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Abstract

Arginine vasopressin (AVP) and its nonmammalian homolog arginine vasotocin influence social

behaviors ranging from affiliation to resident–intruder aggression. Although numerous sites of

action have been established for these behavioral effects, the involvement of specific AVP cell

groups in the brain is poorly understood, and socially elicited Fos responses have not been

quantified for many of the AVP cell groups found in rodents. Surprisingly, this includes the AVP

population in the posterior part of the medial bed nucleus of the stria terminalis (BSTMP), which

has been extensively implicated, albeit indirectly, in various aspects of affiliation and other social

behaviors. We examined the Fos responses of eight hypothalamic and three extra-hypothalamic

AVP-immunoreactive (-ir) cell groups to copulation, nonaggressive male–male interaction, and

aggressive male–male interaction in both dominant and subordinate C57BL/6J mice. The BSTMP

cells exhibited a response profile that was unlike all other cell groups: from a control baseline of

~5% of AVP-ir neurons colocalizing with Fos, colocalization increased significantly to ~12%

following nonaggressive male–male interaction, and to ~70% following copulation. Aggressive

interactions did not increase colocalization beyond the level observed in nonaggressive male mice.

These results suggest that BSTMP neurons in mice may increase AVP-Fos colocalization

selectively in response to affiliation-related stimuli, similar to findings in finches. In contrast,

virtually all other cell groups were responsive to negative aspects of interaction, either through

elevated AVP-Fos colocalization in subordinate animals, positive correlations of AVP-Fos

colocalization with bites received, and/or negative correlations of AVP-Fos colocalization with

dominance. These findings greatly expand what is known of the contributions of specific brain

AVP cell groups to social behavior.
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Introduction

The neuropeptide arginine vasopressin (AVP) and its avian homolog arginine vasotocin

(AVT) influence a variety of social behaviors, including pair bonding in voles (Winslow et
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al., 1993; Insel and Hulihan, 1995; Lim et al., 2004); social recognition in male mice and

rats (Engelmann et al., 1994; Everts and Koolhaas, 1997; Bielsky et al., 2004, 2005;

Choleris et al., 2009); maternal behaviors in rats (Bosch and Neumann, 2008; Nephew and

Bridges, 2008); and social communication in fishes, birds and rodents (Albers et al., 1986;

Maney et al., 1997; Goodson, 1998a; Goodson and Bass, 2000). Modulation of aggression

by AVT/AVP is complex and can vary across contexts and phenotypes (Goodson et al.,

2009a; Kabelik et al., 2009; also see Beiderbeck et al., 2007), and although numerous neural

loci are likely involved, resident–intruder aggression is potently facilitated by activation of

V1a receptors in the anterior hypothalamus (AH), as shown in male Syrian hamsters

(Mesocricetus auratus; Ferris et al., 1997) and prairie voles (Microtus ochrogaster;

Gobrogge et al., 2009).

Sites of action have been established for many of AVP’s behavioral effects, but surprisingly

little is known about the social stimulus properties that elicit responses from discrete AVP

cell populations in the brain. For instance, AVP strongly promotes mating-induced

behaviors in monogamous voles (Young and Wang, 2004; Lim and Young, 2006), but the

source(s) of mating-induced AVP release has not been identified. Similarly, little or no

functional data are available for most of the smaller populations of AVP cells in the

extended amygdala, preoptic area (POA), and hypothalamus. These data are critical to

understanding AVP-mediated effects as it is difficult to attribute site-specific effects to a

particular AVP cell group, given that those effects may occur at sites distal from terminal

distributions, and volumetric peptide release from dendrites may effectively bathe large

amounts of the brain in AVP (Landgraf and Neumann, 2004; Ludwig and Leng, 2006).

Adding to this complexity is that projections from multiple cell groups often appear to

overlap. Indeed, functionally opposed AVT cell groups exhibit overlapping projection fields

in songbirds, suggesting that the behavioral properties of a given cell group depend upon

distributed patterns of neuromodulation across the brain, not simply site-specific actions

(Goodson and Kabelik, 2009).

