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Abstract 

 Dominant male rodents exhibit increased rates of neuron formation 

(neurogenesis) compared to subordinate rodents. Elevated testosterone levels lead to 

similar increases in neurogenesis. Because dominant rodents frequently exhibit elevated 

testosterone levels, individual differences in testosterone production may underlie 

dominance-related neurogenesis. However, other aspects of dominance hierarchies, such 

as stress, may also contribute to differences in neurogenesis. The current study aimed to 

determine the relative contribution of these hormonal and social factors to dominance-

related neurogenesis by dissociating them. In a 2x3 experimental design, mice were 

castrated and administered a high dose of testosterone (HT), a low dose (LT), or an oil 

vehicle (OIL). Mice were then housed individually or in 3 member groups (including a 

mouse from each dose condition) to establish dominance hierarchies. Levels of 

aggression, testosterone, corticosterone (a stress hormone), neurogenesis, and other 

exploratory measures were then assessed. The current study primarily found that (a) 

while HT mice exhibited the highest testosterone levels, LT and OIL mice showed no 

significant difference in this regard, (b) LT mice exhibited the most aggressive behavior, 

(c) OIL mice exhibited the highest levels of corticosterone and (d) neither differences in 

housing nor in testosterone doses caused differences in neurogenesis rates. Possible 

explanations for these and other exploratory findings are discussed. 
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Determining the Cause of Increased Neurogenesis in Dominant Rodents: Dissociating the 

Effects of Social Hierarchies and Testosterone 

 Aggression is a frequent component of social interaction and an enduring trend in 

the evolutionary process. Indeed, the viciousness that humans demonstrate in war, crime, 

and even competitive business arenas often resemble the feral behavior of some of the 

most primal organisms. The intriguingly basic nature of aggression, as well as its 

profound social ramifications, has spurred a vast body of research investigating its neural 

basis. While much of this research explores the neural origins of aggression, other studies 

have discovered instances of reversed causality – namely, when aggression might 

actively shape neural circuitry. In particular, some recent studies have focused on the 

influence of aggression on adult neurogenesis, or the creation of new neurons in the 

mature organism. As will be discussed, such neural changes may have important 

consequences, as reduced rates of neurogenesis have been implicated in impaired 

learning and memory as well as in mental disorders such as depression. Thus, 

understanding the extent to which aggression can affect neurological changes and 

identifying its proximal mechanisms has important implications for how aggression is 

conceptualized and treated.  

The History and Importance of Neurogenesis 

Until the late 19th century, neuroscientists predominantly thought that the 

mammalian central nervous system remained structurally constant after birth. While the 

conceptual paradigm allowed for slight axonal rearrangement and synaptic plasticity, 

researchers believed that no new neurons were added to the brain or spinal cord in 

adulthood (Gould & Gross, 2002). In the 1960’s and 1970’s, some studies pointed to the 
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emergence of new neuronal cells in the olfactory bulb, hippocampus and cerebral cortex 

of adult cats and rats (Kaplan & Hinds, 1977). Soon after, studies identified where many 

of these new neurons originated (Stanfield & Trice, 1988). The hippocampus contains the 

dentate gyrus, a region associated with memory, which includes a region of small 

neurons called the granule layer. Progenitor cells, or partially developed stem cells, reside 

within the granule layer of the dentate gyrus, and were found to mature into the new 

neurons observed. However, given the firm belief in structural constancy of the adult 

brain, and that acceptance of adult neurogenesis would overturn years of accepted theory, 

these contrary findings were met with dismissive criticism and largely ignored. 

Alternatively, neurogenesis discovered in other, non-mammalian vertebrate models – 

such as fish, reptiles and birds – were accepted more readily (Anderson & Waxman, 

1985). 

Several methodological advances in the 1990’s provided additional support for 

adult mammalian neurogenesis. Such advances included the introduction of the 

thymidine analog, 5-bromo-2-deoxyuridine (BrdU), an in vivo marker of proliferating 

cells (Seki & Arai, 1995). BrdU strongly resembles a component of DNA, and once 

administered, becomes incorporated into replicating DNA during the S phase of the cell 

cycle (the phase of cell division during which new DNA strands are constructed), thereby 

marking the new cells that contain it. After extracting the brain, researchers can conduct 

immunocytochemical assays (a method of labeling cells with antibodies), allowing them 

to visualize these marked cells, count them, and thus quantitatively measure the creation 

of new cells. Although reluctance to accept adult mammalian neurogenesis had been 

primarily due to conceptual stubbornness rather than flawed techniques (3H-thymidine 
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autoradiography was an earlier method, and remains a valid means of detecting new cells 

[see Nowakowski & Hayes, 2000]), the novel BrdU methodology, alongside 

improvements in confocal microscopy and other cell markers, provided sufficient 

evidence to overturn the structural constancy dogma. Using these new techniques, 

neurogenesis (particularly in the hippocampus) was soon after demonstrated and accepted 

in higher order primates (e.g., Gould, Tanapat, McEwen, Flugge & Fuchs, 1998) and 

humans (Eriksson et al., 1998). Since then, many other features of adult neurogenesis 

have been characterized: for example, olfactory bulb neurons have been found to 

originate in the subventricular zone (a region of brain tissue adjacent to the lateral 

ventricles; Luskin, 1993) and new neurons have been discovered in the white matter of 

the brain (Gould & Gross, 2002) and in the amygdala (Fowler, Freeman, Wang, 2003).  

Moreover, the process of neurogenesis has since been elucidated more fully (see 

Bruel-Jungerman, Rampon, Laroche, 2007). The development of new neurons begins 

with the proliferation of progenitor cells, or neural stem cells. This is the stage at which 

experimentally administered BrdU becomes incorporated into the new cell. The newborn 

neural precursor – produced alongside another neural stem cell that can continue 

proliferating – then undergoes differentiation, a process that establishes the cell’s 

neuronal features through both morphological and physiological changes (it should be 

noted that these neural precursors can also differentiate into glial cells, although such 

alternative fates will not be discussed here). Finally, the differentiated neuron becomes 

integrated into pre-existing neural circuitry by forming synapses with pre- and post-

synaptic cells. If the neuron fails to form synapses with post-synaptic cells or become 

activated by pre-synaptic cells, it dies from a lack of use. Thus, an “increase in 
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neurogenesis” may refer to multiple occurrences – an acceleration of progenitor 

proliferation, an improved survival rate of new neurons, or both – that ultimately result in 

the production of more new neurons. 

 It is important to consider whether these new neurons, added in adulthood, 

perform any notable function. After all, the rate of neurogenesis in the adult brain is fairly 

slow, and likely accounts for only a small portion of the brain’s total number of neurons. 

However, there is plenty of evidence to suggest that these new cells do in fact play an 

important role. Firstly, these new neurons appear to survive for a substantial amount of 

time – about 8 months in the rat dentate gyrus – suggesting that these neurons develop 

properties and functions similar to those of pre-existing neurons (Gould & Gross, 2002). 

Secondly, these newborn cells exhibit particularly strong connections, compared with 

pre-existing neurons, to their surrounding cells (Wang, Scott & Wojtowicz, 2000). More 

specifically, the new neurons engage in robust long term potentiation (LTP), a form of 

cellular learning that involves the strengthening of synapses following high frequency 

stimulation. Additionally, these strengthened connections cannot be inhibited by γ–

aminobutyric acid (GABA), a neurotransmitter that dampens the effects of LTP in pre-

existing neurons. Both the strength and inhibition-resistance of these new synapses 

suggest that newborn neurons are not only comparable to, but potentially better than, 

mature neurons in forming synaptic connections. Thirdly, it has been suggested that the 

large number of new synapses that can be formed from new neurons (in comparison to 

pre-existing neurons, which may continually reform only a portion of their synapses), 

may make these neurons more susceptible to environmental influences at the time of their 

addition (Gould & Gross, 2002). 
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 Importantly, these features of new neurons – their long-lasting nature, their 

stronger connections to surrounding neurons, and their increased opportunities for 

synaptic formations – appear to enhance the function of whichever brain structure they 

are added to. For example, factors that enhance neurogenesis in the hippocampus (a 

structure strongly implicated in learning and memory processes) have subsequently 

improved performance on learning tasks in mice (van Praag, Kempermann & Gage, 

1999). Moreover, the elimination of new neurons in the dentate gyrus has been associated 

with impairments in tasks that involve hippocampal functions (Shors, Miesegaes, Beylin, 

Zhao, Rydel & Gould, 2001). Thus, neurogenesis seems to have an important impact on 

cognitive processes. 

 Some researchers have even proposed that impairments in neurogenesis may 

contribute to the onset of mental disorders, such as depression. In support of this theory, 

Jacobs (2002) cites that factors shown to reduce neurogenesis (e.g., stress) have also been 

implicated as a cause of depression, that the hippocampi in those with depression appear 

smaller in volume, and that successful anti-depressive treatments (specifically, those that 

block the reuptake of serotonin) increase rates of neurogenesis in the dentate gyrus. 

Others add that the therapeutic time lag of serotonin reuptake inhibitors is approximately 

equal to the time required for these drugs to initiate neurogenesis, further supporting the 

role of neurogenesis in recovery from depression (Sahay & Hen, 2007). Given its role in 

cognitive functions and potentially even mental disorders, neurogenesis in the central 

nervous system is an important process to investigate. Although it occurs at a slow rate 

and is responsible for only a small portion of neurons, adult neurogenesis appears to have 

an important impact on macroscopic behavioral functions.  
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Influences on Neurogenesis: Environmental Complexity and Aggression 

 Currently, a growing body of research has investigated factors that enhance, 

dampen, and otherwise moderate rates of neurogenesis. Environmental influences have 

been particularly well characterized within this field of study. The effects of complex 

environments on neurogenesis were first considered after a researcher, Hebb, found 

memory improvement in the rats he brought home to his children as pets (Bruel-

Jungerman et al., 2007). This observation sparked an inquiry into how environmental 

factors – and specifically, which aspects of those factors – might contribute to 

neurogenesis.  

This line of research frequently makes use of an “enriched environment” 

paradigm, in which animals are housed in a complex, large environment containing a 

variety of interactive and constantly changed toys, usually including running wheels and 

tubing. Many studies have confirmed that such enriched environments, compared to 

standard laboratory housing, increases neurogenesis in the hippocampal dentate gyrus 

and enhances performance on memory tasks (e.g., Nilsson, Perfilieva, Johansson, Orwar, 

Eriksson, 1999). Such effects can even facilitate recovery from brain damage, as one 

study showed that enriched housing, compared to standard housing, improved motor 

performance in rats following induced cerebral insults (Johansson & Ohlsson, 1996). It 

appears that the mechanism of improving neurogenesis is a protective one: although the 

enriched environment does not alter the rate of progenitor proliferation, more newly 

generated cells survive (as compared to animals in standard conditions), thus increasing 

the cumulative number of neurons (Nilsson et al., 1999). Moreover, although the effects 

of the enriched environment are regionally specific to neurogenesis in the hippocampal 
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dentate gyrus, olfactory enrichment (i.e., variation in odor exposure) can increase 

neurogenesis in the olfactory bulb (Rochefort, Gheusi, Vincent, Lledo, 2002). This 

association between the type of environmental changes (spatial versus olfactory) and the 

areas of neurogenesis (hippocampus versus olfactory bulb, respectively) suggests that the 

location of neurogenesis may in part be determined by the relevant type of enrichment. 

Although the effects of environmental complexity on neurogenesis are robust and 

frequently replicated, it is difficult to parse exactly which attributes of the enriched 

environment paradigm cause neurogenesis. Some have suggested that the effects of 

exercise on the running wheels may account for this increase in neurogenesis, since 

voluntary running has been shown to protect new neurons (Kronenberg, Reuter, Steiner, 

Brandt, Jessberger, Yamaguchi, et al., 2003). Others have suggested that, due to the 

increased number of animals housed together in an enriched environment, a greater 

complexity in social relationships may lead to this neurogenesis increase. However, 

studies have found that social housing alone cannot account for the neural effects of the 

enriched environment (Rosenzweig, Bennett, Hebert, Morimoto, 1978). Many 

researchers have ultimately concluded that several factors within the enriched 

environment likely work in tandem to exert an overall effect on neurogenesis. 

 In the process of teasing apart features of the enriched environment, particular 

behavioral phenomenon have been isolated and examined for their impact on 

neurogenesis. Recently, researchers have investigated the potential influences of 

aggression and dominance hierarchies. In 2004, Kozorovitskiy and Gould measured 

differences in neurogenesis between dominant and subordinate male rats. They found that 

dominant rats exhibited significantly enhanced neurogenesis in the hippocampal dentate 
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gyrus compared to subordinate or individually housed control rats. More specifically, 

while dominant, subordinate, and control males all shared equal rates of dentate gyrus 

progenitor division, dominant males exhibited enhanced cell survival, thus demonstrating 

a protective effect similar to that of the enriched environment. Interestingly, however, 

this dominance-related neurogenesis persisted independently of environmental 

enrichment; dominant rats showed enhanced neurogenesis regardless of whether the 

group was housed in enriched or standard conditions. This observation has important 

implications, as it eliminates the possibility that dominance hierarchies merely moderate 

or adjust an effect established by enriched environments. Rather, this finding suggests 

that an animal’s dominance status can have a robust, independent effect on neurogenesis. 

 The finding that neurogenesis rates covary with dominance status leaves open 

several interesting avenues for research. In particular, exactly which aspects of 

dominance hierarchies cause the observed differences in neurogenesis remains 

unidentified. Dominance status is characterized by a variety of factors, including gonadal 

hormones, aggression and stress levels, and any one or several of these features might 

account for the observed alterations in neurogenesis rates. This question will be explored 

first by providing a more comprehensive and thorough characterization of dominance 

hierarchies, and then by examining elements of these hierarchies that could potentially 

account for the differences in neurogenesis. 

