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Abstract
Chronic pain in adults has been associated with early-life stress. To examine the pronociceptive
effect of early-life stress, we evaluated cutaneous and muscle nociception and activity in muscle
nociceptors in an animal model of neonatal stress, limited bedding, in the rat. In this model, litters
are exposed to limited bedding between postnatal days 2 – 9 (neonatal limited bedding, NLB) and
controls to standard bedding. In adult NLB-treated rats, mechanical nociceptive threshold in
skeletal muscle was ficantly lower (~22%) than in controls. Furthermore, administration of
prostaglandin E2 (PGE2) in skin as well as produced markedly prolonged hyperalgesia, an effect
prevented by spinal intrathecal injection of oligodeoxynucleotide antisense to protein kinase CΣ
(PKCε), a second messenger in nociceptors that has been implicated in the induction and
maintenance of chronic pain. In electrophysiological studies, mechanical threshold of muscle
nociceptors was reduced by ~31% and conduction velocity significantly increased (~28%). These
findings indicate that neonatal stress induces apersistent hyperalgesia and nociceptor sensitization
manifest in the adult and that the second messenger PKCε may be a target against which therapies
might be directed to treat a chronic pain syndrome that is associated with early-life traumatic
stress.
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INTRODUCTION
Adults exposed to emotional stress as young children (e.g. neglect, abandonment or
emotional deprivation) may exhibit a state of enhanced pain sensitivity [16,24,57,59,62]. In
particular, there is an increased severity of chronic widespread pain syndromes (e.g. irritable
bowel syndrome, temporomandibular disorder and fibromyalgia syndrome) in response to
stressful life events [9,29,42,43,45,49,54,69]). For example, in adults who, as children, were
raised in institutional care facilities or who experienced maternal death, independent of adult
psychological distress or social class [37].

Animal studies have established that maternal interactions with their offspring, early in life,
also affect stress responses in the adult [41,55,56]. For example, neonatal limited bedding
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(NLB) produces fragmented and aberrant maternal nurturing behavior [36] that increases
basal plasma corticosterone in 9-day old pups [6]. And rats exposed to prolonged maternal
separation (3–12 h) or maternal deprivation (separation ≥24 h) during the neonatal period,
also disrupt mother-pup interactions [35], exhibit exaggerated stress responses and increased
anxiety [47]. While maternal-pup separation stress has been reported to produce increased
thermal threshold in the skin in adult females [66], or no change in thermal or mechanical
nociceptive thresholds in adult male and female rats [38], it produces a greater response in
the second (but not first) phase of the formalin test [64], and visceral hyperalgesia in the
colorectal distension model of visceral nociception [13]. In an effort to further our
understanding of the mechanisms underlying altered nociception produced by early life
stressors we employed a well-established model of early-life stress, NLB, which produces a
life-long enhanced neuroendocrine stress response [28].

METHODS
Animals

Primiparous timed-pregnant Sprague Dawley female rats were obtained from Charles River
(Hollister, CA). After delivery, dams were housed with their litter in standard cages on
postnatal days 0 – 1. On postnatal day 2, litters were assigned to limited bedding (NLB) or
standard care conditions. Behavioral and electrophysiological experiments were performed
on 200 – 350 g (age: 50 – 75 d) male rats from these litters. Behavioral data collection was
not performed “blind” to treatment condition.

The animals used in these experiments were housed in the Laboratory Animal Resource
Center of the University of California, San Francisco, under a 12 h light/dark cycle (lights
on 7 am – 7 pm) and environmentally controlled conditions; ambient room temperature (21°
– 23°C), with food and water available ad libitum. Their care and use in experiments
conformed to National Institutes of Health guidelines and measures were taken to minimize
pain and discomfort. Experimental protocols were approved by the Institutional Animal
Care and Use Committee of the University of California, San Francisco.

