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Abstract

Neuropeptides of the arginine vastocin (AVT) family, which include the mammalian peptides
arginine vasopressin (AVP) and oxytocin (OXT), comprise neuroendocrine circuits that range from
being evolutionarily conserved to evolutionarily diverse. For instance, the functions and anatomy of
the AVT/AVP projections to the pituitary (which arise in the preoptic area and hypothalamus) are
strongly conserved, whereas those of extrahypothalamic AVT/AVP circuits are species-specific and
change rapidly over evolutionary time. AVT/AVP circuits arising in the medial bed nucleus of the
stria terminalis (BSTm) exhibit species-specific evolution in relation to mating system in mammals
(monogamous versus non-monogamous) and sociality in songbirds (gregarious versus relatively
asocial). In estrildid songbirds, AVT neurons in the BSTm increase their Fos expression only in
response to “positively-valenced” social stimuli (stimuli that normally elicit affiliation), whereas
“negative” stimuli (which elicit aggression or aversion) produce no response or even suppress Fos
expression. Relative to territorial species, gregarious species show 1) greater social induction of Fos
within AVT neurons, 2) a higher baseline of Fos expression in AVT neurons, 3) more AVT neurons
in the BSTm, and 4) a higher density of VV14-like binding sites in the lateral septum. Furthermore,
septal AVT infusions inhibit resident-intruder aggression, but facilitate aggression that is motivated
by mate competition (an affiliative context). The functional profile of the BSTm AVT neurons is
therefore quite distinct from that of hypothalamic AVT/AVP neurons, particularly those of the
paraventricular nucleus (PVN), which are classically stress-responsive. This is paradoxical, given
that AVT/AVP projections from the PVN and BSTm likely overlap. Despite this overlap, each AVT/
AVP cell group should produce a distinct pattern of modulation across brain regions. Relative
weighting of hypothalamic and BSTm nonapeptide circuitries may therefore be an important
determinant of approach-avoidance behavior, and may be a prime target of natural selection related
to sociality.
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Nonapeptides and the Patterning of Behavior

Neuropeptides of the arginine vasotocin (AVT) family, the nine amino acid “nonapeptides,”
are important generators of behavioral diversity, perhaps more so than any other neurochemical
systems. This is due in large part to the dramatic plasticity of socially-relevant nonapeptide
circuits. Plastic responses to steroid hormones and/or photoperiod cues are commonly observed
for nonapeptide systems (Goodson and Bass, 2001, De Vries and Panzica, 2006) and these
responses promote temporal patterns of behavior that are appropriate to the season, immediate
social context, and physiological state of the animal. Nonapetide circuits are likewise plastic
in the evolutionary sense. This is particularly observed with respect to receptor distributions,

Correspondence: Department of Biology, 1001 East Third St., Indiana University, Bloomington, IN 47405 USA, E-mail:
jlgoodso@indiana.edu, Phone: 812-856-4656, Fax: 812-855-6705.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goodson

Page 2

which can vary qualitatively across species (Insel et al., 1991, Insel and Shapiro, 1992, Insel
et al., 1994, Bester-Meredith et al., 1999, Goodson et al., 2006), thereby setting up dramatic
species differences in behavior.

On a much shorter timescale, the nonapeptides significantly influence context-dependent
patterns of socially-elicited neural response. As addressed in the final section, different cell
groups that produce a given nonapeptide may exhibit quite divergent (in some ways opposite)
responses to social stimuli, and the projections of these cell groups may even converge onto
some of the same targets. However, each population should produce a different pattern of
modulation across behaviorally-relevant brain regions. Differential “weighting” of activity in
basal forebrain networks is an important determinant of social behavior output (Newman,
1999, Goodson, 2005), hence the distinct patterns of release from the various nonapeptide cell
groups could produce very different (even opposite) behavior patterns, both within and between
species.

