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Mechanisms underlying chronic pain that develops after spinal cord injury (SCI) are incompletely understood. Most research on SCI pain
mechanisms has focused on neuronal alterations within pain pathways at spinal and supraspinal levels associated with inflammation and
glial activation. These events might also impact central processes of primary sensory neurons, triggering in nociceptors a hyperexcitable
state and spontaneous activity (SA) that drive behavioral hypersensitivity and pain. SCI can sensitize peripheral fibers of nociceptors and
promote peripheral SA, but whether these effects are driven by extrinsic alterations in surrounding tissue or are intrinsic to the nocicep-
tor, and whether similar SA occurs in nociceptors in vivo are unknown. We show that small DRG neurons from rats (Rattus norvegicus)
receiving thoracic spinal injury 3 d to 8 months earlier and recorded 1 d after dissociation exhibit an elevated incidence of SA coupled with
soma hyperexcitability compared with untreated and sham-treated groups. SA incidence was greatest in lumbar DRG neurons (57%) and
least in cervical neurons (28%), and failed to decline over 8 months. Many sampled SA neurons were capsaicin sensitive and/or bound the
nociceptive marker, isolectin B4. This intrinsic SA state was correlated with increased behavioral responsiveness to mechanical and
thermal stimulation of sites below and above the injury level. Recordings from C- and A�-fibers revealed SCI-induced SA generated in or
near the somata of the neurons in vivo. SCI promotes the entry of primary nociceptors into a chronic hyperexcitable-SA state that may
provide a useful therapeutic target in some forms of persistent pain.

Introduction
Lifelong pain that is often debilitating and therapeutically intractable
develops in many patients after spinal cord injury (SCI) (Siddall,
2009). Numerous potential mechanisms have been associated with
SCI-induced pain (Finnerup and Jensen, 2004), but the primary
causes of chronic pain after SCI have yet to be defined. Research has
focused primarily on SCI-induced increases in responsiveness and
electrical activity in central neurons within pain pathways at spinal
and supraspinal levels (Waxman and Hains, 2006; Hulsebosch et al.,
2009; Yezierski, 2009). These alterations are often assumed to be
caused directly by a spinal cord lesion (e.g., excitation of spinal pro-
jection neurons or killing of inhibitory neurons) and indirectly by
pathological central effects (e.g., deafferentation hyperexcitability of
higher order neurons or glial activation).

Another possibility is that SCI triggers persistent alterations in
nociceptors like those that drive prolonged hypersensitivity and pain
after serious injury and inflammation in the periphery. One poten-
tial mechanism is chronic spontaneous activity (SA) generated by
hyperexcitable nociceptors. SA in primary afferents has been de-
scribed in models of peripheral injury and inflammation, but the
extent to which SA is intrinsic to the sensory neuron or results from
continuing stimulation by extrinsic sources such as inflammatory
signals is generally unknown. SA in primary afferents occurs in pe-
ripheral neuropathy (Burchiel et al., 1985; Kajander and Bennett,
1992; Amir and Devor, 1993; Study and Kral, 1996; Ali et al.,
1999; Zhang et al., 1999; Djouhri et al., 2001), tissue inflamma-
tion (Koltzenburg et al., 1999; Djouhri et al., 2001; Du et al., 2003;
Dang et al., 2005; Xiao and Bennett, 2007), and deep incisions
(Xu and Brennan, 2010). Peripherally generated SA in primary
afferents can induce and maintain central sensitization and pain
(Gracely et al., 1992; Zhang et al., 2000; Sukhotinsky et al., 2004;
Xie et al., 2005; Pitcher and Henry, 2008), and much of the re-
quired SA occurs in neuronal populations (C-fibers and A�-
fibers) containing numerous nociceptors (Wu et al., 2001; Bove
et al., 2003; Djouhri et al., 2006; Xiao and Bennett, 2007; Xie et al.,
2009; Xu and Brennan, 2010). DRG neurons with small somata
and slowly conducting axons are especially likely to be nocicep-
tors (Lynn and Carpenter, 1982; Koerber et al., 1988; Gold et al.,
1996; Lawson, 2002; Fang et al., 2005).
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Previous SCI enhances background activity in peripheral fibers of
nociceptors in an isolated skin–nerve preparation (Carlton et al.,
2009), suggesting that SCI-induced SA can be generated in or near
the peripheral terminals of nociceptors. However, the activity ob-
served in this study might also have been evoked (for long periods)
by the noxious stimuli used to identify each tested unit. Moreover, it
is not known whether such SA is intrinsic to the nociceptor rather
than driven by extrinsic signals (e.g., from altered keratinocytes)
(Radtke et al., 2010), nor whether nociceptor SA occurs in vivo after
SCI. Here, we show that SCI-induced SA is intrinsic to probable
nociceptors, that SCI-induced SA is generated in or near the somata
of these sensory neurons in vivo and in vitro, and that intrinsic SA
expressed in vitro is correlated with behavioral hypersensitivity in the
animals providing dissociated neurons. These results suggest that a
persistent hyperexcitable-SA state in nociceptors is important not
only for peripherally generated chronic pain but also for at least one
form of central neuropathic pain.

Materials and Methods
All procedures complied with guidelines of the International Association
for the Study of Pain (Zimmermann, 1983) and the Society for Neuro-
science, and were approved by the corresponding institutional animal
care and use committees at the University of Texas Medical School at
Houston and the University of Texas Medical Branch in Galveston. Adult
Sprague Dawley rats (200 –500 g) were used, 68 males and 25 females.

Behavioral tests
Three groups of animals were tested: untreated controls (naive group),
animals given sham surgery without spinal contusion (sham group), and
animals receiving spinal cord injury (SCI group). Animals were main-
tained on a 12 h reverse light/dark cycle, and all behavioral and physio-
logical tests were performed in the active (dark) phase. Animals in the
SCI and sham groups were assessed for recovery of hindlimb motor
function before injury, and then 1, 2, 3 d after injury, and finally 3–7 d
before dissociating their DRG neurons 1 or 3– 8 months after injury.
Animals in all groups received a standard 5 d sequence of tests for me-
chanical and thermal sensitivity before injury treatment and then before
the dissociation procedure. Not all animals received behavioral tests.
Animals whose DRGs were harvested 3 d after injury were not tested
behaviorally because acute aftereffects of spinal injury (spinal shock)
confound behavioral responses to standard test stimuli.

Recovery of hindlimb motor function. Animals in the SCI and sham
groups were assessed for hindlimb motor function while moving freely in
a circular enclosure (1 m diameter). The Basso, Beattie, Bresnahan (BBB)
open-field scale (Basso et al., 1996) was used, which applies detailed
criteria to rate abnormalities of movement and posture, with scores rang-
ing from 0 (no hindlimb movement) to 21 (normal hindlimb function).

Habituation to test conditions. On day 1 of the 5 d test sequence, ani-
mals were placed inside the Plexiglas compartments used later to test
thermal and mechanical sensitivity of the paws and to test mechanical
sensitivity of the torso, but no test stimuli were delivered. On day 2, the
animals received tests for thermal sensitivity of the paws (after 20 min
acclimation), but these tests were used for habituation and were not
included in the analysis. On day 3, the animals received tests (after 20 min
acclimation) for mechanical sensitivity of the paws and torso, but these
habituating tests also were omitted from the analysis. On day 4, data were
collected during tests (identical with those on day 2) of thermal sensitiv-
ity of the paws. On day 5, data were collected during tests of mechanical
sensitivity of the paws and torso identical with those on day 3.

Thermal sensitivity of paws. Thermal hypersensitivity (often used as a
measure of hyperalgesia) after injury was defined as a decrease in paw
withdrawal latency during a radiant heat stimulus delivered to the plan-
tar surface of the paw (Hargreaves et al., 1988; Song et al., 2006; Carlton
et al., 2009). Animals were placed in compartments on a glass floor kept
at 22°C, and a heat source (Plantar Analgesia Meter; IITC) was focused
on the plantar surface of each paw. Although the postures of SCI rats
sometimes differed from those of naive and sham rats, test stimuli were

only delivered when the paw was flat and the plantar surface flush against
the glass. No differences between the SCI animals and the naive and sham
animals were evident in the area of contact with the glass during the tests
given 1 month or later after injury. The thermal stimulus ended when the
paw moved or after 20 s (to prevent possible tissue damage). All four
paws were stimulated in a fixed order (left rear, right rear, left front, right
front) at 5 min intervals. This sequence was conducted three times, at 20
min intervals.

Mechanical sensitivity of paws. Mechanical hypersensitivity (often used
as a measure of allodynia) after injury was defined as a decrease in the
threshold of paw withdrawal to application of a series of calibrated von
Frey filaments (Stoelting) of different stiffness, using the “up-down”
method (Dixon, 1991; Chaplan et al., 1994). All four paws were tested in
the same order as the thermal tests, but only one test series was delivered
to each paw.

