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SUMMARY

The sensation of itch is a protective response that is elicited by either mechanical or chemical
stimuli. The neural pathways for itch transmission in the skin and spinal cord have been
characterized previously, but the ascending pathways that transmit sensory information to the brain
to elicit itch perception have not been identified. Here, we show that spinoparabrachial neurons
co-expressing Calcrl and LbxI are essential for generating scratching responses to mechanical

itch stimuli. Moreover, we find that mechanical and chemical itch are transmitted by separate
ascending pathways to the parabrachial nucleus, where they engage separate populations of
FoxP2PBN neurons to drive scratching behavior. In addition to revealing the architecture of the itch
transmission circuitry required for protective scratching in healthy animals, we identify the cellular
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mechanisms underlying pathological itch by showing the ascending pathways for mechanical
and chemical itch function cooperatively with the FoxP2PBN neurons to drive chronic itch and
hyperknesis/alloknesis.

eTOC

Ren et al., show Calcrl/Lbx1* projection neurons that relay mechanical- but not chemical-itch
from the spinal cord to the parabrachial nucleus are required in vivo for scratching. Labeled line
transmission of itch is maintained in the dorsal PBN where separate populations of FoxP2 neurons
mediate mechanical versus chemical itch responses.
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Alloknesis/Hyperknesis

INTRODUCTION

Itch functions as a protective mechanism that is generated either mechanically by light touch
or by pruritogenic chemicals, with recent studies showing that mechanical and chemical
stimuli activate molecularly distinct signaling pathways in the periphery and spinal cord!-4,
Mechanical itch is mediated by spinal neurons that are marked by the expression of the
neuropeptide Y (NPY) receptor Y13 and Ucn3::Cre?, whereas chemical itch is dependent

on spinal neurons expressing the gastrin releasing peptide receptor (Grpr)®6. Moreover,
mechanical and chemical itch are differentially gated by distinct populations of spinal
inhibitory neurons*”’.

Scratching can be elicited by a spinal reflex pathway that persists following cervical
transection®-10, however, expression of this reflex in intact animals requires the activation

of supraspinal pathways'112, Moreover, itch is a multidimensional sensation incorporating
sensory-discriminative, cognitive, evaluative, affective and motivational components that are
subserved by supraspinal centers13, and chemical-itch stimuli have been shown to activate
brain regions associated with affective responses to aversive stimuli, the evaluation of threat,
and the planning and initiation of protective motor behaviors'4-18, Pruritogens also induce
conditioned place aversion and anxiety-like behaviors in mice, which can be recapitulated by
the activation of itch-responsive neurons in the amygdalal8-20,

The ascending spinal pathways that transmit itch information from the spinal cord to
supraspinal centers have not been described in detail. Consequently, it is not known if
mechanical and chemical itch are transmitted by a common population of spinofugal
neurons or by separate populations, nor is it clear whether these spinal projection neurons
share the same cellular targets supraspinally. Whereas the parabrachial nucleus (PBN), and
in particular the external lateral nucleus (PBNel), have been shown to mediate protective
behavioral responses to chemical itch1:12, the roles, if any, the PBN and spinoparabrachial
(SPB) pathways play in transmitting mechanical-itch signals are unknown. Here we identify
an essential population of SPB neurons for mechanical-itch transmission from the spinal
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cord to the PBN. These neurons are distinct from the SPB neurons that transmit chemical
itch, and this segregation of the two itch modalities is maintained within the dorsal PBN,
where mechanical and chemical itch are transmitted by two separate subpopulations of PBN
neurons that express FoxP2. Finally, we show that the supraspinal transmission pathways for
both mechanical and chemical itch are overactivated in models of chronic itch, such that they
both contribute to hyperknesis and alloknesis under pathological itch conditions.

The PBN is required for behavioral responses to mechanical itch

To better understand the nature of the supraspinal circuitry that mediates mechanical
itch-driven scratching in vivo we focused our attention on the postsynaptic dorsal

column (PSDC) and SPB pathways that play major roles in integrating and transmitting
innocuous and noxious cutaneous sensory modalities, respectively?1-24, We first assessed
whether the dorsal column nuclei (DCN) that receive light-touch information via the

PSDC are required for responses to mechanical itch. To do this we used a mouse

model in which spontaneous scratching and scratching responses to light punctate touch
stimuli are elevated following the ablation of NPYLPX! spinal interneurons (INs) in
NPY::Cre;Lbx1F1PO: Taus-DTR A j6505-1a70m mjijce34  and the DCN were silenced following
bilateral injection of AAV-hSyn-HA-hM4D(Gi)-mCherry and delivery of CNO(Figure 1A).
Whereas silencing the DCN in wild type mice impairs hindpaw sensitivity to punctate touch
(Figure S1), there was no reduction in touch-evoked and spontaneous scratching when the
DCN was silenced following the disinhibition of the mechanical itch pathway (Figures 1B),
thereby demonstrating that mechanical itch is independent of the PSDC-DCN pathway.

By contrast, CNO-mediated silencing of the PBN in NPYLPXL |N-ablated mice resulted in
the strong suppression of both touch-evoked and spontaneous scratching (Figures 1C and D).
Silencing the PBN also abolished evoked and spontaneous scratching following disinhibition
of the mechanical itch pathway in wild type mice by intrathecal (i.t.) injection of the NPY
receptor Y1 antagonist BIBP 3226 (Figure 1E). Finally, silencing of the PBN in unsensitized
wild type mice resulted in the abolition of touch-evoked scratching (Figure 1F). Together
these results demonstrate that the PBN is essential for the expression of protective scratching
in response to mechanical-itch stimuli, both in unsensitized wild type mice and in mice
sensitized to mechanical itch stimuli.

Mechanical itch is transmitted by SPB neurons expressing Calcrl

In characterizing candidate SPB populations that are competent to transmit mechanical-itch
information, we identified a group of excitatory dorsal horn neurons that express calcitonin
receptor-like receptor(Calcrl). In Calcr/Ce;Cdx2::FlpO;Ai65751T0m mice the axon terminals
of Calcrl®®2 neurons, located below C225, were almost exclusively found within the lateral
PBN. Projections to other supraspinal regions known to receive direct inputs from the spinal
cord were absent, aside from sparce axonal labeling within the DCN (n = 3 mice) (Figure
2A\). Strikingly, the dense arborization of Calcri®d2 spinal projections within the PBN was
almost entirely restricted to the dorsal lateral and superior lateral PBN (PBNdI and PBNsl),
with few if any terminals within the external lateral PBN (PBNel), which relays noxious
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signals to the amygdala and PAG12:26.27_ Fyrther examination of the termination patterns of
the spinal Calcrl* neuron population using Calcr/Ce:L bx1FPO; Aj657-YPGFP mice, revealed
synaptophysin-GFP-labeled synaptic puncta within the lateral PBN but not within the DCN,
nor within the periaqueductal grey (PAG) or thalamus, whichreceive collateral innervation
by other populations of SPB neurons (Figure 2B)28:2°, Consistent with this, retrograde
tracing from the PBN using cholera toxin subunit B (CTb) revealed that PBN-projecting
Calcrl“PX! neurons represent 18% of SPB neurons (122/680 CTbh* SPB neurons from 4
mice) and are concentrated in laminae I-11o and the lateral spinal nucleus (LSN) with an
additional minority located in laminae Ili-V (Figure 2C and D). We also observed some
sparse labeling of cells by tdTomato but not CTb in laminae 11i-1V, which are likely to be
spinal interneurons.

We then compared the intersectional expression of tdTomato in Calcrl-P*! neurons

with the broader expression of Calcr/“'¢, exploiting the inclusion of a Cre-dependent

LacZ reporter in the 7au®P7R allele that is deleted in cells expressing FIpO23. In
CalcriCre [ bx1FIPO: Tafs-DTR. Aje505-1d70m mice, tdTomato is expressed in 38.0 + 3.5%

of Cre* (tdTomato*/LacZ*) neurons (n = 4 mice) and LacZ expression was detected in 10.6
+ 1.1% of cholera toxin subunit B (CTb)-labeled SPB neurons (Figure 2E and F). Consistent
with this, we detected faithful expression of tdTomato in CTb* SPB neurons labeled with
an antibody against Calcrl, and substantial but incomplete expression of tdTomato in Calcrl-
immunoreactive SPB neurons (42/70 Calcrl* SPB neurons from 4 mice) (Figure 2G and H).
Lbx1F'PO therefore captures a subset of Calcrl-expressing SPB neurons, with the remaining
fraction likely belonging to an LbxI™ lineage of dorsal horn neurons.

Calcrl-PX1 SPB projection neurons transmit mechanical but not chemical itch

In examining whether the spinal Calcrl“P*X! neurons are essential for relaying mechanical-
itch information to the PBN, we observed that intersectional DTR-mediated ablation or
hM4D-mediated silencing of the spinal Calcrl-PX1 neuron population abolished scratching
responses to mechanical itch stimuli (Figures S2A-G). To selectively assess the role of the
CalcrI-PX neurons that project to the PBN, SPB Calcrl=PX! axon terminals were silenced by
delivering CNO directly into the PBN of Calcr/Ce [ bx1FPO,R26%-"M4D mice via bilaterally
implanted cannulae (Figure 2l and J). Silencing these axon terminals substantially reduced
touch-evoked scratching compared to controls(Figure 2K). Acute sensitization to touch-
evoked scratching induced by Y1 inhibition was also reversed by silencing the Calcr|-Px!
axon terminals (Figure 2L). Importantly, silencing Calcrl-?X! projections to the PBN failed
to attenuate either histaminergic itch induced by intradermal (i.d.) 48/80 (Figure 2M) or
non-histaminergic itch induced by chloroquine (Figure 2N). Conversely, hM3D-mediated
activation of the Calcrl“PX! neurons resulted in a strong potentiation of both touch-evoked
and spontaneous scratching (Figure S3A-B). Furthermore, when the Calcrl-PX neurons
were activated concurrently with the silencing of the PBN (Figure S3C), these increases

in touch-evoked and spontaneous scratching were abolished (Figure S3D-E). Together
these data indicate that the Calcrl-PX1 SPB neurons mediate scratching responses that are
dependent on normal functioning of the PBN.
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Interestingly, while impairing the sensitivity of the plantar hindpaw to light punctate touch
(Figure S4A), ablating the Calcrl-PX! neurons did not alter sensitivity to dynamic touch
(Figure S4B), or to mechanical pain (Figures S4C-E), thermal pain (Figures S4F-J) or
chronic inflammatory pain (Figure S4K). Ablation of the Calcrl-PX! neurons also had no
effect on gross motor (Figure S4L). These results suggest that the Calcrl-PX neurons,
including those that project to the PBN, are required for the transmission of light-touch
information but not pain.