Deep History of the Nonapeptides

AVT is present in all non-mammalian vertebrates examined to date and is the ancestral
nonapeptide form for all of the vertebrate nonapeptides (Acher and Chauvet, 1995, Acher et
al., 1995). Given this basal position of AVT, the vertebrate nonapeptides are here collectively
referred to as the “vasotocin family.” However, AVT is structurally similar to a variety of
invertebrate nonapeptides (Fujino et al., 1999), including a form in the nerve net of the
freshwater hydra (Hydra attenuata), suggesting that the AV T-like nonapeptides are much more
ancient than AVT itself and have an evolutionary history that dates back to the Precambrian
era, more than 600 million years ago (Acher and Chauvet, 1995, Acher et al., 1995).
Furthermore, recent analyses show that AVT neurophysin neurons within neurosecretory brain
regions of both annelids and fish express the same tissue-specific microRNA and combinations
of transcription factors. These neurons appear to serve as sensory-neurosecretory linkages, and
are likely among the most conserved elements of the neurosecretory brain (Tessmar-Raible et
al., 2007).

The primary nonapeptides in vertebrates are shown in Figure 1. As shown, AVT is the sole
nonapeptide form in agnathans (jawless vertebrates). The AVT gene was duplicated in early
fishes, approximately 450 million years ago, forming a second oxytocin-like (OXT-like)
peptide. The most common OXT-like form in fishes is isotocin (IT), which is present in all
teleosts (bony fishes) thus far examined. Sometime prior to the water-to-land transition, 1T was
replaced in the common ancestor of tetrapods by mesotocin, which is retained in
crossopterygian fish and all tetrapods except eutherian and protherian mammals, which express
OXT. Despite these multiple modifications, AVT and OXT differ by only one amino acid.
Evolution on the AVP side of the family has been even more conservative, with AVP replacing
AVT in most mammals. AVT and AVP also differ at only one position (reviews: (Moore,
1992,Acher and Chauvet, 1995 ,Acher et al., 1995,Moore and Lowry, 1998).

Most vertebrates possess two nonapeptide forms, including an AVP-like form and an OXT-
like form. However, secondary duplications are present in a variety of groups, particularly the
cartilaginous fishes, and some groups therefore express three or even four nonapeptides. At
least six different OXT-like peptides are expressed in cartilaginous fish (OXT, glumitocin,
valitocin, aspargtocin, asvatocin and phasvotocin), with one or two forms being present in any
given species. Secondary duplications are also common in marsupials, which express three
different AVP-like forms (AVP, lysipressin and phenypressin) in addition to both mesotocin
and OXT. Most eutherians express only AVP and OXT, although lysipressin replaces AVP in
pigs (Moore, 1992, Acher and Chauvet, 1995, Acher et al., 1995).
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Evolution of Central Nonapeptide Circuits: Anatomical and Behavioral Basics

Evolutionary conservation in the structure of the nonapeptides, as described above, is
substantially mirrored by conservative evolution in the locations of main cell groups in the
brain. In all vertebrates, the AVP-like and OXT-like peptides are produced by populations of
magnocellular and parvocellular neurons in the preoptic area (POA) and anterior hypothalamus
(AH). Magnocellular neuron populations are present in the magnocellular POA of fish and
amphibians; these are homologous to magnocellular nonapeptide neurons in the supraoptic
nucleus of the hypothalamus (SON) of reptiles, birds and mammals. Parvocellular neuron
populations are found in the parvocelluar POA of fishes and posterior POA of amphibians,
which are homologous to parvocellular neurons in the paraventricular nucleus of the
hypothalamus (PVN) in amniotes (Moore and Lowry, 1998, Goodson and Bass, 2001). These
cell groups project to the neurohypophysis as well as the adenohypophysis, allowing the
nonapeptides to exert a wide range of peripheral effects. Of particular interest for the present
review are actions that may be integrated with the central regulation of social behaviors. These
include the regulation of milk ejection by OXT, and the regulation of adrenocorticotropic
hormone secretion by AVT/AVP (Witt, 1995, Carter, 1998, Goodson and Bass, 2001, Keverne
and Curley, 2004).

