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Somatosensory neurons encode detailed information about touch and temperature
and are the peripheral drivers of pain'? Here by combining functional imaging
with multiplexed insitu hybridization?, we determined how heat and mechanical
stimuli are encoded across neuronal classes and how inflammation transforms this

representation toinduce heat hypersensitivity, mechanical allodynia and continuing
pain. Our datarevealed that trigeminal neurons innervating the cheek exhibited
complete segregation of responses to gentle touch and heat. By contrast, heat and
noxious mechanical stimuli broadly activated nociceptor classes, including cell types
proposed to trigger select percepts and behaviours* . Injection of the inflammatory
mediator prostaglandin E2 caused long-lasting activity and thermal sensitizationin
select classes of nociceptors, providing a cellular basis for continuing inflammatory
painand heat hypersensitivity. We showed that the capsaicin receptor TRPV1 (ref. 7)
has a central role in heat sensitization but not in spontaneous nociceptor activity.
Unexpectedly, the responses to mechanical stimuli were minimally affected by
inflammation, suggesting that tactile allodynia results from the continuing firing of
nociceptors coincident with touch. Indeed, we have demonstrated that nociceptor
activity is both necessary and sufficient for inflammatory tactile allodynia. Together,
these findings refine models of sensory coding and discrimination at the cellular

and molecular levels, demonstrate that touch and temperature are broadly but
differentially encoded across transcriptomically distinct populations of sensory cells
and provide insight into how cellular-level responses are reshaped by inflammation to
trigger diverse aspects of pain.

Sensory neurons innervating the skin provide animals with valuable
input about theirimmediate surroundings, including the ability to
sense touchand temperature'?. In keeping with their varied roles, the
receptor neurons with cell bodiesin dorsal root and trigeminal ganglia
have diverse peripheral morphology, central projections and biophysi-
cal profiles**8, They differentially express awide range of marker genes,
including receptors, ion channels and neuropeptides®®®, and can be
divided into about a dozen distinctive transcriptomic classes on the
basis of single-cell RNA sequencing'® . One key unanswered question
is how distinct natural stimuli encoded across these classes allow us
to instantaneously localize and discriminate a world of perceptions,
for example, distinguish a drop of rain from an insect crawling on the
skin, and elicit emotional responses ranging from pleasure to disgust
or pain. Equally important would be to understand how this input is
altered by injury orinflammation to trigger localized hypersensitivity,
allodynia and continuing pain.

Over the past 30 years, identification of thermosensitive”* and
mechanosensory”®ion channels has established a mechanistic frame-
work for how physical stimuli are transduced to evoke neuronal firing
in sensory neurons. These proteins also help explain some aspects of

sensory coding but often exhibit complex expression across multiple
classes®*and functional redundancy. Therefore, we applied a plat-
form that we developed for matching in vivo function and transcrip-
tomic class® to decode how heat and naturalistic mechanical stimuli
are differentially represented in the trigeminal system, the role of the
capsaicin and noxious heat receptor (TRPV1) and how sensory detec-
tionis transformed during inflammation to drive pain.

Peripheral coding of heat

To evaluate how the somatosensory system detects and encodes
thermal and mechanical stimuli, we used calcium imaging to record
single-cellresponses from the trigeminal ganglion while stimulating the
cheek®". Across 15 mice, brush, pinch and defined heat pulses activated
hundreds of neurons (Extended Data Fig. 1a), which could be divided
into thermally or mechanically selective and polymodal cells (Extended
Data Fig. 1b). We next used post hoc multigene in situ hybridization
(ISH)? to determine how transcriptomic class governs the function of
trigeminal neurons (Extended Data Fig. 2) and matched sensory tun-
ingtotendistinct molecular classes. Datafrom 1,588 neurons (Fig. 1a)
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Fig.1|Detection of heat and differential tuning of somatosensory
neuronclasses. a, Heat maps showingin vivo GCaMP responses from 1,588
transcriptomically classified neurons from 15 mice tested with mechanical
stimulationand heat. Heat maps are grouped by neuronal class with changes
inGCaMP fluorescence (% AF/F) colour-coded asindicated by the scale bar.
b, Proportions of heat (red), polymodal (orange) and mechanically tuned
neurons (grey) for each class; the number of neurons and mice used for

revealed clear segregation of gentle touch and heat responses atboth
the cellular and transcriptomic-class levels. By contrast, nociceptors
were often polymodal®® (Fig. 1a,b); nonetheless, their tuning varied
according to class (Fig. la-d) with very few AS-nociceptors (A5-NOC)
responsive to heat, which instead primarily activated unmyelinated
C-fibres.

Many studies have identified peptidergic (PEP) nociceptors that
express high levels of the heat- and capsaicin-activated ion channel
Trpvlandthe nerve growth factor receptor Ntrkl as canonical detectors
of noxious heat>®?2, Qur data confirmed that this neuronal class is
particularly sensitive and selective for heat over pinch, with about half
ofthecellsin this classresponding only to temperature (Fig. 1b-e). How-
ever, far from being selectively activated by noxious heat (45-50 °C),
PEP neuronstypically detected the full temperature range (Fig. 1c-e),
exhibiting graded responses thatincreased in magnitude and duration
across both the innocuous (37-42 °C) and noxious ranges (Fig. 1c,d).
PEP constituted only a small subset of the heat-responsive cells. For
example, just as many itch-related'®? cells expressing Nppb and Sst
(NP3) exhibited responses across the full temperature range (Fig. 1c-e).

assignmentareindicated. c, Meanresponses of heat-responsive nociceptors
by class (solid trace; numbers of heat-responsive cells indicated); the shaded
arearepresents 95% confidence interval.d, Fractional recruitment of cheek-
responsive neurons by classand temperature. e, Fractional representation of
heatresponses by class across the temperature range. Colour codingisasind
withLTMRsingrey; numbers of mice and cells are detailed in Supplementary
Table1.Scalebars,10s.

Moreover, half the noxious heat-responsive cells were in three other
non-peptidergic classes (Mrgprd-, Mrgpra3- and Mrgprb4-expressing
cells (NP1, NP2A and NP2B, respectively)), which are not generally con-
sidered to be thermonociceptors**?* despite reports suggesting
thermosensitivity?>* (Fig. 1c-e). In fact, in the noxious temperature
range, heat responses were dominated by classes other than the PEP
nociceptors (Fig. 1e).

Non-canonical thermosensors

NP1is a transcriptomically homogeneous class of mouse somatosen-
sory neurons that has been suggested to function primarily inmecha-
nonociception® and to have a minor role in thermonociception®?.
NP2B neurons are transcriptomically similar to NP2A itch-related cells™
buthavebeen reported to detect brush but not pinch*and to havearole
in affective touch and sexual behaviour®. By contrast, our data (Fig. 1)
indicate that NP1and NP2B neuronsinnervating the cheek have closely
related activity profiles, preferentially responding to high-threshold
mechanical stimuli and noxious heat. A recent study also suggested
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that NP1-and NP2B-lineage neurons have similar receptive tuning®. To
better understand these differences and tobenchmark our ISH-based
approach, we crossed the two Cre lines*® that were used in previous
studies***® into the Ai95 (RCL-GCaMP6f) background™.

Thewell-characterized Mrgprd-CreER line faithfully captures NP1 neu-
ronsinadult mice”®?, Functional recordings from these cells (Fig. 2a,b)
were consistent with the results of the ISH-based approach (Fig. 1),
confirming that NP1 cells respond to noxious thermal and mechani-
cal stimulation. The Mrdprb4-tdT-2a-Cre line that was used to target
NP2B cells*** mediates Cre recombination more broadly (Extended
Data Fig. 4). However, although tdTomato (tdT)-positive neurons
were a small subset of GCaMP-expressing cells, 99% of tdT cells (396
of 400 neurons from three mice) expressed Mic1, a marker of NP2B
cells (Extended Data Fig. 3a,b). Functional imaging of tdT-positive
neurons supported the results from the comprehensive analysis of
neuronal function (Fig. 1) by showing that NP2B neurons were not
selectively activated by gentle stimulation of the cheek but instead
responded most strongly to higher-intensity mechanical stimuli and
heating (Fig. 2a). Quantification of responses (Fig. 2c) confirmed close
correspondence between ISH and Crerecombination-based datasets.
Thus, NP1 and NP2B neurons detect noxious stimuli applied to the
hairy skin of the cheek.

