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Abstract The gene encoding HIF-2«, Epasl, has experienced a history of natural selection in
many high-altitude taxa, but the functional role of mutations in this gene is still poorly under-
stood. We investigated the influence of the high-altitude variant of Epasl in North American deer
mice (Peromyscus maniculatus) on the control of breathing and carotid body growth during chronic
hypoxia. We created hybrids between high- and low-altitude populations of deer mice to disrupt
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linkages between genetic loci so that the physiological effects of EpasI alleles (Epasi™ and Epasi*,
respectively) could be examined on an admixed genomic background. In general, chronic hypo-
xia (4 weeks at 12 kPa O,) enhanced ventilatory chemosensitivity (assessed as the acute ventilatory
response to hypoxia), increased total ventilation and arterial O, saturation during progressive
poikilocapnic hypoxia, and increased haematocrit and blood haemoglobin content across genotypes.
However, the effects of chronic hypoxia on ventilatory chemosensitivity were attenuated in mice that
were homozygous for the high-altitude Epas1 allele (Epas1™/™). Carotid body growth and glomus cell
hyperplasia, which was strongly induced in EpasI"’" mice in chronic hypoxia, was not observed in
EpasI™™ mice. EpasI genotype also modulated the effects of chronic hypoxia on metabolism and
body temperature depression in hypoxia, but had no effects on haematological traits. These findings
confirm the important role of HIF-2« in modulating ventilatory sensitivity and carotid body growth
in chronic hypoxia, and show that genetic variation in Epasl is responsible for evolved changes in
the control of breathing and metabolism in high-altitude deer mice.
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Abstract figure legend We investigated the role of genetic variants in EpasI in high-altitude deer mice on the control
of breathing. In the lab, hybrids between high- and low-altitude populations of deer mice were created to disrupt
linkages between genetic loci so that the physiological effects of EpasI alleles (EpasI™ and Epasi®, respectively) could
be examined on an admixed genomic background. The high-altitude variant was associated with reduced ventilatory
chemosensitivity and carotid body growth after 4 weeks of chronic hypoxia compared to mice homozygous for the
low-altitude allele (EpasI''). These results help us better understand the genetic basis for the unique physiological
phenotype of high-altitude natives.

Key points

¢ High-altitude natives of many species have experienced natural selection on the gene encoding
HIF-2«, Epasl, including high-altitude populations of deer mice.

e HIF-2u regulates ventilation and carotid body growth in hypoxia, and so the genetic variants in
Epasl in high-altitude natives may underlie evolved changes in control of breathing.

® Deer mice from controlled crosses between high- and low-altitude populations were used to
examine the effects of Epasl genotype on an admixed genomic background.

® The high-altitude variant was associated with reduced ventilatory chemosensitivity and carotid
body growth in chronic hypoxia, but had no effects on haematology.

o The results help us better understand the genetic basis for the unique physiological phenotype of
high-altitude natives.
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Introduction

The hypoxic chemoreflex is an important physiological
response to environmental hypoxia. Reductions in the
partial pressure of O, (Pp,) in arterial blood initiate
the hypoxic chemoreflex by stimulating the O,-sensitive
type I (glomus) cells in the carotid bodies. Increases
in afferent activity from the carotid bodies lead to
increases in ventilation termed the hypoxic ventilatory
response (Ivy & Scott, 2015; Powell et al., 1998). It
also activates the sympathetic nervous system, which
can result in ¢-adrenoreceptor-mediated vasoconstriction
that tends to increase vascular resistance in some peri-
pheral tissues, and preferentially redistribute blood flow

towards hypoxia-sensitive organs (i.e. brain and heart)
(Hainsworth & Drinkhill, 2007; Ivy & Scott, 2015). Days
to weeks of hypoxia exposure leads to further increases
in ventilation (ventilatory acclimatization to hypoxia,
VAH), resulting from increases in O, chemosensitivity
of the carotid bodies and increases in central gain of
afferent signals transmitted to the brain stem (Pamenter
et al., 2014; Reid & Powell, 2005), and also leads to
growth and neovascularization of the carotid bodies
(Kusakabe et al., 1993; Pardal et al., 2007; Powell et al.,
1998; Wang et al, 2008). Sympathetic activation can
also persist in chronic hypoxia (Bernardi et al., 1998;
Calbet, 2003; Hainsworth & Drinkhill, 2007). Although
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the hypoxic chemoreflex is critical to survival during
acute exposure to severe hypoxia (Slotkin et al., 1988), the
value of maintaining or amplifying the hypoxic chemo-
reflex in chronic hypoxia is less clear. Some associated
responses are probably beneficial, particularly the increase
in ventilation that can improve pulmonary O, uptake
(albeit at a metabolic cost and placing greater reliance
on mechanisms responsible for maintaining acid-base
and water homeostasis). Other associated responses
may be counterproductive, such as chronic sympathetic
activation, because o-adrenoreceptor stimulation can
oppose local vasodilatory factors and act to increase
vascular resistance, impede O, supply to some peripheral
tissues, and increase blood pressure (Bernardi et al., 1998;
Calbet, 2003; Hainsworth & Drinkhill, 2007).

Recent evidence suggests that hypoxia-inducible factor
(HIF) signalling plays a role in the changes in the hypo-
xic chemoreflex that occur in response to chronic hypo-
xia. HIFs act as key transcription factors responsible
for co-ordinating many diverse cellular and systemic
responses to hypoxia (Prabhakar & Semenza, 2012).
HIF-« subunits (of which there are three: HIF-1«, HIF-2c
and HIF-3«) are targeted for degradation in the pre-
sence of O,, primarily through O,-dependent hydro-
xylation by prolyl hydroxylases. This process is impeded
in hypoxia, such that HIF-o accumulates, dimerizes with
the HIF-B subunit, and the resulting HIF transcription
factor can drive the expression of hypoxia responsive
genes (Prabhakar & Semenza, 2012). VAH and carotid
body hyperplasia during chronic hypoxia are strongly
attenuated by pharmacological inhibition of HIF-2«
(Cheng et al., 2020) and by acute inactivation of HIF-2«
using Cre-Lox recombination either generally (Hodson
et al, 2016) or only in glomus cells and other cells
expressing tyrosine hydroxylase (Fielding et al., 2018).
However, heterozygous knockout of HIF-2« and HIF-1o
have yielded different conclusions in some other studies
(Kline et al., 2002; Peng et al., 2011). Nevertheless,
the balance of evidence suggests that HIF-2« mediated
signalling is critical for the changes in the hypoxic chemo-
reflex that occur during chronic hypoxia, raising the
important question of how variation in HIF-2« signalling
between populations or species may affect these changes.

Recent research suggests that the HIF pathway has
been a frequent target of selection in high-altitude
natives. The gene encoding HIF-2« (Epasl) in particular
has experienced a history of natural selection in human
populations from the Qinghai-Tibet Plateau and in many
animals native to high altitude (Ai et al., 2014; Beall et al.,
2010; Buroker et al,, 2012; Gou et al,, 2014; Graham &
McCracken, 2019; Li et al., 2013, 2014; Petousi et al.,
2014; Qu et al., 2013; Schweizer et al., 2019; Simonson
et al, 2012; Song et al., 2016; Yi et al., 2010). Studies
have revealed that high-altitude Epasl variants appear
to be associated with lower haemoglobin concentrations
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in Tibetans (Beall et al., 2010) and with altered cardio-
vascular function in hypoxia in high-altitude deer mice
(Schweizer et al., 2019). Given the probable role of HIF-2«
in VAH and carotid body hyperplasia, selection on Epas]
could also contribute to some of the evolved differences
in breathing and the hypoxic chemoreflex that have been
observed in high-altitude natives (Beall et al., 1997; Ivy
& Scott, 2018). In one particular study of the effects of
Epasl genotype within Tibetan humans, there was no
clear influence of Epasl genotype on ventilatory and
cardiovascular responses to acute hypoxia, although this
study investigated adults who lived at sea level for 4
years and did not control for developmental environment
(Petousi et al., 2014). It remains to be determined whether
the genetic variants in Epas] that exist in high-altitude
natives affect breathing and the hypoxic chemoreflex in
chronic hypoxia.

Deer mice (Peromyscus maniculatus) are an emerging
model species for studying high-altitude adaptation. Deer
mice are broadly distributed across North America and
can be found from sea level to over 4300 m a.s.l. in the
Rocky Mountains (Hock, 1964; Natarajan et al., 2015;
Snyder et al., 1982). There is evidence for directional
selection for a high aerobic capacity (Vo,max) for thermo-
genesis in deer mice at high altitude (Hayes & O’Connor,
1999), which has led to evolved increases in VOZmax
(Cheviron et al., 2012, 2013, 2014; Lui et al., 2015; Tate
et al., 2020) along with evolved changes in haemoglobin
(Hb)-O, affinity and various other traits that influence
O, supply and utilization (Lau et al.,, 2017; Lui et al,,
2015; Mahalingam et al., 2017, 2020; Snyder et al., 1982;
Storz et al, 2009, 2010; Tate et al, 2020; West, Ivy
et al., 2021; West, Wearing et al., 2021). In particular,
high-altitude deer mice do not appear to exhibit VAH or
carotid body hyperplasia in chronic hypoxia, in contrast
to the robust VAH and carotid body growth exhibited by
lowlanders (Ivy & Scott, 2017a, 2018). Recent evidence
also suggests that there has been a history of spatially
varying selection on Epasl in high-altitude deer mice,
which has resulted in high frequencies of a unique
high-altitude variant containing a non-synonymous DNA
substitution (©2288") in the 14th exon that leads to
a polarity-altering amino acid change (threonine to
methionine) at site 755 of the protein sequence ("h"755Met)
(Schweizer et al., 2019). This mutation disrupts the inter-
action of HIF-2¢ with the transcriptional coactivator
CREB-binding protein, and thus reduces HIF-2« trans-
criptional activity (Song et al., 2021). In the present study,
we aimed to investigate the influence of this high-altitude
variant of Epasl on VAH and carotid body hypertrophy
in chronic hypoxia. This was achieved by creating hybrids
between high- and low-altitude mice using a F, inter-
cross breeding design, which helps disrupt the linkages
between loci that result from population genetic structure,
so that the effects of Epasl gene variants on breathing
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and carotid body morphology could be evaluated on an
admixed genetic background.

Methods
Ethical approval

All animal procedures were approved by the McMaster
University Animal Research Ethics Board and the
University of Montana Institutional Care and Use
Committee, and followed principles set out by the
Canadian Council on Animal Care, as well as The Journal
of Physiology (Grundy, 2015). Mice were provided with
unlimited access to water and standard mouse chow,
and were maintained under standard holding conditions
comprising a 12:12 h light/dark photocycle at ~23°C.
Death occurred via an overdose of anaesthetic (inhalation
of >5% isoflurane vapour) followed by decapitation to
confirm death.