Teleost fish tend to produce AVT and IT only in the POA, although other small AVT
populations have been identified (Batten et al., 1990, Holmqvist and Ekstrom, 1995, Goodson
and Bass, 2000b, Goodson et al., 2003). In contrast, a dramatic expansion in the number of
AVT cell groups accompanied the water-to-land transition, with up to 19 cell AV'T cell groups
occurring in a single tetrapod species (the roughskin newt, Taricha granulose; Lowry et al.,
1997). Not surprisingly, AVT exerts a diversity of behavioral actions in newts (Thompson and
Moore, 2000, Rose and Moore, 2002, Thompson and Moore, 2003).

Given that teleosts tend to produce AVT and IT exclusively (or near-exclusively) within the
major magnocellular and parvocellular nuclei that are common to all vertebrates (Moore and
Lowry, 1998, Goodson and Bass, 2001), the anatomical and behavioral “fundamentals” of
nonapeptide systems are particularly tractable to examine in teleost fish. In vocalizing teleosts
of the family Batrachoididae, AVT-immunoreactive (-ir) and IT-ir pathways target an
interconnected set of midbrain and forebrain regions that comprise an evolutionarily conserved
“social behavior network” (including amygdalar, septal, hypothalamic and tegmental regions)
(Goodson and Bass, 2000b, Goodson and Bass, 2002, Goodson et al., 2003). Both AVT and
IT modulate fictive social vocalizations in these fish (Goodson and Bass, 2000b, Goodson and
Bass, 2000a) and neurophysiologically-guided tract tracings demonstrate that vocally-active
brain areas receive direct projections from the parvocellular POA, but not the magnocellular
POA (Goodson and Bass, 2002). Given that nonapeptide distributions in these vocal teleosts
are highly similar to those in tetrapods, the tracing results suggest that the parvocellular neurons
of the POA-AH give rise to the most ancient, socially-relevant nonapeptide circuits in the brain.
In addition to social vocalization, AVT also modulates aggression in fish (Semsar et al.,
2001, Lema and Nevitt, 2004, Santangelo and Bass, 2006), and similarly, the nonapeptides
influence aggression and social communication across a wide range of other vertebrate taxa
(Goodson and Bass, 2001, Thompson et al., 2006).

The expansion of AVT/AVP circuitries in tetrapods includes some features that are
taxonomically widespread and some that are taxon-specific. For instance, of the 19 AVT
populations in newts, several appear to be highly derived, but many are likely homologous to
cell groups in other tetrapod species and thus represent the ancestral tetrapod state (Lowry et
al., 1997, Moore and Lowry, 1998). Most notable in this regard are the AVT/AVP neurons of
the suprachiasmatic nucleus, which are fundamental to the expression of many biological
rhythms, and those of the medial bed nucleus of the stria terminalis (BSTm), which are
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implicated in a variety of social behaviors. The homology (across vertebrate classes) of AVT/
AVP neurons in the BSTm is particularly well supported by the virtual ubiquity of sex steroid
sensitivity in these cells and their projections to the lateral septum (LS). Sexual dimorphisms
in cell number and fiber density (male > female) are also commonly observed in the AVT/AVP
circuitry of the BSTm and LS (Moore and Lowry, 1998, De Vries and Panzica, 2006).

Standing in stark contrast to the conservation described above are the distributions of the
nonapeptide receptors. Whereas receptor distributions for most neurochemicals are relatively
conserved, those for OXT and AVT/AVP are highly variable and species-specific, with
widespread and qualitative differences being observed even between species that are very
closely related (Insel et al., 1991, Insel et al., 1994, Goodson et al., 2006). This observation
clearly accounts for much of the functional diversity and evolutionary plasticity that is observed
within the vasotocin family, as described below.

