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Abstract Sleep apnea (SA) is increasing in prevalence and is
commonly comorbid with hypertension. Chronic intermittent
hypoxia is used to model the arterial hypoxemia seen in SA,
and through this paradigm, the mechanisms that underlie SA-
induced hypertension are becoming clear. Cyclic hypoxic ex-
posure during sleep chronically stimulates the carotid
chemoreflexes, inducing sensory long-term facilitation, and
drives sympathetic outflow from the hindbrain. The elevated
sympathetic tone drives hypertension and renal sympathetic
activity to the kidneys resulting in increased plasma renin
activity and eventually angiotensin II (Ang II) peripherally.
Upon waking, when respiration is normalized, the sympathet-
ic activity does not diminish. This is partially because of ad-
aptations leading to overactivation of the hindbrain regions
controlling sympathetic outflow such as the nucleus tractus
solitarius (NTS), and rostral ventrolateral medulla (RVLM).
The sustained sympathetic activity is also due to enhanced
synaptic signaling from the forebrain through the
paraventricular nucleus (PVN). During the waking hours,
when the chemoreceptors are not exposed to hypoxia, the
forebrain circumventricular organs (CVOs) are stimulated by
peripherally circulating Ang II from the elevated plasma renin
activity. The CVOs and median preoptic nucleus chronically
activate the PVN due to the Ang II signaling. All together, this
leads to elevated nocturnal mean arterial pressure (MAP) as a
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response to hypoxemia, as well as inappropriately elevated
diurnal MAP in response to maladaptations.
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Introduction

Sleep apnea (SA) commonly refers to a group of disorders that
are characterized by periodic interruption of respiration or
hypoventilatory breathing during sleep. Sufferers experience
airway obstruction, hypoxia, hypercapnia, and sleep fragmen-
tation from arousal during periods of insufficient oxygenation.
The Wisconsin Sleep Cohort Study indicates that the number
of individuals with sleep apnea has been steadily increasing.
Depending on the subpopulation examined, the prevalence of
moderate to severe SA has increased between 14 and 55 %
since 1994 [1]. The Wisconsin Sleep Study also identified a
variety of cardiovascular sequelae associated with SA includ-
ing hypertension [2]. The hypertension associated with sleep
apnea is sustained during the diurnal cycle and is accompanied
by chronically elevated sympathetic nerve activity (SNA).
The activation of the chemoreflex in sleep apnea leads to
increased SNA which drives increased blood pressure [3].
Elevated SNA has been observed in SA patients in numerous
studies, and even short bouts of voluntary apnea result in
increased SNA [4-6].

A better understanding of the central nervous system
(CNS) mechanisms that lead to chronic SNA and diurnal
hypertension could be critical to understanding the patho-
physiology of SA. While a number of reviews have com-
prehensively discussed the pathophysiology of sleep apnea
[7], this work will focus on such CNS events related to
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hypertension in intermittent hypoxia which models the hyp-
oxemia associated with SA.

Chronic Intermittent Hypoxia

Fletcher conceived the idea that exposing rodents to cyclical
hypoxia would appropriately mimic the hypoxemia experi-
enced by SA patients [8, 9]. Animals in this model increase
their blood pressure in proportion to elevations reported in SA
sufferers [10-12]. This hypertension is accompanied by in-
creased muscle SNA during the hypoxic exposure and during
normoxia in SA patients [3, 13]. The chronic intermittent hyp-
oxia (CIH) model produces the same pathophysiological in-
crease in blood pressure seen with SA by only mirroring the
hypoxic exposures. In response to CIH, animal models exhibit
elevated renal [14, 15] and splanchnic SNA [16, 17] along
with increased phrenic nerve activity [16]. CIH also leads to
enhanced sympathetic responses to chemoreceptor stimula-
tion [18, 19]. Therefore, CIH alone is sufficient to produce
the hypertension without any need for the obstruction or sleep
fragmentation present in SA.

