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Abstract

Obstructive sleep apnea (OSA), a chronic sleep disorder characterized by repetitive reduction or
cessation of airflow during sleep, is widely prevalent and is associated with adverse neurocognitive
sequelae including increased risk of Alzheimer’s disease (AD). In humans, OSA is more common
in elderly males. OSA is characterized by sleep fragmentation and chronic intermittent hypoxia
(CIH) and recent epidemiological studies point to CIH as the best predictor of neurocognitive
sequelae associated with OSA. The sex- and age- specific effects of OSA-associated CIH on
specific cell populations such as -y-aminobutyric acid (GABA)-ergic neurons in the hippocampus
and the medial prefrontal cortex (mPFC), regions important for cognitive function, remain largely
unknown. The present study examined the effect of 35 days of either moderate (10% oxygen) or
severe (5% oxygen) CIH on GABAergic neurons in the mPFC and hippocampus of young and
aged male and female mice as well as post-accelerated ovarian failure (AOF) female mice. In the
mPFC and hippocampus, the number of GABA-labeled neurons increased in aged and young
severe CIH males compared to controls but not in young moderate CIH males. This change was
not representative of the individual GABAergic cell subpopulations, as the number of
parvalbumin-labeled neurons decreased while the number of somatostatin-labeled neurons
increased in the hippocampus of severe CIH young males only. In all female groups, the number
of GABA-labeled cells was not different between CIH and controls. However, in the mPFC, CIH
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increased the number of parvalbumin-labeled neurons in young females and the number of
somatostatin-labeled cells in AOF females but decreased the number of somatostatin-labeled cells
in aged females. In the hippocampus, CIH decreased the number of somatostatin-labeled neurons
in young females. CIH decreased the density of vesicular GABA transporter in the mPFC of AOF
females only. These findings suggest sex-specific changes in GABAergic neurons in the
hippocampus and mPFC with males showing an increase of this cell population as compared to
their female counterparts following CIH. Age at exposure and severity of CIH also differentially
affect the GABAergic cell population in mice.
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1. Introduction

Obstructive Sleep Apnea (OSA), a chronic sleep disorder affecting nearly 100 million
people worldwide, is characterized by repetitive reduction or cessation of airflow during
sleep due to an obstruction in the upper airway (Toth and Bhargava, 2013). The condition
can be classified as mild, moderate, or severe depending on the degree of blood oxygen
deprivation (Boland et al., 2002). OSA is a risk factor to other serious diseases such as
diabetes mellitus, hypertension, cardiac arrhythmias, cognitive impairment, and Alzheimer’s
disease (AD) (Dempsey et al., 2010; Emamian et al., 2016; Motamedi et al., 2009; Toth and
Bhargava, 2013).

As hypoxia is the main symptom of OSA, induced chronic intermittent hypoxia (CIH) is a
common model used to study OSA in animals (Veasey, 2009). The CIH animal model
reproduces the frequent hypoxic cycles and oxygen desaturation seen in OSA in humans
(Fletcher, 2001). In particular, C57BL/6 mice show spontaneous apnea and irregular
breathing in response to acute hypoxia (Toth and Bhargava, 2013). Most CIH protocols
expose rodents to hypoxic conditions for 10-40 days (Sforza and Roche, 2016). Previous
studies showed that male mice exposed to CIH for 35 days developed hypertension
(Coleman et al., 2010; Jackman et al., 2014; Lessard et al., 2010). Also, 28 days of CIH
exposure has been shown to induce cognitive dysfunction (Gao et al., 2017) and AD-like
abnormally hyperphosphorylated tau (Yagishita et al., 2017) in rodents. Thus, CIH based
modeling of OSA in rodents provides an opportunity to study the detrimental consequences
of the long-term human condition most directly.

Using proton magnetic resonance spectroscopy (1H MRS), we recently found a decrease in
y-aminobutyric acid (GABA) in the medial prefrontal cortex (mPFC) of OSA patients,
substantiating the link between mPFC, GABA concentration and OSA (Pereira et al., 2017).
In rodent models, previous research has shown the effect of hypoxia on GABAergic neurons
of other brain regions (Anju et al., 2011; Pozdnyakova et al., 2011), establishing that oxygen
deficiency impacts the amount of GABA found in the brain. However, the effect of CIH on
the GABA neurons of the rodent mPFC is not yet known. The mPFC is a structure crucial to
executive function, a critical cognitive function (Vertes, 2004). Two major regions of the
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mPFC, the prelimbic (PL) and infralimbic (IL) cortices, are both involved in cognition; the
PL is associated with behavioral flexibility and the IL is implicated in impulsive behavior as
well as habit formation (van Aerde et al., 2008). In addition to mPFC deficits, patients with
OSA have cognitive impairment in episodic memory and visuospatial abilities (Kerner and
Roose, 2016; Kerner et al., 2017), functions which involve the hippocampus (Burton et al.,
2009; Churchwell and Kesner, 2011; Diana et al., 2010; Floresco et al., 1997; Hasselmo and
Eichenbaum, 2005; Kennedy and Shapiro, 2004; Kyd and Bilkey, 2003; Preston and
Eichenbaum, 2013). Moreover, hypoxia during development can also affect GABAergic
neurons in the hippocampus (Wang et al., 2011). Thus, whether CIH affects GABAergic
neurons in the hippocampus also is not completely known.

In contrast to their male counterparts, female rodents are less affected by hypoxia (Hinojosa-
Laborde and Mifflin, 2005; Sanfilippo-Cohn et al., 2006). Experiments examining CIH
exposure for eight weeks showed that male mice but not female mice developed disrupted
sleep and wake cycles (Sanfilippo-Cohn et al., 2006). In addition to neurobehavioral
differences, oxygen-deprived male rats have shown significant physiological changes such
as increase in heart rate, which was not observed in females (Hinojosa-Laborde and Mifflin,
2005). Sex differences with regards the effect of hypoxia on GABAergic neuronal counts in
the mPFC or hippocampus has not previously been elucidated.

The present study aims to examine the effects of sex, age, and severity of oxygen deprivation
on GABAergic neurons in the mPFC and hippocampus of CIH exposed mice. We examined
the counts of GABAergic neurons, GABAergic sub-populations, i.e., parvaloumin (PARV)
and somatostatin (SOM) neurons, and processes immunolabeled for vesicular GABA
transporter (vVGAT) in the brains of young and aged male mice as well as young, aged, and
post-accelerated ovarian failure (AOF) female mice following 35 days of either moderate
(10%) or severe (5%) CIH. We report the age- and sex-specific effects of moderate and
severe CIH on GABAergic neurons and sub-population counts.

