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Altered Nociceptive Neuronal 
Circuits After Neonatal 
Peripheral Inflammation 

M. A. Ruda,* Qing-Dong Ling, Andrea G. Hohmann,  
Yuan BO Peng, Toshiya Tachibana  

Nociceptive neuronal circuits are formed during embryonic and postnatal times 
when painful stimuli are normally absent or limited. Today, medical procedures 
for neonates with health risks can involve tissue injury and pain for which the 
long-term effects are unknown. To investigate the impact of neonatal tissue 
injury and pain on development of nociceptive neuronal circuitry, we used an 
animal model of persistent hind paw peripheral inflammation. We found that, 
as adults, these animals exhibited spinal neuronal circuits with increased input 
and segmental changes in nociceptive primary afferent axons and altered 
responses to sensory stimulation. 

Somatosensory development generally re-
quires use-dependent activity during early 
postnatal times ( I  ). However. noxious 
stimulation is norinally absent or infrequent 
in the neonate. The early neonatal period is 
a time of great plasticity during which sub- 
stantia gelatinosa neurons begin to develop 
their dendritic arbors, c-fibers are function- 
ally immature, and there is as yet limited 
descending inhibitory modulation of spinal 
nociceptive neuronal circuits (2) .  The oc- 
currence of persistent inflammation and 
pain during this period is likely to impact 
development across several critical time 
points. Medical procedures used in neona- 
tal intensive care units often involve repeat- 
ed and lengthy exposure to tissue injury 
where facial expressions, body movements, 
and physiological measures suggest a pain 
response ( 3 . 4 )  that may alter an individu- 
al's response to pain later in life ( 5 .  6 ) .  

To produce persistent inflammatory 
stimulation in newborn rat pups, we inject- 
ed complete Freund's adjuvant (CFA) into 
the left hind paw ( 7 ) .  The pups exhibited 
distinct behaviors at the time of CFA injec- 
tion that imply the presence of pain. These 
included immediate shaking and licking of 
the paw and occasional vocalization. The 
behavioral responses are identical to those 
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seen in adult animal models of pain ( 8 ) .  
Edema and erythema occurred shortly 
thereafter and persisted for 5 to 7 days. 
Injection of saline resulted in paw with- 
drawal but did not induce the exaggerated 
shaking or licking of the paw. 

Spinal nociceptive neuronal circuits were 
examined by the selective uptake of wheat 
germ agglutinin-horseradish peroxidase 
(WGA-HRP) by a predominantly nociceptive 
population of unmyelinated and finely iny- 
elinated primary afferent axons in the sciatic 
nerve (Y) .  Adult rats that experienced unilat- 
eral persistent hind p a n  inflammation stait- 
inp on postnatal day one ( P l )  (n = 10) ex- 
hlbited ipsilateral increases In the density of 
WGA-HRP-labeled dorsal horn primarq af-
ferent~ The Increase in laminae I and I1 
labeling \\as strikingly apparent when affer- 
ents from the left and nght sciatic nenes  
were l i ened  In the same tissue section (Flg 
1 ,  A to D) This side-by-side comparison 
controlled for poss~ble labellng differences 
related to animal \ariability In fixation and 
tlming of the histochemical reaction Mo-
toneuron labeling, an indicator of comparable 
sciatic n e n e  uptake of the tracer. \\as similar 
on both sldes (see Web fig 1) (10) 

Seheral spinal segments exhibited an in- 
crease In denslty of labeling on the treated 
as compared with the untreated slde The 
increase was greatest in caudal segments 
(Fig. 1. C and D).  The most rostra1 lumbar 
segments to receive sciatic afferents exhib- 
ited the least change in terminal density 
(Fig. 1A). Quantification (11) of the densi- 
ty of WGA-HRP labeling identified a rela- 

t i \e  Increase of 12. 23. and 20'0 In the 
L4-5. L5-6. and L6-Sl segments. resDec- -
tively (Fig. IE).  In addition. a segmental 
difference in the location of labeled affer- 
ents was observed. U'GA-HRP-labeled sci-
atic afferents on the neonatal treated side 
extended from spinal segments L2 through 
S I .  whereas on the untreated side, these 
afferents extended from segment L2 only 
through the juncture of L5 and L6 (Fig. IF ) .  
A similar increase in primary afferent la- 
beling was found in adult rats that received 
a hind paw CFA injection on either PO (n = 

2)  or P3 ( 1 1  = 3) .  However, in rats that 
received a left hind paw CFA injection on 
postnatal day 14 (P14) (n = 3 )  (Fig. 2B). 
the adult distribution of WGA-HRP-la-
beled sciatic afferents was comparable on 
the left and right sides of the dorsal horn 
and did not differ from that of the untreated 
neonates (Fig. 2A). 

