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Abstract  
Microglia are an essential component of the central nervous system (CNS), and are known to 

play a key role in the maintenance of neuronal/synaptic activity levels within their working 

physiological range. Microglia are present throughout the CNS and constantly survey their 

immediate environment for signs of over-, or under-, activity, or damage. Caudal and rostral 

ventrolateral medullary (CVLM and RVLM, respectively) regions of the brainstem are crucial 

in the cardiovascular arm of the sympathetic nervous system (SNS). Recently, dysfunction of 

normal microglial physiology in cardiovascular brain sites, involved in the sympathetic control 

of blood pressure (BP), is suggested to play a role in the pathology of neurogenic hypertension. 

The overall aim of this thesis was to determine if microglia in the ventrolateral medullary nuclei 

of the brainstem are involved in regulation of the cardiovascular system.  

Data from Chapter 3 show that the microglial number, in a given catecholaminergic nucleus of 

the brainstem (such as A1, A2, C1, C3, A5 or A6), is closely related to the number of tyrosine 

hydroxylase immunoreactive (TH-ir) neurons in all 3 strains of rats examined (Sprague-Dawley 

(SD), Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHR)). The pattern of 

variation observed in the microglial number was similar to the pattern of variation observed in 

the TH-ir neuronal number, in catecholaminergic nuclei of the brainstem. This suggests that 

microglial distribution is strongly related to its local environment. Data from Chapter 4 show 

that microglia in the CVLM and the RVLM of SD rats are capable of sensing, and responding 

to, changes introduced in their local environment in response to altered baseline levels of BP. 

In this study, we demonstrate that alterations in BP do not induce any significant changes in 

microglial morphology, or require microglia to polarize to extreme activated phenotypes 

(M1/M2), in the CVLM and the RVLM. Instead, microglia, in the CVLM and the RVLM, alter 

their level of synaptic sampling (increased by ≈30% following 6 h of phenylephrine induced 

hypertension and decreased by >20% following 6 h of hydralazine induced hypotension) 

accompanied by a subtle rearrangement of microglial spatial distribution. Data from Chapter 5 

show that the microglial response to changes in BP is exaggerated in the RVLM of SHR (a 

model of neurogenic hypertension), when compared to that of the control strain (WKY). 

Following 2 h of phenylephrine induced hypertension, the % of colocalisation between 

microglia (Iba1) and synapses (synapsin) increased by ≈133% in the RVLM of SHR, as 

compared to a decrease of ≈55% seen in the RVLM of WKY. Similarly, following 2 h of 

hydralazine induced hypotension, the % of colocalisation between microglia (Iba1) and 

synapses (synapsin) increased by ≈72% in the RVLM of SHR, but no changes were observed 

in the RVLM of WKY.  
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Collectively, data presented in this thesis highlight microglia as key elements of the CNS 

involved in the sympathetic control of BP homeostasis. We provide the first, and substantial, 

evidence that microglia in the ventrolateral medulla of the brainstem respond to changes in their 

local environment introduced by altered BP levels, and that this microglial response to altered 

BP in a strain with existing neurogenic hypertension (SHR) is impaired in the RVLM compared 

to its normotensive control.  
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1.1 Autonomic nervous system (ANS) 
The autonomic nervous system (ANS), a division of the vertebrate nervous system, is a complex 

network of neurons and ganglia; this network connects the brain and the spinal cord (central 

nervous system; CNS) to peripheral organs and glands (Figure 1.1). The ANS controls 

involuntary body systems, such as cardiorespiratory functions, temperature, osmolarity and 

digestion. The ANS consists of 2 parallel and separate arms, the sympathetic nervous system 

(SNS) and the parasympathetic nervous system (PSNS). Both systems, the SNS and the PSNS, 

comprise of 3 structural elements: preganglionic neurons (located in the CNS), ganglia and 

post-ganglionic neurons (located outside the CNS) (Figure 1.1) (McCorry, 2007). Sympathetic 

innervation of adrenal glands is an exception, where pre-ganglionic neurons from thoracic 

segments of the spinal cord innervate adrenal glands directly. Even though the SNS and the 

PSNS have opposite effects on peripheral organs, preganglionic elements of both of these 

systems are cholinergic in nature (Figure 1.1).  

1.1.1 Parasympathetic nervous system (PSNS) 
The PSNS is mainly responsible for functions associated with energy conservation and 

therefore, is activated during periods of “rest and digest” (Figure 1.1). Preganglionic neurons 

of the PSNS are located in the dorsal motor nucleus of the vagus (Olshansky et al., 2008), the 

nucleus ambiguus (Grkovic et al., 2005; Salo et al., 2006), the Edinger-Westphal nucleus in the 

brainstem (Reiner et al., 2009) and sacral columns (S2-S4) of the spinal cord (de Groat and 

Ryall, 1969) (Figure 1.1). The PSNS performs functions such as slowing down the heart rate 

(HR), constricting airways, and stimulating salivation and digestion. Approximately (≈) 75% 

of the PSNS innervates the heart, and originates from the dorsal motor nucleus of the vagus 

(regulating contractile force) and the nucleus ambiguus (regulating HR) (Izzo et al., 1993; 

Rentero et al., 2002; Sampaio et al., 2014).  

1.1.2 Sympathetic nervous system (SNS)  
Contrary to the “rest and digest” arm of the ANS, the SNS is known as the “fight or flight” 

component and is generally associated with activities involved in expenditure of energy (Figure 

1.1). Stimulation of the SNS elicits responses such as increase in vascular tone, stimulation of 

adrenal glands, generation of glucose, and inhibition of digestion. Unlike the PSNS, efferent 

arm of the SNS exits the CNS from thoracic and lumbar segments of the spinal cord to innervate 

adrenal glands and ganglia located in periphery and thereby, affects activity of peripheral organs 
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(Figure 1.1). Sympathetic preganglionic neurons (SPGNs) located in the intermediolateral 

(IML) cell column of the spinal cord are controlled by premotor neurons located in supra-spinal 

nuclei of the brainstem, such as the paraventricular nucleus of the hypothalamus (PVN), the 

rostral ventrolateral medulla (RVLM) and caudal raphe (Guyenet, 2006; Pilowsky et al., 2009).   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Divisions of the Autonomic Nervous System (ANS) 

There are 2 divisions of the ANS, the sympathetic nervous system (SNS) and the 

parasympathetic nervous system (PSNS). Preganglionic neurons of the SNS are located in the 

thoracic and lumbar segments of the spinal cord, and preganglionic nerves are comparatively 

shorter than postganglionic nerves. On the other hand, preganglionic neurons of the PSNS are 

located in the brainstem and sacral segments of the spinal cord; preganglionic nerves of the 

PSNS are comparatively longer than postganglionic nerves. The SNS and the PSNS exert 

opposing effects on target organs in periphery. For example, the SNS inhibits digestion, 

whereas the PSNS stimulates digestion. (Adapted from Chapter 11 from 

“droualb.faculty.mjc.edu”) 

  



 CHAPTER 1 – LITERATURE REVIEW 

 

Page | 6  
 

 

 

 

  

  



 CHAPTER 1 – LITERATURE REVIEW 

 

Page | 7  
 

1.2 Sympathetic control of blood pressure (BP) 
Blood pressure (BP) is defined as the pressure exerted by circulating blood on walls of 

peripheral vessels. According to recent guidelines from the American Heart Association, 

arterial BP (AP) is considered normal within the range of ≈100/60 – 120/80 mmHg; this BP is 

sufficient for adequate tissue perfusion, oxygenation and waste removal.  

BP, in general, is highly variable over a 24 hours (h) period, but is tightly regulated to avoid 

reaching extremes. Two factors determining AP levels are cardiac output and total peripheral 

resistance. In turn, cardiac output depends on end diastolic volume, myocardial contractility 

and HR. End diastolic volume is primarily governed by the SNS, however both the SNS and 

the PSNS play an important role in the regulation of myocardial contractility and HR ((Guyenet, 

2006) and section 1.1.1). Despite the importance of the PSNS in control of AP, and various 

genetic factors influencing BP (Takami et al., 1999; Wong et al., 1999), this study is only 

focused upon the sympathetic control of BP.  

1.2.1 Key areas of the brain involved in the sympathetic control of BP  

1.2.1.1 Paraventricular nucleus of the hypothalamus (PVN) 

The PVN is a major site involved in the autonomic and neuroendocrine control of the 

cardiovascular system (the hypothalamo-pituitary-adrenal axis, the thyroid axis, the 

reproductive axis, growth and development, and regulation of body fluid balance) (Badoer, 

2010; Erdos et al., 2015), and is located on either side of the third ventricle of the hypothalamus 

(Figure 1.2) (Paxinos and Watson, 2007). Broadly, the PVN comprises of 2 cell populations, 

larger magnocellular neurons and smaller parvocellular neurons. Magnocellular neurons are 

associated with the neuroendocrine side of the PVN and are key in the secretion of vasopressin 

and oxytocin. The parvocellular PVN neuronal group is involved in the autonomic regulation 

of the cardiovascular system and is of interest here. 

Afferent projections: The PVN receives afferent inputs from many sites ranging from other 

hypothalamic centers (such as the subfornical organ, the median preoptic nucleus and the 

suprachiasmatic nucleus) (Kawano and Masuko, 2010; Llewellyn et al., 2012; Silverman et al., 

1981; Wang et al., 2003), to the pons (such as the locus coeruleus (LC)) (Hwang et al., 1998) 

and medullary regions (such as the nucleus of the solitary tract (NTS) (Affleck et al., 2012), the 

A1 nucleus (Day et al., 1984; McDonald et al., 2000) and the RVLM (Card et al., 2006; Xu et 

al., 2012)) .  
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Efferent projections: Based on efferent projections from the PVN the neuronal population in 

this region can be divided into 2 main groups, the neuronal population (magnocellular neurons) 

that projects to the posterior pituitary (Swanson and Kuypers, 1980), and the population 

(parvocellular neurons) that projects to the median eminence (Swanson and Kuypers, 1980; 

Swanson et al., 1980) and dorsal vagal complex (Sawchenko and Swanson, 1982; Swanson and 

Kuypers, 1980; Swanson et al., 1980). Parvocellular neurons of the PVN are involved in the 

autonomic circuitry, and project directly to the RVLM region (Badoer, 1998; Badoer and 

Merolli, 1998; Kantzides and Badoer, 2005; Shi et al., 2009; Xu et al., 2012) and to SPGNs in 

the IML region of the spinal cord (Figure 1.2) (Badoer, 2010; Nunn et al., 2011; Sawchenko 

and Swanson, 1982; Strack et al., 1989). In addition to direct projections to the RVLM, ≈30% 

of spinally projecting PVN neurons also send collateral projections to the RVLM (Badoer and 

Merolli, 1998). The PVN also sends direct bilateral glutamatergic projections to the medial sub-

nucleus of the NTS, and these glutamatergic projections are tonically active (Kawabe et al., 

2008). Thus, the PVN has the ability to exert its effects on peripheral cardiovascular organs via 

either direct or indirect projections to SPGNs.  

Controversial evidence is reported concerning the role of the PVN in the sympathetic control 

of BP. Low intensity electrical stimulation of the PVN, in anesthetized rats, inhibited renal 

sympathetic nerve activity (SNA) (Kannan et al., 1988). On the other hand, high intensity 

electrical stimulation of the PVN, in anesthetized rats, evoked a transient excitatory effect 

followed by an inhibitory effect on renal SNA (Kannan et al., 1988). Chemical stimulation of 

the PVN in anesthetized rats, with glutamate, exerted a depressor response (Kannan et al., 

1988). However, Coote et al., showed that chemical stimulation of PVN neurons (with D, L-

homocysteic acid) in anesthetized rats exerted a pressor response, by exciting RVLM neurons 

(Coote et al., 1998). Horiuchi and colleagues (2011) showed that microinjection of bicuculline 

(GABA receptor antagonist) into the PVN of anaesthetised rats evoked increases in renal SNA; 

this effect could be greatly reduced in response to intravenous administration of 5-HT1A 

receptor agonist (Horiuchi et al., 2011). Chemical inhibition of PVN neurons in conscious 

rabbits, with muscimol (GABA agonist, 10 nmol), elicited an increase in renal SNA and a 

reduction in HR, without any changes in mean arterial pressure (MAP) (Badoer et al., 2002).  

Induction of either central hyper-, or hypo-, volemia evoked increases in the activity of PVN 

neurons (shown by Fos-ir)(Potts et al., 1999). Interestingly, the pattern of Fos-ir induced in the 

PVN of conscious rabbits in response to modulations in levels of blood volume did not 
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significantly differ between barointact and barodenervated rabbits, indicating that this response 

is primarily governed by inputs from cardiac receptors (Potts et al., 1999).  

A recent study showed that intracerebroventricular administration of leptin and resistin caused 

an increase in neuronal activity levels in the PVN of rats (determined by Fos-ir) accompanied 

by an increase in renal SNA (Habeeballah et al., 2016); indirectly, this study has provided a 

link between activation of PVN neurons and increased renal SNA. All of the above-mentioned 

literature highlight the PVN as an integral component of the autonomic circuitry involved in 

cardiovascular regulation; however, the exact role of the PVN in regulation of the 

cardiovascular system is yet to be established.  

Dysfunction in normal activity of the PVN is linked to the pathophysiology of various 

cardiovascular disorders (CVDs), such as hypertension (Ciriello et al., 1984; Erdos et al., 2015; 

Herzig et al., 1991; Li and Pan, 2007; Takeda et al., 1991) and heart failure (Badoer, 2010; Xu 

et al., 2012). The PVN mediated activation of the RVLM is exaggerated in animal models of 

heart failure, leading to higher levels of SNA (Coote, 2005). A study by Allen (2002) showed 

that basal sympathetic vasomotor tone under influence of the PVN is exaggerated in 

spontaneously hypertensive rats (SHR, an animal model for essential hypertension), and 

inhibition of the PVN region by GABA agonist significantly reduced this elevated sympathetic 

vasomotor tone in SHR (Allen, 2002).  

Furthermore, PVN neurons are also thermosensitive, and modulate SNA in response to 

homeothermic challenges to thermoregulatory organs (such as brown adipose tissue, kidney, 

gut and the vasculature of rat tail) via its efferent projections to SPGNs and the RVLM (Badoer, 

2010; Cham, 2006; Cham and Badoer, 2008a; Cham and Badoer, 2008b; Chen et al., 2008).  
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Figure 1.2: Key sites in the brainstem involved in cardiovascular regulation  

There are 6 premotor nuclei (red), which project directly to the IML cell column (yellow) of 

the spinal cord, and play a key role in the sympathetic control of BP. In addition to these 6 

premotor nuclei, the NTS (blue) and the CVLM (blue) also play an important role in the 

cardiovascular system. Majority of sympathetic preganglionic neurons (SPGNs) are located in 

the IML cell column and lateral funiculus of the spinal cord. Only a few SPGNs are located in 

the central autonomic and intercalated nucleus of the spinal cord. (Adapted from (Strack et al., 

1988; Strack et al., 1989)). VMH, ventromedial nucleus of the hypothalamus; 3v, 3rd ventricle; 

7N, facial nucleus; Sp5, spinal trigeminal tract; AP, area postrema; ROb, raphe obscurus 

nucleus; RPa, raphe pallidus nucleus; IO, inferior olives. 
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1.2.1.2 A5  

The A5 noradrenergic nucleus of the brainstem is immunoreactive (ir) for tyrosine-hydroxylase 

(TH - an enzyme that is involved in the synthesis of catecholamines) and dopamine β 

hydroxylase (DBH). The A5 nucleus of the brainstem is located near the pontomesencephalic 

junction, mostly between the facial nerve fibers exiting the brainstem and the superior olive, at 

≈10.56 mm caudal to bregma (Figure 1.2 and 1.6) (Badoer et al., 1987; Paxinos and Watson, 

2007). A5 neurons of the brainstem are an important component of the ANS.  

Afferent projections: The A5 group of neurons receive afferent projections from many nuclei 

including, but not limited to, the cuneiform nucleus, the PVN, the periaqueductal gray, the locus 

coeruleus (LC), parabrachial area, vestibular complex, the RVLM, intermediate and caudal 

NTS and the caudal ventral medullary reticular formation (Abbott et al., 2012; Bajic and 

Proudfit, 2013; Byrum and Guyenet, 1987; Li et al., 1992b; Stornetta et al., 2015).  

Efferent projections: The A5 region projects to various nuclei involved in the autonomic control 

of BP, such as the NTS, the ipsilateral lateral funiculus of the spinal cord and the IML cell 

column of the spinal cord (Figure 1.2) (Bruinstroop et al., 2012; Byrum and Guyenet, 1987; 

Kanbar et al., 2011; Loewy et al., 1979b; Strack et al., 1989).   

The exact role of A5 neurons in the ANS has been an area of debate for more than a decade. 

Loading of baroreceptors, in response to elevated levels of MAP, inhibited the firing of A5 

neurons in urethane-anesthetized rats (Guyenet, 1984). In line with these findings, hypotension, 

induced by intravenous infusion of sodium nitroprusside (SNP), caused an elevation in levels 

of Fos-ir neurons in the A5 nucleus of conscious rabbits (Li and Dampney, 1994; Polson et al., 

2002). Direct electrical stimulation, with 5 µA currents, of A5 neurons, in anesthetized rats and 

conscious rabbits, resulted in an increased BP and pulse pressure, with no changes in HR 

(Loewy et al., 1979a; Maiorov et al., 1999). Whereas, chemical stimulation of the A5 region of 

anesthetized rats, with microinjections of L-glutamate, elicited reductions in MAP, HR, cardiac 

output and calculated stroke volume (Neil and Loewy, 1982; Stanek et al., 1984), or caused 

increases in the renal SNA, with no changes in AP (Maiorov et al., 1999). Reductions in MAP, 

following chemical stimulation of A5 neurons, is suggested to be mediated via projections from 

the A5 region to the spinal cord, and the neurotransmitter involved in this pathway is suggested 

to be GABA (Hara et al., 1997). However, the evidence supporting the presence of direct 

GABAergic projections from A5 neurons to the spinal cord is yet missing (Deuchars et al., 

2005; Hara et al., 1997).  
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Microinjection of muscimol (agonist for GABAA receptors) in the A5 region of conscious 

rabbits did not affect resting levels of MAP, HR and renal SNA (Maiorov et al., 2000). 

However, pretreatment of A5 neurons in conscious rabbits with muscimol increased renal 

sympathetic responses to baroreceptor unloading (with intravenous SNP), under normoxic 

conditions (Maiorov et al., 2000). This study highlighted that even though A5 neurons are not 

involved in the regulation of basal sympathetic tone, these neurons serve to limit the excitation 

of renal SPGNs caused by baroreceptor unloading.  

A recent technique - optogenetic stimulation of channelrhodopsin-2 (a non-mammalian gene 

that codes for a light sensitive ion channel) expressed in neurons of interest – has proven to be 

quite promising. A study by Kanbar et al., (2011), utilizing the optogenetic technique in 

anesthetized rats, has shown that stimulation of channelrhodopsin-2 expressing neurons of the 

A5 region (≈66% of TH-ir A5 neurons) produced five-fold greater activation of renal than 

lumbar sympathetic chain (Kanbar et al., 2011). 

In addition to the role of A5 nucleus in cardiovascular regulation, its role in respiratory 

modulation has also been reported (Guyenet et al., 1993; Kanbar et al., 2011; Li et al., 2008a). 

Furthermore, tachycardia and pressor responses evoked in response to electrical stimulation of 

the hypothalamic defence area are mediated through the A5 nucleus (Lopez-Gonzalez et al., 

2013). This is supported by studies showing that blockade of A5 neurons, with muscimol, 

reduced the pressor response seen following stimulation of the hypothalamic defence area 

(Lopez-Gonzalez et al., 2013).  

1.2.1.3 Caudal Raphe  

Raphe nuclei of the brainstem are divided into 3 subtypes based on their neuro-anatomical 

location: raphe pallidus (RPa, Figure 1.2), raphe obscurus (ROb, Figure 1.2) and raphe magnus. 

All of these 3 sub-nuclei of the raphe nucleus can be immunohistochemically labelled with 

serotonin, 5-HT (Jansen et al., 1995). Neurons located in caudal sites of the raphe nucleus 

(Figure 1.2) are the ones that project to SPGNs (Strack et al., 1989). Some of these bulbospinal 

caudal raphe neurons, in addition to being 5-HT-ir, are also immunoreactive for substance P 

and thyrotropin releasing hormone (Charlton and Helke, 1987; Jansen et al., 1995).  

Afferent projections: Afferent projections to caudal raphe neurons arise from a wide range of 

nuclei such as the medial preoptic nucleus, the hypothalamus, the central nucleus of amygdala 

and the RVLM (Berthoud et al., 2005; Card et al., 2006; Dampney, 1994; Hosoya, 1985; 

Stornetta et al., 2015; Verner et al., 2008).  
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Efferent projections: Efferent projections from caudal raphe neurons mediating its 

cardiovascular effects extend to both, the RVLM and the IML cell column of the spinal cord 

(Figure 1.2) (Bacon et al., 1990; Bago et al., 2002; Heslop et al., 2004; Strack et al., 1989).  

The role of caudal raphe neurons in cardiovascular regulation can either be sympatho-excitatory 

or sympatho-inhibitory, depending on the neuronal subset stimulated (Morrison and Gebber, 

1984). Both (sympatho-excitatory and sympatho-inhibitory) subsets of caudal raphe neurons 

are affected by activity of baroreceptors (Morrison and Gebber, 1984). However, only the 

sympatho-inhibitory neurons project to the IML cell column of the spinal cord (Morrison and 

Gebber, 1984).   

Microinjection of GABA receptor antagonist (bicuculline) into RPa of conscious rats caused an 

increase in HR (Zaretsky et al., 2003). Chemical inhibition of RPa of conscious rats, with 

muscimol, did not affect HR, yet abolishes the air stress-induced tachycardia (Zaretsky et al., 

2003). Microinjection of glutamate in the caudal raphe of anaesthetized rabbits induced a 

depressor response with decreases in MAP, renal SNA and HR (Coleman and Dampney, 1995). 

These observed depressor responses were similar in magnitude to the ones observed following 

chemical stimulation of the caudal ventrolateral medullary nucleus (CVLM) (Coleman and 

Dampney, 1995); this study highlighted caudal raphe nucleus as one of the key sites involved 

in cardiovascular regulation. Despite their role in cardiovascular regulation, caudal raphe 

neurons are not tonically active (Coleman and Dampney, 1995), but are inhibited by activation 

of baroreflex pathway (Pilowsky et al., 1995).  

Moreover, caudal raphe neurons are also involved in other aspects of the ANS control, apart 

from their role in the cardiovascular regulation, such as chemoreception (Bernard et al., 1996), 

hemorrhage evoked response (Heslop et al., 2002; Kung et al., 2010) and thermoregulation 

(Berthoud et al., 2005; Nakamura and Morrison, 2007).  

1.2.1.4 Rostral ventromedial medullary (RVMM) neurons 

The RVMM pressor region (Figure 1.2) is located in the ventral medulla oblongata, ≈0.5-1.5 

mm lateral to the midline, and extends caudally from the rostral half of the facial nucleus to the 

rostral pole of the inferior olivary nucleus (Cox and Brody, 1989). The RVMM is sympatho-

excitatory and receives projections from periaqueductal gray neurons (Morgan et al., 2008).  

Efferent projections: Efferent projections from the RVMM extend to the spinal cord (Babic and 

Ciriello, 2004; Marinelli et al., 2002; Strack et al., 1989) (Figure 1.2), the nucleus ambiguus 
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(Babic et al., 2008), phrenic motoneurons (Dobbins and Feldman, 1994) and the NTS (Babic et 

al., 2008).  

The role of RVMM neurons in modulation of nociceptive stimuli, at the level of the dorsal horn 

in the spinal cord, is well established (Fei et al., 2016; Heinricher et al., 2009; Marinelli et al., 

2002). Neurons in the RVMM that are responsive to a nociceptive stimulus can be divided into 

3 subclasses, based on their action potential response to a nociceptive stimulus: ON (increases 

action potential), OFF (decreases action potential) and NEUTRAL (no change in activity) 

(Fields et al., 1988).  

In addition to the role of RVMM neurons in nociception, their role in cardiovascular regulation 

is also important. Neurons in the pressor region of the RVMM are immunoreactive for many 

neuro-transmitters/ neuro-peptides such as serotonin, adrenaline, thyrotropin releasing 

hormone, substance P, somatostatin (SST) and enkephalin (Jansen et al., 1995).  

Bilateral microinjection of lidocaine in the RVMM of urethane-anaesthetized rats caused a 

reduction in MAP and renal, mesenteric and hindquarter vascular resistance (Cox and Brody, 

1989). A study by Varner et al. (1989), also showed that the RVMM and the RVLM contribute 

equally to neurogenic maintenance of AP, and blockade of the RVMM reduced sympathetic 

outflow from renal, lumbar and splanchnic nerves (Varner et al., 1989). Electrical stimulation 

of the RVMM in anesthetized rats increased MAP and regional vascular resistance (Cox and 

Brody, 1989). In line with these findings, chemical stimulation of the RVMM in anesthetized 

rats, with glutamate or EAA (excitatory amino acids) analogues (NMDA), also exerted pressor 

effects; prior treatment with 5,7-dihydroxytryptamine abolished this pressor response (Minson 

et al., 1987; Varner et al., 1992). A role of the RVMM, under influence of the hypothalamus, 

in cardiovascular regulation has recently been revealed. Microinjection of corticotrophin 

releasing factor into the hypothalamus of rats caused an increase in the RVMM neuronal 

activity (Gao et al., 2016).  

Further to the role of serotonergic RVMM neurons in nociception and cardiovascular 

regulation, neurons in this region of the brainstem are also involved in thermoregulation 

(Korsak and Gilbey, 2004; Morrison et al., 2008), respiration (Verner et al., 2004) and 

chemoreception (Bradley et al., 2002; Miura et al., 1996a; Richerson et al., 2001).   

1.2.1.5 Rostral ventrolateral medulla (RVLM) 

The RVLM (Figure 1.2 and Figure 1.4) neurons play an important role in the tonic and phasic 

regulation of BP and SNA (Guyenet, 2006). Different researchers define boundaries of the 
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RVLM differently (Farnham et al., 2008; Stornetta et al., 2001). For the purpose of this thesis, 

the RVLM is defined as the area located medial to the spinal trigeminal tract, lateral to the 

pyramids, ventral to the nucleus ambiguus and spans rostro-caudally from ≈12.00 mm to ≈12.8 

mm caudal to bregma (Paxinos and Watson, 2007) (Figure 1.2). The C1 

(catecholaminergic/adrenergic) group of RVLM neurons are immunoreactive for TH and 

PNMT (phenylethanolamine N-methyl transferase) (section 1.2.2). No known pan marker can 

label all RVLM neurons, C1 neurons and non-C1 neurons (non-catecholaminergic RVLM 

neurons). Preproenkephalin mRNA labels most of the non-C1 barosensitive bulbospinal 

neurons of the RVLM (Stornetta et al., 2001).  

Bilateral destruction or inhibition of neurons in the RVLM of anesthetized cats caused profound 

falls in BP, similar to that observed following transection of the spinal cord (Feldberg and 

Guertzenstein, 1976; Guertzenstein and Silver, 1974). Even unilateral cytotoxic lesioning of 

the RVLM in conscious dogs (with microinjection of kainic acid) caused significant reductions 

in AP and total peripheral resistance, whereas no changes were observed in cardiac output and 

HR (Stith and Dormer, 1994). The depressor response to unilateral lesioning of the RVLM 

occurred in parallel to reductions in plasma levels of catecholamines (adrenaline and 

noradrenaline) and cortisol; these findings suggested a neuroendocrine relationship between the 

RVLM and AP (Stith and Dormer, 1994) 

Electrical stimulation of the RVLM, in either conscious or anesthetized rats, elicited increases 

in MAP, HR, levels of plasma catecholamines (adrenaline, noradrenaline and dopamine) and 

vasopressin (Chen et al., 2013; Ross et al., 1984b). In line with these findings, chemical 

stimulation of the RVLM, by glutamate or NMDA microinjection in various species (such as 

conscious rabbits, anaesthetised rabbits, conscious rats and anesthetized rats), increased the AP, 

SNA to adrenal glands, renal SNA and lumbar SNA, and also enhanced resistance in the 

mesenteric, renal and hindquarter vascular beds (Blessing et al., 1981b; Chen et al., 2013; Chida 

et al., 1998; Dampney et al., 1982; Mueller et al., 2011; Reis et al., 1984; Ross et al., 1984b; 

Sakima et al., 2000; Willette et al., 1987). Conversely, microinjection of GABA, or tetrodotoxin 

(binds to voltage gated sodium channels exerting its neurotoxic effects), or muscimol 

(GABAmimetic), or baclofen, in the RVLM caused decreases in AP, renal SNA, HR and 

resistance in the mesenteric, renal and hindquarter vascular beds (Amano and Kubo, 1993; Reis 

et al., 1984; Ross et al., 1984b; Willette et al., 1987). Blockade of GABA receptors in the 

RVLM, with bicuculline or antagonists of GABAA and GABAB receptors, elevated baseline 

levels of AP (Amano and Kubo, 1993; Avanzino et al., 1994; Reis et al., 1984; Ross et al., 
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1984b); this pressor response was possibly mediated due to the blockade of GABAergic input 

to the RVLM from the CVLM (section 1.3.1). Blockade of glycine receptors in the RVLM of 

anesthetized rats, with strychnine (glycine antagonist), had no significant effects on 

physiological parameters, such as MAP (Ross et al., 1984b). However, microinjection of 

glycine in the RVLM of anesthetized rats exerted a depressor response, accompanied with 

reduction in renal SNA (Amano and Kubo, 1993; Sakima et al., 2000). Therefore, it is suggested 

that RVLM neurons are sympatho-excitatory that exert an excitatory influence on sympathetic 

vasomotor neurons, adrenal medulla and the posterior pituitary; this area is under the tonic 

inhibitory control via GABAergic mechanisms (Guyenet, 2006; Pilowsky et al., 2009; Ross et 

al., 1984b).  

In addition, the RVLM is a key site for the modulation of cardiovascular responses evoked by 

the activation of higher brain regions, such as the dorsomedial hypothalamus (DMH) (Fontes 

et al., 2001). The pressor and sympatho-excitatory responses evoked by microinjection of 

bicuculline (GABA antagonist) in the DMH of anaesthetised rats could be significantly 

interrupted by the bilateral microinjection of muscimol into the RVLM (Fontes et al., 2001).  

 Afferent inputs to the RVLM 

The RVLM is known to receive afferent inputs from many brain regions such as the NTS 

(Aicher et al., 1996; Dampney et al., 1982; Stornetta et al., 2015), the CVLM (Chan and 

Sawchenko, 1998; Schreihofer and Guyenet, 2002), caudal pressor area (Campos and McAllen, 

1999; Campos et al., 2008; Sun and Panneton, 2005), the raphe (Nicholas and Hancock, 1990), 

the PAG (Farkas et al., 1998; Sartor and Verberne, 2003; Van Bockstaele et al., 1991), the PVN 

(Badoer, 1998; Badoer and Merolli, 1998; Coote et al., 1998), the DMH (Fontes et al., 2001) 

and orexinergic neurons of the dorsolateral hypothalamus (Guyenet et al., 2013; Puskas et al., 

2010; Stornetta et al., 2015). Furthermore, retrograde labelling of afferent projections to the 

RVLM, with microinjections of wheat germ agglutinin conjugated with horseradish peroxidase 

in the RVLM, revealed afferent inputs from brain regions such as the ambiguus complex and 

the Kolliker-Fuse nucleus (Dampney et al., 1987).  

Afferent projections to the RVLM arising from the NTS and the CVLM are of interest here. A 

study comparing afferent terminals to the RVLM from the NTS and the CVLM has shown that 

even though the morphology and vesicular content of these terminals were similar, CVLM 

efferent terminals were slightly larger than NTS efferent terminals (Aicher et al., 1996). NTS 

efferent terminals formed asymmetric synapses with RVLM neurons, which are sympatho-

excitatory, and CVLM efferent terminals to the RVLM formed symmetric synapses that are 
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sympatho-inhibitory (Aicher et al., 1996). In addition, CVLM inhibitory inputs to the RVLM 

were speculated to be more influential than inputs from the NTS to the RVLM, because inputs 

from the CVLM are likely to contact the adrenergic RVLM neuronal somata (Aicher et al., 

1996).  

Sympatho-inhibitory effects exerted by CVLM inputs on to RVLM neurons are crucial in 

modulation of the sympathetic baroreflex pathway (section 1.3.1).  

 Efferent outputs from the RVLM 

RVLM neurons can be divided into 2 main categories based on their efferent outputs, 

bulbospinal RVLM neurons that project to SPGNs and non-bulbospinal RVLM neurons that 

project to other brain areas (Figure 1.3). Neurons in the caudal portion of the RVLM are non-

bulbospinal neurons that project to areas such as the hypothalamic PVN (Coote, 2005; Haselton 

and Guyenet, 1990; Loewy et al., 1981), orexinergic neurons (Bochorishvili et al., 2014), raphe 

neurons (Card et al., 2006), PAG (Card et al., 2006; Herbert and Saper, 1992) or the locus 

coeruleus (LC) (Abbott et al., 2012; Chen et al., 2013; Pieribone et al., 1988; Pieribone and 

Aston-Jones, 1991).  

Bulbospinal neurons are located in the rostral half of the RVLM, and send efferent projections 

mainly to the IML cell column of the spinal cord and to the central autonomic area (Figure 1.2 

and 1.3) (Dampney et al., 1987; Guyenet et al., 2013; Stornetta et al., 2015; Strack et al., 1989). 

Many groups have demonstrated efferent projections from the RVLM to the IML cell column 

of the spinal cord (Figure 1.2 and Figure 1.3) (Card et al., 2006; Minson et al., 1990; Minson et 

al., 1991; Pyner and Coote, 1998; Ross et al., 1984a). These projections are highly specific in 

that there are no projections to thoracic dorsal and ventral horns (Ross et al., 1984a). Projections 

from the RVLM to SPGNs located in the IML cell column of the spinal cord are monosynaptic 

(Oshima et al., 2006; Oshima et al., 2008).  

The sympathetic nerve discharge is differentially controlled by RVLM neurons (Barman et al., 

1984). The firing pattern of RVLM neurons did not correlate to the same degree with different 

sympathetic outputs, suggesting that RVLM neurons exert their influence on various 

sympathetic outputs in a non-uniform fashion (Barman et al., 1984). Inhibition of RVLM 

neuronal discharge inhibited renal nerve discharge to a greater extent than splenic nerve 

discharge (Hayes and Weaver, 1990). Also, postganglionic responses to blockade of RVLM 

activity are greater than preganglionic responses (Hayes and Weaver, 1990). The findings 

mentioned here demonstrated that the nerve discharge of pre-, and post-, ganglionic 
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sympathetic fibers is dependent on the RVLM excitatory drive, and is differentially controlled 

by the same.  

Chemical stimulation of the medial part of the RVLM, with glutamate, evoked activation of 

cutaneous fibres, whereas stimulation of more lateral region in the RVLM evoked activation of 

muscle vasoconstrictor fibres (Dampney and McAllen, 1988). Stimulation of RVLM neurons 

located ventro-medially and caudally to the pole of facial nucleus, with homocysteic acid, 

caused an increase in renal SNA, but do not change sympathetic activity of nerves projecting 

to skeletal muscle vasculature (Dean et al., 1992). Stimulation of caudal sites in the RVLM 

caused an increase in muscle SNA, and a simultaneous decrease in renal SNA (Dean et al., 

1992). RVLM neurons that could evoke an excitatory response in the hindlimb muscle and 

mesenteric vascular beds were located caudally to the ones that evoked renal vasoconstriction 

(Lovick, 1987). In addition to this, RVLM neurons responsible for driving cardiac sympathetic 

nerves overlap with neurons that drive muscle vasoconstrictor activity (Campos and McAllen, 

1997). This topographic organisation of RVLM neurons seems to be more related to the type 

of vascular bed/sympathetic nerves that they control, rather than the segmental level of SPGNs 

(McAllen and Dampney, 1990; Mueller et al., 2011). For example, RVLM premotor neurons 

driving the limb muscle vasculature were anatomically distinct from the ones driving renal 

nerve activity (McAllen and Dampney, 1990) whereas, RVLM neurons driving the forelimb 

and hindlimb muscle vasculature were anatomically inseparable (McAllen and Dampney, 

1990). Microinjection of 100 mM of glutamate in the RVLM exerted a sympatho-excitatory 

response, with greater increases in SNA to adrenal glands as compared to the renal and lumbar 

SNA (Mueller et al., 2011).  

Further to the above, a recent study by Nedoboy et al., (2016) showed that there is a 

topographical organisation of C1 neurons in the RVLM, which is responsible for responding 

differently to different physiological states (Nedoboy et al., 2016). Unloading of baroreceptors, 

with intravenous hydralazine, leading to a depressor response activated the central and medial 

group of C1 neurons (Nedoboy et al., 2016). On the other hand, baroreceptor loading, with 

intravenous phenylephrine, silenced the lateral group of C1 neurons, without affecting the 

baseline activation levels of the medial and central group of C1 neurons (Nedoboy et al., 2016). 
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Figure 1.3: Efferent projections from the 

RVLM  

Parasagittal view of the brain showing the 

location and main axonal projections from the 

RVLM. RVLM neurons (green) are located in 

the ventrolateral medulla (VLM). Non-

bulbospinal RVLM neurons are located in the 

caudal portion of the RVLM (purple) and 

project to nearby catecholaminergic nuclei (light blue), raphe nuclei (orange) and higher brain regions (purple). Higher brain regions include axonal 

projections to the PVT, and hypothalamic areas, such as the perifornical area, the dorsomedial nucleus, and the median and medial preoptic areas. 

Bulbospinal RVLM neurons are located in the rostral portion of the RVLM (red) and project to SPGNs in the spinal cord. PVT, paraventricular nucleus 

of the thalamus; RVLM, rostral ventrolateral medulla; IML, intermediolateral cell column of the spinal cord; RPa, raphe pallidus; PAG/raphe, 

periaqueductal grey matter/dorsal raphe. (Adapted from (Guyenet et al., 2013); used with permission) 
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 RVLM neuronal characteristics  

Based on electrophysiological properties, RVLM neurons can be divided into 6 categories: type 

I that project to the spinal cord and are silenced by baroreceptor activation, type II that project 

to the hypothalamus and are silenced by baroreceptor activation, type III that project to the 

hypothalamus and are silenced by baroreceptor activation and nociceptive stimulation, type IV 

that project to the hypothalamus, are non-barosensitive and are activated by a somatic input, 

type V that project to the hypothalamus and are not sensitive to a baroreceptor or a somatic 

input, and type VI that project neither to the spinal cord or the hypothalamus, but respond to 

elevations in MAP (Verberne et al., 1999). Most of the type I, II and ≈50% of type III cells are 

C1 neurons, and ≈91% of C1 neurons receive inhibitory inputs from arterial and 

cardiopulmonary receptors (Verberne et al., 1999). As mentioned above, most of RVLM 

neurons that are barosensitive project to either the spinal cord or the hypothalamus (Abbott et 

al., 2009a; Oshima et al., 2006; Oshima et al., 2008; Stornetta et al., 2015; Verberne et al., 

1999).  

RVLM neurons express receptors for a variety of neurotransmitters/ neuropeptides such as 

GABA (Li and Guyenet, 1996), glutamate (Stornetta et al., 2002a; Stornetta et al., 2002b), 

SST2a (Burke et al., 2008), PACAP – pituitary adenylate cyclase-activating polypeptide 

(Farnham et al., 2012), orexin (Shahid et al., 2012), opioids (Aicher et al., 2001; Baraban et al., 

1995; Punnen and Sapru, 1986), serotonin (5-HT) (Bergamaschi et al., 2014; Dean and Bago, 

2002; Miyawaki et al., 2001), acetylcholine (Kumar et al., 2009; Padley et al., 2007) and 

angiotensin (Bergamaschi et al., 2014; de Kloet et al., 2016).  

As discussed earlier, blockade of RVLM glutamate receptors did not alter baseline levels of 

BP; however, it blocked the excitatory input from peripheral receptors or other central nuclei 

in anesthetized rats (Guyenet et al., 1987; Sun and Guyenet, 1986; Urbanski and Sapru, 1988; 

Wang et al., 2009), and modulated the cardiovascular reflex responses (Gray et al., 2001). 

Therefore, it is not the glutamatergic input to the RVLM that drives the tonic activity of RVLM 

neurons. On the other hand, blockade of RVLM GABA receptors caused an increase in the 

RVLM neuronal discharge and exerted a pressor response (Amano and Kubo, 1993; Avanzino 

et al., 1994; Dampney et al., 1988; Kubo and Kihara, 1987a; Sun and Guyenet, 1985; Urbanski 

and Sapru, 1988). This GABAergic input to RVLM neurons can be either baroreceptor 

dependent or independent.  
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Cholinergic pathways in the RVLM 

Immunoreactivity for choline acetyltransferase (ChAT-ir; an enzyme involved in the synthesis 

of acetylcholine)) was detected in cell bodies and processes in the RVLM area (Ruggiero et al., 

1990). Interestingly, these ChAT-ir terminals found in the RVLM area overlapped with the 

bulbospinal group of RVLM neurons (Ruggiero et al., 1990). It was later shown that 

microiontophoretic application of acetylcholine onto the cell bodies of RVLM sympatho-

excitatory neurons elicited an increase in the firing rate of RVLM neurons; an effect that was 

abolished by iontophoretic application of scopolamine (muscarinic receptor antagonist) onto 

the same neurons (Kubo et al., 1997). Microiontophoretic application of physostigmine (an 

acetylcholinesterase inhibitor) onto RVLM neurons increased the firing rate of these neurons 

(Kubo et al., 1997). Intravenous administration of physostigmine exerted a sympatho-excitatory 

effect on RVLM neurons (Giuliano et al., 1989; Kubo et al., 1997); this sympatho-excitatory 

effect onto RVLM neurons could be blocked by microinjection of scopolamine in the RVLM 

(an M2-selective muscarinic receptor antagonist) (Giuliano et al., 1989). It was suggested that 

the PVN is the main source of cholinergic inputs to RVLM neurons (Kubo et al., 2000).  

Activation of the central muscarinic cholinergic receptors exerted a sympatho-excitatory 

response (increased AP, HR and SNA), which is primarily mediated by the bulbospinal non-

C1 RVLM muscarinic cholinergic receptors (Padley et al., 2007).  

Enkephalinergic pathways in the RVLM 

Activation of the delta and mu opioid receptors (microinjections of agonist) in the RVLM 

inhibited lumbar SNA and attenuated responses to sympathetic reflexes, such as the 

sympathetic baroreflex and the somatosympathetic reflex (SSR) (Miyawaki et al., 2002b). One 

of the many sources of enkephalin terminals in the RVLM is the NTS (Morilak et al., 1989). 

Barosensitive bulbospinal RVLM neurons are a major source of enkephalinergic input to 

SPGNs (Stornetta et al., 2001). Approximately 54% of bulbospinal prepro-enkephalinergic 

neurons in the RVLM were Fos-ir in response to hydralazine induced hypotension (Stornetta et 

al., 2001). The barosensitive bulbospinal prepro-enkephalinergic RVLM neuronal group had 

faster axonal conduction velocity than those without prepro-enkephalinergic mRNA (Stornetta 

et al., 2001).  
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Angiotensin-related pathways in the RVLM 

Microinjection of angiotensin II in the RVLM exerted a pressor effect (Allen et al., 1988) which 

could be reversed by systemic administration of hexamethonium bromide (ganglionic blocker) 

(Allen et al., 1988). Blockade of angiotensin II in the RVLM, with angiotensin II inhibitor, 

caused a significant decrease in baseline levels of BP, suggesting a role of angiotensin II in the 

tonic maintenance of BP (Andreatta et al., 1988). Intravenous administration of angiotensin II 

attenuated the barosensitivity of ≈50% of barosensitive RVLM cardiovascular neurons 

(McMullan et al., 2007). A study by Arakawa and colleagues showed that microinjection of 

angiotensin (1-12) in the RVLM, a renin independent substrate for angiotensin II, caused an 

increase in MAP, HR and splanchnic SNA (Arakawa et al., 2013). Both, angiotensin converting 

enzyme and chymase, are required for the conversion of angiotensin (1-12) in the RVLM, and 

angiotensin (1-12) mediated sympatho-excitatory effects were due to its action on angiotensin 

1 receptors (Arakawa et al., 2013). Angiotensin II can exert its effects on the SNS via 2 types 

of receptors, type I and type II receptors. Both of these receptors are present in the RVLM and 

counteract actions of each other (Gao et al., 2008a; Gao et al., 2008b; Kawabe et al., 2016). 

Unilateral blockade of angiotensin II type II receptors in the RVLM elicited a sympatho-

excitatory effect (increases in MAP, HR and SNA); this sympatho-excitatory effect is 

attenuated in SHR, suggesting a role of angiotensin II type II receptors in the pathophysiology 

of hypertension (Kawabe et al., 2016).  

Chen and colleagues (2010) showed that the pressor response to microinjection of angiotensin 

II in the RVLM were mediated through the angiotensin II type 1A receptors expressed on C1 

neurons (Chen et al., 2010). However, despite the importance of angiotensin II type 1A 

receptors expressed on C1 neurons (Allen et al., 2009), it was recently shown that C1 neurons 

are not the only catecholaminergic neurons involved in the angiotensin II-induced hypertension 

(administered subcutaneously) (Jancovski et al., 2013; Jancovski et al., 2014) . Selective 

deletion of angiotensin II type 1A receptors from the C1 neuronal group did not diminish the 

hypertensive response to subcutaneous administration of angiotensin-II in mice (Jancovski et 

al., 2014).  

Other pathways in the RVLM 

Microinjection of SST in the RVLM of anesthetized rats evoked a sympatho-inhibitory, 

hypotensive and bradycardiac response, which could be blocked by microinjection of an SST2a 

receptor antagonist (Burke et al., 2008). Supra-medullary brain regions, such as the 
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paratrigeminal nucleus, the lateral parabrachial nucleus, the Kölliker-Fuse nucleus, the 

ventrolateral periaqueductal grey area, the central nucleus of the amygdala and sublenticular 

extended amygdala, are putative sources of endogenous SST to the RVLM, and mediate its 

sympatho-inhibitory effects via SST2 receptors in the RVLM (Bou Farah et al., 2016).  

Bilateral microinjection of mitogen-activated protein kinase inhibitor (PD98, 059), in the 

RVLM of WKY and SHR, caused significant reductions in AP, but did not attenuate the pressor 

response to glutamate microinjections in the RVLM (Seyedabadi et al., 2001). Bilateral 

microinjection of wortmannin (a phosphatidylinositol-4,5-bisphosphate 3-kinase inhibitor) into 

the RVLM exerted a depressor response in SHR, whereas no effect in the RVLM of WKY was 

observed (Seyedabadi et al., 2001). This study revealed that a PD98, 059-sensitive pathway in 

the RVLM of WKY and SHR is involved in tonic regulation of AP and a wortmannin-sensitive 

pathway is important in the maintenance of RVLM mediated hypertension in SHR (Seyedabadi 

et al., 2001). 

Microinjection of 5-HT1A (serotonin) receptor-selective agonist in the RVLM decreased AP 

and splanchnic SNA; this effect was blocked by pre-injection of 5-HT1A receptor-selective 

antagonist (Miyawaki et al., 2001). Activation of 5-HT1A receptors in the RVLM attenuated the 

SSR response, but did not affect the baroreflex or chemoreflex responses (Miyawaki et al., 

2001). Microinjection of orexin-A into the RVLM elicited a pressor and sympatho-excitatory 

response, and modulated sympatho-excitation seen following activation of the chemoreflex 

(Shahid et al., 2012). Stimulation of orexin-A in the RVLM increased, or decreased, the 

sympatho-excitatory response observed following hypoxic, or hypercapnic, challenges, 

respectively (Shahid et al., 2012). Lower doses of neuromedin U in the RVLM of anesthetized 

rats caused an increase in AP, HR and SNA (splanchnic and lumbar) (Rahman et al., 2012). 

Whereas, higher doses of neuromedin U in the RVLM evoked a biphasic response, a brief 

hypertension and sympatho-excitation, followed by a prolonged hypotension and sympatho-

inhibition (Rahman et al., 2012).  

Microinjection of galanin into the RVLM of anesthetized rats reduced baselines levels of MAP, 

HR and splanchnic SNA (Abbott and Pilowsky, 2009). In addition to a depressor response, 

microinjection of galanin in the RVLM also attenuated the reflex response to activation of 

chemoreceptors, and increased the sympatho-inhibitory response to aortic depressor nerve 

(ADN) stimulation (Abbott and Pilowsky, 2009). Bilateral microinjection of SST in the RVLM 
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evoked a sympatho-inhibitory effect accompanied with bradycardia; it also attenuated the 

chemoreflex and the SSR responses (Burke et al., 2008).  

In addition to expression of numerous receptors, RVLM neurons are also immunoreactive for 

a wide range of neurotransmitters/ neuropeptides, such as neuropeptide Y (Blessing et al., 1987; 

Stornetta et al., 1999; Tseng et al., 1993), cocaine and amphetamine regulated transcript 

(Burman et al., 2004; Dun et al., 2002), prepro-tachykinin (substance P) (Li et al., 2005; 

Urbanski et al., 1989), enkephalin (Stornetta et al., 2001), calbindin (Goodchild et al., 2000a) 

and PACAP (Farnham et al., 2008) (Stornetta, 2009). Immunoreactivity of neurotransmitters, 

and neuropeptides, in RVLM neurons is also indicative of their characteristics. For example, 

RVLM neurons expressing neuropeptide Y have a slower conduction velocity (may be 

unmyelinated) (Stornetta et al., 1999). Whereas, the enkephalinergic RVLM neurons have 

faster axonal conduction velocities (myelinated) (Stornetta et al., 2001). Another instance is 

that neuropeptide Y is more likely to be present in C1 neurons that project to the hypothalamus 

rather than the bulbospinal C1 neurons (Stornetta et al., 1999).  

Even after localisation of a wide variety of neurotransmitters, glutamate is still considered the 

principal excitatory neurotransmitter mediating the effect of RVLM neurons on SPGNs. Most 

of bulbospinal neurons in the RVLM are also immunoreactive for phosphate activated 

glutaminase (a glutamate bio-synthetic enzyme) (Minson et al., 1991). Electrical excitation of 

RVLM neurons exerted an excitatory effect on SPGNs, which could be blocked by antagonism 

of glutamate receptors in the IML (Morrison, 2003). Also, anterogradely labelled terminals in 

the IML from the RVLM made asymmetric synapses (sympatho-excitatory) on local dendrites, 

and were immunoreactive for glutamate (Morrison, 2003). However, it is yet unclear which of 

the glutamate receptor subtype on SPGNs mediate the sympatho-excitatory effect of 

bulbospinal RVLM neurons. 

 Role of RVLM neurons in cardiovascular control  

Unilateral blockade/destruction of RVLM neurons is not sufficient enough to completely 

abolish the tonic maintenance of resting BP; this suggests that one side of the RVLM is capable 

of maintaining normal levels of BP (Guertzenstein and Silver, 1974). One possible explanation 

is that reductions in BP following unilateral blockade of the RVLM is detected by 

baroreceptors, which may provide a compensatory feedback to the contralateral side of RVLM 

neurons evoking an increase in their neuronal activity and thereby, maintaining the sympathetic 

tone (Horiuchi and Dampney, 1998). Another possibility is the presence of a non-linear 
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relationship between the degree of tonic excitatory output from RVLM neurons and activity of 

sympathetic vasomotor neurons (Horiuchi and Dampney, 1998). This non-linear relationship 

ensures that the activity of sympathetic vasomotor neurons is not significantly reduced unless 

there is a profound reduction in the excitatory output from RVLM neurons (Horiuchi and 

Dampney, 1998). Evidence in support of first explanation was provided in 1998, by Horiuchi 

and Dampney, when the unilateral blockade of RVLM neurons in anesthetized baroreceptor-

denervated rabbits (with muscimol) caused profound decreases in MAP, HR and renal SNA 

(Horiuchi and Dampney, 1998).  

As mentioned previously, the RVLM is critical for the maintenance of resting BP (Guyenet, 

2006; Guyenet et al., 2013; Stornetta et al., 2015). Origin and maintenance of sympathetic tone 

by the RVLM has been an area of debate. Until now, there are 2 major theories explaining the 

possible mechanism behind origin of sympathetic tone by the RVLM:  

1) Pacemaker theory - according to which RVLM neurons have an intrinsic property to generate 

action potentials (Dampney et al., 2000), and  

2) Network theory - according to which the activity of RVLM neurons is determined by a 

balance between the tonic excitatory and inhibitory inputs to the RVLM from other brain 

regions (Dampney et al., 2000).  

Furthermore, RVLM neurons also respond to changes in pO2 or pCO2 levels (Guyenet et al., 

2013; Koganezawa and Paton, 2014; Reis et al., 1994; Seller et al., 1990).  

The RVLM neuronal group also plays a critical role in modulation of sympathetic reflexes such 

as the sympathetic baroreflex (section 1.3.1), chemoreflexes (section 1.3.2) and SSR (section 

1.3.3).  

 Origin of sympathetic tone – pacemaker theory  

Some RVLM neurons, even when deprived of all synaptic inputs (in slice preparation), exhibit 

tonic pacemaker like discharge activity (Sun et al., 1988c). Interestingly, none of these RVLM 

neurons exhibiting pacemaker like discharge were immunoreactive for PNMT (Sun et al., 

1988c) or TH (Sun et al., 1988a), and ≈50% of these neurons were bulbospinal (Sun et al., 

1988c). However, the neuronal group immediately adjacent to RVLM neurons with pacemaker 

properties was silent, and ≈45% of these silent neurons were TH-ir (Sun et al., 1988a). 