Deer mice and intercross breeding design

Wild adult deer mice were live-trapped at high altitude
on the summit of Mount Evans (Clear Creek County,
CO, USA at 39'35'18'N, 105'38'38'W; 4350 m a.s.l.)
(Peromyscus maniculatus rufinus) and at low altitude on
the Great Plains (Nine Mile Prairie, Lancaster County,
NE, USA at 40'52'12'N, 96'48'20.3’W; 430 m a.s.l)
(Peromyscus maniculatus nebrascensis) and then trans-
ported to the University of Montana (978 m a.s.l.). Wild
mice from Mount Evans that were homozygous for the
derived Epasi™ allele (H, high-altitude variant) with the
non-synonymous substitution in the 14th exon (©22887)
were crossed with mice from Lincoln that were homo-
zygous for the ancestral EpasI" allele (L, low-altitude
variant) at the same position (for genotyping protocols,
see below). First-generation hybrid progeny (F;) from
two families (one from crossing a highland male and a
lowland female, and one from crossing a highland female
and a lowland male) were raised to maturity, and inter-
crossed in full-sibling matings to produce six families of
second-generation progeny (F,) (two and four families
descended from each wild breeding pair, respectively). F,
intercrossed mice included those that were homozygous
(Epas1™™ or Epasi™) or heterozygous (EpasI''') for
the alternative Epasl alleles on an otherwise admixed
genomic background. Mice were held under normal
atmospheric conditions at the University of Montana until
they were shipped to McMaster University (50 m a.s.l.) for
use in the experiments described below.

Wild mice and F,ice were genotyped using an
ear clip sample as described previously (Schweizer
et al, 2019). DNA was extracted using a DNeasy
kit (Qiagen, Valencia, CA, USA) in accordance with
the manufacturer’s instructions. PCR amplification

J Physiol 0.0

of Epasl was then conducted with custom exonic
primers  (5-GCACGCCTTCCAAGACAC-3"  and
5-GGTGGCAGGTGTCTCAGT-3') designed from the
Peromyscus maniculatus bairdii genome (NCBI Accession
GFC_000500354.1) under the conditions: 94°C for 2 min;
30 cycles of 94°C for 45 s, 58°C for 1 min, 72°C for 1 min;
then 72°C for 10 min. To improve amplification specificity
for some samples, we used modified primers and PCR
conditions (5- AGGGCAGAGATGTAAACAGC-3 and
5-GAATGTGGTGCCGTCTGATG-3'): 94°C for 2 min;
35 cycles of 94°C for 30 s, 62°C for 30 s, 68°C for 1 min;
then 68°C for 10 min.

Chronic exposure

Experiments on the role of Epasl genotype on responses
to chronic hypoxia were carried out at least 5 weeks
after transport from the University of Montana, using
35 F, mice that were raised in normobaric normoxia
under standard holding conditions, and were 1.5-2 years
old at the time of experiments. It is important to note
that Peromyscus mice can live well beyond this age in
captivity, with a maximum lifespan potential of ~8 years,
more than double that of Mus (Csiszar et al., 2007).
Mice were then subjected to measurements of acute
hypoxia responses (described below), after which a sub-
set of mice were killed and then sampled for carotid
body morphology and haematology (n = 5 Epas1'/H,
3 female, 2 male; n = 6 EpasI''*, 3 female, 3 male;
n = 6 EpasI”!, 3 female, 3 male). The remaining sub-
set of mice were non-terminally sampled for haematology
(using ~30 L of blood collected from the tail vein)
and then subjected to 4 weeks of hypobaric hypoxia
simulating the hypoxic conditions at an elevation of
4300 m (barometric pressure of 60 kPa, an O, partial
pressure of ~12.5 kPa) (n = 5 Epas1"!, 3 female, 2 male;
n=7 Epas1'', 4 female, 3 male; n = 6 Epas1™'", 3 female,
3 male). After acclimation, this second subset of mice
was subjected to another series of acute hypoxia response
measurements, and the mice were then killed and sampled
for carotid body morphology and haematology. Specially
designed hypobaric chambers were used for chronic hypo-
xia exposures, as described previously (Ivy & Scott, 2017a;
Lui et al., 2015; McClelland et al., 1998). Mice were
temporarily returned to normobaric conditions twice per
week for cage cleaning (which took <20 min).

Ventilatory and metabolic responses to hypoxia

We measured hypoxia responses using two protocols
(conducted in random order and separated by at least
2 days). Measurements were made in unrestrained mice
using the barometric plethysmography and respirometry
techniques employed in previous studies (Ivy & Scott,
2017a, 2018). One protocol was used to test acute

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.



J Physiol 0.0

ventilatory sensitivity to hypoxia. Mice were placed in
a whole-body plethysmography chamber (530 mL) that
was supplied with normoxic air (21 kPa O,, balance N;)
at 2 L min~'. Mice were given 20-40 min to adjust
to the chamber until relaxed and stable breathing and
metabolism were observed. Breathing was then measured
every minute for an additional 5 min at 21 kPa O,, then
during 5 min of acute exposure to hypoxia and elevated
CO; (10 kPa O,, 3 kPa CO,, balance N;), and then finally
during 5 min of recovery in normoxia (21 kPa O,, balance
N,). The use of elevated inspired CO, in this protocol
was used to avoid the respiratory hypocapnia/alkalosis
that can occur during exposure to hypoxia in absence of
inspired CO,, as in previous studies (Bishop et al., 2013;
Fielding et al,, 2018; Hodson et al., 2016). Indeed, the
chosen level of inspired CO; has been shown to minimize
the fall in arterial PCO, and rise in arterial pH during
exposure to hypoxia in mice (Ishiguro et al., 2006). As a
result, the responses to hypoxia in this protocol probably
provide a good reflection of ventilatory sensitivity to acute
hypoxia in absence of the confounding effects of CO,/pH
disruption. Metabolism was not measured in these tests
of acute ventilatory sensitivity because we were focused
on the initial ventilatory response to hypoxia, before any
appreciable changes in whole-animal metabolism were
expected to have occurred, and because of the high
chamber flow rates used to rapidly change inspire O,
and CO,.

We used a second protocol to measure the ventilatory
and metabolic responses to progressive stepwise hypoxia
under poikilocapnic (uncontrolled CO,) conditions. Mice
were placed in the same plethysmograph as described
above, and given 20-40 min to adjust to the chamber
with 21 kPa O, supplied at 600 mL min~'. Measurements
were then recorded for 20 min at 30 kPa O, (hyper-
oxia), after which mice were exposed to 20 min stepwise
reductions in inspired Py, to 21, 16, 12, 10 and 8 kPa.
In this stepwise poikilocapnic hypoxia protocol, breathing
and metabolism were measured during the last 10 min of
exposure at each step when stable measurements had been
reached. For each protocol, incurrent gas composition
was set by mixing dry compressed gases using precision
flow meters (Sierra Instruments, Monterey, CA, USA)
and a mass flow controller (MFC-4; Sable Systems, Las
Vegas, NV, USA). Body temperature (T},) was measured
every 5 min using thermosensitive passive transponders
(micro LifeChips with Bio-therm technology; Destron
Fearing, Dallas, TX, USA) that were implanted sub-
dermally on the left side of the abdomen close to
the leg ~2 weeks before normoxic measurements were
conducted.

Breathing and metabolism were measured as follows.
Breathing frequency and tidal volume were measured
in both protocols using whole-body plethysmography
(Ivy & Scott, 2017a, 2017b), and total ventilation was

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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calculated as the product of breathing frequency and
tidal volume. Total ventilation and tidal volume data
are reported in volumes expressed at body temperature
and pressure saturated. Metabolism was measured in the
stepwise poikilocapnic hypoxia protocol as recommended
by Lighton (2008). Gas composition was measured
continuously in incurrent and excurrent air flows that
were subsampled at 200 mL min~!; incurrent air was
continuously measured for O, fraction (FC-10; Sable
Systems), dried with pre-baked drierite and analysed for
O, and CO, fraction (FC-10 and CA-10; Sable Systems).
These data were used to calculate rates of O, consumption
(Vo,), expressed at standard temperature and pressure,
using established equations (Lighton, 2008). The air
convection requirement is the quotient of total ventilation
and Vo,. All data was acquired using a PowerLab 16/32
and Labchart 8 Pro software (ADInstruments, Colorado
Springs, CO, USA). Arterial O, saturation was measured
using MouseOx Plus pulse oximeter collar sensors and
data acquisition system (Starr Life Sciences, Oakmont, PA,
USA). This was enabled by removing fur around the neck
~2 days before the experiments.

Haematology

Blood was collected for haematology and Hb-O, affinity
assays, both before and after chronic exposures. Blood
Hb content was measured using Drabkin’s reagent
(Sigma-Aldrich, Oakville, ON, Canada) in accordance
to the manufacturer’s instructions, and haematocrit was
measured by spinning blood in a heparinized capillary
tube at 12 700 g for 5 min. Oxygen dissociation curves
were generated at 37°C for all mice using a Hemox
Analyzer (TCS Scientific, New Hope, PA, USA) using
10 uL of whole blood in 5 mL of buffer (50 mmol L~}
HEPES, 10 mmol L=! EDTA, 100 mmol L~! KCL, 0.1%
bovine serum albumin, and 0.2% anti-foaming agent; TCS
Scientific). Red cell O, affinity (Ps, the P, at which Hb
is 50% saturated with O,) was calculated using Hemox
Analytic Software (TCS Scientific).

Immunohistochemistry of the carotid bodies

We examined carotid body morphology using similar
approaches to those we have used previously in deer
mice (Ivy & Scott, 2017a). Mice were killed as described
above, and the bifurcations of the carotid artery were
dissected, removed and fixed in 4% paraformaldehyde
for 48 h. Tissues were then incubated in 24% sucrose
solution for cryoprotection, frozen in embedding medium
(Cryomatrix; Thermo Fisher Scientific, Waltham, MA,
USA) and cryosectioned at 10 um thickness using a
CM-1860 cryostat (Leica, Wetzlar, Germany). Every
second section through one entire carotid body was
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mounted on slides (Superfrost Plus Fisherbrand; Thermo
Fisher Scientific), which amounted to 10-31 sections
per animal. Slides were then air-dried and stored at
—80°C. Sections were immunostained with rabbit
anti-tyrosine hydroxylase antibody (TH; dilution
1:2000; AB152; Millipore, Billerica, MA, USA), mouse
anti-neurofilament (NF; dilution 1:100; MAB1615, Milli-
pore) and mouse anti-growth-associated protein-43
(GAP-43; dilution 1:2000; G9264, Sigma-Aldrich),
followed by detection with the fluorescent secondary
antibodies AlexaFluor488 goat anti-rabbit (dilution
1:400; A11034, Life Technologies, Mississauga, ON,
Canada) and AlexaFluor594 goat anti-mouse (dilution
1:400; A11032, Life Technologies) along with DAPI
(4',6-diamidino-2-phenylindole; dilution 1:100 000,
Sigma-Aldrich). Sections were imaged using a micro-
scope (Olympus, Tokyo, Japan) with Northern Eclipse
software (Elite, version 8.0; Empix Imaging, Mississauga,
ON, Canada). The staining of neurons (NF and GAP-43)
and type I cells (TH) was used to delineate the outer
border of the carotid body, such that the projected area
of the carotid body could be determined for each section
(NIS Elements documentation software, version 4.30.02;
Nikon, Tokyo, Japan). Total carotid body volume was
then calculated as the sum of the volumes in each section
(calculated as the product of projected area and section
thickness), multiplied by 2 to account for the fact that
we only kept every second section (Ivy & Scott, 2017a;
Saiki et al., 2006). The number of type I cells in each
section were counted using Image], version 1.47 (NIH,
Bethesda, MD, USA) and the total number of type I cells
was similarly calculated as twice the sum of the number
counted across all sections.

