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Navigating Monogamy: Nonapeptide
Sensitivity in a Memory Neural Circuit
May Shape Social Behavior and
Mating Decisions

Alexander G. Ophir*

Department of Psychology, Cornell University, Ithaca, NY, United States

The role of memory in mating systems is often neglected despite the fact that most
mating systems are defined in part by how animals use space. Monogamy, for example, is
usually characterized by affiliative (e.g., pairbonding) and defensive (e.g., mate guarding)
behaviors, but a high degree of spatial overlap in home range use is the easiest
defining feature of monogamous animals in the wild. The nonapeptides vasopressin
and oxytocin have been the focus of much attention for their importance in modulating
social behavior, however this work has largely overshadowed their roles in learning and
memory. To date, the understanding of memory systems and mechanisms governing
social behavior have progressed relatively independently. Bridging these two areas
will provide a deeper appreciation for understanding behavior, and in particular the
mechanisms that mediate reproductive decision-making. Here, | argue that the ability to
mate effectively as monogamous individuals is linked to the ability to track conspecifics
in space. | discuss the connectivity across some well-known social and spatial memory
nuclei, and propose that the nonapeptide receptors within these structures form a
putative “socio-spatial memory neural circuit.” This purported circuit may function to
integrate social and spatial information to shape mating decisions in a context-dependent
fashion. The lateral septum and/or the nucleus accumbens, and neuromodulation
therein, may act as an intermediary to relate socio-spatial information with social behavior.
Identifying mechanisms responsible for relating information about the social world with
mechanisms mediating mating tactics is crucial to fully appreciate the suite of factors
driving reproductive decisions and social decision-making.

Keywords: hippocampus, lateral septum, mating system, memory, nucleus accumbens, prairie voles (Microtus
ochrogaster), social behavior, retrosplenial cortex

INTRODUCTION

The nonapeptides vasopressin (VP) and oxytocin (OT), and their non-mammalian homologs, are
crucial regulators of social behavior across taxa (Goodson and Bass, 2001; Goodson, 2008; Goodson
and Thompson, 2010). Indeed they are well known for their roles in social behavior, pairbonding,
and mating systems (Young and Wang, 2004; Carter et al., 2008; Insel, 2010), including in humans
(Heinrichs et al., 2009). It is less recognized that they were first studied in behavioral neuroscience
for their central effects on memory (de Wied, 1971; Bohus et al., 1978b; Pedersen and Prange,
1979; McEwen, 2004). Somewhat ironically, mating systems are inherently dependent on social
and spatial memory. For example, most theories of the evolution of mating systems emphasize the
importance of space use.
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Unfortunately, how animals use information about the
spatial distribution of conspecifics and the social context of
interactions to inform mating decisions has been drastically
underappreciated. Individual mating tactics should reflect the
social landscape (i.e., context) in which animals find themselves.
For example, most males must consider the defendable resources
located within a given territory, the number of mating partners
they are capable of monopolizing, and the activity of their mate(s)
and neighbors (Emlen and Oring, 1977; Shuster and Wade, 2003).
Based on their best estimate of the context and the status of their
own body condition, individuals should adopt a mating tactic
that will most likely produce the greatest reproductive success.
The assessment of these factors will largely depend on integrating
social and spatial information (i.e., the identity and location of
potential mates or competitors). This process requires behavioral
coordination by multiple neural mechanisms, including a major
role for the action of VP and OT in the forebrain.

Here, I begin by discussing theory for mating systems
emphasizing space use as a driving force. I then introduce
and briefly review the nonapeptide neuromodulatory system
(vasopressin and oxytocin) and its role in pairbonding and
memory. I next outline the connectivity between several neural
structures in which nonapeptides assert an influence and may
serve as the foundation for a putative “socio-spatial memory
neural circuit”. Finally, I speculate on how this putative circuit
may function and interact with other known circuits to influence
reproductive decisions and mating tactics using prairie voles as a
case study example. Although, some attention has been dedicated
to understanding female prairie vole reproductive decision-
making and the mechanisms therein (Zheng et al,, 2013b) in
this review I primarily consider males, unless otherwise stated.
While many of the theoretical and presumably neuroanatomical
details are likely to generalize between the sexes, sexual selection
and sex-dependant selection have also produced important
differences that are likely to alter the proximate and ultimate
processes that shape reproductive decision-making in males and
females. It is crucial to consider both sexes if we are to ever
achieve a full understanding of the mechanisms that contribute
to such important decisions, and the dynamic interactions
that follow. Nevertheless, deepening our concept of mating
systems by incorporating memory represents significant progress
toward understanding how neural mechanisms govern complex
behavior.

HOW MIGHT SOCIAL OR SPATIAL
MEMORY INFLUENCE MATING SYSTEMS?

Ultimately, mating systems are social systems that represent
the outcomes of several individual reproductive choices. Indeed,

Abbreviations: AC, Anterior Commissure; AT, Anterior Thalamus; BST, Bed
Nucleus of the Stria Terminalis; CeA, Central Amygdala; CC, Corpus Callosum;
DG Dentate Gyrus; EC, Entorhinal Cortex; f, Fornix; HPC, Hippocampus; LS,
Lateral Septum; LDTh, Laterodorsal Thalamus, MB, Mammillary Bodies; MeA,
Medial Amygdala; MS, Medial Septum; NAcc, Nucleus Accumbens; PAR, Parietal
Cortex; PAG, Periaqueductal Grey; PFC, Prefrontal Cortex; POA, Preoptic Area;
PC, Posterior Commissure; RSC, Retrosplenial Cortex; SHi, Septohippocampal
Nucleus; Sub, Subiculum; VPall, Ventral Pallidum; VTA, Ventral Tegmental Area;
3V and 4V, Ventricles, third and fourth.

mating systems are emergent properties of populations, whereby
each individual assesses the ecological and social landscape
in which they find themself and adopts a tactic based on
that information (Oliveira et al., 2008). In this review I use
terms like “assess”, “adopt”, and “evaluate” in the behavioral
ecology sense of the words. This is meant specifically to reflect
information gathering (however reliable or unreliable) and the
outcome of a computation in which that information was used
to inform the probability that the world is in a particular state,
and weighed against the expected gains of performing various
behaviors given that state. From this perspective, “cognition” is
deeply rooted in the behavioral ecology of all species (Sherry,
2006; Dukas and Ratcliffe, 2009). Identifying the social and
cognitive factors that sculpt mating decisions is necessary to
predict reproductive success, and to understand how individual
decisions contribute to and shape social organization at
large.

At their core, mating systems represent the most common
social arrangements of individuals of a given population or
species. They are often synonymously conflated with breeding
arrangements and portrayed as a collection of mating decisions
for the purpose of reproduction. It should be stated that
how animals mate and how they live may not perfectly
map on to each other, and breeding arrangements and social
arrangements often differ (Kleiman, 1977). Indeed, alternative
tactics commonly evolve in mating systems, and frequently take
the form of territorial vs. “sneaker” tactics, although other forms
of alternative reproductive tactics also exist (Oliveira et al.,
2008).

In simple terms, mating systems can be characterized by
the average number of mates (or at least social partners) that
males and females of a given population most commonly
have (Shuster and Wade, 2003). This way of categorizing
reproductive behavior creates four general categories of mating
systems: polygyny (one-male—multi-female units), polyandry
(one-female—multi-male units), promiscuity (a.k.a., polygamy,
polygynandry; multi-male—multi-female units), and monogamy
(one-male—one-female units). Just how common each mating
tactic is varies by taxa. For example, although monogamy is
common in birds (Owens and Bennett, 1997), it is very rare
among mammals (Kleiman, 1977). Nevertheless, monogamy is
particularly interesting considering that humans represent one
mammalian species that readily engages in this mating system.
For reviews of mating systems see Apollonio et al. (2000);
Clutton-Brock (1989); Greenwood (1980); Orians (1969); Shuster
and Wade (2003).

Although, mating systems are conceptualized in terms of
reproductive behaviors, they are frequently defined in terms
of social and spatial behavior. Emlen and Oring (1977) argue
that the potential for polygyny is contingent on a male’s ability
to monopolize resources that attract females by establishing
large territories (an entity inherently rooted in space). In fact,
the size and exclusivity of territories are measures commonly
used to define mating systems. For example, mammalian
monogamy is most likely to evolve when females occupy small
but exclusive home ranges, thereby increasing the difficulty for
males to monopolize several females (Komers and Brotherton,
1997).
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In practice, a male must be proficient at defending resources
while monitoring the activity of his mate or mates to successfully
mate-guard or exclude competitors. Presumably, polygynous
(and promiscuous) males must track the temporal progression
of the estrous cycle of nearby females, establish territories, and
remember neighbors (Brotherton and Komers, 2003). Males
that are in the right place at the right time are likely to
experience a reproductive advantage over others. Alternatively, a
monogamous male must monitor the activity of his neighbors,
both in terms of which individuals directly threaten his
fitness through cuckoldry or infanticide, and indirectly through
challenging his resource holding potential (Brotherton and
Komers, 2003). He may also benefit greatly by tracking the
identity and location of neighbors that may boost his fitness
through pairing (or extra pair) opportunities (Brotherton and
Komers, 2003). Monogamy should therefore require males to
associate the spatial distribution of conspecifics with their social
identity: are they competitors, pairbonded mating partners or
potential extra-pair mates? Ultimately, a male’s decision to adopt
a particular mating tactic should be informed by associations with
space use (spatial memory), distinguishing between neighbors
(social memory), and accounting for the spatial distribution of
those neighbors (socio-spatial memory).

THE SOCIALLY MONOGAMOUS PRAIRIE
VOLE

Perhaps no species is better studied with resect to both
natural behavior comprising their mating system and the
neurobiological mechanisms that govern important aspects of the
mating system than prairie voles (Microtus ochrogaster). Prairie
voles overwhelmingly demonstrate behaviors consistent with a
monogamous mating system (e.g., Thomas and Birney, 1979;
Gavish et al., 1981; Getz et al., 1981; Carter and Getz, 1993). In
the lab, males and females form long-lasting social preferences
for a mating partner (i.e., a pairbond), demonstrate aggressive
behavior toward strangers, and provide care for offspring (Witt
et al., 1988; Williams et al., 1992; Winslow et al., 1993; Carter
et al, 1995). In the field, prairie voles tend to form breeding
units in which one male and female breeder attend to offspring
until they disperse (McGuire et al., 2013). Animals adopting this
mating tactic are often referred to as “residents”, largely because
males and females occupy overlapping home ranges and appear
to exclude other conspecifics (Getz et al., 1993; Solomon and
Jacquot, 2002; Ophir et al., 2008a).

The majority of males adopt residency (~60-75%), one reason
why prairie voles are considered monogamous (Getz et al., 1993).
But being a monogamous species need not exclude males or
females from attempting to engage in extra-pair mating. In fact,
resident males face a trade-off between mate guarding to increase
“faithful” in-pair reproduction and “unfaithful” extra-pair mate
seeking (Ophir et al., 2008a; Phelps and Ophir, 2009; Okhovat
etal, 2015). Here, I refer to the former as “true residents” and the
latter as “roving residents” or simply “rovers”. The proportion of
these two types of residents has not been formally investigated,
but some studies hint that they are roughly equally common

(Getz et al., 1993; Ophir et al., 2008a; McGuire and Getz, 2010;
Okhovat et al., 2015). Home range size of true residents and
rovers are similar, but the way they use the same amount of space
might differ. For instance, how rovers and true residents navigate
and move within the same area and interact with conspecifics
is almost surely different and would reflect their chosen tactics.
This would most likely express itself in the degree to which they
remain at the nest and mate guard and the degree to which they
visit the nests of other females.

Beyond true residents and rovers, another important and
less common (~25-30% of the population) tactic referred to
as “wandering” exists. In this case, male and female wanderers
occupy much larger home ranges compared to residents, they
do not appear to be territorial, and they presumably attempt to
mate multiply (Getz et al., 1993; Solomon and Jacquot, 2002;
Ophir et al., 2008a; McGuire and Getz, 2010; McGuire et al.,
2013). It is unclear if adopting a resident or wandering tactic
produces greater reproductive payoffs, but our data suggest
that males prefer to form bonds (Blocker and Ophir, 2016)
and that residents may have greater reproductive success while
wanderers are making the best of a bad job (Ophir et al., 2008a;
Phelps and Ophir, 2009). Taken together, it is most accurate
to characterize the overall mating system of prairie voles as
socially monogamous, in which animals engage in alternative
reproductive tactics.

NONAPEPTIDES, MONOGAMY, AND
MEMORY

Oxytocin and vasopressin are integral to many forms of
mammalian social behavior (Goodson, 2008; Goodson and
Thompson, 2010). Although knowledge of the function of
nonapeptides in social behavior across an array of species has
progressed at a remarkable pace, a foundation of knowledge has
been built around prairie vole social behavior, affiliation, and
pairbonding. Indeed, nonapeptides are necessary and sufficient
for the production of prairie vole pairbonds (Young and Wang,
2004; Johnson and Young, 2015)—a hallmark of their socially
monogamous mating system. For example, manipulation of VP
and its receptor (V1aR) in the ventral pallidum (VPall) or lateral
septum (LS), and OT or its receptor (OTR) in the nucleus
accumbens (NAcc) can either facilitate or diminish the pairbond
(Winslow et al., 1993; Williams et al., 1994; Cho et al., 1999; Liu
et al, 2001; Liu and Wang, 2003; Lim et al., 2004; Ross et al.,
2009; Keebaugh et al., 2015). These and other limbic structures,
sometimes referred to as a “pairbonding neural circuit” (Young
and Wang, 2004), have formed the basis for understanding the
neurobiology of social affiliation and monogamy (for reviews see
Carter and Keverne, 2002; Young and Wang, 2004; Carter et al.,
2008; Donaldson and Young, 2008; Insel, 2010; McGraw and
Young, 2010; Carter, 2014; Lieberwirth and Wang, 2014; Johnson
and Young, 2015).

The expression of nonapeptide receptors across the brain
can reveal how evolution has shaped the mechanisms that
impact mating decisions (Ketterson and Nolan, 1992). For
example, studies famously comparing monogamous and
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non-monogamous vole species indicate that nonapeptide
receptor profiles (particularly within the aforementioned areas)
are good predictors of mating system (Insel and Shapiro,
1992; Insel et al., 1994). Similar characterizations have since
been performed in many other species with different mating
systems or social organization (c.f., Kelly and Ophir, 2015).
How broadly the relationship between nonapeptides and mating
system extends beyond voles is unclear, but some evidence
suggests parallel results may exist for humans and chimpanzees
(Hammock and Young, 2006; Donaldson et al., 2008; Walum
et al., 2008; Hopkins et al., 2012). Strangely, the extraordinary
individual variation in prairie vole V1aR or OTR density does
not differ between residents and wanderers (Ophir et al., 2008b,
2012; Zheng et al., 2013b). Evidence demonstrating that residents
produce more fertilized embryos (Ophir et al., 2008a) suggests
that natural selection has eliminated the standing variation in
the pairbonding neural circuit to predispose prairie voles to
adopt a socially monogamous lifestyle. It should be noted that
this conclusion is built on the assumption that unborn embryos
are a rough proxy of fitness. However, this measure does not
account for variation in parental care these offspring would
have received, the lifetime reproductive success of the breeding
unit, or ultimately survival and subsequent reproduction of
the offspring (see Ophir et al., 2008a; Blocker and Ophir,
2016) which might have altered the “fitness advantage® of
bonded males in either direction. Nevertheless, if there is
indeed a reproductive advantage to being paired, then the
mechanisms that promote pairing should be advantageous to
all males. Therefore, any individual variation in the neural
phenotype that is known to facilitate (or gate) bonding,
should be low and all males have the same “bonding” neural
phenotype, more or less. Our neural data appear to support this
interpretation.

