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Abstract 
Essential hypertension, along with a number of other cardiovascular diseases, is 

characterised by a state of hyperactivity of the sympathetic nervous system. This 

pathological phenomenon may contribute to the aetiology of hypertension itself, and 

causes end-organ damage. Elucidating the underlying cause of this dysautonomic 

phenotype could therefore provide a more effective means of therapeutic intervention to 

improve outcomes. Essential hypertension also features a state of low-grade systemic 

inflammation, which is hypothesised to drive peripheral sympathetic hyperactivity. This 

thesis examined this potential link in the Spontaneously Hypertensive Rat (SHR). The 

resident immune cells of the sympathetic ganglia, blood and kidneys of the SHR were 

first, examined using flow cytometry, and compared to those of the Wistar rat. The main 

finding was a systemic reduction in the classical-to-non classical monocyte-macrophage 

ratio. However, preliminary data suggest this is not replicated in blood samples taken 

from a small number of essential hypertension patients and matched controls, which may 

reflect low statistical power. Using qPCR analysis, no differences were found in the 

expression levels of a range of inflammatory or anti-inflammatory cytokines, macrophage 

polarisation markers or oxidative stress markers between SHR and Wistar stellate ganglia, 

except for a significantly higher expression of the chemokine ccl2 in the SHR. Blood 

monocytes and bone-marrow derived macrophages (BMDMs) also did not show any 

inter-strain differences with regard to cytokines or polarisation markers. SHR stellate 

neurons were shown to exhibit greater [Ca2+]i transients than those of Wistar rats in 

response to either nicotinic stimulation or high [K+]o-evoked depolarisation. When co-

cultured with blood leukocytes, Wistar stellate neurons showed increased responsiveness 

to these stimuli, while SHR neurons did not. Interestingly, Wistar neuron [Ca2+]i 
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transients were enhanced by the presence of BMDMs, those from the SHR only increased 

in responsiveness with their own, and not Wistar, BMDMs. This BMDM-induced 

enhancement of Wistar neuron [Ca2+]i transients were not affected by combined blockade 

of IL-1β, TNF-α, and IL-6, nor did IL-1β or TNF-α affect stellate neurons in mono-

culture, suggesting these classical inflammatory cytokines are not involved in this effect. 

The results of this thesis suggest that SHR macrophages may play a role in driving stellate 

neuron hyperactivity in this model. Further elucidation of the role of this immune-

neuronal axis may help uncover new pathophysiological nodes for effective therapeutic 

intervention in essential hypertension and other dysautonomic conditions.
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I.1 Hypertension and sympathetic dysautonomia: the clinical situation 

The world faces a deadly and insidious pandemic. Hypertension, often defined as an 

arterial blood pressure ≥140/90 mmHg over a number of weeks, afflicts ~22% of the 

adult population worldwide (World Health Organization, 2014), and its complications are 

estimated as having led to 9.4 million deaths in 2010 (Lim et al., 2012), as the latest 

available yearly estimate. Most dangerously, this condition is usually asymptomatic until 

it produces its potentially lethal clinical sequelae, which include: heart disease, stroke, 

and other end organ damage. A recent study claimed that although diagnosis of 

hypertension has improved, as many as 20-60% of hypertensive individuals are unaware 

of this; a situation which is worse in lower income countries (Zhou et al., 2019; Geldsetzer 

et al., 2019). 

Medicine is currently falling short in its fight against this disease; ~10% diagnoses may 

be termed “true resistant hypertension” in which blood pressure remains above target 

despite concurrent use of ≥3 anti-hypertensive medications of different classes, and do 

not fit the exclusion criteria of white coat hypertension1 or non-adherence (Noubiap et 

al., 2019). In total at least 30% of treated hypertensive patients do not have adequate 

blood pressure control, suggesting that ~20% of patients exhibit either of the above 

exclusion criteria (Zhou et al., 2019; Geldsetzer et al., 2019). This group may still reflect 

some therapeutic inadequacy though. While patients with white coat hypertension do not 

actually have a higher risk of cardiovascular events or mortality (Cohen et al., 2019), poor 

compliance needs to be improved. Mutual planning and open discussion between 

physicians and patients will be necessary in order to achieve this (Hameed & Dasgupta, 

                                                           
1 White coat hypertension is defined as an office-measured blood pressure in the hypertensive range on at 
least three occasions, while 24 hour ambulatory blood pressure is ≤135/85 mmHg (Mancia et al., 2007). 
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2019), but as side effects are a key contributor to non-adherence (Burnier & Egan, 2019), 

new therapeutics with different mechanisms of action may be of benefit here. 

I.1.1 Sympathetic Dysautonomia 

As will be later discussed, essential hypertension is a complex multi-factorial disease 

involving a number of systems, including the vasculature, kidneys and the sympathetic 

nervous system. Not only might sympathetic nervous system hyperactivity be causative 

of blood pressure elevation, it certainly contributes to a range of associated end-organ 

pathologies. Moreover, heightened sympathetic tone is present in a number of other 

cardiovascular diseases, including heart failure (Floras, 2009), post-MI (Graham et al., 

2002; Moreira et al., 2017), and electrical storm (Tian et al., 2019). For this reason, study 

of hypertensive dysautonomia can serve as a potential model for the phenomenon in these 

conditions, and help improve treatments for this whole group of cardiovascular 

pathologies. 

I.2 Physiological Control of Blood Pressure 

The term blood pressure typically refers to that of the systemic arterial circulation, and it 

is measured as a pair of values: the pressure while the left ventricle is in systole (systolic), 

and that while it is in diastole (diastolic). The normal range for humans (in the form 

systolic/diastolic) is 90/60 to 120/80 mmHg. Mean arterial blood pressure (MAP) is 

directly dependent on two main variables: the volume of blood extruded by the left 

ventricle: cardiac output (CO), and the resistance of the arterial vessels, termed total 

peripheral resistance (TPR). This can be summarised in an equation, shown below, with 

central venous pressure (CVP) also incorporated, as it is the pressure difference between 

MAP and CVP which drives blood flow: 

Equation 1: 𝑀𝐴𝑃 = 𝐶𝑂 × 𝑇𝑃𝑅 + 𝐶𝑉𝑃 
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Changes in MAP can therefore be brought about by changing any of the variables on the 

right-hand side of this equation, although CVP is usually <6 mmHg and has very little 

direct influence on MAP. Examining the factors determining in turn controlling CO and 

SVR however, yields the following equations: 

Equation 2: 𝐶𝑂 = 𝐻𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 (𝐻𝑅) × 𝑆𝑡𝑟𝑜𝑘𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑆𝑉) 

Equation 3: 𝑆𝑉𝑅 =
଼×஻௟௢௢ௗ ௩௜௦௖௢௦௜௧௬ (μ) ×௏௘௦௦௘௟ ௟௘௡௚௧௛ (௅)

గ ×௏௘௦௦௘௟ ௥௔ௗ௜௨௦ (௥)ర
 

This reveals the ways in which MAP can be easily and rapidly controlled homeostatically: 

by modifying cardiac chronotropy (HR), inotropy (SV), or vasoconstriction/dilation (r). 

The latter is principally controlled by the smooth muscle-lined resistance vessels, the 

arterioles, and perhaps is able to exert the largest single influence on MAP, owing to its 

inverse power-of-4 relationship with SVR.  

I.2.1 The Baroreflex 

In the short-term, MAP is controlled by a neurovascular reflex known as the baroreflex, 

which is depicted in Figure 1, and aims to keep MAP constant in response to physiological 

challenges, such as orthostasis. Detection of a change in MAP by the baroreceptors leads 

to modulation of sympathetic output to the heart and vasculature, altering HR, SV and r, 

allowing effective control. The importance of this mechanism to daily blood pressure 

control was demonstrated in 1973 by Cowley Jr. et al., who denervated the carotid sinus 

of dogs, and found it caused a 2-fold increase in MAP standard deviation over a 24-hour 

period (Cowley et al., 1973). 
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I.2.2 Long-term MAP Control 

Control of MAP by autonomic nervous system input to the heart and vasculature relies 

on vasculature function as a closed system. As water and electrolytes can enter and leave 

the circulation, this is not strictly true, although as this happens slowly the model is 

sufficient in describing the acute regulation of MAP. In the longer term, changes in blood 

volume, controlled by the kidney, are also able to influence this parameter. 

 

 

Figure 1| The Baroreflex. The SNS and CN X input to the heart are opposite but not equal; 
the SNS innervates most of the heart and increases chronotropy and inotropy, while the CN X 
parasympathetic input innervates almost only the sino-atrial node, thereby only substantially 
affecting chronotropy. Organ images are from Servier Medical Art (smart.servier.com) by 
Servier, and licensed under a Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/). “Aorta” and “Head and neck arteries” images 
cropped. 

BP = arterial blood pressure; CN = cranial nerve; CO = cardiac output; DMVN = dorsomotor 
vagal nucleus; NA = nucleus ambiguous; NTS = nucleus tractus solitarii; RVLM = rostral 
ventrolateral medulla; TPR = total peripheral resistance. 
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I.2.2.a Guyton’s Curves 

To appreciate renal blood pressure control, one must first understand the intrinsic 

physiological relationship between blood volume and MAP. A change in blood volume 

will correspondingly alter CVP, as the venous circulation functions as a reservoir for 

circulating fluid, due the greater compliance of its vessels. While CVP will only directly 

exert a minor influence on MAP, according to equation 1, it is also a key determinant of 

ventricular filling. According to the Frank-Starling Law of the heart (Patterson et al., 

1914), an increased lengthening of the ventricular myocytes, brought about by increased 

diastolic filling, will increase the contractile force, thereby raising SV. For this reason, 

increasing blood volume increases SV which, as established above, is correspondingly 

changes MAP. This relationship is elegantly depicted in Figure 2, which is known as a 

Guyton curve, named for Arthur Guyton who first published the diagram (Guyton, 1955).  

Figure 2| Guyton’s curve. The red line is the Frank-Starling (or cardiac function) curve; as 
right arterial filling increases, so does stroke volume and thus cardiac output, until an eventual 
plateau (and eventual drop-off) where the myosin and actin filaments are optimally spaced. 
The blue line is venous return curve; as cardiac output increases, more blood is drawn out of 
the right atrium and venous system, thereby lowering right atrial pressure. Where the blue line 
crosses the x axis is the mean circulatory filling pressure: the pressure exerted of the circulation 
by the blood volume it contains. At high values of cardiac output, negative right atrial/venous 
pressure cause the vessels to collapse, limiting any further increase in venous return or cardiac 
output. (Guyton, 1955). 
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I.2.2.b Renal control of fluid volume 

One of the roles of the kidney is fluid volume homeostasis, which it achieves by 

modulating excretion of Na+ ions (the major extracellular electrolyte) and water. The 

main and simplest way in which this occurs is through pressure natriuresis; an intrinsic 

renal mechanism by which increased renal arterial pressure produces an increase in Na+ 

excretion in the urine. This can be demonstrated in the isolated kidney (Kaloyanides et 

al., 1971), and occurs independently of glomerular filtration rate (Blake et al., 1950). The 

classic in vivo study of Hall et al. (1980) in dogs reveals the renal pressure natriuresis 

curve, summarised in Figure 3. There are a number of mechanisms proposed for this 

process, generally involving increase medullary blood flow and renal hydrostatic 

pressure, and subsequent release of paracrine signals such as NO and ATP which inhibit 

the action of various renal Na+ transporters. This topic is reviewed in detail by Ivy & 

Bailey (2014).  

Increased MAP, and through its influence on MAP, increased blood volume, can 

therefore stimulate Na+ excretion by the kidney. A change in Na+ handling is 

physiologically coupled to a change in water homeostasis; altering Na+ excretion changes 

body fluid osmolarity, which stimulates/inhibits antidiuretic hormone (ADH) release by 

the posterior pituitary, thereby changing water excretion. In this way, the kidney can 

regulate blood volume and MAP.  

This process will only be sufficient however if Na+ loading remains constant. Na+ balance 

has to be maintained in the body, but if it is coupled so tightly to MAP, the two become 

dependent on one another. This creates a problem, to which the solution is the renin-

angiotensin-aldosterone system (RAAS; Figure 4), which serves to modify the pressure 

natriuresis relationship. (Hall et al., 1980) demonstrated this in the aforementioned 
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experiment, using an ACE-inhibitor or angiotensin II infusion, which were shown to shift 

the renal function curve (Figure 3). Activation of the RAAS is caused in general by a 

reduction in body fluid volume (Figure 4), which is related to bodily Na+, and therefore 

the MAP operating point of the kidney is reset to a new appropriate level, which maintains 

normal MAP, while providing adequate Na+ excretion.  

Additionally, it seems that Na+ can increase sympathetic nervous system activity through 

central nervous system effects (Farquhar et al., 2006; Gomes et al., 2017; Nomura et al., 

2019), which in turn will promote RAAS activity, and Na+ retention by the kidney. Recent 

data from our lab have also shown that Na+ ions can directly act on peripheral sympathetic 

neurons to increase activity via actions on NaX channels (Harvey Davis, personal 

communication), which is likely to be involved in this reflex. 
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Figure 3| Renal pressure natriuresis. a) The effect of varying dietary Na+ on MAP in dogs, 
compared between animals on ACE-inhibition, ANG-II infusion, or no other treatment Hall 
et al. (1980). Under physiological conditions MAP can be maintained at the homeostatic level 
up to ~12-fold the normal required daily Na+ intake (black curve), due to the influence of the 
RAAS. When RAAS activity is inhibited (blue curve), or (effectively) clamped at a high level 
(red curve), MAP becomes dependent on Na+ intake. As the RAAS acts to promote Na+, and 
thus volume retention, the red curve reaches similar MAP values under low Na+ loading, 
while the blue curve achieves this only at high Na+ intake. b) Relationship between MAP and 
renal Na+ excretion in the same animals. Na+ excretion must equal Na+ intake in order to 
maintain Na+ and osmolarity homeostasis, and this experiment revealed this to be the case 
(data not shown). Therefore, the ACE-i curve (blue) reveals the inherent pressure natriuresis 
curve of the kidney; increasing MAP, increases Na+ excretion. With clamped high ANG-II 
levels the curve is simply shifted rightwards (red). However, under the normal state, the 
ability to modulate RAAS activity based on [Na+] allows the kidney to continually shift the 
curve along the x axis until the MAP set point for the required level of Na+ (which balances 
out the intake) is the normal MAP value. The physiological black curve is the result of this. 
In this way, the RAAS allows Na+ homeostasis to be modulated independently of MAP. c) 
Theoretical renal function curves under physiological conditions (black), salt-dependent 
hypertension (orange) and salt-independent hypertension (red). 

a 

b 
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Salt-
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I.2.2.c Role of the baroreflex in long-term MAP control? 

The baroreflex has long been regarded as a purely short-term controller of blood pressure, 

as it has been observed to adapt to chronic changes in MAP, resetting its homeostatic 

operating point; first described by McCubbin et al. (1956) in the dog. Denervation of the 

carotid sinus also produces only a transient increase in MAP, before returning to normal 

(Lohmeier et al., 2010). In a detailed review of the topic however, Lohmeier & Iliescu 

(2015) present evidence that the baroreflex at least does not completely reset in response 

Figure 4| The Renin-Angiotensin-Aldosterone System (RAAS). Reduced effective circulating 
volume is detected by pressure receptors in the great veins and right atrium, and glomerular 
afferent arterioles, and by reduced flow of NaCl past the macula densa in the thick ascending 
limb of the loop of Henle. This is ultimately integrated by the juxtaglomerular apparatus, which 
releases renin. ↑Na+ reabsorption directly increases H2O retention through local osmotic effects 
in the nephron, but also generally raises body osmolarity, triggering ADH release. Organ 
images are from Servier Medical Art (smart.servier.com) by Servier, and licensed under a 
Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/). “Heart” image cropped.  

A0 = angiotensinogen; ACE = angiotensin converting enzyme; ADH = anti-diuretic hormone; 
ANGI = angiotensin I; ANGII = angiotensin II; CNS = central nervous system; JGA = 
juxtaglomerular apparatus. 
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to a sustained change in MAP. In angiotensin II-induced canine hypertension, the 

baroreflex seems to chronically inhibit sympathetic outflow, and electrical baroreceptor 

stimulation leads to a sustained decrease in MAP. They argue that previous studies 

demonstrating baroreceptor resetting did not focus on sufficient long timescales. It is 

interesting, however that their electrical stimulation study did not produce at least a short 

term resetting (Lohmeier et al., 2010), as the older studies did (McCubbin et al., 1956). 

Electrical stimulation is far from the more physiological haemodynamic stimulus used by 

McCubbin et al. (1956), and perhaps its extreme level of activation has a slightly different 

effect. Additionally, the angiotensin II models which provide a substantial part of their 

evidence are not entirely reflective of human essential hypertension, which is a complex 

multi-factorial process that may involve higher levels of RAAS activity, but this is never 

the sole cause (this would be secondary hypertension, for example in 

hyperaldosteronism), and in many cases (such as older patients) it may not even be 

substantially involved. Moreover, even in these studies the baroreflex effect was is not 

sufficient to prevent MAP elevation. Overall, it seems likely that the baroreflex may 

contribute in part to long-term MAP control, and its stimulation certainly seems 

promising as a means to reduce blood pressure, but the extent of this contribution is 

unclear.  

I.3 Classical hypotheses of hypertensive pathophysiology 

Between 5 and 10% of hypertension cases are secondary to a discrete, known medical 

cause, for example: renal arterial stenosis, hyperaldosteronism or obstructive sleep 

apnoea (Rimoldi et al., 2014). Treatment for these (secondary hypertension) generally 

involves reversal of the causative underlying condition and therefore there is less need 

for development in this area. By contrast, essential hypertension, which makes up the 
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remaining 90-95% of patients, has a rather poorly understood aetiology involving a 

complex interplay of genetic and environmental factors, leading to an incompletely 

understood pathophysiology, for which there are many controversial hypotheses. No 

current treatment can therefore target its underlying cause, which could perhaps be a key 

clinical limitation. 

I.3.1 Vessels or Kidneys? 

The simplest and oldest explanation of hypertensive pathophysiology regards that the 

blood pressure elevation arises from an increase in SVR (Gull & Sutton, 1872; Folkow, 

1987), and in turn, raised blood pressure induces vascular wall hypertrophy, further 

reducing their luminal volume and compliance, and producing a vicious cycle (Folkow, 

1987). It is however, now fairly widely accepted that the final common node in 

hypertensive pathophysiology is the kidney (well-reviewed by Crowley & Coffman 

(2014)). In short, an increase in SVR cannot lead to sustained blood pressure elevation 

because the renal pressure natriuresis mechanisms will compensate; a decrease in the 

functional vascular volume will be offset by a reduction in circulating fluid volume. 

Evidence in support of this has been extensively reviewed previously, for example by 

Hall et al. (1990) and Cowley & Roman (1996), and includes the observations that: a) 

chronic vasoconstrictor application only causes a very weak sustained increase in arterial 

blood pressure in animal models2, after an initial larger rise; b) all animal models of 

hypertension and human essential hypertensives seem to exhibit renal impairment and 

have shifted pressure-natriuresis curves; c) healthy renal transplants in animal models and 

human hypertension patients have been shown to normalise blood pressure, while 

                                                           
2 In the case of many vasoconstrictors such as noradrenaline, anti-natriuretic effects and renal arteriole 
constriction may even account for some of this mild sustained increase in arterial blood pressure. 
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transplants from hypertensives to normotensive individuals increases blood pressure. 

Two important things to note though are that: first, increased vascular resistance can 

contribute to impaired pressure natriuresis if the renal vasculature is impeded (as is seen 

in renal arterial stenosis), and second, once renal impairment has occurred, any increase 

in SVR could, and probably does, then exacerbate this, worsening as vascular wall 

hypertrophy ensues. The original cause of renal dysfunction however, is unclear. 

I.4 Dysautonomia  

Essential hypertension is typically characterised by an autonomic nervous system 

phenotype comprising sympathetic hyperactivity (Grassi, 2009; Grassi et al.; 2010, 

Mancia & Grassi, 2014; Grassi et al., 2015) and impaired vagal tone (Mancia & Grassi, 

2014). The sympathetic component of this ‘dysautonomia’ is seemingly the more 

important given its more widespread control over the systems relevant to hypertensive 

pathology, such as the kidneys and blood vessels, where the vagus nerve input seems less 

robust, and is also poorly studied in general. For these reasons, along with the fact that 

blocking a pathological process seems intuitively more achievable than activating a 

compensatory physiological one in terms of therapeutics, the sympathetic hyperactivity 

will be the focus of this thesis. 

Sympathetic activity in humans can be measured mainly by muscle sympathetic nerve 

microneurography (Yamada et al., 1988; Floras & Hara, 1993; Grassi et al., 1998; Grassi 

et al., 2000; Smith et al., 2004), radio-labelled noradrenaline spillover (Esler et al., 1988; 

Esler et al., 1989; Ferrier et al., 1993) or plasma noradrenaline concentration (Ferrier et 

al., 1993; Masuo et al., 1997). This is present throughout all disease stages (Floras & 

Hara, 1993; Grassi et al., 1998; Grassi et al., 2000; Smith et al., 2004), correlates 

positively with disease severity (Grassi et al., 1998; Sakata et al., 1999), and even appears 
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to precede any actual arterial blood pressure elevation (Yamada et al., 1988; Ferrier et al., 

1993; Masuo et al., 1997). From this it is tempting to suggest that this neural phenotype 

could potentially initiate disease itself, particularly as the sympathetic nervous system 

(SNS) influences the body in such a widespread manner. This hypothesis is also 

somewhat compatible with the idea of the kidney as the final common node of 

hypertensive pathophysiology; SNS input to this organ increases sodium and water 

retention and could also potentially constrict the renal vasculature (DiBona & Kopp, 

1997). Moreover, once the kidneys are diseased, their afferent nerves signal to the CNS 

to further increase sympathetic input (Nishi et al., 2015). As the origin of renal 

dysfunction in hypertension is not entirely clear, could the hitherto elusive answer to 

hypertensive aetiology lie in the SNS itself? 

I.4.1 A causative role in essential hypertension? 

Sympathetic hyperactivity might not underlie every single case of essential hypertension; 

DiBona & Esler (2010) suggest that the phenomenon is responsible for haemodynamic 

disease in at least 50% of such patients. The authors conclude this in part from studies 

measuring [3H]-noradrenaline spillover (Esler et al., 1988; Esler et al., 1989), which 

suggest some untreated essential hypertensives have similar levels of sympathetic outflow 

to normotensive controls. It could be argued however that this approach leads to an 

underestimation of the proportion of patients for whom sympathetic hyperactivity is a 

contributing pathology. First, even though the data from normo- and hypertensive 

individuals overlap (Esler et al., 1988; Esler et al., 1989), they have been shown 

statistically to be part of separate populations. Although some essential hypertensives 

may have sympathetic outflow values similar to those of normotensives (Esler et al., 

1988; Esler et al., 1989), they may be elevated relative to their own baseline level. To 
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date no study has controlled recordings from hypertensive individuals to those before the 

developed the disease. Similarly, while some “normotensives” exhibit relatively high 

levels of sympathetic activity (Esler et al., 1988; Esler et al., 1989), these could potentially 

reflect a state of pre-hypertension, in which there is sympathetic overdrive, but not yet a 

sufficient blood pressure elevation to be clinically defined as hypertension. Second, a lot 

of the lack of sympathetic elevation in hypertension patients is accounted for by older 

individuals, in whom there is often no significant difference to age-matched controls 

(DiBona & Esler, 2010). It is possible that if these patients have had essential 

hypertension for some time perhaps the damage induced by excessive sympathetic drive 

may have already occurred. Additionally, in the normotensive population sympathetic 

activity seems to increase with age (Pfeifer et al., 1983), so it could be the case that 

normotensives start to catch up with their hypertensive counterparts, masking any 

differences. This increase in “normotensives” does appear to correlate with a slight (sub-

threshold) blood pressure elevation, as commonly also occurs with age (Pfeifer et al., 

1983).  

Finally, both MSNA and radio-labelled noradrenaline spillover are measurements of a 

single time point and therefore might not pick up sympathetic hyperactivity in all patients; 

if possible it would be informative to measure these over a 24 h period, akin to those 

performed for blood pressure. DiBona & Esler (2010) also base their 50% estimate on the 

proportion of hypertensive patients who respond to anti-adrenergic drug therapy, 

although it is unclear to which studies this refers. Combined α1 and β-adrenoreceptor 

blockade does effectively reduce blood pressure in hypertensives (Wofford et al., 2001). 

However, both of these are marginally less effective in this respect than other forms of 

antihypertensive drug, and are associated with worse mortality rates (Furberg et al., 2000; 
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Wiysonge et al., 2017). Of course, as Wiysonge et al. (2017) note, most of the trial data 

examining the efficacy of β-blockers for hypertension comes from study of atenolol. As 

newer β-antagonists with different properties are now available, further study is needed 

on their efficacy. The extent of reduction in blood pressure produced by clonidine (a 

central sympatholytic α2 adrenoreceptor agonist) has been taken as the extent of 

sympathetic involvement in a given patient’s hypertension (Grassi, 2016), although this 

approach ignores chronic changes which may occur following prolonged high stimulation 

of target organs by the SNS. Perhaps if given to pre-hypertensive patients, adrenergic 

blockade could reduce development of hypertension. At the very least therefore, 

sympathetic hyperactivity is likely a crucial initiator and driver of disease in a substantial 

proportion of essential hypertension cases, and possibly even more than this estimate. 

I.4.2 A theragnostic marker? 

Hypertensive dysautonomia leads to a range of other co-morbidities through over-

stimulation of target organs, such as: cardiac hypertrophy (Burns et al., 2007; Levick et 

al., 2010), arrhythmia (Lown & Verrier, 1976), vascular dysfunction (Fisher et al., 2009), 

insulin resistance (Julius & Valentini, 1998) and inflammation (Singh et al., 2014), and 

may thus account for some of the end-organ damage of hypertension usually ascribed to 

the haemodynamic changes. In fact, it has been suggested that even in hypertensive 

patients with controlled blood pressure, persistent heightened sympathetic activity may 

still be associated with morbidity and mortality (Mancia & Grassi, 2014). 

For this reason, dysautonomia might be describable as a ‘theragnostic’ marker for 

essential hypertension; providing a potential therapeutic target with scope to reduce blood 

pressure and end-organ damage, and giving a diagnostic readout of disease severity. 

Measurement of sympathetic outflow could therefore be put to more use clinically, and 
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perhaps intervening at this stage in the hypertensive pathway could provide effective 

treatment by ameliorating the underlying cause. Additionally, this sympathetic 

hyperactivity may also be an exacerbating factor in a number of cases of secondary 

hypertension, where its inhibition could similarly be beneficial therapeutically. 

I.4.3 Effects of hypertensive treatments on sympathetic activity  

Most current frontline therapeutics do not substantially target the SNS. RAAS inhibitors 

such as ACE inhibitors, angiotensin receptor blockers and aldosterone antagonists do all 

produce an anti-sympathetic effect, although this is likely due to the sympatho-excitatory 

effects of angiotensin II and aldosterone respectively. These would therefore be less 

useful in most essential hypertensive patients for whom these mediators are not the main 

cause of their high blood pressure, and in whom angiotensin II and aldosterone levels 

may be normal. 

Current calcium channel blockers tend if anything to produce a slight reflex increase in 

sympathetic outflow via the baroreflex. More modern drugs which can inhibit N- and T-

type Ca2+ channels in addition to the L-type ones normally utilised by calcium channel 

inhibitor hypertension therapy, may reduce sympathetic outflow. However, these are 

seemingly rather weak effects (Grassi, 2016), which may help reverse deleterious 

sympathoexcitation caused by L-type Ca2+channel inhibition, but will not likely 

sufficiently reduce it from baseline.  

α1 and β-adrenoreceptor antagonists are generally only used in certain cases of resistant 

hypertension, as a fourth drug, mainly owing to widespread side effects and poor 

mortality-reducing effects (Furberg et al., 2000; Wiysonge et al., 2017). While they do 

effectively lower blood pressure, as discussed above they tend to be weaker than other 
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drugs (Furberg et al., 2000; Wiysonge et al., 2017), and β-antagonists don’t actually 

reduce central aortic pressure sufficiently, despite lowering the commonly-recorded 

peripheral arterial pressures (Williams et al., 2006). As noted previously, further study is 

needed of newer generation β-antagonists though. 

