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In previous studies we provided evidence that the g isoform of
protein kinase C (PKCg) is an important contributor to the
increased pain sensitivity that occurs after injury. Here we
combined electrophysiological and behavioral approaches in
wild-type and PKCg-null mice to compare the hyperexcitability
of wide dynamic range neurons in lamina V of the spinal cord
dorsal horn with the behavioral hyperexcitability produced by
the same injury [application of a C-fiber irritant, mustard oil
(MO), to the hindpaw]. Wild-type and null mice did not differ in
their response to mechanical or thermal stimuli before tissue
injury, and the magnitude of the response to the MO stimuli was
comparable. In wild-type mice, MO produced a dramatic and
progressive enhancement of the response of lamina V neurons
to innocuous mechanical and thermal stimuli. The time course
of the neuronal hyperexcitability paralleled the time course of

the MO-induced behavioral allodynia (nocifensive behavior in
response to a previously innocuous mechanical stimulus). Neu-
ronal hyperexcitability was also manifest in the PKCg-null mice,
but it lasted ,30 min. By contrast, the behavioral allodynia
produced by MO in the PKCg-null mice, although reduced to
approximately half that of the wild-type mice, persisted long
after the lamina V hyperexcitability had subsided. Because the
MO-induced behavioral allodynia was completely blocked by
an NMDA receptor antagonist, we conclude that PKCg medi-
ates the transition from short- to long-term hyperexcitability of
lamina V nociresponsive neurons but that the persistence of
injury-induced pain must involve activity within multiple NMDA-
dependent spinal cord circuits.
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There is considerable evidence that the excitability of spinal cord
neurons is increased after tissue or nerve injury, resulting in
enhanced transmission of nociceptive messages (for review, see
Millan, 1999). In this condition, non-noxious stimuli not only
produce pain (allodynia), but the allodynia can also persist even
after the peripheral injury has resolved. Thus, alterations in the
responsiveness of spinal cord neurons are critical for the devel-
opment and maintenance of pathophysiological pain states. The
mechanisms by which short-term enhancement in spinal cord
activity is transformed into long-lasting increases in neuronal
excitability and associated behavioral hypersensitivity are un-
clear. Spinal NMDA receptors clearly contribute to these phe-
nomena (King et al., 1988; Sher and Mitchell, 1990; Ren et al.,
1992; Woolf and Salter, 2000). However, because activation of
NMDA receptors alone produces only transient increases in
spinal cord neuronal excitability (Cumberbatch et al., 1994), it has
been hypothesized that sustained hyperexcitability depends on

NMDA receptor-activated changes in downstream second mes-
senger systems (Tölle et al., 1996).

Despite the evidence of an important contribution of excitatory
amino acid receptors and second messengers in the development
of central sensitization, the functional consequences of activating
different spinal “pain” circuits are not known. For example, there
are at least five different subpopulations of spinal cord pain
transmission neurons (Millan, 1999), all of which express the
NMDA receptor (Tölle et al., 1995). These can be distinguished
by their location (e.g., laminas I, II, or V), by the types of stimuli
to which they respond, and by the pathways and targets via which
they access the brain. Neurons within each of these subpopula-
tions respond to noxious stimulation and can undergo sensitiza-
tion, but the extent to which they are involved in allodynia
associated with injury is not clear. Moreover, the possibility that
the neurochemical basis for neural and behavioral sensitization
differs among these distinct populations of neurons has not been
studied.

Recently, we reported that mice with a targeted deletion of the
gene that encodes the g isoform of protein kinase C (PKCg) show
normal acute pain responses in the absence of tissue or nerve
injury but exhibit a significant decrease in the behavioral allo-
dynia that occurs days after the injury (Malmberg et al., 1997).
Importantly, in the dorsal horn, PKCg is restricted to a popula-
tion of local circuit interneurons in lamina II that does not
overlap with the projection neurons that transmit the pain mes-
sage to the CNS (Tanaka and Saito, 1992; Malmberg et al., 1997).
It follows that injury-induced alterations in sensory processing
occur within a circuit that contains these PKCg-containing inter-
neurons and the dorsal horn output neurons.