All of these observations highlight a strong need for behaviorally relevant data on the AVP

cells themselves, and on the kinds of environmental stimuli to which AVP cell groups

respond. Thus, a major goal of the present experiments was to address that need. A second

goal was to test the hypothesis that AVP cell groups in mice exhibit opposing response

profiles, as recently shown in songbirds for the AVT populations in the medial bed nucleus

of the stria terminalis (BSTM) and paraventricular nucleus of the hypothalamus (PVN),

which exhibit increased Fos activity to positive and negative social stimuli, respectively

(Goodson and Wang, 2006; Goodson and Kabelik, 2009).

Finally, we sought to clarify the relationship of AVP neurons to male–male aggression.

Although AVP acts within the AH to promote resident–intruder aggression in Syrian

hamsters and prairie voles (Ferris et al., 1997; Gobrogge et al., 2009), findings in rats and

songbirds suggest that AVT/AVP relates to aggression in complex ways that reflect social

context, anxiety phenotype, and constitutive aggressiveness (Beiderbeck et al., 2007;

Veenema and Neumann, 2007; Goodson et al., 2009a; Kabelik et al., 2009). In order to

address these experimental goals, we quantified the immunocolocalization of Fos and AVP

in male C57BL/6J mice following (1) copulation, (2) nonaggressive male–male interaction,
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and (3) aggressive male–male interactions. In the male–male aggressive interactions, both

dominant and subordinate mice were examined, and data were collected for 11 AVP-

immunoreactive (-ir) cell groups, representing virtually all definable groups in the mouse

brain.

Methods

Animals and housing

Adult C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were individually housed

and maintained on either a 12:12 light/dark cycle (resident–intruder tests) or a 14:10 cycle

(copulation tests). Food and water were available ad libitum except during testing. All

subjects were adults (>12 weeks old) at time of testing. All experiments were performed in

accordance with the guidelines of the National Institute of Health Guide for the Care and

Use of Laboratory Animals (1996) and were approved by the Institutional Animal Care and

Use Committee at Indiana University.

Ovariectomies and estrus induction

At >10 weeks of age, female partners for copulation tests were bilaterally ovariectomized.

Animals were deeply anesthetized for this procedure with an intraperitoneal (i.p.) injection

of a cocktail comprised of ketamine (20 mg/ml; Henry Schein, Melville, NY), xylazine (4

mg/ml; Henry Schein), and 0.9% saline, or sodium pentobarbital (50 mg/ml; Henry Schein).

Animals were returned to their home cages and dosed orally with meloxicam (Metacam, 1

mg/kg; Henry Schein) for 3 days following surgeries. Behavioral receptivity was later

induced with subcutaneous injections of estradiol benzoate (10 μg/0.05 ml peanut oil;

Sigma, St. Louis, MO) and progesterone (500 μg/0.1 ml peanut oil; Sigma) at 48 and 6 h,

respectively, prior to testing. Steroid solutions were first dissolved in acetone and allowed

ample time for evaporation prior to the addition of peanut oil.

Receptivity screening

To determine whether females were sexually receptive and to ensure that subject males were

sexually motivated, animals were screened for copulatory behavior ~1 week prior to testing.

Within the first hour after lights-off, females were placed in the male’s cage and males were

allowed two bouts of intromission (i.e., periods that consist of a mount and subsequent

thrusting), or until 30 min had elapsed. Only males that successfully intromitted twice within

30 min were included in the study.

Copulation testing

Males were habituated to the test room for 1 h after lights-off for two days prior to testing.

On the day of testing and perfusion, animals were habituated to the test room 3 h prior to the

start of testing. At lights-off, a receptive stimulus female was placed in the subject male’s

cage. The number and latency to mounts, intromissions, and ejaculation were quantified by

direct observation under red light. Tests were terminated at ejaculation, after which the male

was placed in a dark, quiet area until perfusion. Control males received the same treatment,

with handling at 0 and 45 min, except that no female was introduced.
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Resident–intruder testing

To reduce the level of nonspecific Fos activation, resident–intruder pairs were acclimated to

cage-swapping in the test room once per day for 7 days prior to testing. These acclimations

occurred in the first hr after lights-off. Animals were placed in each other’s cage for 15 min,

after which they were returned to their home cage. Control males were placed in a clean

cage or handled and left in their own cage for 15 min.

