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Abstract
Intermittent hypoxia (IH) during sleep, such as occurs in obstructive sleep apnea (OSA), leads to
degenerative changes in the hippocampus, and is associated with spatial learning deficits in adult
mice. In both patients and murine models of OSA, the disease is associated with suppression of
growth hormone (GH) secretion, which is actively involved in the growth, development and
function of the central nervous system (CNS). Recent work showed that exogenous GH therapy
attenuated neurocognitive deficits elicited by IH during sleep in rats. Here we show that
administration of the Growth Hormone Releasing Hormone (GHRH) agonist JI-34 attenuates IH-
induced neurocognitive deficits, anxiety, and depression in mice along with reduction in oxidative
stress markers such as MDA and 8-OHDG, and increases in HIF-1α DNA binding and up-
regulation of IGF-1 and erythropoietin expression. In contrast, treatment with a GHRH antagonist
(MIA-602) during intermittent hypoxia did not affect any of the IH-induced deleterious effects in
mice. Thus, exogenous GHRH administered as the formulation of a GHRH agonist may provide a
viable therapeutic intervention to protect IH-vulnerable brain regions from OSA-associated
neurocognitive dysfunction.
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Introduction
Obstructive sleep apnea (OSA) is a highly prevalent condition characterized by repeated
episodes of intermittent hypoxia (IH) and hypercapnia during sleep, sleep fragmentation
(SF) and increased intrathoracic pressure swings (Dempsey et al. 2010). Among the vast
spectrum of morbidities associated with OSA, neurocognitive deficits, anxiety and
depression have emerged as prominent consequences of the disease (Beebe & Gozal 2002,
Jackson et al. 2011). Development of rodent models mimicking components of OSA have
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yielded important insights into the mechanistic pathways underlying neural injury in the
context of IH and SF, and have particularly pointed out the critical role of oxidative stress
and inflammation-mediated neural injury in this context (Nair et al. 2011b, Nair et al.
2011a). Earlier studies from our laboratory indicated that exogenous growth hormone (GH)
administration was anti-apoptotic and neuroprotective in the context of IH-induced neuronal
injury, and that physical activity-associated neuroprotective effects during IH were
mediated, at least in part, by endogenous increases in neuronal expression of IGF-1 (Li et al.
2011, Gozal et al. 2001, Gozal et al. 2010). However, the possibility that growth hormone-
releasing hormone (GHRH) may also be neuroprotective was not explored.

GHRH is secreted by the hypothalamus and regulates the release of GH from the anterior
pituitary gland. However, GHRH receptors are expressed in cortex and hippocampus and
multiple other CNS sites (Muccioli et al. 1998). Furthermore, GHRH plays integral roles in
the regulation of sleep, particularly deep restorative non-rapid eye movement sleep
(NREM), and exerts its effects in both a systemic and localized fashion (Obal & Krueger
2004, Liao et al. 2010), and changes in GHRH regulation and expression are observed in a
rodent model of OSA (Tarasiuk et al. 2011). More recently, studies have implicated a
potential role for GHRH in mechanisms of declarative memory and mood regulation
(Hallschmid et al. 2011, Telegdy & Schally 2012a, Telegdy & Schally 2012b, Telegdy et al.
2011), suggesting that GHRH may play a role in the cognitive, mood and behavioral
consequences of sleep-disordered breathing. Furthermore, GHRH-related compounds appear
to have anti-oxidant properties as well (Banks et al. 2010), such that modulation of free
radicals in brain could underlie some of the beneficial effects previously attributed to GH in
OSA rodent models (Li et al. 2011). We therefore undertook the present study to examine
whether systemic administration of a long-acting and potent GHRH agonist (JI-34) and a
new GHRH antagonist (MIA 602) would alter the effects of IH during sleep on spatial
learning and depression.

