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Systems/Circuits

ACC to Dorsal Medial Striatum Inputs Modulate
Histaminergic Itch Sensation
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Itch is an unpleasant sensation that initiates scratching behavior. The itch-scratch reaction is a complex phenomenon that implicates
supraspinal structures required for regulation of sensory, emotional, cognitive, and motivational aspects. However, the central mecha-
nisms underlying the processing of itch and the interplay of the supraspinal regions and spinal cord in regulating itch-scratch processes
are poorly understood. Here, we have shown that the neural projections from anterior cingulate cortex (ACC) to dorsal medial striatum
(DMS) constitute a critical circuit element for regulating itch-related behaviors in the brains of male C57BL/6] mice. Moreover, we demonstrate
that ACC-DMS projections selectively modulate histaminergic, but not nonhistaminergic, itch-related behavior. Furthermore, photoactivation
of ACC-DMS projections has also no significant effects on pain behavior induced by thermal, mechanical, and chemical stimuli except for a relief
on inflammatory pain evoked by formalin and complete Freund’s adjuvant. We further demonstrate that the dorsal spinal cord exerts an
inhibitory effect onitch signal from ACC-DMS projections through B5-I neurons, which represent a population of spinal inhibitory interneurons
that mediate the inhibition of itch. Therefore, this study presents the first evidence that the ACC-DMS projections modulate histaminergic

itch-related behavior and reveals an interplay between the supraspinal and spinal levels in histaminergic itch regulation.
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/Significance Statement

therapies for chronic itch-related intractable diseases.

This study reveals that the projections from anterior cingulate cortex (ACC) to dorsal medial striatum (DMS) constitute a su-
praspinal circuit for modulation of histaminergic, but not nonhistaminergic, itch. Manipulation of ACC-DMS projections has no
effect on acute pain sensation. Furthermore, the dorsal spinal cord exerts an inhibitory effect on itch signal from ACC-DMS
projections through B5-I neurons. Understanding the supraspinal itch circuits is of great significance in the development of new
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Introduction

Itch is a complex phenomenon comprising of sensory, cognitive,
emotional, and motivational components. Itch is transduced by
cutaneous pruriceptors that transmit signals to neurons in the
spinal cord via primary afferent sensory neurons with somata lo-
cated in the dorsal root ganglion (DRG). Cutaneous pruriceptors are
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activated by exogenous itch-inducing chemicals, pruritogens, and
endogenous pruritogens secreted by epithelial and immune cells
(Bautista et al., 2014). Itch can be classified into two subtypes, hista-
minergic and nonhistaminergic. The former is induced by hista-
mine, which activates histamine receptors; the latter is induced by
other pruritogens such as exogenous chloroquine and endogenous
5-hydroxytryptamine (5-HT), which activate nonhistamine recep-
tors (Kim et al., 2008; Liu et al., 2009).

Itch information is initially integrated in the dorsal horn of the
spinal cord. The dorsal spinal neurons that express gastrin-releasing
peptide receptors (GRPRs) and the natriuretic polypeptide re-
ceptor subtype A (NPRA) are required for itch-related behaviors
(Sun and Chen, 2007; Sun et al., 2009; Mishra and Hoon, 2013).
Ablation of the spinal neurons that express GRPR or NPRA at-
tenuates itch-related behavior in response to a variety of prurito-
gens (Sun et al., 2009; Mishra and Hoon, 2013). There is also a
population of inhibitory interneurons in the dorsal spinal cord
termed B5-I neurons that specifically suppress itch signal trans-
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mission (Ross et al., 2010; Kardon et al., 2014). Deletion of B5-1
neurons causes self-inflicted skin lesions and results in signifi-
cantly enhanced scratching responses to pruritic agents (Ross et al.,
2010). The kappa opioid dynorphin is a crucial neuromodulator
released by B5-1 neurons for pruritus (Kardon et al., 2014).

Despite considerable advances made in itch research at the
spinal and peripheral levels, the circuits for supraspinal itch modu-
lation and cerebral mechanisms underlying itch-related behavior are
poorly understood. Functional brain-imaging studies have shown
that itch and scratch processing activates a broad supraspinal struc-
tures involved in the regulation of sensory, emotional, cognitive,
motivational, and motorial functions (Yosipovitch et al., 2008;
Mochizuki and Kakigi, 2015; Mochizuki et al., 2015). Anterior
cingulate cortex (ACC), a region described as an interface for
motivation, cognition, and action and implicated in encoding
reinforcement information to control behaviors (Paus, 2001;
Hadland et al., 2003; Matsumoto et al., 2003; Rushworth et al.,
2004; Walton et al., 2004), has been consistently reported to be
activated in functional imaging studies of itch (Hsieh et al., 1994;
Darsow et al., 2000; Drzezga et al., 2001; Mochizuki et al., 2003;
Walter et al., 2005; Leknes et al., 2007), suggesting a crucial role of
ACC in the processing of itch response.

Scratching an itch activates reward circuits and evokes plea-
surable feelings that drive further scratching (Papoiu et al., 2013;
Mochizuki et al., 2014, 2015). Therefore, scratching appears to be
a reward-motivated or goal-directed behavior. The striatum is a
key brain region of the reward circuits. Substantial evidence sup-
ports that the goal-directed behavior is encoded by the medial
part of dorsal striatum (DMS) (Hollerman et al., 2000; Hassani et
al., 2001; Lauwereyns et al., 2002; Delgado et al., 2004; Yin et al.,
2005), a component critical in the associative cortico-basal gan-
glia circuit. In support of an important role of the dorsal striatum,
neuroimaging studies have shown that itch and scratch process-
ing activates the dorsal striatum (Herde et al., 2007; Leknes et al.,
2007; Vierow et al., 2009; Papoiu et al., 2012; Napadow et al.,
2014). Because histamine-induced itch-related behavior simulta-
neously activates both ACC and the dorsal striatum (Leknes et al.,
2007; Vierow et al., 2009; Papoiu et al., 2012), it is thus possible
that the ACC and the DMS may be critical components of the
neural circuit that processes histaminergic itch-related behavior.
The present study, therefore, was undertaken to investigate whether
ACC-DMS projections constitute a neural circuit that processes
histamine-induced behavior of itch.

Materials and Methods

Animals. Adult male C57BL/6] mice 6—12 weeks of age and weight 22-26 g
were housed in a 12 h light/dark environment at 21-24°C. All animal
experiments were approved by the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals and were approved by the
Bioethics Committee of the Shanghai Institute of Materia Medica (Shanghai,
China).

Animal behavior tests. Before experiments, mice were allowed 15 min
to acclimate to a chamber. The observation area (25 X 25 cm) was sur-
rounded by four mirrors so that a mouse’s behaviors could be observed
without an obstructed view. Then, the mouse’s behaviors were recorded
by a digital video camera (C525; Logitech). Investigators were blinded to
the treatment condition when assessing videos. One bout of scratching
was defined as a lifting of either hindpaw to scratch any part of the body
and then replacing it back to the floor. Biting or licking behaviors were
assessed using a method from LaMotte et al. (2011). When the recording
videos were played back at 1/4 normal speed, the licking behavior could
be observed as a sequence of slow head bobs occurring at ~4 Hz, whereas
the biting behavior could be observed as a series of gnawing-like move-
ments with little head motion that occurred at ~15 Hz in which occa-
sional head jerks were interspersed.
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Pruritogen-induced itch response. Mice received subcutaneous injec-
tion of histamine (10 pg/ul), compound 48/80 (2 wg/ul), 5-HT (1.5/0.3
pg/ul), chloroquine (4/0.8 ug/ul), or vehicle (1X PBS) into the nape of
neck with a total volume of 50 ul. These pruritogens induced intense
itch-related scratching behavior for ~30 min. The scratching behavior to
the neck was recorded immediately after pruritogen injection and the
bouts of scratching were assessed. One bout of scratching was defined as
a lifting of either hindpaw to scratch the injection region of body and
then replacing it back to the floor. Naive mice were used for each exper-
iment with different pruritogens given.

Cheek model of itch and pain. In the cheek model tests (Shimada and
LaMotte, 2008; Akiyama et al., 2010; LaMotte et al., 2011), mice were
injected intradermally with histamine (100 ug/10 ul in PBS), 5-HT (15
g/10 ulin PBS), or capsaicin (10 wg/10 ulin PBS with 20% ethanol and
7% Tween 80) into the right side of cheek. Pruritogens mainly induce
scratching behavior to the cheek, whereas algesic substances primarily
cause wiping behavior to the injected site. Scratching behavior consisted
of lifting hindpaw to scratch the injection site of the cheek and wiping
behavior occurred as a single stroke with the forelimb at the cheek in a
caudal to rostral direction. The scratching behavior with hindpaw or
wiping behavior by forelimb was recorded for 30 min immediately after
injection. The bouts of scratching or bouts of wiping were assessed.

