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Adenosine receptors mediate the hypoxic
ventilatory response but not the hypoxic
metabolic response in the naked mole rat
during acute hypoxia

Matthew E. Pamenter†, Yvonne A. Dzal† and William K. Milsom

Department of Zoology, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z4

Naked mole rats are the most hypoxia-tolerant mammals identified; however,

the mechanisms underlying this tolerance are poorly understood. Using

whole-animal plethysmography and open-flow respirometry, we examined

the hypoxic metabolic response (HMR), hypoxic ventilatory response (HVR)

and hypoxic thermal response in awake, freely behaving naked mole

rats exposed to 7% O2 for 1 h. Metabolic rate and ventilation each reversi-

bly decreased 70% in hypoxia (from 39.6+2.9 to 12.1+0.3 ml

O2 min21 kg21, and 1412+244 to 417+62 ml min21 kg21, respectively;

p , 0.05), whereas body temperature was unchanged and animals remained

awake and active. Subcutaneous injection of the general adenosine receptor

antagonist aminophylline (AMP; 100 mg kg21, in saline), but not control

saline injections, prevented the HVR but had no effect on the HMR. As a

result, AMP-treated naked mole rats exhibited extreme hyperventilation in

hypoxia. These animals were also less tolerant to hypoxia, and in some cases

hypoxia was lethal following AMP injection. We conclude that in naked

mole rats (i) hypoxia tolerance is partially dependent on profound hypoxic

metabolic and ventilatory responses, which are equal in magnitude

but occur independently of thermal changes in hypoxia, and (ii) adenosine

receptors mediate the HVR but not the HMR.
1. Introduction
When O2 supply fails to meet O2 demand, cellular energy balance is disrupted,

which can ultimately lead to cell death, organ failure and mortality. Therefore,

matching O2 supply to O2 demand is critical to tolerating hypoxia [1]. Hypoxic

environments are common on Earth, and exposure to periods of intermittent or

prolonged hypoxia in the daily activities or annual life cycles of various animals

has driven the evolution of diverse cellular, physiological and behavioural adap-

tations to low O2 stress [2]. These adaptations typically serve to increase O2 supply

to cells and tissues, and/or to decrease cellular energy demand (i.e. metabolic rate

depression) [2,3]. For example, when most mammals are exposed to acute

hypoxia, their immediate compensatory response is to increase their ventilation

[4], which is an energetically expensive means of increasing the delivery of O2

to cells. Conversely, some species decrease breathing in hypoxia, although this

is not common in mammals. Such hypoxia-mediated changes in breathing are

termed the hypoxic ventilatory response (HVR), which encompasses a suite

of time domains depending on the duration of hypoxic exposure [4]. Within a

few moments of the onset of the HVR, most mammals also exhibit a decrease

in metabolic demand, termed the hypoxic metabolic response (HMR), which in

turn decreases systemic O2 requirements. As metabolic demand decreases, venti-

lation ( _VE, expiratory minute ventilation) tends to decrease as well; however, in all

mammals studied to date, the decrease in metabolism is greater than the decrease

in _VE. Therefore, most mammals tend to hyperventilate in hypoxia because the

HVR and HMR combine to affect a net increase in the animals’ air convection

requirement (ACR; i.e. the ratio of inspired O2 to metabolic rate).

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2014.1722&domain=pdf&date_stamp=2014-12-17
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The magnitude of the HVR and HMR are key determinants

of the duration and depth of hypoxia that an organism can

tolerate. Certain air-breathing vertebrates, such as arctic

ground squirrels (Urocitellus parryii); freshwater turtles (Chrys-
emys picta bellii) and crucian carp (Carassius carassius), can

tolerate hypoxia for weeks to months without apparent detri-

ment [2]. Typically, these animals are most hypoxia-tolerant

while over-wintering. During this period, they exhibit metabolic

rate depression mediated in part by a profound decrease in body

temperature (Tb) and entry into a torpor-like state [5]. These

responses drastically reduce systemic energy demands and

extend survival time in hypoxia. The mechanisms that mediate

these changes are poorly understood, but recent studies have

demonstrated that in small mammals, adenosine receptors are

key in initiating and maintaining (i) the HMR, (ii) decreases in

Tb and (iii) the entry into torpor. In support of this, adenosine

receptor agonism decreases metabolism and Tb, and induces

entry into a torpor-like state in rats and arctic ground squirrels

[6,7], whereas adenosine receptor antagonism prevents or

reverses these changes in hibernating arctic ground squirrels

[7,8], and during intra-day torpor or fasting-induced torpor in

mice [9–11] and rats [6].

