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Abstract

Approximately 1 in 6 infants are born prematurely each year. Typically, these infants spend 25 

days in the Neonatal Intensive Care Unit (NICU) where they experience 10–18 painful and 

inflammatory procedures each day. Remarkably, pre-emptive analgesics and/or anesthesia are 

administered less than 25% of the time. Unalleviated pain during the perinatal period is associated 

with permanent decreases in pain sensitivity, blunted cortisol responses and high rates of 

neuropsychiatric disorders. To date, the mechanism(s) by which these long-term changes in stress 

and pain behavior occur, and whether such alterations can be prevented by appropriate analgesia at 

the time of insult, remains unclear. Work in our lab using a rodent model of early life pain suggests 

that inflammatory pain experienced on the day of birth blunts adult responses to stress- and pain-

provoking stimuli, and dysregulates the hypothalamic pituitary adrenal (HPA) axis in part through 

a permanent upregulation in central endogenous opioid tone. This review focuses on the long-term 

impact of neonatal inflammatory pain on adult anxiety- and stress-related responses, and 

underlying neuroanatomical changes in the context of endogenous pain control and the HPA axis. 

These two systems are in a state of exaggerated developmental plasticity early in postnatal life, 

and work in concert to respond to noxious or aversive stimuli. We present empirical evidence from 

animal and clinical studies, and discuss historical perspectives underlying the lack of analgesia/

anesthetic use for early life pain in the modern NICU.
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1.1 Premature Birth And Pain Treatment In The Neonatal Intensive Care Unit

Premature Birth

Each year, 18% of infants worldwide and 11.4% of infants in the United States are born 

prior to 37 weeks gestation and are considered preterm (Martin et al., 2015; WHO, 2012). 

The etiologies underlying preterm birth are complex and not completely understood, but risk 

factors include maternal diabetes, hypertension, smoking, prenatal substance use, lack of 

prenatal care and assisted reproductive therapies (PeriStats, 2011).

Following birth, the majority of premature infants are admitted into the Neonatal Intensive 

Care Unit (NICU), where they spend an average of 25 days (PeriStats, 2011). During their 

stay in the NICU, preterm infants undergo 10–18 invasive procedures each day, including 

repeated heel lance, endotracheal intubation, surgery, and respiratory and gastric suctioning, 

(Barker and Rutter, 1995; Carbajal et al., 2008; PeriStats, 2011; Simons et al., 2003). 

Despite the fact that the majority of these procedures produce pain and inflammation, pre- 

and/or post-emptive analgesia or anesthesia is used in only 2–21% of invasive procedures 

performed in the NICU (Carbajal et al., 2008). As the perinatal period is a time of sensitive 

developmental plasticity, any perturbation during this period presents a risk for immediate 

and long-term negative consequences (Anand et al., 1987b; Carbajal et al., 2008; McGrath, 

2011; Rodkey and Pillai Riddell, 2013).

Modern Absence Of Pain Treatment Early In Life And Historical Origins

The rationale for withholding pain treatment is complex and multifaceted. Historically, 

infants and children were considered lower ‘castes’ of people, unable to engage in sensory 

processing beyond the brainstem and thalamus, and lacking the cognitive capacity to 

remember early life events (Rodkey and Pillai Riddell, 2013). With this assumption, 

investigations of the 19th and 20th centuries interpreted infant responses to surgery, pin-

pricks or electric shock as reflexive or non-specific to the procedures (Rodkey and Pillai 

Riddell, 2013). These perspectives guided medical training and practices, and by the 21st 

century, respiratory support and paralytics were deemed sufficient for preterm infants 

undergoing surgery (Wesson, 1982). The validity and ethics of such practices were strongly 

called into question in the 1980s (Anand et al., 1987a; Purcell-Jones et al., 1988). However, 

issues of reliable pain assessment, age-appropriate dosing, opioid tolerance and long-term 

consequences associated with pharmacologic intervention became points of concern that 

continue to hinder neonatal therapies for pain (Anand, 2000; Anand et al., 2005a; Anand and 

Hickey, 1987; Anand et al., 2005b; Anand et al., 1987a; Bellieni, 2012; Cignacco et al., 

2009; Qiu, 2006).

Evidence over the last 30 years has demonstrated that premature and term infants can indeed 

discriminate noxious stimuli. NICU procedures induce robust secretion of stress hormones 

(Anand et al., 1987b), elevated heart rate and facial reactivity (Grunau et al., 2005; Grunau 

et al., 2010). Further, preterm infants as young as 25 gestational weeks display evoked 

cortical activity in response to noxious stimulation (Bartocci et al., 2006; Slater et al., 2006). 

While insufficient and sporadic administration of pain therapy persists in the modern NICU 
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(Carbajal et al., 2008), the vast majority of modern pediatric physicians acknowledge that 

preterm infants feel pain (Purcell-Jones et al., 1988).

Efficacy Of Neonatal Analgesia

A number of clinical studies have demonstrated the benefit of acute opioid analgesia for 

infants undergoing invasive procedures in the NICU. For example, administration of opioid 

analgesics significantly decreases cortisol, norepinephrine, epinephrine and β-endorphin 

release, decreases sepsis and prevents death, both operatively and post-operatively in 

comparison to controls (Anand and Hickey, 1992; Anand et al., 1987b). Morphine 

administration before endotracheal suctioning, central venous catheterization, or heel lance 

reduces blood flow to the skin and decreases facial responses to procedural pain (McCulloch 

et al., 1995; Moustogiannis et al., 1996; Scott et al., 1999). These studies together suggest 

that specific and appropriate analgesia has immediate antinociceptive benefits for preterm 

infants.

Despite the effectiveness of opioid analgesics for infant pain, concerns of tolerance, 

dependence and side effects such as bradycardia, hypotension, apnea, urinary retention and 

reduced gastrointestinal motility (Anand et al., 2011; Walker, 2014) make their use 

controversial. A number of studies have aimed to test the long-term impact of opioid 

analgesia in the NICU. However, the majority of these efforts have been challenged by small 

sample sizes, inclusion of infants with illnesses such as hypotension or pre-existing 

neurological impairment, or dosing that is age-inappropriate for the infant (Anand et al., 

2004; Bouwmeester et al., 2001; de Graaf et al., 2011; MacGregor et al., 1998; Norman et 

al., 2013; Roze et al., 2008). Therefore, it is unclear what, if any, long-term consequences 

are associated with early life opioid analgesia. As a precaution, the International Association 

for the Study of Pain (IASP) currently recommends judicious use of morphine and its 

derivatives, and slow-speed infusions of fentanyl and other potent synthetic opioids, for 

premature and term infants experiencing moderate to severe procedural pain, surgical pain 

and post-operative care (Anand et al., 2011). In combination with opioids or alone, topical 

nerve block agents, acetaminophen, NSAIDs, ketamine or dexmedetomidine can also be 

used, while nonpharmacologic (e.g. massage, suckling, oral sweeteners) interventions are 

appropriate for acute or ongoing pain (Hall and Anand, 2014). While caution with opioids is 

prudent, it is important to note recent follow-up studies reported that former preterm infants 

at 8–9 years old who received morphine in the NICU for pain management had improved 

executive functioning, reduced externalization problems and no adverse effects on 

somatosensory perception, pain thresholds, incidence of chronic pain or neurological 

functioning relative to infants that received placebo (de Graaf et al., 2013; Valkenburg et al., 

2015).

