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be profitably compared to understand functional principles. 
In addition, we describe a selection of the highly diverse rep-
ertoire of reptilian behaviors to illustrate the value of a com-
parative approach towards understanding hippocampal 
function.  © 2017 S. Karger AG, Basel 

 Introduction 

 “... I am acting as a map maker, an explorer of psychic areas, a 
cosmonaut of inner space, and I see no point in exploring areas 
that have already been thoroughly surveyed.”

   William S. Burroughs 

  Maps are ordered representations, and making a map 
is an act of constructing and abstracting knowledge. Be-
havioral experiments have long indicated that animals 
make use of internal maps for navigation [Tolman, 1948]. 
This holds true for a lizard aggressively defending his ter-
ritory, the extraordinary voyage of sea turtles, or rats ea-
gerly exploring boxes and linear tracks. One of the great 
success stories of neuroscience was the discovery of neu-

 Keywords 

 Reptiles · Hippocampus · Spatial navigation · Memory · 
Social behavior · Lizard · Turtle 

 Abstract 

 Our ability to navigate through the world depends on the 
function of the hippocampus. This old cortical structure 
plays a critical role in spatial navigation in mammals and in 
a variety of processes, including declarative and episodic 
memory and social behavior. Intense research has revealed 
much about hippocampal anatomy, physiology, and com-
putation; yet, even intensely studied phenomena such as the 
shaping of place cell activity or the function of hippocampal 
firing patterns during sleep remain incompletely under-
stood. Interestingly, while the hippocampus may be a ‘high-
er order’ area linked to a complex cortical hierarchy in mam-
mals, it is an old cortical structure in evolutionary terms. The 
reptilian cortex, structurally much simpler than the mamma-
lian cortex and hippocampus, therefore presents a good al-
ternative model for exploring hippocampal function. Here, 
we trace common patterns in the evolution of the hippo-
campus of reptiles and mammals and ask which parts can 
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rophysiological substrates for these cognitive maps in the 
hippocampus [O’Keefe and Dostrovsky, 1971; O’Keefe 
and Nadel, 1978; Ranck, 1984; Taube et al., 1990; Mc-
Naughton et al., 1996; Hafting et al., 2005]. Looking back, 
the cellular activity in the hippocampus of freely moving 
animals was unexpectedly explicit, and the computations 
that this activity implied are intriguingly abstract. Initial-
ly, place cells may have seemed like an oddity that made 
it possible to think about the idea that animals use an in-
ternal map of space [Nadel and O’Keefe, 1974]. By the 
time head direction cells and grid cells were discovered, 
it became difficult to entertain the idea that animals are 
not using an internal map [Taube, 2007; Moser et al., 
2008]. At the same time, the hippocampus clearly does 
more than just act as an internal GPS, playing a vital role 
in a variety of functions, including, most famously, epi-
sodic memory formation [Scoville and Milner, 1957].

  A Brief Evolutionary History of the Hippocampus in 

Amniotes 

 Even though the hippocampus is one of the most in-
tensely studied parts of the mammalian forebrain, it re-
mains a highly mysterious structure. Despite decades of 
research, we still lack a coherent account of hippocampal 
function that incorporates memory, spatial navigation, 
and social behavior, to name just a few. Given the com-
plexity of the mammalian hippocampal formation, rela-
tively simple models are attractive. This review focuses on 
reptiles. Modern reptiles and mammals each originate 
from one branch of a bifurcation from a common amni-
ote ancestor some 320 million years ago. This common 
ancestor probably already possessed a laminated cerebral 
cortex, possibly not much different from that of present-
day nonavian reptiles. It is believed that parts of this an-
cestral cortex led to modern hippocampal circuits in both 
mammalian and reptilian lineages. Thus, studying the 
modern reptilian cortex may reveal important and useful 
insights into the function and evolution of the mamma-
lian cortex and hippocampus [Naumann et al., 2015]. We 
remind the reader that living reptiles, like all extant ani-
mals, have undergone and are undergoing independent 
evolution. Therefore, we should not imagine that the 
brain of any given extant reptile is necessarily identical to 
that of ancestral amniotes. We take the orthodox view 
that, through a broad sampling of both reptilian and 
mammalian species, one may reconstruct ancestral char-
acters [Nieuwenhuys et al., 1998; Butler and Hodos, 2005; 
Northcutt, 2013].