This evidence presents a challenge to the neurogenic hypothesis of hypertension; if it is 

an SNS pathology in origin, why doesn’t toning this down effectively reverse it? For these 

peripherally-acting α1 and β-adrenoreceptor antagonists, it is very challenging to establish 

their level of functional sympathetic inhibition. α1 antagonists act almost entirely post-

synaptically on the arterial smooth muscle, and this vasodilation often produces a reflex 

sympathoexcition. β-blockers, while they similarly act on the end-organ, also act to a 

great extent on pre-synaptic receptors (Bardsley et al, 2018b). They do not consistently 

reduce MSNA (Grassi, 2016) and it is seemingly impossible to measure the level of 

neurotransmission between the sympathetic varicosities and post-synaptic target, making 

the level of functional SNS output seen by the end-organs impossible to quantify. It seems 

unlikely though that β-blockade could return a hypertensive individual’s SNS output to 

normal, particularly due to reflex β-adrenergic supersensitivity which seems to contribute 

to β-blocker withdrawal syndrome. Additionally, β-blockade has been shown to increase 

ventricular sympathetic innervation, which may also blunt the effect (Clarke et al., 2010). 

To the best of the author’s knowledge at the date of writing, measurement of hypertensive 

patient SNS activity on β-blockade compared to healthy controls has not been made, 

although for a number of other classes of drug, it has been shown that sympathetic 

hyperactivity in hypertensive patients is not returned to normal (Grassi, 2016). Of course 

as β-blockers are never given as a monotherapy for essential hypertension, this 

comparison is difficult. 
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Central sympatholytics, which often target the α2 adrenoreceptor, are not often used due 

to their side effect profile, but produce an anti-hypertensive effect and reduce 

hypertension-associated organ damage (Vongpatanasin et al., 2011). Like with the 

peripheral-acting sympatholytics however, their effect on measured sympathetic outflow 

in hypertensives has also not been substantially measured, for similar reasons. 

The archaic method of surgical sympathectomy was shown in the 1940s and 50s to 

produce a reduction in diastolic blood pressure >15 mmHg in almost all patients 

(Newcombe et al., 1959). In only 27% of cases was this sustained however, possibly 

owing to the surgical methods not producing complete sympathectomy3 (which may have 

caused a rebound increase in the remaining sympathetic nerves; many patients developed 

Raynaud’s phenomenon), or previous sympathetic hyperactivity may have already 

sufficiently damaged end-organs such that hypertension could be sustained even the 

absence of further sympathetic traffic. This approach is extreme, irreversible and all-or-

none, and has potential to cause severe side effects, such as Horner’s syndrome (Singh et 

al., 2006) (despite few sustained adverse effects being reported by Newcombe et al. 

(1959)) as the SNS is naturally a necessary physiological component. More recently, 

more focal renal denervation has been tested as a possible treatment for hypertension. 

Despite promising results in the two preliminary studies (Krum et al., 2009; Esler et al., 

2010; Esler et al., 2012), the third SYMPLICITY (HTN-3) study, the first to be blinded 

and sham-controlled, showed no blood pressure benefit of radiofrequency renal 

sympathetic nerve ablation (Bhatt et al., 2014). However, it seems likely that this lack of 

effect was due in part to an insufficient extent of ablation, and the study was also 

confounded by a large proportion of medication changes investigation period (Kandzari 

                                                           
3 For example, no patient had the full coeliac ganglion, which innervates the kidney, removed. 



Chapter I Introduction 

Page | 32  
 

et al., 2015). In support of this, and providing renewed hope for the technique, both the 

SPYRAL HTN-ON MED (Kandzari et al., 2018) and -OFF MED (Bohm et al., 2020) 

trials have showed a significant, albeit <10 mmHg, reduction in systolic blood pressure 

compared to sham, utilising a more thorough surgical ablation procedure. While reducing 

blood pressure, this technique however is not able to tackle the systemic sympatho-

excitation which occurs in hypertension, so would not be expected to reduce damage to 

other organs. Treating the underlying cause of hypertensive dysautonomia could reduce 

sympathetic activity in a more graded manner than surgical sympathectomy, and could 

safely do so systemically. Additional classes of hypertensive drugs could then be added 

in those whom end-organ, such as renal, damage is past the stage of complete 

reversibility. 

In general, it seems that the above approaches to treating essential hypertension seem to 

fall short in terms of reversing SNS tone. A reason for this could be their broad 

mechanisms of action, and targeting pathways downstream of essential hypertensive 

aetiology. Medicine has need to reverse SNS pathology, which could potentially bring its 

activity back to baseline levels. 

New experimental electrical nerve stimulation studies have shown it is possible to 

modulate sympathetic outflow and reduce blood pressure, using electrodes at one of a 

number of different sites. Deep brain stimulation at several brain nuclei (Ems et al., 2019), 

most notably the ventral periaqueductal grey matter (vPAG) (Green et al., 2005; 2007; 

2010), reduces blood pressure, and a case report showed a marked sustained blood 

pressure decrease over a number of months on one patient with malignant hypertension 

(O’Callghan et al., 2017). Additionally, in the periphery, a recent study from the same 
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group as the vPAG studies showed that dorsal root ganglion stimulation was able to lower 

blood pressure (Sverrisdottir et al., 2020). While this study carried the caveat of being 

tested in chronic pain patients, in whom reducing pain is likely to lower blood pressure, 

the degree of MSNA reduction recorded poorly correlated with the extent of pain relief. 

Finally, another approach has been stimulation of the carotid sinus baroreceptors, in 

attempt to mimic the physiological response to high blood pressure. Some clinical trials 

have showed positive results using this method, causing sustained blood pressure 

reductions of more than 20/10 mmHg in resistant hypertensives over several months to 

years (Scheffers et al., 2010; Hoppe et al., 2012). However, given the reflex appears to 

adapt in hypertensives, it is not certain is this would be maintained in the longer term. All 

of these approaches serve to prove that reducing sympathetic tone can lower blood 

pressure. However, as none have been studied in the long term in hypertensive patients, 

it is unclear the extent to which these are substantially disease-modifying. 

I.5 Inflammation in hypertension 

Uncovering the root of hypertensive dysautonomia might require investigation of another 

bodily system. The immune system is widely implicated in hypertension; certain immune 

cell arms are essential for sustained blood pressure elevation in many animal models 

(including the SHR), and similarly immunomodulatory interventions can alter disease 

severity in many of these. These studies are extensively reviewed by Rodriguez-Iturbe et 

al. (2017). Crucially, a simple bone marrow transplant from SHR to Wistar rats increases 

blood pressure, while the converse decreases it (Santisteban et al., 2015), implying the 

SHR’s immune system as a causative factor of the blood pressure phenotype. Clinically, 

higher levels of C-reactive protein (CRP, a common assessed marker of systemic 

inflammation) (Sesso et al., 2003; King et al., 2004; Lakoski et al., 2011; Jayedi et al., 
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2019), or IL-6 (an inflammatory cytokine released along with CRP in the acute-phase 

response) (Lakoski et al., 2011; Jayedi et al., 2019) strongly predict future development 

of hypertension, and therefore both inflammation and sympathetic hyperexcitability seem 

to be co-features of a ‘pre-hypertensive’ state, before any overt cardiovascular disease is 

evident. Sympathetic overactivity seems to increase with progression of hypertensive 

disease, and it would be interesting to test whether the same is true of inflammation. 

Notably though, both these phenomena seem to increase with age (Pfeifer et al., 1983; 

Ong et al., 2018), a key risk factor for hypertension. 

I.5.1 The immune system 

Before full discussion of a potential role for the immune system in hypertension, it is first 

necessary to briefly review its basic functionality. This system has been historically 

divided into the innate and adaptive immune systems; the former involving detection of 

general damage or pathogen-related signals, while the latter relies on recognition of 

specific antigens, and subsequent immunological memory (Chaplin, 2010). The focus 

here will be on the cellular components of the immune system, as opposed to molecular 

effectors such as complement. 

I.5.1.a Innate Immunity 

The mammalian innate immune system involves a number of, generally myeloid, cells, 

and molecular mediators. Its activation is largely driven by the triggering of pattern 

recognition receptors (PRRs), which have evolved to recognise damage-associated 

molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs) (Akira 

et al., 2006). DAMPs are molecules commonly released during tissue injury, often 

intracellular molecules, for example ATP or S100 proteins, whose presence in the 

extracellular space thereby indicates damage. PAMPs are molecules not native to the 
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mammalian host body and specific to certain types of pathogen, notably 

lipopolysaccharide, or double-stranded RNA.  

Activation of innate immune pathways leads to inflammation, which is characterised by 

its five cardinal signs of swelling, heat, redness, pain and loss of function. More 

specifically it involves localised vasodilation and increased extravasation of plasma into 

the tissue fluid (contributing to the swelling, heat, redness and loss of function), increased 

recruitment of immune cells to the inflamed site, and sensitisation of local pain fibres 

(causing pain, and reducing function). Essentially the purpose of this process is to allow 

recruitment of cells and mediators in order to resolve infection, and then promote tissue 

healing. Adaptive immune cells, fully described later on, are also recruited to sites of 

inflammation, typically following the innate components, and may further contribute to 

the reaction. Three main “types” of inflammation can be defined, based on the profile of 

cytokines (intercellular signal proteins) and cell types involved (Annunziato et al., 2015), 

although this is likely an oversimplification. The type of inflammation induced is dictated 

by more specific signals produced an invading pathogen. 

The cells of the innate immune system play varied roles (Chaplin, 2010). Neutrophils are 

quickly recruited to sites of inflammation and are specialised for attacking pathogens, 

particularly extracellular bacteria and fungi, while eosinophils and basophils are 

specialised for anti-macroparasite immunity. Innate lymphoid cells (ILCs) are important 

producers of cytokines and are found in three varieties, one corresponding to each “type” 

of inflammation. A similar lineage to ILC-1s are known as natural killer T cells, which 

play a role in killing infected host cells. 
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Table 1| Types of inflammation (Annunziato et al., 2015). 

Type Main cells 
involved 

Cytokines Target 

1 

TH1 cells, M1 
macrophages, CD8 

T cells, B cells, 
ILC-1s, NK cells 

IFN-γ, TNF-α,  
IL-12 

Viruses, 
intracellular 

bacteria, protozoa 

2 

TH2 cells, 

eosinophils, 

basophils, B cells, 

ILC-2s, M2 

macrophages 

IL-3, IL-4, IL-5, 

IL-13 

Macroparasites 

3 (sometimes 

referred to as type 

17) 

TH17 cells, 

Neutrophils, ILC-

3s 

IL-17A, IL-22 Extracellular 

bacteria, fungi 

 

The results from Chapter III shift the focus of this thesis towards monocytes and 

macrophages, which therefore warrant a more detailed discussion in this introductory 

chapter. Macrophages are specialised phagocytic cells, with the capabilities of removing 

extracellular pathogens, dead or infected host cells, or clearing debris. These cells arise 

from two main origins: either embryonic macrophage progenitor cells, which form 

continually-replenishing tissue-resident populations, or adult bone-marrow derived 

monocytes, which circulate in the blood, and enter tissues where they subsequently 

differentiate into macrophages (Epelman et al., 2014).  

Cytokine signals within the tissue can polarise the macrophages into a number of different 

phenotypes (Murray, 2017). Traditionally there a dichotomy has been ascribed to this: 

M1 macrophages, which are inflammatory, pathogen-killing cells and M2 macrophages, 
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which were thought to be pro-resolution effectors. In reality this is a substantial 

oversimplification, and more complex macrophage phenotypes are increasingly being 

observed. In particular, some M2-like macrophages appear to be involved in the type 2 

inflammatory response. For this reason, some sources sub-categorise M2 macrophages 

into groups reflecting this (Roszer, 2015).  

It is generally accepted that monocytes are found in two phenotypes within the mouse 

and rat circulations, based on surface marker expression: classical and non-classical, 

while the human has an additional intermediate type, and it appears the classical 

monocytes are the parent population of the others (Wolf et al., 2019). Attempts have been 

made to ascribe specific functions to each subset; classical monocytes generally being 

termed “inflammatory”, while non-classical monocytes are often known as “resident” 

(Geissmann et al., 2003; Gordon & Taylor, 2005), with varied descriptions of the 

intermediate sub-type, many of which are inflammatory. However, many reports appear 

to conflict with this paradigm (Mukherjee et al., 2015; Narasimhan et al., 2019). 

Additionally, many inconsistencies exist in this simple functional categorisation into 

three subsets, and sources have suggested monocytes need to be sub-categorised in a more 

thorough way, and attempt to do so (Merah-Mourah et al., 2020). The exact significance 

of the extra sub-population of intermediate monocytes in the human is unclear, although 

a similar intermediate monocyte subset has also been reported in the mouse (Qu et al., 

2004; Mildner et al., 2017). It may be the case that with further characterisation, a similar 

population may be delineated within the hitherto understudied rat monocytes.  

I.5.1.b Adaptive Immunity 

T and B lymphocytes are the principal components of the adaptive immune system, and 

work to produce specific responses tailored to a given antigen (Chaplin, 2010). 
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Professional antigen-presenting cells (APCs), predominantly dendritic cells (DCs), 

present fragments of invading antigens on major histocompatibility complex II molecules 

(MHC-II), which are then recognised by specific CD4+ T-helper cells via their T cell 

receptors (TCRs). With additional co-stimulatory receptor binding between the T cell and 

APC, the lymphocyte is activated, and the local cytokine profile polarises the CD4+ T cell 

towards a particular phenotype: TH1, TH2, TH17, or a pro-resolution induced T regulatory 

cell (iTreg). TH1, TH2 and TH17 cells then coordinate the immune reaction and help shape 

it towards a type 1, 2, or 3 response respectively, through release of cytokines and 

recruitment of other immune cells. 

CD8+ T cells are known as cytotoxic T cells, and are activated by binding of their TCRs 

to MHC-I complexes presenting antigen fragments. This molecular complex is expressed 

by virtually every cell in the body, and as most of these are non-phagocytic, it suggests 

cellular infection. CD8+ T cells therefore use this as a signal to kill these cells.  

B cells are the producers of antibodies, and mediate a humoral response to invading 

pathogens. These cells are also professional APCs, and upon presentation of antigen 

fragments on surface MHC-II complexes to specific T cells, they are activated and 

undergo a process of repeated proliferation, antibody recombination, and antibody 

specificity testing, to produce a large population of highly-specific B cell clones.  

A classically-presented difference between these lymphocyte reactions and those of the 

innate immune system regards that the adaptive system also produces memory T and B 

cell clones, which continue to circulate post-resolution of inflammation. If these 

recognise the same antigen as in the primary adaptive response, a secondary response 

which is faster and stronger is initiated, allowing the pathogen to be eliminated often 
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before disease is caused. However, more recent study has revealed that the innate immune 

system does also have some capacity for memory, which is referred to as trained 

immunity (Netea et al., 2020). 

I.5.2 Effect of anti-inflammatory cytokine therapies on blood pressure 

Inflammation almost certainly promotes blood pressure elevation by actions on a variety 

of loci, such as the kidney and the vasculature (Solak et al., 2016); however, it seems 

likely this would also include the sympathetic ganglia, as the nervous system seems to be 

such a central and wide-reaching influencer of hypertension. Notably, in human patients, 

for example, infliximab anti-TNF-α antibody therapy can reduce blood pressure in 

rheumatoid arthritis patients (Klarenbeek et al., 2010; Sandoo et al., 2011; Yoshida et al., 

2014), while concomitantly lowering plasma noradrenaline levels (Yoshida et al., 2014). 

Of course, this is potentially confounded by a simultaneous reduction in disease, and 

therefore pain, in these patients, which was shown to contribute to lowering blood 

pressure (Klarenbeek et al., 2010). However, infliximab seems to produce a blood 

pressure reduction beyond this (Klarenbeek et al., 2010). 

There is though some suggestion that anti-TNF therapy can actually induce hypertension, 

and a recent meta-analysis finds a higher incidence in of hypertension in rheumatoid 

arthritis patients treated in clinical trials with anti-TNF, compared to placebo (Zhao et al., 

2015). Interestingly though, this meta-analysis did not include the aforementioned 

infliximab studies, and only one drug individually (certolizumab pegol) significantly 

increased incidence of hypertension; the others, most notably infliximab, did not. In 

addition to being an inflammatory mediator, TNF-α also acts at the kidney to promote 

natriuresis, and therefore inhibiting this may lead to volume retention. However, in 

essential hypertensives, as there may be a large extent of inflammatory-driven blood 
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pressure increase, inhibiting TNF-α might still have a potentially net beneficial effect on 

blood pressure, the reduction of inflammation outweighing the reduced natriuresis. In 

support of this, in the studies showing a reduction in blood pressure, some of the patients 

studied had previously-existing hypertension (Sandoo et al., 2011; Yoshida et al., 2014), 

while in the clinical studies used for the meta-analysis, only new development of 

hypertension was recorded (Zhao et al., 2015). TNF-α acts via two receptors: TNFR1 and 

TNFR2, and the former seems to mediate the natriuretic effects, while the latter more 

readily exerts the pro-inflammatory effects, as many studies involving genetic knockouts 

have shown; reviewed by Mehaffey and Majid (2017). This could explain the clinical 

discrepancies and dichotomy of results, and specifically targeting the TNFR2 could 

perhaps more selectively reduce blood pressure.  

Anti-TNFα therapy is by far the best studied anti-‘proinflammatory cytokine’ therapy 

with regard to blood pressure, but secondary analysis of the recent CANTOS trial showed 

no effect of anti-IL-1β drug canakinumab on blood pressure in patients with history of 

MI or pro-inflammatory disease (Rothman et al., 2020). Likewise, a trial using anti-CCL2 

therapy on prostate cancer patients showed no blood pressure changes (Pienta et al., 2013; 

Kenneth Pienta, personal communication). Interestingly, IL-6 blockade produced a 

hypertensive side effect in 3/19 patients in one clinical trial (van Rhee et al., 2015). A 

wide range of other anti-cytokine therapy clinical trials have been carried out, but despite 

attempts to communicate with those in charge, the author was unable to receive any 

correspondence with regard to unpublished blood pressure changes. More analysis in 

these trials on patients with concomitant hypertension needs to be performed. 
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Table 2| Summary of clinical trials testing anti-cytokine therapy and which recorded 

arterial blood pressure. 

 

Target Drugs Studies Patient 
group 

Effect Notes 

TNF-α 

Infliximab 

Klarenbeek 
et al. 
(2010) 

RA (n=128) Greater SBP 
and DBP 
reduction 
than for 
conventional 
therapy.  

BP reduction 
associated with 
reduction in 
disease severity, 
but infliximab 
produced a 
reduction 
beyond this 

Sandoo et 
al. (2011) 

RA (n=23) ↓7.7 mmHg 
SBP and 
↓5.1 DBP 
over 3 
months 

Only SBP effect 
significant vs 
placebo 

Yoshida et 
al. (2014) 

RA (n=16); 7 
had existing 
hypertension 

↓7.3 mmHg 
24-
ambulatory 
SBP over 2 
weeks of 
treatment 

↓Plasma 
noradrenaline, 
significantly 
correlating with 
SBP decrease 

Various 

Zhao et al. 
(2015) 

RA (meta-
analysis) 

Anti-TNFα 
therapy 
associated 
with 
hypertension 
development 

 

Grossman 
et al. 
(2017) 

Various 
inflammatory 
rheumatic 
diseases 
(n=16) 

No change in 
24-hour 
ambulatory 
blood 
pressure 
changes  

 

IL-1β Canakinumab 

Rothman et 
al. (2020) 

Prior MI & 
CRP  
≥2 mg/l 
(n=10,061) 

No reduction 
in incidence 
of HTN nor 
reduction in 
BP 

 

IL-6 Siltuximab 

van Rhee et 
al. (2015) 

Multicentric 
Castleman’s 
disease 
(n=19) 

3 cases of 
hypertension 

 

CCL2 CNTO 888 

Pienta et al. 
(2013) 

Metastatic 
castration-
resistant 
prostate 
cancer 
(n=46) 

No effect on 
BP 

Personal 
communication 
from Dr 
Kenneth Pienta 
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Any blood pressure reductions demonstrated by anti-TNFα therapy are small however, 

and it seems unlikely that inhibition of one single mediator could reverse a complex 

pathology. A combination therapy targeting multiple pathways would probably be 

required for an effective disease-modifying effect in any case.  

I.5.3 Influence of inflammation on the SNS 

How do inflammation and sympathetic activity interact? In the central nervous system 

inflammation can reportedly raise sympathetic outflow directly, which can 

experimentally induce hypertension in the rat, while inhibition of microglial activation 

with minocycline can stop this (Wu et al., 2012), and can also reduce sympathetic tone, 

inflammation and blood pressure in the SHR (Santisteban et al., 2015). It is also well 

established though that sympathetic hyperactivity occurs at the level of the peripheral 

ganglia themselves in the SHR, which exhibit greater stimulation-evoked noradrenaline 

release (Shanks et al., 2013b, Bardsley et al., 2018b), and show increased firing 

responsiveness to a given electrical stimulus (Davis et al., 2020). In neuropathic pain 

(Scholz and Woolf, 2007) and post-MI (Zhou et al., 2004; Hasan et al., 2006; Wernli et 

al., 2009), inflammatory reactions induce states of local peripheral neuronal activity, 

mediated by cytokines and other neuronal growth factors. Perhaps similar mechanisms 

could occur in sympathetic ganglia during hypertension. Interestingly, following sensory 

nerve injury, macrophage-released IL-6 contributes to the sprouting of sympathetic nerve 

fibres into the dorsal root ganglia (Ramer et al., 1998), suggesting this classic 

inflammatory mediator (which is positively associated with blood pressure in humans 

(Fernandez-Real et al., 2001)) could produce sympathetic hyperactivity. This is further 

supported by the observation that IL-6 signalling allows cultured sympathetic neurons to 

survive even in the absence of otherwise essential factor NGF, albeit this required 
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addition of a very potent protein conjugate of IL-6 and part of the soluble IL-6 receptor 

(Marz et al., 1998). NGF itself is also involved in sympathetic neuron sprouting in both 

neuropathic pain (Scholz and Woolf, 2007) and post-MI (Zhou et al., 2004; Hasan et al., 

2006; Wernli et al., 2009), so could be another potential mediator involved in 

hypertensive sympathetic activity. In the pre-hypertensive SHR itself, NGF levels have 

been shown to be higher than age-matched WKY rats, although surprisingly not in the 

heart (Ueyama et al., 1992). 

I.5.4 Role of oxidative stress 

Aside from cytokines, oxidative stress (which is to say the toxic effects of excess free 

radicals, namely reactive oxygen (ROS) and reactive nitrogen (RNS) species), is strongly 

related to inflammation and may go hand in hand in producing a state of hypertensive 

dysautonomia. Studies on the SHR (Zalba et al., 2000; Cecilia Alvarez et al., 2008) and 

some on human hypertensive patients (Rodrigo et al., 2013) have demonstrated elevated 

oxidative stress; in the case of the former reversal of oxidative stress lowering blood 

pressure (Zalba et al., 2000). What is the cause of this? Oxidative stress reflects an 

imbalance in the production of free radicals and the cellular anti-oxidant mechanisms 

which act to remove these. This may result from: radiation, xenobiotic exposure, or 

inflammation (Gagné, 2014), which increase the load of oxidant species, or a reduction 

in anti-oxidant defences, which seems to occur during ageing (Jackson & McArdle, 

2011), such that damage from physiological ROS production accumulates. This could 

help explain the positive relationship between ageing, hypertension and inflammation 

(Buford, 2016). 

Inflammation and oxidative stress appear to mutually enforce one another; activated 

inflammatory cells such as macrophages and neutrophils produce reactive oxygen species 
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during the respiratory burst reaction, while reactive oxygen species appear to be 

themselves inflammatory stimuli, for example by activating the inflammasome (Zhou et 

al., 2011) or inducing protein modifications which produce immune-reactive neo-

antigens (Kirabo et al., 2014). Oxidative stress can also elevate sympathetic tone; in the 

SHR ROS-induced mitochondrial dysfunction occurs in the rostral ventolateral medulla 

(RVLM; the main sympathetic outflow nucleus) (Chan et al., 2009), with a number of 

potential mechanisms suggested, including an increase in membrane calcium current 

(Annunziato et al., 2002). Moreover, induction of central nervous system inflammation 

with LPS induces RVLM oxidative stress, which leads to sympathetic hyperactivity and 

hypertension (Wu et al., 2012). A similar impairment of mitochondrial dysfunction is 

postulated to occur in the stellate ganglion (Li & Paterson, 2016), where it may impair 

sympatho-inhibitory nitric oxide signalling (Li et al., 2013); however, this causative role 

of oxidative stress remains to be confirmed.  

I.5.5 Modulation of inflammatory processes by sympathetic input 

In turn, the SNS influences inflammation, through direct inputs to lymphoid organs and 

the presence of adrenoreceptors on leukocytes. This neural output has influence on 

immune cells as it can produce a variety of immunomodulatory signals, of both pro- and 

anti-inflammatory natures, which depend to a great extent on the pre-existing immune 

status of the environment being innervation (Kenney & Ganta, 2014). In hypertension 

though, sympatho-immune interactions have been repeatedly shown to increase leukocyte 

production of inflammatory cytokines, and to promote mobilisation of these cells into 

target organs such as the kidney (Rodriguez-Iturbe et al., 2017). Most of this evidence 

comes from models of angiotensin II-induced hypertension though (Rodriguez-Iturbe et 

al., 2017), and this mediator is known to directly increase SNS activity, and therefore the 
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model may reflect more of a secondary hypertension. In the SHR, there are reportedly 

increased numbers of blood and bone marrow T cells (Zubcevic et al., 2014; Santisteban 

et al., 2015) and monocytes (Santisteban et al., 2015), and a concomitant lower number 

of endothelial progenitor cells (Zubcevic et al., 2014; Santisteban et al., 2015), compared 

to WKY rats. While this is associated with heightened sympathetic input to the SHR bone 

marrow, denervation does not substantially reverse this, whereas it does increase 

endothelial progenitor cell and decrease T cell numbers in the WKY (Zubcevic et al., 

2014).  

It would thus seem that the immune and SNSs are two key, mutually-reinforcing nodes 

in hypertensive pathophysiology, and therefore targeting their interaction could have a 

profoundly beneficial effect therapeutically. Ameliorating the inflammatory component 

in hypertension is likely to improve pathology in a variety of bodily loci; however, if it 

drives sympathetic hyperactivity, this may be the most important effect, particularly as 

this neural component influences the other loci so widely. Work on hypertensive 

neuroinflammation has hitherto focussed on the central nervous system, but repairing this 

source of heightened sympathetic outflow may prove futile if the downstream peripheral 

ganglia themselves are pathologically hyperactive. Therefore, immune interactions with 

sympathetic ganglia in hypertension are a crucial area of investigation, where if these 

produce pathological dysautonomia, therapeutic intervention could prove very effective.  

In the SHR at 6 weeks of age in the study of Santisteban et al. (2015) it is possible that 

chronic bone marrow sympathetic activity has already altered the bone marrow 

inflammatory phenotype to the point of irreversibility, or it could be the case that the 

inherent difference between the strains originally arises within the bone marrow rather 



Chapter I Introduction 

Page | 46  
 

than the nervous system. In support of this, bone marrow cross-transplants between SHR 

and WKY shift the leukocyte phenotype towards that of the donor (Santisteban et al., 

2015). Furthermore, parasympathetic input to splenocytes seems to be anti-inflammatory 

in the WKY, whereas nicotine application instead promotes inflammatory cytokines 

responses in SHR splenocytes to toll-like receptor activation (Harwani et al., 2012). It 

would be interesting to examine whether their inflammatory response to adrenergic 

stimulation is enhanced. Regardless of where the SHR phenotype arises originally 

though, both the SNS and inflammation would seem to mutually enforce one another in 

hypertension, creating a vicious cycle which propagates the haemodynamic pathology. 

I.6 Hypothesis and aims of this thesis 

The main hypothesis was that a pathological immune system reaction within the 

sympathetic ganglia of pre-hypertensive animals drives local neuronal hyperactivity. This 

postulated aetiology of essential hypertension is summarised in Figure 5, along with the 

nodes at which therapeutics may intervene. The aims were thus as follows: 

1. To investigate the immunological cellular and mediator environment of the 

SHR stellate ganglia. 

2. If such an inflammatory phenotype exists, to identify the cause of this 

phenomenon. 

3. To test whether local inflammation increases sympathetic neuron activity. 
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Figure 5| Hypothesised pathophysiology of essential hypertensive genesis, at least in a sizeable 
proportion of individuals. Areas of therapeutic intervention are shown in red, with pathways they 
inhibit indicated in each instance. 



