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Abstract of Dissertation 

 

Role of Oxytocin Neurons in Obstructive Sleep Apnea Mediated Cardiovascular 

Disease 

 

 Recent work has shown oxytocin (OXT), a neuropeptide released from 

parvocellular neurons in the paraventricular nucleus of the hypothalamus (PVN), could 

be cardioprotective by exciting parasympathetic cardiac vagal neurons (CVNs) in the 

brainstem and reducing cardiovascular responses to stress.  Obstructive sleep apnea 

(OSA) is a very common, yet poorly understood disease that increases the incidence of 

hypertension, tachycardia, stroke and other adverse cardiovascular events. For this study I 

test the hypotheses that the release of OXT from PVN neurons onto CVNs is diminished 

with exposure to chronic intermittent hypoxia-hypercapnia (CIH/H), an animal model of 

OSA, and furthermore, selective activation of PVN OXT neurons can reduce adverse 

cardiovascular consequences, particularly the elevation of blood pressure to hypertensive 

levels, that occur with CIH/H.  

 In order to elucidate the conditions required for OXT release from PVN fibers, we 

engineered and dispersed within the brainstem sniffer Chinese Hamster Ovarian (CHO) 

cells highly sensitive to oxytocin. These sniffer CHO cells were stably transfected to 

express the human recombinant OXT receptor, and calcium changes within these cells 

were visualized as these cells were also made to express the red fluorescent calcium 

indicator, R-GECO1.  Our data show optogenetic stimulation of channelrhodopsin-2 –

expressing hypothalamic PVN fibers in the brainstem evoked large, reproducible, and 

transient increases in calcium within sniffer CHO cells that are in close proximity to OXT 
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fibers.  The photostimulation-elicited increase in calcium in the sniffer CHO cells upon 

PVN fiber activation was abolished by application of the oxytocin receptor antagonist, 

OTA.  In animals exposed to 21 days of CIH/H the OXT dependent calcium increases in 

CHO cells upon photoactivation of PVN fibers were blunted.  This finding indicates there 

is reduced oxytocin neuron activity following CIH/H, and that reduced oxytocin neuron 

activity and/or function could contribute to the adverse cardiovascular events associated 

with OSA. 

 We next tested if restoration of OXT neuron activity could prevent the adverse 

cardiovascular effects of CIH/H in vivo.  To test this hypothesis we selectively expressed 

excitatory designer receptors exclusively activated by designer drugs (DREADDs) in 

PVN OXT neurons, and implanted animals with telemetry devices to monitor blood 

pressure and EKG activity. Selective chronic activation of PVN OXT neurons decreased 

resting blood pressure and heart rate, blunted the responses to acute hypoxia/hypercapnia, 

and perhaps more importantly, chronic PVN OXT neuron activation prevented the 

elevations in blood pressure and heart rate that occur with CIH/H.  These results indicate 

that excitation of parvocellular PVN fibers releases OXT at brainstem CVN targets, 

selective activation of OXT neurons in the PVN decreases resting blood pressure and 

heart rate, and chronic activation of oxytocin neurons in the PVN prevents the elevations 

in blood pressure and heart rate that occur after 21 days of CIH/H. 

 

 

 

 



 

ix 
 

Table of Contents 

Acknowledgements               iv 

Abstract of Dissertation              vii 

Table of Contents                ix 

List of Figures                xi 

List of Abbreviations             xiii 

Chapter 1                  1 

 Introduction          

 The autonomic nervous system and cardiovascular regulation             2                 

  The sympathetic nervous system               3 

  The parasympathetic nervous system               5 

  Sympathetic/parasympathetic nervous system interactions                         6 

 Parasympathetic control of heart rate             7 

 Neurophysiology of cardiac vagal neurons            8 

  Cardiac vagal neurons in the nucleus ambiguus                                          9  

  Cardiac vagal neurons in the dorsal motor nucleus of the vagus         11 

 The paraventricular nucleus of the hypothalamus                               12 

 Role of the paraventricular nucleus of the hypothalamus in  

          controlling heart rate and generating/maintaining hypertension       17 

 Changes in autonomic function in obstructive sleep apnea patients               

 and in models of obstructive sleep apnea following chronic              

 intermittent hypoxia                                                                             18 

 Oxytocin in cardiovascular function                                                    20 

 Optogenetics                                                                                        22   

Chemogenetics                                                                                     26 

 Summary and specific aims                                                                 30 

 



 

x 
 

Chapter 2                32 

 Study 1: Visualization of oxytocin release in the brainstem  

upon photoactivation of ChR2-expressing fibers originating  

from parvocellular neurons in the paraventricular nucleus  

of the hypothalamus 

 Introduction               33 

 Materials and methods             34 

 Results                                                                                                 43 

 Conclusions from Study 1            57 

 

Chapter 3                58 

 Study 2: Restoration of oxytocin neuron activity prevents 

 hypertension caused by chronic intermittent        

 hypoxia/hypercapnia 

 Introduction               59 

 Materials and methods             60 

 Results               67 

 Conclusions from Study 2            88 

 

Chapter 4                89 

 Discussion 

 Study 1 Conclusions             90 

 Study 2 Conclusions                                                                            94 

 Future directions             103 

 Summary              103 

 

References               105 



 

xi 
 

List of Figures 

 

Figure 1. Simplified model of established and hypothesized descending PVN               

projections involved in cardiovascular regulation……………………………………… 14  

 

Figure 2. Schematic depiction of the working of channelrhodopsin…………………...  24 

 

Figure 3. Schematic depiction of the working of excitatory hM3Dq DREADDs………  28 

 

Figure 4. PVN injection and brainstem slices…………………………………………..  37 

 

Figure 5. Colocalization of ChR2-EYFP and OXT in brainstem fibers within the                       

DMV…………………………………………………………………………………….  44 

 

Figure 6. Characterization of OXT and vasopressin dose-response relationships of               

sniffer CHO cells………………………………………………………………………..  47 

 

Figure 7. Visualization of sniffer CHO cells and ChR2-expressing PVNfibers………..  50 

 

Figure 8. Oxytocin receptor activation…………………………………………………  52 

 

Figure 9. Effects of CIH/H on OXT receptor activation………………………………..  55 

 

Figure 10. In vitro activation of PVN OXT neurons expressing excitatory  

DREADDs………………………………………………………………………………  69 

 

Figure 11. Subpopulation-specific adenosine-associated viral vectors………………...  72 

 

Figure 12. Acute oxytocin neuron activation decreases resting blood pressure and                     

heartrate…………………………………………………………………………………. 75 

 



 

xii 
 

Figure 13. Activation of oxytocin neurons blunts the acute blood pressure responses                            

to H/H…………………………………………………………………………………… 78 

 

Figure 14. Chronic oxytocin neuron activation diminishes the development of               

hypertension and decreases heart rate with CIH/H……………………………………...  82 

 

Figure 15. Activation of PVN OXT neurons during CIH/H exposure restores                                        

responses in OXT sensitive CHO cells………………………………………………….  86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xiii 
 

List of Abbreviations 

 

AAV    adeno-associated virus 

 

Ach   Acetylcholine 

 

aCSF   Artificial cerebrospinal fluid 

 

ANS    Autonomic nervous system 

 

AVP    Arginine vasopressin 

 

CHO   Chinese hamster ovarian 

 

ChR2    Channelrhodpsin-2 

 

CIH    Chronic intermittent hypoxia 

 

CIH/H   Chronic intermittent hypoxia/hypercapnia 

  

CNS    Central Nervous systems 

 

CPAP   Continuous positive airway pressure 

 

CVN    Cardiac vagal Neuron 

 

DMV    Dorsal Motor Nucleus of the Vagus 

 

DREADDs  Designer receptors exclusively activated by designer drugs 

 

DVC    Dorsal Vagal Complex 

 

EPSC    Excitatory post-synaptic current 

 

GABA   Gamma-Aminobutyric Acid 

 

GPCRs  G-protein coupled receptors 

 

IML    Intermediolateral cell column of the spinal cord 

 

IPSC   Inhibitory post-synaptic current 

 

LH    Lateral Hypothalamus 

 

nAChRs  Nicotinic acetylcholine receptors 



 

xiv 
 

 

NA    Nucleus Ambiguus 

 

NMDG  N-methyl-D-glucamine  

 

NTS    Nucleus of the Solitary Tract 

 

OSA   Obstructive sleep apnea 

 

OTA    Oxytocin antagonist 

 

OXT    Oxytocin 

 

PNS   Parasympathetic nervous system 

 

PVN    Paraventricular Nucleus of the Hypothalamus 

 

RVMM   Rostral ventromedial medulla 

 

RVLM   Rostral ventrolateral medulla 

 

SNA   Sympathetic nerve activity 

 

SNS   Sympathetic nervous system 

 

 

 



 

1 
 

 

 

 

 

 

 

CHAPTER 1 

 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2 
 

 

The autonomic nervous system and cardiovascular regulation 

 
The autonomic nervous system (ANS) is responsible for maintaining homeostasis 

and regulating adaptation to challenges to the organism, and is divided into two distinct 

components, the sympathetic and parasympathetic systems.  The cardiovascular system is 

regulated primarily by the ANS, but also by the endocrine system.  Heart rate and blood 

pressure for example, are under neural control by mechanisms that include blood volume 

regulation by the kidney, as well as sympathetic activity that controls peripheral 

resistance in the arterioles and other vessels. Heart rate is controlled primarily by the 

levels of parasympathetic activity, and to a lesser extent, sympathetic activity.  

Preganglionic neurons important for the autonomic control of cardiovascular functions 

have their soma in autonomic motor nuclei such as the nucleus ambiguus (NA), the 

dorsal motor nucleus of the vagus nerve (DMV), and the intermediolateral cell column 

(IML).  The NA and DMV nuclei are a part of the inhibitory parasympathetic branch, 

while the IML is a part of the excitatory sympathetic branch of the ANS that together 

balance neuronal input to organs in the body.  Opposing actions of these autonomic 

branches of the ANS as well as the functioning of the target organs, achieve homeostasis 

and appropriate adaptation of the organism to the environment.  Cardiac output for 

example, is regulated by both the sympathetic and parasympathetic limbs of the ANS and 

is determined by autonomic regulation of heart rate, myocardial contractility, and end-

diastolic volume.  Both parasympathetic and sympathetic activity regulate heart rate and 

myocardial contractility, while end-diastolic volume is determined by venous pressure, 
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which depends on sympathetically mediated alterations to blood volume and venous 

smooth muscle tone (Guyenet, 2006).   

The sympathetic nervous system 
 

 Sympathetic nervous activity innervates almost all organs in the body and is 

traditionally associated with the fight or flight response (Loewy and Spyer 1990).  During 

times of stress it is responsible for altering and adapting bodily functions such as heart 

rate and contractility, pupillary dilation, as well as vasoconstriction and vasodilation.  

Short preganglionic fibers originate from cells in the IML of the upper thoracic and 

lumbar regions of the spinal cord.  These fibers exit the spinal cord through the ventral 

root at the same level of their somata, and synapse on many postganglionic neurons, often 

in the paravertebral ganglia (Guyton 1991b; Loewy and Spyer 1990).  The postganglionic 

neurons then send long projections to innervate target tissues.  The adrenal medulla 

however, is known to be directly innervated by preganglionic sympathetic fibers 

originating from the splanchnic nerve (Guyton 1991b; Loewy and Spyer 1990).   

 Sympathetic preganglionic neurons release acetylcholine (ACh), which binds to 

and activates nicotinic acetylcholine receptors (nAChRs) on the postganglionic neurons.  

Most postganglionic sympathetic neurons release norepinephrine as a neurotransmitter 

(Ganong 2005).  Release of norepinephrine activates both alpha and beta adrenergic 

postsynaptic receptors on target organs (Ganong 2005).  Alpha-adrenergic receptors, a 

class of G-protein coupled receptors (GPCRs), are responsible for mediating pupil 

dilation, vasoconstriction, bladder contractility, and insulin secretion (Boron and 

Boulpaep 2009). Activation of another class of GPCRs, beta-adrenergic receptors, evokes 
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vasodilation, increases in cardiac contractility and cardiac output, as well as stimulates 

insulin secretion (Large et al. 1997). 

 Sympathetic neurons in the stellate ganglion act as the dominant source of 

sympathetic input to the heart, and are activated by sympathetic preganglionic fibers 

originating from the IML, primarily at thoracic levels 1-4 (Jansen et al., 1995a; Jansen et 

al., 1995b).  Transneuronal labeling studies from the stellate ganglion revealed IML input 

from three medullary regions: 1) the rostral ventromedial medulla (RVMM), 2) the 

rostral ventrolateral medulla (RVLM), and 3) the caudal raphe nuclei, with the greatest 

concentration of labeling located in the RVMM.  Nuclei in the pons and midbrain 

including the A5 cell group, Kolliker-Fuse, the subcoeruleus, and the Edinger-Westphal 

are also possible sources of input to preganglionic sympathetic neurons.  Finally, 

forebrain projections originating from both the paraventricular nucleus of the 

hypothalamus (PVN) and lateral hypothalamus (LH) are also known to project to 

sympathetic targets (Jansen et al., 1995b).   

     In addition to the structures mentioned above, the sympathetic network is also 

regulated by numerous types of sensory afferent information (Guyenet, 2006).  Neurons 

in the IML for example, are directly innervated by spinal lamina I neurons, and influence 

an afferent visceral pathway.  Additionally, input from medullary structures involving 

chemosensation such as the RVLM, have been reported and been shown to play an 

important role in the neural control of tonic and reflex cardiovascular activity (Guyenet, 

2006; Dampney et al., 2003).  The basal activity of presympathetic neurons that project to 

the spinal cord fire in rough accordance with the cardiac cycle and are thought to be a 

major determinant of the generation of sympathetic outflow (Yang et al., 2001).  This 
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population of presympathetic RVLM neurons synapse directly onto preganglionic 

sympathetic neurons in the IML of the upper thoracic spinal cord (Guyenet, 2006).  It has 

been shown that stimulation in vitro of Phox-2B neurons, a subpopulation of RVLM 

neurons, increased sympathetic nerve discharge and blood pressure (Abbot et al., 2009).           

 

The parasympathetic nervous system 

 Parasympathetic activity is mainly concerned with the maintenance of bodily 

function at rest when an animal is under no stress.  This includes conservation of oxygen, 

restoration of energy, facilitation of digestion, and absorption and secretion of waste 

(Freeman 2006; Patton and Howell 1989).  This system helps to maintain a low heart rate 

and relatively normal blood pressure, facilitates bronchial constriction, and is generally 

complementary to the functions of the sympathetic system (Ganong 1979).  The 

preganglionic parasympathetic fiber projections are extensive, as neurons originating in 

the medulla, pons, or midbrain nuclei synapse upon neurons in parasympathetic ganglia 

that are in close proximity to their target organ (Loewy and Spyer 1990).  ACh is the 

primary neurotransmitter of both pre- and postganglionic parasympathetic neurons.  

When released by preganglionic neurons it subsequently binds to nAChRs on 

parasympathetic postganglionic neurons located near the target organ and excites these 

neurons, whereas ACh released from postganglionic neurons binds to muscarinic 

receptors on the target tissue (Ganong 1989), that often serve an inhibitory role. 

 The vast majority (~75%) of all parasympathetic fibers originate in the vagus 

(tenth) nerve.  Descending nerve fibers from the vagus innervate mucous glands, the 

muscles of the pharynx, the esophagus, the stomach, and the gastrointestinal tract. Those 
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areas beyond the descending colon are controlled by sacral parasympathetic fibers.  

Vagal preganglionic fibers originating in the DMV regulate gastrointestinal motility and 

secretion, as well as endocrine and exocrine pancreatic secretion, while motor fibers 

extending from the NA innervate the soft palate, pharynx, esophagus, and larynx, which 

facilitates swallowing and vocalization (Loewy and Spyer 1990).  In addition, the cell 

bodies of preganglionic cardiac neurons whose axons project to the cardiac ganglia and 

provide the dominant chronotropic influence on the heart originate within both the NA 

and DMV (Loewy and Spyer 1990).  

