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ABSTRACT OF THE DISSERTATION 
 
 
 

Pharmacologic Neuromodulation Targeting Neuroinflammation as a 

Novel Therapeutic Strategy for Experimental Pulmonary Hypertension 

 
 

by 
 
 
 

Asif Al Razee 

Doctor of Philosophy in Molecular, Cellular & Integrative Physiology 

University of California, Los Angeles, 2023 

Professor Soban Umar, Chair 
 
 
 
Pulmonary hypertension (PH) is a rare, progressive and debilitating disease 

characterized by elevated pressure in the pulmonary circulation coupled with right 

ventricular hypertrophy and failure. Microglial and astrocytic activation mediated 

neuroinflammation in the brain and spinal cord has been implicated in the sympathetic 

nervous system (SNS) hyperactivity in experimental PH, however, the role and precise 

mechanism of the intricate interplay between neuroinflammation and SNS activation in 

PH is still unknown.  

In Chapter 2, we discovered that cardiopulmonary afferent signaling to the thoracic DRG 

and dorsal horn is mediated via TRPV1 and substance P in PH. Our first-ever 

transcriptomic analysis on the TSC of 2 clinically relevant rat models (MCT and SuHx) of 

severe PH and RVF delineated common dysregulated genes and pathways highlighting 
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neuroinflammation and apoptosis. We observed microgliosis, astrogliosis and increased 

fractalkine expression in the TSC of both rat models and in human PAH. Elevated 

plasma norepinephrine in both rat models confirmed increased sympathoexcitation. 

Finally, intrathecal minocycline decreased TSC microglial count, activation, and 

expression of proinflammatory cytokines, and reduced sympathoexcitation resulting in 

rescue of PH-RVF. In Chapter 3, we demonstrated that intrathecal RTX administration 

abolished TRPV1 expression in the TSC and attenuated PH-RVF by decreasing cardiac 

sympathetic tone in MCT and SuHx rats. We also revealed that mechanistically, 

NMDAR-NOS1 mediated neuroinflammation and neuronal apoptosis in the TSC in PH is 

dependent on TRPV1 activation. Lung and RV RNASeq from RTX-treated MCT rats 

demonstrated reversal of fibrosis, inflammation and apoptosis. In Chapter 4, we 

expanded on our findings by investigating downstream of TRPV1 gene and found 

increased signature of glutamatergic and NOS1 signaling in the TSC of MCT and SuHx 

rats and patients with PAH. We demonstrated that NMDAR inhibition decreased TSC 

NOS1 expression, neuroinflammation, neuronal apoptosis and associated 

sympathoexcitation and rescued PH-RVF in MCT rats. Finally, pharmacological inhibition 

of NOS1 attenuated PH-RVF by reducing TSC neuroinflammation, neuronal apoptosis 

and sympathoexcitation. Moreover, lung and RV RNA-Seq from SMTC-treated MCT rats 

demonstrated reversal fibrosis, inflammation and apoptosis. Invitro analysis indicated that 

norepinephrine and SP may play major role in lung and RV reversal of EndMT and 

fibrosis in SMTC-treated MCT Rats. 

Taken together, this dissertation is a compilation of the first work investigating the 

mechanistic evidence of TSC neuroinflammation and its role in SNS hyperactivity in PH. 
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Abstract 
 
Pulmonary hypertension (PH) is a progressive and debilitating disease characterized by 

elevated pressure in the lung vasculature, resulting in right ventricular failure (RVF) and 

premature death. The pathogenesis of PH is complex and multifactorial, involving a 

dysregulated autonomic nervous system and neuroinflammation in the brain and spinal 

cord. Inflammatory mechanisms have been linked to the development and progression of 

PH; however, these are usually restricted to systemic and/or local lung tissue. 

Neuroinflammation, on the other hand, involves activation of the microglia and astrocytes, 

the innate immune cells that are found specifically in the brain and spinal cord. The 

activation of these resident glial cells results in the release of several proinflammatory 

cytokines, chemokines, reactive oxygen species and reactive nitrogen species that trigger 

neuroinflammation, and has been implicated in the pathogenesis of several disease 

conditions such as Alzheimer’s, Parkinson’s, hypertension, atherosclerosis, pain and 

metabolic disorders. Microglial activation mediated neuroinflammation in the brain has 

been implicated in sympathetic nervous system (SNS) hyperactivity in experimental PH. 

We recently reported astrocytic activation in the thoracic spinal cord (TSC) in PH rats. 

However, the role and precise mechanism of the intricate interplay between TSC 

neuroinflammation and SNS activation in PH is still unknown. In this section we focus on 

cardiovascular autonomic neural circuits in the CNS that regulate sympathetic activity and 

introduce the concept of neuroinflammation regulating SNS activity in the context of PH. 

1. Overview 
 
Pulmonary hypertension (PH) is a progressive and debilitating disease characterized by 

elevated pulmonary arterial pressure (>20mmHg at rest) due to excessive pulmonary 

vascular remodeling, vascular wall stiffening, vasoconstriction and loss of distal pulmonary 
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arteries1(Figure 1). Vascular remodeling in PH is characterized by endothelial dysfunction, 

smooth muscle cell proliferation, arteriolar muscularization, fibrosis, extracellular matrix 

deposition, thrombosis and inflammatory cell recruitment1. These factors result in 

persistent increase in pulmonary vascular resistance (PVR), pressure overload, right 

ventricular hypertrophy (RVH) and right ventricular failure (RVF) leading to premature 

death1(Figure 1). Although endothelial dysfunction and excessive pulmonary artery smooth 

muscle proliferation resulting from upregulation of endothelin pathway and downregulation 

of nitric oxide and prostacyclin pathways have been identified as the main causes of PH, 

the pathophysiology is still incompletely understood. PH affects approximately 1% of the 

global population, up to 10% of individuals >65 years, and at least 50% of patients with 

heart failure2. The median survival is only 46 months, whereas the prognosis is even 

worse in the elderly (37 months >65 years) and very elderly (28 months >75 years) 

patients3. Based on similar histopathology, clinical presentation, hemodynamic 

characteristics, and therapeutic management, the World Health Organization described 

and classified the known causes of PH by group: (1) Pulmonary arterial hypertension 

(PAH); including idiopathic (IPAH), heritable, drug/toxin induced or associated with other 

systemic diseases, such as HIV, lupus and schistosomiasis; (2) PH due to left heart 

disease; (3) PH due to chronic lung disease and/or hypoxemia; (4) PH due to 

thromboembolic disease; (5) PH due to unclear multifactorial mechanisms4.  

PAH features precapillary PH, defined as mean pulmonary arterial pressure (mPAP) of 20 

mm Hg or greater, pulmonary artery wedge pressure (PAWP) of 15 mm Hg or less and 

PVR of 3 Wood units (WU) or greater5. At present, 12 drugs have been approved by the 

US Food and Drug Administration to treat PAH, all of which target 1 of 3 pathways 

primarily involved in vasoconstriction. Although some may have beneficial off-target effects 
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Figure 1. Overview of normal pulmonary circulation compared to pulmonary 

hypertension. Pulmonary hypertension is characterized by aberrant vasoconstriction of 

the pulmonary arterioles and increased pressure, hypertrophy, and failure of the right 

ventricle (RV). Adapted from Columbus Ohio Adult Congenital Heart Disease Program at 

Nationwide Children’s Hospital Heart Center, Columbus, Ohio. 

 

on the right ventricle (RV), none of the currently approved PAH therapies directly target 

RVF, which is the primary cause of death among patients with PAH6,7. This deficit is 

particularly unfortunate because RV failure often develops independently of pulmonary 

hemodynamics in experimental PH and patients with PAH, demonstrating the necessity of 

developing RV-specific therapies8. Numerous studies have indicated that continuous 

sympathoexcitation is one of the main contributors of pathological cardiac remodeling 

including hypertrophy, ventricular dysfunction and arrhythmia in several cardiovascular 

diseases, hence, strategies to reduce sympathetic vasomotor overactivity in 

cardiovascular diseases can be beneficial9-13. Growing body of evidence demonstrates the 

contribution of autonomic imbalance in the pathophysiology of PAH, strengthening the 



5  

hypothesis for the role of SNS activation in PAH progession11,14-17. The elevated PVR and 

RV afterload activate SNS and renin-angiotensin-aldosterone-system (RAAS) to 

compensate for low cardiac output in PAH, though, chronic SNS hyperactivity leads to 

arrhythmias, RVF and sudden death11,16. Alternatively, several reports have demonstrated 

that sympathoinhibition via pulmonary artery denervation18, renal denervation19, 

sympathetic ganglion blockade20, vagal nerve stimulation21 and beta-blocker therapy22 

might be potential target to improve PH outcome. However, the cellular and molecular 

mechanisms involved in sympathetic activation in PAH are still unknown, although a 

complex interplay of mechanical, neurohumoral, and inflammatory stresses was 

suggested21.  

The pathogenesis of PAH is very complex and multifactorial, including inflammation and 

dysregulation of the autonomic nervous response. The nervous and immune systems are 

intricately connected and their reciprocal communication may contribute to the etiology of 

SNS activation. Recently, neuroinflammation has been suggested to be involved in 

sympathetic activation in experimental PH23,24. According to Sharma et al23, inflammation 

in the paraventricular nucleus, which contains nerves projecting directly to the RV, may 

lead to RV hypertrophy and failure. Therefore, it may be appealing to directly target 

neuroinflammation response in the brain to protect against PH. However, in clinical setting, 

pharmacological treatments to the specific brain regions can be challenging due to 

physical and biochemical obstacles created by the blood-brain barrier. Targeting spinal 

cord neuroinflammation for pharmacological interventions may be a better option, since 

intrathecal drug administration is already widely used in clinical practice.  

Our focus in this chapter is to discuss the new concept of integration between 

neuroinflammation and sympathoexcitation in the development/progression of PH. We aim 
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to assess cardiovascular autonomic neural circuits in the CNS that regulate sympathetic 

activity, recent progress in neuroinflammation in PH, and introduce the hypothesis of a 

neuroinflammatory mediated sympathoexcitation role in PH and RVF. The economic, 

medical, and social impact of PH in terms of illness and mortality is substantial. Potential 

new and less invasive therapies that target autonomic imbalance and neuroinflammation 

should significantly improve therapeutic outcomes for patients with PH. 

2. Cardiovascular autonomic neural circuits 
 
In this section, we will review the cardiovascular neural circuitry within the brain and spinal 

cord that control beat-to-beat cardiac function via sympathetic outflow. 

2.1. CNS control of sympathetic activity 

Complex networks within the brain and spinal circuits regulate sympathetic vasomotor 

activity. Previous studies have demonstrated that alterations in the hypothalamic and 

medullary nuclei involved in sympathoexcitation regulation contributes to hypertension and 

heart failure9,25,26. The cardiac sympathetic neuraxis is distributed throughout the brain and 

spinal cord, including the anterior insula27,28, anterior cingulate cortex (ACC)29, subfornical 

organ (SFO)30, amygdala31, hypothalamus32-34, periaqueductal gray matter35, parabrachial 

nucleus36, several regions of the medulla37 and intermediolateral (IML) cell column38-42 and 

controls beat-to-beat cardiac function43. These areas are critically involved in cardiac 

stress responses, and homeostatic reflexes and exert their influence on heart rate, cardiac 

contractility and cardiac output via the sympathetic and parasympathetic nervous 

systems43.  

2.2. Sensory Input 

Cardiopulmonary afferent inputs are conveyed to the dorsal horn and intermediate gray 
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matter of the thoracic spinal cord by unmyelinated spinal neurons with their cell bodies in 

the dorsal root ganglia (DRG) following the trajectory spinal nerves34. Spinal afferents relay 

on second-order spinothalamic neurons of lamina I, which project to the parabrachial 

nucleus, periaqueductal gray (PAG), amygdala, various medullary and hypothalamic 

targets and thalamus43,44. Cardiac vagal afferents containing myelinated and unmyelinated 

neurons with cell bodies in the nodose ganglion, together with carotid baroreceptor 

afferents, provide inputs to the nucleus of the solitary tract (NTS). This nucleus initiates a 

variety of cardiovascular reflexes and also conveys cardiovascular receptor information to 

the thalamus and parabrachial nucleus. The parabrachial nucleus integrates spinal and 

brainstem afferents and conveys this information to the thalamus, amygdala, and 

hypothalamus. The thalamic relay nuclei receiving cardiac stress information from 

cardiovascular receptors project to the posterior insular cortex (IC) and dorsal ACC. The 

catecholaminergic neurons of the A1/C1 group of the ventrolateral medulla send a parallel 

viscerosensory pathway to the hypothalamus, PAG, and locus ceruleus (LC)43-46(Figure 2).  

2.3. Sympathetic output 

The reciprocally interconnected forebrain areas including IC, ACC, central nucleus of the 

amygdala (CeA), and several hypothalamic nuclei form a network that initiates integrated 

autonomic response to stressful cardiac stimuli. These forebrain regions project to 

medullary and spinal nuclei directly or via a relay in the PAG to control cardiac function. 

The entire sympathetic outflow is regulated by paraventricular hypothalamic nucleus 

(PVN), A5 noradrenergic cell group, caudal raphe region, rostral ventrolateral medulla 

(RVLM), and ventromedial medulla. These cell groups send excitatory glutamatergic inputs 

to sympathetic preganglionic neurons (SPGN) of the IML cell columns in the thoracic 

spinal cord. The sympathetic innervation of the heart originates from these preganglionic 
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IML neurons that synapse with postganglionic noradrenergic neurons of the superior, 

middle cervical and cervicothoracic (stellate) ganglia. These ganglia innervate the heart via 

the superior, middle, and inferior cardiac nerves43,44,47(Figure 2). 

 

 

Figure 2: Afferent and efferent control of the cardiac function. Afferent: Sensory 

inputs from cardiac receptors are conveyed by spinal afferents that have their cell bodies 

in the DRG, or by vagal afferents with cell bodies in the nodose ganglion (NG). Spinal 

afferents relay on second-order neurons of lamina I, which project to the thalamus, 

parabrachial nucleus, PAG, and A1/C1 group of the ventrolateral medulla. The A1/C1 cell 

group send a parallel viscerosensory pathway to the hypothalamus, PAG, and locus 
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ceruleus (LC). Cardiac vagal afferents provide inputs to the NTS, which initiates a variety 

of cardiovascular reflexes and also conveys cardiovascular afferent input to the thalamus 

and parabrachial nucleus. The parabrachial nucleus integrates afferent input from spinal 

and brainstem afferents and conveys this information to the thalamus, amygdala, and 

hypothalamus. The thalamic relay nuclei sends afferent input to the posterior insular cortex 

and dorsal ACC. Efferent: Several forebrain areas, including the insular cortex, ACC, 

central nucleus of the amygdala, and several hypothalamic nuclei send efferent projections 

to medullary and spinal IML cell columns to control cardiac function. These efferent 

projections are either direct or via a relay in the PAG. Sympathetic activation is triggered 

by neurons of the RVLM, which send excitatory projections to the sympathetic 

preganglionic neurons (SPGN) of the IML cell columns in the spinal cord. These neurons 

activate nonadrenergic neurons of the sympathetic ganglia, for example, stellate, which 

send axons that contribute to the cardiac plexuses innervating the heart. On the other 

hand, parasympathetic output is mediated by vagal neurons in the nucleus ambiguus and 

dorsal motor nucleus of the vagus. These neurons send long preganglionic axons that 

synapse on cholinergic and noncholinergic neurons located in the cardiac ganglia. 

Modified from Neural control of the heart: Recent concepts and clinical correlations. 

Neurology. 

2.4. Cardiovascular reflexes 
 
Cardiopulmonary sensory afferents trigger a variety of cardiovascular reflexes45 via spinal 

neurons and vagal afferents. Cardiac sympathetic afferent reflex (CSAR) involves 

chemical (endogenous humoral factors, such as bradykinin, adenosine and hydrogen 

peroxide produced in the ventricular wall) or mechanical (distension of the ventricles) 

stimulation of sympathetic afferent endings innervating the heart, which increases 
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sympathetic outflow, blood pressure and heart rate48. CSAR modulation and integration 

involves NTS, PVN, RVLM, sympathetic afferent fibers with cell bodies in the thoracic 

DRG, specially T2-T6 and sympathetic pre-ganglionic neurons in IML49. Right atrial and 

ventricular hypertrophy due to increased blood volume activates myelinated vagal 

afferents, which trigger sympathetic reflex activation resulting in HR increase. 

Unmyelinated spinal and vagal afferents innervating the ventricles are activated by 

mechanical and chemical stimuli, including products of ischemia or inflammations such as 

adenosine triphosphate (ATP), serotonin, and prostanoids. Cardiopulmonary spinal 

afferents send sensory information to higher brain centers via spinothalamic tract from 

lamina I of dorsal horn neurons. Cardiac afferents also trigger excitatory cardiac reflexes 

via local interneurons projecting to the IML. Pulmonary arterial baroreceptors are also 

shown to elicit reflex vasoconstriction, respiratory stimulation and control cardiovascular 

function during hypoxic conditions45. 

2.5. Hypothalamus 

The hypothalamus controls sympathetic output to the cardiovascular system via inputs 

from the PVN, dorsomedial nucleus of hypothalamus (DMH), and lateral hypothalamic 

area that project to the PAG, parabrachial nucleus, RVLM, nucleus ambiguous (NAmb), 

dorsal motor nucleus of the vagus, NTS, and IML cell column of the spinal cord50-53. During 

cardiac stress sympathoexcitatory responses are mediated by projections from the PVN, 

DMH, or lateral hypothalamus to the RVLM or IML50-53. Saper et al. discovered direct 

synaptic projection of neurons from PVN with sympathetic preganglionic nuclei in the 

spinal cord, NTS and RVLM33,54(Figure 2). These PVN presympathetic neurons act as 

command neurons for sympathetic outflow to the cardiovascular system32,34,55,56. Strack et 

al demonstrated that besides PVN, A5 noradrenergic cell group, caudal raphe region, 
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RVLM and rostral ventromedial medulla (RVMM) also provide direct innervation of the 

entire sympathetic outflow to spinal interneurons in laminae VII and X57. PVN 

presympathetic neurons receive sensory information from cardiac receptors relayed by the 

NTS, A1 and A2 noradrenergic cell groups, median preoptic nucleus, SFO, arcuate 

nucleus and organum vasculosum lamina terminalis58-64.  

2.6. Rostral ventrolateral medulla 
 
The RVLM contains premotor glutamatergic sympathoexcitatory neurons that tonically 

activate the cardiac SPGN in the IML (Figure 2). RVLM serves as a common effector of 

descending and reflex sympathoexcitatory pathways controlling blood pressure and 

cardiac function. RVLM neurons are activated directly by cardiac stress, pain, hypoxia, 

hypovolemia, and hypoglycemia and via descending inputs from the forebrain37.  

2.7. Nucleus of the Solitary Tract 

The NTS is the first central relay station of cardiopulmonary afferent information for all 

medullary reflexes, including the baroreflex and cardiac reflexes controlling BP and 

HR65(Figure 2). The caudal NTS receives afferent input from baroreceptors, cardiac 

receptors, chemoreceptors, and pulmonary receptors, primarily via vagal and 

glossopharyngeal nerves66. 

2.8. Insular Cortex 

 According to Craig et al, the posterior, middle, and anterior IC represent 3 consecutive 

steps of integration and processing28. The posterior IC receives thalamic inputs relaying 

converging pain, temperature, and visceral sensory information and provides primary 

interoceptive representation; the middle IC integrates this information with inputs from 

high-order polysensory cortex, ACC, and amygdala and then conveys this integrated input 
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to the anterior IC, which represents the neural substrate of awareness of the internal bodily 

state and is a key component of emotional experience28. 

2.9. Anterior cingulate cortex 

The ACC integrates autonomic responses with behavioral arousal via its extensive 

connections with the IC, prefrontal cortex, amygdala, hypothalamus, and brainstem 

autonomic nuclei. Dorsal ACC activation during these tasks is associated with an increase 

in sympathetic drive, resulting in HR increase29. 

2.10. Central nucleus of the amygdala 

The medial subdivision of the CeA projects to the hypothalamus and brainstem and 

triggers the autonomic, endocrine, and motor manifestations of the fear responses; 

sympathoexcitatory responses involve excitatory connections to the RVLM, and inhibition 

of barosensitive neurons of the NTS31.  

2.11. SPGN and their role in controlling cardiovascular function 
 
The spinal circuitry is a complex network responsible for integrating signals from several 

brain regions and peripheral afferents related to the control of cardiovascular autonomic 

regulations. Although SPGN are arranged bilaterally and symmetrically, their activation 

regulate cardiovascular responses distinctly and preferentially. This was demonstrated by 

glutamate microinjection into the right IML (T2 level), which triggered a robust positive 

cardiac chronotropic effect, but little alteration in inotropism; whereas, glutamate 

microinjection into the left IML elicited less intense chronotropic effect was, but robust 

inotropism39. The spinal circuitry is sufficiently capable of generating rhythmic sympathetic 

vasomotor activity. Asphyxia elicited splanchnic nerve discharge pattern that varied 

between 2 and 3 Hz and renal nerve rhythmicity at a frequency of 10 Hz in spinalized 
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cats40,41. Moreover, spinalized animals exhibit Mayer waves in the sympathetic vasomotor 

outflow42. These findings consolidate the concept that the spinal cord is not merely a relay, 

but is instead a central site capable of regulating the periodicity of SPGN discharge to 

modulate control of the sympathetic vasomotor outflow either during rest or in situations 

that require rapid adjustment of cardiovascular parameters. Alterations in these 

mechanisms may trigger chronic changes in sympathetic vasomotor control in 

pathophysiological conditions. 

2.12. Involvement of spinal neurons in the maintenance of sympathoexcitation  

SPGN are key players to generate and maintain sympathetic vasomotor overactivation in 

various cardiovascular diseases, which is a major and important marker of disease 

severity. Using the Goldblatt two-kidney, one-clip (2K,1C) renovascular hypertension rat 

model, Milanez et al demonstrated that six weeks after renal artery clipping, 2K,1C 

animals had increased sympathetic overactivity, arterial hypertension, angiotensin II (ANG 

II) actions and ANG II type 1 (AT1) receptor mRNA expression in the thoracic spinal 

cord67. Since, AT1 receptors are expressed in the spinal IML neurons, intrathecal injection 

of losartan, a selective AT1 receptor antagonist, (spinal levels T10–T11) evoked a robust 

reduction in renal sympathetic nerve activity (RSNA) and BP in 2K,1C rats but not in 

normotensive animals. Interestingly, Leversha et al. also reported similar results in sheep 

with heart failure, as intrathecal administration of losartan (spinal levels T1–T2) caused a 

reduction in cardiac sympathetic nerve activity in sheep with heart failure68. Although ANG 

II-mediated increases in sympathetic nerve activity and BP are abolished by losartan 

antagonism of AT1 receptors in the IML, however, BP and sympathetic nerve activity were 

increased by selective antagonism of AT2 receptors in IML with PD12331938. Together, 

these findings suggest that, in addition to changes in various brain nuclei involved in 
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cardiovascular control, changes in ANG II actions on spinal cord neurons also contribute to 

the high activity of SPGN in hypertension. 

Glutamate also plays a pivotal role in the regulation of SPGN overactivity in spinal cord, 

since intrathecal injection of kynurenic acid,  a broad-spectrum ionotropic glutamate 

receptor antagonist, decreased in RSNA and BP in 2K,1C rats67,310. Similarly, intrathecal 

administration of 2-amino-5-phosphonovalerate (2APV), a selective antagonist of N-

methyl-D-aspartate receptors (NMDAR), evoked a more robust hypotensive effect in 

spontaneously hypertensive rats than in normotensive rats69.  

3. Inflammation  
 
3.1. Inflammation in PH 

Inflammation is body’s basic host defense response mechanism to injury, ischemia, toxins, 

or infectious agents that incorporates the innate and adaptive immune system, along with 

invasion of inflammatory cells (lymphocytes and macrophages) to the site of injury, and 

release of inflammatory mediators such as cytokines and chemokines70. Growing body of 

evidence suggests that inflammation plays a major contributory role in the development of 

pulmonary vascular remodeling in PH71. The pulmonary vascular cells produce and 

release inflammatory mediators, such as, high mobility group box 1 (HMGB1) in response 

to persistent tissue injury and inflammatory stimulation, which activates pattern recognition 

receptors or PRRs, including toll-like receptor 4 (TLR4). PRR activation is recognized as a 

starting point in activation of innate immunity, inducing the inflammation process, cell 

recruitment and tissue remodeling72. Infiltration of inflammatory cells in and around 

vascular lesions in PH include monocytes, macrophages, dendritic cells, T- and B- 

lymphocytes and mast cells71,73. Activation of these cells releases further inflammatory 

mediators, cytokines and chemokines, such as, nuclear factor of activated T cells, IL-1β, 
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IL-6, IL-8, IL-13, IL-18, monocyte chemotactic protein (MCP)-1, fractalkine (Cx3Cl1), 

CxCl12, CCL2, CCL5/RANTES and tumor necrosis factor (TNF)-α, which lead to vascular 

remodeling through vascular cell proliferation, collagen deposition, inflammatory cascades 

and apoptosis71,73-75. The progressive process generates plexiform lesions, medial 

hypertrophy, arterial muscularization, and even RV hypertrophy76-79. Serum and plasma 

levels of chemokines, cytokines, and autoantibodies are also increased in PAH patients 

and are correlated with disease severity and survival74. Interestingly, an increased 

prevalence of PH in patients with autoimmune disorders such as HIV, connective-tissue 

diseases, and thyroiditis has highlighted the importance of inflammation in PH80,81. 

3.2. Neuroinflammation: The CNS immune response  	

Neuroinflammation is the innate and adaptive immune responses of central nervous 

system (CNS) that are initiated toward a variety of harmful insults, such as, infection, 

ischemia, stress, and trauma through the release of inflammatory mediators, such as, 

cytokines, chemokines, and reactive oxygen species by various immune cells like 

microglia, astrocytes, peripherally derived immune cells, and endothelial cells82. Invading 

and local immune cells orchestrate a series of events that lead to either tissue repair or 

damage in response to neuroinflammation. During initial stages, neuroinflammation may 

play beneficial and protective role; however, chronic or excessive neuroinflammation can 

act as a critical pathological driver of several neurological and peripheral diseases, such 

as cerebrovascular diseases, traumatic brain and spinal cord injuries, neurodegenerative 

diseases, epilepsy, multiple sclerosis, psychological disorders, cardiovascular diseases 

and chronic pain82-86. Neuroinflammation is the common mechanism that connects 

ischemic, degenerative, traumatic, demyelinating, epileptic, and psychiatric pathologies82-

86. Neuroinflammation typically involves four categories of stereotyped mechanisms: (i) 
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Functional activation and proliferation of microglia and astrocytes in pathology-specific 

CNS regions87. (ii) Increased tissue concentrations of inflammatory mediators, such as 

cytotoxic reactive oxygen species (ROS), nitric oxide (˙NO), reactive nitrogen species 

(RNS), prostaglandins, pro-inflammatory cytokines and chemokines, ATP and matrix 

metalloproteases (MMP2, MMP9)88. (iii) Peripheral immune cell infiltration from the 

systemic circulation including monocytes-macrophages, T- and B- lymphocytes89. (iv) 

Neuronal cell death, caused by the resulting neurotoxic context90. 

3.3. Microglia: Resident immune cells of the CNS  

The CNS is comprised of neurons and three different kinds of glial cells: microglia, 

astrocytes and oligodendrocytes. Microglia account for 5 – 20 % of all adult human brain 

cells and are considered to be the key players in mediating immune responses in the CNS 

by secreting various inflammatory factors91. Microglia originates from bone marrow-derived 

progenitors that migrate throughout the healthy and injured areas into the CNS92. 

Chemokines, such as, MCP-1 or CC-chemokine ligand-2 (MCP/CCL-2), along with its 

receptor CCR2, play a major role in the recruitment of resident microglia as well as 

microglial progenitors to the lesion area93. Microglial cells phagocytose cellular debris 

and/or toxic substances to maintain homeostasis. They constitute the first line of defense 

against invading pathogens, infections and tissue injury. During physiological conditions, 

the “ramified” form of microglia possesses a small cell body and many fine processes that 

send multiple branches extending in all directions. This “resting” microglia is fairly 

motionless, but its branches constantly move to survey the surrounding areas for signs of 

brain lesions or nervous system dysfunction. Conversely, the ramified microglia undergoes 

structural changes to become amoeboid possessing larger cell body with thicker and 

shorter branches, which are characterized as “activated” microglia in response to insults in 
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the CNS92. The amoeboid form enables the entire microglial cell to migrate through the 

CNS, and translocate to the site of injury to perform immunological functions. Microglia 

motility is enhanced by ATP, serotonin, IL-4, IL-8, MCP-1 and VEGF92,94,95. Microglia can 

interact with neurons electrically, chemically and physically, modulating neuronal 

responses including sympathetic activation92. Thus, chronic stimulation of neurons might 

induce microglial activation. Further, this increased interaction between microglia and 

neurons might stimulate the increase in sympathetic activity observed in pre-clinical and 

clinical PH that augments PH prognosis and severity151. During physiological conditions, 

microglia reside within close proximity to preautonomic PVN neurons to regulate 

sympathetic outflow. Several studies demonstrated that during experimental hypertension 

PVN and NTS regions are infiltrated with additional microglia and the levels of 

proinflammatory cytokines, chemokines, and ROS within these regions rise influencing 

increased neuronal activity and sympathetic outflow96-98. It is noteworthy that while short-

term microglial activation might be beneficial, chronic activation is detrimental, and has 

been implicated as a potential mechanism in neurodegeneration99.  

Studies have shown that microglial activation can also modulate respiratory responses by 

influencing neuronal activity. Microglial activation is induced in the NTS, the integration 

center for respiratory peripheral chemoreceptors during the first hour of exposure to 

chronic hypoxia. However, inhibition of microglial activation with minocycline resulted in 

lack of ventilatory acclimatization to hypoxia indicating that microglial cells modulate 

respiratory responses100. Interestingly, microglia exposure to LPS or hypoxia during 

gestation period induces an enhanced ventilatory response to re-exposure in vitro, 

suggesting that microglia has the ability to “remember” prior exposures101. 

Activated microglia release a swarm of immuno- and neuroregulatory factors and 
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neurotoxins that include pro-inflammatory cytokines, chemokines, ˙NO, ROS and RNS, all 

of which mediate neuroinflammation and contribute to neurodegeneration99. Cytokines 

released by activated microglia consist of interleukins (IL-1 and IL-6), IFN-γ, and TNF-α, 

while chemokines include MCP-1, macrophage inflammatory protein-1 (MIP-1), and 

RANTES102. IL-1, IL-6, and TNF-α are pro-inflammatory cytokines that actively participate 

in the initiation and coordination of inflammatory processes following microglial 

activation103. Excessive production of these cytokines leads to cytotoxicity and apoptosis 

on the surrounding neurons and oligodendrocytes104. Activated microglia can also increase 

the release of glutamate from adjacent astrocytes to cause potentially toxic and 

neuromodulatory effects105(Figure 2). On the other hand, chemokines of microglial origin 

initiate leukocyte invasion via enhanced expression of endothelial adhesion molecules. 

The chemokine receptors expressed by microglia include IL-8R, CXCR2, CXCR3, CXCR4, 

CCR3, CCR5, and CX3CR1106. Microglia also express receptors for numerous cytokines, 

neurotransmitters (e.g., glutamate, GABA and norepinephrine) and neurohormones (e.g., 

angiotensin-II, glucocorticoids and mineralocorticoids) that aiding their ability to sense 

disturbances to homeostasis92. Microglia detects infection and tissue damage through toll-

like receptors (TLRs), specifically TLR-4 is well known to recognize lipopolysaccharides 

(LPS), mediates microglial activation and production of inflammatory mediators92. A 

previous study reported that exogenous Ang II stimulates TLR4 via AT1R, leading to the 

activation of hypothalamic microglia ex vivo307. TLR4 inhibitor, TAK-242 administration has 

been shown to abolish microglial activation and preserve blood brain barrier (BBB) 

integrity in the PVN, RVLM, and NTS in spontaneously hypertensive rats (SHRs)108. 

Moreover, TLR4 blockade attenuated SNS activation and progression of MAP increases in 

SHRs108. Importantly, TLR4-deficient mice is less susceptible to develop hypoxia-induced 
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PH and showed decreased pulmonary vascular inflammatory response305. TLR-4 

deficiency resulted in decreased microglia-mediated neuroinflammation and apoptosis, 

thus offers protection against PH pathophysiology109.  

 

Figure 3: Schematic representation of the interactions between neurons, microglia 

and astrocytes mediated by CX3CL1/CX3CR1. 1. During pathological conditions ATP 

released from neurons binds to and activates the P2X7 receptor on resting microglia, 

resulting in activation of microglia. 2. Activated P2X7 receptor leads to potassium efflux 

and Ca2+influx resulting in decreased intracellular potassium, increased intracellular Ca2+ 
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concentration and subsequent activation of phospholipase C (PLC), which ultimately leads 

to further increase in the intracellular calcium concentration. 3. Increased intracellular 

calcium activates p38 MAPK by phosphorylating to P-p38 that allows phospholipase A2 

(PLA2) mediated translocation of lysosomes to microglial membrane. 4. Microglial 

lysosomes release cathepsin S (CatS), which translocate to the neurons. 5. CatS cleaves 

the soluble chemokine domain of CX3CL1 from its membrane tether on the surface of 

neurons. 6. Soluble CX3CL1 binds to, and activates, CX3CR1 on microglial surface, 

resulting in an increase in intracellular calcium mobilization and further activation of p38. 7. 

P-p38 alters gene transcription 8. This results in the synthesis and release of pro-

inflammatory mediators from microglia. 9a. The pro-inflammatory mediators bind to and 

activates receptors on neurons resulting in their sensitization. 9b. The pro-inflammatory 

mediators from microglia bind to astrocytic receptor and activate nuclear transcription 

factor, NF-kB. NF-kB activation is also triggered by the sphingolipids S1P and LacCer. 10. 

NF-κB activation results in the synthesis and release of several pro-inflammatory 

mediators and glutamate from astrocyte. 11. The pro-inflammatory mediators and 

glutamate from astrocyte lead to excitotoxicity, neuroinflammation and neuronal apoptosis. 

Modified from Chemokine mediated neuron-glia communication and aberrant signalling in 

neuropathic pain states. Curr Opin Pharmacol. 

