Society for
Pediatric Research

APS Br\ European Society S r
- for Paediatric Research

1 K
Since

REVIEW

www.nature.com/pr

W) Check for updates

The development of descending serotonergic modulation
of the spinal nociceptive network: a life span perspective

Anne R. de Kort®'?*™

, Elbert A. J. Joosten'?, Jacob Patijn'?, Dick Tibboel® and Nynke J. van den Hoogen'?**

© The Author(s), under exclusive licence to the International Pediatric Research Foundation, Inc 2021

ABSTRACT: The nociceptive network, responsible for transmission of nociceptive signals that generate the pain experience, is not
fully developed at birth. Descending serotonergic modulation of spinal nociception, an important part of the pain network,
undergoes substantial postnatal maturation and is suggested to be involved in the altered pain response observed in human
newborns. This review summarizes preclinical data of the development of descending serotonergic modulation of the spinal
nociceptive network across the life span, providing a comprehensive background to understand human newborn pain experience
and treatment. Sprouting of descending serotonergic axons, originating from the rostroventral medulla, as well as changes in
receptor function and expression take place in the first postnatal weeks of rodents, corresponding to human neonates in early
infancy. Descending serotonergic modulation switches from facilitation in early life to bimodal control in adulthood, masking an
already functional 5-HT inhibitory system at early ages. Specifically the 5-HT3 and 5-HT; receptors seem distinctly important for pain
facilitation at neonatal and early infancy, while the 5-HT,,, 5-HT;,,, and 5-HT, receptors mediate inhibitory effects at all ages.
Analgesic therapy that considers the neurodevelopmental phase is likely to result in a more targeted treatment of neonatal pain

and may improve both short- and long-term effects.

Pediatric Research (2022) 91:1361-1369; https://doi.org/10.1038/541390-021-01638-9

IMPACT:

® The descending serotonergic system undergoes anatomical changes from birth to early infancy, as its sprouts and descending
projections increase and the dorsal horn innervation pattern changes.
® Descending serotonergic modulation from the rostral ventral medulla switches from facilitation in early life via the 5-HT5 and 5-

HT; receptors to bimodal control in adulthood.

® A functional inhibitory serotonergic system mainly via 5-HT,,, 5-HT;;,, and 5-HT,, receptors at the spinal level exists already at

the neonatal phase but is masked by descending facilitation.

INTRODUCTION

Pain is a powerful survival signal that can be experienced
throughout the whole life span. Nevertheless, due to immaturity
of the nociceptive network, the experience of pain and the
processing of noxious stimuli differs in the newborn neonate as
compared to infancy, childhood, and adulthood.'™ At birth, reflex
responses to noxious stimuli are exaggerated and uncoordinated,
becoming more refined with increasing age in both human and
rodent neonates.>®” Discrimination between touch and nociceptive
stimuli is also fine-tuned during postnatal development>* These
changing pain behaviors from birth to adulthood in both human
and rodents mirror the maturation of the nociceptive network,
responsible for processing of nociceptive signals. Postnatal structural
and functional fine-tuning of the nociceptive network is an activity-
dependent process, requiring input from the environment to
finalize#'° This, however, also leaves this system vulnerable to
excessive input in early life, such as neonatal pain.'’™'® Refinement

of neural excitability in the spinal cord dorsal horn, the first and most
important level of processing of nociceptive information'* (see Box 1),
occurs through a variety of neuronal processes, including
the emergence of top-down inhibitory modulation of spinal
nociception.""

Preclinical studies in rodents indicate that descending inhibitory
modulation of the nociceptive signaling is still immature
immediate around birth, especially in preterm newborns, and will
switch from facilitation to inhibition during the first 3 postnatal
weeks.'>™'? Notably, the rostral ventral medulla (RVM) is the major
source of descending serotonergic modulation of spinal nocicep-
tion and has been shown to enhance rather than inhibit
nociceptive stimuli in early life in rodents."” These descending
serotonergic projections and their receptors are targeted for
pharmacological treatment of pain in adults due to their
expression in the spinal dorsal horn®® and could also potentially
be utilized to attenuate the acute effects of overstimulation of the
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Box 1. Nociception: the role of descending serotonergic RVM-spinal
dorsal horn projections

