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Behavioral neuroendocrinology is an integrative discipline that spans a wide range of taxa and neural sys-
tems, and thus the appropriate designation of homology (sameness) across taxa is critical for clear commu-
nication and extrapolation of findings from one taxon to another. In the present review we address issues of
homology that relate to neural circuits of social behavior and associated systems that mediate reward and
aversion. We first address a variety of issues related to the so-called “social behavior network” (SBN), includ-
ing homologies that are only partial (e.g., whereas the preoptic area of fish and amphibians contains the
major vasopressin–oxytocin cell groups, these populations lie in the hypothalamus of other vertebrates).
We also discuss recent evidence that clarifies anterior hypothalamus and periaqueductal gray homologies
in birds. Finally, we discuss an expanded network model, the “social decision-making network” (SDM)
which includes the mesolimbic dopamine system and other structures that provide an interface between
the mesolimbic system and the SBN. This expanded model is strongly supported in mammals, based on a
wide variety of evidence. However, it is not yet clear how readily the SDM can be applied as a pan-
vertebrate model, given insufficient data on numerous proposed homologies and a lack of social behavior
data for SDM components (beyond the SBN nodes) for amphibians, reptiles or fish. Functions of SDM compo-
nents are also poorly known for birds. Nonetheless, we contend that the SDM model provides a very sound
and important framework for the testing of many hypotheses in nonmammalian vertebrates.

© 2013 Elsevier Inc. All rights reserved.
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Introduction

One of the great strengths of the behavioral neuroendocrinology
literature is its taxonomic diversity, which provides a richer under-
standing of neural mechanisms than exists for most other areas of

neurobiology. However, diversity comes with substantial challenges,
particularly the challenge of determining “sameness” in the evolu-
tionary sense — that is, homology. How do we decide whether brain
areas in different taxa are homologous and should be called the
same thing in different species? There is no rigid criterion, but rather
a judgment must be made based on converging lines of evidence.
These lines of evidence can be hodological (i.e., based on topograph-
ical and connectional relationships to other brain structures),
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functional, histochemical, genomic, or embryological. A similar ques-
tion arises in relation to neurochemical systems — how do we deter-
mine whether neuropeptides or receptors are homologous across
vertebrate groups? Again, there is no set formula, but overall se-
quence identity, tissue localization and function are useful markers
(Butler and Hodos, 2005).

Over the years, many errors have been made in the determination
of homology, but as science progresses, the errors are generally
corrected (albeit sometimes slowly, as for much of the avian brain;
see Reiner et al., 2004). In the present commentary we critically re-
view, and suggest modifications to, assignments of homology in neu-
ral systems that are of major importance in the field of behavioral
neuroendocrinology. These are the so-called “social behavior net-
work” (SBN), the associated mesolimbic dopamine system, and struc-
tures that link the mesolimbic dopamine system to the SBN. This
latter circuitry has been included in a recently expanded model of
the SBN under the name of the “social decision-making network”
(SDM) (O'Connell and Hofmann, 2011).

In the case of the SBN, we heremake a case for some revisions to the
definition of specific nodes, based largely on recent findings in birds,
and also suggest a more conservative approach to homologies in teleost
fish. Based on both neurochemical anatomy and function, we also argue
that the paraventricular nucleus of the hypothalamus (PVN) of amni-
otes should be added to the SBN, effectively incorporating neuronal
elements that are homologous to those found in the preoptic area
(POA) of anamniotes, which is already considered an SBN component.
With regards to the mesolimbic dopamine system, relevant afferents,
and their incorporation into the proposed pan-vertebrate model for
social decision-making (O'Connell and Hofmann, 2011), we discuss a
variety of cases in which additional data are needed for clear designa-
tions of homology, and also suggest reconsiderations based on recent
pieces of evidence. Because 1) the homologies for some of the SDM
nodes remain to be clarified in nonmammalian taxa, and 2) experimen-
tal evidence for the social behavior functions of SDM network compo-
nents (outside of the SBN) is lacking in most nonmammalian classes,
we suggest that the SDM network model is most appropriately viewed
as an important framework for generating hypotheses, rather than
viewing tSDM as a validated pan-vertebrate construct.

Before proceeding, a very important point needs to be made:
Determinations of homology have always tended to be controversial.
Indeed, even the definition of homology has been a matter of contro-
versy. Perhaps the most centrist description of homology is provided
by Ghiselin, who states “Structures and other entities are homologous
when it is true that they could, in principle, be traced back through a
genealogical series to a (stipulated) common ancestral precursor”
(Ghiselin, 1966). But regardless of whose definition is employed,
homology is often not cut and dried. We point this out because the
sections below suggest modifications to aspects of nomenclature
that have been established by some of the best scientists who work,
or have worked, in our field (and some of our most valued col-
leagues). Thus, it is certainly not our goal to suggest that the nomen-
clature has been established in the absence of careful thought, but
rather to suggest that some more conservative approaches are appro-
priate with respect to homologies that are not yet completely clear,
particularly with regard to function.

