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Abstract
Obstructive sleep apnea (OSA) is associated with several pathophysiological conditions, including
hypertension, obesity, insulin resistance, hypothalamic-pituitary-adrenal (HPA) dysregulation, and
other endocrine and metabolic disturbances comprising the “metabolic syndrome”. Repeated
episodes of hypoxia in OSA may represent a chronic intermittent stress, leading to HPA
dysregulation. Alterations in HPA reactivity could then contribute to or exacerbate other
pathophysiological processes. We showed previously that another metabolic stressor, chronic
intermittent cold stress, enhanced noradrenergic facilitation of acute HPA stress reactivity. In this
study, we investigated whether chronic intermittent hypoxia (CIH), a rat model for the arterial
hypoxemia that accompanies OSA, similarly sensitizes the HPA response to novel acute stress. Rats
were exposed to CIH (alternating cycles of normoxia [3 min at 21% O2] and hypoxia [3 min at 10%
O2], repeated continuously for 8 hr/day during the light portion of the cycle for 7 days). On the day
after the final CIH exposure, there were no differences in baseline plasma ACTH, but the peak ACTH
response to 30 min acute immobilization stress was greater in CIH-stressed rats than in controls.
Induction of Fos expression by acute immobilization stress was comparable following CIH in several
HPA-modulatory brain regions, including the paraventricular nucleus, bed nucleus of the stria
terminalis, and amygdala. Fos induction was attenuated in lateral hypothalamus, an HPA-inhibitory
region. By contrast, acute Fos induction was enhanced in noradrenergic neurons in the locus coeruleus
following CIH exposure. Thus, similar to chronic cold stress, CIH sensitized acute HPA- and
noradrenergic stress reactivity. Plasticity in the acute stress response is important for long-term
adaptation, but may also contribute to pathophysiological conditions associated with states of chronic
or repeated stress, such as OSA. Determining the neural mechanisms underlying these adaptations
may help us better understand the etiology of such disorders, and inform the development of more
effective treatments.
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Obstructive sleep apnea (OSA) is a complex pathophysiological state defined by a disordered
breathing pattern that induces repeated episodes of hypoxia during sleep, as frequently as 100–
600 times per night (Sullivan and Issa, 1985, Ohayon et al., 2000, Vgontzas et al., 2003,
Coughlin et al., 2004). So defined, OSA afflicts up to 7% of adult males, but a more liberal
definition of “mild” OSA, characterized by >5 hypoxic events per hour may include as many
as 17–24% of adult males (see Vgontzas et al., 2003). In addition to disordered breathing and
sleep disruption, the OSA syndrome is also characterized by other physiologic and metabolic
disturbances, including obesity, insulin resistance, glucose intolerance, dyslipidemia,
endocrine dysregulation and arterial hypertension (Smith et al., 1998, Ohayon et al., 2000,
Pankow et al., 2000, Vgontzas et al., 2003, Coughlin et al., 2004, Lanfranco et al., 2004,
Buckley and Schatzberg, 2005). The increased cardiovascular morbidity of OSA has been
associated independently with sleep-disordered breathing, i.e., it is not attributable secondarily
to other factors such as obesity (Ohayon et al., 2000, Coughlin et al., 2004). Likewise,
dysregulation of the neuroendocrine hypothalamic-pituitary-adrenal (HPA) stress axis has also
been shown to be associated independently with sleep apnea (Bratel et al., 1999, Lanfranco et
al., 2004, Buckley and Schatzberg, 2005).