Many labs have adapted this protocol in order to under-
stand the mechanisms that produce CIH hypertension and to
gain insight into the pathophysiology of SA. Patients with SA
exhibit different durations and severity of hypoxemia and so
there are a variety of CIH models for SA. Eventually, this
variation in condition will allow for comparison between the
cycle time and severity of hypoxia in the disease process, but
until enough studies are completed, the lack of consensus
makes it difficult to determine what the defining characteris-
tics of the disease process are and what is specific to the
idiosyncratic CIH protocols. A more standardized CIH proto-
col may be beneficial in the short term to tease out the core
features of the disease process.

Hypertension Initiation During CIH

The carotid bodies that lie in the bifurcation of the internal and
external carotid arteries sense blood oxygenation. This tissue
does not sense oxygen content directly, but rather sufficient
pressure of oxygenation [20]. Adequate pressure of oxygen in
the arteries results in carbon monoxide (CO) production by
heme oxygenase-2 in the glomus cells, and CO suppresses the
production of dihydrogen sulfide (H,S) through a PKG-
mediated pathway [21]. This is reversed in hypoxia and H,S
increases carotid body firing by inhibiting potassium channels
and increasing calcium influx [22].

Carotid body stimulation during the hypoxia in CIH results
in increased afferent signals via the glossopharyngeal nerve to
the nucleus tractus solitarius (NTS). This signaling is essential
for sympathetic activation in CIH and numerous studies have
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verified that carotid body denervation prevents CIH hyperten-
sion [8, 23]. The acute increase in SNA from CIH is a pro-
ductive response to diminished oxygenation and helps to
maintain adequate perfusion and oxygenation to essential or-
gans such as the heart and the brain.

Patients with SA exhibit higher baseline muscle sympathet-
ic nerve activity (MSNA) and blood pressure during periods
of normal oxygenation indicating that some part of the adap-
tive response remains after the end of the hypoxic challenge
[13]. These same subjects have significantly lower blood pres-
sure and MSNA in response to a 15-min inhalation of 100 %
oxygen, but not room air [13]. The abnormally high MSNA
during normal oxygenation indicates that the carotid chemo-
receptors may be inappropriately active during normal oxy-
genation. The chronic activation of carotid chemoreceptors is
present in cat and rodent CIH models as well [24-26].
Abnormal chemoreceptor activation may be due to sensory
long-term facilitation (sLTF) in the glomus cell of the carotid
body [24]. Glomus cells are the oxygen sensing cells in the
carotid bodies and induce firing of the glossopharyngeal af-
ferents in response to inadequate oxygenation. The carotid
bodies also possess a renin-independent pathway capable of
producing angiotensin II (Ang II) [27, 28]. Locally adminis-
tered Ang II briefly increases carotid afferent firing when ap-
plied continuously and results in SLTF when applied in dis-
crete intervals [29]. This same phenomenon is produced by
application of serotonin (5-HT) as well [30, 31]. Both 5-HT
and Ang II function by activating NADPH oxidase 2 (NOX 2)
which produces reactive oxygen species (ROS). The presence
of ROS is essential for sLTF to occur [30]. Repetitive stimu-
lation of the glomus cells via Ang II or 5-HT during CIH
causes sLTF and results in increased basal and chemoreflex
stimulation which may help to maintain the elevated MAP
seen in SA patients.

