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ABSTRACT

We sought to understand the mechanisms underlying cognitive deficits that are reported to affect non-native
subjects following their prolonged stay and/or work at high altitude (HA). We found that mice exposed to a
simulated environment of 5000 m exhibit deficits in hippocampal learning and memory accompanied by ab-
normalities in brain MR imaging. Exposure (1-8 months) to HA led to an increase in brain ventricular volume, a
reduction in relative cerebral blood flow and changes in diffusion tensor imaging (DTI) derived parameters
within the hippocampus and corpus callosum. Furthermore, neuropathological examination revealed significant
expansion of the neurovascular network, microglia activation and demyelination within the corpus callosum.
Electrophysiological recordings from the corpus callosum indicated that axonal excitabilities are increased while
refractory periods are longer despite a lack of change in action potential conduction velocities of both myeli-
nated and unmyelinated fibers. Next generation RNA-sequencing identified alterations in hippocampal and
amygdala transcriptome signaling pathways linked to angiogenesis, neuroinflammation and myelination. Our
findings reveal that exposure to hypobaric-hypoxia triggers maladaptive responses inducing cognitive deficits

and suggest potential mechanisms underlying the adverse impacts of staying or traveling at high altitude.

1. Introduction

Extended exposure to high altitude (HA) environments is associated
with prolonged cognitive deficits (Abraini et al., 1998; Ryn, 1979,
1988; Subudhi et al., 2014). In the early phase of exposure, acute
mountain sickness (AMS) and the more severe conditions of HA pul-
monary or cerebral edema (HAPE/HACE) are well recognized and can
be treated effectively with prescription medications (Leaf and Goldfarb,
2007; Netzer et al., 2013; Swenson, 2016). Long-term effects of HA
exposure on overall physical and mental health can be more challen-
ging to diagnose (Abraini et al., 1998; Cavaletti et al., 1990; Ledn-
Velarde et al., 2005; Regard et al., 1989; Sharma et al., 2014; Subudhi
et al., 2014), but maladaptive physiological effects may have a sig-
nificant role in altered cognitive performance in non-native subjects

working, living in or relocating to HA (Chen et al., 2016; Fan and
Kayser, 2016). Indeed, HA exposure frequently results in persistent
neuropathological and behavioral deficits including spatial memory
impairment (Nelson et al., 1990; Rimoldi et al., 2016; Shukitt-Hale
et al., 1994; Virués-Ortega et al., 2004; Zhang et al., 2013) but the
mechanisms linking the two phenomena remain unclear (Kauser et al.,
2014; Prasad et al., 2013).

Magnetic resonance imaging (MRI) and electroencephalogram
(EEG) studies in humans have provided key insights into potential
mechanisms by noting alterations in brain structure and function of
individuals following sojourns to HA (Chen et al., 2016; Hunt et al.,
2013; Richardson et al., 2011; Yan et al., 2010, 2011). These adaptive
or maladaptive functional responses can be linked to anatomical
changes such as abnormalities within major white matter tracts (Kottke
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et al., 2015; Zhang et al., 2012) and reduced grey matter volume (Di
Paola et al., 2008; Fayed et al., 2006; Foster et al., 2015). Additional
white matter abnormalities and lower performance on cognitive tests
have been reported in U-2 pilots who operated at cabin altitudes of
approximately 29,000 ft (McGuire et al., 2013, 2014). Hemosiderin
deposits, representative of microbleeds, are also frequently observed
following exposure to HA (Kallenberg et al., 2008; Schommer et al.,
2013) suggesting vascular disruption may contribute to HA pathology.
Indeed, impaired cerebral autoregulation of blood supply was found in
subjects living or transiently present at HA (Appenzeller et al., 2004;
Jansen et al., 2000; Norcliffe et al., 2005). Furthermore, regional
changes in cerebral blood flow (Feddersen et al., 2015) and arterial
diameters (Imray et al., 2014) are linked to altered EEG. These adaptive
mechanisms appear to be strongly influenced by genetic background
(Claydon et al., 2008) and indicate that a comprehensive investigation
of the effects of HA on neuropathology must examine this process from
a structural, functional and genetic viewpoint.

In our previous study, we showed that exposure to HA causes time-
dependent changes in mouse respiratory function and motor behavior
consistent with adaptive changes in the nervous system (Cramer et al.,
2015). Here we report that mice similarly exposed to HA exhibit hip-
pocampal mediated memory deficits with accompanying abnormal MR
imaging in the brain consistent with neurovascular changes, increased
inflammation and white matter remodeling. Pathological and tran-
scriptome analysis suggest that vascular remodeling and inflammation
contribute to HA-induced cognitive deficits. Thus, the results reported
here provide novel insights into functional mechanisms underlying
time-dependent changes occurring in response to HA and highlight
multiple potential targets for therapeutic interventions.

2. Materials and methods
2.1. Animals

All procedures were approved by the USUHS Institutional Animal
Care and Use Committee and results are presented according to ARRIVE
guidelines. Sample sizes for each experiment were based on previous
experience and results from similarly applied techniques in published
research. For behavioral experiments, male C57Bl6/J were obtained
from Jackson Laboratories to arrive at the Uniformed Service University
of the Health Sciences (USUHS) at 7 weeks of age and were housed on a
reverse light cycle at sea level for one week prior to HA exposure.
Environmental variables are as regulated by the Department of
Laboratory Animal Medicine at USUHS and follow AAALAC guidelines.
All mice were randomly assigned to experimental groups and were
socially housed up to 5 mice per cage. Control mice, which resided at
sea level (SL), were also housed on a reversed light cycle. Due to sig-
nificant differences in body weights between HA and SL mice (Cramer
et al., 2015), blinding was not possible for in vivo experiments. For
immunohistochemistry and magnetic resonance imaging (MRI) male
B6.129P-Cx3crltmlLitt/J mice (a transgenic line of mice on the
C57Bl16/J background that express GFP in immune cells such as mi-
croglia) were obtained from breeding colonies maintained at USUHS
using homozygous males obtained from Jackson Laboratories paired
with standard C57Bl6/J females. As with the behavioral experiments,
resulting male heterozygous CX3CR1-GFP mice entered the HA simu-
lation chamber at 8 weeks of age. Inmunohistochemical and MRI ex-
periments used separate cohorts of mice as the mice that underwent in
vivo imaging continued to progress in a separate study. Separate co-
horts of mice were used for each MRI time point.

