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Abstract
Many acute stressors reduce pain, a phenomenon called stress-induced antinociception (SIA).
Stress also is associated with increased scratching in chronic itch conditions. We investigated
effects of acute stressors on facial itch and pain using a recently-introduced rat model. Under
baseline (no-swim) conditions, intradermal (id) cheek microinjection of the pruritogen serotonin
(5-HT) selectively elicited hindlimb scratch bouts, while the algogen mustard oil (allyl
isothiocyanate= AITC) selectively elicited ipsilateral forepaw swipes, directed to the cheek
injection site. To test effects of swim stress, rats received id cheek microinjection of 5-HT (1%),
AITC (10%), or vehicle, and were then subjected to one of the following swim conditions: (1)
weak SIA (W-SIA), (2) naltrexone-sensitive SIA (intermediate or I-SIA), or (3) naltrexone-
insensitive SIA (strong or S-SIA). After the swim, we recorded the number of hindlimb scratch
bouts and forelimb swipes directed to the cheek injection site, as well as facial grooming by both
forepaws. Under S-SIA, AITC-evoked swiping and 5-HT-evoked scratching were both reduced. I-
SIA reduced AITC-evoked swiping with no effect on 5-HT-evoked scratching. Facial grooming
immediately post-swim was suppressed by S-SIA, but not I- or W-SIA. W-SIA tended to equalize
scratching and swiping elicited by 5-HT and AITC compared to no-swim controls, suggesting
altered itch and pain processing. Exercise (wheel-running), novelty, cold exposure and fear
(shaker table), key components of swim stress, differentially affected tailflick latencies and 5-HT-
evoked swiping and scratching behavior. Thus, itch and pain can be simultaneously suppressed by
a combination of acute stress-related factors via an opioid-independent mechanism.
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1. Introduction
Environmental stressors can reduce pain sensation and nocifensive responses of animals, a
phenomenon called stress-induced antinociception (SIA) [5,10,23,26]. Two mechanisms of
SIA have been proposed: lower levels of acute stress (such as intermittent cold-water swim)
activate an endogenous μ-opioid-dependent analgesia system [7,8,13], whereas more intense
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stressors (such as continuous cold water swim) activate a μ-opioid-independent analgesia
mechanism [6,10,16,23,34]. Swim stress is commonly used to investigate SIA since the
swim parameters can be easily manipulated to induce the two distinct forms of SIA
[32,33,43]. Cross-tolerance studies involving the μ-opioid antagonist naloxone identified the
opioid dependency of the two forms of swim stress [6,13,34], but factors such as genotype
and sex are also known to influence the quantity and quality of SIA [30,31,36].

While many previous studies have investigated SIA, the effect of stress on acute itch is
poorly understood. Itch is defined as an unpleasant sensation which elicits the desire to
scratch. Itch is associated with insect bites or exposure to certain plants, and frequently
accompanies dermatitis, systemic diseases and a variety of other conditions [45]. Stress has
been correlated with an increase in scratching associated with atopic dermatitis and
psoriasis, thus contributing to the belief that stress worsens chronic itch conditions
[2,3,44,46]. Despite this, there are few if any investigations of the effects of stress on itch.
While pain inhibits itch, mounting evidence suggests that itch and pain are conveyed by
partially-overlapping populations of dorsal horn neurons [19]. We reasoned that stress may
either disinhibit itch, or suppress itch by inhibiting a common population of itch- and pain-
signaling neurons.

We have presently investigated these possibilities using a recently-developed rodent model
that distinguishes between itch- and pain-related behaviors. Intradermal (id) injection of
pruritogens or algogens in the cheek of mice or rats selectively elicits hindlimb scratch bouts
or ipsilateral forelimb swipes, respectively, that are directed to the injection site [1,19,39].
Pruritogen-evoked scratching was reduced by the μ-opioid antagonist naltrexone but not
morphine, whereas algogen-evoked swiping was reduced by morphine but not naltrexone
[1,40]. This model is advantageous over the traditional model of id injection of pruritogens
in the nape of the neck, for which the only available response is hindlimb scratching [20]. In
the present study, we first established parameters for naltrexone-sensitive and –insensitive
types of swim SIA using the standard tail flick assay. We then tested the effects of these
different stressors on pruritogen-evoked scratching and algogen-evoked swiping, as well as
generalized facial grooming behavior, to determine if these behavioral responses are
modulated in a similar or differential manner by acute stress. We additionally investigated
various components of swim stress including temperature, exercise, novelty and fear. An
abstract of this work has appeared [18].

