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Abstract

Scratching inhibits pruritogen-evoked responses of neurons in the superficial dorsal horn,
implicating a spinal site for scratch inhibition of itch. We investigated if scratching differentially
affects neurons depending on whether they are activated by itchy vs. painful stimuli, and if the
degree of inhibition depends on the relative location of scratching. We recorded from rat lumbar
dorsal horn neurons responsive to intradermal (id) microinjection of serotonin (5-HT). During the
response to 5-HT, scratch stimuli (3 mm, 300 mN, 2 Hz, 20 s) were delivered at the injection site
within the mechanosensitive receptive field (on-site), and 4-30 mm away, outside of the receptive
field (off-site). During off-site scratching, 5-HT-evoked firing was significantly attenuated
followed by recovery. On-site scratching excited neurons, followed by a significant post-scratch
decrease in 5-HT-evoked firing. Most neurons additionally responded to mustard oil (AITC). Off-
site scratching had no effect, while on-site scratching excited the neurons. These results indicate
that scratching exerts a state-dependent inhibitory effect on responses of spinal neurons to pruritic
but not algesic stimuli. Moreover, on-site scratching first excited neurons followed by inhibition,
while off-site scratching immediately evoked inhibition of pruritogen-evoked activity. This
accounts for the suppression of itch by scratching at a distance from the site of the itchy stimulus.
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Introduction

Itch is often defined as an unpleasant sensation associated with the desire to scratch. Itch
sensation presumably provides a warning signal that an organism or plant spicule has
invaded the skin surface, and triggers scratching to remove the offending stimulus.
Scratching and a variety of other noxious counterstimuli relieve itch sensation in humans
(Murray & Weaver, 1975; Ward et al., 1996; Yosipovitch et al., 2005). The mechanism by
which scratching the skin surface relieves itch is thought to involve inhibition of spinal itch-
signaling neurons (Davidson et al., 2009; Akiyama et al., 2011, 2012).
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We have presently investigated the effect of scratching on presumptive itch-signaling
neurons in the rat spinal cord. Sprague-Dawley rats exhibit pain-like responses to the
prototypical itch mediator, histamine (Carstens, 1997; Klein et al., 2011), but exhibit itch-
related hindlimb scratching behavior following intradermal (id) injection of serotonin (5-
hydroxytramptamine= 5-HT)( Berendsen & Broekkamp, 1991; Thompsen et al., 2001; Jinks
& Carstens, 2002). 5-HT-evoked scratching involves 5-HT2 receptors (Nojima & Carstens,
2003a) and is inhibited by p-opioid antagonists but not agonists (Nojima et al., 2003;
Nojima & Carstens, 2003b; Spradley et al., 2012). A subpopulation of rat dorsal root
ganglion (DRG) neurons with primary afferent C-fibers gave prolonged responses to
peripheral cutaneous application of 5-HT (Hachisuka et al., 2010). Superficial dorsal horn
neurons in the rat lumbar spinal cord respond to id injection of 5-HT (Carstens, 1997; Jinks
& Carstens, 2002; Jinks et al., 2002; Nojima et al., 2003) over a time course matching that
of 5-HT-evoked scratching (Jinks & Carstens, 2002). 5-HT-responsive neurons also
responded to a variety of algogens (Carstens, 1997; Jinks & Carstens, 2002). Substance P
participates as a spinal neuropeptide transmitter in 5-HT-evoked scratching, which was
significantly attenuated following neurotoxic destruction of neurons in the superficial
medullary and cervical dorsal horn that express neurokinin-1 (NK-1) receptors (Carstens et
al., 2010). Gastrin releasing peptide is another neuropeptide implicated in the spinal
transmission of itch (Sun & Chen, 2007; Sun et al., 2009). Thus, using 5-HT as a pruritogen,
the Sprague-Dawley rat presents an attractive animal model to investigate spinal
mechanisms of itch and its modulation. In the present study, we have investigated the effect
of scratching on responses of presumptive itch-signaling spinal neurons to cutaneous
application of 5-HT and the algogen, allyl isothiocyanate (AITC; mustard oil) which elicits a
burning pain sensation in humans.

