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ABSTRACT

The naked mole-rat (Heterocephalus glaber) has fascinated zoologists for at least half a century. It has also generated considerable
biomedical interest not only because of its extraordinary longevity, but also because of unusual protective features (e.g. its tol-
erance of variable oxygen availability), which may be pertinent to several human disease states, including ischemia/reperfusion
injury and neurodegeneration. A recent article entitled ‘Surprisingly long survival of premature conclusions about naked mole-
rat biology’ described 28 ‘myths’ which, those authors claimed, are a ‘perpetuation of beautiful, but falsified, hypotheses’ and
impede our understanding of this enigmatic mammal. Here, we re-examine each of these ‘myths’ based on evidence published
in the scientific literature. Following Braude ¢t al., we argue that these ‘myths’ fall into four main categories: () ‘myths’ that
would be better described as oversimplifications, some of which persist solely in the popular press; () ‘myths’ that are based
on incomplete understanding, where more evidence is clearly needed; () ‘myths’ where the accumulation of evidence over
the years has led to a revision in interpretation, but where there is no significant disagreement among scientists currently work-
ing in the field; () ‘myths’ where there is a genuine difference in opinion among active researchers, based on alternative inter-
pretations of the available evidence. The term ‘myth’ is particularly inappropriate when applied to competing, evidence-based
hypotheses, which form part of the normal evolution of scientific knowledge. Here, we provide a comprehensive critical review
of naked mole-rat biology and attempt to clarify some of these misconceptions.

Key words: naked mole-rat, longevity, hypoxia, cancer, nociception, eusociality, cancer, thermoregulation, ageing,
ecology
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Although naked mole-rats (Heterocephalus glaber) were first
described more than 150 years ago (Riippell, 1842) it is only
over the last 40 years that scientists have begun to dig deeply
into the many facets of their unusual biology (Buffenstein,
Park & Holmes, 2021). The naked mole-rat has not only gar-
nered attention for being a eusocial mammal (Jarvis, 1981;
Holmes & Goldman, 2021), highly specialised for life
underground through sensory (Lewin et al, 2021; Vice
et al., 2021) and ecophysiological adaptations (Buffenstein &
Craft, 2021), but it has also been used in biomedical studies.
These include research on pain (Park et al., 2008; Eigenbrod
et al., 2019) hypoxia tolerance (Larson et al., 2014; Park
etal., 2017, 2021; Ivy et al., 2020), cardiac function (Grimes
et al, 2014b), cancer (Tian et al., 2013; Miyawaki
et al., 2016; Taylor, Milone & Rodriguez, 2017; Seluanov
et al., 2018; Shepard & Kissil, 2020; Delaney, Imai &
Buffenstein, 2021), neuropeptidergic control of reproduction

(Buffenstein, 2005; Lewis & Buffenstein, 2016; Ruby,
Smith & Buffenstein, 2018). Collectively, these studies consti-
tute a new paradigm recognising the naked mole-rat as an
important non-traditional biomedical model for under-
standing how evolutionary processes optimise physiological
mechanisms for survival under adverse conditions encoun-
tered in challenging habitats. Investigating these evolved
systems in eusocial naked mole-rats, which are adapted to
crowded, hot, arid, and resource-restricted niches in East
Africa, also allows us to understand better mechanistic
aspects of several human diseases that share features in
common with subterranean ecophysiological stressors
(Buffenstein & Ruby, 2021).

A recent review of naked mole-rat biology (Braude
et al., 2021) — referred to as ‘Braude ¢t al.” herein — identified
28 ‘myths’ (see Table 1) relating to naked mole-rats, and con-
cluded that many are a ‘perpetuation of beautiful, but falsi-
fied, hypotheses’, or speculation ‘perpetuated as fact’
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(Braude et al., 2021, p. 377). In effect, they challenge numer-
ous aspects of the naked mole-rat paradigm.

In response, we here re-examine each of these ‘myths’. We
provide a comprehensive critical review and clarifying com-
pilation of our current knowledge about naked mole-rat biol-
ogy. We re-examine the context of evidence and illuminate
certain experimental details that we believe may have been
misinterpreted. We argue that many of the so-called ‘myths’
are in fact supported by the available evidence, while others
are based on over-simplifications. As correctly pointed out
by Braude et al., some incorrect ideas may indeed be propa-
gated in the popular press, although this is generally not the
case in the scientific literature. Nascent hypotheses are con-
tinuously refined as new data are acquired; such is the nature
of the ‘re-” in ‘research’. There are also ongoing differences
in interpretation of data, which are inevitable in an emerging
but rapidly growing field. We will demonstrate that, although
more work is certainly needed in many areas, we have a
much more solid understanding of naked mole-rat biology
than implied by Braude et al. (2021).

II. ECOPHYSIOLOGY AND ENVIRONMENT

(1) Myth 1: naked mole-rats are hairless

Both the common name and the scientific name of the naked
mole-rat (H. glaber) reflect the fact that these animals, unlike
most other mammals, lack an insulatory pelage made of fine,
densely packed hairs (Cui ¢t al., 2020). As such, naked mole-
rats are ‘naked’ in much the same way as Desmond Morris
saw us, in his book The Naked Ape (Morris, 1967).

Braude et al. are correct in stating that naked mole-rats are
not strictly hairless. They possess carefully arranged grids of
sparse, whisker-like guard hairs or vibrissae that criss-cross
their body or surround their mouth and ears (Fig. 1). These
vibrissae do not have a thermoregulatory role, but rather
are specialised, highly innervated sensory tactile organs
(Crish et al., 2003). Indeed, Lewin ¢t al. (2021) made direct
recordings from sensory afferents innervating these hairs
and showed that they have the unusual property of signalling
the direction of hair deflection. Sensory afferents innervating
these hairs could provide the animal with information about
the direction and speed of their movement in narrow tunnels
(Lewin et al., 2021). Braude et al. refer to two papers loosely
describing naked mole-rats as hairless, but such claims are
certainly not widespread in the scientific literature (Daly &
Buffenstein, 1998; Crish et al., 2003; Park et al., 2003; Lewin
et al., 2021).

(2) Myth 2: naked mole-rats are strictly
subterranean and never go above ground

Naked mole-rats have been found in pit-traps or wandering
on the surface during fieldwork, revealing that they do occa-
sionally go above ground. As such, we agree that the state-
ment in the subtitle above is untrue. Braude ¢t al. go on to

Rochelle Buffenstein et al.

conclude that ‘while there is no direct evidence of above-
ground foraging, naked mole-rats do disperse above ground’
(Braude et al., 2021, p. 378). Biological dispersal refers to the
movement of individuals from their birth or breeding site to
another breeding site. Rare instances of above-ground dis-
persal were originally proposed by O’Riain, Jarvis &
Faulkes (1996) following the discovery of dispersive morphs
in captive colonies. However, given their poor eyesight, lim-
ited thermoregulatory abilities, very fine, permeable skin,
and their inability to jump or hop out of reach of a predator,
it is unlikely that these rodents would survive for long above
ground in the arid conditions of East Africa. Wandering on
the surface to find a mate, pairing, and thereafter excavating
a new burrow system, or going in search of a neighbouring
open burrow, would be a highly risky and life-threatening
strategy. Braude et al. themselves report that they caught only
nine mole-rats in pit-traps over the duration of their three-
year study. This supports the premise that this is a very rare
occurrence (Braude et al., 2020), and may possibly have been
due to burrow damage during fieldwork. If animals indeed
venture above ground for the purpose of dispersal, this has
not yet been proved.

In order better to understand why naked mole-rats might
occasionally be found on the surface, we can look at other
bathyergids. In over 10 years of fieldwork during both sum-
mer and winter seasons, neither Damaraland (Fukomys damar-
ensts) nor common (Cryptomys hottentotus) mole-rats were ever
found above ground (N.C. Bennett & J.U.M. Jarvis, personal
observations). However, one study reported that numerous
Damaraland mole-rats were found in a 2 m deep concrete-
lined water channel in Otiwarongo, Namibia (Hazell
et al., 2000). Closer inspection revealed that the concrete
edges of the channel formed a barrier to burrowing, thus
forcing mole-rats onto the surface where they subsequently
fell into the channel. The only mole-rat that appears to be
regularly found on the surface is the solitary Cape dune
mole-rat (Bathyergus suillus). It is typically found after the long
winter rains in a hypothermic state, suggesting that burrow
flooding was a causative factor (Bennett & Faulkes, 2000).
We therefore believe that there is no strong evidence that
cither the naked mole-rat or its larger, better-insulated rela-
tives commonly move above ground to disperse or forage.

(3) Myth 3: naked mole-rats have unusually
long burrows

The social mole-rats tend to live in burrow systems that may
often span several hundred metres or more in total length
(Bennett, 1988; Spinks, Bennett & Jarvis, 2000; Herbst &
Bennett, 2006; Skliba et al., 2012; Thomas et al., 2012;
Thomas, Swanepoel & Bennett, 2016). Brett reports two
naked mole-rat burrows that were meticulously mapped hav-
ing total tunnel lengths of 3027 m (Kamboyo 1) and 595 m
(Lerata 1) (Brett, 1986, 1991). For Kamboyo 1, Brett gives
an evidence-based argument (see Brett, 1986) that this is an
underestimate and that it was actually more likely to be
3.6-4.0 km. Even at the conservatively reported 3027 m,

Biological Reviews (2021) 000-000 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



Clarifying the myths of naked mole-rat biology 5

Table 1. A summary of the 28 ostensible ‘myths’ of Braude ¢ al. (2021) regarding naked mole-rat biology and our categorisation
based upon available evidence. The origin of each myth is classified as (1) myths that are in headline form and hence represent
oversimplifications or are of unknown provenance; (2) suppositions requiring more evidence; (3) former conclusions that have been

revised in the scientific literature; and (4) differing interpretations of available evidence

Myth

Response

Myth 1: naked mole-rats are hairless

Myth 2: naked mole-rats are strictly subterranean and
never go above ground

Myth 3: naked mole-rats have unusually long burrows

Myth 4: naked mole-rats are the only poikilothermic
mammals

Myth 5: naked mole-rats have uniquely low thyroid
hormone levels

Myth 6: naked mole-rat burrows are hypoxic and
hypercapnic

Myth 7: naked mole-rats are blind

Myth 8: naked mole-rats have degenerated hearing

Myth 9: naked mole-rats are the most vocal rodents
because they live in large groups

Naked mole-rats do have a few hairs on their body, but they
lack a fur coat. The sparse hairs are specialised sensory
structures, similar to facial vibrissae. These hairs are
nevertheless fundamentally different from pelage (hair or
fur).

Naked mole-rats have been found above ground, although
this is a very rare occurrence, and the cause and purpose
of these rare events is unknown. There is no clear
evidence that they forage, find mates, or disperse above
ground. Rather, their rare appearances on the surface
may be due to very rare dispersals or colony displacement
from disturbed, breached, or flooded burrows.

Irrespective of whether naked mole-rats in future studies
remain the record holder for the longest burrow system
among the social mole-rats, naked mole-rats have
exceptionally long burrows for their body size and colony
biomass.

This myth is predicated on two words — ‘only” and
‘poikilothermic’. Some other mole-rat species also show
pronounced thermolability. Body temperature (7},) of
naked mole-rats, when given sufficient time to attain
thermal equilibrium, closely tracks that of ambient
temperature (7,), being only slightly warmer than 7.
They nevertheless can and do employ endothermy,
however this is ineffective at maintaining body
temperature outside of a very narrow range of 7.

‘Unique’ is a perilous word, but naked mole-rats certainly
have low free thyroxine (T4) levels. However, to date,
neither triiodothyronine (T3) level nor the T4:T3 ratio
have been reported in the peer-reviewed literature.

Measuring underground atmospheres without altering their
composition is difficult. To date, oxygen and carbon
dioxide levels have not been measured in nest chambers.
Burrow composition, organisation, and animal density
would suggest that naked mole-rats encounter a range of
atmospheric conditions, including hypoxia and
hypercapnia, in their daily routine. Also, numerous
physiological traits demonstrate that naked mole-rats are
extremely well-adapted to both hypoxic and hypercapnic
conditions.

The naked mole-rat visual system is degenerate, with
significant atrophy of the structures required for visual
image formation. Their visual cortex is primarily
responsive to somatosensory inputs. However, some
ancillary structures remain intact, and while they can
detect changes in luminance, they cannot see images.

Compared with surface-dwelling mammals, naked mole-
rats have very restricted high-frequency hearing, high
auditory thresholds, and very poor sound-localisation
abilities. Questions remain about how their low-
frequency hearing compares with that of related species.

Current evidence does not permit group size to be
discounted as an important contributor to vocal
complexity; it is likely to be one of several key
evolutionary drivers that shaped the extensive range of
the naked mole-rat’s vocal repertoire.

Biological Reviews (2021) 000-000 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



Table 1. (Cont.)
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Myth

Response

Myth 10: naked mole-rats feel no pain

Myth 11: naked mole-rats are the only eusocial mammals

Myth 12: colonies have castes of breeders and non-
breeders, involving frequent workers, infrequent
workers, non-workers, and dispersers

Myth 13: colonies have up to three male breeders (pashas)

Myth 14: colonies have a single queen

Myth 15: not all females can become queens

Myth 16: queens suppress workers with pheromones

Myth 17: queens shove workers to get them to work

Myth 18: naked mole-rats never leave their natal colonies

Myth 19: naked mole-rats are inbred

Myth 20: the GH/IGF axis is impaired in naked mole-rats

Myth 21: naked mole-rats are long-lived because they have
low oxidative stress and damage

Myth 22: naked mole-rat cells do not display cellular
senescence

This claim has no basis in the scientific literature. Naked
mole-rats do respond to certain noxious stimuli (e.g. heat
and mustard oil), but lack responses to others, such as acid
and capsaicin.

The definition of the term ‘eusocial’ is controversial and has
been extensively debated. Both naked and Damaraland
mole-rats appear distinct from other species in that they
have very high levels of skew in lifetime reproductive
success, but solid evidence for task specialisation among
workers is lacking.

There is no disagreement about distinct reproductive
division of labour, accompanied by some morphological
specialisation in breeding queen naked mole-rats.
However, there is no conclusive evidence of distinct
worker and non-worker castes among non-breeding
animals.

Whilst copulation does not guarantee paternity, up to three
male consorts have been reported, with evidence from
both behavioural and genetic studies. It is not known if
there could be more than three breeding males within a
colony.

Dual queening is well documented, but it is a very rare
event both in captivity and in the wild. To date, there has
been no recorded incidence of three or more
reproductive females within a colony, and most colonies
only have a single queen.

When isolated from a colony, most new pairs will breed.
However, not all females appear capable of attaining and
holding the dominant position of queen within a colony.

Initial suggestion that pheromones ‘may’ be involved in
suppression was revised in the 1990s as behavioural
contact between queen and non-breeders was recognised
as key to reproductive suppression. To date, there is no
conclusive evidence to suggest a role for pheromones in
reproductive suppression.

Since the original paper proposing this, this idea has been
debunked in multiple studies.

Genetic evidence supports outbreeding as vital to the
evolutionary ecology of the naked mole-rat. Some
dispersal from the natal nest is thus required.

While facultative inbreeding does occur in captivity, it is
rare in other social mole-rats. While early studies in the
1980s of a single population suggested extreme
inbreeding, more recent studies reveal considerable
heterozygosity in both wild and captive populations.

Substantial data support the premise that the GH/IGF axis
is indeed dampened in this species.

Although naked mole-rats have high levels of oxidative
tissue damage, this manifests early in captive life and does
not accumulate with age. This suggests that naked mole-
rats can efficiently neutralise or repair oxidative damage.
Production of reactive oxygen species and antioxidant
expression vary among tissues.

While equivocal findings have been reported, it appears
that naked mole-rat cells can undergo stress and
oncogene-induced senescence i vitro.

2 3 4
X X X
X X X
X
X

X

X
X

X
X X
X X
X
(Continues)
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Table 1. (Cont.)

Myth

Response

Myth 23: naked mole-rats are immune to disease

Myth 24: naked mole-rats do not get tumours or cancer

Myth 25: naked mole-rats have extremely large
hyaluronan

Myth 26: naked mole-rat cells have early contact inhibition
that prevents cancer

Compared to other rodents in managed care, naked mole-
rats have fewer documented diseases including age-
related dysfunction (e.g. neurodegeneration, heart and
kidney disease) and bacterial infections. Rare, lethal viral
infections have been reported.

Although several cases of cancer have been identified in this
species, the incidence of spontaneous neoplasia in naked
mole-rats relative to other similarly sized mammals and
even humans is extremely low.

Naked mole-rat hyaluronan is larger than hyaluronan from
several other mammals examined and has unusual
material properties. Results may differ among research
groups due to hyaluronan molecular weight being
affected by the isolation procedure.

Naked mole-rat cell growth is highly dependent upon tissue
culture conditions, which can impede cell proliferation
prior to confluence and exhibit contact inhibition
properties. Under certain conditions (e.g. daily medium
changes), cells grow to high density and show no signs of’

contact inhibition.

Myth 27: naked mole-rats are non-aging

Demographic data show no increased mortality risk as X X

animals increase in age. Also, many physiological
phenotypes show negligible age-related changes. These
data support the premise of a non-ageing mammal
and/or suggest that morbidities are likely compressed
into the final years of life.

Myth 28: naked mole-rats are the single member of a
taxonomic family

Whether the naked mole-rat is a single member of the X X
family Heterocephalidae or a member of the family

Bathyergidae that also includes other sub-Saharan mole-
rats is controversial. The Sub-Saharan African mole-rats
nevertheless appear to be a monophyletic group
regardless of whether they are considered a single family
or a superfamily.

Kamboyo 1 is the largest mole-rat burrow mapped to date,
contradicting what has been claimed for Fukomys mechowir:

Fig 1. Sparsely distributed
distributed all over the body, are very different to the fine,

sensory vibrissae, although
dense hair that constitutes the fur of most mammals.

Photograph credit: Megan Smith.

‘Both uncovered burrow systems were very large (total
lengths, 2245 m and 743 m), making them the largest burrow
systems ever mapped” (Sumbera ef al., 2012). Both studies
used similar techniques involving radio-tracking and excava-
tion. Sumbera e al. (2012) compare the longer 2245 m
. mechowii burrow to the shorter ‘Lerata’ naked mole-rat
burrow of Brett’s dissertation, but overlook the larger ‘Kam-
boyo 1’ burrow that was described in detail in the same par-
agraph (Brett, 1986). Furthermore, two of the F. mechowi
burrows in Sumbera ¢t al. (2012) were connected through a
single blocked tunnel. It is difficult to ascertain if the exca-
vated tunnel was created by one or more groups, potentially
biasing those results. Braude et al. attempt to qualify the spe-
cies comparison by saying that the F. mechowi burrow is the
‘largest burrow systems ever mapped in relation to biomass’
(Braude et al., 2021, p. 380), yet they do not provide the bio-
mass value. Since Sumbera et al. (2012) reported that not all
animals were caught and no breeding male was found, it is
impossible to determine the biomass of that colony and so a
direct comparison with naked mole-rat biomass and burrow
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length cannot be made. More data are needed before com-
parisons of average tunnel length and colony biomass can
be made between bathyergid species. Since H. glaber is less
than half the body mass of F. mechowrt, it would be true to
say that both in absolute terms and relative to individual ani-
mal size, naked mole-rats have the longest tunnel systems
recorded to date.