Mechanical sensitivity of torso. Mechanical hypersensitivity of the torso
after injury was defined as an increase in the incidence of behavioral
responses to application of a series of mechanical stimuli to sites along
the animal’s torso, using methods similar to those monitoring changes
after SCI in “alertness,” “body withdrawal” (Cruz-Orengo et al., 2006),
and vocalization (Crown et al., 2006) during stimulation of the torso. A
continuous series of mechanical stimuli was delivered to a 4 � 6 grid on
the back at �5 s intervals, beginning with a 20 mN von Frey hair, fol-
lowed immediately by a stiff plastic rod (Q-tip handle; 2 mm diameter),
and finally a 250 mN von Frey hair. Each stimulus was delivered in a set
sequence, moving from the lumbar region to the cervical region and from
left to right at each level (left flank, left side of back, right side of back,
right flank). Depending on the animal’s size and position, five or seven
rather than six levels were sometimes tested. One or two tested levels were
above the injury level (T10), two were close to the injury level (“at-
level”), and two to three were below the injury level. During this sequence
of 60 – 84 stimuli, each occurrence of vocalization, moving away from the
stimulus, flinching of the torso, and orientation to the stimulus was
noted. Mechanical sensitivity for each animal was expressed as the per-
centage of all stimuli evoking vocalizations (see Fig. 5) and as the per-
centage of all stimuli eliciting any of the selected responses.

SCI procedures
Surgery was performed under anesthetic consisting of ketamine (80 mg/
kg), xylazine (10 mg/kg), and acepromazine (0.75 mg/kg) delivered in-
traperitoneally at a dose of 0.1 ml/100 g. Animals receiving a spinal
contusion (SCI group) first underwent a laminectomy at thoracic level 10
(T10) and the vertebral column was clamped with Adson forceps at T9
and T11. Moderate spinal contusion was produced at T10 with an Infi-
nite Horizon injury device (Precision Systems and Instrumentation),
using 150 kdyn of force and a 1 s dwell time. Overlying muscles were then
sutured, and the skin was closed with wound clips. Animals given sham
surgery received the laminectomy and identical treatment except for the
impact from the injury device. SCI animals received postoperative blad-
der care until neurogenic bladder function returned (usually by day 14
after injury). For 5 d after injury, the SCI and sham-treated animals
received twice daily injections of 0.9% saline (s.c.) to maintain hydration
as well as buprenorphine (0.02 mg/kg, s.c.). Antibiotics (Baytril; 2.5 mg/
kg) were injected intraperitoneally twice daily for 10 d.

Examination of dissociated DRG neurons
Dissociation and culture of DRG neurons. Under deep anesthesia (Beutha-
nasia; 75 mg/kg, i.p.), animals were transcardially perfused with ice-cold
saline, the vertebral column was removed, and selected DRGs (L5, L4,
T12, T11, T9, T8, C7, C6) were transferred to Petri dishes in ice-cold
DMEM where the sheath was removed and rootlets were cut off, and each
was minced with fine scissors. The ganglia were incubated in a flask in a
water bath shaker for 40 min at 34°C with trypsin (0.4 mg/ml) and
collagenase D (0.6 mg/ml). After being centrifuged and resuspended in
DMEM, the DRG fragments were triturated �20 times through fire-
polished glass pipettes to dissociate individual neurons. The neurons
were resuspended in 0.5 ml of DMEM and plated at low density onto
dishes coated with poly-L-lysine (50 �g/ml). Dishes were kept in DMEM
in an incubator under 5% CO2, 95% humidity, 37°C, before electrophys-
iological recording the next day.
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Recording from dissociated DRG neurons. Whole-cell patch recordings
were made from small neurons (soma diameter, �30 �m; membrane
input capacitance, Cm, �45 pF) using a MultiClamp 700 B amplifier
(Molecular Devices). Patch electrodes with a resistance of 2–5 M� were
pulled from borosilicate micropipettes (Sutter Instrument) and filled
with solution containing the following (in mM): 134 KCl, 1.6 MgCl2, 13.2
NaCl, 3 EGTA, 9 HEPES, 4 Mg-ATP, and 0.3 Na-GTP, pH 7.2 adjusted
with KOH, 300 mOsM. Electrode seal resistance on the cell was 1–10 G�.
Recordings were conducted during constant superfusion (2 ml/min) by
extracellular solution containing the following (in mM): 140 NaCl, 3 KCl,
1.8 CaCl2, 2 MgCl2, 10 HEPES, 10 glucose, pH 7.4 adjusted with NaOH,
320 mOsM. Signals were filtered at 1 kHz and digitized at 10 kHz (Digi-
data 1440 A; Molecular Devices). Recordings were made at 22°C rather
than body temperature to permit direct comparisons to subsequent stud-
ies of underlying biophysical mechanisms; the slower kinetics of conduc-
tances at this temperature facilitates the experimental separation of ionic
currents. Little is known about the temperature dependence of SA in noci-
ceptive DRG neurons, but these neurons exhibit complex temperature-
dependent effects on other excitability properties (Greffrath et al., 2009).
While still under voltage clamp, the Clampex Membrane Test program
(Molecular Devices) was used to determine Cm and membrane resis-
tance, Rm, during a 10 ms, 5 mV depolarizing pulse from a holding
potential of �60 mV. These values were calculated from fits to the cur-
rent transients and the value of the steady-state current response. The
configuration was then switched to current clamp (0 pA) for determining
other electrophysiological properties. Two to 3 min later, resting mem-
brane potential (RMP) was measured. The minimum acceptable RMP
was �40 mV. SA was then recorded over two 30 s periods separated by
60 s without recording. Action potential (AP) properties, including
thresholds, were then determined with ascending series of 2 ms depolar-
izing pulses while the neuron was held at RMP. The same tests were
repeated with the neuron held at �80 and �50 mV. While held at �50
mV, a series of 400 ms pulses was delivered to determine rheobase and
repetitive firing properties. Repetitive firing (number of spikes during
the 400 ms pulse) was measured at twice the rheobase current.

Markers of nociceptors in vitro
Two markers of nociceptors were examined in a sample of small DRG
neurons dissociated from SCI animals. Capsaicin receptors (TRPV1) are
found in many small DRG neurons and are important for thermal and
chemical nociceptive responses (Caterina et al., 2000). Capsaicin sensi-
tivity was tested under voltage clamp by delivering a gravity-fed stream of
3 �M capsaicin from a 200-�m-wide silica tube positioned �100 �m
from the soma of the neuron. Immediately before application, the cap-
saicin was diluted 1000-fold from a stock solution (3 mM in DMSO)
using the same extracellular solution used to continuously perfuse the
neurons. Live cell binding by the plant lectin, Griffonia simplicifolia
isolectin B4 (IB4), a marker of “nonpeptidergic” nociceptors (Stucky and
Lewin, 1999), was tested immediately before patching the neuron. IB4-
Alexa 594 (3 �g/ml; Invitrogen) in the extracellular solution was applied
for 5 min and washed out for at least 3 min. A neuron was judged to be
IB4-positive (IB4 �) if it exhibited a continuous red ring around its entire
perimeter when viewed at a magnification of 20�.

In vivo recording of DRG neurons
In vivo preparation. In vivo recordings were made from dorsal root (DR)
filaments in male Sprague Dawley rats (200 –250 g). Animals were anes-
thetized with sodium pentobarbital (50 mg/kg, i.p.), and a polyethylene
tracheotomy tube (16 mm) was inserted through a small incision in the
midtrachea and secured. A midline incision was made from T12 to S1,
and the muscle and connective tissue overlying the vertebrae removed. A
laminectomy from L3 to L6 exposed the spinal cord, and the dura was
gently peeled back. A single bolus of 0.7 ml of pancuronium bromide (1
mg/ml) was then given through a cannula (PE-60 tubing) in the external
jugular vein connected to an infusion pump. Anesthesia was maintained
by infusing (3 ml/h) a mixture of 1 ml of pentobarbital sodium (50 mg)
plus 2 ml of pancuronium bromide plus 1.7 ml of saline. Adequacy of
anesthesia was confirmed by absence of corneal and pupillary reflexes
and stability of end-tidal CO2 level. The total amounts of anesthetic

delivered to the SCI and sham animals were approximately equal. The
tracheotomy tube was connected to a ventilator system (Harvard model
683) providing a mixture of room air and oxygen (3.0 ml, 54 breaths/
min). Expired CO2 was monitored (Criticare Systems) and maintained
between 2.2 and 4.5%. Rectal temperature was maintained at 37°C by a
servo-controlled heating pad under the animal. The head was stabilized
in a stereotaxic frame. A warm mineral oil pool, contained by skin flaps,
covered the exposed spinal cord. The temperature of the pool was 37°C,
as monitored by a thermistor.

