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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, we evaluated long-term 

effects of neonatal surgical injury on RVM descending modulation.

Methods—Plantar hindpaw or forepaw incisions were performed in anesthetized postnatal day 

(P)3 Sprague-Dawley rats. Controls received anesthesia only. Hindlimb mechanical and thermal 

withdrawal thresholds were measured to 6 weeks of age (adult). Additional groups received pre- 

and post-incision sciatic nerve bupivacaine or saline. Hindpaw 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 prior neonatal incision (n=9), all intensities of RVM stimulation 

decreased hindlimb 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 hindpaw or forepaw also resulted in RVM 

inhibition of hindpaw nociceptive reflexes at all stimulation intensities. Behavioral mechanical 

threshold (mean±SEM, 28.1±8g vs. 21.3±1.2g, P<0.001) and thermal latency (7.1±0.4 vs. 

5.3±0.3s, P<0.05) were increased in both hindpaws following 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 predominance of descending inhibition and generalized reduction in baseline 

reflex sensitivity. Prevention by local anesthetic blockade highlights the importance of neonatal 

perioperative analgesia.

Corresponding Author: Suellen M Walker, Pain Research (Respiratory, Critical Care and Anaesthesia), Level 4, Wellcome Trust 
Building, UCL Institute of Child Health, 30 Guilford St., London WC1N 1EH, United Kingdom, Tel: 44 (0)20 7905 2382, 
suellen.walker@ucl.ac.uk. 

The authors declare no competing interests.

Europe PMC Funders Group
Author Manuscript
Anesthesiology. Author manuscript; available in PMC 2016 June 01.

Published in final edited form as:
Anesthesiology. 2015 June ; 122(6): 1391–1400. doi:10.1097/ALN.0000000000000658.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Introduction

Pain 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 While responses to noxious 

stimuli may be enhanced,3-5 quantitative sensory testing has demonstrated reduced baseline 

sensitivity in children many years after neonatal intensive care treatment and/or 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 modulation with upregulation of tonic descending 

inhibition has been postulated to underlie this global hypoalgesia.3

Laboratory studies confirm similar long-term alterations in sensory processing following 

neonatal injury.1,2 The neonatal period (first postnatal week in the rodent) has been 

identified as a critical period during which inflammation9 or surgical injury10 lead to effects 

not seen following the same injury at older ages.9 Hindpaw carrageenan produces mild 

inflammation and acute hyperalgesia in neonatal rats, followed by long-term changes in pain 

sensitivity that include a generalized baseline hypoalgesia, but an enhanced hyperalgesic 

response to subsequent injury of the same hindpaw.9,11 Similarly, following neonatal plantar 

hindpaw incision, sensory thresholds of both the previously injured and contralateral 

hindpaw were elevated to the same degree in adulthood.12 Re-incision of the paw unmasked 

increased pain sensitivity,10,12 that could be prevented by perioperative sciatic nerve block 

at the time of the initial injury.10

The generalized baseline hypoalgesia and the localized re-injury induced hyperalgesia 

following neonatal injury are likely to have different underlying mechanisms as they differ 

in both time course and distribution. The enhanced response to repeat injury following 

neonatal hindpaw inflammation9 or surgical incision10 is demonstrable soon after the initial 

injury. However, the widespread hypoalgesia following neonatal inflammation 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 facilitatory and inhibitory control of spinal nociceptive systems, do 

not mature until late in the 4th postnatal week.13-15 These mechanisms may be vulnerable to 

injury-induced alterations in neural activity.

We hypothesized that neonatal incision alters the normal postnatal development of spinal 

modulation from the RVM. Our primary outcome was the pattern of facilitation and/or 

inhibition of spinal reflex excitability produced by different intensities of RVM electrical 

stimulation in young adult (P40) animals with or without prior neonatal incision. To 

evaluate the distribution of altered sensory response following neonatal incision, secondary 

outcomes were long-term changes in behavioral sensory thresholds of both hindpaws, and 

RVM-induced changes in reflex sensitivity following neonatal incision in the contralateral 

hindpaw or forepaw. Finally, perioperative local anesthetic blockade of the sciatic nerve at 

the time of initial injury (pre-incision plus 3x2 h postoperative injections) was used to 
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evaluate the role of primary afferent activity in triggering developmental alterations in RVM 

function.

Materials and Methods

Animals

Experiments were performed under personal and project licences 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 animals (including dams) were bred in-

house from the same colony and exposed to the same environmental conditions 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 handling of pups, which was 

the same for treatment and littermate 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 performing behavioral testing (SMW) or 

electromyography recordings (GJH) was blinded to treatment allocation at the time of data 

collection and initial analysis. Data sets for behavioral testing at different time points or 

electromyography recordings at different intensities were complete. One animal from the 

contralateral incision group was excluded due to technical difficulties with 

electromyography recordings.