The social behavior network

Based on a wide variety of functional and anatomical data,
Newman (1999) first proposed a “social behavior network” (SBN)
in mammals that represents the core neural machinery for the regu-
lation of social behavior. A critical defining feature of SBN compo-
nents is that, unlike many other brain areas that influence social
behavior, the six nodes of the SBN are absolutely essential for basic
behaviors such as maternal care, sexual behavior, communication
and aggression. As proposed by Newman, those nodes are themedial

extended amygdala (medial amygdala, MeA, and medial bed nucleus
of the stria terminalis, BSTm), POA, lateral septum (LS), ventromedial
hypothalamus (VMH), anterior hypothalamus (AH), and midbrain
(periaqueductal gray, PAG, and adjacent tegmentum). These areas
are all reciprocally connected and express sex steroid hormone re-
ceptors. Of course, other important areas could be included as well,
such as components of the mesolimbic dopamine system and the
PVN. The PVN is an important source of neuropeptide projections
to the nodes just listed, and is thus a major regulator of social behav-
ior (de Vries, 2008; Goodson and Thompson, 2010).

As early as the 1970s, general functional and anatomical similari-
ties of SBN components were apparent across the various vertebrate
classes, including similarities in the distribution of sex steroid hor-
mone receptors (Kelley et al., 1975; Morrell and Pfaff, 1978; Morrell
et al., 1975; Pfaff, 1968). As additional data accrued over the years,
particularly in the 1990s, the homologies became even clearer. This
was particularly the case in birds, which were the focus of relatively
more investigations than other nonmammalian groups (e.g., Ball
and Balthazart, 2001, 2004). The realization that fish also exhibit an
SBN homologue came somewhat later, through extensive tracings of
neurophysiologically identified vocal–acoustic circuitry in the
plainfin midshipman fish (Porichthys notatus) (Goodson and Bass,
2002). Combined with a variety of other histochemical, neurophysio-
logical and behavioral data from diverse fish species, these tracings
demonstrated that social behavior in fish is controlled by a network
of brain areas with sufficiently strong similarities to mammals to be
considered a homologous neural network for behavioral control
(Goodson, 2005; Goodson and Bass, 2002).

Drawing on thesefindings and the accumulating data in other verte-
brate groups, an SBNmodel encompassing all vertebrateswas proposed
in 2005 (Goodson, 2005), although other researchers had already
gained the same insight and adopted Newman's model for their own
systems — most notably Crews, who had elegantly applied the model
to reptiles (Crews, 2003). An important subsequent modification of
the SBN model came with a later application of the model to songbirds
by Maney et al. (2008), who explicitly modified the midbrain com-
ponent to include the ventral tegmental area (VTA). The idea that
mesolimbic dopamine circuitry is central to the regulation of social be-
havior likewise led O'Connell and Hofmann (2011) to propose an ex-
panded SBN model, which they called the “social decision-making
network” (SDM, as noted above). This expandedmodel further incorpo-
rates the nucleus accumbens, pallial (basolateral) amygdala, and nu-
merous other areas as addressed in the next section.

In general, the basic structure of the vertebrate SBN as originally
proposed has remained sound. That is, when comparing the various
classes of vertebrates, the homologies of the individual SBN nodes
are very clear, at least in most cases, based on a wide range of func-
tional, histochemical and hodological data (Goodson, 2005;
Newman, 1999). However, multiple revisions and clarifications are
needed in relation to 1) the identity of the avian AH and PAG; 2)
major peptidergic differences in the POA of amniotes and
anamniotes; and 3) the use of mammalian nomenclature in cases of
partial homology, particularly in teleost fish.

The avian PAG

The first of the brain regions requiring attention in birds is the
PAG. Although an avian PAG (substantia grisea centralis, or central
gray) had long been recognized, it is laterally contiguous with a rela-
tively large area known as the nucleus intercollicularis (ICo), which
abuts the auditory torus. Note that because the avian tectum is
hypertrophied and expands laterally, PAG subdivisions that lie dorsal-
ly in mammals (i.e., under the optic tectum, or superior colliculus)
can be expected to lie laterally in birds, and thus medial to the later-
ally placed tectum (see topography in Fig. 1). In fact, based on a sur-
vey of known connections (e.g., Berk and Butler, 1981; Wild, 1989),
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new analyses of histochemistry and socially-induced gene expression
(Kingsbury et al., 2011), and very recent data on the descending con-
trol of copulatory behavior (Wild and Balthazart, 2013), it is now
clear that ICo is homologous to the dorsal PAG areas in mammals
and that the substantia grisea centralis is homologous to the ventro-
lateral PAG in mammals (Fig. 1).