Aggression and Dominance Hierarchies 

Aggression, generally speaking, has been defined as “a response that delivers 

noxious stimuli to another person” (Simpson, 2001, p. 32). Because non-human animals 

are widely considered simpler both behaviorally and biologically, and because 
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researchers can more easily control their environments and manipulations in an 

experimental setting, animals such as rats and mice have often served as models for 

aggressive behavior. The body of literature on aggression in the animal model is vast, and 

has been divided into several categories, including predatory, intermale, fear-induced, 

irritable, territorial, maternal and instrumental. The distinctions between these types are 

not always clear, and often a full understanding of any given form requires a 

consideration of the others. However, given that dominance hierarchies primarily involve 

intermale aggression, and that dominance hierarchies have been found to influence the 

topic of interest – neurogenesis – intermale aggression in particular will be the primary 

focus of this investigation. It should also be noted that much research has explored the 

possibility of dominance hierarchies in females, as well as sex differences in triggers of 

aggression (Albert, Jonik &Walsh, 1992). However, since dominance hierarchies are 

better characterized in males and dominance-related neurogenesis has been found 

specifically in males, only male aggression will be considered. 

Many different species experience conspecifics as a threat at some point in their 

life cycle, a phenomenon most distinctly characterized in males (Blanchard, Sakai, 

McEwen, Weiss, Blanchard, 1993). For mammals such as mice that primarily live in 

stable social groups, aggression between group members can become a prominent and 

enduring aspect of the individual animal’s life, particularly in how it shapes dominance 

hierarchies. Researchers have speculated that the evolutionary function of dominance 

hierarchies is to minimize the overall amount of fighting, and thus reduce unnecessary 

energy expenditure (Haemisch, Voss & Gartner, 1994). If positions within hierarchies are 

established and respected, individuals are no longer required to continually fight against 
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other members for mates and resources. However, the formation of hierarchical 

organizations, though more structured, inevitably results in an unequal distribution of 

such benefits, especially since hierarchies generally establish a single dominant male and 

several subordinate males (Beeman, 1947; Haemisch et al., 1994). Indeed, such dominant 

males, although fewer in number, account for a disproportionately large share of sexual 

activity and food consumption (Blanchard et al., 1993). 

Dominance among individuals is often characterized in terms of antagonistic, 

aggressive behaviors, where dominant members exhibit offensive attacks and subordinate 

members assume defensive postures. Offensive behaviors often follow a certain sequence 

of events that has been characterized in both rats (Blanchard et al., 1993) as well as mice 

(Haemisch et al., 1994): the male approaches the opponent, engages in anogenital 

sniffing, and attacks the back of the opponent. This final attack can manifest itself as 

lateral attack (i.e. the aggressor approaches from a parallel stance and lunges sideways 

towards the opponent), as standing on top of the opponent, or as chasing, and usually 

involves biting the opponent or pulling out his hair (Blanchard, Dulloog, Markham, 

Nishimura, Compton, Jun, et al., 2001). Subordinate animals exhibit defensive behaviors, 

which include fleeing, freezing, assuming an upright boxing posture, lying on the back 

and occasionally defensively biting the offensive conspecific (Blanchard et al., 1993). 

These antagonistic behaviors tend to occur in distinct bouts (i.e., short, contained time 

periods) rather than continuously over long stretches of time (Blanchard et al., 2001).  

Oftentimes, studies make further subdivisions between subordinate mice. For 

example, some studies differentiate between subdominate active subordinate animals 

(males that attack other members without being the dominant male) and subdominate 
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passive subordinate animals (males that never perform a single aggressive attack; 

Haemisch et al., 1994), while others distinguish between interactive defensive behavior 

(e.g., assuming an upright posture) and fleeing defensive behavior (Mitra, Sundlass, 

Parker, Schatzberg & Lyons, 2006). 

While overt behaviors such as those outlined above often form the basis for 

assessing dominance hierarchy positions, other behaviors have served as indirect 

measures of dominance status. For example, researchers frequently utilize a “resident-

intruder paradigm,” in which individual mice within a hierarchy are introduced to a 

young stranger mouse (the intruder), and the latency of the experimental mouse (the 

resident) to attack the intruder is measured (e.g., Sgoifo, De Boer, Haller & Koolhaas, 

1996). This paradigm, quantified by attack latency, is thought to measure the rodent’s 

level of aggression, and has been suggested to correlate with one’s position in a 

dominance hierarchy (whereby a shorter attack latency indicates more aggression and 

thus a more dominant status). Other measures of dominance status include general attack 

frequencies (Haemisch et al., 1994), wound counts, weight loss, time spent on the 

exposed surface of an environment (an indication of dominance; Blanchard et al., 1993; 

Blanchard et al., 2001), the burying of a probe (an indication of aggressive behavior; 

Sgoifo et al., 1996), and the biting of an inanimate object (found to be associated with 

pair fighting; Wagner, Beuving & Hutchinson, 1979). Thus, a multitude of tests have 

been developed to comprehensively and accurately operationalize the nature of social 

dominance hierarchies. 

Such measurements of aggression must account for certain temporal patterns in 

the formation of dominance hierarchies, which remain relatively consistent across species. 
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Upon initial housing, the males in a group enter a tumultuous period in which the 

hierarchy is established, a time characterized by a greater degree of fighting 

(Kozorovitskiy & Gould, 2004) as well as stress in soon-to-be subordinate males 

(Haemisch et al., 1994). Different studies have allowed anywhere from 3 days in rats 

(Kozorovitskiy & Gould, 2004) to a week in mice (Haemisch et al., 1994) for this period 

of fighting to subside and the hierarchy to be established. The hierarchies that result can 

range in permanence from 1 or 2 days to several months (Beeman, 1947). 

Even once established, social dominance hierarchies do not exist in a vacuum, but 

rather within various environmental contexts, which themselves appear to interact with 

how those hierarchies form. In 1994, Haemisch and colleagues showed that, in enriched 

environments, dominance hierarchies lose stability and all mice exhibit increased 

aggression in the resident-intruder paradigm, as compared to those in standard housing 

conditions. To explain these findings, the researchers propose that a male group’s type of 

social organization depends upon population densities: at higher densities (e.g., standard 

housing), mice assume dominance hierarchies, while at lower densities (e.g., larger 

enriched environments), mice form territories. They speculate that stringent hierarchies 

may be less important in a territorial structure within a larger living environment, perhaps 

because abundant spatial resources no longer require organized allocation. Thus, under 

this theory, the overall increase in aggression towards an intruder might reflect greater 

territorial aggression. While the finding that dominance hierarchies lose stability in larger 

spaces might suggest that dominance hierarchies are only relevant to laboratory-induced 

housing conditions (i.e., have low external validity), other studies do find the persistence 

of hierarchies in more naturalistic settings, such as on large highway islands (Zielinski & 
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Vanderbergh, 1993). Thus, the effects of environmental size on hierarchies are not yet 

entirely clear. 

 Now that dominance hierarchies have been more precisely characterized, Gould 

and Kozorovitskiy’s 2004 findings – that dominant rats exhibit enhanced neurogenesis – 

can be more aptly considered. One possible explanation for their results is that elements 

that determine dominance have an impact on neurogenesis as well. For example, given 

that dominance hierarchies are predominantly defined in terms of aggression, a factor that 

enhances aggression might additionally enhance neurogenesis. Should this be true, an 

animal’s status in a social hierarchy would only constitute a consequence of a more 

critical preceding variable, which itself accounts for the difference in neurogenesis. 

Alternatively, it is possible that an animal’s dominance status – which pervades many 

aspects of its life – might have systematic effects that are responsible for neurogenesis 

differences, or in other words, that mediate the relationship between dominance and 

neurogenesis. These possibilities will be considered by exploring various factors – 

particularly testosterone and stress – that either cause, are caused by, or otherwise covary 

with dominance status, and then by determining how these factors might account for 

dominance-related neurogenesis. 

The Role of Testosterone in Aggression 

Research has suggested that testosterone, a steroid hormone in the androgen group 

that is produced primarily in the testes, may determine dominance hierarchy formation. 

As mentioned earlier, general aggression has been categorized into several different types, 

many of which – such as predatory aggression – seem to function independently of 

androgens (Simpson, 2001). However, testosterone has been strongly implicated in 
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intermale aggression in particular, as well as in its individual differences. For example, 

subordinate male rats exhibit robustly reduced levels of testosterone, as well as reduced 

testes weight, in comparison to dominant rats (Blanchard et al., 1993). Additionally, in 

classic castration-replacement studies, castrated mice show reduced aggression, while 

treatment with supplemental testosterone – either by daily injections or implanted 

testosterone propionate – reinstates aggressive behavior (Beeman, 1947; Edwards, 1969). 

Moreover, it appears that dominance hierarchies form in a testosterone level-dependent 

manner, such that individuals with higher basal levels achieve a greater dominance status 

(Zielinski & Vandenbergh, 1993). These testosterone-dependent effects on aggression 

may not even be limited to conspecific or live opponents; castration has been shown to 

reduce the frequency with which male mice bit a lever, while daily injections of 

testosterone restored biting levels (Wagner et al., 1979). Such findings indicate that 

testosterone plays a necessary and largely sufficient role in intermale aggression – and 

perhaps aggression more generally – as well as in the associated hierarchies. 

Physiological levels of testosterone do not seem to cause indiscriminate 

aggressive acts; rather, they allow animals to distinguish between conspecifics and 

environmental contexts, and engage in aggressive actions accordingly. Breur, McGinnis, 

Lumia and Possidente (2001) showed that testosterone causes rats to attack hormonally 

intact conspecifics over castrated conspecifics, suggesting that testosterone enables the 

rat to distinguish between threatening and non-threatening stimuli before choosing to 

attack. Moreover, testosterone stimulates increased aggression in the rat’s home cage as 

opposed to a neutral cage, indicating that the effects of testosterone are sensitive to 

environmental, and perhaps territorial, circumstances. However, prolonged exposure to 
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high levels of testosterone can cause rats to attack an opponent in the opponent’s cage, 

whereas normally intact rats do not. Overall, these results suggest that testosterone may 

be related to the sensitivity of response towards provocation – moderated both by 

perceived threat and environmental context – which at baseline levels amounts to 

predominantly defending one’s own territory. 

Although these observations constitute one explanation for how testosterone 

exerts its effects on dominance hierarchies, other theories have been proposed. For 

example, the finding that testosterone increases one’s threshold for pain (Pednekar & 

Mulgaonker, 1995), has led researchers to suggest that subordinate animals with lower 

testosterone – and thus a lower threshold for pain – might avoid aggressive confrontation 

since noxious attacks are perceived as more aversive. In fact, a study of rhesus monkeys 

showed that conditioning hierarchy members to feel pain (via electric shocks) in the 

presence of a subordinate monkey raised the dominance status of that monkey (Miller, 

Murphy & Mirsky, 1955). This illustrates that the perception of pain plays a significant 

role in establishing dominance hierarchies, whereby the association of pain with another 

male reinforces the dominance of that male. Thus, inhibited pain due to high testosterone 

levels may likewise play an important role in establishing dominant status. 

Elsewhere, it has been suggested that testosterone lowers the threshold of the 

brain system involved in aggression, allowing aggressive behavior to be triggered in 

response to a lower-intensity stimulus (Moyer, 1976). Thus, in a prediction similar to that 

of Breur and colleagues (2001), dominant males with higher testosterone levels will be 

more easily provoked than subordinate males. Given that researchers have proposed 

numerous psychological modes by which testosterone could influence aggression – from 
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altered perceptions of stimuli to modified responsiveness patterns – a brief review of its 

biological mechanisms may help specify how testosterone influences aggression. 

Research has had a moderate degree of success in elucidating these mechanisms, 

although much remains left to speculation. Although many theories hold that testosterone 

itself stimulates aggression (either by genomic or non-genomic means; Simpson, 2001), it 

has also been proposed that testosterone serves as a precursor to other hormones, which 

themselves more directly cause aggression. In fact, some evidence supports the roles of 

testosterone metabolites – 5-alpha-dihydrotestosterone (5α-DHT or DHT) and estradiol – 

in stimulating aggression independently of testosterone per se (Schlinger & Callard, 

1989; Simpson, 2001). Yet others have suggested a pheromonally-mediated mechanism 

of testosterone, whereby its metabolites present in urine act as a deterrent to subordinate 

males, and in part reinforce dominance hierarchies (Sawyer, 1980). Concerning which 

brain areas mediate the effects of testosterone, evidence has implicated the hypothalamus 

(Bermond, Mos, Meelis, van der Poel & Kruk, 1982; Schlinger & Callard, 1989), 

preoptic area and septum (Owen, Peters & Bronson, 1974) as neural structures critical for 

aggression. 

Beyond eliciting aggression by activating the relevant brain areas, testosterone 

likely in part shapes the neural circuitry necessary for aggression. Only male mice 

castrated after about six days following birth will, in adulthood, respond to androgen 

treatment with aggression; castrations prior to six days prevent this later responsiveness 

(Peters, Bronson & Whitsett, 1972). These observations suggest that testosterone, during 

the neonatal time period, plays a critical role in structuring the brain circuitry necessary 

for androgen-dependent aggression in adulthood. Specifically, it appears that testosterone 
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exerts these organizational effects by stimulating cell growth, branching and 

differentiation in the brain areas associated with aggression, such as the hypothalamus 

(Naftolin, Garcia-Segura, Keefe, Leranth, Maclusky & Brawer, 1990). Thus, the effects 

of testosterone on aggression are widespread; not only does testosterone function to 

activate aggressive behavior in a variety of potential ways (e.g., through metabolites, 

urine, pain thresholds, etc.), but it also in part shapes the very neural circuitry that 

underlies those aggressive behaviors. 

