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Abstract 41 

 42 

Itchiness triggers a strong urge to engage in scratching behavior, which could 43 

lead to severe skin or tissue damage in patients with chronic itch. This 44 

process is dynamically modulated. However, the neural mechanisms 45 

underlying itch modulation remain largely unknown. Here, we report that 46 

dopaminergic (DA) neurons in the ventral tegmental area (VTA) play a critical 47 

role in modulating itch-induced scratching behavior. We found that the activity 48 

of VTA DA neurons was increased during pruritogen-induced scratching 49 

behavior in freely moving male mice. Consistently, individual VTA DA neurons 50 

mainly exhibited elevated neural activity during itch-induced scratching 51 

behavior as demonstrated by in vivo extracellular recording. Behaviorally, the 52 

transient suppression of VTA DA neurons with the optogenetic approach 53 

shortened the pruritogen-induced scratching train. Furthermore, the DA 54 

projection from the VTA to the lateral shell of the nucleus accumbens 55 

exhibited strong activation during itch-elicited scratching behavior. These 56 

results revealed the dynamic activity of VTA DA neurons during itch 57 

processing and demonstrated the modulatory role of the dopaminergic 58 

system in itch-induced scratching behavior. 59 

 60 

Significance Statement 61 

 62 

Itchiness is an unpleasant sensation that evokes a scratching response for 63 

relief. However, the neural mechanism underlying the modulation of 64 

itch-evoked scratching in the brain remains elusive. Here, by combining fiber 65 

photometry, extracellular recording and optogenetic manipulation, we show 66 

that the dopaminergic neurons in the ventral tegmental area play a 67 

modulatory role in itch-evoked scratching behavior. These results reveal a 68 

potential target for suppressing excessive scratching responses in patients 69 

with chronic itch. 70 
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Introduction 71 

 72 

Itch is an unpleasant sensation that evokes the desire to scratch. Recent 73 

studies have begun to reveal the brain mechanism of itch processing (Mu et 74 

al., 2017; Yu et al., 2017; Dong and Dong, 2018). It was shown that the 75 

parabrachial nucleus represents a central relay for itch signal transmission 76 

(Mu et al., 2017), and the suprachiasmatic nucleus of the hypothalamus 77 

participates in contagious itch (Yu et al., 2017). In addition, many other brain 78 

areas, including the anterior cingulate cortex (ACC), insular cortex, ventral 79 

tegmental area (VTA) and amygdala, exhibited activity changes relevant to 80 

itch stimuli in human brain imaging studies (Herde et al., 2007; Leknes et al., 81 

2007; Papoiu et al., 2013). Some of these brain areas could also play 82 

important roles in itch modulation as evidenced by a recent study showing 83 

that the ACC modulates histaminergic itch processing (Lu et al., 2018).  84 

 85 

Sensory information processing is dynamically modulated by the 86 

neuromodulatory system (Kupfermann, 1979; Harris-Warrick and Marder, 87 

1991), which also regulates itch processing. Serotoninergic neurons in the 88 

brain stem send descending projections to the spinal cord and facilitate itch 89 

transmission by releasing serotonin and activating HTR1A and 90 

gastrin-releasing peptide receptors (GRPRs) (Zhao et al., 2014). The 91 

endogenous release of noradrenaline at the spinal level has also been shown 92 

to facilitate the itch-evoked scratching response via α-adrenoceptors (Gotoh 93 

et al., 2011a; Gotoh et al., 2011b). In addition, previous pharmacological 94 

studies have demonstrated the functional involvement of the dopaminergic 95 

(DA) system in itch processing in both rodents and primates. Blocking 96 

dopamine D1 receptors decreased scratching behavior induced by 97 

compound 48/80 in mice (Akimoto and Furuse, 2011), suggesting that the 98 

activation of dopamine D1 receptors might promote scratching behavior. 99 

Interestingly, studies in monkeys have shown that the activation of dopamine 100 
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D2 receptors, but not D1 receptors, induced scratching behavior 101 

(Rosenzweig-Lipson et al., 1994; Pellon et al., 1995). DA neurons are mainly 102 

located in the substantia nigra pars compacta (SNc) and VTA. However, the 103 

precise dynamics and functional role of DA neurons in itch processing still 104 

remain elusive.  105 

 106 

DA neurons in the VTA are well-known to encode value teaching signals 107 

in learning (Schultz et al., 1997; Schultz, 2006; Bromberg-Martin et al., 2010; 108 

Cohen et al., 2012; Matsumoto et al., 2016) and have been implicated in 109 

seeking relief from aversive sensory states, including pain. VTA DA neurons 110 

have been shown to be essential for the acquisition of a behavioral 111 

preference for an environment associated with pain relief (Navratilova et al., 112 

2015). Although the VTA exhibits activity significantly correlated with 113 

scratching-induced pleasure (Papoiu et al., 2013), whether DA neurons in the 114 

VTA are involved in modulating scratching behavior to relieve itchiness, which 115 

also represents an aversive sensation state, remains unclear. Thus, we 116 

examined the temporal dynamics of DA neurons in the VTA with fiber 117 

photometry and in vivo extracellular recording in freely moving animals and 118 

characterized the functional role of VTA DA neurons in itch-induced 119 

scratching behavior by manipulating their activity with optogenetics.  120 

 121 

 122 

Materials and Methods: 123 

Animals 124 

Dopamine transporter (DAT)::IRES-Cre knockin mice (JAX006660; hereafter 125 

referred as DAT-Cre mice) were obtained from Jackson Laboratory and 126 

crossed with wild-type C57BL/6J mice. Only male heterozygous DAT-Cre 127 

mice were used in our experiments. Mice aged 8-10 weeks received virus 128 

injections for the photometry recording and behavioral test. Mice aged 10-12 129 

weeks received virus injections to identify the DA neurons in vivo in the VTA. 130 
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Mice aged 4 weeks received virus injections for the slice electrophysiological 131 

recording. All mice were housed under stable conditions with ad libitum 132 

access to food and water under a 12-h light-dark cycle (light on from 7 a.m. to 133 

7 p.m.). All animal studies and experimental procedures were approved by 134 

the Animal Care and Use Committee of the Institute of Neuroscience, 135 

Chinese Academy of Sciences. 136 

 137 

Surgeries for viral delivery and optic fiber and electrode implantation 138 

General surgical procedures and viral delivery 139 

Before the surgical procedures, the mice were anesthetized with 1% 140 

pentobarbital sodium (dissolved in saline, 100 mg/kg; intraperitoneal 141 

injection), the back of their necks were shaved for the delivery of pruritogens, 142 

and a magnet (1 mm in diameter, 3 mm in length) was implanted into the right 143 

hind paw to record scratching behavior. Then, the mice were placed on a 144 

stereotaxic frame (Stoelting Co.), and surgery was performed as previously 145 

described (Cetin et al., 2006). To specifically express the viral constructs in 146 

VTA DA neurons, recombinant AAVs were injected into the VTA 147 

(antero-posterior (AP) -3.35 mm, medio-lateral (ML) 0.45 mm and 148 

dorsal-ventral (DV) -4.25 mm relative to Bregma) of DAT-Cre mice. The virus 149 

was injected with a glass pipette (tip diameter 20~30 μm) at a rate of 0.05-0.1 150 

μl per minute (0.3-0.4 μl per site). The virus was infused unilaterally for the 151 

fiber photometry and identification of DA neurons in the optrode recording. 152 

For the slice electrophysiological recording and optogenetic inhibition of DA 153 

neurons during the behavioral test, the virus was injected into the VTA 154 

bilaterally.  155 

 156 

Viral constructs 157 

For the photometry recording, Cre-dependent AAV vectors carrying 158 

fluorescent calcium indicator GCaMP6s (AAV-hSyn-DIO-GCaMP6s, 4.5 x 159 
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1012 genome copies (gc)/ml) or control (AAV-Ef1 -DIO-EYFP, 5.54 x 1012 160 

gc/ml) were serotyped with AAV5 or AAV9 coat proteins and packaged by 161 

Shanghai Taitool Inc. To identify the DA neurons in vivo, the transgene 162 

(AAV-Ef1 -DIO-ChR2 (H134R)-mCherry, 5.2 x 1012 gc/ml; packaged by UNC 163 

Vector Core) was serotyped with AAV5 coat proteins. The transgenes used 164 

for the optogenetic inhibition (AAV-CAG-DIO-GtACR1-EGFP, 4.5 x 1012 gc/ml; 165 

packaged by Shanghai Taitool Inc) or control (AAV-Ef1 -DIO-EYFP, 4.4 x 166 

1012 gc/ml; packaged by UNC Vector Core) were serotyped with AAV5 coat 167 

proteins.  168 

 169 

Optic fiber implantation (for the fiber photometry and optogenetic 170 

experiments) 171 

Following the AAV virus infusion, an optic fiber (diameter, 200 μm; NA, 0.37) 172 

was immediately implanted into the VTA (AP -3.35 mm, ML 0.4 mm, DV -4.20 173 

mm), nucleus accumbens (NAc) lateral shell (AP 0.98 mm, ML 1.75 mm, DV 174 

-4.6 mm) or NAc medial shell (AP 1.54 mm, ML 0.5 mm, DV -4.5 mm) for the 175 

fiber photometry recording. To optogenetically inhibit VTA DA neurons during 176 

scratching, the optic fibers were implanted bilaterally above the VTA at the 177 

angle of 10 (AP -3.4 mm, ML 1.25 mm, and DV -4.1 mm). A thin layer of tissue 178 

gel (Kwik-Cast Sealant) was added to the surgical hole to prevent contact 179 

between the dental cement and brain tissue. Then, gel (3M Vetbond Adhesive) 180 

was applied to the skull surface, and a thin layer of dental cement was 181 

immediately applied to the skull surface. A thick layer of dental cement was 182 

applied to build a head cap and cover the skull surface.  183 

 184 

Electrode implantation for the extracellular recording 185 

The electrode was home made by using a screw-driven microdrive as 186 

previously described (Liu et al., 2014). Briefly, 12~16 Ni-Chrome micro wires 187 