Nociceptive information from peripheral primary afferent C and Ad fibers, as well
as touch information from A fibers, is transmitted to second-order projection
neurons in the spinal dorsal horn.'** These projection neurons are either
nociceptive-specific (NS) neurons in laminae | and Il (receives input from C and
AS fibers) or wide dynamic range (WDR) neurons in laminae V (receives direct or
indirect input from all three types of cutaneous afferents (C, AS, and A)). Via the
spinothalamic pathway, nociceptive information is perceived and integrated in the
brain centers, including the prefrontal cortex, somatosensory cortex, and anterior
cingulate cortex.'** Brainstem centers modulate spinal nociceptive processing via
the spino-bulbo-spinal loop. The RVM, which includes the nucleus raphe magnus
(NRM) and adjacent reticular formation, is part of this a spino-bulbo-spinal loop
that is activated by ascending nociceptive input and drives descending
modulation of the spinal dorsal horn.'® Serotonergic neurons from the RVM
project to laminae |, I, and V of the spinal dorsal horn where projection neurons
reside and are therefore a major source of descending modulation of nociceptive
input.'*'?> Descending serotonergic modulation of nociception is mediated via
seven 5-HT receptor families (5-HT;-5-HT-) that comprise 15 receptor subtypes'®
expressed in the spinal cord and brainstem.

nociceptive system at an early age. The neonatal period is unique
in how it processes noxious stimuli and develops differently after
aberrant noxious stimulation, leading to changes in pain proces-
sing throughout life.'’™"2 In this respect, treatment of pain should
be based on the understanding of the neurodevelopment of the
nociceptive system. Increased knowledge of the development of
descending serotonergic RVYM-spinal dorsal horn projections has
significant implications for the understanding and subsequent
treatment of pain throughout the whole life span. Here we
summarize preclinical data of the serotonergic descending
modulation of the spinal nociceptive network during postnatal
development, highlighting which receptors may be involved in
the functionality of the descending serotonergic modulation at
various phases throughout life in rodents. This will provide a
better understanding of postnatal pain processing that ultimately
can identify possible pharmacological pain treatment to improve
short- and long-term outcome in the vulnerable population of
neonates and children.

The review starts with the newborn rodent, where the
developmental phase of the nociceptive network is similar to
the developmental phase in human neonates during the second
and third semester (see Fig. 1) and therefore representing
premature newborns (>25 gestational weeks).?'>® The pre-
weaning phase from postnatal day (P) 7 to P21 represents the
phase of neuronal development in a human neonate at term birth
(40 gestational weeks), and the developmental processes
have reached a similar level as seen in human infants at weaning
(1-2 years of age).2'*? Finally, we discuss descending serotonergic
modulation from weaning into adulthood.

SEROTONERGIC DESCENDING MODULATION OF NOCICEPTION
DURING THE NEONATAL PHASE (P0-P7)

Anatomy of descending serotonergic RVM-spinal dorsal horn
projections

In the RVM, 5-HT-positive neurons emerge as early as embryonic
days 13-16 and do not change in absolute number with postnatal
age.'”?*2% Similarly, the proportion of spinally projecting RVM
serotonergic neurons remains stable over the first postnatal week
in rodents, corresponding with preterm to term human neonate,
and accounts for only 3-10% of all spinally projecting serotonergic
neurons.'”?” Even though the proportion of serotonergic RVM
neurons projecting to the spinal cord does not change during the
first postnatal week, the number of serotonergic axons increases
in the dorsal horn as fibers grow and sprout further, and
innervation follows a rostral to caudal and ventral to dorsal
gradient.'”?>%73% Qverall, spinal 5-HT axon innervation maturing
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from rostral to caudal could indicate serotonergic modulation of
the spinal dorsal horn, and therefore sensitivity, develops earlier at
the cervical level followed by lower (thoracic and lumbar) levels in
neonates.”>?®31 The ventral to dorsal gradient ensures that the
first serotonergic fibers invade the deeper dorsal horn around
birth in rodents, and their innervation increases progressively
throughout the cord in the first few postnatal days.>>*®3" By P7 (or
term human birth), the RVM serotonergic axons project to the
entire dorsal horn as they now also reach the upper laminae | and
Il (substantia gelatinosa) at all spinal cord levels'”*>?%=3% (see
Fig. 2).

