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  These experiments focused on the importance of the brain renin-angiotensin system 

(RAS) in hypertension caused by a chronic intermittent hypoxia (CIH) model of the hypoxemia 

associated with sleep apnea. In the CIH model, the sustained diurnal blood pressure increase has 

been shown to be dependent on the transcription factor FosB and its downstream target genes 

such as angiotensin converting enzyme 1 (ACE1) in the median preoptoc nucleus (MnPO) in the 

anterior hypothalamus. These studies focused on the transcriptional regulation of MnPO ACE1 

and the development of the sustained CIH hypertension. 

  The first project focused on ACE1 within the MnPO and its regulation by FosB during 

CIH. Using immunohistochemistry, ACE1 staining within the MnPO did not overlap with glial 

fibrillary acidic protein (GFAP), a glial cell marker. ACE1 and FosB colocalization increased 

within the MnPO following 7 days of CIH. A retrograde tract tracer, fluorogold, was used to 

determine if ACE1 positive MnPO neurons project to the paraventricular nucleus of the 

hypothalamus (PVN). MnPO cells containing ACE1 and FosB immunoreactivity after CIH did 

project to the PVN, an area known to regulate sympathetic nerve activity. Chromatin 

Immunoprecipitation Assay was used to authenticate an association of FosB with ACE1 within 

the MnPO following CIH. In the MnPO, the association of FosB with the ACE1 gene was 

significantly increased by CIH.  



  The second aim tested the functional role of MnPO ACE1 in sustained diurnal CIH 

hypertension. We used virally mediated expression of short hairpin RNA (shRNA) against ACE1 

to significantly knockdown MnPO ACE1. Rats injected in the MnPO with shRNA against ACE1 

demonstrated normal blood pressure responses to hypoxic events but the sustained blood 

pressure increase to CIH was significantly attenuated. ACE1 knockdown within the MnPO also 

decreased FosB/ΔFosB staining within the MnPO, the PVN and the rostral ventrolateral medulla 

(RVLM) but not in the nucleus of the solitary tract. Together, these studies suggest that MnPO 

ACE1 contributes to the development of sustained CIH hypertension.  
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CHAPTER I 

 

DISSERTATION OVERVIEW 

 

 

 

Chronic intermittent Hypoxia (CIH) is a model of the arterial hypoxemia seen in 

obstructive sleep apnea (OSA) patients
1
. CIH is used because it exhibits similar physiological 

aspects seen in OSA patients such as increased diurnal blood pressure, sympathetic nerve 

activity, renin angiotensin system (RAS) activity and an augmented chemoreflex
2-7

. OSA is 

linked to multiple cardiovascular consequences and therefore the pathophysiological 

mechanisms that lead to the sustained blood pressure seen in these patients as well as in the CIH 

model warrants investigation
8-11

. Since OSA patients display elevated resting SNA, a mechanism 

within the central nervous system may somehow become dysregulated leading the 

pathophysiological development of an inappropriately elevated diurnal blood pressure. A 

neuronal activation marker has been shown to increase within certain CNS regions following 

seven days of CIH
12

. This neuronal activation marker, FosB/ΔFosB, may be involved in the 

development of the sustained blood pressure seen in CIH. FosB/ΔFosB is also a known 

transcription factor and the genetic regulation it has within the CNS following CIH may be part 

of the pathophysiological development of the sustained blood pressure seen in CIH. 

Transcription factors (TF) are ideally positioned to orchestrate changes in gene 

expression required to maintain cellular function in response to environmental challenges. Long 
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lasting neuronal regulation and plasticity that are mediated by TFs have been evident in many 

physiological and pathophysiological states from addiction
13

 to long-term memory function
14

 to 

circadian rythms
15, 16

. TFs are critical DNA-binding components of these pathways. The 

activator protein 1 (AP-1) family is a group of TFs
17

. This family of TFs include Fos, Jun, 

activating transcription factor (ATF), and Jun dimerization protein (JDN)
17

. One common 

structure for this family of TFs is the leucine zipper motif
18

.  FBJ murine osteosarcoma viral 

oncogene homolog B (FosB) is a leucine zipper motif that is important for regulation of many 

families of genes
19

. Jun proteins can heterodimerize with Fos proteins to form different DNA-

binding complexes with various affinities for certain target genes
20

.  The dimers then may bind to 

AP-1 target genes with a regulatory domain sequence of TGAC/GTCA
21

. 

The Fos family has many members that respond in a number of ways depending on the 

stimuli. For example in the role of drug addiction, administration of specific drugs acutely will 

cause an increase in c-Fos and acute Fras in the nucleus accumbens and dorsal striatum 
13, 22-24

. 

This acute response is fleeting in that a few hours administering the drug the acute Fos response 

returns to control levels
13

. However, a splice variant of FosB, ΔFosB, has been shown to not only 

accumulate with acute administration of drug but also with repeated administration
13

. This 

allows ΔFosB to act chronically due to its more stable form as compared to c-Fos and other fos 

proteins
13

. Additionally, ΔFosB may become even more stable after phosphorylation by casein 

kinase 2
25

. ΔFosB remains stable well after chronic drug administration has stopped
13

. This very 

property of ΔFosB makes it an attractive candidate within the central nervous system (CNS) for 

long-term regulation of genes expression by a number of stimuli unrelated to mechanisms that 

support drug addiction. 
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As previously mentioned, FosB/ΔFosB significantly accumulates in certain regions 

within the brain following CIH
12

. One region within the CNS that accumulates FosB/ΔFosB after 

seven days of CIH was the median preoptic nucleus (MnPO) 
12

. FosB may regulate certain AP-1 

target genes within the MnPO following CIH to alter blood pressure and therefore will be 

primary CNS region focused within this work. The MnPO resides within the lamina terminalis 

along the anterior wall of the third ventricle. The MnPO also receives inputs from various 

regions and may integrate those signals in order to affect downstream areas within the CNS to 

influence a variety of functions that include but are not limited to autonomic control, body fluid 

balance, sleep and body temperature regulation
26

. The MnPO receives inputs from two 

circumventricular organs (CVO), the subfornical organ (SFO) and the organum vasculosum of 

the lamina terminalis (OVLT) 
26-30

. These two nuclei, the SFO and OVLT, do not have a 

functioning blood-brain-barrier and, therefore, allow signals from the circulation to be 

transmitted into the CNS
28

. In addition to the CVOs, areas within the hindbrain also project to 

the MnPO. Specifically, the NTS sends projections to the MnPO mostly from the A2 

noradrengeric cell group
26, 30

. The rostral ventrolateral medulla (RVLM) also sends inputs into 

the MnPO from the C1 adrenergic group while the caudal ventrolateral medulla (CVLM) sends 

inputs from the A1 neurons
26, 30

. The MnPO, therefore, receives humoral information from the 

forebrain CVOs and possibly visceral afferent information from hindbrain catecholamine cells. 

These signals could be integrated and relay information to downstream nuclei within the brain. 

The MnPO projects to many areas within the brain. In addition to receiving inputs from 

both the SFO and OVLT, the MnPO also sends projections to both of these nuclei
26, 31, 32

. This 

seems to almost be set up a regulation across these three nuclei, the MnPO, SFO and OVLT. One 
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study has noted intranuclear connections within the MnPO proposing a possible self-regulation 

of neurons within the MnPO
26

. The MnPO is also known to project to the paraventricular nucleus 

(PVN)
30, 33, 34

, supraoptic nucleus (SON)
35, 36

 and many other areas. Projections to the SON and 

PVN from the MnPO go to magnocellular neurons in both regions and therefore suggest that the 

MnPO may have a role in body fluid as well as electrolyte homeostasis
26

. The PVN also has 

other subregions consisting of parvocellular neurons
31-33, 36

. The MnPO projects to these cells 

within the PVN as well and these cells have roles in neuroendocrine function and cardiovascular 

regulation
33

. Through the PVN, the MnPO can regulate autonomic function since the PVN 

projects to the RVLM and the intermediolateral (IML) cell column of the lumbar and thoracic 

spinal cord 
37

. The studies presented here will focus on the MnPO projections to the PVN and the 

role of an AP-1 target gene of FosB/ΔFosB within the MnPO has on downstream nuclei that may 

control blood pressure regulation. 

ΔFosB within the MnPO has been shown to play a critical role in the sustained 

hypertension seen in CIH through dominant negative inhibition of ΔFosB
38

. After inhibiting 

ΔFosB within the MnPO, only the sustained blood pressure seen in CIH was attenuated
38

. Some 

AP-1 targets genes that were shown to be possibly regulated by ΔFosB within the MnPO in those 

studies included ace1, ace2, nnos, enos and a map3k3
38

. The current studies focused on the role 

of one putative AP-1 target gene, angiotensin converting enzyme 1 (ACE1), and how ACE1 

within the MnPO may contribute to the sustained blood pressure seen in CIH. 

ACE1 is part of the renin angiotensin system (RAS). Traditionally, RAS is a peripherally 

acting system that regulates a variety of functions including body fluid balance and blood 

pressure
39, 40

. Initially in the classical RAS, renin gets synthesized and released from 
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juxtaglomerular cells in the afferent arterioles of the glomeruli located in the kidney
41

. Renin 

gets released into the circulation under various conditions such as decreased perfusion to the 

kidneys triggering a change in the stretch receptors embedded in the vascular wall and increased 

renal sympathetic nerve activity
42, 43

. Renin circulating through the peripheral blood system 

cleaves angiotensinogen, which is made in the liver
44

. Angiotensinogen gets converted to 

angiotensin I (ANGI) by renin, which is thought to be biologically inactive
44

. This conversion to 

ANGI by renin is considered the first as well as rate-limiting step in the RAS system
45

. After 

angiotensinogen gets converted to ANGI, ACE1, primarily found in the lungs, cleaves ANGI 

into angiotensin II (ANGII)
46

. ANGII is an active peptide formed in this cascade that mediates 

vasoconstriction of blood vessels as well as increasing aldosterone secretion from the adrenal 

glands
39, 47, 48

. In order to explain the physiological actions of ANGII, angiotensin II receptors 

were discovered
49, 50

. Angiotensin II type 1 (AT1) and angiotensin II type 2 (AT2) receptors are 

thought to have opposite and counteracting effects
49, 50

. In addition to AT1 and AT2 receptors, 

other receptors related to the RAS system, such as the Mas receptor, were discovered
51, 52

. One 

ligand that is responsible for activating Mas receptors is angiotensin [1-7] (ANG1-7)
53

. 

Activation of the Mas receptor by ANG1-7 was shown to synthesize vasodilator compounds 

such as nitric oxide and endothelin-derived hyperpolarizing factor
54

. ANG1-7 is known to be 

synthesized from the conversion of ANGII to ANG1-7 by angiotensin converting enzyme 2 

(ACE2), a homologue of ACE1
55

. ANG1-7 can also be synthesized with ANGII conversion to 

angiotensin [1-9] by ACE2 with successive conversion to ANG1-7 by ACE1
55

. The traditional 

RAS has been extensively explored for its effects on various physiological subjects, however, the 

discovery of a local RAS opened up the possibility of independently functioning a path for 

mechanisms of local systems within many tissue organs
56, 57

. 
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Recently, local independent RAS components including angiotensinogen, renin, ACE1 

and ANGII have been found in the brain
58-61

. More specifically, angiotensinogen was localized 

in astrocytes of rat brains when angiotensinogen was seen colocalized with glial fibrillary acidic 

protein (GFAP)
62

. Renin and ANGII was colocalized within gonadotrophs of the pituitary gland 

further suggesting a local RAS within the brain and the possibility of RAS influencing body fluid 

homeostasis, blood pressure and pituitary hormone secretion
63, 64

. Renin and angiotensinogen 

was also localized in other areas of the brain, including the RVLM, through the use of a double-

transgenic reporter mouse model
65

. ANGII and ACE1 were found throughout the brain 

especially within the hypothalamus and pituitary gland 
66, 67

. The expression of mRNA of AT1 

receptors was observed in the hypothalamus and brainstem of normotensive Wistar Kyoto rats 

and even increased within those areas in spontaneously hypertensive rats
68

. These experiments 

further suggest a fully expressed local RAS within the brain and the possibility that a central 

RAS may play a critical role in body fluid regulation and blood pressure control
69

. ANGII within 

the brain functions as a well-known neurotransmitter
70

 and ANGII within the CNS has been 

linked to the central control of autonomic function and increases SNA
71-77

. AT1 receptors within 

the SFO have also been shown to play a role in the sustained hypertension seen following CIH
78

. 

Administration of an AT1 receptor blocker, losartan, into the MnPO has also demonstrated 

attenuation of MAP in a CIH model
79

. Based on these findings it seemed plausible that the RAS 

within the CNS could play a role in the sustained blood pressure seen in CIH.  