1.2 Early-Life Pain Impairs Stress And Pain Responding

Clinical Studies

Clinical studies show early life pain has an immediate impact on response to stress- and 

pain-evoking stimuli. For example, preterm infants undergoing surgical procedures without 

analgesic treatment have significantly higher concentrations of catecholamines and cortisol 
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during and after surgery as compared with infants receiving analgesia (Anand et al., 1987b). 

Heart rate, facial reactivity and cortisol levels of preterm infants are initially high in 

response to procedural pain. However, these behavioral, neuroendocrine and autonomic 

responses become significantly blunted as the number of invasive procedures experienced in 

the NICU increases (Grunau et al., 2005; Grunau et al., 2010). This suggests that repeated, 

unalleviated pain results in immediate changes or ‘adaptations’ in systems mediating pain 

and stress that may become permanent.

At 4 and 8 months, former preterm infants display decreased facial responsiveness to 

immunization pain in comparison to full-term peers (Oberlander et al., 2000). Toddlers born 

prematurely into the NICU exhibit blunted nociceptive responses and are rated by parents as 

less sensitive to pain in comparison to term-born controls (Grunau et al., 1994a). At 9–12 

years of age, children that experienced infant cardiac surgery with limited pain therapy 

display global alterations in both mechanical and thermal somatosensory processing 

(Schmelzle-Lubiecki et al., 2007). Further, male and female adolescents that spent time in 

the NICU as infants are less sensitive to thermal pain (Hermann et al., 2006; Walker et al., 

2009b) and display attenuated stress-induced analgesia in comparison to controls 

(Wollgarten-Hadamek et al., 2011).

A number of studies have now associated NICU treatment with long-term changes in 

autonomic and cortisol reactivity. For example, basal and immunization pain-induced 

cortisol release is blunted for boys and girls at 3 months, and boys at 4 months, respectively, 

in former preterm infants as compared with term controls (Grunau et al., 2007; Grunau et al., 

2010). At 6 months, tighter coordination of stress-related cortisol, heart rate and vagal tone 

is observed, suggesting an altered autonomic response pattern relative to term peers (Haley 

et al., 2010). And by 7 years, greater neonatal procedural pain predicts lower levels of acute, 

cumulative and diurnal cortisol relative to term peers, (emphasized in boys) (Brummelte et 

al., 2015; Grunau et al., 2013). Increased rates of behavior internalization have also been 

reported (Ranger et al., 2014). As physiological changes in stress responding are associated 

with disorders of anxiety, depression, obessive compulsion, panic and post-traumatic stress 

(Chrousos, 2009; Heim et al., 2000; Heim et al., 2001), such findings indicate that preterm 

infants are at higher risk for developing later-life changes in affective functioning, and 

potentially in a sex-dependent manner.

Indeed, altered cortisol reactivity for former preterm infants at age five is significantly 

associated with issues of internalization, emotional reactivity, anxiety, depression, 

inattention, and higher rates of negative verbalization during mother-child interactions 

similarly for boys and girls (Bagner et al., 2010). At age 7, blunted cortisol reactivity 

predicts attention problems and maternal years of education in both sexes as well 

(Brummelte et al., 2015). By middle school, these children are at least 28% more likely than 

term peers to have clinical symptoms of anxiety (exaggerated in girls), depression, and 

inattention (exaggerated in boys) (Botting et al., 1997; Hayes and Sharif, 2009). 

Psychological social-stress testing evokes blunted cortisol responses similarly in 8–14 yr old 

male and female former preterm infants relative to age- and gender-matched term controls 

(Buske-Kirschbaum et al., 2007). Lastly, parents and teachers of former NICU patients 

report significantly higher rates of neurobehavioral and neuropsychiatric impairments at 20 
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years of age relative to term peers, including issues with internalization and externalization, 

reduced cognitive and behavioral flexibility, and higher rates of anxiety and depression 

(Aarnoudse-Moens et al., 2009; Hack et al., 2004; Hayes and Sharif, 2009; Sullivan et al., 

2012).

Early life pain is also associated with changes in brain development and later-life 

functioning. For example, magnetic resonance imaging spectroscopy and diffusion tensor 

imaging of preterm infants at 32 and 40 gestational weeks shows significant decreases in 

white and gray matter maturation for both boys and girls that is positively correlated with the 

number of skin breaking procedures experienced (Brummelte et al., 2012). Pain-related 

stress in the NICU is associated with reduced spontaneous cortical gamma-to-alpha ratio 

oscillations during perceptual reasoning in childhood at 7–8 yrs of age that is independent of 

illness severity, days on mechanical ventilation, cumulative morphine exposure, general 

intelligence, and sex (Doesburg et al., 2013). Notably, gamma and alpha band activity are 

thought to occur during active recruitment of brain regions for perception (Doesburg et al., 

2008; Jensen et al., 2007) and resting-state (Doesburg et al., 2013; Klimesch et al., 2007; 

Pfurtscheller et al., 1996), respectively. As alterations in gamma band oscillations are 

significantly correlated with neurological and psychiatric disorders (Uhlhaas and Singer, 

2006), these findings further suggest that early life pain represents a significant risk factor 

for later-life pathology.

Animal Studies

Animal models of early life pain support clinical findings demonstrating a long-term impact 

on subsequent responses to pain and stress (Schwaller and Fitzgerald, 2014). Acute or 

repeated exposure to early life pain induced by foot shock, surgery, or inflammatory agents 

results in general thermal or mechanical hypoalgesia (i.e. decreased pain sensitivity) in adult 

rodents (Bhutta et al., 2001; LaPrairie and Murphy, 2007, 2009; Shimada et al., 1990; 

Sternberg et al., 2005). Consistent with clinical findings showing blunted stress hormones in 

former preterm infants, early life inflammatory pain in male rats reduces adult release of the 

stress hormones corticotrophin releasing factor (CRF), arginine vasopressin (VAS), and 

adrenocorticotrophin releasing hormone (ACTH) following acute swim stress (Anseloni et 

al., 2005). Anatomically, early life pain results in cortical thinning and increases the number 

of apoptotic cells throughout the brain, specifically in the cortex, septum, hypothalamus and 

hippocampus. Reduced expression of cortical and thalamic proteins that control neuronal 

differentiation, migration and synaptic connections have also been reported (Duhrsen et al., 

2013). Notably, administration of morphine at the time of early life injury prevents long-

term reductions in pain sensitivity and alterations in brain development (Duhrsen et al., 

2013; LaPrairie et al., 2008). While the mechanisms underlying these long-term changes in 

pain and stress responding and brain development are not well understood, recent evidence 

suggests that decreased sensitivity to pain later in life results from upregulated endogenous 

opioid tone in key brain regions mediating pain (LaPrairie and Murphy, 2009). As 

endogenous opioids have organizational effects on the developing brain (Zagon and 

McLaughlin, 1983, 1991) and contribute to the perception of stress (Akil et al., 1984), it is 

possible that the injury-induced increase in opioid tone underlies the long-term reduction in 

stress sensitivity as well.

