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Abstract 

The dorsal raphe nucleus (DRN) has been implicated in the regulation of behavior following 

stressful events. Previous research indicates that social defeat activates serotonin (5-HT) neurons 

in select subregions of the DRN and that increased 5-HT activity in the DRN enhances the 

conditioned defeat response in Syrian hamsters (Mesocricetus auratus). Furthermore, research 

has shown that dominant hamsters exhibit less defensive and submissive behavior at conditioned 

defeat testing compared to subordinates and controls. The purpose of this study was to determine 

if social status alters neural activation the in the DRN during social defeat. We tested the 

hypotheses that following social defeat, dominant hamsters would show decreased c-Fos 

immunoreactivity compared to subordinates and controls and that neural activation in 

subordinates would be restricted to the rostral DRN. We found that 3, 5-minute aggressive 

encounters increased c-Fos expression in subordinates and social experience controls compared 

to dominants and handled, non-defeated controls.  Furthermore, the increased c-Fos expression 

in subordinates was restricted to the rostral and caudal regions of the ventral DRN. These results 

suggest that defeat-induced c-Fos immunoreactivity in select subregions of the DRN is status-

dependent. Our results support the hypothesis that dominants exhibit a blunted conditioned 

defeat response and a distinct pattern of neural activation in the DRN, which may contribute to 

resistance to conditioned defeat.  

 
1. Introduction 

 
A considerable variance in behavioral response exists among individuals that experience 

traumatic events. Only a portion of those who experience a traumatic event will go on to develop 

post-traumatic stress disorder (PTSD) and other stress-related mental illnesses (Yehuda, et al., 

2006). Resilience to stress in humans can be attributable to complex behavioral adaptation and 
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personality traits associated with extraversion, high self-esteem, assertiveness, internal locus of 

control (Agaibi & Wilson, 2005), cognitive flexibility, and positive coping styles (Yehuda et al., 

2006). In rodent models of stress, social status (Morrison et al., 2011), coping styles (Koolhass et 

al., 2010), and stressor controllability (Amat et al., 2005) can alter an individual’s stress response.  

Syrian hamsters are a solitary species that display territorial aggression. Reliable 

aggressiveness and the long-lasting effects of acute social defeat make this species ideal for 

studying the behavioral and neural correlates of social stress. Conditioned defeat is a model in 

Syrian hamsters in which an acute social defeat results in a loss of territorial aggression and an 

increase in submissive and defensive behavior in later non-aggressive social encounters. The 

conditioned defeat model has been used to examine the behavioral and neurobiological 

consequences of social stress (Huhman, 2006). This model has the benefit of utilizing social 

defeat, a type of social stressor more commonly experienced by humans than the physical 

stressors often used in other animal models. Research in our lab has shown that social status 

alters how individuals respond to social defeat such that dominants show a reduced conditioned 

defeat response compared to subordinates and controls (Morrison et al., 2011).  

Little is known about the neural substrates that underlie variability in how individuals 

respond to stressful stimuli. Serotonin (5-HT) is a key neurochemical that modulates aggressive 

behavior, coping style and behavioral responses to social stress. A majority of the 5-HT neurons 

innervating forebrain structures stems from the dorsal raphe nucleus (DRN).   The 5-HT system 

is implicated in the etiology of stress-related mental illnesses and effectual pharmacological 

treatments target 5-HT neurons. The selective serotonin reuptake inhibitors (SSRIs) are 

successful in treating affective and anxiety spectrum disorders (Vaswani et al., 2003) as well as 

reducing anxiety-like behavior on the elevated plus-maze (Drapier et al, 2007) and depressive-
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like behavior in the forced swimming test (Detke et al., 1995). SSRIs prevent the reuptake, and 

thus metabolism, of serotonin, and therefore produce a therapeutic mechanism of action by 

altering the 5-HT system. SSRI treatment also alters the expression of 5-HT receptors, including 

