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Neonatal nociceptive somatic stimulation differentially
modifies the activity of spinal neurons in rats and results
in altered somatic and visceral sensation
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The role of intramuscular, low pH saline injections during the neonatal period in the development

and maintenance of visceral hyperalgesia has not been systematically studied. We aimed to

investigate alterations in visceral sensation and neural circuitry that result from noxious stimuli

in early life. Neonatal male Sprague–Dawley rats received sterile saline injections of pH 4.0 or

7.4 in the gastrocnemius muscle starting at postnatal day 8. Injections were given unilaterally

every other day for 12 days ending on postnatal day 20. A third group received needle prick

only on the same shedule as the second group, while a fourth group was left naı̈ve. At 2 months

of age, rats underwent assessment of cutaneous and deep somatic sensitivity using von Frey

filaments and gastrocnemius muscle pinch, respectively. A visceromotor response (VMR) to

graded colorectal distension (CRD; 10–80 mmHg for 30 s with 180 s interstimulus intervals) was

recorded. Extracellular single-unit recordings from the thoracolumbar spinal neurons (T13–L1)

were performed in adult pH 4.0 injected and naı̈ve controls. There was no difference in the

threshold for response to mechanical stimulation of the paw in rats injected with pH 4.0 saline

compared to all other groups. Conversely, rats treated with pH 4.0 saline showed a significant

bilateral reduction in withdrawal threshold to muscle pinch as adults (P < 0.05). At colorectal

distensions ≥ 20 mmHg, an increase in the VMR was observed in the pH 4.0 injected group

compared to all other groups (P < 0.05). Spinal neurons were classified as short latency abrupt

(SL-A) or short latency sustained (SL-S). Spontaneous firing of SL-S (20.6 ± 2.2 impulses s−1),

but not SL-A neurons (5.3 ± 0.9 impulses s−1) in the pH 4.0 treated rats was significantly

higher than in control rats (SL-S, 2.6 ± 0.8 impulses s−1; SL-A, 3.1 ± 0.7 impulses s−1). The

response of SL-S neurons to CRD in the pH 4.0 group was significantly higher at distension

pressures ≥ 20 mmHg. Nociceptive somatic stimulation in neonatal rats results in chronic deep

somatic and visceral hyperalgesia in adulthood. Colorectal distension-sensitive SL-S neurons

are primarily sensitized to neonatal somatic stimulation.
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The early neonatal period is a time during which the
nociceptive neuronal circuits are formed, usually in the
absence of painful stimuli. These circuits normally require
use-dependent activity for appropriate development;
however, noxious stimuli during this critical period
may alter their development and subsequently result in
decreased pain thresholds later in life (Anand, 1998).
Animal models have demonstrated a critical time during
development in which the spinal cord is vulnerable to
permanent structural and functional alterations in pain
pathways (Anand et al. 1999; Virgo et al. 2000; Lidow et al.
2001; Ren et al. 2004).

Alterations in visceral and somatic pain sensitivity
resulting from noxious insults during the neonatal
period have demonstrated conflicting data and have
generated important controversy. For example, short-term
unilateral inflammation of the hind paw results in
visceral and somatic hypoalgesia (Wang et al. 2004).
Others have noted somatic hypoalgesia in adult rats after
neonatal inflammation with carrageenan, with subsequent
hyperalgesia following re-inflammation (Lidow et al.
2001). Neonatal rat pups exposed to paw needle prick
show decreased withdrawal latency in response to intense
heat and increased latency in exploratory and defensive
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withdrawal behaviour as adults (Anand et al. 1999).
Similarly, colonic irritation in neonatal rats increases
colorectal sensitivity to mechanical distension in adults
(Al-Chaer et al. 2000). It is now clear that the duration,
location and intensity of the neonatal injury plays an
important role in determining the long-term effects in
sensory processing.

Perhaps the most striking results from these studies
relates to the bilateral alterations in sensitivity following
a unilateral insult. This observation suggests a central
mechanism and reaffirms that the long-term effects are
not somatotopically restricted (Ruda et al. 2000; Wang
et al. 2004). Sensitization of spinal sensory neurons
can result in enhanced neurotransmission, increased
neuronal spontaneous activity and decreased firing
thresholds (Ren & Dubner, 1996; Ji et al. 2003). Most spinal
neurons that receive input from the visceral afferents in the
lumbar spinal cord also receive convergent synaptic input
from afferents of the deep somatic domain (Janig, 1996).
Thereby, any acute alteration in synaptic input to central
neurons during a period of great plasticity can potentially
result in permanent plastic changes that are manifested in
adulthood. The role of somatic stimuli in the development
and maintenance of visceral hyperalgesia has not been
clearly defined.

The relative role of viscerosomatic convergence in the
pathophysiology of functional abdominal pain is not well
understood owing to the lack of valid animal models.
Alterations in pain responses can occur in human neonates
as a result of mechanical stimulation or surgery (Fitzgerald
et al. 1989; Andrews & Fitzgerald, 2002). We have
previously reported the development of visceral
hyperalgesia induced by non-inflammatory, noxious
somatic stimulation. Two saline injections (pH 4.0) in
the gastrocnemius muscle of adult rats result in visceral
hyperalgesia that lasts up to 2 weeks (Miranda et al. 2004).
Acute sensitization of colorectal distension-sensitive spinal
neurons develops following low pH saline injections
in the gastrocnemius muscle of adult rats (Peles et al.
2004). Since the structural and functional connectivity is
quite different in the immature adult, increased somatic
afferent activity early in the postnatal period may alter
spinal neurons in areas of viscerosomatic convergence.
We therefore aimed to investigate alterations in sensory
processing of somatic and visceral stimuli in adults that
result from a noxious somatic insult in the neonatal
period.