Neonatal limited bedding (NLB) stress
Using a well-establish limited bedding model [28], beginning on postnatal day 2, mother rats
and their pups were placed in cages fitted with a stainless steel mesh bottom (Techniplast
S.p.A, Philadelphia, PA), raised ~2.5 cm from the floor of the home cage, to allow collection
of urine and feces [28]. The nesting/bedding material provided consisted of one sheet of
paper towel (~112 × 22 cm). Litters were left undisturbed during post-natal days 2 – 9. From
postnatal day 10 – 20 mother and pups were housed in cages with standard bedding material
(Paperchip® animal bedding, Shepherd Specialty Papers, Watertown, TN); on postnatal day
21 pups were weaned and females culled.

Mechanical nociceptive threshold in muscle
Mechanical nociceptive threshold was quantified using a Chatillon digital force transducer
(model DFI2, Amtek Inc., Largo, FL) [20]. Rats were lightly restrained in a cylindrical
acrylic holder that allows for easy access to the hind limb, and a 6 mm diameter probe
attached to the force transducer applied to the gastrocnemius muscle to deliver an increasing
compression force. The nociceptive threshold was defined as the force, in Newtons, at which
the rat withdrew its hind leg. Baseline withdrawal threshold was defined as the mean of
2readings taken at 5-min intervals, and nociceptive thresholds were tested after injection of
prostaglandin E2 (PGE2; 1 μg in 20 ∝l 0.9% saline) into the belly of the gastrocnemius
muscle. Each hind limb is treated as an independent measure and each experiment
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performed on a separate group of rats. All behavioral testing was done between 10 am and 4
pm.

Mechanical nociceptive threshold in skin
Mechanical nociceptive threshold in the skin was measured using an Ugo Basile
Analgesymeter® (Stoelting, Chicago, IL), which applies a linearly increasing mechanical
force to the dorsum of the rat’s hind paw. Nociceptive threshold was defined as the force, in
grams, at which the rat withdrew its paw. Rats were lightly restrained in vented, cylindrical
acrylic restrainers that have openings to allow extension of the hind legs for testing
nociceptive threshold. Rats were acclimatized to the testing procedure to reduce variability
in the paw-withdrawal threshold, which was determined before (baseline) and after
administration of PGE2 (100 ng in 2.5 ∝l, 0.9% saline). Each paw was treated as an
independent measure. All behavioral testing was done between 10 am and 4 pm. While this
method is generally accepted as an assay of cutaneous nociceptive threshold, we have not
excluded the possibility that afferents innervating other structures (e.g. ligaments, tendons,
periosteum) contribute to the nociceptive response.

Single fiber electrophysiology
The in vivo single fiber electrophysiology technique for studying muscle afferents has been
described in detail previously [10]. In brief, rats were anesthetized with sodium
pentobarbital (initially 50 mg/kg, i.p., with additional doses given throughout the experiment
to maintain areflexia), their trachea cannulated, and heart rate monitored. Anesthetized
animals were positioned on their right side and an incision made on the dorsal skin of the
left leg, between the mid-thigh and calf. Then the biceps femoris muscle was partially
removed to expose the sciatic nerve and gastrocnemius muscle. The edges of the incised
skin were fixed to a metal loop to provide a pool that was filled with warm mineral oil that
bathed the sciatic nerve and gastrocnemius muscle.

