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Abstract 

As living condition has been shown to affect rates of neurogenesis, the current study was 

designed to examine the relationship between neurogenesis and pain behavior, particularly stress-

induced analgesia (SIA) and tonic pain.  Mice received daily injection stress and were placed in 

group or isolated housing conditions, with or without access to a running wheel in order to 

differentially manipulate neurogenesis.  Both males and females were used in this study to 

investigate sex differences involved.  Animals were tested with hotplate and tail withdrawal tests 

before and after restraint stress to examine SIA (experiment 1), and with a subcutaneous formalin 

injection to assess changes in tonic pain—particularly in the late phase (experiment 2).  Group 

housed runners were expected to have increased neurogenesis, decreased SIA and increased late 

phase formalin pain; however, findings did not support this hypothesis.   In experiment 1, significant 

differences in overall acute pain were observed, depending on housing and running. In experiment 2, 

overall formalin pain behavior was influenced by housing, while running differentially influenced 

pain behaviors in each phase.   Significant changes in neurogenesis were not observed, which--along 

with a number of confounding variables--may have influenced inconsistent findings.  
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Introduction 

 After much controversy over its initial discovery, neurogenesis in the adult mammalian brain, 

particularly in the hippocampus and olfactory bulb, has become a generally accepted phenomenon.  

Neurogenesis has been widely studied to explore its effects on memory and learning.  Investigators 

have manipulated variables such as living environment, physical activity levels, and hormonal levels 

to observe how these factors influence neurogenesis, and, in turn, learning and memory.  However, 

the relationship between neurogenesis and pain has not received as much attention.  Various studies 

have suggested that learning and various types of pain behavior may result from common 

mechanisms involving neuronal plasticity. Therefore, neurogenesis may have effects on pain that are 

parallel to those involving learning and memory.  The current study attempted to explore this 

relationship.  In 2006, Stranahan, Khalil, and Gould found that different social environments and 

levels of physical activity have significantly different effects on neurogenesis; certain conditions 

increase neurogenesis, while others decrease its occurrence.   We will use manipulations similar to 

theirs to place mice in differentially neurogenesis-promoting conditions and investigate the 

relationship between neurogenesis and pain behavior. We will use both male and female mice to 

examine any sex differences that may exist.    In particular, we will be investigating late-phase 

formalin pain behavior—particularly the late phase plastic changes—and stress-induced analgesia.   

Pain 

The word “pain” has been used to define stimuli, responses, sensations, and perceptions 

experienced by an individual.  The International Association for the Study of Pain (2007) 

operationalizes pain as an “unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage”( http://www.iasp-pain.org, Pain 

section ).   The sensation of pain serves to indicate current or potential tissue damage, as well as 

evoke responses that protect the body from harm.  (Sternbach 1969).   
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The sensation of pain is adaptive; as it is naturally aversive, pain acts as a warning to avoid 

harm.  Thus, animals have evolved nervous systems to understand the information they receive from 

the environment and to determine whether stimuli are innocuous or noxious (tissue damaging).  They 

can then use this information to decide to withdraw from and avoid potentially dangerous stimuli.    

Additionally, the pain system has evolved methods for altering an individual’s pain sensation; for 

example, increasing one’s sensitivity to pain for a more rapid response and avoidance of noxious 

stimuli.    

In humans, the experience of pain involves the sensation of a noxious stimulus, followed by 

physiological and affective or emotional responses (Sternberg 2007).    In this way, there is a 

significant distinction made between the sensation of pain and its perception.  The sensation of pain 

refers to the nervous system response to noxious stimuli—this is also referred to as nociception 

(Kandel, Schwartz & Jessell 2000)--, whereas the perception of pain involves the conscious 

experience of the unpleasantness and intensity of being in pain (Sternberg 2007).  There is 

dissociation between the two because an individual’s nervous system can sense noxious stimuli, but 

the individual may or may not have the subjective experience of being in pain.   For the purposes of 

this study, the pain experience of the research subjects will be assessed through their observable pain 

behaviors. 

The nervous system has specialized peripheral neurons called nociceptors that allow 

individuals to detect noxious stimuli. These neurons are of two types: C-fibers and Aδ-fibers. C-

fibers are unmyelinated and are sensitive to thermal (extreme hot and cold temperatures), mechanical 

(intense pressure), and chemical stimuli, and therefore are polymodal (Kandel et al. 2006). Aδ-fibers 

are thinly myelinated and respond to thermal and mechanical stimuli.  Both of these fibers have the 

slowest conductance of all nervous system neurons because they are very small in diameter and have 

little or no myelination, two factors which are directly related to speed of signal conduction.  

(Sternberg 2007). There are also nonnociceptive fibers, Aβ-fibers, and Aα-fibers, which have larger 
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diameters and are typically involved in the perception of innocuous stimuli, but can also have a role 

in modifying the perception of pain, which will be explained later in this section (Kandel et al. 2000). 

  Nociceptors are primary sensory neurons that have their end terminals at the skin, joints, 

skeletal muscles, blood vessel walls and connective tissues, and have their cell bodies in the dorsal 

root ganglion (DRG).  From the DRG, the fibers connect to the superficial layers of the dorsal horn 

of the spinal cord (Sternberg 2007).  The position in the dorsal horn, or lamina, at which the 

nociceptor terminates depends on the type of fiber.   The neurons that subsequently receive the signal 

from nociceptor afferents are known as pain transmission neurons (PTNs).   PTNs have their cell 

bodies in the dorsal horn and carry the signal up to the brain.  The signal is transmitted to the brain 

via five ascending pathways: the spinothalamic, spinoreticular, spinomesencephalic, cervicothalamic, 

and spinohypothalamic tracts.  These pathways are distinct because they start in different laminae 

and terminate at different regions in the brain.  The pathways are also involved in creating different 

aspects of the experience of pain, such as the affective, neuroendocrine, and cardiovascular 

responses.   Consequently, the experience of pain is produced in the higher order areas of the cortex, 

such as the parietal and frontal lobe, and limbic system. 

 The activation of this signal pathway occurs when noxious stimuli directly impinge on the 

peripheral extensions of these fibers.  Oftentimes, both Aδ and C fibers are activated by noxious 

stimuli; the Aδ fibers produce a faster sensation of pain because they are myelinated, and are 

followed by the more aching pain caused by C fiber activation (Sternberg 2007).  The mechanism 

whereby these stimuli depolarize the nociceptors is still under investigation; however, it is believed 

that the membranes of the nociceptor endings contain proteins that convert the mechanical, thermal, 

or chemical energy of the stimuli into electrical potential (Kandel et al. 2000).   Once these neurons 

are depolarized, the signal is transmitted to the central nervous system by the release of the 

neurotransmitter glutamate in the spinal cord, as well as through the action of neuropeptides.   Both 

of these chemicals work together to regulate nociceptive responses; glutamate activates AMPA 
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(alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors and causes an excitatory 

response, whereas neuropeptides enhance and prolong the action of glutamate. 

Pain measurement 

 In this study, we will measure two types of pain through two experimental manipulations.  

We will measure tonic pain with the formalin test, as well as acute pain thresholds with the hotplate 

and tail withdrawal tests. 

The formalin test is used to measure animal responses to more continuous, moderate pain.  

As compared to other traditional pain tests that use thermal and mechanical stimuli, it is not testing 

acute pain, but rather pain involved with tissue injury.  Therefore, it is believed that results from 

studies using the formalin test provide a more valid model for clinical pain (Dubuisson and Dennis 

1977). The test involves a subcutaneous injection of formalin, an aqueous solution of formaldehyde, 

into the paw of the rodent.  The hind paw is typically used, and will be used in the present study, 

because rodents do not usually lick this paw during normal grooming (Tjølsen, Berge, Hunskaar, 

Rosland, & Hole 1992).  Therefore, observed licking of the hind paw is more likely to be a 

nociceptive response to the injection.  

 There are two phases in the response to formalin, early and late.  The early phase usually 

lasts five to ten minutes and is associated more directly to the activity of afferent C fibers (Heapy et 

al. 1987 as cited by Tjølsen et al. 1992).  The early phase is followed by a quiescent period of about 

ten minutes.  After the quiescent phase, the late response lasts from 20-40 minutes.    The late phase 

appears to involve synaptic plasticity in the dorsal horn of the spinal cord that results from the initial 

barrage of C fiber activity and the inflammation response of peripheral tissues (Tjølsen et al. 1992).  

As a result of the strengthened response, animals must be euthanized shortly after testing.  Otherwise, 

animals may experience long-lasting changes ranging from depilation and scarring to ulceration at 

the injection site (Rosland, Tjølsen, Mæhle, Hole 1900). 
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 We will also test the acute pain thresholds of the mice using a tail withdrawal test and a 

hotplate test, which are commonly used phasic pain tests.  These tests are used to determine 

nociceptive thresholds, while the formalin test is a suprathreshold response (Wilson & Mogil 2001).  

This means that changing the intensity of the stimulus in the hotplate or tail withdrawal test will 

influence the latency of response, while changes in intensity of the formalin test will affect intensity 

and duration of response.  The hotplate test involves placing the animal on a hotplate set to 53°C to 

measure a pain response to the acute thermal stimulus.  The response that is typically measured is the 

hind paw fluttering or licking; hind paw lifting is often too subtle a response to accurately measure 

(Espejo & Mer, 1993). In this assay, front paw licking is also not measured, as it is a grooming 

response.  Additionally, the mouse response to the hotplate test is stereotyped, and therefore easily 

measured (Bars, Gozariu, Cadden, 2001).  However, the test is susceptible to effects of repetition 

(Gamble & Milne, 1989); therefore it will only be performed twice during the current study, with a 

period of 15 minutes in between each trial.  

In the tail withdrawal test, the distal portion of the mouse’s tail is submerged into a batch of 

circulating 49° water and the response time of withdrawing the tail is measured.  At this temperature, 

response times are long enough to be accurately measured in the observer’s reaction time.  It has 

been shown that this test is not affected by repeated exposures and measurements are reproducible 

(Tierny, Carmody, & Jamieson, 1991).   Both hotplate and tail withdrawal tests are commonly used 

as a measure of animal nociception because they can be manipulated experimentally to examine 

factors that influence antinociception (Bannon & Malberg, 2007).  It is noteworthy, however, that the 

behaviors measured in each test are mediated by different neural circuitry—as observed through 

studies using various techniques to modulate responses that have found conditions in which only one 

of the two tests are altered (Jensen & Yaksh, 1984; Fasmer, Berge, Tvieten, Hole, 1986).  The 

hotplate test is supraspinally mediated, while the tail withdrawal test is spinally flexible (Wilson & 
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Mogil, 2001).  We will be using these tests to determine the effects of our manipulation on acute 

thermal pain.   

 
 Pain Modulation 

The action of the PTNs can be modulated by various mechanisms, to both increase and 

decrease their effects.  Both local nociceptive or non-nociceptive afferents and descending pathways 

from the brain can modulate the signal of the PTN.   Other non-nociceptive afferents can affect 

nociception because they sometimes terminate at the same lamina as the nociceptors and can have an 

excitatory or inhibitory effect.  In general, the non-nociceptive afferents inhibit the ascending signal 

to the brain.  This idea was postulated as the “gate control theory” in 1965 by Mezlack and Wall.   