On the day of testing and perfusion, subjects were moved to the test room for habituation 3 h

prior to the start time. At lights-off, an intruder male was placed into a resident’s cage for 15

min. Interactions were observed under red light to determine dominant-subordinate status

and were also recorded with a digital video camcorder (Canon ZR40) for quantification of

latency to aggression, the number of bites, the number of aggressive bouts, and duration of

aggressive bouts. In these tests, bites were always given by the dominant male, though

residency did not determine social status (i.e., dominant males were not necessarily

residents). After the 15 min test, the intruder was returned to his cage. Animals that

chemoinvestigated but did not engage in aggressive interactions were designated as

“nonaggressive” and were also euthanized for Fos analyses. Both resident and intruder

males were handled at the start and finish of testing. All animals were kept in a dark, quiet

area until perfusion.

Perfusion

Subjects in the resident–intruder experiment were perfused 75 min following the start of

testing. The timing of perfusions in the copulation experiment varied from 75 to 90 min after

the start of testing because subjects exhibited different latencies to copulation (i.e., subjects

that ejaculated in 30 min or less were perfused at 75 min and those that exhibited longer

latencies were perfused 45 min after ejaculation, with a maximum of 90 min allowed after

the start of testing). Handled controls were perfused at 75 min. Animals were deeply

anesthetized with an i.p. injection of a ketamine cocktail comprised of ketamine (20 mg/ml),

xylazine (4 mg/ml), and 0.9% saline, or sodium pentobarbital and perfused transcardially

with 0.1 M phosphate buffered saline (PBS) for exsanguination followed by 4%

paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Extracted brains were post-fixed

overnight then transferred to a 30% sucrose solution for 2 days.

Immunocytochemistry

Brain tissue was cut into three series of 40 μm free-floating coronal sections using a cryostat

and stored at −80 °C in cryoprotectant prior to immunocytochemical labeling.

Immunocytochemistry was performed as follows: tissue was rinsed 6×10 min in 0.1 M PBS;

followed by 20 min in 10 mM sodium citrate (pH 9.5, ceramic well plates placed into a

shallow water bath heated to 70 °C); 2×10 min in PBS; and 1 h in PBS +5.0% bovine serum

albumin (BSA)+0.3% triton-X. Tissue was then incubated with guinea pig anti-AVP

(1:1000; Bachem, Torrance, CA) and rabbit anti-Fos (1:1000; Santa Cruz Biotech, Santa

Cruz, CA), diluted in PBS+2.5% BSA+0.3% triton-X+0.05% sodium azide and incubated

40–44 h at 4 °C. This was followed by 2×30 min rinses in PBS; 1 h in biotinylated goat anti-

guinea pig secondary (8 μl/ml; Jackson ImmunoResearch, West Grove, PA); 3×10 min in

PBS; 2 h in goat anti-rabbit secondary conjugated to Alexa Fluor 594 (5 μl/ml) +streptavidin
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conjugated to Alexa Fluor 488 (3 μl/ml) in PBS+2.5% BSA+0.3% triton-X. Alexa Fluors

were purchased from Molecular Probes/Invitrogen (Eugene, OR), with custom cross-

adsorption against guinea pig in the goat anti-rabbit 594. Sections were extensively washed

in PBS, mounted on slides, and coverslipped with ProLong Gold containing DAPI nuclear

stain (Molecular Probes/Invitrogen).

Quantification of immunoreactivity

Colocalization of AVP and Fos was examined in the posterior BSTM (BSTMP; two levels),

ventral BSTM (BSTMV), periventricular preoptic area (POA; two levels) and eight cell

groups of the hypothalamus–anterior commissural nucleus (AC), anterior hypothalamus

(AH), nucleus circularis (NC), supraoptic nucleus (SON), retrochiasmatic SON (rSON),

paraventricular nucleus (PVN; two levels), suprachiasmatic nucleus (SCN), and tuberal

region of the lateral hypothalamus (tuberal LH). The position of these cell groups in mice

(shown in Figs. 1 and 2) has been described most fully by Castel and Morris (1988),

although subdivisions of the BSTM were not described in that study (see The BSTM

contains two AVP-ir cell groups) and the “accessory” cell groups corresponding to our AH,

NC, and tuberal LH were not separately named (but are shown embedded within the

hypothalamo-hypophyseal tract). The position of the AH and NC populations is comparable

to that described for other rodents (e.g., Gobrogge et al., 2007), whereas the tuberal LH cell

group has not been given a name by other authors and appears to be dramatically larger in

mice than in other species. We reliably located the tuberal LH cells at the caudal pole of the

rSON (Fig. 2D). Scattered AVP-ir neurons were also observed in the medial nucleus of the

amygdala, but not in all subjects and not in sufficient numbers for analysis.

