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P AIN and injury during the neonatal period can alter 
normal development of sensory pathways, resulting in 

long-term changes in sensory thresholds and responses to 
future pain.1,2 Reported effects vary depending on the method 
of evaluation, the intensity of the stimulus, and the time 
interval between injury and assessment.2 Although responses 
to noxious stimuli may be enhanced,3–5 quantitative sensory 
testing has demonstrated reduced baseline sensitivity in chil-
dren many years after neonatal intensive care treatment and 
surgery.4,6–8 Importantly, in preterm children who required 
surgery in addition to neonatal intensive care, generalized 
reductions in sensitivity at the thenar eminence were more 
marked.7 Centrally mediated alterations in brainstem modu-
lation with up-regulation of tonic descending inhibition have 
been postulated to underlie this global hypoalgesia.3

Laboratory studies confirm similar long-term alterations 
in sensory processing after neonatal injury.1,2 The neonatal 
period (first postnatal week in the rodent) has been iden-
tified as a critical period during which inflammation9 or 

surgical injury10 lead to effects not seen after the same injury 
at older ages.9 Hind paw carrageenan produces mild inflam-
mation and acute hyperalgesia in neonatal rats, followed by 

What We Already Know about This Topic

•	 Sensory	 transmission	and	processing	 in	 the	 spinal	 cord	are	
modulated	 by	 descending	 influences	 from	 the	 rostroventral	
medulla	(RVM)

•	 Although	neonatal	pain	and	injury	are	known	to	alter	sensory	
thresholds	 later	 in	 life	 in	animals,	 the	role	of	 the	RVM	in	 this	
plasticity	is	unknown

What This Article Tells Us That Is New

•	 In	 rats,	 neonatal	 incisional	 surgery	 to	 the	 paw	 resulted	 in	
reduced	sensitivity	to	mechanical	or	thermal	stimuli	in	adult-
hood	and	changed	the	effect	of	rostroventral	medulla	stimu-
lation	from	a	bimodal	pattern	of	facilitation	and	inhibition,	to	
only	inhibition

•	 Regional	anesthesia	at	the	time	of	neonatal	surgery	prevented	
these	changes	in	adulthood
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ABSTRACT

Background: Neonatal pain and injury can alter long-term sensory thresholds. Descending rostroventral medulla (RVM) 
pathways can inhibit or facilitate spinal nociceptive processing in adulthood. As these pathways undergo significant postnatal 
maturation, the authors evaluated long-term effects of neonatal surgical injury on RVM descending modulation.
Methods: Plantar hind paw or forepaw incisions were performed in anesthetized postnatal day (P)3 Sprague-Dawley rats. 
Controls received anesthesia only. Hind limb mechanical and thermal withdrawal thresholds were measured to 6 weeks of age 
(adult). Additional groups received pre- and post-incision sciatic nerve levobupivacaine or saline. Hind paw nociceptive reflex 
sensitivity was quantified in anesthetized adult rats using biceps femoris electromyography, and the effect of RVM electrical 
stimulation (5–200 μA) measured as percentage change from baseline.
Results: In adult rats with previous neonatal incision (n = 9), all intensities of RVM stimulation decreased hind limb reflex 
sensitivity, in contrast to the typical bimodal pattern of facilitation and inhibition with increasing RVM stimulus intensity in 
controls (n = 5) (uninjured vs. neonatally incised, P < 0.001). Neonatal incision of the contralateral hind paw or forepaw also 
resulted in RVM inhibition of hind paw nociceptive reflexes at all stimulation intensities. Behavioral mechanical threshold 
(mean ± SEM, 28.1 ± 8 vs. 21.3 ± 1.2 g, P < 0.001) and thermal latency (7.1 ± 0.4 vs. 5.3 ± 0.3 s, P < 0.05) were increased in 
both hind paws after unilateral neonatal incision. Neonatal perioperative sciatic nerve blockade prevented injury-induced 
alterations in RVM descending control.
Conclusions: Neonatal surgical injury alters the postnatal development of RVM descending control, resulting in a predomi-
nance of descending inhibition and generalized reduction in baseline reflex sensitivity. Prevention by local anesthetic blockade 
highlights the importance of neonatal perioperative analgesia. (Anesthesiology 2015; 122:1391-400)
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long-term changes in pain sensitivity that include a gener-
alized baseline hypoalgesia, but an enhanced hyperalgesic 
response to subsequent injury of the same hind paw.9,11 
Similarly, after neonatal plantar hind paw incision, sensory 
thresholds of both the previously injured and the contralat-
eral hind paw were increased to the same degree in adult-
hood.12 Re-incision of the paw unmasked increased pain 
sensitivity10,12 that could be prevented by perioperative sci-
atic nerve block at the time of the initial injury.10

The generalized baseline hypoalgesia and the localized 
reinjury-induced hyperalgesia after neonatal injury are likely 
to have different underlying mechanisms as they differ in 
both time course and distribution. The enhanced response to 
repeat injury after neonatal hind paw inflammation9 or sur-
gical incision10 is demonstrable soon after the initial injury. 
However, the widespread hypoalgesia after neonatal inflam-
mation does not become apparent until much later (postnatal 
day 34, P34),9 suggesting that maturation of more complex 
central systems is required for its expression. We have shown 
that supraspinal centers, notably those in the rostroventral 
medulla (RVM) that provide important descending facilita-
tory and inhibitory control of spinal nociceptive systems, do 
not mature until late in the fourth postnatal week.13–15 These 
mechanisms may be vulnerable to injury-induced alterations 
in neural activity.

We hypothesized that neonatal incision alters the nor-
mal postnatal development of spinal modulation from the 
RVM. Our primary outcome was the pattern of facilitation 
and inhibition of spinal reflex excitability produced by dif-
ferent intensities of RVM electrical stimulation in young 
adult (P40) animals with or without previous neonatal inci-
sion. To evaluate the distribution of altered sensory response 
after neonatal incision, secondary outcomes were long-term 
changes in behavioral sensory thresholds of both hind paws 
and RVM-induced changes in reflex sensitivity after neo-
natal incision in the contralateral hind paw or forepaw. 
Finally, perioperative local anesthetic blockade of the sciatic 
nerve at the time of initial injury (preincision plus 3 × 2 h 
postoperative injections) was used to evaluate the role of 
primary afferent activity in triggering developmental altera-
tions in RVM function.