Chapter II Methods & Materials  

Page | 48  
 

 

 

 

 

 

 

 

 

 

CHAPTER II 

Methods & Materials 

 

 

 

 

 

 

 

 

 

 



Chapter II Methods & Materials  

Page | 49  
 

II.1 Animals 

The sole laboratory animal species used in this work was the rat (Rattus norvegicus), the 

uses of which complied with the University of Oxford Local Ethical Guidelines and the 

Animals (Scientific Procedures) Act 1986 of the United Kingdom. These rats were 

purchased from Envigo, UK and housed in the local Biomedical Services Building or 

departmental holding room prior to experimental use. The keeping and use of these 

animals was covered by the UK Home Office Project Licence (PPL) of Prof. David J. 

Paterson: 30/3031 and P707EB251.  The animals were housed in groups of approximately 

2-6 in individually-ventilated cages (IVCs) under conditions of 20-24°C air temperature, 

55% humidity, and a 24-hour day/night lighting cycle. The cages were supplied with 

standard rat chow and water (for the rats to consume ad libitum) in addition to woodchip, 

Sizzlenest, and an enrichment item. 

Rats were principally used to provide a variety of tissues, on which in vitro experiments 

were later performed. These animals were culled in three main ways. One method was 

intra-peritoneal injection of an overdose of pentobarbital (under isoflurane anaesthesia), 

followed by exsanguination by jugular vein dissection, according to Schedule 1 of the 

Animals (Scientific Procedures) Act 1986 of the United Kingdom. For some experimental 

purposes, tissue manipulation was required to be carried out on the rats under terminal 

anaesthesia, before death occurred. One of two UK Home Office licensed procedures 

were performed to this effect, under protocol 19 (b) ii of the project licence P707EB251: 

“animals may be killed be perfusion fixation under terminal general anaesthesia (AC) at 

the designated establishment”. In some animals the thoracic cavity was opened, a cut 

made in right cardiac atrium, and then 50-100 ml of cold PBS containing 10 U/ml heparin 

(as an anti-coagulant) was perfused via a needle into the ventricles, in order to flush blood 
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out of the vasculature. To obtain purer blood samples, for cell culture, in other rats the 

skin was removed from the thorax and a 23G needle, attached to a syringe containing 

~100 µL anti-coagulant EDTA solution (100 mM), was inserted between the ribs and into 

the heart, and blood was withdrawn.  

II.2 Animal models of sympathetic dysautonomia 

A number of models can be used to study sympathetic dysautonomia, the advantages and 

limitations of these being listed in Table 1. 

Table 1| Animal models of essential hypertension. 

Model Advantages Limitations References 
Spontaneously 
hypertensive rat 
(SHR) 

Wealth of literature 
published using 
this model, which 
seems to 
phenocopy human 
hypertensive 
dysautonomia 

Genetic form of 
hypertension may 
be different to the 
human disease and 
occurs earlier in 
equivalent age, and 
SHRs also display 
attention deficit 
hyperactivity 
disorder (ADHD) 
(Sagvolden et al., 
2009), a potential 
confounder 

Okamoto & Aoki 
(1963) 

Spontaneously 
hypertensive mouse 

Mice are the most 
widely used 
laboratory mammal 
so reagents widely 
available, potential 
for further genetic 
manipulation 

Genetic form of 
hypertension may 
be different to the 
human disease, and 
this model has not 
been widely 
studied 

Schlager & Sides 
(1997); Davern et 
al. (2009) 

Guizhou mini-pig Larger mammal so 
closer to human 
and tissues easier 
to isolate, 
responsive to renal 
denervation 

Relatively new so 
poorly studied, 
lacks wide 
accessibility 

Li et al. (2016) 
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Transgenic mouse-
lines such as: α2a-/-, 
α2c-/-, or  α2b 
central nervous 
system 
overexpression 

Mice are the most 
widely used 
laboratory mammal 
so reagents widely 
available, potential 
for further genetic 
manipulation 

Sympathetic 
hyperactivity is 
mono-causal and 
different in 
mechanism to the 
human condition 

α2a-/-/α2c-/-: Brum 
et al. (2002) 
 
α2b: Kintsurashvili 
et al. (2009) 

Large mammal 
induced heart 
failure (multiple 
methods) 

Larger mammal  so 
closer to human 

Technical 
difficulties, 
monocausal 
sympathetic 
hyperactivity and 
subject to rigorous 
ethical approval 

Many 

Large mammal 
induced myocardial 
infarction, for 
example porcine or 
ovine 

Larger mammal  so 
closer to human 
and tissues easier 
to isolate, 
myocardial 
infarction 
reflective of human 
post-MI 
dysautonomia 

Technically 
challenging, 
expensive, and 
subject to rigorous 
ethical approval 

Porcine: Vaseghi et 
al. (2017) 
 
Ovine: Jardine et 
al. (2005) 

Human patients Reflects the actual 
disease process 

Heterogeneous 
population, ethical 
limitations on 
invasive study 

Many 

 

The spontaneously hypertensive rat (SHR) (Okamoto and Aoki, 1963) was chosen for use 

in this thesis because it is well-studied, recapitulates human dysautonomia and is a model 

of essential hypertension, the main focus of this study of sympathetic dysautonomia. 

These rats develop blood pressure elevation at approximately 4-6 weeks of age (Dickhout 

& Lee, 1998), though as this is before rat adulthood (Sengupta, 2013), it begins much 

earlier than tends to be the case for human essential hypertension, a potential limitation 

of the model.  
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SHRs were mainly used in this thesis at the age of 3-4 weeks, at which there are no 

haemodynamic changes (although sympathetic hyperactivity is already present (Dickhout 

and Lee, 1998, Li et al., 2012)) in order to avoid any confounding effects of systemic 

blood pressure elevation on the tissue under study. Such animals may thus be termed: pre-

SHRs. A small number of 5-6 week old, and 12-18 week old SHRs were also studied to 

allow for findings to be confirmed in sustained hypertension (Dickhout & Lee, 1998) and 

early adulthood (Sengupta, 2013). SHR cells and tissue was compared to those of its 

background strain, the Wistar rat, at equivalent ages. 

II.3 Human patients 

Use of human blood was approved by the management team of the Oxford Biobank, 

whose work has received approval from the South Central - Oxford C Research Ethics 

Committee. Volunteers from the Oxford Biobank were recruited into two age-, sex- and 

BMI-matched groups: 

A) Existing formal diagnosis of hypertension made by a doctor4 

B) BP ≤120/80 mmHg on visit to clinic AND no previous clinical diagnosis of 

hypertension 

These criteria were chosen to provide two distinct populations; one of which had existing 

hypertension, and the other which had evidence of pre-hypertension, to enable a more 

powerful comparison of hypertensive patients with controls. The blood pressure of these 

individuals was measured three times by a research nurse on their visit, after which they 

                                                           
4 The NICE Guidelines use a clinic-measured blood pressure of ≥140/90 mmHg, and home or ambulatory 
blood pressure of ≥135/95 mmHg (NICE, 2019). 
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donated ~2 ml of blood. This was collected by venepuncture and anti-coagulated with 

heparin, before being stored on ice until processing.  

II.4 Cell and tissue culture 

II.4.1 Sympathetic ganglion dissection 

Rat stellate ganglia were located bilaterally towards the posterior of the thoracic cavity, 

and the superior cervical ganglia (SCGs) were dissected from the separated heads of each 

animal, located in close apposition to the carotid bifurcation on each side. The paired 

coeliac ganglia were identified fused together along with the single superior mesenteric 

ganglion, encircling the coeliac arterial trunk. As these ganglia are fused and impossible 

to discern individually, the whole structure was excised and used experimentally, and 

therefore this is referred to as the coeliac/superior mesenteric ganglia (CG/SMGs). The 

anatomical organisation of all rat sympathetic ganglia is depicted in Figure 1. 
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All ganglia were excised, placed into L-15 medium (Thermofisher or Merck, both US) 

on ice, and cleaned of all contaminating non-neuronal tissue, under a microscope. The 

thin layer of connective tissue which envelopes each one was carefully removed, using 

fine forceps, to as great an extent as possible. 

 

 

Figure 1| Anatomy of the rat sympathetic ganglia from Furness (2015); used with permission 
from Elsevier. 
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II.4.2 Single neuron culture from sympathetic ganglia 

Cleaned ganglia were cut into ~6 pieces each before enzymatic digestion in collagenase 

IV (1 mg/mL in L-15) for 25 min, followed by trypsin (2 mg/mL in Ca2+- and Mg2+-free 

Hank’s Balanced Salt Solution; Merck or Thermofisher, both US) for 30 min; both at 

37°C. Digested ganglia were then washed in blocking medium (Table 2) at room 

temperature, twice for 5 min each. Next, the ganglia were mechanically triturated in 

complete medium (Table 3) using two glass Pasteur pipettes in series, the second, fire-

polished to narrow the opening. The resultant single-cell suspension was plated onto poly-

D-lysine (0.1 mg/ml; Merck, US) and laminin- (0.048 mg/ml; Thermofisher, US) coated 

6 mm glass coverslips in 4-well culture plates. These were incubated at 37°C under 5% 

CO2 for ~48 h prior to experimentation. 

Table 2| Composition of blocking medium for stellate neuron culture. 

Blocking Medium Component Concentration or percentage of total 
volume 

Neurobasal Plus (Thermofisher, US) Base 

Heat-Inactivated Foetal Bovine Serum 

(Thermofisher, US) 

10% 

Penicillin, Streptomycin (Thermofisher or 

Merck, US) 

100 U/ml, 100 µg/ml 
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Table 3| Composition of complete medium for stellate neuron culture. 

Complete Neuronal Medium 
Component 

Concentration or percentage of total 
volume 

Neurobasal Plus  Base 

B-27 Plus Supplement (Thermofisher, US) 2% 

GlutaMAX (Thermofisher, US) 1.5 mM5 

2.5S NGF (Merck, US) 5 ng/ml 

Penicillin/Streptomycin  50 U/ml, 50 µg/ml 

 

II.4.3 Whole stellate ganglion explants 

The culture of whole rat stellate ganglia was performed using a protocol adapted from 

that used by Pirzgalska et al. (2017) for mice. Cleaned ganglia were placed into 

sterilisation medium (Table 4), to reduce the chance of bacterial contamination, before 

being plated onto 8-well tissue culture chambers previously coated with poly-D-lysine 

(0.1 mg/ml). Next, 10 µL of Matrigel (Corning Life Sciences, US) was layered on top of 

the ganglia, covering them completely, and the plates were incubated at 37°C for 7 min. 

Finally, 1 mL of stellate explant culture medium (Table 5) was added to each well. The 

concentration of NGF used is the minimum required to sustain sympathetic neuron 

survival (Greene, 1977), to enable the effects of additional stimulatory treatments on 

neuronal activity to clearly be observed. The ganglia were returned to an incubator at 

37°C under 5% CO2 and left for ~48 hours before being used for experiments. 

 

 

 

                                                           
5 The B27 Plus supplement at 2% provides an overall concentration of 0.5 mM Glutamax; so additional 
Glutamax was added to provide a final concentration of 2 mM. 
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Table 4| Composition of sterilisation medium for blood co-culture with stellate explants 
and neurons. 

Sterilisation Medium Component Concentration or percentage of total 
volume 

Dulbecco’s Modified Eagles Medium 

(Thermofisher, US) 

Base 

Heat-Inactivated Foetal Bovine Serum  10% 

Penicillin, Streptomycin  100 U/ml, 100 µg/ml 

 

Table 5| Composition of culture medium for stellate explants. 
 
Stellate Explant Culture Medium Concentration or percentage of total 

volume 
Dulbecco’s Modified Eagles Medium, 

without phenol red (Thermofisher, US) 

Base 

Heat-Inactivated Foetal Bovine Serum 10% 

GlutaMAX  2 mM 

2.5S NGF  5 ng/ml 

Penicillin, Streptomycin  50 U/ml, 50 µg/ml 

 

For some experiments ganglia were co-cultured with blood-derived leukocytes. These 

were prepared from blood samples taken from 3-4 week old Wistar rats and SHRs by 

transthoracic cardiac puncture, as detailed in Chapter II.1. Using this method, 1-2 ml of 

fresh blood could be obtained per 3-4 week old animal. 1 mL of each sample was added 

to 10 ml of eBioscience red blood cell lysis buffer (Thermofisher, US) as per the 

manufacturer’s instructions, and incubated at room temperature for 10 min on a shaker. 

To arrest the reaction, 10 ml of DMEM containing 10% FBS was added to each sample 
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and the suspensions were centrifuged at 400 rcf for 4 min to obtain a pellet. Blood cell 

suspensions were then either depleted of monocytes using clodronate liposomes, 

according to a protocol developed by Claassen et al. (1990), or incubated with PBS-

containing liposomes as a control. The pellets were resuspended in the ganglionic culture 

medium containing either 100 µl Clodrosomes, or the same concentration of the control 

liposomes, and incubated at 37°C for 1-2 h. After this the cells were pelleted and 

resuspended in fresh ganglionic culture medium and this suspension was used to culture 

the ganglionic explants. The products of each original 1 ml blood sample were 

resuspended in 2 ml of such medium; this being split across two ganglia so that each 

ganglion received approximately the number of leukocytes derived from 0.5 mL of rat 

blood. SHR blood may contain a higher concentration of leukocytes than that of Wistar 

rats (Burba-Anczewska, 1978, Schmidschonbein et al., 1991, Reed and Hendley, 1994), 

so this difference would therefore be incorporated in the culture conditions of ganglia 

treated with blood from each respective strain. 

II.4.4 Bone marrow-derived macrophages (BMDMs) 

The following protocol was adapted from Muschter et al. (2015) and a laboratory protocol 

of the Greaves group, University of Oxford, for mouse BMDM culture. Tibiae and 

femurae were extracted from 3-4 week old Wistar rats, cleaned of soft tissue and stored 

in PBS at 4°C for up to 24 hours. These were then sprayed with 70% ethanol and one at 

a time the ends of each bone were cut off with a scalpel. A syringe and 25 G needle were 

used to flush out the bone marrow into a petri dish, using ~6 ml cold PBS. The combined 

effluent from all bones was then passed through a 70 µm filter and collected in a 50 ml 

falcon tube, before being centrifuged at 300 rpm for 5 min. The cell pellet was 

resuspended in complete BMDM media (4 ml/bone, Table 6). The cells were plated on 
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10 cm petri dishes, 8 ml per dish, and incubated at 37°C/5% CO2. Four days later half 

the media was removed and replaced with fresh BMDM. Two days after this, all media 

was removed and the plates washed with PBS, before ~4 ml TrypLE (Thermofisher, US), 

or EDTA (2 mM in PBS; Merck, US where cells were being processed for flow 

cytometry) was added to each. After 3-4 min once the cells had detached the suspension 

was removed and combined with an equal volume of α-MEM + 10% FBS media, and this 

was then centrifuged at 300 rpm for 5 min. Cells were then plated onto the required 

format, for example, 6 mm glass coverslips, re-suspended and prepared for flow 

cytometry, or washed in PBS before being once again pelleted and flash-frozen in liquid 

N2 prior to RNA extraction. 

Table 6| Composition of complete BMDM medium. 

BMDM Medium Component Concentration or percentage of total 
volume 

Alpha-Minimum Essential Medium, 

nucleosides (Thermofisher, US) 

Base 

Heat-Inactivated Foetal Bovine Serum  10% 

Recombinant Rat M-CSF (Abcam, UK) 20 ng/ml 

Penicillin, Streptomycin  100 U/ml, 100 µg/ml 

 

II.4.5 Sympathetic neuron co-cultures 

Co-cultures of stellate neurons and blood leukocytes or BMDMs were prepared on 6 mm 

poly-D-lysine/laminin-coated coverslips. For leukocyte co-culture, stellate neurons were 

prepared in the same way as for their solitary culture, but in half the normal volume of 

medium. Blood leukocytes, prepared in the same way as described above for culture with 

whole ganglia, with either clodronate or PBS-filled liposomes (Encapsula Nanosciences, 
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US), were then added to the neurons in an equal volume of neuronal culture medium. To 

separate these cells from the liposomes, after the incubation 10 mL of Neurobasal plus 

containing 21.5% Optiprep (Merck, US) was added to each mL of cell suspension, and 

the mixture centrifuged at 400 g for 15 min with no brake. The liposomes floated to the 

top while the cells formed a pellet at the bottom. These were resuspended in neuronal 

culture medium. Each mL of blood provided leukocytes for three wells of four 6 mm 

coverslips. 

In the case of BMDM co-culture, the neurons were once again plated in half the normal 

volume of culture medium, and day 6 harvested BMDMs were added to this in the same 

volume of media, but containing 40 ng/ml M-CSF, to produce a final concentration of 

20 ng/ml (Table 7). These BMDMs had been previously cultured in 10 cm dishes at a 

density of 2 bones per dish, and were plated at an approximately equivalent density, 

adjusting for well surface area.  

All co-culture preparations were incubated at 37°C, 5% CO2 for 48 hours before imaging. 

Table 7| Composition of neuronal BMDM co-culture medium. 

Sympathetic Neuron-BMDM Co-
Culture Medium Component 

Concentration or percentage of total 
volume 

Neurobasal Plus  Base 

B-27 Plus Supplement  2% 

GlutaMAX  1.5 mM 

2.5S NGF  5 ng/ml 

Penicillin, Streptomycin  50 U, 50 µg/ml 

Macrophage Colony Stimulating Factor  20 ng/ml 
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II.5 Flow cytometry and cell sorting 

Flow cytometry is a technique whereby lasers are used to measure physical properties of 

cells (generally, although other small particles, such as liposomes, may be used) in a high-

throughput manner (Shapiro, 2003). A flow cytometer machine pumps a suspension of 

cells into the centre of a surrounding, faster-moving stream of ‘sheath fluid’, which is 

used to channel the cellular suspension into a single-file stream; a process known as 

hydrodynamic focussing. The stream is then passed in front of one or multiple lasers, 

allowing each cell to be analysed individually. The scattering of light by each cell is 

recorded in both the forward direction (forward-scatter; FSC), providing an index of cell 

size, and at 90° to this (side-scatter; SSC), giving an index of cell granularity/complexity. 

The fluorescent emission of each cell, at a variety of chosen wavelengths, after excitation 

by a selection of lasers, is also able to be recorded, the use of specific antibodies or dyes 

thus allowing determination of antigen expression or other biological properties of a cell. 

Each time a particle passes in front of the lasers, its desired parameters are recorded, as 

an ‘event’. The most commonly-used method of recording is a photomultiplier tube 

(PMT) which converts the scattered or emitted photons into a proportional voltage pulse. 

This proportionality is adjusted such that the recorded voltages fall within an optimal 

range of sensitivity.  

II.5.1 Compensation 

Even though flow cytometry uses lasers at specific excitation wavelengths, and filters 

defining a small range of emission wavelengths, fluorophores display relatively broad 

spectra of emission/excitation light. For this reason, a source of noise is introduced when 

one uses multiple fluorophores in a flow cytometry panel; fluorophores may be excited 

slightly by a different laser, or may emit light that passes through other filters. While this 
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can be reduced by selecting fluorophores at opposite ends of the excitation/emission 

spectra, a small amount of overlap may still exist, and when using a large number of 

fluorophores, spacing between spectra becomes impossible, especially when there are 

limitations on those commercially available.  

To remove the influence of this multi-channel spill-over, a process known as 

‘compensation’ must be performed. Briefly, this involves measuring the percentage of 

overlap between every pair of fluorophores in a panel, then performing a computational 

algorithm to make adjustments for this in the subsequent analysis. To do this, samples 

each labelled with only one of the fluorophores in the panel (single-colour compensation 

controls) are run through the flow cytometer one-by-one, under the same settings as the 

experimental samples, to record spill-over into every other channel. For this purpose, 

purposefully-designed antibody-binding compensation beads are commercially available. 

Naturally compensation is most accurate when there is minimal fluorophore overlap, so 

antibody panels are designed to leave as must space as possible, and those channels on 

the same laser or similar filter sets are set to the same voltage. Single-colour compensation 

is illustrated in Figure 2 and elegantly reviewed by Roederer (2002).  
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II.5.2 Gating 

Examining the recorded values for each event within the desired parameter, one can 

attempt to identify distinct populations of cells from a heterogeneous mixture. The 

voltages produced by each event however lie on a continuous scale, so in order to fit these 

to discrete populations of cells, thresholds must be defined around a range of desired 

values; these are known as ‘gates’. To reduce the degree of subjective arbitration, 

unstained samples may be used to first define negative populations, with anything having 

a higher intensity defined as positive. In many cases these ‘unstained’ samples are 

incubated instead with an isotype control antibody, which matches all properties of the 

Figure 2| Process of single-colour compensation. The upper panel display the matrix formed 
by the percentage spill-over between each possible pair of fluorophores. The plot for the 
single-stained 405 - 610/20 compensation sample showing intensity in the 405 - 610/20 and 
561 - 586/15 channels is shown as an example; with the uncompensated and compensated data 
overlaid. This single colour compensation sample only expresses the fluorophore of the 405 - 
610/20 channel, but the uncompensated data show positivity in the 561 – 586/15 channel. This 
shows the characteristic positive correlation relationship; as an event’s positivity in the original 
channel increases, so does its intensity in the other, suggestive of spill-over. The compensated 
plot shows little-to-no positivity in the 561 - 586/15 channel. 
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staining antibody, except that it is specific to an antigen not expressed by the population 

in question. This helps control for non-specific binding. 

An improvement on this approach however, is the use of fluorescent-minus-one (FMO) 

controls. Although compensation greatly reduces the influence of one fluorophore over 

another, due to fundamental and unavoidable limitations in the mathematical method, a 

small impact of fluorescent spill-over remains. Originally, two uncompensated channels 

will have a linear relationship; an increased intensity in one, will lead to a proportional 

increase in that of the other due to spill-over. The compensation algorithm is only able to 

reduce the linear relationship occurring between two channels, 𝑥 and 𝑦: 𝑦 = 𝑚𝑥, where 

𝑚 is the constant of proportionality, into a relationship to 𝑦 = 𝑚√𝑥. By recording data 

from samples stained with every fluorophore except a given one, an FMO control, one 

can control for this remaining spill-over; the population of events recorded in a given 

channel’s FMO control is the true negative for that channel in the context of a particular 

experiment (Figure 3). Put simply an FMO control is a stricter negative control as it has 

fewer differences to the fully-stained experimental sample, than does an unstained one 

(Roederer 2002). 

Finally, another general gate essential for any cellular flow cytometry is one for doublet-

discrimination. Two (or theoretically more) cells may occasionally pass in front of the 

laser overlapping, producing a combined voltage peak. This joint event does not provide 

useful information as any positivity of one cell will produce positivity, possibly 

incorrectly, for the pair. In order to remove these, one must make a comparison between 

two of the: area, height or width of the voltage pulse for FSC or SSC of each event. 

Doublets will have an increased width relative to the area or height of their voltage pulse, 
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allowing these to be gated out. In this thesis, doublet discrimination was performed using 

FSC-A/FSC-H plots, as shown in Figure 4. 

II.5.3 Fluorescence-activated cell sorting  

A technical extension of flow cytometry is its use to physically separate out and collect 

cells falling into defined populations in real time: known as fluorescence-activated cell 

sorting (FACS). The process begins with simple flow cytometry, but electrical charges 

are applied to selected populations, allowing them to be deflected differentially by 

electrostatic plates into separate collection tubes.  
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II.5.4 Methodology 

II.5.4.a Sample Preparation 

All rat tissue samples were first prepared for subsequent staining and flow cytometric 

analysis or sorting. In the case of sympathetic ganglia, the cut ganglion pieces underwent 

simultaneous enzymatic digestion in HBSS with hyaluronidase (1000 U/ml), collagenase 

II (1 mg/ml) and DNase I (5 U/ml) for 30 min at 37°C. Subsequently these were 

centrifuged at 400 rcf for 4 min, the supernatant was discarded, and then the tissue was 

mechanically triturated in 1 ml PBS using two glass Pasteur pipettes in series, the second 

fire-polished to narrow the opening. 

Heparinised blood samples, obtained during cardiac perfusion, were passed through a 

70 µm filter and centrifuged at 400 rcf for 4 min. Next these were resuspended in ~10 ml 

red blood cell lysis buffer and left at room temperature for 10-15 min, before the reaction 

was stopped by addition of an equal volume of FACS buffer, and the whole suspension 

was centrifuged again at the same settings as before. The pellet was then resuspended in 

PBS, spun down at 400 rcf for 4 min once more, before a final resuspension in fresh PBS. 

For experiments in which monocyte-macrophages were to be isolated by FACS, blood 

samples were instead obtained from rats by cardiac puncture under terminal anaesthesia, 

with EDTA used as the anti-coagulant; described above (Chapter II.1). These samples 

were otherwise processed in the same way as those obtain from cardiac perfusion. 

Renal tissue was prepared for flow cytometry using a protocol adapted from Rubio-

Navarro et al. (2016). Pairs of kidneys were stripped of their capsules by hand, the hila 

were removed. The remaining renal tissue was finely cut up using scissors and then 

pushed through a 40 µm filter using the plunger from a 10 ml syringe, the resultant pulp 

being washed through with 15 ml of FACS buffer. The filtered suspension was 
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centrifuged at 400 rcf for 4 min and resuspended in ~15 ml red blood cell lysis buffer, 

which was left at room temperature for 90 s, before lysis was terminated by dilution with 

15 ml of FACS buffer. The solution was centrifuged under the same settings as before, 

resuspended in 10 ml PBS, and 1 ml of this was taken forward for analysis.  

BMDMs were prepared for flow cytometry after their harvest on day 6 of their culture 

protocol. Harvested cells were washed once in PBS, before the staining process 

commenced.  

Human blood samples, obtained via the Oxford Biobank, first treated with red blood cell 

lysis buffer; 1 ml of the heparinised blood was added to 10 ml of buffer and incubated for 

15 min. The solution was then passed through a 70 µm filter, combined with an equal 

volume of FACS buffer, and centrifuged at 400 rcf for 4 min, before washing and 

resuspension in PBS. The PBS cell suspension was then diluted 1:2 in more PBS, and 

1 ml PBS containing half the total quantity of cells was taken forward for staining. 

II.5.4.b Staining 

The resultant single-cell suspensions were stained with 0.5 µL eBioscience™ Fixable 

Viability Dye eFluor™ 780 (Thermofisher, US) for 30 min at 4°C, and then 1 ml of FACS 

buffer was added, and the suspension centrifuged at 400 rcf for 4 min to wash off the dye. 

The cells were next incubated for 10 min in anti-rat CD32 (1:100 in FACS buffer) at 4°C 

to prevent FcR-mediated antibody binding, prior to incubation for 30 min in appropriate 

panel of fluorescently-tagged flow cytometry antibodies.  

In the case of human blood samples, these were fixed after the 30 min antibody staining, 

to minimise their potential infectious risk. The cells were washed once in FACS buffer, 
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once in PBS, then resuspended in 200 µL 2% PFA (in PBS) for 15 min, before washing 

and resuspension in FACS buffer once more.  

II.5.4.c Cytometry and Sorting 

For simple flow cytometry, a BD LSRFortessa™ X-20 was used, equipped with 5 lasers, 

and a total of 18 filter sets, each corresponding to an emission wavelength on a specific 

laser (Figure 5). For FACS of classical and non-classical monocytes from rat stellate 

ganglia and blood, the samples were run through a BD FACSAria™ III Cell Sorter. Single 

colour controls were prepared using compensation beads according to the manufacturer’s 

instructions, and FMO controls were also used for each antibody panel to aid gating. Data 

were later processed using FlowJo 10 software. 

 

 

 

 

 

 

 

 

 



Chapter II Methods & Materials  

Page | 70  
 

 

Figure 5| Lasers and filter sets of the BD LSR Fortessa X20 used for flow cytometry 
experiments in this thesis. Image credit to Michal Maj, Flow Cytometry Facility, Sir William 
Dunn School of Pathology, University of Oxford. 
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II.6 Immunohisto-/immunocytochemistry 

The terms immunohistochemistry and immunocytochemistry essential refer to the same 

process (Figure 6), except that the former is performed on pieces of tissue (histo- = tissue), 

while the later refers to individual cells (cyto- = cells), for example in culture6. Both of 

these involve using labelled antibodies to detect the presence (or absence) of a target 

antigen within a tissue/cellular sample, and the principle was first demonstrated in 1942 

by Coons et al. (1942). This study used a fluorescently conjugated antibodies to recognise 

pneumococci bacteria, which may be referred to as direct immunocytochemistry, as the 

primary antibody is conjugated to the stain. Indirect immunocytochemistry, which 

involves an unstained primary antibody against the target, and subsequent detection of 

this by a conjugated secondary anti-immunoglobin antibody, is now more commonly 

used, due to the amplification of signal as multiple labelled secondary antibodies can bind 

to each bound primary one.  