Naked mole rats (Heterocephalus glaber) experience lifelong

hypoxia while living in large subterranean tunnel systems

approximately 1–2 m underground in eastern Africa [12].

Naked mole rat burrows are poorly ventilated due to limited

air diffusion through densely packed soil, which, in combination

with group respiration-mediated O2 depletion, creates a challen-

ging hypoxic environment [12,13]. Indeed, naked mole rats and

their relatives experience burrow O2 levels as low as 6.2% with-

out detriment [12–14] and tolerate hypoxia lower than 3% O2

for several hours in a laboratory setting [15]. Based on these

observations, naked mole rats are considered to be the most

hypoxia-tolerant mammal. Owing to the constancy of their

exposure to environmental hypoxia and also the relatively

high ambient temperature (Ta) in their burrows (approx.

30–348C), naked mole rats cannot easily use behavioural and

thermal means to alter their metabolic rate. Nonetheless, studies

to date have described a handful of adaptations in naked mole

rats that are likely to contribute to their tolerance of chronic

hypoxia. These include the expression of a haemoglobin

isomer with higher affinity for O2 relative to other rodents

[16], a metabolic rate that is two-thirds of that predicted from

allometry [17], and blunted neuronal Ca2þ influx during

hypoxia [18–20], which is known to reduce excitotoxic cell

death due to hypoxia or ischaemia [21]. However, even

the most basic system-level responses, including ventilatory

and metabolic responses to hypoxia, remain to be properly

characterized in this species. The aims of this study were to

examine (i) the steady-state metabolic, ventilatory and thermal

responses of naked mole rats to acute hypoxia, and (ii) the role

of adenosinergic signalling in mediating these responses.
2. Material and methods
(a) Animals
Naked mole rats were generous gifts from the University of Mon-

tana and the University of Texas at San Antonio. Naked mole rats

were group-housed in interconnected multi-cage systems and held

at 288C in 50% humidity under a 12 L : 12 D cycle. Animals were

fed fresh tubers, vegetables, fruit and Pronutro cereal supplement

ad libitum. Animals were not fasted prior to the experimental trial.
(b) Experimental design
Fourteen male and female naked mole rats weighing 45.1+1.8 g

were individually placed, unrestrained, into an experimental

chamber flushed with 21% O2, which was set inside a controlled

environmental chamber to maintain Ta at approximately 288C.

Once placed within the experimental apparatus, naked mole rats

were given at least 30 min to acclimate, followed by 60 min of base-

line recordings of _VE and metabolism. This period was necessary to

stabilize the chamber temperature and to determine steady-state

metabolism and _VE. After baseline recordings, the naked mole rat

was quickly removed from the chamber and its Tb was measured

rectally using a thermocouple. Naked mole rats were then randomly

divided into two groups and treated with subcutaneous 500 ml

injections of either (i) saline (n ¼ 7) or (ii) the general adenosine

receptor antagonist aminophylline (AMP) dissolved in saline

(100 mg kg21; n ¼ 7). AMP was purchased from Sigma-Aldrich

(St Louis, MO, USA). In the body, AMP is converted to theophylline

with approximately 80% efficacy [22]. The pharmacokinetics of

intravenous, intraperitoneal or subcutaneous AMP administration

best fitted the two-compartment model, with rapid distribution

and slow elimination. Titres of plasma theophylline peak within

8 min of injection and the normal elimination half-life of AMP

ranges from 8 to 14 h, while the bioavailability of AMP is 80–95%

in humans [23], dogs [24], cats [25], pigs [26] and chickens [25].

