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Abstract 

In this study, the effects of an early-life painful or stressful experience, specifically a surgery or 

sham surgery, on adulthood pain, stress, and learning behavior were assessed.  The surgery was 

conducted on two samples of male and female CD-1 mice on the day of birth with or without 

anxiolytic treatment.  These groups were then compared, at two different developmental stages, 

to unhandled CD-1 subjects.  Adulthood pain behavior was assessed using the Hot Plate (HP) 

and Tail Withdrawal (TW) tests, and baseline and stressor-challenged anxiety were tested using 

the Elevated Plus-Maze (EPM).  We also employed the Morris Water-Maze (MWM) to measure 

learning behavior.  Our results indicate that early-life stress (surgery and sham surgery) appears 

to increase anxiety behavior and neural activation of stress-related areas following a stressor in 

adulthood.  Additionally, age appears to be a factor in overall adulthood pain and stress behavior, 

and anxiolytic treatment attenuates the effects of an early-life stressor on pain, stress, and 

learning behavior, although some of these findings only hold for one sex. 
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Does Early-Life Pain in Mice Affect Adulthood Pain Sensitivity, Stress Behavior, and Learning 

Behavior? 

 Although the idea that human and animal neonates are capable of feeling pain at or 

before birth was questioned as recently as the late 1980s, this belief is now widely accepted 

(Anand, Phil, & Carr, 1989; Fitzgerald & Beggs, 2001; Grunau, 2002; Grunau, Whitfield, & 

Petrie, 1994; Kabra & Udani, 1999; Mathew & Mathew, 2003).  As a result of this 

acknowledgment, the fact that advances in medical science have lead to the survival of greater 

and greater numbers of premature infants, and the likely long-term effects of the many painful 

stimuli these neonates experience, pain management for these babies has become a major 

concern (Fitzgerald & Beggs, 2001; Lidow, 2002; Porter, Grunau, & Anand, 1999).  

Additionally, it is now generally acknowledged that early-life stressors, many of which are 

related to these neonatal painful experiences, may explain some of the variability in pain, stress, 

and learning behavior observed later in life (Anand et al., 1989; Anisman, Zaharia, Meaney, & 

Merali, 1998; Anseloni, He, Novikova, Robbins, Lidow, Ennis, & Lidow, 2005; Charmandari, 

Kino, Souvatzoglou, & Chrousos, 2003; Haley, Weinberg, & Grunau, in press; Matthews, 2002).   

 Even though there is a rich literature about the effects of early-life pain and those of 

early-life stress, there is very little overlap between these areas, and there is virtually no overlap 

between these and the adult learning behavior research.  Based on the few studies that have 

sought to connect these areas, one can see that it is very likely that the systems affected by 

painful or stressful early-life stimuli are related to each other and to the areas of the brain 

involved in learning (Anisman et al., 1998; Anseloni et al., 2005; Coutinho, Plotsky, Sablad, 

Miller, Zhou, Bayati, McRoberts, & Mayer, 2002; Sternberg & Ridgway, 2003). 

Anatomy of Pain 
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 Pain itself is extremely hard to quantify, as one can tell from the International 

Association for the Study of Pain’s (IASP) definition, which identifies it as “an unpleasant 

sensory or emotional experience associated with actual or potential tissue damage, or described 

in terms of such damage” (Henry, 1989, p.104).  In addition, it is especially important to 

remember that pain is subjective, and that it is greatly influenced by past painful experiences 

(Henry, 1989).  While pain itself is the perceptual experience of tissue damage, nociception is the 

nervous system activity that results from tissue damage and pain behavior is considered to be the 

physical and emotional response to this occurrence.  As a result of the difficulty in quantifying 

such a psychologically based entity as pain, researchers often assume that the expression of pain 

behavior can be used to indicate that the subject has experienced pain, and therefore that 

nociceptive (tissue damaging) pathways have been activated.   

 Simply put, animals and humans alike experience pain as a result of the activation of 

nociceptive neurons.  The receptive ends of these neurons are usually free nerve endings, and 

they can be found in virtually all parts of the body, with the notable exception of the brain itself.  

Once they are activated by mechanical, chemical, and/or thermal noxious stimuli, these 

nociceptive afferent (sensory) fibers transmit a signal through the chemical and electrical means 

that are employed by all neurons.  In nociceptive neurons specifically, these signals are sent to 

the dorsal horn of the spinal cord along both large, myelinated A-δ fibers and slower, non-

myelinated C fibers.  These fibers then synapse on nociceptive neurons that have their cell body 

in laminae I (also known as the marginal layer), II (also known as substantia gelatinosa) and V of 

the gray matter of the dorsal horn of the spinal cord.   

The axons of these nociceptive neurons then relay the information they have received to 

the brain via one of five major nociceptive pathways.  It is important to understand that there is a 
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very wide range of nociceptive pathways and destinations, because it emphasizes the fact that the 

experience and downstream effects of pain are complex and extensive.  The most well-known 

and prominent nociceptive pathway is the spinothalamic tract.  In this tract, the primary 

nociceptive neurons project contralaterally across the spinal cord from laminae I and V-VII (not 

all of the information in this pathway is nociceptive) to the anteriolateral white matter, where it 

ascends to the thalamus.  Specifically, these neurons have been found to synapse in thalamic 

nuclei including the ventral posterolateral nucleus (VPL), the ventral posteromedial nucleus 

(VPM), and the posterior nuclear group (Po).  Since this same pathway also carries tactile 

information, some researchers have hypothesized that it may be partly involved in discriminating 

between noxious and non-noxious input (Gauriau & Bernard, 2002).   

The other major ascending nociceptive pathways are the spinoreticular tract, the 

spinomesencephalic tract, the cervicothalamic tract, and the spinohypothalamic tract.  

Nociceptive neurons in these pathways terminate in the reticular formation and thalamus; the 

mesencephalic reticular formation, periaqueductal gray (PAG), and eventually amygdala; the 

thalamus via the lateral cervical nucleus; and the hypothalamus, respectively.  The 

spinohypothalamic and spinomesencephalic pathways are especially important to keep in mind 

when considering the current study because of their proximity to the regions of the brain that are 

involved in stress and learning.   

An especially important brain region in the study of pain is the PAG, the region of the 

midbrain that surrounds the cerebral aqueduct, because of its involvement in various systems, 

including pain and stress.  Within the PAG, very specific nuclei receive input from functionally 

divergent pathways (Behbehani, 1995).  Research has shown that the majority of ascending 

nociceptive information received by the PAG is focused in the ventrolateral and dorsolateral 
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regions of the caudal PAG, but the major focus of PAG research has concentrated on its 

involvement in descending pain inhibition pathways (reviewed in Behbehani, 1995).  Although 

the mechanism is largely unknown, it is widely accepted that stimulation of certain regions of the 

PAG cause inhibition of dorsal horn nociceptive neurons (Behbehani, 1995).  It is hypothesized 

that this modulation takes place as the result of a release of endogenous opioids (which are 

known to cause analgesia) in the spinal cord, PAG, and brainstem (Henry, 1989). 

Pain in Neonates 

 Although human and animal infants do have intact pain pathways at birth, they are not 

fully developed.  The notable element of this underdevelopment is the fact that the inhibitory 

pathways are especially immature (Anand et al., 1989; Fitzgerald & Beggs, 2001).  As a result of 

this immaturity, neonates, and especially premature infants, often show an exaggerated response 

to painful stimuli.  This response is demonstrated by increases in physiological measures 

including crying, movement, heart rate, and hormonal responses (Fitzgerald & Beggs, 2001; 

Grunau, 2002).   

Such hypersensitivity is also observed in lab animals when latency to respond to pain and 

amplitude of pain responses are investigated (Falcon, Guendellman, Stolberg, Frenk, & Urca, 

1996).  In the Falcon et al. (1996) study, the researchers used a tail flick test to determine the 

threshold tail flick (and therefore noxious) temperature for each of five different age groups of 

rats.  By measuring the temperature at which each group of animals consistently demonstrated a 

strong tail flick response, and the degree of responsiveness to suprathreshold stimuli, they 

concluded that younger rats are hyperresponsive to noxious stimuli.  Therefore, the researchers 

hypothesized that the rat’s pain threshold increases as the pain pathways mature and the 

inhibitory pathways fully develop. 
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Developmental Plasticity of Pain 

 Even though it was once universally accepted that the brain does not change after the first 

few years of life, it is now known that plasticity in the form of either an increase or decrease in 

neuronal connections and neuron density can occur throughout an animal’s life, with the degree 

of plasticity decreasing with age.  It is also important to note that the nervous system is not only 

plastic at the cellular level, but also at the molecular and neurochemical levels (Constantine-

Paton, 2000).  Unfortunately, the high degree of plasticity that is characteristic of young brains 

makes them especially susceptible to environmental disturbances that can cause long-term 

changes (Anand et al., 1989; Constantine-Paton, 2000).  Anand et al. (1989) made an observation 

that is extremely relevant to the current research by recognizing that painful, and possibly other, 

experiences in the neonatal period may have some explanatory power regarding individual 

differences in the organization of an organism’s pain system.  It is also important to note that 

these differences are observed at all central nervous system (CNS) levels of the pain system, and 

that they range from increased survival and differentiation to apoptosis (controlled cell death) of 

neurons (Anand & Scalzo, 2000).   

 Humans.  Within the past 10 years there has been an increase in pain research focused on 

the investigation of the effects of early-life painful experiences in human infants, especially those 

encountered by premature infants in the NICU.  This research has resulted in some interesting, 

yet often confusing and contradictory, results.  Grunau (2002), who extensively reviewed the 

infant pain literature, found that altered tactile and pain responses in infants in the NICU and ex-

premature infants appear to be correlated with the number of previous invasive procedures the 

infant underwent.  One of the possible explanations for this difference is that it is a result of the 
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plasticity of the developing pain system, but it is important to remember that in human premature 

infants other possible causes such as the presence of scar tissue cannot be ruled out.   

Extremely low birth weight (ELBW) premature infants, who presumably undergo 

numerous invasive and potentially painful manipulations, have been rated as significantly less 

sensitive to pain according to their parents, quantified based on reactivity to painful experiences, 

as compared to full birth weight (FBW) infants when tested at 18 months of age (corrected for 

prematurity so that all infants were tested at 18 months after 32 weeks post-conceptional age 

(PCA)) (Grunau et al., 1994).  While the authors of this study recognized the unreliability of 

having parents of preterm infants rate their neonates’ pain sensitivity, the fact that they observed 

statistically significant differences is enough to warrant further investigation.  Another study 

conducted by the same laboratory found both reduced behavioral and physiological pain 

responses in ex-preterm neonates compared to full-term neonates when they were both tested at 

32 weeks post-conception.  In this study they determined that a greater number of skin-breaking 

procedures during the neonatal period was associated with a greater reduction in pain reactivity 

(Grunau, Oberlander, Whitfield, Fitzgerald, & Lee, 2001).   

