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Dynamics and Functional Role of Dopaminergic Neurons in
the Ventral Tegmental Area during Itch Processing
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'Institute of Neuroscience, State Key Laboratory of Neuroscience, Center for Excellence in Brain Science and Intelligence Technology, Chinese Academy of
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Itchiness triggers a strong urge to engage in scratching behavior, which could lead to severe skin or tissue damage in patients with chronic
itch. This process is dynamically modulated. However, the neural mechanisms underlying itch modulation remain largely unknown.
Here, we report that dopaminergic (DA) neurons in the ventral tegmental area (VTA) play a critical role in modulating itch-induced
scratching behavior. We found that the activity of VTA DA neurons was increased during pruritogen-induced scratching behavior in
freely moving male mice. Consistently, individual VTA DA neurons mainly exhibited elevated neural activity during itch-induced
scratching behavior as demonstrated by in vivo extracellular recording. In behavioral experiments, the transient suppression of VTA DA
neurons with the optogenetic approach shortened the pruritogen-induced scratching train. Furthermore, the DA projection from the
VTA to the lateral shell of the nucleus accumbens exhibited strong activation as measured with fiber photometry during itch-elicited
scratching behavior. These results revealed the dynamic activity of VTA DA neurons during itch processing and demonstrated the

modulatory role of the DA system in itch-induced scratching behavior.
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ignificance Statement

with chronic itch.

Itchiness is an unpleasant sensation that evokes a scratching response for relief. However, the neural mechanism underlying the
modulation of itch-evoked scratching in the brain remains elusive. Here, by combining fiber photometry, extracellular recording,
and optogenetic manipulation, we show that the dopaminergic neurons in the ventral tegmental area play a modulatory role in
itch-evoked scratching behavior. These results reveal a potential target for suppressing excessive scratching responses in patients
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Introduction

Itch is an unpleasant sensation that evokes the desire to scratch.
Recent studies have begun to reveal the brain mechanism of itch
processing (Mu et al., 2017; Yu et al.,, 2017; Dong and Dong,
2018). It was shown that the parabrachial nucleus represents a
central relay for itch signal transmission (Mu et al., 2017), and the
suprachiasmatic nucleus of the hypothalamus participates in
contagious itch (Yu et al., 2017). In addition, many other brain
areas, including the anterior cingulate cortex (ACC), insular cor-
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tex, ventral tegmental area (VTA), and amygdala, exhibited ac-
tivity changes relevant to itch stimuli as shown in human brain-
imaging studies (Herde et al., 2007; Leknes et al., 2007; Papoiu et
al., 2013). Some of these brain areas could also play important
roles in itch modulation, as evidenced by a recent study showing
that the ACC modulates histaminergic itch processing (Lu et al.,
2018).

Sensory information processing is dynamically modulated
by the neuromodulatory system (Kupfermann, 1979; Harris-
Warrick and Marder, 1991), which also regulates itch processing.
Serotoninergic neurons in the brainstem send descending projec-
tions to the spinal cord and facilitate itch transmission by releas-
ing serotonin and activating HTRIA and gastrin-releasing
peptide receptors (Zhao et al., 2014). The endogenous release of
noradrenaline at the spinal level has also been shown to facilitate
the itch-evoked scratching response via a-adrenoceptors (Gotoh
et al., 2011a,b). In addition, previous pharmacological studies
have demonstrated the functional involvement of the dopami-
nergic (DA) system in itch processing in both rodents and pri-
mates. Blocking dopamine D, receptors decreased scratching
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behavior induced by compound 48/80 in mice (Akimoto and
Furuse, 2011), suggesting that the activation of dopamine D,
receptors might promote scratching behavior. Interestingly,
studies in monkeys have shown that the activation of dopamine
D, receptors, but not D, receptors, induced scratching behavior
(Rosenzweig-Lipson et al., 1994; Pellon et al., 1995). DA neurons
are mainly located in the substantia nigra pars compacta (SNc)
and VTA. However, the precise dynamics and functional role of
DA neurons in itch processing still remain elusive.

DA neurons in the VTA are well known to encode value teach-
ing signals in learning (Schultz et al, 1997; Schultz, 2006;
Bromberg-Martin et al., 2010; Cohen et al., 2012; Matsumoto et
al., 2016) and have been implicated in seeking relief from aversive
sensory states, including pain. VTA DA neurons have been
shown to be essential for the acquisition of a behavioral prefer-
ence for an environment associated with pain relief (Navratilova
etal., 2015). Although the VTA exhibits activity significantly cor-
related with scratching-induced pleasure (Papoiu et al., 2013),
whether DA neurons in the VTA are involved in modulating
scratching behavior to relieve itchiness, which also represents an
aversive sensation state, remains unclear. Thus, we examined the
temporal dynamics of DA neurons in the VTA with fiber pho-
tometry and in vivo extracellular recording in freely moving ani-
mals and characterized the functional role of VT A DA neurons in
itch-induced scratching behavior by manipulating their activity
with optogenetics.

Materials and Methods

Animals

Dopamine transporter (DAT):IRES-Cre knock-in mice (JAX006660;
hereafter referred as DAT-Cre mice) were obtained from The Jackson
Laboratory and crossed with wild-type C57BL/6] mice. Only male
heterozygous DAT-Cre mice were used in our experiments. Mice 810
weeks of age received virus injections for the photometry recording and
behavioral test. Mice 10—12 weeks of age received virus injections to
identify the DA neurons in vivo in the VTA. Mice 4 weeks of age received
virus injections for the slice electrophysiological recording. All mice were
housed under stable conditions with ad libitum access to food and water
under a 12 h light/dark cycle (lights on from 7:00 A.M. to 7:00 P.M.). All
animal studies and experimental procedures were approved by the Ani-
mal Care and Use Committee of the Institute of Neuroscience, Chinese
Academy of Sciences.

Surgeries for viral delivery and optic fiber and

electrode implantation

General surgical procedures and viral delivery. Before the surgical proce-
dures, the mice were anesthetized with 1% pentobarbital sodium (dis-
solved in saline; injection dose, 100 mg/kg, i.p.), the back of their necks
were shaved for the delivery of pruritogens, and a magnet (I mm in
diameter, 3 mm in length) was implanted into the right hindpaw to
record scratching behavior. Then, the mice were placed on a stereotaxic
frame (Stoelting), and surgery was performed as previously described
(Cetin etal., 2006). To specifically express the viral constructs in VTA DA
neurons, recombinant adeno-associated viruses (AAVs) were injected
into the VTA [relative to bregma: anteroposterior (AP), —3.35 mm;
mediolateral (ML), 0.45 mm; dorsoventral (DV), —4.25 mm] of DAT-
Cre mice. The virus was injected with a glass pipette (tip diameter, 20~30
um) at a rate of 0.05-0.1 pl/min (0.25-0.4 wl/site). The virus was in-
fused unilaterally for the fiber photometry and identification of DA neu-
rons in the optrode recording. For the slice electrophysiological
recording and optogenetic inhibition of DA neurons during the behav-
ioral test, the virus was injected into the VTA bilaterally.

