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Abstract
Sleep disordered breathing (SDB), which is characterized by intermittent hypoxia (IH) during
sleep, causes substantial cardiovascular and neurocognitive complications and has become a
growing public health problem. SDB is associated with suppression of growth hormone (GH)
secretion, the latter being integrally involved in the growth, development and function of the
central nervous system (CNS). Since GH treatment is able to attenuate neurocognitive deficits in a
hypoxic-ischemic stroke model, GH, GH receptor (GHR) mRNA expression and GH protein
expression were assessed in rat hippocampus after exposures to chronic sustained hypoxia (CH,
10% O2) or intermittent hypoxia (IH, 10% O2 alternating with 21% O2 every 90 sec). In addition,
the effect of GH treatment (50 µg/kg, daily s.c. injection) on EPO, VEGF, HO-1 and GLUT-1
mRNA expression and neurobehavioral function was assessed. CH significantly increased GH
mRNA and protein expression, as well as IGF-1. In contrast, IH only induced a moderate increase
in GH mRNA and a slight elevation in GH protein at day 1, but no increases in IGF-1. CH, but not
IH, up-regulated GHR mRNA in the hippocampus. IH induced marked neurocognitive deficits
compared to CH or room air (RA). Furthermore, exogenous GH administration increased
hippocampal mRNA expression of IGF-1, EPO and VEGF, and not only reduced IH-induced
hippocampal injury, but also attenuated IH-induced cognitive deficits. Thus, exogenous GH may
provide a viable therapeutic intervention to protect IH-vulnerable brain regions from SDB-
associated neuronal loss and associated neurocognitive dysfunction.
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Introduction
Sleep disordered breathing (SDB) has become a prominent and steadily increasing public
health problem. In the last 2 decades, SDB has been associated with a variety of morbid
consequences, among which the metabolic syndrome, systemic and pulmonary
hypertension, ischemic heart disease, cerebrovascular disease, erectile dysfunction, mood
disorders, and neurocognitive and behavioral problems have emerged (Mokhlesi and Gozal,
2010;Dempsey et al., 2010). SDB, is a condition characterized by abnormalities in
ventilatory homeostasis during sleep that affects all age groups from premature infants,
throughout childhood and adolescence and of course middle aged and aged populations. The
prevalence revolves around 2% to 4–5% among the various age groups, with major increase
in aged populations to up to 15%. Obstructive sleep apnea (OSA), the one of most common
form SDB, is characterized by the repetitive collapse of the pharyngeal airway during sleep,
sleep fragmentation, intermittent hypoxia, hypercapnia and increased intrathoracic pressure
swings (Dempsey et al., 2010). The frequency of IH in clinical settings far exceeds that of
sustained chronic hypoxia (CH) which typically occurs during high altitude sojourns. A
decade or so ago, we reported that sustained exposures to IH, in the absence of significant
sleep deprivation, induces substantial neurocognitive impairments in both adult and
developing rodents (Gozal et al., 2001). Such functional alterations were accompanied by
evidence of increased oxidative stress, induction and propagation of inflammatory
processes, and consequent neuronal cell losses via induction of apoptotic mechanisms in
selected brain regions such as the frontal cortex and the CA1 region of the hippocampus
(Beebe and Gozal, 2002;Wang et al., 2010). These now repeatedly confirmed findings lend
support the notion that IH plays a critical role in SDB-associated neurocognitive deficits
(Gozal et al., 2003b;Li et al., 2003;Row et al., 2003;Goldbart et al., 2003;Xu et al., 2004;Li
et al., 2004;Row et al., 2004;Kheirandish et al., 2005b;Shan et al., 2007;Douglas et al.,
2007;Kheirandish et al., 2005a;Perry et al., 2008;Burckhardt et al., 2008;Hambrecht et al.,
2009;Row et al., 2002a;Xie et al., 2010;Hui-guo et al., 2010;Cai et al., 2010;Ward et al.,
2009). However, the mechanisms underlying IH-induced neurocognitive deficits remain
largely unknown. Furthermore, we are unaware of studies assessing the effects of
normobaric CH on cognition.

Growth hormone (GH) is integrally involved in the growth, development and function of the
central nervous system (CNS) (van Dam and Aleman, 2004;van Dam et al., 2000;Sartorio et
al., 1996;Barta et al., 1981). The expression and localization of growth hormone receptor
(GHR) has been characterized in the brain (Lobie et al., 1993), and is altered following brain
injury (Scheepens et al., 1999). In addition to a preponderant role of GH in stimulating the
postnatal growth of different tissues, GH is also involved in the functional integrity of the
CNS in general, and neuronal function in particular, thereby modulating memory and
cognitive functions (van Dam and Aleman, 2004;van Dam et al., 2000;Sartorio et al., 1996).
Furthermore, GH may localize to the mitochondria where it may serve to regulate cellular
metabolism and free radical production (Ardail et al., 2010). Under hypoxic conditions,
brain produces neurotrophic factors as an endogenous neuroprotective strategy to mitigate
neuronal injury (Shin et al., 2004;Zayour et al., 2003;Zhang and Du, 2000;Xie et al., 2010).
In addition, expression of the IGF-I (insulin-growth factor 1) receptor was also up-regulated
after hypoxic-ischemic injury (Scheepens et al., 1999;Scheepens et al., 2000), suggesting
that IGF-1 is a responsive member of the somatotropic axis, and plays a role in mediating
GH functionality in brain. Several studies have demonstrated that GH treatment not only
provides some degree of neuroprotection (Scheepens et al., 2001;Gustafson et al.,
1999;Scheepens et al., 1999), but also improves neurocognitive outcome following hypoxic-
ischemic brain injury (Zhong et al., 2009) and attenuates apoptosis (Shin et al., 2004). IGF-I
effectively reduced brain injury in rats subjected to hypoxia-ischemia insults (Gustafson et
al., 1999;Liu et al., 2001), suggesting that IGF-1, a downstream component of GH-activated
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pathways, may afford protection per se. Furthermore, the protective role of GH/GHR in
hypoxic injury may be associated with known downstream protective hypoxia-responsive
genes, such as EPO, VEGF, HO-1, and GLUT-1. Indeed, the expression of these 4 genes is
tightly regulated in the CNS by HIF-1α (Freeman and Barone, 2005;Acker and Acker,
2004), and plays a major protective role in hypoxia and ischemia-induced brain injury
(Sharp et al., 2004;Fan et al., 2009). SDB is associated with suppression of growth hormone
(GH) secretion (Meston et al., 2003;Cooper et al., 1995;Saini et al., 1993), the presence or
absence of cognitive deficits is dependent on the serum levels of IGF-1 at any given level of
severity of SDB, and in rodents, physical activity that stimulates IGF-1 is neuroprotective,
suggesting that GH suppression may play a role in SDB-associated neurocognitive deficits
(Gozal et al., 2009;Gozal et al., 2010). Based on these considerations, the aims of present
study were to determine whether similar to IH, CH is associated with spatial learning and
memory deficits, and whether exogenous systemic administration of GH will protect the
brain from IH-induced neuronal apoptosis and consequent functional deficits.

