunoreactivity was undetectable it is possible that other SST receptor isotypes 

mediated electrophysiological responses. This lower than expected expression of sst2a 

on SST-sensitive neurons could also be an artefact that reflects the limited sensitivity of 

immunofluorescence for discriminating lightly immunoreactive neurons in thick slices, or 

could even be due to dialysis of SST receptors, which become internalized and migrate 

away from the cell membrane after agonist binding (Cescato et al., 2006). 

The outward current evoked by SST resulted from an increase in inwardly rectifying 

potassium conductance, since at more negative potentials SST activated a greater 
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conductance and had a reversal potential approaching the Nernst potential calculated 

for potassium (-93 mV). This is in keeping with data indicating that sst2 couples 

efficiently to GIRK1, examined by comparing dose-response curves and the maximum 

currents obtained by the five different rat SST receptor subtypes (sst1 – sst5) that were 

co-expressed with GIRK1 (Kreienkamp et al., 1997). Our results are consistent with the 

effects of SST on inwardly rectifying potassium conductance in neurons in other 

brainstem regions including the locus coeruleus (Inoue et al., 1988) and PAG (Connor 

et al., 2004). In addition, in different brain regions such as the superior cervical ganglion 

(Shapiro and Hille, 1993), amygdala (Viana and Hille, 1996) and PAG (Connor et al., 

2004), SST directly activates potassium conductance and inhibits GABA release via a 

presynaptic calcium dependent mechanism and may contribute to the effects of SST on 

RVLM sympathetic premotor neurons.In the current study, repeated application of SST 

evoked hyperpolarizing responses that showed considerable desensitization. Following 

long exposure to agonists, G-protein coupled receptors mediate a signal that triggers 

receptor dephosphorylation (Bohm et al., 1997; Horie and Insel, 2000; Lefkowitz, 1998; 

Premont et al., 1995). Desensitization of SST receptors has been reported in rat 

hippocampal and neocortical neurons (Priestley, 1992; Wang et al., 1990; Yin et al., 

2009; Young Shim et al., 2006), and, of particular relevance to the current study, Liu et 

al. (2008) found that SST2 receptors internalize and desensitize following agonist 

stimulation within minutes. 

An incidental finding of the current study is the presence of a hyperpolarization-

activated channel in some bulbospinal RVLM neurons. Although not studied in detail, 

the time-course and activation threshold of the identified current is consistent with the 

distinctive profile of hyperpolarization and cyclic nucleotide channel-mediated current, Ih 

(reviewed by Robinson and Siegelbaum, 2003). This finding supports observations of Ih 

in bulbospinal RVLM neurons recorded in neonatal rats by previous investigators 

(Kangrga and Loewy, 1995; Li et al., 1995). Although Ih has been implicated in the 

generation of spontaneous pacemaker activity in other cell types (recently reviewed by 

He et al., 2014), it is not thought to play a critical role in driving autodepolarization in 

RVLM, as its blockade by ZD7288 evokes no significant effect on sympathetic nerve 

activity or blood pressure (Miyawaki et al., 2003).  

Technical limitations 
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Electrophysiological recordings were confined to bulbospinal neurons encountered 

lateral to the pyramidal tract, ventral to nucleus ambiguous, and medial to the spinal 

trigeminal nucleus. Bulbospinal neurons in this region contain the highest density of TH 

expression and have been interpreted as putative sympathetic premotor neurons in 

similar studies (Kangrga and Loewy, 1995; Li et al., 1995; Li and Guyenet, 1996). Due 

to the technical difficulties associated with examining more than three fluorescent labels 

at a time we did not survey biocytin-labelled neurons for TH immunoreactivity in the 

current study. However, RVLM bulbospinal neurons selected using the same criteria 

were intermingled with and included TH-positive neurons in a recent study by our group 

(Korim et al., 2014). 

Brain slices for recordings were made from 8 -28 days old rats. As global SST binding 

and brain-wide SST receptor expression undergo some lability in the neonatal period in 

rats (Gonzalez et al., 1989; Thoss et al., 1995), it is possible that changes in the relative 

expression of SST receptor isoforms in the brainstem could complicate interpretation of 

the current data. No developmental study has yet described the relative expression of 

SST receptor isoforms in the brainstem over the neonatal period. However, the 

expression of sst2a in putative TH-positive neurons containing the Lmx1b and Phox2b 

transcription factors is already established by birth (Gray, 2013). Furthermore, the gross 

pattern of sst expression, including sst2a, in P5 rats is similar to that observed in adults 

(Thoss et al., 1995). Although the quality of sst2a labelling in thick brain slices reported 

here is inferior to that observed in conventional thin sections (Burke et al., 2008), sst2a–

like immunoreactivity was detected on all slices tested and the general pattern of 

expression was similar to that seen in adult rats, suggesting that sst2a expression in 

juveniles is likely to be representative of older animals. 

