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The field of pediatric pain is a relatively new
one, but its importance should not be under-
estimated. Pain is not restricted to mature organ-
isms, and even the youngest infants display an
acute pain response that requires treatment and
alleviation. Pain from invasive procedures in inten-
sive care and postoperative pain and pain from
disease and trauma are still poorly managed in in-
fants and children, and when analgesics are pre-
scribed, there are little data on their effectiveness.
Adequate pain management in these patients has
been handicapped by lack of knowledge of devel-
oping pain pathways and their response to analge-
sics.12

The Importance of Understanding
Neurotransmission in the Context of
Developing Pain Pathways

An understanding of the developmental neuro-
biology of nociception, particularly in the area of
synaptic connectivity, is fundamental to the field.
Evidence suggests that in the postnatal period, syn-
aptic connections within the spinal cord dorsal horn
undergo considerable growth, reorganization, and
maturation and that pain processing in infants
needs to be investigated in the context of normal
developmental neuronal plasticity.> Behavioral and
neuronal responses to nociceptive and non-noci-
ceptive stimuli in young mammals, including hu-
mans, are clearly not under the same precise con-
trol as in the adult, leading, at spinal cord level, to
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lower thresholds and greater amplitudes of re-
sponse and a higher degree of variability.># The
reasons for this lie in the immaturity of the under-
lying circuitry.

Because most mammals display alterations in no-
ciceptive processing during development, it is pos-
sible to use animal models as a means of studying
changes occurring in children. Although precise
correlations between the ages of rodents and hu-
mans are limited in their validity, it is generally
believed that the first week of a rat’s life corre-
sponds to gestational weeks 24 to 40 in humans.®
The rat has a 3-week gestation period, and the pups
reach adulthood by 6 weeks, so, although direct
comparisons are difficult to make, it can be taken
that animals younger than 6 weeks are still in a
physiologically immature state.

Acute pain is triggered by intense primary affer-
ent nociceptive input, which activates neurons in
the dorsal horn of the spinal cord. However, less
than 10% of these dorsal horn neurons are projec-
tion neurons that send information up to higher
centers in the brain; the rest are interneurons re-
sponsible for the integration and modulation of af-
ferent evoked activity together with that from de-
scending inputs and local networks. It is the
inhibitory and excitatory patterns of synaptic activ-
ity within these neuronal populations that deter-
mines the final output of the dorsal horn to higher
centers in the brain, and it is here that we will find
the key to the differences in nociceptive processing
in the young and adult central nervous system
(CNS).

This review focuses, therefore, on the postnatal
development of major excitatory and inhibitory
ionotropic transmitter/receptor pathways activated
by nociceptive input to the spinal cord dorsal horn
of the rodent. In addition, the functional implica-
tions of the postnatal maturation of these transmit-
ter/receptor systems for pain processing are dis-
cussed. The aim is to highlight areas that may have
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important implications for the assessment and
treatment of pediatric pain.

The Development of Excitatory
Glutamatergic Activity in the Dorsal
Horn

Most fast excitatory transmission in the spinal
cord dorsal horn is mediated by the transmitter
glutamate acting on postsynaptic ionotropic or
channel forming receptors (iGluRs). There are 3
types of ionotropic receptors sensitive to glutamate:
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), N-methyl-p-aspartate (NMDA), and
kainate (KA) receptors. Glutamatergic synaptic cur-
rents are clearly evident in the superficial dorsal horn
around birth in rats,” including those synapses due
specifically to glutamate release from nociceptive pri-
mary afferent terminals.® The frequency of both back-
ground and nociceptive afferent-evoked miniature
excitatory postsynaptic currents increases with post-
natal age, particularly between postnatal day (P) 5
and 10, probably because of an increase in the num-
ber of synaptic release sites or age-dependent changes
in the probability of transmitter release.

AMPA Receptors and the Developing Dorsal
Horn

Postsynaptic AMPA receptors are the main con-
tributors of fast excitatory transmission in the dorsal
horn. They are made up of a number of subunits,
GluR1-4, arranged in a heterotetrameric fashion,
each of which is expressed as at least 2 splice vari-
ants. The inclusion of particular subunits can dras-
tically alter the functional properties of the recep-
tor, for example, by allowing the channel to be
permeable to calcium as well as sodium ions or by
altering its ability to open at certain membrane
potentials.®

Developmental requlation of expression of AMPA sub-
units. There is a high level of AMPA receptor ex-
pression in the newborn dorsal horn followed by a
downregulation in the total number of AMPA re-
ceptors from birth to adulthood. Autoradiographic
studies have shown that total binding of radiola-
beled ligands is reduced to approximately one fifth
in the adult dorsal horn with respect to the neo-
nate.!? In addition, the expression of AMPA recep-
tor subunits changes during development of the
dorsal horn. In situ hybridization studies show that,
at birth, the most prominent subunits in the dorsal
horn are GIuR1, 2, and 4.!! During development,
the levels of GluR1 and GluR4 messenger RNA
decrease by approximately 50%, whereas the levels
of GluR2 decrease by 30%, such that the adult
GluR2:GluR1/4 ratio is significantly higher. How-
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Table 1. Comparison of Expression Levels of
Glutamatergic Receptor Subunits in the Rodent
Dorsal Horn During Postnatal Development