Experimental Procedures
Hypoxic Exposures

A schematic diagram of all experimental procedures is shown in Figure 1. Male Sprague
Dawley rats (175–225 grams, 2 month-old) were purchased from Charles River and used for
all experiments. The experimental protocols were approved by the Institutional Animal Use
and Care Committee at the University of Louisville, and are in agreement with the NIH
guide for the care and use of laboratory animals. All efforts were made to minimize animal
suffering. Animals were randomly assigned to 3 experimental groups consisting of (i)
chronic sustained hypoxia (CH), 10% O2 for 12 hours during daylight phase leading to nadir
oxyhemoglobin levels (SaO2) of ~72–75%; (ii) intermittent hypoxia (IH), alternating 21%
O2 and 10% O2 every 90 sec for 12 hours during daylight leading to similar nadir SaO2
levels, and (iii) time-matched normoxic exposures control (RA). Animals were maintained
in 4 identical commercially designed chambers (Biospherix, Redfield, NY) operated under a
12 hour light-dark cycle (7:00 am–7:00 pm). Oxygen concentration was continuously
measured by an O2 analyzer, and the desired gas profile was administered by a computer
controlled system regulating gas outlets. Ambient temperature was kept at 22–24°C.

For hypoxic exposure experiments, animals were assigned to the designated experimental
profile (IH, CH and RA) for 1, 3, 7 and 14 days. After completion of the respective
exposures, animals (n=8/group) were anesthetized with pentobarbital (50 mg/kg), brains
were rapidly harvested, and hippocampal tissues were dissected at 4°C, snap frozen in liquid
nitrogen, and kept at −80°C until analysis. For histological assessments, rats (n=8/group)
were deeply anesthetized and perfused intracardially with phosphate-buffered saline (pH
7.4) followed by 4% phosphate-buffered paraformaldehyde. Serial sections (7 µm) were cut
stored at 4°C until use. For the behavioral studies, animals were exposed to the designated
experimental profiles (IH, CH and RA) for 14 days, after which animals underwent water
maze training and assessment (Figure 1).

Growth hormone administration
For exogenous growth hormone experiments, animals were exposed to IH or RA and
received daily s.c. injections of rhGH (50 µg/kg body weight, Genotropin, Pharmacia &
Upjohn, Kalamazoo, MI) for 7 days. Rats were randomly assigned to 4 experimental groups
(32/group) consisting of: (i) RA exposure and vehicle injection; (ii) RA exposure and GH
injection; (iii) IH exposures and vehicle injection; (iiii) IH exposures and GH injection. At
day 0, rats received either rhGH or vehicle injection 2 hours before starting RA or IH
exposure. Thereafter, rats received daily GH or vehicle injections during the IH exposure
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phase. In a subset of rats after GH or vehicle treatment (n=8/group), deep anesthesia was
induced with pentobarbital (50 mg/kg), brains were rapidly removed, and hippocampal
tissues were dissected at 4°C, snap frozen in liquid nitrogen, and stored at −80°C for
analysis of IGF-1, EPO, and other genes of interest. For immunohistochemistry assessment,
rats (n=8/group) were deeply anesthetized and perfused intracardially with phosphate-
buffered saline (pH 7.4) followed by 4% phosphate-buffered paraformaldehyde. Serial
sections (40 µm) were cut and stored at 4°C until use. For the behavioral studies, animals
(n=16/experimental group) were exposed to IH for 7 days and underwent water maze
assessment.

Morris water maze
The Morris water maze was used for the neurobehavioral assessments. An escape platform
(10 cm in diameter) was positioned 1 cm below the water surface. Distinctive, geometric,
extramaze cues were affixed at specific locations, and were visible to the rats while in the
maze. Maze performance was recorded by a video camera suspended above the maze and
interfaced with a video tracking system (HVS Imaging, Hampton, UK). Albino rats used in
the experiments were temporarily tattooed with a black mark to allow for video tracking.

Animals were handled twice per day 7 days prior to behavior testing to minimize potential
bias related to experimenter-induced stress. Animals were initially allowed to acclimate by a
30 s swim in the maze in the absence of the platform and spatial cues prior to behavior
testing. They were then given two daily training sessions consisting of eight and four
training trials, respectively over a 2-day period. In each training trial, the rat was placed in
the maze from a quasirandom start point and allowed a maximum of 90 sec to find the
escape platform, where it remained for 15 sec. Rats that failed to locate the platform at the
end of 90 sec were manually guided to the platform. The position of the platform remained
constant. Training trials were separated by 240 sec. Thirty minutes after completion of the
final training session, a 30 sec probe trial, in which the platform was removed, was
conducted and the relative proximity of the rat to the target location was used in order to
assess spatial bias. After the probe trial, the presence of sensorimotor disturbances was
assessed on three cued trials. Each rat was placed into the pool from quasirandom start
points and allowed a maximum of 30 sec to escape to a readily visible platform elevated 1
cm above the water surface. The swim distances (pathlengths) derived from the reference
memory task (averaged over blocks of four trials) were analyzed using repeated measures
analyses of variance (ANOVA) followed by post-hoc tests. The relative average proximity
of the rat to the target platform location during the probe trials was analyzed using one-way
ANOVA.