Methods

Animals

Experiments were performed on 76 adult Male
Sprague–Dawley rats (Harlan, Indianapolis, IN, USA)
weighing 250–350 g. Neonatal rats were born in our facility

and were not separated from their mother until 30 days
post delivery. After weaning and prior to surgery, rats were
housed in groups of two or three in plastic transparent
cages containing woodchip bedding and maintained under
controlled conditions with 12 h–12 h light–dark cycle.
After completion of the experiments, rats were killed
by lethal injection of Beuthanasia-D (390 mg pento-
barbitone, 50 mg phenytoin sodium, 2% benzyl alcohol;
Schering-Plough Animal Health) at a dose of 2 ml kg−1.
All protocols were approved by the Animal Care and Use
Committee at the Medical College of Wisconsin and are
in accordance with the International Association of Pain
(IASP) policies on use of laboratory animals.

Neonatal noxious somatic stimulation

Neonatal rats were separated into four experimental
groups. The first group received unilateral injections of
pH 4.0 saline (0.1 ml) to the gastrocnemius (GN) muscle
starting on postnatal day 8 (P8) and contining every other
day for 12 days (total of 6 injections; n = 25 rats). The
second group received buffered pH 7.4 saline injections
on the same schedule, while a third group received
needle prick only without saline injections (n = 23 in each
group). A fourth group (naı̈ve control) did not receive
any injections but was handled in a similar manner to the
previous three groups. In general, neonatal rats appeared
to experienced pain during the injection with saline in
the GN muscle. This is based on the struggling behaviour
observed during the injection and occasional vocalization.
Vocalization with needle prick only was rare and less severe.
No shaking or licking of the paws was noted in any of
the groups following injections. Neonates were allowed to
grow to 2 months of age without external interference and
then underwent surgery for behavioural testing.

Muscle histology

To evaluate possible inflammatory alterations in the GN
muscle as a result of pH 4.0 saline injections in the neonatal
period, histological analysis of the muscle tissue was
performed in adult rats (n = 4). The rats were killed by
lethal injection of Beuthanasia-D and the ipsilateral GN
muscle was removed and sectioned at 100 μm intervals
and stained with Haematoxylin and Eosin. The proximal,
middle and distal areas of the muscle were examined by
light microscopy in the pH 4.0 injected rats and compared
to non-injected controls.

Mechanical withdrawal threshold

Von Frey filaments of various bending forces
(100–400 mN) were used to assess any alterations
in hind leg sensitivity prior to any surgical procedures in
all four groups (pH 4.0, pH 7.4, needle prick and naive).
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The experimenter was blinded to the neonatal groups.
The rats were placed on a screen platform and allowed
to acclimate to the environment for 15–20 min before
testing. Progressive, increasing forces of filaments were
applied to the planter surface of the hind paw bilaterally
until the paw was withdrawn. Two trials were recorded in
each leg with 5 min intervals between trials. The lowest
bending force required to stimulate a withdrawal reflex
was recorded as the mechanical withdrawal threshold.

Assessment of deep somatic tissue sensitivity

Compression thresholds of the GN muscle in adult rats
were used to assess alteration in deep somatic tissue
sensitivity in all four groups. This method has been
validated previously in rats using a strain gauge attached
to the inner arm of a pair of forceps (Yu et al. 2002;
Skyba et al. 2005). The devise was assembled in-house
by using strain gauges attached to the tip of a pair of
large blunt forceps (contact area 4 × 4 mm). The tip of the
forceps during compression of the GN muscle produces an
output that is proportional to the applied force. Rats were
trained to stay in a gardening glove for 1 h a day for 3 days
prior to measurements. Animals were further restrained
during testing by placing a hand on their back over the
glove while the experimenter extended the hind limb to
expose the GN muscle for compression using the devise.
The output voltage, after calibration using a known weight
suspended by a string, was recorded (grams of force) at the
time of either forceful limb withdrawal or vocalization.
The experimenter was blinded to the neonatal groups.
Three measurements were recorded in each leg at 5 min
intervals. The measurements were averaged and taken as
the final value for each limb.

Surgical preparation for behavioural study

All surgical procedures were performed after deep
anaesthesia with sodium pentobarbitone (50 mg kg−1

i.p.).
Penicillin G (30 000 U, i.m.) was given in the contralateral
thigh preoperatively in all animals to prevent infection.
For electromyography (EMG), a pair of Teflon-coated
electrodes (Cooner wire, part no. A5631) was implanted
in the external oblique muscle. The pair of electrodes
was externalized subcutaneously and protected using a
siliconized tube sutured to the dorsal aspect of the
neck. Postoperatively, animals were given subcutaneous
buprenorphine hydrochloride (0.1 mg kg−1) to relieve
pain. Rats were housed separately following surgery and
allowed to recuperate for at least 7 days before testing.