5-HT1A receptors (Roth, 1994). The 5-HT1A autoreceptor mediates inhibitory 

neurotransmission and receptor agonists have proven effective in relieving anxiety and 

depression (Schreiber & De Vry, 1993). Research using knockout mice shows that mice lacking 

the 5-HT1A receptor display enhanced anxiety and an increased response to stress (Parks et al., 

1998). Pharmacological activation of 5-HT1A receptors in the DRN has been found to reduce the 

behavioral effects of learned helplessness (Greenwood et al., 2003), fear-conditioning (Maier et 

al., 1995) and conditioned defeat (Cooper et al., 2008).  Our lab has previously shown that 

flesinoxan, a selective 5-HT1A agonist, reduces the amount of submissive/defensive behavior 

and that WAY 100635, a 5-HT1A antagonist, enhanced conditioned defeat when injected in the 

DRN prior to social defeat training (Cooper et al., 2008). These results support an overarching 

hypothesis that the activity of 5-HT cells in the DRN, regulated by 5-HT1A autoreceptors, is 

instrumental is the formation of conditioned defeat.  

 The DRN has topographically organized projections to the forebrain that are 

compartmentalized into the rostral and caudal subdivisions with ventral, dorsal and lateral 

subregions. In the rat, projections from the DRN to the amygdala originate in the mid-

rostrocaudal regions while those that project to the hippocampus stem from the caudal regions, 

with both areas of the brain heavily implicated in anxiety-related behavior (Imai et al., 1986). 

Previous research in our lab has shown that subordinate individuals display increased c-Fos 

expression and decreased 5-HT1A mRNA levels in the rostral portions of the ventral DRN, 

suggesting that 5-HT neurons are hyperactive following social defeat (Cooper et al., 2009).  
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The purpose of this study was to determine if social status alters neural activation in the DRN 

during social defeat in the male Syrian hamster. We hypothesized that dominant individuals 

would show decreased c-Fos immunoreactivity in the DRN compared to subordinates and 

controls. Also, we hypothesized that defeat-induced c-Fos expression in subordinates and 

controls would be restricted to the rostral DRN.  

 
2. Materials and Methods 
 
2.1 Subjects 
 
 Subjects were male Syrian hamsters (Mesocricetus auratus) obtained from our breeding 

colony that was originally derived from Charles River Laboratories (Wilmington, MA). Subjects 

were 8 weeks old and weighed 120-180 g at the start of the study. All subjects were individually 

housed one week prior to experimental manipulation. Older hamsters (> 6 months, > 190 g) that 

have been singly housed for a longer period of time and display reliable aggression when faced 

with intruders were used as resident aggressors for social defeat training. All animals were 

housed in polycarbonate cages (12 cm x 27 cm x 16 cm) with corncob bedding, cotton nesting 

materials, and wire mesh tops. Animals were housed in a temperature controlled colony room 

(21 ± 2° C) and kept on a 14:10 hr light:dark cycle with food and water available ad libitum. 

Cages were not changed for one week prior to dominant-subordinate encounters to allow 

individuals to scent mark their territory. Subjects were handled daily for one week prior to 

dominant-subordinate encounters to habituate them to the stress of human handling. All 

behavioral protocols were performed during the first three hours of the dark phase of their cycle. 

All procedures were approved by the University of Tennessee Institutional Animal Care and Use 

Committee and are in accordance with the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals.  
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2.2 Behavioral protocols 
 
2.2.1 Dominant-subordinate daily pairs 

 Subjects within each cohort were weight-matched and paired in daily social encounters 

for 14 days. Subjects were randomly assigned as a resident or intruder, and all social encounters 

occurred in the resident’s home cage. The encounter on day 1 was 10 minutes in duration while 

all subsequent encounters were 5 minutes. Our lab has previously shown that a 10-minute 

encounter on day 1 facilitates the formation of a dominance relationship and that 5-minute 

encounters on subsequent days are sufficient to maintain the dominance relationship while 

reducing the chance of wounding (Morrison et al., 2011). Dominant and subordinate subjects 

were distinguished by the direction of agonistic behavior within each dyad. The subjects used in 

the present study came from another project in our lab and therefore follow a dominant-

subordinate paradigm that allows time for surgery and recovery partway through the 14 days of 

daily pairs. After nine days of dominant-subordinate encounters, all subjects underwent 

stereotaxic surgery to inject the retrograde tracer Cholera toxin B into the basolateral amygdala 

(BLA). After one day of surgical recovery, dominant-subordinate encounters resumed and 

continued for five days (Fig. 1). Daily agonistic encounters were digitally recorded for later 

behavioral analysis. 