Victoria and Murphy Page 5

Exp Neurol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1.3 The Stress System Early In Life

The hypothalamic-pituitary-adrenal (HPA) axis is used by the nervous system to mount 

physiological responses to stressors, promote survival in the presence of physical threats, 

and mediate psychological perturbations successfully, with the ultimate goal of reinstating 

homeostasis. In response to stressors, a variety of forebrain and brainstem regions are 

recruited to stimulate the release of CRF from the paraventricular nucleus of the 

hypothalamus (PVN) (Vale et al., 1981). Through the hypophyseal portal system, CRF 

stimulates the anterior pituitary gland to release ACTH (Dallman et al., 1987). In turn, 

ACTH acts on the cortex of the adrenal gland to promote release of glucocorticoids (cortisol 

in humans; corticosterone in rats: CORT)(Dallman and Jones, 1973; Guillemin et al., 1977). 

CORT then feeds up to the pituitary and PVN to terminate further release of neurohormones, 

and to the hippocampus where CORT binding to the glucocorticoid receptor (GR) reinstates 

inhibition of the PVN (Dallman et al., 1987; Sapolsky et al., 1984; Ulrich-Lai and Herman, 

2009).

All components of the HPA axis are functional and interfaced by mid-gestation for both 

humans and rodents (Kandel, 2000). In rodents, stressors such as ether or laparotomy 

stimulate the release of fetal CRF (Hiroshige and Sato, 1971) and CORT (Negellen-

Perchellet and Cohen, 1975), indicating that stress activates the HPA axis during gestation. 

At birth and over the first postnatal week, adrenal gland weight and circulating CORT 

concentrations are elevated (Corbier and Roffi, 1978), but gradually decrease to barely 

detectable levels, resulting in what is referred to as the stress hypo-responsive period 

(SHRP). The SHRP spans approximately P2-P14 in rat pups (Sapolsky and Meaney, 1986; 

Walker et al., 1986); for humans a similar process occurs over the first few months of life 

(Grunau et al., 2007; Mantagos et al., 1998). Although stressors such as ether, electric shock 

or hypoxia can activate the HPA axis, this period of adrenal quiescence allows 

glucocorticoid levels to remain low and promote neurogenesis, axonal outgrowth, 

synaptogenesis, myelination, and rise of endogenous CRF and ACTH levels (Baud et al., 

2005; Sapolsky and Meaney, 1986; Walker et al., 1986) (Antonow-Schlorke et al., 2009; Du 

et al., 2009; Liston and Gan, 2011).

HPA axis dysfunction and the manifestation of neuropsychiatric disorders have been 

significantly associated with exposure to trauma early in life (Heim et al., 2008; Heim et al., 

2001). As such, the influence of early life perturbation on later-life outcomes has been 

studied extensively in rodents. These studies have revealed that the type of stress (e.g. acute, 

chronic, mild, severe, homotypic, heterotypic), developmental stage at presentation (e.g. 

prenatal, postnatal, peripubertal), and in some cases the sex of the offspring, programs the 

HPA axis to be hyper- or hypo-responsive. For example, male but not female, offspring born 

to mothers exposed to mild chronic variable stress during the first week of gestation show 

adult increases in CRF expression, stress-induced CORT, and an increase in depression-

related behaviors in both the forced swim (FST) and tail suspension tests (Mueller and Bale, 

2008). Hyperactivity of the HPA axis is also observed in adult rats whose mothers were 

given the corticosteroid dexamethasone chronically during the last week of gestation 

(Shoener et al., 2006). In contrast, chronic restraint stress from gestational day 14–21 

increases CRF expression and CORT output for adult female offspring, whereas CRF 
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expression decreases, ACTH increases, and no change in CORT is observed in male 

offspring (Garcia-Caceres et al., 2010). Postnatal stress on P3 (acute peripheral 

inflammation) significantly decreases adult anxiety- and depression-related behaviors in the 

elevated plus maze (EPM) and FST, respectively, and blunts stress-induced CRF and ACTH 

release (Anseloni et al., 2005), indicative of HPA hypo-sensitivity. In contrast, chronic 

reduction of maternal resources for nest building on P2-P9 significantly increases basal 

CORT for offspring as adults (Rice et al., 2008). Although the mechanisms underlying the 

maintenance of these changes in gene expression and behavior are not completely 

understood, modification to the methylation and histone profiles of CRF and GR system 

genes are commonly observed in adult offspring exposed to early life stress (Elliott et al., 

2010; Mueller and Bale; Rodgers et al., 2013; Weaver et al., 2004). In addition, epigenetic 

influence of miRNAs on the embryonic germ line have sex-specific, transgenerational 

effects on adult stress-related profiles (Morgan and Bale, 2011, 2012; Rodgers et al., 2013), 

suggesting that production of sexually dimorphic phenotypes is more complex than the 

organizational influence of sex steroids (Carruth et al., 2002; Konkle and McCarthy, 2011; 

McCarthy et al., 2012).

1.4 Interaction Between Systems Mediating Pain And Stress Responding

Notably, the endogenous opioid system works in concert with classic systems regulating 

HPA axis activity. For example, in the hypothalamus, thalamus, septum, hippocampus, 

amygdala, locus coeruleus, cortex, periaqueductal gray and dorsal horn, CRF and CRF 

receptors (CRFR) co-localize and are co-expressed with endogenous opioids (Chalmers et 

al., 1995; Dumont et al., 2000; Larsen and Mau, 1994; Marchant et al., 2007; Mousa et al., 

2007; Rivalland et al., 2005; Sakanaka and Magari, 1989). Acute or chronic stressors such as 

restraint, inflammatory pain, or osmotic distress increase hypothalamic expression and 

release of both CRF and enkephalin, as well as circulating β-endorphin, ACTH and CORT 

(Guillemin et al., 1977; Lightman and Young, 1989; Shippenberg et al., 1991; Taylor et al., 

1998). Dexamethasone or CORT completely blocks stress-induced increases in CRF, 

preproenkephalin and proopiomelanocortin (POMC) mRNA (Beaulieu et al., 1988; Harbuz 

and Lightman, 1989), and GR transcriptionally regulates expression of both the endogenous 

opioid and CRFR systems (Schoneveld et al., 2004). Together these data suggest that the 

stress system recruits and regulates endogenous opioids to aid in the response to homeostatic 

perturbations. As enkephalin or morphine administration significantly reduces cortisol 

concentrations (McDonald et al., 1959; Stubbs et al., 1978), and opioid receptor antagonists 

naloxone or naltrexone increase plasma β-endorphin, ACTH and cortisol (al’Absi et al., 

2004; Wand and Schumann, 1998), such findings support the role of opioids in reducing 

stress reactivity.