Evolutionary Plasticity of Nonapeptide Systems Generates Social Diversity

If we examine the spectrum of neurotransmitters, neuromodulators, and receptor types that are
present in vertebrates, one thing becomes immediately clear — that the nonapeptides exhibit
levels of plasticity, sexual dimorphism and species-specificity that are far beyond that of other
neurochemical systems. Certainly there are highly conserved features, as described above (e.g.,
in peptide structure and major cell groups), but nonapeptide receptor distributions evolve at an
astonishing rate and nonapeptide systems exhibit a myriad of hormone-dependent features.
Thus, there is a general tendency for certain features of nonapeptide systems to be temporally
plastic and evolutionarily labile. This means that nonapeptide circuits provide more “grist for
the mill” of behavioral evolution than do other neurochemical systems, and we can therefore
expectto find an extraordinary level of species-specificity in nonapeptide anatomy (particularly
in receptor distributions) and related behavioral functions. At the same time, since the
nonapeptides are arguably the “easiest” thing for natural selection to target in relation to
behavior (given the available variation and plasticity), we can expect to find a great deal of
mechanistic convergence in relation to specific kinds of derived behaviors.

Given the widespread presence of sex differences in AVT/AVP systems (De Vries and Panzica,
2006), it is perhaps not surprising that AVT is associated with highly derived forms of sexual
plasticity (Foran and Bass, 1999). Teleost fish are the most remarkable in this respect and
exhibit a dazzling array of sexual plasticity, including serial sex change, terminal sex change
(both male-to-female and female-to-male) and the presence of multiple reproductive
phenotypes (Bass and Grober, 2001). The nonapeptides are implicated in all of these forms of
plasticity. For instance, rapid increases in AVT mRNA are correlated with dominance behavior
during socially-mediated sex change in bluehead wrasse (Thalassoma bifasciatum) (Godwin
et al., 2000), and endogenous AVT is necessary for the assumption of dominance behavior in
this species (Semsar and Godwin, 2004).

Whereas sex-changing fish may transiently express both male-typical and female-typical traits,
some sexually polymorphic species stably express phenotypes that display a mixture of sex-
typical characters. Polymorphic species therefore offer the opportunity to examine the extent
to which sex-typical peptidergic mechanisms can be dissociated from gonadal sex. The most
direct evidence of such dissociation comes from studies of vocal-motor physiology in the
sexually polymorphic plainfin midshipman fish (Portichthys notatus). Fictive social
vocalizations in the midshipman can be electrically elicited from a number of brain areas,
including the AH (Goodson and Bass, 2002), and delivery of nonapeptides and antagonists
into the AH produces morph-specific effects. The ancestral male morph in the midshipman is
the Type | male, which vocally courts females and defends a nest site. AVT inhibits vocal-
motor bursting in Type | males, whereas an AVP V; antagonist facilitates bursting.
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Administrations of IT and an OXT antagonist are without effect. Females exhibit a pattern of
nonapeptide effects that is the reverse of Type | males, such that they sensitive to IT
manipulations, but not AVT manipulations (Goodson and Bass, 2000a). The third reproductive
phenotype, the Type Il male morph (which sneak or satellite spawns), is an evolutionarily
derived phenotype that expresses an interesting amalgamation of sexual characteristics. Their
appearance and size are similar to females; they exhibit the simple vocal repertoire of females;
and like females, they visit nests of Type | males only to spawn, leaving the Type | males to
provide parental care (Bass, 1996). However, relative to body size, their testes are many times
larger are those of the Type | males. Hence, in Type Il males, the POA-AH regulate the
pituitary-gonadal axis in a hypermasculinized manner. Despite this, hypothalamic delivery of
nonapeptides and antagonists in Type 11 males produces a pattern of effects that is virtually
identical to females, not Type | males (Goodson and Bass, 2000a).

The results in midshipman demonstrate that gonadal sex and sex-typical behavioral modulation
can be uncoupled from each other, even within brain regions that regulate the pituitary-gonadal
axis. The developmental mechanisms that differentiate morphs remain to be determined, and
it is not yet clear whether midshipman possess sex chromosomes. However, findings in mice
clearly show that both genomic and non-genomic factors can contribute to the sexual

differentiation of AVP systems (De Vries et al., 2002). Such dual effects should offer natural
selection greater flexibility in relation to AVT/AVP systems, and could represent a mechanism
whereby sex-typical behavioral modulation can become uncoupled from gonadal sex.

