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SPECIFIC AIMS 

 
The median preoptic nucleus (MnPO) is a midline nucleus located along the 

anterior wall of the third ventricle between two circumventricular organs, the subfornical 

organ (SFO) and the organum vasculosum of the lamina terminalis (OVLT). The SFO 

and OVLT project to the MnPO to regulates neuroendocrine, autonomic, arousal, and 

fluid balance. The MnPO and other regions in the anterior ventral region of the third 

ventricle contribute to several forms of neurogenic hypertension. Recent studies from 

our laboratory have shown that the MnPO is necessary for hypertension produced by 

chronic intermittent hypoxia (CIH). Chronic intermittent hypoxia (CIH) is a rodent model 

designed to mimic the intermittent hypoxemia experienced in obstructive sleep apnea 

(OSA). Exposure to CIH leads to hypertension and other cardiovascular comorbidities 

consistent with patients suffering from OSA. In OSA patients, the hypertension and 

increased sympathetic nerve activity can persist into the waking periods in the absence 

of hypoxia as the disease progresses eventually resulting in cardiovascular morbidities 

including heart disease. This is also a feature of the CIH model. 

These studies indicate that the MnPO contributes to the sustained component of 

CIH hypertension. Hypertension due to CIH initially develops during hypoxia from 

signaling through the hindbrain and may be sustained for the entire diurnal cycle 

through multiple mechanisms that include activity of the forebrain, specifically through 

modulation by the MnPO. The MnPO is an integrating center in the hypothalamus that 

has projections to the paraventricular nucleus (PVN), which is involved in blood 

pressure regulation and the hypothalamic-pituitary-adrenal axis. Many studies have 

shown that the MnPO is necessary for CIH hypertension. However, the phenotypes of 
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the MnPO neurons responsible for CIH hypertension have not yet been fully elucidated.  

By identifying the neurons involved in signaling to the PVN and selectively inhibiting 

their activity through regulating MnPO activity, it may be possible to interrupt and 

attenuate the sustained hypertension that develops during CIH.  

The goal of these studies is to determine which neurons in the MnPO contribute 

to CIH hypertension based on their projections, and, if by blunting their activity, it may 

attenuate the CIH-induced sustained hypertension. The working hypothesis is that 

pathway-specific MnPO neurons mediate stimulus-dependent drinking behavior and 

neuroendocrine function, and MnPO neurons projecting to the PVN mediate the 

sustained hypertension during normoxia that is associated with CIH. 

 

Specific Aim 1. Acute inhibition of MnPO neurons will decrease Fos expression, 

neuronal firing rate, and drinking behavior. These studies use Cre-independent Gi 

designer receptors exclusively activated by designer drugs (DREADDs) that 

chemogenetically induce inhibition of transduced neurons in response to the exogenous 

ligand, clozapine-N-oxide (CNO). The Gi DREADDs utilized in these experiments 

contain a CaMKIIa promotor packaged in an adeno-associated virus (AAV) vector and 

microinjected into the MnPO. These experiments evaluate MnPO individual responses 

to CNO-induced inhibition at the neuronal level using loose cell and whole cell 

recordings. Additonally, these experiments also define at the physiological level how the 

MnPO regulates drinking behavior with and without neuronal inhibition. 
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Specific Aim 2. Lesions of MnPO neurons projecting to the PVN will attenuate 

chronic increases in blood pressure. These studies use retrograde transport of Cre 

with AAV9 from the PVN to the MnPO in combination with caspase-3 flex virus 

dependent on Cre to selectively induce apoptosis in PVN-projecting MnPO neurons.  

These studies are performed to measure chronic changes in blood pressure during a 7-

day CIH protocol and to assess functional neuroanatomy related to MnPO signaling due 

to CIH. 
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CHAPTER I: INTRODUCTION 

 

THE ROLE OF THE MNPO IN THE REGULATION OF DRINKING BEHAVIOR, 
NEUROENDOCRINE AND AUTONOMIC FUNCTION 
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The median preoptic nucleus (MnPO) is a region in the forebrain that lies on the 

anteroventral wall of the 3rd ventricle (AV3V) 1. Neurons in the MnPO are involved in 

thermoregulation, osmoregulation, sleep, body fluid balance and cardiovascular and 

autonomic function 1-4. For the purpose of this dissertation, the focus will be primarily on 

the role of the MnPO in regulating body fluid homeostasis and cardiovascular responses 

as it relates to blood pressure regulation.  

Many studies have assessed the importance of the MnPO in the development of 

hypertension, maintenance of body fluid homeostasis, and regulation of neurohumoral 

function 1, 2, 4-10. The MnPO receives afferent signals from circumventricular organs 

(CVOs) the organum vasculosum of the lamina terminalis (OVLT) and the subfornical 

organ (SFO) that lie just dorsal and ventral to the MnPO on the AV3V, respectively, 

responding to fluctuations in plasma osmolality, or other humoral factors 1, 3, 4, 9. One of 

the humoral factors the CVOs and MnPO respond to is angiotensin II (ANG II) through 

angiotensin type 1a receptors (AT1aRs) 11. When there is an increase in plasma 

osmolality or certain humoral factors, like ANG II, the SFO and OVLT stimulate the 

MnPO to increase thirst, cardiovascular responses, and efferent signaling to the 

supraoptic nucleus (SON) and paraventricular nucleus (PVN), as well as other 

downstream nuclei to influence neuroendocrine and autonomic function 1, 12. The AV3V 

is has been shown to control both drinking and blood pressure 13. However, studies 

have not yet been conducted to study the role of pathway-specific MnPO neurons in 

regulation with body fluid homeostasis associated with water consumption or autonomic 

function. The current studies test the role of the MnPO in regulating body fluid 
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homeostasis and stimuli dependence, as well as blood pressure regulation in a well-

defined hypertension model.  

 

The MnPO and Drinking Responses 

Thirst is a complex and necessary process that is vital to maintaining body fluid 

homeostasis. Varying concentrations of circulating factors, such as ANG II, and 

changes in plasma osmolality are stimuli important for influencing centrally-mediated 

physiological outcomes, including drinking behavior. Small increases of < 2% in the 

effective osmotic pressure of plasma can induce thirst in mammals 14. Circulating 

factors like ANG II and hypertonicity are sensed by ANG II-sensitive and osmosensitive 

neurons of circumventricular organs (CVOs), the subfornical organ (SFO) and organum 

vasculosum of the lamina terminalis (OVLT) located on the anteroventral wall of the 3rd 

ventricle (AV3V in the forebrain to drive thirst-related neural pathway. The area 

postrema (AP), a CVO in the hindbrain, is more involved in inhibiting food intake in 

response to circulating hormones signaling satiety (i.e. amylin and leptin) 15. The SFO 

and OVLT perceive plasma volume and vascular perfusion pressure and have 

projections that terminate in the median preoptic nucleus (MnPO, Figure 1) 1. The 

MnPO regulates many homeostatic functions, including drinking responses related to 

thirst 1, 4, 5, 13, 16, 17.  

 

Cellular vs Extracellular Dehydration 

Cellular and extracellular dehydration increase water consumption to overcome 

physiological insults like hyperosmolality and hypovolemia. During chronic dehydration, 



4 
 

such as in a 48 hour water deprivation model, cellular (hyperosmolality) and 

extracellular (hypovolemia) dehydration are both driving factors for water consumption 

18; however, it is important to assess both forms of dehydration independently of the 

other to understand how they may mechanistically differ.  Cellular dehydration 

associated with hypertonicity of body fluids, is detected by osmoreceptors in the SFO 

and OVLT and is a major physiological stimulus of thirst and vasopressin secretion 15, 19. 

Extracellular dehydration associated with hypovolemia is mediated by ANG II binding to 

angiotensin type 1a receptors (AT1aRs) in the SFO and OVLT, with the SFO acting as 

the main site of the dipsogenic action of circulating ANG II 15, 20.  

Early studies in rats used neuroanatomical tracing to determine efferent 

pathways emanating from the SFO and OVLT 21, 22. From these studies, many efferent 

downstream nuclei were identified, including the supraoptic nucleus (SON), 

paraventricular nucleus (PVN), lateral hypothalamus (LH), paraventricular nucleus of 

the thalamus (PVT), and the MnPO. However, the MnPO also has connections that are 

consistent with a role in drinking behavior such as receiving glutamatergic (GLUT) 

projections from the SFO and OVLT and sending axons to the hypothalamic and 

thalamic nuclei involved in thirst-related signaling 1, 5, 15, 16. A potential role for the MnPO 

in thirst were from experiments initially conducted in goats, and later confirmed in rats, 

indicating that adipsia could result from AV3V lesions 23-25. Additionally, early 

electrophysiology experiments in sheep and rats indicated increases in MnPO neuron 

firing rate as a result of systemic doses of hypertonic saline or direct microinjection of 

ANG II in the SFO 26-28. The hypothesis that the MnPO acts as the major relay site for 

thirst-signaling originated in studies conducted by Mangiapane, et al. 29, where total 
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electrolytic ablation of MnPO neurons attenuated ANG II and osmotic-induced drinking. 

Deficits in drinking to various concentrations of ANG II (1 and 2 mg/kg sc) and 

hypertonic saline (3 and 6% w/v sc) stimuli was further supported in studies conducted 

by Cunningham, et al. using ibotenic acid to destroy MnPO neurons, while maintaining 

integrity of fibres of passage 2. 

More recently, studies have demonstrated that the MnPO neurons likely involved 

in regulating thirst are excitatory. Studies by Leib, et al. used channel-rhodopsin2 

(ChR2)-expressing SFOGLUT neurons and photostimulation of axons innervating the 

MnPO, as well as fibers of passage targeting the OVLT, drives robust and specific water 

consumption 13. When either the SFOGLUT along with or separately from the OVLTGLUT 

neurons are ablated, photostimulation-induced drinking is not completely blocked as 

long as the MnPO is intact 26. Additionally, photostimulation of neuronal nitric oxide 

synthase (NOS1)-positive MnPO neurons (MnPONOS1) and OVLTNOS1 with direct 

connections to SFONOS1 neurons selectively induced water drinking in satiated mice 16.  

Studies have indicated that excitatory neuronal phenotypes of the MnPO relaying 

thirst-signaling from the SFO and OVLT to downstream areas of the brain, and 

eventually cortical regions to induce water consumption. However, these studies do not 

address whether or not signaling from the MnPO to downstream thirst-regulating 

regions is stimulus-dependent. Although cellular and extracellular dehydration may have 

different centrally mediated mechanisms, both result in a similar behavioral outcome: 

thirst. To model the physiological mechanisms associated, studies have used 

hyperosmotic saline and angiotensin II (ANG II) to mimic thirst associated with cellular 

and extracellular dehydration, respectively 30-32. The first aim of these dissertation works 
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directly addresses how thirst-induced signaling from the MnPO causes differential 

signaling in a stimulus-dependent manner to downstream thirst-regulating nuclei.  

 

Signaling Mechanisms: Cellular Dehydration 

Early studies have provided clear evidence that cellular dehydration is necessary 

for thirst and arginine vasopressin (AVP) release during hyperosmotic challenges 18, 33, 

34. Hyperosmotic extracellular fluid causes cells to shrink, postulating the idea that 

osmoreceptors are sensory receptors that are intrinsically sensitive to osmotic stimuli 33. 

A review by Bourque posits that the osmotic set-point is encoded by the resting 

electrical potential of osmosensitive cells and that the magnitude and polarity of basal 

osmotic perturbations can cause proportions changes in action potential firing rate of 

downstream neurons 35. It is important to note that osmoreceptors involved in 

contributing to the homeostasis of body fluid are located both centrally and in the 

periphery.  

In the periphery, osmoreceptors have been found to be located in the blood 

vessels that collect absorbed solutes from the intestines, thereby allowing afferent 

connections to the CNS to induce anticipatory responses to ingested materials that may 

cause systemic osmotic perturbations in rats and man 36-38. The molecular and cellular 

structure of peripheral osmoreceptors remains unknown; however, there is evidence for 

afferent neural connections through the vagus 39, 40 and splanchnic nerve 41 from 

osmoreceptors in the periphery. In the present studies, we focus on central 

osmoreceptor activity.      
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Many studies have shown that lesioning or ablating the SFO and OVLT 

attenuates thirst and cardiovascular responses to osmotic and ANG II challenges 42-44. 

Early studies in sheep and dogs demonstrated that lesioning the OVLT, OVLT and 

SFO, but not the SFO alone significantly attenuated water consumption in response to 

systemic infusion of hypertonic saline 45, 46. Electrophysiological studies have also 

demonstrated that in a specific population of OVLT neurons, there is a positive 

correlation between action potential discharge and hyperosmolality 45, 47. Based on 

these studies and others, the OVLT has been proposed to be the primary site for 

osmosensing in the mammalian brain. In addition to the OVLT, the SFO 48, MnPO 49 

and magnocellular neurosecretory cells (MNCs) of the SON 50 and PVN 51 have all been 

shown to have intrinsic osmosensitivity, where these neurons are excitable to a 

hyperosmotic stimulus or inhibited by a hypo-osmotic stimulus. The SON largely 

functions to regulate body fluid homeostasis by influencing sodium excretion, and blood 

volume through the magnocellular neurosecretory system and the release of oxytocin in 

rats to mediate natriuresis and decrease salt-appetite in part in rats and sheep. 35, 52, 

and vasopressin in rats and man to promote thirst and water reabsorption 35, 53. 

Experiments in MNCs have been shown to be osmotically stimulated through a 

mechanical process. Opening of nonselective cation channels causes a decrease in cell 

volume, resulting in depolarization of the cell, whereas closing a basal cation current 

can increase cell volume and concomitant hyperpolarization of the cell 54. The identity of 

the osmosensory transduction has been shown to be encoded by a member of the 

transient receptor potential (TRP) channels, which are permeable to Ca2+ and is 

consistent with what is seen in MNCs where the osmosensory transduction current is 
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mediated by a non-selective cation channel that has a high degree of permeability to 

Ca2+ 55. Other ion channels have been suggested to be involved in osmoreception as 

well. In theory, the inward current that mediates depolarizing responses to hypertonic 

fluid could be assisted by the activation of other Na+ or Ca2+ channels, by the inhibition 

of K+ conductance or by the modulation of an electrogenic transporter 35. Studies have 

indicated that a MnPO neuronal population displays intrinsic osmosensitivity through 

specific Na+ sensors that could also contribute to differential stimuli-based signaling 49.It 

has been suggested that in MNCs hypertonicity causes upregulation of a slow voltage-

gated K+ current that may play an important role in inducing phasic bursting activity to 

cause AVP secretion 56, 57.  

The MnPO has projections that terminate in the SON and PVN. Studies 

conducted by Honda, et al. in an anesthetized rat preparation, was able to show that 

hyperosmotic stimulation of MnPO neurons activates MNCs in both the SON and PVN, 

indicating that the MnPO is one of the osmosensitive sites controlling electrical activity 

of SON and PVN MNCs 58, 59. Lesioning or ablating the MnPO inhibits water 

consumption in dehydrated rats 2. Optogenetic approaches have demonstrated that 

activation of glutamatergic neurons in the MnPO causes robust increases in water 

consumption, while the opposite is true for activation of GABAergic neurons in the same 

region 5.  

Recent studies conducted by Leib, et al. suggest that along with the PVN, LH, 

and PVT also receive signaling from the MnPO related to water intake 13. Consistent 

with these results, there have been multiple studies indicating hyperosmotically-induced 

increases in Fos expression, a marker used to identify acute activation of the activator 
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protein-1 (AP-1) complex in neurons through MAPK and ERK signaling, in the MnPO 

and connected pathways 13, 17, 60. 

 

Signaling Mechanisms: Extracellular Dehydration  

When peripherally or centrally injected, ANG II can increase in water intake in 15 

minutes that are beyond what an animal would spontaneously drink daily 30. Studies 

have been conducted indicating that the AV3V region is necessary to adequately sense 

and integrate peripherally generated ANG II-induced thirst 14.  The AV3V region is well 

populated with angiotensinergic nerve endings and AT1aRs that generate vigorous 

drinking to the dipsogenic action of ANG II 30. The SFO has been shown to have highly 

dense connectivity to the MnPO 61. It has been proposed that the SFO and OVLT are 

directly stimulated by circulating ANG II, which then in turn stimulates the MnPO 1, 30. 

While this may be true, the MnPO has also been shown to be ANG II-sensitive and 

respond to centrally-derived ANG II 62, 63.  

Fos-immunoreactivity has been a common method to map neuronal activation to 

acute responses in affected regions of the brain to a specific stimulus. In one study, 

ANG II was administered to rats intracerebroventricularly (icv) and induced significant 

increases in Fos expression in the SFO, MnPO, SON, and the posterior magnocellular 

neurons (PM) of the PVN. However, the ANG II-induced Fos was blocked by 

concomitant administration of losartan, a commonly used antihypertensive that 

antagonizes AT1aRs 64. These results indicate a role of ANG II and its direct effects on 

the MnPO within the blood brain barrier. Additionally, studies have been conducted 

using AT1aR knockdown in the MnPO and tested responses to subcutaneously (sc, 
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peripheral) and icv (central) administration of ANG II 62. In these studies, Shell, et al. 

found that drinking response was significantly reduced to centrally administered ANG II, 

but not to peripheral ANG II. The authors suggest that peripherally administered ANG II 

may involve glutamate that produces drinking in the absence of AT1aRs or the 

possibility of a different type of ANG II receptor that mediates thirst. Glutamatergic 

neural pathways likely play an important role in mediating thirst 65. ICV injection of 

NMDA receptor antagonist, MK801, has been shown to block drinking responses 

stimulated by ANG II, intragastric hypertonic saline or water deprivation for 22 hours, as 

well as suppressed ANG II and water deprivation induced increase in fos expression in 

the MnPO. Thus, suggesting a glutamatergic input to the MnPO mediates both 

osmoregulatory and ANG II-stimulated thirst 66, 67. Studies have shown that in addition to 

the MnPO, the OVLT and magnocellular neurons of the SON and PVN also receive 

projections from the SFO 61, 68, 69. Therefore, the observed effects may be due to other 

connections from the SFO to the SON or PVN that induce AVP release and mediate 

thirst in that manner 30, 70. 

Although ANG II is a potent peptide hormone that is effective at inducing thirst,  it 

has been shown that it can also increase blood pressure and in turn may affect thirst 

and drinking responses 71.  Studies previously conducted by Evered, et al. (1988) have 

shown that ANG II induces thirst in rats that are hypovolemic and hypotensive. In 

normotensive rats given ANG II, thirst was still induced but to a lesser degree than the 

hypotensive rats and in hypertensive rats, ANG II was ineffective at inducing thirst due 

to immobilizing deficits from the high blood pressure 71. Therefore, the association of 
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ANG II-induced thirst and its effects on blood pressure must be considered while 

studying one or the other.  

 

Arginine Vasopressin 

AVP is a peptide hormone that works to increase water retention by reabsorbing 

water from the collecting duct of the kidneys, and increase sodium excretion 19. Thirst 

and AVP release act to maintain homeostasis in response to cellular and extracellular 

dehydration: plasma osmolality, blood pressure or volume 19. Under normal conditions, 

the SFO and OVLT signal to both the PVN and, to a larger degree, the SON  

magnocellular neurons to release AVP in response to increased plasma osmolality and 

elevated ANG II concentrations 53. Anticipatory signals for thirst and AVP release have 

been shown to converge on the same homeostatic neurons of the SFO, which monitor 

the tonicity of blood 19.  

Studies have shown that SFONOS1 neurons are activated by water restriction and 

rapidly return to baseline after water access before plasma osmolality returns to normal 

17, 72. In studies conducted in rodents, there appears to be an approximate 10 min delay 

between water consumption and its absorption into the bloodstream 19, 73. The time 

discrepancy that mediates this delay has been thought to be attributed to water taste 

receptor cells, potentially acid-sensing receptors on the tongue, that could track fluid 

ingestion immediately, while fluid tonicity and blood volume and pressure is more 

delayed 17, 19, 74. This delayed signal may originate from the osmosensitive esophageal 

and gastric cells through the sensory vagus nerve, which then acts in a feedback loop to 

signal water satiety 75. In contrast, anticipatory, feedforward control of the hypothalamus 
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signals for thirst and AVP release to regulate water absorption and prevent homeostatic 

perturbations 76. These feedforward signals for thirst and AVP release converge on the 

same homeostatic neurons detecting the feedback signals of osmolality and circulating 

ANG II 19. 

The MnPO plays a particularly important role in regulating AVP release. Fos 

immunohistochemistry and electrophysiology experiments have shown the MnPO relays 

signals related to plasma osmolality and ANG II from the SFO and OVLT to the 

vasopressin-secreting SON and PVN magnocellular neurons, as well 1, 59, 77, 78. The 

MnPO was first identified in studies in rats and sheep to play particularly important role 

in osmoregulation and AVP secretion. Lesioning the MnPO alone or in conjunction with 

the OVLT, resulted in systemic hypertonicity from the resulting dysregulation of AVP 

secretion 29, 79. The importance of the MnPO in AVP regulation is exemplified when 

GABA agonists muscimol or baclofen are directly injected into the MnPO, osmotically 

stimulated vasopressin secretion is inhibited 80. Additionally, AVP release is stimulated 

when direct injection of glutamatergic agonist n-methyl d-aspartate (NMDA) is directly 

injected into the MnPO 81.  

In addition to the excitatory effects the MnPO has on magnocellular, vasopressin-

containing neurons during hyperosmotic or ANG II stimulation, the MnPO has also been 

shown to elicit an inhibitory input to AVP neurons in the SON during water loading and 

plasma hypotonicity. Electrophysiology experiments indicated that during hypotonic bath 

application, some MnPO neurons increased activity 82. Experiments conducted by 

Nissen and Renaud indicated that hypotonically-sensitive MnPO neurons may be 

GABAergic and involved in inhibiting SON AVP secretion 83. Additionally, studies have 
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demonstrated that animals with periventricular lesions damaging the MnPO prevented 

AVP secretion from falling in response to water loading and plasma hypotonicity 23, 84. 

Thus, preventing GABAergic-mediated inhibition from the MnPO on the SON and 

allowing AVP secretion to be unaffected and dysregulating water loading.  

 

The MnPO and Autonomic Function 

 ANG II is thought to have multiple functions depending on its cellular 

localization. ANG II is able to function both as a hormone in the periphery as well as a 

peptide neurotransmitter in the brain. As a neurotransmitter, it can regulate neurons 

projecting into nuclei responsible for water and electrolyte homeostasis and those 

projecting to preganglionic nerves controlling SNA 85. However, ANG II can also be 

augmented during hypoxic insults, such as those associated with Obstructive Sleep 

Apnea (OSA), resulting in chronic hypertension 86-88.  Recent studies have found that an 

intact MnPO is necessary for the development of chronic intermittent hypoxia (CIH)-

induced hypertension 7, 89, as well as ANG II-induced hypertension 9, 10. The role of the 

MnPO in the development of hypertension in CIH associated with OSA is the focus of 

the second aim. 

 

Obstructive Sleep Apnea 

OSA is a disease that has been prominent throughout the past few hundred 

years, but has only recently gained attention for research within the last 40 to 50 years 

90. According to the American Sleep Apnea Association, an estimated 22% of 

Americans suffer from sleep apnea, with 80% of those having undiagnosed moderate to 
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severe obstructive sleep apnea 88. In OSA repeated momentary interruptions of 

respiration during all stages of sleep causes a lack of oxygen in the blood to different 

regions of the body 91.  OSA can be defined as the periodic cessation in breathing 

rhythm (apnea) or periodic sustained reduction in breath amplitude (hypopneas), 

causing significant arterial deficits in blood oxygen concentration (hypoxemia) and 

increases in blood carbon dioxide (hypercapnia) 90. This lack of circulating oxygen and 

increased circulating carbon dioxide leads to hypertension, which can persist from sleep 

to waking hours through elevated sympathetic nerve activity 90.  

The hypoxia associated with OSA has been proposed to lead to advanced 

cardiovascular diseases, such as stroke, hypertension, and myocardial ischemia, if not 

treated 92. Obstruction of the extrathoracic upper airway, seen in OSA, in conjunction 

with the cessation of brain stem respiratory motor output produces stress on the 

vasculature leading to over compensation by the autonomic nervous system (ANS) 90. 

Sympathetic nerve activity is increased due to chemoreflex activation from the hindbrain 

and angiotensinergic pathway stimulation from the forebrain. It is proposed that 

activation of the renin-angiotensin system (RAS) contributes to the sustained 

component of hypertension. This can be better understood by studying the mechanisms 

underlying its initiation and maintenance.  

 

Chronic Intermittent Hypoxia 

Chronic intermittent hypoxia (CIH) is a model using rodents, first described by 

Fletcher, et al. 93, designed to mimic the intermittent hypoxemia experienced in OSA 

and central sleep apnea. CIH mimics the intermittent hypoxemia using a hypoxic 
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environment in a controlled chamber. This causes many of the characteristic 

pathophysiological symptoms in rats as those associated with OSA in humans, 

including increased blood pressure 94. The autonomic nervous system is particularly 

important in the study of CIH, as it encompasses both the sympathetic nervous system 

(SNS) and the parasympathetic nervous system (PNS). Hypoxia is responsible for 

increasing activity of the SNS and diminishing activity of the PNS, causing the body to 

be in a sympathetic-driven state, rather than in the homeostatic regulation state when at 

rest 95. Hypoxia also causes local vascular effects that lead to increased cardiac output 

and peripheral vasoconstriction that contribute elevated blood pressure 94.   

CIH results in periods of hypoxemia that stimulate peripheral carotid body 

chemoreceptors, ventilatory hypoxic reflexes, and a decrease in baroreflex efficiency, 

leading to increased arterial blood pressure due to elevated sympathetic nerve activity 

96, 97. Studies have shown CIH induces a simultaneous decrease in baroreceptor 

sensitivity with an increase in hypoxic ventilatory gain, and that CIH induced persistent 

hypertension, preceded by early changes in carotid body chemosensory control of 

cardiorespiratory and autonomic function 98.  

 

The Renin-Angiotensin System 

The RAS plays an important, systemic role in blood pressure and volume 

regulation. In instances of hypovolemia or hypotension, peripheral ANG II concentration 

is increased (Figure 2) to induce vasoconstriction, stimulate AVP secretion, and induce 

thirst to raise blood volume and pressure back to homeostasis 99.  Dysregulation (i.e. 

episodic hypoxia) of the RAS can contribute to the pathogenesis and development of 
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hypertension 93. The peripheral RAS has been heavily studied and characterized, 

however, although still somewhat controversial, there is also convincing evidence for a 

brain RAS as well 63, 100.  

Through autocrine and paracrine signaling, the brain RAS functions as a 

neurotransmitter to regulate blood pressure 100. Angiotensinogen, a precursor required 

to generate all ANG II peptides (Figure 2) has been shown to be produced in astrocytes 

and neurons in brain regions including the SFO 63, 101, MNCs of the PVN 102, and 

hindbrain ventrolateral medulla and nucleus tractus solitarus (NTS) 103. ANG II nerve 

fibers have been identified in the SFO, MnPO, SON, PVN and posterior pituitary 104, as 

well as in secretory vesicles 105 that are proposed to be synaptic vesicles 106. The 

synthesis and modulation of renin centrally has been less clear. Studies in dog and rat 

brain indicated the presence of renin-like enzymatic activity 107, while others have 

shown renin protein and mRNA are present in astrocytes and neurons in rat, mouse, 

and human 108. Additionally, studies by Lavoie, et al. using transgenes in a mouse 

model demonstrated that renin- and angiotensinogen-expressing cells are similarly 

distributed within the SFO, PVN and RVLM 106, 109.   

The presence of renin alone does not lead to increases in ANG II but also 

requires angiotensinogen to be present as well 110.  Angiotensinogen is converted by 

renin to angiotensin I (ANG I), and angiotensin converting enzyme (ACE) can then 

convert ANG I to ANG II, as in the periphery (Figure 2). ANG II then binds to AT1aRs, 

promoting kinase activation to increase neuronal firing, norepinephrine release and 

sympathetic outflow, as well as oxidative stress by allowing for synthesis of superoxide 

through activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. 
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ACE has been found to be upregulated during CIH exposure in the MnPO and is a 

common therapeutic target for patients with hypertension (i.e. ACE inhibitors) 6, 8. In 

rodents AT1 receptors can be separated into AT1a and AT1b receptors, with AT1aRs 

suggested to play a role in the blood pressure regulation, AVP release and thirst while 

AT1bRs mainly regulate water intake 111. ANG II has also been shown with a similar 

affinity to bind to AT2 receptors, which are mainly involved in regulating compensatory 

mechanisms in rats 112. Additionally, AT4 receptors, sensitive to ANG IV, have also 

been shown to be present in the brain and involved in memory and Alzheimer’s disease 

113. 

