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Abstract

Background: The neurobiology of neonatal pain processing, especially in preterm
infants, differs significantly from older infants, children, adolescence, and adults.
Research suggests that strong painful procedures or repeated mild procedures
may permanently modify individual pain processing. Acute injuries at critical
developmental periods are risk factors for persistent altered neurodevelopment.
The purpose of this narrative review is to present the seminal and current literature
describing the unique physiological aspects of neonatal pain processing.

Methods: Articles describing the structures and physiological processes that
influence neonatal pain were identified from electronic databases Medline, PubMed,
and CINAHL.

Results: The representation of neonatal pain physiology is described in three
processes: Local peripheral nervous system processes, referred to as transduction;
spinal cord processing, referred to as transmission and modulation; and
supraspinal processing and integration or perception of pain. The consequences
of undermanaged pain in preterm infants and neonates are discussed.
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and adults; there are some pain processes and responses that are unique
to neonates rendering them at risk for inadequate pain treatment. Moreover,
exposure to repeated painful stimuli contributes to adverse long-term physiologic
and behavioral sequelae. With the emergence of studies showing that painful
experiences are capable of rewiring the adult brain, it is imperative that we treat
neonatal pain effectively.

10.4103/2152-7806.144630
Quick Response Code:

Key Words: Neonate, neurodevelopment, pain, preterm infant, pain processing

INTRODUCTION carc units (NICUs), 79.2% of painful procedures

are performed without analgesia. Compared with

_ Editor:

Although it has been nearly 27 years since Anand and
Hickey’s!”! seminal article on neonatal pain established
that nociceptive activity constitutes an overwhelming
physiologic stress for infants, in some nconatal intensive

healthy newborns, infants in NICUs experience a
median of 75 (range 3-364) painful procedures during
hospitalization and 10 (range 0-51) painful procedures per
day of hospitalization.’!! Data from preclinical trials and
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pediatric research demonstrate noxious stimuli during
this vulnerable period of neuronal plasticity may trigger
unpredicted long-term epigenomic changes that affect
the brain, neurodevelopment, and pain reactivity into
adulthood.B?¢7689L107 This review will present the unique
physiological aspects of neonatal pain that influence pain
processing in this vulnerable population.

EXPOSURE TO PAIN EARLY IN LIFE
Research suggests that strong painful procedures!”!
or mild repeated procedures®® may permanently
modify individual pain processing. Acute injury at
critical developmental periods are risk factors for
persistent altered neurodevelopment.™! During normal
development, infant pain  transmission and pain
modulation undergo rapid growth beginning at 22 wecks
gestation; achieving mature functioning at approximately
2 months of age.*?1*] Noxious stimuli during this
vulnerable period of neuronal plasticity may trigger
unpredicted long-term epigenetic changes, which affect
the brain, neurodevelopment, pain modulation, and pain
reactivity into adulthood.[67:6591.94107]

Extensive  preclinical  trials  have established the
physiological impact of early exposure to noxious stimuli
on the developing nervous system./?71261%1 Combined
with the mounting clinical evidence,!"*"*! it is possible
that exposure to acute and repetitive pain in infants
may have long-term effects contributing to persistent
adverse neurological outcomes. The purpose of this
narrative review is to present the seminal and current
literature describing the unique physiological aspects
of neonatal pain processing. The review will answer the
following research question: Among neonates, what
unique structures and processes influence neonatal pain
processing?

ELEMENTS OF PAIN PERCEPTION

Pain is a perception, not a sensation. It involves sensitivity
to chemical changes in the tissues and interpretation that
such changes are harmful. This perception is real, whether
the harm has occurred in the past or is happening in
the present. Cognition is involved in the formation of
this perception. There are emotional consequences and
behavioral responses to the cognitive, emotional and
physiological aspects of pain.!'¥

Pain is a linguistic description for an expansive variety of
experiences and responses. It is an abstract representation
of the information that is subsequently reexamined over
long periods by the entire somesthetic system.'™ The
physiologic mechanisms involved in the phenomenon of
pain are known as nociception. The term nociception
refers to the ability of a nerve to detect noxious stimuli
and transmit the information concerning the stimuli to

S480

the brain for interpretation.!'™ Unlike the phenomenon
pain, nociception does not require self-report. Therefore,
the term nociception provides an accurate description of
an infant’s response to a tissue-damaging stimulus. In
the literature, the terms pain and nociception are used
interchangeably; in this review, no further distinction
between the two terms will be made.