(diameter 33 μm per wire, Global agency) were glued to a polyimide guide 188 
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tube (inner diameter 250 μm and outer diameter 355 μm). To identify the DA 189 

neurons by light stimulation, an extra optic fiber was added (diameter, 200 μm; 190 

NA, 0.37) to the guide tube, and the end of the optic fiber was 200~400 μm 191 

shorter than the ends of the micro wires. The micro wire array was inserted 192 

into the microdrive chamber and glued to a movable screw nut. The wire tips 193 

on one side were soldered to corresponding pins on a PCB connector. The 194 

wire tips on the other side were electroplated to a final impedance of 195 

approximately 1.5 MΩ after the assembly of the electrode. The electrode with 196 

the optic fiber was referred to as optrode. The optrode was implanted into the 197 

VTA (AP -3.35 mm, ML, 0.4 mm, DV -4.0 mm) of DAT-Cre animals, which 198 

were injected with AAV virus expressing ChR2 at least 3 weeks before the 199 

implantation. The ground and reference wires were separately soldered to the 200 

corresponding pins on the PCB on one side and to two skull-mounted cranial 201 

screws on the other side. Then, dental cement was carefully applied as 202 

described for the optic fiber implantation, except for that the cement did not 203 

contact the micro wires, allowing for the wires to be lowered after the surgery.  204 

 205 

Scratching behavior induction and recording 206 

The mice were handled gently and habituated to the recording barrel before 207 

any recording or behavioral test for at least two days. On the test day, the 208 

mice were first habituated to the recording barrel for at least 15 minutes. 209 

Scratching behavior was acutely induced by an intradermal injection of 210 

chloroquine (200 μg/50 μl; Sigma Cat# C6628-25G) or endothelin-1 (25 ng/50 211 

μl, Tocris Cat# 1160). The behavior-recording system and magnetic induction 212 

method were custom-made following established methods (Inagaki et al., 213 

2002; Mu et al., 2017). Briefly, a transparent, cylindrical recording barrel 214 

(diameter 15 cm and height 20 cm) was surrounded by a coil of wire (Fig. 1A). 215 

The movement (including general movement and scratching) of the magnet 216 

implanted into the mice’s right hind paw in the barrel induced a small voltage 217 
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change that was sent to an analog channel in the fiber photometry or 218 

extracellular recording system and recorded at 1000 Hz and 2000 Hz 219 

separately. During the optogenetic behavioral test, the voltage change was 220 

recorded by a custom-written MATLAB code at 2000 Hz. 221 

 222 

Fiber photometry 223 

Recording VTA dopaminergic neuron population activity during 224 

scratching behavior 225 

DAT-Cre mice were injected with virus expressing GCaMP6s or EYFP, and an 226 

optic fiber was implanted into the VTA or NAc to record VTA DA neuron 227 

population activity or projection activity during scratching behavior. The 228 

animals were allowed to recover after surgery for at least 10 days before 229 

recording the DA population activity in the VTA or 3 weeks before recording 230 

the DA projection activity. The mice were handled gently for 3 minutes and 231 

then habituated to the recording barrel, while the implanted optic fiber was 232 

connected to a patch cord for 30 minutes daily for at least two days. During 233 

the recording, the mouse scratching behavior and fluorescence signal were 234 

simultaneously recorded at 1000 Hz with F-scope-G-2 (Biolink Optics) for 235 

30~40 minutes after the delivery of pruritogens. The laser power at the tip of 236 

the implanted optic fiber was approximately 15 μW. After the recording, the 237 

system noise was collected for 10 s while any visual input to the recording 238 

optic fiber was physically prevented. The data were transformed into a mat 239 

file and analyzed using a custom-written MATLAB code. 240 

 241 

Recording VTA dopaminergic neuron population activity during manual 242 

scratching nape  243 

VTADA-GCaMP6s mice were placed on a towel and habituated for 3 minutes 244 

while the implanted optic fiber was connected to an external patch cord. The 245 

nape of the mice was scratched by the experimenter using pointed metal 246 
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tweezers in one direction at approximately 2 Hz for 20 strokes at an interval of 247 

approximately 60 s. The manual scratching left light visible grooves on the 248 

nape that disappeared within a few seconds. The start time of the scratching 249 

was recorded with Master 9 connected to the fiber photometry system. In a 250 

few trials, the tested mice moved during the manual scratching (which might 251 

have caused motion artifacts), and these trials were marked and excluded 252 

from further analysis. 253 

 254 

Recording VTA dopaminergic neuron population activity while running 255 

on a rotarod 256 

VTADA-GCaMP6s mice were trained to walk while maintaining balance on a 257 

rotarod apparatus (Ugo Basile) that rotated at a constant speed for 5 minutes 258 

on day one. Each mouse was subjected to three training sessions in which 259 

the rod rotated at 5, 10 or 20 revolutions per minute (rpm) with an intersession 260 

interval longer than 60 minutes. Then, the mice were returned to their home 261 

cages. On day two, the mice were placed on a nonrotating rod for 30 s, and 262 

the implanted optic fiber was connected to an external patch cord. The 263 

baseline fluorescence of the DA neuron population was recorded for 264 

approximately 60 s. Then, the rod accelerated to 20 rpm within 3 s and 265 

rotated for a maximum duration of 300 s. The time when the rod started to 266 

accelerate was manually recorded with Master 9 connected to the fiber 267 

photometry system. 268 

 269 

In vivo electrophysiology 270 

The mice were allowed to recover for 7 days after the optrode implantation 271 

surgery. The mice were handled gently for 3 minutes and then habituated to 272 

the recording barrel, while the implanted electrode was connected to the 273 

external head stage for at least 30 minutes daily for at least two days before 274 

the subsequent recording. For the extracellular recording, the signals from 275 
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each wire were bandpass-filtered between 250 Hz and 5000 Hz with 276 

CerePlex Direct (Blackrock Microsystems LLC). Spikes were detected and 277 

recorded by manually setting the signal threshold (usually higher than 2.5 278 

times of the root mean square of the noise) after subtracting the signal from 279 

the reference wire from which no spike signals were recorded to decrease the 280 

motion noise. All data were saved to a hard drive for further analysis.  281 

In the daily recordings, the DA neurons were first targeted using optogenetics 282 

to observe light stimulation-induced spikes. Laser illumination was provided 283 

by a blue (473 nm) diode pumped solid-state laser controlled by Master 9. 284 

Trains of 10 light pulses at 1, 10 or 20 Hz (5 ms, 1-12 mW) were delivered. In 285 

each test, in total, 200 or 300 pulses were delivered. To identify the DA 286 

neurons, the following two criteria were used (Cohen et al., 2012): 1) the 287 

p-value determined by the stimulus associated spike latency test (Pi et al., 288 

2013) was smaller than 0.001, suggesting that significant changes in the 289 

spike timing occurred due to the light pulses and activation after light onset, 2) 290 

the Pearson correlation coefficient between the light-induced waveforms and 291 

spontaneous waveforms was greater than 0.9 to rule out the possibility of 292 

light-induced contamination. The light intensity was decreased if the induced 293 

spike waveforms were deformed compared with the spontaneous spike 294 

waveforms possibly due to high intensities (Cohen et al., 2012). To test 295 

whether the neurons were directly activated by the light stimulation, spikes 296 

were detected within the first 10 ms after light onset. The latency of light 297 

activation was defined by the delay of the first spike within the detection 298 

period, and its jitter was calculated.  299 

If DA neurons were identified, their activities and chloroquine-induced 300 

scratching behavior (sampled at 2000 Hz) were simultaneously recorded for 301 

40 minutes. The electrodes were lowered by ~65 μm daily by turning the 302 

screw ~90 degree after the recording or that no neurons were activated by 303 

light. Electrolytic lesions were created using 8 s of 25 μA direct currents after 304 

the final recording immediately before perfusion. 305 
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 306 

Slice electrophysiology 307 

To test the efficiency of the inhibition of the DA neurons by optogenetics, 308 

one-month-old DAT-Cre mice were infused with AAV-DIO-GtACR1-EGFP or 309 

AAV-DIO-EYFP virus in the VTA, and slice electrophysiology was performed 310 

two weeks after the viral infusion as previously described (Zhou et al., 2017). 311 