Photomicrographs of each brain area were shot at 10× using a Zeiss Axioimager microscope

(Carl Zeiss Inc., Göttingen, Germany) outfitted with a Z-drive and a Zeiss Apotome optical

dissector (which at 10x yields focal plane resolution of near-confocal quality while

controlling for duplicate labeling of cells), a Zeiss Axiocam HRm camera and a high

intensity X-Cite fluorescence illuminator (EXFO Photonic Solutions Inc., Mississauga,

Canada). Images were captured in Zeiss AxioVision 4.6.3.0 and exported into Photoshop

CS3 (Adobe Systems Inc., San Jose, CA). Data acquisition parameters were standardized for

all subjects and cell counts were conducted by a blind observer from superimposed

monochrome images of AVP, Fos, and DAPI. These methods have been employed in

previous studies (e.g., Goodson and Wang, 2006; Goodson et al., 2009b). Representative

double-labeling is shown in Fig. 3.

Statistical analysis

Mean group differences were analyzed with StatView 5.0 (SAS Institute, Inc., Cary, NC)

using unpaired t-tests for the copulation experiment and one-way analysis of variance

(ANOVA) for the resident–intruder experiment. Post hoc pair-wise comparisons were

conducted using Fisher’s PLSD. Linear regression was used to examine correlations

between behavioral measures and AVP-Fos colocalization. Differences were considered

significant when p<0.05.
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Due to sectioning damage to the ventral surface of the brain, SCN data are not available for

two of the 32 subjects in the resident–intruder experiment (one nonaggressive and one

subordinate), and data for the rSON and adjacent tuberal LH are not available for a single

nonaggressive subject.

Results

Distinctly different patterns of AVP-Fos colocalization were observed following sexual and

aggressive interactions. In general, the BSTMP cell group appeared to respond to positive

aspects of social interaction (copulation and social investigation). Copulation was

accompanied by a large increase in colocalization within the BSTMP (Fig. 4A), with no

notable differences between rostral and caudal levels of this nucleus (Table 1). Of the

remaining cell groups, only the anterior SON exhibited a significant increase in AVP-Fos

colocalization following copulation, although this response was quite modest as compared

with the BSTMP (Table 1). Latency to mount, latency to intromit, and latency to ejaculate

were negatively correlated with AVP-Fos colocalization in the BSTMP, and no other AVP-

ir cell group exhibited significant correlations with sexual behaviors, with the exception of

the BSTMV cell group (Table 2; also note trends in the opposing direction for the AH). The

BSTMP cell group exhibited responses to male–male interactions only at the caudal level

(Table 3 and Fig. 4B), but notably, the amount of colocalization in fighters was no higher

than in nonaggressive males that simply chemoinvestigated, suggesting that the increase in

colocalization following male–male encounters is an effect of social investigation, not

aggressive interactions per se.

Most cell groups other than the BSTMP showed a sensitivity to negative aspects of male–

male interactions. Thus, subordinate males showed significantly higher levels of AVP-Fos

colocalization than nonaggressive and dominant males within the caudal PVN and tuberal

LH (Figs. 5A and B, respectively). The number of bites received positively correlated with

colocalization in the AH, BSTMV, POA, anterior SON, and tuberal LH (Figs. 5C–G,

respectively), and dominance (i.e., bites given minus bites received) was negatively

correlated with colocalization in caudal PVN, anterior SON, and tuberal LH (Figs. 5H–J and

Table 4, respectively). Other results for male–male interactions are shown in Tables 3 and 4.

Discussion

Much of our knowledge about the behavioral functions of brain AVP has been obtained

from microinjection studies, and although this approach has served well for determining

behavioral effects and sites of action, the involvement of specific AVP cell groups remains

unclear. The AVP cells of the PVN and SON have been most extensively studied, but

largely in relation to the pituitary and peripheral physiology (Engelmann et al., 2004;

Caldwell et al., 2008a), and we know far less about the contributions of those cell groups to

the central modulation of behavior. Thus, the present experiments were designed to identify

the social parameters that activate particular AVP cell groups, and to test specific

hypotheses about several cell groups that are derived from studies of songbirds and other

rodent species that exhibit behavioral profiles that are somewhat different from Mus

musculus. We obtained strong support for the hypothesis that AVP cells of the BSTMP are
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primarily responsive to affiliation-related stimuli, and provide evidence that most other AVP

cell groups respond to negative social stimulation (e.g., subjugation), which may reflect a

general responsiveness to environmental stressors.