2. Methods
2.1. Animals

Adult male Sprague Dawley rats from Simonsen and Charles River (weighing 365–445 g
when testing began) were doubly housed, and had free access to food and water. All
procedures were approved by the UC Davis Institutional Animal Care and Use Committee.

2.2. Swim Stress-Induced Antinociception
At the time of testing, all rats were subjected to one of three swim protocols to induce a
strong level of stress antinociception (S-SIA), an intermediate level of stress antinociception
(I-SIA), or a weak level of stress antinociception (W-SIA). Swim tanks consisted of a plastic
cylindrical insulated water cooler filled with water to a depth such that rats were unable to
touch the bottom of the tank with their hindpaws and/or tails while keeping their heads
above water, thus forcing them to swim for the duration of the test. The only exception was
the W-SIA “float” group in Fig. 1, in which the water depth was shallow enough that rats’
tails could touch the bottom, possibly explaining why some rats floated but did not swim.
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The water temperature and swim times were as follows for each condition: the W-SIA
condition required a 2 min swim in 21°C water, the I-SIA condition required a 3 min swim
in 12°C water, and the S-SIA condition required a 5 min swim in 10°C water. The
temperature of the water was measured before and after each swim to ensure protocol
uniformity. Temperature adjustments were made by adding ice, but rats were not placed in
the tanks until the ice had melted and the temperature stabilized.

2.3. Tailflick Test
To determine the opioid dependency of the I-SIA and S-SIA forms of SIA, rats were first
habituated for 15 minutes to Plexiglas restraint tubes in which their bodies were loosely
restrained but their tails remained free. Baseline antinociception latencies were obtained for
each rat using the Tailflick test [12], in which the time to withdraw his tail from a radiant
heat source was quantified (IITC Inc., Woodland Hills, CA). In order to prevent tissue
damage, the tailflick apparatus was programmed to cut off after a latency of 10 sec.

After baseline latencies were obtained, rats received an intraperitoneal (ip) injection of either
vehicle (1:1:1:17, DMSO:ethanol:Tween-80:saline) or naltrexone 14 mg/kg (dissolved in
vehicle; Dupont; Garden, NY). Next, the tailflick latencies of a sample of rats from each
group were obtained 15 min after injection to verify that the injections had no effects on
nociception prior to SIA.

Each rat was subjected to the I-SIA or S-SIA swim test 25 min after ip injection of either
vehicle or naltrexone. After swimming, rats were quickly toweled off, replaced in the
restraint tubes, and tested for antinociception. Tailflick latencies were recorded immediately
following the swim and every two minutes up through 20 min post-stress.

Rats tested under other conditions (described below) were subjected to the same tailflick
testing protocol, except that they were exposed to the condition for 5 min, 25 min post-ip
injection of vehicle or naltrexone.

Since tail temperature can influence tailflick latency [11], we systematically measured tail
temperature before and immediately after each swim condition or other stressor, prior to the
first tailflick measurement. An infrared thermometer (CEN-TECH, Camarillo CA) was used
to measure the tail surface temperature at approximately the same location on each rat’s tail
for uniformity.

2.4 Behavioral Testing of Responses to Cheek Microinjections
After establishment of the opioid dependency of the various types of SIA assessed using the
tailflick assay, rats were subjected to each of the same swim stress (or other) conditions and
tested using the cheek behavioral model.

Prior to the day of testing, the fur from each rat’s cheek was shaved. At the time of testing,
rats were habituated to an opaque Plexiglas chamber on a clear glass table through which the
animals were videotaped from below for 15 minutes. Subsequently, rats were intradermally
injected in the cheek with 10 μL 1% 5-HT or 10 μL 10% AITC via a Hamilton syringe
connected to PE50 tubing and a 30 gauge hypodermic needle. Immediately following the
injection, each rat was subjected to one of the following conditions: (a) swim stress (W-SIA,
I-SIA, or S-SIA as described above). (b) Forced wheel running for 5 min. Note that these
rats were not previously trained to run on wheels. An experimenter was therefore present to
ensure the consistent rotation of the wheels at a constant rate (mean 29.4 +/− 1.9 [SEM]
revolutions per 5 min; mean distance traveled 2580.1 +/− 165.5 cm) during the 5 min period.
(c) Exposure to the immobile wheel for 5 min. (d) Cold exposure in a cold room (2.2 °C) for
5 min. (e) Loose restraint on a shaker platform that tilted 30° up and down at a rate of
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approximately 1 Hz (shaker) for 5 min. (f) Exposure to shaker platform while in the cold
room (combination) for 5 min. The rationale for rats receiving id injections prior to each
manipulation is that typically it takes 5–10 min for the pruritogen/algogen to initiate a
behavioral response; if the id injection is given prior to the condition, then presumably the
timing of the evoked behavioral responses will correspond with the peak of SIA if present.
The only exception to this protocol was for the systematic investigation of the timing of the
5-HT cheek injection relative to the swim. For these experiments, rats were injected id
(cheek) 10 min before, immediately before, or immediately after W-SIA. After exposure to
each condition (and id injection), rats were immediately replaced in the Plexiglas testing
chambers. Behaviors were recorded for 1 hr post-manipulation. Videotapes were scored by
viewers blinded to the experimental condition. Viewers scored the number of bouts (events)
of grooming, swiping, and scratching behaviors. Scratch bouts consisted of discrete episodes
of back-and-forth hind claw movements across the cheek injection area, terminating when
the rat brought the hind claws to the mouth and/or placed the hindpaw on the floor. Swiping
behavior consisted of single, isolated unilateral swipes directed across the injected site. A
bout of facial grooming consisted of a discrete episode of head- or face-washing by both
forepaws. Swipes, scratches, and grooms of non-injected body regions were excluded from
analyses.

