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a b s t r a c t
Translational studies are key to furthering our understanding of nociceptive signalling and bridging the gaps
between molecules and pathways to the patients. This requires use of appropriate preclinical models that
accurately depict outcome measures used in humans. Whereas behavioural animal studies classically involve
reports related to nociceptive thresholds of, for example, withdrawal, electrophysiological recordings of spinal
neurones that receive convergent input from primary afferents permits investigation of suprathreshold events
and exploration of the full-range coding of different stimuli. We explored the central processing of nociceptive
inputs in a novel parallel investigation between rats and humans. Using radiant laser pulses, we ﬁrst compared
the electrophysiological responses of deep wide dynamic range and superﬁcial nociceptive-speciﬁc neurones
in the rat dorsal horn with human psychophysics and cortical responses. Secondly, we explored the effects of
spatial summation using laser pulses of identical energy and different size. We observed 3 main ﬁndings.
Firstly, both rodent and human data conﬁrmed that neodymium–yttrium aluminium perovskite laser stimulation is a nociceptive-selective stimulus that never activates Ab afferents. Secondly, graded laser stimulation
elicited similarly graded electrophysiological and behavioural responses in both species. Thirdly, there was a
signiﬁcant degree of spatial summation of laser nociceptive input. The remarkable similarity in rodent and
human coding indicates that responses of rat dorsal horn neurones can translate to human nociceptive processing. These ﬁndings suggest that recordings of spinal neuronal activity elicited by laser stimuli could be a
valuable predictive measure of human pain perception.
Ó 2013 Published by Elsevier B.V. on behalf of International Association for the Study of Pain.

1. Introduction
Pain is an important clinical problem that represents a major
burden for society and calls for better understanding of nociceptive
signalling in the peripheral and central nervous systems. Behavioural studies in animals shed light on the roles of molecular targets, but usually only inform on events related to nociceptive
thresholds [12]. Sophisticated operant methods are useful for
affective or cognitive measures of pain, but recording from spinal
neurones that receive convergent input from primary afferents is
one way to study and explore the full-range coding of different
stimuli from low to high intensities. Translational approaches from
animals to humans are key to progressing in pain research [27] because these electrophysiological measures allow investigation of
neural events provoked by suprathreshold nociceptive stimuli that
might underlie processes in patients reporting high pain levels.
This study used rats and human participants to characterize and
correlate the behavioural and electrophysiological responses elic⇑ Corresponding author. Address: Department of Neuroscience, Physiology and
Pharmacology, University College London, London WC1E 6BT, United Kingdom. Tel.:
+44 (0) 20 7679 3737.
E-mail address: shafaq.sikandar@ucl.ac.uk (S. Sikandar).