Visceromotor response (VMR)

The visceromotor response (VMR) to colorectal distension
(CRD) was used as an objective measure of visceral
sensation in all groups, given its reliability and

reproducibility (Ness & Gebhart, 1988b; Ness et al. 1990,
1991). Electromyogram recordings from the external
oblique muscles quantified contraction of the abdominal
wall musculature in response to graded CRD. Training
of individual rats involved a 1 h session in a Bollman
cage for three consecutive days. On the recording day a
distensible latex balloon (5 cm in length) was inserted
into the descending colon and rectum before placing
the rats in the Bollman cage. The balloon was attached
to a distension device by polyethylene tubing and was
kept in place by taping the catheter to the tail. A
pressure transducer monitored the intralumen pressure
during the stimulus–response function (SRF). Distension
pressures (5, 10, 20, 30, 40, 50, 60 and 80 mmHg) were
held constant during the 30 s stimulus period, with a 180 s
interstimulus interval. The EMG signal from the external
oblique muscle was amplified through a low-noise AC
differential amplifier (model 1700, A-M Systems, Inc.)
and recorded on-line using the Spike 2/CED 1401 data
acquisition program (CED 1401; Cambridge Electronic
Design, Cambridge, UK).

Adult behavioural study

To confirm that the observed changes in adult rats were a
result of changes in the nociceptive neuronal circuitry and
not due to a persistent injury lasting longer than 5 weeks,
similar studies were carried out in 8 week old adult animals.
Adult male Sprague–Dawley rats (350–400 g) received
pH 4.0 injections every other day for 12 days (total of
6 injections) 5 days following EMG electrode implantation
as described in the Surgical preparation section (n = 8).
Similar to the neonatally sensitized adult rats, all animals
underwent von Frey and muscle pinch testing as well as
assessment of the VMR in response to CRD. Rats were
tested before the series of injections and 5 weeks following
the six low pH injections.

Electrophysiology

Surgical preparation. Rats were deprived of food, but
not water, for 16–18 h before the experiment. Rats
were anaesthetized with an initial dose of sodium
pentobarbitone (50 mg kg−1

i.p.) and maintained with
a constant intravenous infusion of 5–10 mg kg−1 h−1

through the right femoral vein. To monitor blood pressure,
the left carotid artery was also cannulated. Following
tracheal intubation, the rats were paralysed with an
initial dose of gallamine triethiodide (10 mg kg−1

i.v.,
Flaxedil, Sigma, St. Louis, MO, USA) and mechanically
ventilated with room air (∼60 cycles min−1). Subsequent
doses of gallamine triethiodide (5 mg kg−1 h−1) were given
as needed to maintain paralysis. The body temperature
was kept within the physiological range (36–37◦C) with
an overhead lamp. The rats were placed in a stereotaxic
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head holder, and the thoracolumbar (T13–L1) spinal
cord was exposed by laminectomy. After removal of the
dura membrane, a 1–2 cm saline-soaked gelatin sponge
(Gelfoam, Pharmacia Upjohn Company, Michigan, MI,
USA) was used to cover the exposed spinal cord segment.
The skin was reflected laterally to make a pool for agar
solution (Sigma) that was allowed to cool to 38◦C prior to
pouring. The agar was allowed to harden, and the dorsal
surface of the spinal cord was exposed by removing a
cubical slice of agar with a scalpel blade. The exposed
surface of the spinal cord was covered with warm mineral
oil (37◦C).

Spinal neuron recordings. Stainless-steel micro-
electrodes (3–4 M�, FHC, Bowdoinham, ME, USA)
were used for extracellular single-unit recording from
the thoracolumbar (T13–L1) spinal segments. The
placement of the electrode was 0.1–1.0 mm lateral to the
spinal mid-line and 0.6–1.8 mm ventral to the dorsal
surface. The action potentials were amplified through a
low-noise AC differential amplifier (model 3000; A-M
Systems) and continuously monitored and displayed on
an oscilloscope. A dual window discriminator (model
DDIS-1; BAK Electronics) was used to discriminate the
action potentials and to convert the signal to a rectangular
TTL pulse. The frequency of TTL pulses was counted
on-line by using the Spike 2/CED 1401 data acquisition
system (Cambridge Electronic Design). Action potentials,
intracolonic pressure and blood pressure were recorded
on-line. After the experiments, data were analysed using
the Wave-Mark analysis method of the Spike 4 software
(Cambridge Electronic Design) to distinguish individual
action potentials. In order to document the recording
site of a CRD-sensitive neuron having a receptive field
in the GN muscle, an electrolytic lesion (200 μA, 20 s
DC anodal) was made in the spinal cord of a naı̈ve rat.
After the electrolytic lesion, the animal was immediately
perfused transcardially with ice-cold phosphate buffer
solution (pH 7.4) followed by 4% paraformaldehyde. The
exposed segments of the spinal cord were then removed
and stored overnight in paraformaldehyde. The fixed
tissue was then transferred to 30% sucrose buffer for
cryoprotection. Serial sections of 30 μm were cut and
viewed under a light microscope to locate the lesion.