Although the functional significance of morph-specific nonapeptide effects in the midshipman
remains to be elucidated, it is notable that similar sex-specific effects of OXT and AVP are
observed in monogamous prairie voles (Microtus ochrogaster): Endogenous OXT is required
for pair bonding in female prairie voles, whereas endogenous AVP is required for pair bonding
in males (Insel and Hulihan, 1995, Young and Wang, 2004). Whether these similarities in voles
and midshipman reveal a conserved vertebrate trend or represent convergent evolution remains
to be determined.

A more clear case of evolutionary convergence is exhibited between monogamous voles and
other monogamous mammals. Monogamous and non-monogamous species of Peromyscus
mice and Microtus voles exhibit widespread differences in the distributions of AVP V1,
receptors and OXT receptors (Insel et al., 1991, Insel and Shapiro, 1992, Insel et al., 1994). In
general, though, the pattern of species differences in the vole comparisons is different than the
pattern of species differences in mice, suggesting that not all of the variation in receptor
distribution is related to mating system. Even so, multiple studies of monogamous and non-
mongamous species (including voles, mice and primates) point towards two brain areas as
being relevant for monogamous pair bonding — the nucleus accumbens in the case of OXT
receptors, and the ventral pallidum in the case of AVP V1, receptors (Wang etal., 1997, Young
etal., 1999, Liu and Wang, 2003, Lim et al., 2004a). Convergent evolution is particularly clear
in the case of V1, distributions, since in each comparison of monogamous and non-
monogamous species, the monogamous species exhibits a higher density of V1, receptors in
the ventral pallidum (Young and Wang, 2004). These species differences are both necessary
and sufficient to account for species differences in behavior, as established through site-specific
manipulations of V1, gene expression (Pitkow et al., 2001, Lim et al., 2004b, Lim and Young,
2004).

and the Evolution of Avian Sociality

In addition to differing in mating system, the monogamous and non-monogamous rodents
discussed above diverge in other aspects of social organization. For example, the monogamous
vole species often form small groups and exhibit biparental care (Getz et al., 2005), whereas
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the non-monogamous species typically do not. Given that the nonapeptides are relevant for the
regulation of various affiliative and paternal behaviors in addition to pair bonding (Wang et
al., 1994, Parker and Lee, 2001, Bales et al., 2004), the question arises as to whether peptidergic
mechanisms evolve specifically in relation to a given aspect of social organization (such as
mating system, parental care or sociality) or whether multiple dimensions of behavior are
obligatorily linked together in relation to nonapeptide function. However, rodents do not offer
good opportunities to address these questions, since the various aspects of behavior cannot be
adequately uncoupled in comparative studies of different species (for discussion, see Goodson
et al., 2006).

In contrast to rodents, however, some bird groups offer excellent opportunities to isolate
various aspects of social organization as quasi-independent variables. Finches and waxbills of
the family Estrildidae are particularly useful in this regard, since sociality (i.e., grouping
behavior) can be isolated from other aspects of behavior and ecology. The estrildids are all
monogamous (forming long-term or life-long pair bonds) and exhibit biparental care. Most of
the species are moderately social — flocking during the non-breeding season and loosely
distributing for breeding. However, some species have evolved to be gregarious year-round
and a few species have evolved highly colonial breeding. At the other end of the continuum,
a small number of estrildid species live year-round as relatively asocial male-female pairs and
aggressively defend territories (Skead, 1975, Goodwin, 1982). Our studies have included five
species of estrildids, including two territorial species that likely evolved territoriality
independently; two highly gregarious species that independently evolved coloniality; and an
intermediate, modestly gregarious species (Goodson et al., 2005, Goodson et al., 2006,
Goodson and Wang, 2006).