While the CRFR system is well known for regulating responses to anxiety and stress (Bale 

et al., 2000; Coste et al., 2000; Smith et al., 1998; Weaver et al., 2004), it participates in 

antinociception as well. For example, administration of CRF in either humans or rodents 

stimulates the release of β-endorphin from the anterior pituitary to produce analgesia in 

response to noxious thermal heat (Hargreaves et al., 1990; Hargreaves et al., 1987). 

Adrenalectomy does not abolish CRF antinociception, indicating that analgesia results from 

central rather than peripheral release of CRF (Vit et al 2006). In addition, dexamethasone 
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attenuates the antinociceptive effects of either DAMGO or β-endorphin (icv) (Pieretti et al., 

1994), suggesting that endogenous glucocorticoids can modulate opioid analgesia.

Enkephalin and endorphin dampen responses to anxiety and stress-related behavior (Akil et 

al., 1984). For example, pharmacological activation of µ- or δ-opioid receptors, to which 

enkephalin and endorphin bind, significantly reduces fear-potentiated startle (Glover and 

Davis, 2008) and decreases stress-induced anxiety in the EPM (Randall-Thompson et al., 

2010). In contrast, blockade of endogenous opioid signaling with naltrexone decreases 

activity in the center of the OF (de Cabo de la Vega et al., 1995). Preproenkephalin knockout 

mice display a heightened stress response, as indicated by reduced time in the open area of 

the light-dark test, decreased entries and time spent in the inner area of the OF and increased 

startle amplitudes relative to wild-types. (Bilkei-Gorzo et al., 2008; Konig et al., 1996; Kung 

et al., 2010). Significant reductions in basal CORT and prolonged recovery time from stress 

are also observed in these mice (Bilkei-Gorzo et al., 2008), suggesting that enkephalin is an 

important regulator for neuroendocrine response to, and recovery from, stress. Similar to 

mice lacking enkephalin, β-endorphin knockout mice show decreases in total time and 

percent entries into the open arm of the EPM (Grisel et al., 2008). However, loss of β-

endorphin increases stress-induced ACTH, blunts basal and peak stress-induced CORT 

while maintaining CORT recovery time similarly to wild-types (Bilkei-Gorzo et al., 2008). 

Together these data suggest that although enkephalin and endorphin reduce anxiety, they 

have independent and unique rolls in regulating stress hormone responses.

In contrast to enkephalin and β-endorphin, dynorphin promotes anxiety and stress through 

binding to the K-opioid receptor (KOR). For example, activation of KOR with U-50488H in 

mice significantly decreases time in the center of the OF and percent time in the open arms 

of the EPM; anxiogenic effects are reversed by the KOR antagonist nor-Binaltorphimine 

(Wittmann et al., 2009). Similarly, loss of prodynorphin increases time in the center of the 

OF, time in the open arms of the EPM, and immobility in the tail suspension test 

(Kastenberger et al., 2012; Wittmann et al., 2009). Prodynorphin knockout mice show 

accelerated CORT peak following stress, yet negative feedback is prolonged in comparison 

to wild-type animals (Bilkei-Gorzo et al., 2008). These data suggest that dynorphin 

promotes anxiety, stress and has a specific role in stress hormone regulation. Collectively, 

the above findings suggest interplay between pain and stress systems, such that 

neuropeptides of the stress system have the ability to modulate pain, while endogenous 

opioids can dampen or increase sensitivity to anxiety and stress.

1.5 Experimental questions

Clinical findings indicate that early life exposure to repetitive pain and its associated stress 

in the NICU results in polysystemic changes in future responses to pain-, stress- and 

anxiety-provoking stimuli. These changes emerge early in development and persist in 

children, teens and young adults indicating that “adaptations” associated with neonatal pain 

and stress are permanent. The underlying mechanism(s) in humans, and preventability by 

appropriate analgesia at the time of injury, remains to be investigated.
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Animal studies indicate that early life injury results in a permanent upregulation of 

endogenous opioids that is necessary for hypoalgesia in response to noxious stimuli 

observed in adult rats (LaPrairie and Murphy, 2007, 2009). In contrast, mechanisms whereby 

long-term changes in anxiety- and stress-related behavior and HPA axis regulation occur as a 

result of early life pain remain unclear. Our lab has investigated the long-term impact of a 

single neonatal inflammatory insult on adult stress-related responses and neuroanatomy 

using a clinically relevant rodent model of early life pain. In this model, P0 rat pups receive 

a single hind paw injection of the inflammatory agent carrageenan (CGN; 1%), resulting in 

24–72 hrs of inflammation. As the endogenous pain control system and HPA axis are in a 

state of exaggerated developmental plasticity at this time point, and these systems work in 

concert to respond to noxious or aversive stimuli, we investigated whether early life pain: (1) 

produces deficits in adult stress-related behavior and alters stress-related neuroanatomy 

through an opioid-dependent mechanism, and (2) alters receptor systems regulating the 

activation and termination of the stress response in adulthood. Additional experiments 

assessed if stress- and pain-associated neurohormones are altered within the first week 

following early life inflammatory pain, and if this early activation of the pain system was 

necessary for the long-term changes in anxiety and stress-related behavior.

1.6 Early Postnatal Perturbations Result In Long-Term Adaptations In Later-

Life Stress, Anxiety And Pain

Summary Of Behavioral Findings

Across all studies, we consistently find that early life pain blunts adult sensitivity to acute 

anxiety- and stress-provoking stimuli (Victoria et al., 2013b; Victoria et al., 2015). 

Neonatally injured adults spend significantly more time in the center of the OF and display 

significantly longer latencies to immobility in the FST. Our data also show that neonatally 

injured adults have significantly attenuated stress-induced analgesia (Victoria et al., 2013b). 

Blockade of endogenous opioid signaling with the broad-spectrum opiate antagonist 

naloxone reverses the injury induced changes in response to the FST and stress-induced 

analgesia, suggesting that the observed behavioral hyposensitivity to stress in neonatally 

injured adults is mediated by an opioid-dependent mechanism (Victoria et al., 2013b). Such 

findings are consistent with previous reports from our lab that neonatal injury decreases 

adult nociceptive sensitivity through an opioid-dependent mechanism (LaPrairie and 

Murphy, 2007, 2009).