J Physiol 0.0

Statistical analysis

Two- or three-factor ANOVA was carried out as
appropriate to test for the main effects of acclimation
environment, genotype and/or inspired Pp,, as well as
their interactions. When the main effects or interactions
from ANOVA were significant, Holm-Sidak post tests
were used to test for pairwise differences between groups.
Specifically, when the main effect or interactions with
acclimation environment (e.g. acclimation X genotype,
acclimation x Pp,) were significant, we conducted
pairwise comparisons between acclimation environments
within each genotype and inspired Py, (or just within
each inspired Po, when mice of all genotypes were
considered altogether). When the effects of genotype were
significant, we conducted pairwise comparisons between
genotypes within each environment and inspired Po,.
In all cases, the P values from the comparisons made
using these Holm-Sidak post tests are reported. P values
from ANOVA for main effects and interactions are also
reported. Values are reported as the mean £ SD, often
along with individual values, and the reported N reflects
the number of individual animals. All statistical analysis
was conducted with R, version 4.2.0 (R Foundation for
Statistical Computing, Vienna, Austria). P < 0.05 was
considered statistically significant.

Results
Ventilatory chemosensitivity to hypoxia

Ventilatory chemosensitivity increased after chronic
exposure to hypoxia in deer mice, as occurs in many
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Figure 1. Chronic hypoxia increased ventilatory sensitivity to acute hypoxia when deer mice of all

genotypes were considered altogether

A, changes in total ventilation over time in normoxia (21 kPa O5; no line) and hypoxia (10 kPa O, with 3 kPa CO;;
black line), shown as the mean =+ SD, to illustrate the treatment used to measure ventilatory sensitivity. B, total
ventilation immediately before (minute 4) and just after (minute 6) the transition from normoxia to hypoxia was
analysed statistically, with data shown as individual values, as well as the mean + SD. Holm-Sidak post hoc tests
carried out in two-factor ANOVA were used to compare acclimation groups for data in (B), for which P values are
shown (two-factor ANOVA results: acclimation, P < 0.0001; F,, P < 0.0001; acclimation x Fo,, P < 0.0001). N
(N females, N males) were: 35 (19, 16) normoxia-acclimated mice and 18 (10, 8) hypoxia-acclimated mice.
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Table 1. Breathing frequency and tidal volume in tests of
ventilatory chemosensitivity when deer mice of all genotypes
were considered altogether

Acclimation environment

Normoxia Hypoxia P

Breathing frequency (min~")

Normoxia 1443 + 24.8 157.2 + 30.2 NS

Acute hypoxia 270.0 £+ 46.5 292.8 + 60.6 NS
Tidal volume (ul g=")

Normoxia 10.85 £ 2.15 12.29 + 3.09 0.0668

Acute hypoxia 11.56 + 2.58 14.59 + 3.52 <0.0001

Values are the mean + SD for measurements in normoxia
(21 kPa O3) and acute hypoxia (10 kPa O, with 3% CO;). N as
in Fig. 1. P values above are for pairwise comparisons between
acclimation environments within a measurement condition,
conducted using Holm-Sidak post hoc tests when effects of
acclimation environment were significant in ANOVA (‘NS’
denotes when acclimation effects were not significant and post
tests were not carried out). Two-factor ANOVA results were as
follows. Breathing frequency: acclimation, P = 0.0627; inspired
Po,, P < 0.0001; acclimation x Po,, P = 0.4924. Tidal volume:
acclimation, P = 0.0021; Pp,, P < 0.0001; acclimation x Po,,
P =0.0523.

other species (Aaron & Powell, 1993; Bishop et al., 2013;
Sato et al, 1992), when mice of all genotypes were
considered altogether (Fig. 1 and Table 1). Ventilatory
chemosensitivity was determined using a brief exposure
to hypoxia to avoid confounding changes in metabolism,
along with elevated levels of CO, in inspired air to
avoid secondary hypocapnia (see Methods). In general,
acute exposure to hypoxia elicited a strong increase in
total ventilation of ~2-fold (Fig. 1B), which arose from
large increases in breathing frequency and more modest
increases in tidal volume (Table 1). Chronic acclimation
to hypoxia increased total ventilation in normoxia
(P = 0.00421) and led to a much greater ventilatory
response to acute hypoxia (P < 0.0001) (Fig. 1B), which
was associated with a significant main effect of acclimation
environment and a significant environment x P, inter-
action in the two-factor ANOVA (P < 0.0001). The
effects of chronic hypoxia on breathing and ventilatory
chemosensitivity were driven largely by increases in
tidal volume, which was greater in acute hypoxia after
acclimation to chronic hypoxia (P < 0.0001) (Table 1).
The effect of chronic hypoxia on ventilatory chemo-
sensitivity was attenuated in mice with the Epasi/H
genotype (Fig. 2 and Table 2). There was a significant main
effect of genotype on total ventilation (P = 0.0270), which
was detected in the three-factor ANOVA used to test
for overall effects of genotype, acclimation environment,
and Po,. This effect of genotype was not driven by

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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variation among normoxia-acclimated mice, in which
total ventilation in normoxia and in response to acute
hypoxia was similar between EpasI genotypes (Fig. 2B).
However, total ventilation during acute hypoxia was
significantly lower in EpasI"™™ mice than in Epasi™*
mice (P = 0.00260) and EpasI™" mice (P = 0.0148) in
comparisons conducted among hypoxia-acclimated mice
(Fig. 2D). As a result, the hypoxic ventilatory response
(calculated as the absolute change in total ventilation
from normoxia to acute hypoxia) increased after chronic
hypoxia acclimation in EpasI'* mice (P = 0.0168)
and EpasI'™ mice (P < 0.0001), but not in EpasI'/!
mice (P = 0.0900) (Fig. 2E). The attenuated increase in
total ventilation in EpasI™" mice was associated with
significant differences in breathing frequency between
genotypes (P = 0.000782, main effect of genotype in
the three-factor ANOVA) (Table 2), but no significant
differences in tidal volume (Table 2).

Ventilatory and metabolic responses to progressive
hypoxia

We next aimed to determine whether Epasl genotype
affected the ventilatory response to progressive stepwise
hypoxia during poikilocapnic conditions, in which
increases in breathing can augment CO, release and
thus induce respiratory hypocapnia. This was motivated
by previous studies suggesting that Epasl knockout has
much less pronounced effects on the hypoxic ventilatory
response measured under poikilocapnic conditions
compared to isocapnic conditions (Hodson et al., 2016).
All mice increased total ventilation in response to stepwise
hypoxia as a result of increases in breathing frequency,
offset by small declines in tidal volume (Fig. 3). However,
there was a clear difference between genotypes in the
effects of chronic hypoxia acclimation, as reflected by a
significant interaction between genotype and acclimation
environment for breathing frequency in the three-factor
ANOVA (P = 0.00312). In particular, chronic hypoxia
augmented breathing frequency at 12 kPa O, (P =0.00830
and 0.0345), 10 kPa O, (P = 0.000200 and 0.00420) and
8 kPa O, (P < 0.0001) in mice with Epas1™'" (Fig. 3B) and
EpasIY! (Fig. 3C) genotypes, but chronic hypoxia had no
effect on breathing frequency in EpasI™" mice (Fig. 3A).
There was also a significant genotype x acclimation
interaction for total ventilation in the three-factor
ANOVA (P = 0.0191), although total ventilation in
severe hypoxia increased after chronic hypoxia in
Epas1™™ mice (P = 0.00311 at 8 kPa O,) (Fig. 3G),
Epas1™V' mice (P < 0.0001 at 8 kPa O,, P = 0.0170 at
10 kPa O,) (Fig. 3H) and Epas1™* mice (P < 0.0001 at
8 kPa O,) (Fig. 3I). Chronic exposure to hypoxia increased
arterial O, saturation in hypoxia across genotypes, but
there was also a significant genotype x acclimation
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interaction for this trait in the three-factor ANOVA
(P = 0.00115). In particular, increases in arterial O,
saturation were significant across a broader range of
inspired Po, in EpasI™ (8-16 kPa O,) (Fig. 3K) and
Epasl”L mice (8-12 kPa O,) (Fig. 3M) than in Epas]H/H
mice (8 kPa O, only) (Fig. 3]). Therefore, despite the
potential confounding effects of respiratory hypocapnia,
the high-altitude Epasl variant was still observed to have
a blunted response to chronic hypoxia.

Epasl genotype also affected metabolism and
thermoregulation in chronic hypoxia, which may have
contributed to some of the variation in breathing during

J Physiol 0.0

progressive stepwise hypoxia. Exposure to severe hypo-
xia can elicit metabolic depression that tends to reduce
ventilation (Dzal & Milsom, 2019; Ivy & Scott, 2017a,
2018; Olson et al., 2001; Tattersall et al., 2002), as
reflected by lower rates of O, consumption in severe
acute hypoxia compared to normoxia. However, there
was a significant genotype X acclimation interaction
for O, consumption rate in the three-factor ANOVA
(P = 0.00111). In particular, O, consumption rate
increased after chronic hypoxia in EpasI™™ mice across
a broad range of inspired Py, (8-21 kPa O,), but only
increased in deep hypoxia in Epasi™“ mice and was

A Normoxia acclimated mice B
5 i P=0377
- = Epas1 H/H P:OE.‘WG
£ 4 -~ Epast™t i T
‘Tm a
E
c -1 P=0.834
= {3 -
E= P=?E"E|434 o Figure 2. The effects of chronic hypoxia
2 e ® 4 on ventilatory sensitivity to acute
g % hypoxia was attenuated in deer mice
= o with the Epas1H/H genotype
] A and C, changes in total ventilation over
] T T time in normoxia (21 kPa O5; no line) and
Po00MS hypoxia (10 kPa O, with 3 kPa CO,; black
— line), shown as the mean =+ SD, to illustrate
C Hypoxia acclimated mice D A the treatment used to measure ventilatory
i = sensitivity. B and D, total ventilation
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i ! O (P= 0 :
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E, the hypoxic ventilatory response (i.e. the
absolute change in total ventilation from
normoxia to acute hypoxia) is shown as
individual values and the mean =+ SD.
Holm-Sidak post hoc tests were used to
compare acclimation groups within each
genotype for data in (E) (two-factor ANOVA
results: genotype, P = 0.0621; acclimation,
P < 0.0001; genotype x acclimation,

P =0.328). N (N females, N males) were: 10
(6, 4) normoxia-acclimated Epas 7™ mice,
13 (7, 6) normoxia-acclimated Epas 7™t
mice, 12 (6, 6) normoxia-acclimated
Epas1Y* mice, 5 (3, 2) hypoxia-acclimated
Epas1™™M mice, 7 (4, 3) hypoxia-acclimated
Epas1™t mice and 6 (3, 3)
hypoxia-acclimated Epas 7Y mice.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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Table 2. Breathing frequency and tidal volume of deer mice with different Epas? genotypes in tests of ventilatory chemosensitivity

i . Genotype
Acclimation Measurement
environment condition Epas1H/H Epas1H/t Epas1{t P
Breathing frequency (min—")

Normoxia Normoxia 135.97 + 24.39 149.70 + 28.94 145.74 + 19.40 0.748, 0.900
Hypoxia 239.91 + 26.76 270.58 + 39.13 297.01 + 53.99 0.132, 0.0014