Pain responses are integral components of an adaptive
biologic system that enables a newborn to function
in a dynamic, challenging, and potentially dangerous
environment. These responses represent  reactions,
modulations, and integration by the peripheral nervous
system (somatosensory, somatomotor, autonomic), spinal
cord, and brain (brain stem, medulla, hypothalamus,
thalamus, limbic system, cranial nerves, and the
neocortex). Taken together, the responses are concurrent
reactions of pain perception; an experience of emotions
and autonomic, somatomotor and endocrine responses
rather than sequential reactions.® This description of
concurrent responses to pain and stress is a very important
differentiation from past discussions of pain-response
physiology. Individuals respond to and communicate pain
simultancously in several different areas, using more than
just the ascending and descending pain pathways for
communication.!'"!

DEVELOPMENTAL NEUROBIOLOGY OF
NEONATAL PAIN

Simply expressed, pain is a three-neuron relay that
detects sensations in the periphery and conveys the
sensations via second and third order neurons through
the spinal cord, brainstem, and thalamic relay nuclei to
the cerebral cortex.?” Nociceptive neurons are sensitive
to thermal, mechanical, or chemical noxious stimuli.
They contain and release neuropeptides and are sensitive
to particular growth hormones involved in neurogenic
inflammation (e.g. vasodilation, vascular leakage) and
neuroimmune regulation. Nociceptive neurons also
influence smooth muscle contractions and glandular
secretion into the gastrointestinal and urinary tracts.!'”

This representation of neonatal pain physiology is

organized in three sections:

* Local peripheral nervous system processes or
transduction occurs when noxious stimuli are
translated into neuronal action potential at the
nociceptors, which are the sensory endings of the
primary afferent neurons in the periphery

e Spinal cord processing, referred to as transmission and
modulation, is the propagation of action potentials
along ascending pathways from the site of transduction
throughout the sensory nervous system to the spinal
cord, then centrally to the brain; and activation of
descending pathways that exert inhibitory effects on
the synaptic transmission of noxious stimuli
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e Supraspinal processing and integration of pain or
perception of pain is the result of neural processing:
Recognition, defining and responding to noxious
stimuli in the brain.!%10+106]

The discussion is presented sequentially for clarity;
however, processes are interactive and occur concurrently.

Maturation of local peripheral nervous system
responses or transduction

The peripheral nervous system, part of the somatosensory
system, consists of three primary afferent fibers, Ad (thinly
myelinated, mechanosensitive pain receptors), AP, and
C-polymodal fibers (unmyelinated, mechanical, chemical,
and thermal sensitive pain receptors)?? [Table 1].
During the sixth week of gestation, synaptic development
between sensory fibers and interneurons in the dorsal horn
of the spinal cord begin to appear. By week 7 of gestation,
cutaneous sensory receptors appear in the perioral area.
By the 11" week, cutaneous receptors have spread to the
rest of the face, the palms of the hands, and the soles
of the feet, by the 15" week to the trunk and proximal
parts of the arms and legs, and by the 20™ wecek to all
cutaneous and mucous surfaces.! By 24 weeks gestation,
the peripheral nervous system is developmentally mature
and functional. However, in contrast to adults, nconates
have a higher density of high threshold AS and low
threshold AP mechanoreceptors/em? that respond with
lower firing frequency.?* Tactile and noxious stimuli
evoke cutancous limb withdrawal in neonates as young as
27 weeks gestation. 76!