Descending pathways have modulatory affects on pain because they too can inhibit the firing 

of PTNs in the laminae of the dorsal horn, thereby producing an analgesic affect.  Evidence for this 

pathway was found through electrical stimulation of midbrain sites (Reynolds 1969; Mayer et al 

1971).   The action of the descending pathways can be either directly or indirectly inhibitory, or can 

interact with endogenous opioid-containing pathways (Kandel et al. 2000).   

The body produces endogenous opioids, such as enkephalins, β-endorphin, and dynorphins, 

which have analgesic effects by inhibiting the firing of PTNs.  Opioids have effects on PTNs through 

the action of the numerous opioid receptors present in the dorsal horn of the spinal cord. This 

inhibition can occur through postsynaptic inhibition or by presynaptic inhibition of glutamate release 

(Basbaum et al. 2000).   

Another form of inhibition of nociceptive pathways resulting in analgesia is stress-induced 

analgesia (SIA).  This form of analgesia occurs in animals during stressful conditions.  It suppresses 

the typical responses to pain—such as reflex, withdrawal, and rest and recuperation (Kandel et al. 

2000)—which could be disadvantageous in stressful situations.   The mechanism of SIA will be 

explained further in a later section.   
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On the other hand, nociception can be increased by various mechanisms.  Hyperalgesia, an 

increased response to noxious stimuli (Ji Kohno, Moore, & Woolf 2003), has been widely researched 

and can be caused by sensitization, both peripherally and centrally.   Peripheral sensitization refers to 

changes in the peripheral terminals of nociceptors, while central sensitization is due to changes 

occurring in the dorsal horn of the spinal cord.   

During an injury, there is a release of various chemicals from dead and dying cells in the 

region of tissue damage.  These chemicals increase the sensitivity and excitability of the nociceptors 

in the periphery by activating signaling pathways that change the threshold and kinetics of receptors 

and ion channels.  Therefore, there is increased pain sensitivity in the region of inflammation (Ji et al. 

2003).   

Central sensitization refers to synaptic strengthening that occurs in the synapses of the dorsal 

horn of the spinal cord as a result of intense peripheral tissue damage caused by a noxious stimulus.   

The damage causes the nociceptors to fire at a great rate, strengthening the connection between the 

nociceptors and PTNs.  Thus, damage causes increased sensitivity after the injury, and allows for 

PTNs to be activated by lower intensity stimuli and lower threshold primary afferents, which are 

usually activated by innocuous stimuli (Sternberg 2007).  This sensation of pain caused by innocuous 

stimuli is called allodynia.  Although the perception of increased pain resulting from central 

sensitization feels as if it originates in the periphery, the heightened perception is actually the result 

of strengthened connectivity in the central nervous system.  This phenomenon is unlike peripheral 

sensitization, which results from changes in receptors and ion channels specifically in the periphery.   

The strengthening that results from central sensitization is a form of synaptic plasticity.  Long-term 

potentiation (LTP), another widely studied form of synaptic plasticity, has been compared to central 

sensitization because they share common mechanisms.  LTP and its relevance to central sensitization 

will be further explained in the following section.   

Synaptic Plasticity  
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 The brain is plastic adapts to the needs of the environment.  These changes can be temporary 

or permanent and occur within the biochemistry, morphology, or physiology of the brain.  In 1949 

Hebb first introduced the idea of neural changes as the experience dependent strengthening or 

weakening of neuronal connections.  Hebb’s thinking, which involved the increase of firing rates, has 

been extended to address the plasticity of synapses, neurites and entire neurons (van Praag, 

Kempermann, & Gage 2000).  

 One major form of functional remodeling in the brain is the phenomenon of synaptic 

plasticity, which involves variation in synaptic function and structure (Ji et al. 2003).  Synaptic 

plasticity can increase or decrease the functionality of synapses, depending on the type of synapse 

and the duration, intensity, and frequency of its activation (Ji et al. 2003).   Long-term potentiation 

(LTP) is a form of synaptic plasticity that occurs during high frequency stimulation to a neuron that 

results in changes to the synapses and causes increased synaptic efficiency.   The functional role of 

LTP has been associated with enhancing learning and memory (Ji et al 2003).  The opposite of LTP 

occurs when prolonged low frequency stimulation occurs, resulting in long-term depression (LTD).  

Originally, it was thought that these phenomena only occurred in the cortex and hippocampus of the 

brain, more recently, however, LTP was found to occur in the spinal cord.   As a result, LTP has 

become a possible mechanism for the changes in the spinal cord that may cause some forms of acute 

pain to become chronic pain (Rygh, Svendsen, Fiska, Haugan, Hole, & Tjolsen 2005).   

LTP involves the activation of AMPA and NMDA (N-methyl-D-aspartate) receptors in 

response to the neurotransmitter glutamate.  Typically, AMPA receptors respond to glutamate more 

often than NMDA receptors, because NMDA channels are both ligand and voltage gated, and so are 

blocked by Mg2+ ions, as they are.  Therefore, during a high frequency barrage of stimulation, cells 

are first depolarized by the activation of AMPA receptors (W.F. Sternberg, PSYCH 394 lecture, 

September 26, 2008).  This depolarization results in the displacement of the Mg 2+ion, allowing the 

subsequent wave of glutamate to bind to and activate NMDA receptors.    The activation of NMDA 
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receptors opens Ca2+ ion channels to which it is linked, causing an influx of calcium ions and starting 

the cascade of events leading to the synaptic changes involved in LTP.  One change is an increase in 

neurotransmitter release from presynaptic membrane. Another change that may occur is an increased 

sensitivity of the post synaptic membrane to the amounts of neurotransmitter released.  Increased 

sensitivity may be caused by an increase in AMPA receptor response, more AMPA receptors on the 

postsynaptic terminal, or the transmission of retrograde messages calling for enhanced 

neurotransmitter release (Kolb & Wishaw 2006).   

Due to the similarities between the mechanisms of LTP and central sensitization, some 

researchers speculate that one may be a form of the other (Willis 1997, 2002, as cited in Rygh et al. 

2005), or that there may be a significant link between the two.  For instance, both central 

sensitization and LTP involve the activity of NMDA receptors, the phosphorylation of various 

synaptic receptors, and the insertion of new AMPA receptors to the post synaptic membrane (Ji et al 

2003).   Evidence for the role of NMDA receptors in LTP can be seen in the disruption of LTP by 

blocking NMDA receptors using an antagonist (Svendsen, Tjolsen, & Hole 1998).  Similar blocking 

studies suggest that central sensitization also involves the activation of NMDA receptors (Price et al. 

1977).   Further evidence for a link between the two phenomena is their sharing of signal 

transduction pathways, time course and pharmacological profile (Sandkuhler 2000).   Therefore, the 

current study hypothesized to observe changes in late-phase formalin pain--which is dependent on 

synaptic plasticity--that are parallel to the changes seen in learning and memory in conditions of 

neurogenesis.  Specific conditions that affect neurogenesis, as well as learning and memory, will be 

discussed further in later sections.  

Neurogenesis  

The proliferation of cells in adult brains was first recorded by Altman in the 1960s through 

his autoradiography studies using H-thymidine.  As subsequent studies found cell proliferation in 

various mammalian and non mammalian species, new cells found in non-mammals were more 
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readily accepted as neurons than those found in mammals.  There remained a general debate over 

whether the new cells found in mammals were neurons or glia, as gliogenesis occurs throughout life 

as well.  The development of cell-type specific markers and bromodeoxyuridine (BrdU) helped 

facilitate the process of identifying neurogenesis in the brain.  BrdU is a marker of cell proliferation 

that integrates a synthetic thymidine analogue into the DNA of dividing cells during the S-phase of 

division (Paizinis, Kelai, Renior, Hamon, and Lanfumey 2007).  Therefore, cells that show evidence 

of BrdU can be assumed to be offspring of progenitor cells.  The use of BrdU allowed for in vivo 

labeling of cell proliferation that was easily visualized and quantified through an 

immunocytochemistry protocol. Double labeling with cell-type specific markers could then be used 

to ensure that the given cells are neurons.  Thus, as more studies have been conducted confirming 

neurogenesis in the brains of various mammalian species, the phenomenon of the growth of new 

neurons in adulthood is more readily accepted in the scientific community.  Neurogenesis in the 

hippocampus and the olfactory bulbs of mammals has been widely researched and accepted, while its 

occurrence in other brain areas is still under investigation. 

Originally, researchers were concerned about potential negative effects of BrdU (Gould & 

Gross 2002), such as labeling too many cells or damaging cells.  With further use, researchers 

concluded that BrdU did not have damaging effects on the cell and that many cells were not being 

labeled by the low dose of BrdU that is usually administered.  This suggests that past studies may 

have underestimated the amount of neurogenesis that occurs.  Moreover, by using larger does of 

BrdU, researchers have found that significant amounts of neurogenesis do, in fact, occur.  

Additionally, there has been speculation as to the impact of laboratory conditions on the survival of 

new neurons. As standard laboratory living conditions are relatively impoverished, it has been 

proposed that new neurons are not surviving due to a lack of adequate stimulation.  This would also 

suggest that previous studies may have inaccurate quantification of neurogenesis; studies reporting 
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poor cell survival rates may be providing inaccurate representations of naturally occurring 

neurogenesis (Gould and Gross 2002).   

 The pathway that has been proposed for neurogenesis starts with the multipotent neural 

progenitor cells that proliferate in the subgranular zone (SGZ) of the dentate gyrus and the 

subventricular zones of the lateral ventricles (Schinder and Gage 2004).  These cells then migrate to 

the granule cell layer and differentiate into neurons (Gould and Gross 2002).  After differentiation, it 

is likely that cells integrate into and become involved in normal functioning of their respective 

regions (Gould and Gross 2002).   

 A number of studies have been conducted to examine the functional roles of new neurons.  

New neurons may simply integrate into existing neuronal networks, or may alter the roles of pre-

existing neurons.  New cells functions may be unspecified, flexible, or pre-determined (Lledo, 

Alonso, Grubbb 2006).  With respect to the hippocampus, new neurons may play a role in learning 

and memory, as well as other phenomena that are dependent on hippocampal functioning.   

 By using green fluorescent protein (GFP), van Praag et al. (2002) were able to investigate the 

structure and function of new neurons in vivo.  They found that new neurons had neuronal 

morphology similar to that of mature cells.  More specifically, cells expressed mature neuronal 

markers and had morphology that is characteristic to mature dentate gyrus neurons.  There was also 

evidence of synaptic inputs to the cells, as the cells had dendritic spines, as well as a pool of post-

synaptic vesicles. These findings suggest that new neurons in the hippocampus, do indeed serve a 

functional role.  

Additionally, younger cells appear to be more changeable than older cells, allowing for 

greater plasticity.  They are more susceptible to experience-based synaptic changes, and exhibit more 

robust LTP in contrast to more mature cells (Snyder , Kee, & Wojtowicz 2001).  This may account 

for the increased LTP—which has been associated with increased memory and learning, especially 

with spatial tasks (Shrijver et al. 2002)—that occurs alongside increased neurogenesis.  This effect 
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may be bi-directional, as Bruel-Jungerman et al. (2006) have found that LTP can increase 

neurogenesis in the adult rat dentate gyrus.   