Here, we used in vivo extracellular recordings to study the
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sensitization of a subpopulation of nociresponsive neurons,
namely, those in lamina V of the dorsal horn, to an injury stimulus
that produces an NMDA receptor-mediated allodynia. We report
that deletion of PKCg completely blocks long-term hyperexcit-
ability and/or sensitization of these neurons but that this loss is
associated with only a partial reduction of the behavioral allo-
dynia. Thus, PKCg is necessary for the sensitization of lamina V
neurons, but hyperexcitability within multiple, neurochemically
distinct, circuits in the spinal cord must contribute to the persis-
tence of NMDA receptor-mediated postinjury pain states.

MATERIALS AND METHODS
Animals and surg ical preparation. PKCg-null mice were generated as
described previously (Abeliovich et al., 1993a,b) and were obtained from
The Jackson Laboratory (Bar Harbor, ME). Wild-type and homozygous
PKCg-null littermates were used for breeding. Mice (20–30 gm) were
anesthetized with 10% urethane (1.5 gm/kg, i.p.) and administered
dexamethasone (0.2 mg, s.c.) and atropine (0.3 mg, s.c.). Heart rate was
monitored continuously, and supplemental doses of urethane were given
intraperitoneally as required to maintain a heart rate of ;9–10 Hz. A
laminectomy was performed at vertebral levels T13–L1 corresponding to
spinal segments L4–L5. The mouse was placed into a specialized head
holder, and the vertebral segments on both sides of the laminectomy were
clamped firmly. The dura was retracted, and a spinal pool was formed
and filled with 37°C saline. Core temperature was monitored continu-
ously and maintained close to 37°C with a circulating hot-water pad. Bath
temperature was also measured periodically. Mice breathed spontane-
ously throughout the experiment. All experiments were reviewed and
approved by the Institutional Animal Care and Use Committee at the
University of California, San Francisco.

Electrophysiology and receptive field mapping. Fine-tip (,1.0 mm) tung-
sten microelectrodes (4–5 mV at 1 kHz; Frederick Haer & Co., Bruns-
wick, ME) were used to record extracellular potentials, which were
amplified and filtered using standard electrophysiological techniques.
Unit activity was acquired, digitized, and discriminated by computer
using Experimenter’s Workbench (Datawave Technologies, Thornton,
CO). Neurons were identified by continuously brushing the ipsilateral
hindpaw with a sable-hair brush. After they were isolated, the neurons
were characterized as multireceptive if they responded to brush, pres-
sure, and noxious pinch. The receptive field was mapped with a blunt-tip
26 ga needle and marked with permanent marker. The audio threshold
was set such that unit activity was detected aurally only when stimulation
was within the defined receptive field. Only neurons with receptive fields
located on the planter surface of the hindpaw were studied.

Experimental protocol. We measured paw thickness with a sensitive,
spring-loaded caliper before and 2 hr after mustard oil (MO). Thermal
stimuli were delivered via a 3 3 3 mm copper probe heated and cooled
by a 9 W Peltier effect device that had a rate of rise of 2°C/sec. The probe
was positioned firmly onto the center of the receptive fields and main-
tained at 35.5°C between the periods of stimulation. Mustard oil (3-
isothiocynato-prop-1-ene; Sigma, St. Louis, MO), diluted to 10% with
mineral oil, was painted onto the skin around the probe. Ten minutes
after MO, thermal stimuli were presented for 10 sec at 5 min intervals, in
an alternating manner to minimize thermal stimulus-induced sensitiza-
tion. In separate experiments, we established baseline mechanical sensi-
tivity by continuously brushing the receptive field (at ;0.5 Hz) for 10 sec.
After stable brush responses were recorded, MO was painted onto the
skin of the receptive field (;100 ml), and brush-evoked activity was again
measured twice every 15 min (the two measurements separated by 1
min). Receptive fields were mapped every 30 min.