Furthermore, pacemaker-like discharge activity of RVLM neurons was insensitive to glutamate 

blockade by kynurenic acid (Sun et al., 1988b). Therefore, it was suggested that tonic discharge 
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of RVLM neurons was due to their intrinsic pacemaker-like activity, which could be modulated 

by a variety of synaptic inputs in vivo (Sun et al., 1988b). Contrary to this, few other studies 

have shown that C1 bulbospinal RVLM neurons exhibited intrinsic pacemaker-like properties 

(Li et al., 1995).  

But, no intrinsic pacemaker-like properties of RVLM neurons were observed in vivo (Lipski et 

al., 1996). Therefore, it may be possible that in intact animals the discharge of RVLM neurons 

is derived by a fine balance between synaptic excitatory and inhibitory inputs (network theory) 

(Dampney et al., 2000; Lipski et al., 1996). However, under abnormal conditions, where the 

RVLM is deprived of its synaptic inputs, neuronal intrinsic pacemaker-like properties may 

become operational (Dampney et al., 2000; Koganezawa and Paton, 2014; Lipski et al., 1996).  

 Origin of sympathetic tone – network theory 

The network theory proposes that the final output activity from RVLM neurons is dependent 

on the tonic excitatory and inhibitory inputs to the RVLM.  

The preganglionic and postganglionic sympathetic nerve discharge (SND) contains two major 

components based on frequency analyses, a prominent cardiac related 2-6 Hz rhythm and a 

strong additional 10 Hz component (Barman et al., 1992). Both of the components of SND were 

suggested to be generated by a network of brainstem regions, rather than intrinsic pacemaker-

like properties (Zhong et al., 1993a; Zhong et al., 1993b). Activity of brainstem medullary 

neurons (RVLM, raphe or lateral tegmental field) contained a 2-6 Hz oscillation, and this 2-6 

Hz activity was correlated with that in SND (Zhong et al., 1993a). Transection of the spinal 

cord abolished, or markedly reduced, SND but the 2-6 Hz oscillation in medullary activity was 

unchanged; this suggested that the of 2-6 Hz oscillation component originates in the medulla 

(Zhong et al., 1993a). Activity of ≈25% of RVLM and caudal raphe neurons was correlated to 

the 10 Hz rhythm in inferior cardiac postganglionic SND in cats (Barman and Gebber, 1992). 

Further to this, lesion of the RVLM eliminated the 2-6 Hz and 10 Hz component of the SND 

(Zhong et al., 1992). All of these studies are in support of the network theory, and highlight the 

RVLM as a central source of origin of sympathetic tone.  

One of the major findings from Lipski et al., (1996) was that RVLM neurons are under the 

influence of tonic excitatory input (Lipski et al., 1996). Individual action potentials are usually 

preceded by identifiable fast EPSPs (excitatory post synaptic potentials) (Lipski et al., 1996). 

Blockade of glutamate receptors in the RVLM, in rabbits (Blessing and Nalivaiko, 2000), or in 

cats (Barman et al., 2000), caused decreases in MAP. Depressor response following blockade 
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of glutamatergic receptors (with kynurenic acid) in the RVLM seems to be mediated primarily 

via non-NMDA glutamate receptors (Abrahams et al., 1994). Contrary to this, a study by Ito 

and Sved (1997) failed to observe any significant changes in AP following the microinjection 

of kynurenic acid (antagonist of ionotropic glutamate receptors) in the RVLM of anesthetized 

rats (Ito and Sved, 1997). The discrepancy in findings between these studies could be merely 

due to a difference in species used for the experiments (rabbits or cats vs. rodents).  

The RVLM is in receipt of excitatory inputs from many supra-medullary brain regions 

(Stornetta et al., 2015). RVLM neurons receive excitatory inputs from higher brain regions, 

such as the PVN in response to nociceptive stimuli (Tagawa and Dampney, 1999). Another 

source of glutamatergic input to the RVLM is neurons located in the pontine reticular formation 

(Krassioukov and Weaver, 1993). Blockade of pontine reticular formation neurons, with 

glycine, caused decreases in AP, HR and renal SNA; an effect that was interrupted by 

microinjection of kynurenate into the RVLM (Krassioukov and Weaver, 1993). However, the 

question as to what extent glutamatergic inputs contribute to the tonic activity of RVLM 

neurons remains unresolved.  

An ideal example of the network theory was provided by Ito and Sved (1997) where removal 

of sympatho-inhibitory input to the RVLM, from the CVLM, elicited a pressor response (Ito 

and Sved, 1997). This pressor response could be blocked by microinjection of kynurenic acid 

into the RVLM (Ito and Sved, 1997). Therefore, in light of their findings, Ito and Sved proposed 

that microinjection of kynurenic acid in the RVLM blocks 2 types of inputs to RVLM 

presympathetic neurons, 1) direct excitatory glutamatergic input to RVLM neurons, and 2) 

excitatory input to local inhibitory neurons that are tonically active and synapse onto RVLM 

presympathetic neurons (Ito and Sved, 1997). Thus, the overall effect of kynurenic acid in the 

RVLM resulted in the removal of a direct excitatory and an indirect inhibitory input to these 

neurons and therefore, resulting in little change in their baseline activity (Ito and Sved, 1997).  

It seems unlikely that inhibition provided to RVLM neurons by local inhibitory interneurons is 

the primary source of inhibitory input to the RVLM. Iontophoretic application of GABA 

receptor antagonist, bicuculline, increases the firing rate of RVLM neurons, suggesting the 

presence of a tonic inhibitory input to the RVLM (Sun and Guyenet, 1985), which in part is 

dependent on baroreceptor input. However, even after denervation of baroreceptors or lesions 

of the NTS in rabbits, microinjection of bicuculline in the RVLM caused large increases in BP 

(Dampney et al., 1988). Therefore, there may be other baroreceptor independent sources of 
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tonic GABAergic inhibitory input to the RVLM, such as the CVLM or caudal pressor area 

(Dampney et al., 2003a; Kvochina et al., 2007; Schreihofer and Guyenet, 2002).  

Following blockade of both glutamate and GABA receptors in the RVLM very large increases 

in AP and renal SNA were observed (Tagawa et al., 1999). This study suggested that in absence 

of both inputs, glutamatergic and GABAergic, RVLM presympathetic neurons have a very high 

firing rate; this may reflect auto-activity of RVLM neurons, or may be indicative of a glutamate 

or GABA independent excitatory input. Angiotensin mediated excitatory inputs to RVLM 

neurons is independent of glutamate and GABA (Tagawa et al., 1999), and blockade of 

angiotensin receptors in the RVLM caused large decreases in AP, HR and renal SNA (Ito and 

Sved, 1996; Tagawa et al., 1999). Further to this, blockade of angiotensin II type I receptors 

attenuated the pressor effect of exogenously microinjected angiotensin II in the RVLM (Averill 

et al., 1994).  

 C1 adrenergic cell group  

C1 neurons of the RVLM (Figure 1.4 and Figure 1.6) contain ≈72% of medullary PNMT-IR 

catecholaminergic neurons in rat brainstem (Minson et al., 1990). The other 2 PNMT-ir 

adrenergic neuronal groups in the medulla are, C2 group of neurons that contains ≈13% and C3 

group of neurons (section 1.2.2.3) that contains ≈15% of medullary PNMT-ir neurons (Minson 

et al., 1990).  

C1 neurons of the RVLM send direct monosynaptic efferent projections to SPGNs at all 

segmental levels of the thoracic spinal cord (Abbott et al., 2009a; Oshima et al., 2006; Oshima 

et al., 2008; Ross et al., 1984a; Stornetta et al., 2015). Approximately 71% of C1 neurons are 

bulbospinal with efferent projections to the thoracic level of the spinal cord (Haselton and 

Guyenet, 1989). C1 neurons were first described in 1974 as PNMT-ir neurons of the brainstem 

with a possible role in vasomotor and respiratory control (Bolme et al., 1974; Ho¨kfelt et al., 

1974). Most cells of the C1 neuronal group are bulbospinal, and are immunoreactive for TH, 

DBH and PNMT (Phillips et al., 2001). Catecholamine synthesizing C1 adrenergic neurons are 

also immunoreactive for neuro-peptides/ neuro-transmitters like neuropeptide-Y (Stornetta et 

al., 1999), enkephalin (Stornetta et al., 2001), PACAP (Farnham et al., 2008), cocaine- and 

amphetamine- regulated transcript (Burman et al., 2004; Dun et al., 2002) and many more (for 

a detailed review, see (Stornetta, 2009)).  

Ultrastructural studies suggest that C1 neurons are good candidates for sensing O2 levels as 

these neurons contain abundant mitochondria, and are in close proximity to blood vessels and 



 CHAPTER 1 – LITERATURE REVIEW 

 

Page | 30  
 

astrocytes (Milner et al., 1987). Presence of both, myelinated and unmyelinated, type of axons 

in C1 neurons imply that these neurons are capable of conducting with different velocities 

(Milner et al., 1987).  

C1 neurons can form either symmetrical (inhibitory) or asymmetrical (excitatory) synapses with 

target neurons (such as SPGNs) depending on their site of termination, and the size of post-

synaptic dendrite. (Milner et al., 1988). Pre-synaptic terminals from C1 neurons can also 

directly synapse onto the cell membrane of SPGNs, and these axosomatic synapses are 

exclusively symmetric (Milner et al., 1988).  

Using a juxtacellular labelling technique in anaesthetized rats, Schreihofer and Guyenet (1997) 

provided a comprehensive analysis of the proportion of C1 neurons that were bulbospinal and 

barosensitive. Each individual RVLM neuron was filled with biotinamide if the neuron was 

found to be spontaneously active, barosensitive and bulbospinal (Schreihofer and Guyenet, 

1997). Almost 70% of the bulbospinal RVLM neurons were found to be C1 cells, and with 

axonal conduction velocities of <1 m/s (Schreihofer and Guyenet, 1997).  

As discussed previously, RVLM neurons are sympatho-excitatory in nature. Even though, the 

role of C1 neurons in cardiovascular regulation is well established, C1 neurons also play a 

critical role in other physiological processes, such as endocrine responses to infection and 

inflammation, sleep-wake cycle, glucose homeostasis, reproduction and thermoregulation 

(Abbott et al., 2012; Guyenet et al., 2013). Due to their importance in physiology, C1 neurons 

have been termed as “emergency medical technicians” of the body (Figure 1.4) (Guyenet et al., 

2013). 

As C1 and non-C1 neurons of the RVLM are intermingled, studies blocking activity of RVLM 

neurons could not identify the individual level of involvement of these 2 cell groups in the 

sympathetic control of BP. Thus, development of an antibody that selectively lesions C1 

neurons, anti-DβH-saporin, opened doors to the possibility of selectively targeting C1 neurons. 

Microinjection of anti-DβH-saporin in the RVLM selectively destroyed ≈90% of C1 

population, and did not alter the non-C1 population (Madden et al., 1999). Unilateral 

destruction of C1 neurons with anti-DβH-saporin reduced the pressor response to glutamate 

microinjection into the RVLM by nearly 40% (Madden et al., 1999). Following depletion of 

>80% of C1 neurons, with immunotoxin injection of anti-DβH-saporin in the RVLM, resting 

levels of AP were ≈10 mmHg lower as compared to control conscious rats (Madden and Sved, 

2003b). Furthermore, sympatho-excitatory responses to cardiovascular reflexes, such as 
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baroreceptor unloading, chemoreceptor activation and electrical stimulation of the sciatic nerve 

(evoking a SSR), were attenuated following depletion of >80% of C1 neurons (Madden and 

Sved, 2003b). A study by Abbott et al., (2009) utilizing channelrhodopsin-2 selectively in 

catecholaminergic neurons, and photo-stimulating the transfected C1 neuronal population, has 

shown that selective activation of C1 neurons in the RVLM increased BP and splanchnic SNA 

(Abbott et al., 2009a). These studies have highlighted the role of C1 neurons in the maintenance 

of tonic vasomotor activity, and sympatho-excitatory responses to cardiovascular reflexes.  

C1 neurons are essential for the hypotensive response evoked by microinjection of clonidine in 

the RVLM. Injection of clonidine into the RVLM of anaesthetised rats caused a decrease of 

≈25 mmHg in AP; this depressor response was abolished following the depletion of C1 neurons 

(with the injection of anti-DβH-saporin in the RVLM) (Madden and Sved, 2003a). Contrary to 

this, another study failed to abolish the depressor response to clonidine following depletion of 

C1 neurons (Schreihofer and Guyenet, 2000). However, in the study by Schreihofer and 

Guyenet, depletion of C1 neurons was indirect i.e. anti-DβH-saporin was injected at the level 

of the thoracic spinal cord, and clonidine was administered intravenously (Schreihofer and 

Guyenet, 2000).    
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Figure 1.4: C1 cells as “emergency 

medical technicians”  

Differential recruitment of subsets of 

C1 cells for different emergency 

responses. Hypothetical scheme that 

illustrates how the differential 

recruitment of 12 subsets of C1 cells 

by hypotension, hypoxia, diving, or 

hypoglycemia might produce a 

response pattern adapted to each 

situation. The anatomical target of 

each type of C1 cells, and the 

postulated physiological effect 

produced by their activation, are also 

indicated. Green: responses mediated 

by C1 cells that innervate parasympathetic preganglionic neurons. Black: responses mediated 

by C1 cells that innervate sympathetic preganglionic neurons. White: responses mediated by 

C1 cells that innervate the PVN and other forebrain regions. Gray: responses mediated via 

activation of the CNS noradrenergic system (such as the locus coeruleus). Orange: response 

mediated by activation of the respiratory pattern generator. The number of C1 cell subsets could 

be smaller if some of the responses listed are produced by axonal collaterals. For example, the 

CNS noradrenergic neurons could be activated by collaterals of presympathetic neurons that 

regulate the circulation and by collaterals of glucose-sensitive cells (presympathetic or others). 

NA, noradrenaline-releasing cells; PVN, paraventricular nucleus of the hypothalamus; SO, 

supraoptic nucleus; RPa, raphe pallidus; IML, intermediolateral cell column of the spinal cord; 

VRG, ventral respiratory group; DMV, dorsal motor nucleus of the vagus; CBF, cerebral blood 

flow; VP, vasopressin; OT, oxytocin; BAT, brown adipose tissue; A, Adrenaline release; GI, 

gastrointestinal. (Figure and legend adapted from (Guyenet et al., 2013); used with permission) 
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1.2.1.6 Caudal ventrolateral medulla (CVLM) 

The CVLM is defined as the area located medially to the spinal trigeminal tract, lateral to the 

pyramids, ventral to the nucleus ambiguus, and is intermingled with A1 noradrenergic neurons 

of the brainstem (Figure 1.2) (Paxinos and Watson, 2007).  

Afferent projections: The CVLM receives afferent glutamatergic projections from the NTS and 

other regions, and is a major input of inhibitory monosynaptic GABAergic projections to the 

RVLM (Chalmers and Pilowsky, 1991; Mandel and Schreihofer, 2008; Pilowsky et al., 2009). 

In addition to excitatory inputs, CVLM neurons are also in receipt of inhibitory inputs, such as 

GABAergic (Blessing and Reis, 1983; Willette et al., 1984), glycinergic (Blessing and Reis, 

1983) and opioids (Badoer and Chalmers, 1992; Drolet et al., 1991). Neurochemical phenotype 

of inhibitory CVLM neurons is quite diverse, as these neurons contain glycine and neuropeptide 

Y, in addition to GABA.  

Small region of the CVLM is anatomically, and functionally, divided into 2 regions, 1) the 

rostral CVLM that contains neurons responsible for baroreflex-mediated inhibition, and 2) the 

caudal CVLM that contains neurons whose function is independent of baroreflex (Badoer et al., 

1994; Cravo and Morrison, 1993). Selective lesioning of the rostral CVLM, with neurotoxic 

kainic acid, caused increases in AP and SNA, in baroreceptor intact and denervated rats (Cravo 

and Morrison, 1993). These findings suggested that the CVLM is an important source of tonic 

sympatho-inhibition (Cravo and Morrison, 1993; Sved et al., 2000).  

Inhibition of CVLM neurons, by microinjection of muscimol, evoked a pressor response, 

accompanied by an increase in peripheral resistance and SNA (Horiuchi et al., 2004; Mandel 

and Schreihofer, 2008). This observed effect also highlights that CVLM neurons are tonically 

active, and provide tonic inhibition to RVLM neurons, which is critical in the regulation of 

resting BP levels. In line with these results, electrolytic lesion of the CVLM evoked a pressor 

response in conscious rabbits (Blessing et al., 1981b). Neurotoxicity induced in the CVLM, 

with kainic acid, also evoked a transient hypertensive effect accompanied with bradycardia 

(Blessing et al., 1981b; Cravo et al., 1991).  

Microinjection of angiotensin II in the CVLM, in baroreceptor denervated rats, caused a dose 

dependent decrease in BP and renal SNA (Sasaki and Dampney, 1990). In addition, 

microinjection of angiotensin (1-12), a renin independent substrate for angiotensin II, in the 

CVLM evoked reductions in MAP, HR and splanchnic SNA; this effect was partly mediated 

by GABA receptors in the RVLM (Kawabe et al., 2014). Microinjection of angiotensin (1-12) 
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in the CVLM modulated the baroreflex response to intravenous injections of phenylephrine 

(loads baroreceptors) and SNP (unloads baroreceptors) (Kawabe et al., 2014). Microinjection 

of angiotensin-II specific antagonist in the CVLM caused an increase in BP and renal SNA 

(Sasaki and Dampney, 1990). These results suggest a tonic action facilitated by endogenous 

angiotensin II on the CVLM mediated sympatho-inhibitory effects.   

Glutamate induced excitation of CVLM neurons exerted a depressor response, with reductions 

in HR, which may be attributed to a decrease in total peripheral resistance (Willette et al., 1987). 

Bilateral microinjection of either an NMDA or a selective AMPA receptor antagonist into the 

CVLM failed to attenuate the baroreflex response to the ADN stimulation (Miyawaki et al., 

1997). However, microinjection of kynurenate, or a combination of NMDA and kainate 

receptor antagonist, abolished all components of the sympathetic baroreflex response to the 

ADN stimulation (Miyawaki et al., 1997).  

The important component missing from previous work (described above) concerning the role 

of CVLM neurons in the sympathetic control of blood pressure is the failure to isolate actions 

exerted by CVLM neurons from other intermingled neurons, such as the A1 group of neurons. 

However, this earlier literature, concerning the role of CVLM neurons in the sympathetic 

control of BP, has provided an indication regarding the possible role of CVLM neurons in the 

sympathetic control of BP, and has set the stage for future non-trivial research.   

Failure of tonic activity of CVLM neurons is linked to the pathology of hypertension (Smith 

and Barron, 1990). Inhibition of CVLM neurons, with microinjection of tetrodotoxin, in WKY 

(Wistar-Kyoto rats; normotensive control for SHR) and SHR, produced significantly larger 

increases in BP in WKY as compared to SHR (Smith and Barron, 1990). These findings suggest 

that a lower restrain of sympathetic output from CVLM neurons may be responsible for an 

exaggerated SNA in SHR (Smith and Barron, 1990).  

In addition to tonic glutamatergic input from the NTS, studies have shown that CVLM neurons 

are also tonically excited by endogenous angiotensin II (see above) and NTS independent 

glutamatergic input. The NTS independent glutamatergic input to the CVLM was further 

strengthened by a study, which showed that the pressor response to sinoaortic denervation or 

lesioning of the NTS were worsened by the removal of CVLM (Dampney et al., 1988; Mandel 

and Schreihofer, 2008). In addition, a proportion of glutamatergic tonically active input to the 

CVLM, independent of the NTS-CVLM pathway, are sensitive to changes in central respiratory 

drive (Mandel and Schreihofer, 2008).  
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Another study by Chan and Sawchenko showed that induction of hypertension, with 

intravenous infusion of phenylephrine, evoked Fos-ir in CVLM neurons (projecting to the 

RVLM); the majority of these Fos-ir CVLM neurons were GABAergic, and only few were 

glycinergic (Chan and Sawchenko, 1998).  

All of the above-mentioned literature highlights the CVLM as an area of the ventrolateral 

medulla (VLM) where excitatory and inhibitory inputs converge, and that it plays an important 

role in the maintenance of sympathetic vasomotor tone.  

1.2.1.7 Nucleus of the solitary tract (NTS) 

The NTS is a large nucleus of the brainstem, beginning at level of the cervical spinal cord and 

extends rostrally to the caudal part of the dorsal cochlear nucleus (Figure 1.2) (Paxinos and 

Watson, 2007).  

Afferent projections: The NTS is a major site in the CNS that receives afferent inputs from 

many sensory peripheral receptors, such as those associated with the cardiovascular, visceral, 

respiratory and gustatory information, and is involved in the coordination of these inputs to the 

rest of CNS sites, such as the CVLM (section 1.3.1) and the RVLM (section 1.2.1.5)  (Ciriello 

and Caverson, 2014; Dampney, 1994; Guyenet and Bayliss, 2015; Kumada et al., 1990; 

Lawrence and Jarrott, 1996; Pilowsky et al., 2009; van Giersbergen et al., 1992). Afferent 

projections to the NTS that affect the cardiovascular system are of interest here.  

NTS neurons are the second order barosensitive neurons, receiving excitatory afferent inputs 

from baroreceptors located in the carotid sinus and the aortic arch. The role of NTS neurons in 

regulation of the cardiovascular system is well established. L-glutamate is suggested to be the 

most likely candidate released by baroreceptor afferent fibers at the level of the NTS (Kumada 

et al., 1990). On receipt of these afferent inputs (to dorsomedial, dorsolateral and commissural 

regions of the NTS), NTS neurons modulate their firing activity (either increase or decrease) to 

changes in BP (Zhang and Mifflin, 2000). Almost precise location of neurons receiving afferent 

inputs from peripheral baroreceptors varies from species to species (Kumada et al., 1990). 

Blockade of glutamate receptors in the NTS of anesthetized rats eliminated all responses to the 

baroreflex (Guyenet et al., 1987). Vice versa, chemical activation of the NTS mimicked the 

baroreflex response by decreasing BP and HR (Talman et al., 1984). To add to the complex 

neuro-functionality of the NTS, these neurons are immunoreactive for GABAA receptors 

(Waldvogel et al., 2010), and blockade of GABA receptors in the medial area of the NTS of 

rats (with bicuculline) resulted in exaggeration of depressor and bradycardiac responses to the 
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ADN stimulation (Kubo and Kihara, 1988). Microinjection of GABA into the medial area of 

the NTS evoked a pressor response (Kubo and Kihara, 1987b). These studies have shown that 

NTS neurons are capable of modulating the baroreflex response via both, a glutamatergic and 

a GABAergic, neurotransmitter systems.  

Induction of acute hypertension, with intravenous infusion of phenylephrine, caused significant 

increases in Fos-ir in caudal regions of the NTS (Chan and Sawchenko, 1994; Graham et al., 

1995; Li and Dampney, 1994). Interestingly, even induction of hypotension, with hydralazine 

or SNP, increased Fos-ir in most regions of the NTS (Chan and Sawchenko, 1994; Graham et 

al., 1995). Induction of hypotensive hemorrhage also increased Fos-ir in the NTS of a rat (Chan 

and Sawchenko, 1994). The NTS consists of 2 distinct populations of neurons that can either 

be excited or inhibited by increased BP (Feldman and Felder, 1989). It may be that the group 

of NTS neurons that are inhibited in response to increased BP are the ones that are activated in 

response to reduced BP levels (Graham et al., 1995).  

Even direct stimulation of the carotid sinus nerve, or induction of hypoxia, induced Fos like 

immunoreactivity in, and around, caudal and intermediate portions of the NTS (Miura et al., 

1996b). Direct electrical stimulation of the ADN also induced Fos-ir in the NTS along with key 

sites involved in baroreflex modulation, such as the RVLM and the CVLM (McKitrick et al., 

1992; Rutherfurd et al., 1992).  

All of the above-mentioned literature highlights the importance of the NTS in autonomic 

control of the cardiovascular system.  

1.2.1.8 Medullo-cervical pressor area (MCPA) 

MCPA is an area located caudal to the CVLM region (≈14.6 mm caudal to bregma) and extends 

up to the caudal part of the third cervical segment of the spinal cord (Figure 1.2) (Seyedabadi 

et al., 2006). The MCPA sends direct efferent projections to the IML cell column of the spinal 

cord (Jansen and Loewy, 1997). Investigation of the neurochemical phenotype of MCPA 

neurons demonstrated the chemical heterogeneity of these neurons (Seyedabadi et al., 2006). 

Bulbospinal neurons located in the upper cervical spinal cord were distributed within 3 

locations: the lateral cervical nucleus, the lateral spinal nucleus and the lateral funiculus (Jansen 

and Loewy, 1997).   

Functionally, MCPA neurons are sympatho-excitatory in nature, and chemical stimulation of 

these neurons evoked a pressor response (Seyedabadi et al., 2006). Interestingly, the pressor 

response to glutamate microinjection in the MCPA was independent of the RVLM, and distinct 
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from axonal trajectory to the caudal pressor area (CPA) (Seyedabadi et al., 2006). Despite of 

the role played by MCPA neurons in the ANS, the MCPA does not contribute to sympathetic 

vasomotor tone. Intactness of the MCPA did not prevent falls observed in AP or SNA following 

blockade of the RVLM and transection below the CPA (Seyedabadi et al., 2006).  

Exact role of the MCPA in the autonomic regulation of the cardiovascular system is yet to be 

established.  

1.2.1.9 Sympathetic preganglionic neurons (SPGNs)  

Autonomic regulation of the cardiovascular system involves a set of preganglionic nerves 

innervating sympathetic ganglionic chain (Juranek and Wojtkiewicz, 2015; Yau et al., 1991), 

which in turn are sites for autonomic postganglionic nerves (Figure 1.1). Sympathetic 

postganglionic nerves along with local auto regulatory mechanisms, and circulating hormones, 

control physiology of peripheral organs (Figure 1.1) (Dampney, 1994). Sympathetic 

preganglionic nerves arise from SPGNs that are located within the spinal cord, with the majority 

of SPGNs in the IML cell column and the lateral funiculus of the spinal cord; few of these 

SPGNs are located in the central autonomic and intercalated nucleus (Figure 1.2) (Dampney, 

1994; Strack et al., 1988). SPGNs, due to their cholinergic phenotype, can be 

immunohistochemically identified with an antibody raised against choline acetyltransferase.  

A detailed study by Strack et al., (1988), using retrograde transport of Fluoro-gold, showed that 

each sympathetic ganglion (such as the celiac, stellate or mesenteric ganglion) or adrenal 

medulla, received inputs from multiple spinal segments (Figure 1.5) (Strack et al., 1988). For 

example, stellate ganglion received inputs from the C8-T8 spinal segments (Figure 1.5) (Strack 

et al., 1988). SPGNs are immunoreactive for many neurotransmitters/neuro-peptides such as 

acetylcholine, SST, enkephalin, neurotensin, substance P and PACAP (also refer to Table 1.1) 

(Beaudet et al., 1998; Krukoff, 1987a; Krukoff, 1987b). 

Based on electrophysiological properties, SPGNs can be divided into 3 categories: Type A, 

characterised by a high resting membrane potential and low input resistance; Type B, 

characterised by a lower resting membrane potential and high input resistance; Type C, similar 

to type B but their action potentials didn’t show the ‘after-depolarisation’ effect (Dembowsky 

et al., 1986).   

As discussed in previous sections, SPGNs receive direct inputs from many supra spinal sites, 

such as the PVN (section 1.2.1.1), A5 (section 1.2.1.2), caudal raphe (section 1.2.1.3), RVMM 

(section 1.2.1.4), RVLM (section 1.2.1.5) and the MCPA (section 1.2.1.8) (Seyedabadi et al., 
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2006; Strack et al., 1989). Afferent projections from bulbospinal sites to SPGNs may exert their 

effects via neurotransmitters that include amino acids and neuropeptides (refer to Table 1.1). 

Moreover, terminals containing other compounds such as neurotensin (Chiba and Masuko, 

1987; Krukoff et al., 1985), oxytocin (Chiba and Masuko, 1987) and vasoactive intestinal 

polypeptide (Chiba and Masuko, 1987) are also closely apposed to SPGNs; however, synaptic 

contacts have not yet been demonstrated. In addition to afferent projections from supra spinal 

sites, SPGNs are also innervated by spinal interneurons (Deuchars, 2007; Dun and Mo, 1989).  

Table 1.1: Neurotransmitter-ir and their corresponding receptors on SPGNs  

Neurotransmitter Reference Receptor Reference 

5-HT 

(Bacon and Smith, 1988; 

Chiba, 1989; Jensen et al., 

1995; Poulat et al., 1992; 

Vera et al., 1990) 

5-HT 2  
(Maeshima et al., 1998; 

Marlier et al., 1991) 

5-HT 1C/2  (Thor et al., 1993) 

Angiotensin II (Galabov, 1992) 

 

Type 1 and 

type 2  

(Ahmad et al., 2003; 

Chao et al., 2013) 

Enkephalin 

(Bowman and Goodchild, 

2015; Stornetta et al., 2001; 

Vera et al., 1990) 

Opioid 

receptors  

(Bowman and 

Goodchild, 2015) 

GABA 

(Bacon and Smith, 1988; 

Bogan et al., 1989; Chiba and 

Semba, 1991) 

GABAA and 

GABAB 

receptors  

(Bowman and 

Goodchild, 2015; 

Brouillette and Couture, 

2002) 

Glutamate 

(Llewellyn-Smith et al., 

1992; Morrison et al., 1989a; 

Morrison et al., 1989b) 

NMDA 

receptors  

(Morrison, 2003; Poon 

et al., 2006; Young et 

al., 1999) 

Type I and II 

Metabotropic 

receptors  

(Li et al., 1999) 
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Glycine  
(Cabot et al., 1992; Chiba 

and Semba, 1991) 

Glycine 

receptors  

(Chiba and Semba, 

1991) 

PACAP 

(Beaudet et al., 1998; 

Farnham et al., 2011; Inglott 

et al., 2011; Pettersson et al., 

2004; Waschek, 2013) 

PAC1 and 

VPAC 

receptors  

(Inglott et al., 2012) 

Substance P 

(Bacon and Smith, 1988; 

Pilowsky et al., 1992; Poulat 

et al., 1992) 

NK1 receptor  

(Brouillette and 

Couture, 2002; Burman 

et al., 2001; Llewellyn-

Smith et al., 1997) 

Thyrotropin 

releasing 

hormone (TRH) 

(Poulat et al., 1992) TRH receptor  

(Helke and Phillips, 

1988; Suzuki et al., 

1995) 

 

Distribution of chemically distinct synaptic terminals is probably correlated with functional 

properties of SPGNs. For example, in adult cats even though most of the SPGNs are 

immunoreactive for catecholaminergic nerve terminals, the density varies between segmental 

levels (McLachlan and Oldfield, 1981). Catecholaminergic nerve terminals were found in most 

parts of the IML at the level of T1 to T8 and L2-L3 (McLachlan and Oldfield, 1981). However, 

between segmental levels of T9-L2, distribution of noradrenergic terminals in the IML was 

patchy; majority of these fibers projected to regions medial to the IML (McLachlan and 

Oldfield, 1981). Similar observations were made concerning the density of terminals to SPGNs 

that were immunoreactive for neurotransmitters such as glycine (Cabot et al., 1992), 

neuropeptide Y (Krukoff, 1987a), 5-HT, enkephalin, SST and substance P (Krukoff et al., 1985) 

A plethora of neurotransmitters/ neuropeptides (Table 1.1) acting on SPGNs exert their effects 

in a combined fashion i.e. neuropeptides are co-released to evoke a response from SPGNs. For 

example, it is well established that adrenaline synthesizing RVLM neuronal projections on to 

SPGNs are sympatho-excitatory (section 1.3.1). However, iontophoretic application of 

adrenaline to SPGNs inhibited their activity (Coote, 1988). In this case, function of the co-

released compound may be different from that of the isolated compound.  
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Glutamate and aspartate are considered the leading candidates evoking an EPSP in SPGNs, in 

vitro and in vivo. Sympatho-excitation produced by stimulation of the RVLM can be blocked 

by application of a glutamate antagonist in the spinal cord (Inokuchi et al., 1992). Further to 

this, in spinal cord slice from a cat, excitation of region dorsal to the IML evokes an EPSP; this 

EPSP could be depressed by EAA receptor antagonist, and could be enhanced by a glutamate 

uptake inhibitor (Inokuchi et al., 1992).  

Stimulation of vasodepressor regions of the NTS, or stimulation of the ADN, evoked a 

membrane hyper-polarisation effect and induced reductions in cell input resistance of SPGNs 

(Lewis and Coote, 2008). This study ruled out the presence of a pacemaker like activity from 

SPGNs.  

Intravenous injection of 2-deoxyglucose, leading to glucoprivation, increased the activity of 

SPGNs that regulated adrenaline secretion from chromaffin cells of adrenal medulla (Morrison 

and Cao, 2000). On the other hand, stimulation of the baroreflex inhibited the activity of SPGNs 

innervating noradrenergic chromaffin cells of the adrenal medulla; these SPGNs were sensitive 

to baroreceptor activation and not glucoprivation (Morrison and Cao, 2000).  

Induction of acute hypotension, with infusion of SNP, caused increases in Fos-ir in SPGNs, of 

which ≈71% had projections to sympatho-adrenal neurons; these neurons were most densely 

localised to the T8-T9 segments of the spinal cord (Minson et al., 1997a). SPGNs, projecting 

to the superior cervical ganglion, were not found to be barosensitive (Minson et al., 1997a). 

Anterograde tracing from the RVLM also showed that SPGNs responding to hypotension 

received projections from the RVLM (Minson et al., 1997a). A higher level of basal Fos-ir in 

SPGNs was seen in SHR (compared to WKY) following infusion of SNP, which may be 

responsible for elevated levels of BP in SHR (Minson et al., 1996). A recent study has also 

shown that induction of hypotension, with hydralazine, increased Fos-ir in SPGNs projecting 

to adrenal glands and the celiac ganglion (Parker et al., 2015).  

All together, these findings suggest that SPGNs are highly critical in the autonomic control of 

the cardiovascular system.  
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Figure 1.5: Segmental distribution of sympathetic preganglionic neurons (SPGNs)  

Fluoro-gold injections into the major sympathetic ganglia, and adrenal glands, reveal that each 

sympathetic ganglion (or adrenal gland) receives projections from neurons located in multiple 

segments of the spinal cord. (Figure from (Strack et al., 1988); used with permission)  
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1.2.2 Other catecholaminergic areas of the ANS 
Within the brainstem (extending rostrally from the CVLM to the rostral pons), there are many 

noradrenergic nuclei that are immunoreactive for TH and DβH; these include the A1 to A6 

nuclei (Badoer et al., 1987; Burman et al., 2003; Dahlström and Fuxe, 1964; Li et al., 2008a). 

The presence of TH (rate limiting enzyme for dopamine synthesis) and DβH (enzyme that 

converts dopamine to noradrenaline) enables these neurons to synthesise noradrenaline 

(Armstrong et al., 1982). Adrenergic nuclei, such as C1-C3 cell groups, are immunoreactive for 

PNMT, in addition to TH and DβH (Armstrong et al., 1982; Minson et al., 1990; Sevigny et al., 

2012). PNMT catalyzes the synthesis of adrenaline from noradrenaline, and can be used to 

distinguish between adrenergic and noradrenergic catecholaminergic nuclei of the brainstem.  
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Figure 1.6: Location of 

various catecholaminergic 

nuclei, A1/A2/C1/C3/A5/A6, 

in the brainstem  

Six catecholaminergic nuclei 

of interest 

(A1/A2/C1/C3/A5/A6) are 

highlighted in red. S5, 

sensory root of the trigeminal 

nerve; Sp5, spinal trigeminal 

tract; 4v, 4th ventricle; Pyr, 

pyramidal tracts; NTS, 

nucleus of the solitary tract; 

12N, 12th nucleus. (Adapted 

from (Kapoor et al., 2016a; 

Paxinos and Watson, 2007)) 
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1.2.2.1 A1  

A1 (Figure 1.6) noradrenergic neurons of the brainstem are immunoreactive for TH and DβH, 

and are intermingled with GABAergic neurons of the CVLM (Dahlström and Fuxe, 1964; 

Paxinos and Watson, 2007). A1 noradrenergic neurons are important in the hypothalamo-

pituitary-adrenal axis, via their ascending efferent projections to neuroendocrine cells in the 

PVN (Blessing et al., 1982a; Cravo et al., 2009). A1 neurons are involved in the secretion of 

vasopressin (anti diuretic hormone) (Blessing et al., 1982b; Cravo et al., 2009; Day and Sibbald, 

1990), and regulation of volume in extracellular compartments (Howe et al., 2004; Pedrino et 

al., 2008) (section 1.2.1.1). The absence of direct projections from A1 to SPGNs does not rule 

out the possibility that A1 neurons can modulate the activity of SPGNs. Few earlier studies 

have shown the presence of efferent projections from A1 neurons to the NTS (Blessing et al., 

1981a), the PVN (Tanaka et al., 1997) and to the bulbospinal RVLM neurons (Dahlström and 

Fuxe, 1964). A1 neurons are in receipt of direct inputs from arterial baroreceptors (Day and 

Sibbald, 1990; Li et al., 1992a) and vagal cardiopulmonary volume receptors (Day et al., 1992).  

Destruction of the area containing A1 neurons in rabbits, by either electrolytic lesioning or 

microinjection of kainic acid (neurotoxin), elevated plasma concentration levels of vasopressin, 

and induced acute hypertension accompanied by bradycardia (Blessing et al., 1982b; Elliott et 

al., 1985). Another study showed similar results where excitation of the region containing A1 

cells in rabbits, with either a microinjection of L-glutamate or low frequency electrical 

stimulation, exerted a depressor response with reductions in HR (Blessing and Reis, 1982). 

Microinjection of GABA in the region containing A1 cells in rabbits exerted a pressor response 

(Blessing and Reis, 1982).  

However, these results should be treated with caution as A1 neurons are intermingled with some 

of the key sites involved in cardiorespiratory regulation, such as the CVLM and the pre-

Bötzinger nucleus; no attempt was made in these studies to functionally distinguish between 

the A1 group and other neuronal groups. A study by Head et al., (1987) highlighted that changes 

observed in MAP following electrical stimulation of the region containing A1 cells could be 

mediated through non-catecholaminergic neurons present in this region (Head et al., 1987) 

Induction of hypotension, with intravenous administration of hydralazine or hypotensive 

hemorrhage, activated neurons in the A1 region (Benarroch, 1998; Smith et al., 1995). In line 

with this work, discharge from A1 neurons increased with reductions in AP, and vice versa (Li 

et al., 1992a). This role of A1 neurons in the cardiovascular regulation is suggested to be 
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mediated via its afferent pathway from baroreceptors, and efferent projections to the PVN 

(Buller et al., 1999; Kannan et al., 1986). Furthermore, A1 neurons also receive input from 

peripheral chemoreceptors, and modulate secretion of vasopressin accordingly (Li et al., 

1992a).  

1.2.2.2 A2  

A2 neurons (Figure 1.6) of the brainstem are located within the dorsal vagal complex, and are 

centered within the intermediate and the caudal NTS (Badoer et al., 1987; Paxinos and Watson, 

2007). Approximately 80% of A2 neurons are positive for vesicular glutamate transporter 2 

(Stornetta et al., 2002a). Almost all of A2 neurons are positive for prolactin-releasing peptide 

(peptide hormone), suggesting a role of the A2 nucleus in regulation of the neuroendocrine 

system (Chen et al., 1999; Yamada et al., 2009). A2 neurons are also immunoreactive for 

neuropeptides such as PACAP (Das et al., 2007) and neuropeptide Y (Sawchenko et al., 1985).  

A2 neurons receive direct afferent inputs from many sites such as area of the NTS innervated 

by visceral afferents (Appleyard et al., 2007), and projects to higher brain regions, such as the 

PVN (Yamada et al., 2009). Following induction of hyper-, and hypo-, tension in conscious 

rabbits (with phenylephrine and SNP, respectively), increased levels of Fos-ir (signifying 

neuronal activity) were observed in the A2 region (Li and Dampney, 1994). Destruction of A2 

neurons in the brainstem of rats resulted in increased variability in AP without affecting MAP 

(Talman et al., 1980). However, A2 neurons do not receive a direct baroreceptor input as shown 

by single unit recordings (Moore and Guyenet, 1985).  

In addition to a role of A2 neurons in the cardiovascular system, these neurons also play a 

critical role in systems associated with food intake, emotional and stress responses, affective 

behavior, and drug dependence (see review (Rinaman, 2011)).  

1.2.2.3 C3  

C3 TH-ir neurons are located in the medial longitudinal fasciculus in close proximity to the 4th 

ventricle, and at the level of the prepositus hypoglossal nucleus (Figure 1.6) (Paxinos and 

Watson, 2007; Ritter et al., 1998). C3 neurons express vesicular glutamate transporter 2 and 

hence, are glutamatergic in nature (Stornetta et al., 2002a). Efferent projections from C3 

neurons extend to regions such as the IML cell column of the thoracic spinal cord, commissural 

and medial nuclei of the NTS and the PVN (Sevigny et al., 2012).  

Increased expression of Fos in C3 neurons of the brainstem were observed following induction 

of glucoprivation by 2-deoxy-D-glucose (Ritter et al., 1998). C3 neuronal activity increased 
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(determined by Fos-ir) in response to induction of hypotension, with SNP (Murphy et al., 1994), 

but remained unaffected during hemorrhage (Dun et al., 1993). A recent study demonstrated 

that C3 neurons are sympatho-excitatory, and are critically involved in glucose homeostasis, 

but not hypotension (induced with hydralazine) (Menuet et al., 2014). The contradictory 

involvement of C3 neurons following hypotension shown between Murphy et al., (1994) and 

Menuet et al., (2014) could be attributed to the use of 2 different drugs to induce hypotension, 

SNP vs. hydralazine. Further work is required to establish the exact, and comprehensive, role 

of C3 neurons in the ANS.  

1.2.2.4 Locus coeruleus (LC) or A6 noradrenergic nucleus  

The LC/A6 nucleus (Figure 1.6) is located near the pontomesencephalic junction, and is the 

largest group of noradrenergic neurons in the CNS (Badoer et al., 1987; Dahlström and Fuxe, 

1964; Paxinos and Watson, 2007). Multiple areas of the brain project to the LC, such as the 

PVN, the perifornical area, raphe nuclei, the periaqueductal grey matter, the RVLM and the 

spinal cord (Abbott et al., 2012; Luppi et al., 1995; Samuels and Szabadi, 2008). Projections 

from the RVLM to the LC are glutamatergic, and activation of RVLM neurons, via somatic or 

psychological stress, can activate LC neurons (Holloway et al., 2013).  

LC is known for its well established role during the sleep-wake cycle (Aston-Jones and Bloom, 

1981), cognitive performance (Usher et al., 1999) and emotional activation (Aston-Jones et al., 

1996). Further to this, LC neurons project to many sites critical for the control of the 

cardiovascular system, such as the PVN, inhibitory projections to the RVLM, and caudal and 

dorsal raphe nuclei (see review (Samuels and Szabadi, 2008)). Glucose utilisation followed by 

induction of hemorrhage was increased in the area of the LC (Savaki et al., 1982). 

Recent work from Bruinstroop and colleagues (2012) has shown that neurons of the A6/LC 

send efferent projections to all segments of the spinal cord (Bruinstroop et al., 2012). 

Interestingly, the density of axonal projections from the LC group of neurons to the spinal cord 

were similar in each spinal lamina at all levels of the spinal cord (Bruinstroop et al., 2012). The 

LC has the ability to modulate BP levels via direct projections (excitatory) to the IML cell 

column of the spinal cord (Jones and Yang, 1985), and indirect projections to premotor nuclei, 

such as the RVLM (inhibitory), and A5 noradrenergic neurons (excitatory) (Samuels and 

Szabadi, 2008; Stornetta et al., 2015). Blood volume load, or elevation of BP, reduced the firing 

rate of LC neurons; this effect persisted even after removal of afferents from arterial 

baroreceptors (Elam et al., 1984). In accordance with the previous study, significant increases 
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in Fos-ir in the LC were seen following induction of hypotension, via intravenous infusion of 

SNP (Li and Dampney, 1994).  

Induction of hypercapnia, and hypoxia, resulted in an increased firing rate of neurons in the LC 

(Elam et al., 1981; Nattie, 2011). Effects of hypercapnia persisted even after the removal of 

afferents from peripheral chemoreceptors, suggesting that the observed effect was more central 

(Elam et al., 1981). However, the increased firing rate in response to hypoxia was abolished 

following removal of afferents from peripheral chemoreceptors (Elam et al., 1981). In 

accordance with these results, another study also showed increased Fos-ir in the LC in response 

to hypoxia or hypercapnia (Erickson and Millhorn, 1994; Teppema et al., 1997).  

1.3 Autonomic reflex mechanisms 
Autonomic reflexes are pathways that are governed by the ANS, and are involved in resumption 

of homeostasis when subjected to physiological disturbances. The most important (in context 

of the SNS), and extensively studied, autonomic reflexes are the sympathetic baroreflex, the 

chemoreflex and the SSR pathways.  

The NTS (section 1.2.1.7), the CVLM (section 1.2.1.6) and the RVLM (section 1.2.1.5) are 

regions of the brainstem (Figure 1.7), which are crucial in regulation of tonic activity of the 

SNS, and integration of various autonomic reflex mechanisms. As discussed in previous 

sections, overall activity of sympatho-excitatory neurons in the RVLM is modulated by inputs 

from other key brain regions, such as the NTS (Koshiya and Guyenet, 1996) and the CVLM 

(Burke et al., 2008). Following integration of these inputs, RVLM neurons cause appropriate 

changes in physiology via bulbospinal sympatho-excitatory efferent pathways (Figure 1.7). 

SPGNs, found in the IML cell column of the spinal cord, receive monosynaptic inputs from 

RVLM neurons, and other supra-bulbar sites (Figure 1.7) (Guyenet, 2006; McAllen et al., 1994; 

Oshima et al., 2006; Oshima et al., 2008; Pilowsky et al., 1994; Pilowsky et al., 2009).  
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Figure 1.7: Schematic representation of flow of the information between brainstem and 

peripheral organs involved in cardiovascular control of the SNS  

Brainstem premotor nuclei (red) send direct projections that innervate SPGNs located in the 

spinal cord (black). SPGNs control the activity of target organs via sympathetic ganglia (blue), 

which in turn gives rise to sympathetic postganglionic nerves (orange) innervating peripheral 

target organs. (Adapted from (Pilowsky and Goodchild, 2002)) 
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1.3.1 Baroreflex  
Baroreflexes are a series of negative feedback loops that are involved in the regulation of BP 

(Guyenet, 2006; Schreihofer and Guyenet, 2002; Sved et al., 2003). There are several types of 

baroreflexes including the vasopressin, HR and the sympathetic baroreflex (Figure 1.8).  

The vasopressin baroreflex is, predominantly, a neuro-humoral reflex, which responds to 

unloading of arterial baroreceptors when subjected to decreases in blood volume. Under normal 

conditions, arterial baroreceptors provide inhibitory signals to areas of the CNS that are 

involved in release of vasopressin (potent vasoconstrictor), such as A1 noradrenergic neurons 

(section 1.2.2.1). When subjected to falls in blood volume, inhibitory signal to the CNS is 

reduced following unloading of baroreceptors, and subsequently increases the release of 

vasopressin. Increased plasma concentrations of vasopressin help to resume BP towards 

baseline levels. (Thrasher, 1994; Thrasher and Keil, 1998; Webb et al., 1986).  

The HR baroreflex is governed by the PSNS and is primarily affected by loading state of aortic 

baroreceptors (section 1.1.1 and (Pickering et al., 2008)).  

The focus of this thesis is the sympathetic baroreflex, which is critical in the short-term control 

of BP and is discussed in detail in the following sections. Role of the sympathetic baroreflex 

pathway in the long term regulation of BP remains a topic of considerable debate (Thrasher, 

2005).  

 Baroreceptors 

Baroreceptors are primarily located in the aortic arch and the carotid sinus (where the common 

carotid artery bifurcates), and are specialised mechanoreceptors that are sensitive to stretch 

(Kougias et al., 2010). Afferent fibres from carotid sinus baroreceptors join the 

glossopharyngeal (IX) nerve, and fibres from the aortic arch join the vagus (X) nerve; altogether 

these nerves provide an excitatory input to neurons in the NTS (Kougias et al., 2010). Broadly 

speaking, increases in MAP loads baroreceptors evoking a depressor response in order to restore 

baselines levels of MAP. Conversely, decreases in MAP unloads baroreceptors, and elicits a 

pressor response via cardiovascular brainstem nuclei and the SNS. Arterial baroreceptors are in 

a loaded state during the systolic phase, and are in an unloaded state during the diastolic phase, 

of a single cardiac cycle.  

There are 2 distinct subtypes of baroreceptor afferent fibres, myelinated A-type fibres and 

unmyelinated C-type fibres. A-type fibres generate high and regular discharge frequencies, 

whereas C-type fibres generate relatively low and irregular discharge frequencies. Electrical 
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activation of both, A- and C- type, baroreceptor afferents elicited a depressor response; the 

depressor response evoked by C-type fibres is powerful and longer lasting (Douglas et al., 

1956). Blockade of large A-type fibre baroreceptors reduced the baroreflex sensitivity without 

any major changes in baseline levels of BP (Seagard et al., 1993). However, blockade of smaller 

A- and C- type fibres resulted in smaller decreases in baroreflex sensitivity but significantly 

elevated baseline levels of BP, indicating a loss of tonic control (Seagard et al., 1993).  

 Sympathetic baroreflex pathway (Figure 1.8) 

Baroreceptors increase their discharge rate in response to increased AP, and convey a message 

to the medulla oblongata via the glossopharyngeal and the vagus nerve; this ultimately 

modulates the vagal and sympathetic outflow to the heart and peripheral vasculature. The first 

site of termination for baroreceptor afferent nerves, in the medulla, is the caudal, medial and 

commissural regions of the NTS (Sun, 1995; Wallach and Loewy, 1980). NTS neurons process 

the excitatory input from baroreceptor afferents, and further excite neurons located in the 

CVLM via glutamatergic projections (Weston et al., 2003). CVLM neurons provide 

GABAergic inhibitory inputs to presympathetic neurons located in the RVLM, which in turn 

inhibit the activity of SPGNs, thereby lowering BP and SNA. (Guyenet, 2006; Pilowsky et al., 

2009; Schreihofer and Guyenet, 2002; Sved et al., 2003) 

 Role of the NTS in the baroreflex pathway (Figure 1.8) 

Afferent fibres from baroreceptors, located in the carotid sinus and the aortic arch, have 

different sites of termination in the NTS. Dorsomedial and lateral sub-nuclei of the NTS are 

densely populated with afferent projections from the aortic nerve (Ciriello, 1983; Kougias et 

al., 2010). Whereas, two distinct aggregations of afferents from the carotid sinus terminating in 

the NTS were observed, 1) rostral to the obex - within the lateral and dorsomedial sub-nuclei 

of the NTS; 2) caudal to the obex - within the commissural and ventrolateral sub-nuclei of the 

NTS (Housley et al., 1987). Further to this, ≈85% of NTS neurons could only evoke a post-

synaptic potential to electrical stimulation of only one of the 3 nerves investigated: the carotid 

sinus, aortic arch and vagal nerves (Donoghue et al., 1985). Approximately 76% of NTS 

neurons exhibited an EPSP in response to stimulation of baroreceptor afferent nerves, with a 

variable latency period ranging between 2-124 ms (Donoghue et al., 1985).  

Glutamate is the most likely neurotransmitter conveying information from baroreceptor afferent 

fibres to NTS neurons. Blockade of glutamate receptors in the NTS, with kynurenic acid, 

significantly reduced responses to the sympathetic baroreflex (Guyenet et al., 1987). However, 
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the role of ionotropic glutamate receptors in translation of glutamate related depressor responses 

in the NTS was questioned when kynurenic acid was unable to block the depressor responses 

following exogenous glutamate (Talman, 1989). Therefore, it was suggested that the NTS 

contains a set of ionotropic and metabotropic glutamate receptors, of which activity of 

ionotropic glutamate receptors can be blocked by kynurenic acid (Pawloski-Dahm and Gordon, 

1992). Activation of ionotropic glutamate receptors is required for modulation of baroreflex 

responses, and can be blocked by kynurenic acid (Pawloski-Dahm and Gordon, 1992). 

However, depressor responses seen following exogenous application of glutamate are mediated 

through metabotropic glutamate receptors, which are insensitive to kynurenic acid (Pawloski-

Dahm and Gordon, 1992).  

Please refer to section 1.2.1.7 for details on the role of the NTS in the baroreflex pathway, 

shown by changes in Fos-ir in response to activation of the baroreflex.  

 Role of the CVLM in the baroreflex pathway (Figure 1.8) 

It was initially thought that activation of NTS neurons in response to baroreflex provides direct 

inhibitory synaptic input to the RVLM nucleus, thereby reducing the activity of SPGNs 

(Chalmers, 1975). We have now known this for more than a decade that this is not the case. 

NTS neurons excited in response to baroreflex provide excitatory input to CVLM neurons 

(Aicher et al., 1995; Benarroch, 1998; Chalmers and Pilowsky, 1991; Guyenet, 2006; Miyawaki 

et al., 1997; Pilowsky and Goodchild, 2002; Pilowsky et al., 2009).  

