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Medullary raphe magnus (RM) ON and OFF cells are thought to modulate spinal nociception by gating withdrawals evoked by noxious
stimulation. To test whether withdrawal initiation is the target of RM modulation, we examined the relationship between ON and OFF cell
discharge and motor withdrawal evoked by noxious laser heat in halothane-anesthetized rats. The cellular responses of both cell types
began during the 50 msec after onset of the tail flick, peaked within 200 msec, and outlasted the duration of the motor reaction. Thus, it
is unlikely that the target of ON and OFF cell modulation is withdrawal initiation; instead, ON and OFF cells may modulate reactions to
repeated noxious stimulation. We therefore tested whether laser heat-evoked changes in RM cell discharge were predictive of the
modulatory effects of one noxious stimulus on the reaction to a subsequent noxious stimulus. Two pulses of laser heat were presented at
interpulse intervals of 0.8, 2.0, or 10.0 sec. The motor withdrawal evoked by the second pulse was significantly enhanced relative to that
evoked by the first pulse. The observed motor enhancement depended on supraspinal input because it was not present in spinalized rats.
Comparison of the relative changes in motor and cellular activity preceding double laser heat stimulation revealed parallel changes
between motor facilitation, decreases in OFF cell discharge, and increases in ON cell discharge. This finding suggests a preparatory role for
RM ON and OFF cells in enhancing reactions to a noxious stimulus that closely follows another noxious stimulus.
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Introduction
Neurons in the medullary raphe magnus and adjacent nucleus
reticularis magnocellularis (collectively termed RM here) project
to the spinal dorsal horn and modulate nociceptive transmission
(Fields et al., 1983; Basbaum and Fields, 1984; Sandkuhler and
Gebhart, 1984; Mason, 2001). Stimulation and lesion experi-
ments demonstrate that RM has two distinct neuronal popula-
tions that mediate opposing nociceptive modulatory functions.
Electrophysiological experiments have identified two RM physi-
ological cell classes—ON and OFF cells—that are putatively
nociceptive-facilitating and nociceptive-inhibiting, respectively.
OFF cells are inhibited by noxious stimulation and excited by
opioids, whereas ON cells are excited by noxious stimulation and
inhibited by opioids. Both cell types are nonserotonergic (Po-
trebic et al., 1994; Mason, 1997; Gao and Mason, 2000).

Early physiological findings led to the proposal that RM ON

and OFF cells gate noxious stimulus-evoked motor withdrawals
(Fields et al., 1983). First, the cellular changes in response to
slow-ramping (3–10 sec), noxious tail heat were originally re-
ported to occur before motor withdrawal of the tail, a reaction
commonly referred to as a tail flick (Carstens and Wilson, 1993).
Second, the reduction in OFF cell discharge had a steeper slope
when aligned to the tail flick than to the thermal stimulus. Find-
ings inconsistent with ON and OFF cells controlling the initiation
of motor withdrawal from noxious heat include the following: (1)
ON and OFF cells often respond to noxious heat after the onset of a
motor reaction; (2) heat-evoked motor withdrawals occur in the

absence of significant changes in the discharge of RM ON and OFF

cells; (3) when a large sample of cells was studied, ON and OFF cell
responses showed the same slope when averaged with respect to
either the onset of the motor withdrawal or the heat stimulus; and
(4) most of the cellular response occurs after the initiation of the
motor withdrawal (Leung and Mason, 1998). The present study
compares the timing of RM cellular responses and the motor
reaction evoked by a laser heat stimulus. Precise latency determi-
nation can be made using laser stimulation because the skin is
heated in a short time (�150 msec), thereby producing nearly
synchronous activation of peripheral afferents (Mor and Car-
mon, 1975; Le Bars et al., 2001).

Because the duration of the cellular response outlasts the mo-
tor reaction to noxious stimulation, ON and OFF cells may play an
important role in preparing an organism to react to successive
noxious stimuli, augmenting the reaction to a second noxious
stimulus presented during the cellular responses—OFF cell pause
and ON cell burst— evoked by a first stimulus. The present exper-
iment tested this hypothesis by comparing the relative changes in
cellular and motor responses evoked by double laser pulse stim-
ulation given at different intervals. At short interpulse intervals,
when ON and OFF cellular responses are at near peak values, motor
facilitation is predicted. In contrast, with long intervals, the cel-
lular response to the first stimulus is likely to be essentially over at
the time of the second heat stimulus, and no motor facilitation is
predicted.

Materials and Methods
Surgical preparation
All procedures were reviewed and approved by the University of Chicago
Animal Use and Care Committee. Male Sprague Dawley rats (250 – 400
gm; Charles River, Wilmington, MA) were anesthetized with 1.8 –2.0%
halothane via a nose cone. They were placed in a standard stereotaxic
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apparatus and on top of a water-perfused heating pad that maintained
their core temperature at 37.0 –37.5°C. A small craniotomy was per-
formed for the introduction of recording microelectrodes. Electromyo-
graphic (EMG) electrodes were placed transcutaneously in the paraspi-
nous muscles to record the tail flick (Grossman et al., 1982).

