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Abstract

This review serves as an introduction to a Special Issue of Comparative Biochemistry and 

Physiology, focused on using non-human models to study biomedical physiology. The concept 

of a model differs across disciplines. For example, several models are used primarily to gain an 

understanding of specific human pathologies and disease states, whereas other models may be 

focused on gaining insight into developmental or evolutionary mechanisms. It is often the case 

that animals initially used to gain knowledge of some unique biochemical or physiological process 

finds foothold in the biomedical community and becomes an established model. The choice of a 

particular model for biomedical research is an ongoing process and model validation must keep 

pace with existing and emerging technologies. While the importance of non-mammalian models, 

such as Caenorhabditis elegans, Drosophila melanogaster, Danio rerio and Xenopus laevis, is 

well known, we also seek to bring attention to emerging alternative models of both invertebrates 

and vertebrates, which are less established but of interest to the comparative biochemistry and 

physiology community.

1. Introduction

The term physiology has roots dating back to the mid-1500s. The original meaning inferred 

the study of natural science (with physio, meaning “nature”), and at the time, the terms 

physics and physiology were used interchangeably. By the 1600s, the two terms diverged to 

become focused on either the physical world (physics) or the biological world (physiology).

Some of the earliest advances in the understanding of animal physiology and anatomy came 

from Claudius Galenus (Galen) in Rome ca. 120 CE. As a doctor for wounded gladiators, 

he had the opportunity to examine humans suffering from various degrees of trauma. He 

was primarily interested in human function but there was a 2-century long prohibition on 
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defiling the human body. As a result, his exploratory work focused on non-humans, first 

monkeys, then pigs and other mammals. By the time studying humans in detail expanded 

in the mid-16th century, Galen’s fundamentals of anatomy and function had persisted for 

1400 years. In the centuries that followed, physiologists routinely studied both humans and 

non-human animals to uncover fundamental principle of function, and a great deal of this 

work used frogs as a convenient, tractable model (see Leonelli and Ankeny, 2013). For 

example, Luigi Galvani (1737–1798) used frogs to demonstrate the presence of ‘animal 

electricity’ that was an intrinsic feature of muscle (see Franzini-Armstrong, 2018).

Most of the more familiar physiologists of the late-1800s to mid-1900s have portfolios 

that include nonhuman animals to study physiological processes. Ivan Pavlov’s work on 

conditioning in dogs led to principles applied in the treatment of behavioural therapies. 

He was awarded the 1904 Nobel Prize in Medicine for his work studying the control of 

digestion in dogs. August Krogh was awarded the 1920 Nobel Prize in Physiology or 

Medicine for studies on capillaries of frog tongue and skin. Studies of Andrew Huxley and 

Alan Hodgkin on squid giant axons elucidated how nerve impulses are transmitted (Hodgkin 

and Huxley, 1952), and garnered the 1963 Nobel Prize. Hugh Huxley’s work on skeletal 

muscle of rabbits and frogs led to the sliding filament model of skeletal muscle (Huxley, 

1953).

A schism between biomedical physiologists and comparative physiologists arose in the 

mid- to late-1900s and largely coincided with the growth and enrichment of funding 

opportunities through governmental agencies. There was also a transition toward more 

targeted research, with the bulk of funds going toward research with direct relevance to 

improving human health. The research funding models currently used by many countries 

make a clear demarcation between basic research and that which is health-oriented and 

translational. However, even under these conditions, many non-traditional models have 

gained a foothold in the biomedical research community, essentially by achieving critical 

mass in the decision-making process. As a result, it is common to see medical research 

funds directed toward researchers studying genetically tractable systems such as the fruit 

fly (Drosophila melanogaster), the African clawed frog (Xenopus laevis), the nematode 

Caenorhabditis elegans), and zebrafish (Danio rerio) among others. However, with the 

exponential growth in the repertoire of tools available to physiologists, reductions in cost, 

and increases in technical expertise within the community, the barriers between traditional 

and non-traditional models have greatly diminished. This Special Issue is devoted to 

exploring the background and merits of what have historically been comparative physiology 

models, and which are now in use to study biomedical questions.

2. The nature of models

The term model is frequently used to describe an experimental system, but the term means 

different things to different people. In a general, literal sense, a model is something that 

resembles something else, often created or used to make projections or inferences that can 

be applied more generally. That sort of definition would apply equally well to a model train 

or a mathematical model.
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In physiology, a model is something studied in an experimental setting that can apply more 

broadly in other organisms, identifying commonalities that are highly conserved across taxa. 

This sort of definition would exclude, for example, studies focused on a particular species of 

fish because of a special interest in that animal, perhaps because of its economic, cultural, or 

management value. Such studies might have broader ramifications, but the goal of the work 

is truly to better understand that specific organism.

Although most would agree on the significance of broader relevance for a model, there are 

also nuances in the discipline about exactly what else is denoted by the term. Though many 

more specific terms are used to describe models, the terminology is not used with any degree 

of precision, and often means quite different things.

2.1. Model organisms

The term model organism is used by some in the literal sense: an organism used as a model. 

For many, the term “model organism” has a rather restricted interpretation that is understood 

within select fields to refer to specific organisms chosen decades ago as a focus of an 

international effort to promote that experimental system, such as Xenopus, Drosophila, and 

C. elegans. While these are certainly powerful experimental systems, there is nothing about 

the term “model” that merits such a restrictive definition.

The original model organisms (or systems) were promoted as a means of focusing 

international, collaborative efforts to advance the field. People shared information and tools 

as a means of overcoming barriers. For example, sequences of genes of yeast, C. elegans, 

and Drosophila were circulated within their respective research communities long before 

ubiquitous ‘omics platforms were developed. This enabled researchers to access genetic 

information, genetic lines, and molecular tools (e.g., antibodies, nucleic acid probes) to 

facilitate their own studies. Many of the logistical barriers that existed into the late 20th 

century are almost unimaginable now. It has been argued that with an exponential increase 

in genomic information, many more organisms can become an “ideal model organism”, 

especially now that tools for targeted mutagenesis are commonplace and accessible.