2. Materials and Methods

2.1. Animals

All animal procedures were performed in accordance with National Institutes of Health
guidelines and approved by the Institutional Animal Care and Use Committee of Weill
Cornell Medicine. Experiments were performed on adult male and female C57BL/6 mice (2
months old at time of arrival; N = 39; Jackson Laboratory, Bar Harbor, ME) and aged adult
male and female C57BL/6 mice (18 months old at time of arrival; N=19; National Institute
on Aging, Bethesda, Maryland). Four to five mice were housed per cage and mice had
access to ad /ibitum food and water

2.2. AOF induction and Estrous Cycle Determination

To model hormonal levels seen in post-menopausal humans, female mice (50-55 days old; N
= 10) were injected with 130 mg/kg 4-vinylcyclohexane diepoxide (VCD) in sesame oil
intraperitoneally (i.p.) for 5 sequential days per week for 3 weeks to induce AOF, as
described previously (Marques-Lopes et al., 2017; Van Kempen et al., 2014). Control mice
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were injected with sesame oil alone. AOF mice were randomly assigned to CIH or control
groups. Mice were subjected to CIH (see below) 129 days following the initiation of the
VCD injection (~6.5 months old), at a post-AOF time point corresponding to ‘post-
menopause’ wherein mice have an acyclic, anestrous status, in which ovulation has ceased
(Van Kempen et al., 2014). Similar to human post-menopause, this time point is
characterized by undetectable levels of estrogen, decreased levels of progesterone as well as
elevated serum levels of follicle-stimulating hormone, luteinizing hormone and
androstenedione (Lohff et al., 2005; Mayer et al., 2004; Van Kempen et al., 2014; Van
Kempen et al., 2011). Vaginal smear cytology (Turner and Bagnara, 1971) and uterine
weight (collected at the end of the experiment) were used to assess estrous cycle stage.

2.3. Chronic Intermittent Hypoxia

A CIH system developed by Dr. George J. Delagrammatikas was used to create cyclic
hypoxia conditions, as previously described (Coleman et al., 2010; Jackman et al., 2014;
Lessard et al., 2010). Briefly, all mice were kept under conditions of 21% oxygen before
being separated into CIH and control groups. The gas distribution was controlled by an
automated gas delivery system, and oxygen (O,) levels within the cage transitioned from
low O, (10£1%) or (5x£1%) following nitrogen (N) infusion to ambient concentrations
(21£1%) following pure O, infusion. This transition occurred every 90 sec resulting in 20
hypoxic episodes per hour. This rate is comparable to the number of oxygen desaturation
events that occur in patients with mild to moderate OSA (Boland et al., 2002). Hypoxia/
sham cycling was induced throughout the light (sleep) phase (8:00 am to 4:00 pm; 8 hours).
The control cages were infused with air every 90 seconds to maintain oxygen concentrations
at 21+1%. During the remaining 16 hours of the day (4:00 pm to 8:00 am), both CIH and
sham cages were infused with room air. The protocol was repeated for 35 days during which
the mice in each treatment group were housed together (5 per cage) and had free access to
food and water. The temperature was kept at 22-24°C. The group housing protocol and
procedure were developed to minimize variability due to differences in handling and
constraints on mobility (Lee et al., 2009; Liu et al., 2009).

There were six CIH cohorts: 1) young males (~2 months old) with mild (10%) CIH (N = 5)
and controls (N = 5), 2) aged males (~18 months old) with 10% CIH (N = 5) and controls (N
= 4), 3) young saline-injected females (~6 months old) with 10% CIH (N = 4) and controls
(N =5), 4) AOF females (~6 months old) with 10% CIH (N = 5) and controls (N = 5), 5)
aged females (~18 months old) with 10% CIH (N = 5) and controls (N = 5), and 6) young
males (~2 months old) with severe (5%) CIH (N = 5) and controls (N = 5).

2.4. Blood Pressure Measurements

Our previous studies (Coleman et al., 2010) in male mice have shown small but significant
increases in systolic blood pressure (SBP) following 35 days of 10% CIH. Thus, in the
present study, we recorded blood pressure in the female cohorts (described above). For this,
we used tail-cuff plethysmography (Model MC4000; Hatteras Instruments, Cary, NC) to
measure SBP, as previously described (Coleman et al., 2010). Measurements were taken
prior to CIH (baseline) as well as weekly throughout the CIH administration. Measuring
SBP through tail-cuff plethysmography has limitations as have been discussed previously
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(Marques-Lopes et al., 2014). Animals were handled by the same experimenter and at the
same time of day throughout the experiment to minimize stress. Mice were euthanized one
day after the final SBP measurements were taken (Coleman et al., 2013; Marques-Lopes et
al., 2014).

2.5. Antibody characterization

2.6 Tissue

A rat polyclonal antiserum against GABA-glutaraldehyde-hemocyanin conjugates was
produced and provided by Dr. Andrew Towle, formerly affiliated with Department of
Neurology and Neuroscience at Cornell University Medical College. Preadsorption with
GABA-BSA (bovine serum albumin) was used to test the specificity of the antiserum and
served to eliminate immunoreactivity. Preadsorption with unconjugated GABA or BSA
conjugated to glutamate, 3-alanine, or taurine did not abolish immunoreactivity (Lauder et
al., 1986). Immunoreactivity of this antiserum is consistent with the specificity of other
GABA-antisera (Lauder et al., 1986). This antiserum has been used previously in light and
electron microscope studies (Almey et al., 2016; Bayer and Pickel, 1991; Mazid et al.,
2016).

A rabbit polyclonal antibody against rat muscle PARV was provided by Dr. K.G.
Baimbridge of the University of British Columbia, Vancouver. Its specificity has been
demonstrated through incomplete cross-reactivity with muscle or brain preparations from
other species (Mithani et al., 1987). It has been previously used in light and electron
microscope studies (Milner and Prince, 1998).

A polyclonal rabbit anti-Somatostatin-14 antibody (Peninsula Laboratories, Catalog. No.
T-4103; RRID:AB_518614) was used. It has been previously used in light and electron
microscope studies (Peng et al., 2013).

A polyclonal rabbit anti-vGAT (Synaptic Systems, Catalog no. 131 002; RRID:AB_887871)
was used (Martens et al., 2008). The manufacturer has demonstrated its specificity using
knockout mice (https://www.sysy.com/products/vgat/facts-131002.php). It has previously
been utilized in immunohistochemistry and western blot experiments (Bocarsly et al., 2015).

preparation

The mice were deeply anesthetized with sodium pentobarbital (150 mg/kg, 7p.) and perfused
through the left ventricle of the heart sequentially with ~5 ml heparinized saline followed by
30 ml of 3.75% acrolein and 2% paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.4)
(Milner, 2011). The brains were then removed and post-fixed in 2% acrolein and 2%
paraformaldehyde in PB for 30 minutes. The brains were cut into 5-mm coronal blocks
using a brain mold (Activational Systems Inc., Warren Michigan) and sectioned (40 pm
thick) using a VT1000x Vibratome (Leica Microsystems, Buffalo Grove, IL). Sections were
stored at —20°C in cyroprotectant solution (30% sucrose, 30% ethylene glycol in PB) until
immunocytochemical processing (Milner, 2011).
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Immunocytochemistry

The sections were processed for immunoperoxidase labeling using previously described
protocols (Milner, 2011). For this, the sections were washed in PB to remove cryoprotectant.
PFC and hippocampal sections from each mouse were marked with punch codes prior to
pooling into crucibles. To minimize differences due to immunocytochemical labeling, tissue
from animals in the same set were processed together through all procedures (Pierce et al.,
1999). However, separate cohorts were run at different times so comparisons were only
made between controls and CIH of each group (as described in 2.3).