In order to study the possible alterations in spinal
neurons that can account for the visceral and somatic
hyperalgesia observed in the behavioural studies, only
adult rats in the pH 4.0 group and naı̈ve controls
underwent electrophysiological testing. Somatic and
visceral sensitivity did not differ in the pH 7.4 and needle-
prick groups when compared to control animals and so
they were not studied. Recordings from the thoracolumbar
(T13–L1) spinal cord examined populations of neurons
in the two groups. A distensible latex balloon (5 cm) was
inserted through the anus into the colon and rectum.

The balloon was attached to polyethylene tubing and
held in place by taping the tubing to the tail. Colorectal
distension-sensitive neurons were identified using brief
CRD as the search stimulus (60 mmHg). The neurons
were classified as either short latency abrupt (SL-A) or
short latency sustained (SL-S) based on their response
characteristics to CRD (Ness & Gebhart, 1987, 1991a,b).
Short latency abrupt neurons demonstrate increased
firing during CRD with an abrupt cessation of response
after termination of the distending stimulus, while the
SL-S neurons maintain a sustained response (> 4 s)
following the distending stimulus. The spontaneous
neuronal activity was recorded for each neuron, followed
by recording of responses to graded CRD (10, 20, 30, 40,
60 and 80 mmHg of 30 s duration and with 3 min inter-
stimulus time intervals).

Neurons with cutaneous receptive fields were tested
to noxious pinch using a pair of non-serrated forceps.
Neurons that responded to CRD and tail rotation were
considered proprioceptive and were not included in the
study.

Data analysis

Statistical analysis was performed using SigmaStat (V2.03,
SPSS Inc., Chicago, IL, USA). Analysis of the mechanical
withdrawal threshold and GN muscle compression
thresholds were conducted by one-way analysis of variance
(ANOVA). The contralateral and ipsilateral sides were
compared independently, and the data are expressed
as the means ± s.e.m. The area under the curve of
the EMG recordings during the 30 s stimulus was
measured. Data were analysed with two-way repeated
measures (ANOVA) and by Student–Newman–Keuls test
for multiple comparisons. The baseline spontaneous firing
of spinal neurons was calculated by measuring the action
potential count over a period of 30 s prior to any
distension (data expressed as means ± s.e.m.). In order
to obtain changes in response of the neurons to CRD,
the spontaneous firing was subtracted from the total
action potential counts for each distension pressure during
the stimulus–response function. Responses of neurons to
CRD were measured as action potential counts over 30 s
distension, and were analysed at each distension pressure
using one-way repeated measures ANOVA with Bonferoni
correction. P < 0.05 was taken as significant.

Results

Mechanical withdrawal thresholds

Although no formal testing was performed, gross
observation did not demonstrate any alterations in gait or
abnormal behaviour in the adult rats. Alterations in hind
paw cutaneous sensitivity was quantified by measuring
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the mechanical withdrawal threshold (MWT) to pricking
the plantar surface of the paw with von Frey filaments.
There was no difference in the threshold for response to
mechanical stimulation of the paw by the various bending
forces in rats injected with pH 4.0 saline (200 ± 60 mN)
when compared to pH 7.4 saline (230 ± 40 mN), needle
prick (215 ± 28 mN), or naı̈ve controls (233 ± 25 mN;
Fig. 1A). This suggests the absence of cutaneous
hypersensitivity.

Assessment of deep somatic tissue sensitivity

Long-term changes in somatic sensory perception in
all four groups of rats were assessed using deep
muscle pinch in the GN muscle. The GN muscle
pinch force necessary to initiate leg withdrawal did
not differ in the pH 7.4 (ipsilateral, 335 ± 14.9 g and
contralateral, 345 ± 11.6 g) and needle-prick groups
(ipsilateral, 345 ± 12.5 g and contralateral, 355 ± 8.6 g)
when compared to naı̈ve controls (ipsilateral, 359 ± 15.2 g
and contralateral, 385 ± 15.7 g, n.s.). Only pH 4.0 treated
rats showed a significant bilateral reduction in withdraw
threshold suggesting deep-tissue somatic hyperalgesia
(ipsilateral, 207 ± 7.2 g and contralateral, 202 ± 3.8 g,
P < 0.01, Fig. 1B).

Muscle histology

Analysis of tissue histology showed no evidence of tissue
necrosis, oedema or lymphocytic infiltration as a result of
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Figure 1. Bar graphs representing the bending force of von Frey filaments required to induce paw
withdrawal
Four groups of neonates were tested as adults. A, the naı̈ve controls, needle prick, pH 7.4 and pH 4.0 treated
rats did not show any significant alterations in the threshold for response to mechanical stimulation of the paw,
suggesting the absence of cutaneous hyperalgesia. B, bar graphs of GN muscle pinch force necessary to initiate leg
withdrawal. Only pH 4.0 treated rats showed significant reduction in withdraw threshold, suggesting deep-tissue
somatic hyperalgesia (P < 0.05 compared to control rats).

the low pH injections (n = 4, Fig. 2). Although it is possible
that muscle repair could have taken place following the last
neonatal injection, these findings are in accordance with
previous studies that failed to show significant alterations
in muscle histology at different time intervals following
pH 4.0 injections in adult rats (Sluka et al. 2001). Figure 2
shows an example of GN muscle histology.