Although the pharmacokinetics and bioavailability of AMP have

not been previously assessed in naked mole rats, these are likely

to be similar to published values in other species. Furthermore,

the pharmacological dose of AMP used in this study is consistent

with that used to inhibit metabolic depression in studies conducted

in small rodents in other laboratories (e.g. [11]). We observed no

negative effects of AMP administration. Specifically, animals did

not appear stressed, their behaviour was not altered, and their meta-

bolic and ventilatory rates were unaffected. Immediately following

AMP administration, animals were returned to the recording

chamber, and ventilatory and metabolic measurements were col-

lected in each gas mixture (21% O2, 7% O2 and recovery in 21%

O2), under poikilocapnic conditions. The effects of AMP were deter-

mined by comparing data obtained from control animals (saline

injection) relative to data collected from animals treated with

AMP. Animals were held in each condition until metabolism and
_VE reached steady state (approx. 1 h), and Tb was measured follow-

ing each exposure. The experimental trial took a total of

approximately 4 h for each individual.
(c) Plethysmography and respirometry
_VE was measured using the barometric pressure method of

plethysmography modified for continuous flow [27]. On the

day of experimentation, individuals were placed into the exper-

imental apparatus which consisted of two rectangular 450 ml

Plexiglas chambers, one being the animal chamber and the

other the reference chamber. The temperature of the animal

chamber was recorded continuously throughout the experiment

using an iButton (Maxim Integrated, Chandler, CA). Calibrated

rotameters were used to supply naked mole rats with an inflow-

ing gas mixture set at a flow rate of 110 ml min21. The total

airflow ensured that neither O2 nor CO2 were altered by more

than 1.5% by the animal’s metabolism. Fractional O2 and CO2

composition of inspired and expired gas were monitored using

an O2 and CO2 analyser (Raytech, North Vancouver, BC,

Canada). The gas analyser was calibrated for O2 and CO2 before

each trial with a premixed gas (21% O2; 1.55% CO2 balanced

with N2). O2 consumption was calculated from the product of

the constant airflow through the chamber and the difference

between the inflow and outflow in the fractional concentration of

O2. CO2 production was calculated from the product of the con-

stant airflow through the chamber and the difference between

the outflow and inflow in the fractional concentration of CO2.
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The respiratory exchange ratio (RER) was calculated as the quoti-

ent of CO2 production and O2 consumption. The ACR was

calculated as the quotient of _VE and O2 consumption. Inspiration

humidifies and warms inspired air, resulting in pressure fluctu-

ations that were compared with the pressure of the reference

chamber and monitored with a differential pressure transducer

(DP103-18, Validyne, Northridge, CA, USA) connected between

the two chambers, amplified and electronically recorded by a

computer. Respiratory frequency ( fR) was calculated directly

from the ventilation-induced pressure oscillations. Expiratory

tidal volume (VT) was determined by integrating negative periods

of ventilatory flow and then calculated using the equation of

Drorbaugh & Fenn [28] modified for flow-through plethys-

mography by Jacky [27]. To determine VT, the system was

calibrated dynamically with the animal present in the chamber,

as described previously [29]. Briefly, prior to each experiment

known volumes of air (0.2, 0.5 and 1.0 ml) were injected into the

chamber at a rate similar to the naked mole rats’ expiratory time

to produce pressure deflections at least 10 times as great as that

of the animal’s breathing. _VE was measured with the system

open and oscillations in recorded pressure were considered to be

proportional to VT. The advantage of an open-flow system is that

the animal chamber is flushed constantly with air so that O2

depletion and CO2 accumulation are avoided, and metabolism

and _VE could be continuously and simultaneously recorded. _VE

was calculated from the product of fR and VT.

(d) Data collection and analysis
Ventilatory, metabolic and thermoregulatory variables were

recorded on WINDAQ acquisition software (Dataq Instruments,

Akron, OH, USA). All data acquired in WINDAQ were analysed

in POWERLAB. Average values were calculated for each varia-

ble during the last 5 min of steady state of each experimental

treatment. For _VE, VT and fR, a series of at least 10 sets of 10 consecu-

tive breaths were selected for analysis. Breaths were chosen from

periods where the animal was awake but not active (i.e. not

actively digging or exploring but also not asleep, as determined

by visual examination).

