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Abstract

Pain in infancy influences pain reactivity in later life, but how and why this occurs is poorly understood. Here we review the evi-
dence for developmental plasticity of nociceptive pathways in animal models and discuss the peripheral and central mechanisms
that underlie this plasticity. Adults who have experienced neonatal injury display increased pain and injury-induced hyperalgesia
in the affected region but mild injury can also induce widespread baseline hyposensitivity across the rest of the body surface,
suggesting the involvement of several underlying mechanisms, depending upon the type of early life experience. Peripheral nerve
sprouting and dorsal horn central sensitization, disinhibition and neuroimmune priming are discussed in relation to the increased
pain and hyperalgesia, while altered descending pain control systems driven, in part, by changes in the stress/HPA axis are
discussed in relation to the widespread hypoalgesia. Finally, it is proposed that the endocannabinoid system deserves further

attention in the search for mechanisms underlying injury-induced changes in pain processing in infants and children.

Introduction

Pain and injury in early life can cause lasting changes to developing
somatosensory and pain systems. The immature nervous system in
both humans and rodents is highly responsive to tactile and noxious
stimulation; neurophysiological recordings reveal strong spinal noci-
ceptive reflex activity and distinct nociceptive cortical potentials in
response to clinically required skin-breaking procedures in newborn
human infants (Slater e al., 2010b; Fabrizi et al., 2011; Cornelissen
et al., 2013). This noxious evoked activity is more prolonged in the
youngest infants and rat pups and decreases in duration with postnatal
age (Fitzgerald & Gibson, 1984; Cornelissen et al., 2013). Impor-
tantly, when noxious stimulation in infancy is repeated or persistent,
such as in neonatal intensive care or neonatal surgery, the effects out-
last the period of stimulation itself and can result in profound and
long-lasting changes in nociceptive neural pathways. By the time pre-
term infants reach term, they are already displaying enhanced cortical
activity to an acute noxious stimulation compared with age-matched
term-born controls (Slater et al., 2010a) and later in childhood these
children display considerable alterations in somatosensory and pain
processing (Hohmeister et al., 2009; Walker et al., 2009b). Taken
together, studies show that both preterm and full-term children with
neonatal intensive care unit (NICU) experience display greater per-
ceptual sensitization to tonic heat (Hohmeister ez al., 2009) accompa-
nied by a generalized decreased sensitivity to cutaneous thermal
(Walker et al., 2009b) and mechanical (Schmelzle-Lubiecki et al.,
2007) stimulation. Specific injuries, such as moderate or severe burns
in infancy, also result in greater pain and perceptual sensitization to
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noxious stimulation combined with depressed general mechanical and
thermal sensitivity (Wollgarten-Hadamek ez al., 2009). Severe infant
burns are also associated with an attenuated social stress-induced
analgesia, suggesting reduced function in phasic endogenous pain
inhibitory mechanisms later in childhood and adolescence (Wollgar-
ten-Hadamek et al., 2011). Major surgery within the first 3 months of
life increases pain sensitivity and analgesic requirements to subse-
quent surgery compared with infants with no prior surgery (Peters
et al., 2005). The different patterns of altered sensory and pain sensi-
tivity in these studies may reflect differences in experienced pain,
stress and analgesic treatment in these children but nevertheless it is
clear that early painful injuries can induce local and global, long-term
alterations in sensory and pain processing.

Long-term changes in pain processing in ex-preterm and early
injured infants are likely to have several underlying causes. The num-
ber of tissue-breaking, presumed painful, procedures in neonatal
intensive care is directly correlated with reduced brain white matter
and subcortical grey matter (Brummelte er al., 2012) as well as
delayed corticospinal development (Zwicker et al., 2013) and lower
postnatal growth (Vinall ez al., 2012), all with wide-ranging complex
effects upon central nervous system (CNS) function. The aim of this
review is to focus on the specific neurobiological mechanisms under-
lying injury-induced plasticity in the developing pain system. We
summarize the main animal models in this field and review the evi-
dence for activity-dependent cellular and synaptic changes in nocicep-
tive circuitry in these models. We discuss two ways in which these
changes may be maintained, namely neuroimmune activation and
altered descending pain control, driven from the hypothalamic/pitui-
tary/adrenal (HPA) axis. Finally, we suggest that the endocannabinoid
system may be an interesting target for the prevention of injury-
induced plasticity in the developing pain pathways.
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Rodent models of long-term effects of neonatal tissue
injury

Understanding how pain and injury in early life can cause lasting
changes to developing somatosensory and pain systems requires good
animal models. A key requirement of such a model is that the effect
is ‘age sensitive’ or has a ‘critical period’ such that the same injury
applied in older or adult animals fails to have the same long-lasting
effect on pain processing (Walker, 2013). For identification of neona-
tal critical periods in animal studies, appropriate controls in adulthood
are crucial. The same degree and intensity of injury at different ages
must be achievable to isolate specific developmental effects associated
with injury or stress during a particular developmental period.

Table 1 shows the different rodent models of long-term effects of
neonatal injury upon pain processing. Many have been adapted from
adult pain research and compare similar types and severities of injury
in neonatal and adult rodents. These include: neonatal hindpaw plan-
tar incision (Walker ez al., 2009c), hindpaw inflammation with
agents such as carrageenan (CAR) or complete Freund’s adjuvant
(CFA) (Beland & Fitzgerald, 2001; Walker et al., 2003; Ren et al.,
2004; Hohmann et al., 2005; LaPrairie & Murphy, 2007), full thick-
ness skin wound (Reynolds & Fitzgerald, 1995; Beggs et al.,
2012a), repeated needle prick (Anand er al., 1999; Knaepen et al.,
2013), peripheral nerve injury (Howard er al., 2005; Vega-Avelaira
et al., 2012) and visceral injury caused by distension or inflammation
(Al-Chaer et al., 2000; Randich et al., 2006; Wang et al., 2008).

A common feature of these models is that a tissue injury at a criti-
cal period of development has long-term effects, outlasting the injury
itself, resulting in adults with altered pain sensitivity compared with
controls (Fig. 1). The difference in pain sensitivity is assessed when
the animals are adults as (1) changes in baseline sensory and noci-
ceptive sensitivity as compared with controls (handled in exactly the
same way as neonates but with no injury) and (2) changes in pain
sensitivity (hyperalgesia) to re-injury as adults, compared with
controls (adults receiving their first injury). This approach reveals a
dual long-term effect of mild injury to the hindpaw (CAR inflamma-
tion or surgical incision) administered in the first 7-10 days of life.
Mild injuries are associated with a widespread whole body baseline
depression in sensory and nociceptive thresholds, or hyposensitivity,
that emerges only when the rat is adolescent, i.e. 4-5 weeks old
(Ren et al., 2004; Sternberg et al., 2005; Laprairie & Murphy,
2009). However, the area in and around the site of the neonatal
injury retains an enhanced sensitivity to pain, so that a new injury
applied to the region results in enhanced hyperalgesia that is greater
in amplitude and more prolonged than controls (Ren et al., 2004;
Chu et al., 2007; Walker et al., 2009¢c; Beggs et al., 2012b). The
enhanced pain sensitivity can be observed within days of the first
injury, but importantly is also present in the adult, long after the ori-
ginal neonatal injury has resolved. Neither the basal hyposensitivity
nor the enhanced re-injury-associated hyperalgesia subside with age
and are still evident in 120-125-day-old rats (Ren et al., 2004).
Importantly, none of these effects occurs if the early inflammation or
skin incision is administered after the first 7-10 days of life (Fig. 2).