Behavior testing. Before testing, mice were habituated to the test
environment for 60 min. We used von Frey hairs to test mechanical
sensitivity (Malmberg and Basbaum, 1998) 15, 30, 60, and 120 min after
MO (10%) was applied to the plantar surface. On the basis of prelimi-
nary experiments that characterized the 50% threshold, we initiated the
testing paradigm with the 0.3 gm filament. The percentage increase in
hypersensitivity was calculated by dividing the maximal hypersensitivity
(post-MO threshold from the baseline threshold) by the maximal possi-
ble threshold reduction determined for each animal. D-2-Amino-5-
phosphonovalerate (APV; 1.0 mg/5.0 ml) was administered by direct
intrathecal injection in a volume of 5.0 ml, before application of MO.
Within-group comparisons were made with Friedman’s test, followed by

Dunn’s post hoc test; Mann–Whitney tests were used to make between-
group comparisons.

Data analysis. When necessary (5 of 21 experiments), single units were
discriminated off-line by a principal components method (Salganicoff et
al., 1988), performed blind to genotype. This method distinguishes
waveforms by simultaneously comparing the parameters that comprise
the waveform (e.g., peak amplitude, peak time, peak width, valley am-
plitude, valley time, and valley width). Cluster analysis is used to separate
single units, and an intercluster-weighted Z score is generated, with the
distance matrix minimum set to 1.5. One second bins were used to
generate peristimulus time histograms. Thermal stimulus-evoked activity
was quantified by examining total spikes during and 15 sec after the
stimulus (afterdischarges) and was analyzed by a Factorial ANOVA,
followed by Fisher’s PLSD tests. To minimize the potential confound
that receptive field expansion could have on total brush-evoked spikes,
we used peak brush-evoked activity as the measure of increased excit-
ability to mechanical stimuli. Within-group comparisons were made with
Friedman’s test; Mann–Whitney tests were used for between-group
comparisons.

Receptive field size was quantified from digitized diagrams of the
mouse hindpaw using NIH Image software. The area of the receptive
field was outlined, and the density of pixels within that area was mea-
sured, yielding a receptive field size as a percentage of the total size of
the hindpaw. This analysis was repeated for each time point, and the
changes in receptive field size after MO were expressed as a percentage
of the pre-MO size. Receptive field expansion (within group) was ana-
lyzed by Friedman’s test, followed by between-group comparisons with
Mann–Whitney tests.

Histology. At the end of each experiment, we created a lesion (10
mA/10 sec) to mark the location of the recording site, and then the mice
were perfused transcardially with 10 ml of 0.9% PBS, followed by 20 ml
of 10% formalin. The lumbar segment of the spinal cord was removed
and post-fixed in a 30% sucrose–formalin solution. Fifty micrometer
sections were cut on a freezing microtome, mounted on slides, stained
with cresyl violet, dehydrated, and coverslipped.

RESULTS
We recorded single-unit activity from 26 multireceptive neurons
in the deeper part (lamina V) of the dorsal horn of the lumbar
spinal cord (Fig. 1a). The neurons, which receive convergent
input from large-diameter myelinated (A-fibers) and small-
diameter unmyelinated (C-fibers) primary afferents, had excita-
tory peripheral receptive fields on the plantar surface of the
ipsilateral hindpaw and exhibited very low levels of spontaneous
activity (0–2 Hz). We studied these neurons because they re-
spond to both noxious and innocuous stimulation, they encode
thermal intensity, and they are readily made hyperexcitable by
intense noxious input. We compared lamina V neuronal activity
before, during, and after application of MO (10%; 60–100 ml) to
the hindpaw. MO selectively activates C-fibers (Reeh et al.,
1986), produces long-lasting changes in spinal cord excitability
(Woolf and Wall, 1986), and evokes pain and allodynia in humans
(Koltzenburg et al., 1994).