The sciatic nerve was cut proximally to prevent flexor reflexes during electrical stimulation
of sensory neurons. Fine fascicles of axons were then dissected from the distal stump, and
placed on a recording electrode. Single units were first detected by mechanical stimulation
of the gastrocnemius muscle with a small blunt-tipped glass bar. Bipolar stimulating
electrodes were then placed and held on the center of the receptive field of the muscle
afferent, by a micromanipulator (Narishige model MM-3, Tokyo, Japan). Conduction
velocity of each fiber was calculated by dividing the distance between the stimulating and
recording electrodes by the latency of the electrically evoked action potential. All recorded
muscle afferents had conduction velocities in the range of type III (conduction velocity 2.5 –
30 m/s: 12%) or type IV (conduction velocity <2.5; 88%) fibers [18]. Mechanical threshold,
determined with calibrated von Frey hairs (VFH Ainsworth, London, UK), was defined as
the lowest force that elicited at least 2 spikes within 1 s, in at least 50% of trials. Sustained
(60 s) suprathreshold (10 g) mechanical stimulation was accomplished by use of a
mechanical stimulator that consisted of a force-measuring transducer (Entran, Fairfield, NJ,
USA) with a blunt plastic tip that was applied by a micromanipulator (BC-3 and BE-8,
Narishige) on the center of the afferent’s receptive field, for 60 s. Neural activity and timing
of stimulus onset and termination were monitored and stored on a computer with a Micro
1401 interface (CED, Cambridge, UK) and analyzed off-line with Spike2 software (CED).

Interspike interval (ISI) analysis
ISI analysis, used to evaluate the temporal characteristics of the response of C-fiber
nociceptors to sustained (60 s) suprathreshold (10 g) mechanical stimulation, was adopted
from our previous study of nociceptor activity in rat models of neuropathic pain syndromes
[12,61]. The ISIs for the responses of C-fibers were grouped into 100 ms bins between 0 and
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499 ms; the few ISIs greater than or equal to 500 ms were not further analyzed [61]. The
number of interspike intervals occurring in each bin was expressed as the percentage of the
total number of ISIs in that 60 s stimulus trial. This normalization procedure allowed the
distribution of ISIs from multiple fibers to be averaged together.

Coefficient of variation analysis
Since ISIs do not give an accurate estimate of the variability of neuronal firing if the mean
firing rate changes over time, a common occurrence, we also calculated the coefficient of
variation (CV2) which compares the relative difference between adjacent ISIs during the 60
s suprathreshold stimulus [34]. CV2is defined as the square root of 2 multiplied by the S.D.
of two ISIs divided by their mean [34]:

, where ti is the latency for the ith action potential.

Thus, CV2 is a dimensionless number that is independent of absolute firing rate.

That differences in CV2 reflect physiologically meaningful differences between functionally
important classes of neurons were recently demonstrated in a study that used CV2 analysis
to distinguish slowly adapting type I from type II afferents [68].

Design and administration of antisense oligodeoxynucleotide to PKCε mRNA
To attenuate the expression of PKCε in nociceptors we used a 20-mer antisense
oligodeoxynucleotide (ODN) sequence, 5′-GCC AGC TCG ATC TTG CGC CC-3′, directed
against a unique sequence of rat PKCε mRNA. The corresponding GenBank accession
number and ODN position within the cDNA sequence are XM345631 and 226–245,
respectively. The mismatch ODN sequence, 5′-GCC AGC GCG ATC TTT CGC CC-3′,
corresponds to the PKCε subunit antisense sequence with 2 bases mismatched (indicated in
bold typeface). We have previously shown that (at a dose of 40 μg) antisense ODN with this
sequence decreases PKCε protein in dorsal root ganglia [19,19,23,52,53,60]. A search of
EMBL and NCBI GenBank Rattus norvegicus databases to PKCε identified no homologous
sequences. Before ODN injections, rats were briefly anesthetized with 3% isoflurane, 97%
oxygen and a 30-gauge hypodermic needle inserted into the subarachnoid space, at the
midline, between the L4 and L5 vertebrae. ODN (40 μg/10 μl) was slowly injected over ~15
s. This procedure was repeated daily so that ODN was administered on 3 consecutive days.
Control animals received injections of mismatch ODN.