Previous studies of NP2B neurons*>® investigated peripheral targets
of dorsalroot ganglia (DRG) rather thanthe trigeminal ganglion, raising
the possibility that DRG and trigeminal NP2B neurons are differen-
tially responsive tomechanical stimuli. Therefore, we recorded lumbar
DRG responses of Mrdprb4-tdT-2a-Crelabelled neurons to mechanical
stimulation of hairy skin (Extended Data Fig. 3d). Responses from the
full lineage were consistent with recently published results?® showing
asmall fraction (approximately 5%) to be brush-sensitive. However,
when we analysed NP2B neurons (tdT-positive cells), they exhibited
pinch responses but were unresponsive to brushing (Extended Data
Fig. 3d), similar to their trigeminal counterparts, further demonstrating
that these neurons are not selective gentle touch receptors®.

NP1 neurons are divided into polymodal and pinch-selective func-
tional types, despite their homogeneous transcriptomic profile!®
(Figs. 1b and 2a). We used a series of pinches to provide a naturalistic
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tothecheekare colour-coded by % AF/F (inset scale). b,c, Percentage of neurons
(mean +s.e.m.) responding to each stimulus for cellsidentified by ISH after
functionalimaging (pale grey) or Cre-mediated labelling (dark grey). b, NP1 cells:
ISH,n=13;CreER,n=4.c,NP2Bcells:ISH,n=12;tdT,n=3.See Supplementary
Table 2 for details and statistics. Scale bar, 10 s.

mechanical stimulus to a broad area of the cheek and applied the
thermal probe to a similar area of the skin. However, differences in
stimulus location, rather than biological differences, may contribute
to the impression that some cells are narrowly tuned. We observed
individual pinches that almost exclusively activated polymodal cells
and other pinches (at different locations) that selectively recruited
heat-insensitive nociceptors (Extended DataFig. 4). This suggests that
differential tuning of NP1neurons canlargely be explained by their small
receptive field>* coupled with our naturalistic stimulation approach
(Methods). Other classes of C-nociceptors alsoincluded both selective
and polymodal cells but with quite different proportions tuned to heat
or pinch (Fig. 1b). We suggest that the long-standing debate about the
nature of polymodal and narrowly responsive nociceptors®*2 simply
reflects the mode of stimulus application coupled with the relative
sensitivity of different classes of nociceptor to thermal versus mechani-
cal stimuli and resultant differences in their effective receptive fields
for these two modalities.

Taken together, detailed analysis of how the different types of
C-nociceptors respond to heat and noxious mechanical stimulation
(Figs.1and 2) challenges the view that various transcriptomic classes
have distinctand independent roles in thermo- and mechanosensory
detection and discrimination*>?>**2>® Instead, our data suggest that
all classes of C-nociceptors are broadly tuned with overlapping but
distinct response profiles much like the cones in the human visual
system?*. By analogy, such tuning should allow efficient and reliable
encoding of multiple stimulus features, including modality, position,
extent and intensity, which are important for triggering appropriate
behavioural responses. Moreover, noxious mechanical stimuli, but not
thermal stimuli, recruit an array of low-threshold mechanoreceptors
(LTMRs), augmenting the discriminatory power of the system.

Nociceptor activity during inflammation

A crucial role of the somatosensory system is to evoke pain as a pro-
tective mechanism for preventing tissue damage and promoting
healing**. For example, injury and inflammation result in continuing
localized pain, alter the evaluation of sensory input and evoke arange



of attending behaviours®. It is well known that sensory afferents dra-
matically change their firing properties under these conditions?**3¢,
Tobetter characterize these changes, we carried out longitudinal imag-
ing to track and classify which neurons are affected by injection of
the fast-acting inflammatory mediator prostaglandin E2 (PGE2). This
paradigminduces swelling, spontaneous pain behaviour, hyperalgesia
and allodynia within 10 min of injection with recovery after about2 h
(ref. 37).

Most sensory neurons that respond to stimulation of the cheek were
quiescent when held at 30 °C under baseline conditions. By contrast,
after PGE2 injection, many cheek-innervating nociceptors became
active in the absence of applied stimuli (Fig. 3a,b and Supplementary
Video 1). Spontaneous activity developed over the first 5 minand lasted
for more than an hour. To quantify the magnitude of spontaneous
activity, we assessed both the frequency and amplitude of responses
(Fig. 3b). This analysis (Fig. 3c) revealed that spontaneous activity was
almost entirely restricted to nociceptors (primarily A§-NOC, PEP, NP2A
and NP3) but not LTMRs, providing acompelling explanation for local-
ized continuing pain associated with inflammation. PGE2 receptor
expression™  does not match the classes of neurons displaying spon-
taneous activity, suggesting that indirect inflammatory effectors are
probably involved.

PGE2 injection potentiated heat detection by C-nociceptors
(Fig. 3a,d), which is consistent with previous results®. This can be
clearly observed in the time-locked temperature responses and is
superimposed on the generally lower-magnitude spontaneous noci-
ceptor activity induced by PGE2 (Fig. 3a and Extended Data Fig. 5a). All
other classes of neurons remained insensitive to heat (Fig. 3d). Amore
detailed analysis (Extended Data Fig. 5b) revealed that responses to
temperaturesin the normally innocuous, warm range were increased
in PEP, NP2A and NP3, suggesting a cellular logic for inflammatory
thermal allodynia. PGE2 injection also causes heat hyperalgesia at
noxious temperatures (45-50 °C) characterized by a variety of exagger-
ated responses and coping behaviours?. Over this temperature range,
ourresultsindicate that NP1and NP2B also contribute to elevated pain
responses (Extended Data Fig. 5b).

PEP, NP2A and NP3 neurons express the ion channel TRPVI1, which
has widely been reported to have only a minor role in baseline ther-
mal behaviour?**3° but is essential for heightened responses to heat
after inflammation®*. Therefore, we next tested how the peripheral
representation of heat and inflammatory sensitization was affected
by the absence of this ion channel. Trigeminal neuron responses to
heat were dramatically reduced in TrpvI” mice (Fig. 3e), with smaller
proportions of PEP, NP3 and NP2A responsive to temperature and
changesintherelative tuning of these neuron classes to heat and pinch
(Extended DataFig. 6a-c). These large-scale changes were surprising
given the modest effects of TrpvI knockout on thermal behaviour?*$
and suggest that the small amount of residual nociceptor activity
(Fig. 3e and Extended Data Fig. 6), perhaps combined with the inhi-
bition of cooling-responsive neurons*’, provides sufficient heat dis-
crimination for many behavioural paradigms. Notably, PGE2-induced
inflammation had only modest effects on the temperature sensitivity
of nociceptorsin Trpvl” animals (Fig. 3e), which explains the crucial
role of thision channelininflammation-related thermal allodynia and
hyperalgesia®**°. This was also true for the sensitization of NP1 and
NP2B neurons (Fig. 3e), which did not prominently express Trpvl. We
suggest thatlow levels of thision channelin these cell types or perhaps
non-cell autonomous effects, for example, neuroinflammation®,
contribute to heat hyperalgesia. Finally, unlike for heat sensitization,
where TRPV1 has a major role, the stimulation of continuing nocic-
eptor activity after PGE2 injection was largely unaltered in Trpvl™"
animals (Fig. 3fand Extended Data Fig. 6e,f). Thus, PGE2 must affect
more than one signalling pathway in nociceptors, including one that
generates spontaneous activity and another that potentiates heat
responses through TRPV1.