The mice were perfused with ice-cold cutting solution (containing (in mM) 312 

sucrose 213, KCl 2.5, NaH2PO4 1.25, MgSO4 10, CaCl2 0.5, NaHCO3 26, and 313 

glucose 11 (300-305 mOsm)) after being anesthetized with isoflurane (Lunan 314 

Pharmaceutical). The mouse brains were dissected, and coronal slices (220 315 

μm) were prepared in ice-cold cutting solution using a vibratome (Leica 316 

VT1200S) at a speed of 0.12 mm/s and blade vibration amplitude of 0.08 mm. 317 

Brain slices containing the VTA were transferred to a holding chamber and 318 

incubated with artificial cerebral spinal fluid (ACSF, containing (in mM) NaCl 319 

126, KCl 2.5, NaH2PO4 1.25, MgCl2 2, CaCl2 2, NaHCO3 26, and glucose 10 320 

(300-305 mOsm)) at 34°C to recover for 30 minutes. Then, the slices were 321 

kept at room temperature prior to the recording. The cutting solution and 322 

ACSF were continuously bubbled with 95% O2 and 5% CO2. The slices were 323 

placed on poly-L-lysine (Sigma, St. Louis, MO)-coated glass and submerged 324 

in a recording chamber (Warner Instruments, Hamden, CT) perfused with 325 

ACSF at 3-4 ml/minute using a pump (BT100-2J, LongerPump). All 326 

experiments were performed at room temperature (25-28°C). 327 

To verify the functional efficiency of AAV-DIO-GtACR1-EGFP in inhibiting VTA 328 

DA neurons, GtACR1 positive neurons in the VTA were recorded in the 329 

current-clamp mode with a potassium-based internal solution (containing (in 330 

mM) K-gluconate 130, MgCl2 1, CaCl2 1, KCl 1, HEPES 10, EGTA 11, 331 

Mg-ATP 2, and Na-GTP 0.3 (pH 7.3, 290 mOsm)). Action potentials were 332 

induced by injecting 100-pA currents for 1.5 s, and a blue laser (473 nm, 10 333 

mW) was delivered for 0.5 s to activate GtACR1 0.5 s after the current 334 

injection initiation. The firing rates during the 0.5 s prior to the light delivery 335 
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(baseline period) and the light stimulation period were analyzed using Igor 336 

Pro (WaveMetrics, Inc) and compared to quantify the inhibition of GtACR1+ 337 

neurons using Prism 6 (GraphPad Software). The control experiment for the 338 

EYFP positive neurons in AAV-DIO-EYFP virus injected mice was performed 339 

and analyzed as described for the GtACR1 group. 340 

 341 

 342 

Behavioral experiments 343 

Optogenetic inhibition in itch behavior test 344 

The mice were allowed to recover after surgery for 4 weeks and then 345 

habituated to the recording barrel, while the implanted optic fiber was 346 

connected to a patch cord for 30 minutes daily for one week. On the test day, 347 

scratching behavior was evoked by an intradermal injection of chloroquine 348 

and recorded. To temporally manipulate VTA DA neurons during scratching 349 

behavior, a custom MATLAB code was written to simultaneously record the 350 

animal behavior and control the delivery of light through Master 9. To test the 351 

necessity of the temporal activation of the DA neuron population for the 352 

ongoing scratching behavior, behavior traces were manually monitored 353 

real-time, and a constant blue laser (473 nm) was delivered for 3 seconds 354 

once a scratching train was initiated. If the scratching train did not stop or a 355 

new scratching bout appeared, another light was manually delivered for 3 356 

seconds until the train ended. The light was supplied at 7 mW at the tip of 357 

implanted optic fiber by a blue diode pumped solid-state laser. The light 358 

delivery timing and scratching behavior were simultaneously recorded.  359 

 360 

To test whether scratching behavior is affected by the pseudo random 361 

photoinhibition of DA neurons, GtACR1 and EYFP mice were manipulated in 362 

pairs. For each pair of GtACR1 and EYFP mice, light was delivered 363 

simultaneously to both mice according to the scratching behavior of the EYFP 364 
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mouse regardless of whether the GtACR1 mouse was scratching or not.  365 

 366 

Open field test 367 

To test the effect of the transient optogenetic inhibition of VTA DA neurons on 368 

the subjects’ locomotor behavior, 473 nm light was delivered at 7 mW at 369 

randomly selected times (29 times, 3 s each time), and the same pattern was 370 

used in all mice during the open field test. The mice were placed in the center 371 

of an open field box (40 cm × 40 cm × 40 cm) and videotaped by a camera 372 

positioned above the box for 10 minutes. The moving track was recorded and 373 

analyzed by LabState software (AniLab). 374 

 375 

Data analysis 376 

Scratching behavior analysis 377 

Motion (including both moving and scratching) induced large voltage 378 

fluctuations (defined as voltage peaks). The moving signals and scratching 379 

signals exhibited different characteristics as follows: each moving signal 380 

contained a single voltage peak (defined as a motion event), while scratching 381 

induced a cluster of voltage peaks (each peak during scratching was defined 382 

as a scratching event). Moreover, some scratching events were closer to 383 

each other, and a cluster of adjacent scratching events was defined as a 384 

scratching bout. A cluster of adjacent scratching bouts was defined as a 385 

scratching train. To strictly define scratching events, scratching bouts and 386 

scratching trains, the threshold of the voltage peak was calculated by 387 

one-eighth of the value generated by the MATLAB function-thselect (adaptive 388 

threshold selection using the principle of Stein's unbiased risk estimate) for 389 

each behavioral trace. Scratching bouts were defined as a cluster of peaks 390 

(including at least two consecutive peaks) with an interpeak interval less than 391 

0.2 s (the frequency of scratching events in a scratching bout greatly varied 392 

between 5 ~ 45 Hz by a manual analysis of the scratching traces). Scratching 393 
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trains were defined as a cluster of scratching bouts with an interbout interval 394 

less than 3.5 s (Fig. 1B). Other peaks above the threshold were considered 395 

as other motion events (Fig. 1C). Then, the result was manually adjusted by a 396 

customized graphical user interface program to detect missed scratching 397 

events and delete false scratching events (Fig. 1D). For the behavioral 398 

experiments, the number of scratching bouts/trains and the average duration 399 

of scratching bouts/trains were calculated.  400 

 401 

Fiber photometry data processing and analysis 402 

First, the fluorescence values were low-pass filtered at 2 Hz using a 4th order 403 

Butterworth filter with zero-phase distortion. The scratching train onset was 404 

identified as mentioned above. Then, the noise signal of the recording system 405 

was subtracted from the fluorescence values, and the resulting values were 406 

aligned to the scratching train onset. The fluorescence values during each 407 

scratching train were derived. The change in the fluorescence values in each 408 

scratch train was calculated by 409 

∆F/F = (F-F0)/F0 410 

where F refers to the fluorescence values at each time point (-3.5 to 5 s 411 

relative to the scratching train onset), and F0 refers to the median of the 412 

fluorescence values during the baseline period (-2.2 to -1 s relative to the 413 

scratching train onset). To visualize the fluorescence change, the ΔF/F values 414 

of each scratching train were heat plotted for each mouse and averaged. To 415 

statistically quantify the change in fluorescence values across scratching train 416 

onsets, the onset period was defined as 0.5-1.2 s relative to the scratching 417 

train onset. To quantify the change in the DA fluorescence values across 418 

noxious stimuli (manual scratching), the baseline period (-2.2 to -1 s relative 419 

to the stimuli onset) and onset period (1-3 s relative to the stimuli onset) were 420 

defined. To quantify the change in the DA fluorescence values while running 421 

on a rotarod, the baseline period (-30 to 0 s relative to running onset) and 422 
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running period (0-30 s relative to onset) were defined. The averaged 423 

fluorescence changes in each window were calculated and compared. 424 

 425 

In vivo electrophysiology 426 

Spike sorting was performed based on the waveform features (peaks and 427 

valleys) and principal components using Offline Sorter software. A single unit 428 

was included only if there were no more than 0.5% of spikes within a 2-ms 429 

refractory period. The cluster quality was quantified using the L-ratio (Harris 430 

et al., 2001; Schmitzer-Torbert et al., 2005) and isolation distance (Harris et 431 

al., 2001). Clusters with L-ratios less than 0.05 or an isolation distance 432 

greater than 50 were used in further analyses. To guarantee that independent 433 

units were recorded on different days, units resembling previous units 434 

recorded on the same wire were not included. Neurons with stable recording 435 

after itch induction met the following two criteria: 1) the correlation coefficient 436 

between the averaged waveforms during light identification and those during 437 

the behavioral recording was greater than 0.9, and 2) action potentials fired at 438 

least until 5 minutes before the end of the recording (the mice barely 439 

scratched during the final 5 minutes). These neurons were included in the 440 

subsequent analysis. 441 

 442 

Further analysis was performed using custom-written codes in MATLAB. 443 

To calculate the firing rates, peristimulus time histograms (PSTHs) of the 444 

scratching train onset of each neuron were constructed using 10-ms bins. To 445 

characterize the responses at the population level, we used a receiver 446 

operating characteristic (ROC) analysis as previously described (Cohen et al., 447 