As previously mentioned, the mechanisms that cause LTP are very similar to those of central 

sensitization that result in hyperalgesia.  Therefore, we expect that neurogenesis may influence 

changes in pain that are parallel to those seen in LTP, and learning and memory.  Therefore, 

neurogenesis may cause increased synaptic plasticity, which can be observed as increased 

sensitization.  Our study is examining late-phase formalin pain, which is dependent on synaptic 

plasticity, to identify whether the functional role of new neurons in increasing synaptic plasticity may 

increase the late-phase response to formalin. In other words, if the new neurons have functional roles, 

they may facilitate the changes required for hyperalgesia.  It is important to note, however, that the 

current study observes hippocampal neurogenesis because it is a region in which neurogenesis has 

been consistently observed.  In order to directly observe the effects of neurogenesis on central 

sensitization, new cell growth would be needed in the spinal cord; however, neurogenesis has only 

been seen to occur there post-injury.  Therefore, we are using hippocampal neurogenesis as an 

indicator of general nervous system neurogenesis, which would influence central sensitization and 

late-phase formalin pain.  

 Neurogenesis has been extensively studied due to its potential applications in pathology in 

humans.  In particular, the study of conditions that promote neurogenesis provides insight into 

treating neurodegenerative diseases.  Such studies would assist in exploring conditions that stop or 

reverse the effects of cell loss.  Researchers have found that neurogenesis can be affected by a 

number of variables, including enrichment and social conditions of living environments, stress, and 

sex of the animal.  

Environmental manipulations and Neurogenesis 

In the late 1940s Hebb again introduced a novel idea; based on anecdotal experiences, he 

suggested that enriched environments can cause behavioral improvements in mice.  The enriched 
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environment paradigm has been developed since Hebb’s proposal, and various studies have 

investigated the effects of enriched environments on the nervous system.  The term ‘enriched 

environment’ has been used to describe a number of different living environments for laboratory 

animals.  In general, it refers to animals being housed together in a large cage that contains a number 

of toys, tunnels, and running wheels, that are periodically changed throughout the experiment (van 

Praag et al. 2000).  Enriched environments have been demonstrated to effect brain plasticity, 

including biochemical changes, gliogenesis, neurogenesis, dendritic arborization, and improved 

learning. 

Due to the number of new variables that are included in enriched environments, it is difficult 

to determine specific characteristics of enriched environments that affect neural changes.  van Praag 

et al. (2000) suggest that it is not the presence of a specific item, rather the combination of being 

exposed to many stimuli that causes the observed consequences.   In attempts to isolate factors that 

have a significant effect on neural changes, researchers have found that voluntary exercise on a 

running wheel, more than any other aspect of the enriched environment, increases both cell 

proliferation and cell survival in the dentate gyrus (van Praag, Kempermann, & Gage 1999).   On the 

other hand, some researchers have suggested that it is not the enriched environment itself, but an 

increase in motor activity that causes the observed changes.  It has also been suggested that these 

environments are not enriched; rather that normal laboratory living environments are impoverished 

as compared to the natural living environments of the animals.  Therefore, findings that have used 

standard laboratory housing conditions may be the results of pathological artifacts (Schrijver, Bahr, 

Weiss, & Wurbel 2002).   

A number of studies have utilized a running wheel paradigm solely or have compared the 

effect of living in the presence a running wheel to living in enriched environments to better 

understand the factors involved in the two conditions.  Bernstein (1973) found that rats placed in an 

environment that included access to running have greater increase in memory and learning in mazes 
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than rats living in isolation with just a running wheel (Bernstein 1973).  This finding suggests that 

enriched environments that have access to running have a greater effect on learning and neurogenesis 

than either enriched environments or running wheels alone.   

van Praag et al. (1999a), also compared running to other paradigms, such as learning, 

swimming, enriched environments, and social grouping, that have been speculated to have an impact 

on neurogenesis.  They found that running significantly increased neurogenesis in the dentate gyrus 

when compared to all other conditions.  These results suggest that access to a running wheel can have 

a very positive influence—even more than enriched environments alone—on neurogenesis.  

Moreover, van Praag et al’s (1999a) comparison also found differences in cell proliferation rates and 

cell survival rates between conditions.  Enriched environments without running increased cell 

survival, but not cell proliferation, while running conditions increased both cell proliferation and 

survival, suggesting that there are likely distinct mechanisms that influence the two. 

To explore the effects of running on neurogenesis, LTP, and learning, van Praag, Christie, 

Sejnowski, & Gage (1999) housed mice in with either a running wheel, or under standard conditions, 

and tested their learning of the Morris water maze.  As expected, they found that mice in running 

conditions had increased neurogenesis in the dentate gyrus. Using electrophysiological recordings of 

the CA1 region of the dentate gyrus, the group found that excitatory post synaptic potentials 

increased more readily for mice in running conditions, which is a sign of increased LTP.  Mice that 

had access to running wheels also showed decreased path length and latency in the water maze task, 

suggesting improved learning.  As increased LTP has been found in the same region where 

neurogenesis is observed to occur, researchers have suggested that the new neurons produced in this 

region do have functional roles and are involved with synaptic plasticity (van Praag, Christie, 

Sejnowski, & Gage 1999).   

 The positive effect of running on neurogenesis introduces a paradox, because running 

activates the stress systems in the body, which is usually an inhibitor of neurogenesis.   A better 
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understanding of the influence of stress on neurogenesis, and the factors that mediate its impact, will 

clarify these seemingly contradictory findings.  

Stress  

When an organism is under stress, its body usually reacts in a manner “geared towards the 

activation of functions needed for survival” (van Praag, de Kloet, & van Os 2004).  Therefore, 

activities that are important for survival, such as efficient blood flow and lung activity, are increased.  

On the other hand, activities that are not immediately important for survival, such as digestion, cell 

growth, and reproductive behavior, are inhibited.  In order for these alterations to occur, the body’s 

stress response system must be activated to release the hormones necessary to induce such changes.  

Thus, the neuroendocrine cascade of the hypothalamic-pituitary-adrenal (HPA) axis is activated.  The 

cascade starts with the hypothalamus releasing corticotropin-releasing-hormone (CRH), which 

stimulates the anterior pituitary to release adrenocorticotropic hormone (ACTH).  ACTH triggers the 

release of glucocorticoids by the adrenal cortex.  (van Praag et al 2004). The glucocorticoid that is 

specifically released in rodents is corticosterone.   

Negative feedback loops are built into this system to shut off the stress response, thereby 

preventing an organism from over expressing stress related hormones, which would be detrimental to 

homeostasis.  Both the hypothalamus and the pituitary glands have glucocorticoid receptors that 

detect the levels of glucocorticoids in circulation.  When these regions detect a threshold level of 

glucocorticoid they stop producing their respective hormones that induce the stress response, thereby 

shutting off the HPA axis.  The hippocampus also has a role in the shutting of the HPA axis because 

it also has glucocorticoid receptors that when activated will inhibit the stress-related function of the 

hypothalamus.   

Based on previous studies (Liu et al. 1997; Moncek et. Al 2004; van Praag, Kempermann, & 

Gage 1999) investigating glucocorticoid receptors, enriched environments, and neurogenesis, we 

expect that increased neurogenesis in the hippocampus will result in increased amounts of 
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glucocorticoid receptors and a more efficient shut-down of the HPA axis. Liu et al. (1997) found that 

increased glucocorticoid receptors in the hippocampus allow for greater HPA axis negative feedback 

sensitivity, which ultimately causes decreased levels of stress hormones.  Additionally, Moncek et al. 

(2004) found that mice living in enriched environments that experienced greater handling had lower 

glucocorticoid stress response levels than controls.  As enriched environments also enhance 

neurogenesis (van Praag, Kempermann, & Gage 1999), we posit that increases in neurons in the 

hippocampus necessarily increase glucocorticoid receptors, which accounts for the more efficient 

negative feedback observed in Moncek’s study.  We also expect to observe a similar phenomenon in 

our stress manipulation.  

Stress Induced Analgesia  

Under certain conditions, the stress response that is mediated by the HPA axis can have 

inhibitory effects on pain.  This effect is the phenomenon introduced earlier as stress-induced 

analgesia (SIA).   To investigate SIA in laboratory investigations, some common stressful 

manipulations for rodents are restraint, footshock, metabolic stressors, swim, forced exercise, and 

predator exposure (Kelly 1986 as cited in Sternberg 2007).    SIA is thought to be mediated by a 

number of distinct mechanisms, depending on the severity of the stress conditions.   One proposed 

mechanism, employed during less severe stress conditions, involves the action of the endogenous 

opiates previously discussed with regards to pain modulation.  These have analgesic effects that can 

be blocked by opiate antagonists such as naxolone.   

 A number of studies have examined the role of sex and strain on stress and stress-induced 

analgesia.  Some studies have reported that males experience a greater amount of stress-induced 

analgesia, while others suggest that females experience more SIA.  Some of the factors that may 

influence the conflicting findings may be differing kinds of assessment tests, strain, body weight, or 

gonadal hormones (Venruscolo, Pamplona, &Takahashi 2004).  For instance, some strains of mice 

experience greater or lesser SIA depending on their basal anxiety levels.  Additionally, some 
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investigators have posited that females have a distinct mechanism of SIA that involves a female-

specific hormone (Vendruscolo et al. 2004).   Therefore, there is not a great deal of agreement in the 

literature regarding SIA and sex or strain; however, our study will observe SIA in both male and 

female Sprague Dawley mice.  

 We will observe baseline pain thresholds before acute restraint stress, along with changes in 

pain thresholds post-stress attributable to SIA. Our study will attempt to identify any sex differences 

that exist in SIA.  Additionally, our experiment will use measures of SIA to investigate the 

relationship between neurogenesis and the HPA axis, as we expect mice that have lived in conditions 

that promote neurogenesis to have different levels of SIA on acute pain thresholds.  

Stress and neurogenesis 

A number of studies have explored the impact of stress on neurogenesis, and have concluded 

that stress acts as an inhibitor of neurogenesis.  The severity of the stressor, as well as the animal’s 

sense of control or helplessness in a stressful situation, mediates the effects of stress on neurogenesis 

(Mirescu and Gould 2006).  In particular, researchers have found that glucocorticoids have a negative 

impact on cell proliferation. Lanfumey et al. (2005) posit that the hyperactivity of the HPA axis 

caused by stress results in a reduction of granule cell precursor proliferation. They suggest that the 

glucocorticoids produced by stress are not killing new cells that have been generated; rather, they are 

suppressing the proliferation of new cells.  This suppression seems to occur selectively in the 

hippocampus. The negative impact on cell proliferation is not observed when glucocorticoid 

receptors and the HPA axis are blocked(Alonso et al. 2004). Conversely, reductions in cell 

proliferation are observed when corticosterone is administered in the absence of stress (Cameron and 

Gould 1994).  Additionally, studies that have removed the adrenal glands have found that cell 

proliferation is not reduced following exposure to stress, further supporting the idea that stress 

hormones decrease neurogenesis (Cameron and Gould 1994).    
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 There is debate as to whether these effects are permanent.  Some researchers suggest that 

stress prevents neural progenitors from re-entering the cell cycle (Heine et al. 2004), implying a more 

permanent effect.  While other studies, such as the one preformed by Heine, Joels, & Lucassn (2004), 

have compared the effects of acute and chronic stress.  The group found that chronic stress results in 

a prolonged suppression of cell proliferation (for about three weeks), whereas acute stress suppresses 

cell proliferation for a temporary period of time (about 24 hours), after which animals exhibit 

recovery (Heine et al. 2004).  