These studies will test the possible role of ΔFosB in controlling the expression of a 

putative AP-1 target gene, ACE1, following CIH and determine if this AP-1 target gene plays a 

role in the sustained hypertension seen in CIH. The first objective is to establish the presence of 
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ACE1 within the MnPO following CIH and its connection with a downstream region, the PVN. 

These studies will directly test the association of the transcription factor FosB with the AP-1 

promoter region of MnPO ACE1 after CIH exposure. We hypothesize that MnPO neurons 

transcriptionally activated by CIH express ACE1 and project to the PVN. Furthermore, FosB 

increases its association with the ACE1 gene promoter region in the MnPO following CIH. The 

second objective is to functionally test the role that ACE1 has in the sustained hypertension seen 

in CIH. We hypothesize that ACE1downregulation within the MnPO will attenuate the sustained 

hypertension seen in CIH and decrease FosB staining in a downstream pathway from the MnPO 

that is known to regulate blood pressure.  

The experiments presented here will for the first time attest the role of a putative FosB 

target gene, ACE1, within the MnPO for its contribution to the sustained hypertension in CIH. 

The mechanism of the sustained hypertension seen in CIH is an important gap to address in the 

existing literature and the significance of such genetic regulation within the MnPO contributing 

to the sustained hypertension needs elucidation to further understand the pathophysiology of 

obstructive sleep apnea. 
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LITERATURE REVIEW 

OBSTRUCTIVE SLEEP APNEA AND NEURAL MECHANISMS REGULATING BLOOD 

PRESSURE 

 

 

 

One in five adults has mild obstructive sleep apnea (OSA)
1
. This translates to an average of 

5-15 interruptions of normal breathing each hour or an apnea-hypopnea index of 5-15
2
 .  

Therefore the prevalence of OSA is high. Additionally, OSA patients display an enhanced 

chemoreflex and elevated sympathetic nerve activity (SNA) resulting in sustained hypertension 

even when awake
3-8

. The elevated SNA and sustained hypertension associated with OSA have 

been shown to increase the risk of various detrimental cardiovascular diseases
3-7

. OSA is 

commonly  reported in patients diagnosed with stroke
9
, arrhythmias

10
, heart failure and 

hypertension
1, 11, 12

. The common treatment for OSA is a continuous positive air pressure (CPAP) 

device that patients wear during sleep. CPAP compliance has continuously been an issue in that 

many users fail to use the device as prescribed
13

. CPAP patients also tend to not accurately 

portray true use time leading to unreliable monitoring of their condition although considerable 

efforts through the addition of smartcard or wireless data transfer have been made in an attempt 

to rectify these monitoring issues
13

. Nevertheless, evidence has shown that even after one year of 

CPAP use some physiological outcomes like muscle SNA decrease but MAP is still elevated
14

. 

OSA therefore is associated with many detrimental cardiovascular diseases in patients that need 

to be addressed
12, 15-23

. Patients with OSA and heart failure treated with CPAP failed to show a 

significant decrease in MAP
24

. Thus, understanding the underlying mechanisms that causes these 

cardiovascular outcomes in OSA patients, especially the sustained hypertension, is vital in 

treating this population effectively and reliably. 
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Chronic Intermittent Hypoxia (CIH) is model for sleep apnea in which animals are exposed 

to repetitive episodes of hypoxia with infusion of nitrogen at certain intervals throughout a 

designated sleep time
25

. CIH models the arterial hypoxemia produced during sleep apnea but not 

changes in thoracic pressure or hypercapnia 
25

. CIH is also associated with an increase in blood 

pressure through elevated SNA
26-28

. The peripheral chemoreceptors are also necessary for 

hypertension in CIH exposed rats in that carotid body denervation blocked the blood pressure 

increase associated with CIH
25

. The changes in chemoreceptor sensory input may be dependent 

on certain mechanisms such as peroxynitrie (ONOO(-)) formation
29

. CIH has also been shown to 

alter rhythm generation in preBӧtzinger neurons that may alter inspiration activity related to 

autonomic control
30

. Another phenomena associated with CIH is chemoreflex augmentation of 

SNA that may increase SNA inappropriately in response to hypoxia
31

. Since CIH is associated 

with carotid body stimulation, increased SNA and blood pressure, the central nervous system 

(CNS) could play a role in the elevated SNA and sustained hypertension seen in CIH
32-34

. 

However, the specific regions and mechanism of the CNS contributing to the sustained 

hypertension seen in CIH remain undetermined.  

Many putative mechanisms have been proposed for the elevated SNA and hypertension seen 

in OSA including an augmented chemoreflex
8, 35

 and increased RAS activity
36

. Additionally, 

many regions within the CNS have been implicated in maintenance of blood pressure
37

. One area 

critical for the enhanced chemoreflex seen in CIH is the nucleus of the solitary tract (NTS)
38

. 

NTS neurons receiving inputs from the carotid body have been shown to enhance AMPA 

activation while decreasing NMDA responses
39

. This enhanced response to AMPA receptor 

stimulation would explain the enhanced chemoreflex responses seen in CIH. Glutamatergic 
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control via the NMDA receptor 1 and glutamate receptor 2/3 subunit has also been shown to be 

altered in caudal NTS neurons following CIH further suggesting chemoreflex inputs altering 

glutamatergic responses within the NTS following CIH stimulation
40

. NTS neurons receiving 

inputs from the carotid bodies have shown to decrease the function of ATP-sensitive potassium 

channels following CIH and therefore decreasing the outward current of potassium leading to 

increased excitation in those NTS neurons
41

. The increase in excitability of the NTS neurons 

from the decrease in ATP-sensitive potassium channels may also contribute to the enhanced 

response from chemoreceptor stimulation from the carotid bodies. This enhanced activation of 

the NTS region may then go on to activate the rostral ventrolateral medulla (RVLM) and 

increase SNA through both the splanchnic and renal nerves
42-45

. The increase in SNA, 

specifically the renal SNA, may then lead to increased activation of the systemic Renin-

Angiotensin System (RAS) and therefore increase circulating ANGII
46, 47

. This increase in 

circulating ANGII may then go on to activate a region called the lamina terminalis within the 

CNS. 

The lamina terminalis has been implicated in many forms of neurogenic hypertension
48

. This 

area contains three separate regions; the subfornical organ (SFO), median preoptic nucleus 

(MnPO), and organum vasculosum of the lamina terminalis (OVLT). The SFO and OVLT are 

circumventricular organs that lack a functional blood-brain-barrier and are sensitive to 

circulating peptides
49-51

. A recent study has demonstrated the vital role of angiotensin II type 1 

subtype a (AT1a) receptors within the SFO in the development of the sustained hypertension 

seen in CIH
47

. The SFO and OVLT innervate the MnPO
52

 which projects to the paraventricular 

nucleus (PVN)
53-55

 influencing SNA and blood pressure
56-58

. The MnPO would be a significant 
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area to study in that it has already been shown to have a role in regulating and maintaining blood 

pressure
59-62

. MnPO neurons projecting to the PVN respond to various homeostatic challenges 

such as circulating ANGII and osmotic stimulation
54

. Electrolytic lesions of the anterior ventral 

region of the third ventricle, which include the MnPO, alleviate the diurnal hypertension 

assoicated with  CIH
63

. The MnPO has abeen shown to have a role in the increase SNA and 

hypertension seen in spontaneously hypertensice rats
64

. The MnPO also integrates signals from 

other autonomic areas within the forebrain and projects to critical regions within the CNS, such 

as the PVN
53-55

, that have been shown to directly modulate SNA and MAP. Therefore, the MnPO 

neurons that project to the PVN could be the site of neuronal adaption which could sustain CIH 

hypertension even during normoxic conditions.  

Recently the transcription factor FosB in the MnPO was shown to be necessary for the 

maintenance of CIH hypertension during normoxia
60, 63

. FosB is known to accumulate in brain 

regions with chronic or intermittent stimulation
65

. Furthermore, FosB, a member of the 

transcription factor AP-1 family, is stably expressed following activation of the CNS
66-68

 and is 

increased in the MnPO following CIH
60

. The transcription factor FosB has also been implicated 

as a mediator for adaptive changes in the CNS that contribute to drug sensitization, epilepsy and 

long-term potentiation (LTP)
68-72

. Thus, FosB is a good candidate to mediate changes in gene 

expression that support sustained hypertension associated with CIH. We have previously shown 

that CIH produces an increased expression of FosB within MnPO neurons 
60

. Dominant-negative 

inhibition of ΔFosB, the more stable splice variant of FosB, in the MnPO attenuates only the 

sustained diurnal hypertension during normoxia and not the MAP response to a hypoxic event
63

. 

The inhibition of ΔFosB in the MnPO blocks CIH-induced changes in possible AP-1 target 
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genes, including angiotensin converting enzyme 1 (ACE1) and 2 (ACE2)
63

. Both ACE1 and 

ACE2 are a part of the RAS in addition to being homologues of each other
73, 74

.  

Chronic activation of the RAS within the systemic circulation has been shown to occur in 

both OSA
75, 76

 and CIH
46, 77, 78

. While the systemic RAS may play a partial role in the response to 

hypoxia, a RAS specific to the brain may also contribute to the hypertension seen in response to 

CIH. It has been shown that the CNS has a unique and independent RAS
79-81

.  The brain RAS 

has been shown to play a significant role in the homeostatic control of water-electrolyte balance 

and blood pressure regulation
82

. The importance of the brain RAS in the regulation blood 

pressure has been explored but there are still many questions to be answered
81

. Predominantly, 

angiotensin II (ANGII) and its receptor, angiotensin II type 1 (AT1), have been extensively 

investigated in the regulation of blood pressure. For example, experiments have shown that 

intracerebroventricular (ICV) administration of ANGII increased both heart rate and blood 

pressure even in chloralose-anesthetized cats
83

. Section of the spinal cord at the cervical spine of 

these cats also abolishes this response
83

. Blockade of AT1 receptors with losartan administered 

into the lateral cerebral ventricle of deoxycorticosterone acetate (DOCA)-salt hypertensive rats 

significantly decreased mean arterial blood pressure over time suggesting AT1 receptors play a 

role in the development of hypertension in a DOCA-salt treatment model
84

. Injection of 

valsartan, another AT1 blocker, into the RVLM of the hindbrain produced a decrease in blood 

pressure up to 30 mmHg in spontaneously hypertensive rats further suggesting a role of AT1 

receptors in the adaptation of blood pressure
85

. In regards to the increases in blood pressure seen 

in CIH, central injection of losartan does significantly alleviate those increases in blood 

pressure
86

.  The ability for even a part of the RAS to control blood pressure in a variety of 
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models proposes a bigger role RAS may play in many hypertensive diseases and the need to 

investigate other parts of the RAS within the CNS. The enzymes of the RAS, ACE1 and ACE2, 

within the local brain RAS are therefore reasonable candidates to investigate in the development 

of hypertension. 

ACE1 mediates the conversion of Angiotensin I (ANGI) to ANGII, which is  an established 

neurotransmitter of the CNS
87

. ANGII is also a known regulator of SNA
88-93

. Central 

administration of ANGII increases MAP and heart rate (HR) 
94

. ACE1 could increase signaling 

in the CNS by increasing the synthesis of ANGII. ACE1 has been shown to be pro-hypertensive 

and contribute to harmful cardiovascular effects
95

. ACE1 inhibition within the CNS decreases 

adverse cardiovascular effects seen in rats subjected to myocardial infarction
96

. ACE1 also 

increases in the MnPO in response to water deprevation
97

. Additionally, captopril, an ACE1 

blocker, given ICV reduced the pressor response of ICV ANGI administration although basal 

mean arterial pressure did not change
98

. However, administration of captopril chronically into the 

lateral ventricle mitigate the hypertension that develops in spontaneously hypertensive rats as 

compared to vehicle controls
99

. Although when captopril was given intravenously, spontaneous 

hypertension did develop in these rats
99

. This suggests ACE1 within the brain may play a role in 

the initial pathophysiological development of spontaneous hypertension. ACE1 within the MnPO 

may therefore play a role in the hypertension seen in CIH and cause significant innovation in 

how we conceptually look at OSA as a pathophysiological disease. However, ACE1 was not the 

only RAS AP-1 target seen in the dominant negative ΔFosB studies previously mentioned; 

ACE2 was as well
63

.  
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ACE2 is known to form angiotensin-(1-7) (ANG1-7) from ANGII and ANG1-7 is 

endogenously seen within the rat brain
100

. Although ACE2 may convert ANGI to angiotensin-(1-

9), ACE2 has a higher affinity for ANGII as a substrate
101

. ACE2 formation of ANG1-7 and its 

activation of the Mas receptor seem to counterbalance the actions of ANGII on AT1 receptors
102-

105
. For example, ICV injection of ANG1-7 into female rats attenuated an aldosterone/NaCl-

induced hypertension model
106

. Overexpression of ACE2 throughout the brain significantly 

attenuates the hypertension seen in DOCA/salt treated rats
107, 108

. The development of the 

hypertension seen in the DOCA/salt model may be through essentially shedding ACE2 from the 

cell membrane
109

. In another model of hypertension, the ANGII-induced model, ACE2 

overexpression in the PVN diminishes the hypertensive outcome and therefore suggests ACE2 

plays an anti-hypertensive role within the brain
110

. Overexpression of ACE2 within the RVLM 

attenuates glutamatergic inputs that are tonically active in spontaneously hypertensive rats
111

. As 

a final point, the exact role of ACE2 activity in the control of blood pressure is still controversial 

albeit important. One study suggested ACE2 plays a vital role in normal physiology while ACE1 

plays a more critical role in pathophysiology
95, 112

. In direct contrast, central ANG1-7 was found 

to be important in pathophysiological conditions and its role in normal conditions minor
95, 113

. 