2.2. Simulated HA exposure
Mice were group housed in conventional cages inside a modified

Vicker's hypobaric chamber altered by Reimers System Inc. (Lorton,
VA) to operate under reduced pressures (~7.4psi) using a vacuum
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pump (Welch Model 2585B or 2067B-01) as previously described
(Cramer et al., 2015). Ascent to a simulated altitude of 5000 m (HA,
equivalent to an inspired PO, of 78 mmHg) proceeded at 200 m per
minute and return to SL proceeded at the same rate. Environmental
parameters (pressure, oxygen and carbon dioxide levels, temperature
and relative humidity) inside the chamber were continuously mon-
itored using custom built sensors from CO2Meter Inc. (Ormond Beach,
FL). The chamber was located within the common animal vivarium to
ensure consistent environmental parameters across exposure groups
and conditions. Mice in the sea level control groups were housed within
the vivarium but not within the HA chamber. The chamber altitude was
monitored using a data logging digital manometer (AZ Instrument
Corp., Taichung City, Taiwan). Cage maintenance was performed at SL
at least once per week. All mice were monitored daily for signs of
distress such as social isolation, failure to groom or excessive weight
loss.

2.3. Fear conditioning

C57B16/J mice were housed at either SL or HA (n = 8 per group) for
3-weeks prior to the onset of fear conditioning. This time point corre-
sponds to a period of early stabilization in the adaptation process
(Cramer et al., 2015). For the initial training session, mice were accli-
mated to the testing room for 5 min prior to being placed individually in
Plexiglass chambers with a wire grid floor inside a dimly lit enclosure
(Ugo Basile, Varese Italy). Black and white striped or checkered back-
drop lining the walls of the enclosure were used to strengthen the
context association. Mouse movements were recorded and analyzed for
freezing behavior using ANY-maze software (Stoelting Co., Wood Dale,
IL). The training session consisted of a two-minute acclimation period
followed by five 0.5mA foot shocks spaced 1 min apart. Mice were
returned to their home cages (either at HA or SL) at the end of the test.
Context dependent memory formation was tested by returning the mice
to identical chambers at 24 h and 1, 3, 8 and 12-weeks after the training
session. During these tests mice were monitored for freezing behavior
and no additional foot shocks were delivered. Analysis was performed
on the first 3 min of each session to coincide with the training session
pre-shock period prior to the association of the environment with the
aversive foot shock. Since the weight of HA mice were significantly
different, as reported before, the investigator could be aware to which
experimental group each mouse belonged (Cramer et al., 2015).

2.4. Novel object recognition

Our novel object recognition protocol was developed based on
published procedures (Antunes and Biala, 2012). Briefly, after a 30 min
room acclimation period, 3 month exposed mice and their respective
controls (n = 13 each) were placed individually in open field containers
(Stoelting Co., Wood Dale, IL) and allowed to explore their empty en-
vironment for an additional 30 min. These periods served to acclimate
the mice both to the room and the containers in which the novel object
recognition (NOR) test would take place. Approximately 30 min after
the acclimation period, mice were returned to the open field containers
in which two identical objects (either Duplo blocks or similarly sized
plastic cylinders) were placed equidistant from the corners of the ap-
paratus. Mice were allowed to explore both objects for 15 min after
which they were returned to their home cage. One hour later the mice
were returned to the open field containers in which new objects had
been placed. One object was identical to the previously explored objects
and the other was novel (Duplo block or cylinder). The type of novel
object and its location was assigned randomly to avoid object or place
preferences. No objects were reused within a test and each apparatus
was thoroughly cleaned with 70% ethyl alcohol to minimize residual
odor cues effect. A discrimination index was calculated using the
equation: DI = (TNovel - TFamiliar)/(TNovel + TFamiliar), where TNovel and
Tramiliar are the times spent exploring the novel and familiar objects
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respectively. The DI of one SL mouse was more than two standard de-
viations below the group mean and was eliminated from the data set.

2.5. MRI acquisition and measurements

All MRI experiments were conducted using a 7 T Bruker Biospec 70/
20 USR Superconducting Magnet System (Bruker Biospin, Inc.,
Billerica, MA) with isoflurane anesthetized mice. Heart and respiratory
rates and body temperature were continuously monitored (SA-instru-
ments, Stony Brook, NY). Separate cohorts of CX3CR1-GFP mice were
imaged after 1, 3.5, 6, and 8 months of HA exposure along with age
matched controls. All mice underwent: anatomical proton density/T2
weighted (PDW/T2W) imaging for general assessment, structural
changes, and edema formation; arterial spin labeling (ASL) to compute
relative cerebral blood flow (rCBF) maps; Magnetic Resonance
Angiography (MRA) for the direct visualization of the vascular struc-
ture; contrast enhanced MRA (CE-MRA) to calculate and analyze the
vascular density index (VDi); and Diffusion Tensor Imaging (DTI) to
estimate white matter (WM) integrity and reveal microstructural axonal
damage. The brains of these mice were collected for follow-up 2-photon
analysis with Scale-treatment rendering brain optically transparent
(data not shown) (Hama et al., 2011). More specific details on scan
parameters are provided in the Supplemental Methods.

2.6. Blood collection

As in our previous study (Cramer et al., 2015), whole blood samples
were collected through cardiac puncture under isoflurane anesthesia or
submandibular vein puncture using 5.5 mm Goldenrod Animal Lancets
(MEDIpoint, Inc., Mineola NY). Samples were placed into EDTA-coated
plastic tubes (BD, Franklin Lakes, New Jersey) and shipped for analysis
to BioReliance Corp. (Rockville, MD) or Charles River Research Animal
Diagnostic Services (Wilmington, MA) for complete blood count (CBC)
with differential analysis.