3.4. Astrocytes: The non-immune glial cells 

Astrocytes are the predominant neural type of glia in the CNS, that originate from the 

embryonic neurectoderm like neurons, oligodendrocytes and Schwan cells110. Astrocytes 

therefore cannot be designated as “immune cells” even though they participate in innate 

immune reactions within the CNS. Astrocytes and microglia are homogeneously 

intermingled throughout the tissue parenchyma of the CNS where they tightly cooperate 
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functionally both in homeostatic and pathological conditions110. Astrocytes are highly 

ramified cells that extend long and thin leaflets between neuronal processes and around 

synapses and perform their well-known roles in regulation of synaptogenesis, neuronal 

differentiation, survival, activity and in structural, metabolic and neuroprotective support to 

neurons, extracellular fluid homeostasis by clearing excess neurotransmitters, stabilizing 

and regulating the blood-brain barrier, promoting synapse formation and electrical isolation 

of excitable cells111,112. Astrocytes also actively contribute to the pathogenesis of multiple 

neurological disorders by responding to inflammatory signals and promoting inflammation, 

which makes them important players in neurologic diseases including multiple sclerosis 

(MS), Alzheimer disease (AD), Parkinson disease (PD), Huntington disease (HD) and 

amyotrophic lateral sclerosis (ALS)113-117. Astrocyte pathologies manifest in two main 

forms: astrocytopathy and astrogliosis. Astrocytopathy includes genetic, traumatic, toxic 

and other insult that can alter the astrocyte network's ability to carry out one or more of its 

essential functions leading to a variety of neurological diseases118. Astrogliosis is a 

complex neuroimmunological malfunctional process in which inflammatory signals from 

microglia, synapses, neurons, and sites of injury cause astrocytes to undergo rapid 

remodeling and become reactive. During astrogliosis, various ions, transcription factors, 

metabolic and pro-inflammatory molecules, such as, interleukin-6 (IL-6), transforming 

growth factor-alpha (TGF-a), leukemia inhibitory factor, and ciliary neurotrophic factor  

promote increased expression of markers of inflammatory astrocytes, such as glial fibrillary 

acidic protein (GFAP) and vimentin, hypertrophy of foot processes and expression of pro-

inflammatory gene products118. Astrogliosis isolate damaged CNS tissues and protect the 

healthy tissue, creating glial scars, and repair damage to the blood-brain barrier while 

guiding post-traumatic neuroplasticity118.  
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Inflammatory astrocytes express increased nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) pathway, activation of master transcriptional regulator MAFG and 

mTOR signaling in response to pro-inflammatory stimuli, such as TNFα, IL-1β, IL-17, ROS, 

Toll-like receptor (TLR) engagement and sphingolipids, such as sphingosine 1-phosphate 

(S1P) and lactosylceramide (LacCer)119-123. During inflammation, nuclear translocation of 

the NF-κB plays the central role in astrocyte activation and contributes to the progression 

of various CNS pathologies124(Figure 3). Selective blockade of astrocyte NF-κB signaling 

in CNS inflammatory  and injury models including experimental autoimmune 

encephalomyelitis (EAE), spinal cord injury (SCI) and optic neuritis improved clinical 

outcomes and is associated with decreased levels of pro-inflammatory cytokines and 

oxidative stress, demonstrating a central role for NF-κB in astrocytes’ response to 

inflammatory stimuli and other insults125-127. Moreover, astrocytes upregulate sphingolipid 

receptor S1PR1 expression upon activation, whereas supression of S1PR1 in astrocytes 

results in diminished EAE severity and increased neuronal survival by suppressing NF-κB 

mediated IL-6, TNF-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), 

chemokine (C-C motif) ligand 2 (CCL2) and ˙NO production128,129. Interestingly, selective 

inactivation of LacCer catalyst, β−1,4-galactosyltransferase 6 (B4GALT6) in astrocytes 

suppressed  NF-κB recruitment to the promoter regions of Ccl2, Csf2 and Nos2, which 

subsequently induced cytokine production, microglial activation, and infiltration of pro-

inflammatory monocytes into the CNS130. These data collectively demonstrated that 

sphingolipid signaling plays a major regulatory role in astrocytic and microglial activation 

mediated inflammation in the CNS (Figure 3). 

Inflammatory astrocytes can affect microglia and infiltrating immune cells by secreting 

immune factors such as cytokines (IL-1b, IL-6, TNFa) and chemokines (CCL2, CCL5, 
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CxCl10), neurotrophic factors, complement proteins, as well as extracellular matrix 

molecules such as hyaluronan (HA) and chondroitin sulfate proteoglycans, and cytotoxic 

factors, such as ˙NO, ATP, and mitochondrial fragment131-136. B4GALT6/LacCer 

dependent signaling in reactive astrocytes has been shown to modulate transcriptional 

programs in microglia and infiltrating monocytes via the GM-CSF production137. Moreover, 

CRISPR/Cas9-based inactivation of sigma receptor 1 (SigmaR1), inositol-requiring 

enzyme-1α (IRE1α), or transcription factor X-box binding protein 1 (XBP1) in astrocytes 

decreased pro-inflammatory gene expression in microglia and monocytes, demonstrating 

that SigmaR1-IRE1α-XBP1 signaling modulates astrocyte-microglia crosstalk138. In turn 

astrocyte can also sense and respond to pro-inflammatory cytokines secreted by CNS-

resident and CNS-recruited peripheral immune cells, and modulate the responses of 

neighboring cells throughout the CNS131. Specifically, astrocytes and microglia interact to 

regulate each other’s function and the function of neurons110. Inflammatory astrocytes 

secrete factors that modulate the activity of microglia, while they are impacted by factors 

secreted by microglia136,139. Liddelow et al reported that activated microglia secrete IL-1α, 

TNF-α, and complement component 1q (C1q) that induces a neurotoxic phenotype in 

reactive astrocytes140. Moreover, aryl hydrocarbon receptor (AHR) signaling modulates 

microglial expression of vascular endothelial growth factor (VEGF)-B and TGF-a, which 

regulates the expression of pro-inflammatory genes (Ccl2, IL1b, Nos2) in astrocytes141. 

Bezzi et al reported that microglial TNF-α production regulates astrocytic stromal cell-

derived factor (SDF)-1a signaling through C-X-C chemokine receptor type 4 (CXCR4), 

which promotes excessive glutamate release, resulting in excitotoxicity and neuronal 

loss142. Moreover, microglia-astrocyte crosstalk has been shown to regulate disease 

pathology, for example through the release of chemokines/cytokines and direct protein-
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protein interaction through axon guidance molecules, such as Sema4D/PlexinB2 and 

EphrinB3/EphB3131,143. Astrocytes express various DAMP and PAMP receptors, among 

which several TLRs and purinergic receptors, such as P2X7, get activated by extracellular 

ATP and elicits neurodegeneration131,144. Astrocytes can also activate themselves in an 

autocrine manner by releasing cytokines, ATP, inflammatory HA, and LacCer133,139,145. 

Astrocytes release glutamate, ATP and other signaling molecules to regulate neuronal 

function146. They buffer potassium, remove excess cytotoxic glutamate and modulate 

blood flow in the CNS147. Astrocytes contribute to GABA tone in neural circuits that 

regulate sympathetic outflow and blood pressure by removing GABA through the GABA 

transporter 3148. Like microglia, astrocytes also reside in close proximity to preautonomic 

PVN neurons and are capable of sensing and responding to hypertensive and obesigenic 

stimuli149. Consequently, microglia and astrocyte form “triad” with neurons in the CNS and 

play critically important role governing neuroinflammation and apoptosis through Cx3Cl1 

signaling during pathological processes90,306.  

Astrocytes also initiate neuronal death and can trigger demyelinating disease. In idiopathic 

PD, neurons  in the substantia nigra die when alpha-synuclein deposits accumulate in 

reactive astrocytes to trigger the immune system to destroy surrounding neurons by 

releasing pro-inflammatory signals. The astrocytic variant of monoamine oxidase B 

converts 1-methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP) into its neurotoxic form, 1-

methyl-4-phenylpyridium (MPP), which can trigger the neurodegenerative processes150. In 

MS, astrocytes trigger inflammatory responses in the CNS by attracting CD4+ T-

lymphocytes and signaling them with interleukins to attack nearby myelin sheaths resulting 

in demyelination150. In inherited ALS, mutated SOD1 aggregates accumulate activating 

astrocytes, which begin to release pro-inflammatory cytokines (e.g., IL-6 and TGF-b) 
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that impair communication between neurons and astrocytes and initiates autoimmune 

targeting of neurons by reactive astrocytes and microglia via STAT3 signaling errors150.  

3.5. Evidence of neuroinflammation in experimental PH 

Neuroinflammation in the brain and spinal cord has recently been implicated in the SNS 

activation found in several rodent models of severe PH-RVF151-154. In a recent well-studied 

monocrotaline (MCT) rat model of PH-RVF, researchers observed that cardiac and 

pulmonary pathophysiology associated with PH-RVF, demonstrated by increased right 

ventricular systolic pressure (RVSP, a surrogate marker) and RVH was associated with 

increase in microglial number, percent activation and expression of proinflammatory 

cytokines (IL-1β, IL-6 and TNF-α) in the PVN, suggesting for the first time that microglial 

activation-mediated neuroinflammation could be involved in the pathogenesis of PH-RVF. 

Furthermore, ICV infusion of minocycline, a specific microglial activation inhibitor, inhibited 

all of the above parameters and significantly attenuated PH-RVF151. In another study by 

Oliveira et al chronic exposure of hypoxia for 3 weeks significantly increased RVSP and 

RVH in WT mice. This was accompanied by increased number and percent activation of 

microglial cells in the PVN of hypoxia-treated WT mice. A positive correlation between the 

number of activated PVN microglia and RVSP was observed in these animals suggesting 

that increased activated PVN microglial cells is associated with an increase in the RVSP. 

In contrast, no significant changes in all of the above parameters were observed in 

CX3CR1GFP/GFP mice exposed to hypoxia152. The data from the above studies 

demonstrated that increase in PVN microglial activation-mediated neuroinflammation leads 

to development of PH-RVF.   

We reported for the first time significantly increased GFAP, pro-inflammatory marker 

chemokine (C-C motif) ligand 3 (CCL3) and angiogenesis marker adhesion molecule 
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CD31 expression in the thoracic spinal cord (TSC) indicating severe neuroinflmmation in 

MCT-induced PH rats153. We believe peripheral sensitization of sensory afferent neurons 

in response to local tissue injury or inflammation lead the sensory neurons to release 

increased neurotransmitters such as substance P (SP) and calcitonin gene-related peptide 

(CGRP) in the dorsal horn causing sustained astrocyte activation and neuroinflammation 

in the TSC of PH rats in our study. However, the exact mechanism and impact of TSC 

neuroinflammation on cardiopulmonary function in PH remained elusive.  

4. Mechanisms of CNS neuroinflammation and sympathoexcitation                                                                                

4.1. Role of RAS in neuroinflammation and sympathoexcitation 

4.1.1. Role of RAS in neuroinflammation  

The RAS includes angiotensin converting enzyme (ACE), whose metabolic action leads to 

the formation of angiotensin II (Ang II), a vasoactive peptide. Ang II exerts its actions by 

stimulating two different G-protein-coupled angiotensin receptors, the AT1- and the AT2-

receptor (AT1R and AT2R). However, since AT2R expression is very low in adult tissues, 

most of the classical actions of Ang II are mediated by AT1R. Additionally, a counter-

regulatory system to the classical RAS is comprised of angiotensin converting enzyme2 

(ACE2), its metabolic product, angiotensin-(1-7) [Ang-(1-7)], and the receptor Mas was 

recently discovered, which together forms the ACE2/Ang-(1-7)/Mas axis, and opposes the 

detrimental effects of ACE-AngII-AT1R axis155,156. All of the above-mentioned RAS 

components are expressed in the brain and spinal cord157. AT1R activation in the brain 

leads to regulation of immune cell infiltration, modulation of antigen-presenting cells, 

suppression of regulatory T cells, and induction of T helper cells (TH1 and TH17), all of 

which are involved in neuroinflammation158.  

There are two components to Ang-II induction of microglia in the cardiovascular autonomic 
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centers during hypertension. In vitro studies have confirmed the presence of AT1R on 

microglial cells, which may be directly stimulated by ANG-II, triggering the release of pro-

inflammatory cytokines and ˙NO92. Moreover, Sherrod et al showed that AT1R are 

expressed on microglia and angiotensin receptor blockers reduce LPS-induced 

inflammation in vitro by inhibiting microglial activation and reducing the production of 

cytokines and NF-κB, the potent cytokine transcription factor107. It has been reported that 

microglia expresses AT2 receptors during rest and AT1 during activated period92. In 

addition, upregulation of MCP-1; or CCL-2 has been documented in neurons, microglia 

and astrocytes during various pathological conditions including nerve injury, 

neurodegenerative and cardiovascular diseases81. An indirect effect via neuronal AT1R 

leads to secretion of MCP-1/CCL2, which binds to its receptors, CCR2 on microglia 

stimulating their activation, proliferation and migration towards PVN pre-autonomic 

neurons93. Studies have demonstrated that Ang-II stimulation also induce release of 

inflammatory progenitor cells from the bone marrow, whereas CCL2/CCR2 mediates their 

migration to the cardiovascular autonomic centers of the brain and differentiation into 

activated microglia4. 

Astrocytes also participate in the neuroimmune regulation of SNS activation and blood 

pressure through RAS modulation in the brain. Astrocytes express angiotensinogen (AGT) 

and AT1R, therefore, astrocytic AT1R activation by Ang-II can induce neuroinflammation 

and regulate of cardiovascular function107,159. On the other hand, astrocytes also exert 

some neuroprotective effects through ACE2 expression, as this enzyme allows Ang-(1-7)’s 

cardiovascular regulatory actions in the RVLM160. 

4.1.2. Role of RAS in sympathoexcitation 

Increased circulating Ang-II can activate densely populated AT1R in the SFO, which sends 
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direct projections to the PVN and other cardiovascular regulatory sites leading to 

increased sympathetic tone and elevated blood pressur161. Conversely, lesioning of the 

SFO or interfering with ACE-AngII-AT1R axis within the SFO attenuated elevated SNS 

activity and blood pressure in experimental hypertension30. In addition to influencing the 

PVN via activating SFO through excitatory afferents, Ang-II can also act locally within the 

PVN to enhance SNS activity through several mechanisms. AT1R are located post-

synaptically on pre-autonomic glutamate neurons of the PVN and Ang-II can directly 

activate these neurons to increase SNS activity162. Moreover, presynaptic AT1R activation 

within the PVN reduces GABA release, which activates RVLM and spinally-projecting pre-

autonomic neurons through presynaptic disinhibition163.  

Chronic Ang II infusion resulted in increased sympathoexcitation and hypertension in 

normal rats, which was associated with AT1R-mediated microglial activation and 

proinflammatory cytokine release (IL-1b, IL-6 and TNFa) as well as decreased expression 

of anti-inflammatory IL-10 in the PVN. Moreover, this neuroinflammation was accompanied 

by changes in the brain RAS components97. Further, intracerebroventricular administration 

of minocycline in the PVN decreased number of activated microglia and proinflammatory 

cytokines and attenuated Ang II-induced SNS activation, hypertension and associated 

cardiac pathology97. Interestingly, acute application of IL-1β into the left ventricle or the 

PVN in normal rats also resulted in a significant increase in mean arterial pressure (MAP). 

A direct neuronal connection between the PVN and the right-ventricle of the heart was also 

demonstrated using retrograde tracing with pseudo rabies virus (PRV) in this study. 

Furthermore, even a single dose of intra-peritoneal (I.P.) injection of Ang II induced 

increased microglial activation, circulating levels of CD4+/IL17+ T cells,  expression of IL17, 

neuronal activity in several cardioregulatory autonomic brain regions including the SFO, 
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PVN and RVLM resulting in an increased MAP for over 24 hours164. Similarly activation of 

AT1R in the TSC leads to neuroinflammation and increased sympathetic drive. These 

studies indicate that microglial activation in response to Ang-II stimulation results in 

neuroinflammation, which increases cytokine, chemokine, ROS and RNS production that 

can modulate the activity of cardiovascular autonomic centers leading to SNS activation 

and hypertension.  

4.1.3. Role of RAS in neuroinflammation mediated sympathoexcitation in PH 

Overwhelming evidence from preclinical and clinical studies supports the chronic activation 

of RAS in the development and progression of PH165,166. All of the components of ACE-

AngII-AT1R axis significantly increase during PH165. The activation of the ACE-AngII-AT1R 

axis increases inflammation, oxidative stress, and exerts pro-thrombotic, hypertrophic, and 

pro-fibrotic effects in different organs. In PH, ACE activity is increased by 50% in 

pulmonary vessels and  about 4 fold higher in the right ventricle after 2-weeks of hypoxia 

exposure in rats, exacerbating pulmonary vascular remodeling and cardiac hypertrophy. 

Blocking ACE-AngII-AT1R axis with the AT1R antagonist, losartan or the ACE inhibitor, 

captopril improved cardiopulmonary hemodynamics in MCT- and hypoxia-induced PH 

models165,167,168.  

4.2. Role of TRPV1 in neuroinflammation and sympathoexcitation 

4.2.1. Role of TRPV1 in neurological inflammation in the brain 

Transient receptor potential vanilloid 1 (TRPV1) is a ligand-gated non-selective cation 

channel with high Ca2+ permeability that is widely expressed in the neuro-immune axis 

throughout the nervous system, where it regulates neuronal and glial activities including 

microglia and astrocyte, inflammatory signaling pathways, nociceptive sensory 

transmission due to heat, protons and several vanilloids, including capsaicin and 
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anandamide as well as cardiac sympathetic afferent reflex169-175. TRPV1 has been 

implicated in immune cell functioning, neurogenic inflammation, neuropathic pain, 

autoimmune disorders and cancer, where it promotes glial cell activation via membrane 

depolarization, morphological changes, proliferation, migration, phagocytic activity, 

secretion of inflammatory cytokines, and ROS176-180. TRPV1 regulates the development of 

various inflammatory neurological diseases and injury states by amplifying the effects of 

IL-1β and IL-6 and TNF-α181-183,314 in the CNS via altering synaptic transmission and 

promoting excitotoxic neuronal damage184,185. Peripheral immune cells also infiltrate into 

the CNS through blood brain barrier dysfunction during various neurological diseases and 

communicate with glial cells to play a vital role in the neuroinflammation process186. 

TRPV1 was shown to regulate infiltrated T cell receptor-induced signaling, cytokine 

release, and pro-inflammatory properties of CD4+ T cells187. Activation of TRPV1 signaling 

has been shown to exacerbate neuroinflammatory actions by activating pro-inflammatory 

STAT3 and NF-κB signaling186,188(Figure 4). Interestingly, LPS-induced TLR4 activation 

has been shown to sensitize TRPV1 activity and upregulate its expression in sensory 

neurons and glial cells189 by inducing the expression and production of pro-inflammatory 

chemokines and cytokines CXCL10, IL-1α, IL-1β and prostaglandin E2190. Moreover, 

TRPV1 antagonists suppressed morphine-induced increases in p38 mitogen-activated 

protein kinase (p38 MAPK) and NF-κB expression191 in the dorsal striatum. Furthermore, 

central (i.c.v.) administration of TRPV1 antagonist, IRTX blocks FAAH substrate-mediated 

attenuation of TLR4-induced IL-6 expression192. These studies illustrated that TRPV1 

activation increases pro-inflammatory cytokines and chemokines leading to 

neuroinflammation in the brain, while blocking TRPV1 activity shows anti-inflammatory 

effects315.  
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4.2.2. Role of TRPV1 mediated SP and CGRP release in neuroinflammation  

Several studies have indicated that TRPV1 activation induces neurogenic inflammation by 

promoting the release of proinflammatory neuropeptides SP  and calcitonin gene-related 

peptide (CGRP), which regulate various overlapping signaling pathways leading in Ca2+ 

dependent activation of MAPK193. SP and CGRP are also known to exert their pro-

inflammatory role by interacting with their receptors in microglia, T lymphocytes, 

macrophages and mast cells arousing immune responses194. LPS-induced activation of 

TRPV1 and TLR4 in trigeminal sensory neurons lead to CGRP release, which activated 

NF-κB nuclear translocation contributing to neuroinflammation195. In urban particle matter 

and formaldehyde (FA)-induced murine asthma model upregulated TRPV1 expression 

was associated with enhanced SP and CGRP release contributing to neurogenic 

inflammation, whereas CPZ treatment effectively reduced the level of these 

neuropeptides196. Taken together, these studies demonstrate the crosstalk between 

TRPV1 and neuropeptides leading to neuroinflammation.  

4.2.3. Role of TRPV1 in sensory afferent transmission in the spinal dorsal horn  

TRPV1 activation leads to Ca2+ influx and glutamate release from the sensory afferent 

nerve endings, which activates post-synaptic NMDARs to regulate neuronal nitric oxide 

synthase (NOS1) mediated ˙NO production as well as microglial and astrocytic activation 

in the spinal dorsal horn197-199. Consequently, TRPV1 ablation by capsaicin administration 

or spinal dorsal horn resection reduced proinflammatory cytokine expression200. Moreover, 

intraperitoneal and intrathecal administration of RTX, an ultrapotent and TRPV1 specific 

agonist has been shown to abolish TRPV1 expression in the dorsal horn leading to 

decreased pain sensation, inflammation and over-activated CSAR, thereby preventing 

myocardial hypertrophy, fibrosis, and apoptosis201-203(Figure 4).  
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4.2.4. Role of TRPV1 in microglial activation 

Overwhelming amount of studies indicate that TRPV1 modulates microglial activity in the 

CNS and TRPV1 activity is sensitized via coupling with second messenger cascades by a 

variety of pro-inflammatory agents. TRPV1 has been shown to modulate NADPH oxidase-

mediated ROS production in microglia204. Activation of TRPV1 by capsaicin induced 

upregulation of kinin B1 receptor (B1R) via oxidative stress, superoxide anion 

production, pro-inflammatory cytokines and the NF-κB pathway in rat spinal dorsal horn 

microglial cells, which resulted in intraspinal release of ˙NO and activation of NK-1R and 

NMDA-R205. TRPV1 activation depolarized mitochondria by increasing intramitochondrial 

Ca2+ concentration, which resulted in ROS production, MAPK activation as well as 

enhancement of microglial chemotaxis and migratory activity177. However, TRPV1 

inhibition abolished ROS production after lysophosphatidylcholine stimulation, which 

demonstrates that TRPV1 contributes to microglial damage via Ca2+ signaling and 

mitochondrial disruption206. Additionally, capsaicin treatment resulted in increased IL-1β 

and ROS generation and upregulated NF-κB pathway in spinal cord microglia, indicating 

that TRPV1 mediates microglia-induced neuroinflammation198,205.  Alternatively, TRPV1 

antagonist WIN-55,212-2 treatment decreased microglial activation, reduced pro-

inflammatory cytokines production and increased the anti-inflammatory cytokine IL-1Rα, as 

well as increased hippocampal neurogenesis, demonstrating the role of TRPV1 in 

hippocampal inflammation207. Using TRPV1−/− mice or conditional overexpression of 

TRPV1 in microglia, Huang et al showed that TRPV1 promoted microglial activation and 

increased TNF-α, IL-1β, IL-6, and HMGB1 expression in repetitive febrile seizure 

mice179.On the other hand, TRPV1 antagonist capsazepine has been reported to reduce 

the release of TNF-α and IFN-γ in innate immune response208 and inhibit neurotoxicity209. 
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Importantly, TRPV1 activation has been shown to induce proinflammatory NF-κB and 

STAT 3 signaling activation in microglia resulting in release of chemokines and 

cytokines188. Cerebral ischemia resulted in neurological deficiency and motor dysfunction 

in WT C57BL/6 mice210. This was accompanied by increased microglia/macrophages, 

astrocytes and neutrophils in those mice. Interestingly, intracerebroventricular injection of 

capsazepine improved neurological outcome and reduced infarct volume in WT mice, but 

not in TRPV1-KO mice demonstrating the role of ischemic stroke induced TRPV1 

activation in neurological and motor deficits and infarction in the brain210(Figure 4).  

4.2.5. Role of TRPV1 in astrocytic activation 

Besides microglia, TRPV1 increased astrocytic migration and chemotaxis during stress 

and injury by directly interacting with cytoskeletal elements169,211. Capsaicin treatment was 

shown to increase Iba1 and GFAP immunoreactivity in the spinal cord in mice with 

nociceptive, inflammatory, and neuropathic pain198. Also, capsaicin injections increased 

GFAP expression in acutely axotomized retina, however, this has been blocked by 

capsazepine169,212. TRPV1 activation has been shown to trigger the expression of 

the immediate early gene c-Fos in astrocytes in circumventricular organs213. Taken 

together, the aforementioned findings convincingly demonstrate that TRPV1 is expressed 

in microglia and astrocytes and plays important roles in these glial cell activation-mediated 

neuroinflammation leading to variety of neuro-immune diseases314.  

4.2.6. Role of TRPV1 in sympathoexcitation  

Several electrophysiological studies demonstrated that TRPV1 activation mediates 

synaptic transmission via both presynaptic35,214-217 and postsynaptic mechanisms218,219. 

TRPV1 stimulation by capsaicin or endogenous anandamide increased the frequency of 

spontaneous excitatory postsynaptic currents in the dopaminergic neurons of the 



34  

substantia nigra pars compacta214, striatal neurons216 and subpopulations of PAG 

neurons35. Moreover, ischemic stroke has been shown to increase various 

neurotransmitters and inflammatory substances, such as bradykinin220 and 

prostaglandin221, which induce TRPV1 activation via phosphorylation by protein kinase C 

(PKC)222. Additionally, bradykinin-induced PKC phosphorylation was shown to activate 

TRPV1 and potentiate glutamatergic synaptic transmission at the first sensory synapse223. 

TRPV1 activation in the presynaptic neurons allows Ca2+ influx, which triggers glutamate, 

SP and CGRP release tonically and independently of voltage-activated calcium channels 

in the central terminals of peripheral nerves217,224. Considering that glutamate is the 

primary excitatory neurotransmitter in the CNS that plays a critical role in triggering and 

sustaining sympathoexcitation via sympathetic premotor neurons in the PVN, RVLM and 

IML, and that the levels of the TRPV1 endogenous agonists in the CNS are elevated 

following various cardiovascular diseases, it is conceivable that excessive TRPV1 

activation in the cardiovascular control centers during cardiovascular diseases leads to 

increased sympathetic vasomotor activation caused by glutamate-induced excitotoxicity224-

229. Using histological and functional evidence Zahner et al demonstrated that the heart is 

innervated by TRPV1-expressing afferent nerves, which are essential for the cardiogenic 

sympathoexcitatory reflex during myocardial ischaemia230. In CHF and hypertension, over-

activated CSAR has been shown to increase sympathetic tone and NE release elevating 

blood pressure and cardiac function, which is known as a positive feedback 

characteristic231,232. RTX was shown to reduce TRPV1 expression in the heart and DRG 

and weakened sympathoexcitatory responses to capsaicin stimulation230. Focal ablation of 

TRPV1-expressing CSAR afferents via epicardial application of RTX was shown to 

attenuate cardiac remodeling and autonomic dysfunction in HF231. Previous studies have 
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shown that TRPV1 channels in the neutral terminals play a complex role in modulating 

sympathetic efferent activities230,233. Shanks et al showed that inhibiting thoracic TRPV1-

expressing afferent soma at the T1–T4 DRG by epidural application of RTX abolished 

cardiac and pulmonary sympathoexcitatory responses 10 weeks post-RTX 

administration233. Taken together, TRPV1 in neurons could be activated under ischemic 

conditions in response to various stimuli, and this could lead to an increase in neurotoxic 

glutamate release and adverse effects on neuronal survival. Our previous study 

demonstrated increased TRPV1 expression and activation, SP and Nf-kB expression, 

microglial and astrocytic activation mediated neuroinflammation and neuronal apoptosis in 

the TSC as well as increased sympathoexcitation in MCT- and SuHx-induced PH rats and 

human with PAH154. 

4.2.7. Role of TRPV1 in PH 

TRPV1 is expressed in afferent fibers throughout the respiratory tract and intrapulmonary 

arteries and influences visceral tissue homeostasis, cytoskeletal architecture 

reorganization as well as proliferation and migration of pulmonary arterial smooth muscle 

cells (PASMC) through Ca2+ influx234,235. Several studies have demonstrated that depleting 

TRPV1+ afferent nerve endings improved PH and RVF in different PH models236. For 

example, TRPV1 ablation by capsaicin pretreatment attenuated PH severity by reducing 

pro-inflammatory cytokines and alleviating inflammation via p38MAPK pathway in the 

lung237. Moreover, depleting afferent nerve endings by capsacin treatment in the lung 

improved PH and RV hypertrophy in MCT, pulmonary banding and perinatal hypoxia PH 

models238,239. Several studies have shown that TRPV1 is involved in sensing blood 

pressure fluctuations and maintain the cardiovascular homoeostasis240,241. TRPV1 

expressed in left ventricular tissues induces mitochondrial damage, autophagy and ROS 
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production242. Moreover, TRPV1 has been shown to play a major role in the progression of 

cardiac hypertrophy, fibrosis and apoptosis leading to heart failure201. Intraperitoneal and 

intrathecal administration of RTX has been shown to abolish TRPV1 expression in the 

dorsal horn leading to decreased pain sensation, inflammation and over-activated CSAR, 

thereby preventing myocardial hypertrophy, fibrosis, and apoptosis201. Horton et al 

reported that TRPV1 antagonist BCTC (4-(3-Chloro-2-pyridinyl)-N-[4-(1,1-

dimethylethyl)phenyl]1-piperazinecarboxamide) treatment in transverse aortic constriction 

mice significantly reduced markers of fibrosis, inflammation, tissue remodeling, 

apoptosis, brain natriuretic peptide, collagen, MMP-9, interleukin 6 and caspase 

3 cleavage demonstrating that TRPV1 blockade protects against the progression of 

hypertrophic, fibrotic, tissue remodeling and apoptotic changes in congestive heart 

failure243.  

4.3. Role of Glutamate-induced excitotoxicity in neuroinflammation and 

sympathoexcitation 

4.3.1. Role of Glutamate-induced excitotoxicity in neuroinflammation 

Glutamate, the primary excitatory amino acid neurotransmitter in the CNS, is synthesized 

in neurons and stored in synaptic vesicles near the axon terminal until released into the 

synaptic cleft initiating a receptor-mediated signaling pathway244. Glutamate can act on 

both ionotropic (AMPA, NMDA and kainate) and metabotropic (mGluR 1-8) receptors on 

neurons and glia and activate different signaling pathways244. Both type of receptors 

mediate microglial response to glutamate-induced excitotoxicity and participate in 

neuroinflammation and neurodegeneration in the CNS245,311,312. Karim et al demonstrated 

that mGluR1 and mGluR5 in dorsal horn neurons activate ERK1 and ERK2 signaling 

leading to inflammatory pain in mice146. mGluR1 agonists have been shown to boost T cell 
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proliferation in the CNS and promote the activation of the MAPK signaling cascade leading 

to neuroinflammation147. The interaction of microglial mGluR5 and soluble amyloid-β 

peptide oligomers (sAβo) triggers microglial activation, which leads to the release of TNF-

α, interferon (IFN)-γ, and IL-6248. Activation of microglial mGlu2 receptors triggers TNFα-

induced neuroinflammation and toxicity associated with the Fas receptor ligand249,311. Both 

TNFα and Fas ligand are soluble molecules that stimulate caspase-mediated neuronal 

apoptosis via the TNF receptor, TNFR1. Thus, glutamate receptor activation in microglia 

may kill neighboring neurons in a TNFα/Fas ligand and caspase-dependent 

manner249(Figure 4). 

NMDA receptor subunits have been identified on microglia, and these receptors may 

enhance the release of TNFα, IL-1 and ˙NO250,313. NMDAR stimulation has been shown to 

activate microglia in the brain and spinal cord that leads to inducible nitric oxide synthase 

(NOS2)-mediated ˙NO and ROS generation as well as increase IL1a, IL1b, IL3, IL5, IL9, 

IL12 (p70), IL17, eotaxin, GMCSF, MCP1, and TNFa release251,313. Moreover, microglial 

NMDA receptors trigger neuroinflammation and neuronal death via the nuclear enzyme 

poly(ADP-ribose) polymerase-1 (PARP-1)/transient receptor potential cation channel 

subfamily M member 2 (TRMP2) signaling, which is facilitated by Ca2+ influx-dependent 

ERK1/2-mediated phosphorylation252. Activated microglia produce large amounts of 

glutamate, which is a major determinant of microglia neurotoxicity induced by NMDA 

receptors. This leads to increased Ca²+ influx activating the Ca²+/calmodulin-dependent 

protein kinase (CaMK), cAMP-response element-binding protein (CREB) and ERK, which 

ultimately inhibits mitochondrial function leading to ATP depletion244,253. Thus NMDAR-

mediated glutamate excitotoxicity leads to neuronal necrosis and apoptosis308. Moreover, 

AMPA and kainate receptor activation have been implicated in microglial reactivity and 
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motor neuron toxicity244,309,310.  

Extracellular glutamate levels increase when excess glutamate is released from 

presynaptic terminals during various pathological conditions, or glutamate reuptake is 

impaired in the CNS254. As discussed above, during pathological conditions, activated 

microglia and reactive astrocytes also release large amounts of glutamate. Elevated levels 

of extracellular glutamate lead to the overactivation of NMDARs in the postsynaptic 

neuron, resulting in Ca2+ influx255-157. Aberrant high levels of intracellular Ca2+ activate 

catalytic enzymes, produce toxic radicals, and impair production of cellular energy, which 

ultimately induces necrosis and apoptosis258. Various pain, neurodegenerative and 

cardiovascular disease studies have indicated that this process may activate a variety of 

enzymes, including kinases, phospholipases, neuronal nitric oxide synthases (NOS1), and 

proteases255-257. Subsequent increase of ˙NO production not only reinforces the 

glutamatergic signaling through retrograde transfer but also activates astrocytes and 

microglia to produce further ˙NO, cytokines and chemokines255-257. ˙NO in the CNS that 

has been well documented to play a complex dual role, protective and deleterious, 

depending on the pathophysiological conditions36,259-261. ˙NO activates soluble guanylate 

cyclase (sGC)-cGMP signal transduction pathway to modulate various physiological 

effects in the CNS and cardiovascular system including synaptic plasticity, retrograde 

signaling, neurodevelopment, vasodilation, inhibition of platelet aggregation and 

antiapoptotic effects262. On the other hand, during pathological conditions associated with 

increased oxidative stress and inflammation, excessive ˙NO combines with superoxide 

(O2˙−) to form peroxynitrite (ONOO−), which induces neuroinflammation and neuronal 

excitotoxicity via protein oxidation and nitration, S-nitrosylation (S-NO), lipid peroxidation 

and activation of matrix metalloproteinases (MMPs) and cyclooxygenase (COX)36,259-
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261,263,264. Moreover, peroxynitrite breaks DNA, activating the nuclear enzyme poly(ADP-

ribose) polymerase-1 (PARP-1) that causes cell death by rapid depletion of cell energy. 

Overactivated PARP also facilitates the expression of a variety of inflammatory genes 

leading to increased inflammation and associated oxidative stress, thus facilitating the 

progression of cardiovascular dysfunction and heart failure36,259-261. 

 

 

Figure 4: Schematic representation of TRPV1-mdiated NOS1 activation and 

regulation of neuroinflammation in the thoracic dorsal horn. Cardiopulmonary afferent 

signaling activates TRPV1 receptors in the thoracic dorsal horn, which allow Ca2+ influx 

mobilizing vesicles with neurotransmitter, such as, glutamate, SP and CGRP in the 

sensory nerve endings. The resulting release and binding of glutamate, SP and CGRP to 

their respective receptors lead to activation of various inflammatory mediators. Glutamate 
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binds to NMDA receptors in the spinothalamic neurons and allow Ca2+ influx activating 

NOS1, which leads to NO production. NO activates cGMP to further activate MAPK 

through PKC. PKC activation also activates ERK1/2. NO can induce further glutamate 

release from sensory nerve endings through retrograde transfer, diffuse into and activate 

microglia and astrocyte to produce further NO by NOS2 activation. SP binds to NK1 

receptors in the spinothalamic neurons, which allow IP3 mediated activation of ERK1/2. 

The binding of glutamate to microglial NMDA receptors lead to production of IL-1b, IL-6 

and TNFa. Alternatively, glutamate binding to mGluR2 leads to microglial apoptosis and 

Fas mediated TNFa production, which leads to neuronal apoptosis. Microglial TRPV1 

activation leads to Ca2+ influx, which activates STAT3 and NF-kB to produce pro-

inflammatory cytokines. Astrocytic TRPV1 activation leads to Ca2+ influx leading to STAT3 

activation and production of IL-1b and GFAP. 

  

 

 

4.3.2. Role of Glutamate-induced excitotoxicity in sympathoexcitation  

Stimulation of spinal glutamate receptors of NMDA subtype tonically activate Nos1 and 

synthesize NO, which exerts both inhibitory and excitatory effects on the preganglionic 

sympathetic nerve activity related to cardiovascular control of the BP4. Microglial activation 

and release of pro-inflammatory cytokines induced neural excitotoxicity via increased 

glutamate release in the RVLM leading to increased plasma NE, blood pressure and 

sympathetic vasomotor activity in rats following stress-induced hypertension (SIH). 