Experimental Procedures

Experiments were performed using 13 adult male Sprague-Dawley rats (Simonsen, Gilroy,
CA,; 420-660 g) under a protocol approved by the UC Davis Animal Care and Use
Committee. The single-unit recording from the lumbar spinal cord was conducted as
previously detailed (Jinks & Carstens, 2002). Anesthesia was induced by sodium
pentobarbital (60 mg/kg ip) and maintained by intravenous infusion of pentobarbital (10-20
mg/kg/hr). A tungsten microelectrode recorded single-unit activity in the lumbosacral spinal
cord. A chemical search strategy (Jinks & Carstens, 2002) identified and isolated 5-HT-
responsive units. Briefly, a small (~0.1 pl) intradermal (id) microinjection of 5-HT (1%; 47
mM; Sigma-Aldrich, St. Louis MO) was made in the ventral hindpaw and a unit in the
superficial lumbar dorsal horn (depth < 300 um) exhibiting ongoing activity was isolated.
After the ongoing activity subsided, 1 pl of 5- HT was injected through the same needle.
Only units exhibiting an increase of >30% in firing were selected for further study.

During a period of relatively stable elevated firing following id 5-HT, a series of scratch
stimuli was delivered either directly at the injection site (on-site), or at a site 4-30 mm away
(off-site). Scratch stimuli consisted of back-and-forth movements of a brush bristle
resembling a rat claw across the hindpaw skin at a constant frequency of 2 Hz, excursion of
3 mm, force of 300 mN, and duration of 20 sec. The scratch stimulus was applied either on-
or off-site, in randomized order with at least 60 sec between scratching at either site.

5-HT-evoked activity usually decreased toward pre-injection levels after 1 hr. In most cases
we were able to test the effect of scratching on neuronal activity following id injection of
vehicle (id saline, n=6) and topical (2 pl) application of 75% AITC (n=9) or mineral oil
(n=6). Ten of 12 5-HT-responsive neurons responded to AITC, similar to our previous
report (Jinks & Carstens, 2002).
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After testing effects of scratching on evoked responses, the neurons were tested for
mechanosensitivity. Using a von Frey filament (bending force, 55 mN), we determined the
border between locations at which the mechanical stimulus either did, or did not, elicit a
reproducible response to at least 3 of 5 stimulus applications. This border was taken as the
perimeter of the receptive field. As noted above, on-site scratching was delivered at the
injection site which was always located within the receptive field, while off-site scratching
delivered at distances of 4-30 mm from the injection site which was always outside the
perimeter of the receptive field. Units were classified as wide dynamic range (WDR) if they
gave graded responses to progressively stronger stimuli, or nociceptive-specific (NS) if they
responded to noxious pinch but not to low-threshold von Frey, cotton wisp or brush stimuli.

Action potentials were recorded to computers running Spike2 (CED, Cambridge UK) and
Chart software (AD Instruments, Colorado Springs CO) and usually quantified as spikes/sec.
Mean firing rate was calculated over 1 min periods before and after injection of 5-HT, AITC
or vehicles. Ongoing responses were summed over 20-sec intervals before, during and after
on- or off-site scratching, and compared by use of repeated-measures analysis of variance
(ANOVA) followed by a post hoc Bonferroni test, with < 0.05 set as significant. At the
conclusion, an electrolytic lesion was made at the spinal cord recording site. The spinal cord
was postfixed in 10% buffered formalin, cut in 50 pm frozen sections, and examined under
the light microscope to identify lesions.

Data were collected from 13 5-HT-responsive neurons located in the superficial dorsal horn
(Fig. 3E) at a mean depth of 146.4 +/- 33.7 (SE) um from the surface. All units responded
to scratching. Twenty percent responded at lower frequency to low-threshold mechanical
stimuli and was classified as wide dynamic range (WDR), while the remainder were
classified as nociceptive-specific (NS).

5-HT increased firing to a level that was significantly higher compared to the pre-injection
baseline or to vehicle- (saline-) evoked firing (Fig. 1). Ten of 12 (83%) units tested
responded to AITC, which elicited a significant increase in firing compared to the pre-
injection baseline and to vehicle (mineral oil) application (Fig. 1). An example is shown in
Fig. 2. This unit was located in the superficial dorsal horn and responded to id 5-HT. During
the 5-HT-evoked response, on-site scratching further excited the neuron, while off-site
scratching inhibited ongoing activity (Fig. 1, left-hand PSTH). Saline did not elicit a
response. Following id saline, on-site scratching also excited the unit while off-site
scratching had no effect (Fig. 2, middle PSTH). The unit responded to a second id injection
of 5-HT (Fig. 2, 3@ PSTH from left). Application of mineral oil (AITC vehicle) had no
effect, and on- (but not off-) site scratching again exited the unit (Fig. 2, 4" PSTH from
left). Application of AITC excited the unit, and AITC-evoked firing was not inhibited by
either on- or off-site scratching (Fig. 2, right-hand PSTH).