2.7. Immunohistochemistry

Vasculature in 3-month HA-exposed (n = 4) and SL-control (n = 5)
mice from cohorts separate from those used for MRI was labeled and
fixed with 4% paraformaldehyde using the protocol developed by
Robertson et al. (2014) and described in detail in the Supplementary
Methods. Coronal brain sections were cut by Histoserv Inc. (German-
town, MD) and stored in the dark at —80 °C until imaging. Brain slices
(10 um thick) for microglia immunohistochemistry were generated in
the same manner without tail vein injection. Luxol Fast Blue (LFB)
colorimetric histological staining was performed on paired brains (1 HA
and 1 SL in the same tissue block) cut and stained at the same time to
ensure consistency of slice thickness and staining intensity. ROIs were
similar to those used in MRI analysis. Endogenously expressed GFP in
CX3CR1 heterozygous knock-in mice enabled visualization of microglia
(Garcia et al., 2013) which were subsequently labeled with rabbit
polyclonal anti-CD68 (Cat# ab125212, Lot GR238318-3; Abcam,
Cambridge MA) diluted 1:200 and goat anti-rabbit IgG H&L (Alexa
Fluor® 594) (AB150080; Abcam, Cambridge MA) diluted 1:100. Ex-
travascular albumin was labeled with rabbit anti-mouse albumin (Cat#
ab19196, Lot GR249722-16; Abcam, Cambridge MA) at 1:1000 to as-
sess blood brain barrier integrity (Clasen et al., 1970; Saunders et al.,
2015; Tischner et al., 2006). The sections were mounted with ProLong®
Diamond Antifade Mountant with DAPI (P36971; ThermoFisher Sci-
entific, Inc.). Images were acquired using a Leica AF6000 (Leica Mi-
crosystems Inc., Buffalo Grove, IL) or an Axio Scan.Z1 (Carl Zeiss Mi-
croscopy, LLC, Thornwood, NY). Images were analyzed using Arivis
Vision4D imaging software (Arivis AG; UnterschleiBheim, Germany)
and ImageJ as described in the Supplementary Methods.
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2.8. Electrophysiology

Mice (n = 7 HA and 8 SL) were anesthetized with isoflurane and the
unperfused brains transferred to the cutting chamber of a Leica VT1200
vibratome containing chilled sucrose ACSF (in mM: sucrose 206, KCl 2,
CaCl, 1, NaH,PO, 1.25, MgS0O,4 2, MgCl-6H,0 2, NaHCO3 26, p-glucose
10, bubbled with a mixture of 95% 0O,/5% CO,). Coronal sections,
400 pm thick, were cut and transferred to normal ACSF (in mM: NaCl
126, KCI 3, CaCl, 2, NaH,PO, 1.25, MgS0O4 2, NaHCO3 26, p-glucose 10,
bubbled with a mixture of 95% 05/5% CO,) at 36 °C for 30 to 45 min
followed by an additional recovery period of 1 h at room temperature.
Recordings were performed in an immersion chamber in flowing
normal ACSF at room temperature as previously described (Olmos-
Serrano et al., 2016). All solutions were continuously bubbled with 95/
5% 0,/CO,. Analysis of compound action potential (CAP) velocities
and amplitudes are described in the Supplementary Methods.

2.9. Transcriptome analysis

Mice exposed to HA and SL for 3 or 12-weeks (HA = 5and SL = 5 at
each time point) were perfused transcardially with nuclease free PBS
and sacrificed by decapitation under isoflurane anesthesia. Brains were
quickly dissected, frozen on dry ice and kept at —80 °C until the time of
RNA isolation. Coronal brain sections were cut on a cryostat and hip-
pocampi and amygdalae were micropunched using a 500 um cannula
under a microscope as previously described (Harashima et al., 2006a,
2006b). Total RNA was isolated from micropunched sections using the
miRNeasy Mini Kit (Qiagen #217004, Germantown, MD), quantified by
Qubit 2.0 Fluorometer 2.0 (ThermoFisher Scientific #Q32866, Wal-
tham, MA) and quality was verified on Bioanalyzer 2100 (Agilent
Technology at Hudson Alpha). Only samples containing > 100 ng with
RIN > 8 were used for RNA-Seq performed by Hudson Alpha Institute
of Biotechnology (Huntsville, AL). Paired-end sequencing with at least
25 million, 50-75 bp, paired-end reads was performed. The reads were
aligned to mouse reference genome mm1l0/GRCm38 with Ensembl
annotations using Bowtie2-RSEM with default options. Differential ex-
pression analysis was performed on estimated read counts from RSEM
using DESeq2 with batch correction modeling (Anders et al., 2013; Love
et al., 2014; Robinson et al., 2010). Aligned .bam files were sorted using
Bamtools and converted to .tdf format for visualization using In-
tegrative Genomics Viewer (IGV, Broad Institute, Cambridge, MA).
Venn Diagrams were created using http://bioinformatics.psb.ugent.be/
webtools/Venn/. Ontology pathway enrichment analysis was per-
formed using Ingenuity Pathway Analysis (IPA, QIAGEN Bioinfor-
matics, Redwood City, CA) for all transcripts fulfilling the criteria of p-
adjusted < 0.1. Ontology bar plots and all volcano plots were generated
using Microsoft Excel.

2.10. Quantitative real time RT-PCR

The same RNA samples used for RNA-Seq were also used to create
cDNA for qPCR validation of transcript expression. RNA (1000 ng per
sample) were retrotranscribed to ¢cDNA with High-Capacity cDNA
Reverse Transcription Kit (ThermoFisher Scientific, Waltham, MA USA
#4368814). Real-time quantification of ¢cDNA was performed with
specific TagMan gene expression assays (ThermoFisher Scientific, cat-
alog #4331182; all amplicon lengths 50-150 bp) on an ABI 7900 real
time PCR instrument (Applied Biosystems) and data were normalized to
endogenous control fB-actin (ActB: Mm02619580_g1). To determine
transcript expression of C-X-C motif chemokine 12 (Cxcl12/SDF1:
Mm00445553_m1), cDNA was diluted 1:2.5 and run according to the
Tagman Gene Expression Master Mix protocol (ThermoFisher Scientific
#4369016). To determine transcript expression of fms related tyrosine
kinase 1 (FIt1: Mm00438980_m1), vitronectin (Vtn: Mm00495976_m1),
fibronectin 1 (Fnl: Mm01256744_m1), and von Willebrand factor (Vwf:
Mm00550376_m1), cDNA was diluted 1:5 before following the Tagman
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Gene Expression Master Mix protocol. All samples were run in tripli-
cate. Ct values were analyzed following guidelines of Applied
Biosystems by the AACT method. Difference in expression between HA
and SL conditions was evaluated by 2-tailed Student's t-test of mean
AACT values, with statistical significance considered as p-value <.05.