After a week of CIH, the chronic chemoreflex stimulation
from hypoxemia leads to a rightward resetting of the arterial
pressure and renal SNA (rfSNA) baroreflex curve. This reset-
ting occurs without any changes in sensitivity so the barore-
flex is not inhibited after a 7-day exposure to CIH, but there is
greater discharge at each pressure point [32]. In a separate
study, animals exhibited exaggerated chemoreflex responses
to acute hypoxic exposures with elevated sympathetic dis-
charge after 2 weeks of CIH [17]. This elevated discharge
was not coupled with an enhanced pressor response though.
IV application of phenylephrine, an x-adrenergic agonist, re-
vealed that the CIH animals had an attenuated vasoconstrictor
response to phenylephrine. These same anesthetized CIH an-
imals had a greater decrease in MAP relative to their normoxic
counterparts after ganglionic blockade with mecamylamine
providing evidence that the increased arterial pressure after
CIH is not completely governed by sympathetic vasoconstric-
tion [17]. At this same 2-week time point, another study found
that there was not an increase in total peripheral resistance, but
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there was an increase in cardiac output in CIH-treated animals
providing support for the hypothesis that CIH-induced hyper-
tension is not solely a result of vasoconstriction [33¢]. With
CIH protocols of 30 days or longer, there is impaired barore-
flex control of heart rate [34, 35]. Overall, the increased sym-
pathetic outflow at the early stages of CIH may desensitize
adrenergic receptors in the vasculature, and hypertension may
be driven by increased cardiac output and baroreflex impair-
ment at later time points.

Maintaining Hypertension—Hindbrain

Increased chemoreceptor activation stimulates the NTS which
leads to the activation of the rostral ventrolateral medulla
(RVLM) and increased renal [14, 15], splanchnic, and phrenic
SNA [16, 17]. rfSNA leads to increased plasma renin activity
(PRA), and through the renin angiotensin system (RAS), ele-
vated circulating Ang II peripherally [36].

Glutamate is the major neurotransmitter released by che-
moreceptor afferents [37], and CIH has complex effects on
glutamate neurotransmission in the NTS. For example,
10 days of CIH increases the excitability of second-order
NTS neurons due to enhanced spontaneous neurotransmitter
release, but this effect is offset by a decrease in amplitude of
evoked excitatory postsynaptic currents (EPSCs) [38].
Consistent with this observation, it has recently been reported
that the number of active synapses is reduced in the NTS after
CIH [39]. Moreover, CIH may differentially affect the sensi-
tivity of second-order NTS neurons to glutamate with AMPA-
mediated responses being enhanced while NMDA responses
are decreased [40]. These observations suggest that, while
chemoreceptor sensitivity may be increased by CIH, compen-
satory mechanisms at the level of the NTS may reduce the
overall impact of this effect on autonomic control.

In addition to chemoreceptor stimulation, hypoxia activates
Karp currents in neurons and numerous other cell types caus-
ing hyperpolarization that may protect vulnerable tissue dur-
ing adverse events that result in ATP depletion. After 7 days of
CIH, acute hypoxic exposure to a NTS slice preparation re-
sults in less outward potassium current, and, therefore, less
protection and more excitability in NTS neurons receiving
carotid body inputs [41]. The K arp channels normally dampen
excitability in the neurons, but CIH diminishes this potassium
current in the NTS allowing for increased activation. This lack
of potassium efflux could contribute to a more robust sympa-
thetic response to hypoxemia.

Enhanced chemoreceptor activation during CIH also aug-
ments signaling in the pre-sympathetic hindbrain nuclei.
Catecholamine-producing tyrosine hydroxylase (TH)-positive
A2 neurons located in the NTS are one subtype which re-
ceives direct inputs from the chemoreceptors [42, 43]. The
more caudal aspects of the NTS are responsible for

modulation of sympathetic outflow in part through their con-
nections with the RVLM. Knockdown of TH and, therefore,
catecholamine production in A2 neurons reduces the
sustained component of CIH hypertension [44]. AFosB stain-
ing in the paraventricular nucleus (PVN) of the hypothalamus
after CIH was significantly reduced in the rats that received
TH knockdown in the NTS. In these studies, knockdown of
TH was achieved via an adenoviral vector (AAV) specific for
neurons which demonstrates the importance of neural inputs
in the NTS rather than glia for the progression of hypertension
from CIH. This is reinforced by another study that acutely
administered fluorocitrate into the NTS of CIH animals to
inhibit glia and found no change in baseline, or post CIH
sympathetic activity from the animals [45]. A more chronic
inhibition of glial cells may unmask a role for the tripartite
synapse in the regulation of CIH sympathetic control via
purinergic signaling though. Glial release of ATP onto NTS
neurons that project to the RVLM enhances synaptic transmis-
sion via the activation of P2X receptors [46]. Downstream
from the NTS, purinergic inputs to the RVLM are augmented
after a 10-day CIH protocol, and this effect is most likely
mediated by an increase in P2X3 and P2X4 receptors [47].