A study conducted by Peters et al. (2005) investigated differences in pain sensitivity 

between infants that were being operated on for the first time, for the second time in the same 

area, or for the second time but in a different area.  They quantified this sensitivity by measuring 

the amount of fentanyl (a narcotic analgesic) required during the surgery, norepinephrine 

(noradrenaline) plasma concentrations and amount of morphine required after the surgery, and 

specific behavioral and observational pain measures.  They found that infants that were being 

operated on in the same location required significantly more fentanyl during surgery, had 

significantly higher epinephrine concentrations following surgery, and had significantly higher 
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scores on the behavioral and pain tests than the previously unoperated infants.  The infants that 

were being operated on in a different area only had significantly higher postoperative morphine 

requirements and norepinephrine levels than the unoperated controls.  Although these results 

suggesting increased pain sensitivity seem to completely contradict the previous studies at first 

glance, the authors suggested some possible problems with the data.  First of all, it is likely that 

the previously operated infants required more morphine postoperatively because they were 

conditioned to expect morphine as a result of their previous surgery experience.  Additionally, 

the fact that the neonates that were operated on twice in the same area were higher on all of the 

measures is likely the result of a different mechanism than the previous results since it is known 

that localized pain can result in localized hyperinnervation of the skin by nociceptive afferents 

(Albers, Wright, & Davis, 1994; LeMaster, Krimm, Davis, Noel, Forbes, Johnson, & Albers, 

1999).  Such peripheral nervous system (PNS) changes should be considered separately from the 

supraspinal changes that appear to affect global pain sensitivity because of the localization of 

their action and effects. 

Other studies conducted with preterm neonates that found marked increases in pain 

sensitivity as a result of painful NICU experiences.  One of the most robust findings in this 

category is the observation that boys who were circumcised as neonates show an increased pain 

response to vaccination later in life, but unfortunately many researchers in the field no longer 

find these data very convincing (Taddio, Katz, Ilersich, & Koren, 1997).  In addition, it has been 

reported that formerly ELBW children rated everyday painful experiences as higher in intensity 

than their FBW counterparts upon questioning during adolescence (Porter et al., 1999).  This 

result appeared to be correlated with the amount of time they spent in the NICU.    
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In a review of the long-term effects of neonatal pain, Lidow (2002) hypothesized that 

such contrasting findings are most likely a result of the variability in type, intensity, and time of 

occurrence of the painful experiences.  Additionally, it is important to remember that there is 

generally a reason, such as insufficient prenatal care, inadequate resources, or health problems, 

that caused the infant to be born prematurely in the first place.  For these reasons, it is important 

to make an attempt to sort out findings in this area of research through the use of experimental 

animal models.  The fact that true experiments can be conducted on animals, as opposed to the 

correlational results that can be obtained from human studies, is the principal argument for the 

use of such models.  

 Animal Models.  Since rodents are born at an earlier stage of development than full-term 

human neonates, infant mice lend themselves very well to being used as a model of human 

premature infants.  In fact, the stage of neural development that occurs in mice just after birth is 

roughly parallel to the stage at which extremely premature human infants are born (Clancy, 

Darlington, & Finlay, 2001).  Various animal models of early-life pain have been developed 

ranging from repeated noxious insults, inflammatory insults, and physical nerve damage to a 

newer surgery model which was used in this study.   

One model of early-life pain is the practice of inducing physical nerve damage.  An 

example of this type of study is one completed by Reynolds and Fitzgerald (1995) in which they 

removed a small piece of skin from a pup’s hindpaw.  When this same region was examined later 

in life, the experimenters observed hyperinnervation of the area by sensory neurons that resulted 

in hypersensitivity in the local area.  There is a wealth of research that examines the localized 

effects of localized pain and reports increased synaptic connections in the region of the painful 

stimulus as a result of increased factors such as nerve growth factor (NGF) and/or brain-derived 
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neurotrophic factor (BDNF) that promote synapse formation.  These localized peripheral changes 

are a separate issue from the generalized pain sensitivity that is currently being examined (Albers 

et al., 1994; LeMaster et al., 1999). 

The repeated noxious insults model was one of the first early-life pain models to be 

developed, and it usually consists of the neonate receiving noxious stimuli such as foot shocks or 

needle pricks daily during the postnatal period.  Using a repetitive foot shocks paradigm, 

Shimada et al. (1990) found decreased sensitivity to normally painful heat stimuli and enhanced 

morphine-induced analgesia when tested in adulthood.  While these results appear to indicate a 

trend towards hyposensitivity, it is important to note that in this study the animals were shocked 

twice a day from postnatal day 0 (P0) to P21, which translates to almost the first two years of age 

in humans, so this is really an extreme and chronic painful experience that does not accurately 

model human neonatal pain experience (Lidow, 2002).  A more realistic repeated noxious insults 

model has been developed in which a needle prick or cotton tip rub (as a control) was 

administered to each animal’s paw either 1, 2, or 4 times each day from P0 to P7, a much more 

realistic time scale (Anand, Coskun, Thrivikraman, Nemeroff, & Plotsky, 1999).  In this study, 

the researchers not only noticed significantly decreased sensitivity to hot-plate exposure in the 

group that was exposed to 4 needle pricks per day (when tested at P22), but they also found 

greater Fos expression (a marker of neuronal activity) after hot-plate exposure in this same 

group.  Although this behavioral data suggests hyposensitivity as a result of early-life pain, it is 

difficult to interpret the Fos data that indicates an increased CNS response.   

In an effort to address some of these conflicting findings, additional neonatal pain models 

have been developed, such as the inflammatory insult model.  One of the earliest studies to use 

this type of model consisted of an injection of  the inflammatory agent complete Freund’s 
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adjuvant (CFA) into the hindpaw of neonatal rodents (Ruda, Ling, Hohmann, Peng, & 

Tachibana, 2000).  The resulting inflammation lasted for roughly five to seven days, and when 

the same paw was reinflammed later they observed hypersensitivity to a thermal stimulus.  Once 

again this paradigm has some pitfalls, namely the fact that an inflammation lasting five to seven 

days that results in permanent physical changes to the site of injection is an unrealistically harsh 

stimulus.   

Newer inflammation models use either carrageenan or formalin injections, both of which 

are inflammatory agents that are significantly less potent than CFA.  Lidow et al. (2001) found 

basal hyposensitivity, as demonstrated by increased hot plate (HP) latency, later in life in mice 

that were exposed to neonatal carrageenan injections, a finding that is similar to the Anand et al. 

(1999) study mentioned above.  This effect was not only reversed upon reinflammation, but the 

animals actually showed hypersensitivity when the paw was reinflammed.  Once again, the 

authors emphasize the fact that these differences are most likely a result of the vast differences 

between altered global pain sensitivity (the demonstrated sensitivity to pain as a result of a 

painful experience in a different locus than the original insult) as the result of a neonatal painful 

experience and the localized sensitization of an area during upon inflammation at the initial site 

of injury.  Another important result of this study is the discovery that those animals that received 

sciatic nerve block, and therefore did not experience the pain of the early-life insult, did not 

display basal (baseline) hyposensitivity later in life.   

A similar model, in which injections of formalin, another inflammatory agent, are 

administered on days P1 through 7 with or without morphine pretreatment has also been 

developed to model early-life pain (Bhutta, Rovnaghi, Simpson, Gossett, Scalzo, & Anand, 

2001).  Upon testing in adulthood, those rats that received the neonatal formalin injections were 
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found to have longer HP latencies (a sign of hypoalgesia), with the males being more affected 

than the females.  Interestingly, the morphine only blocked this effect in the male rats.  

Additionally, the treated male rats showed significantly less locomotor activity than controls in 

adulthood.   The authors propose that the inflammation induced by the formalin injections may 

affect the pain system at all levels, peripheral, spinal, and supraspinal, with the result being either 

damage to the system itself or the enhancement of its inhibitory processes. 

One of the newest models of early-life pain is the surgery model that was developed in 

this laboratory in an effort to more directly emulate the experience of a premature infant in the 

NICU (Sternberg, Scorr, Smith, Ridgway, & Stout, 2005).  This surgery consists of anesthesia 

followed by a simple laparotomy (abdominal incision), or the anesthesia procedure alone as a 

sham (control) condition.  The findings from this first study to employ the surgery model suggest 

basal hyposensitivity in adulthood as a result of a simple laparotomy performed on P0, a 

response that is attenuated by post-operative morphine treatment.  Although this general finding 

is true for two of the adulthood pain assessments employed in the study, namely the tail-

withdrawal (TW) (a test of responsiveness to a painful heat stimulus on the tail) and acetic acid 

(AC) tests (a test of sensitivity to a painful abdominal experience), it was not observed on the hot 

plate (HP) test (a test of responsiveness to a painful heat stimulus on the paws).  In fact, 

increased HP latency (an indication of hyposensitivity) was seen in those animals that underwent 

the surgery plus a saline injection or a sham surgery plus a saline injection as compared to 

unhandled controls.  This result is different than the other tests, in which hypoalgesia was 

observed in the animals that experienced early-life pain, namely the surgery plus saline mice, 

since the morphine treatment is expect to eliminate the pain of the experience.  This finding 

brings up the question of whether the results were actually because of the painful experience of 
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the surgery, or whether they may be because of the stressful early-life experience of undergoing 

the surgery or sham treatment.  Additionally, it is possible that pain itself is stressful and this is 

the reason for the observed hyposensitivity in adulthood that has been observed on the tail-

withdrawal, acetic acid, and hot plate tests.  In order to examine whether these findings may be a 

result of the stress rather than pain, or the stressfulness of pain it is important to have a full 

understanding of how the stress system works.   

Anatomy of Stress 

 Stress, like pain, is an extremely difficult concept to define, but most stress researchers 

emphasize the importance of including the disruption of physiological and/or emotional 

homeostasis as the key factor producing a stress response (Charmandari et al., 2003; Levine, 

2005; Sapolsky, 1992).  The main anatomical system involved in the stress system is the 

hypothalamo-pituitary-adrenal (HPA) axis, which is essentially the connection between the 

hypothalamus, the pituitary gland, and the adrenal glands that ultimately results in the release of 

stress hormones into the bloodstream.   

Even though the HPA axis itself, plus a few peripheral structures that regulate its 

functioning, constitute a feedback loop, for ease of explanation we will consider the 

paraventricular nucleus (PVN) of the hypothalamus to be the starting point.  When an organism 

experiences an actual or perceived stressful event, the PVN is stimulated to release corticotropin-

releasing factor (CRF).  This CRF is released into the pituitary gland via the hypothalamo-

hypophysial portal, a small blood supply shared by the hypothalamus and the anterior pituitary 

gland.  The anterior pituitary then releases adrenocorticotropin hormone (ACTH) into the 

bloodstream of the organism, which targets the adrenal cortex and stimulates it to synthesize and 

release glucocorticoids (GC) (stress hormones) into the general circulation.   
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These glucocorticoids have two very important functions in the stress system.  Firstly, 

they are involved in an organism’s physical reaction to stress by aiding in the breakdown of 

energy stores to redirect glucose to the muscles (Sapolsky, 1987).  They are also an important 

part of the negative feedback loop of stress because they bind to mineralcorticoid (MR) and 

glucocorticoid receptors (GR) in the PVN, pituitary, and other CNS structures including the 

hippocampus, to downregulate further release of CRF and ACTH (Gutman & Nemeroff, 2002; 

Sapolsky, 1992).  Therefore, GCs are one of the major controlling mechanisms for the HPA axis, 

since they act both directly on the structures of the HPA axis and on other CNS structures that 

are involved in regulation of the stress response.  Research within the past 10 years has 

substantiated the claim that the hippocampus is an important regulator of the HPA axis through 

the discovery of high concentrations of MR and GR within the hippocampus (reviewed in 

Anisman et al., 1998).  This connection between the hippocampus, which is generally considered 

the major center for learning and memory in the brain, and the HPA axis is of the utmost 

importance to the current study.  For that reason, this issue will be returned to later in the 

discussion of the possible connections between early-life stress and adulthood learning abilities. 