The sections were incubated in 1% sodium borohydride in PB for 30 minutes to remove
unbound aldehydes, and subsequently washed in PB until gaseous bubbles disappeared.
Next, the sections were washed in 0.1M Tris-saline (TS; pH 7.6) followed by incubation in
0.5% BSA in TS, to block non-specific binding. The sections were then rinsed in TS and
then incubated in the GABA (1: 4000 dilution), PARV (1: 20,000 dilution), SOM (1: 8000
dilution), or vGAT (1: 15000 dilution) antibody in 0.1% BSA in TS for 1 day at room
temperature (~23°C), followed by 3-4 days cold (~4°C). The primary antibody diluent for
PARV and SOM also included 0.25% Triton-X.

After the allotted 3-4 days, sections were removed from the primary antibody and rinsed
with TS. They were then incubated in a biotinylated secondary antibody (GABA: donkey
anti-rat 19G (Jackson Immunoresearch Laboratories, Catalog no. 712-065-150,
RRID:AB_2340646); SOM and VGAT: goat anti-rabbit 1gG (Jackson Immunoresearch
Laboratories, Catalog no. 111-065-144, RRID:AB_2337965); PARV: donkey anti-rabbit 1gG
(Jackson Immunoresearch Laboratories, Catalog no. 711-506-152, RRID:AB_2616595)
diluted 1:400 for 30 minutes. The sections were rinsed with TS and then incubated in avidin-
biotin complex (ABC) solution (Vector labs, Burlingame, CA) for 30 minutes, followed by
TS washes. The ABC reaction product was visualized with 3,3’-diaminobenzidine (DAB)
and H,0 in TS for 6-12 minutes. Following this, sections were washed in TS followed by
PB and mounted in 0.05M PB on 1% gelatin coated glass slides. The sections then were
dehydrated through a series of alcohols and xylene and cover slipped using DPX mounting
media (Sigma-Aldrich, St. Louis, MO).

2.8. Cell counting

An investigator blind to experimental conditions performed cell counts and data analyses.
GABA, PARV and SOM cell bodies were quantified in the PL and IL regions of the PFC
(between Bregma 1.7 and 1.4) and the dorsal hippocampus (between Bregma —2.1 and —2.5)
(Paxinos and Franklin, 2001). Labeled cell bodies had clearly recognizable nuclei. The
Paxinos and Franklin Mouse Brain Atlas was used to set landmarks, and cells were counted
at 10x from a square of equivalent size (5.8 cm x 3.9 cm) for each PFC region and the dorsal
CAL region of the hippocampus. Cells also were counted in the hilus of the dentate gyrus
(DG). For this, labeled cells were counted between the granule cell layers and then the
number per unit was determined by dividing by the area of the hilus determined using
ImageJ64 (ImageJ, RRID:SCR_003070).
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2.9. Densitometry

Densitometry measurements were taken using previously described methods (Pierce et al.,
2014). Images from Regions of Interest (ROI) were taken at 4x magnification on a Nikon
eclipse 90i light microscope (RRID: SCR_015572). Densitometry analyses of GABAergic
terminal fields using ImageJ64 were performed on the mPFC, the PL and IL of which were
roughly divided into four layers (Paxinos and Franklin atlas between Bregma 1.7 and 1.4).
Background was subtracted from an area of tissue lacking immunoreactivity.

2.10 Statistics

Data are expressed as mean + SEM. Cohorts were run individually, so comparisons were
made between the CIH and control groups of individual cohorts only. All statistical analyses
were conducted on JMP 12 Pro software (JMP, RRID:SCR_014242). Significance was
determined through one-way ANOVA or Welch t-test for samples with unequal variances (as
determined by Levene’s test).

2.11. Figure preparation

Data were unblinded after the final graphs were generated. Adjustments to brightness,
contrast and sharpness on the photographs were made in Adobe Photoshop 9.0 (Adobe
Photoshop, RRID:SCR_014199) on an iMac prior to importing into PowerPoint 2011, where
final adjustments to brightness, contrast and size were made. Illustrations were created in
PowerPoint 2011. Graphs were generated using Prism 7 software (Graphpad Prism,
RRID:SCR_002798).

3. Results

3.1. CIH had no influence on blood pressure in females

Unlike males (Coleman et al., 2010), SBP was not significantly different between young
females or AOF females following 10% CIH (YF Con: 120 £ 5.0 mmHg; YF 10% CIH: 119
+ 6.8 mmHg; AOF-F Con: 117.9 + 7.0 mmHg; AOF-F 10% CIH: 117.5 + 5.8 mmHg).
Additionally, there was no difference in SBP between aged females with 10% CIH and
controls (AF Con: 107 + 9.3 mmHg; AF 10% CIH: 107 + 8.8 mmHg).

3.2 Estrous Cycling and Uterine Weights

Aged females were determined to be in the estrus stage of the estrous cycle, consistent with
our previous studies (Marques-Lopes et al., 2017; Marques-Lopes et al., 2014; Van Kempen
et al., 2014). Uterine weights were not significantly different between CIH and control
females of any cohort, young saline (Con: 0.072 + 0.019 g; CIH: 0.077 £ 0.011 g), AOF
(Con: 0.051 + 0.007 g; CIH: 0.072 £ 0.007 g), and aged (Con: 0.145 + 0.026 g; CIH: 0.111
+0.008 g).

3.3 Number of GABA neurons increased in mPFC and hippocampus of males only
following CIH

GABA-immunoreactive (ir) neurons were found dispersed throughout the mPFC layers,
consistent with previous studies in rats (Carr and Sesack, 2000) and gerbils (Brummelte et
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al., 2007). No difference in the number of GABA-ir neurons in either the PL or IL mPFC
was found in moderate CIH (10%)-exposed young males as compared to the control group.
However, severe CIH (5%)-exposed young males compared to controls showed an increase
(t(9) = 3.24, p = 0.012) in the number of GABA-ir neurons in the IL of the mPFC only (Fig.
1B,E). Additionally, 10% CIH-exposed aged males exhibited a significant increase in the
number of GABA-labeled neurons in both the PL and IL regions of the mPFC compared to
controls (t(6) = 9.98, p = 0.0105; t(6) = 2.86, p = 0.035 respectively; Fig. 2B,E). No
significant difference in the number of GABA-ir neurons in the PL or IL mPFC was
observed in any female cohort (young, AOF, or aged) following CIH (Fig. 3B,E).