Materials and Methods

Animals
Experiments were performed under personal and project 
licenses approved by the Home Office, London, United 
Kingdom, in accordance with the United Kingdom  Animal 
(Scientific Procedures) Act 1986. Litters of Sprague-
Dawley rat pups were obtained from the  Biological 
Services Unit, University College London. Pups were 
divided into equal numbers of males and females, with  
litters restricted to a maximum of 12. Pups were randomly 
picked by hand from within same-sex groups, numbered, 
and alternately assigned to the incision or control group. 

Experimental groups were distributed across more than 
one litter to control for potential litter variability. All ani-
mals (including dams) were bred in-house from the same 
colony and exposed to the same environmental condi-
tions throughout development.

For all interventions, animals were kept on a heating 
pad to maintain body temperature. Care was taken to 
minimize the duration of maternal separation and han-
dling of pups, which was the same for treatment and lit-
termate control groups. Pups were weaned into same-sex 
cages at P21 and maintained until 6 weeks of age on a 
12-h light/dark cycle at constant ambient temperature 
with free access to food and water. Animals were coded by 
an alternate investigator to ensure the experimenter per-
forming behavioral testing (S.M.W.) or electromyographic 
recordings (G.J.H.) was blinded to treatment allocation at 
the time of data collection and initial analysis. Data sets 
for behavioral testing at different time points or electro-
myographic recordings at different intensities were com-
plete. One animal from the contralateral incision group 
was excluded due to technical difficulties with electromyo-
graphic recordings.

Plantar Incision
On postnatal day 3 (P3), animals were anesthetized with hal-
othane (2 to 4%) in oxygen delivered via a nose cone. Alco-
holic chlorhexidine gluconate 0.5% (Vetasept, Animalcare 
Ltd., United Kingdom) was applied to the left hind paw. 
After a midline incision through the skin and fascia of the 
plantar aspect of the hind paw, the plantaris muscle was ele-
vated and incised longitudinally, as previously described.16 
The incision extended from the midpoint of the heel to 
the proximal border of the first footpad.10 Skin edges were 
closed with a 5-0 silk suture (Ethicon, United Kingdom). 
In additional experiments, incision of the plantar skin and 
underlying muscle of the left forepaw was performed. The 
size of the forepaw and hind paw is more closely matched 
in pups, and the forepaw incision was extended slightly into 
the distal forelimb to achieve the same length of incision as 
in the hind paw.

Sciatic Nerve Blockade
P3 pups were briefly anesthetized with halothane (2 to 4%) 
in oxygen delivered via a nose cone, and percutaneous sciatic 
nerve injections of 40 μl of 0.5% levobupivacaine (Chiro-
caine 50 mg/10 ml; Abbott Laboratories Limited, United 
Kingdom) were performed as previously described in rat 
pups.10,17 After recovery from anesthesia, effective sciatic 
block was confirmed by ipsilateral motor block and loss of 
withdrawal reflex response to a suprathreshold mechanical 
stimulus delivered by a von Frey hair (vFh) with a bend-
ing force of 13 g. Pups were then reanesthetized, and plantar 
incision was performed within 15 min of the block. As sciatic 
blockade is relatively short-lived in rat pups, a preoperative 
block plus three percutaneous injections at 2-h intervals was 
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performed to maintain afferent blockade during the early 
perioperative period, as previously described.10 Littermate 
control animals received an injection of 40 μl sterile saline at 
the same site and intervals.

Behavioral Testing
In neonatal rats, mechanical withdrawal thresholds were 
measured with handheld vFh that apply a logarithmically 
increasing force (vFh 5  =  0.13 g to vFh 13  =  7.8 g). Rats 
were lightly restrained on a flat bench surface and ascending 
intensity hairs applied five times at 1-s intervals to the dor-
sal surface of the hind paw, as previously described.10,18 The 
number of evoked flexion reflexes was recorded with each 
stimulus intensity, until a stimulus that evoked five (100%) 
withdrawal responses was reached.

From P14, mechanical withdrawal threshold and ther-
mal withdrawal latency were determined at weekly inter-
vals to 6 weeks of age. After habituation on an elevated 
mesh platform, a mechanical stimulus (electronic von Frey 
device; Dynamic Plantar Aesthesiometer, Ugo Basile, Italy) 
was applied to the plantar surface of the hind paw. A lin-
ear increase in force was applied with a ramp of 20 g/s to 
a maximum of 50 g, and the threshold was defined as the 
mean of three measures. Thermal withdrawal latency was 
determined using a modified Hargreaves Box (University 
Anesthesia Research and Development Group, University 
of California San Diego, La Jolla, CA),19 consisting of a 
glass surface (maintained at 30°C) on which the rats were 
placed in individual Plexiglas cubicles. The thermal noci-
ceptive stimulus from a focused projection bulb positioned 
below the glass surface was directed to the mid-plantar hind 
paw. Latency was defined as the time required for the paw to 
show a brisk withdrawal as detected by photodiode motion 
sensors that stopped the timer and terminated the stimulus. 
The stimulus was terminated if there was no response within 
20 s (cutoff time).

In Vivo Electrophysiology
The experimental setup for electrophysiology record-
ings is shown diagrammatically in figure  1A and is in 
accordance with our previous studies.13,14 Animals were 
anesthetized with isoflurane (2 to 4%) in oxygen, an 
endotracheal cannula was inserted for controlled ventila-
tion (Small Animal Ventilator, Harvard Apparatus Ltd., 
United Kingdom), and after mounting on a stereotaxic 
frame (Kopf Instruments, USA), the skull was exposed 
and bregma located. Stereotaxic coordinates for the RVM 
were calculated (P40: left-right 0 mm, antero-posterior 
9.7 mm, dorsal-ventral −10 mm), and a small hole was 
drilled in the skull. For electrical stimulation, concentric 
bipolar stimulating electrodes were lowered into the RVM 
using the coordinates above. Trains of stimuli of 500 μs 
pulse width were applied at 10 Hz, at amplitudes rang-
ing from 5 to 200 μA (Neurolog System, Digitimer Ltd., 
United Kingdom).

After surgical preparation, electromyographic recordings 
were performed, as previously described.13 A bipolar con-
centric needle electrode (Ainsworks, United Kingdom) was 
inserted in the lateral biceps femoris through a small skin 
incision, to ensure that recorded activity was restricted to 
local muscle activity. The inspired isoflurane concentration 
was then reduced to 1.5% (Univentor 400 Anesthesia Unit, 
Malta), 20 min was allowed for equilibration before record-
ing, and the concentration then maintained at this same 
level throughout. Flexion electromyographic (full-wave rec-
tified) responses after sequential (lowest to highest intensity) 
vFh stimulation of the plantar surface of the hind paw were 
processed (Digitimer Ltd.) and recorded (PowerLab 4S, AD 
Instruments, Australia). Thresholds were determined as the 
vFh that produced an electromyographic response that was 
10% greater than resting activity.