An important anatomical connection between the pain and stress systems is the fact that 

they both appear to be regulated in part by the PAG.  In a review of the PAG literature by 

Behbehani (1995), the author discusses the fact that stress responses such as aversion, fear, and 

anxiety are elicited by stimulation of the dorsal and dorsolateral PAG in the form of flight 

responses, and the ventral PAG in the form of immobilization.  This link is noteworthy because it 

points to a possible physical link between pain and stress, something that is crucial for an 

argument that the experience of pain may affect the stress system. 

Developmental Plasticity of Stress 
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Just as with early-life pain, it is clear that early-life stress has the ability to alter the 

functioning of the related neural pathways, especially the HPA axis (Levine, 2005; Matthews, 

2002).  Matthews (2002) emphasizes the importance of the timing and intensity of such stimuli 

on the type and degree of their effects.  Research in this area has sought to determine the 

direction, degree, and manner of the effects of such early-life experiences. 

 Humans.  Very little research has been done in the area of long-term effects of early-life 

stress using human populations because it would be impossible to eliminate all of the possible 

confounding factors to determine what aspect of an infant’s NICU/early-life experience actually 

caused the observed changes in stress behavior.  Almost all of the studies in this area focus on 

the effects of childhood abuse or trauma on an adult’s stress behavior (Heim & Nemeroff, 2001; 

Heim, Newport, Bonsall, Miller, & Nemeroff, 2001).  These studies report a high incidence of 

mood and anxiety disorders, coupled with an increased physiological responsiveness to stressful 

stimuli in these populations, suggesting that it is important to study the effects of early-life stress 

because of its possibly devastating consequences.  Because of the many obstacles preventing 

conclusive research in this area from being conducted using human subjects, namely the 

numerous confounds and the obvious fact that true experiments can not be carried out, animal 

models are once again extremely useful.   

 Animal Models.  As is the goal with most animal models, research conducted with 

animals in this area strives to inflict only one stressful stimulus on the subjects during the 

neonatal period in an effort to eliminate as many confounds as possible.  The two major models 

of early-life stress that have been developed are the maternal deprivation model and the early 

postnatal handling model.   



Does early-life pain 17

In the maternal deprivation, or separation, model, neonatal pups are separated from their 

mother for some extended period of time (usually 15, 60, or 180 minutes) everyday for a certain 

period during early life (generally up to about P14).  One protracted maternal deprivation study 

was conducted in which the researchers separated the neonatal rat pups from their mothers for 

180 minutes each day from P2 through P14 (Plotsky & Meaney, 1993).  This study found 

increased CRF mRNA (an indication of increased production of CRF) in the hypothalamus, 

increased basal CRF levels in the hypothalamus, and higher levels of plasma corticosterone (a 

rodent GC) after restraint stress in adulthood in the maternally separated rats compared to 

unhandled controls.  Similarly, a maternal deprivation study conducted by Parfitt et al. (2004) 

found an prolonged increase in plasma corticosterone in formerly maternally separated male 

mice when they were exposed to a 30-minute acoustic stressor in adulthood.  Although this study 

examined the fear and anxiety behavior of these mice in an effort to correlate the physiological 

findings with behavioral results, they did not observe any statistically significant increases in fear 

and anxiety behavior in adulthood in the maternally deprived males.   

Interestingly, the results from studies using the postnatal handling paradigm find the 

exact opposite results of the maternal deprivation studies.  In one of the first studies conducted 

using this paradigm, Meaney et al. (1988) found that rats that were handled for 15 minutes each 

day from P0 to P22 had significantly lower GC levels while experiencing a restraint stress and 

secreted GCs for less time after the stressful experience than unhandled controls.  Along the 

same lines, studies have determined that male and female mice that were postnatally handled 

showed decreased stress behavior in adulthood (Sternberg & Ridgway, 2003).  Results 

concerning the neonatally handled male mice from the Parfitt et al. (2004) and Plotsky and 

Meaney (1993) studies mentioned above also suggest that these animals exhibit a lesser 
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physiological response to acute stress, as demonstrated by a significantly smaller rise in plasma 

GCs as compared to unhandled controls and maternally separated subjects.  Once again, no 

behavioral differences were observed that can be correlated with the physiological responses.    

While all of these results suggest an obvious alteration in the HPA axis as a result of 

neonatal stress, it is clear that the direction of the effect is dependent on the specific stressor.  In 

addition to experiencing prolonged maternal separation and high levels of neonatal handling, 

premature infants that spend time in the NICU also undergo many painful procedures, and it is 

reasonable to suggest that these procedures can also be a stressful experiences.   

It has been shown that early-life stressful experiences such as maternal separation or 

neonatal handling can affect adult responsiveness to pain, although the results are in opposite 

directions, as would be expected based on their effects on stress behavior (Coutinho et al., 2002; 

Sternberg & Ridgway, 2003).  While Coutinho et al. (2002) found hyperalgesia to go along with 

the increased anxiety responses elicited by protracted neonatal maternal separation, Sternberg 

and Ridgway (2003) found general hyposensitivity and elevations in morphine analgesia as a 

result of neonatal handling.  Since stress has been shown to affect adulthood pain behavior, and it 

is known that pain elicits a stress response in the HPA axis and that the pain and stress systems 

are closely related in the nervous system, it is reasonable to assume that there may be a 

connection between early-life pain and altered adulthood stress behavior.  

Effects of Early-Life Pain on Stress 

 Some of the long-term effects of early-life pain appear to be caused by the stress of the 

experience rather than the pain itself (Sternberg et al., 2005).  In this study, the response to a 

painful stimulus, as demonstrated by the hot-plate test, was not reversed by the presence of an 

analgesic.  Instead it was hypothesized that the response was influenced by the presence of a 
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stressful experience, being that the surgery and sham animals that did not receive morphine 

showed decreased pain sensitivity.  The observed tail-withdrawal and acetic acid hypoalgesia in 

the Sternberg et al. (2005) study may also be explained as a stress effect since early-life pain is 

itself a stressful experience, providing even more support for an examination of the effect of 

early-life stress on adulthood pain behavior.  One particular study sought to examine the effects 

of pain experienced by premature infants in the NICU on later pain and stress reactivity (Grunau, 

Holsti, Haley, Oberlander, Weinberg, Solimano, Whitfield, Fitzgerald, & Yu, 2005).  This study 

looked at plasma cortisol levels in response to a stressor (specific nursing procedures) and 

behavioral reactivity to a painful procedure (blood collection).  They found that the number of 

painful procedures experienced by premature neonates was correlated with a significantly lower 

cortisol response to stress and a lower facial reactivity to pain, when they were tested at 32 

weeks PCA, as compared to non-premature infants tested at the same age.  These results point to 

an apparent downregulation of the HPA axis in the premature infants as a result of unrelieved 

pain.  Once again, it is important to remember the many confounding variables, including 

reasons that may have led to the premature birth of the ELBW infants, that are impossible to 

separate out from the painful procedures as possible causes of the differential HPA axis 

responses.  Animal models that have previously been used to examine the effects of early-life 

pain can also be used to answer some of the questions regarding the effects of neonatal pain on 

later stress behavior, in an attempt to eliminate many of the confounds that cause problems with 

the interpretation of human data.  

In an effort to investigate the connection between early-life pain and stress behavior, 

studies have examined differences in adulthood ethanol preference (a measure of stress behavior 

that detects long-term changes in the reward system as an indicator of coping behavior) in rats 
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that underwent repetitive painful procedures (formalin injections) early in life versus controls 

(Bhutta et al., 2001).  This study found decreased ethanol preference in morphine- and pain-

exposed groups compared to controls in adulthood, which the authors suggested may be the 

result of alterations in the HPA axis. 

Using the carrageenan model of early-life inflammatory pain, Anseloni et al. (2005) 

found decreased stress and anxiety behavior in adulthood as measured by the Elevated Plus-

Maze (a widely-used test of stress behavior) and a forced swim test, in addition to lower levels of 

basal and stress-challenged levels of CRF and ACTH, in rats that experienced neonatal 

inflammatory pain.  They also found increased concentrations of receptors associated with 

anxiolytic (stress-reducing) and analgesic (pain-reducing) responses in the PAG.  Furthermore, 

researchers have found increased hot plate latency as a result of repetitive neonatal needle pricks 

and an increased latency in exploratory and defensive withdrawal behavior in these same animals 

(Anand et al., 1999).  Alas, they did not find significant differences in GC or ACTH levels 

following a stressor to complement these behavioral observations.   

In an effort to extend the previous research on the connection between early-life painful 

experiences and stress behavior, the current study also attempts to connect these findings to 

variations in adulthood learning behavior. 

Anatomy of Learning and Memory 

Learning and memory are extremely complicated cognitive processes that involve many 

different brain regions, but past research has implicated the hippocampus to be the most critical 

region involved in learning and the creation of  new memories (Gluck & Granger, 1993; Gluck 

& Myers, 1997; Zola-Morgan & Squire, 1993).  This idea was first introduced based on studies 

that observed learning and memory deficits in humans with hippocampal damage (reviewed in 
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Gluck & Myers, 1997; Lupien & Lepage, 2001; Zola-Morgan & Squire, 1993).  Such studies 

discovered that people with hippocampal damage tended to have anterograde amnesia, meaning 

that their deficit was usually in their ability to create new memories, but most of the information 

that they knew prior to the damage was intact.  Gluck and Myers (1997) also reviewed relevant 

animal research in this area, and they noticed that the majority of research that induced lesions in 

the hippocampi of animals found deficits in their ability to learn complex new tasks.  Tasks such 

as sequence learning and spatial memory were especially difficult for these animals. 

Another method that researchers have used to examine where learning and memory are 

localized in the brain is to look at neuronal activation in animals after they complete a learning 

task through the use of a c-Fos assay, a protein that is expressed following neuronal activation 

(Kaczmarek, 2002).  C-Fos expression is found to be increased in specific regions after many 

learning-related tasks, including spatial learning, which is especially important for the current 

study.  This method was employed in a study by Vann et al. (2000) in which they examined c-

Fos expression after two trained spatial learning/memory tasks, one of which took place in a 

novel environment on the day of testing. Both spatial tasks were shown to cause increased 

neuronal activity in all hippocampal regions, including the dentate gyrus, CA3, CA1, and dorsal, 

ventral, and caudal subiculum, and in parahippocampal regions.  Additionally, they found that 

the amount of expression in the hippocampus increased as the demands of the task increased, and 

that the dorsal hippocampus was more activated in the task that took place in a novel 

environment.  This research provides even more evidence for the argument that the hippocampus 

and surrounding regions are especially involved in learning and memory tasks. 

It is interesting to note that the hippocampus is degraded throughout the natural life cycle 

of humans and other animals, and that this progressive damage often leads to the normal memory 
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and learning deficits that arise with age.  A landmark study by Sapolsky (1987) solidified the 

claim that the main molecule involved in this breakdown are GCs that are present in the 

hippocampus as the result of stressful experiences.  This article also went so far as to suggest that 

the controlled attenuation of endogenous GCs may be a reasonable mechanism to prevent 

extreme degradation that occurs as a result of insults such as a stroke.  This connection between 

stress hormones and the learning areas of the brain is an important one because it implies that an 

experience that alters the expression of stress molecules may lead to differences in learning 

behavior. 

Effects of Early-Life Stress on Learning 

As would be expected based on the fact that GCs are known to degrade hippocampal 

tissue, several animal studies have found hippocampal differences in neonatally stressed 

subjects.  Significantly increased concentrations of hippocampal GRs have been found in 

postnatally handled rats in adulthood as compared to unhandled controls (Meaney et al., 1988).  