Consistent with previous studies in rats (Gamrani et al., 1986), GABA-labeled neurons were
scattered throughout strata pyramidale, oriens, and radiatum of the CA1 and CA3 regions of
the hippocampus. Additionally, GABA-ir neurons were present in the DG, especially in the
sub-granule layer region of the hilus, consistent with previous studies (Gamrani et al., 1986).
In the present study, GABA-ir neurons were examined throughout the layers of the CAl as
well as in the hilus layer of the DG. No significant difference in the number of GABA-
labeled cells was observed in the CA1 of any cohort, male or female. Findings in the hilus
were consistent with those in the mPFC. While no difference was observed in the number of
GABA-ir neurons of 10% CIH young male mice, both 5% CIH young and 10% CIH aged
mice showed increased GABA (1(8) = 2.48, p = 0.042; t(8) = 2.43, p = 0.046 respectively) in
the hilus of the DG compared to control groups (Figs. 1D,F; 2D,F). Following CIH, no
significant difference in the number of GABA labeled neurons was found in the hilus of any
female cohort (Fig. 3D,F).

3.4 The effect of CIH on the number of PARV neurons varied with sex in mPFC and
hippocampus

PARYV, a calcium binding protein found in a subpopulation of GABAergic neurons (Tanahira
et al., 2009), was counted to further examine the effect of CIH on the GABAergic system.
PARV cells were sparsely distributed throughout the PL and IL of mPFC, consistent with
previous studies in mice (Umeda et al., 2016). No difference in the number of PARV
neurons in either the PL or IL of mPFC was found in any of the male cohorts. Additionally,
no significant difference was observed in the PL or IL of mPFC of aged or AOF females.
However, young 10% CIH females showed a significant increase in the number of PARV
neurons compared to controls (t(8) = 7.05, p = 0.0036) in the IL mPFC only (Fig. 4B,E).

Consistent with previous studies, PARV-ir neurons were most dense near stratum pyramidale
of the CAl and CAS3 regions of the hippocampus. Additionally, PARV-labeled neurons were
present in the sub-granular DG hilus, in agreement with previous studies in mice (Tanahira
et al., 2009) and rats (Milner et al., 2013). No differences in the number of PARV-labeled
cells were observed in the CAL of any cohort. In the hilus, the number of PARV neurons was
decreased (t(9) = 4.76, p = 0.001) in 5% CIH males only compared to controls (Fig. 4D,F).

3.5 CIH affected SOM in mPFC of females only

SOM, an inhibitory neuropeptide, is localized to another subset of GABAergic neurons.
SOM-containing cells were distributed throughout the PL and IL mPFC, consistent with
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previous studies in mice (Gaykema et al., 2014). No difference in the number of SOM-
labeled neurons was found in the PL or IL of mPFC of any male cohorts. Additionally, no
change was observed in the number of SOM-labeled cells in young females. AOF CIH
females exhibited more SOM-ir neurons in the PL mPFC (t(9) = 4.15, p = .003) compared to
control AOF females (Fig. 5B,E). However, aged CIH females exhibited less SOM-labeled
neurons in the IL mPFC (t(8) = 2.57, p = .037) compared to the control aged females (Fig.
5D,F).

3.6. CIH had opposite effects on the number of hippocampal SOM neurons in young
females and males

Within the hippocampal regions, SOM labeling was found in scattered interneurons. In CA1,
consistent with previous studies in mice (Shimada and Ishikawa, 1989), SOM-ir was mainly
restricted to the stratum oriens and the DG hilus. No significant difference in the number of
SOM-labeled neurons was found in the CA1 of any cohort, male or female. In the DG hilus,
young 5% CIH males compared to controls exhibited increased SOM-containing cells (t(9)
=2.77, p = 0.024; Fig. 6B,E). Young 10% CIH females compared to controls had decreased
SOM-labeled neurons (t(8) = 2.78, p = 0.027; Fig. 6D,F). No difference in the number of
SOM-containing neurons was observed in the hilus of any other cohort, male or female.

3.7 CIH altered mPFC v-GAT in AOF females only

To elucidate the effect of CIH on the GABAergic terminals, the density of v-GAT was
assessed in the mPFC and hippocampus. In agreement with previous studies in rats (Henny
and Jones, 2008) and rabbits (Chaudhry et al., 1998), v-GAT-labeled processes were heavily
stained throughout the PL and IL of mPFC in all cohorts. The mPFC was divided into four
layers, as depicted in Figure 6, and each of the four layers of the mPFC was examined
independently. No significant difference in the density of v-GAT labeling was observed in
any layer of the PL or IL of mPFC of any CIH male cohort. Additionally, no difference in
the density of v-GAT labeling in any layer of the PL or IL mPFC was observed in the young
or aged females. However, 10% CIH AOF females compared to controls exhibited a
decrease in the density of v-GAT immunoreactivity in layers 1, 3, and 4 of the PL mPFC
(t(9) =2.41, p=0.04; t(9) = 3.87, p = 0.005; t(9) = 4.15, p = 0.003, respectively) as well as a
decrease in the density of v-GAT immunoreactivity in layers 2, 3, and 4 of the IL mPFC
(t(9) = 2.27, p = 0.053; t(9) = 2.63, p = 0.03; t(9) = 2.26, p = 0.054, respectively; Fig. 7B).

Consistent with previous studies, v-GAT-ir was widely distributed in processes in CAl and
CA3 sub-regions of the hippocampus, as well as in the DG in rabbits (Chaudhry et al., 1998)
and rats (Sperk et al., 2003). No significant difference in the density of v-GAT labeling was
observed in the CA1 or DG hilus in the hippocampus of any cohort, male or female.

4. Discussion

The present study indicates a link between CIH and GABA in the mouse mPFC and
hippocampus. Specifically, as age or severity of hypoxia increases, GABA-labeled cells
concomitantly increase in males. These findings suggest that when male mice reach a
severity of oxygen deprivation or age threshold, they begin to exhibit an increase in the
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number of GABA-labeled neurons in the mPFC and hippocampus. Female mice do not
experience a change in overall number of GABA-labeled neurons, indicating a sex
difference that might have implications for clinical OSA. All results observed in the mPFC
and hippocampus are summarized in Figure 8.

Previous studies have reported both increase (Madl and Royer, 2000; Pereira et al., 2017;
Wood et al., 1968) and decrease (Yuan et al., 2015) in GABAergic neurons after hypoxia. In
the context of conflicting evidence from published literature, the present study presents
some interesting data showing the age- and sex-specific effects of CIH on GABAergic
neurons and sub-populations in the hippocampus and mPFC, two brain regions critically
involved in learning and memory. Given the detrimental effects of OSA and CIH on
cognition (Yaffe et al., 2011), these findings are of high clinical relevance.

