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Induced pluripotent stem cells as a tool for comparative
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ABSTRACT
Comparative physiologists are often interested in adaptive
physiological phenomena found in unconventional model
organisms; however, research on these species is frequently
constrained by the limited availability of investigative tools. Here, we
propose that induced pluripotent stem cells (iPSCs) from
unconventional model organisms may retain certain species-
specific features that can consequently be investigated in depth
in vitro; we use hibernating mammals as an example. Many species
(including ground squirrels, bats and bears) can enter a prolonged
state of physiological dormancy known as hibernation to survive
unfavorable seasonal conditions. Our understanding of the
mechanisms underpinning the rapid transition and adaptation to a
hypothermic, metabolically suppressed winter torpor state remains
limited partially because of the lack of an easily accessible model. To
address the fascinating unanswered questions underlying
hibernation biology, we have developed a powerful model system:
iPSCs from a hibernating species, the thirteen-lined ground squirrel
(Ictidomys tridecemlineatus). These stem cells can potentially be
differentiated into any cell type, and can be used for the analysis of
cell-autonomous mechanisms that facilitate adaptation to hibernation
and for comparisons with non-hibernators. Furthermore, we can
manipulate candidate molecular and cellular pathways underlying
relevant physiological phenomena by pharmacological or RNAi-
based methods, and CRISPR/Cas9 gene editing. Moreover, iPSC
strategies can be applied to other species (e.g. seals, naked mole
rats, humming birds) for in vitro studies on adaptation to extreme
physiological conditions. In this Commentary, we discuss factors to
consider when attempting to generate iPSCs from unconventional
model organisms, based on our experience with the thirteen-lined
ground squirrel.
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Introduction
Historically, scientists have primarily studied a handful of
domesticated species as ‘model organisms’ (Davis, 2004).
Powerful research tools have been tailored to these models,
resulting in numerous advances in genetics, cell biology and
physiology. Nonetheless, for every physiological question there is

an organism that makes the ideal test species (Krogh, 1929). When
existing model organisms meet their limits in answering particular
questions, the catalog of model organisms shall expand (Goldstein
and King, 2016; Russell et al., 2017). For example, mice and
humans cannot survive certain extreme physiological conditions to
which other mammals are naturally adapted. Deep-diving marine
mammals such as seals have attracted research interest based on
their specialized inflammatory responses and tolerance of hypoxia
and ischemia–reperfusion stresses associated with their diving
behavior (Bagchi et al., 2018; Meir et al., 2009; Vázquez-Medina
et al., 2012). The naked mole rat is known for its extreme tolerance
of hypoxia (Pamenter et al., 2018; Park et al., 2017), as well as its
longevity and robust cancer resistance (Buffenstein, 2005; Liang
et al., 2010; Tian et al., 2013). Lastly, and most germane to this
Commentary, hibernating mammals, such as some ground squirrels
and bears, can actively lower their metabolic rates and body
temperature (Carey et al., 2003; Geiser, 2004; Staples, 2016; Toien
et al., 2011; Treat et al., 2018) and tolerate hypoxia and ischemia
(Dave et al., 2006; Drew et al., 2016).

It is well known to the readers of Journal of Experimental
Biology that unconventional model organisms offer exciting
possibilities for comparative physiology and systems biology,
especially with the explosion of next-generation sequencing and
proteomics-based methods. However, housing and breeding live
animals is often onerous and expensive. Conducting studies with
statistically reasonable sample sizes can be labor intensive and cost
prohibitive. Furthermore, even though researchers have made
exciting progress on gene-editing techniques in recent years, it
still can be difficult to conduct genetic analyses on many
unconventional model organisms, because they may have long
breeding cycles, limited numbers of offspring and/or unsequenced/
unannotated genomes. The inability to pinpoint and mutate a
genetic locus holds most studies at the level of the descriptive, and
thus mechanistic insight is difficult to attain. Stem cells (see
Glossary) derived from these organisms may maintain critical
biological features of the animal while simplifying sample
collection and storage, facilitating experimental manipulation and
reducing costs. For example, stem cells derived from the naked mole
rat reflect the cancer-resistant phenotype of the whole animal: they
are incompetent to form teratomas (see Glossary) in mice because
they maintain their species-specific activation of a tumor suppressor
called alternative reading frame (ARF) (Miyawaki et al., 2016).
Importantly, stem cell-basedmodels greatly facilitate pharmacological
manipulation, RNA interference (RNAi)-mediated knockdown and
CRISPR/Cas9 editing. These tools give researchers the opportunity to
conduct mechanistic inquiries and genetic screens that have
previously only been possible in conventional model systems.