 

Sympathetic/parasympathetic nervous system interactions 

 

 Multiple organs undergo innervation by both divisions of the autonomic nervous 

system.  These two systems work in a complementary manner to achieve homeostasis.  

Pupil dilation, for example, occurs with sympathetic system activation while pupil 

constriction is mediated by the parasympathetic branch.  Beat to beat regulation of heart 

rate is another example of how these two systems complement one another.  

Norepinephrine is released by sympathetic postganglionic neurons to accelerate the firing 

of cardiac pacemaker cells in the sinoatrial node and increase the activity of the heart 

(Guyton 1991a; Patton and Howell 1989).  Conversely, parasympathetic postganglionic 

neurons hyperpolarize and decrease the firing rate of these pacemaker cells via ACh 

release and activation of muscarinic receptors in the sinoatrial node.  Moreover, this 

release of ACh simultaneously slows the propagation of excitatory impulses through the 

atrioventricular fibers (Brooks et al. 1980).  Sympathetic stimulation increases the 
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efficiency of the heart to pump, while parasympathetic innervation reduces the force of 

contraction. 

 

Parasympathetic control of heart rate 

 Resting heart rate is primarily influenced by parasympathetic innervation of the 

heart.  There is a tonic level of parasympathetic nerve firing in conscious and 

anesthetized animals such as dogs (Scher and Young, 1970), cats (Kunze, 1972), and rats 

(Coleman, 1980; Stornetta et al., 1987), and in humans (Katona et al., 1982; Pickering et 

al., 1972; Sullebarger et al., 1990), but little, if any, sympathetic activity at rest.  In fact, if 

parasympathetic outflow is blocked by the muscarinic receptor antagonist, atropine, a 

significant increase in heart rate is observed.  Blocking sympathetic activity however, 

with the beta adrenergic receptor antagonist, propranolol, causes minimal decreases in 

heart rate (Berne and Levy, 2001), suggesting parasympathetic activity dominates over 

sympathetic to influence resting heart rate (Levy and Zieske, 1969).  Parasympathetic 

cardiac vagal nerve activity modulates the baroreflex-induced slowing of the heart in 

response to increases in arterial pressure.  Additionally decreases in arterial pressure are 

coupled with baroreflex-induced tachycardia, increased sympathetic nerve activity, and 

decreased parasympathetic activity (Scher and Young, 1970; Spyer, 1981; Stornetta et al., 

1987).        

 Cardiovascular diseases such as ventricular arrhythmias along with an increased 

risk for sudden cardiac death are associated with altered parasympathetic outflow (Hull et 

al., 1995).  Cardiac vagal activity is also diminished in cardiovascular diseases including 

hypertension, congestive heart failure, diabetes, and coronary artery disease (Evrengul et 
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al., 2006; Ferguson et al., 1990; Mendelowitz, 1999; Motte et al., 2005).  This blunting of 

parasympathetic activity is an independent predictor of mortality associated with chronic 

heart failure patients (Nishime et al., 2000).  It has been suggested in patients who 

succumb to ischemia-induced arrhythmias as well as myocardial infarctions, that 

restoration of parasympathetic outflow may increase the likelihood of recovery (Townend 

and Littler, 1995; Vanoli et al., 1991).  Additionally, in an animal model of myocardial 

ischemia, activation of parasympathetic neurons in the DMV reduced infarct size 

(Mastitskaya et al., 2012).  These studies suggest that increasing and restoring 

parasympathetic function and/or cardiac vagal outflow, could potentially alleviate certain 

forms of cardiovascular disease.           

 

Neurophysiology of cardiac vagal neurons 

 Brainstem premotor cardioinhibitory vagal neurons (CVNs) are responsible for 

mediating parasympathetic cardiac function and provide the major negative chronotropic 

influence on the heart.  These neurons are principally located in the ventrolateral medulla 

in the NA and in the dorsal vagal complex (DVC) in the DMV (Loewy and Spyer 1990; 

Mendelowitz and Kunze 1991).  Axons from CVNs travel within the vagus nerve and 

synapse upon postganglionic parasympathetic neurons in cardiac ganglia in the 

pericardial sac at the base of the heart (Mendelowitz, 1996; Stuesse, 1982; Wang et al. 

2001b).  These fibers subsequently innervate both the sinoatrial and atrioventricular 

nodes (Pardini et al. 1987; Rardon and Bailey 1983).  Activation of CVNs regulates the 

beat-to-beat rhythm of the heart (Warner et al. 1986), and it has been proposed that 
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altering the firing properties of a single cardiac vagal neuron is sufficient to significantly 

change heart rate (Jordan et al. 1982; McAllen and Spyer 1978).  Stimulation of the 

vagus nerve decreases heart rate and injection of the excitatory neurotransmitter 

glutamate into the NA has been shown to evoke a strong bradycardia (Machado and 

Brody 1988; Mills 1978).     

In vivo studies have shown that CVNs are intrinsically silent and do not possess 

pacemaker-like activity.  Upon injection of a small amount of depolarizing current 

however, CVNs fire with little delay and minimal spike frequency adaptation 

(Mendelowitz 1996; Rardon and Bailey 1983). These firing properties allow CVNs to 

follow synaptic activation for extended periods of time while adjusting to long-lasting 

modulatory inputs (Mendelowitz 1996). 

While it is generally assumed that CVNs in the NA provide a greater contribution 

to the negative chronotropic parasympathetic activation of the heart than CVNs in the 

DMV (Loewy and Spyer, 1990), there is evidence that CVNs in the DMV also may play 

a cardioprotective role (Mastitskaya et al., 2012).  The two following sections will 

highlight a number of important neurotransmitters involved in the synaptic pathways to 

CVNs in both the NA and DMV. 

 

Cardiac vagal neurons in the nucleus ambiguus 

  

 Due to their normally silent nature, CVNs require synaptic input to fire action 

potentials.  Several synaptically released neurotransmitters have been identified as 

important for excitatory or inhibitory activity in CVNs in the NA including glutamate, 

ATP, serotonin, ACh, glycine, and gamma-aminobutyric acid (GABA) (Jameson et al., 



 

10 
 

2008a; Jameson et al., 2008b; Kamendi et al. 2008; Mendelowitz 1998; Neff et al. 1995; 

Neff et al. 1998a; Neff et al. 1998b; Wang et al. 2003). GABAergic neurotransmission is 

thought to be one of the most important endogenously active inhibitory inputs to CVNs 

(Wang et al. 2001a).  Synaptic release of GABA can activate gabazine-sensitive GABAA 

receptors that mediate phasic currents, as well as picrotoxin-sensitive, gabazine-

insensitive extrasynaptic receptors that facilitate tonic currents (Bouairi et al. 2006).  

Systematic mapping of GABA inputs to CVNs has revealed several brainstem areas with 

GABAergic neurons that have direct projections to CVNs including the nucleus of the 

solitary tract (NTS), RVLM, and lateral paragigantocellular nucleus (Dergacheva et al., 

2010; Frank et al., 2009; Wang et al., 2001a).   

 Vasopressin (AVP) has been show to enhance the inhibitory GABAergic input to 

CVNs in the NA (Wang et al., 2002).  There are only two major sources of AVP in the 

central nervous system (CNS), the PVN and the supraoptic nucleus (SON), suggesting 

the firing of CVNs can be modulated by descending hypothalamic projections from the 

PVN or SON that release AVP.  Orexin, an additional hypothalamic neuropeptide, has 

been shown to increase inhibitory, and decrease excitatory synaptic pathways to CVNs 

(Dergacheva et al., 2005).  Orexin not only activates GABAergic neurons in the 

brainstem with projections to CVNs, but likely facilitates GABAergic inputs to CVNs via 

its actions on presynaptic GABAergic terminals (Dergacheva et al., 2012).      

 The NTS, located in the DVC, receives a substantial fraction of the afferents from 

the cardiovascular system including sensory afferent input from arterial baroreceptors and 

chemoreceptors, and cardiac baroreceptors.  A potential framework for the baroreceptor 

reflex pathway was proposed based upon work that has shown electrical stimulation of 
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the NTS results in glutamatergic mediated post-synaptic currents in CVNs (Neff et al., 

1998b).  Additionally, stimulation of trigeminal sensory afferents increases glutamatergic 

neurotransmission to CVNs providing a basis for the bradycardia that occurs upon 

activation of the diving reflex (Gorini et al., 2009). 

 

Cardiac vagal neurons in the dorsal motor nucleus of the vagus  

 Neurotransmitters including GABA, glutamate, ACh, and endogenous opioids 

have been reported to produce inhibitory or excitatory currents in CVNs located in the 

DMV (Aicher et al., 2002; Evans et al., 2003; Neff et al., 1995; Wang et al., 2001b), with 

GABAergic inhibitory post synaptic currents (IPSCs) having higher frequencies in the 

DMV than in the NA (Wang et al., 2001b).  CVNs in the DMV, like those in the NA, 

receive GABA(A), NMDA, and AMPA mediated currents from NTS neurons (Evans et 

al., 2003; Wang et al., 2001b), with stimulation of the vagus nerve resulting in 

GABAergic and glutamatergic currents (Evans et al., 2003).     

 More recent work has shown that the endogenous release of oxytocin (OXT), but 

not AVP, from PVN terminals in the DMV facilitates glutamatergic neurotransmission 

onto CVNs, postulating a role for OXT in the DVC to enhance parasympathetic 

regulation of heart rate (Pinol et al., 2012).  The cardioprotective actions OXT may 

possess however, have not yet been thoroughly investigated.    
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Paraventricular nucleus of the hypothalamus   

 The PVN, a hypothalamic structure, serves as a major integrative site for 

autonomic and neuroendocrine homeostasis (Ferguson et al., 2008; Swanson and 

Sawchenko, 1983), as it receives robust afferent sensory input from cranial and spinal 

sensory nerves from multiple sites throughout the body (Rinaman, 2007).  Nearly all 

areas of the CNS involved in cardiorespiratory function receive connections from the 

PVN (Kc et al., 2002, 2010; Luiten et al., 1985; Mack et al., 2002, 2007; Swansom and 

Kuypers, 1980; Swanson et al., 1981; Yeh et al., 1997), and via bidirectional interactions 

involving inhibitory and excitatory actions, the PVN contributes to maintenance of 

homeostasis (Kc and Dick, 2010). 

 The PVN borders the third ventricle, is composed of magno- (anterior, medial, 

and posterior regions) and parvocellular (periventricular, anterior, medial, dorsal, and 

lateral regions) regions, and the central and sensory inputs of the PVN determines its role 

in autonomic function.  The magnocellular region contains mainly OXT and AVP cells 

with synaptic endings that terminate in the posterior pituitary and release OXT and AVP 

into the bloodstream.  The parvocellular division however, expresses a vast number of 

neurotransmitters and neurohormones including OXT, AVP, dopamine, and 

corticotropin- and thyrotropin-releasing hormones.  This area projects to many areas in 

the CNS and regulates many systems, including autonomic function (Kc and Dick, 2010).   

 A role for PVN projections to pre-sympathetic brainstem neurons has been well 

established, and PVN neurons have been found to have direct influence on sympathetic 

nerve activity (SNA) via parvocellular projections to the IML and RVLM (See Figure 1).  
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This influence on SNA is modulated directly via a pathway from the PVN to IML, 

indirectly via a PVN-RVLM connection, and both directly and indirectly via collaterals 

to the IML and RVLM (Badoer 2001; Card et al., 2006; Coote et al., 1998; Cruz et al., 

2008).  It has been proposed that projections from PVN neurons release the 

neurotransmitters AVP and glutamate to excite neurons in the RVLM (Yang et al., 2001).  

Additionally, axons projecting from these PVN neurons to the RVLM fire in association 

with the heartbeat interval (Chen and Toney, 2009).  Furthermore, microinjections of 

AVP and OXT agonists into the RVLM cause increases in heart rate suggesting PVN 

neurons may modulate heart rate via projections to the RVLM (Kc et al., 2002; Mack et 

al., 2007).   

 There has been much less investigation regarding how the descending projections 

from parvocellular PVN neurons influence parasympathetic activity.  Projections from 

the PVN however, have been shown to innervate the central gray matter, nucleus of the 

locus coeruleus, and parabrachial nucleus (Zheng et al., 1995), with dense axonal 

projections originating in the PVN observed in the regions of the brainstem where 

parasympathetic cardiac control originates, mainly the NA and the DMV (Geerling et al., 

2010; Goncharuk et al., 2011; Saper et al., 1976; Ter Horst et al., 1984).  After injection 

of the trans-synaptic pseudorabies virus in the heart, with spinal cord transection to 

prevent sympathetic pathway labeling, a robust population of neurons in the PVN was 

observed (Irnaten et al., 2001).   
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Figure 1   Simplified model of established and hypothesized descending PVN 

projections involved in cardiovascular regulation  

 Heart rate and contractility are regulated by both the sympathetic and 

parasympathetic branches of the autonomic nervous system, originating in the IML and 

in the DMV and NA, respectively.  Early neuroanatomical studies established dense PVN 

innervation of DMV, NA, RVLM, and IML.  The IML receives both direct, from the 

PVN, and indirect, relayed through the RVLM, innervation.  PVN, paraventricular 

nucleus of the hypothalamus; DMV, dorsal motor nucleus of the vagus; NA, nucleus 

ambiguus; RVLM, rostral ventral lateral medulla; IML, intermediolateral column. 
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As mentioned earlier, pre-autonomic neurons in the PVN synthesize and release 

various neurotransmitters and neuropeptides including AVP and OXT.  Both AVP fibers 

and the release of AVP has been observed in the DVC (Goncharuk et al., 2011), with 

AVP application to DMV neurons in vitro resulting in increases in heart rate (Mo et al., 

1992).  GABAergic neurotransmission to CVNs in the NA has been shown to be 

increased with AVP application, without any observed excitatory effect in CVNs (Wang 

et al., 2002).  Conversely, studies have examined the projections from the PVN to CVNs 

in the DMV using the paired-pulse response paradigm to assess short-term plasticity of 

the PVN to CVN synapse. These studies showed AVP had no role in modulating the 

paired-pulse facilitation in this pathway, and additionally, the activation of PVN axons in 

the DMV did not alter GABAergic neurotransmission to CVNs.   This absence of a 

modulatory effect of AVP on GABA IPSCs in CVNs in the DMV, may explain the 

contrasting findings observed in the NA (Pinol et al., 2012).            

 The most abundant neuropeptide found in descending PVN projections to the 

DVC is OXT (Sawchenko and Swanson, 1982).  OXT fibers have been observed in the 

DMV (Voorn and Buijs, 1983; White et al., 1984; Dreifuss et al., 1992; Llewellyn-Smith 

et al., 2012; Rinaman, 1998) and the release of OXT has been shown in the DVC (Buijs 

and Van Heerikhuize, 1982; Landgraf et al., 1990).  Furthermore, the membrane 

excitability of DMV neurons is altered with OXT application likely through activation of 

OXT receptors on DMV cells (Raggenbass and Dreifuss, 1992).  OXT additionally, has 

also been reported to exert effects on cardiovascular regulation in the DVC; OXT 

projections from PVN to the DVC have been shown to improve reflex bradycardia and 

reduce exercise-induced tachycardia (Braga et al., 2000; Higa et al., 2002).  OXT also 
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facilitates vagal afferent transmission to a subset of NTS neurons (Peters et al., 2008).  

