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Squamate reptiles (lizards and snakes) are one of the most species-
rich clades in the animal kingdom (Fig. 1). Together with turtles and
crocodilians (and their long-extinct relatives, the dinosaurs), they
comprise diverse life histories, morphological features, and behavior,
which have fascinated humans for ages. Even though much research
over the last few decades on the ecology, evolution, and systematics of
reptiles has resulted in important insights into reptilian biology, reptiles
have received surprisingly little attention from neuroscientists.

It is natural that as humans we gravitate toward mammalian re-
search as we seek to understand the working of our own minds and
bodies. And combined with long-standing funding priorities, it is thus
not surprising that mammalian research, both human and non-human,
well exceeds that of other vertebrate taxa. However, even beyond a
focus on mammals, a superficial examination reveals a remarkable
imbalance of research effort across other vertebrate taxa. For example,
even though the number of behavioral neuroendocrinology publica-
tions involving non-human mammals, birds, and fish has been in-
creasing over time since the late 1940s, the number of such studies
involving reptiles, and amphibians, has only seen a modest increase
(Fig. 2). Of course, to objectively assess the research effort for each
taxonomic group it is more appropriate to calculate a ratio by dividing
the number of research publication by the number of species present.
This metric makes it even more evident that there is less research effort
focused on the behavioral neuroendocrinology of reptiles than of any
other vertebrate class (Fig. 3). This is similarly true for more general
areas of research such as Neuroscience and Behavioral Neuroscience,
and for unrelated research areas such as cardiovascular research and
ecology (using the PubMed search engine). However, the results are
most dramatic for behavioral neuroendocrinology where research effort
for reptiles (0.018 publications/species) is nearly an order of magnitude
below that of birds (0.148), and more than two orders of magnitude
lower than that of mammals (4.778). In contrast, while research effort
for birds is 8-fold higher than for reptiles in behavioral neuroendocri-
nology and behavioral neuroscience, it is only 5-fold higher for neu-
roscience and cardiovascular research, and 4-fold for ecology. Amphi-
bians and fish also receive low research effort scores, the latter partly
due to the very large number of extant fish species.

Amniotic vertebrates (mammals, birds, and reptiles) all evolved
from reptilian ancestors (Fig. 1; Wade, 2005, Wilczynski et al., 2017)
and it has been argued (Karten, 2015; Naumann et al., 2015) that
modern day reptiles retain more ancestral characteristics than do
mammals and birds. Thus, from an evolutionary and comparative
perspective, this enormous discrepancy in research effort exposes a
missed opportunity. Both mammalian and avian classes possess highly
derived physiology and locomotion, as well as neural development and
anatomy (Karten, 2015; Montiel et al., 2016; Nomura and Izawa, 2017).
Furthermore, immense changes in locomotion, diet, and behavior are
associated with endothermy (Lovegrove, 2017). Reptiles, in contrast,
maintain ectothermy and much more limited telencephalic develop-
ment (Cárdenas et al., 2018). Their behaviors are thus likely regulated
to greater degree by basal forebrain and midbrain circuits, with less
pallial input. Thus, reptilian brains may possess a more independently
functioning social decision-making network (SDMN; see O'Connell and
Hofmann, 2011,2012) than would be found in other amniote verte-
brates, making them a highly important amniotic ‘out group’ for study.
However, even the presence of a functional SDMN in reptiles, and
anamniotic vertebrates, has been questioned (Goodson and Kingsbury,
2013).

For all these reasons, we believe it is high time for reptiles to be-
come more prominent as model systems in behavioral endocrinology!
The diversity of reptiles with regards to social behavior (Fox et al.,
2003), cognition (Northcutt, 2013), and life history strategies (re-
viewed in Kabelik and Crews, 2017) makes them powerful model sys-
tems for basic questions in behavioral neuroscience, especially with
regards to neuroendocrine processes governing behavior. This was re-
cognized already in the 1930s by Noble and Evans (reviewed by Crews
and Moore, 2005). After a 40-year hiatus, this work was extended
significantly by Greenberg (2002), Crews et al. (2006), Summers
(2002), and Wade (2005), among others, including recent systematic
examinations of various neuroendocrine signaling pathways by Kabelik
and co-workers (Hartline et al., 2017; Kabelik et al., 2013, 2014;
Kabelik and Magruder, 2014; Smith and Kabelik, 2017). Also,
Wilczynski et al. (2017) systematically reviewed the function of argi-
nine vasopressin in reptiles (and amphibians), in comparison to other
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vertebrates, and spelled out concrete questions for future research. And
a review by Naumann et al. (2015) introduced the reptilian brain to a
broader audience. Maybe not entirely coincidentally, reptiles have la-
tely also received considerable attention from systems neuroscientists
based on the observation that due to its simpler structure, the reptilian
cerebral cortex, which shares many functional attributes with mam-
mals, lends itself to the identification of general algorithmic principles

(Fournier et al., 2015; Reiter et al., 2017; Tosches et al., 2018).
In this issue, Kabelik et al. (2018) provide evidence for a functional

SDMN in reptiles by demonstrating its involvement in the regulation of
reproductive and agonistic behaviors. The authors find that although ac-
tivation of the SDMN as a whole is largely unrelated to social behavioral
output, activity at specific SDMN nodes does correlate with behavioral
output and social environment. Furthermore, the interconnectedness of

Fig. 1. Evolutionary history of vertebrates. The
spindle diagram shows the relative diversity of the
major groups through time, with the width in-
dicating an estimate of species number (The World
Conservation Union, 2014). Past expansions and
extinction events are not shown for simplicity. The
figure shows the Lepidosauria, which comprises both
the Squamata and the single species of extant
Rhynchocephalia, the tuatara.
Modified from Benton (2005).