Materials and Methods
Animals

Male mice C57BL/6J mice Stock No. 000664 (20–22 grams) were purchased from Jackson
Laboratories (Bar Harbor, Maine), housed in a 12 hr light/dark cycle (lights on from 7:00 am
to 7:00 pm) at a constant temperature (26 ±1°C). Mice were housed in groups of four in a
standard clear polycarbonate cages, and were allowed access to food and water ad libitum.
All behavioral experiments were performed during the light period. Mice were randomly
assigned to either IH or room air (RA) exposures. The experimental protocols were
approved by the Institutional Animal Use and Care Committee and are in close agreement
with the National Institutes of Health Guide in the Care and Use of Animals and with the
ARRIVE Guidelines (http://www.nc3rs.org.uk/page.asp?id=1357). All efforts were made to
minimize animal suffering and to reducethe number of animals used.

Intermittent Hypoxia Exposures
Animals were maintained in 4 identical commercially-designed chambers (30″×20″×20″;
Oxycycler model A44XO, BioSpherix, Redfield, NY) operated under a 12 hour light-dark
cycle (7:00 am-7:00 pm) for 14 days prior to behavioral testing, which required an
additional 7 days during which IH-exposures were continued. Oxygen concentration was
continuously measured by an O2 analyzer, and was changed by a computerized system
controlling gas outlets, as previously described (Gozal et al, 2001; Nair et al.,, 2011;
Kaushal et al, 2012), such as to generate oxyhemoglobin nadir values (SaO2) in the 65–72%
range alternating every 180 seconds with normoxia (SaO2>95%). In addition, time-matched
normoxic exposures (RA) were conducted. Ambient temperature was kept at 24–26°C.
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Preparation of the drugs and treatments
GHRH analog (JI-34) and GHRH antagonist (MIA 602) were synthesized in the laboratory
of one of us (AVS) (Izdebski et al. 1995, Klukovits et al. 2012) and were dissolved in 0.1%
DMSO in 10% aqueous propylene glycol solution (vehicle solution). Each dose of the
agonist or antagonist was contained in 0.1 ml vehicle solution and stored at 4° C. As control,
0.1 ml of 0.1% DMSO in 10% aqueous propylene glycol solution was used (Veh). GHRH
Analog: Mice exposed to either IH or RA received daily s.c. injections of the JI-34 or Veh at
a dosage of 50 mg/kg body weight for 21days. Mice were randomly assigned to one of four
experimental groups (n=12/ experimental group) consisting of: (i) RA exposure and Veh
injection; (ii) RA exposure and JI-34; (iii) IH exposure and Veh; (iv) IH exposure and JI-34.
All daily injections were administered at 7:00 AM. GHRH Antagonist: The GHRH
antagonist MIA-602 was administered using an identical approach and dosage as with the
GHRH agonist.

Behavioral Testing
The Morris water maze was used to assess spatial reference learning and memory as
previously described (Xu et al., 2004). The maze protocol is similar to that described by
Morris (1984) with modifications for mice. The maze system included a white circular pool,
1.4m in diameter and 0.6m in height, filled to a level of 35cm with water maintained at a
temperature of 21°C (Morris 1984). The transparency of the pool water was abolished by
addition of 150 ml of non-toxic white tempera paint. An escape platform (10 cm in
diameter) made of Plexiglas was positioned 1 cm below the water surface and located at
various locations throughout the pool. Extramaze cues surrounding the maze were placed at
fixed locations in the surrounding curtains, and visible to the mice while these were in the
maze. Maze performance was recorded by a video camera suspended above the maze that
was interfaced with a video tracking system (HVS Imaging, Hampton, UK).