Calf model of itch and pain. For the calf model (LaMotte et al., 2011)
tests, histamine (100 wg/10 ul in PBS), 5-HT (15 ug/10 ul in PBS), or
capsaicin (10 pg/10 ul in PBS with 20% ethanol and 7% Tween 80) was
injected into the skin of the right calf. Pruritogens mostly evoke biting
behavior to the calf, whereas algesic substances largely trigger licking
behavior to the calf. The biting or licking behavior to the injected site was
recorded for 30 min immediately after injection. As mentioned above,
when the recording videos were played back at 1/4 normal speed, the
licking behavior could be observed as a sequence of slow head bobs
occurring at ~4 Hz, whereas the biting behavior could be observed as a
series of gnawing-like movements with little head motion that occurred
at ~15 Hz in which occasional head jerks were interspersed. The dura-
tion of biting or licking was assessed.

Itch-related behavior modulation. Lidocaine (0.3%, 200 wl) was in-
jected subcutaneously into the nape of the neck 10 min before tests.
Diphenhydramine (10 mg/kg), JNJ 7777120 (15 mg/kg), or U-50,488
(2 mg/kg) was injected intraperitoneally 30 min before tests. Intrathecal
injections were performed using a method modified from Kardon et al.
(2014). Mice were anesthetized by diethyl ether and the hair on the back
close to tail was clipped. A 25 pl microsyringe with a 30 gauge needle was
used for drug delivery and the needle was inserted through the fifth
intervertebral space at a 45° angle until it caused a sudden shaking of the
tail. U-50,488 (10 mg/5 ul), nor-binaltorphimine (norBNI; 1 ug/5 ul),
octreotide (3, 10, 30, 100, 300 ng/ 5 ul), (D-Phel2, Leul4)-bombesin (1,
10 nmol/ 5 ul), or vehicle (1XPBS, 5 ul) was injected over 5 s and
retained for another 10 s; norBNI was injected 24 h before the test. The
mice recovered quickly from anesthesia once the diethyl ether was with-
drawn and then received behavioral tests.

Pain tests. For the hotplate test, the mouse was placed on the plate with
temperatures of 48°C, 52°C, or 56°C and the latency for it to flick/lick its
hindpaw or jump was measured. For the radiant heat test (Xu et al.,
2014), a mouse was placed in a Plexiglas holder and its tail was cleaned by
75% ethanol. One-third of the way down the tail was marked as the
stimulating site and the latency for the mouse’s tail withdrawal was re-
corded when a radiant heat stimulation was applied by a thermal sting
apparatus (SW-200; Chengdu Taimeng Corporation of Science and
Technology). The cutoff time was set as 20 s to avoid tissue damage. For
the paw pressure test (Gong et al., 2009; Xu et al., 2014), the mouse was
placed in the Plexiglas holder and then positioned on the electronic pres-
sure apparatus (YLS-3E; Shandong Medical Academy). The right hind-
paw received pressure (in grams) stimulation and the pressure was
recorded as the mechanical nociceptive threshold when the mouse with-
drew its right hindpaw. For the von Frey test, the mouse was placed in an
opaque cylinder 15 min before test. After the mouse was calm, the von
Frey filaments were applied to the midplantar area of hindpaw. A fila-
ment of 0.02 g was started and each filament (0.02, 0.04, 0.07, 0.16, 0.4,
0.6, 1.0, 1.4 g) was applied 5 times until a sudden paw withdrawal, flinch-



Lu et al.  ACC to Dorsal Medial Striatum

ing, or licking response occurred in 3 of 5 trials. The smallest filament
that induced such response was regarded as the paw withdrawal thresh-
old. For the formalin test, 5% formalin or PBS (20 ul) was injected
intraplantarly into the left hindpaw. Then, the time spent in licking/
flinching the injected paw was monitored in 5 min intervals for 1 h. The
results in acute pain phase (0—10 min) and inflammatory pain phase
(10-60 min) were measured. For the complete Freund’s adjuvant
(CFA)-induced inflammatory pain test, 20 ul of CFA (Sigma-Aldrich)
was injected into the plantar area of the left hindpaw. Three hours or 2 d
after CFA injection, the paw withdrawal threshold of both hindpaws was
assessed through the von Frey test as described above.

Locomotor activity. Spontaneous locomotor activity of mice was eval-
uated in an apparatus (30 X 30 X 30 cm) for 30 min. The total distance
(in centimeters) traveled was recorded to assess locomotor activity by the
program of Laboratory Animal Behavior Analysis System (Anilab), in
which the middle point of the mouse body (not including the tail) was
tracked to measure the total distance.

Balance beam test. The apparatus of balance beam includes a horizon-
tal flat beam of 12 mm width and the two ends were fixed 50 cm above the
table. A black box with material from the home cage was settled at one
end of the beam as the terminal point. A 60 w lamp was placed at the start
point to exert an aversive stimulus. The time for mice to cross 80 cm of
the beam was recorded. This test was conducted over 2 d of training and
1 d of test. In the training stage, each mouse was encouraged to cross the
beam three times. On the test day, the time of two successful cases in which
the mouse crossed the beam without stay was averaged. The beam and box
were cleaned with 70% ethanol and water before the test for next mouse.

BDA tracing. Biotinylated dextran amines (BDAs) are organic com-
pounds that can be used for neuroanatomical tracing. High-molecular-
weight BDA (10 kDa) could label axons and terminals of neurons
anterogradely, whereas low-molecular-weight BDA (3 kDa) could label
cell bodies of neurons retrogradely. BDA 3k (10% in sodium citrate-HCI,
pH 3) or BDA 10k (10% in 1X PB) with a volume of 0.1 ul was used for
neural tract tracing. Mice were deeply anesthetized by sodium pentobar-
bital (70 mg/kg, dissolved in saline, i.p.) and then put on a stereotaxic
instrument (RWD). Small openings (1 mm wide) were made over ACC
(AP, +0.62 mm; ML, £0.25 mm) or DMS (AP, +0.62 mm; ML, *1.0
mm). An injection cannula (33 gauge) was connected to a 10 wl microsy-
ringe driven by a microinjection pump (Harvard Apparatus). In antero-
grade tracing, the ACC region (DV, —2.0 mm) was microinfused with
BDA 10k in a speed of 0.05 ul/min. The injection cannula was held for
additional 10 min for tracer diffusion. In retrograde tracing, the DMS
region (DV, —2.5 mm) was microinfused with BDA 3k in the same way.
Mice were killed 5 d later to be perfused with saline and then 4% para-
formaldehyde (PFA). Brains were removed and postfixed overnight in
4% PFA at 4°C. After being dehydrated in 20% and 30% sucrose, the
brains were transversely sectioned at 30 wm on a cryostat microtome.
The coronal brain sections ~+0.62 mm anterior to bregma were picked
for staining. One drop of A and B agent (Elite ABC-Peroxidase Kits;
Vector Laboratories) was added in 10 ml 1 X PB and fully vibrated for at
least 30 min, preparing for the ABC reaction solution. After being rinsed
in 1X PB, brain sections were incubated in ABC solution for 1 h. Subse-
quently, the sections were rinsed in 1X PB for 3 times and then the
labeling was visualized by a DAB (STABLE DAB; Life Technologies)
reaction. To enhance the contrast of tracer labeling, the sections were
counterstained with Nissl. The BDA-tracing experiments were repeated
three times by a different experimenter.

c-fos immunostaining. For c-fos detection of ACC (AP, +0.62 mm)
projection neurons, mice received subcutaneous injection of histamine
(500 ug/ 50 wl) or vehicle into the nape of neck 1 week after being
microinfused with Fluorogold (FG) (4% in 1X PBS, 0.1 ul) in DMS (AP,
+0.62 mm; ML, 1.0 mm; DV —2.5 mm). The mice were deeply anes-
thetized by sodium pentobarbital (70 mg/kg, dissolved in saline, i.p.) and
90 min later perfused with saline and then 4% PFA. After brains were
postfixed, dehydrated, and sectioned in the same way as described for
BDA tracing, the coronal brain sections ~+0.62 mm anterior to bregma
were selected for c-fos staining. Sections were washed in PBS with 0.3%
TritonX-100 and 3% normal goat serum for 1 h. Then the sections were
incubated in primary antibody (rabbit anti-c-fos, 1:250; Santa Cruz Bio-
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technology) within PBS (0.3% Triton X-100 and 3% normal goat serum)
overnightat 4°C. After being washed 4 X 10 min in PBS, the sections were
incubated in the secondary antibody (Alexa Fluor 594 goat anti-rabbit,
1:250; Invitrogen) within PBS for 2 h at room temperature. The sections
were then washed three times with PBS and mounted on slides.