We also tested the impact of early life injury on responses to stress following 7 days of mild 

chronic variable stress (mCVS) (Victoria et al., 2015). In contrast to the hypo-sensitivity 

observed in response to acute stress, neonatally injured adults exposed to chronic stress 

show a hyper-sensitive profile, such that latencies to immobility decrease and time spent 

immobile increases in the FST. Morphine administration at the time of injury reverses both 

the hypo- and hyper-sensitive profiles in response to acute and chronic stress, respectively, 

indicating that these changes result from early life noxious stimulation.
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Summary Of Anatomical and Physiological Findings

Anatomically, we observe that neonatal injury significantly increases central expression of 

the opioids met-enkephalin and β-endorphin, as well as plasma corticosterone within 24 hrs 

of injury (Victoria et al., 2014). These markers of both pain and stress remain elevated by the 

end of the first postnatal week as compared with controls, suggesting aberrant regulation of 

critical developmental processes. Elevated levels of met-enkephalin, β-endorphin, and 

CORT likely have significant consequences for the developing organism. In adulthood, 

increases in endogenous opioid-peptide expression persist into adulthood in regions 

underlying responses to pain, anxiety and stress, including the ventrolateral PAG (vlPAG), 

central amygdala (CeA) and lateral septum (LS) (Victoria et al., 2013b). Alterations in 

CRFR1 and CRFR2 binding were also noted in the vlPAG, several amygdalar nuclei and the 

LS (Victoria et al., 2013a), suggesting a common circuit whereby injury alters adult 

perception and response to noxious stimulation.

Neonatal injury also alters adult GR expression in the PVN and hippocampus (Victoria et al., 

2013b), key sites of HPA axis activation and termination (Cullinan et al., 1993; Dallman et 

al., 1987). Although basal CORT levels do not differ between injured and uninjured adults, 

CORT levels are reduced in response to acute stressors and return to baseline more rapidly. 

By contrast, repeated HPA activation by 7 days of mCVS results in prolonged corticosterone 

reactivity (Victoria et al., 2013b; Victoria et al., 2015). Together with our behavioral 

findings, these data suggest that injury confers resilience to acute stress but vulnerability to 

chronic stress. As with behavioral adaptations, morphine treatment for early life pain 

mitigates changes in corticosterone release in response to both acute and chronic stressors, 

suggesting that long-term changes resulting from neonatal injury are preventable with 

appropriate and specific pain therapy (Victoria et al., 2015). As a whole, these findings 

provide valuable insight into the long-term consequences of early life injury and have the 

potential to influence pain treatment regimens for human infants in the NICU.

Neonatal Injury In Relation To Behavioral Findings From Models Of Postnatal 
Perturbations

Early life perturbations have been shown previously to result in long-term changes in 

response to anxiety- and stress-provoking stimuli. In general, animals who have experienced 

either acute or mild perturbations during the perinatal period, including increased handling, 

licking and grooming, show decreased responsiveness to stress-provoking stimuli and 

reduced HPA reactivity (Bhatnagar and Meaney, 1995; Boufleur et al., 2013; Caldji et al., 

2000; Weaver et al., 2005). By contrast, the opposite behavioral profile is observed in adults 

exposed to severe stress (e.g. maternal separation and maternal isolation) as neonates 

(Coutinho et al., 2002; Marais et al., 2008) for recent reviews of perinatal stress 

consequences: (LaPrairie and Murphy, 2010; Macri et al., 2011; Weinstock, 2008).

In our behavioral studies we observe that a single painful experience early in life results in 

behavioral and hormonal hypo-sensitivity to acute anxiety-, stress-, and pain-provoking 

stimuli, but hyper-sensitivity upon exposure to chronic perturbations. Other studies testing 

the long-term consequences of postnatal perturbation observe a similar dichotomy in adult 

responses to acute versus chronic/severe stressors. For example, early life inflammatory pain 
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reduces basal pain sensitivity (hypoalgesia) in adult rats exposed to acute thermal or 

mechanical noxious stimuli. However, following exposure to a chronic and more intense 

noxious stimulus, these rats display significant increases in pain sensitivity (hyperalgesia) 

(LaPrairie and Murphy, 2007; Ren et al., 2004). Similarly, neonatal endotoxin exposure on 

P4 increases sucrose preference and social interaction, and decreases CORT following acute 

tail shock (Bilbo et al., 2008). However, exposure to chronic stress or administration of LPS 

in these animals increases anxiogenic behavior in EPM and OF, increases acoustic startle 

amplitude, and elevates CORT release (Bilbo et al., 2008; Walker et al., 2009a). 

Interestingly, some models of chronic maternal separation (3 hrs/day on P2-P14) have shown 

basal hyperactivation of the HPA axis in response to acute air puff startle stress, but reduced 

ACTH and CORT following chronic stress (Ladd et al., 2005), suggesting that HPA axis has 

flexibility for dichotomous dysregulation in both directions.

This hypo- versus hyper-sensitive response profile in response to acute versus chronic/severe 

stimuli is consistent with clinical findings in former preterm infants. For example, children, 

teens and young adults born prematurely are rated as less sensitive to pain by both their 

parents and physicians, (Grunau et al., 1994b; Hermann et al., 2006; Johnston et al., 1996; 

Oberlander et al., 2000), display reduced stress-induced analgesia (Wollgarten-Hadamek et 

al., 2011) and show blunted cortisol reactivity to psychological stress testing (Buske-

Kirschbaum et al., 2007). In contrast, hyperalgesia is observed following surgery in the same 

dermatome, as well as increased negative verbalization and increased catastrophizing related 

to painful interventions. These former preterm infants also have higher rates of anxiety, 

depression and emotional reactivity following a more pronounced stressor (Aarnoudse-

Moens et al., 2009; Bagner et al., 2010; Hack et al., 2004; Hayes and Sharif, 2009; Peters et 

al., 2005; Sullivan et al., 2012). Together, these data suggest that this hypo-/hyper-sensitive 

response profile may be a common adaptation that results from early life trauma. However, 

such extreme physiological and psychological coping strategies increase the risk for 

manifestation of disorders such as post-traumatic stress (PTSD) (Taylor and Stanton, 2007).

Neonatal Perturbations Affect Common Neurocircuits And Neurotransmitters Systems

Animal models of early life perturbations suggest that the amygdala, septum, hypothalamus 

and hippocampus are common sites where long-term changes in expression and function 

occur for the CRFR and GR systems (Bhatnagar and Meaney, 1995; Ladd et al., 2005; 

Proulx et al., 2001; Shanks et al., 1995). Changes in the vlPAG and endogenous opioid 

system have also been reported (Victoria et al., 2013a, b; Victoria et al., 2014). For example, 

we have previously reported that early life pain significantly increases adult enkephalin 

expression in the LS, CeA and vlPAG. Neonatal injury also decreases high-affinity CRFR1 

binding in the basolateral amygdala (BLA) and vlPAG, and increases low-affinity CRFR2 

binding in LS and cortical amygdala (CoA) in adults. These findings overlap with 

observations in adult rats that experienced maternal separation (decreases in BLA CRFR1 

binding, stress-induced increases in CRFR2 binding in the LS; (Ladd et al., 2005), 

suggesting a common circuit for postnatal adaptations to early life perturbations.

In our studies, GR expression increases significantly in the PVN but decreases in both dorsal 

and ventral CA1 of the hippocampus. Lack of neonatal handling and exposure to adult 
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chronic stress also decreases GR mRNA expression in the septum and hippocampus of rats 

(Bhatnagar and Meaney, 1995). Further, metabolic perturbation with leptin on P2-P9 in 

rodents decreases GR expression in the hippocampus, increases GR expression in the PVN 

and accelerates dexamethasone suppression of CORT (Proulx et al., 2001). Meanwhile, early 

life immune challenge in rats (P3-P5) decreases adult GR expression in both the 

hippocampus and hypothalamus (Shanks et al., 1995).