On the other hand, there are a number of studies that have found alternative conclusions 

about the relationship between neurogenesis and glucocorticoids.  This contradiction suggests that 

there are other variables that may play a role in the effects of stress on neurogenesis.  For example, 

some enriched environment (Moncek et al. 2004) and learning paradigms (Leuner et al. 2004) induce 

glucocorticoid release, but still are associated with increases in neurogenesis.  Another factor that 

may have a role in this process is the amount of free glucocorticoids available to act on the 

hippocampus; the hormone may be bound to corticosteroid binding globulin, thereby making it 

unavailable to affect the brain (Mirescu and Gould 2006).   

  Studies focusing on running and neurogenesis also contradict the general findings regarding 

stress and neurogenesis, as running activates the HPA axis, but promotes neurogenesis.  This may be 

due to the mediation of variables such as strain, sex, and social environment.  Researchers have 

found that strain has a significant role in the relationship between running and neurogenesis, as 

Naylor, Persson, Eriksson, Johnsdottir, & Thoflin (2005) have found that spontaneously hypertensive 

rats have suppressed neurogenesis when given access to a running wheel (Naylor et al. 2005).   This 

suggests that the strains used in other studies may have had significant differences that influenced the 

positive effects of running on neurogenesis.   

As there are many variables that influence the effect of stress on neurogenesis, the topic 

requires further study.  Group-housing conditions can also mediate the effects of stress and running, 
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as animals have been shown to experience differential levels of stress depending on social housing 

environments.  

Social environments and stress 

 Many studies have been conducted that have shown differential effects of social 

environments on rodent stress responses.  There are not many consistent findings among studies that 

point to generalities, however, some significant trends have been observed.   For instance, 

Bartolomucci et al. (2003) suggest that individual housing is not a significantly stressful condition by 

itself.   However, when rodents living in isolation are exposed to a mild stressor, they show increased 

corticosterone levels as compared to group housed rodents.  Interestingly, the group also found that 

individually housed male mice also have a preference for exploring novel environs, which was also 

confirmed by Palanza, Gioiosa, & Parmigiani (2001). This suggests that when compared to group 

housed males, socially isolated males experience less anxiety when exploring novel environments 

and high behavioral arousal.   

 Moreover, when comparing social and isolated living environments, there are differential 

stress responses that are determined by sex of the rodent (Palanza et al. 2001).  The group found that 

individually and group housed mice significantly differ in their levels of their anxiety-like 

behaviors—as measured by the open field test, which measures the proclivity of animals to explore 

an open field—and in corticosterone levels. In particular, male and female mice displayed opposite 

behavioral and endocrine trends.   Individually housed females had higher levels of corticosterone, 

and experienced more anxiety compared to group housed females.   Individually housed males, 

conversely, had lower corticosterone levels and were more inclined to explore the open field than 

males housed in groups.  The higher level of corticosterone observed in group housed males may be 

attributable to dominance hierarchies and aggressive activity that results when male mice are housed 

together.  Similar dominance hierarchies and aggressive behaviors are not observed in females 

housed together; rather, females experience more stress when individually housed due to social 
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instability.  Differences in exploratory behavior may be explained by the effect of estrogen in 

females.  

 The differential social dynamics and stress levels observed between males and females may 

have concrete implications for our study.  Basal stress levels may influence pain tests and SIA in 

differential ways between the sexes.  The effects of social stress may also have implications in 

neurogenesis between sexes, as males and females are likely to exhibit different basal stress levels, 

which may also interact with the physical activity paradigm in distinct ways. 

Sex Differences in Neurogenesis 

 Most studies that have been conducted to examine factors influencing neurogenesis have 

been conducted on male animals, thus, there is not as much literature regarding neurogenesis in 

females.  As differences in neurogenesis between males and females are expected due to differences 

in physiology, and in particular, in hormone levels, a number of studies have began to investigate this 

relationship.  

 Tanapat, Hastings, Reeves, and Gould (1999) have examined sex differences in neurogenesis 

in adult rats and have found a significant impact of estrogen levels on cell proliferation and survival.  

By measuring cell proliferation through BrdU labeling at different stages of the estrous cycle, and 

after an ovariectomy, the researchers found that new hippocampal cells in females appear to be 

affected by estrogen levels.  They found that increases in estrogen—like those related to proestrus—

are related to increases in neurogenesis.  Additionally, they found that after two weeks of labeling, 

there was no significant difference between males and females in the number of BrdU labeled cells.  

This suggests that increased estrogen levels not only induces increases in neurogenesis, but is also 

involved in cell survival.  The investigators also found labeled cells with extended axons, suggesting 

that they had a functional role in the hippocampus.  

 However, in 2001, Perfilieva, Risedal, Nyberg, Johansson, and Eriksson observed 

contradictory results.  Through BrdU labeling comparing males and females of two strains of rats, 
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they found that males had a greater amount of neurogenesis than females.  They also found that 

differences in neurogenesis are not only produced by sex, but also by strain.  One consistent finding 

of the Tanapat, et al. (1999) study, however, is that female cell survival is greater than that of new 

male neurons.  Perfilieva et al. (2001) suggest that their difference in findings may be due to a 

difference in age of the rats, since they used young rats (four weeks old), while Tanapat et al. (1999) 

used adult rats.  As our study will be examining adult mice, we expect our controls to express similar 

neurogenesis to the rats studied in Tanapat et al. (1999).  

Another factor that may lead to inconsistent findings in sex differences in neurogenesis may 

be the role of group-housing.  Mitra, Sundlass, Parker, Schatzberg, and Lyons (2006) measured the 

effects of social stress on neurogenesis in male mice through a resident-intruder paradigm, in which 

an intruder mouse is introduced to another mouse’s cage.  The interactive defensive behavior of the 

mice was measured and correlated to hippocampal neurogenesis.  The researchers reported that the 

mice who actively engaged in aggressive behavior—not just as passive recipients but as 

perpetrators—had increased stress levels and, consequentially, diminished hippocampal 

neurogenesis.  Again, males exhibit these behaviors as a result of dominance hierarchies that females 

do not experience. As a result, females experience less stress in groups, and may consequentially 

have higher rates of neurogenesis when compared to males.   Therefore, studies that have been 

conducted with isolated rodents should not be compared to those that have utilized group housing, 

because of the differential effects of social environments on neurogenesis. 

Stranahan et al. (2006) used a social housing manipulation to observe the effects of social 

housing on neurogenesis, and found that social housing actually increases neurogenesis.  However, 

their study was only performed with males. Previous studies that have been conducted to examine 

neurogenesis have placed animals in both isolated and group living conditions. It has been found 

(Stranahan et al 2006) that group living actually buffers the stress that rodents experience, thereby 

having a positive effect on neurogenesis.    
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Social Isolation delays the positive effects of running on adult neurogenesis (Stranahan et al. 2006)   

 In 2006, Stranahan, Khalil, and Gould found that although running usually has a positive 

effect on neurogenesis, this effect is mediated by another variable: social housing conditions.  By 

housing rats in groups of three or in isolation, with or without access to a running wheel, the 

researchers were able to observe the effects of the interaction between housing and running on 

neurogenesis.  

 They found that running in group housed conditions increased neurogenesis when compared 

to control conditions, while running in isolation decreased neurogenesis compared to controls.  In 

follow-up experiments, researchers found that without additional stressors—daily BrdU injections 

(used to monitory neurogenesis) in one experiment and a cold-swim test in another—rats running in 

isolation had levels of neurogenesis similar to sedentary controls. This finding is in agreement with 

previous studies (Bartolomucci 2003) that have posited that the effect of individual housing by itself 

does not cause enough stress to elicit differences in neurogenesis or endocrine activity.  Moreover, 

these results suggest that is it the interaction between running, stress, and living in isolation that have 

negative effects on levels of neurogenesis.   

 The researchers suggested that corticosterone levels and the response of the HPA axis play a 

major role in the observed effects.  Rats running in social isolation had higher basal levels of 

corticosterone four hours after lights-out (11:00 p.m.) compared to those that ran in social groups.  

Socially isolated rats also had a significant elevation in corticosterone levels, as measured by tail 

blood, in response to restraint stress, while rats running in social groups did not show elevations in 

corticosterone levels.  Researchers also performed adrenalectomies on the rats to show that 

glucocorticoids had mediating effects between running and neurogenesis.  This manipulation 

prevented the increase of the glucocorticoids usually induced by running, and resulted in an increase 

of neurogenesis in isolated runners, while not altering the positive effects of running upon 

neurogenesis in rats running in social groups.  
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 Stranahan et al. also found that duration of isolation was another variable that influenced the 

effects of running in social isolation on neurogenesis.  They found that only rats living in isolation 

for a period of seven days prior to the introduction of a running wheel had decreased levels of 

neurogenesis, as compared to those transferred directly from standard group housing to individual 

housing. 

 Based on their results, researchers concluded that social housing alters the response of the 

HPA axis to stress.  Thus, the negative effect of corticosterone release that is usually caused by 

running is buffered by living in social groups.  The mechanism that ameliorates the negative effects, 

however, remains unknown.  Nonetheless, the manipulations of the study reveals conditions that will 

increase or decrease neurogenesis.  Further studies can utilize these manipulations to identify effects 

of neurogenesis on other phenomena; however, this will be only correlational and not causal, as 

neurogenesis is not completely blocked. 

The present study 

Our study will follow up on the Strahanan et al (2006) study and extends its focus to pain 

behavior.  The current literature exploring the relationship between neurogenesis and pain is very 

limited, particularly with regard to the ways in which pain behaviors change as a result of 

neurogenesis.  Many of the investigations performed examine the effects of pain on levels of 

neurogenesis (Yajima et al., 2008; Terada et al., 2008). The relationship occurring in the opposite 

direction (neurogenesis influencing pain) is significant to investigate as it will have clinical 

applications for humans.  For instance, these studies will provide insight into the relationships 

between neurodegenerative diseases and pain.  

As Stranahan et al. observed an increase in neurogenesis in group housed rats in running 

conditions, we will be using mice to observe whether their results regarding social isolation, running, 

and neurogenesis extends to mice.  Moreover, their study only used male rats; we will be using male 

and female mice to address various questions regarding sex differences in pain and neurogenesis.   
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 The housing paradigm we will use will mimic that of Stranahan et al., in that mice will be 

housed in groups or individually with or without access to running wheels.   Also, similar to 

Stranahan et al., we will test for neurogenesis in their brains. We will measure the dependent variable 

of pain through the occurrence of stress-induced analgesia and any differences in late-phase formalin 

pain.  As our study will not be directly manipulating neurogenesis, we will not be able to assume a 

causal relationship between neurogenesis and pain behavior.  Thus, our findings will be correlational 

and will be confirmed through correlational analyses relating changes in neurogenesis to changes in 

pain behavior. 

 In the present study, we anticipate our findings regarding neurogenesis to replicate those of 

the Stranahan study.  In other words, mice who are housed in social environments with access to 

running wheels will have increased neurogenesis, while those running in social isolation will have 

decreased neurogenesis.  Thus, our study will be examining the social buffering of the effects of 

stress on neurogenesis in mice.   

We hypothesize that mice with increased neurogenesis will experience decreased levels of 

stress-induced analgesia.  The increase in neurons in the hippocampus should also increase the 

amount of glucocorticoid receptors there, resulting in a more efficient negative feedback mediated 

shutdown of the HPA axis.  Therefore, we expect that these mice will have less SIA because their 

stress response will be shutdown more efficiently, preventing the analgesic effects caused by 

stressful conditions.   