For the detection of c-fos induced by pruritogens in the dorsal horn of
spinal cord, mice received subcutaneous injection of histamine (500
pg/50 wl), 5-HT (75 ug/50 ul) or vehicle into the nape of neck. For the
c-fos detection evoked by photoactivation of ACC-DMS, the mice ex-
pressing enhanced yellow fluorescent protein (EYFP) or EYFP—channel-
rhodopsin (ChR2) received 30 min of stimulation—rest cycles (3 min—
2 min, respectively) with a 473 nm laser on the ACC-DMS pathway. To
determine the effect of ACC-DMS photoinhibition on c-fos expression
triggered by pruritogens in the dorsal horn, the mice expressing en-
hanced green fluorescent protein (EGFP) or EGFP-ChR2 received 30
min of stimulation—rest cycles (5 min—5 min, respectively) with a 532 nm
laser immediately after being subcutaneously injected with histamine
(500 pug/50 ul), 5-HT (75 ug/50 ul), or vehicle into the nape of neck. The
mice were deeply anesthetized by sodium pentobarbital (70 mg/kg, dis-
solved in saline, i.p.) 90 min later and then perfused with saline and then
4% PFA. The L2-L3 segment of the spinal cord was removed and post-
fixed for 2 h in 4% PFA. The segments of spinal cord were then sectioned
in the same way as before and washed in PBS with 0.3% Triton X-100 and
3% normal goat serum for 1 h. The sections were then incubated in
primary antibody (rabbit anti-c-fos, 1:1000; Santa Cruz Biotechnology)
in PBS (0.3% Triton X-100 and 3% normal goat serum) overnight at 4°C.
After being washed 4 X 10 min in PBS, the sections were incubated in the
secondary antibody (Alexa Fluor 594 goat anti-rabbit, 1:1000; Invitro-
gen) in PBS for 2 h at room temperature. The sections were then washed
three times with PBS and mounted on slides. The antibodies applied here
were validated in the instructions for users or certificate of analysis.

ACC-DMS disconnection. Mice were deeply anesthetized by sodium
pentobarbital (70 mg/kg, dissolved in saline, i.p.) and then put on a
stereotaxic instrument (RWD). An injection cannula (33 gauge) was
connected to a 10 ul microsyringe driven by a microinjection pump
(Harvard Apparatus). Small openings were made above the right side of
ACC (AP, +0.62 mm; ML, +0.25 mm) and the left side of DMS (AP,
+0.62 mm; ML, — 1.0 mm). Mice were infused with quinolinic acid (15
pg/ul, 0.2 ul), one side into the right ACC (AP, +0.62 mm; ML, +0.25
mm; DV, —2.0 mm) and the other side into the left DMS (AP, +0.62
mm; ML, —1.0 mm; DV, —2.5 mm) at a rate of 0.2 ul/min and then
retained for 5 more minutes to ensure drug diffusion. After 7 d recover-
ing from surgery, the mice received subcutaneous injection of histamine
(10 pg/pl in saline, 50 ul), 5-HT (1.5 wg/wl in saline, 50 ul), or vehicle
(saline, 50 ul) into the nape of neck and the scratching bouts were re-
corded for 30 min in 5 min intervals. All mice were killed after the test and
the brains were sectioned for NissI’s staining to verify neural lesion.

Virus injection. The adeno-associated viruses (AAVs) were packaged
as AAV8 by HeYuan Biotechnological. The virus vector was driven by
CaMKklIa promoter, which could be expressed selectively in excitatory
neurons rather than inhibitory interneurons in the cortex (Tye et al.,
2011). Mice were deeply anesthetized with sodium pentobarbital (70
mg/kg, dissolved in saline, i.p.) and then fixed in a stereotaxic apparatus.
Small openings (1 mm) were made above the left ACC (AP, +0.62 mm;
ML, —0.25 mm) and the same side of DMS (AP, +0.62 mm; ML, —1.0
mm). An injection cannula (33 gauge) was connected to a 10 ul microsy-
ringe driven by microinjection pump (Harvard Apparatus). In optical
activation experiments, neurons with expression of ChR2 could be acti-
vated by 473 nm laser illumination. The ChR2 was given in conjunction
with EYFP. The mice were microinjected with 0.8 ul of AAV8-CaMkIIa-
ChR2-EYFP or AAV8- CaMkIIa-EYFP (titer: 4.26 X 10'? vg/ml) into
the left ACC (AP, +0.62 mm; ML, —0.25 mm; DV, —2.0 mm) at a rate of
0.1 pl/min and remained for additional 10 min to ensure virus diffusion.
Next, a fiber optic [200 um diameter; numerical aperture (NA) 0.37] was
implanted above the left DMS (AP, +0.62 mm; ML, —1.0 mm; DV,
—2.25 mm) and secured to the skull by dental cement. In optical inhibi-
tion experiments, neurons expressing archaerhodopsin-T (ArchT) could
be inhibited by 532 nm laser illumination. The ArchT was linked with
EGFP. Mice were bilaterally (AP, +0.62 mm; ML, £0.25 mm; DV, —2.0
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mm) microinjected with 0.6 ul of AAV8 (AAV-CaMK2a-ArchT-EGFP,
9.24 X102 vg/ml) into ACC in the same way. Then, the fiber optics (200
pm diameter; NA 0.37) were implanted bilaterally above DMS (AP,
+0.62 mm; ML, =1.0 mm; DV, —2.25 mm) and secured to the skull by
dental cement. The opening of skull skin was cemented by tissue adhesive
(Vetbond Tissue Adhesive; 3M). In all experiments, the mice received
tests at least 4 weeks after surgery.

Optical stimulation. The implanted fiber optic was connected to a fiber-
coupled laser source (adjustable power: 0—100 mW; Anilab) through a
rotatory joint patch cable (FC-M200 wm; NA 0.37; Anilab). Optical stimu-
lation was controlled with stimulus generator software (AniOptover 2.0)
via a computer. In optical activation tests, mice received 473 nm light
stimulation (5 mW, 20 Hz, 5 ms pulses) for 3 min and then rested for 2
min without light stimulation. We defined this stimulation—rest as one
S-R cycle (5 min). After mice accepted two S-R cycles (10 min), four S-R
cycles (20 min), or six S-R cycles (30 min), the scratching or biting
behavior were recorded for 60 min. In optical inhibition tests for the itch
model of the neck, mice received injections of different pruritogens in-
cluding histamine (10 pg/ul), compound 48/80 (2 wg/ul), 5-HT (1.5/0.3
ug/ul), chloroquine (4/0.8 wg/ul), and vehicle (1 X PBS) into the nape
of neck with a total volume of 50 ul and the scratching behavior to the
neck was recorded for 30 min. In optical inhibition tests for the cheek
model and the calf model, mice were injected intradermally with hista-
mine (100 ug/10 ulin PBS), 5-HT (15 wg/10 ulin PBS), or capsaicin (10
g/10 ul in PBS with 20% ethanol and 7% Tween 80) into the skin of the
cheek or calfand the behaviors were assessed in the following 30 min. The
total recording time of 30 min was divided into 6 5-min intervals, with
cycles of 1 5-min interval without light stimulation and then an interval
of constant light stimulation (5 mW) at 532 nm for 5 min. Because the
rate of success for surgery is ~80%, all mice were killed and the brains
were sectioned to verify an appropriate virus expression and optical fiber
implantation after the behavioral tests. In some cases, the virus may have
extended to the nearby regions and these data were excluded from fur-
ther analysis.