Quantitative PCR
Total RNA was prepared from hippocampal tissue samples using TRIzol reagent
(Invitrogene) following the manufacturer's instructions. Isolated total RNA was quantified
spectrophotometrically. Aliquots of total RNA (1 µg) were reverse transcribed using
Superscript II-Reverse Transcriptase (Invitrogene, Carlsbad, CA) according to the
manufacturer's protocol. cDNA equivalent to 20 ng of total RNA were subjected to real-time
PCR analysis (MX4000, Stratagene, La Jolla, CA) following the manufacturer's protocol.
PCR Primers and Taqman probes for GH (Rn01495894_g1), GHR (Rn00567298_m1),
IGF-1(Rn00710306_m1), EPO (Rn00566529_m1), VEGF(Rn01511601_m1),
HO-1(Rn01536933_m1) and Glut1(Rn01417099_m1) were purchased from ABI (Applied
Biosystems) Each reaction (25µl) contained 2.5 µl reaction buffer (10×), 6 mM MgCl2, 0.2
µM dNTP, 0.6 µM each primer, 0.25 µl SureStar Taq DNA Polymerase and 2 µl cDNA
dilutions. The cycling condition consisted of 1 cycle at 95°C for 10 min and 40 three-
segment cycles (95°C for 30 s, 55°C for 60 s and 72°C for 30 s). Standard curves for gene of
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interest and housekeeping gene (β-actin) were included in each reaction. We found that the
mRNA expression of β-actin was stable and unchanged after either IH or CH exposures.
Real-time PCR results were analyzed using MX4000 software (Stratagene, La Jolla, CA).

GH enzyme immunoassay
Tissue concentrations of GH were determined using a commercially available enzyme
immunoassay kit (ALPCO Diagnostics, Windham, NH). Hippocampal tissues were
homogenized in 0.01 M NaHCO3 and centrifuged at 40,000g for 20 minutes. The
supernatant fraction was stored at −80°C until analysis. The protein concentration of tissue
samples was determined by Bradford method. Tissue GH measurements were performed
according to the manufacture instructions. Briefly, 50 µl of each samples were incubated in
duplicate with rat GH antiserum for 20 hours at room temperature. After incubation, 50 µl of
acetylcholinesterase (AChE) tracer was added to each well and incubated for another 20
hours. In the next day, samples were incubated with 200 µl of Ellman’s reagent for 30
minutes Finally, GH tissue concentration was determined by measuring optical density at
414 nm using a plate reader (Labsystems Multiskan RC, Helsinki, Finland).

Immunohistochemistry
Serial sections (40 µm) were cut on a microtome and stored at 4°C until use. The free
floating sections were blocked with 10% normal goat serum and then incubated with
primary cleaved caspase-3 rabbit antibody (1:100, Cell Signaling Technology, Beverly, MA)
overnight at 4°C. The binding sites were further detected by goat anti-rabbit antibody
conjugated with peroxidase (1:50, KPL,Gaithersburg, MD). Finally, the imunoreactivity was
further stained with DAB peroxidase substrate (KPL Gaithersburg, MD). Immunostaining
was finally visualized using a Nikon Ellipse E800 microscope (Nikon USA, Melville, NY)
and images were captured by a SPOT digital camera (Diagnostic Instruments, Inc., Sterling
Heights, MI).

In situ RT PCR
Primers and probes: Specific 25-mers oligonucleotide primers, were used after further
HPLC-purification (Eurobio, Les Ulis, France). Rat GH sequences used as primers were
directed toward selected regions of exons 2 and 5 of the rGH gene as previously described
(Binder et al. 1994). The antisense primer (nt 135–160: 5'-
CGCAAAGCGGCGACACTTCATGACC-3') is located at the end of the fifth exon and the
sense primer (nt 643–668: 5'-CCAGTCTGTTTGCCAATGCTGTGCT-3') is in the second
exon. For in situ hybridization, two 30-mers oligonucleotide probes located in the middle of
the amplified fragment were synthetized (Eurobio). The sequences of sense probe (nt 407–
437) was 5'-AACAGCCTGATGTTTGGTACCTCGGACCGC-3', and antisense probe (nt
248–278) was 5'-TGAGAAGCAGAACGCAGCCTGGGCATTCTG-3'. Probes were 3' end-
labeled with digoxigenin-11-dUTP (Roche Diagnostics, Meylan, France).

Antibodies: For in situ RT-PCR revelation, goat anti-digoxigenin and rabbit anti-goat
alkaline phosphatase conjugated were from Roche Diagnostics. The streptavidin-avidin-
peroxidase complex procedure was employed with diaminobenzidine as chromogen (Dako,
Trappes, France).

In situ RT-PCR was performed on 7 µm thick sections mounted on in situ RT-PCR glass
slides (Applied Biosystem, Courtaboeuf, France) as described (Recher et al. 2001). Briefly,
deparaffinized sections treated with proteinase K (Dako, Trappes, France) were dehydrated
and air dried. First, 100 µL of in situ RT reaction mixture containing 50 mM Tris-HCl pH
8.3, 75 mM KCl, 10 mM dithiothreitol, 75 mM MgCl2, 1 mM of dNTP (Promega,
Charbonnières, France), 1 µM antisense primer, 100 U RNase inhibitor (Promega), and 200
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U M-MLV reverse transcriptase (Life Technologies, Cergy Pontoise, France) was prepared.
The sections were then covered with 40 µL of the reaction mixture, sealed with amplicover
discs and amplicover clips (Applied Biosystem), and incubated at 42°C for 1 hour.
Amplicover discs and clips were removed and sections were washed in 100 mM phosphate
buffer for 5 minutes at room temperature, dehydrated, and air-dried. Then, sections were
covered with 40 µL of the in situ PCR reaction mixture containing 10 mM Tris/HCl, 50 mM
KCl, 3 mM MgCl2, 0.5 mM of each dNTP (Promega), 1 µM of each primers and 20 U Taq
DNA polymerase (Eurobio), sealed, and placed on a GeneAmp in situ PCR system 1000
thermal cycler (Perkin-Elmer, Courtaboeuf, France). The hotstart PCR method was used for
25 cycles according to the following program: denaturation at 94°C for 45 sec, annealing at
69°C for 45 sec, extension at 72°C for 1 minute, and final extension at 72°C for 7 minutes.
Sections were then washed for 5 minutes in phosphate buffer, fixed 15 minutes in 4%
paraformaldehyde at room temperature, rinsed in phosphate buffer for 5 minutes, dehydrated
and air-dried. The sections were then hybridized overnight at 40°C with 30 pmoles of sense
and antisense labeled probes/mL after 3 minutes denaturation at 94°C. Washing steps were
performed sequentially for 1 hour in 2X SSC and 30 minutes in 1X SSC at room
temperature and hybrids were revealed using phosphatase alkaline / NBT/BCIP system
(Roche Diagnostics). Validation of the in situ RT-PCR reaction was performed as described
(Recher et al. 2001) on human pituitary sections as positive control and human liver sections
as negative control, and included omission of the reverse transcriptase and omission of the
Taq DNA polymerase as supplementary controls. No counterstaining was performed.
Qualitative assessment of the slides was performed by investigators who were blinded to the
experimental condition. Representative sections of the overall findings for each
experimental condition were selected by the blinded investigator (MR) for presentation,
such as to qualitatively illustrate the findings.