Logic forinflammatory tactile allodynia

Tactile allodynia, a major consequence of many types of inflamma-
tion?, is dependent on signalling through the mechanosensory ion
channel PIEZO2 (refs. 42,43). Therefore, we evaluated whether the
detection of gentle brushing, a stimulus that elicits pain-related behav-
ioural responses during inflammation?, was affected by PGE2 injection.
Qualitatively, there were minimal changes in LTMR calcium transients
(Fig. 4a), although quantification revealed aslight decreasein C-LTMR
responses but nosignificant changesin AS-and AB-LTMR activity (Sup-
plementary Table 2). Thus, althoughit is possible that small differences
in the firing of AB-neurons** contribute to inflammatory mechanical
allodynia, such changes are no larger than natural variation in brush
responses of LTMRs (Fig. 4a).

We next analysed whether nociceptors are sensitized to brush after
PGE2. Here, inflammation-related continuing activity in nociceptors
complicates the analysis. However, unlike LTMRs, very few nocicep-
tors reliably detected brushing, that is, responded during 50% or
more brushes, either at baseline or after PGE2 (Fig. 4b). Moreover,
comparison of response profiles (Extended Data Fig. 7) and quan-
tification of calcium transients (Fig. 4c) demonstrated that brush-
ing after PGE2 injection did not augment the continuing activity or
mechanical sensitivity of any nociceptor class (see Supplementary
Table 2 for statistical analysis). Because gentle touch remains largely
unchanged duringinflammation, the question remains how PGE2 injec-
tion changes the behavioural response of mice to this type of stimula-
tion¥. Notably, our data (Fig. 4c and Extended Data Fig. 7) showed
that inflammation-induced continuing activity alters the population
of peripheral neurons that are active during brushing. Therefore, we
reasoned that this touch-independent nociceptor activity may trans-
formthe central (for example, spinal cord processing) of normal LTMR
inputtoserveasadriver of localized pain. This new modelis completely
consistent with the crucial role of PIEZO2 (refs. 42,43) and the impor-
tance of LTMRs** in inflammatory tactile allodynia.

The hypothesis that coincident firing of LTMRs with nociceptors is
thebasis for tactile allodynia during inflammation makes two testable
predictions. First, if spontaneous nociceptor firing drives tactile allo-
dynia, silencing these neurons should block sensitization. Therefore,
we developed anintersectional approach toexpress afragmentofthe
tetanus toxin (TeNT) that potently blocks synaptic transmission in
nociceptors (Extended Data Fig. 8a). These mice have no gross motor
deficits and exhibit normal baseline von Frey responses (Fig. 5a). Just
as predicted, PGE2 injection to the hind paw failed to trigger tactile
allodyniain these TeNT-expressing mice (Fig. 5a), whereas littermate
controls exhibited strong sensitization. Second, we reasoned that
any continuing activity in nociceptors should be sufficient to trigger
touch-evoked pain. Here we took advantage of the unique molecular
expression profile of NP3 neurons, one of the cell classes most strongly
activated by PGE2 injection (Fig. 3e). It was recently reported that
LY344864, asynthetic agonist for the serotoninreceptor HTR1F, which
is specifically expressed in NP3 cells (Fig. 5b), triggers itch through
activation of this cell class*. We demonstrated that local subcutane-
ousinjection of LY344864 in the cheek potently activated trigeminal
NP3 neurons with high selectivity (Fig. 5c). Using an Ss¢t-Cre driver to
target these cellsinthe DRG, we showed that both LY344864 and PGE2
induced NP3 firing with comparable intensity and duration (Fig. 5d
and Extended Data Fig. 8b-d). Notably, LY344864 also induced potent
tactileallodyniawheninjectedinto the hind paw (Fig. 5e and Extended
DataFig. 9a,b). Moreover, blocking synaptic transmissionin these cells
(Fig. 5e) oracuteinhibition of these cells inadult mice (Fig. 5f) abolished
the LY344864-mediated sensitization, confirming the importance of
NP3 nociceptors in mediating inflammatory allodynia in this model.
Takentogether, these results show how touch-independent nociceptor
activity can make a normally innocuous mechanical stimulus painful,
without changing the way this stimulus is detected at the periphery.
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Fig.3 | PGE2-mediated inflammation differentially affects select classes of
nociceptors. a, Heat maps showing the effect of PGE2-induced inflammation
on the thermal sensitivity of 582 C-nociceptors (eight mice) that responded to
heatand/or pinch of the cheek (cheek-innervating neurons) grouped by class;
for display purposes, baseline (left) and continuing inflammation (right) were
independently sorted on the basis of the amplitude of heat response. b, Example
of GCaMP traces for individual neurons at baseline (left) and after PGE2 injection
(right) for classes with spontaneous activity duringinflammation; red points
andbarsinthelowest example traceidentify transients and their amplitudes
(see Methods for details). ¢, Quantification of unstimulated activity (mean sum
oftransientamplitudes + s.e.m.) in neuronal classes in wild-type mice before

Finally, we explored whether spontaneous nociceptor firing drives
inflammatory paininthe absence of externally applied stimulation. As
predicted, hind pawinjection of PGE2 evoked typical pain behaviours,
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(grey) and after (red) PGE2-induced inflammation. d,e, Heat response for all
cheek-innervating neurons of agiven class over the full temperature range
(meanareaunder the curve (AUC) +s.e.m.). Wild-type mice (d) and Trpvl” mice
(e) before and after PGE2 injection of the cheek. Additional information about
heatsensisitizationis shownin Extended DataFigs. 5and 6. f, Unstimulated
activity (meansum oftransientamplitudes + s.e.m.) in neuronal class activity
duringinflammationinwild-type mice (red) and TrpvI”~ mice (blue). Note
thattheredbarsincandfshow the same dataset for comparative purposes;
*P<0.05;**P<0.01;***P<0.001; for details of statistical tests and number of
mice and cells, see Supplementary Tables 1and 2. KO, knockout. Scalebars, 10 s.

including copious paw licking in wild-type mice but notin TeNT litter-
mates in which nociceptors were silenced (Extended Data Fig. 9¢,d).
When injected in the cheek, PGE2 did not immediately evoke the
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Fig.4|Stablerepresentation of gentle touch at the periphery during
inflammation. a, Heat maps showing the effect of PGE2-induced inflammation
onthebrush sensitivity of 339 LTMRs (eight mice) that responded to pinch and/or
brushofthe cheekgroupedby class. b, Percentage of neurons responding to at
least 50% ofindividual brushes before (grey) and after (red) PGE2; mean £ s.e.m.;
n=8.c,Brushresponse magnitude (mean AUC +s.e.m.) for all cheek-innervating

wiping response typically associated with painful agents*. Instead,
within 5 min of injection, face-directed behaviours (wiping, groom-
ing and scratching) were almost completely suppressed (Extended
DataFig. 9e,f), with mice often standing motionless and hunched for
extended periods (Supplementary Videos 2-4). Taken together, these
results supportarole for spontaneous nociceptor firing as adriver for
continuing inflammatory pain.