In vitro electrophysiology by optogenetic approach. At least 4 weeks after
AAV virus injection, mice were anesthetized with chloral hydrate (400
mg/kg, i.p.). The brain was removed rapidly and fixed in modified ACSF
containing the following (in mm): 88 NaCl, 25 NaHCO;, 7 MgCl,, 2.5
KCl, 1.25NaH,PO,, 0.5 CaCl,, and 75 sucrosesaturated with 95% O, and
5% CO, at ~0°C. Slices 0f 250 um containing ACC and DMS were cut on
a vibratome (VT-1200; Leica) and transferred to normal ACSF contain-
ing the following (in mm): 126 NaCl, 25 NaHCO;, 2.5 KCl, 2.5 CaCl,, 2
MgSO,, 1.25 NaH,PO,, and 10 glucose for incubation at 32°C for at least
60 min before patch-clamp recording. Neurons were visualized on an
upright microscope (BX50WI; Olympus) by infrared differential inter-
ference contrast or fluorescent optics and whole-cell voltage-clamp or
current recordings were conducted through an EPC10 amplifier and
Patch Master 2.54 software (HEKA). Electrodes filled with patch pipette
solution containing the following (in mm): 130 K-gluconate, 10 HEPES,
8 NaCl, 2 ATP - Mg, 0.6 EGTA, 0.1 CaCl,, and 0.1 GTP * Na,, pH 7.4,
with a resistance of 3—4 M{). Action potential was recorded when cells
were held at 0 pA under a current-clamp mode and EPSC was recorded
when cells were held at —70 mV under a voltage-clamp mode. Series
resistance compensation was not used, but cells in which R, changed by
>15% were discarded. Neurons expressing ChR2-EYFP were stimulated
by a 473 nm light (5 mW) with 5 ms width at 20 Hz and neurons express-
ing ArchT-EGFP were illuminated by a constant light at 532 nm (5 mW)
delivered through an optical fiber (core diameter 200 um, NA 0.37)
connected to a laser source (Anilab) and the end of the fiber optic was
placed 500 wm above the recording cell.

Statistical analysis. The number of animals for each group was deter-
mined according to numbers reported in published studies for justifica-
tion of sample size and the accurate animal numbers are given in figure
legends. Given the randomization of experiments, animals from different
experimental groups were allocated to each cage.

Statistical tests were performed with GraphPad Prism 7 software for
Windows. Single-variable differences were analyzed by two-tailed and
unpaired Student’s f tests. Grouped differences were analyzed with one-
way or two-way ANOVA followed by Bonferroni posttests. Normal
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probability plot was applied to detect the normality of data. The esti-
mates of variance within each group were included in the results of
analysis from the Prism software. All data are represented as the mean =
SEM and error bars in the figures indicate SEM. p < 0.05 was considered
statistically significant.

Results

Neurons projecting to the DMS from the ACC are involved in
modulation of histamine-induced itch response

There are reciprocal neural projections between the ACC and the
dorsal striatum in the primate (Kunishio and Haber, 1994; More-
craft and Van Hoesen, 1998). To test whether the reciprocal neu-
ral projections between the ACC and the DMS also occur in mice,
we first conducted neural tract tracing experiments with BDAs.
Figure 1A is a schematic depiction of neural projections from ACC
to DMS. Abundant tracer signals were detected in the ACC when
retrograde tracer BDA 3k was injected into the DMS (Fig. 1B, left),
whereas robust tracer signals were detected in the DMS when an-
terograde tracer BDA 10k was injected into the ACC (Fig. 1B, right).
This indicates that the ACC has neural projections into the DMS.

Next, we investigated whether ACC-DMS projections were
activated by itch stimulation. We used FG retrograde tracing com-
bined with c-fos immunohistochemistry to determine whether
histamine-induced c-fos expression was located in the projection
neurons. When histamine was injected subcutaneously into the
neck region to induce itch responses, enhancement of c-fos
expression, labeled by FG retrograde tracing from DMS, was ob-
served in the ACC (Fig. 1C,D), suggesting that histamine acti-
vated the neurons projected from the ACC to the DMS. Next, we
investigated whether ACC-DMS projections were involved in
modulating itch sensation. To disrupt intrahemispheric neural
communication bilaterally between the ACC and DMS, we pro-
duced lesions of ACC in the right hemisphere and DMS in the left
hemisphere using quinolinic acid (Fig. 1E). ACC lesions primar-
ily encompassed cingulated cortex 1 and 2 area and DMS lesions
were mostly confined to the area close to the lateral ventricle,
which were confirmed by Nissl staining and immunostaining for
the neuronal marker NeuN (data not shown). We found that
ACC-DMS circuit disconnection by unilateral lesion of ACC plus
contralateral lesion of DMS resulted in a significant reduction of
histamine-induced, but not 5-HT-induced, scratching behavior
(Fig. 1F), whereas these mice exhibited normal locomotor activity
and motor balance/coordination (data not shown). These results
suggest that ACC-DMS projections play a key role in modulation of
histamine-induced, but not non-histamine-induced, scratching be-
havior. In addition, we examined some somatosensory- and emo-
tion-related cerebral nuclei and found that histamine stimulation
did not change c-fos expression level in the primary/secondary
somatosensory cortex (S1/2) and emotion-related brain regions
including the central nucleus and the basolateral amygdala of
amygdala subnuclei, but increased c-fos expression in the pre-
frontal cortex (Fig. 2), abrain region required for goal-directed or
motivated behavior (Cardinal et al., 2002).

A body of evidences suggests that the neural pathways and
molecular mechanisms responsible for processing of itch and pain
are overlapping (Ikoma et al., 2006; Davidson and Giesler, 2010;
Bautista et al., 2014). To test whether ACC-DMS projections were
also involved in modulation of pain, we therefore examined the
effect of unilateral lesion of ACC plus contralateral lesion of DMS
on pain responses. The results show that the mice with ACC-DMS
circuit disconnection exhibited normal pain responses in von Frey
test of mechanical pain (Fig. 3A), radiant heat test of thermal pain
(Fig. 3B), and capsaicin test of chemical pain (Fig. 3C).
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Figure1.  Neuronalprojections from ACCto DMS are involved in modulation of histamine-induceditch. A, Schematic depiction of neural projection from ACCto DMS. B, ACCneurons project to DMS
revealed by tract tracing with BDA. Left, Tracer signals in ACC by BDA 3k retrograding from DMS. Right, Tracer signals in DMS by BDA 10k anterograding from ACC. The images were achieved from
coronal brain sections around +0.62 mm anterior to bregma. Scale bar, 50 wm. €, D, c-fos immunostaining in FG-labeled ACC-DMS projections in response to histamine-induced itch. C, Repre-
sentative immunostaining images of ¢-fos in FG-labeled ACC-DMS projections. FG was microinjected into DMS and the neurons in ACC was labeled by FG retrograding from DMS. D, Quantification
of immunostaining images of c-fos in the total neurons labeled by FG. £,;,) = 3.078, p = 0.0096. Student’s t test. , F, Disconnection of ACCand DMS projections with quinolinic acid attenuated
histamine-induced, but not 5-HT-induced, itch. E, Schematicillustration of contralateral lesions of ACCand DMS. F, Scratching behavior induced by subcutaneous injection of histamine (500 rg/50
) rather than 5-HT (75 g/50 ul) into the nape of neck was significantly decreased by disconnection of ACC-DMS circuit. Histamine: interaction, F g5) = 2.49;time,F 5 g0 = 18.38. 5-HT:
interaction, F 5 ;0, = 0.1175; time, F 5 ;) = 13.29. Two-way ANOVA. All data are shown as mean = SEM. *p << 0.05, **p << 0.01, ***p << 0.001 compared with vehicle or disconnection group.n =
810 mice for each group.
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c-fos expression in prelimbic cortex, somatosensory cortex, and amygdala after histamine stimulation. A, Mice were subcutaneously injected with histamine (500 £g/50 l) or vehicle

(saline, 50 wl) and c-fos expression was detected in the prefrontal cortex (PrL) (AP~ +1.98 mm), $1/2 (AP~ +0.62 mm), and basolateral amygdala (BLA)/central nucleus (CeA) (AP~ —1.22
mm). B, The Prl was found to have increased c-fos expression after histamine stimulation. Scale bar, 200 m. PrL: tg) = 0.0127. S1/2: t g, = 0.05091. BLA/CeA: t5) = 0.9999. Data are shown as
mean = SEM. *p << 0.05 compared with vehicle group, Student’s ¢ test. n = 5 mice for each group.