Moreover, microinjection of OXT antagonist in the DVC suppressed PVN stimulation-

induced bradycardia (Rogers and Hermann, 1986).  These studies demonstrate that OXT 

influences vagal afferents and cardiac reflexes in NTS. Yet, until recently, it was unclear 

if there is a mechanism by which OXT modulates parasympathetic cardiac vagal neurons 

directly.  Previous studies in our laboratory showed that OXT released in the DMV from 

synaptic terminals from PVN neurons facilitates glutamatergic neurotransmission to 

CVNs (Pinol et al., 2012).  This work indicates a potential parasympathetic cardiac role 

of the PVN and the endogenous release of OXT from PVN synaptic terminals within the 

brainstem (Pinol et al., 2012).  The role of the release of OXT from the PVN in 

cardiovascular diseases remains to be determined.  

 

Role of PVN in controlling heart rate and generating/maintaining 

hypertension 

 In addition to its role in controlling autonomic function under normal conditions, 

the PVN is also important in regulating sympathetic and cardiovascular activity in 

response to hypoxic stress (Gan et al., 2012; Coleman et al., 2010).  The PVN is an 

essential brain region targeted by chronic intermittent hypoxia (CIH), concomitant with 

the highly prevalent cardiovascular disease obstructive sleep apnea (OSA, see next 

section) (Coleman et al., 2010; Huang et al., 2007; Kc et al., 2010).  Activity in neurons 

within the PVN that are critical for the cardiovascular responses to challenges such as 

stress and dehydration possess augmented activity with CIH.  These neurons are involved 
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in the maintenance and/or generation of CIH induced hypertension (da Silva et al., 2011; 

Kc et al., 2010; Kc and Dick, 2010; Knight et al., 2011).  Using FosB/ΔFosB as a marker 

of neuronal activation, CIH increased the activity of cells in the dorsal and medial 

parvocellular subdivisions through all rostral-caudal levels in the PVN, as well as the 

lateral parvocellular sub-region in the caudal PVN (Knight et al., 2011).  After CIH, nitric 

oxide and NMDA signaling is reduced in nNOS neurons in the PVN, accompanied by an 

increase in blood pressure (Coleman, 2010).  Additionally, the alterations in blood 

pressure, heart rate, and respiration that occurs with CIH have been postulated to involve 

pathways from the PVN to the RVLM, NTS, locus coeruleus, and spinal sympathetic 

preganglionic neurons (Kc et al., 2010; Pajolla, 2009; Sharpe, 2013).  Similarly, PVN 

pathways to neurons in the NA and DVC, brainstem regions where parasympathetic 

cardiac control originates, are hypothesized to modulate brainstem autonomic function 

(Kc and Dick, 2010).  Taken together, these data indicate that the activity of PVN 

neurons is altered with models of OSA, and leads to the generation of OSA induced 

hypertension.  

 

Changes in autonomic function in obstructive sleep apnea patients and 

in models of obstructive sleep apnea following chronic intermittent 

hypoxia/hypercapnia 

Patients with OSA experience repetitive complete or partial collapses of the upper 

airway during sleep, which causes an apnea and results in intermittent hypoxia and 

hypercapnia.  These cycles of hypoxia and CO2 retention alter the activity in both cardiac 
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parasympathetic (PNS) and sympathetic nervous system (SNS) activity leading to 

disruptions in  heart rate (Azagra-Calero et al., 2012; Cutler et al., 2002; Loke et al., 

2012; Pachikara and Mehra, 2011; Leung, 2009; Kufoy et al., 2012; Bradley and Floras, 

2009).  Upon termination of apneas, asphyxia causes a brief arousal from sleep, 

sympathetic activity increases, vagal tone decreases, and these autonomic changes lead to 

surges in blood pressure and heart rate (Loke et al., 2012; Leung, 2009; Bradley and 

Floras, 2009).  These acute effects are thought to be the substrate for chronic long term 

changes in cardiovascular dysfunction that results in an increased risk of hypertension, 

daytime tachycardia, arrhythmias, myocardial ischemia, stroke, and cardiovascular 

mortality (Bradley and Floras, 2009).   

Currently, continuous positive airway pressure (CPAP) therapy is the most 

common and successful treatment for OSA, however this treatment is only modestly 

effective, with mean blood pressure reductions of ~2 mmHg.  Although CPAP improves 

the survival and quality of life, it is not well tolerated by all patients with OSA and its use 

is often discontinued.  Thus, other avenues of treatment are crucial to mitigate the adverse 

cardiovascular effects caused by OSA.   

Exposure to CIH during the sleeping period of animals mimics the repetitive 

episodes of hypoxia that occur in humans with OSA.  Similar to what is observed in 

patients with OSA, data from animal models provide strong evidence that animals 

exposed to CIH experience decreased baroreflex sensitivity, increased blood pressure and 

sympathetic activity, and diminished parasympathetic activity to the heart (Carlson et al., 

1996; Bonsignore et al., 2006, 2002; Lai et al., 2006; Narkiewicz and Somers, 2003; 

Parish and Somers, 2004; Balachandran et al., 2012). While CIH decreases baroreflex 
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control of heart rate, it also enhances baroreceptor afferent function as well as the heart 

rate responses upon stimulation of the vagus nerve suggesting that impairment with CIH 

occurs not in the sensory or efferent premotor fibers, but instead within the brainstem 

(Yan et al., 2009).   

 

Oxytocin in cardiovascular function 

In addition to the classic peripheral effects of OXT on uterine contraction and 

milk ejection in females, the role of centrally released OXT has been shown to have a 

diverse range of CNS functions in both males and females.  The effects of OXT on the 

behavioral responses to anxiety and stress have been extensively studied in both humans 

and non-humans. OXT has been shown to have strong anti-stress responses that promote 

bonding, trust, cooperation, and relaxation (McCall and Singer, 2012).  More recently 

however, the role of centrally released OXT in regulating autonomic responses to stress 

as well as its role as a cardiovascular hormone, has garnered more attention (Higa et al., 

2002; Michelini et al; 2003; Ring et al., 2006).  In non-human mammalian species, for 

example, OXT release causes acute and long-term decreases in heart rate and blood 

pressure via peripheral and central actions in the brainstem, heart, and vessels (Grewen 

and Light, 2011).  Conversely, blocking central OXT release has been shown to increase 

heart rate and blood pressure responses in rats after acute stress (Grewen and Light, 

2011).  Recent work has indicated OXT could be especially beneficial to modulate 

sympathetic and parasympathetic activity balance in response to stress (Higa et al., 2002; 

Gamer and Buchel, 2012).  OXT for example, alters baroreceptor reflex control of heart 
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rate by increasing vagal outflow to slow heart rate, while blocking OXT release prevents 

reflex bradycardia during baroreceptor activation (Higa et al., 2002).   

The anti-stress and anxiolytic properties of OXT imply that it modulates 

sympathetic and parasympathetic tone.  In response to stress, OXT alters baroreceptor 

reflex control of heart rate by increasing vagal outflow to slow heart rate.  Conversely, 

blocking OXT release prevents reflex bradycardia during the loading of baroreceptors 

(Higa, 2002).  While the mechanisms responsible for OXT modulating heart rate remain 

to be determined, there are several nuclei that receive projections thought to be involved 

in the beneficial slowing of the heart under stressful situations.  These nuclei include the 

NT, DMV, the RVLM, and the NA, all of which are involved in autonomic regulation 

(Stauss, 2003). 

 In the human population, higher OXT plasma levels have been linked to lower 

blood pressure and have been shown to regulate stress-induced tachycardia (Grewen and 

Light, 2011), while intranasal administered OXT has positive effects on anxiety and 

stress responses and specifically increases parasympathetic and decreases sympathetic 

cardiac control (Norman et al., 2011).  Particularly relevant to the hypotheses put forth in 

this proposal, a recent study showed that intranasal administered OXT was sufficient to 

prevent the increased stress and anxiety in response to inhalation of 7.5% CO2 in healthy 

volunteers (de Oliveira et al., 2012). 
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Optogenetics 

 In order to identify and assess the targets and responses of long-range synaptic 

pathways within the CNS, electrical stimulation of neurons and fibers in vivo has been 

utilized for many years.  While many studies have used this approach, it possesses several 

insurmountable inherent obstacles such as limited control over the spread and spatial 

resolution of stimulation, confounding stimulation of a heterogeneous population of 

neurons or axons within the stimulated regions, unpredictable effectiveness of stimulation 

that depends on different thresholds for fibers and neurons within the region, and the 

potential for tissue damage.  The inability to apply pharmacological agents in vivo in 

highly localized areas surrounding the target neuron receiving long-range projections is 

also hindered by this approach (Cruikshank et al., 2010). 

 Approaches developed over the last 20 years using in vivo electrophysiology have 

overcome some of these limitations permitting tight control over the external and internal 

milieu surrounding cells, and allowing more precise stimulation and electrophysiological 

recordings from neurons.  The examination of pathways in vitro however, are limited by 

these approaches and therefore many important long-range projections to neurons cannot 

be studied. 

 Approaches using optogenetic techniques overcomes many of these obstacles.   

Optogenetics affords highly selective stimulation of homogenous neuronal populations as 

well as activation of synapses originating from neurons distant from the neuron of 

interest, while retaining the high degree of control and precision afforded in vitro (Fenno 

et al., 2011).  This approach utilizes heterologous expression of the microbial opsin 
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channelrhodopsin-2 (ChR2), a light-activated cation channel that is ubiquitously inserted 

into the plasma membrane of cells (Nagel et al., 2003).  Membrane depolarization of cell 

bodies, dendrites, and axons of neurons that express ChR2 is achieved with brief 

(millisecond scale) blue light pulses, and allows for excitation of specific compartments 

of the plasma membrane including presynaptic terminals distant from the soma (See 

Figure 2) (Petreanu et al., 2007).   

 Many studies have used optogenetics to examine the neurophysiology of distant 

synapses by driving ChR2 expression using different viral vectors (Cruikshank et al., 

2010; Varga et al., 2009), as well as transgenic mice (Ren et al., 2011).  Other studies 

have utilized viral vectors to drive ChR2 expression in the plasma membrane of distal 

synaptic terminals (Pinol et al., 2012). 
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Figure 2   Schematic depiction of the working of channelrhodopsin 

 Blue light (473nm) illumination opens the channelrhodopsin cation channel, 

thereby increasing the conductance for small positively charged ions.  Increases in 

positively charged particles in the cell then depolarizes the cellular membrane and when 

the membrane potential becomes sufficiently depolarized (e.g. from -65 to -40 mV), a 

neuron can fire an action potential.  If the action potential is generated in or near the 

presynaptic terminal, it can lead to neurotransmitter release. 
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Chemogenetics 

 While the development of optical approaches to visualize and manipulate 

neuronal activity has proved to be an invaluable tool to decipher neuronal networks and 

brain functions, there are limitations to these approaches which include a degree of 

invasiveness when used in vivo, populations of neurons in the brain that are inaccessible 

to light, and a need for a high level of technological expertise.  In order to overcome the 

limitations of optogenetics, Roth and colleagues developed designer receptors 

exclusively activated by designer drugs (DREADDs) to noninvasively control neuronal 

signaling and activity in mammalian brains, and examine how specific populations of 

neurons and local circuits contribute to health and disease (Alexander et al., 2009; 

Sternson and Roth, 2014).        

 Derived from human muscarinic receptors (Armbruster et al., 2007; Conklin et 

al., 2008; Pei et al., 2008), DREADDs allow for precise spatiotemporal control of GPCR 

signaling in vivo (Sternson and Roth, 2014).   These designer GPCRs contain two-point 

mutations of highly conserved amino acids resulting in a high insensitivity to ACh (the 

endogenous agonist) and a high potency and efficacy to clozapine-N-oxide (CNO) that is 

otherwise biologically inert and crosses the blood-brain-barrier (Sternson and Roth, 

2014; Armbruster et al., 2007; Nawaratne et al., 2008).  The excitatory Gq (hM3Dq) 

DREADDs are used to activate neurons as CNO activation causes neuronal 

depolarization and burst firing (Alexander et al., 2009; Atasoy et al., 2012).  Designer 

receptors Gi (hM4Di) conversely are used to inhibit neurons with CNO inducing neuronal 

hyperpolarization and silencing (5D: Armbruster et al., 2007; Atasoy et al., 2012).      
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 DREADDs are packaged into viral vectors (See Figure 3), or expressed in 

transgenic mice, to increase or decrease the activity of specific populations of neurons in 

vivo by expression of the excitatory or inhibitory hM3Dq and hM4Di DREADDs, 

respectively (Ferguson and Neumaier, 2012).  Advantages of utilizing DREADDs over 

other approaches such as optogenetics include noninvasive control of neuronal signaling 

(Sternson and Roth, 2014), ability to examine widely dispersed neurons (Garner et al., 

2012), neurons out of range for optogenetic studies can be examined (Vrontou et al., 

2013), and use for long-term studies (Farrell et al., 2013) as the effects after a single 

injection of CNO last hours (Alexander et al., 2009).    

 The selective expression and activation of DREADDs has been used to increase 

or decrease the activity of specific populations of neurons in-vivo by expression of the 

excitatory or inhibitory hM3Dq and hM4Di DREADDs, respectively, in neurons essential 

for memory formation, appetite and feeding, sleep/wake states, and other behaviors 

(Alexander et al., 2009; Armbruster et al., 2007; Sasaki et al., 2011; Krashes et al., 2011; 

Nawaratne et al., 2008; Rogan and Roth, 2011; Ferguson et al., 2011; Dong et al., 2010; 

Ferguson and Neumaier, 2012).  Use of this technology will greatly increase our 

understanding of neuronal control and signaling in both healthy and disease states. 
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Figure 3   Schematic depiction of the working of excitatory hM3Dq DREADDs 

 In the Cre-dependent system, two adeno-associated viruses are injected into a 

specific brain region: the first a double-floxed inverted AAV, and the second a cell-type 

specific Cre- expressing AAV.  After cell-type specific Cre-induced recombination, the 

DREADDs are flipped into the correct orientation, and with CNO injection G-protein 

signaling is expressed in defined cell populations (Adapted from Zhu and Roth, 2014). 
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Summary and specific aims 

 As stated previously, recent work has revealed photoactivation of ChR2 

containing PVN fibers elicited paired-pulse facilitation of glutamatergic 

neurotransmission to CVNs and this enhancement was diminished after application of the 

OXT receptor antagonist, OTA, suggesting this excitatory pathway is facilitated by 

endogenous OXT release from these synaptic terminals.  Additionally, work from our lab 

showed that the paired-pulse facilitation of the excitatory post-synaptic currents (EPSCs) 

that occur in unexposed rats is significantly blunted in animals exposed to chronic 

intermittent hypoxia/hypercapnia (CIH/H) (Dergacheva et al., 2014).  In Chapter 2, I test 

the hypothesis that PVN fibers in brainstem slices directly release OXT onto CVNs, and 

the release of OXT from PVN fibers onto CVNs is diminished with CIH/H.  To 

investigate the release of OXT onto CVNs from PVN fibers we engineered and dispersed 

within the brainstem sniffer Chinese Hamster Ovarian (CHO) cells highly sensitive to 

oxytocin. These sniffer CHO cells were stably transfected to express the human 

recombinant OXT receptor, and calcium changes within these cells could be visualized as 

these cells also express the red fluorescent calcium indicator, R-GECO1.  We dispersed 

these sniffer CHO cells onto brainstem tissue containing ChR2-expressing PVN fibers 

and CVNs, and assessed the intracellular calcium changes upon photostimulation of 

ChR2-containing fibers.  

 In Chapter 3, I describe the other aim of this study which tested the hypothesis 

that selective activation of PVN OXT neurons would decrease resting heart rate and 

blood pressure in conscious telemetry instrumented animals, blunt the acute responses to 

hypoxia/hypercapnia (H/H), and diminishe the development of hypertension with CIH/H.  
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In order examine if restoration of OXT neuron activity would prevent the adverse 

cardiovascular effects of CIH/H in vivo, we selectively activated PVN OXT neurons 

utilizing viral expression of excitatory hM3Dq DREADDs within the PVN OXT neurons 

in animals implanted with telemetry devices to monitor blood pressure and heart rate. 
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CHAPTER 2 

 

Study 1: Visualization of oxytocin release in the brainstem upon photoactivation of 

ChR2-expressing fibers originating from parvocellular neurons in the 

paraventricular nucleus of the hypothalamus 
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Introduction 

 The PVN plays an important role in controlling cardiovascular function both via 

release of hormones from the pituitary and additionally via its descending pathways to 

the brainstem and spinal cord.  Neuroanatomical studies suggest that PVN neurons 

project to CVNs that are essential in parasympathetic control of the heart in the NA and 

DMV, but little is known how these projections influence parasympathetic activity. 