CalcrItbX! neurons constitute a novel subdivision of SPB neurons

We then compared the expression of Calcr/with that of other known markers of SPB
neurons, using RNAScope to analyze the molecular identities of SPB neurons labeled

by injection of rAAV2-CAG-eGFP into the PBN. Of particular interest were Gpr83and
7acr1, which have been reported to label functionally and anatomically distinct SPB
subpopulations that constitute the vast majority of SPB neurons2?, We detected 7acrZ

in 48.7% eGFP" SPB neurons and Gpr83 in 42.5% SPB neurons, with 73.2% of SPB
neurons expressing either or both markers. 7acri and Gpr83were co-expressed in 22.0%
SPB neurons, most of which were located in the LSN (Figure S5A-C). In comparing the
expression of Calcr/with these established SPB markers, we found very little co-expression
of Cacrland T7acrl (Figure S5D-F) but substantial overlap in the expression of Calcr/

and Gpr83, with Gpr&3 expression in the vast majority (81.0%) of Calcr/* SPB neurons
(Figure S5G-1), while Calcr/was expressed in 48.6% of Gpr&83* neurons (Figure S5G—

I). Consistent with this expression analysis, hardly any tdTomato-labeled SPB neurons in
CalcriCre: bx1F1PO A j6575-1dTom mice expressed Tacrl (Figure S5J-K), whereas almost all
(96.0%) expressed Gpr83 (Figure S5L—-M). Together, these data indicate that the Calcrf*
SPB neurons are distinct from the 7acr1* population, and instead represent a subset of
Gpr83*" SPB neurons, which, unlike 7acrI* SPB neurons, receive inputs from low-threshold
mechanosensory afferents and relay tactile information2®.

Mechanical and chemical itch are transmitted by distinct populations of SPB neurons

We then sought to assess how mechanical- and chemical-itch transmission are partitioned
between different populations of molecularly defined SPB neurons. To do this, we examined
expression of the immediate-early gene cFosin SPB neurons labeled by injection of the
PBN with CTb or rAAV2-CAG-eGFP following either repetitive mechanical stimulation of
the nape with a low-grade von Frey hair, or intradermal injection of histamine. cFos that
was almost undetectable in SPB neurons in control mice (see Methods) but was frequently
detected in SPB neurons throughout the dorsal horn and in the LSN following either
mechanical or chemical itch treatment (Figure S6A-C). Strikingly, chemical itch-responsive
SPB neurons were most frequently detected in lamina I, whereas mechanical itch-responsive
SPB neurons were most frequently detected ventral to these neurons, in lamina Ilo and
lamina 111 (Figure S6D and E).

In Calcr/C7e:Lbx1F PO, Aj6575-1dTom mice, the majority (61.8%) of SPB neurons expressing
cFos following mechanical-itch stimulation expressed tdTomato, whereas very few
tdTomato* SPB neurons responded to chemical itch treatment (6.1%) (Figure 3A-F), and
these were located in the LSN. Similarly, nearly all (87.2%) mechanical itch-responsive
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neurons displayed Calcrl immunofluorescence, whereas very few (14.7%) chemical-itch
responsive neurons exhibited Calcrl immunoreactivity (Figure 3G-L). Conversely, we
never detected Tacrl immunofluorescence in mechanical itch-responsive SPB neurons,

but nearly all (92.7%) chemical itch-responsive neurons were Tacrl* (Figure 3M-R).
Consistent with our hypothesis that the Calcrl™ neurons that transmit mechanical itch
represent a restricted subset of Gpr83* neurons, we detected Gpr83 expression in the
majority (84.6%) of mechanical itch-responsive neurons, whereas relatively few (37.3%)
chemical itch-responsive neurons expressed Gpr83 (Figure 3S-X). These data reveal a clear
distinction between the SPB populations that transmit mechanical versus chemical itch

and confirm that Calcr/ defines a subset of SPB neurons that transmit mechanical itch.
Interestingly, the distinction between mechanical- and chemical-itch responsiveness was less
pronounced for the Gpr83* population, perhaps reflecting the partial overlap between the
Tacrl™ and Gpr83* SPB populations (Figure SSA-B).

To further investigate the functional distinction between Calcrl*/Gpr83* neurons and Tacrl*
neurons, we assessed mechanical- and chemical-itch responses following targeted ablation
of the Gpr83* neurons and Tacrl™ populations. Selective ablation of the spinal Tacrl*
neurons by i.t. injection of substance P-saporin (SSP-SAP) (Figure S7TA-K) failed to
attenuate mechanical-itch responses (Figure STM—-N), as previously reported3. By contrast,
injection of saporin conjugated to the Gpr83 ligand PEN peptide (PEN-SAP; see Methods)
resulted in the loss of both Gpr83* and Calcrl* neurons from the dorsal horn (Figure S7G-
L), which was accompanied by the loss of mechanical-itch sensitivity in wild type mice
(Figure S70) and mechanical itch-sensitized mice (Figures S7P-Q). Together, these data
show that Gpr83* neurons transmit mechanical itch and corroborate our hypothesis that the
Calcrl* neurons that transmit mechanical itch are a subset of Gpr83* SPB neurons.

A comprehensive assessment of chemical-itch transmission by SPB subpopulations that
express either Tacrl or Gpr83 using a battery of pruritogens determined to activate all three
classes of pruriceptive neurons previously identified by single cell RNA sequencing30-37
revealed that scratching responses to multiple pruritogens were dramatically reduced
following Tacrl™ neuron ablation (Figure S7R) but were unaffected by ablation of

the Gpr83*/Calcrl* neurons (Figure S7S). These findings show that the Tacr1*/Gprg83~
subdivision of SPB neurons relay all forms of chemical itch from the spinal cord to the
brainstem, whereas mechanical itch is conveyed by the Calcrl*/Gpr83*/Tacrl™ subdivision.

FoxP2PBN neurons receive inputs from Calcrl-P*1 SPB neurons

Our observation that Calcrl* SPB neurons terminate primarily within the dorsal PBN
prompted us to identify their postsynaptic targets. The transcription factor FoxP2 marks one
of two major divisions of excitatory neurons in the PBNsl, PBNdI, and PBNcI38-41, |eading
us to ask if these neurons play a role in integrating mechanical-itch information relayed
from the spinal cord to the PBN. Consistent with this, expression of synaptophysin-GFP

in Calcrl“Px! neurons revealed an abundance of putative synaptic contacts from Calcr|-Px!
neurons onto FoxP2-immunoreactive neuronal somata, particularly in the PBNsl and PBNdI
(Figure 4A), To assess whether Calcrl-?*! SPB neurons directly innervate FoxP2PBN
neurons, whole-cell recordings were made from dorsal PBN neurons in acute brainstem
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slices from Calcr/C"; L bx1FPO:R26%-ReaChiR mice, and FoxP2-expression by recorded
neurons was determined by post hoc immunostaining (Figure 4C and D). Synaptic jitter

in response to repetitive excitation of the Calcrl“PX! terminals was used to determine the
location of neurons within the dorsal PBN receiving monosynaptic inputs from Calcrl-Px
SPB neurons*2:43, Monosynaptic inputs, defined as having low (< 1 ms) synaptic jitter
(mean: 0.50 = 0.07 ms) with a low failure rate (0.06 + 0.03), were detected in 54% of

the recorded FoxPZ" neurons (n = 42; Figure 4D-G). These FoxP2* neurons were located
within the PBNsl and PBNdI, in a region that directly overlaps the location of Calcrl-Px1
synaptophysin-GFP* puncta. By contrast, very few FoxP2~ neurons received monosynaptic
inputs from Calcrl“?X! terminals (n = 16). A further 31% of the FoxP2PBN neurons were
found to receive polysynaptic inputs, as defined by high (> 1 ms) synaptic jitter (mean

8.76 + 2.88 ms) and a high failure rate (0.29 + 0.05) (Figure 4E-G). In 5/5 neurons
displaying low-jitter responses to stimulation of Calcrl-Px! terminals, of which 4/5 were
FoxP2*, synaptic inputs were blocked in the presence of tetrodotoxin, but restored following
perfusion of 4-aminopyridine, which selectively reestablishes monosynaptic transmission
(Figure 4H-1). Together, these results show that FoxP2PBN neurons receive both direct
monosynaptic and indirect polysynaptic inputs from ascending Calcrl-PX1 SPB neurons.

FoxP2PBN neurons mediate scratching in response to mechanical and chemical itch stimuli

In light of the demonstrated connectivity between the Calcrl-"X1 SPB neurons and
FoxP2PBN neurons, we asked if the FoxP2PBN neurons are required for protective scratching
responses to mechanical itch. Administration of CNO to FoxP2" mice following injection
of AAV-Efla-DIO-hM4D(Gi)-mCherry into the PBN substantially reduced touch-evoked
scratching in unsensitized mice (Figure 5A-B). Evoked and spontaneous scratching were
also strongly reduced following disinhibition of the mechanical-itch pathway by blockade
of Y1 receptors (Figures 5C). These results identify the FoxP2PBN population as a key
postsynaptic target of the Calcrl-PX! neurons that is required for conveying mechanical-itch
information from the spinal cord to the PBN.

Because the PBN has been shown to be essential for the processing of chemical-itch
information1112, we then asked whether FoxP2PBN neurons are also required for the
transmission of chemical itch. Scratching responses elicited by 48/80 or chloroquine were
significantly reduced when the FoxP2PBN neurons were silenced (Figures 5D-E), indicating
that FoxP2PBN neurons are required for behavioral responses to histaminergic and non-
histaminergic itch, respectively.

This finding prompted us to assess whether FoxP2PBN neurons receive inputs from the
Tacrl* SPB neurons that transmit chemical itch in addition to the Calcrl“PX! afferents

that transmit mechanical itch. To profile inputs to FoxP2PBN neurons, we performed
monosynaptic retrograde tracing from FoxP2PBN neurons (see Methods). One week
following bilateral injection of the PBN with EnvA-pseudotyped, AG-mCherry rabies virus
(Figure 5F), mCherry* cells could be seen in laminae I-llo, lamina V and the LSN in
cervical segments of the spinal cord (Figure 5G-J), as well as in supraspinal regions
implicated in itch responses, namely the somatosensory cortex, amygdala and PAG19:44-46
(Figure S8A-C). Within the spinal cord, the majority of mCherry™ neurons displayed Tacrl
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immunoreactivity (74.8 + 0.3%) (Figure 5G and 5J), consistent with reports that the majority
of SPB neurons express Tacr124:29. In addition, a substantial fraction co-expressed Calcrl
(Figure 5H and 5J) (66.6 £+ 7.5%) or Gpr83 (Figure 51 and 5J) (56.0 *+ 4.4%). These

data reveal marked by FoxP2PBN neurons receive both mechanical- and chemical-itch
information from the spinal cord.