Optogenetic activation of ACC-DMS projections evokes
histamine-related itch responses

Optogenetics is the powerful approach for investigating neural
circuits underlying complex animal behaviors with high tempo-
ral and spatial precision (Zhang et al., 2007, 2010). We therefore
used an optogenetic approach to confirm the role of ACC-DMS
projections in modulation of histaminergic itch responses. Mice
were injected with AAV carrying a gene encoding ChR2 in con-
junction with EYFP into ACC and optic fiber was implanted over
DMS (Fig. 4A). Four weeks after injection, EYFP expression was
seen in ACC cell bodies and axons projecting to DMS (Fig. 4B),
which indicated targeting of ACC-DMS projections. We next inves-
tigated the electrophysiological properties of optogenetically driven
terminal stimulation in this circuit using whole-cell recordings. In
vitro electrophysiological recordings in slices demonstrated that illu-
mination of ACC terminals in DMS by 473 nm laser elicited high-
fidelity spiking in ACC (Fig. 4C) and EPSCs in the DMS neuron (Fig.
4D), indicating that photostimulation of ACC-DMS projections
drives reliable neural transmission.

In the behavioral tests, to activate ACC-DMS projections ef-
fectively and avoid the damage to brain tissue caused by long
lasting illumination, we set the stimulation pattern as cycles of
photoillumination for 3 min with 2 min intervals of rest (Fig. 4E).
Mumination of ACC-DMS projections for a short time (10 min
or 20 min of total cycle time) failed to produce significant in-
crease in scratching behavior (data not shown), whereas illumi-
nation of ACC-DMS projections for a longer time (30 min of
total cycle time) induced a significant enhancement of scratching
behavior (Fig. 4 F, G, Movie 1) without altering locomotion and
motor balance/coordination (data not shown).The mice scratched
bilateral regions of body including head, neck, and abdomen. Next,
we investigated whether photoactivation-induced scratching behav-
ior was due to itch sensation. To do this, we used lidocaine to block
sensory input from primary sensory neurons (Holstege et al., 2008;
Ross et al., 2010). We found that blockade of sensory input by sub-
cutaneous injection of lidocaine into the nape of neck remarkably
attenuated the scratching behavior (Fig. 4H ). Moreover, we demon-
strated that the abnormal scratching behavior was also greatly inhib-
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planted above DMS (Fig. 5A). Four weeks
after injections, mice expressing ArchT-
EGFP in the ACC displayed intensive
EGFP in the DMS (Fig. 5B). [llumination
of ACC terminals in DMS with 532 nm
laser dramatically inhibited ACC somata
spiking (Fig. 5C), demonstrating a specific
antidromic inhibition.

For the itch-related behavior tests, we
set the stimulation pattern as cycles of
photoillumination for 5 min with 5 min
intervals of rest (Fig. 5D). Mice were in-
jected subcutaneously with histamine (500
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g/50 wl), compound 48/80(100 ug/50 ul),
QA and the nonhistamine pruritogens chlo-
roquine (200 pmg/50 ul) and 5-HT (75
ng/50 wl) into the nape of neck 5 min
before received delivery of laser (532 nm)
to the DMS and scratching behaviors were
recorded for 30 min with cycles of lights
off and lights on. Illumination of ACC
terminals in DMS with 532 nm laser sig-
nificantly inhibited scratching behavior
induced by histamine (Fig. 5E) and com-
pound 48/80 (Fig. 5F), a compound that
stimulates mast cells to release histamine
(Kuraishi et al., 1995). However, the same
illumination had no inhibitory effect on
chloroquine- and 5-HT-induced scratch-

Vehicle QA Vehicle

Figure3.

ited by intraperitoneal injection of histamine-1 receptor antagonist
diphenhydramine or histamine-4 receptor antagonist JNJ 7777120
(Fig.41,J; Dunford etal., 2007; Thurmond et al., 2008; Davidson and
Giesler, 2010). In addition, photoactivation of ACC-DMS projec-
tions also gave rise to significant increase in biting behavior to bilat-
eral regions of body (including the back near the tail and hindlimbs)
as early as after a 10 min stimulation—rest cycle and after a 30 min
stimulation—rest cycle (Fig. 4K, L, Movie 2) and such behavior was
suppressed by a lidocaine and a histamine-1 receptor antagonist
(Fig. 4 M, N) as well, suggesting that biting behavior was also indic-
ative of the itch response (Akiyama et al., 2010; LaMotte et al., 2011).
These findings strongly suggest that photoactivation of ACC-DMS
projections evokes histaminergic itch-related behaviors.

Optogenetic inhibition of ACC inputs to the DMS reduces
histamine-induced, but not nonhistamine
pruritogen-induced, itch responses

To further verify the role of ACC-DMS projections in the modu-
lation of histaminergic itch responses, we next determined the effect
of optogenetical inhibition of the ACC-DMS projections on various
pruritogen-induced behaviors of itch. Toward this end, we bilat-
erally injected the AAV carrying the gene encoding the inhibitory
opsin ArchT linked to EGFP into ACC (Chow et al., 2010; Mattis
et al.,, 2011), whereas control animals received the same viral
vector carrying EGFP alone. Optical fibers were bilaterally im-

ACC-DMS disconnection has no influence on acute nociceptive sensation of mice. A, Mice with ACC-DMS disconnection
exhibited normal mechanical pain response in von Frey test. Left, t,4) = 0.Right, f,5) = 0; p > 0.9999. The bilateral hindpaws
were examined. B, Mice with ACC-DMS disconnection displayed comparable heat pain response in the radiant heat test. £, =
0.6884, p = 0.5024. C, No significant difference of capsaicin-induced chemical pain was observed in mice with ACC-DMS discon-
nection. Capsaicin (10 g/10 wl) was intradermally injected into the right side of the cheek. £ ,,, = 0.4438, p = 0.6640. All data
are shown as mean == SEM. p > 0.05 compared with vehicle groups, Student’s t test. n = 8 —10 mice for each group.

ing behavior (Fig. 5G,H). To exclude that
the failure of inhibition of chloroquine- and
5-HT-induced scratching by illumination
was due to inappropriate high doses used,
we thus examined the effect of photoinhibi-
tion of ACC-DMS projections with a lower
dose of chloroquine (40 mg/50 ul)- and
5-HT (15 pug/50 ul)-induced scratching be-
havior. Illumination of ACC terminals in
DMS with 532 nm laser also failed to inhibit, at the lower dose of
the two drugs, the induced scratching behavior (data not shown).
Scratching the cheek with the hindlimb and biting the skin of the
calf are indicative of itch sensation in the cheek and the calf mod-
els, respectively (Shimada and LaMotte, 2008; Akiyama et al.,
2010; LaMotte et al., 2011). To further confirm that ACC-DMS
projections are not implicated in modulation of itch induced by
nonhistamine pruritogens, we next tested the effects of photoin-
hibition of ACC-DMS projections on 5-HT-induced scratching
of the cheek using the cheek model and 5-HT-induced biting of
the skin of the calf using the calf model. We found that photoinhi-
bition of ACC-DMS projections had no significant effects on 5-HT-
induced scratching the cheek and biting the skin of the calf (Fig.
5L]). Together, these findings indicate that ACC-DMS projections
mediate histamine-induced, but not nonhistamine pruritogen-
induced, scratching behaviors.

QA

c-fos expression is differently induced by histamine and 5-HT
in the ACC and suppressed by photoinhibition of ACC-DMS
projections in the dorsal horn

The c-fos gene is commonly used as a marker of neuronal activity
to map the neural substrates that are recruited by various stimuli.
To determine why itch-related behavior induced by histamine
and nonhistamine pruritogens are modulated differently by ACC-
DMS projections, we investigated whether histamine and 5-HT
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Figure4. Photoactivation of ACC-DMS projections induces histamine-related behaviors of itch. A, Schematicillustration of injection of AAV carrying ChR2-EYFP into ACC and optical illumination
of DMS. B, ChR2-EYFP expression in ACCand DMS. The images in the lower line exhibit ChR2-EYFP expression in the cell bodies of ACC (left) and neural fibers of DMS (right). Scale bars in the upper
line, 200 pum; scale bars in the lower line, 50 wm. C, D, In vitro electrophysiological assessment of functional connectivity from ACC to DMS. Representative current-clamp traces from ACC somata
(€) and ACCterminals in the DMS (D) obtained from 10 flashes of light illumination at 20 Hz. E, Experiment paradigm of optical illumination and behavior test. Light illumination for 3 min, followed
by 2 min of rest time without light illumination, and total six cycles for 30 min. F, G, Mice expressing ChR2-EYFP displayed scratching behavior after 30 min of repeated stimulation—rest cycles. Mice
with photoactivation of ACC-DMS could unilaterally or bilaterally scratch the body sites of head, neck orabdomen. t,5) = 2.367, p = 0.0297. H, Subcutaneous injection of 0.3% lidocaine (s.c., 200
) significantly decreased scratching behavior induced by photoactivation of ACC-DMS. t,5) = 2.612, p = 0.0196.1,J, Intraperitoneal injection of diphenhydramine (H1Rs antagonist, 10 mg/kg)
and JNJ 7777120 (H4Rs antagonist, 15 mg/kg) greatly attenuated scratching behavior. ], t,,) = 2.715,p = 0.0168.J, t 1,y = 2.233, p = 0.0424. K, L, Mice expressing ChR2-EYFP exhibited biting
behavior after lightillumination with 10 min or 30 min of stimulation—rest cycles. Mice with photoactivation of ACC-DMS could unilaterally or bilaterally bite the skin of back or hindlimbs. L, t ., =
8.274. M, N, Both lidocaine (s.c., 0.3%, 200 ) and diphenhydramine (i.p., 10 mg/kg) significantly decreased biting behavior evoked by photoactivation of ACC-DMS. M, t;5) = 5.648. N, ;3 =
4.415, p = 0.0007. All data are shown as mean == SEM. *p < 0.05, ***p < 0.001 compared with EYFP or vehicle control group, Student’s t test. n = 7—10 mice for each group.
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Movie 1.
tion of ACC-DMS projections (see Fig. 3).