We expect mice that have increased neurogenesis in the hippocampus will also have 

increased late-phase formalin pain behavior.  We postulate that the increased number of cells in the 

hippocampus will indicate general increases in neurons, resulting in greater synaptic plasticity.  Thus, 

mice will experience greater late-phase pain, which is dependent upon this plasticity.  This 

postulation is also based upon preliminary (unpublished) data that has shown that mice living in 
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enriched environments that have increased levels of neurogenesis also have increased amounts of 

late-phase formalin pain. 

 Our study will aim to investigate sex differences in neurogenesis, as well as social housing 

effects on neurogenesis—and sex differences therein.  Based on previous results, it is likely that we 

will observe increased neurogenesis in female mice compared to males.  We will also observe the 

effects of differential running and social housing conditions on late-phase formalin pain behavior and 

stress induced analgesia, as well as any sex differences involved.  Additionally, we will examine if 

the conditions that increase or decrease neurogenesis will increase or decrease late-phase formalin 

pain, while leaving other acute pain behaviors unaffected.  If our expectations are supported, findings 

will suggest that new neurons in the hippocampus play a functional role in stress pathways as they 

will be altering the activity in the HPA axis.  Also, changes relating to increased neurogenesis and 

formalin pain will suggest that new neurons in the dorsal horn of the spinal cord have influences on 

central sensitization.  

Methods 

Subjects 

As this study involves two experiments, one testing for SIA, and the other testing for 

formalin pain, there were two groups of mice who were placed under specific housing conditions and 

then tested for pain and neurogenesis.  

The mice in this experiment were Sprague Dawley mice obtained from Harlan, Indianapolis, 

IN.  Mice were approximately 8 weeks old upon arrival and were received approximately one week 

before the protocol was run.  Therefore, at the time of testing, mice were 10-12 weeks old, qualifying 

them as young adults. Both male and female mice were randomly housed either in isolation or in 

social housing in groups of seven, with or without access to a running wheel.   Therefore, there were 

eight total housing conditions, which are delineated in the table below.    
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Access to Running Wheel No Access to Running Wheel (Controls) 

Social Housing Isolation Social housing Isolation 

7 Males 7 Females 7 Males 7 Females 7 Males 7 Females 7 Males 7 Females 

 

As the study involves two experiments, there were another set of mice housed in the same conditions 

as explained above, totaling in 112 mice.  However, 2 mice from experiment 1 and 4 mice from 

experiment 2 died prior to testing.  Consequently, the numbers of animals in each condition that 

completed the entire protocol are as follows:  

 Access to Running Wheel No Access to Running Wheel (Controls) 

Social Housing Isolation Social housing Isolation 

SIA 6 Males 7 Females 7 Males 7 Females 7 Males 7 Females 6 Males 7 Females 

Formalin 6 Males 7 Females 6 Males 6 Females 6 Males 7 Females 7 Males 7 Females 

 

 All mice received unlimited access to food and water.  Temperature was maintained at 20° 

and light-dark conditions were controlled in a 12-hour light/dark cycle (lights on at 8am).   

Manipulations  

Running Wheels 

The mice were housed in group or isolated cages for a 2-day period to become accustomed to 

the condition before receiving access to the running wheels.   Following the 2-days, running wheels 

were introduced to mice in running conditions, thereby, providing access to a running wheel for a 

total of 10 days.  For at least 6 of these 10 days, mice ran on wireless wheels to record revolution 

data.  Therefore, both wireless wheels and low-tech wheels were rotated between running cages 

throughout the 10-day period.  Wireless and low-tech wheels only differed in the base, which for 
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low-tech wheels was a hollow dome that mice could enter. Wheel revolution data was recorded 

approximately every 24 hours, at the time of injection.  

Injection Protocol 

All mice were given daily intraperitoneal injections (in an injection volume of 30mL/kg) for 

10 consecutive days.  Eight mice (4 females and 4 males) from each housing condition were given 

BrdU injections (see table below), while others received a saline injection of the same amount.   

Access to Running Wheel No Access to Running Wheel (Controls) 

Social Housing Isolation Social housing Isolation 

5 Males†* 4 Females 4 Males 4 Females 4 Males 5 Females† 4 Males 4 Females 

*Two of these males died before the end of the protocol. 

†After the deaths of BrdU mice in the first cohort of mice housed, additional mice were assigned to receive BrdU injections in order to prevent 

under representation of certain groups due to death.  

 

BrdU was dissolved in 1ml of saline for every milligram of BrdU and was buffered with 7µl 

of 1M NaOH for every 1ml of saline. These injections allow for monitoring cell proliferation, and 

add a daily stressor.   All of the mice had their tails labeled with permanent marker to identify which 

mice received BrdU injections and which received saline injections without introducing a 

confounding variable of only labeling BrdU mice.  The injection procedure involved restraining the 

mouse for a period of 30 to 60 seconds, and was done sequentially for the injection of group-housed 

mice.  

Hotplate Test 

 Mice were placed on a hot plate set to 53°C and were surrounded by a Plexiglas cylinder to 

prevent locomotion and jumping off of the surface.  The latency in pain behavior was measured by 

starting a stop watch when all four paws touched the hotplate and stopping when one hind paw was 
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lifted or shaken.  After signs of pain behavior, the timer was stopped and mice were immediately 

removed from the hotplate. 

Tail Withdrawal Test 

Mice were wrapped in a cloth to immobilize them while tails were submerged in 49°C water.  

A stopwatch was started upon submersion of the tail and stopped when the mouse withdrew its tail.  

Two trials of the tail withdrawal test were preformed and an average latency was calculated for 

greater accuracy.  

Restraint Stress  

 Mice were restrained for a period of 15 minutes to induce a stress response.  Females were 

restrained in a 50 ml conical tube stopped with a syringe back for increased compression. Males were 

restrained in a ventilated restraint tube with a sliding ring for increased compression. 

Formalin Test 

 Mice received a subcutaneous injection of 20 μL of 5% formalin into their hind paw and their 

behavior was recorded on video for a period of 40 minutes.  This procedure was performed on up to 

four mice simultaneously by placing the mice in a Plexiglas observation chamber consisting of four 

compartments. The compartment walls were opaque so the mice could not see each other, while the 

floor was made of glass, so the recording can be done from below.  This ensured the accuracy of 

observations and minimized effects of researcher interaction.  

Each mouse was habituated to the compartment for at least 20 minutes before the injection.    

During injections, each mouse was placed into a cloth and cardboard pouch and left hind paws were 

injected.  After injection, the mice were re-placed into the compartment and recorded.  After 

recording for 40 minutes mice were euthanized or perfused in the case of BrdU injected mice.  

Video Scoring 

The behaviors in the video were scored for the amount of paw shaking, licking and favoring, 

which refers to holding the paw up.  Each minute of the video was divided into 20 second bins for 
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scoring. Raters watched the first five seconds of each bin, and gave a score of 1 if pain behavior was 

observed during those five seconds.  Therefore, in the first ten minutes of the video, corresponding to 

the early phase, animals could receive a maximum pain behavior score of 30.  Similarly, during the 

late phase, minutes 20-40, the maximum score for pain behavior would be 60.   No scoring occurred 

during the quiescent phase, minutes 10-20.  The first few videos scored were scored by at least two 

raters to ensure inter-rater consistency.   

Procedure 

Experiment 1 

Mice were housed in their respective conditions for a period of 12 days.  They were 

habituated to their new housing conditions for two days and began to receive injections on day 3.  

After a period of 12 days in their respective conditions, mice underwent tests to measure stress-

induced analgesia.  First, baseline measures of pain were recorded for the hotplate and tail 

withdrawal tests.  Two acute pain tests were performed to provide a more comprehensive measure of 

pain.  This was followed by a 15-minute period of restraint stress.  The mice were then re-tested in 

the hotplate and tail withdrawal tests.  Latency of pain response in both pain tests were dependent 

variables compared in this experiment.   After each mouse completed post-stress testing it was either 

sacrificed or perfused for removal of the brain in BrdU injected mice.   

Experiment 2 

Mice were housed in their respective conditions for a period of 12 days.  They were 

habituated to their new housing conditions for two days and began to receive injections on day 3.  

After a period of 12 days in their respective conditions, the formalin test was administered.  After 

each mouse completed testing it was either sacrificed or perfused for removal of the brain in BrdU 

injected mice.    

Perfusion 
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For the perfusion, the mice were deeply anesthetized with pentobarbital (100mg/kg), and 

experimenters ensured pain insensitivity of the mice through a tail pinch before proceeding with the 

procedure.  The perfusion began with a cross-body incision of the lower torso using surgical scissors.  

The incision was continued perpendicularly towards the head, through the ribs, exposing the heart.  

After making a small incision in the right atrium to allow for drainage, an injection of 30-40ml of 

PBS was administered to clear the circulatory system of blood. An injection of paraformaldehyde, 

about 60 ml, was then administered to fix the neural tissue.  The brain was extracted and stored in the 

fridge for later slicing.  

Immunohistochemistry Protocol  

An immunohistochemistry procedure was performed to observe neurogenesis through BrdU 

labeling.  Brains were sliced into 40 micron sections using a Vibratome and stored in a 12-well dish, 

allowing for a representative section of the brain in each well.   Although a total of 32 brains were 

extracted, only 29 brains were sliced due to equipment malfunction.  One complete well of brain 

slices for each brain was mounted onto a slide, totaling in 29 slides.  To reduce background and 

unmask antigens, the slides were heated in boiling 1M citric acid for five minutes. This was followed 

by rinses of .1M PBS solution in plastic mailers with volumes of approximately 20ml. The tissue was 

then digested in trypsin for ten-minutes, followed by .1M PBS rinses.  Next, the DNA was denatured 

in 2N HCl for 30 minutes, followed by .1M PBS rinses.  

The slides were then incubated overnight at 4° Celsius in a primary anti-BrdU antibody 

raised in mouse (1:200 concentration). The following morning, slides were rinsed in .1M PBS and 

incubated for one hour in biotinylated horse anti-mouse antibody (1:200 concentration). Following 

incubation, slides were again rinsed in .1M PBS and incubated for 1 hour in avidin-biotin-

horseradish peroxidase complex (1:100 concentration.(Vector ABC Kit)).  After additional .1M PBS 

rinses, DAB was used to visualize the secondary anti-body tagged with the avidin-biotin-horseradish 

peroxidase complex.  Finally, the tissue was counterstained with cresyl violet—in a series of rinses of 
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miliQ water, cresyl violet, ethanol and Citrisolv— to visualize the granule cell layer of the dentate 

gyrus and coverslipped using DPX mounting liquid.  

Following the immunohistochemistry procedure, experimenters examined slides under 100x 

magnification for BrdU labeled cells in the dentate gyrus.  Of the 29 slides stained, only 22 slides had 

intact dentate gyri to allow for counting BrdU labeled cells.  Labeled cells are dark, brownish purple, 

and therefore easily observed.  Examples of stained cells can be seen in Figure 1.    The amount of 

neurogenesis was quantified by density of labeled cells in the dentate gyrus, because dentate gyrus 

cells are exclusively neurons.   

