Wu, Qiong, Role of AFosB in nucleus of the solitary tract (NTS) in cardiovascular adaptations to

chronic intermittent hypoxia (CIH) in rats. Doctor of Philosophy (Biomedical Sciences), July

2015, 121 pp. , 16 figures, bibliograph, 146 references.

Chronic intermittent hypoxia (CIH) rodent model is widely utilized to study obstructive sleep
apnea (OSA) associated disease such as hypertension. Arterial chemoreceptor is activated by
CIH, and leads to increased sympathetic nerve discharge, resulting in elevated arterial pressure.
The central neuronal mechanisms of CIH induced hypertension are barely understood. The
nucleus of the solitary tract (NTS) receives the first synaptic inputs from arterial chemoreceptor
afferents. Transcription factor AFosB is increased in the NTS after a 7 day-CIH exposure. We
hypothesize that NTS AFosB could mediate neuronal plasticity, contribute to CIH induced

hypertension.

Three specific aims were addressed. Aim 1: To determine the relationship between NTS AFosB
and CIH hypertension. Viral constructs were delivered into NTS to functionally block AFosB
(AJunD group). Mean arterial pressure (MAP) was measured in day time when rats were exposed
to intermittent hypoxia and night time when they were in normoxia. The increase in MAP
observed in AJunD and sham groups during day time was dampened in AJunD group during
night time, indicating the contribution of AFosB to the sustained component of CIH associated
hypertension. Aim 2: To determine the time-course of induction of AFosB immunoreactive NTS
neurons during CIH exposure. Rats were separated into normoxia, 1 day, 3, 5, 7 days CIH, and 1

day, 3, 7 days recovery after 7 days CIH groups. AFosB immunoreactivity increased within 1



day CIH, and maintained this elevation throughout 7 days of CIH. 1 day recovery was sufficient
to reduce AFosB immunoreactivity to normoxia level. Therefore, AFosB under CIH develops
rapidly. Aim 3: To determine the function of AFosB in glutamatergic transmission after CIH.
Miniature excitatory post-synaptic current (MEPSC) properties of NTS neurons of rats exposed
to either different days of CIH or room air were compared. CIH increased mEPSC amplitude but
not frequency, suggesting a post-synaptic site of effect. Additionally, functional blockade of
NTS AFosB with AJunD decreased mEPSC amplitude back to normoxia level. Finally,
overexpression of NTS AFosB increased mEPSC amplitude to similar levels as CIH. These
results suggest that AFosB in NTS neurons mediates molecular adaptations which might play an

important role in CIH associated hypertension.
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CHAPTER |

Introduction

Obstructive sleep apnea (OSA) is a global syndrome and the most common type of sleep apnea
(16). During sleep, the patients have completely or partially collapsed upper airways, which
result in repeated periods of apneas and hypopneas (16), accompanying with oxyhemoglobin
desaturation, sleep fragmentation and lead to arousal (77). Apneas are cessations in breathing for
more than ten seconds and hypopneas are hypoventilatory events that have a decrease in
respiratory volume by 5% for more than ten seconds. OSA has severe impacts on patient’s daily
life; its severity can be defined by the number of apnea and hypopnea episodes per hour of sleep
(apnea—hypopnea index, AHI) as determined by polysomnography (a continuous overnight
recording of sleep breathing, and cardiac parameters) (77): 5-15 defined as mild, 15-30 as
moderate and greater than 30 as severe cases (65). Approximately 1 in 5 adults have at least mild
OSA and 1 in 15 adults have OSA of moderate or severe intensity (77). Recent publications have
shown that there are about 9% middle-aged women and 24% men suffering from OSA in
America, which is a heavy burden for healthcare (16). Risk factors with the potential to suffer
from OSA include overweight, central body fat distribution, large neck girth, craniofacial and
upper airway abnormalities, chronic nasal congestion, aging, menopause, diabetes, use of alcohol
and smoking (77). OSA is associated with many cardiovascular diseases such as systemic
hypertension (7), pulmonary hypertension, arrhythmias (both bradyarrhythmias and

tachyarrhythmias) (24, 35, 80), coronary heart disease, myocardial infarction, congestive heart



failure and stroke as well as metabolic disorders such as obesity, insulin resistance, diabetes and
hyperlipidemias, also neurocognitive abnormalities such as daytime somnolence, decreased
alertness, reduced psychomotor speed and impaired executive function (6). All of these increase
the probability of morbidity and mortality (10, 36, 38, 41, 76, 77). Arterial chemoreceptor
activation by hypoxemia during nocturnal apnea contributes to increased sympathetic nerve
activity (SNA) which induces increased arterial pressure (AP) (30, 71). The elevation of SNA
and AP in OSA patients persists even during day time when they are awake. The mechanisms
underlying OSA associated persistent increased AP are not completely understood. We propose
neuronal adaptations resulting from hypoxemia during night time are an important driving force
for diurnal AP elevation (12). Continuous positive airway pressure (CPAP) is a standard
treatment for OSA patients (8, 72). CPAP reduces blood pressure and SNA in OSA patients (8,
26, 47). In addition, CPAP can reduce pulmonary arterial blood pressure (3) and cardiovascular
mortality induced by cardiac arrhythmias and stroke (9, 44). CPAP treatment of OSA for 1
month increases the ejection fraction in heart failure patients (29). Besides CPAP, there are other
treatments for OSA. Mandibular advancement devices (MAD) protrude the mandible to increase
the volume of pharyngeal airway and increase the upper airway muscular tone to enhance airway
stability (69). Uvulopalatopharyngoplasty, tracheostomyis and maxillo-mandibular advancement
therapy are surgical procedures for the treatment of OSA but have severe side effects. Therefore

CPAP and MAD are preferentially applied before these surgical treatments (4).

Chronic intermittent hypoxia (CIH) is a widely used rodent model to study OSA related
ailments as it mimics the nocturnal arterial hypoxemia seen in OSA (17, 19, 20). A variety of
CIH protocols exist with oxygen levels from as low as 3% to as high as 10% (23, 58, 59, 74).

Animals are exposed to CIH during their sleep-cycle (day), and the oxygen saturation in these



CIH conditions is correlated with values observed in patients with OSA (28, 42). In our study,
adult male Sprague-Dawley rats were exposed to CIH during their nocturnal periods from 8am to
4pm (8 hours). Nitrogen flowed into CIH chambers for 3 minutes to reduce the oxygen level to
10% for about 1 minute, then switched to room air flow for 3 minutes to return the oxygen level
back to 21%, lasting about 1 minute. From 4pm rats are exposed to room air for the remainder of
light period (8pm) and throughout dark period (8pm-8am) (12hours light: 12 hours dark).
Considering the number of hypoxic periods in one hour during CIH, our model is comparable to
mild level of sleep apnea in humans (65). Our previous data showed that the mean arterial
pressure (MAP) increases during exposure to 7 days CIH. This increase occurs both in the light
period when rats are exposed to hypoxia and in the dark period when rats are in room air (12,
33). There is also an increase in SNA during 7 days CIH (68). We studied responses to 7 days
CIH to investigate the initial mechanisms that stimulate sympathetic outflow as the underpinning
mechanism of CIH induced hypertension (33). Other laboratories using longer protocols have
reported similar increases in AP and no further increase in MAP occurs after 7 days for up to 35

days of CIH (17).

Intermittent hypoxia is first sensed by arterial chemoreceptors located in the carotid and aortic
body. There are type | glomus cells and type 11 sustentacular cells composing the arterial
chemoreceptors. Glomus cells are hypoxia-sensitive and release numerous neurotransmitters in
response to altered O2 and CO2/H+ homeostasis (22), while sustentacular cells are merely
structural in nature. Intermittent hypoxia activates glomus cells, leading a release of excitatory
amino acid neurotransmitters into the terminals of the carotid sinus branch of the
glossopharyngeal nerve (22, 40, 56). Activated arterial chemoreceptor afferents terminate in the

brainstem to initiate the arterial chemoreflex, resulting in an elevation of phrenic nerve activity,



and both sympathetic and parasympathetic nerve discharge, leading to hyperventilation, high
blood pressure, and paradoxical bradycardia (37). Previous studies demonstrated that CIH
increased the sensitivity of arterial chemoreceptors (63) and this increase lasted for a long time
(62, 63). In addition, carotid sinus nerve sectioning prior to CIH exposure abolished the elevated
blood pressure induced by CIH (19, 39). The autonomic alterations observed following hypoxia
are eliminated when chemoreceptors are inhibited by hyperoxia breathing (64). These
phenomena emphasize the essential role of carotid chemoreceptors and afferents in CIH induced
hypertension. Collectively, CIH induced changes of blood pressure are likely mediated by a
combination of the sympathetic nervous system (19), and vasoconstriction factors such as
angiotensin 11 (Ang Il), vasopressin and catecholamines (5, 16, 17, 21, 34, 67). Intermittent
hypoxia is accompanied with hypercapnia during apneic episodes in OSA patients (70, 71).
Cessation of hypoxia and hypercapnia cause ventilation, heart rate and arterial oxygen saturation
to return to baseline levels, whereas the increase in SNA persists for a while (64). Hypoxia rather
than hypercapnia is the primary stimulus for developing this prolonged augmentation in
sympathetic tone (14, 73, 75). In addition, Fletcher’s lab found that the MAP response to CIH
was no different when it was associated with hypocapnia, eucapnia or hypercapnia (18). Based
on these effects of CIH to SNA and AP, CIH is a suitable rodent model to study the mechanisms

behind OSA induced high blood pressure.

Nucleus of the solitary tract (NTS) is an integrative site in the central nervous system: rostral
NTS receives gustatory afferents; dorsomedial NTS is the location of cardiovascular afferents
endings; respiratory afferent endings are found ventrally and ventrolaterally; gastrointestinal
afferents terminate in sub-postremal NTS although there is clear overlap across modalities (1, 2).

Among these NTS regions, the caudal NTS (caudal to calamus) receives direct input from



visceral afferents of arterial chemoreceptors, baroreceptors, volume receptors and sympathetic
afferents making it a principal site to induce reflex variations in sympathetic and
parasympathetic discharge along with hormonal regulation. Therefore, the NTS plays a
significant role in neural cardiovascular regulation and integration (60). NTS neurons have broad
cellular heterogeneity. A portion of the neurons receives afferent Solitary Tract (ST) synaptic
contacts, so they are second order neurons. These neurons can be either interneurons with axonal
projections contained within the NTS or projection neurons that send axons out of the NTS to
other CNS areas such as PVN or RVLM (1, 2, 25). Throughout the NTS, there are neurons
responding to the chemoreceptor stimulation (48). Chemoreceptor afferent terminals release
glutamate as the neurotransmitter to NTS neurons (49). The glutamate binds to excitatory amino
acid (EAA) receptors such as N-methyl D-aspartate (NMDA) and non-NMDA subtypes on NTS
neurons to increase discharge to the pre-sympathetic neurons of RVLM. There is also evidence
that PVN is involved in the chemoreflex pathway (11, 31, 57), and the PVN receives projections
from NTS neurons. The PVN can increase SNA by projections to the RVLM and/ or projections
to the sympathetic pre-ganglionic neurons in the intermediate lateral (IML) of spinal cord (1).
Activation of sympathetic pre-ganglionic neurons causes vasoconstriction (27) and a release of
catecholamines from the adrenal medulla (61). CIH induces changes in the synaptic activation of

NTS neurons (32) and increases responses to exogenous application of AMPA and NMDA (15).