2012). Briefly, to calculate the spike density distribution, PSTHs were 448 

convolved with a 10-ms Gaussian kernel and converted to 100-ms bins. 449 

Similarly, the baseline period was defined as -2.8 to -1.6 s before the 450 

scratching train onset. We compared the distribution of the spike firing rates in 451 
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each time bin (t1) after the baseline period (-1.6 to 5 s relative to the 452 

scratching train onset) to that in all bins (t0) during the baseline period across 453 

all scratching trains by moving the criterion from 0 to the maximum firing rate 454 

in all bins of each neuron. The receiver operating characteristic curve of each 455 

t1 bin was obtained by plotting the probability that the firing rate during t1 was 456 

greater than the criteria against the probability that the firing rate during t0 457 

was greater than the criteria. The area under this curve quantifies the 458 

overlapping degree between the two spike firing rate distributions, and an 459 

area greater than 0.5 indicates an increase in the firing rate relative that at 460 

baseline, whereas an area less than 0.5 indicates a decrease. The auROC 461 

response profiles of all neurons were obtained. To visualize the population 462 

response profile, the auROC were sorted by the mean values from 0-0.6 s 463 

after the scratching train onset and plotted as a heat map using ‘Jet’ color 464 

map for each neuron in MATLAB.  465 

 466 

To statistically analyze the firing rate changes in individual DA neurons 467 

across the entire scratching train, the following two time windows were 468 

defined: baseline window (-2.8 to -1.6 s relative to the scratching train onset) 469 

and scratching train window (entire scratching train). The averaged firing rate 470 

in each time window was calculated for each scratching train. The 471 

significance of the activity change in each neuron during the scratching train 472 

was determined by paired t-test. The averaged firing rates of each neuron 473 

across all scratching trains in each time window were considered the 474 

averaged activities before and during the scratching train. To statistically test 475 

the change in DA neuron population activity during a scratching train, we 476 

performed a Wilcoxon matched-pairs signed rank test. 477 

 478 

 To statistically analyze the neural responses to the scratching train onset 479 

at the single neuron level, the following two time windows were defined: 480 

baseline window (-2.8 to -1.6 s relative to the scratching train onset) and 481 
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scratching train onset period (0-0.6 s relative to the scratching train onset). 482 

The fractional changes in the averaged firing rate during the onset period 483 

were calculated for all scratching trains, and the significance of the changes 484 

was determined by their percentile within a nonparametric bootstrap 485 

distribution estimated by 500 random circular permutations of spike timing 486 

relative to the scratching train onset (Tye et al., 2013). We found that 12 487 

neurons showed a significant response during the onset period. To analyze 488 

the response latency in these 12 neurons, smoothed 10-ms bin PSTHs were 489 

used. The average and standard deviation of the firing rates during the 490 

baseline period were calculated across scratching trains, and the response 491 

latency was defined as the first bin in which the averaged firing rates were 492 

above (or below) the mean plus (or minus) three times the standard deviation 493 

after the baseline period.  494 

 To analyze the response of DA neurons to general motion, the voltage peaks 495 

of the behavioral trace were identified as described in above scratching 496 

behavior analysis section, and general motion-related events (called other 497 

motion events, including general movement and climbing on the recording 498 

barrel wall) were found after excluding the scratching related peaks. If the 499 

number of other motion-related events was greater than 120, 60 events were 500 

randomly selected as motion events for subsequent analysis. If the number of 501 

motion-related events was less than 120, half of the events were randomly 502 

selected. The response of the DA neurons to the resulting other motion 503 

events was analyzed and visualized similarly to the scratching train events. 504 

 505 

Histology 506 

Perfusion 507 

The mice were anesthetized with an overdose of 1% pentobarbital sodium 508 

and perfused with saline, followed by 4% PFA (Sigma) in 0.01 M PBS. The 509 

brains were carefully removed and post fixed in 4% PFA for an additional 4 510 
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hours; then, the brains were kept in a 30% sucrose solution in 0.01 M PBS at 511 

4°C for at least two days.  512 

 513 

Immunofluorescence staining 514 

Free-floating coronal sections (40 μm) prepared with a cryostat (Leica CM 515 

1950) were used for the immunofluorescent staining. The brain sections were 516 

blocked for 30 minutes at room temperature in 5% normal donkey serum in 517 

PBST (0.3% Triton X-100 in 0.01 M PBS), followed by incubation with primary 518 

antibodies in PBST (with 1% normal donkey serum) at 4°C overnight and 519 

secondary antibodies in PBST (with 0.5 μg/mL DAPI) at room temperature for 520 

2.5 hours. Photomicrographs of the brain sections were taken under a Nikon 521 

E80i fluorescence microscope, Olympus VS120 microscope, and Nikon 522 

E600FN Neurolucida microscope (10x), and confocal images of the VTA area 523 

were taken under a Nikon NiE-A1 plus confocal microscope (40x). 524 

For the Immunofluorescence staining to identify the expression specificity of 525 

ChR2 in light-identifying DA neurons, the primary antibodies included mouse 526 

anti-tyrosine hydroxylase (1:1000, ImmunoStar; Cat# 22941; RRID: 527 

AB_572268) and rabbit anti-DsRed (1:500, Clontech; Cat# 632496; 528 

RRID:AB_10013483), while the secondary antibodies included Alexa Fluor 529 

488-donkey anti-mouse (1:400, Jackson ImmunoResearch Laboratories; 530 

Cat# 715-545-150; RRID: AB_2340846) and Cy3-donkey anti-rabbit (1:400, 531 

Jackson ImmunoResearch Laboratories; Cat# 711-165-152; 532 

RRID:AB_2307443). To identify the expression specificity of GCaMP6s or 533 

GtACR1, the primary antibodies included mouse anti-tyrosine hydroxylase 534 

(1:1000, ImmunoStar) and rabbit anti-GFP (1:500, Life; Cat# A11122), while 535 

the secondary antibodies included Cy3-donkey anti-mouse (1:400, Jackson 536 

ImmunoResearch Laboratories; Cat# 715-165-150; RRID: AB_2340813) and 537 

Alexa Fluor 488-donkey anti-rabbit (1:400, Jackson ImmunoResearch 538 

Laboratories; Cat# 711-545-152; RRID: AB_2313584). To identify the 539 
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expression of GCaMP6s or GtACR1, the primary antibody was rabbit 540 

anti-GFP (1:500, Life), and the secondary antibody was Alexa Fluor 541 

488-donkey anti-rabbit (1:400, Jackson ImmunoResearch Laboratories).  542 

 543 

Identifying the specificity of GCaMP6s, ChR2 and GtACR1 expression in 544 

dopaminergic neurons  545 

To determine whether GCaMP6s, ChR2 and GtACR1 are selectively 546 

expressed in DA neurons, we captured confocal images (Nikon NiE-A1 plus 547 

confocal microscope, 40x) of randomly selected brain regions in the VTA from 548 

2 ~ 3 sections randomly selected from each mouse (n = 3) transduced with 549 

the Cre-dependent GCaMP6s, ChR2 or GtACR1 protein. The number of cells 550 

expressing GCaMP6s, ChR2, GtACR1 or tyrosine hydroxylase, which is a DA 551 

neuron marker, was counted in ImageJ software (NIH). 552 

 553 

Experimental design and statistical analysis 554 

The sample size of each experiment is provided in the Results. The data are 555 

expressed as the mean ± s.e.m. The statistical analyses were performed 556 

using Prism 6 and MATLAB 2013b (MathWorks), and the confidence level 557 

was set to 0.05. p-values less than 0.001 are reported as p<0.001, and all 558 

statistical parameters are reported in the Results. Paired t-tests and Wilcoxon 559 

matched-pairs signed rank tests were used for the paired value comparisons 560 

in the fiber photometry, extracellular recording and slice electrophysiology. 561 

Two-way repeated-measure ANOVA, followed by a post hoc Bonferroni’s test 562 

analysis, was used to perform the fluorescence change comparisons 563 

between the GCaMP6s and EYFP groups with multiple fiber photometry 564 

recording measurements. Nonparametric bootstrap was used to test the 565 

significance of the firing rate change in single neurons during scratching train 566 

onset. Unpaired t-test was used to compare for the DA projection 567 

fluorescence changes among different subregions in the fiber photometry and 568 
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the behavioral analyses.  569 

 570 

Results  571 

 572 

Activity of VTA DA neuron population is correlated with itch-induced 573 

scratching behavior 574 

 575 

We examined the activity of the VTA DA neuron population by measuring the 576 

bulk calcium-related fluorescent signal using fiber photometry (Gunaydin et 577 

al., 2014). To target the VTA DA neurons, we injected a Cre-dependent 578 

adeno-associated virus (AAV) encoding the fluorescent calcium indicator 579 

GCaMP6s (AAV-hSyn-DIO-GCaMP6s) unilaterally into the VTA of transgenic 580 

mice expressing Cre recombinase under the control of the promoter of the 581 

dopamine transporter (DAT, also called Slc6a3) gene (Fig. 2A), hereafter 582 

referred to as VTADA-GCaMP6s mice. The control animals were injected with a 583 

Cre-dependent virus encoding EYFP (AAV-EF1 -DIO-EYFP). Optic fibers 584 

were implanted into the viral injection sites for the subsequent collection of 585 

the fluorescent signal of GCaMP6s/EYFP (Fig. 2A,B,C). We quantified the 586 

specificity and efficiency of the GCaMP6s expression in the VTA and found 587 

that 94.7% of neurons (179/189) expressing GCaMP6s were labeled with 588 

tyrosine hydroxylase (TH), which is a marker of DA neurons, and 86.9% of 589 

TH-expressing neurons (179/206) were positive for GCaMP6s (Fig. 2D). 590 

These results suggest that GCaMP6s was mostly expressed in DA neurons.  591 

 592 

Then, we sought to determine the correlation between the VTA DA 593 

population activity and scratching behavior by simultaneously recording 594 

calcium transients in VTA DA neurons with fiber photometry and mouse 595 

scratching behavior following an intradermal injection of chloroquine (Fig. 2E). 596 