For many years, as editors and reviewers we would oversee arguments with authors who 

promoted their species of interest as the proverbial “ideal model” for some research 

problem. The impression seemed to be that it was essential that the experimental system 

be tagged as both “ideal” and “model” for it to gain broader relevance. In comparative 

physiology, there is a distinction between models chosen for their unique properties versus 

those selected because their properties are presumed universal. Many such discussions 

revolve around the concept of an August Krogh model. Although most comparative 

physiologists can faithfully provide some rendition of the Krogh Principle, the implications 

for adopting such models are actually more complicated than is apparent.

2.2. Conservation and divergence in Krogh models

The Krogh principle is an approach widely adopted among physiologists (see Lindstedt and 

Nishikawa, 2015). First articulated in 1929 by August Krogh and later formally named by 

Hans Krebs (Krebs, 1975), the principle was stated as: For a large number of problems 
there will be some animal of choice or a few such animals on which it can be most 
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conveniently studied (Krogh, 1929). Krogh’s experience at that time was based on work 

with whole animals – Banting and Best’s work with beagles to study diabetes, Christian 

Bohr’s work on respiration in tortoises – highlighting convenience in a model. But Krogh 

was best known for his work on the structure and function of capillaries, using frog muscle 

as an experimental model (see Kissane et al., 2021; Grassi et al., 2021; Poole et al., 2021). 

Krogh was adept at identifying specific problems (e.g., O2 diffusion vs O2 secretion) and 

finding models to best study the problem (Larsen et al., 2021). Jorgensen (2001) suggested 

that Krogh was influenced by his contemporary, Claude Bernard, who took advantage of 

an atypical arrangement of cervical sympathetic nerves in frogs, which enabled him to 

interrupt vascular nerves specifically, and which led to the discovery of vasomotor control 

(Bernard, 1927). In his reflections on Krogh, Sir Hans Krebs summarized those systems that 

epitomized Krogh models in animal physiology, and most fall in the category of reductionist 

models (Treberg et al., 2020). Krebs’ own work on muscle metabolism benefited from the 

unexpected mitochondrial integrity of pigeon muscle. Remarkable insights into fundamental 

properties of neurons were made possible by the study of electric organs (Nachmansohn, 

1959) and the giant axons of squid (Young, 1938), followed by Hodgkin and Huxley’s 

elucidation of the nature of the action potential (Hodgkin and Huxley, 1952). Amphibian 

epithelium (toad bladder, frog skin) was also important in exploring the basic properties of 

transport epithelia (Krogh, 1938, Ussing, 1952: Larsen et al., 2021). Each of these Krogh 

models takes advantage of a peculiar biological property of an animal feature to study 

a fundamental property, and most also use the model in a reductionist approach, scaling 

observations to infer properties of the more complex system.

It should be noted that a model is a system chosen because it appears similar to other 

systems of interest, but the inherent assumption in a Krogh model is that it differs from the 

system of interest, albeit in useful ways (see Green et al., 2018). Biomedical researchers 

choose models based on the assumption that their general properties are conserved 

and conclusions broadly applicable to human biology. For instance, biomedical research 

performed on rodents depends on that system faithfully reflecting the homologous system 

in humans. This creates something of a paradox among comparative and evolutionary 

physiologists, who may study a species with the expectation that it will differ in important 

ways from even closely related species. These physiologists search for evolutionary novelty. 

The concept of a Krogh model has also been applied to study the exceptions- organisms 

with unique solutions to specific physiological challenges, such as ‘extreme’ environments 

that often require unique physiological or morphological adaptations. Lauder et al. (1995) 

argued that these models are useful specifically because they are different, offering an 

alternative perspective on otherwise conserved relationships between structure, function, and 

environment. It should also be noted that within humans, there are unique ‘experiments 

of nature’ – rare groups of humans including patients with unusual conditions – that can 

be conveniently studied and elucidate key questions in physiological research (Joyner et 

al., 2021). This includes many examples of populations that show genetic differences that 

predispose them to atypical responses to stressors (e.g., high altitude hypoxia) and diseases 

(e.g., obesity).
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2.3. Evolutionary models

Comparative physiology models have clear potential to expand our understanding of 

pathophysiology for two main reasons. First, there is a growing appreciation for the role 

of evolution in determining human traits in the discipline of evolutionary medicine. Rühli 

et al. (2016) explore the many pathological conditions for which there is an evolutionary 

explanation, arguing that the modern condition is best understood through an evolutionary-

based approach. Looking at modern humans with knowledge of their evolutionary history 

better explains the origins, and potentially treatment, of pathological conditions (Stearns and 

Koella, 2007).

Second, the proliferation of information and analytical tools has made it much easier 

for physiologists to bring phylogenetic analyses into their research. The speed of data 

acquisition allows for study of multiple species in parallel that once would have taken an 

entire career to complete. More species are also accessible to researchers due to increased 

access to regions of the globe that have been historically difficult to reach. Many studies 

focus on a collection of related organisms and employ phylogenies to infer evolutionary 

trajectories in genes, and thereby processes. Many biomedical models are animals that were 

studied at first because of their unique biology rather than their potential to gain insight into 

biomedical phenomena. There are many examples of successful cross-over, where research 

intended for an evolutionary audience gains attention from the biomedical community. An 

evolution-oriented comparative perspective can enrich the biomedical community through 

exposure to the range of possible solutions for physiological problems.

3. Comparative models in biomedical research

In this Special Issue, one goal is to focus attention on and promote opportunities to use 

comparative models to study questions with some direct relevance to biomedical research. 

In most cases (though see above), this is work done explicitly to better understand human 

physiology and pathophysiology. Naturally, the species that are most closely related to 

humans are the most likely models to use to explore human diseases. In some cases, 

these models are chosen based on practical parameters such as housing and handling. 

However, there is a growing awareness of the importance of phylogenetic relatedness 

and its implications, though the specific relationships may not be well known. We have 

also included simplified phylogenetic trees to show the relationships between the major 

groups of models. In comparing models, the branch lengths reflect time since common 

ancestors, and the longer the branch length, the greater the opportunities for evolutionary 

divergence between the experimental animal and the species it is intended to model. Fig. 1 

provides a recent rendering of the phylogenetic relationships between many of the common 

models used for medical-oriented research. Chimpanzees and humans last shared a common 

ancestor about 16 mya. The distance between rats and mice is about 3× the distance between 

chimpanzees and humans; primates and rodents last shared a common ancestor about 80 

mya. The distances and times are more striking when considering other mammals, other 

vertebrates, and invertebrates. The vertebrate lineage diverged echinoderms almost 700 mya, 

and despite this distance, sea urchins were an early model to study embryonic development. 

