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Social behavior in mammalian species 

• Essential for survival and reproduction of all species 

• Complex behavior controlled by multiple genes and environmental factors 

• Controlled by simple sensory signals (e.g. pheromones) 

• Most striking categories of sexually dimorphic behaviors 

• Innate (genetically-predetermined) behaviors  



Sexually dimorphic social and sexual behaviors in rodents 
are all regulated by hormones 

Aggressive behavior 

Sexual behavior Maternal behavior 



Regulated by: 

 

- Gonadal hormones   

(testosterone, estradiol) 

- Neuropeptides  

(oxytocin) 

- Neurotransmitters  

(dopamine, serotonin) 

- Sensory signals  

(olfactory information) 

• Innate stereotypic behaviors that do not require prior learning 

• Controlled by genetically pre-programmed hard-wired circuits 

Mating behavior in male mice requires the activation of a complex 
set of behavioral displays 



? 

The influence of past environmental stimuli  
on male sexual preference 

Conditional sex-specific 
pheromonal aversion 

Associating female odor to  
a mild stomach ache /nausea 
  

Beny and Kimchi 2016, Gene Brain and Behav 



STIMULUS RESPONSE REINFORCMENT 

Discriminate 
Stimulus 

Response Reinforcing Stimulus 

 If your behavior is followed by a positive consequence, you are more likely to repeat 
the act in the future;  
 
If it is followed by a negative consequence, you are less likely to repeat it.  

FEEDBACK 

Classical conditioning 



LiCl injection 

Female or Male soiled bedding 



Method: working scheme 

Beny and Kimchi 2016, Gene Brain and Behav 



Female-specific negative conditioning impairs sexual preference 
 and motivation in WT males 

Beny and Kimchi 2016, Gene Brain and Behav 



Female-specific negative conditioning induces 
 social anxiety in males 

Beny and Kimchi 2016, Gene Brain and Behav 



Beny and Kimchi 2016, Gene Brain and Behav 



Decision–making process via the 

dopaminergic reward system? 

TrpC2-KO can discriminate between  

male and female olfactory stimuli 

(Beny et al 2016, Gene brain Behav) 

Mating behavior in male mouse requires the activation of a complex 
set of behavioral displays 





Measuring changes in dopamine (DA) and serotonin (5-HT) released  
in the NAc during social behavior in male mice 

Swivel 

Probe  
tubing 

Balance 
arms 

aCSF 

aCSF +  

DA & 5-HT 

Sampling the cerebrospinal fluid (CSF): 
 in vivo microdialysis system Quantification of DA and 5-HT in CSF samples: 

UPLC-MS/MS system 

DA 5-HT 



Shefer et al, 2017, Cell Reports 



Exploring the direct role of VTA-NAc dopaminergic pathway in  

mediating sexual preference using optogenetics 



Neuronal activation Neuronal inhibition 

Optogenetics: Genetic and viral tools to conditionally alter neuronal activity in 

distinct brain regions and neuronal populations  



Neuronal manipulation using Optogenetic  



Yizharar et al. 2011, Neuron 



Activation of aggressive behavior using optogenetics in the VMH 

Lin et al, 2011, Nature 



Optogenetic activation of VTA-NAc 

dopaminergic neurons 

Shefer et al, 2017, Cell Reports 



Optogenetic activation protocol 

Shefer et al, 2017, Cell Reports 



Olfactory preference 

Sexual behavior 

Shefer et al, 2017, Cell Reports 



summary 

Selective activation of dopaminergic neuronal 

projections in the NAc of TrpC2-/- males: 

 

 Restores the lost olfactory preference 

 Improves sexual behavior performance 

towards females 

 Had no effect on aggressive behavior 

towards male intruders 



Sexual dimorphism in behavior: Nature versus Nurture 



Sexual dimorphism in human behavior: Nature versus Nurture 



“Males Toys” “Females” Toys 
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Alexander and Hines, 2002, Evol Hum Behav 



- Genetic disease (CAH)Congenital Adrenal Hyperplasia  

Elevated exposure to testosterone during development 

Male-typical games 
Girl with CAH 

Healthy Girls 

Healthy Boys 

Boys with CAH 

Female-typical games 
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Pasterski et al 2005, Child Develop 



• The index fingers of most men are shorter than their ring fingers, and for most women they are 

the same length or longer.  

Male-typical ratio Female-typical ratio 

 Williams, T. J.  et al  (2000)  Nature 

• Right‐hand 2D:4D might be a better indicator of prenatal androgenisation than left‐hand 

2D:4D. 

Sex difference in digit ratio 2D:4D 

• 2D:4D ratios may provide a useful retrospective marker for early androgen exposure,  

making it possible to correlate such exposure with human behavior. 



Hampson et al 2008, Arch Sex Behav 



Masculinized Finger Length Patterns in Human Males and Females with 

Congenital Adrenal Hyperplasia 

Brown et al 2002, Horm and Behav 



Male-typical ratio Female-typical ratio 

 Williams, T. J.  et al  (2000)  Nature 

• Gay men and women tend to have reversed ratios.  