The mouse scratching behavior was recorded using a magnetic induction 597 

method in which periodic voltage fluctuations were evoked by scratching 598 
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(Inagaki et al., 2002; Mu et al., 2017). Scratching bouts and scratching trains 599 

were derived as described in Methods. We observed elevated GCaMP6s 600 

fluorescent signals during the scratching trains, indicating that the activity of 601 

VTA DA neurons increased during scratching behavior (Fig. 2F). By aligning 602 

the fluorescent signal to the scratching train onset, we found that the activity 603 

of DA neurons increased at the scratching train onset (Fig. 2G). To 604 

quantitatively measure the increase in the GCaMP6s signal following the 605 

scratching train onset, the following two time windows were defined: baseline 606 

window (-2.2 to -1.0 s relative to onset) and onset period (0.6-1.2 s relative to 607 

onset) (black and magenta bars in Fig. 2H). The analysis showed that the DA 608 

population exhibited significant activation during the onset period (Fig. 2H). 609 

The change in the fluorescent signal in the VTADA-GCaMP6s mice was not due to 610 

a movement artifact caused by the scratching behavior because the EYFP 611 

fluorescent change was negligible in the control animals (Fig. 2H). Consistent 612 

with the observations in the chloroquine model, the VTA DA neurons also 613 

exhibited increased activity during scratching behavior induced by an 614 

intradermal injection of endothelin-1 (Fig. 2I), which is an endogenous 615 

vasoconstrictor peptide that evokes an itch sensation in a 616 

histamine-independent manner (Sasaki and Hong, 1993). 617 

The activation of DA neurons could be due to mechanical stimulation or 618 

scratching motion. To test these possibilities, we first recorded the activity of 619 

the VTA DA neuron population during a manual scratching of the nape test 620 

using metal tweezers. We aligned the DA fluorescent signal to the onset of 621 

the mechanical stimulation and found that the DA neurons showed reduced 622 

response to the manual scratching (Fig. 2J). Subsequently, we investigated 623 

whether the activation of DA neurons during scratching was due to motion. 624 

We recorded the activity of VTA DA neurons in mice running on a rotarod and 625 

found no significant alteration in neural activity during the running motion (Fig. 626 

2K). These results suggest that the response of DA neurons during 627 

scratching was unlikely due to mechanical stimulation or motion associated 628 
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with scratching. 629 

 630 

Dynamics of individual VTA DA neurons during itch-induced scratching 631 

behavior  632 

 633 

Although fiber photometry recordings are useful in examining population 634 

activity, these recordings reflect the sum of activity changes from nearby 635 

neurons and might mask the differential response of individual neurons 636 

(Adelsberger et al., 2005). To further examine the temporal dynamics of 637 

individual VTA DA neurons during itch-induced scratching behavior, we used 638 

the optogenetic tagging method to identify DA neurons during the 639 

extracellular recording (Cohen et al., 2012). A Cre-dependent AAV encoding 640 

ChR2 was injected into the VTA of DAT-Cre mice (Fig. 3A). We implanted 641 

homemade optrodes (electrode arrays with an optic fiber for light stimulation) 642 

into the virus injection area 3~4 weeks after the viral infusion (Fig. 3B). We 643 

first quantified the specificity and efficiency of the expression of ChR2 in the 644 

VTA and found that 86.5% of neurons (141/163) expressing ChR2 were 645 

labeled with TH and that 58.5% of TH-positive neurons (141/241) expressed 646 

ChR2 (Fig. 3C), confirming the specificity of ChR2 expression. To 647 

optogenetically identify DA neurons during the extracellular recording, we 648 

delivered trains of light pulses (each 5-ms width) at 1, 10 or 20 Hz, and the 649 

neural activity was simultaneously recorded. We found that neural spikes 650 

were induced during the light-pulse delivery period in some neurons (Fig. 3D) 651 

and that the waveforms of the light-induced spikes were similar to those of the 652 

spontaneous spikes (Fig. 3E,F). The DA neurons were strictly identified by 653 

two criteria (see Methods). The optogenetically identified DA neurons showed 654 

a short latency and small jitter in the light-evoked response (Fig. 3G,H), which 655 

are features suggestive of direct light-induced neuronal activation. In this 656 

experiment, we identified 34 putative DA neurons in the VTA (3.4 ± 1.0 657 

neurons per mouse, n = 10 mice). Consistent with previous findings (Ungless 658 
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and Grace, 2012), the baseline firing frequency of the identified VTA DA 659 

neurons is low (averaged baseline firing rate is 5.06 ± 0.49 Hz). 660 

 661 

We simultaneously recorded the spiking activity of the optogenetically 662 

identified DA neurons and scratching behavior after an intradermal injection 663 

of chloroquine. Twenty-five optogenetically identified DA neurons showed 664 

stable recording and were included in the subsequent analysis. To examine 665 

the correlation between the activity of VTA DA neurons and itch-induced 666 

scratching behavior, we aligned the spiking activity to the onset of a 667 

scratching train (Fig. 4A). We observed that many DA neurons exhibited 668 

changes in activity (mainly excitation) near the onset (Fig. 4B). We averaged 669 

the firing rates of all recorded DA neurons near the scratching train onset 670 

(-3.5 to 5 s) and observed an increase in DA population activity near the onset 671 

(Fig. 4C). To further statistically analyze the response of DA neurons, we 672 

compared the firing rates of individual DA neurons during an entire scratching 673 

train with those during the baseline period (-2.8 to -1.6 s prior to the 674 

scratching train onset). Of the 25 identified DA neurons, 7 neurons showed 675 

significantly increased activity during the scratching train, while 2 neurons 676 

showed significantly decreased activity (Fig. 4D). When pooled together, the 677 

activity of the DA neuron population was significantly increased (Fig. 4E). 678 

Considering the increase in DA neurons peaking early after onset, we also 679 

analyzed the neural response during the early scratching period (0-0.6 s, 680 

onset period, green bar in Fig. 4C) and found that nearly half of the identified 681 

DA neurons (12/25) showed a significant response. Among these responsive 682 

neurons, the majority (9/12) showed excitatory modulation. Interestingly, of 683 

the 12 DA neurons that showed a significant response during the onset period, 684 

more than half of these neurons (7 of 12) exhibited increased or decreased 685 

activity prior to the onset of the scratching train (Fig. 4F). The increase in the 686 

activity of the VTA DA neurons during scratching behavior is unlikely due to 687 

general motor activity as the activation of these neurons was rarely observed 688 
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when the spiking activity was aligned to the onset of other motion events (Fig. 689 

4G,H). In summary, the VTA DA neurons exhibited diverse responses to 690 

itch-induced scratching behavior, and a significant proportion of these 691 

neurons showed an elevated neural response. 692 

 693 

Photoinhibition of VTA DA neurons attenuated itch-induced scratching 694 

behavior 695 

 696 

As observed in both the fiber photometry and extracellular recording, the VTA 697 

DA neurons exhibited elevated neural activity during scratching behavior. 698 

Thus, we hypothesized that VTA DA neurons play an important role in 699 

modulating itch-induced scratching behavior. To test this hypothesis, we 700 

selectively suppressed VTA DA neurons after a scratching train onset with the 701 

optogenetic approach. We injected a Cre-dependent AAV virus encoding 702 

GtACR1, which is a light-gated anion channel (Govorunova et al., 2015), 703 

bilaterally into the VTA of DAT-Cre mice (Fig. 5A,B), hereafter referred to as 704 

VTADA-GtACR1 mice. The control group was injected with a Cre-dependent virus 705 

expressing EYFP (AAV-EF1 -DIO-EYFP), hereafter referred to as VTADA-EYFP 706 

mice. We first quantified the specificity and efficiency of the expression of 707 

GtACR1 in the VTA and found that 99.8% of neurons (510/511) expressing 708 

GtACR1 were labeled with TH and that 88.9% of TH positive neurons 709 

(510/574) expressed GtACR1 (Fig. 5C), validating the specificity of GtACR1 710 

expression. Then, we verified the efficiency of GtACR1 in suppressing the 711 

activity of DA neurons by recording GtACR1-EGFP-positive neurons in brain 712 

slices. The activity of the GtACR1+ neurons in the VTA was suppressed after 713 

light stimulation (473 nm; 24.9 ± 4.5 Hz during baseline period vs. 0 ± 0 Hz 714 

during light on period, Wilcoxon matched-pairs signed rank test, p = 0.0313; 715 

Fig. 5D). In contrast, light stimulation did not affect the firing of the EYFP+ 716 

neurons (473 nm; 18.2 ± 4.3 Hz during baseline period vs. 16.4 ± 4.1 Hz 717 

during light on period, Wilcoxon matched-pairs signed rank test, p = 0.0625; 718 
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Fig. 5D). Therefore, photostimulation can efficiently suppress the activity of 719 