Dorsal root recordings. Both the left and the right DRs at L4, L5, or, in a
few cases, L6, were used to record SA from axons of DRG neurons. An
initial cut, �1.5 cm central to the DRG (cut 1) (see Fig. 6 A), discon-
nected the DR from the CNS and permitted the teasing apart of filaments
from the distal side of the cut. A filament was placed on a gold wire
electrode, and axonal activity was recorded extracellularly using a
DAM80 differential amplifier (World Precision Instruments). Action
potentials corresponding to single units in the filament were identified by
template matching using a CED 1401 interface and analyzed off-line
using Spike 2 (version 5.08) software. Recording began at least 30 min
after cut 1. To answer our major question—whether SCI increases the
incidence of nociresponsive units with SA that is generated in or near the
DRG in vivo—the experimental design incorporated several features that
limit other types of information potentially available from this prepara-
tion. A paramount concern was to minimize stimulation of the receptive
fields of the units because mechanical search stimuli can evoke ongoing,
low-frequency activity in nociceptors (Carlton et al., 2009; Bove and
Dilley, 2010). Thus, after cut 1, a moderately noxious mechanical stim-
ulus (von Frey filament, �250 mN bending force) was applied to the
ipsilateral hindlimb to see whether any nociresponsive fibers in the DR
filament had receptive fields in the skin. This stimulus was applied several
times to different sites until a response was observed, and then the stim-
ulus was not delivered again for at least 8 min, and no other types of
stimuli were given. Omission of further stimulation precluded additional
characterization of response properties of these units and identification
of different subclasses of nociceptor. To minimize the number of periph-
eral stimuli delivered, we only examined units that exhibited SA during
this initial recording period (i.e., after cut 1 and before cut 2). Because we
did not determine the number of nociceptive units that did not display
SA (which would have required extensive searching with the von Frey
filament), we could not estimate the fraction out of the total number of
units innervating the hindlimb that did display SA. Instead, we measured
the fraction of units in each group that retained SA after subsequent
disconnection from the periphery (i.e., SA generated in or near the
DRG). SA during this initial phase was defined as ongoing activity occur-
ring at least 3 min after the last mechanical search stimulus at a firing
frequency �0.05 Hz, and persisting �5 min. To confirm that a unit
displaying SA was activated by the 250 mN von Frey hair, the corre-
sponding receptive field was then stimulated once more before cut 2.
This cut was made to the spinal nerve 5–10 mm distal to the L4 or L5
DRG, eliminating peripheral input to the DRG. After making cut 2, the
cutaneous receptive field was mechanically stimulated again to confirm
the unit was no longer activated. At least 3 min after cut 2, SA (firing rate,
�0.05 Hz persisting for �5 min) was recorded. The hindlimb was then
stimulated once more to verify disconnection of the unit from its recep-
tive field. Finally, cut 3 was made 3– 4 mm central to the DRG, isolating
the recorded segment of the DR. At least 3 min after cut 3, SA was
recorded for 5 min. The hindlimb was stimulated a final time to confirm
the continued absence of responses to peripheral stimulation. Conduc-
tion velocity (CV) was determined after cut 3 by activating the DR with a
stimulating electrode (2 ms pulses, 0.5 Hz) and measuring the latency of
the action potential and the distance between the stimulating and record-
ing electrodes (8 –15 mm). DR fibers were classified by their CVs as C
(�1.2 m/s), A� (1.2– 6.5 m/s), and A�/� (�6.5 m/s) (Fang et al., 2005).

Statistical analysis
For all statistical analyses, values of p � 0.05 were considered significant,
and a sequential Bonferroni correction was applied to p values involving
multiple comparisons. All reported p values are two-tailed. Analyses were
performed with SAS 9.1, SPSS 16.0, and Prism 4.0 (GraphPad).
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In vitro electrophysiological data. All data from 456 neurons isolated
from 69 animals were first screened (regardless of whether the corre-
sponding animals had received behavioral tests) using factorial ANOVA
to identify main effects and potential interactions on categorical vari-
ables. Treatment was thereby identified as the main effect on SA, and no
significant interactions of treatment with time or with sex were found.
Comparisons of gross frequencies of binary outcomes (presence or ab-
sence of SA) among treatment groups were made with Fisher’s exact tests.
For all continuous variables and proportionate data, we considered the
individual rat to be the sampling unit (SU) (i.e., data points obtained
from cells taken from the same individual were not considered indepen-
dent observations). To avoid pseudoreplication and preserve the individ-
ual as the SU, we used nested ANOVA with post hoc t tests (Bonferroni
corrected) to compare electrophysiological variables among the treat-
ment groups. SA recorded extracellularly in vivo was analyzed by single-
factor ANOVA followed by Newman–Keuls post hoc tests. Data that were
not normally distributed (firing rates of SA neurons both in vivo and in
vitro) were analyzed with Kruskal–Wallis or Mann–Whitney U tests.

Behavioral data. To reduce the effects of baseline variability among
animals, all behavioral data were expressed as differences from baseline.
Changes in thermal sensitivity of the paws were analyzed using the mean
for the three baseline tests from each paw subtracted from the mean from
each paw taken after injury, and these four values (one from each paw)
were averaged to form a grand mean of change in paw withdrawal latency
for each rat. Changes in latency were compared among treatments using
single-factor ANOVA with post hoc t tests. Changes in mechanical sensi-
tivity of the paws were made with nonparametric Kruskal–Wallis tests
and Dunn’s post hoc tests. Changes in mechanical sensitivity of the torso
were analyzed by comparing the pooled incidence of all above-level and
below-level responses using single-factor ANOVA with post hoc t tests
(Bonferroni corrected).

Correlation of SA with behavioral hypersensitivity. The proportion of
dissociated DRG neurons from each tested level of the spinal cord exhib-
iting SA was averaged to obtain a single incidence of SA for each animal.
These values were correlated with each rat’s average change in latency for
thermal sensitivity of the paws and with the change in mechanical sensi-
tivity of the torso using the Pearson product-moment correlation. SA
incidence per animal was correlated with each rat’s change in threshold
for mechanical sensitivity of the paws using Spearman’s rank correlation.
Linear regression was used to obtain a best-fit line for each plot shown in
Figures 4 and 5. However, because the x-axis represented a random
rather than fixed variable, the p values shown were derived from corre-
lation rather than regression.

Results
SCI induces chronic SA that is generated by mechanisms
intrinsic to small DRG neurons
The spinal contusion at T10 produced nearly complete hindlimb
paralysis in all rats included in the study (SCI group’s mean BBB
score, 0.7 � 0.4 1 d after injury; n 	 15). Animals receiving sham
surgery (sham group; n 	 17) exhibited no motor deficits (BBB
score, 21.0 � 0.0). Partial recovery of normal hindlimb motor

function was observed 1 and 3– 8 months after SCI (BBB score,
8.8 � 2.2 and 13.7 � 2.1, respectively; n 	 5 rats tested in each
period), consistent with a moderate contusion injury (Grill,
2005; Carlton et al., 2009). No animals showed complete re-
covery after SCI.

To provide strong evidence that any SCI-induced alterations
in sampled DRG neurons were intrinsic to those cells, small DRG
neurons (Table 1) from animals in each group were dissociated
and cultured at low density for 20 –24 h before testing. Sampled
neurons were never in direct contact with other cells (the nearest
neighbor was �100 �m away) and were continuously superfused
with fresh extracellular solution. We first asked whether SCI had
a significant overall effect on SA when all the times of testing (3 d
to 8 months after injury) and spinal levels sampled (lumbar, tho-
racic, cervical) (see below) were combined (Fig. 1A). SA was
observed in a larger proportion (43%) of small DRG neurons
dissociated from animals in the SCI group than from animals in
the sham group (16%; p � 0.0001) or naive group (15%; p �
0.0001) (Fig. 1B). Although DRG neurons from animals with SCI
were more likely to display SA, the firing rates observed when SA
occurred in this group did not differ significantly from those seen
when SA occurred in neurons from rats in the sham or naive
groups (Table 1). The maximum firing rates (averaged across the
60 s observation period) were 5.6, 11, and 11 Hz in the naive,
sham, and SCI groups, respectively. The SA patterns always ap-
peared irregular (Figs. 1A, 3A).

The data on incidence of SA in dissociated DRG neurons after
SCI were analyzed further to see whether this SA was more likely
during acute or chronic phases after injury, or in neurons dissociated
from particular spinal levels. No significant differences were found
in the incidence of SA between neurons from the 3 d naive group and
neurons from the 1–8 month naive group, so the naive data during
these periods were combined to increase statistical power. Three
days after injury (Fig. 1C), the incidence of SA was significantly in-
creased in the SCI group compared with the sham ( p 	 0.04) and
naive ( p 	 0.0004) groups in DRG neurons from L4/L5. Increased
SA incidence relative to that in the naive group was also seen in
neurons from T11/T12 ( p 	 0.01), just below the T10 contusion
site. However, SA incidence was not increased at this time by SCI in
DRG neurons from T8/T9, just above the contusion site, or in neu-
rons from C6/C7, far above the contusion site.