More extensive skin and subcutaneous, joint or visceral tissue
injuries in early life also have long-term effects but are not associ-
ated with widespread hyposensitivity. These are characterized by a
long-lasting mechanical sensitivity in and around the site of the
neonatal injury, long after it has healed (Reynolds & Fitzgerald,
1995; Beggs et al., 2012a). This is especially striking after neonatal
visceral injury, where repeated distension or mild inflammation in
the first 2 weeks of life results in a long-lasting baseline visceral
hypersensitivity, which also spreads outside the viscera to include
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the overlying abdominal and nearby cutaneous tissues (Al-Chaer
et al., 2000; Randich et al., 2006; Wang et al., 2008; Christianson
et al., 2010). Furthermore, when the animals are adults, a new
visceral insult causes a greatly enhanced hyperalgesia compared
with controls (Randich er al., 2006; DeBerry et al., 2010). Unlike
milder cutaneous injuries, the critical period for these visceral effects
is not constrained to the very early postnatal period (Fig. 1). Thus,
different types of injury may trigger different long-term effects in
the somatosensory and pain system.

Peripheral nerve injuries in early life have a very different long-
term effect on pain from neonatal tissue injury or inflammation. In
the first postnatal days, the neurotrophin dependency of primary
sensory neurons means that nerve injury causes substantial sensory
neuron death (Huang & Reichardt, 2001) but even after this period,
for the first 3 weeks of life little or no neuropathic pain results from
nerve injury, in marked contrast to the effect in adults (Howard
et al., 2005). However, later in life, when the animal reaches adoles-
cence, nerve injury causes a distinct and persistent mechanical
hypersensitivity (Vega-Avelaira et al., 2012).

The existence of two long-lasting changes in pain sensitivity after
early tissue damage, increased pain and sensitivity to repeat injury
on the one hand and widespread hypoalgesia on the other, each with
different onset times, suggests distinct underlying mechanisms, some
of which may lie outside the pain system (see Box 1).

Box 1

The influence of early life injury beyond pain pathways
Many models of early life pain reveal changes to the CNS
beyond the pain system. The overlap between pain and reward
pathways (Borsook et al., 2007) suggests that neonatal pain
experience may influence reward-related pathways and, in sup-
port of this, repeated neonatal skin incision does cause altera-
tions in adult brain motivational orexinergic pathways, known to
modulate mesolimbic dopaminergic reward circuitry, in an ani-
mal model of novelty-induced hypophagia (Low & Fitzgerald,
2012). Complex changes in alcohol preference are also observed
following neonatal formalin and heel stick (Anand et al., 1999;
Bhutta et al., 2001) and reduced exploratory activity following
early visceral distension (Wang et al., 2008).

Neonatal pain has also been shown to influence the generation
of new neurons in the dentate gyrus region of the hippocampus,
thought to be involved in memory formation. Rat pups receiving
intraplantar injections of the painful inflammatory agent com-
plete Freund’s adjuvant, on P8, had more BrdU-labelled cells
and a higher density of cells expressing doublecortin, both mea-
sures of newborn neurons, in the subgranular zone of the dentate
gyrus (Leslie et al., 2011). In addition, neonatal paw inflamma-
tion causes long-term alterations to acute stress responses in
adulthood, depending on the type of injury. A single intraplantar
injection of carrageenan in the first postnatal week reduces adre-
nocorticotrophic hormone and glucocorticoid levels and reduces
anxiety-like behaviours during the forced swim test in adulthood
(Anseloni et al., 2005; Victoria et al., 2013) while hindpaw
inflammation with complete Freund’s adjuvant and formalin
increases anxiety-like behaviour in adults during elevated plus
maze testing and forced swim tests (Roizenblatt ef al., 2010;
Mohamad et al., 2011; Negrigo et al., 2011).
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Mechanisms underlying the increased pain and
hyperalgesia in the region of the neonatal injury

The importance of neural activity from the original injury site

Increased pain and hyperalgesia following neonatal injury requires
action potential activity in peripheral nerves supplying the injury
site. Thus, treatment with local anaesthetics around the time of
application of the injury prevents the long-term pain-enhancing
effect (De Lima et al., 1999; Li et al., 2009; Walker et al., 2009b).
Afferent input following neonatal injury is likely to be intense; con-
tinuous recording from single dorsal horn cells both before and after
skin incision shows that the initial afferent-evoked spike activity is
greater in young than in adult animals (Ririe et al., 2008).

Sprouting and sensitization of peripheral nociceptors

Long-term pain hypersensitivity is associated with peripheral sensi-
tization, especially where neonatal injury involves deeper or vis-
ceral tissue. Full thickness skin removal results in permanent
changes in the innervation of the neonatally damaged region itself
long after the wound has healed, leaving the area hyperinnervated
by both myelinated A- and unmyelinated C-fibres (Reynolds &
Fitzgerald, 1995; Beggs et al, 2012a). This hyperinnervation
depends on the release of the neurotrophin NT-3 from the dam-
aged region, which is highly up-regulated in the neonatal damaged
area (Beggs et al., 2012a) combined with site-specific down-regula-
tion of factors that normally inhibit axonal growth into the skin
(Moss et al., 2005).

Long-term changes in afferent activity have been reported in adults
following neonatal colon irritation. The average threshold of activa-
tion of sensory afferents decreased and spontaneous activity and
responses to distension increased (Lin & Al-Chaer, 2003), but it is not
known if this is also the case following skin injury or inflammation.

Increased sensitivity of dorsal horn nociceptive circuits

Early life injury causes changes in spinal cord nociceptive circuitry
similar to classic central sensitization or long-term potentiation.
Thus, the enhanced pain sensitivity following neonatal skin wounds
is accompanied by increased spinal flexion reflex electromyographic
excitability (Beggs et al., 2012b) and enlarged dorsal horn receptive
field areas (2.5-fold) in the region of damage, 6 weeks later
(Al-Chaer et al., 2000; Torsney & Fitzgerald, 2003). These changes,
where tested, are N-methyl-p-aspartate receptor dependent (Chu
et al., 2007; Vega-Avelaira et al., 2012). Interestingly, visceral
injury causes a spread of central sensitization that includes cutane-
ous inputs (Wang et al., 2008) due to the convergence of visceral
and cutaneous inputs onto dorsal horn cells (Al-Chaer et al., 2000).
Prolonged effects on synaptic signalling within adult spinal nocicep-
tive circuits are likely to underlie this increased excitability: neonatal
hindlimb skin and muscle tissue injury selectively increases the
frequency, but not amplitude, of glutamatergic miniature excitatory
postsynaptic currents (mEPSCs) in dorsal horn lamina II, recorded
2-3 days after injury, without altering miniature inhibitory postsyn-
aptic currents (mIPSCs). This is followed by a persistent reduction
in mEPSC frequency by 9-10 days post-injury (Li ef al., 2009).
When the animal reaches adulthood, a decrease in phasic inhibitory
signalling is observed, due to a selective reduction in glycine recep-
tor (GlyR)-mediated input to GABAergic and glutamatergic lamina
II neurons and a decreased density of tonic GlyR-mediated current
in the glutamatergic population (Li et al., 2013). The postnatal mat-
uration of dorsal horn glycinergic circuits is dependent upon C-fibre

activity in the first weeks of life (Koch et al., 2012) and this may
explain the vulnerability of glycinergic neurons to alterations in
nociceptive input during a critical developmental period (Koch &
Fitzgerald, 2013).

