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ABSTRACT The mechanisms by which infants and chil-
dren process pain should be viewed within the context of a
developing sensory nervous system. The study of the neuro-
physiological properties and connectivity of sensory neurons
in the developing spinal cord dorsal horn of the intact
postnatal rat has shed light on the way in which the newborn
central nervous system analyzes cutaneous innocuous and
noxious stimuli. The receptive field properties and evoked
activity of newborn dorsal horn cells to single repetitive and
persistent innocuous and noxious inputs are developmentally
regulated and reflect the maturation of excitatory transmis-
sion within the spinal cord. These changes will have an
important influence on pain processing in the postnatal
period.

Increasing recognition of the importance of pain in infancy and
childhood has focused attention on the basic neurobiology of
developing pain pathways. After birth, many regions of the
somatosensory nervous system undergo changes in connectiv-
ity, leading to transient functional stages before the adult
pattern is achieved. Such changes are likely to determine pain
and sensory processing at each developmental stage.

The aim here is to discuss some of the changing features of
sensory connections underlying pain processing in the dorsal
horn of the spinal cord over the course of postnatal develop-
ment. The responses of newborn dorsal horn cells to single
repetitive and persistent innocuous and noxious inputs are
shown to change over the postnatal period. These are discussed
in terms of the maturation of excitatory transmission within
the spinal cord and how it may influence pain processing in the
newborn.

Cutaneous Reflex Function in the Newborn. Although
cutaneous reflexes are not evidence of pain perception as such,
they can provide information about the sensitivity and selec-
tivity of the neonatal nervous system to nociceptive stimuli. A
feature of the cutaneous flexion reflex in the newborn rat,
kitten, and human is that it is exaggerated compared with the
adult (1-4). Thresholds to mechanical skin stimulation are
lower and the reflex muscle contractions more synchronized
and long lasting (5, 6). This feature is particularly marked in
the first postnatal week in rats, and then gradually changes
until the third postnatal week when a rapid maturation takes
place. Repeated low-intensity skin stimulation results in hy-
perexcitability or sensitization of the reflex with lowered
thresholds and generalized movements of all limbs that be-
comes much less pronounced after 29- to 35-wk gestational age
in the human and postnatal day 8 (P8) in the rat (4, 5). In
addition, flexor reflex cutaneous receptive fields are larger (4)
and less organized (6) than in the adult. Thresholds for
withdrawal from heat stimuli are also lower in younger animals
(7-11), and the response to formalin has a 10-fold higher
sensitivity in neonatal rats compared with weanlings (12, 13).
The specific C-fiber irritant, mustard oil, is less effective at
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producing a nociceptive response in the newborn; however, it
gradually increases with postnatal age (14, 15).

Because the thresholds of cutaneous mechanosensitive pri-
mary afferents are generally the same in the adult and the
neonatal rat (16), these postnatal changes in reflex sensitivity
are likely to be caused by changes in central processing. The
newborn spinal cord is clearly in a generally more excitable
state than in the adult, and one possibility is that both low- and
high-intensity stimuli can activate spinal pathways that are
purely nociceptive in the adult, so neonatal A-fibers can evoke
excitatory synaptic processes normally restricted to C-fiber
input in adults. Studies of the changing sensory connectivity in
developing dorsal horn neurons have provided some insight
into this possibility.

Growth of Primary Afferent Terminals in the Newborn
Spinal Cord. Although large-diameter dorsal root afferent
collaterals begin to grow into the dorsal grey at E15 (embry-
onic day 15) in the rat (refs. 17, 18; A. Jackman and M.F.,
unpublished observations), C-fibers grow into the spinal cord
considerably later, at E19 onwards (19), and many chemical
markers associated with C-fibers are not apparent in the spinal
cord until the perinatal period. C-type afferent terminals
within synaptic glomeruli are not observed at electron micros-
copy level until P5 (20).