 OXT, a neuropeptide released from the PVN, is most commonly known due to the 

classic effects of the hormone on uterine contraction and milk ejection.  Recent work 

however, has suggested OXT can act as a neuromodulator upon synaptic release from 

parvocellular neurons originating in the PVN.  Targets of PVN neurons include the 

parasympathetic neurons in the brainstem that generate parasympathetic activity to the 

heart.  Recent studies using optogenetic stimulation of the PVN neurons that express 

ChR2 revealed a direct pathway from these PVN neurons to brainstem parasympathetic 

CVNs.  Photoactivation of ChR2 containing PVN fibers elicited paired-pulse facilitation 

of glutamatergic neurotransmission to CVNs and this enhancement was diminished after 

application of the OXT receptor antagonist, OTA, suggesting this excitatory pathway is 

facilitated by endogenous OXT release from these synaptic terminals (Pinol et al., 2014).  

Additional data from our lab that showed the paired-pulse facilitation of the EPSCs that 

occurs in unexposed rats is significantly blunted in animals exposed to CIH/H 

(Dergacheva et al., 2014).  However, it remains to be determined if this blunted response 

is due to decreased OXT release.  In this chapter, I test this hypothesis by elucidating the 

conditions required for OXT release from PVN fibers, and examine if the release of OXT 

from PVN neurons onto CVNs is diminished with CIH/H, an animal model of OSA.  To 
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conduct these experiments, we engineered and dispersed within the brainstem sniffer 

CHO cells highly sensitive to oxytocin.  These sniffer CHO cells were stably transfected 

to express the human recombinant OXT receptor, and calcium changes within these cells 

could be visualized as these cells also express the red fluorescent calcium indicator, R-

GECO1.   

 

Material and methods 

Lentiviral vector plasmids 

Lentiviral plasmids pLenti-Syn-hChR2(H134R)-EYFP-WPRE, packaging 

plasmid pCMV-_R8.74, and envelope plasmid pMD2.G were all kindly provided by K. 

Deisseroth (Stanford University, Stanford, CA). 

 

Viral vectors 

The pLenti-Syn-hChR2(H134R)-EYFP-WPRE plasmid was transformed into 

MAX Efficiency Stbl3 Competent Cells for amplification (Invitrogen/Life Technologies, 

Grand Island, NY).  Plasmids pMD2.G and pCMV- R8.74 were transformed into DH5 

cells for amplification and all plasmids were purified using a Maxiprep kit (Qiagen, 

Valencia, CA).  VSVg pseudotyped lentivirus particles were produced according to 

standard protocols (Pinol et al., 2012; Szulc et al., 2006).  Briefly, we transfected 8-24 

1500 mm plates of 60-80% confluent HEK 293T cells with 37.5 μg pLenti, 33 μg pCMV- 

_R8.74 and 18 μg pMD2.G using 2.5 M CaCl2 and 2x HBSS for transfection.  Cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM), 10% FBS (Gibco, 

Invitrogen), 1% L-glutamine (Invitrogen) and 1% Pen/Strep (Invitrogen).  Eight hours 
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after the transfection, plates were washed with incubation medium and replaced with 13 

ml medium.  Twenty-four hours after transfection, sodium butyrate was added to the 

plates in a final concentration of 5 mM.  The virus was harvested 48 hr after the 

transfection and the supernatant was spun for 15 min at 1500 x g and filtered through a 

0.22 μm PES bottle top filter.  The supernatant then was concentrated by 

ultracentrifuging for 2 hr at 20,000 rpm using 38.5 ml thinwall tubes and a Beckmann 

SW-28 rotor.  Viral particles were then resuspended in 1- 2 ml PBS and pooled into one 

10 ml thick wall tube for a second 2 hr spin at 20,000 rpm in an ultracentrifuge.  The final 

viral vector pellet was resuspended in 35 – 100 μl of PBS and stored in 4 μl aliquots at – 

80° C.  The viral titer was determined by counting infected HEK 293T cells using FACS 

(Ramezani and Hawley, 2002). All batches of virus had a titer between 2 x 108 and 1 x 

109 transducing units (TU) per ml. 

 

Oxytocin receptor-expressing CHO cells  

CHO cells were transfected with pcDNA3.1+ containing human OXT receptor 

cloned in at EcoRI (5′) and XhoI (3′) (plasmid obtained from Missouri S&T cDNA 

Resource Center) using lipofectamine, and stable over-expression was achieved by 

genetcin (500 µg/ml) selection. OXT receptor-expressing CHO cells were then plated and 

transiently transfected to also express the red fluorescent genetically encoded 

calcium indicator (R-GECO1; plasmid kindly donated by Robert Campbell, University of 

Alberta, Canada; Addgene plasmid 32444) (Zhao Y et al., 2001) with Fugene 6.  
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Stereotactic injections  

Neonatal Sprague Dawley rats (postnatal day 4 or 5) were anesthetized by 

hypothermia and mounted in a stereotactic apparatus with a neonatal adapter (Stoelting, 

Wood Dale, IL).  A midline incision exposed the skull and a small burr hole was made to 

position a pulled calibrated pipette (VWR, Radnor PA) with a thin tip (inner diameter 

<30 μm) containing viral vector at the following coordinates: 1.5 – 1.95 mm posterior 

(depending on the distance between bregma and lambda) and 0.3 mm lateral relative to 

bregma.  The pipette tip was lowered 5.15 – 5.25 mm from the dorsal surface of the brain 

and 90-100 nl of viral vector was injected at a visually monitored rate of 60 nl per min.  

The pipette was left in place for 10 min, prior to slow retraction.  The incision was closed 

using surgical glue, antibiotic ointment was applied to closed incisions and animals were 

warmed up on a heating pad before being returned to their nest.  The stereotactic PVN 

coordinates of postnatal day five rat pups were based on those used in (Valenstein et al., 

1969) and verified after each experiment for accuracy of the injection sites (see Figure 4). 

 

Air or chronic intermittent hypoxia/hypercapnia exposure 

Juvenile rats (3-4 weeks old) that previously underwent stereotaxic injections 

were transferred to commercial atmosphere controlled chambers in their cages.  Using a 

commercial chamber with computer controlled atmospheric gas control (Biospherix, 

Ltd), rats were kept in cages with normal bedding and unrestricted food and water during 

CIH/H.  Bioactive gas sensors in the chambers monitored oxygen and CO2 concentrations 

and exchanged these gases within the chamber until the defined set points were reached.  

CIH/H exposure was be performed by  
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Figure 4    PVN injection and brainstem slices 

 1) A lentiviral vector expressing ChR2-EYFP was injected into the PVN of p5 

pups.  2) A coronal medullary slice was cut containing the dorsal motor nucleus of the 

vagus, cardiac vagal neurons, and PVN axons expressing ChR2-EYFP. 
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cycling between room air (21% O2, 79% N2) and mild hypoxia/hypercapnia (6% O2, 5% 

CO2, 89% N2) 10 times each hour, 8 hr each day, for 21 days.  Each CIH/H cycle had 4 

phases each of 90 sec: 1) room air was changed to H/H, 2) H/H was maintained, 3) the 

chamber was returned to room air, and 4) room air was maintained.  The animals were 

exposed to CIH/H for 8 hr during the light phase and to normal air during the remaining 

16 hr.  Control animals were exposed to normal air (21% O2 + 79% N2) and placed 

adjacent to the chambers during the exposure period to undergo similar handling, general 

lab conditions, and background noise as the CIH/H group.  

During each apnea, patients experience oxygen desaturations coupled with arterial 

CO2 increases of ~9 mm Hg (Gislason et al., 1989; Sanders et al., 1994; Iber et al., 1986).  

Conversely, CIH exposure in mice causes hyperventilation ultimately decreasing arterial 

CO2 (Kanagy, 2009).  While the differences between CIH and CIH/H models of OSA 

however, have shown to be minor with regards to inducing hypertension, increasing 

sympathetic nerve activity, and impairing cardiac function, CIH/H exposure may more 

closely mimic what is seen in patients with OSA (Troncoso Brindeiro et al., 2007; 

Cooper et al., 2005; Kanagy et al., 2001; McGuire and Bradford, 2001).  The increased 

arterial CO2 ~9 mm Hg during apneas in patients is best mimicked by an inspired CO2 of 

~5% during hypoxic events (Gislason et al., 1989, Hare et al., 2003).   

 

Slice preparation 

 To obtain brainstem slices containing the DMNV and ChR2-expressing PVN 

fibers (see Figure 4), rats between P21 and P35 were anesthetized, euthanized, and 

transcardially perfused with ice-cold glycerol-based  artificial cerebrospinal fluid (aCSF) 
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(252 mM glycerol, 1.6 mM KCl, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 1.2 mM CaCl2, 18 

mM NaHCO3, 11 mM glucose, 1.0 mM pyruvic acid and 1.0 mM ascorbic acid, perfused 

with 95% O2 and 5% CO2, pH = 7.4) to achieve exsanguination.  The brain was carefully 

removed and brainstem slices (330 μm for confocal microscopy experiments, 200 µm for 

immunohistochemistry) were obtained using a vibratome (all in the glycerol based 

aCSF), as well as forebrain slices (300 μm for injection site verification) containing the 

PVN.  Slices were allowed to recover for 15 min at 32 ºC in an N-methyl-D-

glucamine (NMDG)-based aCSF (110 mM NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4, 25 

mM NaHCO3, 25 mM glucose, 0.5 mM CaCl2 and 10 mM MgSO4; pH = 7.4, perfused 

with 95% O2 and 5% CO2,), before being transferred to 22–24°C aCSF (125 mM NaCl, 3 

mM KCl, 2 mM CaCl2, 26 mM NaHCO3, 5 mM glucose, and 5 mM HEPES, perfused 

with 95% O2 and 5% CO2, pH = 7.4) in which experiments were performed. 

 

Calcium imaging in oxytocin receptor-expressing CHO cells 

 Visualization of CHO cells expressing the OXT receptor and calcium indicator, as 

well as ChR2-containing PVN fibers, was performed on a confocal microscope system 

consisting of an upright Zeiss Axio Examiner Z1 microscope, with a W Plan Apocromat 

20x/1.0 objective, equipped with Carl Zeiss 710 confocal hardware.  Z-series spectral 

image sets were used to produce two channel image sets representing ChR2-EYFP fibers 

and OXT receptor-expressing CHO cells, by applying off-line a linear spectral un-mixing 

protocol.  For calcium imaging in the CHO cells, images measuring 128×128 pixels were 

taken at 2.3 zoom factor with bi-directional scanning. Thus the pixel measured 1.44 µm, 

providing sufficient cellular and temporal resolution. Images were obtained every 76 

milliseconds and analyzed offline.  
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 Selectivity, affinity, and responsiveness of the OXT receptor-expressing CHO 

cells was examined using the dose-response relationship of these cells to both OXT and 

AVP.  Plated CHO cells expressing the OXT receptor and the calcium indicator were 

perfused with aCSF (125 mM NaCl, 3 mM KCl, 2 mM CaCl2, 26 mM NaHCO3, 5 mM 

glucose, and 5 mM HEPES, perfused with 95% O2 and 5% CO2, pH = 7.4).  Doses of 

oxytocin acetate salt (Bachem, Torrence, CA) or [Arg8]-vasopressin acetate salt (Sigma-

Aldrich, St. Louis, MO) were added to the perfusate 10 minutes apart at concentrations of 

0.1 nm, 0.3 nm, 1 nm, 3 nm, 10 nm, 30 nm, and 100 nm.        

 To study the activation of oxytocin receptors upon optogenetic activation of 

ChR2-expressing PVN fibers in the DMNV, OXT receptor-expressing CHO cells were 

pipetted onto the DVC of brain stem slices from animals previously injected with pLenti-

Syn-hChR2(H134R)-EYFP-WPRE into the PVN.  OXT receptor-expressing CHO cells 

within the boundaries of the DMV and in close apposition to ChR2-containing PVN 

fibers (7.5 ± 0.5 µm) were used for experiments. 

Immunohistochemistry and imaging 

Slices processed for immunohistochemistry of ChR2-expressing axons and 

synaptic terminals in the brain stem were visualized after the experiments upon placing 

the brainstem tissue in 10% formalin then mounting and cover slipping the tissue with 

Prolong anti-fade mounting medium (Invitrogen, Eugene, OR).  In PVN containing 

slices, the injection site was examined to assess whether the viral vector had spread to 

adjacent brain regions.  If the viral vector injection spread outside of the PVN, the 

experiments from this animal were discarded. 
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 To determine the co-localization of ChR2-EYFP and OXT in PVN fibers within 

the DMV, immunohistochemistry was utilized to co-localize OXT and viral expression of 

EYFP.  Slices were soaked overnight in 10% formalin and were processed for OXT and 

EYFP using the following primary antibodies (overnight incubation at 22-24ºC): rabbit 

anti-OXT antibody (1:15000 dilution; Peninsula Laboratories, Inc., San Carlos, CA) and 

mouse anti-GFP/EYFP (1:500 dilution; Abcam, Cambridge, MA).  As secondary 

antibodies we used goat anti-rabbit Alexa Fluor 405 and chicken anti-mouse Alexa Fluor 

488 (all 1:200 dilution and 4 hr incubation at 22-24 ºC; Life Technologies, Carlsbad, 

CA). 

 Low magnification pictures were generated using an inverted Motic AE31 

microscope.  Brainstem slices were used for confocal microscopy.  Stack images (12 – 80 

μm; collapsed into 2D images) and tile scans were collected with the 20x and 63x 

objective of the Zeiss 710 confocal system and composed with Volocity software.  For 

colocalization analysis, we used a 60 μm z-stack image of every other 100 μm for offline 

analysis.  ChR2-EYFP fibers were counted and examined positive for OXT. 

 

Statistical analysis 

 

CHO cell experiments 

 Changes in fluorescent intensity were analyzed and presented as percent of 

control fluorescence.  Fluorescent intensity in CHO cells was grouped into 0.5 sec bins 

for a total of 10 bins with the 3rd bin (time 0) representing the time point of ChR2-

expressing PVN fiber activation.  Results are presented as percent control and statistically 

compared with data from the same experiment using a one-way ANOVA with repeated-
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measures analysis of variance followed by Bonferroni’s multiple comparison test.  For 

those experiments comparing CHO cell responses in unexposed brainstem tissue to 

CIH/H exposure and independent samples, Student’s t test (unpaired) was used.  Data 

with p < 0.05 were considered significant. Software used for statistical analysis of the 

data included Graphpad Prism 4.01 (Graphpad Software, San Diego, CA), Microcal 

Origin 7.0 (OriginLabs Corp, Nothhampton, MA) and Microsoft Excel (Microsoft Corp., 

Redmond, WA). 

 

Results 

Colocalization of ChR2-EYFP and OXT in brainstem fibers within the DMNV 

 The presence of ChR2-expressing PVN fibers in the DMNV was visualized by 

injecting into the PVN a lentiviral vector driving ChR2-EYFP expression by a synapsin 

promoter.  Immunohistochemical analysis on brainstem slices containing both the DMV 

and ChR2-expressing PVN fibers confirmed that 56.0 ± 3.7% of ChR2-EYFP PVN fibers 

in the DMV are positive for OXT (Figure 5).   