Fig. 1. (A) Schematic diagram illustrating the experimental 
setup. A stimulating electrode was placed in the rostroven-
tral medulla (RVM) of lightly anesthetized rats, with electro-
myographic (EMG) recording electrodes inserted into the 
biceps femoris. Before and during RVM stimulation, hind 
paws were mechanically stimulated with von Frey hairs, and 
evoked EMG responses were recorded. (B) Quantification of 
overall reflex response. von Frey hairs of increasing intensity 
were applied until an increase in EMG activity 10% greater 
than background was evoked. This hair was designated the 
threshold hair (T). EMG responses to two subthreshold (T-2 
and T-1) and one suprathreshold hair (T+1) were quantified 
from the average of three applications and plotted against 
stimulus intensity to generate a baseline stimulus-response 
profile. The area under this curve (AUC) was then calculated 
to quantify overall reflex response and spinal excitability.
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Electromyographic responses to two subthreshold vFh 
(T-1, T-2), the threshold hair (T), and a suprathreshold 
hair (T+1) were recorded, and the same four hairs used 
in all subsequent stimulation conditions in that animal. 
Each hair was applied three times, and the mean response 
for each of the three presentations calculated. A stimu-
lus-response curve of electromyographic response versus 
mechanical stimulus intensity was plotted, and the area 
under the curve (AUC) was calculated to provide an inte-
grated measure of the spinal “reflex excitability” (fig. 1B). 
This value was denoted the baseline response of the ani-
mal (AUC = 100%). Subsequent recordings during RVM 
stimulation were normalized to this baseline to encom-
pass any differences in background (nonevoked) electro-
myographic activity and to allow each animal to act as its 
own control. Facilitation was demonstrated by an increase 
in AUC, which could be several magnitudes greater than 
the baseline response (e.g., up to 500%), and inhibition 
as a decrease below baseline, such that the lowest value of 
−100% represents a loss of reflex response to both the pre-
vious threshold and the suprathreshold hair.

Statistical Analysis
Sample size estimations were based on our previously 
published analyses using the same methodology in ani-
mals from the same in-house colony and supplier. Sig-
nificant acute decreases in hind paw mechanical threshold 
after P3 incision were reported with n = 5,10 and a larger 
sample was used here as forepaw thresholds had not pre-
viously been evaluated. Thresholds before and after P3 
incision were compared with paired two-tailed Student 
t test (GraphPad Prism version 6, USA). We have previ-
ously reported differences in adult mechanical withdrawal 
threshold and thermal latency between previous P3 
incision and age-matched control animals with n = 8.12 
Behavioral data were normally distributed (D’Agostino 
and Pearson normality test), and changes in sensory 
thresholds were analyzed by factorial repeated measures 
ANOVA with between-subject (incision vs. nonincised 
control) and within-subject (ipsilateral and contralateral 
paw at repeated time points from 2 to 6 weeks) variables 
and Bonferroni correction for multiple comparisons. 
Effects of sex on sensory thresholds at 6 weeks of age were 
also analyzed by factorial ANOVA with ipsilateral or con-
tralateral paw as the within-subject variable, and sex and 
incision group as between-subject variables (IBM® SPSS® 
Statistics version 22, United Kingdom).

Electromyographic data were expressed as percentage 
change in reflex response from baseline at each stimu-
lus intensity, with positive values indicating facilitatory 
and negative values representing inhibitory modulation 
by RVM stimulation. We have previously demonstrated 
statistically significant within-group changes in reflex 
excitability across the same range of stimulus intensities 
(n = 4 to 6), and smaller sample sizes have demonstrated 

clear differences in the pattern of facilitation and inhi-
bition at different ages.13,20 Changes in reflex response 
were compared with two-way ANOVA with RVM stimu-
lation intensity as within-subject repeated measures and 
treatment group as between-subject variables followed 
by Bonferroni post hoc comparisons with each P value 
adjusted to account for multiple comparisons (GraphPad 
Prism version 6). P less than 0.05 was considered statisti-
cally significant.

Results

Neonatal Hind Paw Incision Alters the Pattern of 
Descending Modulation of Spinal Excitability from the 
RVM in Early Adulthood
As we have previously shown that the pattern of RVM 
descending control changes during postnatal matura-
tion, with the typical adult bimodal pattern of facilita-
tion or inhibition emerging after P25,13,15 we assessed 
the impact of neonatal injury on the pattern of RVM 
descending modulation in adulthood. In accordance 
with previous results,13 electrical stimulation of the RVM 
in control, uninjured adult (P40, n  =  5) rats facilitated 
hind limb mechanical reflex excitability at low stimula-
tion intensities (5 to 20 μA) and inhibited reflex response 
at higher intensities (50 to 200 μA; fig. 2). By contrast, 
in adult rats with previous hind paw incision injury at 
P3 (n  =  9), electrical stimulation of the RVM over the 
same range of current intensities produced only inhibi-
tion of reflex excitability. A main effect of neonatal inci-
sion (F1,12  =  18.40, P  =  0.0011) and stimulus intensity 

Fig. 2. Neonatal injury alters the spinal reflex response to ros-
troventral medulla (RVM) stimulation. Electrical stimulation of 
the RVM in naive adult rats (control, n = 5) produces a bipha-
sic pattern of change in reflex excitability. Spinal reflex excit-
ability (quantified as the percentage change from baseline in 
the area under the mechanical stimulus versus electromyo-
graphic response relationship) is facilitated by low-intensity 
stimulation (5, 10, and 20 μA) and inhibited at high intensi-
ties (50, 100, and 200 μA). In age-matched adults with previ-
ous plantar hind paw incision on postnatal day 3 (P3 incision,  
n = 9), all intensities of RVM stimulation inhibit reflex re-
sponses at P40. Bars = mean ± SEM, ***P < 0.001 two-way  
repeated measures ANOVA with treatment as between-group 
variable and stimulus intensity as within-group repeated mea-
sures followed by Bonferroni post hoc comparisons.
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(F5,60 = 8.03, P < 0.001) was seen, with significant differ-
ences in reflex excitability between injured and noninjured 
groups at low RVM stimulation amplitudes (5, 10, and 20 
μA; P < 0.001, two-way repeated measures ANOVA with 
incision group and stimulus intensity as variables followed 
by Bonferroni post hoc comparisons; fig. 2).