Experimental protocol
When surgical preparation was complete, halothane concentration was
reduced to 0.5–1.0%. Thirty minutes was allowed to reach alveolar equi-
librium before a tungsten electrode (5 M�; A-M Systems, Carlsborg,
WA) was introduced into the RM (�10.3 to �11.9 mm from bregma,
lateral 0.0 –1.0 mm, ventral 8.5–10.5 mm from cerebellar surface). Extra-
cellular units that were isolated and had a signal-to-noise ratio of �4
were studied. Spontaneous background discharge for each unit was re-
corded for 15 min in the absence of stimulation. We focused on nonse-
rotonergic neurons because their physiology suggests that they play a role
in phasic modulation of nociceptive transmission (Leung and Mason,
1998). Because all available evidence suggests that serotonergic neurons
are important exclusively or primarily in the tonic modulation of noci-
ceptive transmission, we did not study serotonergic cells (Mason and
Gao, 1998). Therefore, cells that discharged at rates �3 Hz and with
obvious regularity, i.e., cells that are very likely to be serotonergic, were
not studied further. All other cells were tested with a brief (�1 sec) pinch
of a hindpaw or the tail. Extracellular units that were either excited or
inhibited by this pinch stimulus were studied. The neuronal response to
noxious heat was assessed using a CO2 laser similar to the one described
by Mor and Carmon (1975). The laser stimulus was a brief fixed pulse
(140 –150 msec, 5 W) that heated a very small (�1.0 mm diameter) spot
of skin at an average of �75.0°C/sec (Haimi-Cohen et al., 1983). Single
(140 or 150 msec) and double (140 msec each) pulses of CO2 laser heat
were applied to the middle portion of the tail, 6 –7 cm from the tip.

As stated above, we wanted to use interpulse intervals such that the
second laser pulse would occur when ON and OFF cellular responses
evoked by the first pulse were at near-peak values, at moderately recov-
ered values, and when essentially over. Using data from early experi-
ments on the cellular responses to single pulse stimulation, we estimated
that the peak response of ON and OFF cells occurred, on average, �800
msec after the first laser pulse. We further estimated that the responses of
ON and OFF cells to the first pulse were moderately recovered by 2 sec after
the first laser pulse and nearly completely recovered by 10 sec. As seen in
Figure 6, these estimates were essentially accurate. For instance, the av-
erage ON cell response to the first pulse peaked just before the second laser
pulse at an interval of 800 msec (see Fig. 6 A), whereas ON cell discharge
was at near-baseline values 10 sec after the first laser pulse (see Fig. 6C).

Single or double laser heat stimuli were presented at intervals of �3
min. After physiological characterization, the recording site was marked
by applying 20 �A anodal current for 4 min.

Data were acquired onto a computer attached to a Power1401 analog-
to-digital converter. The EMG was acquired at 1 kHz. For each isolated
unit, a threshold was set using Spike2 acquisition software (CED, Cam-
bridge, UK). When the signal crossed this threshold, the time of that
crossing was stored. In addition, 60 digitized points were collected at 20
kHz and written to file. Saved points included 20 points before and 40
points after threshold crossing. Individual waveforms were reviewed off-
line and assigned to a particular unit using a template-matching algo-
rithm provided by Spike2.

Surgical and experimental protocol in spinalized rats
Rats (n � 3) were anesthetized with 1.8 –2.0% halothane via a nose cone.
The spinal cord was exposed by laminectomy and transected at the T5–T6

level with a thermal cautery unit (Geiger Medical Technologies, Monarch
Beach, CA). Because of the sagittal bifurcation of primary afferents des-
tined for the dorsal horn, spinal transection produces a complete sensory
deficit caudal to the transection as well as a partial deficit in the der-
matomes subserved by segments just rostral to the transection. The tran-
sections that we made were placed at the rostral end of the surgical
exposure, thereby minimizing the area with only partial anesthesia. Gel-
foam was placed around the transected cord, and the wound was closed.
Anesthesia was discontinued, and the rats were allowed at least 4 hr to

recover. During this recovery period, animals received fluids (10 cc Ring-
er’s) but no other drugs. Spinalized animals showed no signs of pain or
distress as they ambulated (with their front legs), ate, drank, and
groomed in their cages. They were tested in the awake state because
withdrawal reflexes are difficult to obtain in anesthetized, spinalized rats
(Schouenborg et al., 1992). The rats were restrained in a holder and tested
for EMG reactions to double pulses of laser heat presented at 0.8, 2.0, and
10.0 sec interpulse intervals.