2.11. Statistics and experimental design

Results of the fear conditioning tests were analyzed using two-way
repeated measures ANOVAs with condition (SL or HA) and exposure
time as the independent variables. When significant interactions were
present (p < .05) post-hoc comparisons were performed using the
Holm-Sidak method. Student's t-test was used for comparing means
within a single time point (e.g. NOR) while a two-way ANOVA was used
when including time as an independent variable. The presence of a
significant difference between probability distribution curves was
tested using the Kolmogorov-Smirnov test. Input-output relationships
were examined by comparing the decay constants of nonlinear fits
through the respective data sets. With the exception of transcriptome
analysis as indicated above, an alpha of 0.05 in any test was taken to
show a significant difference. All tests were performed in either
SigmaPlot (Systat Software, Inc., San Jose, CA) or GraphPad Prism
(GraphPad Software Inc., La Jolla, CA).

3. Results
3.1. HA exposure induces hippocampal mediated memory deficits

HA exposure has been associated with long lasting cognitive deficits
(Abraini et al., 1998; Ryn, 1979, 1988; Subudhi et al., 2014). To un-
derstand the adaptive mechanisms underlying this phenomenon we
tested mice exposed to chronic HA and corresponding SL controls in a
hippocampus dependent fear conditioning paradigm. After a three-
week acclimation period, mice were exposed to a context-dependent
fear conditioning paradigm with re-exposure to the identical context at
24h and 1, 3, 8 and 12-weeks after the initial training session. This
timeline examines the acquisition and retention of the context asso-
ciated memory shown to rely on hippocampal networks. There was a
significant interaction between treatment and session (p = .005, n = 8
for all groups at each time point, two-way repeated measures ANOVA
with Holm-Sidak post-hoc comparisons). Both HA and SL mice spent
significantly more time freezing 24h after the training session
(p =.001 and p < .001 for HA and SL respectively). However, while
the amount of freezing remained significantly elevated above the
baseline training session levels in SL mice throughout the subsequent
12-weeks of testing, the degree of freezing returned to baseline levels in
HA mice after only 1 week. In addition, HA mice spent significantly less
time freezing compared to SL mice at all post-training time points
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(Fig. 1A; p < .001 at all-time points; Holm-Sidak post-hoc compar-
ison). Similarly, in the novel object recognition test, which involves the
lateral entorhinal cortex (Wilson et al., 2013), 3 month exposed HA
mice showed significantly impaired object-context associations relative
to their SL counterparts (Fig. 1B; p = .021, unpaired Student's t-test,
n =12 and 13; SL and HA per each group respectively).

3.2. MR imaging reveals structural and functional neurological changes

3.2.1. T2 values and ventricular volume

In order to examine the underlying neurological and vascular me-
chanisms of long-term adaptation to HA coincident with the decline in
hippocampal mediated learning and memory we carried out neuroi-
maging using MRI after different time periods of HA exposure. As HA
exposure can lead to edema we examined T2-weighted images (Fig. 2A)
and T2 maps in a quantitative manner (Rumpel et al., 1995). The de-
rived T2 values (Fig. 2B) were slightly elevated in the HA neocortex and
hippocampus but these changes were not significant. However, in the
corpus callosum (CC), T2 values were significantly elevated after
1 month of exposure and remained elevated relative to SL controls at
the longer exposure time points.

As changes in anatomical brain structure have been reported in
individuals who travel to HA (Di Paola et al., 2008; Fayed et al., 2006;
Foster et al., 2015), we also examined the normalized ventricular vo-
lume (nVV) in HA mice relative to their SL controls (Fig. 2C). The nVV
was increased in HA mice and, like the elevated T2 values, remained
stable across the exposure time points.

To examine the abnormal T2 values in the CC more closely in vivo,
we used diffusion tensor imaging (DTI) to estimate the integrity of
white matter through measurement of apparent water diffusion coef-
ficients and anisotropy (representative scans shown in Fig. 3A). Similar
to our T2 results, we did not observe any significant differences in
fractional anisotropy (FA) values in the neocortex or hippocampal re-
gions but did observe significant changes in the CC (Fig. 3B). In SL
controls, the FA values showed a normal increase with age (Semple
et al., 2013; Wang et al., 2009). However, in HA mice there were no
differences between FA in the CC at 1 month of exposure or any of the
remaining time points. The divergence of these two trends became
significant by 3 months. These results suggest either a prevention of
normal maturation of myelination and/or de- or dysmyelination in the
white matter of HA mice.

In contrast to FA, mean diffusivity (MD) values were significantly
elevated in neocortex, CC and hippocampus after three months of HA
exposure and remained elevated after =6 months of exposure in the
neocortex (Fig. 3C). To delineate the changes in MD, axial and radial
diffusivity (AD/RD) were evaluated. We did not find any significant
changes in AD or RD values at 1 month in neocortex or hippocampus of
HA exposed or SL mice (Fig. 3D and E). However, after 3 months, MD,

A Fig. 1. Mice exposed to HA show hippocampal re-
?‘ lated deficits in contextual memory formation.