Neonatal Hind Paw Incision Produces Acute Hyperalgesia 
but Generalized Hypoalgesia Emerges after P28
As we wished to evaluate changes in RVM modulation after 
either hind paw or distant forepaw incision, we initially con-
firmed that both injuries produce comparable hyperalgesia. 
Baseline mechanical withdrawal thresholds were similar in 
the hind paw and forepaw (1.50 ± 0.09 vs. 1.47 ± 0.16 g; 
n  =  12 both groups, t22  =  0.15, P  =  0.88; unpaired two-
tailed Student t test). Mechanical withdrawal threshold was 
significantly decreased 4 h after either hind paw (1.5 ± 0.09 
vs. 0.92 ± 0.08 g, n = 12, t11 = 7.39, P < 0.01) or forepaw 

incision (1.31 ± 0.11 vs. 0.88 ± 0.09 g; n  =  7; t6  =  2.75, 
P = 0.03; paired two-tailed Student t test; fig. 3A).

To assess the time course and distribution of persistent 
changes in sensory threshold, hind limb mechanical and 
thermal behavioral thresholds were compared from 2 to 
6 weeks of age. We previously demonstrated resolution of 
acute mechanical hyperalgesia by 48 h after P3 incision,10 
and here, no differences were seen between previous incision 
(n = 24) or littermate control (n = 12) groups at 2 weeks 
(factorial repeated measures ANOVA with time and paw as 
within-subject variables and incision as between-subject vari-
able followed by Bonferroni post hoc comparisons; fig. 3B).

Mechanical withdrawal thresholds progressively increase 
with age,9,21 and there was a significant main effect of time 
(F4,136 = 203, P < 0.001) but not paw (F1,34 = 28, P = 0.055) 
as values did not differ between ipsilateral and contralat-
eral paws in either group (within-subject variables in fac-
torial repeated measures ANOVA). However, mechanical 

Fig. 3. Neonatal paw incision produces acute hyperalgesia but long-term generalized hypoalgesia. (A) Hind paw or forepaw  
mechanical withdrawal thresholds were significantly reduced from baseline 4 h after plantar incision on postnatal day (P) 3. Bars = mean 
± SEM, n = 7 per group, **P < 0.01, *P < 0.05 paired two-tailed Student t test. (B) Hind paw mechanical withdrawal threshold and  
(C) thermal withdrawal latency are plotted against age after plantar hind paw incision (PI) performed on P3 (n = 24), and in littermate 
nonincised controls (n = 12). At 6 weeks of age, mechanical withdrawal thresholds and thermal withdrawal latencies were signifi-
cantly increased in both the ipsilateral and the contralateral paws after P3 incision when compared with age-matched controls. Data 
points = mean ± SEM, ***P < 0.001, *P < 0.05 factorial repeated measures ANOVA with treatment as between-group variable and 
both time and paw as within-subject variables followed by Bonferroni post hoc comparisons.
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withdrawal thresholds were significantly influenced by pre-
vious incision (F1,34 = 67.7, P < 0.001), with delayed-onset 
generalized hypoalgesia apparent in both the ipsilateral and 
the contralateral paw at 6 weeks of age (P < 0.001; factorial 
repeated measures ANOVA with Bonferroni post hoc com-
parisons; fig. 3B).

Similar group effects were seen in thermal sensitivity with 
a main effect of previous incision (F1,34 = 10.92, P = 0.002) 
and generalized hypoalgesia apparent at 5 and 6 weeks 
(P < 0.05, factorial repeated measures ANOVA with Bonfer-
roni post hoc comparisons; fig. 3C). Thermal latencies were 
influenced by time (F4,136 = 13.86 P < 0.001), but ipsilateral 
and contralateral values did not differ within each treatment 
group (F1,34 = 0.259, P = 0.614; within-subject variable, fac-
torial repeated measures ANOVA).

Sensory thresholds in male (n  =  12 previously incised, 
n = 6 control) and female (n = 12 previously incised, n = 6 
control) animals were compared at 6 weeks of age. There 
was a main effect of previous incision on both mechani-
cal threshold (F1,32 = 74.3, P < 0.001) and thermal latency 
(F1,32  =  10.37, P  =  0.003), but no main effect of sex on 
mechanical threshold (F1,32  =  0.43, P  =  0.52) or thermal 
latency (F1,32 = 0.24, P = 0.63; factorial ANOVA with inci-
sion and sex as between-subject and ipsilateral/contralateral 
paw as within-subject variables). Male and female data were 
combined in all other analyses.

Altered Reflex Responses to RVM Stimulation Are Also Not 
Restricted to the Previously Injured Hind Paw
To determine whether the impact of neonatal incision upon 
RVM descending control of nociceptive reflexes was also 
generalized and not restricted to the previously injured hind 
paw, we next evaluated reflex excitability in the hind paw 
after previous incision of the contralateral hind paw or fore-
paw. RVM stimulation produced inhibition of spinal reflex 
excitability, whether the reflex was evoked from a previously 
injured ipsilateral hind paw (n = 5) or from an adult hind paw 
contralateral to a P3 incision (n = 3; fig. 4A). There was no 
main effect of previous incision site (F1,6 = 0.22, P = 0.655) 
and a minor effect of stimulus intensity due to variability 
at 200 μA (F5,30 = 2.58, P = 0.047; two-way ANOVA with 
incision group as between-subject and stimulus intensity as 
repeated within-subject variable).

Furthermore, when the site of the neonatal P3 plantar 
incision was changed to the forepaw (n = 4), electrical stimu-
lation of the RVM at P40 produced inhibition of hind paw 
reflex excitability at all stimulus intensities, with a similar 
pattern and degree as seen after previous hind paw inci-
sion (n = 4; fig. 4B). There was no main effect of previous 
incision site (F1,6 = 0.063, P = 0.810) or stimulus intensity 
(F5,30 = 1.47, P = 0.229; two-way repeated measures ANOVA 
with incision group as between-subject and stimulus inten-
sity as repeated within-subject variable). Thus, neonatal 
incision produces alterations in descending RVM modula-
tion, with a generalized impact on spinal cord nociceptive 

processing that is not restricted to reflexes evoked from the 
previously injured paw.