The boy who was raised as a girl  

Twins Bruce and Brian Reimer were born in 

Canada as two perfectly normal boys 

Bruce's penis was damaged  

During an unsuccessfully surgery for  

urinary problems 

Dr John Money was a psychologist  

specializing in sex changes 

Suggested the “ideal”  

sex change experiment 



At  the age of ~2 years old Bruce is castrated  

 and treated  with female sex hormones Bruce raised as Brenda 

The boy who was raised as a girl  

Suggested the “ideal”  

sex change treatment Dr Money genuinely believed that Bruce  

had a better chance of living a happy life 

 as a woman than as a man without a penis 



At the age of 15 Brenda switch again  

To a male named David 

At the age of 38 David committed 

suicide (2 years after his brother died  

from a drug overdose) 

http://youtube/MUTcwqR4Q4Y 

http://www.bbc.co.uk/news/health-11814300 

The boy who was raised as a girl  

David  got married but later  

became depressed 



♂ ♀ 
XY 

XX 

Estradiol &  

Progesterone 

Testosterone &  

Estradiol Organization 

Dimorphism of the brain: differentiation and activation 

- 

Bipotential gonad 

SRY gene 

+ 

Ovary Testis 

Estradiol &  

Progesterone 

Sex-specific behaviors 

Activation Testosterone &  

Estradiol 

Organization  

(permanent changes) 



How are sexually dimorphic reproductive behaviors  

encoded by the male and female brain?  

Dimorphic brain functions/structures Dimorphic social behaviors ?  



Parental care- evolutionary conserved behavior  



Sexual dimorphism in pup-directed behaviors 

Virgins 

parental aggression 

Parents 

parental 



Wu et al 2015; Nature 

Paternal care following cohabitation with females subsequent to mating 



Female 

Male 

AVPV 

AVPV 

Sexual dimorphism in tyrosine hydroxylase-positive neurons in the 
 Anteroventral Periventricular Nucleus (AVPV) 

TH 

TH TH= Tyrosine hydroxylase 



TH-expressing neurons in the AVPV can produce dopamine 



Sexually naïve female Male Mother 

TH TH 

More dopamine (TH+) secreting neurons in females 
than in males in the AVPV brain region 

Green = anti-TH ab 

TH= Tyrosine Hydroxylase 

AVPV= Anteroventral hypothalamic area 

Scott et al. 2015; Nature 



TH-overexpression 

Neuronal over-expression 

TH-ablation 

6-OHDA 

Neuronal ablation 

TH-ChR2 

Neuronal activation using 

light stimulation 

(optogenetic) 

Selective manipulations of TH+ AVPV neurons 
 in adult males and females 



In females, hypothalamic dopaminergic (TH+ AVPV) 
neurons promote maternal care 

Optogenetic  

activation 

Over-

expression 

Ablation 

♀ 
Crouching over the pups Pup retrieval back to the nest 



In females, TH+ AVPV neurons trigger  
oxytocin (OT) secretion 

Over-expression 

Optogenetic  

activation 

Ablation 

♀ 



TH+ AVPV neurons are not involved in the regulation of  
parental behavior in males 

Scott et al. 2015; Nature 



TH+ AVPV neurons are involved in suppression 
of conspecific aggressive behaviors 

Scott et al. 2015; Nature 



TH+ AVPV neurons are not involved in the regulation 
of oxytocin release in males 

Scott et al. 2015; Nature 



TH+ AVPV labeled fibers in close proximity to OT+ PVN neurons 

TH-IRES-CRE 

Scott et al. 2015; Nature 



Main findings 

• TH+ AVPV neurons are monosynaptically connected 
to OT+ PVN neurons and are involved in OT release 

•In males, TH+ AVPV neurons repress conspecific aggression 
and appear not to be required for the control of OT 
secretion or parental care 

• In females, TH+ AVPV neurons promote parental behavior and 
are involved in the regulation of OT secretion to the blood 
circulation 



Suggested model 

Hypothalamus 

The mechanisms underlying maternal behavior – 
Suggested model 



Old model 

♀ 

♂ ♂ 

New model 

♀ 



Neuronal coding of sex-specific social behaviors in mice models 

Examples: 

 

1. Aggressive behavior in the VMH 

2. Sex-specific pheromone cues in the AOB and MeA 

3. Sexual preference in the MeA 



Functional identification of an aggression locus  

in the mouse hypothalamus (VMH) 

Lin et al 2011, Nature 

Falkner and Lin 2014, Front Sys Neuros 

Immediate early gene (FOS) induction 

 during fighting and mating in the VMH 



Lin et al 2011, Nature 

Falkner and Lin 2014, Front Sys Neuros 

Cell responses in VMH during mating and fighting 

Male-male interactions 

Male-female interactions 



Activation of aggressive behavior using optogenetics in the VMH 

Lin et al 2011, Nature 



Anderson, 2012; Biol Psychiatry 



Anderson, 2012; Biol Psychiatry 



Neuronal coding of sex-specific social behaviors in mice models 

Examples: 