Histological processing
All rats were overdosed with sodium pentobarbital (intraperitoneally)
and perfused with a fixative containing 10% formalin in 0.1 M PBS, pH
7.4. The brainstem or spinal cord was removed and placed in 30% su-
crose. Serial coronal sections (40 �m) were cut on a freezing microtome,
mounted on gelatin-coated slides, and stained with cresyl violet. Record-
ing sites in the brain were examined microscopically and plotted onto
standard sections. Spinal sections were examined microscopically to con-
firm the level of transection.

Analyses
Cell classification. Although cells with slow and regular discharge that are
highly likely to be serotonergic (Mason, 1997; Li and Bayliss, 1998; Wang
et al., 2001) were not studied, an algorithm that physiologically identifies
serotonergic and nonserotonergic cells was used to ensure that all studied
cells were nonserotonergic. Thus, for each cell, the mean (x), SD (SDISI),
and coefficient of variation (CVISI) of the interspike interval were calcu-
lated from a 15 min record of background activity. The function, y (x,
SDISI) � 146 � x � 0.98 SDISI, was then used to physiologically classify
cells as serotonergic or nonserotonergic on the basis of the rate and
variability of the background cellular discharge (Mason, 1997). Cells with
a function value �0 were classified as serotonergic, and cells with a
function value �0 were classified as nonserotonergic. The accuracy of
this classification system is �90% (Mason, 2001).

All cells were further characterized by their responses to laser heat
stimulation of the tail using a quantitative method that has previously
been described in detail and validated (Leung and Mason, 1998). Briefly,
the variability in background discharge was first quantified as the SD of
change across 2 sec bins normalized to impulses per second (SD2 sec). The
responses to single and double laser pulses were calculated as the differ-
ence in unit firing rates (impulses per second) for 2 sec periods before and
after the first stimulus. Poststimulus firing was considered to be the
amount of firing in 2 sec blocks, commencing 0.5 sec after the first heat
stimulus. Heat-evoked decreases in discharge that were �2 � SD2 sec

were considered inhibitory responses, and heat-evoked increases in dis-
charge that were �2 � SD2 sec were considered excitatory responses. This
method provides confidence at p � 0.05 level that the response evoked by
a stimulus on any single trial is unlikely to have occurred spontaneously.
The percentage of inhibitory and excitatory responses to tail heat stimu-
lation were calculated for each cell and for each type of stimulus (single
pulse, double pulses at 0.8, 2.0, and 10 sec interpulse intervals). Cells
inhibited by a majority of heat applications were considered inhibitory,
whereas cells excited by a majority of heat applications were considered
excitatory. Using this criterion, the probability of a set of responses oc-
curring by chance is very small. For example, the probability of a cell
responding to four or five heat trials by chance would be 7 � 10 �4.

The above analysis was repeated for each response period. The dura-
tion of the response of a cell was then defined as the number of sequential
response periods in which the cell was inhibited or excited. It is worth
noting that this analysis is likely to underestimate the length of time that
the discharge of a cell differs significantly from baseline values because
(1) it requires a change that is sustained for 2 sec and (2) the threshold for
significance is set very stringently (see above example).

Onset and peak of cellular responses to single laser pulses. Both individual
and population histograms (bin size: 50 msec) were used to determine
the timing of the cellular response to a single laser pulse with respect to
the onset of the tail flick. First, onset and peak responses were determined
from individual histograms. The individual onset latency was defined as
the time that the cell discharge increased (ON cells) or decreased (OFF cells)
beyond the range of baseline values. The peak response was the maxi-
mum (ON cells) or minimum (OFF cells) discharge frequency.
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Two population histograms were calculated by averaging across all ON and
OFF cells. The population response latency was defined as the time that the
average discharge changed from baseline by at least 2 SDs of the baseline
discharge rate. The peak population response was the maximum (ON cells) or
minimum (OFF cells) discharge frequency in the population histogram.

Cellular responses evoked by double laser pulse stimulation. Peristimulus
population histograms (bin size: 100 msec) were used to determine the
relative change in cellular activity preceding double laser stimulation,
calculated as a ratio of the cellular activity before the first laser pulse to the
cellular activity before the second laser pulse. The cellular activity before
the first laser pulse was defined as the average discharge frequency for 0.5
sec preceding the onset of the first laser pulse. The cellular activity before
the second laser pulse was defined as the average discharge frequency for
0.5 sec preceding the onset of the second laser pulse. For statistical com-
parisons of the change in cellular activity preceding the two laser pulses,
the activity during each of 5 bins (� 0.5 sec) preceding each of the pulses
was compared.