Plantar Incision

On postnatal day 3 (P3), animals were anesthetized with halothane (2-4%) in oxygen 

delivered via a nose cone. Alcoholic chlorhexidine gluconate 0.5% (Vetasept, Animalcare 

Ltd., York, United Kingdom) was applied to the left hindpaw. Following a midline incision 

through the skin and fascia of the plantar aspect of the hindpaw, the plantaris muscle was 

elevated 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, Edinburgh, 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 hindpaw are more closely matched in pups, and the forepaw incision 

was extended slightly into the distal forelimb to achieve the same length of the incision as in 

the hindpaw.

Sciatic Nerve Blockade

P3 pups were briefly anesthetized with halothane (2-4%) in oxygen delivered via a nose 

cone and percutaneous sciatic nerve injections of 40 μl of 0.5% levobupivacaine (Chirocaine 
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50mg/10ml; Abbott Laboratories Limited, Maidenhead, Berkshire, United Kingdom) were 

performed as previously described in rat pups.10,17 Following 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 bending force of 13g. Pups were then re-anesthetized 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 were 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 hand-held vFh that 

apply a logarithmically increasing force (vFh 5 = 0.13g to vFh 13 = 7.8g). Rats were lightly 

restrained on a flat bench surface and ascending intensity hairs applied five times at one-

second intervals to the dorsal surface of the hindpaw 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 thermal withdrawal latency were 

determined at weekly intervals to 6 weeks of age. Following habituation on an elevated 

mesh platform, a mechanical stimulus (electronic von Frey device; Dynamic Plantar 

Anesthesiometer, Ugo Basile, Comerio, Italy) was applied to the plantar surface of the 

hindpaw. A linear increase in force was applied with a ramp of 20 grams/second to a 

maximum of 50g 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 nociceptive stimulus from a focused projection 

bulb positioned below the glass surface was directed to the mid-plantar hindpaw. 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 (cut-off time).

In-vivo Electrophysiology

The experimental set-up for electrophysiology recordings is shown diagramatically in figure 

1A and is in accordance with our previous studies.13,14 Animals were anesthetized with 

isoflurane (2-4%) in oxygen, an endotracheal cannula was inserted for controlled ventilation 

(Small Animal Ventilator, Harvard Apparatus Ltd., Kent, United Kingdom), and following 

mounting on a stereotaxic frame (Kopf Instruments, Tujunga, CA) 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 μsec pulse width were 
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applied at 10Hz, at amplitudes ranging from 5 to 200 μA (Neurolog System, Digitimer Ltd., 

Welwyn Garden City, United Kingdom).

Following surgical preparation, electromyography recordings were performed as previously 

described.13 A bipolar concentric needle electrode (Ainsworks, London, 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 prior to recording, and the concentration then maintained at 

this same level throughout. Flexion electromyography (full-wave rectified) responses 

following sequential (lowest to highest intensity) vFh stimulation of the plantar surface of 

the hindpaw were processed (Digitimer Ltd.) and recorded (PowerLab 4S, AD Instruments, 

Castle Hill, Australia). Thresholds were determined as the vFh which produced an 

electromyography response that was 10% greater than resting activity.

Electromyography responses to two sub-threshold 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 stimulus response curve of 

electromyography response versus mechanical stimulus intensity was plotted and the area 

under the curve (AUC) was calculated to provide an integrated measure of the spinal “reflex 

excitability” (fig. 1B). This value was denoted the baseline response of the animal 

(AUC=100%). Subsequent recordings during RVM stimulation were normalized to this 

baseline to encompass any differences in background (non-evoked) electromyography 

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 previously threshold and 

suprathreshold hair.

Statistical Analysis

Sample size estimations were based on our previously published analyses using the same 

methodology in animals from the same in-house colony and supplier. Significant acute 

decreases in hindpaw mechanical threshold following P3 incision were reported with n=5,10 

and a larger sample was utilized here as forepaw thresholds had not previously been 

evaluated. Thresholds before and after P3 incision were compared with paired two-tailed 

Students’ t-test (GraphPad Prism Version 6, San Diego, CA). We have previously reported 

differences in adult mechanical withdrawal threshold and thermal latency between prior 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 versus 

non-incised 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 was also analyzed by factorial 

ANOVA with ipsilateral or contralateral paw as the within-subject variable, and sex and 
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incision group as between-subject variables (IBM® SPSS® Statistics Version 22, 

Portsmouth, Hampshire, United Kingdom).