Testosterone as a Potential Cause of Dominance-Related Neurogenesis 

In light of the evidence previously discussed, it appears that testosterone plays a 

major role in dictating individual differences in aggression, and thus the dominance 

hierarchies that arise from such differences. Given that dominant animals exhibit 

enhanced neurogenesis in comparison to subordinate animals, and that levels of 

testosterone covary with dominance status, it is feasible that testosterone could directly 

promote neurogenesis as well. In this case, dominance status would only incidentally 

accompany neurogenesis enhancement, rather than play a causal role. Kozorovitskiy and 

Gould (2004) themselves consider this possibility, and in fact, much research supports 

this direct causal connection between testosterone and neurogenesis.  

In 2007, Spritzer and Galea showed that castrated rats exhibit a significant decrease in 

neuron survival – without affected progenitor proliferation – in the dentate gyrus, while 

higher daily doses of replacement testosterone (0.5 and 1.0 mg/kg), but not lower doses (0.25 

mg/kg), caused significant increases in neurogenesis. This apparent neuroprotective effect of 

testosterone (i.e., its ability to improve cell survival without altering progenitor division 

rates) has been replicated in various other species, such as male meadow voles (Ormerod & 
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Galea, 2003) and birds (Absil, Pinxten, Balthazart & Eens, 2003). Moreover, this 

neuroprotective role of androgens may extend to protection from brain injury; among 

castrated male rats, androgen treatment significantly reduced neuron loss after kainite lesions 

(Ramsden, Shin & Pike, 2003). Such observations are consistent with the mechanism of 

neurogenesis enhancement that Kozorovitskiy and Gould (2004) found in dominance 

hierarchies, whereby dominant rats exhibited similar increases in cell survival without altered 

progenitor proliferation. The strong resemblance between the mechanisms by which 

testosterone and dominance influence neurogenesis suggests that testosterone might account 

for the dominance-related neurogenesis. 

Analogous to evidence that testosterone must be converted to DHT or estradiol 

before exerting its effects on aggression (Simpson, 2001), testosterone might require 

similar conversions before exerting its effects on neurogenesis. DHT (Spritzer & Galea, 

2007) and estradiol (Galea, 2008) have both been shown to have the same effect as 

testosterone, in that they enhance cell survival but not progenitor proliferation in rats, and 

thus may act as mediators between testosterone and neurogenesis. Estradiol can enhance 

progenitor proliferation and decrease cell death in the rat’s hippocampal dentate gyrus 

when administered repeatedly (Barker & Galea, 2008) and has been indicated to mediate 

testosterone-induced neurogenesis in the amygdala of voles (Fowler et al., 2003). 

However, some studies have yielded conflicting results regarding estradiol, finding it to 

have no significant influence on hippocampal neurogenesis in rats (Spritzer & Galea, 

2007) or mice (Lagace, Fischer & Eisch, 2007). Thus, hereafter, the effects of 

testosterone and DHT will be primarily discussed.  
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The mechanism by which testosterone and DHT exert their effects on neuron survival 

remains fairly obscure. Androgen receptors have been discovered in the CA1 sub-region of 

the hippocampus (Kerr, Allore, Beck & Handa, 1995), as well as in the dentate gyrus of male 

rats (Brannvall, Bogdanovic, Korhonen & Linhlom, 2005). It is possible that androgens – 

such as testosterone or DHT – bind directly to these receptors to have their protective effects, 

and like many steroid hormones, act as transcription factors to influence the expression of 

genes involved in cell survival (Charalampopoulos, Remboutsika, Margioris & Gravanis, 

2008). However, this theory has yet to be tested. 

Another possibility is that androgens act through indirect mechanisms to exert their 

neuroprotective effects. For example, within a bird model, testosterone increases levels of 

vascular endothelial growth factor, which leads to the enhanced proliferation of capillaries 

(i.e., angiogenesis; Louissaint, Jr., Rao, Leventhal & Goldman, 2002). The increased number 

of capillaries causes a more rapid synthesis of brain-derived neurotrophic factor (BDNF), a 

protein that has neuroprotective effects. Thus, researchers have suggested that testosterone 

may function through angiogenesis, and the increase in BDNF secretion that results, to 

enhance the survival of new neurons. Although the applicability of this mechanism to other 

species is unclear, male rats have in fact exhibited higher levels of BDNF within the dentate 

gyrus compared to females, suggesting that androgens may play a role in angiogenesis-

mediated neurogenesis (Franklin & Perrot-Sinal, 2006). 

Ultimately, there is plenty of evidence that testosterone can cause neurogenesis. 

Taken in conjunction with findings that testosterone can increase aggression and thus 

dominance status, it seems feasible that individual differences in basal testosterone levels can 

account for both dominance hierarchies and dominance-related neurogenesis, thus explaining 
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Kozorovitskiy and Gould’s  2004 results. Under this theory, the dominance hierarchies 

themselves would have no bearing on this difference in neurogenesis. However, this may not 

be the case, and no study has confirmed that testosterone alone entirely accounts for the 

enhanced neurogenesis in dominant animals.  

In fact, a careful examination of the studies that suggest this theory – such as 

Kozorovitskiy and Gould’s 2004 study and Spritzer and Galea’s 2007 study – reveals subtle 

nuances that discourage such an interpretation. Regarding Kozorovitskiy and Gould’s study, 

if individual testosterone levels were solely responsible for enhancing neurogenesis, then the 

individually housed controls should exhibit a larger degree of variance in neurogenesis (due 

to a natural range of individual basal testosterone levels) as compared to dominant rats that 

were grouped together and presumably shared similarly high testosterone levels. However, 

although the authors do not report their standard deviations, the error bars on the “number of 

BrdU labeled cells in the dentate gyrus” measure in the control condition – as compared to 

dominant and subordinate rats in the social conditions – fail to exhibit this broader variation. 

This suggests that some other factor, specific to dominance in a social setting, might play a 

role in stimulating neurogenesis. 

Another subtle indicator that testosterone may not be the sole contributor to 

dominance-related neurogenesis comes from a comparison between Kozorovitskiy and 

Gould’s 2004 study and Spritzer and Galea’s 2007 study. Spritzer and Galea housed castrated 

rats individually, thus preventing the formation of social dominance hierarchies. They then 

administered testosterone – in three different doses, depending on condition – on a daily 

basis to the rats, and then measured neurogenesis in the dentate gyrus. The rats given the 

highest dose of testosterone – 1 mg/0.1 mL – showed the greatest amount of neurogenesis: on 
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average about 4000 new BrdU-labeled cells. Alternatively, dominant rats in Kozorovitskiy 

and Gould’s study, given the same dose of BrdU (200 mg/kg), produced over 5000 new 

BrdU-labeled cells upon perfusion. This observed discrepancy indicates that, although 

testosterone was sufficient to increase neurogenesis rates above those in castrated, 

individually housed rats, some aspect of the social setting allowed in Kozorovitskiy and 

Gould’s study enabled an even greater increase in neurogenesis. It is certainly possible – 

given that these were two separate studies performed by entirely different sets of researchers 

– that some more trivial, methodological difference caused this discrepancy. However, it is 

also feasible that a factor dependent upon the existence of social dominance hierarchies 

accounted for some aspect of dominance-related neurogenesis. In fact, there are several 

dimensions apart from testosterone that systematically differ between dominant and 

subordinate animals, many of which could contribute to neurogenesis differences. 

Stress Levels in Dominance Hierarchies 

 One such dimension that has been particularly well studied among members of a 

dominance hierarchy is stress. Stress has been roughly defined as “a reaction to various real 

or perceived stimuli that threaten to disrupt the homeostatic state of the organism” 

(Tsatsoulis & Fountoulakis, 2006, p.197), and is primarily associated with the hypothalamic-

pituitary-adrenal (HPA) axis and the sympathetic nervous system (SNS). Activation of the 

HPA axis and SNS, among other things, results in the secretion of glucocorticoids 

(specifically, cortisol in humans and corticosterone in rodents such as rats and mice) and 

catecholamines (e.g., epinephrine and norepinephrine), respectively. These neuroendocrine 

responses to stress mobilize energy from stored sources (e.g., adipose tissue and hepatic 
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glycogen stores) that ultimately facilitate muscular, respiratory and brain activity associated 

with the “fight or flight” response.  

 Given that dominance hierarchies fundamentally involve the perception of 

conspecifics as aggressive threats, stress has been considered an important element in 

aggression research. In fact, instances of intermale aggression may be especially stressful, as 

social stressors induce the release of more corticosterone in rats than do other artificial 

stressors, such as shock prods (Sgoifo et al., 1996). However, exactly how stress fits into the 

dominance hierarchy – whether it differs between dominant and subordinate animals, or if it 

plays a role in establishing hierarchies – has been contested, and empirical findings have 

often conflicted.  

Some research has found no significant correlation between corticosterone levels in 

response to stressors (social or otherwise) and aggression in rats (Sgoifo et al., 1996). 

Accordingly, Kozorovitskiy and Gould (2004) found that dominant and subordinate Sprague 

Dawley rats exhibit similar basal corticosterone levels, quickness of recovery from stressors 

(an indicator of HPA axis negative feedback efficiency), as well as thymus and adrenal gland 

weights (an indicator of anatomical morphology in structures that produce stress hormones). 

These findings suggest that stress may not play a significant role, as either a cause or effect, 

in dominance hierarchies. Given the proposed function of dominance hierarchies – to 

minimize fighting between males – such evidence seems plausible; with resources stringently 

allocated and dominance statuses established, rodents may not feel anxiety towards being 

attacked. 

Other research, however, has indicated that subordination may be associated with 

greater stress levels. Blanchard and colleagues (1993) found that subordinate Long-Evans 
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rats showed prolonged and dramatic increases in basal plasma corticosterone over 

dominant rats or individually housed controls. Interestingly, half of the subordinate rats in 

this study failed to exhibit an increase of corticosterone in response to restraint stressors, 

suggesting a profound effect of subordination on future stress responses. Increased 

glucocorticoid levels in subordinate as opposed to dominant animals have also been 

observed in mice (Louch & Higginbotham, 1967) and tree shrews (van Holst, 1972). 

Moreover, there is reason to believe that subordinate stress is the effect, and not the cause, 

of subordination; studies have found that social defeat increases heart rate and plasma 

corticosterone levels in rats (Schuurman, 1980). Although contrary to evidence of 

comparable stress levels between dominant and subordinate animals, the findings that 

subordinate animals exhibit greater stress levels can also be feasibly explained: it is easy 

to imagine that the constant threat of attack from an aggressive, dominant male might 

produce a stress response in subordinate animals. 

Adding to conflicting evidence in support of both comparable and greater stress 

levels in subordinate relative to dominant animals, some research has even found that 

dominant animals demonstrate greater stress levels than subordinate animals under 

certain circumstances. As previously discussed, male social organization often depends 

upon the type of environment: in larger enriched environments, dominance hierarchies 

lose stability as males transition into more territorial social structures (Haemisch et al., 

1994). These environmentally-dependent changes are accompanied by alterations in 

stress levels. For one, mice housed in enriched environments – both dominant and 

subordinate – show greater corticosterone levels than those in standard cages. Moreover, 

in such environments, dominant males exhibit significantly elevated corticosterone levels 
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with respect to dominant males housed in standard conditions and subordinate males in 

both housing conditions. This finding may indicate the dominant animal’s anxiety in 

maintaining dominance in an unstable social situation; indeed, the increased aggression 

found in all mice living in an enriched environment may suggest that the dominant male’s 

status is contested more frequently. 

Researchers have since tried to reconcile these opposing findings regarding 

whether dominance hierarchies are accompanied by systematic stress differences, and if 

so, in what manner. Because dominant animals only exhibit greater stress levels in 

enriched environments, such reconciliations primarily aim to tease apart the former two 

findings (comparable versus greater stress in subordinate relative to dominant animals). 

Some have suggested that this discrepancy may be explained by a difference in studied 

species. Increased stress levels in subordinate animals have been found in mice, tree 

shrews, and Long-Evans rats, while much of the evidence for comparable stress levels 

were found in Sprague Dawley rats. Some researchers argue that Long-Evans rats are 

more aggressive than Sprague Dawley rats, which may make subordinate Long-Evans 

rats more vulnerable to constant attack and thus stress (Kozorovitskiy & Gould, 2004). 

Therefore, one possible explanation for the seemingly contrary findings involves 

inconsistency in the model organism. 

 Although dominant animals show greater glucocorticoid levels in enriched 

environments and some research has failed to observe systematic stress differences 

within hierarchies, there remains a substantial body of literature that reports greater stress 

levels in subordinate animals under standard conditions, at least in some animals. This 

dominance-related stress difference may help explain dominance-related neurogenesis, so 
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long as stress can be shown to influence neurogenesis, and in fact, there exists 

overwhelming evidence that it does. Exploring the effects of stress on neurogenesis may 

illuminate a mechanism by which an animal’s dominance status affects its rates of 

neurogenesis. 

The Effects of Stress on Neurogenesis 

Stressful experiences have been shown to reduce neurogenesis in the dentate 

gyrus, specifically by downregulating progenitor cell proliferation (Gould et al., 1998; 

Gould & Tanapat, 1999). Such reduced proliferation can be explained by either a loss of 

progenitor cells or the slowing/arrest of the cell cycle (Mirescu & Gould, 2006). 

Importantly, this effect has been explicitly extended to subordination stressors, as 

exposing a tree shrew to a dominant male for 1 hour a day for 28 days increased cortisol 

levels and decreased neurogenesis in the dentate gyrus (Fuchs, Flugge, McEwen, Tanapat 

& Gould, 1997). Although this inhibition is oftentimes reversible once the stressor has 

disappeared (Heine, Maslam, Joels & Lucassen, 2004), the effects of stress during 

development can have particularly robust effects, as imposing stressors on rats at an early 

age causes deleterious effects on neurogenesis that continue into adulthood (Tanapat, 

Galea, Gould, 1998).  