In subsequent sections, we selectively survey the history of the many models used to 
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study biomedical physiology, and implicit in the discussion is the influence of evolutionary-

relatedness and the significance of the tremendous periods of time for differences to accrue.

3.1. Primates

Non-human primates remain the gold standard for biomedical testing but the ethical 

considerations are complex (Phillips et al., 2014). As a result, research in non-human 

primates must meet a very high bar for experimental necessity and is usually late-stage and 

translational, occurring only after significant validation and testing in lower vertebrates. 

Nonetheless, non-human primates and humans share many important physiological 

similarities and cognitive capabilities that simply cannot be matched in other study species, 

and which are critical to the development of safe and novel treatments for a wide variety 

of diseases and disorders. For example, non-human primates are critical as late-stage test 

subjects in evaluating the safety of new vaccines to a developing fetus; tests which clearly 

could not be performed in human volunteers.

Perhaps the most common use of non-human primates is in the study of neurological 

function and dysfunction. The human brain is highly complex and specialized, with 

extensive gyrification of the cerebral cortex to support a larger cortical surface area and 

greater cognitive power within a limited cranial space (Gautam et al., 2015). Gyrification 

primarily occurs in primates, ungulates, cephalopods, and large mammals, but is largely 

absent in rodents (Zilles et al., 2013). Research into neuroprotective mechanisms against 

ischemic stroke in rodent brain are therefore fundamentally limited by the relatively 

simple brain system under study and are not sufficient to support advancing of testing 

of novel therapeutics directly into human patients. Non-human primates play a key role 

here, bridging the gap between rodent models and human trials. For example, although the 

efficacy of post-synaptic density 95 (PSD95) inhibitors as a novel treatment for ischemic 

stroke had been conclusively demonstrated in mice and other lower models, it was not 

until these results were successfully validated in non-human primates (Cook et al., 2012), 

that a novel treatment, which offers the first major effective new intervention for stroke 

since thrombolytics, could be successfully trialed on human patients (Hill et al., 2020). 

Similarities between non-human primate and human physiology are also critical to the 

study of neurodegenerative disorders for which animal models are incomplete, such as 

Alzheimer’s and Parkinson’s.

Non-human primates are the most robust study subjects for diseases that are difficult to 

assess in lower models, such as depression. They also provide near-human subjects for 

researching novel treatments for diseases that affect development or can be transmitted 

to the fetus (e.g., Zika and HIV, among many other examples) (Friedman et al., 2017). 

Interestingly, non-human primates are probably the only “comparative model” that is studied 

not because of a novel attribute or unique ability within their environment, but because they 

are most similar to humans; they are used primarily because research with these animals is 

less morally problematic than research with human subjects.
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3.2. Rats and mice

Mice (usually Mus musculus), and to a lesser extent rats (usually Rattus norvegicus 
domestica), have been essential in biomedical research for a number of very good reasons. 

The ease of breeding and holding permits the rearing of large numbers of animals for 

research. There is also a plethora of immortalized cell culture models available from 

countless rodent tissues in support of cell biology research. It has been common to 

interchange rats and mice, trading off the advantages of mice with the size of rats (Ehler 

et al., 2013). For example, a single preparation of neonatal cardiomyocytes requires hearts 

from about 10 rat pups per culture (Salameh and Dhein, 1990), whereas 100 s may be 

needed to get the same yield in mice. Mice were one of the first vertebrates to be used for 

transgenic studies following the development of transgenic animals through embryonic stem 

cell injections. Sir Martin Evans was the first to isolate and culture embryonic stem cells 

from mice (Evans and Kaufman, 1981), leading to the 2007 Nobel Prize in Physiology or 

Medicine. The use of embryonic cells as recipients of transgenes enabled the development 

of genetically modified mouse models. The commercial availability of hundreds of strains 

of transgenic mice enables researchers to use these models to study virtually any biomedical 

problem.

However, there is an abundance of literature identifying ways in which inherent differences 

complicate translation of rodent data to humans. Crusio et al. (2009) laments the high 

number of transgenic mouse studies that demonstrate fundamental flaws associated with 

how the animals are bred and the appropriate choice of control strains. Bourdi et al. (2011) 

surveyed a series of contradictory studies related to liver damage and traced the variation 

in results to the substrains of the C57BL/6 mouse that are typically used as controls. It is 

somewhat ironic to see significantly flawed studies arising because of comparisons of deeply 

inbred mouse strains that may differ subtly in genetics yet exhibit pronounced phenotypic 

differences. Indeed, key phenotypic and behavioural differences between inbred laboratory 

mice and wild mice exist. For example, domestication impacts female mice to a greater 

extent than it does males and erases typical sexually dimorphic social behaviors in lab-raised 

strains (Chalfin et al., 2014). At the molecular level, there are notable differences between 

inbred and wild-caught mice. For example, wild-caught mice have significantly more active 

immune function (Abolins et al., 2017), which may confound their use as models for 

immunity or inflammation, or diseases impacting these pathways. Thus, studies in lab mice 

may not even be readily extrapolated to wild mice, let alone relevant to humans. These 

findings also raise questions about the far-reaching impacts of subtle variation in genetic 

backgrounds.

In addition to erroneous results from lab rodents due to breeding anomalies, there are 

also examples of sound conclusions demonstrated in rodents that are simply not applicable 

to humans. Researchers commonly use genetically obese rats and mice that lack either 

the leptin receptor or the capacity to produce leptin. These genetic models enable the 

exploration of leptin signaling and metabolic homeostasis and were originally thought 

to provide ground-breaking insights into obesity in humans. However, hyperphagia due 

to deficient leptin signaling is the main driver of the obese state in these models. As 

reviewed by Wang et al. (2014), these rodent models may have limited utility as models for 
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human metabolic diseases associated with obesity, particularly type 2 diabetes, because the 

etiologies of obesity, metabolic syndrome, and type 2 diabetes rarely involve leptin or leptin 

receptor deficiencies.