Hypoxia Normoxia 145.10 + 31.38 157.00 £+ 31.59 167.50 + 29.05 0.932, 0.698
Hypoxia 250.67 + 32.89 327.32 + 72.57 287.52 + 42.71 0.0023, 0.294

Tidal volume (ul g~ ")

Normoxia Normoxia 11.57 £ 1.70 11.15 + 2.26 9.83 £+ 2.17 NS
Hypoxia 12.24 + 2.12 11.46 + 2.38 11.06 + 3.21 NS

Hypoxia Normoxia 12.17 + 3.37 13.04 + 3.04 11.53 £ 3.28 NS
Hypoxia 14.44 + 2.08 14.10 + 4.41 15.27 + 3.78 NS

H, highland allele; L, lowland allele. Values are the mean + SD for measurements in normoxia (21 kPa O;) and acute hypoxia
(10 kPa O, with 3% CO,). N as in Fig. 2. P values above are for pairwise comparisons of Epas1t and Epas1'* to Epas1t/M, respectively,
within each acclimation environment and measurement condition, conducted using Holm-Sidak post hoc tests when effects of
genotype were significant in ANOVA (‘NS’ denotes when genotype effects were not significant and post tests were not carried out).
Three-factor ANOVA results were as follows. Breathing frequency: genotype, P = 0.000782; acclimation, P = 0.0270; Po,, P < 0.0001;
genotype x acclimation, P = 0.308; genotype x Po,, P=0.0960; acclimation x Py,, P=0.550; genotype x acclimation x Py,, P=0.0861.
Tidal volume: genotype, P = 0.368; acclimation, P = 0.000111; Po,, P = 0.0210; genotype x acclimation, P = 0.554; genotype x Po,,
P = 0.483; acclimation x Pp,, P = 0.161; genotype x acclimation x Po,, P = 0.810.

not increased by chronic hypoxia in Epasi'™* mice
(Table 3). As a result, chronic hypoxia led to declines in
air convection requirement (the ratio of total ventilation
to O, consumption rate) at 10 kPa O, in Epasi/t
mice (P = 0.0184), but chronic hypoxia had no effect in
EpasI™' mice and it increased air convection requirement
at 8 kPa O, in EpasI™" mice (P = 0.00463) (Table 4).
There was also a significant genotype x environment
interaction for body temperature in the three-factor
ANOVA (P < 0.0001). Chronic hypoxia increased body
temperature during acute exposure to deep hypoxia in
EpasI™'™ mice (P = 0.000416 at 10 kPa O,; P < 0.0001 at
8 kPa O,) and Epas1"’* mice (P = 0.00351 at 8 kPa O,),
but chronic hypoxia had no effect on body temperature
in Epas1™' mice (Table 5). Therefore, Epasl genotype
also appears to affect metabolism and thermoregulatory
control in chronic hypoxia.

Carotid body morphology

Hypoxia acclimation enlarged the carotid bodies in
EpasI“" mice, but had no significant effects in Epas1/! or
EpasI™'* mice (Fig. 4). There was a significant main effect
of hypoxia acclimation on carotid body volume in the
two-factor ANOVA (P = 0.0211). This effect was driven
by a significant increase after chronic hypoxia in EpasI“/*
mice (~2-fold; P = 0.00807), but no significant increases
in EpasI™" mice or Epas1™/™ mice (Fig. 4G). There was
also a significant main effect of hypoxia acclimation on the
number of type I cells in the carotid body (P = 0.00104),

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.

which was again driven by a significant increase after
hypoxia acclimation in EpasI“/" mice (P = 0.00113) but
not in EpasI™™ or Epas1™" mice (Fig. 4H).

Haematology and Hb-O, binding affinity

Whole-blood Hb content and haematocrit increased
after chronic hypoxia acclimation in all mice, with no
changes in the Hb-O, affinity measured in erythrocytes
(Fig. 5). There were strong main effects of acclimation
environment on Hb content (P < 0.0001) (Fig. 5A4) and
haematocrit (P < 0.0001) (Fig. 5B) in the two-factor
ANOVA. Both traits increased after hypoxia acclimation
in EpasI'™ mice (P = 0.00901 and P < 0.0001,
respectively), EpasI™* mice (P < 0.0001) and Epas1'/t!
mice (P < 0.0001). Individual values for Hb Ps, varied
across the range exhibited by populations of deer mice
from high and low altitudes (Fig. 5C) (Ivy, Greaves et al.,
2020), although there was no significant variation in Hb
P5, detected by ANOVA across groups.

Discussion

Recent research suggests that the HIF pathway has been
a target of selection in high-altitude deer mice and in
high-altitude natives of many other species of mammals
and birds (Ai et al., 2014; Beall et al., 2010; Buroker
et al,, 2012; Gou et al.,, 2014; Graham & McCracken,
2019; Li et al., 2013; Petousi et al., 2014; Qu et al.,
2013; Schweizer et al., 2019; Simonson et al., 2012; Song
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Figure 3. The effects of chronic hypoxia on the ventilatory response to stepwise hypoxia under
poikilocapnic conditions were attenuated in deer mice with the Epas7"H genotype

Values are the mean + SD and data are offset on the x-axis to assure that error bars are clearly visible.
Holm-Sidak post hoc tests were used to compare between acclimation groups within each P, for each genotype
when the effects of acclimation environment were significant in ANOVA, for which P values are generally
shown (‘ns’ denotes when acclimation effects were not significant and post hoc tests were not carried out).
A-C, breathing frequency (three-factor ANOVA results: genotype, P = 0.348; acclimation, P < 0.0001; Fo,,
P < 0.0001; genotype x acclimation, P = 0.00312; genotype x Fo,, P = 0.460; acclimation x Fy,, P < 0.0001;
genotype x acclimation x Pp,, P = 0.667). D-F, tidal volume (three-factor ANOVA results: genotype, P = 0.603;
acclimation, P = 0.0852; Fo,, P < 0.0001; genotype x acclimation, P = 0.562; genotype x Fo,, P = 0.605;
acclimation x Po,, P = 0.596; genotype x acclimation x Pp,, P = 0.902). G-/, total ventilation (three-factor
ANOVA results: genotype, P = 0.260; acclimation, P < 0.0001; FPo,. P < 0.0007; genotype x acclimation,
P = 0.0191; genotype x Fo,, P = 0.276; acclimation x Pp,, P < 0.0001; genotype x acclimation x Fo,,
P =0.955). )-M, arterial O, saturation (three-factor ANOVA results: genotype, P= 0.241; acclimation, P < 0.0001;
Po,. P < 0.0001; genotype x acclimation, P = 0.00115; genotype x F,,, P = 0.124; acclimation x Fo,,
P < 0.0001; genotype x acclimation x F,, P=0.826). N (N females, N males) were: 10 (6, 4) normoxia-acclimated
Epas 1™ mice, 13 (7, 6) normoxia-acclimated Epas?™t mice, 12 (6, 6) normoxia-acclimated Epas7Yt mice, 5 (3,
2) hypoxia-acclimated Epas7™H mice, 7 (4, 3) hypoxia-acclimated Epas7™t mice and 6 (3, 3) hypoxia-acclimated
Epas1Y" mice.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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Table 3. O, consumption rates of deer mice with different
Epas1 genotypes during progressive stepwise hypoxia in
poikilocapnic conditions

High-altitude variant of the HIF-2a gene attenuates hypoxia sensitivity 11

Table 4. Air convection requirements of deer mice with
different Epas? genotypes during progressive stepwise hypo-
xia in poikilocapnic conditions

Normoxia Hypoxia
acclimated acclimated
Po, (kPa) mice mice P

Normoxia Hypoxia
acclimated acclimated
Po, (kPa) mice mice P

Epas1iH genotype

Epas1iH genotype

30 0.036 + 0.007 0.037 £ 0.011 0.286
21 0.041 £ 0.007 0.048 + 0.006 0.00310
16 0.042 + 0.005 0.049 + 0.004 0.00170
12 0.041 £ 0.005 0.050 + 0.004 <0.0001
10 0.038 + 0.006 0.047 + 0.006 <0.0001
8 0.035 + 0.004 0.045 + 0.006 <0.0001
Epas1Ht genotype
30 0.039 + 0.014 0.040 + 0.005 0.715
21 0.044 £ 0.013 0.046 + 0.006 0.910
16 0.045 + 0.008 0.048 + 0.007 0.318
12 0.046 + 0.011 0.050 + 0.006 0.231
10 0.042 + 0.010 0.048 + 0.005 0.0605
8 0.040 + 0.010 0.045 + 0.006 0.0815
Epas1Ut genotype

30 0.042 + 0.009 0.038 + 0.010 0.160
21 0.046 + 0.008 0.048 + 0.013 0.465
16 0.047 + 0.008 0.047 + 0.009 0.936
12 0.045 + 0.008 0.048 + 0.008 0.141
10 0.043 + 0.008 0.050 + 0.009 0.0102
8 0.039 + 0.007 0.047 + 0.007 0.00220

30 45.69 £+ 6.21 47.15 £ 13.9 0.223
21 39.80 + 5.63 34.92 + 5.64 0.516
16 39.03 +5.08 35.34 + 2.87 0.679
12 46.64 +£5.14 40.77 £ 2.09 0.121
10 53.60 + 8.46 45.00 + 2.78 0.0184
8 61.13 + 8.31 61.35 + 6.09 0.617
Epas1Ht genotype
30 47.89 + 19.4 45.09 £+ 6.94 0.390
21 39.24 + 12.3 38.92 + 4.69 0.719
16 37.56 + 4.76 29.83 +£5.95 0.838
12 4499 + 6.44 4453 + 7.31 0.219
10 51.57 £ 6.95 53.76 + 11.86 0.789
8 58.25 + 8.61 68.12 + 9.07 0.00463
Epas1Yt genotype

30 39.00 + 6.64 45.60 + 6.35 0.0337
21 35.00 + 4.34 36.20 + 6.96 0.808
16 36.20 + 3.72 36.91 +5.53 0.943
12 43.67 +4.03 39.95 + 4.61 0.138
10 50.53 £+ 3.75 48.50 + 7.84 0.371
8 61.74 + 6.43 62.43 +5.77 0.949

H, highland allele; L, lowland allele. Values are the mean +
SD. N as in Fig. 3. P values above are for pairwise comparisons
between normoxia- and hypoxia-acclimated mice within a
genotype and measurement Po,, conducted using Holm-Sidak
post hoc tests following ANOVA. Three-factor ANOVA results:
genotype, P = 0.313; acclimation, P < 0.0001; Po,, P < 0.0001;
genotype x acclimation, P=0.00111; genotype x Po,, P=0.976;
acclimation x Po,, P=0.000133; genotype x acclimation x Po,,
P = 0.935.

et al., 2016; Yi et al.,, 2010). Although there is a growing
appreciation of the important role played by HIF-2« in
the hypoxic chemoreflex and ventilatory responses to
chronic hypoxia, the physiological implications of natural
genetic variants in the HIF pathway remain poorly under-
stood. Here, we show that deer mice homozygous for the
high-altitude variant of the HIF-2« gene EpasI (Epas1™/H)
exhibit reduced ventilatory chemosensitivity and no
carotid body growth after chronic exposure to hypoxia,
in strong contrast to mice with the ancestral low-altitude
variant. Epasl genotype also modulated the effects of
chronic hypoxia on metabolic rate and body temperature
depression in hypoxia. However, Epasl genotype had no
significant effects on the increases in blood Hb content or
haematocrit that were exhibited in chronic hypoxia in deer
mice. These findings provide further support for the key
role of Epasl in ventilatory chemosensitivity in chronic

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.