Attenuation of microglial activation via intracisternal infusion of minocycline showed an 

antihypertensive effect by lowering NE, HR and sympathetic tone and attenuating 
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glutamate-induced neural excitotoxicity in the RVLM of SIH265. In several 

neuropathological and cardiovascular conditions, upregulation of NOS1 in the CNS 

induces oxidative and nitrosative stress, neuroinflammation, chemokine release, 

excitotoxicity, and neuronal apoptosis, indicating the involvement of ˙NO, whereas NOS1 

inhibition induces neuroprotection255,256,266. NOS1 expression plays a complex dual role in 

sympathoexcitation regulation that depends on the pathophysiological 

conditions36,260,261,267. Several studies demonstrated that during physiological conditions, 

NOS1 has a sympathoinhibitory effect by acting on the PVN, NST, RVLM, and carotid 

body (CB) of the CNS36,260,261. On the other hand, a number of studies demonstrated that 

during various pathological conditions including hypertension, myocardial infarction, 

chronic heart failure and sepsis, NOS1 upregulation plays an essential role in the 

sympathoexcitatory action of ˙NO at the RVLM, NTS and TSC by increasing systemic 

arterial pressure, heart rate and sympathetic neurogenic vasomotor tone mediated by 

norepinephrine release from the sympathetic nerve terminals259,261,268. Ji et al 

demonstrated that i.c.v. administration of adrenomedullin activates ˙NO producing neurons 

in the PVN, NTS, supraoptic nucleus and nucleus paragigantocelluaris laterialis, causes 

hypertension and increases sympathetic outflow, indicating that central ˙NO may mediate 

sympathoexcitatory effects of adrenomedullin269. Microinjection of Nomega-nitro-l-arginine 

methyl ester (to block NO synthesis) or carboxy-2-phenyl-4,4,5, 5-tetramethylimidazoline-

1-oxyl 3-oxide (Carboxy PTIO, NO trapper) into the NTS decreased arterial pressure, heart 

rate and RSNA. Alternatively, microinjection of Et2N[N(O)NO]Na (NO donor) caused 

increases in arterial pressure, HR and RSNA, which was inhibited by the pre-

microinjection of Carboxy PTIO270. Moreover, microinjection of L-glutamate or NO donor, 

sodium nitroprusside or a cyclic GMP agonist, 8-bromocyclic GMP into the RVLM 
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increased arterial pressure, whereas injection of NOS1 inhibitor, Nomega-nitro-L-arginine 

methyl ester or a soluble guanylate cyclase inhibitor, methylene blue or preinjection of a 

glutamate receptor antagonist kynurenate decreased arterial pressure271. NOS inhibition 

with L-NAME resulted in a profound decline in RSNA and heart rate in conscious, 

unrestrained rats on normal (NS), high-(HS), and low-sodium (LS) diets272. Increased ˙NO 

produced by upregulated NOS1 in the TSC has been shown to facilitates bradykinin-

induced increase in the cardiac sympathetic afferent reflex by activating glutamatergic 

neurons36,260.  

4.4. Role of Cx3Cl1/Cx3Cr1 in neuroinflammation and sympathoexcitation 

4.4.1. Role of Cx3Cl1/Cx3Cr1 in neuroinflammation 

One of the pathways through which neuron-microglia interaction regulates 

neuroinflammation and sympathoexcitation is CX3CR1-CX3CL1 axis. Cx3Cl1 is 

constitutively produced during physiological conditions by neurons in the brain, spinal cord 

and DRG through transcription, membrane insertion and proteolytic release273. Astrocytes 

also express de novo Cx3Cl1 in the spinal dorsal horn during various pathological 

conditions123. There are two forms of CX3CL1; membrane-bound, which is tethered to the 

cell membrane and as soluble protein following cleavage274. Cx3Cr1, the receptor for 

CX3CL1, is constitutively expressed predominantly in microglia in the brain and spinal 

cord275. Cx3Cr1 expression is increased significantly during pathological conditions leading 

to increased expression and/or proliferation and recruitment of microglia276.  

Under pathological conditions ATP released from neurons binds to and activates the P2X7 

receptor on the surface membrane of microglia resulting in microglial activation in the 

spinal cord. Previous studies have indicated that P2X7R is involved in regulating 

cardiovascular activity in the central regions. Intraperitoneal injection of P2X7R 
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antagonists or P2X7 siRNA attenuated the increased levels of pro-inflammatory cytokines 

in the PVN and the augmented SNS activity after myocardial infarction, resulting in 

improved cardiac function277. Activated P2X7 receptor acts as a ligand-gated potassium 

channel, allowing potassium efflux to decrease its intracellular concentration, which leads 

to PLC activation and intracellular calcium concentration increase276. This phosphorylates 

p38 and activates p38 MAPK leading to PLA2 mediated translocation of lysosomes to the 

microglial membrane and exocytosis278. Cathepsin S (CatS), a microglial lysosomal 

protease, cleaves the soluble chemokine domain of CX3CL1 from its membrane tether on 

neuronal surface279. Soluble CX3CL1 then binds to, and activates CX3CR1 on microglial 

membrane, resulting in an increase in intracellular calcium concentration and further 

activation of p38278. Via altered gene transcription, this results in the synthesis and release 

of proinflammatory mediators, such as IL-1β, IL-6 and ˙NO from microglia278. These diffuse 

and bind to receptors on dorsal horn neurons, resulting in the hypersensitivity and 

spontaneous firing that is characteristic of central sensitization, and also provide a 

feedback mechanism by which further microglia are activated280(Figure 3) 

4.4.2. Role of Cx3Cl1/Cx3Cr1 in sympathoexcitation 
 
Microglia in CX3CR1-deficient mice remain in “resting state” and fail to modify in response 

to environmental effectors, which leads to impairment of hippocampal cognitive function 

and synaptic plasticity281. Remarkably, CX3CR1-KO mice were associated with reduction 

of microglial cell number and activation in the PVN and altered microglia–neuron cross-talk 

that influenced synaptic activity, leading to blunted sympathetic activity and an attenuated 

response to hypoxia-induced PH152. Furthermore, the level of pro-inflammatory cytokines, 

including IL-1β, IL-6, TNF-α, Cx3Cl1, and CX3CR1 were all elevated in the NTS two 

weeks after fructose feeding in normal rats. These were accompanied by increased 
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systemic blood pressure and SNS activity. Intracerebroventricular (ICV) administration of 

CX3CR1 inhibitor, AZD8797 a attenuated fructose-induced hypertension and the 

expression of pro-inflammatory cytokines282. Zhang et al demonstrated that reduced 

microglial activation in the RVLM in stressed Cre-CX3CR1/RAGE fl/fl mice significantly 

decreased MAP and RSNA, which implied that microglial Cx3Cr1 and HMGB1/RAGE axis 

contributed to augmenting sympathetic activities283. These data demonstrate the important 

regulatory role of Cx3Cl1/Cx3Cr1 axis in the CNS in synaptic activity, microglial activation 

mediated neuroinlammation and SNS activation in various cardiovascular diseases.  

4.4.3. Role of Cx3Cl1/Cx3Cr1 in PH 

Amsellem et al reported that CX3CR1 deficiency in lung protects against hypoxia-induced 

PH by modulating monocyte recruitment, macrophage polarization, and PA-SMC 

proliferation75. Balabanian et al have found that CX3CL1/CX3CR1 levels are upregulated 

in patients with PAH compared to control subjects284. However, CX3CL1 is known to 

mediate transendothelial migration of CX3CR1+ cells, such as, 

monocytes/macrophages285, lymphocytes286, immature and mature DC287 and 

neuroblastoma288. These observations support the notion that PH-related upregulation of 

CX3CL1 in the lung plays a critical role in promoting transendothelial migration of 

CX3CR1+ leukocytes and monocyte/macrophage accumulation in vascular remodeling289. 

Zhang et al demonstrated that hypoxia-stimulated upregulation of endothelial CX3CL1 

induced SMC phenotypic switching from contractile to proliferative state in human lung 

microvascular endothelial cells, however CX3CR1 inhibition prevented CX3CL1 

stimulation of SMC proliferation and monolayer expansion. Moreover, CX3CR1 deficiency 

attenuated spiral muscle expansion, distal vessel muscularization and pressure increase in 

response to hypoxia, indicating that capillary endothelium relies on the CX3CL1-CX3CR1 
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axis to sense alveolar hypoxia and promote peripheral vessel muscularization in PH290.  

4.5. Role of microglia mediated neuroinflammation in sympathoexcitation 

Increased microglial activation mediated neuroinflammation and sympathetic hyperactivity 

contribute to the progression of hypertension291. Targeting neuroinflammation with an anti-

inflammatory reagent or overexpression of interleukin-10 in the brain attenuates 

hypertension97,292. In a chronic systemic inflammation-induced hypertension model, 

sustained hypertension was induced after 2-weeks of LPS infusion. This was accompanied 

by the activation of microglia, increased IL-1β, IL-6 and TNF-α expression, and 

O2− production in the RVLM. However, inhibiting microglial activation blunted all of the 

above changes293. In another study, Ang II- and L-NG-nitro-l-arginine methyl ester-induced 

hypertension was accompanied by microgliosis and proinflammatory cytokine upregulation 

in the PVN and motor cortex294. Targeted depletion of microglia significantly attenuated 

neuroinflammation and glutamate receptor expression in the PVN, as well as plasma 

vasopressin level, kidney norepinephrine concentration, and BP294. Wang et al 

demonstrated that TLR4 mediated microglial activation and NF-κB pathway regulation 

resulted in IL-1β, TNF-α and ROS production in the PVN leading to sympathetic 

hyperactivity Post-MI295. Moreover, microglial receptor, macrophage-inducible C-type lectin 

(Mincle) in the PVN was shown to contribute to sympathetic hyperactivity in acute MI rat by 

via downstream NOD-like receptor family pyrin domain-containing 3 (NLRP3) 

inflammasome/IL-1β axis296. Other studies using the specific microglial activation inhibitor 

minocycline reported the effective inhibition of sympathetic activity and the attenuation of 

hypertension in spontaneously hypertensive and chronic Ang II-infused rat models297. 

Sharma et al demonstrated that icv. administration of chemically modified tetracycline-3 

(CMT-3) inhibited microglial activation and neuroinflammation in the PVN, decreased 
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sympathetic activity and attenuated MAP in Ang II rats298. These results provide direct 

evidence that microglia are central to neuroinflammation, neuronal regulation of SNS 

activation and hypertension. Several studies have shown that microglia play an important 

role in regulating SNS activities and cardiovascular function by releasing various 

substances, including cytokines, chemokines, ROS, RNS and growth factors299.   

Microglia activation and increased levels of pro-inflammatory cytokines in the PVN 

following myocardial infarction (MI) was shown to activate the hypothalamus-pituitary-

adrenal axis, increase the activity of the sympathetic nervous system and contribute to the 

acute pro-inflammatory response in the myocardium300,301. In addition, activated microglia 

were also detected in other cardiovascular regulatory regions including the RVLM, NTS 

and PAG. In another rat MI model, prolonged microglial activation in the PVN was seen to 

sustain for over 12 weeks after myocardial infarction302. Furthermore, ICV infusion of 

minocycline, starting one week prior to infarction, significantly attenuated the increase in 

microglial activation by at least 50% in the PVN, RVLM, PAG and NTS, and neuronal 

activation was significantly reduced by 50% in the PVN and virtually abolished in the PAG, 

RVLM and NTS303. These data suggest that MI induces microglial activation in the 

cardiovascular regulatory centers within the CNS, and activated microglia contribute to 

increased SNS activity.  

Microglial activation mediated cytokine release in the PVN resulted in increase of RAS 

components, sympathetic drive and plasma NE in MCT-induced PH rats, suggesting that 

microglial activation-mediated neuroinflammation and a dysregulated brain RAS is 

involved in the pathogenesis of PH-RVF. Furthermore, ICV infusion of minocycline 

attenuated microglial activation mediated sympathoexcitation in PH151. Oliveira et al 

demonstrated that chronic hypoxia-induced microglial activation in the PVN resulted in a 
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fivefold increase in the sympathetic/vagal balance (low frequency/high frequency ratio), 

suggesting an increase in sympathetic activity in PH mice. However, CX3CR1GFP/GFP mice 

were protected from hypoxia-induced microglial activation in the PVN and 

sympathoexcitation152. The data from the above studies demonstrated that increase in 

PVN microglial activation-mediated neuroinflammation leads to increased sympathetic 

activity and development of PH-RVF. Neuroinflammation, being the basis of a 

dysfunctional autonomic-cardiopulmonary communication in the development and 

progression of PH, may become a potential therapeutic target for PH therapy. 

5. Conclusion 

In conclusion, here we have summarized in detail the cardiovascular autonomic neural 

circuits within the brain and spinal cord that regulate sympathetic activity. We assessed 

the process of microglial and astrocytic activation mediated neuroinflammation and 

introduced the concept of neuroinflammation regulating SNS activity in the context of PH. 

We reviewed current literature illustrating some of the cellular and molecular mechanisms 

that may be involved in glial activation and sympathoexcitation. The work in this 

dissertation will focus on investigating the role and precise mechanism of TSC microglial 

and astrocytic activation mediated neuroinflammation and sympathetic activation in 

cardiopulmonary function in PH. Such a field of study is promising and may culminate in 

the formulation of new therapeutic approaches given that the intrathecal route is already 

widely used in clinical practice to treat several comorbidities304. We and others have 

demonstrated that targeting the dysregulated sympathetic nervous system could be a 

promising therapy to improve RV function and pulmonary vascular remodeling.
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Abstract 
 
Background  

Pulmonary hypertension (PH) is associated with aberrant sympathoexcitation leading to 

right ventricular failure (RVF), arrhythmias, and death. Microglial activation and 

neuroinflammation have been implicated in sympathoexcitation in experimental PH. We 

recently reported the first evidence of thoracic spinal cord (TSC) neuroinflammation in PH 

rats. Here, we hypothesize that PH is associated with increased cardiopulmonary afferent 

signaling leading to TSC-specific neuroinflammation and sympathoexcitation. Furthermore, 

inhibition of TSC neuroinflammation rescues experimental PH and RVF.  

Methods  

We performed transcriptomic analysis and its validation on the TSC of monocrotaline (n=8) 

and Sugen hypoxia (n=8) rat models of severe PH-RVF. A group of monocrotaline rats 

received either daily intrathecal microglial activation inhibitor minocycline (200 μg/kg per 

day, n=5) or PBS (n=5) from day 14 through 28. Echocardiography and right ventricle-

catheterization were performed terminally. Real-time quantitative reverse transcription 

PCR, immunolocalization, microglia+astrocyte quantification, and terminal 

deoxynucleotidyl transferase dUTP nick end labeling were assessed. Plasma 

catecholamines were measured by ELISA. Human spinal cord autopsy samples (Control 

n=3; pulmonary arterial hypertension n=3) were assessed to validate preclinical findings.  

Results 

Increased cardiopulmonary afferent signaling was demonstrated in preclinical and clinical 

PH. Our findings delineated common dysregulated genes and pathways highlighting 

neuroinflammation and apoptosis in the remodeled TSC and highlighted increased 

sympathoexcitation in both rat models. Moreover, we validated significantly increased 



96  

microglial and astrocytic activation and CX3CL1 expression in TSC of human pulmonary 

arterial hypertension. Finally, amelioration of TSC neuroinflammation by minocycline in 

monocrotaline rats inhibited microglial activation, decreased proinflammatory cytokines, 

sympathetic nervous system activation and significantly attenuated PH and RVF.  

Conclusions 

Targeting neuroinflammation and associated molecular pathways and genes in the TSC 

may yield novel therapeutic strategies for PH and RVF.  

 
Nonstandard Abbreviations and Acronyms 

PH   Pulmonary hypertension 

RV   Right ventricle 

RVF   Right ventricular failure 

TSC   Thoracic spinal cord 

PVR   Pulmonary vascular resistance 

CTRL   Control 

MCT   Monocrotaline 

SuHx   Sugen hypoxia 

RVSP   Right ventricular systolic pressure 

PBS   Phosphate buffered saline 

FDR   False discovery rate 

PAT   Pulmonary artery acceleration time 

PET   Pulmonary ejection time 

RVIDd   RV internal diameter at end-diastole 

ELISA   Enzyme-linked immunosorbent assay 
 
RAAS   Renin-angiotensin-aldosterone-system 
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SNS   Sympathetic nervous system 
 
DEG   Differentially expressed gene 
 
TUNEL  Terminal deoxynucleotidyl transferase dUTP nick end labeling 
 
SP   Substance P 
 
TRPV1  Transient receptor potential vanilloid 1 
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Introduction 
 
Pulmonary hypertension (PH) is a progressive, fatal disease characterized by pulmonary 

vascular remodeling, resulting in increased pulmonary vascular resistance, right ventricular 

hypertrophy, right ventricular failure (RVF), arrhythmias, and ultimately death.1,2 With about 

200 000 Americans hospitalized each year with PH, the estimated prevalence for PH is 

between 15 and 50 cases per million individuals. If left untreated, the life span of an 

individual with PH is about 2.8 years and the 5-year survival rate is only around 62%.3 

PH is a complex disorder associated with dysregulation of the autonomic nervous system.4 

Although autonomic dysregulation is not the main cause of PH, as the disease progresses, 

the elevated pulmonary vascular resistance and increased right ventricle (RV) afterload 

activate sympathetic nervous system (SNS) and increase renin-angiotensin-aldosterone-

system activity. Increased SNS and renin-angiotensin-aldosterone-system activation may 

initially contribute to maintain hemodynamic homeostasis; however, aberrant 

sympathoexcitation leads to arrhythmias, RVF, and sudden death.4–6 In fact, multiple 

studies have demonstrated that SNS activation portends poor prognosis in patients with 

PH including those with RVF.5–8 However, there is a knowledge gap in understanding the 

relevant contributions of the central nervous system (brain and spinal cord) in SNS 

activation or sympathoexcitation in PH and RVF. 

Several heart failure and myocardial ischemia studies have demonstrated that cardiac 

sympathetic afferents are responsible for cardiogenic transmission to the spinal dorsal 

horn during pathological conditions.9–11 During cardiac stress, metabolites such as 

bradykinin stimulate these sensory afferent neurons by sensitizing the TRPV1 (transient 

receptor potential vanilloid 1) receptors at their central terminals and allowing Ca2+ influx 

to release substance P (SP) and glutamate.11–13 This excitatory glutamatergic synaptic 
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transmission activates second-order neurons projecting into the spinothalamic tract that 

eventually leads to sympathoexcitation through the efferent pathway.9,12 The activation of 

new gene expression profile contributing to the excitotoxicity and plasticity of signaling 

neurons during the development of sympathetic reflex have been documented through- 

out the peripheral and central nervous system including the stellate ganglion, dorsal root 

ganglia, cardiac intrinsic neurons, and thoracic spinal cord (TSC) after myocardial 

infarction.14–17 Similarly, we postulated that in severe PH and RVF, afferent signaling from 

cardiopulmonary neurons via dorsal root ganglia to the dorsal horn of TSC is mediated by 

TRPV1 that leads to molecular and transcriptomic changes within the TSC. These 

changes contribute to the plasticity of signaling neurons, such as nerve sprouting, altering 

the distribution of ion channels and receptors and even neuroinflammation and cell 

death.9,18 Consequently, this triggers sympathoexcitation via efferent pathways from the 

ventral horn.9,18 A comprehensive description of the changes in gene expression that take 

place in the TSC due to PH and associated RVF is crucial in understanding the role of 

neuroinflammation, apoptosis, and sympathoexcitation in PH progression. 

Microglial activation and neuroinflammation in the brain have been implicated in the SNS 

activation observed in experimental PH.19–21 Moreover, intracerebroventricular infusion of 

minocycline has been shown to inhibit microglial activation, decrease SNS activation, and 

attenuate PH.19 Recently, we discovered the first evidence of neuroinflammation in the 

TSC of monocrotaline (MCT)-induced PH rats.22 However, the details of TSC remodeling 

in PH remain elusive. Here, we hypothesize that PH is associated with increased 

cardiopulmonary afferent signaling leading to TSC-specific neuroinflammation and 

sympathoexcitation. Furthermore, inhibition of TSC neuroinflammation may rescue 

experimental PH and RVF.  
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Materials and Methods 

All animal studies were performed in accordance with the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals. Protocols received UCLA animal 

research committee approval. The details of materials and methods can be found in the 

online data supplement. 

Animal Models of Pulmonary Hypertension 

Adult male Sprague Dawley (SD) rats (200-250g) received either a single subcutaneous 

injection of pulmonary endothelial toxin Monocrotaline (MCT, 60mg/kg, n=8) and were 

followed for 30-days or VEGF-receptor antagonist Sugen (SU5416, 20mg/kg, SuHx group, 

n=8) and kept in hypoxia (10% oxygen) for 3-weeks followed by 2-weeks of normoxia. 

Phosphate buffered saline (PBS) treated rats served as controls (CTRL, n=8).  

Time Course of Disease Development in MCT Rats 

For time-course experiment, adult male SD rats (200-250g) received a single 

subcutaneous 60mg/kg MCT injection and were followed for either 7-days (n=6) or 14-

days (n=6). PBS treated rats served as controls (Day-0, n=6). 

Role of TRPV1 Receptors in Bradykinin-induced Cardiopulmonary Sympathetic 

Afferent Signaling in MCT Rats 

To determine whether TRPV1 receptors mediate the bradykinin-induced cardiopulmonary 

sympathetic afferent transmission in PH, heart rate and blood pressure responses to RV-

epicardial and pulmonary vascular application of bradykinin were measured in MCT and 

control rats (n=5 per group). After tracheostomy and thoracotomy, direct right heart 

catheterization (Millar SPR-671) was performed terminally to record baseline right 

ventricular systolic pressure (RVSP) and heart rate for 10 min. Bradykinin (60 μg/mL; 

Sigma, B3259)23 was dissolved in 0.1M acetic acid+PBS and applied to the anterior 
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surface of the right ventricle as well as pulmonary vasculature with a pipette. Following 

bradykinin application, the RVSP and heart rate were recorded continuously for another 5 

min. 

Intrathecal Minocycline Injection 

Intrathecal minocycline injections were performed daily on a group of MCT-treated rats 

from day 14-28 post MCT injection and were compared with MCT rats treated with daily 

intrathecal PBS (n=5 per group). Briefly, rats were anesthetized with isoflurane/O2 mixture 

(3-4%), and body temperature was maintained at 37±1°C using heating pads. MCT-treated 

rats either received daily intrathecal Minocycline (200µg/kg, Sigma-Aldrich, St. Louis, MO 

in 30µl PBS)19,24 or 30µl PBS from day 14-28. Intrathecal injections were administered with 

a 29-gage needle at L4-5 level to avoid spinal cord injury; successful injections were 

documented with prominent tail flicks.  

Echocardiography and Cardiopulmonary Hemodynamic Measurements 

Serial echocardiography (Vevo3100) was performed to monitor cardiopulmonary 

hemodynamics and the development of PH and RV dysfunction. Direct right heart 

catheterization (Millar SPR-671) was performed terminally to assess disease severity.   

RNA Extraction and qRT-PCR 

Real-time quantitative reverse transcription PCR (qRT-PCR) was performed with total 

RNA extracted from the thoracic and lumbar regions of spinal cord from control, MCT and 

SuHx rats using Trizol (Invitrogen). 

RNA Sequencing Analysis 

NextSeq400 (Illumina) was performed on rat TSC tissue and differential expression 

analysis was conducted. Differentially expressed genes (DEGs) with false discovery rate 

(FDR) <0.05 were considered statistically significant. Gene set enrichment analysis was 
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performed and Hallmark25 gene sets were obtained from molecular signature database 

(MSigDB).26 Enriched pathways considered statistically significant were defined by 

adjusted p-value <0.05. The RV and lung transcriptomic analyses were also performed on 

previously published data from MCT and SuHx rats.27,28 

Gross Histologic Analysis, Tissue Preparation, and Imaging 

RV hypertrophy index was calculated as weight ratio of RV/(LV+IVS). Hearts, lungs and 

spinal cords were fixed and 4–6μm sections were obtained. Heart and lung tissue sections 

were stained with Masson’s trichrome staining. Images were acquired using a confocal 

microscope (Nikon). 

Human Thoracic Spinal Cord Tissue Sections 

To validate some of the key findings from rat TSC in human PAH spinal cords we collected 

autopsy samples from PAH patients (n=3) and controls (n=3) through our collaborators at 

the UCLA Department of Pathology. Tissues were sectioned at 4–6μm for 

immunostainings. 

Immunofluorescence Staining and Quantification 

TSC sections were stained with the primary antibodies against TRPV1 (Anti-TRPV1), 

substance P (Anti-SP), Cx3Cl1 (Anti- Cx3Cl1), microglia (Anti-IBA1), astrocytes (Anti-

GFAP), neurons (Anti-NeuN), neuropeptide Y (Anti-NPY) and cleaved Caspase-3 

(Asp175). Quantifications were performed using ImageJ (1.45p, NIH, Bethesda, MD). 

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Staining 

Thoracic spinal cord sections were stained with the terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) Assay Kit-BrdU-Red (Abcam, ab66110) and the TUNEL+ 

cells were calculated as integrated optical density using ImageJ (1.45p, NIH, Bethesda, 

MD).  



103  

Plasma Norepinephrine Assays 

Plasma norepinephrine levels were quantified using an enzyme-linked immunosorbent 

assay (ELISA) kit (Abnova, KA1877) following the manufacturer’s protocols. 

Statistical Analysis 

Unpaired t test and 1-way ANOVA tests were used to com- pare between groups using 

GraphPad Prism. When significant differences were detected, individual mean values were 

com- pared by post hoc tests that allowed for multiple comparisons. P<0.05 was 

considered statistically significant. Values are expressed as mean±SD. For RNA 

sequencing (RNA- seq), differential expression analysis was conducted using the R-

program DeSeq2 correcting for multiple hypothesis testing using the Benjamini Hochberg 

method. Power analysis calculations were performed for primary end points 

(hemodynamic parameters such as RVSP, Fulton Index, RVFAC) as well as secondary 

analysis for all experiments. Sample sizes were determined by detecting effect sizes 

between groups (2 sample t test, 2-tailed, alpha=0.05) that provided adequate power 

(80%).  
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Results 

Development of Severe PH and RVF in MCT and SuHx Rats 

Severe PH and RVF were confirmed using serial transthoracic echocardiography and 

terminal right heart catheterization in rats treated with MCT or SuHx compared with PBS-

treated control rats (Figure S1). Both MCT and SuHx rats developed significant PH and 

RVF. However, no significant differences were observed between SuHx-treated and MCT-

treated groups. Interestingly, as additional controls groups, 3-weeks of hypoxia alone 

resulted in only mild PH without RV dysfunction whereas Sugen alone did not induce PH 

or RV dysfunction (Figure S10). 

Transient Receptor Potential Vanilloid 1 and Substance P Mediate Cardio-pulmonary 

Afferent Signaling in the Dorsal Horn of Thoracic Spinal Cords in MCT- and SuHx-

induced PH 

TRPV1 and SP in the spinal dorsal horn have been shown to play a critical role in 

cardiogenic afferent sympathetic transmission.11,13,29-31 The expression of TRPV1 and SP 

were assessed in the dorsal horn of TSC from MCT- and SuHx-induced PH rats to 

determine their role in cardiopulmonary afferent signaling in PH. Significantly increased 

TRPV1 immunoreactivity was observed in the TSC dorsal gray matter of MCT and SuHx 

rats (Figure 1A, B). Interestingly, significantly increased SP and it’s colocalization with 

TRPV1 were also observed in the TSC dorsal gray matter of MCT and SuHx rats (Figure 

1A, B). Additionally, RV-epicardial and pulmonary vascular application of bradykinin 

(60μg/mL) produced a significant increase in heart rate and RVSP in MCT-treated rats 

compared to control (Figure 1D). These data provide important histological and functional 

evidence that TRPV1 expressing afferent nerve endings in the thoracic spinal dorsal horn 

release increased SP in PH-RVF to mediate cardiopulmonary sympathoexcitatory reflex. 
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Increased Cardiopulmonary Afferent Signaling in the Dorsal Horn of Thoracic Spinal 

Cords of PAH Patients 

Increased TRPV1 and SP immunoreactivity and their colocalization were observed in the 

thoracic dorsal gray matter of PAH patients indicating increased cardiopulmonary afferent 

signaling compared to controls (Figure 1C). 

 

Figure 1. Increased cardiopulmonary afferent signaling in the thoracic spinal dorsal 

horn of MCT and SuHx rats and PAH patients. (A) Representative images of 

immunofluorescence staining with anti-TRPV1 (Green), anti-SP (Red), and DAPI (DNA; 

blue) from thoracic dorsal gray matter of Control, MCT and SuHx rats. Lower panel shows 

enlarged view of TRPV1 and SP colocalization (Yellow). N=3 per group. (B) Quantification 

of TRPV1 and SP immunolocalization (IOD: integrated optical density) in MCT and SuHx 

rats compared to controls. N=3 per group. ****p<0.0001. (C) Representative images of 

immunofluorescence staining with anti-TRPV1 (Green), anti-SP (Red), and DAPI (DNA; 

blue) from thoracic dorsal gray matter of Control and PAH patients. Lower panel shows 

enlarged view of TRPV1 and SP colocalization (Yellow). N=3 per group. (D) RVSP and 

heart rate responses to RV-epicardial and pulmonary vascular application of bradykinin 
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(60 μg/mL) in Control and MCT rats. N=5 per group. *p<0.05, ***p<0.001. RVSP and heart 

rate responses evoked by bradykinin were measured as the absolute change from 

baseline prior to bradykinin application. 

Similar Transcriptomic Signature of Thoracic Spinal Cords in MCT- and SuHx-

induced PH 

RNASeq was performed to investigate the transcriptomic remodeling of the TSC of MCT- 

and SuHx-induced rats (Figures 2, S2-5, Tables S1-4). Hierarchical clustering of top DEGs 

(FDR<0.05) from RNASeq showed similar gene signatures between MCT and SuHx rats 

compared to controls (Figure 2A, S2, S3). MCT and SuHx rats revealed 1,655 and 3,653 

differentially expressed genes (DEG), respectively, compared to control rats based on 

FDR<0.05 (Figure 2D). Both MCT- and SuHx-treated groups shared 1,414 DEGs that 

were either up- or down-regulated in a similar fashion (Figure 2D). The top common 

significantly up-regulated DEGs demonstrated association with excitatory glutamatergic 

signaling, neuroinflammation and apoptosis (Figure 2C).  

Multiple Pathways are Commonly Altered in Thoracic Spinal Cords of MCT- and 

SuHx-induced PH 

A ranked-based directional enrichment analysis of TSC transcriptome from control, MCT 

and SuHx-treated rats was performed. Gene Set Enrichment Analysis revealed 23 and 22 

hallmark pathways significantly enriched (FDR<0.05) in MCT and SuHx rats, respectively, 

among which 20 pathways were overlapping (Figure 2E-F, S4, S5). Pro-inflammatory and 

pro-apoptotic pathways, such as, IL-6 JAK-STAT3 signaling and TNFα signaling via NF-κB 

as well as pathways associated with neuroinflammation and apoptosis, such as, hypoxia 

and KRAS signaling were significantly enriched in both MCT and SuHx. 
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Figure 2. RNA-Seq based analysis of DEG’s and pathway enrichment from thoracic 

spinal cords of MCT and SuHx rats. (A) RNA-Seq based heat map showing DEGs from 

thoracic spinal cord tissue in CTRL (green), MCT (red) and SuHx (blue) groups. (B) Top 
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30 up-regulated and down-regulated significant DEGs between MCT vs. CTRL and SuHx 

vs. CTRL. (C) Top common significantly upregulated genes from top 30 DEGs between 

MCT vs. SuHx (9) and Top common significantly downregulated genes (4) from top 30 

DEGs between MCT vs. SuHx (D) Venn diagram showing significant DEGs (based on 

FDR<0.05) and their overlap in MCT (red) and SuHx (blue) groups. (E) Bar plot showing 

normalized enrichment scores (NES) for Hallmark pathways derived from Gene Set 

Enrichment Analysis (GSEA). For GSEA, differentially expressed genes between SuHx or 

MCT vs. control were ranked by the Wald statistic derived from DESeq2. Bars in red and 

blue represent statistically significant (FDR<0.05) pathways in MCT and SuHx, 

respectively, that are either up- or downregulated. (F) Venn diagram showing significant 

pathways (based on FDR<0.05) and their overlap in MCT (red) and SuHx (blue) groups 

compared to control. N=4 per group. 
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Figure 3. Validation of RNA-Seq based DEGs in thoracic and lumbar spinal cord of 

MCT and SuHx rats and in TSC of PAH patients. RT-qPCR data demonstrating 

differential gene expression of upregulated and downregulated genes from (A) thoracic 

and (B) lumbar spinal cord tissue of MCT and SuHx compared to control rats. N=3-4 per 

group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (C) Representative 

immunofluorescence images of NeuN (Red), Cx3Cl1 (Green), and DAPI (DNA; blue) in 

controls and PAH patients. N=3 per group; ****p<0.0001. 

 

qRT-PCR Validation of Selected Common Top Genes from RNA-Seq of Thoracic 

Spinal Cords of MCT- and SuHx-induced PH 

RNA sequencing results and gene expression changes were validated with qRT-PCR by 

selecting several key common top DEGs from significantly enriched pathways from both 

MCT- and SuHx-treated rats that were identified by Hallmark pathway analysis. The qRT-

PCR results of DEGs from hedgehog signaling (CNTFR, SLIT1), apical junction (CX3CL1, 

vWF), myogenesis (TGFb1), epithelial mesenchymal transition (TGFb1), KRAS signaling 

down (CNTFR), apical surface (CX3CL1), IL6 JAK STAT3 signaling (vWF, CNTFR), DNA 

repair (RALA), fatty acid metabolism (IDI1), mTORC1 signaling (IDI1), E2F target (SMC4) 

and G2M checkpoint (SMC4) pathways were consistent with the TSC RNA sequencing 

results (Figure 3A, B). 

DEGs from Thoracic Spinal Cords are Unchanged in Lumbar Spinal Cords in MCT- 

and SuHx-induced PH 

qRT-PCR was used to determine whether the upregulated and downregulated DEGs from 

TSC had similar expression profile in lumbar spinal cord as well. Interestingly, the 

dysregulated genes from TSC did not show any significant changes in the lumbar spinal 
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cord of either MCT- or SuHx-treated rats compared to controls (Figure 3B). This 

demonstrates that the transcriptomic remodeling is specific to the thoracic region of spinal 

cords from MCT- and SuHx-treated rats.  

Increased Microglial Activation and Astrogliosis in Thoracic Spinal Cords of MCT- 

and SuHx-induced PH 

Interactions between microglia and astrocytes critically influence neuroinflammatory 

responses in the central nervous system (CNS).32 Both MCT and SuHx-treated rats had a 

significant increase in total number of ionized calcium binding adaptor molecule 1 

(Iba1) positive cells in the TSC compared to controls (Figure 4A). Iba1 is a marker of 

mature microglia in the CNS. Only cells with a well-defined cell body were included in the 

analysis. When microglial cells display small cell body with thin and highly ramified 

branches extending in all directions, they are characterized as “resting” microglia. 

Conversely, these ramified microglia become amoeboid possessing larger cell body with 

thicker and shorter branches, which are characterized as “activated” microglia (Figure 4A) 

19-21. Significant increases in the number of activated microglial cells were observed in the 

TSC of both MCT and SuHx-treated rats compared to controls (Figure 4A). Both MCT and 

SuHx-treated rats also had a significant increase in total number of glial fibrillary acidic 

protein (GFAP) positive astrocytic cells in the TSC compared to controls (Figure 4B). 

Interestingly, additional control groups of hypoxia alone and Sugen alone did not show any 

signature of neuroinflammation demonstrated by unchanged mRNA levels of Cx3Cl1 and 

NOS1 in the TSC (Figure S10).   

Increased Signature of Neuroinflammation in Thoracic Spinal Cords of PAH Patients 

To validate the findings from our preclinical rat models and investigate the translational 

relevance of TSC neuroinflammation in humans, Cx3Cl1 expression, microglial activation 
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and astrogliosis were assessed in TSC autopsy samples from PAH patients (Figure 3C, 

4C). Interestingly, significantly increased Cx3Cl1 expression, microglial count and 

activation were found in TSC of PAH patients. Furthermore, increased astrocytic activation 

was also demonstrated in the TSC of PAH patients compared to controls, indicating 

increased neuroinflammation (Figure 3C, 4C). 

Multiple Pathways are Commonly Up-regulated in Thoracic Spinal Cords, RV and 

Lungs of MCT- and SuHx-induced PH 

To assess potential overlap in gene expression profiles among lungs, RV and TSC in pre-

clinical PH, a ranked-based directional enrichment analysis of TSC, lung27 and RV28 

transcriptome from MCT- and SuHx-treated rats was performed. Gene Set Enrichment 

Analysis revealed 9 and 5 significantly up-regulated overlapping hallmark pathways from 

these organs (FDR<0.05) in MCT and SuHx rats, respectively (Figure S8A). The common 

up-regulated enriched pathways in both MCT and SuHx rats from TSC, RV and lung were 

TNFa via NF-kB, epithelial mesenchymal transition, hypoxia, KRAS signaling and IL6 JAK 

STAT3 signaling, which signifies multi-organ inflammatory and apoptotic signature of these 

severe PH rat models (Figure S8B). 