Our primary research focus in these birds has been on the response characteristics of the AVT
neurons in the BSTm. These neurons likely contribute to the regulation of multiple affiliative
behaviors, including pair bonding in rodents (Young and Wang, 2004, De Vries and Panzica,
2006), but no research had previously determined how different classes of social stimuli elicit
responses in these neurons. To address this issue, we used double-label immunocytochemistry
to examine the induction of Fos (a marker of neuronal activity) in AVT-ir neurons following
acontrol manipulation or exposure to a same-sex conspecific through a wire barrier (both sexes
were examined, although no sex differences were observed). A significant interaction effect
was obtained (species x condition), reflecting the fact that in the territorial species, exposure
to a same-sex conspecific tended to decrease the colocalization of immunoreactive AVT and
Fos, whereas colocalization tended to increase in the highly gregarious species. The modestly
gregarious species exhibited virtually no change in the colocalization of AVT and Fos
(Goodson and Wang, 2006). Importantly, the testing paradigm that we employed limits the
overt expression of social behaviors, thus the species differences in Fos response should
primarily reflect differences in perceptual or motivational processes, not differences in
behavioral response.

The data just described suggest the hypothesis that BSTm AVT neurons may exhibit increases
in Fos expression following exposure to “positive” stimuli that normally elicit affiliative
responses, but not to “negative” stimuli that normally elicit aggression or aversion. Such a
valence sensitivity could readily account for divergent responses to same-sex stimuli in
territorial and gregarious species. Two additional findings firmly support our hypothesis. First,
in the territorial violet-eared waxbill (Uraeginthus granatina), exposure to a same-sex
conspecific produces a significant decrease in AVT-Fos colocalization, whereas exposure to
a positive social stimulus, the subject's pair bond partner, produces a very robust increase (Fig.
2A). Similarly, in the highly gregarious zebra finch (Taeniopygia guttata), significant increases
in AVT-Fos colocalization are observed in a mate competition paradigm if the subjects are
allowed to court, but not if the subjects are aggressively subjugated (Fig. 2B; Goodson and
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Wang, 2006). Recent findings from our lab further demonstrate that the AVT-ir neurons of the
BSTm are sensitive only to positive social stimuli, since positive non-social stimuli are without
effect (J. L. Goodson, unpublished observations).

Consistent with these findings, we found that 1) the two highly gregarious, colonially-breeding
species have significantly more AVT-ir neurons in the BSTm than do the other species, 2) the
territorial species have lower baseline levels of AVT-Fos colocalization than do the gregarious
species, and 3) the three gregarious species have significantly higher densities of V1,-like
binding sites in the LS than do the territorial species (Fig. 3) (Goodson et al., 2006,Goodson
and Wang, 2006). In rodents, septal V1, receptors promote active social interaction and
facilitate social recognition (Landgraf et al., 2003). These are functions that should be in higher
demand for gregarious species than for territorial species.

Sociality and Septal Neuropeptides: What is Being Modulated?

Manipulations of septal AVT produce results that are consistent with the results described
above, and support the idea that the AVT projection from the BSTm to the LS promotes
affiliative behavior. For instance, intraseptal AVT infusions reduce resident-intruder
aggression in two species of songbirds that independently evolved territoriality — the violet-
eared waxbill (Goodson, 1998b) and the field sparrow (Spizella pusilla; Fig. 4A) (Goodson,
1998a). In the colonial zebra finch, AVT actually increases aggression during competition to
court (Goodson and Adkins-Regan, 1999, Goodson et al., 2004), but this is aggression that is
specifically linked to appetitive sexual behavior (i.e., an affiliative context) (Adkins-Regan
and Robinson, 1993).

These context-dependent effects on aggression are consistent with the hypothesis that AVT is
influencing a broader emotional state such as anxiety. For instance, heightened anxiety may
reduce aggression in a territorial bird that is faced with an intruder, but increase aggression in
a gregarious zebra finch that is competing for a mate. Similar context-dependent effects are
observed in male field sparrows housed outdoors on semi-natural territories. As just mentioned,
resident-intruder aggression in field sparrows is decreased by intraseptal AVT infusions.
However, spontaneous use of an agonistic song type during the “dawn chorus” (a time of
elevated singing) is increased (Fig. 4B-C) (Goodson, 1998a). Both the decrease in overt
aggression (when faced with an actual intruder) and the increase in agonistic singing (when an
animal is attempting to keep other animals away) could potentially result from an increase in
anxiety.