Data Analysis
Data in text and figures are expressed as mean ± SE. Two group comparisons were
evaluated by paired or unpaired t tests, as appropriate. Multiple comparisons were analyzed
by ANOVA and Tukey’s or Newman Keuls post-hoc tests. Differences were considered
statistically significant for P< 0.05.

Results
CH induces increased GH expression in hippocampus of rat

To measure the effect of CH or IH exposures on GH expression in hippocampus, rats were
exposed to either CH or IH for 1, 3, 7 and 14 days (n=8/group). CH induced significant
increases in GH mRNA expression in the hippocampus of rat brain at all-time points,
peaking at day 1, and although decreasing, remained elevated at day 14 (Figure 2A, *P<0.01
vs, RA). In comparison, although GH mRNA expression was also increased in similar
pattern after exposure to IH (*P <0.05 vs. RA), the magnitude of change was significantly
smaller (#P <0.01 vs. CH). Furthermore, GH protein expression was increased throughout
the duration of CH (Figure 2B, *P <0.01 vs. RA). In contrast, increased GH protein
expression was found only at day 1 of IH exposures (*P <0.05 vs. RA), subsequently
returning to baseline levels. Furthermore, GH protein expression changes during IH were
significantly lower than in CH (#P <0.01 IH vs. CH).

In a subsequent set of experiments, in-situ RT-PCR was used to further assess topological
changes in GH within the hippocampal structure. After CH or IH exposures for 3 and 7
days, the hippocampal sections were prepared for in-situ RT-PCR. In the RA group, the
staining for GH mRNA was very weak in the CA1 region of hippocampus, indicating that
the basal level of GH mRNA is low. In comparison, enhanced GH mRNA staining was
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present in the CA1 region of the hippocampus after CH exposures for either 3 or 7 days (CH
D3 and CH D7). Most remarkable, enhanced staining was found in the sections of CH at day
3 (Figure 2C). Furthermore, increased GH mRNA was also detected in the CA1 region of
the hippocampus after IH exposures for 3 and 7 days, albeit with a markedly less intense
pattern when compared CH (Figures 2D and 2E). No staining for GH mRNA was found in
negative control sections that were devoid of Taq DNA polymerase (data not shown).

CH but not IH increases the expression of GH receptor
To determine whether hypoxic exposures will also alter expression of GH receptor (GHR) in
hippocampus, mRNA expression of GHR was measured by quantitative real-time RT-PCR.
After rats were exposed to either CH or IH for 1, 3, 7 and 14 days (n=8/group), mRNA from
hippocampal tissues was subjected to real-time PCR analysis and revealed that CH
exposures induced significant increases in GHR expression at days 1 and 3 (Figure 3,
*P<0.05 vs. RA), and then gradually decreased after day 7 of CH. In contrast, IH exposures
did not induce any changes in GHR expression throughout the duration of exposure (P>0.05
vs. RA). GHR mRNA expression after IH exposures was also significantly lower than the
levels induced by CH at days 1 and 3 (#P<0.01 vs. CH). These results indicate that CH but
not IH lead to increase in GHR expression in the hippocampus of rat brain.

CH induces increased expression of IGF-1, EPO, VEGF and HO-1 but not of GLUT1 in the
rat hippocampus

To examine the effect of CH or IH exposures on the mRNA expression of IGF-1, EPO,
VEGF and GLUT1 in hippocampal tissues, rats were exposed to CH or IH for 1, 3, 7 and 14
days (n=8/group). CH induced significant increases in IGF-1, EPO, VEGF and HO-1 mRNA
expression at all-time points (Figure 4A–4D, *P<0.01 vs. RA). However, CH did not elicit
significant changes in GLUT1 mRNA expression (Figure 4E, P>0.05 vs. RA). IH induced a
slight increase in EPO mRNA expression at day 1 (*P<0.05 vs. RA) but not thereafter.
Furthermore, IH did not elicit any significant changes in mRNA expression of IGF-1,
VEGF, HO-1 and GLUT1 (P>0.05 vs. RA). These findings suggest that CH, but not IH,
induces an array of protective gene responses that may mitigate hypoxia-induced injury.