These animals were also found to have lower basal GC levels and less degradation of 

hippocampal cells, as demonstrated by the fact that they had more hippocampal cells overall, in 

adulthood.  The authors hypothesized that the observed greater number of hippocampal cells is 

probably a result of less GC exposure throughout the animals’ lifetime.  They also propose that 

the increased negative-feedback of the HPA axis that likely occurs as a result of a higher 

concentration of GRs probably leads to an overall decreased exposure to GCs over time.   

Recent research completed by Haley et al. (in press) using infants supports the idea that 

early-life stress experiences may have long-term learning benefits.  They found that infants that 

had higher levels of cortisol response early in life show significantly better memory abilities later 

in life, independent of whether they were premature or full-term.  It is important to note that 
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intermediate GC levels throughout life are probably the most beneficial because of the negative 

effects of both very high and very low levels of cortisol, often described as an inverse-U 

relationship, that have been demonstrated in adults.   

Another interesting finding in this area is the fact that the presence of NGF appears to be 

increased in the hippocampus and hypothalamus after performance in a spatial learning task, 

especially in neonatally handled and mildly stressed rats (Pham, Soderstrom, Henriksson, & 

Mohammed, 1997).  Since NGF appears to have neuroprotective effects in the hippocampus, this 

research further supports the idea that moderate early-life stress in some way protects 

hippocampal cells.  The authors of this study hypothesized that the increased sensory inputs in 

these animals may cause this increased synthesis of NGF within the hippocampus.  

Research in this area has also discovered certain behavioral changes that appear to be a 

result of these hippocampal changes.  Postnatal handling prevented age-related deficits in Morris 

Water-Maze performance were noted in adult rats (Meaney et al., 1988).  This finding further 

supports the idea that these subjects are experiencing less hippocampal degradation as a result of 

early mild HPA activation.  The exact opposite effect, as demonstrated by increased latency to 

reach the platform during the Morris Water-Maze task, has been observed in prenatally stressed 

mice, with the significance of these effects being a result of the performance of the female mice 

only (Meek, Burda, & Paster, 2000).  Although this study is at first glance contradictory to the 

other results, the stress used in this study was administered prenatally, and therefore the stage of 

neuronal development was different than that of the other studies. In addition, the Meaney et al. 

(1988) study used rats, while Meek et al. (2000) used mice, and this methodological difference 

may lead to different observations. 
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Improvements in spatial learning, as demonstrated in the Morris Water-Maze task, were 

also observed in the Pham et al. study (1997) that found higher levels of hippocampal NGF in 

neonatally handled and mildly stressed rats.  Once again, this behavioral data further supports the 

neuroanatomical and neurochemical findings in the area.   

Rationale 

In the current study we hope to connect the research that links early-life stress and 

learning with the investigations into the results of early-life pain.  In addition, we hope to 

determine whether many of the previously observed early-life pain effects are in fact a result of 

the stressfulness of the pain, and whether early-life painful experiences induce long term changes 

in the HPA stress response and learning behavior.  Based on previous observations that 

alterations following early-life painful experiences can lead to changes at a distinct body locus 

from the site of injury, we believe that the effects observed as a result of such procedures may be 

a result of the stress of the procedure, or the stress of the pain, rather than the actual pain 

experienced.  Using surgery as a model of early-life pain, which likely activates the stress 

response as postulated by Sternberg et al. (2005), we investigated its effects on adulthood pain, 

stress, and learning behavior.  Additionally, we hope to further solidify findings of the ability of 

early-life anxiolytic treatment to attenuate the effects of the early-life stressor, since it 

presumably removes the stressful aspect of the early-life manipulation.   

Adulthood stress and learning behavior were measured using the Elevated Plus-Maze and 

the Morris Water-Maze, respectively.  In accordance with the previous mild stressor literature, 

we hypothesize that the neonatally stressed mice, those that were subjected to the surgical 

procedure or sham procedure (to a lesser extent) without anxiolytic treatment, will demonstrate 

decreased pain sensitivity, decreased stress behavior, and increased learning behavior on the 
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aforementioned tasks.   Those mice that were neonatally stressed and then treated with an 

anxiolytic will presumably not experience stress following the neonatal procedure, and therefore 

the effects resulting from the procedure should not be observed in these animals.  Additionally, 

we studied groups of mice that were of two different ages in an effort to answer the question of 

how long-lasting the effects of our early-life stressor are.  Since most of the previous literature 

only studies animals at one age it is unclear whether any observed effects last into later 

adulthood.  We also used both male and female subjects to determine whether any aspects of the 

pain, stress, and learning differences are sex specific.  Once again, many of the previous studies 

in this area have been conducted using male animals only, and we believe that there may be 

some interesting differences between males and females because of the sex-related discrepancies 

in HPA functioning and hormone levels during the neonatal period.  

Following behavioral testing, the brains were taken from a representative sample of mice 

and a c-Fos immunohistochemistry assay was conducted to determine the amount of neural 

activation in various relevant brain regions.  Since the presence of the Fos protein is a general 

indicator of neural activation that can be detected in all brain regions, we believe that the level of 

activation in the amygdala, hypothalamus, and PAG should parallel our behavioral data 

regarding stress levels in the various groups.  In addition, levels of hippocampal activation 

should supplement the behavioral results from our learning task.   

Overall, conducted between subjects analyses to determine the differential effects of an 

early-life stressor on mice that received different levels of stress, distinct drug treatments, and 

those of diverse ages and sexes.    

Methods 

Subjects 
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 Male and female outbred CD-1 mice were obtained from Harlan Sprague-Dawley 

(Indianapolis, IN) and they were mated in our laboratory in order to obtain offspring for use in 

this study.  All breeders and offspring were housed in a light- (12:12hr, lights on at 08:00) and 

temperature- (20ºC) controlled environment with ad hoc access to food (Harlan Teklad 8604) 

and tap water.  The offspring were weaned at 3 weeks of age, and they were housed with same-

sex littermates in groups of 2-6 in polypropylene cages until adult testing took place.  Breeding 

was done in two rounds so that two different age groups of mice could be assessed in an effort to 

determine whether the effects could be seen as two different developmental time points, 

specifically 2-3 months and 7-8 months of age. 

Early-Life Manipulation 

 Surgery.  The surgical procedure employed in this study is a simple laparotomy based on 

a model developed in this lab that was first published in Sternberg et al. (2005), and it served as a 

noxious and stress-inducing stimulus performed at P0.  Pups were anesthetized using a 

cryoanesthesia procedure (Phifer & Terry, 1986) in which each pup was covered in crushed ice 

for 2 minutes, then removed and placed on top of a bed of ice for the duration of the surgical 

procedure.  An abdominal incision was made from umbilicus to genitalia, and a curved tip 

forceps was inserted into the incision and rotated.  Chronic gut sutures (6-0 needle) were then 

used to close the incision.  The pups were then placed under a heat lamp on a warming bed to 

recover. 

 Drugs.  Buspirone (BUS, Sigma), an azaspirodecanedione anxiolytic drug, was dissolved 

in saline and administered subcutaneously (5mg/kg) to half of the mice from each condition 

following the surgical or sham procedure.  Isovolumetric injections of saline (SAL) were used in 

the other half of the subjects to control for the injection procedure.  Patchev et al. (1997) found 
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that drugs with anxiolytic properties have the ability to block the behavioral and 

neurodevelopmental consequences of early-life stressors.  We used the dosage of 5mg/kg of 

buspirone based on the Hockl et al. (1993) study that demonstrated the effectiveness of this a 

single injection of this dosage of Buspirone in raising serum prolactin levels in rodents. 

 Neonatal Procedure.  The neonatal procedures were performed during the light cycle on 

the day of birth (P0).  All of the pups born on the same day were sexed and the pups of each sex 

were separated into two piles, which were then randomly assigned to either the surgery condition 

(SURG, described above) or the sham condition (SHAM, described below).  Only one drug 

condition was used each day (SAL or BUS), but the drug assignment across days was random.  

As a result of these assignments, each day produced two equal groups of subjects (SURG and 

SHAM), which each had an equal sex ratio and all received the same drug treatment.   

On each day when it was discovered that new pups had been born, the following 

procedure was performed.  One pup from the surgery group and a same-sex pup from the sham 

group were selected and anesthetized using the cryoanesthesia procedure described above 

simultaneously until it was determined that they were both immobile and failed to respond to a 

tail pinch.  The surgery was then performed on the pup assigned to the surgery group while it 

remained on a bed of ice, and its SHAM counterpart was kept on a bed of ice, untouched, for the 

duration of the surgery.  Upon completion of the surgery, both pups were removed from the ice 

and placed on a heating pad under a heat lamp until they were warmed to 25ºC (as determined by 

an infrared surface thermometer, Kant model 600C), had regained a pink color, and were able to 

move on their own.  At this time, the drug that was being used that day was injected 

subcutaneously into the dorsal side of both animals.  In addition, the SURG pups were then 

marked on their dorsal surface and the SHAM pups were marked on their ventral surface so that 
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they could be identified after the groups were mixed and the animals were placed back with their 

mothers.  At 3 weeks of age, each litter was removed from the dam and split among four cages: 

male SURG, female SURG, male SHAM, and female SHAM, and they were housed this way 

until the adulthood behavioral testing was performed. 

Four litters of unhandled controls (UNH) were also bred around the same time.  These 

controls were sexed shortly after birth so that they experienced normal handling, and then they 

were left completely unhandled until they were sexed and weaned at 3 weeks of age.  At this 

time they were separated into cages of four same-sex littermates and they were left untouched 

once again until the adulthood behavioral assays were performed. 

Adulthood Pain Measurement 

 Randomly selected male and female mice from each group (SHAM-SAL, SHAM-BUS, 

SURG-SAL, SURG-BUS) (n = 10-12), evenly split between the YOUNGER and OLDER 

groups, plus seven female UNH animals and seven male UNH animals, were subjected to two 

adulthood nociceptive tests, namely the hot-plate (HP) test and the tail-withdrawal (TW) test.  

The subjects were tested on these measures on Day 1 of the adulthood observations, an hour 

before undergoing basal anxiety behavior testing.  All testing was done by an experimenter blind 

to the group membership of the subjects.  The older (7-8 months old, OLDER) group of subjects 

and the younger (2-3 months old, YOUNGER) group were both observed on all of the following 

tests.  The following procedures were employed based on past studies in this lab which 

demonstrated the efficacy of such methods (Sternberg et al., 2005). 

 HP Test.  At the time of testing, each mouse was placed within a cylindrical Plexiglas 

enclosure which was positioned on top of a hot-plate (Model 39C, IITC, Woodland Hills, CA) 

which was controlled so that the temperature remained at 53ºC.  The experimenter started a 
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stopwatch once all four paws were on the surface of the hot-plate and latency to lick or shake the 

paw was recorded, with a 45 second cut-off.  Once the animal demonstrated this pain behavior it 

was quickly removed from the hot-plate.   

 TW Test.  A hot-water circulator (Fisher Isotemp) was filled with water maintained at a 

temperature of 53ºC.  The experimenter wrapped each mouse in a towel, held it so that the distal 

end of the tail was immersed in the hot water, and began a stopwatch.  They then recorded 

latency to withdraw the tail from the hot water, with a 15 second cut-off. 

