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Abstract 30 

Itch consists of both sensory and affective components. For chronic itch patients, the affective 31 

component of itch affects both quality of life (leading to psychological comorbidities) and 32 

disease prognosis (by promoting scratching of itchy skin). We found that acute itch stimuli such 33 

as histamine induced anxiety-like behavior and increased activity (c-Fos expression) in the 34 

amygdala in adult male C57BL/6 mice. Itch stimuli also increased activity in projection areas to 35 

the amygdala, suggesting that these regions form a circuit for affective itch processing. 36 

Electrophysiological characterization of histamine-responsive amygdala neurons showed that 37 

this population was active on a behaviorally relevant timescale and partially overlapped with 38 

pain signaling. Selective optogenetic activation of histamine-responsive amygdala neurons in 39 

adult male and female Fos:CreERT2;R26Ai14 mice using the Targeted Recombination in Active 40 

Populations system enhanced both scratching and anxiety-like behavior. These results highlight 41 

the importance of itch-responsive amygdala neurons in modulating itch-related affect and 42 

behavior. 43 

 44 

Significance 45 

The sensation of itch includes an affective component that leads to stress and anxiety in chronic 46 

itch patients. We investigated the neuronal basis of affective itch in mice, with a focus on the 47 

amygdala, the key brain region for the generation of anxiety. A subpopulation of amygdala 48 

neurons responded to itch stimuli such as histamine. Optogenetic activation of histamine-49 

responsive amygdala neurons affected both scratching and anxiety-like behavior. Therefore, this 50 

population appears to be important for mediating the affective component of itch. 51 

  52 
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Introduction 53 

Itch, like pain, is composed of dissociable modalities, including sensory, discriminatory, 54 

motivational, and affective components. The affective component of itch can be experienced by 55 

anyone—by definition, itch is “unpleasant” and drives scratching behavior as a means of relief 56 

(Rothman, 1941). However, in individuals with chronic itch, the affective component 57 

contributes, over time, to mental distress and psychiatric comorbidities (Schneider et al., 2006; 58 

Ferm et al., 2010). In particular, chronic itch patients are vulnerable to a vicious cycle of itch and 59 

anxiety (Sanders and Akiyama, 2018). Itch evokes increased anxiety; in turn, stress and anxiety 60 

can exacerbate itch. Though chronic itch patients commonly use scratching to cope with itch and 61 

stress (Schut et al., 2015), this behavior provokes inflammation and damages the skin barrier, 62 

eventually worsening the underlying disease. Therefore, a mechanistic understanding of the itch-63 

anxiety cycle is greatly needed in order to treat chronic itch and its affective symptoms. 64 

Brain imaging studies have revealed limbic activations during itch that may be related to 65 

its affective component. The amygdala, the major center for generation of anxiety and fear, was 66 

activated by both histamine-dependent and -independent itch stimuli but deactivated by 67 

scratching (Papoiu et al., 2012; Papoiu et al., 2013; Vierow et al., 2015). Additionally, it has 68 

been reported that injection of a GABAA agonist into the central amygdala (CeA) suppressed 69 

acute and chronic itch in rats (Chen et al., 2016). Recent studies have identified populations of 70 

amygdala neurons that respond to other emotionally valent (appetitive or aversive) sensory 71 

stimuli, such as olfactory and taste cues (Xiu et al., 2014; Kim et al., 2016; Kim et al., 2017), and 72 

the amygdala is known to mediate the affective processing of pain (Neugebauer, 2015). 73 

However, to date there has been little investigation into the role of the amygdala in the affective 74 

processing of itch. 75 



 

 4 

The amygdala receives nociceptive input from many brain regions and integrates this 76 

information to stimulate a behavioral response. Signals from the parabrachial nucleus (PBN) to 77 

the CeA are known to encode threat or danger signals and provoke fear-related behavior (Han et 78 

al., 2015; Campos et al., 2018). The PBN receives direct spinal input of itch signals (Mu et al., 79 

2017) and therefore may convey itch information to the amygdala. The midcingulate cortex 80 

(MCC) plays a role in evaluating threat and coordinating an appropriate motor response and has 81 

reciprocal connections with the basolateral amygdala (Shackman et al., 2011). The MCC is also 82 

consistently active in fMRI studies of itch (Papoiu et al., 2012; Vierow et al., 2015). The medial 83 

prefrontal cortex (mPFC) has reciprocal connections with the basolateral amygdala (BLA) that 84 

promote either fear conditioning or fear extinction (Cho et al., 2013; Duvarci and Pare, 2014). As 85 

such, the mPFC may regulate itch-evoked activity in the amygdala. 86 

We found that the amygdala, PBN, MCC, and mPFC were significantly activated by 87 

acute itch stimuli and therefore may serve as hubs of an “affective itch circuit” that drives 88 

anxiety-like behavior and contributes to the scratch response. Using in vivo single-unit 89 

electrophysiology, we confirmed the presence of itch-responsive neurons in the amygdala and 90 

characterized their firing properties in response to multiple pruritic and painful stimuli. Finally, 91 

utilizing recently developed genetic and optogenetic techniques, we specifically activated itch-92 

responsive neurons in the amygdala and observed that this activation enhanced itch- and anxiety-93 

related behavior. 94 

 95 

Materials and Methods 96 

Mice 97 
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All procedures were approved by the Institutional Animal Care and Use Committees of 98 

Temple University and the University of Miami. For behavior testing, c-Fos 99 

immunohistochemistry, and electrophysiology experiments, male C57BL/6J mice (The Jackson 100 

Laboratory, Bar Harbor, ME) were group housed (2-5 per cage), given standard food and water 101 

ad libitum, and maintained under a 12-hr light cycle (6:00 lights on, 18:00 lights off). For sex 102 

comparison experiments, female mice were kept under the same housing conditions. All mice 103 

were acclimated for one week to the animal facility. Following this, all mice were habituated to 104 

handling by the experimenter, intradermal (i.d.) phosphate-buffered saline (PBS) and pruritogen 105 

injection, and to the testing room. A small area of fur on the rostral back was shaved for i.d. 106 

injections. At the time of testing, mice were 12-16 weeks old (weight 20-35 g). 107 

For retrograde virus experiments, female R26Ai14 mice (The Jackson Laboratory) were 108 

maintained under the same housing conditions as the C57BL/6 mice. At the time of testing, mice 109 

were 9 months old (weight 39-41 g). For optogenetics experiments, Fos:CreERT2 transgenic mice 110 