  The Hippocampus in Pieces and Patches 

 In mammals, the cortex consists of the isocortex with 
a 6-layered lamination and the allocortex with a variable 
number of layers. The allocortex comprises a large num-
ber of different regions, such as the piriform cortex and 
the hippocampal formation. The hippocampal formation 
consists of two major parts: a core region (dentate gyrus, 
mossy cells, CA fields, and subiculum) and a surrounding 
belt or parahippocampal region (pre- and parasubicu-
lum, medial and lateral entorhinal cortex, post- and peri-
rhinal cortex, and parts of retrosplenial and cingulate cor-
tex) [Lorente de Nó, 1933; 1934; Filimonoff, 1947; Black-
stad, 1956; Köhler, 1986; Slomianka and Geneser, 1991; 
Amaral and Lavenex, 2009; Cappaert et al., 2015]. In rep-
tiles, a more elementary terminology is used for cortical 
regions, medial, dorsal, and lateral cortex, each with only 
a single layer of principal cells. Can we find a region ho-
mologous to the mammalian hippocampal formation 
within the reptilian cortex, especially when considering 
the multilayered architecture of several hippocampal re-
gions such as CA1 and the subiculum [Slomianka et al., 
2011]? Surveying the literature and recent reviews, the 
answer seems to be yes. However, there is no agreement 
on interspecies correspondence of regions, even across 
reptile species [Platel, 1969; Striedter, 1997, 2016]. We 
thus attempt to outline the different methods and models 
for comparing reptilian and mammalian hippocampal re-
gions in broad terms and suggest how they could be rec-
onciled. We focus on two classic questions [Smith, 1910]: 
(i) how much of the reptilian cortex represents the hip-
pocampal formation, and (ii) what is its nature, i.e., what 
are its subdivisions and functional specializations? For 
studies on cortical volume changes in relation to spatial 
navigation [Day et al., 1999; Ladage et al., 2009] we direct 
the reader to excellent reviews that also incorporate a 
broader phylogenetic perspective [Roth et al., 2010; Bro-
glio et al., 2015; Murray et al., 2016; Striedter, 2016; Bing-
man et al., 2017]. Similarly, we omit studies on cortical 
interneurons in reptiles [reviewed in Reiner, 1991; Guira-
do and Davila, 1999; Naumann and Laurent, 2017], since, 
despite extensive knowledge about cell type diversity of 
mammalian hippocampal interneurons, their function 
remains poorly understood [Grieves and Jeffery, 2017].

  The most medial area of the reptile cortex (M) consists 
of small, densely packed granule-like cells that give way 
to larger, more pyramidal-like cells in the dorsomedial 
cortex (DM) [Ulinski, 1990]. Both the medial part of the 
reptilian cortex as well as one of its subdivisions are re-
ferred to as “medial cortex” in the literature. Here we gen-
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erally use “medial cortex” for the larger region and add 
“M” or “DM” when referring to its subdivisions. Unchar-
acteristically uncontroversial, both belong to the reptile 
hippocampus according to all previous authors. Based on 
convergent evidence from a topological position, cytoar-
chitecture [Ramon y Cajal, 1917; Curwen, 1937], and 
characteristic zinc staining, the M and DM are frequently 
compared to the dentate gyrus and the CA3 region of the 
mammalian hippocampus [Lopez-Garcia et al., 1988; 
Olucha et al., 1988]. This comparison largely stems from 
work on zinc-positive projections from M to DM in dif-
ferent lizard species, which are likened to the zinc-posi-
tive hippocampal mossy fibers of mammals. However, in 
some mammals, zinc-positive projections from the den-
tate gyrus may extend beyond the CA3 region into CA1 
[Laurberg and Zimmer; 1980; Gaarskjaer et al., 1982; 
Gaarskjaer, 1986]. In turtles, zinc-positive intrinsic con-
nections may be missing [Martinez-Garcia and Olucha, 
1988], and the cytoarchitecture is dramatically less dis-
tinct. We propose that the indistinct cellular architecture 
of turtle medial cortex exemplifies a trend that is ampli-
fied in their close relatives, crocodiles and birds [Craigie, 
1935], leading to the question as to whether birds have 
any medial cortex region similar to the dentate gyrus at 
all [Striedter, 2016; Bingman et al., 2017].