Adulthood Stress Measurement 

 These same animals were then tested for basal anxiety levels using the Elevated Plus-

Maze on Day 1, an hour after basal nociception testing.  All of the animals used for baseline 

testing, minus one of each age from each condition (n = 3-7 for each age), were then trained for 

seven days (Days 2 through 8) on the Morris Water-Maze (MWM, procedure described below) 

and tested in the MWM on Day 9, immediately before their stressor-challenged anxiety behavior 

was observed using the Elevated Plus-Maze.   

Elevated Plus-Maze.  Adulthood stress behavior testing was conducted at 7-8 months of 

age for the OLDER group and at 2-3 months of age for the YOUNGER group.  The procedure 

for this test was adapted from Anseloni et al. (2005).  The maze, which consists of two opposing 

open arms (each 35.56cm long), two opposing arms with high opaque Plexiglas walls (each 

35.56cm long with 15.24cm high walls), and a neutral square space in the center (5.08cm per 

side), was raised 30.5cm from the floor.  Individual mice were placed in the center of the maze 

and they were allowed to explore the maze for 5 minutes.  During this time, two experimenters 

blind to the group membership of the mouse observed the subject and, using a stopwatch, 

recording the time spent in the open arms.  Two experimenters recorded together during the 



Does early-life pain 30

baseline day to ensure inter-rater reliability.  This procedure was meant to be used as a measure 

of stress and anxiety based on previous research that has demonstrated its effectiveness in 

detecting behavioral differences induced by anxiolytic drugs in mice and rats (reviewed in Wall 

& Messier, 2001) 

Adulthood Learning Behavior 

 The same 75 randomly selected mice were then trained on the Morris Water-Maze on 

Days 2-8.  Their adulthood learning abilities were then tested on Day 9 using the Morris Water-

Maze, prior to the stressor-challenged anxiety behavior procedure, by an experimenter that was 

blind to the group membership of the mice.  

Morris Water-Maze.  Adulthood learning behavior was tested using a procedure adapted 

from that used in Francis et al. (1995).  The apparatus consisted of a metal cattle trough that was 

1.52m (5ft) in diameter and .61m (2ft) deep with a 28.0cm by 26.0cm (11.0in by 10.25in) 

platform that was covered in wire mesh and painted white to match the opaque white water. For 

seven consecutive days, each of the mice received one learning trial a day.  These training trails 

consisted of the mouse being placed into the pool, facing the outer edge of the pool, at one of 

three starting points so that every mouse being trained on a day was started in the same location, 

but the location was randomly selected on each training day.  Each trial was considered to be 

over when the mouse successfully reached the platform, which was visible above the surface of 

the water, and stayed there for 5 seconds.  A trial was considered a failure if the mouse did not 

reach the platform within 60 seconds.  After reaching the platform or 60 seconds, whichever 

came first, the mouse was left on the platform for 15 seconds before being removed from the 

pool and returned to their home cage.  For our purposes, the location of the platform was not 

changed, and the extramaze cues in the laboratory and the position of the experimenter were kept 
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constant for all of the training trials.  On Day 9 (testing day), the mice were placed back into the 

pool with the platform in the same location as it was during the training days, but it was now 

below water by approximately .5cm.  The experimenter then recorded how long it took the 

animal to find the platform, with 60 seconds being the ceiling.  This was considered to be a 

measure of the animal’s learning and memory abilities.  The Morris Water-Maze was chosen as a 

valid measure of learning behavior based on results from previous studies including Schimanski 

& Nguyen (2004) that have demonstrated its validity in distinguishing between mouse strains 

that are known to have differing degrees of hippocampal functioning. 

In addition, since the MWM is being conducted before the stressor-challenged EPM we 

are taking advantage of the fact that it is likely a stressor.  Swim stressors are commonly used in 

the stress literature (Christie, Chesher, & Bird, 1981; Prince & Anisman, 1984; Skerritt, 

Trisdikoon, & Johnston, 1981; Thurmond & Brown, 1984) and we are using this fact to combine 

our learning test and the stressor-challenged anxiety test.  

Fos Immunohistochemistry 

Following the final stressor-challenged anxiety behavior observation, 54 (n = 2-6 per 

group) of the mice were placed in a cage for one hour before they were perfused with isomolar 

PBS followed by Bouin’s solution.  Their brains were then removed for the purposes of running 

the immunohistochemical assay for Fos protein.  After extraction, the brains were post-fixed in 

Bouin’s solution for approximately one day, before they were immersed in increasing 

concentrations of sucrose solution (10%, 20%, and 30%) for one day each as a cryoprotection 

method.  Finally, they were frozen until sectioning took place.  The brains were then sectioned 

into 40µm slices on a cryostat and put directly into Watson’s cryoprotectant.   
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 C-fos is a member of the immediate early genes (IEG) family, which are expressed when 

a neuron is activated, and the presence of the protein product of its transcription (c-Fos) in a cell 

can be used as a sign that the cell was recently activated.  The avidin-biotin-peroxidase (ABC) 

method was then used to determine Fos-expression on free-floating slices that were moved 

between solutions with the use of Netwell inserts (Corning, 15mm diameter wells with 74µm 

polyester mesh bottoms).  This procedure consists of the following incubation steps: wash in 

PBS, .3% hydrogen peroxide in PBS, and 5% normal goat serum containing .2% Triton X-100 

(PBS-TX), which are followed by a 24 hour room temperature incubation with gentle agitation in 

1:5,000 polyclonal anti-Fos (Santa Cruz Biotechnology) containing 1% NGS in PBS-TX.  On the 

following day the slices are rinsed in PBS-TX, placed in secondary antibody (Elite Kit; Vector 

Laboratories) for 3 hours, and then incubated in avidin-biotin-complex solution (Elite Kit; 

Vector Laboratories).  Following this incubation the sections underwent the chromagen reaction 

when they are placed in 3,3’-diaminobenzidine (5mg/ml) with nickel sulfate (25mg/ml) for 2-3 

minutes.  Using a microscope equipped with a computer imaging system, the limbic system, 

hippocampus, periaqueductal gray (PAG) and hypothalamus of the brains were observed for Fos-

like immunoreactivity.  The amount of Fos expression was determined by the presence and 

intensity of a blue-black reaction product in the cell nuclei of the sections.  This assay was 

chosen because of its validity as a measure of cell activity and activation, including activation 

caused by noxious and stressful stimuli and tests of learning behavior, across all neuron types 

and brain regions (Bullitt, 1990; Kaczmarek, 2002; Lehner, Taracha, Skorzewska, Wislowska, 

Zienowica, Maciejak, Szyndler, Bidzinski, & Plaznik, 2004).  

 Following completion of the assay, all brain slices were mounted on slides, desiccated 

using increasing concentrations of ethanol and xylenes, and coverslipped.  These slides were 
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then observed using the Nikon Eclipse E200 microscope and pictures were taken of the relevant 

areas from brains in each condition using a Color Mosaic camera (Diagnostics Instruments, Inc.) 

and the SPOT Software (Diagnostics Instruments, Inc.).  Finally, these pictures were analyzed 

using the ImageJ Software.  Using ImageJ we inverted the colors so that the brightest part of the 

pictures was the Fos marked cells, subtracted out the background, and manually traced the 

outside of the relevant area in each picture.  The program then calculated the mean brightness 

within that area (the optical density of Fos-labeling), and this mean brightness was used to assess 

the degree of Fos expression within the areas of interest.   

Data Analysis 

 For each of the behavioral measures, including baseline EPM, TW test, HP test, stressor-

challenged EPM, and MWM, a between subjects 3x2x2 ANOVA was run using SPSS with the 

behavioral data serving as the dependent variables.  In these analyses the independent variables 

were condition (SHAM vs. SURG vs. UNH), age (OLDER vs. YOUNGER), and sex.  Any 

differences between the groups were further explored using post-hoc analyses.  Additionally, in 

order to investigate the expected drug effects, a between subjects 2x2x2x2 ANOVA was 

conducted using the behavioral data as the dependent factor.  This allowed us to discover any 

effects of condition (SURG vs. SHAM), age (YOUNGER vs. OLDER), sex, and drug (SAL vs. 

BUS), the last of which cannot be compared in the former analysis because the UNH animals did 

not receive any drug treatment.  These same analyses that were conducted with the behavioral 

data were also run on the c-Fos data to investigate group differences in neural activation.   

We also ran a repeated measures analysis of the EPM data to determine whether the 

animals, overall, were significantly more stressed during the stressor-challenged EPM as 

compared to the baseline EPM, which we called “EPM day.” 
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 Since the roles of age and sex are largely understudied in the early-life pain and stress 

literature we expect that these variables most likely played the role of modulators.  It is likely 

that the early-life pain and stress that our mice were exposed to differentially affects males and 

females.  In addition, while it is possible that any effects can be seen in adolescence and last long 

into adulthood, it may be the case that they are not manifested until adulthood, or even that they 

can be observed in early adulthood (2-3 months) but not in later adulthood (7-8 months).  Our 

various analyses allow us to investigate some previously unclear conclusions regarding the 

modulatory effects of age and sex on the manifestation of pain, stress, and learning changes that 

result from an early-life stressor.    

Results 

 It is important to note, before a discussion of our results, that we only observed one 

marginally significant condition x drug interaction effect (on the HP test, where an effect of early 

life stress was observed to be reversed by anxiolytic treatment at the time of surgery).  This 

effect was theoretically the most interesting and important finding in this study, and the fact that 

it was not seen on the baseline EPM (F(1,64)=.003), TW test (F(1,72)=.966), stressor-challenged 

EPM (F(1,56)=.096), and MWM (F(1,56)=.057) somewhat limits our ability to defend our 

hypotheses.  On the other hand, we did observe many interesting effects that do lead to some 

noteworthy conclusions. 

Adulthood Pain Measurement 

HP Test.  Our analysis of the behavioral data from the HP test revealed our only 

marginally significant drug x condition interaction effect, F(1,72) =3.06, p=.085.  Since drug was 

being compared in this analysis the unhandled animals were not included because they did not 

receive any BUS or SAL treatment early in life.  T-tests conducted on these data showed that, 
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within the saline animals only, the surgery animals (M=7.67, SD=.65) demonstrated a marginally 

significantly greater HP latency than the sham animals (M=6.15, SD=.69), p=.067 (Figure 1).  

No significant difference existed between the SURG (M=6.10, SD=.65) and SHAM (M=6.85, 

SD=.62) animals that were treated with Buspirone, p=.461.  
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Figure 1.  Marginally significant condition x drug interaction effect on HP test.  SURG-SAL animals have 
marginally significant higher HP latency than SHAM-SAL animals only; the same effect is not see in the BUS 
animals.  Error bars indicate the standard error of the mean. 

We did not observe a significant main effect of condition between the groups on the HP 

test (F(1,88)=.535, p=.588).  Therefore, whether the animals underwent the early-life surgery 

(M=6.89, SD=.46), sham surgery (M=6.49, SD=.46), or were unhandled during early life 

(M=7.38, SD=.77), they did not demonstrate significantly different foot flick or foot lick 

latencies when exposed to a hot plate.  This demonstrates the fact that the early-life painful and 

stressful experience that we conducted does not appear to have an influence on adulthood HP 

latency.   