Therefore, the role ACE2 may play in the pathophysiology of sleep apnea and CIH hypertension 

could be of significant importance. Nevertheless, ACE1 actions in the CNS are typically 

described as pro-hypertensive while ACE2 is more often characterized as anti-hypertensive.  

The RAS within the MnPO could be a substrate by CIH leads to sustained hypertension. 

Increased FosB expression in the MnPO could trigger changes in gene expression related to CIH 

that result in a sustained increase in MAP even in the absence of a hypoxic challenge. 
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Potentially, CIH would induce increased expression of FosB within the MnPO and this could in 

turn increase utilization of local CNS RAS. Since ACE1 is thought to be pro-hypertensive and 

OSA presents with a sustained increase in blood pressure, we chose to focus on the association 

of FosB with ACE1 in the MnPO following CIH. Therefore, increased FosB could increase 

ACE1 expression within the MnPO this could be a mechanism contributing to the sustained 

diurnal hypertension associated with CIH. This suggests that there is a possible genetic 

regulatory effect CIH has on MnPO neurons that could contribute to the sustained diurnal 

hypertension associated with CIH and would unprecedentedly show a physiological relationship 

between the transcription factor FosB and an AP-1 target gene, ACE1.  
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CHAPTER II 

 

THE ROLE OF ANGIOTENSIN CONVERTING ENZYME 1 WITHIN THE MEDIAN 

PREOPTIC NUCLEUS FOLLOWING CHRONIC INTERMITTENT HYPOXIA 

 

 

 

INTRODUCTION 

 

Sleep apnea is consistently becoming a more common occurrence. According to a recent poll 

from The National Sleep Foundation, 26% of US individuals are at high risk for obstructive sleep 

apnea (OSA) 
1
. In addition, sleep apnea has increased within certain demographic groups by as 

much as 55% over the last 20 years 
2
. OSA is associated with multiple cardiovascular diseases 

including hypertension 
3-14

. Patients with OSA have a sustained hypertension that fails to subside 

even in the awake hours 
12

. Increased SNA that may lead to this sustained hypertension has also 

been observed in OSA patients 
15-18

. The increase in SNA suggests that central nervous system 

(CNS) mechanisms may contribute to the cardiovascular sequela associated with sleep apnea. 

Generally, sleep apnea results from intermittent interruptions of breathing, or apneas, that 

cause arterial hypoxemia, hypercapnia, and changes in thoracic pressure 
5
. CIH mimics the 

arterial hypoxemia seen in sleep apnea patients and results in an analogous increase in SNA and 

sustained hypertension 
19-21

. Several CNS mechanisms have been proposed that contribute to 

CIH hypertension such as chemoreceptor sensitization 
5
. In addition, several CNS regions that 
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are not directly related to the chemoreceptor reflex have been investigated for their role in CIH 

hypertension 
22, 23

. Several studies indicate that the lamina terminalis, which has been linked with 

several models of neurogenic hypertension 
24

, may contribute to CIH hypertension 
25, 26

. In the 

lamina terminalis, the MnPO is one region that projects to the paraventricular nucleus of the 

hypothalamus and may influence SNA and blood pressure 
27-31

. In CIH, the transcription factor 

FosB/ΔFosB is significantly increased in the MnPO and inhibition of ΔFosB in this region 

blocks the sustained component of CIH hypertension 
25, 32

. These observations suggest that 

FosB/ΔFosB mediated changes in gene expression play an essential role specifically in the 

sustain hypertension associated with CIH 
25

. We identified several genes that may be 

downstream targets of FosB/ΔFosB in the MnPO 
25

. Our working hypothesis is that one or more 

of these CIH stimulated FosB/ΔFosB target genes within the MnPO may contribute to the 

sustained hypertension which occurs during nomoxia. One candidate gene that was identified is 

ACE1 
25

. Changes in ACE1 expression within the MnPO may be part of the mechanism by 

which this region contributes to increases in SNA that result in sustained hypertension associated 

with CIH. 

Increased ACE1 expression within the MnPO may be a pro-hypertensive switch that gets 

chronically activated by CIH stimulation of FosB/ΔFosB and, thus, promote the inappropriate 

sustained blood pressure increase. ACE1 is a well-known component of RAS that converts 

Angiotensin I to Angiotensin II (ANGII). The CNS has been shown to have an independent RAS 

from the systemic RAS 
33, 34

. Furthermore, ANGII has been shown to affect SNA 
35-40

. We 

conducted experiments to test the hypothesis that MnPO neurons activated by CIH project to the 

PVN and that CIH increases ACE1 expression through transcriptional activation of FosB/ΔFosB 
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within the MnPO. In order to test this hypothesis, we utilized retrograde tract tracing to label the 

neurons that project from the MnPO to the PVN and further explore the ACE1 expression in 

those neurons following 7 days of CIH treatment. We also sought to determine the transcription 

factor FosB/ΔFosB association with the ACE1 gene region within the MnPO following CIH 

treatment with a ChIP assay. 
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METHODS 

 

Animals 

Adult male Sprague-Dawley rats (Charles River Laboratories, Inc., Wilmington, MA, USA) 

maintained on a 12:12 light/dark cycle (light period from 7am-7pm) were used. Rats were 

individually housed and provided with ad libitum food and water as well as being in temperature 

controlled rooms. All animal procedures were conducted in accordance with current National 

Institutes of Health guidelines and were approved by the Institutional Animal Care and Use 

Committee at the University of North Texas Health Science Center.  

Retrograde Tracer 

Rats were anesthetized with isoflurane (2-3%), and placed in a stereotaxic frame and skulls 

leveled to bregma and lambda after their scalps were shaved and cleaned. Each rat received a 

unilateral PVN injection with a retrograde tracer, Fluorogold (Fluorchrome, LLC, Denver, CO). 

Each injection was made using a 30 gauge injector with a 5 µL Hamilton syringe (#84851 

Hamilton Reno, NV) at a volume of 200 ηl over a 5 minute period at atlas-defined coordinates of 

-1.80 mm (anterior/posterior), -0.4 mm (midline) and -7.6 mm (dorsal/ventral) 
41

. Following the 

injection, the holes made in their skulls were filled with sterile gel foam and their scalps were 

closed with sterile absorbable suture. Rats were given at least 1 week recovery before telemetry 

implantation. 
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Radio Telemetry Transmitter Implantation 

Rats were implanted with an abdominal aortic catheter attached to a CA11PA-C40 radio-

telemetry transmitter using isoflurane anesthesia (2-3%), as described previously 
32

. Each rat was 

allowed to recover for at least one week following telemetry surgery. The transmitter was 

secured to abdominal muscle throughout the CIH experiment. A Dataquest radio-telemetry 

system (Data Sciences, St. Paul, MN, USA) was used to record all physiological measurements. 

Mean arterial blood pressure (MAP), respiratory rate (RR) and heart rate (HR) were monitored 

by radio telemetry and sampled for 10 seconds every 10 minutes. Data are expressed as changes 

from baseline.  

Chronic Intermittent Hypoxia Treatment 

Baseline radio-telemetry recording occurred for 5 days prior to the start of the CIH protocol. CIH 

exposure was applied for 8 hours beginning at 0800 of the light phase using a 3 min hypoxia 

(10% O2)/3 min normoxia (21% O2) cycle as described previously 
32

. During the remaining 16 

hrs (1600-0800 h), the chambers were open to normoxic room air (21% O2). Rats were exposed 

to CIH for 7 days. Controls were placed in identical chambers within the same room but were 

only exposed room air (21% O2). All animals were sacrificed on the 8
th

 day following the 7 day 

CIH protocol. Rats were given inactin (100 mg/kg ip) and either perfused with 4% 

paraformaldehyde transcardially or decapitated.  
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Immunohistochemistry 

Rats used for the immunohistochemical studies were perfused with 0.1 M phosphate buffered 

saline (PBS, 100-200 ml) followed by 4% paraformaldehyde (400-500 ml), as previously 

described 
32

. Brains were then post fixed overnight and dehydrated in 30% sucrose. Each brain 

was cut into three sets of serial 40 μm coronal sections using a crytostat (Leica Biosystems, 

Buffalo Grove, IL, USA). The sections were stored in cryoprotectant at -20°C until the 

immunohistochemistry protocol. Sections were stained, as previously described 
32, 42

, for FosB 

(1:1000 Goat polyclonal sc-48869 Santa Cruz Biotechnology,Dallas, TX), GFAP (1:1500 Mouse 

monoclonal G3893, Sigma-Aldrich, St. Louis, MO) or ACE1 (1:500 Rabbit polyclonal sc-20791, 

Santa Cruz Biotechnology, 1:500). The FosB antibody binds to both FosB and the more stable 

splice variant ΔFosB and thus staining will be denoted as FosB/ΔFosB. Staining for FosB/ΔFosB 

was either processed with a biotinylated secondary antibody and avidin-biotin conjugated with 

horseradish peroxidase and diaminobenzidine (DAB) staining or stained with a fluorescently 

labeled secondary antibody. Tissue processed for FosB/ΔFosB DAB staining were incubated 

with a biotinylated horse anti-goat IgG (1:200; Vector Laboratories, Burlingame, CA), then 

treated with an avidin-peroxidase conjugate (Vectastain ABC Kit; Vector Laboratories) 

following PBS containing 0.04% 3,3′-diaminobenzidine hydrochloride and 0.04% nickel 

ammonium sulfate for 11 minutes. Tissue were then mounted to gel-coated slides, allowed to dry 

for one day and then dehydrated with serial ethanol solutions and xylene. Slides were then 

coverslipped with Permount mounting medium (ThermoScientific, Waltham, MA, USA). 

FosB/ΔFosB stained sections that were processed for indirect immunofluoresecences were 

incubated with a Cy2 anti-goat (1:1200; Jackson ImmunoResearch Inc., West Grove, PA) and 
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mounted with Vectashield HardSet mounting medium (Vector Laboratories). ACE1 staining was 

visualized using a Cy3 anti-rabbit (1:1200; Jackson ImmunoResearch Inc., West Grove, PA). 

Tissue was then imaged using an Olympus (Olympus BX41) fluorescent microscope or an 

inverted microscope (Olympus BX50) equipped with a spinning disk confocal unit (Olympus IX 

2- DSU) and epifluorsecence. Images were collected using a Retiga-SRV camera (Q-imaging, 

Surrey, British Columbia, Canada). Image J was used to analyze and count labeled cells for each 

section. All counts were averaged across each section of nuclei. 

Western Blot Analysis 

The day after our 7 day CIH protocol, inactin anesthetized rats were decapitated and each brain 

was placed dorsal surface down in a commercially available brain matrix (Stoelting) in order to 

cut the brain into 1 mm coronal slabs with razor blades. Punch samples were collected from the 

slabs using 1 ml syringes equipped with blunt 23 gauge needles. The punches were ejected into 

micro-centrifuge tubes and frozen at -80°C until protein isolations and Western blot analysis 

were performed as previously described 
43, 44

. Two to three MnPO punches from each rat were 

dissolved in Laemmli Buffer and run on a 12% acrylamide gradient SDS gel (Nupage Bris-Tris, 

Invitrogen) and transferred to a nitrocellulose membrane. Blots were washed, blocked and then 

incubated with primary antibodies for ACE1 (1:100 Rabbit polyclonal, SantaCruz 

Biotechnology) and GAPDH (1:2000 Mouse, monoclonal, EMD Millipore, Millipore Sigma, St. 

Louis, MO) as a control. Blots were washed again then incubated with secondary antibodies 

according to the primary host-species. Proteins were detected by chemiluminescent reagents 

(Thermo Fisher Scientific Inc., Waltham, MA, USA), imaged using G-Box (Syngene, Fredrick, 

MD, USA) and then analyzed for densitometry using ImageJ. 



 
 

51 

 
 

Chromatin Immunoprecipitation Analysis 

Following the 7 day CIH protocol, rats were anesthetized with inactin and decapitated. Each 

brain was cut into 1 mm coronal slabs as described above in western blot analysis. Two MnPO 

punches (dorsal and ventral to the anterior commissure) from the same rat were taken from the 

slabs using 1 ml syringes with blunt 23 gauge needles. Punches containing the MnPO from two 

rats from the same treatment group were pooled and placed into the same micro-centrifuge tube. 