  Comparisons based on single sets of connections can 
be important functionally. In lizards, for example, the 
zinc-positive projections from M to DM end in excitatory 
boutons with a morphology similar to that of mammalian 
dentate-to-CA3 mossy fiber boutons [Martinez-Guijarro 

et al., 1990]. However, while some aspects of cortical con-
nections may be preserved, it is important to consider a 
wider range of cortical projections, since circuits may 
evolve independently, even in closely related species 
[Striedter, 1994]. In reptiles, M, DM, and dorsal cortex 
receive input from anterior thalamic nuclei [Bruce and 
Butler, 1984; Desan, 1988; Martinez-Garcia and Lorente, 
1990; Hoogland et al., 1998; Desfilis et al., 2002; Zhu et al., 
2005; Pritz, 2014], whereas mammals lack such input to 
the dentate gyrus and CA3. Thus, signals transmitted 
through the anterior thalamus in mammals, such as in-
formation about head direction [Taube, 2007], may reach 
a wider set of medial cortex regions in reptiles. Reptile 
dorsal and lateral cortex project to M (with clear laminar 
separation) and DM (less clear pattern), whereas in mam-
mals there is a laminar segregation of entorhinal inputs 
in the dentate gyrus and CA3, and a proximodistal pat-
tern in CA1 and subiculum ( Fig. 1 ) [Desan, 1988; Cabre-
ra-Socorro et al., 2007]. In addition, the reptilian lateral 
cortex has usually been compared to the mammalian pir-
iform (olfactory) cortex and the dorsal cortex to the iso-
cortex (though to variable extents, see below). In reptiles, 
both M and DM are reciprocally connected among them-
selves and with the dorsal cortex [Lohman and Mentink, 
1972; Hoogland and Vermeulen-VanderZee, 1989, 1993]. 
In mammals, reciprocal intrahippocampal connections 
exist between dentate gyrus and CA3 [Witter, 2007], den-
tate gyrus and mossy cells [Scharfman, 2016], CA1 and 
subiculum [Xu et al., 2016], and the core hippocampus as 
a whole with the parahippocampal region. Finally, major 

a b

PrS
PaS

POR

PER

DG CA3MEC

SubLEC CA1

M

DM

D

L

  Fig. 1.  Hippocampal circuits: cortical circuits with input to the me-
dial cortex in reptiles ( a ) and hippocampal circuits in mammals 
( b ). Green, intrahippocampal (medial pallial) pathways and re-
gions; gray, pathways from the lateral cortex of reptiles and the 
perirhinal cortex and lateral entorhinal cortex of mammals into 
the core hippocampus. We illustrate mainly feedforward connec-
tions towards the core hippocampus and neglect feedback projec-
tions. The input of reptilian dorsal and lateral cortices to M shows 
a similar pattern to the input to DG and CA3. Overall, however, 

the mammalian hippocampal formation possesses a larger number 
of subdivisions and thus more complex patterns of connectivity. 
While the dorsal cortex in reptiles provides input to M and DM, it 
is debated whether (or which parts of) it should be considered part 
of the medial pallium ( Fig. 2 ). M, medial cortex (medial part); DM, 
dorsomedial cortex; D, dorsal cortex; L, lateral cortex; MEC, me-
dial entorhinal cortex; LEC, lateral entorhinal cortex; DG, dentate 
gyrus; CA3, CA1, fields; Sub, subiculum; PrS, presubiculum; PaS, 
parasubiculum; POR, postrhinal cortex; PER, perirhinal cortex. 
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differences between reptiles and mammals are the recip-
rocal connections between the hippocampus and septum. 
In reptiles, regions M and DM project to the septum, 
whereas in mammals septal projections are lacking in the 
dentate gyrus but are present in CA3 [Striedter, 2016]. In 
conclusion, a comparison of mammalian hippocampal 
connections and their potential reptilian counterparts re-
veals a complex mixture of similarities and differences. 
To resolve these questions will require identifying the 
topographic and/or topological order of cell populations 
in the reptile cortex and then combining molecular cell 
classification with tract tracing [Atoji et al., 2016].