More recently discovered was a new arm of the RAS that functions opposite of 

the ACE/ANG II/AT1aR axis. The other axis of the RAS involves a second ACE (ACE2) 

that is able to convert ANG II to a vasodilatory metabolite, ANG-(1-7). ANG-(1-7) can 

bind to Mas receptors in the brain, resulting in the attenuation of effects induced by 

ANG II and promote production of nitric oxide (NO), as well as augment the metabolic 

actions of bradykinin via inhibition of ACE activity 114, 115. ANG-(1-7) was shown to be 

present as an endogenous constituent of the brain including the hypothalamus, medulla 

oblangata, and amygdala, adrenal glands and plasma of normal rats 114, 116. ACE2 in the 

brain has been shown to be widely distributed in the cytoplasmic space of neuronal cell 

bodies in rodents 117. 

Studies in humans have shown that ACE2 shedding, a process by a member of 

the ‘A Disintegrin and Metalloproteases’ family (ADAM17), cleaves ACE2 from the 

plasma membrane and contributes to the loss of the enzyme’s compensatory actions in 

the CNS during the development of neurogenic hypertension 114, 118, 119. Upon brain RAS 
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over-activation, AT1aRs become significantly upregulated in neurons, microglia and 

astrocytes which further potentiates the development of hypertension 62, 120. Studies 

conducted by Xu, et al. have shown that neuronal AT1aRs are essential for driving 

ADAM17-mediated ACE2 shedding in neurogenic hypertension 119. These studies also 

indicated that reactive oxygen species (ROS) generation and extracellular signal-

regulated kinase (ERK), downstream AT1aR-mediated mechanisms, also play a critical 

role in mediating the AT1aR-driven increase of ADAM17 in neurons 119 

 

Hypertension Pathogenesis and Angiotensin II 

Peripheral chemoreceptors in the carotid bodies sense circulating oxygen and 

central chemoreceptors provide feedback for carbon dioxide levels 121. Due to the 

hypoxemic effect of decreased oxygenation in hypoxic conditions, the brain releases 

signaling molecules to increase sympathetic nerve activity, in an effort to increase 

circulating oxygen to vital organs—like the brain and heart. The hypoxemic environment 

enhances carotid body sensory activity and the ROS generated from the hypoxia-

reoxygenation cycles causes carotid reflex sensitization 90. The source of ROS appears 

to be mitochondrial, however, plasma membrane NADPH oxidase may also contribute 

to ROS production that then mediates the effects of ANG II 63, 90. Patients with OSA 

have an increased plasma concentration of ANG II 90, which is derived from the 

prohormone angiotensinogen that is released by the liver and may stimulate angiotensin 

production in the brain 106. The high circulating concentration of plasma ANG II is 

thought to increase NADPH oxidase levels leading to further ROS production in the 

carotid body 90. This process causes a viscous feed-forward redox stimulation of the 
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NADPH oxidase enzymes that contributes to hypertension and other cardiovascular 

diseases 90, 122, 123. Generation of ROS activates the sympathetic nervous system 

through the central nervous system 124. The increased level of ROS from the hypoxic 

environment leads to carotid body responses from the decreased levels of oxygen 125.  

Hypertension is a chronic elevation of the 24-hour average blood pressure and 

can be a neurogenic disease if its pathogenesis includes the afferent arm of 

baroreceptors, chemoreceptors, and renal afferents, or the central circuitry 126. ANG II is 

an effector of the brain’s RAS, which enhances sympathetic nerve activity and 

contributes to hypertension induced by CIH through its effects on sympathetic outflow 11, 

127. ANG II can act directly on the central nervous system, leading to sympathetic 

activation 106. Sympathetic outflow normally leads to increased ANG II, but during 

dysregulation the SNS leads to increased ANG II during sleep and ANG II leads to 

increased sympathetic nerve activity in the waking period; which may contribute to the 

tonic activation of the peripheral chemoreceptors 94. When arterial oxygen is low and 

arterial carbon dioxide is high, the activation of central and peripheral chemoreceptors 

on the carotid bodies leads to increased receptor firing to the hindbrain 128.  Carotid 

chemoreceptor afferents terminate in the dorsomedial and medial subnuclei of the NTS 

in the hindbrain and the carotid baroreceptor afferents project to the dorsal and lateral 

divisions of the NTS in the hindbrain 129. The NTS signals the rostral ventrolateral 

medulla (RVLM) directly or indirectly via the caudal ventrolateral medulla (CVLM) 129, 130. 

RVLM neurons receive excitatory (glutamatergic) inputs from the forebrain, commissural 

NTS, and the area postrema (AP) and receive inhibitory (GABAergic) inputs from the 
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CVLM; the more excitatory inputs or diminished inhibitory inputs can result increased 

RVLM activity leading to hypertension 131.  

Baroreceptor reflex control can by reduced by diminished inhibition of the RVLM 

by the CVLM, while the abnormal discharge of chemoreceptor afferents is increased via 

NTS excitatory inputs to the RVLM by the ensuing hypoxia 129, 131. Therefore, increased 

RVLM activity increases sympathetic output via the sympathetic preganglionic neurons 

in the intermediolateral nucleus (IML) of the spinal cord, leading to an increase in 

sympathetic outflow to the vasculature and heart, inducing a hypertensive state 128, 129.  

The CVOs are stimulated by ANG II which decreases baroreflex sensitivity and 

increases sympathetic activity, making the CVOs critical for the development and 

sustainability of hypertension in blunting the inhibitory effects of the NTS and CVLM 

signaling to the RVLM in high renin models 132. The production of cytosolic or 

mitochondrial ROS in the SFO is a primary product of the central actions of circulating 

ANG II and mediates its physiological effects, which is then potentially relayed through 

the AT1aR target 11, 85. The SFO projects to the other nuclei in the AV3V region of the 

brain including the MnPO and the OVLT; both of which are rich in angiotensin receptors 

11. The MnPO projects to the PVN in the hypothalamus and is a major component in 

regulation of sympathetic outflow 1.  

The NTS also has afferents that stimulate the PVN, causing the hypothalamic 

region to then project its signal to the RVLM to contribute sympathetic outflow 133. The 

AV3V region, PVN, SON, and the RVLM compose the main ANG II-sensitive pathways 

stimulated by the circulating ANG II, aldosterone, and sodium concentration 134 and can 

be viewed in Figure 3.  
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Elevated activity of the angiotensinergic pathways can promote 

sympathoexcitation although the mechanisms responsible for sustained sympathetic 

activation are unknown 134. One experiment demonstrated that hypothalamic stimulation 

hyperpolarizes baroreceptor-sensitive NTS cells, making them less excitable and this is 

mediated by GABAA receptors in the NTS 129. Inhibition of baroreflex and pressor 

response evoked during the defense response was in part due to activity of the arterial 

chemoreflex 129. Electrical or chemical stimulation of the RVLM increases sympathetic 

nerve activity and arterial pressure as can disinhibition of the RVLM with the GABAA 

antagonist  bicuculline 135. 

 

Sustained Hypertension 

Several mechanisms have been proposed to contribute to sustained 

hypertension associated with CIH including changes in chemoreceptor reflex sensitivity 

136, baroreceptor flex function 97, 137, and catecholamine neurons in the NTS in the 

hindbrain 138. Another contributing mechanism may be through increased sympathetic 

tone to the kidneys causing increased plasma renin-angiotensin (PRA) concentrations 

(Figure 3) 93. This could result in ANG II-induced CVO activation and lead to MnPO 

stimulation of the PVN. Activation of MnPO neurons that project to the PVN would 

stimulate preautonomic neurons in the PVN, creating a vicious cycle increasing 

sympathetic tone (Figure 3) 139, 140. We have previously shown that the MnPO is 

necessary for CIH hypertension and the MnPO neurons that project to the PVN have an 

excitatory effect on PVN activity 7, 89. Studies have also shown that CIH hypertension 

relies on elevated sympathetic tone and ongoing PVN neuronal activity 12, 89. However, 
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the role and phenotype of the neurons involved in the MnPO—PVN pathway during 

CIH-induced hypertension has not yet been studied but is important in order to fully 

understand the neural mechanism of how CIH-induced hypertension is maintained even 

during a normoxic setting. 

 

The Role of the MnPO in CIH Hypertension 

In many animal models, electrolytic lesions of the AV3V region reverse or inhibit 

many forms of hypertension. The nuclei that compose the AV3V regions all increase 

expression of the FosB transcription factor after 7 days of CIH and serves as a marker 

of neuronal activity 141. FosB is a transcription factor mediated by the activator protein-1 

(AP-1) complex. ΔFosB is a splice variant of FosB and is involved in chronic 

transcriptional activation relating to neural adaptations related to chronic behavioral 

changes, like CIH hypertension 142. Knockdown of transcription factor ∆FosB, using a 

virally induced dominant negative inhibitor (ΔJunD) in the MnPO that antagonizes 

ΔFosB and other AP-1 mediated transcription factors significantly attenuated the 

sustained component of CIH-induced hypertension 7, 140.  

Studies have shown knockdown of AT1ARs in the SFO decreases CIH 

hypertension and FosB in the PVN and MnPO 11. This is consistent with the hypothesis 

that increased activation of the peripheral renin-angiotensin system can contribute to 

CIH hypertension through the SFO. Our lab has also successfully performed 

experiments demonstrating the importance of a fully functioning MnPO in the 

development of CIH-induced hypertension. Chronic ICV infusion of losartan attenuated 

hypertension in animals exposed to CIH compared to controls, as well as inhibited 
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increases in FosB expression of downstream targets including the PVN and RVLM 87, 

140. Additionally, knockdown of ACE in the MnPO also resulted in data consistent with 

these studies 8. The knockdown of AT1aRs in the MnPO using a complimentary short 

hairpin RNA blocked the sustained component of CIH-induced hypertension 62. In these 

studies, FosB staining in MnPO, PVN, and the RVLM is attenuated, as well, suggesting 

that these regions are involved in CIH hypertension.  

 

The Role of the PVN in CIH Hypertension 

The hypothalamic region of the central nervous system—specifically the 

paraventricular nucleus (PVN)—has been implicated as a major site in the pathogenesis 

and maintenance of hypertension, as it is a key area for integrating central and 

peripheral stimuli to regulate blood pressure 143, 144. The PVN is an important regulator 

of autonomic and neuroendocrine function that is still not yet fully understood 143.  The 

PVN contains two distinct neuronal phenotypes the magnocellular and parvocellular 

cells 53. The parvocellular cells can then be further subdivided into dorsal, ventral, 

lateral, medial, and periventricular subregions (Figure 4), with each region influencing 

unique functions 7, 53, 89. Studies have shown that the PVN nuclei contain many pre-

autonomic neurons that are sensitive to changes in osmolality and influence autonomic 

function 143, 145, 146. Many studies have also shown that an increase in excitability and 

synaptic plasticity in the neuronal activity of PVN neurons leads to an elevated 

sympathetic outflow 12, 140, 144, 147. 

The PVN can influence activity in autonomic premotor regions of the hindbrain, 

specifically the RVLM that regulates sympathetic outflow. Menani et al. noted that ‘an 
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important direct connection of the AV3V with the hindbrain is made through the PVN, 

which mono-or polysynaptically connects with sympathetic neurons in the IML 

(intermedial lateral column of the spinal cord) or indirectly affects sympathetic activity 

through connections with the RVLM’ 148. Studies also show that the MnPO influences 

sympathetic responses through a glutamatergic input to parvocellular neurons of the 

PVN that connect to sympathetic vasoconstrictor pathways 1, 149. These observations 

are consistent with our working hypothesis that the MnPO influences CIH hypertension 

through its projections to the PVN.  

 

The Working Hypothesis 

When the MnPO receives signals related to changes in osmolality, ANG II, or 

other stimuli affecting cardiovascular, autonomic, or fluid homeostasis, the PVN is 

stimulated connecting the AV3V to the hindbrain. Together, the MnPO and PVN 

influence sympathetic outflow through monosynaptic and polysynaptic connections with 

the RVML and the IML effecting autonomic function 140, 148. Studies have shown that 

during the initiation of CIH, chemoreceptors become sensitized and increase afferent 

stimulation of regions in the hindbrain that increase sympathetic outflow and plasma 

renin angiotensin 88, 140. As the disease progresses, peripheral ANG II becomes 

inappropriately elevated and is sensed by the CVO’s (SFO and OVLT—as mentioned 

above and shown in Figure 2), sensitizing the MnPO 140. The MnPO projects to and 

stimulates pre-sympathetic neurons in the PVN that then mono- or polysynaptically 

‘closes the loop’ by projecting signals to the IML and RVLM, and along with long-term 

facilitation, chemoreflex sensitivity, and eventual baroreflex desensitization, continues 
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and maintains increased sympathetic outflow, resulting in sustained hypertension 12, 90, 

126, 139, 148. Sustained hypertension and chronic increases in sympathetic outflow as a 

result of CIH associated with OSA leads to many end organ damages, such as heart 

disease, stroke, and mortality 90.  

 

Conclusion 

 The MnPO is an integrative nucleus that plays an extremely important role in the 

maintenance of body fluid homeostasis and blood pressure regulation. Many studies 

have outlined the importance and necessity for the MnPO in homeostatic function; 

however, -specific MnPO neurons involved in regulating body fluid homeostasis and 

blood pressure regulation remain to be determined, as well as if MnPO neurons 

regulated in a stimulus-dependent manner.  

The studies in this project directly address these discrepancies and demonstrate 

how selectively activating or inhibiting excitatory neurons acutely or chronically in the 

MnPO regulates activity at the protein, neuronal behavioral and physiological level. 

These studies are an important step in answering questions involving intracellular 

communication within the MnPO, how MnPO activation or inhibition can affect neuronal 

properties, and how this produces changes in projection terminals involved regulating 

neuroendocrine and autonomic function. These studies also test the efficacy of induced 

inhibition of pathway-specific MnPO neurons in acute as well as chronic studies, while 

addressing the mechanisms underlying the early development of sustained 

hypertension in CIH associated with OSA, a growing disease affecting the aging 

population. The results of these experiments provide new information about how 
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dysregulation of the MnPO—PVN pathway heavily contributes to CIH-induced 

hypertension, possibly providing a potential therapeutic target for those suffering from 

OSA that may be resistant to the benefits of continuous positive airway pressure 

(CPAP) or other pharmacological treatments. These studies provide relevance to 

studying the early pathogenesis of ANG II-induced disease states and associated 

dysregulation of centrally-mediated mechanisms. 
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Figure 1. Sagittal section of the AV3V region and hypothalamic projections from the 

MnPO. Depicted summary of hyperosmotic and ANG II-induced neural signaling in 

drinking behavior and AVP release. ANG II, angiotensin II; AV3V, anteroventral 3rd 

ventricle; MnPO, median preoptic nucleus; SFO, subfornical organ; SON, supraoptic 

nucleus; PP, posterior pituitary; PVN, paraventricular nucleus. 
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Figure 1.  
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Figure 2. Diagram showing activation of the peripheral RAS and its systemic effects. 

Upon increases in sympathetic activation, decreases in blood pressure and decreases 

in sodium delivery to the distal tubule, the kidney releases renin into the bloodstream 

and cleaves the angiotensin (ANG) precursor, angiotensinogen, released from the liver 

to form ANG I. The lungs release angiotensin converting enzyme (ACE) to then cleave 

ANG I into the active neuropeptide, ANG II. ANG II then binds to angiotensin type 1a 

receptors (AT1aRs) in peripheral organs and in the central nervous system to increase 

blood pressure and blood volume (adapted from Bader and Ganten 99).   

 

 

 

 

 

 

 

 

 

 

 

  



30 
 

Figure 2. 
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Figure 3. Schematic diagraming the proposed mechanism of how CIH initiates 

hypertension. CIH causes upregulation through the hindbrain to increase sympathetic 

nerve activity (SNA). This can lead to upregulated plasma renin activity (PRA) and 

activation of the renin-angiotensin system, which results in a concomitant increase in 

Angiotensin II and stimulates the sensory circumventricular organs—subfornical organ 

(SFO) and organum vasculosum of the lamina terminalis (OVLT)—that project to the 

median preoptic nucleus (MnPO) 86, 140, 150. The MnPO has direct downstream effects 

that terminate in the supraoptic nucleus (SON) and paraventricular nucleus (PVN). 

Excitatory neurons in the PVN, particularly those in the parvocellular region, can excite 

neurons of the nucleus tract solitarius (NTS) and rostral ventrolateral medulla (RVLM), 

resulting in a vicious cycle from continuous elevated sympathetic outflow. This is a 

proposed pathway for the initiation of hypertension and how elevated blood pressure is 

sustained. Abbreviation: AP, area postrema; CVLM, caudal ventrolateral medulla; IML, 

intermediolateral nucleus of the spinal cord (adapted from Shell, et. al. 140).  

  



32 
 

Figure 3.  
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Figure 4. Diagram of the PVN of the hypothalamus morphological divisions and their 

major functions. 3V, 3rd ventricle; dp, dorsal; lp, lateral; mpd, medial dorsal; mpv, 

medial ventral (parvocellular); pm, posterior (magnocellular); adapted from Mack, et al. 

151. 
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Figure 4. 
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Abstract  

The median preoptic nucleus (MnPO) is a putative integrative region that contributes 

to body fluid balance. Activation of the MnPO can influence thirst but it is not clear how 

these responses are linked to body fluid homeostasis. We used Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs) to determine the role of the MnPO 

in drinking behavior and vasopressin release in response to peripheral angiotensin II 

(ANG II) or 3% hypertonic saline in adult male Sprague-Dawley rats (250-300g). Rats 

were anesthetized with isoflurane and stereotaxically injected with an inhibitory 

DREADD (rAAV5-CaMKIIa-hM4D(Gi)-mCherry) or control (rAAV5-CaMKIIa-mCherry) 

virus in the MnPO. After 2 weeks’ recovery, a subset of rats were used for extracellular 

recordings to verify functional effects of ANG II or hyperosmotic challenges in MnPO 

slice preparations. Remaining rats were used in drinking behavior studies. Each rat was 

administered either 10mg/kg of exogenous clozapine-N-oxide (CNO) to inhibit 

DREADD-expressing cells or vehicle ip followed by a test treatment with either 2mg/kg 

ANG II or 3% hypertonic saline (1mL/100g bw) sc, twice per week for two separate 

treatment weeks. CNO-induced inhibition during either test treatment significantly 

attenuated drinking responses compared to vehicle treatments and controls. Brain 

tissue processed for cFos immunohistochemistry showed decreased expression with 

CNO-induced inhibition during either test treatment in the MnPO and downstream nuclei 

compared to controls. CNO-mediated inhibition significantly attenuated treatment-

induced increases in plasma vasopressin compared to controls. The results indicate 

inhibition of CaMKIIa-expressing MnPO neurons significantly reduces drinking and 

vasopressin release in response to ANG II or hyperosmotic challenge.  
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Significance Statement 

The MnPO is an important regulatory center that influences thirst, cardiovascular and 

neuroendocrine function. Activation of different MnPO neuronal populations can inhibit 

or stimulate water intake. However, the role of the MnPO and its pathway-specific 

projections during ANG II and hyperosmotic challenges still have not yet been fully 

elucidated. These studies directly address this by using DREADDs to acutely and 

selectively inhibit pathway-specific MnPO neurons, and uses techniques that measure 

changes at the protein, neuronal, and overall physiological and behavioral level.  More 

importantly, we have been able to demonstrate that physiological challenges related to 

extracellular (ANG II) or cellular (hypertonic saline) dehydration activate MnPO neurons 

that may project to different parts of the hypothalamus. 
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Introduction 

The median preoptic nucleus (MnPO) is a midline nucleus that is part of the 

lamina terminalis, or anteroventral 3rd ventricle (AV3V) region. It plays an important role 

in receiving and integrating signals related to homeostasis and further propagating  

information to the hypothalamus (McKinley et al. 2015). Neurons in the MnPO 

contribute to the central regulation of sleep, core temperature, body fluid balance, 

hormone release, and autonomic function (McKinley et al. 2015). These studies focus 

on the role of the MnPO in regulating body fluid homeostasis through drinking behavior 

and vasopressin release.  

The MnPO receives projections from two circumventricular organs (CVOs), the 

organum vasculosum of the lamina terminalis (OVLT) and the subfornical organ (SFO), 

that lie just ventral and dorsal to the MnPO along the anterior wall of the third ventricle, 

respectively. CVOs respond to fluctuations in plasma osmolality and other humoral 

factors, like angiotensin II (ANG II) (Johnson, Cunningham, and Thunhorst 1996).  The 

OVLT and SFO project to several hypothalamic regions that contribute to homeostasis 

through behavioral, endocrine, and autonomic responses. These pathways include, but 

are not limited to, the supraoptic nucleus (SON), paraventricular nucleus of the 

hypothalamus (PVN) and the MnPO (Miselis 1982; McKinley et al. 2004).  The MnPO 

has reciprocal connections with the OVLT and SFO and also projects to the SON and 

PVN (McKinley et al. 2015). Studies have also shown that the MnPO has projections to 

the lateral hypothalamus (LH) and paraventricular thalamus (PVT) to regulate drinking 
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behavior (Leib et al. 2017). The role, however, of the MnPO and its relationship to 

specific challenges regarding body fluid homeostasis are not completely understood. 

Body fluid homeostasis involves orchestrated physiological responses to cellular 

or extracellular dehydration (Fitzsimons 1972; Adler and Verbalis 2006). Cellular 

dehydration results from changes in body fluid solute content that is detected by 

osmoreceptors in the peripheral and central nervous system (Bourque 2008). 

Extracellular dehydration is related to changes in body fluid volume that influence 

several hormonal and neural systems (Dampney 2016; Mecawi Ade et al. 2015). 

Changes in the function of these systems contribute to several pathophysiological 

states (Adler and Verbalis 2006). The contribution of the CNS to this physiology and 

pathophysiology has been the subject of previous investigations. 

Lesions of the rat AV3V region produce a life threatening adipsia (Johnson, 

Cunningham, and Thunhorst 1996). If properly maintained, however, rats can recover 

some spontaneous water intake but do not respond to experimental challenges that 

mimic aspects of homeostatic thirst, such as ANG II or osmotic stimulation (Johnson, 

Cunningham, and Thunhorst 1996).  

Studies using electrolytic or chemical lesions of the MnPO have produced 

conflicting results. For example, electrolytic lesions of the MnPO are reported to 

increase baseline drinking and prevent vasopressin release (Gardiner and Stricker 

1985; Gardiner, Verbalis, and Stricker 1985). Excitotoxin lesions of the MnPO inhibit 

experimentally-induced drinking behavior without affecting basal water intake 

(Cunningham et al. 1992).  
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A recent study by Allen et al. (2017) used a new technique involving the induction 

of Fos in neurons, a measurement for acute neuronal activation, co-transfected with 

TRAP creating an in-frame fusion to characterize MnPO neurons based on their 

activation by water deprivation or changes in body temperature. This study showed that 

putative thirst-related neurons in the MnPO are different from those that respond to 

body temperature. However, water deprivation is a complex, progressive physiological 

challenge characterized by increased plasma osmolality, hypovolemia, and activation of 

the renin-angiotensin system. It is not clear if MnPO neuronal activation associated with 

water deprivation is segregated by the physiological stimulus or stimuli associated with 

water deprivation. The MnPO also contributes to other aspects of body fluid 

homeostasis in addition to thirst. 

Recently developed chemogenetic and optogenetic techniques have been used 

to study neuronal circuitry responsible for mediating thirst in the lamina terminalis. A 

study by Augustine, et al. (2018) recently used these approaches to characterize MnPO 

neurons that stimulate or inhibit thirst. Their results provide important information about 

the neurochemical phenotype of these two cell populations, however, the physiological 

stimuli that regulate the activity of these cell types is not clear. 

In the current study, AAV vectors with CaMKIIa promoters were used to express 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) in the MnPO 

to inhibit CaMKIIa-expressing neurons with clozapine-N-oxide (CNO). Conscious rats 

were administered CNO during protocols that simulate extracellular (ANG II) or 

intracellular dehydration (hypertonic saline) to assess the role of the MnPO in 

behavioral and neuroendocrine responses to specific homeostatic challenges.  
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Materials and Methods 

Animals 

Adult male Sprague-Dawley rats (250-300 g bw), Charles River Laboratories, 

Wilmington, MA) were used for experiments. All rats were individually housed in a 

temperature-controlled (25 °C) room on a 12:12 light/dark cycle with light onset at 0700 

h.  Food and water was available ad libitum except on the day of perfusions. Rats were 

weighed daily and their food and water intake monitored. Experiments were performed 

according to the National Institute of Health guide for the care and use of laboratory 

animals and the Institutional Animal Care and Use Committee.  

 

Microinjection Surgeries 

Rats were anesthetized with 2% isoflurane and received stereotaxic 

microinjections of the inhibitory (AAV5-CaMKIIa-hM4D(Gi)-mCherry) Cre-independent 

DREADD or control (AAV5-CaMKIIa-mCherry-Cre) virus (both from the UNC 

VectorCore) into the MnPO (microinjector angled at 8º from medial to lateral to avoid the 

septum, 0.0 mm anterior, 0.9 mm lateral, -6.7 mm ventral from bregma). A burr hole 

was then drilled at the measured site and a 30-gauge stainless steel injection needle 

was lowered to the MnPO, where 200-300 nL of AAV was delivered at a rate of 200 

nL/min. The injector was connected to a Hamilton 5 µL syringe (#84851, Hamilton, 

Reno, NV) by calibrated polyethylene tubing that was used to determine the injection 

volume. The injector remained in place for 5 minutes to allow for absorption and then 

slowly withdrawn. Gel foam was packed in to the drilled hole in the cranium. Absorbable 

antibiotic suture was used to close the incision site and minimize post-surgical infection. 
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Each rat was given carprofen (Rimadyl, Bio-Serv, 1 mg) orally to minimize pain 

following surgery. Rats were allowed time for recovery and viral transfection for two 

weeks.  

 

In Situ Hybridization 

In situ hybridization experiments were performed in order to characterize the 

neuronal phenotype of CaMKIIa-positive MnPO neurons transfected by the control 

virus. After the two-week recovery period, rats were anesthetized using 100 mg/kg 

inactin (Sigma-Aldrich, St. Louis, MO) ip and transcardially flushed first with RNase-free 

PBS.  Rats were then perfused using 4% paraformaldehyde (PFA). Brains were 

dehydrated in RNase-free 30% sucrose. Twenty µm coronal sections of each brain were 

cut using a cryostat (Leica). Six sets of serial MnPO sections were collected in RNase-

free PBS, mounted on to glass microscope slides, and left at room temperature 

overnight to dehydrate. Slides were then stored at -80ºC until used for in situ 

hybridization experiments. In situ hybridization was performed for vesicular glutamate 

transporter 2, or vGLUT2, (RNAScope, Advanced Cell Diagnostics Inc., Newark, CA) 

using a previously established protocol (Smith et al. 2014). 

 

Electrophysiology 

Slice Preparation. Hypothalamic slices containing the MnPO were prepared as 

previously described (Farmer et al. 2018). Experimental animals were anesthetized with 

isoflurane and decapitated. Coronal slices (300 µm) containing the MnPO were cut 

using a Microslicer DTK Zero 1 (Ted Pella, Inc.) in ice cold (0-1° C), oxygenated (95% 
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O2, 5% CO2) cutting solution consisting of (in mM): 3.0 KCl, 1.0 MgCl2-6H2O, 2.0 CaCl2, 

2.0 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, 10 D-Glucose, 206 Sucrose (300 mOsm, pH 

7.4). Slices were incubated at room temperature in oxygenated (95% O2, 5% CO2) 

artificial cerebrospinal fluid (aCSF) containing (in mM): 126 NaCl, 3.0 KCl, 2.0 CaCl2, 

2.0 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, 10 and D-Glucose (300 mOsm, pH 7.4) for a 

minimum of 1 hour prior to recording. 

 

Electrophysiology Protocols. Slices containing the MnPO were transferred to a 

submersion recording chamber and superfused with aCSF (31 + 1°C). Slices were 

visualized using an upright epifluorescent microscope (BX50WI, Olympus, Center 

Valley, PA) with differential interference contrast optics.  