All samples were kept frozen at -80°C until ChIP assays were performed the following day. 

Pooled punches from two rats, four punches total, were needed in order to obtain sufficient 

material to execute the ChIP assay. The LowCell# ChIP Kit (kch-maglow-G16, Diagenode, 

USA) was utilized according to the manufacture’s tissue protocol in order to analyze the 

association between FosB/ΔFosB and ACE1. Samples were sheared on ice using a Model 150 

Sonic Dismembrator (Fisher Scientific, Pittsburg, PA, USA) and subjected to 4 rounds of 10s on 

30s off at 0100% AMPS in order to achieve a base pair size between 100 – 1000 base pairs. 2 µg 

of a ChIP grade FosB (102) GX antibody (goat, polyclonal IgG, Santa Cruz Biotechnology) was 

used to detect FosB/ΔFosB bound DNA while a normal goat IgG polyclonal antibody (Abcam, 

Cambridge, MA) was used as a negative control. Total genomic input, FosB isolated and goat 

IgG isolated DNA samples were then subjected to quantitative PCR (qPCR) using iQ SYBR 

green Supermix (Bio-Rad Laboratories Inc., Hercules, CA) in a Bio-Rad iQTM5 iCycler system 

(Bio-Rad Laboratories Inc., Hercules, CA) with the following primers for ACE1 (Forward 5’-

CCCGGAAATACGAAGAATTGC-3’, Reverse 5’-GGCTCTCCCCACCTTGTCTC-3’). Data 

were normalized to input background. 
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Statistical Analysis 

Data from immunohistochemistry studies were analyzed using one-way ANOVA with Newman-

Keuls tests for post hoc analysis of significant main effects. Data from the radio telemetry 

experiments were analyzed using two-way RM ANOVA with Student-Newman-Keuls tests for 

post hoc analysis. Data from western blot and ChIP qPCR were analyzed using t-test. All tests 

were performed using SigmaPlot (v. 12.0, Systat Software, USA). Differences were considered 

statistically significant at P < 0.05. Data are reported as mean ± SEM. 
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RESULTS 

 

MAP, HR and RR measurements following CIH. Baseline MAP, HR and RR measurements were 

not significantly different among the groups prior to CIH exposure. On the first day of treatment, 

MAP was not significantly different between the normoxic (Norm) and hypoxic (CIH) treated 

rats for either the dark phase or the light phase during intermittent hypoxia administration. 

However, MAP of the CIH treatment group significantly increased from day 2 to day 7 as 

compared to the Norm controls in both the dark phase and light phase (P<0.05; Figure 1  A & B). 

These results are comparable to our previous studies 
32

. HR showed no significant difference 

between Norm and CIH treatment groups in the light phase however HR was significantly 

decreased in the CIH treatment group during the dark phase while CIH is not actively being 

administered (P<0.05; Figure 1 C & D). RR showed a significant increase in the CIH treatment 

group during the light phase as compared to Norm controls (P<0.05; Figure 1 E) which was 

expected since CIH is known to activate the chemoreflex 
45

. No significant difference was found 

amongst the RR in the Dark period while CIH treatment was not active (Figure 1 F). 

ACE1 Cell Type Localization. ACE1 staining was not colocalized with GFAP in the MnPO of 

rats from either the normoxic control (Figure 2 C) nor the CIH treatment group (Figure  2 F). 

These results suggest that in the MnPO ACE1 is not expressed by GFAP positive astrocytes 

(Figure 2). 

Effect of CIH on ACE1 expressing cells within the MnPO. We examined FosB/ΔFosB and ACE1 

staining in the MnPO (Figure 3 Top Panel) to further determine the possible activation of ACE1 

expressing neurons following CIH. CIH was associated with a significant increase in the number 
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of FosB/ΔFosB positive neurons within the MnPO as compared to the normoxic controls 

(P<0.001; Figure 3 Bottom Panel). Interestingly, the number of FosB/ΔFosB and ACE1 positive 

neurons in the MnPO also significantly increased following CIH exposure (P<0.001; Figure 3 

Bottom Panel). 

Effect of CIH on ACE1 protein expression within the MnPO. ACE1 protein abundance within the 

MnPO significantly increased following CIH as compared to normoxic controls when 

normalized to GAPDH (Figure 4). 

Effect of CIH on ACE1/FosB projecting to the PVN. Figure 5 (Left Panel) shows a representative 

fluorogold injection site the included the PVN. Brains with similar injection sites were used in 

the analysis ACE1 and FosB/ΔFosB localization with fluorogold. As reported above, CIH was 

associated with a significant increase in the numbers of FosB/ΔFosB positive cells and ACE1 

positive cells within the MnPO as compared to normoxic controls (P<0.05; Figure 6). Fluorogold 

positive cells did not significantly increase within the MnPO following CIH (Figure 5 Right 

Panel). As shown above, MnPO cells that were positive for both FosB/ΔFosB and ACE1 

significantly increased following CIH as compared to normoxic controls (P<0.05; Figure 6). 

Also CIH increased FosB/ΔFosB staining in PVN projecting cells as indicated by a significant 

increase in the numbers of fluorogold positive cells that were stained for FosB/ΔFosB, (P<0.05; 

Figure 6). The number of cells expressing all three (FosB/ΔFosB, ACE1 and fluorogold) labels 

within the MnPO significantly increased following CIH (P<0.05; Figure 6). 

Association of FosB with ACE1. ChIP studies were used so that we could examine the possible 

interaction of FosB/ΔFosB with ACE1 since the gene for ACE1 contains an AP-1 regulatory site. 
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MnPO samples were pooled from 2 rats of identical treatment, either normoxic or CIH, in order 

to get sufficient material to perform ChIP. Samples were also sonicated and sheared in order to 

obtain an optimal size of base pairs between 100 – 1000 base pairs. qPCR was used to examine 

the expression of ACE1 of FosB/ΔFosB precipitated DNA following CIH or normoxia along 

with input genomic controls and relevant IgG negative controls. Data were normalized to input 

background. ACE1 association with FosB/ΔFosB was significantly increased in the MnPO 

following CIH as compared to the normoxic controls (P<0.05; Figure 7). The increase of ACE1 

and FosB/ΔFosB expression following CIH suggests that ACE1 may be positively regulated by 

FosB/ΔFosB in the MnPO.  
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Figures 

 

CHAPTER II-Figure II-1 MAP, HR and RR of 7 Days CIH 

 

 

* 
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Figure 1. Effect of 7 Days (D) of CIH on MAP, HR and RR. Open circles represent chronic 

intermittent hypoxia (CIH) treatment while filled in circles represent normoxic controls (Norm). 

CIH significantly increased MAP (A & B) from D2 to D7 in both intermittent hypoxia (IH) and 

dark period (DK) times. HR (C & D) was significantly decreased with CIH during the DK time 

but not IH. RR (E & F) significantly increased with CIH during IH but not in the DK time. Data 

are expressed as mean±SEM and analyzed using two-way repeated measures ANOVA followed 

by Student-Neuman-Keuls test. * indicates P<0.05 in comparison to Norm. 
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CHAPTER II-Figure II-2 ACE1 and GFAP Staining in MnPO 

 

Figure 2. Immunohistochemical representation of MnPO ACE1 (A & D) and GFAP (B & E) 

expression. C and F represent merged ACE1 and GFAP expression. A, B and C represent 

normoxic controls (CON) and D, E and F represent hypoxic treated (CIH). 
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CHAPTER II-Figure II-3 ACE1 and FosB Staining and Counts in MnPO 

 

Figure 3. Top panel respresents immunohistochemistry staining of MnPO ACE1 (A & D), 

FosB/ΔFosB (B & E) expression. C and F represent merged ACE1 and FosB/ΔFosB expression. 

A, B and C represent normoxic controls (CON) and D, E and F represent hypoxic treated (CIH). 

Bottom panel represents average number of positive ACE1 and FosB/ΔFosB cells per section 

within the MnPO following 7 days of CIH treatment. Significant increases were seen in 

FosB/ΔFosB positive cells and cells colocalized with both ACE1 with FosB/ΔFosB in the CIH 

treatment group as compared to normoxic controls. No significant differences were seen within 

ACE1 positive cells. *indicates P<0.001.  
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CHAPTER II-Figure II-4 ACE1 content within MnPO after CIH 

 

Figure 4. Western blot analysis of ACE! expression within the MnPO following normoxic (CON 

= 3) or hypoxic (CIH = 5) treatment. Densitometric analysis of ACE1 immunoreactivity was 

normalized to GAPDH. Data expressed as mean±SEM. * indicates P<0.05. 
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CHAPTER II-Figure II-5 Fluorogold PVN Injection and MnPO Counts 

 

Figure 5. Left panel represents and image of a positive hit for Fluoroglod PVN unilateral 

injection. Right panel represents average number of fluorogold (Fgold) positive cells per section 

within the MnPO following CIH. No significant differences were found between normoxic 

controls (Norm) or hypoxic treatment (CIH; P=0.374). 
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CHAPTER II-Figure II-6 ACE1, Fluorogold and FosB Staining in MnPO and Counts Following 

CIH 
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Figure 6. Top panel depicts ACE1 (A & D), Fluorogold (FGold) retrograde tracing from the 

PVN (B & E) and FosB/ΔFosB (C & F) expression within the MnPO. A, B and C represent 

normoxic treatment group (CON) while D,E and F represent CIH treatment group. Bottom panel 

represents average number of cells of FosB, ACE1 or Fgold expression in the MnPO following 

CIH.  FosB/ΔFosB, ACE1, FosB/ΔFosB colocalization with Fgold, ACE1 colocalization with 

Fgold and colocalization of all three (ACE1, FosB/ΔFosB and Fgold) significantly increased 

within the MnPO following CIH as compared to normoxic controls (Norm). * indicates P<0.05. 

  



 
 

64 

 
 

CHAPTER II-Figure II-7 FosB Association with ACE1 Promotor Region 

 

Figure 7. : FosB association with ACEI within the MnPO following 7 days of CIH. %input (CT) 

was normalized to background. 7 days of CIH significantly increased the association of FosB 

with ACEI within the MnPO as compared to normoxic controls (Norm). * indicates P<0.05. 
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DISCUSSION 

 

Many neuronal adaptations have been implicated in animal models of CIH and our 

experiments focus on extending our understanding of the FosB/ΔFosB and RAS mechanisms 

within the CNS and how these mechanisms may contribute to the sustained diurnal MAP. ΔFosB 

has been shown to participate in long-term neural adaptations seen in many behaviors including 

drug addiction 
46

. As part of the AP-1 transcription factor family, FosB/ΔFosB has been linked to 

sustained changes in gene expression due to its long half-life and accumulation with intermittent 

or repeated stimulation 
46-49

. In CIH, FosB/ΔFosB significantly increases in many autonomic 

regions including the MnPO 
25, 32

. Our previous work suggests that changes in gene expression 

that are mediated by FosB/ΔFosB in the MnPO play an essential role in the sustained component 

of CIH hypertension that occurs during normoxia 
25

. The present study focused on one of these 

potential MnPO gene targets to better characterize its possible role in CIH hypertension. 

Additionally, retrograde tract tracing was also used to explore how FosB/ΔFosB activated 

neurons within the MnPO may influence the PVN. The main finding of this study is that CIH 

increases FosB/ΔFosB staining in ACE1 positive cells that project to the PVN. Furthermore, CIH 

significantly increases FosB/ΔFosB association with ACE1 in the MnPO suggesting that 

increases in ACE1 gene expression associated with CIH are due to the direct interaction of 

FosB/ΔFosB with ACE1. These findings are consistent with the hypothesis that FosB/ΔFosB 

regulation of ACE1 contributes to CIH hypertension possibly via the PVN, which may be a 

pathway for increasing SNA and thus sustained elevations of MAP. 

ACE1 immunostaining was evident within the MnPO that did not overlap with GFAP. ACE1 

expression failing to co-label with GFAP suggests ACE1 is not localized in astrocytes and may 



 
 

66 

 
 

be expressed by neurons in the MnPO. Also, ACE1 protein abundance significantly increased 

within the MnPO following 7 days of CIH treatment as compared to normoxic controls. These 

results are consistent with our earlier report that ACE1 gene expression was upregulated in the 

MnPO following CIH and that this effect was blocked by virally-mediated dominant negative 

inhibition of ΔFosB in the MnPO 
25

. We have previously shown that CIH-induced FosB/ΔFosB 

staining in the MnPO is dependent on Angiotensin 1a receptors in the subfornical organ (SFO) 

26
. Together these results indicate that activation of the peripheral RAS by CIH and the 

subsequent stimulation of the SFO leads to activation of the MnPO and FosB/ΔFosB-mediated 

upregulation of specific components of the brain RAS. This leads to the speculation that the 

peripheral RAS and brain RAS work together in concert to maintain CIH hypertension during 

normoxia. Further studies will be needed in order to fully understand the role of ACE1 within the 

MnPO and its involvement in the hypertension seen in CIH. 