  A recent series of investigations has established a 
framework for comparing brain regions across verte-
brates by using conserved developmental gene expression 
[Smith-Fernández et al., 1998; Puelles et al., 2000; Medina 
and Abellán, 2009; Puelles and Ferran, 2012]. This re-
search program has reinforced the idea that mammalian 
hippocampal and parahippocampal regions originate 
from and form a distinct cortical sector (the medial pal-
lium), which suggested that the lateral entorhinal cortex 
may have a uniquely different developmental origin 
[Abellán et al., 2009, 2014; Puelles et al., 2017]. Most stud-
ies have focused on cortical development in mice and 
chickens, two distantly related species. Comparable data 
on reptiles remain exceedingly scarce [Nomura et al., 
2013b]. The general cortical markers Tbr1 and Ctip2 are 
present in the reptilian medial cortex, whereas Er81 and 
Foxp1 are differentially expressed in medial cortex subre-
gions [Moreno et al., 2010; Nomura et al., 2013a; Suzuki 
and Hirata, 2014; Garcia-Calero and Martinez, 2016]. 
However, using classical methods for detecting genes and 
proteins, only a few genes can be surveyed at a time. This 
introduces an element of uncertainty for cross-species 
comparisons: how should we select markers for investi-
gating expression patterns, and how many markers are 
needed to infer regional similarity? Belgard et al. [2013] 
introduced a novel approach into comparative neurobi-
ology by sequencing tissue from mouse and chicken brain 
regions and comparing thousands of the most highly ex-
pressed genes. The hippocampus of mouse and chicken 
had one of the highest similarity scores of all surveyed 
brain regions, but subdivisions of the hippocampus were 
not investigated. The regions of the mammalian hippo-
campus differ in gene expression, raising the possibility 
that a comparison of the level of cortical areas would 
prove insightful [Lein et al., 2004; Fanselow and Dong, 
2010; Cembrowski et al., 2016]. Many of the gene expres-
sion studies characterizing the mammalian hippocampus 
have used bulk mRNA samples from dissected brain re-

gions, and initial studies based on microarrays found very 
high correlations of gene expression patterns between the 
hippocampus, neocortex, and amygdala [Zapala et al., 
2005], indicating that the differential expression of rela-
tively few genes determine their structural and functional 
differences. However, such studies are sensitive to chang-
es in relative population sizes of different cell types with-
in a sampled region. Dense transcriptomic characteriza-
tion of individual cells within the hippocampus [Kamme 
et al., 2003; Zeisel et al., 2015; Habib et al., 2016] provides 
a fuller picture of cell type differences across subregions 
of the mammalian hippocampus. Thus, comparing the 
transcriptomes of reptilian and mammalian cell types 
may help to clarify regional homologies and provide a 
valuable resource for identifying markers expressed 
across species. Ongoing studies [Tosches et al., in prepa-
ration] will hopefully soon provide answers.

  A Model of the Brain 

 To provide a framework for functional, hodological, 
and molecular interspecies comparisons, it is useful to 
formulate models or hypotheses before testing them with 
available data. For the limited case of the mammalian hip-
pocampal formation and its reptilian counterparts, we 
find three major lines of comparison in the literature. The 
first model holds that M and DM constitute the entire 
medial pallium and thus the equivalent of the entire 
mammalian hippocampal formation. This model implies 
a dramatic mammalian regional expansion, since all 
mammalian areas would correspond to only two cortical 
regions in reptiles ( Fig. 2 , dark green) [see overview by 
Striedter, 1997, and references therein]. A second model 
holds that M and DM correspond to the dentate gyrus 
and CA3 (or to CA3 and CA1/subiculum) [Striedter, 
2016]; in this case, some parts of the reptilian dorsal cor-
tex might correspond to the remaining regions of the 
mammalian hippocampal region. This second model as-
cribes (approximately) the medial half of the reptilian 
dorsal cortex to the hippocampal formation ( Fig. 2 , me-
dium green) [Edinger, 1908; Smith, 1919; Schepers, 1948; 
Northcutt, 1969; Kirsche, 1972; Schwerdtfeger and Germ-
roth, 1990; Puelles et al., 2017]. A third model considers 
an even larger part of the reptile dorsal cortex as being 
part of the hippocampal formation ( Fig. 2 , light green) 
[Kappers, 1921; Rose, 1923; Filimonoff, 1964; Lohman 
and Smeets, 1991; Medina et al., 2017]. The differences 
between these models do not appear to stem from major 
differences in experimental methods, except maybe the 
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use of different model animal species. In turtles, more of-
ten studied by proponents of model 2, the dorsal cortex is 
more differentiated and receives direct visual input from 
the thalamus [Hall and Ebner, 1970]. In lizards, more of-
ten studied by proponents of model 3, comparable re-
gions are shifted more laterally ( Fig. 2 ). It is therefore pos-
sible that a reptilian hippocampal formation encompass-
es the medial cortex and parts of the dorsal cortices. 
However, it appears that even the most liberal interpreta-
tion of the hippocampal formation in reptiles does not 
allow for a 1-to-1 mapping of the highly differentiated 
mammalian hippocampal formation. For example, small-
er neuronal populations such as mossy cells or the CA2 
region, recent objects of renewed interest [Dudek et al., 
2016; Scharfman, 2016], have no proposed reptilian 
equivalents. Also, most regions of the mammalian me-
dial pallium, at least between CA1 and the entorhinal cor-

tex [Slomianka et al., 2011], contain multiple cellular lay-
ers. Because reptilian cortex contains only one principal 
cell layer, the interpretation of layer-specific markers re-
mains difficult [Puelles et al., 2017]. In summary, it could 
be that finer subdivisions of the reptilian hippocampal 
region remain to be uncovered (e.g., with molecular 
methods), that single reptilian hippocampal regions cor-
respond to multiple mammalian areas, or that some 
mammalian hippocampal areas do not have an equivalent 
in reptiles. 