Behavioural response to colorectal distension

The VMR to CRD was assessed in all groups (pH 4.0
injected, pH 7.2 injected, needle prick and naı̈ve controls)
at 2 months of age. All rats exhibited an increase in EMG
activity to graded intensities of distension (≥ 30 mmHg).
A significant increase in the VMR was observed in
the pH 4.0 injected group compared to control rats
at distension pressures ≥ 20 mmHg. Since 20 mmHg
is not considered noxious in rats and humans (Ness
et al. 1991), the altered visceral sensation observed has
the characteristics of both allodynia and hyperalgesia
(Fig. 3). The naı̈ve control group, which received no
injection but similar handling to other groups, exhibited
a response greater than baseline at distension pressures
≥ 30 mmHg that peaked at 80 mmHg (0.28 ± 0.3 mV2,
Fig. 3). Similarly, the pH 7.4 neonatally treated rats
exhibited a progressive increase in response to distension
pressures ≥ 30 mmHg that was not different from
control rats except at 80 mmHg (0.62 ± 0.3 mV2, n.s.
versus controls). Overall, the visceromotor response of
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Figure 2. Photomicrographs of muscle histology
Frozen sections of adult rat GN muscle injected
neonatally with pH 4.0 saline was stained with
Haematoxylin and Eosin and compared to naı̈ve control
muscle. There was no visible damage, inflammation or
necrosis of the ipsilateral muscle in the control or pH 4.0
injected rats.

needle-prick controls and pH 7.2 injected rats did not
differ from that of control rats, suggesting that the low
pH injections are necessary to produce visceral allodynia
and hyperalgesia at noxious distensions below 80 mmHg.
Figure 4 shows the summary data for the VMR responses
of the four groups.
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naive
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Figure 3. Visceromotor responses represented as EMG activity to graded CRD (10, 30, 50 and 80 mmHg,
30 s duration) from a naı̈ve control (A), needle prick (B), a pH 7.4 (C) and a pH 4.0 injected rat (D)
The top trace represents EMG recordings, the middle trace represents rectified EMG recordings (2.5 s intervals) and
the bottom trace represents distension pressures. All rats showed a response at distension pressures ≥ 30 mmHg.
Responses of the rat injected with pH 4.0 saline (D) were significantly greater than those of the naı̈ve control rat
(A) and rat subjected to needle prick (B) at distensions ≥ 20 mmHg.

Electrophysiology

Characteristics of CRD-sensitive neurons. A total of
29 spinal neurons from the thoracolumbar (T13–L1)
spinal cord were identified as responsive to CRD from the
control group of rats and 29 neurons from the neonatally
pH 4.0 injected group. The neurons were classified as
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Figure 4. Summary data of mean VMR at 2 months of age to
graded CRD (5–80 mmHg) in naı̈ve control, needle prick, pH 7.4
and pH 4.0 neonatally treated rats
The pH 4.0 group exhibited a significantly greater response than the
control group. Significance was seen at distension pressures of
≥ 20 mmHg, representing the development of visceral hyperalgesia
and allodynia as a result of neonatal somatic stimulation with pH 4.0
saline injections (∗P < 0.05 versus control group). The pH 7.4 response
was also greater than that of the control rats but was only significant
at 80 mmHg CRD distension (∗P < 0.05 versus control group).

SL-A or SL-S in each of the two groups. Figure 5A and
B shows an example of a neuron responsive to CRD
with the corresponding somatic receptive field in the GN
muscle. An example of the recording site of this neuron

Figure 5. Example of a CRD-sensitive neuron in the
L1 spinal segment of a naı̈ve rat with a somatic
receptive field in the distal hind limb
A illustrates the response on the neuron to CRD. The
top trace shows the increased response to CRD
(60 mmHg, 30 s) represented as a frequency histogram
(1 s bin width), the middle trace is the neuron action
potential and the bottom trace is the distension
pressure. B illustrates the response of the same neuron
to pinch of the ipsilateral gastrocnemius muscle. The
onset and termination of pinch is indicated by up and
down arrows, respectively. The convergent somatic
receptive field to pinch in the gastrocnemius muscle is
represented in the shaded area of the cartoon. C, the
photomicrograph shows the electrolytic lesion (200 μA,
20 s DC anodal) of the recording site for this neuron in
the L1 spinal segment (arrow). The depth of recording
was 1216.1 μm from spinal cord dorsum. D, schematic
representation of the L1 spinal cord segment with
corresponding laminae. The black dot represents the
recording site.

in the L1 segment is also shown in Fig. 5C and D. Of
the 29 neurons identified in the control group, 17 were
SL-A and 12 were SL-S. In the pH 4.0 group, 16 were SL-A
and 13 were SL-S. The mean spontaneous discharge rate
for the SL-A and SL-S neurons in the pH 4.0 group was
5.3 ± 0.9 and 20.6 ± 2.2 impulses s−1, respectively. The
baseline spontaneous firing of the SL-A neurons was not
different from the control group (3.1 ± 0.7 impulses s−1,
n.s.). In contrast, the mean spontaneous activity of
SL-S neurons from the pH 4.0 injected group was
significantly greater than that of the SL-S control neurons
(2.6 ± 0.8 impulses s−1, P < 0.01, Student’s paired t test).
Figure 6A and B shows the action potential count of the
SL-A and SL-S neurons, respectively, compared to control
rats. At distension pressure zero, the action potential count
represents the spontaneous firing of the neurons over
30 s.