Effects of scratching on 5-HT-evoked firing are summarized in Fig. 3. Fig. 3A presents an
averaged peristimulus-time histogram (PSTH) showing that 5-HT-evoked ongoing activity
was suppressed during off-site scratching. Fig. 3E plots responses before, during and after
off-site scratching for individual units (gray lines) and for the population average (thick
black line with error bars). Firing was significantly reduced during off-site scratching (from
a mean of 3.1 +/- 0.4 [SEM] impulses/20 sec to 2.19 +/- 0.29 impulses/20 sec) followed by
recovery (2.69 +/- 0.54). Fig. 3B and F show that firing was enhanced during on-site
scratching (from 4.15 +/- 0.62 to 10.58 +/- 2.07 impulses/20 sec), followed by a significant
reduction in firing post-scratching (2.7 +/- 0.46 impulses/20 sec). The low level of neuronal
activity following id saline injection was not significantly affected by off-site scratching
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(Figs. 3C, G; before: 1.57 +/- 0.45, during: 2.42 +/- 0.77; after: 1.3 +/- 0.35 impulses/20
sec) but was significantly enhanced during on-site scratching (Figs. 3D, H; before: 1.33 +/-
0.32; during: 21.2 +/- 5.6; after 1.3 +/- 0.71 impulses/20 sec).

Fig. 4 similarly presents data following application of AITC or its vehicle, mineral oil. Off-
site scratching had no significant effect on AITC-evoked firing (Fig. 4A, E; before: 4.78 +/-
1.7, during: 4.5 +/- 1.3; after: 3.96 +/- 1.19 impulses/20 sec), whereas activity was
enhanced during on-site scratching (Fig. 4B, F; before: 6.29 +/- 1.7; during: 14.27 +/- 4.6;
after: 3.93 +/- 1.27 impulses/20 sec). The low level of activity following mineral oil
application was not significantly affected by off-site scratching (Fig. 4C, G; before: 0.93 +/-
0.28; during: 1.3 +/- 0.61; after 1.21 +/- 0.64 impulses/20 sec) and was significantly
enhanced by on-site scratching (Fig. 4D, H; before: 1.31 +/- 0.67, during: 18.61 +/- 4.8;
after: 2.53 +/- 1.72 impulses/20 sec).

Discussion

The present results are consistent with previous studies reporting that scratching inhibited
the responses of primate spinothalamic tract neurons to id histamine (Davidson et al., 2009)
and inhibited responses of mouse superficial dorsal horn neurons to id histamine and
chloroquine (Akiyama et al., 2012). Both of these prior studies reported that the scratch
inhibition was state-dependent: scratching inhibited responses to pruritogens but not to the
algogen, capsaicin, a finding that is confirmed in the present study for a different algogen,
AITC. Moreover, we previously observed that pruritogen-evoked firing of murine dorsal
horn neurons was suppressed during off-site scratching, and after the termination of on-site
scratching (Akiyama et al., 2012), as confirmed in the present study for 5-HT-responsive
neurons in the rat.

The neurons were presently identified using a 5-HT search strategy. It is possible that our
recording methods, using tungsten microelectrodes, may have had a bias toward isolating
relatively larger neurons although we cannot prove this. We did not presently attempt to
identify the projection status of the recorded neurons, and it is possible if not likely that
some were ascending projection neurons. In the rat, spinothalamic projections from neurons
in the superficial dorsal horn are more sparse from mid-lumbar compared to mid-cervical
segments, while spinoparabrachial projections from lamina | are relatively more dense from
mid-lumbar compared to mid-cervical segments (Burstein et al., 1990; Al-Khater & Todd,
2009). Thus, some of the present 5-HT-sensitive neurons may have projected to the
parabrachial nucleus while fewer would be expected to project to thalamus. An unknown
percentage of 5-HT-sensitive neurons may have been local interneurons without ascending
projections. Our present approach did not allow us to distinguish between interneurons and
projection neurons.