H, highland allele; L, lowland allele. Values are the mean +
SD. N as in Fig. 3. P values above are for pairwise comparisons
between normoxia- and hypoxia-acclimated mice within a
genotype and measurement Po,, conducted using Holm-Sidak
post hoc tests following ANOVA. Three-factor ANOVA results:
genotype, P = 0.632; acclimation, P = 0.516; Po,, P < 0.0001;
genotype x acclimation, P = 0.681; genotype x Po,, P = 0.757;
acclimation x Po,, P = 0.00273; genotype x acclimation x Po,,
P =0.203.

hypoxia, as well as the genetic mechanisms underlying the
evolution of hypoxia resistance in high-altitude natives.
Mice with the EpasI'™/™ genotype exhibited reduced
ventilatory chemosensitivity —after acclimation to
chronic hypoxia. Chronic hypoxia tended to increase
the ventilatory response to acute hypoxia (Fig. 1),
although this effect of chronic hypoxia was attenuated in
Epas1™™ mice (Fig. 2E) in association with differences
between genotypes in breathing frequency but not tidal
volume (Table 2). Chronic hypoxia also augmented
breathing frequency during severe poikilocapnic hypo-
xia in EpasI“' and EpasI™' mice, but not in EpasI™/!
mice (Fig. 3). Two lines of evidence suggest that these
observations result from a reduction in HIF-2«-mediated
signalling within glomus cells of the carotid body in
EpasI'™™ mice. First, VAH is strongly attenuated in
mice in which HIF-2« signalling was reduced by
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Table 5. Body temperatures of deer mice with different
Epas1 genotypes during progressive stepwise hypoxia in
poikilocapnic conditions

Normoxia Hypoxia
acclimated acclimated

Po, (kPa) mice mice P

Epas1tH genotype
30 37.82 + 1.35 38.31 + 0.43 0.938
21 37.45 + 1.43 38.07 + 0.31 0.654
16 37.15 + 1.26 38.01 + 0.28 0.189
12 36.57 + 1.19 37.55 + 0.56 0.0756
10 35.70 + 1.15 37.34 + 0.58 0.000416
8 34.82 +0.94 36.59 + 1.22 <0.0001

Epas1Ht genotype
30 37.85+ 1.44 38.08 + 0.78 0.707
21 37.73 £ 1.35 37.69 + 0.73 0.954
16 37.62 + 1.23 37.52 + 0.83 0.880
12 37.01 + 1.28 37.07 + 1.19 0.920
10 36.19 + 1.41 36.42 + 1.41 0.699
8 35.16 + 1.53 35.61 + 1.42 0.458

Epas1Yt genotype
30 38.15 + 0.99 37.92 + 1.26 0.663
21 37.93 + 1.07 37.68 + 1.31 0.599
16 37.67 +0.92 37.67 = 1.09 0.820
12 37.27 + 1.07 37.40 + 0.90 0.537
10 36.41 + 1.36 36.64 + 1.33 0.360
8 35.48 + 1.51 36.39 + 0.76 0.00351

H, highland allele; L, lowland allele. Values are the mean +
SD. N as in Fig. 3. P values above are for pairwise comparisons
between normoxia- and hypoxia-acclimated mice within a
genotype and measurement Po,, conducted using Holm-Sidak
post hoc tests following ANOVA. Three-factor ANOVA results:
genotype, P = 0.982; acclimation, P = 0.175; Po,, P < 0.0001;
genotype x acclimation, P < 0.0001; genotype x Po,, P = 0.850;
acclimation x Po,, P =0.000240; genotype x acclimation x Po,,
P = 0.869.

pharmacological inhibition (Cheng et al., 2020) or by
acute inducible knockout using Cre-Lox recombination
(Hodson et al., 2016). The effects of reducing HIF-2«
signalling appear to be specific to glomus cells because
similar results were observed when HIF-2a was acutely
knocked out only in cells expressing tyrosine hydroxylase
(TH, an enzyme involved in catecholamine synthesis that
is highly expressed in glomus cells), but not when knocked
out in cells expressing glial fibrillary acidic protein (a
marker of glial cells, including type II cells in the carotid
body) (Fielding et al., 2018). Second, the Thr755Met yariant
of HIF-2« in high-altitude deer mice reduces trans-
criptional activity by disrupting the interaction of HIF-2c/
with CREB-binding protein (Song et al., 2021), which
would be expected to reduce HIF-2¢ signalling. This may
also explain the modest differences in breathing frequency
between genotypes among normoxia-acclimated mice
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(Table 2) because HIF-2«-mediated signalling occurs in
normoxia in carotid body glomus cells, where it appears
to be important for inducing the expression of genes
responsible for O, sensing and hypoxic chemosensitivity
(Macias et al., 2018; Moreno-Dominguez et al., 2020).

The effects of Epasl genotype on total ventilation were
less pronounced during the progressive stepwise hypo-
xia protocol (Fig. 3), which would have coincided with
respiratory hypocapnia and metabolic depression. This
is consistent with previous studies in which variation
in the magnitude of the hypoxic ventilatory response
was more clearly seen when there was compensation for
the secondary respiratory hypocapnia that occurs with
increased ventilation (Hodson et al., 2016; Howard &
Robbins, 1995). Ventilation is also strongly influenced
by changes in metabolism during prolonged hypoxia
exposure (Olson et al., 2001; Sprenger et al., 2019;
Tattersall et al., 2002). The effects of hypocapnia and
metabolism on total ventilation can arise via changes in
tidal volume (Ivy & Scott, 2018), offsetting the effects of
hypoxia on total ventilation. Nevertheless, this progressive
hypoxia protocol was valuable for examining the potential
role of Epasl genotype on the metabolic and thermo-
regulatory responses to hypoxia. Exposure to severe hypo-
xia reduced aerobic metabolism and body temperature
(Tables 3 and 5), as we have previously observed in
highland and lowland populations of deer mice (Ivy
& Scott, 2017a, 2018), and as observed in other small
mammals (Dzal & Milsom, 2019; Ivy & Scott, 2017b; Ivy,
Sprenger et al., 2020; Tattersall et al., 2002). However,
chronic exposure to hypoxia increased metabolism and
attenuated body temperature depression in Epasi™/t
mice but not in EpasI'™* mice. Such effects of Epasl
genotype on metabolism probably masked the effects
of differences in ventilatory chemosensitivity on total
ventilation during progressive hypoxia. Nevertheless, the
effects of chronic hypoxia on the breathing frequency
response to progressive hypoxia were completely absent in
Epas1™H mice, in contrast to EpasI™'" and EpasI1"/* mice.
Therefore, the effects of chronic hypoxia on breathing
frequency were attenuated in EpasI™™ mice in both
experimental tests of the ventilatory responses to acute
hypoxia. An important issue for future consideration is
whether the influence of Epasl on VAH differs between
sexes, considering the influence of sex on ventilation in
chronic hypoxia (Joseph et al., 2000), although we lacked
sufficient numbers of males and females to evaluate such
sex differences here.

Mice with the Epas1™" genotype did not exhibit
significant carotid body growth in response to chronic
hypoxia, unlike the strong carotid body growth and
hyperplasia of glomus cells that occurred in EpasI“/*
mice (Fig. 4). These findings also parallel research
showing that reductions in HIF-2«¢ signalling, either
via pharmacological means or via inducible knockout

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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of HIF-2« (broadly or only in cells expressing TH),
attenuates carotid body hyperplasia (Cheng et al., 2020;
Fielding et al., 2018; Hodson et al., 2016). However, the
relationship between carotid body growth and ventilatory
chemosensitivity in chronic hypoxia remains unclear.
VAH has several time domains that are underpinned
by distinct mechanisms (Powell et al., 1998; Robbins,
2007) and increases in the O, sensitivity of the carotid
bodies probably arise in part from mechanisms other
than glomus cell proliferation (e.g. increased excitability
of individual glomus cells) (Hempleman, 1995, 1996).
Therefore, it remains to be determined whether there is
a direct link between the effects of HIF-2« on glomus cell
proliferation, carotid body O, sensitivity, and the hypoxic
ventilatory response.

HIF-2« also appears to play an essential role in
the survival and growth of carotid body glomus cells
during development in normoxia. In house mice (Mus),
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embryonic deletion of EpasI restricted to cells expressing
TH eliminates glomus cells at 8-12 weeks of age and
abolishes the ventilatory response to hypoxia (Macias
et al., 2018). This is in stark contrast to deer mice
with the EpasI™ genotype, in which glomus cell
abundance was not reduced (Fig. 4) and the hypoxic
ventilatory response was normal (Fig. 2B) compared
to other genotypes among mice raised and held in
normoxia. This could suggest that HIF-2¢ signalling is
not completely eliminated and some functional roles of
HIF-20 are maintained in EpasI'™/" mice. Alternatively,
this could suggest that additional genetic loci contribute
to carotid body development in deer mice compared to
Mus. Future work examining the development of the
carotid bodies and ventilatory chemosensitivity between
genotypes would be useful for examining this issue and for
better defining the general phenotypic effects of variation
in Epasl.
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Figure 4. The effects of chronic hypoxia on carotid body growth were attenuated in deer mice with

either the Epas1H/H or Epas1H/t genotype

A-F, fluorescence immunohistochemistry was used to identify type | cells (tyrosine hydroxylase, TH, in green) and
neurons (neurofilament, NF, and growth-associated protein 43, GAP-43, in magenta). Scale bar = 100 um. G and
H, values for each individual animal are shown as circles along with the mean + SD of these values. Holm-Sidak
post hoc tests carried out in two-factor ANOVA were used to compare between acclimation groups within each
genotype, for which P values are shown. G, total volume for a single carotid body (two-factor ANOVA results:
genotype, P = 0.893; acclimation, P = 0.0211; genotype x acclimation, P = 0.144). H, total number of type |
(glomus) cells for a single carotid body (two-factor ANOVA results: genotype, P = 0.459; acclimation, P = 0.00104;
genotype x acclimation, P = 0.216). N (N females, N males) were: 6 (3, 3) normoxia-acclimated Epas7Y* mice, 6
(3, 3) normoxia-acclimated Epas7™ mice, 5 (3, 2) normoxia-acclimated Epas 7™M mice, 6 (3, 3) hypoxia-acclimated
Epas1Y" mice, 7 (4, 3) hypoxia-acclimated Epas7™ mice and 5 (3, 2) hypoxia-acclimated Epas 7™M mice.
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Haematological responses to chronic hypoxia were not
altered by the high-altitude EpasI variant in deer mice
(Fig. 5), consistent with previous findings in wild deer
mice at high altitude (Schweizer et al., 2019). This contra-
sts the findings obtained in Tibetan humans, in which
sequence variants in and around the Epasl gene are
strongly associated with reduced blood Hb content at high
altitude (Beall et al., 2010; Yi et al., 2010). This reduced
blood Hb content does not result from a reduction in total
Hb mass, but rather from an increase in plasma volume,
suggesting that the erythropoietic response of Tibetan
humans is similar to that of lowlanders (Stembridge et al.,
2019). It remains unclear whether changes in plasma
volume were the direct phenotypic target of selection
acting on Epasl in Tibetan humans, or whether they
were a secondary consequence of effects of the Epasl
variant on other physiological traits that affect O, supply
and function of tissues responsible for controlling plasma
volume (Simonson, 2015; Storz & Scott, 2019; Storz et al,,
2010). Nevertheless, the discrepancy between our results
and these previous findings suggests that there may be
some differences in the physiological effects of selection
on Epasl across high-altitude taxa. Broad inducible
knockout of EpasI blunts hypoxia-induced increases in
haematocrit in mice (Hodson et al., 2016), suggesting that
the high-altitude Epasl variant of deer mice does not
completely eliminate HIF-2¢-mediated signalling across
the body.