Tissue injury initiates a cascade of peripheral neuronal
responses. Noxious stimuli are transduced to electrical
activity at the peripheral terminals of A§ and C polymodal
fibers and are immediately conducted to the dorsal horn of
the spinal cord. The cellular and blood vessel damage from
the injury along with inflammatory and tumor cells, release
biochemical mediators (bradykinin, calcium and potassium
lons, substance P and prostaglandins) that activate or
sensitize A and C polymodal afferent nociceptors that
transmit pain impulses to the spinal cord and stimulate

Table 1: Primary afferent fibers!®®

local inflammatory flare and wheal responses. Concurrently,
substance P and prostaglandins increase the local tissue
inflammation creating local primary hyperalgesia.l'?! With
repeated tissue damage, such as repeated heel lance, the
associated inflammation and tenderness may extend into
adjacent uninjured tissue giving rise to allodynial™?! and a
50% lower cutaneous flexor reflex threshold compared with
the intact contralateral heel.””

In addition to hyperalgesia, tissue damage in early life
causes profound and persistent dendritic sprouting in the
local sensory nerve terminals. Compared with the older
infant, sprouting is more prominent when tissue damage
occurs at birth or shortly thereafter.”” Behavioral studies
show the subsequent lowered mechanical threshold

and hyperinnervation of the injured area persists into
adulthood.!""”!

In the past, lack of myelination was used to support the
argument that the premature infant’s nervous systems was
immature/® 1 and therefore the infant was not capable
of experiencing pain.!"?! However, in the peripheral nerves
of adults, nociceptive impulses are transmitted through
C-polymodal and A-8 fibers.!"% Incomplete neonatal nerve
myelination results in a lengthier conduction velocity,
but is fully compensated by the shorter internecuron
and neuromuscular distances traveled by the nerve
impulse.'”! Spinal and central nervous system (CNS)
nociceptive nerve tracts establish myelination during
the second and third trimesters of gestation. Ascending
nociceptive pathways to the brain stem and thalamus are
completely myelinated by 30 weeks; thalamocortical pain
fibers in the posterior limb of the internal capsule and
corona radiata are myelinated by 37 wecks.[®*!

Maturation of spinal cord processing or
transmission and modulation

Early in life, the spinal cord of the neonate’s immature
nervous system functions as an independent unit. Because
of the immature descending pathway, the neonatal cortex
has little control over pain processes. Biobehavioral pain
responses to noxious stimuli are a series of decorticate

Fiber AB Ad C
Structure Thickly myelinated Thinly myelinated Unmyelinated
Source of pain Cutaneous pressure, touch Mechanoreceptive,  Polymodal stimuli
pressure, (mechanoreceptive,
temperature chemical, thermal)
Diameter 6-12 um 1-5 um 0.2-1.5 pum
Conduction velocity 19.6+1.3m/s 5.9+0.8 m/s 0.6=0.1 m/s
Threshold for stimulus intensity ~ 0.8+0.2 mA 1.80+0.6 mA 3.1+x0.5mA
Duration of action potential 0.29+0.01 ms 0.63+0.05 ms 1.38+0.01 ms
Sensory quality of pain Non-nociceptive; inhibits the effects of firing by Ad and C fibers Sharp, stinging, Dull, burning,
mediated Discriminative touch, perception of pressure, vibration, and texture  cutting, pinching aching

Proprioception
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spinal reflexes. As the cortex assumes control, time,
experience, and maturity integrate immature reflexes into
sophisticated adult behavior patterns.!*

The spinal cord level has three important nociceptive
functions; (1) local responses, which are often
reflexive protective; (2) ascending pain transmission,
and (3) modulation of nociceptive impulses through
descending pain pathways. A detailed description of the
anatomy and physiology of the CNS is not provided.
The reader is referred to standard neurobiology text for a
detailed review.!!

Local spinal cord responses

Within the spinal cord, glutamate and tachykinin
stimulate N-methyl-D-aspartate (NMDA) and tachykinin
receptors mediating nociceptive transmission. NMDA
receptors are thought to be responsible for the central
sensitization or “wind-up phenomenon” where sensory
inputs to the CNS are amplified, resulting in an
alteration of the CNS and increased pain.P’$! All laminae
in the neonatal dorsal horn are uniformly labeled with
NMDA sensitive glutamate until day 10-12 after birth,
after which higher densities concentrate in the substantia
gelatinosa.*”! Spreading to inferior and superior spinal
level receptors, the neuronal excitability innervates the
area of tissue damage (central sensitization).P%*®l The
increased excitability of nociceptive receptors in the dorsal
horn (“wind-up”) also causes secondary hyperalgesia in
the normal tissue surrounding the site of injury.!""? In
addition, nonnociceptive input from the opposite limb
produces infant pain.