(A) Bar graph depicting the percentage of time spent
70 ! ! I freezing in a fear conditioning protocol during the

* B « N « g g P! g
R 60 5 first 2 minutes (pre-shock period) over the course of
Y 2 repeated exposures. Prior to the shock (training)
240 % there was no significant difference between HA and
'g:g 30 "§ SL mice. However, compared to SL, HA mice spent
IC 20 € significantly less time freezing when returned to the
10 i . ' - § context 24 h later. This difference persisted over a
0 (3] i o 12-week exposure period by which time HA mice
Training 24 Hrs 1Wk 3Wks 8Wks 12 Wks SL HA had returned to pre-shock levels of freezing while SL
mice maintained a stable degree of freezing
BSL mHA throughout the 12-week measurement period. Note
that exposure time to HA is 3-weeks plus the time
indicated. * = p < .001, Two-way repeated measures ANOVA with Holm-Sidak post-hoc comparison. N = 8 mice for all groups at each time point. (B) Three-month

exposed HA mice also fail to form strong object-context associations relative to SL controls as evidenced by a lower discrimination index in the novel object
recognition test. N = 12 SL and N = 13 HA per group, p = .021 unpaired Student's t-test.
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A Fig. 2. MRI T2 relaxation times are increased in se-
lected brain regions following HA exposure.

(A) Representative T2-weighted image indicating
analysis ROIs and T2 maps for a SL and HA mouse
scaled 10 to 60 ms. Insets show representative values
for the corpus callosum. (B) T2 values in different
brain regions and normalized ventricular volume (C)
calculated for 1, 3, and 6 months HA and SL animals.
T2 values are particularly elevated in the corpus
callosum with observable increases in normalized
VV for HA exposed animals. Two-way ANOVA for T2
values and t-test fornVV: * =p < .05, =p < .01,
£ =p < .001. Number of mice were: 1 month: 3 SL

B SL B HA and 3 HA; 3 months: 4 SL, and 3 HA; 6 + months (6
- and 8 months combined): 5 SL and 5 HA.
o
SES
<
S
Q
2%
Neocortex CC Hippo 1 month 3 months 26 months
A Fig. 3. Fractional anisotropy of white matter de-
creases, whereas vascular density index and cerebral
. . blood flow are impacted following HA exposure.
" (A) Typical DTI derived diffusion index maps such as
Fractional Anisotropy scaled from 0 to 1 (with re-
presentative images from the CC as insets), direc-
tionally-encoded color FA (DEC FA), and Mean
Diffusivity maps. (B) FA values didn't show sig-
nificant differences in neocortex and hippocampus
regions. There is a significant drop of FA in CC at 3
800- T and =6 months of exposure to HA. There is an in-
— T . * - crease of MD values (C) across all brain regions in
c%’ 750+ L animals exposed to HA conditions at 3 months and,
€ 7004 in the neocortex, at 6 months. Significant reduction
= of axial diffusivity (AD, panel D) with elevated radial
0 650 diffusivity (RD, panel E) in CC at later time points
= 6004 suggesting demyelination, edema, and/or neuroin-
5501 flammation. Two-way ANOVA: *=p < .05,
f=p < .01, £=p < .001. Changes in vascular
. density index (VDi, panel F) and relative cerebral
Neocortex CC Hlppo Neocortex CC Hlppo blood flow (rCBF, panel G) in the neocortex of HA
E and age matched SL control mice show significant
800+ differences in both measures. HA mice changes are
1200 . ﬁ ; consistent with higher blood vessel densities but
’\cr? » 700 lower rCBF compared to SL animals. t-test:
‘\E‘ 1100+ (}EI 6004 *=p < .05 T=p < .01, ¥ =p < .001. Number
=1 = of mice were: 1 month: 3 SL and 3 HA; 3 months: 4
E 0O 500 SL, and 3 HA; 6+ month: 5 SL and 5 HA.
< (14
400+
! 300
Neocortex CC Hippo Neocortex Hippo
F G
5 1.04 = SL mm HA = 4504 D= SL m HA
'o ——
2 09- ; £ 4004 f
208, S
g V-0 S 350-
O 0.7 =
e £ 300
© 0.6 E
>
2 0.5 Q 250
= 04 , , , 200 : . .
1 mo 3 mo =6 mo 1 mo 3 mo 26 mo
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AD and RD values were higher in neocortex in HA mice compared to SL
consistent with an ongoing neuroinflammatory process. In the CC at
3 months, MD and RD increased with a corresponding decrease in FA.
These patterns of diffusion measures may reflect axonal degeneration
and/or demyelination. In the SL group white matter maturation was
evident from increasing FA and AD with decreasing RD over the 6-
month observation period.

3.2.2. Vascularization and blood flow

Vasogenic edema has been proposed to play a significant role in the
neuropathology of HA exposure (Hackett et al., 1998) and changes in
the vasculature structure and function may critically impact the cog-
nitive changes. To obtain an in vivo measure of hypobaric-hypoxia
induced cerebrovascular changes, a vascular density index (VDi) was
derived from a pre- and post-contrast Magnetic Resonance Angiography
(MRA). The calculated VDi of the neocortex (Fig. 3F) was elevated in
HA mice in all exposed groups beginning at 1 month consistent with
chronic hypobaric-hypoxia driven increases brain vascularity.

Cerebral blood flow (CBF) serves as an indicator of cerebral meta-
bolism and provides insight into oxygenation capacity of the vascular
network in the brain. Relative cerebral blood flow (rCBF) remained
unchanged in HA exposed animals relative to SL controls up to
3 months of exposure. However, after 6 months of continuous exposure
to HA conditions, rCBF was reduced in HA exposed mice (Fig. 3G).

Since adaptive changes in vasculature may include changes in the
hematocrit in response to hypoxic conditions we measured hematocrit
levels. Previously we reported that a three week exposure to HA causes
a significant increase in the hematocrit of C57Bl6/J mice from
53.4 £ 0.4% in controls to 78 = 1% in exposed mice (Cramer et al.,
2015). Here we extended the hematocrit measurements and found that
after 2 months of exposure, the hematocrit of HA mice was 81 = 1%
(n = 4) compared to 51 * 1% (n = 4) in SL controls. We re-examined
the hematocrit in a subset of HA mice after 3 months exposure and
found no significant increase from those at the 2-month exposure
period (80.9 = 0.9%, n = 3). In comparison, the hematocrit for age-
matched SL controls remained low at 57 = 1% (n = 5). This increase
in hematocrit may affect blood viscosity and contribute to the lower
rCBF values in HA mice (Fig. 3G).