 
Figure 1.  This image was captured at 100x magnification from a slice of the dentate gryus of animal H1 of 

Formalin Cohort 2 Batch 2.  BrdU labeled cell have brown staining.  One example is circled in green. 

 

Raters counted the number of new cells in the dentate gryus on a given slice, and then 

delineated the area of the region counted, using the program ImageJ.  The program was used to 

calculate the total area, which was converted from pixels to microns.   The number of cells on each 

slice was divided by the area of the slice multiplied by its thickness, 40 microns, which results in the 

density of labeled cells in a given slice.  Since the values accounted for a twelfth of the dentate gyrus, 
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the amounts were multiplied by twelve to give an accurate estimate of the total new cells in the 

dentate gyrus.   

 
Figure 2. This image is a brain slice from animal F1 in SIA 1.  The dentate gyrus is labeled in purple and the crest 

where raters began counting cells is indicated by the green arrow. 

 

Data Analysis 

Data were analyzed using SPSS software.  A repeated measures mixed factorial ANOVA was 

performed for both experiments.  The between subject independent variables for both experiments 

are sex (male, female), running conditions (running, non-running), and housing conditions (group, 

individual).  Within subject dependent variables for experiment 1 were baseline and post-stress pain 

scores for the hotplate and tail-withdrawal tests.  In experiment 2, these were early and late phase 

pain.   The ANOVA allowed for the observation of interaction and main effects of the three 

independent variables on our dependent variables. 

To examine the neurogenesis data across the independent variables of sex, running and 

housing conditions, a univariate factorial ANOVA analysis was performed.  Bi-variate correlational 

analyses were then performed to determine any co-variation of neurogenesis with pain behaviors.  
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This analysis allowed comparisons to answer the study's questions about sex, housing, running, pain 

and neurogenesis.  It demonstrated the effects of running or non-running conditions, group or 

isolation condition, and any existing sex differences in neurogenesis and pain behaviors.  

 
Results 

Behavioral Data 

Experiment 1 tested the effects of sex, running, and housing conditions on neurogenesis 

and acute pain to investigate differences in stress-induced analgesia (SIA). There was no 

significant difference between baseline and post-stress latency for tail withdrawal, suggesting 

that restraint stress does not affect latency of tail withdrawal. For this test, the only near 

significant finding was an interaction effect of sex on the difference  between baseline and post-

stress tail withdrawal latency, F(1,47)=3.26, p=.078.  Females average baseline latency was 4.04 

(SD=.276), and post-restraint was 3.45 (SD=.238).  For males, the average latency was 4.08 

(SD=.272) pre-restraint, and 4.22 (SD=.235) post-restraint stress.  Thus, females appear to have 

decreased tail withdrawal latency after restraint stress, while latency in males increases slightly.  

These trends are displayed graphically in Figure 3.  

For the hotplate within subjects test, there is a significant difference between baseline and 

post-stress latency, F(1,47)=183.9, p<.001, suggesting that stress did affect latency in the 

hotplate test.   Baseline hotplate latency averaged at 3.65 (SD= .194), while post-restraint stress 

latency averaged at 11.25 (SD= .588).  There was a near significant interaction between baseline 

and post stress scores and sex, F(1,47)= 3.72, p=.06, which is represented graphically in Figure 

4. Females average baseline latency was 4.04 (SD=.276), which increased post-restraint to 12.07 

(SD=.838).  For males, the baseline average latency was 4.01 (SD=.272), and 10.43 (SD=.825) 

post-stress.  Thus, females have a greater increase in post-stress latencies as compared to males 

for the hotplate test.  Another nearly significant interaction was observed between baseline and 
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post-stress hotplate latency, sex, and housing, F(1,47)= 3.63, p=.063.  Group housed females 

experienced greater increases in latency than individually housed females, and the reverse trend 

was observed in males, who experienced greater increases in post-stress latency in individually 

housed conditions compared to groups.  Graphical representations of the means and trends can 

be found in Figures 5 and 6.  The interaction between baseline and post-stress hotplate latency, 

sex, and running also approached significance, F(1,47)=2.86, p=.098.  In males, post-stress 

latency increased more in runners than non-runners, while non-running females have a greater 

increase than running females. Means for this interaction are graphically represented in Figures 7 

and 8. 

With respect to between subject variables on the hotplate test score (that is averaged 

across baseline and post-stress measures), there was a significant interaction effect of sex and 

housing, F(1,47)=4.62, p=.037, and a marginally significant interaction effect of sex and running, 

F(1,47)=4.03,  p=.051, on overall hotplate latency.   These data suggest that the sex and housing 

effects, as well as sex and running effects on pain behaviors are seen in overall pain behaviors 

and not simply as differences between baseline and post-stress tests.  Post hoc analyses revealed 

that pain behaviors of individually housed males and females were not significantly different 

from one another according to sex, but there was a significant difference between group housed 

males (M=6.50, SD= .692) and females (M=8.52, SD=.665), t(25) = 2.50, p < 0.05.  Thus, group 

housed females exhibited significantly more overall pain behavior than group housed males.  

Post hoc analyses on the sex by running interaction revealed a significant difference between 

non-running females (M=8.36, SD=.692) and non-running males (M=6.44, SD=.643), t(26) = 

2.183, p < 0.05, but no significant difference between running females and males. Thus, non-
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running females had significantly more overall pain behaviors than non-running males.  

Graphical representations of between subject effects can be seen in Figures 11 and 12. 

Experiment 2 tested the effects of sex, running, and housing conditions on neurogenesis 

and formalin pain to investigate differences in formalin pain behaviors.  There was a significant 

main effect of housing on overall formalin pain (averaged across phase), F(1,43)=8.8, p=.005.  

Group housed animals experienced more pain (M=20.36, SD=1.12), whereas individually 

housed animals experienced less formalin pain overall (M=15.60, SD=1.12).   This effect is 

represented graphically in Figure 13.  When investigating differences in pain between early and 

late phase pain, an interaction of phase and running was observed, F(1,43)=9.37, p= .004.  Post 

hoc analyses revealed that in the early phase, pain behaviors in runners did not significantly 

differ from non-runners; however, in the late-phase, pain behaviors in non-runners (M=23.68, 

SD=1.62) differed significantly from runners (M=17.98, SD=1.72), t(49)= -2.10, p<.05.  This 

suggests that non-runners exhibited greater late-phase formalin pain than runners. This effect is 

represented graphically in Figure 14.  An interaction effect of housing, running and phase was 

hypothesized, but no significant effect was seen. Figures 15 and 16 display observed trends.   

Neurogenesis Data 
No significant effects of sex, housing, and running conditions on the amounts of BrdU labeled 

cells were found.  However, certain trends were evident according to differences in means, 

although standard error values were large (likely due to small sample size).  For instance, group 

housed runners had the greatest amount of neurogenesis, while both individually housed and 

group housed non-runners had the least amount of neuronal growth. In the interaction between 

sex and running, female runners appeared to have more neurogenesis than all other group, while 

female non-runners had the least amount of neurogenesis.  The observed trend between sex and 
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housing suggested that group housed females appeared to have the most neurogenesis, while 

group housed males appeared to have the least neurogenesis. 

Correlating Pain with Neurogenesis  

Bi-variate correlations were run on the amounts of BrdU labeled cells and the various 

pain behavior measures (baseline and post-stress latencies for tail-withdrawal and hotplate tests, 

and early and late phase formalin pain).  No significant correlations were found.   

Discussion 

Neurogenesis Results 
Based on the Stranahan et al (2006) study of the effects of social housing, running, and 

neurogenesis, we expected group housed runners to have the greatest amount of neurogenesis, 

and individually housed runners to have the least amount of neurogenesis.  Our hypotheses were 

not supported, as no statistically significant results were found. The lack of statistical 

significance is principally due to large standard error values for the means in each condition.  A 

number of variables are involved in creating this error value.  

 Most importantly, the sample size of brains in each condition was small, ranging from 2 

to 4.  Although we originally planned to have 4 brains from each condition, this number was 

reduced due to animal mortality and a lack of countable tissue. Much of the brain tissue was 

damaged, making accurate counts difficult to achieve.  Additionally, some slices had no dentate 

gyrus to count.  Thus, certain conditions—such as individually housed running and non-running 

females, and group housed non-running males—were under-represented, so accurate 

comparisons could not be made.  This may have had a particular affect on sex by running 

interactions, as trends observed are not consistent with expectations or previous literature.   

The range in quality of tissue may be due to problems with perfusions and slicing.  There 

were eight countable brains from experiment 1 and fourteen from experiment 2, which may 
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suggest a practice effect on perfusions. As experiment 2 was performed after all fifteen brains 

from experiment 1 had been perfused, the quality of perfusion and fixing of tissue may have 

improved through increased practice.  A range of quality in fixing would have had effects on 

slicing, as poorly fixed tissue does not slice as easily or cleanly.   

Even though our results were not statistically significant, some of the trends observed 

agreed with our hypotheses.  Females had more neurogenesis than males, which is consistent 

with previous literature (Tanapat et al., 1999).  This also may be due to increased cell survival in 

females as compared to males (Tanapat et al., 1999; Perfilieva et al., 2001).  The differences 

between cell survival rates and cell proliferation rates can be distinguished in future studies by 

measuring BrdU labeled cells at multiple time points and comparing sex differences at both 

times.  Additionally, runners had more neurogenesis than non-runners, which also consistent 

with previous research on exercise and enriched environments (van Praag et al., 1999a).   

In general, group housed runners had relatively increased neurogenesis as compared to all 

other groups, which is consistent with the Stranahan et al. (2006) study, and consequently, our 

hypotheses.  On the other hand, inconsistent with our hypothesis is neurogenesis results for 

individually housed runners, which we expected to have the least amount of neuronal growth due 

to the negative effects of stress in social isolation observed in the Stranahan et al. (2006) study.  

However, this condition had the second highest amount of neurogenesis.  This may be 

attributable to differences in social housing conditions between mice and rats, particularly in 

males.  Male rats experience chronic stress under isolated housing, because they are social 

animals (Westenbroek et al., 2004), while male mice do not engage in the same social behaviors 

as rats, nor do they experience the same behavioral alterations due to isolation (Einon, 

Humphreys, & Chivers, 1981). Therefore, the negative effects of social isolation and stress on 
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neurogenesis in rats will not be as strong as those experienced by mice.  This proposal could be 

tested by measuring (through blood samples) and comparing corticosterone levels in mice and 

rats in group and isolated housing conditions.   

We did not have specific hypotheses about the interactions of sex and housing, however 

some interesting trends were observed.  Group housed females displayed the greatest amount of 

neurogenesis, followed by individually housed males and females, and, lastly, group housed 

males.   This is consistent with the idea of sex differences in social stress of housing, which is 

based on the finding that stress generally reduced amounts of neurogenesis (Lanfumey et al., 

2005). Mice housed in groups tend to be aggressive (Palanza et al., 2001), attributing to an 

increase in chronic stress and a decrease neurogenesis in group housing conditions (Mitra et al., 

2006).   As females are not aggressive while group housed, but rather prefer group housing over 

the social instability of individual housing (Palanza et al., 2001), it is expected that they would 

have the highest amounts of neurogenesis.  The stress effects of sex on housing condition can 

also be confirmed through comparison of blood levels of hormones involved in the HPA axis, 

such as corticosterone, or ACTH.   