Briefly, a standard place-training reference memory task was conducted on mice in the
water maze following exposure to 14 days of RA or IH. One day prior to place learning,
mice were habituated to the water maze by allowing them to freely swim for several
minutes. Place learning was then assessed over six consecutive days using a spaced training
regimen that has been demonstrated to produce optimal learning in mice (Gerlai & Clayton
1999). Each training session consisted of three trials separated by a 10 minute inter-trial
interval (ITI). On a given daily session, each mouse was placed into the pool from 1 of 4
quasirandom start points (N, S, E or W) and allowed a maximum of 90 seconds to escape to
the platform where the mice were allowed to stay for 15 sec. Mice that failed to escape were
led to the platform. The position of the platform was kept constant during the trials. 24 h
following the final training session, the platform was removed for a probe trial to obtain
measures of spatial bias. To assess the performance in the water maze, mean escape
latencies and swim distance were analyzed.

Forced swimming test (FST)
Briefly, mice were individually forced to swim in an open cylindrical container (diameter 14
cm, height 20 cm), with a depth of 15 cm of water at 25 ± 1 °C. The immobility time,
defined as the absence of escape-oriented behaviors, was scored during 6 min, as previously
described (Eckeli et al. 2000, Nair et al. 2011a, Zomkowski et al. 2005). Each mouse was
judged to be immobile when it ceased struggling, and remained floating motionless in the
water, making only those movements necessary to keep its head above water. The average
percentage immobility was calculated by a blinded experimenter.
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Lipid Peroxidation Assay
To assess lipid peroxidation in brain tissue samples, we used commercially available kits
(cat# MDA-586 kits; OxisResearch, Portland OR) that allow for assessment of the relative
malondialdehyde (MDA) production, a commonly used indicator of lipid peroxidation using
the manufacturer’s instructions. Briefly and as previously described (Nair et al., 2011a),
anesthesia with pentobarbital (50 mg/kg intraperitoneally) was administered, after which,
mice were perfused with 0.9% saline buffer for 5 minutes and the cortex was dissected, snap
frozen in liquid nitrogen, and stored at −80°C until assay the following day. Cortical tissues
were homogenized in 20 mM phosphate buffer (pH 7.4) containing 0.5 mM butylated
hydroxytoluene to prevent sample oxidation. After protein concentration measurements,
equalamounts of proteins (2.0–2.5 mg protein from each sample) were used in triplicate to
enable the reaction with the chromogenic reagents at 45°C in 500 μL buffer for 1 to 2 hours.
The samples were then centrifuged and clear supernatants were measured at 586 nm. The
level of MDA production was then calculated with the standard curve obtained from the kit.

8-hydroxydeoxyguanosine (8-OHDG) Tissue Levels
To assess levels of 8-OHDG in harvested hippocampal samples, a commercially available
assay was employed (Cell Biolabs, San Diego, CA), as previously described (Nair et al.,
2011a). In brief, samples or 8-OHDG standards were first added to an 8-OHDG/BSA
conjugate pre-absorbed enzyme immunoassay plate. After a short incubation period, an anti–
8-OHDG mAb was added to the plates, followed by an horseradish peroxidase-conjugated
secondary antibody. The 8-OHDG content in the tissue samples was then determined by
comparison with the 8-OHDG standard curves as directed by the manufacturer’s
instructions.

HIF-1α Assay
Nuclear extracts were isolated from harvested hippocampal and cortical samples and
subjected to a commercially available HIF-1α Assay (Cayman Chemical; cat #10006910)
using manufacturer’s instructions. This assay is a non-radioactive, sensitive method for
detecting specific transcription factor DNA binding activity in nuclear extracts and whole
cell lysates. The 96-well enzyme-linked immunosorbent assay (ELISA) format employs a
specific double stranded DNA (dsDNA) consensus sequence containing the HIF-1α
response element that is immobilized to the wells of 96-well plates. HIF-1α contained in the
tissue lysates will then bind specifically to the HIF-1α response element. The HIF-1α
transcription factor complex is detected by addition of a specific primary antibody directed
against HIF-1α. A secondary antibody conjugated to HRP is then added to provide a
sensitive colorimetric readout at 450 nm. To standardize the assay across experiments, we
used hippocampal extracts obtained from 2 mice exposed to sustained hypoxia (6.5%
oxygen) for 6 hours, and all results were expressed as ratios with the mean 450 nm
absorbance readings of these samples as the denominator.