3.3. HA exposure increases neurovascular density

Given the capacity for the vasculature to adapt to chronic hypoxia
(Ainslie and Ogoh, 2010; Willie et al., 2015) and our observation of
elevated VDi in the neocortex (Fig. 3), we began by investigating
changes in cerebrovasculature. Representative images of the vascu-
lature are shown in Fig. 4A. Quantification of the percentage of area
taken up by the vasculature revealed significant increases in HA mice
relative to SL in the neocortex, CC and hippocampus (Fig. 4B: neo-
cortex: 4.2 = 0.1% in control versus 5.5 * 0.4% in HA, p = .015; CC:
2.1 * 0.1 in control versus 3.1 * 0.2 in HA, p = .013; hippocampus:
3.1 = 0.2 in SL versus 4.6 + 0.2 in HA, p = .004: n = 5 and 4 for SL
and HA respectively). Additionally, when normalized to control mice,
the hippocampal parenchyma of HA mice had significantly elevated
albumin staining consistent with disruption of the blood-brain barrier
(BBB) (relative optical densities of 1.0 = 0.04 for SL vs. 1.4 = 0.1 for
HA, n=7 per group. p =.026 Mann-Whitney test; Supplemental
Fig. 1). Therefore, consistent with our observation of increased VDi in
the neocortex (Fig. 3), we find significant expansion of the vascular
network in all investigated brain regions, which may have diminished
BBB integrity.

3.4. Altered myelination correlates with functional changes within the
corpus callosum

In order to parallel MRI findings with regard to myelination, we
assessed the degree of myelination in the CC using LFB staining
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Fig. 4. HA exposure induced angiogenesis in the brain.

(A) Representative images of coronal brain sections from a control SL mouse
(left) and a HA mouse (right) after 3 months of exposure. The vasculature was
labeled by tail vein injection of lectin-conjugated dye. (B) Group data from SL
(n =5) and HA (n = 4) mice reveal a significant increase in vascularization
following HA exposure (* = p < .05, Student's t-test).

(Fig. 5A). Similar to MRI observations, the intensity of LFB staining
within the CC was significantly lower in HA exposed mice (as evidenced
by a higher cumulative probability of brighter pixel intensities resulting
from reduced myelin within the CC; Fig. 5B, p < .0001, n = 4 per
group; Kolmogorov-Smirnov test), further suggesting deficits in myeli-
nation (Deshmukh et al., 2013).

The functionality of the CC was assessed in 8 SL and 7 HA mice by
measuring compound action potential (CAP) conduction kinetics ex
vivo. CAP velocities were not significantly different in either the mye-
linated component (N1: 1.06 = 0.03m/s versus 1.11 = 0.04m/s for
SL and HA respectively; P = .8 Student's t-test) or unmyelinated com-
ponent (N2: 0.38 + 0.02m/s versus 0.36 = 0.02m/s for SL and HA
respectively; Student's t-test, p = .9, Fig. 5D). However, the input-
output relationships, which provide a measure of the recruitment levels
of N1 and N2 contributing fibers as a function of action potential ac-
tivation threshold, were significantly increased by HA exposure. Re-
presentative examples of CAP evoked by an identical range of stimu-
lation intensities for SL and HA exposed mice are shown in Fig. 5C,
while group data for SL and HA mice are shown in Fig. 5E & F for
myelinated (N1) and unmyelinated (N2) fibers, respectively. In addi-
tion, the ratio of N1 to N2 amplitudes was significantly reduced
(Fig. 5G) while refractory periods were increase (Supplemental Fig. 2)
in HA mice. Therefore, augmented N1 and N2 responses for both
myelinated (faster conducting) fibers and unmyelinated (slower con-
ducting) fibers (Fig. 5E and F) results in an abnormal recruitment
pattern for stimulation of CC following HA exposure.

3.5. Microglia show increased phagocytic activity following hypobaric-
hypoxia

We hypothesized that a microglia mediated inflammatory micro-
environment triggered by hypobaric hypoxia (Boos et al., 2016; Kubo
et al., 1998; Lemos et al., 2013) could contribute to vascular re-
modeling and myelination deficits. Representative images of en-
dogenous GFP expression by microglia and CD68 immunoreactivity, a
marker of lysosomal activity, are shown in Fig. 6A. Quantification of
the microglia densities within the three primary regions of interest
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revealed no significant differences between conditions (Fig. 6B: SL vs
HA: neocortex, 109 + 5 vs 109 * 4 per mmz, p=.7;CC,9 = 8vs
91 + 8 per mm? p = .68; hippocampus, 118 * 8 vs 104 + 8 per
mm?, p = .22; Student's t-test, n = 8 SL and HA mice per group). Al-
though the densities of microglia where not significantly different be-
tween the two conditions, microglia from HA exposed mice tended to
have significantly greater CD68 loads within the cell bodies (calculated
as percent CD68 signal per microglia cellular area, Fig. 6C-E). This
suggests that microglia in HA mice are more actively involved in pha-
gocytosis than in SL mice in all examined regions.

3.6. Hippocampal and amygdala transcriptomes exhibit signatures of
hypobaria and hypoxia

We used RNA-Seq mediated transcriptional analysis on C57Bl6/J
hippocampi and amygdalae in order to obtain molecular insight into
time-dependent changes in regulatory and signaling pathways
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following 3 and 12 weeks of HA exposure (see Supplemental Fig. 3 for a
representative IGV track). The reads mapped to exons of 38,484 tran-
scripts and the pools of transcripts in both hippocampus and amygdala
samples were distinct.

The Venn diagram (Fig. 7A) illustrates our results, which are de-
tailed in Supplemental Table 1. We identified 200 differentially ex-
pressed transcripts in the hippocampus and 176 in the amygdala fol-
lowing 3-week HA exposure, 32% of the identified amygdalar
transcripts (56/176) overlap between tissues.