It should be noted that the present lumbar 5-HT-sensitive units received afferent input from
the hindlimb, whereas most prior studies of itch-related scratching behavior have involved
injections of pruritogens into skin at the nape of the neck, or the cheek. However,
intradermal injection of 5-HT into the mouse hindpaw elicited biting directed toward the
injection site (Hagiwara et al., 1999). The 5-HT-evoked biting was suppressed by naloxone,
supporting the argument that biting is an itch-related behavior. We and others have provided
additional data supporting the idea that biting directed toward a hindlimb site of pruritic
stimulation reflects itch (Akiyama et al., 2010; LaMotte et al., 2011). Thus, we believe that
our present investigation of 5-HT-sensitive lumbar neurons is relevant to mechanisms of itch
arising from the hindlimbs.
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The majority of pruritogen-sensitive spinal neurons in cats, rats, mice and primates also
respond to algogens such as capsaicin or AITC (Andrew & Craig, 2001; Jinks & Carstens
2002; Simone et al., 2004; Davidson et al., 2007, 2012; Akiyama et al., 2009a, b). We
postulated that neurons responsive to both pruritogens and algogens selectively signal itch,
while nociceptive neurons that are unresponsive to pruritogens selectively signal pain
(Akiyama et al., 20093, b). This concept is supported by recent evidence showing that
primary afferent neurons expressing MrgprA3, which responds to the itch mediator
chloroquine (Liu et al., 2009), coexpress TRPV1 and also respond to capsaicin (Han et al.,
2013). Cutaneous application of capsaicin elicited itch-, rather than pain-, related behavior in
global TRPV1 knockout mice in whom TRPV1 was selectively re-expressed in MrgprA3-
expressing primary sensory neurons (Han et al., 2013). If neurons sensitive to both
pruritogens and algogens signal itch, then the itch-relieving effect of scratching might be
explained by the selective inhibition of the pruritogen-evoked responses of such neurons.
Off-site scratching presumably excited spinal inhibitory interneurons that inhibited
pruritogen-evoked neuronal activity. On-site scratching presumably activated nociceptors
that directly excited the pruritogen-responsive neurons, as well as spinal inhibitory
interneurons that inhibited the pruritogen-sensitive neurons after scratching had ceased (Fig.
2B). The post-scratch inhibition observed presently is consistent with previous
electrophysiological studies (Davidson et al., 2009; Akiyama et al., 2012) as well as human
studies in which scratching suppressed histamine- or cowhage-evoked itch, followed by a
return of itch sensation within 6-12 sec after scratching ceased (Kosteletzky et al., 2009).
However, an older study reported that scratching suppressed cowhage-evoked itch
sometimes for several minutes (Chapmann et al., 1960). The enhanced neuronal firing
during on-site scratching implies increased itch, which may be masked by concurrent pain,
with itch relief occurring at the termination of scratching when inhibition dominates.

It is unclear why scratching failed to inhibit the AITC- or capsaicin-evoked responses of
pruritogen-sensitive neurons. One possibility is that the nociceptors activated by skin
scratching do not excite spinal itch-inhibitory interneurons. However, this is not supported
by recent studies. “Bhlhb5” knockout mice lacking a subpopulation of inhibitory
interneurons exhibited significantly enhanced spontaneous and pruritogen-evoked scratching
behavior (Ross et al., 2010). Such interneurons may release GABA and/or glycine as
neurotransmitters to inhibit itch-signaling spinal neurons (Akiyama et al., 2011). Moreover,
genetic deletion of the vesicular glutamate transporter-2 (VGLUT-2) in nociceptors, which
reduced central nociceptive neurotransmission, resulted in enhanced scratching behavior
(Lagerstrom et al., 2010; Liu et al., 2010). These studies suggest that nociceptors do excite
spinal itch-inhibitory interneurons, and that removal of the nociceptive input and/or
inhibitory spinal interneurons disinhibits itch transmission. Further studies are needed to
understand the mechanism by which a pruritic stimulus allows scratching to excite spinal
inhibitory interneurons to inhibit pruriceptive spinal transmission, while an algesic stimulus
apparently prevents scratching from exciting itch-inhibitory interneurons.

Although the present data support a spinal site for scratch inhibition of itch transmission,
they do not rule out an additional supraspinal contribution. We previously reported that
scratch-evoked inhibition of ongoing spinal neuronal activity in a mouse model of dry skin
pruritus was reduced by approximately 50% following disruption of descending spinal
pathways at the upper cervical level (Akiyama et al., 2011), implicating a partial role for
descending pathways in scratch inhibition of itch. Currently little is know about how
descending pathways modulate spinal itch transmission, and how they may contribute to the
state-dependency of scratch-evoked inhibition.