Statistical analyses
Group data are expressed as mean ± SEM of n independent observations. Statistical
comparisons were made by Student’s t-test (for one or two independent populations) or by
one-way ANOVA for comparing multiple treatments, using StatView statistical software.
To take uneven variances into account, for comparisons between groups of unequal
numbers, Welch’s correction for the Student’s t-test was used. To compare change from
baseline, one-way repeated-measures ANOVAs with a Greenhouse-Geisser adjusted P-value
was used(SPSS statistical software). P < 0.05 was considered statistically significant.

RESULTS
Neonatal limited bedding stress

a) Muscle nociception—In adult rats that had been exposed neonatally to the limited
bedding protocol (i.e. NLB), mechanical nociceptive threshold in skeletal muscle was lower
(~22%) compared to control rats, which had standard bedding during the same neonatal
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period (2068±37 mN (n=12) vs. 2657±13 mN (n=10), P<0.05, Student’s t-test, Fig. 1). Next,
to determine if NLB induces plasticity in nociceptor function we evaluated the hyperalgesia
induced by a well-studied inflammatory mediator, PGE2, which produces a markedly
prolonged hyperalgesia after adult exposure to stress [30], hyperalgesia that is mediated by a
second messenger (PKCε) dependent signaling pathway [17,20,21,44]. In both naive control
and NLB rats, PGE2 (1 μg, into the gastrocnemius muscle)induced mechanical hyperalgesia
with a rapid onset. While in control rats nociceptive threshold returned to baseline by 4 h
after intramuscular injection of PGE2 (100 ng), in adult NLB stressed rats, hyperalgesia was
still present 48 h after administration of PGE2 (Fig. 1, one-way ANOVA; P < 0.05).

b) Cutaneous nociception—In contrast to the effect of NLB on nociceptive threshold in
muscle, in adult NLB-treated rats, cutaneous nociceptive threshold was not different from
that in control rats (1.09±0.02 N, n=10 vs. 1.11±0.02, n=6, respectively P=NS, Fig. 2).
However, while in control rats nociceptive threshold returned to baseline by the 4th hour
after PGE2 (100 ng, intradermal) administration; in NLB rats, cutaneous mechanical
hyperalgesia was still present 24 h after PGE2 administration (Fig. 2, one-way ANOVA; P <
0.05). Thus, while NLB produced chronic mechanical hyperalgesia in skeletal muscle it did
not affect mechanical nociceptive threshold in the skin. However, similar to muscle, NLB
produced a marked prolongation of PGE2-induced cutaneous mechanical hyperalgesia.

Role of PKCε in NLB stress-induced hyperalgesia and priming
a) Muscle nociception—ODN antisense or mismatch to PKCε mRNA (40 μg, i.t.) was
administered once daily for 3 days to adult rats that had been treated with NLB. Compared
to mismatch ODN, ODN antisense to PKCε produced a small, albeit, significant increase in
the mechanical nociceptive threshold in the gastrocnemius muscle of adult NLB-treated rats
(Antisense treatment 2110±40 to 2340±80 mN; mismatch treatment 2210±20 to 2310±40
mN, two-way repeated measures ANOVA interaction P<0.05, followed by one-way
repeated measures antisense P<0.005, mismatch P=N.S). In addition to partially reversing
NLB-induced mechanical hyperalgesia, treatment with PKCε antisense completely reversed
the prolongation of PGE2 hyperalgesia in the gastrocnemius muscle of NLB-treated adult
rats; i.e., PGE2-induced mechanical hyperalgesia that was present 4 and 24 h after injection
of PGE2 (1 μg i.m.) in mismatch ODN-treatment in NLB rats, was absent at these time
points in adult NLB rats pretreated with ODN antisense against PKCε mRNA (P<0.0001 at
both 4 h and 24 h time point, repeated measures ANOVA with Bonferroni post hoc test, Fig.
3). Of note, hyperalgesia in the mismatch group remains undiminished (at ~25% lower
threshold) at 24 h post-PGE2 (Fig. 3) which differs from untreated NLB that shows ~10%
hyperalgesia at 24h (Fig. 1).