CIH also influences hindbrain circuits that couple respira-
tory and sympathetic outflow. After 10 bouts of brief hypoxic
exposure, rats showed a marked increase in phrenic and
splanchnic sympathetic activity [16]. Recording both of these
variables simultaneously revealed that splanchnic and phrenic
activity was coupled and that splanchnic discharge primarily
occurred during the expiratory phase of respiration. A longer
10-day CIH exposure also resulted in an increased abdominal
sympathetic activity that coupled with the expiration phase of
respiration [48]. This respiratory coupling may be due in part
to some C1 RVLM neurons that show increased excitability
from respiratory neurons that are most likely expiratory [49].

While all of the studies presented so far have focused on
increasing sympathetic outflow, there is also evidence for di-
minished parasympathetic control over heart rate. A 4-week
model of CIH that includes hypercapnia along with hypoxia
(CIHH) resulted in increased inhibitory neurotransmission to
cardiac vagal neurons in the nucleus ambiguus and dorsal
motor nucleus of the vagus [50]. This was coupled with a
reduction in excitatory glutamatergic neurotransmission and
indicates that parasympathetic outflow is reduced following
CIH. The diminished parasympathetic outflow blunts the
acute bradycardic response to CIHH but does not result in a
sustained increase in heart rate, and overall may contribute to
poor baroreflex sensitivity in longer-term CIH.

Maintaining Hypertension—PVN

The PVN is an important regulatory region for blood pressure
control due to its parvocellular regions that influence SNA as
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well as the hypothalamic-pituitary-adrenal axis. In addition,
its magnocellular region is in direct control of vasopressin
which maintains body fluid regulation. The PVN receives
inputs related to the chemoreflex [42, 51], and from forebrain
regions that sense circulating Ang II such as the subfornical
organ (SFO) as well as integrating centers such as the median
preoptic nucleus (MnPO) [52, 53]. This pivotal location
makes it an attractive target for intervention in the SA disease
process. After 7 days of CIH, the transcription factor AFosB,
a marker for neuronal activity, is significantly increased in the
medial parvocellular, dorsal parvocellular, and lateral
parvocellular subregions of the PVN [11]. Reducing the activ-
ity of the PVN acutely in an anesthetized preparation via mi-
croinjection of the GABA agonist muscimol produced greater
decreases in MAP and lumbar SNA in 7-day CIH-exposed
animals than in controls [54]. In agreement with the acute
data, chronic bilateral infusion of muscimol over 14 days of
CIH prevented the sustained hypertensive component from
developing [55]. Together, these observations indicate that
the PVN contributes to CIH hypertension.

Numerous studies have demonstrated a role for Ang II
acting as a peptide neurotransmitter in hypertension [56-58].
CIH-induced neurogenic hypertension is also partially driven
by Ang II. Chronic intracerebroventricular (ICV) infusions of
losartan, an angiotensin type 1 (AT1) receptor blocker signif-
icantly attenuated the sustained component of CIH hyperten-
sion that occurs during the normoxic dark phase [59]. In ad-
dition, ICV losartan blocked increases in AFosB staining in
the PVN as well as the RVLM, NTS, and MnPO [59].
Similarly, bilateral infusion of losartan directly in the PVN
prevented an absolute increase in MAP after 14 days of CIH
[55]. This beneficial effect on CIH hypertension was also
present when AT2 or Ang 1-7 receptors were blocked, indi-
cating that multiple different angiotensin peptide variants and
receptors are contributing to the increase in firing from the
PVN.