 Whole cell (intracellular) recordings were performed in current clamp mode and 

conducted in order to measure if CNO and DREADD-induced inhibition caused off-

target effects that would influence the local circuitry. Recordings were obtained using 

borosilicate glass micropipettes (3-8 MΩ). The internal filling solution consisted of (in 

mM): 145 K-gluconate, 10 HEPES, 1.0 EGTA, 2.0 Na2ATP, and 0.4 NaGTP (300 

mOsm, pH 7.2). A tight gigaohm seal on MnPO neurons were made and had an access 

resistance of less than 25 MΩ. Neurons were slightly depolarized with current injection 

(2-5 pA) to generate a regular spiking activity (range, -50 to -40 mV), as previously 

described (Grob, Drolet, and Mouginot 2004). Loose patch voltage clamp (extracellular) 

recordings were obtained using borosilicate glass micropipettes (1-3 MΩ) containing 

aCSF as the internal solution. Voltage was clamped at 0 mV to measure changes in 

current.  
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Electrophysiological signals (voltage and current) were amplified and digitized 

using Multiclamp 200B and Digidata 1440A, respectively (Axon Instruments). Signals 

were filtered at 2 KHz and digitized at 10 KHz. Recordings from MnPO neurons were 

made by targeting both mCherry-expressing and non mCherry-expressing neurons in 

slices prepared from rats injected with the AAV. Electrophysiological signals were 

analyzed using 10s bins. 

In the first set of experiments, intracellular or extracellular recordings were 

performed on MnPO neurons. Baseline membrane potential (for intracellular recordings) 

or action potential firing (for extracellular recordings) was recorded for 5 minutes. Then, 

CNO (10µM) was focally applied for 10s using a Pico spritzer (8 psi) with a patch pipette 

containing the drug placed 150-200 µm upstream of the recording electrode followed by 

an additional 10 min of recording. CNO (Tocris, Mineapolis, MN) was dissolved in 

DMSO and diluted in aCSF to final concentration of 10 µM (< 0.01% DMSO).  

In the ANG II experiments, baseline action potential firing was recorded for 5 min 

in either an aCSF bath solution containing CNO (500 nM) or aCSF alone (for Gi 

DREADD-labeled neuronal controls). Then, ANG II (10 µM) was focally applied for 10s 

using a Pico spritzer (8 psi), as in the first set of electrophysiology experiments, followed 

by 10 min of recording. ANG II (A9525, Sigma-Aldrich) was dissolved and diluted in 

aCSF to a final concentration of 10 µM.  

In the hyperosmotic challenge experiments, baseline action potential firing was 

recorded for 5 min in an aCSF bath solution containing CNO (500 nM). Then for 2 min, 

the bath solution was switched to CNO (500 nM) in hypertonic aCSF (HTN-aCSF; 330 

mOsm) followed by 2 min of bath application of HTN-aCSF (330 mOsm). For the 
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remaining 5 min of recording, aCSF was bath applied. Bath application of hyperosmotic 

solution was used instead of focal application because it allowed for a more exact 

control of the extracellular NaCl concentration that would not be possible with focal 

application. To control for Gi DREADD-labeled neuronal activity, experiments were 

performed following the same time course, however the protocol was 5 min in aCSF 

bath, 4 min in HTN-aCSF (330 mOsm), then 5 min aCSF bath. Additional NaCl was 

dissolved in aCSF to raise osmolality to 330 mOsm.  

 

Drinking Study—Angiotensin II 

Prior to microinjections, rats were pretested with subcutaneous (sc) injection of 

ANG II twice, separated by 48-72 hr, to determine individual drinking response to 

peripherally administered ANG II (consume > 5mL of water over the course of 3 h). Rats 

that responded were then microinjected with either the Gi DREADD or control virus and 

allowed recovery for two weeks. For each test, rats were intraperitoneally (ip) injected 

with 10 mg/kg CNO (dissolved in DMSO and diluted to the working concentration with 

0.9% saline) or vehicle for CNO, VEH (DMSO and 0.9% saline in 1:4 ratio). Thirty 

minutes later, rats were administered ANG II (2 mg/kg sc diluted to the working 

concentration in 0.9% saline) or the same volume of 0.9% saline. Water consumption 

was measured over the course of 3 hr from the time ANG II was administered to 

measure drinking response and duration of CNO-induced inhibition. The substances 

injected for each test were administered in a randomized counter balanced order. The 

tests were separated by 48-72 hours and were repeated 2 and 3 weeks after 

microinjection surgeries. 
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Drinking Study—3% Hypertonic Saline 

A separate group of rats was used for drinking studies with 3% hypertonic saline 

(3% HTN). Rats were pretested consistent with those in the ANG II drinking study to 

determine individual drinking response to peripherally administered 3% HTN (consume 

> 5mL of water over the course of 3 hr). Rats that responded were microinjected with 

the Gi DREADD or control virus and allowed recovery for two weeks. After the recovery 

period, animals were injected ip with CNO or VEH and 3% HTN (1 mL per 100 g bw) or 

the same volume of 0.9% saline. Study design and duration was consistent with the 

ANG II drinking study.  

 

Perfusions—Tissue and Body Fluid Collection 

After the final treatment week for each drinking study, rats were administered ip 

CNO and sc ANG II or 3% hypertonic saline, and denied food and water access the 

following 90 minutes. Animals were then anesthetized using 100 mg/kg inactin (Sigma-

Aldrich) ip. Blood was collected by cardiac puncture (3 mL) and transferred to an EDTA 

vacutainer containing 100 µL of Aprotinin (Catalog # RK-APRO, Phoenix 

Pharmaceuticals, Inc.) per mL of blood (300 µL total) immediately preceding the 

perfusion in order to measure plasma AVP and osmolality. Rats were transcardially 

flushed first with PBS and then perfused using 4% paraformaldehyde (PFA). Brain 

tissue was fixed overnight in 4% PFA before being dehydrated in 30% sucrose. 

 

Arginine Vasopressin 
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Plasma AVP concentrations were measured by specific EIA (Phoenix 

Pharmaceuticals, Inc., Burlingame, CA) following peptide extraction, as recommended 

by the manufacturer (Catalog # EK-065-07, Phoenix Pharmaceuticals, Inc.). The volume 

of plasma used was 500 µL per sample for peptide extraction. One hundred µL from 

each sample was recovered from the extraction and assayed in duplicate (50 µL 

assayed). The total peptide concentration of each sample was calculated according to 

the directions provided by the manufacturer of the extraction kit. The intra- and inter-

assay coefficients of variation averaged <10% and <15%, respectively, as provided by 

the manufacturer (Phoenix Pharmaceuticals, Inc.).  

 

Immunohistochemistry 

Forty µm coronal sections of each previously perfused brain were cut using a 

cryostat.  Three sets of serial sections were separately collected in cryoprotectant 

(Hoffman, Smith, and Fitzsimmons 1992) and stored at -20 oC until they were processed 

for immunohistochemistry. Separate sets of serial sections from brains injected with 

DREADD or control virus were stained for cFos (sc-253-G, goat polyclonal anti-Fos 

antibody, Santa Cruz Biotechnology, 1:1000). After 48 hr, sections were washed using 

phosphate buffer solution (PBS) and transferred to a secondary antibody (BA-9500, 

biotinylated anti-goat, Vector Laboratories) for DAB reaction and labeling. After the DAB 

reaction, the sections were washed and placed in the primary antibody (ab167453, 

rabbit polyclonal anti-mCherry, Abcam 1:500) and incubated for an additional 48 hr 

followed by incubation with a CY3 conjugated anti-rabbit antibody (711-165-152, 

Jackson ImmunoResearch, West Grove, PA) for 4-5 hr. The sections were then 
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mounted on gelatin-coated slides, dried, and coverslipped with Permount for imaging. 

All antibodies were diluted to the final concentration with PBS diluent (0.25% Triton, 3% 

horse serum, and 96.75% PBS).  

Sections were examined using light microscopy to identify Fos-positive cells. 

Excitation wavelengths of 550-570 nm were used for emission of mCherry 

immunofluorescence. Images were captured using an epifluorescent microscope 

(Olympus BX41, Olympus, Center Valley, PA, USA) equipped with a digital camera 

(Olympus DP70) to image sections. Care was taken to ensure that sections included in 

this study were sampled from the same plane in each brain section. Co-localization was 

determined by quenching produced in cells with nuclear fos staining and cytosolic 

mCherry staining, as previously described (Grindstaff et al. 2000). Brightfield and 

fluorescent images were merged for analysis of the MnPO using ImageJ (NIH). Fos-

positive neurons and their co-localization in the MnPO was determined blind to 

experimental conditions of the subjects.   

 

Statistics 

Electrophysiology data were tested for differences in baseline activity, changes in 

peak firing rate (defined as the 10 s bin with the lowest firing rate), and percent change 

baseline firing rate using one-way analysis of variance (ANOVA) or two-way repeated 

measures ANOVA. Two-way repeated measures ANOVA was used to compare 

changes in water consumption between the Gi DREADD-injected group and control 

group and treatment (CNO vs. VEH), followed by Tukey’s post-hoc test. Analyses of 

plasma vasopressin concentrations, plasma osmolality, and cell counts for neuronal 
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phenotyping were figured using one-way ANOVA followed by Tukey’s post-hoc test. 

Tukey’s post-hoc analysis was used when performing multiple comparisons. Holm-

Sidak post-hoc test was used in order to perform comparisons to a determined control. 

Statistical significance is defined at an α level of 0.05 and exact p-values are reported. 

Values are reported as mean + SEM. All statistics were performed in SigmaPlot.v.12.0 

(Systat Software, San Jose, CA). 

 

Results 

CaMKIIa neurons in the MnPO signal through excitatory pathways 

Experiments were conducted to determine the neurochemical phenotype of 

MnPO neurons that were targeted by the viral vectors with CaMKIIa promoters used in 

this study. In situ hybridization for vGLUT2 was used to identify putative excitatory 

MnPO neurons (n = 5 rats, 2-3 sections per rat). An example of vGLUT2 in situ 

hybridization and CaMKIIa immunohistochemistry in the dorsal MnPO is shown in 

Figure 1. The results show that 89.17+1.32% of CaMKIIa neurons that express the viral 

construct co-localize with vGLUT2 message, indicating that the CaMKIIa-expressing 

neurons in the MnPO are primarily glutamatergic and would likely be involved in 

excitatory signaling. 

 

Electrophysiology Results 

CNO significantly attenuates basal firing rate in Gi DREADD-expressing neurons 

Intracellular Recordings: In order to verify that CNO was not having off-target effects, 

whole cell current clamp experiments (intracellular recordings) were conducted for more 

direct measurements on Gi DREADD (n = 5, 3 rats, 2 slices per rat) and Gi DREADDx 
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(n = 7, 4 rats, 2 slices per rat) neurons within the same section. As previously described 

(Grob, Drolet, and Mouginot 2004), neurons were slightly depolarized with current 

injection to generate a regular spiking activity (range, -50 to -40 mV) and allowed to 

stabilize in aCSF for 5 min before CNO exposure. There was a significant effect of 

treatment on neuron type (data not shown; F(3, 20) = 21.175, p < 0.001, one-way 

ANOVA).  CNO exposure caused a significant membrane hyperpolarization in Gi 

DREADD neurons between aCSF baseline and peak response (-6.1 + 0.9 mV; p = 

0.001) but no significant change in membrane potential of the Gi DREADDx neurons in 

the presence of CNO compared to aCSF baseline (2.1 + 0.9 mV; p = 0.979). These 

results indicate that CNO and the DREADD-induced inhibition of the Gi DREADD 

neurons did not have an effect on local circuitry.  

 

Extracellular Recordings: Loose cell recordings were made from brain slices containing 

the MnPO two weeks after the rats were injected with AAVs containing either Gi 

DREADD or the control (CTRL) construct. Cells expressing the constructs were easily 

identifiable by expression of the mCherry reported (Figure 2A). There were no 

differences in the rates of spontaneous activity of MnPO neurons transfected with either 

virus (Gi DREADD, 3.37 + 0.1 Hz; n = 17, 6 rats, 2 slices per rat; CTRL, 3.30 + 0.5 Hz; n 

= 13, 6 rats, 2 slices per rat) or unlabeled cells in slices from rats injected in the MnPO 

with the Gi DREADD (Gi DREADDx, 3.45 + 0.5 Hz; n = 19, 6 rats, 2 slices per rat; F(2, 

46) = 0.306, p = 0.970, one-way ANOVA).  

Focal CNO application (10µM) significantly decreased the spontaneous activity of 

the Gi DREADD MnPO neurons (Figure 2B; F(1, 32) = 16.22, p < 0.001, one-way 
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ANOVA). When calculated as a percent change from baseline, only Gi DREADD 

neurons showed a significant decrease in activity from baseline, or peak response 

(Peak; defined as the 10 s bin with the lowest firing rate), that recovered after 172.4 + 

37.8 s (Figure 2D; F(2, 46) = 10.050, p = 0.001, one-way ANOVA; Tukey’s post-hoc,  

Baseline vs. Peak p < 0.001 and Baseline vs Recovery, p = 0.024). There was also a 

significant difference in peak response to CNO in the Gi DREADD neuron firing rate 

(F(2, 46) = 10.832, p < 0.005, one-way ANOVA) compared to CTRL (p < 0.001) and Gi 

DREADDx neurons (p < 0.001) using Holm-Sidak post-hoc test.  

Analysis of the firing rates (Hz) of neurons from each group produced similar 

results (Figure 2C). Focal CNO application did not significantly influence the 

spontaneous activity of the Gi DREADDx (F(2, 36) = 0.0808, p = 0.923, one-way 

ANOVA) or CTRL neurons (Figure 2D; F(2, 54) = 0.0119, p = 0.988, one-way ANOVA).  

Additional experiments were therefore conducted to determine if CNO could block 

changes in activity in CaMKIIa MnPO neurons produced by either ANG II or HTN. 

 

CNO blocks ANG II-induced excitation in Gi DREADD-expressing neurons 

Next, the effects of CNO on ANG II evoked responses in Gi DREADD MnPO 

neurons were tested. In these experiments, focally applied ANG II (10 uM) was 

administered during bath applications of CNO (500 nM).  Bath application of CNO 

containing aCSF significantly reduced the spontaneous activity of Gi DREADD neurons 

(n = 15, 6 rats, 2 slices per rat) as compared to aCSF alone (n = 7, 3 rats, 2 slices per 

rat). In contrast bath application of CNO did not affect the activity of Gi DREADDx 

neurons from the same slices (n = 15, 6 rats, 2 slices per rat). In the Gi DREADD 
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positive neurons, this inhibition of spontaneous activity by CNO bath application was 

significant at 170 s after the start of CNO exposure and was maintained throughout the 

duration of the protocol (Figure 3A and 3B; F(2, 39) = 5.577, p = 0.007, two-way 

repeated measures ANOVA). When analyzed as a percent change from aCSF baseline, 

the activity of Gi DREADD cells was significantly reduced to 20% of baseline during 

CNO bath application, whereas Gi DREADDx cells were not affected (Figure 3C and 

3D; F(58, 1131) = 4.221, p < 0.001, two-way repeated measures ANOVA).  

During aCSF bath application, focally applied ANG II significantly increased the 

firing rate of 7 out of 7 Gi DREADD neurons (n = 7, 3 rats, 2 slices per rat). The activity 

of Gi DREADDx neurons was increased by focal ANG II during CNO bath application 

(F(3, 66) = 840.408, p < 0.001, one-way ANOVA). However, CNO bath application 

blocked the responses of 10 out of 15 Gi DREADD labeled neurons to focally applied 

ANG II (Figure 3D; p = 0.258, Tukey’s post-hoc test). There was no significant 

difference in baseline firing rates between Gi DREADD neurons prior to CNO exposure 

or Gi DREADDx neurons during CNO or aCSF exposure (F(3, 51) = 2.253, p = 0.093, 

one-way ANOVA). 

 

CNO significantly attenuates excitation produced by hypertonic saline in Gi DREADD-

expressing neurons 

The effects of DREADD mediated inhibition on responses produced by bath 

application of hypertonic aCSF (HTN-aCSF; 330 mOsm) was tested using MnPO 

neurons transfected with Gi DREADD or unlabeled cells in the same brain slices (Gi 

DREADDx). The activity of 7 out of 7 Gi DREADD neurons was significantly increased 
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by HTN bath solution. As observed in the previous experiments, bath application of 

CNO decreased the basal activity of cells transfected with the Gi DREADD construct but 

did not affect the activity of Gi DREADDx cells (Figure 4A and 4B). 

Bath application of CNO did not influence the spontaneous activity or prevent 

increases in firing rate produced by HTN-aCSF in Gi DREADDx neurons compared to 

aCSF baseline (Figures 4A). In contrast, CNO decreased spontaneous activity in Gi 

DREADD cells as compared to activity in normal aCSF (Figure 4A; F(2, 41) = 112.004, 

p < 0.001, Holm-Sidak post-hoc analysis).  Gi DREADD neurons did not show a 

significant increase in firing rate associated with HTN-aCSF in the presence of CNO 

(Figure 4C). Although the Gi DREADD cells appeared to be more active during bath 

application of CNO and HTN-aCSF, their average firing frequency was not different from 

CNO alone (Figure 4C). The changes in firing rate of MnPO neurons was influenced by 

both the treatment and time as indicated by a statistically significant interaction (F(89, 

2609) = 2.712, p < 0.001, two-way repeated measures ANOVA).  

CNO bath application significantly attenuated changes in activity expressed as 

percent of baseline activity in Gi DREADD neurons (n = 15, 6 rats, 2 slices per rat, p < 

0.001, Tukey’s post-hoc analysis). This was not the case for Gi DREADDx neurons (n = 

14, 6 rats, 2 slices per rat) compared to aCSF bath applied Gi DREADD neurons 

(Figures 4A and 4B; n = 7, 2 rats, 2 slices per rat). HTN-aCSF significantly increased 

the firing rate of unlabeled cells compared to baseline and aCSF recordings (Figure 4C; 

F(3, 52) = 7.119, p < 0.001, one-way ANOVA). Gi DREADDx neurons had significantly 

increased firing rates when exposed to HTN-aCSF with or without CNO (Figure 4C; p < 

0.001, Tukey’s post-hoc analysis). When the bath solution was changed to normal 
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aCSF from HTN-aCSF, the activity of Gi DREADDx cells significantly decreased to a 

rate that was no different from CNO and normal aCSF (Figure 4C; p = 0.301 baseline 

compared to aCSF). When Gi DREADD were exposed to HTN-aCSF without CNO, their 

firing rate significantly increased as compared to the aCSF baseline (Figure 4C; p < 

0.001 for all time points, Tukey’s post-hoc analysis) and compared to CNO (p < 0.001 

for all time points, Tukey’s post-hoc analysis), but not when compared to Gi DREADDx  

neurons exposed to CNO. 

In Gi DREADD neurons, there was a significant decrease in firing rate during 

CNO and HTN exposure compared to aCSF bath application (F(3, 56) = 30.084; p < 

0.001, one-way ANOVA; p = 0.001, Tukey’s post-hoc analysis). Although there was a 

trend for increased activity in Gi DREADD neurons exposed to HTN-aCSF after CNO 

was washed out (Figure 4C), this change was not significantly different from CNO with 

HTN-aCSF (p = 0.917, Tukey’s post-hoc analysis).  

 

Drinking Responses 

Based on the results of the electrophysiological studies, we tested the effects of 

ip CNO (10 mg/kg) on drinking responses produced by ANG II (2 mg/kg sc) in one 

group of rats and 3% HTN (1 ml/100 g bw sc) in a separate group of rats. Control 

experiments using equal volumes of 0.9% saline (SAL) tests were also conducted for 

each group.  

 

Acute CNO-induced inhibition significantly attenuates ANG II-induced thirst responses 
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When rats were pretreated with CNO or VEH injections followed by ANG II 

treatment, there was an associated increase in water consumption by rats during the 3 

hr time-period in both the Gi DREADD rats (n = 10) and CTRL rats (n = 10). Two-way 

repeated measures ANOVA analysis indicated a significant AAV variant dependent 

difference in water consumption (Figure 5A; F(1, 18) = 18.925, p < 0.001, two-way 

repeated measures ANOVA) and treatment (VEH or CNO) received (F(5, 86) = 69.735, 

p < 0.001, two-way repeated measures ANOVA). There was no significant difference 

between groups during the 0.9% SAL tests (first treatment p = 0.989, last treatment p = 

0.935, first treatment vs last treatment p = 0.999 (CTRL) and p = 0.998 (Gi DREADD)) 

or during VEH and ANG II test (p = 0.074) in the first treatment. During the CNO and 

ANG II test, however, the Gi DREADD group had approximately a 50% reduction in 

water consumed over the 3 hr period compared to the CTRL group (p < 0.001, first 

treatment). This was also the case compared to the VEH and ANG II exposure (p = 

0.005, first treatment). Independent of VEH or CNO treatment, ANG II still resulted in 

significantly elevated drinking response compared to physiological saline volume control 

studies (all groups, p < 0.001, Tukey’s post-hoc analysis).  

One week later, ANG II significantly increased drinking behavior in the same 

manner compared to 0.9% SAL tests (all groups p < 0.001, Tukey’s post-hoc analysis). 

There was no significant difference in thirst response between Gi DREADD or CTRL 

groups during VEH and ANG II exposure (p = 0.292, last treatment). During the CNO 

and ANG II treatment, however, the Gi DREADD group had approximately a 50% 

reduction in water consumed over the 3 hr period compared to the CTRL group, similar 

to what was observed in the first treatment (p < 0.001, last treatment).  
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Acute CNO-induced inhibition significantly attenuates hypertonic saline-induced thirst  

A separate cohort of rats were injected in the MnPO with either Gi DREADD (n = 

6 rats) or CTRL (n = 6 rats) virus and used to test whether or not CNO pretreatment 

would block the effects of 3% HTN injections on drinking behavior. As in the ANG II 

drinking studies, there was a significant interaction between AAV variant, pretreatment 

and 3% HTN exposure (Figure 5B; F(5, 71) = 3.317, p = 0.015, two-way repeated 

measures ANOVA). When either of the groups were pretreated with VEH followed by 

3% HTN, rats drank a significant amount of water over the 3 hr time period compared to 

0.9% SAL tests (Figure 5B; Tukey’s post-hoc analysis, 0.9% SAL vs. CTRL + VEH + 

3% HTN  p < 0.001, 0.9% SAL vs. Gi DREADD + VEH + 3% HTN p < 0.001, CTRL + 

VEH + 3% HTN vs. Gi DREADD + VEH + 3% HTN group p = 0.794). However, when 

groups were pretreated with CNO prior to 3% HTN, the drinking response of the rats 

injected with Gi DREADD were significantly attenuated as compared to their responses 

to VEH and 3% HTN treatment (Figure 5B; Tukey’s post-hoc analysis; 0.9% SAL vs. 

CTRL + CNO + 3% HTN p < 0.001, 0.9% SAL vs. DREADD + CNO + 3% HTN p < 

0.001, CTRL + CNO + 3% HTN vs. DREADD + CNO + 3% HTN p = 0.011). Rats were 

injected with the same volume of 0.9% SAL and this treatment did not significantly affect 

water intake between groups (Figure 5B; p = 0.799, Tukey’s post-hoc analysis).  

After one week, the same rats were retested. Injections of HTN significantly 

increased water intake compared to 0.9% SAL tests (all groups, p < 0.001, Tukey’s 

post-hoc analysis). There was no significant difference in water intake between groups 

during VEH and 3% HTN exposure (p = 0.319, last treatment). During the CNO and 3% 
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HTN treatment, the Gi DREADD group had approximately a 50% reduction in water 

consumed over the 3 hr period compared to the CTRL group, similar to what was 

observed during the first treatment (p = 0.028, last treatment).  

 

Arginine Vasopressin Responses 

Two days after completing the last drinking tests, rats were injected with VEH or 

CNO (10 mg/kg ip) followed by either ANG II (2 mg/kg sc), 3% HTN (1 ml/100 g bw sc) 

or 0.9% SAL (volume control) 30 minutes later, as described in the drinking tests. Blood 

samples were taken and analyzed for plasma AVP concentrations.  

 

CNO-induced inhibition significantly attenuates ANG II-induced plasma vasopressin 

release 

The effects of DREADD inhibition in the MnPO on ANG II-induced AVP release 

was tested. Rats injected in the MnPO with the control vector (CTRL) that were 

pretreated with CNO and administered ANG II (CTRL + CNO + ANG II) had significantly 

increased plasma AVP (Figure 6A; F(2, 23) = 44.963, p < 0.001, one-way ANOVA). This 

increase in plasma AVP associated with ANG II treatment was significantly decreased 

by CNO-induced inhibition in the Gi DREADD (Gi DREADD + CNO + ANG II) group (p < 

0.001, Tukey’s post-hoc analysis). However, the changes in plasma AVP observed in 

the Gi DREADD + CNO + ANG II were significantly increased compared to the vehicle 

control group (CTRL + CNO + 0.9% SAL) suggesting the ANG II-induced AVP release 

was significantly attenuated, but not reduced to control levels by MnPO inhibition 

(Figure 6A; p < 0.001).  
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CNO-induced inhibition blocks hypertonic saline-induced plasma vasopressin release 

Plasma AVP concentration was significantly different between groups treated 

with 3% HTN compared to 0.9% SAL (Figure 6B; F(2,15) = 6.443, p = 0.010, one-way 

ANOVA), as well. Subcutaneous injection of 3% HTN significantly increased plasma 

AVP levels in the CTRL + CNO + 3% HTN from the vehicle controls (CTRL + CNO + 

0.9% SAL) group (p = 0.016; Tukey’s post-hoc analysis). Consistent with the ANG II 

plasma AVP results, CNO-pretreatment significantly attenuated this increase in the Gi 

DREADD + CNO + 3% HTN group (p = 0.008, Tukey’s post-hoc analysis). There was 

no significant difference in plasma AVP concentrations between the CTRL + CNO + 

0.9% SAL and the Gi DREADD + CNO + 3% HTN group (p = 0.893, Tukey’s post-hoc 

analysis). 

  

Functional Neuroanatomy 

Brains harvested from perfusions were analyzed for Fos and mCherry expression 

associated with the AAVs. MnPO injections were verified by detecting the presence of 

mCherry immunofluorescence (Figure 7A). Rats included in the study had mCherry 

expression isolated to the MnPO. Rats with injections or mCherry labeling outside of the 

MnPO were excluded from the study. 

 

CNO-induced inhibition during ANG II exposure significantly blocks CaMKIIa+ Fos 

expression in the MnPO 
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In rats treated with the control vector injections of CNO followed by sc injection of 

0.9% saline (CTRL + CNO + 0.9% SAL) produced Fos staining in the MnPO that was 

not different from Fos staining associated with VEH injections paired with 0.9% saline sc 

(CTRL + VEH + 0.9% SAL; Figure 7B & Table 1). Rats treated with the control vector 

and injected with CNO and ANG II (CTRL + CNO + ANG II) had a significant increase in 

Fos staining in the MnPO (F(3, 24) = 32.575, p < 0.001, one-way ANOVA, Figure 7B & 

Table 1). 

  In the Gi DREADD + CNO + ANG II group (n = 10, 2-4 MnPO sections per rat), 

the increase in Fos staining in the MnPO was significantly decreased as compared to 

the CTRL + CNO + ANG II group (n = 10, 2-4 MnPO sections per rat; Tukey’s post-hoc 

analysis, p < 0.001) but not different from the Fos staining observed in CTRL + VEH + 

0.9% SAL (p = 0.170) or CTRL + CNO + 0.9% SAL(p = 0.531) rats. Fos staining in the 

MnPO was significantly increased in CTRL + CNO + ANG II rats compared to either the 

CTRL + VEH + 0.9% SAL (p < 0.001) or CTRL + CNO + VEH (p < 0.001) rats. Elevated 

MnPO Fos expression was blunted in Gi DREADD + CNO + ANG II rats (p < 0.001). 

There was no significant difference between CTRL groups treated with either VEH or 

CNO (p = 0.916) and 0.9% SAL.  