VTA neurons expressing GtACR1. 720 

We implanted an optic fiber in the VTA for subsequent optogenetic 721 

manipulation during behavioral tests (Fig. 5B,E). To temporarily control the 722 

activity of DA neurons, we monitored the mouse behavior trace after an 723 

intradermal injection of chloroquine in real-time. Light (473 nm for 3 s per 724 

delivery) was delivered manually after chloroquine-evoked scratching 725 

behavior was detected in both the EYFP and GtACR1 groups (Fig. 5F, see 726 

Methods for details). The average delay of light delivery relative to the 727 

scratching train onset was within 1 second (0.99 ± 0.03 s in the EYFP group 728 

vs. 0.94 ± 0.06 s in the GtACR1 group, Fig. 5F). The averaged interval 729 

between adjacent light stimulation in a scratching train was 1.48 ± 0.07 s and 730 

0.91 ± 0.06 s for the EYFP and GtACR1 group, respectively. We found that 731 

the brief photoinhibition of VTA DA neurons significantly shortened the 732 

duration of the scratching train (8.5 ± 1.0 s in the EYFP group vs. 4.4 ± 0.5 s 733 

in the GtACR1 group, Fig. 5G,H,I) and decreased the number of scratching 734 

trains (Fig. 5J). Moreover, the number of scratching bouts was also 735 

significantly decreased in the GtACR1 group compared to that in the EYFP 736 

group (scratching bout number: 156.0 ± 30.5 in the EYFP group vs. 41.6 ± 5.7 737 

in the GtACR1 group, Fig. 5K). In contrast, the duration of the scratching 738 

bouts was not affected by the photoinhibition of the VTA DA neurons (Fig. 739 

5L). 740 

 741 

To examine whether the decrease in the scratching train length was 742 

caused by nonspecific transient inhibition of VTA DA neurons, we next tested 743 

the effect of the pseudorandom inhibition of DA neurons on 744 

chloroquine-induced scratching behavior. We recorded the scratching 745 

behavior of VTADA-GtACR1 and VTADA-EYFP mice in pairs and delivered 473 nm 746 

of light (3 s per stimulus) simultaneously to each pair of mice once the 747 

VTADA-EYFP mouse started to scratch (Fig. 5M). The light stimulation period 748 
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overlapped with less than 10% of the scratching train period in the 749 

VTADA-GtACR1 mice (7.5 ± 1.3%, Fig. 5N). We found that the scratching 750 

behavior of the VTADA-GtACR1 mice was not significantly affected by the 751 

pseudorandom inhibition of VTA DA neurons as no significant difference was 752 

observed in the duration of the scratching trains (Fig. 5O,P) or the number of 753 

scratching trains (Fig. 5Q) between the two groups. Moreover, the number of 754 

scratching bouts (Fig. 5R) and the duration of the scratching bouts (Fig. 5S) 755 

were not significantly affected by the light stimulation. Subsequently, we 756 

investigated whether the transient inhibition of VTA DA neurons could affect 757 

general locomotor activity. Transient light (473 nm for 3 s per stimulus) was 758 

delivered at randomly chosen times during a 10-minute open filed test, and 759 

the same pattern was applied to all mice. We found that the brief suppression 760 

of VTA DA neurons did not significantly affect the VTADA-GtACR1 mice’s 761 

locomotor activity (Fig. 5T). Taken together, these results showed that the 762 

activity of VTA DA neurons is important for ongoing scratching behavior, 763 

suggesting that the DA system plays a modulating role in itch signal 764 

processing. 765 

 766 

Activity of dopaminergic fibers in the nucleus accumbens during itch 767 

processing 768 

 769 

Recent studies have revealed that VTA DA neurons are heterogeneous in 770 

both connectivity and function (Matsumoto and Hikosaka, 2009; Lammel et 771 

al., 2011; Roeper, 2013; Menegas et al., 2015; Morales and Margolis, 2017). 772 

The differential functions of DA subpopulations are mediated by different 773 

projections (Swanson, 1982; Yetnikoff et al., 2014; Saunders et al., 2018). 774 

Thus, we sought to identify the DA projections involved in the modulation of 775 

itch processing. The nucleus accumbens (NAc) receives DA input from the 776 

VTA and plays important roles in reward processing and motivated behavior 777 

(Bjorklund and Dunnett, 2007; Salamone and Correa, 2012; Hamid et al., 778 
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2016; Schultz, 2016). Thus, we explored the possible role of DA projections 779 

from the VTA to the NAc in itch modulation. To achieve this goal, we used 780 

fiber photometry to record the activity of DA fibers in the NAc. As different 781 

NAc subdivisions receive inputs from different subpopulations of VTA DA 782 

neurons and differently affect motivated behaviors (Aragona et al., 2008; 783 

Lammel et al., 2008; Beier et al., 2015; Yang et al., 2018), we examined the 784 

activity of DA projection in the medial shell (MeSh) and lateral shell (LaSh) of 785 

the NAc separately. We injected Cre-dependent virus expressing GCaMP6s 786 

unilaterally into the VTA of DAT-Cre mice and implanted optic fibers in two 787 

ipsilateral NAc subregions (Fig. 6A,B,C). Dense GCaMP6s+ axons were 788 

observed in the NAc (Fig. 6B). We found strong spontaneous fluctuations in 789 

fluorescence in both the NAc LaSh (Fig. 6D) and MeSh (Fig. 6E) 3 weeks 790 

after viral expression. Similar to the response detected in the VTA DA cell 791 

bodies (Fig. 2F), we found that the activity of DA fibers was correlated with 792 

chloroquine-induced scratching behavior in both the NAc LaSh (Fig. 6D) and 793 

MeSh (Fig. 6E). To test whether the DA projections in the LaSh and MeSh 794 

showed different responses to chloroquine-induced scratching, we 795 

quantitatively compared the activity changes in these two areas during the 796 

onset period. The DA fibers in the LaSh showed significantly higher activity 797 

during scratching behavior than those in the MeSh (Fig. 6F,G). A similar 798 

response difference was observed during scratching behavior induced by 799 

endothelin-1 (Fig. 6H,I). Thus, these results suggest that the DA projection 800 

from the VTA to the NAc LaSh, rather than the MeSh, is strongly involved in 801 

the modulation of itch-induced scratching behavior. 802 

 803 

Discussion 804 

 805 

In this study, we showed that VTA DA neurons exhibited elevated neural 806 

activity correlated to itch-induced scratching behavior. The optogenetic 807 

suppression of VTA DA neurons attenuated itch-evoked scratching behavior. 808 
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Additionally, the activity of DA fibers in the NAc LaSh recapitulated the 809 

activation of DA neurons in the VTA during scratching behavior. These results 810 

indicate that VTA DA neurons are critical for modulating itch information 811 

processing.  812 

   813 

Our behavioral experiments indicate that the sustained activity of VTA DA 814 

neurons is required for itch-elicited scratching behavior. This finding is 815 

supported by data showing that the brief inhibition of VTA DA neurons during 816 

ongoing scratching behavior shortened the length of scratching trains and 817 

decreased the number of scratching trains. Our result is consistent with 818 

previous pharmacological experiments in which scratching behavior was 819 

modulated by manipulating both D1 and D2 receptors (Rosenzweig-Lipson et 820 

al., 1994; Pellon et al., 1995; Akimoto and Furuse, 2011). Alternatively, this 821 

behavioral effect could have been due to motor deficits after the optogenetic 822 

inhibition of VTA DA neurons. However, we consider this possibility unlikely as 823 

the transient inhibition of DA neurons did not affect the mice’s locomotion in 824 

an open field test (Fig. 5T), which is consistent with the results reported in a 825 

previous study (Tan et al., 2012). Thus, our results suggest that VTA DA 826 

neurons play a critical role in the modulation of itch signal processing.  827 

 828 

In both the fiber photometry recording and extracellular recording 829 

experiments, the DA neurons exhibited elevated activity changes in response 830 

to the itch-evoked scratching behavior. The activation of VTA DA neurons as 831 

measured by calcium imaging with fiber photometry was observed in both the 832 

chloroquine and endothelin-1 models (Fig. 2H,I). Consistently, we also 833 

obtained similar results when recording individual VTA DA neurons with the 834 

opto-tagging approach. In this experiment, we found that the averaged firing 835 

rates of the DA neurons started to increase prior to the beginning of 836 

scratching behavior and decreased as the scratching proceeded (Fig. 4C). 837 

The response timing observed in the VTA DA neurons differs from that of the 838 
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response of itch-sensitive spinothalamic tract neurons to scratching 839 