In common with many other studies using conventional retrograde tracers, 

interpretation of our anatomical study should be tempered with three caveats. First, 

CTB may be taken up by fibers that pass through the site of tracer deposition, an effect 

that is particularly prevalent following pressure-ejection (Chen and Aston-Jones, 1995; 

Luppi et al., 1990). We cannot therefore determine whether retrogradely labelled 

neurons form synaptic terminals within the RVLM or simply represent fibers of passage, 

and therefore urge conservative interpretation of our data. Second, assuming some 

CTB-labelled neurons do actually form terminals within the RVLM, we cannot determine 

the function or phenotype of their post-synaptic targets. Finally, significant numbers of 

neurons in the ventrolateral medulla express somatostatin and project to the ipsi- and 
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contralateral RVLM (Tan et al., 2010). However, discrimination of local SSTergic 

neurons was confounded by the tracer injection site; we therefore cannot exclude local 

interneurons as a potential source of SST release. 

Finally, we and others (Giehl and Mestres, 1995; Kiyama and Emson, 1990; Stornetta 

et al., 2003) have interpreted the presence of PPS mRNA as indicative of SST 

synthesis and release. As discussed by Giehl and Mestres (1995), the correspondence 

between brain-wide SST mRNA and protein expression is generally robust, but PPS 

can be cleaved into a number of peptides other than SST-14 and SST-28 (Patel and 

O'Neil, 1988; Rabbani and Patel, 1990), including a recently discovered neuropeptide, 

neuronostatin (Samson et al., 2008). Therefore, although PPS mRNA expression is a 

sensitive assay of PPS production, PPS expression per se does not necessarily 

correspond with translation of SST peptide or its release. Interestingly, 

intracerebroventricular neuronostatin has been reported to drive a sympathetically 

mediated rise in arterial blood pressure (Samson et al., 2008; Yosten et al., 2011) via a 

proposed (Samson et al., 2008) but currently unproven action at the paraventricular 

nucleus of the hypothalamus. Preliminary experiments in our laboratory have revealed 

no effect of neuronostatin when microinjected into the RVLM pressor region in 

urethane-anaesthetized rats (Burke et al., unpublished data). 

PPS mRNA is found in select groups of neurons projecting to the RVLM 

The paratrigeminal nucleus  

Distinct clusters of PPS mRNA-expressing neurons were found in the Pa5 in the current 

study, as previously noted (Kiyama and Emson, 1990). Both anterograde and 

retrograde studies have revealed projections from the Pa5 to the RVLM (Caous et al., 

2001; de Sousa Buck et al., 2001), however this is the first study to describe a 

somatostatinergic phenotype in just under half the RVLM-projecting neurons in the 

region. Enkephalin, calbindin, and nNOS have been detected in Pa5 neurons that 

project to the dorsal motor nucleus of the vagus (Armstrong and Hopkins, 1998); these 

groups may also overlap with the PPS containing population described here. Pa5 

microinjection of bradykinin evokes pressor effects (Lindsey et al., 1997) via direct 

activation of barosensitive RVLM neurons (Caous et al., 2004). Many (60-80%) Pa5 

neurons are themselves barosensitive, increasing their firing rate in response to 

phenylephrine administration (Balan Jr et al., 2004; Sousa and Lindsey, 2009b), while 
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bilateral Pa5 ablation reduces cardiac barosensitivity (Sousa and Lindsey, 2009a). 

Whether SST participates in mediating such reflex modulation in the RVLM is unknown. 

The Kölliker-Fuse and lateral parabrachial nuclei 

Together, the KF and LPB form the pontine respiratory group, and while PPS 

expression has been explicitly demonstrated in the LPB (Kiyama and Emson, 1990), 

reporting of its localization in the KF has been overlooked prior to the current study 

(Giehl and Mestres, 1995; Kiyama and Emson, 1990). Projections from both KF and 

LPB to the RVLM region have been described (Smith et al., 1989). Although 

cardiovascular responses to chemical stimulation of parabrachial nuclei have been 

examined, they are inconsistent, brief and/ or small (Chamberlin and Saper, 1994; Lara 

et al., 1994; Ward, 1988), and the region’s function in respiratory control is certainly 

better understood (Morschel and Dutschmann, 2009; Smith et al., 1989). At LPB/ KF 

sites corresponding to the location of PPS-expressing RVLM projecting neurons 

detected in the current study, glutamate microinjection has been reported to drive 

inspiratory facilitation (Chamberlin and Saper, 1994) or brief apnea (Chamberlin and 

Saper, 1994; Dutschmann and Herbert, 2006), whereas inhibition of the same sites 

drives apneustic prolongation of inspiratory phase duration (Dutschmann and Herbert, 

2006), similar to that evoked by microinjection of SST into the Bötzinger Complex 

(Burke et al., 2010). 

The ventrolateral periaqueductal grey (VLPAG) 

PPS mRNA expression was observed in the VLPAG as previously described (Smith et 

al., 1994), and in neurons projecting to the raphe magnus (Beitz et al., 1983). Although 

projections from the VLPAG to the RVLM have been described (Carrive and Bandler, 

1991), this is the first study to attribute a somatostatinergic phenotype to some 

elements of the pathway. Depressor responses associated with reductions in renal 

vascular resistance are evoked chiefly by stimulation of the caudal VLPAG (Carrive and 

Bandler, 1991), which overlaps anatomically with the PPS-expressing RVLM projecting 

neurons identified in the current study. On the other hand stimulation of the VLPAG also 

evokes vasodilation in the hindlimb (Lovick, 1992) and this has been attributed to a 

raphe-mediated pathway (Wang and Lovick, 1993). It is possible that raphe and RVLM 

projections arise from discrete regions of the VLPAG, as changes in iliac or renal blood 

flow are associated with different rostrocaudal levels of the VLPAG and corresponding 

RVLM termination sites (Carrive and Bandler, 1991). The caudal VLPAG has also been 
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implicated in hemorrhage as the activity of neurons in the region increase during the 

decompensatory or hypotensive phase (Cavun and Millington, 2001).  