Functional implications of descending serotonergic
RVM-spinal dorsal horn projections: effects on the
nociceptive network

Facilitation of the dorsal horn nociceptive network. Descending
serotonergic projections from the RVM to spinal cord, despite their
low presence neonates, facilitate (enhance) both noxious and
tactile spinal processing in the dorsal horn, thereby increasing the
chance of signal transmission up to the brain via projection
neurons.'”'®%2 This facilitation is observed in a minority of
projection neurons in the dorsal horn of 1-week-old pups.>*3¢
Electrophysiological studies using spinal cord slice preparations
show that postsynaptic facilitation of dorsal horn responses in the
first postnatal week occurs through the 5-HTs and 5-HT; receptors
and to a lesser extent via 5-HT, receptor activation (see Fig. 3a
top).3>3*3¢ Spinal 5-HT acts in a biphasic fashion via the
presynaptic 5-HT; receptor, enhancing excitability of dorsal horn
neurons at low concentrations, while enhancing inhibition at
higher concentrations.>>32

Inhibition of the dorsal horn nociceptive network. Although
descending RVM projections predominantly facilitate spinal
somatosensory processing during the first postnatal week (see
“Facilitation of the dorsal horn nociceptive network”), endogenous
release and/or exogenous application of 5-HT on (isolated)
neonatal spinal cord preparations has the potential to produce
inhibition at both superficial and deeper dorsal horn levels in
1-week-old animals>33>3773% This suggests that inhibitory
mechanisms are already present in neonates but are masked by
the facilitatory influence from the RVM. Primary afferent-evoked
responses are inhibited via presynaptic 5-HT,, and 5-HT,,
receptors in the spinal dorsal horn, thereby reducing the chance
of signal transmission to projection neurons in the first postnatal
week (see Fig. 3a bottom).3*2773° Postsynaptic dorsal horn
responses are inhibited by means of increasing the incidence
of long-term depression via postsynaptic 5-HT;,- and 5-HT;p-
mediated binding in neonatal pups (PO-P7) (see Fig. 3a
bottom).>*3® Blocking the 5-HT1, receptors exclusively produces
facilitation of the deep dorsal horn responses,®*3* suggesting that
5-HT,, receptors tonically inhibit evoked responses in the dorsal
horn of neonatal pups33** The postsynaptic 5-HT,, receptor
causes modest inhibition of synaptic transmission in deep dorsal
horn neurons of P3-P6 pups and is not tonically active in the first
postnatal week.>*** Next to direct modulation of primary afferent
input or dorsal horn responses, local inhibitory synaptic transmis-
sion, mediated via gamma-aminobutyric acid (GABA) and glycine,
can also be potentiated by the 5-HT3 and 5-HT,, receptors in the
neonatal spinal cord, indirectly reducing primary afferent input.>’

Conclusions

The first descending serotonergic axons, originating in the RVM
and projecting to the spinal dorsal horn, emerge during the first
postnatal week (PO-P7) and terminate mainly in the deeper but
not in the superficial laminae of the dorsal horn. Descending
serotonergic RVM projections predominantly facilitate spinal
nociceptive processes in neonates via the 5-HT; and 5-HT;, and
to a lesser extent the 5-HT, receptor-mediated binding, despite
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Fig. 1 Developmental timelines for rodents (top) and humans (bottom), illustrating the neonatal, pre-weaning, childhood, adolescent,
and adulthood phases. GW gestational weeks, P postnatal day, y years.
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Fig. 2 The development of descending serotonergic modulation of the spinal nociceptive network in neonatal, pre-weaning, and
adulthood phases for the following processes. a RVM cell bodies, b descending serotonergic projections from the RVM to the spinal dorsal
horn, ¢ spinal dorsal horn axon innervation over the laminae, d the overall effect of RVM-spinal dorsal horn serotonergic modulation of
nociceptive signaling, e receptors involved in 5-HT-mediated facilitation in the spinal dorsal horn, and f receptors involved in 5-HT-mediated
inhibition in the spinal dorsal horn. RVM rostral ventral medulla, DH dorsal horn, 5-HT 5-hydroxytryptamine.

the presence of inhibitory mechanisms via the 5-HT,, 5-HT;,, and
5-HT, receptors.