Hypoxia, as a metabolic stressor, activates the HPA axis, both acutely and chronically (Raff
et al., 1986, Jacobson and Dallman, 1989, Raff, 1996, Mueller et al., 2004). Activation of the
HPA axis represents the major neuroendocrine response to acute stress, whereby neurons in
the hypothalamic paraventricular nucleus (PVN) release corticotropin-releasing hormone
(CRH) into the pituitary portal system to stimulate secretion of adrenocorticotropic hormone
(ACTH) from the anterior pituitary, which in turn elicits release of adrenal corticosteroids
(reviewed in Herman and Cullinan, 1997). Secondary regions in the limbic forebrain, including
the lateral bed nucleus of the stria terminalis (BSTL), central and medial amygdala (CeA and
MeA), and lateral hypothalamus (LH) regulate this response in various contexts (Dunn,
1987, Feldman et al., 1994, Herman and Cullinan, 1997, Cecchi et al., 2002, Ma and Morilak,
2005b). In addition to these primary circuits that mediate or regulate activation of the HPA
axis, other brain systems also play a more widespread modulatory role in coordinating,
integrating and modifying the systemic stress response. One such system is the brain
noradrenergic system, also activated by hypoxia (Elam et al., 1981, Smith et al., 1995,
McDonald et al., 2000). Stress-induced release of norepinephrine (NE) plays an important
modulatory function in many brain regions, facilitating synaptic transmission in circuits that
mediate or regulate specific physiological responses evoked by stress (Berridge and
Waterhouse, 2003, Morilak et al., 2005a). We have shown previously that stress-induced
release of NE in PVN, BSTL and MeA facilitates activation of the HPA axis elicited in response
to acute immobilization stress (Cecchi et al., 2002, Ma and Morilak, 2005b).

Chronic intermittent stress, such as the repeated hypoxia that occurs in OSA, can invoke long-
term regulatory plasticity in the HPA axis. For example, we and others have shown that another
metabolic stressor, chronic intermittent cold stress, can sensitize the acute reactivity of the
HPA axis, exaggerating the response evoked upon subsequent exposure to a novel acute
heterotypic stimulus such as immobilization stress (Bhatnagar and Dallman, 1998, Pardon et
al., 2003). Sensitization of the HPA axis has been postulated to arise from regulatory alterations
in the activity or efficacy of afferent systems that modulate stress response circuits in the
forebrain (Hauger et al., 1990, Dallman et al., 1992, Melia et al., 1994, Stam et al., 2000,
Pardon et al., 2003). After exposure to chronic intermittent cold stress, the acute induction of
Fos expression in many brain regions was enhanced, suggesting neural substrates that may
possibly be responsible for the HPA sensitization, including the noradrenergic nucleus locus
coeruleus (LC), the PVN, amygdala and to a lesser extent the BSTL (Bhatnagar and Dallman,
1998, Bhatnagar et al., 2000). Similar, albeit more limited observations have been made after
chronic intermittent hypoxia (Sica et al., 2000). Consistent with the greater induction of Fos
seen in noradrenergic cell groups, chronic intermittent cold stress has also been shown to
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sensitize the acute excitability of brain noradrenergic neurons (Mana and Grace, 1997, Jedema
et al., 2001), amplify the acute stress-induced release of NE in forebrain limbic areas such as
hippocampus, medial prefrontal cortex and BSTL (Nisenbaum et al., 1991, Finlay et al.,
1995, Pardon et al., 2003), enhance noradrenergic facilitation of the HPA response to acute
stress in the BSTL (Pardon et al., 2003), and enhance the sensitivity of the HPA axis to direct
activation by α1-adrenergic receptors in the PVN (Ma and Morilak, 2005a).

Such neuroendocrine adaptations evoked by chronic or repeated stress can serve to maintain
homeostasis and enhance survival in the face of an unmitigated threat or challenge, but
prolonged or excessive activation of the stress response can itself become maladaptive,
contributing to the variety of negative health consequences associated with chronic stress
(McEwen, 2000). Chronic stress and long-term dysregulation of the stress response are well-
known predisposing factors in many pathophysiologic conditions, including cardiovascular
disease (Cossette et al., 2001) and the metabolic syndrome (Chrousos, 2000). The repeated
episodes of hypoxia experienced by OSA patients may thus represent a chronic intermittent
stressor, and as such may induce dysregulation of the HPA axis, contributing to the pathology
associated with OSA. In this study we investigated the potential sensitizing effects of CIH
exposure on acute HPA stress reactivity in rats. To then begin to address possible neural
substrates underlying any such plasticity induced by CIH in the acute HPA response to a novel
heterotypic stressor, we also investigated the effects of CIH exposure on the induction by acute
immobilization stress of Fos expression in the PVN, BST, MeA and CeA, and in brainstem
noradrenergic neurons. Portions of this work have been presented in abstract form (Morilak et
al., 2005b).