The development of induced pluripotent stem cells (iPSCs; see
Glossary) (Takahashi and Yamanaka, 2006) has revolutionized the
in vitro study of human cellular physiology and human diseases by
allowing reprogramming (see Glossary) of terminally differentiated
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cells (such as skin fibroblasts) into stem cells that can then be
differentiated into various cell types and tissue organoids (see
Glossary; Avior et al., 2016; Grskovic et al., 2011). Furthermore, there
is on-going development and optimization of techniques for making
iPSCs (Li and Izpisua Belmonte, 2016), which may facilitate the
creation of iPSCs from non-mammalian vertebrates and invertebrates
(Lu et al., 2012; Rossello et al., 2013). Here, we describe our
experience generating iPSCs from a mammalian hibernator – the
thirteen-lined ground squirrel (Ictidomys tridecemlineatus) – and how
we use this cell culture platform to study biological features such as
hibernation and cold adaptation (Ou et al., 2018). Hopefully, our
experience – and others’ success in generating iPSCs from nakedmole
rats (Miyawaki et al., 2016; Tan et al., 2017) – can motivate
comparative biologists to expand their arsenal of research tools with
stem cell-related techniques, allowing them to address complex
biological questions on a simplified in vitro platform.

Challenges in developing cell culture-based systems to
study unconventional models in a dish
Cultured somatic cells can be reprogrammed into iPSCs by the
induced expression of four transcription factors – for human cells
these are OCT4 (POU5F1), SOX2, KLF4 and cMYC (OSKM; see
Fig. 1). The advantage of working with pluripotent stem cells is that
they have high proliferative capacity and can potentially be
differentiated into any desired cell type. Deriving iPSCs or
embryonic stem cells (ESCs) from relevant unconventional model
organisms is an efficient and effective way to obtain gene-editable
cell lines that benefit comparative physiology studies. However,
most stem cell protocols have been designed for cells derived from
humans and mice; although these protocols can serve as excellent
points of reference, trial-and-error optimization is required in order
to establish suitable protocols for unconventional models. With this

in mind, here, we discuss our experience in generating and
observing thirteen-lined ground squirrel iPSCs, in the hope that
this might be instructive to comparative physiologists interested in
making iPSCs from other organisms (summarized in Fig. 2).

Choice of primary cell types
When deriving thirteen-lined ground squirrel iPSCs, we attempted
to culture primary skin fibroblasts, skeletal muscle fibroblasts,
astrocytes and bone marrow cells from adult thirteen-lined ground
squirrels. In our hands, these cell types either lacked the proliferative
capacity to generate enough cells for reprogramming or failed
to form iPSC-like colonies following Sendai virus-mediated
transfection of the OSKM transcription factor genes. We
eventually succeeded by using neural precursor cells obtained
from thirteen-lined ground squirrel postnatal day 0–2 pups
(Fig. 1A), albeit with a low reprogramming efficiency (4–20
colonies per 105 transfected cells). Other work has shown that skin
fibroblasts from adult naked mole rats also have very low
reprogramming efficiencies (Miyawaki et al., 2016; Tan et al.,
2017), whereas embryonic fibroblasts from this species appear to
have a higher reprogramming rate.We conclude that using immature
cells with high proliferative capacity may increase the chances of
making iPSCs from the species of interest.