Consistent alterations in GABAergic neuronal counts in mPFC and hippocampus

The observed changes in GABAergic cell counts were found in both the mPFC and
hippocampus, brain structures with critical roles in various domains of cognitive functioning
(Euston et al., 2012; Preston and Eichenbaum, 2013). Consistent findings in the
hippocampus and the mPFC support the largely substantiated idea of a hippocampal-mPFC
network and its implications in cognitive processes (Jin and Maren, 2015). A recent study
showed that mPFC reduces memory interference by modifying hippocampal encoding, and
mPFC inactivation reduced pattern separation in CA1 representations (Guise and Shapiro,
2017). CIH has been widely reported to induce cognitive impairment in rodent models [for
review, (Row, 2007)]. Also, in human OSA, oxygen desaturation index (ODI), a measure of
CIH, correlates with cognitive decline (Yaffe et al., 2011). Our data of consistent alterations
in GABA expression both in the hippocampus and mPFC after CIH exposure hint towards
CIH-induced impairments in both these structures and probably their inter-connecting
pathways that may contribute to cognitive dysfunction. Previously, CIH was shown to induce
neuronal loss in mPFC (Li et al., 2015), and to disrupt adult neurogenesis and synaptic
plasticity in the dentate gyrus region of the hippocampus (Khuu et al., 2019). To the best of
our knowledge, the present study is the first to show a neuron population-specific (i.e.,
GABAergic) alteration induced by CIH both in the hippocampus and the mPFC.

Increased GABAergic neurons in both the mPFC and hippocampus of male mice after CIH
exposure: compensatory inhibitory neuronal remodeling?

In the present study, interestingly, male mice cohorts exhibited an increase in GABA
labeling in both the mPFC and hippocampus. However, they did not display a similar change
in v-GAT levels. We therefore speculate that GABA is not being entirely shipped to axon
terminals. GABA levels would thus be elevated in the soma, resulting in greater neuronal
inhibition. This brings into question the effect of CIH on excitation/inhibition (E/I) balance.
Increased GABA cell bodies after CIH exposure, as observed in the present study, could
alter the balance between GABA and glutamate, disrupting E/I homeostasis.

Reduction in GABAergic neurons in the hippocampus and the mPFC, contributing to E/I
imbalance and network hyperexcitability, has classically been implicated in the pathogenesis
of age-related cognitive decline and AD (Mandal et al., 2017; McQuiail et al., 2015).
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Nonetheless, recent mouse model studies suggest compensatory inhibitory neuronal
remodeling and increased GABAergic expression in the hippocampus as a consequence of
network hyperexcitability in AD and related neurodegenerative and neurocognitive disorders
(Palop et al., 2007; Palop and Mucke, 2016). Previously, acute hypoxia was shown to cause
hyperexcitability in the hippocampus in mice (Jensen and Wang, 1996; Jensen et al., 1998;
Levin and Godukhin, 2005). Also, acute hypoxia (6% O, for 15 min and 60 min) was
reported to increase GABA levels in the brains of mice and rats (Wood et al., 1968). While,
to the best of our knowledge, the effect of CIH on mouse hippocampal and mPFC
excitability has not been evaluated as yet, our data showing increased hippocampal and
mPFC GABA labeling following CIH exposure raises the possibility of compensatory
GABAergic inhibitory neuronal remodeling in response to chronic hyperexcitability induced
by CIH. As mentioned above, such compensatory remodeling in inhibitory neuronal
populations within the hippocampal circuitry following hyperexcitability has been reported
in mouse models of AD (Govindpani et al., 2017; Palop et al., 2007), for which OSA is a
risk factor (Pan and Kastin, 2014; Polsek et al., 2018).

It is difficult to determine from the present study data whether the increase in the number of
GABAergic neurons observed after CIH exposure is due to overproduction of GABAergic
neurons, an enhanced cell differentiation process, or an activation of previously undetectable
dormant GABAergic neurons. The activity-dependent structural plasticity in inhibitory
neurotransmission is accompanied by alterations in GABAergic synapse structure that range
from morphological reorganization of postsynaptic density to de novo formation and
elimination of inhibitory contacts (Flores and Mendez, 2014; Flores et al., 2015). While we
did not study effects of CIH on GABAergic plasticity via electrophysiological recordings or
synapse structure, our data regarding increased GABAergic neuron counts suggest altered
GABAergic structural plasticity induced by CIH.

Decreased GABA labeling in the mPFC, a structure crucial to executive function, is linked
to working memory impairment (Banuelos et al., 2014). The elevated inhibition caused by
an increase in mPFC GABA-labeled cell bodies observed after CIH exposure in the present
study could be a protective and compensatory mechanism against memory impairment and
network hyperexcitability. Nonetheless, the precise causal relationship(s) remain to be
evaluated in future studies.

Age and sex-specific differences in GABA-labeled cell bodies following CIH: increased
susceptibility of aged males

While young moderate CIH males showed no change in the number of GABA-labeled
neurons, young severe CIH males and aged moderate CIH males exhibited an increase in
GABA-labeled neurons in the mPFC and DG hilus of the hippocampus. No change in
GABA-labeled cells was observed in any female cohort.

Aging is an important factor contributing to the risk of OSA (Edwards et al., 2014). The
aging brain is associated with structural, functional and metabolic changes. Age is also
linked to the emergence and exacerbation of several neurodegenerative disorders such as
mild cognitive impairment (MCI), AD, vascular dementia, and other types of dementia
(Savva et al., 2009). At present, the exact causality between these disorders and age-related
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physiological changes in the brain remains largely unknown; however, a hypoxic
environment in brain cells likely plays a role in the development and progression of these
disorders (Peers et al., 2007). In fact, a recent study showed higher physiological
vulnerability to hypoxic exposure with advancing age in the human brain (Vestergaard et al.,
2018). The present study found an age-specific increase in GABA labeling in the
hippocampus and mPFC following CIH exposure in mice. These data suggest alterations in
E/I homeostasis induced by CIH specifically in the aging brain. Given that these changes
were observed in hippocampus and mPFC, brain regions well-known to be involved in
cognitive processing, this could provide a possible causal link between OSA and age-related
neurocognitive disorders that should be elucidated in future studies.

The sexual dimorphism observed in GABAergic labeling in the brain regions following CIH
exposure in the present study is consistent with previous findings, which have reported
differential effects of CIH in female mice compared to their male counterparts. Previous
studies have addressed sex differences in various effects of hypoxia such as neurobehavioral
and physiological changes (Snyder and Cunningham, 2018). Experiments examining
neurobehavioral sex differences of hypoxia have shown that male but not female mice have
disrupted sleep-wake cycles (Sanfilippo-Cohn et al., 2006). Also, sex-based dimorphism in
the effect of CIH on serotoninergic systems has been reported, with increased serotoninergic
immunoreactivity in the hypoglossal nucleus and a decreased number of serotoninergic cells
in the dorsal raphe nucleus in male but not female mice (Baum et al., 2018). This
dimorphism in the neuroplasticity of serotoninergic systems has been suggested to
predispose males to a greater alteration of neuronal control of the upper respiratory tract
associated with the greater collapsibility of upper airways described in male OSA subjects
(Baum et al., 2018). Additionally, another study found increased GABAergic synaptic events
in the brain stem lateral paragigantocellular nucleus (involved in REM sleep control) after 4-
week CIH exposure both in male and female rats, but to a greater degree in males
(Dergacheva, 2015), suggesting a sexual dimorphism in the effect of CIH.