Experimental Procedures
Animals

A total of 59 male Sprague-Dawley rats (Harlan, Indianapolis, IN), weighing 250–275 g upon
arrival, were used in these experiments. They were allowed to acclimatize to the animal facility
for at least one week prior to use in any experimental procedures. The housing facility was
maintained on a 12/12 hr light cycle, with lights on at 07:00 hr. Animals were housed initially
three per cage, with ad libitum access to food and water, then singly housed after any surgical
procedure and during the conduct of the experiments. All animal procedures were conducted
according to NIH guidelines, and were reviewed and approved by the Institutional Animal Care
and Use Committee of the University of Texas Health Science Center at San Antonio.

Chronic intermittent hypoxia (CIH)
In each experiment, rats were randomly assigned to either a control or CIH condition. Rats in
both conditions were singly housed, and their home cages, with food and water, were relocated
into custom-built plexiglas chambers one day before beginning the one-week treatment period.
All rats had unlimited 24-hr access to food and water throughout the experiment. The O2 level
in each chamber was monitored and regulated by timer-controlled valves connected to room
air and to an N2 source, which entered the chamber via separate flow meters (Hinojosa-Laborde
and Mifflin, 2005). The CIH treatment was applied for 7 days, 8 hrs/day during the light phase,
beginning 1 hour after lights on (08:00–16:00 hr). During this time, O2 was reduced from 21%
to 10% over 1.5 min, held at 10% for 1.5 min, returned to 21% over 1 min, and held at 21%
for 2 min. This cycle repeated continuously for 8 hr. Control animals were housed in identical
chambers for an equivalent amount of time, and were exposed to the same timer- and valve-
controlled changes in air flow as the CIH rats. However, the only source of gas in the control
chambers was room air, so they remained at normoxic levels throughout the protocol.
Immediately after the final hypoxia session, the cages were returned to the main housing room.
All experiments were conducted on day 8, i.e., the day after the last exposure to intermittent
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hypoxia. This protocol has been shown to increase mean arterial pressure in male rats by
approximately 6 mm Hg, and to increase heart rate by approximately 20 beats per minute
(Hinojosa-Laborde and Mifflin, 2005).

Experiment 1: Effects of CIH exposure on HPA reactivity to acute immobilization stress
A total of 14 rats were used in this experiment. Surgery was conducted 3 days before beginning
the CIH treatment. Animals were anesthetized with a cocktail of ketamine 43 mg/kg,
acepromazine 1.4 mg/kg, and xylazine 8.6 mg/kg, given in a volume of 1.0 ml/kg, i.m. An
indwelling silastic catheter was implanted into the jugular vein, then exteriorized at the back
of the neck and loaded with heparinized saline (50 U/ml) to maintain patency. Rats were housed
singly for 2 days before relocating them to the hypoxia chambers, one day before beginning
the CIH treatment as described above. Control rats were treated identically, but were exposed
only to room air.

