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CHAPTER 1
Perinatal events: long‐term impact on pain sensitivity
Pain is defined by the International Association for the Study of Pain as “an unpleasant
sensory and emotional experience associated with actual or potential tissue damage,
or described in terms of such damage” (1). In this thesis, pain will also be referred to as
nociception, which is defined as “the neural process of encoding noxious stimuli” (1).
This same definition of pain also states that pain is subjective and that “each individual
learns the application of the word through experiences related to injury in early life”.
In this context it is important to know that perinatal events shape the development of
the pain, i.e. nociceptive, network and, as a consequence, determine nociceptive
thresholds. The perinatal period represents a period of great plasticity of the central
nervous system and in particular the nociceptive network. The development of this
network undergoes postnatal activity‐dependent fine‐tuning (2). In view of the
activity‐dependent plasticity of the nociceptive network, it is hypothesized that
perinatal events may underlie the development of chronic pain in later life. Recently,
the development of chronic pain in the form of fibromyalgia in adulthood has been
linked to early life adverse events (reviewed in (3)). In fact, the etiology of many forms
of chronic pain like neuropathic pain or chronic post‐operative pain is often unknown
and may be as well related to shaping of the pain network during early life
experiences. In this thesis experimental studies are performed in which perinatal
events are described as maternal adversity in the form of perinatal maternal stress
exposure (Part 1) and as repetitive neonatal pain exposure to the neonate itself (Part
2) with their effects on nociception, i.e. pain sensitivity, in later life.
Maternal adversity occurs frequently in the form of perinatal maternal stress
and depression which affect up to 20% of pregnant women (4). Offspring prenatally
exposed to increased cortisol levels due to maternal stress during pregnancy show
increased pain responses (5). Experimental studies show increased basal, i.e. in the
absence of injury, and injury‐induced pain responses in offspring exposed to perinatal
maternal stress (6‐8), which could be alleviated by activating the serotonin or 5‐
hydroxytryptamine (5‐HT) receptor with buspirone, an anti‐depressant medication (8).
Also selective serotonin reuptake inhibitor (SSRI) anti‐depressant medication, e.g.
fluoxetine, use during pregnancy has been shown to result in decreased pain
responses in offspring (9, 10). It is however not known whether long‐term alterations
in nociception occur in offspring exposed to perinatal maternal stress and SSRI
medications. Also, mechanisms underlying the long‐term impact of perinatal maternal
stress on offspring nociception are relatively unknown. Defects in the hypothalamic‐
pituitary‐adrenal (HPA) system and the serotonin pain inhibitory system are observed
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in offspring exposed to perinatal maternal stress and are suggested to be related to
the observed altered nociception.
Direct exposure of newborns to adverse events in the form of repetitive
painful stimuli frequently occurs in the neonatal intensive care unit (NICU) where
neonates are exposed to up to 14 painful stimuli, e.g. injections and intubations, per
day for their health status monitoring (11, 12). It has been shown that children which
were previously admitted to a NICU, show alterations in basal pain thresholds in later
life (13‐15). Importantly, alterations in post‐injury nociception have been shown only
following neonatal surgery. Indeed, surgery in early life has been shown to increase
the pain response to an injury in later life (16, 17). However, whether repetitive
neonatal pain exposure in the NICU also results in altered nociception following an
injury in later life is unknown. Repetitive neonatal pain exposure may affect the
development of the nociceptive circuit which is still immature in early life. Preterm
born children exposed to repetitive painful stimuli in the NICU show increased brain
responses to a painful stimulus compared to children which were not exposed to pain
in early life (18). This finding implies alterations to the nociceptive circuit due to
repetitive neonatal pain exposure. This immature nociceptive circuit undergoes great
plasticity in early life and several experimental studies showed that neonatal pain
exposure permanently alters wiring in the spinal nociceptive circuit (19, 20). Clinical
relevance of these studies was limited, because in these animal models hind paw
inflammation in the neonatal rat was used to mimic neonatal pain and such an
inflammation resulted in a chronic inflammation which lasted into adulthood (21).
Hence, an animal model in which the repetitiveness and transient nature of repetitive
pain exposure in the NICU is mimicked is necessary to obtain mechanistic insights into
how repetitive neonatal pain exposure affects the developing nociceptive network.
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Research questions and outline of this thesis
The research described in this thesis aimed at investigating the impact of perinatal
events in the form of perinatal maternal stress exposure and repetitive neonatal pain
exposure on the development of the nociceptive network. To this end, prenatal
maternal stress exposure and repetitive neonatal pain exposure were both mimicked
in an animal model and the effect on nociceptive thresholds was studied. Furthermore,
underlying mechanisms of altered nociception were investigated in later life.
In this thesis, the following research questions were addressed:
1.
2.
3.

What is the current understanding of underlying mechanisms for perinatal
maternal stress exposure induced alterations in offspring nociception?
Does perinatal maternal stress exposure affect basal and injury‐induced
nociception in adult offspring?
Does repetitive pain exposure in the neonate affect basal and injury‐induced
nociception in later life and do plasticity changes in the nociceptive network
underlie such long‐term changes?

Part 1 of this thesis addresses research questions 1 and 2 by focusing on perinatal
maternal stress exposure and the impact on nociception in offspring. Experimental and
clinical evidence for the impact of perinatal maternal stress exposure on offspring
nociception in later life and possible underlying mechanisms are reviewed in Chapter
2. In order to investigate whether perinatal maternal stress exposure affects
nociception in offspring, pregnant rats were exposed to restraint stress during the last
week of pregnancy and basal nociception as well as post‐operative nociception, i.e.
nociception after hind paw incision, was investigated in adult offspring (Chapter 3).
Moreover, the involvement of the 5‐HT pain inhibitory system and the HPA system
were studied via SSRI medication administration to pregnant mothers and serum HPA
system measurements in adult offspring, respectively.
In Part 2, research question 3 is addressed by describing the impact of repetitive
neonatal pain exposure on nociception in later life. Chapter 4 includes an introductory
note on the normal development of the nociceptive network and the influence of
neonatal pain exposure on this development, as well as a short overview of the animal
models used to study neonatal pain. Chapter 5 and 6 were devoted to the question if
repetitive neonatal pain exposure affects nociception in later life. Since skin breaking
procedures predominate routine painful stimuli in the NICU (22), the repetitive
neonatal needle pricking animal model was used in the studies described in this thesis.
Here, neonatal rats were exposed to repetitive needle pricking into the hind paw

13

CHAPTER 1
during the first postnatal week. In Chapter 5 this animal model was used to study the
impact on basal nociception and nociception following painful hind paw incision in
animals at the age of 8 weeks as a model for post‐operative pain in later life. In this
chapter, plasticity of the spinal and the peripheral nociceptive network was
investigated. Not only post‐operative pain in later life, but also inflammatory
hypersensitivity in adulthood was investigated for the impact of repetitive neonatal
pain exposure (Chapter 6). In chapter 6 possible sex differences in inflammatory
hypersensitivity in adulthood were investigated.
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CHAPTER 2
Abstract
It has been estimated that 20 percent of pregnant women are facing perinatal stress
and depression. Perinatal maternal stress has been shown to increase pain sensitivity
or nociception in offspring. For the treatment of their depressive symptoms, pregnant
women are frequently prescribed selective serotonin reuptake inhibitor (SSRI)
medications. Since the descending pain inhibitory circuit matures perinatally, perinatal
SSRI exposure has been shown to impact nociception in offspring. In the present
review, we summarize experimental and clinical evidence for the impact of perinatal
maternal stress and SSRI exposure on nociception in offspring later life. Both
experimental and clinical studies show the impact of perinatal maternal stress on
regulation of the serotonin pain inhibitory system and the hypothalamic‐pituitary‐
adrenal (HPA) system. Alterations in these two systems may be underlying long‐term
alterations in nociception. This review sheds light on the impact of perinatal maternal
stress and its treatment with SSRI medications on offspring nociception in later life.
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1 Introduction
Perinatal maternal stress is often suggested to affect pain sensitivity, i.e. nociception,
in the newborn (1, 2). In this review the clinical and experimental evidence for the
effect of perinatal maternal stress on nociception in offspring is summarized and
discussed in section 2.1 and 2.2. In view of the underlying mechanisms involved in the
relation between perinatal maternal stress and nociception in offspring we focus on
two key players: the serotonin or 5‐hydroxytryptamine (5‐HT) pain inhibitory system
and the hypothalamic‐pituitary‐adrenal (HPA) system.
Stress in the perinatal period is a form of stimulation that may affect the
development and fine tuning of the nociceptive network, a process known to be
vulnerable to external stimuli (3). Perinatal stress may occur via exposure to maternal
stress or to the neonate directly, via separation from the mother. Perinatal maternal
stress is exposure of the child to stress, anxiety or depression, via the mother, during
gestation (prenatal) and/or during lactation (postnatal). Prenatal stress in the form of
maternal depression, affects 20% of pregnant women (4) and approximately 10% of all
pregnant women, i.e. about 50% of depressed mothers, are prescribed selective
serotonin reuptake inhibitor (SSRI) medications for the treatment of their depressive
symptoms (5‐7). SSRI medications are known to cross the placenta and have been
suggested to affect nociceptive responses in children (8, 9). Hence, treating perinatal
maternal stress‐related disorders may also affect the nociceptive network in offspring.
Nociceptive signals originate in the periphery and are transferred via primary
afferent fibers to the spinal cord where they release glutamate onto pain transmission
neurons located in the superficial (I and II) and deeper layers (V) in the spinal cord (Fig.
1) (10). Glutamate binds to postsynaptic glutamate receptors and the nociceptive
signal travels further, via the spinothalamic tract, to the thalamus and, via
thalamocortical fibers, to the somatosensory cortex where pain perception occurs. The
somatosensory cortex then activates the periaqueductal gray (PAG), an important
relay station for pain inhibition. From the PAG, the rostral ventral medulla (RVM) in the
brain stem is activated. In the raphe nucleus descending serotonergic raphespinal
projections originate and inhibit incoming nociceptive signals on pain transmission
neurons (11) (black squares in Fig. 1). Importantly, SSRI medications, that increase 5‐
HT levels in the central nervous system, are shown to be effective in the treatment of
some types of chronic pain (12). In early life, serotonergic raphespinal projections are
not functionally mature and start to show adult wiring patterns around the 21st day
after birth in the rat (13). Interestingly, stimulation of the PAG with an electrode does
not result in analgesia before this age (14).
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Decreased 5‐HT levels are an indication for depression (15) and decreased 5‐
HT levels are also found in offspring of depressed mothers (16). Altered 5‐HT levels in
offspring have been related to altered nociception (17). Therefore, we review data in
section 3 on the possible relation between maternal perinatal stress induced changes
in 5‐HT levels in offspring and the development of the 5‐HT pain inhibitory circuit.
Apart from the direct effect of 5‐HT on the nociceptive system, 5‐HT levels
play a prominent role in the development of the HPA‐axis. It has been shown that
higher levels of 5‐HT in early life increase glucocorticoid receptor (GR) expression in
the hippocampus (reviewed in (18)). Given that GR activation in the hippocampus
results in negative feedback of the HPA system (18, 19), decreased 5‐HT content due to
maternal depression may result in altered GR expression in offspring and consequently
affects HPA system negative feedback. In vitro work in hippocampal neurons has
shown that this 5‐HT‐GR relation is linked to the activation of the 5‐HT7 receptor and
downstream kinase‐dependent pathways which likely affect gene transcription of GRs
(20, 21). On the other hand, it is known that glucocorticoids can affect serotonergic
neurotransmission (reviewed in (18)). It is not known if such a bi‐directional process
between 5‐HT and GR also occurs in spinal cord nociceptive neurons.
The HPA system is important for stress regulatory and homeostatic control
systems. Activation of the HPA axis in stress situations results in the release of
glucocorticoids from the adrenal gland, i.e. cortisol in humans and corticosterone in
rodents. Therefore, corticosteroid levels in blood, urine and saliva are often used as
readout parameters of stress levels (22). Corticosteroid binding to GR in the
hippocampus results in a negative feedback of the axis (23). A dysfunctional HPA axis is
involved in the development of mood and functional disorders and contributes in a
complex manner to the development of chronic pain conditions such as fibromyalgia
and irritable bowel syndrome (24‐26). The HPA system can be linked directly to the
pain network since GRs are present on nociceptive neurons in pain related areas in the
central nervous system (27, 28).
During normal gestation, the fetus is not exposed to high levels of
glucocorticoids because the placenta contains a barrier enzyme, 11β‐hydroxysteroid
dehydrogenase‐type 2 (11β‐HSD2), which converts cortisol and corticosterone into its
inactive metabolites cortisone/11β‐dehydrocorticosterone (29). However, in mothers
who have anxiety and depression and therefore elevated cortisol levels, the amount of
placental mRNA for 11β‐HSD2 has been shown to be decreased (30, 31). Also in
stressed pregnant rats, which have high cortisosterone levels, the amount of placental
mRNA for 11β‐HSD2 was decreased (32, 33). Therefore, the fetus may also be exposed
to elevated corticosterone levels and the developing HPA system may be affected.
22
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These perinatal maternal stress induced alterations in the development of the HPA
system may be involved in nociception in offspring. In section 4 we will review the
impact of perinatal maternal stress on the development of the HPA system and the link
with altered nociception in offspring.

Figure 1 Anatomical representation of the interaction between the descending serotonergic raphespinal
tract (green axons) and primary afferents (red axons) on pain transmission neurons (black circles in lamina I‐
II and V) in the spinal cord to inhibit nociceptive signals from the periphery. From the spinal cord, pain
signals are transferred via the ascending spinothalamic tract to the thalamus and thereafter to the
somatosensory cortex were pain perception occurs. The nociceptive signals are modulated by the
descending serotonergic raphespinal projections (green axons) at the level of the spinal cord. Serotonergic
neurons originate from the nucleus raphe magnus, are under control of the periaqueductal gray and project
to the spinal pain transmission neurons, i.e. synapse in the black square in lamina I‐II and V.
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2 Perinatal maternal stress alters nociception in offspring
2.1 Clinical evidence
Perinatal maternal stress results in marked effects on nociception in children that can
be both acute and long‐term. High levels of psychological distress in mothers were
correlated to increased responses in their one to two day old newborns to a painful
heel prick (1). These newborns showed slower behavioral recovery, i.e. they cried
longer after heel pricking (1) (Fig. 2). Maternal feelings of stress during gestation can
result in more somatic complaints, such as headaches, in toddlers (34) and postnatal
exposure to maternal depression and anxiety can result in recurrent abdominal pain in
8 to 15 year old children (35, 36). Moreover, the latter two studies report the presence
of chronic pain symptoms, in addition to psychological distress in mothers, to be
related to recurrent abdominal pain in their children. A prospective population‐based
cohort study has also showed that exposure of 18 month old children to psychological
distress in mothers predicts recurrent abdominal pain in their children 13 years later
(2). Recurrent abdominal pain in children is related to the development of a chronic
pain condition in adulthood, i.e. visceral pain in the form of irritable bowel syndrome
(37). Hence, perinatal maternal stress is associated with altered acute pain responses
in the newborn shortly after birth as well as recurrent pain in children later life.
The use of anti‐depressant medications, such as SSRIs, further demonstrates
the effects of perinatal maternal stress on nociception in offspring. Decreased facial
pain expression, crying and heart rate responses to a heel prick occurred in 2 days old
neonates prenatally exposed to SSRIs (8). This neonatal cohort was still hypo‐
responsive to a new heel prick 2 months later (9). Thus perinatal maternal depression
and SSRI exposure decreases pain responses in early life.
In conclusion perinatal maternal stress increases pain sensitivity in a short‐
and long‐term manner. If perinatal maternal stress is treated with SSRIs, modulated
pain responses were observed on a short‐term range. Whether newborns from women
with perinatal stress or depression taking SSRI medications show life‐long effects on
nociception, and the development of chronic pain, is unknown.
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Figure 2 The impact of prenatal maternal stress on the response to a painful heel prick in the newborn. One
day‐old neonates from mothers with high levels of plasma cortisol at 13 weeks gestational age (GA) show a
slower behavioral recovery rate from a painful heel prick, compared to babies from low cortisol mothers.
Figure adapted with permission from (1).

2.2 Experimental evidence
Most studies on the effect of perinatal stress on nociception in offspring use the
maternal restraint animal model. In these studies, pregnant rats are restrained in
plastic cylinders three times per day for 45 minutes and exposed to bright light during
the last week of gestation (38‐40). This form of prenatal maternal stress can result in
post‐partum depressive‐like behavior in the mother (41, 42). Maternal restraint during
gestation has been shown to affect several nociceptive responses in offspring. The
offspring’s sensitivity to thermal stimulation has been tested with the hot plate test in
which the rat is placed on a 50°C plate and the latency to paw lifting and/or licking is
measured. Paw withdrawal latencies to thermal stimulation were decreased in adult
female offspring and increased in male offspring exposed to prenatal maternal
restraint stress (43, 44). The impact of prenatal maternal restraint stress on
inflammatory hypersensitivity in offspring has also been reported. This inflammatory
hypersensitivity can be studied using the formalin test, in which injection of formalin
into the hind paw of a rat typically elicits pain behavior of lifting, flinching/shaking and
licking the injected paw (45). Offspring from mothers restrained during gestation
showed increased duration of pain behavior in the formalin test at an infant (46),
juvenile (47) and adult age (48). This increased inflammatory pain was shown to be
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more pronounced in male offspring of 7 days of age than in females (46). In male
offspring exposed to maternal stress, increased inflammatory pain was accompanied
by increased signs of neuronal activation which was based on the number of cFos
expressing neurons in the dorsal horn of the spinal cord (49). Interestingly, post‐
operative pain has been shown to be decreased in adult male offspring of stressed
mothers (50). Other work shows that both basal nociception and inflammation with
formalin‐induced nociception in female offspring is more affected by perinatal
maternal stress than in male offspring (48, 51). Therefore, the impacts of prenatal
maternal stress on nociception may be dependent on sex and may be related to
differential effect of perinatal maternal stress on sex hormones. Indeed, perinatal
maternal stress attenuates the normal testosterone surge in male offspring resulting in
demasculinization of male offspring which also affects brain sex differentiation (52).
More work is needed to elucidate underlying mechanisms for sex differences in the
impact of perinatal maternal stress on offspring nociception.
To model postnatal stress in newborns, rat pups have been directly exposed
to stress by separating them from their mothers three hours per day from the 2nd until
the 14th day of lactation (53). Postnatal stress directed to the pups, by maternal
separation, has been extensively shown to result in the development of the chronic
pain condition irritable bowel syndrome in adult animals (53‐56).
Outcomes of perinatal stress on nociceptive sensitivity in offspring depend on
the type of pain that is investigated as inflammatory pain might be increased, post‐
operative pain decreased and the development of chronic abdominal pain increased.
In conclusion, direct or indirect exposure of newborns to stress affects their
nociceptive responses in later life which suggests that the development of the
nociceptive network is affected.
To further study the impact of perinatal maternal stress, the effect of SSRI
medications on nociception in offspring was tested. SSRIs have been administered
directly to pups via repetitive injections (57) or through oral administrations (58).
However, since SSRI medications readily pass the placenta (59) and are transferred via
breastfeeding to the offspring (60), it is more clinically relevant to expose pups to SSRIs
via the mother. Mothers have received SSRI medications via injections (61), osmotic
mini pumps (38) and voluntarily oral ingestion via a SSRI‐filled cookie (50). The impact
of developmental SSRI medications on nociception in offspring has not been widely
studied. Fluoxetine, a popular SSRI, administered perinatally to mothers via osmotic
mini pumps has been shown to increase paw withdrawal latencies in the hot plate test
in adult guinea pig offspring (62). However, these mothers were not exposed to stress
during gestation. Oral administration of fluoxetine during lactation to mothers
26
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prenatally exposed to restraint stress has been shown to reverse the impact of
maternal stress on post‐operative pain sensitivity. However, when fluoxetine was
administered to normal non‐stressed pregnant mothers, offspring showed increased
post‐operative pain (50). Therefore, treating maternal stress with SSRI medications
seems to modulate the adverse effects of prenatal stress on nociception in offspring.