SEROTONERGIC DESCENDING MODULATION OF NOCICEPTION
DURING PRE-WEANING (P7-P21)

Anatomy of descending serotonergic RVM-spinal dorsal horn
projections

During the pre-weaning phase (P7-P21), the descending seroto-
nergic system undergoes substantial anatomical changes (see
Fig. 2). Within the RVM, 5-HT-positive neurons show an increased
spatial distribution, with an increasing soma diameter and
dendritic growth in the second and third postnatal week.***'

Pediatric Research (2022) 91:1361-1369

However, the absolute number of 5-HT-positive neurons in the
RVM remains unaltered.'”?%%74142 Most importantly, the amount
of descending projections from 5-HT-positive cell bodies in the
RVM significantly increases between the first and second week,
reaching adult proportions around P14-P16."72’

Following a rapid increase in RVM-spinal cord-projecting
neurons between the first and second postnatal week, 5-HT axon
terminals increase throu%hout the spinal cord over the second
and third postnatal week.?®=' Between P7 and P14, the number of
5-HT axon terminals increases significantly, particularly in laminae |
and Il where nociceptive-specific (NS) projection neurons reside
(see Fig. 2)."7%5?831 By P14, axon innervation evolves from a
diffuse network to a more defined pattern, with 5-HT terminals
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Fig. 3 5-HT receptors involved in 5-HT-mediated facilitation (top) and inhibition (bottom) of the nociceptive network in the dorsal horn
in a neonatal, b pre-weaning, and ¢ adulthood phases. 5-HT-mediated facilitation (top). In neonates (a) as well as in pre-weanling animals
(b), 5-HT facilitates nociceptive signaling via the presynaptic 5-HTs receptor on primary afferent terminals (in blue) and postsynaptic 5-HTs and
5-HT; receptors (in purple), and to a lesser extent via the 5-HT,, receptor. In adulthood (c), 5-HT; and 5-HT,, facilitate both presynaptic and
postsynaptic signaling, whereas the 5-HT;, directly blocks GABAergic interneurons thereby causing disinhibition of projection neurons and
enhancing nociceptive signaling in the dorsal horn. Unlike in younger animals, the 5-HT; does not play a role in serotonin-mediated
facilitation in adults. 5-HT-mediated inhibition (bottom). In neonates (a), inhibition of primary afferent-evoked responses (in blue) occurs
through the 5-HT;,, 5-HT,,, and 5-HT; receptors. 5-HT mediates postsynaptic inhibition through the 5-HT;, and 5-HT, and to a lesser extent
the 5-HT,, receptor. Both the 5-HT,, and 5-HT3; mediate GABA release of inhibitory interneurons in the spinal dorsal horn. In pre-weanling
animals (b), the 5-HT;, is mainly responsible for 5-HT-induced inhibition. 5-HT;, 5-HT,,, and 5-HT3; only show modest inhibition. In adulthood
(), 5-HT,, inhibits nociceptive afferent-evoked responses via presynaptic and postsynaptic mechanisms, whereas the 5-HT;, 5-HT,, and 5-HT3
inhibit projection neurons (purple), either directly or by activation of inhibitory GABAergic signaling (green).

only present in superficial and deep dorsal horn laminae and
absent in lamina 12?37 From P14 to P21, a progressive
reinforcement of 5-HT axons and terminals in the spinal dorsal
horn occurs, with clear distinction between the densely inner-
vated laminae | and ll, an average density in laminae V, and almost
no labeling in laminae III-IV.2#3" Although density of 5-HT
projections appears higher between P7 and P21 compared with
adulthood,”® quantification of retrograde-labeled neurons from
the RVM show similar levels of serotonergic projections to the
spinal dorsal horn from P16 to P30'” and from P14 to P28.%
Possibly, sprouts are increased during pre-weaning followed by a
period of pruning that results in an adult pattern of innervation.