 
2.2.1 Social Defeat Training 
 
 Twenty-four hours after the last social encounter, all dominants (N=11), subordinates 

(N=11), and half of the controls (N=12; social experience controls) experienced social defeat 

training (Fig. 1.1). Social defeat consisted of subjects being placed into the home cages of three 

different resident aggressors for three separate 5-minute aggressive encounters, and subjects 
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received a 5-minute resting period in their home cage between each aggressive encounter. To 

correct for potential variation in the amount of aggression subjects received, we defined social 

defeat as starting at the resident’s first attack that was accompanied by submissive behavior in a 

subject. Half of the controls (N=10) experienced the no defeat control procedure (no defeat 

controls), which consisted of subjects being placed into the empty home cages of three different 

resident aggressors for three separate 5-minute exposures. We placed no defeat controls in dirty 

resident aggressor cages to control for handling and olfactory cues that may alter neural 

activation.  

 We digitally recorded all social defeat training sessions and quantified the behavior of 

resident aggressors and subjects using Noldus Observer software (Noldus Information 

Technology, Wageningen, Netherlands). We quantified the total duration of the following 

behaviors: submissive/defensive (flee, avoid, upright and side defensive postures, tail-up, stretch-

attend), aggressive (chase, attack including bite, upright and side offensive postures), 

nonagonistic social (sniff, approach), and nonsocial (locomotion, grooming, nesting, feeding). 

We also recorded the frequency of attacks, flees, and stretch-attend postures. A researcher blind 

to the experimental conditions of the subject and at least 90% reliable performed all behavioral 

scoring.  

 
2.3 c-Fos immunohistochemistry  

 Ninety minutes following the start of social defeat, animals were anesthetized with 4% 

isoflurane. Animals were then transcardially perfused with 100ml of 0.1 M PBS followed by 100 

ml of 4% paraformaldehyde solution. Brains were removed and soaked in 4% paraformaldehyde 

for 24 hours, followed by 0.1 M PBS + 30% sucrose solution for 48 hours, and then were stored 

in cryoprotectant, all at 4°C. A consecutive series of 30 µm coronal sections were cut submerged 
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in 0.1 M PBS on a vibrating microtome and collected in glass scintillation vials then stored as 

free floating sections in cryoprotectant at 4°C.  

 Tissue sections collected for the present study contained the DRN. The tissue was 

processed for immunohistochemisty using a primary antiserum directed against the c-Fos protein. 

All washes, rinses and incubations were performed at room temperature in plastic well plates 

gently shaken on an orbital shaker throughout immunostaining. Sections were rinsed five times 

with PBS + 0.2% Triton and then incubated for 20 minutes with 0.3% hydrogen peroxide 

followed by another five rinses in PBS + 2% Triton. Sections were then incubated in goat serum 

with PBS + 0.2% Triton for 25 minutes followed by 24 hours in rabbit anti-c-Fos polyclonal 

primary antibody (Santa Cruz Biotechnologies) at a final dilution of 1:10000 in PBS + 2% Triton. 