3 Serotonin pain inhibitory system alterations and altered nociception
in offspring exposed to perinatal maternal stress
Perinatal maternal stress, in the form of depression, is associated with decreased 5‐HT
levels in depressed mothers and, importantly, also with decreased circulating 5‐HT
levels in their one day old neonate (16). Decreased 5‐HT levels are an indication of
depression (15) and are often paralleled by a decrease in 5‐HT1A receptors (reviewed
in (63)). The 5‐HT1A receptor is known to be involved in pain inhibition since injection
of 8‐OH‐DPAT, a 5‐HT1A agonist, induces antinociception (64). It is suggested that
comorbidity exists between depression and persistent pain conditions (26). For
example, the development of persistent pain is a predictor for developing a
psychological disorder (65) and a prospective study showed that the pre‐operative
existence of depressive symptoms predicts the development of chronic post‐operative
pain (66). Moreover, administering anti‐depressants such as SSRIs diminishes acute
and chronic pain in humans and animal models (12, 67, 68). We review clinical (section
3.1) and experimental (section 3.2) evidence for the relation between decreased 5‐HT
levels due to maternal perinatal stress/depression and increased pain sensitivity in
offspring.

3.1 Clinical evidence
Decreased 5‐HT levels in offspring due to perinatal maternal stress may affect the
development of the 5‐HT pain inhibitory circuit. This is best shown by the presence of
altered nociception in offspring of depressed mothers as discussed in section 2. One
day old neonates from depressed mothers show epigenetic alterations in the 5‐HT
transporter (5‐HTT) gene such as increased methylation, which results in decreased
transcription of the 5‐HTT gene and consequently decreased 5‐HT levels (69). In three
year old children, perinatally exposed to maternal anxiety and depression, the
presence of short alleles on the 5‐HTT gene, resulting in less 5‐HT uptake, was shown
to be related to increased anxiety and depressive symptoms in the children (70).
Therefore, both 5‐HT and 5‐HTT levels are decreased in children from depressed
mothers.
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SSRI medications, as a treatment for maternal perinatal stress, inhibit re‐
uptake of 5‐HT at the presynaptic junction, resulting in increased 5‐HT concentrations
in the synaptic cleft (71). As mentioned previously, treating maternal stress or
depression with SSRIs has been shown to result in decreased or normalized pain
responses in offspring. Moreover, mothers using cocaine (known to inhibit re‐uptake
of 5‐HT) have children with decreased pain reactivity at the age of 18 months (72). 5‐
HT intervening medication during development may decrease pain sensitivity or
nociception in children.

3.2 Experimental evidence
The development of the 5‐HT pain inhibitory circuit in offspring has been directly
related to 5‐HT levels in the mother. Injecting para‐chlorophenylalanine (pCPA), a 5‐HT
synthesis inhibitor, in pregnant rats lowered 5‐HT levels by 50% and increased
serotonergic neuron cell death in the dorsal raphe nucleus in offspring brain at the age
of 25 and 90 days (17, 73). Concomitant 5‐HT1A receptor decreases have been shown
in brains of offspring from 5‐HT depleted mothers (74) and decreased 5‐HT1A receptor
functionality has been observed in prenatally stressed offspring (75). Decreased
numbers and functionality of the 5‐HT1A receptor may also occur in the spinal cord
(Fig. 3 A and C) and may result in increased pain (compare red lightning flash in Fig. 3 B
and D) since 5‐HT1A receptor activation inhibits pain responses (76). Indeed, adult
animals which were treated with anti‐5‐HT antibodies at the first day after birth show
increased inflammatory pain sensitivity and decreased 5‐HT content in the raphe
nucleus (77). Also, offspring exposed to maternal prenatal stress alone showed
increased inflammatory pain (73). However, juvenile and adult offspring with
decreased 5‐HT levels due to maternal pCPA treatment show decreased pain
responses to a painful inflammation (17, 73). When these pCPA treated mothers were
also exposed to restraint stress, adult offspring showed increased inflammatory pain
and more cell death in the dorsal raphe nucleus compared with offspring from control
mothers exposed to prenatal stress (73) (decreased synaptic vesicles with 5‐HT in Fig.
3C and D). In conclusion, decreased levels of 5‐HT aggravate the impact of prenatal
maternal stress on offspring nociception.
As already discussed in sections 2.1 and 2.2, stimulating the serotonergic
system, with medications that inhibit serotonin reuptake, results in decreased pain
sensitivity. In general, administration of SSRI medications increases 5‐HT levels in the
synaptic cleft by inhibiting 5‐HT re‐uptake (71) and decreases pain sensitivity in rodent
offspring of mothers suffering from perinatal stress (Fig. 3E and F). Administering
fluoxetine, a widely used SSRI, via injections directly to newborn rat pups during the
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first week of life, results in anatomical deformations such as decreased branching of
thalamocortical fibers and decreased branching in the somatosensory cortex (78, 79).
Moreover, these animals showed decreased sensitivity to painful thermal stimuli (78,
79). SSRI administration to non‐stressed mothers has also been shown to decrease 5‐
HT receptors in offspring brains, showing that the 5‐HT network is impaired by
developmental SSRI exposure (80, 81). Although these studies did not include perinatal
maternal stress, they do show that developmental SSRI exposure may modulate
nociception in offspring by altering development of the somatosensory cortex. The
combination of prenatal stress and postnatal SSRI exposure directly to pups showed
that SSRI exposure increased 5‐HT levels in the brain and modulated high 5‐HT
turnover associated with maternal stress (58). These higher 5‐HT levels may result in
increased pain inhibition. In addition, direct stimulation of the 5‐HT1A receptor
through injection of buspirone, a 5‐HT1A receptor agonist, in mothers exposed to
restraint stress during gestation has been shown to alleviate the increased
inflammatory hypersensitivity upon formalin injection in adult offspring (61, 82) (Fig.
4).
In conclusion, a reduction of 5‐HT, which may occur in offspring from stressed
mothers, results in increased pain sensitivity. This increased sensitivity can be
modulated by developmental exposure to SSRIs (Fig. 3). The modulatory effect of SSRIs
may be due to their impact on the development of the somatosensory cortex.
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Figure 3 Overview of the impact of perinatal maternal stress and its treatment with SSRI medications on
synaptic neurotransmission in the spinal cord. The synapse represented here corresponds with the synapse
in the black squares in Fig. 1. Normal descending serotonergic raphespinal projections are filled with synaptic
vesicles containing 5‐HT (green dots in A). When a pain signal (red lightning flash) is transferred from the
peripheral primary afferent axons, these axons release nociceptive neurotransmitters such as glutamate (red
dots in B), which bind to glutamate receptors (R) on the pain transmission neuron and convey the pain signal
to higher brain centers. Descending serotonergic raphespinal axons release 5‐HT in response to supraspinal
control and 5‐HT binds its receptor 5‐HT1A on the pain transmission neuron in order to inhibit the pain
signal via intracellular mechanisms (B). Perinatal stress decreases 5‐HT content in the descending
serotonergic raphespinal axons (C) which consequently result in a decreased release of 5‐HT under pain
conditions (D), resulting in decreased pain inhibition. Decreased 5‐HT1A receptor levels have been
associated with decreased 5‐HT levels (notice the decrease in 5‐HT1A numbers in the perinatal stress
condition (C‐F). Perinatal exposure to SSRIs (black symbols in E and F) results in a blockade of the 5‐HT
transporter (5‐HTT) and consequently in more 5‐HT content in the synaptic cleft (E). In the situation of a pain
stimulus this may result in decreased transmission of the pain signal (F). As explained in the text, decreased
pain perception in offspring exposed perinatally to SSRIs might also come from anatomical deformations of
the somatosensory cortex and therefore interfering with pain perception.
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Figure 4 Prenatal maternal stress increases inflammatory pain in adult offspring. The response to
inflammatory pain was tested in adult offspring by the formalin test. Here, formalin is injected into the hind
paw and the rat shows a typical pain response (open squares in A). The rat shows a fast first pain response of
st
nd
about 5 minutes which consists of flinching and licking of the hind paw (1 phase). The 2 phase of the pain
response starts a few minutes after decay of the first phase and is a stronger and longer period of flinching
and licking of the hind paw. To investigate the impact of prenatal maternal stress on the offspring’s
inflammatory pain response (B), pregnant rats were daily stressed by placing them for 60 minutes in a
th
th
narrow plastic cylinder from the 15 until the 20 day of pregnancy. During this period treatment of
maternal stress consisted of injecting the mothers with buspirone, a 5‐HT1A receptor agonist, 5 minutes
before the beginning of the stress. Adult offspring exposed to prenatal maternal stress (closed squares in B)
nd
show increased licking duration during the 2 phase of the formalin response (*). Offspring from mothers
treated with buspirone (open and closed circles) showed normal pain responses to formalin injection.
Stimulating the 5‐HT1A receptor during prenatal stress seems to decrease or normalize pain response in
adult offspring. Figure adapted with permission from (82).
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4 HPA system alterations and altered nociception in offspring exposed
to perinatal maternal stress
The serotonergic system is not only directly involved in modulation of the nociceptive
network but this network also plays a pivotal role in the development of the HPA
system (18) which in itself may also be involved in altered nociception in offspring.
Prolonged exposure to corticosteroids in offspring, due to maternal stress, may result
in a dysfunctional HPA axis which can contribute to the development of altered
nociception. Dysfunction of the HPA system can be detected by measuring
corticosteroids in the blood in baseline and in acute stress conditions (22) and has
been observed in pain conditions. For example, alterations in cortisol levels have been
linked to the development of pain symptoms in fibromyalgia patients suffering from
chronic pain (83, 84). Increased basal levels of plasma corticosteroids have also been
observed extensively in animal models of painful arthritis (reviewed in (25)).
Besides the impact of a dysfunctional HPA axis on nociception, glucocorticoids
can be linked directly to the nociceptive network. GRs are located in important pain
related areas in the brain stem and in the spinal cord where they are present in the
substantia gelatinosa (27, 28), which is the area in the dorsal spinal cord most
important for processing of nociceptive information (10). Upon nociceptive stimulation
of peripheral nociceptive fibers, dorsal horn neurons in the substantia gelatinosa,
containing GRs, show early signs of activation, i.e. immediate early gene expression
cFos (85). Interestingly, when adult rats were injected for 3 weeks with corticosterone
or dexamethasone, a selective agonist of the GR, basal pain thresholds increased (86).
Moreover, this antinociceptive effect of corticosterone or dexamethasone was linked
to decreased nociceptive neurotransmitter content in the spinal cord dorsal horn, such
as calcitonin gene related peptide (CGRP) and substance P, as well as increased
amounts of anti‐nociceptive neurotransmitter receptors for the pain inhibitory
neurotransmitter gamma‐aminobutyric acid (GABA) (86). On the other hand, after a
peripheral nerve injury, spinal cord GRs are suggested to play a role in the
development of neuropathic pain, since they are involved in both the induction and
the modulation of pain (87, 88). To conclude, corticosteroids, as the end product of
HPA system activation, are important for nociceptive behavior and perinatal maternal
stress induced dysfunction of this system in offspring might underlie altered offspring
nociceptive behavior.
Altered corticosteroid levels, GR levels and expression of HPA system related
genes will be discussed as read out parameters of a dysfunctional HPA system (See
section 4.1). Animal models of restraint stress and maternal separation are known to
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result in a dysfunctional HPA system and therefore have been used to investigate the
role of a dysfunctional HPA system in altered nociception in offspring (See section 4.2).

4.1 Clinical evidence
A dysfunctional HPA system has been observed in offspring from mothers that were
stressed during gestation. Elevated basal cortisol levels were observed in newborns
from mothers with depressive symptoms and had high pre‐ and post‐partum cortisol
levels (16, 89, 90). Also at the age between 12 and 19 months, neonates exposed to
high cortisol levels in utero showed higher basal cortisol levels (91). On the other hand,
exposure to acute stress at this age resulted in a decreased cortisol response (91). Only
a few clinical studies focused on the impact of these alterations in HPA‐axis function
on nociception. For example, behavioral recovery after a heel prick was delayed in
neonates exposed to high maternal cortisol and maternal psychosocial stress during
pregnancy (1). These neonates showed high cortisol responses to a heel prick at the
first postnatal day when their mothers had high cortisol levels during late pregnancy
(1). Moreover, increased basal, but not pain‐induced cortisol saliva levels were
apparent in children at the age of 4 to 6 years of mothers with high cortisol levels
during gestation (92). Prenatal maternal stress in the form of depression has also been
linked to epigenetic modulation of the NR3C1 gene (a gene which encodes for the GR).
Newborns from depressed mothers showed epigenetic modifications in the form of
increased methylation of the NR3C1 gene in umbilical cord blood mononuclear cells
(93). Increased methylation is indicative of decreased gene transcription and might
result in decreased levels of GR and consequently in impaired HPA axis inhibition in
offspring. Indeed, these newborns with increased methylated NR3C1 gene showed
increased cortisol responses to stress at the age of three months (93). Clearly the HPA‐
axis is deregulated in offspring from mothers stressed during gestation. However, if
this effect persists at later ages is still unknown.
Given that the HPA system and the 5‐HT system are intricately linked,
treatment of maternal stress with SSRIs likely affect nociception in offspring via the
HPA system. It is possible that SSRI medications exert their effect via increasing GR
expression in the hippocampus (94) and thereby increasing negative feedback on the
HPA axis. SSRI medications are known to inhibit 5‐HT re‐uptake and thus elevate 5‐HT
levels in the nervous system (see section 2.2). Serotonin is important for both the
maturation of the nervous system and the development and function of the HPA axis
(20). Therefore, it is suggested that elevated levels of 5‐HT in the newborn might affect
development of the HPA axis. Indeed, SSRI exposed infants of three months of age
showed decreased serum cortisol levels (93) and SSRI exposed neonates showed
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increases in serum corticosteroid binding globulin (CBG) levels, which was associated
with infant cortisol levels at three months of age (95).
To conclude, perinatal maternal stress induces increased corticosteroid levels
in the neonate and possibly increased nociceptive sensitivity. Moreover, SSRI
medications may act to modulate the impact of perinatal maternal stress on the
developing HPA system by decreasing corticosteroid levels and nociceptive responses
in offspring.

4.2 Experimental evidence
Experimental work has repeatedly shown an impact of maternal stress on functioning
of the HPA system in offspring. However, little work has focused on the development
of nociceptive responses in offspring. Prenatal maternal stress increased basal
corticosterone levels (96), but also stress induced corticosterone levels (97, 98) in adult
rodent offspring. The mother’s corticosterone levels in response to stress have been
attributed to these long‐term effects. Removing the adrenal gland in prenatally
stressed mothers prohibited the hypercorticosteroid responses to restraint stress in
adult offspring and corticosterone injections in these mothers restored the
corticosterone responses in offspring (98). A failing negative feedback mechanism of
the HPA‐axis may be underlying long‐term increased corticosterone levels. Indeed,
prenatal maternal stress decreases GR in the hippocampus, the main regulators of
HPA‐axis negative feedback, of adult offspring, a phenomenon not present in offspring
from adrenalectomized stressed mothers (98‐100).
Evidence on the role of the activity of the HPA axis on altered nociception in
later life in offspring was collected after pharmacological intervention, i.e. treatment
of prenatal maternal stress. Rodent studies show that fluoxetine, a commonly used
SSRI, modulates high corticosterone responses in mice exposed to prenatal maternal
stress (58). Moreover, this corticosterone modulation was accompanied by increased
serum CBG levels (50, 101). SSRI medications increase the expression of GR in the
hippocampus and therefore may exert their effects on the HPA axis via increased
negative feedback resulting in lower serum corticosteroid levels (102, 103). However,
one study showed that fluoxetine administration during lactation decreased basal
serum corticosteroid levels and decreased GR levels in the hippocampus of adolescent
male offspring, regardless of exposure to maternal restraint stress (104). Fluoxetine
administration during development reversed the impact of perinatal maternal stress
on post‐operative pain hypersensitivity in adult offspring and was accompanied by CBG
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serum levels. However, when fluoxetine was administered in the absence of maternal
stress, offspring showed more post‐operative pain (50).
It is obvious that prenatal maternal stress affects the neuroendocrine
response of the HPA system in offspring and this can influence nociception in offspring.

5 Future research directions
Current understanding of the impact of perinatal maternal stress on the nociceptive
system in offspring is still limited. Clinical research in this field could profit from
retrospective investigation of historical records from patients with chronic pain
syndromes to look for possible perinatal maternal adversity. Moreover, studies on
(epi)genetic changes in serotonin pain inhibitory system and HPA system related genes
in offspring exposed to perinatal maternal stress may provide further information as to
the role of these systems in the development of nociception. Mechanism based studies
that can be linked to experimental data already exist with respect to the impact of
perinatal maternal adversity on the HPA system (33, 95, 104‐106). However, more
experimental studies need to focus on the effect of perinatal maternal stress on
nociceptive network plasticity and development. Finally, further work is needed to
understand the impact of developmental exposure to SSRIs on the developing
nociceptive system in the newborn.