EMG reactions. The EMG reactions were full wave rectified. The onset
of the EMG reaction was visually determined as the point at which the
EMG value exceeded the range of EMG values in the prestimulus base-
line. When setting the EMG onsets, the investigators could not view the
record of cellular discharge. The integrated EMG reaction 0.4 – 0.9 sec
after each laser pulse was calculated and used to compare the relative
magnitude of reactions evoked by the first and second laser pulses.

Motor reactions to double laser pulses were calculated as a ratio of the
integrated EMG reaction evoked by the second pulse to the integrated
EMG reaction evoked by the first pulse (0.4 – 0.9 sec after each pulse). A
value of 1 indicates that there is neither facilitation nor suppression of the
second motor reaction relative to the first reaction, values �1 indicate
facilitation, and values �1 indicate suppression.

Results
Cellular characterization
All recorded cells (n � 32) were located in the midline raphe or
the adjacent nucleus reticularis magnocellularis at or near the
level of the facial nucleus (Fig. 1). As detailed in Materials and
Methods, cells were physiologically characterized as nonseroton-
ergic by their background discharge pattern. Most cells (n � 24)
discharged in bursts with a mean CVISI of 3.26 	 0.52 and a mean
discharge rate of 3.4 	 0.8 spikes per second. A minority of cells
(n � 8) discharged steadily with a CVISI of �1.0 (0.83 	 0.06) and
a mean discharge rate of 15.1 	 3.8 spikes per second.

Cells were either excited (n � 16) or inhibited (n � 16) by
laser stimulation (single pulse or double pulses); these cells were
termed ON and OFF cells, respectively (Figs. 2, 3). Of the 32 cells
studied, 25 cells were tested for their response to both single and
double pulse laser stimulation. Five cells (two ON cells, three OFF

cells) were tested with single pulse laser stimulation only, and two
OFF cells were tested with double pulse laser stimulation only. Of
the 30 cells tested for their response to single pulse stimulation, 10
were excited and 13 inhibited (10 of 16 ON, 13 of 14 OFF). The
remaining cells were identified by their response to double laser
pulse stimulation (six ON cells, three OFF cells). Nearly all cells that
responded to single pulse stimulation responded to double pulse
stimulation (17 of 18 tested) consistently, with either excitation
(n � 7) or inhibition (n � 10). One ON cell responded to single
pulse but was unaffected by double pulse stimulation.

Cellular responses to single laser pulses
The responses of 10 ON cells and 13 OFF cells to single laser pulse
stimulation were analyzed. Among ON cells, the mean increase in
cell discharge evoked by laser stimulation of the tail was 12.7 	
2.3 spikes during the initial 2 sec response period. Most ON cells (8
of 10) were excited by 2 � SD2 sec for only one 2 sec response
period, with the remaining two ON cells excited for two response

periods. The total response magnitude (total number of spikes
during all responsive periods) ranged over more than an order of
magnitude from 2.0 to 27.6 spikes and averaged 14.0 	 2.6 spikes.
Among OFF cells, the mean decrease in cell discharge evoked by
laser stimulation of the tail was 23.9 	 3.9 spikes during the initial
2 sec response period. In contrast to ON cells, most OFF cells (9
of 13) were inhibited for more than one response period. The
mean duration of OFF cell inhibition was 3.5 	 0.9 response pe-
riods (� 7 sec), with two OFF cells inhibited for the entire 20 sec
period of analysis. For OFF cells, the total response ranged over
more than an order of magnitude from �24.2 to �638.5 spikes
and averaged �88.4 	 46.2 spikes.

Timing of cellular responses vis à vis EMG reactions to single
laser pulses
The latency of most ON (7 of 10) and OFF (9 of 13) cell responses to
laser heat began in the 50 msec bin after the onset of the motor

Figure 1. Distribution of recording sites for RM ON (Œ) and OFF (�) cells. The numbers indi-
cate the anteroposterior level from bregma for each section. VII, Facial nucleus; NTB, nucleus of
the trapezoid body; p, pyramid.
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activation (Figs. 2, 3). The remaining three
ON cells had response latencies that pre-
ceded the motor reaction onset, whereas
the remaining four OFF cells had response
latencies that followed the motor onset by
�50 msec. Figures 2 and 3 show exemplary
ON and OFF cells that, on average, responded
in the 0–50 msec bin after the motor reac-
tion onset. As shown in Figures 2B and 3B,
the onset of cell responses was not strictly
timed with respect to the onset of EMG acti-
vation but varied between individual trials.
For the ON cell illustrated in Figure 2B, the
response latency ranged from 22 to 30 msec
after the EMG activation began. The start of
the pause of the OFF cell had an even greater
range: from 112 msec before to 12 msec after
the onset of the motor reaction (Fig. 3B).

The latencies calculated for the ON and
OFF cell populations were in the 50 msec
bin preceding the motor reaction, thus dif-
fering from those calculated for individual
cells (Fig. 4A,B). This earlier estimate of
the population latency than single cell la-
tencies may reflect a subthreshold change
in discharge that only becomes apparent
after averaging many responses.