The NMDA receptor fields of dorsal horn cells in infants
are larger than adult fields until 42 weeks gestation, then
decline to adult size by 43-44 wecks gestation.*! This
increased expression of NMDA receptors in the dorsal
horn of the spinal cord accentuates the low pain threshold
of preterm infants and is thought to be associated with
the increased vulnerability of excitotoxic damage in
the newborn brain resulting in stronger and more
prolonged pain for the infant.?**! NMDA dependent
C fiber-evoked depolarization of spinal cord cells and
“wind-up” of cells to repeated C fiber stimulation has
been demonstrated in the young (8-14 day) spinal cord
in vitro and observed in both preterm and term neconates
exposed to sequential painful procedures.!*"!

In adults, y-aminobutyric acid (GABA) inhibits the
excitatory activity of glutamate, but in infants, GABA
induces depolarization dependant, in part, on the
intracellular concentration of chloride.””) GABA is over
expressed in infants until 44 weeks.*”! The enlarged
NMDA receptor fields and the levels of immature
spinal GABA signaling contribute to the nociceptive
hypersensitivity in infants. The result-pain responses are
elicited with less invasive stimuli.l”!
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These local spinal cord responses have a profound effect
on a neconate’s biobehavioral response to stimulation.
Compared with full-term infants, children, adolescence,
and adults, preterm infants have a lower threshold
and a more pronounced reflex response to touch.!*
The decreased pain threshold makes the infant more
sensitive to noxious stimuli such that touch stimulation
near the injured area causes intense pain for days or
weeks.P®) With repeated exposure to noxious stimuli or
touch, the lowered threshold declines even further due
to the influence of NMDA and GABA on the excitability
of the sensory neurons of the spinal cord. The significant
variability in pain response observed in neonates is due to
the continually decreasing touch threshold, the increasing
ncuronal sensitization and the preceding painful/stressful
interventions in the last hour,®! 24 h "1l or cumulatively
since birth.""” The clinical implication for tiny neonates
is that compared with adults, the behavioral response to
routine care will be the same as the behavioral response
to an invasive procedure. In addition, a diaper change
can clicit pain-like behaviors and physiologic responses
if preceded by a heel lance 30 min before.™ Depending
on the gestational age of the infant, the number of prior
painful experience, the infant’s behavioral state, or acuity
of illness, a single stimulus may elicit a pain response that
lasts several minutes or cause no reaction at all.l#$5%114

The affinity of the NMDA receptor decreases with
postnatal age. NMDA-evoked calcium influx in rat
substantia gelatinosa neurons is very high in the first
postnatal week then declines to adult levels by 6-8 weeks
postnatally.®® The amount of current associated with
immature NMDA receptors is initially much greater in
neonates compared with adults and declines with age
and synaptic activity. This is due to a developmental
switch in the subunit composition of the NMDA
receptor.®? Glutamatergic synaptic currents undergo a
characteristic pattern of maturation and development.
This pattern involves changes in the kinetic of NMDA
receptor currents and the formation of “silent synapses”
that initially only express NMDA currents and are only
later made functional by the addition of AMPA receptor
currents. This allows functional networks to be adaptively
modified by experience.*

Ascending transmission

There are a considerable number of seminal rigorously
exccuted  studies™'7 and  recent  reviews!®1#1%3
demonstrating even the smallest infants are capable of
mounting a response to noxious stimuli. In neonates,
the ascending nociceptive pathways are developmentally
mature by 20 wecks gestation.**) By 30 wecks gestation,
the ascending pathway of an neonate is capable of the
same functionality as an adult."”!