In humans, changes in GR are associated with early life trauma as well. For example, suicide 

victims that experienced childhood abuse show decreases in GR mRNA expression in post-

mortem hippocampal samples (McGowan et al., 2009). Individuals that suffer from 

depression or PTSD also show increases in CRF from plasma and CSF (Bremner et al., 

1997; Catalan et al., 1998; McEwen, 2002). Interestingly, former NICU patients suffer from 

a higher incidence of anxiety and depression (Aarnoudse-Moens et al., 2009; Botting et al., 

1997; Hack et al., 2004; Hayes and Sharif, 2009; Levy-Shiff et al., 1994; Sullivan et al., 

2012), suggesting changes in GR and CRF systems for former preterm infants may 

contribute to the increased rate of mood disorders. Together, these findings support the 

hypothesis that traumatic early life experience impacts later-life susceptibility to affective 

dysfunction that is associated with changes in CRFR and GR systems in the septum, 

amygdala, hippocampus, hypothalamus. Our results suggest a role for the endogenous 

opioid system, as well as the PAG, in this susceptibility.

1.7 Potential Mechanisms Underlying Long-Term Changes In Stress-, 

Anxiety-And Pain-Related Responding

Opioids In Behavior And Anatomy

Our pharmacological manipulations show that neonatal injury changes adult behaviors 

through an opioid-dependent mechanism. In particular, we observed that naloxone reverses 

neonatal injury-induced changes in FST and stress-induced analgesia behaviors (Victoria et 

al., 2013b), as well as hypoalgesia in response to noxious stimulation (LaPrairie et al., 

2008); suggesting opioids are necessary for injury-induced behavioral changes. We also 

found that early life injury changes expression of endogenous opioids in stress-, anxiety- and 

pain-related brain regions (Victoria et al., 2013b). Collectively, our data suggest that 

neonatal injury dampens basal responses to acute noxious and stress-provoking stimuli, 

while exacerbating responses to chronic perturbations.

Animal studies: Analgesia

In our studies, we observe that early life pain increases adult basal pain thresholds and 

impairs stress-induced analgesia (LaPrairie and Murphy, 2007; Victoria et al., 2013b). Our 

anatomical and pharmacological data suggest that this hypoalgesia is due to increased 

endogenous opioid-tone in pain-related brain regions (LaPrairie et al., 2008; LaPrairie and 

Murphy, 2007, 2009; Victoria et al., 2013b; Victoria et al., 2014; Victoria et al., 2015). In 

particular, we show that enkephalin and endorphin immunoreactivity increase significantly 

in vlPAG of adults that were injured on the day of birth (LaPrairie and Murphy, 2009). 

Systemic blockade of opioid receptors with naloxone, or vlPAG-specific antagonization of 

µ- and δ-, but not κ-receptor attenuated the injury-induced increase in basal pain thresholds. 
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Neonatally injured adults also exhibit significant upregulation of met-enkephalin mRNA and 

protein in the CeA and LS.

Stress-induced analgesia is also impaired in neonatally-injured male and female adult rats 

(Victoria et al., 2013b). In particular, 30 min of restraint stress significantly increases paw 

withdrawal latencies in control, but not neonatally injured adults. Naloxone administration 

before restraint completely blocks stress-induced analgesia in controls, implicating an 

opioid-dependent mechanism. Others have shown that stress-induced analgesia increases 

nociceptive thresholds through µ-opioid receptor signaling in the amygdala and PAG (Stein 

et al., 1992), and is prevented by pretreatment with naloxone (Lewis et al., 1980). In our 

studies, the inability of prolonged restraint (30 min) to alter sensory thresholds in injured 

rats suggests that enkephalin or endorphin could not increase beyond the 2-fold elevations in 

basal levels (Victoria et al., 2013a, b). Notably, stress-induced CORT levels peak at 30 min 

making it possible that any opioid surge above baseline is mitigated by CORT activation of 

GR, which negatively regulates enkephalin and β-endorphin expression (Schoneveld et al., 

2004). Impairments in stress-induced analgesia suggests opioid-dependent vulnerability to 

more severe stressors, and likely contributes to the hyper-responsive profile observed in the 

FST following chronic variable stress (Victoria et al., 2015). Our data are consistent with 

clinical reports hypothesizing that changes in the endogenous opioid system mediate 

elevations in thermal pain sensitivity and impairments in stress-induced analgesia observed 

in adolescence and teens burned early in infancy (Goffaux et al., 2008; Hermann et al., 2006; 

Peters et al., 2005).

Animal studies: Anxiety- and stress-related behavior and anatomy

Based on our early studies (LaPrairie et al., 2008; LaPrairie and Murphy, 2007, 2009), we 

hypothesized that the neonatal injury-induced increase in endogenous opioidtone decreases 

adult anxiogenesis in the OF and sensitivity to forced swim stress (Victoria et al., 2013b). 

Indeed, overexpression of enkephalin reduces anxiety-like behavior in the EPM and OF, 

whereas loss of enkephalin has the opposite effect (Kang et al., 2000; Konig et al., 1996; 

Randall-Thompson et al., 2010). We observe that morphine treatment at the time of injury 

prevents the injury-induced suppression in response to acute anxiety- and stress-provoking 

stimuli. In response to mCVS, neonatally injured adults initiate floating rapidly and spend 

significantly more time immobile relative to controls, suggesting that high levels of opioids 

interact with chronic stress to result in depression-related behavior (Victoria et al., 2015). 

Indeed, others have shown that morphine treatment of adult rats during 7 days of chronic 

variable stress increases immobility in the FST and decreases sucrose preference (Molina et 

al., 1994; Zurita et al., 2000). Daily naloxone or naltrexone administration before stressors 

rescues these behaviors (Molina et al., 1994; Zurita et al., 2000), suggesting that chronic 

opioid signaling is necessary for FST behaviors in response to repeated stress. They further 

suggest that opioid blockade prevents vulnerability to chronic stress.

In our anatomical studies, opioid concentrations change in the brain and spinal cord 

immediately after injury and over the first postnatal week (Victoria et al., 2014). We 

hypothesize the anatomical basis for our opioid-dependent changes in anxiety- and stress-

related behaviors are due to significant elevation of enkephalin mRNA and protein in the LS, 
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CeA and vlPAG (Victoria et al., 2013b). As the CeA and vlPAG reciprocally connect and 

collaborate to cope with noxious stimuli (e.g. inflammatory pain), and the LS inhibits HPA 

activation (Behbehani, 1995; Herman, 2010; Manning and Mayer, 1995; Rizvi et al., 1991; 

Zubieta et al., 2001), enkephalin in these regions may dampen the noxious perception 

associated with neonatal pain.

Human studies: Analgesia, affect, stress-related anatomy and physiology

While our model of early life pain employs rodents, the effect of trauma on analgesia, affect, 

and stress are similar in humans. For example, opioid-dependent hypo-sensitivity to pain is 

observed in individuals suffering from PTSD (McCubbin, 1993), such that exposure to 

combat videos produces naloxone-reversible decreases in pain sensitivity (McCubbin, 1993). 