Viral constructs. For the photometry recording, Cre-dependent AAV
vectors carrying fluorescent calcium indicator GCaMP6s [AAV-hSyn-
DIO-GCaMPé6s, 4.5 X 102 genome copies (gc)/ml] or control (AAV-
Efla-DIO-EYFP, 5.54 X 10'? gc/ml) were serotyped with AAV5 or
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AAV9 coat proteins and packaged by Shanghai Taitool Bioscience Co.
Ltd. To identify the DA neurons in vivo, the transgene [AAV-Efl1a-DIO-
ChR2 (H134R)-mCherry, 5.2 X 10'* gc¢/ml; packaged by Vector Core at
the University of North Carolina at Chapel Hill (UNC Vector Core),
Chapel Hill, NC] was serotyped with AAV5 coat proteins. The transgenes
used for the optogenetic inhibition (AAV-CAG-DIO-GrACR1-EGFP,
4.5 X 10'? gc/ml; packaged by Shanghai Taitool Bioscience Co. Ltd) or
control (AAV-Efla-DIO-EYFP, 4.4 X 10'? gc/ml; packaged by UNC
Vector Core) were serotyped with AAV5 coat proteins.

Optic fiber implantation (for the fiber photometry and optogenetic exper-
iments). Following the AAV infusion, an optic fiber [diameter, 200 pwm;
numerical aperture (NA), 0.37] was immediately implanted into the
VTA (AP, —3.35 mm; ML, 0.4 mm; DV, —4.20 mm), nucleus accumbens
(NAc) lateral shell (LaSh; AP, 0.98 mm; ML, 1.75 mm; DV, —4.6 mm) or
NAc medial shell (MeSh; AP, 1.54 mm; ML, 0.5 mm; DV, —4.5 mm) for
the fiber photometry recording. To optogenetically inhibit VTA DA neu-
rons during scratching, the optic fibers were implanted bilaterally above
the VTA at the angle of 10 degrees (AP, —3.4 mm; ML, 1.25 mm; DV,
—4.1 mm). A thin layer of tissue gel (Kwik-Cast Sealant) was added to the
surgical hole to prevent contact between the dental cement and brain
tissue. Then, gel (Vetbond Adhesive, 3M) was applied to the skull surface,
and a thin layer of dental cement was immediately applied to the skull
surface. A thick layer of dental cement was applied to build a head cap
and cover the skull surface.

Electrode implantation for the extracellular recording. The electrode was
homemade by using a screw-driven Microdrive, as previously described
(Liu et al., 2014). Briefly, 12~16 Ni-Chrome microwires (diameter, 33
pm/wire; California Fine Wire Co) were glued to a polyimide guide tube
(inner diameter, 250 wm; outer diameter, 355 wm). To identify the DA
neurons by light stimulation, an extra optic fiber was added (diameter,
200 wm; NA, 0.37) to the guide tube, and the end of the optic fiber was
200~400 pwm shorter than the ends of the microwires. The microwire
array was inserted into the microdrive chamber and glued to a movable
screw nut. The wire tips on one side were soldered to corresponding pins
on a printed circuit board (PCB) connector. The wire tips on the other
side were electroplated to a final impedance of ~1.5 M) after the assem-
bly of the electrode. The electrode with the optic fiber was referred to as
an optrode. The optrode was implanted into the VTA (AP, —3.35 mm;
ML, 0.4 mm; DV, —4.0 mm) of DAT-Cre animals, which were injected
with AAV expressing channelrhodopsin 2 (ChR2) at least 3 weeks before
the implantation. The ground and reference wires were separately sol-
dered to the corresponding pins on the PCB on one side and to two
skull-mounted cranial screws on the other side. Then, dental cement was
carefully applied as described for the optic fiber implantation, except that
the cement did not contact the microwires, allowing for the wires to be
lowered after the surgery.

Scratching behavior induction and recording

The mice were handled gently and habituated to the recording barrel
before any recording or behavioral test for atleast 2 d. On the test day, the
mice were first habituated to the recording barrel for at least 15 min.
Scratching behavior was acutely induced by an intradermal injection of
chloroquine (200 ug/50 ul; catalog #C6628-25G, Sigma-Aldrich) or
endothelin-1 (25 ng/50 ul; catalog #1160, Tocris Bioscience). The
behavior-recording system and magnetic induction method were cus-
tom made following established methods (Inagaki et al., 2002; Mu et al.,
2017). Briefly, a transparent, cylindrical recording barrel (diameter, 15
cm; height, 20 cm) was surrounded by a coil of wire (Fig. 1A4). The
movement (including general movement and scratching) of the magnet
implanted into the right hindpaw of the mice in the barrel induced a
small voltage change that was sent to an analog channel in the fiber
photometry or extracellular recording system and recorded at 1000 and
2000 Hz separately. During the optogenetic behavioral test, the voltage
change was recorded by a custom-written MATLAB code at 2000 Hz.

Fiber photometry

Recording VTA dopaminergic neuron population activity during scratching
behavior. DAT-Cre mice were injected with virus expressing GCaMP6s
or enhance yellow fluorescent protein (EYFP), and an optic fiber was
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implanted into the VTA or NAc to record VTA A
DA neuron population activity or projection
activity during scratching behavior. The ani-
mals were allowed to recover after surgery for
at least 10 d before recording the DA popula-
tion activity in the VTA or 3 weeks before re-
cording the DA projection activity. The mice
were handled gently for 3 min and then habit-
uated to the recording barrel, while the im-
planted optic fiber was connected to a patch
cord for 30 min daily for atleast 2 d. During the C
recording, the mouse scratching behavior and
fluorescence signal were simultaneously re-
corded at 1000 Hz with F-scope-G-2 (BioLink
Optics) for 30~40 min after the delivery of
pruritogens. The laser power at the tip of the
implanted optic fiber was ~15 uW. After the
recording, the system noise was collected for D
10 s while any visual input to the recording

To data acquisition

optic fiber was physically prevented. The data
were transformed into an MAT file and ana-
lyzed using a custom-written MATLAB code.
Recording VTA dopaminergic neuron popula-
tion activity during manual scratching nape.
VTAPA-GCaMPEs mice were placed on a towel
and habituated for 3 min while the implanted
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optic fiber was connected to an external patch
cord. The nape of the mice was scratched by the
experimenter using pointed metal tweezers in
one direction at ~2 Hz for 20 strokes at an
interval of ~60 s. The manual scratching left
light-visible grooves on the nape that disap-
peared within a few seconds. The start time of
the scratching was recorded with Master 9 am-
plifier connected to the fiber photometry sys-
tem. In a few trials, the tested mice moved
during the manual scratching (which might have caused motion arti-
facts), and these trials were marked and excluded from further analysis.

Recording VTA dopaminergic neuron population activity while running
on a rotarod. VTAPAS<2MPs njce were trained to walk while maintain-
ing balance on arotarod apparatus (Ugo Basile) that rotated at a constant
speed for 5 min on day 1. Each mouse was subjected to three training
sessions in which the rod rotated at 5, 10, or 20 rpm with an intersession
interval >60 min. Then, the mice were returned to their home cages. On
day 2, the mice were placed on a nonrotating rod for 30 s, and the
implanted optic fiber was connected to an external patch cord. The base-
line fluorescence of the DA neuron population was recorded for ~60 s.
Then, the rod accelerated to 20 rpm within 3 s and rotated for a maxi-
mum duration of 300 s. The time when the rod started to accelerate was
manually recorded with Master 9 connected to the fiber photometry
system.

Figure 1.

In vivo electrophysiology

The mice were allowed to recover for 7 d after the optrode implantation
surgery. The mice were handled gently for 3 min and then habituated to
the recording barrel, while the implanted electrode was connected to the
external head stage for at least 30 min daily for at least 2 d before the
subsequent recording. For the extracellular recording, the signals from
each wire were bandpass filtered between 250 and 5000 Hz with CerePlex
Direct (Blackrock Microsystems). Spikes were detected and recorded by
manually setting the signal threshold (usually >2.5 times of the root
mean square of the noise) after subtracting the signal from the reference
wire from which no spike signals were recorded to decrease the motion
noise. All data were saved to a hard drive for further analysis.