PO P14 Adult
AMPA
GluR1 +++ +++ ++
GIluR2 +++ +++ +
GIuR3 +++ +4++ +
GluR4 + ++ +
Kainate
GIuR5 ++ + -
GluR6 ++ + -
GIuR7 ++ + -
KA1l + + -
KA2 +++ ++ -
NMDA
NR1 ++ +++ +++
NR2A + ++ ++
NR2B ++ +++ ++
NR2C — - -
NR2D ++ + -

ever, immunohistochemical data show a lack of
GluR4 in the dorsal horn, suggesting that posttrans-
lational mechanisms may regulate this subunit dur-
ing development.1©

Similar findings have been obtained by using
Western blot analysis, showing higher levels of
AMPA receptor expression at PO than in the adult.!2
Specifically, GIuR1 and 2 are both highly expressed
in the cord at PO, remain high for the first 2 weeks
of postnatal life, and then decline to approximately
one fifth of PO levels by P35. GluR4 starts at rela-
tively low levels and increases to a peak at around
P14, before declining to PO levels by P35 (Table 1).12

Functional aspects of AMPA receptor development.
Overexpression of AMPA receptors during early de-
velopment suggests increased excitatory drive at
these ages, which is consistent with the high level of
dorsal horn neuronal excitability in the postnatal
period.> There is no change in glutamate excitatory
postsynaptic current amplitudes in postnatal dorsal
horn lamina II neurons over the postnatal period,®
but this may not be true of all neuronal types.

An important functional aspect of AMPA recep-
tor development is the changing ion permeability
that accompanies alterations in subunit composi-
tion. Unlike NMDA receptors, AMPA receptors are
not usually permeable to Ca?* because of the incor-
poration of at least one edited GluR2 subunit in the
receptor tetramer.!> However, receptors lacking the
GluR2 subunit allow Ca?* ions to enter the cell at
normal resting potentials (rather than the depolar-
ized potentials required for entry through NMDA
receptors and voltage-gated calcium channels). The
importance of such calcium permeability is that
enough calcium may enter the cell through some
AMPA receptors to drive downstream changes as-
sociated with growth and synaptic plasticity.'#
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The increased ratio of GluR2 to GluR1/4 that
occurs over postnatal development indicates a rel-
atively greater number of calcium-permeable
AMPA receptors in young dorsal horn and an in-
crease in the number of calcium-impermeable
AMPA receptors as the animal matures. In many
brain areas, there is indeed a dramatic decrease in
the number of calcium-permeable AMPA receptors
over this period,!>16 but studies in cultured embry-
onic spinal neurons suggest that, under these con-
ditions at least, calcium-permeable receptor expres-
sion in dorsal horn cells increases during
development.!” Calcium-permeable AMPA recep-
tors with no GluR2 subunit are found in neurons of
lamina I and II, and to a lesser extent II; in the
neonatal spinal cord,'® and may well be important
for transient changes in synaptic strength and
strongly influence projection neuron firing in the
neonate. However, the degree to which a cell that
has been cultured for 3 weeks matches the proper-
ties of a cell from a 3-week-old cord is still unclear.

The functional effects of changing AMPA recep-
tor subunit expression will depend on where the
receptors are located. In the adult cord, cells immu-
noreactive for GluR1 but not GluR2 are found pri-
marily on neurons expressing the inhibitory neu-
rotransmitter, GABA.'° Indeed, 78% of GluR1-
positive neurons are GABAergic, whereas 97% of
GluR2/3-positive, and therefore calcium-imperme-
able, cells are non-GABAergic. Similar findings are
also obtained when using embryonic spinal neu-
rones cultured for up to 5 weeks.!” However, calci-
um-permeable AMPA receptors, although involved
in modulation of inhibitory transmission, are also
expressed on excitatory projecting neurokinin-1
neurons in young rats (P6-14).18

In summary, AMPA receptors appear to be under
tight developmental control in the spinal cord. In
addition to a postnatal decline in AMPA receptor
expression, it appears that changes also occur to the
stoichiometry, and therefore the functional charac-
teristics, of the receptor during postnatal life.

KA Receptors and the Developing Dorsal Horn

KA receptors act alongside AMPA receptors in
mediating rapid excitatory neurotransmission in
the CNS. The role of postsynaptic KA receptors in
mediating synaptic transmission in the neonatal
spinal cord was first shown by Li et al,2° who
showed that presynaptic stimulation combined
with blockade of NMDA and AMPA responses still
elicited a small evoked potential in dorsal horn
neurons of young rats. This response was only seen
when the stimulation protocol was high enough to
activate C fibers, leading them to conclude that
these KA receptors were only present at C-fiber

synapses. The fact that little or no KA receptor
expression is seen in the adult cord implies that
these postsynaptic responses are of particular im-
portance in developing pain pathways.

Developmental requlation of expression of KA subunits.
The KA receptor is made up of 5 subunits: GluRS5,
GluR6, GluR7, KA1, and KA2 arranged in a tet-
rameric fashion.® In situ hybridization studies have
shown the presence of KA receptors in the spinal
cord at embryonic day 12,2! although binding does
not occur until embryonic day 14. As with the other
ionotropic glutamate receptors, KA receptors ap-
pear to follow strict developmental regulation. For
example, GluR5 is expressed throughout the cord at
P2, is seen only in the superficial dorsal horn by
P10, and is not present at all by P21.22 A similar
profile is seen with GluR6 and 7, although at gen-
erally lower levels, whereas KAl is expressed at
moderate levels in the dorsal half of the cord in the
P2 rat, appears at low levels in the ventral horn at
P10, and is not seen at all by P21. KA2 is expressed
at high levels throughout the cord at P2 and stays at
moderate levels throughout the first 3 weeks of life,
before declining so that no signal can be seen in the
adult (Table 1).22

Functional aspects of KA receptor development. The
expression of postsynaptic KA receptors in the
young, but not adult, dorsal horn highlights the
importance of these receptors during development,
but as yet little is known of their functional signif-
icance in developing pain pathways.