One to 8 months after SCI (Fig. 1D), the same pattern of
increased SA incidence was found in neurons from ganglia at
L4/L5 ( p 	 0.005 and p 	 0.03, compared with sham and naive
groups, respectively). Increased SA incidence relative to that in
the naive group was also seen in neurons from T11/T12 ( p 	
0.04). A potentially important development was evident during
this later phase immediately above the injury level (T8/T9),

Table 1. Electrophysiological properties of all small dissociated DRG neurons

Property Naive Sham SCI SCI vs sham SCI vs naive Sham vs naive

Soma diameter (�m) 22.3 � 0.5 (22, 124) 22.4 � 0.5 (24, 155) 22.8 � 0.6 (22, 163) NS NS NS
Firing rate of neurons displaying SA (medians) (Hz) 1.0 (12, 19) 1.3 (15, 25) 1.0 (23, 72) NS NS NS
RMP (mV) �50.3 � 0.9 (22, 124) �49.3 � 0.7 (24, 157) �49.6 � 0.6 (23, 164) NS NS NS
Rheobase (400 ms pulse, pA) 72.2 � 15.7 (22, 108) 53.1 � 6.1 (24, 139) 44.3 � 6.6 (22, 156) NS p � 0.01 p � 0.05
AP threshold at �50 mV (2 ms pulse, pA) 366 � 33 (21, 114) 365 � 29 (24, 148) 298 � 23 (22, 141) p � 0.01 p � 0.05 NS
AP threshold at �80 mV (2 ms pulse, pA) 760 � 25 (21, 95) 752 � 23 (24, 122) 671 � 22 (22, 147) p � 0.05 p � 0.05 NS
Repetitive firing (spike number, 400 ms) 2.9 � 0.3 (22, 116) 3.0 � 0.3 (24, 145) 3.7 � 0.3 (23, 150) p � 0.05 p � 0.01 NS
Rm (M�) 551 � 31 (21, 117) 591 � 39 (24, 151) 693 � 44 (22, 161) p � 0.05 p � 0.01 NS

Data are from both silent and SA neurons sampled from DRGs at all time points (3 d to 8 months) and all levels (C6/C7, T8/T9, T11/T12, and L4/L5) from both male and female animals. Except in the case of firing rate of neurons displaying
SA (in which medians are presented), the numbers are means � SEM (N of animals, N of neurons). The p values are for t test (Bonferroni corrected) applied after overall significance was established with single-factor ANOVA. Firing rates were
compared with the Kruskal–Wallis test and calculated as the total number of APs in the two 30 s observation periods divided by 60 s.
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where SA incidence was now significantly increased in the SCI
group compared with the sham and naive groups ( p 	 0.01 in
each case) (see dashed box extending across Fig. 1C,D). No other
levels showed significant differences in SA incidence at 1– 8
months compared with 3 d after injury. SA in DRG neurons
above a moderate spinal contusion is more likely to excite intact
pain pathways than SA in DRG neurons below the contusion level
(which causes substantial interruption of ascending as well as
descending axons) (for review, see Grill, 2005). No significant
elevation of SA incidence was found in neurons from cervical
ganglia (C6/C7), although the sample sizes at this level were rel-
atively small. To examine the spatial pattern of SA incidence in
the SCI group independent of the time of testing, SCI data was
combined across the acute (3 d) and more chronic (1– 8 months)
time periods; the incidence of SA after SCI increased from C6/7
(28%), T8/9 (35%), T11/12 (40%), to L4/5 (57%). When neu-
rons from all spinal levels were compared across bins of cells

tested at or near 3, 30, 90, 120, 180, and 240 d after injury, no signif-
icant differences were found in the incidence of SA across time in any
group (naive, p 	 0.62; sham, p 	 0.84; SCI, p 	 0.69).

To answer the overriding question of whether adult rats ex-
hibit SCI-induced SA in small DRG neurons, both male and fe-
male rats were included in the in vitro study. SCI produced
significant increases in the incidence of SA in both sexes, occur-
ring in 43 of 84 DRG neurons dissociated from female rats after
SCI (51%), versus 9 of 49 neurons in the female sham group
(18%), and 3 of 43 neurons in the female naive group (7%) ( p �
0.001 in each case). SA occurred in 29 of 85 DRG neurons disso-
ciated from male rats after SCI (34%), versus 16 of 104 neurons in
the male sham group (15%), and 16 of 82 neurons in the male
naive group (20%) ( p 	 0.007 and p 	 0.05, respectively). Al-
though females showed a greater overall incidence of SA than did
males after SCI ( p 	 0.03, Fisher’s exact test), the interaction of
injury with sex was not significant, suggesting a difference in the
magnitude but not the direction of the injury effect between the
sexes (factorial ANOVA; p 	 0.52). This study was not designed
to assess sex differences; the extent and nature of differences be-
tween the sexes in SCI-induced SA in DRG neurons will be inves-
tigated in a separate study with sample sizes adequate to detect
possible differences at specific levels and postinjury test times.
Because SCI increased the overall incidence of SA in neurons
from both male and female rats, data from male and female rats
have been combined in this study to increase statistical power.

Several manifestations of hyperexcitability are expressed in
spontaneously active but not silent DRG neurons after SCI
We predicted that the intrinsic SA induced by SCI would be
associated with neuronal hyperexcitability that would be mani-
fest as enhanced responsiveness to depolarizing test stimulation,
as has been observed in dissociated nociceptors after a form of
chronic neuropathy induced near the spinal cord by compression
of the DRG (Ma et al., 2005; Zheng et al., 2007). This prediction
was confirmed when the electrophysiological properties of all
neurons were compared across the naive, sham, and SCI groups
(Table 1). Neurons in the SCI group required significantly lower
currents to elicit APs during brief 2 ms pulses delivered at holding
potentials of �50 or �80 mV, and evoked greater repetitive firing
during 400 ms pulses at �50 mV. Rheobase (AP threshold during
the long 400 ms pulse delivered at the �50 mV holding potential)
was decreased relative to the naive group, and membrane resistance
(Rm, measured under voltage clamp) was increased compared with
neurons from rats in the sham and naive groups. No significant
differences were observed in RMP or soma diameter (Table 1).

A surprising finding emerged when the effects of SCI were
examined separately in electrically silent neurons and neurons
exhibiting SA. The only statistically significant effect observed in
silent neurons was a decrease in AP threshold at �80 mV com-
pared with the naive group (Table 2). Similarly, when small DRG
neurons exhibiting SA were examined by themselves, no signifi-
cant differences among the naive, sham, and SCI groups were
found (Table 3). These unexpected observations suggested that
the major effect of SCI on small DRG neurons is to shift a large
subset of these neurons into a hyperexcitable state that not only
increases the responsiveness of these cells to depolarization but
also causes most of the cells in this state to fire spontaneously (at
least under our in vitro conditions). To test this interpretation, we
compared the electrophysiological properties of all the silent neu-
rons with all the neurons exhibiting SA (pooling across the naive,
sham, and SCI groups) and found dramatic differences between

Figure 1. SCI increases the incidence of SA in small DRG neurons recorded 1 d after dissociation. A,
Example of SA (�2 Hz) in a DRG neuron dissociated from an L4 DRG 3 d after SCI. B, Incidence of SA in
small DRG neurons dissociated from all sampled levels (C6, C7, T8, T9, T11, T12, L4, L5) and times after
injury (3 d to 8 months). Ratios over each bar indicate the number of neurons exhibiting SA over the
total number of neurons sampled in each group. The incidence of SA in the SCI group was significantly
greater than that in the naive and sham groups. C, D, Incidence of SA in dissociated DRG neurons at
each sampled level 3 d after injury and 1– 8 months after injury. Within the naive group, no statisti-
cally significant differences were found overall or at any level between neurons tested 3 d and 1– 8
months after injury of the corresponding SCI and sham groups, so the naive data from these different
test periods were combined to increase statistical power. The incidence of SA was significantly greater
inL4/L5neuronsintheSCIgroup(black)thaninthenaive(white)andsham(gray)groups3dand1– 8
months after injury, whereas in T8/T9 neurons SA was significantly elevated 1– 8 months after SCI but
not 3 d after SCI (dashed box). In this and subsequent figures, statistical significance is indicated as
follows: SCI versus sham, *p�0.05, **p�0.01, ***p�0.001; SCI versus naive, #p�0.05, ##p�
0.01, ###p � 0.001.
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properties of the silent and SA neurons. Some of these differences
may be related to the association of SA with relatively depolarized
RMP (Fig. 2A) and to the significantly more depolarized RMP of
SA neurons (Fig. 2B). In particular, links between SA and depo-
larized RMP might be associated with the profound differences
between SA neurons and silent neurons in properties measured at
a holding potential of �50 mV: rheobase (Fig. 2C), AP threshold
during a brief depolarizing pulse (Fig. 2D), and repetitive firing
during a long pulse (Fig. 2F). In addition, membrane resistance
tested under voltage clamp with depolarizing pulses from �60 to
�55 mV (a voltage range in which some SA occurred) (Fig. 2A)
was significantly greater in SA neurons (Fig. 2G). Importantly, a
marked difference was also found in a property measured at a
hyperpolarized potential at which no SA was observed: AP
threshold tested at a holding potential of �80 mV was signifi-
cantly reduced in SA neurons (Fig. 2E). These observations sug-
gest that small DRG neurons can enter a hyperexcitable-SA state
that is markedly different from the normal state. The hyper-
excitable-SA state occurs infrequently in small DRG neurons
from animals in the naive and sham groups, and its incidence is
greatly increased by SCI.