ited by heat generated by infrared neodymium–yttrium aluminium
perovskite (Nd:YAP) laser pulses. Laser heat is a natural stimulus and
corresponds well with common painful experiences [4]. Cutaneous
heat stimuli are transduced by transient receptor potential channels
and transmitted by thin myelinated Ad and unmyelinated C ﬁbres
[33]. Laser stimulation of the skin activates both high-threshold, fast
conducting type II A-mechano-heat ﬁbres (15 m/s) and low-threshold, slow conducting C nociceptors (0.5 to 1.5 m/s [4,15]). Because of
these different conduction velocities, a single brief laser stimulus
that coactivates Ad and C skin nociceptors elicits a double sensation
of ﬁrst pricking pain (mediated by Ad-ﬁbres), followed by a second
burning pain (mediated by C-ﬁbres) [30].
Second-order spinal neurones receive the summated input from
several primary afferents that innervate cutaneous structures and
contribute to coding of stimulus location and intensity [31]. Electrophysiological recordings of deep dorsal horn wide dynamic
range (WDR) neurones and nociceptive-speciﬁc (NS) lamina I neurones in both rats and primates show that these cells can encode
the intensity of mechanical and thermal stimuli [18,20,23,46]. Spatial summation is also an important aspect of sensory coding and
may be an important mechanism of pain ampliﬁcation in some
chronic pain conditions [44]. Indeed, psychophysical studies have
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shown that intensity of painful sensations is increased when spatially larger stimuli are applied, either within or across dermatomes [13,19,36,43].
Here, we used identical Nd:YAP laser stimulation to compare
several features of the response of deep WDR neurones and superﬁcial NS neurones in the rat dorsal horn with human cortical responses (laser-evoked potentials [LEP]) and psychophysics. We
ﬁrst characterized the responses evoked in rats and humans by
graded intensities of radiant heat. Subsequently, we investigated
the effects of spatial summation of laser stimuli at the spinal cord
level in rats and at the cortical level and on psychophysical measures in humans.
2. Materials and methods
2.1. Animals
All animal experiments used male Sprague-Dawley rats (250 g;
Central Biological Services, University College, London, UK). This
was approved by the United Kingdom Home Ofﬁce according to
guidelines set by personal and project licenses and the guidelines
of the Committee for Research and Ethical Issues of the International Association for the Study of Pain.
2.2. Rodent electrophysiology
Electrophysiology experiments were performed as previously
described [17]. In rats anaesthetised with isoﬂurane (1.5%; 66%
N2O and 33% O2), extracellular recordings in L4-5 segments were
made from WDR neurones in the deep dorsal horn (lamina V to
VI, 500 to 1000 lm) and NS neurones in the superﬁcial dorsal horn
(lamina I, 0 to 250 lm) using parylene-coated tungsten electrodes
(A-M Systems, Sequim, WA). A number of WDR neurones in the
superﬁcial dorsal horn were encountered, but their responses are
not shown. The characteristics and responses of these neurones
were the same as deep dorsal horn WDR cells. Superﬁcial neurones
were classiﬁed as NS if 8g von Frey (vF) stimulation evoked 6100
spikes. Activity of neurones was visualised on an oscilloscope
and discriminated on a spike amplitude and waveform basis.
Electrical, mechanical, and laser stimuli were applied in the
peripheral receptive ﬁeld on the hindpaw glabrous skin. Data were
recorded and analysed by a CED 1401 interface coupled to Spike 2
software (Cambridge Electronic Design, Cambridge, UK).
2.2.1. Electrical stimulation
Evoked spikes to a train of 16 transcutaneous stimuli (2-mswide pulses, 0.5 Hz, 3  C-ﬁbre threshold) constructed a poststimulus histogram. Responses evoked by Ab- (0 to 20 ms), Ad- (20 to
90 ms), and C-ﬁbres (90 to 350 ms) were separated and quantiﬁed
on the basis of latency. Neuronal responses occurring after the C-ﬁbre latency band of the neurone were classed as postdischarge
(350 to 800 ms). C-ﬁbre and postdischarge responses evoked by
the ﬁrst stimulus of the train multiplied by the total number of
electrical stimuli (16) are referred to as input, a measure of activity
evoked by the stimulus before any subsequent hyperexcitability.
This is the nonpotentiated response. Wind-up is calculated as the
total number of action potentials at C-ﬁbre and postdischarge
latencies produced by the train, minus the input. This increased
neuronal responsiveness after repeated stimulation at the same
intensity gives a measure of hyperexcitability of the neurone [18].
2.2.2. Mechanical stimulation
All von Frey ﬁlaments (8g, 26g, and 60g) and dynamic brush
were applied for 10 seconds, and the total number of evoked spikes
was recorded. Use of these natural stimuli does not allow us to