Sciatic Nerve Blockade at the Time of Neonatal Incision 
Prevents the Change in RVM Function
To evaluate the role of injury-induced primary afferent activ-
ity, P3 pups received perioperative percutaneous perisciatic 
nerve injections of 40 μl 0.5% levobupivacaine or saline, 
15 min before incision and at 3 × 2 h intervals. Effective 
local anesthetic sciatic block was confirmed by ipsilateral 
motor block and loss of withdrawal reflex response to a 
suprathreshold mechanical stimulus (vFh 14; 13 g), with 
resolution of motor block and partial recovery from sensory 
block before each subsequent block. When neonatal inci-
sion was performed with perioperative sciatic nerve block 
(n  =  5), electrical stimulation of the RVM produced the 
typical bimodal effect of facilitation at low intensities (5 
to 20 μA) and inhibition at higher intensities (50 to 200 
μA). However, in littermate control animals given saline 
rather than local anesthetic injections (n = 4), inhibition of 
hind limb reflex excitability was produced across all RVM 
stimulus current intensities (fig.  5), again confirming the 

Fig. 4. Alterations in rostroventral medulla (RVM) modulation 
after neonatal incision are not limited to the initial injury site. 
(A) After hind paw incision on postnatal day (P)3, all intensi-
ties of electrical stimulation (5–200 μA) of the RVM produce 
inhibition of reflex excitability when mechanical stimuli were 
applied to either the ipsilateral previously injured hind paw (P3 
incision: ipsilateral, n = 5) or the contralateral uninjured hind 
paw (P3: contralateral, n = 3) in early adulthood (P40). (B) Inci-
sion of the forepaw (P3 forepaw incision, n = 4) or hind paw 
(P3 hind paw incision, n = 4) resulted in the same pattern of 
hind limb reflex inhibition across all intensities of RVM stimu-
lation at P40. Bars = mean ± SEM, no significant differenc-
es between treatment groups, two-way repeated measures 
ANOVA with incision group as between-subject and stimulus 
intensity as repeated within-subject variable followed by Bon-
ferroni post hoc comparisons.
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impact of neonatal incision seen in figure 2. Comparison 
of levobupivacaine and saline groups revealed a main effect 
of treatment (F1,7 = 7.606, P = 0.028) and stimulus inten-
sity (F5,35 = 6.542, P < 0.001; two-way repeated measures 
ANOVA with incision group and stimulus intensity as 
variables). Significant differences were seen at low stimu-
lus amplitudes (5, 10, and 20 μA; P < 0.05 to 0.001; two-
way repeated measures ANOVA with Bonferroni post hoc 
comparisons; fig. 5) after neonatal incision, with facilitation 
in the levobupivacaine group but inhibition in the saline 
group. Neonatal perioperative sciatic nerve blockade nor-
malized the reflex response to RVM stimulation in adult-
hood. Comparison of the P3 incision plus perioperative 
local anesthetic group (n = 5) and adult uninjured controls 
(n = 5, as shown in fig. 2) found no main effect of treatment 
group (F1,8  =  1.89, P  =  0.21), and although the bimodal 
pattern was associated with an overall main effect of stimu-
lus intensity (F5,40 = 10.1, P < 0.001), values at each given 
intensity did not differ between the naive group and the 
incision with sciatic block group (two-way repeated mea-
sures ANOVA with incision group and stimulus intensity 
as variables followed by Bonferroni post hoc comparisons).

Discussion
Hind paw incision in the neonatal rat dramatically alters the 
pattern of descending modulation from the RVM in adult-
hood. In animals with previous neonatal incision, spinal 

reflex excitability is inhibited by all intensities of RVM elec-
trical stimulation, whereas uninjured littermates show the 
bimodal pattern typical of normal adult processing, with 
facilitation at low intensities and inhibition at high intensi-
ties. Neonatal surgical incision alters the developmental tra-
jectory of behavioral sensory thresholds with a delayed onset 
and generalized distribution of hypoalgesia consistent with 
changes in supraspinal modulation. Similarly, enhanced 
inhibitory modulation from the RVM was not restricted to 
reflex responses from the previously injured area but was also 
induced by previous injury of the contralateral hind paw or 
forepaw. Finally, initiation of long-term alterations in RVM 
modulation was dependent on primary afferent activity at 
the time of neonatal injury, as pre- and post-incision sciatic 
nerve blockade resulted in RVM descending control devel-
oping normally. This work sheds important new light upon 
the long-term alterations in sensory processing after neona-
tal surgical injury and further emphasizes the importance of 
supraspinal centers in the control of spinal excitability.

Quantitative sensory testing in children 10 to 14 yr 
after neonatal intensive care has demonstrated generalized 
decreases in thermal sensitivity,4,8 and the greater degree of 
change in those requiring neonatal surgery suggests an asso-
ciation with the severity of pain and degree of tissue injury.7 
Here, we used plantar hind paw incision to model neonatal 
surgical injury and showed an altered developmental trajec-
tory of sensory thresholds with delayed emergence of behav-
ioral threshold change in both the previously injured and 
the contralateral hind paw. The generalized distribution of 
sensory hypoalgesia after neonatal inflammation in the first 
postnatal week9 or P3 plantar incision12 suggests altered sig-
naling from the brainstem.22 Although this study does not 
directly demonstrate a causal relationship between increased 
descending inhibition from the RVM and sensory hypoalge-
sia after neonatal injury, the results support this hypothesis. 
In naive rats, excitotoxic RVM lesions decrease behavioral 
mechanical sensory thresholds, suggesting that there is nor-
mally a baseline tonic inhibition from this region,13 and 
it is possible that such lesions would produce even greater 
changes in sensory thresholds in adults with previous inci-
sion. However, our aim here was to perform a quantitative 
analysis of the direct effects of RVM stimulation and to test 
for neonatal incision-induced changes in the pattern of facil-
itatory and inhibitory modulation of nociceptive reflexes by 
descending RVM pathways. Increased RVM-mediated inhi-
bition has previously been reported after neonatal inflamma-
tion as RVM electrical stimulation at P48 increased thermal 
withdrawal latency in the previously injured hind paw, con-
tralateral hind paw, and tail.23 However, changes were not 
consistently demonstrated at all stimulus intensities. Using 
quantitative electromyographic measurement of reflex sen-
sitivity, we identified increased RVM-mediated inhibition 
across all stimulus intensities at P40.