Considerable evidence from the mid-twentieth century
demonstrated that OT and VP affect the process of learning
and memory, either directly or indirectly by altering arousal
(c.f, McEwen, 2004). The original work in this area focused
on the impact of VP and OT in passive or active avoidance
learning (Bohus et al.,, 1972, 1978b; de Wied, 1991), but has
also expanded to understanding navigation (i.e., hippocampal-
dependent cognition; e.g., Engelmann et al., 1992; Everts and
Koolhaas, 1999), retrieval and relearning in visual discrimination
(Alescio-Lautier et al., 1987), and social recognition and social
memory (e.g., Ferguson et al.,, 2002; Albers, 2012; Stevenson
and Caldwell, 2012). The main neural targets on which VP
and OT assert effects on memory include the hippocampus, the
cingulate and retrosplenial cortices, septum, several subunits of
the thalamus, hypothalamus, and other limbic structures such
as the amygdala and medial preoptic area (e.g., Popik and Van
Ree, 1998; Ferguson et al., 2001; McEwen, 2004; Ophir et al.,
2008b). More recently, increasing attention has been dedicated
to understanding the roles of nonapeptides in the hippocampus
and hippocampal-dependent memory. For instance, Egashira
et al. (2004) showed that vasopressin is necessary to perform
a hippocampal-dependent spatial memory task, and Tomizawa
etal. (2003) showed that hippocampal oxytocin may be necessary
for long-lasting spatial memory. Interestingly, OT appears to

enhance hippocampus spike transmission by modulating fast-
spiking interneurons, effectively improving the signal-to noise
ratio (Owen et al., 2013).

Much of the evidence has led to the idea that VP and OT
appear to have opposite effects on learning and memory, with
VP facilitating memory consolidation and retrieval, and OT
potentially serving as an amnestic (Bohus et al., 1978a; Kovacs
and Telegdy, 1982; Argiolas and Gessa, 1991; de Wied, 1991;
McEwen, 2004). For example, nonapeptides are functionally
important for social recognition (Gabor et al., 2012). Blockade
of endogenous VP in the septum and the hippocampus (dorsal
and ventral portions) disrupts social recognition, whereas OT
blockade only impacts social recognition when administered
to the ventral hippocampus and not the septum or dorsal
hippocampus (van Wimersma Greidanus and Maigret, 1996).
More specifically, central and peripheral injections of VP
facilitate social recognition, whereas OT injections have no effect
or attenuate it (Bohus et al., 1978a,b; Koob et al., 1981; Dantzer
et al., 1987; Popik and Vetulani, 1991; Benelli et al., 1995). The
role of OT on memory is much less clear than that of VP. In
fact OT appears to have a dose-dependent effect on memory.
High doses of OT produce amnestic effects but low doses
facilitate recognition (Popik et al., 1992a,b). OT’s dose-dependent
influence on social recognition is probably explained by the types
of OT metabolites that bind to OTR (Burbach et al., 1983; Popik
etal., 1996; Popik and Van Ree, 1998), but could also be explained
by OT-V1aR cross reactivity (de Wied, 1991; Manning et al,
2008; Song et al., 2014, 2016). Moreover, differences in how and
where VP and OT impact social recognition appear to vary by sex
(Gabor et al., 2012). Nevertheless, V1aR antagonists clearly block
social recognition (Engelmann and Landgraf, 1994; Landgraf
etal., 1995), while OTR antagonists block the facilitating effects of
OT on social recognition at low doses and the attenuating effects
of social recognition at high doses (Benelli et al., 1995).

As a cautionary warning, these results, particularly those
regarding OT just discussed, highlight the importance of
considering the route of administration, dose, timing, and
the behavioral tests that are used to assess learning and
memory. Administration and dose matter because both can
potentially have confounding effects of arousal (Baldi and
Bucherelli, 2005). Furthermore, nonapeptides do not readily
cross the blood-brain barrier and therefore peripheral (e.g.,
intranasal or intraperitoneal injections) and central (e.g., targeted
or intracerebroventricular) administration can have different
results (Neumann et al., 2013). It is also unclear if peripheral
administration has direct or indirect effects. Moreover, the
administration of exogenous nonapeptides may have important
and different dose-responses, as conveyed in the example
given above. The timing of administration of pharmacological
agents, or the like, may also impact memory in different
and important ways because they may impact acquisition,
consolidation, and/or expression of memory, which each follow
different timelines. Finally, the behavioral test matters because
the behavior of interest will change in line with the expected
procedure for most behavioral tests of memory, however
“memory” is an interpretation of the observed behavior (e.g.,
olfactory inspection, or visits to a particular area in space)
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rather than an observable behavior itself. Factors such as these
are important to be mindful of when interpreting the studies
that have investigated learning and memory and in particular
the influences of nonapeptides on these processes, and may
help explain why results may appear contradictory (e.g., why
OT might appear to both facilitate and attenuate memory, see
above).

A FUNCTIONAL MEMORY NEURAL
CIRCUIT

A tremendous effort has been dedicated to describing and
understanding the processes of learning and memory and the
neural mechanisms that govern these processes. It is not my
intent to review this entire literature here. However, I do aim to
provide a brief and somewhat simplified synopsis of the neural
circuit and structures therein that are closely associated with
memory. For more exhaustive reviews of this topic see Aggleton
and Brown (1999); Brown and Aggleton (2001); Eichenbaum
et al. (2007); Fanselow and Dong (2010); Strange et al. (2014),
and Zola-Morgan and Squire (1993).

The Hippocampus

The hippocampus (HPC) is probably the best-known neural
structure associated with learning and memory. It is necessary
for many forms of higher-level memory including episodic
memory (i.e., recalling experienced events), contextual memory,
and spatial memory (Hirsh, 1974; Nadel et al., 1985; Zola-
Morgan and Squire, 1993; Rolls, 1996; Mizumori, 2007; Smith
and Bulkin, 2014; Strange et al., 2014; Bulkin et al., 2016).
Indeed some have characterized the HPC as a structure that
generates representations of multi-dimensional spatial maps,
while others have argued it is a center for assessing context
(Hirsh, 1974; Nadel et al., 1985; Zola-Morgan and Squire, 1993;
Rolls, 1996; Mizumori, 2007; Smith and Bulkin, 2014; Strange
et al,, 2014; Bulkin et al,, 2016). The hippocampus is a highly
conserved forebrain structure that takes its name from the
curved sea horse-like shape it takes in the human brain. In
rodents the HPC is shaped more like a cashew that curves at
an angle along the anterior-posterior and dorsal-ventral axes.
Although the orientation and location of the HPC has been
rotated and drifted over mammalian evolution, this structure still
maintains its basic configuration: the dorsal HPC (sometimes
referred to as the septal pole, and represented by the anterior
component of the HPC in rodents), and the ventral HPC (a.k.a.,
the temporal pole, representing the posterior component of the
rodent HPC) (Strange et al., 2014). Although the cellular anatomy
and connectivity within the HPC is fairly consistent throughout
the length of the HPC, these two components appear to be
functionally distinct, with the dorsal HPC accounting for the
episodic memory, spatial map and navigational functions, and
the ventral HPC relating to emotional memory, affect, and stress
(Moser and Moser, 1998; Fanselow and Dong, 2010). Homologs
of this structure take many forms in other taxa, like the HPC-
equivalent found in the dorsal pallium in birds, or the aptly
named mushroom bodies of some insects (Strausfeld et al.,

1998; Kempermann, 2012). In mammals, the neuroanatomy and
connectivity within the HPC is captured by the so-called “tri-
synaptic loop”, a one-way loop of axonal connections from the
entorhinal cortex (EC), penetrating through the subiculum, and
through the sub-structures of the HPC (the dentate gyrus, CAl,
and CA3) (Amaral and Witter, 1995; Brewer et al., 2013). To
complete this loop, the axons of the cells in CA1 project to the
neurons of the EC and subiculum.

Despite its central role in learning and memory, the HPC
is functionally and anatomically connected with several other
structures that work in concert to enable many important aspects
of learning and memory. This extended memory circuitry has
been described in detail elsewhere (Gabriel, 1993; Aggleton and
Brown, 1999; Mizumori et al., 2000; Smith et al., 2012). Briefly,
the so-called hippocampus-anterior thalamic axis (Figure 1)
forms the basis of this circuit and incorporates the HPC,
the fornix, mammillary bodies, retrosplenial cortex (RSC), and
thalamic nuclei. The HPC sends and receives projections to/from
the anterior thalamus (AT) via the fornix, and projects to
the mammillary bodies via the fornix. The HPC, however, is
also bidirectionally connected to the EC and RSC, and sends
projections to the prefrontal cortex. Signals entering the HPC
from the EC initiate the tri-synaptic loop. In addition to its
bidirectional connection with the HPC, the RSC is bidirectionally
connected with the parietal cortex and the AT.

The Retrosplenial Cortex
The RSC is a key component of the brain’s memory and
navigation systems (Vann et al., 2009; Miller et al., 2014) and is

i

f

bl

FIGURE 1 | The hippocampus-anterior thalamic axis (adapted from Aggleton
and Brown, 1999). At its core, the circuit incorporates the hippocampus (HPC,
blue), retrosplenial cortex (RSC, yellow), and the anterior thalamus (AT, red).
Other important structures (in brown), include the mammillary bodies (MB),
entorhinal cortex (EC), parietal cortex (PAR), and the prefrontal cortex (PFC).
The fornix (f) and other axonal projections are represented by black arrows.
The box portrays the “tri-synaptic loop” between the EC and the subunits of
the HPC, including the subiculum (Sub), dentate gyrus (DG), and CA1 and
CA3 subfields.
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located along the posterior portion of the cingulate cortex (Jones
et al,, 2005). Lesions to the RSC are remarkably similar to the
effects of hippocampal lesions, including impairments in episodic
memory (Valenstein et al., 1987; Bowers et al., 1988), contextual
memory (Keene and Bucci, 2008a,b), and spatial navigation
(Sutherland et al., 1988; Harker and Whishaw, 2002; Vann and
Aggleton, 2002). Not only is the RSC bi-directionally connected
with other components of itself (van Groen and Wyss, 1992a,b),
but the HPC and RSC are reciprocally interconnected (Wyss and
Van Groen, 1992; Jones and Witter, 2007), and this bidirectional
communication is likely critical for memory. Inactivation of
the RSC disrupts hippocampal representations (Cooper and
Mizumori, 2001), and it appears to be an important consolidation
target for hippocampal-dependent memories (Katche et al,
2013), especially contextual memories (Keene and Bucci, 2008¢;
Cowansage et al., 2014; Czajkowski et al., 2014).

The Anterior Thalamus

The AT (consisting of the anterior dorsal, anterior ventral,
anterior medial, and lateral dorsal nuclei) is bidirectionally
connected with the HPC and RSC (synapsing in the granule
layers of the RSC) (van Groen et al., 1993). The AT is a major
subcortical target for HPC output (Swanson and Cowan, 1977;
Aggleton et al., 1986), and like the RSC, it is involved in many
of the same memory and navigation functions as the HPC. For
instance, the AT is a critical site of damage in diencephalic
amnesia (Aggleton et al., 2011). In rodents, AT neurons exhibit
directional firing (i.e., head direction cells; Taube, 1995) and AT
lesions reliably disrupt spatial navigation (Aggleton and Nelson,
2015), sequence memory (Wolff et al., 2006), and contextual
memory (Law and Smith, 2012). Furthermore, AT lesions cause
large-scale disruption of HPC and RSC functioning (Jenkins
et al,, 2002, 2004; Savage et al, 2011). In addition to the
aforementioned connectivity, the AT also sends afferents to the
prefrontal cortex and to the parietal cortex. In turn, the AT
receives efferents from the HPC (via the fornix), mammillary
bodies, and RSC. Similarly, the parietal cortex receives input
from several structures, but most notably the dorsal RSC and
laterodorsal (LDTh) subdivision of the AT. Moreover, the LDTh
acts as a transitional nucleus projecting to both limbic and
neocortical areas, and the presence of head direction cells in this
structure is an interesting point of convergence with other areas
central to spatial cognition (Mizumori and Williams, 1993; Taber
et al,, 2004). Anatomically, the LDTh provides extensive afferent
input to the subicular complex of the hippocampal formation and
sends dense projections to the RSC (van Groen and Wyss, 1992b).
Indeed, the RSC is bi-directionally connected with the LDTh (van
Groen and Wyss, 1992a,b). Taken together, the HPC, RSC and
AT (including the LDTh) are central components of an extended
limbic memory circuit that is vastly important for mediating
spatial, episodic, and context dependent memory (Figure 1).

Other Structures: The Septum and
Septohippocampal Nucleus

It is important to make clear that the classic functional memory
neural circuit just discussed is a relatively simplified model.
Extending this model, the HPC, septohippocampal nucleus

(SHi), and septum form a reciprocal circuit among themselves
(Rye et al, 1984; Gaykema et al, 1990), which is directly
involved in memory (Khakpai et al,, 2013). Both the dorsal
and ventral portions of the HPC project to the LS (Fanselow
and Dong, 2010; Strange et al., 2014). Although the LS receives
massive glutamatergic fiber input from the hippocampus via the
fornix, the medial septum (MS) sends significant cholinergic and
GABAergic projections to the hippocampus (Jakab and Leranth,
1995; Swanson and Risold, 2000). Meanwhile, the SHi, which is
centrally involved but not necessary for learning and memory
(Parent and Baxter, 2004), provides feedback between the HPC
and (primarily) the MS (Giovannini et al,, 1994; Marighetto
et al., 1994). Interestingly, lesions of the medial septum disrupt
hippocampal theta oscillations (Lawson and Bland, 1993) and
impair spatial memory (Winson, 1978; Leurgeb and Mizumori,
1999). Thus, the septal connections back to the HPC and SHi
primarily travel through the MS. However, the medial and
lateral septa are themselves tightly and reciprocally connected
to each other, and the LS can inhibit HPC function via the
MS-SHi (Giovannini et al., 1994; Marighetto et al., 1994; Jaffard
et al., 1996; Desmedt et al.,, 1999). Feedback through indirect
LS regulation of the HPC via the SHi is accomplished through
the glutamatergic receptors in the LS that exert an inhibitory
effect of cholinergic cells in the MS, which in turn influences
HPC function (Giovannini et al., 1994; Marighetto et al., 1994;
Jaffard et al., 1996; Desmedt et al, 1999). Thus, there are
cytoarchitectural and functional connections among the septum
and hippocampus enabling direct communication from the HPC
to LS and indirect LS feedback regulation of the HPC via the SHi.