Statistical analysis was performed using commercial software

(SPSS v. 15.0; SPSS Inc., Chicago, IL, USA). For all experiments, indi-

vidual n values correspond to a single animal treated with either

saline or AMP dissolved in saline as described above, before and

after exposure to 21% O2 and then acute hypoxia (7% O2). Values

are presented as mean+ s.e.m. p , 0.05 was considered to achieve

statistical significance. All data were normally distributed with

equal variance ( p . 0.05). Significance was evaluated using

two-way ANOVA to test for significant interactions between

the two independent variables: (i) the acute inspired O2 level

(7% versus 21%) and (ii) the treatment (saline versus AMP injec-

tion). Bonferoni post hoc multiple-comparison tests were run on

each of the dependent variables to compare the single point

means of interest. The dependent variables analysed were _VE,

fR, VT, metabolic rate, RER, the ACR and Tb.
3. Results
(a) Naked mole rats exhibit robust metabolic depression

with sustained Tb in acute hypoxia
Steady-state metabolism, _VE, and Tb were measured in naked

mole rats breathing normoxic gas mixtures before and after sub-

cutaneous saline or AMP injection. Neither saline nor AMP

altered any of these variables in animals breathing normoxic

gas mixtures ( p . 0.05; n¼ 7 each; data not shown). Thus, for

the purposes of data presentation and statistical analysis we

used post-injection normoxic measurements as the control in
all datasets. Relative to control levels in normoxia, saline-treated

naked mole rats exposed to 7% O2 exhibited a 70% decrease in

metabolic rate (from 39.6+2.9 to 12.1+0.3 ml O min21 kg21,

and 31.3+2.7 to 8.7+1.1 ml CO2 min21 kg21, for O2 consump-

tion and CO2 production, respectively; figure 1a,b), which was

reversed following 30 min of recovery in normoxia (21% O2; to

45.4+4.6 ml O2 min21 kg21 and 23.8+3.4 ml CO2 min21

kg21). Similarly, AMP-treated naked mole rats breathing 7%

O2 also exhibited metabolic rate depression of a similar magni-

tude (from 38.6+2.3 to 15.1+3.8 ml O2 min21 kg21, and

28.3+1.6 to 17.2+2.5 ml CO2 min21 kg21, for O2 consumption

and CO2 production, respectively; figure 1a,b), although the

hypoxic decrease in CO2 production in AMP-treated naked

mole rats was significantly less than that observed in saline-trea-

ted animals (figure 1b). This difference may have been due to a

secondary effect of AMP on the balance between the catabolism

of lipids and carbohydrates as fuel substrates in hypoxic naked

mole rats, although this requires further investigation [30,31].

These changes were also reversed following 30 min of recovery

in normoxia (to 41.1+3.3 ml O2 min21 kg21 and 22.5+0.8 ml

CO2 min21 kg21). Tb was not different between treatments

or inspired O2 levels in any group (figure 1c). Visual obser-

vations revealed that naked mole rats remained alert and

active throughout the experiment in all treatment groups.

(b) Naked mole rats exhibit ventilatory depression in
acute hypoxia mediated by adenosine receptors

When breathing normoxic gas mixtures, _VE was 1412+224 ml

min21 kg21 in saline-treated animals (figure 2a). Following the

switch to 7% O2, _VE decreased by 70% to 417+62 ml min21

kg21. This value reversed to 1071+259 ml min21 kg21 after

30 min of recovery in normoxia, which was not significantly

different from control values. The change in _VE in 7% O2 was

due to the combination of a 50% decrease in fR (from 120.1+
15.8 to 59.9+4.5 breaths min21; figure 2b) and a 47% decrease

in VT (from 13.6+1.7 to 7.2+1.3 ml kg21; figure 2c), both of

which were reversed by reoxygenation. In AMP-treated ani-

mals, _VE in normoxia was not different from saline-treated

animals (1319+260 ml min21 kg21; figure 2a); however, the

hypoxia-mediated decrease in _VE did not occur and _VE in

AMP-treated animals breathing 7% O2 was 1344+205 ml

min21 kg21. In these naked mole rats, the hypoxia-mediated

decrease in fR was not observed and fR tended to increase

throughout the hypoxic exposure and recovery, although this

trend did not reach significance (figure 2b). Conversely, the

hypoxia-mediated decrease in VT was only partially prevented

by AMP treatment, and the observed VT in these animals was

statistically different from both pre-hypoxia control values in

AMP-treated animals and also from hypoxic values in saline-

treated animals breathing 7% O2 (figure 2c). In addition, the

hypoxic decrease in VT did not reverse upon reoxygenation in

AMP-treated animals.