(4) Myth 4: naked mole-rats are the only
poikilothermic mammals

All thermoregulatory studies of naked mole-rats agree
that they are thermally labile, unable precisely to regulate
body temperature (7;,) when isolated from the colony
(McNab, 1966; Withers & Jarvis, 1980; Buffenstein &
Yahav, 1991; Goldman et al., 1999). The controversy associ-
ated with this ‘myth’ revolves around the use of the word
‘only’ and the Greek thermoregulatory terminology used to
describe this highly variable 7,. We agree that ‘only’ would
be incorrect, as later thermoregulatory studies have revealed
that other species of mole-rats when isolated from their colo-
nies also show pronounced thermolability (Bennett, Jarvis &
Cotterili, 1993).

Buffenstein & Yahav (1991) considered the observed
naked mole-rat thermoregulatory profile of 7, closely track-
ing ambient temperature (7,) (when animals are housed indi-
vidually in metabolic cages with dried incoming air) to be
poikilothermic. The International Union of Physiological
Sciences (IUPS) Thermal Commission define poikilothermy
as the ‘large variability of 7y, as a function of ambient condi-
tions in organisms without ¢ffective autonomic temperature
regulation’ (IUPS, 2001, p. 263). Braude et al. appear to con-
sider the terms endothermy and poikilothermy as antonyms;
however, the antonym of poikilothermy is actually homeo-
thermy, a state where ‘7j, is maintained within a very narrow
range’ (<2°C) (IUPS, 2001, p. 257) whereas endothermy
refers to the endogenous mechanisms employed in adaptive
heat generation for thermoregulatory purposes (see Fig. 2).
Naked mole-rats employ both the ectothermic mechanisms
of huddling and basking (under heat lamps or on heating
pads) and endothermic heat-generating mechanisms, utilis-
ing their considerable depots of brown adipose tissue (BAT)
(Daly, Williams & Buffenstein, 1997; Oiwa et al., 2020) for
non-shivering thermogenesis (Hislop & Buffenstein, 1994).
As such it is undisputed that they employ endothermy. How-
ever, this mode of thermoregulation is not very effective in
maintaining 7}, of most animals when isolated from the col-
ony, although it is generally adequate in larger breeding
females (Urison & Buffenstein, 1994; Oiwa et al., 2020).
Endothermy may be sufficient to regulate their low 7y, (32—
34°C) over the narrow range of 7.s found in their hot,
humid, equatorial burrows and under their hot, humid cap-
tive housing conditions. These environmental conditions
reduce both the thermal gradient and vapour pressure gradi-
ent needed for heat loss. Group housing also reduces the sur-
face area exposed for all avenues of heat exchange (Yahav &
Buffenstein, 1991).

Rochelle Buffenstein et al.
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Fig 2. Thermoregulatory terms explained. Here, antonyms are
shown opposite to each other. ‘Homeotherm’ refers to the
maintenance of a core body temperature (7},) within a limited
range (<2°C), whereas ‘poikilotherm’ refers to the thermal
state whereby animals show large variability in 7j, such that 7,
is primarily dependent upon ambient temperature (7).
‘Ectothermy’ and ‘endothermy’ refer to the two main
mechanisms involved in heat acquisition. ‘Ectothermy’ relies
mainly on behaviourally controlled heat exchange with the
environment, whereas ‘endothermy’ refers to endogenous heat
production. Using this cartoon, one can deduce that a
crocodile, given its large thermal inertia, is able to maintain
homeothermy using ectothermic mechanisms, i.e. shuttling
from cooler to warmer areas to maintain body temperature,
whereas a monkey primarily uses facultative thermogenesis to
maintain a constant body temperature. By contrast, despite
employing endothermy, given their large surface area to
volume ratio and high rates of heat loss the naked mole-rat
cannot regulate 7y, effectively outside of a very narrow range
of environmental 7,. MR, metabolic rate. Image modified
from (Hislop & Buffenstein, 1994). Drawn with biorender.com

Braude et al. state that naked mole-rats should rather be
‘considered endothermic and partially homeothermic,
although with a limited ability to maintain a stable 73, but
not poikilothermic’ (Braude et al., 2021, p. 380). In support
of their premise that they are ‘partially homeothermic’, they
mention that ‘skin temperature immediately upon capture
was shown to vary mostly within the species thermoneutral
zone (I'NZ) despite a large temperature range inside the bur-
rows (Holtze et al., 2018)” (Braude et al., 2021, p. 380). This
statement is hard to interpret: the TNZ refers to a range of
T,s in which facultative thermogenesis is not employed, and
not 7y, Further, they mention that burrow temperatures
are highly variable and imply that burrow 7s extend beyond
the critical limits of the TNZ. Perhaps what the authors were
meaning to say is that skin temperature immediately upon
capture correlated with that of 7}, within the TNZ. Given
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that warm mole-rat burrows usually have a high relative
humidity, thus reducing evaporative cooling at the skin—air
interface, and the burrow—skin temperature gradient is also
small reducing heat loss by other means (e.g. convection), it
1s highly likely that animals immediately upon capture would
have a skin temperature that approximates core 7y, and that
it is less variable than if measured experimentally in meta-
bolic chambers with fast-flowing, dry air. However, this
observation cannot be interpreted to mean these animals
are ‘partially homeothermic’. Further compounding this
interpretation is the fact that skin temperature (especially that
of hands and feet) of most mammals is considerably more
variable and generally lower than core 7j,.

Braude et al. emphasise that the differential between 7,
and 7, varies among studies, ranging between ~1°C and
5°C (McNab, 1966; Withers & Jarvis, 1980; Buffenstein &
Yahav, 1991). That this temperature differential differs
among studies is in keeping with differences in experimental
protocols; it can be influenced by (7) prior acclimation condi-
tions, (i) the provision and type of nesting material, (i) the
flow rate and dryness of air entering the metabolic chamber,
(1) the time in the metabolic chamber and if this is sufficient
to allow acclimation, and (v) activity levels of the animals in
question. For example, the larger differential observed by
Withers & Jarvis (1980) reflects that in their study, animals
were housed with considerable insulatory nesting
material. Furthermore, when cooler temperatures were
tested, the experimental duration was shortened, or ani-
mals were housed in groups and allowed to huddle,
reducing the surface area for heat exchange. Neverthe-
less, all these studies report pronounced thermolability
at T, below the TNZ.

Further support of the use of the term ‘poikilothermy’
comes from studies in which animals were subjected to pro-
longed exposure (>1 year) to standard room temperature
(23-25°Cl). Despite an increase in BAT and free thyroxine
(T4), and a considerable time to acclimate to room tempera-
ture, the 7y, (25-28°C) of these naked mole-rats was more
than 6°C below the 73, of naked mole-rats when either
caught in the wild (32-34°C) or housed at >27°C (Tb 32—
35°C) in captivity (Buffenstein et al, 2001; Woodley &
Buffenstein, 2002). Not only can naked mole-rats tolerate
prolonged periods with such a low 7y, they can even success-
fully reproduce when their 7, is maintained at such low
levels, although interbirth intervals, like that of poikilother-
mic viviparous reptiles, are extended and fewer and larger
pups are born (Woodley & Buffenstein, 2001).

Collectively, the tolerance of a low 7, as well as their ther-
moregulatory profile shows that naked mole-rats are indeed
closer on the thermoregulatory spectrum to poikilotherms
than to homeotherms (for an in-depth review of this topic,
see Willmer, Stone & Johnston, 2000). We do agree, how-
ever, that in their natural hot and humid milieu, living in
large groups they would be able to regulate 7, better and
could thus be regarded as stenotherms: animals able to regu-
late 7}, over a very narrow range of 7,s. The choice of termi-
nology is clearly an area where there is a difference in opinion

among scientists, but the possession of distinct poikilothermic
traits is certainly not a ‘myth’.

(5) Myth 5: naked mole-rats have uniquely low
thyroid hormone levels

Thyroid hormone is found in two principal forms: T4 (thy-
roxine) is the main circulating form, while T3 (triiodothyro-
nine) is more biologically active and is synthesised from T4,
by the enzyme iodothyronine deiodinase. Low free T4 levels
have been reported in naked mole-rats (Buffenstein
et al., 2001; Buffenstein & Pinto, 2009) and Ansell’s mole-
rat (Henning e al., 2014), although it is not known if this a
shared trait in all mole-rat species. To date, there are no
peer-reviewed published studies on T3 in naked mole-rats.
Rather, Braude e al. refer to a ‘news clip’ in Science Daly
and use this source to state that naked mole-rat T3 profiles
are not low and that naked mole-rats have a similarly low
T4:T3 ratio to what they observe in Fukomys ansell. This news
clip referred to a student interview concerning an upcoming
conference poster presentation. That study included prelim-
inary data, which upon repetition of the experiments could
not be replicated — a finding attributed to problems encoun-
tered with the assay methods used. Given the lack of pub-
lished data on T3 levels in naked mole-rats, it is premature
to conclude that they have a low T4:T3 ratio. Braude et al.
go on to state that the resulting T4:T'3 ratio, shared by naked
mole-rats and F. anselli, is ‘unique among mammals’
(Anderson, Nixon & Akasha, 1988), suggesting that the Afri-
can mole-rats ‘have a completely different thyroid hormone
physiology’ (Braude et al., 2021, p. 380). The statement that
either species has a ‘completely different thyroid hormone
physiology’ is unfounded. Indeed, it remains to be proved
that the T4:T'3 ratio observed in captive F. anselli is even typ-
ical for Ansell’s mole-rat because, as evident in humans and
other mammals, a diet deficient in iodine could explain a
low T4:T'3 ratio (Kabadi, 1982; Hulbert, 2000). Since iodine
is an essential component of thyroid hormone synthesis, less
T4 would be made and most of the T4 synthesised would
then be converted into the active hormone T3. Measure-
ments of thyroid stimulating hormone or experimental die-
tary interventions are needed to address this observation.

In summary, captive naked mole-rats do have low thyroid
hormone (T4) levels, but they are not unique, sharing this
phenotype with F. anselli. However, there is no evidence to
suggest that either species has a ‘completely different thyroid
physiology’ to other mammals.

(6) Myth 6: naked mole-rat burrows are hypoxic and
hypercapnic

The gaseous composition within an underground burrow
system may vary considerably. This depends upon many abi-
otic and biotic factors, including soil depth, compaction and
porosity, temperature, moisture, the number of burrow
entrances, microorganisms within the soil, and the number
of burrow inhabitants, to mention just a few
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(Buffenstein, 1996). A rarity among mammals, eusocial
naked mole-rats live in large family groups consisting of as
many as 295 individuals (Brett, 1991). Notably, naked
mole-rats tend to collect in large numbers in a single
basketball-sized chamber (the nest), possibly to maintain
social coherence, defend the matriarch, rest, share resources,
and/or keep warm. This behaviour is routinely observed in
captivity (Zions e al., 2020; Smith & Buffenstein, 2021). It
is reasonable to theorise that so many animals respiring in a
confined space would markedly alter underground atmo-
spheric conditions, creating variable hypoxic and hypercap-
nic conditions (Brett, 1991). Unfortunately, there is very
limited published data on the underground climate within
the naked mole-rat burrow system (Bennett, Jarvis &
Davies, 1988; Holtze et al., 2018), primarily because precise
measurements of air composition within burrows, and partic-
ularly nests, where large numbers of animals congregate for
prolonged periods of time, have proved technically difficult
to attain. For example, as outlined in Braude et al,
McNab (1966) was unable to obtain accurate microclimate
measurements within the naked mole-rat burrow. Subse-
quent citations of McNab’s work have presumed that the
low Oy and high COs concentration reported therein for
other predominantly solitary fossorial mammals are likely
to be similar or exacerbated in eusocial naked mole-rat bur-
rows. A recent study by Holtze et al. (2018) reported only
slight variation in ambient Oy and COy levels compared to
above-ground air sampled directly outside the burrow. How-
ever, these measurements were conducted in recently exca-
vated burrows and may not reflect atmospheric conditions
in older or deeper burrows, let alone fully occupied nests.
Furthermore, these measurements were taken in December
— the dry season in Ethiopia — when soils are more permeable
to gases than when moist (Arieli & Nevo, 1991;
Buffenstein, 1996) and may have resulted in less-extreme
conditions than those routinely encountered by naked
mole-rats in other seasons. Furthermore, according to table
1 of Holtze et al. (2018), the number of animals residing in
the burrows during measurements ranged from 0 to 3 with
amean of 0.8 across 20 measurements, suggesting that many
measurements were made in unoccupied portions of bur-
rows. Absence of respiring individuals likely contributed to
their inability to detect environmental hypoxia or hypercap-
nia. As such, their report may underestimate the true gaseous
conditions in occupied naked mole-rat nests.

Although there is sparse information regarding the gas-
eous composition of mole-rat burrows in nature, a growing
body of research has catalogued a remarkable array of adap-
tations to hypoxic and hypercapnic conditions in naked
mole-rats. Astoundingly, these animals can survive 80%
COy for 5 h, and 18 min in 0% O,, more than 20 times lon-
ger than a mouse (Park et al., 2017). Adaptations supporting
these capabilities encompass multiple aspects of physiology
and biochemistry, suggesting that naked mole-rats have
evolved mechanisms to cope with environmental hypoxia
and hypercapnia. For example, naked mole-rats have gain-
of-function mutations in their hypoxia-inducible factor
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pathway (Kim et al., 2011), consistent with mutations in most
other species adapted to hypoxia across millions of years
(Pamenter et al., 2020). They also have smaller brain volumes
(Orr et al, 2016), fewer neurons (Herculano-Houzel
et al., 2011), lower cardiac function (Grimes ¢t al., 20145)
and lower basal metabolic rates (McNab, 1979), relative to
body size and decrease oxygen requirements still further
through cessation of thermogenesis (Kirby, Fairman &
Pamenter, 2018), lowering heart rate (Pamenter ez al., 2019)
and metabolic rate (Pamenter, Dzal & Milsom, 2015). This
‘idling on low’ and ability to dial this down even further
when acutely exposed to low Oj levels are characteristic of
hypoxia-tolerant species.

To survive elevated COy levels, naked mole-rats counter-
act tissue acidosis (Park et al., 2017), show a lack of
hypercapnia-triggered increases in ventilation or behaviour
(Clayson, Devereaux & Pamenter, 2020), have diminished
substance P signalling under hypercapnia, and a decreased
COg, sensitivity of neuronal gap junctions (de Wolf, Cook &
Dale, 2017). Correspondingly related to elevated GOy levels,
naked mole-rats show a loss of sensitivity to noxious acidic
stimuli 2z a mutation in the voltage-gated sodium channel
Nay1.7 (Smith et al., 2011) which 1s also found in many hiber-
nating species (Liu et al., 2014), and a novel mutation in the
gene encoding the neuronal potassium cotransporter
KCC2 (Zions et al., 2020). This energy-saving KCC2 variant
makes naked mole-rats dependent on higher CO, levels to
avoid seizures that would otherwise arise due to loss of brain
inhibition.

Such remarkable tolerances to hypoxia and hypercapnia,
and the multi-faceted nature of the systemic adaptations that
support them, suggest that these environmental stressors
have applied evolutionary pressure to naked mole-rats.
While it is outdated to think that naked mole-rats live in a
steady state of hypoxia and hypercapnia, we do believe that
the burrow/nest system means these animals likely experi-
ence bouts of hypoxia/hypercapnia interspersed with
periods of relative normoxia/normocapnia. The statement
in the subtitle above, then, likely represents an oversimplifica-
tion rather than a ‘myth’.

III. SENSORY ECOLOGY

(1) Myth 7: naked mole-rats are blind

Braude et al. concluded that the naked mole-rat is not
blind since they react to bright light flashes and summarised
anatomical, physiological, and behavioural studies on naked
mole-rats spanning the past 18 years. These studies reveal an
exceptionally thin optic nerve, an underdeveloped lateral
geniculate nucleus, a visual cortex predominantly receiving
mput from tactile stimuli, a very disorganised retina and
the prevalence of cataracts even in very young animals
(Catania & Remple, 2002; Mills & Catania, 2004; Hetling
et al., 2005; Crish, Dengler-Crish & Catania, 2006; Xiao,
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Levitt & Buffenstein, 2006). While naked mole-rats may be
able to detect changes in luminance, they cannot form visual
images (Nikitina et al., 2004; Hetling et al., 2005), and have no
collicular or cortical response to visual stimuli (Catania &
Remple, 2002). Although their poor vision would far exceed
the criteria for ‘legal blindness’ in humans and they can accu-
rately be considered functionally blind, we are not aware of
any widespread ‘myth’ in the scientific literature that naked
mole-rats are literally blind, and unable to distinguish light
and dark.

(2) Myth 8: naked mole-rats have degenerated
hearing

The behavioural audiogram of the naked mole-rat obtained
by Heffner & Heftner (1993) shows a low-frequency hearing
limit of 65 Hz, a high-frequency limit of 12.8 kHz [both at
60 dB sound pressure level (SPL)], and a lowest threshold
of 35 dB SPL at 4 kHz. These observations were charac-
terised in the title of that paper as ‘degenerate hearing and
sound localization’. The controversy noted by Braude et al.
centres on what is meant by ‘degenerate’. The Oxford
English Dictionary (2021; online) defines this word as ‘Hav-
ing lost the qualities proper to the race or kind; having
declined from a higher to a lower type; hence, declined in
character or qualities; debased, degraded’. Having ‘degener-
ate hearing’ would therefore mean that naked mole-rats had
poorer hearing than an ancestral species from which they
evolved. In order to establish whether this is so, careful com-
parisons must be made.

Braude ¢t al. compared the hearing of Heterocephalus with
that of the rat. The hearing range of the hooded Norway
rat (Rattus norvegicus) at 60 dB SPL extends from 530 Hz to
68 kHz, with lowest thresholds just below 0 dB SPL at
8 and 32 kHz (Heffner et al.,, 1994). The naked mole-rat’s
thresholds are lower than those of the rat at frequencies of
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500 Hz and below (Fig. 3), which might be interpreted as a
potentially adaptive, low-frequency shift in hearing range.
Okanoya et al. (2018), on the other hand, used the gerbil
(Meriones unguiculatus) instead of the rat for comparison. Gerbil
hearing sensitivity at all frequencies tested (above 100 Hz) is
better than that of the naked mole-rat, and it extends to over
50 kHz at 60 dB SPL (Ryan, 1976). The gerbil’s lowest
threshold is 30 dB lower than that of the naked mole-rat, at
the same best frequency of 4 kHz. Its excellent low-frequency
hearing is associated with an expanded middle ear cavity
(Ravicz & Rosowski, 1997), a feature commonly found in
small mammals from arid regions (Mason, 20164,b). The
middle ear cavity of the naked mole-rat, however, is much
less voluminous (Mason, Cornwall & Smith, 2016).