Increased Apoptosis in Thoracic Spinal Cords of MCT- and SuHx-induced PH 

Neuroinflammation and associated neuronal apoptosis in the CNS have been implicated in 

sympathetic hyperactivation in various cardiovascular diseases.32,33 Increased apoptosis in 

the TSC of MCT and SuHx rats was validated by terminal deoxynucleotidyl transferase 

dUTP nick end labeling staining. Both MCT and SuHx rats displayed a significantly 

increased number of apoptotic cells compared with the control group (Figure 4D). 

Furthermore, increased cleaved Caspase-3 immunoreactivity and it’s colocalization with 

NeuN in the TSC of MCT and SuHx rats confirmed neuronal apoptosis (Figure S9). 
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Figure 4. Increased microglial activation and astrogliosis in the TSC of MCT, SuHx 

rats and human PAH. Increased apoptosis in the TSC of MCT and SuHx rats. (A) Left 

Panel: Representative images of immunofluorescence staining with anti-Iba1 (red), anti-

NeuN (green), and DAPI (blue) in the TSC of Control, MCT and SuHx rats. Lower panel 

shows enlarged view of resting microglia in control compared with activated microglia in 

the MCT and SuHx (white arrows). Right Panel: Quantifications of number of microglia 

per high power field (HPF), and % microglial activation/HPF in the TSC of MCT and SuHx 

rats compared to controls. (B) Left Panel: Increased astrocytic (Green) 

immunolocalization in the TSC of MCT and SuHx rats compared to controls. Right Panel: 

Quantification of astrocytic activation (integrated optical density). (C) Left Panel: 

Immunofluorescence images of Iba1 (Red), GFAP (Green) and DAPI (blue) in controls and 

PAH patients. Right Panel: Quantifications of number of microglia per high power field 

(HPF), % microglial activation/HPF and astrocytic activation (integrated optical density) in 

the TSC of MCT and SuHx rats compared to controls as well as PAH patients compared to 

controls. (D) Left Panel: TUNEL staining showing DAPI (Blue) and BRDU (Red) validating 

increased apoptosis in the TSC of MCT and SuHx compared to control. Right Panel: 

Quantification of TUNEL positive cells (integrated optical density).  

N=3-4 per group. *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001. 

 

Increased NPY in the Ventral Horn of Thoracic Spinal Cord and Circulating 

Catecholamines as Markers of Sympathoexcitation in MCT- and SuHx-induced PH 

Previous studies demonstrated that neuropeptide Y (NPY) influences preganglionic 

sympathetic interneurons in the spinal cord, whereas it is co-released with norepinephrine 

from postganglionic sympathetic neurons at peripheral sites of action during sympathetic 
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activation.34 Hence, NPY expression in the TSC ventral horn and plasma norepinephrine 

were assessed to validate increased sympathoexcitation in MCT and SuHx rats. Increased 

NPY immunoreactivity and its colocalization with NeuN were observed in the ventral horn 

gray matter of both models (Figure S7A). Moreover, plasma norepinephrine levels were 

significantly increased in both MCT and SuHx rats compared with controls (Figure S7B).  

Time Dependent Development of TSC Neuroinflammation, Apoptosis and 

Sympathoexcitation in PH 

To investigate the expression of key genes, microglial activation and astrogliosis in the 

TSC as well as sympathoexcitation as a function of PH and RVF development, a time-

course experiment was performed in MCT rats. Hemodynamic parameters, TSC 

neuroinflammation and apoptosis and sympathoexcitation were assessed at day-0 

(Control), day-7 and day-14 after MCT injection (Figure S6A). There was no significant 

increase in RVSP and Fulton Index at day-7 after MCT. However, RVSP and Fulton index 

were mildly but significantly increased at day-14 after MCT (Figure S6B, C). Interestingly, 

there were no significant neuroinflammatory responses in the TSC at day-7, as CX3CL1 

transcription, immunoreactivity, microglial count and activation as well as astrogliosis were 

all unchanged compared to control (Figure S6E,F,H-J). Also, there was no increase in 

apoptosis in the TSC at day-7, as TGFb1 expression was unchanged compared to control 

(Figure S6G). However, at day-14 we observed the initial signs of neuroinflammatory 

changes in the TSC through significantly increased CX3CL1 transcription, 

immunoreactivity, microglial activation and astrogliosis (Figure S5E, F, H-J). Interestingly, 

this coincided with a significant increase in RVSP and Fulton Index at day-14 (Figure S6B, 

C). Remarkably, apoptotic marker TGFb1 was not significantly increased even at day-14 

compared to control and day-7 (Figure S6G). Consequently, there were no significant 
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changes in sympathoexcitation at day-7 and day-14 after MCT (Figure S6K). These data 

provide important hemodynamic, molecular, and histological evidence that initial signs of 

PH coincide with early phase of TSC neuroinflammation without significant apoptosis and 

sympathoexcitation. 

Microglial Activation Inhibitor Minocycline Rescues PH and RVF  

To investigate the role of microglial activation in TSC neuroinflammation in PH, daily 

intrathecal microglial activation inhibitor minocycline was administered to MCT rats from 

day 14-28 (Figure 5A). Minocycline significantly attenuated PH severity, rescued RVF and 

RV hypertrophy but did not affect LV pressure and left ventricular ejection fraction (Figure 

5B and 5C). Importantly, minocycline significantly reduced plasma norepinephrine (Figure 

5C). Interestingly, minocycline significantly reduced lung vascular (arteriolar) wall 

thickness (Figure 5B and 5C). Furthermore, minocycline resulted in a significant decrease 

in total microglial count, microglial activation and expression of fractalkine CX3CL1 (Figure 

5C through 5E) and pro- inflammatory cytokine TNF-α (Figure 5C) in TSC. Minocycline 

also attenuated proapoptotic TGF-β1 in the TSC (Figure 5C). These data suggest an 

important contributory role for microglial activation in TSC neuroinflammation in PH and 

potential therapeutic role of minocycline. 
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Figure 5. Minocycline attenuates MCT induced PH and RVF by attenuating TSC 

neuroinflammation and associated sympathoexcitation. (A) Experimental Protocol. (B) 

PA Doppler, B-Mode echo and cross section from lung in PBS and Minocycline treated 

MCT rats.  (C) RVSP, Fulton index, RVFAC, LVSP, LVEF, quantification of pulmonary 

vascular (arteriolar) wall thickness, normalized qRT-PCR data of pro-inflammatory and 

apoptotic gene expression, quantification of number of microglia/HPF and percent 

activated microglia/HPF in the TSC of PBS and Minocycline treated MCT rats. N=3-5 per 

group. *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001. Plasma norepinephrine level 

measured by ELISA in PBS and Minocycline treated MCT rats. N=4-5 per group. 

****p<0.0001. (D) Representative images of immunofluorescence staining with microglial 

marker anti-Iba1 (Red), astrocytic marker anti-GFAP (Green) and DNA marker DAPI (Blue) 

in the TSC of PBS and Minocycline treated MCT rats. N=3 per group. (E) Representative 

images of immunofluorescence staining with neuronal marker NeuN (Red), Cx3Cl1 

(Green) and DAPI (Blue) in the TSC of PBS and Minocycline treated MCT rats. N=3 per 

group. 
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Figure 6. Hypothetical scheme showing transcriptomic remodeling of thoracic 

spinal cord characterized by neuroinflammation and apoptosis leading to 

sympathoexcitation in PH.  Afferent signaling from cardiopulmonary neurons through 

DRG to the dorsal horn of thoracic spinal cord mediated via TRPV1 and SP results in 

transcriptomic remodeling characterized by neuroinflammation (microglial 

activation+astrogliosis) and apoptosis. We postulate that neuroinflammation and apoptosis 

lead to increased sympathoexcitation via efferent pathways resulting in worsening PH, 

RVF, arrhythmias and death. Inhibition of microglial activation by minocycline attenuates 

neuroinflammation and associated sympathoexcitation resulting in rescue of PH and RVF. 
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Discussion  
 
Here we provide histological and functional evidence that TRPV1 expressing 

cardiopulmonary afferent neurons in the thoracic spinal dorsal horn mediate 

sympathoexcitatory signaling in PH. We performed the first-ever transcriptomic analysis on 

TSC of 2 clinically relevant animal models (MCT and SuHx) of severe PH and RVF that 

revealed distinct transcriptomic signatures with significant overlap of DEGs and pathways 

between the 2 models. PCR validation confirmed that MCT and SuHx rats shared similar 

gene expression profiles that were specific to the thoracic but not to lumbar spinal cord. 

Hallmark pathway analysis showed upregulation of multiple proinflammatory and 

proapoptotic pathways in TSC, which were also upregulated in RV23 and lung24 of MCT-

induced and SuHx-induced PH rats. We observed microglial and astrocytic cell activation 

and increased fractalkine Cx3Cl1 expression in the TSC of both rat models and in human 

PAH. Terminal deoxynucleotidyl transferase dUTP nick end labeling and cleaved Cas- 

pase-3 immunostaining demonstrated increased neuronal apoptosis in the TSC of both rat 

models. Significantly elevated TSC NPY expression and plasma norepinephrine in both rat 

models confirmed increased sympathoexcitation. Interestingly, time-course experiments 

demonstrated that initial signs of PH coincided with early phase of TSC neuroinflammation 

without significant apoptosis and sympathoexcitation in the MCT rats. Finally, intrathecal 

minocycline decreased TSC microglial count, activation, and expression of 

proinflammatory cytokines, and reduced sympathoexcitation resulting in rescue of PH-RVF 

(Figure 6).  

Neuroinflammation in the brain has recently been implicated in the SNS activation found in 

MCT-induced PH rats.19-21 Subsequently, our lab reported the first evidence for TSC 

neuroinflammation in MCT-induced PH rats.22 However, the precise molecular 
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mechanisms and impact of TSC neuroinflammation and associated SNS activation on 

cardiopulmonary function in PH and RVF are still unknown. In line with the previous 

reports on left ventricular ischemia,9-13 we postulated that in severe PH and RVF, afferent 

signaling from cardiopulmonary neurons via DRG to the dorsal horn of TSC is mediated by 

TRPV1 that leads to molecular and transcriptomic changes within the TSC. These 

changes contribute to TSC specific neuroinflammation and apoptosis18 resulting in efferent 

signaling via sympathetic preganglionic fibers from the TSC to postganglionic fibers that 

innervate and modulate activities of the heart and lung.10,12,14 Our histological data 

demonstrated increased TRPV1 expression and it’s colocalization with SP in the thoracic 

spinal dorsal horn of MCT and SuHx rats as well as human PAH (Figure 1) indicating 

increased excitatory synaptic transmission at the level of first synapse in the 

cardiopulmonary afferent pathway.35 Moreover, bradykinin has been shown to activate 

TRPV1 receptors in the cardiac sympathetic afferent nerve endings eliciting autonomic 

reflex characterized by increased blood pressure, heart rate and sympathetic nerve activity 

during pathophysiological conditions.11-13,14,29 RV-epicardial and pulmonary vascular 

application of bradykinin elicited significant increase in RVSP and heart rate in our MCT-

treated rats, which demonstrated that TRPV1 expressing afferent nerve endings in the 

thoracic spinal dorsal horn may be responsible for sympathoexcitatory signal transmission 

in PH. 

We further postulated that as PH and RVF progress, there is an analogous sequence of 

gene expression changes contributing to the excitotoxicity and plasticity of signaling 

neurons in the TSC, the processing center for incoming afferent fibers from the heart and 

lungs to the CNS.9,14–18 Therefore, we performed transcriptomic analysis on TSC of MCT 

and SuHx rat models to determine the impact of PH and RVF on TSC gene expression. 



120  

Major proinflammatory path- ways such as IL-6 JAK-STAT3 signaling and TNF-α signaling 

via NF-κB as well as pathways associated with neuroinflammation such as hypoxia, KRAS 

signaling, and epithelial mesenchymal transition were some of the top upregulated 

pathways in both the models (Figure 2E). Many pro-inflammatory genes such as ALOX15, 

CX3CL1, EDN1, SERPINE1, RELA, mTOR, NOTCH3, NF-κB-1, STAT3, ICAM-1, NOS1, 

CLEC4E, SLPI, VEGFA, and PTGS2 were significantly enriched in these pathways 

(Tables S1-4). In fact, CX3CL1 has been implicated in classical microglial activation-

mediated sympathoexcitation in the brain of MCT-treated rats and hypoxic mice.19,21,36,37 

Previous studies demonstrated that TRPV1 activation in sensory nerve endings releases 

neuropeptides, including calcitonin gene-related peptide (CGRP), glutamate, and SP, 

which modulate microglial activation via NF-κB.38 NF-κB-mediated microglial activation is 

also regulated by notch signaling39 and the mTOR (mammalian target of rapamycin).40 

Activated microglia express several proinflammatory factors, such as TNF-α, IL-6, MCP-1 

(Monocyte chemoattractant protein-1), ICAM-1 (Inter- cellular Adhesion Molecule 1), and 

VCAM-1 (Vascular Cell Adhesion Molecule 1), which mediate neuroinflammation and 

excitotoxic neuronal damage.11–13 Furthermore, several studies suggested that TRPV1-

mediated activation of neuronal nitric oxide synthase (nNOS or NOS1) involves Ca2+ 

influx through activated NMDARs (N-methyl-D-aspartate receptors) in the spinal cord.41 

NOS1 activation is known to induce neuroinflammation, chemokine release, excitotoxicity, 

and apoptosis.42,43 Our TSC RNA-seq demonstrated increased glutamatergic excitatory 

signaling and NOS1 upregulation that may lead to neuroinflammation, cell death, and 

associated sympathoexcitation in both the rat models. Interestingly, no significant changes 

in inflammation-related gene expression were seen in lumbar spinal cords of MCT- treated 

and SuHx-treated rats (Figure 3B) suggesting TSC-specific neuroinflammation likely due 
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to cardiopulmonary neural connections. 

Both MCT-treated and SuHx-treated rats had a significant increase in total number of 

mature and activated microglia in the TSC, indicating neuroinflammation in this region 

(Figure 4A). Moreover, both the rat models showed significant increases in astrocytic cell 

activation in TSC (Figure 4B), further validating neuroinflammatory changes in this region 

as we recently demonstrated in MCT rats.22 Interestingly, our data also demonstrated 5 

common significantly upregulated proinflammatory and proapoptotic pathways from TSC, 

lung,23 and RV24 highlighting multiorgan inflammatory and apoptotic signature in MCT-

treated and SuHx-induced PH rats (Figure S8). Importantly, we validated significantly 

increased Cx3Cl1 expression, microglial cell count, microglial activation, and astrocytic 

activation in patients with PAH indicating translational relevance of TSC neuroinflammation 

in human PAH (Figures 3C and 4C).  

Previous research has demonstrated that neuron-microglia-astrocyte triad is fundamental 

for the functional organization of the SNS and plays a critical role in apoptosis during 

pathological processes.32 Persistent excitatory glutamatergic signaling and microglial 

activa- tion-mediated release of neurotoxic substances, such as pyridinedicarboxylic acid 

and amines have been implicated in neuronal excitotoxicity and cell death.44 Our TSC 

RNASeq revealed several pro-apoptotic genes such as TP53, PRF1, FOXO3, TGFβ1, 

TGFβR3, RET, NOS1, CELSR2 and NCOR2 that were enriched in pathways linked to 

apoptosis such as hypoxia, KRAS signaling down, estrogen response early, IL6 JAK 

STAT3 signaling and TNFα signaling via NF-kB (Figure 2E, Table S1, S3). Further, 

previous studies revealed that TREM2 deficiency exacerbates inflammatory cytokine 

release from activated M1 microglia and neuronal apoptosis.45 Interestingly, our RNA-seq 

demonstrated significant decrease in TREM2 in the TSC of both rat models, which may 
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have contributed to the activated M1 microglia-mediated neuroinflammation and neuronal 

apoptosis (Figure 4D; Figure S9).   

SNS activation has been well documented in experimental patients with PH and PAH.5–7 

Hypothalamic paraventricular nucleus, one of the major cardio regulatory nuclei that 

govern sympathetic outflow within CNS, enhances sympathetic activity via projections to 

the inter- mediolateral spinal column of TSC.46 Classical microglial activation-mediated 

proinflammatory cytokines in the paraventricular nucleus have been shown to modulate 

sympathetic activity and cardiac sympathetic afferent reflex in rats.45,47 Consistent with 

previous studies, our data demonstrated increased neuropeptide Y expression in TSC 

ventral horn and plasma norepinephrine levels in both MCT and SuHx rats terminally 

validating that both rat models of severe PH exhibit significantly increased 

sympathoexcitation, which may exacerbate RVF and result in increased mortality (Figure 

S7).34 Our time-course experiments demonstrated that initial signs of PH coincided with 

early phase of TSC neuroinflammation without significant changes in apoptosis and 

sympathoexcitation (Figure S6). As PH progressed, TSC neuroinflammation and apoptosis 

increased, leading to aberrant sympathoexcitation and worsening RVF.  

We provide evidence that daily intrathecal minocycline decreased microglial activation, 

astrogliosis, and expression of several proinflammatory cytokines in the TSC leading to 

decreased norepinephrine levels and improved cardiopulmonary structural and functional 

parameters resulting in attenuation of PH-RVF in MCT rats (Figure 5). In line with previous 

findings,19–21,32,33 microglial activation in TSC could alter microglia–neuron crosstalk that 

influences synaptic activity leading to sympathoexcitation. As an anti-inflammatory 

antibiotic, minocycline inhibits microglial activation through several mechanisms that 

include inhibition of M1 polarization of microglia, attenuation of NMDA toxicity through p38 
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mitogen-activated protein kinase inhibition, and cytokine release by preventing 5-

lipoxygenase translocation into the nucleus. Moreover, minocycline inhibits several 

enzymes, including matrix metalloproteinases, phospholipase A2, protein kinase C, 

cyclooxygenase-2 and nitric oxide synthase as well as pathways, such as inflammation, 

apoptosis, cell migration, and chemotaxis. Minocycline’s anti-inflammatory protective 

actions may also include attenuation of astrogliosis as evidenced by decreased GFAP 

staining in the TSC of minocycline-treated MCT rats (Figure 5D).19–21,26,48,49 

We acknowledge not including an untreated control group of rats (control+PBS) in the 

minocycline study as a potential limitation of our study. Also, our study did not investigate 

TSC gene expression in early versus late adaptation in PH. Future study should 

investigate specific role of TRPV1 mediated cardiopulmonary afferent signaling in TSC 

neuroinflammation, neuronal apoptosis and sympathoexcitation in PH-RVF. 

Taken together, this study demonstrates common dysregulated genes and pathways 

highlighting neuroinflammation and apoptosis in the remodeled TSC and validates 

increased sympathoexcitation in the clinically relevant MCT and SuHx rat PH models. TSC 

remodeling is likely mediated by TRPV1 in the cardiac sympathetic afferent nerve endings 

leading to excitotoxicity. Finally, we demonstrated that amelioration of TSC 

neuroinflammation by minocycline in MCT rats inhibited microglial activation, decreased 

proinflammatory cytokines, SNS activation, and significantly attenuated PH-RVF. 

Targeting neuroinflammation and associated molecular pathways and genes in the TSC 

may yield novel therapeutic strategies for PH and RVF.  

Perspectives 

PH is a deadly disease without a definitive cure. As PH progresses, endothelial 

dysfunction coupled with vasoconstriction result in increased PVR and pulmonary arterial 
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pressure. Consequently, progressive increase in RV afterload and strain activates SNS as 

a compensatory mechanism, however chronic SNS hyperactivity is associated with 

arrhythmias and death. Recent reports have implicated neuroinflammation in the brain and 

thoracic spinal cord in pre-clinical PH, linking it to aberrant sympathoexcitation. However, 

the precise details of TSC remodeling and its contribution to neuroinflammation and 

sympathoexcitation in clinically relevant PH rat models are yet to be elucidated. We 

performed the first-ever transcriptomic analysis of TSC and its validation in two pre-clinical 

rat models of PH, which demonstrated several common key dysregulated genes in TSC 

that remained unchanged in lumbar spinal cord. Our study confirmed the activation of 

cardiopulmonary afferent signaling, pro-inflammatory and pro-apoptotic signature of 

thoracic spinal cord and increased circulating markers of sympathoexcitation common 

between MCT and SuHx rats. Moreover, we validated increased cardiopulmonary afferent 

signaling and neuroinflammation in TSC of human PAH. Finally, amelioration of TSC 

neuroinflammation by minocycline in MCT rats inhibited microglial activation, decreased 

pro-inflammatory cytokines, SNS activation and significantly attenuated PH and RVF. This 

novel study identifies new and promising therapeutic targets for PH and RV failure. 
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Supplementary Materials and Methods 

All animal studies were performed in accordance with the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals. Protocols received UCLA animal 

research committee approval. 

Animal Models of Pulmonary Hypertension 

Adult male Sprague Dawley rats (250-350g) received either a single subcutaneous 

injection of pulmonary endothelial toxin Monocrotaline (MCT, 60mg/kg, n=8) and were 

followed for 30 days or VEGF-receptor antagonist Sugen (SU5416, 20mg/kg, SuHx group, 

n=8) and kept in hypoxia (10% oxygen) for 3-weeks followed by 2-weeks of normoxia. PBS 

treated rats served as controls (CTRL, n=8). Serial transthoracic echocardiography was 

performed to monitor cardiopulmonary hemodynamics and development of PH and RV 

dysfunction. Direct RV and LV catheterization was performed terminally, and RV 

hypertrophy index was calculated as the weight ratio of RV/(LV+IVS). Thoracic and lumbar 

spinal cord tissue were collected.  

RNA Sequencing Analysis 

RNA-Seq was performed on rat TSC tissue. Libraries for RNA-Seq were prepared using 

SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian (Takara Bio). The 

resulting libraries were sequenced as single-end 50 base pair reads using NextSeq400 

(Illumina). Reads were aligned to Rnor 6.0 genome using HISAT2 version 2.1.0 and 

transcripts were assembled and quantified using StringTie version v1.3.3b. Differential 

expression analysis was conducted using the R-program DeSeq2 version 1.25.16 

correcting for multiple hypothesis testing using the Benjamini Hochberg method. 

Differentially expressed genes (DEGs) with FDR < 0.05 were considered statistically 
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significant. Gene set enrichment analysis was performed using the Bioconductor (release 

3.1) fgsea50 and R (version 3.6.1) software package. Hallmark51 gene sets were obtained 

from molecular signature database (MSigDB)52. Enriched pathways considered statistically 

significant were defined by adjusted p-value <0.05.  

Echocardiography and cardiopulmonary hemodynamic measurements 

Transthoracic echocardiograms (VisualSonics Vevo3100, Toronto, Canada) were obtained 

using a rat specific probe (25 MHZ). Rats were anesthetized via inhaled isuflourane at 2-

3%. Each rat was placed in supine position, and body temperature was maintained at 

37°C. Echocardiograms including B-mode, M-mode and pulsed-wave Doppler images 

were obtained under isoflurane aesthesia. RV fractional area change (RVFAC) was 

measured from parasternal short-axis view at mid-papillary level. RV internal diameter at 

end-diastole (RVIDd) was measured using M-mode, parasternal short or long-axis views. 

LV ejection fraction (LVEF, %) was measured using M-mode echocardiographic images 

and pulmonary artery acceleration time (PAT) was assessed by pulmonary pulsed-wave 

doppler echocardiography of PA flow. The probe was placed in a parasternal long-axis 

position to visualize the PA outflow tract. Pulsed flow doppler imaging was then overlaid to 

observe the dynamics of blood flow through the PA valve. PAT was determined by 

calculating time taken from the start of flow to maximal velocity using echocardiogram 

software (Vevo 2100 version: 1.5.0).  

The right ventricular systolic pressure (RVSP) and left ventricular systolic pressure (LVSP) 

were measured directly by inserting a catheter (1.4 F Millar SPR-671, ADInstruments) 

connected to a pressure transducer (Power Lab, ADInstruments) into the RV or LV just 

before sacrifice. Briefly, for cardiac catheterization, the rats were anesthetized with 

isoflurane. The animals were placed on a controlled warming pad to keep the body 
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temperature constant at 37 °C. After a tracheotomy was performed, a cannula was 

inserted, and the animals were mechanically ventilated. After a midsternal thoracotomy, 

rats were placed under a stereomicroscope (Zeiss, Hamburg, Germany) and a pressure-

conductance catheter (model 1.4 F Millar SPR-671) was introduced via the apex into the 

RV or LV and positioned towards the pulmonary or aortic valve respectively. The catheter 

was connected to a signal processor (ADInstruments) and pressures were recorded 

digitally. After recording the pressures, heart, lung and spinal cord tissues were removed 

rapidly under deep anesthesia for preservation of protein and RNA integrity. 

Gross histologic analysis, tissue preparation and imaging 

The right ventricular (RV) wall, the left ventricular (LV) wall, and the interventricular septum 

(IVS) were dissected. RV, LV, IVS and lungs were weighed. The ratio of the RV to LV plus 

septal weight [RV/(LV + IVS)] was calculated as the Fulton index of RV hypertrophy. 

Lungs, hearts and spinal cords were fixed in 4% paraformaldehyde (PFA) in 0.1 M 

Na2HPO4 and 23 mM NaHPO4 (pH 7.4) for 4h on ice. The tissue was then immersed in 

ice-cold 20% sucrose in 0.1 M Na2HPO4 and 23 mM NaHPO4 (pH 7.4) overnight to 

cryoprotect the tissue, mounted using OCT, and transversal 4–6μm sections were 

obtained with a cryostat. Lung tissue sections were stained with Masson’s trichrome 

staining. Images were acquired using a confocal microscope (Nikon).  

RNA Extraction and qRT-PCR 

Real-time quantitative reverse transcription PCR (qRT-PCR) was performed with total 

RNA that was extracted from the thoracic and lumbar regions of spinal cord from control, 

MCT and SuHx rats using Trizol (Invitrogen) according to the manufacturer’s instructions. 

Two micrograms of total RNA were used for the cDNA synthesis using iScriptTM cDNA 

Synthesis Kit (Bio-Rad). Target mRNAs were detected and quantified by a real-time PCR 



128  

instrument (CFX96 Touch, Bio-Rad) using iTaq Universal SYBR Green master mix (Bio-

Rad). The results were analyzed using the comparative Ct method normalized against the 

housekeeping gene Gapdh. The primer sequences for real-time PCR are as follows: 

Rat SLIT1 forward 5′ ATCTAGGTGCTACTCGAGCC 3′, 

reverse 5′ TATCTCCAGGTGCTATCCCCA 3′ 

Rat VWF forward 5′ GCCTCTACCAGTGAGGTTTTGAAG 3′, 

reverse 5′ ATCTCATCTCTTCTCTTCTGCTCCAGC 3′ 

Rat CX3CL1 forward 5′ GAATTCCTGGCGGGTCAGCACCTCGGCATA 3′, 

reverse 5′ AAGCTTTTACAGGGCAGCGGTCTGGTGGT 3′ 

Rat TGFb1 forward 5′ TCTCGACTCCACACAGT 3′, 

reverse 5′ GCCGGGTCATTAGCTATATT 3′ 

Rat CNTFR forward 5′ TGGTGGTAACGAGATGGCTG 3′, 

reverse 5′ GCCCAGACGCTCATACTGAA 3′ 

Rat RALA forward 5′ GATACAGCAGGGCAGGAAGA 3′, 

reverse 5′ GTTCCCTGAAGTCCGCTGTA 3′ 

Rat IDI1 forward 5′ AGTCGCCAACACCATCTCTT 3′, 

reverse 5′ TGCCAATCTAGCGTAGTCCT 3′ 

Rat SMC4 forward 5′ TGAATAGTATCCCTCCACCCC 3′, 

reverse 5′ AGGTCCCAGAATTTTCTCTCCA 3′ 

Rat TNFa forward 5′ CCCAGACCCTCACACTCAGAT 3′, 
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reverse 5′ GTCCAAGAGAAGTTCCCTGTT 3′ 

Rat IL-6 forward 5′ GGGACTGATGTTGTTGACAG 3′, 

reverse 5′ GGACCTCAAACACTTCTTGT 3′ 

Rat GAPDH forward 5′ ACAGCAACTCCCATTCTTCCA 3′, 

reverse 5′ TCCAGGGTTTCTTACTCCTTGG 3′ 

Immunofluorescence staining 

Thoracic spinal cord sections were fixed in 4% paraformaldehyde, then immersed in 20% 

sucrose, mounted with OCT compound, and sectioned at 4-6 μm. Sections were stained 

with the primary antibodies against substance P (Mouse Anti-SP, 1:1000, Abcam; 

ab14184), TRPV1 (Rabbit Anti-TRPV1, 1:200, Alomone; ACC-030), Cx3Cl1 (Rabbit Anti-

Cx3Cl1, 1:250, ThermoFisher; 14-798681), microglia (Rabbit Anti-IBA1, 1:500, Fujifilm; 

01919741), astrocyte (Goat Anti-GFAP, 1:100, Abcam; ab53554), neurons (Mouse Anti-

NeuN, 1:500, SigmaAldrich; MAB377), Neuropeptide Y (Rabbit Anti-NPY, 1:200, 

Proteintech; 128331AP) and Cleaved Caspase-3 (Rabbit Anti-Asp175, 1:200, Cell 

Signaling; 9661). The sections were mounted using Fluoromount G with DAPI (Invitrogen 

# 00-4959-52). Images were acquired with a confocal microscope (Nikon). 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

TUNEL staining was performed to assess for apoptosis in the thoracic spinal cords of 

MCT- and SuHx-induced PH rats. Spinal cord sections were subjected to staining with the 

TUNEL Assay Kit-BrdU-Red (Abcam ab66110) following the manufacturer’s manual. The 

percentage of TUNEL+ cells (integrated optical density) was calculated. 
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Plasma norepinephrine 

Blood samples were collected from MCT- and SuHx-induced PH rats by cardiac puncture 

into a heparinized blood collection tube (BD Vacutainer, Franklin Lakes, NJ), and 

centrifuged immediately at 3000g for 10 min at 4°C. Sodium metabisulfite at a final 

concentration of 4 mmol/L, was added to the plasma to prevent catecholamine 

degradation. The enzyme immunoassay for the quantification of plasma norepinephrine 

levels were carried out in duplicate for each sample using a commercially available kit 

(Epinephrine/Norepinephrine ELISA Kit, abnova, KA1877) following the manufacturer’s 

protocol. 

Statistical Analysis 

One-way ANOVA tests were used to compare between groups using GraphPad Prism. 

When significant differences were detected, individual mean values were compared by 

post-hoc tests that allowed for multiple comparisons. Analyses were run using GraphPad 

Prism. P<0.05 was considered statistically significant. Values are expressed as mean±SD. 

For RNAseq, differential expression analysis was conducted using the R-program DeSeq2 

correcting for multiple hypothesis testing using the Benjamini Hochberg method.  

 

 

Supplementary Results 

Development of Severe PH and RVF in MCT and SuHx Rats 

Severe PH and RVF were confirmed using serial transthoracic echocardiography and 

terminal right heart catheterization in rats treated with MCT or SuHx compared to PBS-

treated control rats (Figure S1). Both MCT and SuHx rats developed significant PH as 
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evidenced by increased RV systolic pressure (RVSP) (MCT=94±14; SuHx=93±18, vs. 

control=37±2mmHg; p<0.0001 MCT vs. control, p<0.0001 SuHx vs. control) (Figure S1B). 

Additionally, decreased pulmonary artery acceleration time (PAT) (MCT=19±3; 

SuHx=18±3 vs. control=32±5ms; p<0.0001 MCT vs. control, p<0.0001 SuHx vs. control) 

and pulmonary artery acceleration time/pulmonary ejection time (PAT/PET) 

(MCT=0.24±0.04; SuHx=0.23±0.03 vs. control=0.41±0.04mmHg; p<0.0001 MCT vs. 

control, p<0.0001 SuHx vs. control) ratio also demonstrated severity of PH (Figure S1C, 

D,J). RV dysfunction was demonstrated by increased RV internal diameter at end-diastole 

(RVIDd) (MCT=3.5±1.04; SuHx=2.9±0.77 vs. control=1.9±0.66mm; p=0.002 MCT vs. 

control, p=0.032 SuHx vs. control) and decreased RV fractional area change (RVFAC) 

(MCT=13±5.35; SuHx=17±3.59 vs. control=40±14.1%; p=0.0007 MCT vs. control, p=0.003 

SuHx vs. control) in MCT and SuHx rats (Figure S1E, F,J). MCT and SuHx rats also 

demonstrated an increase in Fulton index of RV hypertrophy (MCT=0.8±0.1; 

SuHx=0.6±0.1 vs. control=0.3±0.01; p<0.0001 MCT vs. control, p=0.001 SuHx vs. control) 

(Figure S1G). No significant differences were observed between SuHx- and MCT-treated 

groups in all the parameters. Left ventricular ejection fraction (LVEF) and left ventricular 

systolic pressure (LVSP) were preserved between control, MCT and SuHx groups (Figure 

S1H, I). 
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Supplementary Figures 
 

 
 
Figure S1. Experimental models of severe PH and RV failure in rats. (A) Experimental 

Protocol. (B) RV systolic pressure (RVSP, mmHg), (C) Pulmonary artery acceleration time 

(PAT, mS), (D) Pulmonary artery acceleration time/Pulmonary ejection time (PAT/PET) 

ratio, (E) RV internal diameter at end diastole (RVIDd, mm), (F) RV fractional area change 

(RVFAC, %), (G) Fulton index of RV hypertrophy [RV/(LV+IVS)], (H) Left ventricular 

ejection fraction (LVEF, %) and (I) LV systolic pressure (LVSP, mmHg) in control, MCT 

and SuHx groups. (J) From top to bottom: Images obtained from rat heart 

echocardiography in B-mode and pulsed-wave doppler mode from control, MCT and SuHx 

groups. N=4-8 per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Fig. S1, Razee et al.
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Figure S2. Volcano plot of log fold change vs. mean expression for all genes from thoracic 

spinal cords for comparing MCT vs. Control groups. Differentially expressed genes with 

FDR <0.05 are represented as red dots. 

Fig. S1, Razee et al
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Figure S3. Volcano plot of log fold change vs. mean expression for all genes from thoracic 

spinal cords for comparing SuHx vs. Control groups. Differentially expressed genes with 

FDR <0.05 are represented as red dots. 

Fig. S2, Razee et al
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Figure S4. Bar plot showing normalized enrichment scores (NES) for Hallmark pathways 

derived from Gene Set Enrichment Analysis (GSEA). For GSEA, differentially expressed 

genes between MCT vs. Control were ranked by the Wald statistic derived from DESeq2. 

Bars in blue and red represent statistically significant (FDR<0.05) pathways up- and 

downregulated, respectively. 

Fig. S3, Razee et al
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Figure S5. Bar plot showing normalized enrichment scores (NES) for Hallmark pathways 

derived from Gene Set Enrichment Analysis (GSEA). For GSEA, differentially expressed 

genes between SuHx vs. Control were ranked by the Wald statistic derived from DESeq2. 

Bars in blue and red represent statistically significant (FDR<0.05) pathways up- and 

downregulated, respectively. 

Fig. S4, Razee et al
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Figure S6, Razee et al.
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Figure S6. Time dependent increase of PH, TSC neuroinflammation, apoptosis and 

associated sympathoexcitation in MCT-induced PH rats. (A) Experimental Protocol. 