2.5. Chemicals
The pruritogen serotonin (5-hydroxytryptamine, 5-HT-HCl, Sigma, St. Louis, MO) was
tested at a concentration of 1% (47 mM) in saline, and the algogen allyl isothiocyanate
(AITC, the pungent ingredient in mustard oil; Sigma) was tested at a concentration of 10%
(1 M) in a 7% Tween-80 solution (in 0.9% saline). The opioid antagonist naltrexone (Sigma,
St. Louis, MO) was tested at 14 mg/kg and dissolved in a vehicle containing DMSO,
ethanol, Tween-80, and saline in a ratio of 1:1:1:17. Despite evidence that high doses of
opioid antagonists may affect other neurotransmitter systems [38], we selected naltrexone
(rather than naloxone) at this dose for reasons described by Maier et al. [25], and supported
by subsequent studies [13,15,17]. Briefly, naltrexone is 3–8 times more potent than
naloxone, has a longer duration of action, and the dose of 14 mg/kg prevents or reverses
both short and long-term analgesic effects of SIA. These factors convinced us to use
naltrexone at this dose in the present studies.

2.6. Statistics
For the tailflick test, three baseline values were averaged for each animal. Data are
expressed as Mean ± SEM. Data were analyzed by repeated measures ANOVA and paired
two-tailed t-tests. When Mauchly’s Test of Sphericity indicated significance, the
Greenhouse-Geisser correction factor was applied to the interaction term of all repeated
factors. When a significant interaction was present, 1-way ANOVAs were performed for
each time point with Tukey post-hocs as needed if more than two groups were being
compared. When repeated measures indicated a significant group effect, Tukey post-hocs
were performed as indicated.

For the behavioral testing, data are expressed as Mean ± SEM. The data represented in bar
graphs were analyzed via either 1-way ANOVAs and Tukey post-hocs as needed or
unpaired two-tailed t-tests; these values represent the total amount of the specified behavior
quantified over the entire 60-min post-stress period. The data represented in line graphs
were analyzed via repeated measures ANOVA as described above; the values represent the
total amount of specified behavior quantified per 5-min bin either during the baseline period
(up through 0 min) or during the post-stress period (up through 60 min).
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On the figures, each symbol designates a unique significance as described in the figure
legends. Symbols set to the side of a line graph next to a bracket designate a significant
group effect, while symbols above specific time points indicate the post-hoc results of a
significant interaction.

Statistics were performed using the software SPSS 9.0, and for graphing purposes the
software Graphpad Prism 5.0 was utilized.

3. Results
3.1. Different forms of swim SIA assessed by TF

Pre-swim baseline tailflick latencies were similar across groups (Figure 1A–C). Under the
W-SIA condition, there was a significant elevation in tailflick latency immediately
following the swim that declined to baseline within 8 min (Fig. 1A, ■; P=0.0004, 0.0012,
0.0064, 0.209 for times 2, 4, 6, and 8, respectively, compared to baseline). Some rats did not
swim when placed into the 21°C water tank. These animals (N=9) nevertheless underwent
tailflick testing upon removal from the tank. The mean tailflick latencies for this group (□,
Figure 1A) were not significantly different from the W-SIA group immediately after the
swim; thus, tailflick testing was not continued for this group past the 6 min timepoint.