Quantitative PCR
Since both IGF-1 and erythropoietin (EPO) exert neuroprotective effects in the context of IH
(Li et al. 2011, Dayyat et al. 2012), we examined the effect of treatment with GHRH-related
compounds on the expression of these 2 genes of interest. 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
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probes for IGF-1 (5′-AGAAGGTGCTGTTGAGTAA and 3′-
AACTAGAAGTCAGAAGTGTCA) and EPO (5′-GGTACTGGGAGCTCAGAAGG and
3′-TGGGGAAACCCCCATGAGATC) 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 interest and
housekeeping gene (β-actin) were included in each reaction. Real-time PCR results were
analyzed using MX4000 software (Stratagene, La Jolla, CA).

Data Analysis
To elucidate the nature of interactions between IH and RA conditions and treatment effects,
either two-way repeated measures ANOVA or MANOVA were employed to analyze each
trial block, and then followed by post-hoc Tukey tests. Similar statistical approaches were
used to compare probe trials, reference memory tests, and the FST. In all the experimental
conditions, the data were partitioned into 6 blocks (containing 3 trials/day). We used a
multivariate MANOVA model (SPSS software 17; Chicago) that included latency,
pathlength and swim speed and two between factors: (1) Groups (four levels): RA Veh, IH
Veh, RA J1-34, and IH J1-34 compound (2) Condition (two levels): RA or IH. All F
statistics are reported using Pillai’s Trace. The interaction of three different factors, i.e.,
time, condition and group were determined using this mixed model repeated measures
MANOVA. Similar statistics were conducted on all groups for GHRH antagonist MIA 602
studies. For all comparisons, a p value <0.05 was considered to achieve statistical
significance.

Results
Spatial Learning Performance

GHRH Analog – JI-34—On the standard place discrimination task, wild type mice
exposed to 21 days of IH (IH-Veh) exhibited longer latencies and path lengths to locate the
hidden platform when compared to either controls (RA-JI-34, RA-Veh ) or to IH-JI-34 mice
exposed to 21 days IH ( n=12 per experimental condition; Figures 1A and B). Overall
latency analysis for the entire trial blocks revealed significant changes between the different
treatment groups, [F= 26.744; p<0.001] and pathlength, [F=25.413; p<0.001] indicating that
IH adversely affected task performance. Significant differences in latencies were observed
during blocks 1 [F=30.819; p<0.001], 2 [F= 6.204; p<0.003], 3 [F= 10.575; p<0.001], 4
[F=3.124; p<0.045], 5 [F=7.720; p<0.001] and 6 [F=14.898; p<0.001] (Figure 1A).
Repeated measures ANOVA revealed significant differences in path lengths during blocks 1
[F=9.310; p<0.001], 2 [F=52.397; p<0.001], 3 [F=13.264; p<0.001], 4 [F=9.649; p<0.001],
5 [F=6.885; p<0.002] and 6 [F=23.318; p<0.001] (Figure 1B). In the probe-trial test, one-
way ANOVA revealed a significant effect of treatment [IH vs. RA: F=14.833; p<0.001].
The magnitude of impairment was present only in IH Vehicle treated mice (Figure 2A).

Repeated measures MANOVA with latency, groups and conditions [F(56,12) = 4.812; p<
0.0001]; revealed that IH-JI-34, RA-JI-34 and RA-Veh mice required significantly less time
than IH-Veh to find the hidden platform in a Morris water maze (Figure 1A); Repeated
measures MANOVA with pathlength, groups and conditions [F(56,12) = 14.771; p< 0.0001];
indicated that as the training progressed the IH-JI-34, RA-JI-34 and RA-Veh mice could
reach the hidden platform and covered the shortest distance when compared to the distance
covered by IH-Veh treated mice (Figure 1B). Thus, JI-34 treatment in the context of IH
exposures was associated with preservation of spatial learning performance while vehicle
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treatment during IH demonstrated the anticipated deficits in the acquisition and retention of
the spatial task.