  A Note on Reptiles in the Popular Lore 

 Reptiles in the popular imagination and culture are 
simple creatures that lack most of the “higher-order” be-
haviors seen in mammals and birds. This idea may be 
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  Fig. 2.  Cellular architecture and maps of the hippocampal formation in reptiles.  a ,  b  Cellular architecture of the 
hippocampal formation of lizards ( a ) and turtles ( b ). Shades of green indicate different models of the extent of 
the hippocampal formation in reptiles.  c ,  d  Dorsal view of the cerebral cortex in a lizard ( c ; adapted from Platel 
[1969]) and a turtle ( d ; adapted from Schepers [1948]). All studies agree that the medial (medial part; M) and the 
dorsomedial cortex (DM) are part of the reptilian hippocampal formation or medial pallium. Whether addition-
al parts of the dorsal cortex belong to the medial pallium is an open question. D, dorsal cortex; L, lateral cortex. 
Scale bar, 0.5 mm. 
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traced to the triune brain theory, where the reptilian brain 
is characterized as a mammalian brain minus most of its 
complex parts [MacLean, 1990]. It is amusing to read Lin-
naeus, who in 1758 (describing reptiles and amphibians) 
wrote: “These foul and loathsome animals are distin-
guished by a heart with single ventricle and a single au-
ricle, doubtful lungs and a double penis. Most [...] are 
abhorrent because of their cold body, [...], filthy skin, 
fierce aspect, calculating eye, offensive smell, harsh voice, 
squalid habitation, and terrible venom; and so their Cre-
ator has not exerted his powers to make many of them.” 
The inconspicuous behaviors of many nonavian reptiles, 
their lack of homeothermia, the lack of facial features in-
stinctively attractive to humans, or lack of the vocal sig-
naling that we share with birds, all seem to participate in 
a deep-seated dislike of and relative ignorance about rep-
tiles [Doody et al., 2013]. It is probable that, even in light 
of a modern wave of reptile research, we still underesti-
mate this major vertebrate group [Rivas and Burghardt, 
2002] that holds important answers to questions that 
concern vertebrate brain evolution.

  Spatial Memory and Navigation 

 In mammals, the hippocampal formation is thought to 
play a key role in these key tasks. Lesions in humans pro-
duce marked deficits in spatial memory [Eichenbaum 
and Cohen, 2004]. In nonhuman primates, bilateral hip-
pocampal lesions result in specific deficits in tasks that 
require an allocentric (spatial relational) representation 
of the environment to discriminate reward locations 
[Lavenex et al., 2006]. Neurons in the hippocampal for-
mation of rats, mice, bats, and primates modulate their 
activity depending on the animal’s location in the envi-
ronment (place cells, grid cells, head direction cells, and 
border cells; properties reviewed in Hartley et al. [2014] 
and Las and Ulanovsky [2014]. In bats, a subset of neu-
rons fire at a constant angle relative to navigational goal 
locations, even when those goals are hidden from view 
[Sarel et al., 2017]. If the hippocampal formation is an 
ancient area present in early vertebrates, does the hippo-
campus of the mammals’ sister group, the reptiles, have 
similar functions?

  Recent fieldwork suggests that spatial navigation and 
memory play vital roles in reptilian ecology. Most reptiles 
are territorial, living in a defined home range that they 
guard from intruders [Martins, 1994]. Within a home 
range, there is a clear fitness benefit to remembering the 
best sites for food, water, sleep, hibernation, and thermo-

regulation. Often, sites that are good for one of these 
functions are suboptimal for others, requiring navigation 
between sites. We highlight a few studies focused on these 
behaviors. 

  Large Australian crocodiles  Crocodylus porosus  were 
helicoptered tens to hundreds of kilometers away from 
their home ranges in an effort to move them away from 
where humans live. Satellite tracking revealed that after a 
period of stability near their release site, all crocodiles set 
out on a rapid and seemingly purposeful return journey, 
traveling home at up to 30 km/day and settling in their 
original home ranges [Read et al., 2007].