Discussion

One of the most remarkable features of the somatosensory system is
its ability to encode and discriminate diverse physical stimuli while
also providinginformation about the position, extent, pleasant versus
aversive nature and intensity of the stimulus****. Here we combined
functional imaging with transcriptomic classification to dissect the
cellular logic by which touch and heat are encoded at the periphery
and how this representation is altered during inflammation.
Simultaneously interrogating the response properties of all the major
types of cutaneous somatosensory neurons to complex stimuli revealed
key features underlying the coding of heat and noxious mechanical
stimuli. First, our data show the complete segregation of cell classes
thatrespondto gentle mechanical stimulation from those that detect
heat.Second, although TrpvI-expressing neurons are particularly sensi-
tive to temperature and reliably detect warming, several other types
of C-nociceptors are prominently activated by noxious heat. Inter-
estingly, Mrgprb4-expressing NP2B cells that have previously been
linked to gentle stroking, affective touch and sexual response** have
thereceptive tuning of nociceptors rather than LTMRs throughout the
body. Third, matching receptive tuning to cell class allows differential
effects of functionallyimportant molecules indistinct classes of cell to
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after PGE2injection and that nociceptor firing during inflammation s largely
brush-independent (Extended DataFig. 7). Supplementary Tables 1and 2
include full details of statistical tests and numbers. Scale bar, 10 s.

be determined?®. Using knockout mice, we showed that the capsaicin
receptor TRPV1islargely responsible for the particular thermosensitiv-
ity of PEP, NP2A and NP3 neurons. Inkeeping withits functioninthe oral
cavity”, TRPV1 mediates almost all responses to innocuous warming
but, in contrast to predictions fromits in vitro threshold’, has a lesser
roleinthe detection of noxious heat. Together, these datashowed that,
rather than classes of nociceptor being selectively tuned to a single
modality*>**%, there was an inverse relationship between mechanical
and thermal sensitivity, such thatall types of C-nociceptors responded
to heat and noxious mechanical stimulation, albeit with differential
graded tuning. The distinct but overlapping response spectra of cell
classesimply that the somatosensory system uses combinatorial cod-
ing to achieve its remarkable discriminatory power.

Changes inthe firing patterns of somatosensory neurons have long
beenlinked to peripheralinflammation and are assumed to drive asso-
ciated pain*®*23¢, Our analysis demonstrated that PGE2-mediated
inflammation induces stimulus-independent activity in several types
ofnociceptors and sensitizes these cells to heat but not gentle mechani-
cal stimulation. Inflammatory heat sensitization was greatly reduced
in TrpvI”~ mice (Fig. 3d,e), matching behavioural measures of heat
allodynia and hyperalgesia during inflammation®3°*%, By contrast,
spontaneous activity, which we considered asimportant for continuing
inflammatory pain, was well preservedin the knockout mice (Fig. 3c,f).
Thus, TRPV1antagonists might be expected to alleviate heat sensitiza-
tion but be less effective for other aspects of inflammatory pain. Our
results showed that spontaneous nociceptor firing drives inflamma-
tory tactile allodynia, and eliminating nociceptor input blunts this
sensory transformation (Figs. 4 and 5). These findings are consistent
with the crucial role of PIEZO2 in this type of pain*?, despite its rela-
tively minor role in mechanonociception®>”*, It also helps to explain
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Fig.5|Continuing nociceptor activity drives tactile allodynia. a, Time course
of von Frey 50% withdrawal threshold (mean + s.e.m.) before (time = 0) and
afterinjection of PGE2 into the hind paw of mice withsilenced TrpuI-lineage
nociceptors (red; n = 6) and littermate controls (black; n=7). PGE2 injection
induced mechanical sensitization in controls but not in mice with silenced
nociceptors (P<0.05) over 60 min. b, Violin-plot analysis of expression level
(log-normalized single-cell RNA sequencing data)'*® showing selective
expression of HtrIfin NP3 nociceptors. ¢, Percentage and level of activation
(AAUC) of neurons after injection of the selective HTRIF agonist LY344864
intothe cheek.d, Heat maps of DRG imaging for mice expressing GCaMP under
the control of Ss¢t-Cre. Responses from 200 neurons of six mice showed that
Sst-Crelabelled a population of brush cells and a separate population of
LY344864-responsive neurons. Below, quantification of LY344864-stimulated

how excitotoxic-mediated ablation of nociceptors can be effective in
treating several forms of pain without substantially affecting gentle
touch or mechanonociception®.

Therearelimitationsto our study. For example, we only studied the
functional coding of neurons innervating hairy skin using functional
imaging. Calcium transients provide a reliable proxy for neuronal
firing>"® but may miss subtle effects that could contribute to pain*.
However, in day-to-day life, subtle variations in LTMR firing provide
discriminatory information without normally causing pain, further
supporting our hypothesis. We also note that although our dissection
of cell classes was as comprehensive as thatinarecent study using Cre
drivers®, further subdividing the AB-LTMRs, A§-NOC and PEP popula-
tions may reveal more nuances. Inthe future, extending these findings
toglabrousskinand internal targets of somatosensory neurons (bone,
muscle and viscera) will also be important. Similarly, we examined a
short-terminflammatory model of pain, but there are many longer-term
disease states that cause pain in humans, including diabetes, cancer
and blood disorders (for example, sickle cell disease). Dissecting the
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before pawinjection of LY344864.See Supplementary Tables 1and 2 for full
details of statistical tests and numbers; *P < 0.05; **P< 0.01.Scalebar,10 s.

extent to which these pathologies induce similar changes in sensory
codingacross cell classes should be informative for developing appro-
priate pain therapies. It will also be interesting to determine how inputs
from the various heat-responsive nociceptors converge in the dorsal
horn and spinal trigeminal nucleus to support combinatorial coding
and howinflammation-dependent spontaneous firing might alter this
representation. Finally, allthese studies were performed in mice; human
somatosensory neurons exhibit differences at the molecular®® and
class-based®*? levels, which may affect the precise details. However,
the underlying principles we report, including distributed coding of
heat across nociceptor classes and selective effects of inflammation
on nociceptor activity and thermal sensitivity, will likely be relevant
for human sensation and pain.
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Methods

Experimental animals

Experiments using animals were performed in accordance with the
guidelines set forth by the National Institutes of Health and approved
by the National Institute of Neurological Disorders and Stroke or
the National Institute of Dental and Craniofacial Research Animal
Care and Use Committees. Mouse lines Ai95(RCL-GCaMP6f)-D (no.
024105)%°, Mrgprd-CreERT2 (no. 031286)*, Mrdprb4-tdT-2a-Cre
(no. 021077)*, TrpvI-Cre (no. 017769)*, Sst-Cre (no. 013044)> and
TrpvI”~ (no. 003770)® were purchased from The Jackson Labora-
tory. Tacl-tagRFP-2a-TVA mouse line was described previously®, and
the Avil-Fip line’ was a gift from D. Ginty. We also generated a new
Rosa-Cag-LSL-soma-jGCaMP8s line used in crosses with Sst-Cre, an
Avil-LSL-2A-TeNTline and aRosa-CAG-FSF-LSL-KORD line using CRISPR~
Cas9-mediated recombination®®. Male and female mice were used in all
experiments and given ad libitum access to standard laboratory chow
and water. The mice were housed in a controlled environment (23 °C
and 50% humidity with a12-hlight-dark cycle); no statistical methods
were used to predetermine sample size.

Injection of adeno-associated virus in mouse pups and CreERT2
induction

Left intracerebroventricular injection of 1 pl of AAV9-Cag-Cre virus
(2x10"to 2 x 102 virions ml™; catalogue no. CV17187-AAV9; Vigene)
or AAV9-CMV-Cre virus (more than 1 x 10" virions ml™; catalogue no.
105537-AAV9; Addgene) in1- to 3-day-old mouse pups containing Ai95
was used to achieve stochastic expression of GCaMP in neurons of
the trigeminal ganglion as described previously*>. Toinduce CreERT2
recombination, tamoxifen (Sigma-Aldrich) was dissolved in corn oil
at a concentration of 20 mg ml™ at 37 °C overnight. Mrgprd-CreERT2
mice were injected intraperitoneally at a dosage of 75 mg tamoxifen
per kg of body weight using an insulin syringe at least a week before
calciumimaging.