GHRH Antagonist – MIA 602—Treatment with MIA 602 showed a significant difference
in latency on block 2 [F=6.00; p<0.002] and block 3 [F=6.0652; p<0.001] (Fig. 1C).
However, only block 3 [F=3.213; p<0.035] showed a significant difference in pathlength
(Fig 1D). In the probe-trial test, one-way ANOVA revealed a significant effect of treatment
[IH vs. RA: F=12.0508; p<0.001]. The magnitude of impairment was present in all IH-
exposed groups of mice (Figure 2C). Thus, MIA602 adversely affected spatial task
acquisition and retention in normoxic conditions but did not exhibit a deleterious effect that
was incremental to that induced by IH exposures. Furthermore, 2-way ANOVA followed by
post-hoc tests revealed that the improvements associated with JI-34 treatment in IH-exposed
mice markedly differed from the effects of MIA-602 in similarly treated mice (F=11.354;
p<0.001).

Forced Swim Test
IH-Veh mice had significantly higher immobility durations during the last 4 min of the FST
[F=7.614; p<0.004] when compared to all other treatment groups, including IH-J1-34
(Figure 2B). Similarly, IH-Veh mice in the antagonist group also had significantly higher
immobility durations during the last 4 min of the FST [F=4.765; p<0.016] when compared
to all other treatment groups. Further, IH-MIA 602 treatment also showed significantly
higher immobility (Figure 2D).

Lipid Peroxidation—After the behavioral experiments, cortical tissues and hippocampus
were harvested and processed for assessment of lipid peroxidation as indicated by MDA
levels. Figure 3 shows MDA concentrations in cortical and hippocampal tissue homogenates
from all treatment groups (Fig. 3 A and C). A significant increase in MDA levels was
observed in IH-Veh and IH-MIA602 mice both in the cortex [F=15.787; p<0.001] and
hippocampus [F=22.979; p<0.001], when compared to RA-Veh. In contrast, no increases in
MDA levels occurred in IH-JI-34 treated mice (Figure 3).

8-OHDG Levels—Figure 3 shows 8-OHdG concentrations in cortical and hippocampal
tissue homogenates from all treatment groups (Fig. 3B and D). A significant increase in 8-
OHdG levels was observed in IH-Veh and IH-MIA602 mice both in the cortex [F=15.361;
p<0.001] and hippocampus [F=14.674; p<0.001], when compared to RA-Veh, but such
increases were absent in IH-JI-34 treated mice (Figure 3).

HIF-1α Assay—HIF-1α binding activity was similar between RA-Veh and IH-Veh mice
(Figure 4). However, significant increases in HIF-1α binding activity occurred in RA-JI-34
exposed mice and IH-JI34 mice both in the cortex [n=6/group; p<0.01] and hippocampus
[n=5/group; p<0.001], when compared to RA-Veh or IH-Veh. In contrast, no increases in
HIF-1α binding activity levels occurred in MIA602-treated mice (Figure 4).

IGF-1 and EPO mRNA Expression—Long-term IH exposures induced significant
decreases in EPO and IGF-1 mRNA expression (p <0.05 vs. RA). However, GHRH analog
J1-34 treatment significantly increased both the expression of EPO [F=10.883; p<0.005]
(Fig 5 A) and mRNA for IGF-1 [F=5.625; p<0.030] (Fig. 4B). In contrast, treatment with
GHRH antagonist MIA 602 was not associated with any significant differences compared to
vehicle treated mice (Figure 5).
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Discussion
In this study, treatment with a GHRH analog (JI-34) during IH exposures mimicking OSA
was accompanied by significant attenuation of neurocognitive deficits and depression, the
latter being assessed by the forced swim test. Conversely, we found no evidence for further
deterioration in any of the outcome measures when the GHRH antagonist MIA602 was
administered during IH exposures, even if adverse effects were detected in normoxic mice
treated with MIA602. Furthermore, JI-34 administration led to decreases in oxidative stress
markers, such as MDA and 8-OHDG, as well as increased gene expression of 2 recognized
endogenous cellular survival pathways, namely IGF-1 and EPO, suggesting that exogenous
GHRH analog administration may serve as an effective therapeutic intervention aiming to
mitigate the extent and severity of OSA-associated cognitive dysfunction. These results
suggest that peripheral GHRH administration stimulated either directly through GHRH
receptor binding or by alternatively inducing a downstream response to increase cellular GH
and downstream pathways in the brain that may ameliorate the hypoxia-induced injury of
OSA.