The I-SIA group exhibited a significant elevation in tailflick latencies over the first 12 min
post-swim (Fig. 1B, ●, P=0, 0.0003, 0.0024, 0.0329, 0.001, 0.015, 0.8158, through time 14,
respectively). Overall, the I-SIA group was significantly different from W-SIA (repeated-
measures ANOVA, F1,14=6.901, P=0.02); post-hoc tests due to a significant interaction
(F10,140=9.773, P=0) revealed significant differences between the I-SIA and W-SIA groups
at time points 2, 4, 6, and 18 min post-swim (P=0, 0.003, 0.011, 0.042, respectively).
Pretreatment with naltrexone (14 mg/kg) significantly attenuated I-SIA (Fig. 1B, ●). There
was a significant difference between I-SIA + vehicle and I-SIA + naltrexone groups (Fig.
1B; F10,130=4.071, P ≤ 0.001) with the difference occurring at time point 2 min (P=0.02).

The S-SIA group displayed an overall elevation in mean tailflick latency compared to
baseline until time 14 min (Fig. 1C, △, P=0, 0.0006, 0.0018, 0.0003, 0.0346, 0.0069, and
0.2156, respectively) and was significantly different compared to the W-SIA group overall
(F1,14=14.91, P=0.002) and over time (F5.139,71.946=14.841, P=0), including times 2–10
(P=0, 0, 0.002, 0, 0.022, respectively). The S-SIA group was not significantly different
compared to the I-SIA group (F1,140=3.891, P=0.0686). Pretreatment with naltrexone (Fig.
1C, ▲) had no significant within-group (F4.10,53.23=1.87, P=0.13) or between-group effect
(F1,13=0.007, P=0.93).

Vehicle-pretreated animals had a mean tail temperature of 22.63°C ± 0.06°C (Mean ± SEM)
pre- and 22.93°C ± 0.22°C post-swim, at the time of the first tailflick measurement.
Similarly, naltrexone-pretreated rats had tail temperatures of 22.60°C ± 0.29°C prior to and
22.90°C ± 0.23°C post-swim. Pre- vs. post-swim tail temperatures were not significantly
different for either vehicle- or naltrexone-pretreatment groups (P>0.05 for both).

3.2. Different forms of swim SIA assessed by cheek injection of 5-HT or AITC
5-HT—Under baseline conditions (no swim), cheek microinjection of 5-HT elicited a
significant increase in the number of hindlimb scratch bouts but not forelimb swipes, while
vehicle injection elicited very low levels of scratching or swiping (Fig. 2A).

Under the W-SIA condition, cheek injection of vehicle elicited very low numbers of scratch
bouts or swipes that did not differ from the no-swim vehicle group (Fig. 2A). However, in
animals receiving cheek injection of 5-HT immediately prior to exposure to W-SIA, there
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was a significant reduction in 5-HT-evoked scratch bouts compared to the no-swim + 5-HT
group (t17=2.416, P=0.0272), and a significant increase in forelimb swipes (Fig. 2A;
t17=5.96, P=0). Fig. 2B (■) shows the time course of 5-HT-evoked scratching under W-SIA,
which peaked at 15–30 min post-swim and declined thereafter. Fig. 2C shows a similar time
course for 5-HT-evoked swiping.

The finding that W-SIA tended to equalize 5-HT-evoked scratching and swiping was
unexpected. We next tested if the expression of 5-HT-evoked behaviors depended on the
timing of 5-HT cheek injection relative to the swim. When 5-HT was injected in the cheek
10 min prior to the W-SIA swim condition, there was reduced scratching and increased
swiping relative to the no swim + 5-HT group (Fig. 3, left and middle bars). This was
similar to the group receiving 5-HT cheek injection immediately prior to the W-SIA swim
condition (Fig. 2A). When 5-HT was injected in the cheek immediately after the W-SIA
swim condition (Fig. 3, right bars), scratching returned to baseline (no swim + 5-HT) and
swiping increased significantly above levels observed in all other W-SIA conditions
(t16=5.474, P=0).

Under the I-SIA condition there was a significant reduction in 5-HT-evoked scratch bouts
(t17=2.864, P=0.0108) and a significant elevation in swipes (Fig. 2A, I-SIA + 5-HT;
t17=2.185, P=0.0432), compared to the no-swim + 5-HT group. Compared with the W-SIA
group, the I-SIA group exhibited significantly fewer 5-HT-evoked swipes (t12=2.164,
P=0.05) consistent with the tailflick data, but no significant difference in the number of
scratch bouts. The time courses of 5-HT-evoked scratch bouts and swipes under the I-SIA
condition are shown in Fig. 2B and C (○), respectively.

Under the S-SIA condition, there was a significant reduction in the number of 5-HT-evoked
scratch bouts (t17=5.058, P=0), compared to the no swim + 5-HT group (Fig. 2A). The time
courses of 5-HT evoked scratch bouts and swipes are shown in Figs. 2B and C (△),
respectively. Importantly, the number of 5-HT-evoked scratch bouts was significantly
different compared to the W-SIA group (t12=2.53, P=0.0264), as was the number of 5-HT-
evoked swipes (t12=3.125, P=0.0088).