Behavioral Results  
 
 As a relationship between neurogenesis and the measured pain behaviors was 

hypothesized, we expected group housed mice to have the most neurogenesis, and therefore 

decreased SIA and increased late phase formalin pain.  We expected individually housed runners 

to have the least amount of neurogenesis, and consequently increased SIA and decreased late-

phase formalin pain as compared to all other groups.   

Experiment 1 
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In experiment 1, our general findings did not support our hypotheses, as there was no 

significant effect of housing and running condition on SIA.  However, there were a number of 

significant and nearly significant trends. While we did not propose specific hypotheses regarding 

other effects of social housing, running and sex on the pain tests performed, our study was 

designed to explore these interactions.   

For the hotplate test, there was a strongly significant difference between baseline and 

post-stress latencies.  Thus, it is likely that the stress manipulation did cause SIA for the hotplate 

test.  This may have been easily observable because the pain response outcome was clear licking 

of shaking of the paw. On the other hand, there was no significant difference between baseline 

and post-stress testing for the tail withdrawal test, which suggests that SIA was not observed in 

this test.   This was surprising, as previous studies have shown that stress manipulations can be 

observed in this test (Madden et al., 1977 as cited in Marcinkiewcz et al., 2009; Jorum, 1987).  

The lack of observed effect could have been caused by a number of factors.  The 15 

minute restraint may not have been sufficient to produce stress effects on tail withdrawal.  

Previous studies that have observed SIA using restraint stress have typically used 30 minutes of 

restraint (Robinson et al. 2002; Ribeiro, Yang, Reyes-Vazquez, Swann, & Dafny, 2005).  Also, 

the tail withdrawal test was performed after the hotplate test, creating  the possibility that the 

effects of the stress restraint had already dissipated.  Depending on the duration of and type of 

stress induced on the animal, SIA will last for different period of time, long-term or short-term 

(Fuchs & Melzack, 1996).  Since our study only used a 15 minute restraint stress, the SIA 

induced is likely to have been very short-term, only affecting the hotplate test.  Therefore, SIA 

may have not been occurring at the time the tail withdrawal was performed.   In order to be 

certain that the restraint period produced sufficient stress, a sample of tail blood can be taken at 
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the end of the 15-minute period and assayed for corticosterone.  Additionally, if the order of the 

tests was reversed and SIA was then observed in the tail withdrawal test, it is likely that an effect 

testing order occurred.  

Another factor may have been changes in skin temperature, which has been reported to 

influence tail withdrawal latencies (Hole & Tjolsen, 1992).  Tail temperatures may have risen as 

a result of stress, particularly restraint stress.  Relative to baseline levels of stress due to housing, 

and differential effects of stress due to animal size, this change in temperature may not have 

occurred consistently across groups.  This would have introduced a confounding variable that 

decreased the significance of results. With regards to measurement error, data for this test were 

particularly prone to error because behavioral responses were not consistent across animals or 

between trials.  In some trials, animals clearly and vigorously flicked their tails out of the water, 

whereas other animals slowly drew their tails out of the water.   

The near significant interaction effect of sex on tail withdrawal latencies was also 

inconsistent with our expectations, because females appear to be hyperalgesic and males either 

experience slight analgesia or no changes between baseline and post-stress testing.  The 

hyperalgesia may be attributable to the effects of repeated testing on animals, especially if effects 

of stress were no longer apparent. Additionally, previous research has observed both analgesia 

and hyperalgesia for the tail withdrawal test and has attributed findings to varying emotional 

behavior of the animals (Jorum, 1988).  Therefore, female hyperalgesia may be explained by 

increased “agitation” prior to testing.  “Agitation” may be related to increased levels of 

dopamine and can be observed as hyperactivity, particularly, hyperlocomotor activity (Masini, 

Holmes Freeman, Maki, & Edwards, 2004).  However, this variable was not noted during 

performance of the test and cannot be confirmed.  In future studies, the affect of hyperactivity 



Hippocampal Neurogenesis and Pain Behavior 
 

44

can be ascertained through the open-field test through measures such as rearing, distance 

traveled, and immobility (Masini et al., 2004).  Males may not have felt the stressful affects of 

the manipulation for the tail withdrawal test due to the reasons previously mentioned (stress 

effect dissipation or changes in skin temperature), or to the effects of chronic social stress which 

will be discussed further below. 

Interestingly, unexpected sex differences in SIA in the hotplate test were also observed.  

Females displayed more stress-induced analgesia than males on the hotplate test, as they had 

greater post-stress latencies.  This is inconsistent with our expectations because we would have 

expected females to have increased neurogenesis—based on previous findings (Tanapat et al. 

1999)—and therefore, decreased SIA.  Although females were observed to have increased 

neurogenesis in the current study, this increase was not statistically significant, which may 

account for the absence of its affect on SIA.  Alternatively, the observed effect may be 

attributable to physiological differences between males and females with regard to stress.  

Previous findings have suggested that females under stress have more HPA axis activation as 

seen through higher glucocorticoid and adrenocorticotropin levels than males (Handa, Burgess, 

Kerr, and O'Keefe, 1994).  Higher levels of glucocorticoids have been attributed to the affect of 

female gonadal steroid hormones; estrogen is proposed to have enhancing effects on the HPA 

axis.  Therefore, increased activation of the HPA axis would explain increased SIA.  This can be 

confirmed in a number of ways. Again, tail blood can be drawn at the end of the restraint to 

measure if males and females have significantly different levels of hormones involved in the 

HPA axis. 

The interaction of sex and housing condition on the pain behaviors in the hotplate test 

also presented interesting trends. Compared to individually housed females, group housed 
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females appear to have more analgesia.  However, the same comparison in males resulted in 

individually housed males displaying more analgesia than groups.  This may an effect of the 

chronic social stress of group housing on the stress response to the restraint.  As previously 

noted, group housing for males creates social stress (Palanza et al., 2001). Compared to the 

greater amount of stress males experience in their social conditions, the restraint period may not 

be as stressful as it is for individuals.  Therefore, individually housed males would presumably 

activate their HPA axis more than group housed males while in the restraint, causing a greater 

analgesic effect. This interaction can be evidenced by studies that found chronic stress to 

produce hyperalgesia, as opposed to analgesia (Marcinkiewcz et al., 2009; Gameiro, Gameiro, 

Andradea, Arthuri, Marcondes, et al., 2005).  In females, conversely, social isolation is more 

stressful than group housing.  Thus, the opposite effect would occur: group housed females 

would activate their HPA axis more than individually housed females with in the restraint, 

causing a greater analgesic effect.  This same social stress effect can likely account for the 

greater amount of SIA seen in group housed females as compared to group housed males.  

The interaction effect of sex and running conditions on SIA as measured through hotplate 

test latency was another notable trend.  Although not statistically significant, our data suggested 

that in female runners experienced less SIA than non-runners, while male runners experience 

more SIA than nonrunners.  One explanation for the observation in females would be in support 

of our hypothesis, as running increases neurogenesis (van Praag, et al. 1999a), which is proposed 

to decrease SIA.  However, because the levels of neurogenesis are not significant, it is uncertain 

whether this effect actually occurred.  An alternative explanation relies on the effects of running 

on the HPA axis (Stranahan et al. 2006).  Female runners will be more stressed than female non-

runners on a daily basis, so the restraint stress will not activate their HPA axis as robustly as in 
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non-runners.  Therefore, non-runners experience more SIA.  Although one would expect female 

runners to experiences less SIA than male runners because females have increased HPA axis 

activity (Handa et al., 1994), there are other mediating factors that may have influenced 

observations, especially considering that male runners (unexpectedly) have more SIA than male 

non-runners. This may be a result of a differential interaction between running and the chronic 

social stress of individually and group housed runners.  There may be other physiological sex 

differences that can account for this, or it may be a mere non-significant effect.  Further studies 

investigating the interaction of sex, running, and social housing should be performed to better 

understand this occurrence.   

The effects of sex by housing and sex by running on overall pain in the hotplate test were 

also significant observations.  Data suggests that group housed females tend to experience more 

pain than group housed males.  Additionally, non-running females experience more pain than 

non-running males.  While not involving SIA, these findings implicate physiological differences 

between male and female pain behavior.  There are number of factors that may be involved here, 

as intensity of pain differentially affects pain in the animals, and differences in endogenous 

opioids may also influence these trends. 

 In experiment 2, significant effects of running on phase of formalin pain was observed.  

However, this was contrary to tour hypothesis that running should cause increased neurogenesis 

and, subsequently, synaptic plasticity throughout the nervous system, ultimately leading to 

increased late-phase pain.  The opposite effect was observed, as non-running animals experience 

greater late phase pain.  However, this effect is supported by previous research in which 

exercising animals had decreased formalin pain (Kuphal, Fibuch, and Taylor 2007). Although 

their study was performed with a swimming exercise manipulation instead of running, very few 
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studies in rodents have used running wheel manipulations as models of extended exercise.  A 

study by Shyu, Anderson, and Thoren (1982) used a running wheel paradigm and also found 

analgesic effects.  The analgesic effects observed in both of these studies are mediated by 

endogenous opioids, which can act on pain in peripheral, spinal and supraspinal sites.  

Additionally, B-endorphin, in particular, has been observed to remain effective in the body up to 

48 hrs after exec rise (Hoffman, Terenius, Thoren, 1990), making it a likely candidate for the 

analgesic effects observed during formalin testing.   

Although it was originally proposed that hippocampal cells only serve as an indictor for 

overall neuronal growth and plasticity, an alternative mechanism that directly involves 

hippocampal neurons has been discovered (McKenna and Melzack 2001).   They propose that 

the cells of the dentate gyrus modulate formalin pain through the activity of NMDA receptors. 

The activity affects both phases, but primarily alters the late-phase.  Thus, it is expected that as 

running increases neurogenesis, there would be a greater amounts of NMDA receptors involved 

to increase the tonic pain phase.  However, our findings do not seem to support this mechanism, 

as runners have lower late phase pain than non-runners.  It is possible that new neurons of 

animals living in group running conditions had not achieved full functional capacities at the time 

the study ended.  If 13 days was not enough time for these neurons to migrate, mature, and 

integrate into the formalin pain pathway, the expected effect should not be observed. This may 

be likely because prior studies that have investigated the functionality of new neurons (van Praag 

et al., 2002) have labeled functionally significant neurons at one month and four months.  As 

such, future tests ending with different time points and examining migration or synaptogenesis 

may confirm this proposal.   
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 Significant effects of housing on overall pain, that is, undifferentiated between the two 

phases, were also observed. Group housed animals tended to experience more pain that 

individually housed animals.  A potential explanation for this occurrence is the influence of 

stress on pain behaviors in the test (Tjoselen et al., 1992).  As previously mentioned, different 

group housing conditions will place animals under varying levels of stress, which may account 

for the housing differences observed in pain behavior.   

Another possible explanation may involve the notion that the biphasic nature of formalin 

pain is mediated by two different pathways.  Through their investigation of the effect 

antinociceptive chemicals on formalin pain, Oluyomi, Hart, and Smith suggested that both the 

early and late phases are mediated by activity of nociceptors in the central nervous system, while 

late phase activity is also mediated by sensitization in peripheral nociceptors.   This idea is also 

supported by Kuphal, Fibuch, and Taylor (2007) who posit that nociceptive activity and changes 

in the periphery, rather than the central nervous system, dominates the occurrence of late phase 

formalin pain.  Therefore, a possible explanation for the seemingly nondiscriminatory effect of 

housing on pain would be the action of endogenous endorphins on both phases, eliminating the 

difference between the two.  If this endorphin acted on the periphery, it would have reduced the 

late phase to a size similar to the early phase.  Moreover, differences between groups and 

individuals may be accounted for by differences in amounts of running.  Although this is not an 

interaction manipulation, the effect of running was likely involved.  Thus, individually housed 

runners may have lower overall pain if they will had increased access to the running wheel.  