(The Jackson Laboratory) were mated with R26Ai14 mice. Fos:CreERT2;R26Ai14 mice were group-111 

housed by sex and maintained under the same housing conditions as the C57BL/6 mice. Adult 112 

male and female mice were used for experiments beginning at 10 weeks of age (weight 24-42 g). 113 

Mice were randomly assigned to experimental groups. Mice were typically used for a 114 

battery of behavioral tests, with a one-week break between each test. Mice that received 115 

capsaicin injections were not used for any further experiments, due to the potential for capsaicin 116 

to cause peripheral nerve damage (Simone et al., 1998). In every experiment, care was taken to 117 

minimize external sources of stress to the mice. 118 

Scratching Behavior 119 



 

 6 

All behavioral testing was conducted between 9am and 6pm. Each apparatus was 120 

constructed of acrylic plastic (Interstate Plastics, Sacramento, CA) and cleaned with 70% ethanol 121 

between mice to minimize odor effects. Each mouse was habituated to the recording chamber 122 

(15 cm x 15 cm) before testing. 123 

Histamine (50 μg/10 μl; Sigma-Aldrich, St. Louis, MO), chloroquine diphosphate salt 124 

(100 μg/10 μl; Sigma-Aldrich), serotonin hydrochloride (10 μg/10 μl; Alfa Aesar, Haverhill, 125 

MA) or PBS vehicle was injected i.d. into the shaved rostral back skin of C57BL/6J mice. 126 

Injections were made using a 30G needle connected to a microsyringe (Hamilton Company, 127 

Reno, NV) via PE-50 tubing (Instech Laboratories, Plymouth Meeting, PA). Behavior was video 128 

recorded for 30 min. The number of scratch bouts was analyzed in 5-min bins by a trained 129 

observer blinded to the treatment condition. One scratch bout was defined as one or more rapid 130 

back-and-forth hind paw motions directed toward and contacting the injection site, ending with 131 

licking or biting of the toes or placement of the hind paw on the floor. Hind paw movements 132 

directed away from the injection site (e.g., ear-scratching) and grooming movements were not 133 

counted (Akiyama et al., 2009b). 134 

Conditioned Place Aversion 135 

Conditioned place aversion (CPA) was tested in plastic boxes (12 cm wide x 29 cm long 136 

x 30.5 cm high) composed of two halves distinguished by wall pattern (vertical or horizontal 137 

stripes) and metal floor texture (bars or holes). A 10-day protocol was used, after (King et al., 138 

2009). On Days 1-3, each mouse was placed in a box for 30 minutes and could freely move 139 

between the two halves. For the next six days, a divider was inserted into the box to confine the 140 

mouse to one half at a time. On Days 4, 6, and 8, the mouse received an i.d. injection of PBS 141 

vehicle into the rostral back and then was placed in one half of the box for 30 minutes. PBS 142 
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injection was used, as in (Mu and Sun, 2017), in order to control for any aversion induced by the 143 

i.d. injection process itself. On Days 5, 7, and 9, the mouse was injected with histamine (50 144 

μg/10 μl) or serotonin (10 μg/10 μl) and placed in the other half of the box for 30 minutes. The 145 

wall pattern and floor texture associated with the pruritogen/PBS were randomly assigned but 146 

consistent for each mouse across the experimental timeline. On Day 10, the divider was 147 

removed, and the mouse was placed back in the box for 30 minutes and allowed to move freely 148 

between the two sides.  149 

Mice were video recorded while in the boxes, and videos were analyzed by a trained 150 

observer blinded to the treatment group. On Days 3 and 10 (at baseline and after conditioning), 151 

the time spent in each half of the box was determined. A mouse was considered to have entered 152 

one half of the box when all four paws were placed on the floor in that half. A decrease in time 153 

spent on the itch-conditioned side was considered a measure of aversion to itch. 154 

Elevated Plus Maze 155 

The elevated plus maze (EPM) was composed of four arms (4.5 cm wide x 30 cm long): 156 

two opposing “closed arms” surrounded on three sides with transparent, 18-cm high walls; two 157 

opposing “open arms” with 1-cm high ledges to prevent the mice from falling; and a central 158 

square. The entire apparatus was raised 32 cm from the floor. To reduce baseline anxiety (Post et 159 

al., 2011), testing was conducted under red light (approximately 20 lux) except in optogenetics 160 

experiments, which were conducted under normal lighting conditions (approximately 100 lux). 161 

Each mouse was weighed and acclimated to the testing room for at least 30 min prior to 162 

testing. To assess the effects of histaminergic and nonhistaminergic pruritogens on anxiety-like 163 

behavior, histamine (50 μg/10 μl), chloroquine (100 μg/10 μl), and serotonin (10 μg/10 μl) were 164 
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tested vs. PBS vehicle injection. For a comparative pain stimulus, capsaicin (30 μg/10 μl, Enzo 165 

Life Sciences, Farmingdale, NY) was tested vs. 7% Tween-80 in PBS (“PBS-Tween”) vehicle. 166 

Each mouse received an i.d. injection into the rostral back skin and was returned to the 167 

home cage for 5 min to reduce anxiety associated with injection and to allow time for itch 168 

sensation to develop. Then, each mouse was placed into the center square of the EPM, facing an 169 

open arm, and video recorded for 10 min. Videos were analyzed by a trained observer blinded to 170 

the treatment group. A mouse was considered to have entered an arm when all four paws were 171 

placed on the floor in that arm. Decreased time in open arms was a considered measure of 172 

anxiety-like behavior, and the total number of entries was used as a general measure of 173 

locomotion (Rodgers and Johnson, 1995). Time spent in closed arms and the center square were 174 

also reported to provide a more complete picture of mouse behavior during the test. 175 

Open Field Test 176 

The open field test (OFT) apparatus consisted of a large, square box (60 cm long x 60 cm 177 

wide x 40 cm high) with lines dividing the floor into 16 equal squares. The 12 squares adjacent 178 

to the wall were considered “peripheral,” while the 4 squares in the middle of the floor were 179 

considered “central.” Testing was conducted under red light, except in optogenetics experiments, 180 

which were conducted under normal lighting. 181 

As in the EPM, each mouse was weighed and acclimated to the testing room for at least 182 

30 min prior to testing. Each mouse received an i.d. injection of histamine (50 μg/10 μl), 183 

chloroquine (100 μg/10 μl), serotonin (10 μg/10 μl), PBS, capsaicin (30 μg/10 μl), or PBS-184 