AITC—Under baseline conditions (no swim), cheek microinjection of AITC elicited a
significant increase in forelimb swipes, but not hindlimb scratch bouts, compared to vehicle
controls (Fig. 2D). Under W-SIA, there was a significant increase in AITC-evoked scratch
bouts, compared to the no swim + AITC condition (Fig. 2D; t18=2.394, P=0.0278). Under
both I-SIA and H-SIA conditions, there was a significant reduction in AITC-evoked swipes
consistent with antinociception, but no change in scratch bouts (compared to no swim +
AITC). The time courses of AITC-evoked scratch bouts and swipes under each condition of
SIA are shown in Figs. 2E and F, respectively. Importantly, there was a significant
difference in the number of AITC-evoked swipes between the W-SIA group and both I-SIA
and S-SIA groups (Fig. 2F, t14=3.759, P=0.0021 vs I-SIA, t14=4.291, P=0.0007 vs. S-SIA),
consistent with antinociception.

Facial grooming—Under baseline (no swim) conditions, the mean number of grooming
bouts following cheek injection of 5-HT or AITC (Fig. 4A, C, respectively, hatched bars)
was not significantly different compared to that of naïve (untreated) rats (mean 21.3 bouts/
60 min +/− 2.4 SEM; from 40).

Each condition of SIA significantly increased the mean number of facial grooming bouts
following cheek injection of 5-HT or AITC (Fig. 4A, C; P<0.05 for all groups compared to
no swim + 5-HT and no swim + AITC, respectively). W-SIA also significantly increased
facial grooming bouts following cheek vehicle injection (Fig. 4A). Increased grooming
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occurred during the first 10–15 min after the rat was removed from the water tank, and is
likely attributed to removal of water from the wet fur. Importantly, there was no increase in
grooming immediately post-swim in the S-SIA group (compared to W-SIA + 5-HT
[F14,168=2.919, P=0.001] and W-SIA + AITC [F14,196=3.386, P=0], respectively).

3.3. Components contributing to swim stress assessed by tailflick
To attempt to tease apart some of the factors that may contribute to stress under the different
swim conditions, we exposed rats to the following: exercise (forced wheel-running),
exposure to the running wheel without running, cold (2.2°C cold room), shaker table, and a
combination of shaker table plus cold room exposure. Following exposure to the immobile
wheel, there was no significant change in tailflick latencies relative to baseline (Fig. 5A, □).
When tested immediately following exercise (wheel-running), there was a significant
decrease in tailflick latencies indicating hyperalgesia (Fig. 5A, ○). Both the exercise (wheel
running) and exposure to immobile wheel groups were significantly different compared to
the W-SIA group (reproduced in Fig. 5A [■] for convenience). Exposure to the cold room
resulted in an increase in tailflick latency that was significant at 2 and 4 min post-stress (Fig.
5B, ○; P=0.0159, 0.0089, respectively), similar to the W-SIA group. Exposure to the shaker
table did not significantly affect tailflick latencies. There was a significant interaction among
the cold, shaker, and exposure to immobile wheel conditions (F9.011,108.126=2.705,
P=0.007). We combined two conditions by placing rats on the shaker table in the cold room
(cold + shaker). This group exhibited tailflick latencies that were elevated at 2 and 4 min
post-stress compared to baseline (Fig. 5C, P=0.003, 0.0379, respectively). The
antinociceptive effect of cold + shaker exposure was not affected by pretreatment with
naltrexone (Fig. 5C, significant interaction between the three groups F10.868,114.115=3.637,
P=0)

3.4. Effects of various stressors on 5-HT-evoked scratching, swiping and facial grooming
The S-SIA condition significantly attenuated 5-HT-evoked scratching behavior (Fig. 2A), so
we were interested to determine which component(s) of this stress condition may have
contributed to the antipruritic effect. Rats received cheek microinjection of 5-HT and were
then immediately exposed to one of the conditions described in the preceding section. Fig.
6A shows that under each individual condition, there was no significant change in hindlimb
scratch bouts but there was a significant increase in forelimb swipes (compared to the
baseline no swim + 5-HT condition shown in Fig. 2A). Only in the combined cold + shaker
condition was there a significant reduction in scratch bouts (t17=2.391, P=0.0286) that was
not accompanied by a significant change in number of swipes (Fig. 6A, white bars).