 

Table 1. Colocalization of ANG II-induced Fos expression with CaMKIIa neurons in the 
MnPO  

Treatment Total cFos+   Total CaMKIIa+  Total DL Cells % DL cFos+ 

Control  

CNO + 0.9% 

SAL 

21.0 + 10.0 182.8 + 54.8 8.8 + 1.25 50.2 + 17.9% 



73 
 

Control  

VEH + 0.9% SAL 
25.8 + 7.8 181.5 + 37.5 15.1 + 3.4 60.0 + 4.8% 

Control  

CNO + ANG II  
79.8 + 8.7** 195.0 + 57.6 44.0 + 7.8** 54.4+ 6.7% 

Gi DREADD 

CNO + ANG II 
41.9 + 7.2 206.5 + 41.0 2.9 + 1.0 6.5 + 2.9%** 

 

CaMKIIa neuron inhibition in the MnPO significantly decreases ANG II-evoked effects in 

downstream nuclei  

As expected, ANG II significantly increased Fos staining in CaMKIIa+ neurons 

(F(3, 12) = 17.430, p < 0.001, one-way ANOVA). The numbers of Fos and CaMKIIa 

labeled in MnPO were significantly higher in the CTRL + CNO + ANG II group 

compared to the CTRL + VEH + 0.9% SAL (n = 4, 2-4 MnPO sections per rat; p < 

0.001) and CTRL + CNO + 0.9% SAL (n = 4, 2-4 MnPO sections per rat; p = 0.003) 

groups. About half (54.4%) of the Fos positive cells in the MnPO were also CaMKIIa 

positive in the CTRL + CNO + ANG II rats. The percentages of Fos and CaMKIIa 

positive cells were 50.2% and 60.0% for CTRL + CNO + 0.9% SAL and CTRL + VEH + 

0.9% SAL rats, respectively. The increase in Fos and CaMKIIa staining cells associated 

with ANG II was significantly attenuated in the Gi DREADD+ CNO + ANG II rats (Figure 

7B; n = 4, 2-4 MnPO sections per rat; p < 0.001). The percentage of Fos positive cells 

that were also CaMKIIa positive was reduced to 6.5%. This result indicates that over 

90% of the remaining Fos positive cells in the MnPO of rats injected with Gi DREADD 

were not CaMKIIa positive cells, which is significantly greater than the other three 

treatment groups (Figure 7B and Table 1; F(3, 12) = 6.010, p = 0.010, one-way ANOVA; 
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Tukey’s post-hoc analysis, all p < 0.001). Since these cells do not appear to express 

CaMKIIa they would not have been transfected with the AAV vector used in this study. 

There was no significant difference in CaMKIIa-positive neurons between any of the 4 

groups (F(3, 12) = 0.0901, p = 0.964, one-way ANOVA) 

Gi DREADD-mediated inhibition of the MnPO also influenced Fos staining 

associated with ANG II in regions connected to the MnPO (Gi DREADD + CNO + ANG 

II group: n = 6-10, 2-4 sections per nucleus per rat; CTRL + CNO + ANG II group: n = 4-

10, 2-4 sections per nucleus per rat). In rats injected with the CTRL AAV vector and 

pretreated with CNO, ANG II significantly increased Fos staining in each region that we 

examined (Figure 8). However, the effects of Gi DREADD MnPO inhibition on ANG II 

induced Fos staining varied as a function of region. In the rats injected with Gi 

DREADD, CNO pretreatment did not significantly affect ANG II induced Fos staining in 

SFO, OVLT, LH, or PVT (Figure 8B).  

In other regions Gi DREADD-mediated inhibition of the MnPO did influence Fos 

staining. In the SON, CNO pretreatment in rats injected in the MnPO with Gi DREADD 

was associated with a significant decrease in ANG II-induced Fos (Figures 8A and 8B; 

F(3, 24) = 19.328, p < 0.001, one-way ANOVA). Fos staining in the SON of CTRL + 

CNO + ANG II rats was significantly higher as compared to all of the other groups 

(Figures 8A and 8B; Tukey’s post-hoc analysis, all p < 0.001). Similar results were seen 

in the RVLM (Figures 8A and 8B). ANG II injections significantly increased Fos staining 

in the CTRL + CNO + ANG II rats but not in the Gi DREADD + CNO + ANG II rats (F(3, 

16) = 29.480, p < 0.001, one-way ANOVA).   
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In the PVN, CNO and ANG II significantly increased Fos staining in CTRL rats 

and there was a statistical trend for decreased Fos staining in the Gi DREADD + CNO + 

ANG II as compared to CTRL + CNO + ANG II (F(3, 24) = 18.302, p < 0.001, one-way 

ANOVA; Tukey’s post-hoc analysis, p = 0.084). However, significant effects of Gi 

DREADD-mediated inhibition on Fos staining were observed in specific subregions of 

the PVN (Figure 8C). For example, the posterior magnocellular (PM) part of PVN Fos 

staining was significantly increased by ANG II in CTRL rats while CNO significantly 

decreased Fos staining associated with ANG II in Gi DREADD rats (F(3, 22) = 49.423, p 

< 0.001, one-way ANOVA; Tukey’s post-hoc analysis, CTRL + CNO + ANG II; p < 0.001 

from all other groups). Fos staining in the PM of Gi DREADD + CNO + ANG II rats was 

still significantly higher when compared to Fos staining in rats pretreated with either 

CNO or VEH followed by 0.9% SAL (Tukey’s post-hoc analysis; p = 0.05 and p = 0.097, 

respectively). DREADD-mediated Inhibition of the MnPO influenced Fos staining in the 

medial parvocellular region (MP) of the PVN as well. In the medial parvocellular (MP) 

part of the PVN, Fos staining associated with CNO and ANG II injections in CTRL rats 

was significantly greater than Fos staining observed in any of the other groups (F(3, 22) 

= 13.789, p < 0.001, one-way ANOVA; Tukey’s post-hoc analysis, all p < 0.001). The 

Fos staining in the MP of Gi DREADD + CNO + ANG II rats was not significantly 

different from the CTRL rats pretreated with either CNO or VEH followed by 0.9% SAL 

(Tukey’s post-hoc analysis; p = 0.097 and p = 0.050, respectively). This suggested that 

in the MP region of the PVN inhibition of the MnPO reduced ANG II-induced Fos 

staining comparably to control levels. Similar results were observed in the ventrolateral 

parvocellular region (vlp). Fos staining was increased in CTRL + CNO + ANG II rats and 
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this increase was significantly different from all of the other groups (F(3, 22) = 3.734, p = 

0.026, one-way ANOVA). Fos staining in the dorsal parvocellular part of the was 

increased by ANG II (F(3, 22) = 11.903, p < 0.001, one-way ANOVA) but CNO-induced 

inhibition did not significantly decrease it (CTRL + CNO + ANG II vs Gi DREADD + CNO 

+ ANG II, p = 0.258, Tukey’s post-hoc analysis).  

 

CNO-induced inhibition in the MnPO and Fos staining associated with 3% HTN 

In rats treated with the control vector, Fos staining in the MnPO was significantly 

increased by 3% HTN (CTRL + VEH + HTN and CTRL + CNO + HTN; Figures 9A & B; 

F(3, 16) = 4.982, p = 0.002, one-way ANOVA). Half of the cells that were Fos positive 

were also positive for CaMKIIa (Table 2) suggesting that HTN affected cells that were 

not transfected with the vector.  

Unlike our results with ANG II, Fos staining associated with 3% HTN in the 

MnPO was not significantly decreased by CNO pretreatment in Gi DREADD rats (Gi 

DREADD + CNO + HTN). Fos staining in the MnPO of the Gi DREADD + CNO + HTN 

group (n = 6 rats, 2-4 MnPO sections per rat) was significantly increased as compared 

to either of the CTRL groups injected with 0.9% SAL (CTRL + CNO + 0.9% SAL, n = 6 

rats, 2-4 MnPO sections per rat; CTRL + VEH + 0.9% SAL, n = 6 rats, 2-4 MnPO 

sections per rat; p = 0.019 and p = 0.006, respectively). Fos staining in the Gi DREADD 

+ CNO + HTN was not different from CTRL + CNO + 3% HTN rats (p = 0.893, Tukey’s 

post-hoc analysis).  

In contrast, the number of Fos positive cells that were also labeled for CaMKIIa 

was significantly decreased (Table 2). As indicated above, half of the Fos positive cells 
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were CaMKIIa-positive in the CTRL + CNO + 3% HTN rats. In the Gi DREADD + CNO + 

3% HTN rats, only 5% of the Fos positive cells were also positive for CaMKIIa meaning 

95% of the cells had a different phenotype and may have intrinsic osmotic sensitivity. 

There were no significant differences in the numbers CaMKIIa-positive neurons 

between any of the 4 groups (Table 2; F(3, 12) = 0.287, p = 0.834, one-way ANOVA). 

This suggests that the apparent lack of CNO inhibition on HTN-mediated Fos staining in 

the MnPO was due to activation of non-CaMKIIa expressing cells.  

 

Table 2. Colocalization of hypertonic saline-induced Fos expression with CaMKIIa 

neurons in the MnPO  

Treatment Total cFos+   Total CaMKIIa+  Total DL Cells % DL cFos+ 

Control  

CNO + 0.9% 

SAL 

16.1 + 3.7 226.4 + 50.9 8.6 + 2.2 63.3 + 16.9% 

Control  

VEH + 0.9% 

SAL 

22.1 + 4.0 202.9 + 47.3 11.3 + 2.1 74.6 + 1.3% 

Control  

CNO + 3% HTN 
74.4 + 17.6* 194.3 + 59.4 30.0 + 8.3** 49.5 + 16.7% 

Gi DREADD 

CNO + 3% HTN 
64.6 + 6.5* 165.4 + 22.1 3.4 + 1.0 5.4 + 1.9%** 
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CaMKIIa neuron inhibition in the MnPO significantly decreases 3% HTN-evoked effects 

in select downstream nuclei  

Analysis of Fos staining was performed in the same downstream nuclei as in the 

ANG II experiments above. While all of the regions except the SFO showed significant 

increases in Fos staining associated with the 3% HTN injections, only the SON and LH 

were affected by Gi DREADD-mediated inhibition of the MnPO (Figure 9). In the SONs 

of CTRL + CNO + 3% HTN rats, Fos staining was significantly increased compared to 

all of the other groups (Figure 9A and B; F(3, 16) = 52.418, p < 0.001, one-way ANOVA; 

all p < 0.001, Tukey’s post-hoc analysis). In the SONs of Gi DREADD rats, CNO 

pretreatment significantly reduced Fos staining associated with 3% HTN as compared 

to CTRL + CNO + 3% HTN rats (p = 0.012, Tukey’s post-hoc analysis) but did not 

reduce the staining to control levels (vs. CTRL + VEH + 0.9% SAL, p < 0.001; vs. CTRL 

+ CNO + 0.9% SAL, p < 0.001).  

Similar results were observed in the LH. Rats in the CTRL + CNO + 3% HTN 

group had significantly more Fos staining in the LH compared to the other three groups 

(Figure 9B; F(3, 16) = 18.937, p < 0.001, one-way ANOVA;all p < 0.001, Tukey’s post-

hoc analysis). Fos staining in the LH of Gi DREADD + CNO + 3% HTN rats had 

significantly less Fos expression than the CTRL + CNO + 3% HTN treated rats (Figure 

9B; p = 0.001, Tukey’s post-hoc analysis) and significantly higher than both the 0.9% 

SAL treated groups (Figure 9B; both p < 0.001, Tukey’s post-hoc analysis). For the 

remaining regions (OVLT, PVN, PVT, and RVLM) Fos staining associated with CNO 

and 3% HTN was not different between the CTRL virus and Gi DREADD-injected rats 

and both of these groups were significantly increased as compared to the two CTRL 
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groups that received the 0.9% SAL injection (Figure 9A and B). This result was also 

observed in the posterior magnocellular and medial parvocellular regions of the PVN 

(Figure 9C) while 3% HTN did not influence Fos staining in either the dorsal or 

ventrolateral parvocellular regions. 
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Discussion 

These studies tested the role of putative excitatory MnPO neurons in behavioral 

and physiological responses produced by peripheral administration of ANG II or 3% 

HTN. The virally-mediated chemogenetic inhibition was employed in these studies in 

order to remotely and selectively reduce the activity of CaMKIIa-expressing MnPO 

neuronal population in the least invasive manner. These experiments showed that 

acutely inhibiting the CaMKIIa-expressing neurons in the MnPO significantly attenuated 

water intake and vasopressin release produced by either ANG II or 3% HTN. The 

results, however, suggest several differences in how the MnPO contributes to these 

responses.  

In previous studies of the lamina terminalis and its role in water consumption, the 

SFO and OVLT have been linked to body fluid homeostasis. Studies performed in 

sheep using electrolytic lesions placed along the ventral lamina terminalis, including the 

OVLT, decreased water intake stimulated by cellular dehydration (McKinley et al. 1999). 

Chemogenetic activation of the CaMKIIa neuronal phenotype in the SFO has also been 

shown to influence drinking behavior (Nation et al. 2016). Studies performed by Oka, et 

al. showed that 48-hour water deprivation induced Fos immunoreactivity and were able 

to identify that in the SFO all of the neurons expressing Fos co-localized with CaMKIIa 

and nNOS (Oka, Ye, and Zuker 2015). The SFO and the OVLT both project to the 

MnPO as well as other regions involved in body fluid homeostasis (McKinley et al. 

2004). Recent studies conducted by Augustine, et al. (2018) implicated the MnPOnNOS 

neuronal phenotype in regulating drinking behavior stimulated by water deprivation and 

salt-loading. The current study shows that CNO-induced inhibition of DREADD-
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transfected CaMKIIa MnPO neurons significantly attenuates extracellular and cellular 

thirst. The result of the Fos studies indicate, however, that the homeostatic responses 

could involve different pathways from the MnPO.  

These studies specifically targeted CaMKIIa neurons in the MnPO, which as 

shown in the in situ hybridization studies, is highly co-localized with vGLUT2. This 

indicates that CaMKIIa neurons in the MnPO are primarily glutamatergic. This is an 

important consideration since the MnPO has been shown to contain cells that can 

stimulate or inhibit water intake (Oka, Ye, and Zuker 2015). The results of the current 

study extend the observations of Oka et al. (2015) by demonstrating that water intake 

related to extracellular and cellular dehydration is mediated by putative excitatory 

neurons in MnPO.  

The CaMKIIa MnPO neurons transfected by the virus were sensitive to both ANG 

II and HTN-aCSF. The design of the experiments prevented us from being able to test 

the same cells with both ANG II and HTN-aCSF. Previous studies have defined a set of 

sodium sensitive MnPO neurons that likely contribute to body fluid balance (Grob, 

Drolet, and Mouginot 2004) and additionally characterized ANG II-sensitive MnPO 

neurons in earlier experiments, consistent with our findings (Bai and Renaud 1998). The 

relationship between ANG II and HTN-aCSF in the regulation of the MnPO neurons will 

be the focus of future investigations. 

The CNO-mediated inhibition of CaMKIIa-positive neurons in the MnPO 

completely blocked ANG II-induced excitatory responses. However, during osmotic 

challenges, CNO-mediated inhibition was only able to significantly attenuate osmotic-

induced excitatory response, in contrast to the complete inhibition of ANG II-induced 
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excitation. This is consistent with studies conducted by Grob, et al. (2004) describing a 

specific MnPO neuronal phenotype with intrinsic sodium sensitivity. Recordings 

performed in the current experiments also verify that Gi DREADDx neurons, or MnPO 

neurons that do not express CaMKIIa, are also sensitive to ANG II and osmotic 

challenges (Grob, Drolet, and Mouginot 2004).  

Results from these Fos studies further support the electrophysiology findings and 

suggest that ANG II and 3% HTN mediated responses could involve different 

populations of CaMKIIa-expressing MnPO neurons. Fos immunohistochemistry and its 

co-localization with CaMKIIa in the MnPO was analyzed. Neurons in the MnPO both 

expressing CaMKIIa and Fos were significantly elevated in groups injected with the 

control virus and administered ANG II or 3% hypertonic saline. During DREADD-

mediated inhibition using CNO, however, there were significantly reduced numbers of 

CaMKIIa-positive cells that were also positive for Fos in the MnPO. While this lead to a 

significant decrease in the total number of Fos positive cells associated with ANG II, the 

overall decrease in the MnPO was not significant after hypertonic saline. This could be 

related to the electrophysiology data showing that CNO did not completely block the 

hyperosmotically-stimulated excitation as strongly as the ANG II responses in the Gi 

DREADD-transfected neurons.  

The differences observed for Fos staining in the MnPO could be related to the 

nonspecific effects of the hypertonic saline injections. While hypertonic saline is widely 

used as an osmotic stimulus, Fos staining associated with its administration may be a 

result of visceral pain related to the route of injection, and therefore, not specific. 

However, a study conducted by Xu, et al. (2003) compared Fos staining produced by ip 
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versus iv administration of 2.0 M NaCl in several of the regions included in the current 

study (MnPO, OVLT, PVN, and SON). They concluded that the increases in Fos 

staining observed in areas such as the MnPO were related osmotic stimulation and fluid 

balance and not nociception. Similar conclusions were made about Fos staining in the 

LH produced ip administration of 1.5 M NaCl (Pirnik, Mravec, and Kiss 2004). It should 

be noted that the concentration of NaCl used in the current study are approximately four 

times lower than the concentration used by Xu et al. (2003) and that this study used sc 

injections to avoid producing visceral pain associated with ip injections. Therefore, the 

Fos staining produced by hypertonic saline is more likely related to osmotic stimulation 

but the contribution of nociceptive stimulation at the injection site cannot be ruled out.           

There were also observed differences in Fos staining in several other regions 

that receive projections from the MnPO that were stimulus-dependent. In rats 

administered ANG II, CNO-induced inhibition of Gi DREADD was associated with 

significant decreases in Fos staining in the SON, PVN, and RVLM. When rats were 

injected with hypertonic saline, Gi DREADD mediated inhibition of the MnPO 

significantly attenuated Fos staining in the SON and LH but not the PVN or RVLM. The 

central effects of ANG II and hypertonic saline are mediated by circumventricular organs 

(Ferguson 2014). These regions project not only to the MnPO but also to the SON, 

PVN, and LH (Ferguson 2014; McKinley et al. 2004; McKinley et al. 2015). This creates 

a series of redundant pathways from the lamina terminalis to regions contributing to 

hormone release and water intake. Our results suggest that, despite these possible 

redundancies, the MnPO significantly contributes to the activation of SON, PVN, and LH 

in a stimulus dependent manner.   
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As shown in these studies, Gi DREADD inhibition of the MnPO was associated 

with significant decreases in Fos staining in the SON after either ANG II or 3% HTN. 

These results are consistent with observed reductions in AVP release associated with 

Gi DREADD inhibition of the MnPO during ANG II or 3% HTN exposure, with ANG II 

inducing a greater release of AVP than 3% HTN between groups. This may be due to 

how each stimulus induces its effects in the local circuitry. In ANG II-treated rats, Gi 

DREADD inhibition of the MnPO reduced Fos staining in the PVN and RVLM, while 

these regions were not influenced by MnPO inhibition in hypertonic saline treated rats. 

Fos staining in the LH that was associated with hypertonic saline was significantly 

decreased by Gi DREADD inhibition. Recent studies suggest that the PVN, PVT, and 

LH receive projections from the MnPO that are related to water intake (Leib et al. 2017). 

Results from the current study are generally consistent with these findings and suggest 

that these pathways might be differentially regulated by extracellular dehydration versus 

cellular dehydration (Fitzsimons 1972). Differences in MnPO neurons that contribute to 

extracellular versus cellular was first proposed based on the results of studies using 

excitotoxins (Cunningham et al. 1991). The current results provide evidence that MnPO 

neurons mediating water intake associated with extracellular dehydration project to the 

PVN while MnPO neurons participating in cellular thirst project to the LH. These data 

also suggest that there are MnPO neurons participating in both extracellular and cellular 

dehydration that project to the SON. 

Findings from the current study also demonstrate that Fos expression was 

significantly decreased in the RVLM during ANG II, but not hypertonic saline exposure 

during Gi DREADD-mediated inhibition. The RVLM contains sympathetic motor neurons 
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that contribute to blood pressure regulation. These results suggest that the MnPO may 

contribute to increases in sympathetic tone related to activation of the Renin-

Angiotensin System but not high salt. This is consistent with previous studies on the role 

of the lamina terminalis in ANG II-dependent models of hypertension (Collister et al. 

2014; Ployngam and Collister 2007; Shell, Faulk, and Cunningham 2016). The 

decreased Fos staining in the RVLM could be related to the decreased Fos expression 

observed in the PVN, which has also been linked to hypertension (Basting et al. 2018; 

Llewellyn et al. 2012). Lesions of the AV3V have been shown prevent or reverse 

several ANG II dependent models of hypertension (Brody et al. 1978). The results of the 

current study suggest that CaMKIIa neurons in the MnPO that project to the PVN could 

contribute to this aspect of AV3V function.  

Interestingly, ANG II was much more effective at inducing differential Fos 

expression, water intake, and AVP release compared to 3% HTN. Studies by 

Fitzsimons  showed that water consumption associated with hypovolemic dehydration 

can result in a greater volume of water intake as compared to cellular dehydration of 

similar magnitude (Fitzsimons 1998). While it is difficult to determine the equivalence of 

extracellular versus cellular dehydration, the differences in the magnitude of the 

response could be related to the position of the doses used in their respective dose-

response curves. 

It is important to note how increases in arterial pressure associated with ANG II 

may alter its dipsogenic effects. Early studies addressing ANG II in relation to arterial 

pressure and thirst have been conducted. Rettig and Johnson (1985) studied the role of 

ANG II, among other stimuli, on drinking in sinaortic denervated rat models to 
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hypovolemia, and found no effect on water intake (Rettig and Johnson 1986). In other 

studies conducted by Evered et al. (1988), the interaction between the dipsogenic and 

pressor effects of ANG II at various concentrations were tested using diazoxide, a 

vasodilator, to counteract the increases in blood pressure (Evered, Robinson, and Rose 

1988). It was concluded from these studies that intravenous infusions of ANG II in 

water-replete rats stimulate thirst in a dose-dependent manner, but water intake may be 

attenuated due to the concurrent increase in blood pressure. The rise in arterial 

pressure may also produce increases in urinary water and solute excretion, resulting in 

dehydration that could eventually contribute to thirst as well (Evered, Robinson, and 

Rose 1988). Most physiological situations characterized by activation of the renin-

angiotensin system include hypovolemia and hypotension. In this context, the increase 

in blood pressure produced by ANG II may allow the rats to be behaviorally competent 

enough to ingest water (Evered, Robinson, and Rose 1988).   

In summary, these studies used ANG II and hypertonic saline injections to 

simulate aspects of extracellular and cellular dehydration in order to better understand 

the contribution of the MnPO to the integrative physiology of body fluid homeostasis. 

Both of these stimuli act through circumventricular organs to affect the MnPO, 

Additionally, hypertonic saline can directly influence the activity of sodium sensitive 

MnPO neurons. The chemogenetic inhibition of putative excitatory MnPO neurons 

inhibited vasopressin release and drinking behavior produced by either ANG II or 

hypertonic saline. In contrast, the effects of inhibiting CaMKIIa MnPO neurons was 

associated with different patterns of Fos staining. Fos staining in the SON, PVN, and 

RVLM associated with ANG II injections was significantly decreased by chemogenetic 
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inhibition of the MnPO. After injections of hypertonic saline, MnPO inhibition affected the 

LH and SON. Thus, extracellular and cellular dehydration appear to influence different 

populations of CaMKIIa-expressing MnPO neurons based on their afferent projections 

but can result in converging behavioral outcomes.  
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Figure 1. CaMKIIa-positive MnPO neurons are glutamatergic. Representative image of 

the dorsal MnPO (dMnPO) with CaMKIIa-positive MnPO neurons (red) and 

colocalization with vGLUT2 (green), as indicated in the inset by white arrows. Scale bar 

for inset, 25 µm. Main figure scale bar, 100 µm. Anterior commissure, a.c. 
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Figure 2. CNO-mediated inhibition significantly attenuates basal firing rate in Gi 

DREADD-labeled neurons. A, Representative image showing loose-cell patch recording 

of a Gi DREADD-labeled (Gi DREADD) neuron (red). Scale bar, 20 µm. B, 

Representative raw trace recordings of a control (CTRL) neuron (top, n = 13 neurons, 6 

rats), Gi DREADD-unlabeled (Gi DREADDx) neuron (middle, n = 19 neurons, 6 rats), 

and Gi DREADD neuron (bottom, n = 17 neurons, 6 rats). Scale bar, 10 s. C, CNO-

mediated inhibition significantly attenuated basal firing rate of Gi DREADD neurons 

(peak response) compared to baseline and recovery, and compared to CTRL and Gi 

DREADDx. D, CNO-mediated inhibition significantly attenuated basal firing rate of Gi 

DREADD neurons (peak response), represented as a percent baseline, compared to Gi 

DREADDx and CTRL neurons.  *p < 0.050, compared to peak response between 

groups; #p < 0.050, compared to baseline within group. Data are presented as mean 

and SEM. 
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Figure 2.  
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Figure 3. CNO-mediated inhibition blocks ANG II-induced excitation. A, CNO bath 

application significantly inhibits basal firing rate of Gi DREADD neurons (n = 15 

neurons, 6 rats), but does not affect spontaneous activity in control (n = 7 neurons, 3 

rats) or Gi DREADD-unlabeled (Gi DREADDx) neurons (n = 15 neurons, 6 rats). **p < 

0.050 compared to each group. B, Gi DREADD neurons during CNO bath application 

reduced firing rate to 20% of percent aCSF baseline but did not affect baseline of Gi 

DREADDx neurons. C, Representative raw trace recordings of a Gi DREADD neuron 

during aCSF (control conditions) exposure (top), Gi DREADDx neuron (middle) and Gi 

DREADD neuron (bottom) with the two latters exposed to CNO during baseline. Scale 

bar, 10 s. D, Focal ANG II application significantly increased firing rate of Gi DREADDx 

neurons during CNO exposure and Gi DREADD neurons during aCSF exposure. ‡p < 

0.001. CNO-mediated inhibition blocked ANG II excitation of Gi DREADD neurons and 

displayed significantly reduced firing rate compared to Gi DREADDx neurons. *p < 

0.001. Data are presented as mean and SEM. 

  



94 
 

Figure 3. 
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Figure 4. CNO-mediated inhibition attenuates firing rate during hyperosmotic 

challenges. A, Representative raw trace recordings of a Gi DREADD neuron in the 

absence of CNO, using aCSF for control conditions (top), Gi DREADD-unlabeled (Gi 

DREADDx) neuron (middle) and Gi DREADD neuron (bottom), both latter neurons 

exposed to CNO. Scale bar, 10 s. Hypertonic aCSF, HTN-aCSF. B, CNO significantly 

inhibits basal firing rate compared to percent aCSF baseline of Gi DREADD neurons. C, 

Hyperosmotic challenges significantly increased firing frequency of Gi DREADD 

neurons during aCSF exposure and Gi DREADDx neurons during CNO exposure 

(unaffected). CNO significantly attenuated firing rate of Gi DREADD neurons compared 

to Gi DREADDx neurons. There was an observed increase in firing rate in the absence 

of CNO during HTN-aCSF bath application, which became significant during aCSF bath 

application. *p < 0.001 compared to Gi DREADDx neurons exposed to CNO and Gi 

DREADD neurons during aCSF exposure, #p < 0.050 compared to time points within 

group. Data are presented as mean and SEM. 
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Figure 4. 
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Figure 5. Acute MnPO inhibition attenuates evoked drinking responses. A, ANG II 

significantly increased water consumption compared to volume control tests (VEH + 

0.9% SAL) in both Gi DREADD and CTRL (VEH + ANG II) rats (n = 10 rats). CNO-

mediated inhibition significantly attenuated this increase in Gi DREADD (CNO + ANG II) 

rats (n = 10 rats). B, Hypertonic saline ( 3% HTN) significantly increased water 

consumption compared to VEH + 0.9% SAL tests in both Gi DREADD and CTRL (VEH 

+ 3% HTN) rats (n = 6 rats) and CNO-mediated inhibition significantly attenuated this 

increase in Gi DREADD rats (n = 6 rats). *p < 0.005 compared to VEH + 0.9% SAL in 

respective group (A or B), ‡p =  < 0.050 compared to VEH and ANG II (A) and 3% HTN 

(B) exposure in respective group, #p < 0.015 compared to CTRL + CNO + ANG II (A) 

and CTRL + CNO + 3% HTN (B). Data are presented as mean and SEM. 
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Figure 5. 
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Figure 6. CNO-induced inhibition of CaMKIIa MnPO neurons significantly attenuates 

evoked increases of plasma AVP. A, ANG II significantly increased plasma AVP 

concentration in CTRL rats (CTRL + CNO + ANG II), but this increase was significantly 

attenuated during CNO-mediated inhibition in Gi DREADD (Gi DREADD + CNO + ANG 

II) rats. B, Hypertonic saline (3% HTN) significantly increased plasma AVP 

concentration, but this increase was blocked during CNO-mediated inhibition in Gi 

DREADD (Gi DREADD + CNO + 3%HTN) rats. *p < 0.020 compared to respective 

controls (CTRL +CNO + 0.9% SAL), ‡p < 0.050 compared to VEH and 3% HTN 

exposure, #p < 0.001 compared to CTRL +CNO + ANG II. Data are presented as mean 

and SEM. 
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Figure 6. 
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Figure 7. ANG II significantly increases Fos expression in the MnPO in control virus-

injected rats, but is blocked during CNO-mediated inhibition in Gi DREADD-injected 

rats. A, Diagram showing representative mCherry labeling from AAV transfection in the 

MnPO. Scale bar, 250 µm. Third ventricle, 3V; anterior commissure, a.c.; dorsal MnPO, 

dMnPO; ventral MnPO, vMnPO. B, Representative Fos staining in the dMnPO of control 

virus-injected (CTRL) rats treated with CNO vehicle (VEH) and ANG II vehicle (0.9% 

SAL; n = 4, 2-4 sections per rat), upper left panel, CTRL rats treated with CNO and 

0.9% SAL (n = 4, 2-4 sections per rat), upper right panel, CTRL rats treated with CNO 

and ANG II (n = 10, 2-4 sections per rat), lower left panel, and Gi DREADD-injected rats 

treated with CNO and ANG II (n = 10, 2-4 sections per rat), lower right panel. Scale bar, 

100 µm. 
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Figure 7. 
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Figure 8. ANG II significantly increases Fos expression in regions downstream of the 

MnPO compared to controls and is blunted during CNO-induced inhibition in Gi 

DREADD-injected rats. A, Representative Fos staining in the SON (top row), PVN 

(middle row), and RVLM (bottom row) for each group tested. Scale bar, 100 µm. 