(B) Right ventricular systolic pressure (RVSP) at day-0 (Control), -7 and -14 after MCT 

injection. N=6 per group, ****p<0.0001. (C) Fulton index at day-0 (Control), -7 and -14 after 

MCT injection. N=3 per group, *p<0.05, **p<0.01. (D) B-Mode echo and PA Doppler at 

day-0 (Control), -7 and -14 after MCT injection. (E) Representative images of 

immunofluorescence staining with microglial marker anti-Iba1 (Red), astrocytic marker 

anti-GFAP (Green) and DNA marker DAPI (Blue) in the TSC of rats at day-0 (Control), -7 

and -14 after MCT injection. N=3 per group. (F) Representative images of 

immunofluorescence staining with neuronal marker NeuN (Red), Cx3Cl1 (Green) and 

DAPI (Blue) in the TSC of rats at day-0 (Control), -7 and -14 after MCT injection. N=3 per 

group. (G) Normalized qRT-PCR data of pro-apoptotic gene TGFb1expression in the TSC 

from rats at day-0 (Control), -7 and -14 after MCT injection. N=3 per group. (H) 

Quantification of number of microglia/HPF in the TSC from rats at day-0 (Control), -7 and -

14 after MCT injection. (I) Percent activated microglia/HPF in the TSC from rats at day-0 

(Control), -7 and -14 after MCT injection. N=3 per group. ***p<0.001. (J) normalized qRT-

PCR data of pro-inflammatory gene Cx3Cl1 expression in the TSC from rats at day-0 

(Control), -7 and -14 after MCT injection. N=3 per group. **p<0.01. (K) Plasma 

norepinephrine level measured by ELISA from rats at day-0 (Control), -7 and -14 after 

MCT injection. N=6 per group. 
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Fig. S7, Razee et al
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Figure S7. Increased NPY in the ventral horn of TSC and circulating catecholamines 

as markers of sympathoexcitation in MCT- and SuHx-induced PH. (A) Representative 

images of immunofluorescence staining with anti-NPY (Red), anti-NeuN (Green), and 

DAPI (DNA; blue) from ventral horn gray matter. Lower panel shows enlarged view of NPY 

and NeuN colocalization (Yellow) in control compared with MCT and SuHx. N=3 per group.  

(B) Plasma norepinephrine levels measured by ELISA are significantly increased in MCT 

and SuHx rats compared to controls. N=5-6 per group. ***p<0.001, ****p<0.0001. 
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Figure S8. RNA-Seq based pathway enrichment analysis from TSC, right ventricles 

and lungs of MCT and SuHx rats. (A) Venn diagram showing significantly up-regulated 

pathways (based on FDR<0.05) and their overlap in thoracic spinal cords, right ventricles 

and lungs of MCT and SuHx groups respectively. (B) Venn diagram showing common 

significantly up-regulated pathways (based on FDR<0.05) in TSC, RV and lung 

highlighting proinflammatory signature in MCT- and SuHx-induced PH. 

 

 

 
 
Figure S9. Increased neuronal apoptosis in the TSC of MCT and SuHx rats. (A) 

Representative images of immunofluorescence staining with DAPI (DNA; blue), anti-NeuN 

(Neuron; Green), anti-Cleaved Caspase-3 (CC3; Red), CC3 and DAPI colocalization, 

NeuN and CC3 colocalization (Yellow) and merged images from the TSC of control, MCT 

and SuHx rats. N=3 per group. 
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Figure S10. Hypoxia or Sugen alone do not induce TSC NOS1 and 

Neuroinflammation. RVSP, Fulton Index, RVFAC, expression of NOS1 and Cx3cl1 in 

Control, hypoxia, and Sugen alone. N=6-12. *p<0.05, **p<0.01. 

 
 
 
 
 
 
Supplementary Tables 
 
 
Table S1: Leading edge upregulated genes from MCT vs. Control 

 
 
 
Table S2: Leading edge downregulated genes from MCT vs. Control 
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Hypoxia or Sugen alone do not induce TSC NOS1 and Neuroinflammation

Hedgehog signaling log2FC padj Hypoxia log2FC padj Apical junction log2FC padj Myogenesis log2FC padj Epithelial mesenchymal transition log2FC padj KRAS signaling dn log2FC padj

SLIT1 1.52923316 0.00132072 SERPINE1 2.15703066 0.00327275 VWF 1.93667602 3.81E-07 NOS1 2.91473019 0.00040949 SERPINE1 2.15703066 0.00327275 NOS1 2.91473019 0.00040949

L1CAM 1.2196331 0.00047839 MAFF 1.1804272 0.02459397 ATP1A3 1.47410359 3.37E-06 CACNA1H 1.30269704 0.00187157 COL4A1 1.21253977 0.00025107 SGK1 2.02187581 0.01781026

CNTFR 0.86338726 0.00040688 CTGF 1.12729245 0.00067825 ZYX 1.10264733 5.44E-08 CDKN1A 1.02703503 0.04111099 CTGF 1.12729245 0.00067825 CELSR2 1.92733061 0.00127072

ACHE 0.84116685 0.00012776 CDKN1A 1.02703503 0.04111099 NLGN2 1.01713745 0.00117823 TGFB1 0.95957948 0.01221739 ECM1 1.07790511 0.00758918 TCF7L1 1.29676197 0.00398718

NKX6-1 0.75475976 0.01954071 PFKL 1.00351614 1.55E-07 COL16A1 0.9830112 0.0150533 ACHE 0.84116685 0.00012776 FN1 1.00943264 3.00E-05 SLC5A5 1.2026906 0.00402044

VEGFA 0.64377283 0.02339733 NFIL3 0.84625767 0.0314438 JUP 0.8510631 0.01100947 MEF2D 0.82017115 0.0116954 COL16A1 0.9830112 0.0150533 SYNPO 1.15896479 0.00011156

TLE3 0.60021556 1.27E-06 IRS2 0.78999334 0.01191473 PKD1 0.83950447 0.00702429 GAA 0.74347084 0.00122352 SLIT3 0.97152188 0.00684493 EDN1 1.13918079 2.54E-06

CRMP1 0.49279734 0.03708276 ZFP36 0.77347349 0.00413902 NRXN2 0.82213913 0.00401279 GNAO1 0.70545644 0.00758918 TGFB1 0.95957948 0.01221739 ABCG4 0.93616392 0.00612042

RTN1 0.41531716 0.02179859 FOXO3 0.77076389 7.34E-05 FLNC 0.81853833 0.01739358 LPIN1 0.66252503 7.19E-06 LRP1 0.88346029 0.00301657 CLSTN3 0.90075433 0.00010213

LDB1 0.24365635 0.04444929 SLC2A1 0.74979411 2.65E-06 CX3CL1 0.80803224 0.00927777 SPTAN1 0.66097616 0.00711834 BGN 0.71395918 0.04776776 CNTFR 0.86338726 0.00040688

Oxidative phosphorylation log2FC padj MYC targets v1 log2FC padj E2F targets log2FC padj Fatty acid metabolismlog2FC padj G2M checkpoint log2FC padj Protein secretion log2FC padj
ATP5I -0.4602775 0.03014973 HSPE1 -0.4663213 0.0344881 HMMR -0.5156615 0.00726704 IDI1 -0.9945439 2.85E-08 HMMR -0.5156615 0.00726704 VAMP3 -0.4824885 0.00081044
HSD17B10 -0.4101781 0.02629044 SNRPB2 -0.4023445 0.0434563 PRIM2 -0.5146526 0.01640269 HMGCS1 -0.7918761 0.0395009 PRIM2 -0.5146526 0.01640269 RAB9A -0.4238423 0.00604386
NDUFB5 -0.4096467 0.03641204 EIF1AX -0.3749151 0.00840991 SMC4 -0.5053989 0.00069059 ALDH1A1 -0.525869 0.03224216 SMC4 -0.5053989 0.00069059 ARFIP1 -0.3679903 0.02110056
IDH1 -0.4018254 2.26E-05 ABCE1 -0.3419424 0.00023078 PLK4 -0.4664285 0.00996213 MCEE -0.4607909 0.01928823 PLK4 -0.4664285 0.00996213 TMED2 -0.3091218 0.00594054
CYB5A -0.3894884 0.01111554 EIF3J -0.3413659 0.00404205 NASP -0.3941683 0.00620641 HSD17B10 -0.4101781 0.02629044 KATNA1 -0.3945287 0.01961316 PPT1 -0.2441644 0.01115309
SDHC -0.3624935 0.00643443 YWHAQ -0.3406791 0.00277792 CBX5 -0.309343 0.04920589 IDH1 -0.4018254 2.26E-05 NASP -0.3941683 0.00620641 GLA -0.2226622 0.01178948
MRPL35 -0.3476328 0.03243418 EIF4A1 -0.337197 0.01133372 IPO7 -0.2848156 0.03661852 RDH11 -0.4004075 0.04287412 HIF1A -0.2981458 0.0020636 RER1 -0.2076079 0.04832511
MRPS22 -0.3048557 0.0230967 HNRNPA1 -0.264461 0.02074197 EED -0.2829055 0.02394236 HIBCH -0.3830768 0.00297677 DTYMK -0.2337329 0.04763575
PRDX3 -0.2616599 0.01824858 CLNS1A -0.2642205 0.02434174 AK2 -0.2786334 0.03587913 SDHC -0.3624935 0.00643443 CTCF -0.1979872 0.02459704
HADHB -0.2521579 0.0004723 PRDX3 -0.2616599 0.01824858 CSE1L -0.2742685 0.00081044 ECI2 -0.3311596 0.03449003
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Table S3: Leading edge upregulated genes from SuHx vs. Control 

 
 
Table S4: Leading edge downregulated genes from SuHx vs. Control 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Myogenesis log2FC padj Apical junction log2FC padj Hedgehog signaling log2FC padj TNFa signaling via NFkBlog2FC padj Epithelial mesenchymal transition log2FC padj Estrogen response early log2FC padj

NOS1 2.99711754 0.00011287 MYH9 2.23323215 0.05273871 SLIT1 1.89100726 1.99E-05 PER1 1.64049986 6.75E-05 TGFB1 1.27447756 0.00023292 CELSR2 2.20487632 7.69E-05

MYH9 2.23323215 0.05273871 ATP1A3 1.64037253 9.35E-08 L1CAM 1.4697053 6.94E-06 BCL3 1.577725 0.01898447 ECM1 1.24368912 0.0007332 NCOR2 1.79553703 2.00E-05

CACNA1H 1.56660571 5.31E-05 VWF 1.54761153 3.89E-05 ACHE 0.91605159 9.63E-06 KDM6B 1.44012204 0.00190701 SLIT3 1.12042022 0.00062203 CBFA2T3 1.38491412 0.00198345

TGFB1 1.27447756 0.00023292 NLGN2 1.20663041 3.53E-05 CNTFR 0.90803833 7.56E-05 NR4A1 1.34410983 0.00113308 COL4A1 1.1165481 0.00034093 WFS1 1.37086532 0.00053893

SOD3 1.24042158 0.00013149 CX3CL1 1.17070771 3.24E-05 NRP2 0.7289368 0.0379429 KLF2 1.18702462 1.84E-07 COL5A1 1.08843298 0.01862121 TJP3 1.30989669 0.02753758

NAV2 1.19070543 0.00736234 NRXN2 1.12139226 1.99E-05 NKX6-1 0.64121584 0.03201497 ZFP36 1.14086035 3.96E-06 CYR61 1.05610837 0.00128525 FLNB 1.21169322 0.00879893

MEF2D 0.97735456 0.00092609 ZYX 1.11408757 2.27E-08 TLE3 0.63564196 1.19E-07 CEBPB 1.06326416 0.0023259 COL16A1 1.02293558 0.00558921 NAV2 1.19070543 0.00736234

AGRN 0.95444814 0.00594105 COL16A1 1.02293558 0.00558921 RTN1 0.61294823 0.00015805 BTG2 1.06097519 0.00622523 LRP1 1.01943875 0.0002044 IGF1R 0.91300154 0.00293567

GAA 0.94641479 9.85E-06 JUP 1.00386351 0.00096895 CRMP1 0.58951571 0.00526393 EGR1 1.05773067 0.01987758 NOTCH2 0.94910812 0.00047049 FASN 0.85202853 0.02557508

MYOM2 0.93847503 0.01610441 PKD1 0.95409753 0.0008152 ETS2 0.39151693 0.02274943 CYR61 1.05610837 0.00128525 BGN 0.94102143 0.00317483 RET 0.81686885 1.73E-09

MYC targets v1 log2FC padj Oxidative phosphorylation log2FC padj Protein secretion log2FC padj E2F targets log2FC padj Fatty acid metabolismlog2FC padj mTORC1 signaling log2FC padj
MAD2L1 -0.6506953 0.01238654 CYCS -0.6540507 0.01289529 STX7 -0.6860614 0.04223023 PAICS -0.7376966 6.22E-06 CIDEA -1.6971151 0.00011225 ELOVL6 -1.4139301 0.01643881
PSMC6 -0.6283155 0.00660682 ETFA -0.6368364 0.00190588 YIPF6 -0.681641 0.00132626 SMC4 -0.691634 6.67E-07 IDI1 -1.0501473 1.73E-09 IDI1 -1.0501473 1.73E-09
SNRPB2 -0.6065325 0.00054773 TIMM8B -0.6331286 0.03408694 CAV2 -0.6310332 0.00049914 MAD2L1 -0.6506953 0.01238654 OSTC -0.5806135 0.00548695 PRDX1 -0.6667162 3.67E-05
EIF2S2 -0.6017194 0.00059868 COX6C -0.5648643 0.03220819 VAMP7 -0.6033581 0.00014836 PLK4 -0.6486813 8.26E-05 HSD17B10 -0.5639058 0.00061283 TM7SF2 -0.6529173 0.01212614
PRDX4 -0.5738238 0.00119421 HSD17B10 -0.5639058 0.00061283 VAMP3 -0.5645947 2.78E-05 RPA3 -0.5991998 0.00501784 ALDH1A1 -0.5373104 0.01581011 PSMC6 -0.6283155 0.00660682
SNRPD1 -0.5626125 0.00843077 ATP5L -0.5582338 0.04036535 SNAP23 -0.5637627 0.00222131 HMMR -0.5895495 0.0007792 IDH1 -0.4898324 4.67E-08 TCEA1 -0.618892 0.00219411
RPL22 -0.5624908 0.01668785 COX7C -0.5560833 0.04235892 BET1 -0.5588287 0.00333788 PRDX4 -0.5738238 0.00119421 HIBCH -0.4882273 3.89E-05 PSMA3 -0.6038286 0.00175107
PPIA -0.5316288 0.01970254 NDUFV2 -0.5516004 0.04313666 ARFIP1 -0.5546454 0.00011181 GINS4 -0.5442734 0.00738578 PTS -0.4749547 0.00506911 EIF2S2 -0.6017194 0.00059868
NPM1 -0.5314841 0.02614638 CYB5A -0.5515572 7.56E-05 RAB5A -0.5544714 0.00085748 TIPIN -0.5264054 0.02693264 DECR1 -0.4701517 0.00462211 CD9 -0.5453986 3.81E-05
HDDC2 -0.5256748 0.00680919 ATP6V1G1 -0.5435872 0.00582496 TPD52 -0.5037851 0.00090371 PRIM2 -0.5088931 0.00935769 DLD -0.4439073 0.01595298 PPIA -0.5316288 0.01970254
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Chapter 3: Chemo-ablation of Cardiopulmonary Afferents by Intrathecal RTX 

Prevents PH and RV Failure by Decreasing Thoracic Spinal Cord NOS1 and 

Neuroinflammation 
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Abstract 
 
Introduction: 
 
Pulmonary hypertension (PH) is associated with aberrant sympathoexcitation leading to 

RV failure (RVF), arrhythmias and death. We recently discovered that transient receptor 

potential vanilloid1+ (TRPV1+) cardiopulmonary afferent signaling mediated neuronal nitric 

oxide synthase (NOS1) activation leads to neuroinflammation and apoptosis in the thoracic 

spinal cord (TSC) that results in aberrant sympathoexcitation in preclinical and clinical PH-

RVF. Resiniferatoxin (RTX) is a TRPV1 agonist that can selectively ablate TRPV1+ 

primary sensory afferents. We hypothesize that focal chemo-ablation of TRPV1+ afferents 

in the TSC may prevent PH-RVF by reducing NOS1-mediated TSC neuroinflammation.  

 

Methods: 

Male SD rats received s.c. MCT (60mg/kg, n=12, 4wk) or Sugen (SuHx, 20mg/kg, n=6, 

3wk hypoxia+2wk normoxia). MCT rats received intrathecal RTX (2μg/30μl, L4/5, n=6) or 

PBS (30μl, L4/5, n=6) 5 days before MCT. Similarly, SuHx rats received intrathecal RTX 

(2μg/30μl, L4/5, n=3) or PBS (30μl, L4/5, n=3) 5 days before SuHx. Control rats received 

intrathecal RTX (2μg/30μl, L4/5, n=6). Echo, RV/LV catheterization were performed 

terminally. Lung+RV RNASeq as well as RT-qPCR, trichrome and immunofluorescence 

staining and quantifications were performed in rat TSC, lung and RV. Immunostaining of 

human TSC (Control=4; PAH=4) was also performed. Plasma catecholamines were 

measured by ELISA. Values are mean±SEM.  

Results: 

TRPV1+SP immunolocalization was significantly increased in the thoracic dorsal horns of 

MCT, SuHx and human PAH highlighting increased cardiopulmonary afferent signaling. 
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Intrathecal RTX abolished TRPV1 expression in thoracic dorsal horn of control, MCT and 

SuHx rats. RTX significantly decreased RVSP, heart rate, Fulton-index, RVIDd and 

plasma norepinephrine and increased RVFAC and body weight gain (all p<0.05) but did 

not affect LV pressure and LVEF in MCT and SuHx rats. However, RTX had no effects on 

any of the aforementioned parameters in control rats. Interestingly, RTX also significantly 

reduced total lung weight, pulmonary arteriolar wall thickness, perivascular and interstitial 

fibrosis in lung and RV of MCT and SuHx rats (all p<0.05). Further, RTX significantly 

decreased microglial count, percent activation, astrogliosis, NMDA-receptor GRIN2D and 

NOS1 expression as well as neuronal apoptosis in the TSC of MCT and SuHx rats (all 

p<0.05). RNASeq of lung and RV tissues from RTX-treated MCT rats demonstrated 

reversal of several pro-fibrotic (epithelial mesenchymal transition and TGFβ-signaling), 

inflammatory (mTORC1, IL2 STAT5, IL6 JAK STAT3 and TNFα-signaling via NFk-B) and 

apoptotic (p53 pathway) pathways and genes.  

 
Conclusions: 
 
Focal chemo-ablation of TRPV1+ afferents in the TSC attenuates PH severity and 

prevents RVF by decreasing NOS1-mediated TSC neuroinflammation in PH rats and may 

serve as a promising therapeutic target. 

 

Key words: Pulmonary hypertension; transcriptome; thoracic spinal cord; 

neuroinflammation; sympathoexcitation. 
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Introduction  

Pulmonary hypertension (PH) is characterized by persistent elevation of pulmonary arterial 

pressure caused by pulmonary vascular remodeling due to endothelial dysfunction, 

excessive smooth muscle cell proliferation and migration1. This leads to an increase in 

pulmonary vascular resistance (PVR), vasoconstriction, loss of distal pulmonary arteries, 

pressure overload, right ventricular hypertrophy, failure, arrhythmias and ultimately, 

death2. The pathogenesis of PH is associated with increased intracellular calcium leading 

to vasoconstriction, smooth muscle cell proliferation and migration as well as multi organ 

inflammation1. Particularly, microglial and astrocytic activation mediated neuroinflammation 

in the central nervous system (CNS) has been implicated in aberrant sympathoexcitation 

leading to arrhythmias and right ventricular failure (RVF) in PH3-5. Although RVF is the 

major cause of death among patients with PAH, none of the currently FDA approved 

therapies directly target right heart failure6. Sympathetic activity is always overactivated 

during the process of cardiac hypertrophy in PAH patients with relatively fixed stroke 

volume, hence, blocking aberrant sympathoexcitation would be a promising approach to 

prevent RVF6.  

The cardiac sympathetic afferent reflex (CSAR) regulates sympathetic tone through 

sympathetic afferent fibers, thoracic dorsal root ganglia (DRG) and spinal cord, 

hypothalamic and medullary brain regions and sympathetic efferent nerves7. Transient 

receptor potential vanilloid 1 (TRPV1) is expressed at the peripheral and central terminals 

of cardiopulmonary sensory afferents in the heart, lung and thoracic dorsal horn 

respectively and is responsible for sympathoexcitatory signal transmission7-11. Various 

inflammatory mediators modulate TRPV1 expression and activity in the CNS, while TRPV1 

exerts reciprocal actions over neuroinflammatory processes12. TRPV1 in the thoracic 
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dorsal horn has been shown to mediate neuropathic pain, promote microglial phagocytosis 

and produce IL-1β and reactive oxygen species (ROS) as well as regulate NF-κB pathway 

mediated neuroinflammation13-16. Several lines of evidence suggest that TRPV1 activation 

allows Ca2+ influx to release glutamate from the sensory afferent nerve endings, which 

activates post-synaptic N-methyl-D-aspartate receptors (NMDARs) to regulate neuronal 

nitric oxide synthase (NOS1) mediated nitric oxide (˙NO) production as well as microglial 

and astrocytic activation in the thoracic dorsal horn17-20. Consequently, TRPV1 ablation by 

epicardial capsaicin administration or spinal dorsal horn resection reduced 

proinflammatory cytokine expression21. TRPV1 is also expressed in afferent fibers 

throughout the respiratory tract and intrapulmonary arteries and influences visceral tissue 

homeostasis, cytoskeletal architecture reorganization as well as proliferation and migration 

of pulmonary arterial smooth muscle cells (PASMC) through Ca2+ influx11,22,23. Moreover, 

TRPV1 ablation by capsaicin pretreatment attenuated PH severity by reducing pro-

inflammatory cytokines and alleviating inflammation via p38MAPK pathway in the lung24,25. 

Several studies have shown that TRPV1 is involved in sensing blood pressure fluctuations 

and maintain the cardiovascular homoeostasis26,27. TRPV1 expressed in left ventricular 

tissues induces mitochondrial damage, autophagy and ROS production28. Moreover, 

TRPV1 has been shown to play a major role in the progression of cardiac hypertrophy, 

fibrosis and apoptosis leading to heart failure29,30,79. We recently reported increased 

TRPV1 expression and activation in the inflamed thoracic spinal cord (TSC) in 

experimental PH-RVF and patients with PAH3. However, the role of TRPV1 activation in 

the TSC neuroinflammation, sympathoexcitation and cardiopulmonary function in PH are 

yet to be fully elucidated.  

Resiniferatoxin (RTX) is an ultrapotent and selective TRPV1 agonist that can selectively 
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lesion TRPV1+ primary sensory afferents30. Intraperitoneal and intrathecal administration 

of RTX has been shown to abolish TRPV1 expression in the dorsal horn leading to 

decreased pain sensation, inflammation and over-activated CSAR, thereby preventing 

myocardial hypertrophy, fibrosis, and apoptosis30-34. Moreover, the application of RTX on 

the heart surface was shown to blunt CSAR that lasted for 10 weeks and attenuated 

cardiac remodeling as well as improved cardiovascular dysfunction in rats and swine with 

heart failure35-37. Recently, several phase1b studies targeting chemo-axotomy of the 

TRPV1+ afferents by intrathecal, epidural and intra-articular administration of RTX for 

cancer and osteoarthritis associated pain treatment have been successfully completed 

with no dose limiting toxicities11,38. Several studies have demonstrated that depleting 

TRPV1+ afferent nerve endings improved PH and RVF in different PH models24. 

Therefore, we administered RTX locally at the T1 to T2 and L4 to L5 spinal cord levels to 

ablate the TRPV1+ cardiopulmonary sensory nerve endings to determine the role of 

TRPV1 in TSC NOS1 expression, neuroinflammation, sympathoexcitation and 

cardiopulmonary function in two different rat models of severe PH-RVF. We hypothesize 

that focal chemo-ablation of TRPV1+ afferents in the TSC may prevent PH-RVF by 

reducing NOS1-mediated TSC neuroinflammation, apoptosis and sympathoexcitation. 

Investigating the effects of targeted TRPV1 inhibition will offer insights into a novel 

therapeutic strategy for PH and RVF.  

 

Materials and Methods  

All animal studies were performed in accordance with the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals. Protocols received UCLA animal 
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research committee approval. The details of materials and methods can be found in the 

online data supplement. 

Animals and groups 

RTX (Alomone Labs, Israel) was first dissolved in 100% ethanol to make the stock solution 

(concentration of 2 mg/ml) and then further diluted in 10 ml saline when used for. 

Male Sprague Dawley rats (200–250 g, n = 35) were used for our experiments. Rats were 

randomly assigned to three groups. The RTX alone group (n = 6) received 2 μg/30μl30 of 

single intrathecal (i.t.) RTX (L4/L5 intra spinal space), whereas the PBS+MCT group (n = 

6) received 30μl of PBS (L4/L5) and RTX+MCT group (n = 6) received 2 μg/30μl30 of 

single i.t. RTX (L4/L5) injection. 5-days after the PBS/RTX i.t. injections, the PBS+MCT 

and RTX+MCT rats received single subcutaneous (s.c.) injection of pulmonary endothelial 

toxin Monocrotaline (MCT, 60mg/kg) and were followed for 30-days (Fig. 1A). Similarly, 

PBS+SuHx group (n = 3) received single injection of 30μl PBS (L4/L5) and RTX+SuHx 

group (n = 3) received 2 μg/30μl30 of single i.t. RTX (L4/L5) injection. 5-days after the 

PBS/RTX i.t. injections, these rats received single s.c. injection of VEGF-receptor 

antagonist Sugen (SU5416, 20mg/kg) and kept in hypoxia (10% oxygen) for 3-weeks 

followed by 2-weeks of normoxia (Fig. 2A). To investigate the efficacy of RTX delivery 

location, we performed another experiment where we delivered single i.t. RTX in the T2/T3 

intra spinal space. Here, the RTX alone group (n = 3) received 2 μg/10μl30 of single i.t. 

RTX (T2/T3), whereas the RTX+MCT group (n = 8) received 2 μg/10μl30 of single i.t. RTX 

(T2/T3) injection. 5-days after the RTX i.t. injections, the RTX+MCT rats received single 

s.c. MCT injection (60mg/kg) and were followed for 30-days (Fig. 3A). 
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Intrathecal Injections 

Briefly, rats were anesthetized with isoflurane/O2 mixture (4%), and body temperature was 

maintained at 37±1°C using heating pads. Single intrathecal injections were administered 

with a 29-gage needle at L4/L5 level to avoid spinal cord injury; successful injections were 

documented with prominent tail flicks. For T2/T3 level drug delivery, a PE10 tube was 

inserted through cisterna magna to reach T2/T3. After delivering 2 μg/10μl of RTX through 

the PE10 tube, another 10μl of PBS was used to flush the tube. 

Echocardiography and Cardiopulmonary Hemodynamic Measurements 

Serial echocardiography (Vevo3100) was performed to monitor cardiopulmonary 

hemodynamics and the development of PH and RV dysfunction. Direct right heart 

catheterization (Millar SPR-671) was performed terminally to assess disease severity.   

RNA Extraction and qRT-PCR 

Real-time quantitative reverse transcription PCR (qRT-PCR) was performed with total 

RNA extracted from the TSC of RTX+PBS, PBS+MCT and RTX+MCT rats using Trizol 

(Invitrogen). Total RNA was also extracted from the RV and lung of PBS+MCT and 

RTX+MCT rats using Trizol (Invitrogen). 

RNA Sequencing Analysis 

NovaSeq S4 200 Cycles (Illumina) was performed on RV and lung tissues and differential 

expression analysis was conducted. Differentially expressed genes (DEGs) with false 

discovery rate (FDR) <0.05 were considered statistically significant. Gene set enrichment 

analysis was performed and Hallmark3 gene sets were obtained from molecular signature 

database (MSigDB)3. Enriched pathways considered statistically significant were defined 

by adjusted p-value <0.05.  
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Gross Histologic Analysis, Tissue Preparation and Imaging 

RV hypertrophy index was calculated as weight ratio of RV/(LV+IVS). Heart weight: body 

weight (HW:BW) and lung weight: body weight (LW:BW) ratio were calculated. Hearts, 

lungs and spinal cords were fixed and 4–6μm sections were obtained. Heart and lung 

tissue sections were stained with Masson’s trichrome staining. Images were acquired 

using a confocal microscope (Nikon). 

Immunofluorescence Staining and Quantification 

Thoracic spinal cord sections were stained with the primary antibodies against transient 

receptor potential vanilloid 1 (Anti-TRPV1), NMDAR-2D (Anti-Grin2D), neuronal nitric 

oxide synthase-1 (Anti-NOS1), microtubule-associated protein 2 (Anti-MAP2),  microglia 

(Anti-IBA1), astrocytes (Anti-GFAP), neurons (Anti-NeuN) and Cleaved Caspase-3 

(Asp175). RV and lung sections were stained with the primary antibodies against alpha-

smooth muscle actin (Anti-aSMA) and macrophage marker (Anti-F4/80).  Quantifications 

were performed using ImageJ.  

Plasma Norepinephrine Assays 

Plasma norepinephrine levels were quantified using an enzyme-linked immunosorbent 

assay (ELISA) kit (Abnova, KA1877) following the manufacturer’s protocols. 

Statistical Analysis 

Unpaired t-test and one-way ANOVA tests were used to compare between groups using 

GraphPad Prism. When significant differences were detected, individual mean values were 

compared by post-hoc tests that allowed for multiple comparisons. P<0.05 was considered 

statistically significant. Values are expressed as mean±SD. For RNA-seq, differential 

expression analysis was conducted using the R-program DeSeq2 correcting for multiple 

hypothesis testing using the Benjamini Hochberg method.  
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Results 

Lumbar intrathecal RTX administration prevents PH and RVF in MCT rats 

Previous studies have shown that TRPV1 is expressed in the superficial layers of the 

spinal dorsal horn, including laminae I and II and DRG3,38,39, which can be selectively 

abolished by systemic or focal administration of RTX30,31. TRPV1 expression was 

increased in the thoracic dorsal horn and DRG of PBS+MCT rats. Lumbar intrathecal RTX 

administration abolished TRPV1 expression of the thoracic dorsal horn and DRG in 

RTX+PBS and RTX+MCT rats (Figure 1B,C, S2). Lumbar intrathecal RTX significantly 

attenuated PH severity as demonstrated by decreased RVSP and prevented RVF as 

shown by decreased Fulton index, heart weight/ body weight, as well as increased 

RVFAC% in RTX+MCT compared to PBS+MCT (Figure 1B). However, RTX did not affect 

LV pressure and LVEF (Figure 1B). Importantly, lumbar intrathecal RTX significantly 

reduced MCT-induced increases in lung weight/ body weight (Figure 1B). MCT 

significantly reduced body weight gain in PBS+MCT rats, however, lumbar intrathecal RTX 

significantly increased body weight gain in RTX+MCT rats (Figure 1B). MCT caused 

significant increase in plasma NE in PBS+MCT rats. Lumbar intrathecal RTX 

administration remarkably prevented the rise of plasma NE in RTX+MCT rats (Figure 1B). 

Interestingly, lumbar intrathecal RTX also decreased heart rate in RTX+MCT rats (Figure 

1B). Echo data demonstrated that MCT caused significant decrease in RV contractility and 

increase in RV wall thickness and dilatation in PBS+MCT rats. Lumbar intrathecal RTX 

significantly increased RV contractility and decreased RV wall thickness and dilatation in 

RTX+MCT rats (Figure 1C). These data indicated that RTX injection via intrathecal route in 

L4/L5 segment can inhibit TRPV1 expression in the thoracic dorsal horn and improve 
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cardiopulmonary functions by decreasing sympathetic tone for a relatively long period in 

MCT-induced PH-RVF rats. 

 

Figure 1. Lumbar intrathecal RTX administration prevents PH and RVF in MCT rats (A) 

Experimental protocol. (B) RVSP, Fulton index, normalized qRT-PCR data of TRPV1 gene 

expression, RVFAC%, RVIDd, LVSP, LVEF, heart rate and plasma norepinephrine levels of 

PBS+RTX, PBS+MCT and RTX+MCT rats. N=4-6 per group. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. (C) Representative images of immunofluorescence staining with anti-TRPV1 (Green) 

from the thoracic dorsal horn of PBS+RTX, PBS+MCT and RTX+MCT rats. N=4 per group. B-

Mode and RV view of M-Mode echo showing RV dilatation, wall thickness and contractility in 

PBS+RTX, PBS+MCT and RTX+MCT rats. 

 

Lumbar intrathecal RTX administration prevents PH and RVF in SuHx rats 

To investigate the effect of lumbar intrathecal RTX administration in SuHx-induced PH-

RVF, we performed L4/L5 intrathecal RTX in the SuHx rats. TRPV1 expression was 

increased in the thoracic dorsal horn of PBS+SuHx rats. Lumbar intrathecal RTX 

administration abolished TRPV1 expression of the thoracic dorsal horn in RTX+SuHx rats 

(Figure 2C). Lumbar intrathecal RTX significantly attenuated PH severity as demonstrated 

by decreased RVSP and prevented RVF as shown by decreased Fulton index, heart  
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Figure 2. Lumbar intrathecal RTX administration prevents PH and RVF in SuHx rats 

(A) Experimental protocol. (B) RVSP, Fulton index, RVFAC%, RVIDd, LVSP, LVEF, heart 

rate and plasma norepinephrine levels of PBS+RTX, PBS+SuHx and RTX+SuHx rats. 

N=3-5 per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (C) Representative images 

of immunofluorescence staining with anti-TRPV1 (Green) from the thoracic dorsal horn of 

PBS+RTX, PBS+SuHx and RTX+SuHx rats. N=3 per group. B-Mode and RV view of M-

Mode echo showing RV dilatation, wall thickness and contractility in PBS+RTX, 

PBS+SuHx and RTX+SuHx rats. 

 

weight/ body weight, as well as increased RVFAC% in RTX+SuHx compared to 

PBS+SuHx (Figure 2B). However, RTX did not affect LV pressure and LVEF (Figure 2B). 

Importantly, lumbar intrathecal RTX significantly reduced SuHx-induced increases in lung 

weight/ body weight (Figure 2B). SuHx significantly reduced body weight gain in 

PBS+SuHx rats, however, lumbar intrathecal RTX significantly increased body weight gain 

in RTX+SuHx rats (Figure 2B). SuHx caused significant increase in plasma NE in 

PBS+SuHx rats. Lumbar intrathecal RTX administration remarkably prevented the rise of 
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plasma NE in RTX+SuHx rats (Figure 2B). Interestingly, lumbar intrathecal RTX also 

decreased heart rate in RTX+SuHx rats (Figure 2B). Echo data demonstrated that SuHx 

caused significant decrease in RV contractility and increase in RV wall thickness and 

dilatation in PBS+MCT rats. Lumbar intrathecal RTX significantly increased RV contractility 

and decreased RV wall thickness and dilatation in RTX+SuHx rats (Figure 2C). These data 

indicated that RTX injection via intrathecal route in L4/L5 segment can inhibit TRPV1 

expression in the thoracic dorsal horn and improve cardiopulmonary functions by 

decreasing sympathetic tone for a relatively long period in SuHx-induced PH-RVF rats. 

Thoracic intrathecal RTX administration prevents PH and RVF in MCT rats 

To investigate the efficacy of RTX delivery location in the spinal cord, we performed T2/T3 

intrathecal RTX administration in the MCT rats. TRPV1 expression was increased in the 

thoracic dorsal horn of PBS+MCT rats. Thoracic intrathecal RTX administration abolished 

TRPV1 expression of the thoracic dorsal horn in RTX+PBS and RTX+MCT rats (Figure 

3C). Thoracic intrathecal RTX significantly attenuated PH severity as demonstrated by 

decreased RVSP and prevented RVF as shown by decreased Fulton index, heart weight/ 

body weight, as well as increased RVFAC% in RTX+MCT compared to PBS+MCT (Figure 

3B). However, RTX did not affect LV pressure and LVEF (Figure 3B). Importantly, thoracic 

intrathecal RTX significantly reduced MCT-induced increases in lung weight/ body weight 

(Figure 3B). MCT significantly reduced body weight gain in PBS+MCT rats, however, 

thoracic intrathecal RTX significantly increased body weight gain in RTX+MCT rats (Figure 

3B). MCT caused significant increase in plasma NE in PBS+MCT rats. Thoracic intrathecal 

RTX administration remarkably prevented the rise of plasma NE in RTX+MCT rats (Figure 

3B). Interestingly, thoracic intrathecal RTX also decreased heart rate in RTX+MCT rats 

(Figure 3B). Echo data demonstrated that MCT caused significant decrease in RV 
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contractility and increase in RV wall thickness and dilatation in PBS+MCT rats. Thoracic 

intrathecal RTX significantly increased RV contractility and decreased RV wall thickness 

and dilatation in RTX+MCT rats (Figure 3C). These data indicated that RTX injection via 

intrathecal route in T2/T3 segment can inhibit TRPV1 expression in the thoracic dorsal 

horn similar to L4/L5 RTX injection and improve cardiopulmonary functions by decreasing 

sympathetic tone for a relatively long period in MCT-induced PH-RVF rats. 