Invivo calciumimaging
For fluorescent calcium imaging of the trigeminal neurons, adult
(over 8 weeks old) animals were subjected to one of three experimen-
tal regimes. Experimental regime A assessed both mechanical and
temperatureresponses (Figs. 1and 2and Extended Data Figs. 1-5). The
animals were anaesthetized with isoflurane and surgically prepared
for optical access to the trigeminal ganglion as described previously®.
The hairy skin of the cheek was mechanically stimulated using aseries
of manually delivered brushes with a cotton-tipped applicator and
pinches with surgical forceps as described previously®. Forimproved
temperature transfer, the mouse cheek was treated for lessthan300 s
with a depilatory cream (Veet) using a cotton-tip applicator. An eye
ointment was applied to prevent damage to the cornea and conjunc-
tiva, fur was removed, the cheek was washed at least three times with
saline and dried with Kimwipes and a custom-built 5 mm?Peltier probe
(TCS2; QST.Lab) was applied directly to the skin for thermal stimula-
tion. Peltier applicationdid notinduce long-term activity of trigeminal
neurons, and LTMRs did not respond to heating (Fig. 1), ruling out major
confounding effects related to mechanical stimulation by the probe.
The skinwas held at 30 °C for baseline non-stimulated activity measure-
ments; temperature stimulation at 37,39, 42,45and 50 °C was for 4 s.
Experimental regime B assessed the mechanical sensitization after
inflammation (Fig. 4 and Extended Data Fig. 7). Baseline mechanical
stimulation was asin experimental regime A. Inflammation of the cheek
wastheninduced using subdermalinjection of20-30 pl, 0.5 mM PGE2
(Sigma-Aldrich) tothreessites. After 10 min of incubation, inflammation
was confirmed and mechanical stimulation was repeated.
Experimental regime C assessed the thermal sensitization after
inflammation (Figs. 3 and 5 and Extended Data Figs. 5 and 6). Mouse
cheek depilation was carried out the day before functional imaging.

Skinwas subjected to aseries of pinches and thermal stimulation asin
experimental regime A. PGE2 or LY344864 (20-30 ul; 5 mg mI™; Mil-
liporeSigma) was injected asin experimental regime B, and stimulation
was repeated. To evaluate consistency, responses to common stimuli
were compared between experimental regimes A and C (Extended
Data Fig. 10).

The functional activity of DRG neuronsinthe L5 and L6 gangliawas
determined using fluorescent calcium imaging. PGE2 and LY344864
were injected as a single injection (volumes and concentrations as
above) into the plantar hind paw. Mechanical stimulation was also
appliedtothe plantar surface, which was held at 30 °C for the unstimu-
lated recordings. For Mrgprb4-tdT-2a-Cre mice, the hairy skin of the
leg was stimulated as NP2B neurons selectively innervated hairy skin®.

Calcium imaging was performed as described previously** using a
custom-built epifluorescence Cernamicroscope (Thorlabs) and apco.
panda 4.2 bi CMOS camera; 40-s recording episodes were acquired
at 5 Hz. For each experiment requiring post hoc ISH, either red fluo-
rescent tagRFP images were collected or the trigeminal ganglion was
briefly superfused with 500 pl of 1 M KClI to activate and visualize all
GCaMP-expressing neurons after the experiment to provide alignment
guide-posts. In vivo images were aligned and processed as described
previously®.

Spatial activity maps and analysis of fluorescence dynamics
Spatial activity maps and regions of interest (ROI) were generated as
described previously®. Inbrief, activity induced by repetitive mechani-
calstimulation was visualized as standard deviation over time for each
pixel. Heat-induced activity was visualized by subtracting the mean flu-
orescence before stimulation from the mean fluorescence during stimu-
lation. ROl were manually extracted using the ‘Cell Magic Wand’ plugin
inImageJ. Overlapping cell ROl that were contaminated by each other’s
responses were excluded from the analysis while blind to transcrip-
tomicinformation. Relative change in GCaMP fluorescence was calcu-
lated as AF/F (%) for each cell, and potential contaminant signal from
theunderlying out-of-focus tissue and neighbouring cells was removed
by subtracting the fluorescence of adoughnut-shaped areasurround-
ing each cell using a custom MATLAB script*. Cell category-specific
activity maps were generated by overlaying a category-specific mask
over the activity map of the cognate stimuli (heat for heat-specific and
polymodal cells; brush and pinch for mechano-specific cells).

Whole-mount ISH of trigeminal ganglia

Whole-mount ISH of trigeminal ganglia after in vivo imaging and of
tissue sections was performed as described previously® using combi-
nations of the following hybridization chain reaction probes (Molec-
ular Instruments): Trom8 (GenBank NM_134252; full length), SI00b
(NM_009115; full length), Fxyd2 (NM_007503; full length), Scni0a
(NM_001205321; coding sequence), Calca (NM_007587; full length),
Trpvl (NM_001001445; full length), Tmem233 (NM_001101546; full
length), Mrgprd (NM_203490; full length), Nppb (NM_008726; full
length), Sst (NM_009215; full length), Mlc1(NM_133241; full length),
tagRFP-TVA, tdT and EGFP (which detects GCaMP expression).
Two-dimensional dorsal views of the surface of whole-mount ganglia
were collapsed by maximum intensity projection from confocal Zstacks
with10-pm intervals to capture the convex surface of the ganglion.

Aligning whole-mount ISH images to in vivo recordings

Alignment of whole-mount ISH images to in vivo fluorescent images
was performed as described previously® using either tagRFP-positive
guide-post cellsin TacI-tagRFP/TVA animals or GCaMP-expressing cells
stimulated with high K" directly applied to the trigeminal ganglion. In
brief, multi-channel two-dimensional ISH images were crudely aligned
toin vivo fluorescence by scaled rotation using the TurboReg plugin
and a custom macro in Image]J/Fiji. Guide-post cells were then manu-
ally matched to theirin vivo fluorescent counterparts using a custom



Image] macro thatidentified coordinate pairs for each guide-post. The
ISH image was morphed to match its in vivo counterpart using these
coordinates with a custom Python script that builds on the OpenCV
library>. Several rounds of ISH were aligned to each other using probes
labelling partially overlapping sets of cells in both rounds to provide
guide-posts for morphing. As shown previously?, this type of image
alignment does not produce a pixel-to-pixel match but accurately
identifies ISH-positive cells that respond functionally (Extended Data
Fig.2).

Analysis of gene expression and transcriptomic classification
Cell ROI (responding cells) were manually analysed for expression
(negative, weak or strong) of every gene with diagnostic ISH data®
(Extended DataFig. 2c). Binary expression patterns were decoded into
transcriptomic cell classes using the rules outlined in Extended Data
Fig. 2band Supplementary Table 3, which also explains how transcrip-
tomic class nomenclature' s related to other classification schemes.
Single-cell sequencing data from DRG* were obtained from GEO
Series GSE254789 and analysed with Seurat v.5 in RStudio. Cells with
less than 800 expressed genes or more than 5% of mitochondrial tran-
scripts were excluded, and datasets were combined using canonical
correlation analysis integration after principal component analysis
reductionto 30 components. Neuronal and non-neuronal cell clusters
were identified in UMAP by analysing the expression of Snap25, Mbp,
Apoe, Qk, Pecaml, Slc17a7 and Slc17a6. Doublets were identified using
DoubletFinderv.3,and doublets and non-neuronal cells were removed
fromthe dataset. After neurons were renormalized, reduced to 40 prin-
cipal components and reintegrated, neuronal clusters were calculated
using the Louvain algorithm with a resolution of 0.2 and identified/
combined on the basis of the genes shown in Extended Data Fig. 2.

Behavioural assessment of allodynia

For behavioural experiments, groups of adult C57BI/6, TrpvI-Cre::
Avil-LSL-TeNT and control littermates were tested. RNAscope ISH of
fresh frozensections of DRG” (Advanced Cell Diagnostics) was used to
examine the extent and selectivity of TeNT recombination. The cheek
or plantar surface of the hind paw was injected with PGE2, LY344864 or
phosphate-buffered saline (PBS) as described above. Mice (male and
female; more than 8 weeks old) were habituated to the testing chambers
for at least two sessions in the days preceding the behavioural tests.
When mice were used for more than one experiment, they were allowed
atleast 7 daystorecover between tests. The experimenter was blinded
to the genotype of the animals.