Supraoptic nucleus, SON; optic tract, ot: paraventricular nucleus, PVN; posterior 

magnocellular, pm; dorsal parvocellular, dp; medial parvocellular, mp; ventral lateral 

parvocellular, vlp; rostral ventral lateral medulla, RVLM. B, ANG II significantly 

increases Fos expression in the SFO, OVLT, PVN, and PVT but this increase was 

significantly attenuated during CNO-mediated inhibition in the MnPO, SON, LH, and 

RVLM. Subfornical organ, SFO; organum vasculosum of the lamina terminalis, OVLT; 

paraventricular thalamus, PVT; lateral hypothalamus, LH.C, ANG II significantly 

increases Fos staining in cardiovascular and neuroendocrine-regulating regions of the 

PVN, but is significantly attenuated by CNO-mediated inhibition in the pm and mp 

subregions.*p < 0.005 compared to VEH (CTRL + VEH + 0.9% SAL) and CNO (CTRL + 

CNO + 0.9% SAL)  controls, #p < 0.001 Gi DREADD-injected rats compared to control 

virus-injected rats treated with CNO and ANG II (Gi DREADD + CNO + ANG II and 

CTRL + CNO + ANG II, respectively). Data are presented as mean and SEM. 
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Figure 8. 
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Figure 9. Hypertonic saline significantly increases Fos expression in the MnPO and in 

regions downstream, but is attenuated during CNO-induced inhibition in Gi DREADD-

injected rats. A. Representative Fos staining in control virus-injected (CTRL) rats (n = 6, 

2-4 sections per rat), left, and Gi DREADD rats (n = 6, 2-4 sections per rat), right, 

treated with CNO and 3% hypertonic saline (3% HTN); dMnPO (top row), SON (second 

row), PVN (third row), RVLM (bottom row) . B, 3% HTN significantly increases Fos 

expression in the OVLT, MnPO, PVN and PVT but this increase was significantly 

attenuated during CNO-mediated inhibition in the SON and LH. Scale bar, 100 µm. 

Subfornical organ, SFO; organum vasculosum of the lamina terminalis, OVLT; 

paraventricular thalamus, PVT; lateral hypothalamus, LH.C, 3% HTN significantly 

increases Fos staining in cardiovascular and neuroendocrine-regulating regions of the 

PVN, the pm and mp subregions.*p < 0.005 compared to VEH (CTRL + VEH + 0.9% 

SAL) and CNO (CTRL + CNO + 0.9% SAL) controls, #p < 0.001 Gi DREADD rats 

compared to CTRL rats treated with CNO and 3% HTN (Gi DREADD + CNO + 3% HTN 

and CTRL + CNO + 3% HTN, respectively). Data are presented as mean and SEM. 
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Figure 9. 
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Table 1. ANG II exposure significantly increases Fos expression in the MnPO, 

specifically in CaMKIIa-positive neurons. CNO-mediated inhibition significantly 

attenuated ANG II-induced Fos expression in the MnPO in Gi DREADD-injected rats, 

with inhibition of the CaMKIIa neuronal phenotype. **p < 0.001 compared to all groups. 

Data are presented as mean + SEM. 

 

 

Table 2. Hypertonic saline exposure significantly increases Fos expression in the 

MnPO, not only in CaMKIIa-positive neurons, but also other neuronal phenotypes. 

CNO-mediated inhibition did not significantly attenuate total hypertonic saline-induced 

Fos expression in the MnPO in Gi DREADD-injected rats. *p < 0.050 compared to 

vehicle controls. **p < 0.001 compared to all groups. Data are presented as mean + 

SEM. 
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Abstract 

Obstructive Sleep Apnea (OSA) is characterized by interrupted breathing that leads to 

cardiovascular sequelae including chronic hypertension that persists into waking hours. 

Previous studies have shown that chronic intermittent hypoxia (CIH) associated with 

OSA is sufficient to cause a sustained increase in blood pressure that involves the 

central nervous system. The median preoptic nucleus (MnPO) is an integrative forebrain 

region that contributes to blood pressure regulation and projects to the paraventricular 

nucleus (PVN). The PVN contains pre-autonomic neurons that project to regions in the 

hindbrain regulating sympathetic outflow. We hypothesized that pathway-specific 

lesions of the projection from the MnPO to the PVN would attenuate the sustained 

component of CIH-induced hypertension. Adult male Sprague-Dawley rats (250-300g) 

were anesthetized with isoflurane and stereotaxically injected bilaterally in the PVN with 

a retrograde Cre-containing AAV (AAV9.CMV.HI.eGFP-Cre.WPRE.SV40) and injected 

in the MnPO with caspase-3 (AAV5-flex-taCasp3-TEVp) or control virus (AAV5-hSyn-

DIO-mCherry) before 7 days of CIH. During CIH, controls developed a diurnal 

hypertension that was blunted in rats with caspase lesions. Brain tissue processed for 

FosB immunohistochemistry showed decreased staining with caspase-induced lesions 

of MnPO and downstream autonomic-regulating nuclei. CIH significantly increased 

plasma advanced oxidative protein products levels in controls but this increase was 

blocked in caspase-lesioned rats. Caspase lesions of the MnPO significantly reduced 

changes in AT1aR expression associated with CIH compared to CIH controls. The 

results indicate that PVN-projecting MnPO neurons play a significant role in blood 

pressure regulation in the development of persistent CIH-induced hypertension. 
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Introduction 

Obstructive Sleep Apnea (OSA) is characterized by cessations in respiration that 

leads to reductions in airflow sufficient to cause significant arterial hypoxemia 1. 

Reoxygenation following the obstructed respiration causes mechanical stress on the 

vasculature and inappropriately elevated sympathetic nerve activity (SNA) that leads to 

hypertension and other cardiovascular morbidities 2. As OSA progresses, the 

hypertension observed during the intermittent hypoxic sleep cycle begins to manifest 

into the normoxic waking hours even during normal respiratory patterns. Subsequently, 

this can lead to the development of sustained systemic hypertension and cardiovascular 

disease 3, 4.  

In order to fully understand the pathogenesis of hypertension associated with 

OSA, it is important to use a model that affords the study of its development. Chronic 

intermittent hypoxia (CIH) is a rodent model designed to mimic the intermittent 

hypoxemia experienced in OSA 5. Exposure to CIH is sufficient to cause chronic 

hypertension and other cardiovascular comorbidities consistent with patients suffering 

from OSA 3, 4. Hypertension associated with CIH is linked to several CNS mechanisms 

such as changes in chemoreceptor reflex sensitivity 6, 7,baroreceptor reflex function 8, 9, 

altered cardio-respiratory coupling 10, and catecholamine neurons in the nucleus of the 

solitary tract in the hindbrain 11. However, additional mechanisms that include the 

forebrain may contribute to the sustained component of CIH hypertension, which occurs 

in normoxic components of the diurnal cycle.  

During the initiation of CIH hypertension, chemoreceptors become sensitized 

stimulating the hindbrain, which increases sympathetic outflow and plasma renin 
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angiotensin 4, 12-15. Our working hypothesis is that increased circulating angiotensin II 

(ANG II) activates the forebrain, thereby increasing sympathetic drive, creating a vicious 

cycle 4, 16. Peripheral ANG II could be sensed by forebrain circumventricular organs 

(CVOs)—the subfornical organ (SFO) and organum vasculosum of the lamina terminalis 

(OVLT)—and relayed to downstream sympatho-regulatory regions 4.  

The median preoptic nucleus (MnPO) is a region in the forebrain that lies in the 

anteroventral 3rd ventricle (AV3V) region and plays an important role in receiving and 

integrating afferent signals, as well as propagating information to the hypothalamus 17. 

Neurons in the MnPO are involved in thermoregulation, osmoregulation, sleep, body 

fluid balance and cardiovascular and autonomic function 17-20. The MnPO receives 

afferent signals from the CVOs that lie just dorsal and ventral to the MnPO on the 

AV3V, respectively, responding to fluctuations in plasma osmolality or other humoral 

factors, including ANG II through Angiotensin type 1a receptors (AT1aRs) 17, 19-22. The 

MnPO has projections to the paraventricular nucleus (PVN) of the hypothalamus 4, 16, 17, 

23. The PVN contains pre-autonomic neurons involved in blood pressure regulation, 

SNA, and the hypothalamic-pituitary-adrenal axis 4, 5. Through these efferent 

projections, the PVN can influence activity in sympatho-regulatory regions of the 

hindbrain, specifically the rostral ventrolateral medulla (RVLM) that regulates 

sympathetic outflow. Studies have shown that the MnPO influences sympathetic 

responses through a glutamatergic input to the PVN that connect to sympathetic 

vasoconstrictor pathways 17, 23 and that hypertension relies on elevated sympathetic 

tone and ongoing PVN neuronal activity 5, 16. Along with other adaptations, this feed 
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forward loop could maintain increased sympathetic outflow, resulting in sustained 

hypertension 3, 16, 24-26.  

Studies show that the MnPO can contribute to activation of sympathetic outflow 

21, 23, 27. Our work suggests that the MnPO is necessary for hypertension produced by 

CIH 28 and that the MnPO neurons that project to the PVN have an excitatory effect on 

PVN activity 5, 29. The role and phenotype of the neurons involved in the MnPO-PVN 

pathway during CIH-induced hypertension, however, have not yet been fully elucidated. 

We hypothesized that a pathway-specific lesion of the MnPO-PVN projections 

would attenuate the hypertension that persists into the normoxic period, or the 

sustained component, of CIH-induced hypertension. A caspase-3 lesion approach was 

used to selectively eliminate MnPO neurons projecting to PVN. Each rat was injected 

bilaterally in the PVN with a retrograde adeno-associated virus (rAAV) that contained 

Cre recombinase. This caused Cre expression in neurons projecting to PVN. The MnPO 

was injected with an adeno-associated virus (AAV) containing caspase-3 and TEV 

protease with a flex promotor, which would allow the constructs to be translated only in 

cells expressing Cre 30. This approach results in apoptosis in MnPO neurons projecting 

to the PVN. The study used a 7-day CIH protocol to study the early events involved in 

the initiation and maintenance of CIH hypertension, without potential confounding 

effects of end-organ damage.  

Methods 

Animals 

Adult male Sprague-Dawley rats (250-300 g bw, Charles River Laboratories) were 

individually housed in a temperature-controlled (25 °C) room on a 12:12 light/dark cycle 
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with light onset at 0700 h.  Food and water was available ad libitum except on the day of 

perfusions. Rats were weighed daily and their food and water intake monitored.  

Experiments were performed according to the National Institute of Health Guide for the 

Care and Use of Laboratory Animals and approved by the University of North Texas 

Health Science Center Institutional Animal Care and Use Committee. Detailed methods 

and associated references are available in the online-only Supplement. 

 All rats were anesthetized with isoflurane (2-3%) and injected bilaterally in the 

PVN (-1.8 mm anterior, +0.4 mm lateral, 7.6 mm ventral from bregma) 31 with retrograde 

AAV containing Cre (AAV9.CMV.HI.eGFP-Cre.WPRE.SV40; Penn State Vector Core). 

One set of rats was used for histology to phenotype PVN-projecting MnPO neurons. 

These brains were processed for vesicular glutamate transporter 2 (vGLUT2) in situ 

hybridization (ISH; n=5) and nitric oxide synthase 1 (NOS1) immunohistochemistry 

(IHC; n=4).  

Other rats received caspase-3 (AAV5-flex-taCasp3-TEVp) or control (AAV5-

hSyn-DIO-mCherry) virus (UNC VectorCore) injected into the MnPO (microinjector 

angled at 8º from medial to lateral, coordinates: 0.0 mm anterior, 0.9 mm lateral, 6.7 mm 

ventral from bregma) 28 in the same surgery. Rats injected with caspase-3 were also 

used for NOS1 IHC (n=4).  

The other rats from five total cohorts injected with caspase-3 or control virus 

received aortic radio telemetry implants (n=54) to measure mean arterial pressure 

(MAP), systolic and diastolic arterial pressure (SAP and DAP, respectively), heart rate 

(HR) and body temperature (BT). Hemodynamic measurements were recorded for a 5-

day baseline period before some of the rats were exposed to 7 days of CIH. On the 
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morning of day 8 following CIH, animals were anesthetized with inactin (100 mg/kg ip) 

and transcardially perfused. In three cohorts of rats (n=30), brains were harvested for 

FosB and AAV9-GFP IHC. In two additional cohorts of rats (n=24), brains were 

harvested for angiotensin type 1a receptor (AT1aR) ISH. Additionally, methyl green 

staining was used to verify injection sites. At least 3 mL of blood was collected to assay 

advanced oxidative protein products (AOPP), plasma osmolality and hematocrit. 

Inclusion criteria for rats in data analysis were dependent on valid injection sites, quality 

of blood collection (for blood plasma analysis) and accurately recorded hemodynamic 

measurements. 

Statistics 

Student’s t-tests were performed when comparing AAV9-GFP labeling in control versus 

caspase virus-injected rats, vGLUT2 and NOS1 analysis. One-way ANOVA was used 

for comparing plasma measurements (e.g. hematocrit, plasma osmolality, and AOPP 

levels), neuronal phenotyping dependent on CIH exposure and virus (e.g. FosB, AAV9-

GFP labeling, and AT1aR expression), body temperature, and body weight changes. 

Baseline data for telemetry recordings were analyzed for between group differences 

using two-way mixed effects ANOVA. The baseline measurements were averaged for 

each rat and within group differences for each condition were analyzed using separate 

repeated measures (RM) ANOVA followed by Holm-Sidak post hoc test to compare 

against baseline conditions. Effects of CIH on MAP, SAP, DAP, HR, and BT during the 

dark phase (1800-0600 h) and during the 8 h CIH exposure period (0800-1600 h) were 

analyzed separately by two-way repeated measures ANOVA. Post hoc analysis on 

between group differences was performed using the Student Newman-Keuls (SNK) test. 
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Statistical significance is defined at an α level of 0.05 and exact p-values are reported. 

Values are reported as mean + SEM. All statistics were performed using 

SigmaPlot.v.12.0 (Systat Software, San Jose, CA). 

Results 

MnPO neurons projecting to the PVN are excitatory 

In situ hybridization experiments for vGLUT2 were performed to determine if the 

AAV-retrograde virus injected into the PVN was labeling putative excitatory MnPO 

neurons (Figure 1B). The results indicate that 89.3 + 1.4% of MnPO neurons (n=5, 2-3 

MnPO sections per rat) that project to the PVN (green) are glutamatergic (red). 

 Immunohistochemistry was performed on a separate set of sections containing 

the MnPO (n=4, 2-3 MnPO sections per rat) for NOS1 to further identify the phenotype 

of MnPO neurons that project to the PVN (Figure 1C). The results indicate that 42.3 + 

3.0% of MnPO neurons that project to the PVN (green) are also NOS1 positive (red). In 

rats with caspase-3 lesions (n=4, 2-3 MnPO sections per rat), the number of NOS1 

positive cells significantly decreased by 30% to 30.1 + 2.5% (t(6) = -3.112, p = 0.021, 

Student’s t-test). Experiments with glia fibrillary acidic protein staining suggest that the 

AAV mediated caspase-3 apoptosis does not affect astrocytes (Figure S1).  

Injection Verification  

Immunohistochemistry was performed after the 7-day CIH protocol for AAV-

retrograde to verify the injection sites and caspase lesions (n=6 for each group). The 

PVN was analyzed to verify bilateral rAAV injections and the MnPO was assessed to 

verify the caspase lesions (Figure 2B). Additionally, methyl green staining was used to 

identify injector tracks in the MnPO and PVN to further verify successful microinjections 
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(Figure 2A). Overall, the numbers of GFP-positive neurons in the MnPO of caspase-

injected rats was significantly reduced compared to rats injected with control virus 

(caspase 106.3 + 8.0; control 269.6 + 8.3; Figure 2C, t(10) = 33.303, p < 0.001, 

Student’s t-test).  

 Any rats with unsuccessful rAAV bilateral PVN or MnPO injection were 

eliminated from analysis (n=11). Rats exposed to CIH with successful rAAV bilateral 

PVN but unsuccessful MnPO injection of caspase, referred to as the ‘miss’ group, were 

used as an additional control only in hemodynamic and AOPP analyses (n=6). Rats with 

successful rAAV injections, but instrumented with faulty telemetry or inaccurately 

recorded hemodynamics were only included in neuroanatomy studies (n=6).  

Caspase-induced inhibition of PVN-projecting MnPO neurons blocks CIH 

increases in MAP 

To determine if CIH-induced hypertension could be blunted by selectively 

eliminating MnPO neurons that project to the PVN, hemodynamic measurements were 

assessed after a 5-day baseline period and 7 days of CIH for each rat in each group 

(n=6-9). During the baseline period, there were no significant differences among 

treatment groups for baseline MAP, SAP, DAP, HR, or BT (Table S1). This suggests 

MnPO neurons that project to the PVN do not significantly contribute to basal MAP, 

SAP, DAP or HR.  

During CIH exposure from 0800 to 1600 h, the average daily changes in MAP 

varied significantly among the treatment groups (Figure 3A, F(4, 32) = 5.293, p = 0.002, 

two-way RM ANOVA). During the normoxic dark phase (1800 to 0600 h), significant 

differences were also detected between treatment groups (F(4, 32) = 7.313, p < 0.001, 
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two-way RM ANOVA). There was also a statistically significant interaction between day 

of exposure and treatment during the normoxic dark phase (F(28, 295) = 1.713, p = 

0.018, two-way RM ANOVA). 

During the CIH period, rats exposed to CIH and injected with the control virus 

(CTRL CIH) had significantly increased MAP compared to normoxic controls (vs CTRL 

NORM: p = 0.013, vs CASP NORM: p = 0.009; SNK; Figure 4A). This is also true for the 

‘miss’ group exposed to CIH (CASP CIH MISS) compared to normoxic controls (vs 

CTRL NORM: p = 0.020, vs CASP NORM: p = 0.026; SNK), but not the CIH exposed 

rats injected successfully in the MnPO with caspase (CASP CIH). Similarly, MAP during 

the normoxic dark period continues to be significantly elevated in the CTRL CIH group 

(vs CTRL NORM: p = 0.001, vs CASP NORM: p = 0.005; SNK) and CASP CIH MISS 

(vs CTRL NORM: p = 0.013, vs CASP NORM: p = 0.018; SNK) compared to normoxic 

controls. With successful caspase injections, however, CIH-exposed rats did not display 

this same increase in MAP (CASP CIH vs CTRL CIH: p = 0.002, vs CASP CIH MISS: p 

= 0.023; SNK), and maintained MAP comparable to normoxic controls (CASP CIH vs 

CTRL NORM: p = 0.915, vs CASP NORM: p = 0.915; SNK). These results indicate that 

diurnal increases in MAP produced by CIH in the control virus-injected group and the 

caspase ‘miss’ group, was significantly blocked by successful caspase lesions in the 

MnPO neurons that project to the PVN.  

Related to this, systolic and diastolic arterial pressure (SAP and DAP, 

respectively) were also analyzed for the CIH period and normoxic dark period for each 

group. Exposure to CIH and treatment significantly affected SAP (Figure 3B and 4B) 

and DAP (Figure 3C and 4C). Significant differences were found between groups for 
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changes in SAP during the CIH period (F(4, 32) = 4.500, p = 0.005, two-way RM 

ANOVA) and dark period (F(4, 32) = 5.834, p = 0.001, two-way RM ANOVA). Results 

were consistent to those related to changes in MAP during the CIH period (CTRL CIH 

vs CTRL NORM: p = 0.032, vs CASP NORM: p = 0.011; CASP CIH MISS vs CASP 

NORM: p = 0.026; SNK) and dark period (CTRL CIH vs CTRL NORM: p = 0.005, vs 

CASP NORM: p = 0.010, vs CASP CIH: p = 0.006; SNK).  

Significant differences were found between groups for changes in DAP during 

the CIH period (F(4, 32) = 3.737, p = 0.013, two-way RM ANOVA) and dark period (F(4, 

32) = 4.513, p = 0.005, two-way RM ANOVA). This was due to significant differences in 

DAP changes during the dark period between CTRL CIH vs CTRL NORM: p = 0.017, vs 

CASP NORM: p = 0.044, and vs CASP CIH: p = 0.024; SNK. When analyzing overall 

average change in DAP, there was a significant effect of treatment between groups 

during the CIH period (F(4, 32) = 42.035, p < 0.001, one-way ANOVA) and normoxic 

dark period (F(4, 32) = 48.214, p < 0.001, one-way ANOVA). These results were 

consistent with results from SAP. This was due to significant increases in DAP during 

CIH exposure (CTRL CIH, CASP CIH, CASP CIH MISS: p < 0.010 for each group 

compared to normoxic controls, SNK). Although DAP was significantly augmented 

compared to controls, this increase was significantly decreased in CASP CIH vs CTRL 

CIH and vs CASP CIH MISS (p < 0.001, SNK). Increases in SAP were maintained into 

the dark period only by the CTRL CIH and CASP CIH MISS groups compared to 

normoxic controls and CASP CIH (p < 0.001 for each group, SNK). Increases in DAP 

were maintained into the dark period only by the CTRL CIH and CASP CIH MISS 

groups compared to normoxic controls and CASP CIH (p < 0.001 for each group, SNK). 
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No significant differences were found among any of the groups for daily changes 

in HR or BT (Figure S2A & S2B), however, there were significant overall average 

changes (Figure S3A & S3B). 

CIH exposure significantly increases oxidative stress but is blocked by caspase 

lesions 

 As previously reported 32, 7 days of CIH exposure significantly increased 

circulating AOPP (uM) levels (Figure 4D, F(4, 35) = 8.337, p < 0.001, one-way ANOVA). 

However, this was only the case for CIH-exposed rats injected with the control virus 

(CTRL CIH vs CTRL NORM: p = 0.005, vs CASP NORM: p = 0.005; SNK) and those 

that did not have successful caspase transfection (CASP CIH MISS vs CTRL NORM: p 

= 0.002, vs CASP NORM: p = 0.001; SNK). The increase in AOPP due to CIH 

exposure, was blocked in the CIH-exposed caspase lesion group (CASP CIH vs CTRL 

CIH: p = 0.003, vs CASP CIH MISS: p < 0.001; SNK) to levels comparable to normoxic 

controls (CASP CIH vs CTRL NORM: p = 0.681, vs CASP NORM: p = 0.655; SNK).  

 CIH exposure significantly increased hematocrit, however, rats with successful 

caspase lesions had hematocrit levels comparable to normoxic control rats (CTRL 

NORM: 43.1 + 0.4%, CASP NORM: 42.8 + 0.5%, CTRL CIH: 45.4 + 0.3%, CASP CIH: 

43.2 + 0.4%, CASP CIH MISS: 45.7 + 0.9%). There were no significant differences in 

osmolality (CTRL NORM: 289.3 + 1.6 mOsmol/l, CASP NORM: 289.5 + 1.9 mOsmol/l, 

CTRL CIH: 292.9 + 1.1 mOsmol/l, CASP CIH: 289.7 + 1.4 mOsmol/l, CASP CIH MISS: 

293.5 + 2.5 mOsmol/l). 

Caspase lesions influence FosB staining 
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 Caspase lesions of MnPO influenced FosB staining associated with CIH in a 

region specific manner (Figure 5B). In the SFO, FosB staining associated by CIH was 

not influenced by caspase lesion of MnPO-PVN neurons, however, FosB staining in the 

SFO was influenced by the 7-day exposure (F(3, 20) = 9.821, p < 0.001, one-way 

ANOVA). There was a trend for an effect of CIH on FosB staining in the OVLT (F(3, 20) 

= 3.301, p = 0.041, one-way ANOVA), however, SNK did not detect significance 

between groups.  

In MnPO, CIH significantly increased FosB staining in rats injected with the 

control vector and this increase was blocked by the caspase lesions (Figure 5A, F(3, 

20) = 5.606, p = 0.006, one-way ANOVA). FosB staining in the MnPO of the CTRL CIH 

group was significantly increased as compared to the other groups (Figure 6B; vs. 

CTRL NORM, p = 0.007; vs. CASP NORM, p = 0.008, SNK and vs. CASP CIH, p = 

0.018, all SNK). There were no significant differences between the CASP CIH group 

compared to either normoxic control group (vs. CTRL NORM, p = 0.829; vs. CASP 

NORM, p = 0.728) groups. There was no effect of CIH or virus on FosB expression in 

the SON (Figure 5B, F(3, 20) = 1.497, p = 0.246, one-way ANOVA).  

Caspase lesions attenuated FosB expression in the PVN associated with CIH. In 

PVN, FosB staining was significantly affected by CIH and caspase lesions (F(3, 20) = 

7.579, p = 0.001, one-way ANOVA). The CTRL CIH group had significantly elevated 

FosB expression in the PVN compared to the CTRL NORM (p = 0.010, SNK), CASP 

NORM (p = 0.001, SNK), and CASP CIH (p = 0.015, SNK) groups. Subregions of the 

PVN were also analyzed (Figure 5C). There was a significant effect of CIH and virus on 

FosB expression in the medial parvocellular (MP) PVN neurons (F(3, 20) = 13.229, p < 
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0.001, one-way ANOVA). The CTRL CIH group had significantly elevated FosB 

expression in only the MP of the PVN compared to the CTRL NORM (p < 0.001, SNK), 

CASP NORM (p < 0.001, SNK), and CASP CIH (p = 0.002, SNK) groups.  

The RVLM was also analyzed for FosB expression as it is a major regulatory 

region for autonomic function. CIH and caspase lesions also had a significant effect on 

FosB expression in the RVLM (Figure 5B, F(3, 20) = 9.691, p < 0.001, one-way 

ANOVA). FosB expression was significantly elevated in the CTRL CIH group in the 

RVLM compared to the CTRL NORM (p = 0.001, SNK) and CASP NORM (p < 0.001, 

SNK) groups. This increase was again blocked by caspase lesions of MnPO in the 

CASP CIH (p = 0.005, SNK) group. Rats that did not have successful injections into the 

MnPO or PVN were excluded from anatomy studies.  

Caspase-induced inhibition knocks down AT1aR expression in CIH-exposed rats 

Expression of AT1aR in the MnPO after CIH was studied in two cohorts of rats 

that were separate from those used for FosB immunohistochemistry (n=3-5, 2-4 MnPO 

sections per rat). As previously reported, CIH increased mRNA for the AT1aR in the 

MnPO. Control virus-injected rats exposed to CIH had a significantly increased AT1aR 

expression in the MnPO compared to normoxic controls (CTRL NORM: p < 0.001; 

CASP NORM: p < 0.001) and compared to the caspase-injected group exposed to CIH 

(p < 0.001, SNK). This increase in AT1aR message in the MnPO associated with CIH 

was significantly blocked by caspase-lesions of MnPO-PVN neurons (Figure 5E and 5F, 

F(3, 10) = 31.336, p < 0.001, one-way ANOVA).  