On the day following the last CIH session, the experiment was conducted between 09:00–
12:00. Rats were transported to the testing room, and the venous catheter connected via PE
tubing to a 1 ml syringe filled with heparin-saline (50 U/ml) for repeated blood sampling. After
allowing 2 hr acclimitization to the testing room, a baseline blood sample (0.4 ml) was drawn.
Rats were then subjected to 30 min acute immobilization stress by holding them prone on a
flat, plastic rack large enough to support their body securely (26 cm × 13 cm) while their limbs
were taped gently but securely to the rack with medical adhesive tape. Strips of tape were
placed across the body and back of the head to prevent excessive head movements. This
procedure took approximately 1 min, and the duration of the stress period was 30 min from
that point. A blood sample was taken after 5 min stress, and another after 30 min, immediately
before the animals were released at the end of the stress period. At the termination of the stress
period, the animal was held in place gently while the tape was removed with scissors, and then
returned to its home cage. Additional blood samples were taken after 15, 30 and 60 min of
post-stress recovery. All blood samples were replaced immediately by infusing an equivalent
volume of sterile saline. We have determined in previous experiments that this repeated
sampling and replacement procedure does not affect plasma ACTH measures (see Cecchi et
al., 2002, Ma and Morilak, 2005b). Blood was collected into tubes containing 10 μl of 1.0 M
EDTA. Plasma was separated by centrifugation at 12,000 rpm for 5 min at 4° C, and stored at
−80°C until assayed. Plasma ACTH levels were determined in 200 μl samples by
radioimmunoassay (Nichols Institute Diagnostics, San Juan Capistrano, CA). The detection
limit of the assay was 15 pg/ml. Intra-assay and inter-assay coefficients of variation were 9%
and 11%, respectively.

Baseline ACTH levels were first compared in rats exposed to CIH and control rats using a t-
test. Responses to acute stress were then analyzed by 2-way ANOVA with repeated measures,
with CIH Treatment as the between-subjects factor and Time as the within-subject factor. Post
hoc comparisons were conducted using the Newman Keuls test to identify effects of CIH on
ACTH secretion at each time point, including the response to stress. Significance was
determined at p < 0.05 in all analyses.

Experiment 2: Effects of CIH exposure on Fos induction by acute immobilization stress
A total of 40 unoperated rats were used in this experiment. After one-day habituation to the
CIH chambers, the one-week CIH and control treatments were applied as above. On day 8, rats
in each chronic treatment condition were further subdivided into 3 groups (n=5–9 rats/group).
Unstressed rats from each treatment condition were sacrificed with no further treatment
(Control n=8; CIH n=5) and the other two groups were subjected to acute immobilization stress
as described above, with the exception that the duration of immobilization was 60 min,
determined in previous experiments to be optimal for induction of Fos expression (Ma and

Ma et al. Page 4

Neuroscience. Author manuscript; available in PMC 2009 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Morilak, 2004). One group of stressed rats from each treatment condition were sacrificed
immediately at the termination of the 60 min stress (Control n=8; CIH n=5). The remaining
groups were sacrificed 1 hr after termination of the stress (i.e., 2 hr after the onset of 60 min
stress), during which they recovered in their home cages (Control n=9; CIH n=5).

At the designated time point, rats were deeply anesthetized and perfused transcardially with
50 ml of 100 mM phosphate-buffered saline (PBS), pH 7.4 containing 1000 IU/ml heparin,
followed by 350 ml of 4% paraformaldehyde in PBS. Brains were post-fixed for 1 hr in the
same fixative, rinsed and then cryoprotected for 48 h in 20% sucrose-PBS at 4 °C. After the
brains had sunk, they were frozen in isopentane on dry ice and stored at −70 °C until sectioned
and processed (< 1 month).

Three series of 40 μm sections were collected from each brain. Sections were stored in
cryoprotectant (Hoffman et al., 1992) at −20°C until they were processed for
immunohistochemistry. Forebrain and hindbrain sections were processed separately. Fos
immunohistochemistry was conducted as previously described (Gottlieb et al., 2006) in sets
that included at least one member from each treatment group. Forebrain and hindbrain sections
were stained for Fos using a commercially available antibody directed at the amino acid
residues 4–17 in human c-Fos (Rabbit anti-c-Fos Ab5, Calbiochem, San Diego, CA). After the
sections were treated with 3% heat-inactivated horse serum and hydrogen peroxide, they were
incubated in the primary antibody (1:30,000) for 72 h at 4°C. The sections were incubated in
a biotyinlated horse anti-rabbit secondary antibody (Vector Laboratories, Burlingame, CA)
that was diluted 1:200 in PBS for 2 h at room temperature. After an additional 60-min rinse in
PBS, sections were reacted with an avidin-peroxidase conjugate (Vectastain ABC Kit; Vector
Laboratories) and PBS containing 0.04% 3,3′–diaminobenzidine hydrochloride and 0.04%
nickel ammonium sulfate. Hindbrain sections were also stained for dopamine-β-hydroxylase
(DBH) using a commercially available antibody (mouse anti-dopamine-β-hydroxylase,
MAB308 Chemicon Int., Temecula, CA; diluted 1:1,000). After a 60-min PBS rinse, these
sections were incubated in a Cy3 labeled anti-mouse secondary antibody (Jackson
ImmunoResearch, West Grove, PA) diluted 1:250 for 3h at room temperature. After staining
was complete, sections were mounted on gelatin coated slides, air dried for 1–2 days, and
coverslipped with Permount.