Age-specific divergent effects of CIH on GABA labeling in PL vs IL mPFC

The present study found divergent effects of CIH on GABAergic neurons in PL and IL
regions of the mPFC, which substantially differ in their anatomical connections and
respective involvement in (1) cognitive activity and (2) visceral/autonomic processes (Vertes,
2004). While moderate CIH did not exert any effect and severe CIH increased the number of
GABAergic neurons only in IL in young males, moderate CIH induced a significant increase
in the number of GABAergic neurons both in PL and IL mPFC in aged males. This could be
explained based on the previous discussion concerning the increased vulnerability of aged
brain to hypoxia (Vestergaard et al., 2018). Additionally, given its role in limbic and
cognitive activities, selective alteration in GABAergic neuronal population in PL mPFC only
in aged mice may provide a shared etiopathological link between CIH and aging and
neurocognitive disorders such as MCI and AD.
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GABAergic sub-populations PARV and SOM do not present the same increase following

CIH

The changes in overall number of GABA-labeled neurons in the mPFC and hippocampus
did not reflect changes in GABA subpopulations PARV or SOM. PARV and SOM are
estimated to be present in approximately 40% and 24% of GABAergic neurons respectively
(Tamamaki et al., 2003). However, these sub-populations are seemingly unaffected by the
changes observed in the overall GABAergic system. While it is estimated that there are
about 20 different subtypes of GABAergic interneurons, studies have shown that PARV and
SOM are present in the most predominant GABAergic interneurons (Gonchar and
Burkhalter, 1997). The findings indicate that the changes in overall GABA labeling may be
contributable to a different subset of GABA.

CIH results in decreased PARV cell bodies in the hippocampus in males: implications for
E/l imbalance

Young severe CIH (5%) males exhibited a decrease in the number of PARV-labeled cells in
the hilus of the DG. Previously, non-hypoxic stress was shown to decrease the number of
PARV-labeled neurons in the dentate hilus of males by 30% (Czeh et al., 2005; Hu et al.,
2010). This decrease was only observed in the severe CIH males, indicating that mild to
moderate (10%) CIH is not enough of a stressor to induce this change. As there was an
increase in overall GABA labeling in this region, the increased SOM labeling observed in
the dentate hilus of this cohort may serve to balance the loss of PARV and increase total
GABA.

Previously, CIH associated oxidative stress was shown to reduce PARV neurons in the PFC
and lead to neurobehavioral alterations in mice (Yuan et al., 2015). Loss of PARV-
immunoreactive interneurons in the brain cortex is an important feature of neuropsychiatric
diseases, such as schizophrenia (Lewis et al., 2012). It has been suggested that PARV-
mediated inhibition is decreased to compensate for an upstream deficit in pyramidal cell
excitation (Lewis et al., 2012). This compensation is thought to rebalance cortical E/I, but at
a level insufficient to generate the gamma oscillation power required for high levels of
cognitive control (Lewis et al., 2012).

It is well known that during neuronal communication and memory processing, GABAergic
activity plays a critical role in neuronal synchronization during theta and gamma activity in
certain brain regions (Govindpani et al., 2017; Somogyi and Klausberger, 2005).
Interestingly, gamma conductance disruption has also been suggested as a potential
mechanism of neuronal network hyperexcitability, contributing to the E/I imbalance in AD
(Govindpani et al., 2017; Palop and Mucke, 2010). In fact, it was reported that the hAPP
transgenic mice brains exhibited aberrant network hypersynchrony, markedly during periods
of reduced gamma oscillations (Verret et al., 2012). It was proposed that this network
dysfunction could be caused by deficits in PARV interneurons, as the synaptic firing of these
neurons underlies the generation of gamma oscillations (Verret et al., 2012). Indeed, it was
found that both hAPP mice, with high Ap load, and human AD patients expressed decreased
Nav1.1 compared with controls (Verret et al., 2012). Nav1.1 is a voltage-gated sodium
channel found primarily on PARV interneurons which contributes to the synaptic activity of
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these cells. It was also reported that restoration of Nav1.1 levels ameliorated memory loss in
hAPP mice (Verret et al., 2012). Based on this discussion and our data, we hypothesize that
CIH induced PARV interneuron loss could be a major mechanism contributing to OSA and
CIH associated cognitive impairment and risk of AD dementia. The precise causal
relationship remains to be evaluated in relevant AD mouse models following CIH exposure
in future studies.

Estrogen differentially affects PARV and SOM labeling: the estrogen and OSA conundrum

Elevated numbers of PARV-containing neurons were found in the mPFC of young moderate
CIH female mice only. As young females exhibit the highest levels of estrogen, this finding
supports previous research linking estrogen with elevated calcium binding (Roman-Blas et
al., 2009). The observed increase in PARV labeling with no observed change in overall
number of GABAergic neurons may indicate that the subset was too small for a change to be
observed when labeling the entirety of the GABAergic neuronal population. Alternatively,
there may be a decrease in another subset of GABA in this cohort, balancing out the change
in PARV. Aged and AOF females did not exhibit a change in PARV labeling. These findings
are consistent with a recent study which showed that estrogen protects against CIH-induced
cardiorespiratory dysfunction and oxidative stress in the adult brain in rats (Laouafa et al.,
2017). It has been suggested that decreased estrogen could be the underlying mechanism
linking menopause and occurrence of OSA in women, and hormone replacement therapy
could alleviate OSA in postmenopausal women (Keefe et al., 1999). Also, in a study of
female rat cardiac myocytes, increased levels of estrogen correlated with an increase in
PARV levels, suggesting a link between the two (Wirakiat et al., 2012). The occurrence of
OSA is 3-4 times higher in women after versus before menopause (Young et al., 2003),
again implicating the role of decreased estrogen in OSA.

Nonetheless, a contradictory relationship between estrogen and OSA has also been
suggested (Mirer et al., 2015). An inverse correlation between ovarian hormones and the
frequency of OSA has also been reported (Netzer et al., 2003). Additionally, a recent study
found that in depressed women in peri- and postmenopause, low estrogen levels correlated
with high frequency of OSA (Galvan et al., 2017). While the exact relationship between
estrogen and OSA remains to be further evaluated, it seems likely that estrogen could have a
protective role against the deleterious effects of OSA and CIH.