Functional implications of descending serotonergic
RVM-spinal dorsal horn projections: effects on the
nociceptive network

Facilitation of the dorsal horn nociceptive network. In a similar way
as observed in term neonates (P8), descending serotonergic
projections from the RVM continue to facilitate both spinal
nociceptive and tactile processes at P21 or weaning.'”'®* This

SPRINGER NATURE

enhancement of both tactile and nociceptive stimuli in the dorsal
horn is mediated via the 5-HT; receptor.'”” The increase in
descending serotonergic projections during pre-weaning does not
(yet) change the directionality of descending 5-HT modulation at
P8 versus P21, although weak descending inhibition is first
observed around P12.'7“% Between P7 and P21, 5-HT-mediated
facilitation occurs via the 5-HT,, 5-HTs, and 5-HT; receptor binding
(see Fig. 3b top).>*3**** Similar to neonates, presynaptic 5-HT
and 5-HT, receptor activation increases the primary afferent-
evoked responses onto projection neurons in the dorsal
horn during pre-weaning.***’ In addition, activation of the 5-HT;
and 5-HT; facilitates local postsynaptic dorsal horn responses
in P7-P21 pups.'’34364446 postsynaptic 5-HT,, receptor-mediated
effects on nociception seem only modest in pre-weanling animals,
which was similar to the effect observed in neonates>* The
low presence of 5-HT,, on GABAergic interneurons, together
with immature GABAergic signaling in the early postnatal period,
might explain the modest inhibitory effects of 5-HT,, receptor
activation on modulation of nociceptive transmission during
development.>®™>2

Pediatric Research (2022) 91:1361-1369



Inhibition of the dorsal horn nociceptive network. Despite a
predominantly facilitatory effect from the serotonergic projections
originating at the RVM on the spinal dorsal horn nociceptive
network, 5-HT applied to the spinal cord is capable of inhibiting
primary afferent-evoked responses and postsynaptic responses in
the majority of dorsal horn neurons in pre-weanling animals when
investigated in isolation3#3644454774953-35 5 1T can also inhibit
somatosensory input from adjacent dermatomes, thereby redu-
cing the sensory contrast and shaping the receptive field
properties of deep dorsal horn projection neurons in laminae IV
and V at P8-P10 *3. 5-HT-induced inhibition of the dorsal horn
nociceptive processing in pre-weanling animals is mediated
by the 5-HT; receptor family, specifically the 5-HT,, receptors
both on the preéynaptic and postsynaptic side (see Fig. 3b
bottom). 34447464856 The 5.HT,. receptor is tonically activated
during the pre-weaning phase, producing inhibition of nocicep-
tion similar to that seen in the neonatal phase or first postnatal
week 34 |n addition, the 5-HT, is involved in thermal- but not
mechanical-induced nociception in pre-weanling animals.>® Unlike
the involvement of 5-HT,, in the 5-HT-mediated inhibition,
activation of 5-HT;, as such does not modulate dorsal horn
responses or primary afferent-evoked responses and is not
involved in acute nociceptive behavior.>**>~% Presynaptic 5-HT,
receptor binding, and to some extent 5-HT; receptor binding, also
mediate inhibition of primary afferent-evoked responses in a
modest way.*>*

Conclusions

The proportion of serotonergic RVM-spinal cord-projecting
neurons, as well as their axons in the spinal cord, rapidly increase
during pre-weaning and mainly terminate in superficial laminae |
and Il. The descending serotonergic RVM projections to the spinal
dorsal horn continue to facilitate nociceptive processing via 5-HT,,
5-HTs, and 5-HT; receptors from first postnatal week to weaning,
corresponding with human term birth to early infancy. Spinal 5-HT
inhibits the dorsal horn nociceptive network mainly via the 5-HT,
receptors during pre-weaning.