Before we address the potential significance of our findings, some technical and
methodological issues deserve comment. First, IH exposures do not constitute the full
complement of OSA-associated physiological disturbances, but rather serve as a corollary to
one of its major characteristics, namely the recurring nature of hypoxia and re-oxygenation
cycles that are characteristically present in the vast majority of patients. In addition, IH
exposures do induce some degree of sleep perturbation, particularly centered around
fragmentation of sleep (Polotsky et al. 2006, Kaushal et al. 2012), even though the pattern of
such sleep disruption is not as prominent as in OSA itself, most likely due to the absence of
concomitant hypercapnia and chest wall afferent inputs induced by increased respiratory
efforts during airway occlusion (Szollosi et al. 2004, Calero et al. 2006, Buchanan &
Richerson 2010, Wilcox et al. 1990). It is likely that the interactions between IH alone and
IH-associated sleep perturbations may lead to reduced harnessing of GHRH synthesis and
bioavailability in regions such as the hippocampus and cortex, thereby increasing their
susceptibility to injury. In summary, our results show that exogenous administration of the
GHRH analog J1-34 during the course of IH exposures attenuates behavioral impairments
associated with IH and decreases oxidative stress markers (i.e., MDA and 8-OHDG),
indicating that the GHRH analog J1-34 confers neuronal protection against IH-induced
oxidative stress. Indeed, GHRH appears to play a significant role in the regulation of sleep,
particularly NREM sleep (Obal & Krueger 2004, Szentirmai et al. 2007, Liao et al. 2010),
such that the alterations in sleep architecture induced by IH could be mediated, at least in
part, by IH-induced reductions in GHRH gene transcription and bioavailability. The
mechanisms underlying the putative effects on GHRH and potentially other downstream
related peptides (i.e., GH and IGF-1) remain unknown. Preliminary evidence using GHRH
antagonists would suggest the presence of reciprocal interactions between hypoxia-inducible
factor-1α (HIF-1α) and GHRH (Munoz-Moreno et al. 2012). Since HIF-1α is an important
transcriptional regulator of both IGF-1 and EPO in CNS (Acker & Acker 2004, Freeman &
Barone 2005), it is possible that the relatively reduced recruitment of HIF-1α during chronic
IH exposures may result in a disproportionately lower expression of neuroprotective
elements, such as IGF-1, and EPO (Dayyat et al. 2012), and that exogenous administration
of GHRH agonists may restore the desirable protective effects of these genes. Furthermore,
our data also show that the GHRH antagonist MIA602 reduces cognitive performance in
room air-exposed control animals. It is possible that GHRH-related pathways may play an
intrinsic role in maintenance of specific aspects of cognition, and the present observation
should prompt further study in this direction. However, when IH exposures were added,
MIA602 did not induce any further discernible deleterious effects on performance in the
water maze. One thing that needs to be taken into account is that the treatment for IH was
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for 21 days, a period during which most of the adverse effects of IH have already taken
place. Evidence supporting such possibility derives from previous studies in aging, whereby
class II G protein-coupled receptors, which play major roles in regulating the function and
plasticity of neuronal circuits in CNS, can be activated by GHRH, and increase the
resistance of neuronal cells to oxidative, metabolic, and excitotoxic injury (Thornton et al.
2000, Martin et al. 2005). To further confirm the potential beneficial effect of a GHRH
agonist in IH-induced cognitive impairments, we sought to explore whether JI-34 modified
any of the previously identified markers of either injury or protection. We found that
animals treated daily with the GHRH agonist while undergoing IH exposures exhibited not
only attenuated increases in oxidative stress markers, but also displayed increased IGF-1
mRNA and EPO mRNA expression in the hippocampus, suggesting that the somatotropic
axis in the brain was effectively activated by exogenous subcutaneous administration of an
agonist of GHRH. Some of these findings appear to be in contradiction with previously
published work on IH and HIF-1α expression, which most likely represent differences in
HIF-1α regulation in different tissues or when using different IH profiles (Belaidi et al.,
2009; Nanduri et al, 2008, Yuan et al, 2008, 2011). Indeed, our previous study (Dayyat et al,
2012) and the study by Aviles-Reyes et al (2010) clearly showed that long-term exposures to
IH are associated with initial increases in HIF-1α transcriptional activity, but are followed
by progressive reductions of such activity to baseline normoxic levels despite ongoing IH
exposures. We now show that administration of the GHRH analog JI-34, but not the GHRH
antagonist MIA602, elicited increases in HIF-1α DNA binding activity in hippocampus and
cortex, in addition to increased expression of the HIF-1α target genes EPO and IGF-1.
Secondly, our behavioral phenotype reporter assays explored only selective aspects of
cognition, i.e., spatial task acquisition and retention using the Morris water maze, and of
mood, i.e., forced swim test. It is possible that different aspects of cognition and behavioral
functioning may be differentially modulated by OSA-associated perturbations, and that
GHRH-related cognitive and behavioral effects may differ under normal conditions and
conditions such as IH during sleep (Telegdy & Schally 2012a, Telegdy et al. 2011, Telegdy
& Schally 2012b). Indeed, the dual beneficial cognitive and mood effects of both GHRH
antagonists (Telegdy et al. 2011, Klukovits et al. 2012), and of agonists (Vitiello et al. 2006)
may reflect the divergent interactions of these compounds on the endogenous regulation of
the somatotropic axis and IH-effects. The GHRH analogs can cross the blood brain barrier
(BBB) (Jaeger et al. 2005) and exert their effects in CNS, or whether such effects are due to
modulation of alternative peripheral mechanisms. Peptides such as GHRH can cross the
BBB (Dogrukol-Ak et al. 2004), and previously reported effects of GHRH-related
compounds on several neurotransmitters would suggest that the beneficial effects of JI-34
were likely centrally mediated.