All neurons studied had convergent cutaneous receptive
fields excited by noxious pinch. The skin receptive fields
were located in the base of the tail, ipsilateral GN muscle,
thigh, gluteal area, and contralateral thigh and gluteal
areas. Expansion of the somatic receptive field in the
pH 4.0 group was evident in a small percentage of SL-A
and SL-S. Approximately 13% of SL-A and 23% of SL-S
neurons responded to pinch of the contralateral thigh,
while none of the neurons in either the naı̈ve control group
had expansion of somatic receptive field that included
the contralateral thigh. The characteristics of the neurons
studied are given in Table 1.
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Responses of spinal neurons to graded CRD. Neuronal
responses to graded CRD were recorded in both groups.
Figure 7 shows the response of two SL-S neurons from a
control (Fig. 7A) and a neonatally saline pH 4.0 injected rat
(Fig. 7B) to graded CRD. The spontaneous firing of each
individual neuron was subtracted from the total response
to CRD for each distension pressure and compared to
control values. This gave a true representation of the actual
change in neuronal response to colorectal distension,
since there was a significant difference in the baseline,
spontaneous firing between the SL-A and SL-S neurons
in the pH 4.0 group. Comparison of the average responses
of SL-A neurons isolated from the pH 4.0 injected group
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Figure 6. Summary data of CRD-sensitive spinal neurons in naı̈ve and neonatally injected rats
Summary data of the mean spontaneous firing rate of CRD-sensitive SL-A (A) and SL-S spinal neurons (B) from the
naı̈ve control and neonatally pH 4.0 saline injected rats (total firing). C and D represent the response to distension
of SL-A and SL-S neurons, respectively (total minus spontaneous firing). The spontaneous firing of the SL-A neurons
in the pH 4.0 group (A) was not different from controls. The response of SL-A neurons to CRD in the pH 4.0 saline
injected group was higher at 20–30 mmHg (C, P < 0.05). In contrast, the spontaneous firing of the SL-S neurons
in the pH 4.0 group (B) was significantly higher than that of the control group (∗P < 0.01) and SL-A pH 4.0 group
(#P < 0.01). Similarly, the responses of SL-S neurons to CRD in the pH 4.0 group were significantly higher at
distension pressures > 10 mmHg (D, P < 0.05 versus control group).

shows that the average response to CRD was greater than
in control rats at distension pressures of 20 and 30 mmHg
but did not differ from control rats at higher intensities (40,
60 and 80 mmHg). Although the average response of SL-A
neurons at these greater intensities of CRD was higher
in the pH 4.0 injected group, the possibility of random
sampling variability could not be excluded. Figure 6A and
C shows the action potential count summary data of the
neuronal responses of SL-A in the control and pH 4.0
injected groups. The response to CRD of SL-S neurons
in the pH 4.0 injected group was significantly higher than
the response in the control rats at intensities ≥ 20 mmHg
(Fig. 6B and D). This observation, in addition to the
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Table 1. Characteristics of CRD-sensitive thoracolumbar spinal neurons in adult rats

Control subgroups pH 4.0 subgroups

SL-A SL-S SL-A SL-S

Spontaneous activity (impulses s−1) 3.1 ± 0.7 2.6 ± 0.8 5.3 ± 0.9 20.6 ± 2.2

Convergent inputs
(1) Tail base 11/17 (65%) 6/12 (50%) 10/16 (62%) 8/13 (62%)
(2) Ipsilateral GN muscle 15/17 (88%) 10/12 (83%) 8/16 (50%) 9/13 (69%)
(3) Ipsilateral thigh 5/17 (30%) 3/12 (25%) 9/16 (56%) 8/13 (62%)
(4) Ipsilateral gluteal region 8/17 (47%) 7/12 (58%) 8/16 (50%) 7/13 (54%)
(5) Contralateral thigh 0/17 (0%) 0/12 (0%) 2/16 (13%) 3/13 (23%)

The pH 4.0 group received saline injections (pH 4.0) in the GN muscle during the neonatal period and
underwent testing at age 2 months. The control group was handled similarly but did not undergo
injections. The neurons that responded to CRD were classified in each group as SL-A or SL-S, as described
in the Methods. The spontaneous activity of the SL-S neurons in the pH 4.0 group was significantly
higher than controls (∗P < 0.01), while the SL-A naurons demonstrated no significant difference. Data
are means ± S.E.M. Convergent input indicates the number of units with convergent excitatory cutaneous
receptive fields exited by noxious stimulus.

significant increase in spontaneous firing, suggests that
SL-S neurons may play a more important role than SL-A
neurons in the spinal sensitization resulting from noxious
somatic stimulation early in development.

Adult behavioural study

Adult rats that received six pH 4.0 injections showed no
change from baseline in the threshold for response to
mechanical stimulation (ipsilateral, 215.0 ± 22 mN and
contralateral, 256.76 ± 18 mN) when compared at 5 weeks
post injection (ipsilateral, 223.2 ± 24 mN and contra-
lateral, 225.6 ± 16 mN; Fig. 8B). Similarly, the GN muscle
pinch force at baseline necessary to initiate leg withdrawal
did not differ from baseline (ipsilateral, 432.8 ± 7.6 g
and contralateral, 427.1 ± 8.2 g) when tested at 5 weeks
post injection (ipsilateral, 459.4 ± 6.4 g and contralateral,
450.1 ± 5.5 g; Fig. 8C). The VMR to CRD was also assessed
prior to low pH injections and compared at 5 weeks
post injection. There was no change in the visceromotor
response as a result of the low pH injections in the adult
rats (Fig. 8A).