OXT receptor activation 

 CHO cells expressing both OXT receptors and the red fluorescent calcium 

indicator, R-GECO1, were utilized to detect the synaptic release of OXT from PVN 

fibers in the DMV.  The dose-response relationship in the CHO cells was first examined 

to test the sensitivity of these engineered CHO cells to both OXT and AVP.   
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Figure 5    Colocalization of ChR2-EYFP and OXT in brainstem fibers within the 

DMV 

 Confocal image of immunohistochemical staining for ChR2 and OXT in the 

DMV from an animal injected with the Syn-ChR2-EYFP lentiviral vector.  

Colocalization of ChR2-EYFP and OXT in brainstem fibers within the DMV is shown in 

orange (scale bar represents 28 µm).  56.0 ± 3.7% of ChR2-EYFP PVN fibers in the 

DMV are positive for OXT.   
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Independent applications of either OXT or AVP in a dose-dependent manner showed that 

the OXT receptor-expressing CHO cells are considerably more sensitive and responsive 

to OXT than AVP (Figure 6). The half maximal response (EC-50) of the sniffer CHO 

cells for OXT occurred at a concentration of 1.5 nM, whereas the EC-50 for AVP was 

12.1 nM.  Responses to OXT were additionally more robust than that for AVP; at the 

concentration (1 µM) at which OXT maximally activates the CHO cells, AVP evoked a 

blunted response of only 24 ± 5% of the OXT response. 
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Figure 6    Characterization of OXT and vasopressin dose-response relationships of 

sniffer CHO cells 

 CHO cells expressing an OXT receptor and an R-GECO Calcium indicator are 

considerably more sensitive and responsive to OXT than vasopressin with a half maximal 

response (EC-50) for OXT of 1.5 nM, and an EC-50 for vasopressin of 12.1 nM. 

Responses to OXT were considerably more robust than that for vasopressin; at the 

concentration (1 µM) at which OXT maximally activates these cells, vasopressin evoked 

a blunted response of only      24 ± 5% of the OXT response.  
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Release of OXT from PVN fibers in the DMNV  

 To examine how the release of OXT from ChR2-expressing PVN fibers alters the 

intracellular calcium levels in the OXT receptor-expressing CHO cells, the cells were 

deposited onto the surface of the DVC of brainstem slices in close apposition to CVNs 

and ChR2-expressing PVN fibers (Figure 7).  Only CHO cells inside the boundaries of 

the DMV and within 7.5 ± 0.5 µm from ChR2-expressing PVN fibers were used for 

experiments.  Optogenetic stimulation of ChR2-expressing PVN fibers evoked large, 

reproducible, and transient increases in calcium (average increases of 13.0 ± 0.04% from 

baseline during first second; n = 9; *p < 0.05; one-way ANOVA with repeated measures) 

within the CHO cells (Figure 8A).   In order to determine if the photostimulation-elicited 

increases in calcium in the CHO cells upon PVN fiber activation were due to the release 

of OXT from PVN fibers, the OXT receptor antagonist, OTA, was applied (10 µM).  

Upon PVN fiber activation, OTA application abolished the increases in intracellular 

calcium in the OXT-sensitive CHO cells (control: 21.0 ± 0.05%; OTA: 4.6 ± 0.02%; n = 

7; one-way ANOVA with repeated measures; Figure 8B).  While the release of AVP 

upon photoactivation of ChR2-containing PVN fibers in the DMV in this experimental 

paradigm cannot be ruled out, these results indicate that the intracellular calcium changes 

observed in these engineered CHO cells is most likely due to the synaptic release of OXT 

and activation of oxytocin receptors in the CHO cells that surround CVNs. 
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Figure 7    Visualization of sniffer CHO cells and ChR2-expressing PVN fibers 

 Confocal images showing OXT receptor-expressing CHO cells (red) deposited 

onto brainstem tissue in close apposition to ChR2-expressing PVN fibers (green) in the 

DMV (3-D reconstruction; top down view (left) and side view (right)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

51 
 

 

 

 

     

 

 

 

 

 

 

 

 

 



 

52 
 

Figure 8   Oxytocin receptor activation 

 (A) Optogenetic stimulation of PVN fibers evokes large, reproducible, and 

transient increases in calcium in OXT sensitive CHO cells.  Repeated stimulations (5 min 

apart) of ChR2 axons in the DMV increased calcium in OXT receptor-expressing CHO 

cells.  Representative multiple responses of one CHO cell (top), and quantitative bar 

charts (bottom) depict the average responses in CHO cells after repeated stimulations (n 

= 9; *p < 0.05; one-way ANOVA with repeated measures).  (B) Calcium increases in 

OXT receptor-expressing CHO cells is abolished by application of the OXT receptor 

antagonist, OTA.  Representative trace of one CHO cell (top), and quantitative bar charts 

(bottom) depict average control increases in control conditions and in the presence of 

OTA in CHO cells (n = 7; *p < 0.05; one-way ANOVA with repeated measures). 
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The effects of CIH/H on OXT receptor activation 

 In order to examine if the release of OXT is altered with CIH/H, the responses in 

CHO cells expressing OXT receptors and the calcium indicator, RGECO1, were 

examined in brainstem slices from unexposed and CIH/H exposed animals.  

Photoactivation of ChR2-containing PVN fibers in the DMV of brainstem slices from 

unexposed animals evoked large, reproducible, and transient increases in intracellular 

calcium levels in OXT-sensitive CHO cells (average increases of 15.0 ± 0.02% from 

baseline during first second; n = 14; p < 0.05; one-way ANOVA with repeated measures; 

Figure 9, bottom left).  CHO cell responses upon PVN fiber stimulation in brainstem 

slices from animals exposed to CIH/H was significantly decreased compared to responses 

in unexposed animals (average increases of 9.1 ± 0.01% from baseline during first 

second; n = 16; *p < 0.05; unpaired t-test; Figure 9, bottom right) indicating that the 

release of OXT from PVN fibers in the DMV is reduced following CIH/H exposure. 
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Figure 9   Effects of CIH/H on OXT receptor function 

 The calcium increases in OXT sensitive CHO cells upon photoactivation of PVN 

fibers in the DMNV are significantly decreased when compared with air controls.  

Representative responses from CHO cells deposited onto brainstem tissue taken from 

animals exposed to air control (top left) and CIH/H (top right).  Quantitative bar charts 

depict the percent control fluorescence of CHO cell responses in brainstem tissue taken 

from animals exposed to air (bottom left; n = 14) and CIH/H (bottom right; n = 16). *p < 

0.05; unpaired t test. 
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Conclusions from Study 1 

 Recent studies using optogenetic stimulation of the PVN neurons that express 

ChR2 revealed a direct pathway from PVN neurons to brainstem parasympathetic CVNs.  

Photoactivation of ChR2-containing PVN fibers elicited paired-pulse facilitation of 

glutamatergic neurotransmission to CVNs and this enhancement was diminished after 

application of the OXT receptor antagonist, OTA, suggesting this excitatory pathway is 

facilitated by endogenous OXT release from these synaptic terminals.  Recently 

published data from our lab also showed the paired-pulse facilitation of the EPSCs that 

occurs in unexposed rats is significantly blunted in animals exposed to CIH/H 

(Dergacheva et al., 2014).  The results of my first study support and extend the 

hypothesis that excitation of parvocellular PVN fibers releases OXT at their brainstem 

CVN targets, and this approach can be used as a highly sensitive assay for endogenous 

OXT release from PVN synapses.  I additionally showed that the release of OXT onto 

CVNs upon photoactivation of PVN fibers was blunted in animals exposed to 21 days of 

CIH/H. 

 These data provide direct evidence that the release of OXT from PVN fibers 

activates OXT receptors on sniffer CHO cells in close proximity to CVNs, and this 

release is diminished with exposure to CIH/H.  As stated previously, parasympathetic 

activity is diminished in a number or cardiovascular diseases including OSA and 

hypertension.  Restoring OXT function that is lost in animals exposed to CIH/H, could 

potentially restore parasympathetic activity to the heart and serve as a promising new 

therapeutic approach to inhibit the progression of such cardiovascular diseases.  
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CHAPTER 3 

 

Study 2: Restoration of oxytocin neurons activity prevents hypertension caused by 

chronic intermittent hypoxia/hypercapnia 
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Introduction 

 Recent work from our lab, as well as the results presented in Study 1, reveal a 

direct pathway from PVN neurons to brainstem parasympathetic CVNs as 

photoactivation of ChR2-containing PVN fibers elicited paired-pulse facilitation of 

glutamatergic neurotransmission to CVNs and this enhancement was diminished after 

application of the OXT receptor antagonist, OTA (Pinol et al., 2014).  In addition, as 

shown in Study 1, excitation of parvocellular PVN fibers releases OXT at the brainstem 

DMV targets to activate OXT-sensitive CHO cells, and the release of OXT is blunted 

after 21 days CIH/H, a model of OSA.   

 Daytime tachycardia and hypertension are associated with OSA one primary, yet 

poorly understood disease that causes stress to the cardiovascular system.  OXT, a 

conserved neuropeptide secreted from the PVN, blunts the cardiovascular responses to 

stress.  When an organism is stressed, OXT projections from the PVN to areas in the 

brainstem modulate the baroreceptor reflex and increase vagal outflow to the heart 

resulting in decreased blood pressure and heart rate.   The work in chapter 3 will utilize 

DREADDs to test if selective activation of PVN OXT neurons: 1) decreases resting heart 

rate and blood pressure, 2) blunts the acute responses to H/H, and 3) mitigates the 

hypertension caused by CIH/H.  In order to test this hypothesis and activate OXT neurons 

in the PVN, two viral vectors were injected into the PVN in male rats: one expressing Cre 

recombinase under an OXT promoter and the second expressing a double-floxed 

excitatory hM3Dq DREADDs.  Male rats serving as controls were injected with the 

double-floxed DREADDs viral vector but without the Cre virus, and, as expected, these 

animals did not have any expression of DREADDs.  Animals from both groups were 
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implanted with a wireless telemetry device to monitor arterial blood pressure and EKG 

activity.  Animals received daily injections of clozapine-N-oxide to activate PVN OXT 

neurons and the effects on resting heart rate and blood pressure, and after an 8 hr 

exposure of CIH/H were analyzed.     

 

Methods and Materials 

Adenosine-associated viral vectors 

A rat minimal oxytocin promoter element from -530 bp to +33 relative to the 

origin of transcription of the oxytocin gene (UCSC genome browser on rat Nov. 2004 

assembly; chr3:118,193,690 to 118,194,252) was synthesized de novo and flanked by 

multiple cloning sites (Genscript, Piscataway, NJ) (Chu and Zingg, 1999; Richard and 

Zingg, 1991).  We had produced the rAAV1-OXT-Cre using the OXT promoter fragment 

in the following way (MIT, Viral Gene Transfer Core): pFB-AAV-oxytocin promoter cre 

was created by cloning the oxytocin promoter into V032 by excising the oxytocin 

promoter/pUC57 with XbaI (5’) and AgeI (3’) and cloning it into V032 cut with SpeI (5’) 

and AgeI (3’). Then Cre was added by cutting Cre out of pBS185 with XhoI (5’) and 

MluI-blunt (3’) and moving it into pFB-AAV-OXT cut with XhoI (5’) and Asp718-blunt 

(3’). To achieve robust and highly selective expression of DREADDs in PVN OXT 

neurons, the reporter viral vector co-injected with AAV-OXT-Cre was AAV2-hSyn-DIO-

hM3D(Gq)-mCherry (UNC, Gene Therapy Center, Vector Core Services).  Expression of 

these Cre-dependent vectors will only be initiated in neurons selectively expressing Cre 
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as they contain silencing double-floxed inverse open reading frames (Zhu and Roth, 

2014).   

Stereotactic injections 

 Neonatal Sprague Dawley male rats (postnatal day 4 or 5) were anesthetized by 

hypothermia and mounted in a stereotactic apparatus with a neonatal adapter (Stoelting, 

Wood Dale, IL).  A midline incision exposed the skull and a small burr hole was made to 

position a pulled calibrated pipette (VWR, Radnor PA) with a thin tip (inner diameter 

<30 μm) containing viral vectors rAAV1-OXT-Cre and AAV2-hSyn-DIO-hM3D( Gq)-

mCherry at a 1:2 ratio for DREADDs-expressing animals, and AAV2-hSyn-DIO-hM3D( 

Gq)-mCherry only for sham animals at the following coordinates: 1.5 – 1.95 mm 

posterior (depending on the distance between bregma and lambda) and 0.3 mm lateral 

relative to bregma.  The pipette tip was lowered 5.15-5.25 mm from the dorsal surface of 

the brain and 20 nl of viral vector was injected at a visually monitored rate of 60 nl per 

minute.  The pipette was left in place for 10 min, prior to slow retraction.  The incision 

was closed using surgical glue, antibiotic ointment was applied to closed incisions and 

animals were warmed up on a heating pad before being returned to their nest.  The 

stereotactic PVN coordinates of postnatal day five rat pups were based on those used in 

previously published studies (Valenstein et al., 1969) and verified after each experiment 

for accuracy of the injection sites. 

 

Telemetry implantation  

 For animals in which blood pressure and heart rate were obtained, male Sprague–

Dawley rats, 3–4 weeks of age, were anaesthetized using isoflurane (2–4%) and a 
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wireless HD-X11 pressure transmitter was implanted (Data Sciences International, St 

Paul, MN).  Radiotelemetry allows for non-invasive and long-term monitoring of blood 

pressure and ECG in freely moving animals (Rowan III et al., 2007).  The pressure 

catheter was inserted into the abdominal aorta to sense arterial pressure, and two 

biopotential leads were implanted to detect EKG activity.  This device receives 

information from both the pressure catheter and biopotential leads and transmits the data 

to an electronic module.  All rats with telemetry devices were allowed 7–14 days to 

recover from transmitter implantation surgery before any measurements were recorded.  

Blood pressure and heart rate were recorded via radio-frequency signals obtained through 

the Ponemah data acquisition system (Data Sciences International).  Baseline recordings 

of blood pressure and heart rate were obtained for 3 days prior to CIH/H exposure in both 

groups. Prior to, and during, the 28 day CIH/H exposure period daily baseline recordings 

of blood pressure and heart rate were recorded in all animals. 

Animal acclimation and daily DREADDs activation 

 In order to acclimate animals to human handling, male rats were handled daily 

beginning one week after stereotaxic injections.  One- two weeks after telemetry 

implantation, DREADDs receptors were activated daily by intraperitoneal (IP) injection 

of CNO (1.0 mg/kg).  To investigate the effects of CNO on resting blood pressure and 

heart rate in both DREADDs-expressing and sham animals, 3 days prior to CIH/H 

exposure (control days) baseline blood pressure and heart rate values were recorded for a 

20 min period before CNO injection.  Animals from each group then received an IP 

injection of CNO, blood pressure and heart rate were recorded for 1 hr, and the animals 

then underwent exposure to air for 8 hr to achieve acclimation to the chambers.  During 
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the 21 days of CIH/H exposure, baseline recordings of blood pressure and heart rate were 

obtained before CNO injection, recorded for 1 hr post CNO injection, and for the entire 

duration of CIH/H exposure. 

Chronic intermittent hypoxia/hypercapnia exposure 

 Juvenile male rats (3-4 weeks old) that previously underwent stereotaxic 

injections and were implanted with telemetry devices were transferred to commercial 

atmosphere controlled chambers in their cages with free access to food and water.   This 

system (Oxycycler model A84, Biospherix, NY) allowed for the monitoring and 

independent control of oxygen, carbon dioxide, and nitrogen. The animals inside the 

chambers were exposed to repetitive cycles of 3 min of mild H–H (6% O2 + 5% 

CO2 + 89% N2) followed by 3 min of normoxia (21% O2 + 79 % N2), repeated 10/per hr, 

8 hr per day for 3 weeks. The animals were exposed to CIH/H for 8 hr during the light 

phase and to normal air during the remaining 16 hr.  