The problem with both of the above comparisons, how-
ever, is that rats and gerbils come from a different rodent
clade to Heterocephalus. Guinea pigs and chinchillas, which
are much closer relatives, have excellent low-frequency hear-
ing (Fig. 3), more similar to the gerbil than the rat (Heftner,
Hefther & Masterton, 1971; Heffner & Heftner, 1991). Both
guinea pigs and chinchillas are substantially larger than
naked mole-rats; ideally, the hearing of the naked mole-rat
should be compared to that of a close relative (i.e. a ctenohy-
strican rodent) of more similar size. Compared to mammals
in general, however, there is no doubt that the high-
frequency hearing limit is significantly lower than expected
in the naked mole-rat (Heflner, Koay & Heflner, 2001); the
threshold at the best frequency is much increased and sound
localisation abilities are poorer than in any surface-dwelling
mammal (Heffner & Heffner, 1993). This supports the claim
that these aspects of hearing are indeed ‘degenerate’, accord-
ing to the above definition.

Several aspects of naked mole-rat ear morphology are
indicative of reduced functionality and may contribute to
these limitations (Mason et al., 2016). Recent work showed
that these animals have missing or abnormally organised hair

Frequency (kHz)

Fig 3. The behavioural audiogram of the naked mole-rat in comparison with those of four other rodent species (see text for
references). Rats and gerbils are murids; the other species are ctenohystricans.
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bundles on their cochlear outer hair cells (Pyott ¢t al., 2020).
The reduced hearing sensitivity of the naked mole-rat may
result from the lack of cochlear amplification, which was also
demonstrated by Pyott ¢t al. (2020).

Alterations in hearing arise evolutionarily from changes in
selection. Reduced high-frequency hearing and sound locali-
sation could in principle arise from loss of selective pressure
in the underground acoustic environment. Alternatively,
these changes could come about through shifts in selective
pressures. Evidence for this has been found at the gene and
codon level, for hair bundle proteins involved in cochlear
function (Pyott ¢t al., 2020). In arguing that the hearing of
naked mole-rats is adapted to their environment, Braude
et al. emphasise that their hearing range encompasses the air-
borne sound frequencies of a few hundred Hertz which prop-
agate best in tunnels (Heth, Frankenberg & Nevo, 1986;
Lange et al., 2007; Okanoya et al., 2018). The high thresholds
even at these low frequencies have been explained by invok-
ing the so-called ‘stethoscope effect’, whereby certain fre-
quencies may even be amplified (Lange et al., 2007). Based
on the transmission of sound in pipes of similar diameter to
naked mole-rat tunnels, Okanoya ¢t al. (2018) concluded that
the mole-rat should be able to hear conspecific calls over dis-
tances of some metres.

In conclusion, the hearing of the naked mole-rat is indeed
‘degenerate’, in that several aspects of its audition have
clearly deteriorated from what would reasonably be assumed
to be the condition of its terrestrial ancestors. Hence, this is
not a ‘myth’. That is not to say, however, that there are no
selective pressures acting on its auditory system. Future stud-
ies, concentrating on comparisons with close relatives of Het-
erocephalus, are needed to establish whether the residual low-
frequency hearing of this animal has actually improved
and, if so, whether this was driven by demands imposed by
its underground niche, and/or the need for intraspecific
communication.

(3) Myth 9: naked mole-rats are the most vocal
rodents because they live in large groups

‘Most vocal’ could mean many things, but Braude ¢t al. focus
on the extent of the vocal repertoire. In the studies referenced
in their paper (Pepper, Braude & Lacey, 1991; Knotkova
et al., 2009; Bednafova et al, 2013; Vanden Hole
et al., 2014; Dvofdkovd, Hrouzkovd & Sumbera, 2016),
observational classification by the experimenter was the pri-
mary method for determining vocalisation types, making it
difficult to standardise comparisons across species and to
ensure that inter- and intra-individual variability were
appropriately weighted. Vocal complexity should not be
strictly defined by the number of vocalisations within an ani-
mal’s vocal repertoire: information content contained within
each vocalisation must also be weighted (Freeberg, Dunbar &
Ord, 2012). Recent work (Barker ez al., 20215), using super-
vised machine learning-driven classification, demonstrated
that complex information can be encoded in a single naked
mole-rat vocalisation, and Yosida & Okanoya (2009)
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demonstrated that when two animals meet head to head in
a tunnel, social status affects the number of soft chirps emit-
ted. These studies suggest that the vocal richness of the naked
mole-rat extends beyond their number of vocalisations to
their ability to modify vocal cues to communicate multiple
types of social information. We agree with Braude et al. that
previous studies likely underestimated the number of vocali-
sations used by all members of the African mole-rat family
(summarised in Dvofakova et al., 2016). A recent comprehen-
sive review (Barker ¢t al., 20214) identifies several additional
naked mole-rat vocalisations too, expanding the reported
repertoire from 17 to 25. Taken together, the current data
suggest that the naked mole-rat is one of the most vocally
complex rodent species, with a repertoire that even rivals that
of primates (see McComb & Semple, 2005). We would not,
however, seek to defend the contention that this rodent is
necessarily the ‘most vocal’ since this is impossible to define;
comparing counts of vocalisation types in a limited number
of the more than 4000 species of rodents is specious.

The second part of ‘Myth 9 refers to the driving force
behind this vocal complexity. More robust comparative stud-
ies across the other African mole-rats (Bathyergidae) are
clearly needed before definitive conclusions about the inter-
play between social complexity (including group size) and
vocal complexity can be made. As such, it is too soon to dis-
count group size as an important contributor to vocal com-
plexity within the Bathyergidae family, but group size is
likely to be one of several key evolutionary drivers.

(4) Myth 10: naked mole-rats feel no pain

This is certainly a ‘myth’ circulating in the non-scientific
press, but this headline statement has not, it seems, been
claimed in scientific articles. Indeed, perhaps the first com-
prehensive assessment of nociception in this species (Park
et al., 2008), is entitled, ‘Selective inflammatory pain insensi-
tivity in the African naked mole-rat (H. glaber)’, the key word
being ‘selective’. Normal nocifensive responses
reported for noxious heat and mechanical stimuli. Moreover,
several detailed analyses from gene to behaviour have mech-
anistically explained the unusual nocifensive behaviour of
this species. For example, Park ¢t al. (2008) showed that naked
mole-rats show no nocifensive response to acid, which was
later shown likely to result from a genetic variation in a gene
encoding Nay1.7 (Smith e al., 2011). The gene variant in
question renders the Nay1.7 channel more susceptible to
inhibition by acid, thus shutting down action potential firing
in nociceptor fibres. The same variant was found in the Cape
mole-rat (Georychus capensis) the only one of seven bathyergid
species tested that was also insensitive to acid-induced pain
(Eigenbrod et al., 2019).

Braude et al. comment that, ‘contrary to Browe ¢t al., 2020;
Griffin, 2008, naked mole-rats can sense pain via Ad fibres,
and respond normally to tissue damage (S. Braude,
T.B. Hildebrandt & S. Holtze, personal observations; Browe
et al., 2020; Griffin, 2008)’ (Braude et al., 2021, p. 382). This is
misleading because Browe et al. (2020) do note that, ‘our

were
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behavioural data may reflect, to some extent, activity in neu-
rons other than purinergic C-fibers, namely A-delta fibers’
(p. 11); moreover, the article from Griffin is a mini-review
that provides no discussion of fibre types, A or otherwise.
Furthermore, Park et al. (2008) provide a thorough electro-
physiological characterisation of Ad fibres in the naked
mole-rat compared to the mouse, finding a similar propor-
tion of mechanoreceptors (D-hairs) and Ad-mechanonoci-
ceptors, as well as a similar range of von Frey thresholds in
both groups (see also Poulson e al., 2020). Thus, to our
knowledge, there is no published literature arguing against
arole for A8 fibres in naked mole-rat nociception. To clarify
these issues better, we refer readers to a recent and extensive
review of published data on naked mole-rat nociception
(Smith, Park & Lewin, 2020).

IV. SOCIAL BEHAVIOUR AND REPRODUCTION

(1) Myth 11: naked mole-rats are the only eusocial
mammals

This ‘myth’ encompasses two claims, firstly that naked mole-
rats are eusocial, and secondly that no other mammals are.
There has been much controversy about the use of the term
‘eusocial’ in the mole-rat literature. Originally, the term
‘eusocial” was coined to include organisms that fitted three
criteria: a reproductive division of labour, an overlap of gen-
erations, and cooperative care of the young
(Michener, 1969). Two species of mole-rats that were exten-
sively studied in the 1980s appeared to meet these criteria,
the naked mole-rat and the Damaraland mole-rat
(Jarvis, 1981; Bennett & Jarvis, 1988). However, in the
1990s it became apparent that the criteria set to define euso-
ciality in the social insects, including morphological castes,
task specialisation for work-related behaviours and even
‘overlapping generations’, did not necessarily apply to
mole-rats (Crespi & Yanega, 1995; Boomsma &
Gawne, 2018). Lacking the formation of specialised castes
prior to sexual maturity, naked mole-rats would be excluded
from their very stringent definitions (Crespi & Yanega, 1995).
As a consequence, for vertebrate social species the assessment
of skew 1n lifetime reproductive success of an individual was
used to distinguish eusocial organisms from those that are
social. Laboratory-based studies revealed that fewer than
1% of individual naked mole-rats were able to reproduce
(Jarvis, 1991), whereas long-term field studies on marked
populations of Damaraland mole-rats estimated that
between 10 and 15% of individuals reproduced during their
lifetime (Jarvis & Bennett, 1993). This is in marked contrast
to the social insects — bees and termites — where a negligible
number of individuals actually reproduce. These differences
in reproductive skew were attributed to divergent develop-
mental pathways, noting that complete metamorphosis in
bees and ants allowed for greater specialisation for helping
or breeding and hence higher levels of skew (Beekman,
Peeters & O’Riain, 2006). In the 1990s and early 2000s,
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morphological and physiological castes were proposed for
both breeding female naked mole-rats and Damaraland
mole-rats and for non-breeding Damaraland mole-rats
(O’Riain ¢t al., 2000; Scantlebury et al., 2006; Young &
Bennett, 2010). However, disagreements about the use of
the terms ‘eusocial’, ‘caste’, ‘worker’ and ‘non-worker’ have
continued until today (see Zottl et al, 2016; Thorley
et al., 2018; Gilbert, Rossiter & Faulkes, 2020). While there
may not be task specialisation in Damaraland mole-rats, it
does appear that animals change in the frequency of working
behaviours with age (Thorley ¢t al., 2018). Whether the naked
mole-rat can be regarded as the only ‘eusocial’ mammal
therefore depends on the preferred definition of that term.
Indeed, Jarvis & Bennett et al. (1993) have suggested that
the Damaraland mole-rat has also been considered eusocial.
If eusociality is taken to encompass a multifactorial spectrum,
naked mole-rats would certainly be on it. Other social bath-
yergid species would be on that same spectrum too, although
their smaller colony sizes and smaller skew in lifetime repro-
ductive success would attest to a lower degree of eusociality.

(2) Myth 12: colonies have castes of breeders and
non-breeders, involving frequent workers,
infrequent workers, non-workers, and dispersers

As pointed out by Braude ¢t al., there is a distinct reproduc-
tive division of labour with some morphological specialisa-
tion in breeding queen naked mole-rats (O’Riain
et al., 2000), so it is puzzling that this forms part of the above
‘myth’. Queens become irreversibly morphologically distinct
from female non-breeders (O’Riain ¢ al., 2000), but no such
morphological distinction is apparent amongst the rest of the
colony members, as discussed in both earlier (Jarvis,
O’Riain & McDaid, 1991) and more recent research
(Gilbert et al., 2020). However, the degree to which beha-
vioural specialisation reflects subcastes among non-breeding
animals is still an area of active research and debate. The
notion of frequent and infrequent worker castes mentioned
in Jarvis’ seminal paper (Jarvis, 1981) had already been ques-
tioned and modified as long ago as 1991, where evidence of
age and body mass polyethisms were presented for some col-
onies (Faulkes & Abbott, 1991; Jarvis ¢t al.,, 1991; Lacey &
Sherman, 1991). All specialisations observed are behavioural
and varied along a continuum, e.g. defence and work-related
activities (O’Riain & Jarvis, 1997; O’Riain & Faulkes, 2008).
Recent, more extensive studies also report that tasks such as
pup care behaviour, working behaviour, colony defence,
and dispersal-like behaviour are unevenly distributed among
non-breeding mole-rats and somewhat stable among individ-
uals across time (Mooney ¢t al., 2015; Toor ¢t al., 2020). Pos-
itive relationships between age and colony defence, and
negative relationships between age and pup carrying, were
also reported (Mooney et al., 2015). Gilbert et al. (2020) fur-
ther highlight the complexity and variability in worker
behaviour allocation. With regard to a ‘disperser caste’, dis-
tinctive disperser males have been shown to exist in labora-
tory colonies (O’Riain et al, 1996) and in the field
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(Braude, 2000). A recent follow-up study on laboratory colo-
nies replicated some components of the putative disperser
subcaste, with a subset of larger/heavier non-breeders show-
ing motivation to leave the colony (Toor et al., 2020). Here,
females were also noted to leave the colony in equal numbers,
similar to what was reported in wild naked mole-rats
(Braude, 2000). It is still unclear to what extent naked
mole-rat subordinates show behavioural specialisation and
if the increase in body fat that characterises the dispersive
morph phenotype is simply a consequence of advancing age
and preparing to disperse (Siegmann et al., 2021). These types
of questions will only be resolved with considerably more
field data examining life-history traits and cooperative
behaviours in their natural milieu. Moreover, it will be essen-
tial to determine the ontogeny and perpetuation of individual
differences in the diverse behaviours of non-breeders fully to
answer the question of whether true non-breeder sub-castes
can be considered to exist.

(3) Myth 13: colonies have up to three male breeders
(pashas)

The ‘myth’ regarding multi-male mating by specific
‘breeders’ that form a long-term bond with the queen is
obscure. As Braude ¢t al. correctly state, copulation itself does
not guarantee paternity, and relatively few parentage studies
utilising genetic markers have been conducted in naked
mole-rats. However, in a study examining two different litters
within a colony, unequivocal genetic evidence revealed at
least two males fathering the offspring within these litters,
while a third putative breeding male could not be definitively
excluded as a father (Faulkes et al., 1997). Clearly, there may
be more than one breeding male in a colony, and generally
the same few males are observed mating with the queen.
However, there is no evidence to say that three is the upper
limit, and hence this is not a ‘myth’.

(4) Myth 14: colonies have a single queen

Evidence of dual queening has been reported many times;
see Faulkes & Bennett (2009) for an extensive review on this
topic. Jarvis et al. (1991) in the book The Biology of the Naked
Mole-rat provides percentages of single and dual queens in
her large collection of naked mole-rat colonies. However,
in her 1980 collecting field trip in Kenya, all the colonies Jar-
vis trapped only had one breeding female. Similarly, over
more than 25 years of fieldwork, only two instances of plural
breeding were reported in 23 monitored colonies
(Braude, 1991). In one of those colonies, the dual queens
were both present a year later. The Buffenstein group has
seen plural breeding occur seven times over a 10-year period.
All these instances of plural breeding occurred within only
three out of 326 colonies (comprising 7542 individual mole-
rats; R. Buffenstein, personal observations). Similarly, the
Holmes group has observed dual breeding in only two out
of over 100 colonies (M. Holmes, personal observations).
To date, in more than 40 years of maintaining naked mole-
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rats in multiple laboratories, no one has reported any colony
with three or more reproductive females. In all other social
mole-rats there are no multiple queens on record, but the col-
onies are much smaller (Bennett & Faulkes, 2000). Dual
queening is clearly a relatively rare event both in captivity
and in the wild, supporting the premise that most animals
within a colony are reproductively suppressed. ‘Myth 14’
therefore represents an oversimplification rather than a com-
plete falsehood.

(5) Myth 15: not all females can become queens

Some individual females of any mammalian species will fail
to breed successfully, so it must be trivially true that not all
female naked mole-rats can become queens. What this
‘myth’ really focuses on is whether there is a particular phys-
iological condition which precludes breeding in some Helero-
cephalus females, which might serve some adaptive purpose.
Beekman et al. (2006) classified all social vertebrates, includ-
ing naked mole-rats, as totipotent, 1.e. having the potential
at birth to become either a breeder or non-breeder. Despite
this, there is substantial variability in reproductive matura-
tion of non-breeding females. Some high-ranking, non-
breeding females that are contenders for the queen position
may activate while within the colony and usurp the queen
by killing her. If subordinate females, 6 months of age or
older, are removed from the colony and paired many, but
not necessarily all, transition to breeders; some inevitably fail
to reproduce. The Buffenstein, Holmes, Park and Smith
groups commonly have a 50% pairing success if we randomly
pair up individuals. Success can get closer to 100% if we care-
fully choose the females to remove from colonies for pairing.
In this regard, we check if the female’ vagina becomes perfo-
rate when the queen is gravid, and screen for aggressive
behaviour (Smith & Buffenstein, 2021). Some pairs success-
fully reproduce within three months after being paired.
Given their long gestation, this implies that they come into
oestrus within a week of being removed from the queen,
but others take considerably longer (we have had a pair pro-
duce their first litter 2.5 years after pairing), and some pairs
may never breed. Understanding the factors contributing to
this variability is a focus of current research. Clearly, it could
never be proved that all naked mole-rat females could poten-
tially become queens. Given our current knowledge, ‘not all
females can become queens’ is not so much a ‘myth’ as a
working hypothesis.

(6) Myth 16: queens suppress workers with
pheromones

This ‘myth’ 1s better described as a rejected hypothesis. As
Braude ¢t al. correctly point out, Jarvis (1981) in the conclud-
ing comments of her seminal paper suggests ‘pheromones
may be involved in caste determination’ (p. 573). Given the
wealth of literature on rodent pheromones at the time this
paper was published, and the fact that naked mole-rats use
a communal toilet chamber, a role for urinary primer
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pheromones emitted by the queen in suppressing reproduc-
tion in the non-breeders was a reasonable hypothesis to pro-
pose. Experimental investigation of the role of chemosignals
in reproductive suppression in the late 1980s and early
1990s found no evidence for primer pheromones blocking
reproduction, but instead implicated direct behavioural
contact with the breeding queen (Faulkes & Abbott, 1993;
Smith, Faulkes & Abbott, 1997). The Faulkes, Abbott & Jar-
vis (1990) paper referred to by Braude et al. to support the
notion of social control of reproduction is not the correct
citation in the context of whether or not pheromones are
involved in reproductive suppression; this paper describes
the physiology of suppression. With the exception of a
BBC documentary (‘Supersense’) broadcast in 1989 that
ignored the prevailing evidence and suggested a role for
pheromones, pheromonal suppression of reproduction in
naked mole-rats has to our knowledge never been
‘mythologised’.