Reprogramming strategies
The low reprogramming efficiencies we observed with cells from
thirteen-lined ground squirrels could be because commercially
available virus-based reprogramming kits contain human or mouse
OSKM; hence, they may not efficiently reprogram cells from other
species. Predicted thirteen-lined ground squirrel OSKM proteins
share high sequence homology with the human proteins (thirteen-
lined ground squirrel predicted protein sequences and protein
BLAST service are available at the NCBI website). In the case of
naked mole rats, the use of species-specific OSKM did not improve
reprogramming efficiency; instead, a combination of OSKM and LT
(SV40 large T antigen, a viral oncoprotein that inactivates the p53
and pRb pathways) was found to greatly enhance reprogramming
efficiency (Tan et al., 2017).

Another caveat in virus-based reprogramming is that there is
variable susceptibility to viral transfection among species
(Miyawaki et al., 2016). With the aim of replacing viral delivery
of the OSKM factors, researchers have been developing techniques
such as stem cell-reprogramming small molecules (Borgohain et al.,
2019; Lyssiotis et al., 2009; Yu et al., 2014), which may provide an
effective solution to circumvent this issue. For organisms where
primary cell types are easy to obtain and expand in the laboratory,
instead of making iPSCs, other cell types – such as neurons
(Ambasudhan et al., 2011), cardiac progenitors (Lalit et al., 2016),
hepatocytes (Huang et al., 2014) and pancreatic cells (Li et al.,
2014) – may be created by direct reprogramming (see Glossary;
Fig. 2); these techniques can induce expression of tissue/cell type-
specific transcription factors or promote somatic cellular
transdifferentiation (see Glossary). Because we found that many
types of primary cells from adult and neonatal thirteen-lined ground
squirrels cannot sustain large-scale expansion and multiple
passages, direct reprogramming of thirteen-lined ground squirrel
primary somatic cells was not an option.

Cell culture conditions
During the optimization of culture conditions for the maintenance
and expansion of the thirteen-lined ground squirrel iPSCs, we
observed that the most important variables affecting the growth

Glossary
Direct reprogramming
Techniques that directly convert a certain type of cell into another defined
cell type without the need for acquiring iPSCs.
Embryoid body
A free-floating three-dimensional aggregate of stem cells.
Induced pluripotent stem cells (iPSCs)
In 2006, Kazutoshi Takahashi and Shinya Yamanaka reported a novel
method in which four transcription factors were introduced into cultured
fibroblast cells, reprogramming these somatic cells into iPSCs that can
proliferate indefinitely and differentiate into many other cell types in a
culture dish (see Takahashi and Yamanaka, 2006).
Organoid
A miniature of an organ derived from an aggregate of stem cells.
Organoids have histological structure and cell-type composition similar
to those of the actual organ, and even have primitive functions.
Reprogramming
The process of reverting a defined type of cells into iPSCs.
Stem cells
Cells in an organism that can divide into more cells of the same type or
differentiate into other types of cells.
Teratoma
A tumor composed of tissues or cells derived from the three different
germ layers: ectoderm, mesoderm and endoderm. In the stem cell
biology field, using mouse models as the host for exogenous teratoma
formation has become a standard assay to verify the in vivo pluripotency
of the tested stem cell line.
Transdifferentiation
Conversion of a certain somatic cell type into another cell type without
producing an intermediate pluripotent state.
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Minimal medium (E8) mTeSR DMEM + KSR 

Feeder cells (MEF) 4% Matrigel coating Geltrex coating

Outcome: Cell death Neural differentiation Growth and maintenance

Pros:

Cons:

N/A

• High heterogeneity
• Labor intensive
• Cell senescence

• Good adhesion
• Fast cell growth

• Homogeneous colonies
• Ease of passaging (by scratching)
• Less cell death

• Heterogeneity
• Cell death
• Differentiation when
   cell density is high

• Weaker adhesion than Matrigel
   – colonies may initially be 
   dome shaped or easy to detach

D5–7:

Sendai virus; 
24 h transfection

Lentivirus; various 
durations of transfection

Dome-shaped colonies Flat colonies

OCT4 NANOG

D0:

Neural precursor cells
A

Cell adhesion:

Fig. 1. Generation and expansion of thirteen-lined ground squirrel induced pluripotent stem cells (iPSCs). (A) Lentivirus transfection of thirteen-lined
ground squirrel primary neural precursor cells (from postnatal day 2 animals) with the OSKM (OCT4, SOX2, KLF4 and cMYC) transcription factor genes led
to the formation of dome-shaped colonies that could not be expanded (i.e. displayed slow/no growth and therefore were not passaged). Sendai virus transfection
of the primary cells with OSKM genes for 24 h led to the formation of flat colonies that stained positive for the pluripotency markers OCT4 and NANOG, and
that could be passaged by using dispase or scratching with pipette tips. D0, day 0 of culture; D2, day 2 of culture, etc. (B,C) Culture medium (B) and cell
adhesion (C) strongly affect the expansion and maintenance of thirteen-lined ground squirrel iPSC colonies. E8 and mTeSR, standard defined media optimized
for human iPSC and embryonic stem cell cultures; DMEM, Dulbecco’s modified Eagle medium; KSR, knockout serum replacement; MEF, mouse embryonic
fibroblasts. Scale bars: 200 µm (A); 400 µm (B,C).
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and maintenance of these iPSC colonies were the culture medium
and coating material for the culture vessels (Fig. 1B,C). For
example, no thirteen-lined ground squirrel iPSC colonies form
following OSKM transfection when the culture medium contains
leukemia inhibitory factor (LIF), a key factor in making and
maintaining mouse and rat iPSCs and ESCs. Likewise, almost no
naked mole rat iPSC colonies form in LIF-containing medium
unless the cells are also transfected with the LT antigen (Tan et al.,
2017). Thirteen-lined ground squirrel iPSCs and iPSC-derived
cells do not grow well in minimal medium unless it is
supplemented with knock-out serum or palmitate, which serve
as sources for lipid metabolism, suggesting that cultured thirteen-
lined ground squirrel cells thrive on a protein/lipid-rich diet as do
live animals (Merriman et al., 2012). Therefore, in order to better
maintain the iPSC or a defined cell type of any unconventional
model, it may be helpful to consider the diet of the whole animal
and/or the microenvironment suitable for the cell type of that
animal, including factors such as osmolarity, pH, oxygen and
nutrient composition.
In our hands, different cellular adhesion cues had a large impact

on the growth of thirteen-lined ground squirrel iPSCs and their
spontaneous differentiation. When the rate of spontaneous
differentiation is high, iPSCs rapidly produce other cell types,
resulting in a highly heterogeneous culture. Therefore, these
conditions need to be optimized in order to successfully maintain
and expand iPSCs from unconventional models.

Optimizing differentiation protocols
Differentiating iPSCs from unconventional model animals into the
cell type of interest often requires modification and optimization of
currently existing protocols. We observed that undifferentiated
thirteen-lined ground squirrel iPSC colonies can very quickly
overgrow into dense mats of cells, which prevents them from
differentiating efficiently – particularly into neurons. To circumvent
this problem, we have developed a protocol derived from the
Columbia University Stem Cell Core mouse iPSC neuronal
differentiation procedure; this protocol allows us to differentiate
thirteen-lined ground squirrel iPSCs into neurons via intermediate
embryoid bodies (see Glossary; Fig. 2A). Theoretically, this method
should be useful for the differentiation of thirteen-lined ground
squirrel iPSCs into any cell type, but we have not yet attempted to
produce non-neural cells.

Utilizing iPSCs in comparative physiology research
Naked mole rat iPSCs are incompetent in tumor formation
(Miyawaki et al., 2016) and proliferate slowly (Tan et al., 2017),
apparently emulating the in vivo features of this species. This ability
to use iPSCs to investigate features that are observed at the level of
the whole animal may be relevant to any organism of interest to
comparative physiology. In our case, we were interested to
determine whether thirteen-lined ground squirrel iPSCs and iPSC-
derived somatic cell types may contain some key features of this
hibernator that could be evaluated in vitro and compared with the
in vivo thirteen-lined ground squirrel physiology, or with that of the
same cell type from other organisms. Below, we use our work on
thirteen-lined ground squirrel iPSCs to provide examples of how
iPSCs can be used to shed light on the mechanisms underlying
whole-organism function.