b) Cutaneous nociception—In contrast to hyperalgesia in muscle, administration of
ODN antisense against PKCε or mismatch (both 40 μg, i.t.), daily for three days had no
significant effect on cutaneous nociceptive threshold in adult NLB rats (antisense: 1.06±0.02
vs. 1.10±0.02 N, P=N.S.; mismatch: 1.06±0.02 vs. 1.04± 0.04 N, P=N.S., Fig. 4). However,
similar to muscle hyperalgesia, administration of ODN antisense against PKCε mRNA daily
for three days prior to PGE2 in adult NLB rats, prevented the prolonged PGE2-induced
cutaneous mechanical hyperalgesia present in adult NLB-treated rats administered mismatch
ODN (P<0.0001 at the 4 h time point, repeated measures ANOVA with Bonferroni post hoc
test, Fig. 4). In contrast to muscle hyperalgesia, no significant difference between groups
was observed at the 24 h post-PGE2 time point.

Muscle nociceptors
Single-unit muscle afferent recordings of action potentials evoked by a 10-g stimulus in
naive controls is shown in Fig. 5.
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a) Mechanical threshold—When tested by application of von Frey hairs to the
peripheral receptive field in the gastrocnemius muscle, the mechanical threshold of muscle
afferents in adult NLB-treated rats (7.02±0.72 mN, n=38) was significantly lower than of
muscle afferents in control animals (9.78±1.05 mN, n= 26, P=0.0176, one-tailed Student’s t-
test with Welch’s correction; Fig. 6); NLB stress decreases mechanical threshold ~31% for
activation in skeletal muscle nociceptors.

b) Conduction velocity—In NLB-treated rats, the conduction velocity of muscle
afferents (2.44 ± 0.15 m/sec, n = 38) was significantly faster than that of afferents in control
animals (1.91 ± 0.2 m/sec, n = 26, one-tailed Student’s t-test, with Welch’s correction,
P=0.036, Fig. 7). The frequency distribution of conduction velocities in fibers of NLB-
treated and control fibers indicates a shift in the distribution of conduction velocity, with a
higher percentage of faster-conducting fibers in NLB rats (Fig. 8). Thus, while not excluding
a contribution of a difference in percentage of type III and type IV fibers that were sampled
in the NLB versus control groups of rats, the shift in distribution is most compatible with the
suggestion that our findings are explained by an increase in conduction velocity in muscle
nociceptors induced by NLB exposure. Of note, we have recently reported a similar effect
on muscle nociceptor conduction velocity in a model of stress-induce hyperalgesia in the
adult rat [11].

c) Response to sustained stimulation—To examine excitability in muscle nociceptors
from stressed rats, we evaluated their response to a sustained suprathreshold (10 g) von Frey
hair stimulus. The response of muscle afferents to this sustained mechanical stimulation, in
NLB-treated rats (361.1 ± 91.5 action potentials/60 sec stimulus, n= 38), although 27%
greater, was not significantly different from afferents in control rats (283.3 ± 63.9 action
potentials/60 sec stimulus, n= 26, respectively, P = NS, two-tailed Student’s t-test with
Welch’s correction, data not shown); similarly, no significant effect of NLB was observed
for the other time periods analyzed (burst: 0 – 10 s; plateau: 10 – 60 s).

In NLB-treated rats, there was no change in firing frequency of muscle nociceptors in
response to sustained 10 g stimulation (two-way repeated measures ANOVA, with
Bonferroni post hoc test, NS, data not shown).

d) Firing pattern—Finally, to examine the effect of early-life stress on the pattern of
neural activity in nociceptors, we generated inter-stimulus interval (ISI) histograms and
performed coefficient of variation (CV2) analyses for muscle afferents recorded in stressed
and control rats. No significant effect of NLB on ISI or CV2 distribution were observed
(data not shown).