THE SOCIAL DECISION-MAKING
NETWORK AND THE PAIRBONDING
NEURAL CIRCUIT

Central to the study of social behavior is a core set of
interconnected limbic structures, collectively recognized as
the social behavior network (SBN). These include the LS,
preoptic area (POA), central and medial amygdala (CeA and
MeA), bed nucleus of the stria terminalis (BST), anterior
hypothalamus (AH), ventromedial hypothalamus (VMH), and
midbrain (i.e, periaqueductal gray, PAG) (Newman, 1999;
Goodson, 2005). By definition, these core nodes of the SBN are
involved in the regulation of many forms of social behavior,
are reciprocally connected, and are influenced by sex steroid
hormones (Newman, 1999). For example, various combinations
and permutations of the activation of these structures are
necessary or important for the expression of sexual behavior,
aggression, parental care, and social grouping within and across
species (c.f., Numan, 2015). Somewhat recently, the SBN was
extended to integrate reward circuitry into a larger network,
called the social decision-making network (SDMN), comprised
of the SBN structures and the NAcc, VPall, striatum, basolateral
amygdala, ventral tegmental area (VTA), and notably the HPC
(O’Connell and Hofmann, 2011a,b, 2012). These latter structures
are tightly networked key nodes in or key accessories to the
mesolimbic reward system (for review see Ikemoto, 2010). The
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mesolimbic reward system has become commonly regarded as
the neural network where salience and valence of stimuli is
processed (Alcaro et al., 2007; Wickens et al., 2007; Ikemoto,
2010). Dopamine, particularly in projections from the VTA to
the NAcc, is a major factor in this function, but of course it
is not the only important signaling molecule (Spanagel and
Weiss, 1999). Much of the work on the mesolimbic reward
system has been done under the premise of understanding
mood disorders, addictive behavior, or reinforcement learning
(Berridge and Robinson, 1998; Alcaro et al., 2007; Koob and
Volkow, 2010; Dichter et al., 2012). But clearly natural, and in
particular social, behavior heavily relies on reward (Schultz, 2000,
2006), which is probably one of the reasons this network appears
to be ubiquitously shared across taxa. For an extensive review on
the structure, function, and connectivity of nodes of the SDMN
across four major vertebrate taxa, see (O’Connell and Hofmann,
2011b).

Although, no mention of nonapeptides was made in the
original characterization of the SBN (Newman, 1999), these
structures are largely sensitive to VP and OT action (Albers,
2015). For example, all of the SBN/SDMN structures, with the
exception of the POA and VTA (but see Hammock and Young,
2005), express V1aR, OTR, or both in prairie voles (Zheng
et al., 2013b). Not surprisingly, all nodes of the pairbonding
neural circuit described above (see Young and Wang, 2004) are
contained within the SDMN (with the one exception of the
prefrontal cortex, which might also be important to include).
Arguably, the decision to form a pairbond falls safely within
social decision-making, and from this point of view it is
reasonable to consider the pairbonding neural circuit as a sub-
unit of the SDMN.

A CASE FOR SOCIO-SPATIAL MEMORY AS
A FACTOR FOR MATING SYSTEM

The relationship between social and spatial memory, mating
decisions, and the role of nonapeptides therein is likely to be
much more than coincidental. Social decision-making necessarily
relies on an individual’s ability to assess the social and spatial
landscape in which it finds itself and then act on that information.
Such decision-making should be context dependent and plastic,
yet open to the stabilizing or canonizing forces of natural
selection. The action of nonapeptides as modulators of social
behavior provides a plausible mechanism by which such plasticity
can be maintained by natural selection. Indeed, individual
differences in nonapeptide receptor expression may contribute
to differences in socio-spatial memory and to differences in
mating tactics, possibly as a consequence of its impact on
memory. For instance, non-monogamous male meadow voles
(M. pennsylvanicus) perform better than monogamous prairie
voles in several mazes testing spatial memory (Gaulin and
FitzGerald, 1989). Interpretations of these and other related
results indicate that spatial memory (i) may facilitate navigating
larger home ranges, (ii) differs systematically between mating
systems, and (iii) potentially helps shape mating systems (Gaulin
and FitzGerald, 1989; Jones et al., 2003), supporting the idea

that memory is important for mating decisions. How social
and spatial memory might operate within species to shape, and
possibly promote, particular mating decisions is an open question
and may vary based on the species under investigation.

Of particular importance here is the function of VP and OT
in the RSC and HPC, respectively. Some polygamous rodents
have larger HPC or RSC than monogamous congeners (Gaulin
and FitzGerald, 1989; Gaulin, 1992; Clint et al., 2012; Jasarevic
etal., 2012; Kingsbury et al., 2012), implicating these brain areas
as being important for mating systems. Although interspecific
comparisons of nonapeptide receptors in the HPC or RSC
are limited, Insel et al. (1991) demonstrated that promiscuous
mice (Peromyscus maniculatus) express more oxytocin receptor
in the hippocampus (CAl sub-region) than a monogamous
congener (P. californicus), providing some of the first evidence
that variation in nonapeptide receptor expression might relate to
mating system.

In contrast, we have found no evidence suggesting that RSC
or HPC volume predicts mating tactics within prairie voles
(Kingsbury et al., 2012; Rice et al., in review). However, although
size and volume of brain structures are commonly linked with
information processing and its behavioral consequences (e.g.,
Sherry et al., 1992; Maguire et al., 2000), sheer size of structures
is only one aspect of neural function. The neural mechanisms
that operate within structures can also have a profound influence
on neural processing and behavior (Roth et al., 2010). To this
end, expression patterns of nonapeptide receptors within these
structures predict successful adoption of monogamous or non-
monogamous tactics (Ophir et al., 2008b, 2012; Okhovat et al.,
2015, see below). This suggests that the most successful residents
are more sensitive to VP and OT binding in these brain areas
than the most successful wanderers. Overall, variation of VP and
OT receptor expression within regions associated with memory
processing appears to reflect the variance in the sensitivity
to these neuromodulators, and hence their ability to impact
memory, particularly for socially relevant contexts. Nonapeptides
are, therefore, highly likely to play an important and nuanced
role in modulating reproductive success and mating tactics via
structures associated with memory.

A NONAPEPTIDERGIC SOCIO-SPATIAL
MEMORY CIRCUIT

Based on the material discussed above, I propose that the
influence of VP and OT in a putative “socio-spatial memory
neural circuit” shapes reproductive decisions. In the remainder
of this article, I attempt to outline this neural circuit in which
the brain areas that contribute to social decision-making (and
pairbonding in particular) interface with social and spatial
memory processing to enable animals to successfully navigate
and operate within a social context. Considering that successful
mating tactics necessarily rely on an individual’s ability to
locate mates and competitors in space and are often related
to (if not defined by) space use, it is probable that social
and spatial memory have coevolved to—at least in part—serve
the purpose of facilitating social behavior and mating success.
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The composition of the proposed network is based largely  either V1aR or OTR across individuals, indicating that variable
on neuroanatomical studies of connectivity between structures  sensitivity to the neuromodulatory influences of nonapeptides
subserving social behavior and/or memory. Specifically, I refer  in these structures can account for individual variation in
to the extensive connectivity among the components of the  behavioral outcomes. Individuals also demonstrate the same
limbic memory circuit, and their axonal connections with core  clearly stereotyped patterns of nonapeptide receptors in the RSC,
areas within the pairbond neural circuit described throughout  LDTh, HPC, and SHi, and these patterns predict reproductive
this review. In abstract terms, it is plausible that nonapeptide  success of those individuals based on their chosen mating tactic.
action in this memory circuit functions to integrate socio-spatial ~ Specifically, successfully breeding residents express the greatest
information to shape mating decisions in a context-dependent  densities of RSC and LDTh V1aR and HPC and SHi OTR, while
fashion. This context dependency is a notion supported by  successfully breeding wanderers express the least (Ophir et al.,
work demonstrating that social recognition varies based on  2008b, 2012). Although neither V1aR nor OTR density shows
the social environment in which it is tested (Zheng et al.,  this pattern in the LS, V1aR expression in the LS does show a
2013a). non-significant trend that is consistent with the patterns seen
This hypothesis predicts that neuromodulation by VP and  in these four other structures (Ophir et al., 2008b). Moreover,
OT in the memory circuit functions to evaluate the social ~OTR density in the HPC, SHi, and LS is significantly and
landscape for potential mating and bonding opportunities. The  positively correlated across these structures (Ophir et al., 2012),
degree to which these areas enable an animal to accurately  further supporting the idea that nonapeptide action coordinates
account for the identity and location of conspecifics (mates and  the modulation of this network of memory processing brain
competitors) would be fed into the SDMN and specifically the  structures.
pairbonding neural circuit. These behavioral networks could use Taken together, there is a strong precedent for the HPC,
that information to weight the probabilities that reproductive ~ RSC, LDTh, SHi, and septum to either directly contribute to, or
success can be maximized based on engaging in certain  indirectly aid in, the processing of social and spatial memory. The
reproductive behaviors. Thus, communication between these  connectivity and coordinated VP/OT sensitivity among these
nonapeptide sensitive circuits could shape reproductive tacticsby ~ structures suggests an integrated network of memory-related
biasing decision-making for remaining single or forming (faithful ~ structures. Functionally, this network could contribute to solving
or unfaithful) bonds. The functional evidence discussed below is  the cognitive demands of mating tactics within a social system.
based on observations in prairie voles, which I use here as an ~ The main memory-processing components of this circuit (HPC,
example of how this might work. RSC, LDTh, and SHi) may make it possible to also process
At the center of this putative nonapeptide-governed socio-  socially contextual information defined, in part, by the density
spatial memory circuit is the HPC, RSC, LDTh, SHi, and and distribution of conspecifics in the surrounding environment.
the LS (see Figure2). With the exception of the LS, each  This premise is tentatively supported by the data discussed
of these areas demonstrates profound individual variation in  above.

Cerebral Cortex

Oifactory Bulb Cerebellum

\ Hypothalamus S ®
MeA )
Pons ™.,

Rhombencephalon

FIGURE 2 | Putative socio-spatial memory neural circuit. This figure provides a cartoon schematic of the connections among the nonapeptide expressing memory
areas, the connections among the pairbonding neural circuit, and the connections between these two circuits to showcase how socio-spatial memory might influence
reproductive decision-making. Neural structures involved in processing socio-spatial memory (blue), and their projections (blue dashed arrows), include the
retrosplenial cortex (RSC, V1aR) the laterodorsal thalamic nucleus (LDTh, V1aR), the hippocampus (HPC, OTR), and the septohippocampal nucleus (SHi, OTR).
Neural structures involved in the pairbonding neural circuit (adapted from Young and Wang, 2004), and their projections, are also presented. Structures of this circuit
that contain either V1aR or OTR (red) include the prefrontal cortex (PFC, OTR), nucleus accumbens (NAcc, OTR), ventral pallidum (VPall, V1aR), and medial amygdala
(MeA, V1aR); the dopaminergic ventral tegmental area (VTA; green) is also included. The lateral septum (LS), pictured in purple, contains both OTR and V1aR and can
be considered both a “memory” and “social behavior/pairbonding” node. Other abbreviations: CC, corpus callosum; AC, anterior commissure; POA, preoptic area;

f, fornix; PC, posterior commissure; 3V and 4V, third and fourth ventricles.
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The functional relationships and connectivity among these
structures suggest that male prairie voles may rely on
socio-spatial memory processing to shape the behavioral
phenotype demonstrated by monogamous residents (including
true residents and rovers) and non-monogamous wanderers.
Within this framework, the LDTh and RSC influenced by VP,
and the HPC and SHi influenced by OT may function to
process context dependent learning and memory. But for this
information to be useful in shaping reproductive behavioral
outcomes, these “socio-spatial memory” structures would need
to interface with the SDMN, and in this case specifically with the
pairbonding neural circuit (Figure 2).

WHERE MEMORY AND SOCIAL BEHAVIOR
MEET: CONNECTIONS TO THE PAIRBOND
NEURAL CIRCUIT

I have suggested that the purported circuit detailed above may
function to assess the socio-spatial context, enabling males to
evaluate the probable reproductive value of forming bonds
with females. The mechanisms for establishing and maintaining
a pairbond have been relatively well characterized and are
briefly summarized above (i.e., the pairbonding neural circuit,
Young and Wang, 2004). In some instances the probability of
forming bonds should be high. For example, males should be
predisposed to form mating-induced bonds with females when
such opportunities arise. This should be particularly true when
pairing opportunities are promising because pairing appears to
boost reproductive success (Ophir et al., 2008b; Okhovat et al.,
2015; Blocker and Ophir, 2016). On the other hand, males should
never forgo the opportunity to mate, even if it is unlikely to lead
to a pairbond. In practice, if a male finds itself in a social context
where several females are present but none is available for pairing,
it would still greatly benefit from mating, but not pairing with
those females. In fact, forming bonds with unavailable females
would pose a great cost to males. In each of these cases, it would
be important for the socio-spatial neural circuit to communicate
with the pairbonding neural circuit and have the capacity to
adjust the probability that a bond will form when mating occurs.

Where might the socio-spatial memory circuit interface with
the pairbonding circuit? The lateral septum is one place where
the two circuits converge. The LS is potentially unique in its
role in relating learning and memory with social decision-
making for several reasons. First and foremost, the LS can be
considered a “memory” structure, a “social behavior” structure,
or a “pairbonding” structure. Indeed, the LS, which is sensitive to
both OT and VP, is important for many forms of social behavior
(Goodson and Thompson, 2010), including social recognition
(Ferguson et al., 2002; Gabor et al., 2012), and for establishing
pairbonds (Liu et al., 2001). Interestingly, the action of VP in
the LS, appears to be specific to learning and memory of social
but not non-social information (Everts and Koolhaas, 1997). The
LS’s necessary and sufficient role in pairbond formation could be
interpreted as enabling animals to make associations between the
highly rewarding experiences from social affiliation and mating
with the identity of a particular individual (Young et al., 2005).

Therefore, in this and many other ways, the LS is most likely
functioning as a general “association maker.” In the context of
the proposed neural circuitry, the LS could aid in identifying
the relative roles each conspecific might play in that individual’s
life (i.e., same-sex competitor, pair-mate, or non-mate female).
Alternatively, the LS could promote or inhibit social grouping
preferences, coloring the valences associated with learning the
identities of neighbors and their relationships in space (Goodson
and Wang, 2006; Goodson et al., 2009a,b; Kelly et al., 2011).