SEROTONERGIC DESCENDING MODULATION OF NOCICEPTION
FROM INFANCY (OR WEANING) UP TO ADULTHOOD
(P21-ADULT)

Anatomy of descending serotonergic RVM-spinal dorsal horn
projections

The number of descending spinal cord projections originating
from 5-HT-positive neurons in the RVM remains similar from
weaning (P21) up to adulthood and account for approximately
one-third of all 5-HT neurons projecting to the spinal cord.'”*” 5-
HT axon terminals show highest innervation at the superficial
laminae (rexed laminae | and Il) and deeper dorsal horn lamina V

where projection neurons reside in adulthood (see Fig. 2).'728-3°

Functional implications of descending serotonergic
RVM-spinal dorsal horn projections: effects on the
nociceptive network

Facilitation of the dorsal horn nociceptive network. In adulthood,
the descending serotonergic system is functionally bimodal,
producing either facilitation or inhibition (see “Inhibition of the
dorsal horn nociceptive network”) of the spinal nociceptive
network by activating specific types of 5-HT receptors. Stimulation
of RVM at low intensities, optogenetic activation of tryptophan
hydroxylase 2 neurons in the RVM, or depletion of descending
serotonergic terminals have been shown to facilitate nociceptive
behavior or processing in healthy adult rodents in some®”™° but
not all studies'”®°%2 At the same time, spinal 5-HT does not
facilitate acute mechanical and thermal nociception and facilitates
spinal nociceptive signaling only in a minority of spinal
neurons in adulthood under non pathological conditions®*%*

Pediatric Research (2022) 91:1361-1369
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through activation of the 5-HT,%°%® 5-HT,,,,%*’° and 5-HT;
receptors®®”'~’8 (see Fig. 3¢ top). 5-HT;, receptors can facilitate
nociceptive transmission by inhibiting GABAergic interneurons in
the spinal cord.>®®’ In addition, the spinal 5-HT., receptor can
directly facilitate dorsal horn responses in the spinal cord.®® 5-HT;-
mediated descending facilitation mag/ occur through either
modulation of supraspinal brain areas,”” via spinal microglia and
subsequent astrocyte activation,®® via the modulation of long-
term potentiation in NS projection neurons in the dorsal horn,”" or
altering neuronal responses to natural stimuli in neurokinin-1-
expressing projection neurons.”® Activation of the 5-HT; receptor
also consistently facilitates tactile processing in the deep dorsal
horn in adulthood and this is similar to that noted during earlier
developmental periods (see sections “Serotonergic descending
modulation of nociception during the neonatal phase (P0-P7)”
and “Serotonergic descending modulation of nociception during
pre-weaning (P7-P21)")."”

Of note, in pathological pain states (including neuropathic or
inflammatory pain models), the descending serotonergic system has
been shown to produce predominant facilitation of spinal nocicep-
tive processing that is mainly mediated via the 5-HT3 receptors. For
more information on the facilitatory role of 5-HT in pathological pain
states, the reader is referred to other reviews 83

Inhibition of the dorsal horn nociceptive network. The majority of
studies show a bimodal role of descending serotonergic projec-
tions from the RVM on nociceptive processing in the spinal cord in
healthy adult rodents, marking a shift in modulation from the
facilitation observed throughout early development (see sections
“Serotonergic descending modulation of nociception during the
neonatal phase (P0-P7)” and “Serotonergic descending modula-
tion of nociception during pre-weaning (P7-P21)") to bimodal
control in adulthood."”*®" Indeed, RVM stimulation-induced
antinociception can be abolished by spinal non-selective seroto-
nergic antagonists.®¥¢ In addition, this descending inhibition in
adulthood is functionally selective for nociceptive but not for
tactile spinal processing.'’? Depletion of descending 5-HT
projections does not affect acute mechanical and thermal
sensitivity®©"®” but abolishes RVM stimulation-induced inhibi-
tion,®' where descending serotonergic projections are part of the
spinal-bulbo-spinal feedback loop modulating spinal nociception
in adulthood. Electrical stimulation of the RVM increases 5-HT and
5-hydroxyindoleacetic acid efflux in the spinal cord in adult-
hood.®8 The role of local spinal 5-HT on nociception in adulthood
is mainly inhibitory.5>%>#9%8 54T inhibits the dorsal
horn nociceptive network in the adult rodent either directly
via the S_HT1363—65,91,92,99,100 and 5-HT, b63,65,66,68,91,92,101 receptors
or indirectly via 5-HT,,%88992%4 gand 5-HT,6489921027106 racaptor-
mediated activation of GABAergic neurotransmission that in turn
inhibits the nociceptive network (see Fig. 3c bottom). Although
the 5-HT; receptor affects naturally evoked (mechanical and
thermal) stimuli, electrically evoked deep dorsal response were
unaffected suggesting that the occurrence of 5-HTs-mediated
facilitation depends on the type of acute stimuli used.%%7%7478.107
Up to now, the role of the spinal 5-HT, receptor in modulation of
thermal or mechanical nociception-induced responses in the
spinal nociceptive network is unclear.”5%'%""" 5 HT__mediated
effects are mostly studied in acute nociceptive behaviors, whereas
5-HT,-mediated facilitation of dorsal horn responses is observed in
earlier developmental periods (see section “Functional implica-
tions of descending serotonergic RVM-spinal dorsal horn projec-
tions: effects on the nociceptive network” and “Functional
implications of descending serotonergic RVM-spinal dorsal horn
projections: effects on the nociceptive network”).