The central nucleus of the amygdala (CeA) and the extended amygdala  

Somatostatinergic neurons have been described in the CeA (Vincent et al., 1985) and 

these project to the PAG (Gray and Magnuson, 1992) and/ or dorsal vagal complex, in 

particular the NTS (Gray and Magnuson, 1987; Saha et al., 2002; Veening et al., 1984). 

The present study however, is the first to demonstrate a dense PPS-expressing 

projection to the RVLM. Both coronal transection caudal to, or sagittal transection 

medial to the CeA reduce the amount of SST-ir fibers in the ventrolateral medulla 

(Kawai et al., 1982) supporting our findings. Furthermore the CeA also contains a 

glutamatergic population which projects to the RVLM (Takayama and Miura, 1991), and 

terminals arising from cells in the CeA appose barosensitive C1 neurons and non-C1 

neurons (Cassell and Gray, 1989; Saha et al., 2005). Therefore it is possible that the 

PPS expressing neurons in the CeA described in the present study also contain 

glutamate. 

The functional role of these neurons is more difficult to ascribe. Low frequency 

stimulation of CeA in the awake animal promotes inspiration, even respiratory 

entrainment (Harper et al., 1984). At higher frequencies (>10 Hz), phrenic nerve 

frequency is increased (Cox et al., 1987) and a prolonged period of inspiration occurs 

(Harper et al., 1984), while mostly pressor and some depressor effects have been 

reported (Frysinger et al., 1984; Gelsema et al., 1987; Harper et al., 1984; Iwata et al., 

1987; Stock et al., 1978). It also appears that the responses evoked are state 

dependent, with sleep and anesthesia either dampening or reversing cardiorespiratory 

effects (Cox et al., 1987; Frysinger et al., 1984; Gelsema et al., 1987; Harper et al., 

1984; Iwata et al., 1987; Stock et al., 1978). As the CeA forms a crucial link in the 

coordination of autonomic and behavioral responses to stress such as conditioned fear 

(LeDoux et al., 1988; Paré et al., 2004; Wilensky et al., 2006), it is possible that the 

somatostatinergic pathway identified in the current study may be involved in recovery 

responses such as the return of mean arterial pressure to baseline levels following 

freezing responses to conditioned fear (Carrive, 2000; Dielenberg et al., 2001) or the 

suppression of sympathetic responses during passive versus active coping 

(Roozendaal et al., 1991; Sherwood et al., 1990).  
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Extending dorsomedially from rostral parts of the CeA, the SLEA also contained a 

population of PPS-expressing RVLM-projecting neurons which has otherwise only been 

referred to briefly in studies of the developing and adult rodent brain (deCampo and 

Fudge, 2013; Real et al., 2009). Prior to this study knowledge of the SLEA’s descending 

projections was restricted to the NTS/DMV and parabrachial complex (Grove, 1988; 

Sun et al., 1994; Waraczynski, 2006). Chemical stimulation of the SLEA elicits 

depressor responses (Gelsema et al., 1993). Although a respiratory relationship is 

associated with the SLEA, it is somewhat complex, as SLEA activity is normally 

synchronized with the onset of spontaneous breathing but suppressed during cognitive 

tasks which drive respiration (Evans et al., 2009). Activation of the SLEA is evident in 

subjects experiencing dyspnea, and is associated with the unpleasant emotional 

processing that occurs during a dyspneic episode (von Leupoldt et al., 2008). It is 

possible that the PPS-expressing pathway to the RVLM from the SLEA may be part of a 

complex circuit linking emotional state to cardiovascular and respiratory outflows. 

The interstitial nucleus of the posterior limb of the anterior commissure (IPAC) 

expresses PPS mRNA in neurons projecting to the RVLM however very little is known 

about its function except for its role in reward and motivational processes (Waraczynski, 

2003). Perhaps, as with other components of the extended amygdala, the IPAC is 

involved in the integration of emotional processing and autonomic outflows.  

We have identified PPS-expressing neurons in the BNST that project to the RVLM 

despite the fact that such neurons have been found previously to project to the LPB, the 

PAG and dorsal vagal complex (Gray and Magnuson, 1987; Gray and Magnuson, 1992; 

Moga et al., 1989), and furthermore, neurochemically undefined neurons are known to 

project to the lateral tegmental field (Holstege et al., 1985). Although ablation of the 

region does not affect baseline arterial pressure or heart rate (Crestani et al., 2006), 

both chemical and electrical stimulation of the lateral subdivisions of BNST (where 

many PPS neurons in the present study were located) evoke a depressor response 

(Dunn and Williams, 1995). As PPS neurons projecting to the LPB and NTS are 

involved in feeding related responses (Li and Cho, 2006; Panguluri et al., 2009; Saggu 

and Lundy, 2008; Smith et al., 2005) it is possible that the projection identified here has 

a corresponding role. Alternatively, the BNST modulates MAP and HR during exercise 

(Alves et al., 2011), so whether the bradycardic and depressor responses evoked by 