The growth of both A- and C-fibers into the cord is
somatotopically precise (19, 21, 22), but this is not true of the
laminar organization. Although in the adult, A afferents are
restricted to laminae III and I'V, in the neonate their terminals
extend dorsally right up into laminae I and II to reach the
surface of the grey matter (23, 24). This pattern is followed by
a gradual withdrawal from the superficial laminae over the first
three postnatal weeks (23). C-fibers, on the other hand, grow
specifically to laminae I and II, and for a considerable post-
natal period, these laminae are occupied by both A- and
C-fiber terminals (23). During their occupation of superficial
laminae, A-fiber terminals can be seen to form synaptic
connections at electron microscopy level (25). Furthermore,
during this period c-fos expression can be evoked in superficial
dorsal horn cells in response to an innocuous or AB-strength
skin stimulus (26), whereas in the adult, c-fos expression is
normally induced only by noxious skin or A8- and C-fiber
nerve stimulation. Fos induction is triggered only by innocuous
stimulation in the adult under pathological conditions (27).

Postsynaptic Responses to Primary Afferent Stimulation in
the Newborn Spinal Cord. The importance of A-fiber afferent
input in the newborn dorsal horn can be seen in an analysis of
the extracellularly recorded spike activity evoked in individual
cells in anesthetized rat pups (28). Low-intensity electrical skin
stimulation (100 wA-3.5 mA, 50-200 ws) sufficient to recruit
A-fibers evokes spike activity in both superficial and deep
laminae at latencies that progressively decrease with age. At

Abbreviations: P, postnatal day; E, embryonic day; NMDA, N-methyl-
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P3, the mean latency of the A-fiber-evoked response is 33.1 *
2.78 ms (n = 22), compared with 19.1 = 1.32 ms (n = 65) at
P6, 13.5 £ 0.8 ms (n = 53) at P10, and 7.3 = 0.3 ms (n = 35)
at P21. Furthermore, the variation in the A-fiber latencies
within the population of recorded cells decreases with age (28).

In contrast to responses to A-fiber input, no long-latency
C-fiber-evoked (1-5 mA, 500 us) spike responses are evoked
in dorsal horn cells in vivo in the first postnatal week (28, 29).
At P10, only 7 of 53 cells (13%) have a C-fiber input with a
mean latency of 97.65 * 4.44 ms (n = 7), and at P21 the value
is 32% with a mean latency of 107.0 = 10.12 ms (n = 10). These
results do not, of course, provide information about subthresh-
old C-fiber-evoked responses at this time.

Convergence of Afferent Inputs in the Postnatal Dorsal
Horn Cells. Low-threshold inputs can also be seen to dominate
the newborn dorsal horn when the responses to natural stim-
ulation are examined. Background activity is generally absent
when neonatal cells are initially isolated for recording, but
strong responses can be evoked by mechanical stimulation of
the skin of the receptive field. Some cells respond to both
innocuous brushing and noxious pinching of the skin, but the
convergence of input to dorsal horn cells changes over the
postnatal period (Table 1). The responses recorded from cells
in the younger animals are elicited mainly by low-threshold
mechanoreceptors, and there are few cells with convergent
input in the first week of life. This population gradually
increases so that by P21 the percentage of neurones with
convergent primary afferent input is similar to that seen in the
adult.

Receptive Fields of Postnatal Dorsal Horn Cells. The size of
dorsal horn cell peripheral cutaneous receptive field decreases
with age (30). We have studied this in more detail using those
cells with mechanoreceptive fields on the plantar surface of the
hindpaw. Receptive field areas were scanned into a computer,
converted into pixels by using Adobe PHOTOSHOP software
(Adobe Systems, Mountain View, CA) and expressed as a
percentage of the entire plantar surface of the hindpaw. At P3,
the mean (=SE) peripheral receptive field occupies 50 + 5.6%
of the plantar hindpaw. This value drops to 36 * 2.9% at P6,
20 = 1.9% at P10, and 15% = 1.6 at P21. The biggest change,
therefore, occurs in the first postnatal week.

In the neonate, therefore, receptive fields are not only
dominated by low-threshold inputs but are also larger and will
therefore overlap more than in the adult, increasing the chance
of activation by peripheral skin stimulation.