Autonomous cold and metabolic adaptations
Some mammals are adapted to drastic and repetitive physiological
changes, as demonstrated by the diving behavior of seals and the

torpor–interbout arousal cycles in small hibernators. In small
hibernators, cycles of torpor and arousal are characterized by the
rise and fall of the hibernators’ body temperature between near-
freezing and 37°C (Andrews, 2007; Carey et al., 2003). The cells
and tissues of these species must have evolved intrinsic
mechanisms to survive these physiological challenges, and these
mechanisms may be easier to uncover in a cell culture system than
in the whole animal. Unlike human cells, cold-exposed thirteen-
lined ground squirrel iPSC-derived neurons lack canonical stress
responses in the mitochondria and lysosomes, and maintain a
relatively stable transcriptome. These cells also protect
microtubule integrity that otherwise would be destroyed at low
temperatures in the neurons of non-hibernating mammals (Ou
et al., 2018). Although the underlying molecular mechanisms of
these adaptations are yet to be elucidated, such remarkable
neuronal protection in thirteen-lined ground squirrels may be
linked with the cellular lipid metabolic activities, which produce
large amounts of free fatty acids that could uncouple mitochondria
(Dedukhova et al., 1991; Skulachev, 1991) and prevent cold-triggered
cytotoxic mitochondrial hyperpolarization. To this end, the thirteen-
lined ground squirrel iPSC system permits various measurements of
cellular responses to changes in culture conditions. Moreover, by
utilizing gene-editing methods, one can generate various mutant
thirteen-lined ground squirrel cell lines to target candidate cellular and
genetic pathways that underpin mammalian adaptation to low
temperature and metabolic stress.

Neuronal tau phosphorylation in physiology and pathology
Thirteen-lined ground squirrel iPSCs may also be of use in
investigating mechanisms of neuroprotection, which is an important
aspect of a hibernator’s physiology, with implications for
neurodegenerative disease. For example, hyperphosphorylation of
the microtubule-associated protein tau is a hallmark of
neurodegenerative disease, and phosphorylation of tau is often
referred to as a causative event in disease progression (Gong and
Iqbal, 2008). However, European ground squirrels (Spermophilus
citellus) accumulate hyperphosphorylated tau proteins within the
brain during hibernation (Arendt et al., 2003; Stieler et al., 2009),
particularly in the entorhinal cortex, hippocampus and isocortical
areas (Arendt et al., 2003). These phosphorylation events occur at
several residues associated with human pathology. Importantly,
hyperphosphorylation of ground squirrel tau is reversed upon exit
from hibernation by an unknown mechanism that operates under
physiological conditions. These findings have been extended to
other obligate hibernators such as black bears (Ursus americanus)
and arctic ground squirrels (Urocitellus parryii), as well as to
facultative hibernators such as Syrian hamsters (Mesocricetus
auratus) (Härtig et al., 2007; Stieler et al., 2011; Su et al., 2008).
These findings are at odds with the hypothesis that tau
hyperphosphorylation is obligatorily pathological. Accumulating
evidence suggests that, instead of promoting dysfunction,
hyperphosphorylation can serve to prevent or reverse protein
aggregation (Carpenter et al., 2018; Monahan et al., 2017).
Therefore, tau hyperphosphorylation represents a physiological
process that could be key to understanding how aggregated tau is
cleared from neurons.

To this end, neurons derived from iPSCs of thirteen-lined ground
squirrels or other hibernators offer unparalleled advantages as a
model system. Compared with live-animal systems, iPSCs can be
rapidly grown and differentiated, allowing more experiments to be
run. It is simpler and more efficient to apply cold stimuli and
rewarming protocols to cell cultures than to live animals. Cellular
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responses in thirteen-lined ground squirrel neurons could be
compared with those of control monolayer neuronal cultures or
brain organoids derived from hibernators, humans and/or mice. By
investigating the ability of ground squirrel neurons to reverse tau
hyperphosphorylation upon exit from hibernation or removal of
cold stimuli, we have an opportunity to elucidate the mechanisms
underlying neuroprotection and neuropathology.