FosB is a member of the Fos family of transcription factors, which dimerize with a Jun family
member to form the activator protein (AP)-1 complex, which binds to AP-1 sites in gene

promoters with sequences of either TGACTCA or TGACGTCA (12, 33). Fos has been widely
used as an indicator of acute as well as chronic or intermittent activation in the central nervous

system (CNS) (12, 33). The Fos family includes cFos, FosB, AFosB, Fos-related antigen 1



(Fral), and Fra2. Each of these has its own time course of expression in response to acute or
chronic stimuli (12, 45, 46, 50, 53). Among these transcription factors, cFos expression is the
fastest and transient, so it is a predominant marker for acute stimulation (13, 66). The truncated
splice variant of the fos gene, AFosB, has stable expression for several days, so it is an important
factor in inducing and maintaining long-term plasticity in the brain associated with various
conditions, such as drug addiction, epilepsy, Parkinson’s disease, depression, and antidepressant
treatment (43, 46, 51, 52, 54, 55, 78). AFosB is also a potent marker for a wide range of chronic,
intermittent stimulation such as stress and substance abuse (52). Another feature of AFosB is that
it has different functions over time. It acts as a transcriptional repressor at AP-1 sites with short-
term treatments, but functions as a transcriptional activator when it accumulates with more
chronic treatments (12, 46). Previous studies have used FosB staining as a marker for neural
activation following exposure to CIH (33, 34). FosB expression has also been shown to increase
in response to in vitro and in vivo exposure to intermittent hypoxia (33). Our lab has shown that
the number of FosB immunoreactive neurons in NTS is significantly increased after 7 days of
CIH exposure, as well as in RVLM, A5 regions of the hindbrain and organum vasculosum of the
lamina terminalis (OVLT), median preoptic nucleus (MnPO), subfornical organ (SFO), and PVN
regions of the forebrain. These regions are involved in endocrine control and sympathetic
outflow regulation (33). The persistent elevation of MAP during exposure to CIH, together with
the increase of FosB staining in autonomic and endocrine regulatory regions of CNS, provides a
possible clue of the molecular basis of CIH induced hypertension. A recent publication showed
that AFosB in MnPO mediates transcriptional activity of downstream target genes angiotensin

converting enzyme 1 (ACE 1) and ACE 2, and blocking AFosB in MnPO attenuates CIH



induced sustained high blood pressure (12). This finding suggests a linkage between AFosB,

SNA and renin angiotensin system activation within the MnPO.

We hypothesize that AFosB in NTS contributes to neuronal plasticity, and contributes to
the persistent increase of MAP after exposures to CIH. To address this hypothesis, three

specific aims were developed.

Specific aim 1: Determine the relationship between AFosB in NTS region and CIH induced

hypertension. Our working hypothesis is that AFosB contributes to the persistent increase in
MAP during exposure to CIH. We microinjected a GFP labeled, AAV-mediated AFosB
dominant-negative antagonist AJunD into NTS region, and also injected another group of rats
with AAV-GFP as sham controls. MAP, HR, RF and activity changes in both light period and

dark period in the two groups were compared in room air condition and during exposure to CIH.

Specific aim 2: Determine the time-course of induction of AFosB immunoreactivity in NTS

neurons during CIH exposure. Our working hypothesis is that within one day of CIH
exposure the number of AFosB immunoreactive neurons in NTS exceeds normoxic
condition levels. We measured the number of AFosB immunoreactive neurons following
normoxia, 1 day, 3 days, 5 days and 7 days of CIH exposure and also 1 day normoxia after 7
days hypoxia, 3 days normoxia after 7 days hypoxia and 7 days normoxia after 7 days hypoxia.

Caudal and sub-postremal NTS regions were analyzed separately.

Specific aim 3: Determine if AFosB plays a role in mediating changes in glutamatergic

transmission in NTS after CIH. CIH enhances miniature excitatory postsynaptic current
(mEPSC) amplitude in second order peripheral chemoreceptor NTS neurons. Our working

hypothesis is that blocking the transcriptional function of AFosB in the NTS will prevent



CIH-induced increase in mEPSC amplitude in second order NTS neurons. AAV mediated
viral vectors were microinjected into NTS. DiA labeling of the carotid body region enabled
visualization of chemoreceptor synaptic terminals on NTS neurons (15, 79). mEPSCs from
neurons labeled with both GFP and DiA fluorescence were recorded in a dominant negative

group, sham control group and non-CIH exposure group.

Summary of Results from Specific aims

In the first specific aim, AFosB blockade attenuated the CIH-induced increase of MAP in both
the light and dark phases, but MAP in sham control rats was maintained. To understand the
upstream and downstream pathways that might contribute to these changes, AFosB
immunoreactivity was examined in the PVN and RVLM. In PVN, the number of AFosB
immunoreactive cells was significantly reduced after functional blocking NTS AFosB, while no
significant change in the number of AFosB immunoreactive cells was observed in RVLM after

AFosB blockade in NTS.

The second specific aim examined AFosB immunoreactivity in NTS at different durations of
CIH. AFosB increased within 1 day CIH, and remained elevated throughout the 7 days of CIH.
Following 1 day recovery after 7 days CIH AFosB immuoreactivity had returned to normoxia
level. Within 1 day CIH and throughout 7 days of CIH, MAP is significantly increased (33),
consistent with our result that the expression of AFosB significantly increased after 1 day of CIH
and remained elevated during a 7 day exposure. This time course in the induction of AFosB
provides information about at what time point AFosB expression increases and therefore may

contribute to cardiovascular regulative function.



The third specific aim was to elucidate the role of AFosB in glutamatergic transmission in NTS
after CIH exposure. We found that the time course of the increase in mEPSC amplitude during
different durations of CIH exposure is quite similar to changes in the time course of FosB/AFosB
immunoreactivity. Furthermore, NTS AFosB blockade abolished the increase in amplitude of
MEPSCs observed in NTS neurons from CIH rats. A viral vector overexpressing AFosB in NTS
increased mEPSC amplitude like CIH. These results suggest that AFosB in NTS neurons might
mediate molecular adaptations and plasticity which play an essential role in the sustained
hypertensive response to CIH. Further studies to quantify the post-translational modifications in
AMPA receptor subunits might explain the mechanism behind this elevation in amplitude of

mEPSCs in arterial chemoreceptor NTS second order neurons.

Significance and clinical relevance

This research is among the first to attempt to identify the transcription factors that mediate
neuronal adaptation and plasticity to CIH. To date, the role of AFosB in the regulation of
cardiovascular responses has not been well clarified. Our study provides an understanding of the
central neuronal mechanisms of CIH induced hypertension and suggests potential targets for

clinical therapy.
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Abstract

AFosB is a member of the AP-1 family of transcription factors. AFosB has low constitutive
expression in the central nervous system and is induced following exposure of rodents to chronic
intermittent hypoxia (CIH), a model of the arterial hypoxemia that accompanies sleep apnea. We
hypothesize AFosB in the nucleus of solitary tract (NTS) contributes to increased mean arterial
pressure (MAP) during CIH. The NTS of 11 male Sprague Dawley rats was injected (3
sites,100nl per site) with a dominant-negative functional antagonist of AFosB (adeno-associated
virus (AAV)-green fluorescent protein (GFP) reporter- AJunD). The NTS of 10 rats was injected
with AAV-GFP as sham controls. Two weeks after NTS injections rats were exposed to CIH for
7 days, 8h/day and MAP recorded using telemetry. In the sham group 7 days CIH increased
MAP from 99.8 + 1.1 mmHg to 107.3 £ 0.5 mmHg in the day and from 104.4 £ 1.1 mmHg to
109.8 £ 0.6 in the night. In the group receiving AJunD, CIH increased MAP during the day from
95.9 £ 1.7 mmHg to 101.3 + 0.4 mmHg; during the dark MAP increased from 100.9 + 1.7
mmHg to 102.8 £ 0.5 mmHg (both time periods compared to sham p<0.05). Following injection
of the dominant-negative construct in the NTS, CIH-induced AFosB immunoreactivity was
decreased in paraventricular nucleus (p < 0.001), however no change was observed in rostral
ventro-lateral medulla. These data indicate that AFosB within the NTS contributes to the increase

in MAP induced by CIH exposure.

Key words: AFosB, Nucleus of the solitary tract, chronic intermittent hypoxia.
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Introduction

Obstructive sleep apnea (OSA) is defined as complete or partial collapse of the upper airway
during sleep, leading to repeated periods of respiratory airflow ceases resulting in apnea and
hypopnea (4). OSA is associated with cardiovascular and metabolic diseases (27, 29) including
systemic hypertension (12, 16). Hypoxemia activates arterial chemoreceptors and chemoreceptor
afferents release the excitatory amino acid neurotransmitter glutamate at synapses with NTS
neurons to activate regions like paraventricular nucleus of the hypothalamus (PVN) (22, 26) and
rostral ventrolateral medulla (RVLM) (9) to increase sympathetic nervous discharge (SND) and
mean arterial pressure (MAP). To study OSA-induced pathologies, many labs utilize a rodent
model of chronic intermittent hypoxia (CIH) which mimics the repetitive arterial hypoxemia
seen in patients with sleep disordered breathing including OSA (5, 6). Like OSA patients, rats
exposed to CIH show elevated arterial pressure, SND as well as both basal activity and hypoxic
sensitivity of the arterial chemoreflex which contribute to systemic hypertension (5-8, 28). CIH
elevates MAP and SND not only during day time when rats are exposed to intermittent hypoxia,

but also throughout the normoxic night time (1, 2, 11, 14, 28).

Central mechanisms that might contribute to this persistent increase of SND and hypertension
induced by CIH are currently unclear. Transcription factor FosB or its more stable splice variant
AFosB has been widely used as an indicator of chronic or intermittent activation in the CNS in
response to drug addiction (18-21). AFosB immunoreactivity is also increased in major

cardiovascular regulatory regions of the CNS following exposure to CIH (1, 14, 15).

The functional role of AFosB induced by exposures to CIH has been studied using AAV

expressing AJunD which is a dominant negative construct which functionally antagonizes AFosB.
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AJunD binds to AFosB and prevents the complex from binding to AP-1 sites on DNA which
inhibits the transcriptional function of AFosB. Using this dominant-negative construct,
Cunningham et al. demonstrated that AFosB in the median preoptic nucleus (MnPO) plays a role
in the sustained hypertension resulting from CIH (2). Since CIH increases the number of FosB
immunoreactive neurons in the NTS (14), experiments using the same construct were performed
to examine the role of AFosB in the NTS on CIH-induced hypertension. To examine if CIH-
induced AFosB in the NTS impacts the activity of neurons downstream from NTS, AFosB

immunoreactivity in PVN and RVLM were also examined.

Overall, the goal of these studies was to test the hypothesis that functional antagonism of AFosB
function in NTS neurons during CIH will attenuate the elevated blood pressure observed during
exposure to CIH and this is associated with a reduction in the transcriptional activation of

neurons in PVN and RVLM.

Materials and methods

Animals. Adult male Sprague-Dawley rats (200-250 g) from Charles River Laboratories
(Wilmington, MA) were individually housed in a thermostatically regulated room with a 12 hour
light: 12 hour dark cycle (on at 7 AM, off at 7 PM) and supplied with food and water ad libitum.
All the experiments were performed in accordance with the NIH guidelines and with the
approval of Institutional Animal Care and Use Committee of the University of North Texas

Health Science Center at Fort Worth.

NTS microinjections. Under aseptic conditions, rats were kept on a heating pad placed in a

stereotaxic frame with the head flexed to 45°, and ventilated using a nosecone with supplemental
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room air and isoflurane (2%) for inhalation anesthetization. The elimination of withdrawal to a
hind paw pinch was a sign of adequate anesthesia. Limited occipital craniotomy was performed
to expose the hind brain at the level of calamus scriptorius. Injections of 100 nL were made at 3
sites 0.5 mm below the surface of the brain using a glass micropipette (tip diameter, 50 um)
connected to pneumatic picopump (PV 800, WPI, Sarasota, FL) over a 5 minute period. Either
an adenovirus expressing GFP and AJunD (AAV-GFP-AJunD) or an adenovirus expressing GFP
only (AAV-GFP) was injected at following coordinates: midline, 0.5 mm caudal to calamus; 0.5
mm rostral to calamus, 0.5 mm bilaterally to midline. The titer of the vectors averaged 2.0x10’
infectious units/ml. The dominant negative construct AJunD cannot distinguish AFosB from
FosB, but AFosB is the predominant form with the longest half-life (17-21, 30) so for the sake of
simplicity we refer to AFosB alone throughout this manuscript. All viral constructs were kindly
provided by Dr. Eric J. Nestler (Mount Sinai Medical Center, New York). A minimum of 14
days were allowed to elapse between the NTS injection and initial baseline measurements. The
presence of GFP fluorescence identifies neurons that were successfully transfected and where
GFP was expressed. AAV-GFP injections were used as sham control. Post-surgery rats were
placed in cages warmed by a radiant light and monitored while recovering from anesthesia.