6 Conclusions
Perinatal maternal stress and exposure to maternal mood disorders can result in
increased pain responses in offspring later in life. Although the mechanisms involved in
these changes are not well understood, it is very likely that altered development of the
HPA system and the 5‐HT pain inhibitory system play a prominent role. Furthermore,
treatment of maternal stress‐related disorders with SSRI medications also has an
impact on the developing nociceptive system and, as such, SSRI treatment of maternal
mood disorders should be considered carefully.
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Abstract
Early life events can significantly alter the development of the nociceptive circuit. In
fact, clinical work has shown that maternal adversity, in the form of depression, and
concomitant selective serotonin reuptake inhibitor (SSRI) treatment influence
nociception in infants. The combined effects of maternal adversity and SSRI exposure
on offspring nociception may be due to their effects on the developing hypothalamic‐
pituitary‐adrenal (HPA) system. Therefore, the present study investigated long‐term
effects of maternal adversity and/or SSRI medication use on nociception of adult
Sprague‐Dawley rat offspring, taking into account involvement of the HPA system.
Dams were subject to stress during gestation and were treated with fluoxetine
(2x/5mg/kg/day) prior to parturition and throughout lactation. Four groups of adult
male offspring were used: 1. Control + Vehicle, 2. Control + Fluoxetine, 3. Prenatal
Stress + Vehicle, 4. Prenatal Stress + Fluoxetine. Results show that post‐operative pain,
measured as hypersensitivity to mechanical stimuli after hind paw incision, was
decreased in adult offspring subject to prenatal stress alone and increased in offspring
developmentally exposed to fluoxetine alone. Moreover, post‐operative pain was
normalized in prenatally stressed offspring exposed to fluoxetine. This was paralleled
by a decrease in corticosteroid binding globulin (CBG) levels in prenatally stressed
offspring and a normalization of serum CBG levels in prenatally stressed offspring
developmentally exposed to fluoxetine. Thus, developmental fluoxetine exposure
normalizes the long‐term effects of maternal adversity on post‐operative pain in
offspring and these effects may be due, in part, to the involvement of the HPA system.
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Introduction
Early life events can significantly influence the development of the nociceptive
network and pain responses in later life (1). Recently, maternal adversity in the form of
perinatal stress and depression has been shown to affect not only the mother, but also
the neonate. Moreover, perinatal maternal stress has been linked to increased
nociceptive responses in the newborn (2‐4). For example, exposure to prenatal
maternal stress increases a baby’s response to a painful heel prick (2). Perinatal
maternal depression, often a stress‐related disease, is a major condition which affects
20% of women (5). However, little is known about the long‐term impact of maternal
adversity on nociception in offspring.
Preclinical work has shown that perinatal maternal stress results in increased
pain sensitivity in adult rat offspring (6, 7). Underlying mechanisms for such long‐term
effects of maternal adversity on nociception in later life are rather unknown. Clinical
and preclinical studies have shown that intra‐uterine exposure to high levels of
glucocorticoids or maternal stress affect stress responses in offspring (2, 8‐11).
Furthermore, a deregulated hypothalamic‐pituitary‐adrenal (HPA) system has been
related to alterations in pain responses (12, 13); decreased cortisol levels have been
linked to increased pain symptoms in patients with chronic pain (14). Glucocorticoid
receptors (GRs) are involved in pain processing given their presence on nociceptive
neurons in the spinal cord (15, 16). Moreover, these neurons show signs of activation
when C‐fibers are noxiously stimulated (17) and intrathecal application of a GR
antagonist has been shown to attenuate neuropathic pain (18).
Selective serotonin reuptake inhibitor (SSRI) medications, e.g. fluoxetine, are
the most common treatment for maternal depression and are prescribed to 5‐10% of
pregnant mothers (19‐21). SSRI medications cross the placenta (22) and are
transferred via breast feeding (23) to the infant. Developmental SSRI medication
exposure increases serotonin or 5‐hydroxytryptamine(5‐HT) levels in offspring and may
affect the development of the serotonin pain inhibitory circuit (1). Indeed, recent
clinical research has shown that infants that are perinatally exposed to SSRI
medications have blunted pain responses to a heel prick at two days and two months
after birth (24, 25), demonstrating an involvement of SSRI medications in offspring
nociception. Besides having a direct effect on the nociceptive system, 5‐HT levels play
a prominent role in the development of the HPA system (reviewed in chapter 2 of this
thesis, p. 11) (26, 27) and perinatal exposure to SSRI medications can alter the
developing HPA system (28, 29). Therefore SSRI medications may impact the
developing nociceptive system indirectly via altering the HPA system.
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The objective of this study was to investigate the effect of maternal stress on
nociception in adult offspring. In turn, because SSRI medications are commonly used
for treatment of maternal stress‐related disorders, we investigated the effect of
developmental exposure to SSRI medications on nociception in adult male offspring
taking into account the involvement of the HPA system on these effects. To do this,
prenatally stressed offspring were exposed to fluoxetine during the perinatal period.
Offspring were tested for basal nociception and post‐operative nociception after hind
paw incision at the age of 8 weeks. Moreover, circulating corticosterone and
corticosteroid binding globuline (CBG) levels were investigated. This work can provide
important information on the long‐term impact of developmental exposure to
maternal adversity and SSRI treatment on nociception and sheds light on the
underlying physiology related to these changes.

Methods
Ethical statement
All animal experiments were performed in accordance with the European Directive for
the Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (86/609/EEC) and adhered to the Guidelines for the Care and Use of
Mammals in Neuroscience and Behavioral Research (National Research Council 2003).
The protocol was approved by the Animal Ethics Board of Maastricht University in
accordance with Dutch governmental regulations (approval IDs: DEC 2008‐184 and
DEC 2010‐150). All surgery was performed under isoflurane anesthesia, and all efforts
were made to minimize suffering.

Animals
In this experiment a total of 20 Sprague‐Dawley rats (Charles River Laboratories,
France) were used. The animals were housed in a temperature (19‐24°C) and humidity
(55 ± 15%) conditioned room with a 12:12 light/dark schedule (lights on at 8:00 a.m.)
with ad libitum access to tap water and rat chow. Breeding of the dams took place by
putting one female and one male together in a wire mesh cage. Release of a vaginal
plug was considered as gestation day (G) 0.
On G14, dams were randomly assigned to stress (N=9) or control (N=11)
groups. Dams in the stress group were individually restrained three times a day (at
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8:00 a.m., 11:30 a.m. and 15:30 p.m.) for 45 min in a plastic cylinder under bright light
on G14‐G20 (11, 30, 31). Stress during this period of pregnancy can result in
postpartum depressive‐like behavior in the dam (32, 33). The day after the last stress
exposure (G20) dams were randomly assigned to one of the two treatment groups:
fluoxetine (two doses of 5mg/kg per day) or vehicle, resulting in a total of four groups
of dams: 1. Control + Vehicle (CV; N=5), 2. Control + Fluoxetine (CF; N=6), 3. Prenatal
Stress + Vehicle (SV; N=4), 4. Prenatal Stress + Fluoxetine (SF; N=5). After weaning at
P21, two male offspring per litter were housed together in standard cages and used for
behavioral testing, resulting in group sizes of N=8‐12. Offspring were weighed at the
age of 8 weeks and at 1, 7 and 9 days after surgery. For a timeline of the experiment
see Figure 1.

Figure 1 Schematic overview of the study. Pregnant dams were stressed three times per day for 45 minutes
from gestational day (G) 14 until G20. The stressor consisted of restraint in a plastic cylinder and exposure to
bright light. Fluoxetine was administered orally to the dams from G21 until the day of weaning at three
weeks of age (3w). After weaning, 2 male offspring from control/vehicle, control/fluoxetine, stress/vehicle
and stress/fluoxetine dams were subjected to behavioral testing (N=8/12 per group). Their basal paw
withdrawal thresholds (PWT) to mechanical stimuli and paw withdrawal latencies (PWL) to heat stimuli were
tested at 4 weeks, i.e. a juvenile age during development, and at 8 weeks, when animals were at a young
adult age. Also, a locomotor activity (LA) test was performed at the age of 8 weeks. One day after the last
behavioral basal test at 8 weeks, all offspring received an incision of the left hind paw, after which PWT were
measured daily until 9 days post incision (DPI9). To measure serum levels of corticosterone and
corticosterone binding globulin (CBG), tail vein blood was withdrawn at the age of 5 and 8 weeks and at DPI1
and DPI7 (+).

Fluoxetine treatment
During G14‐20 dams were trained for oral ingestion of the medication treatment.
Dams were fed 1/9th of a vanilla wafer‐cookie (Croustifondante, Delacre, Belgium),
filled with saline (34). During feeding dams were not separated from the litter. At G21
treatment was started and dams were fed two times per day (at 9:00 a.m. and 14:00
p.m.) a cookie filled with fluoxetine (Flagron, Belgium) dissolved in vehicle (50%
propylenediol in saline; 5mg/kg) or vehicle solution. Oral administration via a cookie
was preferred instead of oral gavage or injections, which might induce pain and stress
in the dam/litter. Since fluoxetine and its active metabolite norfluoxetine are passed to
offspring via lactation (35), fluoxetine and norfluoxetine levels were determined at
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several time‐points during lactation (see section 2.3). Exposure of offspring to
fluoxetine occurred during a stage of neural development in rodents analogous to that
of the third trimester in humans (36), when nociceptive fibers are present but in an
immature stage (1).

Fluoxetine and norfluoxetine determination
To determine fluoxetine and norfluoxetine concentrations in rat serum, blood samples
were collected by quick decapitation from culled pups on P1, from one female pup on
P7 and P14, and from the dam, one female and one male pup at P21. Although
behavioral testing was performed only in male offspring, female offspring were used
for drug determinations to provide an indication of the drug levels in the pups at this
age. This took place in every litter, where surplus pups were available. Blood samples
were centrifuged at 10 000 x g for 10 minutes and serum was collected. Drug
concentrations were determined from serum using liquid chromatography coupled
with mass spectrometry (LC–Chip–MS/MS) was used as previously described (37, 38).
Briefly, the chromatographic separation was achieved on a 1200 series LC‐chip system
(Agilent Technologies, Germany) using a Ultra High Capacity chip including a 500 nL
trapping column and a 150 mm × 75 µm analytical column, both packed with a Zorbax
80SB 5 µm C18 phase (Agilent Technologies). The mobile phase was composed of
H2O/FA (100:0.1, v/v) (A) and ACN/H2O/FA (90:10:0.1, v/v/v) (B) and used in gradient
elution mode. Mass spectrometric detection was performed using a 6340 Ion Trap
equipped with a nanoelectrospray ionization source operating in positive mode
(Agilent Technologies, Waldbronn). Finally, an Oasis µElution MCX 96‐well plate
(Waters, UK) was used to prepare the samples for the analysis. 25 µL serum was
needed per experiment and all conditions were performed in duplicate and back‐
calculated using a calibration curve. Mean drug levels are described in Table 1 (N=7‐
11/group).
Table 1 Mean (±SEM) serum levels of fluoxetine (ng/mL) and norfluoxetine (ng/mL) during the postnatal
period. (P = postnatal day). (N = 7‐11)

Fluoxetine (ng/mL)

Norfluoxetine (ng/mL)
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P1

P7

P14

Male P21

Female P21

Mom P21

19.46
(±22.98)

2.44
(±2.90)

1.76
(±5.38)

2.07
(±3.98)

1.52
(±2.47)

30.65
(±59.14)

83.01
(±14.45)

16.32
(±17.33)

11.35
(±19.26)

27.41
(±21.03)

33.61
(±21.26)

184.63
(±104.66)
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Nociception behavioral tests
Sensitivity of offspring to mechanical stimuli and thermal stimuli was tested at several
time points: basal nociception was tested during development at 4 weeks of age and at
the young‐adult age of 8 weeks and post‐operative hypersensitivity daily in young‐
adult rats until 9 days after surgery (Fig. 1). Sensitivity to mechanical stimuli was
determined by measuring paw withdrawal thresholds (PWT) using plantar application
of 10 von Frey monofilaments (North Coast Medical, Inc., California, USA) with
logarithmically incremental stiffness (0.166, 0.407, 0.692, 1.202, 2.041, 3.63, 5.495,
8.511, 15.136 and 28.84 g). Animals were placed in Plexiglass cages on an elevated
wire mesh floor and allowed to adapt to the cage for 30 min before testing. Starting
with the lowest filament, each filament was applied five times with a duration of one
second and inter‐application interval of a few seconds to the plantar paw surface.
Maximal applied force was defined by maximal withdrawal, i.e. when the animal
showed five withdrawal responses. The mechanical force resulting in a 50% withdrawal
frequency was considered the PWT and was calculated from a sigmoid curve
(withdrawal frequency per filament vs. force log applied) by regression analysis
(GraphPad Prism Version 4.00, CA, USA) (39).
Thermal sensitivity was determined using the Hargreaves thermal plantar
algesia apparatus at the age of 5 and 8 weeks (Ugo Basile, Collegeville, PA, USA). After
an adaptation period of about 30 minutes, an infrared laser beam was placed at the
mid‐plantar surface of the hind paw. The apparatus measures the paw withdrawal
latency (PWL) from the infrared source (intensity of 70) to the nearest 0.1 s. Mean
PWL from three measurements per paw (ten minute intervals) was measured with a
cut‐off time of 20s. For post‐operative testing of hypersensitivity, the Hargreaves
apparatus was not used, since mechanical hypersensitivity is reported to be the main
outcome for post‐incision pain (40).

Locomotor activity
Locomotor activity was investigated at 8 weeks of age in offspring to ensure there
were no gross differences in locomotion between groups. Animals were placed
individually in the center of a 50 cm x 100 cm glass arena and their activity was
recorded for 10 minutes. All animals were tested between 2:00 and 5:00 p.m. A video‐
tracking system (Anymaze, Stoelting) was used to measure the distance the animals
travelled in the arena. The apparatus was cleaned with 70% ethanol and dried
between rats.
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Post‐operative pain at the age of eight weeks: plantar hind paw incision
Plantar hind paw incision was performed at the age of 8 weeks, a young‐adult age at
which alterations in the nociceptive network organization and in hind paw incision pain
have been evidenced following neonatal pain exposure (41). After baseline nociceptive
and locomotor activity testing, all male offspring received an injury to the left hind
paw, i.e. plantar hind paw incision as a model for post‐operative pain (40). Animals
were anesthetised with 3‐5% isoflurane (Abbott Laboratories Ltd., Kent, U.K.), mixed
with air enriched with 100% oxygen at a constant flow rate of 250 ml/min. Body
temperature was maintained at 37.5°C using an automatic heating pad. After making a
± 1 cm longitudinal incision through the plantar skin and fascia, the plantar muscle was
elevated and incised at the midline as described previously (40). Two mattress‐sutures
with 5‐0 nylon on a PS‐2 needle (Ethicon, San Lorenzo, P.R.) were used to close the
wound. Hypersensitivity to mechanical stimuli after surgery was determined daily by
measuring PWT to von Frey filaments until 9 days after surgery.

Corticosterone analysis
To investigate effects of maternal stress and developmental fluoxetine on
corticosterone levels in offspring in basal conditions and at one and seven days after
hind paw incision, blood samples were collected from the tail vein. Blood samples
were centrifuged at 10 000 x g for 10 minutes and serum was collected. A
commercially available corticosterone RIA kit (Corticosterone I125 for rats and mice, MP
Biomedicals, NY, USA) was used to determine total corticosterone levels in duplicate
serum samples. Interassay variability was 7.4%. The lowest detection limit of the kit
was 7.7 ng/mL

Corticosterone binding capacity
Corticosterone binding capacity was determined by measuring the level of CBG
according to an earlier described method (42, 43). Specifically bound CBG counts were
calculated by subtracting the non‐specific background counts from the average of total
bound CBG counts. Interassay variability was 7.3%.
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Statistical analysis
All data shown were presented as means ± standard error of the mean (SEM). Two‐
way analysis of variance tests (ANOVA) were used to analyze the effect of group
(condition: stress/control, treatment: fluoxetine/vehicle) as independent variables on
offspring weight, locomotor activity outcomes, PWT, corticosterone levels, and CBG
levels as the dependent variable. Additionally, a mixed design ANOVA was performed
with condition (stress/control) and treatment (fluoxetine/vehicle) as the independent
variables and time as the repeated measure for CBG and corticosterone serum levels
and separately for each paw for PWTs comparisons. Post hoc comparisons were
performed for further analysis of single effect comparisons and utilized the Fischer’s
least significant difference (LSD) test. P ≤ 0.05 was considered to be statistically
significant (Statistica Version 9).
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Results
Offspring weight
There was a significant main effect of time (F(3, 108)=592.36, P = 0.001) for all groups
(Table 2) indicating that all animals gained weight during the experiment. However, no
effect of stress or treatment was observed (0.38 ≤ P ≤ 0.87).
Table 2 Mean (±SEM) weights (g) of male offspring. A statistically significant main effect of time was
observed (F(3, 108) = 592.36, P = 0.001). DPI: days post incision, 8w: 8 weeks, CV: control vehicle, CF: control
fluoxetine, SV: stress vehicle, SF: stress fluoxetine (N = 8‐12/group).
Group

8w weight (g)

DPI1 weight (g)

DPI7 weight (g)

DPI9 weight (g)

CV

323.98 (±6.54)

337.16 (±6.79)

366.71 (±6.85)

376.75 (±6.28)

307.23 (±7.60)

322.39 (±5.77)

355.83 (±4.90)

365.08 (±5.02)

321.11 (±7.52)

331.94 (±8.11)

366.71 (±9.36)

376.75 (±9.81)

303.62 (±10.86)

315.98 (±11.69)

348.13 (±11.59)

365.00 (±11.67)

CF

SV

SF

Locomotor activity
To exclude locomotion problems, which might interfere with nociception behavioral
testing, we evaluated overall locomotion and there was no effect of stress or
treatment on the distance the animals travelled in the open arena (0.37 ≤ P ≤0.74;
Table 3).
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Table 3 Mean (±SEM) distances that the animals travelled in the open arena at the age of 8 weeks. There
were no differences in distances between the groups. CV: control vehicle, CF: control fluoxetine, SV: stress
vehicle, SF: stress fluoxetine (N = 8‐12/group).
Group

Distance (m)

CV

12.69 (±0.66)

CF

13.74 (±0.87)

SV

12.68 (±1.26)

SF

12.20 (±0.58)

Basal nociception
There was no significant difference in PWL to thermal stimuli in offspring from mothers
exposed to stress and/or fluoxetine at the age of 4 and 8 weeks (0.21 ≤ P ≤ 0.91; Fig.
2). There were also no statistically significant differences associated with condition or
treatment in PWT to mechanical von Frey stimuli of male offspring at the age of 4
weeks (0.16 ≤ P ≤ 0.85; Table 4). The PWT at the age of 8 weeks served as the baseline
value for post‐operative hypersensitivity to mechanical stimuli and the analysis was
therefore performed together with the post‐operative hypersensitivity data (Fig. 3). At
the age of 8 weeks, developmental fluoxetine exposure decreased PWT to von Frey
stimuli (P = 0.0198; Fig. 3).

Figure 2 Mean (± SEM) basal nociceptive paw withdrawal latency (PWL) thresholds (s) to heat stimuli of male
offspring at the age of 4 and 8 weeks. There was no effect of maternal stress or fluoxetine on the PWL to
heat stimuli at the left (A) or right hind paw (B). Also, there was no effect of time, since there was no
difference in PWL between the age of 4 and 8 weeks. CV: control vehicle, CF: control fluoxetine, SV: stress
vehicle, SF: stress fluoxetine (N=8/12 per group)
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Table 4 Mean (±SEM) PWTs to von Frey stimuli (g), reflecting sensitivity of the hind paws to mechanical
stimuli at the age of 4 weeks. No differences were observed in PWT for the left and right hind paw between
the groups. CV: control vehicle, CF: control fluoxetine, SV: stress vehicle, SF: stress fluoxetine (N = 8‐
12/group).
Group

Left hind paw PWT (g)

Right hind paw PWT (g)

CV

12.14 (±1.68)

12.12 (±1.67)

CF

12.05 (±1.45)

12.25 (±1.45)

SV

13.92 (±2.29)

13.92 (±2.29)

SF

15.01 (±1.23)

14.68 (±1.20)

Post‐operative nociception
The effect of hind paw incision on PWT to mechanical stimuli was measured from one
day post incision (DPI1) until DPI9. There was a significant interaction effect of
time*condition*treatment (F(9, 324) = 2.41, P = 0.012) on PWT of the incised, i.e.
ipsilateral, paw (Fig. 3A). CF offspring had the highest sensitivity to mechanical stimuli,
i.e. the lowest PWT after surgery. Post hoc tests showed that CF offspring had lower
PWT than SF offspring (b P = 0.000095) and CV offspring (c P = 0.019) at the baseline
(BL), i.e. the day before surgery. Further post hoc tests showed that after incision CF
offspring had lower PWT than SV offspring at DPI1, DPI3, DPI4, DPI6, DPI7, DPI8 and
DPI9 (DPI1: a P = 0.019, DPI3: a P = 0.015, DPI4: a P = 0.0080, DPI6: a P = 0.0076, DPI7: a
P = 0.000011, DPI8: a P = 0.0052, DPI9: a P = 0.042). Also, CF offspring had lower PWT
than SF offspring at DPI7 (b P = 0.00052) and DPI8 (b P = 0.000020) and then CV
offspring at DPI7 (c P = 0.00073). Moreover SV had higher PWT than all other groups at
DPI5 (d 0.002 ≤ P ≤ 0.009). Also, there was a main effect of condition (F(1, 36) = 16.18, P
= 0.00028) and treatment (F(1,36) = 10.19, P = 0.0029). There were no significant
differences in contralateral PWT at any of the time points measured (0.13 ≤ P ≤ 0.79;
Fig. 3B).
We also calculated the area under the curve (AUC) of the post‐incision
hypersensitivity (Fig. 3C‐D). There was a significant main effect of condition on the AUC
of the ipsilateral paw, with offspring exposed to maternal stress (SV and SF groups)
showing higher AUC compared to offspring from control mothers (CV and CF groups)
(F(1, 36) = 18.57, #P = 0.00012; Fig. 3C). Also, there was a significant main effect of
treatment with developmental fluoxetine resulting in lower AUC compared to
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offspring exposed to vehicle treatment (F(1, 36) = 13.83, ##P = 0.00068; Fig. 3C). A
trend toward a main effect of condition was observed on the contralateral paw with
control animals having a tendency for lower AUC values ($P = 0.056; Fig. 3D).