One recent paper of relevance to this discussion is that of
Watarai ef al. (2018). Faeces from the pregnant queen con-
tained abundant oestrogen; non-breeders fed these faeces
increased their urinary oestrogen concentration, and their
excreted faeces also contained abundant oestrogen. The
authors proposed that faecal steroid consumption influences
helping behaviour, which Braude et al. discount as a form of
pheromonal transfer. However, faecal steroids fit the
definition of pheromones in that they are transferred to
conspecifics via the external environment, inducing a
specific reaction. Transfer of oestrogen in this manner
might in principle have a similar reproduction-
suppressing effect to its use in the combined contracep-
tive pill, although there is no direct evidence for this at
present. Braude et al. state that ‘there is no evidence that
naked mole-rat non-breeders ever consume queen faeces
either in the wild or the laboratory setting’ (Braude
et al., 2021, p. 384). However, both the queen and her
subordinates practice coprophagy, eating faeces previ-
ously dropped by other colony members, and are com-
monly observed ‘begging’ for faeces from other
members of their colony, which are then voided upon
demand (Smith & Buffenstein, 2021). Although addi-
tional experimentation is needed, it is not impossible to
believe that faeces of breeding females might be con-
sumed by non-breeders, and that this could potentially
contribute to reproductive suppression.

(7) Myth 17: queens shove workers to get them
to work

Only one study proposed this (Reeve, 1992). While there are
several citations of this paper to support the notion that sub-
ordinates in cooperative species are coerced into carrying out
burrow maintenance and foraging activities, several subse-
quent studies have failed to support this idea (Jacobs &
Jarvis, 1996; Clarke & Faulkes, 2001). Therefore, this
bullying-to-work for the colony could be considered
a ‘myth’.
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(8) Myth 18: naked mole-rats never leave their natal
colonies

This ‘myth’ was clearly debunked in the references Braude
et al. cited in support of mole-rats not being strictly subterra-
nean (Myth 2). While most naked mole-rats seldom leave the
colony of their birth, dispersive morphs with distinct features
have been reported (O’Riain et al., 1996) and dispersal has
been discussed in some detail in a study on their ecology
(Brett, 1991) as well as throughout the seminal book The Biol-
09y of the Naked Mole-rat (Sherman, Jarvis & Alexander, 1991).
Indeed, while direct evidence has yet to be acquired, all of the
recent behavioural and genetic work supports the hypothesis
that dispersal is an integral component of the ecology and
evolution of this species (Braude, 2000; Ingram ¢t al., 2015;
Toor et al., 2020). Although more data are needed as to
how and when dispersal occurs, and by which animals, there
is no ‘myth’ in this regard.

(9) Myth 19: naked mole-rats are inbred

It is undisputed that naked mole-rats are facultative inbree-
ders, a trait that sets them apart from other African mole-
rats. However, the initial evidence supporting extreme
inbreeding has long been dismissed as more data, using more
sophisticated techniques, have become available (Ingram
etal.,2015; Chau et al., 2018). As Braude ¢ al. point out, ‘con-
sistent with Burda (1995), Clarke & Faulkes (1999) found that
queens prefer to mate with unrelated males, and Cis-
zek (2000) demonstrated that naked mole-rats avoid mating
with siblings” (Braude et al., 2021, p. 384). The Burda paper
referred to in this quotation is only of indirect relevance as
it does not refer to naked mole-rats but rather to ‘common
mole-rats’, most likely a species of Fukomys.

V. DEVELOPMENT, LONGEVITY, AGEING AND
SENESCENCE

(1) Myth 20: the GH/IGF axis is impaired in naked
mole-rats

In mammals, systemic insulin-like growth factor (IGF1) levels
are controlled by growth hormone (GH) as part of the soma-
totropic hormone axis. This hormone system regulates post-
natal organismal growth, body composition and metabolism
(Yakar, Werner & Rosen, 2018). Although direct functional
characterisation of this ancestral hormone system in naked
mole-rats has not yet been investigated, the somatotropic
endocrine axis undoubtedly operates in this species and there
is a great deal of indirect evidence (see below) suggesting that
it is downregulated. Mole-rats have exceptionally slow
growth rates both @ utero and postnatally (Buffenstein
et al., 2020). Their gestation is threefold longer than that of
wild-type mice and they exhibit postnatal somatic growth
that continues for at least 18-months (O’Riain &
Jarvis, 1998). Naked mole-rats share other

several
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characteristics with GH/IGFl mutant mice (Zhou
etal., 1997). These include (¢) their small size, relative to other
sub-Saharan mole-rats (Bennett & Faulkes, 2000), (i) sharply
reduced rates of tumorigenesis (Junnila ¢t al., 2013; Seluanov
et al., 2018), (u) increased insulin sensitivity (Kramer &
Buffenstein, 2004; Junnila ¢t al., 2013) coupled, remarkably,
with high fat/lean mass ratios (O’Connor ¢ al., 2002; Berry-
man ¢f al., 2004), (iv) resistance of isolated fibroblasts to phys-
ical and chemical stressors (Salmon et al, 2005; Lewis
el al., 2012), which likely stems from increased activity of
nuclear factor erythroid 2-related factor 2 (NRF2) in both
dwarf mice and naked mole-rats (Leiser & Miller, 2010;
Lewis et al., 2015), (v) a circulating metabolomic signature
reminiscent of fasting or hibernating mammals (Lewis,
Rubinstein & Buffenstein, 2018), and () slow age-related
declines of youthful phenotypes (Buffenstein, 2008; Edrey
et al., 2012; Masternak et al., 2018; Buffenstein et al., 2020).

There is also a transcriptional signature of GH deficiency
in the naked mole-rat liver. The Buffenstein and Kenyon
groups found that transcriptomes of naked mole-rats and
dwarf mice resemble each other when comparing naked
mole-rat liver RNA sequencing (RNAseq) data to the pub-
lished liver microarray data from GH-deficient mice (Sun
et al., 2013). There was a significant overall correlation
between the two gene expression profiles (Fig. 4A; red line)
and a significant overlap between the top differentially
expressed genes (Fisher test P-value = 4.7¢—09, comparing
top 5% of effect sizes). Gene set enrichment analysis
(GSEA) indicates patterns of transcript expression in naked
mole-rats that are consistent with pathways that are per-
turbed in GH-deficient mice, including upregulation of the
tricarboxylic acid (TCA) cycle and respiratory electron trans-
port, and down-regulation of protein translation, mechanis-
tic target of rapamycin (mTOR) signalling, and unfolded
protein response.

Increased hepatic expression of IGF1 receptor (IGF1R) in
mole-rats (Fang et al., 2014) was proposed as a key argument
against decreased IGF1 signalling in naked mole-rats by
Braude et al. However, IGF1R expression in the mammalian
liver (regardless of species) is very low and variable
(Wu et al., 2009; Uhlon, Fagerberg & Hallstrom, 2015).
Indeed, an earlier naked mole-rat study (Kim et al., 2011),
reported decreased IGF1R levels in mole-rats relative to mice,
and in our own (Buffenstein and Kenyon groups) data we do
not detect any IGF1R expression in the livers of either spe-
cies. A more sensitive and widely accepted index of
GH/IGF1 axis activity is the abundance of hepatic IGF1:
the liver is the main source of circulating IGF1, as GH bind-
ing to the GH receptor on hepatocytes stimulates IGF1 tran-
scription. Consistent with reduced activity of this hormone
axis, we and others (Kim ez al., 2011; Fang et al., 2014) report
low levels of IGF1 messenger RNA (mRNA) in the naked
mole-rat liver (Fig. 4A). Circulating IGF1 protein levels of
naked mole-rats and mice were also measured using com-
mercial enzyme-linked immunosorbent assay (ELISA). To
account for differences in antibody affinities to proteins from
different species, separate standard curves using recombinant
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mouse or recombinant naked mole-rat IGF1 protein were
generated (Fig. 4B), and limits of IGF1 detection were calcu-
lated: 0.5 ng/ml for the mouse and 12 ng/ml for the naked
mole-rat protein. Average IGF1 concentration in mouse
plasma was 560 ng/ml, consistent with published values,
but no IGF1 protein was detected in naked mole-rat plasma
(Fig. 4C). While post-translational modifications could
account for lack of detection, these results are also consistent
with previously published low circulating IGF1 levels
(<12 ng/ml) in naked mole-rats (Buffenstein, 2005).

Cultured naked mole-rat fibroblasts secrete functional
pregnancy associated plasma protein-A (PAPP-A) protease,
and thereby can cleave IGF1 binding proteins and liberate
IGF1 in local tissue microenvironments (Brohus
et al., 2015). Therefore, it is unlikely that any differences in
the activity of the GH/IGF1 axis between mice and naked
mole-rats result from differential regulation of IGF1 bioavail-
ability. Instead, this likely arises upstream, at the level of GH
production (Fig. 4). In addition, both Fang et al. (2014) and
Brohus et al. (2015) reported that transcript levels of IGF2
are retained at high levels throughout adult life in naked
mole-rats (Kim et al., 2011; Brohus et al., 2015).

Although additional studies are needed to prove conclu-
sively that the GH/IGTF axis is ‘impaired’ in naked mole-rats,
current studies strongly suggest that this endocrine pathway
is diminished in this species and that this ‘myth’ is likely to
be true. This is an important and pertinent finding, as inhibi-
tion of GH/IGF1 signalling has been shown to extend life-
span in several other species (Kenyon, 2010).

(2) Myth 21: naked mole-rats are long-lived because
they have low oxidative stress and damage

The oxidative stress theory of ageing states that there is an
imbalance between the production of reactive oxygen species
(ROS) and their neutralisation by antioxidants, leading to an
accumulation of oxidative damage with age that contributes
to the physiological decline and loss of dynamic homeostasis
during ageing (Harman, 2006). Braude ¢t al. suggest that
naked mole-rat longevity does not align with the oxidative
stress theory of ageing because naked mole-rats paradoxi-
cally exhibit high levels of oxidative stress and damage, evi-
dent even at young ages (Andziak et al, 2006; Perez
et al., 2009; Edrey et al., 2013). These high levels of damage
are consistent with similar levels of ROS production
observed in the heart mitochondria of mice and mole-rats
(Lambert et al., 2007; Munro et al., 2019), and equivocal find-
ings regarding antioxidant defences that appear to be antiox-
idant, tissue and cell-site specific (Munro et al., 2019;
Andziak, O’Connor & Buffenstein, 2005; Viltard et
al., 2019). Collectively, these findings appear to refute the
concept that naked mole-rats encounter low levels of oxida-
tive stress.

However, the basic interpretation of the oxidative stress
theory of ageing put forth by Braude ¢ al. that ‘oxidative
stress and damage inevitably result in premature ageing
and age-related diseases’ (Braude et al., 2021, p. 386) does
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not take into account the evolution of this theory over the
65 years since it was first proposed (Harman, 1956). For
example, how oxidative damage accumulates over time
may be more closely related to ageing than a static point
comparison or comparisons between species. In this regard,
naked mole-rats align rather well with this ageing theory. In
contrast to the steady rise in oxidative damage in mice as they
age, while young naked mole-rats exhibit higher levels of oxi-
dative damage than seen in young mice, there is relatively lit-
tle accumulation of oxidative damage in naked mole-rat
tissues  throughout the life course (Andziak &
Buffenstein, 2006; Perez ¢t al., 2009).

In a similar regard, the molecular and cellular responses to
oxidative stress/damage may prove more important to the
regulation of ageing than the damage moieties themselves.
Naked mole-rat cells, in culture, are exceedingly resistant to
multiple forms of stressors, including agents capable of gener-
ating oxidative stress (Salmon ez al., 2008; Lewis et al., 2012).
This is attributed to mechanisms in place that can repair or
remove macromolecules or cells that have been irreversibly
damaged. Numerous upregulated cytoprotective pathways,
e.g. signalling from NRF2 and p53 (Lewis ¢ al., 2010,
2015), wupregulated DNA repair pathways (MacRae
et al., 2015), and mechanisms involved in tolerating damage
to proteins (Perez et al., 2009; De Waal ¢t al., 2013) and lipids
(Hulbert, Faulks & Buffenstein, 2006; Mitchell, Buffenstein &
Hulbert, 2007), likely play a pivotal role in preventing age-
associated accrual of oxidative damage. These data collec-
tively suggest that there is, in fact, some truth to this ‘myth’.

(3) Myth 22: naked mole-rat cells do not display
cellular senescence

Cellular senescence is a protective mechanism to prevent the
proliferation of cells that may be damaged or compromised
by short telomeres. It has commonly been used as a sign of
ageing and cancer resistance. Cellular senescence was first
described by Leonard Hayflick in the 1960s, where he and
colleagues observed that human cells undergo between
40 and 60 replications before they stop proliferating as a
result of ‘replicative senescence’ (Hayflick, 1965). Several
studies regarding telomere length and shortening have been
reported in naked mole-rats, with somewhat conflicting
results. Multiple groups have reported that, compared to
similarly sized but shorter-lived mice, naked mole-rats have
relatively short telomeres and low levels of telomerase
(Seluanov et al., 2007; Gomes et al, 2011). However,
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additional reports present evidence that naked mole-rat telo-
meres do not shorten substantially with age, which they do in
mice (Adwan Shekhidem et al., 2019; Leonida e al., 2020).
More studies are needed to link these phenomena conclu-
sively in the naked mole-rat.

The measurement of actual senescence, both m vitro and
in vivo, has proved to be extremely challenging in naked
mole-rats. Biochemical measures of senescence include
B-galactosidase staining, molecular markers like pl6, and
inflammatory senescence-associated secretory phenotypes
(SASPs). However, measurement of these markers and how
they change with age or cellular replication in naked mole-
rats has proved problematic and remains largely unexplored.
There is one study using P-galactosidase staining, which
showed that senescence plays a role in naked mole-rat neona-
tal development, as well as RAS-oncogene mediated and
y-irradiation responses (Zhao et al., 2018). Additionally, Zhao
et al. (2018) showed that after y-irradiation, SASP pathways
are enriched in both naked mole-rat and mouse skin fibro-
blasts suggesting that senescence can be induced in naked
mole-rat cells under certain conditions. Thus, given our cur-
rent knowledge, we agree that Myth 22 1s indeed a ‘myth’, or
at least an oversimplification. However, more data are
needed to assess the precise roles of senescence in replication,
cancer, and ageing in the naked mole-rat.

(4) Myth 23: naked mole-rats are immune to disease

Delaney et al. (2021) extensively catalogued diseases observed
in captive naked mole-rat colonies. Based upon fairly large
numbers of post-mortem analyses it is clear that, relative to
other mammals, naked mole-rats exhibit a low incidence of
non-infectious chronic diseases or age-related degenerative
diseases, such as osteoporosis, cardiovascular disease, neuro-
degeneration and cancer (Edrey e al., 2011; Buffenstein
et al., 2012; Delaney et al., 2013, 20164, 2021; Ward,
Cartoceti & Delaney, 2020). Similarly, Braude et al. report
alow incidence of non-infectious and infectious diseases both
from the literature and from a decade of observations at the
Leibniz Zoological Gardens. However, incidence of specific
diseases may vary among institutions: for example, chronic
renal disease is rarely identified post-mortem at the National
Zoo colonies (Washington DC), but it is more prevalent in
post-mortems carried out at zoological gardens in Illinois
(Delaney, Kinsel & Treuting, 20164). This may reflect differ-
ences in husbandry, housing, or possibly genetic influences.

(Figure legend continued from previous page.)

non-concordantly (black). Genes of special interest are labelled — insulin-like growth factor 1 (IGF1; induced by GH) is down-regulated
in both organisms and sulfotransferase family 24 (Sult2a2) (repressed by GH) is upregulated in both organisms. Data for Ghih™"™ mice was
obtained from GSE51108. Data for naked mole-rats were generated by N. Rubinstein and R.B. and analysed by K.P. (B) Standard
curves for commercial IGF1 enzyme-linked immunosorbent assay (ELISA) (ALPCO 22-IG1MS-EO1) generated using recombinant
mouse and naked mole-rat IGF1 proteins and four-parameter logistic regression (4PL). (C) Concentration of IGF1 in blood plasma of
young adult animals, measured using standard curves in B. Mice were 3.5 months old and naked mole-rats were 2—2.3 years old; three
females and two males were used in both groups. LOD, limit of detection.
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Adult individuals both in the wild (Hill ¢f al., 1957) and in
captivity also exhibit a very low incidence of infectious dis-
eases (Delaney et al., 2021). However, an acute death syn-
drome has been anecdotally reported from multiple
institutions where several animals within a particular colony
that previously looked healthy are found dead with no signs
of illness or lesions, suggestive of an acute contagious infec-
tion. When infections, specifically viral aetiologies, are found
in captive colonies, these are often fatal. Both the Jarvis
(University of Cape Town) and Sherman (University of Cor-
nell) laboratories lost colonies to viruses, with the Jarvis group
reporting that death was due to a coronavirus. This acute
infection killed almost 50% of colony members (Ross-Gilles-
pie, O’Riain & Keller, 2007). Moreover, experimental infec-
tion with a recombinant herpes simplex virus type 1, which is
avirulent to mice, caused 100% mortality when administered
to naked mole-rats (Artwohl et al., 2009). These findings are
further supported by studies that their immune cell popula-
tions lack natural killer cells, the cells responsible for immune
surveillance and eradication of virally infected cells (Hilton
et al., 2019). In conclusion, although naked mole-rats do
appear relatively resistant to many types of chronic disease,
it is clearly a ‘myth’ that they are fully immune to disease.
This is not a contention that we are aware of in the scientific
literature, however.

(5) Myth 24: naked mole-rats do not get tumours or
cancer

In the first large-scale report on lack of cancer prevalence, it
was not claimed that naked mole-rats ‘do not get tumors or
cancer’, but rather that, ‘our unusual mortality pattern
may reflect the low susceptibility of these animals to cancer’
(Buffenstein, 2008) (p. 441). Over time we will acquire a more
accurate assessment of the actual degree of cancer resistance.
In a comparison of incidence with other wild rodents, the
cancer rates in wild animals are difficult to measure accu-
rately and cancer prevalence in wild-caught house mice is
influenced by environmental factors (Gardner et al., 1973;
Harper, Leathers & Austad, 2006). However, naked mole-
rats appear highly resistant compared to other laboratory
rodents. By studying them, significant insights into tumori-
genesis, mechanisms of resistance, prevention and treatment
strategies may arise. It will also be important to elucidate in
future studies how naked mole-rat individuals respond to sev-
eral types of experimental carcinogenesis induction.

(6) Myth 25: naked mole-rats have extremely large
hyaluronan

Hyaluronan is ubiquitously found in the extracellular matrix
of cells and most tissues throughout the bodies of mammals
(Fraser, Laurent & Laurent, 1997). Hyaluronan increases
the hydration and viscoelastic properties of the surrounding
extracellular matrices and spaces due to its high net-negative
charge (Engstrom-Laurent, 1997). Abundant high molecular
weight hyaluronan was found both in the culture media
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conditioned by naked mole-rat fibroblasts and in naked
mole-rat tissues (Tian et al., 2013; Taguchi ¢t al., 2020; Taka-
sugt et al., 2020). Hyaluronan was detected by multiple
methods including Alcian blue staining, including all neces-
sary controls such as treatment with specific hyaluronan-
degrading enzymes (Tian et al., 2013; Taguchi et al., 2020;
Takasugi et al., 2020). Thus, we reject the criticism by Braude
et al. that Alcian blue staining performed in this way has no
specificity.