Mechanical and chemical itch are transmitted by separate pathways within the PBN

In vivo calcium imaging by fiber photometry was used to monitor the calcium dynamics

of FoxP2PBN neurons during touch-evoked scratching. Following injection of AAV-DIO-
GCaMP7s-WPRE into the PBN of FoxP2“"¢ mice (Figure 6A), calcium signals from
FoxP2PBN neurons were selectively assessed during episodes of hindlimb scratching evoked
by stimulation of the nape with a 0.07g von Frey hair. A significant time-locked elevation
of calcium in FoxP2PBN neurons was recorded, with the initial responses occurring
immediately after nape stimulation but before scratching onset (Figure 6B—E). These data
indicate that the increase in neural activity in FoxP2PBN neurons both precedes and predicts
the onset of scratching and indicate that the FoxP2PBN neurons are activated by mechanical-
itch stimuli, consistent with their role in generating protective hindlimb scratching.

To determine whether the central transmission pathways for mechanical- and chemical-

itch converge supraspinally at the level of FoxP2PBN neurons, or remain segregated, we
performed miniature microendoscopy to monitor /7 vivo calcium activity of the FoxP2PBN
neurons at the single-cell level during mechanical- and chemical-itch stimulation (Figure
6F-G). 35 out of 189 recorded cells (n = 5 mice) responded to either mechanical or chemical
itch of which 37.1% were selectively tuned to mechanical-itch stimulation (Figure 6H-J

and 6M) and 60.0% responded only to chemical stimulation (Figure 6H-I, 6K and 6M).
Only 2.9% (1 out of 35) of itch-responsive neurons were activated by both mechanical and
chemical stimuli (Figure 6H-I and 6L.—M), indicating the FoxP2PBN population comprises
two discrete subsets of neurons, each mediating either mechanical or chemical itch.

Concurrent recruitment of mechanical and chemical itch pathways in models of pruritis

Chronic itch is characterized by persistent spontaneous itch, as well as hypersensitivity to
mechanical-itch stimuli (hyperknesis) and innocuous tactile stimuli that typically do not
cause itch (alloknesis). This mechanical hypersensitivity contributes to a cycle of itching,
scratching and inflammation that exacerbates and perpetuates the underlying condition®’.
In chronic itch, the pathways for acute mechanical and chemical itch in the periphery and
spinal cord are dysregulated, suggesting that the processing of itch by supraspinal centers is
likewise disrupted!!. Toa ssess the contribution that molecularly defined SPB neurons make
to hyperknesis/alloknesis and spontaneous scratching under chronic-itch conditions, and to
hyperknesis/alloknesis in acute pruritis, we examined the role of the Calcrl-PX1 neurons

in a mouse model of allergic contact dermatitis*8. These mice exhibit both spontaneous
scratching and hypersensitivity to punctate mechanical itch stimuli delivered by low-grade
(0.07 g) von Frey-hair stimulation to the region surrounding the treated area of skin, both
of which were strongly reduced following ablation of the Calcrl-PX1 neurons (Figure 7A).
Ablation of the Gpr83* fraction of SPB neurons also reduced hyperknesis/alloknesis and
spontaneous scratching in these mice (Figure 7B). Hyperknesis/alloknesis and spontaneous
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scratching were also reduced following ablation of the Tacrl* fraction of SPB neurons that
transmit acute chemical itch (Figure 7C). When the contribution of SPB populations to
hyperknesis/alloknesis and spontaneous scratching was assessed in a mouse model of dry
skin itch#9:50, we again observed a marked reduction in itch responses following ablation

of the Calcrl“PX1 neurons, Gpr83* neurons or Tacrl* neurons (Figures 7D-7F). Together
these data show that, in chronic itch, functionally segregated SPB populations that normally
transmit either acute mechanical or acute chemical itch are concurrently recruited, with
both pathways contributing to spontaneous itch as well as tactile hypersensitivity. Moreover,
hM4D-dependent silencing of the FoxP2PBN neurons reduced hyperknesis/alloknesis and
spontaneous scratching in allergic contact dermatitis mice, demonstrating that chronic-itch
signals converge on and are mediated by FoxPZ2" neurons in the dorsal PBN (Figure 7H).

To further investigate the contribution the supraspinal pathways for mechanical- and
chemical-itch transmission make to the development of pruritis, we employed a model

of acute hyperknesis/alloknesis in which injection of histamine into the nape causes
hypersensitivity to punctate stimuli delivered by a low-grade (0.07 g) von Frey hair to the
area of skin surrounding the injection site®1. This hypersensitivity was abrogated by loss-of-
function manipulations of the supraspinal transmission pathway for mechanical itch, either
by silencing the CalcrI-PX1 SPB neurons (Figure 8A), or by ablation of the Gpr83* neurons
(Figure 8B), indicating that alloknesis entails elevated activity in this pathway. Interestingly,
ablation of the Tacrl* neurons that constitute the supraspinal pathway for chemical-itch
transmission also reduced hyperknesis/alloknesis responses (Figure 8C), as did i.t. injection
of the Tacrl antagonist CP 96345 (Figure 8D), indicating that central activation of the
chemical-itch pathway is a necessary condition of hyperknesis/alloknesis. To test whether it
is also a sufficient condition of hyperknesis/alloknesis, we assessed itch responses following
direct activation of Tacr1* neurons. Upon i.t. delivery of the selective Tacrl agonist [Sar®,
Met(O,)!]-substance P (SSP), mice displayed hypersensitivity to low-threshold stimulation
of the nape in addition to spontaneous scratching (Figure 8E). Thus, central activation of
the chemical itch pathway, including the neurons that transmit chemical itch supraspinally,
is both necessary and sufficient for hyperknesis/alloknesis. Finally, silencing the FoxP2*
neurons in the dorsal PBN also attenuates hyperknesis/alloknesis following intradermal
histamine injection (Figure 8F) indicating that acute hyperknesis/alloknesis, like chronic
itch, is mediated by the convergent signaling of the mechanical- and chemical-itch pathways
on FoxP2PBN neurons in the dorsal PBN.

DISCUSSION

This study identifies an essential spinoparabrachial pathway for mechanical-itch
transmission that is required for scratching in intact mice. We find that mechanical and
chemical itch are transmitted as distinct modalities along the length of the neuraxis to

the PBN, where discrete subsets of FoxP2* neurons engage a common motor program in
response to both acute mechanical and chemical itch. Notably, dysregulated transmission
along both the mechanical- and chemical-itch pathways results in pathological chronic itch,
arguing that these pathways act cooperatively in the genesis of chronic itch. Finally, our
demonstration that the mechanical itch-scratch motor program is regulated at the level of the

Neuron. Author manuscript; available in PMC 2024 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ren et al. Page 10

PBN implies that the mechanical-itch SPB-PBN pathway assigns a noxious valence to an
otherwise-innocuous tactile stimulus.

Calcrl-PX1 SPB neurons constitute an essential spinofugal pathway for mechanical itch

The spinoparabrachial projection neurons that transmit mechanical-itch information are
derived from Lbx1-expressing dorsal-horn somatosensory neurons®2:3 that express the
CGRP receptor subunit Calcrl. This Calcrl-P*1 SPB population represents a more stringent
division of SPB neurons than those previously described by Choi et al. (2020). Our results
demonstrate a sharper molecular (Figure S5) and functional distinction (Figure 3) between
the Calcrl* and Tacrl™ SPB populations than between the Gpr83* and Tacrl* populations.
We therefore propose that mechanical itch is transmitted from the spinal cord to the PBN
along an Calcrft/LbxI* SPB pathway that comprises a subset of the Gpr83* neurons that do
not express Tacrl. By contrast, the Tacrl* SPB neurons are recruited after chemical-but

not mechanical-itch stimulation (Figure 3) and they appear to transmit chemical- and
chronic-itch information selectively, based on the observed reduction in scratching under
these conditions following ablation of spinal Tacrl* neurons3°4. The interpretation of these
studies is, however, confounded by the recent finding that Tacrl is expressed in some spinal
Grprt interneurons!1:55 that have an established role in chemical-itch transmission®.

Our determination that the SPB neurons that transmit chemical itch are Tacr1*/Gprg83~
does not eliminate the possibility that Tacrl* population comprises subpopulations that

are selective for different chemical-itch stimuli, as anterolateral projection neurons in
primates are differentially sensitive to histaminergic and non-histaminergic pruritogens®6-58,
In contrast to the Calcrl=PX! neurons that transmit mechanical itch and selectively innervate
the PBN, a subset of SPB neurons that respond to pruritogens project to the thalamus®®,
suggesting the 7acrI™ neurons may also be functionally heterogeneous. The Tacrl ligand
tachykinin 1 (Tacl) is also expressed in a subpopulation of LbxZ-derived neurons that
project to both the PBN and thalamus®®, with ablation of these Tac1-?X! neurons impairing
histaminergic and non-histaminergic itch®, but not mechanical itch. This suggests Tacl
and Tacrl define a subset of SPB neurons that transmit some forms of chemical itch.
However, because the Tac1-PX1 population of dorsal horn neurons also includes spinal
interneurons, the precise role of Tac1* SPB neurons in chemical-itch transmission remains
to be determined.

The PBN is essential for the supraspinal processing of mechanical and chemical itch

Our demonstration that scratching evoked by mechanical itch is driven by information
transmitted through and regulated by the PBN (Figures 5 and 6) is consistent with previous
studies indicating that the PBN constitutes the primary supraspinal recipient nucleus for
ascending noxious somatosensory information?3:24, Whereas prior studies showed the PBN
functions to coordinate protective behavioral responses to aversive stimuli elicited by high-
threshold mechanoreceptors and chemical pruritogens':12.60, we now show the PBN is
required for scratching elicited by short-lived low-threshold tactile stimuli that are typically
not perceived as noxious.
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FoxP2-expressing parabrachial neurons located in the PBNsl, PBNdI, and PBNcI38-40 can
be functionally subdivided into populations that receive either mechanical- and chemical-
itch information (Figure 6), and these neurons are required for implementing the itch-scratch
motor program following either mechanical- or chemical-itch stimulation. Interestingly, the
FoxP2PBN neurons correspond to one of two developmentally distinct macropopulations of
glutamatergic neurons within the PBN, with those expressing Afof1 rather than LmxIa/b
being further distinguished by their dorsal location and connectivity#l. Our study reveals

a novel level of functional diversity within the FoxP2 population and paves the way for
future work to distinguish the subsets of FoxP2* neurons that mediate each form of itch with
respect to their detailed molecular identity, location and connectivity.