  The gecko  Gehyra variegata  is a small nocturnal lizard 
with a home territory of a single tree. Moving 25 lizards 
to nearby trees, 14 stayed at the release site while 11 
walked “almost straight” back to their home tree by the 
next night. Lizards navigated visually; their walk from 
tree to tree was heavily biased towards trees that were vis-
ible from their home tree, and away from unfamiliar trees 
[Gruber and Henle, 2004]. 

  Every year, several species of sea turtle navigate thou-
sands of kilometers between specific beaches to lay eggs 
and specific feeding grounds. This remarkable migration 
is thought to be at least partially accomplished by a sen-
sitivity to the intensity and inclination angle of earth’s 
magnetic field, both of which varies systematically along 
the earth’s surface [Lohmann and Lohmann, 1994, 1996]. 
This was convincingly tested by placing young turtles in 
a tank subject to the magnetic fields typically found at dif-
ferent points along their migratory path. Remarkably, 
even turtles that had never seen the ocean could correctly 
orient their swimming [Lohmann et al., 2001]. In addi-
tion, when juvenile turtles were given magnetic fields 
characteristic of  ∼ 350 km north or south of their normal 
navigation route they oriented in a way that would bring 
them back to their normal route [Lohmann et al., 2004].

  Seasonal droughts force the semiaquatic turtle  Chrys-
emys picta  to move between multiple home ponds. Radio 
tracking revealed that they navigated with extremely high 
accuracy, repeatedly using a small number of straight 
paths connecting different ponds over several years. 
These paths appear to be remembered by resident turtles; 
translocated adult turtles were unable to successfully nav-
igate to new ponds. Interestingly, translocated juveniles 
were able to learn to navigate using the same paths as 
resident adults [Roth and Krochmal, 2015].

  While reptiles clearly solve varied and nonobvious nav-
igational tasks, nothing summarized thus far indicates 
whether these behaviors rely on their hippocampus equiv-
alent, although the hypothesis that they probably do seems 
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reasonable. To test this idea, turtles were trained to navi-
gate to the location of hidden food placed at a constant 
position relative to distal visual cues in an open field envi-
ronment or a plus maze. They could readily perform this 
spatial memory task. Lesioning the hippocampus pro-
duced clear deficits: turtles could not learn the food loca-
tion. Interestingly, these deficits were selective; lesioned 
turtles could still navigate to food if there was a clear vi-
sual cue (beacon) marking a food location. The reptile 
hippocampus therefore appears to be involved in a trian-
gulation task, a computation necessary to perform flexible 
navigation [Rodríguez et al., 2002; López et al., 2003].

  Does the reptilian hippocampus contain place cells, 
head direction cells, or grid cells? There is no evidence so 
far. Yet, a recent series of beautiful experiments in the 
Egyptian fruit bat has found place, grid, head direction, 
and border cells in the areas of the hippocampal forma-
tion in which they had been previously found in rats and 
mice [Yartsev et al., 2011; Yartsev and Ulanovsky, 2013; 
Las and Ulanovsky, 2014; Finkelstein et al., 2015]. Be-
cause the common ancestor of bats and rats lived approx-
imately 63 million years ago [Lei and Dong, 2016], this 
work suggests (though does not prove) the conservation 
of cellular and network properties in animals with mark-
edly different lifestyles. The role of the hippocampal for-
mation in navigation may thus be ancient. While a range 
of interesting and instructive differences exists between 
rat and bat hippocampal physiology (e.g., in circuit dy-
namics), it seems that, here at least, anatomical similari-
ties and the common requirement for spatial navigation 
are coupled with similar physiological cell types. 

  In monkeys, several types of neurons modulate their 
firing based on the direction of gaze [Rolls and O’Mara, 
1995; Killian et al., 2012]. Due to experimental constraints 
(subjects were head fixed in a chair), it is unclear whether 
and how these neurons relate to cell types recorded in 
freely moving rodents and bats. Clearly more compara-
tive work, using experimental conditions that are as un-
constrained as possible, is needed to evaluate the poten-
tial conservation of phenomenological properties of 
hippocampal neurons and the evolution of navigational 
circuits.