In agreement with the finding that acute pain processing is
intact after PKCg deletion (Malmberg et al., 1997), we found no
significant difference in the responses of lamina V neurons in
wild-type and null mice before the MO stimulus. Neither the
magnitude of the response to an innocuous mechanical stimulus
(Fig. 1b) nor the temperature dependence of the firing in re-
sponse to stimuli of 41–49°C (Fig. 1c) differed in wild-type or
PKCg-null mice. Furthermore, neither the magnitude (4–6 Hz)
nor the duration (2–3 min) of the MO-induced activity of these
neurons differed in the wild-type and PKCg-null mice (Fig. 1d).

By contrast, using three different measures of hyperexcitability,
namely, spontaneous activity, stimulus-evoked discharge, and
poststimulus afterdischarge, we found a profound hyperexcitabil-
ity of lamina V neurons after MO. The duration of the hyperex-
citability, however, differed greatly in wild-type and PKCg-null
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mice. Short-term hyperexcitability was present in both groups of
mice, but only in wild-type mice did this persist. Figure 2 illus-
trates the pre-MO and post-MO responses to a noxious thermal
stimulus (45°C). Before the sensitizing application of MO, lamina
V neurons in wild-type and PKCg-null mice exhibited compara-
ble spontaneous activity, stimulus-evoked responses, and after-
discharges. Ten minutes after MO, we recorded a significant
increase in stimulus-evoked activity in both wild-type (Fig. 2c)
and null (Fig. 2d) mice. By 55 min after MO, the 45°C stimulus-
evoked responses and poststimulus afterdischarges were still en-
hanced compared with preinjury levels in the wild type (Fig. 2e),
but the sensitization was completely lost in the null mice (Fig. 2f).
During the 2 hr post-MO period, spontaneous activity in the
wild-type mice was also significantly greater (162 6 18%) than
that observed in the PKCg-null mice (210 6 15%; p , 0.05, post
hoc).

This differential long-term neuronal hyperexcitability was man-
ifest in response to innocuous as well as noxious temperatures.
Before MO, the neurons in both groups of mice encoded thermal
stimulus intensity (Fig. 3a), and in both groups of mice we
observed a rapid and pronounced sensitization to both non-
noxious and noxious stimuli soon after the MO was applied ( p ,
0.01 in both groups). Compared with baseline, the post-MO
response to an innocuous stimulus (41°C) increased by 10- and
6-fold in the wild-type and PKCg-null mice, respectively (Fig. 3a).
The increases to noxious stimuli were as follows: to 45°C, 175
versus 225% (Figs. 2c,d, 3a), and to 49°C, 75 versus 50% (Fig. 3a)
in the wild-type and PKCg-null mice, respectively. The magni-
tude of the increased discharges did not differ statistically in the

two groups of mice (Fig. 3b). However, 70–80 min after MO, we
observed a striking difference in the stimulus-evoked responses,
i.e., in the magnitude of the neuronal hyperexcitability ( p , 0.05).
The marked sensitization was maintained in the wild-type mice
(Fig. 3c), but the neural responses to all thermal stimuli returned
to pre-MO levels in the PKCg-null mice (Fig. 3c,d). Finally, we
found that the magnitude and duration of the afterdischarges also
increased over time and in a temperature-dependent manner, but
only in the wild-type mice ( p , 0.001, wild type vs null). Impor-
tantly, the differences in neuronal hyperexcitability between the
wild-type and null mice occurred even though the magnitude of
the MO-induced inflammation (paw thickness) did not differ in
the two groups of mice (46 and 41%, respectively). These data
suggest that the changes in excitability of lamina V neurons result
from the sensitization of spinal cord circuits in which PKCg is
expressed.