Increased scratching behavior induced by photoactiva- [m]

o

Movie 2.
of ACC-DMS projections (see Fig. 3).

activated ACC differently by examining c-fos expression in re-
sponse to histamine and 5-HT stimuli. We found that subcuta-
neous injection of histamine, but not 5-HT, into the nape of neck
notably increased c-fos expression in the ACC (Fig. 6 A, B), sug-
gestive of histamine, but not 5-HT, activation of the ACC.
Pruritic information is thought to be integrated initially in the
dorsal spinal cord. We thus examined the effects of histamine and
5-HT on c-fos expression in the dorsal horn. Subcutaneous in-
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jection of histamine and 5-HT into the nape of neck both notably
increased c-fos expression in the dorsal horn (Fig. 6C,D), sup-
portive of a key role of the dorsal spinal cord in itch processing
and suggesting that activation of the dorsal spinal cord is essential
for both histamine- and 5-HT-induced itch sensation. Next, we
investigated whether different modulation of histamine- and 5-HT-
induced itch-related behavior by ACC-DMS projections was be-
cause ACC-DMS projections could exert a different regulatory effect
on neuronal activities induced by histamine and 5-HT in the dorsal
spinal cord. To this end, we tested the effect of photoinhibition of
ACC-DMS projections on c-fos expression in the dorsal horn in-
duced by histamine and 5-HT. We found that photoinhibition of
ACC-DMS projections remarkably suppressed histamine-induced,
but not 5-HT-induced, c-fos expression (Fig. 6C,D), suggesting that
ACC-DMS projections modulate histamine-induced behavior of
itch by acting on the dorsal spinal cord.

Optogenetic manipulation of ACC-DMS projections has no
effect on acute pain-related behaviors but modulates
inflammatory pain responses

The results mentioned above demonstrated that the mice with
unilateral lesion of ACC plus contralateral lesion of DMS exhib-
ited normal pain responses to mechanical, thermal, and chemical
stimuli (Fig. 3). To further confirm the role of ACC-DMS pro-
jections in nociceptive responses, we examined the effects of pho-
toactivation of ACC-DMS projections on pain responses induced
by various noxious sensory stimuli. Mice expressing ChR2-EYFP
or EYFP alone in ACC were exposed to thermal, mechanical, and
inflammatory stimulation immediately after cycles of illumina-
tion above ACC terminals in DMS with 473 nm laser for 30 min.
When placed on a hotplate or receiving radiant-heat stimulation
after received illumination, mice expressing ChR2-EYFP and
EYFP alone responded with a similar latency (Fig. 7 A, B), indi-
cating that thermal sensitivity is unchanged in the two groups.
Similarly, in the paw pressure test, the mice in both groups also
exhibited comparable mechanical pain responses (Fig. 7C).

Although photoactivation of ACC-DMS projections showed
no significant changes in response to the thermal and mechanical
nociceptive sensory assays, the formalin test was a marked excep-
tion. Although the two groups of mice displayed similar behav-
ioral responses (primarily licking of the hindpaw) by injection of
5% formalin into the left hindpaw in the early phase (0—10 min),
the mice expressing ChR2-EYFP exhibited dramatically lower pain
responses in the late phase (10—60 min) compared with the mice
expressing EYFP alone (Fig. 7D). The remarkable reduction of pain
responses in the late phase may be due to an increased itch response,
which antagonizes the formalin-induced pain response (Ikoma et
al,, 2006). The augmentation of the itch response in the late phase
may result from activation of pruritoceptors by formalin-induced
release of pruritogens (Tjolsen et al., 1992) and from photoactiva-
tion of ACC-DMS projections (Fig. 7E). A similar reduction of pain
response by photoactivation of ACC-DMS projections was also ob-
served in the CFA-induced inflammatory pain response (Fig. 7F).
Together, these results suggest that ACC-DMS projections have no
significant effect on acute pain responses, but attenuate pain re-
sponses induced by formalin in the late phase and CFA-induced
pain.

It has been established that the cheek and calf models can be
used to distinguish between pain and itch, in which, whereas
scratching the cheek with the hindlimb and biting the skin of the
calf are indicative of itch response, wiping the cheek by the forepaw
and licking the skin of the calf are suggestive of pain response, re-
spectively (Shimada and LaMotte, 2008; Akiyama et al., 2010; LaM-
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Figure 5.  Photoinhibition of ACC-DMS projections decreases histamine-induced behaviors of itch. 4, Schematic illustration of bilateral injection of AAV carrying ArchT-EGFP into the ACC and
opticalillumination of DMS. B, ArchT-EGFP expression in ACCand DMS. Theimages in the lower line exhibit ArchT-EGFP expression in the cell bodies of ACC (left) and neural fibers of DMS (right). Scale
bars in the upper line, 200 m; scale bars in the lower line, 50 wm. C, Representative current-clamp traces from ACC somata after light illumination of DMS. D, Experiment paradigm of light
illumination and behavior test. Light illumination was provided for 5 min, followed by 5 min of rest time without light illumination, total three cycles for 30 min. E, F, Photoinhibition of ACC-DMS
projections decreased histamine-induced (500 r1g/50 ul, s..) and compound 48/80-induced (100 1g/50 ul, s.c.) scratching behavior. E, Interaction, f s 55, = 2.66; time, F ¢5) = 7.3; off, p =
0.7102; 0n, p = 0.0001. F, Interaction, F 5 gy = 2.81; time, F 5 9, = 6.09; off, p = 0.8688; on, p < 0.0001. G, H, Photoinhibition of ACC-DMS projections had no effect on non-histamine-related
pruritogens chloroquine-induced (200 rug/50 ul, s.c.) and 5-HT-induced (75 g/50 wl, s..) scratching behavior (p > 0.05). G, Interaction, F5 ;) = 0.35; time, F5 ;) = 3.94; off, p = 0.3263; on,
p = 0.4536. H, Interaction, 5 g5, = 0.06; time, F 5 g9, = 9.29; off, p = 0.5636; on, p = 0.7712.1, Photoinhibition of ACC-DMS did not affect the scratching behavior triggered by 5-HT in the cheek
model. 5-HT (15 g/10 wl) was injected into the skin of cheek on the right side, which increased scratching behavior to the injected site. Interaction, s ¢5) = 1.441; time, F5 ¢5) = 14.1; off, p =
0.9728; 0n, p = 0.7848.J, Biting behaviorinduced by 5-HT was comparable in the calf model when ACC-DMS was photoinhibited. The 5-HT (15 ug/10 wl) was injected into the calf skin of right side,
which elicited biting behavior to the injected site. Interaction, F5 ¢5) = 0.2371; time, F5 ¢5) = 6.663; off, p = 0.4823; on, p = 0.6924. All data are shown as mean = SEM.*p << 0.05, **p < 0.01,
**¥p <0.001 compared with EGFP alone group. The time course of scratching bouts was analyzed by two-way ANOVA and the total scratching bouts was analyzed by Student’s t test. n = 7— 8 mice
for each group.
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histamine (500 g/50 pul) or 5-HT (75 ug/50 wul) and c-fos expression was detected in the ACCor in the dorsal horn of spinal cord after 30 min cycles of ACC-DMS photoinhibition. 4, Representative
immunostaining images of c-fos expression in the bilateral ACC induced by pruritogens. Scale bar, 100 wm. B, Quantification of immunostaining images of c-fos in the bilateral ACC. ipsilateral:
histamine, t,,, = 3.235, p = 0.006; 5-HT, £ ;) = 0.4516; contralateral: histamine, t,,, = 3.084, p = 0.0081; 5-HT, ,,,, = 0.4767. C, Representative immunostaining images of c-fos expression
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0.0093; 5-HT, £, = 0.1865, p = 0.8558. Data are shown as mean % SEM. **p <C0.01 compared with the EGFP group or vehicle group, Student’s  test. n = 6 — 8 mice for each group.