In adults, there is good evidence that central sensitization contrib-
utes to many prolonged chronic pain states (Woolf, 2011), although
in some cases, such as fibromyalgia (Staud et al., 2009), the pain
requires a continuous peripheral input. However, the developmental
plasticity under discussion here does not result in a ‘state’ of pain,
but rather an increased hyperalgesia, which is a key feature of cen-
tral sensitization, ‘an amplification of neural signaling within the
CNS that elicits pain hypersensitivity’ (Woolf, 2011). The barrage
of sensory input to the developing spinal cord that follows even a
brief inflammation in early life results in significant changes in gene
expression within the adult dorsal horn (Ren et al., 2005). The base-
line condition in neonatally injured adult animals is characterized by
up-regulation of vy-aminobutyric acid (GABA), cholecystokinin,
histamine, serotonin and neurotensin systems in the dorsal horn ipsi-
lateral to the neonatally injured paw. These changes in gene expres-
sion may lead to subthreshold increases in postsynaptic excitability
that are unmasked by re-injury later in life. Epigenetic changes, i.e.
chemical modifications of chromatin that modulate gene activity
without altering the DNA sequence, are also likely to play a key
role in this process, but little is known about this in relation to pain
(Géranton, 2012).

The role of neuroimmune activation

The long-term enhancement of pain activity that follows early injury
might be maintained by the neuroimmune system. Glial activation in
the peripheral and central nervous systems is a common characteris-
tic of adult tissue and nerve injury (Scholz & Woolf, 2007) and mi-
croglial activation in specific regions of dorsal horn circuitry play a
key role in central sensitization and hyperalgesia, through the release
of cytokines and growth factors which excite nociceptive dorsal
horn neurons (Trang et al., 2011). Strong C-fibre input into the
adult spinal dorsal horn is sufficient to activate microglia and
increase nociceptive reflexes (Hathway et al., 2009b). While C-fibre
and tissue injury-induced activation of spinal microglia in young
animals is much reduced compared with adults (Moss er al., 2007;
Costigan et al., 2009), the immune system undergoes considerable
postnatal maturation and may be ‘primed’ by early injury such that
it is more easily activated in later life. This is supported by the fact
that early-life immune activation such as lipopolysaccharide (LPS)
causes enhanced baseline nociception and elevated basal spinal cord
COX-2 compared with neonatally saline-treated rats (Boissé et al.,
2005).

Adult plantar incision activates spinal microglia in the ipsilateral
medial dorsal horn (Wen et al., 2009) but neonatal skin incision
enhances the degree, distribution and time course of this microglial
reactivity when the same hindpaw is subsequently re-incised in
adulthood (Beggs et al., 2012b). Moreover, intrathecal injection of
the microglial inhibitor minocycline at the time of adult re-incision
prevents both microglial reactivity and enhanced hyperalgesia asso-
ciated with the prior neonatal incision (Beggs er al., 2012b). As
spinal microglia are an important source of pro-inflammatory cyto-
kine synthesis and release after tissue damage, this neonatal ‘prim-
ing’ of microglia may increase the pro-inflammatory response of
these cells after re-injury, enhancing spinal dorsal horn network
excitability and behavioural hyperalgesia. Importantly, microglial
‘priming’ can be demonstrated in response to direct peripheral nerve
C-fibre stimulation, bypassing the peripheral target tissue, in
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neonatally injured adults (Beggs er al., 2012b), showing that the
injury-induced changes are maintained centrally in dorsal horn syn-
apses and circuits. Later changes in the developing neuroimmune
system at 3—4 weeks are also likely to underlie the delayed onset
hypersensitivity that occurs following neonatal nerve injury (Costi-
gan et al., 2009; Vega-Avelaira et al., 2012).

Mechanisms underlying the widespread hypoalgesia
following neonatal injury

The global reduction in baseline sensitivity following early life tis-
sue damage must involve mechanisms beyond the highly somatotop-
ically organized nociceptive pathways of the dorsal horn. In some
models hypoalgesia is the dominating effect (Sternberg et al., 2005),
whereas in others it is not a feature at all (Al-Chaer et al., 2000);
but in many models, hypoalgesia forms a widespread backdrop to
local increases in pain sensitivity (Ren et al., 2004).

Altered brainstem descending pain control systems

The relatively delayed appearance of global hypoalgesia following
neonatal injury coincides with the maturation of the descending
pathways from the brainstem (Hathway et al., 2009a, 2012), raising
the possibility that long-term changes in supraspinal circuitry occur
after early injury. The brainstem rostroventral medulla (RVM)
receives input from the periaqueductal grey (PAG), which in turn is
driven from the amygdala and other limbic areas, and provides top-
down control of several processes including nociception, as and
when it is needed (Heinricher et al., 2009; Hellman & Mason,
2012). The RVM undergoes a maturational switch in the fourth
postnatal week such that its control over spinal nociceptive circuits
switches from being facilitatory before postnatal day (P) 21 to a
gradually dominating inhibition between P25 and P40 (Hathway
et al., 2009a, 2012). Blockade of tonic CNS opioidergic activity
over the critical period of development (P21-P28) prevents the nor-
mal development of descending RVM inhibitory control of spinal
nociceptive reflexes, while exogenous application of opioids acceler-
ates it (Hathway et al., 2012).

There is evidence in animal models that descending pain control
systems from the brainstem are altered by early pain experience.
Focal electrical stimulation of the RVM in adult animals treated
neonatally with CAR produced significantly greater descending inhi-
bition of nociceptive responses to noxious thermal stimuli (Zhang
et al., 2010). The mechanisms for this are not known but could
involve alterations in peptidergic, 5-HT or GABA signalling in the
different subclasses of RVM neurons. Significant postnatal develop-
mental changes occur in opioidergic receptor expression in the PAG
(Kwok et al., 2013) and inflammatory pain induced by intraplantar
CAR at birth leads to increased beta-endorphin and met/leu-enkeph-
alin protein levels and decreased opioid receptor expression in the
adult PAG (LaPrairie & Murphy, 2009). Thus, a permanent change
in RVM circuitry or neurotransmitter/receptor signalling as a result
of early injury may alter the balance of descending control over
spinal pain networks.