Anterogradely labelled neurons from the NTS are closely intermingled with the retrogradely 

labelled neurons from the RVLM (Yu and Gordon, 1996); this suggests that the pathway from 

the NTS to the CVLM to the RVLM mediates the baroreflex response. However, it was not 

confirmed whether NTS neurons providing efferent projections to the CVLM were the second 

order NTS neurons that received glutamatergic afferent projections from baroreceptor neurons. 

Therefore, the presence of interneurons in the NTS cannot be ruled out (Pilowsky and 

Goodchild, 2002). 

Microinjection of EAA into the CVLM evoked a depressor response, analogous to baroreceptor 

reflexes (Gordon, 1987), providing an evidence that activation of the CVLM exerts a sympatho-

inhibitory effect (section 1.2.1.6).  

 Role of the RVLM in the baroreflex pathway (Figure 1.8) 

As mentioned in the above section, and previous section 1.2.1.5, rostral CVLM neurons in the 

barosensory area provide monosynaptic sympatho-inhibitory output to cardiovascular 
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bulbospinal RVLM neurons (Cravo and Morrison, 1993; Guyenet, 2006; Jeske et al., 1995; Li 

and Dampney, 1994; Pilowsky and Goodchild, 2002; Pilowsky et al., 2009). Inhibition of the 

CVLM, with muscimol, increased BP and Fos-ir in the RVLM; ≈50% of these Fos-ir neurons 

were bulbospinal RVLM neurons projecting to the upper thoracic spinal cord (Minson et al., 

1994).  

Depressor responses to baroreflex activation mediated by the CVLM act via GABA receptors, 

and not the glycinergic or α-adrenergic receptors, in the RVLM (Blessing, 1988). Induction of 

isovolemic hypotension with hydralazine or SNP, or hemorrhage-induced hypotension, 

increased Fos-ir in the RVLM (Badoer et al., 1993; Chan and Sawchenko, 1994; Graham et al., 

1995; McAllen et al., 1992; Minson et al., 1997a).  

Activation of µ-opioid receptors, but not Δ-opioid receptors, in the RVLM inhibited the 

sympathetic baroreceptor reflex, and inhibited lumbar and splanchnic SNA (Miyawaki et al., 

2002b). Microinjection of galanin into the RVLM augmented the sympatho-inhibitory response 

following the ADN stimulation (Abbott and Pilowsky, 2009). Furthermore, microinjection of 

orexin-A, or catestatin, in the RVLM enhanced the reflex sympatho-inhibitory responses to 

intravenous administration of phenylephrine (Gaede and Pilowsky, 2010; Shahid et al., 2012).  

 Role of SPGNs in the baroreflex pathway (Figure 1.8) 

As discussed in section 1.2.1.9, the RVLM provides monosynaptic projections to SPGNs in the 

IML cell column of the spinal cord (Oshima et al., 2006; Oshima et al., 2008; Strack et al., 

1988). SPGNs in the spinal cord are the last leg of the sympathetic baroreflex pathway, 

mediating sympatho-excitatory input received from supra-spinal brain areas to periphery, either 

via ganglia innervating the heart and vasculature or directly to adrenal chromaffin cells.   

It was previously suggested that GABA acting at the spinal level was mediating the sympatho-

inhibitory effects seen in response to baroreflex activation (Lewis and Coote, 1996). However, 

a later study revealed that intrathecal blockade of GABA, or glycine receptors, did not attenuate 

the sympatho-inhibitory response to the ADN stimulation (Goodchild et al., 2000b).  

 Baroreceptor resetting  

Baroreceptor resetting is a mechanism by which the BP threshold required to activate 

baroreceptors shifts in the direction of prevailing MAP. There appears to be 2 types of 

baroreflex resetting, acute and chronic. Acute baroreceptor resetting occurs due to rapid 

changes in BP, and is reversible in nature (Munch et al., 1983). However, changes in BP 
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threshold required to activate baroreceptors in chronic resetting affect the baroreceptor 

sensitivity and thus, are not reversible (Kougias et al., 2010).  

Acute baroreflex resetting enables BP to rise over a wide range during appropriate day-to-day 

activities, such as exercise (DiCarlo and Bishop, 2001; Guyenet, 2006). In this case, GABA 

mediated input from peripheral receptors (such as nociceptors and muscle metabotropic 

receptors) and higher brain regions, such as the hypothalamus, provide inhibitory input to NTS 

neurons. Inhibition of NTS neurons reduces the excitatory input to the CVLM and therefore, 

reduces inhibition of the RVLM. This disinhibition of the RVLM leads to increased BP levels 

(Andresen et al., 2001; Guyenet, 2006; Potts et al., 2003).  
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Figure 1.8: The sympathetic baroreflex pathway 

Baroreceptor neurons located in the carotid sinus and the aortic arch send excitatory projections 

to the NTS located in the brainstem (green). Activated NTS neurons, in turn, send glutamatergic 

projections to the CVLM (green). Activated CVLM neurons send inhibitory projections to the 

RVLM (red) thereby, reducing the excitatory output (dotted green) to the IML cell column of 

the spinal cord. This reduced sympathetic output to the IML ultimately leads to reduced 

excitatory output to peripheral targets (dotted green), such as heart, kidneys, blood vessels and 

adrenal glands. BP, blood pressure; NTS, nucleus of the solitary tract; CVLM, caudal 

ventrolateral medulla; RVLM, rostral ventrolateral medulla; IML, intermediolateral cell 

column of the spinal cord. (Adapted from (Kapoor et al., 2015; Pilowsky et al., 2009)) 
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1.3.2 Chemoreflex  
Primary role of the chemoreflex system is to maintain [H+], PaO2 and PaCO2 within their 

homeostatic physiological levels. The chemoreflex arm of the ANS can be broadly divided into 

two subtypes, the peripheral and the central chemoreflex. Receptors that are sensitive to 

changing levels of O2 are located peripherally in carotid bodies (Guyenet and Bayliss, 2015; 

Nattie, 1999). Receptors that detect, and respond to, disturbed levels of CO2 concentration are 

located both, peripherally (carotid bodies) and centrally (brainstem) (Funk, 2013; Guyenet and 

Bayliss, 2015; Nattie, 1999). Up to a PaCO2 value of 60-70 mmHg, contribution of carotid 

chemoreceptors is of the same magnitude as that of central chemoreceptors (Hanna et al., 1981); 

beyond this value of PaCO2, contribution from carotid chemoreceptors declines, and that of the 

central chemoreceptors continues to increase (Hanna et al., 1981). Overall, activation of both, 

peripheral and central, chemoreceptors exert a sympatho-excitatory effect on the SNS 

accompanied with increases in AP.  

1.3.2.1 Peripheral chemoreflex  

Carotid bodies, located near the bifurcation of carotid arteries, are collections of chemosensitive 

cells that are activated in response to falls in the PaO2 below 100 mmHg, and to increases in 

blood pH. Type I glomus cells of the carotid body are of neuronal phenotype, and are primary 

sites of sensory transduction (Kumar and Prabhakar, 2012; Prabhakar, 2000). Cryodestruction 

of glomus cells of the carotid body abolished the increased sensory discharge observed in 

response to hypoxia (Verna et al., 1975). Glomus cells, in isolation, are capable of responding 

to a hypoxic stimulus (Montoro et al., 1996). These glomus cells are a heterogeneous population 

of cells, with some cells depolarising (clustered) and others hyperpolarising (isolated) in 

response to a given hypoxic challenge (Pang and Eyzaguirre, 1992). These responses have been 

suggested to be either due to the presence, or absence, of sustentacular cells (glial cells), or 

could be due to the presence of sub-populations of functionally different glomus cells (Pang 

and Eyzaguirre, 1992). In addition to membrane potential, variations were also seen in 

intracellular pH (Pang and Eyzaguirre, 1993) and Ca2+ concentrations (Bright et al., 1996) in 

response to a hypoxic challenge (Kumar and Prabhakar, 2012; Prabhakar, 2000).  

Glomus cells on sensing hypoxia (by either a heme and/or redox sensitive enzyme or K+ 

channel) release an excitatory neurotransmitter, which acts on nearby afferent nerve endings, 

and leads to an increased sensory discharge (Kumar and Prabhakar, 2012; Prabhakar, 2000). 

Hypoxia also causes an increase in intracellular Ca2+ concentrations (from extracellular Ca2+), 
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via voltage gated Ca2+ channels, which is critical for neurotransmitter release, such as dopamine 

(Overholt and Prabhakar, 1997; Shirahata and Fitzgerald, 1991).  

Chemo stimulation of cells located in the carotid body provide glutamatergic input to the 

commissural and medial sub-nucleus of the NTS (Donoghue et al., 1984; Finley and Katz, 1992; 

Guyenet and Bayliss, 2015; Mifflin, 1992; Willette et al., 1987), ultimately leading to excitation 

of neurons in the RVLM (Figure 1.9A). RVLM neurons then excite cardiovascular SPGNs, 

thereby increasing sympathetic activity, plasma catecholamine levels and total peripheral 

resistance and thereby, leading to an increase in AP and a hyperventilatory response (Figure 

1.9A) (Prabhakar et al., 2012).  

1.3.2.2 Central chemoreflex  

There is a dose-dependency in the way that central neurons respond to chemoreceptor inputs. 

In fact, almost every neuron in the brain will respond to changes in O2, CO2 or acidity depending 

on the depth and duration of the stimulus. Central chemoreceptors are considered those neurons 

that respond vigorously within a physiological range. It was suggested by Putnam et al., (2004) 

that in order to be classified as a central chemosensitive neuron, a neuron has to fulfil 3 criteria 

(Putnam et al., 2004): 1) The neuron should be able to alter its firing rate according to changes 

in CO2/H+ concentration; 2) The neuron should intrinsically respond to changes in CO2, and 

not just respond to altered synaptic input; and 3) The neuron should be located in the region 

affected by acidification (Putnam et al., 2004).  

Central chemoreceptors, unlike peripheral chemoreceptors, are thought to be distributed over a 

wide region of the brain including rostral sites, such as the hypothalamus (orexinergic neurons) 

(Nattie, 2011), to caudal sites, such as the retrotrapezoid nucleus (RTN) (Guyenet et al., 2016; 

Wang et al., 2013b) and serotonin positive rostral medullary raphe neurons (Guyenet and 

Bayliss, 2015; Nattie, 2011; Nattie and Li, 2012; Nattie and Li, 2001). Sunanaga and colleagues 

showed that induction of hypercapnia caused a marked increase in Fos-ir levels (signifying 

neuronal activity) in orexin-containing cells of the hypothalamus (Sunanaga et al., 2009). 

Central chemoreceptors located in the RTN are glutamatergic in nature (Holloway et al., 2015), 

are activated in response to changes in CO2 levels (Figure 1.9B) (Guyenet et al., 2012; Kumar 

et al., 2015; Mulkey et al., 2004), and are silent above arterial pH 7.5 (Basting et al., 2015). 

Efferent neurons from the RTN innervate the central respiratory network (CRN)/CPG (central 

pattern generator) driving inspiration (Rosin et al., 2006), and the activity of RTN neurons is 

regulated by NTS neurons (Figure 1.9B) (Takakura et al., 2007). In addition to RTN neurons, 
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serotonergic neurons (in particular, the 5-HT2A receptor positive neurons) located in the rostral 

brainstem are also chemosensitive and are capable of detecting changes in CO2 levels 

(Buchanan et al., 2015). Furthermore, RVLM sympatho-excitatory neurons may be intrinsically 

sensitive to changes in pH, and/or be in receipt of excitatory synaptic input from RTN neurons 

(Figure 1.9B) (Moreira et al., 2006).  

 Role of the NTS in modulation of the chemoreflex (Figure 1.9) 

Glomus cells, in the carotid body, provide sympatho-excitatory input to NTS neurons 

(Donoghue et al., 1984; Finley and Katz, 1992; Mifflin, 1992) exerting a sympatho-excitatory 

pressor response (de Paula et al., 2007; Haibara et al., 1995; Zhang and Mifflin, 1993; Zhang 

and Mifflin, 1995). The pressor response observed following activation of carotid body 

afferents was abolished by microinjection of kynurenic acid into the NTS (Zhang and Mifflin, 

1993); this finding suggests that the NTS mediated pressor response is due to EAA receptors in 

the NTS. NMDA receptors in the commisural NTS play an important role in the bradycardiac 

component following activation of the carotid body (Haibara et al., 1995). Blockade of NMDA 

receptors in the commisural NTS abolished the bradycardiac response to activation of carotid 

bodies, while leaving the pressor and hyperventialtory response intact (Haibara et al., 1995). In 

line with these results, another study showed that microinjection of kynurenic acid into the 

commisural NTS did not affect elevations in the thoracic SNA, and frequency of the phrenic 

nerve discharge, in response to chemoreflex activation (Braga and Machado, 2006).  

Blockade of ionotropic, and not metabotropic, glutamate receptors in the lateral, and/or midline, 

commisural NTS partially reduced the pressor response to chemoreflex (Haibara et al., 1999). 

It has been suggested that the purinergic and the glutamatergic system in the commisural NTS 

work together, and constitute an integral component of the complex system responsible for the 

sympatho-excitatory component of chemoreflex activation (Braga et al., 2007).  

Induction of acute hypoxia increased Fos-ir in the caudal NTS, and these Fos-ir NTS neurons 

project to the noncatecholaminergic group of RVLM neurons (Kline et al., 2010).  

 Role of the RVLM in modulation of the chemoreflex (Figure 1.9) 

Hypercapnia/hypoxia evoked a sympatho-excitatory response by increasing activity of RVLM 

neurons (Koganezawa and Paton, 2014; Moreira et al., 2006). Chemical inhibition of ionotropic 

glutamate receptors in the RVLM, with kynurenic acid, eliminated the phrenic nerve discharge 

in response to hypercapnia (Moreira et al., 2006). Neurons in the caudal NTS that are 

chemosensitive to a hypoxic stimulus project through the RVLM, and arborizes in this region 
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(Koshiya and Guyenet, 1996). As mentioned in section 1.2.1.5, a portion of NTS neurons 

provides monosynaptic projections to the C1 adrenergic group of neurons in the RVLM and 

thus, may be involved in modulation of sympatho-excitatory pathways, such as the 

chemoreceptor reflexes (Aicher et al., 1996).  

Activity of RVLM bulbospinal neurons is affected by a hypoxic/hypercapnic stimulus in 

conditions where these neurons are deprived of their synaptic inputs (Boychuk et al., 2012; 

Koganezawa and Paton, 2014). As mentioned previously (section 1.2.1.5), abonormal 

conditions where RVLM neurons are devoid of their synaptic inputs may trigger RVLM 

neuronal intrinsic pacemaker-like properties. Two populations of bulbospinal RVLM neurons 

(deprived of their synaptic inputs) capable of responding to hypoxia/ hypercapnia were 

identified, 1) Low discharging RVLM neurons where the firing frequency was facilitated due 

to reduced inhibitory neurotransmission, and 2) High discharge RVLM neurons where the 

frequency was inhibited independent of a synaptic input (Boychuk et al., 2012). Therefore, it 

was concluded that the reduced inhibition of low discharging RVLM neurons is responsible for 

increased activity in response to hypoxia/ hypercapnia (Boychuk et al., 2012; Koganezawa and 

Paton, 2014).  

It is proposed that the purinergic signalling system in the RVLM, P2Y1 in particular, is critical 

in mdoulation of responses to activation of the peripheral chemoreflex. Microinjection of a 

P2Y1-receptor specific agonist in the RVLM increased phrenic SNA and BP, mimicking 

responses seen following activation of the peripheral chemoreflex (Wenker et al., 2013). On 

the other hand, blockade of P2Y1-receptors in the RVLM decreased responses to the peripheral 

chemoreflex activation (Wenker et al., 2013). Neurons in the RVLM that are immuoreactive 

for P2Y1 are also positive for TH, confirming their identity as the C1 group of RVLM neurons, 

and lesion of C1 neurons in vivo abolished the reponse to a P2Y1-receptor agonist (Wenker et 

al., 2013).   

Stimulation of carotid chemoreceptors, with brief N2 inhalation, elicited increases in SND, 

MAP and the discharge rate of RVLM premotor neurons (Koshiya et al., 1993). Bilateral 

microninjection of kynurenic acid, blocking glutamate receptors, in the RVLM of anesthetizbed 

rats blocked sympatho-excitatory responses to activation of the chemoreflex (Koshiya et al., 

1993).  
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 Other areas of the brainstem involved in modulation of the chemoreflex  

Bilateral microinjection of kynurenic acid, or muscimol, into the CVLM did not affect 

sympatho-excitatory responses seen following activation of the chemoreflex with N2 inhalation 

(Koshiya et al., 1993); this suggests that the CVLM does not play any role in modulation of the 

sympathetic chemoreflex. Thus, it is hypothesised that integration of information from the 

baroreflex and the chemoreflex before reaching SPGNs occurs post-synaptically at somata of 

the bulbospinal presympathetic RVLM neurons (Guyenet and Koshiya, 1995).  

The A5 group of noradrenergic neurons, through their projections to either the spinal cord or 

medullary regions, also play an important role in the sympathetic chemoreflex (Guyenet and 

Koshiya, 1995). Chemical activation of GABA receptors, with muscimol, in the A5 region 

caused a reduction in the sympatho-excitatory response to the carotid chemoreflex activation 

by ≈65%, but did not affect the resting sympathetic tone (Koshiya and Guyenet, 1994).  

Intermittent activation of the chemoreflex, with injections of KCN (potassium cyanide), 

increased Fos-ir in the posterior parvocellular, the ventromedial parvocellular and the dorsal 

cap regions of the PVN (Cruz et al., 2008). Further to this, some of these Fos-ir PVN neurons 

were RVLM-projecting, but not NTS-projecting neurons (Cruz et al., 2008). 
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Figure 1.9: Sympathetic chemoreflex pathways  

Increased SNA to peripheral organs is primarily due to increased nerve discharge of SPGNs 

located in the IML cell column of the spinal cord. This increased nerve discharge of SPGNs is 

driven by the excitatory output from bulbospinal sympatho-excitatory neurons of the RVLM.  

A. Activation of peripheral chemoreceptors, by changing O2 levels, causes activation of 

RVLM neurons via 2 pathways, a direct input from the NTS and a di-synaptic input relaying to 

the RTN. RTN neurons are intrinsically chemosensitive and thus, RTN→RVLM pathway is 

also affected by central chemoreceptors. Furthermore, activation of peripheral chemoreceptors 

also drives the CPG via NTS neurons. Respiratory-phasic activation of the CPG causes active 

inhibition of RVLM neurons via CVLM GABAergic neurons, and causes a disfacilitation of 

RVLM neurons via reduction in the discharge from RTN. In summary, these 2 processes 

attenuate the activation state of RVLM neurons during chemoreceptor stimulation and are 

responsible for respiratory modulation of SNA.  

B. Activation of central chemoreceptors by changes in pH and CO2 occurs in several 

brainstem sites, such as the RVLM, the RTN and the CPG, which are intrinsically 

chemosensitive (circled in orange). Increased SNA, in response to changes in pH and CO2, is 

driven via activation of the bulbospinal sympatho-excitatory neurons of the RVLM. Respiratory 

modulation of RVLM neurons and SNA has the same mechanism as in the case of the peripheral 

chemoreflex (CPG mediated inhibition of the RVLM via the CVLM and CPG mediated 

disfacilitation of the RVLM via the RTN). In addition to this, RVLM neurons are also 

chemosensitive. Chemosensitive RTN neurons are the principal source of CO2 sensitive drive 

to the RVLM and the CPG. The scheme only applies to the effect of chemoreceptors on baro-

regulated sympathetic efferents that control the heart and resistance vessels. The scheme is not 

applicable to other efferents such as skin and brown adipose fat. Excitatory neurons in green 

(large circles, cell bodies; small circles, ionotropic glutamatergic synapses; green arrows, 

neurochemically uncharacterised excitatory connections). In red, GABAergic CVLM neurons. 

Red arrow, neurochemically unidentified inhibitory input from the CPG to RTN neurons. Green 

lines show excitatory pathways and red lines show inhibitory pathways. CPG, central pattern 

generator; RTN, retrotrapezoid nucleus; RVLM; rostral ventrolateral medulla; CVLM, caudal 

ventrolateral medulla; NTS, nucleus of the solitary tract; O2, oxygen; IML, intermediolateral 

cell column of the spinal cord. (Adapted from (Kapoor et al., 2015; Moreira et al., 2006; 

Pilowsky et al., 2009)).  
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1.3.3 Somatosympathetic reflex (SSR) 
The SSR pathway is involved in integration of signals from peripheral nociceptors located in 

the skin, muscle, joints and bone (sensitive to mechanical, chemical or temperature stimuli) 

with cardiovascular nuclei in the brain (Figure 1.10). For example, acute pain and exercise 

caused an increased HR, BP and muscle SNA (Burton et al., 2009; Kozelka et al., 1981). 

Increases in SNA in response to the SSR is mediated at both levels, spinal and supra-spinal 

levels (such as the RVLM). Two types of SSR pathways have been identified, 1) Spinal-SSR 

(dominant after spinal transection leading to loss of supra-spinal control) – peripheral 

information → spinal interneurons → SPGNs that affects SNA, 2) Spinal-bulbo-spinal-SSR 

(dominant in intact anatomy) – peripheral information → spinal interneurons → bulbospinal 

brainstem regions → SPGNs that affects SNA (Sato et al., 1967; Sato and Schmidt, 1971).  

Spinal interneurons, located in the dorsal horn of the spinal cord (Figure 1.10) (Kozelka et al., 

1981), receive afferent information from many peripheral receptors such as myelinated and 

unmyelinated nociceptors, visceral, cutaneous and muscle receptors (Pilowsky et al., 2009; Sato 

and Schmidt, 1973). These spinal interneurons then propagate the nociceptive stimulus to 

supra-spinal sites, such as the RVLM (Figure 1.10) (Burke et al., 2011; Makeham et al., 2005; 

Miyawaki et al., 2001; Stornetta et al., 1989). Activated RVLM neurons, in response to afferents 

from SSR sites, serve as sympathetic premotor nuclei, and enhance the activity of SPGNs in 

the IML of the spinal cord; thus increasing BP, HR and affecting SNA (Figure 1.10) (Stornetta 

et al., 1989).   

Electrical stimulation of the sciatic nerve, in anaesthetized cats, produced two kinds of reflex 

potentials in the lumbar sympathetic trunk, 1) early reflex potential (ERP) characterized by a 

higher threshold and short latency, and 2) late reflex potential (LRP) characterized by a lower 

threshold and longer latency (Miyawaki et al., 2001; Sato et al., 1965). Spinal transection of C1 

to T8 levels of the spinal cord diminished the LRP, whereas transection of medulla oblongata 

abolished the ERP (Sato et al., 1965). These findings indicated that the reflex center of LRP is 

located in medulla oblongata, and that of ERP is in the spinal cord (Sato et al., 1965). In addition 

to ERP and LRP, another phase “very late reflex potential” was observed when the lumbar 

white rami was recorded (Sato and Schmidt, 1971; Sato, 1972). This very late discharge was 

only seen in animals under light anaesthesia, and was reported to be mediated by supra-pontine 

brain structures (Sato and Schmidt, 1971; Sato, 1972; Sato and Schmidt, 1973). Further to this, 

another study reported that reflexes evoked by myelinated afferent fibers are mediated through 

spinal, supra-spinal and supra-medullary areas of the CNS; whereas, reflexes evoked by 
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unmyelinated afferent fibers are mediated through spinal and supra-spinal areas of the CNS 

(Janig et al., 1972).  

Electrical stimulation of somatic nerves resulted in a pressor response characterised by an 

increase in BP and SNA (Sato and Schmidt, 1973). The sciatic nerve is a peripheral nerve that 

contains afferent nociceptors, and is, commonly, artificially stimulated to evoke a SSR 

response. Pressor response (increased BP and tachycardia) observed following electrical 

stimulation of the sciatic nerve was significantly reduced after chemical inhibition (with 

muscimol) of the RVLM (Kawabe et al., 2007) . In addition to the RVLM, the NTS plays an 

important role in the SSR response. Bilateral chemical inhibition of the medial NTS in 

anesthetized rats, with muscimol, exaggerated the pressor response and tachycardia to the 

sciatic nerve stimulation (Kawabe et al., 2007). Microinjection of morphine into the 

intermediate and the caudal NTS of anesthetized rats caused a significant augmentation of the 

SSR response (Min Li et al., 1996). The SSR response augmentation induced by microinjection 

of morphine into the NTS was suggested to be either due to suppression of inhibitory 

baroreceptor information, or augmentation of excitatory chemoreceptor information (Min Li et 

al., 1996). Whereas, microinjection of morphine into the CVLM, or the LC, had no effect on 

the SSR response (Min Li et al., 1996).  

Presence of crosstalk between the baroreflex and the SSR system was revealed by Kawabe and 

colleagues in 2007. Complete denervation of baroreceptor afferents or blockade of ionotropic 

glutamate receptors in the medial NTS of anesthetized rats caused an exaggeration of pressor 

response to the sciatic nerve stimulation (Kawabe et al., 2007). Vice versa, baroreflex 

stimulation, via electrical stimulation of the ADN, drastically reduced the pressor response seen 

after stimulation of the sciatic nerve (Kawabe et al., 2007). Further to this, activation of the 

chemoreflex, by hypercapnia, reduced the SSR response (Makeham et al., 2004), contrary to 

the suggestion made by Min et al., (1996), which states that activating the chemoreflex may 

enhance the SSR response (Min Li et al., 1996).  

 Role of the RVLM in modulation of the SSR (Figure 1.10) 

Pressor response to the SSR is suggested to be mediated via non-NMDA receptors in the 

RVLM. Blockade of non-NMDA receptors, prior to electrical stimulation of the sciatic nerve, 

markedly attenuated the pressor response (Kiely and Gordon, 1993).  

Single nerve stimuli evoked an early and a late excitation of bulbospinal RVLM sympatho-

excitatory neurons that paralleled, and preceded, biphasic increases in splanchnic SNA; this 
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demonstrated that the activation pathway of the SSR, mediated by the RVLM, involves both 

fast and slow conducting RVLM axons (Morrison and Reis, 1989) (Figure 1.10). Blockade of 

RVLM neurons, with muscimol, abolished the RVLM mediated peaks following electrical 

stimulation of the sciatic nerve (Burke et al., 2008). However, bilateral microinjection of SST 

in the RVLM eliminated first peak of the SSR response, indicating that SST inhibits a fast 

conducting sub-population of RVLM neurons that play an important role in the SSR (Burke et 

al., 2008; Burke et al., 2011) (Figure 1.10).   

The sympathetic response to the SSR activation is highly dependent on target of the sympathetic 

output. For example, high intensity electrical stimulation of the sciatic nerve, activating A- and 

C- fibre afferents, evoked a biphasic response in the splanchnic SNA (Figure 1.10), whereas 

the same stimulation evoked a monophasic response in the cervical SNA (Figure 1.10) 

(McMullan et al., 2008). On the other hand, low intensity electrical stimulation of the sciatic 

nerve activating A-fibre afferents also evoked a biphasic response in SNA of renal, lumbar and 

splanchnic nerves, and evoked a monophasic response in the cervical SNA (Figure 1.10) (Burke 

et al., 2011). Stimulation of the ADN prior to stimulation of the sciatic nerve abolished the 

monophasic response in cervical SNA; whereas, it only abolished the first peak of splanchnic 

SNA leaving the second peak intact (McMullan et al., 2008). A potent inhibitory response to 

stimulation of the sciatic nerve exists in sympathetic nerves and most cardiovascular RVLM 

neurons (McMullan et al., 2008; Morrison and Reis, 1989; Wyszogrodski and Polosa, 1973).  

Unmyelinated RVLM neurons are slow conducting neurons, which presumably belong to the 

C1 sub-population of RVLM neurons (Figure 1.10) (Schreihofer and Guyenet, 1997), and 

innervate splanchnic, lumbar and renal sympathetic nerves (Burke et al., 2011). Myelinated C1 

and non-C1 neurons of the RVLM are fast conducting neurons, which innervate most of the 

sympathetic outflows: renal, lumbar, splanchnic and cervical (Figure 1.10) (Burke et al., 2011).  

Activation of 5-HT1A (Miyawaki et al., 2001), NK1 (Makeham et al., 2005), neuropeptide Y 

(Kashihara et al., 2008), or delta opioid receptors (Miyawaki et al., 2002b), in the RVLM 

significantly attenuated the SSR response. In addition to these, microinjection of morphine into 

the RVLM caused an augmentation of the SSR response, mediated by C-afferent fibres (Min 

Li et al., 1996).  
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Figure 1.10: The Somatosympathetic reflex (SSR) pathway  

A. Afferent nociceptive pathways, myelinated (A-fiber) or unmyelinated (C-fiber), enter the 

spinal cord via the dorsal horn (DH). These afferent pathways activate local circuits, and 

activate neurons in the RVLM (green), in turn modulating the sympathetic output to periphery, 

via SPGNs in the IML cell column of the spinal cord (green). Activation of the SSR pathway 

generates a single peak in the cervical sympathetic nerve (cSNA), and two peaks in the 

splanchnic sympathetic nerve (sSNA). B and C. Schematic model illustrating the proposed 

mechanism by which stimulation of myelinated and unmyelinated somatic afferents generate 

patterns of sSNA. Bi: A-fiber inputs simultaneously activate fast (myelinated, thick hatched 

lines) and slow (unmyelinated, thin lines) conducting bulbospinal, sympatho-excitatory RVLM 

neurons and evoke a biphasic response in sSNA. Bii: sSNA biphasic response generated 

following low-intensity somatic afferent stimulation. Ci: C-fiber inputs (grey arrowed dotted 

lines) activate a subset of fast- and slow-conducting bulbospinal, sympatho-excitatory RVLM 

neurons ≈100 ms after the A-fiber activation (black arrowed lines). Hence, a second biphasic 

volley activates sSNA (grey inputs to peaks 2 and 3). The second sympathetic peak (P2, 190 

ms) is a summation of both slow-conducting bulbospinal RVLM neurons activated by A-fiber 

afferents, as well as fast-conducting bulbospinal RVLM neurons activated by C-fiber afferents. 

The third sympathetic peak (290 ms) is generated by slow-conducting bulbospinal C1 neurons 

activated by C-fiber afferents. Cii: sSNA triphasic response generated following high-intensity 

somatic afferent stimulation. Small black arrows in Bii and Cii indicate time at which the 

stimulus is applied. DH, dorsal horn; RVLM, rostral ventrolateral medulla; IML, 

intermediolateral cell column of the spinal cord; C1, catecholaminergic neurons of the RVLM. 

(Adapted from (Burke et al., 2011; McMullan et al., 2008; Pilowsky et al., 2009).   
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1.4 Glia in CNS 
Glia, derived from a Greek word meaning “glue”, are different from nerve cells; these cells do 

not directly participate in the synaptic transmission of signals between neurons. Glia were first 

described, by Virchow in 1846, as a connective tissue of the brain responsible for holding the 

brain together, and hence the name glia (Virchow, 1846). However, their ability to 

communicate with neurons, and impact neuronal physiology, affects synaptic transmission of 

signals (Funk et al., 2015). Glia are morphologically characterised by numerous processes 

extending from their cell bodies (Kettenmann et al., 2011). There are 3 types of glial cells in 

the CNS: astroglia, oligodendrocytes and microglia (Funk et al., 2015) (Figure 1.11). 

1.4.1 Astroglia/astrocytes  
Astrocytes form an integral component of the CNS while playing an important role in synaptic 

health (Figure 1.11B and 1.12), and originate from radial glial cells and oligodendrocyte 

precursor cells (Funk et al., 2015). Abnormal astrocytic physiology plays an important role in 

the pathogenesis of many neurodegenerative disorders, such as Huntington’s disease (Kim et 

al., 2015; Vis et al., 1998). Immunohistochemically, reactive astrocytes can be identified with 

antibodies raised against glial fibrillary acid protein (GFAP) (Funk et al., 2015; Kim et al., 

2015). Broadly, astrocytes can be divided into 2 main categories, 1) Protoplasmic astrocytes 

that are found in grey matter and ensheath synapses and blood vessels with their processes, and 

2) Fibrillary astrocytes that are found in white matter and are in contact with nodes of Ranvier 

and blood vessels (Funk et al., 2015; Sofroniew and Vinters, 2010). A single astrocyte can 

contact multiple synapses and fine blood vessels (Ventura and Harris, 1999).  

A very important role of astrocytes in synaptogenesis was revealed in 1997, by Pfrieger and 

Barres, when in vitro retinal ganglion cells failed to show any significant synaptic activity 

(Pfrieger and Barres, 1997). In contrast, when purified retinal ganglion cells were co-cultured 

with astrocytes, or astrocytic conditioned media, the synaptic activity of retinal ganglion cells 

increased by ≈100 fold (Pfrieger and Barres, 1997). Another study showed that synapses formed 

in the absence of astrocytes are immature, and the presence of astrocytes was essential for the 

formation of mature, functional, synapses in the CNS (Ullian et al., 2001). The role of astrocytes 

in synaptogenesis can be attributed to their ability to release factors such as thrombospondin 

(Christopherson et al., 2005) and glia derived cholesterol (Mauch et al., 2001).  
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Inter-astrocytic communication, or astrocyte-neuron communication, is mediated by changes 

in their intracellular calcium concentrations (Charles et al., 1991). Enhanced astrocytic 

intracellular calcium concentrations can be triggered by changes in neuronal activity, and can 

augment the release of transmitters from astrocytes, such as glutamate, which affects neurons 

and other astrocytes (Sofroniew and Vinters, 2010; Volterra and Meldolesi, 2005).  

Main role of astrocytes is in the maintenance of extracellular factors around synapses, such as 

fluid (Simard and Nedergaard, 2004), pH (Mulkey and Wenker, 2011; Obara et al., 2008), and 

ion balance (Simard and Nedergaard, 2004), thus ensuring a healthy synaptic transmission 

(Figure 1.11B) (Funk et al., 2015; Sofroniew and Vinters, 2010). Astrocytes also express high 

levels of transporters for neurotransmitters, such as glutamate (Sattler and Rothstein, 2006), 

hence preventing a glutamate mediated excitotoxicity (Figure 1.11B). Thus, astrocytes are 

treated as an integral physical component of synapses, giving rise to the concept of ‘tri-partite 

synapses’; consisting of pre-synaptic structure, astrocytic process and post synaptic structure 

(Figure 1.11A) (Perea et al., 2009). The term ‘tri-partite synapses’ refers to an important role 

of astrocyte in the synaptic physiology i.e. astrocytes are not only involved in a bi-directional 

communication with pre-, and post-, synaptic elements, but are also capable of influencing 

synaptic activity (Eroglu and Barres, 2010; Perea et al., 2009). Astrocytes can conduct many 

activities, such as glutamate uptake and release various transmitters (such as ATP), to maintain 

a healthy synaptic transmission (Figure 1.11B) (Sofroniew and Vinters, 2010).  

Furthermore, recent work has accepted astrocytes as key chemosensory cells of the CNS (in 

addition to chemosensitive neurons; section 1.3.2.2) (Funk, 2010) (Figure 1.12). Astrocytes are 

an important source of ATP (Funk, 2010) and purinergic signalling pathways are key in the 

modulation of respiratory pathways (Alvares et al., 2014; Huxtable et al., 2009; Lorier et al., 

2007; Miles et al., 2002; Zwicker et al., 2011). Therefore, astrocytes play a key role in the 

modulation of respiratory rhythm and the sympathetic chemoreflex pathways (Funk, 2013; 

Funk et al., 2015; Huxtable et al., 2010; Mulkey and Wenker, 2011; Rajani et al., 2015). 

Reductions in partial pressure of O2 was sensed by astrocytes, and caused elevations in their 

intracellular calcium concentrations, mitochondrial depolarization and release of calcium from 

their intracellular stores (Angelova et al., 2015).  
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Figure 1.11: Relationship between neurons and members of the ‘Glial family’ in the CNS  

In panel A., Astrocytes (green) are closely apposed to synaptic junctions between neurons, 

forming an integral component of the tri-partite synapse (pre-synapse, post-synapse and an 

astrocytic process). B. Green box represents the role of astrocytes in a healthy CNS. Astrocytes 

have processes in contact with synapses, blood vessels and Nodes of Ranvier. Astrocytes can 

also couple with neighboring astrocytes through gap junctions formed by connexins (inter-

astrocytic communication). Astrocytes play an important role in synaptic health by maintaining 

levels of fluid, ion, pH and neurotransmitters (such as glutamate, GABA and glycine) in the 

synaptic interstitial fluid. Astrocytic contact with blood vessels enables astrocytes to titrate 

blood flow (by releasing factors such as NO) according to levels of synaptic activity, and to 

replenish the energy requirements (such as glucose) of neuronal environment. PGE, 

prostaglandins; NO, nitric oxide; AA; arachidonic acid. (Figure and legend adapted from 

(Sofroniew and Vinters, 2010); used with permission). In panel A., oligodendrocytes (blue) are 

supportive cells of the CNS, and their primary role is to myelinate neurons. C. Blue box 

represents the role of oligodendroglial exosomes in neuron-glia communication. (1) Electrically 

active axons release glutamate that provokes Ca2+ entry through oligodendroglial glutamate 

receptors. (2) Elevation of intracellular Ca2+ levels triggers exosome release from 

oligodendrocytes. (3) Neurons internalize exosomes and use their cargo. Ca2+, calcium; 

NMDAR, NMDA receptor; AMPAR, AMPA receptor; MVB, multi-vesicular bodies. (Figure 

and legend from (Frühbeis et al., 2013); used with permission). In panel A., microglia (red), 

like astrocytes, are also closely apposed to synaptic junctions. D. Red box represents the role 

of microglia in phagocytosis of live cells (such as neuronal precursor cell, glioma cell and 

neutrophils) and neuronal structures (such as synapse) (Figure and legend adapted from (Brown 

and Neher, 2014); used with permission)
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Figure 1.12: Schematic of P2R signalling and its contribution to central chemosensitivity 

in the retrotrapezoid nucleus (RTN).  

Elevated CO2 in the blood diffuses across the blood vessel/capillary wall, increasing CO2 and 

H+ in the extracellular space surrounding neurons and astrocytes (1). Astrocytes near the ventral 

medullary surface including those in the glia limitans respond in two ways. Depicted in the 

middle astrocyte, elevated CO2 (intracellular or extracellular) evokes release of ATP through 

CO2-sensitive Cx26 hemichannels (i.e., Cx26 hemichannels act as the CO2 sensor) (2). 

Depicted in the right astrocyte, CO2 or H+ also cause the release of intracellular Ca2+ (3) and 

Ca2+-dependent, exocytotic release of ATP (4). ATP released via one or both of these 

mechanisms excites chemosensitive RTN neurons through a P2Y (5), G-protein coupled 

receptor-dependent mechanism that either modulates an unknown membrane conductance (6) 

or acid-sensitive ion channels directly (7). RTN neurons are also directly sensitive to intra- or 

extracellular acidification; the H+ sensor may be a K+ channel that is open at rest and closes in 

response to increased H+ (8). Note, however, that while closure of a K+ channel is strongly 

implicated in the depolarization of RTN neurons by acid, there is no direct evidence that the 

depolarization is produced by the direct action of acid or CO2 on the K+ channel. Increased 

output from the RTN to the ventral respiratory column (VRC) including the pre-BötC (pre-

Bötzinger) (9) causes ventilation to increase. The ATP-dependent excitatory processes mediate 

approximately 25% of the central chemosensory response. The remainder of the response 

reflects direct activation of RTN and other chemosensory neurons. Additional actions of 

extracellular ATP appear to include a P2XR-mediated, presynaptic excitation of inhibitory 

GABAergic inputs to RTN neurons (10) (the factors determining the balance to excitatory P2Y 

and indirect inhibitory P2XR mechanisms are not known) and an autocrine/paracrine P2YR-

mediated excitation of astrocytes (11). ATP also has complex actions on the vasculature. Under 

conditions of normal oxygenation in other brain regions, ATP causes the contraction of vascular 

smooth muscle (12) as well pericytes (13). The resultant reduction in blood flow is hypothesized 

to increase the CO2/pH stimulus and increase the response of local neurons/astrocytes. 

However, under conditions of reduced oxygen (hypoxia), there is growing evidence that the 

effects of ATP on both smooth muscle and pericytes reverses and facilitates restoration of blood 

flow to the hypoxic tissue. Whether the hypoxia-dependent effects of ATP on the vasculature 

influence CO2/pH sensitivity of any respiratory chemosensory structure remains to be 

established. (Figure and legend from (Funk, 2013); used with permission) 
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1.4.2 Oligodendrocytes 
Oligodendrocytes, initially called inter-fascicular glia, were first described by Rio Hortega in 

1920s (Hortega, 1928), and arise from dedicated oligodendrocyte precursor cells (Funk et al., 

2015). Oligodendrocytes’ precursors originate from neuro-epithelial cells of ventricular zones 

during early stages of embryonic life (Bradl and Lassmann, 2010). Oligodendrocytes are 

capable of myelinating multiple axons; while its equivalent in periphery – the schwann cell – 

can only myelinate one segment of axon at a time (Figure 1.11C) (Bradl and Lassmann, 2010).  

Gaps in myelin sheath along the axon are called nodes of Ranvier; at these nodes, axonal 

membrane is in direct contact with the extracellular space (Bradl and Lassmann, 2010; Bunge 

et al., 1962). Nodes of Ranvier allow fast saltatory conduction along axons, i.e. signal can jump 

from one node to another, rather than progressing slowly along axon (Bradl and Lassmann, 

2010). Length of axons seem to participate in regulating the thickness of myelin, with thicker 

myelin sheaths found around longer axons (Waxman and Sims, 1984). 

The main role of oligodendrocytes is in the formation of myelin sheath (rich in lipids and low 

water content) around axons with diameter above 0.2 µm (Figure 1.11C) (Bradl and Lassmann, 

2010). Myelin sheath, due to its composition, leads to electrical insulation of axons, and 

supports fast conduction of electrical signals in nerve fibers over long distances. Direct close 

connections were demonstrated, by electron microscopy, between oligodendrocytes and myelin 

sheath (Bunge et al., 1962). Oligodendrocytes send out sail-like extensions of their cytoplasmic 

membrane, each of which forms a segment of myelin sheath around an axon.  

A set of studies have shown that the onset and extent of myelination is dependent on electrical 

activity of neurons. Optic nerves of mice, reared in the dark, developed fewer myelinated axons 

(Gyllensten and Malmfors, 1963), and myelination could be inhibited by blockade of sodium-

dependent action potentials in developing optic nerves (Demerens et al., 1996). Vice versa, 

increased neuronal firing, with α-scorpion, enhanced myelination process (Demerens et al., 

1996), and myelination could also be accelerated by artificial eye opening in optic nerves of 

rabbits (Tauber et al., 1980). The proposed mechanism is that the firing of neurons leads to 

release of adenosine (Kuperman et al., 1964; Maire et al., 1984), which inhibits proliferation of 

oligodendrocyte precursor cells, promoting their differentiation and also accelerates the 

formation of myelin (Stevens et al., 2002).  
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1.4.3 Microglia 
Microglia are the tissue resident macrophages in the CNS (Figure 1.11D); these are equivalent 

to Kupffer cells in the liver, Langerhans cells in the skin and intestinal macrophages in the 

gastrointestinal tract. The main role of any tissue resident macrophage, regardless of their 

location, is to respond to a disturbed homeostatic situation in a protective manner, and to 

promote, post-injury, removal of debris. Abnormal microglial physiology plays an important 

role in the pathology of many neurodegenerative disorders (Shaikh et al., 2012) such as 

Parkinson’s disease (Green and Nicholson, 2008; Shaikh and Nicholson, 2009), Alzheimer’s 

disease (Ma and Nicholson, 2004) and Huntington’s disease (Ma et al., 2003). Microglia, and 

their role in the CNS, are discussed, in detail, in further sections.  

1.5 Microglia  
Until recently, microglia were considered to play a role solely as immune cells of the CNS, 

where they were responsible for a wide range of functions during CNS damage (Kettenmann et 

al., 2011). Developments in the field, since 2005 (Nimmerjahn et al., 2005), suggest that 

microglia are more than just immune cells of the CNS. In fact, it seems that microglia are 

guardians of the CNS at all times; constantly working to maintain the dynamic neuronal 

physiology within its homeostatic levels (Hughes, 2012).  

1.5.1 Origin of microglia 
Microglia, like all macrophages, are cells of mesodermal origin that populate the CNS tissue 

during early stages of development. Erythroid/myeloid progenitor cells in the yolk sac, during 

early development, differentiate into tissue resident macrophage progenitor cells. These tissue 

resident macrophage progenitor cells, with amoeboid morphology, migrate into the brain and 

invade the brain tissue as microglial cells (Cronk and Kipnis, 2013). These microglial cells are 

self-renewing (Ajami et al., 2007), in case of depletion during inflammatory conditions. 

However, under special defined circumstances, when microglial cells in the CNS are depleted 

and are unable to replenish their pool, monocytes from bone marrow are capable of replenishing 

tissue resident macrophages of the CNS. (Cronk and Kipnis, 2013) 

1.5.2 History of microglia 
Microglia were also previously known as “Hortega cells”, after Pio del Rio-Hortega first 

described these cells in the CNS, around 1932 (Kettenmann et al., 2011). According to studies 
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performed by del Rio-Hortega, using a modified silver staining technique, microglia are of 

mesodermal origin and are homogenously distributed cells of the CNS (Figure 1.13), known 

for their inflammatory response towards any pathological event disturbing homeostasis of the 

CNS (Kettenmann et al., 2011). Subsequently, many studies were performed that aimed to 

describe these microglial/ “Hortega cells” and characterise their functions, but the advances 

made by Pio del Rio-Hortega still set the benchmark (Kettenmann et al., 2011).  

1.5.3 Conventional activation paradigm 

1.5.3.1 Diverse microglial phenotypes 

Taking advantage of modern immunohistochemical methods, it is possible to identify all 

microglia in the brain using antibodies to different markers, in addition to the morphology of 

the cell. Microglial morphology is a useful indicator of its activation state and its potential role. 

Broadly speaking, microglial morphologies have been classed into 3 categories; M0, M1 or M2 

(Butovsky et al., 2014; Hu et al., 2012). The M0 microglial phenotype (Figure 1.13 and 14), 

represents microglia in their resting/surveilling stage, characterised by a small cell body (≈10 

µm diameter) (Kozlowski and Weimer, 2012) and long thin processes/ramifications . On the 

other hand, M1/M2 phenotypes (Figure 1.13 and 14) share similar morphological 

characteristics; these are amoeboid in shape with shorter or no processes, but differ in their 

activities. Iba1 (ionised calcium-binding adaptor molecule 1) is a calcium binding protein that 

is also a pan microglial marker. M0, M1 and M2 microglia express Iba1. Expression of CD16 

and CD32 is specific to M1 microglial phenotype, whereas expression of CD206 is specific for 

M2 microglial phenotype (David and Kroner, 2011; Hu et al., 2012).  

The M0, surveilling microglial phenotype, monitors their local environment for the presence of 

pathogens, or for changes in the extracellular concentration of constitutively expressed 

neurochemicals (including neurotransmitters such as neuropeptides, glutamate or GABA) 

(Nimmerjahn et al., 2005; Tremblay et al., 2011) (Figure 1.14) . Polarization of the M0 

phenotype to an M1/M2 phenotype signifies a marked activation of microglia. The M1 

phenotype, also known as the neurotoxic microglial phenotype, is associated with increased 

mRNA expression of molecules such as IL-6, TNF-α and IL-1β (Chhor et al., 2013; Crain et 

al., 2013) (Figure 1.14) that are all associated with apoptosis of cells expressing receptors for 

these molecules. The M2 phenotype, which is a neuroprotective phenotype, releases molecules 

such as IL-10. The M2 phenotype is anti-apoptotic, and promotes tissue repair (Crain et al., 

2013) (Figure 1.14). 
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1.5.3.2 Activation pathway 

Most of our understanding related to the activation of microglia, is based on findings from 

experiments performed in vitro, in either cultured microglia or in freshly prepared brain tissue 

slices; this situation may differ in vivo.  

The conventional microglial activation paradigm is divided into 3 distinct stages: a withdrawal, 

a motility and a locomotory stage (Stence et al., 2001). Ramified resting / surveilling microglia 

(M0) on sensing the presence of an activation signal enter a withdrawal stage, where these 

cells start to retract their existing processes. Whilst still withdrawing their existing branches, 

microglia initiate the process of developing new, short ramifications, which are highly dynamic 

in nature, enabling microglia to become highly motile. Replacement of long microglial fimbria, 

with short highly dynamic protrusions, permits microglia to enter a motile stage. Even though, 

long processes exhibited by microglia in their resting/surveilling stage are already dynamic 

(Davalos et al., 2005; Li et al., 2012; Nimmerjahn et al., 2005), the replacement of these long 

dynamic processes with short, highly dynamic, protrusions enables these microglia to migrate 

long distances (Stence et al., 2001). In their motile state, microglia develop a large cell body 

and very short processes, enabling them to migrate towards the site of injury and participate in 

inflammation (M1) or non-inflammation (M2) related activities (Figure 1.14). This last state is 

known as the locomotory stage. (Stence et al., 2001) 

In addition to the M0 morphological polarization to either M1 or M2, microglia also undergo 

intracellular re-arrangements enabling them to translocate their cell body through the tissue. 

Recent studies indicate that the non-muscle myosin II B (NMIIB) is one of many intra-

microglial molecules involved in microglial movement (Janssen et al., 2014). Microglial 

activation triggers rearrangement of the cellular distribution of NMIIB, enabling amoeboid 

microglia to become motile (Janssen et al., 2014). Increased expression levels of cell adhesion 

molecules, such as integrins (Hailer et al., 1996), may also permit amoeboid microglia to be 

locomotory. While changes observed in the morphology of activated microglia are obvious, 

subtle changes introduced in extracellular matrix proteins, such as laminin (Milner and 

Campbell, 2002), is another equally crucial process facilitating microglial movement through 

tissue.  
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Figure 1.13: Microglia in cardiovascular sites of the brainstem involved in the sympathetic 

control of BP  

A. Microglia in surveilling state in the brainstem of Sprague-Dawley (SD) rat. B. M2 positive 

microglia in the brainstem of a SD rat. B1. M2 microglial phenotype (CD206 positive, green). 

B2. Iba1 (red) positive microglia with an amoeboid morphology. B3. Merged image of B1 and 

B2 showing colocalisation of CD206 expression with Iba1 in M2 microglia. C. Microglia (Iba1, 

red) are intermingled with TH-ir (tyrosine hydroxylase-immunoreactive, green) neurons 

throughout the RVLM. D. Microglia (Iba1, red) in the CVLM region. Scale bar = 10 µm. (Z-

stack images at 40X magnification were taken with the Zeiss Axio Imager Z2 epifluorescence 

microscope).  
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Figure 1.14: Activation stages of microglia in a healthy CNS, when subjected to a signal 

disturbing the homeostasis of the CNS  

Surveilling/ resting microglia, in their highly ramified shape (M0), are distributed throughout 

the CNS. Sudden appearance or disappearance of any unexpected or expected molecule, 

respectively, triggers alertness in microglia. These “Alerted microglia” survey their local 

environment with extra vigilance, or conduct housekeeping activities to resume the CNS 

homeostatic levels. Due to persistence of the activation signal or when the CNS damage is 

permanent, M0 microglia polarize into either M1 (inflammatory) or M2 (anti-inflammatory) 

phenotype, depending on the situation. Although, M1 and M2 microglia perform different set 

of roles in the CNS, they do share a few functions and acquire similar morphology.  
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1.5.4 Activation signals – “on” or “off” 
Neurons are not simply passive recipients of microglial signalling. In fact, microglia and 

neurons are in constant, dynamic, communication thereby, affecting each other’s physiological 

state. The ability of microglia and neurons to communicate, in response to changes in the 

extracellular environment, suggests a more subtle level of responsiveness by microglia, rather 

than being solely due to physical damage in the environment. Types of signals that alert 

microglia to changes in neuronal homeostasis are divided into 2 categories: “on” and “off” 

signals (Biber et al., 2007). “On” signals are defined as the appearance of unexpected molecules 

such as a pathogen or increases in the extracellular levels of intracellular constituents (released 

on cell death). Recently, the list of molecules leading to “on” signalling has been extended to 

include enhanced levels of neurotransmitters in the CNS. “Off” signalling, on the other hand, 

is triggered by the disappearance or disruption of constitutively expressed molecules, such as 

neurotransmitters or fractalkines (CX3CL1). (Biber et al., 2007; Hanisch and Kettenmann, 

2007; van Rossum and Hanisch, 2004) 

1.5.5 Microglial reaction to activation signal 
Microglial perception of an activating signal and their response to the activating signal are 2 

different processes. For example, addition of LPS (lipopolysaccharide) to cultured microglia 

can lead to the polarization of M0 to M1 (Butovsky et al., 2005); addition of IL-4 to cultured 

microglia results in the polarization of M0 to M2 (Butovsky et al., 2005). Appearance of both, 

LPS and IL-4, are examples of “on” signalling however, microglial reaction to these molecules 

are 2 different extremes of the spectrum. Our difficulty in understanding the role of microglia 

in normal physiological state, clearly identifies, a severe gap in our understanding concerning 

microglial function in the CNS. 