In the daily recordings, the DA neurons were first targeted using op-
togenetics to observe light stimulation-induced spikes. Laser illumina-
tion was provided by a blue (473 nm) diode-pumped solid-state laser
controlled by Master 9. Trains of 10 light pulses at 1, 10, or 20 Hz (5 ms,
1-12 mW) were delivered. In each test, in total, 200 or 300 pulses were

Recording and definition of scratching behavior. A, Schematic of the recording of scratching behavior. B, Example
voltage trace including scratching behavior. Top, A 60 s trace; bottom, a 1.7 s trace, including two scratching bouts. C, Example
behavioral trace with scratching behavior and other motion events. D, Top, example trace showing missed scratching bouts after
autocalculation by a custom-written code. The black line indicates the threshold used to identify the voltage peaks. The red circle
indicates right voltage peaks related to scratching. The black boxes indicate three missed scratching bouts. Bottom, Example trace
showing a false identified scratching bout, indicated by the dashed black box.

delivered. To identify the DA neurons, the following two criteria were
used (Cohen et al., 2012): (1) the p value determined by the stimulus-
associated spike latency test (Pi et al., 2013) was <0.001, suggesting that
significant changes in the spike timing occurred due to the light pulses
and activation after light onset; and (2) the Pearson correlation coeffi-
cient between the light-induced waveforms and spontaneous waveforms
was >0.9 to rule out the possibility of light-induced contamination. The
light intensity was decreased if the induced spike waveforms were de-
formed compared with the spontaneous spike waveforms, possibly
due to high intensities (Cohen et al., 2012). To test whether the neurons
were directly activated by the light stimulation, spikes were detected
within the first 10 ms after light onset. The latency of light activation was
defined by the delay of the first spike within the detection period, and its
jitter was calculated.

If DA neurons were identified, their activities and chloroquine-
induced scratching behavior (sampled at 2000 Hz) were simultaneously
recorded for 40 min. The electrodes were lowered by ~65 um daily by
turning the screw ~90° after the recording or that no neurons were
activated by light. Electrolytic lesions were created using 8 s of 25 pA
direct currents after the final recording immediately before perfusion.

Slice electrophysiology

To test the efficiency of the inhibition of the DA neurons by optogenetics,
1-month-old DAT-Cre mice were infused with AAV-DIO-GtACRI1-
EGFP or AAV-DIO-EYFP virus in the VTA, and slice electrophysiology
was performed 2 weeks after the viral infusion, as previously described
(Zhouetal., 2017). The mice were perfused with ice-cold cutting solution
containing the following (in mm): sucrose 213, KCI 2.5, NaH,PO,, 1.25,
MgSO, 10, CaCl, 0.5, NaHCO; 26, and glucose 11 (300-305 mOsm)
after being anesthetized with isoflurane (Lunan Pharmaceutical). The
mouse brains were dissected, and coronal slices (220 wm) were prepared
in ice-cold cutting solution using a vibratome (model VT1200S, Leica) at
aspeed of 0.12 mm/s and a blade vibration amplitude of 0.08 mm. Brain
slices containing the VTA were transferred to a holding chamber and
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incubated with artificial CSF (ACSF) containing the following (in mm):
NaCl 126, KCl 2.5, NaH,PO, 1.25, MgCl, 2, CaCl, 2, NaHCOj 26, and
glucose 10 (300-305 mOsm) at 34°C to recover for 30 min. Then, the
slices were kept at room temperature before the recording. The cutting
solution and ACSF were continuously bubbled with 95% O, and 5%
CO,. The slices were placed on poly-L-lysine (Sigma-Aldrich)-coated
glass and submerged in a recording chamber (Warner Instruments) per-
fused with ACSF at 3—4 ml/min using a pump (model BT100-2], Longer
Precision Pump Co.). All experiments were performed at room temper-
ature (25-28°C).

To verify the functional efficiency of AAV-DIO-GtACR1-EGFP in in-
hibiting VTA DA neurons, GtACR1 * neurons in the VTA were recorded
in the current-clamp mode with a potassium-based internal solution
containing the following (in mm): K-gluconate 130, MgCl, 1, CaCl, 1,
KCI 1, HEPES 10, EGTA 11, Mg-ATP 2, and Na-GTP 0.3 (pH 7.3, 290
mOsm). Action potentials were induced by injecting 100 pA currents for
1.5, and a blue laser (473 nm, 10 mW) was delivered for 0.5 s to activate
GtACRI1 0.5 s after the current injection initiation. The firing rates during
the 0.5 s before the light delivery (baseline period) and the light stimula-
tion period were analyzed using Igor Pro (WaveMetrics) and compared
to quantify the inhibition of GtACR1 * neurons using Prism 6 (Graph-
Pad Software). The control experiment for the EYFP * neurons in AAV-
DIO-EYFP virus-injected mice was performed and analyzed as described
for the GtACR1 group.

Behavioral experiments

Optogenetic inhibition in itch behavior test. The mice were allowed to
recover after surgery for 4 weeks and then were habituated to the record-
ing barrel, while the implanted optic fiber was connected to a patch cord
for 30 min daily for 1 week. On the test day, scratching behavior was
evoked by an intradermal injection of chloroquine and recorded. To
temporally manipulate VTA DA neurons during scratching behavior, a
custom MATLAB code was written to simultaneously record the animal
behavior and control the delivery of light through Master 9. To test the
necessity of the temporal activation of the DA neuron population for the
ongoing scratching behavior, behavior traces were manually monitored
in real time, and a constant blue laser (473 nm) was delivered for 3 s once
a scratching train was initiated. If the scratching train did not stop or a
new scratching bout appeared, another light was manually delivered for
3 s until the train ended. The light was supplied at 7 mW at the tip of an
implanted optic fiber by a blue diode-pumped solid-state laser. The light
delivery timing and scratching behavior were simultaneously recorded.

To test whether scratching behavior is affected by the pseudorandom
photoinhibition of DA neurons, GtACR1 and EYFP mice were manipu-
lated in pairs. For each pair of GtACR1 and EYFP mice, light was deliv-
ered simultaneously to both mice according to the scratching behavior of
the EYFP mouse regardless of whether the GtACR1 mouse was scratching
or not.

Open field test. To test the effect of the transient optogenetic inhibition
of VTA DA neurons on the subject’s locomotor behavior, 473 nm light
was delivered at 7 mW at randomly selected times (29 times, 3 s each
time), and the same pattern was used in all mice during the open field
test. The mice were placed in the center of an open field box (40 X 40 X
40 cm) and videotaped by a camera positioned above the box for 10 min.
The moving track was recorded and analyzed by LabState software
(AniLab).

Data analysis

Scratching behavior analysis. Motion (including both moving and
scratching) induced large voltage fluctuations (defined as voltage peaks).
The moving signals and scratching signals exhibited different character-
istics as follows: each moving signal contained a single voltage peak (de-
fined as a motion event), while scratching induced a cluster of voltage
peaks (each peak during scratching was defined as a scratching event).
Moreover, some scratching events were closer to each other, and a cluster
of adjacent scratching events was defined as a scratching bout. A cluster
of adjacent scratching bouts was defined as a scratching train. To strictly
define scratching events, scratching bouts, and scratching trains, the
threshold of the voltage peak was calculated by one-eighth of the value
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generated by the MATLAB function thselect (adaptive threshold selec-
tion using the principle of Stein’s unbiased risk estimate) for each behav-
ioral trace. Scratching bouts were defined as a cluster of peaks (including
at least two consecutive peaks) with an interpeak interval of <0.2 s (the
frequency of scratching events in a scratching bout greatly varied be-
tween ~5 and 45 Hz by a manual analysis of the scratching traces).
Scratching trains were defined as a cluster of scratching bouts with an
interbout interval of <3.5 s (Fig. 1B). Other peaks above the threshold
were considered as other motion events (Fig. 1C). Then, the result was
manually adjusted by a customized graphical user interface program to
detect missed scratching events and to delete false scratching events (Fig.
1D). For the behavioral experiments, the number of scratching bouts/
trains and the average duration of scratching bouts/trains were
calculated.