For the data shown in Fig. 5a,e, mechanical thresholds (50% with-
drawal threshold) were determined using von Frey stimulation by the
simplified up—down method*® at multiple time points up to 2 h after
injection of PGE2 or LY344864. The experimenter was blinded to the
genotypes of the mice. For Fig. 5f, mechanical threshold (60% with-
drawal threshold; three responsesin five trials) was determined using
von Frey stimulation by astandard up—-down method at baselineand a
single time point 15-30 min after intraperitoneal injection of vehicle
(dimethylsulfoxide) or Salvinorin B (Hello Bio; 10 mg mI™%;10 mg kg™)
and pawinjection of LY344864 (as described above). The experimenter
was blinded to the injected compound. The mice were tested twice
(opposite paws; 6 days apart), with four receiving Salvinorin B in the
first test and the other three in the second round. The assignment of
mice to the two groups was pseudorandom. Brush allodynia was deter-
mined in the samebehavioural apparatus by stimulating C57BIl/6 mice.
As shown in Extended Data Fig. 9a, 20 brushes were delivered using a
paint brush (7950-5 Round; KINGART) once every minute before and
10-30 min after paw injection. A response was counted as any with-
drawal from the stimulation. As shownin Extended DataFig. 9b, asingle
brush with a fluffed cotton swab was delivered at baseline and at each
time point after paw injection of PBS or LY344864. Pain-like behaviours
(repetitive or extended lifting and guarding) and brief response to

brushing were scored. The experimenter was blinded to the injected
compound; thus, mice were randomly assigned to groups.
Spontaneous pain behaviours following the injection of 500 uM
PGE2 (in 20 pl of PBS) or PBS alone into the hind paw or cheek were
recorded and scored offline using BORIS®® by an observer blinded to
the genotype and/or the compounds used. In mice injected in the hind
paw, licking of the injected paw was scored for 15 min and quantified for
al0-min period, starting 5 min after injection to match the development
of inflammation?. For cheek injection blinding, the animals were ran-
domly assigned to groups. Following injections, the mice were placedin
cylindrical plexiglass chambers surrounded by mirrors. All face-directed
behaviours and periods of inactivity greater than1swere scored for the
first 15 min after injection and quantified for the same 10-min period
used for the paw. Althoughinactivity may represent freezing-like behav-
iour (Supplementary Video 3), it may also represent sitting or sleeping.
The single mouse injected with PBS that displayed considerable inac-
tivity did not appear to enter a freeze-like state, whereas the majority
of the PGE2-injected mice did. To avoid judgement errorsin scoring at
the resolution of the videos, inactivity was analysed without trying to
assess whether the mouse was in distress. Theright cheek was partially
depilated 2 days before behavioural recording to aid injection.

Quantification and statistical analysis

The numbers of animals and responding cells that were tested for each
transcriptomic class are listed in Supplementary Table 1. All quantifica-
tion and statistical analyses were performed using Pythonv.3.8, Pandas
v.1.1.3, Numpy v.1.19.2 and Scipy v.1.5.2.

Spontaneous activity was detected as peaks in AF/Ftraces witha
minimum prominence of 4% AF/F,aminimum absolute peak of 4% AF/F
and a minimum interpeak interval of 0.6 s using the Scipy find_peaks
function. The amplitude of an event was calculated as the difference
between peak height and its preceding minimum. Spontaneous activ-
ity was quantified over multiple time windows when the cheek or paw
was held at 30 °C (105 s for trigeminal neurons and 40 s for DRG) by
summing event amplitudes.

Temperature-induced responses were identified as peaks with a
minimum prominence of 5% AF/F,aminimum interpeakinterval of 0.6 s
and an onset during the temperature stimulation window. The end of
aresponse was defined as the time point when signal dropped below
10% peak height. The area under the AF/F curve from onset to end of
theresponse was used to quantify response to temperature. A cell was
considered responsive to a temperature stimulus if AUC exceeded a
defined minimum (corresponding to amean of 3.5% AF/F over the 4-s
stimulation window). A cell was mechanosensitiveif its peak amplitude
exceeded15% AF/F during the stimulus application window. Cells were
polymodaliftheratio between the mechanical and temperature stimuli
was smaller than 5:1and larger than 1:5.

Quantification of responses for a given stimulus varies according
to the choice of cells included in the analysis. For example, cells may
have spontaneous activity but not respond to mechanical or thermal
stimulation of the cheek. For consistency and to allow comparison
between figures, we report the response magnitudes (and numbers) of
cheek-innervating neurons, thatis, cells that responded to any stimulus
applied to the cheek.

To distinguish brush responses from spontaneous activity after
chemical induction, individual time-locked brush responses within a
1-swindow of stimulus application were identified as peaks with a mini-
mum prominence of 5% AF/F and a minimum absolute peak height of
20% AF/F.Bonafide brush cells were identified as cells that responded
toatleast 50% of brushes, which cover largely but not completely over-
lapping fields of the cheek.

Percentages of transcriptomic cell classes contributing to a func-
tional cell category were calculated as described previously® by
dividing the number of responding cells positive for a given class by
the number of responding cells that were tested with ISH probes for
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that class. Because not all classes were tested in all individual animals,
the summed percentages do not necessarily add up to100%. To display
proportionsin stacked bar graphs, the percentages were further nor-
malized to 100% in these graphs.

The effects of PGE2 injection were analysed using two-tailed paired
Student’s t-test. Attenuation of heat responses by TrpvI knockout was
analysed using one-tailed Welch’s ¢-test (allowing for unequal vari-
ances between different conditions). The effects of TrpvI knockout on
spontaneous activity were analysed using two-tailed Welch’s ¢-test.

Holm-Sidak correction was applied to all statistical tests to adjust
for multiple comparisons when investigating several transcriptomic
classes. One-tailed Wilcoxon signed-rank tests were used for von Frey
thresholds and brush-induced behaviour when comparing time points
after allodynia induction to paired baseline values. In Extended Data
Fig. 9b, data were pooled across time points after injection and com-
pared between experimental groups with a chi-squared test. All other
comparisons between behavioural groups used the Mann-Whitney
U-test. Detailed statistical information is provided in Supplementary
Table 2.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data needed to interpret, verify and extend the research (calcium
traces, ISH annotations and behavioural data) are available at Zenodo
(https://doi.org/10.5281/zen0d0.14907827)%. Data from GEO Series
GSE254789 were also analysed.

Code availability

Custom code foranalysisisavailable at Zenodo (https://doi.org/10.5281/
zen0do.14907827)%.
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Extended DataFig.1|Response properties of trigeminal neurons during activity map showing the full functional imaging field from an example mouse;
mechanical and thermal stimulation of the mouse cheek. a) Heatmap cellular response magnitudeisindicated by brightness and response to heat
showing the invivo GCaMP responses from 2085 neurons responding to (50°C, green) and (b) pinch or (c) brush responses (magenta). Note significant

mechanical and thermal stimulation of the cheek in 15mice; changesin GCaMP overlap of heat and noxious mechanical (b) but not gentle touch (c); scale bar:
fluorescence (% AF/F) are color-coded asindicated in the scalebar. (b, c) Spatial 50 pm.