Fig. 2. Number of behavioral neuroendocrinology studies
found in PubMed (pubmed.gov) per vertebrate class. Search
parameters were: “(neural OR brain) AND (hormone or
steroid or endocrine) AND behavior AND ____”, with the blank
representing either “mammal”, “bird”, “reptile”, “amphi-
bian”, or “fish”. The upper date cut-off was set to 12/31/2016
and no lower cut-off was employed. Only non-human mam-
mals were included. A search including more broad search
terms produced parallel results and so the above terms were
used throughout for simplicity.
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SDMN nodes – their functional connectivity – increases in social compared
to asocial contexts, suggesting further involvement in processing of social
decision making. Finally, the authors find that activity of various neuro-
transmitter and neuropeptide ‘source nodes’ relates to SDMN ‘target’ node
activity, as well as behavioral output.

The Kabelik et al. (2018) study was performed on brown anole li-
zards (Anolis sagrei). Lizards, snakes, and the amphisbaenians (worm
lizards) form the Squamata, the most species-rich order of reptiles, with
an estimated 6451, 3691, and 194 species respectively (The Reptile
Database, 2018). It is thus unsurprising that the bulk of behavioral
neuroendocrinology research in reptiles has been carried out on Squa-
mata. Of the other reptilian clades, Testudines (turtles and tortoises)
constitute 350 species and a distinct phylogenetic lineage. Crocodylia
(crocodiles, alligators, gavials, and caimans) comprise 24 species and
are more closely related to birds than they are to other reptilian
lineages. Finally, there is only one extant species of Rhynchocephalia,
the tuatara. Even though there are few studies of reptiles outside of
lizards and snakes, we found that research effort is actually lowest
among the Squamata due to their species richness among non-avian
reptiles. However, even though dividing by species number results in
relatively higher research effort scores in other reptile groups, the ac-
tual number of studies is very small. For instance, the search terms
behavioral neuroendocrinology resulted in only 13 hits for Testudines,
1 for Crocodylia, and 0 for Rhynchocephalia. These results highlight the
relative paucity of research on several very interesting and poorly un-
derstood groups of reptiles. For instance, Crocodilians, like birds, are
known to exhibit parental care and both Crocodilians and Turtles ex-
hibit vocal communication (Chabert et al., 2015; Giles et al., 2009;
Vergne et al., 2009), but we know of no neuroendocrine studies of these
behaviors. And reptiles in general, like birds, exhibit high levels of adult
neurogenesis, making them excellent models for research investigating
structure-function remodeling of neural circuitry following behavioral
and endocrine changes (Balthazart and Ball, 2016; Paredes et al., 2016).

Although we have placed great emphasis in this commentary on the
lack of research involving reptiles, it must be noted that amphibians
and fishes are similarly underrepresented in behavioral neuroendocri-
nology research relative to mammals and birds. Just like reptiles, these
groups of organisms also provide fascinating opportunities for the study
of hormone-brain-behavior relationships.

In conclusion, the behavioral diversity of reptiles, along with our in-
creasing understanding of brain homologies, calls for a substantial in-
crease in behavioral neuroendocrinology research in reptiles. Such work,
placed within a phylogenetic comparative framework, can take advantage
of the simpler, yet highly conserved, features of the reptilian brain. In this
way, the brain and behavior of reptiles may prove indispensable for sol-
ving fundamental questions of behavioral neuroendocrinology.

Acknowledgements

We thank Dr. Rebecca Young Brim for critically reading this
manuscript. DK' is supported by Rhodes College, US and Dr. Charles and
Mrs. Patricia Robertson. HAH is supported by National Science
Foundation, US grants DEB 1638861, IOS 1601734, IOS 1501704 and
IOS 1354942.

Fig. 3. Research effort per vertebrate class and field of research. Research effort
is calculated as the number of PubMed hits divided by the number of species in
that vertebrate class. Search parameters for behavioral neuroendocrinology
were as in Fig. 2. Search parameters for other fields were adjusted to: “(neural
OR brain) AND behavior AND _____”, “(neural OR brain) AND _____”, “(cardio-
vascular or cardiac or artery or vein or blood vessel) AND ________”, and “ecology
AND ________”, respectively. Even though PubMed indexes only a subset of
ecology publications, we used it for consistency; performing the search through
Google Scholar also found reptiles to have the lowest research effort across
vertebrate classes.
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