Involvement of the HPA axis in hypoalgesia

It has been suggested the long-lasting changes in pain behaviour that
follow early exposure to noxious stimuli may involve alterations in
the stress HPA axis (Sternberg et al., 2005). While most studies
make every attempt to control for handling and maternal separation
(see Table 1), noxious stimuli are inherent stressors. Infant stress is
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a strong indicator of short- and long-term alterations in brain
function (Meaney et al., 1988; Papaioannou et al., 2002; Moriceau
et al., 2009) although the developmental periods at which the human
brain is sensitive to environmental stressors are not known (Pryce,
2008; Pechtel & Pizzagalli, 2011). Early life stress alone (with no
noxious stimulation), such as those that target dam—pup interactions
and feeding and nesting behaviours, can alter pain behaviour in later
life (Table 1). Neonatal maternal separation reduces sensitivity to
noxious heat stimuli in adulthood compared with neonatally handled
adults (Weaver et al., 2007) and induces visceral hypersensitivity in
adult rats (Coutinho er al., 2002; Gosselin et al., 2010). Early life
stress from a paucity of nesting material significantly prolongs mus-
cle hyperalgesia following prostaglandin administration in the adult
and increases the excitability of mature nociceptors innervating the
muscle (Green et al. 2011). Restriction of dam and litter nesting
material also increases plasma levels of the pro-inflammatory cyto-
kine interleukin-6 in adulthood (Alvarez et al., 2013).

The mechanisms of the early life stress effect on pain pathways
are not known but are probably mediated by the HPA axis, which
in adults can directly influence the neurophysiological mechanisms
underlying the perception of pain via brainstem descending pain
control pathways (Butler & Finn, 2009). The HPA axis in rodents is
relatively insensitive to noxious stimulation during the first 2 weeks
of life, as long as maternal care is maintained (Levine, 1994, 2002;
Lupien et al., 2009), but in preterm infants there is good evidence
that intensive care procedures cause increases in plasma and salivary
cortisol levels and in heart rate variability (Faye et al., 2010; Davis
et al., 2011) that may be altered over longer periods (Grunau et al.,
2010). It is not known whether this stress response directly influ-
ences the development of pain pathways in humans, but the immatu-
rity of brainstem descending pain control pathways at birth
(Hathway ez al., 2009a, 2012) suggests that it could be highly modi-
fied by increased HPA activity.

The situation is complicated by the fact that development of the
HPA axis itself is susceptible to a wide range of environmental,
endocrine and immune stressors, some of which are also likely to be
activated following neonatal injury (see Box 2). Important, too, is
the other major stress axis, the sympathoadrenal system and its
major mediator, the catecholamines, which have been shown to have
a role in inducing and maintaining stress-induced enhancement of
mechanical hyperalgesia in adults (Khasar ez al., 2009).

Cannabinoids and long-term plasticity of pain pathways

Agents aiming to reduce the long-term effects of early injury in
infants and children would ideally combine analgesia with protection
against physiological stress and immune activation. The cannabi-
noids are primarily analgesic, via CBI1 receptors expressed in
peripheral and central pain pathways modulating GABAergic and
glutamatergic neurotransmission (Rea et al., 2007) and potentiating
GlyRs (Xiong et al., 2011). They have strong immunomodulatory
properties mainly mediated by CB2 receptors localized on immune
cells (Guindon & Hohmann, 2009).

The endocannabinoid system is well developed at birth and high
levels of CB1 expression in the human infant cortex suggest strong
endocannabinoid regulation of presynaptic neurotransmission in the
first few years of human life (Long et al., 2012). The system has a
number of important functional roles in the neonatal brain, but from
the perspective of this discussion the participation of endocannabi-
noids in the rapid suppression of neonatal physiological stress by
glucocorticoids should be noted (Buwembo er al., 2012). Endocann-
abinoids are neuroprotective against neonatal sciatic nerve injury-
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Box 2

Neonatal environmental, endocrine and immune stres-
sors and the developing HPA axis

Stress activates the HPA axis: secretion of corticotropin-releasing
hormone (CRH) from the hypothalamic paraventricular nucleus
(PVN) controls adrenocorticotrophic hormone (ACTH) release
from the pituitary which, in turn, regulates release of adrenal
glucocorticoids (GCs), such as cortisol in humans or corticotro-
pin (CORT) in rodents, which modulate physiological stress
responses in a transient and reversible manner. Exposure to
stress in neonatal rodents ‘programmes’ the HPA axis and other
areas of the brain (Lupien et al., 2009). A critical developmental
period of reduced responsiveness to stressful stimuli between P3
and P14 in rodents is maintained by maternal presence, which
keeps levels of GCs low and is essential for normal neural and
behavioural maturation (Sapolsky & Meaney, 1986; Walker &
Vrana, 1993; Levine, 2002). Increasing GC levels during this
period either by exogenous administration of GCs or by abnormal
early life stress causes long-term changes to neuroendocrine and
behavioural responses to future stressors (Plotsky & Meaney,
1993; Levine, 2002). More active maternal care during neonatal
life is associated with reduced HPA-axis activation and behaviour-
al responses to stressors in adulthood (Liu ef al., 1997; Macri
et al., 2008) while maternal deprivation is associated with HPA-
axis hyperactivity caused by increased CRH mRNA levels and
CRH transcription in the PVN (Plotsky & Meaney, 1993; Chen
et al., 2012). In addition to maternal grooming, other factors such
as altered feeding patterns and temperature homeostasis during
maternal separation alter HPA-axis responses later in life (Riedi-
Bettschen et al., 2004; Spencer, 2013).

Neonatal endocrine and immune system interactions are also
important for establishing stress responses later in life. Neonatal
exposure to LPS increases HPA-axis responses to stress and to
subsequent immune challenges in adulthood and are associated
with an anxiety-like phenotype in adult rats which can be inherited
by untreated offspring of the neonatally LPS-treated rats (Spencer
et al., 2006; Walker et al., 2009a, 2012).

induced cell death in neonatal rats (Perez et al., 2013) but it is not
known if they could also protect against injury-induced plasticity in
developing pain pathways. Importantly, the developmental trajectory
of this system is sensitive to early life experience. Maternal depriva-
tion reduces endocannabinoid ligand and receptor expression in the
brain (Sudrez et al., 2010) and neonatal LPS selectively down-regu-
lates CB1 receptor expression in the amygdala (Zavitsanou et al.,
2013). Conversely, CB1 receptor expression in the brain is signifi-
cantly up-regulated by neonatal capsaicin, a C nociceptor toxin (Za-
vitsanou et al., 2010). Further exploration of the role of
endocannabinoids in the developmental plasticity of pain pathways
would be of great interest.

Future perspectives

There is much still to understand in this important field of pain
research. Future efforts should focus upon clarifying how the type,
severity and site of injury affects the adult phenotype and the rela-

tive importance of stress vs. pain in this process. Equally important
is to move beyond the effect itself and focus upon the peripheral
and central mechanisms underlying injury-induced plasticity in
developing pain pathways.