Although there was no significant difference between the revolution data for individuals and 

groups, this may have been a type II error because variability was reduced through the 

assumption that all group housed runners within each cage ran equally.   
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  Although our findings are consistent with previous literature, there are not many studies 

that show decreased formalin pain with exercise.  This lack of consistency is likely due to 

confounding variables that have effects on formalin pain.  Capone and Aloisi (2004) suggest that 

these variables are: "a)forced awakening; b) separation from the group; c)transportation to 

another room; d)exposure to a new cage, new odors, and light" (p.223).  Although the exact 

directions of these effects are unknown, they differentially affected our animals, and introduced 

additional differences outside of living condition.  For example, not all animals were forced 

awake for the formalin procedure; meaning that some animals were asleep at the time of testing, 

but were woken to receive the injection. Also, only group housed individuals experienced the 

effects of group separation.  For variables such as movement into another room and exposure to 

a new cage and light, these would have had the same effects across all conditions, thereby not 

introducing additional variability. 

Another confound that may have greatly influenced our results is the interaction of 

animals during the formalin testing procedure.  Oftentimes, animals tried climb out of their 

compartment into the neighboring animal's compartment.  This not only distracted the other 

animal's pain behaviors, but also necessitated further handling of the animals.    Additionally, the 

animals may be communicating through one another though "a variety of olfactory and 

ultrasound systems"(Capone & Aloisi, 2004, p.224).    During testing, it seemed evident that 

animals approached on another at the corners of their compartments.  Previous studies have 

documented the potential of rodents to communicate with one another, suggesting, for example, 

that fear conditioning can be socially modulated by pheromones (Bredy & Barad, 2009), and that 

it would be conceivable that rodents use ultrasonic sounds as a form of echolocation (Anderson, 

1954)  Communication involving fear and pain would be particularly significant to our protocol 
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because animals were not injected simultaneously.  Therefore, an animal experiencing formalin 

pain may be communicating to animals in other compartments, creating anxiety or fear not yet 

injected.  Additionally, some groups were tested with fewer than three mice, which may have 

introduced a confounding variable in the communication that may have occurred during the test.  

The scoring of the formalin test was also a large source of error in the data, which may 

have resulted in the lack of significant differences between conditions.   Firstly, the black and 

white video recorded from below the injection compartments was of very poor quality and 

lighting, making the discrimination between certain behaviors difficult.  For example, favoring 

was unlikely to be observed, as the undersides of the mice were completely black in the video as 

a result of poor lighting.  However, favoring was recorded for some mice that moved while doing 

so, resulting in a strange gait that revealed favoring.  Additionally, discrimination between 

grooming and licking hind-paws was difficult at times when posture was very similar.  

Moreover, some mice were observed to lick their hind-paws on test days, but moved minimally 

while doing so, which would not be discriminable in the video.   Practice effects may also have 

occurred in scoring, causing later viewed videos to receive more accurate scores.  Lastly, 

although two-three raters scored their first video together to ensure inter-rater reliability, 

subsequent videos were only scored by one rater.   

Future Directions 

In order to accurately draw conclusions on the findings of the current study, one would 

need to repeat the study controlling the variables described above.  Firstly, it would be important 

to label more animals with BrdU to identify true differences in neurogenesis.  If the lack of 

significant neurogenesis data is attributable to small sample sizes, a repeated study with large N 

values for each condition should result in significant differences. Additionally, if the study was 
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repeated with animals tested at difference lengths of time, the functional influences of 

neurogenesis on late-phase formalin pain may be more evident.  One batch of animals can be 

tested in one month, rather than 13 days, and another batch can be tested in four months.  

Although neurogenesis differences can be identified as early as 13 days (Stranahan et al., 2006), 

the new neurons may need more time to mature and influence behavior.   

Changes in the behavioral tests performed should also be made.  For experiment 1, 

testing SIA, a restraint period of 30 minutes may allow for the observation of significant stress 

affects.  Additionally, drawing tail blood at the end of restraint for direct observation of stress 

through hormone levels may elucidate interaction effects of stress and sex. It would also be 

beneficial to reverse the order of acute pain stressors in half of the animals to identify if order has 

an effect on SIA.  This would demonstrate whether the tail withdrawal test was influenced by 

test order or other confounding variables.   

 For experiment 2, controlling the variables that may influence the results of the formalin 

test would be beneficial.  Although this would significantly lengthen the protocol, animals 

should be individually tested or tested simultaneously in physically distant compartments.  

Additionally, high definition color recordings of formalin pain behaviors may facilitate scoring 

and reduce error effects.   

In addition to protocol changes that should be made, the hypothesis should be altered to 

account for sex differences.  Female group housed runners should show the most neurogenesis 

and consequent change in behavior, while group housed males would show the least amount.  At 

this time, there is not enough information to make hypotheses regarding the intermediate levels 

of neurogenesis and behavior change.   
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An important milestone in predicting changes in late-phase formalin pain would be to 

identify adult neurogenesis in the spinal cord.   Although there is current evidence of spinal cord 

neurogenesis, this is typically following an injury (Vessal et al. 2007).  Therefore, if adult 

neurogenesis was proven to occur organically in the spinal cord, and conditions that 

differentially impact new cell growth were discovered, a study analogous to the current study 

could be performed on spinal cord neurogenesis.  This would directly answer questions regarding 

late-phase formalin pain, because it is dependent on central sensitization in the spinal cord.  

Conclusions 

At this time, our study was not able to provide concrete answers to questions regarding 

the effects of neurogenesis on stress-induced analgesia or late-phase pain because we did not 

have any significant differences in neurogenesis, or any significant correlations between amounts 

of neurogenesis and pain behaviors.   However, sex differences in stress levels and pain 

behaviors were likely observed.   The interactions proposed by Stranahan et al. (2006) in rats 

were not observed in mice.  This is likely due to differences in social stressors between the two 

species.  Moreover, the effects of neurogenesis may not influence pain behaviors in ways similar 

to learning and memory.  Alternatively, testing procedures may not provide enough time for new 

neurons to gain functional significance in the pain pathways.   
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Figure 3. This graph demonstrates the latency of tail-withdrawal test pre and post-restraint stress 
according to sex.  Although these results are only marginally significant, males tend to show a 
smaller difference between baseline and post-stress latencies, while females show a large 
decrease in latency. 
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Figure 4. This figure compares baseline and post-stress latency of the hot plate test according to 
sex.  Females show a marginally significant greater increase in post-stress latency than males as 
compared to baseline. 
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Figure 5.This figure illustrates the latency on hotplate test for females according to housing.  

Group housed females have a marginally significant larger difference between baseline and post-

stress latencies than individually housed females. 
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Figure 6. This figure illustrates the latency on hotplate test for males according to housing.  

Individually housed males have a marginally significant larger difference between baseline and 
post-stress latencies than group housed males.  This is opposite of the trend observed in females.  
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Figure 7. This graph illustrates the latency on hotplate test for females according to running 
condition.  There is a marginally significant greater increase in post-stress latency for non-
running females than for runners. 
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Figure 8. This graph illustrates latency on hotplate test for males according to running condition.  
There is a greater increase in post-stress latency for running males than for non-runners.  This 
trend is opposite to that observed in females.  The effect is approaching significance. 
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Figure 9. This figure illustrates the observed interaction effect of running and housing on group 
housed animals on the hotplate pain test.  This effect is not statistically significant, as runners 
and non-runners do not have significantly different latencies. 
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Figure 10. This figure illustrates the observed interaction effect of running and housing on 
individually housed animals on the hotplate pain test.  This effect is not statistically significant, 
as runners and non-runners do not have significantly different latencies. 
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Figure 11. This graph displays the interaction effects of sex and housing on overall pain behavior 
for the hotplate test.  Group housed females have significantly greater overall response latency 
than individually housed females.  Males show the opposite trend, with individually housed 
males having significantly greater overall response latency than group housed males. 
 



Hippocampal Neurogenesis and Pain Behavior 
 

70

0

1

2

3

4

5

6

7

8

9

10

Non-running Running

Running Condition

Ho
tp

la
te

 L
at

en
cy

 (s
)

Males
Females

 
Figure 12. This graph represents the interaction effects of sex and running on overall pain 
behavior for the hotplate test.  Non-running females have greater average latency than running 
females. Inversely, running males have greater average latency than non-running males.  This 
effect is only marginally significant. 
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Experiment 2 Behavioral Results 
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Figure 13.  This graph illustrates the overall effect of housing on formalin pain.  Group housed 
animals display significantly more pain behaviors than individually housed animals. 
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Figure 14.  This figure illustrates the effect of running on pain behavior for early and late phase 
in the formalin test.  Non-runners have a significantly greater increase in pain behavior between 
the early and late phases than runners. 
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Figure 15. This figure illustrates the observed effect of the interaction between running and 
housing on formalin pain for individually housed animals.  This effect was not significant, but 
the graphical trend suggests that individually housed non-runners experience a greater increase in 
late phase formalin pain than individually housed runners. 
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Figure 16. This figure illustrates the observed effect of the interaction between running and 
housing on formalin pain for group housed animals.  This effect was not significant, but the 
graphical trend suggests that group housed non-runners experience a greater increase in late 
phase formalin pain than group housed runners. 
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Figure 17. This graph compares the amount of BrdU labeling according to sex.  Although this 
effect was not significant, females had more labeled cells than males. 
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Figure 18. This graph compares the amount of BrdU labeling according to running condition.  
Although not a significant finding, runners had a great amount of labeled cells than non-runners. 
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 Figure 19.  This graph displays the amount of BrdU labeling according to housing condition.  
Group housed animals had a greater number of labeled cells than individually housed animals.  
This difference, however, is not statistically significant. 
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Figure 20. This graph compares the amounts of BrdU labeling according to the sex and housing 

condition interaction. Although differences are not statistically significant, group housed females 

have the greatest number of labeled cells, followed by individually housed males, individually 

housed females and group housed males.  Thus, group housed females had greater labeling than 

individually housed females, which is reversed in males where individually housed males have 

greater labeling. 
 
 
 
 
 
 
 
 
 
 



Hippocampal Neurogenesis and Pain Behavior 
 

79

0

5000

10000

15000

20000

25000

30000

Non-Runners Runners

Running Condition

Nu
m

be
r o

f B
rd

U-
la

be
le

d 
Ce

lls
 

Male
Female 

 
Figure 21. This graph compares the amount of BrdU labeling according to sex and running 
condition interactions.  Female runners have the greatest amount of labeling, followed by male 
non-runners, male runners, and female non-runners.  Thus, animals in running conditions have 
more labeling than non-running animals for females, but this interaction is reversed in males.  
Non-running males have greater labeling than running males. 
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Figure 22. This graph displays the amounts of BrdU labeling according to housing and running 
condition interactions.  Group housed runners have the greatest amount of labeled cells, while 
individually housed non-runners have the least amount of labeling. However, these differences 
are not statistically significant. 

 
 
 
 

 