Furthermore, the MnPO has been implicated in various neural networks that regulate 

cardiovascular control and fluid and electrolyte balance 
27, 50-52

. Activation of the MnPO appears 

to results in sympathoexcitation and increased blood pressure 
28, 53

. The MnPO projects directly 

to the PVN, more specifically the parvocellular division of the PVN that in turn projects to the 

nucleus of the solitary tract, the rostral ventrolateral medulla, and sympathetic preganglionic 

neurons in the intermedial lateral column of the spinal cord 
54-58

. The MnPO to PVN projection 

may very well regulate increases in SNA and MAP during CIH stimulation. FosB/ΔFosB 

positive cells significantly increased within the MnPO following CIH as compared to the 

normoxic controls which agree with our previous experiments 
32

. The increase in FosB/ΔFosB 

coincides with the hypothesis that the MnPO is activated during CIH. ACE1 and FosB/ΔFosB 
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immunohistochemistry colocalization also significantly increased within the MnPO following 

CIH. This increase in FosB/ΔFosB and ACE1 colabeling may suggest CIH increases activation 

of MnPO neurons through the transcription factor FosB/ΔFosB and subsequently increases 

ACE1 which could change the strength of angiotensinergic synapses. ANGII has been shown to 

activate MnPO neurons that project to the PVN 
28

 and therefore increased FosB/ΔFosB 

activation of MnPO neurons containing ACE1 may project to the PVN following CIH. The 

results of our retrograde track tracing study from the PVN support this hypothesis. 

As mentioned before, dominant-negative inhibition of ΔFosB in the MnPO blocked the 

increase in mRNA expression of ACE1 in CIH treated rats 
25

. Also, the increase in colocalization 

of FosB/ΔFosB and ACE1 within the MnPO after CIH suggest a possible relationship between 

the two. In order to fully consider the potential for a FosB/ΔFosB and ACE1 interaction within 

the MnPO stimulated by CIH, ChIP experiments were conducted to determine a possible direct 

interaction between ACE1 and FosB/ΔFosB. Our results indicate that there was a significant 

increase in association between FosB/ΔFosB to the ACE1 gene region in the MnPO following 7 

days of CIH. The increase in association suggests that an increase in FosB/ΔFosB activation of 

the MnPO targets the RAS, specifically ACE1, and that interaction may upregulate ACE1 

expression. The upregulation of ACE1 within the MnPO then may go on to influence 

downstream regions, such as the PVN, and ultimately MAP. ACE1 was not the only gene 

affected by dominant-negative inhibition of ΔFosB within the MnPO and other genes may 

contribute to CIH hypertension in the MnPO along with ACE1. The other genes identified in this 

study included map3K3, ace2, nos1, and nos3 
25

. Overall, downstream regulation of ACE1 by 

FosB/ΔFosB within the MnPO may play an important role following CIH stimulation. However, 
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functional studies will be required to determine the importance of MnPO ACE1 to CIH 

hypertension. 

PERSPECTIVES 

 

OSA is associated with a sustained hypertension even in the absence of a hypoxia leading 

to increased risk for multiple cardiovascular diseases 
12

. The increase in prevalence and 

cardiovascular health risks accompanying OSA makes it important to understand the underlying 

mechanisms of its associated hypertension. Previous studies have suggested the importance of 

the CNS as well as the brain RAS system that promotes various forms of hypertension and the 

sustained hypertension seen in CIH may be no different 
34, 59

. This study suggests that FosB may 

utilize an AP-1 target gene, ACE1, in order to influence the PVN downstream of the MnPO in 

CIH. Investigating the role of ACE1 within the MnPO may provide a better understanding of the 

pathogenesis of CIH hypertension which could improve our ability to treat OSA hypertension.   
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CHAPTER III 

 

THE CRITICAL ROLE OF ANGIOTENSIN CONVERTING ENZYME 1 WITHIN THE 

MEDIAN PREOPTIC NUCLEUS IN THE DEVELOPMENT OF THE SUSTAINED 

HYPERTENSION SEEN IN CHRONIC INTERMITTENT HYPOXIA. 

 

 

 

INTRODUCTION 

 

The occurrence of sleep apnea has steadily become a concern within the healthcare 

community. Mild obstructive sleep apnea (OSA), an apnea-hypopnea-index (AHI) of 5 or 

greater, may be as frequent as 28% while the prevalence of moderate OSA, an AHI of 15 or 

greater, may be as high as 14% 
1
. Furthermore, the prevalence of sleep apnea has seen a steady 

increase, some as much as 55%, in many populations 
2
. OSA has been well associated with 

hypertension and many other cardiovascular vascular diseases such as heart failure 
3-14

. More 

specifically, OSA patients have a sustained waking hypertension seen in absence of an apnea or 

hypopnea event 
15

. In addition to the sustained hypertension seen in OSA patients, increased 

sympathetic nerve activity (SNA) has also been demonstrated within this disease group 
16-19

. The 

increase in SNA suggests a possible central nervous system (CNS) role in the sustained 

hypertension and adverse cardiovascular outcomes related to sleep apnea in OSA patients. 
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In order to model certain components of sleep apnea, chronic intermittent hypoxia (CIH) 

is widely used. CIH specifically models the arterial hypoxemia seen in sleep apnea patients 
20

. 

CIH not only simulates the arterial hypoxemia from sleep apnea but the model also produces 

similar changes in SNA and develops sustained diurnal hypertension 
21-23

. Chemoreflex 

augmentations as well as many other mechanisms such as changes in vasopressin transmission to 

the brainstem have been recognized as credible avenues for the hypertension seen in CIH 
4, 24-26

.  

The role of the CNS in hypertension has also expanded to other areas within the CNS such as the 

lamina terminalis which has been implicated in many models neurogenic hypertension 
27

. The 

lamina terminalis has similarly been associated with the hypertension seen in CIH 
28, 29

. This area 

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

and the median preoptic nucleus (MnPO). The MnPO receives inputs from the SFO and OVLT, 

both of which are circumventricular organs containing a leaky blood-brain-barrier 
30-33

. The 

MnPO has projections to downstream regions, such as the paraventricular nucleus (PVN), that 

are known to regulate SNA as well as blood pressure 
34-38

. The MnPO may be one nucleus within 

the CNS where homeostatic uncoupling takes place that contributes to an inappropriately 

sustained diurnal hypertension following CIH. 

The neuronal activation of the MnPO has been linked to the sustained hypertension seen 

in CIH 
28, 39

. Specifically the MnPO increases the expression of a chronic activation marker, 

FosB/ΔFosB
28, 39

. FosB/ΔFosB is a member of the AP-1 transcription factor family and 

expressed following CNS activation 
40-42

. Inhibition of FosB/ΔFosB within the MnPO has been 

shown to selectively attenuate the sustained hypertension seen in CIH therefore suggesting a 

possible regulatory role of FosB/ΔFosB in altering downstream AP-1 genes within the MnPO 
28

. 
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Several genes were identified as possible downstream targets of FosB/ΔFosB within the MnPO 

following CIH and one or a combination of the genes may be responsible for the sustained CIH 

hypertension 
28

. One putative target gene identified in the previous study is angiotensin 

converting enzyme 1 (ACE1)
28

, a recognized part of the renin angiotensin system (RAS). The 

RAS has been shown to contribute to hypertension associated with CIH 
43-46

 and in OSA patients 

47, 48
. Furthermore, the CNS is known to have a complete RAS that independently functions from 

the systemic RAS 
49, 50

. ACE1 converts angiotensin I to angiotensin II (ANGII), a known 

neurotransmitter within the CNS that affects SNA 
51-53

. We hypothesized that ACE1 within the 

MnPO plays a functional role in the sustained hypertension seen in CIH. In order to fully 

understand the role of ACE1 within the MnPO, viral vectors containing short hairpin RNA 

(shRNA) against ACE1 were used to knockdown ACE1 within the MnPO. Additionally, the 

downstream regions of the MnPO known for SNA regulation were assessed using the neuronal 

activation marker, FosB/ΔFosB. Understanding the functional role of ACE1 within the MnPO 

and the effects on downstream nuclei would give insight into potential mechanisms for OSA 

hypertension treatment. 
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METHODS 

 

Animals 

Adult male Sprague-Dawley rats of 6 weeks in age (Charles River Laboratories, Inc., 

Wilmington, MA, USA) were used for all studies. All rats were on a 12:12 light/dark cycle with 

a light period of  0700 to 1900 h. Rats were always individually housed and continuously 

provided with food and water ad libitum in temperature controlled rooms. All animal procedures 

were conducted according to National Institutes of Health guidelines and were approved by the 

Institutional Animal Care and Use Committee at the University of North Texas Health Science 

Center.  

Virally-Mediated Gene Transfer 

Rats were anesthetized with isoflurane (2-3%), their scalps shaved and cleaned, and then they 

were each placed in a stereotaxic apparatus. After their skulls were surgically exposed they were 

leveled between bregma and lambda 
54

. Each rat received a microinjection targeted to the MnPO 

using  atlas-defined coordinates of +0.9mm (midline) and -6.7mm (dorsal/ventral) with the 

injector placed at 8 degrees from midline 
54

. After a small burr hole was made into the skull  a 30 

gauge injector was advanced to the aforementioned coordinates, each construct was injected into 

the MnPO at a volume of 500 ηl using 5 µL Hamilton syringe (#84851 Hamilton Reno, NV).  

After microinjection of the viral construct, a period of 5 minutes elapsed before the injector was 

removed from the defined coordinates in order to allow for proper absorption of the chosen AAV 

construct. The holes made in each skull was filled with sterile gel foam followed by closue of 

their scalps with sterile absorbable suture The injected viral constructs (GENEDETECT®, 

Auckland, NZ) were used to constitutively express an shRNA against ACE1 with green 
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fluorescent protein (GFP) (AAV-shACE1, titer: 1.5x10
12

 genomic particles/ml) or a scrambled 

shRNA with GFP (AAV-shSCM, titer: 1.1x10
12

 genomic particles/ml).  One week of recovery 

was given before the telemetry procedure and another week of recovery prior to starting our CIH 

protocol at baseline approximately totaling a 3 week incubation period for the viral construct 

expression proceeding the first day of CIH treatment. Injection placement was verified by the 

GFP fluorescence using an Olympus (Olympus BX41) fluorescent microscope 

Radio Telemetry Transmitter Implantation 

Mean arterial blood pressure (MAP), respiratory rate (RR) and heart rate (HR) was monitored by 

a Dataquest radio-telemetry system (Data Sciences International, St. Paul, MN, USA) using a 

radio-telemetry transmitter (TA11PA-C40 DSI telemetry unit). After recovering from the MnPO 

microinjections for 1 week, rats were anesthetized with isoflurane (2-3%) anesthesia and 

implanted with an abdominal aortic catheter attached to the radio-telemetry transmitter that was 

secured to abdominal muscle, as described previously 
39

. One week of recovery was given before 

the 5 day baseline measurements began followed by the 7 day CIH protocol. . All physiological 

measurements were monitored by this radio telemetry system and sampled for 10 seconds every 

10 minutes from the first full day of baseline measurements until end of the CIH protocol. Form 

some analyses, data are expressed as changes from baseline. 

Chronic Intermittent Hypoxia Treatment 

Rats were transferred into plexiglass chambers and left at room air for 5 days of baseline 

measurements. For the next 7 days, CIH exposure was applied for 8 hs during the middle of the 

light phase of a rat using a 3 min hypoxia (10% O2)/3 min normoxia (21% O2) cycle as described 

previously 
39

. During the remaining time (1600-0800), the chambers were open to room air. 

Normoxic controls were placed in the same room but only exposed room air (21% O2) 
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throughout the CIH protocol. On the morning after the 7
th

 day of CIH, rats were sacrificed. Rats 

were given inactin (100 mg/kg ip) and either perfused transcardially for immunohistochemistry 

or decapitated for PCR.  

Laser Capture Microscopy 

Rats were decapitated after anesthetization with inactin (100 mg/kg ip). Brains were immediately 

frozen in 2-methylbutane (Sigma-Aldrich) on dry ice and stored at -80°C until RNA extractions 

were performed. Fresh frozen brains were prepared for laser capture microscopy (LCM) by 

cutting 10 µm thick serial frozen sections at the level of the MnPO. Six sections were mounted 

onto PEN membrane coated slides (Catalogue# LCM0522- Arcturus Bioscience) and fixed with 

methanol for 30 seconds. An Arcturus Veritas Microdissection instrument (13553-00, version c), 

which utilizes an infrared capture laser with an ultraviolet cutting laser, was used to capture 10-

15 GFP labeled MnPO neurons. As previously described, RNA was extracted and purified from 

each sample using an ArrayPure Nano-Scale RNA Purification Kit (Epicentre Biotechnol, 

Madison, WI) 
55

. RNA quality was evaluated using a Nanodrop Spectophotometer (Nanodrop 

2000c Spectrophotometer, ThermoScientific, Wilmington, DE) and low 260/280 sample ratios 

were not used because of impurity. The RNA was then amplified to aminoallyl a-RNA using the 

TargetAmp 2-Round Aminoallyl-aRNA Amplification Kit (epicenter Biotechnol, Madision, WI) 

as previously described 
55-57

.  