Abbreviations

CAR, carrageenan; CNS, central nervous system; GlyR, glycine receptor;
HPA, hypothalamic/pituitary/adrenal; LPS, lipopolysaccharide; PAG, periaqu-
eductal grey; RVM, rostroventral medulla.

References

Al-Chaer, E.D., Kawasaki, M. & Pasricha, P.J. (2000) A new model of
chronic visceral hypersensitivity in adult rats induced by colon irritation
during postnatal development. Gastroenterology, 119, 1276-1285.

Alvarez, P., Green, P.G. & Levine, J.D. (2013) Stress in the adult rat exacer-
bates muscle pain induced by early-life stress. Biol. Psychiat., 74, 688—
695.

Anand, K.J., Coskun, V., Thrivikraman, K.V., Nemeroff, C.B. & Plotsky,
P.M. (1999) Long-term behavioral effects of repetitive pain in neonatal rat
pups. Physiol. Behav., 66, 627-637.

Anseloni, V.C.Z., He, F., Novikova, S.I., Turnbach Robbins, M., Lidow,
LA., Ennis, M. & Lidow, M.S. (2005) Alterations in stress-associated
behaviors and neurochemical markers in adult rats after neonatal short-last-
ing local inflammatory insult. Neuroscience, 131, 635-645.

Beggs, S., Alvares, D., Moss, A., Currie, G., Middleton, J., Salter, M.W. &
Fitzgerald, M. (2012a) A role for NT-3 in the hyperinnervation of neona-
tally wounded skin. Pain, 153, 2133-2139.

Beggs, S., Currie, G., Salter, M.W., Fitzgerald, M. & Walker, S.M. (2012b)
Priming of adult pain responses by neonatal pain experience: maintenance
by central neuroimmune activity. Brain J. Neurol., 135, 404-417.

Beland, B. & Fitzgerald, M. (2001) Influence of peripheral inflammation on
the postnatal maturation of primary sensory neuron phenotype in rats.
J. Pain, 2, 36-45.

Bhutta, A.T., Rovnaghi, C., Simpson, P.M., Gossett, J.M., Scalzo, FM. &
Anand, K.J. (2001) Interactions of inflammatory pain and morphine in
infant rats: long-term behavioral effects. Physiol. Behav., 73, 51-58.

Boissé, L., Spencer, S.J., Mouihate, A., Vergnolle, N. & Pittman, Q.J. (2005)
Neonatal immune challenge alters nociception in the adult rat. Pain, 119,
133-141.

Borsook, D., Becerra, L., Carlezon, W.A. Jr., Shaw, M., Renshaw, P.,
Elman, I. & Levine, J. (2007) Reward-aversion circuitry in analgesia and
pain: implications for psychiatric disorders. Eur. J. Pain Lond. Engl., 11,
7-20.

Brummelte, S., Grunau, R.E., Chau, V., Poskitt, K.J., Brant, R., Vinall, J.,
Gover, A., Synnes, A.R. & Miller, S.P. (2012) Procedural pain and brain
development in premature newborns. Ann. Neurol., 71, 385-396.

Butler, R.K. & Finn, D.P. (2009) Stress-induced analgesia. Prog. Neurobiol.,
88, 184-202.

Buwembo, A., Long, H. & Walker, C.-D. (2012) Participation of endocanna-
binoids in rapid suppression of stress responses by glucocorticoids in
neonates. Neuroscience, 249, 154-161.

Chen, J., Evans, A.N., Liu, Y., Honda, M., Saavedra, J.M. & Aguilera, G.
(2012) Maternal deprivation in rats is associated with corticotrophin-releas-
ing hormone (CRH) promoter hypomethylation and enhances CRH tran-
scriptional responses to stress in adulthood. J. Neuroendocrinol., 24,
1055-1064.

Christianson, J.A., Bielefeldt, K., Malin, S.A. & Davis, B.M. (2010) Neona-
tal colon insult alters growth factor expression and TRPAI responses in
adult mice. Pain, 151, 540-549.

Chu, Y.-C., Chan, K.-H., Tsou, M.-Y., Lin, S.-M., Hsieh, Y.-C. & Tao, Y.-
X. (2007) Mechanical pain hypersensitivity after incisional surgery is
enhanced in rats subjected to neonatal peripheral inflammation: effects of
N-methyl-D-aspartate receptor antagonists. Anesthesiology, 106, 1204—
1212.

Cornelissen, L., Fabrizi, L., Patten, D., Worley, A., Meek, J., Boyd, S.,
Slater, R. & Fitzgerald, M. (2013) Postnatal temporal, spatial and modality
tuning of nociceptive cutaneous flexion reflexes in human infants. PLoS
ONE, 8, e76470.

Costigan, M., Moss, A., Latremoliere, A., Johnston, C., Verma-Gandhu, M.,
Herbert, T.A., Barrett, L., Brenner, G.J., Vardeh, D., Woolf, C.J. & Fitz-
gerald, M. (2009) T-cell infiltration and signaling in the adult dorsal spinal

© 2014 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

European Journal of Neuroscience, 39, 344-352



cord is a major contributor to neuropathic pain-like hypersensitivity. J.
Neurosci. Off. J. Soc. Neurosci., 29, 14415-14422.

Coutinho, S.V., Plotsky, P.M., Sablad, M., Miller, J.C., Zhou, H., Bayati,
AL, McRoberts, J.A. & Mayer, E.A. (2002) Neonatal maternal separation
alters stress-induced responses to viscerosomatic nociceptive stimuli in rat.
Am. J. Physiol.-Gastr. L., 282, G307-G316.

Davis, E.P., Waffarn, F. & Sandman, C.A. (2011) Prenatal treatment with
glucocorticoids sensitizes the hpa axis response to stress among full-term
infants. Dev. Psychobiol., 53, 175-183.

De Lima, J., Alvares, D., Hatch, D.J. & Fitzgerald, M. (1999) Sensory hy-
perinnervation after neonatal skin wounding: effect of bupivacaine sciatic
nerve block. Brit. J. Anaesth., 83, 662-664.

DeBerry, J., Randich, A., Shaffer, A.D., Robbins, M.T. & Ness, T.J. (2010)
Neonatal bladder inflammation produces functional changes and alters neu-
ropeptide content in bladders of adult female rats. J. Pain Off. J. Am. Pain
Soc., 11, 247-255.

Fabrizi, L., Slater, R., Worley, A., Meek, J., Boyd, S., Olhede, S. & Fitzger-
ald, M. (2011) A shift in sensory processing that enables the developing
human brain to discriminate touch from pain. Curr. Biol., 21, 1552—1558.

Faye, P.M., De Jonckheere, J., Logier, R., Kuissi, E., Jeanne, M., Rakza, T.
& Storme, L. (2010) Newborn infant pain assessment using heart rate vari-
ability analysis. Clin. J. Pain, 26, 777-782.

Fitzgerald, M. & Gibson, S. (1984) The postnatal physiological and neuro-
chemical development of peripheral sensory C fibres. Neuroscience, 13,
933-944.

Géranton, S.M. (2012) Targeting epigenetic mechanisms for pain relief. Curr.
Opin. Pharmacol., 12, 35-41.