The nucleus accumbens is another particularly promising
candidate area for integration of memory and social behavior.
In particular, accumbal OTR densities might modulate hedonic
interactions, biasing males to either form pairbonds or remain
single. The NAcc is an integral component of the pairbonding
neural circuit and has a well-established functional role in
reward (Berridge and Robinson, 1998; Salgado and Kaplitt, 2015).
Manipulations of oxytocin, dopamine, or mu-opioid receptors in
this structure can alter the propensity to form bonds (Johnson
and Young, 2015), and OTR density in the NAcc may modulate
bonding by altering the intensity of reward (Liu and Wang, 2003;
Aragona et al., 2006; Ross et al., 2009). Monogamous species
of voles have higher densities of OTR in the NAcc than non-
monogamous species (Insel and Shapiro, 1992; Insel et al., 1994),
and OTR density in the NAcc is greater in paired resident prairie
voles than the un-paired wandering males (Ophir et al., 2012).
The NAcc is also the only pairbonding neural structure that
differs between paired residents and single wanderers (Ophir
et al, 2012). Furthermore, NAcc OTR is positively associated
with OTR expression in several other important neural structures
central to social decision-making including the prefrontal cortex
and the amygdala (Ophir et al., 2012). Importantly, the NAcc
receives strong projections from the HPC and LS, and it sends
afferents to the LS and other limbic structures (Powell and
Leman, 1976; Swanson and Cowan, 1977; Kelly and Domesick,
1982; Groenewegen and Russchen, 1984), suggesting that it is
well positioned to serve as a relay center between the memory
processing circuit outlined above and the social decision-making
and pairbonding circuits (Figure 2).

Might the NAcc serve as a “tuning knob” (Young and
Hammock, 2007) to bias males to bond or remain single? As
just stated, the difference between adopting monogamous or
non-monogamous tactics is related to OTR differences observed
in the brain. In other words, OT may govern the behavioral
differences in mating tactics via an OTR density-dependent
neuromodulatory influence. With greater OTR density in the
NAcg, resident males should be more sensitive to OT-modulated
reward associated with mates. But, these data do not make it
clear if the NAcc OTR phenotype preceded bonding in the field
(i.e., a fixed phenotype that predicted the probability of bonding)
or if it is dynamic and responsive to the social environment.
Dynamic OTR in the NAcc could make it possible for animals to
adjust their affiliative responses based on the context and, indeed,
perception of accumbens-mediated reward can change based on
the social context (Thiel et al., 2008). As it turns out, OTR in the
NAcc is dynamic and epigenetically regulated, and this flexibility
alters the likelihood that male and female prairie voles will form
bonds (Wang et al., 2013; Duclot et al., 2016). Thus, accumbal

Frontiers in Neuroscience | www.frontiersin.org

July 2017 | Volume 11 | Article 397


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Ophir

Does Socio-Spatial Memory Impact Monogamy?

OTR density could dynamically change based on the socio-spatial
context, thereby altering the valence of the reward associated with
mating. As a result, the reward associated with mating with a
particular individual may only be sufficient to induce pairbonds
when the social context is judged to be optimal or appropriate
for forming bonds. Such changes in NAcc OTR could therefore
impact normal functioning of the pairbonding neural circuit,
enhancing or curtailing the probability of pairbond formation.
If this is true, OTR in the NAcc could play a pivotal role as
a bridge between socio-spatial neural structures that predict
monogamous mating tactics, and neural structures that enable
monogamous bonds to form. Further, OT action in the NAcc may
broadly impact the SDMN, which could have a cascading effect
on other aspects of sociality, thereby contributing to much larger
behavioral consequences beyond bonding.

DO RESIDENT AND WANDERER BRAINS
SHOW DISTINCT NONAPEPTIDE
PATTERNS?

It is clear that monogamous resident and non-monogamous
wandering male prairie voles demonstrate distinct behavioral
phenotypes, and that aspects of their brains differ (see above).
To explore just how different these neural phenotypes are,
I conducted hierarchical clustering analysis (JMP 12.0; SAS)
of previously published nonapeptide receptor expression in
pairbonding [VPall, NAcc, LS, MeA, and prefrontal cortex (PFC)]
and memory (HPC, SHi, LDTh, RSC) areas (see Figure 2) taken
from monogamous residents and non-monogamous wanderers
living freely in outdoor semi-natural enclosures (for details see
Ophir et al., 2008a,b, 2012). Hierarchical clustering groups data
using an association matrix of pairwise r-values (for example,
see Ophir et al., 2009). Thus, the correlations within each matrix
provide a description of how well the relationships among
variables relate to each other. It should be noted that cluster
analyses like these make no a priori assumptions about grouping
order or strength. Several interesting patterns are notable from
this analysis, however I will focus on just two.

The most striking pattern that these analyses revealed is that
resident male brains show two branches of tight clustering;
one comprised of most of the pairbonding-associated structures
(VPall, MeA, NAcc), and the other containing all of the memory-
associated structures (HPC, SHi, LDTh, RSC) (Figure 3A). The
LS, which expresses both OTR and V1aR was split between these
two clusters (LS V1aR in the “bonding branch”, and LS OTR
in the “memory branch”), potentially reflecting its multifaceted
role in bonding and memory. Although, OT action in the PFC,
which clustered with memory structures, has been implicated in
pairbonding (Young and Wang, 2004; Smeltzer et al., 2006), it is
important for many forms of memory and primarily implicated
in goal-directed behavior (Miller and Cohen, 2001).

In contrast to the clear pattern seen in residents, wanderers
show a much greater degree of intermingling of OTR and V1aR
expressing memory and bonding neural structures (Figure 3B).
One interpretation of this pattern is that structures that
contribute to these two different behaviors are non-distinct and

A
VPall (V1aR)
MeA (V1aR)
LS (V1aR)
NAcc (OTR)
PFC (OTR)
LS (OTR)
SHi (OTR)
HPC (OTR)
LDTh (V1aR)
RSC (V1aR)

Residents

— T

cluster order

T3

Wanderers

B
VPall (V1aR)
LS (V1aR)
SHi (OTR)
HPC (OTR)
LS (OTR)
PFC (OTR)
LDTh (V1aR)
MeA (V1aR)
RSC (V1aR) @
NAcc (OTR)

2

1 |

cluster order

cluster
distance
o

FIGURE 3 | Hierarchical clustering analysis of resident and wandering male
prairie voles. The clusters are composed of vasopressin receptor 1a (V1aR)
and oxytocin receptor (OTR) expression in “memory” and “pairbonding” neural
structures of paired residents (A) and single wanderers (B) living freely in
semi-natural enclosures. Ward linkages were used in these analyses.
Correlation matrices (on left) present strength (hue) and direction of
correlations (red positive and blue negative; see legend at bottom) used to
create the dendrograms (on right). False discovery rate-adjusted significant
relationships are marked with a solid circle. For residents (A), adjusted alpha =
0.0144, and significant p’s ranged from 0.0067 to < 0.0001. For wanderers
(B), adjusted alpha = 0.0311, and significant p’s ranged from 0.0302 to <
0.0001. Scree plots (bottom right of each panel, purple line) have a point for
each cluster join. The ordinate (0-2) is the distance that was bridged to join the
clusters at each step. Often, there is a natural break where the distance jumps
suddenly. These breaks suggest natural cutting points to determine the
number of clusters. The length of the branches in the dendrogram tree
diagram is on a distance scale and shows the actual joining distance between
each join-point. Thus, the longer the branch lines are, the larger the difference
between samples having a common link. HPC, hippocampus; LDTh,
laterodorsal thalamus; LS, lateral septum; MeA, medial amygdala; NAcc,
nucleus accumbens; PFC, prefrontal cortex; RSC, retrosplenial cortex; SHi,
septo-hippocampal nucleus; VPall, ventral pallidum.

show little cohesion, suggesting that the wanderer brain has little
structure distinguishing between nonapeptide sensitive memory
and bonding areas. Another interpretation of these results is
that the nonapeptide-regulated structures that subserve bonding
and memory are highly integrated. The latter interpretation is
supported by the fact that, compared to the resident cluster, more
of the correlations that were used to construct the wandering
cluster were significant (following the false discovery rate
correction for multiple comparisons). But how such integration
across the two circuits operates, whether they work to improve or
interfere with memory, and/or how that information is ultimately
related to mating decisions remain interesting and unanswered
questions.

A second noteworthy feature of these cluster analyses is the
placement of the NAcc in the two clusters (Figure 3). In residents,
it is closely associated with other structures that, like itself, are
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necessary and sufficient to induce pairbonds in prairie voles
(see above). In wanderers, however, it was excluded from the
branch containing all the other structures, effectively creating a
single branch on its own. This is despite several significant (and
negative) correlations with almost all the other structures that
were fed into the analysis. These results are even more interesting
considering that OTR density in the NAcc was significantly
greater in residents than wanderers (Ophir et al., 2012). Perhaps
the “isolation” of NAcc OTR from the other structures in the
wanderer brain is another reflection of its potentially pivotal
role as a node enabling/preventing communication between
structures associated with reproductive decision-making and
socio-spatial memory.

Cluster analyses such as these are useful to get a general sense
of potential relationships across the brain. In this case, a main
point is that resident and wandering brains demonstrate very
distinct patterns of V1aR and OTR expression within these two
circuits. Unfortunately, it is difficult to make specific functional
conclusions from descriptive analyses like these. Nevertheless,
these data clearly demonstrate that individuals that have adopted
two distinct alternative reproductive tactics also demonstrate
different broad-scale neural phenotypes. The different patterns
of nonapeptide receptor associations have the potential to shape
memory processing and pairbonding in very different ways
by acting on the coordination of networks of nuclei that are
potentially important for evaluating the social landscape and
shaping mating tactics.

CONCLUDING REMARKS

The ability to navigate space and relate that ability to social
interactions is something that has been relatively unappreciated
in discussions of mating system. I have attempted to make the
case that these behaviors are integral to mating systems and in
particular for successful monogamy. I have provided evidence
supporting the hypothesis that neural mechanisms involved
in socio-spatial memory shape the mating decisions resulting
in differential mating tactics, and that these processes are
functionally modulated by nonapeptides (VP and OT). Such data
have led to the hypothesis that a putative “socio-spatial memory
neural circuit” informs reproductive decisions. Presumably, this
putative network enables prairie voles to assess the social
landscape and bias their decision-making for remaining single
or forming (faithful or unfaithful) bonds to maximize their
probability of reproductive success in nature. Such a decision-
making process largely accounts for the form of mating system
prairie voles demonstrate (i.e., social monogamy with multiple
alternative reproductive tactics). Importantly, despite species

REFERENCES

Aggleton, J. P., and Brown, M. W. (1999). Episodic memory, amneisa and
the hippocampal-anterior thalamic axis. Behav. Brain Sci. 22, 425-444.
doi: 10.1017/50140525X99002034

Aggleton, J. P., and Nelson, A. J. (2015). Why do lesions in the rodent anterior
thalamic nuclei cause such severe spatial deficits? Neurosci. Biobehav. Rev. 54,
131-144. doi: 10.1016/j.neubiorev.2014.08.013

differences that are sure to exist, the larger function of this
circuit—assessing the social and spatial landscape to inform
reproductive decision-making—is likely to be a general feature
of brains in many species. Therefore, this putative circuit need
not be limited to explaining the interface between memory
and reproductive decisions in prairie voles. Indeed it is likely
to extend beyond addressing reproductive decisions related
specifically to monogamy.

The extensive connectivity among the memory-related brain
structures, and their axonal connections with core areas within
the pairbonding neural circuit appears to form a larger network
of structures, distinct in their functions but bound by their
shared sensitivity to nonapeptides. This provides a foundation
on which this network has the potential to subserve the larger
(and emergent) behavioral function of integrating socio-spatial
information to shape mating decisions in a context-dependent
fashion. I have argued that these “memory” structures are
likely to work with the SDMN via the LS and NAcc to enable
the evaluation of the social landscape to weight reproductive
decisions that determine individual mating tactics and ultimately
mating systems. It is clear that this hypothesis will require
sufficient testing, but I have aimed to provide a framework from
which novel hypothesis and new predictions can be generated.
Ultimately, I hope that this article broadens the discussion of
social and spatial memory, mating systems and social behavior,
and inspires crosstalk between these fascinating and inextricably
linked areas of research.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

FUNDING

This work would not be possible without the generous funding
from the National Institutes of Health (Eunice Kennedy Shriver
National Institute of Child Health and Human Development
HDO079573), and the National Science Foundation (IOS-
1354760).

ACKNOWLEDGMENTS

I am grateful to Heather Caldwell and Aras Petrulis for their
invitation to participate in this Research Topic: The vasopressin
system and behavior. I am also grateful to Steve Phelps for
inspiring conversations that facilitated this paper, and to David
Smith for providing constructive feedback on the manuscript.

Aggleton, J. P., Desimone, R., and Mishkin, M. (1986). The origin, course, and
termination of the hippocampothalamic projections in the macaque. J. Comp.
Neurol. 243, 409-421. doi: 10.1002/cne.902430310

Aggleton, J. P, Dumont, J. R,, and Warburton, E. C. (2011). Unraveling the
contributions of the diencephalon to recognition memory: a review. Learn.
Mem. 18, 384-400. doi: 10.1101/Im.1884611

Albers, H. E. (2012). The regulation of
communication and aggression: vasopressin

social recognition, social

in the social behavior

Frontiers in Neuroscience | www.frontiersin.org

11

July 2017 | Volume 11 | Article 397


https://doi.org/10.1017/S0140525X99002034
https://doi.org/10.1016/j.neubiorev.2014.08.013
https://doi.org/10.1002/cne.902430310
https://doi.org/10.1101/lm.1884611
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Ophir

Does Socio-Spatial Memory Impact Monogamy?

neural network. Horm. Behav. 61, 283-292. doi: 10.1016/j.yhbeh.2011.
10.007

Albers, H. E. (2015). Species, sex and individual differences in the
vasotocin/vasopressin system: relationship to neurochemical signaling in
the social behavior neural network. Front. Neuroendocrinol. 36, 49-71.
doi: 10.1016/j.yfrne.2014.07.001

Alcaro, A., Huber, R., and Panksepp, J. (2007). Behavioral functions of the
mesolimbic dopaminergic system: an affective neuroethological perspective.
Brain Res. Rev. 56, 283-321. doi: 10.1016/j.brainresrev.2007.07.014

Alescio-Lautier, B., Devigne, C., and Soumireu-Mourat, B. (1987). Hippocampal
lesions block behavioral effects of central byt not peripheral pre-test injection
of arginine vasopressin in an appetittive learning task. Behav. Brain Res. 16,
159-169. doi: 10.1016/0166-4328(87)90164-1

Amaral, D., and Witter, M. (1995). “Hippocampal formation,” in The Rat Nervous
System, ed G. Paxinos (New York, NY: Academic Press), 443-493.

