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The phylogenetic distribution of heterothermic mammals is diverse, encom-
passing several independent lineages in which many heterotherms are closely 
related to nonheterotherms and in which there is no identifiable heterothermic 
common ancestor (Cade, 1964; Lyman, 1982; Nedergaard and Cannon, 1990; 
Malan, 1996; Geiser, 1998). The ability to utilize heterothermy, however, de-
pends on a host of physiological specializations that appear common to all spe-
cies that employ this strategy. The breadth and complexity of specializations 
underlying the phenotype, and the conservation of these specializations between 
species, argues against a polyphyletic origin for heterothermy and suggests that a 
capacity for heterothermy is a retained ancestral trait (Cade, 1964; Malan, 1996; 
Geiser, 1998). 

It had been proposed that heterothermy represented an ancient characteristic 
found only in “primitive” mammals (Cade, 1964). The distribution of hetero-
thermy, however, is not restricted to taxa traditionally considered “primitive” 
and includes placental mammals as well as marsupials and monotremes (Cade, 
1964; Lyman, 1982; Nedergaard and Cannon, 1990; Malan, 1996; Geiser, 
1998; Carey et al., 2003). One recent theory suggests that the physiological 
changes associated with sleep, which are common to all mammals, have been 
acted upon and extended in a polyphyletic fashion to produce the physiologi-
cal changes associated with heterothermy (Berger, 1984; Kilduff et al., 1993). 
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Although an intriguing hypothesis, many characteristics shared by mammalian 
heterotherms are not related to sleep physiology. 

However, remarkable similarity is apparent between the physiological char-
acteristics associated with heterothermy and those associated with another com-
mon “ancestral trait,” neonatal life. In this article we argue that the capacity for 
heterothermy in adult mammals may have arisen multiple times in unrelated 
species through retention of heterothermic characteristics common to neonatal 
mammals: an example of evolutionary adaptation by neoteny. Heterothermy in 
adult mammals could be a paedomorphic trait, resulting from the retention of 
juvenile characteristics into adult life. 

Although the ability to hibernate appears to involve unique patterns of gene 
expression, the phenotype has not been associated with novel genes (Srere et 
al., 1992; Carey et al., 2003). It would appear that the genes required to specify 
the hibernation phenotype are common to the mammalian genome. The hy-
pothesis of “hibernator as neonate” would suggest that the genetic potential for 
heterothermy is expressed to some extent in all neonates and that heterothermy 
in adults results from the continued expression of such genes. This could even 
reflect the genetic potential to accommodate heterothermy in reptiles, conserved 
in the mammalian genome (Malan, 1996; Geiser, 1998). 

We propose that in species where the adaptive benefits of heterothermy per-
sisted beyond the neonatal period, this trait was retained into adulthood. This 
resulted in the continued expression of genes and gene products advantageous to 
the neonate for facilitating heterothermy in adults. Variations in the conserved 
expression of this potential provide the basis for the range of heterothermic 
phenotypes spanning from facultative torpor to shallow and deep torpor and 
seasonal hibernation. 

In support of this hypothesis are the profound similarities between many 
general physiological characteristics of neonates and specific “adaptations” of 
heterothermic mammals. The following represent examples, taken from a range 
of systems, intended to illustrate the diversity of adaptations common to hetero-
thermic mammals that could have originated from neonatal physiology. 

Reduced Body Temperature and Metabolic Suppression

Most neonatal mammals can tolerate extreme reductions in body temperature 
compared to their adult counterparts (Guignard and Gillieron, 1997). This goes 
beyond mere tolerance, however, and orchestrated reductions in metabolism 
and body temperature are relatively common neonatal traits. Thus, endogenous 
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torpor-like variations in core temperature and metabolism are well documented 
in many neonatal rodents (Nuesslein-Hildesheim et al., 1995). 

Tolerance to Hypoxia, Ischemea, and Asphyxia

During hibernation and torpor, heterothermic mammals appear to suffer no 
ill effects from prolonged hypoxia, asphyxia, or ischemia. This is also true of 
euthermic heterotherms, and isolated tissues from heterotherms, but not of ma-
ture nonheterotherms or their tissues (Frerichs and Hallenbeck, 1998, see Drew 
et al., 2004, for review). Such tolerance is also seen in mammalian neonates, 
but is not retained in adults of nonheterotherms (Frerichs, 1999; Singer, 1999; 
Wagner et al., 1999; Zhou et al. 2001; Drew al., 2004). 