Gosselin, R.D., O'Connor, R.M., Tramullas, M., Julio-Pieper, M., Dinan,
T.G. & Cryan, J.F. (2010) Riluzole normalizes early-life stress-induced
visceral hypersensitivity in rats: role of spinal glutamate reuptake mechan-
isms. Gastroenterology, 138, 2418-2425.

Green, P.G., Chen, X., Alvarez, P., Ferrari, L.F. & Levine, J.D. (2011)
Early-life stress produces muscle hyperalgesia and nociceptor sensitization
in the adult rat. Pain, 152, 2549-2556.

Grunau, R.E., Tu, M.T., Whitfield, M.F., Oberlander, T.F., Weinberg, J., Yu,
W., Thiessen, P., Gosse, G. & Scheifele, D. (2010) Cortisol, behavior, and
heart rate reactivity to immunization pain at 4 months corrected age in
infants born very preterm. Clin. J. Pain, 26, 698-704.

Guindon, J. & Hohmann, A.G. (2009) The endocannabinoid system and
pain. CNS Neurol. Disord.-Dr., 8, 403—421.

Hathway, G.J., Koch, S., Low, L. & Fitzgerald, M. (2009a) The changing
balance of brainstem—spinal cord modulation of pain processing over the
first weeks of rat postnatal life. J. Physiol., 587, 2927-2935.

Hathway, G.J., Vega-Avelaira, D., Moss, A., Ingram, R. & Fitzgerald, M.
(2009b) Brief, low frequency stimulation of rat peripheral C-fibres evokes
prolonged microglial-induced central sensitization in adults but not in neo-
nates. Pain, 144, 110-118.

Hathway, G.J., Vega-Avelaira, D. & Fitzgerald, M. (2012) A critical per-
iod in the supraspinal control of pain: opioid-dependent changes in
brainstem rostroventral medulla function in preadolescence. Pain, 153,
775-783.

Heinricher, M.M., Tavares, 1., Leith, J.L. & Lumb, B.M. (2009) Descending
control of nociception: specificity, recruitment and plasticity. Brain Res.
Rev., 60, 214-225.

Hellman, K.M. & Mason, P. (2012) Opioids disrupt pro-nociceptive modula-
tion mediated by raphe magnus. J. Neurosci. Off. J. Soc. Neurosci., 32,
13668-13678.

Hohmann, A.G., Neely, M.H., Pina, J. & Nackley, A.G. (2005) Neonatal
chronic hind paw inflammation alters sensitization to intradermal capsaicin
in adult rats: a behavioral and immunocytochemical study. J. Pain Off. J.
Am. Pain Soc., 6, 798-808.

Hohmeister, J., Demirakca, S., Zohsel, K., Flor, H. & Hermann, C. (2009)
Responses to pain in school-aged children with experience in a neonatal
intensive care unit: cognitive aspects and maternal influences. Eur. J. Pain,
13, 94-101.

Howard, R.F., Walker, S.M., Michael Mota, P. & Fitzgerald, M. (2005) The
ontogeny of neuropathic pain: postnatal onset of mechanical allodynia in
rat spared nerve injury (SNI) and chronic constriction injury (CCI) models.
Pain, 115, 382-389.

Huang, E.J. & Reichardt, L.F. (2001) Neurotrophins: roles in neuronal devel-
opment and function. Annu. Rev. Neurosci., 24, 677-736.

Khasar, S.G., Dina, O.A., Green, P.G. & Levine, J.D. (2009) Sound stress-
induced long-term enhancement of mechanical hyperalgesia in rats is
maintained by sympathoadrenal catecholamines. J. Pain Off. J. Am. Pain
Soc., 10, 1073-1077.

The consequences of pain in early life 351

Knaepen, L., Patijn, J., van Kleef, M., Mulder, M., Tibboel, D. & Joosten,
E.A.J. (2013) Neonatal repetitive needle pricking: plasticity of the spinal
nociceptive circuit and extended postoperative pain in later life. Dev.
Neurobiol., 73, 85-97.

Koch, S. & Fitzgerald, M. (2013) Activity dependent development of tactile
and nociceptive spinal cord circuits. Ann. NY Acad. Sci., 1279, 97-102.
Koch, S.C., Tochiki, K.K., Hirschberg, S. & Fitzgerald, M. (2012) C-fiber
activity-dependent maturation of glycinergic inhibition in the spinal dorsal

horn of the postnatal rat. Proc. Natl. Acad. Sci. USA, 109, 12201-12206.

Kwok, C.H.T., Devonshire, .M., Bennett, A.J. & Hathway, G.J. (2013) Post-
natal maturation of endogenous opioid systems within the periaqueductal
grey and spinal dorsal horn of the rat. Pain, doi: 10.1016/j.pain.2013.09.
022. [Epub ahead of print].

LaPrairie, J.L. & Murphy, A.Z. (2007) Female rats are more vulnerable to
the long-term consequences of neonatal inflammatory injury. Pain, 132
(Suppl 1), S124-S133.

LaPrairie, J.L. & Murphy, A.Z. (2009) Neonatal injury alters adult pain sen-
sitivity by increasing opioid tone in the periaqueductal gray. Front. Behav.
Neurosci., 3, 31.

Leslie, A.T.F.S., Akers, K.G., Martinez-Canabal, A., Mello, L.E., Covolan,
L. & Guinsburg, R. (2011) Neonatal inflammatory pain increases hippo-
campal neurogenesis in rat pups. Neurosci. Lett., 501, 78-82.

Levine, S. (1994) The ontogeny of the hypothalamic-pituitary-adrenal axis.
The influence of maternal factorsa. Ann. NY Acad. Sci., 746, 275-288.

Levine, S. (2002) Regulation of the hypothalamic-pituitary-adrenal axis in the
neonatal rat: the role of maternal behavior. Neurotox. Res., 4, 557-564.

Li, J., Walker, S.M., Fitzgerald, M. & Baccei, M.L. (2009) Activity-depen-
dent modulation of glutamatergic signaling in the developing rat dorsal
horn by early tissue injury. J. Neurophysiol., 102, 2208-2219.

Li, J., Blankenship, M.L. & Baccei, M.L. (2013) Deficits in glycinergic inhi-
bition within adult spinal nociceptive circuits after neonatal tissue damage.
Pain, 154, 1129-1139.

Lin, C. & Al-Chaer, E.D. (2003) Long-term sensitization of primary afferents
in adult rats exposed to neonatal colon pain. Brain Res., 971, 73-82.

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A.,
Sharma, S., Pearson, D., Plotsky, P.M. & Meaney, M.J. (1997) Maternal
care, hippocampal glucocorticoid receptors, and hypothalamic-pituitary-
adrenal responses to stress. Science, 277, 1659—1662.

Long, L.E., Lind, J., Webster, M. & Weickert, C.S. (2012) Developmental
trajectory of the endocannabinoid system in human dorsolateral prefrontal
cortex. BMC Neurosci., 13, 87.