1.6 Microglia and communication 

1.6.1 Inter-microglial communication 
Each microglial cell has its own surveilling territory (Figure 1.13), ranging from ≈15 µm to ≈30 

µm, and under normal conditions, microglia do not breach each other’s territory (Figure 1.13C 

and D). However, exact molecular factors that determine the inter-microglial distance (IMD), 

and microglial pattern of distribution, are unknown. Microglia exhibit a heterogeneous 

distribution pattern, expression profile and morphology, which is highly region-specific (de 
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Haas et al., 2008; Lawson et al., 1990; Mittelbronn et al., 2001). Proteins expressed by 

microglia, which become evident during microglial responses to physiological and 

pathophysiological situations, are assumed to depend on the neuronal profile of their immediate 

environment (de Haas et al., 2008). A higher neuronal packing density may require more 

number of microglia, to maintain neurons in a healthy state. In addition, neuronal activity, and 

their release of signalling molecules, will further affect microglial expression profile. One can 

assume that the tessellated pattern of microglial distribution (Figure 1.13C and D) and precise 

inter-microglial distance is determined by a combination of neuronal packing density and 

neuronal activity levels, but this remains a matter of speculation.  

Microglia release various factors such as cytokines, reactive oxygen species and neurotrophic 

factors, that not only affect neurons, but may also act on nearby microglia, and other cell types 

(such as astroglia, oligodendrocytes and blood vessels) in a paracrine signalling fashion 

(Kettenmann et al., 2011). Microglia also act as the antigen presenting cells in the CNS 

(Kettenmann et al., 2011) thereby, providing positive feedback to other microglia, and to 

infiltrating macrophages. Inter-microglial communication, over long distances, largely depends 

on the ability of microglia to translocate through the tissue, when in their amoeboid 

morphology.  

1.6.2 Microglia and astrocytes 
Even though the strands of communication between microglia and neurons are obvious, the 

importance of cross talk between microglia and astrocytes cannot be ignored. Astrocytes are an 

essential part of the CNS, mainly known for their supportive role towards neurons. Astrocytes 

play an important role in dampening the neurotoxic effects by microglia, such as release of 

iNOS (Pyo et al., 2003) and IL-12 (Aloisi et al., 1997). Microglia are also able to affect 

astrocytes. It was demonstrated that IL-1, released by activated microglia, promotes activation 

of astrocytes (Griffin, 2006). In addition, cultured astrocytes, treated with activated-microglial 

conditioned media, promote astrocytic gene expression of brain-derived neurotrophic factor 

(BDNF) (Savli et al., 2004) and astrocyte proliferation (Giulian and Baker, 1985).    

1.6.3 Microglia and neurons 
Since 2005, microglia are no longer considered to be passive or dormant cells in the CNS 

(Nimmerjahn et al., 2005). Rather, microglia are thought of as “busy bees” (Cronk and Kipnis, 

2013) or the “constant gardeners” (Hughes, 2012) of the CNS. Microglia continuously monitor 
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their local environment, for the presence of any unexpected changes in the expression level of 

neurochemicals and other molecules. Microglia can also sense activity levels of synapses 

(Tremblay et al., 2010; Wake et al., 2009). In response to these changes, microglia constantly 

extend or retract their processes and survey the whole CNS over periods ranging from minutes 

to hours (Nimmerjahn et al., 2005). As the tip of the microglial process extends and contacts 

synapses, it enlarges, enabling the removal of excessive synaptic input, if necessary (Wake et 

al., 2009).  

Microglia and neurons are in constant communication; this communication is possible because 

of the presence of receptors for nearly every neurotransmitter on the surface of microglia 

including: PACAP (pituitary adenylate cyclase- activating polypeptide), dopamine, substance 

P, glutamate and GABA (Pocock and Kettenmann, 2007) (Table 1.2). Microglia also express 

receptors for neurohormones/neuromodulators, such as neurotrophin (Kettenmann et al., 2011; 

Pocock and Kettenmann, 2007) (Table 1.2). Diverse range of receptors expressed by microglia 

allow them to perceive neuronal signals as an indicator of neuronal health and physiological 

levels. However, it is not yet clear whether or not neurons emit microglial-specific signals or 

the extent to which microglia detect neuron-neuron signalling. 

Disruption to healthy neuron-neuron communication, leading to deviations in neuronal 

homeostasis, can lead to the development of neurological disorders such as Alzheimer’s disease 

or hypertension, depending on the CNS area affected. Disturbances in an otherwise highly 

dynamic neuronal physiology are, more often than not, accompanied with changes in their 

neurochemistry, membrane potentials and concentration of molecules that diffuse across 

synapses in the extracellular matrix; these changes can be detected by microglia, as abnormal 

neuronal or synaptic activity (Biber et al., 2007; Hanisch and Kettenmann, 2007).   

Recently, Glebov et al., (2015) showed that serotonergic neurons (derived from stem cells) 

stimulate the release of exosomes from microglia (Glebov et al., 2015). These exosomes may 

be one way by which microglia are provoked to release proteins, inflammatory molecules and 

cytokines, into the extracellular environment. Although this study (Glebov et al., 2015) was 

performed in a co-culture, in vitro, system, it does provide an example of direct microglia-

neuron communication, driven by neurotransmitter release.  

Some examples of microglial receptors corresponding to some commonly expressed 

neurotransmitters in the CNS include glutamate, GABA, purines, and peptides (see Table 1.2 

for further examples). 
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1.6.3.1 Glutamate receptors 

Glutamate is an excitatory neurotransmitter in the CNS. Glutamate receptors, broadly, can be 

divided into 2 subtypes: fast ionotropic (iGluRs) and slower metabotropic (mGluRs). 

Concerning iGluRs, evidence from transcription analysis has confirmed the presence of GluR1, 

GluR2, GluR3 and GluR4 on microglia (Kettenmann et al., 2011). Activation of glutamate 

receptors on microglia, via glutamate or kainate, can lead to the release of the pro-apoptotic 

peptide TNF-α (Hagino et al., 2004). iGluRs may also be involved in microglial chemotaxis; 

however, in vivo evidence in support of this idea is not yet available.  

On the other hand, the evidence regarding the exact role of microglial mGluRs is controversial. 

Activation of group II mGluRs can enhance the neurotoxicity of microglia (Taylor et al., 2005). 

Whereas, activation of group III mGluRs tends to promote the neuroprotective effects of 

microglia (Taylor et al., 2003). 

1.6.3.2 GABA receptors 

Unlike glutamate receptors, the role of GABA receptors in microglial physiology is well 

established. GABA, acting on GABA receptors, is an inhibitory neurotransmitter and acts as a 

neuroprotective agent by acting on microglial GABAA and GABAB receptors (Lee, 2013; 

Pocock and Kettenmann, 2007). Both subunits of GABAB receptors are expressed by microglia, 

with majority of them concentrated in the microglial lamellipodia (Kettenmann et al., 2011). 

Activation of GABAB receptors in microglia, when subjected to LPS, can exert neuroprotective 

effects by reducing the release of inflammatory cytokines, such as IL-6 and IL-12 (Lee, 2013).  

1.6.3.3 Purinergic receptors 

Purinergic receptors, and their associated signalling systems, are found in almost all types of 

cells and tissues. The most abundant purinergic signalling molecule is adenosine triphosphate 

(ATP). ATP is a critical source of phosphate in kinase reactions that result in phosphorylation 

of intracellular proteins, and subsequent cellular activation. Purinergic receptors such as P2Y6, 

P2Y7, P2Y8, P2Y12 and P2X are abundantly expressed on the microglial surface (Funk, 2013; 

Pocock and Kettenmann, 2007). Broadly speaking, activation of purinergic signalling systems 

result in energy consuming processes, such as chemotaxis, movement of microglial fine 

ramifications, migration and cytokine release (Pocock and Kettenmann, 2007). Most ATP 

mediated functions are activated in response to physical injury. Activation of P2X4 receptors 

on microglial surface may be a cause of chronic neuropathic pain (Inoue, 2006), and drugs that 

target these receptors are currently being actively investigated for clinical use. 
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Enhanced expression levels of P2X4 receptors, a type of P2X purinergic receptors, were 

observed in the spinal cord area in response to a nerve injury (Tsuda et al., 2003). Interestingly, 

this increased expression of P2X4 receptors was exclusive to microglia, and was not seen in 

either astrocytes or neurons (Tsuda et al., 2003). Furthermore, these P2X4 receptor positive 

microglia were found to be hyperactive (Tsuda et al., 2003), and pharmacological blockade of 

P2X4 receptors, in vitro, inhibited chemotaxis in microglia (Ohsawa et al., 2007). These, and 

many other studies (for review, see (Koizumi et al., 2013)), have provided a direct evidence of 

the role of purinergic receptors in the activation pathway of microglia.   

1.6.3.4 Other neurotransmitter receptors 

Microglia also express receptors for peptide neurotransmitters such as substance P and PACAP. 

Substance P activates neurokinin-1 (NK-1) receptors expressed by microglia, leading to 

activation of pro-inflammatory pathways, such as chemotaxis, and production of intracellular 

reactive oxygen species (Block et al., 2006; Rasley et al., 2002). Similarly, activation of 

bradykinin receptors expressed on microglial surface, can lead to enhancement of microglial 

motility features (Noda et al., 2003; Noda et al., 2006). Conversely, activation of PACAP 

receptors reduces chemokine production thereby, inhibiting the neurotoxic effects of microglia 

(Dejda et al., 2005).  

Table 1.2: Neurotransmitter receptors and their corresponding functions in the 

sympathetic control of BP and microglia (based on data from in-vitro studies) 

 SNS Microglia 

Neurotransm

itter 

Effect Reference Effect Reference 

Angiotensin - 

II 

Activates the AT1 

receptor in 

circumventricular 

organs and exerts 

pressor effects via 

PVN and RVLM   

(Cato and 

Toney, 2005; 

Li et al., 

2003) 

AT1 receptor 

expression is 

upregulated in 

response to LPS 

(Miyoshi et al., 

2008) 

Angiotensin-II 

activates 

microglia in PVN 

and causes an 

increased levels 

of pro-

(Shi et al., 

2010) 

 



 CHAPTER 1 – LITERATURE REVIEW 

 

Page | 85  
 

inflammatory 

cytokines  

Angiotensin (1-7) 

exerts anti-

inflammatory 

effects via Mas 

receptor 

expressed on 

microglia 

(Liu et al., 

2016) 

 

Bradykinin Microinjection of 

bradykinin in the 

RVLM elicits 

hypertensive effect   

(Privitera et 

al., 1994) 

Induces 

chemotaxis and 

enhances motility 

features  

(Noda et al., 

2003; Noda et 

al., 2006) 

Dopamine  Microinjection of 

dopamine in the 

PVN results in 

decreased levels of 

renal SNA and BP 

in SD rats  

(Zheng et al., 

2014) 

Stimulation of 

dopamine 

receptors 

enhances 

microglial 

migration abilities 

and suppresses 

nitric oxide 

production 

(Farber et al., 

2005) 

GABA Sympatho-inhibitory  (Guyenet, 

2006) 

Anti-

inflammatory 

response in 

microglia 

(Kuhn et al., 

2004; Pocock 

and 

Kettenmann, 

2007) 

Galanin Microinjection of 

galanin in the 

RVLM elicits a 

sympatho-inhibitory 

response by 

(Abbott and 

Pilowsky, 

2009) 

Increases 

microglial 

motility 

(Ifuku et al., 

2011) 
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decreasing BP and 

SNA  

Microinjection of 

galanin in the 

respiratory sites of 

brainstem (BötC or 

PreBötC) causes a 

depression in the 

respiratory output 

(Abbott et 

al., 2009) 

Glutamate Sympatho-

excitatory 

(Guyenet, 

2006) 

Broadly, 

activation of 

glutamate 

receptors triggers 

pro-inflammatory 

responses (except 

mGluR group III) 

(Pocock and 

Kettenmann, 

2007) 

Orexin Microinjection of 

orexin A in RVLM 

causes a pressor and 

sympatho-excitatory 

response 

(Shahid et 

al., 2012) 

Microglial 

immunoreactivity 

for orexin 1 

receptor increases 

with activation in 

response to 

traumatic brain 

injury  

(Mihara et al., 

2011) 

Orexin inhibits 

the ATP induced 

microglial 

motility 

(Noda et al., 

2011) 

PACAP Sympatho-

excitatory 

(Farnham et 

al., 2008; 

Neuro-protective (Dejda et al., 

2005) 
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Farnham et 

al., 2012; 

Inglott et al., 

2011) 

Serotonin  

(5-HT) 

Antagonism of 5-

HT1A receptor in 

RVLM blocks the 

hemorrhage induced 

sympatho-inhibition 

of SNS 

(Dean and 

Bago, 2002) 

Serotonin triggers 

the release of 

exosomes from 

microglia via 5-

HT receptors 

(Glebov et al., 

2015) 

SST Microinjection of 

SST in RVLM 

causes a sympatho-

inhibitory response 

and hypotension  

(Burke et al., 

2008) 

Neuro-protective 

(inhibits 

microglial 

proliferation) 

(Feindt et al., 

1998) 

Substance P Microinjection of 

substance P 

analogue in the 

RVLM causes an 

increase in BP, HR 

and SNA  

(Makeham et 

al., 2005) 

Neurotoxic / pro-

inflammatory  

(Block et al., 

2006; Rasley 

et al., 2002) 

1.7 Microglia and the CNS 
Microglia are ubiquitously distributed throughout the CNS, comprising for ≈10-20% of the 

whole CNS cellular population (Kettenmann et al., 2011). Microglial cell bodies, labelled with 

Iba1 and visualized ultra-structurally, are closely apposed to neuronal cell bodies, implying the 

existence of close lines of communication between neurons and microglia (Shapiro et al., 2009).  

Interestingly, microglial expression profiles throughout the CNS are not the same. For example, 

expression levels of CD11b, a pan-marker for microglia, are higher in the spinal cord as 

compared to the cerebral cortex (de Haas et al., 2008). These data highlight the fact that 

microglial profiles are significantly influenced by properties of their local microenvironment. 

The ability of microglia to be influenced by the neuronal diversity in their immediate 

environment, to be affected by neuronal physiology, and to play a critical role in healthy 
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neuron-neuron communication, further adds complexity to the already diverse microglial 

physiology.  

1.7.1 Microglia in healthy CNS 
As previously discussed, neurons are continuously being monitored by microglia (Nimmerjahn 

et al., 2005). Highly ramified processes on microglia that are closely apposed to sites of 

neuronal synaptic interaction enable microglia to monitor their local environment without 

having to translocate through the tissue. However, it is still possible that microglia are capable 

of migrating short distances while still in their surveilling stage (Karperien et al., 2013).  

Microglia are not just the passive receivers of neuronal signals; microglia comprehend these 

neuronal signals and conduct activities that can influence neuronal function and physiology. 

Microglia are capable of performing activities, such as phagocytosis/synaptic pruning, without 

changing their morphology (Tremblay et al., 2011). During synaptic surveillance, microglia can 

sense whether synaptic spines are weak or over-worked. If spines are found to be in need of 

removal, microglia can strip them from the dendrite. Synaptic pruning process by microglia is 

normally a 3-step process: 1) microglia make, rather prolonged, contact with the pre-synaptic 

structure, 2) microglia attach firmly to, and strip the pre-synaptic structure and 3) phagocytose 

the stripped pre-synaptic structure (Kettenmann et al., 2013; Wake et al., 2009). It is not yet 

clear if microglia also phagocytose the post-synaptic structure.  

Microglia are also capable of releasing neurotrophic factors, such as BDNF (Kettenmann et al., 

2011), macrophage colony stimulating factor (M-CSF) (Murase and Hayashi, 1998), nerve 

growth factor (Elkabes et al., 1996) and insulin growth factor-1 (IGF-1) (Ueno et al., 2013). 

Controversial evidence is present regarding the exact role of microglia released neurotrophic 

factors. On the one hand, it is quite evident that BDNF released by microglia plays an important 

role in microglial activation (Zhang et al., 2014). On the other hand, it has also been proposed 

that BDNF released by microglia play a supportive role by promoting learning dependent 

synapse formation (Parkhurst et al.). It remains a question of whether the neurotrophic 

molecules released by microglia play a neuro-supportive or neuro-detrimental role and this, is 

another important, yet poorly understood, function of microglia that does not require 

polarization to either M1 or M2 phenotype.   

Furthermore, there is direct evidence present that microglia can influence the excitability status 

of neurons. ATP-stimulated activated microglia, in vitro, caused an inversion in the polarity of 
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currents induced by GABA in spinal lamina I neurons in a nerve injury model (Coull et al., 

2005). A recent study by Li and colleagues (2012) reported, using in vivo time lapse imaging 

in the optic tactum of larval zebrafish, that highly active neurons attract microglial processes to 

make contact (Li et al., 2012). The contact between microglia and highly active neurons reduced 

the spontaneous and visually evoked activities of the contacted neurons; an effect that persisted 

for several minutes after the removal of the microglial process (Li et al., 2012; Panatier and 

Robitaille, 2012).  

1.7.2 Microglia during CNS injury 
Most of the animal models, used to investigate microglial activation pathways, require either 

LPS-induced inflammation (Wu et al., 2012), or physical damage to the CNS (leading to 

neuronal stress and death) (Morrison and Filosa, 2013; Perego et al., 2011).  

Previous work, focusing on the characterisation of correlation between neuronal activity and 

microglial activity, used stimuli such as binocular eye enucleation (Tremblay et al., 2010), 

tetrodotoxin injection into the retina (Wake et al., 2009), or ligation of left anterior descending 

coronary artery leading to ischemia (Dworak et al., 2014). These insults to the CNS affect the 

frequency with which microglia contact neuronal synapses. For example, reduced neuronal 

activity, in response to injection of tetrodotoxin in the retina or hypothermia, can reduce the 

frequency of microglial contact with synaptic structures by 40 to 50% (Wake et al., 2009). 

Furthermore, induction of transient cerebral ischemia, results in prolongation of contacts 

between surveilling microglial processes and synaptic boutons, in the region of somatosensory 

cortex, which lasts from about 5 minutes in the control state to around 80 minutes in the 

ischemic state (Wake et al., 2009). This extreme prolongation observed in microglial contact 

with synapses can be attributed to microglia carefully sensing synaptic health to either prune 

dead/weak synapses, or trying to restore their normal activity levels. No changes in microglial 

morphology, affected by transient cerebral ischemia, were reported. Another study showed that 

the microglial response to an activating signal runs parallel to developing cerebral brain injury, 

in response to ischemic stroke and reperfusion. The main finding, from this study, was the 

hyper- and de- ramification of microglia in relation to necrotic core, caused by the CNS injury 

(Morrison and Filosa, 2013).  

Recent studies discussed above, identify a novel “alerted microglial” phenotype that is more 

active than ‘surveilling’, but not yet fully activated. This novel alerted state is characterized by 

a hyper-ramified or de-ramified morphology, or a morphology that is quite similar to surveilling 
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microglia. Alerted microglia (Hanisch and Kettenmann, 2007; Karperien et al., 2013; 

Kettenmann et al., 2011) may be the form adopted, prior to acquisition of an extreme activation 

phenotype, if this is necessary (Figure 1.14).  

Under extreme circumstances, when ischemic conditions are left to develop for over 7 days, 

microglia exhibit carefully tailored biphasic behaviour that is neuroprotective before 

developing into a phagocytic phenotype (Perego et al., 2011). This biphasic response highlights 

another important trait of microglia: in the first instance, microglia tend to exhibit a 

neuroprotective/neuro-supportive behaviour in the CNS. However, when the CNS damage is 

very severe or irreversible, microglia initiate the process of eradicating dead/affected neurons 

in order to stop the spread of CNS injury and clear away debris. (Perego et al., 2011) 

Although the microglial response to injury in higher brain regions is well established, studies 

have also identified these cells as an important mediator of spinal cord injury (Kigerl et al., 

2009; Kroner et al., 2014; O'Carroll et al., 2013).  

1.8 Microglia and sympathetic nervous system (SNS) 
Microglia are present in all areas of the CNS. Within areas in the brain that are involved in the 

sympathetic control of BP, microglia (Figure 1.14 C and D) play a crucial role in surveillance 

of synaptic and neuronal activity levels. It is therefore somewhat surprising, considering the 

importance of the SNS in the regulation of the cardiorespiratory system, that the role of 

microglia in cardiorespiratory nuclei of the brain remains relatively unexplored. As discussed 

in previous sections, microglia express receptors for vast majority of neurotransmitters, as well 

as many other chemicals. Table 1.2 provides a brief overview of some of the neurotransmitters 

critical for cardiorespiratory function, and the presence of relevant receptors and their function 

that on local microglia.  

Intracerebroventricular administration of IL-1β (a pro-inflammatory cytokine) increases AP, 

HR and the renal SNA, within 20-25 min of administration (Kannan et al., 1996). A recent 

study from our laboratory found that inhibition of microglial activation, by minocycline, at the 

level of spinal cord, exaggerates the increase in SNA response seen in rats that develop seizures 

following an intraperitoneal dose of kainic acid (Bhandare et al., 2015). Our findings highlight 

the neuroprotective effect of microglia during seizure on SPGNs in the spinal cord. The 

protective effect of microglia towards seizure induced SNA might be mediated through their 

polarisation towards M2 phenotype, and an endogenous production of neurotrophic and anti-
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apoptotic molecules, such as TGF-β and IL-10. Moreover, findings from this study also suggest 

that, as part of microglia-neuron communication, PACAP might be acting on microglial PAC1 

and VPAC-1 receptors causing an increased expression of glutamate transporters on the surface 

of microglia and increasing glutamate uptake (Bhandare et al., 2015). These data highlight the 

possible neuroprotective behaviour of microglia when subjected to seizure.   

Following myocardial infarction (a model for inflammation), in SD rats, there is an increased 

percentage of activated microglia in the PVN (Dworak et al., 2012; Rana et al., 2010), the 

RVLM (Dworak et al., 2014) and the NTS (Dworak et al., 2014). Furthermore, induction of 

diabetes (with streptozotocin) caused neuronal activation in brain regions (such as the PVN), 

accompanied by microglial activation in brain regions (such as the PVN and the NTS) (Rana et 

al., 2014). Interestingly, the delayed onset of microglial activation, following streptozotocin-

induced diabetes, highlighted microglial activation as a consequence of over-excitation of 

neurons (Rana et al., 2014). Unfortunately, the lack of detailed analysis regarding the probable 

phenotype of these microglia with an activated morphology (in the PVN, RVLM and NTS in 

response to myocardial infarction or diabetes), makes it difficult to ascertain, whether or not, 

these activated microglia are playing a neuro-protective, a neuro–supportive, or a neurotoxic 

role. 

Furthermore, recent study has shown that respiratory depression in response to opioid 

administration (Hutchinson et al., 2008) is not mediated by microglia, at least in the pre-

Bötzinger area (Zwicker et al., 2014). 

The number of possible disorders that can occur, or be worsened by, increases in sympathetic 

activity is very large and include hypertension, diabetes, obesity, metabolic syndrome and heart 

failure. Given that microglia can regulate sympathetic activity (Bhandare et al., 2015), there is 

now a strong possibility that therapies affecting microglial function could play an important 

role in the treatment of sympathetic nerve related disorders, including cardiovascular disease. 

We hypothesize that, in addition to the important role that microglia play in the response to 

physical injury by adopting an M1 or M2 state, microglia can also detect changes in the level 

of neuronal/ synaptic activity in the VLM nuclei of the brainstem. Microglia may respond to 

normal adaptive reflexes by triggering a mild level of alertness in their normal behaviour 

(Figure 1.15). This alertness does not require polarisation to their extreme activation 

phenotypes: M1 or M2, instead, there is a more subtle change in microglial physiology. We 

propose that ‘alerted’ microglia have a morphology similar to that of surveilling microglia, but 
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are more attentive of synaptic activity levels (Figure 1.15) (Hanisch and Kettenmann, 2007; 

Kettenmann et al., 2011). Alerted microglia can perform activities such as synaptic pruning, in 

response to exaggerated levels of synaptic activity. In contrast to this, decreased synaptic 

activity levels can cause alerted microglia to release neuro-supportive substances, such as 

BDNF, nerve growth factor or IGF-1 (section 1.7.1), in order to restore normal homeostasis. 

 
 

 

 

Figure 1.15: Microglia and the sympathetic control of blood pressure 

Microglia play an important role in normal neuron-neuron communication and form an integral 

part of the tri-partite synaptic structure (pre-synapse, post synapse and astroglial process) in the 

SNS. The figure is divided into 3 stages. 1st stage refers to 3 important reflex pathways in the 

SNS: the sympathetic baroreflex (red), central chemoreflex (pink) and peripheral chemoreflex 

(green). Please refer to the text for details on these reflex pathways. 2nd stage of the figure shows 

the presence of different CNS elements, at the autonomic neuronal level. Oligodendrocytes are 

supportive cells for neurons, providing myelin sheath. Astrocytes and microglia are found in 

close apposition to the neuronal synaptic structure. Stage 3 of the figure shows the dynamics at 

the synaptic level. Unlike astrocytic process, microglial processes are not permanently 

associated with the synaptic structure. Rather, microglial processes are constantly moving, 

surveying neuronal activity levels. In case of enhanced levels of neuron-neuron/neuron-

microglia communication, microglia perform functions such as synaptic pruning. During 

synaptic pruning, microglial process envelops the pre-synaptic structure, strip it from the spine 

and phagocytose the residue. On the contrary, decreased neuron-neuron/ neuron-microglial 

communication causes microglia to release neurotrophic factors (red squares), to support the 

weak synapse or increase the neuron-neuron communication. BP: blood pressure, O2: oxygen, 

NTS: nucleus of the solitary tract, RVLM: rostral ventrolateral medulla, CVLM: caudal 

ventrolateral medulla, IML: intermediolateral cell column of spinal cord, RTN: retrotrapezoid 

nucleus and CRN: central respiratory network.   
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1.9 Hypertension  
Hypertension is a pathological condition defined as a continuous elevation of AP beyond 

130/85 mmHg; it is a risk factor for other CVDs, such as heart attack and stroke, and 

cerebrovascular disorders. Hypertension can be either primary (essential) or secondary, and can 

be due to either genetic or environmental influences. Diagnosis of hypertension can be difficult 

as symptoms are clinically silent, until it leads to end organ damage such as brain, kidney or 

heart.  

Essential hypertension is responsible for ≈95% of all cases of hypertension, and is generally 

neurogenic in origin (Guyenet, 2006). Almost all forms of neurogenic hypertension are 

associated with an exaggerated activity of the SNS (Schlaich et al., 2004).  

1.9.1 Sympathetic nervous system and neurogenic hypertension 
Elevated levels of noradrenaline in the plasma of patients suffering from hypertension 

suggested that the elevated SNA may well be the primary cause of neurogenic hypertension 

(Anderson et al., 1989; Fisher and Paton, 2012).  

One of the common causes involved in the pathophysiology of neurogenic hypertension, 

leading to an exaggerated SNA, is the chronic over-activation of the SNS (de Kloet et al., 2013; 

Fisher and Paton, 2012; Grassi et al., 2010; Guyenet, 2006). This chronic over-activation of the 

SNS can lead to an increased sympathetic nerve firing rate (such as the muscle SNA), elevated 

levels of total systemic, cardiac and renal noradrenaline spillover, reduced neuronal 

noradrenaline reuptake and reduced facilitation of noradrenalin release by neuro-humoral 

factors (such as angiotensin II) (Schlaich et al., 2004).  

Attenuated levels of the neuronal activity in cardiovascular nuclei of the brain, such as the NTS 

(Kawabe et al., 2015; Sato et al., 2002; Shan et al., 2013; Waki et al., 2006), the CVLM (Smith 

and Barron, 1990), the RVLM (Geraldes et al., 2014a; Li et al., 2013) and the PVN (Akine et 

al., 2003; Allen, 2002; Geraldes et al., 2014b), were seen in animal models of neurogenic 

hypertension (SHR). In addition to cardiovascular nuclei in the brain, brainstem respiratory 

sites, such as the pre-Bötzinger and Bötzinger nuclei, also showed increased neuronal activity 

in hypertensive models (Moraes et al., 2014).  

The role of angiotensin-II in regulation of the cardiovascular arm of the SNS is well established 

(Arakawa et al., 2013; Chitravanshi and Sapru, 2011; Chitravanshi et al., 2012; Gao et al., 
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2008b; Kawabe et al., 2014; McMullan et al., 2007; Sumners et al., 2015). Angiotensin II is a 

key neuropeptide involved in the long term regulation of BP, electrolyte and fluid homeostasis, 

via the renin-angiotensin system (RAS) (de Kloet et al., 2013). Angiotensin II is a 

vasoconstrictor, and exerts actions on proximal tubule to promote sodium reabsorption.  

Angiotensin-II, along with the RAS, play an important role in the pathophysiology of 

neurogenic hypertension (Figure 1.16) (de Kloet et al., 2013; Fisher and Paton, 2012; Raizada 

et al., 1993). Data from SHR have shown that the central pathway involving angiotensin-II is 

attenuated in cardiovascular sites of the brain (Erdos et al., 2015; Kawabe et al., 2016). 

Furthermore, increased expression of angiotensin type II receptors (adenovirus associated 

vector) in the solitary-vagal complex (NTS, section 1.2.1.7) attenuated the development of 

renovascular hypertension and restored decreasing levels of angiotensin converting enzyme 2 

to control levels (Blanch et al., 2014).  

Central cholinergic system also plays an important role in the pathology of essential 

hypertension (Buccafusco and Spector, 1980; Giuliano and Brezenoff, 1987; Kumar et al., 

2009). Intravenous administration of centrally acting cholinesterase inhibitor, physostigmine, 

evoked an enhanced pressor response in SHR, compared to WKY (Kubo and Tatsumi, 1979). 

Intracerebroventricular administration of cholinergic blocker exerted a depressor response only 

in SHR (Brezenoff and Caputi, 1980). Increased number of acetylcholine muscarinic receptors 

are present in the hypothalamus of SHR (Hershkowitz et al., 1982; Yamada et al., 1984). In 

addition, microinjection of physostigmine, a cholinesterase inhibitor, directly in the RVLM also 

exerted an enhanced pressor response in SHR as compared to WKY (Kubo et al., 1995). 

Whereas, bilateral microinjection of scopolamine in the RVLM (muscarinic cholinergic 

receptor antagonist) exerted a depressor response; this depressor response was greater in SHR 

than in WKY (Kubo et al., 1995). It was suggested that an alteration in the mRNA expression 

levels of muscarinic receptor subtypes in the RVLM of SHR compared to WKY (M2 receptors 

(elevated in SHR) and M4 receptors (reduced in SHR)) may contribute to a hypertensive 

phenotype of SHR (Kumar et al., 2009),  

Interventions leading to reductions in the exaggerated SNA, such as the electrical activation of 

carotid sinuses, has shown promising results with respect to the treatment of hypertension in 

animal models (Lohmeier et al., 2004; McBryde et al., 2013), and human clinical trials (Illig et 

al., 2006; Papademetriou et al., 2011), without any adverse events.  
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1.9.2 Possible involvement of microglia in hypertension  
Neurogenic hypertension is no longer viewed as, merely, a consequence of chronic activation 

of the SNS. Emerging evidence suggests that neurogenic hypertension is also an immune 

condition (Figure 1.16) (Cardinale et al., 2012; de Kloet et al., 2013; de Kloet et al., 2015; 

Zubcevic et al., 2011).  

Induction of systemic inflammation (by peripheral LPS injection) can lead to the development 

of neurogenic hypertension, via activation of microglia and an increase in levels of oxidative 

stress in the RVLM (Wu et al., 2012). Genetically hypertensive rats develop larger cerebral 

infarctions following stroke (De Geyter et al., 2012); further highlighting a possible relationship 

between microglia and hypertension.  

Recent work from Paton and colleagues has suggested a role of a pre-existing inflammatory 

condition in the NTS (section 1.2.1.7) of SHR in the pathophysiology of neurogenic 

hypertension (Waki et al., 2010). In the NTS of SHR, there is over-expression of pro-

inflammatory molecules, such as JAM-1 (Waki et al., 2007; Waki et al., 2008a) and leukotriene 

B4 (Waki et al., 2013), and inflammatory markers, such as glycoprotein 39 precursor (Waki et 

al., 2008b). Over-expression of JAM-1 suggests that inflammation may play an important role 

in the genesis of neurogenic hypertension (Waki et al., 2007; Waki et al., 2008a; Waki et al., 

2011). The possibility that JAM-1 plays a mechanistic role in the development of hypertension 

was addressed by demonstrating that over-expression of JAM-1 in the NTS of normotensive 

WKY caused hypertension (Waki et al., 2008a). This study highlighted an alternative 

explanation to the hypothesis: “microglia/neuro-inflammation may contribute to the 

pathophysiology of hypertension”. IL-6 is a cytokine that was found to be downregulated in the 

NTS of SHR (Waki et al., 2008b), and microinjection of IL-6 in the NTS of normotensive 

Wistar rats attenuated the baroreflex in response to increased AP (Takagishi et al., 2010). 

Altogether, these studies suggested that enhanced inflammation within the microvasculature of 

cardiovascular nuclei (such as the NTS) might be critical in the development of neurogenic 

hypertension.  

Microinjection of fractalkine/CX3CL1 in either the PVN or the NTS of SD rats elicited a 

hypotensive response accompanied by an abnormal HR; this response was mediated via the 

activation of CX3CR1 receptors (Ruchaya et al., 2012; Ruchaya et al., 2014). CX3CR1 

receptors are exclusively expressed by microglia in the CNS (Cardona et al., 2006), and 

activation of these receptors exerts ‘calming effects’ by suppressing microglial activation 
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(Pabon et al., 2011). Indirectly, the work from Ruchaya and colleagues have provided a link 

between the suppression of microglial activation and hypotension mediated via cardiovascular 

sympathetic nuclei of the brainstem (Ruchaya et al., 2012; Ruchaya et al., 2014).  

A direct correlation between angiotensin-II induced hypertension and neuro-inflammation, in 

particular in the PVN, was investigated by Shi and colleagues (Shi et al., 2010a; Shi et al., 

2010b; Shi et al., 2014). As mentioned in section 1.2.1.1, the PVN receives inputs from high 

brain regions and projects to both the RVLM and the IML, and therefore plays an important 

role in the co-ordination of efferent SNA (Guyenet, 2006). Angiotensin-II induced hypertension 

(McMullan et al., 2007) caused an activation of microglia in the PVN of SD rats (Shi et al., 

2010a). This angiotensin-II mediated hypertension was abrogated, almost completely, by 

intracerebroventricular administration of minocycline (broad-spectrum tetracycline known to 

inhibit microglial activation via reductions in p38 MAPK phosphorylation (Garrido-Mesa et 

al., 2013)). On the other hand, overexpression of IL-10 (an anti-inflammatory cytokine) reduced 

the effect of angiotensin-II mediated hypertension (Jiang et al., 2013; Shi et al., 2010a). Taken 

together, these results suggest an important role for microglia in the development of neurogenic 

hypertension (Shi et al., 2010a). Furthermore, angiotensin (1-7), a protective component of the 

RAS system (Bennion et al., 2015a; Bennion et al., 2015b; Regenhardt et al., 2013; Sumners et 

al., 2013), exerted its anti-inflammatory effects (reduction of pro-inflammatory cytokines) in 

the hypothalamus via the Mas receptor expressed on microglia (Liu et al., 2016).  

Macrophage migration inhibitory factor is a mysterious cytokine that can exert both, pro- and 

anti- inflammatory, effects on neighboring cellular elements (Cox et al., 2013; Nguyen et al., 

2003). Restoration of expression levels of the macrophage migration inhibitory factor 

(counteracts the neuronal chronotropic actions of angiotensin II (Sun et al., 2004)) in the PVN 

of SHRs attenuated the time-dependent increases in BP, and restored stress-induced elevations 

in MAP (Erdos et al., 2015; Li et al., 2008b). However, restoration of expression levels of the 

macrophage migration inhibitory factor failed to reduce resting BP levels in SHR (Erdos et al., 

2015). On the other hand, increased expression of macrophage migration inhibitory factor in 

the NTS of SHRs lowered MAP levels and restored baroreflex function (Freiria-Oliveira et al., 

2013).  

In clinical studies, reports suggested that there is ≈35% increase in C-reactive protein levels 

(marker of systemic inflammation) in patients that are more vulnerable to develop peripheral 

arterial diseases and hypertension (Ridker et al., 1998). Even though, the detailed mechanism 
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behind these results is not clear, these findings do suggest novel directions in the investigation 

of microglia as critical players in neuro-inflammation, and hypertension.  

The worldwide prevalence of neurogenic hypertension, involvement of the SNS in the 

pathophysiology of neurogenic hypertension and increasing literature suggesting close 

association between neuro-inflammatory elements of the CNS/microglia and neurogenic 

hypertension forms the foundation of the work conducted in this thesis. 
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Figure 1.16: Proposed model for immune/CNS interactions during hypertension.  

Hypertensive stimuli (such as obesity and chronic stress), cause increases in circulating factors 

(e.g., Ang-II) that are sensed by CVOs, such as the SFO. The SFO then transmits these signals 

to the pre-autonomic region of PVN, leading to stimulation of the IML and the RVLM 

projecting neurons and resulting in increased sympathetic outflow and BP. Furthermore, during 

neurogenic hypertension, the enhanced direct neuronal actions of Ang-II at AT1R (angiotensin 

type 1 receptor) in the PVN leads to an over-stimulation of pre-autonomic neurons. Direct 

effects of Ang-II at microglia lead to sustained induction of both the central and peripheral 

immune systems. It is proposed that initially, Ang-II directly activates microglia, and indirectly 

(via MCP-1/CCL-2 released from neurons) causes their migration towards pre-autonomic 

neurons. This pro-inflammatory microenvironment within the PVN then stimulates the brain to 

signal via the SNS to mobilize the peripheral immune system and to the bone marrow to 

mobilize microglial progenitors that are recruited to the PVN (likely via a CCL2/CCR2-

dependent mechanism). This increase in microglial progenitors within the PVN then contributes 

to the population of innate immune cells within this nucleus, feeding-forward to activate pre-

autonomic PVN neurons thereby, augmenting and sustaining the elevations in BP. Ang-II, 

angiotensin II; CVO, circumventricular organs; SFO, subfornical organ; HPSCs, haemopoietic 

pluripotent stem cells. (Figure and legend from (de Kloet et al., 2013); used with permission) 
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1.10 Aims   
The overall aim of this thesis is to characterise the microglial distribution and morphology in 

healthy, uninjured, cardiovascular sites of the brainstem, and consequently, to identify if these 

microglia in the brainstem are vigilant of changes that occur around them in response to BP 

modulations. Alterations in BP are induced with the aid of continuous intravenous infusion of 

phenylephrine (to induce acute hypertension) and with intravenous administration of 

hydralazine (to induce acute hypotension). The 2 phases of hypertension explored in this study 

are acute (phenylephrine induced in SD) and chronic (SHR) hypertension.  

Chapter 3 (Figure 1.17):  

Before proceeding to characterise the microglial response to changes in BP, it is essential to 

identify the pattern of microglial distribution and morphology in cardiovascular sites of the 

brainstem. Thus, the aim of the experiments conducted in this Chapter is:  

 To characterise the microglial distribution in various catecholaminergic nuclei ranging from 

the CVLM to the pons, in a healthy ANS, in normotensive and hypertensive rats (SD, WKY 

and SHR).  

 To establish if the pattern of microglial distribution and morphology is related to the 

neuronal phenotype of different catecholaminergic nuclei.    

Chapter 4: (Figure 1.17) 

The overall aim of experiments conducted in this Chapter is to identify the microglial response, 

in the CVLM and the RVLM, to changes in BP (hyper- or hypo- tension) over a time spectrum 

ranging from 0.5 to 10 h. For the purpose of this aim, the microglial response was quantified 

according to the following microglial characteristics:  

o Microglial spatial distribution  

o Microglial morphology  

o Microglial contact with synapses  

o Microglial polarisation to either M1 or M2 

Chapter 5: (Figure 1.17) 

The overall aim of this Chapter is to identify if the microglial response, in the CVLM and the 

RVLM, to changes in BP (hyper- or hypo- tension) is impaired in SHR as compared to WKY, 

thereby contributing to the development of SHR hypertensive phenotype. For the purpose of 
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this aim, the microglial response was quantified according to the following microglial 

characteristics:  

o Microglial spatial distribution  

o Microglial morphology  

o Microglial contact with synapses  

o Microglial polarisation to either M1 or M2 
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Figure 1.17: Schematic representation of aims of this thesis  
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2.1 Animal experiments 
All experiments were conducted on adult male rats weighing between 300-420 g. Sprague-

Dawley rats (SD), Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR) were 

sourced from the Animal Resource Centre (Perth, WA). Upon arrival at the animal facility at 

the Heart Research Institute (Sydney, NSW), animals were housed in small groups (≤3 rats per 

cage), in environment enriched temperature controlled conditions (21±2 °C), with fixed 12 h 

light/dark cycles. Animals were provided with access to standard chow pellets and water ad 

libitum.  

2.1.1 Ethics  
All procedures and protocols performed were approved by the Sydney Local Health District 

Animal Welfare Committee (protocol number 2013/081; Appendix 3) and the Macquarie 

University Animal Care and Ethics Committee, Sydney, Australia. All procedures were 

conducted in accordance with the standards and guidelines set by the Australian Code of 

Practice for the Care and Use of Animal for Scientific Purposes.  

2.1.2 Strains  
Three different strains of rats (Rattus norvegicus) were used for experiments described in this 

thesis: SD, WKY and SHR.  

2.1.2.1 Sprague-Dawley rats (SD) 

The SD strain of rat is a widely accepted healthy control model for studies in psychology, 

medicine and many other fields. In the context of the cardiovascular system, neuroanatomy and 

physiology of this strain is extensively investigated. SD rats sacrificed for experiments (Chapter 

3 and Chapter 4) weighed between 300-420 g.  

2.1.2.2 Wistar-Kyoto rats (WKY) 

The first SHR was developed in 1963 by inbreeding a WKY with high blood pressure (Okamoto 

and Aoki, 1963) and therefore, WKY rats serve a normotensive control for SHR for studies on 

essential hypertension. Physiologically, WKY are not comparable to SD due to underlying 

behavioural and phenotypic differences. Data from Chapter 3 also highlight differences 

between SD and WKY. Therefore, the microglial response following BP modulations in SHR 

was compared with WKY, and not SD (Chapter 5). WKY rats sacrificed for experiments 
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(Chapter 3 and Chapter 5), weighed between 300-400 g and were age matched with SHR, i.e. 

>18 weeks of age. 

2.1.2.3 Spontaneously hypertensive rats (SHR) 

As mentioned above, SHR are WKY rats with high blood pressure (Okamoto and Aoki, 1963). 

SHR is a well-established animal model for essential/ neurogenic hypertension (Erdos et al., 

2015; Li et al., 2008b; Waki et al., 2008a). Hypertension in SHR begins around 5-6 weeks of 

age. In addition to essential hypertension, SHR is also a good model for attention-deficit 

hyperactivity disorder. High blood pressure in SHR is linked to an exaggerated activity of the 

SNS, in particular the RVLM (Ito et al., 2000; Judy et al., 1976; Minson et al., 1996; Smith and 

Barron, 1990). SHRs sacrificed for experiments (Chapter 3 and Chapter 5) weighed between 

300-400 g and were >18 weeks of age.  

2.1.3 Tail-cuff phenotyping of WKY and SHR  
Hypertensive and normotensive phenotype of SHR and WKY, respectively, was confirmed at 

the age of >18 weeks. Systolic and mean BP of SHR and WKY were recorded in conscious 

animals, non-invasively, using a customised sphygmomanometer cuffed around their tail 

(Chapter 3 and Chapter 5).  

The IITC MRBP tail cuff BP system was used to measure BP in conscious rats. The system 

(including the automatic inflation pump, warming chamber and restrainer) was assembled and 

connected to the associated computer, switched on and allowed to warm up at least 15 min prior 

to transporting the animal in the chamber. The system was warmed up to 32 °C to avoid heat 

stress to the animal. Each rat was recovered from their cage, weighed and allowed to crawl 

freely into the warmed up restrainer. The restrainer was then placed into the warmed up 

chamber and an inflatable cuff was placed around the base of rats’ tail. The inflatable cuff from 

the IITC MRBP system is connected to a transducer, which converts an analogue signal to a 

digital signal, and records the digitised signal on the computer screen in real time. The rat was 

then left untouched for a minimum of 5 min in the restrainer, allowing the rat to acclimatise to 

the chamber.  

Two channels, at maximum, were in operation at the same time, allowing BP from 2 animals 

to be recorded simultaneously. The start pressure (high enough to occlude the artery) for SHR 

was selected as 220 mmHg and for WKY, it was selected as 160 mmHg. The termination 

pressure for both SHR and WKY was selected as 50 mmHg. Three inflation cycles recording 
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BP measurements were run consecutively with a delay of 10 seconds between each inflation 

cycle. The highest peak at which the tail-cuff pulse pressure could be detected was recorded as 

systolic blood pressure.  

Hypertension was defined as a systolic pressure of >180 mmHg and normotension was defined 

as a systolic pressure of <150 mmHg (Chapter 3 and Chapter 5 (Farnham et al., 2012)). 

2.1.4 Anaesthesia  
Prior to commencement of any surgical procedure, animals were surgically anaesthetised. The 

type of anaesthetic used depended on the experiment. Animal stress during anaesthesia was 

kept to minimum by allowing the animal to, freely, enter a cone shaped fabric, and were only 

restrained for the anaesthetic injection. Both anaesthetics (urethane and sodium pentobarbital) 

used in the study were administered intraperitoneally mixed with atropine sulphate (muscarinic 

blocker to reduce bronchial secretions; 0.2 ml/kg) using a 26G needle. Temperature for all 

animals was maintained between 36.5 °C and 37.5 °C, using a rectal probe connected to a 

homeothermic heating blanket. Surgical procedures only commenced after the lack of a 

withdrawal response to a nociceptive stimulus, such as tail pinch.  

2.1.4.1 Sodium pentobarbital  

Sodium pentobarbital is a fast acting barbiturate, with short half-life. Animals sacrificed for 

shorter time point experiments (0.5, 2 and 6 hours (h)) were anaesthetised intraperitoneally with 

sodium pentobarbital (50 mg/kg). Room air flowing to the animal under anaesthesia was 

supplemented with 100% oxygen (rate 0.5–1.0 l/min) through a nose cone for the duration of 

the experiment (either 0.5, 2, 6 or 10 h depending on the experimental group). Exact 

concentration of oxygen in the air flowing to the animal was not a controlled parameter. This 

was only done to silence peripheral chemoreceptors by maintaining oxygen at supra-

physiological levels. The depth of anaesthesia was monitored by observing reflex responses to 

nociceptive and tactile stimuli (periodic tail/paw pinches), pupillary responses to light stimuli 

and corneal touch reflex (involuntary blink). Additional anaesthetic – sodium pentobarbital 

(1.5-2.0 mg) – was administered to eliminate the response to nociceptive, or tactile stimuli, or 

corneal touch reflex.  
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2.1.4.2 Urethane 

Urethane is a stable and longer acting anaesthetic with a half-life of ≈15 h. Urethane potentiates 

the function of neuronal nicotinic acetylcholine, GABA and glycine receptors, and it inhibits 

NMDA and alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors in a 

concentration-dependent manner (Hara and Harris, 2002). SD rats sacrificed for the 10 h time 

point experiments (Chapter 4) were anaesthetised intraperitoneally with 10% urethane solution 

in 0.9% saline (1.0-1.5 g/kg). Animals were vagotomised (both vagus nerves were cut) and 

paralysed (neuromuscular blockade, pancuronium bromide; 0.4 mg was given as a 0.2 ml bolus 

injection followed by a continuous infusion of 10% pancuronium in 0.9% saline at a rate of 2 

ml/h). Straight after vagotomy, animals were artificially ventilated and a CO2 analyzer was 

connected to the expiratory line to monitor the expired CO2. The depth of anaesthesia prior to 

vagotomy, and induction of paralysis, was monitored by observing reflex responses to 

nociceptive and tactile stimuli (periodic tail/paw pinches), pupillary responses to light stimuli 

and corneal touch reflex (involuntary blink). The depth of anaesthesia following vagotomy, and 

paralysis, was evaluated by continuously monitoring the BP trace for any excessive 

fluctuations, on its own or in response to a nociceptive stimulus. Any changes in BP exceeding 

10% were regarded as signs of additional anaesthetic required. Additional anaesthetic – 

urethane (30-40 mg, 10% urethane i.v.) – was administered, when required.  

2.1.5 Cannulations 

2.1.5.1 Arterial and venous cannulations 

In all experiments, the external jugular vein, the carotid artery and the femoral vein were 

cannulated for administration of additional anaesthetic (and neuromuscular blocker in 10 h 

experiments), recording of AP and administration of BP modulating drugs (phenylephrine/ 

hydralazine), respectively (Figure 2.1).  

The animal was placed in supine position and skin incisions were made to locate the jugular 

vein, the common carotid artery and the femoral vein (Figure 2.1). The external jugular vein is 

located beneath the subcutaneous tissue in the neck and can be exposed with an incision made 

in the midline of the neck area (Figure 2.1). The common carotid artery is located next to the 

trachea and is covered by a carotid sheath that contains the vagus nerve and the ADN (Figure 

2.1). The femoral vein can be located in inner leg alongside the femoral artery (Figure 2.1). 

After identification of the required vessel, it was carefully isolated, cleared of connective tissue 

and was occluded at the distal end to the heart with silk sutures. A polyethylene tube (outer 
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diameter 0.96 mm and inner diameter 0.58 mm) was advanced into the lumen, towards the 

heart, and secured in place with silk sutures. The polyethylene tube/ cannula used for jugular/ 

femoral vein was filled with 0.9% saline and for the carotid artery (to prevent blood clotting), 

the cannula was filled with heparinised (≈10 IU heparin/ml) 0.9% saline, before advancing in 

the vessel.  

The arterial cannula was connected to a BP transducer where the pulses from BP were converted 

into electrical signal. The analogue signal from the transducer was amplified and converted into 

digital signal (CED 1401, analogue to digital converter, Cambridge Electronic Design, UK), 

and was recorded using the Spike 2 acquisition and analysis software (version 8.01; Cambridge 

Electronic Design, UK).  

Both wounds (in the neck and inner leg) were closed with silk sutures prior to the start of the 

protocol.    
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Figure 2.1: Animal protocol   

The external jugular vein, carotid artery and femoral vein were cannulated in rats (SD, WKY 

and SHR) for the administration of additional anaesthetic, real time measurement of blood 

pressure and administration of blood pressure modulating drugs, respectively. A rectal 

temperature probe, connected to a homeothermic heating blanket, was used to maintain the 

temperature of the animal between 36.5 °C and 37.5 °C.  
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2.1.5.2 Tracheal cannulation 

Tracheotomy was only performed for animals sacrificed for the 10 h time point experiments 

(Chapter 4) to facilitate artificial ventilation of the animal. The trachea was exposed by parting 

the strap muscles on the ventral surface of the neck. A 14G catheter was inserted through a 

small hole made in the trachea, below the larynx and was secured in place using silk sutures. 

The catheter was then connected to a rodent ventilator (UGO, Basile Biological Research 

Apparatus) and the expired CO2 was recorded (Capstar 100 CO2 analyser, CWE) as an indicator 

of animals’ physiological condition.  

The wound in the neck was closed with silk sutures, following the tracheal cannulation, prior 

to the start of the protocol.    

2.1.6 Alterations introduced in BP 
As mentioned in section 1.10, the main aim of our study was to characterise microglial response 

to acute and chronic changes in BP. For the purpose of this study, we infused phenylephrine, 

or hydralazine, (via femoral vein, Figure 2.1) to increase or decrease BP from baseline levels, 

respectively.  

Induction of acute hyper-, or hypo-, tension to dissect the functional organisation of the CNS 

pathways has long been used (Curtis et al., 1999; Graham et al., 1995; Li and Dampney, 1994; 

Polson et al., 2002; Springell et al., 2005). One of the major advantages of these studies is that 

the internal physical milieu of the CNS is undisturbed.  

2.1.6.1 Phenylephrine induced hypertension 

Phenylephrine hydrochloride is a selective α1 adrenergic receptor agonist and acts as a 

vasoconstrictor on blood vessels. Effects of intravenous phenylephrine are instantaneous, short 

acting, and the half-life of phenylephrine is ≈5 min. Thus, in order to maintain elevated levels 

of BP, a continuous infusion of phenylephrine is required. Prolonged infusions of 

phenylephrine causes desensitisation of α1 adrenergic receptors (Minami et al., 1997) and 

therefore, is unable to maintain sustained elevated levels of BP for longer durations. 

Phenylephrine does not cross the blood brain barrier and thus, exerts its pressor effects on 

peripheral blood vessels (Olesen, 1972).  

In our study, a continuous infusion of phenylephrine, at a dose of 10 µg/kg/min, was maintained 

to increase BP levels by at least 40 mmHg from baseline values (Graham et al., 1995). Rate of 

phenylephrine infusion was adjusted, when required, by at least 0.002 ml/ min (at the dose of 
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60 µg/ml) to maintain elevated levels of BP throughout the protocol period (Graham et al., 

1995). Please note that no exact dosage regime was followed to increase the rate of 

phenylephrine infusion as this entirely depended on the weight of animal, physiological 

desensitisation level of the animal towards phenylephrine and the duration of the protocol. 

However, special care was taken to maintain the elevated levels of BP by at least 40 mmHg 

(Graham et al., 1995), and not to induce hypervolemia.  

2.1.6.2 Hydralazine induced hypotension  

Hydralazine acts on arteries and arterioles, and relaxes smooth muscles, by influencing calcium 

dynamics in the walls of blood vessels, thereby acting as a vasodilator. SNP, another commonly 

used vasodilator, acts by generating nitric oxide that can influence a wide variety of tissues. 