There was no significant effect of any of the conditions on facial grooming behavior
compared to baseline (no swim + 5-HT) (Fig. 6B). However, the number of grooming bouts
in the cold + shaker + 5-HT group was significantly less compared to naïve rats (unpaired t-
test, P<0.05; 11.9 +/− 2 SEM vs. 21.3 +/− 2.4 SEM, results from 40).

4. Discussion
A number of interesting findings emerged from this study. Most importantly, the naltrexone-
insensitive form of stress-induced analgesia resulting from high stress conditions (S-SIA)
significantly attenuated itch-related scratching as well as nociceptive behavior, implying the
activation of an endogenous system that simultaneously inhibits both itch and pain
transmission. This requires a combination of factors associated with cold-water swim,
including cold temperature and fear. Curiously, opioid-dependent I-SIA did not enhance 5-
HT-evoked scratching as would have been predicted by opioid enhancement of itch. It was
noteworthy that W-SIA reduced 5-HT-evoked scratching and increased wiping, essentially
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equalizing these itch- and pain-related behaviors and suggesting a fundamental alteration in
itch- and pain processing, compared to non-swimming rats. The data also suggest that W-
SIA is distinct from I- and S-SIA, supporting the existence of multiple forms of opioid-
dependent and -independent SIA.

The reduction in itch-related responses under S-SIA suggests that both itch- and pain-
signaling pathways are under a common inhibitory effect during high levels of acute stress.
This is surprising, since noxious stimuli usually suppress itch [47] and reduced pain might
be expected to enhance itch [21,24]. However, there are reports that both itch and pain can
be simultaneously reduced, for example by administration of α2-adrenoceptor agonists or
gabapentin [14,41]. It is tempting to speculate that S-SIA activates an endogenous
antinociceptive system that also suppresses itch signals that are transmitted by pruritogen-
sensitive ascending sensory neurons.

The I-SIA condition differentially suppressed AITC-evoked wiping, but not 5-HT-evoked
scratching. Conceivably, the I-SIA condition may have generated an intrinsically weaker
antipuritic effect compared to S-SIA, although there was no significant difference between
these conditions on tail flick latencies (Fig. 1). Moreover, it would be useful in future studies
to test if naltrexone reduces the antinociceptive effect of I-SIA but not S-SIA on AITC-
evoked wiping behavior, as predicted by the tail flick data.

Facial grooming was briefly elevated immediately after the end of the swim, presumably
due to removal of excess water. Facial grooming, along with scratching behavior, is
considered to be part of a larger repertoire of grooming behaviors. It is thus interesting that
both behaviors were suppressed in the S-SIA condition, as well as by naltrexone [40],
suggesting a common link. Consistent with this, the combination of cold exposure and
shaker table also resulted in a decrease in facial grooming compared to naïve animals. This
is not likely attributed to generalized motor suppression, since rats did not exhibit a
significant change in locomotor activity during the peak of opioid-independent SIA elicited
by footshock [42].

Stress is a well-known contributing factor to chronic itch conditions such as atopic
dermatitis and psoriasis, and is typically associated with a worsening of scratching
[2,3,44,46]. The present data show that S-SIA due to acute cold-water swim reduces itch-
related scratching, seemingly in contradiction to stress effects on chronic itch. However,
Corticotropin-Releasing Factor (CRF) may play a role in centrally suppressing stress-
induced atopic dermatitis [2], and children with atopic dermatitis are thought to have a
suppressed adrenocortical response, which may partly explain the higher correlation of
stress and eruption of atopic dermatitis lesions [9]. Thus it is possible that stressors
associated with SIA can suppress acute itch, but may enhance chronic itch in those
individuals whose hypothalamic-pituitary axis has been compromised. Further work is
needed to clarify the effects of acute and chronic stress on acute itch and pathological
chronic itch.

Previous studies indicate that the facial model discriminates well between pruritogen- vs.
algogen-evoked responses in rats and mice [1,19,39,40]. It was thus surprising that W-SIA
reduced 5-HT-evoked scratching and increased AITC-evoked swiping. This implies the
emergence of facial hyperalgesia during and after W-SIA, which is contrary to the observed
antinociceptive effect of W-SIA as assessed by the tailflick assay. This difference might be
attributable to the behaviors being assessed in the two assays. The tailflick reflex is a
polysynaptic spinally-organized reflex, whereas hindlimb scratches and forelimb swipes
directed to the cheek are highly integrated behaviors that require intact connections between
the medullary trigeminal subnucleus caudalis where sensory input arrives, and cervical and
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lumbar spinal segments where the forelimb swipe and hindlimb scratch movements are
respectively generated. It is conceivable that such complex behavioral responses are
modulated differently compared to the overriding antinociceptive effect observed with the
tailflick reflex.