Low, L.A. & Fitzgerald, M. (2012) Acute pain and a motivational pathway in
adult rats: influence of early life pain experience. PLoS ONE, 7, €34316.
Lupien, S.J., McEwen, B.S., Gunnar, M.R. & Heim, C. (2009) Effects of
stress throughout the lifespan on the brain, behaviour and cognition. Nat.

Rev. Neurosci., 10, 434-445.

Macri, S., Chiarotti, F. & Wiirbel, H. (2008) Maternal separation and mater-
nal care act independently on the development of HPA responses in male
rats. Behav. Brain Res., 191, 227-234.

Meaney, M.J., Aitken, D.H., van Berkel, C., Bhatnagar, S. & Sapolsky,
R.M. (1988) Effect of neonatal handling on age-related impairments asso-
ciated with the hippocampus. Science, 239, 766-768.

Mohamad, O., Chen, D., Zhang, L., Hofmann, C., Wei, L. & Yu, S.P. (2011)
Erythropoietin reduces neuronal cell death and hyperalgesia induced by
peripheral inflammatory pain in neonatal rats. Mol. Pain, 7, 51.

Moriceau, S., Shionoya, K., Jakubs, K. & Sullivan, R.M. (2009) Early-life
stress disrupts attachment learning: the role of amygdala corticosterone,
locus ceruleus corticotropin releasing hormone, and olfactory bulb norepi-
nephrine. J. Neurosci. Off. J. Soc. Neurosci., 29, 15745-15755.

Moss, A., Alvares, D., Meredith-Middleton, J., Robinson, M., Slater, R.,
Hunt, S.P. & Fitzgerald, M. (2005) Ephrin-A4 inhibits sensory neurite out-
growth and is regulated by neonatal skin wounding. Eur. J. Neurosci., 22,
2413-2421.

Moss, A., Beggs, S., Vega-Avelaira, D., Costigan, M., Hathway, G.J., Salter,
M.W. & Fitzgerald, M. (2007) Spinal microglia and neuropathic pain in
young rats. Pain, 128, 215-224.

Negrigo, A., Medeiros, M., Guinsburg, R. & Covolan, L. (2011) Long-term
gender behavioral vulnerability after nociceptive neonatal formalin stimula-
tion in rats. Neurosci. Lett., 490, 196—-199.

Papaioannou, A., Dafni, U., Alikaridis, F., Bolaris, S. & Stylianopoulou, F.
(2002) Effects of neonatal handling on basal and stress-induced monoamine
levels in the male and female rat brain. Neuroscience, 114, 195-206.

Pechtel, P. & Pizzagalli, D.A. (2011) Effects of early life stress on cognitive
and affective function: an integrated review of human literature. Psycho-
pharmacology, 214, 55-70.

© 2014 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

European Journal of Neuroscience, 39, 344-352



352 F. Schwaller and M. Fitzgerald

Perez, M., Benitez, S.U., Cartarozzi, L.P., del Bel, E., Guimaraes, F.S. &
Oliveira, A.L.R. (2013) Neuroprotection and reduction of glial reaction by
cannabidiol treatment after sciatic nerve transection in neonatal rats. Eur.
J. Neurosci., doi: 10.1111/ejn.12341. [Epub ahead of print].

Peters, J.W.B., Schouw, R., Anand, K.J.S., van Dijk, M., Duivenvoorden,
H.J. & Tibboel, D. (2005) Does neonatal surgery lead to increased pain
sensitivity in later childhood? Pain, 114, 444-454.

Plotsky, P.M. & Meaney, M.J. (1993) Early, postnatal experience alters
hypothalamic corticotropin-releasing factor (CRF) mRNA, median emi-
nence CRF content and stress-induced release in adult rats. Brain Res.
Mol. Brain Res., 18, 195-200.

Pryce, C.R. (2008) Postnatal ontogeny of expression of the corticosteroid
receptor genes in mammalian brains: inter-species and intra-species differ-
ences. Brain Res. Rev., 57, 596-605.

Randich, A., Uzzell, T., DeBerry, J.J. & Ness, T.J. (2006) Neonatal urinary
bladder inflammation produces adult bladder hypersensitivity. J. Pain Off.
J. Am. Pain Soc., T, 469—479.

Rea, K., Roche, M. & Finn, D.P. (2007) Supraspinal modulation of pain by
cannabinoids: the role of GABA and glutamate. Brit. J. Pharmacol., 152,
633-648.

Ren, K., Anseloni, V., Zou, S.-P., Wade, E., Novikova, S., Ennis, M., Traub,
R., Gold, M., Dubner, R. & Lidow, M. (2004) Characterization of basal
and re-inflammation-associated long-term alteration in pain responsivity
following short-lasting neonatal local inflamatory insult. Pain, 110, 588—
596.

Ren, K., Novikova, S.I., He, F., Dubner, R. & Lidow, M.S. (2005) Neonatal
local noxious insult affects gene expression in the spinal dorsal horn of
adult rats. Mol. Pain, 1, 27.

Reynolds, M.L. & Fitzgerald, M. (1995) Long-term sensory hyperinnervation
following neonatal skin wounds. J. Comp. Neurol., 358, 487—498.

Ririe, D.G., Bremner, L.R. & Fitzgerald, M. (2008) Comparison of the
immediate effects of surgical incision on dorsal horn neuronal receptive
field size and responses during postnatal development. Anesthesiology,
109, 698-706.

Roizenblatt, S., Andersen, M.L., Bignotto, M., D’Almeida, V., Martins,
PJ.F. & Tufik, S. (2010) Neonatal arthritis disturbs sleep and behaviour
of adult rat offspring and their dams. Eur. J. Pain Lond. Engl., 14, 985—
991.

Riiedi-Bettschen, D., Feldon, J. & Pryce, C.R. (2004) Circadian- and temper-
ature-specific effects of early deprivation on rat maternal care and pup
development: short-term markers for long-term effects. Dev. Psychobiol.,
45, 59-71.

Sapolsky, R.M. & Meaney, M.J. (1986) Maturation of the adrenocortical
stress response: neuroendocrine control mechanisms and the stress hypore-
sponsive period. Brain Res., 396, 64-76.

Schmelzle-Lubiecki, B.M., Campbell, K.A.A., Howard, R.H., Franck, L. &
Fitzgerald, M. (2007) Long-term consequences of early infant injury and
trauma upon somatosensory processing. Eur. J. Pain Lond. Engl., 11,
799-809.

Scholz, J. & Woolf, C.J. (2007) The neuropathic pain triad: neurons, immune
cells and glia. Nat. Neurosci., 10, 1361-1368.

Slater, R., Fabrizi, L., Worley, A., Meek, J., Boyd, S. & Fitzgerald, M.
(2010a) Premature infants display increased noxious-evoked neuronal
activity in the brain compared with healthy age-matched term-born infants.
Neurolmage, 52, 583-589.

Slater, R., Worley, A., Fabrizi, L., Roberts, S., Meek, J., Boyd, S. & Fitzger-
ald, M. (2010b) Evoked potentials generated by noxious stimulation in the
human infant brain. Eur. J. Pain Lond. Engl., 14, 321-326.