Research has established that facial expressions and
body movements represent evidence-based acute pain
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behavioral variables in infants. Brow bulge, eye squeeze,
and a deepening of the nasolabial furrow have been
exhibited in infants as young as 26 weeks’ gestation
in response to a heel lance procedures.’”®! The same
expression is associated with pain in adults, although in
infants younger than 30 weeks™ gestation, the response
is not as robust or universal. Heart rate, heart rate
variability (HRV), and oxygen saturation are physiologic
variables associated with acute pain in infants.[”® These
protective autonomic responses and facial responses
triggered by the ascending pain fiber connecting with
the reticular activating system and the periaqueductal
gray (PAG) area are not dependent on cortical input.”!

Descending transmission, modulation of pain
Descending inhibitory controls are immature at birth.!
Descending inhibitory pathways progress downward from
the brainstem via the dorsolateral funiculus of the
spinal cord to the dorsal homn in fetal life. Once noxious
transmission and pain perception has occurred, fibers in the
spinothalamic tract stimulate regions of the midbrain that
send descending projections to the dorsal horn to modulate
pain impulses. However, these inhibitory pathways do not
extend collateral branches into the dorsal horn for some
time and do not become functionally effective until P10
in rats.”* This delay may be due to deferred expression of
serotonin and noradrenaline or the immaturity of crucial
interneurons. Interneuron maturation in the substantia
gelatinosa occurs largely in the postnatal period and
appears to be particularly important in the modulation of
nociceptive stimuli.?””) Since the immature endogenous
analgesic system cannot diminish noxious Inputs as
they enter the CNS noxious inputs are more profound
in infants compared with adults. This mechanism also
explains why the stimulus-produced analgesia from the
PAG is not effective until P21 in rats.!'*!

4]

Neurotransmitters are essential components of adult
and neonatal pain transmission. Adult and neonatal
pain transmission is mediated at the level of the
spinal cord by the neurotransmitters substance P
somatostatin, calcitonin gene-related peptide, vasoactive
intestinal  polypeptide, and glutamate. Modulation
of pain transmission occurs through the local release
of endogenous opioids, enkephalin  or serotonin,
norepinephrine, acetylcholine, neurotensin, and GABA,
glycine, and dopamine from the PAG area.

GABA has a crucial role in preventing the spread of
excitatory glutamatergic activity. In the adult spinal
cord, GABA is an inhibitory amino acid transmitter
that produces membrane hyperpolarization through
the activation of postsynaptic GABA, and GABA,
receptors and  depresses  transmitter release acting
through presynaptic GABA, receptors. However in
nconates, GABA is transiently overexpressed in the
developing spinal cord. In 90% of embryonic dorsal

horn neurons cultured for more than a week, both
GABA and glycine induced an increased calcium and
cellular  depolarization.”" This effect decreased with
age in culture so that by 30 days it was absent and these
agents caused hyperpolarization.'""”! During the first two
postnatal weeks, the expression of the GABA-synthesizing
enzyme, glutamate decarboxylase (GAD), indicates
50% of neurons are GABA-positive compared with 20%
GABA-positive neurons in the third postnatal week.!"*
This phenomenon where GABA mediates most of the
excitatory drive in the immature brain also occurs in the
supraspinal area of the postnatal rat brain.!

In the preterm infant, dopamine and norepinephrine
are not available to modulate nociceptive activity before
36-40 weeks” gestation. Moreover, the inhibitory fibers
extending from the PAG area and other areas in the
brainstem do not release serotonin until approximately
6-8 weeks after birth.®*1%  Because the afferent
excitatory pain neurotransmitters, which are plentiful
at birth, are not balanced by descending inhibitory
neurotransmitters, preterm infants have limited ability
to modulate pain. The immaturity of the descending
pathway exposes neonates to greater pain sensitivity and
intensity before 48 wecks gestation compared with older
infants and adults.1®*”

The maturation of C fiber synaptic connections in the
dorsal horn, interneuronal development in the substantia
gelatinosa, and the functional development of descending
inhibitory systems from the supraspinal centers occur
postnatally in the rat. Modulatory mechanisms reach
maturation later than the basic excitatory mechanism
from low-threshold inputs; thus, a newborn infant can
mount a response to painful stimuli. This response,
however, may not always be predictable or well organized.
Lack of inhibition contributes to exaggerated and
generalized responses to all low and high thresholds
of sensory inputs, whereas specific pain responses may
require convergent afferent inputs building up over
time to become clinically apparent.®! The onset of
the inhibitory processes is a crucial determinant of
the neuron’s firing activity and ultimately signals the
emergence of maturing pain responses in infants.