Figure 3 Mean (±SEM) PWTs in male offspring exposed to mechanical stimuli (g) after incision of the left hind
paw. There was an overall interaction effect of time*condition*treatment observed for PWT to mechanical
stimuli after incision. Also main effects of condition and treatment were observed. Significant differences
were shown by post hoc correction and denoted by a, b, c, d and e symbols (A). Contralateral PWT were not
affected by paw incision (B), since there were no differences observed between the groups. Area under the
curve (AUC) analysis (C) of the ipsilateral PWT graphs in A, showed a main effect of condition (#) and a main
effect of treatment (##). Contralateral AUC (D) showed a trend for a main effect of condition with control
$
offspring having a tendency for lower PWT than stress offspring ( ). DPI: days post incision, CV: control
vehicle, CF: control fluoxetine, SV: stress vehicle, SF: stress fluoxetine (N=8/12 per group)
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Corticosterone levels
There was a significant time*condition interaction effect (F(3, 72) = 2.80, P = 0.046),
with control offspring having higher corticosterone levels at the 8 week time point
relative to stress offspring, regardless of fluoxetine exposure (*0.00018 ≤ P ≤ 0.019;
Fig.4A). There was a significant main effect of time (F(3, 72) = 3.11, P = 0.032) on serum
corticosterone levels. Post hoc correction showed that the main effect of time was
confined to the increase in serum corticosterone levels at the age of eight weeks (#
0.0057 ≤ P ≤ 0.028; Fig. 4A). Analysis of the AUC of the corticosterone curves, showed
no significant differences (0.16 ≤ P ≤ 0.26; Fig. 4B).

CBG levels
A statistically significant interaction effect of condition*treatment was noted (F(1, 24)
= 7.08, P = 0.014; Fig. 4C). Post hoc tests showed that SV offspring had lower serum
CBG levels than CV and SF offspring (* 0.031 ≤ P ≤ 0.045; Fig. 4C). There was a main
effect of time (F(3, 72) = 9.01, P = 0.000038; Fig. 4C) which was mainly attributable to
the decrease in serum CBG levels at DPI1 (# P = 0.0020; Fig. 4C). In the AUC, there was
a significant interaction effect between condition and treatment (F(1, 31)=6.89, P =
0.013) for CBG values, with higher CBG serum levels in SF offspring compared to SV
offspring (* P = 0.037; Fig. 4D).
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Figure 4 Mean (±SEM) and AUC of serum levels of corticosterone (A‐B) and CBG (C‐D) of male offspring. A
time*condition interaction effect was observed in control offspring, but not stress offspring, having a higher
corticosterone level at the eight week time‐point (A, *). There was a main effect of time on serum
corticosterone levels and post hoc corrections showed that the levels at 8 weeks were significantly higher
than levels at all other time‐points (A, #). No effect of condition or treatment was observed on AUC of serum
corticosterone levels (B). A condition*treatment interaction effect, with lower serum CBG levels in SV
offspring, compared to SF and CV offspring (C, *). A main effect of time was observed and post hoc
correction showed that this was attributable to the decrease in serum CBG at DPI1 (C, #). A significant
interaction effect of condition*treatment was shown in AUC of CBG serum levels, with lower AUC values for
SV offspring, compared to SF offspring (D, *). DPI: days post incision, CV: control vehicle, CF: control
fluoxetine, SV: stress vehicle, SF: stress fluoxetine (N=8/12 per group)
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Discussion
The present study demonstrates that prenatal maternal stress decreases, and
developmental fluoxetine exposure increases, the intensity of post‐operative
hypersensitivity to mechanical stimuli in adult male offspring. Interestingly, post‐
operative hypersensitivity was normalized in offspring exposed to maternal stress in
combination with fluoxetine exposure during development. Moreover, these effects
were, in part, linked to changes in the HPA system.

Prenatal stress and developmental fluoxetine exposure: effects on post‐
operative pain in adult offspring
Our findings show that maternal prenatal stress decreases post‐operative
hypersensitivity to mechanical stimuli in offspring at the age of eight weeks. Although
very little work has been done in this field, previous clinical work has shown that
maternal stress can increase pain sensitivity in later life with increased somatic pain
complaints at 18 months of age and recurrent abdominal pain in 13‐year old children
(3, 4). Stress exposure in preterm born children affects their HPA system response to
painful immunization (44) and their HPA system dysfunction has been related to
mother behavior (45). Previous preclinical work has also shown that maternal restraint
stress increases inflammatory pain hypersensitivity in newborn and adult offspring (7,
46). Thus, in contrast to our study, maternal stress has been shown to increase pain
sensitivity. This difference may depend on the type of pain which is perceived, i.e.
incisional pain in our study and inflammatory and abdominal pain in the above
mentioned studies. A decrease in post‐operative sensitivity to mechanical stimuli, as
noted in our study, may be beneficial and indicate a faster recovery from paw incision.
However, one study has shown that decreased post‐operative pain might be
detrimental as it can result in inadequate wound healing (47). In the previously
mentioned study, decreasing post‐operative hypersensitivity to mechanical stimuli,
after hind paw incision, with an analgesic treatment, resulted in animals continually
placing weight on the incised paw and consequently impaired wound apposition
occurred (47). We did not measure the degree of wound healing in the present study,
but it is possible that there were differences in the rate of wound healing between
offspring exposed to prenatal stress and control offspring.
We found that prenatally stressed offspring exposed to maternal fluoxetine
treatment had normalized post‐operative hypersensitivity to mechanical stimuli.
Surprisingly, we observed that developmental fluoxetine exposure in the absence of
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prenatal stress increased post‐operative hypersensitivity to mechanical stimuli in adult
offspring. This highlights the need to investigate the effects of these medications using
appropriate models of maternal adversity in order to draw suitable conclusions and
clearly parallel the clinical situation. It has been shown that infants from depressed
mothers treated with SSRIs have blunted pain responses at two days and two months
of age (24, 25). No other studies have investigated the effects of developmental SSRI
exposure on post‐operative hypersensitivity to pain or the long‐term impact of
perinatal SSRI exposure on pain sensitivity in any regard. However, developmental
exposure to buspirone, a 5‐HT1A receptor agonist, was shown to normalize the
increased pain hypersensitivity in prenatally stressed adult offspring (7). More research
is needed to investigate how children, prenatally exposed to SSRIs, respond to painful
stimuli in later life.
Although beyond the scope of this study, it should be noted that prenatal
maternal stress and/or fluoxetine may have affected aspects of maternal care.
Although previous work by our group has shown no marked changes in gross maternal
care of offspring with prenatal maternal stress or fluoxetine treatment (11), we have
also shown that fluoxetine exposure, but not prenatal stress, increases arched‐back
nursing of pups (38). However, it is unknown how changes in arched‐back nursing,
without concomitant changes in licking behavior, may alter pain sensitivity in adult
offspring.

Involvement of the HPA system
In the present study we found that hind paw incision resulted in a decrease in serum
CBG levels in adult offspring. Interestingly, offspring exposed to maternal prenatal
stress alone showed overall lower serum CBG levels compared to prenatally stressed
offspring developmentally exposed to fluoxetine and control offspring. This CBG profile
is paralleled in their post‐operative pain profiles, i.e. lower post‐operative pain
hypersensitivity in prenatally stressed offspring, and suggests a potential link between
the HPA system and post‐operative pain. Moreover, prenatally stressed offspring
exposed to fluoxetine show serum CBG levels which are comparable with the levels of
offspring from control mothers and thus these levels may parallel effects of
normalization of post‐operative pain hypersensitivity by developmental fluoxetine
exposure in prenatally stressed offspring. Fluoxetine exposure alone appeared to
decrease serum CBG levels in adult offspring, as previously described (29), but did not
parallel post‐operative pain hypersensitivity.
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SSRI medications increase 5‐HT levels in the newborn and 5‐HT levels play a
prominent role in the development of the HPA‐axis (26, 27) and therefore SSRI
medications may impact on the nociceptive system indirectly via the HPA‐axis.
Interestingly this work suggests that serum CBG levels can be indicative of post‐
operative pain hypersensitivity, but only when fluoxetine exposure is not present. This
is perhaps not surprising as clinical work has shown that the action of antidepressant
medications may act to alter CBG levels (48). Thus developmental exposure to SSRI
medications may differentially alter the function of CBG with regards to pain
sensitivity.
We did not find an effect of hind paw incision on circulating levels of total
corticosterone levels. The absence of an effect of surgery on corticosterone levels in
the present study is in line with previous work showing no increase in circulating
serum corticosterone levels at 24 hours after open thorax surgery in a rat (49).
However, in humans, increased serum cortisol levels have been shown after major
colonic and abdominal surgery (50, 51). Discrepancies between these findings may be
related to the severity of the surgical intervention that determines the increase in
circulating corticosterone levels or to the timing of blood withdrawal after surgery.

Prenatal stress and developmental fluoxetine exposure: effects on basal
nociceptive thresholds in offspring.
We did not find any significant effect of prenatal stress and/or developmental
fluoxetine exposure on basal nociceptive thresholds to mechanical and thermal stimuli
in juvenile and adult male offspring. Although these parameters were previously not
specifically investigated, research has shown that basal hypersensitivity in response to
mechanical stimulation of muscles or viscera can occur in adult offspring following
repeated postnatal stress, via maternal separation or exposure to limited bedding
material (6, 52, 53). The impact of SSRI medications during development on basal
sensory thresholds has not been widely investigated. Our observation of unaltered
thresholds to mechanical and thermal stimuli in fluoxetine‐exposed offspring is in line
with earlier findings describing unaltered thermal thresholds in adult offspring (at P70)
following oral fluoxetine administration to non‐stressed pregnant mothers (54).
However, this is in contrast with work showing that administering fluoxetine directly to
neonatal pups via daily injections increased thermal threshold in adolescent rats (at
P35) (55). In summary, basal nociception outcomes may be dependent on the perinatal
stress model, route of SSRI administration or behavioral test used.
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Conclusions
The present study is the first to investigate long‐term effects of combined prenatal
maternal stress and developmental fluoxetine exposure. We show here that both
prenatal stress and developmental fluoxetine exposure affect the intensity of post‐
operative pain differentially in offspring at the age of eight weeks. Maternal stress
decreases and developmental fluoxetine increases post‐operative pain hypersensitivity
at this age. However, when maternally stressed dams were treated with fluoxetine,
offspring showed normal post‐operative pain profiles. Hence, SSRI treatment for
maternal adversity may normalize nociception in adult offspring. These changes were
partly paralleled by modulation of the HPA system. Clearly, there is a marked long‐
term effect of maternal adversity and developmental SSRI exposure on post‐operative
pain in offspring. However, before conclusions can be made about the benefits and
risks of perinatal SSRI exposure on offspring development further research is needed.
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CHAPTER 4
Development of the nociceptive network
In the nociceptive pathway, primary afferent sensory neurons originate in the dorsal
root ganglia (DRG). From the DRG, peripheral branches of sensory axons grow towards
peripheral target tissue, e.g. the skin, while the central branches of sensory fibers
reach the lumbar spinal cord and penetrate the gray matter. Large myelinated A‐fibers
which convey tactile, non‐noxious information penetrate the gray matter of the rat
spinal cord first at embryonic day (E) 15‐17, followed by C‐fibers which convey painful,
noxious information to the spinal cord at E18‐20 (1). There are two types of A‐fibers,
Aβ‐fibers for sensation of tactile stimuli and Aδ‐fibes for sensation of tactile and
certain noxious stimuli. Experimentally, Aβ‐fibers can be visualized in spinal cord
sections by immunostaining for vesicular glutamate transporter1 (VGLUT1)(2) and C‐
fibers by immunostaining of calcitonin‐gene‐related peptide (CGRP), a
neurotransmitter which is important in pain processing (3). In the newborn some A‐
fibers grow into pain specific spinal cord laminae I and II, which are normally only
populated by C‐fibers (Fig. 1A). During the following three postnatal weeks A‐fibers
gradually withdraw to their final destination in lamina III, IV and V, a process which is
shown to be activity dependent (4, 5) (Fig. 1B). Thus, during a period in neonatal life A‐
fibers and C‐fibers are populating pain specific laminae in the spinal cord, where pain
transmission neurons reside. As a consequence, tactile non‐noxious stimuli may
activate pain transmission neurons in superficial spinal cord laminae and in this way
touch can result in pain in the neonate. Indeed, activation of these A‐fibers by non‐
noxious skin stimulation has been shown to result in activation of lamina II neurons (6).
The withdrawal of A‐fibers is suggested to occur via competition with C‐fibers, since C‐
fiber destruction at birth resulted in absence of A‐fiber withdrawal in later life (6). It is
suggested that perinatal events shape the development of this plastic nociceptive
network (7). In part 2 of this thesis, we will focus on repetitive neonatal pain exposure
as a frequently occurring painful event in newborns on neonatal intensive care units
(NICU).
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Figure 1 Anatomical representation of the neonatal (A) and adult (B) spinal nociceptive network. In the
neonate large myelinated A‐fibers (orange axons) populate superficial laminae I and II in the spinal cord
together with unmyelinated C‐fibers (red axons) (A). During the first three postnatal weeks A‐fibers
withdraw from these upper laminae to their final destination on pain transmission neurons in lamina IV‐V
and on interneurons in lamina III (B).

Repetitive neonatal pain exposure: The clinical situation
Repetitive neonatal pain exposure occurs frequently in neonatal intensive care units
(NICU), where neonates receive up to 14 noxious, i.e. harmful, stimuli for their health
status monitoring (8, 9). Skin breaking procedures such as injections and heel pricks
represent the majority of these painful procedures (9, 10). Although NICU nurses and
doctors scored these procedures as painful for the neonate, only in 30% of the cases
analgesics were administered (9). Concerns were raised that this repetitive neonatal
pain exposure affects the development of the nociceptive network, which is shown to
be an activity‐dependent process (4, 7), and results in long‐term alterations in
nociception. Children, which were exposed to repetitive painful stimuli in a NICU, had
both increased and decreased basal nociceptive thresholds to thermal and mechanical
stimuli in later life (11‐14). Studies even showed increased brain responses on an
electroencephalogram (EEG) or fMRI scan to a painful heel prick or heat stimulus in
neonates which were exposed to repetitive painful stimuli in a NICU (15, 16), which
implies a change in pain perception in these children. Clinical studies, however, did not
focus on long‐term impacts of repetitive neonatal pain exposure on nociception and
post‐injury nociception, e.g. after surgery. Underlying mechanisms for such long‐term
changes are largely unknown.
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Repetitive neonatal pain exposure: Animal models and plasticity of the
nociceptive network
To investigate mechanisms underlying the impact of neonatal repetitive pain exposure
on the development of the nociceptive network, animal models have been developed.
In general, neonatal rat models have been used of which the central nervous system
closely resembles that of a preterm born human infant between 24 and 36 weeks
postmenstrual age (17, 18). The first postnatal week in rats represents a critical period
in which pain exposure results in long‐term impacts for nociception and the developing
nociceptive network. Indeed, pain exposure beyond this period does not result in
altered nociception in later life (19, 20). Neonatal pain exposure in the NICU has been
modeled by injecting substances, such as complete Freund’s adjuvant (CFA) and
carrageenan, which elicit a painful inflammation into the neonatal rat’s hind paw (19,
21‐23). However, not inflammation, but skin breaking procedures predominate painful
routine NICU procedures (10). Hence, a more clinically relevant animal model was
developed in which repetitive needle pricking was performed into the paws of a rat
during the first postnatal week. These animals showed basal hypersensitivity to heat
and mechanical stimuli at juvenile and adult ages (24, 25), however post‐injury
nociception has not been investigated. In contrast to these studies, in which needle
pricks were distributed over all paws, we focused the needle pricks on one single paw
in order to mimic repetitiveness of neonatal pain stimuli. Furthermore, we studied
acute hypersensitivity after needle pricking as well as basal nociception and post‐injury
nociception in later life.
Mechanisms underlying the impact of neonatal repetitive pain exposure may
either reside in the injured tissue, i.e. in the peripheral branches of sensory neuron
endings in the skin where the stimuli are applied, and/or in central branches of the
sensory neuron in the central nervous system, where the stimuli are further processed.
The innervation density of the skin depends on the survival of sensory neurons which
is tightly regulated by the expression of neurotrophic factors in early life (26). Since
skin injury in neonatal rats results in upregulation of neurotrophic factors such as
neuronal growth factor (NGF) (27) and neurotrophin‐3 (NT‐3) (28), peripheral sensory
axon outgrowth may occur. Indeed, injury to the skin in early life is marked by
sprouting of peripheral branches of sensory nerves resulting in a long‐lasting
hyperinnervation of the skin (29, 30). Recently it has been shown that the majority of
these sprouting fibers contain the neurotransmitter CGRP and are therefore identified
as C‐fibers which convey painful information to the spinal cord (28). Functionally, adult
animals that have been exposed to neonatal hind paw skin injury develop
hypersensitivity to re‐injury in adulthood (20). This hypersensitivity upon adult re‐
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injury was prevented by perineural application of levobupivacaine (a local anesthetic
acting at Na+ ion channels and thereby blocking firing in primary afferent nerves) at the
time of neonatal injury (20). Thus, neonatal skin injury induces local hyperinnervation,
which may explain the hypersensitivity to re‐injury in later life. It should be noted that
neonatal skin injury, which occurs under anesthesia, is more related to neonatal
surgery than to repetitive pain exposure in the NICU. Currently it is not known if
repetitive neonatal pain exposure like repetitive needle pricking also results in a
permanent hyperinnervation of the skin.
Permanent alterations in the central branches of sensory neurons in the
nociceptive network have also been observed following neonatal pain exposure.
Injection of CFA into the neonatal rat hind paw increases CGRP‐containing fiber
innervation density in the spinal cord in adulthood (21, 31), which was paralleled by
hypersensitivity to re‐injury in adulthood and concomitant higher neuronal activation
in the spinal cord (21). However, these findings hold low clinical relevance since CFA‐
injection into the neonatal hind paw results in a chronic inflammation lasting at least
for 8 weeks after injection and the increased innervation was not observed when
lower concentrations of CFA were injected (22). Following neonatal skin injury, spinal
dorsal horn pain transmission neurons show functional alterations, such as increased
receptive field sizes, which were not seen following neonatal hind paw inflammation
with carrageenan (32). Importantly, functional changes in spinal dorsal horn neurons
have been linked to peripheral expression of NGF (33). Again, animal models for the
NICU have not been used to study changes in the spinal nociceptive network. Besides
alterations in nociceptive C‐fibers, the development of large myelinated A‐fibers may
also be affected by neonatal pain exposure. A‐fiber withdrawal was prevented by
partly blocking neuronal activation in the spinal cord (4) and, as mentioned before, by
destroying C‐fibers at birth (6). Therefore, it is hypothesized that increased activation
in C‐fibers due to neonatal pain exposure affects A‐fiber withdrawal from the
superficial layers of the dorsal spinal cord. In case this results in impaired A‐fiber
withdrawal, tactile non‐noxious stimuli may be perceived as painful in later life.
In conclusion, neonatal pain exposure in the form of inflammation or skin
injury results in altered wiring of the neonatal peripheral and central nociceptive
network. It is not known whether neonatal repetitive pain exposure as it occurs in the
NICU also results in permanent plasticity in the nociceptive network and if this affects
basal and injury‐induced nociception in later life.
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Abstract
Repetitive exposure of neonates to noxious events is inherent to their health status
monitoring in neonatal intensive care units (NICU). Altered basal nociception in the
absence of an injury in later life has been demonstrated in ex‐NICU children, but the
impact on pain hypersensitivity following an injury in later life is unknown. Also
underlying mechanisms for such long‐term changes are relatively unknown. The
objective of this study is to investigate acute and long‐term effects of neonatal
repetitive painful skin‐breaking procedures on nociception and to investigate plasticity
of the nociceptive circuit. The repetitive needle prick animal model was used in which
neonatal rats received four needle pricks into the left hind paw per day during the first
postnatal week and control animals received non‐painful tactile stimuli. Repetitive
needle pricking during the first week of life induced acute hypersensitivity to
mechanical stimuli. At the age of eight weeks, increased duration of post‐operative
hypersensitivity to mechanical stimuli after ipsilateral hind paw incision was shown in
needle prick animals. Basal nociception from three until eight weeks of age was
unaffected by neonatal repetitive needle pricking. Increased CGRP expression was
observed in the ipsilateral and contralateral lumbar spinal cord, but not in the hind
paw of needle prick animals at the age of eight weeks. Innervation of tactile Aβ‐fibers
in the spinal cord was not affected. Our results indicate both acute and long‐term
effects of repetitive neonatal skin breaking procedures on nociception and long‐term
plasticity of spinal, but not peripheral innervation of nociceptive afferents.
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Introduction
Neonates are frequently exposed to repetitive painful procedures in the neonatal
intensive care unit (NICU), where they undergo to up to 14 painful routine procedures
per day (1, 2). Consequently, neonatal noxious insults may have long‐term effects on
nociceptive processing and therefore pain experience in later life. Indeed, several lines
of evidence indicate that basal nociception is altered in infants and children with a
history of neonatal noxious insults in the NICU and/or neonatal surgery (3‐7).
Moreover, increased pain sensitivity after an injury in later life has been observed in
subjects who had undergone neonatal surgery (8, 9). A clear understanding of the
mechanisms underlying long‐term consequences of neonatal noxious insults on
nociception and pain hypersensitivity is however still largely lacking.
A range of animal models have been developed to gain insights into the
cellular and molecular mechanisms triggered by neonatal noxious insults including
intraplantar hind paw injections of inflammatory substances such as complete
Freund’s adjuvant (CFA), carrageenan (CAR) or repetitive formalin injections (10‐17).
Altered basal nociception and increased pain hypersensitivity to tissue injury or
inflammation have been reported in these models when rats reached adulthood (13,
15). Nevertheless, inflammation does not form the main body of neonatal insults
during a NICU‐stay. Rather, repetitive skin breaking procedures predominate routine
procedures to which neonates are subjected to in the NICU (8, 18). We previously used
the animal model of repetitive needle pricking in the hind paw of the neonatal rat as a
model for the repetitive painful procedures in the NICU. We observed increased
inflammatory pain hypersensitivity at the age of eight weeks in male but not female
rats which were exposed to neonatal repetitive needle pricking (19). It is however
unknown if repetitive neonatal needle pricking also affect post‐operative pain
hypersensitivity.
The development of the spinal nociceptive circuit extends into the neonatal
period when C‐fibers are still functionally immature and large A‐fibers are populating
superficial laminae in the dorsal horn (reviewed in (20)). Structural and functional fine‐
tuning of this circuit is activity dependent (21) and may therefore be substantially
affected by neonatal noxious insults such as those occurring in the NICU. Since the
structural and functional fine‐tuning of the spinal nociceptive circuit has been shown
to be activity dependent (11, 12, 21, 22), we hypothesized that repetitive needle pricks
affect proper development of afferent fiber innervation of the spinal cord. Both
nociceptive C‐ and Aδ‐fiber as well as tactile Aβ‐fiber innervation of the spinal cord
have been shown to be affected by disturbance of normal sensory activity in the
neonate (21, 23). Moreover, we tested the hypothesis that peripheral endings of
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nociceptive nerve fibers in the skin are altered due to repetitive needle pricking.
Hyperinnervation of the skin has been shown previously in an animal model of
neonatal hind paw skin injury (24). In the present study the rat model of neonatal
repetitive needle pricking focused on the same hind paw was used to study basal
nociception and post‐operative pain hypersensitivity in later life as well as structural
plasticity of the nociceptive circuit in the spinal cord and the hind paw skin.
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Methods
Animals
In this experiment a total of 27 Sprague‐Dawley rat pups born from time‐pregnant
Sprague‐Dawley dams (Charles River) were used. The dams arrived at the University of
Maastricht animal facility at the 13‐15th day of pregnancy (E13‐15) and delivered at
term (E21). Pups were culled to N=10 per dam. Care was taken to randomly assign
pups of the same dam to different experimental conditions to prevent between‐nest
variation. After weaning at postnatal day (P) 21, pups were housed in groups of two or
three in standard cages. Animals were housed in a temperature (19‐24°C) and
humidity (55 ± 15%) conditioned room with a 12:12 light/dark regime and background
music to calm the animals. Ad libitum water and food were available for the whole
study period. All animal experiments were performed in accordance with the European
Directive for the Protection of Vertebrate Animals Used for Experimental and Other
Scientific Purposes (86/609/EEC) and were approved by the Committee for
Experiments on Animals of Maastricht, The Netherlands (DEC 2008‐184).