  More than Maps 

 Studies of human lesions and diseases suggest a more 
general role for the hippocampus in declarative memory 
(memory of people, places, events, for example, i.e., non-
motor or “procedural”) [Squire and Zola-Morgan, 1991; 

Squire and Wixted, 2011]. Consistent with this idea, hu-
man hippocampal neurons demonstrate viewpoint-in-
variant visual selectivity to different pictures of single in-
dividuals, landmarks, and objects [Quiroga et al., 2005]. 
Work in experimental animals has also revealed a host of 
phenomena that do not fit well into an account of the hip-
pocampus as being involved only in spatial navigation 
and memory [Eichenbaum et al., 1999]. For example, in 
a task where rats had to associate certain odors with the 
presence of food rewards, some CA1 and CA3 neurons 
were odor selective, others place selective, others selective 
to certain configurations of sensory cues, and yet others 
increased activity during the animal’s approach to the re-
ward location [Wood et al., 1999]. Another study alterna-
tively deprived rats of food or water and presented them 
with a memory task. The task was for them to learn to 
associate a certain color box with reward when the rats 
were food deprived, and a differently colored box with 
reward when they were water deprived. Under these con-
ditions, CA1 neurons show differential firing when rats 
were thirsty or hungry, even though everything spatial 
about the task was identical [Kennedy and Shapiro, 2009]. 
In an odor-object association task where a delay period 
separated the initial exposure to the stimuli from the time 
when rats could dig for a reward, hippocampal neurons 
reliably fired at characteristic times of the delay period. 
This held true even when accounting for the rat’s loca-
tion, speed, velocity, and head direction [MacDonald et 
al., 2011]. 

  A particularly strong separation from spatial naviga-
tion is seen in particular anatomical regions of the hip-
pocampus. CA2 is an area of the mammalian hippocam-
pus densely connected to other hippocampal areas linked 
to spatial navigation (CA1, CA3, entorhinal cortex, and 
subiculum). Interestingly, using tetanus toxin to geneti-
cally inactivate the output of CA2 pyramidal neurons did 
not affect spatial memory performance tested using a 
Morris water maze. It also did not affect odor recognition, 
object recognition, innate preferences to exploring novel 
objects, locomotion, or measures of anxiety. What was 
affected was social memory. Normally, mice demonstrate 
social recognition. That is, they react differently to mice 
that they have been exposed to previously and to novel 
mice. This difference lasts for about 24 h, after which mice 
forget about familiar mice and treat them as novel. Silenc-
ing CA2 produced marked deficits: mice treated conspe-
cifics as unfamiliar even after repeated recent exposure 
and interaction [Hitti and Siegelbaum, 2014].

  A similar role in social memory has been documented 
in the ventral hippocampus, an area in which neural 
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properties [Jung et al., 1994; Kjelstrup et al., 2008], the ef-
fect of lesions [Glickman and Morrison, 1969; Moser et 
al., 1993; 1995; Kjelstrup et al., 2002], and connectivity 
[Xu et al., 2016] have long been known to differ from 
those in the better studied dorsal hippocampus. Selective 
inhibition of a subset of ventral CA1 (vCA1) neurons, 
those that project to a brain area called the nucleus ac-
cumbens core, produced a selective deficit in social rec-
ognition. Social interactions with a test mouse led to a 
sparse subset of vCA1 neurons being reliably active. 
These activated neurons could be genetically tagged and 
selectively activated optogenetically [Tonegawa et al., 
2015]. Reexposure to the test mouse after 24 h normally 
led to the test mouse being treated as unfamiliar. How-
ever, coupling this exposure with optogenetic activation 
of the tagged neurons led to the test mouse being treated 
as familiar [Okuyama et al., 2016]. Reactivation of vCA1 
neurons therefore appears to be sufficient to recall a social 
memory. The differential roles of CA2 and vCA1 in social 
memory remain unclear.

  Are nonspatial functions more or less important than 
the more intensively studied spatial navigation? Recently, 
Aronov et al. [2017] recorded from a large population of 
neurons in the hippocampus and entorhinal cortex while 
trained rats performed an auditory tone discrimination 
task. Many neurons showed tuning to specific sound fre-
quencies and, as a population, formed a continuous rep-
resentation of frequencies. Fascinatingly, if recordings 
were made while the rat foraged for food, many of neu-
rons also demonstrated spatially localized firing (thus be-
having as place cells, grid cells, head direction cells, or 
border cells). The subset of the neural population with 
frequency tuning and the one demonstrating spatial tun-
ing were of roughly the same size, and there was very little 
correlation between membership in each subset. There-
fore it appears that the hippocampus possesses a more 
general representational ability, mixing multiple high-
level features among the same neuronal population.