Tissue sections containing regions of interest were analyzed using an Olympus microscope
(IX 50) equipped for epifluorescence. Digital images were acquired using a Spot camera (SPOT
RT Slider, Diagnostic Instruments, Sterling Heights, MI) connected to a Pentium computer
running Spot imaging software (v.3.24). Areas were identified using the atlas of Paxinos and
Watson (Paxinos and Watson, 1998). For analysis, three to six images were obtained from each
region.

Forebrain regions examined included the amygdala (medial and central nuclei together), bed
nucleus of the stria terminalis (medial, ventral and lateral subdivisions), lateral hypothalamus
and PVN. The magnocellular and parvocellular portions of the PVN were analyzed separately.
Hindbrain regions included locus coeruleus, rostral ventrolateral medulla, caudal ventrolateral
medulla and the nucleus tractus solitarius. In the brainstem, the portion of the NTS used for
the analysis included images from 300 μm caudal to obex and 300–400 μm past the rostral
edge of the area postrema (Randolph et al., 1998, Curtis et al., 1999). The noradrenergic A1
region was defined at its posterior extent by the pyramidal decussation, and at its anterior extent
by the appearance of the principle nucleus of the inferior olive (Randolph et al., 1998, Curtis
et al., 1999). The number of DβH and Fos positive cells were recorded for the A2 region of
the NTS, A1, and the locus coeruleus.
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Cells counts were made from the same set of digital images by three observers who were blind
to the identity of the samples. Counts from each observer were averaged for each image. The
data from the cell counts were analyzed by two-way analysis of variance with Student-
Newman-Keuls t-test for post hoc analysis of significant main effects (SigmaStat, v. 2.03,
Systat Software Inc., Point Richmond, CA). Significance was set at P < 0.05. All values are
presented as mean ± SEM.

Results
Experiment 1: Effects of CIH exposure on HPA reactivity to acute immobilization stress

There were no differences detected in baseline plasma ACTH levels between animals exposed
to CIH and control rats (Control: 36.4 ± 15.1 pg/sample; CIH: 12.2 ± 2.6 pg/sample; mean ±
SEM; n=7/group; t12 = 1.47, p = 0.17). Analysis of the response to subsequent acute
immobilization stress revealed a significant main effect of Time (F5,60 = 80.146, p < 0.0001).
There was not an overall main effect of chronic treatment (F1,12 = 0.688, p = 0.42), but a highly
significant Time × Treatment interaction (F5,60 = 5.634, p < 0.0003). Post hoc analysis
indicated that stress significantly increased plasma ACTH concentrations in both treatment
groups, returning to baseline after 60 min post-stress recovery (Figure 1), and that the acute
ACTH response to immobilization stress was greater in the CIH-exposed rats than in controls
(Figure 1). Whereas the response in control animals peaked at 5 min and then decreased slightly
by 30 min, the plasma ACTH response in rats exposed to CIH continued to increase at the 30
min time point, at which time it was significantly higher than in controls.