For instance, whereas agonistic interactions induce Fos expression
in the dorsal PAG of mammals (Delville et al., 2000; Haller et al., 2006;
Motta et al., 2009), comparable activation is restricted to the ICo of
birds (Kingsbury et al., 2011) (Fig. 2). Further support for this homol-
ogy comes from the fact that in reptiles, fish, and mammals, vocally
active sites in the PAG lie laterally, adjacent to the auditory torus
(Goodson and Bass, 2002; Jürgens, 2002; Kennedy, 1975), and simi-
larly, vocally active sites in birds lie laterally and adjacent to the
torus, but in territory classically defined as ICo (Brown, 1965;
Phillips and Youngren, 1971; Shaw, 2000). Notably, this area also con-
trols postural components of communication behavior, in addition to
vocalization (Shaw, 2000). In mammals, columns of the dorsal PAG,
particularly the lateral column, represent the final common pathway
for the control of vocalization and receptive posture (cats and

monkeys: VanderHorst and Holstege, 1996; Vanderhorst et al.,
2000), and may serve the same integrative functions for reproduction
and vocalization in male rats, as well (Holstege et al., 1997). It is
therefore notable that recent tract tracings in male quail demonstrate
that descending circuits controlling copulatory behavior are routed
through the classical ICo, including the dorsomedial nucleus of
the ICo, and not the substantia grisea centralis (Fig. 3) (Wild and
Balthazart, 2013).

The avian AH

The second area in birds that requires some consideration is the AH.
The AH is generally defined in nonmammalian taxa as a large swath of
hypothalamic territory, and as of yet there is no evidence for discrete
homologies with the various AH subnuclei in mammals (although this
likely reflects a lack of investigation). An area historically called the
“anteromedial hypothalamus” in birds (Berk and Butler, 1981; Huber
and Crosby, 1929; Karten and Hodos, 1967) has been considered by
some authors to be the avian “AH” (O'Connell and Hofmann, 2011,
2012). However, this area occupies a periventricular position on the

Fig. 1. Immunocytochemical comparisons of the midbrains of mice and zebra finches. The PAG in mice (A, C, and E) and the CG in finches (B, D, and F) at rostral (A and B) and
mid-rostral (C–F) levels of the midbrain, showing immunoreactive (-ir) cells and fibers for tyrosine hydroxylase (TH; purple), neuronal nitric oxide synthase (nNOS; red), and sub-
stance P (SP, green). Note that TH-ir cells are located ventrally along the aqueduct in mice (arrowheads in A, C, and E) and medially along the aqueduct in finches (arrowheads in B,
D, and F) while SP-ir fibers and nNOS-ir cells are located in the lateral and dorsal columns of the PAG of mice (A and C) and in the lateral CG and ICo of finches (B and D). White
arrows denote the cluster of small round nNOS-ir cells that is presumably homologous in mice and finches. TH-ir cells shown in C and D are shown at higher magnification in E and
F, respectively. The schematic insets in E and F show the location of these TH-ir cells (purple dots) with respect to the aqueduct. While these neurons are located basally in both
species, they are found in the ventral PAG of mice and the medial CG of finches (i.e. along red outline of aqueduct). Abbreviations for finches: Aq, aqueduct; CG, central gray; EW,
Edinger–Westphal nucleus; FLM, medial longitudinal fasciculus; ICo, nucleus intercollicularis; MLd, nucleus mesencephalicus lateralis, pars dorsalis (auditory torus); nIII, oculomo-
tor nerve; OMd/v, dorsal and ventral oculomotor nucleus; SGPv, stratum griseum periventriculare; TeO, tectum opticum. Abbreviations for mice: 3, oculomotor nucleus; bic, brachium
inferior colliculus; DL, dorsolateral column of PAG; DM, dorsomedial column of PAG; L, lateral column of PAG; PAG, periaqueductal gray; PC3, parvicellular trigeminal nucleus; sc,
superior colliculus; Su3, supraoculomotor central gray; Su3C, supraoculomotor cap; VL, ventrolateral column of PAG. Scale bar in A = 500 μm for A–D. Scale bar in E = 200 μm for E
and F. Modified from Kingsbury et al. (2011).
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ventromedial floor of the brain (above the optic chiasm), immediately
caudal to the rostral POA and rostral of the VMH. For a proposed homo-
logue of the mammalian AH, this is an extremely unusual position,
given that the mammalian AH nuclei lie lateral and ventrolateral to
the PVN (not in a periventricular position), with a ventral extent that is
still dorsolateral to the VMH, not rostral of the VMH at the base of the
brain (Franklin and Paxinos, 2007; Paxinos andWatson, 2008). Because
the topographical organization of the basal forebrain tends to be highly
conserved among amniote vertebrates, positionmay be a good guide to
identifying an AH homologue,1 although position alone cannot be

considered as evidence for homology. Thus, to the extent that relative
topography is informative, the anteromedial hypothalamus is an un-
likely homologue of the mammalian AH.