3.3. Rodents: in search of a better mouse

Beyond mice and rats, there are a number of lesser-studied rodents that have proven to 

be intriguing models. Cohen (2020) summarizes the use of alternative models in the study 

of SARS-CoV-2. When SARS-CoV-2/COVID-19 appeared in late 2019, there was a rush 

to identify rodents that were suitable models for studying the disease. However, as has 

been known for many years, highlighted by SARS, coronavirus did not affect mice in ways 

analogous to the human immune response. When SARS appeared, one viral target was 

found to be ACE2, with the viral spike protein binding to the pocket that normally binds 

angiotensin II. Since mice differ from humans in their sensitivity to coronaviruses, it was 

noteworthy that ACE2 in mice and humans differ in 11 of the 29 residues that comprise the 

interaction domain. When McCray Jr. et al. (2006) created transgenic mice that possessed 

the human version of ACE2, the mice became susceptible to the virus, which manifested 

symptoms more closely aligned with the human disease. Their model has been resurrected 

with the appearance of SARS-CoV-2, but others have promoted alternative rodent models 

where evolutionary differences with humans are minimal. For instance, Syrian hamsters 

were found to be highly susceptible to SARS-CoV-2. This has been attributed in large 

part to the similarities in ACE2 sequence, which differs from humans in only 4 residues 

(Chan et al., 2020). In this particular case, the utility of the Syrian hamster was discovered 

through serendipity, but now that more genomic information is available, it is feasible to use 

comparative analysis to identify differences that might impart specific properties based upon 

unexpected patterns.

While these models are mainly touted as superior versions of a lab mouse, many rodents 

in nature display traits that make them conducive to studying biomedical questions 

(Buffenstein, 2005; Smith et al., 2015). For example, in recent years, naked mole-rats 

(Heterocephalus glaber) have captured the attention of researchers and the general public 

because of their unusual physiology and appearance. Naked mole-rats are a rare (among 

mammals) eusocial and subterranean species who, presumably as a result of frequent 

exposure to harsh environmental challenges throughout their evolutionary history, have 

proven to be remarkably tolerant to a wide range of clinically relevant stressors. Some 

examples include tolerance to levels of hypoxia and hypercapnia that would be sufficient to 

induce loss of consciousness or death in most adult mammals (Chung et al., 2016; Park et 

al., 2017). Hypoxia is a key component of many clinically relevant pathologies, including 

stroke, heart attack, anemia, and chronic pulmonary disorders, among others. Similarly, 

environmental hypercapnia has putatively driven astounding pain-tolerance and insensitivity 

to acid-based pain sensation at the cutaneous or respiratory surfaces in this species, and also 

dampened physiological responses to hypercarbia (Clayson et al., 2020; Smith et al., 2020), 

which can be an important clinical challenge.

Beyond adaptations that seem obviously related to evolution in an “extreme” environment, 

naked mole-rats are also the longest-lived rodent (up to >30 years). They are a well-

Little et al. Page 8

Comp Biochem Physiol B Biochem Mol Biol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



established mammalian model of not just longevity (Ruby et al., 2018), but also prolonging 

healthspan, as they retain reproductive fecundity and general good health into the 95th 

percentile of their lives. Furthermore, naked mole-rats seemingly have a very low incidence 

of major aging-related diseases and degeneration, including a remarkably low incidence 

of cancer of all types (Seluanov et al., 2009; Seluanov et al., 2018). These and other 

studies describe a range of novel adaptations with important biomedical and translational 

implications and have driven a surge of interest in this organism: the annual rate of 

publication of studies investigating naked mole-rats have increased 20-fold over the past 

2 decades.

While naked mole-rats have received a disproportionate share of public attention, there are 

numerous species that live similar social and subterranean lifestyles and that may have the 

same or other novel adaptations of biomedical interest. Indeed, emerging studies suggest that 

some of the remarkable adaptations ascribed to naked mole-rats may be broadly conserved, 

or even surpassed, in related African mole-rat species, and in particular in social species of 

this lineage (Ivy et al., 2020; Logan et al., 2020; Smith et al., 2020). Similarly, many other 

rodents living in unique and challenging environments have proven to be valuable study 

systems. For example, many subterranean, high-altitude dwelling, and/or hibernating rodents 

are studied for their remarkable hypoxia-tolerance, longevity, metabolic plasticity, and other 

attributes (Carey et al., 2003; Ballinger and Andrews, 2018; Bhowmick and Drew, 2019; 

Larson et al., 2014; Storz et al., 2019; Storz and Scott, 2021), which may be informative to 

not just clinical medicine related to aging and disease, but also to emerging biomedical fields 

such as space medicine (Feng et al., 2019).

3.4. Non-rodent mammals

Beyond rodents, there are a number of common models to study questions related to 

human medical concerns. Gurda et al. (2017) summarize the canid (dogs) and felid (cats) 

genetic models that are available to study genetic diseases found in humans. Typically, 

mutations are identified as disorders in the pet population, with veterinarians bringing 

the animals into clinical research. While such diseases are relatively rare in natural 

populations of mammals, the breeding practices themselves may contribute to spontaneous 

mutations, which fortuitously align with those seen in humans. Inherited feline diseases 

have remarkable similarity to analogous genetic diseases in humans (Griffin and Baker, 

2002). The same influence of domestication is seen in pigs, another large animal model for 

human disease. Many studies on pigs focus on renal and digestive physiology because of the 

similarities with human systems (Gutierrez et al., 2015).

Although cats, dogs, and pigs are used in research, it is the peculiarities of their 

domestication that have played a major role in their utility as models. Of particular interest 

in this Special Issue are animals that have evolved in the natural world in ways that offer 

a different type of mammalian model. In many cases, it is the differences from humans 

that make them an intriguing model. Of course, the further apart the evolutionary branches 

between humans and the respective model, the greater care must be used in extrapolating 

between systems. For example, the enzyme cytochrome oxidase possesses a subunit that 

exists in vertebrates as two paralogs: COX4-1 and COX4-2. In studies on humans and 
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rodents, COX4-2 is known to be responsive to hypoxia and the enzyme with COX4-2 

demonstrates a different relationship with allosteric regulators that is thought to provide 

protection in hypoxia (Kadenbach and Hüttemann, 2015). However, the regulatory sequence 

of the gene that confers oxygen sensitivity and the amino acid sequence that imparts the 

unique allosteric regulation are both traits found in the lineage of mammals the encompasses 

humans, rodents and lagomorphs. While the paralog exists in other mammals, it appears to 

have differences in both the gene and protein (Kocha et al., 2015; Porplycia et al., 2017) that 

may influence responses to oxygen levels in other mammals.