Organoid culture for developmental biology and physiology
Thirteen-lined ground squirrel iPSCs also provide opportunities to
further our understanding of developmental biology. Ever since
retina-like organoids were first successfully developed from mouse
ESC aggregates (Eiraku et al., 2011), stem cell biologists have
pushed the frontier of in vitromodeling of tissue/organ development
from two-dimensional monolayer cell cultures to three-dimensional

Free-floating embryoid
 bodies (EBs)

+3–5

Adhesion culture on 
poly-L-ornithine and laminin

80–90% confluence 5000 cells/96 well
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0 (days)

Accutase 
digestion

+3–5

EB 
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DNase

150,000 cells/12 well

+2 +2

ND2 ND3

...14
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Culture type:

Cell density:
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(a) Screen for a culturable primary cell type

Passaging well Poor passaging Poor reprogramming

Direct reprogramming (b) Reprogramming to iPSCs Extra reprogramming factors 

Reprogramming 
well

Maintaining iPSCs

(c) Cell adhesion

Feeder cells, 
extracellular matrix

(d) Cell growth

Growth factors,
composition of nutrients

(e) Spontaneous differentiation

Cell density, cell–cell contact
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Monolayer 
cells

Differentiating iPSCs

(f) Protocols from
conventional species

Embryoid 
bodies

Organoid 
cultures

e.g. retina

Poor reprogramming
OCT4 SOX2

KLF4 cMYC

e.g. SV40 LT antigen,
small molecules

Tissue-specific 
transcription factors

Fig. 2. Work flowcharts for developing iPSC-derived cell culture platforms from thirteen-lined ground squirrels and other unconventional model
organisms. It is worth noting that iPSCs from non-mammalian vertebrate species and invertebrate species have been successfully developed. (A) A work
flowchart for effective differentiation of thirteen-lined ground squirrel iPSCs into neurons. Maintenancemedium: DMEM/F12, 1× MEM non-essential amino acids,
40 ng ml−1 FGF-2, 15% (v/v) KSR (knockout serum replacement), 1× antibiotic-antimycotic. NPC (neural precursor cell) medium: DMEM, 5% KSR, B27 without
vitamin A, 2 mmol l−1 L-glutamine, 1× antibiotic-antimycotic, 10 ng ml−1 NOGGIN, 20 ng ml−1 EGF and 10 ng ml−1 FGF-2. ND1 medium: DMEM, 5% KSR, B27
without vitamin A, 2 mmol l−1 L-glutamine, 1× antibiotic-antimycotic, 10 ng ml−1 BDNF, 2.5 ng ml−1 GDNF and 10 ng ml−1 activin A; ND2 medium: ND1 without
activin A; ND3medium: ND2 without KSR. For further information on cell culture-related reagents, see Ou et al. (2018). (B) Based on our experience working with
thirteen-lined ground squirrel iPSCs and others’ experience with iPSCs of naked mole rats and conventional species, this flowchart can act as a guide to
developing iPSCs or other culturable cell types from unconventional model organisms. Note that a–f describe key factors that could greatly impact the outcome of
the whole procedure – these steps require optimization for each cell type and each species; c–e are interactive factors that may require lots of trial-and-error
optimization.
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organoid cultures (Dutta et al., 2017). Using retina research as an
example, a key question is the development of the cone-enriched
fovea region in primates. Like humans, the thirteen-lined ground
squirrel is a diurnal animal, and it has a cone photoreceptor-
dominant retina with high visual acuity (Merriman et al., 2016).
Using the thirteen-lined ground squirrel as a model for studying
cone photoreceptor development is attractive but technically
challenging, because no transgenic thirteen-lined ground squirrels
have been generated in the laboratory, and the animals breed only
once a year, in spring (Merriman et al., 2012; Vaughan et al., 2006).
Thirteen-lined ground squirrel iPSC-derived retinal organoids will
allow real-time microscopic observation of cone photoreceptor
development, as well as facilitating pharmacological and
genetic manipulation of relevant pathways and molecules.
Retinal organoids derived from thirteen-lined ground squirrel
iPSCs could be directly compared with those derived from
human or mouse iPSCs and ESCs to reveal the mechanism of
cone dominance in the retina. Likewise, in the future, iPSC- or
ESC-derived organoids representing heart, lung, liver or other
organs from unconventional model organisms may be
developed in vitro. This would permit researchers to study
their unique features in areas such as development, metabolism
and aging, allowing comparisons with conventional model
organisms.