To further characterize the population of 
dorsal root ganglia (DRG) neurons respond- 
ing to neonatal lnflainination (I?),  q e  used 
iinmunohistochemical labehng of the neu-
ropeptide calcitonin geile-related peptide 
(CGRP) to identlfy the terminals of neurons 
that express the n e n e  g ro i~ th  factor (NGF) 
receptor. trkA Isolectin B4 (IB4) binding 
n a s  used to mark small-dlameter DRG neu- 
rons that do not express trks (13) A distinct 
increase in staining for CGRP n a s  obsened 
in the dorsal horn on the neonatal treated side 
(Fig 2C) No difference was seen in the IB4 
labeling pattern on the treated and untreated 
sides of the spinal cord (Fig. 2D). 

P-HRP was used to label nonnocicep- 
tive primary afferents that terminated in 
deeper spinal laminae. The central termi- 
nals of sciatic afferents showed comparable 
labeling of P-HRP on the neonatal treated 
and untreated side (Fig. 2, E and F)  in adult 
rats that had received a hind paw CFA 
injection on P1 ( 1 7  = 5). 

The behavioral response to noxious ther- 
mal stimuli (14)  was also studied. Compara- 
ble baseline withdrawal latencies were found 
with the left and right paws of neonatal treat- 
ed or untreated rats (Fig. 3A). However. 24 
hours after a unilateral injection of the in- 
flammatory agent. CFA, into their left hind 
paws, there was a significant decrease in the 
paw withdrawal latency in the neonatal treat- 
ed rats as compared with the untreated rats. 
Mean latencies were 2.63 5 0.1 s a n d  3.13 + 
0.1 s for the treated and untreated groups, 
respectively (Fig. 3B). 
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We examined functional consequences 
of the altered spinal neuronal circuitry us- 
ing a test of acute and tonic pain sensitivity 
(15). Adult behavioral responses to forma- 
lin were altered in the neonatal treated rats. 
The late phase of the formalin test occurred 
earlier in treated rats (average median + 
SEM: 30.5 2 1.7 and 37.1 + 1.5 min for 
treated and untreated rats, respectively), as 
revealed by the leftward shift in the median 
of the late phase of pain behavior (Fig. 3C). 
This shift may be attributed to a reduction 
in active inhibition during the interphase 
and/or an earlier onset of neuronal activation. 
The area under the curve was similar for both 
groups (mean + SEM: 78.3 + 4.4 and 84.6 + 

5.0 for adult neonatal treated and untreated 
rats, respectively). 

The physiological responsiveness of sin- 
gle dorsal horn neurons was assessed (16). 
Adult neonatal treated rats exhibited in- 
creased evoked firing rates in response to 
brush and noxious pinch relative to the 

same intensities of stimulation applied to 
untreated rats (Fig. 3D). Spontaneous ac- 
tivity was also higher in adult neonatal 
treated rats. Neuronal responses to noxious 
pinch were maximally affected in the neo- 
natal group (P < 0.0002). Also, there was a 
greater effect on the brush-evoked firing 
than spontaneous firing rates in the neona- 
tal treated as compared with the untreated 
rats (*, P < 0.003). 

These studies demonstrated that periph- 
eral inflammation experienced during the 
neonatal period has long-standing conse- 
quences on nociceptive neuronal circuitry 
development. The activity evoked in an 
immature nervous system by peripheral in- 
flammation may be uniquely interpreted, 
perhaps causing hyperexcitability and exci- 
totoxicity. Neonatal rats that receive a sub- 
cutaneous injection of the acute excitotoxin 
capsaicin exhibit a loss of DRG neurons 
and a decrease in nociceptive primary af- 
ferent~ (17). This loss of afferents is in 

Left Right Relative WGA-HRP Density 

Fig. 1. Segmental comparison of WCA-HRP bilateral labeling of sciatic nerve primary afferents 
in adult rats exposed t o  peripheral inflamination of the left hind paw beginning on postnatal 
day 1 (PI). The greatest increase in density of terminal staining in the left dorsal horn was seen 
at L5 (B), L6 (C), and 51 (D) spinal segments, whereas the most rostral L4 segment (A) 
exhibited the least difference in labeling between the left and right sides. Also, on the left 
neonatal treated side, labeled sciatic afferents were found in more caudal sacral spinal 
segments than on the untreated right side (D). The relative density of adult neonatal treated 
WCA-HRP-labeled sciatic primary afferents (E) and untreated rats identified an increase in all 
segments of the treated as compared with untreated rats (*, P < 0.0001). The labeling on the 
left neonatal treated side extends further caudally than that seen on the right neonatal 
untreated side (F). Scale bar, 250 pm. 

contrast to the increased primary afferent 
density found in our experiments and may 
be related to a difference in intensity and 
duration of nociceptor activity generated by 
the respective stimuli. 