Therefore, based on its position and known connections (e.g., to
the LS, BST, and MeA) (Atoji and Wild, 2004; Atoji et al., 2006;
Cheng et al., 1999), we have focused extensively on an area that
is topographically similar to the mammalian AH as the likely ho-
mologue in birds. We find that, as in mammals, aggressive encoun-
ters induce immediate early gene activity in a large area lateral/
ventrolateral to the PVN (Goodson and Evans, 2004; Goodson et
al., 2005b, 2012a) and also in the dorsolateral margin of the VMH
(Goodson and Evans, 2004). This topography is strikingly similar
to that of the “hypothalamic attack area” in rodents (Fig. 4)
(Haller et al., 2006; Hrabovszky et al., 2005; Kruk et al., 1983;
Lammers et al., 1988), and is also comparable to a pattern of neu-
ral activation that distinguishes territorial from gregarious finch
species following exposure to a same-sex conspecific (Goodson et
al., 2005a). Notably, Puelles and colleagues recently proposed a va-
riety of changes to hypothalamic nomenclature in the chick, based
on studies of development, anatomy and gene expression, and
place the AH in the location described above for songbirds
(Puelles et al., 2008). These authors also redefine the anteromedial

1 Although topography does not appear to be conserved for some brain regions in
amniotes, as with most of the pallium (e.g., Karten, 2013), topographical relationships
of septo-hypothalamic nuclei and subnuclei are strikingly similar (e.g., Goodson et al.,
2004; Puelles et al., 2008; c.f. Franklin and Paxinos, 2007; Paxinos and Watson, 2008),
and in fact, relative positions are virtually identical for all known homologous struc-
tures in the septo-hypothalamic area of birds and mammals. These include the many
subnuclei of the septal formation, the medial and lateral divisions of the BST, the supra-
optic nucleus, suprachiasmatic nucleus, PVN, arcuate nucleus, ventromedial hypothal-
amus, mammillary nuclei, dorsomedial hypothalamus, and posterior hypothalamus.
Note that the amount of rostro-caudal overlap of nuclei in coronal sections will differ
somewhat due to the relatively elongated shape of rodent brains relative to birds, al-
though the caudal pole of the AH in rodents does lie in the same coronal plane as the
VMH, as observed for the AH and VMH in birds (see references above).

Fig. 2. Columns of the avian CG/ICo as delineated by histochemistry and Fos induction in the territorial violet-eared waxbill and colonial zebra finch. Shown is a schematic
rostro-caudal representation of Fos response in the avian CG and ICo following exposure to different social conditions (see legend at top). Abbreviations: AP, area pretectalis;
Cb, cerebellum; CG, midbrain central gray; CT, commissura tectalis; CP, commissura posterior; DBC, decussatio brachiorum; DM, dorsomedial nucleus; ICo, nucleus intercollicularis;
Is, nucleus interstitialis; OM, occipitomesencephalic tract; Ru, nucleus ruber; SPM, nucleus spiriformis medialis. See Fig. 1 for other abbreviations. Modified from Kingsbury et al. (2011).
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hypothalamus as a portion of the POA (anteromedial preoptic
area).

These assignments of Puelles et al. (2008) suggest an interesting
idea: Because the POA is perhaps the least important of the SBN
nodes for male aggression, and the AH is perhaps themost strongly in-
volved (Goodson, 2005; Newman, 1999), direct comparisons of their
relative contributions should be informative. To our knowledge, such
comparisons have been conducted only in Steller's jays (Cyanocitta
stelleri), using electrical stimulation. This study examined the effect
of electrical stimulation on the behavior of male jays with 22 different
electrode placements in the brain, including the anteromedial POA
(anteromedial hypothalamus) and an area just lateral to the PVN
(AH). Strikingly, the only placement of the 22 that evoked overt
attack on a companion was stimulation of the AH area lateral to the
PVN. No agonistic responses at all were obtained by stimulation
of the anteromedial POA (Brown, 1973). Notably, we have found
that the density of VIP immunoreactivity in this AH area (lateral/
ventrolateral to the PVN) correlates positively with individual differ-
ences in aggression in sparrows and waxbills, and differentiates spar-
row species that are more or less aggressive (Goodson et al., 2012a,
2012b). Furthermore, antisense knockdown of VIP production in
this AH area virtually abolishes aggression in estrildid finches (Fig. 5)
(Goodson et al., 2012a). Hence, multiple lines of evidence demonstrate
that the avian AH area lateral/ventrolateral to the PVN is topographical-
ly, anatomically and functionally similar to the mammalian AH.2

Reconciling the POA nodes of anamniotes and amniotes: addition of the
amniote PVN

As addressed more fully in the next section, numerous homologies
that have been suggested for SBN nodes are only partial, particularly
when comparing fish to the amniote vertebrates (mammals, reptiles
and birds). Some of these partial homologies have been presented
as such (e.g., Goodson, 2005; O'Connell and Hofmann, 2011), but an
important problem exists in previous SBN iterations, in that the POA
node of fish and amphibians includes the major populations of neu-
rons that produce the vasopressin–oxytocin (VP–OT) nonapeptides,
whereas the POA of amniotes does not. Previous papers discuss this
difference (Goodson, 2005; O'Connell and Hofmann, 2011), but have
not reconciled it.