Presynaptically, KA receptors have been shown
to play a role in the developing thalamocortical
connections of the rat whisker pathways. These
synapses exhibit a short-term depression in re-
sponse to a wide range of stimulus frequencies.?>
During high-frequency stimulation (corresponding
to the frequency elicited by whisker activation), this
depression is dependent on presynaptic KA recep-
tors but only up to postnatal day 7, the critical
period in activity-dependent modifications in the
barrel cortex (the area of the somatosensory cortex
receiving input from the whiskers). Because short-
term depression may act to signal changes in pre-
synaptic firing rates, this would imply an age-
dependent, modulatory role for presynaptic KA re-
ceptors.23

Whether a similar system occurs in the immature
dorsal horn, whereby presynaptic KA receptors act
to modulate glutamate release on nociceptive syn-
apses is not known. Short-term depression of trans-
mission has been shown in the developing cord
with what appears to be a presynaptic locus.242>
The presence of presynaptic KA receptors in the C
fibers of the developing rat has been known for
many years,2¢ and the application of kainate to
immature slices decreases AMPA and NMDA recep-
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tor-mediated currents, thus showing that presyn-
aptic KA receptors can regulate glutamate release.2”
In early development, these presynaptic receptors
are permeable to calcium and switch to a Ca?*
impermeable form early in the first postnatal week,
and it has been proposed that these Ca?* permeable
receptors, which are found on a subset of small C
fibers, could be important in the growth of C fibers
into the dorsal horn.2¢ Once the synapses are
formed, the KA receptors could then switch to the
Ca?*-independent form and allow the receptors to
act as presynaptic modulators of glutamate release.

In summary, KA receptor expression represents
an intriguing and relatively unexplored area of de-
veloping nociceptive pathways. A postnatal decline
in receptor expression, accompanied by a marked
regulation of subunit composition, suggests it has
an important role in the newborn.

NMDA Receptors and the Developing Dorsal
Horn

Although AMPA and KA receptors mediate fast
excitatory transmission in the cord, NMDA recep-
tors appear to contribute to slower synaptic process-
ing, such as during repetitive stimulation. Extracel-
lular Mg2?* blocks the channel at resting membrane
potentials such that cations are only allowed
through when there are a large number of excita-
tory inputs or by repetitive firing of the presynaptic
input. When the postsynaptic cell is depolarized by,
for example, repetitive C-fiber activity, the Mg?*
block is shed, the channel can open in response to
presynaptically released glutamate, and ions can
enter the cell. Another important property is the
receptor’s high permeability to calcium, not nor-
mally a feature of most AMPA or KA receptors (see
earlier). Once inside the cell, these Ca?* ions act as
second messengers to activate intracellular signal-
ing cascades leading to alterations in the synaptic
strength. Because of this, the NMDA receptor is
sometimes described as a coincidence detector for
pre- and postsynaptic activity, altering synaptic
strength when such coincidence occurs.2®> NMDA
receptors mediate long-term changes in mono- and
polysynaptic synapse strength in young rat dorsal
horn neurons after high-frequency dorsal root
stimulation.3°

Developmental regulation of expression of NMDA sub-
units. Like AMPA and KA receptors, the structure
of the NMDA receptor consists of a number of sub-
units (NR1, NR2A-D, and NR3A-B) arranged in a
tetrameric fashion. All receptors contain 2 NR1 sub-
units, along with a combination of NR2 or 3 sub-
units. Although NR1 is thought to be essential for
channel function, the NR2/3 subunits appear to
play a more regulatory role, allowing for variations
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in receptor kinetics and sensitivity to the Mg?*
block. Therefore, like the other iGluRs, the function
of the NMDA receptor can greatly vary depending
on its subunit expression. In situ hybridization
studies suggest that NR2D is the most highly ex-
pressed NMDA subunit in the rat embryonic spinal
cord, with NR2B also being present.>! This is of
interest because the NR2D subunit, when recombi-
nantly expressed with NR1, shows offset decays of
between 10 and 40 times slower than any other
recombinant receptors (4.8 = 0.9 seconds for NR2D
compared with 118 £ 11 milliseconds in NR2A).
This could allow the receptor to detect coincidental
firing of a much lower synchronicity than would be
possible in the adult cord.?! In the mouse, €2 (the
murine equivalent of NR2B) messenger RNA ex-
pression is found throughout the cord at embryonic
day 13, but expression moves dorsally so that by
P21 it is restricted to laminae I and II (Table 1).32
The widespread expression in the neonatal period
compared with older animals may be a reflection of
the role of this subunit in synaptic growth and
reorganization in the dorsal spinal cord.>* Electro-
physiological recordings of single channels suggest
more subtle differences between the neonatal and
adult dorsal horn. The technique has revealed
receptors with high sensitivity to Mg?* but low
sensitivity to NR2B-specific antibodies, suggesting
as-yet-unknown subunit compositions in the neo-
nate.>4

Finally, calcium-imaging studies show a decrease
in calcium entry through NMDA receptors during
development, implying changes in the receptor
properties. Whether these changes are caused by
alterations in subunit composition or by a general
downregulation of receptor numbers is unclear, but
interestingly, the decrease does not occur if the
animals are neonatally treated with capsaicin—a
process that destroys C fibers. This implies that the
changes are dependent on synaptic activity.>>

Functional aspects of NMDA receptor development.
Because NMDA receptors require depolarization of
the postsynaptic membrane to allow ion flow, their
functional development is intimately related to that
of fast transmission and AMPA receptors. Although
most glutamatergic synapses have both AMPA and
NMDA receptors, in young animals, synapses ap-
pear to be present that express only NMDA recep-
tors, effectively making them “silent” at resting po-
tentials.