In addition, we did not find a significant main effect of drug (F(1,72) =.446, p=.507) or 

sex (F(1,88)=.382, p=.538) when averaged across condition.  This implies that, overall, the 

administration of Buspirone (M= 6.47, SD=.45) or Saline (M=6.91, SD=.47) does not have a 

significant effect on adulthood pain behavior, and that male (M=6.71, SD=.48) and female 

(M=7.13, SD=.48) CD-1 mice do not exhibit different latencies on the HP test.    
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Our analyses did reveal a significant main effect of age on the HP test, F(1,82) =12.19, p 

=.001.  The YOUNGER mice (M=7.95, SD=.40) demonstrated a significantly longer HP latency, 

when averaged across condition, drug, and sex, than the OLDER mice (M=5.67, SD=.52) (Figure 

2). 
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Figure 2.  Significant main effect of age on the HP test.  Error bars represent the standard error of the mean. 

TW Test.  Similar to the HP behavioral results, our analyses of the TW data did not reveal 

a significant main effect of condition, F(1,88)=.694, p=.502.  This indicates that latency for tail 

withdrawal was not dependent on condition (SURG: M=8.22, SD=.61; SHAM: M=7.77, SD=.61; 

UNH: M=6.82, SD=1.03), when averaged across drug, sex, and age.  Additionally, there was no 

significant main effect of age (F(1,82)=.329, p=.568) or sex (F(1,88)=.445, p=.507) in the TW 

data.  Once again, this suggests that in general age (YOUNGER: M=7.13, SD=.53; OLDER: 

M=7.64, SD=.70) and sex (males: M=7.90, SD=.63; females: M=7.30, SD=.63) did not affect 

performance on the TW test. 

Unlike the HP data, there was a significant main effect of drug within the TW results, 

F(1,72)=9.06, p=.004.  This finding revealed that BUS animals (M=6.82, SD=.57), averaged 

across all of the other variables, had a significantly lower TW latency than SAL animals 

(M=9.30, SD=.60) (Figure 3).  While this is an interesting finding, it is important to remember 
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that this significance is not compared to UNH animals because these animals did not receive any 

drug treatment.  
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Figure 3.  Significant main effect of drug on the TW test.  Error bars represent the standard error of the mean. 

 Our analyses also revealed a nearly significant condition x age interaction effect, 

F(1,82)=2.91, p=.060.  We performed Fisher’s LSD and this post hoc test revealed that while no 

difference is observed between the conditions for the young animals (SURG: M=7.33, SD=.80; 

SHAM: M=6.40, SD=.80; UNH: M=7.67, SD=1.13), the old SURG (M=9.10, SD=.80) and 

SHAM (M=9.15, SD=.80) mice have nearly significantly longer TW latencies than the UNH 

(M=4.67, SD=1.78) (p=.054 and p=.052, respectively) but they did not differ significantly from 

each other (p=.973) (Figure 4).   
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Figure 4.  Nearly significant condition x age interaction effect on the TW test.  OLDER UNH animals had nearly 
significantly shorter TW latencies than OLDER SURG and SHAM animals.  Error bars represent the standard error 
of the mean. 
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Adulthood Stress Measurement 

Baseline EPM.  Analysis of the baseline EPM data revealed a significant main effect of 

condition (F(1,88)=8.27, p=.001) and a post hoc test (Fisher’s LSD) indicated that the UNH mice 

(M=172.70, SD=13.80) spent significantly more time in the open arms than SURG (M=108.35, 

SD=8.17) and SHAM (M=117.80, SD=8.17) mice (p=.000 and p=.001, respectively).  The 

SURG and SHAM mice did not significantly differ from each other (p=.415).  This effect is 

illustrated in Figure 5.  
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Figure 5.  Significant main effect of condition in the baseline EPM.  SURG and SHAM groups show significantly 
less open arm time than UNH mice.  Error bars represent the standard error of the means. 

 Through our analysis, we did not find a significant main effect of drug (F(1,64) =1.24, 

p=.270), age (F(1,82)=.171, p=.681), or sex (F(1,88)=1.62, p=.207) on basal EPM performance.  

Therefore, overall, the BUS- (M=120.69, SD=7.67) and SAL- (M=108.25, SD=8.13) treated 

animals, the YOUNGER (M=136.50, SD=7.88) and OLDER (M=131.16, SD=10.30) animals, 

and the males (M=125.32, SD=8.49) and females (M=140.58, SD=8.49) did not differ 

significantly from one another.  Additionally, we did not observe any significant or marginally 

significant interaction effects on this measure of anxiety. 

EPM Day Effect. To ensure that the animals were stressed when we conducted the 

stressor-challenged EPM we ran a repeated measures ANOVA in which we compared time spent 
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in the open arms of the EPM on the baseline day versus the stress day in all of the animals.  This 

analysis revealed a significant main effect of day, F(1,72)=34.74, p=.000.  When the data was 

collapsed across all other factors, the animals were determined to have spent significantly less 

time in the open arms on the stress day (M=67.00, SD=5.75) as compared to the baseline day 

(M=132.95, SD=6.00) - indicating that overall the animals were indeed stressed when they 

entered the stressor-challenged EPM (Figure 6).  We did not find a significant condition x day 

interaction, indicating that, when averaged across all other factors, the SHAM, SURG, and UNH 

animals were equally stressed on the stress day. 
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Figure 6.  Significant main effect of day on the EPM.  Error bars indicate standard error of the mean. 

 Stressor-Challenged EPM.  As with the baseline EPM data, we found a significant main 

effect of condition in the stressor-challenged EPM data (F(1,69)=3.28, p=.044) and once again a 

Fisher’s LSD post hoc test revealed a similar pattern.  On the stressor-challenged trial, the 

SHAM mice (M=59.76, SD=8.70) spent significantly less time in the open arms than the UNH 

mice (M=103.62, SD=14.89) (p=.012), the SURG mice (M=74.24, SD=8.70) spent marginally 

significantly less time in the open arms than the UNH mice (p=.085), but the open arm time of 

the SHAM and SURG mice did not differ significantly (p=.243) (Figure 7). 
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Figure 7.  Significant main effect of condition on stressor-challenged EPM.  SHAM group shows significantly less 
open arm time than UNH mice, and SURG mice show nearly significantly less open arm time than UNH mice.  
Error bars represent the standard error of the means. 

 The analyses revealed no significant main effect of drug (F(1,56)=.346, p=.559) or sex 

(F(1,69)=.042, p=.839).  This indicates that, when collapsed across all other factors, adulthood 

stressor-challenged anxiety behavior was not altered by early-life drug treatment (BUS: 

M=70.38, SD=8.13; SAL: M=63.61, SD=8.13) or by sex (male: M=80.52, SD=9.35; female: 

M=77.89, SD=8.86).   

 Our behavioral data analyses did reveal a marginally significant main effect of age 

(F(1,63)=3.79, p=.056), with young animals (M=70.06, SD=7.90) spending less time in the open 

arms than the old animals (M=99.36, SD=12.81).  Therefore, the young animals, overall, 

demonstrated more anxiety behavior after being stressed than the old animals (Figure 8).    
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Figure 8.  Significant main effect of age during the stressor-challenged EPM only.  The difference between baseline 
and stressor-challenged behavior for the YOUNGER mice is also significantly decreased on the stressor-challenged 
day; the same is not true for the OLDER animals.  Error bars indicate standard error of the means. 

 Analysis of the stressor-challenged EPM data also revealed a significant sex x drug 

interaction effect, F(1,56)=4.61, p=.036.  When t-tests were conducted on the data from the 

males and females separately we found that only the BUS females (M=76.92, SD=11.50) 

exhibited significantly less anxiety (more open arm time) than the SAL females (M=45.45, 

SD=11.50) (p=.003), but this BUS effect was not observed in the males (BUS: M=63.84, 

SD=11.50; SAL: M=81.77, SD:11.50) (p=.361) (Figure 9).   
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Figure 9.  Significant sex x drug interaction for females only on the stressor-challenged EPM.  Error bars represent 
the standard error of the means. 

Adulthood Learning Behavior 

MWM.  Contrary to what was expected, we did not find a significant main effect of 

condition on performance in the MWM (F(1,69)=1.98, p=.146) (SURG: M=28.17, SD=3.06; 

SHAM: M=22.18, SD=3.06; UNH: M=33.28, SD=5.24).  In addition, we found no significant 

main effects of drug (F(1,56)=1.43, p=.237), age (F(1,63)=1.17, p=.284), or sex (F(1,69)=020, 

p=.889).   These results indicate that there were no main effects of condition, drug (BUS: 

M=22.68, SD=2.85; SAL: M=27.65, SD=3.04), sex (male: M=28.19, SD=3.29; female: M=27.56, 

SD=3.12), or age (YOUNGER: M=29.18, SD=2.87; OLDER: M=23.28, SD=4.66) on the 

animals’ ability to find the hidden platform on the MWM testing day. 
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 Our analyses did reveal a nearly significant sex x drug interaction effect (F(1,56)=3.88, 

p=.054), but t-tests conducted separately on the two sexes showed that it is different from the sex 

x drug effect we found in the stressor-challenged EPM data.  For the MWM, BUS males 

(M=18.19, SD=4.13) appeared to take significantly less time to find the platform than SAL males 

(M=31.36, SD=4.13) (p=.023), but there was no significant difference between the SAL 

(M=23.94, SD=4.46) and BUS (M=27.16, SD=3.92) females (p=.779) (Figure 10).   
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Figure 10.  Significant sex x drug interaction effect for males only in the MWM.  Error bars indicate standard errors 
of mean. 

Fos Immunohistochemistry Data 

 Prior to drawing any strong conclusions from the Fos expression data, it is imperative to 

note that there were very low subject numbers per condition in this data because of technical 

problems and time constraints with the assay such that it did not yield many good brain slices per 

group.  Additionally, because of these low subject numbers all samples from each particular 

region from each animal were recorded as being separate samples, rather than being averaged 

together.  Therefore, there is the likely confound that all or many of the samples from some of 

the groups may only represent one or two animals.  With this in mind, any statistically significant 

findings should be interpreted cautiously, and one should keep in mind that the results may not 

be generalizable to the condition as a whole.  
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 Amygdala.  Within the amygdala Fos data our analysis did not reveal a significant main 

effect of condition (F(1, 9)=1.89, p=.207) (SURG: M=13.65, SD=3.00; SHAM: M=22.86, 

SD=3.77; UNH: M=12.44, SD=4.61), sex (F(1,9)=.051, p=.827) (male: M=15.50, SD:3.09; 

female: M=15.70, SD=2.88), or age (F(1,9)=.186, p=.676) (YOUNGER: M=16.41, SD=2.88; 

OLDER: M=14.89, SD=3.09).  We did, however, observe a highly significant main effect of 

drug (F(1,7)=40.742, p=.000), with the BUS-treated animals (M=15.51, SD=2.00) showing 

significantly less Fos expression than the SAL-treated animals (M=19.11, SD=1.23) (Figure 11). 
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Figure 11.  Significant main effect of drug on Fos expression in Amygdala.  Error bars represent the standard errors 
of the means. 

PAG.  Our analysis of the Fos expression in the PAG is slightly more interesting than the 

amygdala data.  Although we did not observe a significant main effect of age (F(1,57)=2.78, 

p=.101) (YOUNGER: M=11.12, SD=.69; OLDER: M=11.81, SD=.87) or drug (F(1,41)=.739, 

p=.395) (BUS: M=9.11, SD=.85; SAL: M=11.05, SD=.79), we did find other meaningful 

differences.   

First, we found a nearly significant main effect of condition (F(1,57)=3.05, p=.055).  A 

Fisher’s LSD post hoc test conducted on this data revealed that the SURG (M=11.08, SD=.88) 

and SHAM (M=10.59, SD=.77) animals both had significantly less expression than the UNH 
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(M=13.63, SD=1.37) animals (p=.041 and p=.008, respectively) but they did not differ 

significantly from each other (p=.543) (Figure 12). 
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Figure 12.  Marginally significant main effect of condition within the PAG Fos data.  Error bars indicate the 
standard errors of the means. 