Experiment 2: Effects of CIH exposure on Fos induction to acute immobilization stress
In the brain regions studied, basal levels of Fos staining were very low in both control and CIH
rats that were not exposed to acute immobilization stress. In the LC, prior exposure to CIH
significantly influenced the induction of Fos expression by acute immobilization stress (main
effect of Time: F2,27 = 51.01, p < 0.001; Chronic Treatment: F1,27 = 14.96, p < 0.001; Time ×
Treatment interaction: F2,27 = 5.88, p < 0.01). There was significantly greater Fos staining in
rats previously exposed to CIH at 1 hr and 2 hr following immobilization stress (Figure 2). By
contrast, prior exposure to CIH was associated with decreased Fos staining following
immobilization stress in the LH. Analysis of the perifornical region of the LH indicated
significant main effects of Time (F2,28 = 5.23, p < 0.01) and Chronic Treatment (F1,28 = 4.29,
p < 0.05), but not a significant interaction (F2,28 = 0.96, p = 0.40). Post hoc analysis of the
significant main effect of chronic treatment indicated that the rats exposed to CIH had
significantly lower Fos staining in the LH compared to controls (Figure 3).

In the parvocellular and magnocellular portions of the PVN, there were significant main effects
of Time (parvocellular PVN: F2,33 = 11.2, p < 0.001; magnocellular PVN: F2,33 = 51.0, p <
0.001), but no main effect of Chronic Treatment, nor a Time × Treatment interaction. Post
hoc analyses indicated that Fos staining in the PVN was significantly increased at both the 1
hr and 2 hr time points compared to non-stressed controls, while the difference between 1 hr
and 2 hr was not statistically significant (Table 1). Similar results were observed in the majority
of other brain regions analyzed (see Table 1).

Discussion
In this study, activation of the rat HPA axis by an acute stressor was enhanced following a
period of chronic intermittent hypoxia, presented during the portion of the circadian cycle when
the rats were asleep, as a model of the arterial hypoxemia that accompanies obstructive sleep
apnea (OSA) in humans. The mechanisms whereby chronic intermittent hypoxia may induce
such regulatory alterations in the acute physiological response to a subsequent acute stress may
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contribute to the detrimental consequences of chronic stress in general, or to certain
pathophysiological conditions associated specifically with OSA.

OSA is characterized by a disordered breathing pattern that results in repeated episodes of
hypoxia occurring during sleep (Ohayon et al., 2000, Vgontzas et al., 2003, Coughlin et al.,
2004), typically up to 100–600 times per night (Sullivan and Issa, 1985). The severity of OSA
is quantified as the number of apneic and hypopneic episodes that occur in an hour. An
“apnea:hypopnea index” of 5–15 indicates a mild case of OSA and is estimated to occur in
20% of the adult U.S. population (Shamsuzzaman et al., 2003). According to this classification
scheme, the parameters used in our study (10 episodes per hour) mimic a mild case of OSA.
In rodents, similar exposures to CIH induce many of the pathological findings observed in
OSA patients and in patients with the metabolic syndrome: a persistent increase in blood
pressure (Lesske et al., 1997, Hinojosa-Laborde and Mifflin, 2005); elevated sympathetic
outflow and reactivity (Greenberg et al., 1999); insulin resistance (Iiyori et al., 2007); and
hyperlipidemias (Li et al., 2005).

It is well-established that hypoxia activates the HPA axis in humans and experimental animals,
both acutely and chronically (Raff et al., 1986, Jacobson and Dallman, 1989, Raff, 1996,
Mueller et al., 2004). Thus, the repeated induction of intermittent hypoxia in OSA potentially
represents a chronic metabolic stressor, and OSA has been associated with elevated reactivity
of the HPA stress axis (Bratel et al., 1999, Buckley and Schatzberg, 2005). Sensitization of the
HPA axis in response to a heterotypic acute stressor has been well characterized after exposure
to chronic intermittent cold stress, another type of chronic metabolic stressor (Dallman et al.,
1992, Bhatnagar and Dallman, 1998, Pardon et al., 2003, Ma and Morilak, 2005a). It is thus
possible that some of the pathological conditions associated with OSA, such as hypertension
and sympathetic hyperactivity, may be related to HPA sensitization and to the detrimental
consequences of chronic repeated stress.