Rimadyl (0.5 mg) was provided for post-operative analgesia.

Telemetry implantation. Under isoflurane (2%) inhalation anesthesia, rats were implanted with
an abdominal aortic catheter attached to a TA11PA-C40 radio-telemetry transmitter. The
transmitter was secured to the abdominal muscle by aseptic surgery and was maintained in the
abdominal cavity during entire post-surgical recovery, normoxia and CIH condition. The
Dataquest A.R.T 2.2 telemetry system (Data Sciences International, St. Paul, MN) monitored

MAP, HR, RF and activity as previously described (1, 11, 14, 15). One week is required for
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recovery from surgery. Baseline data collection from the telemetry probe is acquired starting 7
days before the CIH exposure, followed by 7 days CIH data collection. Arterial pressure (AP)
measurements obtained during a 10-second sampling period (500 Hz) were averaged and
recorded in 10 minute intervals. Pulse interval and fluctuations obtained from the AP waveform
were used to calculate HR and RF respectively. MAP, HR, and RF were averaged for every hour
in the 24-h period and the 1-h averages averaged during the light phase (period of exposure)

during CIH (8 AM to 4 PM) and during the dark period (7 PM to 7 AM).

Chronic Intermittent Hypoxia Protocol. Rats were individually housed in cages for a week after
arrival. Following NTS microinjection surgery and recovery as well as telemetry surgery and
recovery rats were relocated into custom-built plexiglass chambers that connect to the CIH

system. The CIH system has been previously described (2, 14, 15). Briefly, fractional inspired

02 (FI102) was reduced from 21% to 10% in 105 s, and held at 10% for 75 s, then returned to 21%
in 105 s, and held at 21% for 75 s. Each complete cycle lasted 6 minutes. Rats were exposed to
CIH during the light period (8 am to 4 pm), so they were exposed to 80 CIH cycles per day.
Chambers were maintained at room air (21% O2) throughout the remainder of the light period (4

h) and the dark period (12 h). Control animals were housed in identical cages in the same room

and were exposed to the same ambient noise and lighting conditions as rats exposed to CIH.

Immunohistochemistry. Rats were anesthetized with thiobutabarbital (100 mg/kg i.p. Inactin;
Sigma, St. Louis, MO, cat # MFCD00214068) and were transcardially perfused with 0.1 M
phosphate buffered saline (PBS) followed by 300-500 ml of 4% paraformaldehyde (PFA) in
PBS in the morning after the last CIH exposure. Brains were post fixed in PFA at room
temperature for 1-2 h and then transferred into 30% sucrose at 4°C for dehydration until

submerged. Each brain stem was embedded in cryostat compound (Tissue TEK OCT, Sakura
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Finetek USA, Inc., Torrance, CA) and three sets of coronal 40 um sections were collected by
using a cryostat microtome (Leica CM1950, Leica Microsystems Inc., Buffalo Grove, IL). All
the sections were stored in cryoprotectant at -20°C until processed for immunohistochemistry.
Brain stem sections were incubated in goat polyclonal anti-FosB (Santa Cruz Biotechnology,
Santa Cruz, CA; 1:5000, sc-48) at 4°C for 48 h. The anti-FosB antibody does not discriminate
full length FosB from the splice variant AFosB. Sections were then processed with biotinylated
horse anti-goat 1gG (Vector Laboratories, Berlingame, CA; 1:100, BA-9500) and reacted with an
avidin-peroxidase conjugate (Vectastain ABC Kit; Vector Laboratories, Burlingame, CA, PK-
4000 ) for 1 h and then treated with PBS containing 0.04% nickel ammonium sulfate and 0.04%
3,3’—diaminobenzidine hydrochloride for 11 minutes. The FosB-stained brain stem sections were
processed with mouse anti-TH primary antibody (1:1,000, MAB318; Millipore) and a CY 3-
labeled donkey anti-mouse secondary antibody (1:1200, 715-165-150; Jackson Immuno-
Research). Forebrain sections were processed FosB/AFosB staining as described above. Sections
were mounted on gelatin-coated slides and air dried for 2 days and then coverslipped with
Permount. Sections were visualized under an Olympus microscope (BX41) equipped for
epifluorescence and an Olympus DP70 digital camera with DP manager software (v 2.2.1).
Images were uniformly adjusted for brightness and contrast. The rat brain stereotaxic atlas of
Paxinos and Watson (23) was used to for identify specific regions. All counts were performed
using ImagelJ software (v 1.44, National Institutes of Health, Bethesda, MD). Sections double
labeled for TH-FosB were used to count FosB/AFosB immunoreactivity in RVLM and 9 to 10
sections were analyzed for NTS and RVLM,; 5 to 6 sections for PVN [2 to 3 sections per
rat/subnuclei dorsal parvocellular (dp), medial parvocellular (mp), lateral parvocellular (Ip), and

posterior magnocellular (pm)] were analyzed from each rat. The number of immunoreactive
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neurons per section was averaged for each rat and these were then averaged to obtain the group

mean.

Data Analysis and Statistics. Two-way repeated-measures analysis of variance (ANOVA) and
Student-Neuman-Keuls (SNK) post-hoc analysis were used to compare the difference between
baseline and daily measurements of MAP, HR, RF and activity over the 7 days of CIH. Light
phase and dark phase were analyzed separately. FosB/AFosB immunoreactivity counts in PVN
and RVLM across different groups were compared by one-way ANOVA with the SNK test for

post hoc analysis. P<0.05 was considered significant.

Results

Effects of dominant negative AFosB construct on responses to CIH in conscious rats.

Histological examination of the injection sites showed that AAV construct produced intense GFP
labeling in the NTS. (Fig. 1) Figure 2, 3 illustrate the averaged MAP, HR, RF and activity in the
light period (left) and the dark period (right) in conscious rats during CIH. Seven days of control
baseline values were recorded in both groups of rats. There was no significant difference
between the baselines of these parameters comparing AAV-GFP and AAV-GFP-AJunD groups

during the light or dark phases.

There was an interaction for MAP during the light phase (treatment x day interaction, P <0.05).
Follow- up analysis of the interaction indicated that MAP during the light phase was
significantly higher on all days of CIH compared to baseline in both AAV-GFP and AAV-GFP-
AJunD groups (Fig. 2A; P <0.001). There was also an interaction for MAP during the dark phase

(treatment x day interaction, P <0.05). MAP in the AAV-GFP group was significantly higher
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compared to baseline on all days of CIH (P <0.001) with the exception of CIH day 1, but was
only significantly elevated on CIH day 4 (P<0.05) in AAV-GFP-AJunD group. The AAV-GFP-
AJunD- treated rats showed a significantly reduced CIH-induced increase in MAP compared
with AAV-GFP-treated rats during the dark phase (Fig. 2B; P <0.001). In the light phase, AAV-
GFP-AJunD- treated rats also showed an attenuation of the elevated MAP compared with AAV-

GFP-treated rats (Fig. 2A; P <0.05).

During the light phase, HR was significantly influenced by the treatments (treatment x day
interaction, P <0.05). In CIH day 1, 2, 3, 4 there was no significant difference from baseline level
while in CIH day 5, 6, 7, HR significantly decreased compared to baseline in AAV-GFP group
(Fig. 2C; P <0.05). In AAV-GFP-AJunD group, CIH day 1 and day 2 significantly increased HR
compared to baseline (Fig. 2C; P <0.05), but no change of HR in other CIH days. In the dark
period, HR were not significantly influenced by the treatments (treatment x day interaction,

P >0.05). There was no significant difference in HR between two groups in either light phase or

dark phase (Fig. 2C, D).

Both in the light phase and dark phase, there were not significant interactions for RF (treatment x
day interaction, P >0.05). There was no significant difference in RF between two groups in either

light phase or dark phase (Fig. 3A, B).

Activity (ACT) in the light period was significantly influenced by interactions (treatment x day
interaction, P <0.05). ACT significantly decreased in all CIH days compared with baseline in the
light phase in AAV-GFP rats (Fig. 3C; P <0.001), but significantly increased in AAV-GFP-

AJunD rats (Fig. 3C; P <0.05). In the dark phase, no significant influence of interactions exist

28



(treatment x day interaction, P >0.05). There was no significant difference between AAV-GFP

and AAV-GFP-AJunD groups in either the light or dark phase (Fig. 3C, D).

Effects of dominant negative construct in NTS on AFosB immunoreactivity in RVLM and PVN.

To further determine the effects of dominant negative inhibition of NTS AFosB on the chronic
transcriptional activation of autonomic regulatory regions of the CNS during CIH, AFosB
immunoreactivity was examined in RVLM and PVN. There was no difference of CIH-induced
AFosB immunoreactivity in RVLM after injection of the dominant-negative construct into NTS
(Fig. 4C). While the AFosB staining in RVLM was intermingled with TH-positive neurons, there
was no significant co-localization of AFosB with TH (sham: 0.1+0.04; dominant negative:
0.4+0.1). Injection of dominant-negative construct in NTS significantly decreased CIH-induced
AFosB immunoreactivity in PVN compared to the sham group (sham: 21.0+4.7; dominant
negative: 10.8+1.8, n=7). Analysis of PVN subregions revealed significant reductions in dorsal
parvocellular, medial parvocellular, lateral parvocellular and posterior magnocellular subnuclei

(Fig. 5C; P <0.05).

Discussion

The results of the present study provide the first evidence that AFosB in the NTS plays an
important role in CIH-induced hypertension. Functional antagonism of FosB in the NTS reduced
CIH-induced increased MAP during both the day time, when exposed to intermittent hypoxia,
and during the night time when normoxic. AAV-GFP-AJunD rats attenuated the increase of
MAP while AAV-GFP rats still maintained an elevation of MAP compared to normoxic controls.

These results imply that AFosB within NTS mediates the hypertensive response to CIH.
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CIH and OSA alter both the peripheral (24, 25) and central (3, 13, 25, 31) components of the
arterial chemoreflex and leads to increased sympathetic nerve activity and hypertension. A 7 day
exposure to CIH increases arterial pressure (1, 2, 11, 14, 15, 28) , during both the day time and
the night time and also increases AFosB immunoreactivity in CNS autonomic and endocrine
regulatory regions such as NTS, PVN, and RVLM (14) suggesting a causal link between AFosB
expression and CIH hypertension. After inhibition of AFosB function in NTS by the dominant-
negative construct, CIH-induced hypertension was reduced in both the light period when rats
were exposed to CIH, and during the night time when rats were exposed to room air. Therefore,

AFosB in NTS plays a role in CIH-induced hypertension.