Silent synapses were originally conceived by Pat
Wall?¢ almost 30 years ago, when he suggested that
many dorsal horn synapses may not function dur-
ing baseline transmission but are recruited during
persistent pain. They were subsequently discovered
in the dorsal horn by Li and Zhou3*? and Bardoni et
al.,” having been previously shown to exist in other
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parts of the developing brain such as the hippocam-
pus and visual cortex.?® Because NMDA channels
have a Mg?* block at resting membrane potentials,
synaptic release of glutamate at NMDA receptor-
only synapses will not be readily detectable and the
synapse will appear silent. However, they can rap-
idly become functional by repetitive presynaptic
stimulation. This is because high-frequency stimu-
lation releases a large amount of glutamate, which
can continually bind to the NMDA receptor and
cause a gradual increase in the membrane potential.
This depolarization causes the Mg?* block to be
removed from the NMDA channel and for Na* and
Ca?" ions to enter the cell.373° The influx of Na*
ions can even be sufficient to produce firing of
action potentials.#® The Ca?* influx “unmasks” the
silent synapse by triggering secondary messenger
systems that cause AMPA receptors to be inserted
into the membrane, thus allowing the synapse to
become functional.?®

In the brain, silent synapses appear to be under
tight developmental control. For example, in the
barrel cortex, they disappear by postnatal day 8—a
noteworthy observation because this coincides with
the end of the “critical period” of synaptic plasticity
in this area.#! However, whether such a disappear-
ance occurs in the dorsal horn remains unclear.
Although original articles were able to detect
NMDA-only synapses at the end of the second post-
natal week,” other groups have been unable to find
any such synapses after P14.42 In addition, a study
performed on mice discovered the presence of
NMDA-only synapses in the adult dorsal horn.*?
Whether these discrepancies are caused by species
differences or from the use of different electrophys-
iological techniques remains to be seen.*2

The presence of silent synapses between primary
afferent terminals and dorsal horn cells could allow
for a certain amount of postnatal remodelling of the
system. For example, if all afferents initially form
silent synapses with their target neuron, inappro-
priate synapses would not become stable because of
a lack of coincidental postsynaptic depolarization
from surrounding synapses. Those with correctly
targeted inputs, however, could become stable by
insertion of AMPA receptors to the postsynaptic
density.*+

In summary, the interesting properties of the
NMDA receptor make it especially important in
development. Its voltage sensitivity makes it highly
activity dependent, and its role in allowing Ca?*
entry is particularly important for information stor-
age at synapses. Expression levels, subunit compo-
sition, and colocalization with AMPA receptors all
appear to be under developmental control in the
spinal cord.

The Development of Inhibitory Synaptic
Activity in the Dorsal Horn

Although primary afferents release only excita-
tory transmitters, they can produce inhibition in
the dorsal horn through inhibitory interneurons. As
in the rest of the CNS, fast inhibitory transmission
from these interneurons is mediated by GABA, and
glycine receptors, and, in common with excitatory
transmitter receptors, they are under considerable
developmental control. In particular, the GABA re-
ceptor displays changing subunit expressions dur-
ing development, allowing it to respond in different
ways to presynaptic stimuli. In addition, changes in
intracellular ion concentrations and neighboring
channel expression during development have re-
cently been shown to have profound effects on the
actions of these receptors.+>

GABA Receptors in the Developing Dorsal Horn

GABA plays important roles in many aspects of
neuronal development; its receptors are, in fact,
present at synapses before any other. In addition,
the neurotransmitter itself is present in much
higher concentrations throughout the cord at birth,
with approximately 50% of spinal neurons being
positive for GABA, in comparison to ~15% in the
adult.4¢ The rate-limiting enzymes for the synthesis
of GABA, glutamic acid decarboxylase (GAD), of
which there are 2 forms, GAD65 and GAD67, are
widely distributed in the spinal cord at birth, and,
although initially thought to be downregulated in
the ventral part of the cord during development,*”
are now thought the be simply redistributed away
from the cell bodies to synaptic terminals.*® Regard-
less of this, in situ hybridization and immunohisto-
chemical studies do show increases in reactivity from
birth until P14, followed by a decrease in overall lev-
els, and a relocation to the superficial dorsal horn.47.48

Developmental requlation of expression of GABA sub-
units. Postsynaptically, the GABA, receptor is
made up of combinations of the «, B, vy, 8, €, 7, or 6
subunits arranged in a heteropentameric forma-
tion.#° In the neonatal dorsal horn, the most prom-
inent subunits, found using in situ hybridization
and reverse-transcription polymerase chain reac-
tion, are @2, a3, B3, and y2. Reactivity for these
subunits peaks during the first postnatal week and
then declines to adult levels.>® The most highly ex-
pressed subunit is y2, which is interesting because this
subunit appears to be essential in postsynaptic clus-
tering of the GABA, receptor (Table 2).5!