Hyaluronan size is determined by the balance between
synthesis and degradation. Braude et al. argue that it is
unclear how the two mutations in the conserved catalytic
core of the naked mole-rat hyaluronan synthase 2 (HAS?2)
enzymes could lead to higher molecular weight, as a variety
of sizes was produced when naked mole-rat HAS2 was
expressed in cancer cells. This is not surprising at all, as differ-
ent cancer cell lines differ greatly in expression levels of the
hyaluronan-degrading enzymes, hyaluronidases.

How high is ‘high’ molecular weight? It was originally
observed that naked mole-rat hyaluronan had a very high
molecular weight (6-12 MDa) (Tian et al., 2013). However,
determining the exact size of large hyaluronan molecules is
complicated being potentially affected by the isolation proce-
dure. The largest available hyaluronan size markers typically
end at 6 MDa. A recent analysis has demonstrated that naked
mole-rat hyaluronan has a high average molecular weight,
but not greater than 2.5 MDa, whether from tissue or cell
supernatant (Del Marmol et al., 2021).

What is important is that hyaluronan in the naked mole-
rat may contribute to the unique physiology of this species
(Gorbunova, Takasugi & Seluanov, 2020; Takasugi
et al., 2020). Indeed, it has been shown using atomic force
microscopy that hyaluronan extracted from naked mole-rat
tissues forms a range of assemblies (corresponding to a distri-
bution of molecular weights), including supercoiled struc-
tures that are absent from hyaluronan extracted from
mouse tissue, as well as an ability spontaneously to form gels.
These properties likely contribute to the elasticity of naked
mole-rat skin and may have the potential to function as a bar-
rier to tumour invasion (Kulaberoglu ez al., 2019).

Tian et al. (2013) reported the first evidence that hyaluro-
nan contributes to cancer resistance in the naked mole-rat.
In regard to this resistance of naked mole-rat cells to onco-
genic transformation, Braude et al. state that ‘a recent study
that failed to reproduce these findings’ (Braude e al., 2021,
p- 388), but fail to cite the reply to Hadi et al. (2020) published
in the same issue, which demonstrated that the discrepant
observations between Tian e al (2013) and Hadi
et al. (2020) originate from the different expression levels of
oncogenic HRas (HRas G12V). When oncogenic Harvey
Rat sarcoma virus (HRas) is driven by a long terminal repeat
(LTR) promoter to express at a moderate level, Tian
et al. (2013) and Liang et al. (2010) independently reported
that naked mole-rat fibroblasts are more resistant to onco-
genic transformation than mouse cells. However, when
HRas G12V is expressed at a higher level, naked mole-rat
cells generate tumours in xenografts (Zhao et al., 2020). The
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original studies did not claim that naked mole-rat cells can
never be transformed by oncogenes, but rather, as is stated
in the title of the paper by Liang et al. (2010), they are more
resistant to transformation than those of mice. Overall, given
the susceptibility of naked mole-rat cells to transformation, it
is important to identify the mechanisms responsible for naked
mole-rat tumour resistance, including any potential role for
their hyaluronan in creating a cancer-resistant tissue
microenvironment.

(7) Myth 26: naked mole-rat cells have early contact
inhibition that prevents cancer

Primary cultures of dermal fibroblasts from adult naked
mole-rats are relatively difficult to establish under the stan-
dard conditions routinely used for humans and mice, and
these cells grow more slowly than those of embryos or neo-
nates. The growth of naked mole-rat fibroblasts is particu-
larly sensitive to culture conditions: if conditions are
suboptimal, the proliferation of these cells slows, or stops
completely. We have found that even ostensibly minor
changes in our cell culture maintenance protocols are suffi-
cient to impact proliferation. Similarly, unlike the remaining
viable fibroblasts of mice which may continue to proliferate
even when most of the mouse fibroblasts are killed following
toxin exposure, naked mole-rat fibroblasts readily stop prolif-
erating when subject to toxin exposure without any obvious
signs of senescence (Lewis ef al., 2012). This stress-induced
growth arrest likely reflects an important role in the cancer
resistance of the naked mole-rat.

Some authors have observed that naked mole-rat fibro-
blasts secrete abundant hyaluronan into the culture medium
which increases its viscosity and arrests cell proliferation
before cells reach confluence via cluster of differentiation
44 (CD44) receptor signalling (Seluanov et al., 2009; Tian
et al., 2013). It takes 4-5 days for sufficient hyaluronan to
accumulate to trigger cell growth arrest. Frequent medium
changes remove this hyaluronan and result in confluent cell
culture with naked mole-rat cells attaining higher densities
than observed for mouse cells, suggesting that contact inhibi-
tion is not a cell autonomous process (Liang ez al., 2010; Lewis
et al., 2012; Narayan et al., 2021). Similarly, some authors
have observed that degradation of hyaluronan by bacterial
hyaluronidase generates a confluent cell culture (Tian
et al., 2013), whereas others have observed no change in cell
confluence when hyaluronidase is added to cell cultures
(Del Marmol et al., 2021). Considering the abundant hyalur-
onan present in the microenvironment of naked mole-rat tis-
sues, the potential role of hyaluronan signalling in naked
mole-rat cell culture may contribute to the cancer resistance
of this species.

The differences in culture conditions for naked mole-rat
cells used by different laboratories resulted in lively debate.
However, attempts have been made to understand why the
data are at variance (Seluanov et al, 2009; Liang
et al., 2010; Lewis et al., 2012; Narayan et al., 2021). Having
built upon the knowledge gleaned from these divergent
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findings, we now have a far better understanding of how con-
ditions affect naked mole-rat cell growth and susceptibility to
cell cycle arrest. Braude et al. refer to unpublished data from
their own group (T. B. Hildebrandt, N. Kichler, S. Holtze &
M. Vyssokikh, in preparation) to dismiss this ‘myth’. Without
any relevant information on their growth conditions, it is
impossible to evaluate whether their statement contradicts
or supports the model of naked mole-rat growth described
in this section.

(8) Myth 27: naked mole-rats are non-ageing

As adult organisms age, their risk of dying increases exponen-
tially. This concept of age-dependent mortality, first pro-
posed by the actuarial scientist Benjamin Gompertz, is
widely regarded as a fundamental law of mortality
(Gompertz, 1825) and a prominent metric in the compara-
tive biology of ageing (Sacher, 1977; Kirkwood, 2015). The
Gompertz—Makeham laws provide a context for observing
the rate at which a species ages, measured in terms of the
doubling rate of mortal hazard across a population (therefore
referred to as ‘demographic’ ageing). Ruby ¢t al. (2018) ana-
lysed a large compendium of lifespan data (>3200 animals) in
order to estimate the rate of demographic ageing for naked
mole-rats and found that the risk of dying did not increase
at all with age, even at ages more than 25 times the age of sex-
ual maturity. Dammann et al. (2019) previously wrote a
‘comment’ to that publication, expressing concern about
the potential of missing data from the distant past to con-
found the conclusion. An additional new analysis that specif-
ically addressed the concerns of Dammann ez al. (2019) was
undertaken using left-censorship as specified by Kaplan &
Meier (1958) for the analyses of incomplete demographic
data (Ruby, Smith & Buffenstein, 2019). That new analysis
yielded the same conclusion as the original paper: a lack of
demographic ageing in naked mole-rats across decades of life
(Ruby et al., 2019).

Furthermore, we disagree that these findings are under-
mined by earlier incidence reports of reduced activity or
other physiological or morphological changes in some older
animals (Edrey ¢t al., 2011; Lewis & Buffenstein, 2016; Dela-
ney ¢t al., 2021). For example, these studies have reported
that skin colour becomes more uniform and paler in older
subordinates as well as in breeders at any age. While this
may be akin to hair greying without associated pathology,
there may be other ecophysiological explanations for why
this occurs. The paper ‘Successful ageing and sustained good
health in the naked mole-rat’, reports on the observed signs
of physiological declines occurring wherever these are evi-
dent, even if these incidences, like that of cancer, are rare
(Edrey et al., 2011). However, this and other studies also
report that the great majority of animals remain active, con-
tinue to breed well into their third decade, show no meno-
pause, unchanged cardiac function, body composition and
metabolic profiles and indeed retain numerous paedomor-
phic traits well into adulthood (O’Connor et al., 2002;
Buffenstein, 2008; Edrey ¢t al., 2012; Grimes et al., 2014aq;
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Lewis & Buffenstein, 2016; Buffenstein e al, 2020;
Buffenstein & Craft, 2021). The health deteriorations that
we have observed in naked mole-rats (e.g. cataracts and oste-
oarthritis) appear to change neither in severity nor frequency
as age increases: for example, cataracts have been observed
in juveniles (<3 months) and adults in every decade of life
(Edrey et al., 2011; M.A. Hanes & R. Buffenstein, personal
communication). From an examination of data covering
the first three decades of life, death and disease both appear
to be stochastic and independent of chronological age, con-
sistently supporting the classification of the naked mole-rat,
at least until their third decade of life, as a ‘non-ageing’
mammal (Ruby ¢ al., 2018). As such, based upon Gompert-
zian laws as well as age-related phenotypes, that naked
mole-rats are non-ageing mammals is not a ‘myth’.

VI. TAXONOMY

(1) Myth 28: naked mole-rats are the single member
of a taxonomic family

Braude ¢t al. state “The taxonomic status of Heterocephalus is
not so much a myth as a scientific error’ (Braude
etal., 2021, p. 389), referring to the contention by Patterson &
Upham (2014) that the differences between Heterocephalus and
the other bathyergids warrant its placement within its own
family, Heterocephalidae. Braude et a/. dispute some of the
evidence used by Patterson & Upham (2014), and argue that
Heterocephalus should be retained in the Bathyergidae. A
recent review of the phylogeny and biogeography of the
Bathyergidae reveals that the species richness of the Bathyer-
gidae needs to be revisited in a systematic and comprehensive
manner (Visser, Bennett & van Vuuren, 2019). We therefore
feel that it is premature to regard Heterocephalus as a member
of a separate family to the Bathyergidae. However, while we
acknowledge that the placement of familial designations is to
some extent subjective, we dispute the contention that the
taxonomic proposal of Patterson & Upham (2014) represents
either a ‘myth’ or a ‘scientific error’. Biosystematic revisions,
based on differing combinations of characteristics (e.g. genes,
fossil records, and morphological traits), as well as emerging
sophisticated analytical techniques, lead to competing and
evolving hypotheses that should converge towards the true
solution over time.

VII. CONCLUSIONS

(1) We would not deny that there is, and will continue to be,
misinformation about the naked mole-rat circulating in the
popular press and electronic media. However, we feel that
many of the ‘myths’ identified by Braude ez al. (2021) serve
to create misunderstanding where little exists. We hope to
have demonstrated herein that these do not, in fact, represent
widespread and unsubstantiated beliefs among the scientific
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community (see Table 1 for a summary). We have identified
several common themes which unite several of these ostensi-
ble ‘myths’: () some ‘myths’, as presented in headline form,
are better described as oversimplifications. For example, we
agree that the naked mole-rat is not completely hairless,
nor completely blind, and it is likely not to be continuously
exposed to hypoxic and hypercapnic conditions (myths 1, 6,
7)—but there is an element of truth to all of these statements.
(1) Other so-called ‘myths’ may or may not have an element
of truth, but we simply do not have enough information at
the present time to be sure (e.g. myths 5, 9, 15, 28). Those
myth-statements could represent the ‘premature conclu-
sions’ referred to by Braude et al., but it is not clear that any-
one in the field believes that these cases are, indeed, closed.
(uz) Alleged ‘myths’ based on conclusions of earlier studies
which have subsequently been revised in line with new evi-
dence (e.g. myths 16, 17, 19, 21). () Aspects of naked
mole-rat biology that are currently interpreted differently
by different research groups, perhaps because of semantic
disagreements (e.g. myths 4, 8, 11, 12). Many of the
28 ‘myths’ combine one or more of these common themes.

(2) The addition of exclusive terms such as ‘strictly’,
‘uniquely’, ‘the only’, ‘the most’ or ‘never’ contributes to
some of the other myth-statements being false or at least
questionable, sometimes because of similarities between
naked mole-rats and other sub-Saharan mole-rats. Braude
et al. have helped to bring prominence to studies of other Afri-
can mole-rats, which is important in serving to put some of
the naked mole-rat data into a wider context, but similarities
with close relatives do not negate the interest value and
importance of the naked mole-rat as a model species.

(3) Unfortunately, it is inevitable that researchers will find
and cite some papers while missing others, so there will
always be some perpetuation of outdated or incorrect ideas.
This is the case in any scientific field, of course. Competing
hypotheses and interpretations are also inevitable, and
indeed are a healthy part of the scientific endeavour. Fortu-
nately, in the fullness of time, science is self-correcting — as
Thomas Kuhn (quoting Francis Bacon) stated, “Truth
emerges more readily from error than from confusion’
(Kuhn, 1962, p. 38). Although we respectfully disagree with
many of the contentions of Braude ¢t a/l. (2021), and we have
attempted to show why, we encourage debate and welcome
challenging articles that serve to drive reconsideration and
discussion. We do, however, reject their labelling of
evidence-based hypotheses, even if outdated, as ‘myths’,
and we feel that this is particularly inappropriate when it
comes to competing theories where there is disagreement
amongst scientists. We hope that readers of the Braude
et al. paper have not been misled into thinking that naked
mole-rat research involves any more confusion and error
than any other active area of research in biology, and that
research in this burgeoning field would be wasted effort. To
the contrary, we firmly believe that there is much to be learnt
from this non-conventional laboratory species.

(4) Decades of research by many groups across the world,
with very different areas of expertise, has contributed to a
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great deal now being known about the naked mole-rat. Some
of this is proving to be directly pertinent to understanding
and mitigating human disease. This knowledge base will con-
tinue to be refined and built upon. No doubt, some of our
current understanding will need to be revised in the light of
evidence yet to be uncovered, and although some of the cur-
rent debates will be settled, new ones will surely arise. Every
new publication helps us better to understand the unusual
biology of this curious little mammal.

VIII. ACKNOWLEDGEMENTS

Many of the authors of this paper are supported by grants
from a variety of sources, including the NIH, NSF, and
ERC. R.B. gratefully acknowledges financial support from
Calico Life Sciences, LLC and E.StJ.S.) acknowledges fund-
ing from the Dunhill Medical Trust (RPGF2002\188). This
publication would not have been possible without the excel-
lent care of our naked mole-rat colonies.

IX. REFERENCES

ADpWAN SHEKHIDEM, H., SHARvVIT, L., LEMAN, E., MaNov, 1., RoicHMAN, A.,
Houvurze, S., Hurrman, D. M., Conen, H. Y., BErnDp HiLpeBranpT, T. &
Suams, L. (2019). Telomeres and longevity: a cause or an effect? International
Journal of Molecular Sciences 20(13), 3233.

ANDERSON, R., NIXON, D. & AkasHA, M. (1988). Total and free thyroxine and
triiodothyronine in blood serum of mammals. Comparative Biochemistry and Physiology
Part A: Physiology 89(3), 401-404.

ANDZIAK, B. & BUFFENSTEIN, R. (2006). Disparate patterns of age-related changes in
lipid peroxidation in long-lived naked mole-rats and shorter-lived mice. Aging Cell
5(6), 525-532.

ANDZIAK, B., O’CONNOR, T. P. & BUFFENSTEIN, R. (2005). Antioxidants do not
explain the disparate longevity between mice and the longest-living rodent, the
naked mole-rat. Mechanisms of Ageing and Development 126(11), 1206-1212.

AnpzI1AK, B., O’ConNor, T. P., Qi W, DEWaar, E. M. PiErc, A,
CHAUDHURI, A. R., VAN REMMEN, H. & BUFFENSTEIN, R. (2006). High oxidative
damage levels in the longest-living rodent, the naked mole-rat. Aging Cell 5(6), 463—471.

ARIELL R. & NEvo, E. (1991). Hypoxic survival differs between two mole rat species
(Spalax ehrenbergi) of humid and arid habitats. Comparative Biochemistry and Physiology
Part A: Physiology 100(3), 543-545.

ARTWOHL, J., BALI-KELL, S., VALYI-NAGY, T., WILSON, S. P., Lu, Y. & Park, T. J.
(2009). Extreme susceptibility of african naked mole rats (Heterocephalus glaber) to
experimental infection with herpes simplex virus type 1. Comparative Medicine 59(1), 83-90.

BARKER, A., KocH, U., LEWIN, G. & PYoTT, S. (2021a). Hearing and vocalizations in
the naked mole-rat. In The Extraordinary Biology of the Naked Mole-Rat (eds R.
BurrensTEIN, T. PARK and M. HoLMmES), pp.157-195. Springer, New York.

BARKER, A. J., VEVIURKO, G., BENNETT, N. C., HArT, D. W., MOGRABY, L. &
LewiN, G. R. (2021b). Cultural transmission of vocal dialect in the naked mole-
rat. Science 371(6528), 503-507.

BEDNAFOVA, R., HrROUZKOVA-KNOTKOVA, E., Burpa, H., SEDLACEK, F. &
SumBERA, R. (2013). Vocalizations of the giant mole-rat (Fukomps mechowii), a
subterranean rodent with the richest vocal repertoire. Bioacoustics 22(2), 87-107.

BEEKMAN, M., PEETERS, C. & O’R1AIN, M. J. (2006). Developmental divergence:
neglected variable in understanding the evolution of reproductive skew in social
animals. Behavioral Ecology 17(4), 622-627.

BENNETT, N., Jarvis, J. & CotteriLl, F. (1993). Poikilothermic traits and
thermoregulation in the Afrotropical social subterrancan Mashona mole-rat
(Cryptomys  hottentotus - darlingiRodentia: Bathyergidae). Journal of Joology 231(2),
179-186.

BENNETT, N., JARVIS, J. & Davies, K. (1988). Daily and seasonal temperatures in the
burrows of African rodent moles. African Zoology 23(3), 189-195.

BENNETT, N. C. (1988). The trend towards sociality in three species of Southern African mole-rats
(Bathyergidae): causes and consequences. PhD Dissertation: University of Cape Town,
Cape Town.

Rochelle Buffenstein et al.

BENNETT, N. C. & FAULKEs, C. G. (2000). African Mole-Rats: FEcology and Eusociality.
Cambridge University Press, Cambridge.

BeENNETT, N. C. & JARvis, J. U. (1988). The social structure and reproductive biology
of colonies of the mole-rat, Cryptomys damarensis (Rodentia, Bathyergidae). Journal of
Mammalogy 69(2), 293-302.

BERRYMAN, D. E., LisT, E. O., CoscuHicano, K. T., BEHAR, K., Kiv, J. K. &
KoPcCHICK, J. J. (2004). Comparing adiposity profiles in three mouse models with
altered GH signaling. Growth Hormone & IGF Research 14(4), 309-318.