AT1 stimulation is partially responsible for the increase
MAP in CIH so understanding the regulation of AT1 receptor
expression may be critical to understanding the pathogenesis
of CIH hypertension. Neuronal nitric oxide synthase (nNOS),
which synthesizes the gaseous neurotransmitter nitric oxide,
represses AT1 receptor expression in hypothalamic cell cul-
ture via a PKG-mediated mechanism [60]. A significant de-
crease in neurons expressing nNOS RNA and histological
staining for nNOS was observed in the ventral parvocellular
PVN of rats after 35 days CIH [61]. This study did not find a
difference in the magnocellular region but also did not mea-
sure nNOS activity. In a separate study, a mouse model of
35 days of CIH resulted in a decrease of NO production in
the dendrites of PVN neurons [62]. Decreased NO production
was preceded by the internalization of NR1, an NMDA recep-
tor subunit in neurons with nNOS-expressing dendrites on day
14 of CIH. This internalization reduces NMDA-mediated
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inward currents and may play a role in the decrease of
nNOS expression and, therefore, NO production. The authors
propose that the neurons examined in this study are potentially
magnocellular since nNOS in the PVN is scarcely expressed
in parvocellular pre-autonomic or GABAergic PVN neurons
[63]. Conversely, nNOS in the PVN has been identified in the
magnocellular neurosecretory neurons in numerous studies
[64—66]. It has been shown that the dendrites from
magnocellular neurons may be in close proximity to PVN
pre-autonomic neurons and that their release of vasopressin
can regulate the activity of PVN pre-autonomic neurons and
sympathetic outflow [67]. It could be speculated that changes
in NO release from magnocellular dendrites may influence
AT1 receptor expression in PVN parvocellular neurons. It
remains to be determined if this type of interaction between
these two PVN cell types contributes to CIH hypertension.

Plasma vasopressin (AVP) is not increased after 35 days of
CIH, and plasma osmolality is not perturbed after 7 days of
CIH [11, 62]. However, recent studies indicate that AVP in
PVN parvocellular neurons may contribute to increased sym-
pathetic drive. Among the parvocellular neurons in the PVN
that express vasopressin, there is a subset that project caudally
to the RVLM [68-70]. After 8 days of CIH, the number of
RVLM neurons positive for the AVP receptor V1A signifi-
cantly increases. Functionally, when the PVN is disinhibited
by the GABA antagonist bicuculine, there is increased sym-
pathetic drive from the RLVM which can be stopped with a
V1A blocker. Animals that were exposed to 8 days of CIH
required significantly more pharmacological V1A blocker to
normalize blood pressure. These results suggest that a vaso-
pressin projection from the PVN to the RVLM may regulate
sympathetic outflow during CIH and that CIH is associated
with an increase in the excitatory drive from this pathway.

In addition to increasing sympathetic outflow, the PVN
contributes to diminishing parasympathetic discharge as well.
A subpopulation of parvocellular neurons in the PVN projects
to the cardiac vagal neurons (CVN), and after exposure to
4 weeks of CIHH, these parasympathetic control centers ex-
hibit reduced excitatory glutamatergic input after photo-
stimulation of the PVN [71¢]. The CVNs neurons also showed
a reduction in EPSC frequency and amplitude after photo-
stimulation of PVN. This supports the increased inhibitory
input to the CVNs and demonstrates a role for the PVN in
diminished parasympathetic tone after SA.

Maintaining Hypertension—Forebrain

Both SA and CIH increase PRA and RAS [36, 72]. Increased
peripherally circulating Ang II can bind to CVOs in the fore-
brain and contribute to the pathophysiological increase in
sympathetic tone. After 7 days of CIH, there is increased
AFosB staining in the SFO, organum vasculosum lamina
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terminalis (OVLT), and MnPO [11]. These observations are
consistent with the hypothesis that circulating Ang II is acti-
vating the circumventricular organs, SFO and OVLT, which in
turn stimulate the MnPO to drive sympathetic tone though its
connections with the PVN. The electrolytic lesion of the
AV3V region that contains MnPO, OVLT, and SFO afferents
prevents the sustained increase in MAP during waking, but
does not affect the MAP increase during intermittent hypoxia
[73ee].