Sections were rinsed five times in PBS + 0.2% Triton, followed by 60 minutes in PBS + 0.2% 

Triton containing anti-rabbit IgG at a final dilution of 1:200. After staining with the biotylinated 

secondary antibody, sections were rinsed five times in PBS + 0.2% Triton followed by a 60 

minute incubation with an avidin-biotin complex reagent (Vectastain Elite ABC kit, Vector 

Laboratories). After rinsing with PBS + 0.2% Triton, sections were placed in a solution 

containing 3,3’-diaminobenzidene (DAB), hydrogen peroxide, and nickel dissolved in PBS for 

15 minutes. The peroxide reaction was stopped with a series of five rinses in PBS followed by 

five rinses in distilled water. The sections were mounted onto microscope slides, air-dried, 

dehydrated using a series of alcohols, cleared with citrosolv and coverslipped using DPX 

mountant (Sigma-Aldrich, St. Louis, MO). The tissue from all subjects was processed 

simultaneously to control for any extraneous variables.  

 Images of the DRN were captured at 10X magnification using an Olympus BX41 

microscope. The number of c-Fos immunopositive cells was determined using MCID Core 
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image analysis software (InterFocus Imaging, Cambridge, England). We quantified the number 

of c-Fos immunopositive cells in the ventral, dorsal and lateral regions of the rostral and caudal 

DRN. For each brain region, we recorded background immunoreactivity in unstained regions of 

each image. We then defined immunopositive cells as those that showed staining 1.3X darker 

than the specific background immunoreactivity calculated for each image. We used 1.3X 

background because it produced cell counts similar to manual quantification. Cell counts were 

limited to the area within defined boxes that were tailored to the size of each brain region (Fig. 2). 

A sample image of the ventral DRN shows the result of c-Fos immunostaining (Fig. 3).  

2.4 Data Analysis 

 Data from social defeat training were analyzed with a 1-way analysis of variance 

(ANOVA) with social status as a between-subjects factor and were performed by doctoral 

student Kathleen Morrison. For immunohistochemical data, we performed two separate analyses. 

Immunohistochemical data from defeated subjects were analyzed using a 1-way ANOVA with 

social status as a between-subjects factor. To investigate the effect of defeat on c-Fos 

immunoreactivity, the immunohistochemical data from control subjects were analyzed using an 

independent samples t-test (social experience controls vs. no defeat controls). Significant main 

effects found in the 1-way ANOVAs were followed by Tukey’s HSD post hoc analysis. All 

results were considered significant when the ! level was p " 0.05.  

3. Results  
 
3.1 Dominant-subordinate daily pairs 

 Dominance relationships were quickly formed and remained stable throughout the 

experiment. On average, a dominance relationship formed between a pair on day 1.4 (± 0.3). 

Subordinates showed an increased and consistent level of submissive/defensive behavior during 
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dominant-subordinate encounters compared to dominants, which never showed 

submissive/defensive behavior (Fig. 5a). Additionally, dominants reliably displayed aggressive 

behaviors while subordinates were never aggressive (Fig. 5b).  

  
3.2 Social defeat training 

 All subjects received equal treatment from the resident aggressors during social defeat 

training as there was no effect of social status on the total amount of aggression received from 

the resident aggressors; however, there was an effect of social status on the total amount of 

submissive and defensive behavior displayed by subjects during social defeat training (p = 

0.013) (Table 1). Subordinates displayed significantly more submissive and defensive behavior 

during social defeat training than did dominants (p = 0.009). Social experience controls 

displayed an intermediate amount of submissive and defensive behavior that was not 

significantly different from the amount displayed by either dominants or subordinates (p > 0.05).  

 Social status also had an effect on whether subjects counter attacked the resident 

aggressor during the first defeat. Dominant individuals were more likely to counter attack the 

resident aggressor (6 out of 11 dominants) than were subordinates (1 out of 11) (p < 0.025). 

Subordinates and social experience controls (2 out of 12) were equally as likely to counter attack 

the resident aggressor (p > 0.05). Although the difference was nearly significant, social 

experience controls and dominants did not differ in the number that counter attacked the resident 

aggressor (p = 0.056).  

 
3.3 c-Fos immunohistochemistry 
 

We did not find a main effect of social defeat in any of the DRN subregions. Although 

social experience controls had more c-Fos immunoreactive cells in the rostral ventral DRN than 
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did non-defeated, handled controls, the results did not reach statistical significance (p = 0.0114). 