To further investigate potential sites in the CNS downstream from NTS that might be involved in
the reduction in MAP during CIH following blockade of AFosB in NTS, AFosB
immunoreactivity was examined in sympatho-regulatory sites such as PVN and RVLM.
Inhibition of NTS AFosB reduced AFosB immunoreactivity in PVN but not in RVLM. This
suggests that AFosB in PVN induced by CIH is dependent upon AFosB in NTS, whereas AFosB
in RVLM is not. The lack of change in RVLM is surprising as it is known glutamatergic inputs
from NTS to RVLM play an important role in chemoreflex sympathoexcitation (10). However,
our dominant-negative injections did not totally abolish AFosB in NTS and perhaps the
remaining neurons were sufficient to drive AFosB in RVLM, but not in PVN. It is also important
to remember that AFosB is but one of any number of transcription factors that can mediate
neuronal plasticity. Functional blockade of AFosB in MnPO reduced CIH hypertension and
AFosB immunoreactivity in PVN and RVLM (2), so perhaps AFosB in RVLM is driven by PVN
inputs. Alternatively, AFosB in RVLM may be generated in response to tissue hypoxia during

CIH. Consistent with our previous studies, we found little evidence of co-localization of AFosB
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and TH within the RVLM (1, 14). Perhaps non-TH RVLM neurons exhibiting AFosB after CIH
might be involved in other aspects of the response to CIH, e.g. respiration, upper airway patency,
etc. There is possibility that PVVN sympatho-excitatory neurons might have a greater contribution
to the dark phase elevation of blood pressure from baseline, while the RVLM might be more

involved in the light phase hypoxia exposure.

In conclusion, AFosB in NTS contributes to the CIH-induced hypertension, although the
underlying mechanisms where by FosB might alter NTS neuronal function have not been

described.
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Figure legends

Figure 1. Representative digital images of AAV-GFP-AJunD injection targeted at the NTS. GFP

labeling neurons were illustrated. cc = central canal. Scale bar: 100 um

Figure 2. Effect of dominant-negative inhibition of NTS AFosB on MAP and HR. In each graph
on x-axis, normoxic baseline values are averaged and represented as control; 7 days of CIH are
represented as ih1 to ih7. A: CIH caused a significant elevation in MAP starting from day 1 in
both AAV-GFP (sham) and AAV-GFP-AJunD (dominant-negative) injected groups, compared
with their baseline, during light phase (P <0.001). Compared two groups, dominant-negative
injection attenuated this elevation in MAP (P<0.05). B. during dark phase, dominant-negative
injection reduced CIH induced elevation in MAP to baseline level, while sham group maintained
the sustained high level of MAP. Compared two groups, dominant-negative group significantly
reduced sustained component of high blood pressure occurred in sham group (P<0.001). C, D.
HR in sham and dominant-negative groups during light phase (C) and dark phase (D). No

significant difference between two groups in both phases.

Figure 3. Effect of dominant-negative inhibition of NTS AFosB on RF and ACT. A, B. RF in
sham and dominant-negative groups during light phase (A) and dark phase (B). No significant
difference between sham and dominant negative groups in both phases. C, D. ACT in sham and
dominant-negative groups during light phase (C) and dark phase (D). No significant difference

between two groups in both phases.
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Figure 4. Representative digital images of FosB/AFosB immunoreactivity on one side in RVLM
of sham (A) and dominant-negative (B) rats. C. mean no. of FosB/AFosB-positive cells counted

in the RVLM. n=7 in each group.

Figure 5. Representative digital images of FosB/AFosB immunoreactivity on one side in PVN of
sham (A) and dominant-negative (B) rats. C. mean no. of FosB/AFosB-positive cells counted in

the PVN. n=7 in each group.
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Abstract

We have reported that mean arterial pressure (MAP) and the number of AFosB immunoreactive
neurons in the nucleus of solitary tract (NTS) are increased after 7 days of exposure to chronic
intermittent hypoxia (CIH; alternating 3 min periods of increasing hypoxia to an end-point of
10% O2 with 3 min 21% O2 from 8 am-4 pm). To determine the time course of AFosB
expression and effect, male Sprague Dawley rats were exposed to either room air (control) or to
CIH for 1, 3, 5 or 7 days. AFosB immunoreactivity significantly increased between 1 to 7 days of
CIH exposure compared to controls (p<0.05). Whole cell patch clamp recordings in second order
arterial chemoreceptor NTS neurons in an in vitro brain slice revealed that miniature excitatory
post-synaptic current (MEPSC) amplitude increased between 1 and 7 days of CIH (p<0.05 vs.
normoxia), while 7 days of CIH reduced the amplitude of tractus evoked EPSCs (eEPSCs). After
1 day recovery following a 7 day exposure, mEPSC amplitude remained increased; after 3 days
recovery mEPSC amplitude was similar to control, normoxic levels. A dominant-negative
construct, adeno-associated virus-green fluorescent protein (GFP)-AJunD, was injected into NTS
to block transcriptional effects of AFosB. After 1 and 7 days of CIH exposure, GFP labeled
second order NTS neurons had mEPSC and eEPSC amplitudes no different than control. CIH
induces AFosB which rapidly enhances the post-synaptic response of NTS receiving arterial
chemoreceptor inputs to glutamatergic synaptic inputs which provides a potential mechanism for

CIH induced hypertension.

Key words: AFosB, Nucleus of the solitary tract; chronic intermittent hypoxia.
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Introduction

Obstructive sleep apnea (OSA), the most common type of sleep apnea, occurs when patients
have completely or partially collapsed upper airways during sleep which leads to repeated
periods of apneas and hypopneas (13). OSA is associated with cardiovascular and metabolic
disease (61, 70). Significantly, systemic hypertension is often associated with OSA (26, 31). An
important mechanism of OSA associated hypertension is an elevation of sympathetic nerve
discharge (SND) (39-41, 64). A causal relationship exists between the OSA-induced hypoxemias
and increased mean arterial pressure (MAP) and SND as treatment with continuous positive

airway pressure during sleep eliminates the apneas and reduces MAP and SND (5, 32, 37, 60).

Chronic intermittent hypoxia (CIH) mimics the repetitive arterial hypoxemia seen in patients
with OSA (17, 18). Like OSA patients, rats exposed to CIH exhibit increased MAP, SND and
both basal activity and hypoxic sensitivity of the arterial chemoreflex which contribute to
systemic hypertension (16-18, 20). A 7 day exposure to CIH increases MAP and SND during the
day when the rats are exposed to the intermittent hypoxia and the elevated MAP persists during
the night when the rats are normoxic (4, 9, 23, 29, 30, 62). This indicates that CIH induces
mechanisms that sustain increased MAP and SND into the non-hypoxic periods of the diurnal

cycle.

Arterial chemoreceptor afferent fibers increase their discharge during systemic hypoxia and the
afferent terminals release glutamate within the nucleus of the solitary tract (NTS), a brainstem
visceral integrative site of the central nervous system (CNS). Glutamate binds to excitatory
amino acid (EAA) receptors e.g. N-methyl D-aspartate (NMDA) and non-NMDA subtypes on

second order caudal NTS neurons (68, 76, 77) leading to enhanced discharge which is relayed to
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sympatho-excitatory sites such as the paraventricular nucleus (PVN) (48, 57) and rostral ventro-

lateral medulla (RVLM) (4, 22) to increase SND.

The neuronal mechanisms which mediate the sustained increase in SND and hypertension
following exposure to CIH are currently unknown. Transcription factor FosB and its more stable
splice variant AFosB are widely used as indicators of chronic, intermittent activation in the CNS
(4, 29, 30, 46). AFosB is a member of the Fos family of transcription factors, which dimerize
with Jun family to form the activator protein (AP)-1 complex, which binds to AP-1 sites in gene
promoters with the sequence either TGACTCA or TGACGTCA (42, 43, 46). Nestler et al.
utilized an adeno associated virus expressing AJunD. AJunD binds to AFosB to keep the complex
from binding to AP-1 sites on DNA which inhibits AFosB function. Using this dominant
negative construct of AFosB Nestler’s group has demonstrated that AFosB in the CNS mediates

neuroplasticity that contributes to drug addiction (42-44, 46).

Seven days of CIH exposure significantly increased the number of neurons expressing AFosB in
regions involved in endocrine control and sympathetic outflow regulation (NTS, RVLM, A5,
organum vasculosum of the lamina terminalis, median preoptic nucleus, subfornical organ, and
PVN) (29). Increased AFosB in autonomic and endocrine regulatory regions of CNS suggests
that this transcription factor might contribute to changes in neurons that mediate CIH induced
sustained increase in MAP and SND. Cunningham at al. demonstrated that blockade of AFosB

function in the median preoptic nucleus reduces CIH induced hypertension (9).

Exposure to CIH has been shown to alter NTS neuronal responses to exogenous and synaptically
released glutamate. de Paula et al. demonstrated that 7 days of CIH enhanced the amplitude of

AMPA-evoked currents and decreased the amplitude of NMDA-evoked currents in NTS neurons
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receiving carotid body chemoreceptor inputs (12). Kline et al. showed that 10 days of CIH
increased NTS neuronal discharge initiated by spontaneous transmitter release but decreased the
amplitude of solitary tract-evoked excitatory post-synaptic currents (EPSCs) (28). A subsequent
study reported a reduced number of excitatory synapses in NTS after CIH (2) which could
explain the reduced tractus-evoked EPSC after CIH. Whether AFosB in NTS neurons plays a
role in the CIH induced alterations in post-synaptic responses to glutamate has not been
examined. The goals of these studies were to define the time-course of AFosB expression during
and after CIH and to determine the effects of blocking AFosB function in the NTS during

exposure to CIH on spontaneous and evoked glutamatergic synaptic transmission.

Materials and methods

Animals: Adult male Sprague-Dawley rats (200-250 g) from Charles River Laboratories
(Wilmington, MA) were housed individually in a thermostatically regulated room with a 12 hour
light: 12 hour dark cycle (on at 7 AM, off at 7 PM) and supplied with food and water ad libitum.
All experiments were performed in accordance with the NIH guidelines and with the approval of
Institutional Animal Care and Use Committee of the University of North Texas Health Science

Center at Fort Worth.

Chronic Intermittent Hypoxia Protocol: Rats were individually housed in cages for a week after
arrival, and then relocated into custom-built plexiglass chambers that connect to the CIH system.
The CIH system has been previously described (23, 29, 30). Briefly, fractional inspired O2
(F102) was reduced from 21% to 10% in 105 s, FIO2 was held at 10% for 75 s then returned to

21% in 105 s, and held at 21% for 75 s. Each complete cycle lasted 6 minutes. Rats were
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exposed to CIH during the light period (8 AM to 4 PM). Chambers were maintained at room air
(21% 0O2) throughout the remainder of the light period (4 h) and the dark period (12 h). Control
animals were housed in identical cages in the same room and were exposed to the same ambient

noise and lighting conditions as rats exposed to CIH.