 

 

 

 

Figure 3. Thoracic intrathecal RTX administration prevents PH and RVF in MCT rats (A) 

Experimental protocol. (B) RVSP, Fulton index, RVFAC%, RVIDd, LVSP, LVEF, heart rate and 

plasma norepinephrine levels of PBS+RTX, PBS+MCT and RTX+MCT rats. N=3-8 per group. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (C) Representative images of immunofluorescence 

staining with anti-TRPV1 (Green) from the thoracic dorsal horn of PBS+RTX, PBS+MCT and 

RTX+MCT rats. N=4 per group. B-Mode and RV view of M-Mode echo showing RV dilatation, wall 

thickness and contractility in PBS+RTX, PBS+MCT and RTX+MCT rats. 
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TRPV1 ablation attenuates TSC NMDAR and NOS1 expression, neuroinflammation 

and apoptosis  

TRPV1 activation has been implicated in the glutamatergic signaling mediated NOS1 

activation in CNS40, which leads to ˙NO production, oxidative and nitrosative stress, 

neuroinflammation, chemokine release, excitotoxicity, and neuronal apoptosis41,42. We 

investigated the role of TRPV1 ablation on TSC NMDAR and NOS1 expression, 

neuroinflammation as well as neuronal apoptosis. Lumbar intrathecal RTX administration 

significantly decreased MCT-induced increases in transcription and expression of NMDAR 

subunit, GRIN2D and NOS1 in the TSC of RTX+MCT rats (Figure 4A,B). Moreover, total 

microglial count, microglial percent activation, astrogliosis and expression of the 

fractalkine, CX3CL1 were significantly increased in the TSC of MCT-treated rats (Figure 

5A,B). Lumbar intrathecal RTX administration significantly decreased TSC microglial 

count, percent activation, astrogliosis and CX3CL1 expression in the RTX+MCT rats 

(Figure 5A,B). Moreover, lumbar intrathecal RTX administration significantly decreased 

MCT-induced increases in neuronal apoptosis demonstrated by cleaved Caspase-3+NeuN 

co-immunoreactivity and TGFb1 expression in the TSC of RTX+MCT rats (Figure 6). 

These data suggest an important regulatory role of TRPV1 in glutamatergic signaling 

mediated NOS1 expression, neuroinflammation and neuronal apoptosis in the TSC in PH-

RVF. 
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Figure 4. TRPV1 ablation attenuates TSC NMDAR and NOS1 expression (A) 

Representative images of immunofluorescence staining with neuronal marker anti-MAP2 

(Green), NMDAR subunit GRIN2D marker anti-GRIN2D (Red) and DNA marker DAPI 

(Blue) in the TSC of PBS+RTX, PBS+MCT and RTX+MCT rats. N=4 per group. 

Quantification of GRIN2D IR (IOD: integrated optical density). qRT-PCR data of Grin2D 

gene expression in the TSC of PBS+RTX, PBS+MCT and RTX+MCT rats. N=4 per group. 

*p<0.05, ****p<0.0001. (B) Representative images of immunofluorescence staining with 

neuronal marker anti-MAP2 (Green), Neuronal Nitric Oxide Synthase 1 marker anti-NOS1 

(Red) and DNA marker DAPI (Blue) in the TSC of PBS+RTX, PBS+MCT and RTX+MCT 

rats. N=4 per group. Quantification of NOS1 IR (IOD: integrated optical density). qRT-PCR 
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data of NOS1 gene expression in the TSC of PBS+RTX, PBS+MCT and RTX+MCT rats. 

N=4 per group. ****p<0.0001. 

 

Figure 5. TRPV1 ablation attenuates TSC astrocytic and microglial activation (A) 

Representative images of immunofluorescence staining with astrocytic marker anti-GFAP 

(Green) and DNA marker DAPI (Blue) in the TSC of PBS+RTX, PBS+MCT and RTX+MCT 

rats. N=4 per group. Quantification of GFAP IR (IOD: integrated optical density). qRT-PCR 

data of fractalkine Cx3Cl1 gene expression in the TSC of PBS+RTX, PBS+MCT and 

RTX+MCT rats. N=4 per group. **p<0.01, ***p<0.001. (B) Representative images of 

immunofluorescence staining with microglial marker anti-IBA1 (Red) and DNA marker 

DAPI (Blue) in the TSC of PBS+RTX, PBS+MCT and RTX+MCT rats. N=4 per group. 

Quantifications of number of microglia per high power field (HPF), and % microglial 

activation/HPF in the TSC. N=4 per group. 
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Figure 6. TRPV1 ablation attenuates neuronal apoptosis in the TSC. Representative 

images of immunofluorescence staining with DAPI (DNA; blue), anti-NeuN (Neuron; 

Green), anti-Cleaved Caspase-3 (CC3; Red), CC3 and DAPI colocalization, NeuN and 

CC3 colocalization (Yellow) and merged images from the TSC of PBS+RTX, PBS+MCT 

and RTX+MCT rats. N=4 per group. 

 

 

 

TRPV1 ablation results in reversal of RV transcriptomic signature in MCT rats 

To investigate the therapeutic effects of intrathecal TRPV1 ablation on MCT-induced RV 

remodeling, RNASeq of RV tissue was performed on PBS+MCT vs. RTX+MCT rats 

(Figures 7, Table 1). Hierarchical clustering of top DEGs (FDR<0.05) from RV RNASeq 

revealed 20 differentially expressed genes, among which 9 were up- and 11 down-

regulated in the RTX-treated group compared to PBS-treated MCT rats (Figure 7A, Table 
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1). Gene Set Enrichment Analysis revealed 25 hallmark pathways significantly enriched 

(FDR<0.05) in RTX-treated group compared to PBS-treated MCT rats (Figure 7B). 

Hallmark analysis demonstrated significant down-regulation (FDR<0.05) of many pro-

inflammatory pathways such as mTORC1 signaling, IL2 STAT5 signaling, TNFa signaling 

via NFk-B, IL6 JAK STAT3 signaling, PI3K AKT mTOR signaling and inflammatory 

response in RTX-treated MCT rats (Figure 7B). Many significantly downregulated pro-

inflammatory genes, such as, MAP2K3, CxCr4, Tomm40 and NOTCH3 were enriched in 

these pathways (Table 1). Moreover, RV RNASeq revealed TGFβ-signaling and Wnt/beta-

catenin signaling as some of the top down-regulated pro-fibrotic pathways along with 

downregulation of pro-fibrotic genes such as TGFb1, Eng, FURIN, SMAD6 and ID1 in 

RTX-treated MCT rats (Figure 7B, Table 1). Similarly, several down-regulated pro-

apoptotic genes such as PPP1R15A, TGFβ1, PERP, NDRG1 and IER5 were enriched in 

down-regulated p53 pathway in the RV of RTX-treated group (Figure 7B, Table 1). 

Interestingly, trichrome staining validated significantly decreased MCT-induced increases 

in perivascular and interstitial RV fibrosis in the RTX-treated rats (Figure 7C). Moreover, 

immunostaining with F4/80 confirmed MCT-induced increases in activated macrophages in 

the RV of PBS+MCT rats. Lumbar intrathecal RTX administration remarkably reduced 

activated macrophages in the RV in RTX+MCT rats (Figure 7D). 
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Figure 7. TRPV1 ablation results in reversal of RV transcriptomic signature in MCT 

rats. (A) RNA-Seq based heat map showing DEGs from the RV of PBS+MCT (Blue) and 

RTX+MCT (Red) groups. N=4 per group. (B) Bar plot showing normalized 

enrichment scores (NES) for Hallmark pathways derived from Gene Set Enrichment 

Analysis (GSEA). For GSEA, differentially expressed genes between PBS+MCT vs. 

RTX+MCT were ranked by the Wald statistic derived from DESeq2. Bars in blue and red 

represent statistically significant (FDR<0.05) pathways in PBS+MCT and RTX+MCT, 

respectively, that are either up- or downregulated. N=4 per group. Red boxes in the bar 

plot indicate downregulation of pro-fibrotic, pro-inflammatory and pro-apoptotic pathways. 

(C) Trichrome staining showing interstitial and perivascular fibrosis (Black arrow) in the RV 

of PBS+RTX, PBS+MCT and RTX+MCT rats. N=4 per group. (D) Representative images 

of immunofluorescence staining with activated macrophage marker F4-80, anti-F4-80 
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(Green), cell membrane marker WGA, anti-WGA (Red), and DAPI (blue) from the RV of 

PBS+RTX, PBS+MCT and RTX+MCT rats. N=4 per group. 

 

Figure 8. TRPV1 ablation results in reversal of lung transcriptomic signature in MCT 

rats. (A) RNA-Seq based heat map showing DEGs from the lung of PBS+MCT (Blue) and 

RTX+MCT (Red) groups. N=4 per group. (B) Bar plot showing normalized 

enrichment scores (NES) for Hallmark pathways derived from Gene Set Enrichment 

Analysis (GSEA). For GSEA, differentially expressed genes between PBS+MCT vs. 

RTX+MCT were ranked by the Wald statistic derived from DESeq2. Bars in blue and red 

represent statistically significant (FDR<0.05) pathways in PBS+MCT and RTX+MCT, 

respectively, that are either up- or downregulated. N=4 per group. Red boxes in the bar 

plot indicate downregulation of pro-fibrotic, pro-inflammatory and pro-apoptotic pathways. 

(C) Trichrome staining showing interstitial and perivascular fibrosis (Black arrow) and 

arteriolar wall thickness in the lung of PBS+RTX, PBS+MCT and RTX+MCT rats. N=4 per 
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group. (D) Representative images of immunofluorescence staining with activated 

macrophage marker F4-80, anti-F4-80 (Green), smooth muscle marker aSMA, anti-aSMA 

(Red), and DAPI (blue) from the lung of PBS+RTX, PBS+MCT and RTX+MCT rats. N=4 

per group. 

 

 

 

TRPV1 ablation results in reversal of lung transcriptomic signature in MCT rats 

To investigate the therapeutic effects of intrathecal TRPV1 ablation on MCT-induced 

remodeling in the lung, RNASeq of lung tissue was performed on PBS+MCT vs. 

RTX+MCT rats (Figures 8, Table 1). Hierarchical clustering of top DEGs (FDR<0.05) from 

lung RNASeq revealed 260 differentially expressed genes that were either up- or down-

regulated in the RTX-treated group compared to PBS-treated MCT rats (Figure 8A, Table 

1). Gene Set Enrichment Analysis revealed 29 hallmark pathways significantly enriched 

(FDR<0.05) in RTX-treated group compared to PBS-treated MCT rats (Figure 8B). 

Hallmark analysis demonstrated significant down-regulation (FDR<0.05) of many pro-

inflammatory pathways such as TNFa signaling via NFk-B, inflammatory response, 

mTORC1 signaling, IL6 JAK STAT3 signaling, KRAS signaling, Interferon gamma 

response, IL2 STAT5 signaling and PI3K AKT mTOR signaling in the lung of RTX-treated 

MCT rats (Figure 8B). Many significantly downregulated pro-inflammatory genes, such as, 

IL6, CD38, CxCl9, TNF and Cx3Cl1 were enriched in these pathways (Table 1). Moreover, 

lung RNASeq revealed TGFβ-signaling and epithelial mesenchymal transition as some of 

the top down-regulated pro-fibrotic pathways along with downregulation of pro-fibrotic 

genes such as Serpine2, Fabp4, Ctsk, Lgmn and CD44 in RTX-treated MCT rats (Figure 
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8B, Table 1). Similarly, several down-regulated pro-apoptotic genes such as MAPKAPK3, 

IER3, PLK3, BAK1 and Slc7a11 were enriched in down-regulated apoptosis and p53 

pathway in the lung of RTX-treated group (Figure 8B, Table 1). Interestingly, trichrome 

staining validated significantly decreased MCT-induced increases in lung arteriolar wall 

thickness as well as perivascular and interstitial lung fibrosis in the RTX-treated rats 

(Figure 8C). Moreover, immunostaining with F4/80 confirmed MCT-induced increases in 

activated macrophages in the lung of PBS+MCT rats. Lumbar intrathecal RTX 

administration remarkably reduced activated macrophages in the lung in RTX+MCT rats 

(Figure 8D). 
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Discussion 

In this study, we demonstrated that intrathecal RTX administration abolished TRPV1 

expression of the thoracic dorsal horn, attenuated PH severity and prevented RVF by 

decreasing cardiac sympathetic tone in two pre-clinical rat models of severe PH-RVF 

induced by MCT and SuHx, respectively (Figure 1-3). Mechanistically, NMDAR-NOS1 

mediated neuroinflammation and neuronal apoptosis in the TSC in PH is dependent on 

TRPV1 activation, as intrathecal RTX reduced NMDAR and NOS1 expression, microglial 

and astrocytic activation and apoptosis in the TSC of MCT rats (Figure 4-6). Importantly, 

intrathecal RTX administration prevented PH-induced RV remodeling, including RV 

hypertrophy, fibrosis, inflammation and apoptosis (Figure 1,7). Similarly, RTX prevented 

MCT-induced lung remodeling, including pulmonary arteriolar wall thickness, fibrosis, 

inflammation and apoptosis (Figure 8). To our knowledge, these findings are the first to 

reveal that selective chemo-ablation of TRPV1+ sensory afferents in the TSC might exert 

cardiopulmonary protective effects by ameliorating TSC neuroinflammation and associated 

sympatoexcitation in PH. 

Our previous study demonstrated increased TRPV1 expression and activation, microglial 

and astrocytic activation mediated neuroinflammation and neuronal apoptosis in the TSC 

as well as increased sympathoexcitation in MCT- and SuHx-induced PH rats and human 

with PAH3. However, the role of TRPV1 activation in the TSC neuroinflammation, 

sympathoexcitation and cardiopulmonary function in PH are still unknown. The neuronal 

cell bodies of cardiac sympathetic afferent nerves are located in the thoracic DRG with one 

terminal projected to the epicardial surface, and the other mainly terminates in laminae 

I, V, VII, and X of spinal segments T2–T643. TRPV1 is expressed in both of these 

terminals, which can be ablated for a long period through epicardial brushing of RTX at 
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the peripheral terminal or focal chemo-ablation at the spinal terminals30-34,37. The 

application of RTX on the heart surface by brushing was shown to successfully ablate 

cardiac TRPV1 expressing nociceptive afferents, blunt CSAR that lasted over 10 weeks 

and attenuate cardiac remodeling, autonomic dysfunction as well as improve 

cardiovascular dysfunction in rats and swine with heart failure35-37,44. However, brushing 

RTX on the surface of the heart or percutaneous epicardial RTX application in clinical 

background is challenging. Therefore, the spinal terminals of cardiac afferent nerves 

might be a potential target for focal chemo-ablation. In fact, intrathecal administration of 

RTX has been shown to abolish TRPV1 expression in the dorsal horn, which resulted in 

reduction of pain, inflammation, thermal hypersensitivity and over-activated CSAR, thereby 

preventing myocardial hypertrophy, fibrosis, and apoptosis30-34,38. Hence, we administered 

RTX intrathecally at the T2-T3 and L4-L5 spinal cord levels to ablate the TRPV1+ 

cardiopulmonary sensory nerve endings to determine the role of TRPV1 in TSC NOS1 

expression, neuroinflammation, sympathoexcitation and cardiopulmonary function in two 

different rat models of severe PH-RVF. Consequently, we observed that intrathecal RTX 

administration selectively ablated the cardiopulmonary afferents by inhibiting TRPV1 

expression in the thoracic dorsal horn in normal and PH rats.  

TRPV1 activation in the thoracic dorsal horn has been shown to promote microglial 

activation mediated release of inflammatory cytokines and ROS as well as regulate NF-κB 

pathway mediated neuroinflammation13-16. TRPV1 activation has also been implicated in 

NMDAR mediated NOS1 activation and ˙NO production leading to oxidative and 

nitrosative stress, neuroinflammation, chemokine release, excitotoxicity, and neuronal 

apoptosis in the CNS17-20. A number of studies demonstrated that during various 

pathologic conditions including hypertension, myocardial infarction, and chronic heart 
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failure, NOS1 upregulation plays an essential role in the sympathoexcitatory and pressor 

action of ˙NO at the RVLM and TSC by increasing systemic arterial pressure, heart rate 

and sympathetic neurogenic vasomotor tone mediated by norepinephrine release from the 

sympathetic nerve terminals10,19,25. Therefore, the weakened effects of RTX administration 

on sympathetic tone demonstrated by decreased plasma NE and HR in the present study 

may be associated with decreased NMDAR-NOS1 mediated TSC neuroinflammation due 

to blunting spinal-cardiopulmonary nervous system interaction. In CHF and hypertension 

over-activated CSAR has been shown to increase sympathetic tone and NE release 

elevating blood pressure and cardiac function, which is known as a positive feedback 

characteristic36,37,45,46. RTX was shown to reduce TRPV1 expression in the heart and DRG 

and weakened sympathoexcitatory responses to capsaicin stimulation8. 

In the present study, intrathecal RTX administration significantly attenuated MCT- and 

SuHx-induced PH severity. Several studies have demonstrated that depleting afferent 

nerve endings by capsacin treatment in the lung improved PH and RV hypertrophy in 

MCT, pulmonary artery banding and perinatal hypoxia PH models47,48. Cardiac compliance 

is determined by the structural properties of the cardiac muscle and connective tissue49,50. 

Our study demonstrated that TRPV1+ cardiopulmonary afferent nerve ablation in the TSC 

by intrathecal RTX administration can protect the heart against PH-induced RV 

hypertrophy (Figure 1-3). In PH rats, cardiac fibrosis contributes to RV remodeling and 

systolic dysfunction51. Our histological data confirmed that intrathecal RTX administration 

significantly attenuated PH-induced interstitial and perivascular RV fibrosis and RV systolic 

dysfunction (Figures 1,7). Focal ablation of TRPV1-expressing CSAR afferents via 

epicardial application of RTX was shown to attenuate cardiac remodeling and autonomic 

dysfunction in HF37. Moreover, TRPV1 antagonist had also been reported to improve 
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cardiac hypertrophy, inflammation, fibrosis, and apoptosis52. RV inflammation contributes 

to impaired RV contractility, maladaptive remodeling and a vicious circle between RV and 

pulmonary vascular injury in PH53. The current study demonstrated significant reduction in 

PH-induced RV inflammation by intrathecal RTX administration in PH rats. 

Previous studies have shown that TRPV1 channels in the neutral terminals play a complex 

role in modulating sympathetic efferent activities8,54,55. Shanks et al showed that inhibiting 

thoracic TRPV1-expressing afferent soma at the T1–T4 DRG by epidural application of 

RTX abolished cardiac and pulmonary sympathoexcitatory responses 10 weeks post-RTX 

administration55. These data and others demonstrate that TRPV1 is expressed in afferent 

fibers throughout the respiratory tract and intrapulmonary arteries and influences visceral 

tissue homeostasis, cytoskeletal architecture reorganization as well as proliferation and 

migration of pulmonary arterial smooth muscle cells (PASMC) through Ca2+ influx11,22,23. 

Moreover, TRPV1 ablation by capsaicin pretreatment attenuated PH severity by reducing 

pro-inflammatory cytokines and alleviating inflammation via p38MAPK pathway in the 

lung24,25. In the current study we demonstrated that intrathecal RTX administration 

significantly attenuated MCT-induced respiratory dysfunction and PH by decreasing 

pulmonary arteriolar wall thickness, interstitial and perivascular lung fibrosis and 

inflammation.  

RNASeq of RV and lung tissues from intrathecal RTX-treated MCT rats demonstrated 

promising therapeutic potential of TRPV1+ cardiopulmonary sensory afferent inhibition 

through reversal of several pro-fibrotic, inflammatory and apoptotic pathways and genes in 

both organs (Figures 7,8; Tables 1,2). Fibrosis, inflammation and cell death are important 

contributors of cardiac and pulmonary remodeling under pressure overload in PH-RVF49,56-
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58. The anti-fibrotic, anti-inflammatory and anti-apoptotic effects of intrathecal RTX in our 

study might exert cardiopulmonary protective effects through reducing the rigidity of the 

heart and lung. NE has been shown to enhance cardiac fibrosis through TGFb signaling59-

61. Our data demonstrated a significant reduction of both plasma NE and TGFb signaling in 

the RV of RTX-treated MCT rats leading to reduced fibrosis (Figures 1,7; Table 1). NE has 

been shown to induce oxidative stress, cardiomyocyte hypertrophy, fibrosis, activation of 

MAPK (Mainly p38 and ERK1/2) and AKT as well as NF-kB to release inflammatory 

cytokines in cultured cardiomyocytes62,63. Also, NE has been implicated in the activation of 

cardiac proinflammatory cytokines IL-6, IL-1b and TNF-a64-67. Moreover, NE is also known 

to induce apoptosis in cardiomyocytes68,69. Several studies have demonstrated that NE 

induces pulmonary injury with edema and inflammation by increased expression of several 

cytokines70. Elevated plasma norepinephrine leads to severe inflammatory reactions 

during transition into pulmonary fibrosis leading to the development of acute lung injury 

and acute respiratory distress syndrome71. Therefore, we believe that the reversal of 

fibrotic, inflammatory and apoptotic signatures in the lung and RV in our study were due to 

reduced NE release from the sympathetic nerve terminals in RTX-treated MCT rats. 

Given that the TRPV1 channels are expressed in various organs and have diverse roles in 

pathophysiological conditions, systemic intervention of TRPV1 might be harmful72. 

Previous studies have shown that TRPV1 activation produced several beneficial effects on 

cardiovascular diseases, such as PH, atherosclerosis, hypertension, and ischemia-

reperfusion injury, by modulating ˙NO and substance P production and Ca2+ 

influx26,54,73,74. TRPV1 activation by dietary capsaicin intake has been shown to reduce 

cardiac fibrosis, oxidative stress and hypertrophy, and prevent congestive HF 

development75. TRPV1 knock-out mice (TRPV1-/-) had excessive inflammation, cardiac 
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hypertrophy, and deteriorated cardiac function after transverse aortic constriction76,79. 

Therefore, in this study, we specifically ablated TRPV1 expression in the thoracic dorsal 

horn through intrathecal RTX administration in the T2-T3 and L4-L5 segments, which 

blunted the spinal terminal of the cardiac afferent nerve. The cardiopulmonary protective 

effects of RTX in the present study demonstrates the therapeutic potential of excitatory 

chemosensitive sympathetic afferents in PH.  

The current study has few limitations. First, we didn’t administer RTX systemically or 

through epicardial application. We could not confirm whether all cardiac afferents were 

abolished through lumbar or thoracic RTX administration; however, a previous study 

reported that injectants delivered through intrathecal route can gradually diffuse on the 

surface of the spinal cord77. Second, RTX injection was administered five days before 

MCT or Sugen injections in this study. Therefore, we could not confirm whether RTX has 

comparable therapeutic effects on neuroinflammation and cardiopulmonary protection if 

RTX was given several days or weeks after PH induction. Further studies are needed to 

decipher these issues. Moreover, future studies should investigate the role of NMDAR-

NOS1 axis as downstream of TRPV1 gene in TSC neuroinflammation, sympathoexcitation 

and cardiopulmonary function in PH-RVF. 
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Supplementary Figures 

 
Figure S1. Intrathecal RTX administration prevents PH and RVF in MCT and SuHx 

rats (A) Heart weight/body weight, lung weight/body weight and body weight gain of 

PBS+RTX, PBS+MCT and RTX+MCT rats from lumbar intrathecal RTX administration. 

N=4-6 per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (B) Heart weight/body 

weight, lung weight/body weight and body weight gain of PBS+RTX, PBS+SuHx and 

RTX+SuHx rats from lumbar intrathecal RTX administration. N=4-6 per group. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. (C) Heart weight/body weight, lung weight/body 

weight and body weight gain of PBS+RTX, PBS+MCT and RTX+MCT rats from thoracic 
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intrathecal RTX administration. N=4-6 per group. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 

Figure S2. Timecourse of TRPV1 expression in the thoracic dorsal horn of MCT rats. 

Representative images of immunofluorescence staining with anti-TRPV1 (Green) from the 

thoracic dorsal horn of MCT-treated rats from Day-7 and Day-14 compared to control 

(Day-0). N=3 per group. 

 

 

Figure S3. Lumbar intrathecal RTX administration reduces TRPV1 expression in the 

thoracic DRG in PBS and MCT rats. Representative images of immunofluorescence 

staining with anti-TRPV1 (Green) from the thoracic DRG of PBS+RTX, PBS+MCT and 

RTX+MCT rats. N=4 per group. 
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Supplementary Tables  

Table S1: Leading edge down-regulated RV genes from RTX-treated MCT vs. PBS-

treated MCT rats 

 

 

 

 

 

 

 

 

 

 

 

Gene Full Name Expression Log2Fold 
Change 

Padj Value 

Pro-Apoptotic Genes 
 
PPP1R15A 

RTX VS PBS 

Protein 
Phosphatase 1 

Regulatory 
Subunit 15A 

 
 

Decreased 

 
 
-0.584373892 

 
 

0.001072462273 

NDRG1 
RTX VS PBS 

N-Myc 
Downstream 
Regulated 1 

 
Decreased 

 
-0.792178613 

 
0.001758628049 

 
IER5 

RTX VS PBS 

Immediate 
Early 

Response 5 
 

 
Decreased 

 
-0.594494566 

 
0.002687176717 
 

 
 
RRAD 

RTX VS PBS 

RRAD, Ras 
Related 

Glycolysis 
Inhibitor And 

Calcium 
Channel 

Regulator 

 
 
 

Decreased 

 
 
 
-0.777640479 

 
 
 
0.009655909538 
 

 
PERP 

RTX VS PBS 

P53 Apoptosis 
Effector 

Related To 
PMP22 

 
Decreased 

 
-0.782562520 

 
0.01036982568 

 

TGFb1 
RTX VS PBS 

Transforming 
Growth Factor 

Beta 1 

 
Decreased 

 
-0.506570152 

 
0.02497108604 

AK1 
       RTX VS PBS 

Adenylate 
Kinase 1 

 
Decreased 

 
-0.621116930 

 
0.03390791437 

Gene Full Name Expression Log2Fold 
Change 

Padj 
Value 

Pro-inflammatory Genes    
                                                                                                       
 
MAP2K3 

RTX VS PBS 

Mitogen-
activated 

protein kinase 
kinase 3 

 
Decreased 

 
-1.154536817 

 
0.001299501
068 

 

CxCr4 
RTX VS PBS 

C-X-C Motif 
Chemokine 
Receptor 4 

 
Decreased 

 
-0.562177884 

 
0.009474014
078 

 
 
Tomm40 

RTX VS PBS 

Translocase 
Of Outer 

Mitochondrial 
Membrane 40 

 
Decreased 

 
-0.751712247 

 
0.046835681
58 
 

SMAD6 
RTX VS PBS 

SMAD Family 
Member 6 

 
Decreased 

 
-1.374167942 

 
2.35E-05 

 
NDRG1 

RTX VS PBS 
N-Myc 

Downstream 
Regulated 1 

 
Decreased 

 
-0.792178613 

 
0.001758628
049 

 
PPP1R15A 

RTX VS PBS 

Protein 
Phosphatase 1 

Regulatory 
Subunit 15A 

 
Decreased 

 
-0.584373892 

 
0.001072462

273 

TGM2 
RTX VS PBS 

Transglutamin
ase 2 

 

 
Decreased 

 
-0.782464879 

 
0.002822957
236 
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Table S2: Leading edge down-regulated lung genes from RTX-treated MCT vs. PBS-

treated MCT rats 

 

 

 

 

 

 

 

 

 

Mapkapk2 
RTX VS PBS 

MAPK 
Activated 

Protein Kinase 
2 

 
Decreased 

 
-0.647650570 

 
0.020645425
56 
 

Ccr4 
RTX VS PBS 

C-C Motif 
Chemokine 
Receptor 3 

 
Decreased 

 
-3.590452604 

 
0.022968109
57 
 

 
STAT3 

RTX VS PBS 

Signal 
Transducer 

And Activator 
Of 

Transcription 3 

 
Decreased 

 
-0.440311500 

 
0.032579129
05 
 

Gene Full Name Expression Log2Fold 
Change 

Padj 
Value 

Pro-fibrotic Genes 
TGFb1 

RTX VS PBS 
Transforming 
Growth Factor 

Beta 1 

 
Decreased 

 
-0.506570152 

 
0.024971086
04 

Eng 
RTX VS PBS 

Endoglin  
Decreased 

 
-0.630935168 

 
0.000986595
81 

 
FURIN 

RTX VS PBS 
Furin  

Decreased 
 

-0.535934103 
 

0.041864294
96 

 
SMAD6 

RTX VS PBS 
SMAD Family 

Member 6 
 

Decreased 
 

-1.374167942 
 

2.35E-05 
 

ID1 
RTX VS PBS 

Inhibitor Of 
DNA Binding 1 

 
Decreased 

 
-0.485496100 

 
0.043598817
98 

 

Gene Full Name Expression Log2Fold 
Change 

Padj 
Value 

Pro-Apoptotic Genes 
 
MAPKAPK3 

RTX VS PBS 

MAPK 
activated 

protein kinase 
3 

 
Decreased 

 
-0.6990320819 

 
0.0006962878 

IER3 
RTX VS PBS 

Immediate 
Early 

Response 3 

 
Decreased 

 
-0.4907065252 

 
0.0031226307 

PLK3 
RTX VS PBS 

Polo Like 
Kinase 3 

 
Decreased 

 
-0.3262871934 

 
0.0090156837 

BAK1 
RTX VS PBS 

BCL2 
Antagonist/Kill
er 1 

 
Decreased 

 
-0.2575605804 

 
0.0242558071 

Slc7a11 
RTX VS PBS 

Brain And 
Muscle ARNT-

Like 1 

 
Decreased 

 
-1.822906869 

 
1.86E-06 

TXNIP 
RTX VS PBS 

Thioredoxin 
Interacting 
Protein 

 
Decreased 

 
-0.6312734935 

 
0.0053828510 

 

ATF3 
        RTX VS PBS 

Activating 
Transcription 

Factor 3 

 
Decreased 

 
-0.3889560628 

 
0.0099213914 
 

GM2A 
RTX VS PBS 

 
Ganglioside 

GM2 activator 

 
Decreased 

 
-0.7558638396 

 
0.0003259840 

Gene Full Name Expression Log2Fold 
Change 

Padj Value 

Pro-inflammatory Genes    
                                                                                                       



185  

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Full Name Expression Log2Fold 
Change 

Padj Value 

Pro-fibrotic Genes 
Serpine2 
       RTX VS PBS 

Microfibril 
Associated 
Protein 4 

 
Decreased 

 
-1.055447099 

 
5.49E-05 

Fabp4 
       RTX VS PBS 

Fatty Acid 
Binding 
Protein 4 

 
Decreased 

 
-1.809232165 

 
9.39E-05 

Ctsk 
       RTX VS PBS 

Cathepsin K  
Decreased 

 
-1.854727808 

 
2.34E-09 

CD44 
       RTX VS PBS 

CD44 
molecule 

 
Decreased 

 
-0.350104654 

 
0.0170278820 

Lgmn 
       RTX VS PBS 

 
Legumain 

 
Decreased 

 
-0.896492831 

 
0.0023997814 

Slc7a11 
       RTX VS PBS 

Brain And 
Muscle ARNT-

Like 1 

 
Decreased 

 
-1.822906869 

 
1.86E-06 

Areg 
       RTX VS PBS 

 
Amphiregulin 

 
Decreased 

 
-1.758111764 

 
9.51E-27 

 
Areg 
       RTX VS PBS 

Urokinase 
Plasminogen 

Activator 
Surface 

Receptor 

 
Decreased 

 
-0.702078256 

 

 
1.21E-08 

Vim 
       RTX VS PBS 

 
Vimentin 

 
Decreased 

 
-0.253224478 

 
0.1689562402 

 

 

Socs3 
RTX VS PBS 

Suppressor of 
Cytokine 

Signaling-3 

 
Decreased 

 
-1.127566253 

 
3.9E-07 

Fabp4 
RTX VS PBS 

Fatty Acid 
Binding 

Protein 4 

 
Decreased 

 
-1.809232165 

 
9.39E-05 

Itgam 
RTX VS PBS 

Integrin 
Subunit Alpha 

M 

 
Decreased 

 
-1.389226051 

 
4.63E-08 

Ctsk 
RTX VS PBS 

Cathepsin K  
Decreased 

 
-1.854727808 

 
2.34E-09 

Lgmn 
RTX VS PBS 

Legumain  
Decreased 

 
-0.896492831 

 
0.00239978148 

Cx3Cl1 
RTX VS PBS 

C-X3-C motif 
chemokine 

ligand 1 

 
Decreased 

 
-0.882417753 

 
0.004424342001 

TNF 
RTX VS PBS 

Tumor 
Necrosis 
Factor 

 
Decreased 

 
-1.224910817 

 
0.004519735874 

SOD2 
RTX VS PBS 

Superoxide 
dismutase 2 

 
Decreased 

 
-1.167570759 

 
9.62E-05 

IL6 
RTX VS PBS 

 
Interleukin 6 

 
Decreased 

 
-1.961836844 

 
0.0136557241 

CxCl6 
RTX VS PBS 

C-X-C motif 
chemokine 

ligand 6 

 
Decreased 

 
-3.428559241 

 
9.29E-07 

CxCl1 
RTX VS PBS 

C-X-C motif 
chemokine 

ligand 1 

 
Decreased 

 
-1.849154413 

 
1.62E-05 

CxCl9 
RTX VS PBS 

C-X-C motif 
chemokine 

ligand 9 

 
Decreased 

 
-1.15168674 

 
0.0015847566 

CD38 
RTX VS PBS 

Brain And 
Muscle ARNT-

Like 1 

 
Decreased 

 
-0.515125000 

 
0.0079871566 
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Abstract  
 
Rationale  

Pulmonary hypertension (PH) is associated with aberrant sympathoexcitation leading to 

right ventricular failure (RVF), arrhythmias and death. Neuroinflammation is implicated in 

sympathoexcitation in experimental PH. We recently reported the first evidence of TRPV1+ 

cardiopulmonary afferent signaling mediated NMDAR-NOS1 axis activation, microgliosis, 

astrogliosis and apoptosis in thoracic spinal cord (TSC) and associated 

sympathoexcitation in PH. Here we hypothesize: 1) Cardiopulmonary afferent signaling in 

PH activates NMDAR-NOS1-axis leading to neuroinflammation and apoptosis in TSC; 2) 

Pharmacologic neuromodulation targeting TSC NMDAR-NOS1-axis may rescue PH and 

RVF. 

 
Objectives  

To investigate the role of NMDAR-NOS1-axis mediated neuroinflammation and apoptosis 

in TSC of experimental PH. 

Methods  

Monocrotaline (MCT) and Sugen-hypoxia (SuHx) rat models of PH were used. MCT-rats 

received intrathecal NOS1-inhibitor S-Methyl-L-thiocitrulline (SMTC; 0.5mg/kg/day, n=11), 

NMDAR antagonist AP-5 (30µg/rat/day, n=5) from day 14-28. Echocardiography and 

catheterization were performed. TSC, RV and lung RNASeq, RT-qPCR, NOS-

activity+immunolocalization, microgliosis+astrogliosis, TUNEL and plasma norepinephrine 

were assessed. Human TSC from controls and PH were assessed by 

immunofluorescence.  