Apollonio, M., Festa-Bianchet, M., and Mainardi, D. (2000). Vertebrate Mating
Systems: Proceedings of the 14th Course of the International School of Ethology.
River Edge, NJ: World Scientific.

Aragona, B. J., Liu, Y., Yu, Y. J,, Curtis, J. T., Detwiler, J. M., Insel, T. R., et al.
(2006). Nucleus accumbens dopamine differentially mediates the formation
and maintenance of monogamous pair bonds. Nat. Neurosci. 9, 133-139.
doi: 10.1038/nn1613

Argiolas, A., and Gessa, G. L. (1991). Central fucntions of oxytocin. Neurosci.
Biobehav. Rev. 15,217-231. doi: 10.1016/S0149-7634(05)80002-8

Baldi, E., and Bucherelli C. (2005). The inverted “U-shaped”
effect relationships in learning and memory: modulation of arousal
and  consolidation.  Nonlinearity — Biol. Med. 3, 9-21.
doi: 10.2201/n0nlin.003.01.002

Benelli, A., Bertolini, A., Poggioli, R., Menozzi, B., Basaglia, R., and Arletti, R.
(1995). Polymodal dose-response curve for oxytocin in the social recognition
test. Neuropeptides 28, 251-255. doi: 10.1016/0143-4179(95)90029-2

Berridge, K. C., and Robinson, T. E. (1998). What is the role of dopamine in
reward: hedonic impact, reward learning, or incentive salience? Brain Res. Rev.
28, 309-369.

Blocker, T. D., and Ophir, A. G. (2016). A preference to bond? Male prairie voles
form pair bonds even in the presence of multiple receptive females. Animal
Behav. 122, 89-97. doi: 10.1016/j.anbehav.2016.10.007

Bohus, B., Ader, R, and de Wied, D. (1972). Effects of vasopressin on
active and passive avoidance behavior. Homones Behav. 3, 191-197.
doi: 10.1016/0018-506X(72)90031-1

Bohus, B., Kovacs, G. L., and de Wied, D. (1978a). Oxytocin, vasopressin and
memory “opposite effects on consolidation and retrieval processes. Brain Res.
157, 414-417.

Bohus, B., Urban, I, Van Wimersma Greidanus, T. B, and de Wied,
D. (1978b). Opposite effects of oxytocin and vasopressin on avoidance
behaviour and hippocampal theta rhythm in the rat. Neruopharmacology 17,
239-247.

Bowers, D., Verfaellie, M., Valenstein, E., and Heilman, K. M. (1988). Impaired
acquisition of temporal information in retrosplenial amnesia. Brain Cogn. 8,
47-66. doi: 10.1016/0278-2626(88)90038-3

Brewer, G. J., Boehler, M. D., Leondopulos, S., Pan, L., Alagapan, S,
DeMarse, T. B., et al. (2013). Toward a self-wired active reconstruction of
the hippocampal trisynaptic loop: DG-CA3. Front. Neural Circuits 7:165.
doi: 10.3389/fncir.2013.00165

Brotherton, P. N. B., and Komers, P. E. (2003). “Mate guarding and the evolution
of social monogamy in mammals,” in Monogamy: Mating Strategies and
Partnerships in Birds, Humans and Other Mammals, eds U. H. Reichard and
C. Boesch (Cambridge: Cambridge University Press), 42-58.

Brown, M. W., and Aggleton, J. P. (2001). Recognition memory: what are the
roles of the perirhinal cortex and hippocampus? Nat. Rev. Neurosci. 2, 51-61.
doi: 10.1038/35049064

Bulkin, A. D., Law, L. M., and Smith, D. M. (2016). Placing memories in context:
hippocampal representations promote retrieval of appropriate memories.
Hippocampus 26, 958-971. doi: 10.1002/hipo.22579

Burbach, J. P. H., Bohus, B., Kovacs, G. L., Van Nispen, J. W., Greven,
H. M., and de Wied, D. (1983). Oxytocin is a precursor of potent
behaviourally active neuropeptides. Eur. J. Pharmacol. 94, 125-131.
doi: 10.1016/0014-2999(83)90449-1

dose-

Toxicol.

Carter, C. S. (2014). Oxytocin pathways and the evolution of human behavior.
Annu. Rev. Psychol. 65, 17-39. doi: 10.1146/annurev-psych-010213-115110
Carter, C. S., and Getz, L. L. (1993). Monogamy and the prairie vole. Sci. Am. 268,

100-106. doi: 10.1038/scientificamerican0693-100

Carter, C. S., and Keverne, E. B. (2002). “The neurobiology of social affiliation and
pair bonding,” in Hormones, Brain, and Behavior, ed D. Pfaff (San Diego, CA:
Academic Press), 299-337.

Carter, C. S., DeVries, A. C.,, and Getz, L. L. (1995). Physiological substrates of
mammalian monogamy: the prairie vole model. Neurosci. Biobehav. Rev. 19,
303-314. doi: 10.1016/0149-7634(94)00070-H

Carter, C. S., Grippo, A. J., Pournajafi-Nazarloo, H., Ruscio, M. G., and Porges, S.
W. (2008). “Oxytocin, vasopressin and sociality,” in Progress in Brain Research,
eds I. D. Neumann and R. Landgraf (Oxford: Elsevier), 331-336.

Cho, M. M., DeVries, A. C., Williams, J. R., and Carter, C. S. (1999). The
effects of oxytocin and vasopressin on partner preferences in male and
female prairie voles (Microtus ochrogaster). Behav. Neurosci. 113, 1071-1079.
doi: 10.1037/0735-7044.113.5.1071

Clint, E. K., Sober, E., Garland, T. Jr., and Rhodes, J. S. (2012). Male superiority
in spatial navigation: adaptation or side effect? Q. Rev. Biol. 87, 289-313.
doi: 10.1086/668168

Clutton-Brock, T. H. (1989). Mammalian mating systems. Proc. R. Soc. Lond. B
Biol. Sci. 236, 339-372. doi: 10.1098/rspb.1989.0027

Cooper, B. G., and Mizumori, S. J. (2001). Temporary inactivation of the
retrosplenial cortex causes a transient reorganization of spatial coding in the
hippocampus. J. Neurosci. 21, 3986-4001.

Cowansage, K. K., Shuman, T., Dillingham, B. C., Chang, A., Golshani, P.,
and Mayford, M. (2014). Direct reactivation of a coherent neocortical
memory of context. Neuron 84, 432-441. doi: 10.1016/j.neuron.2014.
09.022

Czajkowski, R., Jayaprakash, B., Wiltgen, B., Rogerson, T., Guzman-Karlsson, M.
C., Barth, A. L., et al. (2014). Encoding and storage of spatial information
in the retrosplenial cortex. Proc. Natl. Acad. Sci. U.S.A. 111, 8661-8666.
doi: 10.1073/pnas.1313222111

Dantzer, R., Bluthe, R. M., Koob, G. F., and Le Moal, M. (1987). Modulation of
social memory in male rats by neurohypophyseal peptides. Psychopharmacology
91, 363-368. doi: 10.1007/BF00518192

de Wied, D. (1971). Long term effect of vasopressin on maintenance
of a conditioned avoidance response in rats. Nature 232, 58-60.
doi: 10.1038/232058a0

de Wied, D. (1991). “The effects of neurohypophyseal hormones and related
peptides on learning and memeory processes,” in Peripheral Signaling of the
Brain, eds R. C. A. Fredrickson, J. L. McGaugh, and D. L. Felton (Toronto, ON:
Hogrefe and Huber), 335-350.

Desmedt, A. Garcia, R., and Jaffard, R. (1999). Vasopresin the
lateral septum promotes elemental conditioning to the detriment of
contextual fear conditioning in mice. Eur. J. Neurosci. 11, 3913-3921.
doi: 10.1046/j.1460-9568.1999.00815.x

Dichter, G. S., Damiano, C. A., and Allen, J. A. (2012). Reward circuitry
dysfunction in psychiatric and neurodevelopmental disorders and genetic
syndromes: animal models and clinical findings. J. Neurodev. Disord. 4:19.
doi: 10.1186/1866-1955-4-19

Donaldson, Z. R, and Young, L. J. (2008). Oxytocin, vasopressin, and the
neurogenetics of sociality. Science 322, 900-904. doi: 10.1126/science.11
58668

Donaldson, Z. R., Kondrashov, F. A., Putnam, A., Bai, Y., Stoinski, T. L., Hammock,
E. A, et al. (2008). Evolution of a behavior-linked microsatellite-containing
element in the 5’ flanking region of the primate AVPR1A gene. BMC Evol. Biol.
8:180. doi: 10.1186/1471-2148-8-180

Duclot, F., Wang, H., Youssef, C., Liu, Y., Wang, Z, and Kabbaj, M.
(2016). Trichostatin A (TSA) facilitates formation of partner preference
in male prairie voles (Microtus ochrogaster). Homones Behav. 81, 68-73.
doi: 10.1016/j.yhbeh.2016.04.001

Dukas, R., and Ratcliffe, ]. M. (Eds.). (2009). Cognitive Ecology. Chicago IL :
University of Chicago Press.

Egashira, N., Tanoue, A., Higashihara, F., Mishima, K., Fukue, Y., Takano,
Y., et al. (2004). Vla receptor knockout mice exhibit impairment of
spatial memory in an eight-arm radial maze. Neurosci. Lett. 356, 195-198.
doi: 10.1016/j.neulet.2003.11.050

in

Frontiers in Neuroscience | www.frontiersin.org

12

July 2017 | Volume 11 | Article 397


https://doi.org/10.1016/j.yhbeh.2011.10.007
https://doi.org/10.1016/j.yfrne.2014.07.001
https://doi.org/10.1016/j.brainresrev.2007.07.014
https://doi.org/10.1016/0166-4328(87)90164-1
https://doi.org/10.1038/nn1613
https://doi.org/10.1016/S0149-7634(05)80002-8
https://doi.org/10.2201/nonlin.003.01.002
https://doi.org/10.1016/0143-4179(95)90029-2
https://doi.org/10.1016/j.anbehav.2016.10.007
https://doi.org/10.1016/0018-506X(72)90031-1
https://doi.org/10.1016/0278-2626(88)90038-3
https://doi.org/10.3389/fncir.2013.00165
https://doi.org/10.1038/35049064
https://doi.org/10.1002/hipo.22579
https://doi.org/10.1016/0014-2999(83)90449-1
https://doi.org/10.1146/annurev-psych-010213-115110
https://doi.org/10.1038/scientificamerican0693-100
https://doi.org/10.1016/0149-7634(94)00070-H
https://doi.org/10.1037/0735-7044.113.5.1071
https://doi.org/10.1086/668168
https://doi.org/10.1098/rspb.1989.0027
https://doi.org/10.1016/j.neuron.2014.09.022
https://doi.org/10.1073/pnas.1313222111
https://doi.org/10.1007/BF00518192
https://doi.org/10.1038/232058a0
https://doi.org/10.1046/j.1460-9568.1999.00815.x
https://doi.org/10.1186/1866-1955-4-19
https://doi.org/10.1126/science.1158668
https://doi.org/10.1186/1471-2148-8-180
https://doi.org/10.1016/j.yhbeh.2016.04.001
https://doi.org/10.1016/j.neulet.2003.11.050
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Ophir

Does Socio-Spatial Memory Impact Monogamy?

Eichenbaum, H., Yonelinas, A. P., and Ranganath, C. (2007). The medial
temporal lobe and recognition memory. Annu. Rev. Neurosci. 30, 123-152.
doi: 10.1146/annurev.neuro.30.051606.094328

Emlen, S. T., and Oring, L. W. (1977). Ecology, sexual selection, and evolution of
mating systems. Science 197, 215-223. doi: 10.1126/science.327542

Engelmann, M., and Landgraf, R. (1994). Microdialysis administration
of vasopressin into the septum improves social recognition in
Brattleboro rats. Physiol. Behav. 55, 145-149. doi: 10.1016/0031-9384(94)
90022-1

Engelmann, M., Bures, J., and Landgraf, R. (1992). Vasopressin administration via
microdialysis into the septum interferes with the acquisition of spatial memory
in rats. Neurosci. Lett. 142, 69-72. doi: 10.1016/0304-3940(92)90622-E

Everts, H. G. J., and Koolhaas, J. M. (1999). Differential modulation of
lateral septal vasopressin receptor blockade in spatial learning, social
recognition and anxiety-related behaviors in rats. Behav. Brain Res. 99, 7-16.
doi: 10.1016/S0166-4328(98)00004-7

Everts, H. G., and Koolhaas, J. M. (1997). Lateral septal vasopressin in rats: role in
social and object recognition? Brain Res. 20, 1-7.

Fanselow, M. S., and Dong, H. W. (2010). Are the dorsal and ventral
hippocampus  functionally ~ distinct 65, 7-19.
doi: 10.1016/j.neuron.2009.11.031

Ferguson, J. N., Aldag, . M., Insel, T. R., and Young, L. J. (2001). Oxytocin in the
medial amygdala is essential for social recognition in the mouse. J. Neurosci. 21,
8278-8285.

Ferguson, J. N., Young, L. J., and Insel, T. R. (2002). The neuroendocrine
basis of social recognition. Front. Neuroendocrinol. 23, 200-224.
doi: 10.1006/frne.2002.0229

Gabor, C. S., Phan, A., Clipperton-Allen, A. E., Kavaliers, M., and Choleris, E.
(2012). Interplay of oxytocin, vasopressin, and sex hormones in the regulation
of social recognition. Behav. Neurosci. 126, 97-109. doi: 10.1037/a0026464

Gabriel, M. (1993). “Discriminative avoidance learning: a model system,” in
Neurobiology of Cingulate Cortex and Limbic Thalamus, eds B. A. Vogt and M.
Gabriel (Boston, MA: Birkhauser), 478-523.

Gaulin, S. J. C. (1992). Evolution of sex differences in spatial ability. Yearb. Phys.
Anthropol. 35, 125-151. doi: 10.1002/ajpa.1330350606

Gaulin, S. J. C,, and FitzGerald, R. W. (1989). Sexual selection for spatial-learning
ability. Anim. Behav. 37, 322-331. doi: 10.1016/0003-3472(89)90121-8

Gavish, L., Carter, C. S., and Getz, L. L. (1981). Further evidences
for monogamy in the prairie vole. Amnim. Behav. 29, 955-957.
doi: 10.1016/S0003-3472(81)80035-8

Gaykema, R. P. A, Luiten, P. G. M., Nyakas, C., and Traber, J. (1990). Cortical
projection patterns of the medial septum-diagonal band complex. J. Comp.
Neurol. 293, 103-124. doi: 10.1002/cne.902930109

Getz, L. L., Carter, C. S., and Gavish, L. (1981). The mating system by the prairie
vole, Microtus ochrogaster: field and laboratory evidence for pair-bonding.
Behav. Ecol. Sociobiol. 8, 189-194. doi: 10.1007/BF00299829

Getz, L. L., McGuire, B., Pizzuto, T., Hofmann, J., and Frase, B. (1993). Social
organization of the prairie vole (Microtus ochrogaster). J. Mammal. 74, 44-58.
doi: 10.2307/1381904

Giovannini, M. G., Mutolo, D., Blanchi, L., Michelassi, A., and Pepeu, G. (1994).
NMDA receptor antagonists decrease GABA outflow from the septum and
increase acetylcholine outflow from the hippocampus: a microdialysis study.
J. Neurosci. 14, 1358-1365.