Neonatal pain: Repetitive plantar needle pricks
To model repetitive pain exposure in the NICU, rat pups were noxiously stimulated
with repetitive needle pricks four times per day at 9.00, 10.00, 11.00 and 12.00 a.m.
from P0 (day of birth) to P7 (19). The noxious stimulus involved a single 2 mm
calibrated needle prick in the middle of the callus pads at the mid‐plantar surface of
the left hind paw with a 25‐G needle (N=17, needle prick group). Gentle pressure was
applied with a cotton swab to control for bleeding after which pups were returned to
the dams. Control animals received four daily tactile stimuli at hourly intervals, by
stroking their left hind paw with a cotton‐tipped swab (N=16, tactile control group).
We chose to stimulate the animals during the first postnatal week since the
developmental status of the central nervous system and in particular the spinal
nociceptive network in the first week of life of a neonatal rat resembles that of human
preterm neonate between 24 and 36 weeks of gestation (25). Also, the first week of
life of a neonatal rat has been shown to be a window of sensitivity for long‐term
effects of neonatal pain stimuli, since when they are performed beyond the first week
of life, they do not affect nociception in later life (11, 15, 26).
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Adult injury: Ipsilateral plantar hind paw incision
At the age of eight weeks, animals from the needle prick group (N = 10) and from the
tactile control group (N = 9) received an injury to the ipsilateral (side of neonatal
stimulation) hind paw, i.e. plantar hind paw incision as a model for post‐operative pain
hypersensitivity to mechanical stimuli. Animals were anesthetised with 3‐5% isoflurane
(Abbott Laboratories Ltd., Kent, U.K.), mixed with air enriched with 100% oxygen at a
constant flow rate of 250 ml/min. Body temperature was maintained at 37.5 °C using
an automatic heating pad. After making a ± 1 cm longitudinal incision through the
plantar skin and fascia, the plantar muscle was elevated and incised at the midline as
described previously (27). Two mattress‐sutures with 5‐0 nylon on a PS‐2 needle
(Ethicon, San Lorenzo, PR) were used to close the wound.

Behavioral testing
Sensitivity to mechanical stimuli was tested at several time‐points (Fig. 1) during
development and 1, 3, 5, 7, 9 and 11 days after hind paw incision by measuring paw
withdrawal thresholds (PWT) using mid‐plantar application of 10 von Frey
monofilaments (North Coast Medical, Inc., California, USA) with logarithmically
incremental stiffness (0.166, 0.407, 0.692, 1.202, 2.041, 3.63, 5.495, 8.511, 15.136 and
28.84 g). Rat pups, aged P0‐P7, were lightly restrained on a bench surface and
filaments were applied to the dorsal paw surface (28). For PWT testing from P21 on,
filaments were applied to the planter paw surface and animals were placed in Plexiglas
cages on an elevated wire mesh floor and allowed to adapt for 30 min before testing.
Starting with the lowest filament, each filament was applied five times, each
application with a duration of one second and an inter‐application interval of a few
seconds. Maximal applied force was defined by maximal withdrawal, i.e. when the
animal showed five withdrawal responses. To prevent tissue damage, the 2.041 g
filament was the cut‐off force applied in rat pups and the 28.84 g filament in post‐
weaning rats. The mechanical force resulting in a 50% withdrawal frequency was
assigned to as the PWT and was calculated from a sigmoid curve (withdrawal
frequency per filament vs. force log applied) by regression analysis (GraphPad Prism
Version 4.00, CA, USA) (15).
Thermal sensitivity was determined using the Hargreaves thermal plantar
algesia apparatus (Ugo Basile, Collegeville, PA, USA) during development (Fig. 1). After
an adaptation period of about 30 minutes, an infrared laser beam was placed at the
mid‐plantar surface of the hind paw. The apparatus measures the paw withdrawal
latency (PWL) from the infrared source (intensity of 70) to the nearest 0.1 s. Mean
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PWL from three measurements per paw (ten minute intervals) was measured with a
cut‐off time of 20s. Testing at the neonatal period was not possible with this apparatus
due the possible tissue damage. For post‐operative pain hypersensitivity testing, the
Hargreaves apparatus was not used, since mechanical hypersensitivity is reported to
be the main outcome for post‐incision pain hypersensitivity (27).

Immunohistochemistry (IHC)
Tactile control (N=7) and needle prick (N=7) animals, which did not receive a hind paw
incision were sacrificed at the age of eight weeks. The animals were terminally
anaesthetized with sodium pentobarbital (150 mg/kg intraperitoneally (i.p.)) and
transcardially perfused with ice‐cold saline followed by 4% paraformaldehyde with
15% picric acid in 0.1M phosphate buffer (pH 7.4, 4°C). After perfusion, the lumbar
spinal cord and mid‐plantar hind paw skin biopsies (5mm diameter) were post‐fixed
overnight in the perfusion solution at 4°C. Next, cryoprotection was performed by an
overnight incubation in 10% sucrose solution (in 0.1M phosphate buffer, pH 7.6, at
4°C) followed by at least 72h incubation in 25% sucrose solution. Finally, spinal cord
lumbar levels L4 and L5 and hind paw skin biopsies were frozen and stored at −80 °C.
Skin biopsies of ipsilateral and contralateral hind paw skin were isolated from the area
located between the callus pads at the plantar aspect of the hind paws, i.e.
approximately the site of neonatal stimulation, with a 5mm circular biopsy punch (Kai
Medical Europe, Solingen, Germany). Serial transverse spinal cord and paw skin
sections of 30µm thickness were mounted on gelatine‐coated glass slides and stored at
‐20°C until usage.
Spinal sections from lumbar levels L4 and L5 from needle prick (N=7) and
tactile control (N=7) animals that did not receive hind paw incision at eight weeks were
processed for IHC of primary afferent innervation. Glass slides were thawed for about
two hours at room temperature (RT), followed by three washing steps of 10 minutes
with Phosphate‐buffered‐saline (PBS). Spinal cord sections were incubated with the
following primary antibodies: rabbit anti‐calcitonin gene‐related peptide (CGRP,
1:1000, Biotrend, FL, USA) for peptidergic nociceptive fibers and rabbit anti‐vesicular
glutamate transporer‐1 (VGLUT1, 1:1000, Synaptic Systems, Goettingen, Germany) for
myelinated fibers (29, 30). All antibodies were diluted in PBS containing 0.3% Triton X‐
100 (PBS‐T) and incubated overnight at RT. After three PBS washing steps, spinal
sections were incubated for two hours at RT with the secondary antibody solution
Alexa 594‐conjugated donkey anti‐rabbit (1:100, Invitrogen, CA, USA) in PBS‐T. Next,
sections were washed with PBS and embedded in 80% glycerol/PBS. To investigate skin
innervation three ipsilateral and three contralateral hind paw skin sections were
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stained for CGRP‐positive fibers. IHC of CGRP‐ positive fibers was performed according
to the abovementioned protocol, except for the secondary antibody solution which
contained Alexa 488‐conjugated donkey anti‐rabbit (1:100, Invitrogen, CA, USA).

Figure 1 Schematic overview of the experimental design. Neonatal rats were stimulated with needle pricks
(N=17) or tactile control stimuli (N=16) four times (at 9:00, 10:00, 11:00 and 12:00h) per day from the day of
birth (P0) until P7. To determine sensitivity to mechanical stimuli after needle pricking, paw withdrawal
thresholds (PWT) to mechanical stimuli were measured at baseline (8:00 a.m.) and one, three and five hours
after the last stimulation at 12:00h. After weaning basal nociception was determined weekly as the PWT to
mechanical stimuli and paw withdrawal latency (PWL) to thermal stimuli. At the age of eight weeks,
ipsilateral hind paws of tactile control animals (N=9) and needle prick animals (N=10) were incised and post‐
operative hypersensitivity to mechanical stimuli was measured at day one post incision (DPI1), DPI3, DPI5,
DPI7, DPI9 and DPI11. For immunohistochemical (IHC) purposes needle prick animals (N=7) and tactile
control animals (N=7) were sacrificed at the age of eight weeks. TC: tactile control, NP: needle prick.

Image analysis spinal cord sections
Photomicrographs of ipsilateral and contralateral dorsal horns were taken using a
fluorescent microscope (Olympus AX70) with a 4x objective (and a 12.5x condenser)
using a greyscale F‐view camera (Olympus). Photomicrographs were analyzed using
ImageJ free software. Five sections per lumbar level were averaged for each animal for
each staining. Mean grey value of the CGRP‐immunoreactivity (IR) was determined
after background subtraction, performed by setting the same manual threshold value
for all pictures. Laminae I to VI of the dorsal horn were delineated as region of interest
(ROI). Also the area occupied by CGRP‐IR was measured as a percentage of the total
ROI area. A‐fibers are known to withdraw postnatally from superficial to deeper layers
of the dorsal horn (21). Hence, we measured the distance (in µm) from the top‐border
of the dorsal horn to the border of Aβ‐fiber terminals (VGLUT1‐IR) manually as
described earlier (21).
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Intra epidermal nerve fiber density (IENFD) of CGRP‐positive fibers
CGRP‐positive fibers present in the epidermis were counted in three ipsilateral and
three contralateral hind paw skin sections via stereological analysis with a fluorescence
microscope (Olympus BX50, Olympus Zoeterwoude B.V., the Netherlands) and the
software Stereo Investigator 9.14.3 (MicroBrightField Europe, Magdeburg, Germany).
Quantification of intra‐epidermal nerve fibers (IENF) is a diagnostic tool for the
detection of small‐fiber sensory neuropathy. The intraepidermal nerve fiber density
(IENFD) was shown to be correlated with pain symptoms and the predictive value of
this technique is shown to be very high (31, 32). Also this method was effective in
measuring the effect of peripheral nerve injury in rats on paw skin innervation (33). To
determine IENFD, previously described criteria were maintained (32). In short, the
epidermis was scanned in a consistent pattern, up and down through the y‐axis of the
epidermis, while moving from left to right through the x‐axis and focusing in and out
through the z‐axis. Each IENF crossing the dermal‐epidermal junction was counted,
despite anterior branching. Then the IENFD was calculated according the following
formula: (IENF/section length (μm))*1000.

Statistical analysis
All data shown were presented as mean ± standard error of the mean (SEM).
Logarithmically increasing stiffness values of von Frey filaments were log transformed
to allow parametric statistics on linear data. For statistical analysis of PWT and PWL
repeated measures ANOVA were performed with Bonferroni post hoc corrections for
multiple comparisons. Independent t‐tests were used to compare IHC outcomes
between tactile control and needle prick animals. P < 0.05 was considered to be
statistically significant (GraphPad Prism Version 4.00).

81

CHAPTER 5
3 Results
Acute mechanical hypersensitivity following neonatal repetitive needle
pricking
Sensitivity to mechanical stimuli following repetitive small skin‐breaking procedures in
the form of four needle pricks per day was tested daily from P0 until P7 at one, three
and five hours after the last stimulus. Over time there was a general increase in PWT of
ipsilateral (Fig. 2A; F(31, 558)=22.070, P<0.001) and contralateral (Fig. 2B; F(31,
558)=36.946, P<0.001) hind paws. Neonatal needle pricking resulted in a decrease in
PWT, which was evident by a time*group interaction effect (Fig. 2 A; F(31,
558)=3.0907, P<0.001). Post hoc corrections show decreased PWT compared to
baseline (Fig. 2A; *P<0.05) or tactile control animals (Fig. 2A; #P<0.05) first at P3, but
more prominent at P5, P6 and P7. Contralateral PWTs were not affected by repetitive
needle pricking (Fig. 2B).
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Figure 2 Effect of neonatal stimulation, i.e. four needle pricks (N=10, grey triangles) or four tactile control
stimuli (N=9, black squares), paw withdrawal threshold (PWT) of ipsilateral (A) and contralateral (B) hind
paws at baseline (BL) and at one, three and five hours after the last stimulus. Ipsilateral PWT of needle prick
animals decreased after repetitive needle pricking. From P3 on, statistically significant differences compared
to baseline (* P<0.05) and to tactile control animals (# P<0.05) were observed. Contralateral PWTs were not
affected by repetitive needle pricking (B). TC: tactile control, NP: needle prick.
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Basal nociception for thermal and mechanical stimuli during
development
The development of PWTs to mechanical stimuli was measured weekly from the age of
three weeks until seven weeks (Fig. 3A‐B). A general effect of time was observed in
both the ipsilateral PWT (Fig. 3A; F(4, 68)=33.62, P<0.001) and the contralateral PWT
(Fig. 3B; F(4, 68)=30.01, P<0.001). No differences were measured between needle prick
and tactile control animals at any time‐point. Sensitivity to thermal stimuli was
measured weekly from weaning until the age of eight weeks (Fig. 3C‐D). A general
effect of time was observed for PWL of the ipsilateral (Fig. 3C; F(5, 85)=8.51, P<0.001)
and contralateral paw (Fig. 3D; F(5, 85)=8.346, P<0.001), with no differences between
the needle prick and tactile control group. Post hoc correction showed that only the
higher PWL of the three week time‐point was responsible for the time effect.