J Physiol 0.0

Because we examined the effects of genetic variation
in Epasl in F, interpopulation hybrids, it is important to
consider the possibility that multiple genetic differences
contribute to the physiological variation associated with
Epasl genotype. Epasl is a very large gene (>70 kb) that
contains several single-nucleotide polymorphisms (SNPs)
in deer mice, but only three SNPs in close proximity
exhibit significant differences in allele frequency between
high- and low-altitude populations (Schweizer et al,
2019). Linkage disequilibrium to these three SNPs does
not appear to extend beyond the boundaries of the
Epasl coding region (Schweizer et al., 2019). Therefore,
it is improbable that there is an unsampled causal
variant in a nearby gene that has caused the physio-
logical variation associated with Epasl genotype observed
here. Of the three SNPs within EpasI that exhibit allele
frequency differences between high- and low-altitude
populations, the non-synonymous DNA substitution in
the 14th exon that encodes the ™755¢ variant in
high-altitude mice has been shown to have strong effects
on HIF-2«-mediated signalling (Song et al., 2021), as
described earlier. There is an additional SNP exhibiting
population differences in allele frequency in the 14th
exon, but this is probably not the causal variant because
it is a synonymous DNA substitution (Schweizer et al.,
2019). The third SNP exhibiting population differences in
allele frequency is located in the 3’ untranslated region
(Schweizer et al., 2019). Although it remains possible that
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Figure 5. Epas1 genotype did not alter the increases in blood Hb content or haematocrit in response to
chronic hypoxia, and there was no significant variation in Hb-O, affinity across genotypes or acclimation

groups

Individual values, as well as the mean + SD, are shown. Holm-Sidak post hoc tests were used to compare
between acclimation groups within each genotype when the effects of acclimation environment were significant
in ANOVA, for which P values are generally shown ('ns’ denotes when acclimation effects were not significant
and post hoc tests were not carried out). A, whole-blood Hb content (two-factor ANOVA results: genotype,
P = 0.492; acclimation, P < 0.0001; genotype x acclimation, P = 0.301). B, haematocrit (two-factor ANOVA
results: genotype, P = 0.644; acclimation, P < 0.0001; genotype x acclimation, P = 0.798). C, Hb-O, affinity
measured as the O, pressure at 50% saturation (Psg) in intact erythrocytes (two-factor ANOVA results: genotype,
P = 0.404; acclimation, P = 0.732; genotype x acclimation, P = 0.412). N (N females, N males) were: 10 (6, 4)
normoxia-acclimated Epas?™"™ mice, 13 (7, 6) normoxia-acclimated Epas?™ mice, 12 (6, 6) normoxia-acclimated
Epas1Y* mice, 5 (3, 2) hypoxia-acclimated Epas 7" mice, 7 (4, 3) hypoxia-acclimated Epas7t mice and 6 (3, 3)

hypoxia-acclimated Epas 7Yt mice.
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the latter SNP could affect EpasI gene regulation and thus
contribute to some of the physiological variation between
Epasl genotypes, the known effects of the Thr755Met
mutation on HIF-2«-mediated signalling make this the
most probable causal variant.

Because the causal variant lies within Epasl, our
findings suggest that sequence variation in the HIF-2¢
gene may be partly responsible for the absence of VAH in
natural populations of deer mice native to high altitude
(Ivy & Scott, 2017a, 2018). Chronic hypoxia leads to
robust increases in total ventilation during stepwise hypo-
xia under poikilocapnic conditions and in carotid body
volume in low-altitude deer mice, but these changes do
not occur in high-altitude deer mice (Ivy & Scott, 2017a,
2018). These observations could not be explained by clear
population differences in CO, sensitivity that might have
influenced the ventilatory response to poikilocapnic hypo-
xia (Ivy & Scott, 2018). Here, we show that the highland
variant of EpasI contributes to reducing VAH and carotid
body growth in high-altitude deer mice. The magnitude
of the differences between Epasl genotypes observed here
are not as great as the previously observed differences
between natural populations, which may reflect the fact
that effects of Epasl genotype were examined in inter-
population hybrids with a mixed genomic background.
Nevertheless, the pattern of variation observed here
suggests that Epasl genotype is a strong (if not sole)
contributor to the evolved changes in VAH and carotid
body growth in high-altitude mice. Our findings therefore
provide an environmentally relevant context for the role
of Epasl in carotid body O, sensing, and shed light on
the physiological and genetic mechanisms of hypoxia
tolerance in high-altitude natives.

The intriguing question that arises is whether the
attenuated VAH observed in high-altitude deer mice is
advantageous at high-altitude? Although high-altitude
populations of deer mice do not express VAH, they exhibit
a strong increase in effective ventilation compared to
low-altitude populations (slower and deeper breaths) that
is insensitive to chronic hypoxia (Ivy & Scott, 2017a,
2018; Ivy, Greaves et al, 2020, 2021), in contrast to
the interpopulation hybrids studied here. It is possible
that the combination of evolved changes in control of
breathing in high-altitude deer mice serves to maintain
O, uptake in chronic hypoxia (by virtue of the stable
increase in effective ventilation) at the same time as
attenuating some of the maladaptive effects of amplifying
the hypoxic chemoreflex (e.g. persistent sympathoadrenal
activation) (Scott et al., 2019; Storz & Scott, 2019).
Consistent with this possibility, high-altitude deer mice
also appear to have reduced catecholamine release from
the adrenal medulla (Scott et al., 2019), which results
at least in part from reduced expression of enzymes
involved in catecholamine synthesis in mice with the
highland Epas1 variant (Schweizer et al., 2019). Therefore,
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the high-altitude variant of Epasl may be important for
restraining the hypoxic chemoreflex, avoiding some of its
detrimental side effects, whereas other mechanisms assure
high alveolar ventilation to help safeguard respiratory gas
exchange.

References

Aaron, E. A., & Powell, E L. (1993). Effect of chronic hypoxia
on hypoxic ventilatory response in awake rats. Journal of
Applied Physiology, 74(1), 1635-1640.

Ai, H, Yang, B, Li, ], Xie, X,, Chen, H., & Ren, J. (2014).
Population history and genomic signatures for high-altitude
adaptation in tibetan pigs. Bmc Genomics [Electronic
Resource], 15, 1-14.

Beall, C. M., Cavalleri, G. L., Deng, L., Elston, R. C., Gao, Y,,
Knight, J.o, Li, C,, Li, J. C,, Liang, Y.u, Mccormack, M.,
Montgomery, H. E., Pan, H., Robbins, P. A., Shianna, K.
V., Tam, S. C., Tsering, N., Veeramah, K. R., Wang, W,,
Wangdui, P, ..., & Zheng, Y. T. (2010). Natural selection
on EPAS1 (HIF2alpha) associated with low hemoglobin
concentration in Tibetan highlanders. Proceedings of
the National Academy of Sciences of the United States of
America, 107(25), 11459-11464.

Beall, C. M., Strohl, K. P, Blangero, J., Williams-Blangero, S.,
Almasy, L. A., Decker, M. J., Worthman, C. M., Goldstein,
M. C,, Vargas, E., Villena, M., Soria, R., Alarcon, A. M., &
Gonzales, C. (1997). Ventilation and hypoxic ventilatory
response of Tibetan and Aymara high altitude natives.
American Journal of Physical Anthropology, 104(4),
427-447.

Bernardi, L., Passino, C., Spadacini, G., Calciati, A., Robergs,
R., Greene, R., Martignoni, E., Anand, I., & Appenzeller, O.
(1998). Cardiovascular autonomic modulation and activity
of carotid baroreceptors at altitude. Clinical Science, 95(5),
565-573.

Bishop, T., Talbot, N. P, Turner, P. ], Nicholls, L. G., Pascual,
A., Hodson, E. J., Douglas, G., Fielding, . W., Smith, T. G.,
Demetriades, M., Schofield, C. J., Robbins, P. A., Pugh, C.
W,, Buckler, K. J., & Ratcliffe, P. J. (2013). Carotid body
hyperplasia and enhanced ventilatory responses to hypoxia
in mice with heterozygous deficiency of PHD2. Journal of
Physiology, 591(14), 3565-3577.

Buroker, N. E., Ning, X.-H., Zhou, Z.-N,, Li, K., Cen, W.-].,
Wu, X.-E, Zhu, W.-Z,, Scott, C. R., & Chen, S. -H. (2012).
AKT3, ANGPTL4, eNOS3, and VEGFA associations
with high altitude sickness in Han and Tibetan Chinese
at the Qinghai-Tibetan plateau. International Journal of
Hematology, 96(2), 200-213.

Calbet, J. A. L. (2003). Chronic hypoxia increases blood
pressure and noradrenaline spillover in healthy humans.
Journal of Physiology, 551(1), 379-386.

Cheng, X., Prange-Barczynska, M., Fielding, ]. W., Zhang, M.,
Burrell, A. L., Lima, J. D. C. C,, Eckardt, L., Argles, I. L.

A., Pugh, C. W, Buckler, K. J., Robbins, P. A., Hodson, E.

J., Bruick, R. K., Collinson, L. M., Rastinejad, E, Bishop,

T., & Ratcliffe, P. ]. (2020). Marked and rapid effects of
pharmacological HIF-2o antagonism on hypoxic ventilatory
control. Journal of Clinical Investigation, 130(5), 2237-2251.



16 C. M. lvy and others

Cheviron, Z. A., Bachman, G. C., Connaty, A. D., Mcclelland,
G. B,, & Storz, J. F. (2012). Regulatory changes contribute
to the adaptive enhancement of thermogenic capacity
in high-altitude deer mice. Proceedings of the National
Academy of Sciences of the United States of America,
109(22), 8635-8640.

Cheviron, Z. A., Bachman, G. C., & Storz, J. E (2013).
Contributions of phenotypic plasticity to differences in
thermogenic performance between highland and lowland

deer mice. Journal of Experimental Biology, 216, 1160-1166.

Cheviron, Z. A., Connaty, A. D., McClelland, G. B., & Storz,
J. E (2014). Functional genomics of adaptation to hypo-
xic cold-stress in high-altitude deer mice: Transcriptomic
plasticity and thermogenic performance. Evolution (N Y),
68, 48-62.

Csiszar, A., Labinskyy, N., Zhao, X., Hu, F, Serpillon, S.,
Huang, Z., Ballabh, P, Levy, R. J., Hintze, T. H., Wolin,

M. S., Austad, S. N., Podlutsky, A., & Ungvari, Z. (2007).
Vascular superoxide and hydrogen peroxide production
and oxidative stress resistance in two closely related rodent
species with disparate longevity. Aging Cell, 6(6), 783-797.