To determine whether the loss of lamina V cell hyperexcitabil-
ity to thermal stimuli in PKCg-null mice is also manifest as a

Figure 1. Characterization of wide dynamic range neurons in the mouse
spinal cord. a, Histological confirmation of recording sites in the deep
dorsal horn. Left, An example of a Nissl-stained transverse hemisection of
mouse spinal cord illustrating the recording site in lamina V of the lumbar
segment that receives input from the hindpaw (asterisk). Right, Schematic
representation of the recording sites that were identified by a lesion ( filled
dots). Sites were effectively reconstructed in 15 of 21 mice. In the cases in
which lesions were not identified, the depth of the sites was consistent with
those in other mice (mean depth from surface of spinal cord 5 542 6 21
mm). b–d, Acute responses of nociceptive spinal cord neurons to mechan-
ical (b), thermal (c), and chemical ( d) stimuli. There was no difference in
evoked activity between the wild-type ( filled squares or bars) and PKCg
knock-out (open squares or bars) mice in response to brush (b), heat ( c),
or mustard oil (d) application.

Figure 2. Mean peristimulus time histograms illustrate short- and long-
term sensitization of nociresponsive spinal cord neurons to a 45°C stim-
ulus (demarcated by arrowheads). a, b, Before the sensitizing application
of MO, there is a comparable response to a 45°C stimulus in wild-type
(1/1; a) and PKCg-null (2/2; b) mice. Afterdischarges, i.e., neuronal
activity in the 15 sec period after the thermal stimulus, were comparable
(47.8 6 23.4 and 30.6 6 15.0 spikes/15 sec in 1/1 and 2/2, respectively).
c, d, Ten minutes after MO, peak evoked firing was significantly enhanced
in both 1/1 and 2/2 mice. Spontaneous activity and poststimulus dis-
charges were also enhanced, compared with baseline, but only in 1/1
mice. e, f, At 55 min after MO, the neuronal responses evoked by the 45°C
stimulus and the afterdischarges were still greatly elevated in 1/1 mice
(e), but sensitization was lost in 2/2 mice ( f) (n 5 6 cells/group).

Martin et al. • PKCg Stabilizes Persistent Pain J. Neurosci., July 15, 2001, 21(14):5321–5327 5323



decreased response to mechanical stimuli [as occurs behaviorally
days after nerve injury (Malmberg et al., 1997)], we next exam-
ined the brush-evoked activity of lamina V neurons after MO-
induced sensitization. We monitored peak brush-evoked activity
every 15 min for at least 2 hr after MO and found a marked
difference between the groups of mice. Compared with baseline
responses, which were equivalent in the two genotypes (Fig. 4a,b),
peak brush-evoked activity was significantly enhanced 15 min
(Fig. 4c,d,g) and 30 min (Fig. 5a) after the MO in both wild-type
( p , 0.0001) and PKCg-null mice ( p , 0.0001). In fact, at these
early time points there was no difference between the genotypes.
By 75 min, however, the magnitude of sensitization to brush
stimuli was significantly greater ( p , 0.05) in wild-type mice
compared with PKCg-null mice (Fig. 5a). Although the enhanced
neural response to an innocuous mechanical stimulus persisted
for as long as the neurons were studied (up to 4 hr), in the
PKCg-null mice the neuronal sensitization disappeared com-
pletely within 2 hr (Fig. 4e–g, 5a).

Another hallmark of sensitization in the spinal cord is an
increased receptive field size of dorsal horn neurons after sus-
tained C-fiber activation (Cook et al., 1987). We found that
mechanosensitive receptive field size on the plantar surface of the
hindpaw increased significantly in both wild-type and PKCg-null
mice ( p , 0.01 for each genotype; Fig. 4h), but with notable

differences in the magnitude of the expansion over time. By 30
min (the earliest time point tested), receptive fields in wild-type
and null mice increased by ;100% (Fig. 4h). Receptive field size
stabilized at this level in PKCg-null mice but continued to in-
crease in the wild-type mice, such that by 2 hr after MO the
receptive fields had increased by ;400%. Because receptive fields
of dorsal horn neurons are subject to central modulation (Ziegl-
gansberger and Herz, 1971) and because receptive fields of noci-
ceptive primary afferents exhibit little expansion after injury
(Hylden et al., 1989), the progressive receptive field expansion
observed in the wild-type but not the PKCg-null mice is likely to
be centrally mediated.