 

Discussion 
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These studies tested the role of MnPO neurons that project to the PVN in the regulation 

of the sustained component of CIH-induced hypertension. The MnPO to PVN projection 

was studied in this context based on previous studies conducted by our lab and others. 

The MnPO neurons that project to the PVN have an excitatory effect on PVN activity 

and elevated MAP relies on elevated sympathetic tone, as well as ongoing PVN 

neuronal activity 5, 16. However, studies had not yet been conducted to demonstrate the 

role of the MnPO to PVN projection in the development of hypertension associated with 

CIH. Therefore, we used caspase-3 to selectively lesion the MnPO neurons that project 

to the PVN and were able to effectively block the sustained component of CIH 

hypertension. Associated with this, rats injected with the caspase-3 virus in the MnPO 

and exposed to CIH also had circulating oxidative by-products no different from the 

normoxic controls levels. Furthermore, we were able to identify the phenotypes of these 

neurons implicated in driving excitatory signaling from the forebrain to the hindbrain. 

 After 7 days of CIH, transcription factor FosB is significantly increased in the 

MnPO 25. FosB is part of the activator protein-1 (AP-1) complex that regulates gene 

expression 33. Blocking the transcriptional effects of FosB with a dominant negative 

inhibitory construct injected in the MnPO attenuated the sustained component of CIH 

hypertension 28.  Our lab has also shown that CIH significantly increases AT1aR mRNA 

expression in the MnPO and by using shRNA knockdown of AT1aR, we were able to 

effectively attenuate the sustained component of hypertension as well. However, it has 

not yet fully elucidated which MnPO neuronal phenotypes contribute to CIH 

hypertension. These results indicate that PVN projecting MnPO neurons are necessary 

for CIH hypertension. 
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Caspase-3 was the preferred viral construct over the diphtheria toxin A or tBid 

because of its higher efficacy in committing a cell to apoptosis and killing adult neurons 

in vivo, while minimizing toxicity to adjacent non-Cre-expressing cells 30.  There were no 

changes in GFAP expression (Online Supplement Data), indicating the AAV5-caspase-

3 flex viral construct induced apoptosis specific to neurons. 

In the current study, the phenotype of PVN-projecting MnPO neurons was 

characterized. Of roughly 270 AAV9-GFP positive MnPO neurons, about 90% of these 

neurons were glutamatergic indicating they are involved in excitatory signaling. 

Additionally, about 44% of PVN-projecting MnPO neurons were positive for NOS1. This 

is important as previous studies have indicated a potential role for NOS1 during CIH 

exposure 28. When caspase-3 was used to trigger cell-autonomous apoptosis of MnPO 

neurons projecting to the PVN, AAV9-GFP positive MnPO neurons was significantly 

reduced by approximately 60% and NOS1-expressing neurons by 25%. These initial 

findings are significant when considering the results for the FosB and AT1aR studies. 

 The 7-day CIH protocol used in previous studies 25, 28, 34, significantly increased 

FosB-positive nuclei in the SFO, MnPO, PVN and RVLM. However, rats in the CASP 

CIH group had attenuated FosB expression comparable to that in normoxic control 

groups in the MnPO. Similar effects were seen in PVN and RVLM. Caspase lesion also 

influences AT1aR expression in the MnPO. Both CASP groups had about 60% less 

AAV9-GFP expression in the MnPO while the numbers of single-labeled AT1aR neurons 

was comparable to CTRL NORM. However, when comparing AT1aR expression co-

localization with AAV9-GFP, the percentage in CTRL NORM group was significantly 

greater than the CASP groups, indicating that caspase-3 apoptosis targets cells 
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expressing AT1aR. Additionally, after 7 days of CIH exposure, the CTRL CIH group had 

significantly increased AT1aR expression in AAV9-GFP neurons. These results suggest 

that after 7 days of CIH exposure, AT1aR expression significantly increases in MnPO 

neurons, specifically that project to the PVN.  

 Over the 7-day CIH protocol, CIH exposure significantly increased MAP in the 

CTRL CIH and CASP CIH MISS groups compared to nomoxic controls. Interestingly, 

this significant increase was not observed for the CASP CIH group on a day-to-day 

basis, indicating that PVN-projecting MnPO neurons contribute to CIH hypertension 

during both the intermittent hypoxia and the sustained, normoxic phase. SAP and DAP 

were also analyzed to better assess cardiovascular health associated with changes in 

CIH 35. This pattern was observed for SAP and DAP as well. 

 Similarly, when analyzing AOPP, the CTRL CIH and CASP CIH MISS groups 

had significantly increased plasma concentrations compared to normoxic controls. The 

CIH-induced AOPP increase was blocked in the CASP CIH group and comparable to 

concentrations observed in normoxic controls. These results suggest that oxidative 

stress associated with CIH hypertension also was mitigated by lesioning PVN-projecting 

MNPO neurons.  

Related to this, caspase-3 mediated apoptosis of PVN-projecting MnPO neurons 

decreased putative excitatory neurons that also expressed NOS1 and AT1aR. Because 

of the decrease in signaling from the MnPO to pre-autonomic centers in the PVN, there 

may have been a reduced stimulus to areas in the hindbrain, i.e. RVLM—as observed 

with FosB expression—resulting in reduced sympathetic outflow. Thus, the observed 

decrease in the sustained component of CIH-induced hypertension and the blocked 
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CIH-induced increase in AOPP concentration. This indicates that CIH hypertension and 

its associated increase in oxidative stress are dependent of the integrity of PVN-

projecting MnPO neurons. Therefore, it can speculated that the presence of functional 

AT1aRs in MnPO may be a key component in the brain RAS activation and that 

excitatory signaling to the PVN are necessary for CIH hypertension and increased 

oxidative stress.  

Interestingly, we observed CIH may have an effect on thermoregulation 

(Supplement Data). The glutamatergic neurons in the MnPO have been shown to be 

involved in thermoregulation 36, 37. Body heat of groups exposed to CIH had a 

decreasing trend during the CIH period. And, although not a large increase, CIH 

exposure caused body heat to be significantly elevated from baseline compared to both 

of the NORM groups during the normoxic period. Future studies should be focused on 

understanding how CIH could potentially effect body temperature in the context of 

MnPO neuron regulation. 

 This study highlights the critical role of the MnPO neurons that project to the PVN 

in the sustained component of CIH-induced hypertension. Many studies have indicated 

the importance and necessity of the MnPO in the development of hypertension 21, 25, 27, 

28, 34 as well as how the PVN contributes to increased sympathetic outflow 5, 16. These 

studies effectively show how the MnPO to PVN projection and specific neuronal 

phenotypes may contribute to the sustained, diurnal increases in blood pressure due to 

CIH.  

Perspectives 
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OSA is a disease that can go unnoticed in patients for extensive lengths of time, until 

secondary symptoms become more prominent. Despite efforts in studying OSA, the 

pathogenesis of this disease is still not fully understood. Early in OSA pathophysiology, 

hypertension and oxidative stress can be identified 3. The 7-day CIH model used in 

these studies allows us to examine early adaptations and events that could contribute to 

the development of neurogenic hypertension. Previous studies have identified several 

mechanisms that could contribute to CIH hypertension, such as long-term facilitation, 

chemoreflex sensitivity, baroreflex desensitization, and the peripheral RAS 4, 6, 12, 16, 24, 

38. Other recent studies suggest that the brain RAS that may also contribute to 

increased sympathetic outflow 4, 34, 39. The current study not only supports a role for the 

brain RAS in this form of hypertension but also uses a novel approach that identifies a 

projection-specific mechanism in the forebrain that connects the brain RAS to 

downstream autonomic regulatory pathways.  
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Novelty and Significance 

What is new?  

• MnPO neurons that project to the PVN are largely excitatory. Selective lesions of 

these phenotypes (vGLUT2, NOS1, and/or AT1aR-positive) interrupts the drive 

for sustained hypertension. 

• Caspase-3 lesions in MnPO neurons that project to the PVN blocks the sustained 

component of CIH hypertension, causing a reduction in circulating oxidative 

protein products. 

What is relevant?  

• The hypothalamus has been extensively studied as a major area of autonomic 

regulation. Investigators have hypothesized how the sustained component of 

hypertension in CIH associated with OSA, with ANG II being the peptide 

hormone that potentiates increased sympathetic activity. However, it had not 

been fully elucidated how the hypothalamus bridges ANG II activation in the 

forebrain to mechanisms that drive blood pressure through the hindbrain. In 

these experiments, we show that this is a mechanism dependent on MnPO 

neurons that project to the PVN.   

Summary 

Caspase-3 lesions of MnPO neurons projecting to the PVN blocks the sustained 

component of CIH hypertension, returning blood pressure to normoxic control levels and 

effectively reducing oxidative by-product. These studies provide evidence that the 

MnPO to PVN projection provides the bridge in how the forebrain may be exacerbating 
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the pathophysiology in CIH and potentiates sustained hypertension associated with 

OSA. 
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Figure 1. MnPO neurons that project to the PVN are mainly glutamatergic and NOS1-

positive. A, Representative illustration of a coronal section from a rat outlining the 

median preoptic nucleus (MnPO, adapted Paxinos, et al. 40). B, From left to right, 

representative single channel AAV9-GFP labeling, vGLUT 2 labeling, and merged 

image of vGLUT2 in situ hybridization (red) and AAV9-GFP retrograde labeling (green) 

in the MnPO. C, From left to right, representative single-channel AAV9-GFP labeling, 

NOS1 labeling and merged image of NOS1 staining (red) and AAV9-GFP retrograde 

labeling (green) in the MnPO. White arrows indicate double-labeled neurons. Anterior 

commissure, ac. Scale bar, 100 µM.  
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Figure 1.  
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Figure 2. Caspase lesions significantly decreases retrograde labeling in the MnPO. A, 

Representative images of methyl green staining in the median preoptic nucleus (MnPO, 

left) and paraventricular nucleus (PVN, right); injection sites indicated by the black 

arrow. B, Representative images of rAAV retrograde labeling in the MnPO (left) and 

PVN (right) of animals injected with the control (CTRL, top row) or caspase-3 (CASP, 

bottom row) virus. C, Rats injected with the CASP virus had significantly less rAAV 

retrograde labeling in the MnPO than CTRLs (*p < 0.050 compared to CTRL). Scale 

bar, 100 µM. Data are expressed as mean + SEM.  
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Figure 2. 
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Figure 3. CIH-induced diurnal hypertension was significantly attenuated with caspase 

lesions of PVN-projecting MnPO neurons. Left column, chronic intermittent hypoxia 

(CIH) period; right column, dark period (1800-0600). Average daily change in mean 

arterial pressure (A, MAP), systolic arterial pressure (B, SAP), and diastolic arterial 

pressure (C, DAP) from baseline period. Control-injected rats exposed to normoxia 

(CTRL NORM) or hypoxia (CTRL CIH); caspase-injected rats exposed to normoxia 

(CASP NORM), hypoxia (CASP CIH), or misses (CASP CIH MISS); *p < 0.050, CASP 

CIH MISS compared to CTRL NORM and CASP NORM; **p < 0.050, CTRL CIH 

compared to CASP NORM; ***p < 0.050, CTRL CIH or CASP CIH MISS compared to 

CTRL NORM, CASP NORM, and CASP CIH. Data are expressed as mean + SEM. 
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Figure 3.  
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Figure 4.  Overall increases in arterial pressure and plasma oxidative protein 

concentration induced by CIH was blocked with caspase lesions of PVN-projecting 

MnPO neurons. Overall change in mean arterial pressure (A, MAP), systolic arterial 

pressure (B, SAP) and diastolic arterial pressure (C, DAP). D, CIH increases in plasma 

advanced oxidative protein product (AOPP) concentration is blocked by caspase lesions 

of PVN-projecting MnPO neurons. Control-injected rats exposed to normoxia (CTRL 

NORM) or hypoxia (CTRL CIH); caspase-injected rats exposed to normoxia (CASP 

NORM), hypoxia (CASP CIH), or misses (CASP CIH MISS); **p < 0.050, compared to 

CTRL NORM and CASP NORM; ***p < 0.050, compared to CTRL NORM, CASP 

NORM and CASP CIH during the CIH period; #p < 0.050, compared to CTRL NORM, 

CASP NORM and CASP CIH during the dark period. *p < 0.050, AOPP compared to 

CTRL NORM, CASP NORM and CASP CIH. Data are expressed as mean + SEM. 
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Figure 4.  
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Figure 5. Caspase lesions of PVN-projecting MnPO neurons blocks CIH-induced 

increases in FosB and AT1aR expression. A, Representative images of FosB staining in 

the dorsal median preoptic nucleus (dMnPO) of control-injected rats exposed to 

normoxia (CTRL NORM) or hypoxia (CTRL CIH) and caspase-injected rats exposed to 

normoxia (CASP NORM) or hypoxia (CASP CIH); scale bar, 100 µM. B, Average FosB 

positive nuclei in regions upstream (OVLT, SFO) and downstream (SON, PVN, RVLM) 

of the MnPO; organum vasculosum of the lamina terminalis, OVLT; subfornical organ, 

SFO; supraoptic nucleus, SON; rostral ventral lateral medulla, RVLM. C, Average FosB 

positive nuclei in PVN subregions; posterior magnocellular, PM; dorsal parvocellular, 

DP; medial parvocellular, MP; ventral lateral parvocellular, vlp. D, Representative 

images AT1aR (white) expression and rAAV retrograde labeling (green) in the MnPO; 

single-labeled AT1aR neurons, purple arrows; single-labeled GFP neurons, yellow 

arrows; double-labeled AT1aR and GFP neurons, white arrows; scale bar, 25 µM. E, 

Proportion of average single- or double-labeled AT1aR or GFP MnPO neurons. F, 

Percent double-labeled AT1aR and GFP MnPO neurons; ***p < 0.050, compared to 

CTRL NORM, CASP NORM and CASP CIH. **p < 0.050, compared to CTRL NORM 

and CASP NORM; ***p < 0.050, compared to CTRL NORM, CASP NORM and CASP 

CIH. Data are expressed as mean + SEM. 
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Figure 5. 
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Supplemental Methods 

Microinjection Surgeries 

Rats were anesthetized with 2% isoflurane and received stereotaxic microinjections of 

the retrograde AAV containing Cre (AAV9.CMV.HI.eGFP-Cre.WPRE.SV40; Penn State 

Vector Core) bilaterally into the PVN (-1.8 mm anterior, + 0.4 mm lateral, 7.6 mm ventral 

from bregma) 1. In the same surgery, caspase-3 (AAV5-flex-taCasp3-TEVp) or control 

(AAV5-hSyn-DIO-mCherry) virus (UNC VectorCore) was injected into the MnPO 

(microinjector angled at 8º from medial to lateral to avoid the septum, at coordinates 0.9 

mm lateral, 6.7 mm ventral from bregma) 1. A burr hole was then drilled at the measured 

site and a 30-gauge stainless steel injection needle was lowered to the MnPO, where 

200-300 nL of AAV was delivered at a rate of 200 nL/min. The injector was connected to 

a Hamilton 5 µL syringe (#84851, Hamilton, Reno, NV) by calibrated polyethylene 

tubing that was used to determine the injection volume. The injector remained in place 

for 5 minutes to allow for absorption and then slowly withdrawn. Gel foam was packed 

in to the hole in the skull. Absorbable antibiotic suture was used to close the incision 

and minimize post-surgical infection. Each rat was given carprofen (Rimadyl, Bio-Serv, 

1 mg) orally to minimize pain following surgery. Rats were allowed to recover for one 

week before radio telemetry surgery and for three weeks before beginning the CIH 

protocol.  

Radio Telemetry Implantation 

Rats were anesthetized as before with 2% isoflurane one week after microinjection 

surgeries. Rats were implanted with an abdominal aortic catheter attached to a HD-S10 

radio telemetry transmitter (Data Sciences International, St. Paul, MN) to continuously 

record hemodynamic measurements (Dataquest IV, Data Sciences International, St. 
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Paul, MN). The transmitter was secured to the abdominal wall using prolene suture and 

remained in the abdominal cavity through the duration of the experiment. Two weeks 

were allowed for recovery from surgery. Blood pressure measurements obtained during 

a 10 s sampling period (500 Hz) were averaged and recorded every 5 min.  

CIH Protocol 

After 2 weeks of postsurgical recovery from microinjections and 1 week recovery from 

telemetry implantation, rats individually housed in their home cages were relocated to 

custom-built Plexiglass chambers for 2 days of acclimation and 5 days of baseline 

recording at normoxia (21% O2). After this 7 day period, rats were exposed to CIH for 7 

days from 0800 to 1600 h. The O2 concentration in the chambers was regulated using 

custom-built user-controlled timers that separately switched the flow of room air and 

nitrogen into each chamber. The O2 concentration was continuously monitored using O2 

sensors (KE-25, Kent Scientific Corporation, Torrington, CT) and recorded using Spike2 

software (v. 5.07, Cambridge Electronic Design Limited, Cambridge, UK). Flow rates of 

room air and nitrogen to each chamber were controlled separately using individual flow 

meters, as previously described 2. The CIH protocol consisted of 6 min cycles, with 3 

minutes of hypoxia (10% O2) using nitrogen infusion and 3 minutes of normoxia (21% 

O2) using re-infusion of room air, as previously described 2-4. These cycles repeated for 

8 h per day for 7 days, resulting in 80 cycles of hypoxic exposure per day. During the 

remaining 16 h of the day, the chambers were open to normoxic room air (21% O2). 

Controls were placed in identical chambers within the same room, but only exposed to 

normoxic room air (21% O2). Following the 7-day CIH protocol, on the morning of the 8th 

day, all animals were euthanized. 
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Perfusions—Tissue and Body Fluid Collection 

On the morning of day 8, after the 7-day CIH protocol terminated, animals were 

anesthetized using 100 mg/kg inactin ip (Sigma-Aldrich). Blood was collected from the 

left ventricle and transferred into an EDTA vacutainer containing heparin immediately 

preceding the perfusion, in order to measure plasma advanced oxidative protein 

products (AOPP). Blood was also transferred into a separate tube in order to measure 

hematocrit and plasma osmolality using a vapor pressure osmometer (Wescor, Logan, 

UT) as previously described 5. Rats were transcardially flushed first with PBS 

(approximately 100 mL) and then perfused using 4% paraformaldehyde (PFA, 300 mL). 

Each brain was kept in 4% PFA overnight before being placed in 30% sucrose in PBS. 

Tissue Processing 

Methyl Green Staining: Methyl green staining was performed to detect microinjector 

tracks as an additional way to verify successful viral injections in the MnPO and PVN. 

The staining protocol was performed according to directions provided by the 

manufacturer (H-3402, Methyl Green Counterstain, Vector Laboratories, Inc.). Rats that 

did not have successful injections into the MnPO or PVN were excluded from anatomy 

studies. Those that received the caspase virus and exposed to CIH but had 

unsuccessful microinjections were used, however, in hemodynamic and blood 

component analyses (CASP CIH MISS) to serve as an additional control. 

Immunohistochemistry (IHC): Forty µm coronal sections of each previously perfused 

brain were cut using a cryostat.  Three sets of serial sections were collected in 

cryoprotectant and stored at -20oC until they were processed for immunohistochemistry.  
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FosB: Separate sets of serial sections from brains injected with caspase-3 or control 

virus were stained for FosB (1:1000, goat polyclonal anti-Fos antibody, Santa Cruz 

Biotechnology). After 48 h, sections were washed using phosphate buffer solution 

(PBS) and transferred to a secondary antibody (BA-9500, biotinylated anti-goat, Vector 

Laboratories) for DAB reaction and labeling. After the DAB reaction, the sections were 

washed and placed in the primary antibody (DSHB-GFP3-1F5, GFP anti-mouse primary 

antibody, Developmental Studies Hybridoma Bank, University of Iowa) and incubated 

for an additional 48 h followed by incubation with a CY2 conjugated anti-mouse 

antibody (715-225-151, Jackson ImmunoResearch) for 4-5 h. The sections were then 

mounted on gelatin-coated slides, dried, and coverslipped with Permount for imaging.  

 

NOS1 and GFAP: Other sections were stained separately for nitric oxide synthase 1, 

NOS1, (1:1000, sc5302, Santa Cruz Biotechnology) to determine MnPO-PVN projecting 

neuron phenotype or glial fibrillary acidic protein, GFAP, (1:500, G3893, Sigma-Aldrich) 

to ensure only neurons were affected caspase-3 induced apoptosis. For these anatomy 

studies, sections came from rats just injected into the PVN with the AAV9-GFP 

retrograde or rats injected into the PVN with the AAV9-GFP retrograde and caspase-3 

into the MnPO.  After 48 h, sections were washed using phosphate buffer solution 

(PBS) and transferred to a CY3 conjugated anti-mouse secondary antibody (711-165-

152, Jackson ImmunoResearch). The sections were then mounted on gelatin-coated 

slides, dried, and coverslipped with Prolong Diamond mounting medium for imaging. All 

antibodies were diluted to working concentration in PBS diluent (0.25% Triton, 3% horse 

serum, and 96.75% PBS).  
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In situ hybridization (ISH): ISH experiments were performed in order to characterize the 

neuronal phenotype of PVN-projecting MnPO neurons transfected by the AAV. After the 

CIH protocol was terminated, separate groups of rats than those used for 

immunohistochemistry were anesthetized using 100 mg/kg inactin (Sigma-Aldrich) ip 

and transcardially flushed first with RNase-free PBS and then perfused using 4% 

paraformaldehyde (PFA). Brains were dehydrated in RNase-free 30% sucrose. Twenty 

µm coronal sections of each brain were cut using a cryostat (Leica). Four to six sets of 

serial MnPO sections were collected in RNase-free PBS, mounted on to Superfrost Plus 

Gold microscope slides (Thermo Fisher Scietific Inc., Waltham, MA, USA), and left at 

room temperature for ~2 h and then stored at -80ºC until used for ISH experiments. All 

reagents used for ISH experiments were purchased from Advanced Cell Diagnostics 

(Newark, CA, USA). Experiments were performed using a previously established 

protocol 6-9. 

 

AT1aR: ISH was performed for Agtr1a for AT1aR detection (ref num: 422661) to study 

the role of AT1aR in the MnPO during CIH using a chromogenic assay (ref num: 

322310). Experimental protocols were performed according to the manufacturer 

described in RNAscope® 2.5 HD Detection Reagent – BROWN User Manual PART2 

(Document Number 322310-USM, Advanced Cell Diagnostics). 

 

vGLUT2: In a separate subset of sections, ISH was performed for vesicular glutamate 

transporter 2, or vGLUT2, (ref num: 317011) to study the phenotype of PVN-projecting 

MnPO neurons in rats only injected in the PVN with AAV9-GFP virus. ISH for vGLUT2 
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was performed using a fluorescent assay (ref num. 320293). Experimental protocls 

were performed according to the manufacturer described in RNAscope® Fluorescent 

Multiplex Kit User Manual PART 2 (Document Number 320293, Advanced Cell 

Diagnostics). 

Imaging and Quantification: All tissue sections were imaged with microscope equipped 

for epifluorescence and (Olympus BX41, Olympus, Center Valley, PA, USA) with a 

digital camera (Olympus DP70). Cell counting and image analysis was performed using 

NIH ImageJ software (National Institutes of Health, v1.49).  

For sections stained with methyl green or FosB, tissue was visualized using 

brightfield illumination. FosB counts were calculated in ImageJ. For sections stained for 

either vGLUT2 or NOS1, images were taken to identify AAV9-GFP expression at an 

emission/excitation frequency of 493/518 nm and vGLUT2 or NOS1 expression at an 

emission/excitation frequency of 550/568 nm. The separate images were merged in 

ImageJ in order to determine raw cell counts for colocalization. Sections used for AT1aR 

detection were imaged using bright field illumination (AT1aR detection) and for AAV9-

GFP fluorescence. Brightfield images were inverted using ImageJ and merged with 

images of GFP fluorescence to determine colocalization.  

Sections stained for GFAP were imaged for AAV9-GFP expression and GFAP 

expression. GFAP expression was then quantified in ImageJ using a densitometric 

approach. Sections from control rats that were not injected with virus (n=3) and stained 

only with CY3 anti-mouse secondary were processed according to the same IHC 

protocol. Images were taken of these sections using the same exposure settings that 

were converted to 8-bit grayscale in ImageJ. In ImageJ, the threshold was adjusted so 
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integrated density was as close to zero as possible in control sections to subtract out 

background. Once this threshold was set, sections stained for GFAP were analyzed 

using the same threshold to measure integrated density. Integrated density of GFAP 

fluorescence in the MnPO was then compared between rats only injected with the 

AAV9-GFP in the PVN and rats injected with the AAV9-GFP in the PVN and caspase-3 

injected in the MnPO. This approach allowed us to determine if caspase-3 was 

significantly decreasing GFAP fluorescence density. 

Advanced Oxidative Protein Products (AOPP) Assay 

Plasma oxidative stress was measured using Cell Biolabs, Inc. OxiSelect Advanced 

Oxidative Protein Products assay kit (STA-318) and performed using a previously 

described protocol based on the manufacturer 10, 11. The AOPP assay kit provides the 

ability to measure the concentration of total oxidized protein in a sample (uM) by 

reacting with Chloramine to initiate a color change. Samples are read at a wavelength of 

340 nm and concentration is calculated by comparison with the predetermined 

Chloramine standard curve. Assay results are reported as a percent of control 

{individual value/(average of normoxic control values) x 100}, as previously described 10.  
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Supplement Results 

GFAP: We used a CMV promotor in the Cre-expressing AAV9-GFP retrograde virus to 

increase transduction rate and viral spread to the MnPO neurons that project to the 

PVN 12. In order to validate that we were specifically affecting neuronal populations, we 

did densitometric analysis of glial fibrillary acidic protein, or GFAP, and calculated the 

integrated density in the MnPO of rats injected with or without the caspase-3 virus 

(Figure S1). We found no changes in GFAP expression, indicating the AAV5-caspase-3 

flex viral construct induced apoptosis specific to neurons (t(7) = 0.303, p = 0.771, 

Student’s t-test). 

Heart Rate: No significant differences were found overall among any of the groups for 

daily changes in HR (Figure S2A) during CIH (F(4, 32) = 0.963, p = 0.441, two-way RM 

ANOVA) or during the normoxic dark period (F(4, 32) = 0.531, p = 0.714, two-way RM 

ANOVA).  However, there were significant differences in averages measuring overall 

changes in HR during the CIH period (F(4, 32) = 19.026, p < 0.001, one-way ANOVA) 

and normoxic dark period (F(4, 32) = 11.723, p < 0.001, one-way ANOVA). This was 

due to CIH exposure and was influenced by the caspase lesions (Figure S3A). 

Body Temperature: No significant differences were found overall among any of the 

groups for daily changes in BT (Figure S2B) during CIH (F(4, 32) = 0.398, p = 0.809, 

two-way RM ANOVA) or during the normoxic dark period (F(4, 32) = 0.757, p = 0.561, 

two-way RM ANOVA).  However, there were significant differences in averages 

measuring overall changes in BT during the normoxic dark period (F(4, 32) = 22.392, p 

< 0.001, one-way ANOVA). This was due to CIH exposure and was not dependent on 

whether groups were injected with the control or caspase virus (Figure S3B). 
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Figure S1. Astrocytes were unaffected by caspase lesions in the MnPO. Representative 

merged images of GFAP (red) and AAV9-GFP (green) in the MnPO injected without 

(left) or with caspase-3 (right) virus and integrated density for each group. Scale bar, 

100 µm. 
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Figure S1.  
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Figure S2. CIH did not significantly affect daily changes in HR or BT. A, Average daily 

changes in heart rate (HR) and B, body temperature (BT) during the CIH period (left 

column) and dark period (right column). Control-injected rats exposed to normoxia 

(CTRL NORM) or hypoxia (CTRL CIH); caspase-injected rats exposed to normoxia 

(CASP NORM), hypoxia (CASP CIH), or misses (CASP CIH MISS). 
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Figure S2. 
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Figure S3. Average 7-day changes in HR and BT were significantly different between 

CIH and normoxic control groups. A, Heart rate (HR) during the light period was 

significantly increased to groups exposed CIH and significantly decreased during the 

dark period compared to normoxic controls. B, Body temperature (BT) decreased during 

the light period in groups exposed to CIH and significantly increased during the dark 

period compared to normoxic controls. Control-injected rats exposed to normoxia 

(CTRL NORM) or hypoxia (CTRL CIH); caspase-injected rats exposed to normoxia 

(CASP NORM), hypoxia (CASP CIH), or misses (CASP CIH MISS). **p < 0.050, 

compared to CTRL NORM and CASP NORM during CIH; ‡p < 0.050, compared to 

CTRL NORM and CASP NORM during the dark period. 
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Figure S3. 
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Figure S4. FosB staining in the SFO, PVN, and RVLM. Representative FosB staining in 

the subfornical organ (SFO, top row), paraventricular nucleus (PVN, middle row), and 

rostral ventral lateral medulla (RVLM, bottom row) in control-injected rats exposed to 

normoxia (CTRL NORM, first column), caspase-injected rats exposed to normoxia 

(CASP NORM), control-injected rats exposed to hypoxia (CTRL CIH), caspase-injected 

rats exposed to hypoxia (CASP CIH, right column). Scale bar, 100 µm. 
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Figure S4. 
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Table S1. Average mean, systolic, and diastolic arterial pressure (MAP, SAP, DAP, 

respectively), heart rates and body temperature during the light phase (0800-1600) and 

dark phase (1900-0700) during a 5-day baseline period prior to the 7-day CIH protocol.  