 

1. Aggressive behavior in the VMH 

2. Sex-specific pheromone cues in the AOB and MeA 

3. Sexual preference in the MeA 



Bergan et al 2014, eLife 

MeA sensory responses to VNO stimuli  

Electrical stimulus to artificially 

 activate the VNO pump 



Sexual dimorphism of adult MeA responses to chemosignals  

Bergan et al 2014, eLife 



Neuronal coding of sex-specific social behaviors in mice models 

Examples: 

 

1. Aggressive behavior in the VMH 

2. Sex-specific pheromone cues in the AOB and MeA 

3. Sexual preference in the MeA 



Imaging of neuronal ensemble activity in deep brain circuits 

Jennings and Stuber, 2014, Cur Biol 



A system for chronic imaging of neuronal ensemble activity in deep 

brain circuits of freely behaving mice  

Ziv et al, Nature Neuroscience  2013 



Imaging of Ca2+ dynamics in CA1 neurons of 

 freely behaving mice 

Ziv et al 2013, Nature Neurosci 



Neuronal representation of social information of awake behaving mice 

Li et al 2017, Cell 



Li et al 2017, Cell 

Examples of neurons responsive to one or multiple stimuli 



Female Male Pup Rat (predator) 

Li et al 2017, Cell 

Most neurons in the MeA responded to conspecific cues and only to one stimulus 



Allowing sexual experience 

No sexual experience 

Allowing sexual experience 

Li et al 2017, Cell 



Social discrimination between male and female cues in 

males is suppressed by oxytocin receptor antagonist 

V= Virgin 

C= Co-housed 

E= Experienced 

S= Saline 

O= OT-antagonist 

* Discrimination index=  

The distance (reparability)  

between each response class 

Li et al 2017, Cell 



Yao et al 2017, eLife 

Oxytocin signaling is required for sex discrimination in males 



DREADs (Pharmacogenetics) system to manipulate neuronal activity 

Transgenic mouse model expressing Cre  

in specific molecular defined neurons 



Yao et al 2017, eLife 

Oxytocin signaling in the PVN (and not SON) is required  

for sex discrimination in males 

Selective inhibition of neuronal activity of oxytocin expressing neurons (using DREADDs) in adult mice 



Yao et al 2017, eLife 

Oxytocin signaling in the MeA (and not BNST) is required  

for sex discrimination in males 

Method: Injection of an AAV expressing Cre to OT-R Floxed mice 



Remedios et al 2017, Nature 



Lab conditions 

(restricted/artificial) 

Natural/field  

Testing conditions:  

Animal model: 

Wild outbred mice 

Lab inbred mice 

(human selected for specific characteristics) 



Examples of classical methods for social behavior 



The tube assay: Testing dominance rank in pairwise interactions 



Wang et al 2011; Science 



Wang et al 2011; Science 

R4Ct= suppresses the transmission of neural signals 

GluR4 = increases the transmission of neural signals 







Shemesh et al 2013; eLife 
Kritzler et al 2006; Proc PTA 



Weissbrod et al. 2013, Nature Communications 



Automated characterization of social behaviors in a semi-natural environment  

Weissbrod et al. 2013, Nature Communications 

Multiple individual tracking 
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Large array of behavioral phenotyps 

Dyadic social interactions 

(chasing/being chased) 

Dominance hierarchy 

(group organization) 



Adapted from Yartsev, 2017, Science 





Recent mouse history 

   W.E. Castle         C.C. Little 

Fancy mouse breeding - Asia, Europe 

(last few centuries) 

 

 

 

Retired schoolteacher Abbie Lathrop 

collects and breeds these mice 

Granby, MA – 1900 

 

 

 

Castle, Little and  

others form most  

commonly used 

inbred strains 

from Lathrop stock 

(1908 on) 

Wild mice were first described by the Swedish biologist Carl Linnaeus in 1758 



The first inbred mouse strain, DBA, was created in 1909 



• Mammalian system - close to human 

(genetically, physiologically and morphologically) 

• Small and easy to handle  

• Easy to house and breed 

• Inexpensive 

• Can be genetically manipulated 

• There is a lot of biological knowledge (e.g. Jax lab database, Allen brain atlas) 
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Chalfin et al 2013; Nat Commun 
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Chalfin et al 2013; Nat Commun 



Novel model for studying the mechanisms underlying  
social behavior (aggression) in female mice 



Generating Wild-Background TRPC2 Mice 

Chalfin et al 2014; Nat Commun 

(TrpC2= gene essential for detection of pheromone signals) 



Wild-backcrossed females present behavioral traits similar 
 to that of wild-caught females 

Chalfin et al 2014; Nat Commun 
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Chalfin et al 2014; Nat Commun 