Fiber photometry data processing and analysis. First, the fluorescence
values were low-pass filtered at 2 Hz using a fourth-order Butterworth
filter with zero phase distortion. The scratching train onset was identified
as mentioned above. Then, the noise signal of the recording system was
subtracted from the fluorescence values, and the resulting values were
aligned to the scratching train onset. The fluorescence values during each
scratching train were derived. The change in the fluorescence values in
each scratch train was calculated as follows:

AF/F = (F — F,)/F,,

where F refers to the fluorescence values at each time point (—3.5t0 5 s
relative to the scratching train onset), and F, refers to the median of the
fluorescence values during the baseline period (—2.2 to —1 s relative to
the scratching train onset). To visualize the fluorescence change, the
AF/Fvalues of each scratching train were heat plotted for each mouse and
averaged. To statistically quantify the change in fluorescence values
across scratching train onsets, the onset period was defined as 0.5-1.2 s
relative to the scratching train onset. To quantify the change in the DA
fluorescence values across noxious stimuli (manual scratching), the base-
line period (—2.2 to —1 s relative to the stimuli onset), and the onset
period (1-3 s relative to the stimuli onset) were defined. To quantify the
change in the DA fluorescence values while running on a rotarod, the
baseline period (—30 to 0 s relative to running onset) and running period
(0-30 s relative to onset) were defined. The average fluorescence changes
in each window were calculated and compared.

In vivo electrophysiology. Spike sorting was performed based on the
waveform features (peaks and valleys) and principal components using
Offline Sorter software. A single unit was included only if there were not
>0.5% of spikes within a 2 ms refractory period. The cluster quality was
quantified using the L-ratio (Harris et al., 2001; Schmitzer-Torbert et al.,
2005) and isolation distance (Harris et al., 2001). Clusters with L-ratios
<<0.05 or an isolation distance >50 were used in further analyses. To
guarantee that independent units were recorded on different days, units
resembling previous units recorded on the same wire were not included.
Neurons with stable recording after itch induction met the following two
criteria: (1) the correlation coefficient between the average waveforms
during light identification and those during the behavioral recording was
>0.9; and (2) action potentials fired at least until 5 min before the end of
the recording (the mice barely scratched during the final 5 min). These
neurons were included in the subsequent analysis.

Further analysis was performed using custom-written codes in
MATLAB. To calculate the firing rates, peristimulus time histograms
(PSTHs) of the scratching train onset of each neuron were constructed
using 10 ms bins. To characterize the responses at the population level,
we used a receiver operating characteristic (ROC) analysis as previously
described (Cohen et al., 2012). Briefly, to calculate the spike density
distribution, PSTHs were convolved with a 10 ms Gaussian kernel and
converted to 100 ms bins. Similarly, the baseline period was defined as
—2.8 to —1.6 s before the scratching train onset. We compared the dis-
tribution of the spike firing rates in each time bin (¢1) after the baseline
period (—1.6 to 5 s relative to the scratching train onset) to thatin all bins
(10) during the baseline period across all scratching trains by moving the
criterion from 0 to the maximum firing rate in all bins of each neuron.
The ROC curve of each t1 bin was obtained by plotting the probability
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that the firing rate during ¢t1 was greater than the criteria against the
probability that the firing rate during t0 was greater than the criteria. The
area under the curve (AUC) quantifies the overlapping degree between
the two spike firing rate distributions, and an AUC of >0.5 indicates an
increase in the firing rate relative that at baseline, whereas an AUC of
<0.5 indicates a decrease. The AUC ROC response profiles of all neurons
were obtained. To visualize the population response profile, the AUC
ROC were sorted by the mean values from 0 to 0.6 s after the scratching
train onset and plotted as a heat map using “Jet” color map for each
neuron in MATLAB.

To statistically analyze the firing rate changes in individual DA neu-
rons across the entire scratching train, the following two time windows
were defined: baseline window (—2.8 to —1.6 s relative to the scratching
train onset) and scratching train window (entire scratching train). The
average firing rate in each time window was calculated for each scratch-
ing train. The significance of the activity change in each neuron during
the scratching train was determined by paired ¢ test. The average firing
rates of each neuron across all scratching trains in each time window were
considered the averaged activities before and during the scratching train.
To statistically test the change in DA neuron population activity during a
scratching train, we performed a Wilcoxon matched-pairs signed rank
test.

To statistically analyze the neural responses to the scratching train
onset at the single-neuron level, the following two time windows were
defined: baseline window (—2.8 to —1.6 s relative to the scratching train
onset) and scratching train onset period (0—0.6 s relative to the scratch-
ing train onset). The fractional changes in the average firing rate during
the onset period were calculated for all scratching trains, and the signif-
icance of the changes was determined by their percentile within a non-
parametric bootstrap distribution estimated by 500 random circular
permutations of spike timing relative to the scratching train onset (Tye et
al., 2013). We found that 12 neurons showed a significant response dur-
ing the onset period. To analyze the response latency in these 12 neurons,
smoothed 10 ms bin PSTHs were used. The average and SD of the firing
rates during the baseline period were calculated across scratching trains,
and the response latency was defined as the first bin in which the average
firing rates were above (or below) the mean plus (or minus) three times
the SD after the baseline period.

To analyze the response of DA neurons to general motion, the voltage
peaks of the behavioral trace were identified as described in the Scratch-
ing behavior analysis section, and general motion-related events (called
other motion events, including general movement and climbing on the
recording barrel wall) were found after excluding the scratching-related
peaks. If the number of other motion-related events was >120, 60 events
were randomly selected as motion events for subsequent analysis. If the
number of motion-related events was <120, half of the events were ran-
domly selected. The response of the DA neurons to the resulting other
motion events was analyzed and visualized similarly to the scratching
train events.

Histology
Perfusion. The mice were anesthetized with an overdose of 1% pentobar-
bital sodium and perfused with saline, followed by 4% PFA (Sigma-
Aldrich) in 0.01 m PBS. The brains were carefully removed and postfixed
in 4% PFA for an additional 4 h; then, the brains were kept in a 30%
sucrose solution in 0.01 M PBS at 4°C for at least 2 d.
Immunofluorescence staining. Free-floating coronal sections (40 wm)
prepared with a cryostat (model CM 1950, Leica) were used for the
immunofluorescent staining. The brain sections were blocked for 30 min
at room temperature in 5% normal donkey serum in PBST (0.3% Triton
X-1001in 0.01 m PBS), followed by incubation with primary antibodies in
PBST (with 1% normal donkey serum) at 4°C overnight and secondary
antibodies in PBST (with 0.5 ug/ml DAPI) at room temperature for 2.5 h.
Photomicrographs of the brain sections were taken using a Nikon E80i
fluorescence microscope, an Olympus VS120 microscope, and a Nikon
E600FN Neurolucida microscope (10X), and confocal images of the
VTA area were taken using a Nikon NiE-A1 plus confocal microscope
(40X).
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For the immunofluorescence staining to identify the expression spec-
ificity of ChR2 in light-identifying DA neurons, the primary antibodies
included mouse anti-tyrosine hydroxylase (TH; 1:1000; catalog #22941,
ImmunoStar; RRID:AB_572268) and rabbit anti-DsRed (1:500; catalog
#632496, Clontech; RRID:AB_10013483), while the secondary anti-
bodies included Alexa Fluor 488-donkey anti-mouse (1:400; catalog
#715-545-150, Jackson ImmunoResearch; RRID:AB_2340846) and Cy3-
donkey anti-rabbit (1:400; catalog #711-165-152, Jackson ImmunoRe-
search; RRID:AB_2307443). To identify the expression specificity of
GCaMP6s or GtACRI, the primary antibodies included mouse anti-
tyrosine hydroxylase (1:1000; ImmunoStar) and rabbit anti-GFP (1:500;
catalog #A11122, Life Technologies), while the secondary antibodies in-
cluded Cy3-donkey anti-mouse (1:400; catalog #715-165-150, Jackson
ImmunoResearch; RRID:AB_2340813) and Alexa Fluor 488-donkey
anti-rabbit (1:400; catalog #711-545-152, Jackson ImmunoResearch;
RRID:AB_2313584). To identify the expression of GCaMP6s or GtACR1,
the primary antibody was rabbit anti-GFP (1:500; Life Technologies),
and the secondary antibody was Alexa Fluor 488-donkey anti-rabbit (1:
4005 Jackson ImmunoResearch).