The changes in density and segmental 
distribution of sciatic nerve axons that in- 
nervate the neonatal inflamed hind paw are 
reminiscent of the axonal sprouting that 
occurs after peripheral nerve injury and 

Fig. 2. (A and B) WCA-HRP bilateral labeling 
of sciatic nerve primary afferents in adult 
neonatal untreated rats (A) and those treated 
on PI4 (B) exhibited a similar laminar distri- 
bution and density of labeled primary affer- 
e n t ~  on both sides of the L6 segment. CCRP 
immunoreactivity (C) and 184 labeling (D) in 
the L5 spinal segment of adjacent sections of 
an adult rat that received an iniection of CFA 
into the left hind paw on PI. ~ C R P  immuno- 
reactivity was increased in the middle of the 
dorsal horn on the left neonatal treated side, 
whereas IB4 labeling is comparable on the 
left and right sides. (E and F) P-HRP bilateral 
labeling of sciatic nerve primary afferents in 
adult rats exposed t o  peripheral inflamma- 
tion of the left hind paw beginning at PI. 
Both sides of the spinal cord exhibited com- 
parable P-HRP labeling in the L5 (E) and 51 
(F) segments. Scale bars, 250 pm. 

www.sciencemag.org SCIENCE VOL 289 28 JULY 2000 629 



R E P O R T S  

loss of afferent invut (18. 19). Because the ture immune system may alter the growth segments, six sections each, from neonatal treated (n 
& \ ,  , 

normal sciatic termination area in the sub- factor release pattern. The differential ef- = 4) and untreated rats (n =2) were digitized (9) and 
analyzed with NIH Image 1.62.The relative density of 

stantia gelatinosa of the neonate (20) is fect on the trk-expressing CGRP axons labeling was measured in a 300 pm by 200 pm 
similar to that seen in the adult, the altered compared with the non-trk-expressing IB4 rectangle placed over the dorsal horn beginning at 
vattern observed in our studies suggests a axons in this study suggests that trks may the dorsal'root entry zone and continuing me dial^^. -- 
sprouting of axons into new areas of the be related to the circuitry changes. The most caudal sections were not included in the 

dorsal horn as opposed to a lack of "prun- Functional changes related to the altered analysis as the horn was devoid 
of labeling. To normalize the data, we measured 

ing" of axons related to novel activity dur- neuronal circuits are an important conse- backround in lamina VII and subtracted it from the 
ing critical development times. This effect 
may result from the inflammation-induced 
release of peripheral growth factors such as 
NGF, which play a role in sensory neuron 
survival, growth of central terminals, and 
the terminal pattern in the periphery. In 
neonates; wounding of the skin increases 
NGF levels at the site (21). The dynamics 
of the peripheral inflammation in an imma- 

A .AduilNsonalslTreated 
' 0  r ~ d u ~ t  Neonatal ~ntroated 3.5r 

P,?B P J N  Pan P,>w Nvr-7.31 Nmntn l  
Baseline 1,. ,. d ~ n . i c a t d  

2 4  hrs Post CFA 
2.5 -D- adult Neonalal Treated r -+. adult Nmata l  Unlteated 

Adult Neonatal Treated 
4oL unlk 

01 

:: 20 

n 

Fig. 3. Behavioral and physiological analysis. 
(A) Baseline paw withdrawal latency t o  a 
noxious thermal stimulus was comparable in 
the left and right hind paws of adult neonatal 
treated and untreated rats. (B) In the adult, 
24 hours after CFA left hind paw injection, 
paw withdrawal tatencies in the neonatal 
treated rats were decreased compared with 
the neonatal untreated rats (*, P < 0.01). (C) 
Adult neonatal treated rats showed an al- 
tered time course of formalin-induced pain 
relative t o  untreated rats (*, P < 0.002). 
Medians (vertical Lines) revealed that the late 
phase of pain behavior occurred earlier in 
neonatal treated rats relative t o  untreated 
rats (*, P < 0.02). (D) Increased spontaneous 
activity and increased responsiveness t o  in- 
nocuous brushing and noxious pinch were 
observed in adult neonatal treated rats (*, 
P < 0.05). 

quence of neonatal inflammation. En- 
hanced responsiveness of dorsal horn neu- 
rons may translate into a permanent facili- 
tated response to noxious stimulation. This 
response could be related to the increased 
density of nociceptive primary afferents 
that innervate the superficial dorsal horn 
laminae or to modified connections and 
altered cellular activity in neurons exposed 
to peripheral inflammation during the peri- 
od of immature neuronal responses and 
reduced inhibitory control (2). 

Advances in medical technology have 
substantially improved the chances for sur- 
vival of medically compromised newborns 
through therapies that can cause tissue injury 
and pain. As shown in these experiments, 
peripheral inflammation in the neonate can 
result in lasting and potentially detrimental 
alterations in nociceptive pathways, which 
need hrther study. 
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