Of note, IH and SF are both associated with increased oxidative stress, the magnitude of
which is a critical determinant of end-organ injury in general, and CNS dysfunction in
particular (Row et al. 2003, Shan et al. 2007, Xu et al. 2004, Row et al. 2007, Douglas et al.
2010, Nair et al. 2011a). GHRH has been postulated to modulate oxidative stress in specific
cancer lines, as well as other settings (Barabutis & Schally 2008, Banks et al. 2010, Wang et
al. 2012), such that the beneficial effects of JI-34 in our IH-exposure murine model could be
ascribable to the attenuation of free radical-induced neuronal injury. A substantial
component of the neuroprotective effect conferred by the administration of the GHRH
analog JI-34 may be due to the downstream effects of this compound on GH-IGF-1
dependent cellular pro-survival pathways. This possibility was suggested by the increased
expression of IGF-1 after treatment with JI-34, and further confirmation of this possibility
will require further study, particularly considering the previously reported favorable effects
of exogenous GH treatment in rodent OSA models (Li et al. 2011). Notably, the beneficial
effects of GHRH agonists on hypoxia-induced phenomena are in agreement with their
effects on pancreatic β-islet survival (Ludwig et al. 2010, Ludwig et al. 2012). A recent
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study from our lab further supports the concept that exogenous administration of
recombinant human EPO will attenuate IH-induced NADPH oxidase mediated hippocampal
oxidative stress injury and cognitive and behavioral deficits (Dayyat et al. 2012), indicating
the protective effects of GHRH analog JI-34 may be via the EPO pathway.