Supraspinal processes and integration

At 8 weeks gestation, the fetal neocortex begins to
development and by 20 wecks, cach cortex has a full
complement of 10? neurons.” Afferent neurons in the
thalamus produce axons that arrive in the cerebrum
before mid-gestation. These fibers “linger” just below
the neocortex until migration and dendritic arborization
of cortical neurons are complete and the establishment
of  intracortical  synaptic  connections  between
20 weeks of gestation is complete.'! By 24-26 weeks,
incoming thalamocortical fibers and synaptic connections
are completed.”! Somatosensory-evoked potentials are
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slow and simple before 29 weeks™ gestation; however, by
40 weeks, the pattern is complex and latency is short.
The cerebral cortex is functionally mature (including
the sensorimotor cortex, limbic system, diencephalon,
thalamus, midbrain brainstem regions) by 22 weeks’
gestation and bilaterally synchronous by 27 weeks. 110132

Cortical cell migration from the germinal lining of the
ventricles in which they originate to specific locations in
the cortical plate is complete at approximately 24 weeks’
gestation.”! The support structure of the germinal
matrix is still highly vascular after the completion of cell
migration until 28 weeks” gestation, making the support
structure extremely vulnerable to hemorrhage.'*! During
the process of migration and differentiation, apoptosis
or programmed cell death eliminates a large number of
neurons from diverse areas of the cerebral cortex.™ The
number of cortical neurons reaches the maximum at

28 weeks’” gestation and then declines by approximately
70% before birth.!"

At 20  weeks gestation, intermittent nonspecific
clectroencephalographic bursts are seen in both cerebral
hemispheres. They become sustained at 22 weeks
and bilaterally synchronous at 26-27 wecks.!™ These
nonspecific neuronal bursts are present during neuronal
development. Their disappearance signals the emergence
of specific potentials and the maturation of functional
brain circuitry.?**¥ Fabrizi et al."*) demonstrated a critical
crossover period in brain response following tactile and
noxious stimulation from nonspecific, evenly dispersed
neuronal bursts to modality-specific, localized, evoked
potentials. Their results suggest that specific neural
circuits necessary for discrimination between touch and
nociception emerge from 35 to 37 wecks gestation in the
human. Table 2 summarizes the clinical implications of
the maturation of pain pathways.

CONSEQUENCE OF UNDERMANAGED PAIN

Multiple lines of evidence suggest that repeated and
prolonged pain exposure early in life alters an infant’s
subsequent pain processing, long-term development, later
pain sensitivity and may contribute to the transition from
acute to chronic pain.?*67%1% Indeed, undermanaged
acute pain early in life is considered to be the greatest

risk factor for the development of chronic pain in
children and adults.[?%12

Undermanaged pain in neonates leads to significant
short- and long-term  adverse
Short-term consequences of painful procedures consist
of decreased oxygen saturation,*!* significantly lower
partial pressures of oxygen,!'" increased heart rate, />
increased HRV' rapid fluctuations in intracranial
pressure,'”and increased levels of plasma cortisol,
aldosterone, growth hormone, catecholamines, and

consequences. 1438
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glucagon.™”! Physiologic responses pose a problem for
preterm neonates because these responses deplete the
inadequate energy stores of the preterm infant increasing
the infant’s chance of morbidity and mortality. "5

Physical and psychological stress increases the opportunity
for infection through generalized depression of the
immune system.’! A compromised immune system is a
neonatal challenge because the immaturity of the neonatal
immune system, the lack of immunoglobins, decreased
energy reserves and limited to exposure to infectious
agentsP* 1S54 are associated with an increased incidence
of sepsis. Emerging research has focused on the interaction
between the nociceptive pathway and immune function
suggesting effective analgesic strategies may be utilized to
modulate immune function and decrease infection.*?