                                                           
6 In the remainder of this section (Chapter II.5), for brevity, the term immunocytochemistry will be used to 
cover both terms.  

Figure 6| The principle of immunocytochemistry. 1. Different antigens are present in a sample. 
2. Specific primary antibodies bind to the desired antigen. 3. Secondary antibodies recognise the 
primaries. 4. Conjugate of secondary antibody reveals the presence of the antigen; in this case a 
fluorophore is depicted. (Brandtzaeg, 1998). Antibody images are re-coloured versions of 
“Labeled Antibody” from Servier Medical Art (smart.servier.com) by Servier, which is licensed 
under a Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/). 
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In preparation for staining, tissues or cells need to be fixed in order to stabilise the 

biological architecture of the sample, particularly if they are to be later permeabilised. 

Tissues are then sectioned, which is generally performed either when embedded in 

paraffin, or a specific cryosectioning medium. Intracellular antigens necessitate 

permeabilisation of the cells or tissues with a detergent to disrupt the plasma membrane. 

Finally, serum or bovine serum albumin is used to block the sample and reduce later non-

specific binding of the primary antibody. 

II.6.1 Methodology 

Clean stellates were immersed in cold 4% PFA (Alfa Aesar, US) and stored at room 

temperature on a rotator for ~1-2 h; spleens were incubated in the same solution 

overnight. For cryoprotection, the tissues were transferred to 15% sucrose (Merck, US) 

in PBS solution for ~6-12 h, or until the tissue had sunk, and subsequently put into 30% 

sucrose for the effect. The tissue was then embedded in OCT and stored at -20°C as 

required. 20 µm sections were cut on a cryostat, transferred to microscope slides, and 

returned to -20°C for further storage. In the case of cell culture staining, neuron and 

macrophage co-cultures were plated directly onto 35 mm glass-bottomed dishes, before 

fixation for 15 min in 2% PFA. 

For staining, microscope slides were thawed in room temperature PBS and then the tissue 

circled with a PAP pen. The sections or cell-containing dishes were then incubated in a 

PBS-based blocking and permeabilisation solution (Table 8), for 1 hr, before incubation 

in primary antibody solution overnight at 4°C in a humid box. The following day the 

stained slides/dishes were washed three times each for 5 min in PBS and then incubated 

in secondary antibody and DAPI for 1 hr at room temperature. Finally, the samples were 

washed three times for 5 min in PBS once again, prior to mounting using ProLong™ Gold 
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Antifade Mountant (Thermofisher, US). Imaging was carried out on a confocal 

microscope within a day of mounting, and the recorded images processed using ImageJ 

software. 

Table 8| Composition of blocking solution for immunohistochemistry. 

Blocking and permeabilisation solution 
component 

% of total volume 

PBS (Merck, US) Base 
Goat serum (Merck, US) 2 
BSA (Merck, US) 3 
Triton X-100 (Thermofisher, US) 1 
NaN3 (Merck, US) 0.1 

 

II.7 Quantitative Reverse Transcription PCR (RT-qPCR) 

The polymerase chain reaction (PCR) is the repeated copying of a section of DNA by a 

polymerase enzyme. To analyse mRNA expression, a sample of cell or tissue RNA is first 

reverse-transcribed into complementary (c)DNA, before the reaction takes place. For 

quantification, primers specific to genes of interest are used for the PCR, equipped with 

fluorescent probes, which increase in intensity with every replication cycle. The number 

of cycles taken for the fluorescent signal to cross a determined threshold, the Ct value, 

gives an index of relative gene expression (Figure 7). In order to control for differences 

in overall RNA, some ubiquitously expressed genes are analysed and the target genes 

normalised to these as a control. In this thesis b2m was used as it has been shown not to 

be differentially expressed by the Wistar and SHR stellate ganglia (Bardsley et al., 2018a; 

Davis et al., 2018).  
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II.7.1 Methodology 

Clean stellate ganglia were snap frozen and temporarily stored in liquid nitrogen 

immediately following connective tissue removal. Cultured BMDMs were collected from 

their petri dishes, resuspended in PBS and centrifuged at 400 rcf for 4 min for washing, 

and then the supernatant was removed and the cell pellet also snap frozen in liquid 

nitrogen. Sorted monocyte-macrophages were placed onto dry ice immediately following 

separation, and then transferred to liquid nitrogen as soon as possible. 

RNA was extracted from ganglia and cells using an RNeasy mini kit, according to the 

manufacturer’s instructions and these samples stored at -80°C if required. In the case of 

monocyte-macrophages FAC-sorted from stellate ganglia, RNA amplification was then 

attempted using a MessageBOOSTER™ cDNA Synthesis Kit (Lucigen, US), according 

to the manufacturer’s instructions, which additionally converts the amplified RNA to 

cDNA, ready for qPCR. In the case of non-amplified RNA samples, contaminating DNA 

was digested by DNase at 37°C, before the RNA was converted to cDNA using 

Figure 7| Example qPCR assay for expression of three genes: A, B and C. The cycle number at 
which each gene assay crosses the threshold (grey dotted line) is the Ct number and gives an 
index of relative gene expression. It took ~7 cycles longer for gene B to cross the threshold than 
gene A and as each cycle is a doubling of cDNA, this means gene A is expressed 27 times as 
much as gene B. 
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Superscript IV Vilo with UNG. cDNA samples were stored at -20°C and gene expression 

quantified using a Taqman gene expression assays, within a week of synthesis. 

Data were collected on an ABI Prism 7000 real time PCR machine, processed using 7000 

system software, and analysed using the delta Ct method. 

II.8 Real-time Ca2+ imaging 

Fluorescent calcium indicator dyes are molecules which bind Ca2+ ions and whose bound 

and unbound states have different excitability or emission spectra. Single-wavelength 

dyes are fluorescent in one of these states, but not (or only weakly) in the other, and 

therefore the intensity of emission at their peak emission wavelength gives an index of 

[Ca2+]. Emission intensity is dependent not only on Ca2+ but also on factors such as the 

concentration of dye and its viability, so changes in these factors leakage from cells or 

photobleaching will affect the measured [Ca2+]. Ratiometric dyes circumvent this 

limitation by being fluorescent in both bound and unbound states, except that the emission 

or excitation peaks are different in each state (Figure 8). One must alternate the excitation 

or recorded emission wavelengths and the ratio of the dual wavelengths thereby indicates 

the relative [Ca2+], and as both of these would be similarly affected by changes to factors 

affecting intensity, the ratio remains relatively constant. However, due to having to excite 

at or record from two wavelengths sequentially, these have poorer temporal resolution.  

Most dyes contain charged carboxylate groups, making them unable to permeate cell 

membranes. To allow recording of intracellular Ca2+ they would therefore need to be 

injected, which is very technically challenging and inefficient. Alternatively, they can be 

introduced to the cells as an acetoxymethyl (AM) ester derivative, which is uncharged, 

and therefore can cross the plasma membrane. Once inside the cells this is cleaved by 
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cytoplasmic esterase enzymes, restoring the charged groups, and effectively trapping the 

dye inside the cell (Tsien, 1981). The Ca2+ imaging experiments of this thesis used Fura-2 

to record cytosolic Ca2+ due to its ratiometric property (Grynkiewicz et al., 1985) and 

technical ease.  

II.8.1 Methodology 

Stellate neurons were plated onto 6 mm laminin and poly-D-Lysine coated glass 

coverslips as described in Chapter II.3. Prior to imaging, these were incubated in culture 

medium containing 2 µM Fura-2 AM, at 37°C for 30 min, before being washed with 

Tyrode’s solution (Table 9) three times for 5 min each. The coverslips were then imaged 

Figure 8| The principle of Fura-2 imaging. Fura-2 always has an emission peak at ~510 nm, 
but its excitation peak is ~340 nm when bound to Ca2+ and ~380 nm when not (Grynkiewicz 
et al., 1985). The [Ca2+] can then be calculated using the following equation:  

[𝐶𝑎ଶା] =
𝑅 − 𝑅௠௜

(𝑅௠௔௫ − 𝑅) × 𝑆𝑓 × 𝐾𝑑
 

where R is the 340/380 ratio at a given time, Rmin is the ratio where [Ca2+] = 0 (commonly 
calibrated using a chelator), Rmax is the 340/380 ratio where Fura-2 is saturated with Ca2+ 
(often calibrated using ionomycin to expose the cytosol to the mM levels of extracellular 
[Ca2+], Sf is a scaling factor, and Kd is the dissociation constant for Fura-2. In the 
experiments of this thesis relative changes in [Ca2+] were compared between conditions or 
rat strains, and therefore there was no need to calibrate and calculate exact [Ca2+] values.  
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in a 100 µL, gravity-fed perfusion chamber, in 37°C Tyrode’s solution at a flow rate of 

~3-4 ml/min. An inverted Nikon microscope, with a 40x oil-immersion objective, was 

used to obtain the images, which were captured by QICLICK digital CCD camera, using 

Optofluor QICLICK software. 

Table 9| Composition of Tyrode’s solution used for stellate neuron Ca2+ imaging. 

 

Neurons were identified by their large size and thick borders, as compared to other cells 

present on the coverslips, and only those which appeared healthy, showing no obvious 

signs of damage or blebbing, were selected for imaging. Images were captured every 2 s, 

during which the coverslips were excited sequentially at wavelengths of 3557 and 380 

nm, and the emission intensities at 510 nm recorded. Background 510 nm emissions were 

subtracted from that of the cells for both excitation wavelengths in each image, and the 

resultant values used to calculate the 355/380 ratio. This was then normalised to a baseline 

                                                           
7 While the peak excitation wavelength for Ca2+-bound Fura-2 is at 340 nm, the LED system available to 
our laboratory uses 355 nm instead. This is close enough to 340 to serve the same purpose, and even though 
355 nm will have greater spillover into the 380 nm channel, this is acceptable if this is held constant for 
comparisons between datasets. 

Neuronal Ca2+ imaging Tyrode’s 
Solution 

Concentration (mM) 

NaCl (Merck, US) 135 

KCl (Merck, US) 4.5 

HEPES (Merck, US) 20 

Glucose (Merck, US) 11 

CaCl2 2 

MgCl2 1 
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ratio for each cell, which was taken as the average of the final 5 images prior to addition 

of the first treatment. Cells underwent the pharmacological protocol shown in Figure 9. 

 

Figure 9| Exemplar stellate neuron Fura-2 Ca2+ imaging experiment. a) Changes in Fura-2 
fluorescent properties during the course of an experiment in which a neuron is stimulated 
sequentially with nicotine and high [K+]o and the 510 nm light emission is recorded every 2 s 
upon illumination with 355 and 380 nm light. The evoked [Ca2+]i transients correspond to an 
increase in emission in response to light at the 355 nm wavelength, but a decrease in this respect 
for 380 nm light; thereby increasing the 355/380 nm ratio. Note also, in the 355 and 380 nm 
traces, the gradual decline in fluorescence during the experiment, caused by a combination of 
dye leakage and photo-bleaching. However, as a ratiometric dye, this does not substantially 
affect the signal. b) Images of the neuron from which the recording was taken at the start of 
the experiment under: (i) bright-field, (ii) 355 nm light, and (iii) 380 nm light. c) 355/380 nm 
ratio images at the time points indicated in a). 

a 

b c i ii 

iii iv 

i ii iii 



Chapter II Methods & Materials  

Page | 79  
 

I.9 Whole stellate ganglion noradrenaline release experiments 

Physiologically, post-ganglionic sympathetic neurons receive stimulation by 

acetylcholine (ACh) released from pre-ganglionic neurons. This acts on nicotinic ACh 

receptors, leading to depolarisation and triggers a post-synaptic action potential. 

Travelling down the axon to the noradrenaline-containing varicosities, this voltage 

stimulus opens N-type voltage-gated Ca2+ channels, leading to Ca2+ ion entry, which 

triggers vesicular noradrenaline release. The cholinergic neurotransmitter signal is 

difficult to reproduce in culture because prolonged stimulation would be necessary to 

release detectable noradrenaline, but nicotinic receptors desensitise rapidly (Giniatullin 

et al., 2005), and it would be extremely technically difficult to repeatedly apply puffs of 

acetylcholine or nicotine at the same frequency as they are released from pre-synaptic 

neurons in vivo. For this reason, a model system used to examine ganglionic activity in 

vitro is electrical stimulation (Figure 10); this mimics the depolarisation of the post-

ganglionic neurons and thereby similarly produces noradrenaline release. This method 

has been previously published by our lab, where it was shown that the SHR exhibits 

greater release of noradrenaline, compared to the Wistar rat (Bardsley et al., 2018b), 

suggesting this is a good model to study SHR sympathetic dysfunction. This study then 

used high-performance liquid chromatography to analyse the noradrenaline content of the 

ganglia and supernatant. Unfortunately, this gold-standard technique was not available 

for use within this thesis, so an ELISA was instead used, use of this being previously 

published by the Domingos lab (Pirzgalska et al., 2017). 
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II.9.1 Methodology 

The protocol used in this thesis was adapted from the aforementioned publication of 

Bardsley et al. (2018b). Culture medium was removed from stellate ganglion explants 

prepared in 8-well tissue culture dishes and replaced with 700 µL Tyrode solution 

containing 1 µM desipramine (to inhibit noradrenaline re-uptake after release). The 

composition of this solution is detailed in Table 10 was bubbled with 95%O2/5%CO2 for 

10 min, reach a pH after equilibration of 7.40. In a water bath at 37°C, ganglia were then 

electrically stimulated with 100 mV, 10 ms pulses at 5 Hz, for 5 min. After this the 

supernatant was extracted and the noradrenaline stabilised by addition of 1 mM EDTA 

and 4 mM sodium metabisulfite, while the ganglia were put into a metal bead lysing tube 

(Bertin technologies, France) containing another 700 µL Tyrode solution with 1 µM 

desipramine, 1 mM EDTA and 4 mM sodium metabisulfite. The ganglia were then 

mechanically lysed using a Precellys 24 machine and the tubes centrifuged at 16,000 ×g 

for 15 min, before the resulting supernatant was collected. All samples were stored on ice 

throughout and protected from light in order to reduce catecholamine oxidation, and then 

Figure 10| Experimental set-up of stellate ganglion noradrenaline release experiments.  

Top-down view Horizontal view 
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stored at -80°C. The concentration of noradrenaline in 500 µL of each sample was later 

determined using a specific ELISA kit (LDN, Nordhorn, Germany), according to the 

manufacturer’s instructions. This kit uses an optical density measurement as an index of 

[Noradrenaline], and uses a number of standard samples to construct a curve comparing 

[Noradrenaline] to optical density, from which experimental sample [Noradrenaline] can 

then be interpreted.  

Table 10| Composition of Tyrode’s solution used for stellate stimulation experiments. 

 

II.10 Chemotaxis assay 

A number of assays now exist to quantify the extent of cellular chemotaxis, but one of 

the earliest and most elegant is the Boyden chamber (Boyden, 1962) (Figure 11). In brief, 

this comprises two compartments separated by a barrier, containing microscopic pores 

through which cells can migrate. Different pore diameters are chosen depending on the 

cell type being assayed, 5 µm being appropriate for monocytes and macrophages 

according to the manufacturer (Merck, US). Cells are seeded into the upper chamber in 

culture media, and culture media containing a chemoattractant is loaded into the lower 

one. After a specified period of time, the number of cells appearing in the lower chamber 

Stellate Stimulation Tyrode’s Solution Concentration (mM) 
NaCl 120 

KCl 4 

NaHCO3 (Merck, US) 25 

Glucose 1 

CaCl2 2 

MgCl2 1 
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is taken as an index of chemotaxis. A number of different methods may be used to count 

this.  

This thesis used the Boyden chamber-based 5 µm colorimetric QCM Chemotaxis Cell 

Migration Assay (Merck, US), which was performed according to the manufacturer’s 

instructions. In this assay a nucleic dye is used to stain for cells reaching the lower 

chamber, the intensity of which was quantified on a spectrophotometric plate reader. 

II.11 Statistical Analysis 

Graphpad Prism 8 software was used to compute all statistical analyses. All data collected 

for this thesis were continuous, which was reflected in the choice of statistical tests 

employed. Data were first assessed for normality by a combination of Anderson-Darling, 

D'Agostino & Pearson, Shapiro-Wilk and Kolmogorov-Smirnov tests, and those which 

passed were analysed using parametric models, while the rest used non-parametric 

statistical tests. In cases where two groups were being compared, Welch’s t-tests 

(parametric) or Mann-Witney (non-parametric) tests were used. To account for multiple 

Figure 11| The Boyden Chamber chemotaxis assay. Chemotactic cells are placed into the upper 
chamber and a chemokine loaded into the bottom. The extent of cell migration through pores 
in the membrane separating the two compartments provides an index of chemotaxis.  (Boyden, 
1962). Cell images are from Servier Medical Art (smart.servier.com) by Servier, and licensed 
under a Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/). 
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comparisons, the false discovery rate (FDR) approach was used, with adjusted p-values, 

known as q-values, (calculated using the two-step set-up method of Benjamini, Krieger 

and Yekutieli, with the desired FDR set to 5%) being reported where appropriate. For 

comparison of three or more groups simultaneously, Brown-Forsythe and Welch’s 

ANOVAs (parametric) or Kruskall-Wallis (non-parametric) tests, with appropriate post-

hoc tests, were instead employed. Results were considered statistically significant in all 

cases where p<0.05.
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III.1 Introduction 

III.1.1 Central neuroinflammation as a driver of hypertension 

Neuroinflammation at certain nodes of the central nervous system can produce 

sympathetic hyperactivity, which in turn raises arterial blood pressure (MAP). Pro-

inflammatory cytokines, namely tumour necrosis factor alpha (TNF-α) and interleukin 1 

beta (IL-1β) (Shi et al., 2011; Wu et al., 2012), have been shown to heighten sympathetic 

outflow and raise MAP in particular through actions on two central nervous system 

nuclei. These are: the hypothalamic paraventricular nucleus (PVN) (Shi et al., 2011), a 

key centre of autonomic control, and rostral ventrolateral medulla (RVLM) (Wu et al., 

2012), the major final sympathetic outflow nucleus. Moreover, markers of inflammation 

including these have been found in the spontaneously hypertensive rat (SHR) in both 

these nuclei (Shi et al., 2014; Tan et al., 2017), along with the nucleus tractus solitarii 

(NTS) (Waki et al., 2010), to which the baroreceptors input.  

Activation of the pro-resolution CB2 receptor in the RVLM of the SHR reduces 

inflammatory marker expression and simultaneously lowers renal sympathetic nerve 

activity. It simultaneously produces a fall in MAP, all these effects being dependent upon 

RVLM CB2 receptor expression (Shi et al., 2020), suggesting reversing this inflammation 

may be beneficial in hypertension. Reports have shown minocycline, which has the effect 

of inhibiting microglial activation, can lower blood pressure in the SHR (Santisteban et 

al., 2015; Galla et al., 2018). One report in the stroke-prone SHR though suggests that 

while oral minocycline reduces PVN microglial activation, it does not change blood 

pressure (Takesue et al., 2017). This disparity may result from the use of the stroke-prone 

SHR (an inbred line arising from the SHR with higher blood pressure and greater stroke 

susceptibility (Okamoto et al., 1974)), or the dosing regimen, which in the study of 
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Takesue et al. (2017), was half that of the others (Santisteban et al., 2015; Galla et al., 

2018). Importantly, preliminary data seems to suggest human hypertensive patients are 

responsive to treatment with minocycline (Qi et al., 2016). 

III.1.2 The case for peripheral sympathetic intervention 

Sympathetic hyperactivity is not likely to occur exclusively centrally in essential 

hypertension; in the SHR it is well-established that sympathetic ganglia themselves 

exhibit dysregulation (Shanks et al., 2013a; Shanks et al., 2013b; Bardsley et al., 2018b), 

something that persists even in single cell culture (Davis et al., 2020). Although 

development of a means to tone down increased central sympathetic outflow is promising 

as a new means of antihypertensive therapy, there is also merit to investigating this 

phenomenon at the lower nodes of the SNS. Being downstream of the central sympathetic 

nuclei, if the ganglia are dysregulated, disease-reducing effects of therapies targeting 

central mechanisms may be blunted due to continued sympatho-excitation at the levels 

below. Inhibiting the peripheral sympathetic nervous system might therefore serve as a 

useful adjunct to central therapies. Furthermore, these peripheral nodes are would be 

much logistically simple to target, given easier access to the target ganglia, than 

attempting to reach deep brain nuclei, for example. 

III.1.3 Role of inflammation in producing local neuronal hyperactivity 

Peripheral neuroinflammation has not substantially been studied in the context of 

essential hypertension. However, evidence from other diseases suggests that an 

inflammatory reaction is capable of increasing peripheral neuronal activity. This is the 

case for sensory fibres in neuropathic pain syndromes, on which there has been much 

work carried out; reviewed by Scholz & Woolf (2007). Following nerve injury, 

macrophages and other immune cells enter the site and release a range of inflammatory 
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mediators, and through a nexus of cell-to-cell interactions within this environment, 

involving the neurons themselves, Schwann cells and glia, neuronal growth and 

sensitisation is promoted. In this context, IL-6 even promotes sympathetic neuron 

sprouting into dorsal root ganglia above the site of injury (Ramer et al., 1998), suggesting 

that the SNS is similarly responsive to such signals. Likewise, post-MI, inflammation as 

the site of the infarct participates in the remodelling of local sympathetic neurons, 

increasing sprouting, and predisposing to future arrhythmia (Hasan et al., 2006; Wernli 

et al., 2009). 

To date, three studies have examined the immune cell environment of the stellate 

ganglion, doing so in those surgically removed from ventricular arrhythmia patients. 

These revealed immune cell infiltration, chiefly of T cells, in the diseased samples, which 

was absent from controls (Rizzo et al., 2014; Ajijola et al., 2017; Duffy et al., 2021). 

While certainly informative, this approach could be improved by employing flow 

cytometry, to provide a more quantitative and detailed examination of the leukocytes 

present in the tissue. Whole rat stellate RNA sequencing data from our lab also show 

expression of markers for leukocytes, T cells, NK cells, macrophages and neutrophils 

(Davis et al., 2018). This is also supported by recent single-cell RNA sequencing of 4-

week old Wistar and SHR stellate ganglia, which showed the presence of a ptprc (CD45)-

positive cluster of leukocytes, expressing markers for the same subsets. However, only 

cd4 (a marker for T helper cells) was differentially expressed between the strains, being 

more highly expressed by the immune cells of the SHR (Davis et al., 2020; Harvey Davis, 

personal communication). Of course these studies are limited however, the bulk stellate 

RNA sequencing examines all RNA in the tissue, meaning the RNA expressed by the 

small leukocyte population may be dilute, while the single cell sequencing used only 
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10,000 cells per sample, again equating to a very small number of leukocytes. This means 

sensitivity for measuring inter-strain differences may be low. 

III.1.4 Hypothesis and aim of the chapter 

Hypothesis: 

 There is an immunological difference in the sympathetic ganglia of pre-

hypertensives versus healthy controls. 

Aim: 

 To quantify the proportions of the major leukocyte populations within the pre-

hypertensive SHR stellate ganglion compared to its Wistar control. 

III.2 Methods & Materials 

III.2.1 Tissue Collection 

Rat tissue for flow cytometry was prepared as described in Chapter II.4.4. Wistar and 

SHR rats were culled by cardiac perfusion and exsanguination under terminal 

pentobarbital anaesthesia, under protocol 19 (b) ii of the project licence P707EB251. This 

enabled blood cells to be flushed out of the vasculature of the tissues under question, such 

that only the tissue-resident leukocytes could be examined, rather than those which 

happened to be passing through the local capillaries. Sufficient perfusion was visible by 

the paling of the intercostal vessels, and organs such as the liver and kidneys. Stellate, SC 

and the combined coeliac/superior mesenteric ganglia, were excised, along with the 

kidneys, and ~1-2 ml of blood was also collected, and these were processed as described 

in Chapter II.4.4a. 

Human blood was kindly donated by volunteers from the Oxford Biobank, as described 

in Chapter II.2. 
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III.2.2 Flow cytometry 

Single cell suspensions of sympathetic ganglia, kidneys and blood were prepared from 

the isolated tissues and stained as described in Chapter II.4.4. The antibodies and 

live/dead stain used are summarised in Tables 1 (rat) and 2 (human). The rat panel was 

adapted from Barnett-Vanes et al. (2016), and the human based on species equivalent 

markers to this. Samples were then processed using a BD LSRFortessa™ X-20, with the 

laser and filter sets listed in Tables 1 and 2, and the data were analysed as described in 

Chapter II.4.4c. The gating strategy use to quantify the different populations of leukocytes 

is shown in Figures 1 (rat) and 6 (human). 
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Table 1| Rat leukocyte flow cytometry panel. 

Antibody Host species Concentration Laser & Filter set 
anti-CD11b-
V450 (BD 
Biosciences, 
US) 

Mouse 1:200 405 - 450/50 

anti-CD161a-
BUV395 (BD 
Biosciences, 
US) 

Mouse 1:200 355 - 379/28 

His48-FITC 
(Thermofisher, 
US) 

Mouse 1:200 488 - 530/30 

anti-CD43-PE 
(Biolegend, US) 

Mouse 1:200 561 - 586/15 

anti-B220-
PECy7 
(Thermofisher, 
US) 

Mouse 1:200 561 - 780/60 

anti-CD45-
A700 
(Biolegend, US) 

Mouse 1:200 640 - 730/45 

anti-CD3-
BV605 (BD 
Biosciences, 
US) 

Mouse 1:25 405 - 610/20 

anti-CD68-
A647 (Bio-Rad, 
US) 

Mouse 1:10 640 - 670/30 

eFluorTM 780 
viability dye 
(Thermofisher, 
US) 

N/A 1:2000 640 - 780/60 
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Table 2| Human leukocyte flow cytometry panel. 

Antibody Host species Concentration Laser & Filter set 
anti-CD33-
V450 (BD 
Biosciences, 
US) 

Mouse 1:20 405 - 450/50 

anti-CD56-
BUV395 (BD 
Biosciences, 
US) 

Mouse 1:20 355 - 379/28 

anti-CD16-
FITC 
(Biolegend, 
US) 

Mouse 1:20 488 - 530/30 

anti-CD14-PE 
(Biolegend, 
US) 

Mouse 1:20 561 - 586/15 

anti-CD19-
PECy7 
(Biolegend, 
US) 

Mouse 1:20 561 - 780/60 

anti-CD45-
A700 
(Biolegend, 
US) 

Mouse 1:50 640 - 730/45 

anti-CD3-
BV605 
(Biolegend, 
US) 

Mouse 1:20 405 - 610/20 

anti-CD68-
A647 (BD 
Biosciences, 
US) 

Mouse 1:20 640 - 670/30 

eFluorTM 780 
viability dye 

N/A 1:2000 640 - 780/60 

 

III.2.3 Immunohistochemistry 

Whole stellate ganglia were fixed and prepared for cryosectioning as described in Chapter 

II.5.1. The stains and primary and secondary antibodies used for this are summarised in 

Table 3. Images were captured as a Z-stack throughout the 20 µm section, and a 2D 

maximum intensity Z projection was produced using ImageJ software. 
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Table 3| Rat stellate immunohistochemistry antibodies. 

 

III.2.4 Statistical analysis 

Statistical analyses were carried out as described in Chapter II.8.  

III.3 Results 

III.3.1 Proportions of leukocyte subsets in the SHR compared to Wistar stellate 

ganglia 

The question was first asked whether there were any differences in the frequencies of the 

populations of tissue-resident leukocytes in the stellate ganglia of the pre-hypertensive 

SHR, compared to those of the Wistar. A flow cytometry panel of antibodies was 

designed, based on those validated by Barnett-Vanes et al. (2016) for rat leukocytes, in 

order to detect: T cells, NK cells, B cells, neutrophils (PMNs) and monocyte-

Target Cell type Primary 
antibody/stain 

Secondary 
antibody 

Confocal laser 
wavelength (nm) 

Nuclei All DAPI N/A 405 

Tyrosine 

Hydroxylase 

Sympathetic 

neurons 

Sheep anti-rat 

TH (Bio-Rad, 

US) 

Donkey anti-

sheep 

Alexafluor488 

(Thermofisher, 

US) 

488 

CD68 Macrophages Mouse anti-rat 

CD68 (Bio-

Rad, US) 

Goat anti-

mouse 

Alexafluor568 

(Thermofisher, 

US) 

561 
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macrophages8 (Figure 1). The monocyte-macrophage population was then further divided 

into the classical and non-classical sub-types found in the rat. In order to gate these latter 

populations more effectively and objectively an attempt was made to use an automated 

gating algorithm: flowMeans (Aghaeepour et al., 2011), available as a FlowJo plugin. 