SST microinjection in the RVLM (Burke et al., 2008) are simulating this function remains 

to be determined.  
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Conclusion 

This study reveals that a discrete subset of brain regions provides somatostatinergic 

projections to the RVLM: the Pa5, KF, LPB, VLPAG, CeA, SLEA, IPAC and BNST, and 

we have provided evidence-based speculation as to the roles of these projections. The 

projection from the KF and LPB most likely has a respiratory function, however the role 

of the other pathways suggested remains to be tested. Nevertheless it is clear that SST 

released from these projection neurons activates G-protein coupled sst2 (most likely 

sst2a) receptors whereby GIRK channels are activated that serve to hyperpolarize 

neurons in the RVLM.   
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FIGURE LEGENDS 

Figure 1 Distribution of rabbit anti-sst2a antibody binding in the ventrolateral medulla. Confocal stack images 

demonstrate colocalization of rabbit anti-sst2a immunoreactivity with tyrosine hydroxylase (TH) in the RVLM, 200 µm 

caudal to the facial nucleus (A) and with neurokinin-1 receptor (NK1R) in the Pre-Bӧtzinger Complex, 800 µm caudal 

to the facial nucleus (B). Individual channel images shown in panels 2 & 3. Arrowheads indicate double-labelled 

neurons.  

Figure 2 Comparison of rabbit and guinea pig anti-sst2a antibody binding. Epifluorescent images demonstrate 

binding of anti-sst2a primary antibodies raised in guinea pig (A1) and rabbit (B1), which was blocked by incubating 

alternate sections from the same animals with the antigen (A2 & B2), and resulted in overlapping patterns of 

expression when incubated together (C1). C2 and C3 depict individual channels from merged image shown in C1. 

Box in C4 shows region in which high powered images shown in C were taken. NA = nucleus ambiguus; NTS = 

nucleus of the solitary tract. IO = inferior olive; PY = pyramidal tract; SP5 = Spinal trigeminal nucleus. 

Figure 3 Electrophysiological characterization of outward currents evoked by SST. (A). Voltage clamp 

recordings from CTB-labelled RVLM neurons: bulbospinal RVLM neurons in which SST and baclofen perfusion 

(black horizontal bars indicate time of application) evoked outward currents were categorized as SST-sensitive. (B) 

Bulbospinal RVLM neurons in which baclofen but not SST evoked outward currents were considered SST-

insensitive. 

Figure 4 Responses of bulbospinal RVLM neurons to repeated SST application exhibited desensitization. (A) 

Voltage-clamp recordings illustrate desensitization of responses to repeated application of 50 nM SST (‘v’ denotes 

timing of voltage steps; steps have been removed from traces to aid clarity). (B) Pooled data; responses to 50, 100 

and 300 nM SST have been combined. (C) Experimental recording demonstrating that responses to repeated SST 

were unaffected by tetrodotoxin (TTX). (D) Pooled data of responses to 100 nM SST before and after addition of TTX 

to the perfusate. *: P<0.05, ***: P<0.001. 

Figure 5 sst2 blockade abolished SST-induced outward currents. (A) Voltage-clamp recordings of responses to 

SST application before and after superfusion with the sst2 blocker CYN-154806 (‘v’ denotes timing of voltage steps). 

B: pooled data showing effects of SST2 blockade on five SST-sensitive spinally projecting RVLM neurons. **: 

P<0.01. 

Figure 6 Current-voltage relationship of SST-sensitive (A) and SST-insensitive (B) bulbospinal RVLM 

neurons. Examples of membrane currents evoked by voltage steps before, during and after 300 nM SST 

superfusion; experimental recordings are shown in i and iii, I-V plots are shown in ii and iv. 250 ms command 

voltages were stepped from -60 to -130 mV in 10 mV increments (v). Inset in A(ii) denotes pooled slope 

conductances from 17 SST-sensitive bulbospinal neurons. **: P<0.01, Bonferroni post-test. 

Figure 7 Example of hyperpolarization-activated inward current recorded in a bulbospinal RVLM neuron. (A) 

Hyperpolarizing membrane steps from -70 to -130 mV evoked a slowly activating inward current. The amplitude of 

the hyperpolarization-activated current was estimated by measuring the difference between the instantaneous (open 

circle) and steady-state currents (closed circles) evoked by each step (B). 

Figure 8 Immunohistochemical recovery of electrophysiologically characterised RVLM bulbospinal neurons. 

(A1) Simultaneous voltage-clamp recordings from two bulbospinal RVLM neurons recorded with biocytin-filled 

pipettes; neither responded to 100 nM SST application. (A2) 22 µm thick confocal projection image of the same 

neurons; both biocytin-filled neurons were confirmed as CTB-positive and sst2a-negative. (B1) Example of an SST-

sensitive neuron recorded in a different experiment; the neuron was subsequently shown to be weakly sst2a-
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immunoreactive under epifluorescence (B2). Breaks in recording B1 indicate switches in recording mode at which 

seal resistance was assessed. 

Figure 9 CTB injection sites targeting the RVLM. The left coronal hemisection shows the CTB injection site from 

one animal. The right hemisection shows schematically the extents of six injection sites in animals used for 

quantitative analysis. 