Localized in a subset of GABAergic interneurons, SOM plays a role in fine tuning neural
activity and in synaptic plasticity and memory formation (Liguz-Lecznar et al., 2016).
Hippocampal somatostatin interneurons were reported to control neuronal memory
ensembles (Stefanelli et al., 2016). Previously, moderate hypoxia (9% O, in N, for two
times 8 h) was reported to lead to a slight reduction in SOM expression in the hilus of dorsal
and ventral hippocampus (Schwarzer et al., 1996). In the present study, we found increased
SOM-labeled cell bodies in the hippocampus (DG) of young severe CIH males that could be
a compensatory response to decreased PARV labeling within GABAergic circuitry. While no
difference was found in aged females, the young 10% CIH females exhibited a decrease in
SOM labeling in the hippocampus. Contrarily, AOF 10% CIH females exhibited an increase
in SOM labeling in the PL mPFC compared to controls. Thus, young females with
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presumably normal estrogen levels exhibited a decrease in SOM labeling in the
hippocampus and the AOF females with decreased estrogen showed increased SOM labeling
in mPFC. Based on the discussion before regarding the unsolved precise relationship
between estrogen and OSA, these findings remain to be explained by future studies.

Decreased v-GAT terminal fields in AOF females exposed to CIH: potential protective effect

of estrogen

Analysis of v-GAT, the transporter that gathers GABA from the cell cytoplasm into synaptic
vesicles for transport out of the cell (Saito et al., 2010), showed a decrease in mPFC of AOF
females only. The decrease in v-GAT terminal fields in the PL and IL mPFC observed in the
10% CIH AOF females was not seen in the other young or aged female cohorts. These data
suggest that a lack of estrogen may facilitate a decrease in vesicular GABA following CIH
exposure, as the AOF cohort had completely depleted estrogen levels. This substantiates the
previously discussed literature that estrogen may have neuroprotective effects against CIH
and OSA (Lauoafa et al., 2017; Keefe et al., 1999). A decrease in vesicular GABA at
terminal fields coupled with no change in the number of labeled GABAergic soma also
indicates that most likely the GABA is produced but not distributed to transporters for
secretion into the synapses in the CIH exposed AOF females.

Limitations of the present study: comparison to GABA in human OSA data

The findings of the present study appear to be contradictory to those reported by us in
human OSA patients employing proton magnetic resonance spectroscopy (LHMRS) (Pereira
et al, 2017). Rather than a decrease in GABA content in mPFC and no change in the
hippocampus, as observed in OSA patients (Pereira et al, 2017), this study found an increase
in GABAergic neurons both in the mPFC and the hippocampus of male mice following 35-
day CIH exposure. The human study (Pereira et al, 2017) reported data from 19 elderly
(average age 66.1 yrs, 13 males, 6 females) patients with moderate-to-severe OSA. The
human data was from OSA cases that had OSA and thus associated CIH going on for several
years. There remains a likely possibility that CIH for such a long time might have induced
E/I imbalance and network hyperexcitability with decreased GABA and had overcome the
initial compensatory increase in GABA. This initial compensatory increase in GABA both in
the hippocampus and mPFC most likely represents the stage captured by the 35-day CIH
mouse model. A study in an adult rodent brain model of OSA previously reported a loss of
the PARV+ GABAergic interneurons in the mPFC (Yuan et al., 2015), nonetheless other
studies found increased GABAergic activity (Madl and Royer, 2000; Wood et al., 1968).
These conflicting data in light of the present study raise the possibility that CIH
differentially affects GABA in an age- and sex-dependent manner in different brains and
different sub-populations of GABAergic neurons. Furthermore, the duration of hypoxic
exposure and potential differences between the human and rodent brain response to hypoxia
may be other factors that can contribute to the discrepancies. Additionally, the
methodological differences between human and mouse studies could have contributed to
conflicting data.

While there have been cases of naturally reported OSA in some species, the condition is not
frequently reported in non-human animals, and must therefore be induced (Toth and
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Bhargava, 2013). One major critique is that the CIH induction does not take obesity into
account. As OSA is typically characterized by obesity, this may be a key difference between
natural and induced CIH. Obesity is believed to contribute to the airway obstruction by
narrowing airways through fatty infiltration of the tongue, soft palate, or other surrounding
tissue (Motamedi et al., 2009).

Another difference between the CIH model in non-human animals and clinical OSA is the
effect on carbon dioxide levels in the blood. Animals exposed to induced CIH are known to
develop reduced levels of carbon dioxide in the blood, known as hypocapnia (Dematteis et
al., 2009). In contrast, OSA patients develop hypercapnia, with elevated blood carbon
dioxide levels (Dematteis et al., 2009; Kanagy, 2009). Different levels of carbon dioxide in
the blood may affect other aspects of hypoxia and OSA, or they may be indicative of an
underlying distinction between the two conditions.

Clinical relevance of the study

OSA, characterized by sleep fragmentation and CIH, is a common pathological condition
with high prevalence worldwide. Gender differences in OSA in humans are well known,
with higher occurrence in males (Lin et al., 2008). Also, OSA is found more commonly in
elderly males than elderly females (Lim and Pack, 2017; Shochat and Pillar, 2003). While
previous preclinical animal model studies of OSA associated CIH have shown sexually
dimorphic effects on microglial activation (increased neuroinflammation in males) (Kimyon
et al., 2015) and neuroplasticity of the serotonergic system in cardiorespiratory related brain
structures (altered in male mice) (Baum et al., 2018), not much is known regarding the sex-
and age-specific effects of CIH on GABAergic neuronal circuitry in the hippocampus and
mPFC.

OSA is associated with a high risk of adverse neurocognitive and neurovascular sequelae
(Culebras and Anwar, 2018; Leng et al., 2017; Polsek et al., 2018). Particularly OSA is
associated with an increased risk of cognitive impairment and AD (Blackwell et al., 2015;
Leng et al., 2017; Yaffe et al., 2011). Furthermore, CIH may also lead to exacerbation of
underlying AD pathology, i.e. Ap pathology, as OSA patients were found to have higher
levels of serum AB40 and AP42 as compared to controls (Bu et al., 2015). Remarkably, both
these levels positively correlated with ODI, a measure of CIH, in OSA patients (Bu et al.,
2015).

Both hippocampus and mPFC are known to play essential roles in learning and memory (Jin
and Maren, 2015). Also, the role of GABA in memory processes and dysfunctions in
neurocognitive disorders have been reviewed before (Ambrad Giovannetti and Fuhrmann,
2019; Lamsa and Lau, 2019). Our findings of sex- and age-specific alterations in
GABAergic neurons and specific GABAergic sub-populations in the hippocampus and
mPFC regions in mice have wide implications.
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DG dentate gyrus

E/I excitation/inhibition

GABA gamma aminobutyric acid
IL infralimbic mPFC

ir immunoreactivity
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mPFC medial prefrontal cortex
OSA obstructive sleep apnea

ODI oxygen desaturation index
PARV parvalbumin
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ROI region of interest

SBP systolic blood pressure
SOM somatostatin

TS tris-buffered saline

VCD 4-vinylcyclohexane diepoxide
v-GAT vesicular GABA transporter
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4, Vesicular GABA transporter was affected in accelerated ovarian failure

Highlights:
Age and hypoxia severity increase neuronal GABA labeling in male mice

Female mice show no changes in GABA labeling following chronic
intermittent hypoxia

In young hypoxic mice, DG somatostatin increased in males and decreased in
females

females only

These sex differences might have important implications for clinical OSA
patients
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Figure 1. Young male mice show increased number of GABA-labeled neurons in the mPFC and
hippocampus following severe CIH.