Virtually all forms of social behavior regulated by the SBN are
modulated by the VP–OT peptides, including parental behaviors,
pair bonding, sexual behaviors, social recognition, non-sexual affilia-
tion, and aggression (Donaldson and Young, 2008; Goodson and
Thompson, 2010; Ross and Young, 2009), and despite the slightly
different locations of the major cell groups, nonapeptide anatomy ex-
hibits many conserved features across vertebrates (Goodson and
Bass, 2001; Goodson and Thompson, 2010). In mammals, most of
the direct VP–OT innervation of the brain appears to come from the
PVN, particularly in the case of OT (much of the VP arises from
extrahypothalamic sites), although the supraoptic nucleus likely
makes a contribution, as well (De Vries and Buijs, 1983; Rood et al.,
2013). Thus, given the importance of PVN peptides for behavioral
modulation, the PVN should likely be included in the SBN, even in a
mammal-specific model. With respect to a pan-vertebrate model, in-
corporation of the PVN appears to be essential, lest major social mod-
ulators be included in the anamniote SBN and excluded in that of
amniotes. Given this, we suggest modification of the POA node to in-
clude the PVN, as well; i.e., POA/PVN.

Partial homologies in fish and other select cases

For obvious reasons (e.g., clear communication), it is important
that common nomenclature be used in cases where homology is
clear. Similarly, it is very important to specify homologies that are
only partial, as addressed in the preceding section. In reality, it will
never be feasible to determine whether every single aspect of a
brain area is conserved across all vertebrate taxa, and thus we must
always be open to modifications in our assignments of homology.
However, when it is clear that proposed homologies are not discrete,
but only partial, this should be made abundandtly obvious, preferably
in all cases (e.g., in the context of pan-vertebrate comparisons, the
amphibian POA could be most accurately labeled as “POA, PVN in
part” rather than “POA” or “PVN”). Labeling of this kind can be un-
wieldy at times, which likely explains why O'Connell and Hofmann
(2011, 2012) use mammalian nomenclature to denote homologies
in their tables and figures, without noting partial homologies, and
then simply state in the text that the homologies are not all discrete.
This certainly seems reasonable, but an unfortunate (and likely
unintended) consequence is that O'Connell and Hofmann (2011) are
now frequently cited in support of overly specific homologies, with
no mention of the lack of one-to-one correspondence.

Among the more concerning such cases is that the ventral nucleus
of the ventral telencephalon (Vv) in fish is frequently cited as being
the homologue of the tetrapod lateral septum (LS) without further
clarification (e.g., Fernald and Maruska, 2012; Huffman et al., 2012;
O'Connell et al., 2012). Although O'Connell and Hofmann (2011) do
parenthetically label Vv and the adjacent lateral nucleus of the ventral
telencephalon (Vl) “LS” in their figures, they also clarify in the text
that these areas are more likely homologous as a field to the septal
formation of tetrapods. This broader interpretation is consistent
with a variety of data (Goodson et al., 2004; Northcutt, 1995;

2 Note that in their review of SBN/SDM components, O'Connell and Hofmann (2011)
label the avian “AH” in the position of the anteromedial POA, although the functional
data on aggression that is presented to support that homology (Goodson et al.,
2005b; Heimovics and Riters, 2006) are derived from the AH area lateral/ventrolateral
to the PVN.

Fig. 3. Schematic depiction of the projections defined by Wild and Balthazart (2013)
(solid lines) that provide an anatomical basis for the descending control of copulatory
behavior by the medial preoptic nucleus (POM). The dorsomedial nucleus of ICo
(DM) is shown as a specific subnucleus within ICo, although caudally DM neurons
are scattered within ICo rather than being tightly clustered. Dashed lines indicate pos-
sible projections that require further definition. Other abbreviations: PGi, nucleus
paragigantocellularis; RAm, nucleus retroambigualis. Figure reprinted with the kind
permission of the authors and John Wiley & Sons, Inc.
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Fig. 5. (A–C) VIP elements in the septo-hypothalamic region of the zebra finch (panels A–B) and violet-eared waxbill (panel C; asterisk shows the injector tract in a scrambled ol-
igonucleotide subject). The dorsal AH region is defined by VIP mRNA and peptide (panels B–C). Scale bars = 200 μm in A, 100 μm in B–C. (D–E) VIP antisense infusions immedi-
ately dorsal to the AH abolish aggressive displacements in most violet-eared waxbills (both sexes), as measured in a 3 min resident–intruder test (panel D) and significantly
increase the latency to displace the intruder (panel E). **P = 0.01, Mann–Whitney test. Abbreviations: AC, anterior commissure; AH, anterior hypothalamus; BSTl; lateral bed nu-
cleus of the stria terminalis; BSTm, medial BST; LS, lateral septum (LSr, rostral LS division; LSc, caudal LS division: d, dorsal; v, ventral; vl, ventrolateral); ME, median eminence;
MS, medial septum; MSib, internal band of the MS; ot, optic tract; PVN; paraventricular nucleus; SH, septohippocampal septum; v, ventricle; vaf, ventral amygdalofugal tract. Mod-
ified from Goodson et al. (2012a).