Identifying the specificity of GCaMP6s, ChR2, and GtACRI expression in
dopaminergic neurons. To determine whether GCaMP6s, ChR2, and
GtACRI are selectively expressed in DA neurons, we captured confocal
images (40X; NiE-A1 Plus Confocal Microscope, Nikon) of randomly
selected brain regions in the VTA from approximately two to three sec-
tions randomly selected from each mouse (n = 3) transduced with the
Cre-dependent GCaMP6s, ChR2, or GtACR1 protein. The number of
cells expressing GCaMP6s, ChR2, GtACRI, or tyrosine hydroxylase,
which is a DA neuron marker, was counted in Image] software (NIH).

Experimental design and statistical analysis

The sample size of each experiment is provided in the Results. The data
are expressed as the mean = SEM. The statistical analyses were per-
formed using Prism 6 and MATLAB 2013b (MathWorks), and the con-
fidence level was set to 0.05. p Values <0.001 are reported as p < 0.001,
and all statistical parameters are reported in the Results. Paired ¢ tests and
Wilcoxon matched-pairs signed rank tests were used for the paired value
comparisons in the fiber photometry, extracellular recording, and slice
electrophysiology. Two-way repeated-measures ANOVA, followed by
analysis with a post hoc Bonferroni’s test, was used to perform the fluo-
rescence change comparisons between the GCaMP6s and EYFP groups
with multiple fiber photometry recording measurements. Nonparamet-
ric bootstrapping was used to test the significance of the firing rate
change in single neurons during scratching train onset. Unpaired t test
was used to compare for the DA projection fluorescence changes among
different subregions in the fiber photometry and behavioral analyses.

Results

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

We examined the activity of the VT'A DA neuron population by
measuring the bulk calcium-related fluorescent signal using fiber
photometry (Gunaydin et al., 2014). To target the VTA DA neu-
rons, we injected a Cre-dependent AAV encoding the fluorescent
calcium indicator GCaMP6s (AAV-hSyn-DIO-GCaMPé6s) uni-
laterally into the VTA of transgenic mice expressing Cre recom-
binase under the control of the promoter of the DAT gene (also
called Slc6a3; Fig. 2A), hereafter referred to as VTA PA-GCaMPes
mice. The control animals were injected with a Cre-dependent
virus encoding EYFP (AAV-EF1a-DIO-EYFP). Optic fibers were
implanted into the viral injection sites for the subsequent collec-
tion of the fluorescent signal of GCaMP6s/EYFP (Fig. 2A-C). We
quantified the specificity and efficiency of the GCaMP6s expres-
sion in the VTA and found that 94.7% of neurons (179 of 189)
expressing GCaMP6s were labeled with TH, which is a marker of
DA neurons, and 86.9% of TH-expressing neurons (179 of 206)
were positive for GCaMP6s (Fig. 2D). These results suggest that
GCaMP6s was mostly expressed in DA neurons.
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interpeduncular nucleus, rostral subnucleus (IPR), substantia nigra pars compacta (SNc). D, Specificity of GCaMP6s expression. Left, Representative confocal image showing the expression of
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mouse. Left, Individual scratching train trace aligned to the onset. Middle, GCaMPés fluorescence change during each corresponding scratching train. Right, Average fluorescence change. H, Left,
Average fluorescence change across the GCaMP6s group (red line; n = 16 mice) and EYFP group (blue line; n = 13 mice) in the chloroquine model. The black bar indicates the baseline period (B.s,
—2.2to0 —15) used to quantify the baseline fluorescence. The magenta bar indicates the scratching train onset period (Onset, 0.6 1.2 s). Right, Quantification of average GCaMP6s and EYFP
fluorescence change during the two periods (two-way ANOVA revealed group X period interaction; F, 53 = 38.80, p << 0.001; Bonferroni post hocanalysis, ***p < 0.001). |, Average fluorescence
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scratching the nape (n = 7 VTAPA-SMPES mice: paired two-sided t test, ¢, = 4.79, **p = 0.003). Baseline period (B.5), —2.2 to —1 s before the manual scratching. Onset period, 1-3 s after the
onset. K, DA population did not show altered activity in response to motion on a rotarod (n = 17 VTAPAMPS* mice; paired two-sided ttest, t;5) = 0.81,p = 0.4308). Baseline period (B.s), —30
to 0's before running onset. Running period, 030 s after the onset. The data are expressed as the mean = SEM.
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Then, we sought to determine the correlation between the
VTA DA population activity and scratching behavior by simulta-
neously recording calcium transients in VTA DA neurons with
fiber photometry and mouse scratching behavior following an
intradermal injection of chloroquine (Fig. 2E). The mouse
scratching behavior was recorded using a magnetic induction
method in which periodic voltage fluctuations were evoked by
scratching (Inagaki etal., 2002; Mu et al., 2017). Scratching bouts
and scratching trains were derived as described in Materials and
Methods. We observed elevated GCaMP6s fluorescent signals
during the scratching trains, indicating that the activity of VTA
DA neurons increased during scratching behavior (Fig. 2F). By
aligning the fluorescent signal to the scratching train onset, we
found that the activity of DA neurons increased at the scratching
train onset (Fig. 2G). To quantitatively measure the increase in
the GCaMPés signal following the scratching train onset, the
following two time windows were defined: baseline window
(—2.2 to — 1.0 s relative to onset); and the onset period (0.6—1.2
s relative to onset; Fig. 2H, black and magenta bars). The analysis
showed that the DA population exhibited significant activation
during the onset period (Fig. 2H). The change in the fluorescent
signal in the VTAPA"S*MPE mice was not due to a movement
artifact caused by the scratching behavior because the EYFP flu-
orescent change was negligible in the control animals (Fig. 2H).
Consistent with the observations in the chloroquine model, the
VTA DA neurons also exhibited increased activity during
scratching behavior induced by an intradermal injection of
endothelin-1 (Fig. 2I), which is an endogenous vasoconstrictor
peptide that evokes an itch sensation in a histamine-independent
manner (Sasaki and Hong, 1993).

The activation of DA neurons could be due to mechanical
stimulation or scratching motion. To test these possibilities, we
first recorded the activity of the VTA DA neuron population
during a manual scratching of the nape test using metal tweezers.