Spencer, S.J. (2013) Perinatal programming of neuroendocrine mechanisms
connecting feeding behavior and stress. Front. Neurosci., 7, 109.

Spencer, S.J., Boissé, L., Mouihate, A. & Pittman, Q.J. (2006) Long term
alterations in neuroimmune responses of female rats after neonatal expo-
sure to lipopolysaccharide. Brain Behav. Immun., 20, 325-330.

Staud, R., Nagel, S., Robinson, M.E. & Price, D.D. (2009) Enhanced central
pain processing of fibromyalgia patients is maintained by muscle afferent
input: a randomized, double-blind, placebo-controlled study. Pain, 145,
96-104.

Sternberg, W.F., Scorr, L., Smith, L.D., Ridgway, C.G. & Stout, M. (2005)
Long-term effects of neonatal surgery on adulthood pain behavior. Pain,
113, 347-353.

Sudrez, J., Rivera, P., Llorente, R., Romero-Zerbo, S.Y., Bermuidez-Silva,
F.J., de Fonseca, F.R. & Viveros, M.-P. (2010) Early maternal depriva-
tion induces changes on the expression of 2-AG biosynthesis and degra-
dation enzymes in neonatal rat hippocampus. Brain Res., 1349, 162—
173.

Torsney, C. & Fitzgerald, M. (2003) Spinal dorsal horn cell receptive field
size is increased in adult rats following neonatal hindpaw skin injury. J.
Physiol., 550, 255-261.

Trang, T., Beggs, S. & Salter, M.W. (2011) Brain-derived neurotrophic fac-
tor from microglia: a molecular substrate for neuropathic pain. Neuron
Glia Biol., 7, 99-108.

Vega-Avelaira, D., McKelvey, R., Hathway, G. & Fitzgerald, M. (2012) The
emergence of adolescent onset pain hypersensitivity following neonatal
nerve injury. Mol. Pain, 8, 30.

Victoria, N.C., Inoue, K., Young, L.J. & Murphy, A.Z. (2013) A single neo-
natal injury induces life-long deficits in response to stress. Dev. Neurosci.,
35, 326-327.

Vinall, J., Miller, S.P., Chau, V., Brummelte, S., Synnes, A.R. & Grunau,
R.E. (2012) Neonatal pain in relation to postnatal growth in infants born
very preterm. Pain, 153, 1374-1381.

Walker, S.M. (2013) Long-term effects of early pain and injury: animal mod-
els. In McGrath, P.J., Walker, S.M., Stevens, B.J. & Zempsky, W.T.
(Eds), Oxford Textbook of Paediatric Pain. OUP, Oxford, pp. 20-29.

Walker, S.J. & Vrana, K.E. (1993) Pituitary corticotroph function during the
stress hyporesponsive period in neonatal rats. Neuroendocrinology, 57,
1003-1010.

Walker, S.M., Meredith-Middleton, J., Cooke-Yarborough, C. & Fitzgerald,
M. (2003) Neonatal inflammation and primary afferent terminal plasticity
in the rat dorsal horn. Pain, 105, 185-195.

Walker, A.K., Nakamura, T., Byrne, R.J., Naicker, S., Tynan, R.J., Hunter,
M. & Hodgson, D.M. (2009a) Neonatal lipopolysaccharide and adult stress
exposure predisposes rats to anxiety-like behaviour and blunted corticoste-
rone responses: implications for the double-hit hypothesis. Psychoneuroen-
docrino., 34, 1515-1525.

Walker, S.M., Franck, L.S., Fitzgerald, M., Myles, J., Stocks, J. & Marlow, N.
(2009b) Long-term impact of neonatal intensive care and surgery on somato-
sensory perception in children born extremely preterm. Pain, 141, 79-87.

Walker, S.M., Tochiki, K.K. & Fitzgerald, M. (2009c) Hindpaw incision in
early life increases the hyperalgesic response to repeat surgical injury: crit-
ical period and dependence on initial afferent activity. Pain, 147, 99-106.

Walker, A.K., Hawkins, G., Sominsky, L. & Hodgson, D.M. (2012) Trans-
generational transmission of anxiety induced by neonatal exposure to lipo-
polysaccharide: implications for male and female germ lines.
Psychoneuroendocrino., 37, 1320-1335.

Wang, J., Gu, C. & Al-Chaer, E.D. (2008) Altered behavior and digestive
outcomes in adult male rats primed with minimal colon pain as neonates.
Behav. Brain Funct., 4, 28.

Weaver, S.A., Diorio, J. & Meaney, M.J. (2007) Maternal separation leads to
persistent reductions in pain sensitivity in female rats. J. Pain Off. J. Am.
Pain Soc., 8, 962-969.

Wen, Y.-R., Suter, M.R., Ji, R.-R., Yeh, G.-C., Wu, Y.-S., Wang, K.-C., Ko-
hno, T., Sun, W.-Z. & Wang, C.-C. (2009) Activation of p38 mitogen-acti-
vated protein kinase in spinal microglia contributes to incision-induced
mechanical allodynia. Anesthesiology, 110, 155-165.

Wollgarten-Hadamek, 1., Hohmeister, J., Demirakca, S., Zohsel, K., Flor, H.
& Hermann, C. (2009) Do burn injuries during infancy affect pain and
sensory sensitivity in later childhood? Pain, 141, 165-172.

Wollgarten-Hadamek, 1., Hohmeister, J., Zohsel, K., Flor, H. & Hermann, C.
(2011) Do school-aged children with burn injuries during infancy show
stress-induced activation of pain inhibitory mechanisms? Eur. J. Pain
Lond. Engl., 15, el—10.

Woolf, C.J. (2011) Central sensitization: implications for the diagnosis and
treatment of pain. Pain, 152, S2-S15.

Xiong, W., Cheng, K., Cui, T., Godlewski, G., Rice, K.C., Xu, Y. & Zhang,
L. (2011) Cannabinoid potentiation of glycine receptors contributes to can-
nabis-induced analgesia. Nat. Chem. Biol., 7, 296-303.

Zavitsanou, K., Dalton, V.S., Wang, H., Newson, P. & Chahl, L.A. (2010)
Receptor changes in brain tissue of rats treated as neonates with capsaicin.
J. Chem. Neuroanat., 39, 248-255.

Zavitsanou, K., Dalton, V.S., Walker, A.K., Weickert, C.S., Sominsky, L. &
Hodgson, D.M. (2013) Neonatal lipopolysaccharide treatment has long-
term effects on monoaminergic and cannabinoid receptors in the rat. Syn-
apse, 67, 290-299.

Zhang, Y.-H., Wang, X.-M. & Ennis, M. (2010) Effects of neonatal inflam-
mation on descending modulation from the rostroventromedial medulla.
Brain Res. Bull., 83, 16-22.

Zwicker, J.G., Grunau, R.E., Adams, E., Chau, V., Brant, R., Poskitt, K.J.,
Synnes, A. & Miller, S.P. (2013) Score for neonatal acute physiology-II
and neonatal pain predict corticospinal tract development in premature
newborns. Pediatr. Neurol., 48, el.

© 2014 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

European Journal of Neuroscience, 39, 344-352