Figure 10 Combined PPS in situ hybridization and retrograde tracing reveals putative RVLM-projecting 

somatostatinergic neurons. (A) High power photomicrograph showing neurons labelled for PPS mRNA (brightfield) 

and CTB immunofluorescence (green channel). Double-labelled neurons are indicated by arrowheads; PPS mRNA is 

magenta in merged pseudocolored images. Merged epifluorescence images in B – E illustrate the distribution of 

double-labelled neurons in the paratrigeminal nucleus (Pa5, B), ventrolateral periaqueductal grey (VLPAG, C), 

central nucleus of the amygdala (CeA, D), and bed nucleus of the stria terminalis (BNST, E). A schematic diagram 

indicating the region shown (yellow box) and the rostrocaudal co-ordinate with respect to Bregma is superimposed 

onto each photomicrograph; schematic diagrams adapted from Paxinos and Watson (2006). 

Figure 11 Brain regions containing RVLM projecting (CTB-ir) neurons that express PPS mRNA. 

Table 1 Antibody details 

Table 2 Relative abundance of neurons containing CTB-ir and/ or PPS mRNA in each brain region projecting 

to the RVLM. Scattered (+) labelling refers to sparsely distributed cells (<5 per region) Light (++) labelling indicates 

coverage of less than one third of the defined region. Moderate (+++) labelling indicates a range of labelling from 

approximately one to two thirds coverage of the cell group while dense (++++) labelling describes an area containing 

a high number of labelled cells which cover more than two thirds of the anatomically defined region. 
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Figure 1 Distribution of rabbit anti-sst2a antibody binding in the ventrolateral medulla. Confocal stack 
images demonstrate colocalization of rabbit anti-sst2a immunoreactivity with tyrosine hydroxylase (TH) in 

the RVLM, 200 µm caudal to the facial nucleus (A) and with neurokinin-1 receptor (NK1R) in the Pre-
Bӧtzinger Complex, 800 µm caudal to the facial nucleus (B). Individual channel images shown in panels 2 & 

3. Arrowheads indicate double-labelled neurons.  
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Figure 2 Comparison of rabbit and guinea pig anti-sst2a antibody binding. Epifluorescent images 
demonstrate binding of anti-sst2a primary antibodies raised in guinea pig (A1) and rabbit (B1), which was 
blocked by incubating alternate sections from the same animals with the antigen (A2 & B2), and resulted in 

overlapping patterns of expression when incubated together (C1). C2 and C3 depict individual channels from 
merged image shown in C1. Box in C4 shows region in which high powered images shown in C were taken. 
NA = nucleus ambiguus; NTS = nucleus of the solitary tract. IO = inferior olive; PY = pyramidal tract; SP5 = 

Spinal trigeminal nucleus.  
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Figure 3 Electrophysiological characterization of outward currents evoked by SST. (A). Voltage clamp 
recordings from CTB-labelled RVLM neurons: bulbospinal RVLM neurons in which SST and baclofen perfusion 

(black horizontal bars indicate time of application) evoked outward currents were categorized as SST-

sensitive. (B) Bulbospinal RVLM neurons in which baclofen but not SST evoked outward currents were 
considered SST-insensitive.  
85x82mm (300 x 300 DPI)  
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Figure 4 Responses of bulbospinal RVLM neurons to repeated SST application exhibited desensitization. (A) 
Voltage-clamp recordings illustrate desensitization of responses to repeated application of 50 nM SST (‘v’ 
denotes timing of voltage steps; steps have been removed from traces to aid clarity). (B) Pooled data; 

responses to 50, 100 and 300 nM SST have been combined. (C) Experimental recording demonstrating that 
responses to repeated SST were unaffected by tetrodotoxin (TTX). (D) Pooled data of responses to 100 nM 

SST before and after addition of TTX to the perfusate. *: P<0.05, ***: P<0.001.  
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Figure 5 sst2 blockade abolished SST-induced outward currents. (A) Voltage-clamp recordings of responses 
to SST application before and after superfusion with the sst2 blocker CYN-154806 (‘v’ denotes timing of 
voltage steps). B: pooled data showing effects of SST2 blockade on five SST-sensitive spinally projecting 

RVLM neurons. **: P<0.01.  
193x52mm (300 x 300 DPI)  
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Figure 6 Current-voltage relationship of SST-sensitive (A) and SST-insensitive (B) bulbospinal RVLM 
neurons. Examples of membrane currents evoked by voltage steps before, during and after 300 nM SST 
superfusion; experimental recordings are shown in i and iii, I-V plots are shown in ii and iv. 250 ms 

command voltages were stepped from -60 to -130 mV in 10 mV increments (v). Inset in A(ii) denotes 
pooled slope conductances from 17 SST-sensitive bulbospinal neurons. **: P<0.01, Bonferroni post-test.  
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Figure 7 Example of hyperpolarization-activated inward current recorded in a bulbospinal RVLM neuron. (A) 
Hyperpolarizing membrane steps from -70 to -130 mV evoked a slowly activating inward current. The 

amplitude of the hyperpolarization-activated current was estimated by measuring the difference between the 
instantaneous (open circle) and steady-state currents (closed circles) evoked by each step (B).  