Discussion

The present study demonstrated that nociceptive somatic
stimulation in the form of low pH saline injections
applied early in the rat neonatal period results in chronic
somatic and visceral hyperalgesia. Two groups of rats
treated with unilateral GN muscle saline injections (pH 4.0
or 7.4) on alternating days spanning P8 through P21
were tested as adults. A third group received only needle
pricks on the same schedule, while the fourth group was
left naı̈ve. Only those that received the noxious pH 4.0
injections demonstrated an increase in the magnitude

of the visceromotor response and a lower threshold for
response to deep somatic pinch as adults. The present data
demonstrate that the likely site of sensitization occurs in
spinal areas of viscerosomatic convergence mainly through
SL-S neurons. Since no alterations in visceral or somatic
sensitivity were observed in adult rats with a similar
somatic insult, the present findings validate the existence
of a critical, vulnerable window early in the development
of the nervous system, which can be associated with
long-term neural plasticity and central sensitization.
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Figure 7. Responses of CRD-sensitive spinal neurons from a
control (A) and a pH 4.0 neonatally treated rat (B) to graded CRD
The top two traces are the activity of the neuron represented as a
frequency histogram (1 s bin width), and the bottom trace is the
intraluminal pressure of the colon. The neuron from the control rat
(depth, 1154.7 μm) exhibited a markedly lower baseline firing rate
than the neuron from pH 4.0 neonatally treated rat (1276.0 μm). The
neuron from the pH 4.0 neonatally treated rat exhibited a greater
response to CRD than the neuron from the control rat.
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Transient alterations in visceral sensation resulting from
noxious, low pH injections in the GN muscle of adult
rats occur through spinal segments of viscerosomatic
convergence (Miranda et al. 2004; Peles et al. 2004). The
thoracolumbar and lumbosacral segments of the spinal
cord receive input from visceral afferents originating
from the distal colon and rectum. In adult rats
the thoracolumbar (T13–L1) spinal neurons that are
excited by visceral afferents have convergent input from
afferents of the superficial skin and deep somatic areas
(Cervero & Tattersall, 1986). Chronic neonatal hind paw
inflammation with Freund’s adjuvant (CFA) has been
shown to result in spinal segmental alterations (Ruda et al.
2000). In the present study, only spinal segments with
known convergence were examined, thus further studies
that involve neuronal recording from spinal areas distant
from segments of convergence are required in order to
explore possible segmental expansion.

The relative contribution of primary sensory afferents in
the development and maintenance of visceral and somatic
hyperalgesia in the present study remains uncertain.
Previous studies have demonstrated sensitization of
visceral primary sensory afferents in the thoracolumbar
and lumbosacral spinal segments in addition to spinal
dorsal horn neurons as a result of neonatal colonic pain
and irritation (Al-Chaer et al. 2000; Lin & Al-Chaer, 2003).
It is possible that nociceptive nerve terminals from the GN
muscle may undergo chronic peripheral sensitization as a
result of the low pH injections. This is further suggested by
the observed somatic hyperalgesia. However, the bilateral
alterations in sensitivity that result from a unilateral
stimulus suggest a central mechanism. Nevertheless, an
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Figure 8. Summary data of adult rats before and 5 weeks following six low pH injections in the GN
muscle
A represents the mean VMR to graded CRD (5–80 mmHg). Rats did not demonstrate any alteration in the VMR
as a result of the noxious somatic stimulus (n.s.). B represents the bending force of von Frey filaments required
to induce paw withdrawal, and C represents the GN muscle pinch force necessary to initiate leg withdrawal. Rats
did not show any alterations in the threshold for response to mechanical stimulation of the paw or muscle pinch,
suggesting the absence of cutaneous and deep somatic hyperalgesia.

initial barrage of peripheral afferent input is probably
necessary to at least initiate and possibly maintain the
observed excitability of spinal neurons in the present study.
Although an increased density of primary afferents has
been shown in previous studies of neonatal injury with
CFA (Ruda et al. 2000; Walker et al. 2003), the type
and duration of the somatic stimulus used is significantly
different from that in the present study and thus warrants
further investigation in this model.