Immunohistochemistry studies: Rats were separated into eight groups: normoxia, 1 day CIH, 3
days CIH, 5 days CIH, 7 days CIH, (n=7 for each CIH group and 14 for the normoxia group) as
well as 7 days CIH+ 1 day normoxic recovery (n=6), 7 days CIH+ 3 days normoxic recovery
(n=5), 7 day CIH+ 7 days normoxic recovery (n=2). In the morning of the day after the last CIH
exposure, rats were anesthetized with thiobutabarbital (100 mg/kg i.p. Inactin; Sigma, St. Louis,
MO, cat # MFCD00214068) and transcardially perfused with 0.1 M phosphate buffered saline
(PBS) followed by 300-500 ml of 4% paraformaldehyde (PFA) in PBS. Brains were post fixed
in PFA at room temperature for 1-2 h and then transferred into 30% sucrose at 4°C until
submerged. Each brain stem was embedded in cryostat compound (Tissue TEK OCT, Sakura
Finetek USA, Inc., Torrance, CA) and three sets of coronal 40 pm sections were collected by
using a cryostat microtome (Leica CM1950, Leica Microsystems Inc., Buffalo Grove, IL). All
the sections were stored in cryoprotectant at -20°C until processed for immunohistochemistry.
Sections were incubated in goat polyclonal anti-FosB/AFosB (Santa Cruz Biotechnology, Santa
Cruz, CA,; 1:5000, cat # sc-48) at 4°C for 48 h. The primary antibody used in this study does not
discriminate between AFosB and full-length FosB; here we referred to it as AFosB
immunoreactivity due to its being the only species that is expressed outside of acute stimulation
conditions (36, 42-47, 65, 73). Sections were then processed with biotinylated mouse anti-goat
IgG (Vector Laboratories, Berlingame, CA; 1:100, cat # z0326) and reacted with an avidin-

peroxidase conjugate (Vectastain ABC Kit; Vector Laboratories, Burlingame, CA, cat # PK-
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4000 ) for 1 h and then treated with PBS containing 0.04% nickel ammonium sulfate and 0.04%
3,3’—diaminobenzidine hydrochloride for 11 minutes. Sections were then processed for
dopamine-beta-hydroxylase (DBH) staining using a mouse anti-DBH primary antibody
(Millipore, Billerica, MA; 1:1000, cat # MAB394), incubated at 4°C for 48 h. DBH is a marker
of catecholaminergic neurons. Sections were then incubated in a CY3-labeled donkey anti-mouse
secondary antibody (Jackson ImmunoResearch, West Grove, PA; 1:1200, cat # 715-165-140) at
room temperature for 4-5 h. Sections were mounted on gelatin-coated slides and air dried for 2
days and then coverslipped with Permount. Sections were visualized under a confocal
microscope (Olympus IX50, Tokyo) equipped with a disk spin unit (1X2-DSU, Olympus), a
motorized stage and a mercury lamp epiflourescence system. Images were captured using a
Retiga-SRV camera (Q-imaging, Surrey, British Columbia, Canada) and collected using
HClmage software (Hamamatsu Corp, Bridgewater, NJ). Images were uniformly adjusted for
brightness and contrast. The rat brain stereotaxic atlas of Paxinos and Watson (49) was used to
identify specific regions. Images of AFosB staining were collected using bright field filter.
Images of DBH staining were obtained using CY3 filter. AFosB counting and DBH counting
were performed by ImageJ software (v 1.44, NIH, Bethesda, MD). Eight to twelve sections were
analyzed from each rat NTS between 1mm rostral and 1mm caudal to the calamus. Counts from
each section were averaged and are reported as an average number of neurons per slide. To
analyze double labeled sections, each AFosB image was inverted, pseudo-colored and merged
with the image of DBH staining in the same section. Cells with green nuclei and red cytoplasm
were counted as double labeled due to the fact that AFosB staining (green) is restricted to the

nucleus and DBH staining (red) is cytoplasmic.
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Electrophysiological studies: Rats were separated into nine groups: normoxic group, 1 day CIH,
3 days CIH, 5 days CIH, 7 days CIH, 7 days CIH+ 1 day normoxic recovery, 7 days CIH+ 3
days normoxic recovery, NTS injection of AFosB dominant-negative construct+ 1 day CIH, NTS
injection of AFosB dominant-negative construct + 7 days CIH groups. All surgical procedures

were performed under aseptic conditions.

Labeling carotid body chemoreceptor afferent inputs: The chemoreceptor synaptic terminals in

the NTS and neurons receiving these synaptic inputs were visualized by unilaterally applied with
crystals of anterograde fluorescent dye DiA (1, 1’-dilinoleyl-3, 3, 3°, 3’
tetramethylindocarbocyanine, 4-chlorobenzenesulphonate) (Molecular Probes, Eugene, OR) to
the carotid body region of rats anesthetized with ketamine (75 mg/kg, i.p. Fort Dodge Animal
Health, Overland Park, KS) and medetomidine (0.5 mg/kg, i.p.; Pfizer Animal Health, Exton,
PA) as described by our lab (12, 74, 75) and others (3, 28, 38). Anesthesia was terminated by

atipamezole (1 mg/kg, i.p.; Pfizer). Postoperative analgesic Rimadyl (0.5 mg) was provided.

NTS microinjection: During surgeries, rats were kept on a heating pad placed in a stereotaxic

frame with the head flexed to 45°, and ventilated using a nosecone with supplemental room air
and isoflurane (2%). Adequacy of anesthesia was determined by the lack of withdrawal to a hind
paw pinch. Occipital craniotomy was performed to expose the hind brain at the level of the
calamus scriptorius. Injections of 100 nL were made at 3 sites 0.5 mm below the surface of the
brain using a glass micropipette (tip diameter, 50 um) connected to pneumatic picopump (PV
800, WPI, Sarasota, FL) over a 5 minute period. Either an adenovirus expressing GFP and
AJunD (AAV-GFP-AJunD) or an adenovirus expressing GFP only (AAV-GFP) was injected at
the following coordinates: midline, 0.5 mm caudal to calamus; 0.5 mm rostral to calamus, 0.5

mm bilaterally to midline. The titer of the vectors averaged 2.0x10 infectious units/ml. The
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dominant negative construct AJunD cannot distinguish AFosB from FosB, but AFosB is the
predominant form with the longest half-life (36, 42-47, 65, 73) so for the sake of simplicity we
refer to AFosB alone throughout this manuscript. In a separate group of rats, a viral construct
designed to increase cellular levels of AFosB was injected into the NTS. All viral constructs
were kindly provided by Dr. Eric J. Nestler (Mount Sinai Medical Center, New York). A
minimum of 2 weeks was allowed to elapse between the NTS injection and initial baseline
measurements. The presence of GFP fluorescence identifies neurons that were successfully
transfected. AAV-GFP injections were used as sham control. Post-surgery the rats were placed in
cages warmed by a radiant light and monitored while recovering from anesthesia. Rimadyl (0.5

mg) was provided for post-operative analgesia.

Brain slice preparation: Rats were anesthetized by isoflurane inhalation, and the brainstem was

rapidly removed and placed in ice-cold, high-sucrose, artificial cerebrospinal fluid (aCSF)
continuously aerated with 95% O2+ 5% CO2 and composed of (in mM): 3 KCI, 1 MgClz, 1
CaClz, 2 MgSO0s4, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, and 206 sucrose, pH=7.4. The brain
stem was mounted in a vibrating microtome (VT1000S, Leica Microsystems, Bannockburn, IL)
to collect coronal slices (350um thickness) using a sapphire knife. Slices were incubated for 1 h
in normal aCSF that was continuously aerated with 95% 02+5% CQOz2 and contained (in mM):124

NaCl, 3 KCI, 2 MgS04, 1.25 NaH2PO4, 26 NaHCOs, 10 glucose and 2 CaClz, pH=7.4.

Electrophysiological recording: Whole cell voltage patch clamping was performed in the

recording chamber on an upright epifluorescent microscope (Olympus BX51WI, Tokyo)
equipped with infrared differential interference contrast (IR-DIC) and different optical filter sets
for visualization of DiA and GFP. A single slice was held in recording chamber with a nylon

mesh, submerged in normal aCSF saturated with 95% O2+ 5% COz, with a perfusion rate of 2-3
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ml/min. Patch pipettes were pulled on a pipette puller (model P-2000, Sutter Instrument, Novato,
CA) from borosilicate glass capillaries with a 0.90 mm inner diameter, 1.2 mm outer diameter
(WPI, Sarasota, FL). Pipettes were filled with a solution containing (in mM): 145 K-gluconate, 1
MgCl2, 10 HEPES, 1.1 EGTA, 2 Mg2ATP, and 0.3 NasGTP, pH 7.3. Pipette resistance varied
between 3 to 6 MQ. After the patch electrode was sealed onto either a DiA labeled cell or a cell
labeled with both DiA and GFP and input resistance > 1 G, the membrane patch under the
electrode was ruptured by suction. The cell was kept at a holding potential of —-60 mV.
Recordings of postsynaptic currents began 5 min after the whole cell access was established. All
images were captured with a charge-coupled device (CCD) camera (QICAM IR
FAST;QIMAGING, Surrey, BC, Canada) displayed on a PC monitor with the use of QCapture
software(QIMAGING, Surrey, BC, Canada). Recordings were made with an AxoPatch 200B
patch-clamp amplifier and pClamp software version 10.2 (Molecular Devices, Sunnyvale, CA).
The tractus was stimulated at 0.5 Hz using a bipolar electrode and recordings of tractus-evoked
EPSCs (eEPSCs) were made in the presence of the GABAA receptor antagonist gabazine (25
MM, Tocris, Ballwin, MO). Recordings of spontaneous, miniature EPSCs (MEPSCs) were made
in the presence of gabazine and the sodium channel blocker tetrodotoxin (TTX; 0.5 UM, Tocris,

Ballwin, MO).

Data Analysis: In the immunohistochemistry studies a one-way analysis of variance (ANOVA)
with Student Newman-Keuls (SNK) or Dunn’s post-hoc analysis was used to compare the
difference in number of cells between the control group and individual CIH groups. The average
of 7-10 responses to tractus stimulation was used to analyze the amplitude of eEPSCs. Miniature
EPSC events were detected and analyzed with MiniAnalysis software (Synaptosoft Inc., v6.0,

Fort Lee, NJ) 5 min duration of recordings with more than 200 events were analyzed and were
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visually checked to ensure measurements were made of physiological signals. mEPSCs were
detected as events that exceeded a threshold of 5 times the RMS baseline noise and frequency
was calculated as the reciprocal of the interval between these events. Values are presented as
mean £ SEM. One-way ANOVA and SNK post-hoc analysis were used to compare the
difference in amplitude and frequency of mMEPSCs and the amplitude of eEPSCs among the
normoxia group, different CIH exposure groups and NTS injection groups for

electrophysiological studies. Values of p < 0.05 were considered significant.

Results

Effect of CIH on AFosB immunoreactivity: Figure 1 illustrates the general pattern of AFosB

(A&B) and DBH (C&D) immunoreactivity observed in caudal NTS in a control animal (A, C, E)
and an animal exposed to CIH for 7 days (B, D, F). In agreement with our previous studies (4,
29) exposure to CIH increased the number of AFosB immunoreactive neurons throughout the
NTS. After a 7 day exposure to CIH a small number of the AFosB immunoreactive neurons also

exhibited immunoreactivity for DBH (Fig. 1 E, F), indicating a catecholaminergic phenotype.

The number of AFosB immunoreactive neurons in the NTS was significantly increased after 1
day of CIH and remained significantly elevated compared to control throughout the 7 day

exposure (p<0.01) (Fig. 2A).

The number of NTS neurons exhibiting immunoreactivity for both AFosB and DBH was not
significantly different from control rats after 1, 3 and 5 days of CIH (Fig. 2B). However, 7 days
of CIH exposure significantly increased the number of AFosB and DBH immunoreactive

neurons compared to control and 1, 3 and 5 days of CIH (p<0.05). Exposure to CIH did not alter
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the total number of DBH immunoreactive neurons in the regions of NTS examined. The number
of DBH immunoreactive neurons averaged between 24 + 4 — 44 + 4 neurons for control, 1-7 days

of CIH and 1-7 days recovery from CIH.

Recovery after CIH exposure: To evaluate the duration of the effect of CIH on AFosB

expression, rats were returned to normoxic conditions for either 1, 3 or 7 days after a 7 day
exposure to CIH. The number of NTS neurons exhibiting AFosB immunoreactivity, with or
without DBH immunoreactivity, was significantly less on all recovery days compared to 7 days
CIH (p<0.05) (Fig. 2A&B). There was no significant difference between the number of AFosB
immunoreactive NTS neurons, with or without DBH immunoreactivity, on any recovery day

compared to control.