W-SIA resulted in an equivalent elevation in tailflick latency whether the rats swam or not
(Fig. 1A). Equivalent antinociception was also induced by exposure to the cold room (Fig.
5B). This suggests that cold temperature, even mildly hypothermic 21°C water, may be the
most important factor inducing W-SIA. In the cheek injection assay, each individual stressor
(exercise, exposure to immobile wheel, cold exposure and shaker table) significantly
enhanced 5-HT-evoked forelimb swiping, suggesting hyperalgesia (Fig. 6A). In the tailflick
assay, exercise also had a hyperalgesic effect (Fig. 4). Therefore, the increase in 5-HT-
evoked swiping under W-SIA (Fig. 2A) may be attributed to the hyperalgesic effect of
exercise during swimming. Only the combination of cold exposure and shaker reduced 5-
HT-evoked scratching (Fig. 6A) relative to no-swim controls. Overall, these data suggest
that swim stress induces fundamental alterations in itch and pain processing that involve
multiple, interacting physiological and psychological factors. One speculation is that the
pronociceptive effect of swim exercise inhibits itch, leading to reduced hindlimb scratch
bouts and increased forelimb swipes. However, this interaction does not apply to all
conditions, since cold exposure increased swiping without reducing scratch bouts (Fig. 6A).

Scratching was reduced when 5-HT was injected in the cheek before, but not after, the W-
SIA swim condition (Fig. 3), suggesting that swimming attenuated the buildup of itch.
Possible factors accounting for this include water temperature, exercise, fear, and novelty.
However, none of the individually tested factors affected 5-HT-evoked scratching (Fig. 6A).
Speculatively, swimming may have provided a distraction that reduced itch, consistent with
observations that distraction suppressed spontaneous scratching in NC mice with dermatitis
[49], and that virtual reality immersion and audiovisual distraction temporarily suppressed
scratching in humans with atopic dermatitis or psoriasis vulgaris [22]. Cheek injection of 5-
HT after the swim did not reduce scratching, indicating that the antipruritic effect did not
outlast the swim period. However, swiping was significantly increased by 5-HT injected
before or after the swim (Figs. 2a, 3), indicating that the hyperalgesic effect outlasted the
period of swimming.

Opiates often induce pruritus which is preferentially localized to the face in humans [4].
Surprisingly, the opioid-dependent form of I-SIA did not increase itch. Perhaps opioid-
induced pruritus is dependent on the method of administration and/or location of opioid
release. The periaqueductal gray (PAG) region of the midbrain plays a pivotal role in
descending modulation of pain and SIA, and opioid release from this region is important for
it to occur [10,27,28,35]. In humans, the PAG is believed to play an important role in the
central itch modulation system as evidenced by positron emission tomography testing of
itchy and cold (noxious) stimuli [29].

Opioid-dependent and –independent forms of SIA were originally identified using electric
shock as a stressor [48]. Intermittent footshock-evoked SIA as well as the present I-SIA
were attenuated by μ-antagonists, whereas continuous footshock-evoked SIA and the
present W- and S-SIA were not affected by μ-antagonists. However, it is possible that other
neurotransmitters are indirectly modulated secondarily to μ-opioids via naltrexone
administration [25]. Continuous footshock-evoked SIA was shown to be attenuated by
endocannabinoid CB1 receptor antagonists [17]. There is also evidence for the role of
NMDA in naloxone-insensitive SIA [30,37], although these studies were performed in mice
and/or variable stress paradigms. It is otherwise not known what endogenous mediators may
be involved in W- and S-SIA. The combination of cold exposure and shaker table induced
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SIA that was similar to W-SIA, and was unaffected by naltrexone (Fig. 5C). Further work is
needed to confirm and elucidate the identity and roles of endogenous mediators that are
released during the swim stress conditions that modulate pain- and itch-related behaviors.
Moreover, there appear to be important sex differences in the expression of SIA [30, 31, 36],
an issue that was not addressed in the present study. Again, future studies are needed to
address possible gender differences in the effects of stress on itch as well as pain using the
cheek model that can discriminate between these sensory qualities.
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Summary