IH but not CH elicits cognitive deficits in rat
On a standard place discrimination task, rats exposed to 14 days of IH exhibited longer
latencies and pathlengths to locate the hidden platform when compared to room air controls
RA, and to rats exposed to 14 days sustained hypoxia (CH; n=24 per experimental
condition; Figures 5A and 5B). Overall latency analysis for the entire trial blocks revealed
significant changes between the different treatment groups, [F= 41.14; P<0.001] and
pathlength, [F=16.44; P<0.001] indicating that IH, but not CH, adversely influenced the
ability to acquire a spatial task. Significant differences in latencies were observed during
block 3 [F=11.38; P<0.001], block 4 [F=12.35; P<0.03], block 5 [F=8.16; P<0.001] and
block 6 [F=8.457; P<0.001]. There were no significant changes in Blocks 1 and 2. Repeated
measures ANOVA revealed significant differences in pathlengths during blocks 3 [F=6.25;
P<0.001], block 4 [F=5.36; P<0.001], block 5 [F=6.83; P<0.001] and block 6 [F=4.99;
P<0.001]. There were no significant changes in blocks 1 and 2. In the probe-trial test, one-
way ANOVA revealed a significant effect of treatment [F=12.87; P<0.001]. The magnitude
of impairment was greatest in IH (Figure 5C). In the reference memory task, IH-exposed
rats revealed significant deficits in memory retention in both latency [F=21.61; P<0.001]
and pathlength [F=18.84; P<0.001]. However, the CH-exposed rats performed well in the
retention task compared to IH and were similar to RA (P>0.05), indicating that only IH
treatment elicited deficits in the retention of a spatial task in the water maze.
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Administration of GH increases IGF-1 expression in the hippocampus after IH exposures
To assess the effect of exogenous GH on the IGF-1 mRNA expression in the hippocampus
of rat brain, rats received daily injection of GH and were exposed to IH or RA for 7 days
(n=8/group). After hypoxia exposure and GH administration, hippocampal tissues were
collected and mRNA was extracted for measuring IGF-1 mRNA expression. In response to
GH administration for 7 days, a significant increase of IGF-1 mRNA expression was
detected in the hippocampal tissue as compared to the vehicle treated rat (Figure 6, * P<0.01
vs. vehicle). The increased mRNA expression of IGF-1 was observed in both GH treated IH
(IH-GH) and RA (RA-GH) groups, but IGF-1 expression in IH-GH group was significant
higher than that in RA-GH group (#P<0.05 vs. RA-GH). These results suggest that
peripheral GH administration stimulated a response of GH (hormone) axis in the brain.

GH increases EPO, VEGF and HO-1 but not GLUT1 mRNA expression in the hippocampus
during IH

In order to clarify whether GH administration would change the mRNA expression of EPO,
VEGF, HO-1 and Glut-1 in hippocampus of rat, rats received daily injections of GH and
were exposed to IH or RA for 7 days (n=8/group). EPO, VEGF, HO-1 and Glut-1 mRNA
expression were assessed. Administration of GH induced a significant increase in EPO and
VEGF, but not in HO-1 and Glut-1 mRNA expression as compared with vehicle treatment in
both RA-GH and IH-GH groups (Figure 7A–7D, *P<0.01 vs vehicle). Furthermore, EPO
and VEGF mRNA expression in IH-GA group was significantly greater than EPO mRNA
expression in RA-GH group (#P<0.01 vs RA-GH). These results suggest that peripheral
administration of GH is able to increase EPO and VEFG mRNA expression in the central
nervous system, which may in turn play a protective role in hypoxia-induced brain injury.

GH decreases IH-induced expression of cleaved caspase 3 in the hippocampus
We have previously shown that IH exposures induce hippocampal neuronal apoptosis and
functional losses (Gozal et al., 2001). Therefore, attenuation of hypoxia induced neuronal
apoptosis could reduce hypoxic brain injury and improve overall physiological outcomes.
The cleaved (i.e., activated) caspase 3 expression in the hippocampus was examined after
daily injection of GH and IH exposures for 7 days. Cleaved caspase 3 positive staining was
markedly increased in the IH-vehicle sections as compared to the RA-vehicle sections. In
addition, IH-induced enhanced staining of cleaved caspase 3 was markedly attenuated by
treatment with GH (Figure 8).

GH attenuates IH-induced neurobehavioral deficits
During training trials, vehicle-treated rats exposed to IH for 7 days showed significantly
prolonged latencies and pathlengths compared to vehicle-treated RA, GH-treated RA, and
GH-treated IH animals (Figure 9A–9B; P<0.002, ANOVA). Similarly, during probe trials,
IH-exposed animals treated with vehicle displayed significantly lower spatial bias compared
to any of the 3 other experimental groups (P<0.01). Post-hoc analyses further confirmed that
IH-exposed animals treated with GH were not significantly different from controls,
suggesting that GH attenuated, at least partially, IH-induced deficits in spatial learning and
retention. No group differences were observed on the cued task, indicating that the effects of
either IH or GH were not due to sensorimotor impairments.

Discussion
In this study, we show for the first time that IH and GH are associated with divergent
trajectories in GH pathways within the CNS, and that such divergence is reflected in
differential susceptibility to neurocognitive deficits. Indeed, we found increased GH mRNA
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and protein expression was induced by both CH and IH hypoxic exposures in the
hippocampus of rat, although the magnitude of such changes was clearly more prominent
and sustained after CH. CH exposures, but not IH exposures, were also associated with
increases in EPO, VEGF and HO-1 mRNA expression. Conversely, IH but not CH
exposures induced substantial deficits in task acquisition and retention. Treatment with GH
led to increases in IGF-1, EPO and VEGF mRNA expression in the hippocampus despite
ongoing IH exposures, and not only decreased the expression of cleaved caspase 3 in the
hippocampus, but also attenuated IH-induced neurobehavioral deficits, suggesting that
exogenous GH administration may serve as an effective therapeutic intervention aiming to
mitigate the extent and severity of SDB-associated neuronal cell losses and associated
cognitive dysfunction.

In the CNS, GH has emerged as an important player in the formation and maintenance of
neuronal plasticity and survival (Scheepens et al., 2001;Donahue et al., 2002;Zearfoss et al.,
2008;Baudet et al., 2009). In response to a hypoxia/ischemic injury, the brain initiates a
serial endogenous neuroprotective strategies aimed at reducing neuronal cell death
(Johansson et al., 1999;Slevin et al., 2005). Several studies suggested that GH may play a
complex role in the pathophysiology of brain injury related to ischemia/hypoxia, similar to
other neurotrophins in the brain (Shin et al., 2004;Scheepens et al., 2000;Christophidis et al.,
2009).