No cell response peaked before the on-
set of the motor reaction. For 6 of 10 ON

cells, discharge peaked during the first 50
msec after the onset of the motor reaction.
Similarly, the average ON cell population
response peaked in the first 50 msec bin
after the onset of the motor reaction (Fig.
4A). Most OFF cells (11 of 13) reached their
minimum discharge rate within 200 msec
of the onset of the motor reaction, whereas
the OFF cell population response reached
its minimum 150 –200 msec after the start
of the motor reaction (Fig. 4B).

Like the onset of cellular responses, the
duration of cellular responses for both ON

and OFF cells varied between individual tri-
als (Figs. 2A, 3A). As mentioned above, the
average ON cell response lasted only 2 sec
after a single laser pulse. A similar response
duration was reflected in both the popula-
tion ON cell histogram and the average
EMG reaction (Fig. 4 A). A single pulse
of laser heat evoked an EMG activation
that lasted an average of 220 msec at
half-maximal amplitude and was over
within 2 sec of its onset (Fig. 4). In con-
trast, OFF cells responded for an average of 7 sec after a single
laser pulse, reflected in the greater duration of the population
OFF cell response than the EMG activation (Fig. 4 B).

EMG reactions to double laser pulses
Because the EMG reaction to each laser pulse was short in dura-
tion (see above), the motor reactions to double laser pulses were
discrete and could be analyzed separately, even at the shortest
interpulse interval of 0.8 sec. When double heat pulses were pre-

sented 0.8 sec apart, the second motor reaction was significantly
larger (2.8 	 0.5-fold) than the reaction to the first laser pulse
(Fig. 5A) ( p � 0.001; paired t test). At an interpulse interval of 2.0
sec, the second motor reaction was similarly augmented (2.5 	
0.3-fold) (Fig. 5B) ( p � 0.00; paired t test). At the longest inter-
pulse interval (10.0 sec), the motor reaction to the second pulse
was also facilitated but by only 1.3 	 0.1-fold (Fig. 5C) ( p �
0.003; paired t test). The facilitatory effects at the two short inter-
pulse intervals (0.8 and 2.0 sec) were not significantly different
from each other, but both of these effects were significantly

Figure 2. The onset and duration of the response of an ON cell to single laser pulse stimulation. A, B, Laser stimulation (arrows
beneath EMG traces) excites this ON cell (top traces) and evokes an EMG reaction (bottom traces). Spikes are illustrated as originally
recorded (20 points before threshold crossing and 40 points after, all at 20 kHz; see Materials and Methods). The responses
recorded during three trials are shown (trial numbers are shown in boxes). The histograms (50 msec bins) at the bottom show the
average response of the ON cell to single laser pulse stimulation across four trials (1 trial is not illustrated here). The asterisk in the
right histogram shows the bin during which the response of this cell began. The plus signs show the latencies of the responses of
the remaining ON cells. All traces are aligned to the start of the motor reaction (tick marks below EMG traces and histograms). A, The
duration of the response of the ON cell, shown in 10 sec records, varied between trials and was similar to the duration of the EMG
activation. B, The onset of the burst of the ON cell, shown in 1 sec records, varied between trials and was not tightly correlated to the
start of the EMG activation. C, Waveforms (�50) from each of the three trials are shown. Averages of all waveforms from each trial
are shown on the right.
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greater than the facilitatory effect at the 10.0 sec interpulse inter-
val (Kruskal–Wallis one-Way ANOVA; p � 0.001).

In spinalized rats, the motor reaction to the second laser pulse
was never greater than the motor reaction to the first pulse at all
three interpulse intervals ( p � 0.05; paired t tests) (Fig. 5D–F).
The average difference in facilitation of the second motor reac-
tion between intact and spinalized rats was used to estimate the
supraspinal contribution to the modulation of motor reactions
evoked by repeated noxious stimulation. The estimated values
were calculated as 2.3� at the 0.8 sec, 2.1� at the 2.0 sec, and
0.8� at the 10.0 sec interpulse interval.

Relationship between the motor
reaction evoked by double laser pulse
stimulation and the cellular activity that
precedes it
The cellular discharge of both ON and OFF

cells before the second laser pulse was dif-
ferent from the discharge preceding the
first pulse. ON cells were more active pre-
ceding the second laser pulse than the first
pulse at all interpulse intervals ( p � 0.05;
paired t tests) (Fig. 6A–C). The mean ON

cell discharge was greater by 43 spikes (in
0.5 sec) at the 0.8 sec interpulse interval, 19
spikes at the 2.0 sec interval, and 9 spikes at
the 10.0 sec interval. The increase was sig-
nificantly larger at the 0.8 sec interpulse
interval than at the 2.0 and 10.0 sec in-
terpulse intervals ( p � 0.001; ANOVA;
Student–Newman–Keuls). The mean in-
creases in ON cell discharges at the 2.0 and
10 sec interpulse intervals were not
different.