determine which peripheral ﬁbre types convey these stimuli, unlike the electrical stimulation described earlier.
2.2.3. Laser stimulation
Radiant stimuli were generated by an Nd:YAP laser (wavelength: 1.34 lm; duration: 4 ms; ElEn Group). The laser beam
was transmitted via an optic ﬁbre, and its diameter was set to
6 mm (28 mm2) or 12 mm (113 mm2) by focusing lenses. To characterize neuronal responses to graded intensities of laser stimulation, we delivered laser pulses of 1 J, 2 J, 3 J, and 4 J using a spot size
with a diameter of 6 mm. To determine the effects of different spot
sizes of stimulation while using identical energies, we delivered laser pulses with ﬂuencies of 71 mJ/mm2, 142 mJ/mm2, and 214 mJ/
mm2 using a spot size with a diameter of 12 mm (ie, energies of 2 J,
4 J, and 6 J). In human subjects, we did not deliver laser pulses at
the highest energy (6 J over a spot size with a diameter of
12 mm, ie, 214 mJ/mm2), as the elicited sensation was unbearable
in repeated measures. Surface skin temperature of the rat hindpaw
was monitored using an infrared thermometer.
2.3. Human psychophysics and electrophysiology
Eight healthy volunteers gave their informed consent to take
part in the study (3 male and 5 female subjects; age range: 21 to
37 years; mean age: 28.7 ± 5.7). The study conformed to the standards set by the Declaration of Helsinki and was approved by the
local ethics committee. Each subject was ﬁrst familiarized with
the experimental setup and exposed to 5 to 10 test stimuli.
2.3.1. Stimuli
The same Nd:YAP laser stimuli used for the animal experiments
were used in the human experiments (identical duration, energies,
and spot sizes except for the stimuli of 214 mJ/mm2, see previous
section). The laser beam was directed onto the glabrous skin of
the index and middle ﬁngers of the right hand (a territory similar
to the one stimulated in rats) and stimuli were delivered arrhythmically at intervals of 10 to 15 seconds.
2.3.2. Experimental design
Participants were seated with their right hand on a desk and with a
screen-blocked view of the stimulated hand. Acoustic isolation was
ensured using white noise throughout the experiment. In experiment
1, we delivered 20 laser stimuli for each of the 4 laser energies used (80
stimuli in total); in experiment 2, we delivered 20 laser stimuli for
each of the 2 different spot sizes (40 laser stimuli in total). Within each
experiment, the order of stimuli was pseudorandomized.
2.3.3. Behavioural measures
In both experiments, 3 different behavioural measures were
collected simultaneously to the electroencephalogram (EEG). (1)
When stimuli were perceived, participants described the quality
of perception choosing 1 of the following 7 descriptors: light touch,
touch, shock, tingling, warm, pricking, and burning [35]. (2) Participants were then asked to report the intensity of perception using a
numerical rating scale (NRS) ranging from 0 (no detection) to 100
(maximum pain). An anchor at the middle of the scale (NRS = 50)
marked the border between nonpainful and painful domains of
sensation [35]. (3) Participants were instructed to release a pedal
with their right foot as soon as they perceived the stimulus. Reaction times, deﬁned as the time elapsed between the onset of the
stimulus and the button press, were measured with a digital chronometer with 1-ms resolution.
2.3.4. Electrophysiology
The EEG was recorded in 3 subjects using 5 Ag–AgCl electrodes
placed on the scalp at positions Fz, Pz, Cz, T3, and T4 (International
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10–20 system), and in 5 subjects using 32 electrodes, to allow
exploring the scalp distribution of the observed effect. In both
cases the nose was used as reference. Ocular movements and eye
blinks were recorded using 2 surface electrodes placed at the
upper-left and lower-right sides of the right eye. Signals were
ampliﬁed and digitized using a sampling rate of 1024 Hz (Micromed, Treviso, Italy). All EEG processing steps were carried out
using Letswave [21] and Matlab (The MathWorks, Natick, MA).
Continuous EEG recordings were segmented into 2-second-long
epochs ( 0.5 to +1.5 seconds relative to stimulus onset), band-pass
ﬁltered (1 to 30 Hz), and baseline-corrected (reference interval
0.5 to 0 seconds). Epochs with amplitude values exceeding
±100 lV (ie, epochs likely to be contaminated by an artefact) were
rejected. Separate average event-related potential waveforms were
computed for each participant and stimulus type. For each waveform, the amplitude of the N1, N2, and P2 peaks of the LEP were
measured as follows. The N1 wave was measured at the temporal
electrode contralateral to the stimulated side (T3), referenced to Fz
[25]. It was deﬁned as the negative deﬂection preceding the N2
wave, which appears as a positive deﬂection in this montage. The
N2 and P2 waves were measured at the vertex (Cz), referenced to
the nose. The N2 wave was deﬁned as the most negative deﬂection
after stimulus onset. The P2 wave was deﬁned as the most positive
deﬂection after stimulus onset.
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Fig. 1. Laser stimulation of the rat hindpaw is purely nociceptive. Example
poststimulus time histograms show the activation and relative primary afferent
input of a wide dynamic range neuronal response after radiant heat stimulation of
the receptive ﬁeld at different energies. Fibre types are separated according to
latency of spikes; Ab-ﬁbres (0 to 20 ms), Ad-ﬁbres (20 to 90 ms), C-ﬁbres (90 to
300 ms), and postdischarge (300 to 800 ms).

3. Results

2.4. Statistical analyses

3.1. Nd:YAP laser stimulation selectively activates Ao- and C-ﬁbres

2.4.1. Rodent electrophysiology
The correlation between the number of spikes evoked by laser
stimulation and spikes evoked by electrical/mechanical stimuli
was assessed using Pearson r. For data related to graded energy
codings (number of spikes evoked and duration of ﬁring in rats,
NRS, and reaction times in humans), a 1-way analysis of variance
(ANOVA) with Bonferroni post-hoc tests were used and data were
presented as mean ± SEM response. Student unpaired t tests were
used to compare the evoked responses of WDR neurones to electrical and mechanical stimulation against those of NS neurones, with
data presented as mean ± SEM response. For data involving 2 spot
sizes of laser stimulation, a 2-way ANOVA with Bonferroni posthoc tests was used, with stimulus energy and stimulus size as main
factors Data were presented as mean ± SEM response.

Poststimulus time histograms quantify the relative primary
afferent input to WDR neurones after peripheral stimulation
(Fig. 1). This analysis clearly revealed that the laser stimulation applied to the rat hindpaw is selectively nociceptive, ie, it only activates Ad- and C-ﬁbres, but never Ab-ﬁbres. Respective
contributions of primary nociceptive afferents varied as a function
of stimulus intensity; at low laser energies only C-ﬁbre afferents
were activated, whereas at higher energies Ad-ﬁbres were also
recruited.
There was no correlation between ﬁring evoked by laser stimuli
and ﬁring evoked by Ab-ﬁbre input or innocuous mechanical stimulation (8g vF and brush; Figs. 2 and 3) in either neuronal class.
Thus, laser-evoked activity in dorsal horn neurones is nociceptive-speciﬁc and not contributed by low-threshold Ab-ﬁbres. Further, for both populations of neurones, laser-evoked activity is
signiﬁcantly correlated with ﬁring to noxious mechanical stimuli
(Figs. 2 and 3).
In human subjects, the quality of laser-evoked sensations
mostly involved descriptors unavoidably related to Ad- and C-ﬁbre
activity, ie, warm, pricking, or burning (81% of the total number of
perceived stimuli; Fig. 4C). Both reaction times and latencies of the
cortical responses were never compatible with Ab-ﬁbre transmission (Figs. 4B and 4D). These ﬁndings conﬁrm that heat stimulation
produced by the Nd-YAP laser provides a selective nociceptive input to the central nervous system.