Tween into the rostral back skin and was returned to the home cage for 5 min. Then, each mouse 185 

was placed into a corner of the OFT, facing parallel to a wall, and video recorded for 10 min. 186 

Videos were analyzed by a trained observer blinded to the treatment group. The number of 187 
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entries into central and peripheral squares were counted. A mouse was considered to have 188 

entered a square when all four paws were placed on the floor in that square. Decreased percent 189 

entries into central squares (central/total) was considered a measure of anxiety-like behavior 190 

(Takahashi et al., 2006). The total number of square entries was used as a general measure of 191 

locomotion. 192 

c-Fos Immunohistochemistry 193 

Two days before the experiment, C57BL/6J mice had the toenails on their hind paws 194 

lightly trimmed to avoid the expression of c-Fos due to pain from scratching. On the experiment 195 

day, mice were weighed and habituated to the experiment room for 30 min. Then, each mouse 196 

received an i.d. injection of PBS, histamine (50 μg/10 μl), chloroquine (100 μg/10 μl), serotonin 197 

(10 μg/10 μl), PBS-Tween, or capsaicin (30 μg/10 μl) into the rostral back skin. Following 198 

injection, each mouse was transferred to a quiet, familiar behavior chamber for 2 hr to allow for 199 

peak injection-induced c-Fos expression and to minimize neuronal activity from external stress 200 

(Akiyama et al., 2009b; Gao and Ji, 2009). After 2 hr, mice were anesthetized with 201 

intraperitoneal (i.p.) sodium pentobarbital (80 mg/kg). Within 5-6 min of pentobarbital injection, 202 

mice were transcardially perfused with PBS followed by 4% paraformaldehyde (PFA) in PBS. 203 

Mouse brains were dissected and post-fixed in 4% PFA overnight. Brains were 204 

cryoprotected in 30% sucrose for 24 hr, frozen in Optimal Cutting Temperature compound 205 

(Sakura Finetek, Torrance, CA), and coronally sectioned at 40-μm thickness on a cryostat. 206 

Sections were stored in antifreeze solution at -20°C until staining. 207 

For free-floating immunohistochemistry, sections were washed with PBS and then 208 

blocked with 5% normal donkey serum in PBS with 0.2% Triton X-100 for 2 hr at room 209 

temperature. Sections were incubated with goat-anti-c-Fos primary antibody (1:100; sc-52-G; 210 



 

 10 

Santa Cruz Biotechnology, Dallas, TX; RRID AB_2629503) in blocking buffer for 48 hr at 4°C. 211 

Following primary incubation, sections were washed with PBS, incubated with donkey-anti-goat 212 

secondary antibody conjugated with Alexa Fluor 488 (1:300, Invitrogen, Carlsbad, CA) in 213 

blocking buffer for 2 hr at room temperature, washed again, and mounted on slides with 214 

Vectashield Hardset Antifade Mounting Medium with DAPI (Vector Laboratories, Burlingame, 215 

CA). 216 

Pilot studies were used to establish the sections with the highest c-Fos activity within the 217 

amygdala, PBN, MCC, and mPFC regions following itch stimulation. The following anterior-218 

posterior (AP) coordinates were chosen for quantification: amygdala, -1.22, -1.34, and -1.46 mm 219 

from bregma; PBN, -5.02 mm and -5.20 mm; MCC, -0.70 mm; and mPFC, +1.54 mm. Of note, 220 

peak itch-evoked c-Fos PBN coordinates were consistent with previously reported results (Mu et 221 

al., 2017).  222 

To confirm that the selected areas of the PBN, MCC, and mPFC included direct 223 

projections to the amygdala, R26Ai14 mice were anesthetized with sodium pentobarbital (65 224 

mg/kg) and mounted in a stereotaxic frame. A retrograde tracer (rAAV2-Retro/CAG-Cre; UNC 225 

Vector Core, Chapel Hill, NC; created by Ed Boyden, Massachusetts Institute of Technology 226 

(MIT), Cambridge, MA) was injected into the left or right amygdala using the following 227 

stereotaxic coordinates: AP -1.34 mm; medial-lateral (ML) ±2.7 mm; dorsal-ventral (DV) -4.5 228 

mm. The injection volume was 0.25 μl, injected over 1 min using a glass needle and plunger, as 229 

in (Harris et al., 2012). The viral dose was 5.3 x 1012 vector genomes/ml. After two weeks, mice 230 

were sacrificed, brains were processed for sectioning as described above, and tdTomato 231 

expression was imaged under fluorescence microscopy. Each area of c-Fos quantification (except 232 

the superior lateral PBN) included robust projections to the amygdala. 233 
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Stitched photomicrographs of whole sections were obtained using fluorescence 234 

microscopy (Leica Microsystems, Wetzlar, Germany) at 10X objective magnification. For 235 

quantification, structural boundaries were drawn using ImageJ software with reference to 236 

(Franklin and Paxinos, 2008) and (Vogt and Paxinos, 2014). The number of c-Fos+ neurons in 237 

each region of interest was counted manually by a trained observer blinded to the treatment 238 

condition. 239 

Electrophysiology 240 

For in vivo single-unit recording from the amygdala, C57BL/6J mice were anesthetized 241 

with urethane (1.5 g/kg i.p.) and mounted in a stereotaxic frame. A craniotomy was performed 242 

above the amygdala, and a tungsten microelectrode was inserted into the amygdala using the 243 

following stereotaxic coordinates: AP -1.34 mm; ML -2.7 mm; DV -4.5 mm. Unit activity was 244 

amplified and digitally displayed using Powerlab (A-D Instruments, Colorado Springs, CO) and 245 

Spike2 software (CED Instruments, Cambridge, UK). Action potentials were sorted by spike size 246 

and waveform and quantified as number of impulses per second. 247 

Histamine-responsive units were isolated by a chemical search strategy, as in (Akiyama 248 

et al., 2009a). Briefly, a small (0.1 μl) i.d. microinjection of histamine (50 μg/μl) was made in the 249 

ventral hind paw, and a unit exhibiting ongoing activity was isolated. After the ongoing activity 250 

subsided, 1 μl of histamine was injected through the same needle. Firing of the unit was recorded 251 

in response to the following stimuli to the foot: innocuous brush, noxious pinch, i.d. PBS, i.d. 252 

chloroquine (100 μg/1 μl), i.d. serotonin (10 μg/1 μl), i.d. PBS-Tween, and i.d. capsaicin (30 253 