We aligned the DA fluorescent signal to the onset of the mechan-
ical stimulation and found that the DA neurons showed reduced
response to the manual scratching (Fig. 2J). Subsequently, we
investigated whether the activation of DA neurons during
scratching was due to motion. We recorded the activity of VTA
DA neurons in mice running on a rotarod and found no signifi-
cant alteration in neural activity during the running motion (Fig.
2K). These results suggest that the response of DA neurons dur-
ing scratching was unlikely due to mechanical stimulation or
motion associated with scratching.

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

Although fiber photometry recordings are useful in examining
population activity, these recordings reflect the sum of activity
changes from nearby neurons and might mask the differential
response of individual neurons (Adelsberger et al., 2005). To fur-
ther examine the temporal dynamics of individual VTA DA neu-
rons during itch-induced scratching behavior, we used the
optogenetic tagging method to identify DA neurons during the
extracellular recording (Cohen et al., 2012). A Cre-dependent
AAV encoding ChR2 was injected into the VTA of DAT-Cre mice
(Fig. 3A). We implanted homemade optrodes (electrode arrays
with an optic fiber for light stimulation) into the virus injection
area ~3—4 weeks after the viral infusion (Fig. 3B). We first quan-
tified the specificity and efficiency of the expression of ChR2 in
the VTA and found that 86.5% of neurons (141 of 163) express-
ing ChR2 were labeled with TH and that 58.5% of TH ™ neurons
(141 of 241) expressed ChR2 (Fig. 3C), confirming the specificity
of ChR2 expression. To optogenetically identify DA neurons dur-
ing the extracellular recording, we delivered trains of light pulses
(each train, 5 ms width) at 1, 10, or 20 Hz, and the neural activity
was simultaneously recorded. We found that neural spikes were
induced during the light-pulse delivery period in some neurons
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Dynamics of VTA DA neurons during chloroquine-induced scratching behavior. 4, A representative DA neuron showing scratching-related activity. Top, Response profile as determined

by the AUCROC. Middle, Individual scratching train traces (blue) and spike raster (black ticks) during each corresponding scratching train. Bottom, Average firing rates. B, Responses of DA neurons
to scratching train onset (— 1.5 to 5 5) as determined by the AUCROC. €, Average firing rates of DA neurons near the scratching train onset (—3.5 to 5 5). The black bar indicates the baseline period
(—2.8t0 — 1.6 sbefore scratching train onset), and the green bar represents the onset period (0 — 0.6 s after onset). D, Average firing rates of DA neurons showing significantly increased, decreased,
orunchanged firing rates during a scratching train relative to the baseline period (paired two-sided  test, p < 0.05 for significance). No, No response; In, increased; De, decreased. E, Average of the
firing rate increase during scratching train periods relative to the baseline period (Pre; n = 25 neurons; two-sided Wilcoxon matched-pairs signed rank test, **p = 0.0067). F, Response latency of
significantly modulated neurons during the onset period. G, Representative neuron showing no correlation between activity change and the onset of a motion event. H, Responses of DA neurons to
motion event onset (— 1.5 to 5 s) during recording. The data are expressed as the mean = SEM. auR0C, AUCROG; FR, firing rate.

(Fig. 3D) and that the waveforms of the light-induced spikes were
similar to those of the spontaneous spikes (Fig. 3E,F). The DA
neurons were strictly identified by two criteria (see Materials and
Methods). The optogenetically identified DA neurons showed a
short latency and small jitter in the light-evoked response (Fig.
3G,H), which are features suggestive of direct light-induced neu-
ronal activation. In this experiment, we identified 34 putative DA
neurons in the VTA (3.4 = 1.0 neurons/mouse; n = 10 mice).
Consistent with previous findings (Ungless and Grace, 2012), the
baseline firing frequency of the identified VTA DA neurons is low
(average baseline firing rate, 5.06 = 0.49 Hz).

We simultaneously recorded the spiking activity of the opto-
genetically identified DA neurons and scratching behavior after
an intradermal injection of chloroquine. Twenty-five optogeneti-
cally identified DA neurons showed stable recording and were
included in the subsequent analysis. To examine the correlation
between the activity of VTA DA neurons and itch-induced
scratching behavior, we aligned the spiking activity to the onset of
a scratching train (Fig. 4A). We observed that many DA neurons
exhibited changes in activity (mainly excitation) near the onset
(Fig. 4B). We averaged the firing rates of all recorded DA neurons
near the scratching train onset (—3.5 to 5 s) and observed an
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increase in DA population activity near the onset (Fig. 4C). To
further statistically analyze the response of DA neurons, we com-
pared the firing rates of individual DA neurons during an entire
scratching train with those during the baseline period (—2.8 to
—1.6 s before the scratching train onset). Of the 25 identified DA
neurons, 7 neurons showed significantly increased activity dur-
ing the scratching train, while 2 neurons showed significantly
decreased activity (Fig. 4D). When pooled together, the activity of
the DA neuron population was significantly increased (Fig. 4E).
Considering the increase in DA neurons peaking early after onset,
we also analyzed the neural response during the early scratching
period (onset period, 0—0.6 s; Fig. 4C, green bar) and found that
nearly half of the identified DA neurons (12 of 25) showed a
significant response. Among these responsive neurons, the ma-
jority (9 of 12) showed excitatory modulation. Interestingly, of
the 12 DA neurons that showed a significant response during the
onset period, more than half of these neurons (7 of 12) exhibited
increased or decreased activity before the onset of the scratching
train (Fig. 4F). The increase in the activity of the VTA DA neu-
rons during scratching behavior is unlikely due to general motor
activity as the activation of these neurons was rarely observed
when the spiking activity was aligned to the onset of other motion
events (Fig. 4G,H ). In summary, the VTA DA neurons exhibited
diverse responses to itch-induced scratching behavior, and a sig-
nificant proportion of these neurons showed an elevated neural
response.

Photoinhibition of VTA DA neurons attenuated itch-induced
scratching behavior

As observed in both the fiber photometry and extracellular re-
cording, the VTA DA neurons exhibited elevated neural activity
during scratching behavior. Thus, we hypothesized that VTA DA
neurons play an important role in modulating itch-induced
scratching behavior. To test this hypothesis, we selectively sup-
pressed VT'A DA neurons after a scratching train onset with the
optogenetic approach. We injected a Cre-dependent AAV encod-
ing GtACR1, which is a light-gated anion channel (Govorunova
et al., 2015), bilaterally into the VTA of DAT-Cre mice (Fig.
5A4,B), hereafter referred to as VTAPAS*AR! mice. The control
group was injected with a Cre-dependent virus expressing EYFP
(AAV-EF1a-DIO-EYFP), hereafter referred to as VTAPAEYFP
mice. We first quantified the specificity and efficiency of the ex-
pression of GtACR1 in the VTA and found that 99.8% of neurons
(510 of 511) expressing GtACR1 were labeled with TH and that
88.9% of TH * neurons (510 of 574) expressed GtACRI (Fig. 5C),
validating the specificity of GtACRI expression. Then, we verified
the efficiency of GtACR1 in suppressing the activity of DA neu-
rons by recording GtACR1-EGFP ™ neurons in brain slices. The
activity of the GEFACR1 * neurons in the VT A was suppressed after
light stimulation (473 nm; 24.9 *+ 4.5 Hz during baseline period
vs 0 = 0 Hz during the light-on period; Wilcoxon matched-pairs
signed rank test, p = 0.0313; Fig. 5D). In contrast, light stimula-
tion did not affect the firing of the EYFP " neurons (473 nm;
18.2 * 4.3 Hz during baseline period vs 16.4 = 4.1 Hz during
light-on period; Wilcoxon matched-pairs signed rank test, p =
0.0625; Fig. 5D). Therefore, photostimulation can efficiently sup-
press the activity of VTA neurons expressing GtACRI.