In support of this idea, septal V1, receptors influence anxiety in rodents (Landgraf et al.,
1995) and V1,-like receptors modulate neural responses of the LS to stress in song sparrows
(Melospiza melodia) (Goodson and Evans, 2004). In general, manipulations of AVT/AVP that
influence social behavior also tend to influence anxiety (Pitkow et al., 2001, Bielsky et al.,
2004).

Neuromodulatory Patterning: Overlapping Circuits and Distinct Behavioral

States

Different populations of AVT/AVP neurons can have different (even opposing) functional
profiles and yet exhibit overlapping projections to the same brain areas. For instance, the AVT/
AVP neurons of the BSTm appear to promote affiliative responses to social stimuli (Young
and Wang, 2004, Goodson and Wang, 2006) and inhibit resident-intruder aggression (Goodson,
1998b, Goodson, 1998a), whereas AVT/AVP neurons in PVN are well-known to regulate
behavioral and physiological responses to stress (Engelmann et al., 2004). Yet other AVP
neurons of the AH promote offensive, resident-intruder aggression (Ferris etal., 1997, Delville
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et al., 2000, Gobrogge et al., 2007). These findings are hard to reconcile with each other,
particularly when we consider that the projections of the different populations can be closely
juxtaposed and that AVT/AVP often act in a paracrine fashion. That is, AVT/AVP signals from
the diverse populations are clearly going to be mingled at their postsynaptic targets. The LS
provides a concrete example: Although the BSTm provides the only direct AVP innervation
of the LS (De Vries and Buijs, 1983, De Vries and Panzica, 2006), neurophysiological studies
indicate that AVP projections from the PVN also influence LS activity (Disturnal et al.,
1986, Disturnal et al., 1987). Dendritic release of the nonapeptides (Landgraf and Neumann,
200) provides still another means of mingling.

How can AVT/AVP influence behavior in a context-dependent manner if it is released in
response to such disparate stimuli as sexual, stressful or agonistic events? Or, as in the case of
AVT/AVP arising from the BSTm and AH populations, have directly opposite effects on the
same kind of behavior? The answer to this paradox becomes clear if we examine the functional
properties of basal forebrain (“limbic™) circuits that regulate behavior. The “social behavior
network™ is characterized by extensive interconnectivity and a relative lack of linearity
(Newman, 1999, Goodson, 2005). Each “node” in this network is involved in the regulation
of multiple forms of social behavior, including those that may seem to be incompatible with
each other. However, it is not the amount of activity at any one node that determines the form
of behavioral output. Rather, it is the distinct pattern of activation across the entire network
that generates distinct behavioral states. Note that although there are two different models for
these circuits (Newman, 1999, Swanson, 2000, Choi et al., 2005), both require that we consider
the relative amount of activity across the network nodes — that is, the overall topography of the
activation pattern.

By this conceptualization, it does not matter that the PVN and BSTm may each produce the
same effect on a given postsynaptic target (e.g., the LS). What is important is that AVT/AVP
projections from the PVN and BSTm will each elicit a different pattern of postsynaptic effects
across the social behavior network, since the projections from these populations are not going
to be entirely overlapping. One pattern may promote stress or aversion behavior, and the other
may promote affiliation. Hypothetically then, evolutionary modifications to behavior will
involve changing the relative strengths of functionally distinct nonapeptide systems (arising
inthe BSTm, PVN, AH, etc.), which would yield different patterns of postsynaptic modulation,
and hence different patterns of behavior. Such changes to weighting could be achieved by
various means, including evolutionary modifications to cell number; basal and socially-elicited
levels of gene activity; and postsynaptic receptor densities. All of these things have occurred
during social evolution in the estrildid finches and/or microtine voles, with good evidence for
both evolutionary divergence and convergence in relation to behavior (Young and Wang,
2004, Goodson et al., 2006, Goodson and Wang, 2006). Although not yet examined in an
evolutionary context, modifications to the various modes of intracerebral release and signaling
could likewise produce dramatic variations in behavior. These modes include volume
transmission of neuropeptides following dendritic release, and more targeted release from axon
terminals (Landgraf and Neumann, 2004). Almost limitless combinations of these modes could
be employed across behaviorally-relevant brain regions, yielding an endless variety of context-
dependent and species-specific patterns of neuromodulation.