Nevertheless, we found a significant effect of social status in key subregions of the DRN. 

Subordinate hamsters showed increased c-Fos immunoreactivity in the rostral ventral DRN 

compared to dominants (p = 0.002) and handled controls (p = 0.002) (Fig. 4a). Additionally, 

subordinates showed increased c-Fos immunoreactivity in the caudal ventral DRN compared to 

dominants (p = 0.024) and handled controls (p = 0.018). We did not find an effect of social status 

in rostral or caudal subregions of the dorsal DRN (Fig. 4b), although the differences were nearly 

significant in the rostral dorsal DRN (p = 0.055). Also, no significant differences were found in 

either the rostral or caudal regions of the lateral DRN (p > 0.05) (Fig. 4c).  

  
4. Discussion 

These results are consistent with previous research in our lab showing that dominant and 

subordinate hamsters differ in their susceptibility to conditioned defeat as well as in their pattern 

of defeat-induced neural activation. We found an effect of social status on the amount of 

submission produced during social defeat training in that subordinates displayed significantly 

more submissive and defensive behavior than did dominants. Additionally, social status did 

affect whether subjects counter attacked the resident aggressor during the first defeat. Dominant 

were more likely to counter attack the resident aggressor than were subordinates. Subordinates 

also showed significantly more c-Fos immunoreactivity than did dominants or no defeat controls 

in the rostral and caudal subdivisions of the ventral DRN. These results suggest that social status 

has an effect on social defeat-induced neural activation in select subregions of the DRN. The 

significant difference between subordinates and no defeat controls further supports the 

overarching hypothesis that subordinates are more sensitive to the effects of social defeat than 

dominants. 



! *"!

 Some of our findings differ from previous research in our lab. We expected that in 

addition to an effect of social status, there would be an effect of defeat, as seen previously 

(Cooper et al., 2009). Although the caudal and rostral subdivisions of the ventral DRN appeared 

to follow a trend for increased activation following social defeat, the differences between social 

experience controls and no defeat controls was not statistically significant. Furthermore, we have 

shown that defeat-induced neural activation was restricted to the rostral portions of the DRN 

(Cooper et al., 2009), whereas we found activation in  both the rostral and caudal regions of the 

DRN in the present study.  

 The topographic organization of the DRN implies functional differences among the 

subdivisions. Serotonergic neurons projecting to brain regions that regulate anxiety are 

concentrated in the mid-rostral, mid-caudal and caudal regions of the DRN (Abrams et al. 2005; 

Commons et al., 2003). Many of the efferents from the DRN innervate key brain regions 

implicated in the formation and display of conditioned defeat. The rostral DRN has projections 

to the amygdala and periaqueductal gray, which modulate emotional reactions and defensive 

behavior, respectively, while the caudal DRN has connections with the hippocampus, amygdala 

and locus coeruleus (Rizvi et al., 1991; Imai et al., 1986). Also, the ventral region of the DRN 

has the highest expression of 5-HT1A receptors (Hale & Lowry, 2010). Taking into account all 

of the research on the topographic organization of the DRN, research suggests that changes in the 

neuronal activity of small numbers of serotonergic neurons may have important implications for 

specific physiologic or behavioral responses. A projection region of particular interest is the 

basolateral amygdala (BLA), a critical neural structure underlying the formation of conditioned 

defeat. 

  Intra-BLA infusion of anisomycin blocks protein synthesis and impairs the acquisition of 
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conditioned defeat (Markham et al., 2010; Markham & Huhman, 2008) and conditioned freezing 