Article

Q

Trom8 Fxyd2 Tmem233 S100b Scn10a Calca Tact1 b
5 4 4 4 6 | cool [l
83 a9 Q\?Q 3 3 3 8 ol oLTMR ||
§2 i 5l (| 4 (} AB-LTMR
g4 21 1 | \ 1 ﬁ I 2ﬁ 21 ‘[ 1 AS-LTMR
doldlLLLLL 1l oA A LITT | olLLALILLL QLTI QUL GRIMATIAITT oflLLLAILLTL ACNOC

PEP

Trpv1 Nppb Sst Mrgpra3 , Mrgprb4 Mic1 Mrgprd NP3
z, 5 4 3 NP2A
] 4
t, s 3 ) 2 5 5 NP2B
3 ) 2 \ ) , J ‘ ] NP1 |
o 1/
5 1 1 l LA ISP PP S L
& olLLLLLAI oflLLLLLILLI ol LLLLLLLLL olLLLLLIAAI olLLLLLIAL olLLLALLLIAI ol LLLLIILLL & LA GO STV

<® N

GCaMP classified

Extended DataFig. 2| Basis for ISH-based mapping of functional
responses to transcriptomicclass. a) Violin-plot analysis of expression

level (log normalized single cell RNA sequencing data)'?® showing expression
patterns of several marker genes used in this study across 10 major transcriptomic
classes'inthe order shownin (b). At the single cell level, some of these classes
canbe further divided into subclasses"?but neither the use of Cre-lines*®
norour approachrecapitulate thisresolution due to lack of markers with
appropriate specificity and expression level. (b) Simplified representation of
expression of asubset of these markers (red, positive; pink, weak expression;
check, not diagnostic; white, negative) defines trigeminal neural classes.

(c) Exampleimages of aregion of trigeminal ganglion subjected to functional
imaging that was aligned to post-hoc multigene ISH. Upper left panel shows
ISH for GCaMPwith positive cells outlined in green. These cell outlines have
beentransferred to theISHimages for eight genes used in classification to
demonstrate the diagnostic power of our approach. The positive and negative
expression of these markers allowed unambiguous class assignment for all
GCaMPexpressing cells (lower right panel). Note, the viral approach for GCaMP
expression (see Methods) results in stochastic GCaMP expressionin asubset of
sensory neurons (approx.40%in the image shown) accounting for ISH-positive
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cellsthatare not GCaMP positive and therefore not outlined ingreen. (d) Upper
panels show ISH for GCaMP (green) superimposed on the aligned in vivo
functionalimaging data for pinch, brush and heat (maximum projection
images, magenta). Previously? we quantified the fidelity of alignment and
showed thatalthough there was not a pixel-to-pixel match between the
differentimaging modes, <5% of cells were displaced by more than30 %

of their diameter. Lower panels show the responding cells color-coded for
transcriptomic class. As expected, each stimulus only activates asmall subset
ofthe GCaMP-positive trigeminal neurons since we only target stimulation
toasmallregion of the cheek. Inthisexample, the cLTMRs (green) responded
tobrushand pinchbutnot heat. Over the complete dataset for this study,
inexperiments where probes for all classes were assayed, more than 96%

of functionally responding cells could be classified unambiguously and

less than 2% had an ambiguous pattern that could not be resolved using

the classificationlogic. (e) The red outlined GCaMP expressing neurons
(dotted white outlines in the other ISH images) were classified and their
GCaMP-transients areshown to the right. For the Ca-traces, AF/F and time are
indicated by scalebarsand arrows above the heat tracesindicate the startand
duration of heating pulses.
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Extended DataFig.3|NP2B neurons, specificity of Mrgprb4-tdT-Cre
recombination and DRGresponses. (a) Whole mount ISH images comparing
methods used to distinguish NP2A and NP2B cells. NP2 cells (orange outlines)
canbeassigned by expression of Tmem233and Fxyd2but not Mrgprd or Nppb/
Sst.NP2Bcells (green outlines) also express Mic1 and alower level of Calca than
NP2A cells (magentaoutlines); scale bar = 50 pm. In animals where both
methods were applied, there was >90 % agreement. (b) Example triple label

ISH of asection froman Ai95 mouse carrying an Mrdprb4-tdT-Cre allele showing
GCaMP (blue), Mic1 (green) and tdT (red). Note perfect overlap of MicI and tdT
showing that tdTmarks NP2B cells; GCaMPis much more broadly expressed.
(c) Exampleimage showing alignment of in vivo tdT fluorescence (red) and a
spatial map of stimulus evoked activity (green, all stimuli combined) showing
that most responding neuronsin these mice are not NP2B cells; scale bars (b, b)
=50 pm for merged views. (d) Heatmap showing Ca-transients from lumbar
DRG neurons from Ai95 mice (n =5) carrying the Mrdprb4-tdT-Cre allele divided
into 747 GCaMP-only cells and 109 NP2B neurons expressing tdT; changes in
GCaMP fluorescence (% AF/F) are color-coded as indicated in the scale bar.
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Extended DataFig. 4| Tuning of NP1 neuronsreflects stimulus application
rather thanheterogeneity in this class of sensory neurons. Heatmaps
showing Ca-transients from trigeminal neurons of three Ai95 mice carrying
the Mrgprd-CreER knockin allele after tamoxifen induction; changes in GCaMP
fluorescenceinresponse tostimuliapplied to the cheek are color-coded by

% AF/F.Responding neurons were sorted based on their response to heating.
Note that foreachmouse, there were individual pinches that primarily activated
neurons that were not temperature responsive (an example boxed, green)

and other pinches that generally activated temperature responsive neurons
(anexample boxed, red). This strongly suggests thatallNP1neuronsinnervating
the cheek are polymodal and that differencesin position of stimulus activation
orsize of thermal versus mechanical receptive field account for apparent
variation in tuning selectivity.
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Extended DataFig.5|Inflammatory heatsensitization and sensory stimulus
ongoingactivity of nociceptorsinwild type mice. a) Response magnitude
(mean AUC +s.e.m) at the holding temperature of 30 °C (No stimulus) and at
45°Cbefore (light or dark grey) and after PGE2 injection (pink or red) expose
therelative contributions of ongoing activity and thermal sensitization that
occurinthismodel of inflammatory pain. There was asignificantincrease

inthe magnitude of the temperature response (response at 45 °C minus
response without stimulation) in PEP and NP2A nociceptors after PGE2
induced inflammation. (b) Heat response magnitude (mean AUC +s.e.m)

for wild type mice before (grey) and after (red) PGE2 injection to the cheek.
p<0.05,%p<0.01,*;p<0.001 *** for details of statistical tests and numbers
of mice and cells see Supplementary Information, Tables1and 2.
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Extended DataFig. 6 | Inflammatory heat sensitization and sensory
stimulus ongoingactivity of nociceptorsin TrpvI’ mice. a) Heatmaps
showing the effect of PGE2-induced inflammation on the thermal sensitivity of
371C-nociceptorsin 6 Trpvl” mice that responded to heat and/or pinch of the
cheek grouped by class; for display purposes baseline (left) and ongoing
inflammation (right) wereindependently sorted based on magnitude of heat
response. (b) Proportions of heat (red), polymodal (orange) and mechanically
tuned neurons (grey) for each class in wild type mice (upper panel) or Trpvl”
mice (lower panel); the number of neurons and mice used for assignment are
indicated. Note that the relative number of PEP and NP3 neurons as well as the
proportionrespondingtotemperatureisreduced in the knockout animals.

(c,d) Heatresponse magnitudes (mean AUC t s.e.m) displayed to compare wild
typeand TrpvI” mice (c) before and (d) after PGE2 injection to the cheek; note
thatthewildtype dataarearepeat ofthe datadisplayedin (Extended Data