DISCUSSION
NLB-treatment produced mechanical hyperalgesia in skeletal muscle and prolongation of
inflammatory mediator-induced hyperalgesia (i.e., hyperalgesic priming) [17], as well as
hyperalgesic priming in the cutaneous domain, measured in adult rats. While treatment with
PKCε antisense in adult NLB-treated rats only slightly reduced ongoing mechanical
hyperalgesia in muscle, but not skin, it completely reversed hyperalgesic priming in both
muscle and skin, implicating a role of PKCε in this effect of early-life stress. This role for
PKCε in hyperalgesic priming induced by treatment with NLB is similar to that which we
found in the development of cutaneous hyperalgesic priming induced by carrageenan or
tumor necrosis factor 〈 [1,44,50] and muscle hyperalgesic priming induced by carrageenan,
lipopolysaccharide (i.e. endotoxin) and ergonomic stimuli (i.e. eccentric exercise and
occupational level exposure to vibration) [4,20–22].
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The partial reversal of lowered muscle mechanical nociceptive threshold present in adult
NLB-treated rats, by PKCε antisense suggests that mechanisms other than PKCε in the
peripheral nociceptive muscle afferent contribute to the lowered muscle mechanical
threshold in NLB-treated adult rats. However, these other mechanisms are, at present,
unknown. Of note, the prolonged muscle hyperalgesia in NLB rats that received mismatch
ODN (Fig. 3) compared to NLB rats (Fig. 1) may be related to the additional stress produced
by the ODN injection protocol; neonatal limited bedding rats have both a greater basal
corticosterone level [6] and an exaggerated response to stress [28], and since chronic stress
in adult rats enhances inflammatory mediator-induced hyperalgesia [22], this may account
for the prolonged hyperalgesic response in NLB rats receiving mismatch ODN compared to
un-injected NLB rats.

There is considerable evidence that stressful early-life events produce long-lasting
deleterious health effects in humans (e.g. increased incidence of cardiovascular disease,
anxiety and depression) that persist into adulthood [26,58]. Furthermore, early-life stress is
associated with development of chronic pain syndromes in adults [16,24,59,62]. While the
mechanisms that contribute to these chronic pain syndromes are mostly unknown, early-life
stressors, which disrupt stress axis responses, are associated with chronic pain in adults. For
example, women with fibromyalgia (a syndrome characterized by chronic widespread pain)
exhibited flattened diurnal cortisol with greater cortisol responses upon awakening [67] and
higher diurnal cortisol levels [51], while other studies found lowered morning salivary
cortisol in individuals with chronic fatigue syndrome (another chronic condition in which
pain is relatively common) who had experienced childhood trauma [32]. Animal studies
have provided further insight into mechanisms mediating disruption of the hypothalamic-
pituitary-adrenal (HPA) axis by neonatal exposure to stress. Compared to adults, stressful
stimuli only elicit a small response in the HPA axis during the early postnatal period
(postnatal days 3–12) due to an active suppression by the sympathoadrenal axis [65]. For
example, NLB produces an increase in basal corticosterone plasma levels, which is
increased by mild environmental stimuli (e.g., handling) that have no effect on plasma
corticosterone in control animals [8], and it also alters gene expression in the HPA axis, e.g.
decreased glucocorticoid receptor and corticotrophic releasing hormone (CRH) mRNA
expression in the hypothalamus, but increased stress-induced CRH release [6].