It is hypothesized that the long-term consequences
of undermanaged pain in neonates are linked to the
plasticity of the neonate’s nervous system. Changes in
the neonate’s peripheral and CNS are innate and critical
for normal fetal and nconatal development.””! Data
demonstrate that acute injury at critical developmental
periods are risk factors for altered neurodevelopment.!*!
During normal development, infant pain transmission
and pain modulation undergo rapid growth beginning
at 22 weeks gestation achieving mature functioning at
approximately 2 months of age.*2012 Noxious stimuli
during this vulnerable period of neuronal plasticity may
trigger unpredicted long-term epigenctic changes, which
affects brain, neurodevelopment, pain modulation, and
pain reactivity into adulthood.[67:6591.94107]

Findings from cohort and crosssectional studies
explain how repeated painful  procedures are
associated with long-term adverse events such as

enhanced perceptual sensitization,™ blunting of the

hypothalamic-pituitary-adrenal (HPA) axis response,!®
greater distress during subsequent surgery requiring
higher fentanyl dosing,!"" lower thresholds for withdrawal
responses that persist for at least the first year of
life,l" lower cognitive and motor development at § and
18 months,!® increased sensitivity to childhood injuries!™
and higher incidence of somatic complaints.””>7% Other
evidence suggests that routine morphine administration
in ventilated neonates has no beneficial effects on
pain expression, may result in adverse neurological
outcomes,* and contributes to negative effects on
cognitive functioning at 5 years of age.[*!!

A common feature of these studies is that the tissue
injury occurred at a critical period of development and
the adverse effects of the injury outlasted the injury itself.
The long-term effects of the injury were adolescents
and adults with altered pain sensitivity compared with
controls. In addition, the area surrounding the injury
retained the increased sensitivity to pain so that a new
injury in that area resulted in enhance hyperalgesia, which



SNI: Neurosciences Nursing 2014,Vol 5, Suppl 13 - A Supplement to Surgical Neurology International

Table 2: Clinical implications of maturation of pain pathways!*10.4%.43.83

Gestational Neuroanatomy Neurochemistry Clinical applications
age
6" week  Cerebral cortex: Development of synapses between sensory fibers
and receptive neurons in the dorsal horn
7" week  Peripheral nervous system Cutaneous sensory perception
appears in perioral area and is complete by the 20" week. Reflex
responses begin and spontaneous movement in absence of
external stimuli occur
8" week  Cerebral cortex: Fetal cortex begins and by 20 weeks the cortex ~ Appearance of
has a full complement of neurons, 10° neuropeptides
(somatostatin,
prostaglandins) in dorsal
horn
12-14% Spinal Cord Cell differentiation begins in dorsal horn Enkephalin, GABA
week appear in the dorsal horn
16" week  Cerebral cortex: Dendritic process or cortical neurons proliferate  Substance P appears in
and develop synaptic targets for incoming thalamocortical fibers  the dorsal horn
and intracortical connections
20" week  Cerebral cortex: Cortical hemispheres have full complement of B endomorphins
neurons observed in anterior and
intermediate lobes of the
pituitary gland
22" week Cerebral cortex: Dendrites begin to develop and migrate towards
synaptic targets. Functional maturity of cortex is demonstrated
by fetal and neonatal EEG patterns that are evident by 22 weeks
gestation and bilaterally synchronous by 27 weeks
20-24" Cerebral cortex: Thalamocortical connections established and
week continue to synapse until 5 years postnatal life
24-26" Peripheral nervous system: Mature; cutaneous receptors have lower Hypersensitivity to pain and touch near
week pain threshold, threshold decreases further after noxious stimuli injured areas (hyperalgesia, allodynia,
Spinal Cord: Mature ascending pathways; immature descending central sensitization) global motor
pathway; receptive field of dorsal horn cells are large and begin to responses to pain, slow or absent facial
diminish 2 weeks postnatally responses; non tactile stimuli such as
Cerebral cortex: Functionally mature; somatosensory evoked handling, diaper changes, or bathing may
potentials are slow and simple; germinal matrix is highly vascular be perceived as painful; vulnerable it
after migration is complete at 24 weeks IVH related to increase in blood pressure
associated with pain until 28 weeks
27-29 Peripheral nervous system mature Continued hypersensitivity; facial
weeks Spinal Cord: Mature cutaneous limb withdrawal reflex; immature responses to pain robust and
descending pathways discriminatory; motor responses become
Cerebral cortex: Maximum number of cortical neurons is reached; more localized with repeated stimuli;
cerebral cortex is bilaterally synchronous; somatosensory infants may anticipate noxious events
potentials are slow and simple
30-36" Peripheral nervous system mature Continued hypersensitivity
week Spinal Cord: Immature descending pathway, nociceptive
pathways to the brainstem and thalamus are myelinated, well
defined periods of sleep and wakefulness
Cerebral cortex: Mature visual and auditory cortical responses
37-40" Peripheral nervous system mature Continued hypersensitivity
week Spinal cord: Increased dopamine and norepinephrine in
descending pathway
Cerebral cortex: Cortical neurons reduced to 70% through
apoptosis; somatosensory potentials are short and complex,
thalamocortical connects are myelinated
42 weeks  Spinal cord receptive field of dorsal horn cells begin to diminish
6-8 months Peripheral nervous system mature Capable of modulating pain
postnatal ~ Spinal cord: Mature descending pathway as serotonin is available