If the hyperexcitability of lamina V nociresponsive spinal cord
neurons underlies a behavioral allodynia, then the transient sen-
sitization in the PKCg-null mice should be manifest as a short-
lived MO-induced behavioral hypersensitivity. By contrast, the
allodynia should persist in the wild-type mice. Because mechan-
ical thresholds after MO have not been systematically examined,
we applied MO to the hindpaws of wild-type and PKCg-null mice
and measured behavioral responses to innocuous mechanical
stimuli over the next 2 hr. MO application produced an immedi-
ate licking response that was indistinguishable between the wild-
type and null mice. In agreement with the electrophysiological
finding of a profound and rapid hyperexcitability of lamina V
neurons (Fig. 5a), within 15 min of the application of MO we
observed a significant increase in behavioral sensitivity of the
injured paw in both groups of mice ( p , 0.001 for each genotype;
Fig. 5b). In the wild-type mice, the decreased mechanical thresh-
old for evoking paw withdrawal peaked at 60 min and remained
at this level for the duration of the experiment. By contrast, the
peak allodynia in the PKCg-null mice occurred at 30 min after
MO and was significantly reduced compared with wild-type mice
at 60 and 120 min. Importantly, pretreatment with the NMDA
receptor antagonist APV completely blocked the behavioral hy-
persensitivity in both wild-type and PKCg-null mice (Fig. 5c).
APV did not alter paw withdrawal thresholds in the limb con-
tralateral to the mustard oil injection, indicating that APV is, as
expected, without effect on acute nociceptive thresholds. These
results demonstrate that both the short- and long-term allodynia
are NMDA receptor-mediated, including the component that
persists during the period when the post-MO hyperexcitability of
lamina V cells is completely lost in the PKCg-null mice. Finally,
because increased sensitivity to mechanical stimuli outside the
original site of injury is an important component of central
sensitization and persistent pain (Woolf, 1983; Koltzenburg et
al., 1994), we also examined the behavioral thresholds contralat-
eral to the MO application. At the 60 min time point, we observed
a significant and persistent (at least 2 hr) allodynia contralateral
to the injury in the wild-type mice (39 6 8%; p , 0.01) but no
change in mechanical sensitivity in the contralateral paw of the
PKCg-null mice (6.5 6 8%; p . 0.05; data not shown). Thus, the
lack of neuronal sensitization of the lamina V cell on the side of
the injury in the PKCg-null mice corresponded to an absence of
allodynia contralateral to the injury.

DISCUSSION
The present results demonstrate that the sustained hyperexcit-
ability of lamina V cells after MO-induced injury is dependent on
the presence of PKCg. Because the excitability of lamina V cells
was transiently increased in the absence of PKCg, it appears that
PKCg is required for the transition from short- to long-term
hyperexcitability. We also show that hyperexcitability of lamina V

Figure 3. Summary of thermal stimulus-evoked activity of lamina V
neurons 10–20 and 70–80 min after MO. a, c, Stimulus–response func-
tions to 41, 45, and 49°C (presented every 5 min for 80 min) are shown for
1/1 ( filled squares) and 2/2 (open circles) mice. The dashed lines in a
indicate the preinjury stimulus–response profile. b, d, The integrated
average of all temperatures is illustrated. The horizontal dashed lines
denote the mean pre-MO evoked activity in 1/1 ( filled bars) and 2/2
(open bars) mice. At 10–20 min after MO, there was a significant increase
in total stimulus-evoked activity at all temperatures. However, by 70–80
min, there is a significant difference in stimulus-evoked activity between
1/1 and 2/2 mice, and neurons in the 2/2 mice no longer encode
stimulus intensity. *p , 0.05.
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cells is required for the full expression of the behavioral allodynia
associated with MO-induced injury. Furthermore, because
NMDA receptor antagonists completely blocked the MO-
induced allodynia, it is likely that the PKCg-containing nocicep-
tive circuits are located downstream of the NMDA receptor-
mediated sensitization. Finally, our results indicate that a
component of injury-induced allodynia can be sustained by activ-
ity in pathways that do not derive from lamina V neurons and that
the residual sensitization of these parallel nociceptive pathways is
PKCg independent.