(Davidson et al., 2009), suggesting that DA neurons do not simply encode the 840 

sensory component of itchiness. The activation of the DA neuron population 841 

during scratching might reflect the pain sensation caused by mechanical input 842 

as previous studies have shown that aversive stimulation could activate some 843 

DA neurons in both anesthetized and awake animals (Brischoux et al., 2009; 844 

Matsumoto and Hikosaka, 2009; Zweifel et al., 2011). However, we consider 845 

this possibility unlikely because mechanical stimulation, which is similar to 846 

scratching, evoked a net inhibition of the DA population activity as measured 847 

by fiber photometry (Fig. 2J). Additionally, the activation of VTA DA neurons 848 

was not simply due to motion as no increase in the activity of these neurons 849 

was observed when examining their response to the onset of running or 850 

moving (Fig. 2K and 4G,H). Therefore, the activation of VTA DA neurons 851 

during scratching is correlated to itch-related signal processing.  852 

 853 

Our results suggest that the activation of DA neurons near the onset of 854 

scratching behavior likely codes motivation driving subsequent scratching, 855 

which is supported by the fact that some DA neurons fired before scratching 856 

(Fig. 4F). This idea is consistent with the ability of DA neurons to process 857 

aversive and alerting signals (Bromberg-Martin et al., 2010), which, in turn, 858 

motivate behavioral consequences essential for survival. In addition, VTA DA 859 

neurons are implicated in encoding prediction error (Schultz, 2006), which is 860 

likely involved in the itch-scratching process as the VTA showed activity 861 

changes significantly correlated with scratching-induced pleasure in humans 862 

(Papoiu et al., 2013). The possibility that VTA DA neurons code prediction 863 

error during itch processing still remains to be examined. This would require 864 

the development of genetic tools and a behavioral paradigm that can 865 

precisely manipulate the itch circuit and the relief of itch (i.e. blocking the 866 

contact between the hindpaw and the nape randomly). Alternatively, as 867 

itchiness has a strong aversive nature, the activation of DA neurons could be 868 
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the mix of the prediction error or motivation signal and the aversive aspect of 869 

itch, supported by the adaptive response of DA neurons in a 870 

context-dependent manner (Matsumoto et al., 2016). The paradigm used in 871 

our study could be employed to further dissect the neural mechanism of 872 

aversion. 873 

 874 

Notably, only a subpopulation of VTA DA neurons exhibited itch-related 875 

activity, and these neurons showed diverse response patterns. This result is 876 

consistent with previous studies demonstrating the functional heterogeneity 877 

of VTA DA neurons (Brischoux et al., 2009; Matsumoto and Hikosaka, 2009; 878 

Zweifel et al., 2011; Cohen et al., 2012). The diverse functions of DA neurons 879 

are thought to be mediated by their different projections (Lammel et al., 2011; 880 

Lammel et al., 2012; Beier et al., 2015; Menegas et al., 2015). The NAc is a 881 

major target of VTA DA neurons. The excitatory synapses on DA neurons 882 

projecting to the MeSh or LaSh of the NAc were differentially modulated after 883 

exposure to reward or aversive stimuli (Lammel et al., 2011). In our DA fiber 884 

activity recording experiment, we found that the DA fibers in the NAc showed 885 

strong activation during the onset of the itch-evoked scratching behavior. 886 

More importantly, the activation of the DA fibers in the NAc LaSh was 887 

significantly higher than that in the NAc MeSh (Fig. 6G,I), which is consistent 888 

with the notion that distinct subregions of the NAc are differentially involved in 889 

motivated behavior (Aragona et al., 2008; Berridge and Kringelbach, 2015; 890 

Yang et al., 2018). Previous studies have shown that the projection from VTA 891 

DA neurons to the NAc signals reward prediction error but not locomotion or 892 

novelty (Howe and Dombeck, 2016; Parker et al., 2016; Menegas et al., 893 

2017). Therefore, the DA projection from the VTA to the NAc LaSh is likely 894 

involved in driving behavior for itch relief. 895 

 896 

The results of the fiber photometry and extracellular recording showed 897 

slight differences. The response of the population of VTA DA neurons 898 
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observed in the fiber photometry recording was relatively slower than that in 899 

the extracellular recording (Fig. 2H and 4C), which is likely due to the slow 900 

kinetics of GCaMP6s used in our experiments (Chen et al., 2013), 901 

highlighting the importance of analyzing the dynamics of DA neurons 902 

obtained via in vivo extracellular recording. Furthermore, we observed a 903 

continuous reduction in the population activity before the scratching onset in 904 

the fiber photometry recording (Fig. 2H), which could be because the 905 

elevated GCaMP6s signal in the DA neurons from previous scratching was 906 

not completely quenched, resulting in higher baseline activity before the 907 

scratching onset. An alternative explanation is that the recording sites differed 908 

as subpopulations of DA neurons in distinct locations encode different 909 

motivational signatures (Lammel et al., 2012). The tips of the optic fibers were 910 

mainly located above or inside the lateral VTA in the photometry recording 911 

(Fig. 2C), while the optogenetically identified DA neurons were scattered in 912 

the VTA (Fig. 3B). Finally, the change in DA neuron activity during scratching 913 

was compared with that during the defined baseline period before the 914 

scratching onset. We cannot rule out the possibility that DA neuron activity 915 

during the baseline period was already altered after the injection of 916 

pruritogens.  917 

 918 

In summary, our study indicates that the DA neurons in the VTA play an 919 

important modulatory role in itch signal processing. DA neurons projecting to 920 

the lateral shell of the NAc might play a major role in itch modulation. These 921 

results extend our understanding of the circuit mechanism underlying the 922 

regulation of itch processing by the neuromodulatory system. Knowledge 923 

regarding the circuit mechanisms underlying itch modulation could shed light 924 

on treatments for chronic itch. 925 
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Figure legend 1066 
 1067 

Figure 1. Recording and definition of scratching behavior. A, Schematic of 1068 

the recording of scratching behavior. B, Example voltage trace including 1069 

scratching behavior. Top, a 60 s trace; bottom, a 1.7 s trace including two 1070 

scratching bouts. C, Example behavioral trace with scratching behavior and 1071 

other motion events. D, Top, example trace showing missed scratching bouts 1072 

after auto calculation by a custom written code. The black line indicates the 1073 

threshold used to identify the voltage peaks. The red circle indicates right 1074 

voltage peaks related to scratching. The black boxes indicate three missed 1075 

scratching bouts. Bottom, example trace showing a false identified scratching bout 1076 