We implanted an optic fiber in the VTA for subsequent opto-
genetic manipulation during behavioral tests (Fig. 5B,E). To
temporarily control the activity of DA neurons, we monitored the
mouse behavior trace after an intradermal injection of chloro-
quine in real time. Light (473 nm for 3 s/delivery) was delivered
manually after chloroquine-evoked scratching behavior was de-
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tected in both the EYFP and GtACRI1 groups (Fig. 5F; for details,
see Materials and Methods). The average delay of light delivery
relative to the scratching train onset was within 15 (0.99 = 0.03 s
in the EYFP group vs 0.94 = 0.06 s in the GtACRI1 group; Fig. 5F).
The average intervals between adjacent light stimulation in a
scratching train were 1.48 £ 0.07 and 0.91 = 0.06 s for the EYFP
and GtACRI groups, respectively. We found that the brief pho-
toinhibition of VTA DA neurons significantly shortened the du-
ration of the scratching train (8.5 = 1.0 s in the EYFP group vs
4.4 * 0.5 s in the GtACR1 group; Fig. 5G-I) and decreased the
number of scratching trains (Fig. 5]). Moreover, the number of
scratching bouts was also significantly decreased in the GtACR1
group compared with that in the EYFP group (scratching bout
number: 156.0 = 30.5 in the EYFP group vs 41.6 = 5.7 in the
GtACRI1 group; Fig. 5K). In contrast, the duration of the scratch-
ing bouts was not affected by the photoinhibition of the VTA DA
neurons (Fig. 5L).

To examine whether the decrease in the scratching train
length was caused by nonspecific transient inhibition of VTA DA
neurons, we next tested the effect of the pseudorandom inhibi-
tion of DA neurons on chloroquine-induced scratching behav-
ior. We recorded the scratching behavior of VTAPA AR and
VTAPA Y mice in pairs and delivered 473 nm of light (3 s/stim-
ulus) simultaneously to each pair of mice once the VTAPAFYFP
mouse started to scratch (Fig. 5M). The light stimulation period
overlapped with <10% of the scratching train period in the
VTAPAGIACRE mice (7.5 + 1.3%; Fig. 5N). We found that the
scratching behavior of the VTAPA“*ACR! mice was not signifi-
cantly affected by the pseudorandom inhibition of VTA DA neu-
rons as no significant difference was observed in the duration of
the scratching trains (Fig. 50,P) or the number of scratching
trains (Fig. 5Q) between the two groups. Moreover, the number
of scratching bouts (Fig. 5R) and the duration of the scratching
bouts (Fig. 55) were not significantly affected by the light stimu-
lation. Subsequently, we investigated whether the transient inhi-
bition of VTA DA neurons could affect general locomotor
activity. Transientlight (473 nm for 3 s/stimulus) was delivered at
randomly chosen times during a 10 min open field test, and the
same pattern was applied to all mice. We found that the brief
suppression of VTA DA neurons did not significantly affect the
locomotor activity of the VTAPA“AR! mice (Fig. 5T). To-
gether, these results showed that the activity of VTA DA neurons
is important for ongoing scratching behavior, suggesting that the
DA system plays a modulating role in itch signal processing.

Activity of dopaminergic fibers in the nucleus accumbens
during itch processing

Recent studies have revealed that VTA DA neurons are heteroge-
neous in both connectivity and function (Matsumoto and Hiko-
saka, 2009; Lammel et al., 2011; Roeper, 2013; Menegas et al.,
2015; Morales and Margolis, 2017). The differential functions of
DA subpopulations are mediated by different projections (Swan-
son, 1982; Yetnikoff et al., 2014; Saunders et al., 2018). Thus, we
sought to identify the DA projections involved in the modulation
of itch processing. The NAc receives DA input from the VTA and
plays important roles in reward processing and motivated behav-
ior (Bjorklund and Dunnett, 2007; Salamone and Correa, 2012;
Hamid etal., 2016; Schultz, 2016). Thus, we explored the possible
role of DA projections from the VTA to the NAc in itch modula-
tion. To achieve this goal, we used fiber photometry to record the
activity of DA fibers in the NAc. As different NAc subdivisions
receive inputs from different subpopulations of VTA DA neurons
and differently affect motivated behaviors (Aragona et al., 2008;
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Figure 5.  Optogenetic inhibition of VTA DA neurons attenuated chloroquine-induced scratching behavior. A, Schematic of virus injection and optic fiber implantation. B, Representative image
illustrating GtACR1 expression and optic fiber track (outlined by dashed lines). Scale bar, 500 wm. C, Specificity of GtACR1 expression. Left, Representative confocal image showing the expression of
GtACRT and THin the VTA. Scale bar, 20 wm. Right, Percentage of neurons labeled with GtACR1 and TH (511 GtACR1 " neurons and 574 TH ™ neuronsin 3 mice). G *, GtACRT ™. D, Left, Response
of a representative EYFP * neuron (top) and a representative GtACR1 ™ neuron (bottom) to 473 nm light stimulation. Blue bars indicate 0.5 s of 473 nm. Right, Percentage of the firing rates of
neurons during the light-on period relative to the baseline period (n = 6 GtACR1 ™ neurons; n = 5 EYFP * neurons). E, Histological verification of optic fiber tips. F, Schematic showing transient
light delivery to each VTA PAEYFP or yTA PA-GART moyse after scratching onset. Top, Schematic of laser delivery pattern: vertical bar, scratching event; blue area, 3 s of 473 nm light delivery. Bottom,
Laser delivery latency relative to the scratching train onset (n = 9 mice/group). G, Scratching train traces in representative VTA "™ (left) and VTA "¢ A%®" (right) mice. Blue area, Light-delivery
period; red line, onset of scratching train. H, Cumulative proportion of the duration of scratching trains in the EYFP and GtACR1 groups. /, Effect of the transient inhibition of DA neurons on scratching
train duration (unpaired two-sided t test, t,,,) = 3.81, **p = 0.0015). J, Total number of scratching trains was significantly decreased following the inhibition of DA neurons after the scratching
onset (unpaired two-sided t test, £, = 2.77, *p = 0.0136). K, Total number of scratching bouts was significantly decreased (unpaired two-sided  test, ,5) = 3.69, **p = 0.002). L, Average
scratching bout duration was unaffected by the transientinhibition (unpaired two-sided t test, ¢, = 1.94, p = 0.0697). M, Schematic showing the pseudorandom transient light delivery to paired
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open field test (n = 9 mice/group; unpaired two-sided t test, ;5 = 0.19, p = 0.8535). The data are expressed as the mean =+ SEM.
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Lammel et al., 2008; Beier et al., 2015; Yang et al., 2018), we
examined the activity of DA projection in the MeSh and LaSh of
the NAc separately. We injected Cre-dependent virus expressing
GCaMPé6s unilaterally into the VTA of DAT-Cre mice and im-
planted optic fibers in two ipsilateral NAc subregions (Fig. 6A—
C). Dense GCaMP6s ™ axons were observed in the NAc (Fig. 6B).
We found strong spontaneous fluctuations in fluorescence in
both the NAc LaSh (Fig. 6D) and MeSh (Fig. 6E) 3 weeks after
viral expression. Similar to the response detected in the VTA DA
cell bodies (Fig. 2F ), we found that the activity of DA fibers was
correlated with chloroquine-induced scratching behavior in both
the NAc LaSh (Fig. 6D) and MeSh (Fig. 6E). To test whether the
DA projections in the LaSh and MeSh showed different responses
to chloroquine-induced scratching, we quantitatively compared
the activity changes in these two areas during the onset period.
The DA fibers in the LaSh showed significantly higher activity
increase during scratching behavior than those in the MeSh (Fig.
6F,G). A similar response difference was observed during
scratching behavior induced by endothelin-1 (Fig. 6 H,I). Thus,
these results suggest that the DA projection from the VTA to the
NAc LaSh, rather than the MeSh, is strongly involved in the mod-
ulation of itch-induced scratching behavior.