Following 12-week HA exposure, 71 and 33 differentially expressed
transcripts were found in the hippocampus and amygdala respectively,
58% of amygdalar (19/33) differentially expressed transcripts were also
identified in the hippocampus (Fig. 7A and Supplemental Fig. 4, Sup-
plemental Table 1). We identified 12 differentially expressed transcripts
in all tissues at all timepoints; all were linked to vascular plasticity and
remodeling of BBB (Right panel, Fig. 7A).

Volcano plots skew towards transcriptional induction rather than
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Fig. 6. Enhanced microglia phagocytic activity in HA exposed mice.
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(A) Representative images of coronal brain sections showing portions of the neocortex, corpus callosum and hippocampus from SL control (top row) and 3-month HA
exposed (bottom row) mice. Images left to right show DAPI stained nuclei (blue), endogenous GFP expression driven by the Cx3crl gene in microglia (green) and
CD68 (a marker of phagocytic activity, red). The inset in each row shows a larger view of the representative section with the white rectangle indicating the expanded
region. Scale bar = 100 um. (B) Quantification of the density of microglia in these three regions was not significantly different (Student t-test, p > .05; n = 8 mice
for SL and n = 6 mice for HA). Probability distribution curves for the percent area of microglia soma that is CD68 immunopositive in the neocortex (C), corpus
callosum (D) and hippocampus (E) are shifted to the right in HA mice suggesting that microglia from HA exposed mice have a greater lysosome load than those from
SL mice in all three regions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

suppression for hippocampus and amygdala (Fig. 7B-C and Supple-
mental Fig. 4). Upregulated transcripts (i.e. xanthine dehydrogenase
(Xdh), ATP-binding cassette, sub-family B, member 1A (Abcbla), lym-
phocyte antigen 6 complex, locus C1 (Ly6cl), solute carrier organic
anion transporter family, member la4 (Slcola4), flavin containing
monooxygenase 2 (Fmo2), regulator of G-protein signaling 5 (Rgs5),
vitronectin (Vtn) and chemokine (C-X-C motif) ligand 12/stromal cell-
derived factor 1 (Cxcl12/SDF1)) are largely related to vascular devel-
opment, BBB formation and inflammation. Although we observe onto-
logical enrichment of transcripts associated with neurological function
at 3- and 12-weeks, the differential expression of factors directly im-
pacting neurological function occurs primarily at the 3-week time point
(Fig. 7D).

We performed real-time PCR for selected targets as validation of
transcriptomics results. qPCR analysis of the transcripts Cxcl12, Flt1,
Vtn, Fnl and Vwf confirmed increased expression in the hippocampus
following 12weeks high altitude exposure, as initially identified
through RNA-Seq (Supplemental Table 1). The ratios of HA to SL
transcript expression fold changes were (mean + SEM): Cxcll2:

1.32 + 0.09, p=.053; Fltl: 1.44 = 0.07, p=.015; Vin:
1.43 = 0.04, p=.0002; Fnl: 1.67 = 0.10, p=.001; Vwf:
2.35 + 0.13, p = .0003 (n = 5 HA and 5 SL).

4. Discussion

Performing long-term operations, working and/or living in the hy-
pobaric-hypoxic conditions at HA, including space exploration, can
have significant physiological impacts affecting exercise performance,
operational and mental capabilities (Anderson et al., 2011; Cowell
et al., 2002; De Peuter et al., 2004; Fan and Kayser, 2016; Smith, 2005;
Waligora et al., 1991). Using our mouse model which mimics HA in-
duced memory deficits, we investigated the mechanisms underlying
these changes. In line with cognitive deficits observed in humans
(Abraini et al., 1998; Ryn, 1979, 1988; Subudhi et al., 2014) and rats
(Maiti et al., 2008; Titus et al., 2007) after HA exposure, we found that
mice which resided at a simulated elevation of 5000 m showed
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evidence of poorer spatial memory formation and retention compared
to SL controls (Fig. 1). This result suggests that chronic HA exposure
impairs both spatial (declarative) memory formation and retention.

MR imaging of the neocortex, CC and hippocampus from similarly
exposed mice revealed that T2 values increased most prominently in the
CC as a function of exposure duration relative to age matched SL con-
trols. Increased T2 value are consistent with HACE pathology in hu-
mans and may be an indication of vasogenic edema (Hackett et al.,
1998) or ongoing inflammatory processes. In our study, the changes
occurred relatively early during the first month of HA exposure and
continue into later time points suggesting either chronic inflammation
or persistent structural changes. DTI metrics, which can provide in-
sights into structural changes, were also altered in the CC as well as the
hippocampus of HA exposed mice. Fractional anisotropy was lower
than SL controls after 3 months at altitude, a change that was largely
due to elevated radial diffusivity. A similar pattern of increased radial
diffusivity with relatively normal axial diffusivity has been correlated
with myelination deficits in the shiverer mouse (Song et al., 2002) and
hypoxic-ischemic damage to myelination in the neonatal rat brain
(Wang et al., 2009). When coupled with increased microglia phagocytic
activity (Fig. 6), decreased luxol fast blue staining and altered fiber
excitability (Fig. 5), these results suggest microglia may contribute to
hypobaric-hypoxia induced reduced myelination/demyelination, in-
creased excitability of the CC, and impaired hippocampal function. Our
electrophysiological results are consistent with increased excitability in
fast and slow axons in the CC following HA exposure and can be par-
alleled to increased firing activity found in aged rhesus monkey pre-
frontal cortex neurons (Coskren et al., 2015). Decreased N1/N2 ratios
suggest a bigger impact on excitability in slower unmyelinated fibers
whereas a longer refractory period reflects axonal damage and/or
suggests changes in inactivation gating of sodium channel for both fast
and slow components (Bucher and Goaillard, 2011; Colley et al., 2010;
Mangiardi et al., 2011). We can speculate that changes in myelination
patterns can be an adaptive mechanism that ensures a normal AP
conduction velocity.

At all time-points, we see ontological evidence of increased
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Fig. 7. Hippocampal transcriptome following 3- and
12- week HA exposure.