Among the most specious of mammalian orders, bats have long been recognized for their 

potential as biomedical models for aging (Trapido, 1946) and hypoxia-tolerance (Hiestand 

et al., 1950). Since these early studies, bats have received considerable attention in the 

field of aging and have emerged as important models in virus transmission and tolerance 

(Gorbunova et al., 2020), but their hypoxia-tolerance has been largely underappreciated 

until very recently. Many species of bats live in small and poorly ventilated spaces, 

often in large groups and in warm environments. These environmental conditions may 

present a severe intermittent hypoxic challenge to bats and thus potential molecular and 

physiological adaptations to hypoxia in this species warrant attention. Marsupials are 

another order of mammals that have demonstrated significant benefit as a comparative 

model. Marsupials are born in an immature state and undergo most of their development 

within their mothers’ pouch (Lillegraven, 1975). This unique arrangement readily enables 

experimental manipulation of the developing animal without impacting the mother. This is 

a useful model in the study of mammalian development in general and of developmental 

disorders in particular (Fukami et al., 2013; Mark and Marotte, 1992; Sharp et al., 2017; 

Wilson et al., 2003).

3.5. Birds

Non-mammalian tetrapods have been important models for fundamental and biomedical 

research. In more recent years, nutritional physiology research has used birds both to 

explore the evolution of metabolic physiology but also as models for metabolic diseases. 

Many researchers have touted bird models to study aging (Holmes and Ottinger, 2003), 

taking advantage of practical aspects, such as external fertilization and housing, as well as 

evolutionary diversity in life span (Austad, 1997; Ottinger et al., 2003). Birds typically have 

blood glucose levels that are approximately double that of mammals of similar size and 

are generally insensitive to the regulation of blood glucose by insulin (Braun and Sweazea, 

2008). Sustained, elevated hyperglycemia in mammals has well-known deleterious effects 

on tissues, including cardiovascular disease, neuropathy, nephropathy and retinopathy, 

owing to the production of reactive oxygen species (ROS) caused by hyperglycemia. In 

mammals, chronic hyperglycemia and ROS contributes to vascular damage and hypertension 

(Taniyama and Griendling, 2003). Birds, however, appear to mitigate the negative effects 

of oxidative stress, including glycation of proteins (Beuchat and Chong, 1998), and have 

greater longevity compared with mammals of similar size (Holmes and Ottinger, 2003). 

Thus, birds may be good models for understanding and treating diabetes-related pathologies 

in humans as well as aging (Austad, 1997). Likewise, birds respond to hyperphagy by 

stimulating liver hypertrophy and hyperplasia, and greatly increasing lipid content. Though 
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these changes are also seen in humans with fatty liver disease, birds are able to reverse 

the changes without incurring necrosis or cirrhosis (Wei et al., 2021). Recent work in birds 

illustrates that neither a refined carbohydrate diet nor a high fat diet has significant effects on 

plasma glucose, metabolic or vascular physiology (Basile et al., 2020, 2021).

Cardiac disease and cardiac arrhythmias are a leading cause of mortality in developing 

countries, and the majority of research in this area relies heavily on rodent models. 

Repolarization of the heart depends largely of a variety of K+ ionic currents, and defects 

in K+ channels is associated with a variety of cardiac arrhythmias. Identifying animal 

models with that mimic the currents found in human heart myocardium has proven difficult. 

Development and testing of anti-arrhythmic drugs for human cardiac disease depends on 

finding animal models that express cardiac currents that are similar to human myocardial 

currents. Many of the standard rodent models do not possess the human electrophysiological 

phenotype and therefore are not ideal models for development of anti-arrhythmic drugs 

(Janse et al., 1998). Birds have generally not been considered attractive biomedical models 

for studying cardiac electrophysiology despite being used extensively in developmental 

cardiovascular physiology owing to the ease of accessibility to an independently developing 

embryo (Brotto and Creazzo, 1996; Creazzo et al., 2004). However, few studies have 

examined the electrophysiology of adult bird hearts, despite the similarity with mammals 

in having a four-chambered heart, high heart rates and endothermy. In this light, a recent 

study has shown that the Japanese quail (Coturnix japonica) has repolarizing potassium 

currents that are very similar to the human heart and may prove to be a viable translational 

model for studying cardiac electrophysiology (Filatova et al., 2021).

3.6. Reptiles

Reptiles were the first terrestrial amniote tetrapods, and the ancestors of birds and 

mammals. They represent a diverse group that includes the testudines (turtles and tortoises), 

squamates (lizards and snakes), crocodilians (alligators and crocodiles) and the tuatara 

(Sphenodon). Reptiles have not been widely used as models for biomedical research, but 

many investigators have pointed out some unique features that make reptiles attractive to 

solve serious biomedical problems. For example, some species of turtles of the genera 

Chrysemys and Trachemys are among the few vertebrates that are capable of withstanding 

total oxygen deprivation (anoxia). Mammalian neurons and myocardial cells are among the 

most oxygen-sensitive tissues in the body, and most adult mammals, including humans, 

cannot survive extended periods of ischemia and hypoxia which occurs during stroke and/or 

myocardial infarction. The ability of some turtle species to survive anoxia depends on a 

number of factors including conserving liver glycogen stores through anaerobic metabolic 

depression; increased ability to buffer lactic acid generated by anaerobic metabolism through 

elevated carbonate in bone (Jackson, 2004) and preventing tissue oxidative by ROS upon 

reoxygenation in heart and brain tissue (Pamenter et al., 2007; Bickler and Buck, 2007; 

Reiterer and Milton, 2020; Bundgaard et al., 2019a; Bundgaard et al., 2019b; Bundgaard 

et al., 2021). Thus, mechanisms that mitigate the effects of oxygen deprivation on these 

oxygen-sensitive tissues is of great interest to clinicians and the biomedical community. 

Additional protective mechanisms include a reduction in channel conductance (‘channel 

arrest’) (Hochachka, 1986) reflected in reduced glutamatergic excitatory currents, but also 

Little et al. Page 11

Comp Biochem Physiol B Biochem Mol Biol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased GABAergic receptor Cl-currents which do not fit the definition of channel arrest, 

thus the concept of ‘synaptic arrest’ is a better description of the mechanisms that protect the 

turtle brain from anoxia (Buck and Pamenter, 2018).