Effect of CIH on glutamatergic synaptic transmission: An in vitro brain slice preparation was

used to study mEPSCs and eEPSCs in NTS neurons receiving arterial chemoreceptor inputs.
mEPSCs represent action potential-independent spontaneous glutamate release from pre-synaptic
terminals. All data were obtained from second-order neurons in the NTS, identified by the
presence of DiA labeling (Fig. 3A, B). Slices were superfused with a bath solution containing
gabazine (25 uM) to block GABAA receptors and the sodium channel blocker TTX (0.5 pM).
The mEPSCs were mediated by AMPA glutamate receptor as they were completely abolished by
the non-NMDA receptor antagonist CNQX (10 uM) (data not shown). Cumulative probabilities
of the amplitude and inter event interval under no CIH and during 1 day of CIH in the same
neuron as illustrated in A and B were compared.CIH neuron recording shifted rightward in the
amplitude whereas no change of inter event interval between no CIH and CIH groups (Fig. 3D).
The amplitude and frequency of mMEPSCs in second order arterial chemoreceptor NTS neurons in

control rats were compared to rats exposed to CIH for 1, 3, 5, and 7 days. Within 1 day of
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exposure to CIH, mEPSC amplitude was significantly increased and remained elevated after 3, 5
and 7 days CIH exposure (Fig. 4A). mEPSCs amplitudes remained increased after 1 day of
normoxic recovery and were not different compared to control amplitudes after 3 days of
recovery. There was no significant difference in the frequency of mEPSCs comparing control
(1.0 £ 0.1 Hz, n=12) to 1 (1.0 + 0.2 Hz, n=11), 3 (1.3 + 0.3 Hz, n=11), 5 (0.9 + 0.1 Hz, n=21)
and 7 days (0.8 = 0.1 Hz, n=7) exposure to CIH. There was no difference between these values
and those recorded after 1 day recovery (0.9 £ 0.2 Hz, n=4) or 3 days recovery (1.0 + 0.2 Hz,

n=7) (Fig. 4B).

Inhibition of AFosB in CIH induced glutamatergic synaptic transmission. Two weeks after

microinjection of the dominant negative viral construct (AAV-GFP-AJunD), we recorded
mEPSCs from NTS neurons with GFP and DiA labeling after 1 and 7 days exposure to CIH (Fig.
5). In these experiments we used 2 control groups to ensure that the NTS microinjection of the
viral construct did not induce a non-specific change in glutamatergic transmission; one control
group received no NTS injection (CIH 1 and 7 Day, Fig. 5C) and the other control group
received an NTS injection of the viral construct lacking the ability to bind AFosB (AAV-GFP)

(CIH 1 and 7 Day sham, Fig. 5C).

Exposure to 1 and 7 days of CIH significantly increased mEPSC amplitude in both control
groups compared to rats not exposed to CIH (Fig. 5C). In rats injected with dominant negative
construct, after 1 and 7 days of CIH mEPSC amplitudes were significantly less than both control,
CIH-exposed groups. In rats injected with dominant negative construct, mEPSC amplitudes in
CIH-exposed rats were no different than those measured in rats not exposed to CIH. The
frequencies of mMEPSCs were not different between any of the groups: normoxic, non-CIH

exposed rats (1.0+£0.1 Hz, n=12); 1 day CIH no NTS injection (1.0+£0.1 Hz, n=11); 7 days CIH
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no NTS injection (1.0£0.1 Hz, n=19); 1 day CIH sham virus injection (1.5+£0.1 Hz, n=13); 7 day
CIH sham virus injection (0.9£0.1 Hz, n=18). There was no difference in mEPSC amplitude or
frequency comparing the control group that received no NTS injection to the other control group
that received an NTS injection of the viral construct lacking the ability to bind AFosB (AAV-

GFP), indicating the NTS injection, the AAV nor expression of GFP altered mEPSC properties.

In contrast to the spontaneous release of glutamate, indicated by mEPSCs, CIH produces a
reduction in tractus eEPSCs (28). We found a similar reduction in eEPSC amplitude after 7 days
of CIH (p<0.05; Fig. 6). We utilized the dominant-negative AJunD construct to determine if
AFosB plays a role in this attenuation. Examination of GFP-labeled neurons after 7 days of CIH
revealed that the amplitude of tractus eEPSCs was not different comparing eEPSCs from sham-
injected rats to rats injected with the dominant-negative AJunD construct and the CIH group was

significantly smaller than both the sham-injected and dn groups group (both p<0.05) (Fig. 6B).

Over-expression of AFosB and glutamatergic synaptic transmission: A viral construct designed

to overexpress AFosB (AAV-GFP-AFosB) was injected into NTS and after at least 14 days of
normoxic exposure, we recorded mEPSCs from NTS neurons with GFP and DiA labeling. For
comparison, we also recorded from non-GFP labeled neurons which exhibited DiA labeling (Fig.
7A). The mEPSC amplitudes in the over-expression group (18.9 £ 1.2 pA, n=10) were
significantly greater than those measured in control rats (12.3 + 0.8 pA, n=12) (p<0.001; Fig.
7B). The mEPSC amplitudes in the over-expression group were not different compared to rats
exposed to 7 days of CIH. There were no significant differences in the mEPSC frequency
between any of the groups: normoxic control (1.0£0.1 Hz, n=12); 7 day CIH exposure (1.0£0.1

Hz, n=12); over-expression vector injection (0.9£0.1 Hz, n=10). Recordings from non-GFP
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labeled neurons with DiA labeling revealed mEPSC amplitudes (14.5 + 0.4 pA, n=13) and

frequencies (0.8 £ 0.1 Hz) which were not different from the normoxic control levels.

Discussion

CIH is a model of the arterial hypoxemia that occurs during OSA and has been widely used to
study sleep apnea induced hypertension (4, 17, 18, 21, 23, 29, 78). CIH models expose rodents to
cyclic reductions in atmospheric oxygen levels during the nocturnal period. Such exposures
increase arterial pressure and SND and both remain elevated during non-hypoxic periods of the
day. This indicates that CIH alters cardiovascular function to sustain chronically elevated SND

and blood pressure as observed in OSA patients (6, 13, 25, 26, 31, 39-41).

We have previously reported that a 7 day exposure to CIH increases both blood pressure and the
number of neurons in central cardiorespiratory regulatory regions expressing the transcription
factor AFosB (29). We were interested in determining the time course of increased AFosB levels
after exposure to CIH and if AFosB might mediate alterations in glutamatergic transmission
within NTS after CIH. We report that within one day of exposure to CIH, NTS neurons receiving
arterial chemoreceptor afferent inputs exhibit an enhanced response to spontaneously released

glutamate and that this effect of CIH is mediated by transcription factor AFosB.

CIH and glutamatergic transmission CIH has been shown to alter both the peripheral (54-56)

and central (12, 28, 56, 75) components of the arterial chemoreflex. Carotid body sensitivity is
enhanced during CIH and CIH evokes a long term increase in carotid body sensitivity to hypoxia
(50, 51, 53). Altered glutamatergic transmission has been demonstrated in the NTS and other
CNS sites following exposure to CIH (8, 12, 28, 58, 63, 66). Our lab has previously
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demonstrated that CIH increased inward current induced by exogenous application of AMPA
(12). Enhanced afferent inputs to the CNS from arterial chemoreceptors coupled with increased
neuronal excitation in response to glutamatergic chemoreceptor afferent inputs following
exposures to CIH provides a substrate for persistently enhanced chemoreflex activation and
sustained elevation of blood pressure and SND upon return to normoxia. While mechanisms that
could mediate the enhanced responses of the chemoreceptors after CIH have been described (52),

there is less information on the mechanisms that mediate central facilitation of the chemoreflex.

Kline et al. reported that tractus evoked EPSCs (EPSCs) were depressed after 10 days of CIH
exposure (28) and our observations are consistent with this finding. Kline et al suggested that this
depression was evidence for homeostatic synaptic plasticity (67) in an attempt to normalize NTS
neuronal discharge which is increased during exposure to CIH due to increased arterial
chemoreceptor afferent induced excitation. CIH induced depression of tractus eEPSCs could be
mediated by a reduction of the number of active synapses reported to occur after 10 days of CIH
(2). The reduced eEPSC is not consistent with a model of CIH hypertension driven by increased
NTS discharge in response to chemoreceptor afferent inputs. However, in vitro stimulation of the
tractus synchronously activates afferent inputs at low frequency. In vivo, asynchronous afferent
volleys occur at much higher frequencies so temporal summation could overcome the spatial
factors that reduce eEPSC amplitude. It is important to remember that rodents (20, 24, 33) and
humans (1, 10, 11, 34) exposed to IH as well as sleep apnea patients (19, 25, 41) exhibit
enhanced chemoreflex responses to acute hypoxia and arterial chemoreceptor “drive” contributes

to the elevated blood pressure and SND in sleep apnea patients (6, 40).

Analysis of mMEPSCs provides insight into the quantal nature of glutamatergic synaptic

transmission. We focused on AMPA receptors as mEPSCs are abolished by AMPA receptor
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antagonists (74, 75). A change in mEPSC amplitude reflects alterations in the post-synaptic
mechanisms of glutamatergic synaptic transmission, while changes in mEPSC frequency reflect
alterations in transmitter release. mMEPSCs could reflect spontaneous glutamate release from
inputs arising from arterial chemoreceptor afferents and inputs arising from other central sites
and/or local interneurons. CIH induced enhancement of mMEPSC amplitude, with no change in
frequency, may reflect enhanced sensitivity to glutamatergic inputs arising from any or all of

these sources.

Post-synaptic factors that could lead to an increase in mEPSC amplitude include AMPA receptor
sensitivity and receptor density. Our previous study found exposure to CIH did not alter the
desensitization properties of AMPA receptors, eliminating this as a possible factor (12).AFosB
has been shown to increase transcription of GIUR2 in reward pathways (46). Our group has
observed increased expression of AMPA receptor GIuR2 subunit, but not GIuR1 subunit, in the
NTS after chronic sustained hypoxia (74) and after CIH exposure (Bathina, Wu and Mifflin,
unpublished observations). In addition to alterations in AMPA receptor levels due to changes in
expression and/or degradation, receptor trafficking and/or post-translational modification (e.g.
phosphorylation) of AMPA receptors could contribute to CIH-induced increase in responses to

AMPA receptor activation.

Therefore, it is possible that the responses to spontaneous release of glutamate may exhibit
increased amplitudes but this is not observed during synchronous electrical activation of all
tractus inputs due to a decrease in the number of active synapses (2). Alternatively,
spontaneously released glutamate may arise from synapses distinct from those formed by the
tractus. Evoked and spontaneous glutamate release exhibit different characteristics and mEPSCs

and eEPSCs can be differentially regulated (15, 27). Spontaneous release of glutamate has been
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proposed as a mechanism that regulates basal excitability (27) so increased responses to
spontaneous glutamate could increase discharge in response to activation of tractus-evoked

inputs, even if the tractus-evoked inputs are reduced following exposure to CIH.

We found that within 1 day of exposure CIH, the amplitude of mEPSCs were enhanced. This
suggests that the mechanisms mediating the CIH-induced persistent increase in MAP and SND
are activated quite early by intermittent hypoxia. It would be interesting to determine if the initial
responses to CIH have a similar basis as the long-lasting increase in MAP, SND and phrenic

nerve discharge observed after acute (< 1hr) exposures to intermittent hypoxia in rats (14, 71,

72) and humans (11, 69).

Transcription factor 4FosB AFosB is a member of the AP-1 family of transcription factors

which includes cFos, FosB, AFosB and the Fos-related antigens 1 (Fral), and Fra2 (42-44, 46).
Each of these species has its own time course of expression in response to acute, chronic or
intermittent stimuli. Among these transcription factors, the truncated spliced isoform AFosB has
stable expression which persists for several days, making it a potentially important factor in the
induction and maintenance of long-term plasticity following chronic, intermittent stimulation.
AFosB has been used as an effective marker of neuronal activation in response to wide range of
stimuli such as stress, drug addiction, substance abuse (43, 46) and CIH (4, 9, 29). As a
transcription factor, AFosB regulates transcription of target genes such as GluR2, cyclin-
dependent kinase 5 and NF-kB in the nucleus accumbens after chronic cocaine treatment (45).
Cunningham et al. identified that in the median pre-optic nucleus CIH induces AFosB which
regulates expression of mitogen activated protein kinase kinase kinase 3, angiotensin converting

enzymes (ACE1, ACE2) and nitric oxide synthase (nosl and nos3) (9). AFosB can also regulate
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the expression of tyrosine hydroxylase (65), and our group recently reported catecholaminergic

NTS neurons play a role in CIH induced hypertension (4).