These results confirm and extend previous findings. For exam-
ple, Murase et al. (1999) demonstrated that input from deep
dorsal horn neurons is required to evoke prolonged, C-fiber-
induced, excitation in the substantia gelatinosa. Thus, dynamic
interactions between interneurons in lamina II and neurons
within lamina V are required for the expression of pain behavior.
In agreement with this idea, our laboratory has provided evidence
that a population of interneurons in the dorsal horn that express
the g isoform of PKC is critical to the development of the
behavioral and anatomical changes that accompany nerve injury
(Malmberg et al., 1997). Moreover, in the setting of persistent
inflammation, PKCg upregulates and translocates from the cy-
tosol to the cell membrane of neurons in the superficial dorsal
horn of the spinal cord over a time course that is consistent with
behavioral allodynia (Martin et al., 1999).

There are several possible mechanisms via which the PKCg-
containing interneurons of lamina II could contribute to the
altered responses of the lamina V neurons. Because most PKCg-
containing interneurons do not express markers of inhibitory
interneurons, they are likely to be excitatory (Martin et al., 1999).
These interneurons are then in a position to excite the lamina V
cells, the dorsally directed dendrites of which often penetrate
lamina II (Woolf and King, 1987; Light and Kavookjian, 1988).
Moreover, because baseline neuronal and behavioral responses
are comparable in the wild-type and null mice, the contribution of
PKCg must only develop in the setting of injury. Another possi-
bility derives from the fact that many neurons in inner lamina II,
where PKCg is concentrated, respond to non-noxious stimulation
(Bennett et al., 1980). Perhaps this non-nociceptive input is only
transmitted to lamina V pain transmission neurons when PKCg is
activated in the setting of injury. On the other hand, PKCg
interneurons receive primary afferent input from a subset of
C-fibers, distinguished by their ability to bind the lectin isolectin
B4. These afferents express the vanilloid (VR1) receptor (Tomi-
naga et al., 1998) and are, therefore, likely to be nociceptors. The
importance of nociceptor input from this subpopulation of sen-
sory neurons is supported by the finding that glial cell line-
derived neurotrophic factor, the neurotrophin to which isolectin
B4-positive neurons are preferentially sensitive (Snider and Mc-
Mahon, 1998), reduces neuropathic pain (Boucher et al., 2000).
Our results suggest that PKCg may be essential for persistent

Figure 4. a–f, Representative peristimulus time histograms of the re-
sponse to an innocuous mechanical stimulus (brush) before and after MO
from a single 1/1 cell and a single 2/2 cell are shown. The brush
stimulus is denoted by the horizontal line; the total number of spikes per
stimulus is shown above the line. a, b, Before MO application, the brush
produced equivalent increases in neuronal activity in both 1/1 (a) and
2/2 (b) mice. c, d, Fifteen minutes after MO, brush-evoked activity was
enhanced in 1/1 mice (c) and to a lesser extent in 2/2 mice (d). e, f, By
120 min, there is a dramatic sensitization in 1/1 mice ( e), but in 2/2
mice the sensitization is lost; the response to the brush returned to
pre-MO levels ( f). g, Summary of brush-evoked activity at 15 and 120 min
after MO in 1/1 (n 5 8; filled circles) and 2/2 (n 5 6; open circles) mice
is shown, illustrating comparable degrees of sensitization at 15 min in the
two groups of mice and a complete loss of sensitization 2 hr after MO in
the 2/2 mice. Data are presented as a percentage of preinjury brush-
evoked activity, and each cell is represented by a single circle. h, MO