Similar to phenylephrine, a continuous infusion of SNP is required to maintain lowered levels 

of BP. Whereas, a single bolus intravenous injection of hydralazine induces an instantaneous 

and stable hypotensive effect, which lasts for even long durations of the protocol, such as 10 h 

(Chapter 4). In addition, the nitric oxide generated by intravenous SNP can exert non-specific 

effects by acting on tissues other than blood vessels. Therefore, we used hydralazine, not SNP, 

in our study to maintain lowered levels of BP. A single bolus intravenous injection of 

hydralazine, at a dose of 10 mg/kg (Springell et al., 2005), was given to animals to lower BP 

by at least 40 mmHg. 

2.1.7 Transcardial perfusion  
Transcardial perfusion was conducted at the conclusion of animal experiments to harvest the 

brainstem tissue for further immunohistochemistry (IHC). Animals were deeply anaesthetised 

with an overdose of sodium pentobarbital (>72 mg/kg). Once the absence of any withdrawal 

reflex to a nociceptive stimulus was established, animals were immediately transferred to the 

nearby fume hood. A midline incision was made to expose the abdominal cavity and diaphragm. 

The heart was exposed after cutting the rib cage bilaterally, and an 18G needle connected to a 

peristaltic pump was inserted through the left ventricle and advanced into the ascending aorta. 

1 ml of heparin (5000 IU/ml) was given to the animal to prevent coagulation and cause 

vasodilation. Following heparin, the right atrium was pierced and the animal was perfused with 

≈400 ml of ice cold 0.1 M phosphate buffered saline (PBS), followed by ≈400 ml of ice cold 

4% paraformaldehyde (PFA) in 0.1 M PBS at pH 7.4.  

The brainstem tissue, caudal from the pons up to cervical segments of the spinal cord, was 

extracted and harvested for further IHC analysis.  
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2.2 Immunohistochemistry (IHC) 

2.2.1 Tissue harvesting and preparation  
Dura layer of the extracted tissue was removed with fine forceps and the tissue was fixed 

overnight in 4% PFA in 0.1 M PBS (pH 7.4) at 4 °C, while shaking. On the following day, the 

tissue was rinsed in 0.1 M PBS before sectioning. The brainstem was mounted on a sectioning 

platform with superglue and was embedded in 2% agar. Agar (2%), once set, provides a 

structural support to the tissue while sectioning. Brainstems were sectioned transversely using 

a vibrating microtome (Leica VT1200S) at a thickness of 40 µm. Sections were collected 

sequentially in 5 pots filled with cryoprotectant solution (30% RNase free sucrose, 30% 

ethylene glycol, 2% polyvinylpyrrolidone in 0.1 M PBS at pH 7.4). Brainstem sections were 

stored at -20 °C until further used for IHC.  

2.2.2 Immunohistochemistry (IHC) 
IHC is a well-established technique for labelling of antigens in tissue samples, and is an 

extension of immunocytochemistry (used to label antigens in cells). Use of 

immunocytochemistry was first reported in 1942 by Coones et al., (Coones et al., 1942). Since 

then, IHC is used in many neuroanatomical studies in the cardiovascular system (Graham et al., 

1995; Li and Dampney, 1994; Nedoboy et al., 2016; Shahid et al., 2012). IHC is a way of 

anatomical labelling of the antigen based on its immunological and biochemical properties. 

Many other techniques are available for the qualitative and quantitative assessment of 

antigens/proteins, such as western blotting, ELISA (enzyme-linked immunosorbent assay) and 

spectrophotometric techniques. However, with the availability of advanced microscopy 

techniques, IHC enables one to identify the distribution and localisation of proteins.  

Availability of multiple fluorophores with excitation ranging from ≈350 nm (AMCA, DAPI 

and Alexa Fluor 350) to fluorophores in the infrared range, excitation of ≈750 nm (Alexa Fluor 

750 and Cy7), decreases the chance of bleed through between channels. This also allows 

multiple labelling of antigens in the same sample, and makes co-localisation studies feasible. 

However, in order to rule out the non-specific binding of antibody, rigorous methods to 

characterise and ensure the specificity of antigen-antibody binding, and appropriate blocking 

step before detection, are necessary. Further to this, appropriate controls are required to account 

for the bleed through of staining between channels. Bleed through between channels can also 
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be avoided by selection of fluorophores with distinct (not overlapping) excitation and emission 

wavelength spectra.  

Primary antibodies used to detect the antigen, in question, are normally raised against a specific 

epitope sequence that matches the epitope sequence on the antigen surface, and is easily 

accessible on the antigen surface (Figure 2.2). The inaccessibility of epitope sequence on the 

antigen surface, due to reasons such as the 3D structure of protein, leads to lack of staining with 

the primary antibody. This is one of the most common reasons due to which primary antibodies 

designed for techniques such as western blotting (protein denaturation leads to easy 

accessibility of the epitope sequence) do not always work with techniques such as IHC (3D 

protein structure is intact and epitope sequence is hidden). Mammalian IgG antibodies are Y 

shaped proteins that comprises of 2 main structural components, Fab and Fc component (Figure 

2.2). Fab component is the fragment antigen-binding component that binds to the antigen 

(Figure 2.2). Fc component, fragment crystalizable, is the stem of the Y shaped antibody, 

which interacts with the cell surface receptors called Fc receptors, and is specific to the animal 

where the antibody is raised (Figure 2.2). Thus, Fc fragment is part of the primary antibody 

where the secondary antibody binds. There are 5 types of antibody isotypes found in mammals: 

IgD, IgM, IgA, IgE and IgG. IgY is a special immunoglobulin that is only found in birds, 

reptiles and chickens.  

Antibodies used in this study were either polyclonal or monoclonal in origin. Polyclonal 

antibodies are a mixture of antibody molecules that can recognise multiple epitopes on one 

antigen. Whereas, monoclonal antibodies consist of only one antibody subtype and recognise 

only one epitope on one antigen. In this study, we used an indirect detection step where a 

secondary antibody conjugated to fluorophore, specific to the Fc fragment of the antigen 

binding primary antibody, was used.  
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Figure 2.2: Pictorial representation of the Y shape of an IgG antibody 

An antibody consists of a constant region (white) that contains the Fc portion (species specific) 

and a variable region (gray) that contains the epitope antigen-binding site, Fab portion. An IgG 

can be digested at the hinge region (flexible region) with a protease enzyme (papain/pepsin), 

and can be divided into an Fc end (constant end) and a Fab end (variable end). The antigen is 

the molecule used to immunize the animal, and the epitope is one of many portions of the 

antigen that can generate antibodies. S-S – disulphide bond. (Figure and legend adapted from 

(Burry, 2011); used with permission).  
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2.2.2.1 IHC protocol 

Free-floating 40 µm brainstem sections, stored in cryoprotectant solution for less than 3 months, 

were washed in PBT (0.1 M PBS with 0.3% Triton X-100) for 3 times, 30 min each, at room 

temperature. 0.3% Triton X-100 was used to permeabilise tissue sections so that the primary 

antibody can access the antigen of interest. After washing, sections were incubated for >48 h in 

TTPBSm (10 mM Tris-HCl, 0.1 M PBS, 0.9% NaCl, 0.3% Triton X-100 and 0.1% merthiolate 

at pH 7.4). 0.1% merthiolate was used as a preservative for the incubation step. Normal donkey 

serum (10%) was added to sections as a blocking agent.  Most of the secondary antibodies used 

in experiments, conducted as part of this thesis, were raised in donkey and thus, normal donkey 

serum was used to block reactive sites in the tissue where secondary antibody can bind non-

specifically. Primary antibodies (depending on the experiment, refer to Appendix 1) were added 

to sections with solution containing TTPBSm and 10% normal donkey serum, and incubated 

for >48 h at 4 °C, while shaking. Sections were then washed 3 times, 30 min each, in TPBS (10 

mM Tris-HCl, 0.1 M PBS and 0.9% NaCl at pH 7.4). Washed sections were then incubated 

overnight with secondary antibodies depending on the primary antibodies used (Appendix 1) in 

TPBSm (10 mM Tris-HCl, 0.1 M PBS, 0.9% NaCl and 0.1% merthiolate at pH 7.4) with 2% 

normal donkey serum at room temperature while shaking. Sections were then washed in TPBS 

3 times, 30 min each, at room temperature while shaking.  

2.2.2.2 Antibody characterisation  

 Cluster of differentiation-16 (CD16) 

The anti-CD16 monoclonal antibody was raised in mouse, IgG2a subtype specific (US 

biological, Life sciences, C2267-32), against whole white blood cells (clone ASH 1975). 

According to the manufacturer’s specifications, this antibody is specific for CD16 antigen in 

humans, rat and mouse. In our hands, as expected, CD16 expression (M1) colocalised with Iba1 

expression, and CD16 labelled microglia were amoeboid in shape. Further to this, brainstem 

sections (40 µm) from rats, where a physical injury was caused by a microinjection in the 

RVLM, were used to validate antibody staining (animal experiments were conducted by Dr. 

Farnham and Dr. Mohammed; Figure 2.3 A, B and C). Physical injury caused by a 

microinjection in the RVLM triggered the expression of M1 microglia that were positive for 

CD16 and CD68. CD68 represents a population of microglia that are phagocytosing, either M1 

or M2. CD68 antibody, raised in rabbit (Abcam, ab125212), was used at a concentration of 

1:2000 to label amoeboid microglia, which can be either M1 or M2 (Figure 2.3 A, B and C).  
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Skin samples (5 µm) from 6-7 weeks old C57BL/6 mice from wound healing model (expected 

to be positive for M1 macrophages, animal experiments conducted by Dr. Anisyah Ridiandries; 

Figure 2.3D), were included as a positive control for CD16 staining (CD16 positive 

macrophages were observed, as expected).  
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Figure 2.3: Expression of CD16 positive M1, amoeboid shaped, microglia 

A. Images of the RVLM showing colocalisation of CD16 expression (red) and CD68 expression

(white). A1 shows low magnification image of the RVLM (RVLM samples were collected from

rats subjected to microinjection, causing physical injury). A2 and A3 are higher magnification

images of M1 positive microglia shown in figure A1. B. Lower magnification image of M1

positive macrophages in skin samples collected from mice (from wound healing model). Scale

bar = 20 µm.
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 Cluster of differentiation-206 (CD206) 

CD206/mannose receptor is known to, phenotypically, label microglia in an M2 state (David 

and Kroner, 2011; Perego et al., 2011). CD206 was used as an early marker to identify the 

presence of microglia exhibiting M2 phenotype in brainstem sections.  

The anti-CD206 polyclonal antibody (Abcam, ab64693) was, raised in rabbit, against a 

synthetic peptide derived from within residues 1400 to the C-terminus of human Mannose 

receptor. Western blot analysis of rat liver lysate with this antibody resulted in only one band 

of size similar to that of the molecular weight of CD206 protein in rat (manufacturer’s 

specifications). In Chapter 4 and Chapter 5, only CD206+ microglia that colocalised with Iba1 

expression were counted as M2+ microglia.  

 Fos 

The proto-oncogene c-Fos belongs to a family of immediate early genes whose transcription is 

activated within minutes of application of a stimulus. Fos is a product of translation of the c-

fos mRNA, which forms a heterodimer with Jun (protein product of another immediate early 

gene) (Rauscher et al., 1988), and this heterodimer controls the expression of late-genes in the 

cell/neuron (Dampney and Horiuchi, 2003; Simonson et al., 1992). In neurons, a stimulus 

causing neuronal depolarisation, such as synaptic excitation or hormones, induces the 

expression of c-Fos (Dampney and Horiuchi, 2003; Morgan and Curran, 1989). However, Fos 

labelling does not provide an indication of the degree of activation of neurons and whether the 

Fos+ neurons were activated in direct, or indirect, response to the provided stimulus (Appleyard, 

2009). Another limitation of using Fos as a marker of activated neurons is that it fails to identify 

the group of neurons that were inhibited in response to a provided stimulus, and does not allow 

real-time measurement of neuronal activity (Kovacs, 2008). In addition, in some cases, it is 

possible that neuronal activation occurs without involving c-Fos gene (Appleyard, 2009; 

Kovacs, 2008). Furthermore, use of anaesthetic can greatly influence expression levels of Fos 

(Dampney et al., 1995; Dampney and Horiuchi, 2003; Dragunow and Faull, 1989). Despite 

these limitations, Fos is a useful, sensitive and readily available marker to label activated 

neurons. Furthermore, colocalised labelling can also be performed to identify the phenotype of 

Fos+ neurons.  

The polyclonal Fos antibody (Synaptic Systems, 226 004) used in this study was, raised in 

Guinea pig, against synthetic peptide corresponding to the amino acid sequence 2-17 of rat Fos 

protein. Western blot analysis of lysate from nuclear extract of TPA stimulated HELA cells, 
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with this antibody, resulted in only one band of ≈60 kDa, corresponding to the molecular weight 

of Fos protein in rat (manufacturer’s specifications). Further to this, absence of staining with 

this antibody in TPA untreated HELA cells was also confirmed using immunocytochemistry 

(manufacturer’s specifications). In Chapter 4 and Chapter 5, the staining pattern obtained with 

this antibody was as expected to the provided stimulus (intravenous administration of 

phenylephrine, saline or hydralazine) (Graham et al., 1995).  

As mentioned previously (sections 1.2.1.6, 1.2.1.7 and 1.3.1), modulations introduced in BP 

alter the level of neuronal activity (shown by changes in Fos-ir levels) in the NTS, the CVLM 

and the RVLM (Chan and Sawchenko, 1994; Graham et al., 1995; Li and Dampney, 1994; 

Minson et al., 1997b; Suzuki et al., 1994). The main aim of experiments performed in this thesis 

was to characterise the microglial response to alterations induced in BP levels. Therefore, as 

part of this thesis, changes in Fos-ir levels in response to the provided stimulus (phenylephrine 

induced hypertension or hydralazine induced hypotension) were only quantified in the RVLM, 

and not the CVLM, to validate the effect of the provided stimulus. Also, no attempt was made 

in this thesis to distinguish between the C1 Fos-ir group of RVLM neurons from the non-C1 

Fos-ir group.  

 Ionized calcium-binding adaptor molecule-1 (Iba1)

Iba1 is a pan marker for all microglial phenotypes: M0, M1 and M2. Iba1 is used, 

interchangeably with CD11b (clone OX-42), to phenotypically label and characterise microglia 

into different activation states based on their morphology (Dworak et al., 2012; Dworak et al., 

2014; Morrison and Filosa, 2013; Shapiro et al., 2009; Smolny et al., 2014).  

The polyclonal anti-Iba1 antibody (Wako, 019-19741, RRID AB_2314667) was raised in rabbit 

against the synthetic peptide “PTGPPAKKAISELP”, corresponding to the C-terminus of Iba1. 

This antibody is specific for microglia and macrophages, and does not cross react with neurons 

and astrocytes (manufacturer’s specifications). In our hands, no cross-reaction was observed 

between microglia stained with this antibody and TH neurons. This antibody recognised Iba1 

antigen in swiss 3t3 cells transfected with Iba1 protein, whereas non-transfected cells were 

negative (manufacturer’s technical information). This Iba1 antibody (Wako, 019-19741) is also 

listed in the Journal of Comparative Neurology antibody database, implying that the staining 

obtained with this antibody meets the stringent standards set to characterise antibody 

specificity.  
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The polyclonal anti-Iba1 antibody (Novus Biologicals, NB100-1028) was raised in goat against 

the synthetic peptide “TGPPAKKAISELP”, corresponding to the C-terminus of the Iba1 human 

protein, and is known to react with rat Iba1 protein. Western blot analysis of rat brain lysate 

labelled with this antibody resulted in only one band of ≈17 kDa corresponding to the molecular 

weight of Iba1 protein in rat (manufacturer’s specifications). Microglia stained with this 

antibody were similar in morphology and distribution pattern to the ones stained by polyclonal 

rabbit anti-Iba1 antibody (Wako, 019-19741).  

 Synapsin

The synapsin antibody is a pre-synaptic marker, and is used in this study to label synaptic 

boutons. The polyclonal anti-synapsin 1/2 antibody (Synaptic Systems, 106 004) was raised in 

guinea pig against a synthetic peptide “NYLRRRLSDSNFMANLPNGYMTDLRQP”, 

corresponding to the N terminus of rat synapsin protein. This antibody detects proteins of 

expected size and the IHC signal was blocked by pre-adsorption with the immunogen 

(manufacturer’s technical information). In our hands, the staining observed with this antibody 

is enriched in the synaptic vesicle fraction, as expected, and matches the staining pattern 

observed by other synaptic markers such as Synaptophysin. 

 Tyrosine Hydroxylase

As mentioned in section 1.2.2, TH is a marker of catecholaminergic nuclei in the brainstem, 

such as the A1 and the C1 nucleus. TH was used in this study to, anatomically, identify the 

location of A1, A2, C1, C3, A5 and A6 neurons in the brainstem.  

The monoclonal anti-TH antibody from Sigma-Aldrich was raised in mouse (Sigma-Aldrich, 

St. Louis, MO; T1299, RRID AB_477560). According to the manufacturer’s specifications, 

indirect immunoblot analysis of proteins extracted from rat PC-12 pheochromocytoma cells 

resulted in a single band of ≈60 kDa corresponding to the molecular weight of TH protein from 

rat. All PNMT neurons identified with in-situ hybridization (ISH) in the brainstem were labelled 

with this TH antibody, as expected (Pilowsky et al., 2009). This TH antibody is also listed in 

the Journal of Comparative Neurology antibody database, implying that the staining obtained 

with this antibody meets the stringent standards set to characterise antibody specificity.  

The monoclonal TH antibody, from Avanti antibodies, was raised in mouse (subtype specific 

for IgG1κ), against synthetic peptide with sequence “CPRFIGRRQSLIEDARK” (Avanti 

antibodies; #AV1, RRID AB_2531895). This antibody is specific for TH in rat brainstem 

sections and is synthesised and characterised by the ‘High Blood Pressure group’ at the Heart 
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Research Institute, Sydney, NSW (Nedoboy et al., 2016). In the present study, TH neurons 

labelled with this antibody were similar in morphology, and staining pattern, to the ones labelled 

with the mouse monoclonal anti TH (T1299). In addition to this, the staining of this antibody 

was also characterised by colocalising the staining obtained with this antibody (Avanti 

antibodies, #AV1) with the expression of TH labelled with commercially available antibody 

from Abcam, Ab113 (Sheep polyclonal, 1:3000) (Figure 2.4).  
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Figure 2.4: TH antibody characterisation 

Colocalisation of staining was observed from TH antibody raised in mouse (Avanti antibodies, 

#AV1, green) and TH antibody raised in sheep (Abcam, Ab113, red) in the brainstem 

catecholaminergic nuclei, such as A1 (A), A2 (B), C1 (C) and A5 (D) regions. Scale bar = 20 

µm.  
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2.2.3 Mounting  
Sections processed for IHC were then mounted, caudal to rostral, on glass slides (Thermo Fisher 

Scientific) with a fine paint brush and air-dried. Caution was taken at this step not to over-dry 

sections, but semi-dry, so that sections will not move freely on the glass slide. Air-dried glass 

slides were cover-slipped with Vectashield (H-1000, Vector Laboratories) to prevent the 

fluorophores from photo-bleaching and these slides were then sealed with clear nail polish for 

imaging. 

2.3 Data acquisition  

2.3.1 Physiological data  

2.3.1.1 Tail-cuff BP data  

Systolic BP values, for conscious WKY and SHR, were acquired with the tail-cuff IITC MRBP 

system (section 2.1.3). Systolic BP values for each rat from each repeat (3 measurements/ 

animal) were averaged using Microsoft Excel 2013.  

2.3.1.2 BP data from animals under anaesthesia  

Two physiological parameters were acquired with Spike 2 acquisition and analysis software 

(version 8.01, Cambridge Electronic Designs) during experimental protocols, BP and 

temperature. HR was derived from the BP data by logging each systolic peak, with an amplitude 

of >20 mmHg, and displaying the same as instant frequency in real time. HR and temperature 

traces were recorded to monitor the physiological health of the animal during the experiment 

and were not used in subsequent analysis.  

2.3.2 Microscopy   
Slides prepared following the IHC protocol were visualized, and images were acquired (20X, 

40X or 63X magnification), with the Zeiss Axio Imager Z2 epifluorescence microscope 

(ZEISS, Germany) for Chapter 3 and Chapter 4. Data at lower magnifications, such as 20X and 

40X, for Chapter 5 were acquired with a slide-scanning Axio Scan.Z1 microscope (ZEISS, 

Germany). For data concerning Iba1 and synapsin (Chapter 5), sections were visualised with 

an oil-immersion lens at 63X magnification, and data were acquired, with the Zeiss Axio Imager 

Z2 epifluorescence microscope (ZEISS, Germany). Images were adjusted for brightness and 

contrast to better visualize microglial morphology.  
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Each fluorophore was imaged individually with a filter cube (Semrock, USA) of appropriate 

excitation/emission wavelengths, with an Axiocam HRm digital camera (ZEISS, Germany). 4 

non-overlapping fluorophores were used in this study: AMCA (350/445 -ex/em), Alexa Fluor 

488 (496/519 – ex/em), Cy3 (550/570 – ex/em) and Cy5 (650/670 – ex/em). Images were 

captured as greyscale, and pseudo-coloring was applied to images for better visualization and 

colocalisation analysis.  

Images obtained to demonstrate the morphological relationship between microglia and 

cardiovascular neurons were acquired with the Zeiss LSM 510 Spectral Meta confocal 

microscope (ZEISS, Germany) and Leica SPE-II confocal microscope (Leica, Germany). Both 

confocal microscopes, and Axio Scan.Z1 slide scanning microscope, are located at the 

‘Advanced Microscope Facility’ at the Bosch Institute, University of Sydney. Four separate 

lasers were used for acquiring images using the Zeiss/Leica confocal microscope: 405 nm laser 

for AMCA, an argon laser (458, 477, 488 and 514 nm lines) for Alexa Fluor 488, 561 nm DPSS 

for Cy3 and 633 nm HeNe laser for Cy5.  

2.4 Analysis  

2.4.1 Tail-cuff BP data  
Three consecutive values were acquired for systolic blood pressure (SBP) from each SHR and 

WKY. These repeat measurements were averaged in Excel 2013. The averaged value of SBP 

from each animal was then imported into GraphPad Prism 6.05 for further statistical analysis.  

2.4.2 Physiological data 
Area Under curve (AUC) values for MAP, at each time point for all strains (SD, WKY and 

SHR), were calculated with the Spike 2 software for area spanning between 2 cursors, one 

cursor placed at the start and the other cursor placed at the end of the protocol. The benefit of 

using AUC values, rather than MAP at a particular time point, is that AUC provides a more 

accurate representation of changes that have occurred during the whole treatment period. MAP 

values only account for the value of MAP at a particular time point. Whereas, AUC takes into 

account every change that has occurred during the protocol period and thus, provides an 

integrated value that is inclusive of the total change in blood pressure since the time the infusion 

started.  
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AUC values for MAP for SHR and WKY were highly variable, from animal to animal. 

Therefore, AUC values for the whole protocol period (either 2 or 6 h), for each animal, were 

normalized to AUC values obtained for area spanning 5 min before the start of the protocol 

(Chapter 5).  

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐴𝑈𝐶 =
𝐴𝑈𝐶 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑝𝑟𝑜𝑡𝑜𝑐𝑜𝑙 𝑝𝑒𝑟𝑖𝑜𝑑

𝐴𝑈𝐶 𝑓𝑜𝑟 5 min 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡ℎ𝑒 𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑡𝑜𝑐𝑜𝑙 
∗ 100 

Normalised AUC values were exported to GraphPad Prism 6.05 for subsequent statistical 

analysis.  

2.4.3 Histological data  

 Counts  

All the counting was performed in the Zen software (ZEISS, Germany) except for counting the 

number of microglia at 20X magnification. Microglia and Fos-ir/ TH-ir neurons present at the 

boundary of images were not included in the final count.  

Number of microglia, Fos-ir and TH-ir neurons were counted manually at 40X magnification. 

A plugin was created using in-built features of Image J (NIH), with macros, to count the number 

of microglia at 20X magnification (Plugin 1). Below is a script of Plugin 1:  

Plugin 1: To quantify the number of microglia, in a ROI, at 20X magnification  

run("8-bit"); 

setOption("BlackBackground", true); 

run("Make Binary"); 

run("Erode"); 

run("Particle Remover", "size=0-400 pixel summarize"); 

IJ.deleteRows(0, 0); 

run("Make Binary"); 

run("Analyze Particles...", "size=0-Infinity summarize"); 

 

CD206+ microglia that colocalised with Iba1 labelled microglia (20X magnification) were the 

only ones counted for subsequent analysis.  
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 Spatial distribution analysis  

Details of spatial distribution analysis are included in the “Experimental protocol” section 

4.3.5.1 of Chapter 4. In brief, each image acquired at 40X magnification was divided into 6 

equal parts with the grid feature of CorelDraw (version X7) and 1 microglia was chosen from 

each of these 6 parts. A series of 6 concentric circles were drawn around each microglia, first 

one centered at the soma with a radius of 8 µm, and consecutive circles increasing by radii of 5 

µm. Number of microglial cell bodies intersecting with each of these circles were counted. This 

method is an adaptation of Sholl analysis (Morrison and Filosa, 2013; Sholl, 1953).  

 Morphological analysis  

Morphological analysis was performed as described by Morrison and Filosa (Morrison and 

Filosa, 2013). Plugins were created in Image J (NIH) to process images and analyse the 

microglial skeleton at 40X magnification (Plugin 2) and 63X magnification (Plugin 3). Another 

plugin was created in ImageJ (NIH) to calculate the % of area occupied by microglia at 40X 

magnification (Plugin 4). Below are scripts of Plugins 2, 3 and 4:  

Plugin 2: Microglial skeleton analysis at 40X magnification  

run("Set Scale...", "distance=310 known=50 pixel=1 unit=um"); 

run("8-bit"); 

run("Find Edges"); 

setOption("BlackBackground", true); 

run("Make Binary"); 

run("Fill Holes"); 

run("Skeletonize (2D/3D)"); 

run("Analyze Skeleton (2D/3D)", "prune=none show"); 
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Plugin 3: Microglial skeleton analysis at 63X magnification  

run("Set Scale...", "distance=488.37 known=50 pixel=1 unit=um"); 

run("8-bit"); 

run("Find Edges"); 

setOption("BlackBackground", true); 

run("Make Binary"); 

run("Fill Holes"); 

run("Skeletonize (2D/3D)"); 

run("Analyze Skeleton (2D/3D)", "prune=none show"); 

 

Plugin 4: To calculate the % of area occupied by microglia at 40X magnification  

run("Set Scale...", "distance=310 known=50 pixel=1 unit=um"); 

run("8-bit"); 

run("Find Edges"); 

setOption("BlackBackground", true); 

run("Make Binary"); 

run("Fill Holes"); 

run("Set Measurements...", "area shape area_fraction redirect=None decimal=3"); 

run("Measure"); 

 

Details are also included in Chapter 4 (section 4.3.5).  

 Synapsin co-localisation analysis   

Data obtained from SD animals (Chapter 4) for synapsin were analysed manually. 10 microglia 

from each image were chosen and the number of synaptic structures (labelled with synapsin) 

colocalising with microglial end-point processes were counted. However, this method is labor 

intensive and may include some user biasness.  

In order to automate the colocalisation analysis for Chapter 5, a freely available ‘Colocalisation 

Finder’ plugin (http://rsb.info.nih.gov/ij/plugins/colocalization-finder.html) in Image J (NIH) 

was used. 10 microglia from each image, acquired at 63X magnification, were chosen. 

Individual images for each microglia (Iba1) and corresponding synapsin image were imported 

into Image J, in pairs, as black and white images, and then were converted to 8-bit images. All 

images were thresholded at the same intensity value to maintain consistency in the analysis. 

http://rsb.info.nih.gov/ij/plugins/colocalization-finder.html


 CHAPTER 2 - METHODS 

 

Page | 129  
 

‘Colocalisation Finder’ plugin was then used on these images to identify the % of area co-

localising between each microglial (Iba1) and corresponding synapsin image; this refers to the 

% of Synapsin labelled synapses that had co-localised with Iba1 labelled microglia.  

2.5 Statistical analysis  
Statistical analysis on the acquired data, generally, is performed to estimate parameters for 

‘whole population’ from data collected from a ‘subset of population’. There are 2 types of 

statistics, parametric and non-parametric. The main difference between these 2 types of 

statistics is that parametric statistics relies on 5 very important assumptions, which include that 

data is normally distributed, continuous in nature, samples are independent of each other, 

observations are sampled randomly and homogeneity of variances (Sokal and Rohlf, 2012). On 

the contrary, non-parametric statistics doesn’t rely on any assumption regarding distribution of 

the population from where the sample is drawn (also known as distribution-free methods) and 

the acquired data doesn’t need to be continuous (Sokal and Rohlf, 2012).  

One drawback of non-parametric statistical tests is that these tests carry less power, which 

means there is a greater probability of missing the significance in the results. Non-parametric 

tests are more conservative. However, this can be taken as an advantage as this drawback 

decreases the likelihood of accounting for misinterpreted significant results, where there is no 

significance in reality (leading to Type I statistical errors i.e. falsely rejecting the null 

hypothesis).  

Based on the characteristics listed in Table 2.1, each parameter acquired in this study was 

assigned to a category of statistics based on the type of data (parametric or non-parametric), 

and subsequently analysed with appropriate statistical tests (Sokal and Rohlf, 2012).  

Table 2.1: Considerations for choosing parametric vs non-parametric test 

Type of analysis Parametric Non-parametric 

Assumed distribution Normal distribution Distribution free 

Samples are independent Yes Not necessarily 

Homogeneity of variance Yes No 

Data type Continuous  Discontinuous (counts) 
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Table 2.2: List of parameters acquired in this study and appropriate statistical tests 

Type of 

parameter 

Type of 

data 

Parametric vs 

non-parametric 

Statistical test Purpose 

% of area 

occupied by 

microglia  

Continuous Non-parametric Kruskal-Wallis 

one-way analysis 

of variance 

Compares three 

or more groups 

% CD206+ to 

total microglia 

Continuous Non-parametric Kruskal-Wallis 

one-way analysis 

of variance 

Compares three 

or more groups 

% of 

colocalisation 

between synapsin 

and microglia 

Continuous Non-parametric Mann-Whitney U 

test 

Compares 2 

independent 

groups 

Area under curve 

(AUC) for MAP 

Continuous Parametric One-way 

ANOVA between 

treatment groups 

(phenylephrine, 

saline and 

hydralazine) 

Compares three 

or more groups 

Branch length 

(µm)/ microglia 

Continuous Non-parametric Kruskal-Wallis 

one-way analysis 

of variance 

Compares three 

or more groups 

Distribution 

pattern of TH-ir 

neurons and/or 

microglia 

Non-

continuous 

Non-parametric Chi-square test of 

Independence  

To identify if 

variables 

(distribution 

patterns) are 

independent or 

not  
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Number of end 

point processes/ 

microglia 

Continuous Non-parametric Kruskal-Wallis 

one-way analysis 

of variance 

Compares three 

or more groups 

Number of 

microglia 

Non-

continuous 

Non-parametric Chi-square test 

for goodness-of-

fit 

If there is any 

difference 

between 

observed value 

and expected 

value of a 

variable 

Number of 

neurons 

Non-

continuous 

Non-parametric Chi-square test 

for goodness-of-

fit 

If there is any 

difference 

between 

observed value 

and expected 

value of a 

variable 

Number of 

synapses 

colocalising with 

microglial end 

point processes 

Non-

continuous 

Non-parametric Chi-square test 

for goodness-of-

fit 

If there is any 

difference 

between 

observed value 

and expected 

value of a 

variable 

Systolic BP 

values (tail-cuff 

phenotyping of 

WKY and SHR) 

Continuous Parametric Student’s t-test 

(unpaired) 

Compares 2 

independent 

groups 

All of the statistical tests mentioned in Table 2.2 were performed in GraphPad Prism version 

6.05.  
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The Chi-square test is applicable for a variable whose values range from zero to positive infinity 

and therefore, unlike the normal distribution, the function approaches the X-axis only at the 

right-hand tail of the curve (Sokal and Rohlf, 2012). The Chi-square test for goodness-of-fit 

determines whether the observed value differs from the expected value to such a magnitude that 

it will cause the rejection of null hypothesis (Sokal and Rohlf, 2012). On the other hand, Chi-

square test of independence provides an indication to whether one distribution (TH-ir neurons) 

is similar to another (Iba1-ir microglia) (Sokal and Rohlf, 2012). Data concerning the number 

of TH-ir/Fos-ir neurons, the number of microglia, the number of synapses colocalising with 

microglial end point processes and ‘distribution patterns of TH-ir neurons and microglia’ are 

categorical data, which are not continuous and do not follow a normal distribution. Therefore, 

these variables were analysed using the appropriate Chi-square tests (refer to Table 2.2). 

The variables defining microglial morphological characteristics, or % of colocalisation between 

microglia and synapsin, did not follow a normal distribution, and thus, were analysed with 

distribution-free methods (non-parametric method) (Sokal and Rohlf, 2012). No attempt was 

made in this thesis to transform the acquire data to fit the assumptions of ANOVA. Data 

concerning microglial morphological characteristics (such as branch length (µm)/ microglia) 

were analysed using Kruskal-Wallis one-way analysis of variance. Data concerning the % of 

colocalisation between microglia and synapsin were analysed using Mann-Whitney U test. 

Kruskal-Wallis one-way analysis of variance is essentially a non-parametric equivalent of one-

way ANOVA and Mann-Whitney U test is a non-parametric equivalent of Student’s t-test.  
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Abbreviations:  

ANS – autonomic nervous system  

CNS – central nervous system  

DβH – dopamine β hydroxylase  

PBS – phosphate buffered saline  

SD – Sprague-Dawley  

SHR – spontaneously hypertensive rats  

TH – tyrosine hydroxylase  

WKY – Wistar-Kyoto  

Keywords: Microglia, Iba1, Tyrosine hydroxylase, SD, WKY, Hypertensive, Brainstem. 

Highlights:  

 Microglia are heterogeneously distributed in the sympathetic nervous system.

 Microglial distribution varies with the tyrosine hydroxylase neuronal number.

 Microglial morphology is similar across different catecholaminergic nuclei.

The work described in this chapter is published in “Autonomic Neuroscience: Basic and 

Clinical”.  

Kapoor, K., Bhandare, A.M., Mohammed, S, Farnham, M.M.J., Pilowsky, P.M., 2016. 

Microglial number is related to the number of tyrosine hydroxylase neurons in SHR and 

normotensive rats. Autonomic Neuroscience. “In press” 

The text of this chapter is an exact representation of the published material except for the figure 

numbers and the section numbers, which were modified to match the rest of this thesis.  

Version of record published as: Kapoor, K., Bhandare, A. M., Mohammed, S., 
Farnham, M. M. J., Pilowsky, P. M. (2016) Microglial number is related to the 
number of tyrosine hydroxylase neurons in SHR and normotensive rats, 
Autonomic Neuroscience, Vol. 198, pp. 10-18, 
https://doi.org/10.1016/j.autneu.2016.05.005. 



CHAPTER 3 – HETEROGENEOUS MICROGLIAL DISTRIBUTION 

Page | 136 

Declaration of contributions: Candidate contributed to the design of experiments, performed 

all experiments, analysed data, interpreted results and was the major contributor to the 

manuscript. Amol M. Bhandare (a PhD candidate) assisted with the animal experiments. Paul 

M. Pilowsky and Melissa M.J. Farnham contributed to conception and design of experiments,

data analysis, interpretation of results, and editing and final approval of the manuscript. Suja

Mohammed contributed to the design of IHC experiments.
1 

2 

3 



CHAPTER 3 – HETEROGENEOUS MICROGLIAL DISTRIBUTION 

Page | 137 

3.1 Abstract 
Microglia are ubiquitously distributed throughout the central nervous system (CNS) and play a 

critical role in the maintenance of neuronal homeostasis. Recent advances have shown that 

microglia, never resting cells of the CNS, continuously monitor and influence neuronal/synaptic 

activity levels, by communicating with neurons with the aid of their dynamic processes. 

The brainstem contains many catecholaminergic nuclei that are key to many aspects of brain 

function. This includes C1 neurons of the ventrolateral medulla that are thought to play a critical 

role in control of the circulation. Despite the role of catecholaminergic brainstem neurons in 

normal physiology, the presence of microglia that surrounds them is poorly understood. Here, 

we investigate the spatial distribution and morphology of microglia in catecholaminergic nuclei 

of the brainstem in 3 strains of rat: Sprague-Dawley (SD), Wistar-Kyoto (WKY) and 

spontaneously hypertensive rats (SHR). Our data reveal that microglia are heterogeneously 

distributed within and across different strains of rats. Interestingly, intra-strain comparison 

of tyrosine hydroxylase-immunoreactive (TH-ir) neuronal and microglial number reveals that 

microglial number varies with the TH-ir neuronal number in the brainstem. Even though 

microglial spatial distribution varies across brainstem nuclei, microglial morphology (% area 

covered, number of end point processes and branch length) does not differ significantly. This 

work provides the first evidence that even though microglia, in their surveilling state, do not 

vary appreciably in their morphology across brainstem areas, they do have a heterogeneous 

pattern of distribution that may be influenced by their local environment. 
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3.2 Introduction 
Microglia are the tissue resident macrophages of the central nervous system (CNS). They are 

ubiquitously distributed, and comprise ≈ 10–15% of cell population in the CNS (Xavier et al., 

2014). Microglia are of mesodermal origin and populate the CNS during early stages of 

development, and are self-renewing in case of depletion (Ajami et al., 2007). Since 2005, 

microglia are no longer known solely for their critical role as immune cells of the CNS 

(Nimmerjahn et al., 2005). Recent work about the function of microglia concerns their role in 

maintaining normal brain homeostasis. The ability of microglia to communicate, detect 

changes, and influence the activity of neurons (Pocock and Kettenmann, 2007) and astrocytes 

(Aloisi et al., 1997; Pyo et al., 2003), highlights their role as an integral component of the “Glial 

Family”. Microglia, in their resting/ surveilling state, are capable of performing activities, such 

as release of neurotrophic factors (Karperien et al., 2013; Ueno et al., 2013) or synaptic pruning 

(Kettenmann et al., 2013; Miyamoto et al., 2013); during injury, microglia transform into a 

more macrophage-like ‘activated’ state removing debris, and enhancing tissue repair (David 

and Kroner, 2011; Kroner et al., 2014; Windelborn and Mitchell, 2012). The role of microglia 

in non-injurious situations is less clear. 

Microglia are ubiquitously, yet heterogeneously, distributed in many areas of the CNS, 

including the hippocampus, olfactory telencephalon, cerebellum, cortex and spinal cord (de 

Haas et al., 2008; Lawson et al., 1990; Mittelbronn et al., 2001; Nikodemova et al., 2014). 

Heterogeneous microglial distribution, chemical expression profiles and morphology are 

hypothesised to be strongly influenced by their local environment (de Haas et al., 2008; Kapoor 

et al., 2015; Lawson et al., 1990; Mittelbronn et al., 2001; Nikodemova et al., 2014). However, 

exact factors responsible for the heterogeneity in microglial expression in a given environment 

are still unknown.  

Catecholaminergic nuclei of the brainstem are involved in almost every aspect of 

cardiorespiratory control, ranging from the maintenance of tonic activity of the sympathetic 

nervous system (SNS) to somatosensory reflex responses (Pilowsky et al., 2009). 

Phenotypically, catecholaminergic nuclei are immunoreactive for tyrosine hydroxylase (TH), 

and extend from the caudal ventrolateral medullary region to the pons, including A1, A2, C1, 

C3, A5 and A6 (Dahlström and Fuxe, 1964). Studies using stimuli, such as hypotension, 

hypertension and glucoprivation, have shown that the neuronal activity of various 

catecholaminergic nuclei of the brainstem is affected by these homeostatic challenges 
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(Dampney and Horiuchi, 2003; Graham et al., 1995; Springell et al., 2005). For example, acute 

hypotension, induced by intravenous injection of hydralazine or infusion of sodium 

nitroprusside, causes activation of neurons located in the A1 (Benarroch, 1998), C1 (Minson et 

al., 1996; Miyawaki et al., 2002a), A5 (Dampney and Horiuchi, 2003) and A6 regions of the 

brainstem (Dampney and Horiuchi, 2003). On the other hand, induction of glucoprivation 

causes activation of A6 neurons (Ritter et al., 1998). The A2 catecholaminergic nucleus of 

brainstem not only responds to cardiorespiratory stimuli, but also responds to other diverse 

range of signals, such as hormonal, gastrointestinal and inflammatory (Rinaman, 2011).  The 

function of C3 group of neurons of the brainstem is the least studied, but they may be 

sympathoexcitatory and respond to stimuli affecting glucose homeostasis (Menuet et al., 2014). 

In fact, it may be that C3 neurons are simply anatomically displaced C1 or C2 neurons that did 

not reach their final destination in the ventral or dorsal medulla oblongata.  

Recent work has shown that close lines of communication exist between microglia and the SNS 

(Bhandare et al., 2015; Bhandare et al., 2016; Kapoor et al., 2016b; Shi et al., 2010a). As 

mentioned above, catecholaminergic nuclei in the brainstem are critical in the regulation of 

sympathetic nerve activity. The close link between microglia and the SNS, and previously 

proposed hypothesis that microglial distribution is influenced by their local environment (de 

Haas et al., 2008), formed the foundation of aims of the present study. Therefore, in this study, 

we aimed to identify if the microglial distribution is related to the neuronal heterogeneity in the 

SNS. For the purpose of this study, we used 3 different strains of rats: Sprague-Dawley (SD), 

the Wistar-Kyoto (WKY) and the spontaneously hypertensive rat (SHR).  

3.3 Experimental procedures 

3.3.1 Animals 
Experiments were conducted in adult male rats from 3 different strains: SD, WKY (>18 weeks 

old) and SHR (>18 weeks old); n=3 per group (300-420 g; Animal Resource Centre; Perth, 

Australia) in accordance with the Australian code of practice for the care and use of animals for 

scientific purposes. All procedures and protocols performed were approved by the Sydney 

Local Health District Animal Welfare Committee and the Macquarie University Animal Care 

and Ethics Committee, Sydney, Australia.  
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The blood pressure phenotype of SHR and WKY was determined by tail-cuff 

sphygmomanometery at >18 weeks of age, prior to perfusion (Farnham et al., 2012). 

Hypertension was defined as a systolic pressure of >180 mmHg and normotension was defined 

as a systolic pressure of <150 mmHg.  

3.3.2 Experimental protocol  

3.3.2.1 Perfusion and tissue processing 

Animals were deeply anaesthetized with sodium pentobarbital (>72 mg/kg i.p.; Cenvet 

Australia) and were transcardially perfused with ≈400 ml of ice cold 0.1 M phosphate buffered 

saline (PBS) followed by fixation with ≈400 ml of ice cold 4% paraformaldehyde in 0.1 M PBS 

(pH 7.4). Extracted brainstem tissue was fixed overnight in 4% paraformaldehyde in 0.1 M PBS 

(pH 7.4) at 4 °C, while shaking continuously. Brainstems were then sectioned transversely, 

using a vibrating microtome (VT1200S, Leica), at 40 µm and were collected sequentially into 

5 pots. These sections were stored in cryoprotectant solution (30% sucrose, 30% ethylene 

glycol, 2% polyvinylpyrrolidone in 0.1 M PBS) at -20 °C until processed for 

immunohistochemistry.  

3.3.2.2 Immunohistochemistry   

Immunohistochemistry was conducted as described previously (Kapoor et al., 2016b; Nedoboy 

et al., 2016). Briefly, free floating 40 µm brainstem sections were washed in 0.1 M PBS with 

0.3% Triton X-100, 3 times for 30 min each, at room temperature. After washing, sections were 

incubated for >48 h in TTPBSm (10 mM Tris-HCl, 0.1 M PBS, 0.9% NaCl, 0.3% Triton X-100 

and 0.1% merthiolate at pH 7.4), 10% normal donkey serum with primary antibodies raised 

against TH (Mouse monoclonal (IgG1κ), Avanti antibodies, #AV1 (Nedoboy et al., 2016); 

1:100) and Iba1 (Rabbit polyclonal, Wako Pure Chemical Industries Ltd., 019-19741; 1:2000) 

at 4 °C while shaking. Sections were then washed 3 times for 30 min each in TPBS (10 mM 

Tris-HCl, 0.1 M PBS and 0.9% NaCl at pH 7.4) and incubated overnight with secondary 

antibodies raised in donkey: donkey anti mouse Cy5 (Jacksons Immunoresearch 715-175-151; 

1:500) and donkey anti rabbit Cy3 (Jacksons Immunoresearch 711-166-152; 1:500) in TPBSm 

(10 mM Tris-HCl, 0.1 M PBS, 0.9% NaCl and 0.1% merthiolate at pH 7.4) with 2% normal 

donkey serum at room temperature while shaking. Sections were then washed in TPBS 3 times 

for 30 min each at room temperature while shaking. These sections were then mounted, caudal 

to rostral, on glass slides (Thermo Fisher Scientific), cover-slipped with Vectashield (H-1000, 

Vector Laboratories) and sealed with clear nail polish for imaging. 
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3.3.2.3 Image acquisition  

Brainstem sections were imaged using an Axio Imager Z2 (Zen software, Zeiss, Germany) for 

subsequent analysis. Each fluorochrome was imaged individually with appropriate filter cubes 

(TH-Cy5 with 650/670 nm (ex/em) and Iba1-Cy3 with 550/570 nm (ex/em)). Bilateral ‘Z-stack’ 

images of A1, A2, C1, A5 and A6 and medial ‘Z-stack’ images of C3 at 40X magnification 

were obtained, covering an area of 400 µm X 400 µm, 30 µm in depth, at an interval of 0.62 

µm generating a stack of ≈ 46 Z slices, for each repeat in each strain (3 strains; n=3 each; Figure 

3.1).  

A rat brain atlas (Paxinos and Watson, 2007) was used to define the anatomical location of the 

neuronal population analysed in this study. The A1 nucleus was defined as the area comprising 

of TH immunoreactive (TH-ir) neurons in the caudal ventrolateral medulla at the level of the 

area postrema and ≈14.28 mm caudal to bregma (Figure 3.1). The A2 was defined as the area 

in and around the medial region of the nucleus of the solitary tract, at the level of ≈14.64 mm 

caudal to bregma (Figure 3.1). The C1 was defined as a triangular area ventral to the nucleus 

ambiguus, medial to the spinal trigeminal tract and lateral to the pyramidal tracts at the level of 

≈12.36 mm caudal to bregma (Figure 3.1). The C3 was defined as the area populated with TH-

ir neurons, in close proximity to 4th ventricle and at the level of ≈12.36 mm caudal to bregma 

(Figure 3.1). The A5 was defined as the area nearer to the pontomesencephalic junction mostly 

between the descending facial nerve fibres and the superior olive, at the level of ≈10.56 mm 

caudal to bregma (Figure 3.1). A6 neurons were located beside the fourth ventricle at the 

pontomesencephalic junction, rostral to the facial nucleus and at the level of ≈9.72 mm caudal 

to bregma (Figure 3.1).  

3.3.3 Image analysis 
Maximum intensity projections of acquired ‘Z-slices’ were adjusted for brightness and contrast 

to highlight morphological features of microglia. Bilateral maximum intensity projection 

images acquired for A1, A2, C1, A5 and A6 regions, and medial images acquired for the C3 

region, were used to quantify the overall number of TH-ir neurons, microglia and 

morphological characteristics of microglia. Number of TH-ir neurons and microglia were 

counted in images obtained for each region from each repeat; objects present at the boundary 

of images were excluded from the final counts. Microglial morphology was quantified as 

described by Morrison and Filosa (Morrison and Filosa, 2013). Briefly, the maximum intensity 

projection images were imported into Image J as 8-bit images and ‘skeletonised’ (Figure 3.6A). 
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The ‘skeletonised’ image was analysed using the “AnalyzeSkeleton” Image J plugin to acquire 

the number of end points and branch length (µm) which, when normalised to the number of 

microglia in that specific frame, provides an indication of the microglial morphology (Figure 

3.6A). The percentage (%) of area occupied by microglia was quantified with the help of the 

“measure” feature in Image J software.  

3.3.4 Data analysis and statistics 
GraphPad Prism version 6.05 was used to perform all statistical analysis. Numbers of TH-ir 

neurons and microglia were treated as non-parametric non-continuous data, and were pooled 

from 3 repeats for each strain, for each brainstem nuclei (Kapoor et al., 2016b; Nedoboy et al., 

2016; Sokal and Rohlf, 2012). Supplementary Figure 3.1 shows minor biological variability in 

the number of TH-ir neurons and microglia, within each strain. The relationship between the 

pattern of distribution of TH-ir neurons and microglia across different catecholaminergic 

nuclei, intra- and inter- strain, was analysed using the chi-square test of independence (Sokal 

and Rohlf, 2012). Parameters obtained highlighting the microglial morphology in 

catecholaminergic nuclei were treated as non-parametric continuous data, and were averaged 

across repeats (n=3), and analysed using a Kruskal-Wallis one-way analysis of variance.  
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Figure 3.1: Location of 

various 

catecholaminergic nuclei 

in the brainstem of a rat 

(SD, WKY or SHR)  

Location of various 

catecholaminergic nuclei 

in the brainstem of a rat 

(SD, WKY or SHR). 6 

catecholaminergic nuclei 

of interest 

(A1/A2/C1/C3/A5/A6) 

are highlighted in red. The 

area of interest imaged 

was the same between 

catecholaminergic nuclei 

(blue). S5, sensory root of 

the trigeminal nerve; Sp5, 

spinal trigeminal tract; 4v, 

4th ventricle; Pyr, 

pyramidal tracts; NTS, 

nucleus of the solitary 

tract; 12N, 12th nucleus. 

The figure is adapted 

from (Paxinos and 

Watson, 2007) (See 

Experimental procedures 

for details).   
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3.4 Results 
Microglia were distributed ubiquitously in catecholaminergic nuclei of the brainstem (A1, A2, 

C1, C3, A5 and A6) in the SD (Figure 3.2A-F), the WKY (Figure 3.3A-F) and the SHR (Figure 

3.4A-F) strains of rats. However, TH neuronal and microglial number varied between regions 

and strains.  

3.4.1 Intra-strain comparison demonstrating that microglial number is related to 

the number of TH-ir neurons in a catecholaminergic nucleus   
Intra-strain (SD, WKY or SHR) comparisons of the number of TH-ir neurons in 

catecholaminergic nuclei of brainstem revealed that the TH-ir neuronal number varies between 

brainstem nuclei (Figure 3.5A-C). Microglial number also varied between catecholaminergic 

nuclei of brainstem in all 3 strains: SD, WKY and SHR. Interestingly, the pattern of variation 

observed in the microglial number was similar to the pattern of variation in the TH-ir neuronal 

number (Figure 3.5A-C). For example, TH-ir neuronal and microglial numbers were higher in 

A2 as compared to C1, C3 or A5, regardless of the strain (Figure 3.5A-C). Similarly, TH-

neuronal and microglial number were lower in C3 as compared to A5 or A6, regardless of the 

strain (Figure 3.5A-C). However, some exceptions (24% - 11 comparisons out of 45) were 

observed, where the microglial number was not related to the TH-ir neuronal number, such as 

A1 vs A5 in SD and WKY (Figure 3.5A and B). But in majority (≈ 76%) of intra-strain 

comparisons, the microglial number was related to the TH-ir neuronal number. 

3.4.2 Inter-strain comparison of TH neuronal and microglial number in various 

brainstem catecholaminergic nuclei  
A comparison of the distribution pattern of number of TH-ir neurons (Figure 3.5D) and 

microglia (Figure 3.5E) between strains revealed that the distribution varied in a similar pattern 

in catecholaminergic nuclei in all 3 strains of rat (SD, WKY and SHR; Figure 3.5D).  

The highest number of TH-ir A6 neurons were observed in WKY when compared with SD 

(WKY was 28% higher than SD) and SHR (SHR was 19% lower than WKY) (Figure 3.5D). 