Fig. 6b). (e) Quantitation of unstimulated activity in TrpvI” mice (mean sum
oftransientamplitudes +s.e.m.) before (pale blue) and after PGE2 induced
inflammation (dark blue). (f) Change in unstimulated activity induced by PGE
injection of the cheek (mean sum of transientamplitudes +s.e.m.) for wild type
(grey) and Trpuv1” (blue) mice; p < 0.05,% p < 0.01,**; p < 0.001, ***; for details of
statistical testsand numbers of mice and cells see Supplementary Information,
Tablesland?2.
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Extended DataFig.7|Nociceptorresponsestobrushingarenotincreased
during PGE2 induced inflammation. Heatmaps showing the effect of PGE2-
induced inflammation on the brush sensitivity and stimulusindependent
activity (right column) of 580 nociceptors (from 8 mice) that responded to
mechanical stimulation of the cheek grouped by class. Note that spontaneous
activityin A6-NOC, PEP, NP3, NP2A and NP2B neurons accounts for apparent
activity duringbrushingi.e., brushresponses were notincreased during
inflammation. Weak brush activity in NP1 neurons was not changed after PGE2
injection (see Fig.4c).
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Extended DataFig. 8|Silencing nociceptors and targeting NP3 cells as
controlsfor strategies used to functionally determine nociceptor
contribution to allodynia. (a) Triple label ISH validating our approach for
silencing alarge subset of nociceptors (TrpvI expressing PEP, NP3 and NP2A
neurons).InDRGs, >96% of Trpvl expressing neurons were TeNT positive
(624/643 cellsinsections from 3 mice) and >97% of TeNT positive cells were
nociceptorsi.e., co-expressed Trpvl and/or ScniOa. (b) Sst-Cre was used to
target NP3 cells; Cre-recombination (green) occurredin 63% of NP3 neurons
expressing Sst/Nppb (red, 246/389) with variable (50-80%) recombination
across 3 animals. Moreover, NP3 cellsaccounted for only 29% of the recombined
neurons (246/847).Recombination also labeled SI00b-positive neurons (blue),
which do not express Sst, these cells were large-diameter and accounted for
the other 71% of recombined cells. (c) Functional responses (magenta) were
aligned to gene expression (green) showing that small diameter Sst/Nppb-NP3
cellsnever respond to brush but are heat sensitive consistent with datain Fig.1.
Brushbutnot heatactivates the large diameter SI00b-expressing neurons;
scalebars, (a, ¢) 50 pm. (d) Heatmaps of DRG imaging for mice expressing
GCaMP under the control of Sst-Cre. Responses from 174 neurons from 7 mice
show that Sst-Crelabeled neurons are spontaneously active after injection of
PGE2into the paw, butbrush cells were not activated by inflammation.
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Extended DataFig.9|Dynamictactileallodyniainduced by PGE2 or
LY344864 and unstimulated behavioral responses to inflammation.

a) Theright hind paws of C57B/6 mice were brushed 20 times before and after
injection of PBS (vehicle,n=12), PGE2 (n=7) orLY344864 (n =5). Percentage
response of each mouse (black lines) and the meanresponse of the group before
(circles) and after injection (squares) are shown. (b) Time course showing that
hind pawinjection of LY344864 but not PBS induces pain-like behaviors to
gentlebrush (repetitive or extended lifting and guarding) resembling the

time course for von Frey sensitization (Fig. Se). (c-f) Changes in behavior were
observed following (c,d) hind paw and (e, f) facial injection of PGE2 in wild type
mice. (c) Ethograms showing time spentlicking the injected hind paw for wild
type mice (grey bars, n =8) and littermates expressing TeNT in nociceptors
(redbars, n=8) for15 minafterinjection of PGE2. Note that licking of the
injected hind paw develops slowly minutes after PGE injection corresponding
toinduction of inflammation® andis rarely seen in TeNT mice where nociceptor
signalingis blocked. (d) Quantification of time spent licking the affected

paw (mean ts.e.m.) for the10-minute period at the start of inflammation

highlightedinyellowin panel (c). (e) Ethograms showing scored face directed
behaviors, grooming of the face with both front paws (yellow), wiping with
theright (green) or left (red) front paw and hind paw scratching of the right
(purple) or left cheek (grey) for 15 min after facial injection of PBS (n=5) or
PGE2 (n=6).Alsoshown are periods of inactivity greater than1s (black). Note
that miceinjected with PGE2 became inactive, often standingin ahunched
posture within5 min of PGE2 injection (Supplementary Information, Videos 2, 3),
mirroring the induction of inflammation® and nociceptor activity (Fig. 3a).
Notably, PGE2 induced inflammation did not elicit the wiping or scratching
observed afterinjection of strong agonists of select nociceptor classes*® but
instead significantly reduced face directed behaviors. Anecdotally, PGE2
injected animals were sometimes observed to raise their paw towards the
injected cheek but refrain from touching the skin (Supplementary Information,
Video 4). (f) Quantitation of time spentin face directed behavior (left) and
inactivity (right) after PBS (grey) or PGE2 (red) for the 10-minute period
highlightedinyellowin panel (e). p < 0.05,*; p < 0.01,**; for details of statistical
tests and numbers of mice see Supplementary Information, Tables1and 2.
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Extended DataFig.10|Similar response profilesin mice with different
depilation timing. We used three different populations of mice during this
study because we needed the furintact to assess brushing and depilated skin
fortemperature series. Datain Figs.1and 2 were obtained from mice where
the fur wasremoved acutely (during the functional imaging after mechanical
stimulation had been performed). Datain other figures either used no fur
removal (brush studies) or depilation was the previous day (approx. 24 h before
recording) to minimize potentialirritation from the chemical fur removal
needed for temperature series. Note studies of inflammation were all carried
outwithout acute fur removal. Response magnitudes (AUC mean £ s.e.m.) for
same day (pale grey) and previous day (dark grey) depilation regimes for the
different cell classes indicate only minimal differences in sensitivity; p < 0.05,
* p<0.01,**p<0.001,*** For details of statistical tests and numbers of mice
and cellssee Supplementary Information, Tables1and 2.
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|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 O 0000053

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | Excelitas PCO Camera Control Software; pCLAMP-11; Zeiss ZEN Black

Data analysis ImagelJ-1.53t; Custom MATLAB and Python scripts from github.com/lars-von-buchholtz/warping; R-script & Jupyter notebook from
DOI:10.5281/zenodo.14907827; R version 4.4.0; Seurat version 5.1.0; https://github.com/chris-mcginnis-ucsf/DoubletFinder version 2.0.4;
Python 3.8; Numpy 1.24.3; Pandas 1.4.4; Matplotlib 3.7.2; Seaborn 0.13.2; Scikit-image 0.20.0; Statsmodels 0.14.0; Scipy 1.9.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data needed to interpret, verify and extend the research (calcium-traces, ISH annotations and behavioral data) have been deposited at Zenodo https://
doi.org/10.5281/zen0do.14907827. Data from GEO, Series GSE254789 were also analyzed.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No explicit sample size estimates were made. Where applicable, sample sizes were estimated based on experience and previously published
studies refs 3, 58 & 59.

Data exclusions | Data not included: Results from a number of mice which either died before a full stimulation protocol was performed or for which the ISH
after functional imaging failed. Cells that were not in focus or had extensive overlap in response and cells that were not responsive to cheek
stimulation were excluded. For mice not tested for inflammation: cells that had spontaneous activity were also excluded. In addition,
responsive cells that could not be mapped to ISH based on GCaMP expression and cells that could not be unambiguously mapped to cell class
were excluded from the full analysis. Very few "Cool" neurons were identified as innervating the cheek; 6 such Trom8 expressing “Cool”
neurons from the entire dataset are reported in the supplementary tables but have been excluded from the main figures.

Replication Data were replicated across animals and experiments with full details in the figure legends and in Supplementary Information Table 1. For
representative images shown experiments were replicated in at least 3 mice.

Randomization  Randomization was used for behavioral experiments where appropriate (e.g., mice were randomly assigned to groups and where injected
with two compounds, the order was pseudo-random); randomization is not appropriate for other experiments (ISH and Ca-imaging)

Blinding Experimenter performing behavioral studies was blinded to mouse genotype and/or compound injected. Experimenter annotating ISH data
was blind to functional response of the cells.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
X Antibodies XI|[] chip-seq
X Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mouse (Mus musculus) C57BI/6 and mixed background (C57BI/6 -FVB/N - C3H) strains
Wild animals none used
Reporting on sex All experiments used male and female mice

Field-collected samples  none used

Ethics oversight The NIDCR and NINDS Animal Care and Use Committees approved experiments performed in these studies. Protocol numbers: NIDCR
23-1127, 21-1069, NINDS 1365 and 1369

>
Q
]
(e
()
1®)
O
=
o
c
-
(D
©
O
=
5
(@]
wn
(e
3
=
Q
<

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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