Brown Adipose Tissues (BAT)

BAT is essential for nonshivering thermogenesis and rapid warming during 
arousal from torpor in heterothermic placental mammals. Pronounced BAT de-
posits are so universal and conserved in heterothermic placental mammals that 
they have been considered a deterministic feature described as a “hibernation 
gland” (Cade, 1964). Similar pronounced BAT deposits serve the same role in 
rapid thermogenesis in mammalian neonates. In most nonheterothermic mam-
mals BAT is greatly reduced or lost during maturation. Incidentally, although 
heterothermy occurs both in mammals and birds, homology between the two 
has been questioned because of the absence of BAT in birds (discussed in Geiser, 
1998; Geiser and Ruf, 1995). Heterothermy in birds and mammals may yet be 
homologous, however, if it developed though the retention of the heterothermic 
capacity shared by the neonates of each group, with the independent origin of 
BAT in neonatal placental mammals and not in neonatal birds. The limited 
role of BAT in heterothermic monotremes and marsupials may be similarly 
explained.

White Adipose Tissues, Fat Metabolism, and Lipogenesis

The metabolism of the mammalian neonate is acutely refined to convert a 
high-fat diet into white adipose tissue, and nonheterotherms generally show 
age-related decreases in this capacity for lipogenesis. Seasonal hibernators, how-
ever, maintain the ability to build fat rapidly in the fall and, in species that do 
not store food, to fuel metabolism primarily from stored fat during hibernation 
(Nedergaard and Cannon, 1990; Carey et al., 2003).
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Digestive System Plasticity

During the postnatal period mammals switch from a prenatal strategy, where 
nutrients are supplied to the fetal blood via the umbilical circulation, to autono-
mous nutrient uptake requiring ingestion, digestion, and absorption of nutrients 
across the gut epithelium. This switch necessitates rapid growth in the neonatal 
digestive system. During prolonged torpor, the digestive system atrophies, and 
is rapidly rebuilt on arousal (Carey, 1990). This rapid regrowth of the digestive 
system could reflect processes similar to those occurring in the neonate. 

Autonomic Nervous System

Cardiac Sympathetic Innervation

The heart is influenced by both sympathetic and parasympathetic branches of 
the autonomic nervous system. Parasympathetic innervation is established in 
utero, while cardiac sympathetic innervation develops during the neonatal pe-
riod in most mammals (Kralios and Kralios, 1996; Johansson, 1996; Wang and 
Zhou, 1999). Cardiac sympathetic innervation appears to be diminished or ab-
sent in mammalian hibernators (Neilsen and Owman, 1968). In both cases, this 
is proposed to be an adaptation designed to limit cardiac fibrillation. 

Vagal Afferent Integration

Breathing is generated by the brainstem but is shaped by respiratory reflexes in-
volving feedback from a host of receptors, including afferent projections of the 
vagus nerve responding to lung stretch. The magnitude of many such reflexes 
decrease with age. When euthermic, however, some heterothermic rodents dem-
onstrate an acute reliance on vagal feedback unlike other mature mammals but 
similar to the situation observed in neonates (Fedorko et al., 1988; Harris and 
Milsom, 2001).

Neuronal Growth and Plasticity

Heterotherms demonstrate distinct reductions in the complexity of synapses 
during torpor and remarkable synaptic expansion on arousal (Popov et al., 
1992). Heterotherms also demonstrate greater tolerances to and recovery from 
brain injury (reviewed in Zhou et al., 2001). These are traits that strongly mimic 
the neural plasticity of the neonatal period.
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Pulmonary Surfactant

Surfactant controls the surface tension of the fluid lining the lung. 
Homeothermic mammals experience pulmonary surfactant dysfunction with 
relatively small fluctuations in body temperature, while the surfactant systems 
of neonates and heterotherms function over a wide range of temperatures 
(Ormond et al., 2003; Slocombe et al., 2000). Surfactant composition changes 
during postnatal development and in heterotherms in and out of torpor (Ballard 
et al., 2003; Slocombe et al., 2000). 

Haemoglobin

The oxygen-carrying capacity of the blood of heterotherms is enhanced relative 
to that of nonheterotherms (Maginniss and Milsom, 1994). Furthermore, in 
heterotherms, the oxygen affinity of the oxygen-binding protein haemoglobin is 
greater than that found in nonheterotherm haemoglobins. Haemoglobin is also 
different in the fetus and the adult, with fetal haemoglobin having a higher af-
finity for oxygen. Postnatal maturation is associated with a gradual replacement 
of fetal haemoglobin with the lower affinity, adult form (Halleux et al., 2002). 