The precise mechanism by which stress affects progenitor proliferation has yet to 

be completely elucidated, although much evidence points to the role of glucocorticoids in 

this process. In rodents, removing circulating adrenal steroids via an adrenalectomy (i.e., 

removing the endocrine gland that produces corticosterone) or by inhibiting HPA activity 

increases cell proliferation and subsequent neurogenesis, while reintroducing exogenous 

corticosterone suppresses it (Gould, Cameron, Daniels, Woolley & McEwen, 1992). 
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Moreover, the hippocampus is rich in glucocorticoid receptors, supporting the possibility 

that glucocorticoids exert a significant effect on this brain structure (McEwen, 1999). 

However, a finding that most granule cell precursors lack glucocorticoid receptors 

(Cameron, Woolley & Gould, 1993) suggests that glucocorticoids influence these cells 

indirectly, perhaps via receptors in other hippocampal cells (Meaney, Aitken, van Berkel, 

Bjatnagar & Sapolsky, 1988; Mirescu & Gould, 2006). However, alternative mechanisms 

by which stress dampens neurogenesis have been proposed. For example, since stress 

increases glutamate release in the hippocampus, and enhanced excitatory transmission 

can reduce cell proliferation, glutamate may constitute an underlying cause (Mirescu & 

Gould, 2006). It has also been suggested that stress functions via NMDA-receptor-

mediated pathways, which in turn can inhibit progenitor cell division rates (Gould & 

Tanapat, 1999).  

There are several instances in the stress and neurogenesis literature where two 

opposing effects have appeared to conflict. For example, although many accept that 

glucocorticoids inhibit neurogenesis, and that enriched environments increase 

neurogenesis (e.g., Nilsson et al., 1999), mice in enriched environments exhibit higher 

levels of corticosterone (Haemisch et al., 1994). Additionally, while physical activity 

stimulates neurogenesis, it also stimulates the HPA axis, resulting in higher 

glucocorticoid levels (Farmer, Zhao, van Praag, Wodtke, Gage, Christie, 2004; Mirescu 

& Gould, 2006). It is possible, and even likely, that these supposed “paradoxes” are only 

the product of one factor overwhelming another; the neurogenesis-enhancing effects of 

enriched environments and physical activity may simply outweigh the inhibiting effects 

of glucocorticoids. Examples such as these illustrate that influences on neurogenesis can 
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often override the effects of glucocorticoids, a concept that may be relevant to the 

investigation of dominance hierarchy effects. 

Given what has been reviewed about stress, it is unclear whether stress could 

feasibly contribute to dominance-related neurogenesis. An argument might be made 

against the implication of stress in dominance-related neurogenesis. For example, 

Kozorovitskiy and Gould (2004) found that dominant rats exhibit more neurogenesis over 

both subordinate and individually-housed control rats, where the latter two conditions 

demonstrate similar levels of neurogenesis. This suggests that neurogenesis rates increase 

in dominant males, rather than decrease in subordinate males as might be expected by 

stress-induced suppression of neurogenesis. Moreover, Kozorovitskiy and Gould found 

no significant differences in corticosterone levels between dominant and subordinate rats, 

as might be expected by stress-mediated differences in neurogenesis. Finally, the cellular 

mechanism by which stress inhibits neurogenesis is inconsistent with the mechanism of 

dominance-related neurogenesis found by Kozorovitskiy and Gould, where the former 

reduces proliferation rates but the latter protects newly generated cells without affecting 

progenitor division rates. 

 However, it is still possible that stress exerts some effect on dominance-related 

neurogenesis. Firstly, concerning the general literature review provided above, a 

substantial amount of research supports heightened levels of glucocorticoids in 

subordinate animals (e.g., Blanchard et al., 1993; van Holst, 1972) and the neurogenesis-

inhibiting effects of glucocorticoids (e.g., Mirescu & Gould, 2006), which together 

indicate a potential contribution of stress. Specifically regarding Kozorovitskiy and 

Gould’s 2004 study, there remains a possibility that stress played a role in their findings. 
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Although they found similar levels of neurogenesis between individually housed controls 

and subordinate animals, it is possible that both conditions – being housed alone (i.e., 

without any social enrichment) and being stressfully threatened by dominant animals – 

cause similar decreases in neurogenesis by different means. Moreover, the similar 

corticosterone levels found between dominant and subordinate animals might coincide 

with an experiential complexity specific to dominant animals: perhaps some aspect of 

maintaining dominance requires greater activity of memory-based functions. Then, 

similarly to an enriched environment or physical activity, the dominant animal’s 

experiential complexity overwhelms the inhibitory effects of the glucocorticoids, thereby 

cumulatively enhancing their neurogenesis. Meanwhile, subordinate animals would suffer 

from stress-induced inhibition alone. In this case, the actual dominance hierarchy itself 

would play a crucial part in both enhancing neurogenesis for the dominant animals as 

well as suppressing it for the subordinate animals.  

Other Potential Hierarchy-Dependent Determinants of Dominance-Related Neurogenesis 

 Although possible, the implication of stress in dominance-related neurogenesis is far 

from definitive, and fails to account for several critical aspects of Kozorovitskiy and Gould’s 

2004 findings. For example, it is difficult to reconcile the mechanism by which stress inhibits 

neurogenesis – namely, by reducing the rate of progenitor division – with the finding that 

dominant and subordinate rats exhibited comparable rates of such division. However, even 

apart from stress, there are many other mechanisms by which hierarchy-dependent factors 

might contribute to dominance-related neurogenesis. Although none of these alternative 

factors will be explicitly explored in the current study, a brief overview of potential 

influences may illustrate the importance of pursuing hierarchy-dependent effects. 
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As suggested above, there may be some aspect of dominance that requires use of 

memory based functions, which in turn enhances hippocampal neurogenesis in dominant 

animals. Spritzer and Galea (2007) suggest such a possibility: “[perhaps] dominant 

individuals engage in more social interactions than subordinates and therefore must 

remember more social relationships” (p. 1330). In fact, a better memory of social interactions 

is associated with increased neurogenesis in the dentate gyrus, specifically by way of 

enhancing cell survival (Olariu, Cleaver, Shore, Brewer & Cameron, 2005). This hierarchy-

dependent means of enhancing neurogenesis may in part account for dominance-related 

neurogenesis, and is even consistent with regard to cellular mechanism.  

Another possibility is that the formation of dominance hierarchies alters individual 

basal testosterone levels. In fact, some have found testosterone levels to be somewhat 

dynamic and influenced by hierarchy formation. For example, Blanchard and colleagues 

(1993) found that a set of subordinate mice exhibited significantly reduced testosterone levels 

after hierarchy formation than they did prior to it, and others have determined that defeat in a 

fight significantly lowers testosterone levels in mice for as long as a week afterwards 

(Ginsberg & Allee, 1942). These findings suggest that dominance hierarchies can in part 

establish lasting testosterone differences, which in turn might influence neurogenesis. 

 Finally, offensive, aggressive behavior may be physically taxing, and physical 

activity has been shown to enhance neurogenesis (Farmer et al., 2004). As has been 

described earlier, this effect of physical exercise persists despite simultaneously activating 

the HPA axis and producing the associated glucocorticoids. This phenomenon thus offers a 

means by which dominant animals might generate more neurons despite exhibiting, as 

Kozorovitskiy and Gould found (2004), comparable levels of corticosterone to subordinate 
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rats. If dominant males engage in more physical activity in their attacks, or perhaps have 

greater freedom to run about as a result of their dominant status, exercise might partially 

account for dominance-related neurogenesis.  

The Present Study: Goals and Expectations 

Given the definitive role of testosterone in both establishing dominance status and 

promoting neurogenesis, it is tempting to attribute dominance-related neurogenesis, in its 

entirety, to individual differences in testosterone. However, as discussed above, detailed 

features of the evidence – such as the lack of variance in neurogenesis exhibited by isolated 

rats – suggest that some other factor or factors might contribute to this effect. Moreover, the 

alternative possibilities outlined above – such as stress, social memory, dynamic testosterone 

levels, and physical activity – comprise a variety of factors that might feasibly contribute to 

dominance-related neurogenesis. Importantly, these alternative factors depend upon the 

existence of a dominance hierarchy, a construct that would be entirely extraneous to 

dominance-related neurogenesis if individual differences in testosterone were its only cause. 

Studies have yet to explore the possibility that, and extent to which, these hierarchy-

dependent factors contribute to dominance-related neurogenesis, in addition to the direct 

influence of individual differences in testosterone.  

Moreover, there are aspects of Kozorovitskiy and Gould’s (2004) study that could 

have been better controlled. By allowing hierarchies to form naturally and then identifying 

dominant and subordinate rats accordingly, the researchers essentially employed a quasi-

experimental design. Although this methodology enhanced the external validity of the 

hierarchies, it limited the specificity of their findings. Their independent variable – namely, 

dominance status – was the product of a vast array of unidentified variables, making it 
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difficult to define precisely what differed between conditions. Although it has been suggested 

that individual differences in testosterone largely dictate these hierarchies, it is possible that 

individual differences in some other factors also contributed to dominance status and 

dominance-related neurogenesis. A study that establishes dominance status by manipulating 

a fixed number of controlled variables – perhaps, only testosterone – would refine the 

difference between dominant and subordinate animals, thus allowing more precise 

conclusions to be drawn concerning what factors affect dominance-related neurogenesis. 

Lastly, research has yet to verify whether many of the effects previously discussed 

generalize to a mouse model. Kozorovitskiy and Gould’s 2004 study was conducted in rats, 

and no studies to date have explicitly tested whether dominant male mice show similar 

increases in neurogenesis over subordinate mice. Additionally, the vast majority of research 

investigating the effects of testosterone on neurogenesis has been performed in rats, leaving 

the effects of testosterone on mouse neurogenesis less fully characterized. Although rats and 

mice are often considered extremely similar, even slight differences between animal models 

have been shown to cause important discrepancies in results. For example, as described 

earlier, the observation of higher stress levels in subordinate animals appears to be a more 

robust finding in mice (Louch & Higginbotham, 1967) than in rats (Blanchard et al., 1993). 

Therefore, an explicit extension of these principles – including dominance-related and 

testosterone-mediated neurogenesis – to a mouse model may be useful.  

 To answer these questions – primarily, to determine if hierarchy-dependent factors 

contribute to dominance-related neurogenesis – the current study aims to dissociate the 

effects of testosterone and dominance hierarchies. In the format of Spritzer and Galea’s 2007 

study, animals will be castrated and given varying doses of testosterone, thus eliminating 
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individual differences in testosterone and artificially establishing them. Then, by either 

housing them socially or individually, animals will either be able to form hierarchies or not. 

Finally, testing these animals for neurogenesis in the dentate gyrus will determine whether 

testosterone alone is sufficient for the increase, or if some aspect of the dominance hierarchy 

per se is necessary for the full neurogenesis enhancement found by Kozorovitskiy and Gould 

(2004).  

In terms of expected results, if static individual differences in testosterone are wholly 

responsible for this increase in neurogenesis, then those with higher doses of testosterone 

should exhibit more neurogenesis than those with lower doses, regardless of housing 

condition. Alternatively, if some aspect of dominance per se contributes to this neurogenesis 

increase, then animals with high doses of testosterone in social housing (i.e., dominant 

animals) should show greater levels of neurogenesis than either high testosterone animals 

housed alone or low testosterone animals housed either alone or in groups. If dominance-

related neurogenesis is partially the result of suppressed neurogenesis due to subordination, 

then animals with low doses of testosterone in social housing (i.e., subordinate animals) 

should exhibit less neurogenesis than low testosterone animals housed alone or high 

testosterone animals in either housing condition. It should be noted that the latter two 

possibilities are not mutually exclusive; if dominance-related neurogenesis is partly 

established by hierarchy-dependent effects that include both enhanced neurogenesis in 

dominant animals and suppressed neurogenesis of subordinate animals, then the high 

testosterone animals housed socially should exhibit more neurogenesis than any other 

condition and the low testosterone animals housed socially should exhibit less neurogenesis 

than any other condition. The results of this study will have important implications on a 
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variety of levels, ranging from a verification of dominance-related and testosterone-induced 

neurogenesis in a mouse model to a fuller understanding of the neural effects of aggression 

on both a hormonal and social basis. 

Method 

Subjects 

The studied species was Mus musculus. The subjects were members of an outbred 

CD-1 strain obtained from Harlan Sprague-Dawley, Indianapolis, IN. All subjects were 

male, since, as previously described, dominance hierarchies and dominance-related 

neurogenesis have been best characterized in the male. Mice were between 12-14 weeks 

old at the time of testing, so that they were old enough to engage in aggressive behavior 

and had undergone the testosterone-dependent brain organization that occurs early in life 

(Peters et al., 1972). All mice were virgins, as sexual inexperience facilitates dose-

dependent responses to testosterone (Taylor, Weiss & Rupich, 1985). A total of 123 mice 

were used, 60 of which were used in the primary study, 30 of which were used as 

intruders in the resident-intruder paradigm, 30 of which were used in a pilot test to 

determine the concentrations of testosterone to be used in the primary study, and 3 of 

which were used to measure basal plasma testosterone levels in normal, unaltered (i.e., 

intact) mice. All cages were kept in standard conditions, as such environments have been 

shown to maintain stability in dominance hierarchies (Haemisch et al., 1994). 

All mice were housed in a security card-controlled facility with light and 

temperature controlled rooms. Lights were kept on from 8AM to 8PM to simulate day 

and the temperature was maintained at 20°C (±1°C). The cages of all mice were cleaned 

weekly and provided with water and food (Harlan Teklad 8604 Rodent Diet) as needed. 
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Mice were sacrificed by either an overdose of pentobarbital or carbon dioxide 

asphyxiation, in accordance with the American Veterinary Medicine Association 

(AVMA) guidelines. The procedures specific to this study were approved by the 

Haverford College Institutional Animal Care and Use Committee. 