Nonapeptide circuits are an evolutionarily ancient component of the brain, and they exhibit
numerous anatomical and functional features that are strongly conserved across the vertebrate
classes. Nonetheless, certain features are evolutionarily plastic, particularly receptor
distributions, which allows the nonapeptides to influence behavior in a species-specific
manner. At least in some cases, evolution in nonapeptide circuits appears to take a predictable
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course, given that various anatomical and functional features have evolved both divergently
and convergently in relation to mating system in mammals and sociality in birds. Evolutionary
modifications to nonapeptide signaling may take a variety of forms, all of which likely produce
species-specific patterns of neuromodulation across brain regions. Importantly, these
evolutionary modifications may adjust the relative influence of the various nonapeptide cell
groups, which can be functionally distinct and even functionally opposed.
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Arginine vasotocin (AVT), ancestral peptide

. N

Bony fish Isotocin (IT) AVT
Lungfish, amphibians, Mesotocin (MT) AVT

reptiles, birds

Eutherian mammals Oxytocin (OXT) Arginine vasopressin (AVP)

Figure 1.

Evolution of the vasotocin nonapeptide family in vertebrates (after Acher and Chauvet,
1995). Only main features are shown. Secondary duplications and other peptide forms are
present in some vertebrate groups (e.g., marsupials and cartilaginous fish; see the second text
section).
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Figure 2.

AVT neuronal responses to social stimuli (modified from Goodson and Wang, 2006). A.
Percentage of AVT-ir neurons in the BSTm that express Fos-ir nuclei (means £ SEM) in the
relatively asocial violet-eared waxbill following exposure to a control condition (open bars),
a same-sex conspecific (black bars), or the subject's pair bond partner (grey bars). Different
letters above the bars indicate significant group differences (Mann-Whitney tied P < 0.05
following significant Kruskal-Wallis, tied P = 0.003). Total n = 16. B. AVT+Fos colocalization
in control (open bars), subjugated (black bars) and non-subjugated (grey bars) zebra finches
exposed to mate competition (Kruskal-Wallis tied P = 0.03). No sex differences were observed
and sexes are shown pooled. Total n = 15.
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Species differences in linear 1251-V/1, antagonist binding (modified from Goodson et al.,
2006). A-B. Representative binding in the septum of the territorial violet-eared waxbill (VEW;
A), and moderately gregarious Angolan blue waxbill (ABW:; B). C-D. Representative sections
for a male Angolan blue waxbill and male spice finch (colonial), respectively, showing species
differences in binding for the nidopallium (N) and other areas of the forebrain. E.
Linear 125]-V, antagonist binding in the dorsal (pallial) portion of the lateral septum (LS),
shown as decompositions per minute/mg (dpm/mg; means + SEM). Different letters above the
error bars denote significant species differences (Fisher's PLSD following significant ANOVA,
p < 0.05). The scale bar in B corresponds to 500 pm in panels A-B; the scale bar in D
corresponds to 1 mm in panels C-D. Abbreviations: E, entopallium; HA, apical part of the
hyperpallium; LSc, caudal division of the lateral septum (dorsal, ventrolateral, and ventral
zones denoted as LSc.d, LSc.vl, and LSc.v, respectively); LSr, rostral division of the lateral
septum; LSt, lateral striatum; MS, medial septum; N, nidopallium; SH, septohippocampal

septum; TeO, optic tectum.
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Effects of intraseptal AVT infusions in male field sparrows housed on semi-natural territories
(field-based flight cages placed in natural habitat; modified from Goodson, 1998a). A. Chases
during a 15-minute resident-intruder test following infusion of saline control or 100 ng AVT.
B. The number of simple and complex songs given spontaneously during the dawn singing
period; these song types are multipurpose and strictly agonistic, respectively (Nelson and

*P < 0.05, Wilcoxon signed ranks; n = 7.
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Croner, 1991). C. The ratio of complex to simple songs, showing an increase in the agonistic
content of song following intraseptal infusion of AVT. All data are shown as means = SEM;