μg/1 μl). 254 

At the conclusion of the experiment, an electrolytic lesion was made at the recording site, 255 

and brains were processed for sectioning as described above. Lesions were labeled with Prussian 256 
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Blue reaction for the demonstration of iron (Polysciences, Warrington, PA) and were identified 257 

under light microscopy with reference to (Franklin and Paxinos, 2008). 258 

TRAP System and AAV Injection 259 

To obtain genetic access to histamine- or PBS-responsive amygdala neurons, we used the 260 

Targeted Recombination in Active Populations (TRAP) system (Guenthner et al., 2013). 261 

Fos:CreERT2;R26Ai14 mice received an i.p. injection of 4-hydroxytamoxifen (50 mg/kg in Chen 262 

oil; Sigma-Aldritch) followed 10 min later by an i.d. injection of PBS vehicle or histamine (50 263 

μg/10 μl). After approximately 2 weeks, mice were anesthetized with i.p. sodium pentobarbital 264 

(65 mg/kg) and positioned in a stereotaxic frame. An AAV encoding a Cre-dependent fast opsin 265 

(Chronos) (Klapoetke et al., 2014) fused to enhanced green fluorescent protein (rAAV5/Syn-266 

FLEX-Chronos-GFP; UNC Vector Core; created by Ed Boyden, MIT) was bilaterally injected 267 

into the CeA (coordinates: AP -1.34 mm, ML ±2.7 mm, DV -4.5 mm). The injection volume was 268 

0.25 μl, injected over 1 min using a glass needle and plunger. The viral dose was 3.6 x 1012 269 

vector genomes/ml. An optic fiber (200 μm diameter) was implanted directly above each 270 

injection site and fixed to the skull with dental cement. Mice were allowed 3 weeks to recover 271 

from surgery before behavior testing. 272 

At the conclusion of behavior testing, mice were perfused as described above. Brains 273 

were processed and sectioned as described above and immunostained using a rabbit anti-GFP 274 

antibody (1:500, A-11122, Invitrogen, RRID: AB_221569) for 48 hr at 4°C followed by a 275 

donkey-anti-rabbit secondary antibody conjugated with Alexa Fluor 488 (Invitrogen). 276 

Fluorescence microscopy was used as described above to confirm colocalization of tdTomato 277 

with GFP. Amygdala tdTomato expression was quantified as described above for c-Fos. 278 

Optogenetic Stimulation and Behavior Testing 279 
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For optic stimulation, double flexible fiber patch cords were attached to the external ends 280 

of the optic fibers and connected to an LED light source (Prizmatix, Givat-Shmuel, Israel) that 281 

delivered blue light (460 nm wavelength) capable of activating Chronos. Light pulses were 282 

delivered at constant intensity and frequency (3 mW, 20 Hz) via an LED driver connected to a 283 

waveform generator. Light intensity was measured in each fiber using an optical power meter 284 

(Thorlabs, Newton, NJ). 285 

To confirm Chronos function, electrophysiology was used in combination with optic 286 

stimulation (Gradinaru et al., 2007). Following TRAPping of histamine-responsive neurons and 287 

AAV injection, single-unit recording in the CeA was performed as before. To illuminate the 288 

recorded neurons, the tungsten electrode was glued to an optical fiber with ~0.5 mm offset (200 289 

μm outer diameter; ThorLabs). The other end of the optical fiber was connected to an LED 290 

driver. The electrode was advanced until a unit exhibiting ongoing firing was isolated with blue 291 

light illumination. When an active unit was isolated, the blue light was turned off. Then, unit 292 

activity was recorded at baseline, during blue light stimulation (460 nm, 3 mW, 20 Hz, 5 sec), 293 

and during red light stimulation (625 nm, 3 mW, 20 Hz, 5 sec) of the recording site. 294 

For behavior testing, mice were briefly anesthetized with isoflurane (3%) in order to 295 

connect implanted optic fibers to the patch cords. Mice were habituated to cable attachment for 1 296 

hr before testing. Mice were tested on the EPM and OFT as described above, with recording 297 

divided into three 3-min epochs (OFF-ON-OFF or OFF-OFF-OFF) as in (Felix-Ortiz et al., 298 

2016). Scratching behavior was recorded for 30 min following i.d. histamine and chloroquine 299 

injection to the rostral back, as described above, with (“ON”) and without (“OFF”) continuous 300 

bilateral blue light stimulation. We confirmed that post-tamoxifen, post-surgery PBS-TRAPped 301 

and histamine-TRAPped mice displayed normal scratching behavior. However, we observed that 302 
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the weight and/or stress of the cable attachment for optogenetic stimulation suppressed the 303 

scratch response. Importantly, the cable was still attached in the OFF condition to allow us to 304 

control for this effect. 305 

Experimental Design and Statistical Analysis 306 

Statistical details of experiments can be found in figure legends. For scratching, EPM, 307 

OFT, and c-Fos/tdTomato quantification, comparisons were made between each treatment group 308 

and corresponding vehicle group within the same experiment (two-tailed, unpaired t-test). A 309 

repeated measures t-test was used to analyze CPA outcomes. To assess sex differences in EPM 310 

and c-Fos quantification, a two-way ANOVA (sex x treatment) was used. To assess effects of 311 

optogenetic stimulation, a paired t-test was used (blue light vs. no light). To test for a 312 

relationship between scratching and locomotion on EPM and OFT, a Pearson’s correlation was 313 

used. 314 

In electrophysiology experiments, units were considered responsive if they exhibited a >3 315 

standard deviation increase (positive response) or decrease (negative response) in firing rate 316 

compared to pre-stimulus baseline. The mean response duration was calculated by determining 317 

the time point in a 60-sec bin when the firing rate dropped below >3 standard deviations above 318 

pre-stimulus baseline for at least 2 min. The mean time from injection for the response to reach 319 

maximal discharge rate was calculated by determining the time point in a 60-sec bin when the 320 

firing rate peaked. 321 

Statistical significance was set at p<0.05, except for analyses with multiple comparisons, 322 

where significance was set at p<0.0167 (Bonferroni correction for 3 comparisons). All tests were 323 

two-tailed. All statistical analyses and graphs were made using GraphPad Prism 7 (GraphPad 324 

Software, San Diego, CA). 325 
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 326 