Many dissociated small DRG neurons display markers
of nociceptors
Most DRG neurons with soma diameters �30 �m in the L4/L5
DRGs are nociceptors (Lynn and Carpenter, 1982; Gold et al.,
1996; Lawson, 2002; Fang et al., 2005), suggesting that many of
the SA neurons we found in vitro were nociceptors. In separate
experiments, we asked whether SA neurons from SCI animals
display markers of two partially overlapping populations of no-
ciceptors, sensitivity to capsaicin and binding of isolectin B4
(IB4� cells) (Stucky and Lewin, 1999; Dirajlal et al., 2003). Neu-
rons were sampled 3 d (nine cells), 1 month (five cells), and 3
months (eight cells) after SCI, and SA was observed (Fig. 3A) in
44, 60, and 63% of the neurons, respectively, replicating findings
summarized in Figure 1. Large inward currents evoked by capsa-
icin (Fig. 3B) were observed in 83% of all the SA neurons. More-
over, 33% of the SA neurons were clearly IB4� (Fig. 3C,D), and
14% were both capsaicin sensitive and IB4�. Interestingly, none
of the SA neurons sampled was neither capsaicin sensitive nor

IB4� (i.e., all had one or both nociceptor markers). These results
suggest that most of the dissociated neurons exhibiting SA 3 d to
3 months after SCI are nociceptors.

SA in small DRG neurons is associated with pain-related
behavioral alterations
In a subset of the animals providing the data summarized in Figure 1,
we tested changes in behavioral responsiveness caused by SCI (n 	
18 animals), sham treatment (n	18), or no treatment (naive group;
n 	 14), and calculated the incidence of SA per animal in small
dissociated DRG neurons sampled from spinal levels relevant to the
behavioral tests. Animals were tested between 1 and 5 months after
injury, when hindlimb motor function had recovered sufficiently for
the plantar surface of the hindpaw to be placed flush against the
substrate (allowing comparable delivery of thermal and mechanical
test stimuli across groups). To maximize the information we could
extract about correlations of SA with behavioral alterations, we an-
alyzed this data set for overall effects of injury on thermal sensitivity
across all paws, mechanical sensitivity across all paws, and mechan-
ical sensitivity across all tested regions of the torso, and then analyzed
effects tested above and below the injury level separately (see next
section). Confirming the results in Figure 1B, in which all neurons
were compared (regardless of whether they were from animals that
had received behavioral tests), SA incidence per animal was signifi-
cantly greater in animals in the SCI group than in the sham or naive
groups shortly after behavioral testing both 1 month (Fig. 4A) and
3–5 months (Fig. 4B) after injury. Consistent with previous behav-
ioral findings (for review, see Vierck and Light, 2000; Hulsebosch et
al., 2009; Yezierski, 2009), the SCI animals exhibited significant over-
all thermal hypersensitivity and mechanical hypersensitivity com-
pared with sham and naive animals, both 1 month (Fig. 4C,E) and
3–5 months after injury (Fig. 4D,F). Hypersensitivity to these stim-
uli suggests that SCI produced mechanical allodynia and thermal
hyperalgesia (Carlton et al., 2009). No significant differences were
found between sham and naive groups, although the sham group
showed a hint of mechanical hypersensitivity 3–5 months after sur-
gery (Fig. 4F). Across all groups, there was a negative correlation
between the overall incidence of SA and the latency to respond with
hindpaw and forepaw withdrawal to a thermal test stimulus both 1

Table 2. Electrophysiological properties of small dissociated DRG neurons lacking SA

Property Naive Sham SCI SCI vs sham SCI vs naive Sham vs naive

Soma diameter (�m) 23.1 � 0.4 (22, 106) 22.8 � 0.3 (24, 126) 22.9 � 0.4 (22, 96) NS NS NS
RMP (mV) �50.9 � 0.6 (22, 106) �50.8 � 0.6 (24, 128) �52.4 � 0.6 (23, 96) NS NS NS
Rheobase (400 ms pulse, pA) 64.0 � 7.1 (22, 94) 60.2 � 5.6 (24, 112) 64.3 � 6.0 (22, 86) NS NS NS
AP threshold at �50 mV (2 ms pulse, pA) 383 � 21 (21, 96) 378 � 19 (24, 121) 367 � 25 (22, 81) NS NS NS
AP threshold at �80 mV (2 ms pulse, pA) 763 � 27 (21, 95) 785 � 25 (24, 122) 705 � 32 (22, 81) NS p � 0.05 NS
Repetitive firing (spike number, 400 ms) 2.8 � 0.2 (22, 102) 2.8 � 0.3 (24, 122) 2.9 � 0.2 (23, 94) NS NS NS
Rm (M�) 534 � 28 (21, 99) 541 � 28 (24, 121) 592 � 38 (22, 95) NS NS NS

Data are from silent neurons (no SA) sampled from DRGs at all time points and all spinal levels from male and female animals.

Table 3. Electrophysiological properties of small dissociated DRG neurons exhibiting SA

Property Naive Sham SCI SCI vs sham SCI vs naive Sham vs naive

Soma diameter (�m) 19.4 � 0.8 (12, 19) 20.8 � 0.8 (15, 25) 21.8 � 0.5 (22, 71) NS NS NS
RMP (mV) �47.2 � 0.1 (12, 19) �47.2 � 1.0 (15, 25) �46.9 � 0.6 (23, 72) NS NS NS
Rheobase (400 ms pulse, pA) 12.0 � 5.6 (11, 16) 11.6 � 3.8 (14, 23) 15.0 � 2.6 (20, 63) NS NS NS
AP threshold at �50 mV (2 ms pulse, pA) 164 � 40 (12, 19) 185 � 40 (14, 23) 180 � 19 (21, 64) NS NS NS
AP threshold at �80 mV (2 ms pulse, pA) 742 � 74 (12, 19) 582 � 53 (14, 24) 630 � 30 (22, 67) NS NS NS
Repetitive firing (spike number, 400 ms) 4.1 � 0.6 (11, 16) 3.6 � 0.7 (13, 19) 4.5 � 0.4 (23, 60) NS NS NS
Rm (M�) 786 � 118 (12, 19) 911 � 86 (15, 24) 932 � 50 (22, 70) NS NS NS

Data are from neurons exhibiting SA, defined as at least one spontaneous AP during either of two 30 s sampling periods (�3 min after beginning the recording). Samples are from DRGs taken at all time points and all spinal levels from male
and female animals.
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and 3–5 months after injury (Fig. 4C,D). Significant negative corre-
lation was also found between the incidence of SA and the mechan-
ical threshold for hindpaw and forepaw withdrawal 1 and 3–5
months after injury (Fig. 4E,F). Furthermore, increased mechanical
sensitivity of the torso was indicated by an increase in the combined
incidence of vocalization, whole-body withdrawal, flinching, and
orientation responses, which was found 3–5 months after SCI (n 	
4) (data not shown; p � 0.01 vs both naive and sham; n 	 6 and 7,
respectively). This torso hypersensitivity was positively correlated
with increased SA ( p 	 0.008; r2 	 0.62). A trend for torso hyper-
sensitivity was seen 1 month after SCI, but this effect was not signif-
icant (data not shown) ( p 	 0.08, one-way ANOVA; n 	 7, 7, and 5
in the naive, sham, and SCI groups, respectively). Together, the an-
imals that exhibited the greatest incidence of SA in their DRG neu-
rons after dissociation were also the animals that showed the greatest
behavioral hypersensitivity to thermal and mechanical stimulation.
As can be seen in the scatterplots (Fig. 4C–F), most of these animals
were in the SCI group.