Measurements and Main Results 

TSC-transcriptomics highlighted neuroinflammation, nitrosative stress and apoptosis and 
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identified NOS1 as well as several NMDAR-subunit genes as some of the top-most 

upregulated genes in TSC but not lumbar. Increased TSC NOS1 was validated by PCR, 

immunostaining and activity assay in PH rats and patients with PAH. Mechanistically, TSC 

NOS1-activation was NMDAR-dependent as AP-5 decreased NOS1, neuroinflammation, 

apoptosis and attenuated PH-RVF in rats. SMTC rescued PH, reduced RV-hypertrophy 

and improved RV-function by decreasing TSC NOS-activity, microgliosis+astrogliosis and 

apoptosis resulting in reduced plasma norepinephrine. RV and lung-RNASeq from SMTC-

group demonstrated reversal of pro-fibrotic, pro-proliferative, SNS/RAAS-related and pro-

inflammatory signatures.  

Conclusions 

In PH, cardiopulmonary afferent signaling triggers NMDAR-mediated NOS1 activation 

leading to TSC neuroinflammation, apoptosis and excitotoxicity. Intrathecal NOS1-

inhibition rescues PH and RVF.  

 

Key words: Pulmonary hypertension; transcriptome; thoracic spinal cord; 

neuroinflammation; sympathoexcitation. 
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Introduction  

Pulmonary hypertension (PH) is associated with aberrant sympathoexcitation leading to 

right ventricular failure (RVF), arrhythmias and death1-3. Neuroinflammation in the central 

nervous system (CNS) has been implicated in sympathetic nervous system (SNS) 

hyperactivity through microglial and astrocytic activation and release of several pro-

inflammatory cytokines and chemokines in experimental PH1-6. The thoracic spinal cord 

(TSC) is responsible for integrating signals from cardiopulmonary sensory nerve endings 

and several brain regions related to the autonomic functions, which leads the sympathetic 

preganglionic neurons to regulate sympathetic vasomotor tone by releasing 

norepinephrine from their terminals4,7. We recently reported microglial and astrocytic 

activation mediated neuroinflammation in the TSC in pre-clinical and clinical PH-RVF8. 

However, the precise molecular mechanisms and impact of TSC neuroinflammation on 

cardiopulmonary function in PH are yet to be fully elucidated.  

To this end, our recent study demonstrated transcriptomic remodeling in the TSC 

highlighting increased glutamatergic excitatory signaling and neuronal nitric oxide 

synthase (NOS1) upregulation in two pre-clinical rat models of severe PH-RVF8. N-methyl-

D-aspartate receptor (NMDAR) mediated NOS1 upregulation in the CNS is known to 

induce oxidative and nitrosative stress, neuroinflammation, chemokine release, 

excitotoxicity, and neuronal apoptosis9,10. Various pain, neurodegenerative and 

cardiovascular disease studies have indicated that during pathologic conditions primary 

sensory nerve endings lead to increased glutamate release in the spinal dorsal horn, 

which in turn activates NMDARs in the second order spinothalamic neurons resulting in 

Ca2+ influx and activation of NOS19-17. Subsequent increase of nitric oxide (˙NO) 

production not only reinforces the glutamatergic signaling through retrograde transfer but 
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also activates astrocytes and microglia to produce further ˙NO, cytokines and chemokines 

9-17. Excessive ˙NO combines with superoxide (O2˙−) to form peroxynitrite (ONOO−), which 

leads to neuroinflammation18,19. Peroxynitrite is a potent nitrating and oxidizing reactive 

nitrogen species (RNS), which is known to induce neuronal excitotoxicity and apoptosis 

through multiple mechanisms, including lipid peroxidation, mitochondrial damage, protein 

nitration, nitrosylation and oxidation, depletion of antioxidant reserves, and DNA damage 

followed by the activation of the nuclear enzyme poly(ADP-ribose) polymerase 

(PARP)15,20. 

In this study, we investigated whether NOS1 activation in the TSC is NMDAR-dependent 

and the role of NOS1-mediated TSC neuroinflammation, apoptosis and associated 

sympathoexcitation in PH-RVF. We hypothesize that in PH, cardiopulmonary afferent 

signaling activates NMDAR-NOS1 axis resulting in TSC neuroinflammation,  apoptosis, 

and associated sympathoexcitation, which leads to further worsening of PH and RVF. 

Furthermore, targeted intrathecal NOS1 inhibition rescues PH and RVF by attenuating 

TSC neuroinflammation, apoptosis and associated sympathoexcitation. Elucidating the 

cellular and molecular mechanisms associated with TSC neuroinflammation underpinning 

the PH-RVF progression is crucial for developing new therapies. Investigating the effect of 

targeted TSC NOS1 inhibition will offer insights into a novel therapeutic strategy for PH 

and RVF.  

Materials and Methods  

All animal studies were performed in accordance with the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals. Protocols received UCLA animal 

research committee approval. The details of materials and methods can be found in the 

online data supplement. 



204  

Animal Models of Pulmonary Hypertension 

Monocrotaline (MCT, n=8) and Sugen-hypoxia (SuHx, n=8) rat models of PH were used. 

Phosphate buffered saline (PBS) treated rats served as controls (CTRL, n=8) (Figure 1A). 

For time-course experiment, MCT-treated rats at day-7 (n=6) and day-14 (n=6) were used 

(Figure 1G). 

Intrathecal Injections 

Intrathecal NMDAR antagonist AP-5 (30µg/rat/day, Tocris, Cat. 0105, in 30µl PBS, 

n=4)21,22 injections were performed daily on a group of MCT-treated rats from day 14-28 

post MCT injection and were compared with MCT rats treated with daily intrathecal PBS 

(30µl, n=5). Similarly, intrathecal NOS1-inhibitor S-Methyl-L-thiocitrulline (SMTC; 

0.5mg/kg/day, Millipore Sigma, Cat. M5171, in 30µl PBS n=11)17 injections were 

performed daily on another group of MCT-treated rats from day 14-28 post MCT injection 

and were compared with MCT rats treated with daily intrathecal PBS (30µl, n=11). Briefly, 

rats were anesthetized with isoflurane/O2 mixture (4%), and body temperature was 

maintained at 37±1°C using heating pads. Daily intrathecal injections were administered 

with a 29-gage needle at L4-5 level to avoid spinal cord injury; successful injections were 

documented with prominent tail flicks.  

Echocardiography and Cardiopulmonary Hemodynamic Measurements 

Serial echocardiography (Vevo3100) was performed to monitor cardiopulmonary 

hemodynamics and the development of PH and RV dysfunction. Direct right heart 

catheterization (Millar SPR-671) was performed terminally to assess disease severity.   

RNA Extraction and qRT-PCR 
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Real-time quantitative reverse transcription PCR (qRT-PCR) was performed with total 

RNA extracted from the thoracic and lumbar regions of spinal cord from control, MCT, 

SuHx, MCT+PBS and MCT+SMTC rats using Trizol (Invitrogen). 

RNA Sequencing Analysis 

NextSeq400 (Illumina) was performed on rat RV and lung tissue and differential 

expression analysis was conducted. Differentially expressed genes (DEGs) with false 

discovery rate (FDR) <0.05 were considered statistically significant. Gene set enrichment 

analysis was performed and Hallmark8 gene sets were obtained from molecular signature 

database (MSigDB)8. Enriched pathways considered statistically significant were defined 

by adjusted p-value <0.05.  

Gross Histologic Analysis, Tissue Preparation and Imaging 

RV hypertrophy index was calculated as weight ratio of RV/(LV+IVS). Hearts, lungs and 

spinal cords were fixed and 4–6μm sections were obtained. Heart and lung tissue sections 

were stained with Masson’s trichrome staining. Images were acquired using a confocal 

microscope (Nikon). 

Human Thoracic Spinal Cord Tissue Sections 

To validate some of the key findings from rat TSC in human PAH spinal cord we  collected 

autopsy samples from PAH patients (n=3) and controls (n=3) through our collaborators at 

the UCLA Department of Pathology. Tissues were sectioned at 4–6μm for 

immunostainings. 

Immunofluorescence Staining and Quantification 

Thoracic spinal cord sections were stained with the primary antibodies against neuronal 

nitric oxide synthase-1 (Anti-NOS1), microtubule-associated protein 2 (Anti-MAP2),  

NMDA2R (Anti-GRIN2D), Cx3Cl1 (Anti-Cx3Cl1), microglia (Anti-IBA1), astrocytes (Anti-
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GFAP), neurons (Anti-NeuN) and Cleaved Caspase-3 (Asp175). RV and lung sections 

were stained with the primary antibodies against transient receptor potential vanilloid 1 

(Anti-TRPV1), substance P (Anti-SP), anti-vWF and Anti-aSMA.  Quantifications were 

performed using ImageJ.  

TUNEL Staining 

Thoracic spinal cord sections were stained with the terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) Assay Kit-BrdU-Red (Abcam, ab66110) and the TUNEL+ 

cells were calculated as integrated optical density using ImageJ (1.45p, NIH, Bethesda, 

MD).  

Plasma Norepinephrine Assays 

Plasma norepinephrine level was quantified using an enzyme-linked immunosorbent assay 

(ELISA) kit (Abnova, KA1877) following the manufacturer’s protocols. 

NOS Activity Assays 

TSC NOS activity levels were quantified using a fluorometric assay (Nitric Oxide Synthase 

Activity Assay) kit (Abcam, ab211084) following the manufacturer’s protocols. 

Statistical Analysis 

Unpaired t-test and one-way ANOVA tests were used to compare between groups using 

GraphPad Prism. When significant differences were detected, individual mean values were 

compared by post-hoc tests that allowed for multiple comparisons. P<0.05 was considered 

statistically significant. Values are expressed as mean±SD. For RNA-seq, differential 

expression analysis was conducted using the R-program DeSeq2 correcting for multiple 

hypothesis testing using the Benjamini Hochberg method.  
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Results 

Increased Signature of Glutamatergic and NOS1 Signaling in the TSC of MCT and 

SuHx Rats and PAH patients 

RNA-seq was performed to investigate the transcriptomic remodeling of the TSC of MCT- 

and SuHx-induced PH rats (Figure 1). Hierarchical clustering of top DEGs (FDR<0.05) 

from TSC RNASeq of MCT and SuHx rats demonstrated increased expression of multiple 

N-methyl-D-aspartate receptor (NMDAR) subunit genes, neuronal nitric oxide synthase 

(NOS1) and it’s adaptor protein (NOS1AP) as well as endothelial nitric oxide synthase 

(NOS3), whereas inducible nitric oxide synthase (NOS2) was unchanged (Figure 1B). 

Increased NMDAR subunit Grin2D immunoreactivity was confirmed in the TSC of both 

MCT and SuHx rats (Figure 1C). PCR validation confirmed preferential and significant 

increase of NOS1 in the TSC, but not lumbar spinal cord (Figure 1D,E). NOS specific 

activity assay demonstrated significantly increased NOS activity in the TSC of both rat 

models (Figure 1F). Increased NOS1 expression was also confirmed in the TSC of PAH 

patients (Figure 1G). Immunostaining demonstrated increased NOS1 localization in 

neurons as well as activated astrocytes and microglia in the TSC of MCT, SuHx rats and 

PAH patients (Figure 1G,J, S1). To investigate the NOS1 expression levels as a function 

of PH and RVF development, a time-course experiment was performed in MCT rats 

(Figure 1H). Interestingly, there was no significant increase in NOS1 transcription and 

immunoreactivity in the TSC at day-7, however, significantly increased NOS1 transcription 

and immunoreactivity was observed at day-14 (Figure 1H,I). This coincided with a 

significant increase in RVSP, Fulton Index and neuroinflammation at day-148. 
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Figure 1. Increased Signature of Glutamatergic and NOS1 Signaling in the TSC of MCT and 

SuHx Rats and PAH patients (A) Experimental protocol. (B) Top common significantly 

upregulated DEGs from the TSC RNA-Seq of MCT (red) and SuHx (blue). (C) Representative 

images of immunofluorescence staining with anti-MAP2 (Green), anti-GRIN2D (Red), and DAPI 

(DNA; blue) from the TSC of Control, MCT and SuHx rats. N=3 per group. (D) Normalized qRT-

PCR data of NOS1 gene expression in the TSC of Control, MCT and SuHx. N=4 per group. 

**p<0.01. (E) Normalized qRT-PCR data of NOS1 gene expression in the lumbar spinal cord of 

Control, MCT and SuHx. N=3 per group. (F) TSC NOS specific activity (mU/µg) of Control, MCT 

and SuHx. N=4 per group. **p<0.01. (G) Representative immunofluorescence images of NOS1 
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(Red), and DAPI (blue) in controls and PAH patients. N=4 per group. (H) Time course experimental 

protocol. (I) Normalized qRT-PCR data of NOS1 gene expression in the TSC of Control, Day-7 and 

Day-14 MCT rats. N=3 per group. *p<0.05, **p<0.01. (J) Representative images of 

immunofluorescence staining with anti-MAP2 (Green), anti-NOS1 (Red), and DAPI (blue) from the 

TSC of Control, Day-7 and Day-14 MCT rats. N=3 per group. 

 

 

TSC NOS1 activation is NMDAR-dependent in PH-RVF 

To investigate whether NOS1 activation in the TSC in PH rats is NMDAR-dependent, 

pharmacologic inhibition of NMDAR was performed using daily intrathecal injections of AP-

5 (30µg/day/rat in 30µl PBS, at L4-5) in MCT rats from day 14-28 (Figure 2A). AP-5 

significantly attenuated PH severity as demonstrated by decreased RVSP and rescued 

RVF as shown by increased RVFAC and decreased Fulton index of RV hypertrophy but 

did not affect LV pressure and LVEF (Figure 2B, C). Importantly, AP-5 significantly 

reduced plasma norepinephrine and lung arteriolar wall thickness in the MCT rats (Figure 

2B,C). Further, AP-5 resulted in a significant decrease in total microglial count, microglial 

percent activation, astrogliosis and expression of NMDAR subunit GRIN2D, NOS1, 

fractalkine CX3CL1 as well as pro-apoptotic, transforming growth factor-β1 (TGFb1) in the 

TSC (Figure 2C-F, S2). These hemodynamics and histological data suggest an important 

regulatory role of NMDAR in TSC NOS1 activation and associated neuroinflammation, 

apoptosis as well as  sympathoexcitation in PH-RVF. 
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Figure 2. AP5 attenuates MCT induced PH and RVF by reducing TSC NOS1, 

neuroinflammation and associated sympathoexcitation. (A) Experimental Protocol. (B) PA 

Doppler, B-Mode echo and cross section from lung in PBS and AP5 treated MCT rats.  (C) RVSP, 

Fulton index, RVFAC, LVSP, LVEF, quantification of pulmonary vascular (arteriolar) wall thickness, 

quantification of number of microglia/HPF and percent activated microglia/HPF, normalized qRT-

PCR data of NOS1 and apoptotic gene TGFb1 expression in the TSC of PBS and AP5 treated 

MCT rats. Plasma norepinephrine level measured by ELISA in PBS and AP5 treated MCT rats. 

N=3-6 per group. *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001. (D) Representative images of 

immunofluorescence staining with microglial marker anti-Iba1 (Red), astrocytic marker anti-GFAP 

(Green) and DNA marker DAPI (Blue) in the TSC of PBS and Minocycline treated MCT rats. N=3 

per group. (E) Representative images of immunofluorescence staining with anti-MAP2 (Green), 

anti-GRIN2D (Red), and DAPI (DNA; blue) from the TSC of Control, MCT and SuHx rats. N=3 per 

group. (F) Representative images of immunofluorescence staining with anti-MAP2 (Green), anti-
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NOS1 (Red), and DAPI (blue) from the TSC of Control, Day-7 and Day-14 MCT rats. N=3 per 

group. 

 

 

Figure 3. NOS1 inhibition attenuates MCT induced PH and RVF. (A) Experimental Protocol. (B) 

RVSP, Fulton index, RVIDd, RVFAC, LVSP, LVEF, FS%, and quantification of pulmonary vascular 

(arteriolar) wall thickness of PBS and SMTC treated MCT rats. N=3-11 per group. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. (C) Lung cross section and B-Mode echo from PBS and 

SMTC treated MCT rats. (D) TSC and LSC NOS specific activity (mU/µg) of PBS and SMTC-

treated MCT rats. N=4-7 per group. ***p<0.001. (E) Representative images of immunofluorescence 

staining with anti-NOS1 (Red), and DAPI (blue) from the TSC of PBS and SMTC-treated MCT rats. 

N=3 per group. 

 

TSC NOS1 inhibition rescues PH and RVF in MCT rats 

To investigate the role of increased TSC NOS1 in PH rats, pharmacologic inhibition of 

NOS1 was performed using daily intrathecal injections of S-Methyl-L-thiocitrulline (SMTC, 
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RVF as shown by decreased Fulton index and RVID as well as increased RVFAC (Figure 

3B, C). However, SMTC did not affect LV pressure, LVEF and FS% (Figure 3B, C). 

Importantly, SMTC significantly reduced lung arteriolar wall thickness in the MCT rats 

(Figure 3B, C). Immunostaining confirmed significantly decreased NOS1 expression in the 

TSC of SMTC treated rats (Figure 3E). NOS specific activity assay demonstrated 

significantly decreased NOS activity in the TSC of MCT rats, but lumbar NOS activity was 

unchanged (Figure 3D). These hemodynamics data suggest an important regulatory role 

of TSC NOS1 in PH-RVF. 

NOS1 inhibition attenuates TSC neuroinflammation and apoptosis and decreases 

sympathoexcitation 

Intrathecal SMTC treatment resulted in a significant decrease in total microglial count, 

microglial percent activation, astrogliosis and expression of the fractalkine, CX3CL1 in the 

TSC of MCT-treated rats (Figure 4A-C). Moreover, significantly decreased apoptosis in the 

TSC of SMTC-treated rats was validated by TUNEL staining and reduced transcription of 

TGFb1 (Figure 5A, B). Interestingly, decreased cleaved Caspase-3 immunoreactivity and 

it’s colocalization with NeuN in the TSC of SMTC-treated rats confirmed reduced neuronal 

apoptosis in this region (Figure 5C). Importantly, SMTC significantly reduced sympathetic 

activation marker, plasma norepinephrine levels in the MCT rats (Figure 4D). These data 

suggest an important regulatory role of NOS1 in TSC neuroinflammation, apoptosis and 

associated sympathoexcitation in PH. 
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Figure 4. NOS1 inhibition attenuates TSC neuroinflammation and decreases 

sympathoexcitation in MCT induced PH rats. (A) Representative images of 

immunofluorescence staining with Iba1 (Red) and DAPI (Blue) in the TSC of PBS and 

SMTC-treated MCT rats. (B) Representative images of immunofluorescence staining with 

GFAP (Green) and DAPI (blue) from the TSC of PBS and SMTC-treated MCT rats. (C) 

Quantification of number of microglia/HPF and percent activated microglia/HPF, 

normalized qRT-PCR data of Cx3Cl1 gene expression and GFAP quantification in the TSC 

of PBS and SMTC-treated MCT rats. N=3-5 per group. *p<0.05, **p<0.01, ***p<0.001 

****p<0.0001. (D) Plasma norepinephrine level measured by ELISA in PBS and SMTC 

treated MCT rats. N=6-7 per group. ****p<0.0001. 

 

Figure 5. NOS1 inhibition attenuates neuronal apoptosis in the TSC of MCT induced 

PH rats. (A) TUNEL staining showing DAPI (Blue) and BRDU (Red) validating increased 
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apoptosis in the TSC of PBS and SMTC-treated MCT rats. (B) Quantification of TUNEL 

positive cells (integrated optical density). N=4 per group. ****p<0.0001. (C) Normalized 

qRT-PCR data of pro-apoptotic TGFb1 gene expression in the TSC of PBS and SMTC-

treated MCT rats. N=3 per group. *p<0.05. (D) Representative images of 

immunofluorescence staining with DAPI (blue), anti-NeuN (Green), anti-Cleaved Caspase-

3 (CC3; Red), CC3 and DAPI colocalization, NeuN and CC3 colocalization (Yellow) and 

merged images from the TSC of PBS and SMTC-treated MCT rats. N=3 per group. 

 

 

 

TSC NOS1 inhibition results in reversal of RV transcriptomic signature in MCT rats 

To investigate the therapeutic effects of intrathecal SMTC treatment on RV, RNASeq on 

RV tissue was performed from MCT+PBS vs. MCT+SMTC rats (Figures 6, Table 1). 

Hierarchical clustering of top DEGs (FDR<0.05) from RV RNASeq revealed 716  

differentially expressed genes that were either up- or down-regulated in the SMTC treated 

group compared to MCT rats (Figure 6A, Table 1). Gene Set Enrichment Analysis 

revealed 29 hallmark pathways significantly enriched (FDR<0.05) in SMTC-treated group 

compared to MCT rats (Figure 6B). Hallmark analysis demonstrated significant down-

regulation (FDR<0.05) of pro-inflammatory pathways such as Hypoxia, IL2 STAT5 

signaling, and KRAS signaling in SMTC-treated group (Figure 6B). Many significantly 

downregulated pro-inflammatory genes, such as, CCND2, MAPK1, NOTCH3 were 

enriched in these pathways (Table 1). Moreover, RV RNASeq revealed epithelial 

mesenchymal transition and TGFβ-signaling as some of the top down-regulated pro-

fibrotic pathways along with downregulation of pro-fibrotic genes such as COL4a3, 
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COL14a1, ITGB5 and MMP2 in SMTC-treated group (Figure 6B, Table 1). Similarly, 

several down-regulated pro-apoptotic genes such as FOXO3, TGFβR2, BCL2L2 and 

MMP2 were enriched in down-regulated apoptosis pathway in the RV of SMTC-treated 

group (Figure 6B, Table 1). Interestingly, many SNS, RAAS and arrhythmia related genes, 

such as CAMK2D, ADRA1A, ADRA2A, ACE2, KCNJ2, RYR2, GJA1 and DBH were 

significantly down-regulated in the SMTC-treated rats compared to MCT group (Table 1).  

EMT/EndMT, fibrosis, inflammation and apoptosis play important regulatory role in the 

development and progression of PH23-25 and RVF26. Decreased vWF and aSMA 

coimmunolocalization in the RV arteriolar endothelial cells validated decreased 

EMT/EndMT in SMTC-treated MCT rats compared to PBS-treated MCT group (Figure 6C). 

Moreover, decreased RV fibrosis in the SMTC-treated MCT rats was validated by 

trichrome staining (Figure 6C). Substance P27-32 and norepinephrine33-46 are known to 

induce cardiac fibrosis, EMT/EndMT, inflammation and apoptosis during various 

pathological conditions. To investigate the potential role of SP and NE on RV tissue, 

human coronary artery endothelial cells (HCAECs), and human cardiac fibroblasts (HCFs) 

were incubated with SP (150 ug/mL) and NE (10uM) for 48 hours and stained to assess 

endothelial-to-mesenchymal transition (EndMT) in coronary artery ECs (vWF+aSMA), and 

fibroblast-to-myofibroblast transdifferentiation (FMT) in HCFs (Vim+aSMA) (Figure S3). 

Both SP and NE induced increased EndMT and FMT in HCAECs and HCFs respectively 

(Figure S3). Interestingly, decreased TRPV1 and  SP immunoreactivity and their 

colocalization in the RV tissue was demonstrated in the SMTC-treated MCT rats compared 

to PBS-treated MCT group (Figure 6C). 
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Figure 6. NOS1 inhibition results in reversal of RV transcriptomic signature in MCT-

induced PH rats. (A) RNA-Seq based heat map showing DEGs from the RV of MCT+PBS 

(Blue) and MCT+SMTC (Red) groups. (B) Bar plot showing normalized enrichment scores 

(NES) for Hallmark pathways derived from Gene Set Enrichment Analysis (GSEA). For 

GSEA, differentially expressed genes between MCT+PBS vs. MCT+SMTC were ranked 

by the Wald statistic derived from DESeq2. Bars in blue and red represent statistically 

significant (FDR<0.05) pathways in MCT+PBS and MCT+SMTC, respectively, that are 

either up- or downregulated. N=4 per group. Red boxes in the bar plot indicate 

downregulation of pro-fibrotic, pro-inflammatory and pro-apoptotic pathways. (C) 

Representative images of immunofluorescence staining with anti-vWR (Green), anti-aSMA 

(Red), and DAPI (blue) from the RV of PBS and SMTC-treated MCT rats. N=3 per group. 

Trichrome staining showing interstitial fibrosis (Black arrow) in the RV of PBS and SMTC-
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treated MCT rats. N=3 per group. Representative images of immunofluorescence staining 

with anti-TRPV1 (Green), anti-SP (Red), and DAPI (blue) from the RV of PBS and SMTC-

treated MCT rats. N=3 per group. 

 

 

 

NOS1 inhibition results in reversal of lung transcriptomic signature in MCT rats 

To investigate the therapeutic effects of intrathecal SMTC treatment on lung, RNASeq on 

lung tissue was performed from MCT+PBS vs. MCT+SMTC rats (Figures 7, Table 1). 

Hierarchical clustering of top DEGs (FDR<0.05) from lung RNASeq revealed 30  

differentially expressed genes, among which 20 were up- and 10 were down-regulated in 

the SMTC treated group compared to MCT rats (Figure 7A, Table 1). Gene Set 

Enrichment Analysis revealed 12 hallmark pathways significantly enriched (FDR<0.05) in 

SMTC-treated group compared to MCT rats (Figure 7B). Hallmark analysis demonstrated 

significant down-regulation (FDR<0.05) of pro-inflammatory pathways such as Hypoxia, 

TNFα signaling via NF-κB, mTORC1 signaling, interferon gamma response, IL2 STAT5 

signaling, inflammatory response and IL-6 JAK-STAT3 signaling in SMTC-treated group 

(Figure 7B). Many significantly downregulated pro-inflammatory genes, such as, 

Ebna1bp2, Fabp4, Itgam, Ctsk, Lgmn and Arntl (Bmal1) were enriched in these pathways 

(Table 1). Moreover, lung RNASeq revealed epithelial mesenchymal transition as the 

topmost down-regulated pro-fibrotic pathways along with downregulation of pro-fibrotic 

genes such as Mfap4, Fabp4, Ctsk,  Ltbp2, LGmn and Arntl (Bmal1) in SMTC-treated 

group (Figure 7B, Table 1).  
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Interestingly, significantly decreased vWF and aSMA coimmunolocalization in the lung 

arteriolar endothelium demonstrated decreased EMT/EndMT in the SMTC-treated MCT 

rats compared to PBS-treated MCT group (Figure 7C). Moreover, decreased lung fibrosis 

in the SMTC-treated rats was validated by trichrome staining (Figure 3C). Substance P47,48 

and norepinephrine49,51 are known to induce EMT/EndMT, fibrosis, inflammation and 

apoptosis in the lung tissue during various pathological conditions. To investigate the 

potential effects of SP and NE on lung cells, human pulmonary artery endothelial cells 

(HPAECs) were incubated with SP (150 ug/mL) and NE (10uM) for 48 hrs and stained to 

assess endothelial-to-mesenchymal transition (EndMT) in pulmonary artery ECs 

(vWF+aSMA). Both SP and NE induced increased EndMT in HPAECs (Figure S3). 

Interestingly, decreased TRPV1 and  SP immunoreactivity and their colocalization in the 

lung tissue was demonstrated in the SMTC-treated MCT rats compared to PBS-treated 

MCT group (Figure 7C). 
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Figure 7. NOS1 inhibition results in reversal of lung transcriptomic signature in 

MCT-induced PH rats. (A) RNA-Seq based heat map showing DEGs from the lung of 

MCT+PBS (Blue) and MCT+SMTC (Red) groups. (B) Bar plot showing normalized 

enrichment scores (NES) for Hallmark pathways derived from Gene Set Enrichment 

Analysis (GSEA). For GSEA, differentially expressed genes between MCT+PBS vs. 

MCT+SMTC were ranked by the Wald statistic derived from DESeq2. Bars in blue and red 

represent statistically significant (FDR<0.05) pathways in MCT+PBS and MCT+SMTC, 

respectively, that are either up- or downregulated. N=4 per group. Red boxes in the bar 

plot indicate downregulation of pro-fibrotic and pro-inflammatory pathways. (C) 

Representative images of immunofluorescence staining with anti-vWR (Green), anti-aSMA 
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(Red), and DAPI (blue) from the lung of PBS and SMTC-treated MCT rats. N=3 per group. 

Trichrome staining showing interstitial fibrosis (Black arrow) in the lung of PBS and SMTC-

treated MCT rats. N=3 per group. Representative images of immunofluorescence staining 

with anti-TRPV1 (Green), anti-SP (Red), and DAPI (blue) from the RV of PBS and SMTC-

treated MCT rats. N=3 per group. 

 

 

 

Figure 8. Hypothetical scheme. In PH, cardiopulmonary glutamatergic afferent signaling 

activates NMDAR-NOS1 axis resulting in TSC neuroinflammation, apoptosis, and 

associated sympathoexcitation, which leads to further worsening of PH and RVF. 

Furthermore, targeted intrathecal NOS1 inhibition rescues PH and RVF by attenuating 

TSC neuroinflammation, apoptosis and associated sympathoexcitation. 
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Discussion 

In this study, using two pre-clinical rat models of severe PH-RVF induced by MCT and 

SuHx, respectively, we found increased signature of glutamatergic and NOS1 signaling in 

the TSC (Figure 1). Increased NOS1 expression was also confirmed in the TSC of PAH 

patients (Figure 1). We found time-dependent increase in NOS1 starting at day-14 after 

MCT (Figure 1). Mechanistically, NOS1 activation in the TSC was NMDAR-dependent as 

intrathecal NMDAR specific antagonist AP-5 decreased TSC NOS1 expression, 

neuroinflammation, neuronal apoptosis and associated sympathoexcitation and rescued 

PH-RVF in MCT rats (Figure 2). Finally, pharmacological inhibition of NOS1 by intrathecal 

NOS1 specific inhibitor S-Methyl-L-thiocitrulline (SMTC) attenuated PH and rescued RVF 

in MCT rats (Figure 3). This rescue was associated with attenuation of TSC 

neuroinflammation, neuronal apoptosis and reduced markers of sympathoexcitation 

(Figure 4,5). Moreover, RV-RNA-Seq demonstrated reversal of pro-fibrotic, inflammatory, 

apoptotic, SNS, RAAS and arrhythmia signatures (Figure 6), whereas, lung-RNA-Seq 

demonstrated reversal of pro-fibrotic and inflammatory signatures in MCT+SMTC Rats 

(Figure 7). We validated reduced EndMT, fibrosis and TRPV1-SP expression in RV and 

lung tissues of MCT+SMTC rats (Figure 6,7). Invitro analysis indicated that norepinephrine 

and SP may play major role in Lung and RV reversal of EndMT and fibrosis in 

MCT+SMTC Rats (Figure S4).  

Our previous study demonstrated microglial and astrocytic activation mediated 

neuroinflammation and neuronal apoptosis in the TSC and associated sympathoexcitation 

in MCT and SuHx PH rats as well as human PAH8. However, the precise molecular 

mechanisms and impact of TSC neuroinflammation and associated SNS activation on 

cardiopulmonary function in PH and RVF are still unknown. Several pain, 
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neurodegenerative and cardiovascular studies have indicated that during pathologic 

conditions primary afferent nerve endings increase glutamate release in the spinal dorsal 

horn, which can become excitotoxic and has the potential to trigger neurotoxicity9-17. 

Increased glutamate triggers NMDAR activation in the second order spinothalamic 

neurons, which leads to Ca2+ influx and activation of NOS19-17,52. Our current study 

demonstrated increased expression of several NMDAR subunits, NOS1 and NOS1AP in 

the TSC of MCT and SuHx rats demonstrating increased excitatory glutamatergic 

transmission at the level of first synapse in the cardiopulmonary afferent pathway. 

NOS1AP has been shown to bind with the PDZ domain of NOS1 creating a ternary 

complex, which interacts between NMDAR and PSD-95 allowing NMDA-induced Ca2+ 

influx to efficiently activate NOS119.  

One of our aims of this study is to investigate whether NOS1 activation in the TSC is 

NMDAR-dependent in PH-RVF. To achieve the first goal, we inhibited NMDAR using daily 

intrathecal injections of AP-5 in a group of MCT-induced PH-RVF rats (Figure 2A). AP-5 

significantly attenuated PH severity and rescued RVF by reducing TSC NOS1 expression, 

neuroinflammation and associated sympathoexcitation demonstrating an important 

regulatory role of NMDAR in TSC NOS1 activation and associated neuroinflammation, 

apoptosis as well as  sympathoexcitation in PH-RVF. This data is coherent with many 

studies demonstrating the essence of NMDAR activation dependent Ca2+ influx to activate 

NOS1 in the CNS10,52,53. 

Activated NOS1 produces ˙NO in the CNS that has been well documented to play a 

complex dual role, protective and deleterious, depending on the pathophysiological 

conditions54-58. On the one hand, ˙NO activates soluble guanylate cyclase (sGC)-cGMP 

signal transduction pathway to modulate various physiological effects in the CNS and 
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cardiovascular system including synaptic plasticity, retrograde signaling, 

neurodevelopment, vasodilation, inhibition of platelet aggregation and antiapoptotic 

effects13,16,20. On the other hand, during pathological conditions associated with increased 

oxidative stress and inflammation, excessive ˙NO combines with superoxide (O2˙−) to form 

peroxynitrite (ONOO−), which induces neuroinflammation and neuronal excitotoxicity via 

protein oxidation and nitration, S-nitrosylation (S-NO), lipid peroxidation and activation of 

matrix metalloproteinases (MMPs) and cyclooxygenase (COX)18,20,54-59. Moreover, 

peroxynitrite breaks DNA, activating the nuclear enzyme poly(ADP-ribose) polymerase-1 

(PARP-1) that causes cell death by rapid depletion of cell energy. Overactivated PARP 

also facilitates the expression of a variety of inflammatory genes leading to increased 

inflammation and associated oxidative stress, thus facilitating the progression of 

cardiovascular dysfunction and heart failure56-60. 

Interestingly, the half-life of ˙NO is less than 5 seconds after its synthesis; therefore, our 

knowledge of ˙NO in pathophysiology of CNS diseases are based on studies using NOS 

expression20. In several neuropathological and cardiovascular conditions, upregulation of 

NOS1 in the CNS induces oxidative and nitrosative stress, neuroinflammation, chemokine 

release, excitotoxicity, and neuronal apoptosis, indicating the involvement of ˙NO, whereas 

NOS1 inhibition induces neuroprotection9,10,20. NOS1 expression plays a complex dual role 

in sympathoexcitation regulation that depends on the pathophysiological conditions55-60. 

Several studies demonstrated that under physiological conditions, NOS1 has a 

sympathoinhibitory effect by acting on the paraventricular nucleus (PVN), nucleus of the 

solitary tract (NST), rostral ventrolateral medulla (RVLM), and carotid body (CB) of the 

CNS55-60. On the other hand, a number of studies demonstrated that during various 

pathological conditions including hypertension, myocardial infarction, chronic heart failure 
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and sepsis, NOS1 upregulation plays an essential role in the sympathoexcitatory and 

pressor action of ˙NO at the RVLM and TSC by increasing systemic arterial pressure, 

heart rate and sympathetic neurogenic vasomotor tone54,56,57. Ji et al demonstrated that 

i.c.v. administration of adrenomedullin activates ˙NO producing neurons in the PVN, NTS, 

supraoptic nucleus and nucleus paragigantocelluaris laterialis, causing hypertension and 

increasing sympathetic outflow, which indicates that central ˙NO may mediate 

sympathoexcitatory effects of adrenomedullin63. In another study microinjection of 

Nomega-nitro-l-arginine methyl ester (NO synthesis blocker) or carboxy-2-phenyl-4,4,5, 5-

tetramethylimidazoline-1-oxyl 3-oxide (Carboxy PTIO, NO trapper) into the NTS decreased 

arterial pressure, heart rate and renal sympathetic nerve activity (RSNA). Alternatively, 

microinjection of Et2N[N(O)NO]Na (NO donor) caused increases in arterial pressure, HR 

and RSNA, which was inhibited by the pre-microinjection of Carboxy PTIO64. Moreover, 

microinjection of L-glutamate or NO donor, sodium nitroprusside or a cyclic GMP agonist, 

8-bromocyclic GMP into the RVLM increased arterial pressure, whereas injection of NOS1 

inhibitor, Nomega-nitro-L-arginine methyl ester or a soluble guanylate cyclase inhibitor, 

methylene blue or preinjection of a glutamate receptor antagonist kynurenate decreased 

arterial pressure65. NOS inhibition with L-NAME resulted in a profound decline in renal 

sympathetic nerve activity (RSNA) and heart rate (HR) in conscious, unrestrained rats on 

normal (NS), high-(HS), and low-sodium (LS) diets66. Increased ˙NO produced by 

upregulated NOS1 in the TSC has been shown to facilitates bradykinin-induced increase 

in the cardiac sympathetic afferent reflex by activating glutamatergic neurons55,58. 