Morphine administration at the time of trauma, during resuscitation or early during treatment 

protects veterans from developing PTSD (Holbrook et al., 2010). Notable, these effects were 

specific to morphine, as benzodiazepines or serotonin reuptake inhibitors were not effective. 

Consistent with this finding, children given morphine for burn injuries are significantly less 

likely to show signs of PTSD in a 6-month follow up assessment (Saxe et al., 2001). 

Together these data suggest that morphine administration is effective for preventing long-

term psychological consequences associated with trauma, potentially through decreasing 

sensory-affective perception of pain and injury severity. In addition, these studies support 

our findings that morphine treatment for neonatal injury confers protection against extreme 

behavioral responses to acute or chronic perturbations.

Changes in the endogenous opioid system directly impact human HPA physiology. For 

example, morphine treatment dampens CORT output from the HPA axis (McDonald et al., 

1959; Zis et al., 1984). Adult men with the µ-opioid receptor gene A118G polymorphism 

show significant increases in plasma ACTH and CORT in response to naloxone, suggesting 

tighter endogenous opioid regulation over HPA functioning (Wand et al., 2002). The A-G 

substitution has been linked to a 3-fold increase in β-endorphin binding to µ-opioid receptor 

and is significantly associated with decreases in personality factors related to planning, task 

completion and organization (Wand et al., 2002). Adult females suffering from major 

depressive disorder show general decreases for in vivo µ-receptor binding potential in the 

amygdala, thalamus and PFC, in addition to decreases in ACTH and CORT, following 

autobiographical recall of a neutral or sad story relative to healthy controls (Kennedy et al., 

2006). While these studies were not performed in former preterm infants, they support the 

hypothesis that dysregulation of the endogenous opioid and stress systems are inter-related, 

and impact subsequent responses to environmentally relevant stimuli that can culminate in 

affective dysfunction.

Injury Is Sufficient To Create A New HPA Profile In Presence Of Acute And Chronic Stress

Prolonged pain and inflammation during the first postnatal week provides the opportunity 

for sustained activation and reprogramming of the HPA axis. Our studies show that in 

adulthood, GR mRNA and protein levels increase significantly in the PVN but decrease in 

the hippocampus, suggesting compensatory adaptations to facilitate termination of the HPA 

axis. As affinity for GR is elevated in the first postnatal weeks, high levels of CORT likely 

result in more frequent negative feedback, and therefore more efficient stress recovery 
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(Sapolsky and Meaney, 1986). Based on early studies examining the development of the GR 

system and HPA axis functioning (Meaney et al., 1985; Sapolsky and Meaney, 1986; Walker 

et al., 1986), we hypothesize that as CORT continues to feed up to the hippocampus, GR 

becomes downregulated (Victoria et al., 2013a) and less able to terminate stress. To 

compensate, GR in the PVN becomes upregulated to promote HPA axis inhibition. Indeed, 

models of early life stress, immune challenge and metabolic perturbations also observe long-

term changes in hypothalamic and hippocampal GR expression, supporting the hypothesis 

that this system is malleable early in life (Bilbo et al., 2008; Ladd et al., 2005; Proulx et al., 

2001; Sapolsky and Meaney, 1986). This is further supported by human studies showing that 

postmortem hippocampal GR expression is significantly decreased in severely depressed 

adults who were abused as children (McGowan 2009).

In addition to the HPA axis-specific changes we observe in the GR system, we reported that 

neonatal injury significantly decreases adult CRFR1 binding only in the BLA and vlPAG 

(Victoria et al., 2013a). This suggests that injury on the day of birth selectively impacts 

circuits underlying the activation of stress (Bhatnagar et al., 2004), autonomic tone (Bandler 

and Shipley, 1994; Floyd et al., 1996) and processing of noxious stimuli (Behbehani and 

Fields, 1979).

Factors In Addition To Pain May Change Adult HPA Reactivity

The pain assay employed in our studies (intraplantar CGN) results in a prolonged 

inflammatory response (approximately 24–72 hrs); therefore, the role of immune factors on 

HPA activity cannot be ruled out. In response to inflammation, peripheral CRF and cytokine 

IL-1β are released and act on immune cells to stimulate the release of endogenous opioids, 

β-endorphin or met-enkephalin, to produce antinociception (Schafer et al., 1994; Schafer et 

al., 1997). Centrally, IL-1β is known to stimulate norepinephrine (NE) and activate the HPA 

along with CRF (Brunton et al., 2005). While IL-1β may contribute to the injury-induced 

changes in HPA reactivity, it is worth noting that enkephalin rapidly reduces stress-induced 

release of NE (Tanaka et al., 1989), suggesting that the injury-induced surge in enkephalin 

would mitigate the effects of IL-1β on HPA activity. In addition, peripheral application of 

enkephalin mimics the anti-inflammatory effects of CRF (Schafer et al., 1994; Schafer et al., 

1997), suggesting neonatal CGN may instead upregulate anti-inflammatory factors. In fact, a 

similar model of early life inflammation results in adult upregulation of IL-10 and 

proenkephalin gene expression in the spinal cord with no observed changes in pro-

inflammatory markers (Ren et al., 2005). Certainly, this does not rule out the contribution of 

other immune system mediators, such as TNFα, which can stimulate the HPA axis and is 

also negatively regulated by GR (Tsigos and Chrousos, 2002).

Working Hypothesis

Our working hypothesis is that neonatal pain experienced during a critical 

neurodevelopmental period (P0-P8; LaPrairie and Murphy, 2007) increases afferent 

nociceptive drive to supraspinal regions responsive to noxious input, including the thalamus, 

hypothalamus, amygdala and PAG (Fitzgerald, 2005; LaPrairie and Murphy, 2009; Victoria 

et al., 2013b; Walker et al., 1986) (Figure 1). Endogenous opioids, including met-enkephalin 

and β-endorphin, are released to dampen pain (Hurley and Hammond, 2001; Konig et al., 
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1996; Loh et al., 1976) and stress responses (Bilkei-Gorzo et al., 2008; Lightman and 

Young, 1987; Rivier et al., 1982; Rossier et al., 1977). Concurrently, neurohormones from 

the HPA axis, including CRF, ACTH and CORT, are released to mount appropriate 

physiological responses and promote recovery from the physical threat associated with 

inflammation (Dallman et al., 1987; Taylor et al., 1998; Vale et al., 1981). As the 

inflammation associated with intraplantar carrageenan persists for 24–72 hours, endogenous 

opioids are released in regions mediating descending pain inhibition, perception of pain and 

HPA regulation (e.g. vlPAG, CeA, LS). Sustained activation of the HPA axis in the first 

postnatal week following injury (Victoria et al., 2014) likely results in sustained elevation of 

CRF, which in turn downregulates highaffinity CRFR1, while increasing low-affinity 