Dzal, Y. A., & Milsom, W. K. (2019). Hypoxia alters the
thermogenic response to cold in adult homeothermic
and heterothermic rodents. Journal of Physiology, 597(18),
4809-4829.

Fielding, J. W,, Hodson, E. J., Cheng, X., Ferguson, D. J.

P, Eckardt, L., Adam, J., Lip, P, Maton-Howarth, M.,
Ratnayaka, L., Pugh, C. W, Buckler, K. ], Ratcliffe, P. J.,

& Bishop, T. (2018). PHD2 inactivation in Type I cells
drives HIF-2a-dependent multilineage hyperplasia and

the formation of paraganglioma-like carotid bodies. Journal
of Physiology, 596(18), 4393-4412.

Gou, X., Wang, Z., Li, N,, Qiu, E, Xu, Z.e, Yan, D,, Yang, S,,
Jia, J., Kong, X., Wei, Z., Lu, S., Lian, L., Wu, C., Wang,

X.,, Li, G., Ma, T, Jiang, Q., Zhao, X,, Yang, J., ..., & Li, Y.
(2014). Whole-genome sequencing of six dog breeds from
continuous altitudes reveals adaptation to high-altitude
hypoxia. Genome Research, 24(8), 1308-1315.

Graham, A. M., & Mccracken, K. G. (2019). Convergent
evolution on the hypoxia-inducible factor (HIF) pathway
genes EGLN1 and EPASI in high-altitude ducks. Heredity
(Edinb), 122(6), 819-832.

Grundy, D. (2015). Principles and standards for reporting
animal experiments in The Journal of Physiology and
Experimental Physiology. Experimental Physiology, 100(7),
755-758..

Hainsworth, R., & Drinkhill, M. J. (2007). Cardiovascular
adjustments for life at high altitude. Respiratory Physiology
& Neurobiology, 158, 204-211.

Hayes, J. P., & O’Connor, C. S. (1999). Natural selection on
thermogenic capacity of high-altitude deer mice. Evolution
(NY), 53,1280-1287.

Hempleman, S. C. (1995). Sodium and potassium current in
neonatal rat carotid body cells following chronic in vivo
hypoxia. Brain Research, 699(1), 42-50.

Hempleman, S. C. (1996). Increased calcium current in
carotid body glomus cells following in vivo acclimatization
to chronic hypoxia. Journal of Neurophysiology, 76(3),
1880-1886.

J Physiol 0.0

Hock, R. J. (1964). Physiological responses of deer mice to
various native altitudes. In W. Weihe (Ed.), The physio-
logical effects of high altitude (pp. 59-72). New York, NY:
Macmillan.

Hodson, E. J., Nicholls, L. G., Turner, P. ], Llyr, R., Fielding, J.
W., Douglas, G., Ratnayaka, I, Robbins, P. A., Pugh, C. W,
Buckler, K. ], Ratcliffe, P. J., & Bishop, T. (2016). Regulation
of ventilatory sensitivity and carotid body proliferation in
hypoxia by the PHD2/HIF-2 pathway. Journal of Physiology,
594(5), 1179-1195.

Howard, L. S., & Robbins, P. A. (1995). Ventilatory response
to 8 h of isocapnic and poikilocapnic hypoxia in humans.
Journal of Applied Physiology, 78(3), 1092-1097.

Ishiguro, T., Iwase, M., Kanamaru, M., Izumizaki, M.,
Ohshima, Y., & Homma, I. (2006). Impaired ventilation
and metabolism response to hypoxia in histamine H1
receptor-knockout mice. Respiratory Physiology ¢ Neuro-
biology, 154, 331-341.

Ivy, C. M., Greaves, M. A,, Sangster, E. D., Robertson, C. E,,
Natarajan, C., Storz, ]. E, Mcclelland, G. B., & Scott, G.

R. (2020). Ontogenesis of evolved changes in respiratory
physiology in deer mice native to high altitude. Journal of
Experimental Biology, 223, jeb219360.

Ivy, C. M., & Scott, G. R. (2015). Control of breathing and
the circulation in high-altitude mammals and birds.
Comparative Biochemistry and Physiology Part A, Molecular
& Integrative Physiology, 186, 66-74.

Ivy, C. M., & Scott, G. R. (2017a). Control of breathing
and ventilatory acclimatization to hypoxia in deer
mice native to high altitudes. Acta Physiologica, 221(4),
266-282.

Ivy, C. M., & Scott, G. R. (2017b). Ventilatory acclimatization
to hypoxia in mice: Methodological considerations.
Respiratory Physiology & Neurobiology, 235, 95-103.

Ivy, C. M., & Scott, G. R. (2018). Evolved changes in breathing
and CO2 sensitivity in deer mice native to high altitudes.
American Journal of Physiology Integrative and Comparative
Physiology, 315(5), R1027-R1037.

Ivy, C. M., Sprenger, R. J., Bennett, N. C,, Jaarsveld, B., Hart,
D. W, Kirby, A. M., Yaghoubi, D., Storey, K. B., Milsom,
W. K., & Pamenter, M. E. (2020). The hypoxia tolerance of
eight related African mole-rat species rivals that of naked
mole-rats, despite divergent ventilatory and metabolic
strategies in severe hypoxia. Acta Physiologica, 228(4),
e13436. https://doi.org/10.1111/apha.13436.

Ivy, C. M., Wearing, O. H., Natarajan, C., Schweizer, R. M.,
Gutid©Rrez-Pinto, N., Velotta, J. P., Campbell-Staton, S.

C., Petersen, E. E., Fago, A., Cheviron, Z. A,, Storz, J. E,
& Scott, G. R. (2021). Genetic variation in haemoglobin
is associated with evolved changes in breathing in
high-altitude deer mice. Journal of Experimental Biology,
225(2), jeb243595. https://doi.org/10.1242/jeb.243595.

Joseph, V., Soliz, J., Pequignot, ., Sempora®©, B., Cottet-Emard,
J. M., Dalmaz, Y., Favier, R., Spielvogel, H., & Pequignot,

J. M. (2000). Gender differentiation of the chemoreflex
during growth at high altitude: Functional and neuro-
chemical studies. American Journal of Physiology Regulatory,
Integrative and Comparative Physiology, 278(4), R806-R816,
https://doi.org/10.1152/ajpregu.2000.278.4.r806.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.


https://doi.org/10.1111/apha.13436
https://doi.org/10.1242/jeb.243595
https://doi.org/10.1152/ajpregu.2000.278.4.r806

J Physiol 0.0

Kline, D. D., Peng, Y.-]., Manalo, D. J., Semenza, G. L., &
Prabhakar, N. R. (2002). Defective carotid body function
and impaired ventilatory responses to chronic hypo-
xia in mice partially deficient for hypoxia-inducible
factor lae. Proceedings of the National Academy
of Sciences of the United States of America, 99(2),

821-826.

Kusakabe, T., Powell, E. L., & Ellisman, M. H. (1993).
Ultrastructure of the glomus cells in the carotid body of
chronically hypoxic rats: With special reference to the
similarity of amphibian glomus cells. Anatomical Record,
237(2), 220-227.

Lauy, D. S, Connaty, A. D., Mahalingam, S., Wall, N,
Cheviron, Z. A., Storz, J. F, Scott, G. R., & Mcclelland,

G. B. (2017). Acclimation to hypoxia increases
carbohydrate use during exercise in high-altitude
deer mice. American Journal of Physiology Regulatory,
Integrative and Comparative Physiology, 312(3),
R400-R411.

Li, M,, Tian, S,, Jin, L., Zhou, G,, Li, Y., Zhang, Y., Wang, T.,
Yeung, C. K. L., Chen, L., Ma, ], Zhang, |, Jiang, A., Li, J.i,
Zhou, C., Zhang, J., Liu, Y., Sun, X., Zhao, H., Niu, Z,, ...,
& Li, R. (2013). Genomic analyses identify distinct patterns
of selection in domesticated pigs and Tibetan wild boars.
Nature Genetics, 45(12), 1431-1438.

Li, Y., Wu, D.-D,, Boyko, A. R., Wang, G.-D., Wu, S.-E, Irwin,
D. M., & Zhang, Y.-P. (2014). Population variation revealed
high-altitude adaptation of tibetan mastiffs. Molecular
biology and evolution, 31(5), 1200-1205.

Lighton, J. R. B. (2008). Measuring metabolic rates: A manual
for scientists. 1-200.

Lui, M. A., Mahalingam, S., Patel, P, Connaty, A. D,, Ivy,

C. M., Cheviron, Z. A., Storz, J. E, Mcclelland, G. B., &
Scott, G. R. (2015). High-altitude ancestry and hypoxia
acclimation have distinct effects on exercise capacity and
muscle phenotype in deer mice. American Journal of Physio-
logy Regulatory, Integrative and Comparative Physiology,
308(9), R779-R791.

Macias, D., Cowburn, A. S., Torres-Torrelo, H., Ortega-Saenz,
P, Lopez-Barneo, J., & Johnson, R. S. (2018). HIF-2« is
essential for carotid body development and function.

Elife, 7, €34681. https://doi.org/10.7554/ELIFE.
34681.

Mabhalingam, S., Cheviron, Z. A, Storz, J. E,, Mcclelland,

G. B, & Scott, G. R. (2020). Chronic cold exposure
induces mitochondrial plasticity in deer mice native
to high altitudes. Journal of Physiology, 598(23),
5411-5426.

Mabhalingam, S., Mcclelland, G. B., & Scott, G. R. (2017).
Evolved changes in the intracellular distribution and
physiology of muscle mitochondria in high-altitude
native deer mice. Journal of Physiology, 595(14),
4785-4801.

Mcclelland, G. B., Hochachka, P. W., & Weber, J.-M. (1998).
Carbohydrate utilization during exercise after high-altitude
acclimation: a new perspective. Proceedings of the National
Academy of Sciences of the United States of America, 95(17),
10288-10293.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.

High-altitude variant of the HIF-2a gene attenuates hypoxia sensitivity 17

Moreno-Doma-Nguez, A., Ortega-Saenz, P, Gao, L., Colinas,
O., Garca-A-Flores, P, Bonilla-Henao, V., Aragonas, J.

N., Hattemann, M., Grossman, L. I., Weissmann, N.,
Sommer, N., & Lopez-Barneo, J. (2020). Acute O, sensing
through HIF2«-dependent expression of atypical cyto-
chrome oxidase subunits in arterial chemoreceptors. Science
Signaling, 13(615), eaay9452. https://doi.org/10.1126/
scisignal.aay9452.

Natarajan, C., Hoffmann, E G., Lanier, H. C., Wolf, C. J.,
Cheviron, Z. A., Spangler, M. L., Weber, R. E., Fago, A,

& Storz, J. E. (2015). Intraspecific polymorphism, inter-
specific divergence, and the origins of function-altering
mutations in deer mouse hemoglobin. Molecular Biology
and Evolution, 32(4), 978-997.