Microglial number in the brainstem catecholaminergic nuclei of WKY and SHR varied the most 

when compared with SD. Significant differences in the number of microglia were observed in 

A2, A5 and A6 brainstem regions, and the microglial number in these regions was the least in 

SD (Figure 3.5E).  
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3.4.3 Microglial morphology doesn’t vary considerably between 

catecholaminergic nuclei, regardless of the strain 
No significant differences were observed in the microglial morphological characteristics (% 

area, number of end point processes/microglia and branch length (µm)/microglia) within 

various catecholaminergic nuclei, in either intra-, or inter-, strain comparisons (Figure 3.6B-D).  
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Figure 3.2: Microglia in the brainstem catecholaminergic nuclei of a SD  

A. A1, B. A2, C. C1, D. C3, E. A5 and F. A6. Scale bar = 20 µm. Microglia, Iba1 – red and TH 

– green. The region of interest was kept constant across all catecholaminergic nuclei.  
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Figure 3.3: Microglia in the brainstem catecholaminergic nuclei of a WKY rat  

A. A1, B. A2, C. C1, D. C3, E. A5 and F. A6. Scale bar = 20 µm. Microglia, Iba1 – red and TH 

– green. The region of interest was kept constant across all catecholaminergic nuclei.  
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Figure 3.4: Microglia in the brainstem catecholaminergic nuclei of an SHR  

A. A1, B. A2, C. C1, D. C3, E. A5 and F. A6. Scale bar = 20 µm. Microglia, Iba1 – red and TH 

– green. The region of interest was kept constant across all catecholaminergic nuclei.  
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Figure 3.5: Intra- and inter- strain comparisons concerning the number of TH-ir neurons 

and microglia  

Intra-strain comparison of the pattern of distribution of TH-ir neuronal and microglial number 

in catecholaminergic nuclei of the brainstem of A. SD, B. WKY and C. SHR. Inter-strain (SD, 

WKY and SHR) comparison of the pattern of distribution of TH-ir neuronal (D) and microglial 

number (E) in catecholaminergic nuclei of the brainstem. Data are expressed as sum of counts 

from 3 animals for each strain. Statistical comparisons comparing the relationship between 

distribution patterns were made using the Chi-square test of independence. *p ≤ 0.05, **p ≤ 

0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. (Refer to Supplementary Figure 3.1 for biological 

variability in the number of TH-ir neurons and microglia, in each strain) 
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Figure 3.6: Microglial morphology in the brainstem catecholaminergic nuclei  

A. Quantification of the number of end point processes/microglia and the branch length 

(μm)/microglia with Image J ‘AnalyzeSkeleton’ plugin (refer to Experimental procedures for 

details). 3 microglial morphological characteristics were quantified (% area, number of end 

processes/microglia and branch length (μm)/microglia) in the brainstem catecholaminergic 

nuclei of a B. SD rat, C. WKY rat and D. SHR. Data are expressed as mean ± S.E.M. Statistical 

comparisons were made using a Kruskal-Wallis one-way analysis of variance. No significant 

differences were observed in the microglial morphology, intra-strain, across different 

catecholaminergic nuclei.  
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Supplementary Figure 3.1: Intra-strain 

biological variability in the number of 

TH-ir neurons and microglia   

Number of TH-ir neurons and microglia, 

in catecholaminergic nuclei of the 

brainstem, in A.SD, B. WKY and C. SHR 

from individual animals (n=3/ strain) 

highlighting minor biological variability 

between repeats. Data in Figure 3.5 are 

pooled from 3 repeats for each strain. Data 

are expressed as mean ± S.E.M.   
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3.5 Discussion 
The main finding of our study is, first, that there is a ubiquitous and heterogeneous distribution 

of microglia in the brainstem catecholaminergic nuclei of the SNS of spontaneously 

hypertensive and normotensive rats. Secondly, the heterogeneous microglial distribution is 

related to the TH-ir neuronal distribution and thirdly, in all strains of rat, and in all 

catecholaminergic nuclei, microglia were found to be in a surveilling state with a ramified 

morphology.  

We observed a highly heterogeneous microglial distribution in catecholaminergic nuclei of the 

SNS of spontaneously hypertensive and normotensive rats, which is related to the TH-ir 

neuronal number. Previous studies suggest that microglial distribution is region-specific and is 

thought to be influenced by the local microenvironment cues (Lawson et al., 1990; Mittelbronn 

et al., 2001; Nikodemova et al., 2014). For example, the grey matter of the CNS contains more 

microglia than the white matter, as detected by expression of the F4/80+ antigen, however the 

exact factor responsible for this is still unknown (Lawson et al., 1990). Also, microglial density 

was found to be 50% lower in lumbar segments of the spinal cord when compared with the 

cortex (Nikodemova et al., 2014). This heterogeneous distribution of microglia is not dependent 

on the proportion of monocytes recruited to the site of cell death during early development 

(Lawson et al., 1990). Microglial expression of immunoregulatory proteins is also quite region 

specific (de Haas et al., 2008; Nikodemova et al., 2014). These studies further highlight the 

diversity of microglia in the CNS, whose distribution, and chemical profile, is highly dependent 

on their local environment.  

Our findings show that microglial number is related to the number of TH-ir neurons, which in 

turn relates to the type of catecholaminergic nucleus. It remains unclear if the presence of large 

numbers of catecholaminergic neurons cause changes in microglial number. As noted above, 

catecholaminergic neurons are an essential component of the CNS, in particular the SNS 

(Dampney and Horiuchi, 2003; Graham et al., 1995; Rinaman, 2011). As expected, the number 

of TH-ir neurons across various catecholaminergic nuclei in the brainstem was observed to be 

heterogeneous, in a given strain of rat. Interestingly, microglial number, in the same strain of 

rat, is equally heterogeneous, and is related to the TH-ir neuronal number. It is noteworthy that 

even though all of the nuclei observed in this study were catecholaminergic 

(A1/A2/C1/C3/A5/A6), the number of TH expressing neurons in these nuclei is variable. 

Moreover, the proportion and location of active TH neurons within these nuclei ultimately 
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affects the function of each nucleus in sympathetic regulation of the CNS (Badoer et al., 1987; 

Dampney and Horiuchi, 2003; Dampney et al., 2003b; Graham et al., 1995; Nedoboy et al., 

2016). Therefore, the variability in TH-ir neuronal number between brainstem nuclei may well 

be responsible for differences in microglial number. Thus, in light of our own findings, and as 

hypothesised by other studies (de Haas et al., 2008; Kapoor et al., 2015; Lawson et al., 1990; 

Mittelbronn et al., 2001), we speculate that the local environment of a nucleus in the SNS, in 

particular the number of TH-ir neurons, influences the microglial distribution. 

No major differences were observed in the microglial morphology, when compared intra-, or 

inter-, strain. Microglia continuously extend or retract their processes to contactsynapses to 

monitor, and regulate, their activity levels  (Nimmerjahn et al., 2005; Wake et al., 

2009).  Microglial morphology in mice varies markedly between different CNS regions, 

particularly between the grey matter and the white matter  (Lawson et al., 1990).  In our study, 

only minor differences were observed in microglial morphology in their surveilling state. The 

difference in observations made between these 2 studies, may be due to different species (mice 

vs rat), or different antigens analysed. Our study looked at the expression of Iba1 (ionized 

calcium-binding adaptor molecule 1) as compared to F4/80+ antigen, and was performed at 

much lower magnification (40X vs 400X) albeit covering a region of interest (ROI) that was 

larger. There may be very subtle morphological differences that can only be observed at higher 

magnifications, but the biological relevance of such subtle morphological differences is unclear.  

Even though, both SD and WKY are normotensive, WKY are not comparable to SD due to 

underlying behavioural defects. SHRs are inbred from WKY with high blood 

pressure  (Okamoto and Aoki, 1963) and therefore, WKY, and not SD, is the most appropriate 

genetic and physiological control for SHR. Whether or not WKY is always the best control for 

SHR is still debated  (H'Doubler et al., 1991). In our hands, we observed similarities in the 

pattern of distribution of TH-ir neurons and microglia in all 3 strains of rats (SD, WKY and 

SHR).The magnitude of microglial response to a CNS injury is more pronounced in SHR than 

WKY (De Geyter et al., 2012). Reduced striatal blood flow induces a larger infarction volume 

and more pronounced sensory deficits, and reduced microglial activation in SHR compared 

with WKY (De Geyter et al., 2012). According to our study, no major differences were 

observed in the overall microglial distribution pattern and morphology, between SHR and 

WKY. It is also hypothesised that neuro-inflammatory conditions in the CNS may play a 

detrimental role in the exaggeration of sympathetic nerve activity, and may contribute to the 

pathophysiology of cardiovascular disorders such as hypertension and heart failure (Liu et al., 

http://topics.sciencedirect.com/topics/page/Synapse
http://topics.sciencedirect.com/topics/page/AIF1
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2016; Shi et al., 2010a; Wei et al., 2013; Wei et al., 2015). Thus, in light of our findings and 

previous studies, we speculate that the magnitude of the microglial response to an injury or 

disturbed homeostasis, rather than significant changes in basal microglial distribution, may be 

impaired in SHR than WKY.  

Conclusion  

Microglial distribution is markedly heterogeneous in the SNS of a rat (SD, WKY and SHR) and 

this heterogeneity seems to be related to the neuronal profile of their local environment. Hence, 

our study, in accordance with other studies, highlights that the microglial distribution profile is 

related to its local environment. Future studies focussed on the role of microglia, in addition to 

brain vascular macrophages  (Waki et al., 2008a; Waki et al., 2011), in the sympathetic 

regulation of cardiovascular control will clarify if these brain immune cells play a protective or 

detrimental role in the pathology of hypertension. 

  

 

http://topics.sciencedirect.com/topics/page/Sympathetic_nervous_system
http://topics.sciencedirect.com/topics/page/Microglia
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Highlights: 

 Microglia alter spatial distribution in response to changes in blood pressure.

 Increased blood pressure causes microglia to contact more synapses.

 Decreased blood pressure reduces microglial contact with synapses.
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4.1 Abstract  
Microglia are present throughout the central nervous system (CNS) and express receptors for 

every known neurotransmitter. During inflammation, microglia change into a state that either 

promotes removal of debris (M1), or into a state that promotes soothing (M2). Caudal- and 

rostral- ventrolateral medullary regions (CVLM and RVLM, respectively) of the brainstem are 

key nuclei involved in all aspects of the cardiovascular system. In this study, we investigate a 

novel role for microglia in cardiovascular control in the brainstem of adult male Sprague–

Dawley (SD) rat. Here we show, that increases and decreases in blood pressure (BP) triggers 

alertness in the physiology of microglia in the brainstem region; inducing changes in microglial 

spatial distribution and the number of synapses in contact with microglial end processes. 

Following 6 h of acute hypertension, the number of synapses in contact with microglia 

increased by ≈30% in both regions of the brainstem, CVLM and RVLM. Induction of acute 

hypotension for 6 h causes microglia to reduce the number of synaptic contacts by >20% in 

both, CVLM and RVLM, nuclei of the brainstem. Our analysis of the morphological 

characteristics of microglia, and expression levels of M1 and M2, reveals that the changes 

induced in microglial behavior do not require any obvious dramatic changes in their 

morphology. Taken together, our findings suggest that microglia play a novel, unexpected, 

physiological role in the uninjured autonomic nuclei of CNS; we therefore speculate that 

microglia act cooperatively with brainstem cardiovascular neurons to maintain them in a 

physiologically receptive state. 
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4.2 Introduction 
Until recently, microglia were considered to be cells whose sole function was to detect and 

respond to inflammation, following any internal or external stimulus that threatens the integrity 

of the brain (Kettenmann et al., 2011; Kreutzberg, 1996; Perry et al., 1993). When subjected to 

strongly activating stimuli, microglia transform their phenotype from a highly ramified 

morphology with a small cell body to an amoeboid shape, allowing them to move easily, and 

phagocytose debris (Stence et al., 2001).  

The idea that microglia are only important as inflammatory cells, now seems less certain. A 

growing body of evidence suggests that microglia are not only constantly alert and active; 

surveilling their immediate environment (Nimmerjahn et al., 2005; Tremblay et al., 2011), but 

may also play a physiological role in maintaining normal neuronal function. The idea that 

microglia constantly maintain neurons within their dynamic physiological working range, by 

regulating the number of excitatory synapses present on their post-synaptic membrane 

(Tremblay et al., 2010; Wake et al., 2009), is still poorly understood. Microglia are thought to 

perform this function by extending or retracting their processes, sensing the presence of any 

unexpected increase in extracellular chemical (“on- signalling”) or absence of any consistently 

expressed biological molecule (“off-signalling”) (Biber et al., 2007; Hanisch and Kettenmann, 

2007; van Rossum and Hanisch, 2004). Microglia achieve this role by expressing receptors for 

all known neurotransmitters, and many other molecules (Pocock and Kettenmann, 2007), and 

by being in close proximity to neurons at all times (Shapiro et al., 2009). The close apposition 

of microglial processes to neuronal synapses in higher brain regions, such as the visual cortex, 

further strengthens the hypothesis of continuous neuron-microglia communication (Schafer et 

al., 2013; Tremblay et al., 2010; Wake et al., 2009). The possibility that this type of neuron-

microglia relationship operates in a physiological state in the autonomic nervous system is 

unknown.  

The caudal- and rostral- ventrolateral medullary (CVLM and RVLM, respectively) neurons of 

the brainstem are critical for the regulation of the sympathetic nervous system (SNS) and 

various reflex control mechanisms such as the chemoreflexes, baroreflex and 

somatosympathetic reflex (Pilowsky et al., 2009). Propriobulbar CVLM neurons provide an 

inhibitory GABAergic (γ-Aminobutyric acid) input to the excitatory bulbospinal glutamatergic 

presympathetic neurons located in the RVLM in response to elevated levels of blood pressure 

(BP); these inhibited RVLM neurons, in turn, reduces the activity of the sympathetic 



 CHAPTER 4 – MICROGLIA RESPOND TO ALTERED BP 

 

Page | 165  
 

preganglionic neurons (SPN) located in the spinal cord, thereby lowering BP and sympathetic 

activity (Guyenet, 2006; Pilowsky et al., 2009). Recently, we reported that inhibition of 

microglia led to an over-activation of sympathetic output, supporting the concept that microglia 

play an important physiological role in the SNS (Bhandare et al., 2015). However, the exact 

morphological relationship between microglia and cardiovascular neurons during the 

imposition of changes in BP remains unclear. 

Here, we aimed to identify, first, the morphological relationship between surveilling microglia 

and cardiovascular neurons in the CVLM and the RVLM that control sympathetic output 

pathways, under homeostatic conditions. Secondly, we aimed to establish the extent to which 

the microglial-neuronal relationship, in the CVLM and RVLM regions of the brainstem, is 

affected by manipulations introduced in the basal levels of BP. Data concerning microglia were 

acquired following the induction of acute hyper- (phenylephrine) or hypo-(hydralazine) tension 

in adult male Sprague–Dawley (SD) rats at four different time points; 0.5, 2, 6 and 10 h (hrs). 

Our findings indicate that brainstem microglia behave as an essential element of the autonomic 

arm of the central nervous system (CNS), and that microglial responses to changes in levels of 

BP are carefully tailored according to the magnitude and duration of disturbances introduced in 

the homeostatic state. In particular, increased BP causes microglia to change their pattern of 

distribution, and make more contacts with synapses. On the contrary, decreased levels of BP, 

causes microglia to decrease the number of contacts with synapses and change their spatial 

distribution. This microglial behavior has all the characteristics of a physiological, as opposed 

to an inflammatory, destructive, response. 

4.3 Experimental procedures 

4.3.1 Animals 
Experiments were conducted in 36 adult male SD rats (300–420 g; Animal resource center, 

Perth, Australia) in accordance with the Australian code of practice for the care and use of 

animals for scientific purposes. All procedures and protocols performed were approved by the 

Sydney Local Health District Animal Welfare Committee and the Macquarie University 

Animal care and Ethics Committee, Sydney, Australia. 
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4.3.2 Experimental protocol 
The external jugular vein, carotid artery and femoral vein were cannulated, in anesthetized rats, 

for the administration of additional anesthetics, measurement of arterial BP and administration 

of BP altering drugs (phenylephrine, saline or hydralazine), respectively. Temperature for all 

animals was maintained between 36.5 °C and 37.5 °C, for the protocol period, using a rectal 

probe connected to a homeothermic heating blanket. Experiments were conducted at four time 

points: 0.5, 2, 6 and 10 h, with three treatment groups at each time point (n = 3 each treatment 

group at each time point): phenylephrine induced hypertension, saline served as control and 

hydralazine induced hypotension 

0.5, 2 and 6 h: rats were anesthetized with sodium pentobarbital i.p. (50 mg/kg; Cenvet 

Australia) mixed with atropine sulfate (to reduce bronchial secretions; 0.2 ml/kg; Pfizer). Room 

air was supplemented with 100% oxygen (rate 0.5–1.0 l/min) through a nose cone. The depth 

of anaesthesia was monitored by observing reflex responses to nociceptive and tactile stimuli 

(withdrawal reflex to periodic tail/paw pinches), pupillary responses to light stimuli and the 

corneal touch reflex (involuntary blink). Additional anesthetic – sodium pentobarbital (1.5–

2.0 mg) – was injected intravenously, when required, to eliminate nociceptive or corneal touch 

reflex responses. 

10 h: rats were anesthetized with urethane i.p. (1.0–1.5 g/kg) mixed with atropine sulfate (to 

reduce bronchial secretions prior to vagotomy; 0.2 ml/kg), vagotomized (both, left and right 

cervical vagus nerves were cut), paralyzed with pancuronium bromide (neuromuscular 

blockade, 0.2-ml bolus i.v. injection containing 0.4 mg followed by 10% pancuronium in 0.9% 

saline at a rate of 2 ml/h; AstraZeneca) and artificially ventilated. Animals were vagotomized 

and paralyzed to prevent entrainment of breathing to the ventilator. The depth of anaesthesia, 

prior to induction of neuromuscular blockade, was monitored by observing reflex responses to 

nociceptive and tactile stimuli, pupillary responses to light stimuli and the corneal touch reflex 

(as explained above). Following neuromuscular blockade, the depth of anaesthesia was 

determined by continuously monitoring the resting levels of BP for excessive fluctuations, and 

any changes in BP in response to nociceptive stimuli. Additional anesthetic – urethane (30–

40 mg, 10% urethane i.v.) – was injected intravenously, when nociceptive stimuli evoked 

changes in BP exceeding 10%. 

Prior to the start of the protocol, arterial pressure was allowed to stabilize for at least 10 min. 

Baseline mean arterial pressure (MAP) was increased or decreased by at least 40 mmHg with 
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the aid of phenylephrine or hydralazine, respectively. A continuous infusion of phenylephrine, 

at the dose of 10 μg/kg/min (Graham et al., 1995), was maintained to induce acute hypertension. 

Rate of phenylephrine infusion was adjusted to maintain elevated levels of MAP. To induce 

acute hypotension, a bolus injection of hydralazine was given, at the dose of 10 mg/kg 

(Springell et al., 2005). To match the volume infused in the phenylephrine treatment group, 

hydralazine and saline treatment groups received a continuous infusion of saline at the rate of 

10 μg/kg/min. Drug concentrations and infusion volumes were carefully determined in 

preliminary experiments and then adjusted to limit the maximum volume of infusion to 10 ml 

for the duration of protocol, to avoid hypervolemia. 

4.3.3 Perfusion and tissue processing 
All chemical reagents were purchased from Sigma–Aldrich, unless otherwise stated. At the end 

of the protocol, rats were deeply anesthetized with sodium pentobarbital (>72 mg/kg i.v.; 

Cenvet Australia) and were transcardially perfused with 400 ml of ice cold 0.1 M phosphate 

buffered saline (PBS) followed by fixation with ≈400 ml of ice cold 4% paraformaldehyde in 

0.1 M PBS (pH 7.4). Brainstem was carefully extracted and post fixed overnight in the same 

fixative at 4 °C. Brainstems were sectioned transversely at 40 μm and were sequentially 

collected in five pots using vibrating microtome (VT1200S, Leica) and stored in cryoprotectant 

solution (30% sucrose, 30% ethylene glycol, 2% polyvinylpyrrolidone in 0.1 M PBS) at 

−20 °C, until processed for immunohistochemistry.

4.3.4 Immunohistochemistry  
Methods were conducted as previously described (Bhandare et al., 2016; Nedoboy et al., 2016; 

Shahid et al., 2012). In brief, free floating 40-μm brainstem sections, previously stored in 

cryoprotectant solution, were washed 3 times, for 30 min each, in 0.1 M PBS containing 0.3% 

Triton X-100 at room temperature. Post washes, sections were incubated for >48 h in TTPBSm 

(10 mM Tris–HCl, 0.1 M PBS, 0.9% NaCl, 0.3% Triton X-100 and 0.1% merthiolate at pH 

7.4), 10% normal donkey serum and primary antibodies (refer to Table 1) at 4 °C while shaking. 

Sections were then subsequently washed 3 times, 30 min each, in TPBS (10 mM Tris–HCl, 

0.1 M PBS and 0.9% NaCl at pH 7.4). Depending on the primary antibodies, sections were 

incubated overnight with secondary antibodies (refer to Table 1) in TPBSm (10 mM Tris–HCl, 

0.1 M PBS, 0.9% NaCl and 0.1% merthiolate at pH 7.4) with 2% normal donkey serum at room 

temperature while shaking. Sections were then washed in TPBS 3 times, 30 min each, at room 
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temperature followed by mounting sequentially on glass slides (Thermo Fisher Scientific, 

Victoria, Australia), cover-slipped with Vectashield (H-1000, Vector Laboratories, CA, USA) 

and sealed with clear nail polish. 

4.3.5 Image acquisition and analysis  
Brainstem sections, processed for immunohistochemistry, were imaged using an Axio Imager 

Z2 (ZEISS, Germany) at 20X, 40X or 63X magnification for subsequent analysis, depending 

on the target molecule. Images were adjusted for brightness and contrast to best represent the 

morphological characteristics of microglia. LSM 510 Meta spectral confocal 

microscope (ZEISS, Germany) was used for obtaining images to demonstrate the microglial-

neuronal relationship.  

A rat brain atlas was used to define the anatomical location of the neuronal population analysed 

in this study (Paxinos and Watson, 2007). The RVLM was defined as a triangular area, 

containing tyrosine hydroxylase positive (TH+) neurons, ventral to the nucleus 

ambiguus (NAsc), medial to the spinal trigeminal tract and lateral to the pyramidal tracts. 

Bilateral RVLM images were obtained from 4 serial sections, separated by 200 μm between 

12.00 and 12.8 mm caudal to the bregma (Graham et al., 1995; Guyenet et al., 2004). CVLM 

neurons were defined as the neurons located in close apposition with TH+ neurons of the A1 

region of brainstem (Graham et al., 1995; Paxinos and Watson, 2007). Bilateral CVLM images 

were taken between 12.8 and 13.6 mm caudal to the bregma, from four different sections 

bilaterally, 200 μm apart (Graham et al., 1995; Guyenet et al., 2004). 

4.3.5.1 Microglial number and morphological analysis at 40X  

“Z-stack” images at 40X magnification were obtained covering an area of 400 μm X 400 μm, 

30 μm in depth, at an interval of 0.62 μm generating a stack of ≈46 Z slices. Maximum intensity 

projection images produced for CVLM and RVLM neurons at 40 X magnification were used 

to quantify the overall number of microglia, pattern of distribution and morphological 

characteristics of microglia. Number of Fos immunoreactive (Fos-ir) neurons and number of 

microglia were manually counted in the eight images obtained for each region from each repeat. 

Fos-ir neurons and microglia present at the boundary of images were excluded from the final 

counts. For spatial distribution analysis, each image was divided into six equal parts using the 

grid feature in CorelDRAW Graphics Suite X7 and one microglia from each of these six parts 

was chosen. A series of six concentric circles were drawn around each microglia with the first 

one centered at the soma of microglia starting at radius of 8 μm and subsequent circles were 
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drawn with the increasing radii of 5 μm (Morrison and Filosa, 2013; Sholl, 1953). Microglial 

cell bodies intersecting with each of these concentric circles were counted to provide an 

estimate of inter-microglial distance variations with treatment (Figure 4.5A). This analysis is 

an adaptation of Sholl analysis, which is commonly used to quantify neuronal parameters 

(Sholl, 1953).  

The method used to quantify the morphology acquired by microglia in response to different 

treatment paradigms was as described by Morrison and Filosa (2013) (Morrison and Filosa, 

2013). In brief, brightness and contrast for each image was adjusted to highlight all the 

microglial end point processes. These images were then imported to Image J (NIH) as 8-bit 

images and ‘skeletonised’. The ‘skeletonised’ image obtained was analysed using the 

“AnalyzeSkeleton” Image J plugin to acquire the number of end points and branch length (µm), 

which when normalised to the number of microglia in that specific frame, provides an indication 

of the extent of ramified microglial morphology (Figure 4.7A). The percentage (%) of area 

occupied by microglia was also quantified with the help of in-built “measure” feature in Image 

J software.  

4.3.5.2 M1 phenotype quantification  

 “Z-stack” images of the CVLM and the RVLM (Figure 4.9F) did not show any significant M1 

expression and therefore, M1 expression levels were not quantified.  

4.3.5.3 M2 phenotype quantification  

“Z-stack” images at 20X magnification were obtained covering an area of 900 µm X 600 µm, 

40 µm in depth, at an interval of 1.39 µm generating a stack of ≈29 Z slices. Maximum intensity 

projection images acquired for the CVLM and the RVLM region at 20X magnification were 

used to quantify the overall number of microglia (Figure 4.9A), with Image J, in the region of 

interest. The CD206 immunoreactive (CD206+) microglia (Figure 4.9B), co-localizing with the 

Iba1 positive (Iba1+) microglia (Figure 4.9C), were counted in the eight images obtained for 

each region at each time point in 3 treatment groups (n=3 each). Iba1+ and CD206+ microglia 

present at the boundary of images were excluded from the final counts. Expression levels of 

M2 microglia were expressed as a percentage of CD206+ microglia to the total number of 

microglia (Iba1+).  
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4.3.5.4 Quantification of number of contacts made by microglial (Iba1) end point processes 

with synapses (Synapsin) and microglial morphology at 63X  

“Z-stack” images at 63X magnification were obtained covering an area of 400 μm X 300 μm, 

30 μm in depth, at an interval of 0.5 μm generating a stack of ≈60 Z slices. For data concerning 

microglia and synapsin, the RVLM was defined as a triangular area, containing TH+ neurons, 

ventral to the NAsc, medial to the spinal trigeminal tract and lateral to the pyramidal tracts, 

12.24 mm caudal to the bregma (Guyenet et al., 2004). CVLM neurons were defined as the 

neurons located in close apposition with TH+ neurons of the A1 region of brainstem, at 

13.08 mm caudal to the bregma (Graham et al., 1995; Paxinos and Watson, 2007). Bilateral 

images for the CVLM and the RVLM for each animal repeat were obtained. Ten microglia from 

each image were chosen at random and the numbers of synaptic structures (Synapsin) co-

localizing with microglial end point processes (Iba1) were manually counted. Thus, 60 

microglia from each animal, from each treatment group (three treatments) at each time point 

(four time points), were analyzed.  

4.3.5.5 Control experiments in the nucleus ambiguus (sub compact) 

The nucleus ambiguus (sub compact; NAsc) was defined as the area, 12.24 mm caudal to 

bregma, dorsal to the TH+ neurons of the RVLM, medial to the spinal trigeminal tract and lateral 

to the raphe obscurus (Bieger and Hopkins, 1987; Paxinos and Watson, 2007). Images from the 

NAsc at the 6- and 10-h time point from all three treatment groups (phenylephrine, saline and 

hydralazine; n = 3 each group) served as a control for the images obtained from the CVLM and 

the RVLM, at each time point. Bilateral ‘Z-stack’ images at 40X magnification were obtained 

covering an area of 400 μm X 400 μm, 30 μm in depth, at an interval of 0.62 μm generating a 

stack of ≈46 Z slices. Maximum intensity projection images produced for the NAsc at 40X 

magnification were used to quantify the overall number of microglia, pattern of distribution and 

morphological characteristics of microglia: % area covered, number of end point 

processes/microglia and branch length (μm)/microglia (similar to the CVLM and RVLM). 

Bilateral “Z-stack” images at 63X magnification were obtained covering an area of 

400 μm X 300 μm, 30 μm in depth, at an interval of 0.5 μm generating a stack of ≈60 Z slices. 

Ten microglia from each image were chosen at random and the number of synaptic structures 

(Synapsin) co-localizing with microglial end point processes (Iba1) were manually counted 

(similar to the CVLM and RVLM). Thus, 60 microglia from each animal, from each treatment 

group (three treatments) at the 6- and 10-h time points, were analyzed.  
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4.3.6 Data analysis and statistics 
Area under curve (AUC) was calculated, using Spike two acquisition and analysis software 

(version 8.03; Cambridge Electronic Design, Cambridge, UK), for all treatment groups 

(phenylephrine, saline and hydralazine) at each time point (0.5, 2, 6 and 10 h), and was 

statistically analyzed using one-way ANOVA with Dunnett’s multiple comparison tests. Non-

parametric non-continuous data, such as the number of Fos-ir neurons, microglia and the 

number of microglial contacts made with synapses, from each repeat (n = 3), was summed and 

statistically analyzed using the Chi-square test for goodness of fit (Nedoboy et al., 2016; Sokal 

and Rohlf, 2012). Parameters obtained highlighting the microglial morphology variations 

between treatments (% of area occupied, number of end point processes per microglia and 

branch length (μm) per microglia) and percentage of CD206+ microglia to total microglia, were 

treated as non-parametric continuous data. Non-parametric continuous data were averaged 

across repeats (n = 3) and analyzed using Kruskal–Wallis one-way analysis of variance. All the 

statistical comparisons were made between treatment group (phenylephrine/hydralazine) and 

the saline group at the particular time point; no comparisons were made across time points in 

any of the groups. GraphPad Prism version 6.05 was used to perform all of the above mentioned 

statistical comparisons; one-way ANOVA, Chi-square test for goodness of fit and Kruskal–

Wallis one-way analysis of variance.  

4.4 Results 

4.4.1 Effects of blood pressure modulations on the CVLM and the RVLM 

neuronal activity 

4.4.1.1 Variations induced in MAP 

Intravenous infusion of phenylephrine (an α1-adrenoreceptor agonist, which acts on blood 

vessels, and does not cross the blood-brain barrier) raised the baseline levels of MAP by 40±10 

mmHg, within 1 min following the start of infusion (Figure 4.1A1). However, the increase in 

MAP only lasted for 30 min, without changing the rate of infusion. The gradual reduction in 

arterial pressure following prolonged phenylephrine infusion is well known, and can be 

attributed to the desensitisation of α1-adrenoreceptors (Minami et al., 1997). Therefore, the rate 

of infusion was adjusted for subsequent time points to maintain the elevated levels of BP, where 

possible. Intravenous infusion of phenylephrine was maintained for 0.5, 2, 6 and 10 h, in four 

separate groups of rats (n=3 each). Each group of rats was sacrificed at each time point for 
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analysis. Slight variations in baseline levels of MAP were observed during intravenous infusion 

of saline in four separate group of rats: 0.5, 2, 6 and 10 h (n=3 each) (Figure 4.1A2) but overall 

BP levels were not affected.  

Intravenous administration of hydralazine caused an instant, and sustained, hypotensive 

response of 40±10 mmHg (Figure 4.1A3). The hypotensive stimulus was maintained for 0.5, 2, 

6 and 10 h, respectively, in four separate groups of rats (n=3 each). Maintenance of the acute 

hyper-, and hypo-, tensive stimuli for the duration of the protocol, evoked significant 

differences in MAP, shown by AUC analysis (Figure 4.1B), indicating that alterations 

introduced in the MAP were maintained for the duration of the experimental period. 

4.4.1.2  Fos-ir 

It is well known that Fos-ir changes in response to altered MAP in the CVLM and the RVLM 

(Chan and Sawchenko, 1994; Graham et al., 1995; Li and Dampney, 1994; Minson et al., 

1997b; Suzuki et al., 1994). Therefore, we did not perform a comprehensive quantification of 

Fos-ir in the CVLM, in response to provided stimuli; instead, Fos-ir was quantified in the 

RVLM region to indicate that the stimulus induced the expected changes in neuronal activity.   

 Neuronal activity in the RVLM increases in response to acute hypotension 

In agreement with previous studies, intravenous administration of hydralazine increased the 

number of Fos-ir neurons in the RVLM (Figure 4.2C), when compared to saline infusion 

(Figure 4.2B), at all of the four time points included in the study; 0.5, 2, 6 and 10 h (Graham et 

al., 1995). At 0.5 h, the number of Fos-ir neurons increased by 32% (88–116; p ≤ 0.05) when 

compared with saline (Figure 4.2D). Consistent with the previous time point, 2 h of hydralazine 

administration increased the number of Fos-ir neurons by 255% (42–149; p ≤ 0.0001 Figure 

4.2D). The number of Fos-ir neurons in the RVLM continued to increase further by 149% at 

6 h (from 148 to 368; p ≤ 0.0001) and by 62% at 10 h (404–655; p ≤ 0.0001) (Figure 4.2D). 

Following 0.5 h of phenylephrine infusion, the number of Fos-ir neurons, observed in the 

RVLM, were not significantly different from that seen in saline treated rats (Figure 4.2D). 

However, increased levels of Fos-ir neurons were observed in the RVLM samples collected 

from rats subjected to acute hypertension, when compared with saline, for 2 h (increased by 

110%; from 42 to 88; p ≤0.0001), 6 h (increased by 44%; from 148 to 213; p ≤0.001) and 10 h 

(increased by 53%; from 404 to 618; p ≤0.0001) (Figure 4.2D). The increased levels of Fos-ir 

in the RVLM, in response to phenylephrine infusion when compared with saline infusion, may 

be attributed to the tendency of BP to return to baseline levels, following the initial 60 min of 
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phenylephrine infusion. However, the Fos-ir observed in the RVLM in response to intravenous 

phenylephrine (Figure 4.2A) was lower than the Fos-ir levels quantified in the same region in 

response to hydralazine administration (Figure 4.2C), at the 2 h (lower by 61; p ≤ 0.0001) and 

6 h time points (lower by 155; p ≤ 0.0001) (Figure 4.2D). 
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Figure 4.1: Effect of intravenous 

infusion of phenylephrine, saline and 

hydralazine on blood pressure  

(A1) Effect of continuous intravenous 

infusion of phenylephrine at 

10 μg/kg/min, (A2). Saline infusion and 

(A3). Effect of bolus injection of 

hydralazine at 10 mg/kg on arterial 

blood pressure (AP). Pinch reflex 

response and administration of 

additional anesthetic, when required 

(green arrow; please refer to methods 

for details). Scale bar = 5 min. (B) 

Effect of phenylephrine, saline and 

hydralazine on the area under curve 

(AUC) for mean arterial pressure 

(MAP) for the whole protocol period, 

where the stimulus was maintained 

continuously for 0.5, 2, 6 and 10 h in 4 

separate group of rats (n = 3 each). 

Statistical comparisons were made with 

saline treatment group, at the particular 

time point, using one-way ANOVA 

with Dunnett’s multiple comparison 

tests; ∗p ≤ 0.05, ∗∗p ≤ 0.01 and ∗∗∗p ≤ 

0.001. Data are expressed as 

mean ± SEM, n = 3.   

  

http://topics.sciencedirect.com/topics/page/Anesthetics
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Figure 4.2: Effect of three different treatments (intravenous infusion of phenylephrine, 

saline or hydralazine) on the number of Fos-ir neurons in the RVLM region  

(A) Fos-ir decreases in response to intravenous continuous infusion of phenylephrine. (B) Fos-

ir stays minimal in response to intravenous continuous infusion of saline. (C) Fos-ir increases 

in response to intravenous administration of hydralazine. Scale bar = 20 μm. (D) Number of 

Fos-ir neurons in the RVLM region when stimuli were provided for 0.5, 2, 6 and 10 h in four 

separate group of rats (n = 3 each). ∗Statistical comparisons were made with the saline 

treatment group, at the particular time point, using the Chi-square test for goodness of 

fit; ∗p ≤ 0.05, ∗∗∗p ≤ 0.001 and ∗∗∗∗p ≤ 0.0001. #Statistical comparisons were made between 

phenylephrine and hydralazine treatment groups, at the particular time point, using the Chi-

square test for goodness of fit; #p  ≤0.0001. Data are summed for n = 3. 
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4.4.2 Microglial-neuronal relationship under homeostasis 
Microglia (Iba1) are homogenously distributed in the cardiovascular nuclei of the brainstem, 

the CVLM (Figure 4.3A) and the RVLM (Figure 4.3B), and create a network with their 

processes covering the entire neuronal parenchyma. Microglial packing density varies 

depending on the neuronal packing density (Figure 4.3B). Microglial processes were observed 

to be in closer contact with the dendrites of TH+ RVLM neurons than the neuronal cell body 

(Figure 4.3B, C and E). Microglial processes were observed to wrap themselves around the TH+ 

neuronal cell body (Figure 4.3D and Movie 4.1) and dendrites (Figure 4.3E and Movie 4.2).  

4.4.3 Induction of acute hyper- and hypo- tension causes microglia to change their 

pattern of distribution in the ventrolateral medullary nuclei  

4.4.3.1 Overall number of microglia  

 CVLM  

Following intravenous administration of hydralazine, a change in the total number of microglia 

was only seen 6 h after the stimulus (Figure 4.4A), with a slight yet significant increment in the 

number of microglia (increased by ≈12% from 661 to 742; p ≤ 0.05). This increase returned to 

normal 10 h after hypotension (Figure 4.4A). Intravenous infusion of phenylephrine did not 

induce any changes in the overall number of microglia in the CVLM (Figure 4.4A). 

 RVLM  

Continuous intravenous infusion of phenylephrine for 0.5 h did not change the overall number 

of microglia (Figure 4.4B). However, following 2 h of phenylephrine infusion the number of 

microglia significantly increased by ≈14% (from 596 to 683; p ≤ 0.05) in the RVLM region 

when compared with saline (Figure 4.4B). These increased numbers of microglia returned to 

normal baseline levels at 6 h (Figure 4.4B) and remained unchanged 10 h following induction 

of hypertension (Figure 4.4B). No significant change in the number of microglia was observed 

in the hydralazine treatment group at any of the 4 time points analysed, when compared with 

saline treated group. 

4.4.3.2 Inter-microglial distance  

 CVLM (Figure 4.5B-E) 

Induction of acute hypertension causes a rapid, but short term, change in the homogenous 

distribution of microglia. The number of microglia with an inter-microglial distance of ≈13 µm 

increased from 4 to 13 (p ≤ 0.05) when compared with the saline group, following 0.5 h of 
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phenylephrine infusion (Figure 4.5B). This subtle change in the distribution of microglia 

returned to normal within 2 h of hypertension induction and stayed that way at subsequent time 

points (Figure 4.5C-E).  

No rearrangement in the distribution of microglia was seen following hydralazine 

administration at 0.5 or 2 h (Figure 4.5B and 5C). However, at the 6-h time point, significant 

differences were seen in microglial distribution during acute hypotension. Increased numbers 

of microglia were observed with an inter-microglial distance of ≈ 23 µm (increased by 19; p ≤ 

0.05) and 33 µm (increased by 38; p ≤ 0.05), when compared with saline (Figure 4.5D). These 

changes were not observed following 10 h of acute hypotension (Figure 4.5E).  

 RVLM (Figure 4.5F-I) 

A spatial distribution analysis revealed that the number of microglia with an inter-microglial 

distance of ≈ 13 µm increased from 0 to 7 (p ≤ 0.01), when compared with saline, following 2 

h of phenylephrine infusion (Figure 4.5G). Following 6 h of phenylephrine infusion, significant 

differences were observed in the number of microglia with an inter-microglial distance of ≈ 28 

µm, indicating the resumption of microglial homeostatic distribution. The number of microglia 

with an inter-microglial distance of ≈ 28 µm increased from 44 to 68 at 6 h (p ≤ 0.05) (Figure 

4.5H) and from 67 to 98 (p ≤ 0.05) at 10 h (Figure 4.5I).  

Data from induced hypotension showed a decrease in the inter-microglial distance starting at 2 

h, continuing at 6 h and returning to normal at 10 h. The number of microglia at 2 h with an 

inter-microglial distance of ≈ 33 µm increased from 136 to 181 (p ≤ 0.05) (Figure 4.5G). This 

distance between microglia continues to decrease to ≈ 23 µm (microglial number increased 

from 20 to 39; p ≤ 0.05) and 28 µm (microglial number increased from 44 to 77; p ≤ 0.01) at 6 

h time point (Figure 4.5H). These changes in the spatial distribution of microglia returned to 

normal at 10 h (Figure 4.5I).  
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Figure 4.3: Evidence of a close yet dynamic relationship between neurons (TH+ neurons) 

and microglia  

(A) Microglia are present in the CVLM region. Scale bar = 20 μm. (B) Surveilling microglia 

cover the parenchyma of the RVLM region with their dynamic processes. Tyrosine 

hydroxylase (TH, green) is a marker for adrenergic RVLM neurons. Scale bar = 20 μm. (C) 

Microglia are closely apposed to dendrites of TH+ RVLM neurons (white arrow) rather than the 

neuronal cell body (blue arrow). Scale bar = 20 μm. (See ((Kapoor et al., 2015)); image used 

with permission) (D) Microglial processes appear to penetrate a neuronal cell body (blue 

arrow). Scale bar = 10 μm. Also see Movie 4.1. (E) Microglial processes are wrapped around 

the dendrite of a TH+ neuron in the RVLM region (white arrow). Scale bar = 2 μm. Also, see 

Movie 4.2.  
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Figure 4.4: Effect of intravenous infusion of phenylephrine, saline or hydralazine on the 

number of microglia in the ventrolateral medullary region of SD rat  

Number of microglia in the (A) CVLM and (B) RVLM, when stimuli were provided for 0.5, 2, 

6 and 10 h. Statistical comparisons were made with the saline treatment group, at the particular 

time point, using the Chi-square test for goodness of fit; ∗p ≤ 0.05. Data is summed from three 

animals. 
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Figure 4.5: Effect of intravenous infusion of phenylephrine, saline or hydralazine on the 

spatial distribution pattern of microglia in the ventrolateral medullary region of SD rat  

(A) Spatial distribution analysis: each image was divided into six equal parts using the grid 

feature in CorelDRAW X7. One microglia was chosen from each of these six regions and a 

series of six concentric circles were drawn centered around the soma of each of these microglia 

(modified Sholl analysis; see methods for details). Scale bar = 20 μm. Number of microglia 

plotted against the inter-microglial distance in the CVLM region when stimuli were provided 

for (B) 0.5 h, (C) 2 h, (D) 6 h and (E) 10 h and the RVLM region when stimuli were provided 

for (F) 0.5 h, (G) 2 h, (H) 6 h and (I) 10 h. Statistical comparisons were made with the saline 

treatment group, at the particular time point, using the Chi-square for goodness of fit; ∗p ≤ 0.05 

and ∗∗p ≤ 0.01. Data is summed from three animals. 
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4.4.4 Microglial contact with synapses increases with the induction of acute 

hypertension in the ventrolateral medullary nuclei 
Microglial end point processes (Iba1) were seen to be in close contact with neuronal synapses 

(Synapsin), in the CVLM (Figure 4.6A) and the RVLM (Figure 4.6B) region of the brainstem.   

 CVLM  

Microglial contacts with neuronal synapses increased following 0.5 h of phenylephrine infusion 

and remained elevated until 10 h (Figure 4.6C). At 0.5 h, the number of synapses in close 

contact with microglial end point processes increased by 44% (from 252 to 362; p ≤ 0.0001, 

Figure 4.6C). Following 2 h of phenylephrine infusion, the number of synapses in contact with 

microglia increased by 21% (from 312 to 378; p ≤ 0.05 Figure 4.6C). Similar microglial 

responses were observed at 6 and 10 (Figure 4.6C). Number of microglial processes in contact 

with synapses increased by 31% (from 387 to 507; p ≤ 0.0001) at 6 h and by 93% (from 289 to 

558; p ≤ 0.0001) at 10 h (Figure 4.6C). 

 RVLM 

In the RVLM, significant changes in the number of microglial processes contacting neuronal 

synapses started to appear following 6 h of phenylephrine infusion (Figure 4.6D). The number 

of synapses in contact with microglial end point processes increased by 32% (from 359 to 

473; p ≤ 0.0001) at 6 h and by 31% (from 404 to 529; p ≤ 0.0001) at 10 h (Figure 4.6D). 

4.4.5 Microglial contact with synapses decreases with the induction of acute 

hypotension in the ventrolateral medullary nuclei  

 CVLM  

Following 0.5 h of acute hypotension microglial contacts with neuronal synapses increased by 

32% (from 252 to 332; p ≤ 0.001; Figure 4.6C). Microglial contact with CVLM neuronal 

synapses decreases at 6 h (decreased by 35% from 387 to 252; p ≤ 0.0001) and returned to 

normal at 10 h (Figure 4.6C). 

 RVLM  

Microglial contact with the RVLM neuronal synapses, in response to induction of acute 

hypotension, decreases with the increase in the duration of the stimulus (Figure 4.6D). At 2 h, 

the number of synapses contacted by microglia decreased by 17% (from 333 to 278; p ≤ 0.05) 

and remained decreased at the following time points (Figure 4.6D). Number of synapses 
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contacted by microglial end point processes decreased by 21% (from 359 to 284; p ≤ 0.001) at 

6 h and by 25% (from 404 to 303; p ≤ 0.001) at 10 h.  

4.4.6 Microglia do not change their morphology in response to induction of acute 

hyper- or hypo- tension (Figure 4.7B-E) in the ventrolateral medullary 

nuclei 
Analysis of the % of area covered by microglia, number of end point processes per microglia 

and branch length (µm) per microglia at 40X magnification did not show any significant 

differences between treatment groups. This observation was consistent during induction of 

acute hyper- or hypo- tension in either CVLM (Figure 4.7B) or RVLM (Figure 4.7C). Analysis 

of microglial morphology (number of end point processes/ microglia and branch length (µm)) 

at higher magnification (63X) also did not show any significant changes in microglial 

morphological characteristics in either CVLM (Figure 4.7D) or RVLM (Figure 4.7E).  

4.4.7 Induction of acute hyper- or hypo- tension does not induce any microglial 

response in the nucleus ambiguus (sub compact, NAsc) 
The microglial response to induction of hyper- or hypo- tension in the NAsc served as a control 

to the microglial response in the CVLM and the RVLM. No significant differences were 

observed in the overall number of microglia (Figure 4.8A1 and A2), microglial spatial 

distribution (Figure 4.8B1 and B2), number of synapses co-localising with microglial end point 

processes (Figure 4.8C1 and C2) and microglial morphology (Figure 4.8D1 and D2), at either 

6 or 10 h time points, regardless of the provided treatment.  

4.4.8 Expression levels of M1 or M2 phenotype do not change with the 

disturbances introduced in BP in the ventrolateral medullary nuclei 
Iba1 (a pan marker for microglia) is known to label all microglia in the CNS regardless of their 

phenotype; M0, M1 or M2 (Figure 4.9A). The CD206/mannose receptor was used as a marker 

to identify activated microglia exhibiting a behavior similar to M2 type macrophages in the 

periphery (Figure 4.9B). The number of CD206+ microglia, co-localising with Iba1 expression 

(Figure 4.9C), was calculated and expressed as the percentage of CD206+ microglia to total 

microglia (% CD206+). The % CD206+ microglia, signifying the expression levels of M2 

microglial phenotype, did not vary significantly between the three treatment groups at any of 
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the four time points; 0.5, 2, 6 and 10 h, in either of the regions analysed i.e. the CVLM (Figure 

4.9D) or the RVLM (Figure 4.9E).  

In addition to this, experiments were performed to quantify the expression levels of the M1 

phenotype (labelled with CD16) in the CVLM and the RVLM region when animals were 

subjected to acute hyper- or hypo- tension at all of the four time points; 0.5, 2, 6 and 10 h. The 

results (Figure 4.9F) showed very slight, or no, expression of the M1 phenotype at any of the 

time points analysed, in any of the treatment groups, in either the CVLM or the RVLM region.  

These results were in accordance with other studies, which showed basal M2 expression levels, 

and lack of M1 expression in the absence of physical CNS injury (Perego et al., 2011).  
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Figure 4.6: Effect of intravenous infusion of phenylephrine, saline or hydralazine on the 

number of synapses in contact with the microglial end point processes in the ventrolateral 

medullary region of SD rat  

(A) Microglial end point processes in close contact with synapses (Synapsin) in the CVLM 

region (white arrows). Scale bar = 20 μm. (B) Microglial end point processes in close contact 

with synapses (Synapsin) in the RVLM region (white arrows). Scale bar = 20 μm. Yellow – 

Iba1, Green – TH and Violet – Synapsin. Number of microglia in contact with synapses in the 

(C) CVLM and the (D) RVLM when stimuli were provided for 0.5, 2, 6 and 10 h. Statistical 

comparisons were made with the saline treatment group, at the particular time point, using the 

Chi-square test for goodness of fit; ∗p ≤ 0.05, ∗∗p ≤ 0.01,∗∗∗p ≤ 0.001 and ∗∗∗∗p ≤ 0.0001. Data 

are summed from three animals.  
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Figure 4.7: Effect of intravenous infusion of phenylephrine, saline or hydralazine on the 

morphological characteristics of microglia in the ventrolateral medullary region of SD rat  

 (A) Quantification of morphological characteristics: binary images were ‘skeletonized’ with 

ImageJ and analyzed with the “AnalyzeSkeleton” plugin. Number of end point pixels (blue) 

and branch length (orange), obtained using AnalyzeSkeleton plugin of ImageJ, were normalized 

with the total number of microglia. Scale bar = 20 μm. The morphological characteristics 

examined at 40X magnification were: % of area covered by microglia calculated using ImageJ, 

Number of end point processes/microglia and branch length (μm)/microglia. Effect of 

intravenous infusion of blood pressure modulating drugs on the morphological characteristics 

of microglia (40X) in the (B) CVLM region and the (C) RVLM region where the stimulus was 

maintained for 0.5 h (B1 and C1), 2 h (B2 and C2), 6 h (B3 and C3) and 10 h (B4 and C4). The 

morphological characteristics examined at 63X magnification were: number of end point 

processes/microglia and branch length (μm)/microglia. Effect of intravenous infusion of blood 

pressure modulating drugs on the morphological characteristics of microglia (63X) in the (D) 

CVLM and the (E) RVLM region, where the stimulus was maintained for 0.5 h (D1 and E1), 

2 h (D2 and E2), 6 h (D3 and E3) and 10 h (D4 and E4). Kruskal–Wallis one-way analysis of 

variance didn’t show any significant difference between treatments. Data are expressed as 

mean ± SEM, n = 3.   
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Figure 4.8: Microglial response to the intravenous infusion of phenylephrine, saline or 

hydralazine in the nucleus ambiguus (sub compact; NAsc) at 6 and 10 h time point  

(A) Overall number of microglia at (A1) 6 h and (A2) 10 h. (B) Microglial spatial distribution 

at (B1) 6 h and (B2) 10 h. (C) No. of synapses in contact with microglial end point processes at 

(C1) 6 h and (C2) 10 h. (D) Microglial morphology: % of area covered, number of end point 

processes/microglia and branch length (μm)/microglia at (D1) 6 h and (D2) 10 h. The Chi-

square test for goodness of fit didn’t show any significant differences in the overall No. of 

microglia, microglial spatial distribution and number of synapses contacted by microglia. 

Statistical comparisons were made with the saline treatment group, at the particular time point; 

data is summed from three animals. Kruskal–Wallis one-way analysis of variance didn’t show 

any significant difference between treatment groups. Data are expressed as mean ± SEM, n = 3. 
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Figure 4.9: Effect of intravenous infusion of phenylephrine, saline or hydralazine on the 

expression levels of M1 and M2 phenotype in the brainstem region of SD rat 

(A) Microglia (Iba1, red) in the RVLM region. (B) M2 microglia (CD206, blue) in the RVLM 

region. (C) Merged image of (A and B) showing the co-localization (white arrows) of M2 

microglia and the Iba1 labeled microglia (pan marker for M0, M1 and M2). Scale bar = 20 μm. 

% CD206+ microglia in response to blood pressure altering drugs in the (D) CVLM and the (E) 

RVLM when stimuli were provided for 0.5, 2, 6 and 10 h. Statistical comparisons were made 

using Kruskal–Wallis one-way analysis of variance. Data are expressed as mean ± SEM, n = 3. 

(F) Representative images showing the expression levels of M1 phenotype (CD16, green, white 

arrow) and microglia (Iba1, yellow) in the CVLM and RVLM (TH, red) when stimuli were 

provided for 0.5, 2, 6 and 10 h. Scale bar = 20 μm.  
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4.5 Discussion 
The main finding of our study is that microglia do not play a passive role in the cardiovascular 

system but actively detect and respond to changes in the levels of BP; microglia dynamically 

change their distribution pattern and contacts made with synapses in response to changes in BP. 

Our first finding supports the hypothesis that microglia are well-placed to play a critical role 

within the CNS (Dworak et al., 2014; Hanisch and Kettenmann, 2007; Kettenmann et al., 2013; 

Wake et al., 2009) so as to ensure that cardiovascular autonomic neurons remain responsive to 

excitatory or inhibitory inputs. Secondly, our results reveal that microglia in the ventral medulla 

oblongata appear to monitor the local environment and respond to the magnitude and 

persistence of signals. Thirdly, increased or decreased levels of BP, ultimately affecting 

synaptic activity, changes microglial behavior. Interestingly, this microglial behavior is not 

manifested as polarization to activated microglial phenotypes, and does not require surveilling 

microglia to change their ramified morphology significantly. Instead, this modest change in 

microglial behavior may indicate an enhanced state of microglial alertness whereby they 

become more attentive to their local environment (Hanisch and Kettenmann, 2007; Kapoor et 

al., 2015; Karperien et al., 2013) . In response to increased BP, the spatial distribution of 

microglia is affected; as is the number of synapses contacted by surrounding microglia. On the 

other hand, decreased BP levels cause microglia to change their pattern of distribution, and 

reduce the number of synaptic structures contacted by microglial processes. This study is the 

first to describe the spatial distribution of microglia in the resting (saline) or ‘stressed’ states 

(hyper- or hypo- tension) within the ventral medulla of the brainstem that are critical for 

cardiorespiratory regulation. 

Our first finding provides evidence for the existence of a mesh created by the fimbria of 

surveilling microglia covering the entire neuronal population in the CVLM and the RVLM 

region of brainstem. This microglial state is also defined as the M0 phenotype, which precedes 

the M1 (inflammatory activated microglia) and M2 (anti-inflammatory activated microglia) 

phenotypes (Butovsky et al., 2014; Hu et al., 2012).  