Goodson, J. L. (2005). The vertebrate social behavior network: Evolutionary themes
and variations. Horm. Behav. 48, 11-22. doi: 10.1016/j.yhbeh.2005.02.003

Goodson, J. L. (2008). Nonapeptides and the evolutionary patterning of sociality.
Prog. Brain Res. 170, 3-15. doi: 10.1016/S0079-6123(08)00401-9

Goodson, J. L., and Bass, A. H. (2001). Social behavior functions and related
anatomical characteristics of vasotocin/vasopressin systems in vertebrates.
Brain Res. Rev. 35, 246-265. doi: 10.1016/S0165-0173(01)00043-1

Goodson, J. L., and Thompson, R. R. (2010). Nonapeptide mechanisms of social
cognition, behavior, and species-specific soical systems. Curr. Opin. Neurobiol.
20, 784-794. doi: 10.1016/j.conb.2010.08.020

Goodson, J. L., and Wang, Y. (2006). Valence-sensitive neurons exhibit divergent
functional profiles in gregarious and asoical species. Proc. Natl. Acad. Sci. U.S.A.
103, 17013-17017. doi: 10.1073/pnas.0606278103

Goodson, J. L., Rinaldi, J., and Kelly, A. M. (2009a). Vasotocin neurons in the
bed nucleus of the stria terminalis preferntially process social information and

structures?  Neuron

exhibit properties that dichotomize courting and non-courting phenotypes.
Horm. Behav. 55, 197-202. doi: 10.1016/j.yhbeh.2008.10.007

Goodson, J. L., Schrock, S. E.,, Klatt, J. D., Kabelik, D., and Kingsbury, M.
A. (2009b). Mesotocin and nonapeptide receptors promote estrildid flocking
behavior. Science 325, 862-866. doi: 10.1126/science.1174929

Greenwood, P. J. (1980). Mating systems, philopatry and dispersal in birds
and mammals. Anim. Behav. 28, 1140-1162. doi: 10.1016/S0003-3472(80)
80103-5

Groenewegen, H. J., and Russchen, F. T. (1984). Organization of the efferent
projections of the nucleus accumbens to pallidal, hypothalamic, and
mesencephalic structures: a tracing and immunohistochemical study in the cat.
J. Comp. Neurol. 223, 347-367. doi: 10.1002/cne.902230303

Hammock, E. A. D, and Young, L. J. (2005). Microsatellite instability
generates diversity in brain and sociobehavioral traits. Science 308, 1630-1634.
doi: 10.1126/science.1111427

Hammock, E. A. D, and Young, L. J. (2006). Oxytocin, vasopressin and pair
bonding: implications for autism. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361,
2187-2198. doi: 10.1098/rstb.2006.1939

Harker, K. T., and Whishaw, I. Q. (2002). Impaired spatial performance in
rats with retrosplenial lesions: importance of the spatial problem and the
rat strain in identifying lesion effects in a swimming pool. J. Neurosci. 22,
1155-1164.

Heinrichs, M., von Dawans, B., and Domes, G. (2009). Oxytocin, vasopressin,

and human soical behavior. Front. Neuroendocrinol. 30, 548-557.
doi: 10.1016/j.yfrne.2009.05.005

Hirsh, R. (1974). The hippocampus and contextual retrieval of
information from memory: a theory. Behav. Biol 12, 421-444.

doi: 10.1016/s0091-6773(74)92231-7

Hopkins, W. D., Donaldson, Z. R., and Young, L. J. (2012). A polymorphic
indel containing the RS3 microsatellite in the 5 flanking region of the
vasopressin V1a receptor gene is associated with chimpanzee (Pan troglodytes)
personality. Genes Brain Behav. 11, 552-558. doi: 10.1111/j.1601-183X.2012.
00799.x

Ikemoto, S. (2010). Brain reward circuitry beyond the mesolimbic dopamine
system: a neurobiological theory. Neurosci. Biobehav. Rev. 35, 129-150.
doi: 10.1016/j.neubiorev.2010.02.001

Insel, T. R. (2010). The challenge of translation in soical neuroscience: a
review of oxytocin, vasopressin, and affiliative behavior. Neuron 65, 768-779.
doi: 10.1016/j.neuron.2010.03.005

Insel, T. R., and Shapiro, L. E. (1992). Oxytocin receptor distribution reflects social
organization in monogamous and polygamous voles. Proc. Natl. Acad. Sci.
U.S.A. 89, 5981-5985.

Insel, T. R., Gelhard, R, and Shapiro, L. E. (1991). The comparative
distribution of forebrain receptors for neurohypophyseal peptides
in monogamous and polygamous mice. Neuroscience 43, 623-630.
doi: 10.1016/0306-4522(91)90321-E

Insel, T. R., Wang, Z. X,, and Ferris, C. F. (1994). Patterns of brain vasopressin
receptor distribution associated with social organization in microtine rodents.
J. Neurosci. 14, 5381-5392.

Jaffard, R., Vouimba, R. M., Marighetto, A., and Garcia, R. (1996). Long
term potentiation and long term depression in the lateral septum
in spatial working and reference memory. J. Physiol. 90, 339-341.
doi: 10.1016/S0928-4257(97)87915-6

Jakab, R. L., and Leranth, C. (1995). “Septum,” in The Rat Nervous System, ed G.
Paxinos (New York, NY: Academic Press), 405-442.

Jasarevic, E., Williams, S. A., Roberts, R. M., Geary, D. C., and Rosenfeld, C. S.
(2012). Spatial navegation strategies in Peromyscus: a comparative study. Anim.
Behav. 84, 1141-1149. doi: 10.1016/j.anbehav.2012.08.015

Jenkins, T. A., Dias, R., Amin, E., Brown, M. W., and Aggleton, J. P. (2002). Fos
imaging reveals that lesions of the anterior thalamic nuclei produce widespread
limbic hypoactivity in rats. J. Neurosci. 22, 5230-5238.

Jenkins, T. A., Vann, S. D., Amin, E,, and Aggleton, J. P. (2004). Anterior
thalamic lesions stop immediate early gene activation in selective laminae of
the retrosplenial cortex: evidence of covert pathology in rats? Eur. J. Neurosci.
19, 3291-3304. doi: 10.1111/j.0953-816X.2004.03421.x

Johnson, Z. V., and Young, L. J. (2015). Neurobiological mechaniss of
social attachment and pair bonding. Curr. Opin. Behav. Sci. 3, 38-44.
doi: 10.1016/j.cobeha.2015.01.009

Frontiers in Neuroscience | www.frontiersin.org

13

July 2017 | Volume 11 | Article 397


https://doi.org/10.1146/annurev.neuro.30.051606.094328
https://doi.org/10.1126/science.327542
https://doi.org/10.1016/0031-9384(94)90022-1
https://doi.org/10.1016/0304-3940(92)90622-E
https://doi.org/10.1016/S0166-4328(98)00004-7
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1006/frne.2002.0229
https://doi.org/10.1037/a0026464
https://doi.org/10.1002/ajpa.1330350606
https://doi.org/10.1016/0003-3472(89)90121-8
https://doi.org/10.1016/S0003-3472(81)80035-8
https://doi.org/10.1002/cne.902930109
https://doi.org/10.1007/BF00299829
https://doi.org/10.2307/1381904
https://doi.org/10.1016/j.yhbeh.2005.02.003
https://doi.org/10.1016/S0079-6123(08)00401-9
https://doi.org/10.1016/S0165-0173(01)00043-1
https://doi.org/10.1016/j.conb.2010.08.020
https://doi.org/10.1073/pnas.0606278103
https://doi.org/10.1016/j.yhbeh.2008.10.007
https://doi.org/10.1126/science.1174929
https://doi.org/10.1016/S0003-3472(80)80103-5
https://doi.org/10.1002/cne.902230303
https://doi.org/10.1126/science.1111427
https://doi.org/10.1098/rstb.2006.1939
https://doi.org/10.1016/j.yfrne.2009.05.005
https://doi.org/10.1016/s0091-6773(74)92231-7
https://doi.org/10.1111/j.1601-183X.2012.00799.x
https://doi.org/10.1016/j.neubiorev.2010.02.001
https://doi.org/10.1016/j.neuron.2010.03.005
https://doi.org/10.1016/0306-4522(91)90321-E
https://doi.org/10.1016/S0928-4257(97)87915-6
https://doi.org/10.1016/j.anbehav.2012.08.015
https://doi.org/10.1111/j.0953-816X.2004.03421.x
https://doi.org/10.1016/j.cobeha.2015.01.009
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Ophir

Does Socio-Spatial Memory Impact Monogamy?

Jones, B. F., and Witter, M. P. (2007). Cingulate cortex projections to
theparahippocampal region and hippocampal formation in the rat.
Hippocampus 17, 957-976. doi: 10.1002/hipo.20330

Jones, B. F., Groenewegen, J., and Witter, M. P. (2005).
connections of the cingulate cortex inthe rat suggest the existence of
multiple functionally segregated networks. Neuroscience 133, 193-207.
doi: 10.1016/j.neuroscience.2005.01.063

Jones, C. M., Braithwaite, V. A, and Healy, S. D. (2003). The evolution
of sex differences in spatial ability. Behav. Neurosci. 117, 403-411.
doi: 10.1037/0735-7044.117.3.403

Katche, C., Dorman, G., Gonzalez, C., Kramar, C. P., Slipczuk, L., Rossato, J. L,
etal. (2013). On the role of retrosplenial cortex in long-lasting memory storage.
Hippocampus 23, 295-302. doi: 10.1002/hipo.22092

Keebaugh, A. C., Barrett, C. E., Laprairie, J. L., Jenkins, J. J., and Young,
L. J. (2015). RNAi knockdown of oxytocin receptor in the nucleus
accumbens inhibits social attachment and parental care in monogamous
female prairie voles. Soc. Neurosci. 10, 561-570. doi: 10.1080/17470919.2015.
1040893

Keene, C. S., and Bucci, D. J. (2008a). Damage to the retrosplenial cortex produces
specific impairments in spatial working memory. Neurobiol. Learn. Mem. 91,
408-414. doi: 10.1016/j.nlm.2008.10.009

Keene, C. S., and Bucci, D. J. (2008b). Involvement of the retrosplenial cortex
in processing multiple conditioned stimuli. Behav. Neurosci. 122, 651-658.
doi: 10.1037/0735-7044.122.3.651

Keene, C. S., and Bucci, D. J. (2008c). Neurotoxic lesions of retrosplenial cortex
disrupt signaled and unsignaled contextual fear conditioning. Behav. Neurosci.
122, 1070-1077. doi: 10.1037/a0012895

Kelly, A. E., and Domesick, V. B. (1982). The distribution of the projection
from the hippocampal formation to the nucleus accumbens in the rat: an
anteriograde- and retrograde-horseradish peroxidase study. Neuroscience 7,
2321-2335. doi: 10.1016/0306-4522(82)90198-1

Kelly, A. M., and Ophir, A. G. (2015). Compared to what: What can we say about
nonapeptide function and social behavior without a frame of reference? Curr.
Opin. Behav. Sci. 6, 97-103. doi: 10.1016/j.cobeha.2015.10.010

Kelly, A. M., Kingsbury, M. A., Hoftbuhr, K., Schrock, S. E., Waxman, B,
Kabelik, D., et al. (2011). Vacotocin and septal V1a-like receptors potentially
modulate songbird flocking and responses to novelty. Horm. Behav. 60, 12-21.
doi: 10.1016/j.yhbeh.2011.01.012

Kempermann, G. (2012). New neurons for “survival of the fittest”. Nat. Rev.
Neurosci. 13, 727-736. doi: 10.1038/nrn3319

Ketterson, E. D., and Nolan, V. (1992). Hormones and life history: an integrative
approach. Am. Nat. 140(Suppl.), S33-S62. doi: 10.1086/285396

Khakpai, F., Nasehi, M., Haeri-Rohani, A., Eidi, A., and Zarrindast, M. R. (2013).
Septo-hippocampo-septal loop and memory formation. Basic Clin. Neurosci. 4,
5-23.

Kingsbury, M. A., Gleason, E. D., Ophir, A. G, Phelps, S. M., Young, L. J., and
Marler, C. A. (2012). Monogamous and promiscuous rodent species exhibit
discrete variation in the size of the medial prefrontal cortex. Brain Behav. Evol.
80, 4-14. doi: 10.1159/000339247

Kleiman, D. G. (1977). Monogamy in mammals. Q. Rev. Biol. 52, 39-69.
doi: 10.1086/409721

Komers, P. E., and Brotherton, P. N. M. (1997). Female space use is the
best predictor of monogamy in mammals. Proc. Biol. Sci. 264, 1261-1270.
doi: 10.1098/rspb.1997.0174

Koob, G. F., and Volkow, N. D. (2010). Neurocircuitry of addiction.
Neuropsychopharmacology 35, 217-238. doi: 10.1038/npp.2009.110

Koob, G. F., Le Moal, M., Gaffori, O. W. J., Manning, M., Sawyer, W. H., River,
J., et al. (1981). Arginine vasopressin and a vasopressin antagonist peptide:
opposite effects on extinction of active avoidance in rats. Regul. Pept. 2,
153-163. doi: 10.1016/0167-0115(81)90009-4

Kovacs, G. L., and Telegdy, G. (1982). Role of oxytocin in memory
and amnesia. Pharmacol. Ther. 18, 375-395. doi: 10.1016/0163-7258(82)
90038-9

Landgraf, R., Gerstberger, R., Montkowski, A., Probst, J. C., Wotajak,
C. T., Holsboer, F., et al. (1995). V1 vasopressin receptor antisense
oligodeoxynucleotide into septum reduces vasopressin binding, social
discrimination abilities, and anxiety-related behavior in rats. J. Neurosci. 15,
4250-4258.

Intinsic

Law, L. M., and Smith, D. M. (2012). The thalamus is
critical for overcoming interference in a context-dependent odor
discrimination task. Behav. Neurosci. 126, 710-719. doi: 10.1037/a00
29698

Lawson, V. H., and Bland, B. H. (1993). The role of the septohippocampal pathway
in the regulation of hippocampal field activity and behavior: analysis by the
intraseptal microinfusion of carbachol, atropine, and procaine. Exp. Neurol.
120, 132-144. doi: 10.1006/exnr.1993.1047

Leurgeb, S., and Mizumori, S. J. Y. (1999). Excitotoxic septal lesions result
in spatial memory deficits and altered flexibility of hippocampal single-unit
representations. J. Neurosci. 19, 6661-6672.