Chemical itch is known to activate multiple brain regions that are innervated by the PBN,
including those associated with aversive valence, stress, threat and motor planning4-18, with
transmission to these regions presumably underlying the sensory-discriminative, affective-
motivational and cognitive components of itch sensationl3. Less is known about the role of
these brain regions in mechanical itch; however, the observations that: 1) mechanical and
chemical stimuli elicit identical motivational and motor behaviors, 2) both modalities are
transmitted to FoxP2* neurons in the dorsal PBN, and 3) scratching responses to multiple
itch modalities are abolished when FoxP2PBN neurons are silenced, strongly indicate

the FoxP2PBN neurons coordinate a range of protective strategies, including site-directed
scratching and avoidance behaviors18-20,

Furthermore, these observations are consistent with a model whereby the PBN, rather

than acting solely as a waystation for itch information, instead integrates multiple streams
of information about affective-behavioral states and the external environment, to select
context-appropriate protective behaviors'2:61.62_ Consistent with this hypothesis of context-
dependent action selection, activation of a pain transmission pathway within the PBN
suppresses scratching in response to chemical itch®3. This suppression of itch by a painful
counterstimulus might function to permit animals to attend to a more urgent threat, or
perhaps prevent damage to the skin by scratching®358.64,

Supraspinal processing is essential for normal protective responses to itch

The suppression of scratching that occurs following loss-of-function manipulations targeting
either the PBN (this study; references 11 and 12) or select populations of spinofugal neurons
(this study; references 65 and 66) together with classical descriptions of the scratch reflex

in spinalized animals®19.:67-69 gre consistent with strong descending tonic inhibition of
itch-driven scratching, which is then alleviated upon activation of the PBN by SPB neurons.
Such a mechanism would be ideally suited to facilitate the gating of reflexive scratching

in a context- or state-dependent manner. In support of this hypothesis, the PBN sends

inputs to several supraspinal areas that are implicated in the descending modulation of
itch19.44.76.4546,70-75 perhaps most saliently, FoxP2PBN neurons project directly to the
PAG’3, which in turn acts via descending pathways originating in the RVM to exert
bidirectional control over spinal pathways for itch and pain. Pruritogens elicit or suppress
activity in separate populations of PAG neurons**, and scratching is suppressed by activation
of GABAergic neurons or inhibition of glutamatergic neurons in the PAG#°. Conversely,
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a population of glutamatergic neurons that project from the PAG to the RVM is required
for itch-induced scratching®*. Moreover, glutamatergic neurons within the RVM project to
the dorsal horn of the spinal cord, which when activated cause scratching in a manner at
least partly dependent on the Grpr* neuronal pathway4. By contrast, selective activation of
GABAergic ON cells within the RVM, so called because they are activated by algogenic
stimuli, inhibits chemical itch as well as spontaneous itch and alloknesis in a chronic itch
model, while facilitating pain responses’2. Although the modulation of mechanical itch by
the PAG-RVM-spinal cord axis is yet to be investigated, the modulation of all forms of itch
by a common descending pathway would represent an efficient strategy for selecting itch
behaviors in response to affective motivation>.

Our observation that FoxP2* neurons in the dorsal PBN receive inputs from S1, CeA and the
PAG (Figures SSA-S8C) raises the possibility that the FoxP2" neurons in the dorsal PBN
contribute to scratch action selection by integrating information from these regions with
incoming itch signals from the spinal cord. We propose that scratch action selection is in
turn mediated by Calca* neurons in the PBNel, which have been shown to drive scratching
responses to chemical pruritogens!2. Although our findings indicate that the Calcrl-Px1 SPB
neurons do not directly innervate PBNg (Figure 2B), the Calca* neurons in the PBNel

are likely to be positioned downstream of FoxP2* neurons. Notably, the Calca* neurons
send projections to the PAG, amygdala, thalamus and medulla’#, all of which modulate itch
behaviors19:44:45.76,

Separate transmission pathways for mechanical and chemical itch are both recruited in
pathological itch

The observation that mechanical and chemical itch are experienced as a similar sensation
that drives a common protective response (scratching), have promted the hypothesis that

the mechanical- and chemical-itch transmission pathways converge on a common neuronal
pathway either within the spinal cord or downstream of spinal projection neurons®’?. Our
findings instead argue that acute mechanical and chemical itch are transmitted along labeled
lines across several synapses from the PNS to the PBN78:79, Mechanical-itch transmission in
the PNS is mediated by AR low-threshold mechanoreceptors (LTMRS) that express Toll-like
receptor 52 and in the dorsal horn by neurons that express Ucn3::Cre2 and Y13, Ablating
these populations fails to affect chemical itch, while ablation of Grpr* neurons that transmit
chemical itch fails to attenuate mechanical-itch transmission?—4 (however, see reference 77).
Mechanical and chemical itch are also separated within the ascending pathways to the

PBN, and within the PBN at the level of the FoxP2PBN neurons that receive inputs from

the Calcrfl* and TacrI™ subpopulations of SPB neurons. Together, these findings raise the
possibility that acute mechanical and chemical itch represent distinct modalities at all stages
of neural processing.

The differential sensitivity of these pathways to modulation by different populations

of spinal inhibitory interneurons, namely the BI-5 neurons for chemical itch and the
NPYLPXL |Ns for mechanical itch®7, suggests the separation of these pathways may
permit the stimulus-specific modulation of mechanical and chemical itch at multiple levels
of processing by feedforward464.80 and descending*® mechanisms. Within the PBN, the
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processing of acute mechanical- and chemical-itch information by distinct populations of
neurons would also enable the differential integration of information from other supraspinal
regions to facilitate protective responses appropriate to the nature of the stimulus in a
context- or state-dependent manner.

Implications for Chronic Itch

Our results indicate that the distinction between the mechanical- and chemical-itch pathways
becomes blurred in pathological itch. In chronic itch, the spinofugal pathways for both
acute mechanical and chemical itch are persistently hyperactivated, such that the ablation

of either pathway relieves mechanical hypersensitivity and spontaneous itch (Figure 7).

This is consistent with the dysregulation of the mechanical- and chemical-itch pathways
within the skin and spinal cord in a range of chronic itch models?4477:81, [ ikewise, in

acute hyperknesis/alloknesis, pruritogens sensitize the region of skin surrounding the treated
area to mechanical stimuli®165, This sensitization is mediated centrally, as activating the
TacrI™ neurons that form the chemical itch pathway is sufficient to induce hyperknesis/
alloknesis, whereas their loss prevents hyperknesis/alloknesis (Figure 8). This mechanism
likely underlies hypersensitivity to mechanical stimuli in chronic-itch conditions where
infiltration of the epidermis by immune cells results in persistent elevation of pruritogens
such as histamine and enduring activation of the chemical-itch pathway31:82:83,

In summary, this study identifies the key populations of projection neurons that transmit
mechanical-versus chemical-itch signals from the spinal cord to the PBN, and it
demonstrates that the labeled-line transmission of acute mechanical and chemical itch
extends from the periphery into the brainstem. This segregation of transmission is disrupted
in chronic itch, with the central facilitation of mechanical-itch transmission by activity
within the chemical-itch pathway being a key driver of pathological itch. We propose that
the FoxP2PBN neurons function as a nexus between the spinal reflex circuitry for itch and the
supraspinal circuitry that encodes context, thereby enabling external sensory information to
be synthesized with internal state information to ensure that protective scratching behaviors
are generated in a context-appropriate manner.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to Martyn Goulding (goulding@salk.edu).

Materials Availability

All published reagents and mouse lines will be shared upon request within the limits of the
respective material transfer agreements.

Data and Code Availability

This study did not generate new datasets or codes.

Neuron. Author manuscript; available in PMC 2024 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ren et al. Page 14

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All protocols for animal experiments were approved by the IACUC of the Salk Institute

for Biological Studies according to NIH guidelines for animal experimentation. Male and
female mice were used in all studies. Animals were randomized to experimental groups and
no sex differences were noted.

The following mouse lines were also used in this study: Calcr/€"é26, Foxp2CT84 NPY::Cre®,
Lbx1FIPO* | Cax2::FIpO?>, Ai14/sHdTom8s A jgous-tdTom8s  pogds-Syp (RC::FPSItP,
R 250’5-/7/\43088’ R. 26d5-/7/|/l4D4] R 26ds-ReaC/7R89’ muds-DTRZS_

METHOD DETAILS

Immunohistochemistry

The following primary antibodies were used in this study: rabbit a-Calcrl (1:50; Invitrogen),
mouse a.-cFos (1:500; Abcam), goat a-CTB (1:4000; List Laboratories), rabbit a-DsRed
(1:1000; Clontech), rabbit a-FoxP2 (1:500; Sigma), chicken a.-GFP (1:000; Aves), rabbit
a-Gpr83 (1:500; Alomone Labs), chicken a-LacZ (1:1000; Abcam) rabbit a-NK1R (1:500;
Advanced Targeting Systems), mouse a-PSD95 (1:500; Millipore), rat a-RFP (1:1000;
Chromotek).

Mice were euthanized by a single intraperitoneal (i.p.) injection (10 pl g~1 body weight)

of ketamine (10 mg mI~1) and xylazine (1 mg mi~1) immediately prior to perfusion with

20 ml ice-cold 4% paraformaldehyde (PFA) in PBS. Except for those used for patch-clamp
recordings (see below), all tissues were dissected and post-fixed for 1 h at RT, then washed
3 times in PBS and cryoprotected in 30% sucrose-PBS (w/v) overnight at 4 °C before being
embedded in Tissue-Tek OCT Compound (Sakura Finetek) and cryosectioned at 30 um.
For histological analysis, sections were dried at RT and stored at —20 °C. Sections were
washed once with PBS (5 min), blocked with a solution of 10% donkey serum in PBT
(PBS, 0.1% Triton X-100) for 1 h at RT and then incubated overnight at 4 °C with primary
antibodies in a solution of 1% donkey serum in PBT. Sections were then washed 3 times
(15 min each) in PBT before being incubated for 2 h at RT with fluorophore-conjugated
secondary antibodies (1:1000; Jackson Laboratories) in a solution of 1% donkey serum in
PBT. Sections were then washed 3 times (15 min each) in PBT. Some sections were then
incubated with NeuroTrace 435/455 (Invitrogen) at 1:300 in PBT before being washed once
in PBT and mounting in Aqua-Poly/Mount (Polysciences).