BoomMsma, J. J. & GAWNE, R. (2018). Superorganismality and caste differentiation as
points of no return: how the major evolutionary transitions were lost in translation.
Biological Reviews of the Cambridge Philosophical Soctety 93(1), 28-54.

BRAUDE, S. (1991). The behavior and demographics of the naked mole-rat, Heterocephalus glaber,
PhD Dissertation: University of Michigan, Ann Arbor.

BrRAUDE, S. (2000). Dispersal and new colony formation in wild naked mole-rats:
evidence against inbreeding as the system of mating. Behavioral Ecology 11(1), 7-12.
BRrAUDE, S., HOLTZE, S., BEGALL, S., BRENMOEHL, J., BURDA, H., DAMMANN, P.,
DeL MarMmor, D., GorsHkovA, E., HENNING, Y. & HorrLicH, A. (2021).
Surprisingly long survival of premature conclusions about naked mole-rat biology.

Biological Reviews of the Cambridge Philosophical Society 96, 376—393.

BRAUDE, S., HOLTZE, S., HILDEBRANDT, T. & KocH, R. (2020). Naked mole-rats do
not disperse or deliver pups in correlation with moon phase. African Journal of Ecology
58(3), 592-595.

BrETT, R. A. (1986). The ecology and behavior of the naked mole-rat (Heterocephalus glaber,
Ruppell) (Rodentia, Bathyergidae). PhD Dissertation: University of London, London.
BreTT, R A. (1991). The ecology of naked mole-rat colonies: burrowing, food and
limiting factors. In The Biology of the Naked Mole-Rat (eds J. U. M. Jarvis, P. W.
SHERMAN and R. D. ALEXANDER), pp. 137-184. Princeton University Press, Princeton.

Brouus, M., GorBunova, V. Faurkes, C. G., Overcaarp, M. T. &
CoNOVER, C. A. (2015). The insulin-like growth factor system in the long-lived
naked mole-rat. PLoS One 10(12), e0145587.

Browe, B. M., OrseN, A. R., Ramirez, C., Rickman, R, H., Smith, E. S, J. &
Park, T. J. (2020). The naked mole-rat has a functional purinergic pain pathway
despite having a non-functional peptidergic pain pathway. Newrobiology of Pain 8, 100047.

BUFFENSTEIN, R. (1996). Ecophysiological responses to a subterranean habitat; A
Bathyergid perspective. Mammalia 60(4), 591-605.

BUFFENSTEIN, R. (2005). The naked mole-rat: a new long-living model for human
aging rescarch. The Journals of Gerontology Series A: Biological Sciences and Medical Sciences
60(11), 1369-1377.

BurrFENSTEIN, R. (2008). Negligible senescence in the longest living rodent, the naked
mole-rat: insights from a successfully aging species. Journal of Comparative Physiology B
178(4), 439-445.

BUFFENSTEIN, R. & CrAFT, W. (2021). The idiosyncratic physiological traits of the
naked mole-rat; a resilient animal model of aging, longevity, and healthspan. In
The Extraordinary Biology of the Naked Mole-Rat (eds R. BUFFENSTEIN, T. PARK and M.
Hormes), pp. 221-254. Springer, New York.

BuUrrENSTEIN, R, LEwis, K. N., GIBNEY, P. A., NArRAYAN, V., GrRIMES, K. M.,
SmrTH, M., LIN, T. D. & BRowN-Bora, H. M. (2020). Probing pedomorphy and
prolonged lifespan in naked mole-rats and dwarf mice. Physiology 35(2), 96-111.

BUFFENSTEIN, R., PARK, T., HANES, M. & ARTWOHL, J. E. (2012). Naked mole-rat.
In The Laboratory Rabbit, Guinea Pig, Hamster, and Other Rodents (eds M. A. Suckow,
K. A. Stevens and R. P. WiLsoN), pp. 1055-1074. Elsevier, Amsterdam.

BUFFENSTEIN, R., PARK, T. ]. & HoLmES, M. M. (2021). The Extraordinary Biology of the
Naked Mole-Rat. Springer Nature, New York.

BurrFENSTEIN, R. & PINTO, M. (2009). Endocrine function in naturally long-living
small mammals. Molecular and Cellular Endocrinology 299(1), 101-111.

BUFFENSTEIN, R. & RUBY, J. G. (2021). Opportunities for new insight into aging from
the naked mole-rat and other non-traditional models. Nature Aging 1, 3—4.

BUFFENSTEIN, R., WoobpLEY, R., THOMADAKIS, C., DALy, T. J. & Gray, D. A
(2001). Cold-induced changes in thyroid function in a poikilothermic mammal, the
naked mole-rat. American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology 280(1), R149-R155.

BUFFENSTEIN, R. & YAHAV, S. (1991). Is the naked mole-rat, Heterocephalus glaber, a
poikilothermic or poorly thermoregulating endothermic mammal? Journal of
Thermal Biology 16, 227-232.

Burpa, H. (1995). Individual recognition and incest avoidance in eusocial common
mole-rats rather than reproductive suppression by parents. Experientia 51(4),
411-413.

CaTANIA, K. C. & REMPLE, M. S. (2002). Somatosensory cortex dominated by the
representation of teeth in the naked mole-rat brain. Proceedings of the National
Academy of Sciences of the United States of America 99(8), 5692—5697.

CHAU, L. M., GrROH, A. M., ANDERSON, E. C., ALcaLA, M. O., MENDELSON, J. R.
III, StapE, S. B., KErns, K., SARRO, S., Lusarpi, C. & GoopismMaN, M. A.
(2018). Genetic diversity and sex ratio of naked mole rat, Heterocephalus glaber, zoo
populations. oo Biology 37(3), 171-182.

Ciszek, D. (2000). New colony formation in the “highly inbred” eusocial naked mole-
rat: outbreeding is preferred. Behavioral Ecology 11(1), 1-6.

Biological Reviews (2021) 000-000 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



Clarifying the myths of naked mole-rat biology

CLARKE, F. & FAULKES, C. (2001). Intracolony aggression in the eusocial naked mole-
rat, Heterocephalus glaber. Animal Behaviour 61(2), 311-324.

CLARKE, F. M. & FAULKES, C. G. (1999). Kin discrimination and female mate choice
in the naked mole-rat Heterocephalus glaber. Proceedings of the Royal Society B: Biological
Sciences 266(1432), 1995-2002.

CLAYSON, M. S., DEVEREAUX, M. E. & PAMENTER, M. E. (2020). Neurokinin-1
receptor activation is sufficient to restore the hypercapnic ventilatory response in
the Substance P-deficient naked mole-rat. American Journal of Physiology - Regulatory,
Integrative and Comparative Physiology 318(4), R712-R721.

CokN, C., BENNETT, N., HoLMmES, M. & FauLkEs, C. (2021). Neuropeptidergic and
neuroendocrine systems underlying eusociality and the concomitant social
regulation of reproduction in naked mole-rats: a comparative approach. In The
Extraordinary Biology of the Naked Mole-Rat (eds R. BurreNsTEIN, T. PAarRK and M.
Hormes), pp. 59-103. Springer, New York.

CRESPL B. J. & YANEGA, D. (1995). The definition of eusociality. Behavioral Ecology 6(1),
109-115.

CrisH, S. D., DENGLER-CRisH, C. M. & CATANIA, K. C. (2006). Central visual system
of the naked mole-rat (Heterocephalus glaber). The Anatomical Record Part A: Discoveries in
Molecular, Cellular, and Evolutionary Biology 288(2), 205-212.

CrisH, S. D., Ricg, F. L., PArk, T. J. & CoMmER, C. M. (2003). Somatosensory
organization and behavior in naked mole rats: vibrissac-like body hairs comprise a
sensory array that mediates orientation to tactile stimuli. Brain, Behavior and
Evolution 62, 141-151.

Cur, L. Y., Liu, W,, Xu, Y. C,, YANG, S. H. & DAHMER, T. D. (2020). A new method to
estimate hair density of small mammal pelage. Journal of Mammalogy 101(4), 1205-1212.

Dary, T. J. & BurrensTEIN, R. (1998). Skin morphology and its role in
thermoregulation in mole-rats, Heterocephalus glaber and Cryplomys hottentotus. Journal
of Anatomy 193(4), 495-502.

Davry, T. J., WiLLiams, L. A. & BUFFENSTEIN, R. (1997). Catecholaminergic
innervation of interscapular brown adipose tissue in the naked mole-rat
(Heterocephalus glaber). Journal of Anatomy 190(3), 321-326.

DAMMANN, P., SCHERAG, A., ZAK, N., SzaFraNsKI, K., HoLTZE, S., BEGALL, S.,
Burpa, H., KesTLER, H. A., HiLDEBRANDT, T. & PraTzER, M. (2019).
Comment on 'Naked mole-rat mortality rates defy Gompertzian laws by not
increasing with age’. eLife 8, e45415.

DE WaaL, E. M., Lianc, H., PiercE, A., HamiLton, R. T., BUFFENSTEIN, R. &
CHAUDHURI, A. R. (2013). Elevated protein carbonylation and oxidative stress do not
affect protein structure and function in the long-living naked-mole rat: a proteomic
approach. Biochemical and Biophysical Research Ci 434(4), 815-819.

DE WoLr, E., CooK, J. & DALE, N. (2017). Evolutionary adaptation of the sensitivity of
connexin26 hemichannels to COq. Proceedings of the Royal Sociely B: Biological Sciences
284(1848), 20162723.

DeL Marmor, D., Horrze, S., KicHLER, N., Sanm, A., BrHIN, B.
BOURGUIGNON, V., DOGNE, S., Szarranski, K., HipeBranpT, T. B. &
Framion, B. (2021). Abundance and size of hyaluronan in naked mole-rat tissues
and plasma. Scientific Reports 11(1), 7951.

DELANEY, M., Imal, D. & BUFFENSTEIN, R. (2021). Spontaneous disease and
pathology of naked mole-rats. In The Extraordinary Biology of the Naked Mole-Rat (eds
R. BUrreNSTEIN, T. PARK and M. HoLMES), pp. 353-380. Springer, New York.

DELANEY, M., WARD, J., WALSH, T. F., CHINNADURAL S., KERNS, K., KINSEL, M. &
TREUTING, P. (2016a). Initial case reports of cancer in naked mole-rats
(Heterocephalus glaber). Veterinary Pathology 53(3), 691-696.

DEeLANEY, M. A., KINSEL, M. J. & TREUTING, P. M. (2016b). Renal pathology in a
nontraditional aging model: the naked mole-rat (Heterocephalus glaber). Velerinary
Pathology 53(2), 493-503.

DELANEY, M. A, NAGY, L., KINSEL, M. J. & TREUTING, P. M. (2013). Spontancous
histologic lesions of the adult naked mole rat (Heterocephalus glaber): a retrospective
survey of lesions in a zoo population. Veterinary Pathology 50(4), 607—621.

DvoiikovA, V., HrouzkovA, E. & Sumsera, R. (2016). Vocal repertoire of the
social Mashona mole-rat (Fukomys darlingi) and how it compares with other mole-
rats. Bioacoustics 25(3), 253-266.

EDRrEY, Y. H., CASPER, D., HUuCHON, D., MELE, ., GELFOND, J. A., KrisTaN, D. M,
NEvo, E. & BUFFENSTEIN, R. (2012). Sustained high levels of neuregulin-1 in the
longest-lived rodents; a key determinant of rodent longevity. Aging Cell 11(2), 213-222.

Eprey, Y. H., HANES, M., PINTO, M., MELE, ]. & BUFFENSTEIN, R. (2011). Successful
aging and sustained good health in the naked mole rat: a long-lived mammalian
model for biogerontology and biomedical research. Institute for Laboratory Animal
Research Journal 52(1), 41-53.

Eprey, Y. H., MeEDINA, D. X., Gaczynska, M., OsmuLski, P. A., Opbpoo, S.,
CaccamMo, A. & BUFFENSTEIN, R. (2013). Amyloid beta and the longest-lived
rodent: the naked mole-rat as a model for natural protection from Alzheimer’s
disease. Neurobiology of Aging 34(10), 2352-2360.

EicEnBrOD, O., DEBUS, K. Y., REzNICK, ]J., BENNETT, N. C., SANCHEZ-
CARRANZA, O., OMERBASIC, D., HART, D. W., BARKER, A. J., ZHONG, W. &
LuTeERMANN, H. (2019). Rapid molecular evolution of pain insensitivity in
multiple African rodents. Science 364(6443), 852-859.

23

ENGSTROM-LAURENT, A. (1997). Hyaluronan in joint disease. journal of Internal
Medicine 242(1), 57-60.

Fanc, X., Sem, I, Huanc, Z., GERASHCHENKO, M. V. Xiong, Z.,
TuraNov, A. A., Zuu, Y., LosaNov, A. V., FaN, D. & Y, S. H. (2014).
Adaptations to a subterranean environment and longevity revealed by the analysis
of mole rat genomes. Cell Reports 8(5), 1354—1364.

FauLkEes, C. & ABBOTT, D. (1991). Social control of reproduction in breeding and
non-breeding male naked mole-rats (Heterocephalus glaber). Reproduction 93(2), 427-435.

Fauirkes, C. & AspoTT, D. (1993). Evidence that primer pheromones do not cause
social suppression of reproduction in male and female naked mole-rats
(Heterocephalus glaber). Reproduction 99(1), 225-230.

Faurkes, C. G., ABsoTT, D. H. & JARvVIS, ]. U. (1990). Social suppression of ovarian
cyclicity in captive and wild colonies of naked mole-rats, Heterocephalus glaber. Journal of
Reproduction and Fertility 88(2), 559-568.

Faurkes, C. G., AssorT, D. H., O’BriEN, H. P., Lau, L., Roy, M. R,
WavNE, R. K. & BRuForD, M. W. (1997). Micro- and macrogeographical genetic
structure of colonies of naked mole-rats Heterocephalus glaber. Molecular Ecology 6(7),
615-628.

FauLkes, C. G. & BENNETT, N. C. (2009). Reproductive skew in African mole-rats:
behavioural and physiological mechanisms to maintain high skew. In Reproductive
Skew in Vertebrates: Proximate and Ultimate Causes (eds R. HAGER and C. B. JoNEs),
pp. 369-396. Cambridge University Press, Cambridge.

FrASER, J. R., LAURENT, T. C. & LAUReNT, U. B. (1997). Hyaluronan: its nature,
distribution, functions and turnover. Journal of Internal Medicine 242(1), 27-33.

FrREEBERG, T. M., DUNBAR, R. I. & Orp, T. J. (2012). Social complexity as a
proximate and ultimate factor in communicative complexity. Philosophical
Transactions of The Royal Society of London. Series B: Biological Sciences 367(1597), 1785
1801.

GARDNER, M. B., HENDERSON, B. E., EsTEs, J. D., MENCK, H., PARKER, J. C. &
HUEBNER, R. J. (1973). Unusually high incidence of spontaneous lymphomas in
wild house mice. Journal of the National Cancer Institute 50(6), 1571-1579.

GILBERT, J. D., ROSSITER, S. ]. & FAULKES, C. G. (2020). The relationship between
individual phenotype and the division of labour in naked mole-rats: it’s
complicated. Peerf 8, ¢9891.

GoLpMAN, B. p., GOLDMAN, S. L., LANZ, T., MAGAURIN, A. & MAURICE, A. (1999).
Factors influencing metabolic rate in naked mole-rats (Heterocephalus glaber).
Physiology & Behavior 66, 447-459.

Gowmes, N. M., RYDER, O. A., Houck, M. L., CHARTER, S. J., WALKER, W.,
Forsyrh, N. R., AusTap, S. N., VEnNDITTI, C., PAGEL, M. & SHAY, J. W.
(2011). Comparative biology of mammalian telomeres: hypotheses on ancestral
states and the roles of telomeres in longevity determination. Aging Cell 10(5),
761-768.

GOMPERTZ, B. (1825). XXIV. On the nature of the function expressive of the law of
human mortality, and on a new mode of determining the value of life
contingencies. In a letter to Francis Baily, Esq. Philosophical Transactions of the Royal
Society of London 115(1825), 513-583.

GORBUNOVA, V., TARASUGI, M. & SELUANOV, A. (2020). Hyaluronan goes to great
length. Cell Stress 4(9), 227-229.

GRIFFIN, A. S. (2008). Naked mole-rat. Current Biology 18(18), R844-R845.

GriMEs, K. M., REDDY, A. K., LINDSEY, M. L. & BUFFENSTEIN, R. (2014a). And the
beat goes on: maintained cardiovascular function during aging in the longest-lived
rodent, the naked mole-rat. The American Journal of Physiology - Heart and Circulatory
Physiology 307(3), H284-H291.

GriMEes, K. M., VoorueEs, A., CHIA0, Y. A., Han, H. C.,, Linpsey, M. L. &
BurrFensTEIN, R. (2014b). Cardiac function of the naked mole-rat:
ecophysiological responses to working underground. The American Fournal of
Physiology - Heart and Circulatory Physiology 306(5), H730-H737.

Habi, F., KULABEROGLU, Y., Lazarus, K. A., BacH, K., UGUR, R, BEATTIE, P.,
SmiTH, E. S. J. & Knarep, W. T. (2020). Transformation of naked mole-rat cells.
Nature 583(7814), E1-E7.

HAarMAN, D. (1956). Aging: a theory based on free radical and radiation chemistry.
Journal of Gerontology 11(3), 298-300.

HarMAN, D. (2006). Free radical theory of aging: an update increasing the functional
life span. Understanding and Modulating Aging 1067, 10-21.

HARPER, J. M., LEATHERS, C. W. & AusTAD, S. N. (2006). Does caloric restriction
extend life in wild mice? Aging Cell 5(6), 441-449.

Havyruick, L. (1965). The limited in vitro lifetime of human diploid cell strains.
Experimental Cell Research 37(3), 614-636.

HazrLL, R, BENNETT, N., JARVIS, ]. & GRIFFIN, M. (2000). Adult dispersal in the co-
operatively breeding Damaraland mole-rat (Cryptomps damarensis): a case study from
the Waterberg region of Namibia. Journal of Zoology 252(1), 19-25.

HEFFNER, H. E., HEFFNER, R. S., CoNTOs, C. & OTT, T. (1994). Audiogram of the
hooded Norway rat. Hearing Research 73(2), 244—248.

HEFFNER, R., HEFFNER, H. & MASTERTON, B. (1971). Behavioral measurements of
absolute and frequency-difference thresholds in guinea pig. Journal of the Acoustical
Society of America 49(6), 1888-1895.

Biological Reviews (2021) 000-000 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



24

HEFFNER, R., KoAY, G. & HEFFNER, H. (2001). Audiograms of five species of rodents:
implications for the evolution of hearing and the perception of pitch. Hearing Research
157(1-2), 138-152.

HEFFNER, R. S. & HEFFNER, H. E. (1991). Behavioral hearing range of the chinchilla.
Hearing Research 52(1), 13-16.

HEFFNER, R. S. & HEFFNER, H. E. (1993). Degenerate hearing and sound localization
in naked mole rats (Heterocephalus glaber), with an overview of central auditory
structures. Journal of Comparative Newrology 331, 418-433.