 

Slice preparation and electrophysiology 

For forebrain slice electrophysiology and immunohistochemistry (after 21 days 

CIH/H exposure), rats between P21 and P35 or P52-66 respectively, were anesthetized, 

euthanized, and transcardially perfused with ice-cold glycerol-based aCSF (252 mM 

glycerol, 1.6 mM KCl, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 1.2 mM CaCl2, 18 mM 

NaHCO3, 11 mM glucose, 1.0 mM pyruvic acid and 1.0 mM ascorbic acid, perfused with 

95% O2 and 5% CO2, pH = 7.4) to achieve exsanguination.  The brain was carefully 

removed and forebrain slices containing the PVN (400 μm for electrophysiology, 200 µm 

for immunohistochemistry) were obtained using a compresstome.  Slices were allowed to 

recover for 15 min at 32 ºC in an NMDG-based aCSF (110 mM NMDG, 2.5 mM KCl, 
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1.2 mM NaH2PO4, 25 mM NaHCO3, 25 mM glucose, 0.5 mM CaCl2 and 10 mM MgSO4; 

pH = 7.4, perfused with 95% O2 and 5% CO2,), before being either transferred to 22–

24°C aCSF (125 mM NaCl, 3 mM KCl, 2 mM CaCl2, 26 mM NaHCO3, 5 mM glucose, 

and 5 mM HEPES, perfused with 95% O2 and 5% CO2, pH = 7.4) in which 

electrophysiology experiments were performed, or to 10% formalin for 

immunohistochemistry.   

 Electrophysiology experiments were performed on a Zeiss AxioPlan using a 40× 

water immersion objective. Identified PVN neurons expressing mCherry were imaged 

with differential interference contrast optics, infrared illumination, and infrared-sensitive 

video detection cameras to gain better spatial resolution.  Patch pipettes were filled with a 

solution at pH 7.3 consisting of K+-gluconic acid (150 mM), HEPES (10 mM), EGTA 

(10 mM), MgCl2 (1 mM), and CaCl2 (1 mM) to isolate for excitatory currents.  Identified 

PVN neurons expressing mCherry were recorded in current-clamp configuration with no 

current injection.  After a 5 min baseline recording, CNO (10 µm; Enzo Life Sciences, 

Farmingdale, NY) was included in the perfusate to examine its effects on spontaneous 

action potential firing.  Current-clamp whole-cell recordings were made with an 

Axopatch 200B and pClamp 9 software (Axon Instruments, Union City, CA, USA).   

Immunohistochemistry and imaging 

Slices processed for immunohistochemistry of mCherry-expressing cell bodies in 

the PVN were visualized after the brain slices were taken upon placing the brainstem 

tissue in 10% formalin then mounting and cover slipping the tissue with Prolong anti-

fade mounting medium (Invitrogen, Eugene, OR).  In PVN containing slices, the 

injection site was examined to assess whether the viral vector had spread to adjacent 
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brain regions.  If the viral vector injection spread outside of the PVN, the experiments 

from this animal were discarded.  The injection site was also examined in sham animals 

although as expected, viral expression was not detected in any sham animals.  

 To determine the co-localization of mCherry and OXT in PVN cell bodies, 

immunohistochemistry was utilized to co-localize OXT and viral expression of mCherry.  

Slices were soaked overnight in 10% formalin and were processed for OXT and mCherry 

using the following primary antibodies (overnight incubation at 22-24ºC): rabbit anti-

OXT antibody (1:15000 dilution; Peninsula Laboratories, Inc., San Carlos, CA) and 

mouse anti-mCherry (1:1000 dilution; Clontech Laboratories, Inc., Mountain View, CA).  

As secondary antibodies we used goat anti-rabbit Alexa Fluor 405 and goat anti-mouse 

Alexa Fluor 633 (all 1:200 dilution and 4 hr incubation at 22-24 ºC; Life Technologies, 

Carlsbad, CA). 

 Low magnification pictures were generated using an inverted Motic AE31 

microscope.  Brainstem slices were used for confocal microscopy.  Stack images (12 – 80 

μm; collapsed into 2D images) and tile scans were collected with the 20x and 63x 

objective of the Zeiss 710 confocal system and composed with Volocity software.  For 

colocalization analysis, we used a 60 μm z-stack image of every other 100 μm for offline 

analysis.   

 

Statistical Analysis 

Electrophysiology experiments 

 Changes in the action potential firing frequency were determined using the 

MiniAnalysis version 6.0.3 software (Synaptosoft, Decatur, GA).  Action potential firing 
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frequency was grouped into 5 min bins for a total of 12 bins with the 2nd bin representing 

the start of CNO application.  Results are presented as means ± SE and statistically 

compared with control data from the same experiment using a one-way ANOVA with 

repeated-measures analysis of variance followed by Bonferroni’s multiple comparison 

test for all experiments.  Data with p < 0.05 were considered significant. 

In vivo experiments 

 To examine the effects of CNO on mean arterial blood pressure and heart rate 

over the 21 days of CIH/H exposure, values were recorded before and after CNO 

injection on control days prior to CIH exposures, and days 1, 3, 6, 9, 12, 15, 18, and 21 of 

CIH/H.  Changes within the groups of DREADDs-expressing animals and the sham 

animals were statistically analyzed by one-way ANOVA with repeated-measures analysis 

of variance followed by Bonferroni’s multiple comparison test.  Data with p < 0.05 were 

considered significant. Comparisons between the groups of DREADDs-expressing 

animals and the sham animals were statistically analyzed by two-way ANOVA with 

repeated-measures analysis of variance followed by Bonferroni’s multiple comparison 

test.  Data with p < 0.05 were considered significant. 

 For acute H/H evoked responses in mean arterial blood pressure and heart rate 

during CIH/H exposure, the values recorded during the last 30 sec of normoxia, as well 

as H/H of each cycle during the 8 hr CIH/H exposure of days 1, 3, 6, 9, 12, 15, 18, 21 

were averaged for each animal.  A paired Student’s t test was used to test the significance 

within each group of either DREADDs-expressing animals or sham animals, while 

independent samples (unpaired) Student’s t test was used to access the significant 
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differences between the two groups of animals.  Data with p < 0.05 were considered 

significant. 

 To examine the chronic changes in mean arterial blood pressure and heart rate 

over the 21 day CIH/H exposure, values recorded before each CIH/H exposure on control 

days, day 1, 3, 6, 9, 12, 15, 18, and 21.  Changes within the DREADDs-expressing 

animals and the sham animals were statistically analyzed by one-way ANOVA with 

repeated-measures analysis of variance followed by Bonferroni’s multiple comparison 

test.  To examine the statistical changes in mean arterial blood pressure and heart rate 

between the two groups of animals, a two-way ANOVA with repeated-measures analysis 

of variance (two-way ANOVA) followed by Bonferroni’s multiple comparison test was 

used.  Data with p < 0.05 were considered significant. 

 Software used for all statistical analysis of the data included Graphpad Prism 4.01 

(Graphpad Software, San Diego, CA), Microcal Origin 7.0 (OriginLabs Corp, 

Nothhampton, MA) and Microsoft Excel (Microsoft Corp., Redmond, WA). 

 

Results 

In vitro activation of excitatory DREADDs in PVN neurons 

 Prior to in vivo activation of PVN OXT neurons using the DREADDs approach, 

the responses upon activation of DREADDs in PVN OXT neurons were assessed in vitro.  

Forebrain slices containing the PVN were taken from animals (P21-35) previously 

injected with rAAV1-OXT-Cre and AAV2-hSyn-DIO-hM3D(Gq)-mCherry, and PVN 

neurons expressing mCherry were studied using the whole-cell patch clamp method.  The 
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action potential firing frequency of DREADDs-expressing PVN neurons significantly 

increased within 5 min of CNO application (from 0.19 ± 0.05 Hz to 0.75 ± 0.14 Hz; n = 

7; *p < 0.05; one-way ANOVA; Figure 10).  These experiments indicate that the 

combination of viral vectors rAAV1-OXT-Cre and AAV2-hSyn-DIO-hM3D(Gq)-

mCherry drives expression of excitatory DREADDs in PVN neurons, and activation of 

these receptors by CNO application significantly increases the firing of these PVN 

neurons.  

 

 

 

 

 

 

 

 

 

 

 

 



 

69 
 

Figure 10    In vitro activation of PVN OXT neurons expressing excitatory 

DREADDs 

 Representative action potential traces (top) recorded under current-clamp 

configuration from a PVN OXT neuron expressing mCherry before CNO (top left) and 

post CNO (top right) indicating excitatory DREADDs activation with CNO application.  

Quantitative bar charts depict the frequency of action potentials before and after CNO 

application in 7 PVN neurons expressing mCherry.  *p < 0.05; one-way ANOVA.  
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Excitatory DREADDs expression in the PVN 

 To examine the alterations that occur in blood pressure and heart rate upon 

selective activation of PVN OXT neurons two viral vectors in combination with the 

Cre/lox system were used.  In this approach, one viral vector expresses Cre under a 

specific promoter (OXT promoter fragment) and the other is a Cre dependent vector 

expressing excitatory hM3D(Gq) DREADDs under a strong promoter (synapsin).  For this 

intersectional viral vector approach an AAV vector that expresses Cre under the 563 bp 

OXT promoter fragment was designed and combined with a Cre-dependent reporter viral 

vector for stereotaxic injections into the PVN.  Serotypes 2, 5, and 8 of the Cre-dependent 

viral vector AAV-hSyn-DIO-hM3D(Gq)-mCherry were tested for expression specificity 

in PVN OXT neurons.  Serotypes 5 and 8 of the reporter virus was found to drive 

expression in a large number of neurons that did not stain immunopositive for OXT (data 

not shown). This potential lack of specificity with these serotypes discouraged any 

additional experiments with these viral vectors.  Immunohistochemical analysis of 

serotype 2 however, confirmed that a large fraction (83.0 ± 2.1 %) of neurons infected 

with hM3D(Gq)-mCherry were co-localized with OXT, and that this viral combination 

elicited high (83.0%) selectivity for DREADDs expression in PVN OXT neurons (Fig 

11).    
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Figure 11    Subpopulation-specific adenosine-associated viral vectors 

 Viral vectors AAV-OXT-Cre and AAV2-hSyn-DIO-hM3D(Gq)-mCherry 

expresses mCherry in OXT neurons in the PVN.  Confocal images of 

immunohistochemical staining of individual neurons in the PVN of an animal injected 

with OXT-Cre and hSyn-DIO-hM3D( Gq)-mCherry AAV vectors for OXT expression in 

green (A), mCherry localized to the cell membrane in red (B), and the merged image 

shown in orange (C).  Scale bar is 32 µm.   
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In vivo activation of DREADD in PVN OXT neurons 

 

Acute oxytocin neuron activation decreases resting blood pressure and heart rate  

 To examine any potential effects of CNO administration on mean arterial blood 

pressure and heart rate in animals without DREADDs, expression experiments were 

conducted on sham animals.  These sham animals had surgeries and injections identical 

to those in the OXY group of animals, with the exception that the rAAV1-OXT-Cre virus 

was injected without the AAV2-hSyn-DIO-hM3D(Gq)-mCherry virus. In this sham group 

of animals injections of CNO did not significantly change mean arterial blood pressure 

(102.0 ± 3.3 mm Hg before CNO, 100.0 ± 3.2 mm Hg after CNO; n = 7; p > 0.05; paired 

t test; Figure 12A) or heart rate (394.0 ± 10.4 beats/min before CNO, 389.0 ± 9.8 

beats/min after CNO; n = 7; p > 0.05; paired t test; Figure 12B). 

 We next examined the effects of activating PVN OXT neurons throughout 21 

days of CIH/H exposure. Values were recorded before and after CNO injections on 3 

control days immediately prior to CIH/H exposures, and on days 1, 3, 6, 9, 12, 15, 18, 

and 21 of CIH/H.  After CNO injection to activate OVN OXT neurons these DREADDs-

expressing animals experienced a significant decrease in mean arterial blood pressure 

(104.0 ± 2.6 mm Hg before CNO to 93.0 ± 1.7 mm Hg after CNO; n = 8; +p < 0.05; 

paired t test; Figure 12A) and heart rate (416.0 ± 7.1 beats/min before CNO to 362.0 ± 

10.5 beats/min after CNO; n = 8; +p < 0.05; paired t test; Figure 12B).   
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Figure 12    Acute oxytocin neuron activation decreases resting blood pressure and 

heart rate 

 (A) Changes in resting mean arterial blood pressure before and after CNO 

injection.  Mean arterial blood pressure in DREADDs expressing animals was 

significantly decreased 45 min after CNO injection (n = 8; +p < 0.05, one-way ANOVA).  

In sham animals, CNO injection did not significantly change mean arterial blood pressure 

(n = 7; one-way ANOVA).  (B) Heart rate changes in response to CNO injection.  45 min 

after CNO injection, heart rate in DREADDs expressing was significantly decreased (n = 

8; +p < 0.0001, one-way ANOVA), while CNO injection did not significantly change 

heart rate in sham animals (n = 7; one-way ANOVA).  The values for both mean arterial 

blood pressure (A) and heart rate (B) represent the averages of each recorded 20 min 

prior to CNO injection and 45 min after CNO injection on control days.    
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Activation of oxytocin neurons blunts the acute responses to H/H 

 To test if PVN OXT neuron activation alters the blood pressure and heart rate 

changes to acute exposures to H/H, the responses from sham animals were compared to 

the responses from animals with PVN OXT neurons activated.  Changes in blood 

pressure and heart rate evoked by H/H were assessed by comparing the values of mean 

arterial blood pressure and heart rate during the last 30 sec of normoxia to the last 30 sec 

of H/H in each cycle during the 8 hr CIH/H exposure of days 1, 3, 6, 9, 12, 15, 18, 21 of 

CIH/H.  Both groups of animals similarly experienced a significant decrease in heart rate 

during H/H (In sham animals, 384.0 ± 10.0 beats/min in normoxia to 279.0 ± 10.7 

beats/min in H/H; n = 7; +p < 0.05; paired t test; In DREADDs-expressing animals, 361.0 

± 7.0 beats/min in normoxia to 305.0 ± 9.7 beats/min in H/H; n = 8; +p < 0.05; paired t 

test; Figure 13B). The decrease in heart rate evoked by H/H was not significantly 

different in sham and PVN OXT neuron activated animals.  Both groups of animals 

experienced significant increases in mean arterial blood pressure in response to H/H 

(sham animals, mean arterial blood pressure increased from 113.0 ± 2.1 mm Hg in 

normoxia to 124.0 ± 2.7 mm Hg in H/H; n = 7; +p < 0.05; paired t test; DREADDs 

animals, mean arterial blood pressure increased from 110.0 ± 1.8 mm Hg in normoxia to 

115.0 ± 2.7 mm Hg in H/H; n = 8; +p < 0.05; paired t test; Figure 13A).  Interestingly 

however, the increase in mean arterial blood pressure in the DREADDs- expressing 

animals was significantly blunted compared to sham animals (Increases of 11 mm Hg in 

sham animals compared to increases of 5 mm Hg in DREADDs-expressing animals; n = 

7 sham and 8 DREADDs-expressing; *p < 0.05; unpaired t test; Figure 13A).   
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Figure 13    Activation of oxytocin neurons blunts the acute blood pressure 

responses to H/H 

 (A) Acute changes in mean arterial blood pressure in response to normoxia and 

H/H.  Both DREADDs expressing and sham animals experienced significant increases in 

mean arterial blood pressure during H/H (n = 8; +p < 0.05, Student’s paired t test; n = 7 +p 

< 0.05 , Student’s paired t test, respectively), however the increase in mean arterial blood 

pressure in DREADDs expressing animals was significantly reduced compared to sham 

animals (*p < 0.05, unpaired t test).  (B) Acute changes in heart rate in response to 

normoxia and H/H.  During H/H, both DREADDs expressing and sham animals 

experienced significant decreases in heart rate (n = 8; +p < 0.05, Student’s paired t test; n 

= 7 +p < 0.05 , Student’s paired t test, respectively), and while not statistically significant, 

the bradycardia in DREADDs expressing animals in response to H/H was blunted 

compared to sham animals.  The values for both mean arterial blood pressure (A) and 

heart rate (B) represent the averages recorded during the last 30 sec of normoxia as well 

as H/H, of each cycle during the 8 hr CIH/H exposure on days 1, 3, 6, 9, 12, 15, 18, and 

21. 
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Chronic oxytocin neuron activation diminishes the development of hypertension and 

decreases heart rate with CIH/H 

 To test if activation of PVN OXT neurons alters the changes in mean arterial 

blood pressure and heart rate that occur with CIH/H blood pressure and heart rate were 

examined before and throughout 21 days of CIH/H exposure in sham and DREADDs-

expressing animals. Sham animals experienced no significant changes in heart rate after 3 

weeks of CIH/H exposure (from 394.0 ± 10.3 beats/min on control days to 379.0 ± 15.4 

beats/min on day 21; n = 7; p > 0.05; one-way ANOVA; Figure 14B), while DREADDs-

expressing animals experienced a significant decrease in heart rate despite CIH/H 

exposure (from 416.0 ± 7.1 beats/min on control days to 369.0 ± 11.1 beats/min on day 

21; n = 8; +p < 0.01; one-way ANOVA; Figure 14B).  