2.4.2. Human psychophysics
In experiment 1, we assessed the effect of stimulus energy on
intensity of perception, number of stimuli perceived as painful,
and reaction times using a 1-way ANOVA with stimulus energy
as factor (4 levels: 1 J, 2 J, 3 J, 4 J). In experiment 2, we assessed
the effect of stimulus ﬂuence and stimulus size on intensity of perception and reaction times, using a 2-way ANOVA with stimulus
ﬂuence (2 levels: 71 and 142 mJ/mm2) and stimulus size (2 levels:
28 and 113 mm2) as factors.
2.4.3. Human electrophysiology
To statistically compare the LEP waveforms, we performed a
point-by-point, repeated-measures ANOVA at electrode Cz. This
approach allows disclosing the time course of each experimental
effect and yields a waveform expressing, for each scalp electrode,
its signiﬁcance across time. In experiment 1 we used a 1-way ANOVA to explore the effect of the experimental factor of stimulus energy (4 levels: 1 J, 2 J, 3 J, 4 J). In experiment 2, we used a 2-way
ANOVA to explore the effects of the experimental factors stimulus
ﬂuence (2 levels: 71 mJ/mm2, 142 mJ/mm2) and stimulus size (2
levels: 28 mm2, 113 mm2). To account for multiple comparisons,
intervals were considered as signiﬁcant only when lasting more
than 50 ms. F and P values are given at the maximum peak of each
signiﬁcant interval.

3.2. Graded laser stimulation produces graded responses in both rats
and humans
Laser-evoked ﬁring in both WDR (n = 56) and NS (n = 17) neurones clearly coded for stimulus intensity, with stronger laser stimuli
eliciting neuronal ﬁring of higher frequency (P < .001 for both WDR
and NS neurones, 1-way ANOVA; Figs. 5A and 5B). Notably, NS
neurones ﬁred less than WDR neurones at the highest stimulus
intensity (unpaired t test, P < .05) in all response time windows.
Furthermore, the duration of WDR ﬁring coded for stimulus intensity, whereas increasing stimulus intensities produced a ceiling effect on the duration of NS ﬁring (P < .001 post-hoc test at 4 J, 2-way
ANOVA; Fig. 5C and 5D).
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Fig. 2. Laser-evoked ﬁring of deep wide dynamic range (WDR) neurones in the rat dorsal horn is signiﬁcantly correlated with electrically evoked and mechanically evoked
activity. WDR ﬁring evoked by thermal stimulation (1- to 10-second cumulative spikes following 4 J laser energy) is signiﬁcantly correlated with electrically evoked measures
(all WDR neurones recorded n = 56; Pearson correlation). Speciﬁcally, Ad-ﬁbre input (B; P < .01), C-ﬁbre input (C; P < .05) and postdischarge (D; P < .01), but not the Ab-ﬁbre
input (A). Laser-evoked WDR ﬁring is also signiﬁcantly correlated with the evoked responses to noxious mechanical stimulation of 26g vF (G; P < .001) and 60g (H; P < .001),
but not nonnoxious mechanical stimulation of dynamic brush (E) and 8g vF (F). The 95% conﬁdence bands of the best-ﬁt line are shown for signiﬁcant correlations between
evoked spikes by electrical/mechanical and laser stimulation.
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Fig. 3. Laser-evoked ﬁring of superﬁcial nociceptive-speciﬁc (NS) neurones in the rat dorsal horn is signiﬁcantly correlated with electrically evoked and mechanically evoked
activity. The thermally evoked ﬁring of superﬁcial NS neurones (1- to 10-second cumulative spikes following 4 J laser energy) is signiﬁcantly correlated with electrically
evoked measures (superﬁcial NS neurones recorded n = 17; Pearson correlation). Speciﬁcally, C-ﬁbre input (C; P < .001) and postdischarge (D; P < .01), but not the Ab-ﬁbre (A)
or Ad-ﬁbre (B) input. Laser-evoked ﬁring of NS neurones is also signiﬁcantly correlated with the evoked responses to noxious mechanical stimulation of 26g vF (G; P < .05) and
60g vF (H; P < .01), but not nonnoxious mechanical stimulation of dynamic brush (E) and 8g vF (F). The 95% conﬁdence bands of the best-ﬁt line are shown for signiﬁcant
correlations between evoked spikes by electrical/mechanical and laser stimulation.
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Fig. 4. Psychophysical and electrophysiological responses to graded laser stimulation of the human glabrous skin. Radiant heat neodymium–yttrium aluminium perovskite
laser pulses were delivered on the volar surface of the index and middle ﬁngers in 8 healthy participants, using 4 stimulus energies (1 to 4 J). (A) Relationship between
stimulus energy and intensity of perception (⁄⁄⁄P < .001, post-hoc t tests). (B) Relationship between stimulus energy and reaction times (⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .001, post-hoc
t tests). (C) Quality of perception: number of times each of the 8 descriptors was chosen, expressed as percentage of the total number of reports. (D) Group-level average laserevoked potentials (LEPs) elicited by stimuli of different energies. Left panel shows the N1, N2, and P2 waves, at electrodes Cz (nose reference) and T3 (referenced to Fz). x-axis,
time (seconds); y-axis, amplitude (lV). The vertical dashed line marks the stimulus onset. The time-course of the F-value expressing the signiﬁcant effect of stimulus energy
at Cz is shown below the LEP waveforms. Signiﬁcant time intervals are highlighted in gray (consecutivity threshold = 50 ms). The right panel shows the scalpmaps at the
latency of the N1, N2, and P2 peaks, for each energy of stimulation.