Figure 3 Basal nociception tested weekly during development from three weeks until eight weeks of age as
paw withdrawal thresholds (PWT) to mechanical stimuli (A‐B) or paw withdrawal latencies (PWL) to thermal
stimuli (C‐D). A significant effect of time was observed in ipsilateral (A) and contralateral (B) PWTs in needle
prick (N=10, grey triangles) and tactile control (N=9, black squares) animals. No difference in PWT between
needle prick and tactile control animals was measured at any time‐point. Also for PWL to thermal stimuli a
main effect of time was observed for ipsilateral (C) and contralateral (D) hind paws. However, this effect was
confined to the higher PWL at the age of three weeks. No difference in PWL between needle prick and tactile
control animals was observed. TC: tactile control, NP: needle prick.
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Post‐operative pain: ipsilateral plantar hind paw incision at the young‐
adult age of eight weeks
Ipsilateral hind paw incision was performed in tactile control and needle prick animals
at the age of eight weeks and post‐operative hypersensitivity to mechanical stimuli
was measured. At this age no obvious signs of ongoing injury were observed in the
hind paws of needle prick animals. Absence of inflammatory cells, scar tissue and
injury was observed in a haematoxylin and eosin staining of ipsilateral mid‐plantar paw
skin biopsy sections of tactile control and needle prick animals (Supplemental Fig. 1).
This indicates that the wound from repetitive needle pricking was fully healed at the
age of eight weeks. It has been shown that injecting the noxious inflammatory
substance CFA, but not the milder substance carrageenan, resulted in chronic
inflammation of the hind paw (12). A difference in duration of post‐operative
hypersensitivity to mechanical stimuli of the ipsilateral injured paw was measured
between tactile control and needle prick animals since a time*group interaction effect
was observed (Fig 4A; F(6, 102)=2.81, P<0.05). Post hoc corrections showed that PWT
to mechanical stimuli decreased compared to their pre‐operative baseline values at
one day post‐incision (DPI1) in tactile control animals (*** P<0.001) and at DPI1, DPI3
and DPI5 in needle prick animals (***P<0.001), when compared to their pre‐operative
baseline values (Fig. 4A). Also a main effect of group was observed (Fig. 4A; F(1,
17)=12.91, P<0.01) with lower PWT to mechanical stimuli in needle prick animals than
in tactile control animals, which after post hoc correction was shown to occur at DPI3
and DPI5 (#, P<0.05). Contralateral PWTs were only increased at DPI1, since post hoc
correction showed that the main effect of time (Fig. 4B; F(6, 102)=2.88, P<0.05) was
confined to DPI1.
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Figure 4 Effect of neonatal repetitive needle pricks on post‐operative hypersensitivity to mechanical stimuli
at the age of eight weeks. Ipsilateral hind paw incision was performed at the age of eight weeks as a model
for post‐operative pain. PWT to mechanical stimuli were measured at one day post incision (DPI1), DPI3,
DPI5, DPI7, DPI9 and DPI11 (A‐B) and expressed as mean (±SEM) percentage change to their pre‐operative
baseline values (BL). PWT decrease after hind paw incision at the ipsilateral paw of needle prick animals
(N=10, grey triangles) until at least DPI5 (A, ***P<0.001, compared to BL). In tactile control animals (N=9,
black squares) post‐operative pain duration lasted until DPI1 (A, ***P<0.001, compared to BL). Post hoc
corrections showed that post‐operative PWTs in needle prick animals were lower than in control animals at
DPI3 and DPI5 (A, # P<0.05). Contralateral hind paw PWTs were increased at DPI1, since the main effect of
time was shown to be confined to only a higher PWT at DPI1 (B). TC: tactile control, NP: needle prick.

Innervation of afferents in the spinal nociceptive circuit
Neonatal repetitive needle pricking resulted in increased CGRP‐IR in the ipsilateral and
contralateral lumbar spinal cord (Fig. 5A’) compared to tactile control animals (Fig. 5A).
This increased CGRP‐IR was quantified as an increased intensity, measured as mean
grey values in the ipsilateral (*P<0.01) and contralateral (*P<0.01) dorsal horn
compared to tactile control animals at the adult age of eight weeks in the absence of
ongoing injury (Fig. 5C). Also the area of the dorsal horn occupied by CGRP‐IR was
increased in neonatal needle prick animals, since the percentage of the ipsilateral
(*P<0.01) and contralateral (*P<0.05) dorsal horn covered by CGRP staining was
increased (Fig. 5D). Neonatal repetitive needle pricking did not affect Aβ‐fiber
withdrawal from superficial dorsal horn layers, since the distance from the top‐border
of the dorsal horn to the border of VGLUT1‐positive endings did not differ compared to
tactile control animals (Fig. 5B, B’ and E).
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Figure 5 Long‐term consequences of neonatal repetitive needle pricking on primary afferents in the lumbar
(L4‐L5) spinal nociceptive circuit in the absence of injury at the age of eight weeks. Needle prick animals
(N=7) displayed increased CGRP‐IR at the ipsilateral and contralateral dorsal horn (A’), compared to tactile
control animals (A, N=7). This was evidenced by higher intensity of CGRP‐IR, i.e. mean grey value, (C, tactile
control: black squares, needle prick: grey triangles, * P<0.05). Also, the innervation density of CGRP‐positive
fibers was increased since the percentage of the area covered by CGRP‐IR relative to the total measured
area increased (D, *P<0.05). Withdrawal of Aβ‐fibers from the superficial dorsal horn was measured in
tactile control (B) and needle prick animals (B’) as the distance from the top‐border of the dorsal horn to the
border of VGLUT1‐IR endings. This distance was not different between tactile control and needle prick
animals (E). TC: tactile control, NP: needle prick, ipsi: ipsilateral, contra: contralateral, IR: immunoreactivity,
CGRP: calcitonin gene‐related peptide, VGLUT1: vesicular glutamate transporter 1, a.u.: arbitrary units.
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Innervation of CGRP‐positive fibers in the plantar hind paw skin
The IENFD of CGRP‐positive fibers (Fig. 6A) in the hind paw was counted as the amount
of fibers crossing the dermal‐epidermal junction (arrows in Fig. 6B’, B’’) per mm of
tissue. There was no difference in IENFD of CGRP‐positive fibers in the plantar hind
paw skin between tactile control and needle prick animals (Fig. 6C).

Figure 6 Intra‐epidermal nerve fiber density (IENFD) of CGRP‐positive fibers in the plantar hind paw skin in
the absence of injury at the age of eight weeks (A‐C). In part A, a representative intra‐epidermal CGRP‐
positive fiber is indicated (B). Fibers crossing the dermal‐epidermal junction (dotted line in B’ and B”) were
counted manually and divided by the section length. No differences in IENFD of CGRP‐positive fibers were
observed between tactile control (N=7, black squares) and needle prick animals (N=7, grey triangles) (C). TC:
tactile control, NP: needle prick.
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Supplemental Figure 1 Haematoxylin and eosin staining of ipsilateral mid‐plantar paw skin biopsy sections of
tactile control (A, A’) and needle prick (B, B’) animals at the age of eight weeks. No signs of inflammatory cell
infiltration, scar tissue or injury were observed in the hind paw skin of needle prick or tactile control animals.
A and B: 4x magnification, A’ and B’: 10x magnification.
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Discussion
The present study shows that repetitive painful tissue‐damaging procedures in the
form of four daily needle pricks resulted in acute hypersensitivity to mechanical stimuli
in the neonatal rat. Repetitive needle pricking during the first postnatal week
increased the duration of post‐operative pain induced by ipsilateral plantar hind paw
incision in later life, but did not affect basal nociception. Increased CGRP‐IR in the
lumbar spinal cord, but not increased CGRP‐positive fiber innervation of the hind paw
was observed in needle prick animals at the age of eight weeks without ongoing injury.
Our study is the first to report acute hypersensitivity to mechanical stimuli
following repetitive needle pricking in the hind paw of the neonatal rat. This is in line
with the observation of ipsilateral hypersensitivity to mechanical stimuli after multiple
heel pricks in newborn infants, which could be reversed by topical anesthesia (34).
Animal models previously documented to measure neonatal pain used injections and
applications of noxious inflammatory substances such as carrageenan and capsaicin
and observed hypersensitivity to mechanical von Frey stimuli ranging from one to at
least five hours (35, 36). However, for modeling the repetitiveness of painful
procedures in the NICU, the needle prick animal model is more suited, since skin
breaking procedures and not inflammation predominate NICU routine procedures (2,
18). The repetitive needle prick animal model can be used to determine the potency of
analgesic substances, by measuring the effect on acute hypersensitivity to mechanical
stimuli. Multiple testing with von Frey filaments did not result in hypersensitivity since
PWTs were not altered in non‐noxiously stimulated control animals.
The lack of altered basal nociception during development that we observed is
in line with our previous findings (19). However, other studies using repetitive
neonatal needle pricks have documented hyperalgesia to thermal stimuli at P16 and
P22 and hypersensitivity to mechanical stimuli at the age of 14 to 23 weeks (37, 38).
This difference might be related to the intensity of the painful stimulus since we
applied the needle pricks at the same hind paw, in contrast to the abovementioned
reports where needle pricks were distributed equally over all paws. It is clear that the
nature, the intensity and the repetitiveness of a neonatal insult might determine the
outcome on basal nociception. Neonatal hind paw CFA‐injection or hind paw incision
did not change basal PWT or PWL to mechanical or thermal stimuli (11, 26). However,
inducing a milder inflammation by single intraplantar injection with carrageenan was
reported to result in hypoalgesia to mechanical and thermal stimuli in later life (13‐15,
39).
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The observed increased duration of post‐operative hypersensitivity to
mechanical stimuli in needle prick animals is in line with findings from studies using
other neonatal pain models (13, 26). Only one clinical study investigated the effect of
early life pain on the response to surgery in later life. Children which underwent
neonatal surgery showed increased visual analog scale (VAS) pain‐scores and increased
need for peri‐operative analgesics upon a second surgery in later life (8). The post‐
operative pain in our young‐adult tactile control animals which lasted for at least one
day after surgery is in line with previous studies. Indeed, it has been shown that
decreases in PWT to von Frey filaments, placed at the mid‐plantar surface, lasted for a
maximum of two days (13, 27). Since we did not measure PWTs at two days after
incision, we cannot exclude the possibility that PWT were still decreased in tactile
control animals at that time.
Structural plasticity changes in the nociceptive circuit have been proposed as
underlying mechanisms for long‐term nociception alterations due to neonatal insults.
This circuit is vulnerable to excessive stimulation particularly during the postnatal
period when C‐fibers are immature and Aβ‐fibers are populating pain‐related layers in
the spinal dorsal horn. We, here, show that repetitive neonatal needle pricking of one
hind paw results in an increase of CGRP expression in the ipsilateral and contralateral
lumbar dorsal horn at the age of eight weeks. This is in line with the increased C‐fiber
innervation shown after neonatal hind paw inflammation with CFA (11, 23). CGRP is a
neuropeptide which can induce spinal central sensitization through postsynaptic CGRP
receptors (40). Moreover, CGRP neurotransmission is involved in pathological pain
states, which might explain why only post‐operative hypersensitivity duration and not
basal nociception is affected in our study. Indeed, intrathecal injection of antiserum to
CGRP normalizes PWT and PWL after intraplantar CFA‐injection (41) and blocking the
CGRP receptor alleviates thermal and mechanical allodynia from spinal cord injury
(42). Electrophysiological neuronal responses were elevated in adult animals which
received neonatal paw inflammation (11), which might relate to the observed
increased CGRP expression in these animals (23). However, such long‐term plasticity in
nociceptive innervation of the spinal cord has been shown to correlate to the
development of chronic hind paw inflammation which follows neonatal intraplantar
CFA‐injection (12). Indeed, intraplantar injection of a smaller volume of CFA or
carrageenan which both do not result in chronic inflammation did not affect
nociceptive innervation in the dorsal horn (12). Thus, the intensity or the nature of the
neonatal noxious insult might determine long‐term plasticity changes in the
nociceptive spinal circuit. Remarkably, we found increased CGRP‐IR at the ipsilateral
and contralateral side of the lumbar spinal cord after repetitive needle pricking during
the first week of life. This is in contrast with findings from animal models of neonatal
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hind paw inflammation where increased C‐fiber innervation and CGRP expression were
observed at the ipsilateral, but not the contralateral, spinal cord and dorsal root
ganglion of animals injected with CFA into the hind paw as neonates (11, 23, 43). In
these studies the increased C‐fiber innervation was not restricted to the dermatome of
injury (11). Hind paw inflammation with carrageenan resulted in hypersensitivity to re‐
inflammation or incision of the ipsilateral, but not the contralateral hind paw in later
life (13, 15). Neonatal surgery, which besides inflammation also induces tissue injury
and nerve damage, in humans has been shown to result in hypersensitivity to a painful
stimulus, i.e. surgery or needle insertion, later in life in the same and in other
dermatomes (8, 9). It is unknown whether repetitive needle pricking may also induce
hypersensitivity to re‐injury in other dermatomes. Also, underlying mechanisms for the
bilateral increase in CGRP are unknown. It is possible that the nature of neonatal injury
defines the outcome on spread of CGRP‐IR increase from the ipsilateral to the
contralateral side.
As we observed changes of spinal CGRP‐fibers it is possible that the peripheral
endings of these fibers show altered innervation of the skin. However, we could not
observe any differences in IENFD of CGRP‐positive fibers between needle prick and
tactile control animals at the age of eight weeks. Hyperinnervation of the skin has been
shown to occur after a more severe neonatal injury, i.e. removal of plantar hind paw
skin under anesthesia as a model for neonatal surgery (44). Possibly, the intensity of
the neonatal pain stimulus determines the outcome on central and/or peripheral
plasticity. It is known that up‐regulation of neurotrophins such as NGF in neonatally
wounded skin (45), might affect growth associated proteins resulting in central
sprouting (46). Also, injecting NGF into hind paw skin has been show to mimic effect of
neonatal hind paw injury on nociceptive responses in the spinal cord (47). Thus, in our
animal model peripheral needle pricks only have an effect on the spinal cord
innervation of nociceptive CGRP containing fibers and not on peripheral CGRP‐fiber
innervation of the skin.
Our needle pricks did not affect Aβ‐fiber withdrawal in the spinal cord since
no differences were observed between tactile control and needle prick animals in the
distance from the top‐border of the dorsal horn to the border of VGLUT1‐IR endings.
Blocking activation of NMDA‐receptors in the spinal cord with an NMDA‐receptor
antagonist (MK‐801) arrested withdrawal of Aβ‐fibers from superficial laminae to their
final deeper destination in the dorsal horn (21). Thus, a low grade of activity in the
spinal cord delays Aβ‐fiber withdrawal and conversely a high grade of activity may
accelerate this withdrawal process. Neonatal repetitive needle pricking did not
increase Aβ‐fiber withdrawal, which suggests that a specific level of activity is required
to affect this process. The absence of an effect on Aβ‐innervation of the spinal cord
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might relate to the fact that basal nociception was not affected in needle prick
animals.

Conclusions
In conclusion, the repetitive neonatal needle prick animal model results in acute
hypersensitivity to mechanical stimuli. Increased duration of ipsilateral post‐operative
hypersensitivity to mechanical stimuli was shown in later life of animals exposed to
neonatal needle pricks. Basal nociception thresholds in later life were not affected by
repetitive neonatal pain. An increase in the nociceptive protein CGRP was observed in
the ipsilateral and contralateral dorsal spinal cord in needle prick animals at the age of
eight weeks without any ongoing injury. This structural change in spinal nociceptive
fibers was not accompanied by a peripheral effect since hind paw skin innervation of
CGRP‐positive fibers was not affected by neonatal needle pricking. The fact that we
only observed structural changes in nociceptive C‐fibers and not in tactile Aβ‐fibers
might explain why neonatal repetitive needle pricks affect only post‐operative
hypersensitivity and not basal nociception in later life. Indeed, CGRP‐positive fibers
have been associated more with post‐injury than normal neurotransmission, since
blocking the CGRP receptor only affected inflammatory and central chronic pain
transmission, but did not affect normal neurotransmission (41, 42, 48). Similarly, mice
deficient in the calcitonin/αCGRP‐gene show normal basal nociception but defect
inflammatory hypersensitivity (49). Since painful repetitive skin‐breaking procedures in
the neonate have such long‐term effects on nociception following an injury and the
structure of spinal nociceptive afferents the use of analgesics during routine painful
procedures in the NICU should be favored. However, at the same time analgesics
might also have impacts on the development of the nociceptive circuit. This animal
model can be used to test both the potency and the long‐term effects of analgesics on
a functional and even at the tissue level.
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Abstract
Repetitive pain exposure of neonates in the neonatal intensive care unit (NICU) might
affect proper fine‐tuning of the nociceptive network, a process which continues in the
postnatal period. In ex‐NICU children altered basal nociception in the absence of an
injury has been shown. However, the impact on nociception after an injury, e.g.
surgery, is unknown. In this study we aimed to determine the effect of neonatal
repetitive small painful skin‐breaking procedures in both sexes on nociception in the
absence and in the presence of an ongoing injury in later life. To this end the repetitive
needle prick animal model was used in which neonatal Sprague‐Dawley male and
female rat pups received four needle pricks per day into one hind paw during the first
week of life and control animals received non‐painful tactile stimuli. Nociceptive
thresholds to mechanical stimuli in the absence of injury, i.e. basal nociception, were
not affected by neonatal repetitive needle pricking. Only male animals which received
neonatal needle pricks showed increased hypersensitivity to mechanical stimuli at 24
hours after ipsilateral CFA‐injection. Our study shows that repetitive small needle
pricks during the first week of life result in increased hypersensitivity to mechanical
stimuli at 24 hours after ipsilateral CFA injection in later life in male animals and not in
females.
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Introduction
Repetitive exposure of neonates to small painful skin‐breaking procedures, such as
injections and heel pricks is inherent to their daily health status monitoring in the
neonatal intensive care unit (NICU) (1, 2). Proper fine‐tuning of the nociceptive
network might be affected by such repetitive pain exposure since its development
continues postnatally and is activity dependent (3). Altered nociceptive thresholds
have been reported in ex‐NICU children (4‐8). However, the impact of repetitive pain
exposure in the NICU on responses to an injury in later life is unknown.
Animal experimental studies showed altered nociceptive thresholds in adult
animals following neonatal pain exposure. Due to the diversity in nature and intensity
of the stimuli used for inducing neonatal pain in an animal model, many different
outcomes have been observed. Single injections of inflammatory substances such as
complete Freund’s adjuvant (CFA) or carrageenan into the hind paw of neonatal rats
resulted both in increases and decreases in basal nociceptive thresholds in later life (9,
10). Since repetitive skin breaking procedures and not a single inflammation
predominate NICU procedures, the repetitive needle prick animal model is more
suitable to mimic the clinical situation. With this animal model decreased sensitivity to
thermal stimuli was observed only at young ages (16 and 22 days) (11). Both clinical
and animal experimental studies showed altered basal nociception, i.e. nociceptive
thresholds in the absence of an injury. However, the implications neonatal repetitive
pain exposure has on responses to an injury in later life are unknown. Differences in
nociception between adult males en females have been pointed out in both clinical
(12) as well as in preclinical pain literature (13). Sex differences have also been
reported in animal studies on long‐term consequences of neonatal pain exposure (14‐
16).
The present study was aimed at the effect of neonatal repetitive small skin‐
breaking procedures in both sexes on nociception in the absence and in the presence
of an ongoing injury in later life. To this end, male and female neonatal rats received
four needle pricks per day into the left hind paw, during the first week of life. Paw
withdrawal thresholds (PWTs) to mechanical stimuli were determined in the absence
(basal nociception) and in the presence of ongoing ipsilateral hind paw inflammation
with CFA (post‐injury nociception) at the young‐adult age of eight weeks.
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Methods
Animals
A total of 41 Sprague‐Dawley rat pups born from time‐pregnant dams were used
(Charles River, the Netherlands). At the 13‐15th day of pregnancy (E13‐15) dams
arrived at the University of Maastricht animal facility and delivered at term (E21). Pups
were culled to N = 10 per dam and pups of the same dam were randomly assigned to
the different experimental conditions to prevent between‐nest variation. After
weaning at postnatal day 21 (P21) male and female animals were housed in groups of
two in standard cages in a temperature (19‐24°C) and humidity (55 ± 15%) conditioned
room with a 12:12 light/dark regime and background music to calm the animals. Ad
libitum water and food were available during the study. All animal experiments were
performed in accordance with the European Directive for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes (86/609/EEC) and were
approved by the Committee for Experiments on Animals of Maastricht, The
Netherlands (DEC 2008‐184).

Neonatal injury: repetitive plantar needle pricks
Rat pups were noxiously stimulated four times per day at 9.00, 10.00, 11.00 and 12.00
a.m. from P0 (day of birth) to P7 to model repetitive pain exposure in the NICU. The
noxious stimulus involved a single 2 mm deep calibrated needle prick in the mid‐
plantar surface of the left hind paw with a 25‐G needle (N = 10 males, N = 11 females;
needle prick group). Gentle pressure was applied with a cotton swab to control for
bleeding after which pups were returned to the dams. Control animals (N = 9 males, N
= 11 females) received four daily tactile stimuli at hourly intervals, by stroking their left
hind paw with a cotton‐tipped swab (tactile control group).