This correctly identified the classical and non-classical populations in many cases, but it 

was not entirely robust enough to do this in every case, particularly if one population was 

very small (Figure 2). For this reason, these monocyte-macrophage gates had to be drawn 

manually instead. 

 

 

                                                           
8 Monocytes are circulating blood cells which enter tissues and differentiate into macrophages. It is difficult 
to definitively discriminate between these two when found in the tissues, hence the term “monocyte-
macrophages” is used within the literature to cover all of these cells. 
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Figure 1| Gating strategy for analysis of rat leukocytes in sympathetic ganglia, running 
sequentially from a) to j). Each selected gate was carried forward to the next panel (indicated 
by the arrows) for the next step. In panel a) all recorded events are present, and the true cells 
are selected with a positive gate based on FSC and carried over to panel b). Here, the live cells 
are identified by low live/dead stain fluorescence, from which the single cells are selected by 
comparing the FSC-A and FSC-H values. (Figure legend continued on next page) 

a 
b 

c 
d 

e 
f 

g 
h 

i 
j 

k 
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As the ganglia were of different sizes, and those of the SHR tended to be smaller in size 

than Wistar ganglia, cell counts were normalised to the total number of single cells 

recorded for each sample, and expressed as the number per 1000 single cells. There were 

significantly more leukocytes (defined at CD45+) in the Wistar compared to SHR stellates 

(372 ± 16.1 versus 285 ± 25.5 per 1000 single cells; p=0.014; q=0.025; Figure 3a). Part 

of this increase in leukocytes was accounted for by increased numbers of NK cells (10.3 

± 1.91 versus 3.39 ± 0.329 per 1000 single cells; p=0.0037; q=0.0097; Figure 3b) in the 

Wistar strain, while the SHR had higher numbers of neutrophils (3.90 ± 0.259 versus 1.73 

± 0.253; p<0.0001; q=0.00033; Figure 3b).     

Examining the monocyte-macrophage population further revealed a striking difference in 

the proportions of the subtypes between these two strains: the ratio of classical 

(His48high/CD43low) to non-classical (CD43high/His48low-int) monocyte-macrophages was 

Figure 2| Gating the monocyte-macrophage 
populations using the flowMeans algorithm 
(Aghaeepour et al., 2011). As the cells present 
on the plot should be made up of classical 
monocyte-macrophages, non-classical 
monocyte-macrophages, and a negative 
population, the algorithm was set to define 
three populations. Those it detected are shown 
in red (classical monocyte-macrophages), blue 
(non-classical monocyte-macrophages) and 
grey (negative). While this worked in many 
cases (such as that depicted), suggesting that 
these were the true populations, in many others 
it did not.  

Figure 1 continued| In panel d) the leukocytes are selected, defined as CD45+, and 
subsequently the following major leukocyte populations are gated off sequentially (with the 
negative populations being passed to the next step): e) T cells (CD3+); f) NK cells 
(CD161high/His48low); g) B cells (B220+), h) neutrophils (SSChigh/CD43high). Next the remaining 
myeloid population (CD11b+) is identified in i), and from these the monocyte-macrophages 
(CD68+) are selected in j). Finally, in k) the classical (His48high/CD43low) and non-classical 
(CD43high/His48low-intermediate) monocytes-macrophages are delineated. 
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significantly higher in the Wistar (13.8 ± 4.77 versus 0.551 ± 0.148; p=0.0082; Figure 3e). 

This appeared to made up of both more classical (20.52 ± 7.54 versus 1.81 ± 0.662; 

p=0.029; q=0.039; Figure 3d), and fewer non-classical (1.60 ± 0.476 versus 3.24 ± 0.556; 

p=0.047; q=0.0497; Figure 3d), monocyte-macrophages in the Wistar compared to SHR. 
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Figure 3| Numbers of different leukocyte populations 
found within the stellate ganglia of 3-week old Wistar rats 
and pre-SHRs. a) Numbers of leukocytes. b) Stratification 
of CD45+ cells into major leukocyte populations; 
monocyte-macrophages shown in c). d) Classical and 
non-classical monocytes-macrophages. e) Ratio of 
classical/non-classical monocyte-macrophages. In a)-d) 
the values are expressed as numbers per 1000 single cells 
to allow comparison between samples which contained a 
different total number of cells. In e) the ratio is presented 
as log10 to allow visualisation of the size of the ratio in 
either direction. Data are expressed as mean±SEM. 
* signifies p<0.05 WST versus SHR; normal data were 
analysed using Welch’s t-tests and multiple comparisons 
accounted for using q values determined by the two-stage 
set-up method of Benjamini, Krieger and Yekutieli. 
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III.3.2 The altered monocyte-macrophage subset proportions are sustained in older 

SHRs 

This study subsequently focussed on the altered monocyte-macrophage ratio in SHR 

stellate ganglia, as these were the largest single population of leukocytes, it was the most 

striking difference, and macrophages seem to be an important cell type within the SNS 

(Pirzgalska et al., 2017). The above data collected from the 3-week old pre-hypertensive 

SHR avoided the confounding effects of actual blood pressure elevation. However, the 

same trends were also apparent in the stellates of SHRs aged 5-6 weeks (during 

hypertension development) and at 12-18 weeks of age (at which stage they exhibit severe, 

established hypertension), compared to age-matched Wistars (Figure 4a), suggesting this 

observation is sustained during the course of the disease. Combining these two groups of 

rats, the difference in monocyte-macrophage subset ratio (1.29 ± 0.209 versus 0.48 ± 

0.134) reached statistical significance (p=0.021; Figure 4b). 
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* 

Wistar SHR 

5-6 
weeks 

12-18 
weeks 

Figure 4| Monocyte-macrophages from the stellate ganglia of SHR and age-matched Wistars 
at 5-6 weeks (developing hypertension) and 12-18 weeks (established hypertension). a) Flow 
cytometry plots of all samples; each colour represents a separate sample of ganglia from 2-3 
rats. b) Classical/non-classical monocyte-macrophage ratio from all 5-18 week old animals; 
Data are expressed as mean±SEM. * signifies p<0.05 WST versus SHR, Welch’s t-test. 

a 

b 
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III.3.3 The classical/non-classical monocyte-macrophage ratio is also lower in the 

SHR than Wistar, within the SCG, blood and kidneys 

The same flow cytometry panel was then employed on two other SHR sympathetic 

ganglia to examine whether this was an SNS-wide phenomenon: the coeliac ganglion 

(which innervates the kidney, so is likely important to hypertensive pathophysiology) and 

the superior cervical ganglion (innervating the head, so likely has minimal impact on 

hypertension), except possibly via bone-marrow effects (Scheiermann et al., 2012).  

In the SCG, the Wistar ganglia had a significantly higher classical/non-classic monocyte-

macrophage ratio (8.99 ± 2.46 versus 0.359 ± 0.148; p=0.0023; q=0.0012), while in the 

coeliac ganglion there was a clear trend in the same direction (0.391 ± 0.145 versus 0.112 

± 0.021), but this did not reach statistical significance (p=0.12; q=0.032; Figure 5). The 

SCG also shared the greater numbers of leukocytes (Figure 6a), NK cells and lower 

numbers of neutrophils in the Wistar, compared to SHR, as well as higher numbers of B 

cells and T cells (Figure 6b), while the coeliac displayed no such changes (Figure 6c).  

A similar monocyte-macrophage subset ratio result was apparent in the whole blood 

compared between strains (Wistar: 0.123 ± 0.0422 versus SHR: 0.0337 ± 0.00600; 

p=0.0323, q=0.011; Figure 5), suggesting this phenomenon is not specific to the SNS, but 

occurs systemically. Finally, this was also the case in the kidneys (Wistar: 0.0742 ± 0.107 

versus SHR: 0.0151 ± 0.0853; p=0.0014; p=0.0012; Figure 5), typically referred to as the 

‘final common node of hypertensive pathophysiology’ (Crowley and Coffman, 2014). No 

differences in any of the other leukocyte populations were detected in either the blood or 

kidneys however.  
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Figure 5| Classical/non-classical monocyte-macrophage ratios in the coeliac/superior 
mesenteric ganglia (CG/SMG), superior cervical ganglia (SCG), blood and kidneys of 3-week 
old Wistar rats and pre-SHRs. Data are expressed as mean±SEM. * signifies p<0.05 WST 
versus SHR, Welch’s t-tests with q values determined by the two-stage set-up method of 
Benjamini, Krieger and Yekutieli. 
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Figure 6| Quantification of leukocyte populations showing total leukocytes (a), and the 
specific cell types in the: b) SCG, c) CG/SMG, d) blood and e) kidneys of the SHR compared 
to Wistar rats. Note that in the blood, leukocytes were not quantified as these should be all the 
cells present. *signifies p<0.05 SHR versus Wistar; normal data were analysed using Welch’s 
t-test with q values determined by the two-stage set-up method of Benjamini, Krieger and 
Yekutieli, while non-normal data were assessed using a Mann-Whitney test.  

MM = Monocyte-Macrophages; C = Classical MMs; NC = Non-classical MMs. 
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III.3.4 Spatial localisation of stellate monocyte-macrophages 

The spatial localisation of the stellate ganglion monocyte-macrophages relative to the 

neurons was examined using immunohistochemistry. This revealed large numbers of 

spindle-shaped CD68+ cells, scattered amongst the TH+ sympathetic neurons, of both the 

Wistar (Figure 7a) and SHR (Figure 7b) stellates, whereas the no-primary antibody 

control showed no fluorescence in the CD68 568 nm channel, and only some background 

tissue auto-fluorescence in the TH 488 nm channel (Figure 7c). Additionally, the 

appearance of large nucleus-free cavities within the tissue suggested that the ganglionic 

vasculature had been substantially flushed of circulating cells. A splenic sample was used 

as a positive control for CD68+ macrophages, which also revealed a TH+ sympathetic 

nerve fibre (Figure 7d). Unfortunately, all images suffered from the presence of 488 nm 

fluorescent punctate artefacts, likely caused by aggregates of the Alexafluor 488 

antibody. These persisted despite centrifugation of the antibody tube in attempt to draw 

such aggregates to the bottom, and sampling from the top. 
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 DAPI 
TH 
CD68 

Figure 7| Immunohistochemical images of sympathetic neurons (TH) and macrophages 
(CD68) in 3-week old Wistar and pre-SHR rat tissue. A nuclear stain, DAPI, was also used. a) 
Wistar stellate ganglion, b) SHR stellate ganglion. These ganglia comprise a large number of 
sympathetic neurons (green) with some small macrophages (red) amongst them. The acellular 
spaces within the tissue likely reflect empty blood vessels following cardiac perfusion. (Figure 
legend continued on next page) 
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Figure 7 continued| c) Wistar stellate ganglion stained with only DAPI and the secondary 
antibodies, serving as a negative control. There appears to be some 488 nm auto-fluorescence, 
but the tissue clearly lacks the cellular pattern of a). d) Wistar spleen stained as a positive control 
for CD68+ macrophages; many punctate cells appear similarly to those of a) and b). A large 
TH+ ribbon which penetrates the rest of the tissue is interestingly also present, likely 
representing a sympathetic nerve fibre. 
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III.3.5 The altered monocyte-macrophage subset ratio is not conserved in the blood 

of human essential hypertensive patients 

To examine the relevance of the findings from the SHR, blood samples from humans with 

diagnosed essential hypertension were analysed using an equivalent flow cytometry 

panel, and compared to sex-, age-, and BMI-matched controls. Ideally stellate ganglia 

monocyte-macrophages would have been examined in these participants, but this tissue 

is not readily available, and can only be obtained from those undergoing stellectomy or 

deceased organ donors. For this reason, blood had to suffice as the only available sample 

for comparison, blood having been tested in the rat models as well. 

The selection criteria for each group are described in Chapter II.3. These were chosen to 

provide a confirmed hypertensive group (A), and a control group (B) which were 

normotensive (BP ≤120/80 mmHg). This meant any patients not formally diagnosed with 

hypertension, with a clinic-measured blood pressure in the range of 120/80-139/89 mmHg 

(the prehypertensive range) were excluded. This was done to provide two distinct 

populations, with minimal overlap, allowing a more powerful assessment of whether 

there exists any difference in the blood monocyte populations associated with 

hypertension. This was important given the high degree of heterogeneity of human 

participants, and the relatively low n numbers in each group of the study. 

“Prehypertension” is also rarely confirmed with ambulatory or home blood pressure 

monitoring, as is full hypertension, so it would have been difficult to assess if those with 

blood pressures in the range of 120/80-139/90 mmHg measured on the one occasion of 

their presentation to the clinic reflected true prehypertension. For these reasons, this 

ambiguous range of blood pressures was not tested. Although the focus of the rat data 

was on prehypertensive animals, these are a significantly more homogeneous population 
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where the subtler effects can be more easily examined, whereas the focus of the human 

study was to test for any evidence of an effect. Furthermore, the stellate ganglion 

observations of these animals were still conserved in older ones. 

Volunteer details are given in Table 4; there were no significant differences between the 

groups in terms of the matched factors, but the essential hypertensive group, despite the 

use of a number of anti-hypertensive medications, had higher systolic and diastolic blood 

pressure readings. Upon diagnosis of hypertension, all patients will be offered treatment, 

which is another variable added to those studied. However, as these target pathways 

supposedly downstream of the immune system changes hypothesised to be part of 

hypertensive pathology, these were not likely to affect any monocyte-macrophage 

phenotype present in human hypertension. 

Humans have three monocyte subsets: in addition to the classical (CD14++/CD16-) and 

non-classical (CD14+/CD16+) types, an intermediate subset (CD14++/CD16+) is also 

observable. Nine of the hypertensive and six of the normotensive samples produced 

viable flow cytometry data, which were gated according to the scheme in Figure 8. There 

were, however, no significant differences in the relative proportions of any of these three 

subsets between the essential hypertensive and control groups (Figure 9). There were also 

no significant differences between the proportions of any other leukocyte types between 

the two groups. 
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Table 4| Characteristics of the human blood donor participants in this study, from the 

Oxford Biobank. *=p<0.05 group A versus group B; Welch’s t-test (normal data), Mann-

Whitney test (non-normal data) or Fisher’s exact test (sex). 

 

 

Patient Sex Age BMI Mean 
SBP 

Mean 
DBP 

Hypertension 
Medication 

A1 M 56 27.8 147 90 None (taken off by GP) 

A2 F 69 25.0 176 88 Atenolol (no meds that 
morning) 

A3 M 59 23.5 129 77 Amlodipine (10 mg OD), 
ramipril (2.5 mg OD) 

A4 F 55 26.2 147 96 Losartan (100 mg OD) 

A5 F 61 25.9 127 74 Ramipril (10 mg OD), 
amlodipine (5 mg OD) 

A6 M 55 26.8 132 86 Amlodipine (10 mg OD) 

A7 F 59 25.8 147 82 Felodipine (5 mg), 
perindopril (2 mg) 

A8 F 59 25.1 129 86 Lisinopril (5 mg) 

A9 M 54 26.8 157 86 Amlodipine, Enalapril 

A10 F 55 23.9 124 84 Ramipril 

Mean 
4M/6F 58.2 25.68 141 85 

N/A 

B1 F 61 25.8 115 76 - 

B2 F 61 29.4 121 78 - 

B3 F 55 24 128 81 - 

B4 F 62 26.6 120 80 - 

B5 F 59 24.8 119 78 - 

B6 M 54 23.9 105 75 - 

B7 M 33 23.9 115 70 - 

B8 M 40 26.6 126 80 - 

B9 F 57 27.2 110 76 - 

B10 M 57 27.3 121 74 - 

Mean 
4M/6F 53.9 25.95 118 77 

N/A 

p value: 
A vs B >0.99 0.75 0.71 0.0013* 0.0034* 
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Figure 8| Gating strategy for analysis of leukocytes in human blood, running sequentially from 
a) to h). Each selected gate was carried forward to the next panel (indicated by the arrows) for 
the next step. The following populations were selected in each panel: a) real cells; b) live cells; 
c) single cells; d) leukocytes (CD45+); e) non-neutrophil (FSC/SSC location, negative gate); 
f) non-NK cells (CD56-), g) non-T cells (CD3-); h) non-B cells (CD19-); i) myeloid (CD33+); 
j) ‘true’ monocytes (CD14+); k) classical (CD14++/CD16-), intermediate (CD14++/CD16+) non-
classical (CD16+/CD14+) monocytes-macrophages. 
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III.4 Discussion 

The main findings of this chapter are: 

1. The SHR stellate ganglia and SCG contained fewer total leukocytes, fewer NK 

cells, and more neutrophils, than those of the Wistar rat. 

2. The SHR sympathetic ganglia generally displayed a lower classical-to-non-

classical monocyte-macrophage ratio than those of Wistar rats. 

3. This monocyte-macrophage ratio shift was also present in the blood and kidneys 

of the SHR. 
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Figure 9| Proportions of human monocyte subsets in the blood of normotensive and hypertensive 
volunteers. Data are expressed as mean±SEM. * signifies p<0.05 WST versus SHR; Welch’s t-test 
with q-values determined by the two-stage set-up method of Benjamini, Krieger and Yekutieli. 
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4. There was no difference in the relative proportions of monocyte subsets in the 

blood of human essential hypertensive patients compared to normotensive 

controls. 

III.4.1 Wistar and SHR SNS leukocytes 

There reside fewer leukocytes in the sympathetic ganglia of the SHR compared to Wistar 

rat. This reaches statistical significance in the stellate and SCG, while not in the CG/SMG, 

despite a similar, albeit weaker, trend being apparent. Similarly, the stellate and SCG of 

the SHR show fewer NK cells and more neutrophils than their Wistar counterparts, and 

the ratio of classical/non-classical monocyte-macrophages is much lower.  

With regard to the lack of these differences in the CG/SMG, this is a substantially more 

technically difficult tissue to isolate, and the flow cytometry samples obtained all 

produced many fewer leukocytes of all types than the previous two tissues. For this 

reason, it is possible that there is not sufficient statistical power to detect a difference 

here, despite the similar trends as for the stellate and SCG being apparent.  

The only differences found between the Wistar and SHR blood and renal leukocytes were 

the lowered classical/non-classical monocyte-macrophage ratios, although in the case of 

the blood data, a high degree of data variation could potentially mask any underlying 

differences. Schmidschonbein et al. (1991) found higher counts of leukocytes, combined 

monocytes and lymphocytes and neutrophils in SHRs compared to age-matched Wistar 

rats, although these were recorded as cells per mm3 blood, different to the per 1000 single 

cells measurements made using the flow cytometric methods of this chapter, making 

comparisons difficult. It is important to note however, that their neutrophil count 
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difference did not reach significance for the younger 4-8 week old SHRs, as all the other 

comparisons did.  

III.4.2 Neutrophils and NK cells 

Neutrophils are generally the first cell type recruited to a site of inflammation, and enter 

the tissue in attempt to kill pathogens, particularly extracellular bacteria or fungi. More 

recently, they are increasingly emerging as important contributors to chronic 

inflammation (Soehnlein et al., 2017), and the greater number of neutrophils in the SHR 

SNS ganglia may hint at some form of inflammation within this tissue. It also appears 

that the neutrophils of the SHR have greater oxidative activity than do those of the Wistar 

rat (Schmidschonbein et al., 1991; Ohmori et al., 2000; Chatterjee et al., 2009), potentially 

contributing to inflammation, oxidative stress and tissue damage in this hypertensive 

model. Again though, there has been no study of these phenomena in the pre-hypertensive 

SHR.  

Neutrophils release chemoattractant signals which induce monocyte recruitment to sites 

of inflammation, as well as alarmins which polarise monocyte-macrophages towards a 

pro-inflammatory phenotype. Macrophages in turn can release mediators which promote 

neutrophil survival, thereby delaying resolution. Interestingly it has been suggested that 

neutrophil ROS production may inhibit macrophage efferocytosis of apoptotic 

neutrophils, prolonging inflammation (Soehnlein et al., 2017). However, a number of 

other sources show that inhibition of phagocyte ROS production prevents efferocytosis, 

for example in chronic granulomatous disease, and therefore contradict this (reviewed by 

Lin et al. (2021)). It is therefore unclear how ROS affect efferocytosis, although it could 

be the case that a basal level of ROS is required for efferocytosis (perhaps particularly 

from macrophages), above which it is inhibitory. Further study of this phenomenon is 
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clearly required, however if true, taken together with the apparent enhanced ROS 

production by SHR neutrophils (Schmidschonbein et al., 1991, Ohmori et al., 2000, 

Chatterjee et al., 2009), this suggests they could drive chronic inflammation in these 

animals. It is possible the shift in monocyte-macrophage subsets seen within the SHR 

ganglia could be related to this, although this shift was also found in the blood and kidneys 

(to a lesser extent), so would appear to be systemic.  

NK cells are important cytotoxic effectors, which kill infected, senescent and tumour 

cells, and are usually involved in type 1 inflammatory responses, being closely related 

ILC-1s (Spits et al., 2013). Their higher numbers in the Wistar ganglia, in addition to 

higher numbers of T and B lymphocytes in the Wistar SCG could be interpreted such that 

it is this strain which exhibits a more inflammatory SNS phenotype. Similarly, within the 

SCG there were also significantly higher numbers of T cells and B cells in Wistar rats, 

and this was reflected in a non-significant trend in this same direction in the stellate. 

However, it seems unlikely that healthy, wild-type animals would have exhibit such an 

inflammatory reaction under baseline conditions, and this finding is not likely 

biologically significant as the Wistar stellate ganglion transmission is seemingly normal. 

III.4.3 Classical and non-classical monocytes 

Monocytes are derived from the myeloid haematopoietic lineage, and circulate in the 

blood until chemoattractant signals cause their extravasation into the tissues, where they 

may differentiate into macrophages or myeloid dendritic cells (Jakubzick et al., 2017). 

Many tissue-resident populations of macrophages are not derived from circulating 

monocytes, although sympathetic associated macrophages (SAMs) are highly positive for 

CD45, and when depleted are repopulated from the bone marrow (Pirzgalska et al., 2017). 

While these findings were demonstrated for sympathetic fibres, the high CD45 positivity 
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of our “monocyte-macrophages” suggests this may be tentatively inferred to the ganglia, 

which are continuous with sympathetic fibres.  

It appears that classical monocytes, while having their own functionality, also serve as a 

parent population, giving rise to the other subtypes (Yrlid et al., 2006; Tak et al., 2017; 

Patel et al., 2017; Wolf et al., 2019). Many attempts have been made to attribute specific 

functionalities to each subset of monocytes. A review in 2005 of Gordon & Taylor 

ascribed, based on mouse data, the terms “inflammatory” to the classical monocytes, and 

“resident” to non-classical cells; the former were suggested to promote inflammation and 

move to inflamed tissues to clear pathogens (principally due to its high CCR2 expression 

(Geissmann et al., 2003)), while the latter formed homeostatic, tissue-resident 

macrophages. The intermediate subset was claimed to express certain features of both. 

Despite its persistent usage in the literature, as might be expected, this categorisation is a 

substantial oversimplification. Perhaps the main line of evidence underlying this 

paradigm comes from the observation that, resulting from their higher CCR2 expression, 

classical monocytes were more readily recruited to sites of inflammation than non-

classical cells in murine inflammation models (Geissmann et al., 2003). However, it was 

later shown that the non-classical “resident” monocytes are rapidly recruited to sites of 

tissue infection in a manner dependent on their major chemokine receptor CX3CR1 (which 

has low expression in classical monocytes) and contribute to early inflammation by 

release of cytokines such as TNF-α (Auffray et al., 2007).  

Furthermore, in a number of systemic inflammatory diseases, numbers of non-classical 

monocytes are increased, and in some cases specific disease-promoting pro-inflammatory 

roles demonstrated, notably: systemic lupus erythomatosis (SLE) (Mukherjee et al., 2015; 

Zhu et al., 2016), sepsis (Mukherjee et al., 2015) and obesity and metabolic syndrome 
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(Poitou et al., 2011) (although this latter study didn’t distinguish between non-classical 

and intermediate monocytes). In rheumatoid arthritis the role of non-classical monocytes 

is more complex: some reports claim their blood numbers are increased (Lacerte et al., 

2016), others that they are reduced (Cairns et al., 2002; Smiljanovic et al., 2018), or 

unchanged (Rossol et al., 2012; Yoon et al., 2014). As suggested by Smiljanovic et al. 

(2018), a confounding factor in all such studies is the use of glucocorticoids as a 

rheumatoid arthritis therapy, which has been shown (albeit in the context of uveitis) to 

increase the proportion of human intermediate blood monocytes (Liu et al., 2015), and 

interestingly many of these studies showed such an increase in the rheumatoid arthritis 

patients (Rossol et al., 2012; Yoon et al., 2014; Lacerte et al., 2016). For this reason, 

Smiljanovic et al. (2018) compared rheumatoid arthritis patients to those with osteoid 

arthritis (which lacks the same immunopathology, but for which a common treatment is 

also glucocorticoids), and found a lower proportion of blood non-classical monocytes in 

the rheumatoid patients, with no change in intermediate monocytes. Compared to healthy 

controls they also found a lower proportion of non-classical, as well as a higher proportion 

of classical monocytes in the blood of rheumatoid arthritis patients. It remains unclear 

therefore which monocytes, if any, are actually enriched in human rheumatoid arthritis. 

Similarly, in the rodent serum-transfer inflammatory arthritis model, non-classical 

monocytes seem to be the primary mediators of disease (Misharin et al., 2014; Puchner 

et al., 2018; Montgomery et al., 2019), in which there are no confounding effects of 

glucocorticoids, but pro-resolution roles of these cells have also been described (Brunet 

et al., 2016). 

In other diseases such as atherosclerosis, or post-MI, non-classical monocytes seem to be 

protective (see review of Narasimhan et al. (2019)), but it is true that at least in certain 
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disease states, non-classical monocytes appear to have a pro-inflammatory phenotype. 

Additionally, non-classical monocytes seem to increase in number during ageing, and a 

corresponding shift towards inflammatory activity may contribute to the phenomenon 

termed “inflamm-ageing” (Ong et al., 2018). 

Some reports have suggested that classical and intermediate monocytes release greater 

levels of pro-inflammatory cytokines in response to toll-like receptor stimulation (Cros 

et al., 2010; Thiesen et al., 2014; Boyette et al., 2017), but others have shown that in many 

cases, it is the non-classical monocytes which are the major secretors of certain key 

inflammatory mediators (Wong et al., 2011; Mukherjee et al., 2015; Ong et al., 2018). 

Wong et al. (2011) suggest that such discrepancies could be due to a difference in the 

purification CD14 antibody used. The above studies which showed non-classical 

monocytes not to be the major producers of inflammatory cytokines either used the M2E5 

anti-CD14 clone to isolate the monocytes (Cros et al., 2010; Thiesen et al., 2014), which 

is known to inhibit responsiveness to LPS stimulation (Power et al., 2004), or didn’t list 

the clone used (Boyette et al., 2017). Those which reported higher inflammatory cytokine 

release from these non-classical monocytes used the 61D3 anti-CD14 antibody for 

monocyte isolation (Wong et al., 2011; Ong et al., 2018), or performed the stimulation in 

whole-blood and only separated the monocytes after this (Mukherjee et al., 2015). 

Additionally, non-classical monocytes seem to be the most potent in inducing naïve CD4+ 

T cell activation (Liu et al., 2015). In any case, this evidence suggests that at least in a 

number of cases, non-classical monocytes are pro-inflammatory cells. 

Mukherjee et al. (2015) also found that classical monocytes express higher levels of 

phagocytic receptors, CD36 and CD163, while having little inflammatory function, 

potentially suggested a more homeostatic, phagocytic role for these cells. For example, 
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CD36 plays a role in clearing apoptotic cells (Ferracini et al., 2013) while CD163 is 

involved in the clearance of hapto-haemoglobin complexes (Kristiansen et al., 2001). 