Interestingly, the duration of ﬁring of WDR and NS neurones
(eg, more than a minute following a single laser pulse at 4 J)
matched the time proﬁle of skin temperature following the same
stimulus (Fig. 6). Stronger energies of laser stimulation produced
higher peaks of skin temperature increases, and changes in surface
skin temperature at all laser energies resolved to baseline temperature within 1 minute. The highest laser intensity produced skin
temperature increases clearly above the Ad heat nociceptor threshold (ie, 47°C [50]). The long duration of ﬁring in dorsal horn neurones would be consequent to the gradual decline in skin
temperature and likely to include responses evoked by warm skin
temperatures.

We also observed that the convergent primary afferent input of
NS neurones following electrical stimulation was smaller than
those of WDR neurones (unpaired t-tests, Ab-ﬁbres [P < .01], Ad-ﬁbres [P < .001], and C-ﬁbres [P < .01]; Fig. 7A). NS neurones also
showed signiﬁcantly smaller measures of cell excitability (postdischarge [P < .05], input [P < .01], and wind-up [P < .001]). Moreover,
NS neurones ﬁred signiﬁcantly less than WDR neurones in response to both innocuous mechanical stimulation (dynamic brush
[P < .05], 8g vF [P < .001]) and noxious mechanical stimulation (26g
vF [P < .001], 60g vF [P < .05]; Fig. 7B).
The human behavioural responses to laser stimulation also
were graded with stimulus energy. The number of non detected
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Fig. 5. Graded laser stimulation of the rat hindpaw produces graded ﬁring of deep wide dynamic range (WDR) and superﬁcial nociceptive-speciﬁc (NS) dorsal horn neurones
that corresponds to human intensity reports. Evoked ﬁring of WDR (A) and NS (B) neurones to increasing heat intensities, shown as the total number of spikes evoked in 3
response time windows (1 to 10 seconds, 1 to 20 seconds, and 21 to 30 seconds after laser stimulation; signiﬁcance is shown only for response time window 1 to 10 seconds;
⁄
P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .001, post-hoc t tests). (C, D) Total duration of WDR and NS ﬁring, respectively, following laser stimulation (⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .001, post-hoc t
tests). (E) Comparison of the evoked ﬁring of WDR and NS neurones in the rat dorsal horn (1- to 10-second cumulative spikes following 4 J laser energy) against the reported
intensities of perception in human subjects with increasing laser stimulation intensities.

Fig. 6. Skin temperature proﬁle following laser stimulation. Example skin temperature proﬁle of a rat hindpaw illustrating the changes in surface skin temperature
following laser stimulation at different energies.