Lieberwirth, C., and Wang, Z. (2014). Social bonding: regulation by neuropeptides.
Front. Neurosci. 8:171. doi: 10.3389/fnins.2014.00171

Lim, M. M., Wang, Z. X,, Olazabal, D. E, Ren, X. H., Terwilliger, E. F,,
and Young, L. J. (2004). Enhanced partner preference in a promiscuous
species by manipulating the expression of a single gene. Nature 429, 754-757.
doi: 10.1038/nature02539

Liu, Y., and Wang, Z. X. (2003). Nucleus accumbens oxytocin and dopamine
interact to regulate pair bond formation in female prairie voles. Neuroscience
121, 537-544. doi: 10.1016/S0306-4522(03)00555-4

Liu, Y., Curtis, J. T., and Wang, Z. X. (2001). Vasopressin in the lateral septum
regulates pair bond formation in male prairie voles (Microtus ochrogaster).
Behav. Neurosci. 115, 910-919. doi: 10.1037/0735-7044.115.4.910

Maguire, E. A., Dadian, D. G., Johnsrude, I. S., Good, C. D., Ashburner, J.,
Frackowiak, R. S. J., et al. (2000). Navigation-related structural change in
the hippocampi of taxi drivers. Pro. Natl. Acad. Sci. U.S.A. 97, 4398-4403.
doi: 10.1073/pnas.070039597

Manning, M., Stoev, S., Chini, B., Durroux, T., Mouillac, B., and Guillon,
G. (2008). Peptide and non-peptide agonists and antagonists for the
vasopressin and oxytocin Vla, Vb, V2 and OT receptors: research
tools and potential therapeutic agents. Prog. Brain Res. 170, 473-512.
doi: 10.1016/S0079-6123(08)00437-8

Marighetto, A., Micheau, J., and Jaffard, R. (1994). Effects of intraseptally injected
glutamatergic drugs on hippocampal sodium-dependent high-affinity choline
uptake in ‘naive’ and ‘trained’ mice. Pharmacol. Biochem. Behav. 49, 689-699.
doi: 10.1016/0091-3057(94)90089-2

McEwen, B. (2004). The roles of Vasopressin and Oxytocin in Memory Processing.
San Diego, CA: Elsevier Academic Press.

McGraw, L. A, and Young, L. J. (2010). The prairie vole: an emerging model
organisim for understadning the social brain. Trends Neurosci. 33, 103-109.
doi: 10.1016/j.tins.2009.11.006

McGuire, B., and Getz, L. L. (2010). Alternative male reproductive tactics in
a natural population of prairie voles Microtus ochrogaster. Acta Theriol. 55,
261-270. doi: 10.4098/j.at.0001-7051.077.2009

McGuire, B., Getz, L. L., Bemis, W. E., and Oli, M. K. (2013). Social dynamics
and dispersal in free-living prairie voles (Microtus ochrogaster). . Mammal. 94,
40-49. doi: 10.1644/11-MAMM-A-387.1

Miller, A. M. P, Vedder, L. C., Law, L. M., and Smith, D. M. (2014). Cues, context,
and long-term memory: the role of the retrosplenial cortex in spatial cogntition.
Front. Hum. Neurosci. 8:586. doi: 10.3389/fnhum.2014.00586

Miller, E. K, and Cohen, J. D. (2001). An integrative
prefrontal cortex function. Annu. Rev. Neurosci. 24,
doi: 10.1146/annurev.neuro.24.1.167

Mizumori, S. J. Y. (2007). “Mnemonic contributions of hippocampal place cells,”
in Neurobiology of Learning and Memory, eds J. L. Martinez and R. P. Kesner
(Burlington, NJ: Academic Press), 155-189.

Mizumori, S. J. Y., Cooper, B. G., Leurgeb, S., and Pratt, W. E. (2000). A
neural systems analysis of adaptive navigation. Mol. Neurobiol. 21, 57-82.
doi: 10.1385/MN:21:1-2:057

Mizumori, S. J., and Williams, J. D. (1993). Directionally selective mnemonic
properties of neurons in the lateral dorsal nucleus of the thalamus of rats. J.
Neurosci. 13, 4015-4028.

Moser, M. B., and Moser, E. I (1998).
the hippocampus. Hippocampus 8, 608-619. doi:
1063(1998)8:6<608::AID-HIPO3>3.0.CO;2-7

Nadel, L., Willner, J., and Kurz, E. M. (1985). “Cognitive maps and environmental
context,” in Context and Learning, eds P. Balsam and A. Tomie (Hillsdale, MI:
Erlbaum), 385-406.

anterior

theory of
167-202.

Functional differentiation in
10.1002/(SICI)1098-

Frontiers in Neuroscience | www.frontiersin.org

July 2017 | Volume 11 | Article 397


https://doi.org/10.1002/hipo.20330
https://doi.org/10.1016/j.neuroscience.2005.01.063
https://doi.org/10.1037/0735-7044.117.3.403
https://doi.org/10.1002/hipo.22092
https://doi.org/10.1080/17470919.2015.1040893
https://doi.org/10.1016/j.nlm.2008.10.009
https://doi.org/10.1037/0735-7044.122.3.651
https://doi.org/10.1037/a0012895
https://doi.org/10.1016/0306-4522(82)90198-1
https://doi.org/10.1016/j.cobeha.2015.10.010
https://doi.org/10.1016/j.yhbeh.2011.01.012
https://doi.org/10.1038/nrn3319
https://doi.org/10.1086/285396
https://doi.org/10.1159/000339247
https://doi.org/10.1086/409721
https://doi.org/10.1098/rspb.1997.0174
https://doi.org/10.1038/npp.2009.110
https://doi.org/10.1016/0167-0115(81)90009-4
https://doi.org/10.1016/0163-7258(82)90038-9
https://doi.org/10.1037/a0029698
https://doi.org/10.1006/exnr.1993.1047
https://doi.org/10.3389/fnins.2014.00171
https://doi.org/10.1038/nature02539
https://doi.org/10.1016/S0306-4522(03)00555-4
https://doi.org/10.1037/0735-7044.115.4.910
https://doi.org/10.1073/pnas.070039597
https://doi.org/10.1016/S0079-6123(08)00437-8
https://doi.org/10.1016/0091-3057(94)90089-2
https://doi.org/10.1016/j.tins.2009.11.006
https://doi.org/10.4098/j.at.0001-7051.077.2009
https://doi.org/10.1644/11-MAMM-A-387.1
https://doi.org/10.3389/fnhum.2014.00586
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1385/MN
https://doi.org/10.1002/(SICI)1098-1063(1998)8:6<608::AID-HIPO3>3.0.CO;2-7
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Ophir

Does Socio-Spatial Memory Impact Monogamy?

Neumann, I. D., Maloumby, R., Beiderbeck, D. I, Lukas, M., and Landgraf,
R. (2013). Increased brain and plasma oxytocin after nasal and peripheral
administration in rats and mice. Psychoneuroendocrinology 38, 1985-1993.
doi: 10.1016/j.psyneuen.2013.03.003

Newman, S. W. (1999). The medial extended amygdala in male reproductive
behavior: a node in the mammalian social behavior network. Ann. N. Y. Acad.
Sci. 877, 242-257. doi: 10.1111/§.1749-6632.1999.tb09271.x

Numan, M. (2015). Neurobiology of Social Behavior: Toward an Understanding of
the Prosocial and Antisocial Brain. San Diego, CA: Elsevier.

O’Connell, L. A., and Hofmann, H. A. (2011a). Genes, hormones, and circuits:
an integrative approach to study the evolution of social behavior. Front.
Neuroendocrinol. 32, 320-335. doi: 10.1016/j.yfrne.2010.12.004

O’Connell, L. A., and Hofmann, H. A. (2011b). The vertebrate mesolimbic reward
system and social behavior network: a comparative synthesis. J. Comp. Neurol.
519, 3599-3639. doi: 10.1002/cne.22735

O’Connell, L. A, and Hofmann, H. A. (2012).
vertebrate social decision-making network. Science
doi: 10.1126/science.1218889

Okhovat, M., Berrio, A., Wallace, G., Ophir, A. G., and Phelps, S. M. (2015). Sexual
fidelity trade-offs promote regulatory variation in the prairie vole brain. Science
350, 1371-1374. doi: 10.1126/science.aac5791

Oliveira, R. F., Taborsky, M., and Brockmann, H. J. (2008). Alternative
Reproductive Tactics: An Integrative Approach. New York, NY: Cambridge
University Press.

Ophir, A. G, Gessel, A., Zheng, D.-]., and Phelps, S. M. (2012). Oxytocin receptor
density is associated with male mating tactics and social monogamy. Horm.
Behav. 61, 445-453. doi: 10.1073/pnas.0709116105

Ophir, A. G., Phelps, S. M., Sorin, A. B., and Wolff, J. O. (2008a). Social
but not genetic monogamy is associated with greater breeding success
in prairie voles. Anim. Behav. 75, 1143-1154. doi: 10.1016/j.anbehav.2007.
09.022

Ophir, A. G., Wolff, J. O, and Phelps, S. M. (2008b). Variation in
neural V1aR predicts sexual fidelity and space use among prairie voles
in semi-natural settings. Proc. Natl. Acad. Sci. US.A. 105, 1249-1254.
doi: 10.1073/pnas.0709116105

Ophir, A. G., Zheng, D.-],, Eans, S., and Phelps, S. M. (2009). Social investigation
in a memory task relates to neural variation in oxytocin receptor but not
vasopressin receptor la. Behav. Neurosci. 123, 979-991. doi: 10.1037/a0016663

Orians, G. H. (1969). On evolution of mating systems in birds and mammals. Am.
Nat. 103, 589-603. doi: 10.1086/282628

Owen, S., Tuncdemir, S., Bader, P., Tirko, N., Fishell, G., and Tsien, R. (2013).
Oxytocin enhances hippocampal spike transmission by modulating fast-spiking
interneurons. Nature 500, 458-464. doi: 10.1038/nature12330

Owens, I. P. F., and Bennett, P. M. (1997). Variation in mating system among birds:
ecological basis revealed by hierarchical comparative analysis of mate desertion.
Proc. R. Soc. Lond. Ser. B Biol. Sci. 264, 1103-1110. doi: 10.1098/rspb.19
97.0152

Parent, M. B., and Baxter, M. G. (2004). Septohippocampal acetylcholine: involved
in but not necessary for learning and memory? Learn. Mem. 11, 9-20.
doi: 10.1101/Im.69104

Pedersen, C. A., and Prange A. J. Jr. (1979). Induction of maternal behavior in
virgin rats after intracerebroventricular administration of oxytocin. Proc. Natl.
Acad. Sci. U.S.A. 76, 6661-6665.

Phelps, S. M., and Ophir, A. G. (2009). “Monogamous brains and alternative
tactics: neuronal V1aR, space use and sexual infidelity among male prairie
voles.” in R. Dukas and J. M Ratcliffe (Chicago: Cognitive Ecology, IL.
University of Chicago Press), 156-176.

Popik, P., and Van Ree, J. M.
and social recognition in rats.
doi: 10.1016/S0079-6123(08)61585-X

Popik, P., and Vetulani, J. (1991). Opposite action of oxytocin and its
peptide antagonists on social memory in rats. Neuropeptides 18, 23-27.
doi: 10.1016/0143-4179(91)90159-G

Popik, P., Vetulani, J., and van Ree, J. M. (1992a). Low doses of oxytocin facilitate
social recognition in rats. Psychopharmacology 106, 71-74.

Popik, P., Vetulani, J., and van Ree, J. M. (1996). Facilitation and attenuation
of social recognition in rats by different oxytocin-related peptides. Eur. J.
Pharmacol. 308, 113-116. doi: 10.1016/0014-2999(96)00215-4

Evolution of a
336, 1154-1157.

(1998).
Prog.  Brain

Neurohypophyseal
Res. 119,

peptides
415-436.

Popik, P., Vos, P. E,, and van Ree, J. M. (1992b). Neurohypophyseal hormone
receptors in the septum implicated in the rat’s social recognition. Behav.
Pharmacol. 3, 351-358.

Powell, E. W., and Leman, R. B. (1976). Connections of the nucleus accumbens.
Brain Res. 105, 389-403. doi: 10.1016/0006-8993(76)90589-8

Rolls, E. T. (1996). A theory of hippocampal function in memory. Hippocampus
6, 601-620. doi: 10.1002/(SICI)1098-1063(1996)6:6&1t;601::AID-HIPO5&gt;3.
0.CO;2-]

Ross, H. E., Freeman, S. M., Spiegel, L. L., Ren, X., Terwilliger, E. F., and Young,
L. J. (2009). Variation in oxytocin receptor density in the nucleus accumbens
has differential effects on affiliative behaviors in monogamous and polygamous
voles. J. Neurosci. 29, 1312-1328. doi: 10.1523/J]NEUROSCI.5039-0
8.2009

Roth, T. C, Brodin, A., Smulders, T. V., LaDage, L. D., and Pravosudov, V. V.
(2010). Is bigger always better? A critical appraisal of the use of volumetric
analysis in the study of the hippocampus. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 365, 915-931. doi: 10.1098/rstb.2009.0208

Rye, D. B., Wainer, B. H., Mesulam, M.-M., Mufson, E. J., and Saper, C. B. (1984).
Cortical projections arising from the basal forebrain: a study of cholinergic
and noncholinergic components employing combined retrograde tracing and
immunohistochemical localization of choline acetyltransferase. Neuroscience
13, 627-643. doi: 10.1016/0306-4522(84)90083-6

Salgado, S., and Kaplitt, M. G. (2015). The nucleus accumbens: a comprehensive
review. Stereotact. Funct. Neurosurg. 93, 75-93. doi: 10.1159/000368279

Savage, L. M., Hall, J. M., and Vetreno, R. P. (2011). Anterior thalamic lesions alter
both hippocampal-dependent behavior and hippocampal acetylcholine release
in the rat. Learn. Mem. 18, 751-758. doi: 10.1101/Im.023887.111

Schultz, W. (2000). Behavioral theories and the neurophysiology of reward. Nat.
Rev. Neurosci. 1, 199-207. doi: 10.1038/35044563

Schultz, W. (2006). Behavioral theories and the neurophysiology of reward. Annu.
Rev. Psychol. 57, 87-115. doi: 10.1146/annurev.psych.56.091103.070229

Sherry, D. F. (2006). Neuroecology. Annu. Rev. Psychol. 57, 167-197.
doi: 10.1146/annurev.psych.56.091103.070324

Sherry, D. F., Jacobs, L. F., and Gaulin, S. J. C. (1992). Spatial memory and
adaptive specialization of the hippocampus. Trends Neurosci. 15, 298-303.
doi: 10.1016/0166-2236(92)90080-R

Shuster, S. M., and Wade, M. J. (2003). Mating Systems and Strategies. Princeton,
NJ: Princeton University Press.