Conclusions

Serotonergic RVM-spinal cord projections terminate at the
superficial laminae (rexed laminae | and Il) and deeper dorsal
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horn lamina V in adulthood. Although the descending serotoner-
gic system from the RVM is functionally bimodal, spinal 5-HT
predominantly inhibits acute nociceptive behavior and spinal
nociceptive processing in adulthood under non-pathological
conditions, while it facilitates touch processing. Activation of 5-
HT,a 5-HT,, and 5-HTs receptors result in both inhibition and
facilitation of the spinal nociceptive network in healthy rodents.
Activation of the 5-HT;, results in inhibition of the spinal
nociceptive network. Unlike earlier developmental periods, the
role of the spinal 5-HT, receptor in acute spinal nociceptive
processing in adulthood remains unclear.

CLINICAL IMPLICATIONS OF THE POSTNATAL DEVELOPMENT
OF DESCENDING RVM-SPINAL DORSAL HORN PROJECTIONS
This review summarizes preclinical data on the development of
descending serotonergic RVM-spinal dorsal horn projections and
its role in nociception throughout the life span. In short,
descending serotonergic projections from the RVM develop
postnatally, where they sprout to the spinal dorsal horn in
neonates, continue to increase their projections and axon
innervation of the nociception specific laminae |, Il, and V in the
spinal cord in neonates and pre-weanling animals up to P21, and
show highest innervation in adulthood (see Fig. 2).'7%73
Functionally, the descending serotonergic RYM modulation of
spinal nociception undergoes a major switch: from facilitatory
during neonatal and pre-weaning phases to bimodal role in later
phases (>P21; or post-weaning).'®'® Despite this switch in RVM
serotonergic control of spinal nociception, inhibitory mechanisms
mediated via the 5-HT receptors are already present at an early
age. This review also highlights the receptors involved in the
functionality of the descending serotonergic modulation at
various phases throughout the life span in rodents.

Although the majority of studies have been performed in
laboratory rodents, clinical studies also suggest that descending
modulation from the brainstem develops postnatally in human
infants.®''? The changing balance between NS brain activity and
spinal reflexes suggests that, as cortical networks mature and thus
NS activity emerges, descending inhibitory modulation is acti-
vated in human infants.®>''? Perhaps, postsynaptic facilitation
mediated by 5-HT in early life may promote the formation of a
functional descending modulatory neuronal circuit via transforma-
tion of silent glutamatergic synapses to functional ones for more
effective sensory transmission.® Additionally, 5-HT-mediated
facilitation modulates axon branching of descending projections
in the spinal dorsal horn throughout development.'*"'* A similar
shift from facilitation to inhibition is seen in the developing spinal
dorsal horn network in which GABAergic and glycinergic
neurotransmission is involved.>'*>'"> The exact mechanism by
which descending serotonergic modulation switches from facil-
itation to bimodal control with postnatal age is not known due
to the limited preclinical studies investigating the functionality of
5-HT receptor subtypes when the switch occurs (P21-P40),
although endogenous opioidergic activity seems to play a role
in the occurrence and/or timing of this switch.'”® Excessive
nociceptive input during early development, such as repeated
noxious stimuli occurring frequently on a daily basis in newborns
admitted to neonatal intensive care units and surgery in neonatal
life, has been shown to augment the perception and/or
processing of nociceptive stimuli'’®'2° and could consequently
affect 5-HT axon branching and the formation of a functional
nociceptive neuronal network.