Control-injected rats exposed to normoxia (CTRL NORM) or hypoxia (CTRL CIH); 

caspase-injected rats exposed to normoxia (CASP NORM), hypoxia (CASP CIH), or 

misses (CASP CIH MISS). 
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Table S1. 

 

 

 

  

  
CTRL 
NORM 

CASP 
NORM 

CTRL CIH CASP CIH CASP CIH 
MISS 

  
n=8 n=6 n=8 n=9 n=6 

MAP 
(mmHg) 

Light 
Baseline 

97.5±1.5 99.5±1.0 96.5±1.2 98.5±1.1 101.4±2.0 

 
Dark 
Baseline 

103.8±2.0 104.1±1.8 102.5±1.4 104.2±1.5 103.1±2.4 

SAP 
(mmHg) 

Light 
Baseline 

113.9±2.7 117.0±2.5 110.9±1.6 117.3±2.2 119.4±3.6 

 
Dark 
Baseline 

120.3±3.2 121.3±3.2 117.0±1.4 123.4±2.6 122.4±4.1 

DAP 
(mmHg) 

Light 
Baseline 

83.7±1.2 85.3±1.6 84.7±1.1 83.9±1.0 87.2±1.4 

 
Dark 
Baseline 

90.0±1.7 90.2±2.0 91.0±1.6 89.8±1.3 89.2±1.4 

Heart Rate 
(bpm) 

Light 
Baseline 

318.5±8.1 321.8±4.2 312.1±5.0 311.2±5.5 317.4±6.8 

 
Dark 
Baseline 

372.0±10.0 375.2±8.0 367.4±9.2 364.7±8.0 357.3±11.9 

Body 
Temperature 
(°C) 

Light 
Baseline 

37.1+0.0 37.2+0.1 37.1+0.0 37.2+0.1 37.4+0.1 

 Dark 
Baseline 

37.9+.01 37.9+0.1 37.9+0.1 38.0+0.1 37.8+0.1 
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The Median Preoptic Nucleus 

The median preoptic nucleus (MnPO) is an extremely important regulatory region 

and has been shown in many studies to be necessary for maintaining body fluid 

homeostasis and blood pressure regulation 1-4. However, data on stimulus-dependence 

and pathway specificity signaling from the MnPO to afferent brain regions driving thirst 

and autonomic function are sparse. In these studies, we directly address how the MnPO 

differentially signals thirst during cellular versus extracellular dehydration. Additionally, 

we also provide evidence that the MnPO neurons that project to the paraventricular 

nucleus (PVN) of the hypothalamus are necessary in the development of chronic 

intermittent hypoxia (CIH)-induced diurnal hypertension. 

 

The Role of the MnPO in Regulating Thirst 

 The MnPO plays an important and necessary role in regulating water intake 

associated with body fluid homeostasis in models of cellular (i.e. hypertonicity) and 

extracellular (i.e. hypovolemia associated with angiotensin II, ANG II) dehydration 2, 5-13. 

It is well understood that the circumventricular organs (CVOs), the subfornical organ 

(SFO) and organum vasculosum of the lamina terminalis (OVLT), respond to 

fluctuations in plasma osmolality and circulating humoral factors, such as angtiotensin II 

(ANG II), and that the CVOs signal the MnPO 2. However, studies have been limited in 

demonstrating whether the MnPO differentially responds to stimuli and if that effects 

how the MnPO signals to downstream thirst-driving brain regions.  

 In these experiments, the dipsogenic effects of ANG II and hypertonic saline 

challenges (3% NaCl) were used to increase water consumption 6, 10, 14, 15. Using ANG II 
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and 3% NaCl, plasma arginine vasopressin (AVP) was significantly elevated compared 

to vehicle controls. Fos, a neuronal marker for acute activation part of the activator 

protein-1 (AP-1) complex, staining was also significantly increased by both ANG II and 

3% NaCl in the MnPO, supraoptic nucleus (SON), paraventricular nucleus (PVN), lateral 

hypothalamus (LH), and paraventricular nucleus of the thalamus (PVT). However, upon 

CNO-induced inhibition of the MnPO, Fos staining was significantly attenuated in the 

MnPO, SON, posterior magnocellular (PM) and medial parvocellular (MP) subregions of 

the PVN and in the rostral ventral lateral medulla (RVLM) during ANG II exposure. 

However, Fos staining was significantly decreased in only the SON and LH during 3% 

NaCl exposure. Because of these differences in Fos staining, we show that thirst driven 

by ANG II as it relates to extracellular dehydration may favor MnPO signaling through 

the PVN, while thirst driven by 3% NaCl as it relates to cellular dehydration may favor 

MnPO signaling through the LH and that the PVT may be required mechanistically in 

response to both stimuli (Figure 1).  

 Previous studies have indicated that specific MnPO neuronal populations can 

have intrinsic osmosensitivity and can be sensitive to ANG II 16, 17. Our results suggest 

that these may be different neuronal populations which could account for differing 

signaling mechanisms to downstream brain regions. Our results show that the MnPO 

has pathway-specific signaling and is dependent on stimulus.   

 

The Role of the MnPO in CIH-Induced Hypertension 

Obstructive sleep apnea (OSA) is a prevalent disease, characterized by repeated 

cessations in respiration during sleep that can lead to cardiovascular disease. Often this 
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disease goes unnoticed in patients until symptoms progress to end-organ damage, such 

as heart disease or stroke 18-20. One early symptom that results from OSA is the 

development of diurnal hypertension, or a sustained increase in blood pressure that 

persists into the waking hours and is accompanied by increases in sympathetic nerve 

activity.  

 We use the 7-day CIH experimental model in these studies to successfully mimic 

the oxygen deprivation associated with apneic breathing patterns patients with mild to 

moderate forms of OSA.  This model is most ideal for studying the initiation and 

dysregulation of hypertension and how it develops into sustained hypertension, because 

it allows us to observe the early development of pathologies that occur during CIH 

associated with OSA, without the confounding effects of end-organ damage 21, 22. 

Our studies indicate that the MnPO contributes to the sustained component of 

CIH hypertension and our proposed mechanism is illustrated in Figure 2. Hypertension 

due to CIH initially develops during hypoxic conditions from signaling through the 

hindbrain and may be sustained through multiple mechanisms that include activity of the 

forebrain, specifically through modulation by the MnPO 23. The MnPO is an integrating 

center in the hypothalamus that has projections to pre-sympathetic PVN neurons 

involved in blood pressure regulation, SNA, and the hypothalamic-pituitary-adrenal axis 

23, 24. Many studies have shown that the MnPO is necessary for CIH hypertension 25, 26. 

However, the phenotypes of the MnPO neurons responsible for CIH hypertension had 

not yet been fully elucidated. Hypertension has been shown to be heavily associated 

with the dysregulation of the renin-angiotensin system (RAS), causing increases in ANG 

II concentration 27-30. Based on the drinking study results and the importance of the PVN 
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in ANG II-induced thirst, we decided to focus on the MnPO neurons that project to the 

PVN in the development of CIH hypertension. In these studies, we identified the 

phenotypes of MnPO neurons involved in signaling to the PVN and selectively lesioned 

the neurons in the MnPO—PVN pathway. These lesions attenuated the sustained 

hypertension that develops during CIH.  

CIH has been shown to significantly increase plasma advanced oxidative protein 

products (AOPPs), a marker for oxidative stress 31, 32. Additionally, CIH significantly 

increases FosB staining, a neuronal marker of chronic activation of the activator protein-

1 (AP-1) complex, in the MnPO, pre-sympathetic subregions of the PVN and RVLM, as 

well as upregulate AP-1 regulated genes including nitric oxide synthase 1 (NOS1) 31, 33, 

34. Angiotensin type 1a receptors (AT1aRs) has also been shown to be upregulated 

during CIH in the MnPO 31.  By blocking diurnal hypertension, we were also able to 

effectively block CIH-induced increases in circulating AOPPs and significantly attenuate 

FosB staining in the MnPO and in downstream pre-sympathetic subregions of the PVN 

and RVLM. Additionally, we were able to knockdown expression of AT1aRs and 

selectively lesion glutamatergic and NOS1-positive neurons, all of which have been 

shown to be significantly involved in CIH-hypertension 33, 35, 36. 

Glutamatergic MnPO neurons have been shown to be involved in 

thermoregulatory processes 35. We found that CIH had a significant effect on changes in 

diurnal thermoregulation compared to normoxic controls, suggesting that CIH may not 

only disrupt blood pressure regulation, but also thermoregulatory processes as well, and 

should be subject to address for future studies. 
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Sex as a Biological Variable 

Only male rats were used in these projects due to protective effects induced by 

estrogen in females. In Specific Aim 1, we induce thirst with ANG II, however, studies 

have shown estrogen attenuates the dipsogenic effects of centrally 37, 38 and 

peripherally 39 administered ANG II. Hormonally intact females drink significantly less to 

ANG II creating a possible floor effect in studies with the inhibiting Gi DREADDs. Sex 

differences in the responses to ANG II, however, would be interesting to address in 

future studies.  

In Specific Aim 2, we induce hypertension using CIH. Studies have shown that 

hormonally intact, non-pregnant female rats are protected against developing CIH 

hypertension 40. Additionally, dysregulation of RAS and ANG II-driven increases in 

sympathetic outflow have been shown to play a major role in the development in 

hypertension 29, 30; however, because hormonally intact females are less sensitive to the 

effects of ANG II than males 37, 39, this also provides an explanation for why intact 

females do not develop CIH hypertension. In this scenario, the females would not 

develop hypertension and could cause outcomes resulting from lesioning PVN-

projecting MnPO neurons to be misinterpreted. 

 

Perspectives 

The studies in this project demonstrate how selective acute inhibition and chronic 

lesioning of excitatory neurons in the MnPO regulates activity at the protein, neuronal, 

behavioral, and physiological level. This study takes an important step in answering 

questions involving intercellular communication within the MnPO and how this produces 
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changes in projection terminals involved in regulating neuroendocrine and autonomic 

function. These studies also address how complex yet coordinated MnPO signaling 

must be in order to maintain body fluid homeostasis and regulation of blood pressure. 

Additionally, mechanisms underlying the early development of sustained 

hypertension in CIH associated with OSA, a growing disease affecting the aging 

population, were conducted 18. Performing these studies are pertinent to understanding 

how dysregulation of the MnPO—PVN pathway heavily contributes to the manifestation 

of CIH-induced hypertension, by providing a potential additional therapeutic target 

centrally for those suffering from OSA that may be resistant to the benefits of 

continuous positive airway pressure (CPAP) or other pharmacological treatments. 

With the emergence of genetically-altered cell lines and transgenic models, these 

have become useful tools in learning how dysregulation can lead to the pathogenesis of 

diseases and important mechanistic processes that may be therapeutic. However, it is 

important to recognize that the genetically-based phenotypes are relative when 

considering environmental influence on function 41. For example, activation of 

magnocellular neurons involves many different messengers other than oxytocin and 

vasopressin (i.e. peptides co-packaged with oxytocin and vasopressin, NO and 

prostaglandins produced de novo, and other neuromodulators) 42. These implications 

also apply when considering neuronal phenotyping and the characterization of cells in 

regulatory regions part of a circuit. The results from the present studies begin to 

exemplify these stipulations by showing that neuronal characterization and functionality 

correlate in respect to the extra-, inter- and intra-cellular milieu (i.e. fluid osmolality, 

peptide and neurotransmitter release, etc.).  
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Future Directions 

 Preliminary electrophysiology studies conducted in this project using CNO-

induced activation of CaMKIIa MnPO neurons expressing the Gq DREADD indicated 

potential recruitment activation of non Gq DREADD-expressing neurons (See 

Appendix). Although this is not ideal when attempting to study activity of only a specific 

phenotype of neurons, this has allowed us to begin studying how neuronal activation 

through G protein-coupled receptors can mediate the release of signaling molecules 

promoting inter- and intracellular crosstalk 43. These studies are important to pursue, as 

they will continue to help us in understanding how the MnPO is able to integrate and 

signal in a discretionary manner to downstream brain regions that influence homeostatic 

physiological function.  
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Figure 1. Schematic diagraming the proposed mechanism of how CNO-induced 

inhibition of MnPO CaMKIIa neurons attenuates thirst to peripherally administered ANG 

II and 3% NaCl. Angiotensin II (ANG II) and 3% NaCl mimic the effects of extracellular 

and cellular dehydration, respectively, by inducing thirst. The median preoptic nucleus 

(MnPO) plays a key role in relaying signaling of ANG II and hypertonic challenges from 

the circumventricular organs, the subfornical organ (SFO) and organum vasculosum of 

the lamina terminalis (OVLT), to downstream thirst-driving brain regions. We show that 

the MnPO may be driving thirst from increased peripheral ANG II by signaling through 

the paraventricular nucleus (PVN), while increased peripheral hypertonic challenges 

(3% NaCl) may cause the MnPO to drive thirst through the lateral hypothalamus (LH). 

And that CNO-induced inhibition of MnPO can significantly attenuate drinking behavior 

and arginine vasopressin (AVP) release in response to either stimuli. SON, supraoptic 

nucleus; PVT, paraventricular nucleus of the thalamus (adapted from Marciante, et al. 

44). 

 

 

 

 

 

 

 

 

 

 



177 
 

Figure 1. 

  



178 
 

Figure 2. Schematic diagraming the proposed mechanism of how lesioning the MnPO—

PVN pathway may block the sustained component of CIH-hypertension. CIH causes 

upregulation through the hindbrain to increase sympathetic nerve activity (SNA). This 

can lead to upregulated plasma renin activity (PRA) and activation of the renin-

angiotensin system, which results in a concomitant increase in angiotensin II and 

stimulates the sensory circumventricular organs—subfornical organ (SFO) and organum 

vasculosum of the lamina terminalis (OVLT)—that project to the median preoptic 

nucleus (MnPO) 23, 45, 46. The MnPO has direct downstream effects that terminate in the 

paraventricular nucleus (PVN). Excitatory neurons in the PVN, particularly those in the 

parvocellular region, can excite neurons of the nucleus tract solitarius (NTS) and rostral 

ventrolateral medulla (RVLM), resulting in a vicious cycle from continuous elevated 

sympathetic outflow. By lesioning PVN-projecting MnPO neurons, persistent neural 

signaling is blocked, resulting in decreased excitation to the RVLM and NTS, thereby 

decreasing advanced oxidative protein products (AOPPs), SNA, PRA and therefore 

attenuated circulating angiotensin II. This is a proposed pathway for the initiation of 

hypertension and how lesioning MnPO neurons that project to the PVN can block the 

sustained component of CIH-hypertension. Abbreviation: AP, area postrema; CVLM, 

caudal ventrolateral medulla; IML, intermediolateral nucleus of the spinal cord; SON, 

supraoptic nucleus (adapted from Shell, et. al. 23).  
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Figure 2. 
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Materials and Methods 

Animals 

Adult male Sprague-Dawley rats (250-300 g bw), Charles River Laboratories, 

Wilmington, MA) were used for all experiments. All rats were individually housed in a 

temperature-controlled (25 °C) room on a 12:12 light/dark cycle with light onset at 0700 

h.  Food and water was available ad libitum except on the day of perfusions. Rats were 

weighed daily and their food and water intake monitored. Experiments were performed 

according to the National Institute of Health Guide for the Care and Use of Laboratory 

Animals (8th edition) using protocols approved by the University of North Texas Health 

Science Center Institutional Animal Care and Use Committee.  

 

Microinjection Surgeries 

Stereotaxic injections were performed as previously described (Cunningham et al. 

2012). Stereotaxic coordinates for MnPO microinjections were based on the atlas of 

Paxinos and Watson (microinjector angled at 8º from medial to lateral to avoid the 

septum,  0.9 mm lateral, 6.7 mm ventral from bregma) (Paxinos 1986). Each rat was 

anesthetized with 2% isoflurane and placed in a Kopf stereotaxic head frame (David 

Kopf Instruments, Tujunga, CA).  After the surface of the skull was exposed, it was 

leveled between bregma and lambda (Paxinos 1986). A burr hole was then drilled at the 

measured site and a 30-gauge stainless steel injection needle was lowered to the 

MnPO, where 200-300 nL of the excitatory DREADD (AAV5-CaMKIIa-hM3D(Gq)-

mCherry) or control (AAV5-CaMKIIa-mCherry-Cre) virus (both from the UNC 

VectorCore) was delivered at a rate of 200 nL/min. The injector was connected to a 

Hamilton 5 µL syringe (#84851, Hamilton, Reno, NV) by calibrated polyethylene tubing 
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that was used to determine the injection volume. The injector remained in place for 5 

minutes to allow for absorption and was then slowly withdrawn. Gel foam was packed in 

to the drilled hole in the cranium. An absorbable antibiotic suture was used to close the 

incision site and minimize post-surgical infection. Each rat was given carprofen 

(Rimadyl, Bio-Serv, 1 mg) orally to minimize pain following surgery. Rats were allowed 

two weeks for recovery and viral transduction.  

 

Fos Studies 

In order to determine how effective Gq DREADD-induced activation of MnPO neurons 

was, clozapine-N-oxide (CNO, Tocris Bioscience, Minneapolis, MN) was 

intraperitoneally (ip) injected to induce Fos expression. Rats were either treated with 

CNO (10 mg/kg bw) or vehicle (VEH). CNO was dissolved in DMSO and diluted in 0.9% 

saline (1:4) to a working concentration of 27 mM. After injections, rats were denied food 

and water access for 90 minutes. 

 

Perfusions—Tissue and Body Fluid Collection 

Animals were anesthetized using 100 mg/kg inactin (Sigma-Aldrich) ip. Blood was 

collected by cardiac puncture (3 mL) immediately preceding the perfusion in order to 

measure plasma osmolality and hematocrit. Rats were transcardially perfused first with 

phosphate buffer solution (PBS) and then 4% paraformaldehyde (PFA) in PBS. Brains 

were removed and fixed overnight in 4% PFA before being dehydrated in 30% sucrose 

in PBS. 
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Immunohistochemistry (IHC) 

Forty µm coronal sections of each previously perfused brain were cut using a 

cryostat (Leica).  Three sets of serial sections were separately collected in 

cryoprotectant and stored at -20 oC until they were processed for 

immunohistochemistry. All antibodies were diluted to working concentration in PBS 

diluent (0.25% Triton, 3% horse serum, and 96.75% PBS). One set of serial sections 

from brains injected with DREADD or control virus were stained for Fos (sc-253-G, goat 

polyclonal anti-c-Fos antibody, Santa Cruz Biotechnology, 1:1000). The sections were 

incubated in the solution containing the primary antibody for 48 hours at 4oC. After 48 

hours, sections were washed using PBS and transferred to a secondary antibody (BA-

9500, biotinylated anti-goat, Vector Laboratories) for DAB reaction and labeling as 

previously described (Cunningham et al. 2012; Grindstaff et al. 2000). After the DAB 

reaction, the sections were washed and placed in the primary antibody diluted in PBS 

(ab167453, rabbit polyclonal anti-mCherry, Abcam 1:500) and incubated for an 

additional 48 hr followed by incubation with a CY3 conjugated anti-rabbit antibody (711-

165-152, Jackson ImmunoResearch, West Grove, PA) for 4-5 hr. The sections were 

then mounted on gelatin-coated slides, dried, and coverslipped with Permount (Fisher 

Scientific) for imaging. Microinjections that missed the MnPO and were injected into the 

diagonal band of Broca (DBB), the region rostral to the MnPO, were used as an 

additional control for Fos studies. 

 A separate set of sections were stained for NOS1 (1:1000, sc5302, Santa Cruz 

Biotechnology) to determine MnPO-PVN projecting neuronal phenotype. After 48 hours, 

sections were washed using PBS and transferred to a CY2 conjugated anti-mouse 
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secondary antibody (711-165-151, Jackson ImmunoResearch). The sections were then 

mounted on gelatin-coated slides, dried, and coverslipped with Prolong Diamond 

Mounting Medium for imaging.  

 

In Situ Hybridization (ISH) 

ISH experiments detecting CaMKIIa mRNA were performed to determine 

transduction efficiency of the DREADD virus. A separate group of rats from those used 

for immunohistochemistry were anesthetized two weeks after microinjection surgery 

using 100 mg/kg inactin (Sigma-Aldrich) ip and transcardially perfused first with RNase-

free PBS and then 4% paraformaldehyde (PFA). Brains were removed and dehydrated 

in RNase-free 30% sucrose. Twenty µm coronal sections of each brain were cut using a 

cryostat (Leica). Four to six sets of serial MnPO sections were collected in RNase-free 

PBS, mounted on to Superfrost Plus Gold microscope slides (Thermo Fisher Scietific 

Inc., Waltham, MA, USA), and left at room temperature for ~2 h and then stored at -

80ºC until use in ISH experiments. All reagents used for ISH experiments were 

purchased from Advanced Cell Diagnostics (Newark, CA, USA). ISH was performed for 

CaMKIIa detection (reference number: 487559-C2) using a chromogenic assay 

(reference number: 322310). Experimental protocols were performed according to the 

manufacturer described in RNAscope® 2.5 HD Detection Reagent – BROWN User 

Manual PART2 (Document Number 322310-USM, Advanced Cell Diagnostics). 

After ISH experiments, mCherry immunohistochemistry was performed due to 

quenching of the fluorescence by the chromogenic assay. Brain sections were rinsed 3 

times in PBS, treated with a blocking solution at room temperature for 1 h, and then 
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incubated with rabbit anti-mCherry primary antibody (1:500 in 10% heat inactivated 

horse serum and 0.1% Triton X-100 in PBS, (Sigma Aldrich, St. Louis, MO, USA) at 

4 °C for overnight.  The next day, brain sections were rinsed with PBS and incubated 

with a CY3-conjugated donkey anti-rabbit secondary antibody (1:500 in blocking 

solution, Jackson ImmunoResearch, West Grove, PA, USA) at room temperature for 1 

h.  Slides were cover-slipped using ProLong® Diamond Antifade Mountant (Life 

technologies, Carlsbad, CA, USA).   

 

Imaging and Analysis of Brain Tissue 

Sections were examined using light microscopy to identify Fos-positive cells. 

Excitation wavelengths of 550-570 nm were used for emission of mCherry 

immunofluorescence. Images were captured using an epifluorescent microscope 

(Olympus BX41, Olympus, Center Valley, PA, USA) equipped with a digital camera 

(Olympus DP70) to image sections. Care was taken to ensure that sections included in 

this study were sampled from the same plane for each brain region. Co-localization was 

determined by quenching produced in cells with nuclear fos staining and cytosolic 

mCherry staining, as previously described (Grindstaff et al. 2000). Brightfield and 

fluorescent images were merged for analysis of the MnPO using ImageJ (NIH). Fos-

positive neurons and their co-localization in the MnPO was determined blind to 

experimental conditions of the subjects.   

 

Electrophysiology 
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Slice Preparation. Hypothalamic slices containing the MnPO were prepared as 

previously described (Farmer et al. 2018). Rats were anesthetized with 2% isoflurane 

and decapitated. Coronal slices (300 µm) containing the MnPO were cut using a 

Microslicer DTK Zero 1 (Ted Pella, Inc.) in ice cold (0-1° C), oxygenated (95% O2, 5% 

CO2) cutting solution consisting of (in mM): 3.0 KCl, 1.0 MgCl2-6H2O, 2.0 CaCl2, 2.0 

MgSO4, 1.25 NaH2PO4, 26 NaHCO3, 10 D-Glucose, 206 Sucrose (300 mOsm, pH 7.4). 

Slices were incubated at room temperature (22 °C) in oxygenated (95% O2, 5% CO2) 

artificial cerebrospinal fluid (aCSF) containing (in mM): 126 NaCl, 3.0 KCl, 2.0 CaCl2, 

2.0 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, 10 and D-Glucose (300 mOsm, pH 7.4) for a 

minimum of 1 hour prior to recording. 

Electrophysiology Protocols. These experiments were conducted to determine if CNO 

and DREADD-induced activation caused off-target effects that would influence the local 

circuitry. Slices containing the MnPO were transferred to a submersion recording 

chamber and superfused with aCSF (31 + 1°C). Slices were visualized using an upright 

epifluorescent microscope (BX50WI, Olympus, Center Valley, PA) with differential 

interference contrast optics.  

 Whole cell (intracellular) recordings were performed using voltage clamp mode, 

for the first set of experiments, and current clamp mode. Recordings were obtained 

using borosilicate glass micropipettes (3-8 MΩ). The internal pipette solution consisted 

of (in mM): 145 K-gluconate, 10 HEPES, 1.0 EGTA, 2.0 Na2ATP, and 0.4 NaGTP (300 

mOsm, pH 7.2). A tight gigaohm seal on MnPO neurons were made and had an access 

resistance of less than 25 MΩ. Neurons were slightly depolarized with current injection 

to generate a regular spiking activity (range, -50 to -40 mV), as previously described 
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(Grob, Drolet, and Mouginot 2004). Loose patch voltage clamp (extracellular) recordings 

were obtained using borosilicate glass micropipettes (1-3 MΩ) containing aCSF as the 

internal solution. Voltage was clamped at 0 mV to measure changes in current.  

Electrophysiological signals (voltage and current) were amplified and digitized 

using Multiclamp 200B and Digidata 1440A, respectively (Axon Instruments). Signals 

were filtered at 2 KHz and digitized at 10 KHz. Recordings from MnPO neurons were 

made by targeting both mCherry-expressing and non mCherry-expressing neurons in 

slices prepared from rats injected with the AAV. Electrophysiological signals were 

analyzed using 10s bins. 

In the first set of experiments, intracellular or extracellular recordings were 

performed on MnPO neurons. Baseline membrane potential (for intracellular recordings) 

or action potential firing (for extracellular recordings) was recorded for 5 minutes. Then, 

CNO (10 µM) was focally applied for 10 s using a Pico spritzer (8 psi) and a patch 

pipette containing the drug placed 150-200 µm upstream of the recording electrode 

followed by an additional 10 minutes of recording. CNO was dissolved in DMSO, diluted 

in aCSF to final concentration of 10 µM (< 0.01% DMSO) and stored at -20°C until use 

in experiments.  

In the second set of experiments, Nω-nitro-L-arginine (L-NNA, Cayman Chemical 

Company, Ann Arbor, MI) was used to determine if activating Gq DREADD-labeled 

neurons was causing release of nitric oxide (NO) and recruitment activation of 

neighboring, unlabeled neurons (Gq DREADDx). In these studies, brain slices were bath 

applied for 5 min with L-NNA (100 µM). Then, CNO (10 µM) was focally applied for 10 s 

using a Pico spritzer (8 psi) with a patch pipette containing the drug placed 150-200 µm 
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upstream of the recording electrode followed by an additional 10 min of recording. After 

each cell was exposed to CNO alone (5 min aCSF, 10 s CNO focal application, 10 min 

aCSF) the same protocol was repeated with the addition of 5 min L-NNA (100 µM). L-

NNA was dissolved in aCSF and stored at a concentration of 5 mM at -20°C. L-NNA 

was diluted in aCSF its final working concentration of 100 µM immediately before it was 

used. 