Glycine Receptors in the Developing Dorsal
Horn

Glycine receptors are the most abundant inhibi-
tory receptors in the spinal cord. They are com-
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Table 2. Comparison of Expression Levels of
Inhibitory Receptor Subunits in the Rodent Dorsal
Horn During Postnatal Development

PO P14 Adult
GABA,
a2 ++ ++ ++
a3 ++ ++ ++
B3 ++ ++ ++
v2 +++ ++ ++
Glycine
al + +++ +++
a2 +++ + -
B +++ +++ +++

posed of a number of subunits, «1-4 and B, which
are arranged in a pentameric fashion®2 and show
clear developmental expression profiles. In the neo-
natal cord, the @2 subunit is expressed throughout
the gray matter, forming heteromers with the 8
subunit.>3:54 Although the expression of the B8 sub-
unit remains high, a2 is strongly downregulated
during the first 3 weeks of life (except in lamina I)
to be replaced with the a1 subunit (Table 2).52.54

Developmental requlation of expression of glycine sub-
units. As with the glutamatergic receptor subunits,
the glycine receptor subunits show extremely di-
verse kinetic properties. For example, the mean
open time for a2 subunits expressed as functional
channels in Xenopus oocytes is 174 milliseconds,
whereas that of the al subunit is 2.38 millisec-
onds.>> Accordingly, there is a developmental re-
duction in mean open times for glycine channels in
spinal neurons and a shortening of the decay time
constant of inhibitory post synaptic currents (IPSCs)
in dorsal horn cells in vitro. This shortening is
therefore likely caused by alterations in the subunit
expression, whereby different ratios of fast and slow
subunits would produce the intermediate channel
kinetics observed during development.52

Functional Aspects of GABA and Glycine
Receptor Development

GABAergic and glycinergic synaptic activity in
lamina I and II over the first 2 postnatal weeks,
characterized by using whole-cell patch clamp re-
cordings, shows an age-dependent increase in the
frequency of spontaneous IPSCs (sIPSCs), whereas
the sIPSC amplitudes were similar in the 3 age
groups. GABAergic mechanisms appear to underlie
the majority of spontaneous and evoked transmis-
sion at putative inhibitory synapses in the neonate
with little contribution from glycine receptors.>¢

An intriguing aspect of GABA, and glycine re-
ceptors is that in some regions of the developing
CNS, they appear to act in an excitatory manner in
early life, before switching to an inhibitory role
during the postnatal period. This was first observed
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in chick embryonic spinal neurons in culture and
has been subsequently confirmed in many other
brain regions such as the hippocampus, cortex, and
hypothalamus.>” The change in receptor function is
not related to subunit composition but to the con-
centration of intracellular chloride ion ([CI™];). Dur-
ing embryonic and early postnatal life, [Cl7]; is
high, which makes the reversal potential for chlo-
ride (E(;) less negative than the resting membrane
potential, so that activation of the chloride-perme-
able GABA, and glycine receptors cause efflux of
the ions and subsequent depolarization of the
membrane. However, in the early postnatal period,
a potassium-chloride cotransporter (KCC2) is in-
serted in the membrane, causing a decrease in
[CI7];.58 Now, E( is more negative than the resting
membrane potential, so opening of the GABA and
glycine receptors produces influx of Cl~ ions and a
subsequent hyperpolarization of the membrane. In-
deed, the E( in neonatal hippocampal neurons is
approximately —45 mV compared with adult values
of =75 mV.>®

As with many postnatal synaptic changes, the
conversion of GABA receptors from depolarizing to
hyperpolarizing forms is believed to be activity de-
pendent. The switch between excitation and inhi-
bition appears to be brought about by GABA recep-
tors themselvess® because chronic blockade of
GABA receptors (but not glutamate receptors or
sodium channels) on cultured hippocampal neu-
rons prevents the switch. This implies that minia-
ture postsynaptic currents alone are capable of
transforming the switch—an interesting finding be-
cause spontaneous miniture postsynaptic potentials
are first seen at the same time as the switch in
GABA signaling. The increase in expression of
KCC2 messenger RNA is also under the control of
GABA receptor activity.c?

A similar situation appears to occur in the neo-
natal dorsal horn where, in 90% of E15-16 dorsal
horn neurons cultured for more than a week, both
GABA and glycine induced increased [Ca?*;] and
depolarization.#> The depolarization and entry of
Ca?* through voltage gated channels by GABA re-
ceptors and glycine receptors decreases with age in
culture and is gone by 30 days.¢! Ages in culture are
hard to extrapolate to “in vivo” development and
the timing of the switch from hyperpolarizing to
depolarizing in neonatal intact dorsal horn is not
known.

Inhibitory synapses in the dorsal horn undergo
further alterations later in postnatal development,
before becoming stable by the end of the third
postnatal week. Although GABA and glycine are
released from inhibitory dorsal horn interneurons
simultaneously,é? a developmental shift occurs at
the postsynaptic membrane. Therefore, although
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Fig 1. Diagram illustrating the synaptic basis for altered neurotransmission in the dorsal horn over the postnatal period.
A simplified neuronal circuit involving a primary afferent nociceptor, an interneuron, and a projection neuron is used as
an example to show how glutamate release from primary afferent nociceptor terminals onto AMPA, NMDA, and KA
receptors and GABA and glycine release from interneuron terminals are under developmental control. The change in
receptor function with age will alter the output of the projection neuron and therefore the pain response.

immature synapses (<P23) can codetect both
GABA and glycine, the synapses of older animals
can detect only GABA or glycine but not both.¢3 In
addition, this developmental change appears to be
region specific, so that in immature lamina I
mIPSCs are either GlyR only, GABAR only, or
mixed, whereas in adult lamina I, mIPSCs are Gly
only. In lamina II, a similar mIPSC pattern is seen in
the young animal, whereas mature cell responses
are 52% GABAR only and 48% are GlyR only.