(A) Left panel: Venn Diagram of differentially ex-
pressed transcripts (p-adjusted < 0.1) in the 3-week
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angiogenesis/vasculature and inflammation in our RNA-Seq data. In
particular, the prominent transcripts upregulated in the 3 week hippo-
campus (Fig. 7) suggest the brain may still be adapting to the metabolic
stress resulting from decreased oxygen availability. Slc2al encodes a
glucose transporter that shuttles glucose across the BBB and between
glia (Zhao and Keating, 2007) and is a downstream target of HIF-1a
(Nayak et al., 2016). Its upregulation at 3 weeks suggests the brain is
still under significant metabolic stress. Indeed, our observation of
Fam107a upregulation in the hippocampus has also been reported in a
model of neonatal stress where reduced dendritic density with aberrant
LTP in the CA1 region of the hippocampus was also observed (Schmidt
et al.,, 2011). At 12weeks, the more prominently upregulated tran-
scripts include those regulated by HIF-1la or VEGF related to blood

3 3.5

brain barrier permeability and angiogenesis (Vwf, Flt1, Vtn, Fnl and
Cxcl12) (Benito-Jardon et al., 2017; Chappell et al., 2013; Mathew
et al., 2017; Real et al., 2011; Selvaraj et al., 2017; Stowe et al., 2011;
Suidan et al., 2013). Indeed, upregulation of Cxcl12 has been linked to
increase BBB permeability (Selvaraj et al., 2017; Huang et al., 2013;
Man et al., 2012; McCandless et al., 2009) as observed in our study
(Supplemental Fig. 1). Additionally, Fam107a remains upregulated at
this later time point, suggesting that, despite adaptations in the vas-
culature, hippocampal networks remain under significant stress.
RNA-Seq analysis of hippocampal tissue also provided insight into
the possible underlying mechanisms contributing to maladaptation to
HA. Padi2, which encodes one of five isoforms of peptidyl arginine
deiminases, is downregulated in the HA exposed hippocampus (Padi2;
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Supplemental Table 1, Fig. 7B-C). PAD catalyzes post-translational ci-
trullination of proteins, including myelin basic protein, and is im-
plicated in the pathogenesis of MS and AD (Chirivi et al., 2013; Gyorgy
et al., 2006). This result indicates hypobaric-hypoxia modifies path-
ways involved in myelination and axonal excitability. Narf, another
transcript downregulated by HA exposure, appears to play a role in
hippocampal synaptic plasticity as it is upregulated by strong synaptic
activity in the hippocampus and cerebellum, localizes to neurites and
associates with myosin V (Ohkawa et al., 2001), a protein involved in
receptor trafficking and LTP induction (Kneussel and Wagner, 2013). Its
reduction in HA-exposed mice is consistent with deficits in hippo-
campal mediated memory formation (Fig. 1). Metabotropic glutamate
receptor 3 (GRM3), which is critical for performance in forced swim
tests, cued and contextual fear conditioning, and the T-maze forced
alternation test (Fujioka et al., 2014), has its transcript Grm3 down-
regulated at the 3-week time point in the amygdala. By contrast, there
were far fewer neurological-related transcripts differentially expressed
at the 12-week time point. Furthermore, these transcripts appeared to
be primarily glial in nature. Slcla3, a glutamate-aspartate transporter
highly expressed in glia (Hagiwara et al., 1996), and Glul, a glutamine
synthetase associated with glutamate recycling in glia (Eid et al., 2013),
have transcripts that are both upregulated in the hippocampus, sug-
gesting induction of potential protective mechanisms against glutamate
mediated neurotoxicity.

Inflammation/angiogenic alterations at the 3-week time point are
primarily associated with the extracellular matrix (transcripts encoding:
Fnl and Collla2), proliferation-associated growth factor signaling
(transcripts encoding: insulin-like growth factor binding protein 7
(Igfbp7), and Igfb3, insulin-like growth factor I receptor (Igflr), and
stress responses (transcripts encoding: heat shock protein 5 (Hspa5) and
Fam107a). By contrast, the top 12-week hippocampus ontology cate-
gories associated with inflammation and angiogenesis are pre-
dominantly vasculature associated, including VEGF-related receptors
(transcripts encoding: Flt1, Flt4 and kinase insert domain protein re-
ceptor (Kdr), along with transcripts endothelial-specific receptor tyr-
osine kinase (Tek), nitric oxide related nitric oxide synthase trafficker
(Nostrin) and nitric oxide synthase 3, endothelial cell (Nos3), and
leukocyte migration-associated Cxcl12 and platelet/endothelial cell
adhesion molecule 1 (Pecaml). However, Igfbp7 and Fltl remain up-
regulated in both hippocampus and amygdala as well.

It is interesting to mention that commercial flights are only pres-
surized to not exceed 8000 ft (Affleck et al., 2008) where the inspired
PO, is approximately 75% of its sea level value (West, 2004). While our
experiments simulate much higher altitude (5000 m with an inspired
PO, of approximately 52% of the sea level value), the complexity of the
response would suggest that it is worthwhile to look at the extent to
which these observations extend to repeated low-to-moderate altitude
exposure, as would be seen for frequent fliers, commercial and military
flight crews and exposure during space exploration missions.

In conclusion, our study unravels impaired hippocampus-mediated
learning and memory following chronic HA exposure. Hypobaric-hy-
poxia drives vascular remodeling and functional and structural changes
in white matter myelination. When combined with an increased in-
flammatory tone and probable channelopathies in affected neurons,
these neuropathological mechanisms contribute to long-lasting cogni-
tive deficits. The structural and functional changes we observed in the
CC suggest that the mechanisms contributing to altered excitability of
myelinated and unmyelinated fibers may arise from systemic extrinsic
factors driven by HA-induced vascular changes. Our results also suggest
that microglia may play a mediatory role between vascular remodeling
induced by HA exposure and subsequent neuropathologies. However,
further research is needed to determine whether microglia activation is
truly causal or a secondary response to hyobaric-hypoxia. Importantly,
our transcriptomics analysis identified sets of targets to be pursued in
future studies which may play a causative role in brain adaptation
during HA exposure.
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