Phagocytosis assays performed by Cros et al. (2010) also support this phagocytic 

phenotype. 

III.4.4 Potential functional effects of monocyte-macrophage subset shift on 

sympathetic ganglia 

The experiments carried out in this chapter suggest that the pre-SHR has a shift in its 

monocyte-macrophage subset proportions, having relatively more non-classical, and 

fewer classical monocytes, in their sympathetic ganglia, blood and kidneys. According to 

the aforementioned evidence it would thus seem that this strain may have an enriched 

population of inflammatory cells, while losing a useful homeostatic phagocytic cell type. 

As described in Chapter 1, a range inflammatory reactions can increase neuronal activity 

in a number of contexts, such as neuropathic pain (Scholz and Woolf, 2007), post-MI 

(Zhou et al., 2004; Hasan et al., 2006; Wernli et al., 2009), and even central sympathetic 

outflow in hypertension (Wu et al., 2012; Santisteban et al., 2015). For this reason, it will 

be interesting to address what impact, if at all, the altered monocyte-macrophage ratio has 

on the physiology of the SHR stellate neurons. 

No significant differences in monocyte subset proportions were found in the human 

volunteers. This may suggest that SHR hypertension is mechanistically different to the 

human form, with regard to monocyte-macrophages, which is a caveat to the 

translatability of this thesis. Furthermore, humans have an extra monocyte subset 

compared to the rat, and while there is no clear functional significance of this difference, 

it adds complexity in comparing rat and human data. At the least this negative human 

result could result from inflammatory driven neurogenic hypertension representing only 
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a proportion of the human disease. Nevertheless, the human subjects examined reflect a 

substantially more heterogeneous pool than the genetically identical rats used here, both 

within the hypertensive and normotensive groups. It may be the case that if a difference 

does exist between these two human populations, this small study (with viable sample n 

numbers of 9 hypertensive and 6 normotensive subjects), may be underpowered to detect 

subtle changes in monocyte-macrophage subset proportions. This is especially true given 

the lack of control for the potential differing aetiologies of hypertension in the subjects 

(for example only >50% of cases are thought to have a neurogenic origin; DiBona & 

Esler, 2010), and medications the hypertension patients were taking. Other studies cited 

here have detected such differences between patients with inflammatory diseases and 

healthy controls. However, these either examined severe inflammatory conditions: SLE 

(Mukherjee et al., 2015; Zhu et al., 2016), sepsis (Mukherjee et al., 2015) and rheumatoid 

arthritis (Smiljanovic et al., 2018), which are more markedly associated with systemic 

inflammation than essential hypertension (and therefore monocyte subset shifts are likely 

to be more apparent), or used substantially higher n numbers than the study performed in 

this chapter (Poitou et al., 2011). Additionally, the SHR versus monocyte ratio difference 

in the blood was substantially smaller than in the stellate ganglia or SCG. If this were 

comparable in humans, as only the blood of human subjects was tested, it is much less 

likely that such a small difference in the blood would be found. In the future, a larger-

scale examination of human monocyte subsets in essential hypertension would be useful 

to clarify this, in addition to a study restricted to only patients with a dysautonomic 

phenotype. Additionally, studying a defined prehypertensive group would be useful as a 

comparison to the results of the SHR experiments, and to examine the human monocyte 

populations throughout disease progression. This would potentially enable a continuous 
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co-variate relationship between monocyte ratios and blood pressure to be explored, where 

this study was unfortunately limited to a binary categorisation of blood pressure, due to 

sample sizes. Studying human stellate ganglion monocyte-macrophages would also be 

more powerful. Unfortunately, for the purposes of this thesis, it was not possible to 

examine sympathetic drive in the volunteers, nor collect ganglionic tissue. 

III.4.5 A difference in monocyte recruitment, or production?  

There are two main possibilities for which the lowered classical-to-non-classical 

monocyte ratio may be present in the pre-SHR sympathetic ganglia. First, it may be the 

case that the SHR inherently produces a greater proportion of non-classical monocytes 

than the Wistar; as non-classical monocytes arise from classical ones (Yrlid et al., 2006; 

Tak et al., 2017; Patel et al., 2017). This would mean an inherent increase in the extent of 

differentiation from the classical to non-classical monocytes. This idea is supported by 

the observation here reported that the monocyte ratio is altered in the circulating pool 

within the blood, and also within the kidneys. Second, there may be a greater extent of 

non-classical monocyte recruitment to the sympathetic ganglia, or a higher degree of 

classical-to-non classical transitioning within these loci. Future work should aim to probe 

the reason for this altered ratio within sympathetic ganglia and the blood, so that a means 

of reversing it could be identified, if it is revealed to contribute to sympathetic 

hyperactivity. 

III.4.6 Limitations 

The experimental approach in this chapter was not without limitations, many of which 

were unavoidable for various reasons. First, a better technique for assessment of the 

stellate ganglia leukocytes would have been single cell sequencing, rather than flow 

cytometry. This approach provides an insight into the mRNA signature of individual cells 
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of a sample, and therefore would have been more informative in not only more thoroughly 

categorising the different leukocyte populations, but also comparing the transcriptomic 

signature of the same populations between rat strains. While our laboratory has published 

a single-cell sequencing dataset from the stellate ganglion (Davis et al., 2020), this was 

able to be performed only on 10,000 cells from each sample, meaning only a small 

number of leukocytes were recorded, which was insufficient for specific immune cell 

analysis. Ideally, one would have fluorescently-sorted the leukocytes, or even monocytes, 

from the tissue, before using these for single-cell sequencing. However, single-cell 

sequencing is very expensive as a technique, such that it was not available for use in this 

thesis. Second, the datasets from older SHRs suffer from low n numbers. Unfortunately, 

rats at this age have a high financial cost and therefore analysis of more of these was not 

affordable, particularly as the focus of this study was on the pre-hypertensive SHR. 

Thirdly, the human study reported here did not examine large numbers of participants, as 

may be required for detection of subtle immunological changes in such a heterogeneous 

population.  

III.4.7 Conclusions 

1. The SHR appears to systemically show a lower ratio of classical/non-classical 

monocyte-macrophages, including sympathetic ganglia, the blood and kidneys. 

2. This monocyte subset difference was not apparent in the blood of a small study 

of human essential hypertension patients compared to controls, which may 

reflect a type II error. 
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IV.1 Introduction 

IV.1.1 Inflammatory mediators in the SHR sympathetic ganglia? 

In Chapter III, a shift in the monocyte-macrophage subset proportions within the SHR 

sympathetic ganglia was described: the SHR has relatively more non-classical, and fewer 

classical monocyte-macrophages than its Wistar control. The literature suggests that an 

enrichment of non-classical monocytes is related to a number of systemic inflammatory 

diseases (Poitou et al., 2011; Misharin et al., 2014; Mukherjee et al., 2015; Zhu et al., 

2016; Smiljanovic et al., 2018; Puchner et al., 2018) This monocyte-macrophage shift 

was accompanied by an increase in ganglionic neutrophil content, and these cells are 

known to contribute to monocyte-macrophage driven inflammation, particularly through 

release of ROS, of which SHR neutrophils tend to produce more (Schmidschonbein et al., 

1991; Ohmori et al., 2000; Chatterjee et al., 2009). Monocyte-macrophages are seemingly 

the most abundant sympathetic ganglion leukocyte (Chapter III) and may have important 

functional roles in the SNS (Pirzgalska et al., 2017). Given the subset ratio shift was the 

most striking and conserved finding of Chapter III, and they are often dominant in chronic 

inflammatory disorders (even if neutrophils are involved) these cells were the focus of 

study henceforth.  

Having assessed the cellular component of the SHR sympathetic ganglia, it was next 

necessary to determine whether these ganglia contain an inflammatory milieu, and if so 

how the macrophages relate to this. As described in Chapter I, rostral ventrolateral 

medullary inflammation involving the cytokines TNF-α, IL-1β and IL-6, and PGE2 can 

promote heightened sympathetic outflow and hypertension (Wu et al., 2012). In 

neuropathic pain, macrophage release of TNF-α, IL-1, IL-6, IL-18, and LIF contributes 

to an inflammatory reaction, the ultimate result of which is heightened pain fibre activity 
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and neuropathic pain. These macrophages are recruited to the tissue by the CCL2 and 

CCL3 chemokines (Scholz & Woolf, 2007). It is possible similar mechanisms may be 

able to produce sympathetic neuron hyperactivity. In relation to this, in the same pain 

syndrome, IL-6 even promotes sympathetic neuron sprouting into the dorsal root ganglia 

(Ramer et al., 1998). Of the above-mentioned mediators, non-classical monocytes have 

been shown to produce more: TNF-α (Wong et al., 2011; Mukherjee et al., 2015; Ong et 

al., 2018), IL-1β (Wong et al., 2011; Mukherjee et al., 2015), IL-6 (Wong et al., 2011; 

Ong et al., 2018) and CCL3 (Ong et al., 2018). It is therefore conceivable that a type 1 

inflammation may underlie sympatho-excitation in essential hypertension.  

IV.1.2 Other potential mediators of sympathetic hyperactivity 

Also involved in the inflammatory reactions producing sympathetic hyperactivity in 

nerve injury-induced neuropathic pain, and post-MI, are classic neurotrophic signals such 

as NGF. This is released by Schwann cells and macrophages respectively, and increases 

neuronal sprouting and activity. Moreover, NGF may also promote further macrophage 

activation (Barouch et al., 2001). 

Oxidative stress may also contribute to sympathetic hyperactivity. In the LPS-induced 

RVLM inflammation model of Wu et al. (2012), increased superoxide production occurs, 

and localised anti-oxidant treatment is able to antagonise the hypertensive effect. ROS-

induced mitochondrial dysfunction also occurs in the RVLM of the SHR, where it has 

been shown to similarly contribute to sympathetic hyperactivity (Chan et al., 2009). 

IV.1.3 Monocyte chemotaxis 

Monocytes continually circulate in the blood and are recruited to the tissues by chemokine 

signals, including: CCL2 and CCL7 (via CCR2), CX3CL1 (CX3CR1) and CCL3 and 
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CCL5 (CCR1 and CCR5) (Shi & Pamer, 2011). Of these, CCL2 is one of the most 

important classical monocyte attractants (these expressing CCR2), while non-classical 

monocytes respond preferentially to CX3CL1 (Geissmann et al., 2003). 

In Chapter III it was shown that the relative enrichment of non-classical monocytes in the 

SHR stellate ganglia is also present in the blood. However, it is also possible that an 

altered inflammatory environment within this tissue could involve altered chemokine 

expression, and therefore the difference in monocyte subset ratio could in part arise from 

a difference in recruitment.  

IV.1.4 Hypotheses and aims of the chapter 

Hypothesis: 

 There exists a type 1 inflammatory mediator profile within the SHR sympathetic 

ganglia and specifically the monocyte-macrophages. 

 A difference in sympathetic ganglion chemokine release mediates the altered 

classical-to-non classical ratio found within these tissues. 

Aim: 

 To characterise the type 1 inflammatory gene expression signature of the SHR 

stellate ganglion. 

 To examine the chemokine expression of the SHR stellate ganglion. 

 

IV.2 Methods & Materials 

IV.2.1 Quantitative PCR 

The qPCR experiments were performed as described in Chapter II.4. Isolated stellate 

ganglia, FAC-sorted monocytes and BMDMs were snap frozen in liquid N2 before the 
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contained RNA was extracted using an RNeasy mini-kit (QIAGEN, Germany), according 

to the manufacturer’s instructions. In the case of monocyte-macrophages isolated from 

stellate ganglia, the extracted RNA was then amplified using a MessageBOOSTER™ 

cDNA Synthesis Kit (Lucigen, US), which subsequently converts this to cDNA. 

Otherwise, extracted RNA was stored at -80°C until conversion to cDNA using a 

commercially available kit. Briefly, the samples were incubated with DNase at 37°C for 

2 min, in order to lyse contaminating DNA, before the reverse transcription reaction was 

performed using Superscript IV Vilo with UNG (Thermofisher, US). cDNA was stored 

at -20°C for up to a week before use in the qPCR reaction.  

Sample gene expression was then determined using specific Taqman gene expression 

assays (all components supplied by ThermoFisher, US). 20 µL reactions, each comprising 

the template cDNA, Taqman Universal MasterMix II with UNG, and a specific primer 

(all of which are listed in Table 1), were performed on, and analysed by an ABI Prism 

7000 PCR machine. Experiments for each gene of interest in each sample were performed 

in triplicate on the same 96-well plate. 

Table 1| Taqman primers used in the qPCR analysis experiments of this chapter. 

Gene Primer Role 

actb Rn00667869_m1 

Housekeeping gene b2m Rn00560865_m1 

gapdh Rn01462661_g1 

il1b Rn00580432_m1 
Pro-inflammatory type 1 

cytokine 
tnf Rn99999017_m1 

il6 Rn01410330_m1 

nos2 Rn00561646_m1 M1 macrophage marker 
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cd80 Rn00709368_m1 

il10 Rn01483988_g1 Anti-inflammatory cytokine 

arg1 Rn00691090_m1 
M2 macrophage marker 

cd163 Rn0149519_m1 

ccl2 Rn00580555_m1 Classical monocyte 

chemoattractant 

cx3cl1 Rn00593186_m1 Non-classical monocyte 

chemoattractant 

ngf Rn01533872_m1 Growth factor for neurons 

sod1 Rn00566938_m1 
Oxidative stress marker 

cat Rn00560930_m1 

ccr2 Rn00573193_s1 Classical monocyte 

chemokine receptor 

cx3cr1 Rn00591798_m1 Non-classical monocyte 

chemokine receptor 

cd43 Rn02749526_s1 Rat non-classical monocyte 

marker 

cd68 Rn01495634_g1 Monocyte/macrophage 

marker 

 

Data were analysed using the delta-Ct method. Any of the triplicate Ct values for a given 

gene measurement in a sample which differed by more than two from the mean of the 

three were excluded from analysis, and the means of all remaining values were taken 

forward. The mean Ct values were then normalised by subtraction of the mean Ct for the 

b2m housekeeping gene, analysed on the same plate. Gene expression was then compared 

between SHR and Wistar samples, statistical analyses being performed on raw delta-Ct 
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values, while fold changes between the strains were calculated, for graphical presentation, 

via the following equation: 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑆𝐻𝑅 𝑐𝑜𝑚𝑝𝑎𝑟𝑒𝑑 𝑡𝑜 𝑊𝑆𝑇 = 2ି(ௌுோ ஼௧ ௩௔௟௨௘ିௐௌ் ௠௘௔௡ ஼்)  

IV.2.2 FACS & Flow Cytometry 

Cell and tissue samples were prepared and stained as described in Chapter II.4. Rat 

stellate and blood samples were stained using the panel shown in Table 2 and run on a 

BD FACSAria™ III Cell Sorter. BMDMs were stained with the panel of Table 3 and 

analysed using a BD LSRFortessa™ X-20. Data were then processed with FlowJo 10 

software. 

Table 2| Rat leukocyte FACS panel. 

 

 

 

 

Antibody Host species Concentration Laser & Filter set 
anti-CD11b-
V450 

Mouse 1:200 405 - 450/50 

anti-CD161a-
BV711 (BD 
Biosciences, 
US) 

Mouse 1:200 405 - 710/50 

His48-FITC Mouse 1:200 488 - 530/30 
anti-CD43-PE Mouse 1:200 561 - 586/15 
anti-B220-
PECy7 

Mouse 1:200 561 - 780/60 

anti-CD45-
A700 

Mouse 1:200 640 - 730/45 

anti-CD3-
BV605 

Mouse 1:25 405 - 610/20 

anti-CD68-
A647 

Mouse 1:10 640 - 670/30 

eFluorTM 780 
viability dye 

N/A 1:2000 640 - 780/60 
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Table 3| Rat leukocyte flow cytometry panel. 

Antibody Host species Concentration Laser & Filter set 
anti-CD11b-
V450 

Mouse 1:200 405 - 450/50 

anti-CD161a-
BUV395 

Mouse 1:200 355 - 379/28 

His48-FITC Mouse 1:200 488 - 530/30 
anti-CD43-PE Mouse 1:200 561 - 586/15 
anti-B220-
PECy7 

Mouse 1:200 561 - 780/60 

anti-CD45-
A700 

Mouse 1:200 640 - 730/45 

anti-CD3-
BV605 

Mouse 1:25 405 - 610/20 

anti-CD68-
A647 

Mouse 1:10 640 - 670/30 

eFluorTM 780 
viability dye 

N/A 1:2000 640 - 780/60 

 

IV.2.3 Chemotaxis assay 

A QCM 5 µm 24-well colorimetric chemotaxis assay (Merck, US) was used to measure 

monocyte chemotaxis towards CCL2 and CX3CL1, according to the manufacturer’s 

instructions. Briefly, ~1,500 monocytes were loaded into the upper chamber of each well 

in 250 µl of serum-free media, containing 0.5% BSA. The assay recommends using a 

range of 0.2-2 × 106 cells in each well; however as the monocytes had to be isolated from 

blood by FACS, this minimum figure was unachievable. In the lower chamber, 500 µl of 

same media containing 90 ng/ml CCL2, or 50 ng/ml CX3CL1 (concentrations within the 

EC50 on their respective datasheets) was loaded and the assay left for 24 h at 37°C, under 

5% CO2. After this period, a nuclear stain was used to quantify the number of cells 

reaching the lower chamber, the intensity of this being measured by a spectrophotometer. 
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IV.2.4 BMDM culture 

BMDMs were cultured as described in Chapter II.3.4. These cells were detached from 

their plates on day 6 using TrypLE, except where they were being prepared for flow 

cytometry, in which case 2 mM EDTA in PBS was used to prevent receptor cleavage.  

IV.2.5 Statistical analysis 

Statistical analyses were performed as described in Chapter II.8.  

IV.3 Results 

IV.3.1 Inflammatory status of the SHR stellate ganglion 

In order to test for evidence of an inflammatory reaction within the pre-SHR stellate 

ganglia, qPCR was used to examine the mRNA expression of a panel of cytokines, and 

these compared to Wistar stellates. il1b, tnfa and il6 were selected as classic (type 1) pro-

inflammatory cytokines (for which much evidence suggests a role in hypertension, as 

described above), nos2 and cd80 as M1 macrophage markers (which align with this type 

of inflammation), il10 as an anti-inflammatory pro-resolution mediator, and arg1 and 

cd163. There were surprisingly no significant differences in these mediators observed 

between the strains (Figure 1), suggesting inflammatory signals are not involved in the 

early development of pre-hypertensive sympathetic dysfunction. 

Likewise, examining the expression levels of the neurotrophic signal ngf, involved in 

many inflammatory-induced neuronal excitation phenomena (described above), or 

oxidative stress markers sod1 and cat, also revealed no differences between SHR and 

Wistar stellate ganglia (Figure 1).  

Finally, ccl2 and cx3cl1 mRNA expression was tested, these being the main 

chemoattractants of classical and non-classical monocytes, respectively. Interestingly this 
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revealed an approximately 4-fold increase in ccl2 expression in the SHR stellates 

(p=0.0241), despite no difference in cx3cl1. However, the q-value for this ccl2 result was 

0.253 (Figure 1).  
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IV.3.2 Mediator profile of SHR monocyte-macrophages 

As there were no mediator differences between the SHR and Wistar stellate ganglia (save 

for ccl2), it was next asked whether the monocyte-macrophages themselves show any 

difference in their expression of the same mediators, with the replacement of the 

chemokine genes ccl2 and cx3cl1 with their respective receptors ccr2 and cx3cr1. A 

FACS antibody panel was designed (Table 2), based off that used to analyse the immune 

cells of the stellate in Chapter III, but with the CD161a antibody switched to a different 

fluorophore in order to accommodate the four, rather than three, lasers on the available 

cell sorter.  

Figure 1| RNA expression of key inflammatory-related genes in the 3-week old SHR stellate 
ganglia presented as fold expression compared to Wistar. Data are presented as median and 
range. In cases where no copies of a gene were detected, that data point is not present. * 
signifies p<0.05 SHR versus Wistar. For all normal data, Welch’s t-tests were employed, with 
q values determined by the two-stage set-up method of Benjamini, Krieger and Yekutieli; for 
non-normal data, Mann-Whitney tests were instead used. 

* 
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Figure 2| Gating strategy and representative plot from FAC-sorting of Wistar stellate 
monocyte-macrophages; each major leukocyte population was sequentially gated off, 
eventually leaving the classical and non-classical monocytes to be sorted and collected. Gates 
are sequential from a) to i), with the overall tree shown in j). Gates are as follows: P1 = cells; 
P2 = live; P3 = single cells; P4 = leukocyte and non-T cells; P5 = non-NK cells; P6 = non-B 
cells; P7= CD11b+/CD68+ monocytes; P8 = classical monocytes; P9 = non-classical 
monocytes. Note, the software reached its maximum number of gates, so a non-neutrophil gate 
could not be drawn in panel h). Instead, the monocytes were gated off based on CD43 and 
His48 in panel i), and the remaining population confirmed to be neutrophils by their higher 
SSC when back-gated in panel h) where they are the red population.  

a b c 
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j 

Wistar Stellate Monocyte-Macrophages  
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Using this panel, classical and non-classical monocyte-macrophages were isolated from 

rat stellate ganglia. However, even after amplifying the RNA extracted from these cells, 

there was not sufficient expression to detect the majority of genes of interest by qPCR; 

even the housekeeping genes actb, b2m and gapdh examined all had Ct values >25 in the 

Wistar, and >30 in the SHR (Figure 3). For this reason, comparisons of stellate monocyte-

macrophage gene expression were not possible. 

The stellate ganglia appear to contain too few monocyte-macrophages for effective 

mRNA analysis. As the shift in monocyte subset proportions originally determined in the 

stellate in Chapter II was also reflected in the blood, this much larger pool of monocytes 

was then used to attempt the same FACS (Figure 4) and subsequent qPCR analysis. 

Neither the classical, nor non-classical monocytes displayed any inter-strain differences 

with this qPCR panel. To compare between these monocyte subsets, the Wistar and SHR 

groups were therefore combined in order to provide more statistical power. The altered 

subset ratio would mean a potential difference between strains if there were any 

differences between the classical and non-classical monocytes themselves. The only 
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Figure 3| qPCR data obtained from FAC-sorted Wistar stellate monocyte-macrophages. Data 
are presented as median with range. In cases where no copies of a gene were detected, no data 
point is shown. 
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mediator difference to reach statistical significance was the higher il10 expression by the 

non-classical monocytes, while no classical monocyte samples expressed this (p=0.048).  
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 SHR Blood Monocytes  

Figure 4| Gating strategy and representative plot showing 10,000 events from FAC-sorting of 
blood monocytes; each major leukocyte population was sequentially gated off, eventually 
leaving the classical and non-classical monocytes to be sorted and collected. Gates are 
sequential from a) to i), with the overall tree shown in j). Gates are as follows: P1 = cells; P2 
= live; P3 = single cells; P4 = leukocyte and non-T cells; P5 = non-NK cells; P6 = non-B cells; 
P7= CD11b+/CD68+ monocytes; P8 = classical monocytes; P9 = non-classical monocytes; P11 
= neutrophils. Note, the software reached its maximum number of sequential gates, so a non-
neutrophil gate could not be drawn in panel h). Instead, the monocytes were gated off based 
on CD43 and His48 in panel i), and the remaining population confirmed to be neutrophils by 
their high SSC when back-gated in panel h) where they are the red population.  
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Figure 5| RNA expression of inflammatory-related genes in FAC-sorted Wistar and SHR 
blood monocytes, shown as a) comparison between Wistar and SHR cells, and b) comparison 
between classical and non-classical monocytes. c) shows the same data as b), but pools Wistar 
and SHR cells. Data are presented as median with range. In cases where no copies of a gene 
were detected, no data point is shown. * signifies p<0.05 Wistar versus SHR (a) or classical 
versus non-classical monocytes (b and c). For all normal data, Welch’s t-tests were employed, 
with q values determined by the two-stage set-up method of Benjamini, Krieger and Yekutieli; 
for non-normal data, Mann-Whitney tests were instead used. 
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IV.3.3 Chemotaxis potential of classical versus non-classical monocytes 

The higher expression of ccl2 by SHR stellate ganglia is seemingly paradoxical as they 

are also lacking in the classical subset of monocytes, for which this is the major 

chemoattractant, while being if anything enriched in the cx3cr1-expressing non-classical 

monocytes. For this reason, the possibility was explored that there is a switching in the 

chemotaxis of SHR monocytes to these mediators. However, the SHR cells showed 

identical expression patterns to those of the Wistar. When the two strains were pooled to 

provide sufficient numbers for statistical analysis, consistent with normal monocyte 

subset receptor expression, the classical monocytes expressed higher levels of ccr2 

(p=0.0008; q=0.0069), and lower cx3cr1 (p=0.0186; q=0.0522) than did the non-classical 

monocytes (Figure 5). However, the cx3cr1 result did exceed a 5% false discovery rate. 

These data are not challenged by a chemotaxis assay performed on FAC-sorted classical 

and non-classical monocytes. In general, there was a trend towards the classical 

monocytes responding more to CCL2 than non-classical monocytes, the converse for 

CX3CL1, although no inter-group differences reached statistical significance, likely due 

to the low n numbers (Figure 6). These experiments were conducted to explore the 

possibility of a switching of these preferences in the SHR, but owing to the high financial 

cost of performing them, as the data were trending towards the expected classical and 

non-classical monocyte chemotaxis preferences, they were not continued. 
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IV.3.4 Bone marrow-derived macrophage gene signature 

A similar qPCR panel was also used to compare the gene signatures of Wistar and SHR 

BMDMs. First, in order to validate that the cultured cells could be considered 

macrophages, flow cytometry was used to assess expression of macrophages markers 

CD11b and CD68. Of the live, single cells, there was an 85.2% double-positivity for 

CD11b and CD68 (Figure 7a), and of these 98.3% were CD45+ (Figure 7b). However, 

employing the same markers as used to delineate blood leukocyte populations from 

Chapter 3, these BMDMs also highly expressed T cell marker CD3 (Figure 7c), and B cell 

marker B220 (Figure 7e). Only a very small proportion of these cells fitted the specific T 

(Figure 7f) or B (Figure 7g) cell gates delineated by other markers, from Chapter 3.  

The SHR and Wistar BMDMs had a very similar inflammatory and anti-inflammatory 

mediator signature (Figure 8). As the His48 antibody used along with anti-CD43 to 
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Figure 6| Chemotaxis of FAC-sorted Wistar and SHR blood monocytes towards CCL2 and 
CX3CL1. Data are presented as median with all data points. Data were analysed using a 
Kruskall-Wallis test (p=0.02) followed by Dunn’s multiple comparisons post-hoc test.  
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categorise the monocyte-macrophage subsets does not target the product of a specific 

known gene, ccr2 and cx3cr1 were used instead in this qPCR assay to test for any 

differences in inherent production of classical versus non-classical monocytes in the SHR 

bone marrow compared to Wistar. These were similarly expressed however, suggesting 

against this idea (Figure 8). Interestingly, no cd43 expression was detected (Figure 8), 

which suggests these BMDMs are not entirely the same as the monocyte-macrophages 

isolated from the rat sympathetic ganglia and blood. This reflects a potential limitation 

with their use as a model for these monocyte-macrophages.  
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Figure 7| Flow cytometric analysis of expression of various leukocyte markers by Wistar rat 
bone marrow-derived macrophages. Top five panels show percentage positivity of live single 
cells for a) macrophage markers Cd11b and CD68; b) leukocyte marker CD45; c) T cell marker 
CD3; d) NK cell marker Cd161a and e) B cell marker B220. Lower three panels show 
percentages of live single cells fitting the f) T cell, g) NK cell or h) B cell gates from the gating 
strategy of Chapter 3. 
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IV.4 Discussion 

The main findings of this chapter are: 

1. There are no differences in the expression of common pro- or anti-inflammatory 

cytokines, ngf, or oxidative stress markers between the pre-SHR and Wistar 

stellate ganglia. 

2. There appears to be an increase in ccl2 expression in the pre-SHR stellate 

ganglion. 

3. Pre-SHR and Wistar blood monocytes display no differences in expression of 

classic pro- or anti-inflammatory mediators. 

4. Classical monocytes from both Wistar and pre-SHR blood are ccr2high/cx3cr1low, 

while the non-classical monocytes are ccr2low/cx3cr1high. 