In the third set of experiments, bovine hemoglobin (Hb, Sigma-Aldrich, St. Louis, 

MO) dissolved in aCSF was bath-applied to confirm observed effects to be attributed to 

diffusible NO. In these studies, brain slices were bathed for 3 min in aCSF, 3 min in 

CNO (500 nM), 3 min in CNO (500 nM) + Hb (20 µM), 3 min in Hb (20 µM), and finally a 

3 min recovery in aCSF. The Hb was prepared and stored in sterile water at a 

concentration 10 mM at -20°C until used for experiments, as previously described (Di et 

al. 2003).  

 

Statistics 

Immunohistochemical analysis of Fos staining used one-way ANOVA followed by 

Student-Newman-Keuls (SNK) post-hoc test. Electrophysiology data were analyzed for 

differences in baseline activity using either Student t-test or two-way repeated measures 

(RM) ANOVA with SNK post-hoc analysis. All other variables (changes in firing or 

instantaneous frequency, membrane potential, baseline current, etc.) were analyzed 

using two-way mixed effects ANOVA with SNK post-hoc analysis. Statistical 

significance was defined as an α level of 0.05 and exact p-values are reported. Values 
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are reported as mean + SEM. All statistics were performed in SigmaPlot.v.12.0 (Systat 

Software, San Jose, CA). 

 

Results 

CNO-induced Activation of Gq DREADD and Fos Staining 

Fos studies were conducted in order to determine effects of CNO and activation 

of Gq DREADD neurons at the injection site. We also wanted to identify if regions that 

receive afferent projections from the MnPO would be affected by activation of the 

transduced CaMKIIa MnPO neurons. Rats with microinjections that were located in the 

DBB were analyzed separately and had their own control groups. The treatment groups 

were rats injected with the control (CTRL) or Gq DREADD virus into the DBB or MnPO 

and treated with vehicle for CNO (VEH) or CNO. Injections sites were verified by 

identifying mCherry expression (Figure 1).    

In rats injected in the DBB (Figure 1A, n = 5-6 rats each group, 2-3 tissue 

sections per rat per region), there was a significant effect of virus and treatment on Fos 

expression in the DBB (F(3, 20) = 24.963, p < 0.001, one-way ANOVA). Fos staining in 

the DBB of rats injected with Gq DREADD and treated with CNO was significantly 

increased as compared all of the other groups (Figure 2A & 2B; vs. Gq DREADD + VEH; 

vs. CTRL + VEH; vs. CTRL + CNO; all p < 0.001, SNK). The perinuclear zone (PNZ) of 

the supraoptic nucleus (SON) is a region downstream of the DBB and receives 

projections from the DBB. There was also a significant effect of virus and treatment on 

Fos in the PNZ of the SON (F(3, 19) = 12.554, p < 0.001, one-way ANOVA). Fos 

staining in the PNZ of the SON also was significantly increased in Gq DREADD injected 
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rats treated with CNO as compared to all other groups (Figure 2A & 2B; vs. CTRL + 

VEH; vs. CTRL + CNO; vs. Gq DREADD + VEH; all p < 0.001, SNK).  

Based on DBB afferent projections, we would not expect to see Fos staining in 

the MnPO or paraventricular nucleus (PVN) during CNO-induced activation of the DBB. 

Additionally, the PNZ of the SON synapses onto the SON to inhibit its activity; therefore, 

we would not expect to see increased Fos staining in the SON either (Cunningham, 

Nissen, and Renaud 1994). CNO-induced activation did not cause a significant increase 

in Fos staining in the MnPO, SON or PVN (Figure 2B & 2C). In rats injected with the 

control vector, CNO treatments did not significantly influence Fos staining as compared 

to VEH treatments (Figure 2B & 2C). 

In rats injected in the MnPO (Figure 1B, n = 6-7 rats each group, 2-3 tissue 

sections per rat per region), there was significant effect of virus and treatment on Fos 

expression in the MnPO (F(3, 21) = 23.039, p < 0.001, one-way ANOVA).  Fos staining 

in the MnPO was significantly increased in Gq DREADD injected rats treated with CNO 

as compared to all other treatment groups (Figure 3A and 3B; vs. CTRL + VEH; vs. 

CTRL + CNO; vs. Gq DREADD + VEH; all p < 0.001, SNK). There were no significant 

differences between the CTRL + VEH or CNO, or Gq DREADD + VEH groups. Fos 

staining was also measured in downstream regions, including the SON, PVN and RVLM 

(Figure 3A and B). The effects of CNO on Fos expression in the SON was similar to 

what was observed in MnPO (F(3, 21) = 23.976, p < 0.001, one-way ANOVA. The SON 

of Gq DREADD rats treated with CNO had significantly elevated Fos staining compared 

to all other treatment groups (Figure 3A & 3B; vs. CTRL + VEH; vs. CTRL + CNO; vs. 
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Gq DREADD + VEH; all p < 0.001; SNK). (F(3, 21) = 25.576, p < 0.001, one-way 

ANOVA).  

Analysis of the subregions within the PVN — posterior magnocellular (PM), 

dorsal parvocellular (DP), medial parvocellular (MP), and ventral lateral parvocellular 

(VLP) — showed Gq DREADD injected rats treated with CNO had significantly 

increased Fos expression in all subregions of the PVN as compared to all other 

treatment groups Figure 3A & 3C; all P <0.05; one-way ANOVA and SNK). There were 

no significant differences between the CTRL + VEH or CNO, or Gq DREADD + VEH 

groups.  

In the MnPO injected groups, there was no significant effect of virus and 

treatment on Fos staining in the PNZ between any of the treatment groups (F(3, 21) = 

2.114, p = 0.129, one-way ANOVA). Additionally, Fos staining was analyzed in the 

rostral ventral lateral medulla (RVLM), a region containing sympathetic premotor 

neurons that are indirectly connected to the MnPO. There was a significant effect of 

virus and treatment on Fos staining in the RVLM (F(3, 21) = 17.103, p < 0.001, one-way 

ANOVA). In rats injected with Gq DREADD in the MnPO, CNO treatment significantly 

increased Fos staining in the RVLM as compared to all of the other treatment groups 

(Figure 3B; all P < 0.001, SNK).  There were no significant differences between the 

CTRL + VEH or CNO, or Gq DREADD + VEH groups. 

 

DREADDs have a high transduction efficiency of CaMKIIa neurons that also co-localize 

with NOS1 neurons 
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In order to determine transduction efficiency of DREADD virus containing a 

CaMKIIa promotor, co-localization of CaMKIIa RNA message detected using ISH and 

mCherry reporter from the DREADD virus was analyzed (Figure 4A). In the MnPO, 

91.31 + 1.39% (n = 5 rats, 2-3 MnPO sections) of neurons expressing CaMKIIa mRNA 

were also mCherry positive, while 98.27 + 2.27% of mCherry positive neurons also 

expressed CaMKIIa mRNA. There was also a high degree of colocalization with NOS1. 

Of the MnPO neurons that were mCherry positive, 80.12 + 6.94% (n = 5 rats, 2-3 MnPO 

sections) also expressed NOS1 (Figure 4B). In previous studies, we have also reported 

that 89.17 + 1.32% of DREADD-transfected MnPO neurons co-localize with vesicular 

glutamatergic transporter 2 (vGLUT2) (Marciante A.B. 2019). 

 

CNO-induced activation of Gq DREADD MnPO neurons increases firing frequency and 

depolarization events that also affect neighboring, unlabeled neurons 

Firing Frequency  

Loose-patch (extracellular) recordings were obtained from neurons in slices from 

rats injected in the MnPO with either the control vector (CTRL, n = 14 from 3 rats, 2 

recording slices per rat) or Gq DREADD (Gq DREADD, n = 13 from 6 rats, 2 recording 

slices per rat). These cells were identified by the expression of mCherry (Figure 5A). In 

slices from rats injected in MnPO with the Gq DREADD virus, recordings were obtained 

from neurons that do not express mCherry (Gq DREADDx, n = 13, from 10 rats, 2 

recording slices per rat) as an additional control for possible off target effects of CNO.  

There were no significant differences in baseline activity (F(2, 37) = 0.271, p = 

0.764, two-way RM ANOVA) among the three defined neuronal phenotypes (Figure 5B 
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& 5C; CTRL: 3.18 + 0.69 Hz; Gq DREADD: 3.27 + 0.47 Hz; Gq DREADDx: 3.69 + 0.64 

Hz). In neurons transfected with the control vector, CNO did not influence their activity 

(14/14 cells, Figure 5B & 5C). However, focal CNO application did significantly increase 

firing frequency of not only Gq DREADD MnPO neurons (13/14 cells), but also Gq 

DREADDx MnPO (13/24) neurons (Figure 5B and C, F(2, 111) = 6.315, p < 0.003, two-

way mixed effects ANOVA). The time of peak response of Gq DREADD neurons was 

121.4 + 26.4 s with an effect duration of 312.9 + 52.9 s before firing frequency returned 

to baseline. The time to peak response of Gq DREADDx neurons was 188.5 + 56.5 s 

with an effect duration of 310.8 + 40.3 s before firing frequency returned to baseline. Gq 

DREADD and Gq DREADDx MnPO neurons both exhibited significant increases in firing 

frequency following CNO focal application compared to CTRL neurons (Figure 5B & 5C; 

p = 0.031 and p = 0.008, respectively; SNK).  

 

Membrane Potential  

Based on the loose-patch data, whole cell current-clamp (intracellular) recordings 

were conducted to determine the membrane effects of Gq DREADD MnPO neurons 

influences unlabeled (Gq DREADDx) neurons. Using a similar protocol, current clamp 

recordings were obtained from mCherry-positive neurons in slices from rats injected in 

the MnPO with either the CTRL vector (n = 4 from 3 rats, 2 recording slices each rat) or 

Gq DREADD (n = 4 from 3 rats, 2 recording slices each rat). Current-clamp recordings 

were also made from cells not expressing mCherry in slices from rats injected with the 

Gq DREADD (Gq DREADDx; n = 5 from 5 rats, 2 recording slices each rat). Baseline 

membrane potential was not different among neurons from the different treatment 
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groups prior to CNO application (Figure 5D and E, F(18, 129) = 1.347, p = 0.179, two-

way RM ANOVA; CTRL: -42.7 + 5.1 mV; Gq DREADD: -43.6 + 5.4 mV; Gq DREADDx: -

43.0 + 5.6 mV). Focal CNO did not influence the resting membrane potential of mCherry 

positive cells in slices from CTRL injected rats (Figure 5D & 5E; 4/4 cells). CNO was 

associated with membrane depolarization in mCherry-positive (Gq DREADD, 4/4 cells) 

and unlabeled cells (Gq DREADDX, 5/6 cells) neurons from in slices from rats injected 

in the MnPO with Gq DREADD (Figure 5D and 5E; F(2, 25) = 9.541, p = 0.001, two-way 

mixed effects ANOVA). Post-hoc analysis revealed that CNO-induced membrane 

potential depolarization was significant in Gq DREADD MnPO (p < 0.001, SNK) and Gq 

DREADDx MnPO neurons (p = 0.006, SNK) as compared to their own resting 

membrane potentials. There was no significant differences between baseline and post-

CNO membrane potential in neurons from CTRL (p = 0.681, SNK). 

 

L-NNA attenuates CNO-induced Gq DREADD activation of Gq DREADDx neurons 

 Because of these unexpected off-target effects of CNO-induced in Gq DREADDx 

neurons and the expression of NOS1 in mCherry-positive MnPO neurons, we 

hypothesized nitric oxide (NO) may be released from Gq DREADD neurons and 

stimulating the Gq DREADDx neurons. This hypothesis was tested using Nω-nitro-L-

arginine (L-NNA), a specific competitive inhibitor of NOS. 

 

Firing Frequency  

The effects of focal CNO application were tested in the presence of aCSF bath 

solution or the same aCSF with L-NNA (50 µM).  In some of the experiments, cells were 
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tested using both bath solutions but most of the data were obtained from cells that were 

exposed to either aCSF or L-NNA + aCSF. Loose-patch (extracellular) recordings were 

obtained from 6 cells from CTRL preparations (2 rats), 5 cells from Gq DREADD 

preparations (4 rats), and 11 Gq DREADDx cells (4 rats) where CNO was tested with 

aCSF.  As reported previously, there were no differences in spontaneous firing 

frequency among the different groups and CNO (10 µM, 10 s) increased the activity of 

Gq DREADD and Gq DREADDX cells (Figure 6A). In experiments with 50 µM L-NNA 

added to the bath solution, the same dose of CNO increased the activity of Gq 

DREADD cells (n= 7 from 4 rats) but had no effect on the activity of CRTL cells (n = 6 

from 2 rats) or Gq DREADDx cells (n = 18 from 4 rats; Figure 6A and B). The addition of 

L-NNA to the bath solution did not affect spontaneous firing frequency in any of the 

treatment groups (aCSF 4.8 + 0.5 Hz; L-NNA 4.5 + 0.7 Hz; t(51) = 0.370, p = 0.713, 

Student t-test). Overall, there was a significant effect of virus (F(2, 47) = 18.852, p < 

0.001, two-way mixed effects ANOVA) and aCSF or L-NNA bath application (F(1, 47) = 

7.586, p = 0.008, two-way mixed effects ANOVA) on change in firing frequency of 

MnPO neurons. During the aCSF protocol, CNO induced significant increases in Gq 

DREADD (12/12 cells) firing frequency compared to Gq DREADDx (11/21 cells; p = 

0.039, SNK) and CTRL (12/12 cells; p < 0.001, SNK) neurons. Gq DREADDx neurons 

also had significantly increased change in firing frequency compared to CTRL (p = 

0.009, SNK). 

During the L-NNA protocol, however, the effects of CNO on Gq DREADDx 

neurons (18/24 cells) neurons were blunted and was not different from CTRL (p = 

0.0374, SNK). Post-hoc analysis revealed that L-NNA had a significant effect on Gq 
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DREADDx neurons compared to aCSF bath application post-CNO focal application (p < 

0.001, SNK), however, there was no effect of L-NNA compared to aCSF post-CNO focal 

application on CTRL (p = 0.406, SNK) or Gq DREADD (p = 0.333, SNK) neurons.  

 

Membrane Potential 

Whole cell current-clamp (intracellular) recordings were performed to measure 

changes in membrane potential using the same drug application protocols with either 

aCSF or 50 µM L-NNA (50 µM) + aCSF bath solutions. There was no significant 

difference in membrane potential of neurons exposed to baseline aCSF (-49.7 + 2.0 

mV) or baseline L-NNA (-46.9 + 1.9 mV) bath application (t(29) = -1.006, p = 0.323, 

Student’s t-test). In aCSF bath solution, CNO (10 µM, 10 s) depolarized Gq DREADD 

(n= 4 from 5 rats) and Gq DREADDx cells (n = 9 from 5 rats) but did not influence the 

membrane potential of control cells (n = 4 from 2 rats; Figure 6C). When L-NNA was 

added to the bath solution, the same dose of CNO produced membrane depolarization 

only in Gq DREADD cells (n= 4 from 5 rats) and not in GqDREADDx cells (n = 6 from 5 

rats) or CTRL cells (n = 4 from 2 rats; Figure 6C and 6D). 

 When comparing changes in baseline membrane potential to the effects of CNO-

induced Gq DREADD activation, there were significant effects dependent on virus 

(Figure 6C and D; F(2, 27) = 6.602, p = 0.005, two-way mixed effects ANOVA). As 

observed previously during aCSF bath application and focally applied CNO, Gq 

DREADD (7/8 cells) neuron membrane potential was significantly increased compared 

to CTRL (8/8 cells; p = 0.039, SNK) neurons. Additionally, Gq DREADDx (11/13 cells) 
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membrane potential was also significantly increased compared to CTRL neurons (p = 

0.050, SNK), post-CNO application.  

 However, during the L-NNA protocol, the observed increase in Gq DREADDx 

(6/10 cells) membrane potential from CNO-induced activation of Gq DREADD neurons 

was blocked compared to changes induced during aCSF bath application (p = 0.034, 

SNK) and no longer differed from CTRL neurons (p = 0.695, SNK). Gq DREADD and 

CTRL neurons were unaffected by whether bath application was aCSF or L-NNA (p = 

0.713 and p = 0.787, respectively; SNK).  

 

Hemoglobin blocks CNO-induced Gq DREADD activation of Gq DREADDx neuronal 

activity 

Based on data collected using L-NNA to block recruitment activation of Gq 

DREADDx neurons during CNO-induced activation of Gq DREADD neurons, NO is 

thought to be the most likely neurotransmitter involved, but we wanted to determine that 

NO was directly affecting activity of Gq DREADDx neurons. In order to verify the 

hypothesis that NO is directly affecting Gq DREADDx neurons and not an indirect NO-

mediated mechanism, additional loose-cell voltage clamp (Figure 7) and whole cell 

current clamp (Figure 8) recordings were conducted using hemoglobin (Hb) to block the 

indirect CNO-induced activation of Gq DREADDx neurons. The protocol for these 

experiments consisted of bath application of 3 min aCSF, 3 min CNO (500 nM), 3 min 

CNO (500 nM) + Hb (20 µM), 3 min Hb (20 µM), 3 min aCSF recovery.  

Firing Frequency  
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Recordings were made from CTRL (n = 9 from 2 rats, 2-3 recording slices each rat), Gq 

DREADD (n = 8 from 4 rats, 2 recording slices each rat) and Gq DREADDx (n = 15 from 

4 rats, 2 recording slices each rat) MnPO neurons. There was no significant difference 

in aCSF baseline firing frequency between CTRL (9/9 cells; 3.1 + 0.6 Hz), Gq DREADD 

(8/8 cells; 3.9 + 0.6 Hz) or Gq DREADDx (15/16 cells; 3.2 + 0.5 Hz) neurons (F(2, 17) = 

0.605, p = 0.553, two-way RM ANOVA). There was a significant interaction detected, 

however, between neuronal phenotype and bath application applied (F(8, 159) = 2.281, 

p < 0.025, two-way mixed effects ANOVA). Bath application of CNO significantly 

increased firing frequency of Gq DREADD neurons compared to aCSF baseline (p = 

0.027, SNK) and persisted throughout the remainder of the recording. Hb did not affect 

Gq DREADD firing frequency (aCSF vs CNO + Hb, p = 0.043; aCSF vs Hb, p = 0.033; 

aCSF vs aCSF Recovery, p = 0.026; SNK). Bath application did not affect firing 

frequency in CTRL neurons.  

Post-hoc analysis of Gq DREADDx neurons revealed that CNO bath application 

indirectly caused a significant increase in firing frequency compared to aCSF baseline 

(p = 0.006, SNK) and began decreasing during CNO + Hb bath application. Firing 

frequency was consistent with that during aCSF baseline once CNO was absent during 

Hb (p = 0.007, SNK) and aCSF Recovery (p = 0.002) bath application. 

 

Membrane Potential 

 Whole cell current clamp recordings were performed on CTRL (n = 2 from 1 rat, 

2-3 recording slices each rat), Gq DREADD (n = 3 from 2 rats, 2 recording slices each 

rat), and Gq DREADDx (n = 4 from 2 rats, 2 recording slices each rat) MnPO neurons. 
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Because of the low number of recordings, statistics were not able to be effectively 

performed; however, absolute means and SEMs (for Gq DREADD and Gq DREADDx 

groups, only) are reported in Table 1. Changes in membrane potential from aCSF 

baseline are shown in Figure 9. CTRL neurons are trending to not be affected by CNO 

or aCSF bath application with or without Hb, consistent with results reported in this 

study. Also consistent with results from this study, the Gq DREADD are trending to have 

a sustained increase in membrane potential, indicating a characteristic depolarization 

event once CNO is bath applied. The Gq DREADDx neurons are trending to display this 

sustained increase in membrane potential throughout the recording—which may be due 

to the augmented Gq DREADD activation—however, more recordings are needed to 

verify these premature conclusions.  

Table 1. Changes in membrane potential of CTRL, Gq DREADD and Gq DREADDx 

MnPO neurons in response to CNO with or without Hemoglobin. 

 CTRL (mV) Gq DREADD (mV) Gq DREADDX (mV) 

ACSF BASELINE -42.7 -47.6 + 0.9 -40.7 + 1.8 

CNO (500 NM) -44.4 -40.4 + 1.0 -38.5 + 2.4 

CNO (500 NM) + HB 
(20 µM) 

-42.8 -33.5 + 0.8 -33.4 + 4.1 

HB (20 µM) -43.2 -29.3 + 0.3 -33.0 + 5.2 

ACSF RECOVERY -45.5 -29.2 + 0.2 -36.3 + 5.9 

 

Future Directions 

 DREADDs are a very a useful tool in current in vivo and in vitro research models 

(Nation et al. 2016; Arico et al. 2017; Boender et al. 2014; Kyle S. Smith 2016; Zhu and 

Roth 2014). These data present new evidence suggesting CNO-induced activation of 
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Gq DREADDs may induce NO signaling, causing recruitment activation of neighboring 

neurons that do not express the Gq DREADD construct. Based on the presented data, 

we show that CNO does not alter activity of neurons expressing the CTRL virus. 

Additionally, CNO-induced activation is highly effective and consistent in augmenting 

neuronal activity in the Gq DREADD neurons. However, the specificity of chemogenetic 

activation may not be limited to only the Gq DREADD neurons because of recruitment 

activation of neurons not expressing the DREADD construct. We have shown that CNO-

induced activation of Gq DREADD neurons can indirectly activate non DREADD-

expressing neurons through NO mechanisms. Those that use the excitatory DREADD 

construct may need to consider the implications of this chemogenetic approach and 

control for it accordingly. More work is needed to understand the off-target effects 

involved in Gq DREADD activation. 
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Figure 1. Diagram outlining the DBB and MnPO. A, Coronal section of a rat brain 

outlining the diagonal band of Broca (DBB, left) and representative mCherry staining 

(right). B, Coronal section of a rat brain outlining the median preoptic nucleus (MnPO, 

left) and representative mCherry staining (right). Coronal rat brain illustrations adapted 

from (Paxinos 1986). Scale bar, 250 µm. 

 

  



207 
 

Figure 1.  

 



208 
 

Figure 2. CNO-induced activation of Gq DREADD DBB neurons significantly increased 

Fos staining in the DBB and downstream PNZ. A, Representative Fos staining in the 

diagonal band of Broca (DBB, top row) and perinuclear zone (PNZ) of the supraoptic 

nucleus (SON, bottom row) of rats injected with the control virus and treated with 

vehicle (CTRL + VEH, left column) or CNO (CTRL + CNO) and rats injected with the Gq 

DREADD and treated with VEH (Gq DREADD + VEH) or CNO (Gq DREADD + CNO, 

right column). B, CNO-induced activation of Gq DREADD rats had significantly 

increased Fos staining in the DBB and PNZ of the SON. C, Fos staining was not 

different between any of the treatment groups in the subdivisions of the paraventricular 

nucleus (PVN). MnPO, median preoptic nucleus; PM, posterior magnocellular; DP, 

dorsal parvocellular; MP, medial parvocellular; vlp, ventral lateral parvocellular. *p < 

0.050, compared to all treatment groups. Scale bar, 100 µm.  
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Figure 2. 
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Figure 3. CNO-induced activation of Gq DREADD MnPO neurons significantly increased 

Fos staining in the MnPO and downstream SON, PVN and RVLM. A, Representative 

Fos staining in the median preoptic nucleus (MnPO, top row), supraoptic nucleus (SON, 

middle row) and paraventricular nucleus (PVN, bottom row) of rats injected with the 

control virus and treated with vehicle (CTRL + VEH, left column) or CNO (CTRL + CNO) 

and rats injected with the Gq DREADD and treated with VEH (Gq DREADD + VEH) or 

CNO (Gq DREADD + CNO, right column). B, CNO-induced activation of Gq DREADD 

rats had significantly increased Fos staining in the MnPO, SON, PVN and rostral ventral 

lateral medulla (RVLM). C, Fos staining was significantly in the Gq DREADD + CNO 

group compared to all other treatment groups in the subdivisions of the paraventricular 

nucleus (PVN). PNZ, perinuclear zone of the SON; PM, posterior magnocellular; DP, 

dorsal parvocellular; MP, medial parvocellular; vlp, ventral lateral parvocellular. *p < 

0.050, compared to all treatment groups. Scale bar, 100 µm. 
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Figure 3. 
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Figure 4. DREADDs using a CaMKIIa promotor has a high transduction efficiency with 

CaMKIIa and NOS1-positive neurons. A, Representative mCherry staining of the 

DREADD virus (left panel) and CaMKIIa mRNA (middle panel), separately and merged 

(right panel). B, Representative mCherry staining of the DREADD virus (left panel) and 

NOS1 (middle panel), separately and merged (right panel). Scale bar, 50 µm. 
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Figure 4. 
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Figure 5. CNO-induced activation significantly increased firing frequency and caused 

depolaization of Gq DREADD and Gq DREADDx MnPO neurons. A, Representative 

image of brain tissue slice during electrophysiology recording with recording electrode 

of mCherry Gq DREADD (white arrow) and Gq DREADDx (yellow arrow) neurons in the 

dorsal median preoptic nucleus (dMnPO); scale bar, 20 µm. B, Representative loose-

cell recordings of control (CTRL, top), Gq DREADD (middle), and Gq DREADDx 

(bottom) neurons before and after focal CNO (10 µM) application; scale bar, 10 s. C, 

Firing frequency was significantly increased in Gq DREADD and Gq DREADDx neurons 

post-CNO, compared to individual average aCSF baseline (AVG BL), CTRL neurons 

and recovery. D, Membrane potential was significantly increased in Gq DREADD and Gq 

DREADDx neurons post-CNO, compared to CTRL. E, Representative whole cell 

current-clamp tracing showing changes in membrane potential in CTRL (top), Gq 

DREADD (middle), and Gq DREADDx (bottom) neurons before and after focal CNO (10 

µM) application. #p < 0.050, compared to individual BL and recovery; *p < 0.050, 

compared to CTRL; **p < 0.050, compared to BL and CTRL post-CNO; ***p < 0.050, 

compared to BL, CTRL and Gq DREADDx post-CNO.  
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Figure 5.  
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Figure 6. L-NNA significantly inhibits CNO-induced increases in firing frequency and 

depolarization of Gq DREADDx, but not Gq DREADD MnPO neurons. A, Firing 

frequency was significantly increased in Gq DREADD and Gq DREADDx neurons post-

CNO during aCSF bath application, but these increases were blocked in Gq DREADDx 

neurons in L-NNA (50 µM) bath application. B, Representative loose-cell recordings of 

control (CTRL, top), Gq DREADD (middle), and Gq DREADDx (bottom) neurons before 

and after focal CNO (10 µM) application in L-NNA bath application; scale bar, 10 s. C, 

Membrane potential was significantly increased in Gq DREADD and Gq DREADDx 

neurons post-CNO, but these increases were blocked in Gq DREADDx neurons in L-

NNA bath application. D, Representative whole cell current-clamp tracing showing 

changes in membrane potential in CTRL (top), Gq DREADD (middle), and Gq DREADDx 

(bottom) neurons before and after focal CNO (10 µM) application in L-NNA bath 

application. #p < 0.050, compared to individual aCSF bath application post-CNO; **p < 

0.050, compared to BL and CTRL post-CNO; ***p < 0.050, compared to BL, CTRL and 

Gq DREADDx post-CNO. 
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Figure 6. 

 



218 
 

 

Figure 7. Hb significantly inhibits CNO-induced increases in firing frequency of Gq 

DREADDx, but not Gq DREADD MnPO neurons. A, Firing frequency was significantly 

increased in Gq DREADD and Gq DREADDx neurons during CNO (500 nM) bath 

application, but these increases were attenuated during CNO (500 nM) + Hb (20 µM) 

bath application and blocked in Gq DREADDx neurons in Hb (20 µM) bath application. 

B, Representative loose-cell recordings of control (CTRL, top), Gq DREADD (middle), 

and Gq DREADDx (bottom) neurons during the recording protocol. #p < 0.050, 

compared to individual aCSF bath application; **p < 0.050, compared to CTRL; ***p < 

0.050, compared to CTRL and Gq DREADDx. 
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Figure 7.  
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Figure 8. Hb attenuates CNO-induced increases in membrane potential of Gq 

DREADDx, but not Gq DREADD MnPO neurons. A, Membrane potential was increased 

in Gq DREADD and Gq DREADDx neurons during CNO (500 nM) bath application, but 

these increases were attenuated during CNO (500 nM) + Hb (20 µM) and in Hb (20 µM) 

bath application alone in Gq DREADDx neurons. B, Representative whole cell current-

clamp recordings of control (CTRL, top), Gq DREADD (middle), and Gq DREADDx 

(bottom) neurons during the recording protocol.  
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Figure 8. 
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