AVP cells of the BSTMP process affiliation-related stimuli

Studies in the 1980s demonstrated that male rats possess far more AVP-ir cells in the BSTM

than do females (Van Leeuwen et al., 1985; also see Miller et al., 1989b), and this

dimorphism generates a male-biased innervation of the lateral septum (LS; De Vries et al.,

1981; De Vries and Buijs, 1983). Cell number and fiber density were also shown to be

sensitive to hormones (De Vries et al., 1984, 1985, 1986; Miller et al., 1989a; De Vries and

Al Shamma, 1990; Miller et al., 1992). Although fish lack a homologous AVT circuit

(Greenwood et al., 2008), the basic features of this BSTM-LS circuit have been documented

across every tetrapod class (Goodson and Bass, 2001; De Vries and Panzica, 2006), as have

the behavioral effects of AVT/AVP manipulations, including site-specific manipulations

within putative targets of the BSTM AVT/AVP neurons (Goodson and Bass, 2001; De Vries

and Panzica, 2006; Lim and Young, 2006; Caldwell et al., 2008a; Goodson, 2008).

Despite this wealth of information, however, we cannot assert with confidence that AVP

neurons of the BSTM mediate any of the known functions of AVP. This is rooted in the

facts that (1) no behavioral studies have directly manipulated these neurons by knocking

down local AVP production, and (2) the possible sources of AVP in postsynaptic targets are

multiple and hard to identify. Receptors are often distributed a long way from known

terminal zones, and volumetric release from the dendrites of magnocellular neurons may

reach almost any neural target (Landgraf and Neumann, 2004; Ludwig and Leng, 2006; De

Vries, 2008). In fact, although the BSTM appears to contribute most or all of the direct AVP

innervation to the LS (De Vries and Buijs, 1983; De Vries and Panzica, 2006),

neurophysiological studies demonstrate that ventral LS neurons are also modulated by AVP

derived from the PVN (Disturnal et al., 1986), and septal V1a receptors potently mediate

behavioral functions in animals that lack a BSTM-LS projection system (see second section

below). Push-pull and microdialysis studies further confirm that AVP is present in brain

areas that lack direct innervation (Landgraf and Neumann, 2004), and thus the known

behavioral effects of AVP cannot be attributed to specific cell groups based on anatomy

alone. Furthermore, at least a subset of avian and mammalian species exhibit intensely

stained AVT-ir or AVP-ir fibers in the LS that are likely of hypothalamic origin (Rosen et

al., 2007; Goodson and Kabelik, 2009), again suggesting caution when attributing

pharmacological effects (e.g., behavioral effects of receptor antisense, antagonism or over-

expression) to a specific AVT/AVP cell group.

Immediate early gene (IEG) studies are therefore a valuable tool for asking questions about

specific cell groups, but to our knowledge, these data have not been reported for AVP

neurons in the mammalian BSTM. Our only direct knowledge regarding the stimulus–

response properties of this cell group in mammals is the fact that cohabitation with a female

increases AVP mRNA in the BSTM of male prairie voles (Wang et al., 1994; but see

Goodson and Wang, 2006). We now show that BSTMP AVP neurons in mice exhibit a

robust Fos response to copulation and a relatively modest response to nonaggressive
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interaction, with no greater response to fighting than observed in nonaggressive males.

Combined, these results suggest that activity of the BSTMP cell group is increased by a

variety of stimuli that are related to affiliation, such as social investigation and sexual

interactions.

This interpretation is consistent with findings in songbirds, which demonstrate that AVT

cells of the BSTM exhibit Fos responses to affiliation-related social stimuli, but not to those

that elicit aversion or aggression (Goodson and Wang, 2006; Goodson et al., 2009b). For

instance, exposure to a same-sex conspecific increases AVT-Fos colocalization in the

gregarious zebra finch, but decreases colocalization in the territorial (i.e., relatively asocial)

violet-eared waxbill. These findings are also consistent with studies in rodents that have

established roles for endogenous AVP in V1a-mediated behaviors such as social recognition,

pair bonding, parental behavior, alloparental behavior, and nonsexual investigation (Young

and Wang, 2004; Lim and Young, 2006; Carter et al., 2008; Veenema and Neumann, 2008;

Choleris et al., 2009). At least some of AVP’s effects are also mediated by the V1b receptor

subtype, which appears to have a central distribution restricted to the CA2 field of the

hippocampus (Caldwell et al., 2008b).