HENNING, Y., VOLE, C., BEGALL, S., BENS, M., BROECKER-PREUSS, M., SAHM, A.,
SzarrRANSKI, K., BurDA, H. & DAMMANN, P. (2014). Unusual ratio between free
thyroxine and free triiodothyronine in a long-lived mole-rat species with bimodal
ageing. PLoS One 9(11), e113698.

HEerssT, M. & BENNETT, N. (2006). Burrow architecture and burrowing dynamics of
the endangered Namaqua dune mole rat (Bathyergus janetta)Rodentia: Bathyergidae).
Fournal of Zoology 270(3), 420-428.

Hercurano-Houzer, S., RiBeiro, P., Campos, L., Da Smiva, A, V.,
Torres, L. B., CaTania, K. C. & Kaas, J. H. (2011). Updated neuronal scaling
rules for the brains of Glires (rodents/lagomorphs). Brain, Behavior and Evolution
78(4), 302-314.

HETH, G., FRANKENBERG, E. & NEVO, E. (1986). Adaptive optimal sound for vocal
communication in tunnels of a subterranean mammal (Spalax ehrenbergi). Experientia
42(11-12), 1287-1289.

HETLING, J. R., BAIG-S1LvA, M. S., COMER, C. M., PARDUE, M. T., SAMAAN, D. Y.,
QraAIsHAT, N. M., PEPPERBERG, D. R. & PArk, T. J. (2005). Features of visual
function in the naked mole-rat, Heterocephalus glaber. Journal of Comparative Physiology
A: Neuroethology, Sensory, Neural and Behavioural Physiology 191(4), 317-330.

Hirr, W, PORTER, A., BLooMm, R,, SEAGO, ]. & SouTHwICK, M. (1957). Field and
laboratory studies on the naked mole rat, Heterocephalus glaber. Proceedings of the
RLoological Society of London 128, 455-514.

Hivron, H. G, RUBINSTEIN, N. D., JaNKI, P., IRELAND, A. T., BERNSTEIN, N.,
Fong, N. L., WrRIGHT, K. M., SmMITH, M., FINKLE, D. & MARTIN-McNULTY, B.
(2019). Single-cell transcriptomics of the naked mole-rat reveals unexpected
features of mammalian immunity. PLoS Biology 17(11), €3000528.

Hisrop, M. S. & BUFFENSTEIN, R. (1994). Noradrenaline induces nonshivering
thermogenesis in both the naked mole-rat (Heterocephalus glaber) and the Damara
mole-rat (Cryptomys damarensis) despite very different modes of thermoregulation.
Journal of Thermal Biology 19, 25-32.

HowrmEs, M. & GoLpMmaN, B. (2021). Social behavior in naked mole-rats: individual
differences in phenotype and proximate mechanisms of mammalian eusociality. In
The Extraordinary Biology of the Naked Mole-Rat (eds R. BUFFENSTEIN, T. PARK and M.
Hormes), pp. 35-58. Springer, New York.

HovrtzE, S., BRAUDE, S., LEMMA, A., KocH, R., MORHART, M., SZAFRANSKI, K.,
PLATZER, M., ALEMAYEHU, F., GOERITZ, F. & HILDEBRANDT, T. B. (2018). The
microenvironment of naked mole-rat burrows in East Africa. African Fournal of
Ecology 56(2), 279-289.

HuLBERT, A. J. (2000). Thyroid hormones and their effects: a new perspective.
Biological Reviews of the Cambridge Philosophical Society 5(4), 519-631.

HuLserT, A. J., Faulks, S. C. & BUFFENSTEIN, R. (2006). Oxidation-resistant
membrane phospholipids can explain longevity differences among the longest-
living rodents and similarly-sized mice. The Journals of Gerontology Series A: Biological
Sciences and Medical Sciences 61(10), 1009-1018.

INGrAM, C. M., TROENDLE, N. J., GILL, C. A, BRAUDE, S. & HoNEYCUTT, R. L. (2015).
Challenging the inbreeding hypothesis in a eusocial mammal: population genetics of the
naked mole-rat, Heterocephalus glaber. Molecular Fcology 24(19), 4848-4865.

TUPS (2001). IUPS thermal Commission glossary of terms for thermal physiology.
Third Edition. Tke Japanese Journal of Physiology 51, 245-280.

Ivy, C. M., SPRENGER, R. J., BENNETT, N. C., VAN JAARSVELD, B., HART, D. W,
KBy, A. M., YacHouBi, D., Storey, K. B., Misom, 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), ¢13436.

Jacoss, D. S. & Jarvis, . (1996). No evidence for the work-conflict hypothesis in the eusocial
naked mole-rat (Feterocephalus glaber). Behavioral Ecology and Sociobiology 39(6), 401-409.

JARrvis, J. (1991). Reproduction of naked mole-rats. In The Biology of the Naked Mole-Rat
(eds P. W. SHERMAN, J. U. M. Jarvis and R. D. ALEXANDER), pp. 384-425. Princeton
University Press, Princeton.

Jarvis, J. & BENNETT, N. (1993). Eusociality has evolved independently in two genera
of bathyergid mole-rat but occurs in no other subterranean mammal. Behavioral
Ecology and Sociobiology 33(4), 253-260.

Jarvis, J., O’RIAIN, M. & McDAID, E. (1991). Growth and factors affecting body size
in naked mole-rats. In The Biology of the Naked Mole-Rat (eds P. W. SHERMAN, J. U. M.
Jarvis and R. D. ALEXANDER), pp. 358-383. Princeton University Press, Princeton.

Jarvis, J. U. (1981). Eusociality in a mammal: cooperative breeding in naked mole-rat
colonies. Science 212(4494), 571-573.

Junniva, R K, List, E. O., BERRYMAN, D. E., MURREY, J. W. & KopcHICK, ]. .
(2013). The GH/IGF-1 axis in ageing and longevity. Nature Reviews. Endocrinology
9(6), 366-376.

Rochelle Buffenstein et al.

Kapapi, U. M. (1982). Laboratory tests for evaluating thyroid therapy. American Family
Physician 26(3), 183-188.

KapraN, E. L. & MEIER, P. (1958). Nonparametric estimation from incomplete
observations. Journal of the American Statistical Association 53, 457—481.

KeNyYON, C. J. (2010). The genetics of ageing. Nature 464(7288), 504-512.

Kiv, E. B., Fang, X., FusHaN, A. A,, Huang, Z., LoBaNov, A. V., Han, L.,
MariNo, S. M., Sun, X., TuraNov, A. A, YaNG, P, Yv, S. H., Zrao, X,
KasaIkINA, M. V., STOLETZKI, N., PENG, C., et al. (2011). Genome sequencing
reveals insights into physiology and longevity of the naked mole rat. Nature
479(7372), 223-227.

KirBYy, A. M., FAIRMAN, G. D. & PAMENTER, M. E. (2018). Atypical behavioural,
metabolic and thermoregulatory responses to hypoxia in the naked mole rat
(Heterocephalus glaber). Journal of Zoology 305(2), 106-115.

Kirkwoob, T. B. (2015). Deciphering death: a commentary on Gompertz (1825) ‘On
the nature of the function expressive of the law of human mortality, and on a new
mode of determining the value of life contingencies’. Philosophical Transactions of the
Royal Society, B: Biological Sciences 370(1666), 20140379.

KnoTkova, E., VEITL, S., gUMBERA, R., SEDLACEK, F. & Burpa, H. (2009).
Vocalisations of the silvery mole-rat: comparison of vocal repertoires in
subterranean rodents with different social systems. Bioacoustics 18(3), 241-257.

KRAMER, B. & BUFFENSTEIN, R. (2004). The pancreas of the naked mole-rat
(Heterocephalus  glaber): an ultrastructural and immunocytochemical study of the
endocrine component of thermoneutral and cold acclimated animals. General and
Comparative Endocrinology 139(3), 206-214.

Kunn, T. S. (1962). The Structure of Scientific Revolutions. University of Chicago Press,
Chicago.

KULABEROGLU, Y., BHUSHAN, B., Hap1, F., CHAKRABARTI, S., KHALED, W. T\,
RankIN, K. S., SmiTh, E. S. J. & FRANKEL, D. (2019). The material properties of
naked mole-rat hyaluronan. Scientific Reports 9(1), 6632.

Lacey, E. & SHERMAN, P. (1991). Social organizationof naked mole-rat colonies:
evidence for divisions of labor. In The Biology of the Naked Mole-Rat (eds P. W.
SHERMAN, J. U. M. Jarvis and R. D. ALEXANDER), pp. 275-336. Princeton
University Press, Princeton.

LAMBERT, A. J., BoysEN, H. M., BUCKINGHAM, J. A., YANG, T., PODLUTSKY, A.,
AusTap, S. N, Kunz, T. H., BUFFENSTEIN, R. & BrRaND, M. D. (2007). Low
rates of hydrogen peroxide production by isolated heart mitochondria associate
with long maximum lifespan in vertebrate homeotherms. Aging Cell 6(5), 607-618.

LANGE, S., BURDA, H., WEGNER, R. E., DAMMANN, P., BEGALL, S. & KAwALIKA, M.
(2007). Living in a “‘stethoscope””: burrow-acoustics promote auditory specializations
in subterranean rodents. Naturwissenschafien 94(2), 134-138.

Larson, J., Drew, K. L., FoLkow, L. P., MiLTON, S. L. & PARK, T. J. (2014). No
oxygen? No problem! Intrinsic brain tolerance to hypoxia in vertebrates. Journal of
Experimental Biology 217(7), 1024-1039.

LEISER, S. F. & MILLER, R. A. (2010). Nrf2 signaling, a mechanism for cellular stress
resistance in long-lived mice. Molecular and Cellular Biology 30(3), 871-884.

LEONIDA, S. R., BENNETT, N. C., LEITCH, A. R. & FAULKES, C. G. (2020). Patterns of
telomere length with age in African mole-rats: new insights from quantitative
fluorescence in situ hybridisation (QFISH). Peer’f 8, ¢10498.

LEwiN, G., SMITH, E., REZNICK, J., DEBUS, K., BARKER, A. & PARK, T. (2021). The
somatosensory world of the African naked mole-rat. In The Extraordinary Biology of
the Naked Mole-Rat (eds R. BurveNsTEIN, T. PARK and M. Hormes), pp. 197-220.
Springer, New York.

Lewis, K. N. & BUFFENSTEIN, R. (2016). The naked mole-rat: a resilient rodent model
of aging, longevity and healthspan. In Handbook of the Biology of Aging (eds M. R.
KAEBERLEIN and G. MARTIN), pp. 179-204. Academic Press, London.

Lewss, K. N., MELE, J., HAvEs, J. D. & BUFFENSTEIN, R. (2010). Nrf2, a guardian of
healthspan and gatekeeper of species longevity. Integrative and Comparative Biology 50(5), 829-843.

Lewis, K. N., MELE, ]., HORNSBY, P. J. & BUFFENSTEIN, R. (2012). Stress resistance
in the naked mole-rat: the bare essentials — a mini-review. Gerontology 58(5), 453-462.

Lewis, K. N., RUBINSTEIN, N. D. & BUFFENSTEIN, R. (2018). A window into extreme
longevity; the circulating metabolomic signature of the naked mole-rat, a mammal
that shows negligible senescence. GeroScience 40(2), 105-121.

Lewis, K. N., Wason, E., Ebrey, Y. H., Kristan, D. M., Nevo, E. &
BUFFENSTEIN, R. (2015). Regulation of Nrf2 signaling and longevity in naturally
long-lived rodents. Proceedings of the National Academy of Sciences of the United States of
America 112(12), 3722-3727.

L1ANG, S, MELE, ]., WU, Y., BUFFENSTEIN, R. & HORNSBY, P. J. (2010). Resistance to
experimental tumorigenesis in cells of a long-lived mammal, the naked mole-rat
(Heterocephalus glaber). Aging Cell 9(4), 626-635.

Liu, Z., WANG, W., ZHANG, T.-Z., L1, G.-H., HE, K., HuAaNG, J.-F,, JiancG, X.-L.,
MurpHY, R. W. & SHI, P. (2014). Repeated functional convergent effects of
NaV1. 7 on acid insensitivity in hibernating mammals. Proceedings of the Royal Society
B: Biological Sciences 281(1776), 20132950.

MacRAE, S. L., ZHanG, Q., LeEMeTRE, C., SEmM, I, CALDER, R. B,
HOEIJMAKERS, ., SUH, Y., GLADYSHEV, V. N., SELUANOV, A., GORBUNOVA, V.,
VIjG, J. & ZHANG, Z. D. (2015). Comparative analysis of genome maintenance
genes in naked mole rat, mouse, and human. Aging Cell 14(2), 288-291.

Biological Reviews (2021) 000-000 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



Clarifying the myths of naked mole-rat biology

MasonN, M. J. (2016a). Structure and function of the mammalian middle ear. I: large
middle ears in small desert mammals. Journal of Anatomy 228(2), 284-299.

Mason, M. J. (2016b). Structure and function of the mammalian middle ear. II:
inferring function from structure. Journal of Anatomy 228(2), 300-312.

MasoN, M. J., CornwALL, H. L. & SmiTh, E. S. (2016). Ear structures of the naked
mole-rat, Heterocephalus glaber, and its relatives (Rodentia: Bathyergidae). PLoS One
11(12), 0167079.

MASTERNAK, M. M., DARCY, ]., VICTORIA, B. & BARTKE, A. (2018). Dwarf mice and
aging. Progress in Molecular Biology and Translational Science 155, 69-83.

McCowms, K. & SEMPLE, S. (2005). Coevolution of vocal communication and sociality
in primates. Biology Letters 1(4), 381-385.

McNas, B. K. (1966). The metabolism of fossorial rodents: a study of convergence.
Ecology 47(5), 712-733.

McNas, B. K. (1979). The influence of body size on the energetics and distribution of
fossorial and burrowing mammals. Fcology 60(5), 1010-1021.

MICHENER, C. D. (1969). Comparative social behavior of bees. Annual Review of
Entomology 14(1), 299-342.

MirLs, S. L. & CATANIA, K. C. (2004). Identification of retinal neurons in a regressive
rodent eye (the naked mole-rat). Visual Neuroscience 21(2), 107—117.

MircHELL, T. W., BUFFENSTEIN, R. & HULBERT, A. J. (2007). Membrane
phospholipid composition may contribute to exceptional longevity of the naked
mole-rat (Heterocephalus glaber): a comparative study using shotgun lipidomics.
Experimental Gerontology 42(11), 1053-1062.

Mivawakl, S., KawaMURA, Y., O1wa, Y., SHImIzU, A., HacHiva, T., BoNo, H.,
Kova, 1., OkapA, Y., KiMmURA, T. & TsucHiya, Y. (2016). Tumour resistance in
induced pluripotent stem cells derived from naked mole-rats. Nature Communications
7(1), 1-9.

MOONEY, S. J., CoEN, C. W., HoLMES, M. M. & BEERY, A. K. (2015). Region-specific
associations between sex, social status, and oxytocin receptor density in the brains of
eusocial rodents. Newroscience 303, 261-269.

Moreis, D. (1967). The Naked Ape: A Zoologist’s Study of the Human Animal. Random
House, New York.

MUuNRoO, D., BALDY, C., PAMENTER, M. E. & TREBERG, J. R. (2019). The exceptional
longevity of the naked mole-rat may be explained by mitochondrial antioxidant
defenses. Aging Cell 18(3), €12916.

NARAYAN, V., MCMAHON, M., O’BRIEN, J., MCALLISTER, F. & BUFFENSTEIN, R.
(2021). Insights into the molecular basis of genome stability and pristine
proteostasis in naked mole-rats. In The Extraordinary Biology of the Naked Mole-Rat (eds
R. BurrensTEIN, T. PARK and M. HoLwmes), pp. 287-314. Springer, New York.

NixiTiNA, N. V., MAUGHAN-BROWN, B., O’RiaIN, M. J. & Kipson, S. H. (2004).
Postnatal development of the eye in the naked mole rat (Heterocephalus glaber). Anatomical
Record Part A: Discoveries in Molecular, Cellular and Evolutionary Biology 277(2), 317-337.

O’CoNNOR, T. P., LEE, A., Jarvis, J. U. & BUFFENSTEIN, R. (2002). Prolonged
longevity in naked mole-rats: age-related changes in metabolism, body
composition and gastrointestinal function. Comparative Biochenustry and Physiology Part
A: Molecular and Integrative Physiology 133(3), 835-842.

O’RIAIN, M. & JARVIS, J. (1998). The dynamics of growth in naked mole-rats: the
effects of litter order and changes in social structure. Journal of Joology 246(1), 49-60.

O’RIAIN, M., JARVIS, J., ALEXANDER, R., BUFFENSTEIN, R. & PEETERS, C. (2000).
Morphological castes in a vertebrate. Proceedings of the National Academy of Sciences of
the United States of America 97(24), 13194-13197.

O’RiAIN, M. J. & FAULKES, C. G. (2008). African mole-rats: cusociality, relatedness
and ecological constraints. In Ecology of Social Evolution (eds J. Kors and J. HEINZE),
pp. 207-223. Springer-Verlag, Berlin.

O’R1AIN, M. ], JaRrvis, J. U. & FAuLkes, C. G. (1996). A dispersive morph in the
naked mole-rat. Nature 380(6575), 619-621.

O’RIAIN, M. & JARVIS, J. (1997). Colony member recognition and xenophobia in the
naked mole-rat. Amimal Behaviour 53(3), 487-498.

O1wa, Y., Oxra, K., Yasur, H., HicasHikawA, K., BoNo, H., KaAwAMURA, Y.,
Mivawakl, S., Wataral, A, Kikusui, T. & SHimizu, A. (2020).
Characterization of brown adipose tissue thermogenesis in the naked mole-rat
(Heterocephalus glaber), a poikilothermic mammal. Scientific Reports 10, 19488.

OkaNova, K., Yosipa, S., BArRoNg, C. M., APPLEGATE, D. T., BRITTAN-
PoweLL, E. F., DOOLING, R. J. & PArk, T. J. (2018). Auditory-vocal coupling in
the naked mole-rat, a mammal with poor auditory thresholds. Journal of Comparative
Physiology A 204, 905-914.

ORR, M. E., GARBARINO, V. R., SALINAS, A. & BUFFENSTEIN, R. (2016). Extended
postnatal brain development in the longest-lived rodent: prolonged maintenance
of neotenous traits in the naked mole-rat brain. Frontiers in Neuroscience 10, 504.

PAMENTER, M. E., DzAL, Y. A. & M1Lsom, W. K. (2015). Adenosine receptors mediate
the hypoxic ventilatory response but not the hypoxic metabolic response in the naked
mole rat during acute hypoxia. Proceedings of the Royal Society B: Biological Sciences
282(1800), 20141722.

PAMENTER, M. E., DzaL, Y. A., THOMPsON, W. A. & MiLsom, W. K. (2019). Do
naked mole rats accumulate a metabolic acidosis or an oxygen debt in severe
hypoxia? Journal of Experimental Biology 222(3), jeb191197.