Certain intense acute stressors, such as cold-water swim, suppress facial itch- and pain-
related behavioral responses simultaneously in rats. This indicates that the endogenous
antinociceptive system activated by acute stressors can also exert an antipruritic effect.
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Figure 1.
Opioid-dependent and –independent forms of stress-induced antinociception. (A) Rats
displayed elevated tailflick latencies indicating a weak SIA (W-SIA), regardless of whether
they actively swam (W-SIA + veh, N=8) or floated without swimming (W-SIA, float, N=9).
(B) Systemic (ip) administration of the opioid antagonist naltrexone (14 mg/kg, N=7)
partially prevented the elevation in tailflick latencies induced by I-SIA; (vehicle, N=8). (C)
ip naltrexone (N=7) did not affect elevation in tailflick latency induced by S-SIA (vehicle,
N=8). Mean ± SEM; repeated measures ANOVA, 1-way ANOVA, Tukey post-hocs; paired
two-tailed t-tests. ^P≤0.05.
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Figure 2.
Effects of swim stress on 5-HT- and AITC-evoked scratching and swiping behaviors. (A)
Bar graph plots mean number of hindlimb scratch bouts (■) or ipsilateral forelimb swipes
(□) directed to the cheek injection site under each condition (N=6–12). (B) Time course of
5-HT-evoked scratch bouts under each swim condition (N=7). Boxes to left indicate
duration of swim under each condition, aligned with the end of the swim and beginning of
tailflick testing at time 0 (dashed vertical line). 5-HT was injected in the cheek immediately
prior to each swim condition. (C) As in B for 5-HT-evoked swipes (N=7). (D) As in A for
AITC-evoked scratching and swiping (N=8). (E, F) As in B, C for AITC-evoked scratching
and swiping (N=8). For all panels, error bars represent SEM. + P≤0.05, +++ P≤0.001 vs no
swim + 5-HT; *P≤0.05, **P≤0.01, ***P≤0.001 vs. W-SIA + 5-HT; repeated measures
ANOVA, 1-way ANOVA, Tukey post-hocs, or unpaired two-tailed t-tests as appropriate
(see text).
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Figure 3.
Scratching is reduced when 5-HT is injected before, but not after, W-SIA. Compared to no
swim controls (left-hand bars; no swim + 5-HT data reproduced from Fig. 2A for
convenience, N=12), the total number of 5-HT-evoked scratch bouts was reduced and
swipes increased when 5-HT was injected in the cheek 10 min before rats were subjected to
W-SIA (middle bars, N=8), as was the case when 5-HT was injected immediately prior to
the swim (see Fig. 2A). When 5-HT was injected in the cheek after W-SIA (N=6),
scratching was at control (no swim) levels but swiping was elevated. Mean ± SEM; unpaired
two-tailed t-tests. ^P≤0.05 10 min Pre-W-SIA vs. Post-W-SIA; *P≤0.05, ***P≤0.001 vs. no
swim + 5-HT.
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Figure 4.
Suppression of facial grooming behavior during the peak of SIA. (A, C) The total number of
groom bouts after id 5-HT (N=7–12) or AITC (N=8,12) was similar between swim groups,
but greater than the no swim group. (B, D) However, groom bouts were suppressed in the S-
SIA groups compared to the W-SIA groups at the peak of SIA (N=7 for 5-HT groups, N=8
for AITC groups). Mean ± SEM; repeated measures ANOVA, 1-way ANOVA; Tukey post-
hocs; unpaired two-tailed t-tests. *P≤0.05, **P≤0.01, ***P≤0.001 vs. no swim groups in bar
graphs and vs. W-SIA groups in line graphs.
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Figure 5.
Effects of other manipulations assessed by tailflick. (A) Exercise (5 min forced running,
N=8) shortened tailflick latencies, while 5 min exposure to an immobile running wheel
(N=8) had no effect. B refers to baseline (pre-manipulation). (B) Cold temperature (5 min,
N=11) mildly elevated tailflick latencies, while 5 min loosely restrained on the shaker table
(N=8) had no effect. Tailflick latencies for the exposure to the immobile wheel condition in
A are reproduced in B and C as dashed lines for convenience. (C) Combining the conditions
of shaker table and exposure to cold (N=8) also elevated tailflick latencies in a manner that
was unaffected by naltrexone (14 mg/kg, N=8). Mean ± SEM; repeated measures ANOVA,
1-way ANOVA; Tukey post-hocs; paired two-tailed t-tests. *P≤0.05, **P≤0.01, ***P≤0.001
vs W-SIA group and +P≤0.05 vs novelty in A; * indicates significance vs novelty in B and
C.
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Figure 6.
Effect of other manipulations assessed by cheek injection of 5-HT. (A) None of the
individual manipulations affected the total number of scratch bouts compared to non-
stressed 5-HT-injected rats, except for the combination of cold + shaker (which suppressed
scratching) (N=7, 8). Similarly, only the cold + shaker group did not display elevated
swiping behavior compared to non-stressed controls. (B) Total groom bouts were similar for
all groups (N=7–12). Mean ± SEM; unpaired two-tailed t-tests. *P≤0.05, **P≤0.01 vs. no
swim + 5-HT group.
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