In addition to affecting HPA axis function, evidence from animal studies has indicated that
early-life stress also affects sympathoadrenal axis function. For example, plasma
epinephrine and norepinephrine levels are greater in maternally separated rats [25], and
guanethidine-induced chemical sympathectomy, which destroys sympathetic innervation of
the adrenal gland, attenuates the increase in corticosterone production [65]. It is well
established that stress exacerbates pain in several chronic diseases (e.g. fibromyalgia
syndrome [2], chronic widespread pain [3], rheumatic diseases [31] and irritable bowel
syndrome [27]), and we have shown in an animal model that a long-lasting increase in
activity of both the HPA and sympathoadrenal stress axes contributes to a generalized
inflammatory mediator-induced hyperalgesia [30,39,40]. Furthermore, we have shown that
enhanced sympathoadrenal axis activity (i.e., increased plasma epinephrine level) maintains
stress-induced enhancement of mechanical hyperalgesia for at least 4 weeks [40]. In these
studies, in adult rats, we did not evaluate whether this enhancement of hyperalgesia persisted
for long periods of time, due to the technical limitations of assessing mechanical nociceptive
threshold in very large rats. However, in the current study, we have shown that early-life
stress produces an enhancement of the nociceptive response months after exposure. It is also
possible that early life stress affects the phenotype of nociceptors during the critical post-
natal period of development. For example, increasing nerve growth factor (NGF) during
postnatal days 2–14 doubled the proportion of nociceptors that respond to noxious heat and
mechanical stimuli (conversely, decreasing NGF reduced the proportion of these nociceptors
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by about two-thirds while increasing the proportion of low mechanical threshold neurons)
[46]. Of note in this regard, neonatal maternal separation increases NGF levels in rat brain
[14], as well as plasma levels in maternally-deprived rhesus macaques [15]. Furthermore,
visceral hypersensitivity present in adult rats that were exposed to maternal deprivation
stress is correlated with increased levels of colonic NGF [7]; this hypersensitivity is
prevented by treatment with anti-NGF antibodies, while administration of NGF daily (post-
natal day 2 – 14), to normally reared rats, produced visceral sensitivity in adult rats [7].
While these observations suggest that stress-induced increase in NGF levels in neonates
plays a role in producing long-term phenotypic changes in the nociceptor, other mediators
may be also involved. For example, maternal separation induces decreased plasma
testosterone, estradiol and leptin in male rats and a long-term decrease in hippocampal
glucocorticoid receptor levels [48], but a greater HPA axis response to acute stress [63].

Importantly, we observed a decrease in muscle, but not cutaneous, mechanical nociceptive
threshold in adult NLB rats. This stress-induced mechanical hyperalgesia in skeletal muscle,
is accompanied by changes in the electrophysiological properties of muscle nociceptors,
including significantly decreased mechanical threshold (~31%) and increased conduction
velocity (~27%). It is likely that these changes in skeletal muscle primary afferent
nociceptor function, in particular the lowered nociceptive threshold produced by NLB,
contribute to muscle hyperalgesia in the adult NLB-treated rat. Of note, these changes in the
function of the nociceptor appear to be permanent, since electrophysiological studies were
performed on adult rats, 7 – 9 weeks after exposure to NLB. The mechanism underlying
neonatal stress-induced decreased nociceptive threshold in muscle but not in skin, is not yet
known. However, NGF, which sensitizes muscle high-threshold mechanosensitive (i.e.
nociceptive)group IV afferents [33], and synthesized in muscle tissue [5], if it is increased
by exposure to stress in muscle (as it is in plasma [15], colon [7] and brain {[14]. However,
the exact basis of the differences between muscle and cutaneous nociceptors responsible for
the different effects of neonatal stress on the function of these two types of nociceptors
remain to be elucidated