Supporting the idea that peripheral Ang II plays a role in
CIH-induced hypertension, knockdown of AT1a receptors in
the SFO via an AAV prevents the sustained component of
hypertension from CIH [36]. In addition to the functional ef-
fect, the knockdown decreased the expression of AFosB in
the downstream regions of the MnPO and PVN of rats. This
suggests that SFO stimulation is necessary to drive the in-
crease MAP during the waking hours and AFosB expression
in both the MnPO and the PVN.

Both the MnPO and SFO have projections to the PVN, and
both increase AFosB in response to CIH. The redundant con-
nections to the PVN from these regions to the PVN have not
been explored in CIH and the contribution of each nucleus
separately is not well defined. ICV administration of losartan
decreased AFosB expression in the MnPO along with numer-
ous other autonomic nuclei. AFosB is an AP-1 transcription
factor that signals for increased neuronal activity and tran-
scriptionally modulates the expression of numerous genes. A
dominant negative inhibition of AFosB in the MnPO via a
virus expressing AJunD also prevented sustained
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hypertension from CIH [73¢°]. This decrease in MAP along
with a reduction in the number of AFosB-positive cells in the
PVN, RVLM, and NTS demonstrates an essential role for the
MnPO in CIH-induced hypertension. Furthermore, several
genes were identified as regulated by AFosB in the MnPO
such as angiotensin converting enzyme (ACE), ACE 2, angio-
tensin type 1a receptor (unpublished observation), and nNOS.
Future experiments will examine how these AFosB-regulated
genes contribute to CIH hypertension. It could be that, as
described above for the NTS, some of these changes in gene
expression contribute to the development of CIH hypertension
(ACE & ATl1a) while others represent homeostatic changes
(ACE2 and nNOS) that reduce the magnitude of CIH
hypertension.

Summary

Utilizing CIH as a model of the hypoxemia associated with
SA has allowed for unprecedented exploration into the early
mechanisms that could underlie SA-induced hypertension.
Initially, hypertension may arise from repeated chemoreflex
stimulation of the sympathetic nervous system (Fig. 1). This
point is supported by the observations that removal of the
carotid body prevents or eliminates the hypertension. This
repeated exposure to hypoxemia acutely leads to increased
blood pressure and through rSNA increases PRA. At the same
time, the glomus cells of the carotid body could be contribut-
ing to the generation of sSLTF due to increased ROS and Ang

Hypertension \
Initiation

CIH
Hypoxemia

Carotid
Bodies

CN IX

TSNA

Hypertension

\
Maintenance ’

Fig. 1 Hypertension Initiation—The hypoxemia from CIH or sleep
apnea drives the activation of the carotid bodies. This in turn activates
the NTS and the RVLM to increase sympathetic tone. In addition, the
sympathetic outflow to the kidneys increases plasma renin activity (PRA)
and results in increased circulating angiotensin II (Ang II) during both the
hypoxic period and later during the normoxic period. Hypertension
Maintenance—Circulating Ang II activates SFO which synapses and

activates MnPO. Both of these nuclei stimulate the PVN. The NTS also
has afferent connections to PVN that could converge with excitation from
the SFO and MnPO. Together with enhanced activity from the NTS due
to altered chemoreceptor function, these forebrain mechanisms could
contribute to the maintenance of the hypertension during the normoxic
periods of CIH
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II. The combination of increased peripheral Ang II and sensi-
tized chemoreception by both may be required to sustain ele-
vated blood pressure and increased SNA during the normoxic
waking hours. During the waking hours, the hindbrain con-
tinues to be overactive and this leads to increased SNA.
Augmented signaling from the carotid bodies during normal
oxygenation along with changes in excitability and synaptic
sensitively in the NTS could lead to increased activation of the
RVLM, and through A2 projections of the NTS, the PVN
(Fig. 1).