Results 327 

Acute Itch Stimuli Evoke Anxiety-Like Behavior in Mice 328 

To test whether acute, experimentally induced itch evokes anxiety-like behavior in mice, 329 

we used i.d. injection of three pruritogens: histamine, chloroquine, and serotonin. These 330 

chemicals have been established to induce itch through different peripheral signaling pathways, 331 

with chloroquine and serotonin itch being histamine-independent (Liu et al., 2009; Akiyama and 332 

Carstens, 2013). At the selected doses, all three pruritogens evoked robust scratching over 30 333 

min (Fig. 1A). Phosphate-buffered saline (PBS) vehicle did not elicit notable scratching. A 334 

previous study found that mice display CPA in response to i.d. injection of chloroquine (Mu and 335 

Sun, 2017). We confirmed that mice also display avoidance of an itch-associated chamber 336 

following i.d. histamine and serotonin (Fig. 1B). 337 

The EPM and OFT measure thigmotaxis: a preference toward contact with walls vs. 338 

exploring unprotected spaces that is commonly used as a measure of anxiety-like behavior. Mice 339 

that received i.d. histamine, chloroquine, or serotonin displayed significantly less open arm time 340 

on the EPM compared to mice who received PBS vehicle, indicating that these pruritogens 341 

increased thigmotaxis behavior (Fig. 1C). For comparison, i.d. capsaicin, which typically 342 

produces pain- but not itch-related behavior (Akiyama et al., 2010), induced a similar reduction 343 

in open-arm time compared to its vehicle, PBS-Tween. Additionally, following histamine, 344 

chloroquine, and capsaicin injection, mice displayed a reduction in the percent of center square 345 

entries on the OFT (Fig. 1D). Pruritogen-induced thigmotaxis was sometimes, but not always, 346 

accompanied by a reduction in overall locomotion (Fig. 2). The number of scratches displayed 347 
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on the EPM and OFT was not correlated to changes in locomotion (r2 = 0.018, p = 0.3517 on 348 

EPM; r2 = 0.000377, p = 0.8892 on OFT). 349 

A Population of Amygdala Neurons Responds to Intradermal Injection of Histamine and Other 350 

Pruritogens 351 

To investigate the activation of potential brain regions associated with itch and anxiety, 352 

we used immunohistochemistry to label c-Fos, an immediate-early gene that is widely used as a 353 

marker of neuronal activity following nociceptive and other stimuli (Coggeshall, 2005). 354 

Representative images of c-Fos+ neurons in the amygdala following i.d. PBS, histamine, 355 

chloroquine, serotonin, PBS-Tween, or capsaicin injection are shown in Figure 3A. Pruritogen 356 

injection led to an increased number of c-Fos+ neurons in the amygdala (Fig. 3B). This increase 357 

was significant for all four chemicals in the laterocapsular subdivision (CeLC) of the CeA, which 358 

has been termed the “nociceptive amygdala” for its major role in pain-related anxiety 359 

(Neugebauer, 2015). We did not observe sex differences in anxiety-like behavior (Fig. 4A) or 360 

amygdalar c-Fos expression (Fig. 4B) following either PBS or histamine injection. 361 

To functionally characterize the population of itch-responsive neurons in the amygdala, 362 

we used in vivo single-unit electrophysiological recording. Histamine-responsive neurons were 363 

isolated using a chemical search strategy, and their firing rates were measured in response to 364 

various somatosensory stimuli. Recording from an example unit is shown in Figure 5. Response 365 

incidences of histamine-responsive neurons to other tested stimuli are listed in Table 1. A 366 

majority of histamine-responsive neurons were also excited by nonhistaminergic pruritogens 367 

and/or by painful stimuli (Fig. 3C). 368 

Figure 3D shows the average firing response of histamine-responsive amygdala neurons 369 

to i.d. histamine, chloroquine, serotonin, and capsaicin. For each pruritogen, the time course of 370 



 

 17 

neuronal firing responses was behaviorally relevant, roughly matching the time course of 371 

scratching behavior in awake, behaving mice (Fig. 3E). The average firing response to each 372 

pruritogen was of greater magnitude and duration for units recorded in the CeA compared to 373 

those recorded in the BLA (Fig. 6). Recording sites are shown in Fig. 3F, as determined by 374 

histologic examination of post-recording electrolytic lesions. 375 

We additionally investigated itch-evoked activity in the PBN, MCC, and mPFC. 376 

Representative images of c-Fos staining in the PBN, MCC, and mPFC are shown in Figure 7A. 377 

Chloroquine, serotonin, and capsaicin induced a significant increase in the number of c-Fos+ 378 

neurons in the PBN (Fig. 7B). Within the PBN, the lateral external subdivision (PBNLE), which 379 

is known to project to the CeLC (Lu et al., 2015), was significantly activated by all four tested 380 

chemicals. Additionally, we found that chloroquine, serotonin, and capsaicin increased activity 381 

in the superior lateral subdivision of the PBN. This area includes few projections to the amygdala 382 

but has strong connections with the hypothalamus (Bester et al., 1997). Therefore, this represents 383 

a potential pathway for itch-related stress that does not directly involve the amygdala.  384 

Serotonin induced activation of the MCC, suggesting that this area may modulate itch-385 

evoked BLA activity. Finally, capsaicin was associated with activation in both the prelimbic 386 

(PrL) and infralimbic (IL) divisions of the mPFC, but serotonin was associated with activation 387 

only in the infralimbic (IL) division. Therefore, the mPFC may not play a major role in 388 

moderating anxiety from acute itch stimuli; the function of this region in the condition of chronic 389 

itch remains to be investigated. 390 

Optogenetic Stimulation of Histamine-Responsive Amygdala Neurons Affects Itch- and Anxiety-391 

Related Behavior 392 
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To directly tag and manipulate histamine-signaling neurons in the amygdala, we used the 393 

TRAP system, which allows genetic access to physiologically classified neurons. A schematic 394 

diagram of this experiment is shown in Figure 8A. Briefly, Fos:CreERT2;R26Ai14 mice were 395 

injected with i.p. 4-hydroxytamoxifen to effect Cre recombination and tdTomato expression in 396 

active (Fos-expressing) neurons following either i.d. histamine or PBS control. Mice that 397 

received PBS displayed few tdTomato-positive cells (“PBS-TRAPped neurons”) in the 398 

amygdala, while mice that received histamine had many tdTomato-positive cells (“histamine-399 