Although studies of AVP-Fos colocalization are informative, they reveal only part of the

picture about behavioral functions, even if we assume that Fos response equates to action

potentials and peptide release, which might not always be the case (Herdegen and Leah,

1998). Other IEGs might reveal a different activity profile, and further, the stimuli to which

a cell group responds may not necessarily reflect its influence on behavior. For instance,

even though the present studies demonstrate a response of BSTMP AVP cells to copulation

and chemo-investigation, peptide released by those cells during copulation could

nonetheless influence mating-induced aggression (e.g., Gobrogge et al., 2009), or even

broader emotional states such as anxiety (e.g., Landgraf et al., 1995; Bielsky et al., 2004).

Similarly, there is no reason to assume that BSTMP AVP cells influence copulatory

behavior just because they are activated in association with copulation. Rather, what the

present results tell us is that specific cell groups have the potential to convey certain kinds of

information to other cells in the brain; how those other areas use the information must be

demonstrated via other means.

The BSTM contains two AVP-ir cell groups

To our knowledge, previous authors have not explicitly addressed the presence of multiple

AVP-ir cell groups in the BSTM that would correspond to the BSTMP and BSTMV in mice.

The classically steroid-sensitive, sexually dimorphic neurons of the BSTM in rats are small,

round, and weakly immunoreactive (De Vries and Miller, 1998; De Vries and Panzica,

2006; De Vries and Södersten, 2009). This phenotype is comparable to AVP-ir cells of the

BSTMP in mice, which lie adjacent to the stria terminalis. On the other hand, BSTMV cells

are large, label robustly, and given their position just rostral and dorsolateral to the PVN, at

the caudal pole of the anterior commissure (see Fig. 1), they could readily be mistaken for

hypothalamic neurons of the PVN or AC. Interestingly, the response profile of BSTMV cells

shows similarities to both the BSTMP population, with AVP-Fos colocalization being

negatively correlated with intromission and ejaculation latencies, and several hypothalamic
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cell groups, with colocalization being positively correlated with the number of bites

received.

Do AVP cells of the BSTM promote aggression?

Soon after male-biased sex differences were described in the AVP circuitry of the BSTM

and LS (De Vries et al., 1981; Van Leeuwen et al., 1985), Ferris and colleagues

demonstrated that infusions of AVP into the LS promote agonistic flank marking in male

Syrian hamsters (Ferris et al., 1990; Irvin et al., 1990). The combined observations

suggested the hypothesis that the male-biased circuitry of the BSTM-LS supports male-

biased aggressive behavior, although numerous observations do not support this idea (for

excellent discussions of this topic, see Rosen et al., 2006; De Vries, 2008). However, Syrian

hamsters typically express no AVP-ir cells in the BSTM and no AVP-ir innervation of the

LS (Dubois-Dauphin et al., 1990; Bolborea et al., 2010) – thus we cannot assume that

behavioral effects of septal AVP with respect to male–male aggression are attributable to

signaling via the BSTM-LS circuit.

Regardless of the source of peptide, the behavioral effects of septal AVP are complex and

not consistent with the hypothesis that septal AVP promotes aggression. In songbirds,

intraseptal infusions of AVT inhibit resident–intruder aggression (Goodson, 1998a,b), but

facilitate aggression in the context of mate competition (Goodson and Adkins-Regan, 1999)

and promote the use of spontaneous agonistic song (Goodson, 1998a). Intraseptal infusions

of AVP (i.e., exogenous AVP) also facilitate aggression in male rats that have been

cohabitated with a female (Koolhaas et al., 1990), but during aggressive encounters,

endogenous release of AVP into the LS varies in complex ways that relate to the male’s

anxiety phenotype and aggressiveness (Beiderbeck et al., 2007). Indeed, septal AVP/AVT

potently regulates anxiety (Landgraf et al., 1995), and thus many effects on social behavior

may relate to the context-dependent modulation of anxiety (Goodson, 2008).