5. There is no evidence to suggest pre-SHR classical or non-classical monocyte 

chemotaxis towards CCL2 or CX3CL1 are abnormal. 
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Figure 8| RNA expression of marker and mediator panel of genes by Wistar and SHR BMDMs. 
Normal data were analysed using Welch’s t-tests, while non-normal data were analysed using 
Mann-Whitney tests. 
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6. Wistar and pre-SHR BMDMs do not show any differences expression of common 

inflammatory and anti-inflammatory mediators, nor do they appear to give rise to 

different numbers of classical or non-classical cells. 

IV.4.1 Inflammatory environment of the pre-SHR stellate ganglia 

Despite some cellular differences as determined in Chapter III, the experiments of this 

Chapter found no alteration in expression of a panel of classic type 1 inflammatory or 

pro-resolution mediators or macrophage markers, nor was there any evidence of increased 

oxidative stress. This is evidence against the hypothesis of an inflammatory reaction 

occurring in the pre-SHR stellate ganglia. Although one could suggest that even though 

there are immune cell changes in this tissue, it may take longer for full inflammation to 

be detectable by this qPCR method, one would still expect to see some changes, 

particularly if these were, as hypothesised in Chapter I, responsible for dysautonomia, 

which is already present at this age. These experiments did suffer from a low n number 

(3), but even so the trend was even towards lower expression of tnf or il1b in the SHR 

samples.  

It was possible that as the immune cells (which would be expected to be the major 

producer of inflammatory cytokines) make up such a small proportion of the ganglionic 

cells (Chapter III; Davis et al., 2020), these could be diluted by the other cell types in 

analysis using whole stellates. Unfortunately, FAC-sorting the small numbers of 

monocyte-macrophages, the population experiencing perhaps the most drastic shift in the 

pre-SHR compared to Wistar, did not allow for useful qPCR analysis, even when the 

mRNA was amplified. Examining instead the blood monocyte pools of these animals 

again showed no real differences in levels of cytokines tested, providing no evidence of 

any inflammatory alterations in the pre-SHR. The BMDMs also showed no inter-strain 
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differences in the same panel of mediators. This is surprising given that studies have 

found increased expression of a number of inflammatory markers in a variety of SHR 

tissues (Sun et al., 2006; Shi et al., 2014; Tan et al., 2017), so the present findings are to 

an extent surprising. 

This does not rule out the possibility that it is only when the monocytes enter the tissue 

and differentiate into macrophages that they start producing increased levels of cytokines. 

This argument is weakened by the presence of the same monocyte-macrophage subset 

shift in the blood as in the sympathetic ganglia, although it is unclear as to their degree of 

activation within each locus. The pre-SHR stellate and SCG both also have increased 

numbers of neutrophils, meaning the monocytes might be exposed to more inflammatory 

stimuli only once in the ganglionic tissue. Monocytes can be expected to produce 

cytokines while still circulating in the blood, but perhaps an SHR versus Wistar difference 

might only be apparent in the site of inflamed tissue.  

IV.4.2 SHR stellate ganglion ccl2 

While the pre-SHR stellate showed no changes in classic pro-inflammatory cytokines, it 

did express ~4-fold higher levels of ccl2, a chemokine, which is expressed by a large 

range of cell types (so was more likely to be detected by qPCR of whole stellate samples) 

and mediates mainly the trafficking of monocytes. However, paradoxically this 

chemokine, by binding to CCR2, mediates mainly the recruitment of classical monocytes 

(CCR2high), which are the population which is smaller in the pre-SHR ganglia compared 

to Wistar. By contrast, non-classical monocytes, which are greater in proportion in the 

SHR ganglia, respond principally to CX3CL1. Additionally, CCL2 mediates the 

recruitment of many other leukocytes, including NK cells, of which there were fewer in 

the SHR stellate.  
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If ccl2 is expressed more highly in the SHR stellate ganglia, why is there a reduced 

classical/non-classical ratio in this tissue? First, this chapter explored the possibility that 

the SHR may have altered monocyte chemotaxis; potentially that their non-classical 

monocytes exhibited strong chemotaxis towards CCL2. However, the above findings 

demonstrated that SHR monocytes expressed the correct proportions of ccr2 and cx3cr1, 

and the chemotaxis assay performed showed a trend towards the corresponding correct 

responses. The chemotaxis assay only used an n number of 3 per group, but due to the 

high cost of FAC-sorting the monocytes and performing the assay, no more repeats were 

economically possible. The trend was towards the null hypothesis regardless. 

Second, there may be a higher extent of classical to non-classical monocyte differentiation 

in the SHR stellate. It has long been thought this occurs in the blood, but a modelling 

study of Tak et al. (2017) suggests that human classical monocytes differentiate into 

intermediate ones in the blood, but that these next leave the circulation, differentiate into 

non-classical monocytes, then return. Of course it is unclear how this relates to the single 

differentiation step from classical to non-classical monocytes in the rat (or mouse), or 

whether non-classical monocytes could remain outside the circulation (such as in the 

stellate) once they are formed. It is conceivable that higher SHR stellate CCL2 could lead 

to greater classical monocyte recruitment, but then that these differentiate to a greater 

extent into non-classical monocytes within the tissue, causing the shift in ratio. The lower 

classical/non-classical monocyte ratio already exists in the blood, but to a lesser extent 

than in the stellate or SCG (Chapter III).  

It would seem therefore that the SHR monocytes have a tendency in vivo to give rise to 

non-classical cells. The full mechanisms underlying control of monocyte differentiation 

from classical to non-classical are currently unclear. However, much evidence suggests 
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M-CSF is a potent stimulus of this process; injection of this factor causing an increase in 

intermediate and non-classical monocytes in humans (Weiner et al., 1994), while its 

inhibition has the opposite effect (Korkosz et al., 2012). Interestingly no differences in 

ccr2 or cx3cr1 expression were observed in BMDMs produced from Wistar or SHR bone 

marrow, but as these were grown in the presence of a high concentration (20 ng/ml) of 

M-CSF, perhaps this could have masked any differences. A study of human hypertensives 

revealed an increase in plasma M-CSF levels (Radaeva  et al., 2019), although one cannot 

say for sure whether this is a result of hypertension, or related to the cause, particularly 

as those patients which were treated showed a more typical M-CSF circadian rhythm 

while this was often disturbed in disease. In any case though, such M-CSF changes could 

potentially serve to exacerbate disease. If M-CSF levels are similarly elevated in the pre-

SHR, this could possibly be responsible for increased classical to non-classical monocyte 

differentiation. It is possible that the SHR also displays an altered M-CSF circadian 

rhythm like the human patients, and most of the flow cytometry experiments of 

Chapter III were performed during daylight hours. It seems unlikely though that this 

would lead to significant alterations in the proportions of classical and non-classical 

monocytes in the blood and tissues sampled because this mediator acts over a long time 

period. For example, in the BMDM culture protocol, bone marrow progenitors are 

exposed to M-CSF for 7 days before use. 

This leaves it unclear what, if at all, is the effect of such an increase in ccl2 in the SHR 

stellate ganglia. It is possible it mediates increased classical monocyte recruitment, which 

then transdifferentiate into non-classical monocytes. Although, given overall monocyte-

macrophage numbers tend to be lower in the SHR ganglia, and there isn’t generally a 

significant absolute increase in the numbers of non-classical monocytes, this would be 
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unlikely unless there is extremely high turnover of these cells dying or egressing from the 

tissue. It would be interesting to examine the dynamics of these cells’ migration in vivo. 

Nevertheless, higher ccl2 may be a marker of localised inflammation, although if this is 

true, strangely it is not backed up by changes in the levels of any other inflammatory 

mediators. It may simply be the case that, while higher in expression, SHR stellate ccl2 

is of little functional significance. 

IV.4.3 Limitations 

The main issue with the experimental work of this chapter is the isolation of sufficient 

numbers of monocyte-macrophages for analysis. After amplification there was still 

insufficient mRNA to detect almost all genes in question from FAC-sorted stellate 

monocyte-macrophages, and even when taken from blood, there were sub-optimal 

numbers of cells (on the order of 104-105) for qPCR analysis. Additionally, this process 

is highly expensive so only a small number of technical repeats were economically 

possible. Similarly, for this reason the chemotaxis assay suffered from a number of cells 

per repeat that was an order of magnitude lower than the recommended minimum, and 

only three repeats per condition. As suggested in Chapter III, single-cell sequencing may 

have been a more effective method to analyse sympathetic ganglion monocyte-

macrophages, although the financial cost of this is greater still.  

IV.4.4 Conclusions 

1. Pre-hypertensive SHR stellate ganglia express higher levels of chemokine gene 

ccl2, than do Wistar ganglia. 

2. Pre-hypertensive SHR stellate ganglia display no elevation in molecular markers 

of type 1 inflammation or oxidative stress. 
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3. FAC-sorting stellate monocyte-macrophages is too low yield to allow qPCR 

analysis of these cells. 

4. SHR blood monocyte ccr2 and cx3cr1 expression appears to be in the correct 

proportions within the classical and non-classical subsets. 

5. SHR blood monocytes show no differences in inflammatory profile compared to 

those of Wistar. 

6. SHR bone marrow macrophage precursors do not seem to have an inherent bias 

towards production of non-classical monocytes in vitro. 
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V.1 Introduction 

V.1.1 Inflammatory mediators in hypertension 

Essential hypertension is typically characterised by a systemic inflammatory syndrome; 

levels of inflammatory markers such as: C-reactive protein (CRP) (Smith et al., 2005), 

interleukin-6 (IL-6) (Bautista et al., 2005; Yu et al., 2010), interleukin-1β (IL-1β) 

(Dalekos et al., 1997) and tumour necrosis factor α (TNF-α) (Bautista et al., 2005; Yu et 

al., 2010) have all been reported to be raised in patients with essential hypertension. 

Furthermore, CRP and IL-6 have been shown to be predictors of hypertension 

development (Jayedi et al., 2019), implying an inflammatory pre-hypertensive state, from 

which one could hypothesise that inflammation may play a causative role in the aetiology 

of essential hypertension. Deeper statistical analysis and Mendelian randomisation in the 

study of Smith et al. (2005) suggested that CRP itself is not causative of essential 

hypertension, while Jayedi et al. (2019) showed that IL-1β is not a predictor of 

hypertensive risk. The predictive relationship of TNF-α and future essential hypertension 

remains to be investigated. Overall therefore, it seems there is evidence for a (type 1) 

inflammatory reaction in human hypertension, which seems to develop even before blood 

pressure elevation. 

As described in Chapter I, antibody blockade of some inflammatory cytokines and 

mediators is used in, or has been investigated for, treatment of a number of human 

diseases, and in many cases blood pressure was recorded in clinical trials for these. While 

a trial each for anti- IL-1β (Rothman et al., 2020) and IL-6 (van Rhee et al., 2015) therapy 

did not report any reduction in blood pressure (and in fact 3/19 patients developed 

hypertension in the anti-IL-6 study), some studies of anti-TNF-α treatment have shown 

anti-hypertensive effects (Klarenbeek et al., 2010; Sandoo et al., 2011; Yoshida et al., 
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2014). Of course a caveat to these studies, is that the reduction in disease severity and 

pain within the rheumatoid arthritis patients tested caused by the anti-TNF-α treatment, 

could have contributed to a blood pressure decrease. However, from this one could 

hypothesise that TNF-α may contribute to sympathetic impairment in hypertensive 

disease. 

In the SHR, raised expression compared to WKY rats, of IL-1β and TNF-α has been 

reported in a variety of tissues (Sun et al., 2006), in addition to central nuclei involved in 

sympathetic outflow (Shi et al., 2014; Tan et al., 2017). Interestingly though, while a 

study of plasma levels of SHR versus WKY cytokines in response to LPS stimulation 

showed increased TNF-α in the diseased animal, IL-1β did not differ, and IL-6 was in 

fact lower in the SHR (Andrzejczak et al., 2006). However, measurement only of the 

response to LPS makes it difficult to translate to each strain’s baseline physiology. 

In Chapter IV of this thesis, no differences in IL-1β, TNF-α, IL-6 nor several other 

inflammatory markers were found in the pre-hypertensive SHR stellate, blood monocytes 

or BMDMs, compared to equivalent samples from the Wistar rat. However, due to the 

difficulties in isolating sufficient numbers of monocytes for qPCR analysis, the inability 

to directly examine the stellate-specific monocyte-macrophages, and the fact that both 

TNF-α and IL-1β were still expressed in these tissues of both strains, suggests that they 

may still merit investigation in a functional context. 

IV.1.2 Influence of cytokines on neuronal activity 

Many lines of evidence support the idea that inflammatory cytokines can increase local 

neuronal activity, but to date this has not been studied in sympathetic ganglia in the 

context of hypertension, so one must infer hypotheses from other neuronal loci or 
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pathologies. In nerve-injury, macrophages infiltrate the site of lesion and release, among 

other factors TNF-α, IL-1β and IL-6, all of which act directly on nociceptor neurons to 

increase excitability (Scholz & Woolf, 2007). Schwann cells also release similar 

cytokines, along with neuronal growth factors, producing a similar effect. It is therefore 

worth examining if these mechanisms could function similarly in sympathetic ganglia. 

Sympathetic neurons are involved in nerve injury though; the IL-6 released in this 

reaction contributes to sympathetic neurons sprouting into the dorsal root ganglia (Ramer 

et al., 1998). Additionally, in the heart post-MI, an inflammatory reaction of which 

macrophages are an integral component, leads to increased NGF release and sympathetic 

neuronal sprouting (Hasan et al., 2006; Wernli et al., 2009). 

IL-6 may act as a survival factor for sympathetic neurons, as its presence allows for these 

cells to be grown in culture without requiring NGF, which is normally essential (Marz et 

al., 1998), and it has been reported that IL-1β increases the responsiveness of SCG 

neurons to acetylcholine (Cuddy et al., 2020). Furthermore, centrally it seems that IL-1β 

and TNF-α can increase sympathetic outflow via actions at the hypothalamic 

paraventricular nucleus (Shi et al., 2011) or rostral ventrolateral medulla (Wu et al., 

2012). Contrastingly, in the enteric nervous system, IL-1β (Xia et al., 1999), IL-6 (Xia et 

al., 1999) and TNF-α (Straub et al., 2005) all seem to be sympatho-inhibitory, suggesting 

there may be locus-specific effects. 

IV.1.3 Influence of monocyte-macrophages on sympathetic neurons? 

Macrophages are major producers of inflammatory cytokines, and there is a shift towards 

a higher proportion of non-classical monocytes in the pre-SHR, these cells having been 

shown to be pathologically inflammatory in a number of diseases (Poitou et al., 2011; 

Misharin et al., 2014; Mukherjee et al., 2015; Zhu et al., 2016; Puchner et al., 2018; 
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Montgomery et al., 2019). Owing to this, combined with the evidence about that 

inflammatory type 1 cytokines may increase neuronal excitability, it is possible that these 

monocyte-macrophages are in part responsible. Akin to this hypothesised effect of 

macrophages, seems to be the role of microglia in hypertensive central nervous system 

inflammation; inhibiting microglial activation in either Sprague-Dawley rats with central 

nervous system inflammation-induced hypertension (Wu et al., 2012), or SHRs 

(Santisteban et al., 2015), reduces sympathetic tone and blood pressure. 

IV.1.4 Hypotheses and aims of the chapter 

The hypotheses underlying this chapter were: 

1. SHR monocyte-macrophages drive heighten post-ganglionic sympathetic neuron 

activity. 

2. Type 1 inflammatory cytokines contribute to this effect and can increase 

sympathetic stellate neuron excitability in culture. 

The aims were therefore to: 

1. To test the effects of co-culture and SHR/Wistar cross-culture of monocyte-

macrophages with sympathetic stellate neurons. 

2. To examine the effects of cytokines TNF-α, IL-1β and IL-6 on sympathetic 

stellate neuron activity in culture. 

V.2 Methods & Materials 

V.2.1 Cell and tissue culture 

All cells and tissues used in this Chapter were cultured as described in the relevant 

sections of Chapter II. Cytokines and anti-cytokine antibodies were added at 
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concentrations based off EC50 or ND50 values respectively, reported on the 

manufacturer’s datasheet. 

V.2.2 Noradrenaline release experiments 

Stellate ganglion noradrenaline release experiments were performed as described in 

Chapter II. The ELISA was also performed on noradrenaline standard concentrations of: 

0.2, 0.6, 2, 8 and 32 in triplicate, and their mean spectrophotometric values used to 

interpolate a standard sigmoidal 4PL curve with GraphPad Prism 8 software. This was 

then used to infer [NA] values for all experimental samples and two control samples.  

V.2.3 Calcium imaging 

Fura-2 Ca2+ imaging was carried out as described in Chapter II. Neurons were selected 

for analysis based on a healthy appearance under the microscope, which typically includes 

a polygonal shape and well-defined borders, in addition to adequate dye loading. 

Recorded neurons were excluded from analysis if they did not demonstrate a clear [Ca2+]i 

transient response to stimulation with 100 mM [K+]o. Peak data-points were taken as the 

maximal [Ca2+]i transient value reached immediately following stimulation with either 

nicotine or K+.  

V.2.4 Flow cytometry 

After incubation in Neurobasal Plus + 10% FBS media containing 100 µL Clodrosomes 

or Encapsosomes (as described in Chapter II), blood leukocytes were separated from the 

liposomes and stained with the live-dead stain and antibody panel of Chapter III. Flow 

cytometry was performed also as described in the same chapter. 

V.2.5 Statistical analysis 

Statistical analyses were performed as described in Chapter II.8. 
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V.3 Results 

V.3.1 Whole stellate ganglion stimulation-evoked noradrenaline release 

In order to examine the effect of SHR leukocytes on sympathetic neuronal function, 

whole stellate ganglion explants from both Wistar rats and SHRs were prepared and 

cultured either alone, or with whole blood leukocytes from either strain. These results 

showed large intra-group variability (Figure 1), making results difficult to interpret. This 

set of experiments produced 10-fold higher [NA] values than previously reported for 

similar experiments in our lab, and showed a trend against our group’s previous finding 

that SHR ganglia release more noradrenaline than Wistar when stimulated in this way 

(Bardsley et al., 2018b). This previously published study used high-performance liquid 

chromatography to measure noradrenaline, which is widely accepted as a more reliable 

method for detection. Furthermore, looking at the [NA] values obtained from the control 

samples supplied with the ELISA kit, 4 out of 6 of the values fell outside the ±40% range 

given by the supplier. For this reason, no conclusions were drawn from the limited amount 

of data obtained using this technique, and its experimental use was discontinued in this 

thesis.  
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Figure 1| Results of the noradrenaline release experiments, quantified by ELISA. Five 
manufacturer-supplied standard samples were analysed in parallel and 4-parameter analysis 
used to interpolate [NA] values from recorded 450 nm optical density readings for the 
experimental samples. a) Recorded [NA] values for the manufacturer-supplied control samples 
compared to their reported quality control value ranges. b) [NA] values measured from 
ganglion culture supernatant (i) and tissue homogenate (ii). 
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V.3.2 Response of cultured single Wistar and SHR stellate neurons to nicotine and 

high [K+]o  

As the noradrenaline release assay seemed unreliable, the Ca2+ transient responses of 

cultured single stellate neurons to nicotine and high [K+] were instead as an assay of 

neuronal activity. The peak [Ca2+]i transient magnitude of SHR sympathetic stellate 

neurons in response to both cholinergic stimulation with 100 µM nicotine, and 

depolarisation with 100 mM [K+]o, were used as an index of neuronal activity. Both were 

significantly higher than those taken from Wistar rats; nicotine (expressed as % ratio 

change from baseline): 194.5 ± 23.4 versus 119.5 ± 11.87, p=0.022; K+: 369.7 ± 20.74 

versus 246.1 ± 22.51, p=0.00020 (Figure 2), which is consistent with previous reports (Li 

et al., 2012). 

Particularly within the SHR population of neurons, there were a number of cells which 

showed an essentially absent nicotinic response (<10%) and therefore large outliers. 

These all had a positive high K+ stimulation response though and therefore were included 

in the same analysis. As far as the field is aware, post-ganglionic sympathetic neurons 

should all express nicotinic receptors, so this unresponsiveness of a small group of 

neurons is likely a culture artefact potentially due to stripping of the receptors during 

enzymatic digestion of the tissue. 
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Figure 2| Wistar and SHR stellate neuron Ca2+ transients in response to pharmacological 
stimulation. a) Mean trace (with SEM) of stellate neuron [Ca2+]i during the experimental 
protocol involving exposure to 100 µM nicotine, followed by 100 mM K+. b) Peak stellate 
neuron [Ca2+]i transient in response to nicotine (i) and K+ (ii). Peak response data are 
presented as median with IQR; * signifies p<0.05 for Wistar versus SHR, Mann-Whitney 
test. 
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V.3.3 Effect of leukocyte co-culture with stellate neurons 

In Chapter III, it was established that the SHR sympathetic ganglia displayed an altered 

monocyte-macrophage subset ratio. In order to see if this has an effect on neuronal 

activity, ideally one could co-culture Wistar and SHR stellate neurons with stellate 

monocyte-macrophages of either strain and record the nicotine and high [K+] 

responsiveness. However, as described in Chapter IV, it is almost impossible to obtain 

substantial numbers of stellate macrophages. As the SHR’s lower classical/non-classical 

monocyte ration was also present in the blood, the pool from which the sympathetic-

associated macrophages appear to arise (Pirzgalska et al., 2017), these could be used as a 

surrogate. FAC-sorting even this larger pool of monocytes also has very low-efficiency 

(Chapter IV), and therefore a different approach was attempted. Stellate neurons were co-

cultured with whole blood leukocytes and this was to be compared to blood leukocytes 

treated with clodronate liposomes, in order to deplete monocytes. The protocol of 

Claassen et al. (1990) was tested for its monocyte-depletion efficiency; blood leukocytes 

were incubated with either 100 µL/mL Clodrosomes, or the same concentration of PBS-

filled “Encapsosomes”. Using flow cytometry, and employing the same leukocyte gating 

strategy used in Chapter III, this method only reduced the percentage of leukocytes which 

were not NK cells, T cells, B cells or PMNs, that were CD11b/CD68 double-positive 

from 87.8% to 54.0% (Figure 3). From this, it could not be concluded that this method 

sufficiently depletes monocytes, and therefore a different approach was taken; whole 

blood leukocyte co-cultures were examined, as well as later BMDM-neuron co-cultures 

(Figure 4). 
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Figure 3| CD11b/CD68 double-positive monocytes in Wistar whole blood treated with a) 
Encapsosomes or b) Clodrosomes. 

a b 

Figure 4| Co-culture permutations; Wistar and SHR neurons were each cultured with their 
own blood leukocytes or macrophages, and with those of the other strain. The evoked neuronal 
[Ca2+]i transients in response to nicotinic or high [K+]o stimulation were recorded. Cell images 
are from Servier Medical Art (smart.servier.com) by Servier, and licensed under a Creative 
Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). 
“Neuron” image recoloured.  
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Co-culturing Wistar stellate neurons with their own blood leukocytes significantly 

increased their responsiveness to both nicotine and high [K+]o. With SHR leukocytes, 

while this increased the response to high [K+]o, for nicotine there was a clear trend to this 

effect, but which did not quite reach statistical significance (p=0.080). However, this 

nicotinic response with SHR leukocytes did not differ significantly from that with the 

Wistar leukocytes either, and these responses were much closer in magnitude than the 

baseline and SHR leukocyte co-culture. For these reasons it seems more likely a type II 

error. By contrast, SHR neurons showed no differences when co-cultured with these 

leukocytes, except a weakened high K+ response when co-cultured with self-leukocytes 

(Figure 5). 
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Figure 5| Peak [Ca2+]i transient responses of stellate neurons co-cultured with blood leukocytes 
in response to 100 µM nicotine or 100 Mm [K+]o. Panels show responses of: a) Wistar neurons 
to nicotine; b) Wistar neurons to high [K+]o; c) SHR neurons to nicotine; d) SHR neurons to high 
[K+]o. Data are presented as mean ± SEM; * signifies p<0.05 between the indicated groups; 
normal data were analysed using Brown-Forsythe and Welch’s ANOVAs with Dunnett’s T3 
multiple comparisons test, while non-normal data were analyses with a Kruskall-Wallis test 
followed by Dunn’s multiple comparisons test. 
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V.3.4 Response of stellate neurons to co-culture with BMDMs 

Immunocytochemistry was used to verify successful co-culture of sympathetic stellate 

neurons (TH+) with BMDMs (CD68+), which revealed the presence of both cell types in 

close proximity (Figure 6).  

Upon BMDM co-culture, as with the blood leukocytes, the Wistar stellate neurons 

showed increased nicotine responsiveness in the presence of BMDMs from either strain, 

while the SHR neurons only showed an increased response when cultured with their own 

Figure 6| Immunocytochemical image of Wistar stellate neurons (TH+, green), with 
BMDMs (CD68+, red). 
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BMDMs, not those of Wistar rats (Figure 7a & c). Interestingly these results did not 

translate to the K+ responses, although similar trends were apparent (Figure 7b & d). As 

the BMDM co-culture required addition of M-CSF to keep the BMDMs alive, control 

experiments were performed in which Wistar neurons alone were cultured with the same 

concentration of this factor. While these neurons did not display a nicotinic response 

differing significantly from baseline, there was a trend towards an increase, and there was 

no significant difference between this response and those from the BMDM co-cultures 

(Figure 6a). Additionally, for the K+ responses, it was only the M-CSF control response 

which differed significantly from the baseline (Figure 7b).  

As the presence of BMDMs seemed to increase Wistar stellate neuron responsiveness to 

nicotine, an attempt was made to identify potential mediating factors in this observation. 

It seemed unlikely, supported by co-culture images, that a physical interaction could 

underlie this mechanism, and therefore the focus was on chemical mediators. In other 

contexts, as detailed above, macrophages contribute to neuronal hyperactivity through 

release of pro-inflammatory cytokines. TNF-α and IL-1β were shown to be expressed in 

the Wistar and SHR stellate ganglia and blood monocytes in Chapter IV, although no 

inter-strain differences were observed. This however does not exclude the possibility of 

differential expression in the stellate monocyte-macrophages, from which sufficient 

mRNA samples could not be obtained. These cytokines, along with IL-6, if BMDMs do 

truly increase stellate neuron nicotinic responsiveness, would be prime candidates to 

mediate this. Although IL-6 was not detected in any of the stellate, or monocyte samples 

of Chapter IV, it can be readily expressed by this cell-type (Bauer et al., 1989), and is 

raised in pre-hypertensive humans (Lakoski et al., 2011; Jayedi et al., 2019). In order to 

more efficiently examine whether any of these mediators could play a role in BMDM-
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induced neuronal hyper-responsiveness, combined blockade of TNF-α, IL-1β and IL-6, 

covering this ‘classical triad’ of inflammatory cytokines was tested. The nicotinic 

responsiveness of Wistar stellate neurons co-cultured with Wistar BMDMs appeared still 

to be enhanced in the presence of antibodies targeted against TNF-α (100 ng/mL), IL-1β 

(140 ng/mL) and IL-6 (833 ng/mL) however (Figure 7a). These concentrations were 

based off the manufacturer-reported EC50 values. 
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Figure 7| Peak [Ca2+]i transient responses of stellate neurons co-cultured with BMDMs in 
response to 100 µM nicotine or 100 Mm [K+]. a) Wistar response to nicotine; b) Wistar 
response to high [K+]o; c) SHR response to nicotine; d) SHR response to high [K+]o. Data are 
presented as mean ± SEM; * signifies p<0.05 between the indicated groups; normal data were 
analysed using Brown-Forsythe and Welch’s ANOVAs with Dunnett’s T3 multiple 
comparisons test, while non-normal data were analyses with a Kruskall-Wallis test followed 
by Dunn’s multiple comparisons test. 

a b 

c d 

* 

* 

* 

WST Nicotine 

* 

WST K
+

 

* 

* 

SHR K
+

 SHR Nicotine 



Chapter V Results C 

Page | 166  
 

V.3.5 Response of stellate neurons to culture with inflammatory cytokines 

Finally, TNF-α and IL-1β were tested for their ability to alter neuronal activity 

themselves; Wistar and SHR stellate neurons were cultured alone, but in the presence of 

one of these cytokines: 10 pg/mL TNF-α, or 1 ng/mL IL-1β. Wistar neurons did not differ 

in their response to nicotine after culture with either cytokine (Figure 8a), although the 

K+ response was significantly increased (Figure 8b). By contrast, SHR neurons also 

showed no alteration of responsiveness to nicotine (Figure 8c), and the response to K+ 

tended to decrease (Figure 8d). 
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Figure 8| Wistar and SHR stellate neuron Ca2+ transients in response to pharmacological 
stimulation after culture with TNF-α or IL-1β, as compared to those cultured in plain media. 
a) Wistar nicotine; b) Wistar K+; c) SHR nicotine; d) SHR K+. Data are presented as mean ± 
SEM; * signifies p<0.05 between the groups indicated; normal data were analysed using 
Brown-Forsythe and Welch’s ANOVAs with Dunnett’s T3 multiple comparisons test, while 
non-normal data were analyses with a Kruskall-Wallis test followed by Dunn’s multiple 
comparisons test. 
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V.4 Discussion 

The main findings of this chapter are: 

1. Co-culture with whole blood leukocytes from either strain increases the 

excitability of Wistar, but not SHR stellate neurons. 