otte et al., 2011). Next, we used the cheek and calf models to confirm
ACC-DMS projections’ selective modulation of itch but not pain
response. Intradermal injection of histamine into the cheek mainly
induced scratching the site of injection with hindlimb, whereas in-
tradermal injection of capsaicin mainly induced wiping the cheek
with the forepaw. Photoinhibition of ACC-DMS projections signif-
icantly inhibited histamine-induced scratching behavior, although
with no significant effect on wiping behavior induced by capsaicin
(Fig. 8 A, B). In the calf model, mice with histamine injection into the
skin of the calf mainly exhibited biting behavior, whereas mice with
capsaicin injection into the skin of the calf displayed licking behav-
ior. Photoinhibition of ACC-DMS projections significantly reduced
histamine-induced biting, but not capsaicin-induced, licking behav-
iors (Fig. 8C,D). These results further support that ACC-DMS pro-
jections are involved in modulation of itch and inflammatory pain
response, but not pain response induced by thermal, mechanical,
and chemical stimuli.

Dorsal spinal cord exerts an inhibitory effect on itch signal
from ACC-DMS projections through B5-I neurons

The results mentioned above showed that photoinhibition of
ACC-DMS projections attenuated histamine-stimulated c-fos
expression in the dorsal horn (Fig. 6C,D), which suggests that
interaction of ACC and the dorsal spinal cord may occur in itch
and scratching processes. To further confirm the role of the dor-
sal spinal cord in ACC-DMS projections for modulation of itch
and scratching processes (Fig. 9A), we first examined the effect of
photoactivation of ACC-DMS projections on c-fos expression in
the dorsal horn. We found that photoactivation of ACC-DMS
projections significantly elevated c-fos expression in the dorsal
horn (Fig. 9B, C). There are two populations of spinal interneu-
rons that are specifically related to itch-related behavior. One
type of interneurons express GRPR that are required for itch
signal transmission (Sun and Chen, 2007; Sun et al., 2009). Intra-
thecal injection of the GRPR antagonist attenuated histamine-
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before placed on hotplate and received radiant heat. A, 48°C, t ;5 = 0.8695, p = 0.3974;52°C, 1) = 0.6092, p = 0.5510;56°C,t; = 1.327,p = 0.2032. B, 115y = 0.1687, p = 0.8683. (, Mice
expressing ChR2-EYFP and EYFP alone showed a comparable mechanical pain sensitivity after light llumination when measured by the paw pressure test (p > 0.05). t;3) = 0.06667, p = 0.9479.
D, Mice expressing ChR2-EYFP and EYFP alone showed a similar pain responses in the early phase (0—10 min) when formalin (5%) was injected into the left hindpaw immediately after light
illumination. However, during the late phase (10 — 60 min), mice expressing ChR2-EYFP exhibited significantly lower pain responses relative to mice only expressing EYFP:0~10 min, t,;5) = 0.2348,
p =0.8180;10—60min, t,,5) = 6.777,p < 0.0001. E, Prominent scratching and biting behaviors could be observed in Th after photoactivation of ACC-DMS. After 30 min of stimulation—rest cycles
at473 nm, the scratching and biting behaviors were assessed immediately in the following 1h per 5 min for the mice expressing EYFP or ChR2-EYFP. Scratching: interaction, £y 13, = 0.9323; time,
Fia1,132 = 0.8689; p = 0.037. Biting: interaction, f; 13 = 1.581; time, 1 155 = 1.396; p << 0.0001. F, Hyperalgesia evoked by intraplantar injection of CFA was attenuated after photoacti-
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EYFP or EGFP alone group. All data were analyzed by Student’s ¢ test except for the figures that time course of pain responses in D—F were analyzed by two-way ANOVA. n = 7— 8 mice for each group.
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Itch mediated by ACC-DMS projections is suppressed by B5-1 neurons in the spinal cord. 4, Intrathecal administration of B5-I neurons inhibit octreotide dose dependently evoked
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induced scratching behavior (Fig. 9D). We thus tested the effect
of GRPR antagonist on scratching behavior induced by photoac-
tivation of ACC-DMS projections. Intrathecal injection of the
GRPR antagonist (D-Phel2, Leul4)-bombesin suppressed photo-
activation-induced scratching behavior (Fig. 9E), suggesting that
itch signal from ACC-DMS projections is relayed by the dorsal
spinal cord through GRPR.

In the spinal cord, the other type of interneurons termed B5-1
neurons, which can be defined by their developmental expression
of the transcription factor Bhlhb5, suppress itch but not pain
signal transmission(Ross et al., 2010; Kardon et al., 2014).
Consistent with previous studies (Seybold et al., 1982; Kardon et
al., 2014), intrathecal administration of octreotide also dose de-
pendently evoked spontaneous scratching behavior (Fig. 10A).
Next, we determined whether B5-1 neurons could exert an inhib-
itory effect on itch signal from ACC-DMS projections. Because
the vast majority of B5-1 neurons belong to the subset of inhibi-
tory spinal interneurons that express the somatostatin receptor
sst,, (Kardon et al., 2014), we thus detected the effect of intrathe-
cal injection of the somatostatin analog octreotide on scratching
behavior induced by photoactivation of ACC-DMS projections.
Intrathecal administration of octreotide markedly increased
scratching behavior induced by photoactivation of ACC-DMS
projections (Fig. 10B). These results are consistent with a previous
study (Kardon et al., 2014) and support that B5-1 neurons can
inhibit itch signal from ACC-DMS projections. The previous

study showed that B5-1 neurons inhibited itch-related behavior
by releasing kappa opioid dynorphin (Kardon et al., 2014). We
therefore determined the effects of the kappa opioid receptor
(kOR) agonist U-50,488 or antagonist norBNI on itch-related
behavior induced by photoactivation of ACC-DMS projections.
We found that intraperitoneal and intrathecal injections of
U-50,488 both significantly inhibited itch-related behavior induced
by photoactivation of ACC-DMS projections (Fig. 10C,D). In con-
trast, intrathecal injection of norBNI significantly enhanced
photoactivation-induced scratching behavior (Fig. 10E). These data
confirm that B5-I neurons can exert an inhibitory effect on ACC-
DMS projections in itch modulation.

Discussion

Substantial evidence has shown that itch and scratch processing
requires supraspinal structures (Yosipovitch et al., 2008; Mochi-
zuki and Kakigi, 2015; Mochizuki et al., 2015). Among these
structures, ACC and DMS have been consistently reported to be
activated in functional brain-imaging studies of histamine-
induced itch response (Leknes et al., 2007; Vierow et al., 2009;
Papoiu et al., 2012). This suggests that ACC and DMS may con-
stitute a neural circuit that processes histaminergic itch-related
behavior. However, the precise functional connectivity between
the ACC and DMS, as well as the role of this circuit in controlling
histaminergic itch-related behavior, have not been described.
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ACC-DMS projections mediate histaminergic, but not
nonhistaminergic, itch-related behavior

One major finding of the present study is that we have identified
the ACC-DMS projections as a neural substrate for selective
modulation of histaminergic itch-related behavior. This conclu-
sion is supported by the following evidence. First, the neural tract
tracing experiments demonstrate that the ACC has neural pro-
jections into the DMS and that ACC-DMS projections can be
activated by histamine, which is indicated by the colocalization of
histamine-induced c-fos and FG retrograde tracing from DMS in
the ACC neurons, whereas the other somatosensory- and emotion-
related brain regions were not detected increasing c-fos exression
after histamine stimulation. Second, circuit disconnection by
unilateral lesion of ACC plus contralateral lesion of DMS reduces
histamine-induced, but not 5-HT-induced, scratching behavior.
Finally, optogenetic manipulations of ACC-DMS projections al-
ter histaminergic-related, but not nonhistaminergic-related, be-
haviors of itch. Different involvement of ACC-DMS projections
in modulation of the histamine- and nonhistamine pruritogen-
induced itch response may be attributed to their distinct abilities
to activate ACC-DMS projections.