Electromyography data was expressed as percentage change in reflex response from baseline 

at each stimulus 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=4-6) and smaller sample sizes have demonstrated clear differences in 

the pattern of facilitation and inhibition at different ages.13,20 Changes in reflex response 

were compared with two-way ANOVA with RVM stimulation 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, San Diego, CA). P < 0.05 was considered statistically 

significant.

Results

Neonatal hindpaw 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 maturation, with the typical adult bimodal pattern of facilitation 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 hindlimb 

mechanical reflex excitability at low stimulation intensities (5-20 μA) and inhibited reflex 

response at higher intensities (50-200 μA)(fig. 2). By contrast, in adult rats with prior 

hindpaw incision injury at P3 (n=9), electrical stimulation of the RVM over the same range 

of current intensities produced only inhibition of reflex excitability. A main effect of 

neonatal incision (F1,12=18.40, P=0.0011) and stimulus intensity (F5,60=8.03, P<t0.001) 

was seen, with significant differences in reflex excitability between injured and non-injured 

groups at low RVM stimulation amplitudes (5 μA, 10 μA and 20 μA)(P<t0.001, two-way 

repeated measures ANOVA with incision group and stimulus intensity as variables followed 

by Bonferroni post-hoc comparisons; fig. 2).

Neonatal hindpaw incision produces acute hyperalgesia but generalized hypoalgesia 
emerges after P28

As we wished to evaluate changes in RVM modulation following either hindpaw or distant 

forepaw incision, we initially confirmed that both injuries produce comparable hyperalgesia. 

Baseline mechanical withdrawal thresholds were similar in the hindpaw and forepaw (1.50 ± 

0.09 vs. 1.47 ± 0.16g; n=12 both groups, t22=0.15, P=0.88; unpaired two-tailed Students t-

test). Mechanical withdrawal threshold was significantly decreased 4 h following either 

hindpaw (1.5 ± 0.09 vs. 0.92 ± 0.08g, n=12, t11=7.39, P<0.01) or forepaw incision (1.31 ± 

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

Walker et al. Page 6

Anesthesiology. Author manuscript; available in PMC 2016 June 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



To assess the time course and distribution of persistent changes in sensory threshold, 

hindlimb 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 

following P3 incision,10 and here no differences were seen between prior 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 variable 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 contralateral paws in either group (within-

subject variables in factorial repeated measures ANOVA). However, mechanical withdrawal 

thresholds were significantly influenced by prior incision (F1,34=67.7, P<0.001) with 

delayed onset generalized hypoalgesia apparent in both the ipsilateral and contralateral paw 

at 6 weeks of age (P<0.001; factorial repeated measures ANOVA with Bonferroni post-hoc 

comparisons; fig. 3B).

Similar group effects were seen in thermal sensitivity with a main effect of prior 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 Bonferroni 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, factorial 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 prior incision on both mechanical 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 

incision 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 hindpaw

To determine if the impact of neonatal incision upon RVM descending control of 

nociceptive reflexes was also generalized and not restricted to the previously injured 

hindpaw, we next evaluated reflex excitability in the hindpaw following prior incision of the 

contralateral hindpaw or forepaw. RVM stimulation produced inhibition of spinal reflex 

excitability, whether the reflex was evoked from a previously injured ipsilateral hindpaw 

(n=5) or from an adult hindpaw contralateral to a P3 incision (n=3) (fig. 4A). There was no 

main effect of prior 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 stimulation of the RVM at P40 produced inhibition of hindpaw reflex 
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excitability at all stimulus intensities, with a similar pattern and degree as seen following 

previous hindpaw incision (n=4; fig. 4B). There was no main effect of prior 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 intensity as repeated 

within-subject variable). Thus, neonatal incision produces alterations in descending RVM 

modulation, 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 activity, P3 pups received peri-

operative percutaneous perisciatic nerve injections of 40 μl 0.5% levobupivacaine or saline, 

15 min prior to 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; 13g), with resolution of motor block and 

partial recovery from sensory block prior to each subsequent block. When neonatal incision 

was performed with perioperative sciatic nerve block (n=5), electrical stimulation of the 

RVM produced the typical bimodal effect of facilitation at low intensities (5-20 μA) and 

inhibition at higher intensities (50-200 μA). However, in littermate control animals given 

saline rather than local anesthetic injections (n=4), inhibition of hindlimb reflex excitability 

was produced across all RVM stimulus current intensities (fig. 5), again confirming the 

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 intensity 

(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 stimulus amplitudes 

(5 μA, 10 μA and 20 μA; P<0.05-0.001; two way repeated measures ANOVA with 

Bonferroni post-hoc comparisons; fig. 5) following neonatal incision, with facilitation in the 

levobupivacaine group but inhibition in the saline group. Neonatal perioperative sciatic 

nerve blockade normalized the reflex response to RVM stimulation in adulthood. 