SA is correlated with behavioral changes below and above the
injury level
Interruption of ascending and descending pathways by a spinal
contusion would be expected to result in differences in pain-
related responses elicited by stimuli below and above the level of
the spinal lesion (Yezierski, 2009). We asked whether behavioral
alterations expressed below and above the injury level are corre-
lated with SA in populations of small DRG neurons dissociated,
respectively, from DRGs below and above the spinal injury. SCI
animals exhibited significant thermal hypersensitivity 1–5
months after injury compared with sham and naive animals
when tests were delivered either to the hindpaws (Fig. 5A) or the
forepaws (Fig. 5B). Shorter latency withdrawals of the hindpaws
were correlated significantly with the incidence of SA in small
DRG neurons dissociated from L4 and L5 ganglia (Fig. 5A). Al-
though normal weight bearing by the hindlimb (Basso et al.,
1995, 1996) was often absent at 1 month (BBB score, 8.8 � 2.2),
test stimuli were only delivered when the plantar surface of the
paw was flush against the glass. Nevertheless, the paw may not
have been pressed as firmly against the glass in some SCI animals as
in naive or sham animals. If so, this would be expected to reduce
rather than enhance effective stimulus intensity in the SCI animals
(increasing rather than decreasing withdrawal latency). Similar ef-
fects of spinal contusion injury on motor recovery and responses to
hindpaw plantar stimulation have been observed in other studies
(Mills et al., 2001), suggesting that possible differences in plantar
pressure against the substrate neither account for nor prevent the
expression of SCI-induced sensitization of hindlimb withdrawal re-
sponses after SCI with these stimuli at these time points.

In the case of the forepaws, too few cervical DRG neurons
were sampled to allow meaningful assessment of correlations
with behavior. However, assuming that SA in widespread above-
level DRGs might contribute to spatially extensive central sensi-
tization, we asked whether increased SA in neurons from all the
above-level DRGs sampled (C6, C7, T8, T9) might be correlated
with decreases in response latency of the forepaws to thermal
stimulation. We found a significant correlation (Fig. 5B). Similar
analyses were performed for mechanical hypersensitivity, which
was significant when tests were delivered either to the hindpaws
(Fig. 5C) or to the forepaws (Fig. 5D). Lower threshold withdraw-
als of the hindpaws were correlated significantly with higher in-
cidence of SA in small DRG neurons dissociated from L4/L5
ganglia (Fig. 5C). Again, behavioral hypersensitivity (in this case,
lower threshold withdrawals) of the forepaws was correlated sig-
nificantly with higher incidence of SA in DRG neurons sampled
from C6, C7, T8, and T9 (Fig. 5D), raising the possibility that SA
in DRGs above the injury level but relatively distant from the
forelimbs may contribute to sensitization of forelimb behavior after
SCI. Again, no significant differences were found between sham and
naive groups in behavioral responsiveness, although the sham group
showed a hint of mechanical hypersensitivity in the forepaws (Fig.
5D). Also evident in Figure 5D and Figures 4C–F and 5A–C is a
consistent trend for behavioral response latencies and thresholds in
naive control animals to increase 1–8 months after their pretests.
This change may reflect effects of age or possibly experience with the
pretests, but it cannot be mistaken for the effects of injury reported
here, which were in the opposite direction.

Unlike the hindlimb and forelimb withdrawal responses,
which can be mediated by circuits within the spinal cord in the
absence of supraspinal connections, vocalization requires su-
praspinal circuits. Consistent with (1) this difference in necessary
circuitry and (2) substantial interruption of ascending fibers by
the spinal contusion, no significant effect of SCI was found below

Figure 2. Electrophysiological differences between SA neurons and silent neurons near RMP
and at hyperpolarized holding potentials. A, Fractions of sampled neurons exhibiting SA in
different ranges of RMP. B, Reduction of RMP in SA neurons. C, Reduction of rheobase in SA
neurons. Rheobase threshold was tested with 400 ms pulses delivered at a holding potential of
�50 mV. D, Reduction of AP threshold tested with 2 ms pulses at �50 mV in SA neurons. E,
Reduction of AP threshold tested with 2 ms pulses at �80 mV in SA neurons. F, Increase in
repetitive firing tested with 400 ms pulses at �50 mV. G, Increase in Rm tested under voltage
clamp at �60 mV. ***p � 0.001; ****p � 0.0001. Error bars indicate SEM.
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the injury level on the incidence of vocalization elicited by me-
chanical test stimuli delivered to the torso (Fig. 5E), and no sig-
nificant correlation of SA incidence with vocalization incidence
was found when SA at either L4/L5 (data not shown) or T11/T12 was
considered (Fig. 5E). In contrast, above the injury level the incidence
of vocalization in response to mechanical stimulation of the torso
increased significantly in the SCI group compared with the sham
and naive groups (Fig. 5F). The increased vocalization incidence was
correlated significantly with increased SA in DRG neurons dissoci-
ated from C6, C7, T8, and T9 (Fig. 5F), suggesting that widespread
SA in DRGs above the lesion contributes to the sensitization of this
response. The increased vocalization after SCI elicited by above-level
test stimuli shows that supraspinal circuits can be engaged under
these conditions, and supports the possibility that the supraspinal
circuits involved in the processing of allodynia, hyperalgesia, and
spontaneous pain are also more easily activated in animals after SCI.

SCI-induced SA is generated in C- and A�-fibers in or near
the DRG in vivo
The induction by SCI of an intrinsic hyperexcitable state in the
somata of small dissociated DRG neurons that was correlated
with behavioral hypersensitivity raised the possibility that SA
might also be increased chronically in the somata of primary
sensory neurons in vivo. We tested this possibility using anesthe-
tized male rats in which lumbar DRs were surgically exposed so
that DRG neuron activity could be recorded extracellularly from
teased filaments (Fig. 6A). This transection of the DR central to
the recording site (cut 1) also eliminated any recorded activity
that might originate within the CNS. Thus, at the outset of re-
cording the observed SA represented a combination of action
potentials potentially initiated in the periphery, DRG, or DR.
Disconnection of the DRG from the periphery (cut 2) revealed
any SA generated in the proximal spinal nerve, DRG, and DR,
and finally disconnection of the recording site from the DRG (cut
3) revealed any SA generated in the DR. Thus, SA that persisted
after cut 2 and was eliminated by cut 3 had to be generated in or

near the DRG. Examples of changes in
gross SA recorded from filaments after
cuts 2 and 3 are shown in Figure 6B.

Quantification of changes in SA was
done at the level of individual sensory
neurons, using template matching to ex-
tract single-unit activity (Fig. 6C) from
the gross filament activity. To see whether
SCI leads to generation of SA in or near
the DRG, we examined units that exhib-
ited SA before cut 2 and compared the
proportions that still showed SA after cut
2. Note that we only examined units that
showed SA to begin with; units that were
silent in the absence of stimulation were
not tested. Examples of unit activity pat-
terns before and after cut 2 are shown in
Figure 6D. Two of the examples (naive
and sham 1) showed a complete abolition
of SA by cut 2, whereas the sham 2 and SCI
1 examples showed a decrease in SA after
cut 2. SCI 2 was a unit that displayed no
obvious change in SA after cut 2. This unit
had an unusually high firing rate (see be-
low). These examples illustrate the irregu-
larity in firing pattern that characterized
the SA observed in all single units in naive,

sham, and SCI groups, and mirrors the irregularity in SA patterns
seen in vitro (Figs. 1A, 3A). Compared with the sham and naive
groups, SCI resulted in a significantly higher incidence of single-
unit SA remaining after cut 2 at each time point tested (Fig. 6E):
3 d ( p � 0.0001 in each case), 1 month ( p 	 0.006 and p �
0.0001, respectively), and 3 months ( p 	 0.045 and 0.03, respec-
tively) after injury. No SA was recorded in any units after cut 3.
These results show that SCI promotes the generation of SA in (or
near) the DRG in vivo. Because we did not examine units that
were silent to begin with (to avoid additional sensitizing stimu-
lation required for their identification), our in vivo experimental
design did not reveal the number of units without SA before cut 2,
and thus what the total incidence of SA was (i.e., SA generated in
the DRG—probably in nociceptor somata—plus SA generated
peripherally) in any of the groups. This also means that we could
not distinguish a possible decrease in the incidence of somally
generated SA over time (as might be suggested by the pattern in
Fig. 6E) from the possibility of a progressive increase in the inci-
dence of peripherally generated SA after SCI (Carlton et al.,
2009). The latter possibility would increase the number of units
exhibiting SA before cut 2 and thereby decrease the fraction re-
taining SA after cut 2 if the number with somally generated SA
did not change over time.

In addition to the increase in incidence of SA generated in or
near the DRG after SCI compared with the sham and naive
groups, there was a modest but significant enhancement of SA
incidence in the DRG 1 month (but not 3 d or 3 months) in the
sham group compared with the naive group ( p 	 0.03) (Fig. 6E).
No behavioral effects of sham treatment were seen at this or other
time points (Fig. 4); however, the sample sizes in our behavioral
study may not have been large enough to reveal any mild behav-
ioral sensitization that might be related to modest increases in the
incidence of nociceptor SA resulting from sham surgery.