 In addition, we observed a marginally significant main effect of sex (F(1,57)=2.82, 

p=.099), with the males (M=10.39, SD=.67) showing less Fos expression in the PAG than the 

females (M=12.40, SD=.85) (Figure 13). 
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Figure 13.  Marginally significant main effect of sex within the PAG Fos data.  Error bars indicate the standard 
errors of the means. 

 As for interaction effects, we found a significant sex x condition interaction effect 

(F(1,57)=5,32, p=.008) on Fos expression in the PAG.  In order to determine the details of this 

interaction effect we performed a 3-Way ANOVA on the male and female data separately, with 

the independent variable being condition.  For the male subjects we found a highly significant 



Does early-life pain 45

main effect of condition (F(1,38)=7.17, p=.002) with a Fisher’s LSD post hoc test revealing that 

the SURG males (M=7.72, SD=1.24) having a nearly significantly less Fos expression than the 

SHAM males (M=10.84, SD=.90) (p=.053), the SURG males having significantly less Fos 

expression than the UNH males (M=14.84, SD=1.37) (p=.001), and the SHAM having 

significantly less Fos expression than the UNH males (p=.021) (Figure 14).  Within the female 

subjects we also observe a significant main effect of condition (F(1,23)=4.27, p=.026), with only 

the SURG females (M=14.45, SD=1.24) having significantly more Fos expression than the 

SHAM females (M=10.34, SD=1.26) (p=.008).  The SURG and SHAM females did not 

significantly differ from the UNH females (M=12.41, SD=2.37) (p=.397 and p=.319, 

respectively) (Figure 14). 
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Figure 14.  Significant sex x condition interaction effect for Fos expression in the PAG.  All of the conditions 
differed significantly in the male mice, but only the SURG and SHAM females significantly differed from each 
other.  Error bars indicate standard errors of the means. 

Additionally, we observed a marginally significant sex x drug interaction effect within 

the PAG Fos expression data, F(1,41)=3.63, p=.064.  To further investigate this effect we 

conducted separate t-tests for the male and female animals.  These t-tests revealed a significant 

difference between the SAL and BUS males (p=.010), with the SAL males (M=10.72, SD=1.01) 

showing significantly more Fos expression in the PAG than the BUS males (M=7.11, SD=1.18), 
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but there was no significant difference between the SAL (M=11.49, SD=1.27) and BUS 

(M=11.78, SD=1.21) females (p=.527) (Figure 15). 
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Figure 15.  Marginally significant sex x drug interaction effect for Fos expression in the PAG.  Only the SAL males 
are significantly different from the BUS males; the same pattern is not seen in the females.  Error bars represent the 
standard errors of the means. 

Hypothalamus.  Within the hypothalamus we looked at Fos expression in the 

paraventricular nucleus (PVN).  We did not observe any significant or marginally significant 

main effects or interaction effects of Fos expression in the PVN.  There was no main effect of 

condition (F(1,18)=.405, p=.673) (SURG: M=10.46, SD=1.22; SHAM: M=11.13, SD=.92; UNH: 

M=12.95, SD=3.09), sex (F(1,18)=1.55, p=.229) (male: M=11.60, SD=1.11; female: M=10.27, 

SD=.81), age (F(1,18)=.585, p=.454) (YOUNGER: M=11.51, SD=.83; OLDER: M=10.70, 

SD=1.26), or drug (F(1,13)=1.93, p=.188) (BUS: M=9.50, SD=1.02; SAL: M=11.59, SD=.97).   

 Hippocampus.  Next, we examined the differences in Fos expression in the dorsal 

hippocampus and we found no significant main effect of age (F(1,25)=1.61, p=.216) 

(YOUNGER: M=15.59, SD=1.37; OLDER: M=14.05, SD=1.32) or drug (F(1,16)=.652, p=.431) 

(BUS: M=7.96, SD=1.36; SAL: M=15.27, SD=.90).  We did observe a significant main effect of 

condition (F(1,25)=3.87, p=.034), however a Fisher’s LSD post hoc revealing that the SURG 

(M=16.02, SD=1.68), SHAM (M=12.76, SD=1.30), and UNH (M=15.89, SD=1.90) animals did 

not significantly differ from one another (Figure 16).   
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Figure 16.  Significant main effect of condition for Fos expression in the dorsal hippocampus.  No significant 
differences were observed between conditions.  Error bars indicate the standard errors of the means. 

In addition, there was a significant main effect of sex on Fos expression in the dorsal 

hippocampus (F(1,25)=5.42, p=.028), with the females (M=17.39, SD=1.78) showing 

significantly more Fos expression in the hippocampus than the males (M=12.92, SD=.98) (Figure 

17). 
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Figure 17.  Significant main effect of sex in Fos expression in the dorsal hippocampus.  Error bars indicate the 
standard errors of the means. 

As with the PAG data, we observed a highly significant sex x condition interaction effect 

(F(1,25)=25.256, p=.000), and we ran a 3-Way ANOVA on the data from the male and female 

subjects separately.  The analysis of the male subjects revealed a marginally significant main 

effect of condition (F(1,23)=3.31, p=.054).  A Fisher’s LSD post hoc showed that the SURG 

males (M=7.75, SD=1.78) had significantly less Fos expression than the SHAM males (M=16.58, 
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SD=1.40) (p=.034) and the UNH mice (M=15.90, SD=1.90) (p=.033), but the SHAM and UNH 

mice did not differ significantly (p=.685) (Figure 18).  Within the female subjects there was also 

a marginally significant main effect of condition (F(1,5)=5.26, p=.059), and a Fisher’s LSD post 

hoc test revealed that the SURG females (M=24.28, SD=2.86) had significantly more Fos 

expression than the SHAM females (M=5.12, SD=2.69) (p=.023).  In this case, the SURG and 

UNH mice (M=15.88, SD=3.30) did not differ significantly (p=.186) and neither did the SHAM 

and UNH mice (p=.229) (Figure 18). 
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Figure 18.  Significant sex x condition interaction effect for Fos expression in the hippocampus.  The SURG males 
differed significantly from the other two groups, which did not differ significantly from one another.  Within the 
female mice, the SURG mice differed significantly from the SHAM females, but there were no other significant 
differences.  Error bars represent the standard errors of the means. 

Discussion 

 Overall, while the findings from this study did not exactly support our hypotheses, many 

of the effects are reasonable results based the neonatal and adulthood procedures that were 

performed.  Even though we did not observe a significant effect of early-life treatment condition 

on either of the pain measures in adulthood, the decreased pain sensitivity observed in the 

SURG-SAL animals as compared to the SHAM-SAL animals was not seen between the SURG-

BUS and SHAM-BUS animals.  This argues for the attenuation of any effects by post-stress 

Buspirone administration.  In addition, although we did not observe the predicted decrease in 
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stress reactivity in adulthood, the significant increases in anxiety in the surgery and sham mice 

that were observed on both the baseline and stressor-challenged EPM tests agree with the chronic 

or severe neonatal stressor literature (maternal deprivation paradigm).  We also observed various 

sex differences in behavior on the stress and learning tasks, mainly as a result of an alternate 

response to drug treatment.  These effects warrant further investigation since much of the 

previous literature has not focused on sex differences.  Finally, we found age differences in HP 

behavior and stressor-challenged EPM behavior, but without further investigation these findings 

are difficult to interpret.   

Adulthood Pain 

 We failed to replicate the previous findings of reduced adulthood pain behavior following 

neonatal surgery from Sternberg et al. (2005).  Although there may be other possible 

explanations as to why this occurred, it is likely that the fact that the baseline EPM was 

conducted almost immediately prior to the pain testing was a major factor.  The EPM itself was 

probably stressful to the animals, as any test of anxiety behavior has to be, and this could have 

affected their pain behavior in the near future since it is known that these two systems are very 

closely connected (Behbehani, 1995).   

This explanation is supported by the fact that the condition data for the TW test shows an 

effect in the right direction, even though it is not significant.  Additionally, we did observe a 

marginally significant effect of condition that was dependent on age on the TW test, which 

showed that the older UNH mice had a nearly significantly shorter latency to TW than the SURG 

and SHAM mice, a finding that was not true for the younger mice.  The result observed in the 

older mice was expected based on previous findings in this lab (Sternberg et al., 2005).  It is 

possible that something about how the surgeries were done with the older versus younger group 
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of mice (they were conducted nearly 3 months apart) that led to slightly different adulthood pain 

reactivity.  On the other hand, it is also possible that this effect is age-dependent and cannot be 

observed until 7-8 months of age, but in the previous study all of the subjects were tested at 2-3 

months of age and these effects were observed, so it is difficult to discern the exact reason for 

this difference.  

 We expected Buspirone to be an anxiolytic that would reduce the stressfulness of the 

neonatal surgery, and therefore counter any adulthood effects of the early-life stress.  Although 

early-life condition did lead to significantly different performance on the TW test, we would 

expect this condition effect to depend on drug treatment, which was not seen in the TW data, if it 

were actually reversing the early-life stress.  On the other hand, the Buspirone did marginally 

reduce the effect of the surgery on HP test performance, with the surgery mice having a greater 

latency than the shams only in the SAL-treated animals.  This is the expected effect because it 

was proposed that the BUS would block the stress of the surgery, therefore eliminating any 

differences between the SURG-BUS and SHAM-BUS animals.   

 The final aspect of the pain data is the effect of age that was observed on the HP test.  It 

appears that younger animals had significantly longer latency than older animals on the HP test, 

regardless of all other factors.  Nearly all of the aging literature focuses on the differences in 

adulthood pain behavior following neonatal experiences produced at more than one stage of 

development.  Since all of our manipulations were performed at P0 and the difference we are 

observing is between mice at different stages of adulthood it is impossible to draw parallels 

between these studies and ours.  Therefore, the age difference that we observed has interesting 

implications for the study of pain in general.  Future studies in this area should examine whether 

pain behavior generally differs between groups of different ages, especially since it has been 
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shown that age has a major effect on performance in spatial memory tasks (Bach, Barad, Son, 

Zhuo, Lu, Shih, Mansuy, Hawkins, & Kandel, 1999).  

Adulthood Stress 

 One of the most important findings from our stress analyses is the significant difference 

in EPM performance between the baseline and stress day, which ensures that the mice were in 

fact stressed by their time spent swimming in the MWM.  Across all of the groups, the mice 

spent significantly less time in the open arms during the stressor-challenged EPM, as compared 

to the baseline EPM.  While this finding is important for our analysis of stressor-challenged 

anxiety behavior, it is actually a criticism of the use of MWM as a measure of learning behavior.  

It is entirely possible that some of the learning differences that have been reported based on 

MWM data are actually a result of differences in stress-related behavior.  Since a cold swim is 

often used as a stressor in rodent studies (Christie et al., 1981; Prince & Anisman, 1984; Skerritt 

et al., 1981; Thurmond & Brown, 1984), it is important that the water in the MWM be kept at 

higher temperatures than the swim stress conditions, but even then it is likely that the swimming 

is somewhat stressful to the animals.  

 Both the SURG and SHAM animals exhibited significantly less open arm time than the 

UNH animals on both EPM test days.  Therefore, based on these condition effects, we can 

conclude that early life stress exposure, of varying degrees, leads animals to exhibit more anxiety 

behavior in adulthood.  This finding further solidifies the conclusion that it was the surgery 

situation itself that lead to these differences since they occur separately from drug treatment.  