We observed that CIH increased the number of AFosB immunoreactive neurons in NTS within 1
day throughout 7 days CIH exposure. Within 1 day after the last exposure to CIH the number of
AFosB immunoreactive neurons in caudal and sub-postremal NTS were no different compared to
levels observed under normoxic conditions. The amplitude of mMEPSCs recorded from second
order NTS neurons was significantly increased after 1 day CIH and 1 day CIH induces a
persistent elevation in MAP (4, 23, 29). Furthermore, during normoxic recovery, MAP remains
significantly elevated for 1-2 days, and the enhanced mEPSCs did not return to control levels
until 3 days of recovery. AFosB returns to control within 1 day after CIH whereas mEPSC
amplitude remains increased for up to 3 days recovery from CIH suggesting that AFosB induces
changes that persist beyond the presence of the transcription factor. Taken together, these results

suggest a relationship between AFosB, mEPSC amplitude and CIH induced hypertension.

Catecholaminergic NTS neurons play an important role in stress responses (59) and contribute to
the effects of CIH on autonomic and endocrine functions to increase MAP (4) by enhanced
sympathetic outflow and/or by up-regulation of the hypothalamic—pituitary—adrenal axis (7, 35)
as well as other mechanisms. Our previous work demonstrated that catecholaminergic NTS
neurons express AFosB following a 7 day exposure to CIH (29). Our present study extends this
observation by examining AFosB during shorter exposures to CIH. We found no significant
changes in the number of catecholaminergic NTS neurons exhibiting AFosB immunoreactivity
following CIH exposures of less than 7 days. This contrasts with the temporal pattern of AFosB
observed in non-catecholaminergic NTS neurons where the number of NTS neurons exhibiting

AFosB immunoreactivity was increased after 1 day of CIH.
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To further elucidate the functional role of AFosB in the CIH-induced changes in glutamatergic
transmission, we blocked the transcriptional function of AFosB in the NTS using a dominant
negative AAV-GFP-AJunD construct. We then examined changes in AMPA receptor mediated
mMEPSCs in second order NTS neurons. We found that the increase in mEPSC amplitude induced
by 1 day and 7 days CIH was eliminated after functionally blocking AFosB in NTS. The
dominant-negative construct eliminated the CIH induced reduction in eEPSC amplitude.
Differential regulation of spontaneous vs. evoked transmitter release has been reported and the
factors mediating CIH-AFosB enhancement of mEPSCs might not be present at synapses

receiving tractus evoked inputs.

Increased glutamatergic inputs from chemoreceptors and increased sensitivity to glutamatergic
inputs leading to increased NTS neuron discharge during CIH could be the signal that reduces
the number of active synapses. Inhibition of AFosB eliminated both the CIH-induced increase in
mEPSC amplitude and the CIH-induced decrease in the amplitude of the tractus-eEPSC. While
the summed response generated by synchronous activation of all tractus inputs may be reduced
following CIH due to a reduction in the number of active synapses, the responses to activation of
a single input may be enhanced. Also, keep in mind that in vivo NTS neurons are not exposed to
synchronous activation of all tractus inputs but rather an afferent volley of afferent inputs

dispersed in time by differences in threshold, conduction velocity.

In conclusion, CIH increases the post-synaptic response to spontaneous synaptic release of
glutamate and this increase occurs quite rapidly, within 1 day of CIH exposure. This increase
follows the same time course as expression of AFosB in the NTS following CIH exposure and
can be blocked by interfering with the function of AFosB. CIH increases the number of NTS

neurons expressing AFosB immunoreactivity, through which the effect of arterial chemoreceptor
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glutamatergic synaptic inputs to second order NTS neurons is enhanced. This provides evidence
for augmented signaling capacity from these neurons to sympatho-excitatory sites to increase
SND and arterial pressure. A better understanding of the underlying mechanisms of the
pathogenesis and maintenance of CIH hypertensive mechanisms may provide us with a better
understanding of systemic hypertension in sleep apnea patients and guide future mechanism

based clinical treatments.
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Figure Legends

Figure 1. Representative digital images of AFosB (A, B) and DBH (C, D) immunostaining and
co-localization (E, F: AFosB is pseudo-colored green, DBH is colored red) in the NTS from a
control rat (left column) and a 7 day CIH rat (right column). Red arrows indicate a few of the

cells with co-immunoreactivity for AFosB and DBH . cc = central canal. Scale bar: 100 pm

Figure 2. A. The number of AFosB immunoreactive neurons (A) and AFosB+DBH (B)
immunoreactive neurons in NTS in control (n=14), 1 day CIH (n=7), 3 days CIH (n=7), 5 days
CIH (n=7), 7 days CIH (n=17) and 1 day recovery (n=6), 3 days recovery (n=5), 7 days recovery

(n=2) groups. * = p <0.05 vs. control by one-way ANOVA with Dunn’ s post-hoc analysis.

Figure 3. Effect of CIH on mEPSCs. A, B. Whole-cell patch-clamp recording from second-order
arterial chemoreceptor neurons in the NTS. The cell indicated by the arrow in A (differential
infrared contrast DIC) exhibited DiA immunofluorescence in B. C. Recordings of mEPSCs from
a neuron in control (No CIH) group (upper sweep) and from a neuron in 1 day CIH group (lower
sweep). All data were collected in the presence of the sodium channel blocker TTX (0.5 uM) and
GABAA receptor antagonist gabazine (25 uM). D. Cumulative probabilities of the amplitude
(left) and inter event interval (right) under no CIH and during CIH in the same neuron as

illustrated in A and B.

Figure 4. Effect of different duration CIH exposures on mEPSC amplitude (A) and frequency

(B). CIH 1 day (n=11), 3 day (n=11), 5 day (n=21), 7 day (n=7), and CIH 7 day+1 day recovery
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(n=4) increased the amplitude of MEPSCs compared with control (no CIH, n=12). *=p < 0.05

vs. control by one-way ANOVA with SNK post-hoc analysis. Frequencies were not significantly

different in all groups.

Figure 5. Effect of dominant negative (dn) blockade of AFosB on mEPSCs. A. Green fluorescent
protein (GFP) labeling following injection of dominant-negative construct into the NTS. cc =
central canal. B. mEPSCs from neurons exhibiting GFP and DiA labeling. Sweeps from top to
bottom: CIH 1 Day; CIH 1 Day dn; CIH 7 Day; CIH 7 Day dn.C. Mean data from groups;
histogram bars from left to right: mEPSC amplitude from control (no CIH, n=12), CIH 1 Day
(n=11), CIH 1 D sham (n=17), CIH 1 D dn (n=10), CIH 7 Day (n=7), CIH 7 D sham (n=18),
CIH 7 D dn (n=19) groups.* = p <0.01 vs. control; # = p <0.01 vs. CIH 1 Day; ## = p <0.05 vs.
CIH 1 D sham. ** = p <0.01 vs. CIH 7 Day. ***= p<0.001 vs. CIH 7 D sham. One-way ANOVA

with SNK post-hoc analysis.

Figure 6. Effect of dominant negative (dn) blockade of AFosB on tractus eEPSCs. A: Each panel
is an average of 7-10 responses generated by 0.5Hz tractus stimulation. Top to bottom: neuron
from rat injected with the sham dominant-negative construct and maintained in normoxic
conditions; neuron from rat exposed to 7 days CIH; neuron from rat which received an NTS
injection of the dn construct prior to a 7 day exposure to CIH. B. Mean data for population. * =

p<0.05. One-way ANOVA with SNK post-hoc analysis.

Figure 7. Effect of over-expression of AFosB on mEPSCs. A. Sweeps from top to bottom

illustrate mEPSCs from a: neuron in the control, normoxia group; in the CIH 7 Day exposure

65



group; neuron labeled with GFP in AFosB overexpression group (no CIH exposure); neuron in
AFosB overexpression group with no GFP labeling. B. Mean data of mEPSC amplitude from
control (n=12), CIH 7 Day (n=7), AFosB overexpression (n=10) and AFosB overexpression non-
GFP (n=13) groups. * = p <0.001 vs. control; # =p < 0.01 vs. AFosB overexpression; ## = p <

0.05 vs. CIH 7 Day. One-way ANOVA with SNK post-hoc analysis.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

The purpose of this study was to ascertain the role of transcription factor AFosB in the NTS in

regulation of cardiovascular and respiratory responses in rats exposed to CIH. The summary of

results from the 3 specific aims represented as chapters Il and 11 are:

=

It is possible to block function of AFosB in the NTS through AAV delivery technigue.

AFosB blockade in the NTS reduces hypertension observed during CIH.

AFosB blockade in the NTS reduces the excitatory drive to the PVN.

Time course of the development of AFOoSB immunoreactivity is rapid, starting from one
day CIH, lasting the entire seven days of CIH. Recovery from seven days CIH is also
quick; one day normoxic recovery can fully reduce elevated AFosB immunoreactivity

back to control level.

Development of AFosB immunoreactivity in catecholaminergic neurons is slower, with a

significant increase observed only after seven days CIH.

Time course of changes in spontaneous glutamate synaptic transmission during different
periods of CIH exposure is similar to the time course of AFosB immunoreactivity. CIH
increased mEPSC amplitude within one day of CIH, and this is maintained for seven days

of CIH and one day recovery after seven days of CIH.
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7. The CIH induced increase in mEPSC amplitude is mediated by AFosB.
8. AFosB can increase mEPSC amplitude without CIH exposure.

9. AFosB also mediates reduction of tractus evoked glutamatergic transmission after seven

days of CIH.

Based on these results, the first and foremost conclusion is that AFosB in the NTS plays an
important role in the sustained hypertension observed during CIH. Our overall hypothesis can be
accepted based on these results and the series of events occurring during CIH could be:
“Glutamate released from arterial chemoreceptor afferents due to hypoxemia activation
during CIH can act through AMPA receptors on the second order NTS neurons to increase
responses to spontaneous glutamate transmission. This event is mediated by NTS AFosB.
The resulting effect might be increased excitatory drive from the NTS neurons to the
downstream sympetho-excitatory nuclei increases SNA and sustains hypertension during

CIH”.
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LIMITATIONS AND FUTURE STUDIES

Overall, this research increased our understanding of the mechanisms behind the hypertension
observed during CIH. However, there are further studies that could be conducted based upon the

results of this investigation. The following experiments are proposed:

1. Measuring the amount of neurotransmitter release at the upstream nuclei like P\VVN, MnPO and

the downstream nuclei like RVLM after blockade of AFosB in the NTS.

2. Corticosterone measurement in the AAV-GFP-AJunD injected rats after seven days of CIH.

3. To determine if AFosB blockade in the NTS could decrease SNA in CIH exposed rats.

4. To measure the angiotensin concentration in AAV-GFP-AJunD injected rats after CIH

exposure.

5. Protein analysis for both non-phosphorylated forms and phosphorylated forms of AMPA

receptor subunits in NTS of CIH exposed rats.

6. Laser capture microdissection (LCM) measurement of mMRNA levels of AMPA receptor
subunits, NMDA receptor subunits and angiotension receptors in AAV-GFP-AJunD injected

neurons after seven days of CIH.

7. AMPA receptor expression/ degradation after blockade of AFosB in the NTS during seven

days of CIH.

8. AMPA receptor trafficking measurement by brefeldin A after blockade of AFosB in the NTS

during seven days of CIH.

87



9. AMPA receptor post-transcriptional modulations such as phosphorylation after blockade of

AFosB in the NTS during seven days of CIH.