(A & B) Representative images showing localization of GABA in PL and IL mPFC of a

control (A) and a young 5% CIH (B) male mouse. Severe CIH exposure increased the

number of GABA-labeled neurons in the IL of the mPFC in young male mice. (C & D)
Representative images depicting GABA-labeled neurons in the hilus of the dentate gyrus in
a control (C) and a 5% CIH (D) male mouse. Severe CIH increased the number of GABA-
labeled neurons in the hilus in young male mice. (E & F) Bar graphs show the relative
numbers of GABA-labeled neurons in the PL and IL mPFC (E) and GABA-labeled neurons
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per area in the hilus (F) in control and young 5% CIH male mice. N = 5 animals per group.
Scale bars = 100 pm.
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Figure 2. Aged male mice show increased number of GABA-labeled neurons in the mPFC and
hippocampus following moderate CIH.

(A & B) Representative photomicrographs illustrating localization of GABA in PL and IL
mPFC of a control (A) and an aged 10% CIH (B) male mouse. Moderate CIH exposure
resulted in increased number of GABA-labeled neurons in the PL and IL mPFC in aged
male mice. (C & D) Representative images showing localization of GABA-labeled neurons
in the hilus of the dentate gyrus in control (C) and 10% CIH (D) males. Moderate CIH
increased number of GABA-labeled neurons in the hilus in aged male mice. (E & F) Bar
graphs show the relative numbers of GABAergic neurons in the PL and IL mPFC (E) and
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GABAergic neurons per area in the hilus (F) in control and aged 10% CIH male mice. N =5
animals per group. Scale bars = 100 pum.
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Figure 3. Aged female mice exhibit no change in number of GABA-labeled neurons in the mPFC
or hippocampus following moderate CIH.
(A & B) Representative images showing localization of GABA-labeled neurons in PL and

IL mPFC of a control (A) and an aged 10%CIH (B) female mouse. Moderate CIH exposure
did not affect the number of GABA-labeled neurons in the PL or IL mPFC in aged female
mice. (C & D) Representative photomicrographs demonstrating localization of GABA in the
hilus of the dentate gyrus in a control (C) and an aged 10% CIH (D) female mouse.
Moderate CIH exposure had no effect on the number of GABA-labeled neurons in the hilus
in aged female mice. (E & F) Bar graphs show the relative numbers of GABAergic neurons
in the PL and IL mPFC (E) and GABAergic neurons per area in the hilus (F) in control and

aged 10% CIH female mice. N = 5 animals per group. Scale bars = 100 pm.
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Figure 4. Number of PARV-ir neurons increases in young female mPFC and decreases in young
male hippocampus following moderate and severe CIH exposure, respectively.

(A & B) Representative images showing localization of PARV-labeled neurons in PL and IL
mPFC of a control (A) and a young 10% CIH (B) female mouse. Moderate CIH exposure
resulted in increased number of PARV-ir neurons in the IL mPFC in young female mice. (C
& D) Representative photomicrographs showing PARV-labeled neurons in the hilus of the
dentate gyrus in a control (C) and a young 5% CIH (D) male mouse. Severe CIH exposure
decreased the number of PARV-ir neurons in the hilus in young male mice. (E & F) Bar

Exp Neurol. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rubin et al.

Page 32

graphs show the relative numbers of PARV-ir neurons in the PL and IL mPFC in control and
young 10% CIH females (E) and PARV-ir neurons per area in the hilus in control and young
5% CIH males (F).N =5 animals per group. Scale bars = 100 pm.
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Pl IL o

Figure 5. Number of SOM-ir neurons increases in AOF females and decreases in aged females in
mPFC following CIH exposure.

(A & B) Representative images showing localization of SOM-labeled neurons in the PL and
IL mPFC of a control (A) and a 10% CIH (B) AOF female mouse. Moderate CIH increased
the number of SOM-ir neurons in the PL mPFC of AOF female mice. (C & D)
Representative images showing localization of SOM-labeled neurons in the PL and IL
mPFC in a control (C) and an aged 10% CIH (D) female mouse. Moderate CIH decreased
the number of SOM-ir neurons in the IL mPFC in aged female mice. (E & F) Bar graphs
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show the relative numbers of SOM-ir neurons in AOF 10% CIH females (E) and aged 10%
CIH females (F) in the PL and IL mPFC. N =5 animals per group. Scale bar = 100 pum.
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Figure 6. Sex differences in the effect of CIH on the number of hilar SOM-ir neurons in young
mice.

(A & B) Representative images showing localization of SOM-labeled neurons in the hilus of
the dentate gyrus of a control (A) and a young 5% CIH (B) male mouse. Severe CIH
increased the number of SOM-ir neurons in the hilus of young male mice. (C & D)
Representative images showing localization of SOM-labeled neurons in the hilus of the
dentate gyrus in a control (C) and a young 10% CIH (D) female mouse. Moderate CIH
decreased the number of SOM-ir neurons in the hilus in young female mice. (E & F) Bar
graphs show the relative numbers of SOM-ir neurons in young 5% CIH males (E) and young
10% CIH females (F) per area in the hilus. N = 5 animals per group. Scale bar = 100 pm.
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Figure 7. Vesicular GABA transporter decreases in AOF females in mPFC following CIH
exposure.

(A & B) Representative images depicting the localization of v-GAT-labeled terminal fields
in PL and IL mPFC of an AOF control (A) and an AOF 10% CIH (B) female mouse.
Moderate CIH decreased v-GAT-ir density in the PL and IL mPFC in AOF mice. (C & D)
Representative images showing higher magnification of v-GAT-ir in the PL of an AOF
control (C) and an AOF 10% CIH (D) female mouse. Arrows show examples of vVGAT-
labeled processes. (E & F) Bar graphs show the relative v-GAT-ir density in the PL (E) and
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IL (F) of the four layers of mPFC. AOF females with mild CIH show decreased v-GAT-ir
density in the PL (significant in layers 1, 3, and 4) and IL (significant in layers 2, 3, and 4)
mPFC. N =5 animals per group. Scale bars = A,B 100 um; C,D =20 um.
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Figure 8. Summary of results:
1) Following moderate CIH, no changes were observed in GABA-labeled neurons in young

males. 2) Aged males and severely hypoxic young males showed increased GABA-labeled
neurons in the mPFC and hippocampal DG, with deferring effects on GABAergic neuron
populations PARV and SOM. 3) Females did not show any changes in GABA-labeled
neurons following CIH, but showed differences in GABAergic neuron population SOM
following CIH but the direction depended on hormonal state and age.
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