Fig. 4. A three-dimensional representation of the hypothalamic attack area (smooth, red three-dimensional surface shape) in rats. Some geographic features of the hypothalamus
such as the bottom of the brain, the third ventricle (IIIV), the fornix (F), the PVN and the VMH are also plotted to facilitate orientation. The medio-lateral and rostro-caudal scale bars
(showing the distance from midline and bregma, respectively) also facilitate orientation. Drawn by Jan Lammers and modified from Hrabovszky et al. (2005).
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Wullimann and Mueller, 2004). However, it is important to consider
that Vv and Vl are entirely of subpallial origin (Northcutt and
Braford, 1980), whereas a major portion of the amniote LS is pallial
(Puelles et al., 2000). Furthermore, Vv exhibits similar histochemistry
and connections not only to the LS, but also similarities to the nucleus
accumbens and substantia innominata, and has previously been sug-
gested as a field homologue of those areas in addition to the septum
(Northcutt, 1995). This suggestion is interesting in relation to recent
studies in rodents, which demonstrate that a portion of the nucleus
accumbens shell represents a transitional area between the LS and
accumbens (Zahm et al., 2013). Hence, an intermingling of relevant
cell groups in fish does not seem unlikely.

Thus, Vv and Vl lack the pallial components of the tetrapod LS; in-
clude cell groups that are homologous to other septal nuclei in tetra-
pods; and may include cell groups that are homologous to other basal
forebrain structures as well. The lack of a pallial component in the tel-
eost Vv/Vl is particularly important in relation to the SDM model
(discussed more fully below), given the emphasis of the SDM model
on the integration of SBN and mesolimbic circuitries. This is because
context–reward associations that are mediated by a hippocampus
CA3-LS-VTA circuit in mammals are processed through the dorsal
(pallial) LS, and apparently not the subpallial LS (Luo et al., 2011).

Likewise, the supracommissural nucleus of the ventral telenceph-
alon (Vs) is parenthetically labeled “MeA/BST” in the O'Connell and
Hofmann papers (2011, 2012), although chemoarchitecturally, Vs
blends into the postcommissural nucleus of the ventral telencephalon
(Vp) and Vs/Vp are likely a field homologue of the entire subpallial
amygdala, which includes the central amygdala, MeA, and both
medial and lateral BST subdivisions (Northcutt, 1995; Reiner and
Northcutt, 1992). Nonetheless, multiple recent papers simply present
Vs as the homologue of the bed nucleus of the stria terminalis (some-
times in association with Vp), with no caveats regarding the clear lack
of one-to-one correspondence (Fernald and Maruska, 2012; Hiraki et
al., 2012; Huffman et al., 2012; Kawabata et al., 2012).

Another recent analysis has suggested that fish may not have an
MeA at all, based on gene expression (e.g., a lack of otp expression)
and a lack of input from a true vomeronasal organ, despite having func-
tionally similar olfactory receptors (Maximino et al., 2013). Rather,
these authors propose that Vs/Vp aremost similar to the central extend-
ed amygdala, and that separate central and medial nuclei originated
with an amygdala parcellation that arose in conjunctionwith the acces-
sory olfactory system. However, although it seems reasonable to pro-
pose that a generalized subpallial amygdala was parcellated into two
functionally specified nuclei in tetrapods, it does not necessarily follow
that no features of the tetrapod MeA are present in fishes — only that
not all of the features are present.

In the end, common nomenclature aids communication only to
the extent that it conveys correct information, and thus if it is obvious
that there is lack of discrete homology, as outlined in the examples
above, this should be acknowledged and made clear. Multiple other
homologies between fish and tetrapods are also only partial; for in-
stance, the anterior tuberal nucleus in teleosts appears to contain
only a subset of cells that are homologous to VMH cells in tetrapods
(Forlano et al., 2005; Goodson, 2005).

Finally, although the lack of one-to-one homologies with mammals
are most obvious when considering fish, many of the homologies that
are well accepted in tetrapods should always be viewed with a critical
eye, as well. For instance, a medial amygdala is recognized in all tetra-
pods (Kuenzel et al., 2011; Martinez-Garcia et al., 2008; Moreno and
Gonzalez, 2003), butwithout an extraordinary amount ofwork,we can-
not conclusively state that all of the constituent cell groups are homol-
ogous across taxa. Indeed, the three primary subdivisions in mammals
(anterior, posterodorsal and posteroventral) have not been identified
in nonmammalian taxa, and as pointed about by Maximino et al.
(2013), given that the MeA is the primary recipient of projections
from the accessory olfactory bulb (Winans and Scalia, 1970), MeA

properties are apt to be much different in animals with a vomeronasal
organ (e.g., rodents, amphibians and reptiles) than in animals without
(such as birds and many primates) (Eisthen, 1997).

Interconnections of the mesolimbic dopamine system and SBN: A
conserved network for social decision-making?