An Example from the Tenrecidae

Much of the theory surrounding the origins of mammalian heterothermy has 
dealt with a limited subset of living mammals. Most data come from rodents, 
marsupials, and monotremes (Cade, 1964; Lyman, 1982; Nedergaard and 
Cannon, 1990; Malan, 1996; Geiser, 1998; Carey et al., 2003). Identifying 
closely related heterothermic and nonheterothermic species with which to test 
theories of the origins of heterothermy is difficult. Here we provide such an 
example, in a group that has thus far received relatively little attention from the 
physiological community. The mammalian family Tenrecidae includes three 
species restricted to equatorial Africa and 26 currently recognized species on the 
island of Madagascar (Jenkins, in press). The Malagasy tenrecs represent a spec-
tacular example of an island radiation resulting from a single colonizing com-
mon ancestor (Olson and Goodman, 2003). In addition to the striking level of 
interspecific variation in morphology, ecology, life history, and behavior found 
in Malagasy tenrecs (reviewed in Olson, 1999, and Olson and Goodman, 2003), 
there is a range of homeothermic capacities across the clade (reviewed in Racey 
and Stephenson, 1996). This range includes species that fail to show homeo-
thermy at any temperature (Geogale aurita), others that utilize daily or seasonal 
torpor (Tenrec ecaudatus, Hemicentetes nigriceps, H. semispinosus) and still oth-
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ers that maintain relatively constant body temperatures (Microgale cowani, M. 
melanorrhachis) (Stephenson, 1991; Racey and Stephenson, 1996). Of particular 
interest in the current context are the spiny tenrecs (subfamily Tenrecinae). 
Molecular and morphological data strongly support a sister relationship between 
two species in this five-member clade, the lesser (Echinops telfairi ) and greater 
(Setifer setosus) Malagasy hedgehog tenrecs. While Echinops and Setifer are very 
similar externally, subtle morphological differences between the two (reviewed 
in Olson, 1999) suggest that several features in Echinops may be paedomorphic 
(neotenous) relative to its closest living relative, Setifer. These features include 
differences in body size—adults of Setifer tend to be much larger than those of 
Echinops (Garbutt, 1999)—and, in Echinops, a failure to develop a third molar 
(Thomas, 1892). Echinops is the only member of the family that lacks this tooth, 
which is the last of the three molars to erupt in all other species.

Physiologically, Echinops is striking in its inability to maintain a constant 
body temperature (T

b
) across a broad range of ambient temperatures (T

a
) (Nicoll 

and Thompson, 1987; reviewed in Stephenson, 1991) and is considered to be a 
true heterotherm except during periods of gestation and lactation (see Poppitt 
et al., 1994). Field and captive studies on Setifer, on the other hand, have 
demonstrated its ability to maintain a T

b
 higher than T

a
 throughout its annual 

cycle (Eisenberg and Gould, 1970) and, thus, Setifer is classified as being more 
homeothermic than Echinops. Both species are known to enter daily and season-
al torpor, but torpor in Setifer is believed to be less profound than in Echinops. 
(Eisenberg and Gould, 1970; Stephenson, 1991; Salton and Buffenstein, 2004). 

While we would clearly not want to base our hypothesis on a single empirical 
example, we offer the case of Echinops and Setifer as evidence of a possible rela-
tionship between paedomorphosis and relative heterothermy. 

Conclusion

There is remarkable similarity between traits underlying the heterothermic phe-
notype and traits common to neonatal mammals. Thus, we propose that mam-
malian heterothermy is an example of evolution through neoteny and that the 
seemingly polyphyletic distribution of heterothermy in mammals (and perhaps 
also birds) results from independent cases of arrested physiological development 
in lineages where the preservation of heterothermic capacity in adults conveyed 
a selective advantage. The conservation of complex traits in distantly related 
heterotherms reflects a common origin in neonatal physiology. This theory pro-
vides a basis for testable hypotheses, and would predict trait similarities between 
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neonates of heterothermic and nonheterothermic sister species, and a retention 
of traits during maturation in heterotherms but a loss in nonheterotherms. This 
theory also predicts that when one species is more heterothermic with respect to 
its sister species, it will also be relatively paedomorphic. Answers to previously 
enigmatic questions pertaining to adaptations for torpor and hibernation could 
be sought through comparison with neonates. Similarly, insights into neonatal 
physiology and certain pathophysiologies might be gained through investigation 
of heterothermic mammals. 
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