One possible explanation for modulation of histaminergic but
not nonhistaminergic itch by ACC-DMS projections is that this
neuronal pathway may selectively process itch signal transmitted
from histamine-selective spinothalamic tract (STT) neurons.
Electrophysiological studies on itch show that histamine and
nonhistaminergic cowhage elicit responses in separate popula-
tions of neurons in the STT neurons (Davidson et al., 2007, 2010,
2012). There are different neuronal pathways consisting of spe-
cialized primary afferent and spinal projection neurons for the
transmission of histaminergic and nonhistaminergic itch signal
(Davidson et al., 2007; Johanek et al., 2008; Namer et al., 2008).
The histamine-selective spinal neurons form a distinct pathway
projecting from lamina I of the spinal cord to the ventrocaudal
part of the nucleus medialis dorsalis (MDvc) (Andrew and Craig,
2001). The MDvc has projections to the anterior cingulate and
dorsal insular cortex (Musil and Olson, 1988; Yasui et al., 1988).
Based on the selective connectivity of pruritic input, ACC-DMS
projections could distinguish between histaminergic and nonhis-
taminergic information.

ACC-DMS projections are implicated in inflammatory pain
but not acute pain responses induced by thermal, mechanical
and chemical stimuli

Itch and pain are two distinct sensations but are closely related.
There is much overlap in the neuronal cells, circuits, and some of
the signaling molecules that transmit itch and pain (Davidson
and Giesler, 2010; Liu and Ji, 2013). Mounting evidence shows
that itch-responding neurons are also sensitive to pain stimuli
(Liu etal., 2009; Patel and Dong, 2010; Klein et al., 2011). Periph-
eral C-fibers that are excited by histamine are also activated by
several nociceptive compounds, including bradykinin and capsa-
icin (Schmelz et al., 2003). A population of neurons in the super-
ficial and deep dorsal horn of rodent and primate spinal cord is
excited by pruritic agents as well as by noxious mechanical, ther-
mal, or chemical stimuli (Carstens, 1997; Jinks and Carstens,
2000; Simone et al., 2004). However, there is a subpopulation of
neurons in STT that selectively transmit itch signal to the brain
(Davidson et al., 2007). These studies suggest that supraspinal,
but not peripheral and spinal, neurons might play a crucial role in
distinguishing between pruritic and nociceptive information based
on the selective connectivity of pruritic input. The present study
demonstrates that ACC-DMS projections are selectively implicated
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Figure 11.  Proposed model for histamine-dependent itch modulation by interaction be-
tween the spinal cord and supraspinal regions. There may be two key itch modulation circuits in
the mammalian. One is an excitatory circuit that locates cerebral area and is composed of
ACC-DMS projections. This excitatory circuit may be responsible for the processing of itch sen-
sation and the formation of motivation to trigger scratching behavior. The other one is an
inhibitory circuit that locates the spinal cord and is composed of a specific population of inhib-
itory interneurons (B5-I neurons) that inhibit the itch signal from peripheral sensory neurons
and the descending itch signal from supraspinal regions. In the physiological state, the func-
tions of excitatory circuit and inhibitory circuit keep balance, so animals show no itch response
to few existed endogenous pruritogens. However, in the pathological state or after receiving
exogenous noxious stimulation, the excitatory circuit in the brain is overwhelmingly activated
by released endogenous histamine, which results in the breakdown of functional balance.
Therefore, animals will have an abnormal itch sensation, displaying scratching behavior that
culminates in the development of skin lesions.

in modulation of itch but not pain response. We find that neither
ACC-DMS circuit disconnection nor photoactivation of ACC-DMS
projections had a significant effect on the pain behavior induced by
noxious thermal, mechanical, and chemical stimuli. Photoactivation
of ACC-DMS projections also fails to alter formalin-induced pain
response in the early phase, but results in a markedly decreased pain
response in the late phase of the formalin test. This may be due to
increased itch response in the late phase resulting from activation of
pruritoceptors by formalin-induced release of pruritogens (Tjolsen
et al.,, 1992; Ross et al., 2010) and from photoactivation of ACC-
DMS projections. More importantly, in the cheek and calf models,
photoinhibition of ACC-DMS projections significantly inhibited
histamine-induced scratching and biting behaviors, with no signifi-
cant effect on wiping and licking behaviors induced by capsaicin.
Our findings provide convincing evidence that ACC-DMS projec-
tions are implicated in the modulation of itch and inflammatory
pain but not acute pain responses.

Interaction between the cerebral excitatory itch circuit and
the spinal inhibitory itch circuit determines itch behavior
Another major finding of this study is that we have shown that the
dorsal spinal cord exerts an inhibitory effect on itch signal from
ACC-DMS projections through B5-I neurons, thereby revealing
an interplay between the supraspinal and spinal levels in hista-
minergic itch regulation. First, photoactivation of ACC-DMS
projections activates the dorsal spinal cord, as indicated by eleva-
tion of c-fos expression in the dorsal horn. Second, intrathecal
administration of the GRPR antagonist significantly suppresses
photoactivation of ACC-DMS projection-induced scratching be-
havior. Finally, manipulation of B5-I neurons function can alter
photoactivation-induced scratching behavior. Potentiation of
the B5-I neurons function by intrathecal administration of the
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kOR agonist significantly suppressed photoactivation-induced
scratching behavior, whereas attenuation of the B5-1 neurons
function by intrathecal administration of the kOR antagonist or
B5-I neuron inhibitor significantly enhanced photoactivation-
induced scratching behavior.

Recent studies have reported that loss or suppression of inhib-
itory interneurons (B5-I neurons) in the dorsal spinal cord re-
sults in spontaneous itch response (Ross et al., 2010; Kardon et
al., 2014) and this spontaneous itch response is abolished by local
injection of lidocaine (Ross et al., 2010). These studies suggest
that loss or suppression of B5-1 neurons may induce the release of
endogenous pruritogens in the periphery. In the present study,
the observation that lidocaine and histamine receptor antagonist
injections into the backs of mice abolished light-induced scratch-
ing behavior suggests that photoactivation of ACC-DMS projec-
tions caused activation of pruriceptors via increasing histamine
release in the periphery. This may be due to photoactivation of
ACC-DMS projection resulting in inhibition of inhibitory B5-I
neurons in the dorsal spinal cord because inhibition of B5-1 neu-
rons by octreotide increased photoactivation of ACC-DMS-
induced scratching behavior (Fig. 10B).

The present study, together with previous studies (Ross et al.,
2010; Kardon et al., 2014), suggest that there are two functionally
opposing itch modulation circuits in the rodents, namely the
cerebral excitatory itch circuit and the spinal inhibitory itch cir-
cuit. The former is composed of the ACC-DMS projections,
which amplifies itch signal input from peripheral sensory neu-
rons. The latter is composed of a specific population of spinal
inhibitory interneurons (B5-I neurons) in the dorsal horn, which
inhibits itch signal from peripheral sensory neurons (Ross et al.,
2010). Therefore, the counteractive interplay between the spinal
inhibitory itch circuit and the cerebral excitatory itch circuit de-
termines itch-related behavior and the balance between these two
itch modulation circuits is crucial for regulating the normal man-
ifestation of the itch response (Fig. 11). In the physiological state,
due to lack of sufficient pruritogens, cerebral excitatory itch cir-
cuits are not activated and animals show no itch response to few
pruritogens existing due to the role of the spinal inhibitory itch
circuit. However, when the role of the spinal inhibitory itch cir-
cuit is overwhelmingly overcome by the hyperactivated cerebral
excitatory itch circuit, as is seen in pathological states, or disinhi-
bition of the spinal inhibitory itch circuit, as is seen in Bhlhb5
mutant mice (Ross et al., 2010; Kardon et al., 2014), animals will
display persistent abnormal itch, resulting in a scratching re-
sponse that culminates in the development of skin lesions.

According to the anterograde tracing results from Allen Mouse
Brain Connectivity Atlas, DMS projects to brain regions including
external globus pallidus, substantia nigra pars recitulata, and internal
capsule, a white matter structure that contains corticospinal tract
that mediates direct connections between the brain and the spinal
cord (Jang, 2009). This may suggest that DMS projection is a direct
descending pathway from ACC-DMS pathway to the spinal cord,
but further studies will be required to address this critical issue.
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