The hypoxic exposures used herein were clearly not associated with ischemia, and our
previous experiments have clearly shown that the current IH profile was of a magnitude that
not only aimed at mimicking the oxyhemoglobin saturation profiles typically encountered in
SDB, but also that such profile induced significant increases in apoptosis within the CA1
region of the hippocampus as well as substantial deficits in water maze performance (Gozal
et al., 2001). However, while the field of sustained hypoxia has received much more
extensive attention we are only aware of scarce reports on the cognitive consequences of
non-oscillatory hypoxic exposures, suggesting that only very severe hypoxia are indeed
detrimental (Bahrke and Shukitt-Hale, 1993). Indeed, in a study by Titus colleagues
exposures for 7 days to hypobaric hypoxia corresponding to 6,000 meters altitude were
needed to induce some deficits in the partially baited radial arm maze task, and were further
accompanied by some degree of functional and structural recovery with more extended
exposures (Titus et al., 2007;Maiti et al., 2008a;Maiti et al., 2008b). Thus, severe hypoxia,
although able to induce temporal endogenous neuroprotection, will eventually cause cell
death and behavioral impairments if exposures are carried long enough. Accordingly, the
time points we selected for the current experiments (i.e., 14 days after hypoxia) may be only
applicable for acute and subacute phases of exposure, such that longer lasting CH may lead
to neurodegeneration and cognitive decline, as has been observed in elderly humans with the
obstructive sleep apnea syndrome (Cohen-Zion et al., 2001). However, the expected
saturation levels from such CH exposures would be much more severe than the experimental
conditions in the present study, and as such the absence of measurable cognitive deficits
following CH was not unexpected in the time frames studied here. It is well established that
a short episodic ischemic/hypoxic event can result in a subsequent resistance to severe
ischemic/hypoxic injury, which is so called ischemic/hypoxic preconditioning. Since the
preconditioning window is very narrow (<60 min) (Obrenovitch, 2008), it is less likely that
the preconditioning protection would occur under the chronic IH or CH exposure. As a
methodologic comment, we should point out that IH exposure only provides one aspect of
SBD, because sleep fragmentation, episodic hypercapnia, and upper airway collapse are
absent in this murine model. Also, the IH profile used here represents a standardization of
exposures aiming to reflect severe disease, and as such may not completely represent the
variable hypoxic profile characteristics seen in patients with SDB. Also, as we used young
rats in our studies, the animal model may not reflect the pathophysiological conditions in
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other age group, such as aging population. In contradistinction, despite similar nadir
oxygenation levels, the presentation of hypoxia in an episodic fashion elicited markedly
different effects. One of our leading hypotheses was that the differences between CH and IH
could be due to divergent effects on the recruitment of protective mechanisms, such as the
GH pathway. Indeed, we found that GH and GHR expression changes diverged in response
to CH or IH exposures, and could play a role in differentially activating subsequent
signaling events including downstream protective gene expression against hypoxic injury.
The local GH in hippocampal tissue may derive from both translation of neuronal GH
mRNA and endocrine GH. However, the exact source and distribution of GH under the
hypoxia condition is largely unknown. Increased GH and GHR expression or GHR
immunoreactivity have been reported after hypoxic-ischemic brain injury (Scheepens et al.,
1999;Christophidis et al., 2009). Furthermore, even though it is still controversial whether
exogenous GH will cross the blood brain barrier (BBB), we now report on the exogenous
GH-mediated effects on the expression of selected genes as well as the mitigation of the
functional consequences of IH. Although this effect could be partially due to IH-induced
alterations in the permeability of BBB (Natah et al., 2009), there is no evidence to support or
dispel this notion, which will need to be investigated in the future. Taken together, our
findings support the notion that increased GH and GHR expression in response to CH
exposures may play a role in downstream signaling events orchestrating CNS protection and
adaptation to hypoxia, and that such responses are maladaptive in the context of IH, thereby
leading to the adverse consequences solely found in the latter hypoxic paradigm.

Since hypoxic exposures modified expression of GH and GHR, we therefore proceeded to
further explore the potential links between GH/GHR and known downstream protective
hypoxia-responsive genes, such as EPO, VEGF, HO-1, and GLUT-1. Indeed, the expression
of these 4 genes is tightly regulated in the CNS by HIF-1α (Freeman and Barone,
2005;Acker and Acker, 2004), and plays the protective role in hypoxia and ischemia-
induced brain injury (Sharp et al., 2004;Fan et al., 2009). For example, EPO is expressed in
the nervous system and involved in normal brain development (Noguchi et al., 2007), and its
expression in the brain is modulated by hypoxia and other stresses (Eckardt and Kurtz,
2005) and play an important role in hypoxic/ischemic brain injury (Marti, 2004;Milano and
Collomp, 2005). In present study, we found that EPO, VEGF and HO-1, but not GLUT-1
mRNA expression was increased in a sustained manner by CH. In contrast, IH induced only
a very modest and transient increase in EPO expression in the hippocampus, but further did
not modify VEGF, HO-1 and GLUT-1 mRNA expression. In an in vivo animal model,
administration of EPO attenuated global and focal cerebral ischemia-induced brain injury
(Junk et al., 2002;Zhang et al., 2006), indicating the EPO is a good candidate gene for
hypoxia-ischemia protection. In addition, EPO also show some beneficial effect on
ischemia-induced cognitive impairment in adult animals (Kumral et al., 2004), and enhanced
expression of EPO has beneficial effects on neuronal survival most likely via activation of
EPO receptors (Kilic et al., 2005;Sanchez et al., 2009). Based on the similar favorable
effects of increased expression of the HIF-1α-dependent genes, increased expression of
these genes in response to CH would confer protection. On the other hand, the relative lack
of those protective genes under the IH exposures would be anticipated to contribute to IH-
induced neuronal injury and cognitive dysfunction. As mentioned above, the neurocognitive
impairments induced by IH in both neonatal and adult rats (Row et al., 2002b;Row et al.,
2003;Kheirandish et al., 2005a;Row et al., 2002a;Hui-guo et al., 2010;Cai et al., 2010;Ward
et al., 2009) were replicated in the present study, while no such consequences emerged after
CH. Although the mechanisms for IH-induced neurocognitive dysfunction are not well
understood, increased oxidative stress (Wang et al., 2010;Row et al., 2003;Xu et al.,
2004;Shan et al., 2007;Burckhardt et al., 2008), activation of inflammatory pathways (Li et
al., 2003), dysregulation of neuronal progenitor cell proliferation (Gozal et al., 2003a),
leading to neuronal apoptosis and gliosis. In comparison, CH exposures of such magnitude
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were apparently not associated with cell injury-promoting processes, thereby suggesting that
intrinsic protective mechanisms were operational in the latter but not in the former.