Hypothalamic AVP cell groups are integrators of dominance, subordinance and stress

The present experiments demonstrate that most of the AVP cell groups in the brain are

responsive to aggressive interactions in ways that suggest a sensitivity to stress or negative

aspects of the social interaction (i.e., subjugation). We found that AVP-Fos colocalization

was (1) significantly greater within the caudal PVN and tuberal LH of subordinate males

relative to dominant males, (2) positively correlated with the number of bites received in the

AH, BSTMV, POA, anterior SON, and tuberal LH, with a comparable near-significant

effect in the AC (p<0.06), and (3) negatively correlated with an index of dominance in

caudal PVN, anterior SON, and tuberal LH. No significant effects were obtained for the

nucleus circularis, although the data weakly trended in the same direction.

These results are consistent with previous findings showing that subordinance is associated

with widespread activation of the POA and hypothalamus, and that Fos activation of

virtually all hypothalamic loci is significantly greater in subordinate animals as compared

with dominant animals (Kollack-Walker et al., 1997; Motta et al., 2009; also see Ebner et

al., 2005). In Syrian hamsters, only the SON exhibits greater activation in dominant males

relative to subordinates (Kollack-Walker et al., 1997), and an extensive analysis of
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hypothalamic activation in mice found that no loci expressed Fos at higher levels in

dominant males relative to subordinates, although dominant males did show activation of

many areas above handled controls (Motta et al., 2009). Our results are likewise consistent

with findings that suggest virtually all AVP cell groups of the hypothalamus, including the

accessory cell groups, are responsive to metabolic challenge (Briski and Brandt, 2000).

Despite these consistencies, our findings are less readily reconciled with data from male

Syrian hamsters and prairie voles, in which resident–intruder aggression is facilitated by

AVP signaling in the AH. Following aggressive interactions, dominant hamsters exhibit

increased AVP-Fos colocalization within the medial SON and NC, both of which project

AVP-ir axons into the AH (Delville et al., 2000). As predicted by those findings, offensive

aggression in hamsters is blocked by infusions of a V1a antagonist into either the AH or

ventrolateral hypothalamus, whereas aggression is facilitated by infusions of AVP (Ferris

and Potegal, 1988; Potegal and Ferris, 1989; Delville et al., 1996; Ferris et al., 1997; Jackson

et al., 2005). Similar pharmacological and activation results are obtained for the AH in tests

of selective post-mating aggression in male prairie voles (Gobrogge et al., 2007, 2009), and

voles exhibit endogenous AVP release within the AH that is positively correlated with

aggression (Gobrogge et al., 2009).

These apparent differences may reflect a variety of things. First, we cannot discount the

possibility that there are substantial species differences in the properties of hypothalamic

AVP circuits, given that large species differences have been documented in other aspects of

nonapeptide anatomy and behavioral function (Goodson, 2008). However, it may also be the

case that functional properties of this circuitry are more complex than previous experiments

would suggest. As discussed above, the relevant AVP neurons are responsive to a wide

range of stressors, and developmental exposure to maternal separation or subjugation can

alter the anatomy of hypothalamic AVP systems and profiles of aggressive behavior in

adulthood (Delville et al., 1998; Veenema et al., 2006; Veenema et al., 2007; Lukas et al.,

2010). Finally, AVP circuits exhibit plastic changes in relation to experience and

physiological state (De Vries and Miller, 1998; Goodson and Bass, 2001; Veenema, 2009),

factors which likely vary across studies. Thus, as a first step toward distinguishing between

these various possibilities, it would be advantageous to examine the behavioral effects of

pharmacological manipulations in animals with divergent developmental backgrounds, and

in a diversity of behavioral and physiological contexts. Such studies should provide a more

accurate view of how AVP systems integrate myriad variables to dynamically coordinate

behavior and physiology.
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Fig. 1.
Photomicrographs showing the position and morphology of AVP-ir neurons in the posterior

part of the medial bed nucleus of the stria terminalis (BSTMP; A, B) and ventral BSTM

(BSTMV; C, D). Medial is to the right in all photos. The box in panel A shows an area

expressing a high density of AVP-ir neurons. Panel B shows AVP-ir neurons from the same

animal at a higher magnification, and the asterisk in panel C corresponds to the position of

the asterisk in panel D. The AVP-ir neurons in the BSTMP are small, round, and weakly

immunoreactive (also see Figs. 3A–C), whereas those in the BSTMV are larger, variably

shaped, and strongly immunoreactive. All photos were taken at a rostrocaudal level

comparable to plate 32 of the mouse brain atlas. Scale bars=100 μm in panels A and C; 25