(c) Hypoxia does not alter the air convection
requirement in naked mole rats

The ACR for both O2 consumption and CO2 production indi-

cated that saline-treated naked mole rats did not exhibit a

change in breathing relative to metabolism when exposed

to 7% O2 (ACRO2
: 35.6+ 4.6 in normoxia versus 34.5+ 6.8

in hypoxia; ACRCO2
: 45.1+3.2 in normoxia versus 47.9+

4.9 in hypoxia; figure 3a,b). This was expected, as the
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magnitudes of the HVR and HMR were equal. Similarly, the

ACR of AMP-treated naked mole rats was not significantly

different from saline-treated naked mole rats when both

groups were breathing normoxic air (ACRO2
: 34.1+ 10.8;
ACRCO2
: 46.6+ 7.8). Conversely, in AMP-treated naked

mole rats, the ACRO2
increased by 260% to 88.8+6.2,

whereas the ACRCO2
increased by 167% to 77.3+ 9.3 when

animals were exposed to 7% O2 because the HVR was
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prevented by AMP treatment, but the HMR was not. These

hypoxia-induced changes were reversed upon reoxygenation

and indicate that AMP-treated naked mole rats hyperventi-

lated during acute hypoxia (i.e. _VE increased relative to

metabolic demand because the metabolic rate decreased in

hypoxia but _VE was unchanged when adenosine receptors

were simultaneously blocked).

The RER was not significantly altered in animals breath-

ing 7% O2 relative to normoxia, or by AMP treatment in

either group (figure 3c). Respiratory exchange ratio values

were slightly reduced upon recovery, indicating that the ani-

mals had not reached steady state, although their ventilatory

and metabolic values were not statistically different from

pre-hypoxia controls at this time point.
oc.B
282:20141722
4. Discussion
Naked mole rats are the most hypoxia-tolerant mammals ident-

ified. In the present paper, we explore the metabolic, ventilatory

and thermal responses of naked mole rats exposed to acute

hypoxia, and the potential role for adenosine receptors in

mediating these responses. Our study yielded three novel find-

ings. First, naked mole rats undergo robust and reversible

metabolic rate and ventilatory depression in acute hypoxia

while maintaining Tb. Second; the 70% decrease in metabolic

rate during acute hypoxia is matched equally by a 70% decrease

in _VE. Therefore, _VE relative to metabolism (i.e. the ACR) is

unchanged during acute hypoxia in naked mole rats, and

thus, unique among mammalian responses to hypoxia; naked

mole rats do not express a hypoxia-mediated increase in their

ACR. Third, systemic antagonism of adenosine receptors

prevents the HVR but does not affect the HMR.

(a) Naked mole rats have a robust hypoxic metabolic
response

Naked mole rats undergo a profound and reversible HMR

when exposed to 7% O2 for 1 h. To our knowledge, only one

other study has examined the effect of hypoxia on metabolic

rate in naked mole rats. Nathaniel et al. [15] measured metab-

olism in awake, unrestrained naked mole rats exposed to 3%

O2 for 1 h [15]. These authors reported a significant but very

small (8%) hypoxic decrease in metabolic rate. Importantly,

the resting metabolic rate reported in their study is approxi-

mately 1/10th that observed in our study, and both this

difference and also the difference between our measurements

of the extent of the HMR (8% and 70%, respectively) are

likely to be due to problems with experimental design in the

earlier study. Specifically, these authors used a chamber with

a volume of approximately 3.5 l, a flow rate of 1 l min21, and

solely reported O2 consumption. Relative to the small body

size of naked mole rats (approx. 45 g) and related low tidal

volumes, this large chamber and high flow rate probably

saturated the measurement of metabolism in normoxia and

hypoxia, resulting in a significant underestimation of the resting

metabolic rate and the HMR in the earlier study. Comparatively,

our study used a chamber with a considerably smaller volume

(approx. 450 ml) and a low flow rate of 110 ml min21, which

provided us greater sensitivity in our measurements of O2

consumption and CO2 production. In support of this, our

normoxic metabolic rate measurements agree well with other

measurements at a similar Ta in this species [32,33].
The cellular mechanism underlying the HMR of naked