Induction of acute hypertension increases the glutamatergic input to CVLM neurons of 

brainstem (Minson et al., 1997b; Oshima et al., 2012). This glutamate-mediated activation at 

synapses in the CVLM region induces a rapid microglial response (within 0.5 h), causing 

microglia to move closer to, and contact, synapses more frequently. The rearrangement in the 

pattern of distribution of microglia was a short-term response to increased BP levels and was 
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not seen at any subsequent time points. However, the increased microglial contact with neuronal 

synapses was a rapid and long-term effect and did not return to normal levels even following 

10 h of phenylephrine infusion. Augmented inhibitory output (GABAergic transmission) from 

CVLM neurons, in response to increased BP levels, shuts down neurons in the RVLM region 

(Pilowsky et al., 1985; Pilowsky et al., 2009). In the RVLM, microglial numbers increased and 

changed their distribution pattern following 2 h of continuous hypertension. This change 

observed in the spatial distribution of microglia did not change the level of synapses sampled 

by microglia. The number of synapses contacted by microglia, in the RVLM region, starts to 

increase at 6 h and remained elevated at 10 h. A lack of microglial response, in the RVLM 

region, following 0.5 h of hypertensive stimulus, may be attributed to microglia sensing the 

decreased synaptic activity in the RVLM region as a temporary disturbance. However, the 

persistence of stimuli in the RVLM alerts microglia to under-excited neurons.  

We performed the same study in another animal group where acute hypotension was induced, 

by intravenous administration of hydralazine. Lowering of BP reduces the excitatory 

(glutamatergic) inputs to the CVLM (Guyenet, 2006; Miyawaki et al., 1997; Pilowsky et al., 

2009). This reduced synaptic activity of CVLM neurons, in response to reduced glutamatergic 

input from nucleus of the solitary tract (NTS), caused microglia to increase the number of 

contacts made with synapses at 0.5 h. Following 6 h of hypotension, microglia changed their 

pattern of distribution and reduced the number of synaptic contacts. The initial increase (0.5 h) 

in microglial contacts with synapses, in the CVLM, may be a means by which microglia analyze 

the nature of any homeostatic disturbance. The lack of a microglial response at 2 h may be 

attributed to the possibility that microglia assess the homeostatic imbalance as a harmless 

change. The subsequent persistence of the stimulus may then lead to a microglial reaction. A 

reduction of inhibitory inputs from CVLM neurons reduces the levels of GABA in the synapses 

of RVLM neurons and leads to their over-excitation (Miyawaki et al., 1997; Miyawaki et al., 

2002a). This reduced synaptic activity of RVLM neurons induces a fairly rapid (following 2 h 

of treatment) change in microglial behavior causing inter-microglial distance to decrease until 

6 h of hypotension. This change in the spatial distribution of microglia is accompanied by a 

reduction in the number of synapses contacted by microglia. 

Our data strongly supports the hypothesis that microglia and neurons are constantly 

communicating with each other (Pocock and Kettenmann, 2007; van Rossum and Hanisch, 

2004). Any changes in neuronal activity are, more often than not, accompanied with changes 

in their neurochemistry that possess the power to disrupt the constitutive release of 
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neurotransmitters, released by neurons in homeostatic circumstances, such as GABA and 

glutamate (Pilowsky, 2014). Augmented, or reduced, synaptic levels of constitutively expressed 

neurotransmitters, depending on the stimulus, are sensed by microglia that may cause them to 

shift to an ‘alerted’ state. In this ‘alerted/ intermediate’ state, microglia monitor the local 

environment with extra vigilance by changing the level of synaptic sampling and conducting 

the required action (Hanisch and Kettenmann, 2007; Kapoor et al., 2015; Karperien et al., 

2013). This shift can be attributed to “on” (due to an increased synaptic activity) or “off” (due 

to a decreased synaptic activity) signalling mechanisms (Biber et al., 2007). In this study, the 

microglial behavior induced in response to increased BP levels/ synaptic activity, possibly via 

“on” signalling, causes rearrangement of their pattern of distribution and increases the number 

of synapses contacted by microglia. This microglial behavior might be necessary to conduct 

activities such as synaptic pruning (Miyamoto et al., 2013; Wake et al., 2009), to reduce the 

activity levels of affected synapses. Changes in microglial behavior observed in response to 

decreased BP levels/ synaptic activity, possibly via “off” signalling, can be attributed to their 

ability to release neurotrophic factors. Such factors may include insulin growth factor-1 (Ueno 

et al., 2013) and macrophage-colony stimulating factor (Murase and Hayashi, 1998) that may 

support, or increase, the activity of silent synapses. In the case of “off signalling”, we speculate 

that fewer microglia may spend longer with affected synapses. The rearrangement induced in 

the pattern of microglial distribution may or may not be accompanied by changes in the overall 

number of microglia. In our hands, the first signs of a microglial response, to the changes 

induced in the basal levels of BP, were observed in the CVLM region, in both hyper-, and hypo-

, tension.  

It is now believed that microglial responses to any stimuli can no longer be viewed as an “all 

or none” activity; rather, they elaborate a graded response (Kettenmann et al., 2011). At one 

extreme, microglia respond to damage caused by inflammation or other severe injury. At the 

other extreme, the findings presented here support the notion that microglia continuously 

interact with neuronal synapses in a homeostatic manner to maintain a physiologically balanced 

state (Miyamoto et al., 2013; Wake et al., 2009). CNS injuries can result in irreversible damage 

that requires dramatic morphological rearrangement of surveilling microglia, resulting in 

microglial polarization to either of the activated phenotypes; M1 or M2 (David and Kroner, 

2011; Perego et al., 2011). In our case, our morphological analysis revealed that brainstem 

microglia in cardiovascular nuclei do not significantly change their morphology when subjected 

to either hyper-, or hypo-, tension. This is further supported by the lack of significant changes 
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observed in the expression levels of M1 or M2 phenotype. Our data also reveal that the 

brainstem microglial response to increased or decreased levels of BP does not require an 

obvious change to an “activated phenotype”. Therefore, we speculate, in accordance with other 

studies, that the microglial behavior observed here is may be exhibited as an intermediate state 

by “alerted microglia” that succeeds the surveilling phenotype (M0), but precedes the activated 

phenotypes (M1/M2), that are observed during even mild disturbances in the local environment, 

and act to restore homeostasis (Hanisch and Kettenmann, 2007; Kapoor et al., 2015; Karperien 

et al., 2013). Recent literature suggests that microglia, in their ramified state, are capable of a 

number of neuro-supportive functions, including synaptic pruning (Tremblay et al., 2011), and 

release of neurotrophic substances (Karperien et al., 2013); this earlier work further supports 

the hypothesis for the existence of an ‘alerted’ microglial phenotype in addition to the quiescent 

M0, and activated M1/M2 states (Hanisch and Kettenmann, 2007; Karperien et al., 2013; 

Kettenmann et al., 2011). Our findings therefore illustrate a novel dimension to sympathetic 

neurophysiology, and illustrate the way that ‘alerted’ microglia may play a critical role in 

interacting with neurons to maintain a healthy CNS in normal homeostasis.      

Microglial migration to the site of injury enables them to execute their immune functions, and 

requires a highly dynamic morphology (Stence et al., 2001) that comes with the ability to cope 

with extreme cellular rearrangements in a short period of time (Janssen et al., 2014). There is a 

possibility that there may be subtle changes introduced in the morphology of surveilling 

microglia enabling them to change their pattern of distribution while they are in a normal but 

‘alerted’ state. Other studies also suggest that microglia may be capable of migrating short 

distances to conduct their housekeeping activities without acquiring an amoeboid morphology 

(Amadio et al., 2013; Karperien et al., 2013). 

Changes in the levels of BP, by loading or unloading of baroreceptors, affects the synaptic 

activity levels in the CVLM or the RVLM, fairly rapidly, within minutes of the provided 

stimulus (Miyawaki et al., 1997; Schreihofer and Guyenet, 2003). These rapidly induced 

changes in the levels of synaptic activity may be sensed by microglia in the vicinity of the 

affected synapses, and microglia may contribute to mechanisms such as baroreflex resetting. 

Baroreflex resetting is a mechanism by which the operating point of baroreceptor sensitivity 

changes, over a wide range of BP, and allows elevation of BP during appropriate behaviors, 

such as exercise (DiCarlo and Bishop, 2001; Guyenet, 2006). The earliest time point employed 

in our study was 0.5 h and the latest time point was 10 h; at 0.5 h, no significant changes in the 

microglial spatial distribution, except in the CVLM following phenylephrine infusion, were 
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observed. Microglia increased the number of CVLM neuronal synapses contacted at 0.5 h, 

following phenylephrine and hydralazine administration, but no changes were observed in the 

RVLM. We speculate that the persistence of the stimulus, rather than the appearance, evokes a 

more settled microglial response. However, the possibility that the microglial response to 

altered levels of BP, in the ventrolateral medullary nuclei, may begin and peak earlier than 0.5 

h cannot be ignored; further work at earlier time points would be needed to clarify such a 

possibility.  

Technical consideration: vertebrates under anesthesia cannot breathe adequately for longer 

durations without the aid of artificial ventilation: in this study, 6 h was the maximum. Thus, in 

the 10 h experiments animals were vagotomized (both left and right cervical vagus nerves were 

cut, to prevent inputs from pulmonary afferent nerves) and paralyzed with pancuronium 

bromide (to prevent entrainment of breathing to the ventilator (Pilowsky et al., 1990; Sun et al., 

2011)), and were artificially ventilated. In preliminary experiments combining the use of 

sodium pentobarbital, pancuronium bromide and phenylephrine, there was a severe 

deterioration in the condition of the animal. Thus, the anesthetic was changed to urethane, so 

that all 3 drugs (anesthetic, paralyzing agent and phenylephrine) could be administered in the 

same animal. The control experiments (saline), at the 10 h time-point were conducted, where 

the animals were treated in the same way as the test treatments (phenylephrine/ hydralazine), 

to rule out the effect of change in anesthetic and surgical procedures, and isolate the effect of 

altered BP, on the microglial response. The microglial response observed at the 10 h time point 

reached a ‘plateau phase’, where microglial response either returned to baseline or no new 

additional changes were observed at 10 h compared to 6 h. This is reflected in the data from the 

control experiments (10 h in the NAsc) where no changes were seen in the microglial number, 

spatial distribution, morphology or level of synaptic sampling, following 10 h of either hyper-, 

or hypo-, tension. 

In summary, we speculate that while changes in BP do not require polarization of microglia to 

an activation state, but that a transition to an ‘alerted’ state is essential to maintain a normal 

homeostatic environment. Microglia constantly sense changes in synaptic activity and change 

their pattern of distribution or packing density along with the level of synaptic surveillance, but 

without requiring an obvious transformation in their phenotype. The alertness induced in 

microglial behavior in response to synaptic activity variations may be attributed to the ability 

of microglia to conduct neuro-protective/ neuro-supportive activities such as synaptic pruning 
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or release of neurotrophic factors, to resume homeostasis without causing inflammation or long-

term neuronal damage (Figure 4.10).    

Our study, therefore, provides the first evidence concerning the relationship of microglia to 

cardiovascular neurons in the ventral brainstem. Importantly, the microglial response that 

follows imposed variations in BP does not induce a conventional inflammatory activation of 

microglia; revealing yet another function of surveilling microglia in the uninjured CNS. With 

increasing literature suggesting that microglial activation contributes to the exaggerated activity 

of the SNS (Shi et al., 2010a), we propose a plausible neuro-supportive role of microglia in the 

SNS.  
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Figure 4.10: Microglial alertness induced in response to changes in levels of blood 

pressure  

Baroreceptor afferent neurons located in the carotid sinus and aortic arch provide excitatory 

input (green) to the nucleus of the solitary tract (NTS) neurons in response to increased levels 

of blood pressure. Excited NTS neurons then activate (green) the caudal ventrolateral medullary 

(CVLM) neurons which in turn provide inhibitory input (blue) to rostral ventrolateral medullary 

(RVLM) neurons. This inhibition of RVLM neurons results in reduced sympatho-excitatory 

(dotted green) outflow to peripheral organs via neurons located in the intermediolateral (IML) 

cell column of the spinal cord. Modulations in arterial blood pressure levels further alter the 

levels of synaptic activity which in turn triggers “on” or “off” signaling alertness in microglial 

behavior. Low blood pressure levels (blue neurons) may cause “off” signaling microglial 

alertness resulting in microglia to move closer and reduce the number of synaptic contacts. 

Whereas, increased levels of blood pressure (red neurons) may trigger “on” signaling in 

microglial activity causing microglia to move closer to each other and increase the number of 

contacts made with synapses. 

 

Movie 4.1: 3D reconstruction of Figure 4.3D 

Demonstrating the proximity of microglial processes (Iba1, red) and cell body of a TH+ RVLM 

neuron (green). Microglial processes seem to penetrate a TH+ neuronal cell body in the RVLM. 

(Movies are included in .wmv format in the CD at the back of this thesis) 

 

Movie 4.2: 3D reconstruction of Figure 4.3E 

Demonstrating the morphological relationship between microglial processes (Iba1, red) and 

dendrite of a TH+ RVLM neuron (green). The microglial processes are wrapped around the 

neuronal dendrite. (Movies are included in .wmv format in the CD at the back of this thesis) 
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5.1 Abstract  
Microglia are the tissue resident macrophages of the central nervous system (CNS), and 

continuously survey their immediate environment for any homeostatic disturbances. Microglia 

are capable of detecting changes in neuronal activity levels by virtue of their close proximity to 

neurons and synapses. Microglia express receptors for almost every known neurotransmitter. 

Microglial processes constantly extend or retract in response to chemical gradients generated 

by changes in the activity of neurons. During over-activity of neurons/synapses, microglia 

remove synaptic structures leading to a more quiescent state. The caudal-, and rostral-, 

ventrolateral medullary (CVLM and RVLM, respectively) nuclei are critical in regulation of 

the cardiovascular system. Recently, an impairment in normal microglial physiology, leading 

to a failure to conduct housekeeping activities in the brain, was hypothesized to be involved in 

the pathology of hypertension. Here, we aimed to determine if the microglial response, in the 

ventrolateral medullary nuclei (VLM) of the brainstem, to induced alterations in blood pressure 

(BP) differs in normotensive and hypertensive rats.  To achieve this study, we induced acute 

hyper-, (phenylephrine infusion) or hypo-, (hydralazine bolus injection) tension in Wistar-

Kyoto rats (WKY) and spontaneously hypertensive rats (SHR). Microglia in the VLM 

dynamically change their spatial distribution and the extent of synaptic contact (% 

colocalisation between microglia and synapsin) in response to altered BP levels; this microglial 

behaviour does not induce significant changes in the microglial morphology. The key finding 

of this study is that the microglial response (pattern of distribution and % of colocalisation with 

synapses), to induced acute hyper-, (phenylephrine), or hypo- (hydralazine), tension, was 

impaired in the RVLM of SHR, when compared with WKY. The percentage of colocalisation 

between microglia (Iba1) and synapses (synapsin) increased by >70% in the RVLM of SHR, 

when subjected to either phenylephrine induced hypertension, or hydralazine induced 

hypotension. On the other hand, induction of phenylephrine induced hypertension caused a 

reduction (by ≈55%) in the percentage of colocalisation between microglia and synapsin in the 

RVLM of WKY; whereas, no changes were observed in the RVLM of WKY when subjected 

to hydralazine induced hypotension. Therefore, we speculate that the microglial physiology is 

impaired in the RVLM of SHR, which coincides with the hypertensive phenotype of SHR.  
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5.2 Introduction  
Microglia are an essential component of the central nervous system (CNS) (Hanisch and 

Kettenmann, 2007; Kettenmann et al., 2011), and are continuously monitoring their local 

environment, with the help of their dynamic processes, to maintain homeostasis in a healthy 

CNS (Kapoor et al., 2015; Nimmerjahn et al., 2005; Tremblay et al., 2011). Microglia are 

capable of sensing changes in neuronal activity due to their close apposition to neurons/synaptic 

structures (Kapoor et al., 2016b; Schafer et al., 2013; Shapiro et al., 2009), and due to the 

expression of receptors for almost every known neurotransmitter and neuropeptide, including 

glutamate, GABA, ATP and angiotensin receptors (Farber et al., 2005; Kapoor et al., 2015; 

Kettenmann et al., 2011; Liu et al., 2016; Pocock and Kettenmann, 2007). When subjected to 

disturbances in normal neuronal/synaptic activity, microglia sense the change, and respond by 

altering the frequency of contacts made with neuronal synapses (Tremblay et al., 2010; Wake 

et al., 2009). Microglia can perform many activities that lead to a resumption of homeostasis, 

ranging from release of neurotrophic factors (Karperien et al., 2013; Ueno et al., 2013) to 

removal of unhealthy synapses (synaptic pruning) (Kettenmann et al., 2013; Miyamoto et al., 

2013; Tremblay et al., 2010; Wake et al., 2009). Interestingly, microglia do not need to change 

their morphology, significantly, in order to conduct housekeeping activities, such as synaptic 

pruning  (Kapoor et al., 2016b; Kettenmann et al., 2013; Miyamoto et al., 2013; Tremblay et 

al., 2010; Wake et al., 2009). Only in situations of extreme physical injury do microglia acquire 

an amoeboid morphology (Stence et al., 2001), and polarize into either a, macrophage-like, 

neurotoxic (M1) or a neuro-protective (M2) phenotype (David and Kroner, 2011; Hu et al., 

2012; Wang et al., 2013a).  

As discussed in sections 1.2.1.5 and 1.2.1.6, the caudal and rostral ventrolateral medullary 

(CVLM and RVLM, respectively) nuclei in the brainstem are involved in almost every aspect 

of cardiovascular control by the sympathetic nervous system (SNS) (Guyenet, 2006; Pilowsky 

and Goodchild, 2002; Pilowsky et al., 2009). Data in Chapter 4 show that microglia in the VLM 

area are capable of responding to changes in blood pressure (BP) levels, and respond to altered 

BP by changing their spatial distribution and number of contacts made with synapses (Kapoor 

et al., 2016b).  

It is suggested that an impairment in normal microglial physiology (Liu et al., 2016; Rodríguez 

et al., 2016; Shi et al., 2010a; Shi et al., 2010b), or exaggerated vascular inflammation (Waki 

et al., 2010; Waki et al., 2011; Waki et al., 2013), in cardiovascular areas of the brain, may be 
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involved in the pathology of hypertension. Waki and colleagues reported that JAM-1 

(junctional adhesion molecule -1, a pro-inflammatory molecule), and monocyte 

chemoattractant protein-1, are over expressed in the nucleus of the solitary tract (NTS, section 

1.2.1.7) of spontaneously hypertensive rats (model for neurogenic hypertension; SHR) (Waki 

et al., 2007; Waki et al., 2008a; Waki et al., 2008b). Adenovirus mediated over-expression of 

JAM-1 in the NTS of Wistar-Kyoto rats (normotensive control for SHR; WKY) evoked a 

hypertensive response (Waki et al., 2007). Antagonism of microglial activation (with 

intracerebroventricular administration of minocycline) significantly attenuated the angiotensin-

II induced hypertension (Shi et al., 2010a). Furthermore, over-expression of IL-10 (an anti-

inflammatory cytokine; with adenovirus mediated gene transfer) in the PVN mimicked the anti-

hypertensive effects of minocycline (blockade of microglial activation) (Shi et al., 2010a). In 

addition, a physical CNS injury, such as ischemic stroke, induced reduced microglial activation 

in SHR than WKY (De Geyter et al., 2012). Therefore, based on these studies, it was proposed 

that impairment of neuro-inflammation (vascular inflammation or microglia) related molecules 

might contribute to the pathophysiology of neurogenic hypertension.  

Data in Chapter 3 show that microglia are ubiquitously distributed throughout the central 

autonomic regions of the brain that control the SNS in WKY and SHR, but their number varies 

with the tyrosine hydroxylase-immunoreactive (TH-ir) neuronal number (Kapoor et al., 2016a). 

Further to this, data in Chapter 3 also suggest that there are no basal differences in the number 

of microglia, or microglial morphology, between WKY and SHR (Kapoor et al., 2016a). It may 

be the microglial response to a homeostatic disturbance, which is different in SHR (compared 

to its normotensive phenotype) contributing to its hypertensive phenotype. Thus, the aim of this 

study was to identify if the microglial response to altered BP levels (homeostatic challenge) 

differs between SHR and WKY. This study was conducted at 2 different time points, based on 

the previous study (Chapter 4), 2 and 6 hours (h) (Kapoor et al., 2016b). Major findings from 

this study, in accordance with the previous work (Chapter 4 (Kapoor et al., 2016b)), are that, 

first, microglia in the ventrolateral medulla (VLM) of WKY and SHR are capable of sensing 

changes in their local environment evoked by alterations in BP. This microglial response, in the 

CVLM and the RVLM of WKY and SHR, is manifested as a change in their spatial distribution 

and the percentage of colocalisation with synapsin. Secondly, microglial response in the RVLM 

of SHR is different, regardless of the provided stimulus (acute hyper-, or hypo-, tension), when 

compared with the microglial response in the RVLM of WKY.  
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5.3 Experimental procedures 

5.3.1 Animals 
Experiments were conducted in 36 adult male rats from 2 different strains (WKY and SHR; 

n=18 each strain (300-400 g; Animal resource centre, Perth, Australia)) in accordance with the 

Australian code of practice for the care and use of animals for scientific purposes. All 

procedures and protocols performed were approved by the Sydney Local Health District Animal 

Welfare Committee and the Macquarie University Animal Care and Ethics Committee, Sydney, 

Australia.  

5.3.2 Tail-cuff phenotyping 

The hypertensive and normotensive phenotype of SHR and WKY, respectively, was determined 

by tail-cuff sphygmomanometery (non-invasive) at >18 weeks age, prior to using animals for 

further experiments. Detailed method for tail-cuff sphygmomanometery is included in section 

2.1.3 (Farnham et al., 2012). Hypertension was defined as a systolic BP of >180 mmHg and 

normotension was defined as a systolic BP of <150 mmHg (Figure 5.1).  

5.3.3 Experimental protocol  

5.3.3.1 Induction of acute hyper-, or hypo-, tension  

Experimental design included induction of acute hyper-, or hypo-, tension in WKY and SHR at 

2 different time points, 2 and 6 h. 3 treatment groups (phenylephrine induced hypertension, 

saline served as control and hydralazine induced hypotension) were included in the study at 

each time point (2 and 6 h) and in each strain (WKY and SHR). 3 repeats for each time point, 

each treatment group in each strain, were conducted. 3 treatment groups (phenylephrine, saline 

and hydralazine) *2 time points (2 and 6 h) *3 repeats each = 18 animals per strain (2 strains, 

WKY and SHR).  

Experimental protocol was followed as described previously (Kapoor et al., 2016b). In brief, 

animals were anaesthetised with sodium pentobarbital (50 mg/kg, i.p.; Cenvet Australia) mixed 

with atropine sulphate (to reduce bronchial secretions, 0.2 ml/ kg). The external jugular vein, 

the carotid artery and the femoral vein were cannulated to administer additional anaesthetic, 

measurement of AP and administration of BP modulating drugs, respectively. The depth of 

anaesthesia was monitored by observing reflex responses to nociceptive and tactile stimuli 
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(periodic tail/paw pinches), pupillary responses to light stimuli and corneal touch reflex 

(involuntary blink). Additional anaesthetic (i.v.) – sodium pentobarbital (1.5-2 mg) – was 

administered to eliminate the withdrawal response to nociceptive or tactile stimuli, or 

involuntary blink to corneal touch reflex. Temperature for all animals was maintained 

continuously, for the protocol period, between 36.5 °C and 37.5 °C using a rectal probe 

connected to a homeothermic heating blanket. The air flowing to animals was supplemented 

with 100% oxygen (at a rate of 0.5-1.0 l/min; please refer to section 2.1.4.1 for details).  

A continuous infusion of phenylephrine, at a dose of 10 µg/kg/ml, was maintained 

intravenously to induce acute hypertension, i.e. to increase BP by at least 40 mmHg (Graham 

et al., 1995). The infusion rate of phenylephrine was adjusted, when required, by at least 0.002 

ml/ min (at the dose of 60 µg/ml) to maintain elevated levels of BP (please refer to section 

2.1.6.1 for details) (Graham et al., 1995). A bolus injection of hydralazine, at a dose of 10 

mg/kg, was administered intravenously to lower BP by at least 40 mmHg and induce acute 

hypotension (Springell et al., 2005). Both animal groups, belonging to the saline control group 

and hydralazine induced hypotension group, received a continuous infusion of saline at a dose 

of 10 µg/kg/ml, to match the volume of saline infused in the phenylephrine treatment group. 

The concentration of drugs was adjusted to limit the maximum volume infused to 10 ml, over 

the whole protocol period, to avoid induction of hypervolemia.  

5.3.3.2 Perfusion and tissue processing 

At the conclusion of the infusion protocol, animals were deeply anaesthetized with sodium 

pentobarbital (>72 mg/kg i.v.; Cenvet Australia), and were perfused transcardially with ≈400 

ml of ice cold 0.1 M phosphate buffered saline (PBS), followed by fixation with ≈400 ml of ice 

cold 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Extracted brainstem tissue was fixed 

overnight in 4% paraformaldehyde in 0.1 M PBS (pH 7.4) at 4 °C, while shaking continuously. 

Brainstems were then sectioned transversely, using a vibrating microtome (VT1200S, Leica), 

at 40 µm and collected sequentially into 5 pots. These sections were stored in cryoprotectant 

solution (30% RNase free sucrose, 30% ethylene glycol, 2% polyvinylpyrrolidone in 0.1 M 

PBS) at -20 °C until processed for immunohistochemistry.  

5.3.3.3 Immunohistochemistry   

Immunohistochemistry was conducted as described previously in section 2.2.2 and 2.2.3 

(Kapoor et al., 2016a; Kapoor et al., 2016b). Briefly, free floating 40 µm brainstem sections 

were washed in 0.1 M PBS with 0.3% Triton X-100, 3 times for 30 min each, at room 
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temperature. After washing, sections were incubated for >48 h in TTPBSm (10 mM Tris-HCl, 

0.1 M PBS, 0.9% NaCl, 0.3% Triton X-100 and 0.1% merthiolate at pH 7.4), 10% normal 

donkey serum with primary antibodies (Appendix 1) at 4 °C while shaking. Sections were then 

washed 3 times for 30 min each in TPBS (10 mM Tris-HCl, 0.1 M PBS and 0.9% NaCl at pH 

7.4) and incubated overnight with secondary antibodies (Appendix 1) in TPBSm (10 mM Tris-

HCl, 0.1 M PBS, 0.9% NaCl and 0.1% merthiolate at pH 7.4) with 2% normal donkey serum 

at room temperature, while shaking. Sections were then washed in TPBS 3 times, for 30 min 

each, at room temperature while shaking. These sections were then mounted, caudal to rostral, 

on glass slides (Thermo Fisher Scientific), cover-slipped with Vectashield (H-1000, Vector 

Laboratories) and sealed with clear nail polish for imaging. 

5.3.4 Image acquisition  
Brainstem sections were imaged using a slide-scanning Axio Scan.Z1 microscope (ZEISS, 

Germany), at 20X or 40X magnification (depending on the target molecule), for subsequent 

analysis. Axio Imager Z2 (ZEISS, Germany) was used to acquire images, at 63X magnification 

with oil-immersion lens, concerning Iba1 labelled microglia and synapsin labelled synaptic 

structures. Each fluorophore was imaged individually with appropriate filter cubes (section 

2.3.2).  

LSM 510 Meta spectral confocal microscope (ZEISS, Germany) was used to acquire images to 

demonstrate a close morphological relationship between microglia and cardiovascular neurons.  

A rat brain atlas (Paxinos and Watson, 2007) was used to define the anatomical location of the 

neuronal population (the CVLM and the RVLM) analysed in this study, and the sampling of 

brainstem sections was similar to that in Chapter 4 (Kapoor et al., 2016b). The CVLM was 

defined as the area located in close apposition with A1 noradrenergic neurons (TH-ir) of the 

brainstem, between ≈12.8 mm and ≈13.6 mm caudal to bregma (Guyenet et al., 2004). The 

RVLM was defined as the area located medially to the spinal trigeminal tract, lateral to the 

pyramids, ventral to the nucleus ambiguus, populated with TH-ir neurons and spans rostro-

caudally from ≈12.00 mm to ≈12.8 mm caudal to bregma (Guyenet et al., 2004). 4 consecutive 

brainstem sections, separated by 200 µm, were chosen for each nuclei (the CVLM and the 

RVLM) between the defined bregma levels and were imaged.  
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5.3.5 Image analysis 
Microglial analysis was split into 4 categories: microglial spatial distribution (number of 

microglia and inter-microglial distance), microglial contact with synapses, morphology and 

polarisation into either M1 or M2.  

5.3.5.1 Fos-immunoreactivity (Fos-ir) and microglial spatial distribution 

Bilateral ‘Z-stack’ images from 4 consecutive sections for each VLM nuclei, the CVLM and 

the RVLM, at 40X magnification were obtained, covering an area of 400 µm X 400 µm, 30 µm 

in depth, at an interval of 0.62 µm, generating a stack of ≈ 46 Z slices, from each animal in each 

strain. Maximum intensity projections (MIP) of acquired ‘Z-slices’ were adjusted for brightness 

and contrast to highlight morphological characteristics of microglia. These MIP images, at 40X 

magnification, were used to quantify the overall number of Fos-ir neurons and microglia, and 

microglial spatial distribution (as previously described in section 2.4.3 and 4.3.5.1; Figure 5.8I) 

(Kapoor et al., 2016b). The number. of Fos-ir neurons and microglia were counted in acquired 

images; objects present at the boundary were excluded from final counts.  

5.3.5.2 Microglial contact with synapses  

Bilateral ‘Z-stack’ images of the CVLM (at ≈13.08 mm caudal to bregma) and the RVLM (at 

≈12.24 mm caudal to bregma) were obtained, at 63X magnification, covering an area of 400 

µm X 300 µm, 30 µm in depth, at an interval of 0.5 µm, generating a stack of ≈60 Z slices, for 

each animal in each strain. 10 microglia from each side, for the CVLM and the RVLM, were 

chosen, and microglial (Iba1) and synapsin images were imported into Image J (NIH, USA), in 

pairs, as 8-bit images. All images were thresholded at the same intensity to maintain consistency 

in the analysis The Image J plugin, ‘Colocalisation finder’, was then used to identify the % of 

area colocalising between each microglial (Iba1) and corresponding synapsin image (refer to 

section 2.4.3 for details).  

5.3.5.3 Microglial morphology  

MIP of bilateral ‘Z-stack’ images previously acquired at 40X magnification (for quantification 

of microglial spatial distribution) were processed for quantification of microglial morphological 

characteristics. Microglial morphology was quantified as described by Morrison and Filosa 

(Morrison and Filosa, 2013) (refer to section 4.3.5.1 and Figure 5.11A (Kapoor et al., 2016b)). 

Briefly, MIP images acquired at 40X magnification were imported into Image J as 8-bit images 

and ‘skeletonised’. The ‘skeletonised’ image was analysed using the ‘AnalyzeSkeleton’ Image 

J plugin (Plugin 2) to quantify the number of end points and branch length (µm), which when 
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normalised to the number of microglia in that specific frame, provides an indication of the 

microglial morphology. % of area occupied by microglia was quantified with the “measure” 

feature in Image J software (Plugin 4).  

Microglial morphological characteristics (number of end point processes/microglia and branch 

length (µm)/microglia) were also quantified for MIP images obtained at 63X magnification 

(Plugin 3).  

5.3.5.4 M1 and M2 phenotype quantification  

As seen in Chapter 4 (Kapoor et al., 2016b), none or very few M1 positive microglia 

(colocalisation of CD16 expression with Iba1) were seen in the CVLM (Figure 5.12) and the 

RVLM (Figure 5.12), regardless of the treatment group or time point or strain. Thus, 

expressions levels of M1 phenotype was not quantified.  

Bilateral ‘Z-stack’ images were obtained, at 20X magnification, covering an area of 900 µm X 

600 µm, 40 µm in depth, at an interval of 1.39 µm, generating a stack of ≈29 slices. MIP images 

were adjusted for brightness to highlight the microglial morphology (labelled with Iba1). 

CD206 was used to label activated microglia with M2 phenotype. Total number of microglia 

(Iba1-ir) were quantified with Image J (Plugin 1). Only the CD206+ microglia where the CD206 

expression colocalised with Iba1 expression were counted as M2 microglia (Figure 5.13). % of 

M2+ microglia was calculated from the number of CD206+ microglia and the total number of 

microglia (Iba1) in a region of interest.  

5.3.6 Data analysis and statistics 
GraphPad Prism version 6.05 was used to perform all the statistical tests. Numbers of Fos-ir 

neurons and microglia were treated as non-parametric non-continuous data, and data were 

pooled from 3 repeats for each strain for each treatment group at each time point, for each 

brainstem nuclei (Kapoor et al., 2016b). The number of Fos-ir neurons and microglia were 

analysed using the Chi-square test for goodness-of-fit (Kapoor et al., 2016a; Kapoor et al., 

2016b; Sokal and Rohlf, 2012). Parameters obtained highlighting microglial morphology, % of 

CD206+ microglia and % of colocalisation between microglia (Iba1) and synapses (synapsin) 

were treated as non-parametric continuous data, and were averaged across repeats and analysed 

using a Kruskal-Wallis one-way analysis of variance. Area under curve (AUC) values for MAP 

were normalised to baseline values (section 2.4.2) and were analysed using one-way ANOVA 
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with Dunnett’s multiple comparison tests. Systolic and mean BP values obtained from tail-cuff 

phenotyping of rats were analysed using Student’s t-test (unpaired).  

5.4 Results  

5.4.1 Tail-cuff phenotyping of WKY and SHR 
The systolic BP for, conscious and restrained, WKY (>18 weeks of age) was 140.3 ±2.19 

mmHg (Figure 5.1). On the other hand, higher values for systolic BP (198.1±3.2 mmHg) for 

SHR (>18 weeks of age) were recorded (Figure 5.1). At this stage, the normotensive and 

hypertensive phenotype of WKY and SHR, respectively, was confirmed before proceeding to 

the experimental protocol.  
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Figure 5.1: Tail-cuff phenotyping of 

WKY and SHR  

Systolic blood pressure (SBP) values 

were recorded for WKY and SHR via 

tail-cuff sphygmomanometery. WKY 

had a SBP of 140.3±2.19 mmHg and 

SHR had a SBP of 198.1±3.2 mmHg. 

Hypertension was defined as a SBP of 

>180 mmHg and normotension was defined as a SBP of <150 mmHg. Therefore, WKY and 

SHR used in this study were normotensive and hypertensive, respectively. Data are expressed 

as mean ±SEM. Statistical significance was determined by a Student’s T-test. *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001 and ****p ≤ 0.0001.  
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5.4.2 Induction of acute hyper-, or hypo-, tension in WKY and SHR 
Mean arterial pressure (MAP) for WKY following continuous intravenous infusion of 

phenylephrine (10 µg/kg/min) rose rapidly by at least 40 mmHg (Figure 5.2A shows a 

representative BP trace). Continuous intravenous infusion of phenylephrine, at a dose of 10 

µg/kg/min, maintained additional hypertension in SHR (Figure 5.2B shows a representative BP 

trace). However, over time, MAP raised by phenylephrine had a tendency to return to baseline 

values, regardless of the strain. As mentioned previously, and seen in Chapter 4, prolonged 

periods of phenylephrine infusion leads to desensitization of α1-adrenoreceptors in periphery 

(Kapoor et al., 2016b; Minami et al., 1997). MAP values for animals infused with saline, 

serving as control group, did not change significantly over time for either WKY or SHR (Figure 

5.2C and D).  

Within a min of hydralazine administration (10 mg/kg), MAP for WKY (Figure 5.2 E shows a 

representative BP trace) and for SHR (Figure 5.2 F shows a representative BP trace) fell by at 

least 40 mmHg, inducing acute hypotension in both strains of rat. The hypotensive effect of one 

bolus intravenous injection of hydralazine (10 mg/kg) was sustained until the end of the 

protocol in both WKY and SHR at both time points, 2 and 6 h.  

Comparison of AUC values for MAP for WKY and SHR showed that significant differences 

were induced in baseline levels of BP, when treated with either phenylephrine or hydralazine, 

for the whole protocol period, 2 h (Figure 5.3A) and 6 h (Figure 5.3B).  
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Figure 5.2: Effect of intravenous infusion of phenylephrine, saline or hydralazine on AP, 

in WKY and SHR  

Continuous intravenous infusion of phenylephrine at a dose of 10 µg/kg/min, in A. WKY and 

B. SHR, induced acute hypertension. Continuous intravenous infusion of saline (at the rate of 

10 µg/kg/min) served as a control group in WKY (C) and SHR (D). A bolus intravenous 

injection of hydralazine (10 mg/kg), followed by a continuous intravenous infusion of saline 

(at the rate of µg/kg/min), in E. WKY and F. SHR, induced acute hypotension. Black arrows 

show the start of treatment and green arrows show the reflex response to a nociceptive stimulus 

to check the depth of anaesthesia. Scale bar = 10 min.  
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Figure 5.3: Effects of intravenous infusion of phenylephrine, saline or hydralazine on 

MAP, of WKY and SHR, for 2 time points, 2 and 6 h  

Effect of intravenous administration of phenylephrine, saline or hydralazine on the area under 

curve (AUC) for mean arterial pressure (MAP) for the whole protocol period, where the 

stimulus was maintained continuously for either 2 h (A) or 6 h (B) in 2 separate group of rats 

(n=3 each treatment). Data are expressed as mean ±SEM. Statistical significance was 

determined by one-way ANOVA with Dunnett’s multiple comparison tests. *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. 
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5.4.3 Fos-ir increases in the RVLM in response to hypotension 
As previously done in Chapter 4, Fos-ir levels for WKY and SHR at both, 2 and 6 h, time points 

were only quantified in the RVLM to validate the effect of stimuli (phenylephrine induced 

hypertension or hydralazine induced hypotension) on neuronal activity. Overall, higher levels 

of Fos-ir were seen in the RVLM in response to hydralazine induced acute hypotension, in both 

strains of rats, WKY (Figure 5.4C) and SHR (Figure 5.4F).  

At the 2 h time point, Fos-ir drastically increased in the RVLM of both, WKY (by 120%, 

increased from 93 to 205; p ≤ 0.0001) and SHR (by 221%, increased from 75 to 241; p ≤ 

0.0001), when treated with hydralazine (inducing acute hypotension) (Figure 5.5A). No 

significant differences were observed in Fos-ir levels in the RVLM of WKY when subjected to 

phenylephrine induced hypertension for 2 h (Figure 5.5A). However, Fos-ir in the RVLM of 

SHR increased by 53% (increased from 75 to 115; p ≤ 0.01), when treated with phenylephrine 

for 2 h (Figure 5.5A). Fos-ir in the RVLM of both, WKY (lower by 107; p ≤ 0.0001) and SHR 

(lower by 126; p ≤ 0.0001), was lower in the animal group treated with phenylephrine than the 

group treated with hydralazine, at the 2 h time point (Figure 5.5A).  

Similar to the 2 h time point, maintenance of hypotension (induced by hydralazine) for 6 h 

induced enhanced levels of Fos-ir in the RVLM of both, WKY (by 308%, increased from 69 to 

282; p ≤ 0.0001) and SHR (by 194%, increased from 71 to 209; p ≤ 0.0001) (Figure 5.5B). 

Despite the continuous infusion of phenylephrine for 6 h, Fos-ir in the RVLM of WKY 

increased by 191%, when compared with saline (increased from 69 to 201; p ≤ 0.0001) (Figure 

5.5B). However, Fos-ir levels were higher in the RVLM of WKY when treated with hydralazine 

than phenylephrine (higher by 81; p ≤ 0.001) (Figure 5.5B). No significant differences were 

observed in Fos-ir levels in the RVLM of SHR, when subjected to phenylephrine induced 

hypertension for 6 h (Figure 5.5B)  
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Figure 5.4: Fos-ir levels in response to intravenous infusion of phenylephrine, saline or 

hydralazine in the RVLM of WKY and SHR  

Induction of acute hypertension via continuous infusion of phenylephrine reduced Fos-ir 

expression levels in both WKY (A) and SHR (D). Minimal Fos-ir was observed following 

continuous infusion of saline in WKY (B) and SHR (E). On the other hand, a bolus injection of 

hydralazine significantly increased expression levels of Fos-ir in the RVLM of WKY (C) and 

SHR (F). TH expressing C1 neurons of the RVLM are in red and Fos-ir neurons are in green. 

Scale bar = 20 µm. (Brightness and contrast of images was intentionally adjusted for better 

visualization of TH neuronal dendrites and Fos-ir nuclei) 
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Figure 5.5: Quantification of Fos-ir levels in the RVLM, of WKY and SHR, when 

subjected to intravenous infusion of phenylephrine, saline or hydralazine, for 2 and 6 h  

Fos-ir expression levels were significantly higher in the RVLM of both WKY and SHR, when 

subjected to hydralazine induced hypotension, for 2 h (A) and 6 h (B). See section 5.4.3 for 

details. All statistical comparisons were made between treatment groups (phenylephrine or 

hydralazine) and the saline group, at the particular time point; no comparisons were made across 

time points. Data are pooled from 3 animals, in each treatment group, at each time point, for 

each strain. Statistical significance was determined by the Chi-square test for goodness of fit. 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001  
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5.4.4 Microglial-neuronal relationship  
Microglia (Iba1) are ubiquitously distributed in the CVLM (Figure 5.6A and B) and the RVLM 

(Figure 5.6C and D) of both strains of rats, WKY and SHR. In some cases, microglial processes 

were closely apposed to TH neuronal dendrites in the RVLM of both WKY (Figure 5.6E) and 

SHR (Figure 5.6F). In line with the observations of Chapter 4 (Kapoor et al., 2016b), a 

microglial process seemed to penetrate through a TH neuronal cell body (Figure 5.6G). Multiple 

microglial cell bodies were seen to be in close proximity to each other (Figure 5.6H and Movie 

5.1); this suggests that within a brain nucleus, microglial distribution is not homogenous, and 

the inter-microglial distance (IMD) is highly dynamic. 
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Figure 5.6: Morphological relationship between microglia and cardiovascular neurons in 

the CVLM and the RVLM of WKY and SHR  

Microglia (Iba1, red) are ubiquitously distributed throughout the CVLM of WKY (A) and SHR 

(B), and the RVLM of WKY (C) and SHR (D). TH expressing C1 neurons of the RVLM are in 

green. Scale bar = 20 µm. (P.T.O. for rest of the Figure 5.6) 
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Figure 5.6: Morphological relationship between microglia and cardiovascular neurons in 

the CVLM and the RVLM of WKY and SHR  

Microglial processes (Iba1, red) are in close contact with TH neuronal dendrites in the RVLM 

(white arrows in orthogonal projections) of WKY (E) and SHR (F). G. A microglial process in 

the RVLM of WKY seem to penetrate through a TH neuronal cell body (white arrows in 

orthogonal projections). H. Multiple microglial cell bodies in the RVLM of SHR are in close 

proximity to each other showing that IMD is variable within a brain nucleus (white arrows in 

the image and in orthogonal projections). Also, see Movie 5.1. TH expressing C1 neurons of 

the RVLM are in green. Scale bar = 20 µm.  
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5.4.5 Microglia change their pattern of distribution in response to disturbances 

introduced in BP 

5.4.5.1 Number of microglia  

No significant changes in the overall number of microglia were observed at any one of the two 

time points (2 and 6 h), regardless of the brainstem area (CVLM/RVLM), in WKY rats when 

treated with either phenylephrine or hydralazine (Figure 5.7).  

 CVLM 

Significant changes in the number of microglia were only observed following the induction of 

hypotension (hydralazine) in the CVLM of SHR. The number of microglia increased by ≈10% 

(from 728 to 807; p ≤ 0.05) in the CVLM of SHR when subjected to hypotension for 2 h (Figure 

5.7A). Following 6 h of hydralazine induced hypotension, the number of microglia in the 

CVLM of SHR decreased by ≈13% (from 850 to 739; p ≤ 0.05) (Figure 5.7B).  

 RVLM 

No significant changes in the number of microglia were observed in the RVLM of SHR 

following 2 h of hypotension (Figure 5.7C). However, following 6 h of hypotension, the number 

of microglia in the RVLM of SHR decreased by 11% (from 935 to 829; p ≤ 0.05) (Figure 5.7D).  

5.4.5.2 Spatial distribution   

 CVLM 
o WKY 

No changes in the microglial pattern of distribution were observed in the CVLM of WKY in 

response to intravenous infusion of phenylephrine, at either 2 h (Figure 5.8A) or 6 h (Figure 

5.8C). Following hydralazine induced hypotension, the number of microglia with an IMD of 

≈33 µm increased from 134 to 182 (p ≤ 0.01, Figure 5.8A). These changes were not seen at the 

6 h time point (Figure 5.8C).  

o SHR 

With regards to SHR, following the infusion of phenylephrine for 2 h, the number of microglia 

with an IMD of ≈33 µm increased from 148 to 195 (p ≤ 0.05, Figure 5.8B) and with an IMD of 

≈ 23 µm increased by 56% (from 53 to 83; p ≤ 0.05, Figure 5.8B); an effect that persisted at the 

6 h time point (microglia with an IMD of ≈ 23 µm increased from 53 to 30; p ≤ 0.05, Figure 

5.8D). Induction of hypotension (hydralazine) for 2 h caused the number of microglia with an 
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IMD of ≈33 µm to increase from 148 to 189 (p ≤ 0.05, Figure 5.8B); this effect was not seen at 

the 6 h time point.    

 RVLM 
o WKY 

Consistent with the microglial response seen in the CVLM following phenylephrine infusion 

in WKY, no changes in the microglial pattern of distribution were observed in the RVLM of 

WKY (Figure 5.8E and G). On the other hand, hydralazine administration in WKY introduced 

changes in the microglial spatial distribution, in the RVLM, at the 2 and 6 h time point. The 

number of microglia with an IMD of ≈28 µm increased from 73 to 112 (p ≤ 0.01, Figure 5.8E) 

following 2 h of hypotension (hydralazine). Following 6 h of hydralazine induced hypotension 

in WKY, the number of microglia in the RVLM continued to move closer; the number of 

microglia with an IMD of ≈23 µm increased from 20 to 39 (p ≤ 0.05, Figure 5.8G).  

o SHR 

Induction of acute hypertension (phenylephrine) caused the IMD in the RVLM of SHR to 

decrease; the number of microglia with an IMD of ≈18 µm increased from 14 to 39 (p ≤ 0.001, 

Figure 5.8F), and the number with an IMD of ≈23 µm increased from 39 to 68 (p ≤ 0.01, Figure 

5.8F). Following infusion of phenylephrine for 6 h in SHR, changes seen in the microglial 

spatial distribution at the previous time point (2 h) in the RVLM started to return to normal; the 

number of microglia with an IMD of ≈28 µm increased from 133 to 179 (p ≤ 0.01, Figure 5.8H).   

At the 2 h time point, following hydralazine treatment in the SHR, the number of microglia 

with an IMD of ≈23 µm increased from 39 to 61 (p ≤ 0.05, Figure 5.8F). Following 6 h of 

hypotension in SHR, the number of microglia with an IMD of ≈18 µm, ≈23 µm and ≈28 µm 

decreased in the RVLM (Figure 5.8H). The number of microglia with an IMD of ≈18 µm 

decreased from 25 to 7 (p ≤ 0.01), with an IMD of ≈23 µm decreased from 57 to 37 (p ≤ 0.05), 

and with an IMD of ≈28 µm decreased from 133 to 99 (p ≤ 0.05, Figure 5.8H).  

Changes introduced in the microglial spatial distribution, in WKY and SHR, in response to 

provided stimuli (phenylephrine induced hypertension and hydralazine induced hypotension) 

are summarized in a tabular form in Figure 5.8J.  

  



 CHAPTER 5 – MICROGLIAL PHYSIOLOGY IS IMPAIRED IN SHR 

 

Page | 225  
 

 

 

 

 

Figure 5.7: Effects of intravenous infusion of phenylephrine, saline or hydralazine on the 

overall number of microglia  

Changes in the overall number of microglia in the CVLM (A and B) and the RVLM (C and D) 

of WKY and SHR, when subjected to phenylephrine induced acute hypertension, saline served 

as control or hydralazine induced acute hypotension, for 2 and 6 h. See section 5.4.5.1 for 

details. All statistical comparisons were made between treatment groups (phenylephrine or 

hydralazine) and the saline group, at the particular time point; no comparisons were made across 

time points. Data are pooled from 3 animals, in each treatment group, at each time point, for 

each strain. Statistical significance was determined by the Chi-square test for goodness of fit. 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001.  
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Figure 5.8: Effects of intravenous infusion of phenylephrine, saline or hydralazine on the 

IMD of microglia  

Changes in the spatial distribution of microglia in the CVLM (A-D) and the RVLM (E-H) of 

WKY and SHR, when subjected to phenylephrine induced hypertension, saline served as 

control or hydralazine induced hypotension, for 2 and 6 h. I. An example of a microglial image 

with 6 concentric circles drawn around the cell body to quantify the IMD. J. Summary of data 

represented in graphs A–H in a tabular form. All statistical comparisons were made between 

treatment groups (phenylephrine or hydralazine) and the saline group, at the particular time 

point; no comparisons were made across time points. Data are pooled from 3 animals, in each 

treatment group, at each time point, for each strain. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and 

****p ≤ 0.0001.  
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5.4.6 Microglia (Iba1) dynamically change the % of colocalisation with synapses 

(synapsin) in response to alterations in BP 
Microglial cell bodies and end point processes (Iba1) colocalise with synaptic structures 

(synapsin) in the CVLM and the RVLM of both WKY and SHR (Figure 5.9) 

 CVLM 
o WKY 

Following the induction of hypertension (phenylephrine) in WKY for 2 h, % colocalisation 

between microglia and synapsin increases by ≈66% (from 3±0.3 to 5±0.5, p ≤ 0.05; Figure 

5.10A). On the contrary, persistence of hypertension in WKY for 6 h causes % of colocalisation 

between microglia and synapsin to decrease by ≈28% (from 4.2±0.37 to 2.9±0.3, p ≤ 0.05; 

Figure 5.10B). Similar to hypertension, induction of hypotension for 2 h in WKY induces an 

increment of ≈42% in the % of co-localisation between microglia and synapsin (from 3.0±0.33 

to 4.3±0.39, p ≤ 0.05; Figure 5.10A); an effect that returned to normal at the subsequent time 

point, 6 h (Figure 5.10B). 

o SHR 

No changes were observed in the % of co-localisation between microglia and synapsin in the 

CVLM of SHR, when subjected to either hyper-, or hypo-, tension, regardless of the time point 

(Figure 5.10A and B).  

 RVLM  
o WKY 

Following the induction of hypertension for 2 h, the % of co-localisation decreased by ≈55% 

between microglia and synapsin in the RVLM of WKY (from 3.1±0.3 to 1.45±0.23, p ≤ 0.0001; 

Figure 5.10C); this effect returned to normal at the 6 h time point (Figure 5.10D). No significant 

changes were observed in the % of colocalisation between microglia and synapsin in the RVLM 

of WKY, when subjected to hydralazine induced hypotension, at either time point (2 or 6 h; 

Figure 5.10C and D).  

o SHR 

Following induction of both, hyper-, and hypo-, tension, in SHR for 2 h, % of colocalisation 

between microglia and synapsin increased in the RVLM. % of colocalisation between microglia 

and synapsin in the RVLM of SHR following phenylephrine induced hypertension for 2 h 

increased by ≈133% (from 3.3±0.5 to 7.7±0.7, p ≤ 0.0001). Similarly, % of colocalisation 
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between microglia and synapsin in the RVLM of SHR following hydralazine induced 

hypotension for 2 h increased by ≈72% (from 3.3±0.5 to 5.7±0.54, p ≤ 0.0001; Figure 5.10C). 

However, persistence of the stimulus (either hypertension or hypotension) for 6 h evoked no 

significant changes in the % of colocalisation between microglia and synapsin (Figure 5.10D).  

Data presented in graphs, Figure 5.10A, B, C or D, are summarized in a tabular form in Figure 

5.10E.   
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Figure 5.9: Relationship between microglia (Iba1) and synapses (Synapsin) in the CVLM 

and the RVLM of WKY and SHR  

Microglia labelled with Iba1 (red) colocalised with synaptic structures labelled with synapsin 

(Syn, white). Colocalised pixels are shown in white circles in orthogonal projections. A. CVLM 

of WKY, B. CVLM of SHR, C. RVLM of WKY and D. RVLM of SHR. TH-ir RVLM neurons 

are in green. Scale bar = 20 µm.  
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Figure 5.10: Effects of intravenous infusion of phenylephrine, saline or hydralazine on the 

% of colocalisation between microglia (Iba1) and synapses (synapsin)  

Changes in the % of colocalisation between microglia and synapses in the CVLM (A and B) 

and the RVLM (C and D) of WKY and SHR, as quantified with ImageJ (see method for details), 

when subjected to phenylephrine induced hypertension, saline served as control or hydralazine 

induced hypotension, for 2 and 6 h. E. Summary of data represented in graphs A–D in a tabular 

form. All statistical comparisons were made between treatment groups (phenylephrine or 

hydralazine) and the saline group, at the particular time point; no comparisons were made across 

time points. Data are expressed as mean ±SEM. Statistical significance was determined by a 

Kruskal-Wallis one-way analysis of variance. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p 

≤ 0.0001.  
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5.4.7 Microglia do not change their morphology in response to disturbances 

introduced in BP levels   
Microglial morphological characteristics were analysed at 2 different magnifications, 40X and 

63X. 3 different microglial morphological characteristics were analysed at 40X magnification: 

% of area covered by microglia in a region of interest, number of end point processes/ microglia 

and branch length (µm)/ microglia. At 40X magnification, regardless of the treatment 

(phenylephrine/hydralazine) or the strain (WKY/SHR) or the time point (2 or 6 h), no 

significant changes in microglial morphology were observed in either the CVLM (Figure 

5.11B-E) or the RVLM (Figure 5.11 F-I).  