At all interpulse intervals, OFF cells were
less active for the 0.5 sec preceding the sec-
ond laser pulse than for the corresponding
time preceding the first pulse ( p � 0.05;
paired t tests) (Fig. 6D–F). The mean OFF

cell discharge was decreased by 49 spikes at
the 0.8 sec interpulse interval, 40 spikes at
the 2.0 sec interval, and 15 spikes at the
10.0 sec interval. The mean decreases were
greater at the 0.8 and 2.0 sec interpulse in-
tervals than at the 10.0 sec interpulse inter-
val ( p � 0.02 and 0.03; ANOVA; Student–
Newman–Keuls). The mean decreases in
OFF cell discharge at the 0.8 and 2.0 sec
interpulse intervals were not significantly
different.

Discussion
The laser heat-evoked
withdrawal reaction
CO2 laser heat stimulation activates noci-
ceptors, evokes a motor withdrawal, and
elicits a sensation of pain in humans
(Willer et al., 1979; Bromm and Treede,
1983, 1984; Bromm et al., 1984; Arendt-
Nielsen and Bjerring, 1988). The sensation
elicited by laser heat stimulation is an early
stinging pain followed by a burning pain
(Bromm and Treede, 1987). These two
perceptual components are likely caused
by the activation of A� and C fiber noci-

ceptors, respectively, by the laser stimulus (Bromm and Treede,
1983, 1984; Bromm et al., 1984). In rats as in humans, laser heat
stimulation activates nociceptors, evokes a motor withdrawal,
and elicits a response in primary somatosensory cortex (Devor et
al., 1982; Kalliomaki et al., 1993; Danneman et al., 1994).

The motor withdrawal evoked by laser heat is analogous to
that elicited by slower forms of heat stimulation (Willer et al.,
1979; Schouenborg et al., 1992; Bragard et al., 1996; Plaghki et al.,
1998) but has the advantage that more is known about its under-
lying circuitry (Danneman et al., 1994). Initiation of the laser

Figure 3. A, B, The onset and duration of the response of an OFF cell to single laser pulse stimulation. Laser stimulation (arrows
beneath EMG traces) inhibits this OFF cell (originally recorded waveforms are shown in the top traces as described for Fig. 2) and
evokes an EMG reaction (bottom traces). The responses recorded during three trials are shown (trial numbers are shown in boxes).
The histograms (50 msec bins) at the bottom show the average response of the OFF cell to single laser pulse stimulation across four
trials (1 trial is not illustrated here). The asterisk in the right histogram shows the bin during which the response of this cell began,
and the plus signs show the latencies of the responses of the remaining OFF cells. All traces are aligned to the start of the motor
reaction (tick marks below EMG traces and histograms). A, The duration of the response of the OFF cell, shown in 10 sec records, was
always greater than the duration of the EMG activation. B, The latency of the pause of the OFF cell, shown in 1 sec records, varied
between trials and was not tightly correlated to the start of the EMG activation. C, Waveforms (�50) from each of the three trials.
Averages of all waveforms from each trial are shown on the right.
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heat-evoked tail flick depends on activation of C fiber nocicep-
tors. The central delay, the time between arrival of the nociceptor
afferent volley in the dorsal horn and the excitation of the mo-
toneuron, is �80 msec, during which local and supraspinal in-
fluences can modulate the start of the motor reaction. Because

the motor reaction continues for seconds, modulatory influences
may continue to alter its magnitude and duration.

Timing of the RM cellular response
All OFF cells and most ON cells in RM start to respond to laser heat
just after the onset of the evoked motor withdrawal. Because the
conduction velocities of ON and OFF cells range from 5 to 25 m/sec
(Vanegas et al., 1984) and the distance from RM to the lumbosa-
cral cord is �125 mm, the shortest time required for RM cell
discharge to influence spinal nociceptive transmission is 5–25
msec. Therefore, it is unlikely that RM ON and OFF cells have a
major influence on withdrawal initiation from laser heat. Simi-
larly, the RM cell response to electrical stimulation of the tooth
pulp begins after the initiation of the disynaptic withdrawal reflex
in cats (Mason et al., 1986). Electrical stimulation of the cat tooth
pulp is a nearly pure nociceptive stimulus (Mason et al., 1985)
and resembles laser stimulation in its short duration and syn-
chronous activation of afferents.