In summary, have shown that neonatal stress induces apersistent decrease in skeletal, but not
cutaneous, mechanical nociceptive threshold and that this behavioral musculoskeletal is
associated with changes in nociceptor function in muscle is associated with enhanced
activity in muscle nociceptors, namely, a lowered mechanical threshold, and increased
conduction velocity. Furthermore, this early-life stress produces hyperalgesic priming in
skin as well as muscle. These changes provide the first demonstration of neonatal stress-
induced changes in primary afferent nociceptor function, changes that could contribute to
the enhanced nociception observed in this model of an adult pain syndrome induced early
life stress.
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Figure 1. NLB stress produces a decrease mechanical nociceptive threshold and prolongation of
PGE2 hyperalgesia in skeletal muscle
PGE2 (1 μg in 20 μl intramuscular) produced a marked decrease in mechanical nociceptive
threshold in the gastrocnemius muscle 1 h post-injection that returns to near baseline in
control (non-stressed) rats (open circles, n=9), when tested 4 h post-injection. In adult rats
that were exposed to limited bedding on postnatal days 2 – 9 (NLB rats, see Methods, filled
circles, n=12), PGE2 hyperalgesia was present 1 h post-injection, near maximal 4 h post-
injection and still present 24 h post-injection. In adult NLB rats, mechanical nociceptive
threshold of the gastrocnemius muscle was significantly lower (2.07±0.04 N) than the
threshold in control rats (2.66±0.01 N).
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Figure 2. NLB stress produces a prolongation in PGE2 hyperalgesia in skin
PGE2 (1 μg in 2.5 μl, intradermally) produced a marked decrease in mechanical nociceptive
threshold in the hind paw measured 1 h post-injection that returns to near baseline in control
(non-stressed) rats (open circles, n=6), when tested 4 h post-injection. In adult NLB rats
(filled circles, n=10), PGE2 hyperalgesia was present 1 h post-injection and was still near
maximal 4 h post-injection, and still present 24 h post injection. In adult NLB rats,
mechanical nociceptive threshold of the skin on the dorsum of the hind paw was not
significantly different from the threshold in control rats.
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Figure 3. PKCε antisense inhibits NLB-induced hyperalgesic priming in muscle
In adult NLB rats that had received ODN antisense against PKCε for 3 days (filled circles,
n=10), PGE2–induced hyperalgesia in the gastrocnemius muscle returned to baseline by 4 h
post PGE2, while in mismatch-treated rats (open circles, n=10), PGE2 hyperalgesia remained
elevated 24 h after PGE2.
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Figure 4. PKCε antisense inhibits NLB-induced hyperalgesic priming in skin
In adult NLB rats that had received ODN antisense against PKCε for 3 days (filled circles,
n=10), PGE2–induced hyperalgesia in the skin on the dorsum of the hind paw returned to
baseline by 4 h post PGE2, while in mismatch-treated rats (open circles, n=10), PGE2
hyperalgesia remained elevated 4 h after PGE2.
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Figure 5. Afferent fiber response to mechanical stimulation
Single-unit recording of muscle afferent fiber action potentials evoked by a sustained (60 s)
suprathreshold (10 g) von Frey hair mechanical stimulation.
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Figure 6. NLB stress decreases muscle nociceptor threshold
Mechanical threshold in nociceptors innervating the gastrocnemius muscle of NLB-treated
rats was significantly lower (0.71 ± 0.07 mN, n=38) than the threshold of nociceptors from
naive control rats (1.0 ± 0.11 mN, n= 26, P=0.0176, one-tailed Student’s t-test with Welch’s
correction; top panel). Scattergram of mechanical thresholds of individual muscle
nociceptors from naive control and NLB-treated rats (bottom panel).
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Figure 7. NLB stress increases muscle nociceptor conduction velocity
Mean conduction velocity of muscle nociceptors in NLB-treated rats (2.44 ± 0.15 m/s,
n=38) were significantly greater than from naive rats (1.91 ± 0.2 m/s, n=26, Student’s t-test
with Welch’s correction, P=0.036). Scattergram of conduction velocities of muscle
nociceptors in naive control and paclitaxel-treated rats (bottom panel).
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Figure 8. NLB stress shifts muscle nociceptor conduction velocity frequency distribution
A plot of frequency distribution of conduction velocity indicates that there is a shift to faster
conducting fibers in NLB-treated rats. Graph overlay shows smoothing curve of data (6th

order polynomial, 4 neighbor averaging) to illustrate shift in conduction velocity
distribution.
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