10. Calcium imaging in arterial chemoreceptor second order NTS neurons infected by AAV-

GFP-AJunD vector after seven days of CIH.
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CHAPTER V

GENERAL DISCUSSION

In chapter 11 studies were conducted to examine the effect of NTS AFosB blockade on the
sustained hypertension induced during CIH in adult male Sprague-Dawley rats. NTS AFosB
blockade attenuated CIH induced hypertension. There was also a moderate reduction in the
respiratory frequency during normoxic dark time in the CIH compared with sham group. AFosB
immunoreactivity in downstream sites of the NTS in arterial chemoreflex pathway like PVN was
significantly reduced after NTS AFosB inhibition, but no significant difference was observed in
RVLM. In caudal ventro-lateral medulla (CVLM), the number of AFosB was not affected by
functional AFosB blockade in NTS. Although the result of RVLM is not what was anticipated,
neurons from other regions besides NTS project to RVLM and might have been activated during
CIH (5, 9). CIH activating NTS neurons alone maybe not sufficient to drive transcriptional
activation of the RVLM and other neurons might participate in the regulation. Additionally, the
AAV did not infect all NTS neurons, so non viral-infected neurons may still project and regulate
RVLM. CIH could increase AFosB expression in NTS non-infected neurons which could
activate AFosB expression in RVLM. RVLM neurons could directly increase levels of
FosB/AFosB immunoreactivity in response to tissue hypoxia during CIH (9). Therefore,
FosB/AFosB immunoreactivity in RVLM might not decrease after NTS AFosB blocking, or NTS
AFosB blocking decreases transcriptional activity of RVLM but the effect was not powerful

enough to counter other RVLM excitation effects. Another explanation might be that the RVLM
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is not involved in regulation of CIH associated hypertension through AFosB. Other transcription
factors might play a role in RVLM for CIH hypertension. Preliminary data from Dr. Glenn
Toney’s group found that dominant negative inhibition of AFosB in RVLM cannot attenuate
enhanced MAP induced by CIH (unpublished observation). The PVN might be the main CNS
region that regulates CIH hypertension by the function of NTS AFosB. Interestingly, our data
here showed a little bit increase of AFosB expression in RVLM after NTS AFosB blockade,
although not significantly different from sham control. Also a mild increase of AFosB expression
in CVLM was observed although not significant from sham control. Since the central part of
baroreflex pathway includes CVLM and RVLM, this increase in AFosB might occur in neurons
responding to baroreflex, and the activated baroreflex could attenuate increased MAP induced by

activated arterial chemoreflex during CIH.

To future investigate the mechanisms behind the role of NTS AFosB in CIH induced
hypertension, we studied AFosB immunoreactivity in different durations of CIH exposure.
Understanding the time course of AFosB development could provide some hint about from what
time point AFosB might exert consequent cardiovascular regulatory functions. Results show that
NTS AFosB immunoreactivity increased from one day CIH to seven days CIH compared with
normoxic control. One day normoxic recovery after seven days CIH was not significantly
different from normoxic control. This result is concomitant with our time course of development
of hypertension after seven days CIH. It shows that from the first CIH day, MAP started to
increase and this increase lasted the entire seven days of CIH as well as the first day of recovery
after the seven days CIH. By the first recovery day AFosB expression had returned to control

level, therefore AFosB induces neuronal adaptive plasticity that persists in its absence.
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In the caudal NTS, the time course of AFosB immunoreactivity is consistent with the MAP
response, while in the sub-postremal NTS, AFosB immunoreactivity returned to control by 7
days CIH. There might be an adaptive process occurring in sub-postremal NTS. Sub-postremal
NTS receives baroreceptor afferents input (1, 2), and activation of chemoreflex modulates
baroreflex control of SNA (11). Additionally, a resetting of baroreflex control of renal SNA after
7 days of CIH was observed by Yamamoto et al (21). Therefore, we speculate that there is less
baroreflex activation induced by tonic activation of the chemoreflex after 7 days of CIH. The low
level of AFosB expression after 7 days CIH in sub-postremal NTS could be an indicator of
baroreflex resetting. Caudal NTS is mainly in charge of chemoreflex, 7 days of CIH activates
chemoreflex, so there is more AFosB presence in 7 days of CIH group in caudal NTS. Both
augmented chemoreflex and attenuated baroreflex contribute to enhanced sympathetic activity by

CIH.

Based on the time course of development in NTS AFosB immunoreactivity, experiments were
performed to study the time course of changes in glutamate transmission in NTS. Consistent with
the AFosB expression time course study, from one day to the whole seven days CIH,
spontaneous glutamate transmission was elevated. One day recovery still showed elevated
glutamate transmission as seen in CIH conditions. Combined with changes in MAP and NTS
AFosB expression during the seven days CIH treatment, along with changes in arterial
chemoreceptor glutamate transmission, we believe there is a relationship between NTS AFosB
and CIH induced hypertension. Therefore, an AAV expressing dominant negative construct
AJunD was injected into NTS to block NTS AFosB transcriptional activity, and then
glutamatergic transmission was measured to determine the neuronal effects of NTS AFosB

inhibition. The results showed a moderate attenuation of CIH enhanced mEPSC amplitude after
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AFosB inhibition, and an increase in mEPSC amplitude under normoxia after AFosB

overexpressing virus was injected into NTS.

AFosB overexpression in the nucleus accumbens (NAc) increased AMPA receptor subunit
GIuR2 levels, and this was associated with enhanced drug and natural reward (13-17, 20).
Changes of AMPA receptor expression warrants further investigation to address the molecular
basis for the elevation of amplitude in mMEPSCs observed after CIH. As AFosB enhances GluR2
expression in rewarding pathway, we are interested in elucidating whether AFosB in the NTS
plays the similar role, so we applied western blot to measure expression of GIuUR2 in dominant
negative group and sham group. We detected that in both the caudal and sub-postremal NTS,
GIuR2 levels were not significantly different after NTS AFosB inhibition (unpublished
observation). It is possible that unlike in the NAc, other factors might affect the transcriptional
effect of AFosB to target gene glur2 in the NTS. We used the whole NTS region for western blot,
without discriminating cell phenotypes, so it is possible that cells that do not receive input from
arterial chemoreceptor and/ or non-affected by dominant negative antagonist injection might be
included in this study. Furthermore, there is a possibility that in the NTS, membrane GIuR2
expression decreased after AFosB inhibition, but GluR2 phosphorylation induced by other
factors caused AMPA receptor internalization (8). We used the whole NTS punches for western
blot analysis, and both membrane and cytosolic fractions of GIuR2 were counted, so the overall
quantity of GluR2 did not change after AFosB inhibition is not surprising. To better understand
mechanisms for increase in mMEPSC amplitude, in addition to AMPA receptor density, AMPA
receptor sensitivity could be addressed. Post-transcriptional modulation such as phosphorylation
could alter the sensitivity of AMPA receptor. Additionally, alterations in trafficking of AMPA

receptor also could affect post- synaptic mechanisms for spontaneous glutamate transmission.
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Our finding of weakened respiratory frequency following AFosB inhibition in dark phase was
interesting. There might be respiratory-sympathetic interactions that contribute to CIH-induced
hypertension by increased respiratory drive to sympathoexcitatory neurons in the brain stem
(12). Yamamoto et al. found that in acute intermittent hypoxia (AlH), there is a persistent
increase in both phrenic and splanchnic sympathetic nerve activities in rats which is termed as
long term facilitation (LTF) (21). They assumed that glutamatergic transmission plays a role in
this LTF since CIH alters glutamatergic control of sympathetic and respiratory activities in the
commissural NTS of rats (4). Based on our evidence that AFosB mediates arterial chemoreceptor
glutamate synaptic transmission in NTS under CIH, we can speculate that blocking AFosB
reduces glutamate transmission and thereby dampens phrenic nerve responses to CIH, leading to

a reduced respiratory frequency.

Furthermore, function of corticosterone on glutamatergic transmission in arterial chemoreceptor
NTS second order neurons has been studied by our group. CIH sensitizes HPA axis reactivity to
stress (10) and increases plasma concentration of corticosterone (22). Corticosterone in the
hindbrain contributes to enhanced arterial pressure in response to acute stress (18, 19). NTS
catecholaminergic neurons express glucocorticoid receptors (6, 7) and project to PVN to activate
Hypothalamo-pituitary adrenal (HPA) axis and knock-down of TH in NTS reduces CIH
hypertension (3). CIH might activate the HPA axis to increase circulating corticosterone which
binds to NTS glucocorticoid receptors to further augment neuronal responses to chemoreceptor
activation. We have recorded the responses of arterial chemoreceptor NTS second order neurons
to exogenous applied corticosterone and the amplitude of mMEPSCs was significantly increased
compared with non-corticosterone treatment, and this occurred at least 20 minutes after

corticosterone application, indicating a delayed effect. Corticosterone did not change the
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frequency of mEPSCs (Wu, Fan and Mifflin, unpublished observation, referred to appendix).
Therefore, corticosterone could increase the discharge of NTS neurons involved in arterial
chemoreflex pathway which might augment signaling to the downstream sympatho-excitatory
regions to increase SND, resulting in neurogenic hypertension. Both catecholaminergic and non-
catecholaminergic neurons could be the excited second order neurons. Interestingly, exogenous
corticosterone had a much different effect in rats exposed to CIH. It did not significantly increase
the amplitude or frequency of mEPSCs in the CIH exposed rats. In sum, in normoxic rats
corticosterone induces a delayed post-synaptic enhancement of AMPA receptor mediated
responses. In rats exposed to CIH, corticosterone does not induce any further post-synaptic
increase in AMPA current or changes in the probability of glutamate synaptic release (Wu, Fan,
and Mifflin, unpublished observation, referred to appendix). It is possible that under CIH, the
increased circulating corticosterone saturates glucocorticoid receptors on NTS neurons,
exogenous corticosterone could not be able to take further action, so the increased mEPSCs

induced by CIH were not altered by bath applied additional corticosterone.

Based on these results, | propose the model shown below. Systemic hypoxia during CIH
activates the arterial chemoreceptors and chemoreceptor afferents release glutamate on the
second order NTS neurons. The released glutamate acts through AMPA receptors to cause an
increased discharge of these neurons. Increased discharge, tissue hypoxia and/ or other factors
induce transcription factor AFosB and which further augments increased excitatory drive from
these NTS neurons to their respective downstream sympetho-excitatory sites like PVN to
activate IML of spinal cord to increase SND, resulting in hypertension. CIH induced
hypertension could also result from increased excitatory drive from the arterial chemoreceptor

second order NTS neurons to PVN to activate the HPA axis leading to increased corticosterone
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release (10, 18, 19, 22), which could act back on the second order NTS neurons through
glucocorticoid receptors to further augment neuronal responses to chemoreceptor activation and
form a positive feedback loop. Through these pathways, AFosB could play a role in sustained

hypertension during CIH.

Clinical significance

OSA, as the most common type of sleep apnea, represents a crucial disease burden to the global
healthcare systems. Given the associations of OSA with cardiovascular diseases, especially the
secondary resistant hypertension, the time has come to determine the underlying mechanisms
that lead to this high mortality disease. The studies in this dissertation provide many new
avenues for research into OSA associated hypertension. Addressing these mechanisms may

provide novel therapeutic targets to OSA and OSA-related pathologies.
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Overall conclusion
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APPENDIX

Figure 1

Figure 1. Representative digital images of NTS slice under (A) infrared differential contrast, (B)
fluorescence. The arrow points to the neuron patched by a pipette and exhibits DiA

immunofluorescence.
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Figure 2. Effect of corticosterone on mEPSCs. A. raw traces of a neuron from a control slice and
a neuron from a corticosterone treated slice. B. compared with control rats (n=12), there is an
increase in amplitude of mMEPSCs by corticosterone (n=10). C. cumulative frequency histogram
shows a marked shift toward larger amplitude mEPSCs after corticosterone treatment. D. E. no
significant difference in the frequency of mEPSCs between control and corticosterone treatment.
All data were collected in the presence of the sodium channel blocker TTX (0.5 pM) and

GABAA receptor antagonist gabazine (25 uM).
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Figure 3. Combined effect of CIH and corticosterone on mEPSCs. No significant difference both
in the amplitude and in the frequency of mMEPSCs when compared CIH+vehicle (n=10) and

CIH+corticosterone groups (n=12).
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