stimuli decreased from 21 at 1 J to 4 at 2 J, whereas all stimuli were
perceived at higher energies (Fig. 4C). The perceived stimulus
intensity and the number of stimuli in the painful range (ie, perceived as pinprick or burning) increased signiﬁcantly with stimulus energy (perceived intensity: P < .0001, 1-way ANOVA; Figs. 4A
and 4C; 1 J: 0%; 2 J: 24% ± 0.15%; 3 J: 49% ± 0.27%; 4 J:
75% ± 0.35%). Interestingly, the energy-dependent increase of perceived intensity in humans was remarkably similar to the energy-dependent increase of neuronal ﬁring in rats (Fig. 5E). When
neuronal ﬁring and human reports were normalised (data not
shown), there was no signiﬁcant difference between the WDR
and NRS responses at any of the laser intensities. The NS and
NRS responses only differed at a stimulus intensity of 2 J. RTs also
shortened with increasing laser energy (P < .0001, 1-way ANOVA;
Fig. 4B). RTs to laser stimuli at the 2 lowest energies were clearly
in the C-ﬁbre range (ie, >650 ms when stimulating the hand; [9]),
and progressively shifted toward shorter latencies in the Ad-ﬁbre
range when stimuli of 3 J and 4 J were applied. Lastly, the cortical
response elicited by laser stimuli in humans was also graded with
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the WDR ﬁring plateaued at the higher laser energy. In contrast,
in NS neurones the intensity-dependent ﬁring plateaued with the
larger stimulus spot size.
In humans, laser stimuli delivered over the larger surface elicited signiﬁcantly more intense sensations (main effect of stimulus
size: P < .0001, 2-way ANOVA; Fig. 9A). Similar to what was observed in experiment 1, laser stimuli of higher ﬂuence elicited signiﬁcantly more intense sensations (main effect of stimulus ﬂuence:
P < .0001, 2-way ANOVA). There was also an interaction between
stimulus size and stimulus ﬂuence, indicating that the effect of
stimulus size was signiﬁcantly stronger at high ﬂuence (P < .01;
2-way ANOVA).
Reaction times were shorter when laser stimuli were of higher
ﬂuence (main effect of stimulus ﬂuence: P < .0001, 2-way ANOVA)
and delivered over the larger surface (main effect of stimulus size:
P < .05, 2-way ANOVA). Interestingly, there was a signiﬁcant stimulus ﬂuence  stimulus size interaction, indicating that the effect
of stimulus size was only present when laser stimuli were of high
ﬂuence (P < .05, 2-way ANOVA; Fig. 9B).
LEP amplitudes were also affected by the spatial summation of
the peripheral input (Fig. 5C). We observed signiﬁcant main effects
of both stimulus ﬂuence and stimulus size. Stimuli delivered over
the larger surface elicited signiﬁcantly larger LEPs in the time
interval 135 to 207 ms (main effect of stimulus size: F = 57.23,
P < .0001; 2-way ANOVA), coinciding with the latency of both the
N1 and the N2 waves. Similarly, stimuli of higher ﬂuence elicited
signiﬁcantly larger LEPs in the time intervals 142 to 214 ms (corresponding to the N1 and N2 waves; F = 32.54, P < .001; 2-way ANOVA), 251 to 410 ms (corresponding to the P2 wave; F = 28.55,
P < .005; 2-way ANOVA), and 482 to 532 ms (corresponding to
the negative shoulder following the P2 wave; F = 24.14, P < .005;
Fig. 7. Comparison of electrically and mechanically evoked responses in deep wide
dynamic range (WDR) and superﬁcial nociceptive-speciﬁc (NS) neurones in the rat
dorsal horn. (A) Electrically evoked responses of WDR and NS neurones illustrating
the convergent afferent input of recorded cells (Ab-ﬁbres, Ad-ﬁbres, and C-ﬁbres)
and measures of excitability (postdischarge, input, and windup). (B) Evoked
responses of WDR and NS neurones to innocuous (brush, 8g vF) and noxious (26g
vF, 60g vF) mechanical stimulation (⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .001).

stimulation intensity (Fig. 4D), with a clear LEP related to the activation of Ad-ﬁbres only elicited by stimuli of 3 J and 4 J. Stimulus
energy was a signiﬁcant source of variance within 3 different time
intervals: 132 to 222 ms (corresponding to the N1 and N2 waves;
F = 58.54, P < .0001, 1-way ANOVA), 244 to 390 ms (corresponding
to the P2 wave; F = 20.76, P < .0001, 1-way ANOVA), and 490 to
579 ms (corresponding to the negative shoulder following the P2
wave; F = 6.55, P < .01, 1-way ANOVA).
3.3. Spatial summation of Nd:YAP laser input
To explore the spatial summation of nociceptive input, we applied laser stimuli of different ﬂuences (3 in rats: 71, 142, and
214 mJ/mm2; 2 in humans: 71 and 142 mJ/mm2), each over a small
(28 mm2) and large (113 mm2) spot size. The behavioural and electrophysiological responses evoked by laser stimuli of different size
but equal intensity were remarkably different, indicating a clear effect of spatial summation in both species.
In rats, laser stimuli delivered over the larger surface evoked
signiﬁcantly more ﬁring of both WDR and NS neurones, at all explored energies (main effect of stimulus size: P < .001 [NS] and
P < .0001 [WDR]; main effect of stimulus energy: P < .0001 [NS]
and P < .0001 [WDR]; no signiﬁcant stimulus size  stimulus energy interaction for WDR and NS; 2-way ANOVA; Figs. 8A and
8B). Interestingly, while using the larger spot size, WDR ﬁring
was clearly graded with laser energy; with the smaller spot size,