CRFR2 in regions mediating stress activation and perception of noxious stimuli (e.g. vlPAG, 

amygdala, LS) to program circuits such that future insults are less potent or aversive. As 

CORT levels remain high and continue to feed up to the hippocampus, GR becomes 

downregulated and the ability to terminate stress is impaired (Boyle et al., 2005); GR in the 

PVN becomes upregulated to compensate and promote HPA axis inhibition (Proulx et al., 

2001; Victoria et al., 2013a). In turn, CORT negative feedback becomes more efficient to 

facilitate recovery (Sapolsky and Meaney, 1986; Victoria et al., 2013a). As these 

perturbations occur during a highly plastic developmental period, and GR transcriptionally 

regulates itself as well as CRFRs and endogenous opioids (Schoneveld et al., 2004), it is 

probable that this new “production profile” becomes epigenetically programmed as the basal 

state and persists throughout the life span. Notably, opioids and CRFRs regulate inhibition 

and excitation, respectively, and changes in their expression occur in regions that regulate 

HPA-tone and responses to stress-, anxiety- and pain-provoking stimuli (Victoria et al., 

2013a, b). As such, the neuroanatomical changes we observe likely interact to produce the 

behavioral phenotypes that result from injury: hypo-sensitive responses to acute stress-, 

anxiety- and pain-provoking stimuli, and hyper-sensitive responses to chronic, unpredictable 

stressors (Victoria et al., 2015) (Figure 2). Morphine treatment at the time of injury reverses 

these behavioral changes, suggesting that pain therapy mitigates the activation of circuits 

responsive to pain and stress. We hypothesize that morphine reverses the site-specific 

changes in neurohormone and receptor profiles, however, partial rescue or additional 

compensatory changes are possible and are a potential starting point for future studies.

1.8 Final Remarks

Numerous clinical studies have shown that exposure to unalleviated pain and stress in the 

NICU has immediate and long-lasting consequences for sensory perception, neuroendocrine 

stress responses and emotional health in former preterm infants. In humans, the 

mechanism(s) by which these long-term changes in stress and pain behavior and physiology 

occur, and whether such changes can be prevented by analgesic intervention at the time of 

injury, is not known. The goal of our studies was to delineate the specific impact of a single 

injury early in life on adult behavioral responses to anxiety- and stress-provoking stimuli, 

stress axis functioning, and associated changes in underlying neuroanatomical circuits. In 

addition, we have tested whether blockade of inflammatory pain with morphine 

administration attenuate the previously observed behavioral and hormonal responses. Our 

studies show for the first time that a single injury on the day of birth significantly reduces 
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sensitivity to acute anxiety- and stress-provoking stimuli, yet increases sensitivity to 

prolonged and unpredictable stressors (Victoria et al., 2013b). Administration of morphine at 

the time of injury prevents injury-induced changes in stress and anxiety behavior. In the 

absence of treatment for early life pain, injury increases endogenous opioid tone within 24 

hrs of injury, and opioid levels remain elevated at the end of the first postnatal week, 

suggesting a time point by which changes in the opioid system become programmed. In 

adulthood enkephalin levels are upregulated in brain regions responsive to stress, anxiety 

and pain, and blockade of opioid signaling with naloxone reverses the observed changes in 

stress-related behavior. These findings suggest that opioid dysregulation underlies the injury-

induced changes in behavioral sensitivity, which is consistent with clinical reports in former 

preterm infants.

Our studies further show that neonatal injury significantly altered classic stress-receptor 

systems in regions modulating the HPA axis (Victoria et al., 2013a). HPA functioning is 

dampened in response to acute stressors, consistent with dampened hormonal responses to 

stress observed in former preterm infants. Immediately following injury, HPA activity is 

significantly elevated suggesting disruption of developmentally sensitive HPA maturation, 

and establishing a mechanism supporting the observed adult changes in brain receptor 

systems mediating stress responses. Morphine administration at the time of injury reverses 

these alterations in the HPA signaling arguing strongly that the experience of pain associated 

with early life injury is necessary for the long-term changes in stress-related behavior and 

hormone responses. Collectively, our studies are the first to provide evidence that early life 

injury-induced dysregulation of the opioid system alters adult responses to stress-related 

stimuli, and show that such changes are preventable with analgesic treatment. As former 

preterm infants are at risk for disorders of stress, including anxiety, depression and PTSD, 

these studies provide imperative evidence for the development and use of specific and 

appropriate analgesic regimes for human infants undergoing procedures resulting in pain.
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Figure 1. The lasting impact of a single neonatal injury on HPA activity and circuits responsive 
to noxious stimuli
A. Preterm infants experience numerous painful, inflammatory procedures in the Neonatal 

Intensive Care Unit often in the absence of pain therapy. To model a single painful 

experience on the day of birth, rat pups receive an injection of the inflammatory agent 

carrageenan (CGN; 1%) into the intraplantar surface of the right hind paw. B. Inflammatory 

pain increases afferent nociceptive drive to supraspinal brain regions responsive to noxious 

stimuli (e.g. septum, thalamus, hypothalamus, amygdala and periaqueductal gray (PAG); 

diagram and brain plates adapted from (Hunt and Mantyh, 2001) and (Paxinos and Watson, 

2005), respectively). Met-enkephalin (ENK), β-endorphin (β-ENDO) and corticosterone 

(CORT) are released to dampen pain perception and stress associated with inflammation. 

ENK and plasma CORT remain elevated at the end of the first postnatal week, suggesting 

permanent changes in the endogenous opioid and stress systems. C. In neonatally injured 

adults (D) CORT levels return to baseline more rapidly following acute stress stimulation of 

the hypothalamic pituitary adrenal (HPA) axis. In parallel, glucocorticoid receptor (GR) 

mRNA and protein are increased in the paraventricular nucleus of the hypothalamus but 
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decreased in the dorsal and ventral hippocampus, suggesting support for accelerated negative 

feedback. E. Anatomical changes in corticotrophin releasing factor receptor (CRFR) 1 and 

2, and ENK are observed in circuits that process anxiety-, stress-, and pain-provoking 

stimuli, contribute to stimulation of the HPA axis and homeostasis. CRFR1 binding is 

significantly decreased in the amygdala and ventrolateral (vl) PAG. CRFR2 binding was 

increased in the amygdala and lateral septum (LS). ENK mRNA and protein expression are 

significantly increased in the vlPAG, amygdala and LS.
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Figure 2. The lasting impact of a single neonatal injury on anxiety and stress responding
A. In response to acute stressors (forced swim), neonatally injured adults take significantly 

longer to initiate floating. By contrast, adults injured early in life float rapidly after exposure 

to 7 days of mild chronic variable stress (mCVS). B. Hypo-sensitivity to acute stress-

provoking stimuli and hyper-sensitivity to sequential, unpredictable stress are rescued if 

male and female rats are given morphine for early life pain, suggesting that 1) injury-

induced behavioral and hormonal vulnerability are preventable, 2) neonatal pain is necessary 

for the long-term changes in stress responding. (Abbreviations: corticosterone, CORT; area 

under the curve, AUC).
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