Exposure to hypoxia during development in humans is typically maladaptive and results in 

deleterious long-term consequences for the cardiovascular system (Barker, 2000). However, 

hypoxic and/or hypercarbic exposure during development is routine for many reptile 

embryos, thus adaptive responses to developmental exposure to hypoxia and/or hypercarbia 

may provide insights into the long-term cardiovascular consequences of developmental 

hypoxia in humans. Similar to birds, reptiles are excellent models for examining the 

cardiovascular development from embryo to adult owing to the ease of accessing the 

developing embryo. Recent work with the alligator (Alligator mississippienesis) and 

snapping turtles (Chelydra serptentina) reveals that developmental exposure to hypoxia 

and hypercarbia results in immediate (i.e. post-hatch) and long-term (>2 year) changes in 

cardiovascular function (Marks et al., 2013; Tate et al., 2015; Tate et al., 2016; Filogonio and 

Crossley 2nd., 2019). This developmental plasticity of the cardiovascular system produces 

beneficial traits that persist in juvenile animals (Wearing et al., 2016).

Similar to amphibians (see below), some reptile tissues are capable of undergoing 

complete regeneration. Many lizard species can ‘self-amputate’, or autotomize, their tails 

in response to a predatory threat with subsequent regeneration of the autotomized limb 

(Tokuyama et al., 2018). The de novo regeneration of tail tissue in the green anole 

(Anolis carolinensis) involves the entire peripheral neuromuscular system of the tail within 

a few weeks (Tokuyama et al., 2018). Although the mechanisms of de novo nerve and 

neuromuscular junction regeneration appear similar to the development of these structures 

during development, there are differences in neuromuscular junction number and muscle 

differentiation that suggest some processes may be specific to regeneration in adult tissue. 

Recent work in the leopard gecko (Eublepharis macularius) indicates that constitutive 

cardiomyocyte proliferation occurs routinely and some populations of cardiac cells exhibit 

slow cycling (Jacyniak and Vickaryous, 2018). Tail autotomy normally prioritizes tail 

regeneration over somatic growth; however, in leopard geckos, tail autotomy had no effect 

on proliferation of cardiomyocytes indicating that cardiac homeostasis is not compromised 

by regeneration of tail tissue (Jacyniak and Vickaryous, 2018).

3.7. Amphibians

Amphibians include a collection of extraordinarily diverse tetrapods, and they have 

been important models in muscle biology, cardiorespiratory physiology, neurophysiology, 

developmental biology, and ion and water balance (reviewed by Burggren and Warburton, 

2007). They represent the oldest living vertebrate group that made the transition from water 

to land. The diversity in physiology and life history has stimulated studies to explore the 

evolution of physiological function, with many examples of lineage-specific solutions to 

environmental challenges. Amphibians tissues, particularly from frogs, were used as Krogh 

models to study basic physiology, such as vascular function (Krogh, 1938) and epithelial 

transport (Ussing, 1952; Larsen, 2021). External fertilization made them convenient as a 

source of zygotes to study embryonic development, organogenesis and morphogenesis, most 
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commonly in Xenopus laevis. For example, Xenopus oocytes have also been used as a 

neutral background to study transporter function.

However, in addition to the traits that permit study of the evolution of development and 

basic physiology, amphibians also have novel characteristics that make them intriguing 

models to study biomedical questions. Many anurans have the capacity to survive 

extracellular freezing (Storey and Storey, 1984), which has made them an attractive model 

to study cryopreservation in the context of tissue preservation (Luu and Storey, 2018). 

Several caudates have a capacity to regenerate tissues following injury (Grigoryan, 2021). 

Bettencourt-Diaz et al. (2003) reported that newt (Notophthalmus viridescens) adult heart, 

as well as the leopard gecko mentioned above, possesses populations of cardiomyocytes 

that retained the ability to proliferate, which offers some promise for exploring mechanisms 

to reactivate human cardiomyocytes to facilitate repair following cardiac damage. Recent 

evidence suggests that the loss of cardiac tissue regenerative capacity in mammals may be 

linked to increased thyroid hormones associated with the evolution of endothermy (Hirose 

et al., 2019). Amphibians are also very sensitive to environmental quality and declines in 

amphibian populations in impacted areas is a harbinger of more subtle effects on humans 

sharing the same biosphere.

Limb and organ regeneration among salamanders has attracted much attention in the 

biomedical research community. The neotenic axolotl (Ambystoma) is capable of limb 

and spinal cord regeneration, which has made it an attractive model for understanding 

the underlying molecular mechanisms for tissue regeneration in vertebrates, and also how 

mammals and other vertebrates have lost the ability to regenerate tissues during the course 

of evolution. The ability to regenerate limb and spinal cord tissue has obvious implications 

for improvement of function in patients suffering from spinal cord injury (Katoh et al., 

2019).

Compared with mammals, and other vertebrates, anuran amphibians (frogs and toads) 

are extraordinarily tolerant of dehydration and thus are good comparative models for 

understanding differential dehydration tolerance in vertebrates (Hillman, 2018). The unique 

ability of anurans to tolerate extreme levels of dehydration that would be lethal for other 

vertebrates, including humans, lies in their ability to maintain adequate blood volume 

despite the effects of hypovolemia and hyperviscosity caused by dehydration (Hillman, 

2018; Hillman et al., 2021). Mechanisms for maintaining blood volume have typically 

invoked hydrostatic and oncotic transcapillary forces in mammals (Starling, 1896), but 

this does not explain how anurans are capable of maintaining blood volume (Hillman et 

al., 2021) owing to their high rates of transcapillary flux and inability to return plasma 

from the interstitial to the vascular space via oncotic forces (Hillman, 2018). Anurans 

have a unique lymphatic system, including lymphatic hearts under feedback regulation 

from arterial barorecptors, that is capable of returning plasma to the vascular space, thus 

maintaining blood volume during dehydrational and hemorrhagic stresses that would be 

lethal to humans (Hillman, 2018). Interestingly, many birds and reptiles have greater 

dehydration tolerance than mammals, and have similarities with the amphibian lymphatic 

system (e.g., lymph hearts), yet very little is known about how these groups maintain 

plasma volume homeostasis (Hedrick et al., 2013). Lymphatic regulation in humans is an 
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important biomedical problem since abnormalities or damage to lymphatic vessels causes 

lymphedema; lymphatic drainage is often a serious post-surgical complication with few 

therapeutic solutions; and blocked lymphatic vessels by a parasitic filarial nematode causes 

‘elephantiasis’ that affects millions of people worldwide. Thus, greater understanding of 

the comparative physiology of the lymphatic system of vertebrates may provide unique 

solutions to a variety of biomedical problems.