Castration Surgery and Testosterone Pellet Implantation 

Isofluorane anesthesia was used to sedate the mice during castrations. Castrations 

were performed via bilateral scrotal incisions, which were sutured shut following the 

removal of the testes. The area of the incision was cleaned thoroughly with antiseptic 

agents before and after the surgery. Subjects were monitored closely until they recovered 

from the anesthesia.  

Testosterone pellets were inserted subcutaneously through incisions located near 

the shoulder blade. Prior to the incision, the area was shaved and cleaned thoroughly with 

antiseptic agents. Following implantation, the incision was sutured shut and cleaned 

again. Subjects were sedated with isofluorane anesthesia throughout the procedure. Each 

testosterone pellet consisted of plastic tubing (Silastic brand) filled with testosterone 

suspended in sesame oil (1.57 mm inner diameter; 20 mm in length for pilot study, 25 

mm in length for primary study [see results for rationale]). The tube was plugged at either 

end with wooden dowels (each 5 mm in length), which were cemented in place with 

silicone medical adhesive (Silastic brand). Subjects were monitored closely following 

implantations until they recovered from the anesthesia. 

Aggression Measures 

The resident-intruder paradigm (see Sgoifo et al., 1996) was conducted by 

introducing a young (5-6 week old), male mouse into the cage of a subject (for mice 
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housed in groups, the subject’s cagemates were temporarily removed). The latency of 

attack – beginning with the introduction of the young mouse and ending with the 

resident’s offensive attack – was measured with a stopwatch, and the intruder mouse was 

removed immediately upon the onset of an attack. The intruder was allowed to remain in 

the cage for a maximum of 5 minutes without an attack before it was removed. In the 

case that the intruder attacked the resident, the resident’s attack latency was coded as the 

maximum 5 minute latency. Each mouse entered the resident-intruder paradigm once a 

day for 4 days, and the attack latencies were averaged across the 4 iterations to yield a 

single score. 

Mice housed in groups were videotaped with an infrared camcorder during the 

dark phase of the light cycle for 2 hours: either during the third-fourth hours (10 PM to 

12 AM) or fifth-sixth hours (12 AM to 2 AM) of the dark phase. Using a randomized 

sampling of the footage (5 out of every 20 minutes), the behavior of each member was 

coded for antagonistic behavior in accordance with Kozorovitskiy and Gould’s 2004 

criteria: biting, mounting, pursuing, or otherwise offensive attacks were recorded as 

offensive behavior, while flight, being attacked, and submissive posturing were coded as 

defensive actions. For each male, the number of defensive actions was then subtracted 

from the number of offensive actions, yielding a single score to represent his degree of 

aggressiveness.  

Pain Measures 

Two pain tests were conducted for exploratory purposes (see Shum et al., 2007 for 

detailed protocols). In the tail withdrawal test, the mouse was restrained in a pouch, and the 

end of its tail was submerged in 49°C water. The time before the mouse “flicked” its tail 
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from the water was measured with a stopwatch. In the hotplate test, a mouse was placed 

within a transparent cylinder on a hotplate at 54°C, and the time before the mouse shook its 

hind paw was measured with a stopwatch. These two latency scores served as measures of 

pain sensitivity.  

Testosterone and Corticosterone Assays 

In order to obtain blood plasma, mice were heavily sedated with isofluorane 

anesthesia and decapitated. Trunk blood was collected and centrifuged at 4000 r.p.m. for 

15 minutes. The plasma was decanted and analyzed for testosterone and corticosterone 

concentrations via enzyme immunoassay kits (purchased from Cayman Chemical in Ann 

Arbor, MI). These kits employed a competitive binding methodology to detect the density 

of these hormones in the plasma. 

BrdU Administration, Brain Extraction, and Immunohistochemistry Assay 

 To mark newly divided neurons, mice were given i.p. injections of 300 mg/kg BrdU 

for 4 consecutive days. Following the daily injections, these mice were overdosed with 100 

mg/kg pentobarbital and transcardiacally perfused with 4% paraformaldehyde. Their brains 

were immediately extracted and fixed in 4% paraformaldehyde, then sliced at widths of 40 

μm. A representative sample of slices from each brain was mounted on glass slides. 

An immunohistochemistry assay was then performed to visibly label the BrdU-

containing cells. The slices were first treated with 0.1 M citric acid and trypsin, and the cells’ 

DNA was denatured in 1 N HCl. The slices were then treated with a primary mouse anti-

BrdU antibody, followed by a secondary biotinylated horse anti-mouse antibody. After the 

antibody incubation, the tissue was exposed to an avidin-biotin-horseradish peroxidase 

complex, provided by a VectaStain ABC Kit (purchased from Vector Labs in Burlingame, 



Dominance Hierarchies, Testosterone and Neurogenesis 

 

41

CA). The slices were then treated with diaminobenzadine (DAB), which bound to the 

antibody complexes to turn BrdU-containing cells a dark brown color. Finally, the slices 

were counterstained with cresyl violet to accentuate the dentate gyrus. Each step was 

punctuated with multiple 0.1 M phosphate buffer solution (PBS) rinses. Following the 

immunohistochemistry assay, the slice-containing slides were protected with cover slips, and 

BrdU labeled cells in the hippocampal dentate gyrus were counted through a microscope at 

100x magnification. The cumulative number of cells counted from the representative sample 

of slices was divided by the total volume of the dentate gyrus slices counted, yielding a cell 

density measure for each mouse.  

Procedure 

The experiment assumed a 2x3 factorial design, whereby each mouse was housed 

either individually (N=30) or in a 3 member group (N=30), and given either no 

testosterone (an oil vehicle; OIL; N=20), a low dose of testosterone (LT; N=20), or a high 

dose of testosterone (HT; N=20). All mice were first castrated, and 10 days later, 

implanted with the vehicle, a LT dose, or a HT dose. Three doses were chosen because 

testosterone has been shown to affect both aggression (Wagner et al., 1979) and 

neurogenesis (Spritzer & Galea, 2007) in a dose-dependent fashion, and because a 3 

member group was thought to better replicate natural hierarchy formations than a 2 

member group. The doses were selected such that the low dose neither reached a 

physiological ceiling nor fell below a physiological threshold with respect to 

neurogenesis or aggression. The appropriate LT and HT doses were confirmed in a pilot 

study to determine the association between propionate concentration and resulting plasma 

testosterone concentrations, as well as to ensure that the LT dose did not reach a ceiling 
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for plasma testosterone concentrations. In this pilot study, each of 6 groups of castrated 

male cagemates (N=5 in each group) was administered a different concentration of 

testosterone propionate: an oil vehicle, 0.1 mg/20 μL, 0.5 mg/20 μL, 1 mg/20 μL, 5 

mg/20 μL, or 10 mg/20 μL. After 2 weeks of exposure, all mice were assessed for plasma 

testosterone concentrations according to the previously described protocol. See results for 

the doses selected for the primary study. 

In the primary study, all mice were placed in one of two housing conditions 

following pellet implantation: either alone or in a group of 3 (including one mouse from 

each testosterone condition). All mice were left undisturbed for 9 days, the approximate 

length of time required by mice to establish dominance hierarchies (Haemisch et al., 

1994). The two aggression assessments – the resident-intruder paradigm and the videos 

of dark phase activity – were then conducted to confirm the presence of dominance 

hierarchies between group housed mice and to evaluate aggression in individually housed 

mice. Both the mean attack latencies and the aggression scores were compared between 

testosterone dose and housing conditions using a factorial ANOVA test. 

Following the aggression measures, all mice were given i.p. injections for 4 

consecutive days of either BrdU (N=24; 4 from each condition) or isotonic saline to control 

for the injection procedure (N=36; 6 from each condition). During injections, mice were 

weighed daily, producing an average weight for each mouse as an additional measure for 

exploratory purposes. Following the daily injections, mice were given the tail withdrawal and 

hotplate tests to assess pain sensitivity, another measure acquired for exploratory purposes. 

After pain testing, the mice administered BrdU were euthanized and assessed for 

hippocampal neurogenesis while those administered saline were euthanized and assessed for 
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plasma concentrations of testosterone and corticosterone, both in accordance with previously 

described protocol. Three additional mice, which had not undergone any surgeries or 

injections while housed together, were also euthanized and assessed for testosterone and 

corticosterone levels in order to obtain a hormonal profile of intact (i.e., un-castrated) mice. 

Cell density was compared both between testosterone dose conditions and between housing 

conditions using a factorial ANOVA test. Using a one-way ANOVA test, testosterone 

concentrations were compared between testosterone dose conditions to verify the intended 

gradations in testosterone. Corticosterone concentrations were compared across testosterone 

dose and housing conditions, with a factorial ANOVA test, to investigate differences in stress 

levels between hierarchy members and between housing environments. Additional bivariate 

correlation analyses were conducted between variables for exploratory purposes. 

Results 

Pilot Study 

 Testosterone measures that exceeded two standard deviations from the mean were 

considered outliers and eliminated from the data set. This eliminated one mouse from each 

condition, except for the 0.1 mg/20 μl condition. All statistical analyses defined significance 

by a 2-tailed alpha value of 0.05. A one-way ANOVA indicated a significant main effect of 

dose, F(5,14)= 37.34, p< 0.001, and a Tukey post hoc test revealed that mice in the highest 

testosterone dose condition, 10 mg/20 μL (M= 1.47 ng/mL, SEM= 0.21), exhibited higher 

plasma testosterone levels than those in all other conditions, including the oil vehicle (M= 

0.10 ng/mL, SEM= 0.01), p<0.001, the 0.1 mg/20 μL dose (M= 0.20 ng/mL, SEM= 0.02), 

p<0.001, the 0.5 mg/20 μL dose (M= 0.16 ng/mL, SEM= 0.01), p<0.001, the 1 mg/20 μL 

dose (M= 0.44 ng/mL, SEM= 0.05), p<0.001, and the 5 mg/20 μL dose (M= 0.43 ng/mL, 
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SEM= 0.07), p<0.001. The testosterone levels in those administered the 1 mg/20 μL dose 

were also greater than those given an oil vehicle, although this difference only approached 

significance, p=0.081. Given that the highest dose (10 mg/20 μL) so strongly exceeded the 

others, it was selected as the high dose (HT) for the primary study. The 1 mg/20 μL dose was 

selected as the low dose (LT), as it did not reach a physiological ceiling and at least neared a 

significant difference from the highest dose and oil vehicle. Five micrometers were added to 

the length of all pellets in the primary study in order to ensure that the HT dose was 

sufficiently high and that the testosterone remained blood-borne throughout behavioral 

testing. 

Primary Study 

 Testosterone data. Following castration and pellet implantation surgeries, three 

mice died. One was deducted from each dose condition among individually housed mice, 

leaving an N=9 for HT, LT, and OIL mice housed individually (these three mice were 

deducted from the saline-injected mice used for the hormonal measures). Later in the 

experiment, a total of 9 mice, distributed across the housing and pellet conditions, lost 

their pellets. All such mice were deducted from those injected with saline and analyzed 

for hormonal measures, so that the sample size for the neurogenesis measure would not 

be disrupted. See Table 1 for the resulting sample size of each condition and measure.  

Collapsed across housing conditions, and including the 3 intact mice, a one-way 

ANOVA indicated a significant effect of dose on plasma testosterone F(3,22)= 4.72, p= 

0.01 (see Figure 1). A post hoc analysis (this and all following post hoc analyses were 

Fisher LSD analyses) revealed that HT mice (M= 7.43 ng/mL, SEM= 1.84) exhibited 

significantly greater levels of plasma testosterone than did LT mice (M= 0.16 ng/mL, 
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SEM= 1.37), p= 0.004, and OIL mice (M= 0.05 ng/mL, SEM= 1.37), p= 0.004. The intact 

mice exhibited levels of plasma testosterone (M= 5.03 ng/mL, SEM= 2.38) that did not 

significantly differ from levels in the HT mice, p= 0.43, and tended to be greater, 

although not quite significantly so, than levels in the LT mice, p= 0.09, and OIL mice, p= 

0.083. 

 Corticosterone data. Including those that lost their pellets (as losing testosterone 

pellets does not skew corticosterone as clearly as it does testosterone levels), a 2x3 

factorial ANOVA (housing x dose condition) indicated a significant main effect of 

testosterone dose on plasma corticosterone levels, F(2,24)= 3.69, p =0.040 (see Figure 2). 

A post hoc analysis revealed that OIL mice had levels of plasma corticosterone (M= 

16.85 ng/mL, SEM= 2.84) which were significantly higher than those of LT mice (M= 

6.33 ng/mL, SEM= 3.03), p= 0.018 and which neared a significant difference from HT 

mice (M= 6.544 ng/mL, SEM= 5.06), p= 0.089. Corticosterone levels in the intact mice 

(M= 16.72 ng/mL, SEM= 5.41) did not significantly differ from those in the OIL mice, p= 

0.984, and were greater, but not significantly more so, than those in the HT, p= 0.18, and 

LT, p= 0.11, mice. 

 Neurogenesis data. All mice that were administered BrdU and perfused retained 

their pellets throughout the experiment. However, due to faulty slicing or sample 

degradation during the immunohistochemistry assay, a sample from each dose within the 

group housed condition, an individually housed HT sample, and an individually housed 

OIL sample were lost, reducing the sample size to N= 3 in each of those conditions. See 

Figure 3 for a photograph of a sample dentate gyrus and BrdU-labeled cells. A 2x3 

factorial ANOVA (housing x dose condition) on BrdU-labeled cell density in the dentate 
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gyrus failed to show a significant main effects of pellet dose, F(2,13)= 0.02, p= 0.98 (see 

Figure 4) – HT mice exhibited a mean of 1250.55 cells/mm3 (SEM= 409.86), LT mice a 

mean of 1292.94 cells/mm3 (SEM= 383.39), and OIL mice a mean of 1189.94 cells/mm3 

(SEM= 409.86) – of housing condition, F(1,13)= 0.53, p= 0.48 (see Figure 5) – 

individually housed mice exhibited a mean of 1075.55 cells/mm3 (SEM= 320.40) and 

group housed mice a mean of 1413.41 cells/mm3 (SEM= 334.65) – or an interaction 

between them, F(2,13)= 0.03, p= 0.97. An additional bivariate correlation analysis 

demonstrated that cell density was not associated with either mean attack latency (r[17]= 

0.04, p= 0.87) or aggression score (r[7]= 0.18, p= 0.65). 