Peripheral Ang Il may play an additional role in
supporting sustained elevations in blood pressure and
SNA associated with CIH. Circulating Ang II stimulates
the SFO, and possibly the OVLT, which in turn stimu-
lates the MnPO leading to increased expression of
AFosB (Fig. 1). AFosB-mediated changes in gene ex-
pression in the MnPO are necessary for the sustained
component of CIH hypertension that occurs during
normoxia. Ang II signaling is likely an important com-
ponent of these central pathways as ICV Losartan ad-
ministration prevents the sustained component CIH hy-
pertension. Furthermore, three of the candidate AFosB-
regulated genes in the MnPO are part of the brain RAS
such as ACE and the Atla receptor. Enhanced angioten-
sin signaling at the level of the MnPO could create a
feed forward loop that contributes to sympathetic drive
through the PVN, where information from the lamina
terminalis could be integrated with chemoreceptor infor-
mation from the hindbrain (Fig. 1). The evidence de-
scribed above indicates that experimental manipulation
effecting either the lamina terminalis, the PVN, or the
hindbrain is sufficient to abrogate CIH hypertension
suggesting that the entire network may be required for
the sustained component of CIH hypertension that is
similar to diurnal hypertension in SA patients.

Perspectives

All of the pathophysiological processes described above could
lead to potential avenues for the future treatment of hyperten-
sion associated with SA. Alternative treatment options are
needed for patients who do not experience any therapeutic
effect on blood pressure from CPAP. Even among individuals
who adhere to CPAP for 4 h per night, at least 25 % do not
show a therapeutic benefit reducing hypertension [74, 75].
This leaves a significant number of individuals at risk for
cardiovascular sequelae despite some relief from the hypox-
emia. A novel analysis of circulating miRNA in plasma has
identified potential biomarkers that may help to identify these
non-responders so that they can be medicated appropriately
along with CPAP [76e].

@ Springer

A lack of response to CPAP makes intuitive sense in light of
the processes examined. Treating the hypoxemia with CPAP
after a prolonged disease period only alleviates the pathophys-
iological mechanisms that occur acutely during the apneic pe-
riod. The forebrain and hindbrain mechanisms altered by long-
term exposure to hypoxia may continue to drive the high blood
pressure until neural adaptations have been reversed.
Angiotensin receptor blockers (ARB) are a prime candidate
to treat hypertension associated with SA through the brain.
Losartan [77, 78] and Candesartan [79] are among the ARBs
that have functional evidence that they cross the blood brain
barrier. Despite this evidence, there has been no detection of the
active form of these ARBs in the brain, and in animal models
central administration of losartan produces a more robust and
consistent decrease in blood pressure compared to peripheral
administration [59, 80]. A more blood brain barrier permeable
ARB could be an important addition to the therapeutic tools
available for SA induced hypertension. A number of the mech-
anisms that have been identified in animal models of CIH ap-
pear to be sufficient to establish and sustain hypertension, but
SA is increasingly associated with treatment resistant hyperten-
sion [81]. For most SA patients, single modality therapies may
be sufficient for treatment, but long-term sufferers with resistant
hypertension may benefit from targeting multiple mechanisms
to significantly reduce MAP.

Unfortunately, around 80 % of those who are
afflicted with sleep apnea remain undiagnosed [82]. An
essential step for the pathophysiology outlined here to
be effectively treated, and treated early, is to diagnose
SA. Utilizing a similar circulating biomarker approach
in the blood, there could be a cheaper, simpler way to
identify those suffering from sleep apnea. A circulating
biomarker approach would be a useful tool in identify-
ing individuals who are sleep apneic during their routine
blood draws and examinations rather than through self
or partner identification. This would not only provide
information on who should undergo polysomnography,
but also would allow for some degree of intervention
in underserved populations that may not be able to af-
ford a sleep study. It is possible that these biomarkers
could be related to the mechanisms that sustain hyper-
tension during normoxia.

Conclusions

Overall, CIH has proven to be an extremely useful
model to dissect the neurological pathogenesis of sleep
apnea. Further studies utilizing this design will provide
insight into the onset and maintenance of the disease.
This will allow for treatments that are not palliative, but
actively ameliorating the hypertension.
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