Conclusions
Our experience working with thirteen-lined ground squirrel iPSCs
(Ou et al., 2018) and that of others working with naked mole rat
iPSCs (Miyawaki et al., 2016; Tan et al., 2017) clearly demonstrates
that iPSCs can retain at least some species-specific cellular features
that can be more easily investigated in vitro than in vivo. In work
propelled by the fast-developing stem cell field, iPSCs have been
successfully generated from non-mammalian vertebrate and
invertebrate species (Rossello et al., 2013), offering a great
opportunity for comparative biologists to cultivate cells and even
tissues from rare organisms or from those which cannot be bred in
the laboratory. For example, hummingbirds have attracted
comparative biologists’ interests because of their exceptional
visual (Gaede et al., 2017) and metabolic (Suarez and Welch,
2017; Welch and Suarez, 2007) adaptations that facilitate their rapid
flight. If hummingbird iPSCs were available, brain and retina
organoids or other suitable cell types could be derived, and nutrients
in the culture media could be manipulated and monitored, paving
the way to the in vitro discovery of the neuronal and metabolic
adaptive mechanisms that underlie the extraordinary performance of
the whole animal. Furthermore, the use of stem cell techniques has
the potential to expand the reach of comparative physiological
research, as cellular physiological responses to a unified, easily
controllable stimulus could be directly compared across multiple
organisms. Undoubtedly, mechanisms discovered from stem cell-
based studies in diverse species would provide unprecedented
insights for in vivo comparative biological research.
It should be expected that working with iPSCs or ESCs of

unconventional research species would necessitate extensive
protocol optimization (Fig. 2B). Such optimization mirrors a
learning process that scientists working with conventional model
organisms underwent over decades with a high level of resource
investment. In our case, we started to learn stem cell techniques by
practicing with adult thirteen-lined ground squirrel materials; after
attempting to generate iPSCs for about 8 months, we sought to use
neonatal thirteen-lined ground squirrel cells. Our previous efforts
had produced a reasonable setup for performing the relevant

experiments, so we found that only four thirteen-lined ground
squirrel pups were needed to successfully produce thirteen-lined
ground squirrel iPSCs within 2 months. We are now beginning to
take the necessary steps to develop thirteen-lined ground squirrel
iPSCs as an in vitro model system to study hibernation biology.

It is worth noting that the thirteen-lined ground squirrel pups we
used to make iPSCs had never experienced hibernation, but neurons
derived from these iPSCs demonstrated superior cold tolerance
compared with neurons from rats and humans (Ou et al., 2018). We
have not verified whether such cold tolerance results from the
contribution of genetic or epigenetic factors or both. If technically
possible, it would be interesting to test whether future iPSC lines
derived from adult thirteen-lined ground squirrels at certain
physiological stages (e.g. entry to hibernation, deep torpor,
interbout arousal) would more precisely emulate features of
in vivo hibernation, such as those relating to the regulation of
cellular metabolism (Staples, 2014) and tolerance to hypoxia and
reperfusion (Larson et al., 2014).

Cell fate-reprogramming techniques provide comparative
physiologists with an unprecedented opportunity not only to
advance knowledge on the cell biology and genetics of
unconventional model species but also to introduce rapidly
developing techniques such as gene editing and sequencing-based
approaches to fuel research in these new models. As the
development of cellular and molecular tools makes research on
unusual animals easier and less costly, their scientific value and
potential can only improve. We hope that the evolving state of life
science and technology will facilitate the development of many
more model organisms, such that previously unattainable biological
and medical advances may be better addressed with suitable novel
model systems.
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