 Aggression data. Even including the mice that lost their pellets, a 2x3 factorial 

ANOVA (housing x dose condition) indicated a significant effect of dose on attack 

latency, F(2,46)= 7.74, p= 0.001 (see Figure 6). A post hoc analysis revealed that OIL 

mice (M= 246.53 sec., SEM= 17.98) exhibited significantly higher attack latencies (i.e., 

lower levels of aggression) than did HT mice (M= 187.00 sec., SEM= 21.44), p= 0.039, 

or LT mice (M= 145.43 sec., SEM= 18.57), p<0.001. Moreover, LT mice tended, 

although non-significantly, to exhibit lower attack latencies than HT mice, p= 0.15.  

 Regarding the aggression scores obtained through videos, a one-way ANOVA 

(excluding those that lost their pellets to enhance effects) indicated a significant effect of 

testosterone dose on aggression scores F(2,23)= 9.79, p= 0.001 (see Figure 7). A post hoc 

analysis revealed that, similarly to attack latency findings, OIL mice (M= -1.89, SEM= 

0.55) exhibited significantly lower aggression scores than did LT mice (M= 1.56, SEM= 

0.55), p< 0.001. However, unlike the attack latency findings, OIL mice only tended, non-

significantly, to exhibit lower aggression scores than HT mice (M= -0.38, SEM= 0.59), 
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p= 0.072. Moreover, the difference between HT and LT mice reached significance when 

aggression score was used as the dependent variable of aggression, such that those 

administered a LT dose exhibited significantly greater aggression scores than did those 

given a HT dose, p= 0.025. Confirming the similarities in aggression measures, a 

bivariate correlation analysis indicated a significant, negative association between attack 

latencies and aggression scores (r[28]= -0.49, p= 0.006), such that higher aggression 

manifested as both lower attack latencies and higher aggression scores. 

 Exploratory findings. Some measures taken for exploratory purposes yielded 

results that may be worth noting. A 2x3 factorial ANOVA (housing x dose condition) 

indicated a significant interaction between housing and dose conditions on tail 

withdrawal latencies, F(2,19)= 4.41, p= 0.027 (see Figure 8). Two one-way ANOVA 

tests were then performed to elucidate the nature of this interaction. Amongst 

individually housed mice, no significant differences were found between dose conditions, 

F(2,8)= 1.26, p= 0.36, but a near-significant main effect was found for dose conditions 

amongst group housed mice, F(2,12)= 3.23, p= 0.075, such that OIL mice (M= 2.21 sec., 

SEM= 0.37) demonstrated significantly lower tail withdrawal latencies (i.e., higher levels 

of pain sensitivity) than LT mice (M= 3.50 sec., SEM= 0.37), p= 0.03, and tended, 

although non-significantly, to exhibit lower latencies than HT mice (M= 3.13 sec., SEM= 

0.37), p= 0.11. An independent-samples t-test was also conducted, which revealed that 

LT mice exhibited significantly greater latencies when housed in groups (M= 3.50, SEM= 

0.50) than when housed individually (M= 1.82, SEM= 0.41), t(7)= -2.51, p= 0.04.  

Additionally, a 2x3 factorial ANOVA (housing x dose condition) indicated a 

near-significant interaction between housing and dose conditions on paw-shaking 
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latencies during the hotplate test, F(2,19)= 3.26, p= 0.06 (see Figure 9). Two one-way 

ANOVA tests were then performed to elucidate the nature of this interaction. Amongst 

group housed mice, no significant differences were found between dose conditions, 

F(2,12)= 0.97, p= 0.41, but a significant main effect was found for dose conditions 

amongst individually housed mice, F(2,8)= 17.27, p= 0.001, such that HT mice (M= 

15.95 sec., SEM= 1.16) demonstrated significantly higher paw-shaking latencies (i.e., 

lower levels of pain sensitivity) than LT mice (M= 8.70 sec., SEM= 0.82), p= 0.001, and 

OIL mice (M= 8.20, SEM= 0.74), p< 0.001. An independent-samples t-test was also 

conducted, and revealed that HT mice exhibited significantly greater latencies when 

housed individually (M= 15.95, SEM= 0.25) than when housed in groups (M= 9.46, 

SEM= 1.42), t(5)= 2.72, p= 0.042, and that OIL mice exhibited significantly greater 

latencies when housed in groups (M= 12.80, SEM= 1.32) than when housed individually 

(M= 8.20, SEM= 0.64), t(8)= -3.15, p= 0.014. 

 A 2x3 factorial ANOVA (housing x dose condition) using average weight as the 

dependent variable indicated a significant effect of testosterone dose on weight, F(2,46)= 

9.99, p< 0.001 (see Figure 10). A post hoc analysis revealed that every dose condition 

differed significantly from every other in average weight, such that mice given a HT dose 

(M= 38.66 g, SEM= 0.46) weighed significantly more than mice given a LT dose (M= 

37.41 g, SEM= 0.40), p= 0.046, or OIL (M= 36.00 g, SEM= 0.39), p< 0.001, and mice 

administered a LT dose weighed significantly more than those given an OIL, p= 0.014.  

Additional bivariate correlational analyses found that average weight was 

significantly negatively associated with attack latency (r[50]= -0.34, p= 0.014), while 

corticosterone levels were significantly positively associated with attack latency (r[26]= 
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0.39, p= 0.038). Moreover, a negative association between average weight and plasma 

corticosterone levels neared significance (r[26]= -0.313, p= 0.10).   

Discussion 

 The results failed to show any significant differences in neurogenesis rates 

between dose or housing conditions. This finding opposed the expectation that elevated 

testosterone levels would increase neurogenesis rates. Additionally, neurogenesis rates 

did not increase with heightened aggression; the dominant mice did not exhibit more 

neurogenesis than subordinate mice, thus failing to replicate the dominance-related 

neurogenesis discovered by Kozorovitskiy and Gould (2004). Moreover, the dose 

conditions failed to establish the expected gradient in aggression levels; the LT mice, not 

the HT mice, exhibited the greatest levels of dominance. This unanticipated dominance 

hierarchy – whereby aggression did not covary with testosterone – precluded a direct 

comparison between the effects of testosterone and dominance on neurogenesis, had 

differences in neurogenesis been found. The highest corticosterone levels were 

discovered in the subordinate OIL mice, corroborating the finding that subordinate 

animals exhibit elevated corticosterone levels. However, given the lack of neurogenesis 

differences, heightened corticosterone levels did not help explain dominance-related 

neurogenesis. 

Plasma Testosterone Findings 

The results did not clearly support any of the proposed expectations for a number 

of possible reasons. For one, the gradations in testosterone dosage did not cause an 

associated gradient in plasma testosterone as expected; while the HT mice exhibited 

markedly higher levels of testosterone, the LT and OIL mice did not differ from one 
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another. Moreover, a comparison of these testosterone levels to those in intact mice 

indicated that only HT mice resembled intact animals in this regard, calling into question 

the external validity of the established testosterone levels. It is not clear why the plasma 

testosterone levels from the primary study differed so drastically from those in the pilot 

study; though the HT dose yielded higher levels in the former (as might be expected due 

to the increased pellet length), the LT dose yielded lower levels in the former. It is 

possible that housing conditions played a role in this difference: mice with identical 

testosterone doses were housed together in the pilot study, while in the primary study 

mice were housed either individually or with others administered different testosterone 

doses. Future research may wish to determine whether and how these differential housing 

environments could affect plasma testosterone levels after an administration of 

testosterone. Presumably, these dynamic changes, if they in fact occurred, must arise 

independently of the testes, given that they were presently removed. Once this is 

determined, additional research may wish to replicate the current experiment while 

ensuring the intended testosterone gradients are achieved. Future studies may also wish to 

replicate the current experiment with daily injections of testosterone rather than pellet 

implantations, since the former have yielded reliable testosterone gradients in past studies 

(e.g., Spritzer & Galea, 2007). 

Despite the failure to establish intended gradients in testosterone between HT, LT, 

and OIL conditions, it could be suggested that the achieved testosterone difference 

between the HT and the LT/OIL mice created an exaggerated dominance hierarchy, 

whereby the HT males became the uncontested dominant males. This possibility, 

however, was refuted by aggression, neurogenesis, and corticosterone data. Surprisingly, 
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it was in fact the LT mice that exhibited the greatest amount of aggression. That this was 

observed in both their aggression scores and attack latencies (although they exceeded the 

HT mice by only a near-significant amount in the latter) reinforces this finding: that the 

LT males, insofar as dominance is defined by aggression levels, were in fact the most 

dominant animals.  

This finding was extremely unexpected, as many studies have indicated that 

increased testosterone levels underlie increased aggression, and thus dominance status 

(e.g., Zielinski & Vandenbergh, 1993). However, the testosterone levels of LT mice in 

the present study did not significantly differ from those of the least aggressive OIL mice, 

and in fact were much lower than those of the HT mice. Strangely, this finding suggests a 

dissociation between aggression and testosterone, such that high levels of testosterone 

appear to be neither necessary nor sufficient for aggressive behavior.  

One possible explanation for this contrary finding is that dominance status cannot 

be so simply equated with aggressive behavior. It was assumed in the present study that a 

higher dominance status would lead to consistently more aggressive behavior. However 

previous studies have often observed this type of relationship specifically during the time 

period of hierarchy formation, and have found a decline in aggressive behavior 

afterwards (e.g., Kozorovitskiy & Gould, 2004). In this case, the heightened aggression in 

the LT mice could reflect attempts to overturn hierarchy positions established earlier in 

the experiment (during the 9 days in which hierarchies were allowed to form). However, 

contrary to this explanation of the results, other studies have found that dominant males 

do in fact maintain heightened aggressive behavior even after hierarchy formation (e.g., 

Haemisch et al., 1994). Moreover, the LT mice appeared to attack the HT and OIL mice 
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indiscriminately (as indicated by the similarly negative aggression scores of the latter two 

conditions), further refuting that the aggression exhibited by the LT mice reflected 

attempts to overturn dominant hierarchy statuses in particular. Indeed, according to 

criteria established by past studies – whereby aggression indicates dominance status – the 

LT mice appeared most dominant. 

One possible explanation for how the LT mice achieved dominance concerns a 

potential toxicity of the HT dose. Because there was little precedence in determining the 

doses to administer, the HT dose was chosen arbitrarily as the maximum quantity of 

testosterone that could be dissolved within the pellet. Although the HT mice reached the 

highest average weights – testosterone has been shown to cause weight gain (Bhasin et al., 

1997) – high levels of testosterone have also been shown to produce toxic effects within 

cardiovascular systems (Rockhold, 1993). Moreover, the disproportionate number of 

individually housed HT mice that removed their pellets (4 out of 9), compared to the LT 

mice (1 of 9) and OIL mice (0 of 9), supports the interpretation that the HT dose became 

an irritant.  

One might point out, contrary to this possible explanation, that the testosterone 

levels of HT mice did not significantly differ from those in intact mice, and thus could 

not have reached supra-physiological, toxic levels. However, the observation that the LT 

mice exhibited less testosterone than expected (relative to pilot study findings) suggests 

that these pellet doses may have caused higher plasma testosterone levels earlier in the 

primary study; should this apply to the HT doses as well, the HT mice may have been 

exposed to toxic levels prior to when trunk blood was obtained. This potential toxicity 

might have weakened the HT mice, making them vulnerable to attacks by the LT mice, 
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and thus enabled the dominance status of the latter. Future replications of the current 

study may wish to adjust the HT dose to ensure that it does not reach toxic concentrations. 

If studies should find that the testosterone dose currently administered to the HT mice 

does not reach toxic levels, or that these levels do not adversely affect aggression, then 

the observations made currently offer evidence for a dissociation between aggression and 

testosterone – a novel finding which could be pursued in the future. 

However, even if the HT dose reached toxic levels that suppressed dominance 

status, it could still be questioned why the LT mice managed to become dominant, since 

they exhibited no more testosterone than did the OIL mice. Given that the pellets 

implanted in the LT mice once contained more testosterone than the oil vehicles, it is 

possible, as described above, that the LT mice exhibited higher levels of plasma 

testosterone during hierarchy formation. Testosterone during this period may have 

allowed LT mice to establish a dominance status over the OIL mice that persisted even 

once testosterone levels equalized between them. Indeed, past studies have shown that 

dominance statuses can endure despite drops in testosterone levels (Taylor et al., 1985). It 

is also possible that the slight difference in testosterone levels between the LT mice and 

OIL mice, although not statistically significant among this sample size, was sufficient to 

differentiate the two in terms of aggression. Indeed, the significant difference in weight 

between the LT mice and OIL mice indicates that, even if the testosterone differences 

remained slight throughout the experiment, this difference was capable of producing 

drastic effects. 

A notable difference between the present and many past studies, and one which 

might partially account for the findings, was that the mice used currently were sexually 
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inexperienced. Researchers who have previously found testosterone-dependent 

differences in aggression often include female subjects in the cages containing 

dominance hierarchies (e.g., Kozorovitskiy & Gould, 2004). A study conducted by 

Taylor and colleagues (1985) found that, though sexual inexperience reinforces a dose 

dependent effect of testosterone on aggression, high levels of testosterone (i.e., plasma 

testosterone concentrations that reach the upper limits of physiological levels) interact 

with sexual experience to yield particularly aggressive behavior. Thus, the lack of 

aggression exhibited by HT mice may have resulted from sexual inexperience; more 

aggression from the HT mice relative to LT mice, as has been frequently found, may 

have been observed if females were present. This possibility offers an additional route for 

future replications. 