Fig. 8. Firing of deep wide dynamic range (WDR) neurones and superﬁcial
nociceptive-speciﬁc (NS) neurones in the rat dorsal horn can be spatially summated
with laser stimulation. Evoked ﬁring of wide dynamic range (A) and NS (B)
neurones in the ﬁrst time response window (1 to 10 seconds) following graded
intensities of laser stimuli with a small (black bars) and large (white bars) spot size
of stimulation (2-way ANOVA, ⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .001).
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4. Discussion
In this study, we explored the central processing of nociceptive
inputs in a novel parallel investigation using rats and humans.
Using Nd:YAP laser pulses, we compared the responses of deep
WDR neurones and superﬁcial NS neurones in the rat dorsal horn
with both behavioural and electrocortical responses in humans.
We characterised the responses to graded laser stimulation and
the effects of spatial summation.
We observed 3 main ﬁndings in both rodent and human measures. Firstly, laser stimulation over a range of energies never activated Ab-ﬁbres, thus showing that it represents a purely
nociceptive stimulus. Secondly, graded laser stimuli elicited similarly graded electrophysiological and behavioural responses.
Thirdly, there was a signiﬁcant degree of spatial summation of
the nociceptive laser input. The remarkable similarities in the rodent and human data suggest that responses of WDR and NS neurones in the rat dorsal horn can translate to human thermal
sensory coding.
4.1. Selective activation of A and C nociceptors by Nd:YAP laser pulses
In the electrophysiological recordings from the rat dorsal horn,
laser stimulation always activated C ﬁbres, and at higher energies
Ad-ﬁbres were also recruited. There was no correlation between laser-evoked ﬁring and electrically evoked Ab-ﬁbre activity in dorsal
horn neurones. LEPs evoked by the same laser pulses in humans
showed no activity at Ab-ﬁbre latencies. Crucially, nociceptive laser stimulation never activated Ab ﬁbres.
The average human reaction times to 1 J and 2 J stimuli indicate
that at these energies the afferent input is transmitted in C-ﬁbres
[7,51]. With the recruitment of Ad ﬁbres at higher laser energies,
the reaction times of human subjects shortened, in parallel with
an increase of reports of pricking sensations characteristic of Ad-ﬁbre activation [6].
4.2. Spinal and cortical processing of thermal stimulation—parallel
responses in rats and humans

Fig. 9. Effect of spatial summation of nociceptive input on human psychophysical
and electrophysiological responses. Nd:YAP laser pulses were delivered on the volar
surface of the index and middle ﬁngers in 8 healthy participants, using 2 stimulus
ﬂuences (71 and 142 mJ/mm2) and 2 stimulus sizes (28 and 113 mm2). (A)
Relationship between stimulus ﬂuence, stimulus size, and intensity of perception
(⁄⁄⁄P < .001, post-hoc t tests). (B) Relationship between stimulus ﬂuence, stimulus
size, and reaction times (⁄⁄P < .01, post hoc t test). (C) Group-level average LEPs
elicited by stimuli of different ﬂuence and spot size. N1, N2, and P2 waves are
shown at electrodes Cz (nose reference) and Tc (referenced to Fz). x-axis, time
(seconds); y-axis, amplitude (lV). The vertical dashed line marks the stimulus
onset. The time-course of the F-values expressing the signiﬁcant effect of stimulus
ﬂuence and size are shown below the LEP waveforms. Signiﬁcant time intervals are
highlighted in green (main effect of stimulus energy) and in light blue (main effect
of stimulus size) (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.).

2-way ANOVA). These time intervals were similar to those observed in experiment 1. There was no signiﬁcant stimulus
size  stimulus ﬂuence interaction on the amplitude of LEPs.