The brain noradrenergic system is activated by, and plays a role in the response to a variety of
physiologic and homeostatic challenges (e.g., Morilak et al., 1987, Svensson, 1987, Valentino
et al., 1991), including hypoxia (Elam et al., 1981, Smith et al., 1995, McDonald et al.,
2000). Originating primarily in the LC and in the A1 and A2 cell groups of the caudal
ventrolateral medulla and NTS, the noradrenergic system projects widely throughout the brain,
modulating the integrated response to a variety of acutely stressful challenges. At a cellular
level, the effect exerted by NE on target neurons is modulatory in nature. Rather than simple
inhibition or activation, NE alters the “signal to noise ratio” of evoked activity, making synaptic
transmission in target circuits more effective (Woodward et al., 1991). Thus, stress-induced
release of NE facilitates evoked responses in many CNS circuits, enhancing the acute
physiological response capabilities of the organism.

The results of the current study suggest that alterations in the stress-activated modulatory
function of NE may play a role in sensitizing the HPA response to acute stress following a
period of chronic intermittent hypoxia. Noradrenergic afferents from A1, A2 and LC innervate
the PVN (Sawchenko and Swanson, 1982, Liposits et al., 1986, Cunningham et al., 1990),
where noradrenergic terminals make synaptic contact with neurons that synthesize CRH
(Liposits et al., 1986), the final common output for HPA activation. Acute stress elicits robust
NE release in PVN (Pacak et al., 1992, Ma and Morilak, 2005a), which acts via α1-receptors
to facilitate activation of the HPA axis (Gibson et al., 1986, Plotsky, 1987, Szafarczyk et al.,
1987, Kiss and Aguilera, 1992, al-Damluji, 1993, Ma and Morilak, 2005a). Along with the
increase in Fos expression induced by acute immobilization stress in noradrenergic neurons in
the LC, as defined by co-expression of DβH in the present study, we have reported previously
that exposure to chronic stress can sensitize the response of post-synaptic α1-adrenergic
receptors in PVN (Ma and Morilak, 2005a), which may also contribute to sensitization of HPA
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reactivity. Further, in addition to the primary output neurons located in PVN, the HPA axis is
also regulated secondarily by several extrahypothalamic forebrain regions, including the BSTL
and amygdala, through both direct and indirect connections to PVN (Canteras et al., 1995,
Cullinan et al., 1995, Herman and Cullinan, 1997, Dayas et al., 2001, Dayas and Day, 2002).
We have shown previously that the functions of the BSTL and medial amygdala in facilitating
reactivity of the HPA axis are also modulated by stress-induced release of NE acting via α1-
adrenergic receptors (Cecchi et al., 2002, Ma and Morilak, 2005b). Indeed, we have found that
the modulatory influence of NE in both BSTL and PVN is an important factor in sensitization
of the HPA axis following chronic intermittent cold exposure (Pardon et al., 2003, Ma and
Morilak, 2005b).

By contrast with the enhanced Fos induction seen in noradrenergic LC neurons following CIH,
acute immobilization stress-induced Fos expression was attenuated in the perifornical region
of the lateral hypothalamus after CIH treatment. This region of the hypothalamus, situated
immediately adjacent to the PVN, contains GABAergic neurons that innervate PVN and serve
to inhibit activation of the HPA axis. In turn, the LH receives inputs from several extra-
hypothalamic brain regions that exert both inhibitory and excitatory (i.e., disinhibitory)
influences on the HPA axis (see reviews in Herman et al., 2003, Herman et al., 2005). Thus,
attenuation of the acute stress-induced activation of this HPA-inhibitory region could also have
contributed to the enhanced HPA stress reactivity following CIH treatment.