Plasma Corticosterone Findings  

Explaining the current results in terms of dominance hierarchies is additionally 

complicated by the plasma corticosterone findings. OIL mice exhibited greater 

corticosterone levels than did LT mice or HT mice, although the difference from the 

latter only neared significance. Corticosterone was also positively correlated with attack 

latency (i.e., negatively correlated with levels of aggression), confirming its increased 

presence among less aggressive mice. Assuming the LT mice to be the most dominant, 

this finding corroborates Louch and Higginbotham’s 1967 observations – that 

subordinate mice express higher levels of plasma corticosterone. This finding is in and of 

itself a significant contribution the literature, since, as has been described, many 

researchers currently disagree about whether dominance hierarchies relate to stress 

hormones (see Kozorovitskiy and Gould, 2004). 
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However, although the HT males similarly constituted subordinate mice – given 

their higher attack latencies and negative aggression scores – these mice did not exhibit 

the same increase in corticosterone levels relative to the dominant LT mice. This finding 

suggests that while HT mice fell victim to aggression within the hierarchies, they were 

not significantly stressed by the experience, or at least no more so than the LT mice 

inflicting the attacks. While previous studies were unable to observe this effect – given 

that mice with high testosterone were often the dominant ones – these observations 

indicate that high levels of testosterone may play a protective role against increased 

corticosterone levels, despite lower levels of aggression and thus subordination. Indeed, 

previous studies have shown a reciprocal relationship between testosterone and 

corticosterone in response to handling stress (Moore, Thompson & Marler, 1990), and 

some have more specifically found that testosterone suppresses HPA activation, and thus 

corticosterone release, in response to restraint stress (Viau & Meaney, 1996). 

This finding from previous research – that testosterone plays a direct role in 

suppressing corticosterone release – offers another possible explanation for the current 

findings. Although Viau and Meaney (1996) found that testosterone inhibited 

corticosterone specifically during stressors, it is possible that testosterone plays a more 

regular role in suppressing basal plasma corticosterone levels. Thus, removing virtually 

all testosterone from the OIL mice may have allowed their basal corticosterone levels to 

rise, without requiring hierarchical aggression to mediate that relationship. Indeed, the 

lack of an interaction between housing and dose conditions with respect to corticosterone 

levels – whereby only group housing might elicit elevated corticosterone levels in OIL 

mice – implies that OIL mice exhibited high corticosterone levels even without exposure 
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to aggression. This supports the possibility that the negative relationship between 

testosterone and corticosterone need not be mediated by aggression, but rather may 

interact more directly. Moreover, previous literature supports this interpretation of 

causality, whereby low testosterone facilitates corticosterone release, which in turn 

suppresses dominance status: corticosterone treatment has been found to inhibit levels of 

aggression in animals such as lizards (Tokarz, 1987).  

If generalizable to the mice currently studied, this mechanism – whereby low 

testosterone levels allow an increase in corticosterone, which causes subordination – not 

only explains how HT mice could maintain lower corticosterone levels than OIL mice 

despite similar subordination (namely, high testosterone levels in the former may have 

suppressed the corticosterone increases), but could also account for why LT mice 

achieved dominance over OIL mice: less testosterone in the OIL mice versus the LT mice 

(at least at some point following pellet implantation) may have led to higher 

corticosterone levels in the former, and thus less aggression. Interestingly, this could 

offer a novel interpretation of the aggression literature more generally. Those who find 

increased corticosterone levels in subordinate animals often assume that the hierarchies 

cause this difference. However, while some studies have supported this causal 

relationship by experimentally inducing social stress and observing rises in corticosterone 

(see Schuurman, 1980), it is possible that this mechanism co-occurs with a more 

immediate hormonal cause: individual differences in testosterone lead to differences in 

corticosterone, which in turn affect dominance status. Future research may wish to assess 

the regularity of the testosterone-induced inhibition of corticosterone release (i.e., 

whether it occurs outside of acute stressors), and determine if this plays a causal role in 
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hierarchy formation. 

Neurogenesis Findings 

 The complete lack of significant neurogenesis differences between groups 

immediately appears to conflict with several strongly supported findings. For example, 

while testosterone treatment has been shown to increase levels of neurogenesis in the 

hippocampal dentate gyrus (e.g., Spritzer & Galea, 2007), the current study found no 

such association between testosterone levels and neurogenesis; although the HT mice 

exhibited significantly higher plasma testosterone levels than either other dose condition, 

they showed comparable levels of neurogenesis to these latter groups.  

There are several possible explanations for these results. Firstly, the HT mice 

exhibited comparable levels of plasma testosterone to intact mice, while the plasma 

testosterone concentrations of the LT mice and OIL mice tended to fall below this level. 

It is possible that the influence of testosterone on neurogenesis exhibits a floor effect, 

such that while testosterone treatment can raise neurogenesis rates above a minimum 

level, reduced concentrations of testosterone cannot slow neurogenesis rates below that 

level. Moreover, it is possible that this minimum rate occurs from physiological levels of 

testosterone, or in other words, that only supra-physiological testosterone levels can 

increase neurogenesis rates above that minimum rate. In this case, the sub-physiological 

testosterone levels observed in the LT mice and OIL mice could not have reduced 

neurogenesis rates below the rate established by the physiological testosterone levels in 

HT mice. In fact, past research supports the validity of this interpretation. In Spritzer and 

Galea’s 2007 study, castrated mice given an oil vehicle exhibited rates of neurogenesis 

that equaled those in castrated mice given low doses of testosterone. Although the authors 
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do not specify how the low dose of testosterone compares to physiological levels, it 

supports the existence of a floor effect within the testosterone-neurogenesis relationship. 

Unfortunately, however, the fact that they used rats precludes a comparison of those 

minimum levels of neurogenesis to the rates found currently. Directions for future 

research might include a characterization of this floor effect and the determination of that 

minimum neurogenesis rate, as influenced by testosterone.  

 Another possible explanation for the lack of association between testosterone and 

neurogenesis rates is that the HT dose may have reached neurotoxic levels. Studies have 

shown that testosterone doses that exceed physiological levels can induce apoptosis (i.e., 

cell death) in neurons (Estrada, Varshney & Ehrlich, 2006). While the HT mice exhibited 

testosterone levels comparable to that of the intact mice, it is possible, as proposed earlier, 

that these levels were higher prior to the collection of trunk blood. If these higher levels 

exceeded the threshold for neurotoxicity, the testosterone may have begun killing cells, 

thus counteracting its otherwise neuroprotective effects and yielding neurogenesis rates 

comparable to that of LT mice and OIL mice. This degenerative effect of high 

testosterone levels might also help explain why HT mice failed to achieve dominance, 

perhaps due to neurological deficits.  

However, while the neurotoxicity explanation of the neurogenesis results is 

theoretically feasible, there are reasons to doubt it. BrdU was injected into mice only up 

to 4 days prior to the collection and analysis of trunk blood from those injected with 

saline. Assuming that those injected with saline lost testosterone at the same rate as those 

injected with BrdU, and knowing that BrdU only labels cells formed around the time of 

injection, the testosterone levels would have had to reach neurotoxic concentrations as 
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recently as 4 days before the blood plasma was analyzed. Given that the difference in 

testosterone levels between the HT mice and intact mice did not even approach 

significance, it would seem improbable, although not impossible, that the levels dropped 

so rapidly in a 4 day span. Moreover, if testosterone reached neurotoxic levels in the HT 

mice, it would theoretically kill all types of cells indiscriminately, not just BrdU-

containing cells in particular. In this case, the dentate gyrus slices from HT mice – 

assuming that those slices were just as likely to sample the entire dentate gyrus and to 

survive the slicing and staining procedures as those from the LT mice and OIL mice – 

should have been reduced in average volume relative to the dentate gyrus slices from LT 

mice and OIL mice. However, no obvious group differences in this volume measurement 

were observed. Regardless, this neurotoxicity explanation might at least partially account 

for the unexpected dissociation of testosterone levels from neurogenesis rates. 

 The neurogenesis results also conflict with previous findings in terms of stress 

hormones. A large body of literature has shown that corticosterone slows the rate of 

neurogenesis by inhibiting progenitor cell proliferation (e.g., Gould et al., 1998, Gould & 

Tanapat, 1999). However, the OIL mice, despite showing dramatically elevated levels of 

corticosterone relative to HT mice and LT mice, exhibited no inhibition of neurogenesis. 

Here, data from the intact mice might similarly help explain these seemingly contrary 

findings: intact mice exhibited levels of corticosterone that equaled those of OIL mice, 

but tended to be greater than those of the HT mice and LT mice. It is possible that 

corticosterone, like testosterone, has an influence on neurogenesis that exhibits a floor 

effect, but in the opposite direction. In other words, there may be a threshold 

concentration of corticosterone, above which it can inhibit neurogenesis but below which 
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it can no longer exert its suppressive effects. While supra-physiological levels 

proportionately reduce neurogenesis rates, perhaps neither physiological concentrations 

(exhibited by both the OIL mice and intact mice) nor sub-physiological concentrations 

(exhibited by the HT mice and LT mice) can affect progenitor cell proliferation. 

 There are, however, reasons to doubt this explanation. Unlike testosterone levels, 

the relationship between corticosterone and neurogenesis has been explicitly extended to 

include physiological levels of corticosterone. For example, a study by Gould and 

colleagues in 1992 reported that performing adrenalectomies in rats significantly 

increased numbers of newborn cells in the dentate gyrus. This alone illustrates that 

physiological levels of corticosterone play a substantial role in neurogenesis inhibition. 

Moreover, when Gould and colleagues treated the adrenalectomized rats with exogenous 

corticosterone replacements (these supplements established plasma corticosterone 

concentrations which fell within the lower range of physiological levels), inhibition of 

neurogenesis was reestablished. Thus, corticosterone does not appear to require a supra-

physiological threshold in order to suppress neurogenesis. 

 However, other possible explanations remain. While many support the finding 

that corticosterone slows progenitor cell proliferation, not all researchers agree that this 

results in long-term neurogenesis deficits. Some studies have found that corticosterone, 

after inhibiting progenitor cell division and thus decreasing newborn neuron production, 

causes a period of enhanced cell survival of those immature neurons (Malberg & Duman, 

2003; Tanapat, Hastings, Rydel, Galea & Gould, 2001). This causes the number of new, 

mature neurons to appear unchanged, potentially accounting for the comparable levels of 

neurogenesis observed between the OIL mice (with elevated corticosterone levels) and 
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others. Future research may wish to investigate this possibility: forming two distinct 

cohorts of mice – one of which is assessed for BrdU labeling immediately after BrdU 

injections, the other assessed a while after BrdU injections – may allow researchers to 

dissociate the relative contributions of proliferation rates and survival rates to overall 

neurogenesis. 

Other studies have questioned the longevity of proliferation suppression caused 

by stress-induced corticosterone levels. Heine and colleagues (2004) found that, while 

corticosterone might cause long-term neurogenesis deficits during development, adults 

appear more resilient to these effects: progenitor cell division rates in adult rats returned 

to baseline levels as quickly as the day following an acute stressor. If most of the social 

stress amongst hierarchies occurred during hierarchy formation, perhaps the BrdU 

injections occurred too late in the present study to capture differences in neuron 

formation rates. While this explanation does not account for the persistently elevated 

levels of corticosterone observed in OIL mice (social stress is probably chronic, rather 

than acute), a general kind of resilience may at least partially justify their retention of 

neurogenesis rates after social stress, a possibility future research may wish to pursue. 

 The current study found no significant differences in neurogenesis between mice 

housed individually and those housed in groups. This finding adds to a confusing array of 

literature on the subject. Similarly to the current observations, some studies have shown 

that social housing cannot significantly promote neural plasticity and learning 

improvements like enriched environments can (Renner & Rosenzweig, 1987; 

Rosenzweig et al., 1978), suggesting that social housing does not sufficiently enhance 

neurogenesis rates. However, other studies have found that social isolation significantly 
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reduces neurogenesis in the dentate gyrus (Ibi et al., 2007; Lu et al., 2003), while still 

others have found that intermittent isolated housing can actually promote the survival of 

proliferating cells (Aberg, Pham, Zwart, Baumans & Brene, 2005). Thus, the current 

study supports the claim that group housing, as opposed to individual housing, does not 

significantly affect neurogenesis. However, because this finding supports the null 

hypothesis, it must be interpreted with caution; the relatively low sample size in each 

condition (10 and 9 in the individual and group housing conditions, respectively) may 

have precluded the detection of subtler differences. Thus, future research may wish to 

corroborate this finding with larger sample sizes. 

 It is difficult, and perhaps impossible, to interpret the neurogenesis data in terms 

of the primary point of investigation – whether dominance-related neurogenesis can be 

explained purely by individual differences in testosterone, or if dominance hierarchies per 

se play an important role. Because neurogenesis was associated with neither dominance 

nor testosterone, nothing can be concluded regarding the contribution of these factors to 

dominance-related neurogenesis. The failure to establish intended testosterone gradients 

were likely responsible for the lack of observed associations, and thus, as mentioned 

earlier, future studies are encouraged to replicate the current experiment with the 

intended testosterone gradients.  