Comparison of the P3 incision plus perioperative local anaesthetic 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 stimulus intensity (F5,40=10.1 P<0.001), values at each given intensity did not 

differ between the naïve group and the incision with sciatic block group (two-way repeated 

measures ANOVA with incision group and stimulus intensity as variables followed by 

Bonferroni post-hoc comparisons).

Discussion

Hindpaw incision in the neonatal rat dramatically alters the pattern of descending 

modulation from the RVM in adulthood. In animals with prior neonatal incision, spinal 

reflex excitability is inhibited by all intensities of RVM electrical stimulation, whereas 

uninjured littermates show the bimodal pattern typical of normal adult processing, with 

facilitation at low intensities and inhibition at high intensities. Neonatal surgical incision 

alters the developmental trajectory of behavioral sensory thresholds with delayed onset and 
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a 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 prior injury of the 

contralateral hindpaw 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 developing 

normally. This work sheds important new light upon the long-term alterations in sensory 

processing following neonatal surgical injury and further emphasizes the importance of 

supraspinal centers in the control of spinal excitability.

Quantitative sensory testing in children 10-14 years following 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 association with the severity of pain 

and/or degree of tissue injury.7 Here we used plantar hindpaw incision to model neonatal 

surgical injury, and showed an altered developmental trajectory of sensory thresholds with 

delayed emergence of behavioral threshold change in both the previously injured and 

contralateral hindpaw. The generalized distribution of sensory hypoalgesia following 

neonatal inflammation in the first postnatal week9 or P3 plantar incision12 suggests altered 

signaling from the brainstem.22 While this study does not directly demonstrate a causal 

relationship between increased descending inhibition from the RVM and sensory 

hypoalgesia following neonatal injury, the results support this hypothesis. In naïve rats, 

excitotoxic RVM lesions decrease behavioral mechanical sensory thresholds, suggesting that 

there is normally a baseline tonic inhibition from this region13 and it is possible that such 

lesions would produce even greater changes in sensory thresholds in adults with prior 

incision. 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 

facilitatory and inhibitory modulation of nociceptive reflexes by descending RVM 

pathways. Increased RVM-mediated inhibition has previously been reported following 

neonatal inflammation as RVM electrical stimulation at P48 increased thermal withdrawal 

latency in the previously injured hindpaw, contralateral hindpaw and tail.23 However, 

changes were not consistently demonstrated at all stimulus intensities. Using quantitative 

electromyographic measurement of reflex sensitivity, we identified increased RVM 

mediated inhibition across all stimulus intensities at P40.

In adults, the RVM controls spinal excitability via populations of spinally projecting neurons 

from the nucleus raphe magnus and surrounding paragigantocellualris, leading to descending 

inhibitory or facilitatory modulation depending 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 initiation of spinal mediated reflex withdrawal.28-30 The 

RVM is an output nucleus for other more rostral centers particularly the periaqueductal grey 

(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 mechanisms are late to mature; electrical stimulation of descending 

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 
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the RVM can modulate excitability in the developing spinal cord, but that the dominant 

effect is facilitation13 that is focussed upon A-fibre rather than C-fibre 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 hindpaw significantly perturbs normal RVM development, resulting 

in enhanced descending inhibition of spinal nociceptive processing in early adulthood.

Consistent with clinical reports of generalized changes in sensory threshold following 

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 hindpaw, or forepaw. Most brainstem neuronal groups projecting to the 

cervical 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 grey 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 following neonatal incision. Underlying 

mechanisms require further investigation. Brainstem raphe serotonergic neurons, which play 

an important role in descending pain control, are very excitable and lack GABAergic and 5-

HT1A autoreceptor mediated inhibition before P21, making them highly susceptible to 

external early life stressors.35 Our data show that the barrage of nociceptor 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 spinal cord36,37 and this may in turn reflect upon the 

maturation 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 tetrodotoxin or bupivacaine 

hydroxide.40 Although a single preoperative sciatic nerve block reduces hyperalgesia 24 h 

following 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 

maintaining blockade through the initial perioperative period is required to minimize the 

long-term impact of neonatal incision. The relatively short duration of local anesthetic 

sciatic block in neonatal animals,17 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 following neonatal incision, indicating specific 

activity-dependent effects that are independent of systemic effects such as stress or maternal 

separation. Neonatal injury has been associated with a range of behavioral outcomes and 

alterations in stress responsivity in adulthood.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 controls had additional interventions with repeated 

injections of saline, but RVM responses did not differ from age-matched naïve groups.
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The clinical implications of altered descending modulation 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 sensitivity 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 resonance imaging in preterm children aged 11-16 years 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 pathways 

has not been extensively evaluated. Conditioned pain modulation with reductions in 

perceived pain intensity following a conditioning stimulus at a distant body site (e.g., cold 

pressor test) are thought to reflect descending inhibition.46 Alterations in dynamic inhibition 

have been identified in preterm children aged 7-11 years, 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 influenced 

by sex48 and age throughout childhood and adolescence,49 further evaluation is warranted.