In mammals, the mesolimbic dopamine system has long been
known to mediate the neural processes of incentive motivation that
lead to reward (Berridge, 2009; Salamone and Correa, 2012), and an
increasing amount of data demonstrate that, as with other forms of
reward-driven behavior, social behavior is critically dependent upon
this system (Numan, 2007; Numan et al., 2009; Ross et al., 2009;
Young and Wang, 2004). However, as recently highlighted in a num-
ber of important papers, the mesolimbic system can also mediate pro-
cesses of aversion, including defensive behavior and social avoidance
(Barik et al., 2013; Cohen et al., 2012; Faure et al., 2008; Lammel et al.,
2012). Hence, the mesolimbic system appears to mediate approach–
avoidance behaviors (perhaps driven by positive and negative rein-
forcement, respectively) and not simply appetitive behaviors alone.
The primary components of the mesolimbic dopamine system are
the VTA and nucleus accumbens, althoughmany brain areas influence
the processes of the mesolimbic system, such as the lateral habenula
and laterodorsal tegmentum (Lammel et al., 2012).

Given that the mesolimbic dopamine system and associated affer-
ents are critical parts of behavioral regulation in mammals, O'Connell
and Hofmann (2011) have proposed an expanded network model for
the control of social behavior, the SDM (social decision-making net-
work). Thus, in addition to the components of the SBN addressed
above, this model includes the hippocampus, basolateral amygdala,
VTA, striatum/nucleus accumbens, and ventral pallidum (or proposed
nonmammalian homologues). The basic premise of this model is ex-
tremely sound in relation to mammals, given the wealth of available
data (see O'Connell and Hofmann, 2011, for a review). However, given
that numerous of the proposed homologies are not yet clear, and that
there is a substantial lack of functional information in nonmammalian
species, the SDM model is best viewed as a framework for generating
hypotheses, not as an established pan-vertebrate construct.

A first consideration in extending the SDM model beyond mam-
mals is that homologous network nodes have not been firmly
established across all vertebrate taxa, and indeed, some recent data
suggest that the homologies specified by O'Connell and Hofmann
(2011) are not entirely correct. For instance, the dorsal ventricular
ridge (DVR) of birds has been suggested in the past as either a possi-
ble homologue to the pallial amygdala or to portions of the neocortex
in mammals (Bruce and Neary, 1995; Karten, 1991; Wang et al.,
2010), but until recently, definitive data were not available to differ-
entiate between these possibilities. O'Connell and Hofmann (2011,
2012) label a large expanse of the DVR as “basolateral amygdala.”
However, recent data show that portions of this large DVR expanse
contain distinct populations of neurons that express molecular
markers that characterize the layer 4 input and layer 5 output neu-
rons of neocortex in both rodents and carnivores (Dugas-Ford et al.,
2012), which strongly supports the homology between much of
DVR and neocortex (Karten, 2013). Homologies of the remaining
DVR to other cortical or amygdalar territories remain to be clearly
established.

Disagreement also persists about the actual location of the VTA ho-
molog in anamniotes (Yamamoto and Vernier, 2011). Indeed, teleosts
do not exhibit any dopamine cell groups in the mesencephalon at all,
and thus by definition cannot possess a “mesolimbic” dopamine system.
However, based on ascending projections and gene expression profiles,
it has been proposed that dopamine neurons in the posterior
tuberculum (located in the posterior diencephalon) are homologous
to the VTA-substantia nigra complex as a field (Blin et al., 2008; Rink
and Wullimann, 2002). In contrast, recent experiments in zebrafish

109J.L. Goodson, M.A. Kingsbury / Hormones and Behavior 64 (2013) 103–112



show that, similar to diencephalic A11 neurons of amniotes, dopamine
neurons of the posterior tuberculum are otp-dependent and give rise to
only sparse subpallial projections relative to their descending projec-
tions (Tay et al., 2011), and because only the A11 population has sub-
stantial descending projections (Bjorklund and Dunnett, 2007), these
findings raise concerns about the homology of the posterior tuberculum
cells to A10 dopamine neurons of the VTA in amniotes.

Notably, fish do have dopaminergic populations of the subpallium
and diencephalon that are comparable to the amniote A12 (tuberal),
A13 (zona incerta), A14 (medial POA-hypothalamus) and A15 (lateral
hypothalamus) cell groups (Tay et al., 2011). In amniotes, some of
these cell groups are known to exhibit projections to basal forebrain
sites that overlap those from the A8 (retrorubral), A9 (substantia
nigra) and A10 (VTA) cell groups (Balthazart and Absil, 1997;
Bjorklund and Dunnett, 2007). Hence, it seems possible that behavioral
functions that are primarily dependent upon dopamine derived from
the VTA in amniotes may instead rely predominantly upon dopamine
derived from other classically defined cell groups of the basal forebrain.
This issue is in great need of further study, particularly in relation to ex-
tension of the SDMmodel to anamniotes, given that themodel is essen-
tially an integration of the SBN and mesolimbic dopamine system.

A second challenge in the extension of the SDM model to
nonmammalian taxa is that social behavior functions are unknown
for the vast majority of SDM components in nonmammalian taxa
(and are thus not reported in O'Connell and Hofmann, 2011).
Hence, even if we accept the anatomical homologies as proposed,
we should not assert that nonmammalian taxa have a network of brain
regions that are essential for social decision-making before we know
whether or not those brain areas are actually involved in social behavior.
In this context, it is particularly important to consider that anatomical
similarities to mammals do not ensure functional similarities. This is
particularly the case if there is redundancy in the neural systems that
regulate social behavior, which can allow the regulation of behavior to
shift across neural substrates over evolutionary time (Striedter and
Northcutt, 1991). This is fundamentally our point about multiple dopa-
mine systems, as discussed in the previous paragraph.