4

produced a significant increase in receptive field size in both groups of
mice 30 min after its application (1/1, filled bars; 2/2, open bars), but
only in the 1/1 mice was there a progressive increase in receptive field
size over the course of the experiment. By 90 min, the magnitude of the
expansion was significantly greater in 1/1 than in 2/2 mice. Receptive
fields in both groups were significantly greater than those in control
(Friedman test); 1/1 mice were different from 2/2 mice at 90 and 120
min (*p , 0.05, Mann–Whitney tests). Results are expressed as the
mean 6 SEM.
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behavioral hypersensitivity, in general, and not limited to pain
that is neuropathic in origin (see Snider and McMahon, 1998).

These findings illustrate that multiple circuits can be rendered
hyperexcitable after injury and that this sensitization must occur
via biochemically distinct mechanisms, i.e., PKCg dependent and
independent. As noted above, there are multiple pathways that
carry nociceptive information from the spinal cord to higher
centers. Because there is evidence of an NMDA-mediated hyper-
excitability of lamina I neurons (Ren et al., 1992), we suggest that
ascending pathways that derive from lamina I neurons mediate
the behavioral allodynia that persists when the sensitization of
the lamina V cell is ablated. Indeed, lamina I nociresponsive
neurons are readily sensitized by injury such that they can be
activated by innocuous stimuli (Cook et al., 1987; Hylden et al.,
1989). Moreover, selective ablation of a subset of lamina I neu-
rons reduced pain behavior associated with persistent neuro-
pathic or inflammatory conditions (Nichols et al., 1999). Because
the dendrites of lamina I neurons arborize in the rostral caudal
plane, only rarely penetrating into lamina II (Gobel, 1978; Beal,
1979), in contrast to the lamina V neuron, they probably do not
come under the direct influence of the PKCg-containing inter-
neurons of inner lamina II. Independence of the different pain
transmission circuits is also possible because the C-fiber input to
lamina I and inner lamina II is distinct, involving peptidergic and
nonpeptidergic afferents, respectively (Snider and McMahon,
1998). On the other hand, because nonselective blockers of PKC
have been implicated in sensitization (Munro et al., 1994; Lin et
al., 1996; Li et al., 2000), we suggest that the residual NMDA-
mediated behavioral allodynia in the PKCg-null mice involves
other isoforms of PKC (Mao et al., 1993; Coderre, 1992, 1994;
Tölle et al., 1996; Aley et al., 2000).

Our results demonstrate that the biochemical bases for the
short- and long-term increases in lamina V neuronal excitability
produced by injury are very different. Such temporally distinct
forms of plasticity have been described in rat hippocampus (Ben-
Ari et al., 1992; Abeliovich et al., 1993a; Malenka and Nicoll,
1993) and in Aplysia sensory neurons (Fisher et al., 1997). We
show that PKCg is not required either for the acute injury-
induced discharge or for the transient increase in the excitability
of these neurons. Rather PKCg is critical for converting short-
term increases in spinal cord excitability into long-lasting hyper-
excitability of lamina V neurons, some of which are likely to be
projection neurons, and into a corresponding behavioral allo-
dynia. However, a residual, although reduced, allodynia can occur
in the absence of persistent lamina V hyperexcitability. We con-
clude that PKCg is essential for the persistence of lamina V
neuronal hyperexcitability but that integration of activity across
PKCg-dependent and -independent circuits is required for the
full expression of injury-induced and NMDA receptor-mediated
persistent pain. Although activity in lamina V neurons is suffi-
cient to produce pain (Price and Mayer, 1975) and correlates with
behavioral sensitization, separate pain-signaling pathways, not
modulated by PKCg, can maintain a hypersensitive behavioral
state. This feature of the spinal cord may explain why anterolat-
eral cordotomy for intractable pain, although initially successful,
becomes ineffective with time (Cowie and Hitchcock, 1982).
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