Quantitative RT-PCR 

Aminoallyl-aRNA from each sample was reverse-transcribed into cDNA with a Sensiscript RT 

Kit (Qiagen Inc., Valencia, CA) as previously described 
44

. S18 and ACE1 primers weres used 

with the following sequences: Rsp18, forward 5’-CAGAAGGACGTGAAGGATGG-3’ and 

reverse 5’-CAGTGGTCTTGGTGTGCTGA-3’; ACE1, forward 5’-
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CCCGGAAATACGAAGAATTGC-3’ and reverse 5’-GGCTCTCCCCACCTTGTCTC-3’. 

Rps18 was used for normalization of mRNA expression. PCR samples contained 3 µL of cDNA, 

1.2 µL of each primer (forward and reverse), 3.3 µL of Rnase-free water, and 7.5 µL of iQ 

SYBR Green Supermix (Bio-Rad Laboratories Inc., Hercules, CA). PCR reactions were 

performed with the following protocol in a Bio-Rad iQTM5 iCycler system (Bio-Rad 

Laboratories Inc., Hercules, CA): Denaturation at 95°C for 3 minutes, 95°C for 10 seconds 

followed by 60°C for 1 minute (1 min 10 sec total) repeated for 50 cycles and then 65°C for 5 

seconds. In each analysis, melt-curves were generated in order to identify non-specific products 

and primer-dimers. Data were analyzed using the 2
-ΔΔCT

 method as reported previously from our 

laboratory 
55-57

. 

Immunohistochemistry 

Following the 7 day CIH protocol, rats were given inactin (100 mg/kg ip) and sacrificed. Rats 

were then perfused with 0.1 M phosphate buffer saline (PBS, 100-200 ml) followed by 4% PFA 

(400-500 ml), as previously described 
28

. Brains were post fixed overnight and dehydrated in 

30% sucrose. Each brain was cut in to three sets of serial 40 μm coronal sections using a 

crytostat. The sections were stored in cryoprotectant at -20°C until immunohistochemistry was 

performed. Sections were stained, as previously described 
39, 46

, for FosB (Goat polyclonal, Santa 

Cruz, 1:1000) and if staining the hindbrain tissue, dopamine  hydroxylase (DH) (Mouse 

monoclonal, Millipore, 1:1000) was used. The FosB antibody from SantaCruz does not 

distinguish between to variants of FosB, FosB and the more stable splice variant ΔFosB so will 

therefore be indicated as FosB/ΔFosB staining. Tissue processed for DAB staining was 

incubated with a biotinylated horse anti-goat IgG (1:200; Vector Laboratories, Burlingame, CA) 

and treated with an avidin-peroxidase conjugate from a Vectastain ABC Kit (Vector 
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Laboratories). Tissue was then followed by PBS containing 0.04% 3,3′-diaminobenzidine 

hydrochloride and 0.04% nickel ammonium sulfate for 11 minutes. DH staining was visualized 

using a Cy3 anti-mouse (1:1200; Jackson ImmunoResearch Inc., West Grove, PA). After the 

staining procedure, tissue was then mounted to gel-coated slides, allowed to dry for one day. The 

dried slides were serially dehydrated with ethanol solutions and xylene. Slides were then 

coverslipped with Permount mounting medium (ThermoScientific, Waltham, MA, USA) and 

dried for at least 48 hours before imaging. Tissue was imaged using an epifluorescent Olympus 

(Olympus BX41) microscope equipped with a digital camera (Olympus DP70). Image J was 

used to analyze and count labeled cells for each section. FosB/ΔFosB counts were averaged 

between sections of each brain region with the NTS subsections separately analyzed as  into 

commissural/caudal NTS, subpostremall NTS and rostral NTS. 

Statistical Analysis 

Data from the immunohistochemistry were analyzed using one-way ANOVA with Student-

Newman-Keuls tests for posthoc analysis. qRT-PCR studies were analyzed with two-way 

ANOVA with Student-Newman-Keuls tests for posthoc analysis. Baseline data from the radio 

telemetry recordings were analyzed either analyzed using one-way ANOVA with Student-

Newman-Keuls tests for posthoc analysis. Data from the 7 d CIH protocol were analyzed as a 

change from baseline using separate two-way repeated measure ANOVA with Student-Newman-

Keuls tests for posthoc analysis. All tests were performed using SigmaPlot (v. 12.0, Systat 

Software, USA). Statistically significant at was considered when P < 0.05. Data are reported as 

mean ± SEM. 
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RESULTS 

 

Role of MnPO ACE1 in CIH Hypertension 

Verification of ACE1 Knockdown in the MnPO. Viral constructs were used to knockdown ACE1 

within the MnPO to aid in the investigation of ACE1 in the MnPO following CIH. The AAV-

shSCM and AAV-shACE1 injections in the MnPO of rats treated with normoxia did not show 

any significant changes in ACE1 mRNA expression (P<0.05, Figure 2). Correspondingly, ACE1 

mRNA expression significantly increased transfected MnPO cells collected from rats in the 

AAV-shSCM CIH treatment group as compared to the AAV-shSCM normoxic, AAV-shACE1 

normoxic and the AAV-shACE1 CIH treatment groups (P<0.05, Figure 2). Furthermore, ACE1 

mRNA expression increased within the AAV-shACE1 CIH treatment group as compared to the 

AAV-shSCM and AAV-shACE1 normoxic groups (P<0.05, Figure 2). However, the AAV-

shACE1 within the CIH group showed a significant decrease of ACE1 mRNA expression as 

compared to the AVV-shSCM CIH group when normalized to Rsp18 (P<0.05, Figure 2). The 

AAV-shACE1 significantly blocked the increase in MnPO ACE1 message that was seen in the 

CIH treated rats injected with AAV-shSCM. 

Effect of ACE1 Knockdown on Baseline MAP, RR and HR. 5 days prior to the first day of CIH 

exposure, baseline measurements were taken. There were no significant differences in baseline 

mean blood pressure, RR or HR measurements in both the normoxic dark phase and CIH 

exposure (0800-1600 h) time periods among any of the groups (Table 1). 

Effect of ACE1 Knockdown on Mean Arterial Blood Pressure. During the CIH exposure (0800-

1600 h), the observed changes in MAP were significantly influenced by the treatments but also 
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dependent on the day. MAP significantly increased in the AAV-shSCM CIH treatment group as 

expected when compared to the AAV-shSCM normoxic control (P<0.05, Figure 3). Also, the 

AAV-shSCM CIH treatment group significantly increased MAP from D2 through D7 as 

compared to the AAV-shACE1 normoxic group (P<0.05, Figure 3). The AAV-shSCM CIH 

group significantly had increased MAP on day D2 and D7 as compared to the AAV-shACE1 

CIH treatment group (P<0.05, Figure 3). On days D1, D3, D4 and D6, the AAV-shACE1 CIH 

treatment group showed significantly increased MAP as compared to the AAV-shACE1 

normoxic control (P<0.05, Figure 3). Lastly, the AAV-shACE1 CIH treatment group 

significantly increased MAP on IH3 and IH4 as compared to AAV-shSCM normoxic control 

group (P<0.05, Figure 3). 

During the normoxic dark phase, changes in MAP were significantly affected by treatment 

independent of the protocol day. The changes in MAP of the AAV-shSCM CIH treatment group 

were significantly increased as compared to all other groups P<0.05, (Figure 3). There were no 

significant differences among the other three treatment groups:  AAV-shSCM normoxic, AAV-

shACE1 normoxic,  and  AAV-shACE1 CIH (P<0.05, Figure 3). These results indicate that 

ACE1 knockdown in the MnPO significantly blocked the sustained component of CIH 

hypertension that occurs during the normoxic dark phase, but does not prevent increases in blood 

pressure that occur during CIH exposure (0800-1600 h). 

Effect of ACE1 Knockdown on Respiration Rate. During intermittent hypoxia exposure, the 

effects on RR were influenced by the treatments and day.  There was no significant differences 

between the AAV-shACE1 and AAV-shSCM normoxic controls. A significant increase in RR 

was seen in the AAV-shSCM CIH group on days D1 and D4 as compared to the AAV-shSCM 
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and AAV-shACE1 normoxic control groups (P<0.05, Figure 4). Similarly, RR was significantly 

increased in the AAV-shACE1 CIH treatment group days D3, D4, D and D7 as compared to both 

AAV-shACE1 and AAV-shSCM normoxic treatment groups (P<0.05, Figure 4). Finally, on day 

D1, AAV-shSCM CIH was significantly increased as compared to the AAV-shACE1 CIH 

treatment group while on day D6 the AAV-shACE1 CIH treatment group was significantly 

higher than the AAV-shSCM CIH treatment group (P<0.05, Figure 4). 

During the dark period with no active intermittent hypoxia exposure, RR was not different 

among  all treatment groups (Figure 4). 

Effect of ACE1 Knockdown on Heart Rate. During the intermittent hypoxia treatment period 

(0800-1600 h), HR showed no significant differences amongst treatment accept on the very last 

day of hypoxia treatment, D7. The AAV-shACE1 CIH treatment group had a significant 

decrease in HR as compared all other treatment groups (P<0.05, Figure 4). 

While in the dark phase, AAV-shSCM and AAV-shACE1 CIH treatment groups showed 

significant decreases in HR as compared to both the AAV-shSCM and AAV-shACE1 normoxic 

control groups (P<0.05, Figure 4). 

Effects of MnPO ACE1 in CIH on FosB Staining 

Effect of ACE1 knockdown on FosB/ΔFosB staining in MnPO. FosB/ΔFosB staining within the 

MnPO was significantly increased in the AAV-shSCH CIH treatment group as compared to 

AAV-shSCM normoxic, AAV-shACE1 normoxic and AAV-shACE1 CIH treatment groups 

(P<0.05, Figure 5). In the AAV-shACE1 CIH treatment group, the numbers of FosB/ΔFosB 

positive cells in the MnPO were significantly increased with as compared to its AAV-shACE1 
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normoxic control counterpart (P<0.05, Figure 5). However, FosB/ΔFosB staining significantly 

decreased within the MnPO in the normoxic AAV-shACE1 group as compared to the AAV-

shSCM normoxic group (P<0.05, Figure 5). These results indicated that ACE1 knockdown in the 

MnPO signficantly reduced FosB/ΔFosB staining in this region. 

Effect of ACE1 Knockdown on FosB/ΔFosB staining in PVN. FosB/ΔFosB positive cells within 

the PVN was comparable between both AAV-shSCM and AAV-shACE1 normoxic controls 

(P>0.05, Figure 6). Both AAV-shSCM and AAV-shACE1 CIH treatment groups increased 

FosB/ΔFosB staining within the PVN significantly as compared to both normoxic controls of 

AAV-shSCM and AAV-shACE1 (P<0.05, Figure 6). Interestingly FosB/ΔFosB positive cells 

significantly decreased within the PVN following AAV-shACE1 microinjection into the MnPO 

following CIH treatment (P<0.05, Figure 6). Although CIH significantly increased FosB/ΔFosB 

staining in the PVN of rats injected in the MnPO with AAV-shACE1, ACE1 knockdown in the 

MnPO significantly attenuated this effect.   