mole rats has not been examined previously; however, as

described in the introduction, several recent studies have

demonstrated a central role for adenosinergic signalling in

regulating metabolic responses in other small rodents

[6–11], although the mechanism via which adenosine recep-

tors modulate metabolism have not been elucidated in any

species. Therefore, we also asked whether or not adenosiner-

gic signalling regulates systemic responses to hypoxia in this

species. To our surprise, we observed no effect of a general

adenosine receptor antagonist (i.e. AMP) on the HMR of

the naked mole rat. This indicates that the role of adenosine

in mediating the HMR is different in naked mole rats com-

pared with other small mammals. The mechanism that

induces and regulates the HMR in naked mole rats requires

further study.

(b) Naked mole rats do not exhibit a thermal response
to hypoxia

Naked mole rat Tb was approximately 328C in our study and

was not altered by saline or AMP injection, nor by exposure

to hypoxia. Animals were held at a Ta of approximately 288C
and thus had only a small thermal range to accommodate

hypoxia via metabolic rate depression associated with

reductions in Tb. Our findings indicate that naked mole rats

do not employ thermal strategies to tolerate hypoxia and

that changes in Tb are probably not a component of their

HMR. Our findings are in agreement with those of Nathaniel

et al. [15]. These authors used surgically implanted emitters

to record Tb throughout their experiment and reported an

average Tb of 28.5+ 0.28C in normoxia, and no change in

Tb in animals breathing 3% O2. Similar to our study, these

animals were held at a Ta of 288C, and thus had a minimal

range to respond to hypoxia using thermal adaptations. We

report a slightly higher Tb than the previous study, but in

our experiments all animals remained active and alert, and

dug and chewed at the chamber walls throughout the exper-

iment, which may have resulted in a slightly increased Tb.

Furthermore, we utilized a smaller chamber with a lower

flow rate than the earlier study, which would reduce the

rate of animal-generated heat loss from the chamber via ther-

mal convection. To our knowledge, naked mole rats are the

only mammals studied to date that exhibit such a robust

metabolic depression in acute hypoxia without a concomitant

decrease in Tb and entry into a torpor-like state [34]. These

unique responses may be due to the warm and consistently

hypoxic environment in which naked mole rats live. A high

burrow Ta would restrict the scope for thermal adaptations

to hypoxia; reducing physical activity in hypoxia would

not be a sensible strategy as fresh air is typically only avail-

able to the colony through digging new tunnels and vents,

which requires physical work. Given these environmental

constraints, it appears that naked mole rats have evolved

mechanisms of metabolic regulation that are independent

of changes in Tb and physical activity.

(c) The naked mole rat hypoxic ventilatory response
is mediated by adenosine receptors

Naked mole rats exhibit a robust decrease in _VE when

exposed to hypoxia for 1 h, which is atypical of mammals

[4,34]. Instead, a hypoxia-mediated increase in _VE is
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consistently observed in other small mammals, and even in

other fossorial species, which are typically also tolerant to

prolonged hypoxia. For example, degus (Octodon degus), cor-

uros (Spalacopus cyanus), plateau pikas (Ochotona curzoniae)

and mole rats (Spalax ehrenbergi, a close cousin of naked

mole rats) all exhibit increases in _VE when in acute hypoxia

[13,34–36]. The decrease in _VE in hypoxia may represent a

beneficial adaptation in naked mole rats since increased

breathing, and indeed all other physiological mechanisms

aimed at increasing O2 supply, are energetically expensive

responses to hypoxia. In support of this, we observed that

many naked mole rats struggled in hypoxia when adenosine

receptors were blocked, and in one animal this combination

of treatments was lethal, which led us to halt some exper-

iments early in other cases where animals appeared to

struggle in hypoxia following AMP injection. Given that

naked mole rats are capable of tolerating hypoxia as low as

3% O2 in a laboratory setting, it is conceivable that they

may still exhibit the more typical mammalian HVR of increasing
_VE at lower inspired O2 levels; however, the level of hypoxia