In summary, the development of inhibitory neu-
rotransmitters and receptors is highly regulated
over the postnatal period, resulting in substantial
functional changes at developing inhibitory syn-
apses over this time. The impact of these changes on
pain processing in the newborn is likely to be sub-
stantial.

Conclusion

The spinal dorsal horn is the first level of the CNS
in which nociceptive input from sensory afferents is
integrated and transmitted. Although this input is
clearly present from birth, it is by no means mature
and over the postnatal period substantial alterations
take place in both excitatory and inhibitory dorsal
horn transmission (Fig 1). Here we have concen-
trated on the structural and functional changes that

take place in glutamate, GABA, and glycine recep-
tors. Some, such as GABA depolarization might be
expected to increase the excitatory drive in the
developing dorsal horn. Others, such as changing
subunit expression, may alter spatial and temporal
patterns of postsynaptic activity in a more subtle
way. Still others, such as the transient functional
expression of postsynaptic KA receptors, suggest
quite different receptor mechanisms in the neonatal
cord. Importantly, many aspects of receptor devel-
opment are activity dependent, implying that ex-
cessive sensory or pain activity early in develop-
ment as may occur in infant surgery and intensive
care may alter their maturation.®*

These studies offer a deeper understanding of
pain transmission in the youngest patients and the
possibility of new targets for analgesia agents spe-
cifically designed for paediatric pain. The results
show the complexity of ionotropic glutamate recep-
tor makeup, whereby a large array of possible sub-
unit combinations lead to substantial differences in
the conductances and kinetics of the channel. The
fact that different expression patterns and subunit
combinations are not only restricted to different
CNS regions but are also developmentally con-
trolled over time highlights the importance of a
specialized approach to the pharmacological treat-
ment of neonatal pain.



10.

11.

12.

13.

14.

15.

16.

The Neurobiology of Infant Pain

References

. Schechter NL, Berde C, Yaster M. Pain in infants,

children and adolescents: An overview. In: Schechter
NL, Berde C, Yaster M, eds. Pain in Infants, Children
and Adolescents. 2nd ed. Philadelphia: Lippincott Wil-
liams and Wilkens; 2003:3-18.

Anand KJ. Pain, plasticity, and premature birth: A
prescription for permanent suffering? Nat Med 2000;
6:971-973.

Fitzgerald M, Beggs S. The neurobiology of pain: De-
velopmental aspects. Neuroscientist 2001;7:246-257.
Fitzgerald M, Howard RF. The neurobiological basis
of paediatric pain. In: Schechter NL, Berde C, Yaster
M, eds. Pain in Infants, Children and Adolescents. 2nd
ed. Philadelphia: Lippincott Williams and Wilkens;
2003:43-57.

Fitzgerald M. The developmental biology of pain.
Proceedings of VIth World Congress on Pain. Amsterdam:
Elsevier; 1991:253-261.

Todd AJ. Anatomy of primary afferents and projec-
tion neurones in the rat spinal dorsal horn with
particular emphasis on substance P and the neuroki-
nin 1 receptor. Exp Physiol 2002;87:245-249.
Bardoni R, Magherini PC, MacDermott AB. NMDA
EPSCs at glutamatergic synapses in the spinal cord
dorsal horn of the postnatal rat. J Neuroscience 1998;
18:6558-6567.

Baccei ML, Bardoni R, Fitzgerald M. Development of
nociceptive synaptic inputs to the neonatal rat dorsal
horn: Glutamate release by capsaicin and menthol.
J Physiol 2003;549:231-242.

Michaelis EK. Molecular biology of glutamate recep-
tors in the central nervous system and their role in
excitotoxicity, oxidative stress and aging. Prog Neuro-
biol 1998;54:369-415.

Jakowec MW, Fox AJ, Martin LJ, Kalb RG. Quanti-
tative and qualitative changes in AMPA receptor ex-
pression during spinal cord development. Neuro-
science 1995;67:893-907.

Jakowec MW, Yen L, Kalb RG. In situ hybridization
analysis of AMPA receptor subunit gene expression
in the developing rat spinal cord. Neuroscience 1995;
67:909-920.

Brown KM, Wrathall JR, Yasuda RP, Wolfe BB.
Quantitative measurement of glutamate receptor
subunit protein expression in the postnatal rat spinal
cord. Brain Res Dev Brain Res 2002;137:127-133.
Dingledine R, Borges K, Bowie D, Traynelis SF. The
glutamate receptor ion channels. Pharmacol Rev 1999;
51:7-61.

Gu JG, Albuquerque C, Lee CJ, MacDermott AB.
Synaptic strengthening through activation of Ca2+-
permeable AMPA receptors. Nature 1996;381:793-
796.

Kumar SS, Bacci A, Kharazia V, Huguenard JR. A
developmental switch of AMPA receptor subunits in
neocortical pyramidal neurons. J Neurosci 2002;22:
3005-3015.

Allcorn S, Catsicas M, Mobbs P. Developmental ex-
pression and self-regulation of Ca2+ entry via

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pattinson and Fitzgerald 43

AMPA/KA receptors in the embryonic chick retina.
Eur J Neurosci 1996;8:2499-2510.