108x33mm (300 x 300 DPI)  
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Figure 8 Immunohistochemical recovery of electrophysiologically characterised RVLM bulbospinal neurons. 
(A1) Simultaneous voltage-clamp recordings from two bulbospinal RVLM neurons recorded with biocytin-
filled pipettes; neither responded to 100 nM SST application. (A2) 22 µm thick confocal projection image of 
the same neurons; both biocytin-filled neurons were confirmed as CTB-positive and sst2a-negative. (B1) 

Example of an SST-sensitive neuron recorded in a different experiment; the neuron was subsequently shown 
to be weakly sst2a-immunoreactive under epifluorescence (B2). Breaks in recording B1 indicate switches in 

recording mode at which seal resistance was assessed.  
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Figure 9 CTB injection sites targeting the RVLM. The left coronal hemisection shows the CTB injection site 
from one animal. The right hemisection shows schematically the extents of six injection sites in animals 

used for quantitative analysis.  
197x109mm (300 x 300 DPI)  

 

 

Page 46 of 52

John Wiley & Sons

Journal of Comparative Neurology

This article is protected by copyright. All rights reserved.



  

 

 

Figure 10 Combined PPS in situ hybridization and retrograde tracing reveals putative RVLM-projecting 
somatostatinergic neurons. (A) High power photomicrograph showing neurons labelled for PPS mRNA 
(brightfield) and CTB immunofluorescence (green channel). Double-labelled neurons are indicated by 

arrowheads; PPS mRNA is magenta in merged pseudocolored images. Merged epifluorescence images in B – 
E illustrate the distribution of double-labelled neurons in the paratrigeminal nucleus (Pa5, B), ventrolateral 
periaqueductal grey (VLPAG, C), central nucleus of the amygdala (CeA, D), and bed nucleus of the stria 
terminalis (BNST, E). A schematic diagram indicating the region shown (yellow box) and the rostrocaudal 
co-ordinate with respect to Bregma is superimposed onto each photomicrograph; schematic diagrams 

adapted from Paxinos and Watson (2006).  
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Figure 11 Brain regions containing RVLM projecting (CTB-ir) neurons that express PPS mRNA.  

198x151mm (300 x 300 DPI)  

 

 

Page 48 of 52

John Wiley & Sons

Journal of Comparative Neurology

This article is protected by copyright. All rights reserved.



Antibody Name Immunogen Manufacturer Details Concentration 

Primary Antibodies    

Guinea pig anti-SST2a C-terminus amino acid 

sequence 355-369 

(ETQRTLLNGDLQTSI) 

of synthetic sst2a 

peptide 

Gramsch Laboratories, 

Schwabhausen 

Germany 

Cat# SS-870 

RRID: AB_2491104 

Polyclonal 

1:1000 

Rabbit anti-SST2a C-terminus amino acid 

sequence 355-369 

(ETQRTLLNGDLQTSI) 

of synthetic sst2a 

peptide 

Bio-trend 

Cat# ss-8000-rmc 

Lot# a080826 

RRID: AB_2491103 

Monoclonal 

1:100 

Guinea pig anti-

neurokinin 1 receptor 

(NK1R) 

C-terminus synthetic 

rat NK1R 

Millipore 

Cat# AB15810 

Lot# LV1587443 
RRID: AB_992894 

Polyclonal 

1:1000 

Mouse anti-tyrosine 

hydroxylase (TH) 

Rat tyrosine 

hydroxylase N-

terminal region 

(approx. aa 9-16)  

Sigma-Aldrich 

Cat# T1299 

RRID: AB_477560 

Monoclonal 

1:8000 

Rabbit anti-CTB B subunit of cholera 

toxin 

ViroStat, USA 

Cat# 7927 

RRID: AB_2313635 

Polyclonal 

1:5000 

Sheep anti-

digoxigenin 

Digoxigenin, whole  Roche Applied Science 

Cat# 11093274910 

RRID: AB_514497 

Polyclonal 

1:1000 

Secondary Antibodies    

ExtrAvidin®-FITC n/a Sigma-Aldrich 

Cat# E2761 

RRID: AB_2492295 

1:500 

Alexa Fluor® 647-

AffiniPure Donkey 

Anti-Rabbit IgG (H+L) 

Whole molecule 

rabbit IgG 

Jackson 

ImmunoResearch 

Laboratories, INC 

Cat# 711-605-152 

Lot# 105115 

RRID: AB_2492288 

Polyclonal 

1:250 

Cy3®- AffiniPure 

Donkey anti-Goat IgG 

(H+L) 

Whole molecule goat 

IgG 

Jackson 

ImmunoResearch 

Laboratories, INC 

Cat# 705-165-147 

Lot# 68839 

RRID: AB_2307351 

Polyclonal 

1:250 

Alexa Fluor® 488-

AffiniPure Donkey 

Anti-Guinea Pig IgG 

Whole molecule 

guinea pig IgG 

Jackson 

ImmunoResearch 

Laboratories, INC 

1:250 
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(H+L) Cat# 706-545-148 

Lot# 161406 

RRID: AB_2340472 

Polyclonal 

Dylight 488-

conjugated Donkey 

anti-rabbit IgG (H+L) 

Whole molecule 

rabbit IgG 

Jackson 

Immunoresearch 

Laboratories, RRID: 

AB_2492289) 

Polyclonal 

1:500 

Alexa Fluor® 488 

Donkey Anti-mouse 

IgG (H+L) 

Mouse, IgG heavy & 

light chains 

Life Technologies 

Cat# A21202 

RRID: AB_10049285 

Polyclonal 

1:250 

 

Page 50 of 52

John Wiley & Sons

Journal of Comparative Neurology

This article is protected by copyright. All rights reserved.