For identification of biocytin-filled cells following electrophysiological recording, free-
floating sections were incubated in PFA overnight at 4 °C. Sections were washed three
times with PBS (15 min each), blocked with a solution of 10% donkey serum in PBT

(PBS, 0.1% Triton X-100) overnight at 4 °C, and then incubated overnight at 4 °C with
primary antibodies in a solution of 1% donkey serum in PBT. Sections were then washed

3 times (15 min each) in PBT before being incubated overnight at 4 °C with streptavidin-
Cy5 (1:50; Invitrogen) and fluorophore—conjugated secondary antibodies (1:1000; Jackson
Laboratories) in a solution of 1% donkey serum in PBT. Sections were again washed 3 times
(15 min each) in PBT before being mounted with Aqua-Poly/Mount (Polysciences).
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A Zeiss LSM 700 confocal microscope was used to capture images. ImageJ software was
used to assess immunofluorescence, with thresholds set according to signal intensity®C.

RNA Fluorescence In Situ Hybridization

For RNAscope RNA FISH, the following probes were used: EGFP-sense-C2, Mm-Calcrl,
Mm-Calcrl-C3, Mm-Gpr83, Mm-Tacr1-C3 (Advanced Cell Diagnostics). These were
revealed with Opal 520, Opal 520, Opal 650 (PerkinElmer).

Tissue was prepared as described above for immunohistochemistry and cryosectioned at 14
pum. Multiple-labeling fluorescence /n situ hybridization was performed using the RNAscope
Multiplex Fluorescent Reagent Kit v2 Assay (Advanced Cell Diagnostics) following the
manufacturer’s recommended protocol. Sections were mounted using SlowFade Gold
Antifade Reagent with DAPI (Invitrogen) and imaged under a 40x oil objective on a Zeiss
LSM700 confocal microscope. For quantification, multiple sections from each spinal cords
were analyzed per condition, in order to identify eGFP" SPB neruons, and only cells with
clearly visible nuclei were scored.

cFos Induction

cFos induction protocols were performed 3 weeks after rAAV2-CAG-eGFP injection and 1
week after CTb injection. For mechanical itch stimulation, mice were placed in a plexiglass
chamber and a 0.7 g von Frey hair was repeatedly applied to the nape for 1 s at an

interval of 30 s for 30 min. For chemical itch stimulation, mice received an i.d. injection of
histamine (100 pg in 50 pl) into the nape before being placed in a plexiglass chamber. For
mechanical-itch controls, mice were placed in the plexiglass chamber without von Frey hair
stimulation. For chemical-itch controls, mice received an injection of sterile saline (0.9%, 50
ul) instead of histamine. Following the initial stimulation/control treatment, mice remained
in the chamber for 90 min before perfusion and tissue collection.

Stereotaxic Surgery—For each surgery, mice were anesthetized with isoflurane (4% for
induction, 1.5 to 2 % for maintenance with a nose cone; Drager Vapor 2000, Draegar,

Inc.) and kept on a heating pad throughout the surgery. Each mouse was then placed on a
stereotaxic frame (David Kopf Instruments), the skull exposed, and the cranium drilled with
a high-speed stereotaxic drill (Model 1474, David Kopf Instruments). To systemically target
PBN__ neurons, the following coordinates were used: antero-posterior (AP), —=5.20mm from
Bregma; medio-lateral (ML), £1.50 mm; dorsoventral (DV), —=3.40 mm. To systemically
target DCN neurons, the following coordinates relative to obex were used. For the cuneate
nucleus, site 1: AP, 0.00 mm; ML, #0.70 mm; DV, —0.40 mm; site 2: AP, 0.25 mm; ML,
+0.85 mm; DV, -0.40 mm; site 3: AP, 0.48 mm; ML, £1.00 mm; DV, - 0.40 mm. For the
gracile nucleus, site 1: AP, —0.25 mm from Obex; ML, £0.25 mm; DV, —0.20 mm; site 2:
AP, 0.00 mm; ML, £0.25 mm; DV, —0.20 mm; site 3: AP, 0.25 mm; ML, £0.45 mm; DV,

- 0.20 mm. For the cell-type specific targeting of FoxP2PBN neurons, injections were made
into the PBN_: AP, —=1.00 mm from lambda; ML, £1.50 mm; DV, —-3.25 mm.

Viruses were administered with a glass pipette (tips broken for an inner diameter of 20
pum) connected to a Nanoject 111 Programmable Nanoliter Injector (Drummond Scientific)
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at a rate of 60 nl min~L. For drug infusion, a bilateral micro-cannula set (P1 Technologies),
including guide cannula (C235G, 3.0mm C/C, P1 Technologies), dummy cannula (C235DC,
P1 Technologies) and dust cap (303DC/1A, P1 Technologies), was implanted into the PBN_
(AP, =1.00 mm from lambda; ML, £1.50 mm; DV, 3.20 mm). The implants were covered
with superglue and dental cement for stabilization.

Viral Injections—For systemic PBN silencing, wild type mice were bilaterally injected
with 400 nl AAVDJ-hSyn-HA-hM4D(Gi)-mCherry (3.11E+13 GC ml~1, Salk Institute Viral
Vector Core) or AAVDJ-CMV-eGFP (1.35E+13 GC ml~1, Salk Institute Viral Vector Core)
into PBN_ . To silence the DCN, wild type mice were bilaterally injected with 50 nl AAVDJ-
hSyn-HA-hM4D(Gi)-mCherry into each injection spot (300 nl in total each side). For cell-
type specific silencing of FoxP2PBN neurons, FoxP25"€ mice were bilaterally injected with
350 nl AAVDJ-EF1a-DIO-hM4D(Gi)-mCherry (6.04E+11 GC mi~1, Salk Institute Viral
Vector Core) or AAVDJ-Syn1-DIO-eGFP (2.31E+12 GC mlI~1, Salk Institute Viral Vector
Core) into PBN, . For retrograde tracing, Calcr/C"e; Lbx1FPO: Aj659570m mice or wild type
mice were bilaterally injected with 500 nl rAAV2-CAG-eGFP (3.25E+12 GC ml~1, from V.
Liu) or cholera toxin subunit B conjugated to Alexa Fluor 647 (CTb; Invitrogen) into PBN| .

Fiber photometry—For fiber photometry, the PBN|_ of FoxP2“"® mice was injected

with 350 nl AAV1-hSyn-DIO-jGCaMP7s (Addgene viral prep 104491-AAV1) (3.75E+13
GC miI™1) or control AAV1-hSyn-DIO-eYFP (2.12E+12 GC ml™1). A stainless-steel mono
fiberoptic cannula (400-um diameter, NA 0.37, Doric Lenses) was then implanted using the
coordinates listed above for cannula implantation. The implants were covered with superglue
and dental cement for stabilization.

A 1-site Fiber Photometry System, 405 and 465 nm (Doric Lenses Inc, Canada) was used

to record activity in FoxP2PBN neurons. GCaMP isosbestic fluorescence (405-nm excitation)
and calcium-dependent fluorescence (465-nm excitation) were recorded at a sampling rate
of 12 kHz, and data were analyzed with Doric Neuroscience Studio software. FO was
calculated by a least mean squares fitting of the 405 nm channel relative to the 465 nm
channel, and AF/F was calculated as (F465-F405_fitted)/F405_fitted. Data were further
analyzed with custom MATLAB scripts.

In vivo single cell calcium imaging

An Inscopix nVista 2 miniature microendoscope (miniscope) was used to record calcium
activities at 10 Hz and 0.4-1 mW/mm?2 LED power. Animals were habituated following
attachment of the miniscope in the itch-testing chambers for 2 days (30-60 min/day) before
the recording day. On the recording day, animals were allowed to explore the home cage
freely for 15 min while calcium activity and behavior were recorded. Mechanical-itch
stimuli were given to the nape of the mice with a 0.07 g von Frey filament at a minimal
interval of 30s. For chemical itch stimulation, chloroquine (200 mg in 50 ml) was injected
intradermally into the nape of mice immediately before recording. A Raspberry Pi camera
was used to trigger calcium recordings and record induced scratching episodes. Scratching
onsets were determined from the recorded behavioral videos.
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Imaging data was preprocessed by the Inscopix data processing software with 2x spatial
downsampling, correction of defective pixels, spatial band-pass filtering, and motion
correction using the first frame as the global reference frame. Single-cell ROIs were
identified by the CNMFe algorithm with post hoc manual validation. The output was
measured as dF over noise and z-scored throughout the entire trace.

To delineate the heatmap, representative averaged calcium signals for each individual cell
were plotted for mechanical- and chemical-itch stimulations, respectively. Cells were sorted
by the average value in the mechanical or chemical itch trials and were plotted in the

same order. To identify cells that responded to itch stimuli, the maximum or minimum
values from -5 to +10 s around the scratching onset were calculated for each episode and
“pre” and “post” groups were compared with paired t-tests. Neurons that showed significant
differences in the statistical tests were classified as itch responsive.

Rabies Tracing

For rabies retrograde tracing, bilateral injections of 350 nl AAV1-hSyn-FLEX-TVA-P2A-
eGFP-2A-0G (9.22E+11 GC ml~1, Salk Institute Viral Vector Core) were made into PBN|
of FoxP2C" mice. After 3 weeks, mice received bilateral injections into the same area of 400
nl EnvA G-deleted rabies-mCherry (5.0E+07 GC mlI~1, Salk Institute Viral Vector Core).
Mice were perfused 7 days after the rabies injection.

Cell Ablation—For intersectional ablation experiments, NP Y- :Cre;L bx17PO:

TausDTR: Aj65951970m mice were injected twice with diphtheria toxin (DT;

50 ng g~1 in 0.9% sterile saline, i.p.; List Biological Laboratories) at

an interval of three days?. Calcr/Ce:L bx1FPO, Tau®s-CTR - Aj6595-1dTom gng
CalcrlCe;NPY:Cre; L bx17PO: Taufs-DTR A j6595-1970m mice received three intrathecal (i.t.)
injections of DT (10 ng in 10 pl 0.9% sterile saline; List Biological Laboratories) at an
interval of two days 91. Spontaneous and evoked scratching in NPYPX! IN-ablated mice
were assessed 10 days following the first DT injection. For all other experiments, behavioral
testing was performed 14-21 days following the first injection; controls were littermates of
experimental animals and had identical genotypes but received injections of 0.9% sterile
saline instead of DT.