To date, the best socially-relevant data that are available for most
SDM components (other than those included in the SBN) comes from
immediate early gene studies, although such studies do not allow con-
clusions about actual function. Even so, with the exception of a single
study in frogs, we are not aware of any immediate early gene studies
in teleosts, amphibians or reptiles that demonstrate socially-induced
activation of cells in the proposed homologues of the VTA and nucleus
accumbens, which are essentially the core components of the
mesolimbic dopamine system. The single exception demonstrates that
the variables of auditory experience (including communication calls)
and phonotaxis response to those calls interact to predict egr-1 expres-
sion in the nucleus accumbens of frogs (Hoke et al., 2007).

Note that even in birds, which have been more extensively studied
than any other nonmammalian group, only one study to our knowl-
edge has directly demonstrated the involvement of the VTA in social
behavior (Hara et al., 2007), and no experimental data exist to sup-
port the hypothesis that the nucleus accumbens is involved in the
regulation of social behavior. In fact, although the avian nucleus
accumbens is hodologically and histochemically very similar to the
nucleus accumbens of mammals (Husband and Shimizu, 2011), only
limited data exist to date to demonstrate any functional similarities
(Izawa et al., 2003). However, despite the relative lack of direct func-
tional data, VTA dopamine neurons in birds are clearly similar to
those of mammals in terms of neurophysiological properties (Gale
and Perkel, 2006), anatomical connections (Medina and Reiner,
1995), and immediate early gene responses to social stimuli
(Bharati and Goodson, 2006; Charlier et al., 2005; Goodson et al.,
2009; Heimovics and Riters, 2005; Riters et al., 2004). Immediate
early gene induction in the VTA also correlates with both singing
(Goodson et al., 2009; Maney and Ball, 2003; Yanagihara and

Hessler, 2006) and hearing song (Maney et al., 2008). Finally, expo-
sure to song is known to induce an egr-1 response in a limited num-
ber of other SDM regions— the nucleus accumbens (Earp and Maney,
2012) and hippocampus (Bailey et al., 2002; Earp and Maney, 2012;
Gobes et al., 2009; Maney et al., 2008).

These findings in birds notwithstanding, the general concern holds
that social behavior data (particularly direct experimental evidence)
are absent for the majority of SDM components in nonmammalian
taxa, including birds. However, as addressed above, the model is sup-
ported by a large body of data in mammals, and thus it makes a great
deal of sense to talk about the mammalian SDM, even if we cannot yet
assert that “the vertebrate SDM” is an experimentally validated,
pan-vertebrate construct. Nonetheless, we can and should use the
wealth of valuable data accumulated by O'Connell and Hofmann
(2011, 2012) to generate testable hypotheses for nonmammalian
taxa. Indeed, literally dozens (and maybe hundreds) of hypothesis-
driven experiments could be proposed based upon the information
that they provide. In the end, it seems likely that something close to
the proposed vertebrate SDM will be supported by the evidence, al-
though at present this remains an empirical question and a pan-
vertebrate SDM remains a hypothesis.

Conclusions

Although designations of homology are often difficult to make,
and thus often contentious, the process of carefully considering the
evidence for homologies is essential for effective communication.
This applies not only to communication about basic biological sys-
tems, but also to the determination of predictive validity for other
taxa, which equates to an assessment of translational potential
when considering humans. Thus, based on our best assessments of
homology, we have here argued for somemodifications and reconsid-
erations of nomenclature. Given strong conservation in their anatom-
ical and functional properties, SBN components have often been given
the same names across the vertebrate classes, most notably in amni-
otes (i.e., birds, mammals and reptiles). Homologies become less clear
when considering the anamniotes, particularly fish, although it is im-
portant to note that direct functional data are available for all putative
(though often partial) anamniote homologues of the amniote SBN
components; e.g., based on experimental manipulations of sexual, ag-
gressive, or communication behaviors (Goodson, 2005; O'Connell and
Hofmann, 2011). Hence it seems appropriate to discuss the SBN as a
pan-vertebrate model, although in discussing specific network
nodes, it is essential to point out homologies that are clearly only par-
tial. This applies to numerous nuclei, particularly in fish. Finally, we
argue that the expanded SDM model is well validated for mammals,
but currently stands as an open hypothesis for other vertebrate taxa,
primarily because social behavior data are lacking for most components
of the SDM in nonmammalian taxa (SBN components excepted). This
concern is compounded when considering the relatively sparse evi-
dence for homology in major SDM components, such as the VTA in
fish and the basolateral amygdala in birds. Perhaps the one clear excep-
tion is the expansion of the avian SBN to include the VTA (Maney et al.,
2008), which seems to be well supported by the available data.
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