In adults, the RVM controls spinal excitability via popu-
lations of spinally projecting neurons from the nucleus raphe 

Fig. 5. Perioperative sciatic nerve block prevents injury-in-
duced changes in rostroventral medulla (RVM) modulation in 
adulthood. Previous plantar incision was performed at post-
natal day (P)3 with perioperative (15-min preincision and at 
3 × 2 h intervals) percutaneous sciatic nerve injections of lo-
cal anesthetic (LA; 40 μl 0.5% levobupivacaine) (P3 incision + 
sciatic LA, n = 5) or saline (P3 incision + saline, n = 4). At P40, 
spinal reflex excitability (quantified as the percentage change 
from baseline in the area under the mechanical stimulus ver-
sus electromyographic response relationship) was compared 
during electrical stimulation of the RVM. After incision with 
sciatic block, the typical adult response is seen at P40, with 
facilitation at low-intensity (5, 10, and 20 μA) and inhibition at 
high-intensity (50, 100, and 200 μA) RVM stimulation. In the 
incision with saline group, all intensities of RVM stimulation 
inhibited reflex excitability. Bars = mean ± SEM, *P < 0.05, 
**P < 0.01, ***P < 0.001 two-way repeated measures ANOVA 
with treatment as between-subject and stimulus intensity as 
repeated within-subject variable followed by Bonferroni post 
hoc comparisons.
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magnus and surrounding paragigantocellularis, leading to 
descending inhibitory or facilitatory modulation depend-
ing on the intensity of stimulation.24–27 This bidirectional 
control is mediated by pain facilitating ON cells and pain 
inhibiting OFF cells whose activity are linked with the ini-
tiation of spinal-mediated reflex withdrawal.28–30 The RVM 
is an output nucleus for other more rostral centers particu-
larly the periaqueductal gray (PAG), which in turn integrates 
information from forebrain regions. For some time, it was 
thought that supraspinal sites played little role in the spinal 
processing of pain in early life. Descending inhibitory mech-
anisms are late to mature; electrical stimulation of descend-
ing axons in the dorsolateral funiculus did not inhibit dorsal 
horn cell activity31 and electrical stimulation of the PAG 
did not prolong thermal tail-flick latency32 until P21, and 
in both cases responses were initially weaker than in adults. 
More recently, it has become clear that the RVM can modu-
late excitability in the developing spinal cord but that the 
dominant effect is facilitation13 that is focused upon A-fiber 
rather than C-fiber–evoked activity in the dorsal horn.15 The 
onset of biphasic inhibitory and facilitatory responses takes 
place during a critical period in the fourth postnatal week.14 
In this study, we have shown that neonatal surgical incision 
of the hind paw significantly perturbs normal RVM develop-
ment, resulting in enhanced descending inhibition of spinal 
nociceptive processing in early adulthood.

Consistent with clinical reports of generalized changes 
in sensory threshold after neonatal surgery,7 the changes 
in RVM modulation reported here are not somatotopically 
directed. Neonatal incision produces generalized changes in 
baseline sensitivity that are not restricted to the previously 
injured paw, and alterations in RVM modulation of spinal 
reflex excitability are evident if neonatal incision had been 
performed in the same paw, contralateral hind paw, or fore-
paw. Most brainstem neuronal groups projecting to the cer-
vical and lumbosacral spinal cord are distributed bilaterally, 
and there is a lack of distinct somatotopy.33 RVM neurons 
also project to different spinal levels with axonal projections 
that overlap and terminate in the gray matter of multiple 
segments throughout the cord.34 Within the RVM itself, 
axons of all classes of cells collateralize. This arrangement 
may differ early in life, or neonatal injury may change the 
arrangement of terminations within the dorsal horn, but this 
requires further investigation.

Our results suggest a failure of maturation of excitatory 
circuitry or an enhancement of inhibitory circuitry, or both, 
within the RVM after neonatal incision. Underlying mecha-
nisms require further investigation. Brainstem raphe seroto-
nergic neurons, which play an important role in descending 
pain control, are very excitable and lack γ-aminobutyric 
acid–mediated and 5-HT1A autoreceptor–mediated inhibi-
tion before P21, making them highly susceptible to external 
early life stressors.35 Our data show that the barrage of noci-
ceptor action potential activity triggered by paw incision is 
an essential step in evoking the change in RVM descending 

control. Balanced peripheral neural activity is required for 
normal maturation of central nociceptive circuits in the spi-
nal cord,36,37 and this may in turn reflect upon the matura-
tion of RVM spinal projections. Neonatal incision produces 
specific age-dependent changes in synaptic signaling in the 
spinal cord,38,39 and changes in glutamatergic signaling are 
prevented by prolonged sciatic nerve blockade with tetro-
dotoxin or bupivacaine hydroxide.40 Although a single 
preoperative sciatic nerve block reduces hyperalgesia 24 h 
after plantar incision in rat pups,10,41 additional blocks were 
required to prevent the enhanced spinal reflex and behavioral 
response to subsequent incision.10 This suggests that main-
taining blockade through the initial perioperative period is 
required to minimize the long-term impact of neonatal inci-
sion. The relatively short duration of local anesthetic sciatic 
block in neonatal animals17 necessitates repeat injection, but 
this does not produce histological changes in the nerve.10 We 
now show that the same protocol also prevents the long-term 
changes in RVM signaling after neonatal incision, indicating 
specific activity-dependent effects that are independent of 
systemic effects such as stress or maternal separation. Neo-
natal injury has been associated with a range of behavioral 
outcomes and alterations in stress responsivity in adult-
hood.42–44 In the current experiments, control animals had 
the same degree of handling, maternal separation, and brief 
anesthesia during the neonatal period, and sciatic block con-
trols had additional interventions with repeated injections of 
saline, but RVM responses did not differ from age-matched 
naive groups.

The clinical implications of altered descending modula-
tion are less apparent than the enhanced segmental response 
to repeat injury. Generalized hypoalgesia may be considered 
a compensatory response to early life pain, and reduced sen-
sitivity to common bumps and scrapes has been reported in 
childhood.45 However, responses change with age and are 
also influenced by parental response and child coping style.8 
This complexity is reflected by functional magnetic reso-
nance imaging in preterm children aged 11 to 16 yr, which 
demonstrated increased activation in response to a noxious 
heat stimulus in multiple brain regions related to sensory, 
affective, and cognitive aspects of pain. Alterations were 
also found in the PAG, which may have implications for 
descending modulation from the brainstem,3 but the impact 
of neonatal pain experience on descending modulatory path-
ways has not been extensively evaluated. Conditioned pain 
modulation with reductions in perceived pain intensity after 
a conditioning stimulus at a distant body site (e.g., cold pres-
sor test) is thought to reflect descending inhibition.46 Altera-
tions in dynamic inhibition have been identified in preterm 
children aged 7 to 11 yr, with enhanced inhibition in a low-
pain preterm group but a lack of inhibition in a high-pain 
preterm group.47 However, as the sample size was small, and 
the efficacy of conditioned pain modulation may be influ-
enced by sex48 and age throughout childhood and adoles-
cence,49 further evaluation is warranted.
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In conclusion, it is increasingly apparent that early life 
injury produces developmentally regulated effects on sensory 
and nociceptive processing that are not seen after the same 
injury at older ages. However, different mechanisms at mul-
tiple points in nociceptive pathways may be involved, and 
overall functional effects emerge at different ages. Here, we 
show that neonatal surgical injury alters the maturation of 
the RVM and supraspinal control of spinal excitability. The 
time course and distribution of behavioral hypoalgesia, and 
the altered responses to RVM stimulation, confirm increased 
descending inhibitory effects that are consistent with the 
altered sensory processing in preterm children after neona-
tal intensive care and surgery. These findings emphasize the 
sensitivity of the developing nervous system to alterations in 
neural activity produced by pain and injury and highlight 
the importance of adequate perioperative analgesia when 
surgery is required in the neonatal period.