The above calculations suggest that ON and OFF cells influence
dorsal horn circuitry within 100 msec of the start of the motor
reaction. Yet it is unlikely that the arrival of ON and OFF cell re-
sponses within the spinal cord marks the precise moment that cell
discharge begins to influence target neuronal firing. Postsynaptic
cells must integrate ON and OFF cell discharge over a period of time
before altering their discharge. This is particularly true because
both ON and OFF cells are spontaneously bursting rather than

Figure 4. Population histograms of mean motor (top traces) and cellular (bottom traces; bin
size: 50 msec; aligned to onset of motor withdrawal) responses to single laser pulse stimulation.
The lines in each trace show the maximum (EMG, ON cell in A) or minimum (OFF cell in B) value
observed during the baseline period. A, ON cells (n � 10) began to respond 0 –50 msec before
motor withdrawal and peaked within 50 msec after the onset of the motor reaction. B, OFF cells
(n � 13) began to respond 0 –50 msec before, and peaked 150 –200 msec after, the onset of
the motor withdrawal. The discharge of both cell types remained different from baseline values
(6 sec for OFF cells and 2.5 sec for ON cells) for longer than did the motor reactions (�2 sec). The
motor records are shown on semi-log plots to best illustrate the duration of the response.

Figure 5. The average EMG reaction to double laser pulse stimulation (lines beneath traces)
applied at three different intervals in intact (A–C ) and spinalized (D–F ) rats. The interstimulus
intervals tested were 0.8 sec (A, D), 2.0 sec (B, E ), and 10.0 sec (C, F ). A–C, In intact rats, the
motor reaction to the second laser pulse was facilitated at all interpulse intervals. This facilita-
tion was larger at 0.8 and 2.0 sec interpulse intervals than at the 10.0 sec interpulse interval.
D–F, In spinalized rats, the motor reaction to the second laser pulse was never greater than that
evoked by the first pulse. Scale bar in F applies to all traces.

Figure 6. Cellular responses evoked by double pulses of laser heat (lines beneath traces).
A–C, The mean ON cell discharge was greater preceding the second laser pulse than preceding
the first pulse at all interpulse intervals. The mean increases were significantly larger at the 0.8
interpulse interval than at the 2.0 or 10.0 sec interpulse intervals. D–F, The mean OFF cell dis-
charge was less preceding the second laser pulse than preceding the first pulse at all interpulse
intervals. The mean decreases were significantly larger at the 0.8 and 2.0 sec interpulse intervals
than at the 10.0 sec interpulse interval. Scale bar in F applies to all traces.

1938 • J. Neurosci., March 1, 2003 • 23(5):1933–1940 Foo and Mason • Pain Modulatory Neurons Predict Motor Facilitation



silent (Barbaro et al., 1989; Leung and Mason, 1998, 1999), mak-
ing it unlikely that a postsynaptic cell will be influenced by the
sudden occurrence or absence of a single spike.

The population response latency, unlike single cell latencies,
occurs in the 50 msec before the tail flick. This is likely attribut-
able to a slight elevation (ON cells) or depression (OFF cells) in the
probability of firing just before the tail flick. For instance, if the
discharge probability of an ON cell increased to a value �50%
during the 50 msec before the flick, then no additional spikes
would occur at this time in most trials. Such a small, subthreshold
change in RM discharge probability would not have a major effect
on the firing of the postsynaptic cells.

The ON cell response to laser heat closely resembles the evoked
EMG reaction in time and form (i.e., peaking early and then
declining) and may contribute to producing the motor reaction.
In support of this idea, the enhanced nociceptive reactions ob-
served during conditions of persistent pain are critically depen-
dent on descending RM ON cell discharge (Porreca et al., 2001,
2002). In contrast to the ON cell burst, the OFF cell pause evoked by
laser heat is much longer than the evoked EMG reaction. Thus,
although the OFF cell response may contribute to modulating the
magnitude and duration of the motor reaction, it is also likely to
modulate the preparedness of spinal circuits to ensuing noxious
insults. These considerations lead to the idea that changes in ON

and OFF cell discharge are likely to manifest effects on spinal neu-
rons during the later portion of the EMG reaction at the very
earliest. The influence of the OFF cell may continue for some time
after withdrawal completion.

Augmentation of motor reaction by repeated stimulation
In intact rats, motor reactions were facilitated by repeated laser
heat stimulation, more so at interstimulus intervals of �2 sec
than at an interval of 10 sec. Similarly, in humans, the second of
two brief heat stimuli applied at interstimulus intervals of 3–7 sec
elicits more pain than does the first (Vierck et al., 1997). When
electrical shock is used, double stimulation does not consistently
evoke facilitation (Arendt-Nielsen et al., 1994, 2000; Gozariu et
al., 1997). For instance, repeated electrical stimulation of the
sural nerve, at intensities sufficient to activate C fibers, facilitates
the late motor reflex at interstimulus intervals of 1–2 sec in rats
(Gozariu et al., 1997) but not humans (Arendt-Nielsen et al.,
2000). Electrical stimulation differs from thermal stimulation in
that it activates all afferent types and is completely synchronous.