To further establish the potential beneficial effect of GH treatment on hypoxia induced
neuronal injury and cognitive impairments, animals were treated daily with recombinant GH
while undergoing IH exposures. IGF-1 mRNA expression was up-regulated in the
hippocampus following GH treatment, suggesting that the somatotropic axis in the brain was
effectively activated by the exogenous subcutaneous GH administration route. GH or IGF-I
were effective in reducing brain injury in rats subjected to hypoxia-ischemia insults (Shin et
al., 2004;Gustafson et al., 1999;Zhong et al., 2009;Smith, 2003;Liu et al., 2001), suggesting
that IGF-1, a downstream component of GH-activated pathways, may afford protection per
se. Similar to GHR, IGF-I receptor was also up-regulated after hypoxic-ischemic injury
(Scheepens et al., 1999;Scheepens et al., 2000), suggesting that IGF-1 is a responsive
member of the somatotropic axis and plays a role in mediating GH functionality in brain.
After GH treatment, we also found that EPO and VEGF were up-regulated in the
hippocampus of the brain, suggesting that GH treatment may activate some of hypoxia-
protective gene expression, which may in turn attenuate IH-induced injury. IH-induced
spatial learning deficits were manifest after 7 days of IH exposures, and GH treatment
greatly attenuated such deficits, as well as reduced the extent of apoptosis. Therefore, anti-
apoptotic mechanisms induced by GH, most likely via induction of protective gene
expression appear to ultimately improve overall neurological outcomes in this model of
SDB.

Conclusion
Dysregulation of recruitment of GH and associated downstream protective pathways
underlies components of hippocampal injury and dysfunction following exposures to the
episodic hypoxia during sleep. Furthermore, exogenous GH therapy promotes enhanced
expression of protective genes, thereby reducing IH-induced neuronal injury in hippocampus
and neurobehavioral deficits. GH-based interventions may provide the basis for potential
clinical therapeutic interventions aimed at palliating SDB-associated end-organ morbidity.

Highlights

Intermittent hypoxia that characterizes sleep-disordered breathing leads to neurocognitive
deficits.

Dysregulation of recruitment of GH and associated downstream protective pathways
occurs after intermittent hypoxia, but not sustained hypoxia.

Divergent GH pathways underlies components of hippocampal vulnerability and
ultimately injury and dysfunction following exposures to the episodic hypoxia.

Exogenous GH therapy promotes enhanced expression of protective genes, thereby
reducing IH-induced neuronal apoptosis in hippocampus and functional deficits.

GH-based interventions may provide the basis for potential clinical therapeutic
interventions aimed at palliating SDB-associated end-organ morbidity.

Abbreviations

CH chronic sustained hypoxia

CNS central nervous system
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EPO erythropoietin