(Schafe & LeDoux, 2000). Injections of urocortin 1, a neuropeptide closely related to 

corticotropin-releasing factor (CRF), into the BLA induced anxiety-like behavior as well as 

increased c-Fos expression within serotonergic neurons in the rostral and mid-rostrocaudal parts 

of the ventral DRN in rats exposed to social interaction test but not home-cage controls (Spiga et 

al., 2006). Activation of serotonin-immunopositive cells in the caudal DRN has been shown in 

rats following uncontrollable stressors (Grahn et al., 1999). These results suggest that the 

basolateral amygdala and serotonergic neurons within the dorsal raphe nucleus could be 

implicated in anxiety- and depression-related behaviors.  It may be increased release of 5-HT in 

the BLA from specific subregions of the DRN that drives conditioned defeat behavior and the 

resistance associated with dominance may be due to less 5-HT release into the BLA. This 

possibility is supported by existing literature which shows that approximately 10% of 5-HT 

neurons in the DRN that give rise to axons in the amygdala are predominantly found in the 

ventromedial parts (Ma et al., 1991) and a majority of 5-HT1A receptors are located in the 

ventral DRN (Hale & Lowry, 2010).  This study suggests that many of the c-Fos positive cells in 

the ventral DRN of our study could have been serotonergic. Furthermore, retrograde tracer 

injections of cholera toxin b into the ventral and dorsal regions of the DRN resulted in labeled 

cells within the central nucleus of the amygdala (Peyron et al., 1997). Further research is 

necessary to verify that defeat-induced neural activation in the ventral DRN is in serotonergic 

cells that project to the BLA. 

 The study of the neural basis of resilience to stress is an important research topic in the 

field of behavioral neuroscience. Individuals differentially respond to social stress and social 

status has been shown to moderate stress-induced changes in behavior following social defeat. 
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Our results show that subordinate individuals have a heightened response to social defeat, which 

might lead to an elevated conditioned defeat response. These findings indicate that social status 

influences individual responses to stress. Understanding the neural circuitry of conditioned 

defeat will provide clues to potential pharmacological and therapeutic interventions for 

individuals suffering from stress-related psychopathologies.  
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Figure 1 A schematic representation of the experimental design. Dominants, subordinates, and 
controls received intra-BLA injection of the retrograde tracer CTB seven days prior to social 
defeat or no defeat. Control subjects were singly housed following CTB injection. Brains were 
removed 90 minutes following social defeat or no defeat (Morrison, 2012).  
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Figure 2 The diagram indicates the location of brain regions selected for c-Fos quantification.  
The diagram of the midrostral DRN was modified from the hamster atlas of Morin & Wood 
(Morin & Wood, 2001). The following regions are color-coated: ventral (yellow), dorsal 
(orange), and lateral (green). The box size used for quantification in the ventral caudal and 
rostral DRN was 250 µm x 300 µm. The box size used for quantification in the dorsal caudal, 
midcaudal, midrostral and rostral DRN as well as the ventral and lateral regions of the midrostral 
and midcaudal DRN was 500 µm x 300 µm.  
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Figure 3 A representative photomicrograph (10x magnification) of a coronal slice through the 
ventral DRN showing c-Fos in a subordinate individual. A c-Fos immunoreactive cell is 
indicated with an arrow.  
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Fig. 4 Number (mean ± SE) of c-Fos immunopositive cells in the rostral and caudal subdivisions 
of the a) ventral, b) dorsal and c) lateral DRN measured following social defeat training. SE 
indicates social experience controls and ND indicates no defeat controls. We found an effect of 
social status in the ventral DRN, and an asterisk (*) indicates a significant difference between 
bracketed bars (P < 0.05).  
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Figure 5 Agonistic behavior during daily encounters. Encounters were 10 min on day 1 and 5 
min on days 2-14. a) Duration (mean ± SEM) of submissive/defensive behavior displayed by 
subordinates (N = 11) and dominants (N = 11) during fourteen days of encounters. Dominants 
never displayed submissive/defensive behavior. b) Duration (mean ± SEM) of aggressive 
behavior displayed by dominants (N= 11) and subordinates (N = 11) during fourteen days of 
encounters, subordinates never displayed aggressive behavior. (Morrison, 2012).  
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Table 1 Total durations (mean ± SEM) of behavior during social defeat training. (Morrison 
2012).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


	Effect of social status on social defeat-induced neural activation in the dorsal raphe nucleus
	Recommended Citation

	Microsoft Word - CHP_Thesis_(2012).docx