3.8. Fishes

Fishes have long held promise as models for biomedical research. Muscle physiologists 

have benefitted from the anatomical separation of muscle fibre-types (Hidaka and Toida, 

1969) and cardiovascular/respiratory physiologists from accessible gills as a surface of gas-

exchange (Johansen, 1971). The growth of fish models in recent decades can be attributed 

to a combination of ethical, logistic, experimental, and technological considerations. Nearing 

the end of the 20th century, there was increasing ethical pressure to shift to non-primate 

and nonmammalian biomedical models (Morrison, 2002; Goodman and Check, 2002). 

In addition to ethical considerations, small fishes are less costly and require much 

smaller housing footprints (per individual) than their mammalian counterparts. Generally, 

small fishes also possess a number of traits desirable for experimentation, including year-

round breeding windows, rapid generations times (~3 months for medaka and zebrafish), 

large clutch sizes, transparent embryos and larvae, and relatively easy uptake of many 

pharmacological agents. Since the late 1990s, the growing genomic databases for Fugu 
rubripes (see Christoffels et al., 2004 for review), medaka (see Kasahara et al., 2007 for 

review), and zebrafish (see Varshney et al., 2015 for review) made PCR-based genotyping 

and gene expression analyses more broadly accessible in various fishes. Recently, the 

emergence of novel gene-knockdown and gene-editing technologies has catapulted zebrafish 

to the forefront of biomedical research (Hwang et al., 2013; Varshney and Burgess, 2014). 

Morpholinos and CRISPR/Cas9, in particular, have helped transform zebrafish into better 

models of human disease, including cancers, cardiovascular and metabolic diseases, and 

neurological disorders (Rubbini et al., 2020).

Generally, it was the unexpected fidelity between the fish and human genomes (~ 70% 

shared genes) that made zebrafish, medaka, and fugu the holy trinity of biomedical fish 

models. On the other hand, however, several species have emerged as important biomedical 

models owing to their stark physiological differences. The Mexican tetra (Astyanax 
mexicanus), for instance, consists of an eyed surface population and more than 30 eyeless 

cave-dwelling populations (see Rohner, 2018; Krishnan and Rohner, 2019; McGaugh et al., 

2020 for review). The unique life-history adaptations of these cave-dwelling populations 

have made them important vertebrate benchmarks for biomedical research, including insulin 

resistance (Riddle et al., 2018), social behavior (Kowalko et al., 2013), and circadian 

dysregulation (Mack et al., 2020). The annual killifish (Austrofundulus limnaeus) has also 

become an important vertebrate model for a unique life-history trait — its capacity for 

embryonic diapause (Podrabsky and Hand, 1999). In the past two decades, this system 

has advanced our understanding of developmental plasticity and bet-hedging (Furness et 

al., 2015), extreme anoxia tolerance (Podrabsky et al., 2007), and maternal influences 

(Podrabsky et al., 2010), among others.
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3.9. Chordates and echinoderms

Sea squirts of the subphylum Tunicata (tunicates) may bear little resemblance to humans 

(or animals in general for that matter) but have represented an important biomedical model 

for embryonic development since the mid 1800’s (see Christiaen et al., 2009 for review). 

Their close relatives the lancelets (Order: Amphioxiformes) are the only other major group 

of invertebrate chordates (subphylum cephalochordata). Owing to their unique evolutionary 

positions (i.e., at the base of the chordate tree), tunicates and amphioxus represent important 

evolutionary benchmarks for studies in vertebrate evolution. Comparative genomic analyses 

between the three chordate subphyla (i.e., amphioxus, tunicates, and vertebrates), for 

instance, revealed that whole-genome duplication events in early vertebrate ancestors likely 

provided the genomic complexity necessary to derive the distinguishing synapomorphies 

of the vertebrate subphylum (e.g., homeobox genes and vertebrae) (see Schubert et al., 

2006). In addition to this foundational role in genomics (Satoh et al., 2003), tunicates and 

amphioxus have also become important models for cardiac development (Davidson, 2007), 

regeneration (Dahlberg et al., 2009), and microbiome research (Corey et al., 2019).

Echinoderms are close relatives of the chordates and represent one of the first comparative 

models for immunity in the late 1800’s (see Gross et al., 1999 for review). Today, the 

biomedical community are still leveraging echinoderm models to study immune response. 

The free-swimming and -feeding purple sea urchin (Strongylocentrotus purpuratus) larva, 

for instance, has become an important model to understand gut-associated immunity, owing 

to the easy morphological delineation of the circuitry that regulates this response (Buckley 

and Rast, 2017). In particular, the cytokine interleukin 17 (IL-17) appears to represent 

one of the most conserved immune responses between the gut epithelia of echinoderms 

and mammals (Buckley and Rast, 2019). Echinoderm systems are also increasingly used 

as biomedical models for their regenerative capacities (Thorndyke et al., 2001). While 

muscle (e.g., García-Arrarás and Dolmatov, 2010) and neural tissues (e.g., Mashanov et 

al., 2013) represent the primary tissues of interest in this field, regenerative properties 

of connective tissues (e.g., collagen networks) also hold great promise for biomaterial 

development (Ovaska et al., 2017).