Discussion

In this study, we showed that VT A DA neurons exhibited elevated
neural activity correlated to itch-induced scratching behavior.
The optogenetic suppression of VIA DA neurons attenuated
itch-evoked scratching behavior. Additionally, the activity of DA
fibers in the NAc LaSh recapitulated the activation of DA neurons
in the VTA during scratching behavior. These results indicate
that VTA DA neurons are critical for modulating itch informa-
tion processing.

Our behavioral experiments indicate that the sustained activ-
ity of VTA DA neurons is required for itch-elicited scratching
behavior. This finding is supported by data showing that the brief
inhibition of VTA DA neurons during ongoing scratching behav-
ior shortened the length of scratching trains and decreased the
number of scratching trains. Our result is consistent with those of
previous pharmacological experiments in which scratching be-
havior was modulated by manipulating both the D, and D, re-
ceptors (Rosenzweig-Lipson et al., 1994; Pellon et al., 1995;
Akimoto and Furuse, 2011). Alternatively, this behavioral effect
could have been due to motor deficits after the optogenetic inhi-
bition of VTA DA neurons. However, we consider this possibility
unlikely as the transient inhibition of DA neurons did not affect
the locomotion of the mice in an open field test (Fig. 5T'), which
is consistent with the results reported in a previous study (Tan et
al., 2012). Thus, our results suggest that VTA DA neurons play a
critical role in the modulation of itch signal processing.

In both the fiber photometry recording and extracellular re-
cording experiments, the DA neurons exhibited elevated activity
changes in response to the itch-evoked scratching behavior. The
activation of VTA DA neurons as measured by calcium imaging
with fiber photometry was observed in both the chloroquine and
endothelin-1 models (Fig. 2 H,I). Consistently, we also obtained
similar results when recording individual VTA DA neurons with
the opto-tagging approach. In this experiment, we found that the
average firing rates of the DA neurons started to increase before
the beginning of scratching behavior and decreased as the
scratching proceeded (Fig. 4C). The response timing observed in
the VTA DA neurons differs from that of the response of itch-
sensitive spinothalamic tract neurons to scratching (Davidson et
al., 2009), suggesting that DA neurons do not simply encode the
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sensory component of itchiness. The activation of the DA neuron
population during scratching might reflect the pain sensation
caused by mechanical input as previous studies have shown that
aversive stimulation could activate some DA neurons in both
anesthetized and awake animals (Brischoux et al., 2009; Matsu-
moto and Hikosaka, 2009; Zweifel et al., 2011). However, we
consider this possibility unlikely because mechanical stimula-
tion, which is similar to scratching, evoked a net inhibition of the
DA population activity as measured by fiber photometry (Fig.
2]). Additionally, the activation of VTA DA neurons was not
simply due to motion as no increase in the activity of these neu-
rons was observed when examining their response to the onset of
running or moving (Fig. 2K, 4G,H). Therefore, the activation of
VTA DA neurons during scratching is correlated to itch-related
signal processing.

Our results suggest that the activation of DA neurons near the
onset of scratching behavior likely codes motivation driving sub-
sequent scratching, which is supported by the fact that some DA
neurons fired before scratching (Fig. 4F). This idea is consistent
with the ability of DA neurons to process aversive and alerting
signals (Bromberg-Martin et al., 2010), which, in turn, motivate
behavioral consequences essential for survival. In addition, VTA
DA neurons are implicated in encoding prediction error
(Schultz, 2006), which is likely involved in the itch-scratching
process as the VTA showed activity changes significantly corre-
lated with scratching-induced pleasure in humans (Papoiu et al.,
2013). The possibility that VTA DA neurons code prediction
error during itch processing still remains to be examined. This
would require the development of genetic tools and a behavioral
paradigm that can precisely manipulate the itch circuit and the
relief of itch (i.e., blocking the contact between the hindpaw and
the nape randomly). Alternatively, as itchiness has a strong aver-
sive nature, the activation of DA neurons could be the mix of the
prediction error or motivation signal and the aversive aspect of
itch, supported by the adaptive response of DA neurons in a
context-dependent manner (Matsumoto et al., 2016). The para-
digm used in our study could be used to further dissect the neural
mechanism of aversion.

Notably, only a subpopulation of VTA DA neurons exhibited
itch-related activity, and these neurons showed diverse response
patterns. This result is consistent with those of previous studies
demonstrating the functional heterogeneity of VTA DA neurons
(Brischoux et al., 2009; Matsumoto and Hikosaka, 2009; Zweifel
et al., 2011; Cohen et al., 2012). The diverse functions of DA
neurons are thought to be mediated by their different projections
(Lammel et al., 2011; Lammel et al., 2012; Beier et al., 2015;
Menegas et al., 2015). The NAc is a major target of VTA DA
neurons. The excitatory synapses on DA neurons projecting to
the MeSh or LaSh of the NAc were differentially modulated after
exposure to reward or aversive stimuli (Lammel et al., 2011). In
our DA fiber activity recording experiment, we found that the DA
fibers in the NAc showed strong activation during the onset of the
itch-evoked scratching behavior. More importantly, the activa-
tion of the DA fibers in the NAc LaSh was significantly higher
than that in the NAc MeSh (Fig. 6G,I), which is consistent with
the notion that distinct subregions of the NAc are differentially
involved in motivated behavior (Aragona et al., 2008; Berridge
and Kringelbach, 2015; Yang et al., 2018). Previous studies have
shown that the projection from VTA DA neurons to the NAc
signals reward prediction error but not locomotion or novelty
(Howe and Dombeck, 2016; Parker et al., 2016; Menegas et al.,
2017). Therefore, the DA projection from the VTA to the NAc
LaSh is likely involved in driving behavior for itch relief.
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The results of the fiber photometry and extracellular record-
ing showed slight differences. The response of the population of
VTA DA neurons observed in the fiber photometry recording
was relatively slower than that in the extracellular recording (Fig.
2H, 4C), which is likely due to the slow kinetics of GCaMP6s used
in our experiments (Chen et al., 2013), highlighting the impor-
tance of analyzing the dynamics of DA neurons obtained via in
vivo extracellular recording. Furthermore, we observed a contin-
uous reduction in the population activity before the scratching
onset in the fiber photometry recording (Fig. 2H ), which could
occur because the elevated GCaMP6s signal in the DA neurons
from previous scratching was not completely quenched, resulting
in higher baseline activity before the scratching onset. An alter-
native explanation is that the recording sites differed as subpopu-
lations of DA neurons in distinct locations encode different
motivational signatures (Lammel et al., 2012). The tips of the
optic fibers were mainly located above or inside the lateral VT A in
the photometry recording (Fig. 2C), while the optogenetically
identified DA neurons were scattered in the VTA (Fig. 3B). Fi-
nally, the change in DA neuron activity during scratching was
compared with that during the defined baseline period before the
scratching onset. We cannot rule out the possibility that DA neu-
ron activity during the baseline period was already altered after
the injection of pruritogens.

In summary, our study indicates that the DA neurons in the
VTA play an important modulatory role in itch signal processing.
DA neurons projecting to the lateral shell of the NAc might play a
major role in itch modulation. These results extend our under-
standing of the circuit mechanism underlying the regulation of
itch processing by the neuromodulatory system. Knowledge re-
garding the circuit mechanisms underlying itch modulation
could shed light on treatments for chronic itch.
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