Olson, E. B, Bohne, C. J., Dwinell, M. R., Podolsky, A.,
Vidruk, E. H., Fuller, D. D., Powell, E L., & Mitchel,

G. S. (2001). Ventilatory long-term facilitation in
unanesthetized rats. Journal of Applied Physiology, 91(2),
709-716.

Pamenter, M. E,, Carr, J. A,, Go, A, Fu, Z., Reid, S. G., &
Powell, E L. (2014). Glutamate receptors in the nucleus
tractus solitarius contribute to ventilatory acclimatization
to hypoxia in rat. Journal of Physiology, 592(8),
1839-1856.

Pardal, R., Ortega-Saenz, P, Duran, R. - O., & Lopez-Barneo,
J. (2007). Glia-like stem cells sustain physiologic neuro-
genesis in the adult mammalian carotid body. Cell, 131(2),
364-377.

Peng, Y. - J., Nanduri, J., Khan, S. A., Yuan, G., Wang,

N., Kinsman, B., Vaddi, D. R., Kumar, G. K., Garcia,

]. A., Semenza, G. L., & Prabhakar, N. R. (2011).
Hypoxia-inducible factor 2o (HIF-2«) heterozygous-null
mice exhibit exaggerated carotid body sensitivity to hypo-
xia, breathing instability, and hypertension. Proceedings
of the National Academy of Sciences of the United States of
America, 108(7), 3065-3070.

Petousi, N., Croft, Q. P. P, Cavalleri, G. L., Cheng, H. -.

Y., Formenti, E, Ishida, K., Lunn, D., Mccormack, M.,
Shianna, K. V,, Talbot, N. P, Ratcliffe, P. J., & Robbins, P.

A. (2014). Tibetans living at sea level have a hyporesponsive
hypoxia-inducible factor system and blunted physiological
responses to hypoxia. Journal of Applied Physiology, 116(7),
893-904.

Powell, E. L., Milsom, W. K., & Mitchell, G. S. (1998). Time
domains of the hypoxic ventilatory response. Respiration
Physiology, 112(2), 123-134.

Prabhakar, N. R., & Semenza, G. L. (2012). Adaptive and
maladaptive cardiorespiratory responses to continuous
and intermittent hypoxia mediated by hypoxia-inducible
factors 1 and 2. Physiological Reviews, 92(3),

967-1003.

Qu, Y., Zhao, H., Han, N,, Zhou, G., Song, G., Gao, B,, Tian,
S., Zhang, J., Zhang, R., Meng, X., Zhang, Y., Zhang, Y., Zhu,
X., Wang, W,, Lambert, D., Ericson, P. G. P., Subramanian,
S., Yeung, C., Zhu, H,, Jiang, Z., Li, R, & Lei, F. (2013).
Ground tit genome reveals avian adaptation to living at high
altitudes in the Tibetan plateau. Nature Communication,
4(1), 1-9.


https://doi.org/10.7554/ELIFE.34681
https://doi.org/10.7554/ELIFE.34681
https://doi.org/10.1126/scisignal.aay9452
https://doi.org/10.1126/scisignal.aay9452

18 C. M. Ivy and others

Reid, S. G., & Powell, E. L. (2005). Effects of chronic hypo-
xia on MK-801-induced changes in the acute hypoxic
ventilatory response. Journal of Applied Physiology, 99(6),
2108-2114.

Robbins, P. A. (2007). Role of the peripheral chemoreflex in
the early stages of ventilatory acclimatization to altitude.
Respiratory Physiology & Neurobiology, 158, 237-242.

Saiki, C., Makino, M., & Matsumoto, S. (2006). Carotid
body volume in three-weeks-old rats having an episode
of neonatal anoxia. Advances in Experimental Medicine and
Biology, 580, 115-119.

Sato, M., Severinghaus, J. W,, Powell, E L., Xu, E D., &
Spellman, M. J. (1992). Augmented hypoxic ventilatory
response in men at altitude. Journal of Applied Physiology,
73(1), 101-107.

Schweizer, R. M., Velotta, J. P, Ivy, C. M., Jones, M. R., Muir,
S. M., Bradburd, G. S., Storz, J. E, Scott, G. R., & Cheviron,
Z. A. (2019). Physiological and genomic evidence that
selection on the transcription factor Epasl has altered
cardiovascular function in high-altitude deer mice. Plos
Genetics, 15(11), ¢1008420.

Scott, A. L., Pranckevicius, N. A., Nurse, C. A., & Scott,

G. R. (2019). Regulation of catecholamine release from
the adrenal medulla is altered in deer mice (Peromyscus
maniculatus) native to high altitudes. American Journal of
Physiology Regulatory, Integrative and Comparative Physio-
logy, 317(3), R407-R417.

Simonson, T. S. (2015). Altitude adaptation: A glimpse
through various lenses. High Altitude Medicine ¢ Biology,
16, 125-137.

Simonson, T. S., Mcclain, D. A., Jorde, L. B., & Prchal, J. T.
(2012). Genetic determinants of Tibetan high-altitude
adaptation. Human Genetics, 131(4), 527-533.

Slotkin, T. A., Seidler, F. J., Haim, K., Cameron, A.

M., Antolick, L., & Lau, C. (1988). Neonatal central
catecholaminergic lesions with intracisternal
6-hydroxydopamine: Effects on development of presynaptic
and postsynaptic components of peripheral sympathetic
pathways and on the ornithine decarboxylase/polyamine
system in heart, lung and k. Journal of Pharmacology and
Experimental Therapeutics, 247, 975-982.

Snyder, L. R. G, Born, S., & Lechner, A. J. (1982). Blood
oxygen affinity in high- and low-altitude populations
of the deer mouse. Respiration Physiology, 48(1),

89-105.

Song, D., Bigham, A. W,, & Lee, E S. (2021). High-altitude
deer mouse hypoxia-inducible factor-2« shows defective
interaction with CREB-binding protein. Journal of Biological
Chemistry, 296, 100461.

Song, S., Yao, N.a, Yang, M., Liu, X., Dong, K., Zhao, Q., Pu,
Y., He, X., Guan, W, Yang, N., Ma, Y., & Jiang, L. (2016).
Exome sequencing reveals genetic differentiation due to
high-altitude adaptation in the Tibetan cashmere goat
(Capra hircus). Bmc Genomics [Electronic Resource], 17,
1-12.

Sprenger, R. J., Kim, A. B., Dzal, Y. A., & Milsom, W. K.
(2019). Comparison of the CO 2 ventilatory response
through development in three rodent species: Effect of
fossoriality. Respiratory Physiology ¢ Neurobiology, 264,
19-27.

J Physiol 0.0

Stembridge, M., Williams, A. M., Gasho, C., Dawkins, T.

G., Drane, A, Villafuerte, E. C,, Levine, B. D., Shave, R,,
& Ainslie, P. N. (2019). The overlooked significance of
plasma volume for successful adaptation to high altitude
in Sherpa and Andean natives. Proceedings of the National
Academy of Sciences of the United States of America,
116(33), 16177-16179.

Storz, J. E, Runck, A. M., Moriyama, H., Weber, R. E., & Fago,
A. (2010). Genetic differences in hemoglobin function
between highland and lowland deer mice. Journal of
Experimental Biology, 213(15), 2565-2574.

Storz, J. E, Runck, A. M., Sabatino, S. J., Kelly, J. K., Ferrand,
N., Moriyama, H., Weber, R. E., & Fago, A. (2009).
Evolutionary and functional insights into the mechanism
underlying high-altitude adaptation of deer mouse
hemoglobin. Proceedings of the National Academy of Sciences
of the United States of America, 106(34), 14450-14455.

Storz, J. E, & Scott, G. R. (2019). Life ascending: Mechanism
and process in physiological adaptation to high-altitude
hypoxia. Annual Review of Ecology, Evolution, and
Systematics, 50(1), 503-526.

Tate, K. B., Wearing, O. H., Ivy, C. M., Cheviron, Z. A., Storz,
J. E, Mcclelland, G. B., & Scott, G. R. (2020). Coordinated
changes across the O2 transport pathway underlie adaptive
increases in thermogenic capacity in high-altitude deer
mice. Proceedings of the Royal Society B: Biological Sciences,
287(1927), 20192750.

Tattersall, G. J., Blank, J. L., & Wood, S. C. (2002). Ventilatory
and metabolic responses to hypoxia in the smallest simian
primate, the pygmy marmoset. Journal of Applied Physio-
logy, 92(1), 202-210.

Wang, Z. - Y., Olson, E. B., Bjorling, D. E., Mitchell, G.

S., & Bisgard, G. E. (2008). Sustained hypoxia-induced
proliferation of carotid body type I cells in rats. Journal of
Applied Physiology, 104(3), 803-808.

West, C. M, Ivy, C. M., Husnudinov, R., & Scott, G. R. (2021).
Evolution and developmental plasticity of lung structure in
high-altitude deer mice. The Journal of Comparative Physio-
logy B: Biochemical, Systemic, and Environmental Physiology,
191(2), 385-396.

West, C. M., Wearing, O. H., Rhem, R. G., & Scott, G.

R. (2021). Pulmonary hypertension is attenuated and
ventilation-perfusion matching is maintained during
chronic hypoxia in deer mice native to high altitude.
American Journal of Physiology Integrative and Comparative
Physiology, 320(6), R800-R811.

Yi, X., Liang, Y.u, Huerta-Sanchez, E., Jin, X., Cuo, Z.

X. P, Pool, J. E., Xu, X., Jiang, H., Vinckenbosch, N.,
Korneliussen, T. S., Zheng, H., Liu, T., He, W,, Li, K,, Luo,
R., Nie, X., Wu, H., Zhao, M., Cao, H,, ..., Wang, J. (2010).
Sequencing of 50 human exomes reveals adaptation to high
altitude. Science (80-), 329(5987), 75-78.

Additional information

Data Availability Statement

Physiological data have been deposited in Mendeley Data
(doi:10.17632/sxv2bjpzhx.1).

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.



J Physiol 0.0

Competing interests

The authors declare that they have no competing interests.

Author contributions

G.RS. and Z.A.C. conceived the experiment. C.M.I. and J.P.V.
raised mice. C.M.I. acquired, analysed and interpreted the data.
All authors drafted and revised the manuscript. All authors
approved the final version of the manuscript submitted for
publication, agree to be accountable for all aspects of the work,
and qualify for authorship.

Funding

This research was funded by a Natural Sciences and Engineering
Research Council of Canada (NSERC) Discovery Grant
to GRS (RGPIN-2018-05707) and a National Sciences
Foundation (NSF) grants to ZAC (I0S-1354934, 10S-1634219,
10S-1755411, and OIA-1736249). Salary support was provided
to CMI by a NSERC Postgraduate Scholarship and an Ontario
Graduate Scholarship, to JPV by a NIH National Heart,
Lung and Blood Institute Research Service Award Fellowship

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.

High-altitude variant of the HIF-2a gene attenuates hypoxia sensitivity 19

(1F32HL136124-01), and to GRS by the Canada Research
Chairs Program.

Acknowledgements

We thank R. M. Schweizer for carrying out the genetic analyses,
as well as O. H. Wearing, C. M. West and animal facility
technicians for technical assistance and help with animal care
throughout the experiment.

Keywords

high-altitude adaptation, hypoxic ventilatory response, oxygen
chemosensitivity, peripheral chemoreceptor, ventilatory
acclimatization to hypoxia

Supporting information

Additional supporting information can be found online in the
Supporting Information section at the end of the HTML view of
the article. Supporting information files available:

Statistical Summary Document
Peer Review History