In the units that continued to exhibit SA after cut 2, there was
a tendency 3 d after injury for the firing rates to be higher in the
SCI than sham group (medians, 3.0 vs 0.4 Hz; n 	 59 and 23,

Figure 3. Dissociated small DRG neurons exhibit two markers for nociceptors. A, SA under current clamp in a neuron examined
3 months after SCI. B, Response of the same neuron to 3 �M capsaicin. C, Sampled neuron showing micropipette (left) and binding
by fluorescent IB4 (right). Two other neurons were IB4 �, but the fourth (largest) neuron was not. D, Fractions of all neurons from
SCI animals that exhibited SA and either responses to capsaicin or binding of isolectin B4 (IB4 �).
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respectively; p 	 0.10, Mann–Whitney U
test). The median firing rate after cut 2 of
the 14 single units in the naive group was
0.9 Hz. However, no significant differ-
ences in firing rates after cut 2 were found
between SCI and sham groups 1 and 3
months after injury (1 month medians,
1.6 vs 1.2 Hz, respectively; 3 month medi-
ans, 0.4 Hz in each case). These firing rates
were relatively close to those observed in
vitro (Table 1). These results, like those from
dissociated nociceptors, show that the ef-
fects of SCI on SA generated in the region of
the soma were more prominent on the inci-
dence of SA than on the firing rate during
SA. In each group, most of the firing rates
after cut 2 were �2 Hz, but a few units in the
SCI and sham groups had much higher
rates; the maximum rates observed after cut
2 were 2.7, 24.2, and 55.7 Hz in the naive,
sham, and SCI groups, respectively.

In 75 randomly selected single units in
the SCI group, conduction velocities were
measured to see whether the SA generated
in or near the L4 and L5 DRGs after SCI
occurred in sensory populations likely to
contain nociceptors (i.e., sensory neurons
with C- or A�-fibers) (Fang et al., 2005). SA
continuing after cut 2 was observed in 44 of
57 C-fibers (77%) and in 9 of 17 A�-fibers
(53%). In this sample, only one A�/�-fiber
was found that exhibited SA before cut 2,
and it failed to show SA after cut 2. These
results indicate that SCI induces a persistent
hyperexcitable state in C and A� sensory
neurons that is expressed in vivo by an en-
hanced generation of SA in or near the so-
mata of these neurons.

Discussion
This study has shown that SCI leads to a chronic hyperexcitable-
spontaneously active state in or near the somata of nociceptors,
which is expressed both in vivo and in isolated DRG neurons, and
which is correlated with behavioral indicators of pain.

SCI promotes a chronic hyperexcitable-SA state that is expressed
in nociceptor somata
Examination of all dissociated DRG neurons in this study re-
vealed that 43% of the SCI group exhibited SA versus only 16 and
15% in the sham and naive groups, respectively. SCI-induced SA
was most prevalent in dissociated lumbar DRG neurons (57%)
and least prevalent in cervical DRG neurons (28%), and the over-
all incidence of SA after SCI failed to decline for at least several
months after injury. Because the DRG neurons were cultured at
low density and exhibited SA 1 d after dissociation, the enhance-
ment of SA incidence by SCI is likely to represent an intrinsic,
long-lasting alteration of the soma. The nearest neighbor was
�100 �m away, and continuous superfusion should have washed
away secreted molecules, so any released factors would be present
at extremely low concentrations compared with in vivo condi-
tions, in which various cell types appose the somata or axons of
DRG neurons, and in which the somata are exposed to injury-
related factors both in the CSF and plasma (Abram et al., 2006).

Although a minority of the dissociated neurons had rudimentary
neurites (usually shorter than the diameter of the soma) (S. S.
Bedi, Q. Yang, E. T. Walters, unpublished observations), SA was
found in neurons both without and with neurites, proving that at
least some of the SA is generated within the soma. Nearly all of the
small dissociated DRG neurons sampled after SCI and tested for
nociceptor markers were capsaicin sensitive and/or bound IB4,
consistent with reports that a large majority of small DRG neu-
rons (soma diameter, �30 �m) in the L4/L5 DRGs are nocicep-
tors and have C- and A�-fibers (Lynn and Carpenter, 1982; Gold
et al., 1996; Lawson, 2002; Fang et al., 2005).

Recordings from dissociated neurons in vitro at room temper-
ature showed that SCI promotes a persistent, widespread hyper-
excitable state of nociceptors that is strongly linked to SA.
Evidence that this state also results in SA generated in or near the
somata of nociceptors in vivo at 37°C came from findings in anes-
thetized SCI animals of SA in single units of primary afferents at the
L4/L5 level that often remained after disconnection from the periph-
ery. Increased incidence of SA generated in the DRG occurred 3 d, 1
month, and 3 months after SCI. Of the units tested for conduction
velocity in the SCI group, 77% of the C-fibers exhibited SA in the
isolated DRG, as did 53% of the A�-fibers, suggesting that many of
the neurons displaying SA in vivo were nociceptors (Lawson, 2002).
We do not yet know whether enhanced nociceptor SA occurs in vivo
at additional spinal levels, as it does in vitro.

Figure 4. Increased SA incidence after SCI is correlated with behavioral alterations. A, B, Significant enhancement of SA
incidence in small DRG neurons after SCI compared with the naive and sham groups when sampled 1 and 3–5 months after injury
and expressed as mean SA incidence per animal. C, D, Thermal hypersensitivity (reduction in latency for paw withdrawal) produced
by SCI is correlated significantly with increased SA 1 and 3–5 months after injury. The bar graphs here and in the rest of this figure
plot the mean response scores averaged across all four limbs from the same animals as indicated in A and B. E, F, Significant
mechanical hypersensitivity (reduction in threshold for paw withdrawal) produced by SCI is correlated significantly with increased
SA 1 and 3–5 months after injury. White fill, Naive; gray fill, sham; black fill, SCI. Error bars indicate SEM.
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Dissociated nociceptors also displayed other alterations that
increase excitability after SCI, including a decrease in RMP, de-
creases in rheobase and other measures of AP threshold, and
increases in repetitive firing and membrane resistance. Surpris-
ingly, these properties showed virtually no significant alterations
in electrically silent neurons after SCI—all of the differences in
excitability properties between the SCI group and the two control
groups were accounted for by the alterations in the SA neurons.
Moreover, enormous differences were found in excitability
properties between silent and SA neurons in every group, but
these properties in SA neurons did not differ significantly be-
tween the SCI group and control groups. These results indicate
that SCI greatly facilitates the entry of nociceptors into a chronic
hyperexcitable-SA state that occurs infrequently under the con-
ditions experienced by our naive and sham groups. An interesting
question is whether this nociceptor state, in which profound hy-
perexcitability is coupled with a strong propensity to fire sponta-
neously, also contributes to other forms of chronic pain.

The 15–16% overall incidence of in vitro SA in our two control
groups is similar to the 13% incidence of acute in vitro SA after
sham surgery found by Zheng et al. (2007) but higher than the SA

incidence in other studies (Ma and LaM-
otte, 2005). Indeed, most studies of disso-
ciated nociceptors fail to mention SA,
suggesting that nociceptor SA is rare un-
der many experimental conditions. Our
conditions differ from most whole-cell
patch studies of dissociated nociceptors
by testing 1 d after dissociation, rather
than acutely, and (compared with other
longer-term studies) by omitting any serum
or growth factors to minimize neurite out-
growth. Either of these conditions might en-
hance entry into the hyperexcitable-SA
state. In vivo, we had no difficulty finding SA
units in naive animals, but we cannot com-
pare the incidence of SA in these experi-
ments with those reported by others because
we did not determine the number of silent
units. Although nociceptors are usually si-
lent in vivo, ongoing background activity
does occur. For example, under control, in
vivo conditions, the incidence of nociceptor
SA has been reported as 7% (Xie et al.,
2005), 9% (Djouhri et al., 2006), and 13%
(Xu and Brennan, 2010). If the incidence of
C-fiber SA in our naive animals was �10%
and each teased filament contained 5–10
C-fiber units, many of the sampled fila-
ments would have had at least one SA
C-fiber.