 After 3 weeks of CIH/H, mean arterial blood pressure increased to hypertensive 

levels in sham animals (from a mean arterial blood pressure of 102.0 ± 3.3 mm Hg on 

control days to 120 ± 0.5 mm Hg on day 21; n = 7; +p < 0.01; one-way ANOVA; Figure 

14A).  Interestingly, DREADDs-expressing animals experienced no significant changes 

in mean arterial blood pressure with 21 days of CIH/H exposure (from a mean arterial 

blood pressure of 104.0 ± 2.6 mm Hg on control days to 103.0 ± 3.0 mm Hg on day 21; n 

= 8; p > 0.05; one-way ANOVA; Figure 14A).  Animals in the sham group experienced 

significant increases in mean arterial blood pressure  from days 12 through days 21, 

whereas the increase in mean arterial blood pressure was prevented  in the DREADDs-

expressing group (Day 12: mean arterial blood pressure in sham group of 117.0 ± 4.1 mm 

Hg, mean arterial blood pressure in DREADDs-expressing group of 105.0 ± 2.6 mm Hg; 

Day 15: mean arterial blood pressure in sham group of 118.0 ± 2.6 mm Hg, mean arterial 



 

81 
 

blood pressure in DREADDs-expressing group of 105.0 ± 3.1 mm Hg; Day 18: mean 

arterial blood pressure in sham group of 122.0 ± 1.1 mm Hg, mean arterial blood pressure 

in DREADDs-expressing group of 104.0 ± 2.9 mm Hg; Day 21: mean arterial blood 

pressure in sham group of 120.0 ± 0.5 mm Hg, mean arterial blood pressure in 

DREADDs-expressing group of 103.0 ± 3.0 mm Hg; n = 7 sham animals and 9 

DREADDs-expressing animals; *p < 0.01; two-way ANOVA; Figure 14A).   
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Figure 14   Chronic oxytocin neuron activation diminishes the development of 

hypertension and decreases heart rate with CIH/H 

 (A) Changes in mean arterial blood pressure from control days to day 21 of 

CIH/H exposure.  Mean arterial pressure in sham animals significantly increased from 

day 9 to day 21 compared to control day and reached hypertensive levels by day 12 (n = 

7; +p < 0.05, one-way ANOVA).  Mean arterial pressure did not significantly increase in 

DREADDs expressing animals over the 21 days of CIH/H exposure compared to control 

days (n = 8; one-way ANOVA).  Mean arterial blood pressure significantly increased in 

sham animals compared to DREADDs expressing animals from day 12 to day 21 (*p < 

0.05, two-way ANOVA with repeated measures).  (B) Changes in heart rate from control 

days to day 21 of CIH/H.  Heart rate was significantly decreased in DREADDs 

expressing animals on day 21 compared to control days (n = 8; +p < 0.05, one-way 

ANOVA), while heart rate in sham animals did not significantly change over the 21 days 

of CIH/H exposure (n = 7; one-way ANOVA).  The values for both mean arterial blood 

pressure (A) and heart rate (B) represent averages of each recorded for 20 min during 

exposure to air in days prior to and during CIH/H exposures.   
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The effects of CIH/H on OXT receptor activation 

 In order to examine if the release of OXT from PVN fibers is altered with CIH/H, 

the responses in sniffer CHO cells (CHO cells expressing OXT receptors and the calcium 

indicator, RGECO1) were examined in brainstem tissue from unexposed sham and 

CIH/H exposed animals.  Photoactivation of ChR2-containing PVN fibers in the DMV of 

brainstem slices from unexposed animals evoked large, reproducible, and transient 

increases in intracellular calcium levels in OXT-sensitive sniffer CHO cells (average 

increases of 21.1 ± 0.02% from baseline during first second; n = 14; *p < 0.05; one-way 

ANOVA with repeated measures; Figure 15, bottom left).  CHO cell responses upon 

PVN fiber stimulation in brainstem slices from animals exposed to CIH/H was 

significantly decreased (average increases of 8.1 ± 0.01% from baseline during first 

second; n = 16; *p < 0.05; one-way ANOVA with repeated measures; Figure 15, bottom 

middle) compared to responses in unexposed animals (+p < 0.05; one-way ANOVA; 

Figure 15, bottom middle).  These results indicate the release of OXT from PVN fibers in 

the DMV is reduced following CIH/H exposure.  To examine if restoration of OXT 

neuron function during CIH/H could restore responses in OXT-sensitive CHO cells, PVN 

OXT neurons were activated daily before and during CIH/H by daily injections of CNO 

to activate DREADDs receptors in PVN OXT neurons.  In treatment animals with 

chronic activation of OXT neurons the responses in sniffer OXT-sensitive CHO cells 

upon photostimulation of ChR2-containing PVN fibers in the DMV were restored and not 

significantly different from responses in air exposed control animals (average increases 

of 23.4 ± 0.03% from baseline during first second; n = 17; *p < 0.05; one-way ANOVA 

with repeated measures; Figure 15, bottom right).  These restored responses in the 
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treatment group were significantly increased compared to CIH/H exposed animals (+p < 

0.05; one way ANOVA; Figure 15, bottom right).  These data indicate that the release of 

OXT onto parasympathetic CVNs is diminished with CIH/H, but that this release can be 

restored with chronic PVN OXT neuron activation. 
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Figure 15   Activation of PVN OXT neurons during CIH/H exposure restores 

responses in OXT sensitive CHO cells.   

 The calcium increases in OXT sensitive CHO cells upon photoactivation of PVN 

fibers in the DMV are significantly decreased with CIH/H when compared with sham air 

exposed animals and in treatment animals in which OXT neurons have been activated 

daily during CIH/H.  Representative responses from CHO cells deposited onto brainstem 

tissue taken from animals exposed to air  (top left), CIH/H (top middle), and CIH/H with 

daily OXT neuron activation (top right).   Quantitative bar charts depict the percent 

control fluorescence of CHO cell responses in brainstem tissue taken from animals 

exposed to air (bottom left; n = 14), CIH/H (bottom middle; n = 16), and CIH/H with 

daily OXT neuron activation (bottom right; n = 17).  *p < 0.05; one-way ANOVA with 

repeated measure.  +p < 0.05; one-way ANOVA. 
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Conclusions from Study 2 

 In Study 1 (Chapter 2) we demonstrated that excitation of parvocellular PVN 

fibers releases OXT at brainstem CVN targets and the release of OXT is diminished 

following CIH/H exposure. This led us to test the hypothesis that restoring OXT neuron 

activity could be beneficial in blunting the adverse consequences of CIH/H, which was 

tested in Study 2 (Chapter 3).  Our findings in Study 2 suggest that selective chronic 

activation of PVN OXT neurons has many beneficial effects, including decreasing resting 

blood pressure and heart rate, blunting the acute responses in blood pressure to H/H, and 

perhaps most importantly, chronic PVN OXT neuron activation prevented the elevations 

in blood pressure and heart rate that occur with CIH/H.  The results in Study 2 not only 

establish a role for PVN OXT neurons in cardiovascular homeostasis in both control and 

disease conditions, but also identify a promising target to restore cardiac vagal activity, 

reduce sympathetic activity, and reduce adverse cardiovascular changes that occur in 

diseases such as OSA. 
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Conclusions 

The work in this dissertation not only establishes the role of PVN OXT neurons in 

cardiovascular homeostasis, but also identifies promising targets to reduce the adverse 

cardiovascular changes associated with cardiovascular diseases such as OSA.  This study 

has three major conclusions: 1) excitation of parvocellular PVN fibers releases OXT at 

parasympathetic brainstem targets, 2) the release of OXT is diminished following CIH/H 

exposure, and 3) chronic PVN OXT neuron activation decreases resting heart rate and 

blood pressure, blunts increases in blood pressure with H/H, and prevents the 

development of hypertensions with CIH/H, an animal model of OSA.   

 

Study 1 Conclusions 

 

Release of OXT from PVN fibers in the DMV 

 Recent work from our lab has shown that OXT receptor activation facilitates the 

excitatory neurotransmission from the PVN to CVNs with paired-pulse facilitation and 

enhancement of bursting patterns of stimulations.  In the paired-pulse stimulation 

paradigm, OXT release from the first stimulation increased the amplitude of the second 

response, and this facilitation of the second response was abolished by application of the 

OXT receptor antagonist, OTA.  Additionally, this direct OXT receptor mediated 

modulation in the neurotransmission to CVNs from the hypothalamic PVN nucleus is 

selective for this synaptic connection, and does not occur upon non-selective activation of 

glutamatergic synapses to CVNs (Pinol et al., 2014).  The fact that optogenetic 

stimulation of PVN axons releases OXT is supported by the findings presented in Study 1 
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(Chapter 2), as this release of OXT from PVN fibers onto CVNs evoked large, 

reproducible, and transient increases in calcium in sniffer CHO cells highly sensitive to 

OXT, and application of the OXT receptor antagonist OTA, abolished these increases in 

intracellular calcium in the OXT-sensitive CHO cells.   

 The pathway from PVN to CVNs likely influences the activity of CVNs that are 

the dominant parasympathetic input to the heart.  This work indicates that there are PVN 

OXT neurons that project to the DMV to regulate autonomic control.  Indeed, studies 

have shown that OXT has cardioprotective qualities and can modulate reflex control of 

heart rate at the level of the DVC (Llewellyn-Smith et al., 2012).  Additional studies have 

found that brainstem administration of OXT and OXT antagonists alter autonomic 

control of the heart, OXT release in the DVC after exercise contributes to the vagally-

modulated blunting of the post-exercise tachycardic response, and OXT facilitates the 

baroreflex bradycardia (Rogers and Hermann, 1987; Higa et al., 2002; Michelini, 2001).  

The data presented here along with previous studies from our lab are consistent with 

these in vivo results, and provide evidence for endogenous release of OXT onto CVNs in 

the DMV.  Overall, our data from Study 1 are consistent with, and extend, the postulated 

role for OXT in the DVC to enhance parasympathetic regulation of heart rate and OXT 

being cardioprotective. 

 

Strong neuronal promoter (Synapsin) lentiviral approach 

 While the use of the strong neuronal promoter fragment synapsin 1 elicited robust 

expression of ChR2-EYFP in PVN fibers in brainstem slices and as our data shows, 

optogenetic stimulation of these fibers increased calcium levels in OXT-sensitive sniffer 



 

92 
 

CHO cells, a disadvantage to this approach is the lack of selectivity in driving expression 

of ChR2 with a nearly ubiquitous neuronal promoter.  As such, while our 

immunohistochemistry results show that the majority (~55%) of ChR2-expressing PVN 

fibers in the brainstem slices stained positive for OXT, we cannot completely rule out the 

possibility that AVP instead of, or with OXT, is released from these PVN fibers to 

activate OXT receptors.  There are however, several results that indicate a high level of 

specificity for only inducing OXT release upon optogenetic stimulation of PVN 

descending pre-autonomic axons in our experiments.  The amount of lentivirus we 

injected (90-100 nl) was relatively low: other studies that have used this lentiviral vector 

typically injected larger volumes such as 0.3 – 2 µl (Cruikshank et al., 2010), and we 

additionally verified the injection site of each animal used for these studies and excluded 

animals that had neurons labeled outside of the PVN.  Moreover, the sniffer CHO cells 

expressing OXT receptors are ~8 fold more sensitive and responsive to OXT than AVP, 

and the responses in the sniffer CHO cells were abolished with the OXT receptor 

antagonist, OTA.  While the release of AVP upon photoactivation of ChR2-containing 

PVN fibers in the DMNV in this experimental paradigm cannot be ruled out, our results 

indicate that the intracellular calcium changes observed in these engineered CHO cells is 

due to the activation of OXT receptors, most likely via the synaptic release of OXT.                 

 

Oxytocin release is blunted with CIH/H 

 Our results from Study 1 indicate that the release of OXT from PVN fibers 

activates OXT receptors on sniffer CHO cells in close proximity to CVNs, and this 

release is diminished with exposure to 21 days of CIH/H, which is associated with the 
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highly prevalent cardiovascular disease, OSA (Coleman et al., 2010; Huang et al., 2007; 

Kc and Dick, 2010).  These results extend recently published data from our lab that 

showed the paired-pulse facilitation of the EPSCs that occurs in unexposed rats is 

significantly blunted in animals exposed to CIH/H (Dergacheva et al., 2014).  The 

diminished paired-pulse facilitation in CIH/H animals suggests impaired presynaptic 

transmitter release from PVN synaptic terminals.  This impaired synaptic function may 

be due to alterations in neuromodulation by co-released peptides, neurotransmitter 

synthesis, vesicular accumulation or release properties, including impaired expression of 

ChR2 or diminished photostimulation of ChR2 in CIH/H animals.  The results from 

Study 1 indicate OXT release is altered by CIH/H, and may explain the absence of 

paired-pulse facilitation from the PVN to CVNs in animals exposed to CIH/H 

(Dergacheva et al., 2014), as endogenous OXT release has been shown to mediate this 

paired-pulse facilitation (Pinol et al., 2014).  

 Several studies have indicated that the PVN is one of the major targets of CIH 

(Coleman et al., 2010; Huang et al., 2007; Kc et al., 2010).  Activity in neurons within the 

PVN that are critical for the cardiovascular responses to challenges such as stress and 

dehydration are not impaired, but rather possess augmented activity with CIH and are 

involved in the maintenance and/or generation of CIH induced hypertension (da Silva et 

al., 2011; Kc et al., 2010; Kc and Dick, 2010; Knight et al., 2011).  Using FosB/ΔFosB as 

a marker of neuronal activation, CIH increased the activity of cells in the dorsal and 

medial parvocellular subdivisions through all rostral-caudal levels in the PVN, as well as 

the lateral parvocellular subregion in the caudal PVN (Knight et al., 2011).  Both nitric 

oxide and NMDA signaling are reduced in nNOS neurons in the PVN after CIH, and this 
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is accompanied by an increase in blood pressure (Coleman et al., 2010; Huang et al., 

2007).  Additionally, CIH causes increases in AVP-mediated PVN neurotransmission to 

the RVLM, the pathway thought to be involved in the alterations in blood pressure, heart 

rate, and respiration that occurs with CIH (Kc et al., 2010).  Additionally, the alterations 

in blood pressure, heart rate, and respiration that occurs with CIH has been postulated to 

involve pathways from the PVN to the RVLM, NTS, locus coeruleus, and spinal 

sympathetic preganglionic neurons (Kc et al., 2010; Pajolla, 2009; Sharpe, 2013).  