Activity-Dependent Changes in Postnatal Dorsal Horn.
(i) Repetitive stimulation of receptive fields.

C-fiber-evoked activity is not observed in dorsal horn cells
in the first postnatal week, and repetitive peripheral stimula-
tion at C-fiber strength also has no observable effects on dorsal
horn cell spike responses. From P10, repetitive C-fiber stim-
ulation at three times the C-fiber threshold produces a classical
“wind-up,” as reported in the adult dorsal horn (31-37) in 18%
of cells. This percentage has increased to 40% of cells by P21.

In contrast to the lack of C-fiber influence, stimulation of
cells at twice the A-fiber threshold at a frequency of 0.5 Hz
through pin electrodes placed in the center of the peripheral
receptive field on the hindlimb can produce considerable
sensitization of the dorsal horn cells in the neonate (28). This

Table 1. Convergence of afferent input to dorsal horn cells at
different postnatal ages

Cells with different input

Age Brush Pinch Brush and Pinch
P3 (n = 22) 20 (91%) 1(4.5%) 1(4.5%)
P6 (n = 65) 54 (83%) 7 (11%) 4 (16%)
P10 (n = 53) 22 (42%) 12 (22%) 19 (36%)
P21 (n = 35) 10 (29%) 5 (14%) 20 (57%)
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sensitization takes the form of a buildup of background activity
in the cells during repetitive stimulation that outlasts the
stimulation period, thereby producing a prolonged after-
discharge of up to 138 s. It is particularly apparent in younger
animals, and at P6, 19 of 57 cells (33%) display background
firing during, and a prolonged after-discharge of, 70.6 = 18 s
after repetitive A-fiber stimulation. At P10, 3 of 48 cells
showed this type of sensitization (6%) with an after-discharge
of 63 s, whereas at P21, it was not seen in any cells (n = 31)
(28).

A-fiber-induced sensitization is not accompanied by an
increase in the direct A-fiber-evoked spike discharge, but
during the stimulation period, the sensitized units show a
significant increase in activity outside of this short-latency
evoked burst (28). The mean activity during the stimulation
period, measured in the 40- to 2,000-ms period between
stimuli, is 2.6 = 0.16 spikes in P6 sensitizing cells, significantly
greater (p < 0.0001) than the 0.4 * 0.04 spikes in nonsensi-
tizing cells. At P10, there is a similar pattern; the mean
background activity for sensitizing cells was 15.7 = 0.84 spikes,
whereas that of nonsensitized cells was 1.3 % 0.13 spikes,
another significant difference (p < 0.0001).

(ii) Experimental inflammation in rat pups.

Carrageenan is reported to be a reliable agent in modeling
inflammation in adults (38—44). After subcutaneous injection,
edema develops rapidly, followed by hyperalgesia, which peaks
at 3-4 hr and decreases to baseline by 24-72 hr (40-42). In
some cases, the period of hyperalgesia can last 10—14 days (40).
In view of the differences in sensory processing in the newborn
compared with the adult dorsal horn, we examined the re-
sponses of newborn dorsal horn cells to a carrageenan inflam-
matory stimulus.

The allodynia or drop in mechanical threshold that follows
carrageenan injection (11, 40) and hyperalgesia after mustard
oil application (15) is clear, but smaller in amplitude, in
neonates. Carrageenan-induced inflammation produces a par-
allel fall in von Frey thresholds at P3 and P10, whereas P21
animals show a significantly greater effect. At all ages, the
effect increases with time, reaching a maximum at 4 hr
postinjection, but is still maintained at 5 hr postinjection (11).