In summary, treatment with a selective GHRH agonist reduced markers of oxidative stress
in the cortex and hippocampus, promoted enhanced expression of the neuroprotective genes
IGF-1 and EPO, and markedly attenuated IH-induced cognitive and behavioral deficits.
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Figure 1.
Treatment with the GHRH agonist JI-34 prevents IH-induced adverse effects on acquisition
of a hippocampal spatial task in the water maze in mice. Administration of the GHRH
antagonist MIA-602 adversely affects spatial task learning in normoxic mice but is not
additively deleterious to IH. (A, B) Mean pathlengths (cm) and latencies (seconds) to locate
the target platform during spatial task acquisition during treatment with either J1-34 or
vehicle, in mice exposed to either RA or intermittent hypoxia (IH). Data are mean ± SEM.
(*IH-VEH vs. RA-VEH, p <0.05; One-way ANOVA). (C, D) Mean pathlengths (cm) and
latencies (seconds) to locate the target platform during spatial task acquisition treatment
with either MIA-602 or vehicle in mice exposed to either normoxia or intermittent hypoxia.
Data are mean ± SEM. (*IH-VEH and IH-MIA 602 vs. RA-VEH, p <0.05; One-way
ANOVA).
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Figure 2.
Treatment with the GHRH agonist JI-34 prevents IH-induced adverse effects on retention of
a hippocampal spatial task in the water maze and the deleterious effects of IH on forced
swim test in mice. Administration of the GHRH antagonist MIA-602 adversely affects
spatial task retention and forced swim performance in normoxic mice but is not additively
deleterious to IH. Mean percentage time in the target quadrant during probe trials after
completion of water maze testing in mice treated with either J1-34 (A) and Mice exposed to
intermittent hypoxia and treatment with J1-34 (B) Data are mean ± SEM. (*IH-VEH vs.
RA-VEH, p <0.05; One-way ANOVA).
Mean percentage time in the target quadrant during probe trials after completion of water
maze testing in mice treated MIA-602 (C) during intermittent hypoxia and mice exposed to
intermittent hypoxia and treatment with MIA 602 (D) during the forced swim test. Data are
mean ± SEM. (*IH-VEH and IH-MIA 602 vs. RA-VEH, p <0.05; One-way ANOVA).
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Figure 3.
Lipid peroxidation and oxidative DNA damage levels in cortex and hippocampus of mice
exposed to IH and treated with either J1-34 or MIA-602. Data are mean ± SEM. (*IH-VEH
and IH-MIA 602 vs. RA-VEH, p <0.05; One-way ANOVA).
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Figure 4.
Effects of exogenous administration of J1-34 and MIA-602 on HIF-1α DNA binding. Data
are mean ± SEM. (*IH-JI34 or RA-JI34 vs. IH-VEH, RA-MIA602, and IH-MIA602, n=5–6/
group; p <0.01; One-way ANOVA). All results are expressed as ratios of hippocampal (left
panel) or cortical (right panel) samples obtained from 2 mice exposed to sustained hypoxia
for 6 hours.
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Figure 5.
Effects of exogenous administration J1-34 and MIA-602 on EPO (A) and IGF-1 (B) mRNA
expression. EPO and IGF-1 mRNA expression was assessed by quantitative real-time RT-
PCR. J1-34 administration induced significant increases in IGF-1 mRNA and EPO
expression during exposures to IH. Data are mean ± SEM. (*IH-VEH and IH-JI34 vs. RA-
VEH, p <0.01; One-way ANOVA).

Nair et al. Page 16

J Neurochem. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