Location Subregion 
Laterality of 

CTB 
CTB PPS 

Cortical Motor Cortex (MC) Bi ++ +++ 

 Sensory Cortex (SC) Bi ++ ++ 

 Infralimbic Cortex (IL) Bi +++ +++ 

 Prelimbic Cortex (PrL) Bi ++ +++ 

 Insular Cortex (IC) Bi ++ ++ 

Subcortical 

 

 

 

 

Vascular Organ, Lamina Terminalis 

Medial Preoptic Area (MPA) 

Bed Nucleus, Stria Terminalis (BNST) 

Interstitial Nucleus of Posterior Limb, 

Anterior Commissure (IPAC) 

Sublenticular Extended Amygdala 

(SLEA) 

Paraventricular Nucleus, 

Hypothalamus (PVN)                               

- 

bi 

bi 

 

ipsi 

ipsi 

bi 

++ 

++ 

+++ 

 

++ 

+++ 

++++ 

+ 

+ 

++++ 

 

+++ 

+++ 

++ 

 Ventromedial Hypothalamus (VMH) Bi + +++ 

 Central Nucleus of the Amygdala 

(CeA) 

ipsi ++++ +++ 

 Dorsomedial Hypothalamus (DMH) 

Zona Incerta (ZI) 

bi  

bi 

++ 

++ 

++ 

 Lateral Hypothalamic Area (LHA) Bi +++ ++ 

Midbrain Lateral PAG (LPAG) 

Ventrolateral PAG (VLPAG) 

bi 

bi 

+ 

+++ 

++ 

+++ 
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 Dorsomedial PAG (DMPAG) 

Oculomotor Nucleus, Parvicellular 

(3PC) 

Intermediate White Layer, Superior 

Colliculus (InWh) 

Inferior Colliculus (InC)  

Dorsal Raphe, Caudal Part (DRC) 

Retrorubral Field (RRF) 

bi 

contra 

 

contra 

bi 

- 

Bi 

+++ 

+ 

 

+ 

++ 

++ 

++ 

++ 

++++ 

 

+ 

+++ 

- 

+ 

Pons Pedunculopontine Tegmental Area 

(PPTg) 

Bi ++ + 

 Lateral Parabrachial Nucleus (LPB) Bi +++ +++ 

 Medial Parabrachial Nucleus (MPB) Bi ++ ++ 

 Kölliker Fuse (KF) Bi +++ ++++ 

 Locus Coeruleus (LC) 

Subcoeruleus (SubC) 

ipsi 

ipsi 

++ 

++ 

+ 

- 

 A5 region Bi ++ + 

Medulla Midline Raphe - +++ ++ 

 Vestibular Nucleus bi ++ +++ 

 Gigantocellular Reticular Nucleus (Gi) 

Caudal Ventrolateral Medulla (CVLM) 

Intermediate Reticular Nucleus 

Nucleus of the Solitary Tract (NTS) 

bi 

bi 

bi 

bi 

+ 

+++ 

+ 

++++ 

+ 

++ 

+ 

++ 

 Area Postrema (AP) 

Paratrigeminal Nucleus (Pa5) 

- 

bi 

++++ 

+ 

- 

+++ 

 A1 region/ Retro Ambiguus bi ++ + 
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Somatostatin (SST) in the rostral ventrolateral medulla (RVLM) lowers sympathetic nerve activity, arterial 
pressure and heart rate and evokes apneusis when administered within the Bötzinger region. Here we 

describe the mechanisms responsible for the sympathoinhibitory effects of SST on bulbospinal neurons and 

identify brain-wide sources of RVLM SST release.  
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Somatostatin (SST) in the rostral ventrolateral medulla (RVLM) lowers sympathetic nerve activity, 

arterial pressure and heart rate and evokes apneusis when administered within the Bötzinger region. 

Here we describe the mechanisms responsible for the sympathoinhibitory effects of SST on 

bulbospinal neurons and identify brain-wide sources of RVLM SST release. 
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APPENDIX II: ANIMAL RESEARCH AUTHORITIES 

 



Adapted from Form C (issued under part IV of the Animal Research Act, 1985) 

   

 
 
AEC Reference No.: 2009/045 ‐ 2                     Date of Expiry: 31 March 2012 

Full Approval Duration:  1 April 2010 to 31 March 2013 (36 months) 

This ARA remains in force until the Date of Expiry (unless suspended, cancelled or surrendered) and will only be renewed upon 
receipt of a satisfactory Progress Report before expiry (see Approval email for submission details). 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

The above‐named are authorised by MACQUARIE UNIVERSITY ANIMAL ETHICS COMMITTEE to conduct the following research: 
 
Title of the project:  NETWORK INTERACTIONS BETWEEN CARDIOVASCULAR CONTROL NEURONS IN THE BRAINSTEM UNDERLIE 

SYMPATHETIC TONE 
 
Type of animal research and aims of project:  
Research (Pharmacology) – This project aims to clarify the network interactions between cardiovascular brainstem neurons.  
 
Surgical Procedures category: 5 (Major Surgery with Recovery) 
 

All procedures must be performed as per the AEC‐approved protocol, unless stated otherwise by the AEC and/or AWO. 
  