Adult injury: ipsilateral intraplantar CFA‐injection
At the age of eight weeks, all animals from the needle prick group (males weighing
288.0 ± 9.8 g and females 205.1 ± 4.3 g) and all animals from the tactile control group
(males weighing 286.1 ± 23.8 g and females 218.0 ± 9.7 g) received a prolonged
noxious stimulus to the ipsilateral (paw of neonatal stimulation) hind paw. To this end,
complete Freund’s adjuvant (CFA, diluted 1:1 in sterile saline; Sigma, The Netherlands)
was subcutaneously (s.c.) injected with an insulin‐type syringe (30G needle) into the
mid‐plantar surface of the ipsilateral hind paw (side of neonatal stimulation). Since a
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statistically significant difference was measured between weights of male and female
animals (but not between groups), the injection volume was adjusted to the
bodyweight, i.e. a volume of 1µl/g bodyweight. The hind paw showed oedema,
redness and swelling immediately following CFA‐injection. Hypersensitivity to
mechanical stimuli was assessed 24 hours later.

Behavioral testing
Sensitivity to mechanical stimuli was tested the day before and the 24 hours after CFA‐
injection of the ipsilateral hind paw by measuring paw withdrawal thresholds (PWT)
using plantar application of 10 von Frey monofilaments (North Coast Medical, Inc.,
California, USA) with logarithmically incremental stiffness (0.166, 0.407, 0.692, 1.202,
2.041, 3.63, 5.495, 8.511, 15.136 and 28.84 g). Animals were placed in Plexiglas cages
on an elevated wire mesh floor and allowed to adapt for 30 min before testing.
Filaments were applied to the planter paw surface, starting with the lowest filament,
five times with a duration of one second per application and an inter‐application
interval of a few seconds. Maximal applied force was defined by maximal withdrawal,
i.e. when the animal showed five withdrawal responses. The mechanical force
resulting in a 50% withdrawal frequency was assigned to as the PWT and was
calculated from a sigmoid curve (withdrawal frequency per filament vs. force log
applied) by regression analysis (GraphPad Prism Version 4.00, CA, USA) (9).

Statistical analysis
All data shown are presented as box plots with medians (Mdn, lines in the boxes),
interquartiles and ranges. Due to the logarithmically increasing stiffness of von Frey
filaments which did not result in normally distributed data, non‐parametric tests were
used to compare PWT. To compare the PWT between tactile control and needle prick
groups and between male and female animals, Mann Whitney‐U tests were used. The
effect of CFA‐injection on the PWTs was assessed through a Wilcoxon signed rank test.
P < 0.05 was considered to be statistically significant (GraphPad Prism Version 4.00,
CA, USA).
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Results
Effect of repetitive needle pricking on paw withdrawal thresholds to
mechanical stimuli: basal nociception and inflammatory hypersensitivity
Sensitivity to mechanical stimuli was measured at the young‐adult age of eight weeks
in the absence (one day before CFA‐injection) and in the presence of ongoing
inflammation (24 hours after CFA‐injection) of the ipsilateral hind paw (Fig. 1 A, B).
Repetitive neonatal needle pricking showed no effect on basal nociception for
mechanical stimuli, as no neonatal intervention effect on PWTs was observed (8w, Fig.
1 A, B) for both hind paws. Additionally, no differences in ipsilateral and contralateral
PWTs were observed within the tactile control or needle prick group. In tactile control
animals an ipsilateral injection with CFA induced a decrease in PWT (Median (Mdn) =
3.66) compared to baseline PWTs (Mdn = 15.63), P < 0.0001 (Fig. 1 A). Also in needle
prick animals PWTs decreased 24h after CFA‐injection (Mdn = 2.17) compared to
baseline values (Mdn = 15.65) to, P < 0.0001 (Fig. 1 A). Animals which received
repetitive needle pricks during the first week of life showed statistically significant
lower PWTs measured 24h after CFA‐injection (Mdn = 2.17) as compared to tactile
control animals (Mdn = 3.66), P < 0.05 (Fig. 1 A). Contralateral PWTs were not affected
by CFA‐injection in any of the animals (Fig. 1 B).

Figure 1 Basal nociception tested at eight weeks of age as PWT to mechanical stimuli (8w, A‐B) and
nociception after ipsilateral CFA‐injection (24h, A‐B) in needle prick and tactile control animals. The day
before CFA‐injection (8w) no difference between tactile control (N = 20, white box plots) and needle prick
animals (N = 21, grey box plots) was noted in ipsilateral and contralateral PWT (A‐B). PWTs decrease at 24
hours after ipsilateral CFA‐injection of the hind paw in tactile control animals and in needle prick animals (A,
** P < 0.01). PWTs decreased more in needle prick animals compared to tactile controls (A, * P < 0.05).
Contralateral hind paw PWTs were not affected by hind paw CFA‐injection (B).
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Sex differences in basal nociception and inflammatory hypersensitivity in
tactile control and needle prick animals
For basal nociception there was no statistical significant difference between the tactile
control and needle prick animals for any of the two sexes for any of the hind paws (Fig.
2 A, B). Following CFA‐inflammation of the ipsilateral hind paw in young‐adulthood,
increased hypersensitivity to mechanical stimuli was observed in male needle prick
animals (Mdn = 2.12) when compared to male tactile control animals (Mdn = 3.76), P <
0.05 (Fig. 2 C). No difference in inflammatory hypersensitivity to mechanical stimuli
was measured between female needle prick animals (Mdn = 2.44) and female tactile
control animals (Mdn = 3.28), P = 0.67 (n.s.) (Fig. 2 C). No differences in contralateral
PWTs were measured (Fig. 2 D).

Figure 2 Basal nociception (A‐B) and inflammatory pain hypersensitivity (C‐D) of tactile control female and
male animals (N = 11 females and N = 9 males, white box plots) and needle prick animals (N = 11 females
and N = 10 males, grey box plots). No differences in basal nociception were observed between the tactile
control and needle prick group in both sexes (A‐B). Increased inflammatory hypersensitivity was only
observed in male needle prick animals, compared to male tactile controls (C, * P < 0.05). Female needle prick
animals showed comparable decreases in PWT, compared to female tactile controls (D). n.s. = non
significant.
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Discussion
The present study shows that repetitive needle pricking during the first week of life
does not affect basal thresholds to mechanical stimuli, but increases mechanical
hypersensitivity at 24 hours after ipsilateral CFA‐injection in later life in male, but not
in female rats.
The absence of altered basal thresholds to mechanical stimuli in our study is
in contrast with other studies using repetitive neonatal needle pricks. Repetitive
needle pricking has been shown to result in decreased nociceptive thresholds to
mechanical (17) and thermal stimuli (11), i.e. basal hyperalgesia. The observation of
hyperalgesia to mechanical stimuli was found to be present only in male animals which
received neonatal needle pricks (17). However, this hypersensitivity to mechanical
stimuli cannot be ruled out in female animals, since different cut‐off filaments were
used for the von Frey test in that study (17). Whereas in the abovementioned studies
the needle pricks were distributed over all hind paws, we focused the needle pricks to
one hind paw. This might have caused the absence of altered basal nociception in later
life in our study. Many different animal models show differential outcomes on basal
nociception, depending on the type of neonatal pain stimulus used. Single injection of
the neonatal rat hind paw with the inflammatory substance complete Freund’s
adjuvant (CFA) did not alter basal nociception in later life (10, 18). Single injection with
the milder inflammatory substance carrageenan resulted in increased basal
nociceptive thresholds to mechanical and thermal stimuli, i.e. basal hypoalgesia (9, 19).
Our observation of increased hypersensitivity to mechanical stimuli after an
injury in later life of animals exposed to neonatal injuries is in line with findings from
other studies. In contrast to the variable effects of neonatal pain on basal nociception,
most neonatal pain animal models show exacerbated hyperalgesic pain responses
after an injury in later life. Increased intensity of hypersensitivity after adult hind paw
injection of inflammatory substances carrageenan, CFA, formalin and capsaicin was
observed in neonatal hind paw pain inflammation models (9, 10, 19, 20). Increased
duration and intensity of post‐operative hypersensitivity has been shown following
neonatal hind paw inflammation (21).
Adult responses to an injury are differentially affected in males and females
depending on the type of neonatal pain stimulus used. In our study, male but not
female rats which were exposed to repetitive neonatal needle pricking developed
higher inflammatory hypersensitivity to mechanical stimuli after ipsilateral hind paw
inflammation with CFA in later life, compared to controls. In contrast to our study,
female animals showed higher formalin‐induced inflammatory pain compared to males
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following neonatal repetitive needle pricking in all hind paws (17). However, this only
held true when a low formalin concentration was used (17). Also, female animals were
shown to be most vulnerable to adult re‐injury of the hind paw by CFA‐injection after
neonatal inflammation of the hind paw with carrageenan (14). Following neonatal hind
paw incision, a model for neonatal surgery, no sex differences in adult re‐incision pain
were observed (16).
Several mechanisms have been hypothesized to be involved in long‐term
effects of neonatal pain exposure on responses to an injury in later life and possible
sexually dimorphic effects herein. Increased afferent drive to the spinal cord following
neonatal pain exposure might relate to the observed hyperalgesia to injuries in later
life (22, 23). Indeed, hyperinnervation of the skin (24, 25) and increased primary
afferent innervation of the spinal cord (10, 26) have been observed after neonatal
injuries. More research is needed to determine if effects of neonatal pain on primary
afferent innervation are sexually dimorphic, since in these studies mostly male animals
were used (or sex differences were not analyzed). Aberrant development of
supraspinal descending pain modulation circuitry, due to repetitive neonatal pain
exposure, might also contribute to the long‐term effects of neonatal noxious insults on
nociception (15, 27). Increases in opioid tone in the periaqueductal gray were more
prominent in adult female than in male rats exposed to neonatal hind paw
inflammation (15). Consequently, male animals might be more prone to develop
excessive responses to an injury in later life due to maladapted pain modulation
systems. The mechanisms underlying long‐term effects of repetitive neonatal needle
pricking on adult nociception after an injury and sex differences herein are subject of
our future research.

Conclusions
Neonatal repetitive small painful skin‐breaking procedures during the first week of life
did not affect basal nociception, but resulted in increased inflammatory pain
hypersensitivity only in male rats. Our data indicate that sex differences in long‐term
effects of neonatal repetitive pain exposure should be taken into account in both
clinical and preclinical studies. Further elucidation of mechanisms underlying the effect
of exposure of neonates to repetitive skin breaking procedures on nociception in later
life is necessary and should include analysis of sex differences.
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General discussion
The aim of this thesis was to investigate the impact of perinatal events, i.e. perinatal
maternal stress exposure and repetitive neonatal pain exposure, on nociception in
later life.
The nociceptive network is still developing during the perinatal period (1).
Perinatal events may affect this development and result in long‐term changes in pain
sensitivity. Altered shaping of the nociceptive network due to perinatal events may
even relate to the development of chronic pain disorders, such as fibromyalgia, in later
life (2). In this thesis, we focused on perinatal maternal stress exposure (Part 1) and
repetitive neonatal pain exposure (Part 2) as both events are frequently occurring
during the perinatal period (3‐5) and therefore may affect the development of the
nociceptive network. Impacts of these two perinatal events on nociception in later life
have been shown in clinical and experimental studies, however knowledge on long‐
term effects and underlying mechanisms are largely lacking.
The two parts in this thesis on perinatal maternal stress exposure and
repetitive neonatal pain exposure will be discussed in sections 1 and 2 of this general
discussion, respectively. The discussion in both sections starts from the research
questions as posed in the introduction of this thesis (see p. 13). As the general aim is to
broaden our knowledge on the impact of perinatal evens, i.e. perinatal maternal stress
exposure and repetitive neonatal pain exposure, underlying mechanisms and future
perspectives are discussed in this context.

1 Perinatal maternal stress exposure
Recently, maternal stress in the perinatal period has been shown to affect nociception
in neonates (6). However, long‐term effects on nociception and evidence for
underlying mechanisms are unknown or are indirect. Therefore we addressed the first
research question (see Chapter 1, p. 9):
What is the current understanding of underlying mechanisms for perinatal maternal
stress exposure induced alterations in offspring nociception?
Based on an extensive review of the literature, it is concluded that clinical
evidence on the impact of perinatal maternal stress on nociception, i.e. increased pain
sensitivity, is limited to the early neonatal period and young ages whereas long‐term
impacts are unknown (see Chapter 2, p. 19). Experimental studies show short‐ and

111

CHAPTER 7
long‐term increased pain sensitivity following perinatal maternal stress exposure, but
are restricted to inflammatory pain models only. Perinatal exposure to selective
serotonin reuptake inhibitor (SSRI) medication for perinatal maternal stress and/or
depression decreases pain sensitivity in infancy (7, 8). In view of the underlying
mechanisms involved in the relation between perinatal maternal stress and
nociception in offspring we focused on two key players: the serotonin or 5‐
hydroxytryptamine (5‐HT) pain inhibitory system and the hypothalamic‐pituitary‐
adrenal (HPA) system. Perinatal maternal stress results in decreased circulating 5‐HT
levels and increased circulating cortisol levels in the mother, but more importantly,
also in their neonates (9). Decreased 5‐HT levels may directly impact on pain
sensitivity, since the raphespinal pain inhibitory system uses 5‐HT to inhibit pain signals
in the spinal cord by binding to 5‐HT1A receptors on pain transmission neurons (10). It
should be noted that 5‐HT can also have a facilitating effect on pain signaling via
binding to other 5‐HT receptors in the spinal cord, e.g. 5‐HT3 (10). However, since 5‐
HT1A receptor binding is decreased in the hippocampus in offspring perinatally
exposed to maternal stress (11), we hypothesize that this also occurs in the spinal cord
and contributes to increased pain sensitivity. Since the 5‐HT system and the HPA
system are interrelated (12), decreased 5‐HT levels may impact on the HPA system as
well. An altered HPA system has been linked to the development of (chronic) pain
disorders (13, 14). Perinatal maternal stress alters the functioning of the HPA system,
as evidenced by increased circulating corticosteroid levels and decreased
corticosterone binding globulin (CBG) levels (9, 15) and therefore may be related to
altered pain responses in later life. Developmental SSRI medication exposure has the
opposite effect on circulating corticosteroid and CBG levels (16), which highlights the
interaction between the 5‐HT and HPA system. However, the impact of developmental
SSRI medication exposure on nociception may also be related to the anatomical
malformations in the somatosensory cortex, specifically in thalamocortical fibers,
which are important for the perception of pain (17, 18).
In conclusion, underlying mechanisms for long‐term impacts of perinatal
maternal stress on nociception may involve alterations in the intricately linked 5‐HT
pain inhibitory system and the stress regulatory HPA system. Knowledge on the long‐
term impact of perinatal maternal stress on basal and injury‐induced nociception is still
limited and experimental studies are necessary to elucidate this issue. Hence, we
formulated the following research question:
Does perinatal maternal stress exposure affect basal and injury‐induced nociception
in adult offspring?

112

CHAPTER 7
In chapter 3 (see p. 41), we observed that post‐operative pain was decreased
in eight week old offspring exposed to maternal stress alone. This decrease in post‐
operative pain may not be exclusively beneficial, since wound healing may be impaired
in these animals. Indeed, decreasing post‐operative hypersensitivity to mechanical
stimuli after hind paw incision with an analgesic treatment, resulted in animals
continually placing weight on the incised paw and consequently impaired wound
apposition occurred (19). Although fluoxetine administration to stressed mothers
normalized post‐operative pain in adult offspring, it cannot be concluded that SSRI
medication has a beneficial effect on nociception. Indeed, when fluoxetine is
administered during a non‐stressful pregnancy, post‐operative pain is aggravated in
offspring, showing a long‐term impact of SSRIs on nociception. The role of HPA system
parameters on pain responses was investigated in our study. We observed decreased
CBG levels in animals perinatally exposed to maternal stress, representing a decreased
peripheral buffer or storage capacity for circulating corticosteroids (20). This decrease
in CBG may relate to the observed decreased pain response. The normalizing effect on
post‐operative pain by developmental SSRI exposure was paralleled by normalized CBG
levels.
To conclude, we are the first to show a long‐term effect of both perinatal
maternal stress exposure and developmental fluoxetine exposure on post‐operative
pain in offspring. These findings may relate to alterations in HPA system parameters,
i.e. CBG levels. Treatment of perinatal maternal stress may profit from research into
the relation between the HPA system and 5‐HT inhibitory system and the impact on
nociception in offspring.
Based on our results, several different lines of future research can be
suggested. First, clinical studies should continue to investigate the long‐term impact of
perinatal stress and its treatment on pain responses in later life. Since the presence of
increased acute post‐operative pain predicts the development of chronic post‐
operative pain (21, 22), a history of prenatal maternal stress or developmental SSRI
exposure may be a predictor for the development of chronic post‐operative pain.
Clinical studies in chronic pain patients should retrospectively search for possible
perinatal maternal adverse events. Experimental studies should elaborate on effects
on chronic pain, e.g. after a nerve injury in later life.
Secondly, better insights into the relation between the 5‐HT pain inhibitory
system and the HPA system and their impact on nociception are needed. Normally, 5‐
HT stimulates glucocorticoid receptor (GR) expression in the hippocampus via binding
to 5‐HT7 receptors (12). Activation of the GR by corticosteroids results in negative
feedback to the HPA axis (Fig. 1). However, during perinatal maternal stress (Fig. 1),
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decreased 5‐HT may decrease GR expression in the hippocampus and consequently
the negative feedback mechanism of the HPA system may be impaired, resulting in
increased corticosteroid levels. We hypothesize that these higher corticosteroid levels
activate GR in the spinal cord, which previously has been shown to result in increased
pain sensitivity (23‐26). This hypothesis can be tested by the effect of intrathecal
injection of RU486, a GR antagonist which decreased neuropathic pain in mice (27), on
nociception in animals perinatally exposed to maternal stress.
Besides investigating the interrelation of 5‐HT and HPA systems, their
individual role in altered nociception in offspring that are perinatally exposed to
maternal stress needs more research. Decreased 5‐HT can directly affect pain
sensitivity since 5‐HT from raphespinal fibers usually binds to 5‐HT1A receptors in the
spinal cord for pain signal inhibition (Fig. 1). Previously, injecting pregnant rats with
para‐chlorophenylalanine (pCPA), a 5‐HT synthesis inhibitor, decreased 5‐HT
expression in the raphe nucleus in offspring and increased pain sensitivity was
observed in offspring perinatally exposed to maternal stress (28). Since 5‐HT1A
receptor functioning decreases in the hippocampus of offspring perinatally exposed to
maternal stress (11), it should be investigated whether 5‐HT1A receptor function in the
spinal cord is also decreased, which then in turn may impair pain inhibition. To
investigate the involvement of the HPA system in altered nociception in animals
perinatally exposed to maternal stress as such, adrenalectomy can be performed to
prevent corticosteroid effects. As mentioned before, intrathecal application of GR
antagonist can provide more information of the role of corticosteroids in altered
nociception on the spinal level.
Finally, research into the impacts of developmental SSRI exposure on
development of the nociceptive network should also focus on anatomy of the
nociceptive network. Indeed, developmental SSRI medication exposure has been
shown to result in anatomical malformations in the somatosensory cortex, specifically
in thalamocortical fibers, which are important for the perception of pain (17, 18).
Moreover, the functionality of the descending pain inhibitory pathways should be
investigated in this context. Our findings of the impact of SSRI medication use on
nociception in offspring further elaborate the knowledge of SSRI medication use during
pregnancy, which already showed the risk for pregnancy hypertension (29) and
preeclampsia (30). Moreover, children developmentally exposed to SSRI medications
have higher risks for preterm birth (31) and behavioral changes, such as autism (32,
33). Alternative therapies for minimizing perinatal maternal stress and depression have
recently gained interest, since mindfulness yoga significantly reduces depressive
symptoms (34).
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Figure 1 Schematic overview of the possible relation between the 5‐HT and the HPA system. In offspring
from non‐stressed mothers (A) 5‐HT drives glucocorticoid receptor (GR) expression in the hippocampus via
binding to the 5‐HT7 receptor. Binding of corticosteroids (CORT) to these GR results in decreased CORT
production by the HPA system and therefore represents a negative feedback loop. Spinal cord GR are
minimally activated in this condition. On the other hand, 5‐HT from descending serotonergic raphespinal
(DSR) axons can directly affect pain transmission in the spinal cord by inhibiting the pain signal (red lightning
bold) from primary afferent (PA) axons via binding to 5‐HT1A receptors on pain transmission neurons (PTN).
Perinatal maternal stress (B) results in increased CORT and 5‐HT levels in the mother and in their neonates,
which may be reflected in decreased 5‐HT levels in the raphe nucleus. Decreased 5‐HT levels may decrease
GR expression in the hippocampus and therefore impair negative feedback of the HPA system, resulting in
heightened CORT levels. We hypothesize that this increased CORT activates GR in the spinal cord and in this
way cause amplification of the pain signal (two red lighting bolds in B). On the other hand, decreased 5‐HT
content in the raphe nucleus impairs descending pain inhibition from the DSR axons (decreased 5‐HT
containing vesicles) on PTN. Moreover, decreased 5‐HT levels may result in decreased 5‐HT1A receptor
functioning in PTN in the spinal cord.
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2 Repetitive neonatal pain exposure
The nociceptive network undergoes postnatal fine‐tuning, a process that is shown to
be activity dependent (1, 35). Repetitive neonatal pain exposure, as it occurs in a NICU,
extensively triggers this plastic nociceptive network and might affect its development.
As a consequence, pain sensitivity has been shown to be altered in these neonates.
However, it is not known whether long term impacts on basal nociception or post‐
injury nociception, e.g. after a surgery, occur in later life. Moreover, the underlying
mechanisms and altered plasticity of the nociceptive system are largely unknown.
Therefore we addressed the following research question (see Chapter 1, p. 9):
Does repetitive pain exposure in the neonate affect basal and injury‐induced
nociception in later life and do plasticity changes in the nociceptive network underlie
such long‐term changes?
We used the animal model of repetitive needle pricking to investigate the
impact of repetitive neonatal pain exposure on basal and post‐operative nociception in
later life (see Chapter 5, p. 73). We observed acute hypersensitivity following the
needle pricks, but no impact on basal nociception from three to eight weeks of age.
Post‐operative pain, induced by hind paw incision, was increased in intensity and
duration in eight week old animals which were exposed to neonatal needle pricks. In
chapter 6 (see p. 97), we tested the impact of repetitive neonatal pain exposure
inflammatory pain in later life and possible sex differences herein. Inflammatory pain
was increased in eight week old animals which were exposed to repetitive needle
pricking as neonates and this effect was confined to male animals. Clearly, repetitive
neonatal needle pricking in the first week of life of a neonatal rat increases post‐injury
pain in later life.
Alterations in the nociceptive network have been proposed as underlying
mechanisms for long‐term alterations in nociception due to neonatal pain exposure.
Following neonatal pain exposure, alterations in primary afferent neurons have been
confined to their peripheral branch in the target tissue, e.g. skin innervation (36), and
to their central branch, i.e. spinal cord innervation (37). In chapter 5, we aimed at
investigating plasticity of the nociceptive network in the peripheral branch of the
nociceptive primary afferent neuron, i.e. skin innervation where needle pricks were
applied, and in the central branch, i.e. the spinal cord. We observed increased
immunostaining for calcitonin gene‐related peptide (CGRP) in central branches of
primary afferent C‐fibers in the spinal cord, but not in peripheral branches in the skin
(Fig. 2).This increased C‐fiber innervation in the spinal cord is in line with previous
studies in animal models of neonatal paw inflammation (37‐39). In contrast to the
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absence in skin innervation alterations after repetitive neonatal needle pricking, severe
injury of the hind paw skin by removal of a piece of skin did result in skin
hyperinnervation (36). Hence, we hypothesize that the degree of damage to neonatal
skin determines the outcome on innervation of peripheral primary afferent fiber
branches. Withdrawal of A‐fibers was not affected in our study and implies that
increased neuronal activity in the nociceptive circuit does not influence A‐fibers.
Although we did not observe alterations in A‐fiber withdrawal in the spinal cord, we
cannot rule out the possibility that their function is affected. To investigate the
function of only A‐fibers, post‐operative pain models are not suitable since
hypersensitivity in these models has been related to sensitization of C‐, Aδ‐ and Aβ‐
fibers (40). Since Aβ/Aδ‐fibers, but not C‐fibers, have been shown to be involved in
nerve injury induced nociceptive responses (41), we propose an experiment in which
nerve injury induced nociception is investigated in 8 week old animals which were
neonatally exposed to repetitive needle pricking.