SA generated in nociceptors may
contribute to chronic pain after SCI
Confirming previous findings (for review,
see Vierck and Light, 2000; Hulsebosch et
al., 2009; Yezierski, 2009), animals with
SCI exhibited thermal and mechanical hy-
persensitivity both below and above the
level of the contusion 1 and 3–5 months
after injury. Importantly, animals display-
ing the greatest behavioral responsiveness
to mechanical and thermal test stimuli

also displayed the greatest incidence of SA in dissociated nocicep-
tors. Although this does not prove that nociceptor SA helps to
drive allodynia and hyperalgesia after SCI, two considerations
support this possibility. First, activity in nociceptors excites pain
pathways and drives central sensitization, amplifying central ac-
tivity that produces pain, allodynia, and hyperalgesia (Woolf,
2007; Woolf and Ma, 2007). Interestingly, Djouhri et al. (2006)
reported that spontaneous pain in rats is produced during pe-
ripheral inflammation when there is a high incidence (30 – 60%)
of nociceptors displaying SA at relatively low individual firing
rates (0.5–2 Hz). The SA incidence (�40 –75%) and median fir-
ing rates (1.0 Hz in vitro and 0.4 –3.0 Hz in vivo) we observed after
SCI were in the same range. Second, elevated SA in vitro occurred
by 1 month after SCI in DRG neurons sampled from T8 and
T9 —above the spinal contusion site. If SA also occurs in vivo in
nociceptors above the lesion, this continuing activity— unlike SA
below the lesion—should have uninterrupted access to intact
pain pathways, potentially driving conscious at-level and above-
level pain. Unlike “clinically incomplete” spinal injuries that
spare many ascending axons (Detloff et al., 2008; Hall et al.,
2010), our behavioral data suggest that limited communication

Figure 5. Altered behavioral responses are correlated with increased incidence of SA below and above the injury level. A, B,
Similarities in thermal hypersensitivity and correlations with increased SA observed below (hindpaws) and above (forepaws) the
injury level. These and other data in this figure were combined from the animals tested behaviorally 1 and 3–5 months after injury
(same animals as in Fig. 4). Hindpaw responses were correlated with SA in dissociated neurons taken from L4 and L5 DRGs. Forepaw
responses were correlated with SA in neurons taken from C6, C7, T8, and T9 DRGs (see text). C, D, Similarities in mechanical
hypersensitivity and correlations with increased SA observed below (hindpaws) and above (forepaws) the injury level. Hindpaw
responses were correlated with SA in neurons taken from L4 and L5 DRGs. Forepaw responses were correlated with SA in neurons
taken from C6, C7, T8, and T9 DRGs. E, F, Effects of SCI on vocalization responses differ above and below the injury level. No
significant change in vocalization evoked by mechanical stimulation of the dorsal girdle region occurred below the injury level.
Above the injury level, the evoked vocalizations increased significantly and were correlated with increased activity in neurons taken
from C6, C7, T8, and T9 DRGs. White fill, Naive; gray fill, sham; black fill, SCI. Error bars indicate SEM.
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occurred across the contusion site. Specif-
ically, the effects on torso-elicited vocal-
ization differed dramatically when test
stimuli were delivered above and below
the contusion level (Fig. 5E,F), although
a sufficient number of spared axons may
have remained to enable perception of
below-level pain. An interesting finding
was that hypersensitivity of withdrawal
responses of the hindlimbs was at least as
great as that of the forelimbs after SCI
(Fig. 5). This is consistent with these
flexor responses being mediated by local
spinal circuits, with possible facilitation
caused by loss of descending inhibitory
influences after SCI (Andersen et al.,
2004). The delayed emergence of SA in
neurons sampled from DRGs above the
injury level (correlated with increased vo-
calization) is interesting because it sug-
gests a potential parallel to the slow
development of chronic pain in SCI pa-
tients (Siddall et al., 2003; Cruz-Almeida
et al., 2009). Widespread SA and hyperex-
citability occurring in smaller DRG neu-
rons would also be expected to contribute
to other problems after SCI, including
autonomic dysreflexia (Krenz et al.,
1999; Black et al., 2003; de Groat and
Yoshimura, 2010).

Possible causes of the nociceptor
hyperexcitable-SA state after SCI
In principle, one cause of SCI-induced SA
might be direct injury of central processes
of nociceptors. Axotomy of DRG neurons
can promote SA (Burchiel, 1984; Amir
and Devor, 1993; Liu et al., 2000). Axoto-
mizing injury caused by dissociation
might explain the somewhat higher inci-
dence of SA we found in dissociated DRG
neurons in the naive group (�15%) than
has been reported in more intact DRG
preparations (�0%) (Zheng et al., 2007).
Axotomy-induced SA cannot, however,
explain the pattern of SA observed after
SCI. Less SA occurred in DRG neurons
taken from T11/T12, immediately below
the SCI level than from L4/L5 DRGs seven
segments away, and a high incidence of SA
generated in the DRG also occurred at
L4/L5 in vivo. Although a few C- and A�-
fibers project up to seven segments from
their segment of entry (Traub et al., 1990;
Lidierth, 2007), most project only one to
two segments (Chung et al., 1979). Inter-
estingly, expression of ATF3 (activating
transcription factor-3) (a cellular stress
marker inducible by axotomy) is report-
edly absent in DRGs distant from a site of SCI (in this case,
cervical DRGs), but abundant in DRGs neighboring the lesion
(Carlton et al., 2009) (see also Huang et al., 2006). The greatest
incidence of SA occurred in dissociated nociceptors taken below

the injury site, most prominently in lumbar nociceptors but
also in nociceptors immediately below the lesion, which may
suggest a role for interrupted descending influences (e.g., dis-
inhibition) in induction of the hyperexcitable-SA state. Three

Figure 6. Increased incidence of SA occurs in vivo after SCI and is generated in or near the DRG. A, Schematic showing the in vivo
site for recording dorsal root filaments and sites of transection used to demonstrate activity generated in or near the DRG. B,
Examples of gross activity recorded extracellularly from dorsal root filaments. C, Example of an action potential identified with a
single unit before and after cut 2 in an SCI animal. D, Examples of patterns of single-unit activity before and after cut 2. The naive
and sham 1 examples showed complete abolition of SA by cut 2. Sham 2 and SCI 1 showed a reduction in frequency after cut 2 (to
�3 and �4 Hz, respectively). SCI 2 showed no change after cut 2 (remaining at �30 Hz). E, Increased incidence of single-unit SA
after cut 2 (generated in or near the DRG) after SCI at different times after injury. Indicated p values compare the incidence of
remaining SA in the SCI group to SA in the corresponding sham group at the same time point and to SA in the single naive group.
F, Distribution of conduction velocities randomly selected for measurement in a subset of the tested units.
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days after injury, the lowest incidence of SA occurred in nocicep-
tors immediately above the injury, suggesting that transient ef-
fects of SCI or the associated surgery might briefly oppose the
induction of this state locally. However, during the chronic
phase, this state was also present in nociceptors above the lesion
site, where it might contribute to above-level pain. The lack of
apparent SCI-induced SA in somata of cervical nociceptors is
unexpected because SCI enhances SA in peripheral fibers of these
nociceptors (Carlton et al., 2009). It will be interesting to see
whether SCI also enhances peripherally generated SA at other
levels and how closely the somal hyperexcitable-SA state is
linked to enhancement of peripherally generated SA.

Another cause of chronic nociceptor SA is suggested by find-
ings of persistently activated microglia and astroglia in the dorsal
horn of lumbar (Nesic et al., 2005; Hains and Waxman, 2006;
Detloff et al., 2008; Gwak and Hulsebosch, 2009) and cervical
(Carlton et al., 2009) segments distant from a site of thoracic SCI.
The primary targets of cytokines, chemokines, PGE2, and other
factors released from activated glia after spinal cord injury are
often assumed to be dorsal horn neurons (Zhao et al., 2007;
Detloff et al., 2008), but these same factors may act on central
processes of nociceptors to trigger nociceptor hyperexcitability
and SA (Miller et al., 2009). Similar factors are released from
macrophages and other inflammatory cells that infiltrate into the
spinal cord after SCI (Beck et al., 2010), and into DRGs distant
from the spinal lesion (McKay and McLachlan, 2004). Although
the nociceptor soma may not be a major site for generating SA
during peripheral inflammation (Katz and Gold, 2006), inflam-
matory signals released more centrally, or directly into DRGs,
after SCI may trigger SA generation within the soma.

SA occurring in nociceptor somata would be expected to com-
plement and might drive the peripheral sensitization that follows
SCI (Carlton et al., 2009), and enhanced activity in nociceptors
resulting from both increased peripheral sensitivity and sponta-
neous spike generation (in the soma and periphery) might con-
tribute significantly to pain after SCI. Prolonged SA is a necessary
early trigger of persistent pain in two peripheral neuropathic pain
models (Xie et al., 2005). Interestingly, early blockade of primary
afferent SA in these models also reduces microglial and astrocytic
activation (Xie et al., 2009). This suggests that a positive-feedback
relationship might drive chronic pain after SCI (and possibly
other central neuropathies), with glial activation triggering a
hyperexcitable-SA state in nociceptors, and the resulting activity
feeding back to maintain glial activation, resensitization (central
and peripheral) of the nociceptors, and pain. Such interactions
would blur widely accepted distinctions between neuropathic
pain and nociceptive pain, and between central sensitization and
peripheral sensitization, and encourage the search for therapeu-
tically promising strategies to block SA in nociceptors.
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