Maximum numbers approved: 

Species  Strain  Age/Sex/Weight 
Year 
1 

Year 2  Year 3  Total  Supplier/Source 

Rat  Sprague‐Dawley (SD)  Adult male(250‐450g)  50  100  40  190  ARC Perth 
Rat  Sprague‐Dawley (SD)  Pups  50  100  50  200  ARC Perth 

    TOTAL  100  200  90  390   

 
Location of research: 
Location  Full street address 
Australian School of Advanced Medicine  Level 1, Clinic Building, 2 Technology Place, Macquarie University NSW 2109 
Central Animal House Facility  Building F9A, Research Park Drive, Macquarie University NSW 2109 

 
Amendments approved by the AEC since initial approval:  
1. Addition of Mr Stephen Abbott (approved June 2010) 
2. Addition of Dr Anita Turner (approved Aug 2010 
3. Addition of Ms Lama Bou Farah (approved Feb 2011) 
 
Conditions of Approval: N/A 

 
 

Being animal research carried out in accordance with the Code of Practice for a recognised research purpose and in connection with 
animals (other than exempt animals) that have been obtained from the holder of an animal suppliers licence. 

 

 
Prof Michael Gillings (Chair, Animal Ethics Committee)      Progress Report Approval Date: 17 March 2011 

Principal Investigator: 
Dr Simon McMullan   
Australian School of Advanced Medicine  
Macquarie University NSW 2109 
9850 4023 
Simon.mcmullan@mq.edu.au  

ANIMAL RESEARCH AUTHORITY (ARA) 

Associate Investigators: 
Mr Stephen Abbott   0410 729 279 
Dr Anita Turner    0411 283 223 
Ms Lama Bou Farah   0406 164 456 

In case of emergency, please contact:
Animal Welfare Officer Dr Miriam Meek:   9850 7758 / 0439 497 383  
Central Animal House Manager Christine Sutter:  9850 7780 / 0428 861 163 
or the Principal Investigator / Associate Investigator named above 



Adapted from Form C (issued under part IV of the Animal Research Act, 1985) 

  

 
 
AEC Reference No.: 2011/055                Date of Expiry:  14 January 2013 

Full Approval Duration: 15 January 2012 to 14 January 2015 (36 months) 

 
This ARA remains in force until the Date of Expiry (unless suspended, cancelled or surrendered) and will only be renewed upon 
receipt of a satisfactory Progress Report before expiry / is contingent upon receipt of a Final Report at the end of this period (see 
Approval email for submission details). 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

The above-named are authorised by MACQUARIE UNIVERSITY ANIMAL ETHICS COMMITTEE to conduct the following research: 
 

Title of the project:  Electrophysioloy and anatomy of cardiovascular control networks in the neonatal rat brainstem 
 
Purpose:  4 Research: animal or human biology 
Aims:  This project of electrophysiological and anatomical experiments aim to: 

1. Determine whether spinally projecting neurons in the brainstem receive monosynaptic inputs from neurons in the 
opposite side of the brain and to determine which neurotransmitters are responsible for these effects 

Examine whether pairs of spinally projecting neurons directly communicate with each other, i.e. to examine the hypothesis that 
cardiovascular control neurons are interconnected. 
 
Surgical Procedures category: 2 (animal unconscious without recovery) & 5 (Major surgery with recovery)  
 

All procedures must be performed as per the AEC-approved protocol, unless stated otherwise by the AEC and/or AWO. 
  
Maximum numbers approved (for the Full Approval Duration): 

Species Strain Age/Sex/Weight Total Supplier/Source 

Rat Sprague-Dawley (SD) P7-25 350 ARC Perth 

Rat Sprague-Dawley (SD) adult 35 ARC Perth 

  TOTAL 385  

 
Location of research: 

Location Full street address 

Australian School of Advanced Medicine Level 1, Clinic Building, 2 Technology Place, Macquarie University NSW 2109 

Central Animal House Facility Building F9A, Research Park Drive, Macquarie University NSW 2109 

 
Amendments approved by the AEC since initial approval: N/A  
 
Conditions of Approval: N/A 
 
Being animal research carried out in accordance with the Code of Practice for a recognised research purpose and in connection with 
animals (other than exempt animals) that have been obtained from the holder of an animal suppliers licence. 
This authority remains in force from 15 January 2012 to 14 January 2013, unless suspended or surrendered, and will only be 
renewed upon receipt of a PROGRESS REPORT annually. 

 
Prof Michael Gillings (Chair, Animal Ethics Committee)    Approval Date: 8 December  2011 

Principal Investigator: 
Dr Simon McMullan  
ASAM  
Macquarie University NSW 2109 
0402 073 146 
simon.mcmullan@mq.edu.au 
 
 
 

ANIMAL RESEARCH AUTHORITY (ARA) 

Associate Investigators: 
Anita Turner  0411 283 223 
Anne Goodchild  0410 601 302 
 
Other people participating: 
Lama Bou Farah  0406 164 456 
Bowen Dempsey  0403 831 090 
 

In case of emergency, please contact: 
Animal Welfare Officer:  9850 7758 / 0439 497 383  

Manager, CAHF:  9850 7780 / 0428 861 163 

or the Principal Investigator / Associate Investigator named above 

 
 
 

mailto:kate.citizen@mq.edu.au
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