In conclusion, it is increasingly apparent that early life injury produces developmentally 

regulated effects on sensory and nociceptive processing that are not seen following the same 

injury at older ages. However, different mechanisms at multiple 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 following neonatal 

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.
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What we already know about this topic

• Sensory transmission and processing in the spinal cord is modulated by 

descending influences from the rostroventral medulla (RVM)

• Although neonatal pain and injury is 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 adulthood and changed the effect of RVM 

stimulation from a bimodal facilitation and inhibition, to only inhibition

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

adulthood
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Fig. 1. 
(A) Schematic diagram illustrating the experimental set-up. A stimulating electrode was 

placed in the rostroventral medulla (RVM) of lightly anaesthetised rats, with 

electromyography (EMG) recording electrodes inserted into biceps femoris. Before and 

during RVM stimulation, hindpaws 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 
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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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Fig. 2. 
Neonatal injury alters the spinal reflex response to rostroventral medulla (RVM) stimulation. 

Electrical stimulation of the RVM in naive adult rats (control, n=5) produces a biphasic 

pattern of change in reflex excitability. Spinal reflex excitability (quantified as the 

percentage change from baseline in the area under the mechanical stimulus vs 

electromyography response relationship) is facilitated by low intensity stimulation (5, 10 

and 20 μA), and inhibited at high intensities (50, 100 and 200 μA). In age-matched adults 

with prior plantar hindpaw incision on postnatal day 3 (P3 incision, n=9), all intensities of 

RVM stimulation inhibit reflex responses 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 measures followed by Bonferrroni post-hoc comparisons.

Walker et al. Page 18

Anesthesiology. Author manuscript; available in PMC 2016 June 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 3. 
Neonatal paw incision produces acute hyperalgesia but long-term generalized hypoalgesia. 

(A) Hindpaw or forepaw mechanical withdrawal thresholds were significantly reduced from 

baseline 4 h following plantar incision of postnatal day (P) 3. Bars=mean±SEM, n=7 per 

group, **P<0.01, *P<0.05 paired two-tailed Students t-test.

(B) Hindpaw mechanical withdrawal threshold and (C) thermal withdrawal latency are 

plotted against age following plantar hindpaw incision (PI) performed on postnatal day (P)3 

(n=24), and in littermate non-incised controls (n=12). At 6 weeks of age, mechanical 
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withdrawal thresholds and thermal withdrawal latencies were significantly increased in both 

the ipsilateral and contralateral paws following P3 incision when compared to 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 Bonferrroni post-hoc comparisons.
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Fig. 4. 
Alterations in rostroventral medulla (RVM) modulation following neonatal incision are not 

limited to the initial injury site.

(A) Following hindpaw incision on postnatal day (P)3, all intensities of electrical stimulation 

(5 - 200μA) of the RVM produce inhibition of reflex excitability when mechanical stimuli 

were applied to either the ipsilateral previously injured hindpaw (P3 incision: ipsilateral, 

n=5) or the contralateral uninjured hindpaw (P3: contralateral, n=3) in early adulthood 

(P40).
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(B) Incision of the forepaw (P3 forepaw incision, n=4) or hindpaw (P3 hindpaw incision, 

n=4) resulted in the same pattern of hindlimb reflex inhibition across all intensities RVM 

stimulation at P40. Bars=mean±SEM, no significant differences between treatment groups, 

two way repeated measures ANOVA with incision group as between-subject and stimulus 

intensity as repeated within-subject variable followed by Bonferrroni post-hoc comparisons.
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Fig. 5. 
Perioperative sciatic nerve block prevents injury-induced changes in rostroventral medulla 

(RVM) modulation in adulthood. Prior plantar incision was performed at postnatal day (P)3 

with perioperative (15 min pre-incision and at 3×2 h intervals) percutaneous sciatic nerve 

injections of local 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 vs 

electromyography response relationship) was compared during electrical stimulation of the 

RVM. Following 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 Bonferrroni post-hoc 

comparisons.
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