Cerebral cortex: Apoptosis complete; number of cortical cell stable

IVH: Intraventricular hemorrhage
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Is greater in magnitude and significantly more prolonged
than controls. The altered sensory and pain sensitivity
outcomes reflected in these studies demonstrate that
carly painful injuries result in long-term local and global
alteration in sensory and pain processing. %!

Epigenetic modifications

Epigenetic changes in the neonate’s peripheral and CNS
are innate and critical for normal fetal and neconatal
development.®  During gestation, neuronal tissues
acquire specific patterns of DNA methylation to regulate
genome  function.”  Increased methylation inhibits
gene expression, decreased methylation increases gene
expression. The timing of the injury is significant as
epigenetic changes are more pronounced during rapid
changes in an infant’s environment.!'””)

In contrast to the genetic code, covalent modification of
DNA by methylation is influenced by injury.!"”*¢ Acute
injury at critical developmental periods are risk factors
for chronic pain.*? An individual’s gene expression
profile changes rapidly after an injury.”” Post injury,
over 1000 genes are activated within the dorsal root
ganglion (DRG)."”  Noxious stimuli during this
vulnerable period of neuronal plasticity may trigger
unpredicted  long-term  epigenetic  changes.  Since
environmental influences on pain severity are linked to
early-life stress, 719517 the importance of mitigating
abnormal stimulation during the newborn period cannot
be overemphasized.

CONCLUSION

Although pain responses in neconates bear some
similarity to pain responses in older infants, children,
adolescence, and adults; there are some pain responses
that are unique to neonates rendering them at risk for
inadequate  pain  treatment. 1H173°3649528.181 - Neonates
have mature and functional ascending pain pathways
capable of transmitting noxious impulses by 24 wecks
gestation. However, the neurotransmitters that modulate
the ascending impulse do not appear in the descending
pathway until approximately 48 weeks gestation.P*10%10%]
The immature descending pain pathway exposes preterm
infants and neonates to a greater intensity of pain for a
prolonged period of time. This increased magnitude and
protracted duration of pain is associated with increased
peripheral and DRG in sprouting,'” hyperinnervation
of the area adjacent to the tissue injury,'"” extensive
escalations in spinal cord neuronal excitability resulting
in secondary hyperalgesia of uninjured tissue,>"”* and a
30-50% lower pain threshold in the presence of repeated
noxious stimulation compared with adults.””

FExposure to repeated painful stimuli contributes to
adverse long-term physiologic and behavioral sequelae.
The short-term consequences of undermanaged pain
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in neonates are behavioral and physiologic responses
to noxious stimuli. The long-term consequences of
repeated painful procedures vary with gestational
ageB7 and include permanent structural changes
in the neonate’s nervous system,?7121511 decreased
sensitivity childhood injuries” and higher incidence
of somatic complaints.”>”>7° Painful procedures should
be treated with behavioral and environmental as well
as pharmacological interventions to reduce the risk
of long-term adverse events. With the emergence of
studies showing that painful experiences are capable
of rewiring the adult brain, it is imperative we treat
neonatal pain effectively.
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