2. Co-culture with BMDMs from either strain increases the excitability of Wistar, 

but not SHR stellate neurons. 

3. The effect of BMDM co-culture on Wistar stellate neuron activity is not mediated 

by TNF-α, IL-1β or IL-6. 

4. Neither TNF-α, nor IL-1β increase the excitability of Wistar or SHR stellate 

neurons in response to nicotinic or high K+ stimulation. 

IV.4.1 SHR sympathetic neuron hyperactivity in culture  

The baseline SHR and Wistar Ca2+ transient data in response to nicotine and high K+ 

depolarisation support previous published findings (Li et al., 2012), and other 

unpublished observations from our lab. Consistent with a wealth of literature, the SHR 

displays sympathetic hyperactivity at the level of the post-ganglionic sympathetic stellate 

neurons (Li et al., 2012; Shanks et al., 2013a; Shanks et al., 2013b; Larsen et al., 2016; 

Shanks et al., 2017; Davis et al., 2020). The intra-neuronal molecular mechanisms 

underpinning this are thought to include dysregulation of the membrane potential-

stabilising M-current, leading to a state of hyper-excitability (Davis et al., 2020), along 

with dysfunctional Ca2+ handling (Li et al., 2012; Lu et al., 2015; Larsen et al., 2016; 

Shanks et al., 2017). The Ca2+ dyshomeostasis may in turn arise from altered cyclic 

nucleotide signalling; specifically, there seems to be impairment of the neuro-inhibitory 

cGMP pathway, in part brought about by heightened phosphodiesterase 2 (PDE2) activity 

(well-reviewed by Li and Paterson, 2019). 
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IV.4.2 Monocyte-macrophage influence on sympathetic neuron activity 

The only previous example of macrophage-sympathetic neuron co-culture of which the 

author is aware is that of Arantes et al. (2000), who cultured murine SCG neurons with 

peritoneal macrophages. This led to neuronal death and a substantial reduction in cell 

density within 24 h of culture, an effect which was able to be reduced by dexamethasone. 

In the experiments of this chapter, during which stellate neurons were co-cultured with 

leukocytes or BMDMs for >48 h, an increase in Wistar neuronal activity was instead 

observed. This does not discount a reduction in neuronal cell survival, and the culture 

protocol used for this thesis produces such a range of stellate neuron densities, depending 

on the number of ganglia used and number of coverslips plated, that this was not able to 

be assessed. One cannot completely exclude the possibility that macrophage co-culture 

removes the least healthy cells, leaving only the most responsive to the stimuli, although 

the observation that co-cultured neuron responses showed similarly wide ranges of value 

to those from mono-cultures suggests against this. 

Do monocyte-macrophages increase sympathetic neuron excitability? For Wistar stellate 

neurons it seems the case that blood leukocytes in general, or just BMDMs, of either 

Wistar or SHR origin, increase their [Ca2+]i transient responsiveness to nicotinic 

stimulation, with similar, trends for responsiveness to high K+ depolarisation. It seems 

likely that the blood monocyte-macrophages would therefore contribute to the whole 

blood leukocyte effect (not discounting potential effects of other cells), which was of a 

similar magnitude to that of the BMDMs alone. A small caveat to this though is the 

observation that simple inclusion of M-CSF in the culture media of Wistar stellate 

neurons, appeared to itself increase [Ca2+]i transient responsiveness to a limited extent; 

while the M-CSF response did not differ significantly from baseline, it also did not 
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significantly differ from the response with BMDMs present. This is a surprising finding 

given that stellate neurons are not known to express M-CSF receptor CSF1R (especially 

as no physiological purpose could be easily ascribed to this if they did), which is thought 

to be limited in expression to myeloid cells (Rojo et al., 2017). One study detected the 

presence of csf1r mRNA in a small population of hippocampal and cortical mouse 

neurons (Luo et al., 2013), but there is still no reason to suggest stellate neurons broadly 

express this receptor. It is important to consider that the stellate cultures of this chapter 

do include other cells; potentially as many different cell types as are present in the 

ganglion, provided these can survive. It is therefore possible, and perhaps the most likely 

explanation, that the inclusion of M-CSF may promote survival of intrinsic macrophages, 

already present in the ganglion at the time of culture, which then have an effect on 

neuronal Ca2+ handling.  

Interestingly in the SHR, whole blood leukocyte co-culture interventions did not affect 

stellate neuron responsiveness, while BMDMs only increased activity if they came from 

the SHR, and not Wistar rats. From this one can make two inferences: first, Wistar 

neurons are more sensitive to the responsiveness enhancing effect of leukocytes or 

BMDMs, and second, SHR BMDMs are more potent in this effect. From this one could 

speculate that some form of immunological macrophage-related difference to which the 

SHR neurons are exposed in vivo, is at least partly responsible for the stellate neuron 

hyper-responsivity phenotype. When the Wistar neurons are exposed to these SHR 

macrophages, their nicotinic responsiveness reaches similar levels to those of mono-

cultured SHR neurons, suggesting their presence is sufficient for the phenotype. It is 

difficult to determine whether this is necessary to produce the phenotype in vivo. 

However, the observation that Wistar BMDMs do not raise SHR neuronal activity 



Chapter V Results C 

Page | 171  
 

suggests that this stimulus may be below the level of that received in vivo. Adding to this 

the fact that SHR BMDMs do enhance SHR neuronal Ca2+ activity, as the SHR stellate 

neurons will likely be exposed to these in vivo, one could therefore suggest they may 

contribute to their heightened activity, which appears to be sustained even when removed 

from the organism.  

As BMDMs seemingly therefore do possess the ability to increase sympathetic neuron 

responsiveness to stimulation, what is the mechanism by which this occurs? As 

mentioned above, physical interaction seems rather unlikely, especially given the lack of 

substantial direct apposition in the co-culture images. The most probably mechanism 

would therefore involve release of cytokines and other mediators by the macrophages 

which may act directly on the neurons, or via effects on local glia (likely present in the 

stellate cultures), to raise activity. This chapter tested the effects of what seemed the most 

likely candidates, the pro-inflammatory cytokine triad of: TNF-α, IL-1β and IL-6, and 

found these not to be necessary. Additionally, neither TNF-α, nor IL-1β were sufficient 

to mimic the BMDM effect when added to stellate neuron cultures. Further examination 

of the co-culture medium, for example by mass spectrometry, could therefore perhaps be 

useful as a future experiment in attempt to determine the macrophage-to-neuron signal.  

An increasingly recognised source of macrophage signalling are extracellular vesicles. 

These are released from the cell membrane and can contain a variety of bioactive 

mediators, such as miRNAs, which are then taken up by other cells, altering their 

behaviour (reviewed by Wang et al., 2020). It is possible that these vesicles may be 

responsible for mediation of the BMDM effects on stellate neurons, and future work could 

aim to isolate these particles, and if present examine the nature of their components. 
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In the SHR, stellate neuron hyperactivity is thought to be due to a loss of the 

electrophysiologically-stabilising M-current (Davis et al., 2020), and to dysregulated 

cyclic nucleotide signalling which leads to aberrant Ca2+ handling (Li and Paterson, 

2019). It could be the case that macrophage signalling produces these effects on stellate 

neurons in the SHR, which then persist after ex vivo culture. It would be interesting to 

assess these features in the Wistar neurons induced by immunological intervention to 

phenocopy SHR neuron [Ca2+]i transients, to see if similar mechanisms underlie this. 

While these specific molecular mechanisms have not yet been documented in other forms 

of immune cell-induced neuronal sensitisation, in other contexts in which leukocytes or 

cytokines enhance neuronal activity, this is often due to electrophysiological changes. For 

example, TNF-α increases TTX-sensitive channel expression in nociceptor neurons (Jin 

and Gereau, 2006) and central nervous system inflammation reduces expression of the 

Kv4.3 channel (which tends to oppose neuronal firing) in the RVLM (Wu et al., 2012). 

Additionally, cytokines and growth factors can enhance neuronal growth and sprouting, 

notably IL-6 in the case of sympathetic neurons (Ramer et al., 1998), and naturally NGF. 

It seems likely that the macrophages in this study may also affect the electrophysiology 

and growth of neurons, through release of an as yet undetermined factor. 

Finally, another strict control experiment involving co-culture of neurons with relatively 

inert, non-macrophage cells (such as HEK 293 cells) will need to be performed in future 

to completely exclude the possibility that the mere culture of another cell type with the 

neurons increases their activity non-specifically. In the case of SHR neurons though, co-

culture with whole blood leukocytes, or Wistar BMDMs did not increase their activity, 

which suggests against the co-culture process itself being able to non-specifically increase 

activity, albeit only shown in the diseased strain.  
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IV.4.3 Limitations 

There always exist translatability issues when modelling physiological processes in 

cultured cells. In this chapter an attempt was made to minimise this by culturing whole 

stellate ganglia to preserve the cellular composition and architecture of this tissue, 

although reliable data were not able to be obtained from this system. For this reason, a 

switch to cultured single cells had to be made, but of course this potentially alters the 

influence of glial cells (although many non-neuronal stellate cells were present on the 

coverslips) over the various manipulations that were made to each preparation. For 

example, in response to neuronal injury and local inflammation, Schwann cells are a key 

source of cytokines which affect neuronal activity (Scholz & Woolf, 2007).  

IV.4.4 Conclusions 

1. Pre-hypertensive SHR stellate neurons display an enhanced [Ca2+]i 

responsiveness to nicotinic or high [K+]o stimulation, consistent with previous 

reports. 

2. Whole blood leukocytes can make Wistar stellate neurons phenocopy those the 

pre-hypertensive SHR. 

3. BMDMs can make Wistar stellate neurons phenocopy those of the pre-

hypertensive SHR. 

4. Pre-hypertensive SHR BMDMs, but not those from Wistar rats, can enhance 

pre-hypertensive SHR neuron responsiveness to nicotinic stimulation. 

5. These leukocyte-induced enhancements of neuronal responsiveness seem not to 

involve the classic triad of type 1 inflammation: TNF-α, IL-1β or IL-6. 
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VI.1 Novel findings of the thesis 

This thesis examined the immune system influence over peripheral sympathetic ganglia in 

essential hypertension, using the SHR as the primary model.  

The main novel findings of this thesis are: 

1. The SHR sympathetic ganglia, blood and kidneys display a reduced classical/non-

classical monocyte ratio, when compared to sympathetic ganglia from age matched 

Wistar rats. 

2. A small group of human patients with essential hypertension do not to show any 

differences in the relative proportions of blood monocyte subsets. 

3. SHR stellate ganglia express higher levels of chemokine gene ccl2, than do Wistar 

ganglia. 

4. SHR stellate neurons express stronger [Ca2+]i transients in response to nicotine or high 

[K+]o depolarisation than do Wistar neurons. 

5. Co-culturing blood leukocytes with Wistar stellate neurons increases their [Ca2+]i 

transient responsiveness to nicotinic stimulation, making them phenocopy those of the 

SHR, but does not affect pre-hypertensive SHR neurons. 

6. Co-culturing either Wistar or SHR bone marrow-derived macrophages (BMDMs) with 

Wistar stellate neurons increases their [Ca2+]i transient responsiveness to nicotinic 

stimulation, but only SHR (and not Wistar) BMDMs can further enhance the 

responsiveness of SHR neurons to the same stimulus. 

VI.2 Monocyte-macrophage subset shift: a feature of hypertension? 

In Chapter III, data are presented suggesting that the pre-SHR displays a lack of classical 

monocyte-macrophages in its sympathetic ganglia, and a potential relative enrichment of non-

classical monocyte-macrophages. This lower classical/non-classical monocyte ratio is also 
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lowered in the blood and kidneys of the pre-SHR. This was the most striking and consistently 

observed difference between the SHR and Wistar strains.  

What is the significance of this finding? Many other inflammatory-related diseases feature a 

relative enrichment of non-classical blood monocytes, including: systemic lupus erythematosus 

(Mukherjee et al., 2015; Zhu et al., 2016), sepsis (Mukherjee et al., 2015), obesity and 

metabolic syndrome (Poitou et al., 2011), and according to some sources, rheumatoid arthritis 

(Lacerte et al., 2016). Furthermore, these cells seem to exhibit a pro-inflammatory phenotype 

(Wong et al., 2011; Liu et al., 2015; Mukherjee et al., 2015; Ong et al., 2018), and may 

contribute to many of these disease states. Is this altered monocyte-macrophage ratio therefore 

an immunological feature of essential hypertension in the same way as for these other diseases?  

The human data reported in Chapter III showed no differences in the proportions of any of the 

three human monocyte subsets in patients with hypertension compared to healthy controls. This 

could suggest that the SHR’s immunological phenotype is specific to its genetic form of 

hypertension, but that this is not conserved in the human disease. However, it should be noted 

that this human study may be underpowered, with group sizes of 10 hypertensive patients and 

10 healthy controls, and only 9 and 6 such flow cytometry samples respectively were viable 

for monocyte proportion analysis. In all of the above diseases where non-classical monocyte 

enrichment was observed, the diseases were either severe inflammatory conditions in which a 

more robust immune phenotype could be expected to be detected, or the numbers of patients 

used were substantially larger. Moreover, in the case of rheumatoid arthritis, there have been a 

wide range of mixed results when attempting to determine the relative proportions of 

monocytes (Cairns et al., 2002; Rossol et al., 2012; Yoon et al., 2014; Lacerte et al., 2016; 

Smiljanovic et al., 2018). This may highlight the heterogeneity of the human population, which 

in addition to the potential presence of varied essential hypertension aetiologies, could be 

responsible for the lack of a difference found here. Additionally, as the difference between 
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even the SHR and Wistar blood classical-to-non classical monocyte ratio was subtle, this 

suggests one would be much less likely to find such a difference in the human blood samples 

than if human stellate tissue was examined. For this reason, it may be worth repeating this 

analysis in a larger study of hypertensive patients, with measurement of sympathetic tone to 

confirm neurogenic origin, and possibly examination of human stellate tissue, both of which 

unfortunately were unachievable in the experimental timeline of this thesis. 

VI.3 Role of macrophages in sympathetic neuron hyperactivity? 

Does the altered monocyte macrophage subset ratio within the SHR sympathetic ganglia have 

a functional effect on local neuronal activity? As referenced above, non-classical monocytes 

have been shown in many contexts to possess pro-inflammatory properties. These cells have 

been demonstrated to be major producers of inflammatory cytokines (Wong et al., 2011; 

Mukherjee et al., 2015; Ong et al., 2018) and possess a strong ability to activate naïve T cells 

(Liu et al., 2015). In each of these cases the non-classical monocytes were observed to be the 

most potent monocyte subset in each of these assays. Zhu et al. (2016) also showed CD16+ 

monocytes were strongly able to activate B cells, although they grouped non-classical and 

intermediate monocytes together in this way, so a specific non-classical effect cannot be 

determined. As non-classical monocyte numbers are elevated in these diseases, and seem to be 

potent inflammatory cells, a role in disease pathology is implied. Furthermore, looking at more 

specific disease contexts, CD16+ from SLE patients seem to display enhanced inflammatory 

attributes (again, this includes non-classical and intermediate monocytes), and in the murine 

serum-transfer rheumatoid arthritis model, clodronate-depletion of monocytes and replacement 

with non-classical monocytes enhances disease, while replacement with classical ones delays 

it (Misharin et al., 2014). By contrast, pro-phagocytic, homeostatic roles for classical 

monocytes have been observed (Cros et al., 2010; Mukherjee et al., 2015).  
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If the SHR stellate has lost a homeostatic cell type, and gained a pathological one, this may 

interfere with local neuronal functioning. Local inflammation promotes states of local neuronal 

hyper-excitability in a number of contexts, many involving the sympathetic nervous system 

(Zhou et al., 2004; Hasan et al., 2006; Scholz and Woolf, 2007; Wernli et al., 2009; Wu et al., 

2012; Santisteban et al., 2015). Moreover, anti-TNFα treatment infliximab causes an increase 

in circulating non-classical monocytes in Crohn’s disease patients (Nazareth et al., 2014), along 

with an increase in all CD16+ monocytes (not stratified into non-classical and intermediate) in 

rheumatoid arthritis patients (Aeberli et al., 2016). The latter study showed a concomitant 

reduction in circulating CCL2 (incidentally the mediator whose expression was found in 

Chapter IV to be increased in the SHR stellate ganglion) causing them to hypothesise that this 

increase in blood non-classical monocytes was due to reduced recruitment to inflamed tissues. 

However, CCL2 is mainly a chemoattractant for classical monocytes. The mechanism would 

thus have to involve reduced classical monocyte recruitment to the tissues and therefore 

reduced subsequent differentiation into non-classical monocytes, but as blood classical 

monocyte numbers increased, this seems unlikely. Expression of CX3CL1, the non-classical 

chemokine, was not examined however, and it would be interesting to measure this and further 

assess non-classical monocyte trafficking, to test the above hypothesis. Interestingly though, 

in a study of patients with spondyloarthropathy, infliximab also produced a reduction in the 

numbers of CD163+ macrophages within the synovial tissue (Baeten et al., 2002). Although 

classical monocytes can express this marker, the synovial CD163+ cells were major producers 

of TNF-α and did not release IL-10 (Baeten et al., 2002), which suggests they are more likely 

to be CD16+ monocytes (Wong et al., 2011; Mukherjee et al., 2015; Ong et al., 2018), 

potentially of the non-classical subset. Of course the rat has no intermediate monocyte subset, 

so it is unclear how the functional roles of the CD16+ human population combining non-
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classical and intermediate monocytes, translate to the purely non-classical CD16+ population 

of the rat. 

Despite this apparent non-classical monocyte phenotype reported in the literature, the 

experiments of Chapter IV failed to find any difference in inflammatory mediator expression, 

apart from ccl2, in the SHR stellate ganglion. Moreover, no differences in the levels of these 

mediators between the blood monocytes of SHR and Wistar rats were found, nor were there 

any differences between the pooled classical and non-classical cells, with the exception of il10, 

which, unlike in the literature, was expressed only by non-classical monocytes. These findings 

argue against the idea of an inflammatory reaction within the SHR sympathetic ganglia, 

although it is possible the monocyte-macrophages only start expressing substantial levels of 

these mediators once in the tissue. Unfortunately, it is almost impossible to FAC-sort sufficient 

levels of stellate monocyte-macrophages for qPCR analysis. It should be noted that with often 

<3 repeats per condition, the n numbers of these qPCR analyses were relatively low, for cost 

reasons, although no substantial trends towards higher SHR type 1 cytokine expression were 

present. 

In the SHR stellate ganglia, there were higher relative numbers of neutrophils, an important 

inflammatory cell type, which are known to drive monocyte recruitment and polarisation 

towards an inflammatory phenotype (Soehnlein et al., 2017). Moreover, SHR neutrophils tend 

to produce higher levels of ROS (Schmidschonbein et al., 1991; Ohmori et al., 2000; Chatterjee 

et al., 2009), which tend to enhance inflammation. This certainly suggests some form of 

immunological reaction occurring in this tissue, but without any direct evidence of increased 

levels of mediators or oxidative stress markers, this leaves a weakness in this hypothesis. 

Further single cell RNA sequencing analysis of the stellate leukocytes could prove a useful tool 

in examining this further. 
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Application of cytokines TNF-α or IL-1β did not increase the responsiveness of Wistar or SHR 

stellate neurons to nicotinic or high [K+]o stimulation (Chapter V). This suggests that these two 

inflammatory mediators would not cause peripheral sympathetic hyperactivity, but does not 

exclude others from being involved, such as IL-18 or leukaemia inhibitory factor, or the 

involvement of neuronal growth factors such as NGF, known to be produced by immune cells 

in some immune-neuronal interactions (Hasan et al., 2006; Wernli et al., 2009), or GDNF. 

Very interestingly though, whole blood leukocytes in co-culture increase Wistar stellate neuron 

[Ca2+]i transients, but not those from the SHR. Moreover, BMDMs of either strain increase 

Wistar neuron responsiveness to stimulation, while only SHR BMDMs increase that of SHR 

neurons. All co-culture results are summarised in Table 1. It seems unlikely that these 

macrophages or other leukocytes interact physically with the neurons, at least to any substantial 

extent, and therefore it is probable that these immune cells release a factor (or group of factors), 

which sensitises the sympathetic neurons. However, the multi-cytokine blockade experiment 

of Chapter V further suggests against TNF-α, IL-1β or IL-6, being involved. The observation 

that SHR neurons are unaffected by whole blood leukocytes, may imply they have already been 

exposed to a sensitising stimulus; or it could just be the case that leukocytes are sufficient, but 

not necessary for heightened sympathetic activity, without being the original cause in the SHR. 

Nevertheless, SHR BMDMs can still increase the activity of SHR stellate neurons (while those 

from Wistar rats cannot), suggesting a property specific to these SHR cells can promote the 

excitability of even these already hyperactive neurons. Taken together with the altered 

monocyte-macrophage composition of the SHR stellate ganglion, it is possible that 

macrophages play a role in SHR peripheral sympathetic hyperactivity. Macrophages in 

particular are implicated as only SHR concentration BMDMs, and not general leukocytes, 

could increase SHR stellate neuron nicotinic responsiveness. However, future work would need 

to confirm this in vivo, perhaps by cross-transplants of SHR and Wistar bone marrow.  
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Table 1| Summary of stellate neuronal [Ca2+]i transient responsiveness to nicotinic stimulation 

in co-culture experiments. Wistar neurons in monoculture are taken as the baseline and all other 

permutations described relative to this. 

 

Additionally, one would need to identify the mediators responsible for neuronal sensitisation, 

if this effect is indeed real. The results of Chapter V suggest that the classic type 1 inflammatory 

triad of TNF-α, IL-1β and IL-6 are not involved as their blockade did not affect the increase in 

nicotinic responsiveness caused by BMDM co-culture. Mass spectrometry and isolation of any 

macrophage extracellular vesicles would be the next steps in finding the signal being 

transferred between the BMDMs and neurons. 

 

 

 

                                                           
9 The nicotinic responsiveness of Wistar stellate neurons co-cultured with SHR leukocytes did not quite 
statistically significantly differ from baseline (p=0.080). For reasons discussed in Chapter V, it seems possible 
that this result was a type II error and that SHR leukocytes should increase Wistar neuron [Ca2+]i transient 
responsiveness to stimulation. This is due to the observations that: 1) the nicotinic response of Wistar stellate 
neurons co-cultured with SHR leukocytes did not differ significantly from that of those cultured with Wistar 
leukocytes, which were themselves significantly different from baseline; 2) the responses of these two populations 
were much closer together in magnitude than that of the neurons cultured with SHR leukocytes compared to 
baseline; and 3) SHR leukocytes significantly increased the responsiveness of Wistar neurons to high [K+]o 
depolarisation. 

 

Control 

Leukocytes BMDMs 

WST SHR WST SHR 

WST with 

TNF-α, IL-1β 

and IL-6 

blockade 

Stellate 

Neuron 

Strain 

WST Baseline + Baseline9 + + + 

SHR + + + + ++ Not tested 



Chapter VI Discussion 

Page | 182  
 

VI.4 Origin of the SHR’s monocyte-macrophage subset shift 

If the altered sympathetic ganglion monocyte-macrophage ratio in the SHR is indeed important 

to sympathetic hyperactivity, as suggested above, its cause would become important as a 

potential therapeutic target. The data of Chapter III point to this alteration of subset proportions 

being a systemic phenomenon, being present in the blood and kidneys, in addition to the 

sympathetic ganglia. It may seem therefore that the SHR has an inherent tendency to produce 

a higher proportion of non-classical monocytes, which then spread throughout the circulation 

and tissues. As non-classical monocytes derive from classical monocytes, this implies that once 

released from the bone marrow, SHR classical monocytes more frequently differentiate into 

non-classical cells. There are two main possibilities for this: either the SHR bone marrow-

derived monocytes are inherently more likely to differentiate into the non-classical sub-type, 

or another factor in the SHR drives this process to a greater extent. 

Interestingly, BMDMs cultured from Wistar and SHR bone marrow, expressed similar levels 

of both classical monocyte marker ccr2, and non-classical marker cx3cr1 (Chapter IV), which 

could suggest against any inherent difference in differentiation potential arising from the bone 

marrow. However, this culture process involved using M-CSF (as an essential survival factor), 

a potent stimulus for the classical to non-classical monocyte transition, at a concentration of 

20 ng/ml where the ED50 for proliferation listed on the manufacturer datasheet is ~2 ng/ml, so 

any innate differences could be masked. One cannot therefore exclude the possibility that SHR 

monocytes themselves tend to produce more non-classical cells. However, the only well-

characterised mediator of this process is M-CSF (Weiner et al., 1994; Korkosz et al., 2012), 

whose levels have been shown higher in human hypertensive patients (Radaeva  et al., 2019). 

Of course it is difficult to ascertain any direction of causality between M-CSF and 

hypertension, but if this were also present in the SHR, it could contribute to the altered 
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monocyte ratios. Anti-MCSF therapy may therefore be a way to reduce this shift in monocyte 

ratios. 

The size of the monocyte ratio difference between the SHR and Wistar strains is much larger 

in the stellate and SCG than in the blood (Chapter III), which could perhaps suggest a difference 

in recruitment could also contribute to the observation within this tissue. The SHR stellate 

ganglia expressed ~4-fold higher levels of ccl2, which is interestingly the main chemokine 

mediating classical monocyte recruitment. If there is greater classical monocyte recruitment to 

the SHR stellate ganglion, this would suggest rapid trans-differentiation into non-classical cells 

and rapid turnover of these within the ganglionic tissue, where classical monocyte numbers are 

lowered, and non-classical cells slightly higher than in the Wistar. Future work to examine the 

dynamics of monocyte trafficking to and from the SHR stellate ganglion could therefore be 

useful to determine whether anti-CCL2 therapy could be beneficial.  

VI.5 Conclusions & Future Directions 

The SHR’s form of hypertension appears to be characterised by a reduced classical/non-

classical monocyte-macrophage ratio within their sympathetic ganglia, the blood and kidneys. 

This effect seems to be caused by an inherently higher differentiation of classical monocytes 

into the non-classical sub-type, which may be the result of higher M-CSF levels in the SHR. 

However, there is no evidence that this immunological phenotype is present within the blood 

of a small sample of human essential hypertensive patients.  

The co-culture of whole blood leukocytes or BMDMs with Wistar stellate neurons seems to 

phenocopy the enhanced [Ca2+]i transient responsiveness to nicotinic stimulation characterising 

those from the SHR, whereas the SHR neurons are generally unchanged by such interventions. 

Only SHR BMDMs are able to enhance the activity of neurons from this strain, suggesting that 

this strain’s macrophage are more potent promoters of sympathetic neuron responsiveness to 



Chapter VI Discussion 

Page | 184  
 

stimulation. There was however, no evidence supporting a role for classic type 1 pro-

inflammatory cytokines in the mechanism underlying this neuronal sensitisation.  

Following on from the work of this thesis, owing to the robustness of the altered monocyte 

ratio finding in the SHR, and the ability of BMDMs (particularly those of the SHR) to increase 

sympathetic neuronal responsiveness, a potential human phenotype may merit further 

investigation, as the study reported in Chapter III here suffers from low n numbers, examining 

a subtly inflammatory and heterogeneous human disease of hypertension. Testing for this 

phenotype in other diseases of sympathetic hyperactivity may also be useful, to assess 

mechanistic similarity, knowledge of which could be helpful in improving therapy for a range 

of conditions. While BMDMs seem to promote stellate sympathetic hyperactivity, the 

mediators and mechanisms underlying this need to be determined, which, if this underlies 

human dysautonomia, could provide an important therapeutic target. Finally, it may be worth 

testing the potential role of higher SHR plasma M-CSF levels in causing the altered monocyte 

ratio, which could serve as another node of intervention to reverse this immunological 

phenotype. 
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