However, it is also possible that the findings which formed the basis of this study 

do not generalize to mice. Indeed, the dominance-related neurogenesis was discovered in 

rats (Kozorovitskiy & Gould, 2004), as were many of the observations that found 

testosterone-induced increases in neurogenesis (e.g., Spritzer & Galea, 2007). It is thus 

possible that achieving the intended testosterone gradients would not have yielded 
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expected results. In fact, despite the testosterone assay findings, the current experiment 

might have even been successful in achieving the testosterone gradients; the 

establishment of testosterone-induced weight gradients suggests that testosterone 

gradients were successfully established at some point in the study (see the weight 

findings discussed below). Thus, future studies may wish to investigate whether the 

findings that formed the premises of this study – dominance-related and testosterone-

induced neurogenesis – generalize to mice. Future research may also wish to replicate the 

current experiment in rats, as the current study’s questions remain relevant to the 

phenomena observed in rats. 

Exploratory Findings: Pain Behavior 

 It was suggested earlier that, because testosterone increases a rat’s threshold for 

pain (Pednekar & Mulgaonker, 1995) and the conditioned association of pain with other 

hierarchy members reinforces subordinate status (Miller, Murphy & Mirsky, 1955), the 

degree of an animal’s aversion to pain may underlie dominance hierarchy formation. In 

other words, the dominant male may achieve dominance by having greater testosterone 

levels, perceiving less pain, and thus engaging more willingly in aggressive behavior (or 

less frequently avoiding it). The data from the pain sensitivity measures – the hotplate 

and tail withdrawal tests – lend insight into the complexity of this possibility.  

Data gathered from individually housed mice during the hotplate test support the 

claim that testosterone inhibits pain perception: HT mice, which exhibited the greatest 

plasma testosterone levels, demonstrated higher paw-shaking latencies – i.e., less pain 

sensitivity (it took longer for them to perceive pain) – relative to LT mice and OIL mice. 

However, this difference in pain behavior disappeared among group housed mice: HT 
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mice no longer showed reduced pain sensitivity relative to mice in the other dose 

conditions. This finding could imply that an aspect of individual housing promotes pain 

insensitivity in mice with high testosterone, that an aspect of group housing ameliorates it, 

or both. Because no other differences among HT mice between housing conditions were 

observed, it is difficult to explain this finding with only the current study’s results. 

However, previous researchers have similarly found higher pain thresholds in 

individually housed mice (Puglisi-Allegra & Oliverio, 1983), and have suggested that 

isolated housing conditions may result in an increased production of pain-suppressing 

endogenous opioids. If true, this effect would have to interact with testosterone to explain 

the current findings, such that only HT mice would exhibit reduced pain behavior in 

isolation. Another possibility is that some feature of relative subordination within groups 

increases pain sensitivity (since HT mice showed little aggressive behavior); however, 

this possibility does not account for the similarly subordinate OIL mice failing to show a 

comparable pattern of pain behavior.  

 To complicate things further, the HT mice fail to show reduced pain sensitivity, 

when housed individually, in response to the tail withdrawal test. Shum and colleagues 

(2007) claim that the hotplate test measures thermal pain sensitivity, while the tail 

withdrawal test measures nociceptive (i.e., pain-related) spinal reflex. Thus, HT mice 

appear to exhibit reduced pain sensitivity when in isolation, but only with regard to 

thermal pain, not spinal reflex. This suggests that the ability for testosterone to elevate 

pain thresholds applies in a very particular set of circumstances – namely, when the mice 

are housed individually and subject to pain that does not recruit the spinal reflex circuitry 

implicated in the tail withdrawal test. 



Dominance Hierarchies, Testosterone and Neurogenesis 

 

65

Returning briefly to the hotplate test, it should be noted that this interaction need 

not solely be driven by the HT mice; the OIL mice exhibited higher paw-shaking 

latencies (i.e., less pain sensitivity) when housed in groups than when housed 

individually. The phenomenon of stress-induced analgesia – or the reduced pain 

sensitivity of an organism under stress – may partially explain this finding. Researchers 

have found that corticosterone plays a substantial role in inhibiting pain sensitivity during 

stress-induced analgesia (e.g., MacLennan et al., 1982) and indeed, the OIL mice 

exhibited the highest levels of corticosterone. However, this interpretation fails to explain 

why OIL mice only exhibit pain insensitivity when housed in groups, especially since 

OIL mice exhibited comparably high levels of corticosterone when housed individually.  

The results from the tail withdrawal test showed that OIL mice exhibited greater 

pain sensitivity (i.e., lower tail flick latencies) than LT mice or HT mice when housed in 

groups, although this difference disappeared among individually housed mice. This 

finding might be interpreted in terms of testosterone: because testosterone elevates pain 

thresholds and the OIL mice exhibited low testosterone levels, they exhibited greater pain 

sensitivity. However, this explanation fails to account for the differing pain behavior of 

LT mice (which exhibited comparable levels of testosterone), as well as why this reduced 

pain sensitivity, relative to the other doses, occurred exclusively in group housed mice. 

This finding appears additionally paradoxical with respect to the large body of literature 

on stress-induced analgesia: the mice with the highest levels of corticosterone – the OIL 

mice – exhibited the highest pain sensitivity in group housed conditions.  

However, focusing on the OIL mice ignores that the tail withdrawal interaction 

may have largely been driven by the LT mice, which exhibited significantly higher 
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latencies in groups than when housed individually. This offers another route of 

interpretation. While the LT mice were unique in neither testosterone levels (they equaled 

the OIL mice) nor corticosterone levels (they equaled the HT mice), they were 

particularly aggressive. Their aggression did not differ between housing conditions 

(resident-intruder attack latencies of the LT mice were comparable between housing 

conditions), but this heightened aggression may have manifested itself as dominance in 

the group housed condition. Although previous literature has suggested that pain 

insensitivity may lead to dominance (Miller, Murphy & Mirsky, 1955), no studies have 

yet found that dominance can reduce pain sensitivity, as the current observation suggests. 

More specifically, this study indicates that dominance per se – not aggressive behavior 

more generally – might reduce pain sensitivity (particularly regarding pain that implicates 

spinal reflex circuitry), suggesting a dissociation between aggression and dominance 

which may be explored by future research.  

It is clear that preexisting literature does not offer the framework with which to 

construct a coherent explanation for the pain behavior results. It is tempting, therefore, to 

dismiss these results as anomalous. However, it cannot be ignored that these results 

managed to significantly, or near-significantly, reject the null hypothesis, meaning that 

the probability that these interactions occurred by chance was less than about 5% (this 

does not even account for the fact that multiple significant effects were observed). Thus, 

this set of results, though tangential to the study’s primary purpose, may encourage future 

research to investigate if largely accepted theories – including testosterone-induced pain 

insensitivity and stress-induced analgesia – may apply to only certain dominance or 

housing conditions.  



Dominance Hierarchies, Testosterone and Neurogenesis 

 

67

Exploratory Findings: Weight 

 Although the current study failed to induce a testosterone gradient between HT, 

LT and OIL mice (as indicated by the plasma testosterone assay), the average weight 

measure managed to precisely reflect this gradient. The HT mice weighed the most, 

followed by the LT mice, and the OIL mice weighed the least. Testosterone has in fact 

been shown to cause weight gain (Bhasin et al., 1997), suggesting that the implanted 

testosterone doses were responsible for the weight gradient. This observation, as 

mentioned earlier, likely indicates that although the plasma assay failed to reveal 

significant testosterone differences between dose conditions, the dose conditions did in 

fact differ in plasma testosterone levels at some point in the study. Moreover, these 

differences in testosterone levels were robust enough to cause persistent and statistically 

significant differential weight gain in each dose condition. This inference supports 

previous speculations that plasma testosterone levels once differed between HT, LT and 

OIL mice (for example, this offers a means by which LT mice could establish dominance 

over OIL mice despite sharing comparable testosterone levels at the time of the plasma 

assay).  

Moreover, this observed weight gradient lends insight into previous literature. 

Many studies have found that weight positively correlates with dominance status, such 

that dominant mice tend to be heavier (e.g., Blanchard et al., 1993). Because these 

findings were purely correlational, one might propose that high testosterone levels cause 

increased weight gain, which in turn becomes advantageous in intermale aggression, and 

ultimately bolsters dominance status. In other words, it is possible that weight gain 

mediates the positive effect of testosterone on dominance status. The current findings 
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both support and refute that possibility. From one perspective, the observed weight 

gradient observed did not match the aggression gradient; although HT mice weighed the 

most, it was the LT mice that exhibited the most aggression. In this sense, the results 

dissociate weight gain from aggression, and refute the role of weight gain as a mediator 

between testosterone and aggression. However, the results also found a significant, 

negative correlation between weight and attack latency, such that the heavier mice 

attacked the intruder more quickly. There was also a near-significant negative correlation 

between weight and plasma corticosterone levels, such that the heavier mice tended to 

exhibit lower levels of this subordination-associated stress hormone. These corrrelational 

findings alternatively suggest that weight could in fact underlie differences in aggressive 

behavior. Future research may wish to tease apart the effects of weight gain to determine 

whether it could feasibly mediate the relationship between testosterone and aggression. 

Conclusion 

 The phenomenon of aggression has inspired a vast and expanding field of 

research, both because of the threat it poses to human society and because of the insight it 

lends into one of the most basic behaviors of human nature. The concurrently burgeoning 

interest in neurogenesis – the ability for the brain to develop and grow in response to its 

environmental and social circumstances – offers a unique perspective on aggression. That 

dominance is associated with increased neuron production sheds new light on aggression, 

and suggests a previously unconsidered ramification of subordination. While one must 

always exercise caution in translating findings from an animal model to humans, these 

findings offer intriguing questions about the consequences of intermale aggression. The 

current study aimed to better characterize the relationship between aggression, 
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testosterone, and neurogenesis in order to determine the proximal causes of dominance-

related neurogenesis. While it did not provide a conclusive resolution, it instead produced 

a host of unexpected and novel observations which develop, elucidate, and complicate the 

preexisting body of literature on the topic. Future research is encouraged to address the 

questions provoked by these findings; it is hoped that these results will ultimately further 

our understanding of aggression and its biological causes and effects. 
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Table 1 

Resultant Sample Sizes after Mice that Died or Lost Pellets were Deducted 

        
    

   
Testosterone 
Pellet Dose   

Housing and Measure High Dose Low Dose Oil Vehicle 
        
Individual    
    Hormonal measure N=1 N=4 N=5 
    Neurogenesis measure N=4 N=4 N=4 
Group    
    Hormonal measure N=4 N=5 N=5 
    Neurogenesis measure N=4 N=4 N=4 
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Figure Captions 

Figure 1. Mean plasma testosterone concentrations across pellet dose conditions, 

collapsed across housing conditions. Both the LT and OIL mice exhibited significantly 

lower levels of testosterone than the HT mice. Testosterone levels of intact mice did not 

significantly differ from those in the HT mice. Asterisks represent a significant difference 

(p< 0.05) from the HT mice. 

Figure 2. Mean plasma corticosterone concentrations across pellet dose conditions, 

collapsed across housing conditions. The OIL mice exhibited increased levels of 

corticosterone over the HT and LT mice, although the former difference only approached 

significance. Corticosterone levels of intact mice did not significantly differ from those in 

the OIL mice. Asterisks represent a significant difference (p< 0.05) and triangles a near-

significant difference (p< 0.1) from the OIL mice. 

Figure 3. Sample photograph of BrdU-labeled cells in the hippocampal dentate gyrus. 

(A)The dentate gyrus (the horizontal “V” shape) containing BrdU-labeled cells (the dark 

spots) photographed at 10x magnification. (B) A BrdU-labeled cell photographed at 100x 

magnification. 

Figure 4. Mean density of BrdU-labeled cells within the dentate gyrus, across 

testosterone pellet dose conditions. There were no significant differences between groups. 

Figure 5. Mean density of BrdU-labeled cells within the dentate gyrus, across housing 

conditions. There were no significant differences between groups. 

Figure 6. Mean attack latencies in the resident-intruder paradigm across testosterone 

pellet dose conditions. The OIL mice exhibited significantly longer attack latencies 

relative to LT and HT mice, and the difference in attack latency between LT and HT 
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mice neared significance. Asterisks represent a significant difference (p< 0.05) from the 

OIL mice and triangles represent a near-significant difference (p=0.15) from the HT mice. 

Figure 7. Mean aggression scores during dark phase videos across testosterone pellet 

dose conditions. The LT mice exhibited significantly higher aggression scores than the 

HT and OIL mice, and the difference between the HT and OIL mice neared significance. 

Asterisks represent a significant difference (p< 0.05) from the LT mice and triangles 

represent a near-significant difference (p< 0.10) from the HT mice. 

Figure 8. Mean tail withdrawal latencies during the tail withdrawal test across both 

testosterone pellet dose and housing conditions. A significant interaction was found, 

whereby the OIL mice exhibited significantly lower tail withdrawal latencies than the LT 

mice when housed in groups, but not when housed individually. Asterisks represent a 

significant difference from the LT mice (p< 0.05).  

Figure 9. Mean paw-shaking latencies during the hotplate test across both testosterone 

pellet dose and housing conditions. A near-significant interaction was detected, whereby 

HT mice exhibited significantly higher paw-shaking latencies than LT or OIL mice when 

housed individually, but not when housed in groups. Asterisks represent a significant 

difference from the LT and OIL mice (p< 0.05).  

Figure 10. Mean weights across testosterone pellet dose conditions. Each dose condition 

differed from every other condition, whereby HT mice weighed the most and OIL mice 

weighed the least. Asterisks represent a significant difference from the HT mice (p< 0.05) 

and triangles represent a significant difference from the LT mice (p< 0.05). 
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Figure 2.  
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Figure 3. 
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Figure 4. 
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Figure 5. 

GroupIndividual

Housing Condition

2000.00

1500.00

1000.00

500.00

0.00

D
en

ta
te

 G
yr

us
 B

rd
U

 la
be

le
d 

ce
ll 

de
ns

ity

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Dominance Hierarchies, Testosterone and Neurogenesis 

 

90

Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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Figure 10. 
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