Albuquerque C, Lee CJ, Jackson AC, MacDermott
AB. Subpopulations of GABAergic and non-
GABAergic rat dorsal horn neurons express Ca2+-
permeable AMPA receptors. Eur J Neurosci 1999;11:
2758-2766.

Engelman HS, Allen TB, MacDermott AB. The distri-
bution of neurons expressing calcium-permeable
AMPA receptors in the superficial laminae of the
spinal cord dorsal horn. J Neurosci 1999;19:2081-
2089.

Kerr RC, Maxwell DJ, Todd AJ. GluR1 and GluR2/3
subunits of the AMPA-type glutamate receptor are
associated with particular types of neurone in lami-
nae I-III of the spinal dorsal horn of the rat. Eur
J Neurosci 1998;10:324-333.

Li P, Wilding TJ, Kim SJ, Calejesan AA, Huettner JE,
Zhuo M. Kainate-receptor-mediated sensory synap-
tic transmission in mammalian spinal cord. Nature
1999;397:161-164.

Bahn S, Volk B, Wisden W. Kainate receptor gene
expression in the developing rat brain. J Neurosci
1994;14:5525-5547.

Stegenga SL, Kalb RG. Developmental regulation of
N-methyl-D-aspartate- and kainate-type glutamate
receptor expression in the rat spinal cord. Neuroscience
2001;105:499-507.

Kidd FL, Coumis U, Collingridge GL, Crabtree JW,
Isaac JT. A presynaptic kainate receptor is involved in
regulating the dynamic properties of thalamocortical
synapses during development. Neuron 2002;34:635-
646.

Li Y, Burke RE. Developmental changes in short-
term synaptic depression in the neonatal mouse spi-
nal cord. J Neurophysiol 2002;88:3218-3231.

LiY, Burke RE. Short-term synaptic depression in the
neonatal mouse spinal cord: Effects of calcium and
temperature. J Neurophysiol 2001;85:2047-2062.
Agrawal SG, Evans RH. The primary afferent depo-
larizing action of kainate in the rat. Br J Pharmacol
1986;87:345-355.

Kerchner GA, Wilding TJ, Li P, Zhuo M, Huettner JE.
Presynaptic kainate receptors regulate spinal sensory
transmission. J Neurosci 2001;21:59-66.

Lee CJ, Kong H, Manzini MC, Albuquerque C, Chao
MV, MacDermott AB. Kainate receptors expressed by
a subpopulation of developing nociceptors rapidly
switch from high to low Ca2+ permeability. J Neu-
rosci 2001;21:4572-4581.

Woolt CJ, Salter MW. Neuronal plasticity: Increasing
the gain in pain. Science 2000;288:1765-1769.
Randic M, Jiang MC, Cerne R. Long-term potentia-
tion and long-term depression of primary afferent
neurotransmission in the rat spinal cord. J Neurosci
1993;13:5228-5241.

Monyer H, Burnashev N, Laurie DJ, Sakmann B,
Seeburg PH. Developmental and regional expression
in the rat brain and functional properties of four
NMDA receptors. Neuron 1994;12:529-540.
Watanabe M, Mishina M, Inoue Y. Distinct spatio-
temporal distributions of the N-methyl-D-aspartate



44

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Regional Anesthesia and Pain Medicine Vol. 29 No

receptor channel subunit mRNAs in the mouse cer-
vical cord. J Comp Neurol 1994;345:314-319.

Loftis JM, Janowsky A. The N-methyl-D-aspartate
receptor subunit NR2B: Localization, functional
properties, regulation, and clinical implications. Phar-
macol Ther 2003;97:55-85.

Green GM, Gibb AJ. Characterization of the single-
channel properties of NMDA receptors in laminae I
and II of the dorsal horn of neonatal rat spinal cord.
Eur J Neurosci 2001;14:1590-1602.

Hori Y, Kanda K. Developmental alterations in
NMDA receptor-mediated [Ca2+]i elevation in sub-
stantia gelatinosa neurons of neonatal rat spinal cord.
Brain Res Dev Brain Res 1994;80:141-148.

Wall PD. The presence of ineffective synapses and the
circumstances which unmask them. Philos Trans R Soc
Lond B Biol Sci 1977;278:361-372.

Li P, Zhuo M. Silent glutamatergic synapses and no-
ciception in mammalian spinal cord. Nature 1998;
393:695-698.

Malenka RC, Nicoll RA. Silent synapses speak up.
Neuron 1997;19:473-476.

Isaac JT, Nicoll RA, Malenka RC. Evidence for silent
synapses: Implications for the expression of LTP. Neu-
ron 1995;15:427-434.

Bardoni R, Magherini PC, MacDermott AB. Activa-
tion of NMDA receptors drives action potentials in
superficial dorsal horn from neonatal rats. NeuroRe-
port 2000;11:1721-1727.

Isaac JT, Crair MC, Nicoll RA, Malenka RC. Silent
synapses during development of thalamocortical in-
puts. Neuron 1997;18:269-280.

Baba H, Doubell TP, Moore KA, Woolf CJ. Silent
NMDA receptor-mediated synapses are developmen-
tally regulated in the dorsal horn of the rat spinal
cord. J Neurophysiology 2000;83:955-962.

Wang GD, Zhuo M. Synergistic enhancement of glu-
tamate-mediated responses by serotonin and forsko-
lin in adult mouse spinal dorsal horn neurons. J Neu-
rophysiol 2002;87:732-739.