TRAPped neurons”) (Fig. 8B). The number of histamine-TRAPped neurons was significantly 400 

greater than the number of PBS-TRAPped neurons in the CeLC and medial CeA (CeM) 401 

subdivisions. 402 

On average, the number of PBS- or histamine-TRAPped neurons was roughly similar to 403 

the number of c-Fos+ neurons in the CeA but was reduced in the BLA. A previous study (Xiu et 404 

al., 2014) found that different stimulus timing was necessary to induce maximal c-Fos expression 405 

in the CeA vs the BLA. This, in combination with tamoxifen concentration kinetics, likely led to 406 

less TRAPping of the BLA. 407 

To place PBS- and histamine-TRAPed neurons under optogenetic control, mice received 408 

bilateral intra-amygdalar injections of AAV/Syn-FLEX-Chronos-GFP, which induces expression 409 

of Chronos (a fast opsin that excites neurons under blue light stimulation) and GFP marker in a 410 

Cre-dependent manner. Optic fibers were implanted directly above the injection sites. GFP was 411 

expressed in 87% of neurons with tdTomato, indicating successful transfection. Representative 412 

images of tdTomato, GFP, and overlay within the CeA are shown in Fig. 8C. As expected, an 413 

amygdala neuron expressing Chronos displayed increased activity under blue light but not red 414 
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light (Fig. 8D). (Electrophysiological recording during light stimulation was obtained from a 415 

single neuron as a proof of concept.) 416 

Behavior testing was conducted with and without blue light stimulation of the amygdala 417 

in order to assess the impact of the TRAPped neuronal populations. On the EPM, mice with 418 

PBS-TRAPped neurons did not display any change in behavior with optic stimulation (Fig. 8E). 419 

However, mice with histamine-TRAPped neurons displayed a significant reduction in open arm 420 

time during optic stimulation. Similarly, in the OFT, mice with PBS-TRAPped neurons did not 421 

respond to optic stimulation, but mice with histamine-TRAPped neurons showed a reduction in 422 

percent center entries during optic stimulation (Fig. 8F).  423 

Finally, we measured scratching response with and without continuous 20-Hz blue light 424 

stimulation of TRAPped neurons. We did not observe spontaneous scratching during light 425 

stimulation of either PBS- or histamine-TRAPped amygdala neurons. However, in mice with 426 

histamine-TRAPped neurons, optic stimulation resulted in an increased total scratching response 427 

to i.d. injection of histamine or chloroquine (Fig. 8G). Mice with PBS-TRAPped neurons did not 428 

show any change in scratching response during optic stimulation. Therefore, optogenetic 429 

stimulation of histamine-responsive amygdala neurons was sufficient to enhance both 430 

thigmotaxis and scratching behavior. 431 

 432 

Discussion  433 

Recent studies suggest that many types of sensory stimuli activate specialized neural 434 

ensembles in the amygdala and other limbic areas that encode positive or negative emotional 435 

valence (Xiu et al., 2014; Kim et al., 2016; Kim et al., 2017). This emotional valence can in turn 436 

prompt specific behaviors: for example, avoiding an area where pain was previously 437 
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experienced. Our results strongly support the hypothesis that itch is an aversive stimulus which 438 

activates a population of amygdala neurons to promote emotionally driven responses: avoidance 439 

(measured in the CPA test), thigmotaxis (measured in the EPM and OFT), and scratching. 440 

Itch signals, like pain signals, are transmitted to the brain through two major pathways: 441 

the spino-thalamic pathway and the spino-parabrachial pathway (Davidson et al., 2012; Akiyama 442 

et al., 2015; Jansen and Giesler, 2015; Mu et al., 2017). In pain research, it has been suggested 443 

that the spino-parabrachial pathway is critical for conveying affective/motivational information 444 

(Han et al., 2015). Within the PBNLE, calcitonin gene-related peptide (CGRP)-expressing 445 

neurons are activated by many types of threat stimuli and project this information to the CeLC. 446 

Inactivation of this pathway attenuated footshock-induced fear conditioning without affecting 447 

pain withdrawal latency (Han et al., 2015). We observed that histamine, chloroquine, and 448 

serotonin all induced significant activation of the PBNLE. It has also been reported that silencing 449 

CGRP+ PBN neurons reduced scratching following chloroquine injection (Campos et al., 2018). 450 

Additionally, blocking glutamatergic transmission in the PBN suppressed the scratch response to 451 

multiple pruritogens and reduced spontaneous scratching in a mouse model of chronic itch (Mu 452 

et al., 2017). Together, these findings suggest that the PBNLE-CeLC pathway is likely to be 453 

important for mediating affective itch and scratching behavior.  454 

We found that all three pruritogens induced significant activation of the amygdala. 455 

Within the CeA, histamine, chloroquine, and serotonin (as well as capsaicin) induced significant 456 

activation of the CeLC. This region is well known for its role in mediating the affective 457 

component of pain (Neugebauer, 2015). CeLC neurons expressing the transcription factor Prkcd 458 

are activated by many types of threatening or aversive stimuli, such as footshock or bitter quinine 459 

water, and drive defensive behavioral responses (Kim et al., 2017). Surprisingly, all three 460 
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pruritogens also induced activation of the CeM, which is more associated with appetitive stimuli 461 

and behaviors (Xiu et al., 2014; Kim et al., 2017). This activation may potentially be related to 462 

the rewarding behavior of scratching.  463 

Pruritogens also induced elevations of activity in the BLA. Our area of c-Fos 464 

quantification was located within the anterior BLA, in which neurons expressing the 465 

transcription factor Rspo2 predominate (Kim et al., 2016). This population was found to be 466 

activated by aversive odor, taste, and pain (footshock) stimuli. In particular, chloroquine and 467 

serotonin evoked significant activity in the lateral (LA) subdivision. This region is known to 468 

receive sensory information via the spino-thalamic pathway and cortical areas in order to 469 

establish a conditioned fear response (Ehrlich et al., 2009). Synaptic plasticity of itch-signaling 470 

neurons in the LA may therefore contribute to itch-evoked CPA. 471 

The majority of histamine-responsive amygdala neurons were also activated by 472 

nonhistaminergic itch and/or pain stimuli. Previous studies have found that, although amygdala 473 

neurons do not typically respond to both appetitive and aversive stimuli, they are commonly 474 

activated by multiple stimuli of the same valence (e.g., by both morphine and cocaine) (Xiu et 475 

al., 2014). Therefore, the overlap between itch and pain signaling may represent a convergence 476 

of information into a more general “aversion” signal. At the same time, a minority of neurons 477 

responded to itch only and not to pain. Considering the heterogeneity of amygdala neurons (Kim 478 

et al., 2017), we speculate that neurons that respond to many aversive stimuli may promote 479 

general anxiety-related behaviors (such as avoidance or thigmotaxis) while neurons that 480 

preferentially respond to itch may promote itch-specific behavior (such as scratching). 481 