chosen for our study is similar to the most extreme level of

environmental hypoxia experienced in nature by these organ-

isms, and it is notable that other hypoxia-tolerant species

exhibit a ‘normal’ HVR of increased breathing within the

range of hypoxia they experience in their natural environment

(e.g. plateau pika [35]). Nonetheless, further experiments exam-

ining the HMR and HVR in naked mole rats at deeper levels of

hypoxia would be informative.

Unexpectedly, adenosine receptor antagonism with AMP

entirely abolished the decrease in _VE in naked mole rats

breathing 7% O2. This inhibitory effect of adenosine on the

HVR is consistent with previous studies in the literature,

although the magnitude of its effect is unique to this organ-

ism. Adenosine is an inhibitory neurotransmitter that is

known to accumulate in the blood during hypoxia and

modulate the HVR [37]. Specifically, AMP treatment reduces

(but does not abolish) the HVR in awake humans [38], cats

[39], rats [40] and lambs [41], and in anaesthetized piglets

[42], via modulation of the sensitivity of peripheral chemore-

ceptors. However, it is notable that in studies in which the

effect of AMP on metabolism is examined along with its

effects on _VE, AMP treatment always inhibits the HMR in

addition to the HVR [41,43,44], indicating that the HVR

and HMR are coupled in other mammals.

(d) The naked mole rat air convection requirement
is not changed in hypoxia

In naked mole rats breathing hypoxic gas mixtures, the magni-

tudes of the HMR and HVR are equal. Therefore, the ACR is

unaltered by hypoxia in this species. To our knowledge, this

insensitivity of the ACR to hypoxia is unique among animals
studied to date [4,34]. In addition, we report that AMP injection

inhibits hypoxia-mediated ventilatory changes but has no

effect on the hypoxia-mediated metabolic changes, indicating

that the HMR and HVR are uncoupled by adenosine receptor

antagonism in this species. As a result, AMP-treated naked

mole rats hyperventilate in hypoxia, as indicated by an increase

in their ACR.

Importantly, as the HMR is not altered when the HVR is

blocked with AMP, it appears that the HMR is not regulated

by O2 limitation (because AMP blocked the hypoxia-mediated

decrease in breathing but not the change in metabolic rate,

and thus AMP-treated animals hyperventilate, which should

increase the amount of available O2 at the cellular level and

enable a higher metabolic rate). As a result, the increase in meta-

bolic demand associated with increased _VE following AMP

treatment in hypoxia is not matched by an increase in metabolic

rate, leading to a mismatch between O2 supply and demand

and deleterious effects to the organism. In support of this,

AMP-treated naked mole rats struggled in hypoxia relative

to saline-treated animals, and one naked mole rat died due to

hypoxia exposure following AMP injection.
5. Conclusion
We report that naked mole rats, the most hypoxia-tolerant

mammal presently identified, undergo a profound metabolic

rate depression of 70% when breathing 7% O2, which is indepen-

dent of changes in Tb and matched by an identical decrease in
_VE. As a result, breathing does not change in hypoxia relative

to metabolism, and naked mole rats do not exhibit a hypoxia-

mediated change in their ACR. This is a unique response to

hypoxia among mammals studied to date. Furthermore,

unlike in other mammals, the HMR is insensitive to adenosine

receptor inhibition with AMP, whereas the HVR is entirely

reversed by AMP. Our findings indicate that naked mole rats

may have evolved unique adaptive responses to hypoxia that

permit them to decrease metabolic rate independently of

changes in Tb and without the benefit of increased O2 delivery

via an energetically costly increase in their ACR. The specific

mechanism of this HMR remains unknown, but probably

involves cell-level adaptations that enable reduced metabolic

rate through reductions in ion pumping, alternative fuel

substrate usage or enhanced mitochondrial efficiency [2,3,45].
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