Similarly, PVN pathways to neurons in the NA and DVC, brainstem regions where 

parasympathetic cardiac control originates, are hypothesized to modulate brainstem 

autonomic function (Kc and Dick, 2010).  Taken together with the results from Study 1, 

these data indicate that the activity of PVN OXT neurons are altered in models of OSA, 

and along with diminished parasympathetic activity and augmented sympathetic activity, 

may lead to the generation of OSA induced hypertension. 

 

Study 2 Conclusions 

 

The effects of OXT neuron activation on resting blood pressure and heart rate 

In Study 2 (Chapter 3) we examined the in vivo effects of selectively activating 

PVN OXT neurons using viral expression of excitatory hM3Dq DREADDs in OXT 

neurons within the PVN.  Until recently, OXT, has been known for its pivotal role on 

uterine contraction and milk ejection in females however, the role of centrally released 

OXT has been shown to have a diverse range of CNS functions in both males and 

females.  There is much evidence suggesting OXT may be involved in the regulation of 
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the cardiovascular system by direct peripheral and indirect central actions (Petersson et 

al., 1996; Braga et al., 2000; McCann et al., 2002).  OXT projections from the PVN as 

well as OXT receptors, have been found in areas of the brainstem known to regulate 

cardiovascular, behavioral, and neuroendocrine responses to stress (Sawchenko and 

Swanson, 1982; Sofroniew and Schrell, 1981), and the content of OXT in the PVN and 

brainstem has been shown to be augmented in spontaneously hypertensive rats (Mohring 

et al., 1983; Morris et al., 1985).  Additionally, it has been suggested that centrally 

released OXT is cardioprotective and blocks the increases in blood pressure and heart 

rate during sudden stress (Wsol et al., 2009).  The mechanisms by which OXT exerts its 

effects on cardiovascular system however, remains to be elucidated.   

 Many studies have examined the role of OXT in the regulation of resting blood 

pressure and heart rate, but the results of these studies have been inconsistent.  Reports 

utilizing acute intracerebroventricular injection and/or infusion of OXT in rats showed no 

effect on resting blood pressure or heart rate (Wsol et al., 2009; Feuerstein et al., 1984).  

Similarly, central administration of OXT has been shown to have no effect on resting 

blood pressure and heart rate (Higa et al., 2002).  Conversely, OXT activation of 

cardiovascular neurons in the DVC results in increases in baroreflex bradycardia and 

decreases in exercise-induced tachycardia (Michelini, 2001; Higa et al., 2002) by 

activation of neurons in the NTS (Braga et al., 2000), while blocking OXT receptors in 

the brain increases the cardiovascular responses to stress.  Moreover, chronic 

intracerebroventricular injections of OXT significantly decreased resting blood pressure 

in rats (Petersson and Uvna-Moberg, 2007) and intracisternal injections of OXT in 

anesthetized rats elicited significant pressor responses with no changes in heart rate.  The 
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data surrounding the role of OXT in the regulation of heart rate and blood pressure 

remain controversial, probably in part due to the differences in previous studies in which 

OXT receptors were activated with different doses, types of neurons affected, locations of 

application, and presence of anesthesia.  In my study I did not administer OXT receptor 

agonists, but rather used the DREADDs approach to selectivity increase the firing of 

OXT neurons, increasing the activity in these PVN OXT neurons. We have shown 

selective activation of PVN OXT neurons decreases resting blood pressure and heart rate.  

These data indicate that PVN OXT neurons can play a significant role in cardiovascular 

regulation under resting conditions. 

 

OXT neuron activation blunts the acute responses to H/H 

 Our results indicate that PVN OXT neuron activation significantly blunts the 

increases in blood pressure in response to H/H, and has little to no effect on the H/H-

induced bradycardia.  Exposure to acute H/H in animals, corresponding to apneas in 

humans, induces sympathetic and parasympathetic activation, which results in increases 

in blood pressure and decreases in heart rate, respectively (Ferreira et al., 2015).  In 

humans, obstructive apnea is known to activate both sympathetic output, leading to 

vasoconstriction, and parasympathetic cardiac vagal activation, resulting in bradycardia 

(Dempsey et al., 2010).  Animal studies have shown hypoxia causes changes in pH and 

gas concentrations and in response, the chemoreflex mediates sympathetic increases in 

blood pressure and parasympathetic activity mediated reductions in heart rate 

(Braga et al. 2008).  A recent study from our lab additionally revealed acute H/H in vitro 

resulted in inhibition of GABAergic and glycinergic neurotransmission to CVNs in 

http://onlinelibrary.wiley.com/doi/10.1113/jphysiol.2014.273482/full#tjp6203-bib-0004
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brainstem slices from adult animals.  These data suggest that the reductions in 

GABAergic and glycinergic transmission due to hypoxia relieves the inhibition on CVNs 

and increases parasympathetic activity to the heart resulting in bradycardia (Dyavanapalli 

et al., 2014).   

 The results in Study 2 indicate PVN OXT neuron activation has little to no effect 

on the evoked bradycardia in response to acute H/H.  These results are not entirely 

surprising as studies have observed attenuation of pressor-induced bradycardia by 

blocking OXT receptors in the NTS/DMV, as well as intravenous OXT receptor 

injections completely blocking reflex bradycardia (Higa et al., 2002; Russ and Walker, 

1994).  These data indicate that OXT projections to the NTS/DMV facilitate bradycardic 

responses.  Taken together with data from our lab showing OXT release excites CVNs in 

the DMV (Pinol et al., 2014), we might expect that parasympathetic cardiac vagal 

neurons are maximally excited by H/H, and  accompanying OXT neuron activation could 

not provide any further increase in parasympathetic activity.   

 Similar to our results indicating that PVN OXT neuron activation blunts the 

increases in blood pressure with H/H, many studies have examined the effects of OXT on 

blood pressure, and such activation has been shown to buffer the effects of stress on the 

cardiovascular system resulting in hypotensive properties (Japundzic-Zigone, 2013).  The 

blood pressure responses to acute stress for example, have been shown to be increased in 

OXT knockout mice (Bernatova et al., 2004), and central application of OXT receptor 

antagonists enhanced blood pressure increases to stress (Wsol et al., 2008).   In humans, 

OXT administered in women to induce uterine contractions during labor was shown to 

decrease blood pressure, and this hypotensive effect was due to decreases in total 
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vascular resistance despite compensatory increases in heart rate, stroke volume, and 

cardiac output (Thomas, 2007; Archer et al., 2008).  Overall, our data strengthen the 

argument that OXT blunts the severity and duration of stress-induced alterations in 

cardiovascular homeostasis. 

 

Chronic OXT neuron activation decreases resting heart rate despite CIH/H 

 Our data indicate that after 21 days of chronic OXT neuron activation, 

DREADDs-expressing animals experience a significant decrease, compared to control 

days, in resting heart rate despite CIH/H exposure.  OXT knockout mice have been 

reported to exhibit higher heart rates than wild-type controls, indicating the loss of OXT 

function increases resting heart rate (Japundzic-Zigon).  Investigations that have 

examined the effects of OXT in exercise-trained rats have also observed that the release 

of OXT opposes the exercise-induced tachycardic response by reducing vagal withdrawal 

(Higa et al., 2002; Braga et al., 2000; Michelini, 2003).  Additionally, data examining the 

effects of OXT on exercise and baroreflex control indicate central OXT projections to the 

NTS/DMV area provide an important mechanism to modulate heart rate control under 

stressful conditions, augmenting vagal outflow and resulting in a beneficial slowing of 

the heart rate.  Conversely, OXT has not been observed to influence sympathetic outflow 

to the heart and does not appear to modulate the tachycardic responses to decreases in 

pressure (Higa et al., 2002).  It is also important to note that in humans, plasma OXT has 

been related with lower cardiovascular activity in response to stress, and lactating women 

have been observed to have greater parasympathetic control of the heart (Grewen and 

Light, 2011; Altemus et al., 2001).  Taken together with the data presented in Study 2, 
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these data indicate the importance of OXT as a central cardiovascular modulatory 

peptide.  The associations between OXT and lower heart rate could be due to decreases in 

sympathetic activity, increases in parasympathetic activity, or to OXT having direct 

effects on OXT receptors in cardiac tissue (Grewen and Light, 2011). 

 

OXT neuron activation diminishes the development of hypertension 

 Many studies have examined the role of OXT in hypertension. In rodents, 

hypertension alters mRNA and OXT receptor density, decreasing OXT mRNA 

expression in the hypothalamus and reducing OXT receptor density within the NTS 

(Higa-Taniguchi et al., 2009).  Furthermore, OXT administration has been reported to 

have antihypertensive effects in spontaneously hypertensive male rats, and when 

administered postnatally, leads to blood pressure decreases in adulthood (Petersson et al., 

1997).  These hypotensive qualities of OXT were shown as daily peripheral 

administration of exogenous OXT for 5 days in rats resulted in decreases in blood 

pressure lasting at least 2 months (Holst et al., 2002).  Additionally, OXT administration 

blunts the increases in blood pressure caused by electrical stimulation of the 

mesencephalic ventricular formation in male rats (Versteeg et al., 1982).  Our data agree 

with previous studies that OXT is hypotensive, as chronic activation of PVN OXT 

neurons diminishes the development of hypertension with CIH/H. 

 The mechanism by which OXT decreases blood pressure is not currently known.  

It has been suggested however, that the long-lasting reductions in blood pressure may be 

mediated by the CNS, as elevated OXT concentrations in the CSF were found in rats 

injected with OXT (Petersson, 2002).  It has also been hypothesized that OXT may 
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decrease blood pressure through inhibition of sympathetic preganglionic neurons 

(Yamashita et al., 1987; Kannan et al., 1998).  Since OXT projections have been 

observed in a number of brain regions including the LC, NTS, DMV, RVLM, and IML 

(Buijs et al., 1982; Sofroniew et al., 1983), it is likely that the effects of OXT on blood 

pressure are modulated by these targets in the CNS.  

 

Perspectives of in vivo studies 

 It is important to point out that we conducted only unilateral injections of the 

viruses into the PVN.  The stimulation produced by activating OXT neurons in one PVN 

nucleus is sufficient to reduce resting blood pressure and heart rate, blunt the increases in 

blood pressure in response to H/H, and diminish the development of hypertension with 

CIH/H, thus providing evidence for the strong cardioprotective qualities of OXT.  While 

we did observe in DREADDs-expressing animals a significant decrease in resting heart 

rate after 21 days of CIH/H exposure, this modest response in heart rate could be due to 

the limitations of unilateral activation of PVN OXT neurons.  In other words, activating 

OXT neurons in both PVN nuclei could have induced greater changes in the vagal control 

of the heart, as injections of OXT directly into the NTS/DMV facilitates slowing of the 

heart and increases bradycardic responses (Higa et al., 2002), and OXT knockout mice 

have increased resting heart rates (Japundzic-Zigon, 2013). 

 Additionally, our sham animals do not experience the increases in resting heart 

rate with CIH/H associated with observed daytime tachycardia in patients with OSA.  

The heart rate changes following CIH however, are known to be less reproducible among 

animal models.  Indeed, both significant increases or no changes in heart rate have been 
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observed with CIH exposure: no changes in heart rate was observed after 5 weeks CIH 

(Chen et al., 2005), however, 90 days CIH exposure caused significant increases in heart 

rate (Min et al., 2007).  It appears that longer exposure periods of CIH may be required to 

induce adverse changes in heart rate.   

 

Clinical use of OXT 

 Several questions concerning the cardiovascular effects of OXT remain to be 

answered, including the importance of OXT in promoting positive effects in 

cardiovascular diseases.  Many studies conducted in the past two decades have expanded 

the classical roles of OXT on uterine contraction and milk ejection to include social 

behavior and cardiovascular regulation.  Intranasal administration of OXT in humans has 

been shown to modulate several socio-cognitive and socio-emotional behaviors, reducing 

the responses to stress, having anxiolytic actions, and generating trust (Gamer and 

Buchel, 2012; Neurmann et al., 2013).  More pertinent to the topics of this work, 

evidence suggests that both endogenous and exogenous OXT modulates ANS processes 

(Churchlan and Winkielma, 2012).  A double blind placebo-controlled study showed that 

intranasal administration of OXT was sufficient to enhance the heart rate responses to 

pictures of facial expression, with the presentation of various facial expressions having 

no effect on sympathetic activity, but rather heart rate changes were solely due to 

alterations in parasympathetic activity (Gamer and Buchel, 2012).  Additionally, 

intranasal administration of OXT was shown to increase the high frequency component 

of heart rate variability, which reflects parasympathetic activity (Norma et al., 2012).   
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 We confirm in the studies presented here that OXT seems to directly enhance 

parasympathetic activity, so one could propose the use of intranasal administration of 

OXT to treat cardiovascular diseases in which there is a reduction in vagal innervation 

such as OSA.  There is still much debate about the possible ways that intranasal OXT 

increases brain OXT concentrations (Churchland and Winkielman, 2012).  There has 

been no evidence to confirm if nasal delivery of OXT increases brain OXT 

concentrations via diffusion or alternatively, activates OXT neurons.  Regardless of the 

mechanism of increased OXT levels with intranasal administration, it may be a possible 

way to increase parasympathetic tone to the heart.   

 Based upon the results presented in Study 2, OSA patients could potentially 

benefit from intranasal OXT administration.  Currently, continuous positive airway 

pressure (CPAP) therapy is the most common and successful treatment for OSA with 

mean blood pressure reductions of ~2 mmHg.  Although CPAP improves the survival and 

quality of life, it is not well tolerated by all patients with OSA and its use if often 

discontinued.  Thus, other avenues of treatment are crucial to mitigate the adverse 

cardiovascular effects caused by the disease.  Intranasal OXT administration in these 

patients might serve as an alternative therapy, potentially by increasing parasympathetic 

activity and thus reducing or preventing the development of the adverse cardiovascular 

consequences such as hypertension and daytime tachycardia, documented in patients with 

this sleep disorder.  The work presented in this dissertation has served as the foundation 

for designing a clinical study that will test whether intranasal oxytocin administration can 

blunt the adverse cardiorespiratory events that occur during apneas in patients with OSA. 
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Future Directions 

 Our studies have focused on establishing a role of OXT neurons in obstructive 

sleep apnea mediated cardiovascular disease.  The results of this dissertation show that 

OXT is released at brainstem CVN targets and that this release is blunted with CIH/H 

exposure.  Our results additionally indicate that selective activation of OXT neurons in 

the PVN decreases resting blood pressure and heart rate, and prevents the elevations in 

blood pressure and heart rate that occur after 21 days of CIH/H.  The work presented here 

however, lacks a defined mechanism of action.  To overcome this limitation, one could 

potentially activate subpopulations of PVN OXT neurons and examine the physiological 

effects of doing so.  It would also be interesting to examine the effects of OXT neuron 

activation in animals already experiencing the adverse cardiovascular consequences 

associated with models of OSA, as it is unknown if OXT neuron activation could reverse 

the elevated blood pressure and heart rate after an animal has been exposed to 21 days of 

CIH/H and has already generated hypertension due to CIH/H.   

 

Summary 

 Our data provide evidence that OXT is released onto CVNs in the DMV upon 

photoactivation of synaptic terminals from PVN neurons, and that 21 days of CIH/H 

exposure diminishes this release of OXT.  This work additionally shows that chronic 

activation of PVN OXT neurons decreases resting blood pressure and heart rate, blunts 

the acute responses in blood pressure to H/H, and finally blocks the development of 

hypertension in animals exposed to CIH/H.  While more studies need to be completed to 

determine the mechanisms by which OXT positively effects blood pressure and heart 
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rate, this work indicates that the release of OXT and activation of PVN OXT neurons is 

cardioprotective as excitation of parvocellular PVN fibers releases OXT at brainstem 

CVN targets, and selective activation of OXT neurons in the PVN decreases resting 

blood pressure and heart rate, and prevents the elevations in blood pressure and heart rate 

that occur after 21 days of CIH/H.  
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