Effect of ACE1 Knockdown on FosB/ΔFosB staining in Hindbrain. In rats injected in the MNPO 

with AAV-shSCM and exposed to CIH, there was a significant increase in FosB/ΔFosB staining 

within the RVLM as compared to both normoxic treatment groups, as well as the AAV-shACE1 

CIH treatment group (P<0.05, Figure 11). In contrast, ACE1 knockdown in the MnPO did not 

significantly influence FosB/ΔFosB staining in the NTS. The total number of FosB/ΔFosB 

positive cells within the entire NTS significantly increased in both CIH groups whether AAV-

shSCM or AAV-shACE1 as compared to both normoxic controls (P<0.05, Figure 10). Similar 

increases in both CIH groups were seen in the subpostremal and caudal subdivisions of the NTS 

which showed a significant increase in CIH treated groups as compared to the normoxic 
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counterparts (P<0.05, Figures 8 and 9). However there was no significant difference amongst any 

treatment group within the rostral subdivision of the NTS (Figure 7).  
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Figures 

CHAPTER III-Figure III-1 MnPO Microinjection of Viral Constructs 

 

Figure 1. Representative successful viral construct microinjection hits within the MnPO. shSCM 

is the control scramble RNA contrast on the left while the shACE1 shRNA against ACE1 in on 

the right. Both are tihint he MnPO. (AC, anterior commissure). 
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CHAPTER III-Figure III-2 Effect of shACE1 on ACE1 mRNA in CIH 

 

Figure 2. A & B depict fluorescent GFP reporter expressing cells within the MnPO before laser 

capture microdissection (LCM) and collected GFP cells on a LCM cap in brightfield 

respectively. AAV-shACE1 costruct successfully attenuated the 8 fold ACE1 mRNA increase 

following CIH within the MnPO by nearly half. (AC, anterior commissure). (P<0.05)  
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CHAPTER III-Figure III-3 Knockdown of ACE1 within the MnPO and its Effect on MAP in 

CIH 

 

Figure 3. Knockdown of ACE1 in the MnPO successfully attenuated the sustained component of 

CIH hypertension (B & D). The shSCM CIH group did increase MAP during both intermittent 

hypoxia (IH) and dark period (DK) times as compared to controls (A & B). shSCM CIH did 

significantly increase as compared to normoxic controls (*P<0.05) in both IH and DK time 

periods (A & B). shACE1 CIH did increase MAP in the IH time period as compared to normoxic 

but the effect was dependent on the day of CIH treatment (+P<0.05, A & C).  
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CHAPTER III-Figure III-4 Knockdown of ACE1 within the MnPO and its Effect on HR and RR 

in CIH 

 

Figure 4. Knockdown of ACE1 in the MnPO did not change HR in the intermittent hypoxia (IH) 

time period until the very last day (D7) when the shACE1 CIH group was significantly decreased 

(A, *P<0.05). CIH treatment did significantly derease HR overall during the dark period (DK) 

time (B,*,** P<0.05). CIH treatment did increase in RR in both CIH treatment groups regardless 

of the viral construct used but this effect was dependent on the day of treatment (C, *, +P<0.05). 

RR did not significantly change amongst all groups during the DK time.  
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CHAPTER III-Table III-1 Baseline Measurements of MAP, HR and RR 

 

Table 1. Baseline measurements across shSCM (Sc), shACE1 (ACE), normoxic (N) and CIH 

treatment groups for MAP, HR and RR. No significant differences were found amonst baseline 

measurements of all treatment groups.  
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CHAPTER III-Figure III-5 MnPO FosB/ΔFosB Staining 

 

Figure 5. The left panel depicts DAB FosB/ΔFosB staining within the MnPO across all treatment 

groups. shSCM CIH significantly increased FosB/ΔFosB staining as compared to all other 

treatment groups (Right Panel, *P<0.05). ACE1 knockdown in the MnPO did significantly 

decrease FosB/ΔFosB staining in both normoxic (CON) and CIH treatments as compared to 

shSCM CIH (Right Panel, **P<0.05). shACE1 CON did decrease FosB/ΔFosB even from the 

shSCM CON treatment group (Right Panel, *P<0.05). 
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CHAPTER III-Figure III-6 PVN FosB/ΔFosB Staining 

 

Figure 6. Left panel shows FosB/ΔFosB DAB staining in the PVN amongst all treatment groups. 

FosB/ΔFosB staining significantly increased in both CIH treatment groups as compared to their 

normoxic (CON) controls (Right Panel, *P<0.05). ACE1 knockdown within the MnPO 

following CIH did however decrease the FosB/ΔFosB staining in the PVN as compared to the 

shASCM CIH treatment group (Right Panel, **P<0.05)  
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CHAPTER III-Figure III-7 Rostral NTS FosB/ΔFosB Staining 

 

Figure 7. Left panel depicts DAB FosB/ΔFosB staining in the rostral subdivision of the NTS in 

all treatment groups. FosB/ΔFosB staining did not significantly change across all treatment 

groups (Right Panel). 
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CHAPTER III-Figure III-8 Subpostremal NTS FosB/ΔFosB Staining 

 

Figure 8. Left panel demonstrates FosB/ΔFosB staining in the subpostremal region of the NTS. 

CIH significantly increased FosB/ΔFosB  staining in the subpostremal region in both shACE1 

and shSCM treatments when compared to normoxic (CON) controls (Right Panel, *P<0.05). 
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CHAPTER III-Figure III-9 Caudal NTS FosB/ΔFosB Staining 

 

Figure 9. Left panel shows FosB/ΔFosB staining in the caudal region of the NTS. CIH 

significantly increased FosB/ΔFosB  staining in the caudal region in both shACE1 and shSCM 

treatments as compared to the normoxic (CON) controls (Right Panel, *P<0.05). 

  



 
 

100 

 
 

CHAPTER III-Figure III-10 Total NTS FosB/ΔFosB Counts 

 

Figure 10. Graphic representation of  FosB/ΔFosB scells per NTS section in the entire NTS. CIH 

significantly increased FosB/ΔFosB  staining within the total NTS in both shACE1 and shSCM 

treatments as compared to the normoxic (CON) controls (*P<0.05). 
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CHAPTER III-Figure III-11 RVLM FosB/ΔFosB Staining 

 

Figure 11. Left panel shows FosB/ΔFosB DAB staining in the RVLM amongst all treatment 

groups. FosB/ΔFosB staining significantly increased in the shSCM CIH treatment group as 

compared to all other groups (Right Panel, *P<0.05). ACE1 knockdown within the MnPO 

therefore attenuated the FosB/ΔFosB increase in staining within the PVN associated with CIH 

treatment.  
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DISCUSSION 

 

Previously our lab demonstrated a critical role of ΔFosB within the MnPO in the 

sustained diurnal hypertension seen in CIH 
28

. Also, several AP-1 target genes were proposed 

that may be regulated by ΔFosB in association with CIH. Those genes included a map3k3, nos1, 

nos3, ace1 and ace2 
28

. ACE1 may be one of the genes regulated by ΔFosB transcriptional 

activation within the MnPO so that blood pressure is sustained in CIH. In order to investigate the 

functional role ACE1 may have on CIH blood pressure, we chose to knockdown ACE1 with a 

shRNA delivered through an adeno-associated virus. Consistent with the results of the dominant-

negative inhibition of ΔFosB studies, CIH was associated with a significant increase in ACE1 

mRNA within MnPO cells of rats injected with the control vector. Injections of the AAV-

shACE1 in the MnPO significantly reduced this increase but not to control levels. Preventing the 

increase in MnPO ACE1 message associated with CIH significantly blocked the sustained blood 

pressure increase normally observed during the normoxic dark phase during CIH. The blood 

pressure response to intermittent hypoxia (0800-1600) was not significantly or consistently 

altered by ACE1 knockdown in the MnPO. These results are consistent with the hypothesis that 

MnPO ACE1 is FosB regulated target gene that contributes to CIH hypertension. As mentioned 

above, our earlier studied identified several other possible gene candidates  that may also play a 

role in the sustained hypertensive component of CIH. Further studies will need to be conducted 

in order to assess each candidate gene’s potential role in CIH hypertension. 

The FosB/ΔFosB staining was increased in the MnPO by CIH as previously shown 
39, 44

, 

However, knockdown of ACE1 within the MnPO significantly decreased this effect. ACE1 

knockdown in the MnPO also significantly decreased FosB/ΔFosB staining in rats treated with 
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normoxia. These data suggest that ACE1 within the MnPO not only gets regulated by 

FosB/ΔFosB as suggested by the ΔFosB dominant negative inhibition studies 
28

 but that MnPO 

ACE1 contributes to the basal expression of FosB/ΔFosB as well. The SFO has been shown to 

be activated by CIH and angiotensin II type 1 subtype a (AT1a) receptors within the SFO have 

been implicated is the sustained CIH hypertension 
39, 44

. Additionally, AT1a receptor knockdown 

in the SFO significantly decreased the FosB/ΔFosB staining in MnPO associated with CIH 
44

. 

Activation of the SFO AT1a receptors may increase the activity of MnPO neurons in an AT1a 

receptors dependent manner that increases MnPO FosB/ΔFosB staining. Then FosB/ΔFosB may 

in turn regulate ACE1 expression and therefore increase production of ANGII in the MnPO. 

ANGII may then go to alter regions downstream from the MnPO but may also be dendritically 

released locally from MnPO neurons to contribute autocrine regulation of the MnPO. , Although 

there is to date no evidence of dendritic release of ANGII the dendritic release of other peptides 

such  as oxytocin and vasopressin do in the supraoptic nucleus in well documented 
58

.,. This 

dendritic release of ANGII may lead to further activation of MnPO to maintain or increase 

FosB/ΔFosB even more. More studies are needed to understand the mechanisms by which ACE1 

contributed to CIH hypertension and MnPO activity.. 

Previously our lab highlighted the importance of AT1a receptors within the SFO and 

their contribution to the sustained hypertension seen in CIH 
44

.  The SFO appears to be activated 

by the peripheral RAS that has been associated with many CIH models including our own 
44, 45, 

59
. The increased systemic RAS activity would be predicted to increase SFO activity through 

AT1a receptors which then in turn increases the activity of downstream nuclei such as the 

MnPO,
44

. The MnPO would be predicted to recruit the central RAS since we have shown that 
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ACE1 mRNA increases within the MnPO following CIH similarly to the expression seen in the 

ΔFosB dominant negative inhibition studies 
28

. Additionally, knocking down ACE1 within the 

MnPO and consequently diminishing the sustained component of CIH hypertension shows that 

the RAS within the CNS plays a critical role in development of the hypertension seen following 

CIH.  

A decrease in FosB/ΔFosB staining in the PVN was noted after knockdown of ACE1 

within the MnPO. These results are similar to the ΔFosB dominant negative studies within the 

MnPO suggesting ACE1 within the MnPO influences the PVN 
28

. The parvocellular neurons in 

the PVN are known to project to egions within the CNS that alter autonomic function such as the 

RVLM, the intermedial lateral column of the spinal cord and the dorsal vagal complex 
60

. The 

majority of the FosB/ΔFosB staining seen in our study was in the parvocellular regions of the 

PVN and not in regions with primarily magnocellular neurons. It is possible that the increase in 

MnPO ACE1 associated CIH could increase ANGII signaling to the PVN. ANGII has been 

shown to activate the PVN influencing SNA as well as blood pressure 
61-63

. The PVN projects to 

premotor sympathetic neurons in the RVLM and sympathetic preganglionic neurons in the IML 

both of which are known to affect SNA 
64-66

. ACE1 knockdown within the MnPO significantly 

decreased FosB/ΔFosB staining in the RVLM associated with CIH. Therefore, CIH-induced 

FosB/ΔFosB staining in the PVN and RVLM are dependent on ACE1 in the MnPO. This 

suggests that these two regions are regulated by ACE1 within the MnPO as a key part of the 

mechanism for the sustained blood pressure component of CIH hypertension.  

In contrast to the PVN and RVLM, we demonstrated that ACE1 knockdown within the 

MnPO did not significantly alter the FosB/ΔFosB staining in the NTS. The NTS still 
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significantly increased FosB/ΔFosB staining with the entire NTS and more specifically the 

subpostremal and caudal NTS subsections. This was similar to the ΔFosB dominant negative 

inhibition studies within the MnPO in that FosB/ΔFosB staining was still increased even with 

ΔFosB inhibition in the MnPO 
28

. The lack of an effect on FosB/ΔFosB staining within the NTS 

by knockdown of ACE1 in the MnPO suggests that MnPO ACE1 does not contribute to this 

effect of CIH and that the chemoreflex mechanism that alters blood pressure is still intact. The 

respiration rate significantly increasing on certain days during CIH (0800-1600 h) in both CIH 

treated groups further suggests that this mechanism does not alter the chemoreflex augmentation 

seen in CIH 
67

. 

PERSPECTIVES 

 

The sustained hypertension associated with OSA leads to many serious cardiovascular 

sequela that affect mortality of these patients 
7-12

. Since there is a significant prevalence of OSA 

and the incidence is steadily rising, the underlying mechanisms that are responsible for the 

sustained hypertension need to be elucidated. The CIH model sufficiently mimics the sustained 

hypertension and multiple mechanisms including chemoreflex augmentation and increased RAS 

activity have been implicated in the development of this specific form of hypertension 
45

. This 

study provides new information about the role of ACE1 within the MnPO in the hypertension 

associated with CIH and the potential use of ACE blockers that cross the blood-brain-barrier in 

treating hypertension of mild to moderate OSA patients. Understanding the many mechanisms 

by which CIH influences blood pressure will only positively affect the way OSA patients with 

hypertension are treated within the clinic.  
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CHAPTER IV 

 

DISSERTATION PERSPECTIVE AND SIGNIFICANCE 

 

 

 

Transcriptional regulation have been known to be important in many aspects of 

physiology. ∆FosB has been shown to play a critical role in the development of sustained 

hypertension seen in chronic intermittent hypoxia (CIH), especially in the median preoptic 

nucleus (MnPO). The work here sought to determine the role of MnPO ∆FosB in the regulation 

of angiotensin converting enzyme 1 (ACE1) a putative AP-1 target gene. The experiments also 

explored the role of ACE1 in the sustained hypertension seen during CIH. 