25

PAMENTER, M. E., HALL, ]. E., TANABE, Y. & SIMONSON, T. S. (2020). Cross-species
insights into genomic adaptations to hypoxia. Frontiers in Genetics 11, 743.

Park, T., SmiTH, E., REZNICK, J., BENNETT, N., APPLEGATE, D., LARSON, J. &
LewiN, G. (2021). African naked mole-rats demonstrate extreme tolerance to
hypoxia and hypercapnia. In The Extraordinary Biology of the Naked Mole-Rat (eds R.
BurrENsTEIN, T'. PARK and M. Hormes), pp. 255-269. Springer, New York.

Park, T. J., COMER, C., CaroL, A, Lu, Y., Hong, H. S. & Rick, F. L. (2003).
Somatosensory organization and behavior in naked mole-rats: II. Peripheral
structures, innervation, and selective lack of neuropeptides associated with
thermoregulation and pain. Journal of Comparative Neurology 465(1), 104—120.

Park, T. ], Lu, Y., JUTTNER, R, SmiTH, E. S, Hu, J., BRAND, A, WETZEL, C.,
MiLenkovic, N., Erpmann, B., Heppenstarr, P. A., Laurito, C. E.,
WIiLsoN, S. P. & LEwiIN, G. R. (2008). Selective inflammatory pain insensitivity in
the African naked mole-rat (Heterocephalus glaber). PLoS Biology 6(1), ¢13.

Park, T. J., RezNnick, J., PETERsoN, B. L., Brass, G., OMERrBasic, D,
BenneTT, N. C,, Kuich, P., Zasapa, C., BRowg, B. M., Hamann, W.,
APPLEGATE, D. T., Rapke, M. H., Kosten, T. LuTERMANN, H.,
GAVAGHAN, V., et al. (2017). Fructose-driven glycolysis supports anoxia resistance
in the naked mole-rat. Science 356(6335), 307-311.

PATTERSON, B. D. & UPHAM, N. S. (2014). A newly recognized family from the Horn
of Africa, the Heterocephalidae (Rodentia: Ctenohystrica). Joological Journal of the
Linnean Soctety 172(4), 942-963.

PEPPER, J., BRAUDE, S. & LACEY, E. (1991). Vocalizations of the naked mole-rat. In
The Biology of the Naked Mole-Rat (eds P. W. SHErRMAN, J. U. M. Jarvis and R. D.
ALEXANDER), pp. 243-274. Princeton University Press, Princeton.

PeRrEz, V. 1., BUFFENSTEIN, R., MAsAMSETTI, V., LEONARD, S., SALMON, A. B.,
MELE, J., ANDpzI1AK, B., Yanc, T., Eprey, Y., FrRiGUET, B., Warp, W.,
RICHARDSON, A. & CHAUDHURI, A. (2009). Protein stability and resistance to
oxidative stress are determinants of longevity in the longest-living rodent, the
naked mole-rat. Proceedings of the National Academy of Sciences of the United States of
America 106(9), 3059-3064.

PouLsoN, S. J., ALDARRAJI, A., ARAIN, 1. I., DzIEKONSKI, N., MOTLANA, K.,
RiLEY, R., HOLMEs, M. M. & MARTIN, L. J. (2020). Naked mole-rats lack
cold sensitivity before and after nerve injury. Molecular Pain 16,
1744806920955103.

Pyorr, S. J., vaN TUINEN, M., SCREVEN, L. A., ScHRODE, K. M., Bar, J.-P.,
BARONE, C. M., PrICE, S. D., LYSAKOWSKI, A., SANDERFORD, M. & KUMAR, S.
(2020). Functional, morphological, and evolutionary characterization of hearing in
subterranean, eusocial African mole-rats. Current Biology 30(22), 4329-4341.

Ravicz, M. E. & Rosowskl, J. J. (1997). Sound-power collection by the auditory
periphery of the Mongolian gerbil Meriones unguiculatus: 111. Effect of variations in
middle-ear volume. The Journal of the Acoustical Society of America 101(4), 2135-2147.

REEVE, H. K. (1992). Queen activation of lazy workers in colonies of the eusocial naked
mole-rat. Nature 358(6382), 147-149.

Ross-GILLESPIE, A., O’RIAIN, M. ]J. & KELLER, L. F. (2007). Viral epizootic reveals
inbreeding depression in a habitually inbreeding mammal. Evolution 61(9), 2268—
2273.

Ruy, J. G., SMITH, M. & BUFFENSTEIN, R. (2018). Naked mole-rat mortality rates
defy Gompertzian laws by not increasing with age. eLife 7, ¢31157.

Rusy,]J. G., SmrTH, M. & BUFFENSTEIN, R. (2019). Response to comment on "Naked mole-
rat mortality rates defy Gompertzian laws by not increasing with age’. eLife 8, e47047.
RUppELL, E. (1842). Saugethicre aus der Ordnung der Nager: beobachtet im
nordostlichen  Africa. Museum Senck wanum: Abhandlungen aus dem Gebuete der

Beschreibenden Natuigeschichte 3, 99-101.

Ryan, A. (1976). Hearing sensitivity of the mongolian gerbil, Meriones unguiculatis.
Journal of the Acoustical Society of America 59(5), 1222—1226.

SACHER, G. (1977). Life table modification and life prolongation. In Handbook of the
Biology of Aging (eds C. E. Finch and L. HavrLick), pp. 582-638. Van Nostrand
Reinhold Company, New York.

SALMON, A. B., AKHA, A. A. S., BUFFENSTEIN, R. & MILLER, R. A. (2008). Fibroblasts
from naked mole-rats are resistant to multiple forms of cell injury, but sensitive to
peroxide, ultraviolet light, and endoplasmic reticulum stress. Journals of Gerontology
Series A: Biological Sciences and Medical Sciences 63(3), 232-241.

SALMON, A. B., MURAKAMI, S., BARTKE, A., KoprcHICK, J., YASUMURA, K. &
MILLER, R. A. (2005). Fibroblast cell lines from young adult mice of long-lived
mutant strains are resistant to multiple forms of stress. American Journal of Physiology.
Endocrinology and Metabolism 289(1), E23-E29.

SCANTLEBURY, M., SPEAKMAN, ]. R., OosTHUIZEN, M. K., ROPER, T. J. &
BENNETT, N. C. (2006). Energetics reveals physiologically distinct castes in a
cusocial mammal. Nature 440(7085), 795-797.

SeErLuaNov, A., CHEN, Z., HiNe, C., SasaHara, T. H., RiBEIRO, A. A,
CaTania, K. C., PRESGRAVES, D. C. & GorsuUNOVA, V. (2007). Telomerase
activity coevolves with body mass not lifespan. Aging Cell 6(1), 45-52.

SELUANOV, A., GrapysHev, V. N., Vi, J. & GoraunNova, V. (2018).
Mechanisms of cancer resistance in long-lived mammals. Nature Reviews, Cancer

18(7), 433-441.

Biological Reviews (2021) 000-000 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



26

SELUANOV, A., HINE, C., AZPURUA, J., FEIGENSON, M., BozzELLA, M., Mao, Z.,
Catania, K. C. & GorBuNOVvA, V. (2009). Hypersensitivity to contact inhibition
provides a clue to cancer resistance of naked mole-rat. Proceedings of the National
Academy of Sciences of the United States of America 106(46), 19352-19357.

SHEPARD, A. & Kissir, J. L. (2020). The use of non-traditional models in the study of
cancer resistance—the case of the naked mole rat. Oncogene 39, 5083-5097.

SHERMAN, P. W., JaRvis, J. U. M. & ALEXANDER, R. D. (1991). The Biology of the Naked
Mole-Rat. Princeton University Press, Princeton.

SIEGMANN, S., Fertsch, R., Hart, D. W., BENNETT, N. C., PENN, D. J. &
Zo1TL, M. (2021). Naked mole-rats (Heterocephalus glaber) do not specialise on
cooperative tasks. BioRxiv, 2021.03.22.436002.

SKLiBA, J., MazocH, V., Parzexnauerovi, H., Hrouzkovai, E., Lovy, M.,
KorT, O. & gUMBERA, R. (2012). A maze-lover’s dream: burrow architecture,
natural history and habitat characteristics of Ansell’s mole-rat (Fukomys anselli).
Mammalian Biology 77(6), 420-427.

SmiTH, E. S., OMERBASIC, D., LECHNER, S. G., ANIRUDHAN, G., LAPATSINA, L. &
LeEwiN, G. R. (2011). The molecular basis of acid insensitivity in the African naked
mole-rat. Science 334(6062), 1557-1560.

SmiTH, E. S. J., PARK, T. J. & LEwIN, G. R. (2020). Independent evolution of pain
insensitivity in African mole-rats: origins and mechanisms. Journal of Comparative
Physiology A 206, 313-325.

SMITH, M. & BUFFENSTEIN, R. (2021). Managed care of naked mole-rats. In The
Extraordinary Biology of the Naked Mole-Rat (eds R. BurreNnsTEIN, T. J. PARK and
M. M. Hormes), pp. 381-407. Springer, New York.

SmitH, T., FAuLkEs, C. & ABBOTT, D. (1997). Combined olfactory contact with the
parent colony and direct contact with nonbreeding animals does not maintain
suppression of ovulation in female naked mole-rats (Heterocephalus glaber). Hormones
and Behavior 31(3), 277-288.

SPINKS, A. C., BENNETT, N. C. & Jarvis, J. U. (2000). A comparison of the ecology of
two populations of the common mole-rat, Cyptomys hottentotus hottentotus: the effect
of aridity on food, foraging and body mass. Oecologia 125(3), 341-349.

SUMBERA, R., MazocH, V., PATZENHAUEROVA, H., Lovy, M., SKLTBA, J
Bryja, J. & Burpa, H. (2012). Burrow architecture, family composition and
habitat characteristics of the largest social African mole-rat: the giant mole-rat
constructs really giant burrow systems. Acta Theriologica 57(2), 121-130.

Sun, L. Y., SponG, A., SwinpeLL, W. R., Fang, Y., HiLL, C., HUBER, J. A,
BornM, J. D., WESTBROOK, R., SALVATORI, R. & BARTKE, A. (2013). Growth
hormone-releasing hormone disruption extends lifespan and regulates response to
caloric restriction in mice. eLife 2, €01098.

TacucHi, T., KoTeLsky, A., TakasucGt, M., CHANG, M., Kg, Z., BETANCOURT, M.,
BuckiEy, M. R., Zuscik, M., SELUANOV, A. & GORBUNOVA, V. (2020). Naked mole-
rats are extremely resistant to post-traumatic osteoarthritis. Aging Cell 19(11), e13255.

Takasuct, M., Firsanov, D., TomBLINE, G., NING, H., ABLAEVA, ],
SELUANOV, A. & GORBUNOVA, V. (2020). Naked mole-rat very-high-molecular-
mass hyaluronan exhibits superior cytoprotective properties. Nature Communications
11(1), 2376.

TAYLOR, K. R,, MILONE, N. A. & RODRIGUEZ, C. E. (2017). Four cases of spontaneous
neoplasia in the naked mole-rat (Heterocephalus glaber), a putative cancer-resistant species.
Journals of Gerontology. Series A, Blological Sciences and Medical Sciences T2(1), 38—43.

Tuomas, H. G., BATEMAN, P. W., SCANTLEBURY, M. & BENNETT, N. C. (2012). Season
but not sex influences burrow length and complexity in the non-sexually dimorphic
solitary Cape mole-rat (Rodentia: Bathyergidae). Journal of Joology 288(3), 214-221.

Tuomas, H. G., SWANEPOEL, D. & BENNETT, N. C. (2016). Burrow architecture of
the Damaraland mole-rat (Fukomys damarensis) from South Africa. African Zoology
51(1), 29-36.

THORLEY, J., KATLEIN, N., GoppARD, K., Z0TTL, M. & CLUTTON-BROCK, T.
(2018). Reproduction triggers adaptive increases in body size in female mole-rats.
Proceedings of the Royal Society B: Biological Sciences 285(1880), 20180897.

TiaN, X., Azpurua, J., HiNg, C., VAIDYA, A., MYAKISHEV-REMPEL, M.,
ABLAEVA, J., Mao, Z., NEvo, E., GorBUNOVA, V. & SELUANOV, A. (2013).
High-molecular-mass hyaluronan mediates the cancer resistance of the naked mole
rat. Nature 499(7458), 346-349.

Toor, I, Epwarps, P. D., Kaka, N., WHITNEY, R., ZIOLKOWSKI, J.,
Monks, D. A. & HoLmEes, M. M. (2020). Aggression and motivation to disperse
in eusocial naked mole-rats, Heterocephalus glaber. Animal Behaviour 168, 45-58.

UHLON, M., FAGERBERG, L. & HAaLLSTROM, B. (2015). Proteomics. Tissue-based
map of the human proteome. Science 347(6220), 1260419.

Urison, N. T. & BUFFENSTEIN, R. (1994). Shifts in thermoregulatory patterns with
pregnancy in the poikilothermic mammal—the naked mole-rat (Heterocephalus
glaber). Journal of Thermal Biology 19(6), 365-371.

Rochelle Buffenstein et al.

VaNDEN HoLg, C., VAN DAELE, P. A., DesMET, N., DEvos, P. & ADRIAENS, D.
(2014). Does sociality imply a complex vocal communication system? A case study
for Fukomys micklemi (Bathyergidae, Rodentia). Bioacoustics 23(2), 143-160.

Vice, E., LAGESTEE, S., BRowE, B., DEB, D., SmiTH, E. & PaRrk, T. (2021).
Sensory systems of the African naked mole-rat. In The Extraordinary Biology of the
Naked Mole-Rat (eds R. BUFFENSTEIN, T. PARK and M. Hormes), pp. 137-156.
Springer, New York.

VILTARD, M., DURAND, S., PEREZ-LANZON, M., APRAHAMIAN, F., LEFEVRE, D.,
Leroy, C., Mabpeo, F., KROEMER, G. & FRIEDLANDER, G. (2019). The
metabolomic signature of extreme longevity: naked mole rats versus mice. Aging
11(14), 4783-4800.

Vissir, J. H., BennerT, N. C. & vAN VUUREN, B. J. (2019). Phylogeny and
biogeography of the African Bathyergidae: a review of patterns and processes.
Peerf7,e7730.

WARD, J., CARTOCETI, A. & DELANEY, M. (2020). Brains lesions in aging zoo-housed
naked mole-rats (Heterocephalus glaber). Velerinary Pathology 58(1), 142-146.

Wararal, A., Aral, N., Mivawaki, S., Okano, H., Miura, K., Mocr, K. &
Kixusul, T. (2018). Responses to pup vocalizations in subordinate naked mole-
rats are induced by estradiol ingested through coprophagy of queen’s feces.
Proceedings of the National Academy of Sciences of the United States of America 115(37),
9264-9269.

WILLMER, P., STONE, G. & JoHNSTON, 1. (2000). Environmental Physiology of Animals.
Blackwell Science, Oxford.

WITHERS, P. C. & JaRrvis, J. U. M. (1980). The effect of huddling on thermoregulation
and oxygen consumption for the naked mole-rat. Comparative Biochemistry and Physiology
66, 215-219.

WoobLEy, R. & BUFFENSTEIN, R. (2001). Reproductive function of naked mole-rats is
extremely sensitive to ambient temperature. American Joologist 41(6), 1629-1629.
WooDLEY, R. & BUFFENSTEIN, R. (2002). Thermogenic changes with chronic cold
exposure in the naked mole-rat (Heterocephalus glaber). Comparative Biochemistry and

Physiology Part A: Molecular and Integrative Physiology 133(3), 827-834.

Wu, C., Orozco, C., BOYER, J., LEGLISE, M., GOODALE, ]., BaTaLov, S.,
Hopgg, C. L., Haask, J., JaNEs, J. & Huss, J. W. (2009). BioGPS: an extensible
and customizable portal for querying and organizing gene annotation resources.
Genome Biology 10(11), 1-8.

X140, J., LEviTT, J. B. & BUFFENSTEIN, R. (2006). The use of a novel and simple
method of revealing neural fibers to show the regression of the lateral geniculate
nucleus in the naked mole-rat (Heterocephalus glaber). Brain Research 1077(1), 81-89.

YAHAV, S. & BUFFENSTEIN, R. (1991). Huddling behavior facilitates homeothermy in
the naked mole rat Heterocephalus glaber. Physiological Zoology 64(3), 871-884.

YAKAR, S., WERNER, H. & RosEN, C. J. (2018). Insulin-like growth factors: actions on
the skeleton. Fournal of Molecular Endocrinology 61(1), T115-T137.

Yosipa, S. & OraNoya, K. (2009). Naked mole-rat is sensitive to social hierarchy
encoded in antiphonal vocalization. Ethology 115(9), 823-831.

YOUNG, A. J. & BENNETT, N. C. (2010). Morphological divergence of breeders and
helpers in wild Damaraland mole-rat societies. Fvolution 64(11), 3190-3197.

7Znao, J., Tian, X., ZHu, Y., ZHANG, Z., RyDKINA, E., YUAN, Y., ZHANG, H.,
Roy, B., CORNWELL, A., NEVO, E., SHANG, X., HUANG, R., KRISTIANSEN, K.,
SELUANOV, A., FANG, X. & GORBUNOVA, V. (2020). Reply to: "Transformation of
naked mole-rat cells’. Nature 583(7814), E8-E13.

ZuAo0, Y., TysHKOVSKIY, A., MuNoz-Espin, D., Tian, X., SERrRANO, M., DE
MacaLnags, J. P, Nevo, E., Grapysuev, V. N., SeLuvanNov, A. &
GORBUNOVA, V. (2018). Naked mole rats can undergo developmental, oncogene-
induced and DNA damage-induced cellular senescence. Proceedings of the National
Academy of Sciences of the United States of America 115(8), 1801-1806.

Zuou, Y., Xu, B. C., MAHESHWARI, H. G., HE, L., REED, M., LozYROowsKI, M.,
OxaDpA, S., CataLpo, L., CoscHicaMo, K. & WAaGNER, T. E. (1997). A
mammalian model for Laron syndrome produced by targeted disruption of the
mouse growth hormone receptor/binding protein gene (the Laron mouse).
Proceedings of the National Academy of Sciences of the United States of America 94(24),
13215-13220.

Z1oNs, M., MEeHAN, E. F., Kress, M. E., THEVALINGAM, D., JENkiINs, E. C.,
Kaira, K., Puskarjov, M. & McCLoskEy, D. P. (2020). Nest carbon dioxide
masks GABA-dependent seizure susceptibility in the naked mole-rat. Current Biology
30, 2068-2077.

Zo1TL, M., Vurvioup, P., MenNponga, R., Tico, M. T., GayNor, D.,
MitcHeELL, A. & Crurron-Brock, T. (2016). Differences in cooperative
behavior among Damaraland mole rats are consequences of an age-related
polyethism. Proceedings of the National Academy of Sciences of the United States of America
113(37), 10382-10387.

(Recetved 15 February 2021; revised 17 August 2021; accepted 18 August 2021)

Biological Reviews (2021) 000-000 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