Chronic itch is a significant medical and socioeconomic problem with few available 482 

treatments. However, methods that reduce anxiety, such as the use of selective serotonin 483 
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reuptake inhibitors and psychotherapy, have shown some success in reducing chronic itch. 484 

Identifying the projections and neurotransmitters that specifically modulate affective itch will 485 

offer a path forward toward developing new treatments that break the itch-anxiety cycle. 486 

  487 
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Legends 597 

Figure 1. Acute itch stimuli evoke anxiety-like behavior in mice. (A) Intradermal (i.d.) injections 598 

of histamine, chloroquine, and serotonin (but not PBS vehicle) provoked robust scratching 599 

behavior (n = 6-10/group). Histamine, t(10) = 6.596, p < 0.0001; chloroquine, t(14) = 5.727, p < 600 

0.0001; serotonin, t(10) = 4.677, p = 0.0009. (B) Histamine and serotonin induced conditioned 601 

place aversion, indicating that these stimuli are aversive to mice (n = 11-12/experiment). Gray 602 

lines indicate individual mice. Colored lines indicate averages. Histamine, t(10) = 3.365, p = 603 

0.0072; serotonin, t(11) = 3.616, p = 0.0041. (C) On the elevated plus maze, histamine, 604 

chloroquine, and serotonin reduced open arm time compared to PBS, suggesting that acute itch 605 

causes thigmotaxis, an anxiety-like behavior. Capsaicin, a painful stimulus, induced a similar 606 

pattern of thigmotaxis compared to its vehicle, PBS-Tween (n = 8-15/group). Histamine, t(22) = 607 

2.209, p = 0.0379; chloroquine, t(22) = 2.325, p = 0.0297; serotonin, t(22) = 3.645, p = 0.0014; 608 

capsaicin, t(14) = 2.156, p = 0.0490. (D) On the open field test, histamine, chloroquine, and 609 

capsaicin induced a reduction in the percent of center square entries, another measure of 610 

thigmotaxis (n = 11-18/group). Histamine, t(22) = 2.608, p = 0.0160; chloroquine, t(34) = 2.198, p 611 

= 0.0349; serotonin, t(21) = 1.225, p = 0.2343; capsaicin, t(22) = 4.016, p = 0.0006. Data in (A, C, 612 

and D) are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for 613 

unpaired t-test vs. vehicle (A, C, and D) or paired t-test (B). 614 

 615 

Figure 2. Acute itch stimuli sometimes, but not always, reduce locomotion. (A) On the elevated 616 

plus maze, histamine, serotonin, and capsaicin reduced the total number of arm entries, a 617 

measure of locomotion. Chloroquine did not affect the total number of arm entries (n = 8-618 

15/group). Histamine, t(22) = 3.693, p = 0.0013; chloroquine, t(22) = 0.2399, p = 0.8126; serotonin, 619 
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t(22) = 2.958, p = 0.0073; capsaicin, t(14) = 4.122, p = 0.0010. (B) On the open field test, histamine 620 

and capsaicin reduced the total number of square entries, a measure of locomotion. Chloroquine 621 

and serotonin did not affect the total number of square entries (n = 11-18/group). Histamine, t(22) 622 

= 2.651, p = 0.0146; chloroquine, t(34) = 1.044, p = 0.3038; serotonin, t(21) = 0.782, p = 0.4429; 623 

capsaicin, t(22) = 6.429, p < 0.0001. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, 624 

****p < 0.0001 for unpaired t-test vs vehicle. 625 

 626 

Figure 3. A population of amygdala neurons responds to intradermal (i.d.) injection of histamine 627 

and other pruritogens. (A) Representative images of c-Fos immunostaining (green) in amygdala 628 

following i.d. injection of PBS, histamine, chloroquine, serotonin, PBS-Tween, or capsaicin. 629 

Scale bar, 250 μm. Lateral (LA) and basolateral (BA) subdivisions of the BLA and 630 

laterocapsular (CeLC), lateral (CeL), and medial (CeM) subdivisions of the CeA are indicated. 631 

(B) Itch and pain stimuli induced significant increases in the number of c-Fos+ neurons in the 632 

amygdala, including the CeLC region (n = 5-8/group). Total amygdala: histamine, t(13) = 3.625, p 633 

= 0.0031; chloroquine, t(13) = 5.488, p = 0.0001; serotonin, t(12) = 4.983, p = 0.0003; capsaicin, t(8) 634 

= 6.625, p = 0.0002. (C) In vivo single-unit electrophysiological recording from histamine-635 

responsive amygdala neurons revealed that the majority of neurons also responded to other itch 636 

and/or pain stimuli. (D) Average firing response of responsive units to i.d. histamine (n = 39), 637 

chloroquine (n = 18), serotonin (n = 19), and capsaicin (n = 25). The firing response of the same 638 

units to vehicle injection is shown for comparison. Dotted line indicates average baseline. (E) 639 

Average time course of scratching in awake, behaving mice injected with i.d. histamine, 640 

chloroquine, or serotonin. (F) Electrophysiological recording sites. Data in (B, D, and E) are 641 

shown as mean ± SEM. *p < 0.0167, ***p < 0.0033 for unpaired t-test vs. PBS (Bonferroni 642 
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correction for multiple comparisons). #p < 0.05, ###p < 0.001, for unpaired t-test vs. PBS-643 

Tween. 644 

 645 

 646 

Figure 4. Sex differences in itch-evoked anxiety were not observed. (A) Male and female mice 647 

displayed similar closed arm time, open arm time, center time, and total arm entries on the EPM 648 

following PBS injection as well as following histamine injection (n=13-14/group). Open arm 649 

time: interaction, F(1,50) = 0.01671, p = 0.8977; treatment, F(1,50) = 9.622, p = 0.0032; sex, F(1,50) = 650 

0.0047, p = 0.9456. Total entries: interaction, F(1,50) = 0.3921; treatment, F(1,50) = 12.97, p = 651 

0.0007; sex, F(1,50) = 3.138, p = 0.0826. (B) Male and female mice displayed similar numbers of 652 

c-Fos+ amygdala neurons following PBS injection as well as following histamine injection (n=3-653 