Using an approach previously used by several laboratories,
motor reactions were tested in unanesthetized, spinalized rats to
estimate the supraspinal contribution to the motor facilitation
evoked by repeated laser heat stimulation (Stein et al., 1987;
Schouenborg et al., 1992; Morgan et al., 1994; Gozariu et al.,
1998). In the absence of supraspinal input, there was no motor
facilitation to repeated laser stimulation at any interval tested.
Thus, the motor facilitation observed in intact rats is dependent
on supraspinal input, possibly from RM, and is not caused by
temporal summation at the spinal level or by local cutaneous
storage of heat. Similarly, temporal summation elicited by re-
peated heat stimulation is poorly correlated with skin tempera-
ture, suggesting that heat storage in the skin is not critical (Vierck
et al., 1997).

Cellular mediation of facilitation
RM is one of several regions that project to the dorsal horn and
modulate somatosensory information (Sandkuhler, 1996; Willis
and Westlund, 1997; Porreca et al., 2002). When tail flick is facil-
itated by previous tooth pulp stimulation, this is accompanied by

decreases in the latency of the ON cell burst and OFF cell inactivity
(Ramirez and Vanegas, 1989; H. Vanegas, personal communica-
tion). In the present study, increases in ON cell activity and de-
creases in OFF cell activity were associated with motor facilitation
evoked by double pulses of laser heat. ON cell discharge preceding
the second laser pulse was larger at the 0.8 sec interpulse interval
than at either the 2 or 10 sec intervals. These increases do not
parallel the motor facilitation, which was greater at the two short
interpulse intervals than at the longest interval. However, the
decreases in OFF cell discharge mirrored the facilitative changes in
motor reactions, with OFF cell discharge greater at the two short
intervals than at the longest interval.

Tables 1, 2, and 3 present three possible models of how ON and
OFF cell discharge could produce the observed facilitation of laser-
evoked motor reactions. First, the decrease in OFF cell discharge
may act as a switch that allows the changes in ON cell discharge to
facilitate the motor reaction (Table 1). Accordingly, the predicted
motor facilitation would be greater at the 0.8 sec interval than at
the 2.0 and 10.0 sec intervals. The present data do not support this
model. A second possibility is that a decrease in OFF cell discharge
produces a decrease in descending inhibition, resulting in a dis-
inhibition of the motor reaction (Table 2). Although our results
support this model in terms of the predicted motor facilitation, it
is unlikely that OFF cells alone play a role in the motor facilitation.
We favor the idea that ON and OFF cells act together to modulate
the magnitude of a motor reaction (Table 3). ON and OFF cells
have the appropriate physiology to mediate the motor facilitation
that is observed to repeated stimulation. OFF cells are excited by
analgesic doses of opioids and are likely to act as the nociceptive–
inhibitory output neuron of RM (Basbaum and Fields, 1984;
Fields et al., 1991; Porreca et al., 2002). In contrast, ON cells are
excited by peripheral noxious stimulation, inhibited by opioids,

Table 1. OFF cell inactivity allows the ON cell to facilitate the motor reaction

Interstimulus
interval (sec)

OFF cell discharge
(before 2nd
pulse relative to
before 1st pulse)

ON cell discharge
(before 2nd
pulse relative to
before 1st pulse)

Predicted motor
reaction
(to 2nd pulse relative
to 1st pulse)

0.8 22 11 ��
2.0 22 1 �
10.0 2 1 �

Magnitude of facilitation is entirely dependent on ON cell discharge.

Table 2. OFF cell discharge alone disinhibits the motor reaction

Interstimulus
interval (sec)

OFF cell discharge
(before 2nd
pulse relative to
before 1st pulse)

Predicted motor
reaction
(to 2nd pulse relative
to 1st pulse)

0.8 22 ��
2.0 22 ��
10.0 2 �

Magnitude of facilitation is entirely dependent on OFF cell discharge.

Table 3. OFF and ON cell discharge together facilitate the motor reaction

Interstimulus
interval (sec)

OFF cell discharge
(before 2nd
pulse relative to
before 1st pulse)

ON cell discharge
(before 2nd
pulse relative to
before 1st pulse)

Predicted motor
reaction
(to 2nd pulse relative
to 1st pulse)

0.8 22 11 ����
2.0 22 1 ���
10.0 2 1 ��

Magnitude of facilitation is dependent on both OFF and ON cell discharge.
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and have recently been implicated as critical mediators of noci-
ceptive reactions (Porreca et al., 2002). Thus, ON cell discharge
and OFF cell silence, as occurs after noxious stimulation, would be
expected to enhance the reaction to further noxious stimulation.
By thus augmenting the reaction to sustained or repeated insults,
such as those that occur during an attack, ON and OFF cells serve an
important protective function.
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