Conclusion
To conclude, the results of the present study indicate that the HPA axis was sensitized following
chronic intermittent hypoxia, similar to the sensitization seen after chronic intermittent cold
stress. Specifically, after exposure to CIH, subsequent HPA activation in response to a novel,
acute immobilization stress was enhanced. More generally, as an animal model of the arterial
hypoxemia that accompanies sleep apnea, CIH induces many of the same pathophysiological
consequences observed in OSA. Therefore, these findings may have implications for
understanding the mechanisms underlying such pathology in OSA patients. For instance, there
is a well-established relationship between OSA and the metabolic syndrome (Coughlin and
Calverley, 2001, Vgontzas et al., 2003, Coughlin et al., 2004). The relationships between
glucocorticoid levels and both cardiovascular disease (Walker, 2007), and metabolic syndrome
(Wang, 2005, Witchel and DeFranco, 2006), suggest that enhanced stress activation of the
HPA axis could contribute, at least in part, to the pathology of OSA. Further, as the present
results indicated that activation of the ascending noradrenergic system by an acute heterotypic
immobilization stress was also enhanced following chronic intermittent hypoxia, it is possible
that chronic stress-induced plasticity in the noradrenergic system may have contributed to the
HPA sensitization seen following chronic intermittent hypoxia. Increased noradrenergic stress
reactivity may also, therefore, play a role in enhancing acute HPA reactivity in individuals with
OSA, thus representing a potential central mechanism contributing to stress-related
pathophysiology associated with OSA.
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Figure 1.
Sensitizing effect of chronic intermittent hypoxia on subsequent activation of the HPA axis in
response to a novel heterotypic challenge, acute immobilization stress. There were no baseline
differences in plasma ACTH between groups. Acute immobilization stress (bar) significantly
increased plasma ACTH concentrations in both groups. However, the response at the 30 min
time point was significantly elevated in CIH-exposed rats compared to controls, indicating
sensitization. Data expressed as mean ± SEM; n = 7/group; *p < 0.05 for each group compared
to their respective baseline; +p < 0.05 for CIH-exposed rats compared to controls at the same
time point.
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Figure 2.
Acute immobilization stress-induced Fos expression in the locus coeruleus (LC) was sensitized
following chronic intermittent hypoxia. Left: Representative examples of dual-
immunohistochemical staining for Fos immunoreactivity (DAB immunoperoxidase labeling,
top panels) and DβH (Cy3 immunofluorescence, bottom panels) in a single section cut through
the LC of a rat given no chronic pretreatment (non-CIH) and in a rat exposed to 1 week chronic
intermittent hypoxia (CIH). Both rats were sacrificed after 60 min of recovery following 60
min acute immobilization stress (i.e., 2 hours after acute stress onset). Right: Summary data
showing the effects of CIH on the induction of Fos immunoreactvity in the LC by acute
immobilization stress. Black bars represent rats with no chronic treatment prior to
immobilization stress, and white bars represent rats exposed to chronic intermittent hypoxia
for 7 day before receiving acute immobilization stress. Control indicates rats with no exposure
to immobilization stress; 1 h indicates rats perfused immediately after one hour of
immobilization stress; 2 h indicates rats exposed to 1 hour of immobilization stress then 1 hour
of recovery prior to perfusion. *p < 0.05 compared to the group with no CIH treatment. n = 5–
9 rats per group. Data expressed as mean ± SEM.
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Figure 3.
Acute immobilization stress-induced Fos expression in the lateral hypothalamus (LH) was
attenuated following chronic intermittent hypoxia. Left: Representative examples of Fos
immunoreactivity in the perifornical region of the LH of a rat given no chronic pretreatment
(non-CIH) and in a rat exposed to 1 week chronic intermittent hypoxia (CIH). Both rats were
sacrificed immediately after 60 min acute immobilization stress. fx, fornix; medial is to the
right. Right: Summary data showing the effects of CIH on the induction of Fos
immunoreactvity in the LH by acute immobilization stress. Black bars represent rats with no
chronic treatment prior to immobilization stress, and white bars represent rats exposed to
chronic intermittent hypoxia for 7 day before receiving acute immobilization stress. Control
indicates rats with no exposure to immobilization stress; 1 h indicates rats perfused immediately
after one hour of immobilization stress; 2 h indicates rats exposed to 1 hour of immobilization
stress then 1 hour of recovery prior to perfusion. *p < 0.05 compared to the group with no CIH
treatment. n = 5–9 rats per group. Data expressed as mean ± SEM.
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