4/group). Total c-Fos+ amygdala neurons: interaction, F(1,9) = 0.06715, p = 0.8014; treatment, 654 

F(1,9) = 4.368, p = 0.0662; sex, F(1,9) = 0.09686, p = 0.727. Data are shown as mean ± SEM. No 655 

main effect of sex or interaction effect of sex and treatment, 2-way ANOVA. 656 

 657 

Figure 5. Histamine-responsive amygdala neurons typically respond to multiple itch and/or pain 658 

stimuli. Example in vivo single-unit electrophysiological recording from a histamine-responsive 659 

unit in the amygdala. This unit displayed a positive response over baseline to i.d. histamine, 660 

noxious pinch, and i.d. serotonin. Recording site shown in inset. 661 

 662 

Figure 6. Pruritogen-evoked firing tended to be of greater magnitude and duration in the CeA 663 

compared to the BLA. (A) Average firing of units recorded in the CeA or BLA that positively 664 
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responded to i.d. histamine. (B) As in A, for i.d. chloroquine. (C) As in (A), for i.d. serotonin. 665 

(D) As in (A), for i.d. capsaicin. Data are shown as mean ± SEM. 666 

 667 

Figure 7. Acute itch is associated with increased neuronal activity in the PBN, MCC, and mPFC, 668 

projection areas to the amygdala. (A) Representative images of c-Fos immunostaining in the 669 

PBN, MCC, and mPFC following i.d. injection of PBS or histamine. Superior lateral subdivision 670 

(PBNSL), lateral external subdivision (PBNLE), and superior cerebellar peduncle (SCP) are 671 

indicated for PBN. Prelimbic (PrL) and infralimbic (IL) subdivisions are indicated for mPFC. 672 

Scale bar, 500 μm. (B) Quantification of c-Fos+ neurons in PBN, MCC, and mPFC following 673 

i.d. PBS, histamine, chloroquine, serotonin, PBS-Tween, and capsaicin. PBNSL: histamine, t(13) 674 

= 1.782, p = 0.0981; chloroquine, t(13) = 3.846, p = 0.0020; serotonin, t(12) = 3.242, p = 0.0071; 675 

capsaicin, t(8) = 3.709, p = 0.0060. PBNLE: histamine, t(13) = 4.106, p = 0.0012; chloroquine, t(13) 676 

= 3.069, p = 0.0090; serotonin, t(12) = 4.186, p = 0.0013; capsaicin, t(8) = 5.937, p = 0.0003. Total 677 

PBN: histamine, t(13) = 2.697, p = 0.0183; chloroquine, t(13) = 4.283, p = 0.0009; serotonin, t(12) = 678 

4.388, p = 0.0009; capsaicin, t(8) = 7.078, p = 0.0001. MCC: histamine, t(13) = 1.489, p = 0.1603; 679 

chloroquine, t(13) = 0.4919, p = 0.6310; serotonin, t(11) = 3.405, p = 0.0059; capsaicin, t(8) = 680 

0.6635, p = 0.5256. PrL: histamine, t(13) = 0.4968, p = 0.6276; chloroquine, t(12) = 1.085, p = 681 

0.2993; serotonin, t(11) = 0.647, p = 0.5309; capsaicin, t(8) = 2.865, p = 0.0210. IL: histamine, t(13) 682 

= 1.529, p = 0.1503; chloroquine, t(12) = 1.293, p = 0.2203; serotonin, t(11) = 4.535, p = 0.0009; 683 

capsaicin, t(8) = 2.96, p = 0.0182. Data in (B) are shown as mean ± SEM. *p < 0.0167, **p < 684 

0.0033 for unpaired t-test vs. PBS (Bonferroni correction for multiple comparisons). #p < 0.05, 685 

###p < 0.001 for unpaired t-test vs. PBS-Tween. 686 

 687 
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Figure 8. Optogenetic stimulation of histamine-responsive amygdala neurons affects itch- and 688 

anxiety-related behavior. (A) Schematic diagram of experimental procedure. (B) In TRAP mice, 689 

i.d. histamine injection resulted in significantly more tdTomato+ (red) amygdala neurons than 690 

i.d. PBS (n = 4/group). Scale bar, 250 μm. LA, t(6) = 0.1925, p = 0.8537; BA, t(6) = 1.36, p = 691 

0.2226; CeLC, t(6) = 3.362, p = 0.0152; CeL, t(6) = 2.054, p = 0.0857; CeM, t(6) = 3.508, p = 692 

0.0127. (C) Representative images of AAV-transfected histamine-TRAPped cells in the CeA. 693 

Scale bar, 250 μm. (D) Example in vivo electrophysiological recording of a TRAPped amygdala 694 

neuron. Under 20-Hz blue light stimulation, but not red light stimulation, the TRAPped cell 695 

displayed an increased firing rate. (E) On the elevated plus maze, blue light stimulation 696 

significantly reduced open arm time for histamine-TRAPped mice. PBS-TRAPped ON vs. OFF, 697 

t(6) = 0.7049, p = 0.5036; histamine-TRAPped ON vs. OFF, t(6) = 2.448, p = 0.0499. (F) As in 698 

(E), for percent center entries on open field test. PBS-TRAPped ON vs. OFF, t(6) = 0.6082, p = 699 

0.5654; histamine-TRAPped ON vs. OFF, t(6) = 2.802, p = 0.0311. (G) Blue light stimulation 700 

greatly enhanced the total scratch response of histamine-TRAPped mice (but not PBS-TRAPped 701 

mice) to histamine and chloroquine over 30 minutes. Histamine scratching: PBS TRAPped ON 702 

vs. OFF, t(7) = 0.2847, p = 0.7841; histamine-TRAPped ON vs. OFF, t(5) = 2.656, p = 0.0451. 703 

Chloroquine scratching: PBS TRAPped ON vs. OFF, t(7) = 0.8756, p = 0.4103; histamine-704 

TRAPped ON vs. OFF, t(7) = 3.092, p = 0.0175. Data in (B and E to G) are shown as mean ± 705 

SEM. *p < 0.05, for unpaired t-test vs PBS (B). *p < 0.05, for paired t-test (E to G). 706 
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Table 1. Positive response incidences (number/total) of histamine-responsive amygdala neurons 

to other tested stimuli. 

Brush Pinch Chloroquine Serotonin Capsaicin 

21% (8/39) 64% (25/39) 46% (18/39) 49% (19/39) 64% (25/39) 

 

 