Several 5-HT receptors are involved in the functionality of this
descending serotonergic modulation within the spinal nociceptive
network of rodents (see Figs. 2 and 3). This information is relevant
to clinical practice of preterm and term born infants, as it
highlights a potential for serotonin-based pain treatment during
this vulnerable period. Preclinical data show that 5-HT;, and
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5-HT,, receptors inhibit the spinal nociceptive network through-
out life, which can point toward a potential use of 5-HT,, or 5-H;j,
receptor agonists for the treatment of pain during any develop-
mental phase. As 5-HT;,-mediated inhibition of the spinal
nociceptive network seems to be less robust during pre-
weaning as compared to neonatal and adult phases, 5-HT;,
receptor modulation could be better suitable for pain manage-
ment in infants (between term birth and 1-2 years of age).3**>°¢
Additionally, the 5-HT3 receptor plays an important role in 5-HT-
induced facilitation of the nociception during development
(sections “Serotonergic descending modulation of nociception
during the neonatal phase (P0-P7)”, “Serotonergic descending
modulation of nociception during pre-weaning (P7-P21)", and
“Serotonergic descending modulation of nociception from infancy
(or weaning) up to adulthood (P21-adult)”), and thus modulating
this receptor is a promising additional therapeutic venue to treat
pain in developing neonates and infants. In this context, it is
important to note that the facilitation of touch signaling is also
mediated via the 5-HT3, and thus targeting this receptor may
therefore impact the development of tactile processing.'” Finally,
modulating the 5-HT; receptor throughout development, but not
in adulthood, can be promising to treat pain in early life (sections
“Serotonergic descending modulation of nociception during the
neonatal phase (P0-P7)” and “Serotonergic descending modula-
tion of nociception during pre-weaning (P7-P21)"). Agonists and
antagonists of these receptors are currently available but are not
part of the current clinical management of pain in neonates and
infants. Daily clinical practice is mainly based on prescription of
paracetamol, opioids, and non-pharmacological analgesia such as
skin-to-skin care, non-nutritive sucking, and sucrose.'?' Painful
stimuli in early life, as well as the use of pharmacological
treatment such as opioids, can lead to long-term alterations
lasting into adulthood."" Serotonin-mediated analgesia could aid
the prevention of acute and long-term effects of neonatal pain, as
it targets a part of the nociceptive system that is highly active at
early ages. When testing any of these analgesics, side effects
including anxiety and depression should be closely monitored due
to the involvement of 5-HT and the expression of 5-HT receptors
within the limbic system.'?*123

Despite numerous years of research, several gaps in knowl-
edge still exist. For example, the exact functionality of most
serotonin receptors in an intact in vivo system during early age
is not clear. Most studies, performed in developing rodents,
assess receptor functionality in isolated spinal cord preparations
or spinal slices, thereby removing the “serotonergic tone” from
supraspinal areas including the RVM, which appears to be of
vital importance 3373944933735 Aq descending serotonergic
modulation plays an important role during any age, future
preclinical studies should focus on this knowledge gap by
investigating 5-HT receptor functioning in vivo rather than
in vitro. Moreover, several drugs interacting with the 5-HT
system, while studied in adulthood, should be investigated for
specific postnatal age groups to assess functionality at different
ages, thereby improving treatment of both procedural and
surgical pain throughout neurodevelopment.

CONCLUSIONS

In conclusion, a rapid postnatal development of the descending
serotonergic RVM-spinal dorsal horn projections is noted in
rodents and this precedes a switch in descending modulation
from facilitation before weaning to bimodal control of spinal
nociceptive signaling in later life (childhood up to adulthood).
More specifically, spinal 5-HT-mediated effects are functional at an
early age, mediating inhibition of spinal nociception via the
5-HT,,, 5-HT;, and 5-HT, receptors and facilitation mainly via the
5-HTs and 5-HT; receptors. At later phases, activation of all 5-HT
receptors, with exception of the 5-HT,, might result in either
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facilitation or inhibition of acute spinal nociceptive signaling.
Targeting the specific receptors in early developmental phases
may help improve pain management in early life, preventing
acute and long-term consequences of neonatal pain.
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