This finding agrees with the responses of dorsal horn cells at
this time. After carrageenan injection, dorsal horn cell recep-
tive fields recorded in anesthetized rat pups in vivo were
measured and expressed as a percentage of the plantar foot
area (Fig. 1). There was a significant increase in the size of
peripheral receptive fields in animals in both the P10 and P21
age groups (P < 0.0001 in both cases). At P10, the size of the
peripheral receptive fields increased 2.5-fold, and at P21 the
increase was 3.4-fold. Mean size =SEM (as a percentage of the
plantar hindpaw area) of the peripheral receptive field in the
inflamed group at P10 was 47.2 = 6.4%, and that of the control
was 19.1 = 2.0%. At P21, the mean size of the receptive field
in the inflamed group was 51.8 + 12.2% and that of the control
group was 14.9 = 1.6%.

The receptive fields of adult dorsal horn neurons observed
between 4 and 8.5 hr after injection of complete Freund’s
adjuvant expanded to 2.4 times their original size (45). This
increase of the receptive field may be responsible for hyper-
algesia. Because the receptive fields are larger, there is a
greater degree of overlap, and so a single stimulus would
activate many more neurons than in the control state, a
summative effect (46).

Effects of Primary Afferent Stimulation. The magnitude of
the evoked response (number of spikes) after electrical stim-
ulation at twice A-fiber threshold directly to the nerve signif-
icantly increased after inflammation in P10 cells. Mean *
SEM evoked response for the control animals was 3.2 = 0.25
spikes, and for the inflamed animals it was 7.6 = 0.21 spikes.
The Student’s ¢ test gives a p < 0.0001 when comparing these
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P10

P21

FiG. 1. Peripheral receptive fields: change with age and after inflammation. Representations of the peripheral receptive fields. Those in black
represent cells receiving afferents from inflamed skin, whilst those in grey are the control. The mean receptive field size =SEM (as a percentage
of the total plantar foot area) is 50 = 5.6% at P3, 36 * 2.9% at P6, 20 = 1.97% at P10, and 15 = 1.62% at P21. For those with inflamed feet,

the receptive field sizes are 47 * 6.4% at P10 and 52 * 12.2% at P21.

two groups, suggesting that the difference is extremely signif-
icant.

In addition, the number of cells with C-fiber-evoked activity
increased from 0/6 in the control group to 4/7 in the inflamed
group. Even such small numbers suggest an important effect of
the carrageenan-induced central excitation on ‘“‘unmasking”
C-fiber-evoked spike activity.

At P21, the mean magnitude of the evoked response for cells
receiving an A afferent input was 6.8 = 0.32 spikes in the
control group and 6.6 = 0.21 spikes in the inflamed group. The
difference between these two groups is not significant (P =
0.59). For those cells responding to C afferent input, the
magnitude of response was 4.9 = 0.5 spikes for the control
group and 10.1 = 0.67 spikes for the inflamed group. These
two results were significantly different, with a P < 0.0001.

A Possible Role for N-methyl-pD-aspartate (NMDA) Recep-
tors. The results demonstrate important differences in the
synaptic connectivity underlying sensory processing in the
newborn spinal cord. The slow maturation of C-fiber afferent
input appears to result in a predominance of A-fiber-evoked
activity, such that processes that are exclusively activated by
small-diameter nociceptive inputs in adults can be triggered by
low-threshold large-diameter inputs in the first postnatal
weeks.

There are likely to be several mechanisms underlying this
transient state of A-fiber-induced excitation, but we would like

to propose that one important one could be in the develop-
mental regulation of NMDA receptors.

The neonatal spinal cord has a higher concentration of
NMDA receptors in the grey matter than that observed in
older animals (47). All laminae in the dorsal horn are uni-
formly labeled with NMDA-sensitive [*H]glutamate until day
10-12, when higher densities gradually appear in substantia
gelatinosa so that by P30, binding is similar to that in the adult.
Furthermore, the affinity of the receptors for NMDA and the
NMDA-evoked calcium efflux in rat substantia gelatinosa is
high in the first postnatal week and then declines (48). This
maturation is delayed by neonatal capsaicin treatment, sug-
gesting that C-fiber afferent activity regulates the postnatal
maturation of NMDA receptors (48). There is also consider-
able rearrangement of the subunit composition of the NMDA
channel complex during spinal cord development (49).
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