  Reptiles possess many of the anatomical connections 
shown to support functions other than navigation in the 
mammalian hippocampus. These include a projection 
from the medial cortex to the amygdala [Hoogland and 
Vermeulen-VanderZee, 1993], from the medial and dor-
sal cortices to the nucleus accumbens [Guirado et al., 
1999], and a connection between the dorsal cortex and 
the olfactory bulb [Martinez-Garcia et al., 1991]. In addi-
tion, reptiles show elaborate social behaviors. One of the 
central activities of territorial reptiles is to assert their ter-
ritorial control against rival conspecifics. Social signaling 
and memory are of central importance in this case, for 

they can limit costly physical conflict. If a signal is difficult 
to fake, such as head rearing to demonstrate one’s size 
with crocodiles [Brien et al., 2013], or production of a 
pheromone with a chemical component that is difficult 
for weak snakes to manufacture [Mason and Parker, 
2010], that signal can evolve as a proxy for actual conflict 
[Smith and Harper, 2003]. Many reptiles demonstrate a 
range of such social signals of various intensities. In the 
arboreal lizard  Anolis acutus , for example, aggressive sig-
naling can begin with a change in color, head bobbing, 
and nuchal crest displays. If the opponent does not back 
down, this can be followed by more pronounced pushups, 
charge, and ultimately, physical contact. These lizards es-
tablish small territories of 2–3 m 2  and constantly enforce 
their borders through low-level aggressive signaling. Re-
moving a single lizard can lead within hours to large in-
creases in high-intensity conflicts over the vacant terri-
tory. Within 2 days, a usurper asserts his control over the 
vacant territory, at which point equilibrium and low in-
tensity signaling return [Ruibal and Philibosian, 1974].

  In areas with high population density, many reptiles 
quickly establish and maintain social hierarchies through 
similar signaling mechanisms. Dominant males get pref-
erential access to every resource: food, shelter, sites of 
thermoregulation, and mates. Possessing a low social sta-
tus is clearly detrimental to an animal’s fitness, but not as 
detrimental as direct physical conflict with an opponent 
where there is no hope of victory [Rowell, 1974; Alberts, 
1994]. Social life among reptiles is not always so brutal. 
At least 20 lizard species have been demonstrated to form 
lasting social groups [Davis et al., 2010]. The majority of 
these species are viviparous (produce live young), and be-
cause viviparity appears to have evolved independently 
over 100 times among reptiles [Shine, 1995], sizeable 
numbers of reptile species likely demonstrate complex 
sociality. In one well-studied example, the lizard  Xantusia 
vigilis  forms stable seasonal aggregations of up to 18 
members over multiple years. Genetic evidence has estab-
lished that many members are either siblings or parents 
of one another [Davis et al., 2010]. Lizards of the species 
 Egernia stokesii  are monogamous over at least 5 years, are 
not aggressive to members of their family, and use their 
social aggregations to provide common vigilance for 
predators [Chapple, 2003]. Crocodilians will vocalize that 
they are ready to hatch while still in the egg [Vergne and 
Mathevon, 2008], and mother crocodiles will both assist 
egg hatching and take care of her hatchlings for up to 
months [Somaweera et al., 2013]. Given the rich variety 
of social interactions seen in reptiles and the role that the 
hippocampal formation plays in these complex behaviors 
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in mammals, it is not unlikely that the reptilian hippo-
campal formation is also involved in regulating social be-
havior in reptiles.

  Conclusions 

 Reptilian and mammalian lineages evolved indepen-
dently for over 300 million years [Rowe, 2017]. The con-
servation of a recognizable hippocampal structure over 
such a long time is remarkable and represents an under-
utilized tool with which to study hippocampal function. 
Understanding the reptilian cortex could help us infer 
whether the properties of the modern mammalian hip-
pocampus are extensions of an ancient, ancestral set of 
functions (navigation, nonprocedural memory, and so-
cial behavior). Some investigators have suggested, for ex-
ample, that the hippocampus first evolved for navigation 
and that more general functions (observed in mammals) 
were added later [Manns and Eichenbaum, 2009; Murray 

et al., 2016; Bingman et al., 2017]. Comparing the hippo-
campi of mammals and reptiles could help us resolve 
these issues. Reptiles possess many behavioral traits as-
sociated with nonspatial hippocampal function in mam-
mals. Whereas the reptilian hippocampus possesses many 
fewer recognizable areas than that of mammals, the sig-
nificance of this difference is at present unknown. It is our 
hope that, by combining modern anatomical, molecular, 
and electrophysiological techniques in multiple reptilian 
species [Shein-Idelson et al., 2016, 2017; Tosches et al., in 
preparation], important questions concerning cortex and 
hippocampal evolution and function will be answered.
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