Figure 2 Schematic overview of the observed alterations in the nociceptive network following repetitive
neonatal pain exposure. In A the normal nociceptive network is depicted in which a pain stimulus (red
lighting bold) applied to the skin travels through the dorsal root ganglion (DRG) to the spinal cord and in is
transferred via pain transmission neurons to the brain. Increased C‐fiber (red axons) innervation, as
evidenced by CGRP immunoreactivity, was observed in the spinal cord, but not in the epidermis of the skin,
after repetitive neonatal needle pricking (NP) (B). As a consequence, peripheral injury, i.e. inflammation or
incision of the hind paw skin can result in increased firing in the spinal cord (red lightning bolts) as an
underlying mechanism for the observed increased pain responses. A‐fiber innervation of the spinal cord was
not affected by repetitive neonatal pain exposure.

It should be noted that we used less painful stimuli, i.e. 4 per day into a single
hind paw, compared to the amount of painful stimuli which are applied in newborns in
the NICU, i.e. up to 14 painful stimuli on different body sites per day (3, 5). We
speculate that if we had applied up to 14 needle pricks per day into a single hind paw
in neonatal rats, this type injury would have related more to neonatal surgery instead
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of the repetitive neonatal pain exposure in the NICU. Indeed, hind paw skin injury in a
neonatal rat, which relates more to neonatal surgery, was previously shown to result
in long‐term skin hyperinnervation (36). Therefore, we hypothesize that applying up to
14 needle pricks per day relates more to neonatal surgery and may affect both spinal
and hind paw skin hyperinnervation. Nevertheless, applying only 4 small needle pricks
per day already left a long‐term signature on the development of the nociceptive
network.
To conclude, repetitive needle pricking in the hind paw of a neonatal rat, as a
clinically relevant animal model for repetitive neonatal pain exposure in the NICU,
increases post‐operative and inflammatory pain in later life. Moreover, repetitive
needle pricks affect central nociceptive C‐fiber innervation in the spinal cord. Hence,
we showed for the first time that early life pain exposure in the form of small
repetitive needle pricks has a long‐term impact on spinal nociceptive fibers, which may
underlie alterations in pain sensitivity in later life.
Based on our results, several different lines of future research can be
designed. First, clinical studies in chronic pain should retrospectively search for the
presence of pain exposure in early life. Indeed, the presence of a higher degree of
acute post‐operative pain, which we observed after neonatal repetitive pain exposure,
is a predictor for the development of chronic pain in humans (21, 22).
Secondly, sex differences in the impact of repetitive neonatal pain exposure
should be elaborated. Our observed sex differences (chapter 6) in inflammatory pain
hypersensitivity were not paralleled by differences in the observed increased CGRP
spinal cord staining, since no differences were apparent between male and female
animals (unpublished observation). In addition, we did not detect differences in spinal
cord neuronal activation, measured as cFos expression, at 24h after CFA‐injection, i.e.
the time‐point when behavioral differences between female and male animals were
observed (unpublished results). Previously, sex differences after neonatal pain
exposure have been linked to differential impacts on the periaqueductal gray (PAG)
opioid content, which are endogenous analgesics known inhibit pain signals at the
spinal cord level (42). Painful inflammation in the hind paw of neonatal rats as a model
for neonatal pain resulted in decreased basal pain sensitivity only in female animals,
which was paralleled by an increase in opioid tone in the PAG (42). Male animals in the
aforementioned study did not show an increase in opioid tone in the PAG. Although
we used a different neonatal pain stimulus, we hypothesize that neonatal repetitive
needle pricking impairs the male PAG pain inhibition system. As a consequence, their
PAG opioid release is unable to counteract the increased primary afferent firing in the
spinal cord, due to increased CGRP content in C‐fibers, resulting in the hyperalgesic
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response to injury in later life. An interesting research question for future
investigations is suggested:
Is PAG opioid tone impaired in eight week old male animals exposed to neonatal
repetitive needle pricking and does this contribute to increased post‐injury nociception?
Development of new treatment strategies for neonatal pain exposure in the
NICU is necessary, since pain in neonates due to repetitive exposure to noxious stimuli
in the NICU is still undertreated today (3, 5, 43). Obviously, the best way to reduce
neonatal pain exposure is to decrease the amount of painful procedures per day (3).
Today, traditional pharmacological analgesics such as opiates, ketamine,
acetaminophen, and local and topical anesthetics are mostly used in the NICU (44).
However, these pharmacological treatments, such as morphine, have many side‐
effects (45), e.g. hypertension, and are even doubted for their analgesic potency for
acute painful procedures in the NICU (46). Hence, non‐pharmacological treatment
approaches, such as oral sucrose (47, 48) or massage (49), are suggested for
procedural painful procedures, but are often doubted for their efficacy (50) and their
working mechanisms are unknown. To elucidate the best treatment strategy for
repetitive neonatal pain exposure, the animal model of repetitive needle pricking is
suitable. Indeed, analgesics can be tested for their analgesic potency on the acute
hypersensitivity profile on the days of needle pricking, which we observed. We
performed a pilot study in which morphine was tested for its analgesic potency on
post‐needle prick hypersensitivity. The data of this pilot study indicate that
subcutaneous injection of morphine 15 minutes before the first and third needle prick
might decrease post‐needle prick induced tactile hypersensitivity (unpublished
results).
Besides testing acute effects of analgesics, prevention of the structural and
functional alterations in the nociceptive network of repetitive neonatal needle pricks
can be investigated. Long‐term impacts on C‐fiber innervation due to neonatal skin
injury have been linked to nerve growth factor (NGF) upregulation in the skin (51). This
NGF binds onto tyrosine kinase A (trkA) receptors present on C‐fibers, resulting in
hyperinnervation of the peripheral branches in the skin (36, 51) and of the central
branches in the spinal cord (52, 53). Inhibition of trkA activation, with e.g. VMD902,
previously has been shown to reduce the impact of neonatal hind paw injury on
central nociceptive neurons (53) and sequestration of NGF with an intravenously
administered anti‐NGF antibody, e.g. tanezumab, significantly reduced chronic low
back pain in patients, but the risk for adverse side effects hold its clinical use (54).
Although we did not observe peripheral skin hyperinnervation, we hypothesize that
NGF is involved in the long‐term spinal CGRP upregulation after neonatal repetitive
needle pricking. In order to test this hypothesis, we propose an experiment in which a
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NGF inhibitor or a trkA inhibitor is administered systemically during repetitive neonatal
pain exposure and peripheral and spinal CGRP expression is investigated at the age of
eight weeks. However, the use of systemic anti‐NGF treatment will probably stay
limited to proof of principle experimental studies due to risk for side effects in
neonates. Peripheral acting substances, such as local anesthetics, may provide a safer
way for neonatal analgesia. Local application of lidocaine, a substance which inhibits
nerve signaling via Na+ ion channel blocking, was shown to decrease NGF‐induced
mechanical hypersensitivity in adults (55). Moreover, applying a lidocaine cream prior
to circumcision surgery has been shown to decrease long‐term effects on pain
sensitivity in these children (56‐58). Hence, lidocaine can be applied to the hind paw
skin as a preventive local anesthetic before the administration of needle pricks.
Subsequently, acute hypersensitivity as well as long‐term effects on pain sensitivity
and spinal CGRP‐innervation should be investigated in later life.
Finally, besides exposure to repetitive pain procedures as such, neonates on a
NICU are exposed to a great deal of stress, e.g. maternal separation. A large body of
literature shows altered HPA functioning in ex‐NICU children (59‐62). At the age of 8
months, these children showed heightened basal cortisol levels which were correlated
with the number of skin breaking procedures they perceived (62). Moreover, after
receiving a painful injection, increased cortisol responses and increased pain responses
were observed in ex‐NICU children at the age of 4 months (61). It is obvious that the
HPA development is affected by neonatal repetitive pain exposure and, as explained in
part 1 of this thesis, altered HPA functioning impacts on pain sensitivity in later life.
Therefore, the research into long‐term consequences of repetitive neonatal pain
exposure should focus also on alterations to the 5‐HT and HPA system.

3 Concluding remarks
Altogether, both perinatal maternal stress exposure and repetitive neonatal pain
exposure impact on pain sensitivity in later life. Moreover, permanent alterations to
the nociceptive network may hold consequence for the development of conditions
such as chronic pain in later life. Chronic pain with often unknown etiology affects
almost 20% of adults in Europe and impairs their quality of social and working lives
(63). Current research should focus on the possibility of perinatal events as culprits of
the development of chronic pain by, for instance, retrospective clinical studies or
experimental studies which combine the perinatal event with chronic pain models in
later life.
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SUMMARY
Summary
Chapter 1 provides a brief overview of two perinatal events, i.e. perinatal maternal
stress exposure and repetitive neonatal pain exposure, which are described in this
thesis, and their long‐term effects on nociception. In this chapter the research
questions of this thesis are stated.
In Chapter 2, the current literature regarding clinical and experimental evidence on
effects of perinatal maternal stress exposure on nociception in later life is reviewed.
Focus is directed to alterations in the serotonergic pain inhibitory and hypothalamic‐
pituitary‐adrenal (HPA) systems as underlying mechanisms for long‐term impacts on
nociception in offspring exposed to perinatal maternal stress and/or developmental
anti‐depressant medications.
Chapter 3 describes the impact of prenatal maternal stress exposure and
developmental fluoxetine, a well known selective serotonin reuptake inhibitor (SSRI)
medication, exposure on basal nociception and post‐operative pain in offspring at the
age of 8 weeks. It is concluded that prenatal maternal stress exposure decreases and
developmental fluoxetine increases post‐operative pain hypersensitivity in offspring.
When maternally stressed dams were treated with fluoxetine, offspring showed
normal post‐operative pain profiles. These changes were paralleled, in part, by
modulation of the HPA system.
Chapter 4 provides a brief overview of the development of the nociceptive network, a
short description of the animal models used for repetitive neonatal pain exposure and
a listing of possible impacts of neonatal pain exposure on the developing nociceptive
network.
Chapter 5 describes the impact of repetitive needle pricking in the neonatal rat, as a
model for repetitive neonatal pain exposure, on basal and post‐operative nociception
in later life and plasticity of the nociceptive network in this context. The intensity of
post‐operative pain hypersensitivity was increased in 8 week old animals that were
exposed to repetitive neonatal needle pricks. Although acute hypersensitivity was
apparent on the days of needle pricking, basal nociception from the age of three until
8 weeks was not affected by neonatal repetitive needle pricking. Increased
immunostaining for the C‐fiber marker calcitonin gene‐related peptide was observed
in the spinal cord, but not in the skin of 8 week old animals exposed to repetitive
neonatal needle pricking.
In Chapter 6, the impact of repetitive neonatal needle pricks on inflammatory pain
hypersensitivity is described, as well as possible underlying sex differences. Increased
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hypersensitivity to mechanical stimuli after hind paw inflammation was observed only
in 8 week old male animals that were exposed to repetitive neonatal needle pricking.
In Chapter 7, the main findings of this thesis are summarized and discussed. The
clinical and experimental evidence on the impact of the two types of perinatal events
on long‐term effects on nociception as well as underlying mechanisms are discussed.
Moreover, future directions that could benefit research into the long‐term impact on
nociception of these two types of perinatal events are described.
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SAMENVATTING
Samenvatting
Hoofdstuk 1 geeft een kort overzicht van de twee perinatale gebeurtenissen
beschreven in dit proefschrift, met name perinatale maternale stress en herhaalde
neonatale pijnblootstelling, en hun lange termijn effecten op pijngevoeligheid. Dit
hoofdstuk bevat de onderzoeksvragen van dit proefschrift.
In Hoofdstuk 2 wordt een overzicht gegeven van de huidige literatuur aangaande
klinisch en experimenteel bewijs van de effecten van perinatale maternale stress op
pijngevoeligheid in het latere leven. De aandacht in dit review is gericht op
veranderingen in het serotonerge pijn inhibitie systeem en het hypothalamus‐
pituitary‐adrenal (HPA) systeem als onderliggende mechanismen voor lange termijn
effecten op pijngevoeligheid in nakomelingen die blootgesteld werden aan perinatale
maternale stress en/of anti‐depressiva tijdens de ontwikkeling.
Hoofdstuk 3 beschrijft de impact van prenatale maternale stress en blootstelling
tijdens de ontwikkeling aan fluoxetine, een populair selective serotonin reuptake
inhibitor (SSRI) geneesmiddel, op basale en post‐operatieve pijn overgevoeligheid in
nakomelingen met een leeftijd van 8 weken. Er werd geconcludeerd dat prenatale
maternale stress post‐operatieve pijn overgevoeligheid vermindert en dat fluoxetine
tijdens de ontwikkeling deze pijn verergert. Wanneer gestreste zwangere moeders
behandeld werden met fluoxetine, vertoonden de nakomelingen normale post‐
operatieve pijn profielen. Deze veranderingen werden deels gekoppeld aan modulatie
van het HPA systeem.
Hoofdstuk 4 geeft een kort overzicht van de ontwikkeling van het nociceptieve
netwerk, een korte beschrijving van de gebruikte diermodellen voor herhaalde
neonatale pijnblootstelling en een weergave van de mogelijke effecten van neonatale
pijnblootstelling op het ontwikkelende nociceptieve netwerk.
Hoofdstuk 5 beschrijft de impact van herhaalde naaldenprikken in de neonatale rat, als
een model voor herhaalde neonatale pijnblootstelling, op basale en post‐operatieve
pijngevoeligheid later in het leven en plasticiteit van het nociceptieve netwerk in deze
context. De intensiteit van post‐operatieve pijnovergevoeligheid was verhoogd in 8
weken oude dieren die bloogesteld werden aan herhaalde neonatale naaldenprikken.
Hoewel acute overgevoeligheid werd vastegesteld op de dagen van de naaldenprikken,
werd er geen effect waargenomen van herhaalde naaldenprikken op basale nociceptie
op een leeftijd van 3 tot 8 weken. Verhoogde immunokleuring voor de C‐vezel merker
calcitonin‐gene‐related‐peptide werd waargenomen in het ruggenmerg, maar niet in

131

SAMENVATTING
de huid van 8 weken oude dieren die blootgesteld waren aan herhaalde neonatale
naaldenprikken.
In Hoofdstuk 6 wordt de impact van herhaalde neonatale naaldenprikken op
ontstekingspijn overgevoeligheid, als ook onderliggende geslachtsverschillen
beschreven. Verhoogde overgevoeligheid voor mechanische stimuli werd enkel
geobserveerd in 8 weken oude mannelijke dieren die blootgesteld waren aan
herhaalde neonatale naaldenprikken.
In Hoofdstuk 7 worden de belangrijkste bevindingen van dit proefschrift samengevat
en bediscussieerd. Het klinische en experimentele bewijs voor de impact van de twee
perinatale gebeurtenissen op lange termijn veranderingen in pijngevoeligheid, alsook
onderliggende mechanismen worden bediscussieerd. Bovendien worden er
toekomstperspectieven beschreven die voordelen kunnen opleveren voor onderzoek
naar de lange termijn impact van deze twee types van perinatale gebeurtenissen op
pijngevoeligheid.
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