Role of a ∆FosB AP-1 target gene, ACE1, in the MnPO with CIH 

The role ACE1 within the MnPO as a FosB target gene following CIH was only moderately 

explored so the first objective was to determine the significance of ACE1 within the MnPO 

following CIH as well as determine if ACE1 MnPO cells projected to the PVN which has also 

been linked to CIH hypertension. We also sought to determine the relationship of FosB/∆FosB 

binding to the promoter region of ACE1 after 7 days of CIH exposure. Using 

immunohistochemical techniques, we determined the presence of ACE1 within the MnPO. The 

ACE1 staining also did not overlap with a glial fibrillary acidic protein (GFAP), a known glial 

marker. This suggests that in the MnPO, ACE1 is found more in neurons. The cells expressing 

ACE1 also increased colocalization with FosB/∆FosB after 7 days of CIH. This suggests that 
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more ACE1 cells within the MnPO are transcriptionally activated by FosB/∆FosB following 

CIH. Using fluorogold, a retrograde tract tracer, placed into the paraventricular nucleus (PVN), 

we determined that the cells expressing ACE1 and that were FosB/∆FosB positive after CIH 

project to the PVN. These results are consistent with our working hypothesis that ACE1 is 

increased in PVN-projecting MnPO neurons that are transcriptionally activated by CIH.   ACE1, 

therefore, may get transcriptionally activated by FosB/∆FosB following CIH and increasing PVN 

activity and SNA causing a sustained hypertension during CIH. Furthermore, these experiments 

sought to determine a more definite relationship between FosB/∆FosB ability to bind to the 

ACE1 promoter region following CIH. In order to establish that possible relationship, a 

chromatin immunoprecipitation (ChIP) assay was used. Following 7 days of CIH, FosB/∆FosB 

increased its association with the ACE1 promoter region within the MnPO. This suggests that 

FosB/∆FosB does indeed bind to ACE1 within the MnPO and this association increases with 

CIH. These data collectively suggest ACE1 may play a role within the MnPO in the sustained 

hypertension seen following CIH (Figure 1A). 

Role of ACE1 in the sustained Hypertension seen in CIH 

The renin angiotensin system (RAS) within the central nervous system (CNS) has increasingly 

been recognized as a major player in the regulation of blood pressure. Based on the results 

described above we next tested the functional role of MnPO ACE1 in the sustained hypertension 

seen in CIH. We tested the role of MnPO ACE1 in CIH hypertension using viral delivery of a 

short hairpin RNA (shRNA) to block the increase in ACE1 mRNA within the MnPO associated 

with CIH. This gave us the ability to directly test the role of ACE1 within the MnPO on the 

blood pressure increase seen following CIH. The shRNA against ACE1, shACE1, successfully 



 
 

117 

 
 

attenuated the ACE1 mRNA increase within the MnPO following CIH by almost half. ACE1 

knockdown within the MnPO selectively attenuate the sustained hypertension seen following 7 

days of CIH (Figure 1B). ACE1 knockdown within the MnPO also decreased FosB/∆FosB 

staining within the MnPO itself, the PVN as well as the RVLM. The decrease of FosB/∆FosB 

staining in these regions suggests ACE1 may play a role in regulating those downstream nuclei 

and that pathway, MnPO to the PVN to the RVLM, may also be the pathway that gets amplified 

by increased MnPO ACE1 expression associated with CIH exposure. The ACE1 knockdown 

within the MnPO failed to block the increase in FosB/∆FosB within the NTS following CIH 

suggesting ACE1 within the MnPO does not alter chemoreflex activation during CIH. 

Perspectives 

The results from both studies suggest ACE1 plays a vital role in the development of the sustained 

hypertension seen in CIH. The role of ACE1 in the sustained hypertension also may be through 

FosB/∆FosB activation within the MnPO. The decrease in FosB/∆FosB within the MnPO itself 

after ACE1 knockdown may suggest that the MnPO releases angiotensin II (ANGII) dentritically 

and therefore act in a paracrine or autocrine manner to affect MnPO neuron regulation. The 

mechanism whereby ACE1 within the MnPO regulaes downstream nuclei, such as the PVN and 

RVLM, remains to be determined. Further investigation needs to be done in order to determine 

the intracellular mechanisms whereby MnPO ACE1 alters the PVN and RVLM pathway. 
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Figure 

CHAPTER IV-Figure IV-1 Overall Role of ACE1 in CIH 

 

Figure 1. The role of ACE1 within the MnPO following CIH. CIH stimulates the SFO and 

OVLT which then may activate the MnPO. A) FosB increases within the MnPO after CIH and 

then FosB increases its association with the ACE1 promoter region. This increases the content of 

ACE1 within the MnPO. Then FosB increases in downstream regions of the MnPO, the PVN 

and RVLM. This pathway may be responsible for the increase in MAP seen in CIH. B) 

Knocking down ACE1 within the MnPO decreases FosB within the MnPO and attenuates the 

FosB increase in the PVN, and RVLM normally associated with CIH. This also significantly 

attenuated the sustained MAP seen in CIH. Knocking down ACE1 within the MnPO did not 

disrupt the MAP response indicative of chemoreflex pathway activation from CIH. 
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CHAPTER V 

 

FUTURE DIRECTIONS 

 

 

 

Other FosB AP-1 Target Genes in CIH 

Our results demonstrate that MnPO ACE1 is a FosB regulated and contributes to the sustained 

component of CIH hypertension occurring during normoxia. Previously, our lab reported several 

possible AP-1 target genes of FosB in addition to ACE1 that may play a role in the sustained 

hypertension of CIH. Those additional AP-1 targets included ace2, nnos, enos and map3k3
1
. It is 

possible that one or more of these other gene could be directly regulated by FosB in the MnPO 

and work with ACE1 to maintain the increased in blood pressure produced by CIH.  

MAP3K3 is a protein kinase and part of several different signaling pathways but interestingly 

plays a role upstream of AP-1 targets
2
. MAP3K3 also has been shown to regulate the enzymes 

WNK 1 and WNK4 and the lack of regulation of those WNK enzymes has been associated with 

a familial form of hypertension
2, 3

. MAP3K3 therefore may also play a role in the sustained 

hypertension seen following CIH. More experiments are needed in order to assess the role 

MAP3K3 may have in the development of sustained CIH. Those experiments may also utilize a 

similar mechanisms presented within the context in that shRNA against MAP3K3 within the 

MnPO could alter the blood pressure response in CIH.  
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Furthermore, nnos and enos are, respectively, neuronal and endothelial nitric oxide 

synthases which mediate the conversion of L-arginine to nitric oxide (NO)
4
. NO within the 

lamina terminalis has been shown to regulate blood pressure through vasopressin secretion
5, 6

. 

The FosB regulation of nnos or enos may also play a role in the sustained hypertension seen in 

CIH. NO content within the MnPO may be altered by a nitric oxide inhibitor, L-NAME
7
, loaded 

into mini-osmotic pumps in ordered to assess the ability NO may have on blood pressure in the 

model of CIH.  

Finally, ACE2 or angiotensin converting enzyme 2, was also shown to be a possible 

downstream AP-1 target of MnPO FosB
1
. ACE2 is reported to convert angiotensin II (ANGII) to 

angiotensin [1-7] or convert angiotensin I (ANGI) to angiotensin [1-9] (ANG1-9)
8, 9

. These end 

products as well as the expression of ACE2 have been shown to alter various cardiovascular 

functions such as hypertension and essentially ACE2 serves as a physiological break to the pro-

hypertensive ACE1
8
. Investigating any one of the components, ACE2 and its end-products, may 

suggest a possible counter mechanism to the sustained blood pressure seen following CIH 

exposure. Thus, blocking the increase in MnPO ACE2 could results in a larger increase in blood 

pressure during CIH.  

Taken together, all the possible targets of FosB, ACE2, nnos, enos and MAP3K3, along 

with ACE1, a suggested FosB target following CIH presented in this study, may play a role in 

the sustained hypertension seen in CIH in a joint mechanism and warrants further investigation. 

It is also possible that due to the limitations of the number of genes that could be included in the 

PCR array in our earlier study
1
  we missed other potential MnPO FosB target genes.  
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RAS within the MnPO 

The RAS within the brain has increasingly become a target of hypertension research
10, 11

.  ACE1, 

as previously stated, regulates the conversion of ANGI to ANGII. The studies presented here 

examined the content of ACE1 within the MnPO in the sustained part of CIH hypertension; 

however the activity of ACE1 was not addressed. In order to advance our hypothesis, ACE1 

activity within the MnPO should be measured following CIH exposure. ACE1 activity could 

increase in parallel with protein abundance and message expression in the MnPO and provide an 

additional way for blood pressure to remain sustained during CIH. Additionally, ACE2 within 

the MnPO could play a role in the sustained CIH hypertension. Although ACE2 experiments 

were previously described above in the context of FosB regulation, ACE2 may produce other 

various angiotensin peptides that could influence the activity of neurons in the MnPO or PVN. 

More specifically ACE2 could convert ANGII to ANG[1-7] within the MnPO and may activate 

angiotensin II type 2 receptors (AT2) or Mas receptors that affect NO signaling
12, 13

. Through 

these putative mechanisms, ACE2 may provide a protective mechanism against the sustained 

hypertension seen in CIH. Previous studies have shown that that ACE2 overexpression in the 

CNS protects against neurogenic hypertension
12, 13

. Also, overexpression of ACE2 within the 

RVLM has been shown to attenuate blood pressure in SHR rats through decreasing tonically 

active glutamatergic inputs to the RVLM
14

. The activation of AT2 receptors may also play a role 

in counteracting the sustained CIH hypertension. AT2 stimulation through compound 21, a 

selective AT2 receptor agonist, has been shown to attenuate deoxycorticosterone acetate 

(DOCA)/NaCl-induced hypertension in female rats
15

. The balance between ACE1 and ACE2 

expression or activity in the CNS as well as the respective peptides they produce may be the key 
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integrative system that becomes unhinged following CIH exposure and a sustained hypertension 

therefore develops. Moreover, upstream of the ACE1/ACE2 pathway, a (pro)renin receptor 

(PRR) has been shown to be responsible for regulating blood pressure as well
16

. The PRR has 

been shown to influence similar intracellular signaling pathways as the AT1 receptor.  Thus, the 

PPR may also play a role in hypertension development. PRR receptor key role in the 

development of blood pressure regulation is that PRR expression is higher compared to other 

RAS components in the brain
17

 and PRR activation can increase RAS activity
18

. Therefore, 

activation of the PRR system may increase SNA. Also, overexpression of AT1 receptors in a 

transgenic mouse model failed to significantly change baseline blood pressure, but it did increase 

the cardiovascular sensitivity in these mice, implying increasing ANGII is needed for the 

enhancement of blood pressure
19

. Thus, PRR may play a pivotal role in the initial development 

of hypertension seen in CIH as compared to the vast amount of literature focusing on other RAS 

components
20

.  

Intracellular Mechanisms of ACE1 Expression within the MnPO following CIH 

Although the studies presented in this body of work indicate a role of ACE1 within the MnPO in 

the generation of a sustained blood pressure following CIH, the intracellular mechanisms remain 

to be determined. In consideration of the FosB/ΔFosB staining decreasing within the MnPO with 

ACE1 knockdown in the MnPO itself suggest a possible role for peptides generated in the MnPO 

by ACE1 having a local effects on neural activity. This could be the result of the dendritic 

release of ANGII contributing to the stimulation of the transcription factor FosB. The dendritic 

release of ANGII could be similar to the mechanism of dendritic release of vasopressin within 

the magnocellular neurons of the PVN and the supraoptic nucleus (SON)
21, 22

. The dendritic 
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release of angiotensin peptide produced by ACE1 could be an autocrine or paracrine mechanism 

within the MnPO following a physiological challenge such as CIH. 

Furthermore, the mechanism that ACE1 within the MnPO has on the PVN in respects to 

CIH is not known. MnPO neurons that project to the PVN have shown to decrease their neuronal 

activity in response to hypertonic saline in SHR rats
23

. This suggests MnPO neurons could 

change the activity of PVN neurons following a physiological stimulus. Additionally, ANGII is 

known to excite PVN neurons that project the RVLM, a known region that contributes to SNA
24

. 

These experiments suggest that MnPO neurons do change the activity of PVN neurons and PVN 

neurons that project to the RVLM get excited from ANGII application. Therefore increased 

ACE1 within the MnPO may increase ANGII signaling to the PVN resulting in increased RVLM 

activity and SNA. However, further experiments are needed to fully determine the possible 

mechanisms. 
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