μm in panel B; and 50 μm in panel D. Abbreviations: ac, anterior commissure; f, fornix; ic,

internal capsule.
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Fig. 2.
Photomicrographs showing the position and morphology of AVP-ir neurons in the preoptic

area (POA) and hypothalamus: (A) anterior commissural nucleus (AC; caudoventral to the

anterior commissure, and thus caudoventral to the photo in Fig. 1C); (B) POA, anterior

hypothalamic area (AH) and supraoptic nucleus (SON); (C) nucleus circularis (NC) and

suprachiasmatic nucleus (SCN); (D) tuberal region of the lateral hypothalamus (tuberal LH)

and retrochiasmatic SON (rSON); and (E) caudal paraventricular nucleus (PVN). Medial is

to the right in all photos except panel E, where medial is to the left. Rostrocaudal levels of

these photos correspond, respectively, to plates 33, 36, 37, 39 and 38 of the mouse brain

atlas. All scale bars=100 μm. Other abbreviations: hht, hypothalamo-hypophyseal tract; ot,

optic tract; v, 3rd ventricle.
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Fig. 3.
Representative colocalization of AVP (Alexa Fluor 488; green) and Fos (Alexa Fluor 594;

red) in the posterior part of the medial bed nucleus of the stria terminalis (BSTMP; A–C)

and paraventricular nucleus (D) following copulation. Scale bars=25 μm.
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Fig. 4.
AVP-ir neurons in the posterior part of the medial bed nucleus of the stria terminalis

(BSTMP) exhibit robust Fos responses to copulation (A) and comparatively modest

responses to nonaggressive chemoinvestigation (B). Aggressive interactions produce no

increase in colocalization above the levels observed in nonaggressive males that

chemoinvestigated (note also that AVP-Fos colocalization in the BSTMP correlates with

measures of sexual behavior, but not aggression; see Tables 2 and 4). The data shown in

both panels are for the caudal portion of the cell group only; similar patterns were found

rostrally but were only significant in the copulation study (Table 1). Data are shown as

means± SEM and n’s per group are indicated in the bars. Different letters above the error

bars denote significant group differences (Fisher PLSD p<0.05 following significant

ANOVA).
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Fig. 5.
AVP-ir neurons of the AH, BSTMV, POA, caudal PVN, SON, and tuberal LH exhibit

response profiles that suggest a sensitivity to stressful or negative aspects of social

interaction. AVP-Fos colocalization in these areas is greater in subordinate animals relative

to dominant animals (A, B), positively correlated with bites received (C–G), or negatively

correlated with dominance index (bites given minus bites received; H–J). Data in panels A

and B are shown as means±SEM and n’s per group are indicated in the bars. Different letters

above the error bars denote significant group differences (Fisher PLSD p<0.05 following

significant ANOVA). Abbreviations as in Figs. 1 and 2. Additional data are provided in

Tables 3 and 4.
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Table 1

Fos responses of AVP-ir neurons to copulation in male mice.

Cell group % AVP-ir cells Fos-ir+(mean±SEM) t(1,14) P

Control Copulation

AC 13.5±4.2 19.6±4.1 −1.045 0.31

AH 40.6±4.0 44.5±5.7 −0.570 0.58

BSTMP, rostral 4.0±1.3 64.3±5.1 −11.488 <0.0001

BSTMP, caudal 9.2±1.5 66.2±10.1 −5.575 <0.0001

BSTMP, total 6.3±0.8 67.2±6.0 −10.112 <0.0001

BSTMV 28.4±5.8 44.2±7.1 −1.712 0.10

NC 35.6±6.1 26.1±4.2 1.276 0.22

POA 12.7±7.3 12.4±7.3 0.373 0.92

PVN, rostral 33.9±3.4 28.6±6.1 0.750 0.46

PVN, caudal 27.1±2.7 26.4±3.4 0.160 0.88

PVN, total 29.7±2.6 27.1±3.8 0.562 0.58

rSON 23.9±2.6 21.3±2.4 0.749 0.46

SCN 20.8±9.2 22.4±9.0 −1.557 0.74

SON 13.7±5.1 19.1±1.5 −2.328 0.03

Tuberal LH 22.3±1.8 26.9±4.1 −1.012 0.33
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