Smeltzer, M. D., Curtis, J. T., Aragona, B. J., and Wang, Z. (2006). Dopamine,
oxytocin, and vasopressin receptor binding in the medial prefrontal cortex
of monogamous and promiscuous voles. Neurosci. Lett. 394, 146-151.
doi: 10.1016/j.neulet.2005.10.019

Smith, D. M., and Bulkin, D. A. (2014). The form and function of
hippocampal context representations. Neurosci. Biobehav. Rev. 40, 52-61.
doi: 10.1016/j.neubiorev.2014.01.005

Smith, D. M., Barredo, J., and Mizumori, S. J. Y. (2012). Complimentary roles of
the hippocampus and retrosplenial cortex in behavioral context discrimination.
Hippocampus 22, 1121-1133. doi: 10.1002/hipo.20958

Solomon, N. G., and Jacquot, J. J. (2002). Characteristics of resident and
wandering prairie voles, Microtus ochrogaster. Can. ]. Zool. 80, 951-955.
doi: 10.1139/202-053

Song, Z., Larkin, T. E., O’Malley, M., and Albers, H. E. (2016). Oxytocin (OT) and
arginine-vasopressin (AVP) act on OT receptors and not AVP Vla receptors
to enhance social recognition in adult Syrian hamsters (Mesocricetus auratus).
Homones Behav. 81, 20-27. doi: 10.1016/j.yhbeh.2016.02.004

Song, Z., McCann, K. E., McNeill, J. K. IV., Larkin, T. E. II., and Huhman,
K. L., Albers, H. E. (2014). Oxytocin induces social communication by
activating arginine-vasopressin Vla receptors and not oxytocin receptors.
Psychoneuroendocrinology. 50, 14-19. doi: 10.1016/j.psyneuen.2014.08.005

Spanagel, R., and Weiss, F. (1999). The dopamine hypothesis of
reward: past and current status. Trends Neurosci. 22, 521-527.
doi: 10.1016/S0166-2236(99)01447-2

Stevenson, E. L., and Caldwell, H. K. (2012). The vasopressin 1b receptor
and the neural regulation of social behvaior. Homones Behav. 61, 277-282.
doi: 10.1016/j.yhbeh.2011.11.009

Strange, B. A., Witter, M. P., Lein, E. S., and Moser, E. I. (2014). Functional
organization of the hippocampal longitudinal axis. Nat. Rev. 15, 655-669.
doi: 10.1038/nrn3785

Frontiers in Neuroscience | www.frontiersin.org

15

July 2017 | Volume 11 | Article 397


https://doi.org/10.1016/j.psyneuen.2013.03.003
https://doi.org/10.1111/j.1749-6632.1999.tb09271.x
https://doi.org/10.1016/j.yfrne.2010.12.004
https://doi.org/10.1002/cne.22735
https://doi.org/10.1126/science.1218889
https://doi.org/10.1126/science.aac5791
https://doi.org/10.1073/pnas.0709116105
https://doi.org/10.1016/j.anbehav.2007.09.022
https://doi.org/10.1073/pnas.0709116105
https://doi.org/10.1037/a0016663
https://doi.org/10.1086/282628
https://doi.org/10.1038/nature12330
https://doi.org/10.1098/rspb.1997.0152
https://doi.org/10.1101/lm.69104
https://doi.org/10.1016/S0079-6123(08)61585-X
https://doi.org/10.1016/0143-4179(91)90159-G
https://doi.org/10.1016/0014-2999(96)00215-4
https://doi.org/10.1016/0006-8993(76)90589-8
https://doi.org/10.1002/(SICI)1098-1063(1996)6:6&lt;601::AID-HIPO5&gt;3.0.CO;2-J
https://doi.org/10.1523/JNEUROSCI.5039-08.2009
https://doi.org/10.1098/rstb.2009.0208
https://doi.org/10.1016/0306-4522(84)90083-6
https://doi.org/10.1159/000368279
https://doi.org/10.1101/lm.023887.111
https://doi.org/10.1038/35044563
https://doi.org/10.1146/annurev.psych.56.091103.070229
https://doi.org/10.1146/annurev.psych.56.091103.070324
https://doi.org/10.1016/0166-2236(92)90080-R
https://doi.org/10.1016/j.neulet.2005.10.019
https://doi.org/10.1016/j.neubiorev.2014.01.005
https://doi.org/10.1002/hipo.20958
https://doi.org/10.1139/z02-053
https://doi.org/10.1016/j.yhbeh.2016.02.004
https://doi.org/10.1016/j.psyneuen.2014.08.005
https://doi.org/10.1016/S0166-2236(99)01447-2
https://doi.org/10.1016/j.yhbeh.2011.11.009
https://doi.org/10.1038/nrn3785
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Ophir

Does Socio-Spatial Memory Impact Monogamy?

Strausfeld, N. J., Hansen, L., Li, Y. S., Gomez, R. S., and Ito, K. (1998). Evolution,
discovery, and interpretations of arthropod mushroom bodies. Learn. Mem. 5,
11-37.

Sutherland, R. J., Whishaw, I. Q., and Kolb, B. (1988). Contributions of
cingulate cortex to two forms of spatial learning and memory. J. Neurosci. 8,
1863-1872.

Swanson, L. W., and Cowan, W. M. (1977). An autoradiographic study of the
organization of the efferent connections of the hippocampal formation in the
rat. J. Comp. Neurol. 172, 49-84. doi: 10.1002/cne.901720104

Swanson, L. W., and Risold, P. Y. (2000). “On the basic architecture of the septal
region,” in The Behavioral Neuroscience of the Septal Region, ed R. Numan (New
York, NY: Springer-Verlag), 1-14.

Taber, K. H., Wen, C., Khan, A., and Hyurley, R. A. (2004). The limbic thalamus. J.
Neuropsychiatr. 16, 127-132. doi: 10.1176/appi.neuropsych.16.2.127

Taube, J. S. (1995). Head direction cells recorded in the anterior thalamic nuclei of
freely moving rats. J. Neurosci. 15, 70-86.

Thiel, K. J., Okun, A. C., and Neisewander, J. L. (2008). Social reward-
conditioned place preference: a model revealing an interaction between cocaine
and social context rewards in rats. Drug Alcohol Depend. 96, 202-212.
doi: 10.1016/j.drugalcdep.2008.02.013

Thomas, J. A., and Birney, E. C. (1979). Parental care and mating system of
the prairie vole, Microtus ochrogaster. Behav. Ecol. Sociobiol. 5, 171-186.
doi: 10.1007/BF00293304

Tomizawa, K., Iga, N, Lu, Y.-F., Moriwaki, A., Matsushita, M., Li, S.-T., et al.
(2003). Oxytocin improves long-lasting spatial memory during motherhood
through MAP kinase cascade. Nat. Neurosci. 6, 384-390. doi: 10.1038/
nnl023

Valenstein, E., Bowers, D., Verfaellie, M., Heilman, K. M., Day, A. and
Watson, R. T. (1987). Retrosplenial amnesia. Brain 110, 1631-1646.
doi: 10.1093/brain/110.6.1631

van Groen, T., and Wyss, J. M. (1992a). Connections of the retrosplenial
dysgranular cortex in the rat. J. Comp. Neurol. 315, 200-216.

van Groen, T., and Wyss, J. M. (1992b). Projections from the laterodorsal nucleus
of the thalamus to the limbic and visual cortices in the rat. J. Comp. Neurol. 324,
427-448.

van Groen, T., Vogt, B. A., and Wyss, J. M. (1993). “Interconnections between
the thalamus and retrosplenial cortex in the rodent brain,” in Neurobiology of
Cingulate Cortex and Limbic Thalamus, eds B. A. Vogt, and M. Gabriel (Boston,
MA: Birkhauser), 478-523.

van Wimersma Greidanus, T. B., and Maigret, C. (1996). The role of limbic
vasopressin and oxytocin in social recognition. Brain Res. 713, 153-159.
doi: 10.1016/0006-8993(95)01505-1

Vann, S. D., Aggleton, J. P., and Maguire, E. A. (2009). What does the retrosplenial
cortex do? Nat. Rev. 10, 792-803. doi: 10.1038/nrn2733

Vann, S. D., and Aggleton, J. P. (2002). Extensive cytotoxic lesions of the rat
retrosplenial cortex reveal consistent deficits on tasks that tax allocentric
spatial memory. Behav. Neurosci. 116, 85-94. doi: 10.1037/0735-7044.
116.1.85

Walum, H., Westberg, L., Henningsson, S., Neiderhiser, . M., Reiss, D., Igl, W.,
et al. (2008). Genetic variation in the vasopressin receptor la gene (AVPRIA)
associates with pair- bonding behavior in humans. Proc. Natl. Acad. Sci. U.S.A.
105, 14153-14156. doi: 10.1073/pnas.0803081105

Wang, H., Duclot, F., Liu, Y., Wang, Z., and Kabbaj, M. (2013). Histone deacetylase
inhibitors facilitate partner preference formation in female prairie voles. Nat.
Neurosci. 16, 919-924. doi: 10.1038/nn.3420

Wickens, J. R, Budd, C. S, Hyland, B. I, and Arbuthnott, G. W. (2007).
Striatal contributions to reward and decision making: making sense of regional
variations in a reiterated processing matrix. Ann. N. Y. Acad. Sci. 1104, 192-212.
doi: 10.1196/annals.1390.016

Williams, J. R., Catania, K. C, and Carter, C. S. (1992). Development
of partner preference in female prairie voles (Microtus ochrogaster):
the role of social and sexual experience. Horm. Behav. 26, 339-349.
doi: 10.1016/0018-506X(92)90004-F

Williams, J. R, Insel, T. R, Harbaugh, C. R, and Carter, C. S. (1994).
Oxytocin administered centrally facilitates formation of a partner
preference in female prairie voles. J. Neuroendocrinol. 6, 247-250.
doi: 10.1111/j.1365-2826.1994.tb00579.x

Winslow, J. T., Hastings, N., Carter, C. S., Harbaugh, C. R, and Insel, T. R. (1993).
A role for central vasopressin in pair bonding in monogamous prairie voles.
Nature 365, 545-548. doi: 10.1038/365545a0

Winson, J. (1978). Loss of hippocampal theta rhythm results in spatial memory
deficit in the rat. Science 201, 160-163. doi: 10.1126/science.663646

Witt, D. W., Carter, C. S., Carlstead, K., and Read, L. D. (1988). Sexual
and social interactions preceding and during male-induced oestrus
in prairie voles, Microtus ochrogaster. Anim. Behav. 36, 1465-1471.
doi: 10.1016/S0003-3472(88)80217-3

Wolff, M., Gibb, S. J., and Dalrymple-Alford, J. C. (2006). Beyond spatial memory:
the anterior thalamus and memory for the temporal order of a sequence of odor
cues. J. Neurosci. 26, 2907-2913. doi: 10.1523/J]NEUROSCI.5481-05.2006

Wyss, J. M., and Van Groen, T. (1992). Connections between the retrosplenial
cortex and the hippocampal formation in the rat: a review. Hippocampus 2,
1-11. doi: 10.1002/hip0.450020102

Young, L. J, and Hammock, E. A. D. (2007). On
knobs, microsatellites and monogamy. Trends Genet.
doi: 10.1016/j.tig.2007.02.010

Young, L. J., and Wang, Z. X. (2004). The neurobiology of pair bonding. Nat.
Neurosci. 7, 1048-1054. doi: 10.1038/nn1327

Young, L. J., Young, A. Z. M., and Hammock, E. A. D. (2005). Anatomy
and neurochemistry of the pair bond. J. Comp. Neurol. 493, 51-57.
doi: 10.1002/cne.20771

Zheng, D.-]., Foley, L., Rehman, A., and Ophir, A. G. (2013a). Social recognition
is context dependent in single male prairie voles. Anim. Behav. 86, 1085-1095.
doi: 10.1016/j.anbehav.2013.09.015

Zheng, D.-J., Larsson, B., Phelps, S. M., and Ophir, A. G. (2013b). Female
alternative mating tactics, reproductive success and nonapeptide receptor
expression in the social decision-making network. Behav. Brain Res. 246,
139-147.

Zola-Morgan, S., and Squire, L. R. (1993). Neuroanatomy of memory. Annu. Rev.
Neurosci. 16, 547-563. doi: 10.1146/annurev.ne.16.030193.002555

switches and
23, 209-212.

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Ophir. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

16

July 2017 | Volume 11 | Article 397


https://doi.org/10.1002/cne.901720104
https://doi.org/10.1176/appi.neuropsych.16.2.127
https://doi.org/10.1016/j.drugalcdep.2008.02.013
https://doi.org/10.1007/BF00293304
https://doi.org/10.1038/nn1023
https://doi.org/10.1093/brain/110.6.1631
https://doi.org/10.1016/0006-8993(95)01505-1
https://doi.org/10.1038/nrn2733
https://doi.org/10.1037/0735-7044.116.1.85
https://doi.org/10.1073/pnas.0803081105
https://doi.org/10.1038/nn.3420
https://doi.org/10.1196/annals.1390.016
https://doi.org/10.1016/0018-506X(92)90004-F
https://doi.org/10.1111/j.1365-2826.1994.tb00579.x
https://doi.org/10.1038/365545a0
https://doi.org/10.1126/science.663646
https://doi.org/10.1016/S0003-3472(88)80217-3
https://doi.org/10.1523/JNEUROSCI.5481-05.2006
https://doi.org/10.1002/hipo.450020102
https://doi.org/10.1016/j.tig.2007.02.010
https://doi.org/10.1038/nn1327
https://doi.org/10.1002/cne.20771
https://doi.org/10.1016/j.anbehav.2013.09.015
https://doi.org/10.1146/annurev.ne.16.030193.002555
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	Navigating Monogamy: Nonapeptide Sensitivity in a Memory Neural Circuit May Shape Social Behavior and Mating Decisions
	Introduction
	How Might Social or Spatial Memory Influence Mating Systems?
	The Socially Monogamous Prairie Vole
	Nonapeptides, Monogamy, and Memory
	A Functional Memory Neural Circuit
	The Hippocampus
	The Retrosplenial Cortex
	The Anterior Thalamus
	Other Structures: The Septum and Septohippocampal Nucleus

	The Social Decision-Making Network and The Pairbonding Neural Circuit
	A Case for Socio-Spatial Memory as A Factor for Mating System
	A Nonapeptidergic Socio-Spatial Memory Circuit
	Where Memory and Social Behavior Meet: Connections to The Pairbond Neural Circuit
	Do Resident and Wanderer Brains Show Distinct Nonapeptide Patterns?
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