Although this is the opposite of what was predicted based on the acute early-life stress research 

(such as neonatal handling models) (Meaney et al., 1988; Sternberg & Ridgway, 2003), it is in 

line with the chronic early-life stress research (including maternal separation models) (Parfitt et 
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al., 2004; Plotsky & Meaney, 1993), indicating that our surgery stressor may be more closely 

related to the chronic early-life stressor paradigms than was expected.  Unfortunately, this 

pattern is the opposite of the observed pattern in Fos expression in the PAG, an area that is 

closely associated with stress behavior.  Activation of PAG neurons appears to be reduced in the 

SURG and SHAM animals as compared to the unhandleds, indicating a lower level of stress on 

the testing day.  The fact that the levels of neural activation in a stress-associated area do not 

mirror the observed stress behavior is troubling and difficult to interpret, but it should be noted 

that many of the previous studies of the effects of early-life stress also report disconnects 

between the behavioral and immunohistochemical data (Anand et al., 1999; Parfitt et al., 2004).  

Since the behavioral data indicate that the stressfulness of the early-life SURG and SHAM 

conditions appear to alter adulthood activity of the HPA axis, in this case causing basal 

upregulation in response to a stressful situation, this is a reasonable conclusion because of the 

previously mentioned difficulties in interpreting our immunohistochemical data. 

Since the SHAM and SURG conditions did not lead to significantly different adulthood 

stress behavior, it appears that the stressfulness of the surgery situation may actually be a result 

of the cold anesthesia rather than the pain of the surgery.  It is possible that the surgery was not 

more stressful than the anesthesia to a degree that it additionally affected regulation of the HPA 

axis.   

These stress behavior findings are once again in contrast to our PAG Fos expression 

results.  Data from the female mice indicates that the SURG subjects had significantly more PAG 

activation than the SHAM females, but the SURG mice had less activation than the SHAM 

males who had less activation than the UNH males.  Since the Fos data should be taken with a 

grain of salt because of the very low subject numbers, these results may represent a Type II error.  
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Results based on such low subject numbers may not necessarily generalize to the population as a 

whole. 

 Similar to the lack of research in the area of pain behavior differences based on age, there 

is also a shortage in the area of age-related differences in stress behavior.  Based on our stressor-

challenged EPM findings, we can conclude that younger animals experience more anxiety 

following a stressor than the older animals.  This effect of age was not observed in the baseline 

EPM, indicating that the HPA axis may be activated to a different degree in the younger and 

older mice even if the animals do not show basal anxiety differences based on age.  Overall, the 

younger animals appear to experience more anxiety following a stressor than the older animals.  

 Based on the drug effect observed in Fos expression in the amygdala, which shows that 

the SAL-treated animals have significantly more expression than BUS-treated animals, we can 

conclude that overall Buspirone treatment led to lower anxiety behavior in adulthood.  Mean 

brightness, which corresponds to Fos activation levels, in the BUS-treated mice appears to be 

close to the levels of the UNH mice, further supporting the conclusion that Buspirone treatment 

counteracted the stressfulness of the early-life manipulation (Figures 11 and 12).  Although this 

is not an absolute conclusion because the BUS and UNH animals were not directly compared 

since the UNH animals did not receive any drug treatment, they appear to have reasonably close 

Fos activation data.  While this effect was not exactly observed in our behavioral data, the 

stressor-challenged EPM data revealed that the BUS females were significantly less anxious than 

the SAL females, and this effect was not observed in the male subjects.  From this data we can 

conclude that BUS treatment early in life appears to lower stressor reactivity in adulthood, but 

the exact mechanism as to how this occurs is unclear.  It is possible that the anxiolytic effects of 

Buspirone, which acts directly on the serotonin-1A (5-HT1A) receptor, counteracted the 
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upregulation of the HPA axis that resulted from the early-life stressful experience.  Buspirone 

treatment may have reduced the stressfulness of the surgery to the level of an acute early-life 

stressor, therefore leading to lower stressor reactivity in adulthood.  Since it is known that there 

are different prenatal (Zhang, Barker, Xing, Giorgic, Ma, Chang, Hu, Chio, & Rubinow, 1997) 

and adulthood (Zhang, Ma, Barker, & Rubinow, 1999) 5-HT1A receptor levels in male and 

female rodents, it is possible that this leads to the divergent effects of Buspirone that we observe 

between the two sexes.  Since we administered Buspirone neonatally, it is unclear whether these 

same differences were present at the time of our manipulation, but it is likely that there were sex 

differences in the concentration of 5-HT1A receptors based on these previous findings. 

 In contrast to the amygdala and EPM findings, the PAG Fos data indicates that the male 

mice, and not the females, had their anxiety behavior altered by BUS treatment.  This data 

suggests that the SAL-treated males have more neural activation in the PAG, and therefore more 

stress behavior, than the BUS-treated males.  While this effect is observed in the opposite sex as 

the behavioral finding, it nonetheless implies that Buspirone treatment acts as an anxiolytic and 

reduces the stressfulness of the neonatal surgery experience. 

 Finally, it is intriguing that we observed no significant differences of Fos expression in 

the PVN.  Considering that this nucleus is closely linked to the PAG in the stress pathway, we 

would expect to see any effects that were observed in the PAG also present in PVN activation.  

Since the PVN is a more primary stress area, and the PAG is later in the pathway, it is possible 

that by the time we perfused the animals and their Fos expression was arrested (an hour after 

anxiety-induction) the PVN was no longer significantly activated.  In addition, it is once again 

important to remember that all of the Fos data is based on very low subject numbers and multiple 

samples from the same animals.  This confound could have led to Type II error, which does not 
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allow us to see differences that would have been statistically significant given higher subject 

numbers. 

Adulthood Learning 

 According to our MWM data, early-life condition did not have an effect on MWM 

performance, indicating that our early-life stress does not appear to affect adulthood learning 

behavior.  On the other hand, the hippocampus Fos expression data indicates that early-life 

condition can lead to altered hippocampus activation.  Although this appears to suggest learning 

differences based on early-life condition, none of the groups differ significantly from the other 

groups.  This is a very confusing finding that is further muddled by the fact that the Fos analyses 

were conducted with very low subject numbers and that the MWM data does not show 

significant differences between any of the conditions.  Additionally, it is possible that the 

stressfulness of the MWM affected performance, making it difficult to interpret any group 

differences as variations in learning behavior. 

 In addition to the effect of condition that was observed in the hippocampus data, we also 

found that the SURG males had less activation than the SHAM and UNH males, and the SURG 

females showed more activation than the SHAM females.  Once again, the widely varied 

direction of these results and the confounds that have been previously discussed regarding the 

Fos data makes this result extremely difficult to interpret.  While it is possible that the experience 

of early-life stress differentially affected the male and female animals’ learning ability, it may be 

the case that the particular animals whose brains were used in our Fos analyses were not 

representative of their respective sexes and/or conditions. 

 An interesting significant effect, that once again should be looked at cautiously, that we 

found within the Fos data was a main effect of sex in neural activation in the hippocampus.  
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Overall, males appeared to show less hippocampus activation than the females, indicating that 

they were worse at learning the location of the platform than the female mice.  While one should 

not draw strong conclusions from this Fos data alone, it does appear to correspond quite nicely 

with another study that has recently been conducted in our lab (unpublished findings).  Upon 

investigating the levels of phosphorylated and dephosphorylated NCAM-L1, a neural cell 

adhesion molecule that is involved in the migration of the axon growth cone and synapse 

stabilization, a member of our lab discovered that the males appear to have less 

dephosphorylated L1 in the hippocampus than the females overall following MWM testing.  

Since L1 is phosphorylated when it is bound to the cell membrane and dephosphorylated when it 

is moving to the leading edge of the migrating growth cone, more dephosphorylated L1 indicates 

more dynamic axons, and therefore higher levels of learning.  Therefore, the female mice appear 

to be better spatial learners than the male mice, and this result agrees with our finding from the 

hippocampal Fos data. 

 Finally, the one significant effect that we did observe in the MWM test showed that, 

while there were no spatial learning differences between the SAL- and BUS-treated female mice, 

the SAL-treated males took significantly longer to find the platform than the BUS-treated males.  

If early-life Buspirone treatment lowered the stress that resulted from the surgery or sham 

experience we would expect better spatial learning in the BUS-treated animals because of 

reduced degradation of the hippocampus (Meaney et al., 1988), and this is the exact effect that 

was observed in the males (Figure 10).  Once again, if we compare this result to the unpublished 

findings from our lab regarding NCAM-L1 phosphorylation levels in the hippocampus following 

MWM testing, we also observe strikingly similar results.  These results show that BUS-treatment 

reduced male phosphorylation, therefore theoretically making the leading edge of the axon 
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growth cone more dynamic and increasing learning ability.  This L1 data also indicates that the 

BUS males appear to be more female-like than the SAL males, but this is not a conclusion that 

can be drawn from our behavioral data.  Therefore, overall it appears that our hypothesized stress 

effects on learning behavior occurred in the male subjects only.  

Synthesis 

 Although we did not find the expected attenuation of early-life stress by Buspirone, 

except for on the HP test, we did observe many of the proposed effects of Buspirone in the 

significant effects of drug-treatment.  Since the pain findings appear to indicate that the SURG 

and SHAM conditions may be equally stressful to the neonates, differing equally from the UNH 

mice, it is possible that the overall drug effects are similar to the expected condition x drug 

interactions.  If we suppose that the SHAM and SURG conditions were as severely stressful as 

other chronic early-life stressors, the fact that the Buspirone treatment reversed the condition 

effect indicates that it reduced HPA activation to some extent.  Because the UNH animals were 

not given any drug treatment, they were not compared to the SURG and SHAM animals in drug 

analyses.  Further investigations into these effects should attempt to determine whether BUS-

treatment caused the stressed animals to more closely resemble the UNH animals or whether 

they experience some intermediate level of stress.  

 The fact that many of the observed drug effects were only seen in one sex is an 

interesting, although confusing, finding.  It is hard to draw many conclusions about why this 

occurred because the data on sex differences in stress and learning are very limited.  

Interestingly, Buspirone treatment appeared to affect the females’ stress behavior and the males’ 

spatial learning ability, and this is to be expected since there are reported sex differences in 5-

HT1A receptor concentrations in various relevant brain regions, including the hippocampus 
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(Zhang et al., 1997; Zhang et al., 1999).  Once again, since our animals were treated with 

Buspirone neonatally the direction and extent of these differences in our mice is unclear.  Further 

investigation into the question of how and why this occurs may lead to some very interesting 

findings regarding the differences in stress and learning behavior between the two sexes.  

 Even though it is always difficult to generalize findings from one study using rodents to 

human neonatal populations, it is nonetheless interesting to remember that severe or chronic 

early-life stress and pain appears to lead to an upregulation of the HPA axis and reduced 

hippocampal functioning.  Additionally, this effect appears to be attenuated, at least to some 

extent, by the use of an anxiolytic.  While previous studies have concluded that this effect is 

reduced by analgesic treatment (Sternberg et al., 2005), the fact that anxiolytic treatment has 

similar effects indicates that the stress of the painful experience may be the important factor.   

These findings are important to keep in mind when treating a clinical population of severely 

premature human neonates because it is possible that the high levels of stress that they 

experience early in life may negatively affect their stress and learning behavior later in life. 
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