5-HT-evoked neuronal activity was inhibited during off-site scratching, consistent with our
previous study in mice (Akiyama et al., 2012). The inhibitory effect of scratching at a

Neuroscience. Author manuscript; available in PMC 2014 October 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nishida et al. Page 6

distance from the site of 5-HT injection is consistent with older human studies showing that
itch could be relieved by scratching skin within the same dermatome at distances of up to 24
mm from the site of the experimental pruritic stimulus (Graham et al., 1951; Chapmann et
al., 1960). It is also noteworthy that patients with chronic itch exhibited scratch marks that
were aligned along dermatomal lines, with the length of the scratch mark correlated with
tactile discrimination (Cornbleet 1953; Savin et al., 1999).

Conclusions

Scratching inhibited responses of superficial dorsal horn neurons to the pruritogen, 5-HT,
but not the algogen AITC, indicating that the effect of scratching is state (i.e., stimulus) -
dependent. Off-site scratching inhibited 5-HT- but not AITC-evoked firing. On-site
scratching facilitated neuronal responses to both 5-HT and AITC, with only 5-HT-evoked
firing being significantly inhibited following the end of scratching. These data indicate that
the effect of scratching is also site-dependent. The present results are consistent with
observations that itch can be relieved by scratching at or distant from a focal site of pruritic
stimulation, and support a spinal cord site of action by which scratching inhibits the
transmission of itch signals.
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Abbreviations

5-HT 5-hydroxytryptamine (serotonin)
AITC allyl isothiocyanate
ANOVA analysis of variance
DRG dorsal root ganglion
Mrgpr mas-related G-protein-coupled receptor
NK-1 neurokinin-1
NS nociceptive-specific
PSTH peristimulus-time histogram
TRPV1 transient receptor potential vanilloid-1
VGLUT-2 vesicular glutamate transporter-2
WDR wide dynamic range
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Fig. 1.

Activation of superficial dorsal horn neurons by 5-HT, AITC and vehicles. Bar graph plots
mean firing rate (calculated over 60 sec) pre- (open bars) and post-injection (filled bars).
Error bars: SEM. *: significantly different (p<0.05, paired t-test).
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Fig. 2.

Individual example. Upper: peristimulus-time histogram (PSTHSs; bin width: 1 sec) of unit
located in superficial dorsal horn. Downward arrows indicate time of application of
indicated stimuli. Times of on- and off-site scratching are indicated by black bars with
dashed lines. Upper left inset: drawing of hindpaw showing receptive field (gray) and
locations of on-site and off-site scratching (dots and horozintal two-headed arrows). Upper
right inset: recording site (dot) on drawing of lumbar spinal section. Lower: Gray trapezoids
beneath PSTH indicate 60-sec time windows that have been expanded to show spike traces
(bottom row) of neuron’s response before, during and after scratching. Scratch period
indicated by two-headed arrows.
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Fig. 3.

Effects of scratching on 5-HT-evoked firing. A: PSTH of averaged neuronal firing (n=13)
following id 5-HT. Two-headed arrow indicates duration of off-site scratching. Gray error
bars: SEM. B: as in A for on-site scratching. C: PSTH of averaged neuronal firing (n=6)
following id saline, with off-site scratching. D: as in C for on-site scratching. E: Graph plots
mean 5-HT-evoked firing rate before, during and after off-site scratching. Inset: spinal
recording sites (dots) plotted on schematic of lumbar dorsal horn. Numbers indicate laminae.
*: significantly different from before (p<0.05, Bonferroni following one-way repeated
measures ANOVA). F: graph as in E for on-site scratching. During is significantly different
from before (p<0.05, Bonferroni following One-way repeated measures ANOVA). After is
significantly different from before (p<0.05, paired t-test). Please add different symbol at
during. G: mean firing rate following id saline, with off-site scratching. *: significantly
different from before (p<0.05, Bonferroni following One-way repeated measures ANOVA).
H: graph as in G for on-site scratching. *: significantly different from before (p<0.05,
Bonferroni following One way repeated measures ANOVA).
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Scratching on-site
during response to mineral oil
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Effects of scratching on AITC-evoked firing. A: PSTH of averaged neuronal firing (n=9)

following application of AITC (format as in Fig. 3A). B: as in A for on-site scratching. C:
PSTH of averaged neuronal firing (n=6) following application of mineral oil, with off-site
scratching. D: as in C for on-site scratching. E: Graph plots mean AITC-evoked firing rate

before, during and after off-site scratching (format as in Fig. 3E). F: graph as in E for on-site

scratching. G: mean firing rate following application of mineral oil, with off-site scratching.
H: graph as in G for on-site scratching. *: significantly different from before (p<0.05,
Bonferroni following one-way repeated measures ANOVA).
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