Acknowledgments
This work was funded by Medical Research Council 
Grant MR/K022636/1, London, United Kingdom (S.M.W.); 
Medical Research Council Grant G0901269 (M.F.); and 
Biotechnology and Biological Sciences Research Council 
Grant BBI001565/1, Swindon, United Kingdom (G.J.H.). 
Dr. Walker is also supported by the Great Ormond Street 
Hospital Children’s Charity, London, United Kingdom.

Competing Interests
The authors declare no competing interests.

Correspondence
Address correspondence to Dr. Walker: Pain Research 
(Respiratory, Critical Care and Anaesthesia), Level 4, 
Wellcome Trust Building, UCL Institute of Child Health, 
30 Guilford Street, London WC1N 1EH, United Kingdom. 
suellen.walker@ucl.ac.uk. Information on purchasing  
reprints may be found at www.anesthesiology.org or 
on the masthead page at the beginning of this issue. 
 ANESTHESIOLOGy’s articles are made freely accessible to all 
readers, for personal use only, 6 months from the cover 
date of the issue.

References
 1. Fitzgerald M, Walker SM: Infant pain management: A devel-

opmental neurobiological approach. Nat Clin Pract Neurol 
2009; 5:35–50

 2. Walker SM: Biological and neurodevelopmental implications 
of neonatal pain. Clin Perinatol 2013; 40:471–91

 3. Hohmeister J, Kroll A, Wollgarten-Hadamek I, Zohsel K, 
Demirakça S, Flor H, Hermann C: Cerebral processing of 
pain in school-aged children with neonatal nociceptive 
input: An exploratory fMRI study. Pain 2010; 150:257–67

 4. Hermann C, Hohmeister J, Demirakça S, Zohsel K, Flor H: 
Long-term alteration of pain sensitivity in school-aged chil-
dren with early pain experiences. Pain 2006; 125:278–85

 5. Buskila D, Neumann L, Zmora E, Feldman M, Bolotin A, 
Press J: Pain sensitivity in prematurely born adolescents. 
Arch Pediatr Adolesc Med 2003; 157:1079–82

 6. Schmelzle-Lubiecki BM, Campbell KA, Howard RH, Franck L, 
Fitzgerald M: Long-term consequences of early infant injury 

and trauma upon somatosensory processing. Eur J Pain 
2007; 11:799–809

 7. Walker SM, Franck LS, Fitzgerald M, Myles J, Stocks J, Marlow 
N: Long-term impact of neonatal intensive care and surgery 
on somatosensory perception in children born extremely 
preterm. Pain 2009; 141:79–87

 8. Hohmeister J, Demirakça S, Zohsel K, Flor H, Hermann C: 
Responses to pain in school-aged children with experience 
in a neonatal intensive care unit: Cognitive aspects and 
maternal influences. Eur J Pain 2009; 13:94–101

 9. Ren K, Anseloni V, Zou SP, Wade EB, Novikova SI, Ennis M, 
Traub RJ, Gold MS, Dubner R, Lidow MS: Characterization 
of basal and re-inflammation-associated long-term alteration 
in pain responsivity following short-lasting neonatal local 
inflammatory insult. Pain 2004; 110:588–96

 10. Walker SM, Tochiki KK, Fitzgerald M: Hindpaw incision in 
early life increases the hyperalgesic response to repeat surgi-
cal injury: Critical period and dependence on initial afferent 
activity. Pain 2009; 147:99–106

 11. Chu YC, Chan KH, Tsou MY, Lin SM, Hsieh YC, Tao YX: 
Mechanical pain hypersensitivity after incisional surgery is 
enhanced in rats subjected to neonatal peripheral inflam-
mation: Effects of N-methyl-D-aspartate receptor antagonists. 
ANESTHESIoLoGY 2007; 106:1204–12

 12. Beggs S, Currie G, Salter MW, Fitzgerald M, Walker SM: 
Priming of adult pain responses by neonatal pain experi-
ence: Maintenance by central neuroimmune activity. Brain 
2012; 135(Pt 2):404–17

 13. Hathway GJ, Koch S, Low L, Fitzgerald M: The changing bal-
ance of brainstem-spinal cord modulation of pain process-
ing over the first weeks of rat postnatal life. J Physiol 2009; 
587(Pt 12):2927–35

 14. Hathway GJ, Vega-Avelaira D, Fitzgerald M: A critical period 
in the supraspinal control of pain: opioid-dependent 
changes in brainstem rostroventral medulla function in pre-
adolescence. Pain 2012; 153:775–83

 15. Koch SC, Fitzgerald M: The selectivity of rostroventral 
medulla descending control of spinal sensory inputs shifts 
postnatally from A fibre to C fibre evoked activity. J Physiol 
2014; 592(Pt 7):1535–44

 16. Brennan TJ, Vandermeulen EP, Gebhart GF: Characterization 
of a rat model of incisional pain. Pain 1996; 64:493–501

 17. Hu D, Hu R, Berde CB: Neurologic evaluation of infant 
and adult rats before and after sciatic nerve blockade. 
ANESTHESIoLoGY 1997; 86:957–65

 18. Walker SM, Westin BD, Deumens R, Grafe M, Yaksh TL: Effects 
of intrathecal ketamine in the neonatal rat: Evaluation of 
apoptosis and long-term functional outcome. ANESTHESIoLoGY 
2010; 113:147–59

 19. Dirig DM, Salami A, Rathbun ML, ozaki GT, Yaksh TL: 
Characterization of variables defining hindpaw withdrawal 
latency evoked by radiant thermal stimuli. J Neurosci 
Methods 1997; 76:183–91

 20. Kwok CH, Devonshire IM, Bennett AJ, Hathway GJ: Postnatal 
maturation of endogenous opioid systems within the periaq-
ueductal grey and spinal dorsal horn of the rat. Pain 2014; 
155:168–78

 21. Walker SM, Meredith-Middleton J, Cooke-Yarborough C, 
Fitzgerald M: Neonatal inflammation and primary afferent ter-
minal plasticity in the rat dorsal horn. Pain 2003; 105:185–95

 22. Wang G, Ji Y, Lidow MS, Traub RJ: Neonatal hind paw injury 
alters processing of visceral and somatic nociceptive stimuli 
in the adult rat. J Pain 2004; 5:440–9

 23. Zhang YH, Wang XM, Ennis M: Effects of neonatal inflamma-
tion on descending modulation from the rostroventromedial 
medulla. Brain Res Bull 2010; 83:16–22

 24. Zhuo M, Gebhart GF: Biphasic modulation of spinal nocicep-
tive transmission from the medullary raphe nuclei in the rat. 
J Neurophysiol 1997; 78:746–58

Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/122/6/1391/269015/20150600_0-00031.pdf by guest on 19 M
ay 2023

mailto:suellen.walker@ucl.ac.uk
http://www.anesthesiology.org


Anesthesiology 2015; 122:1391-400 1400 Walker et al.