indicated by the dashed black box. 1077 

  1078 
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Figure 2. Simultaneous fiber photometry and behavior recordings reveal a 1079 
correlation between VTA DA neuronal activity and scratching behavior. A, 1080 
Schematic of virus injection and optic fiber implantation. B, Histological 1081 
verification of the location of the optic fiber tip in a VTADA-GCaMP6s animal. The 1082 
fiber optic track is outlined by the dashed line. Scale bar, 100 μm. C, 1083 
Distribution of the optic fiber tip locations in the mice used for the recording (n 1084 
= 16). Labeled areas: ventral tegmental area (VTA); substantia nigra, 1085 
compact part (SNc); red nucleus, parvicellular part (RPC); red nucleus, 1086 
magnocellular part (RMC); interpeduncular fossa (IPF); interpeduncular 1087 
nucleus, rostral subnucleus (IPR). D, Specificity of GCaMP6s expression. 1088 
Left, representative confocal image showing the expression of GCaMP6s and 1089 
TH in the VTA. Scale bar, 20 μm. Right, percentage of neurons labeled with 1090 
GCaMP6s and TH (189 GCaMP6s+ neurons and 206 TH+ neurons in 3 1091 
VTADA-GCaMP6s mice). G+, GCaMP6s+. E, Schematic of simultaneous recording 1092 
of DA population activity by fiber photometry and scratching behavior. F, 1093 
Representative DA fluorescence trace (top) and behavioral trace (bottom) 1094 
recorded simultaneously in response to an intradermal injection of 1095 
chloroquine. G, Activity of VTA DA neurons increased at the onset of a 1096 
scratching train in a representative mouse. Left, individual scratching train 1097 
trace aligned to the onset. Middle, GCaMP6s fluorescence change during 1098 
each corresponding scratching train. Right, averaged fluorescence change. H, 1099 
Left, averaged fluorescence change across the GCaMP6s group (red line, n = 1100 
16 mice) and EYFP group (blue line, n = 13 mice) in the chloroquine model. 1101 
The black bar indicates the baseline period (-2.2 to -1 s) used to quantify the 1102 
baseline fluorescence. The magenta bar indicates the scratching train onset 1103 
period (0.6-1.2 s). Right, quantification of averaged GCaMP6s and EYFP 1104 
fluorescence change during the two periods (two-way ANOVA revealed group 1105 
x period interaction, F(1,53) = 38.80, p < 0.001; Bonferroni post hoc analysis, 1106 
***p < 0.001). I, Averaged fluorescence change in VTADA-GCaMP6s mice in the 1107 
endothelin-1 model (n = 8 VTADA-GCaMP6s mice; paired two-sided t-test, t(7) = 1108 
7.12, ***p < 0.001). J, DA population activity was inhibited by manually 1109 
scratching the nape (n = 7 VTADA-GCaMP6s mice; paired two-sided t-test, t(6) = 1110 
4.79, **p = 0.003). Baseline period (B.s), -2.2 to -1 s before the manual 1111 
scratching. Onset period, 1-3 s after the onset. K, DA population did not show 1112 
altered activity in response to motion on a rotarod (n = 17 VTADA-GCaMP6s mice; 1113 
paired two-sided t-test, t(16) = 0.81, p = 0.4308). Baseline period (B.s), -30 to 0 1114 
s before running onset. Running period, 0-30 s after the onset. The data are 1115 
expressed as the mean ± s.e.m.  1116 
 1117 
  1118 
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Figure 3. Opto-tagging of VTA DA neurons. A, Schematic of virus injection 1119 
and optrode implantation. B, Reconstruction of the positions of the recorded 1120 
DA neurons. Each circle represents a lesion center in an individual animal. 1121 
Each horizontal line on the track indicates the estimated position of an 1122 
identified DA neuron(s). Labeled areas: ventral tegmental area (VTA); 1123 
parabrachial pigmented nucleus of the VTA (PBP); substantia nigra, compact 1124 
part (SNc); red nucleus, parvicellular part (RPC); interpeduncular fossa (IPF); 1125 
interpeduncular nucleus; rostral subnucleus (IPR); interpeduncular nucleus 1126 
(IPN); interpeduncular nucleus, dorsolateral subnucleus (IPDL). C, Left, 1127 
representative confocal image showing the expression of ChR2 and TH in the 1128 
VTA. Scale bar, 10 μm. Right, percentage of neurons expressing ChR2 and 1129 
TH. D, An example recording of spontaneous and laser-evoked spikes in a 1130 
VTA neuron. Blue ticks, laser pulses (473 nm, 5 ms). E, Waveforms of all 1131 
spontaneous (black) and laser-evoked (red) spikes in a representative neuron. 1132 
F, Average of spontaneous and light-induced waveforms (34 single units). G, 1133 
Histogram of the mean spike latency to light stimulation in 34 identified DA 1134 
neurons. H, Histogram of jitter of laser-evoked spike latency. The data are 1135 
expressed as the mean ± s.e.m. 1136 
  1137 
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Figure 4. Dynamics of VTA DA neurons during chloroquine-induced 1138 
scratching behavior. A, A representative DA neuron showing 1139 
scratching-related activity. Top, response profile as determined by the auROC. 1140 
Middle, individual scratching train traces (blue) and spike raster (black ticks) 1141 
during each corresponding scratching train. Bottom, averaged firing rates. B, 1142 
Responses of DA neurons to scratching train onset (-1.5 to 5 s) as 1143 
determined by the auROC. C, Averaged firing rates of DA neurons near the 1144 
scratching train onset (-3.5 to 5 s). The black bar indicates baseline period 1145 
(-2.8 to -1.6 s before scratching train onset), and the green bar represents the 1146 
onset period (0-0.6 s after onset). D, Averaged firing rates of DA neurons 1147 
showing significantly increased, decreased or unchanged firing rates during a 1148 
scratching train relative to the baseline period (paired two-sided t-test, p < 1149 
0.05 for significance). No, no response. In, increased. De, decreased. E, 1150 
Average of firing rate increase during scratching train periods relative to the 1151 
baseline period (Pre) (n = 25 neurons; two-sided Wilcoxon matched-pairs 1152 
signed rank test, **p = 0.0067). F, Response latency of significantly 1153 
modulated neurons during the onset period. G, Representative neuron 1154 
showing no correlation between activity change and the onset of a motion 1155 
event. H, Responses of DA neurons to motion event onset (-1.5 to 5 s) during 1156 
recording. The data are expressed as the mean ± s.e.m.  1157 
  1158 
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Figure 5. Optogenetic inhibition of VTA DA neurons attenuated 1159 
chloroquine-induced scratching behavior. A, Schematic of virus injection and 1160 
optic fiber implantation. B, Representative image illustrating GtACR1 1161 
expression and optic fiber track (outlined by dashed lines). Scale bar, 500 μm. 1162 
C Specificity of GtACR1 expression. Left, representative confocal image 1163 
showing the expression of GtACR1 and TH in the VTA. Scale bar, 20 μm. 1164 
Right, percentage of neurons labeled with GtACR1 and TH (511 GtACR1+ 1165 
neurons and 574 TH+ neurons in 3 mice). G+, GtACR1+. D, Left panel, 1166 
response of a representative EYFP+ neuron (top) and a representative 1167 
GtACR1+ neuron (bottom) to 473 nm light stimulation. Blue bars indicate 0.5 s 1168 
of 473 nm. Right panel, percentage of neurons’ firing rates during light on 1169 
period relative to baseline period (n = 6 GtACR1+ neurons and n = 5 EYFP+ 1170 
neurons). E, Histological verification of optic fiber tips. F, Schematic showing 1171 
transient light delivery to each VTADA-EYFP or VTADA-GtACR1 mouse after 1172 
scratching onset. Top, schematic of laser delivery pattern: vertical bar, 1173 
scratching event; blue area, 3 s of 473 nm light delivery. Bottom, laser 1174 
delivery latency relative to the scratching train onset (n = 9 mice per group). G, 1175 
Scratching train traces in representative VTADA-EYFP (left) and VTADA-GtACR1 1176 
(right) mice. Blue area, light delivery period. Red line, onset of scratching train. 1177 
H, Cumulative proportion of the duration of scratching trains in the EYFP and 1178 
GtACR1 groups. I, Effect of the transient inhibition of DA neurons on 1179 
scratching train duration (unpaired two-sided t-test, t(16) = 3.81, **p = 0.0015). 1180 
J, Total number of scratching trains was significantly decreased following the 1181 
inhibition of DA neurons after the scratching onset (unpaired two-sided t-test, 1182 
t(16) = 2.77, *p = 0.0136). K, Total number of scratching bouts was significantly 1183 
decreased (unpaired two-sided t-test, t(16) = 3.69, **p = 0.002). L, Averaged 1184 
scratching bout duration was unaffected by the transient inhibition (unpaired 1185 
two-sided t-test, t(16) = 1.94, p = 0.0697). M, Schematic showing the 1186 
pseudorandom transient light delivery to paired VTADA-EYFP and VTADA-GtACR1 1187 
mice after the VTADA-EYFP mice started to scratch. N, Raster plot of scratching 1188 
bouts in a representative pair of VTADA-EYFP and VTADA-GtACR1 mice in a 1189 
pseudorandom inhibition pattern. O, Cumulative proportion of the duration of 1190 
scratching trains in the EYFP and GtACR1 groups in a pseudorandom 1191 
inhibition pattern. P, Effect of pseudorandom transient inhibition of DA 1192 
neurons on scratching train duration (unpaired two-sided t-test, t(16) = 0.94, p 1193 
= 0.3614). Q, Total number of scratching trains did not significantly differ 1194 
between the two groups following the pseudorandom transient inhibition 1195 
(unpaired two-sided t-test, t(16) = 1.67, p = 0.1145). R, Effect of pseudorandom 1196 
transient inhibition of DA neurons on scratching bout number (unpaired 1197 
two-sided t-test, t(16) = 0.80, p = 0.4378). S, Averaged scratching bout 1198 
duration did not significantly differ between the two groups following the 1199 
pseudorandom transient inhibition (unpaired two-sided t-test, t(16) = 0.63, p = 1200 
0.5385). T, Transient inhibition of DA neurons by optogenetics did not change 1201 
the mice’s travelled distance in an open field test (n = 9 mice per group; 1202 
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unpaired two-sided t-test, t(16) = 0.19, p = 0.8535). The data are expressed as 1203 
the mean ± s.e.m. 1204 
  1205 



 

43 
 

Figure 6. Activity of DA fibers in the NAc during itch-induced scratching 1206 
behavior. A, Schematic of virus injection and optic fiber implantation for 1207 
recording DA projection activity in the NAc with fiber photometry. B, 1208 
GCaMP6s expression and representative fiber optic tracks in each group. 1209 
Scale bar, 300 μm. C, Histological verification of the location of optic fiber tips 1210 
for all animals in the LaSh group (n = 7) and in the MeSh group (n = 7). D, 1211 
Representative DA projection fluorescence change in the NAc LaSh (top) and 1212 
behavioral trace (bottom) recorded simultaneously in response to an 1213 
intradermal injection of chloroquine. E, Representative DA projection 1214 
fluorescence change in the NAc MeSh and behavioral trace recorded 1215 
simultaneously in response to an intradermal injection of chloroquine. F, 1216 
Averaged fluorescence change in the LaSh group (left, n = 7 mice) and in the 1217 
MeSh group (right, n = 7 mice) for the chloroquine model. The black bar 1218 
indicates the baseline period (-2.2 to -1 s) used for the quantification analysis. 1219 
The magenta bar indicates the scratching train onset period (0.5-1 s). G, 1220 
Comparison of the averaged GCaMP6s fluorescence change between the 1221 
two groups during the onset period in the chloroquine model (unpaired 1222 
two-sided t-test, t(12) = 2.22, *p = 0.0467). H, Averaged fluorescence change 1223 
in the LaSh (left) and in the MeSh (right) for the endothelin-1 model (n = 7 1224 
mice in each group). I, Comparison of the averaged GCaMP6s fluorescence 1225 
change between the two groups during the onset period in the endothelin-1 1226 
model (unpaired two-sided t-test, t(12) = 3.11, **p = 0.009). The data are 1227 
expressed as the mean ± s.e.m. 1228 
 1229 