Feldman DE, Knudsen EI. Experience-dependent
plasticity and the maturation of glutamatergic syn-
apses. Neuron 1998;20:1067-1071.

Reichling DB, Kyrozis A, Wang J, MacDermott AB.
Mechanisms of GABA and glycine depolarization-
induced calcium transients in rat dorsal horn neu-
rons. J Physiol 1994,476:411-421.

Schaffner AE, Behar T, Nadi S, Smallwood V, Barker
JL. Quantitative analysis of transient GABA expres-
sion in embryonic and early postnatal rat spinal cord
neurons. Brain Res Dev Brain Res 1993;72:265-276.
Ma W, Behar T, Chang L, Barker JL. Transient in-
crease in expression of GAD65 and GAD67 mRNAs
during postnatal development of rat spinal cord.
J Comp Neurol 1994;346:151-160.

Tran TS, Alijani A, Phelps PE. Unique developmental
patterns of GABAergic neurons in rat spinal cord.
J Comp Neurol 2003;456:112-126.

Mehta AK, Ticku MK. An update on GABAA recep-
tors. Brain Res Brain Res Rev 1999;29:196-217.

Ma W, Saunders PA, Somogyi R, Poulter MO, Barker

. 1 January—February 2004

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

JL. Ontogeny of GABAA receptor subunit mRNAs in
rat spinal cord and dorsal root ganglia. J Comp Neurol
1993;338:337-359.

Essrich C, Lorez M, Benson JA, Fritschy JM, Luscher
B. Postsynaptic clustering of major GABAA receptor
subtypes requires the gamma 2 subunit and gephy-
rin. Nat Neurosci 1998;1:563-571.

Rajendra S, Lynch JW, Schofield PR. The glycine
receptor. Pharmacol Ther 1997;73:121-146.

Malosio ML, Marqueze-Pouey B, Kuhse J, Betz H.
Widespread expression of glycine receptor subunit
mRNAs in the adult and developing rat brain. EMBO
J 1991;10:2401-2409.

Watanabe E, Akagi H. Distribution patterns of mRNAs
encoding glycine receptor channels in the developing
rat spinal cord. Neurosci Res 1995;23:377-382.
Takahashi T, Momiyama A, Hirai K, Hishinuma F,
Akagi H. Functional correlation of fetal and adult
forms of glycine receptors with developmental
changes in inhibitory synaptic receptor channels.
Neuron 1992;9:1155-1161.

Baccei ML, Fitzgerald M. Development of GABAergic
and glycinergic transmission in the neonatal rat dor-
sal horn. Program No. 482.12. 2003 Abstract Viewer/
Itinerary Planner. Washington, DC: Society for Neu-
roscience; 2003. Available at http://web.stn.org/
content/Meetings_Events/AnnualMeeting2/Abstracts_
SymposiumSubmission/AbstractViewerandItinerary
Planner/index.html. Date accessed: December 9,
2003.

Ben Ari Y. Excitatory actions of GABA during devel-
opment: The nature of the nurture. Nat Rev Neurosci
2002;3:728-739.

Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahti-
nen H, Lamsa K, Pirvola U, Saarma M, Kaila K. The
K+/Cl- co-transporter KCC2 renders GABA hyper-
polarizing during neuronal maturation. Nature 1999;
397:251-255.

Ben Ari Y. Excitatory actions of GABA during devel-
opment: The nature of the nurture. Nat Rev Neurosci
2002;3:728-739.

Ganguly K, Schinder AF, Wong ST, Poo M. GABA
itself promotes the developmental switch of neuronal
GABAergic responses from excitation to inhibition.
Cell 2001;105:521-532.

Wang J, Reichling DB, Kyrozis A, MacDermott AB.
Developmental loss of GABA- and glycine-induced
depolarization and Ca2+ transients in embryonic rat
dorsal horn neurons in culture. Eur J Neurosci 1994;
6:1275-1280.

Jonas P, Bischofberger J, Sandkuhler J. Corelease of
two fast neurotransmitters at a central synapse. Sci-
ence 1998;281:419-424.

Keller AF, Coull JA, Chery N, Poisbeau P, De Kon-
inck Y. Region-specific developmental specialization
of GABA-glycine cosynapses in laminas I-1I of the rat
spinal dorsal horn. J Neurosci 2001;21:7871-7880.
Fitzgerald M, Walker S. The role of activity in devel-
oping pain pathways. Prog Pain Res Manage 2003;24:
185-196.



	The Neurobiology of Infant Pain: Development of Excitatory and Inhibitory Neurotransmission in the Spinal Dorsal Horn
	The Importance of Understanding Neurotransmission in the Context of Developing Pain Pathways
	The Development of Excitatory Glutamatergic Activity in the Dorsal Horn
	AMPA Receptors and the Developing Dorsal Horn
	Developmental regulation of expression of AMPA sub-units.
	Functional aspects of AMPA receptor development.

	KA Receptors and the Developing Dorsal Horn
	Developmental regulation of expression of KA subunits.
	Functional aspects of KA receptor development.

	NMDA Receptors and the Developing Dorsal Horn
	Developmental regulation of expression of NMDA sub-units.
	Functional aspects of NMDA receptor development.


	The Development of Inhibitory Synaptic Activity in the Dorsal Horn
	GABA Receptors in the Developing Dorsal Horn
	Developmental regulation of expression of GABA sub-units.

	Glycine Receptors in the Developing Dorsal Horn
	Developmental regulation of expression of glycine sub-units.

	Functional Aspects of GABA and Glycine Receptor Development

	Conclusion
	References