Neonatal Incision and Adult Descending Modulation

 25. Fields HL, Basbaum AI, Clanton CH, Anderson SD: Nucleus 
raphe magnus inhibition of spinal cord dorsal horn neurons. 
Brain Res 1977; 126:441–53

 26. Fields HL, Basbaum AI: Brainstem control of spinal pain-
transmission neurons. Annu Rev Physiol 1978; 40:217–48

 27. Fields HL, Anderson SD: Evidence that raphe-spinal neurons 
mediate opiate and midbrain stimulation-produced analge-
sias. Pain 1978; 5:333–49

 28. Heinricher MM, Barbaro NM, Fields HL: Putative nociceptive 
modulating neurons in the rostral ventromedial medulla of 
the rat: Firing of on- and off-cells is related to nociceptive 
responsiveness. Somatosens Mot Res 1989; 6:427–39

 29. Fields HL, Bry J, Hentall I, Zorman G: The activity of neurons 
in the rostral medulla of the rat during withdrawal from nox-
ious heat. J Neurosci 1983; 3:2545–52

 30. Fields HL, Vanegas H, Hentall ID, Zorman G: Evidence that 
disinhibition of brain stem neurones contributes to mor-
phine analgesia. Nature 1983; 306:684–6

 31. Fitzgerald M, Koltzenburg M: The functional development of 
descending inhibitory pathways in the dorsolateral funiculus 
of the newborn rat spinal cord. Brain Res 1986; 389:261–70

 32. van Praag H, Frenk H: The development of stimulation-pro-
duced analgesia (SPA) in the rat. Brain Res Dev Brain Res 
1991; 64:71–6

 33. Leong SK, Shieh JY, Wong WC: Localizing spinal-cord-project-
ing neurons in neonatal and immature albino rats. J Comp 
Neurol 1984; 228:18–23

 34. Huisman AM, Kuypers HG, Verburgh CA: Quantitative differ-
ences in collateralization of the descending spinal pathways 
from red nucleus and other brain stem cell groups in rat as 
demonstrated with the multiple fluorescent retrograde tracer 
technique. Brain Res 1981; 209:271–86

 35. Rood BD, Calizo LH, Piel D, Spangler ZP, Campbell K, Beck 
SG: Dorsal raphe serotonin neurons in mice: Immature 
hyperexcitability transitions to adult state during first three 
postnatal weeks suggesting sensitive period for environmen-
tal perturbation. J Neurosci 2014; 34:4809–21

 36. Koch SC, Tochiki KK, Hirschberg S, Fitzgerald M: C-fiber 
activity-dependent maturation of glycinergic inhibition in the 
spinal dorsal horn of the postnatal rat. Proc Natl Acad Sci U 
S A 2012; 109:12201–6

 37. Waldenström A, Thelin J, Thimansson E, Levinsson A, 
Schouenborg J: Developmental learning in a pain-related 

system: Evidence for a cross-modality mechanism. J Neurosci 
2003; 23:7719–25

 38. Li J, Baccei ML: Neonatal tissue damage facilitates nocicep-
tive synaptic input to the developing superficial dorsal horn 
via NGF-dependent mechanisms. Pain 2011; 152:1846–55

 39. Li J, Blankenship ML, Baccei ML: Deficits in glycinergic inhi-
bition within adult spinal nociceptive circuits after neonatal 
tissue damage. Pain 2013; 154:1129–39

 40. Li J, Walker SM, Fitzgerald M, Baccei ML: Activity-dependent 
modulation of glutamatergic signaling in the developing 
rat dorsal horn by early tissue injury. J Neurophysiol 2009; 
102:2208–19

 41. Ririe DG, Barclay D, Prout H, Tong C, Tobin JR, Eisenach JC: 
Preoperative sciatic nerve block decreases mechanical allo-
dynia more in young rats: Is preemptive analgesia develop-
mentally modulated? Anesth Analg 2004; 99:140–5

 42. Schwaller F, Fitzgerald M: The consequences of pain in early 
life: Injury-induced plasticity in developing pain pathways. 
Eur J Neurosci 2014; 39:344–52

 43. Victoria NC, Inoue K, Young LJ, Murphy AZ: Long-term dys-
regulation of brain corticotrophin and glucocorticoid recep-
tors and stress reactivity by single early-life pain experience 
in male and female rats. Psychoneuroendocrinology 2013; 
38:3015–28

 44. Victoria NC, Inoue K, Young LJ, Murphy AZ: A single neona-
tal injury induces life-long deficits in response to stress. Dev 
Neurosci 2013; 35:326–37

 45. Grunau RV, Whitfield MF, Petrie JH: Pain sensitivity and tem-
perament in extremely low-birth-weight premature toddlers 
and preterm and full-term controls. Pain 1994; 58:341–6

 46. Pud D, Granovsky Y, Yarnitsky D: The methodology of 
experimentally induced diffuse noxious inhibitory control 
(DNIC)-like effect in humans. Pain 2009; 144:16–9

 47. Goffaux P, Lafrenaye S, Morin M, Patural H, Demers G, Marchand 
S: Preterm births: Can neonatal pain alter the development of 
endogenous gating systems? Eur J Pain 2008; 12:945–51

 48. Evans S, Seidman LC, Lung KC, Zeltzer LK, Tsao JC: Sex dif-
ferences in the relationship between maternal fear of pain 
and children’s conditioned pain modulation. J Pain Res 2013; 
6:231–8

 49. Tsao JC, Seidman LC, Evans S, Lung KC, Zeltzer LK, Naliboff 
BD: Conditioned pain modulation in children and adoles-
cents: Effects of sex and age. J Pain 2013; 14:558–67

Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/122/6/1391/269015/20150600_0-00031.pdf by guest on 19 M
ay 2023