3.10. Flies and worms

Among the invertebrates, the most commonly used models are the fruit fly D. melanogaster 
and the free-living nematode C. elegans. These organisms offer numerous advantages for 

performing large-scale experiments in the lab, including their small body sizes and large 

brood sizes, rapid life cycles, and inexpensive maintenance. In addition, the efforts that 

have gone into delineating aspects of their biology provide useful jumping-off points for 

further research. For instance, the entire C. elegans cell lineage (Sulston and Horvitz, 

1977) and the connectivity of every neuron in C. elegans (White et al., 1986; Jarrell et al., 

2012) has been mapped, and the Drosophila central brain (hemibrain) represents the largest 

reconstructed synaptic-level connectome to date (Scheffer et al., 2020). C. elegans was 

the first multicellular organism to have a fully sequenced genome (C. elegans Sequencing 

Consortium, 1998), with the D. melanogaster genome sequenced shortly afterward (Adams 

et al., 2000), and these models are amenable to genetic manipulation and such approaches as 

high-throughput genetic screens.
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C. elegans and D. melanogaster models enable the study of biochemical and physiological 

changes across the lifetime of an intact organism with single cell- and tissue-resolution, 

which facilitates explorations into fundamental biological processes that are relevant to 

human health. For instance, the human oxygen sensor (prolyl hydroxylases) that modifies 

HIF was first discovered in C. elegans by Peter Ratcliffe’s group at Oxford (Hon et 

al., 2002). Ratcliffe shared the 2019 Nobel Prize in Physiology or Medicine for this 

discovery. Sydney Brenner, Robert Horvitz, and John Sulston were awarded the 2002 

Nobel Prize in Physiology or Medicine for using C. elegans to uncover key insights 

into the genetic regulation of tissue and organ development and apoptosis (e.g., Ellis and 

Horvitz, 1986). MicroRNAs (miRNAs), a class of non-coding RNA molecules involved 

in post-transcriptional gene regulation, were first discovered in C. elegans (Lee et al., 

1993; Wightman et al., 1993) and are now known to have significant biomedical relevance. 

Ground-breaking C. elegans experiments also led to the discovery that mutating single genes 

could extend lifespan (Friedman and Johnson, 1988; Kenyon et al., 1993), which opened 

up an avenue of research into signaling pathways and mechanisms that have evolutionarily 

conserved effects on aging.

Along similar lines, the 2017 Nobel Prize in Physiology or Medicine was awarded 

to Michael Rosbash, Jeff Hall and Michael Young for their D. melanogaster work in 

identifying and characterizing the role of key genes (period, timeless and doubletime) in 

transcription and translation-based feedback loops that control the 24-h biological clock. We 

now know that all multicellular organisms utilize a similar mechanism to control circadian 

rhythms.

In nature, C. elegans feed on bacteria in soil environments that are rich in organic 

matter, and are frequently exposed to low oxygen levels, extreme oscillations in nutrient 

levels, and pathogenic bacteria (Frézal and Félix, 2015). Thus, beyond their utility in 

the fields of genetics, neurobiology, and developmental and aging biology, their natural 

history renders them well suited for studies in hypoxia-tolerance, nutrient-sensing, and 

host-pathogen interactions, D. melanogaster have an increased complexity of organ systems 

and behaviors, coupled with 60% homology at the level of genes (Wangler et al., 2015) and 

a comprehensive toolkit to manipulate genes, cells and systems. This makes fruit flies an 

important system to study the underpinnings of genetics and inheritance, sensory processing, 

embryonic development, learning, behavior (e.g., feeding, sleep, courtship, grooming etc.) 

and aging. These models will continue to reveal aspects of physiology and behavior at 

multiple levels of organization in a relatively short time frame, which has and will continue 

to aid in understanding human health and disease.

3.11. Other invertebrates

Flies and worms represent the best-established invertebrate models. However, many other 

species have been used to explore questions of direct relevance to human health. While 

the studies of Andrew Huxley and Alan Hodgkins on squid giant axons helped elucidate 

how nerve impulses are transmitted (Hodgkin and Huxley, 1952), cephalopods have more 

recently been leveraged as a model for learning and memory (Young, 1991; Mather, 1995). 

Cephalopods represent an especially interesting model because they have evolved high 
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capacity for synaptic plasticity convergent with insects and vertebrates but underscored by 

drastically different proximate mechanisms (Brown and Piscopo, 2013). Another mollusc, 

Aplysia, has also become a popular and important model for learning and memory (Roberts 

and Glanzman, 2003), often in the context of aging (Bailey et al., 1983). Recent work 

using RNA-seq in Aplysia, for instance, suggests that broad declines in energy metabolism 

underlie age-associated impairment in memory and learning (Kron et al., 2020). Eric Kandel 

shared the Nobel Prize (2000) for studies using Aplysia to understand memory.

Invertebrates have also become important models to understand stress response (see 

Ketchesin et al., 2017). Perhaps none, however, have garnered this role more emblematically 

than the tardigrades (see Goldstein and Blaxter, 2002). Tardigrades are master tolerators of 

environmental stress (Møbjerg et al., 2011; Møbjerg and Neves, 2021) and can therefore 

thrive in every corner of the biosphere, from deep sea tardigrades in submarine caves 

(Villora-Moreno, 1996) to glacier-dwelling tardigrades in the Himalayas (Dastych, 2019), 

and terrestrial and freshwater tardigrades in the arctic circle (Pugh and McInnes, 1998). 

While tardigrades have served as important biomedical models for radiation tolerance (Schill 

et al., 2009), freeze tolerance, and supercooling (Hengherr et al., 2009) to name a few, their 

current role in astrobiology perhaps represents the most compelling and imaginative stress 

model to date (Weronika and Łukasz, 2017).

The lack of a centralized nervous system distinguishes cnidarians from most other animal 

clades. This unique position (i.e., as an outgroup to the bilateria) makes them an important 

comparative model to understand the evolution and development of centralized nervous 

systems (Kelava et al., 2015). The starlet anemone (Nematostella vectensis), in particular, 

has emerged as an important biomedical model for neural development. Despite more than 

500 million years since they shared a common ancestor, there are many striking similarities 

between neural networks in the starlet anemone and the more centralized neural systems 

of bilaterians (Kelava et al., 2015). Owing to their relatively easy husbandry, sequenced 

genome, and arguably the most impressive feats of regeneration in the animal kingdom, the 

starlet anemone is quickly becoming an important benchmark model in biomedical research 

(Layden et al., 2016).

4. Final thoughts

The goal of this overview is to frame the Special Issue in a way that promotes the 

use of alternative models for studying questions related to biomedical physiology. Many 

comparative researchers study animals for their own traits but recognize that they may also 

represent opportunities to study questions of direct relevance to human health. While this 

review is far from comprehensive, we hope that it lays the foundation for more specific 

papers focused on either experimental models or specific biomedical questions.
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Fig. 1. 
Phylogenetic distances between animal models used in biomedical research. Whole-genome 

duplication events are represented by 1R, 2R, and 3R, respectively. Source: adapted from 

Miralles et al. (2019).
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