Similar results were seen at 63X magnification. 2 different microglial morphological 

characteristics analysed at 63X magnification were the number of end point processes/ 

microglia and branch length (µm)/ microglia. No significant changes in the microglial 

morphology were observed in either of the rat strain (WKY or SHR), regardless of the provided 

treatment (phenylephrine/hydralazine) or the time point (2 or 6 h), in either the CVLM (Figure 

5.11 J-M) or the RVLM (Figure 5.11N-Q).  

5.4.8 Microglia do not polarize to either M1 or M2 phenotype in response to 

disturbances introduced in BP levels  
Consistent with findings from Chapter 4 (Kapoor et al., 2016b), disturbances introduced in BP 

levels did not induce microglial polarization to extreme activated phenotypes, either M1 or M2.  

Very little, or almost no, M1 expression was seen following induction of either phenylephrine 

induced hypertension or hydralazine induced hypotension in WKY and SHR, in either the 

CVLM (Figure 5.12) or the RVLM (Figure 5.12), regardless of the time point, 2 or 6 h.   

With regards to the expression of M2 microglial phenotype, baseline expression levels were 

observed in both rat strains, WKY (Figure 5.13A2) and SHR (Figure 5.13B2). Only the CD206+ 

microglia (Figure 5.12A2 and B2) that were also positive for Iba1 (Figure 5.13A1 and B1) were 

counted as M2+ microglia (Figure 5.13A3 and B3). However, no significant changes in 

expression levels of M2 microglia were observed following alterations introduced in BP 

(phenylephrine or hydralazine) regardless of the strain (WKY or SHR) at any time point (2 or 

6 h), in either the CVLM (Figure 5.14A and B) or the RVLM (Figure 5.14C and D).  
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Figure 5.11: Effects of intravenous infusion of phenylephrine, saline or hydralazine on 

microglial morphology  

A. ImageJ quantification of microglial morphological characteristics (number of end point 

processes/microglia and branch length (µm)/ microglia) with ‘AnalyzeSkeleton’ plugin (see 

methods for details). Changes in microglial morphology were quantified under 2 different 

magnifications, 40X and 63X. Three characteristics of microglial morphology quantified under 

40X magnification were, % of area covered by microglia, number of end point 

processes/microglia and branch length (µm)/microglia. Two microglial morphological 

characteristics quantified at 63X magnification were, number of end point processes/ microglia 

and branch length (µm)/ microglia. No changes were observed in microglial morphology at 

40X in the CVLM (B-E) or the RVLM (F-I). No changes were observed in microglial 

morphology at 63X in the CVLM (J-M) and the RVLM (N-Q), of WKY and SHR, when 

subjected to phenylephrine induced hypertension, saline served as control or hydralazine 

induced hypotension, for 2 and 6 h. All statistical comparisons were made between treatment 

groups (phenylephrine or hydralazine) and the saline group, at the particular time point; no 

comparisons were made across time points. Data are expressed as mean ±SEM. Statistical 

significance was determined by a Kruskal-Wallis one-way analysis of variance. *p ≤ 0.05, **p 

≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001.  
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Figure 5.12: CD16 expression in response to intravenous infusion of phenylephrine, saline 

or hydralazine in WKY and SHR  

Induction of hypertension (phenylephrine), normotension (saline) or hypotension (hydralazine) 

did not induce CD16 expression in either the CVLM or the RVLM, of either WKY (A) or SHR 

(B). Iba1 labelled microglia are in yellow and TH expressing C1 neurons of the RVLM are in 

red. Scale bar = 20 µm.  
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Figure 5.13: CD206 expression in the ventrolateral medulla (VLM) of WKY and SHR  

A1 and B1 show the Iba1 labelled microglia (red) in the VLM of WKY and SHR, respectively. 

A2 and B2 show amoeboid shaped CD206+ M2 microglia (blue) in the VLM of WKY and SHR, 

respectively. A3 and B3 are merged images of Iba1 labelled and CD206+ microglia showing 

the colocalisation of Iba1 and CD206 in M2 microglia (white arrows). Scale bar = 20 µm. 
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Figure 5.14: Expression levels of M2 microglia in response to intravenous infusion of 

phenylephrine, saline or hydralazine in WKY and SHR.  

Induction of hypertension (phenylephrine), normotension (saline) or hypotension (hydralazine), 

for 2 and 6 h, did not induce any changes in the baseline expression levels of CD206 in the 

CVLM (A and B) or the RVLM (C and D), of either WKY or SHR. All statistical comparisons 

were made between treatment groups (phenylephrine or hydralazine) and the saline group, at 

the particular time point; no comparisons were made across time points. Data are expressed as 

mean ±SEM. Statistical significance was determined by a Kruskal-Wallis one-way analysis of 

variance. 

Movie 5.1: 3D reconstruction of Figure 5.6H 

Demonstrating the proximity of multiple microglial cell bodies in the RVLM of SHR. The inter-

microglial distance (IMD) is highly variable and microglia can breach each other’s surveilling 

territory. Exact factors determining an IMD are yet unknown. According to findings from 

Chapter 3 (Kapoor et al., 2016a), and as speculated by other studies (de Haas et al., 2008; 

Lawson et al., 1990; Nikodemova et al., 2014),  microglial distribution is closely related to, and 

is influenced by, their local neuronal environment. (Movies are included in .wmv format in the 

CD at the back of this thesis) 
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5.5 Discussion  
Our first finding is in accordance with findings from Chapter 3 (Kapoor et al., 2016a), which 

show that microglia are ubiquitously distributed in the VLM area of the brainstem in both 

strains of rat, WKY and SHR. Secondly, microglia dynamically change their pattern of 

distribution, and the % of colocalisation with synapses, in response to altered BP. In accordance 

with Chapter 4 (Kapoor et al., 2016b), microglial response to induced alterations in BP is neither 

manifested as a significant change in microglial morphology, nor does it induce microglial 

polarization to extreme activation phenotypes (either M1 or M2). Most importantly, as 

speculated in Chapter 3 (Kapoor et al., 2016a), the findings described here suggest that it is the 

‘microglial response’ to altered BP in the VLM area that is different in SHR when compared to 

WKY, and this impaired microglial response in the VLM of SHR coincides with the 

hypertensive phenotype of SHR.  

First, as seen in Chapter 3, microglia exhibit a ubiquitous, and heterogeneous, distribution in 

the VLM area of WKY and SHR (Kapoor et al., 2016a). In accordance with previous work 

(Kapoor et al., 2016a; Kapoor et al., 2016b; Schafer et al., 2013; Shapiro et al., 2009), our 

findings show that microglial processes are closely apposed to neuronal dendrites in both WKY 

and SHR; this makes it easier for microglia to sense, and respond to, changes in 

neuronal/synaptic activity levels.   

 Changes in microglial spatial distribution to altered BP  

Induction of acute hypertension, with intravenous administration of phenylephrine, increases 

neuronal activity in the CVLM (section 1.3.1 and (Chan and Sawchenko, 1998)). In WKY, 

phenylephrine induced hypertension did not induce any changes in microglial spatial 

distribution in the CVLM, at any time point (2 or 6 h). However, following infusion of 

phenylephrine, microglia in the CVLM of SHR moved closer relative to each other, at both 

time points (2 and 6 h). Enhanced CVLM neuronal activity in response to increased BP 

(phenylephrine) provides an inhibitory GABAergic input to RVLM neurons, reducing overall 

RVLM neuronal activity (section 1.3.1 and (Cravo and Morrison, 1993; Jeske et al., 1995; 

Minson et al., 1994)). Phenylephrine induced hypertension in WKY, at either 2 or 6 h time 

point, did not induce any changes in the pattern of distribution of microglia in the RVLM area. 

On the other hand,  in the RVLM of SHR, following the infusion of phenylephrine for 2 h, 

microglia moved closer relative to each other (up to 18 µm); however, microglia started to 

return to a normal IMD at the subsequent time point, 6 h.  



 CHAPTER 5 – MICROGLIAL PHYSIOLOGY IS IMPAIRED IN SHR 

 

Page | 240  
 

Intravenous injection of hydralazine evokes a hypotensive response, which causes unloading of 

baroreceptors (Graham et al., 1995; Springell et al., 2005; Stornetta et al., 2001). Unloading of 

baroreceptors, in turn, reduces the glutamatergic input to the NTS, further reducing excitation 

of CVLM neurons (section 1.3.1 and (Pilowsky and Goodchild, 2002; Pilowsky et al., 2009)). 

Changes in the CVLM neuronal activity, following the induction of hypotension (hydralazine) 

for 2 h, are detected by microglia in the vicinity causing the IMD to decrease in both WKY and 

SHR. Persistence of hypotensive stimulus for 6 h caused the IMD in the CVLM to return to 

normal levels in both WKY and SHR. Even though, no significant changes were seen in the 

IMD in the CVLM of SHR at the 6 h time point, following induction of hypotension 

(hydralazine), yet reductions were seen in the overall number of microglia. Reduced CVLM 

neuronal activity, in response to unloading of baroreceptors, evokes an enhanced neuronal 

activity in the RVLM (Chan and Sawchenko, 1994; Dun et al., 1993; Graham et al., 1995). This 

enhanced RVLM neuronal activity induced reductions in the IMD, at the 2 h time point, in both 

WKY and SHR; microglia in the SHR moved closer by ≈23 µm whereas in WKY, microglia 

moved closer up to 28 µm. On the one hand, persistence of hypotension for 6 h caused the IMD 

to continue to decrease in the RVLM of WKY; on the other hand, the IMD started to increase 

in the RVLM of SHR, which was accompanied by a reduction in their overall number.  

To summarize, microglia in both the CVLM and the RVLM of SHR moved closer relative to 

each other when subjected to either phenylephrine induced hypertension or hydralazine induced 

hypotension. No changes in the microglial spatial distribution were seen in either the CVLM or 

the RVLM in response to phenylephrine induced hypertension in SHR’s normotensive 

phenotype, WKY. At this stage, it is difficult to comprehend the reason behind a lack of any 

microglial response in the VLM area of brainstem of WKY, to phenylephrine-induced 

hypertension. One possible explanation is that the microglial response, for some reason, is 

disrupted in WKY rats. However, our main aim is to identify the difference between microglial 

response to altered BP levels observed in the VLM of WKY and SHR. So keeping the focus of 

experiments in mind, it is quite evident that induction of acute hypertension in SHR induces an 

exaggerated microglial response, compared to WKY, in the VLM (CVLM and RVLM) nucleus 

of the brainstem; this was seen in the form of rearrangement in microglial spatial distribution. 

In case of hypotension, the pattern of changes introduced in the microglial spatial distribution 

in the CVLM are similar in both WKY and SHR. However, an impaired microglial response 

was seen, with respect to their spatial distribution, in the RVLM of SHR as compared to WKY, 

following maintenance of hydralazine induced hypotension for 6 h; the IMD increased in SHR 
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rather than decreasing (as observed in WKY). Changes observed in the IMD, as seen in Chapter 

4 (Kapoor et al., 2016b), may or may not be accompanied by changes in the overall number of 

microglia. Subtle changes in the IMD may not result in significant variations in the overall 

microglial number in a given brainstem nucleus.  

 Changes in the % of colocalisation between microglia (Iba1) and synapses (synapsin) 

The presence of PSD95 immunoreactive-puncta, a marker of excitatory post-synaptic density, 

inside GFP labelled microglia revealed intra-microglial localization of synaptic proteins 

(Paolicelli et al., 2011). Therefore, Paolicelli et al., (2011) referred to the extent of 

colocalisation between microglia and synaptic markers (PSD95), confirmed by confocal, STED 

(stimulated emission depletion) and electron microscopy, as the degree of synaptic pruning 

performed by microglia (Paolicelli et al., 2011). Microglia are known to prune pre-synaptic 

structures, whereas the fate of post-synaptic structure and dendrite is still a question 

(Kettenmann et al., 2013; Wake et al., 2009). As we did not employ microscopy techniques 

such as STED or electronic microscopy, the percentage of colocalisation between microglia 

and synapses in this study was referred to as the extent of contact between these 2 structures. 

Therefore, any changes in the percentage of colocalisation between microglia and synapses 

highlight the level of synaptic sampling conducted by microglia.  

Following phenylephrine induced hypertension in WKY, an increased extent of contact (% of 

colocalisation) between microglia (Iba1) and synapses (synapsin) was observed. However, with 

the persistence of phenylephrine induced hypertension for 6 h in WKY, % of microglial 

colocalisation with synapsin in the CVLM reduced. At this stage it is unclear, if the reduced 

microglial colocalisation with synapses in the CVLM following 6 h of hypertension 

(phenylephrine) is a cause, or a result, of the tendency of BP to return to baseline levels 

following prolonged infusions of phenylephrine (Kapoor et al., 2016b). No changes in the % of 

colocalisation between microglia and synapsin were seen in the CVLM of SHR, following 

induction of hypertension (phenylephrine), which indicates an impairment of microglial normal 

behaviour in the CVLM of SHR (compared to microglial response in WKY).  

Following hydralazine induced hypotension, % of colocalisation between microglia (Iba1) and 

synapsin increased in the CVLM of WKY at the 2 h time point, and no response was seen in 

SHR; indicative of an impairment of microglial physiology in SHR. A previous study has 

shown that SHRs have a lower level of tonic activity in the CVLM that may be responsible for 

an exaggerated sympathetic nerve activity (SNA), as compared to WKY (Smith and Barron, 
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1990). Reduced tonic activity of the CVLM of SHR may cause subtle changes in neuronal 

activity levels in response to altered BP and therefore, may be one explanation for a lack of 

microglial response observed in the CVLM of SHR. However, these results should be treated 

with caution. As explained in the literature review, CVLM neurons are intermingled with A1 

neurons (section 1.2.1.6 and (Aicher et al., 1995; Paxinos and Watson, 2007)). Reduced BP 

levels exert an opposite effect on the A1 and the CVLM neuronal activity. GABAergic neurons 

of the CVLM are regulated by baroreceptor afferent neurons; reductions in BP causes 

reductions in the CVLM neuronal activity (section 1.3.1 and (Chan and Sawchenko, 1998; 

Pilowsky and Goodchild, 2002; Pilowsky et al., 2009)). However, reduced BP evokes an 

enhanced A1 neuronal activity (section 1.2.2.1 (Kannan et al., 1986; Li et al., 1992a)). No 

attempt in this study was made to distinguish between synapses of GABAergic CVLM neurons 

(GAD67+) and synapses of A1 neurons (TH+). Thus, it is difficult, within the scope of this 

study, to interpret the level of microglial-synaptic contact with CVLM neuronal synapses only, 

following induction of either hypertension (phenylephrine) or hypotension (hydralazine). In 

spite of that, a deviation in the expected microglial response in the CVLM of SHR when 

compared with WKY (in response to either phenylephrine induced hypertension or hydralazine 

induced hypotension), shows an impairment of microglial physiology in SHR.  

Induction of hypertension for 2 h in the RVLM of WKY caused a reduction in the % of 

microglial colocalisation with synapsin, whereas the same stimulus caused an increased % of 

microglial colocalisation with synapsin in the RVLM of SHR. A decreased % of colocalisation 

between microglia and synapsin in the RVLM of WKY suggests that microglia are spending 

longer in contact with synapses, indicative of a neuro-supportive microglial role (reduced 

synaptic pruning or increased release of neurotrophic factors) (Kapoor et al., 2016b). However, 

an impairment/exaggeration of the expected microglial response was observed in the RVLM of 

SHR (decreased % of colocalisation in the RVLM of WKY vs. increased % of colocalisation 

in the RVLM of SHR).  

Hydralazine administration induces reductions in BP levels, followed by reductions in 

GABAergic input from the CVLM (section 1.2.1.5), and an enhanced RVLM neuronal activity 

(shown by For-ir; Figure 5.5) (Graham et al., 1995). Regardless of disturbances introduced in 

synaptic/ neuronal activity levels, reduced BP levels were detected by microglia as a non-

harmful disturbance in homeostasis, inducing no change in the % of colocalisation between 

microglia and synapsin in the RVLM of WKY. On the other hand, an exaggerated microglial 

response in the RVLM of SHR to decreased BP levels was seen. The % of colocalisation 
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between microglia and synapsin increased in the RVLM of SHR following hydralazine 

administration. This again highlights an impaired/ exaggerated microglial response in the 

RVLM of SHR when compared with the RVLM of WKY.  

The impaired/ exaggerated microglial response seen in the RVLM of SHR, when compared 

with the RVLM of WKY, could be due to a compromised microglial physiology in the RVLM 

of SHR (Kapoor et al., 2016a); microglia in the RVLM of SHR may exhibit a hypervigilant M0 

state that responds to homeostatic disturbances in an exaggerated manner. An alternative 

interpretation to the impaired microglial response seen in the RVLM of SHR is the level of 

RVLM neuronal activity. As discussed earlier (section 1.2.1.5), the RVLM is also in receipt of 

glutamatergic inputs from brain areas, such as the NTS (Aicher et al., 1996) and the PVN (Yang 

et al., 2001), in addition to GABAergic input from the CVLM. It was previously suggested that 

tonically active glutamatergic input to the RVLM is increased in hypertensive rats (Ito et al., 

2000; Ito et al., 2001; Zha et al., 2013). Perhaps the ‘off’ balance between excitatory and 

inhibitory input to SHR RVLM neuronal synapses (Ito and Sved, 1997), following either 

phenylephrine or hydralazine administration, is manifested as an increased microglial-synaptic 

contact.  

In summary, an exaggerated level of microglial-synaptic contact (% of colocalisation between 

microglia and synapsin) was observed in the RVLM of SHR as compared to WKY, regardless 

of the treatment provided (phenylephrine or hydralazine). Microglial response to either hyper-

, or hypo-, tension, in the RVLM of SHR, was to initially increase the level of synaptic sampling 

(microglial-synaptic contact). Future studies differentiating between A1 and CVLM neurons, 

and quantifying the extent of microglial contact with CVLM neuronal synapses only  

(GABAergic synapses) will elaborate on the microglial response to altered BP levels in the 

CVLM of SHR.  

 General discussion  

Interestingly, as reported in Chapter 4 (Kapoor et al., 2016b), alterations in BP levels, regardless 

of the rat strain, do not induce significant changes in microglial morphology. This further 

supports the hypothesis that the microglial response to a physical injury, or disturbed 

homeostasis, is a gradual transformation in their phenotype (Kettenmann et al., 2011). An 

‘alerted’ microglial state does exist, where microglia are not entirely surveilling, and are alerted 

to homeostatic disturbances, yet have not acquired an activated amoeboid phenotype (Hanisch 

and Kettenmann, 2007; Kapoor et al., 2015; Kapoor et al., 2016b; Karperien et al., 2013; 
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Kettenmann et al., 2011). Acquisition of an extreme activated microglial phenotype indicates a 

point-of-no-return in microglial physiology (Kettenmann et al., 2011), which is not necessary 

in response to homeostatic deviations where microglial activities (such as synaptic 

pruning/release of neurotrophic factors) can control the situation and help resume homeostasis. 

Microglia are capable of performing neuro-supportive activities, such as synaptic pruning 

(Kettenmann et al., 2013; Tremblay et al., 2011) or release of neurotrophic factors (Elkabes et 

al., 1996; Kettenmann et al., 2011; Ueno et al., 2013) in normal brain.  

Changes seen in microglial spatial distribution, as observed in Chapter 4, further supports the 

hypothesis that microglia can displace their cell body over short distances to perform 

housekeeping activities (Kapoor et al., 2016b; Karperien et al., 2013). IMD is dynamic and 

fluctuates in response to persistence of a stimulus inducing variations in synaptic/neuronal 

physiology.  

In conclusion, regardless of the provided stimulus, microglia in the RVLM of SHR exhibit an 

impaired response to a homeostatic disturbance, which can be seen in the form of changes 

introduced in microglial spatial distribution and altered levels of microglial contact with 

synapses. We speculate, based on increased % of colocalisation between Iba1 and synapsin in 

the RVLM of SHR, that the initial response of microglia is to prune affected synapses, which 

shows an impairment of microglial physiology in SHR. This impairment of microglial 

physiology in the RVLM of SHR was not reflected in their morphology. However, one key 

question that remains to be resolved is whether the impaired microglial response observed in 

the RVLM of SHR is due to a compromised neuronal activity levels, or whether the failure of 

microglia to respond appropriately to altered BP is a reason of an exaggerated SNA in SHR, 

leading to their hypertensive phenotype. Future studies aimed at the characterisation of 

microglial response to modulations introduced in BP levels performed in young pre-

hypertensive SHRs (>18 weeks old), and age-matched WKY, would resolve the ‘what 

happened first: impairment in microglial physiology or hypertensive phenotype’ paradigm 

(pers. comm. with Prof. Ruth Stornetta). 
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Discussion  

Microglia, ‘never resting cells of the CNS’, play a crucial role in the maintenance of 

physiological homeostasis. Microglia, in their non-activated/surveilling/‘M0’ state, 

continuously scan their local environment with the aid of their dynamic processes for sudden, 

or gradual, appearance or disappearance of any unexpected or expected molecules, respectively 

(Biber et al., 2007; Kapoor et al., 2015; Nimmerjahn et al., 2005). When subjected to a physical 

injury threatening the integrity of the CNS, microglia sense the situation and polarize into 

extreme activation phenotypes (M1 or M2 depending on the insult), characterized by an 

amoeboid shape (David and Kroner, 2011; Stebbing et al., 2015; Stence et al., 2001). These 

activated microglial phenotypes are capable of conducting activities such as release of pro-

inflammatory cytokines and reactive oxygen species (M1) or release of anti-inflammatory 

cytokines (M2) (Crain et al., 2013; David and Kroner, 2011; Kettenmann et al., 2011).  

The SNS plays a critical role in the cardiovascular arm of the ANS. Brainstem areas, such as 

the NTS (section 1.2.1.7), the CVLM (section 1.2.1.6) and the RVLM (section 1.2.1.5), are 

involved in almost every aspect of the cardiovascular system including the modulation of 

adaptive reflexes, such the sympathetic baroreflex, the chemoreflexes or the SSR (section 1.3 

(Guyenet, 2006; Moreira et al., 2006; Pilowsky et al., 2009)). Despite the importance of 

brainstem regions, such as the CVLM and the RVLM, in homeostasis of physiological 

parameters such as BP, distribution and role of microglia in these regions is still unknown.  

The overall aim of this thesis was to characterise the microglial distribution and the microglial 

response to homeostatic disturbances induced by modulation of BP levels in cardiovascular 

sites of the brainstem that control the SNS, in 3 different strains of rat: SD (normotensive), 

WKY (normotensive control for SHR) and SHR (model of neurogenic hypertension). Main 

findings of this thesis are as following:  

Microglial distribution in catecholaminergic nuclei of the brainstem in spontaneously 

hypertensive and normotensive rats (Chapter 3 (Kapoor et al., 2016a))  

 Microglia are ubiquitously, and heterogeneously, distributed in catecholaminergic 

nuclei of the brainstem in all 3 strains of rats: SD, WKY and SHR.  

 Microglial morphology does not vary considerably within, and between, different 

strains of rats.  

 Number of microglia are closely related to the number of TH-ir neurons in 

catecholaminergic nuclei of the brainstem.  
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Microglial density and expression profile is highly influenced by their local neuronal 

environment (de Haas et al., 2008; Lawson et al., 1990; Mittelbronn et al., 2001; Nikodemova 

et al., 2014). Findings from Chapter 3 show that microglia are ubiquitously distributed 

throughout various catecholaminergic nuclei of the brainstem. TH-ir neurons are either 

adrenaline or noradrenaline synthesizing neurons of the brainstem that play an important role 

in the CNS. Interestingly, results from Chapter 3 show that the number of TH-ir neurons are 

not only involved in control of peripheral target organ activity (section 1.2.1 and 1.2.2), but are 

also strongly related to the number of microglia in a brainstem nucleus.  

However, at this stage, it is yet to be established if the microglial number is influenced by the 

TH-ir neuronal number or vice versa. This study highlights the extent to which microglial 

distribution is related to their local environment in the brainstem, catecholaminergic nuclei in 

particular.  

Microglial response to alterations in BP in the VLM of a SD rat (Chapter 4 (Kapoor et 

al., 2016b))  

 Microglia are in close proximity to neuronal dendrites and synaptic structures (synapsin) 

in the ventrolateral medulla (VLM) of the brainstem.  

 Microglia detect alterations in homeostatic levels of BP and respond to the same by 

changing their pattern of distribution (by moving closer relative to each other).  

 Microglia contact more synapses (synapsin) when subjected to acute hypertension.  

 Microglial contact with synapses (synapsin) decreases with reductions in BP.  

 Microglia do not change their morphology significantly or acquire extreme activation 

phenotypes, such as an M1 or M2 state, in response to disturbance in BP homeostasis.  

Findings from Chapter 4 show that microglia in the CVLM and the RVLM of the brainstem 

can detect changes in BP. Microglia can translocate their cell body in an amoeboid shape 

(Stence et al., 2001), over long distances, to reach an area of injury and conduct activities such 

as phagocytosis of debris and tissue repair (Hu et al., 2012; Kroner et al., 2014). However, data 

here show that microglia are capable of introducing subtle changes in their pattern of 

distribution in response to homeostatic challenges that do not threaten the physical integrity of 

the CNS.   
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Furthermore, our study shows, as shown in other areas of the brain, that microglia dynamically 

change the number of synapses contacted in response to homeostatic disturbances introduced 

their local neuronal environment (Li et al., 2012; Tremblay et al., 2010; Wake et al., 2009).  

A review of the available literature shows that CD206 is a commonly used marker for M2 

microglia. Many studies have used CD206, Ym1 and Arginase-1 as phenotypic markers for 

identification of M2 microglia (David and Kroner, 2011; Perego et al., 2011). Markers such as 

TGF-β are cytokines released by microglia (Kroner et al., 2014) and therefore, cannot 

phenotypically label microglia. Ym1 is a molecule that is associated with tissue recovery from 

an injury and its expression was reported 24 h following permanent middle cerebral artery 

occlusion; whereas expression of CD206 was observed 6 h post injury (Perego et al., 2011). 

Arginase-1 is a marker expressed by M2 microglia, which are contributing to wound healing 

and matrix deposition. A 2 fold increase in expression levels of both, CD206 and arginase-1, 

was observed 7 days following tissue injury and the expression was associated with the tissue 

recovery phase (Kroner et al., 2014). Another previous study shows similar results where 

expression of CD206 and arginase-1 were induced at approximately similar time post injury 

(Kigerl et al., 2009). Even in human studies, CD206 has proven to be a successful marker for 

identification of microglia in M2 state (Aron-Wisnewsky et al., 2009).   

In our study, due to a lack of physical injury to the CNS, and 10 h being the maximum time 

point analysed, CD206 was used as an early marker for detection of M2. Arginase-1 and Ym1 

expression levels are associated with wound healing and tissue recovery, and therefore were 

not explored in our study. 

Many studies have only used changes in microglial morphology as a marker of microglial 

activation (Dworak et al., 2012; Dworak et al., 2014; Morrison and Filosa, 2013; Rana et al., 

2010; Rana et al., 2014; Shi et al., 2010a). In these studies, microglial polarization to an 

amoeboid phenotype even after induction of extreme insults to the CNS was not observed, such 

as myocardial infarction (Dworak et al., 2012; Dworak et al., 2014; Rana et al., 2010) or 

temporary middle cerebral artery occlusion (Morrison and Filosa, 2013). In addition, 

researchers in the “microglia” field are moving away from the concept of presence of activated 

microglial phenotypes (M1/M2) in a healthy, non-injured, CNS (pers. comm. with Dr. Anja 

Majewska and Dr. Dorothy Schafer).  

Thus, we speculate that microglial reaction (manifested as altered microglial spatial distribution 

and altered level of synaptic sampling) observed in response to cardiovascular challenges, such 
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as modulation of BP, induces a microglial physiological state – ‘alerted microglia’. Microglia 

in their ‘alerted’ state are not entirely surveilling or dormant, but they are more vigilantly aware 

of their surroundings (compared to M0). ‘Alerted’ microglial state is neither accompanied by 

an obvious change in microglial morphology, nor does it require microglial polarisation to 

extreme activated phenotypes (M1/M2).  

Microglia in the CVLM and the RVLM of WKY respond to alterations in BP levels; a 

response that is compromised in SHR (Chapter 5)  

 Similar to SD, microglia are in close proximity to neuronal dendrites and synaptic 

structures (synapsin) in the VLM of the brainstem of WKY and SHR.  

 Microglial spatial distribution is dynamic and heterogeneous within a brainstem 

nucleus.  

 Microglia in the VLM of SHR respond to induction of acute hypertension (intravenous 

phenylephrine) by changing their pattern of distribution, whereas no response was seen 

in the VLM of WKY following the infusion of phenylephrine.  

 % of colocalisation between microglia (Iba1) and synapses (synapsin), reflecting the 

degree of synaptic sampling/pruning, increased in the RVLM of SHR regardless of the 

stimulus provided (phenylephrine induced hypertension or hydralazine induced 

hypotension). This shows an exaggerated microglial response in the RVLM of SHR to 

alterations in BP, as compared to WKY.   

 In accordance with results from Chapter 4, microglial morphology, or expression levels 

of activated microglial states (M1/M2), do not change significantly in response to 

altered levels of BP.  

A recent study showed that microglia in the PVN of stroke-prone SHR were comparatively 

smaller in size than the ones in WKY (Takesue et al., 2016). Inhibition of microglial activation 

(with oral minocycline) in stroke-prone SHR increased microglial size in the PVN, further 

supporting that microglial activation is a gradual, and reversible, process (Takesue et al., 2016). 

However, our morphological analysis (Chapter 3 and Chapter 5) shows that microglial 

morphology in the VLM of SHR and WKY is not significantly different. The discrepancy 

between these 2 studies could be due to different strains of rats used (stroke-prone SHR vs 

SHR) or due to difference in the area of the brain investigated (PVN vs VLM). As mentioned 

previously, SHR is a well-established model for neurogenic hypertension (section 2.1.2.3), 

whereas stroke-prone SHR is a model of hypertension-induced hemorrhagic stroke (Regenhardt 
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et al., 2014). Another possible explanation to the discrepancy in results between these 2 studies 

is the type of statistical tests used to analyse the data. Takesue et al., (2016) analysed microglial 

cell sizes using two-way ANOVA, whereas in our study, we used Kruskal-Wallis one-way 

analysis of variance to analyse the microglial morphological characteristics ((Takesue et al., 

2016) and Chapter 5).  

Similar to WKY, a lack of expression levels of M1 microglial phenotype was observed in saline 

treated SHR rats, in either the CVLM or the RVLM area. Taken together findings from Chapter 

3 and Chapter 5 suggest that no changes in microglial number, morphology or activation state 

exist at baseline in the VLM of SHR, when compared with WKY. Clearly, microglia in the 

VLM of SHR respond to altered BP levels in an impaired manner, as compared to WKY. 

However, it is unclear at this stage if the impaired microglial behaviour in SHR is a causative 

factor of their hypertensive phenotype, or is a result of enhanced SNA and affected neuronal 

activity levels in SHR.  

General Discussion  

Findings from Chapter 4 and Chapter 5 suggest that the initial response of microglia to 

administration of BP modulating drugs is to change their pattern of distribution, and move 

closer relative to each other. This microglial response was independent of the direction of 

induced BP alterations. Even though, phenylephrine and hydralazine exert opposing effects on 

the VLM neuronal activity (section 1.3.1 and (Guyenet, 2006; Pilowsky et al., 2009), microglia 

move closer relative to each other in both cases (please refer to section 4.4.3 and 5.4.5 for 

details); the exact reason behind this is yet to be established. However, we speculate that 

microglia in the VLM area change their spatial distribution in response to the magnitude and 

persistence of the stimulus rather than the direction of BP. Furthermore, many researchers have 

also suggested previously that microglia respond to both, appearance and disappearance, of a 

constitutively expressed stimulus (Biber et al., 2007; Hanisch and Kettenmann, 2007); the 

evidence supporting this phenomenon is yet missing.  

In Chapter 4, microglial contact with synapses increased in response to phenylephrine induced 

hypertension, and decreased in response to hydralazine induced hypotension (section 4.4). 

Again, this microglial response was independent of the changes induced in neuronal activity 

levels (Guyenet, 2006; Pilowsky et al., 2009), but varied with the direction of induced BP 

modulations. Whereas, in Chapter 5, inconsistent microglial response was seen with regards to 

the level of microglial-synaptic contact (please refer to section 5.5 for a detailed discussion). 
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One reason behind the inconsistency seen in findings between Chapter 4 and Chapter 5 could 

be the difference in method of analysis (please refer to section 2.4.3 for detailed methods). 

Synaptic contact with microglial end point processes was quantified in Chapter 4, whereas in 

Chapter 5, % of colocalisation between microglia (including cell body) and synapsin was 

quantified. As suggested by Paolicelli and colleagues, this may refer to the degree of synaptic 

pruning performed by microglia (Paolicelli et al., 2011). The alternative reason behind the 

discrepancy between findings from Chapter 4 and Chapter 5 could be due to the different strains 

of rats used, SD vs. WKY and SHR (section 2.1 and Chapter 3).  

Interestingly, as seen in Chapter 4 and Chapter 5, changes observed in the extent of microglial 

contact with synapses and changes in the microglial spatial distribution do not always occur 

simultaneously. This could be due to heterogeneity in the microglial population within a brain 

nucleus. Microglial density and expression of immune-regulatory proteins is highly dependent 

on their neuronal environment and thus, is region-specific (Chapter 3 and (de Haas et al., 2008; 

Lawson et al., 1990; Mittelbronn et al., 2001; Nikodemova et al., 2014)). Even within a regional 

microglial population, sub-populations of specialized microglia exist with specific expression 

profiles of immune-regulatory proteins, such as neurotrophins and TREM-2 (Elkabes et al., 

1996; Hanisch, 2013; Kettenmann et al., 2011; Schmid et al., 2002; Schmid et al., 2009). This 

cell-to-cell variability in microglia, within a brain nucleus, may explain the lack of 

synchronization between microglial response observed in context of their spatial distribution 

and degree of colocalisation with synapsin. Microglial population inducing a change in their 

pattern of distribution and microglial population varying the level of synaptic sampling may be 

from 2 different microglial sub-populations, within a brain nucleus.   

Technical considerations  

Several technical considerations have limited the scope of this work. First, the task of gaining 

a better understanding of the role of microglia in a healthy CNS requires use of state-of-the-art 

microscopy, and non-invasive, techniques. Employment of, easily available, extensively 

invasive techniques currently utilized in neuroscience (such as direct brain access, opening of 

skull or decapitation) may contribute to activation of microglia (Stence et al., 2001; Xu et al., 

2007). Experiments performed while characterising the antibody raised against CD16 (labels 

M1 microglia, Figure 2.3), showed that microinjection of drugs locally into specific areas of 

the brainstem lead to activation of microglia. For the purpose of this thesis, care was taken not 

to disturb the internal milieu of brainstem sites that are involved in the sympathetic control of 
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BP, to avoid microglial activation in response to surgical procedures. Thus, drugs widely used 

to alter BP levels with their peripheral actions, such as phenylephrine or hydralazine, were used 

to modulate BP levels.  

Secondly, the CVLM is an area, which is intermingled with neurons that are critical for 

cardiorespiratory functions, such as pre-bötzinger neurons (respiratory) and A1 neurons. A1 

neurons play an important role in the hypothalamo-pituitary-adrenal axis (section 1.2.2.1) and 

pre-bötzinger neurons are crucial for the generation of respiratory rhythm (Figure 1.9) (Moreira 

et al., 2006). A1 neurons are TH-ir (Chapter 3), and both, CVLM (Chan and Sawchenko, 1998) 

and pre-bötzinger neurons (Kuwana et al., 2006), are GABAergic and glycinergic. Thus, 

separation of the CVLM group of neurons from the pre-bötzinger group of neurons, with 

markers such as GAD67 (glutamic acid decarboxylase 67) without intracellular recordings, is 

a difficult task. No attempt was made in the present study to distinguish between CVLM, A1 

and pre-bötzinger neurons for the purpose of quantification of Fos-ir or microglial response. 

Our main aim was to identify if microglia in, and around, the CVLM area respond to changes 

in BP. Hence, future studies need to be conducted that aim at the identification of changes in 

microglial relationship with CVLM neurons in response to alterations induced in BP levels. 

Thirdly, without the use of electron microscopy, it is difficult to estimate the extent of physical 

proximity between microglial processes and neuronal structures, such as cell body, dendrites or 

synapses. Previously, it was shown that Iba1 labelled microglial cell bodies are adjacent to 

neurons and capillaries (Shapiro et al., 2009). Furthermore, close association and contact 

between microglia and synaptic structures has also been shown (Tremblay et al., 2010; Wake 

et al., 2009). Yet, the question whether microglial processes can penetrate the neuronal cell 

body, as raised in Chapter 4 and Chapter 5, remains unanswered. Future studies at ultra-

structural level will increase our understanding of the exact morphological relationship between 

microglia and neurons.  

BP is a physiological parameter, which is tightly regulated by various brain nuclei (section 1.2). 

The topographical organization of BP controlling neurons provides a wide ROI to be explored, 

in response to phenylephrine induced hypertension or hydralazine induced hypotension. Studies 

using advanced microscopy techniques, such as in vivo two photon imaging (Wake et al., 2009), 

targeting an individual microglia, and covering a smaller ROI, may have missed subtle changes 

introduced in the distribution pattern or microglial packing density in the ROI. Therefore, future 

studies employing advanced microscopy techniques, covering a wide ROI and at an ultra-
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structural level, to reveal mechanisms involved behind microglial behaviour (observed in 

Chapter 4 and Chapter 5), will surely enhance our understanding concerning microglial 

physiology and activation paradigm.  

In summary, further work is required to not only understand the role of microglia in 

hypertension, but to also identify techniques with minimal physiological manipulations. This 

will enable us to evaluate the nature and mechanism of changes introduced in microglial 

physiology or the extracellular matrix, when subjected to a homeostatic disturbance.  

Future directions  

The work conducted in this thesis has highlighted microglia as dynamic elements of the ANS, 

capable of sensing, and responding to, changes in their local environment, triggered by 

disruptions in BP homeostasis. To our knowledge, the work presented in this thesis is a first 

attempt at connecting microglia and the VLM region of the brainstem, in context of essential 

hypertension, in the absence of any injury or inflammation. Previous work focusing on the role 

of microglia in the VLM is either in response to systemic inflammation (Wu et al., 2012) or in 

response to myocardial infarction (Dworak et al., 2014).  

Much of the work connecting ‘brainstem sites involved in the sympathetic control of blood 

pressure’, ‘microglia’ and ‘essential hypertension’ is focused on brain regions other than the 

VLM, such as the supra-optic nucleus (Ayoub and Salm, 2003) or the PVN (Dworak et al., 

2012; Dworak et al., 2014; Liu et al., 2016; Rana et al., 2010; Rana et al., 2014; Shi et al., 

2010a; Takesue et al., 2016).  

Findings of this thesis have answered questions regarding the extent to which microglia are 

influenced by their neuronal environment in the VLM region, and the close relationship 

between microglia and cardiovascular neurons. However, it also raises a plethora of questions 

concerning our current understanding of microglia. With the current available understanding of 

microglia, it is quite difficult to identify the exact mechanism behind the observed microglial 

behaviour, and we can only speculate at this stage regarding the existence of ‘alerted microglial’ 

state.  

Alternative methods such as stimulation of the ADN (Abbott et al., 2009b; Kubo and Kihara, 

1988; Willette et al., 1987) will isolate the microglial response to changes in neuronal activity 

from side-effect of BP modulating drugs, such as the effect of hydralazine (lowering of BP) on 

respiratory neurons and the effect of continuous infusion of drugs (or saline) on tissue perfusion. 
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Clonidine is a sympatholytic drug that can cross blood brain barrier (Andre et al., 2009) and is 

known to exert its hypotensive effects via sites such as the RVLM (Punnen et al., 1987; 

Yamazato et al., 2001). Use of drugs such as clonidine will elaborate on current findings, to 

understand the extent to which microglia in the RVLM are affected in response to sympatho-

inhibition. Another factor that should be considered is the effect of anaesthesia on the microglial 

response to changes in BP. Studies have suggested that the use of an anaesthetic influences the 

response to a provided stimulus, and triggers a response pattern that is different from the one 

that could be seen in conscious animals (de Abreu et al., 2009; Lacerda et al., 2003). Thus, the 

use of an anaesthetic, such as sodium pentobarbital or urethane, may have evoked different 

microglial responses to alterations in BP as opposed to a situation where BP alterations would 

be induced in a conscious animal. Future experiments focusing on the microglial response to 

alterations induced in BP (either phenylephrine induced hypertension or hydralazine induced 

hypotension) in conscious animals will provide insights on the effects of anaesthesia on 

microglia.  

So far, attempting to predict the fate or role (neuro-protective or neurotoxic) of microglia in 

cardiovascular sites in the brain that control the SNS, following a conventional flow chart, is 

proving to be a formidable task. Inhibition of microglial function in vivo is a difficult task. 

Minocycline is a broad spectrum tetracycline that even though is known to inhibit microglial 

activation (Shi et al., 2010a) is not specific for microglia (Cai et al., 2010; Gonzalez et al., 2007; 

Stirling et al., 2004). Recent developments have suggested that even though the expression, and 

internalization, of anti-CD11b antibody (OX42) is specific for microglia, the internalization of 

this antibody also elicits a strong immune response (Smolny et al., 2014). The absence of 

substantial EGFP expression (conjugated to anti-CD11b antibody), in vitro and in vivo, and 

presence of non-specific fluorescent labelling, showed limitations of manipulating microglial 

gene expression (Smolny et al., 2014). Even though this study highlights CD11b as a potential 

and microglia specific target for future studies, it also provides further evidence that 

manipulations in ‘Microglial internal environment’ are a relatively challenging task (Smolny et 

al., 2014). Therefore, future research focusing on exogenous priming of microglia (Perry and 

Holmes, 2014) towards protective effects of M2 phenotype, rather than inhibition of microglial 

activity, may prove to be fruitful in 2 ways, 1) it will advance our understanding of the role of 

naïve (non-primed) microglia in a healthy CNS, and 2) will reveal therapeutic effects of M2 

microglial phenotype.  
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Conclusions (Figure 6.1) 

Studies described in this thesis provide novel data supporting the hypothesis that microglia play 

an important role in the function of a healthy, uninjured, VLM that controls the cardiovascular 

arm of the SNS (Figure 6.1). Here, we provide an evidence, for the first time, that microglia in 

the VLM area of the brainstem are highly dynamic, and respond to changes in their local 

neuronal environment triggered by alterations in BP. Microglia in the VLM area not only 

respond to disturbance in BP homeostasis, but also carefully tailor their response to the 

magnitude, and persistence, of changes introduced in BP homeostasis. Results described in this 

thesis show that microglia are heterogeneously distributed in brainstem catecholaminergic 

nuclei of the CNS. Very little, or no, expression of M1 microglia was observed in the CVLM 

and the RVLM, in absence of any physical injury. Basal expression levels of M2 microglia are 

present even in the absence of a physical injury, where CD206 expression colocalises with Iba1 

expression. Microglia in the VLM of the brainstem detect changes in BP, and respond to them 

by varying the IMD and the level of synaptic contact. Emerging evidence suggests that 

activation of microglia can no longer be viewed as an “all or none” process. Rather, it is a 

gradual, morphological and physiological, transformation of microglia, which is reversible up 

to the point where an extreme activation phenotype (M1 or M2) is acquired. Thus, in light of 

our findings, we speculate that the microglial response to changes in BP is due to an 

intermediate microglial ‘alerted’ physiological state, which precedes activation states (M1/M2) 

and succeeds surveilling/M0 state. Our data also reveal that microglial function in the VLM 

area of the brainstem is impaired in SHR as compared to WKY. However, this impairment of 

microglial function is more related to the difference in microglial physiology and microglial 

response to homeostatic disturbance, and is not manifested as significant basal differences in 

microglial number or morphology between SHR and WKY.  
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Figure 6.1: Microglia in the VLM region of the brainstem (controlling cardiovascular arm 

of the SNS) respond to altered BP  

A. Central autonomic regions in the brainstem (A1) are responsible for the maintenance of 

baseline levels of BP (A2). Any alterations in BP homeostasis cause changes in SNA, which in 

turn helps in the resumption of BP homeostasis; this pathway is known as the sympathetic 

baroreflex pathway. B. Work described in this thesis has added a 3rd dimension to BP 

homeostasis, i.e. microglia. As mentioned in panel A, the sympathetic baroreflex is a negative 

feedback loop system where baseline levels of BP and SNA are maintained in coordination with 

each other. The work described in this thesis shows that any changes in BP homeostasis (B2) 

affects microglial activity (B3) in the VLM area of the brainstem that is involved in the 

sympathetic control of BP (B1). Microglial response to altered BP levels is manifested as 

changes in the microglial spatial distribution and the level of synaptic sampling (conducted by 

microglia).     
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Appendix 1 
List of suppliers and product codes of all items used during the candidature   

Name Product code Company Country 

Agar  A1296-500G Sigma-Aldrich  Australia 

Atropine sulphate  1957699 Pfizer  USA 

Diethylpyrocarbonate (DEPC) D5758-25ML Sigma-Aldrich  Australia 

Ethylene glycol  324558-1L Sigma-Aldrich  Australia 

Hydrochloric acid  H9892-100ML Sigma-Aldrich  Australia 

Heparin  H1290 Cenvet Australia 

Hydralazine  H1753-10G              Sigma-Aldrich  Australia 

Sodium hydroxide S2770-100ML Sigma-Aldrich  Australia 

Pancuronium bromide  1256060 Pfizer USA  

Paraformaldehyde  158127-3KG  Sigma-Aldrich  Australia 

Phenylephrine hydrochloride  P1626-10G Sigma-Aldrich  Australia 

PBS tablets  P4417-100TAB Sigma-Aldrich  Australia 

Polyvinylpyrrolidone (PVP-40) PVP40-500G Sigma-Aldrich  Australia 

Potassium chloride  PA054-500G Chem-supply Australia 

RNAse free sucrose 84097-1KG Sigma-Aldrich  Australia 

Sodium chloride  SA046-3KG Chem-supply Australia 

Sodium Pentobarbital  N1660 Cenvet Australia 

Sodium phosphate dibasic 

(Na2HPO4) 
S3264-1KG               Sigma-Aldrich  Australia 

Sodium phosphate monobasic 

(NaH2PO4) 
S3139-1KG                      Sigma-Aldrich  Australia 

Thimerosal (merthiolate)  T5125-100G Sigma-Aldrich  Australia 

Tris buffer  T1503-1KG Sigma-Aldrich  Australia 

Triton X-100 T8787-250ML Sigma-Aldrich  Australia 

Urethane  U2500-100G Sigma-Aldrich  Australia 

Vectashield  H-1000 Abacus ALS Australia 
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Equipment Model Company Country 

Axio scan slide scanning 

microscope 

Axio scan. Z1 slide 

scanner Carl Zeiss Germany 

Axiocam digital camera HRm Carl Zeiss Germany 

Blood gas analyzer 

Vetstat Electrolyte and 

Blood gas analyzer IDEXX Australia 

BP amplifier BMA-931 CWE USA 

BP transducer 

Argon Critical care 

systems Singapore 

Cambridge Electronic 

Design ADC system  CED 1401 

Cambridge 

Electronic Design UK 

Cautery 

RB medical 

engineering Ltd. 

CO2 analyzer Capstar 100 CWE USA 

Epifluorescence microscope Axio Imager Z2 Carl Zeiss Germany 

Filter cubes: AMCA, FITC, 

Cy3 and Cy5 Semrock USA 

Homeothermic heating 

blanket  TC-1000 CWE 

IITC MRBP system  For rodents IITC Life Sciences USA 

Infusion pump 702208 Harvard Apparatus USA 

Leica confocal microscope SPE-II Leica Germany 

Medical Oxygen flowmeter G8801 Gascon Australia 

Oxygen Cylinder 202150 Coregas Australia 

Oxygen regulator (Series-O) 518800 Addtech+ Australia 

Polyethylene tubing  PE9050            

Microtube 

Extrusions Australia 

Silk sutures Pearsalls UK 

Ventilator Rodent ventilator 

UGO Basile 

Biological Research 

Apparatus Italy 

Vibratome VT1200S Leica Germany 

ZEISS confocal microscope 

LSM 510 Meta 

Spectral Carl Zeiss Germany 
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Name Version Company Country 

Corel Draw  X7  Corel cooperation  Australia  

End Note X7 Thomson Reuters USA 

GraphPad Prism  6.05 GraphPad Prism  USA 

Spike 2  8.01 Cambridge Electronic Design  UK 

Microsoft Office  2013 Microsoft  Australia  

Image J  1.50b  National Institutes of Health (NIH) USA 

Zen  2012 Carl Zeiss  Germany  

 

Primary and corresponding secondary antibodies used for immunohistochemistry 

experiments  

Name Immunogen Host/ 

clonality 

Company/ 

catalogue 

number 

Concen

tration 

used* 

Secondary 

antibody** 

CD16 Whole white blood 

cells (clone ASH 

1975) 

Mouse 

monoclon

al (IgG2a) 

US 

biological, 

Life 

Sciences/C2

267-32 

1:400 AlexaFluor488 

Goat anti 

Mouse – 115-

545-206  

CD206  Synthetic peptide 

derived from within 

residues 1400 to the 

C-terminus of Human 

Mannose receptor 

Rabbit 

polyclonal   

Abcam/ab6

4693 

1:2000 AlexaFluor 

488 Donkey 

anti Rabbit - 

711-546-152 

CD68 Synthetic peptide 

corresponding to 

mouse CD68 (internal 

sequence) 

Rabbit 

polyclonal  

Abcam/ 

ab125212 

1:2000 Cy3 Donkey 

anti Rabbit - 

711-166-152 
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c-Fos Synthetic peptide 

amino acid 2-17 in rat 

Guinea 

Pig 

polyclonal 

Synaptic 

Systems/22

6 004 

1:2000 AlexaFluor 

488 Donkey 

anti Guinea 

Pig - 706-546-

148 

Iba1 Synthetic peptide to 

C-terminus of Iba1

Rabbit 

polyclonal  

Wako Pure 

Chemical 

Industries, 

Ltd./019-

19741 

1:2000 Cy3 Donkey 

anti Rabbit - 

711-166-152

Iba1 Synthetic peptide: 

TGPPAKKAISELP 

Goat 

polyclonal 

Novus 

Biologicals/

NB100-

1028 

1:1000 Cy3 Donkey 

anti Goat - 

705-546-147

Synapsin Synthetic peptide 

“NYLRRRLSDSNFM

ANLPNGYMTDLRQ

P” corresponding to N 

terminus of rat 

synapsin protein  

Guinea 

Pig 

Polyclonal 

Synaptic 

Systems/ 

106004 

1:1000 AMCA 

Donkey anti 

Guinea Pig 

706-156-148

TH Rat PC-12 

pheochromocytoma 

cell tyrosine 

hydroxylase (clone 

TH-2) 

Mouse 

monoclon

al (IgG1) 

Sigma-

Aldrich/T12

99 

1:500 Cy5 Donkey 

anti Mouse – 

715-175-151

TH Synthetic peptide: 

CPRFIGRRQSLIEDA

RK 

Mouse 

monoclon

al (IgG1κ) 

Avanti 

antibodies/#

AV1 

1:100 Cy5 Donkey 

anti Mouse – 

715-175-151

Cy5 Goat anti-

mouse – 115-

175-205
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TH Full length native 

protein (purified) 

corresponding to rat 

TH protein 

Sheep 

polyclonal 

Abcam/ 

Ab113 

1:3000 Cy3 Donkey 

anti Sheep - 

713-166-147

*optimum concentration for all primary antibodies was determined by titration on the basis of

manufacturer’s recommendations using fixed brainstem tissue collected from SD rats perfused

with 0.1 M PBS followed by fixation with 4% paraformaldehyde.

**all the secondary antibodies were purchased from Jacksons Immunoresearch and used at 

1:500 concentration unless, otherwise stated 
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Version of record published as: Kapoor, K., Bhandare, A. M., Mohammed, S., 
Farnham, M. M. J., Pilowsky, P. M. (2016) Microglial number is related to the 
number of tyrosine hydroxylase neurons in SHR and normotensive rats, 
Autonomic Neuroscience, Vol. 198, pp. 10-18, 
https://doi.org/10.1016/j.autneu.2016.05.005. 
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Version of record published as: Kapoor, K., Bhandare, A. M., Nedoboy, P. E., 
Mohammed, S., Farnham, M. M. J., Pilowsky, P. M. (2016) Dynamic changes in 
the relationship of microglia to cardiovascular neurons in response to 
increases and decreases in blood pressure, Neuroscience, Vol. 329, pp. 12-29, 
https://doi.org/10.1016/j.neuroscience.2016.04.044. 
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Published as: Kapoor, K., Bhandare, A. M., Farnham, M. M. J., Pilowsky, P. M 
(2016) Alerted microglia and the sympathetic nervous system: a novel form of 
microglia in the development of hypertension, Respiratory Physiology & 
Neurobiology, Vol. 226, pp. 51-62, https://doi.org/10.1016/j.resp.2015.11.015. 
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Published as: P.E. Nedoboy, S. Mohammed, K. Kapoor, A.M. Bhandare, 
M.M.J. Farnham, P.M. Pilowsky (2016) pSer40 tyrosine hydroxylase 
immunohistochemistry identifies the anatomical location of C1 neurons in rat 
RVLM that are activated by hypotension, Neuroscience, Vol. 317, Pages 
162-172, https://doi.org/10.1016/j.neuroscience.2016.01.012. 
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Published as: Amol M. Bhandare, Komal Kapoor, Melissa M.J. Farnham, Paul 
M. Pilowsky, (2016) Microglia PACAP and glutamate: Friends or foes in 
seizure-induced autonomic dysfunction and SUDEP?, Respiratory Physiology 
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