Importantly, under physiological conditions, NOS1-derived ˙NO in the TSC modulate 

sympathetic outflow by exerting a tonic excitatory action on vasomotor tone mediated by 

norepinephrine released from the sympathetic nerve terminals57.  
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Interestingly our time course experiments demonstrated that initial signs of PH coincided 

with NOS1 upregulation and early phase of TSC neuroinflammation without significant 

apoptosis and sympathoexcitation observed at day-14 (Figure 1I,J)8. As PH progressed, 

NOS1 upregulation, TSC neuroinflammation and apoptosis increased, leading to aberrant 

sympathoexcitation and worsening RVF8. To understand the role of NOS1 upregulation in 

TSC neuroinflammation, apoptosis and associated sympathoexcitation in PH-RVF we 

inhibited NOS1 using daily intrathecal injections of SMTC in a group of MCT-induced PH-

RVF rats (Figure 3A). SMTC significantly attenuated PH severity and rescued RVF by 

reducing TSC NOS1 expression and activity, neuroinflammation, neuronal apoptosis and 

associated sympathoexcitation demonstrating an important sympathoexcitatory role of 

TSC NOS1 upregulation in PH-RVF.  

RNASeq of RV and lung tissues from SMTC-treated MCT rats demonstrated promising 

therapeutic potential of intrathecal NOS1 inhibition through reversal of pro-fibrotic, 

inflammatory, apoptotic and sympathoexcitatory signatures in the RV as well as pro-fibrotic 

and inflammatory signatures in the lung (Figure 6,7, Table 1). We validated reduced 

EndMT, fibrosis and TRPV1-SP expression in the RV and lung tissues as well as reduced 

plasma norepinephrine in SMTC-treated MCT rats (Figure 4,6,7). NE has been shown to 

enhance cardiac fibrosis through TGFb signaling and MMP237-39. Our data demonstrated a 

significant reduction of both TGFb signaling and MMP2 expression in the RV of SMTC-

treated MCT rats leading to reduced fibrosis (Figure 6, Table 1). NE has been shown to 

induce oxidative stress, cardiomyocyte hypertrophy, fibrosis, activation of MAPK (Mainly 

p38 and ERK1/2) and AKT as well as NF-kB to release inflammatory cytokines in cultured 

cardiomyocytes40,41. Also, NE has been shown to induce activation of cardiac 

proinflammatory cytokines IL-6, IL-1b and TNF-a42-45. Interestingly, NE has also been 
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documented to play essential role in tissue repair and formation of extracellular matrix 

(ECM) during cardiac remodeling process by inducing expression of TGF-b1, TGF-b2, 

TGF-b3, MMP2, TIMP2 and collagen37,46. Moreover, NE is also known to induce apoptosis 

in cardiac myocytes36,61. Several studies have demonstrated that NE induces pulmonary 

injury with edema and inflammation by increased expression of several cytokines62. 

Studies have also shown that continuous norepinephrine infusion over three days 

increased mRNA expression of ECM related genes including Coll1, MMP-2, TIMP-2, and 

all TGF-β isoforms in the rat lung51. Elevated plasma norepinephrine leads to severe 

inflammatory reactions during transition into pulmonary fibrosis leading to the development 

of acute lung injury and acute respiratory distress syndrome51. Therefore, we believe that 

NOS1 inhibition reverses RV and lung transcriptomics by reducing plasma NE level. 

Interestingly, SP also plays a key role in inducing cardiac and lung fibrosis, EMT/EndMT, 

inflammation and apoptosis during various pathological conditions27-32,47,48. 

Our data indicates that reduced SP expression in the RV and lung may also play a major 

role in the reversal of RV and lung transcriptomics by NOS1 inhibition in MCT rats (Figure 

6C, 7C). 

Taken together, this study demonstrates upregulated NMDAR-NOS1 axis mediated 

neuroinflammation and neuronal apoptosis in the TSC and validates increased 

sympathoexcitation in the clinically relevant MCT and SuHx rat PH-RVF models. We 

demonstrated that TSC NOS1 specific inhibition by intrathecal SMTC in our MCT rat 

model reduced NOS activity, neuroinflammation and neuronal cell death in the TSC as 

well as and significantly attenuated PH-RVF by decreasing SNS activation. Targeting 

neuroinflammation and associated molecular pathways and genes in the TSC may yield 

novel therapeutic strategies for PH and RVF. 
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Supplementary Figures 
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Figure S1. Increased NOS1 Expression in the TSC of MCT and SuHx Rats and PAH 

patients. (A) Represetative images of immunofluorescence staining with anti-MAP2 

(Green), anti-NOS1 (Red), and DAPI (blue) from the TSC of Control, MCT and SuHx rats. 

N=3 per group. (B) Represetative images of immunofluorescence staining with anti-NOS1 

(Red), anti-IBA1 (microglial marker; purple), along with their colocalization (right) in the 

TSC of Control, MCT and SuHx rats. N=3 per group. (C) Represetative images of 

immunofluorescence staining with anti-NOS1 (Red), anti-GFAP (astrocytic marker; green) 
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and their colocalization (right) in the TSC of Control, MCT and SuHx rats. N=3 per group. 

(D) Representative immunofluorescence images of Iba1 (purple), NOS1(red), and DAPI 

(DNA; blue) in control and PAH patients. White arrows indicate colocalization of 

NOS1+Iba1. N=4 per group. (E) Representative immunofluorescence images of GFAP 

(green), NOS1(red), and DAPI (DNA; blue) in control and PAH patients. White arrows 

indicate colocalization of NOS1+GFAP (yellow). N=4 per group. 

 
 

 
 
 
Figure S2. AP-5 reduced Cx3Cl1 expression in the TSC of MCT Rats. Representative 

images of immunofluorescence staining with neuronal marker NeuN (Red), Cx3Cl1 

(Green) and DAPI (Blue) in the TSC of PBS and AP-5 treated MCT rats. N=3 per group. 
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Figure S3. Substance P and Norepinephrine induce EndMT in HCAECs and HPAECs 

and Myofibroblast Transition in HCF in vitro. HCAEC, HPAEC and HCF were incubated 

with Substance P (SP) (150 ug/mL)62-64 and NE (10uM)65-68 for 48 hrs and stained to 

assess endothelial-to-mesenchymal transition (EndMT) or Fibroblast to Myofibroblast 

transition. N=3 per group. 
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Supplementary Tables 
  
Table S1: Leading edge down-regulated RV genes from SMTC-treated MCT vs. PBS-treated 
MCT rats 

 

 
 

Gene Full Name Expression Log2Fold 
Change 

Padj Value 

Pro-fibrotic Genes           
COL4a3 

SMTC vs 
PBS 

 
Collagen type IV alpha 

3 chain 

 
Decreased 

 
-1.3084067 

 
0.0013715 

COL14a1 
SMTC vs 
PBS 

Collagen type XIV 
alpha 1 chain 

 
Decreased 

 
-0.9204674 

 
0.00595681 

ITGB5 
SMTC vs 
PBS 

 
Integrin subunit beta 5 

 
Decreased 

 
-0.78599 

 
0.00210762 

MMP2 
     SMTC vs 
     PBS 

Matrix 
metallopeptidase 2 

 
Decreased 

 
-0.7625847 

 
0.00617871 

SERPINE2 
     SMTC vs 
     PBS 

 
Serpin family E 

member 2 

 
Decreased 

 
-0.9982296 

 
0.02134555 

SMAD6 
SMTC vs 
PBS 

 
SMAD family member 

6 

 
Decreased 

 
-0.40505146 

 
0.00177887 

TGFβR3 
SMTC vs 
PBS 

Transforming growth 
factor, beta receptor 3 

 
Decreased 

 
-1.5047972 

 
0.01477763 

BMPR2 
SMTC vs 
PBS 

Bone morphogenetic 
protein receptor type 2 

 
Decreased 

 
-0.483927 

 
0.01175912 

BMP6 
SMTC vs 
PBS 

Bone morphogenetic 
protein 6 

 
Decreased 

 
-1.0681964 

 
0.00665441 

 

Pro-inflammatory Genes 
CCND2 

SMTC vs 
PBS 

 
Cyclin D2 

 
Decreased 

 
-1.4604008 

 
3.64E-08 

MAPK1 
SMTC vs 
PBS 

Mitogen activated 
protein kinase 1 

 
Decreased 

 
-0.3284388 

 
0.01309412 

NOTCH3 
SMTC vs 
PBS 

 
Notch receptor 3 

 
Decreased 

 
-0.6143453 

 
0.00414546 

CARD6 
SMTC vs 
PBS 

Caspase recruitment 
domain family, 

member 6 

 
Decreased 

 
-0.6403424 

 
0.01166342 
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Gene Full Name Expression Log2Fold 

Change 
Padj Value 

Pro-apoptotic Genes           
FOXO3 

SMTC vs 

PBS 

 

Forkhead box O3 

 

Decreased 

 

-0.7743993 

 

0.04733615 

TGFβR2 
SMTC vs 

PBS 

 

Transforming growth 

factor, beta receptor 2 

 

Decreased 

 

-0.5767913 

 

0.00235379 

BCL2L2 
SMTC vs 

PBS 

 

Bcl2-like 2 

 

Decreased 

 

-0.3711533 

 

0.04505631 

MMP2 
SMTC vs 

PBS 

 

Matrix 

metallopeptidase 2 

 

Decreased 

 

-0.7625847 

 

0.00617871 

 
SNS, RAAS and Arrhythmia Genes 
CAMK2D 

SMTC vs 

PBS 

Calcium/calmodulin-

dependent protein 

kinase II delta 

 

Decreased 

 

-0.8535827 

 

0.00272177 

ADRA1A 
SMTC vs 

PBS 

 

Alpha 1-A adrenergic 

receptor 

 

Decreased 

 

-1.1067306 

 

1.85E-06 

ADRA2A 
SMTC vs 

PBS 

 

Alpha 2-A adrenergic 

receptor 

 

Decreased 

 

-1.2453222 

 

0.02615252 

ACE2 
SMTC vs 

PBS 

 

Angiotensin I 

converting enzyme 2 

 

Decreased 

 

-2.9606068 

 

0.00285297 

KCNJ2 
SMTC vs 

PBS 

Potassium inwardly-

rectifying channel, 

subfamily J, member 2 

 

Decreased 

 

-1.010301 

 

0.01240958 

RYR2 
SMTC vs 

PBS 

 

Ryanodine receptor 2 

 

Decreased 

 

-0.350844 

 

0.00034011 

GJA1 
SMTC vs 

PBS 

 

Gap junction protein, 

alpha 1 

 

Decreased 

 

-0.5378049 

 

0.00323351 

DBH 
SMTC vs 

PBS 

 

Dopamine b 

hydroxylase 

 

Decreased 

 

-0.9003486 

 

1.85E-06 
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Table S2: Leading edge down-regulated lung genes from SMTC-treated MCT vs. PBS-treated 
MCT rats 

 
 
 
 
 
 
 

1.40213532574164E-05 

 
 
 
 

Gene Full Name Expression Log2Fold 
Change 

Padj 
Value 

Pro-inflammatory Genes                                                                                                          
Ebna1bp2 

SMTC VS PBS 
EBNA1 

binding protein 
2 

 
Decreased 

 
-11.4289648 

 
1.3080E-17 

Fabp4 
SMTC VS PBS 

Fatty Acid 
Binding 

Protein 4 

 
Decreased 

 
-1.03148513 

 
1.4021E-05 

Itgam 
SMTC VS PBS 

Integrin 
Subunit Alpha 

M 

 
Decreased 

 
-1.79574228 

 
0.0002570 

Ctsk 
SMTC VS PBS 

Cathepsin K  
Decreased 

 
-1.38510519 

 
0.00025700 

Lgmn 
SMTC VS PBS 

Legumain  
Decreased 

 
-0.52589126 

 
0.00305565 

Arntl (Bmal1) 
SMTC VS PBS 

Brain And 
Muscle ARNT-

Like 1 

 
Decreased 

 
-1.52390920 

 
0.03277429 

 
Pro-fibrotic Genes 
Mfap4 

SMTC VS PBS 
Microfibril 

Associated 
Protein 4 

 
Decreased 

 
-30 

 
5.3484E-11 

Fabp4 
SMTC VS PBS 

Fatty Acid 
Binding 

Protein 4 

 
Decreased 

 
-1.03148513 

 
1.4021E-05 

Ctsk 
SMTC VS PBS 

Cathepsin K  
Decreased 

 
-1.38510519 

 
0.00025700 

Ltbp2 
SMTC VS PBS 

Latent 
Transforming 
Growth Factor 
Beta Binding 

Protein 2 

 
Decreased 

 
-0.65748919 

 
0.00203278

0981294 

Lgmn 
SMTC VS PBS 

Legumain  
Decreased 

 
-0.52589126 

 
0.00305565 

Arntl (Bmal1) 
SMTC VS PBS 

Brain And 
Muscle ARNT-

Like 1 

 
Decreased 

 
-1.52390920 

 
0.03277429 
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Conclusions 
 
PH is a progressive and fatal disease characterized by persistent elevation of pulmonary 

arterial pressure, which is caused by pulmonary vascular remodeling due to endothelial 

dysfunction, excessive smooth muscle cell proliferation, migration, arteriolar 

muscularization, fibrosis, extracellular matrix deposition, thrombosis and inflammatory cell 

recruitment1. These factors result in persistent increase in PVR, vasoconstriction, loss of 

distal pulmonary arteries, pressure overload, RVH, RVF, arrhythmias and ultimately, 

death1,2. Although the dysregulation of vasomotor pathways, for example, upregulation of 

endothelin and downregulation of nitric oxide and prostacyclin pathways have been 

identified as the main causes, growing body of evidence demonstrates the contribution of 

autonomic imbalance in the pathophysiology of PAH, strengthening the hypothesis for the 

role of SNS activation in PAH progession3-7. Progressive increase in PVR and RV 

afterload activates SNS and RAAS to compensate for low cardiac output with relatively 

fixed stroke volume in PAH, however, chronic SNS hyperactivity leads to arrhythmias, RVF 

and sudden death3,6,8. In fact, numerous studies have indicated that continuous 

sympathoexcitation is one of the main contributors of pathological cardiac remodeling 

including hypertrophy, ventricular dysfunction and arrhythmia in various cardiovascular 

diseases, hence, strategies to reduce sympathetic vasomotor overactivity in 

cardiovascular diseases can be beneficial9-13. Although RVF is the major cause of death 

among patients with PAH, none of the currently FDA approved therapies directly target 

right heart failure14. This necessitates further investigation in understanding the cellular 

and molecular mechanisms of SNS hyperactivity beyond the vasomotor pathways in PH 

progression to identify novel therapeutic targets. 

A complex interplay of mechanical, neurohumoral, and inflammatory stresses has been 
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suggested as an underpinning cellular and molecular mechanism involved in sympathetic 

activation in PAH15. Recently, neuroinflammation in the CNS has been implicated in 

sympathetic activation leading to arrhythmias and RVF in experimental PH8,16-18. Microglial 

activation mediated cytokine release in the PVN has been shown to increase RAS 

components, sympathetic drive and plasma NE in MCT-induced PH rats, whereas ICV 

infusion of minocycline attenuated microglial activation and proinflammatory cytokines in 

the PVN, reduced sympathoexcitation and prevented PH-RVF16, suggesting that microglial 

activation-mediated neuroinflammation and a dysregulated brain RAS is involved in the 

pathogenesis of PH-RVF. Furthermore, Oliveira et al demonstrated that chronic hypoxia-

induced microglial activation in the PVN resulted in a fivefold increase in the 

sympathetic/vagal balance (low frequency/high frequency ratio), suggesting an increase in 

sympathetic activity in PH mice. However, CX3CR1GFP/GFP mice were protected from 

hypoxia-induced microglial activation in the PVN and sympathoexcitation17. We recently 

reported for the first time significantly increased GFAP, pro-inflammatory marker 

chemokine (C-C motif) ligand 3 (CCL3) and angiogenesis marker adhesion molecule 

CD31 expression in the TSC indicating severe neuroinflammation in MCT-induced PH 

rats18. Although, in line with the previous reports on various cardiovascular diseases19-23 

and pain24-26, we postulated that peripheral sensitization of cardiopulmonary sensory 

afferents in response to local tissue injury or inflammation leads the sensory neurons to 

release increased neurotransmitters such as SP and CGRP in the dorsal horn causing 

sustained astrocyte activation and neuroinflammation in the TSC of PH rats in our study, 

however, the precise molecular mechanisms and impact of TSC neuroinflammation and 

associated SNS activation on cardiopulmonary function in PH and RVF still remained 

elusive. The work included in this dissertation focuses on a novel approach to study the 
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new concept of integration between neuroinflammation and sympathoexcitation in the 

pathogenesis of PH. We aim to better understand the neuroimmune crosstalk around 

cardiovascular autonomic neural circuits within the CNS, particularly in the TSC that 

regulate sympathetic activity and introduce the hypothesis of a mechanistic role of 

neuroinflammation mediated sympathoexcitation in PH and RVF.  

We investigated cardiopulmonary afferent signaling in the TSC in PH-RVF and discovered 

through histological and functional evidence that TRPV1 expressing afferent nerve 

endings in thoracic dorsal horn release increased SP in PH-RVF to mediate 

cardiopulmonary sympathoexcitatory reflex in MCT- and SuHx-induced PH as well as 

patients with PAH. Moreover, we demonstrated that sensitizing TRPV1 receptors with 

bradykinin in the cardiac sympathetic afferent nerve endings elicits autonomic reflex 

characterized by increased RVSP and heart rate in MCT-induced PH-RVF rats 

demonstrating that TRPV1 expressing afferent nerve endings in the thoracic dorsal horn 

may be responsible for sympathoexcitatory signal transmission in PH. We then performed 

first-ever transcriptomic analysis on TSC of MCT and SuHx rats to determine the impact of 

PH and RVF on TRPV1-mediated TSC gene expression. RNASeq delineated common 

dysregulated genes and pathways between the two rat models highlighting 

neuroinflammation and apoptosis within the remodeled TSC. Many inflammatory genes 

such as ALOX15, CX3CL1, EDN1, mTOR, NOTCH3, NF-κB-1, STAT3, ICAM-1 and NOS1 

were significantly enriched in several upregulated proinflammatory pathways including IL-6 

JAK-STAT3 signaling, IL-2 STAT5 signaling, TNF-α signaling via NF-κB, hypoxia and 

KRAS signaling in both rat models (Chapter 2). In fact, CX3CL1 has been implicated in 

classical microglial activation-mediated sympathoexcitation in the brain of MCT-treated 

rats and hypoxic mice16,17,27,28. Previous studies demonstrated that TRPV1 activation in 
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sensory nerve endings releases CGRP, glutamate, and SP, which modulate microglial 

activation via NF-κB29. NF-κB-mediated microglial activation is also regulated by notch 

signaling30 and mTOR31. Activated microglia express several proinflammatory factors, 

such as TNF-α, IL-6, MCP-1, ICAM-1, and VCAM-1, which mediate neuroinflammation 

and excitotoxic neuronal damage21–23. Interestingly, no significant changes in 

inflammation-related gene expression were seen in lumbar spinal cords of MCT- and 

SuHx-treated rats suggesting TSC-specific neuroinflammation is likely due to direct 

cardiopulmonary neural connections (Chapter 2). 

We observed microgliosis- and astrogliosis-mediated neuroinflammation and increased 

fractalkine, Cx3Cl1 expression in the TSC of both rat models and patients with PAH. TSC 

RNASeq revealed a number of pro-apoptotic genes including TP53, PRF1, FOXO3, 

TGFβ1, and NCOR2 that were enriched in several apoptotic pathways. Moreover, 

increased neuronal apoptosis in the TSC was validated by TUNEL and CC3 staining in 

both rat models. Significantly elevated glutamatergic signaling and NPY expression in the 

TSC and plasma norepinephrine in both rat models confirmed increased 

sympathoexcitation. However, our time-course experiments demonstrated that initial signs 

of PH coincided with early phase of TSC neuroinflammation without significant apoptosis 

and sympathoexcitation in the MCT rats. Interestingly, intrathecal microglial activation 

inhibitor, minocycline administration decreased microgliosis, astrogliosis and expression of 

proinflammatory cytokines in the TSC and reduced sympathoexcitation resulting in rescue 

of PH-RVF. These studies demonstrated the regulatory role of microglial and astrocytic 

activation-mediated TSC neuroinflammation and SNS activation in the progression of 

experimental PH and RVF. However, the role of TRPV1 activation in TSC 

neuroinflammation, sympathoexcitation and cardiopulmonary function in PH still remained 
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unknown (chapter 2). 

TRPV1 activation has been implicated in NMDAR mediated NOS1 activation and ˙NO 

production leading to oxidative and nitrosative stress, neuroinflammation, chemokine 

release, excitotoxicity, and neuronal apoptosis in the CNS32-35. Moreover, TRPV1 

activation in the thoracic dorsal horn has been shown to promote microglial activation 

mediated release of inflammatory cytokines and ROS as well as regulate NF-κB pathway 

mediated neuroinflammation36-39. Intrathecal administration of RTX was demonstrated to 

abolish TRPV1 expression in the dorsal horn, which resulted in reduction of pain, 

inflammation, thermal hypersensitivity and over-activated CSAR, thereby preventing 

myocardial hypertrophy, fibrosis, and apoptosis40-45. Hence, we administered RTX 

intrathecally to ablate the TRPV1+ cardiopulmonary sensory nerve endings to determine 

the role of TRPV1 in TSC NOS1 expression, neuroinflammation, sympathoexcitation and 

cardiopulmonary function in MCT and SuHx rats. Consequently, we observed that 

intrathecal RTX administration selectively abolished TRPV1 expression in the thoracic 

dorsal horn, attenuated PH severity and prevented RVF by decreasing cardiac 

sympathetic tone in both rat models. We also revealed that mechanistically, NMDAR-

NOS1 mediated neuroinflammation and neuronal apoptosis in the TSC in PH is 

dependent on TRPV1 activation, as intrathecal RTX reduced NMDAR and NOS1 

expression, microglial and astrocytic activation and apoptosis in the TSC of MCT rats 

(Chapter 3). Importantly, intrathecal RTX administration prevented PH-induced RV 

remodeling, including RV hypertrophy, fibrosis, inflammation and apoptosis. Similarly, 

RTX prevented MCT-induced lung remodeling, including pulmonary arteriolar wall 

thickness, fibrosis, inflammation and apoptosis. RNASeq of lung and RV tissues from 

RTX-treated MCT rats demonstrated reversal of several pro-fibrotic (epithelial 
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mesenchymal transition and TGFβ-signaling), inflammatory (mTORC1, IL2 STAT5, IL6 

JAK STAT3 and TNFα-signaling via NFk-B) and apoptotic (p53 pathway) pathways. 

Several down-regulated pro-fibrotic genes including Vim, Ctsk and Serpine2 in lung and 

TGFb1 and SMAD6 in RV, pro-inflammatory genes IL6, CxCl1 and TNF in lung and 

CxCr4, Ccr4 and STAT3 in RV as well as pro-apoptotic genes IER3, BAK1 and GM2A in 

lung and TGFb1, PERP and RRAD in RV were enriched in the aforementioned 

downregulated pathways (Chapter 3). NE has been shown to enhance cardiac fibrosis 

through TGFb signaling46-48. Moreover, NE was shown to induce oxidative stress, 

cardiomyocyte hypertrophy, fibrosis, activation of MAPK (Mainly p38 and ERK1/2) and 

AKT as well as NF-kB to release inflammatory cytokines in cultured cardiomyocytes49,50. 

Further, NE is implicated in the activation of cardiac proinflammatory cytokines IL-6, IL-1b 

and TNF-a51-54 and induce apoptosis in rat cardiomyocytes55,56. Several studies have 

demonstrated that NE induces pulmonary injury with edema and inflammation by 

increased expression of several cytokines57. Elevated plasma NE leads to severe 

inflammatory reactions during transition into pulmonary fibrosis leading to the 

development of acute lung injury and acute respiratory distress syndrome58. Therefore, 

we believe that the reversal of fibrotic, inflammatory and apoptotic signatures in the lung 

and RV in RTX-treated MCT rats were due to reduced NE release from the sympathetic 

nerve terminals, which was evident from reduced plasma NE (Chapter 3). 

We further investigated downstream of TRPV1 gene and found increased signature of 

glutamatergic and NOS1 signaling in the TSC of MCT and SuHx rats and patients with 

PAH. Several pain, neurodegenerative and cardiovascular studies have indicated that 

during pathologic conditions primary afferent nerve endings increase glutamate release in 

the spinal dorsal horn, which can become excitotoxic and has the potential to trigger 



253  

neurotoxicity59-67. Increased glutamate triggers NMDAR activation in the second order 

spinothalamic neurons, which leads to Ca2+ influx and activation of NOS159-68. We 

demonstrated that mechanistically, NOS1 activation in the TSC is NMDAR-dependent as 

intrathecal NMDAR specific antagonist AP-5 decreased TSC NOS1 expression, 

neuroinflammation, neuronal apoptosis and associated sympathoexcitation and rescued 

PH-RVF in MCT rats. To decipher the role of TSC NOS1 upregulation in 

neuroinflammation and sympathoexcitation in cardiopulmonary function in PH, we inhibited 

NOS1 by intrathecal NOS1 specific inhibitor S-Methyl-L-thiocitrulline (SMTC) that 

attenuated PH and rescued RVF in MCT rats. This rescue was associated with attenuation 

of TSC neuroinflammation, neuronal apoptosis and reduced markers of 

sympathoexcitation. Moreover, RV-RNA-Seq demonstrated reversal of pro-fibrotic, 

inflammatory, apoptotic, SNS, RAAS and arrhythmia signatures, whereas, lung-RNA-Seq 

demonstrated reversal of pro-fibrotic and inflammatory signatures in SMTC-treated MCT 

Rats (Chapter 4). EMT/EndMT, fibrosis, inflammation and apoptosis play important 

regulatory role in the development and progression of PH69-71 and RVF72. We validated 

reduced EndMT, fibrosis and TRPV1-SP expression in RV and lung tissues as well as 

reduced plasma NE in SMTC-treated MCT rats. NE has been shown to enhance cardiac 

fibrosis and apoptosis through TGFb signaling and MMP246-48,55,73. Moreover, NE also 

plays essential role in tissue repair and formation of extracellular matrix (ECM) during 

cardiac remodeling process by inducing expression of TGF-b1, TGF-b2, TGF-b3, MMP2, 

TIMP2 and collagen46,74. Our data demonstrated a significant reduction of both TGFb 

signaling and MMP2 expression in the RV of SMTC-treated MCT rats leading to reduced 

fibrosis (Chapter 4). Studies have shown that continuous norepinephrine infusion over 

three days increased mRNA expression of ECM related genes including Coll1, MMP-2, 
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TIMP-2, and all TGF-β isoforms in the rat lung58. Elevated plasma NE leads to severe 

inflammatory reactions during transition into pulmonary fibrosis leading to the development 

of acute lung injury and acute respiratory distress syndrome58. Moreover, our invitro 

experiments demonstrated that NE induces increased EndMT in HCAECs and HPAECs 

and FMT in HCFs. Therefore, we believe that NOS1 inhibition reverses RV and lung 

transcriptomics through NE as evident by reduced plasma NE level in SMTC-treated MCT 

rats. Interestingly, SP also plays a key role in inducing cardiac and lung fibrosis, 

EMT/EndMT, inflammation and apoptosis during various pathological conditions75-80. Our 

invitro experiments demonstrated that SP induces increased EndMT in HCAECs and 

HPAECs and FMT in HCFs (Chapter 4). Consequently, we believe that reduced SP 

expression in the RV and lung may also play a major role in the reversal of RV and lung 

transcriptomics in SMTC-treated MCT rats.  

Taken together, this dissertation provides compelling evidence that in PH, 

cardiopulmonary afferent signaling mediated by TRPV1-SP-Glutamate activates 

NMDAR-NOS1 axis resulting in microglial and astrocytic activation mediated 

neuroinflammation and neuronal apoptosis in the TSC, which lead to further worsening of 

PH and RVF by increasing sympathoexcitation. Furthermore, targeted intrathecal 

inhibition of NOS1 in the TSC may serve as a novel therapeutic strategy for PH and RVF 

(Figure 1). While the studies presented here provide the first insight into the role of TSC 

neuroinflammation in PH, they also provide a foundation for further investigation into the 

molecular mechanisms of downstream pathways and genes that will likely lead to even 

greater understanding of the disease pathophysiology. These future studies are outlined 

in the following section. 
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Fig. 1. Schematic of proposed mechanism of TSC neuroinflammation through 

TRPV1 activation and downstream NOS1 upregulation in PH and potential 

therapeutic targets. In PH, cardiopulmonary afferent signaling mediated by TRPV1-SP-

Glutamate activates NMDAR-NOS1 axis resulting in microglial and astrocytic activation 

mediated neuroinflammation and neuronal apoptosis in the TSC, which lead to further 

worsening of PH and RVF by increasing sympathoexcitation. Furthermore, targeted 

intrathecal inhibition of NOS1 in the TSC may serve as a novel therapeutic strategy for 

PH and RVF. 
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Future Directions 
 
Our investigation of TSC neuroinflammation included terminal or endpoint RNASeq 

analysis of MCT (4-weeks) and SuHx (5-weeks) rat models. Although we performed a 

timecourse experiment that indicated time dependent progression of TSC 

neuroinflammation, key gene expression (NOS1, Cx3Cl1), apoptosis and 

sympathoexcitation in MCT rats, we would perform TSC RNASeq analysis in MCT rats 

from day-7, day-14 and day-21 to compare TSC transcriptomic remodeling progression 

with the terminal data point. This will advance our understanding of any potential 

comparison between early vs. late gene expression. Similarly we would assess TSC 

transcriptomic remodeling of SuHx rats from day-21 and day-28 and compare with terminal 

terminal data point.  

To better understand the role of microglial and astrocytic activation in TSC 

neuroinflammation, we would perform RNAScope for key inflammatory genes specific to 

microglia and astrocytes coupled with their specific respective markers using 

immunofluorescence at different timepoints as mentioned above. We inhibited microglial 

activation by intrathecal minocycline administration that demonstrated the regulatory 

function of TSC microglial activation and production of cytokines in sympathoexcitation in 

MCT rats. However, to understand the contribution of TSC astrocytic activation in PH, we 

would perform astrocytic activation inhibition by intrathecal Fluorocitrate81,82 (after dose 

response experiments) in MCT and SuHx rats using protocols similar to Minocycline 

(Chapter 2). We will also assess the effect of combined intrathecal 

Minocycline+Fluorocitrate treatment in MCT and SuHx rats. Besides all the hemodynamics 

and molecular assessents already described in chapter 2, we would also perform 

RNAScope+immunofluorescence in TSC vs. lumbar SC after Minocycline and/or 
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Fluorocitrate treatment. 

In our pilot data, we validate some of the key findings from rat TSC in human PAH spinal 

cord autopsy samples, adding valuable translational relevance. Obtaining fresh human 

spinal cord samples from PAH patients is extremely challenging, therefore we have used 

human PAH autopsy samples. Currently, we have a total of 8 human TSC autopsy 

samples for Group I PH patients and 4 samples for Controls. We recognize the importance 

of careful human tissue phenotyping and would continue to collect more tissue from Group 

I PAH patients through our collaborators at UCLA Pathology and Pulmonary Critical Care. 

We would confirm time dependent changes of cardiopulmonary afferent signaling in PH by 

PGP9.5+NOS1 co-immunolabeling in the thoracic DRG and TRPV1+SP co-

immunolabeling in the thoracic dorsal horn neurons in MCT and SuHx rats and PAH 

patients. We would also measure glutamate levels in the TSC at various timepoints. 

Although chemical ablation of TRPV1+ sensory nerve endings in our MCT and SuHx rats 

prevented PH-RVF by reducing neuroinflammation, neuronal apoptosis and 

sympathoexcitation, we would test whether TRPV1 knock-out rat (TRPV1-/-) develops PH-

RVF by MCT or SuHx.  

We would validate cell type specific NOS1, inflammatory and apoptotic gene expression 

patterns using RNAScope technology coupled with immunofluorescence for neuronal, 

microglial and astrocytic markers. As NOS1 is known to be activated by glutamatergic 

signaling, we would measure glutamate levels in the TSC and compare them to lumbar 

spinal cord (LSC) in MCT and SuHx rats in a time-dependent fashion and assess if there is 

any correlation with NOS1 levels. Moreover, NOS1 activation leads to nitrosative stress, 

therefore we would assess for nitrosative stress markers (e.g. Ap1B1, Ap1M1) with PCR, 

and measure peroxynitrite levels in TSC vs. LSC in PH rats in a time-dependent manner.  
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We are cognizant of potential off-target effects of intrathecal injections of drugs. Our data 

showed normal LV pressures and LV function in the SMTC group ruling out off-target 

effects (Chapter 4). However, we would investigate diaphragm and intercostal muscle 

function to rule out potential off-target effects83,84. An alternate approach for NOS1 

knockdown could involve the use of siRNA against NOS1 instead of SMTC delivered via 

intrathecal injections. As SMTC is dissolved in PBS, is not lipophilic in nature and is 

delivered via intrathecal route, it is highly unlikely that it will be absorbed in the systemic 

circulation in any significant proportions. In fact, we did not find any change in lung or RV 

NOS1 expression or hypotension after 2 weeks of daily intrathecal SMTC administration. 

 

Interestingly, our data strongly suggest attenuation of key EndMT, pro-inflammatory and 

pro-fibrotic genes and pathways in both lungs and RV of SMTC treated rats (Chapter 4). 

These key pathways involved in lung and RV remodeling associated with SNS activation in 

PH and RVF11,72,85-87 are likely mediated via norepinephrine and Substance P (Chapter 4). 

The principal neurotransmitter released by postganglionic sympathetic neurons is 

norepinephrine11, whereas neuropeptide substance P is released by sensory afferent C 

fiber nerve endings88. Substance P can directly regulate vascular tone, tends to act as a 

vasoconstrictor in the pulmonary circulation and increases in the lungs during experimental 

PH88. Further delineation of these pathways would help us understand the mechanisms of 

regression of lung and RV remodeling by SMTC. Specifically, we will assess lung, RV and 

plasma norepinephrine (ELISA) and Substance P (ELISA+IF) and validate inflammation 

(ELISA for cytokines and immunofluorescence for inflammatory cell markers) and 

EMT/EndMT (a-SMA+CD31 co-immunolabeling, EMT transcription factors and EMT 

genes by PCR and WB) in lung and RV72. 
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Investigating afferent signaling, neuroinflammation and apoptosis in the thoracic DRGs 

would be instrumental in MCT and SuHx rats, since the sympathetic ganglia within the 

DRG controls cardiopulmonary sympathetic output. Therefore, we would perform RNASeq 

analysis of the thoracic DRGs from MCT and SuHx rats as well as assess microglial and 

astrocytic activation at different time points. 

Finally, we are aware of the disruption of blood spinal cord barrier (BSCB) as an additional 

source of recruitment of inflammatory and immune cells to the TSC89. As an alternative 

approach, we will consider investigating the contributory role of disrupted BSCB in TSC 

neuroinflammation in PH. However, our main hypothesis revolves around cardiopulmonary 

afferent signaling-induced activation of NMDAR-NOS1 axis as the main source for TSC 

neuroinflammation and apoptosis as strongly demonstrated by our data. 
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Final remarks from the author 
 
PAH is a rare but terminal pulmonary vascular disease that lead to right heart failure. The 

current treatments for this devastating disease are largely inadequate, and research into 

novel therapeutic strategies is pivotal to increase patient survival. It has been a privilege 

to study this disease, provide novel insight into its pathogenesis and extend hope to 

affected patients. I strongly believe that the preclinical therapies reported in this work will 

get to clinical trials someday, given that the intrathecal drug delivery is an already 

approved mode of treatment for patients in the hospitals. Finally, I hope that this 

dissertation will encourage researchers to investigate into PH pathophysiology beyond 

the vasomotor pathways of the lung. 
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