We observed signiﬁcant correlations between numbers of
spikes elicited in WDR and NS neurones by noxious mechanical
stimuli and 4 J laser stimuli. Second-order spinal neurones that ﬁre
to high-threshold heat stimuli are thus likely to produce comparable activity upon nociceptive mechanical stimulation. Peripheral
mechanisms for transduction and coding of different somatosensory stimuli have been characterised peripherally [29], but knockout and microneurography studies show that primary afferents can
code for more than 1 nociceptive stimulus modality [1,10,11]. Because sensory discrimination can involve overlapping of transduction for different stimulus modalities across different ﬁbre types
prior to central processing, central structures play an important
role in discriminating between sensory modalities and intensities
[14].
Indeed, second-order spinal cord neurones are the ﬁrst central
structures to receive somatic sensory input. Earlier work has illustrated that dorsal horn neurones participate in the encoding process of heat stimuli in primates [22,23,32]. We reproduced this
intensity coding to laser stimuli in WDR and NS neurones in the
rat dorsal horn and showed that the same stimulus parameters
can evoke graded behavioural and electrophysiological responses
in humans. WDR and NS neurones exhibited consistent responses
within each population, suggesting that coding processes are common for projection and intrinsic neurones within these populations
given that our recorded spinal neurones may be either. Although
NS neurones show a positive relationship between stimulus inten-
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sity and response frequency, they produced lower discharge frequencies to thermal and mechanical stimulation and cell excitability measures compared with WDR neurones (as expected [46]).
This is likely a direct consequence of intrinsic properties and/or tonic GABAergic and glycinergic inhibition of the superﬁcial dorsal
horn [47]. Moreover, projections of lamina I neurones in the rat
are dominated by medullary and parabrachial targets, and less so
by direct spinothalamic projections that transmit sensory information to insular and somatosensory cortices for discriminative aspects of sensory processing [48]. It is thus conceivable that ﬁnetuned information regarding stimulus intensity is provided by
WDR neuronal projections, whereas the activity of superﬁcial NS
neurones provides simple information about stimuli to induce
appropriate autonomic and emotional responses. These factors
underlying the difference in WDR and NS discharge frequencies
may relate to an evolutionary pressure to conserve metabolically
efﬁcient neural codes [5].
Superﬁcial NS neurones responded to low-threshold dynamic
brush, but not low intensities of static von Frey stimulation. This
may underlie our reports of touch to lower laser stimulation intensities, given that C-mechanoreceptors providing input to lamina I
contribute to low-threshold activity [47]. C-tactile afferents are
also involved in pleasant touch sensations [3,28]. Furthermore, dynamic regulation of touch and pain processing through inhibitory
modulation of glycinergic neurones in the superﬁcial dorsal horn
may permit low-threshold inputs to penetrate to high-threshold
lamina I cells [34,49].
The magnitude of LEP responses recorded in humans was also
graded with both intensity of stimulation and subjective intensity
of perception, as previously described [26]. Interestingly, there was
a remarkable overlay between the number of evoked spikes in both
WDR and NS neurones with the subjective intensity ratings of human subjects. This suggests that the ability of rat dorsal horn neurones to encode stimulus intensity through discharge frequency is
likely related to perceptual outcome, presumably by transfer of
graded nociceptive information to higher centres that is reﬂected
by human intensity ratings (and LEPs at suprathreshold intensities)
[8,39]. However, there was a striking difference in the respective
durations of rat spinal cord activity and human perception. Indeed,
whereas heat-evoked neuronal ﬁring can last up to 1 minute, representing central excitability such as wind-up and corresponding
postdischarge, the perception of a 4-ms-long laser pulse is very
transient, lasting at most only a few seconds [41]. This continued
low-frequency ﬁring in WDR and NS neurones is unlikely to contribute to conscious sensory perception, but could facilitate late reﬂex responses in animals [45] or the nociceptive ﬂexion reﬂex in
humans [40].
Although identical laser stimulation parameters were used in
both rats and humans, we must note that differences in thermophysical properties of the skin, including transparency and reﬂectance of the epidermal layers, do not necessarily implicate that
the delivered stimulation was physiologically identical in the 2
species [2,24]. Furthermore, rodents were anaesthetized. Nevertheless, we have still shown that matching the parameters of laser
stimulation produces highly correlated electrophysiological and
perceptual responses of rats and human subjects.
4.3. Spatial summation of nociceptive heat input
Several studies have investigated spatial summation of innocuous or noxious heat stimulation in humans, showing that enlarging
the stimulus area produces an increase in the intensity of the stimulus-evoked responses [13,19,36,43]. Here we provide the ﬁrst parallel study of spatial summation in humans and rats using a range
of heat intensities.

The mechanisms governing spatial summation are likely to happen at different levels of the central nervous system. Greater stimulation areas can activate peripheral zones of neighbouring
receptive ﬁelds of spinal neurones [42], and through this recruitment of additional nociceptors and increasing stimulus intensities,
it is possible to produce greater ﬁring of spinal neurones [44]. We
saw a clear effect of spatial summation of laser stimulation in both
rats and humans using identical stimulation parameters. There was
a signiﬁcant increase in dorsal horn neuronal ﬁring in rats and
greater intensity ratings and LEP responses in humans, reinforcing
the idea that spinal coding impinges on upstream perception.
The use of high-intensity stimulation (214 mJ/mm2) while
recording from central neurones in anaesthetised preparations
was important to overcome limitations of behavioural studies
using withdrawal thresholds or using near-maximum pain responses. As a result, we observe a plateau of evoked WDR activity
at the highest intensity of stimulation over the smaller spot size,
suggesting a maximum level of nociceptor recruitment within that
spatial restraint. Similar reasoning may underlie the ceiling effect
observed in the larger spot size in NS neurones, given that these
are less excitable than WDR neurones.
4.4. Conclusions
We observed a strong concordance between the rodent spinal
and human perceptual responses to laser stimulation, both for
intensity coding and spatial summation. Thus, unlike threshold
behavioural studies, the suprathreshold responses of dorsal horn
neurones can relate to the high pain levels that patients report.
Dorsal horn recordings in rats allows for such a quantitative analysis of neuronal coding to laser, or indeed any other form of stimulation at the full range of stimulus intensities, by permitting
suprathreshold responses to be monitored. Indeed, these responses
are critical in pain states but are not amenable to analysis by
behavioural studies that can only determine withdrawal thresholds. Furthermore, characterisation of suprathreshold responses
can also prove critical for the assessment of the efﬁcacy of novel
drugs, which may have different modulatory effects on responses
to higher intensities of stimulation compared to threshold measures. These results are important for translational research.
Imperatively, the concordance between the human and rat responses could be altered by changes in coding properties of neurones in pathological states [16,37,38]. Furthermore, spinal neurones
can be modulated by a number of agents that alter pain ratings in
patients [16]. However, the remarkable similarities in the rodent
and human data indicate that responses of WDR and NS neurones
in the rat dorsal horn can translate to coding of acute thermal sensations in humans. This correspondence of animal and human data
suggests that recordings of central neuronal activity could be a
valuable predictive measure of human thermal sensory perception.
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