For ablations using saporin-conjugated receptor ligands, P28 mice were given a single

i.t. injection of PEN-saporin (PEN-SAP; 3 ug in 10 pl 0.9% sterile saline) to ablate
Gpr83* neurons or [Sar?, Met(0,)1]-substance P-saporin neurons (SSP-SAP; 100 ng in
10 pl 0.9% sterile saline; Advanced Targeting Systems)3:92 to ablate Tacrl* neurons. PEN-
SAP was produced by CytoLogistics (Carlshbad, CA) by biotinylation of PEN peptide, the
endogenous ligand of Gpr83, followed by incubation with streptavidin-ZAP (Advanced
Targeting Systems)?3:94, Littermate controls received injections of an equal mass of blank
saporin (Advanced Targeting Systems) in 10 ul 0.9% sterile saline. Behavioral testing and
assessment of ablation efficiency by immunohistochemistry were performed 14 days later.

Inflammatory Pain Induction—To induce inflammatory pain, mice were briefly

anesthetized with isofluorane (3-5 min at 2%), and 20 ul Complete Freund’s Adjuvant
(CFA, Sigma) was injected into the plantar surface of the left hindpaw. Responses to static
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touch, dynamic touch and radiant heat were measured immediately before (day 0), 1 day and
3 days after CFA treatment.

Drug Administration

Mice were briefly anesthetized with 2.5% isoflurane in O, prior to i.t. injections. A 30-
gauge needle was inserted into the fifth intervertebral space until it elicited a tail flick. The
needle was held in place for 30 s and turned 90° prior to withdrawal to prevent outflow.

Clozapine N-oxide (CNO; Sigma) the Y1 receptor antagonist BIBP 3226 (Tocris), and CP
96345 (Tocris) were dissolved in DMSO, which was then diluted with 0.9% sterile saline so
that the concentration of DMSO did not exceed 1% in injected solutions. [Sar®, Met(O,)11]-
substance P (SSP; Tocris) was dissolved in 0.9% sterile saline. CNO was administered by
i.p. injection at 2 mg kg~1. For cannulated mice, CNO (500 ng in 500 nl) was bilaterally
infused into the PBN by a syringe drive system (BASi Research Products) at 112 nl min~1.
Cannulated mice were tested 10-15 min following administration. BIBP 3226 (5 ug in 10
pl)3, CP 96345 (20 ug in 10 pl)® and SSP (25 pmol in 10 pl)% were administered by i.t.
injection. Mice were tested 15-45 min following administration.

Electrophysiology

8-12-week-old mice were anaesthetized by i.p. injection of urethane (10 pl g~2) and
transcardially perfused with oxygenated ice-cold dissecting/slicing artificial cerebrospinal
fluid (aCSF). A vibratome (Leica VT1000S) was used to cut 250-um coronal brainstem
slices in ice cold dissecting/slicing aCSF. Slices were then allowed to recover for 30 min

in recording ACSF at 34°C and then for at least 1 h at RT prior to recording. Signals

from patch-clamp electrodes (6-10 MQ) were amplified and filtered (4 kHz low-pass Bessel
filter) with a MultiClamp 700B amplifier (Molecular Devices) and acquired at 50 kHz with
a Digidata 1440A A/D board and pCLAMP software (Molecular Devices). For ReaChR-
mediated stimulation of projection neuron terminals, a single LED optic fiber source (~2
mW output at 591 nm) was positioned ~10 mm from the surface of the slice, illuminating
its entire surface. 5-10 stimuli were delivered at 5 Hz with a 10-ms pulse width. All

drugs were bath applied. Tetrodotoxin (1 pM; Tocris) was dissolved in citrate buffer and
4-aminopyridine (500 uM; Tocris) was dissolved in water.

Solutions—Dissecting/slicing aCSF contained (mM) 250 sucrose, 3 KCI, 2 MgSQOy, 1.2
NaH,PO4, 10 D-glucose, 25 NaHCO3, 0.1 CaCl,. Recording aCSF contained (mM) 126
NaCl, 2.5 KCI, 1.2 NaH,POy, 1.2 MgCl, 11 D-glucose, 18 NaHCO3, 2 CaCl,%’. Internal
solution contained (mM) 130 K-gluconate, 20 HEPES, 2 NaCl, 4 MgCls, 0.25 EGTA, 4
Na-ATP, 0.4 Na-GTP% and 0.25 % biocytin, and was adjusted to pH 7.2. At all stages, aCSF
was equilibrated with carbogen (95% O»; 5% CO5). A liquid junction potential of 14 mV
was corrected offline.

Behavioral Testing

Littermate controls were used for behavioral tests, and the experimenter was blinded to
genotype/treatment. Animals were habituated to the behavioral testing apparatus for 1 h on
each of the two days preceding data collection, and for 30 min on the day of testing. Tests
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were conducted at 7-8 weeks, or at 12-16 weeks for mice that received intracranial surgery
for viral injections or cannula/optic fiber implantation.

Spontaneous Itch—To quantify scratching induced in the absence of an experimental
mechanical stimulus (spontaneous itch), mice were placed in a plastic chamber and video-
recorded for a period of 30 min; bouts of hindlimb scratching were counted offline?.

Mechanical Itch—To quantify itch-related scratching behaviors induced by mechanical
stimulation of the hairy skin, mice were placed in a plastic chamber and a 0.7 g von Frey
hair was applied to the nape for 1 s*. Mice received 10 stimulations at an interval of 1 min,
and data were presented as the percentage of trials in which scratching was evoked.

Chemical itch—The pruritogens chloroquine (200 pg; Sigma), histamine (100 ug;
Sigma), compound 48/80 (100 pg; Sigma), SLIGRL-NH, (SLIGRL; 100 pM; Abcam),
5-hydroxytryptamine (5-HT; 100 uM; Tocris); B-alanine (50 mM; Sigma) were dissolved
in 0.9% sterile saline and injected intradermally behind the ear or, for cannulated mice,
the nape in a volume of 50 pl. The behavior of each animal was video recorded over the
following 30 min, and the number of hindpaw scratch bouts was counted.

von Frey—Mice were placed in a plexiglass chamber on an elevated wire grid and
the lateral plantar surface of the hindpaw was stimulated with calibrated von Frey
monofilaments (0.008-4 g). The paw withdrawal threshold for the von Frey assay was
determined by Dixon’s up-down method?®,

Brush—Mice were placed in a plexiglass chamber on an elevated wire grid and the plantar
surface of the hindpaw was stimulated by light stroking with a fine paintbrush in a heel-to-
toe direction®L. The test was repeated 10 times at 10 s intervals between trails, and the
percentage of positive paw-withdrawal trials was calculated.

Pinprick—Mice were placed in a plastic chamber on an elevated wire grid and the plantar
surface of the hindpaw was stimulated with an Austerlitz insect pin (Tip diameter: 0.02
mm; Fine Science Tools). The pin was gently applied to the plantar surface of the hindpaw
without moving the paw or penetrating the skin. The pin stimulation was repeated 10 times
on different paw areas with a 1-2 min interval between trails, and the percentage of trials in
which mice responded with paw withdrawal was calculated.

Pinch—Mice were placed in a plexiglass chamber for 15 min, and then an alligator clip
producing 340 g force was applied to the ventral skin surface between the footpad and the
heel. Mice were video recorded for 60 s and licking episodes were counted.

Randall-Selitto—Prior to testing, mice were placed in a plastic restraining tube and
allowed 5 min to acclimatize. A Randall-Selitto device (IITC, USA) was used to apply
slowly increasing pressure to a point midway along the tail until the animal showed clear
signs of discomfort. This pressure was recorded as the pain threshold. Three trials taken at 2
min intervals were performed to calculate the average threshold for each animal.
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Hot Plate—Muice were placed on a hot plate (1ITC, USA) set at 56°C and the latencies to
flinching and jumping were measured, as were the numbers of licking and jumping over a 30
s period. All animals were tested sequentially with a minimum of 5 min between each test.

Hargreaves—Miice were placed in a plastic chamber and the plantar hindpaw surface

was exposed to a beam of radiant heat (1ITC, USA). The latency to paw withdrawal was
determined in one trial per hindpaw and averaged per animal, with a 10 min interval between
trials. A cutoff time of 30 s was set to prevent tissue damage.

Accelerating Rotarod Test—An accelerating rotarod test was used to measure gross

motor ability and coordination. Mice were trained on the rotating rod at a constant speed

of 3 rpm for three 5-min periods at an interval of 20 min on each of the two days prior to
testing. Mice were then tested by accelerating the rod from 0 to 40 rpm. Each animal was
subjected to three trials, with an interval of 20 min between each trial. The latency to fall
was averaged for all three trials.

Alloknesis and chronic itch models

Histamine alloknesis—Histamine (50 pg in 10 pl) was administered by intradermal
injection into the nape 30 min prior to testing, as previously described®L. A 0.07 g von Frey
hair was then used to deliver light punctate stimuli to a randomly selected site 5-10 mm

from the injection site. Mice were assessed for hindlimb scratching immediately following
each stimulus. Mice received 10 stimulations at 1 min intervals, and data were presented as a
percentage.

Dry skin itch model—The nape and rostral back of mice were shaved 5 days before
treatment. Treatment entailed application with a sterile cotton swab of a mixture of acetone
and ether (AEW) in a ratio of 1:1 to the rostral back for 15 s, followed by distilled water for
25 549.50. AEW treatment was repeated twice daily on days 1-7. On day 8, mechanical itch
sensitization was assessed. Mice were first habituated for 15 min in a plexiglass chamber,
and then a 0.07g von Frey filament was used to deliver 10 innocuous mechanical stimuli
(~1-s duration) at an interval of 1 min to a randomly selected site on the nape at the margin
of the AEW-treated area. The response rate of hindlimb scratching toward the stimulation
site was quantified as a percentage. Mice continued to receive AEW treatment twice daily
from day 8 to day 10. On day 10, spontaneous itch was measured as described above.