GH growth hormone

GHR growth hormone receptor

Glut-1 glucose transporter-1

HO-1 heme oxygenase-1

IGF-1 insulin-like growth factor-1

IH intermittent hypoxia

RA room air

SDB Sleep disordered breathing

VEGF vascular endothelial growth factor
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Figure 1. Experimental scheme for hypoxia exposures and behavioral testing
A. Rats were assigned to the designated experimental profiles (IH, CH and RA) for 1, 3, 7
and 14 days. After completion of the respective exposures, rats were anesthetized with
pentobarbital (50 mg/kg), and brains were rapidly harvested. The hippocampal tissues were
dissected, snap frozen in liquid nitrogen and kept at −80°C. The collected tissue was
subjected to ELISA and qPCR analysis. B. After rats were exposed to either IH, CH or RA
for 1, 3, 7 and 14 days, rats were deeply anesthetized and perfused intracardially with
phosphate-buffered saline (pH 7.4) followed by 4% phosphate-buffered paraformaldehyde.
Serial cryosections (7 µm) were cut and stored at −20 °C. The hippocampal sections were
subjected to immunohistochemistry and in-situ PCR analysis. C. Rats were exposed to the
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designated experimental profiles (IH, CH and RA) for 7 days, after which animals
underwent water maze training and assessment for an additional 7 days, during which
exposures were continued till completion at day 14. D. Rats were exposed to IH or RA and
received daily s.c. injections of rhGH (50 µg/kg body weight, Genotropin, Pharmacia &
Upjohn, Kalamazoo, MI) or vehicle for 7 days, after which rats were sacrificed, and
hippocampal tissues were collected and subject to QPCR analyses. E. Rats were exposed to
IH or RA and received daily s.c. injections of rhGH (50 µg/kg body weight) or vehicle for 7
days, after which rats were deeply anesthetized and perfused intracardially with 4 %
phosphate-buffered paraformaldehyde. Serial cryosections (7 µm) were cut and stored at
−20 °C for immunohistochemistry analysis. F. Rats were exposed to IH or RA and received
daily s.c. injections of rhGH (50 µg/kg body weight) or vehicle for 7 days, and underwent
water maze training and assessment during that period.
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Figure 2. Effects of CH or IH exposures on GH mRNA and protein expression in the
hippocampus of rat
Rats were exposed to either CH or IH for 1, 3, 7 and 14 days (n=8/group). GH mRNA and
protein expression were assessed by quantitative real-time RT-PCR or ELISA, respectively.
GH mRNA expression was also examined by in-situ RT-PCR. A. Time course of GH
mRNA expression in rat hippocampal tissues. Data are expressed as a fold change of RA
(mean+SE). Real-time PCR analysis revealed that GH mRNA expression was significantly
increased after either CH or IH exposures as compared to GH mRNA expression under RA
conditions (*P<0.01 vs. RA, unpaired t tests). IH exposures induced lesser increases in GH
mRNA expression as compared with CH (#P<0.01 IH vs. CH, unpaired t tests). B. Time
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course of GH protein expression in hippocampal tissues. Data are expressed as fold change
of RA (mean+SE). GH protein expression was significantly increased after CH, but not after
IH exposures (*P<0.01 IH vs. RA, unpaired t tests). C. In-situ RT-PCR analysis for GH
mRNA in rat hippocampal sections after CH exposures. An intense positive staining for GH
mRNA was detected in hippocampal sections after CH exposures for 3 and 7 days as
compared to RA sections, as indicated by the arrow (Scale bar – 50 µ). D. Same as Figure
1C, but in higher magnification, as indicated by the arrow (Scale bar – 5 µm). E. In-situ RT-
PCR analysis for GH mRNA in rat hippocampal sections after IH exposures. A slightly
enhanced positive staining for GH mRNA was detected in IH sections at 3 and 7 days when
compared to RA sections as shown by the arrow (Scale bar – 50 µm)
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Figure 3. Effects of CH or IH exposure on GHR mRNA expression in the hippocampus of rat
Rats were exposed to either CH or IH for 1, 3, 7 and 14 days (n=8/group). GHR mRNA
expression was assessed by quantitative real-time RT-PCR. Data are expressed as a fold
change of RA (mean+SE). Real-time PCR analysis revealed that GHR mRNA expression
was significantly increased after exposure to CH when compared to RA exposures (*P<0.05
vs. RA, unpaired t tests); however, such increases were not observed following IH (P>0.05
vs. RA, #P<0.05 vs IH, unpaired t tests).
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Figure 4. Time course of EPO, VEGF, HO-1, IGF-1, and GLUT1 mRNA expression in rat
hippocampal tissue
Rats were exposed to either CH or IH for 1, 3, 7 and 14 days (n=8/group). mRNA
expression of EPO, VEGF, HO-1, IGF-1, and GLUT-1 was assessed by quantitative real-
time RT-PCR. Data are expressed as a fold change of RA (mean+SE). Real-time PCR
analyses revealed that CH induced significant increases in hippocampal expression of EPO
(Figure 3A), VEGF (Figure 3B), HO-1(Figure 3C), and IGF-1 (Figure 3D) mRNA at all-
time points when compared to RA (*P<0.01 vs. RA, #P<0.05 vs. CH, unpaired t tests).
However, CH did not change GLUT1 mRNA expression (Figure 3D, P>0.05 vs. RA,
unpaired t tests). IH induced a slight increase in EPO mRNA expression at day 1 (*P<0.05
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vs. RA, #P<0.05 vs.CH, unpaired t tests) but not thereafter. IH did not change VEGF, HO-1,
IGF-1, and GLUT1 gene expression in hippocampal tissues (P>0.05 vs. RA, unpaired t
tests).
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Figure 5. Effects of CH or IH exposures on water maze performance in rats exposed to either
CH or IH for 14 days (n=24/group)
Panels (A) and (B) show mean pathlengths and latencies to locate the target platform during
place training in IH and CH exposed rats. Each block represent a total of 4 consecutive
trials. RA1 and RA2 (n=24/group) were exposed to normoxic conditions concomitantly with
IH and CH, respectively. (see text for more details; IH vs. CH or RA, P<0.001, ANOVA).
Panel C shows the mean percentage time that rats spend on target quadrant after completion
of training (n=24/group, IH vs. CH or RA1 or RA2: P<0.001; ANOVA).
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Figure 6. Effects of exogenous GH administration on IGF-1 mRNA expression in rat
hippocampal tissues
Rats received daily GH or vehicle injections for 7 days and were concomitantly exposed to
either IH or RA (n=8/group). IGF-1 mRNA expression was assessed by quantitative real-
time RT-PCR. Data are expressed as a fold change of RA-vehicle (mean+SE). GH
administration induced significant increases in IGF-1 mRNA expression in both RA-GH and
IH-GH conditions when compared to RA-vehicle or IH-vehicle groups (*P<0.01 vs.
Vehicle, unpaired t tests). Furthermore, IGF-1 mRNA expression in IH-GH group was
significant higher than that in RA-GH group (#P<0.05 vs. RA-GH, unpaired t tests).
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Figure 7. Effects of GH on EPO, VEGF, HO-1 and GLUT1 mRNA expression in rat
hippocampal tissues
Rats received daily GH or vehicle injections and were exposed to either IH or RA for 7 days
(n=8/group). GH administration induced significant increases in EPO (Figure 6A) and
VEGF (Figure 6B) gene expression, but not in HO-1(Figure 6C) or GLUT1 (Figure 6D) in
both of RA-GH and IH-GH groups as compared to RA-vehicle or IH-vehicle groups
(*P<0.01 vs. Vehicle, unpaired t tests). EPO and VEGF mRNA expression in IH-GH
treatment group were significantly higher than after RA-GH treatment (#P<0.05 vs. RA-GH,
unpaired t tests).
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Figure 8. Effects of GH on cleaved caspase 3 expression in rat hippocampus
Rats received daily GH or vehicle injections and were exposed to either IH for 7 days (n=8/
group). Cleaved caspase 3 expression was assessed by immunohistochemistry in
hippocampal sections. For all images, the left panel shows a lower magnification (Scale bar
– 50 µ), and the right panel shows a higher magnification of a representative section (Scale
bar – 5 µ). Bottom panel shows average counts of cleaved caspase 3 positively labeled cells
for each of the 4 experimental conditions (n=10 sections/animal and 5 rats/condition).
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Figure 9. Effects of GH treatment on water maze performance in rats
Mean swim distances (cm) (panel A) and latencies (panel B) to locate the target platform
during place training in rats exposed to 7 days of IH (IH; open symbols) or RA (RA; filled
symbols), receiving either vehicle (RA; square symbols) or GH treatments (circle symbols).
(n=16/treatment group; *P<0.001 ANOVA). Data are expressed in cm (mean±SE; n= 16;
*P<0.01 vs. RA controls, #P<0.01 vs. IH-GH, ANOVA).
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