Anatomical differences in the primary afferent input
or in the local circuitry, such as projection neurons and
interneurons, could account for the observed differential
effects on the neuronal subtypes observed in this study.
Interestingly, the descending inhibitory controls on spinal
neurons are immature at birth and do not become
fully developed until 2–3 weeks postnatally, the period
during which the pH 4.0 injections were given in the
present study (Boucher et al. 1998; Fitzgerald &
Koltzenburg, 1998; Jennings & Fitzgerald, 1998). Thus,
persistent sensory inputs in the immature spinal cord
may not be properly modulated, ultimately making
inhibitory processing less pronounced in the adult
spinal cord. Differences in connectivity, neuronal size, or
expression of glutamate receptors early in development
may also contribute to altered development of neuronal
processing. The precise mechanisms, however, remain
poorly defined. Previous studies have noted an over-
expression of glutamate receptors in the spinal cord during
the perinatal period (Kalb et al. 1992). Expression of
NMDA subunits in the rat spinal cord has been shown
to peak between P1 and P7 with a decline to adult levels by
P35 (Brown et al. 2002). The noxious somatic stimulus in
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the present study was not given during the peak expression
of these receptors, but is likely to have covered a window of
amplified expression in the rat spinal cord (P8–P20). Thus,
a possible mechanism underlying the present findings of
increased neuronal excitability may relate to a decrease
in inhibitory interneurons. Overexpression of ionotropic
glutamate (NMDA) receptors early may lead to increased
calcium fluxes and result in excitotoxicity of inhibitory
interneurons in the dorsal horn, resulting in disinhibition
and hyperexcitabily of second-order sustained neurons
(Mayer & Gebhart, 1994; Fukuoka et al. 1998).

Although it is becoming clear that long-lasting effects
develop from perturbation of the immature neuronal
circuitry, the exact ‘window of vulnerability’ still remains
unclear. Models of neonatal injury vary in duration,
intensity and location of injury based on types of
inflammatory agents used and the postnatal period at
which the stimulus is administered. Certain studies have
failed to demonstrate long-term alterations in mechanical
or thermal thresholds after neonatal inflammation (Walker
et al. 2003; Alvares et al. 2000). Others have shown
that inflammation with carrageenan results in long-term
abnormal withdrawal responses to noxious stimulation
only if the inflammation is induced early (P0). These
changes are not evident if the inflammatory insult is
given at a later time (P14; Lidow et al. 2001). The central
nervous system of rat pups during the first week of
development has been postulated to correspond to that
of premature human infants (Marsh et al. 1997). Thus,
while the present results demonstrate the vulnerability of
the immature central nervous system to early life events,
it does not theoretically correspond to the premature
period in human babies, adding further uncertainty to
the ‘window’ of vulnerability. Clinically the development
of visceral hyperalgesia is likely to be multifactorial, with
psychosocial influences playing a major role. One can
also speculate that these long-term alterations in sensory
processing are ultimately influenced by neonatal stress.
In neonatal pups, handling and maternal separation have
been shown to result in visceral and somatic hyperalgesia
(Pieretti et al. 1991; Coutinho et al. 2002). The present
findings suggest alterations in the spinal components of
the nociceptive circuitry as a result of the noxious low
pH stimulus rather than neonatal stress, since the other
groups remained largely unaffected by handling and needle
prick.

A notable finding of the present study was the
differential effect of the neonatal somatic stimulus on the
activity of the two subtypes of neurons that encode for
CRD. Both abrupt and sustained spinal neurons have long
axonal projections to the brain and are involved in visceral
nociception (Ness & Gebhart, 1987, 1988a). Abrupt
neurons in adult rats can be consistently inhibited by
noxious stimulation in non-segmental somatic receptive
fields and thus have central inhibitory mechanisms that

are not present in sustained neurons (Ness & Gebhart,
1991a, 1991b, 2001). Multiple studies have demonstrated
that abrupt and sustained spinal neurons can be
differentially modulated pharmacologically. The response
of CRD-sensitive sustained neurons is dose-dependently
inhibited by the κ-opioid receptor agonist fedotozine
or the non-NMDA receptor antagonist CNQX, and has
minimal effects on abrupt neurons (Ness, 1999; Ji &
Traub, 2002). The present study, along with previous
reports of a selective increase in the activity of sustained
neurons following colonic inflammation in adult rats
(Ness et al. 2000) suggests that SL-S neurons may play
a more important role in central sensitization and visceral
hyperalgesia than SL-A.

There was no alteration in the thresholds for mechanical
withdrawal of the paw in response to cutaneous
stimulation using von Frey filaments. Furthermore, the
excitatory cutaneous receptive field was very similar in
the pH 4.0 injected rats and naı̈ve controls. It is known
that noxious visceral stimulation in adult animals induces
expansion of the somatic receptive field and results in
sensitization of responses to mechanical stimuli (Cervero
et al. 1992; Euchner-Wamser et al. 1993; Gebhart et al.
1993). A notable difference in the present study was the
expansion of the cutaneous receptive field to noxious pinch
that included the contralateral thigh only during spinal
recording of the pH 4.0 groups. This difference, however,
was not enough to exclude the possibility of random
sampling variability.

In human neonates, hypersensitivity can occur as
a result of surgery, heel lances or gastric suctioning
(Andrews & Fitzgerald, 2002; Fitzgerald et al. 1989; Anand
et al. 2004). Longitudinal studies are very difficult to
perform. Somatic pain experienced early in childhood,
such as trauma, surgery or even painful vaccinations,
may influence the response and behaviour of central
spinal neurons that may ultimately lead to central hyper-
excitability. The exact mechanisms leading to chronic,
functional abdominal pain in children remain poorly
understood and are likely to be multifactorial. However,
based on the results of the present study we can
postulate that persistent, poorly controlled somatic
pain early in development in areas of viscerosomatic
convergence may be of great importance in the
development and maintenance of central sensitization and
consequently altered visceral sensation in children.
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