Allergic Contact Dermatitis model—The nape, rostral back and abdominal skin of
mice were shaved 5 days before treatment. A micropipette was used to apply 25 pl 1%
squaric acid dibutylester (SADBE) in acetone to the abdominal skin once daily on days 1-3.
On days 8-10, 25 ul 1% SADBE in acetone was applied to the rostral back?48. On day 11,
mechanical itch sensitization was assessed as described for the dry skin itch model. On day
12, spontaneous itch was assessed as described above.

Quantification and Statistical Analysis

Data were analyzed in GraphPad Prism 9.2 (Graphpad Software) or Excel 16 (Microsoft)
by two-way ANOVA with Sidak post hoc correction, or by two-tailed t-tests. p < 0.05 was
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considered to be statistically significant. All data are presented as the mean * standard error
of the mean (SEM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Calcrl*/LbxI* projection neurons transmit mechanical-itch from the spinal cord to the
PBN

Mechanical and chemical itch are transmitted along labeled lines to the PBN
Separate populations of FoxP2* neurons in the PBN relay mechanical and chemical itch

Mechanical- and chemical-itch pathways are recruited together in pathological itch
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Figure 1. The PBN is essential for scratching in response to mechanical itch stimuli
(A) Strategy for viral targeting of the DCN. cu, cuneate nucleus; gr, gracile nucleus.

(B) Silencing the DCN has no effect on touch-evoked (eGFP, n = 5; hM4D, n = 6) or
spontaneous scratching (eGFP, n = 5; hM4D, n = 6) induced by ablation of spinal NPYLbx1
neurons. (C) Strategy for viral targeting of the PBN. scp, superior cerebellar peduncle. (D)
Silencing of the PBN suppresses touch-evoked (eGFP, n = 8; hM4D, n = 8) and spontaneous
scratching (eGFP, n = 7; hM4D, n = 7) induced by ablation of spinal NPYX! neurons. (E)
Silencing of the PBN reduces touch-evoked (eGFP, n = 8; hM4D, n = 8) and spontaneous
scratching (eGFP, n = 7; hM4D, n = 7) following pharmacological disinhibition of the
mechanical itch pathway. (F) Silencing of the PBN suppresses touch-evoked scratching
(eGFP, n =7; hM4D, n = 8) in unsensitized mice. Scale bars, 100 pm. Error bars represent
SEM. Statistical differences were assessed by two-way ANOVA with Sidék post hoc
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correction. *p < 0.05; ***p < 0.001; ****p < 0.0001; ns, no significant difference. See
also Figure S1.
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Figure 2. Calcrl“PX1 SPB neurons transmit mechanical but not chemical itch
(A) Axons of spinal Calcrl®®*2 neurons arborize largely in the PBN. Scale bars, 100

um. (B) A cluster of synaptic puncta marked by synaptophysin-eGFP (Syp-GFP) derived
from Calcrl“Px! projection neurons is observed in the dorsal PBN but not the DCN, PAG
or thalamus. CB, cerebellum; ClI, central lateral; dl, dorsal lateral; el, external lateral;

LSN, lateral spinal nucleus; MD, mediodorsal nucleus; PAG, periaqueductal gray; Po,
posterior nucleus; PVT, paraventricular nucleus; scp, superior cerebellar peduncle; sctv,
ventral spinocerebellar tract; sl, superior lateral; VPL, ventral posterolateral nucleus; VPM,
ventral posteromedial nucleus. Scale bars, 100 pm. (C) Distribution of tdTomato* Calcr|-x!
neurons (left), and expression of tdTomato* in CTh-labeled SPB neurons in laminae I, V
and the LSN. Scale bars, 20 um. (D) Distribution of Calcrl-PX! SPB neurons (n = 4 mice).
(E) tdTomato and LacZ expression in Calcr/€"e; Lbx1FPO; Tayfs-DTR - Aj6505-1dTom Segle
bar, 20 um. (F) A subset of Cac/r/“"e-expressing neurons (tdTom*/LacZ*) also expresses
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Lbx17PO (tdTom*). A minority of CTb-labeled SPB neurons expresses Calcr/"® (LacZ*)
but not Lbx2FPO (LacZ™). (G) Example of a Calcrl-immunoreactive Calcrl-?*! SPB neuron.
Scale bar, 10 pm. (H) All CTb-labeled Calcrl-?X! SPB neurons express Calcrl, and most
Calcrl* SPB neurons express tdTomato (n = 197 SPB neurons, 4 mice). (I and J) Bilateral
cannula implantation into the PBN (1) and example image showing the location of cannula
implantation (indicated by the box) and the spread of CTh-647 (500 nl) infused following
experiments (J). Scale bar, 100 pm. (K and L) Silencing the axonal terminals of CalcrI-Px
neurons within the PBN suppresses touch-evoked itch in unsensitized mice (K; control, n =
5; hM4D, n = 7) and following disinhibition of the mechanical itch pathway (L; control, n
=6; hM4D, n = 7). (M and N) Silencing the terminals of Calcrl“PX! neurons in the PBN
does not affect scratching induced by compound 48/80 (M; control, n = 7; hM4D, n = 8)

or chloroquine (N; control, n =7; hM4D, n = 10). Error bars represent SEM. Statistical
differences were assessed by two-way ANOVA with Sidak post hoc correction. **p < 0.01;
ns, no significant difference. See also Figures S2-S4.
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Figure 3. Distinct molecularly defined subpopulations of SPB neurons respond to mechanical

and chemical itch stimuli

(A and B) A majority of CTh* SPB neurons expressing cFos after mechanical itch
stimulation also expresses tdTomato™ in Calcr/C"e;L bx1FPO:Aj6575-19T0m mice, Schematic of
the dorsal horn indicating the locations of tdTomato-positive and -negative mechanical itch-
responsive SPB neurons (A) and summary plot (B; n = 34 CTb*/cFos* neurons, 4 mice).

(C) Representative images of a CTb*/cFos*/tdTomato™ neuron following mechanical-itch
stimulation. (D and E) Nearly all CTh* SPB neurons expressing cFos after chemical-itch
stimulation are tdTomato~ in Calcr/C"e; Lbx1FPO: Aj657519T0m mice (n = 49 CTh*/cFos*
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neurons, 4 mice). (F) Representative images of a CTb*/cFos*/tdTomato™ neuron following
chemical itch stimulation. (G and H) Nearly all eGFP* SPB neurons expressing cFos

after mechanical-itch stimulation also exhibit Cacrl immunoreactivity (n = 47 eGFP*/cFos*
neurons, 4 mice). (1) Representative images of an eGFP*/cFos* Calcrl-immunoreactive
neuron. (J and K) Lack of Cacrl immunoreactivity in SPB neurons after chemical-itch
stimulation (n = 68 eGFP*/cFos* neurons, 5 mice). (L) Representative images of an eGFP*/
cFos*/Calcrl™ neuron. (M and N) No SPB neurons expressing cFos after mechanical-itch
stimulation also exhibit Tacrl immunoreactivity (n = 34 eGFP*/cFos* neurons, 4 mice).

(O) Representative images of an eGFP*/cFos*/Tacrl™ neuron. (P and Q) Nearly all SPB
neurons expressing cFos after chemical-itch stimulation exhibit Tacrl immunoreactivity (n
= 55 eGFP*/cFos* neurons, 5 mice). (R) Representative images of an eGFP*/cFos*/Tacr1*
neuron. (S and T) Nearly all SPB neurons expressing cFos after mechanical itch stimulation
are Gpr83* (n = 52 eGFP*/cFos™ neurons, 4 mice). (U) Representative images of an eGFP*/
cFos*/Gpr83* neuron. (V and W) Few eGFP* SPB neurons expressing cFos after chemical
itch stimulation exhibit Gpr83 immunoreactivity (n = 75 eGFP*/cFos* neurons, 5 mice).
(R) Representative images of an eGFP*/cFos*/Gpr83* neuron. Scale bar, 10 um. See also
Figures S5, S6 and S7.
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Figure 4. FoxP2PBN neurons receive monosynaptic connections from spinofugal Calcrl-Pxt
neurons

(A) Syp-GFP*/PSD95* synaptic puncta derived from Calcrl-PX1 SPB neurons are located
in close apposition to FoxP2-immunoreactive neurons in the dorsal PBN. Scale bar, 5

um. (B) Strategy to assess synaptic connectivity between Calcrl-PX1 SPB neurons and
FoxP2PBN neurons in acute slices from Calcr/C":Lbx1FPO,p26%-ReaChR mice, (C) A
FoxP2-immunoreactive neuron infused with biocytin. Scale bar 5 um. (D and E) Example
traces showing low-jitter monosynaptic (D) and high-jitter polysynaptic EPSCs (E) evoked
in FoxP2PBN neurons. Arrows indicate EPSC onset times. (F and G) Diagram showing the
distribution of all recorded FoxP2* and FoxPZ™ neurons and the type of input they receive
from Calcrl“Px! neurons (F) and summary (G). (H and 1) Traces from a FoxP2PBN receiving
monosynaptic inputs from Calcrl-PX neurons (H) and summary plot (I; n = 4 FoxP2*
neurons). In control aCSF, ReaChR stimulation of Calcrl-PX! terminals induces an EPSC,
which is blocked by TTX and partially restored by AP. Statistical differences were assessed
by one-way ANOVA with Sidéak post hoc correction. *p < 0.05.
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Figure 5. FoxP2PBN neurons are required for protective scratching in response to mechanical or
chemical itch

(A) Strategy for selectively silencing FoxP2PBN neurons and an example of mCherry*
neurons in the lateral PBN. Scale bar, 100 ym. (B and C) Silencing FoxP2PBN neurons
reduces touch-evoked scratching in unsensitized mice (B; eGFP, n = 7; hM4D, n=7) and
touch-evoked (eGFP, n = 5; hM4D, n = 5) and spontaneous scratching (eGFP, n = 7; hM4D,
n = 8) following disinhibition of the mechanical itch pathway (C). (D and E) Silencing
FoxP2PBN neurons reduces scratching induced by compound 48/80 (D; eGFP, n = 7; hM4D,
n = 8) and chloroquine (E; eGFP, n = 7; hM4D, n = 10). (F) Strategy for monosynaptic
retrograde tracing from FoxP2PBN neurons, and an example of eGFP*/mCherry™ starter cells
in the lateral PBN. Scale bar, 25 um. (G-J) Representative images from cervical spinal cord
sections showing Tacrl (G), Calcrl (H) and Gpr83 (1) immunoreactivity in mCherry-labeled
neurons presynaptic to FoxP2PBN neurons and summary (J). Scale bar, 10pm. Error bars
represent SEM. Statistical differences were assessed by two-way ANOVA with Sidak post
hoc correction. *p < 0.05; **p < 0.01; ****p < 0.0001; ns, no significant difference. See also
Figures S8.
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Figure 6. Discrete subpopulations of FoxP2PBN neurons transmit mechanical- and chemical-itch
information from the spinal cord

(A) Strategy for imaging FoxP2PBN neurons by fiber photometry, and a representative
image of GCaMP7s-labeled neurons in the lateral PBN. Box indicates site of optic-fiber
implantation. (B) Intracellular calcium increases prior to touch-evoked scratching, indicated
at 0 s (eGFP, n = 2 mice, 15 trials; GCaMP7s, n = 5 mice, 32 trials). (C and D)
Representative trace (C) and expanded trace (D) showing intracellular calcium increases
following mechanical-itch stimulation (green line) and prior to the onset of a scratch bout
(black line), before reaching a peak (red line). (E) Summary of calcium flux values (n
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=5 mice, 32 trials). (F) GCaMP expression and position of GRIN lens implantation in

the PBN. (G) Single FoxP2PBN neurons visualized under miniscope. (H and 1) Calcium
activities of individual FoxP2PBN neurons relative to scratching, indicated at 0 s, induced by
mechanical- (H) or chemical-itch (I) stimulation. (J-M) Representative calcium traces from
three neurons responsive to mechanical- (J), chemical- (K), or mechanical- and chemical-
itch (L) stimulation and summary (M). Solid lines indicate sample means; shaded areas
indicate SEM. Scale bars, 100 um. Statistical differences were assessed by two-way ANOVA
with Sidak post hoc correction. *p < 0.05; ****p < 0.0001
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Figure 7. Separate transmission pathways for mechanical and chemical itch are both recruited in

chronic itch

(A) Ablation of Calcrl-Px! neurons suppresses hyperknesis/alloknesis (control, n = 5;
ablated, n = 5) and spontaneous scratching (control, n = 4; ablated, n = 5) in allergic
contact dermatitis. (B) Ablation of Gpr83* neurons suppresses hyperknesis/alloknesis
(control, n = 9; ablated, n = 8) and spontaneous scratching (control, n = 8; ablated, n

= 8) in allergic contact dermatitis. (C) Ablation of Tacrl* neurons suppresses hyperknesis/
alloknesis (control, n = 7; ablated, n = 8) and spontaneous scratching (control, n = 8;
ablated, n = 8) in allergic contact dermatitis. (D) Ablation of Calcrl-PX neurons suppresses
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hyperknesis/alloknesis (control, n = 9; ablated, n = 8) and spontaneous scratching (control, n
= 8; ablated, n = 8) in dry skin itch. (E) Ablation of Gpr83* neurons suppresses hyperknesis/
alloknesis (control, n = 8; ablated, n = 6) and spontaneous scratching (control, n = 7; ablated,
n =7) in dry skin itch. (F) Ablation of Tacrl™ neurons suppresses hyperknesis/alloknesis
(control, n = 7; ablated, n = 7) and spontaneous scratching (control, n = 9; ablated, n = 7)

in dry skin itch. (G) Silencing FoxP2PBN neurons reduces hyperknesis/alloknesis (eGFP, n =
7, hM4D, n = 7) and spontaneous scratching (eGFP, n = 6; hM4D, n = 7) in allergic contact
dermatitis. Error bars represent SEM. Statistical differences were assessed by two-tailed
unpaired t-tests (A-G) or two-way ANOVA with Sidak post hoc correction (H). *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no significant difference.
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Figure 8. Both the mechanical and chemical itch pathways are required for transmission of acute
hyperknesis/alloknesis

(A-D) Acute hyperknesis/alloknesis induced by intradermal histamine is reduced following
ablation of Calcrl=PX neurons (A; control, n = 6; ablated, n = 9), Gpr83* neurons (B;
control, n = 9; ablated, n = 8), and Tacrl™ neurons (control, n = 7; ablated, n = 8) and by
inhibition of Tacrl by (control, n = 6; CP 96345, n = 7). (E) Activation of Tacrl causes
hyperknesis/alloknesis (vehicle control, n = 6; SSP, n = 6) and spontaneous scratching
(control, n = 10; SSP, n = 9). (F) Silencing FoxP2”BN neurons reduces acute hyperknesis/
alloknesis (eGFP, n = 5; hM4D, n = 8). Error bars represent SEM. Statistical differences
were assessed by two-tailed unpaired t-tests (A-D) or two-way ANOVA with Sidak post hoc
correction (E). **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no significant difference.
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Antibodies
Rabbit a-Calcrl (1:50) Invitrogen Cat # PA5-52511; RRID: AB_2639234
Mouse a.-cFos (1:500) Abcam Cat # ab208942; RRID: AB_2747772

Goat a-CTb (1:4000),

List Laboratories

Cat #703; RRID: AB_10013220

Rabbit a-DsRed (1:1000) Clontech Cat # 632496; RRID: AB_10013483
Rabbit a.-FoxP2 (1:500) Sigma Cat # HPA000382; RRID: AB_1078908
Chicken a-GFP (1:000) Aves Cat # GFP-1020; RRID: AB_10000240

Rabbit a-Gpr83 (1:500)

Alomone Labs

Cat # AGR-053; RRID: AB_2876803

Chicken a-LacZ (1:1000)

Abcam

Cat # ab9361; RRID: AB_307210

Mouse a-NeuN (1:1000)

Millipore

Cat # MAB377; RRID: AB_2298772

Rabbit a-NK1R (1:500)

Advanced Targeting Systems

Cat # AB-N33ap; RRID: AB_458739

Rabbit a-NPY (1:1000)

Peninsula Lab

Cat # T-4070.0050; RRID: AB_518504

Mouse a-PSD95 (1:500)

Millipore

Cat # MAB1598; RRID: AB_94278

Rat a-RFP (1:1000)

Chromotek

Cat # 5F8; RRID: AB_2336064

Fluorescent /nn Situ Hybridization Reagents

RNAscope Multiplex Fluorescent Reagent Kit v2
Assay

Advanced Cell Diagnostics

Cat # 323100

EGFP-sense-C2

Advanced Cell Diagnostics

Cat # 409971-C2

Mm-Calcrl Advanced Cell Diagnostics Cat # 452281
Mm-Calcrl-C3 Advanced Cell Diagnostics Cat # 452281-C3
Mm-Gpr83 Advanced Cell Diagnostics Cat # 317431
Mm-Tacrl-C3 Advanced Cell Diagnostics Cat # 428781-C3

Virus Strains

AAVDJ-CMV-eGFP Salk Institute Viral Vector Core N/A
AAVDJ-hSyn-HA-hM4D(Gi)-mCherry Salk Institute Viral Vector Core N/A
AAVDJ-Syn1-DIO-eGFP Salk Institute Viral Vector Core N/A
AAVDJ-EF1a-DIO-hM4D(Gi)-mCherry Salk Institute Viral Vector Core N/A
AAV1-hSyn-FLEX-TVA-P2A-eGFP-2A-0G Salk Institute Viral Vector Core N/A
EnvA G-deleted Rabies-mCherry Salk Institute Viral Vector Core N/A

diphtheriae

AAV1-hSyn-FLEX-jGCaMP7s-WPRE Addgene Plasmid ID 104491
AAV1-hSyn-DIO-eGFP Addgene Plasmid ID 50457
rAAV2-CAG-eGFP Y Liu N/A

Chemicals, Peptides, and Recombinant Proteins

NeuroTrace 435/455 Invitrogen Cat # SA1011
Cholera Toxin Subunit B (Recombinant), Alexa Invitrogen Cat # C34778
Fluor 647 Conjugate

Biocytin (e-Biotinoyl-L-Lysine) Invitrogen Cat # B1592
Streptavidin-Cy5 Invitrogen Cat # SA1011
Diphtheria Toxin, Unnicked, from Corynebacterium | List Laboratories Cat # 150
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Clozapine N-oxide Sigma Cat # C0832
Blank saporin Advanced Targeting Systems Cat #1T-21
[Sar®, Met(0,)1]-substance P-saporin Advanced Targeting Systems Cat#I1T-11
PEN-biotin CytoLogistics N/A
Streptavidin-ZAP Advanced Targeting Systems Cat # 1T-27
PEN (mouse) Tocris Cat # 6308
BIBP 3226 trifluoroacetate Tocris Cat # 2707
CP 96345 Tocris Cat # 2893
[Sar®, Met(0,)!]-substance P Tocris Cat #1178
Tetrodotoxin Tocris Cat #1078
4-aminopyridine Tocris Cat # 0940
Chloroquine diphosphate Sigma Cat # C6628
Histamine Sigma Cat # H7125
Compound 48/40 Sigma Cat # C2313
SLIGRL-NH, Abcam Cat # ab120176
Serotonin hydrochloride Tocris Cat # 3547
R-alanine Sigma Cat # 146064
Complete Freund’s Adjuvant Sigma Cat # F5881
Experimental Models: Organisms/Strains

Mouse: Calcric® Reference 26 N/A

Mouse: FoxP2:"®

Reference 84

JAX stock # 030541; RRID:IMSR_JAX:0 30541

Mouse: NPY::Cre Reference 4 N/A
Mouse: Lbx1FPO Reference 4 N/A
Cax2:.FlpO Reference 25 N/A

Mouse: Aj14/s-taTom

The Jackson Laboratory

JAX stock # 007908; RRID:IMSR_JAX:0 07908

Mouse: Aj65%-taTom

The Jackson Laboratory

JAX stock # 021875, RRID:IMSR_JAX:0 21875

Mouse: R26%YP (RC::FPSii)

Reference 87

JAX stock # 030206; RRID:IMSR_JAX:0 30206

Mouse: R26%1M3D

The Jackson Laboratory

JAX stock # 026942; RRID:IMSR_JAX:0 26942

Mouse: R26%1M4D

Reference 4

N/A

Mouse: R26¢PReaChR

Reference 89

JAX stock # 024846; RRID:IMSR_JAX:0 24846

Mouse: Tau®sPTR

Reference 25

N/A

Software and Algorithms

Adobe Illustrator and Photoshop CS5 Adobe http://www.adobe.com
Prism 5 GraphPad https://www.graphpad.com
Excel 365 Microsoft https://www.microsoft.com

ImageJ Cell Counter Plugin

Kurt de Vos, Univ. of Sheffield, UK

https://imagej.nih.gov/ij

pClamp10.4 and Clampfit

Molecular Devices

https://www.moleculardevices.com
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