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Multiplexed Representation of Itch and Mechanical and
Thermal Sensation in the Primary Somatosensory Cortex
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The primary somatosensory cortex (S1) plays a critical role in processing multiple somatosensations, but the mechanism
underlying the representation of different submodalities of somatosensation in S1 remains unclear. Using in vivo two-photon
calcium imaging that simultaneously monitors hundreds of layer 2/3 pyramidal S1 neurons of awake male mice, we examined
neuronal responses triggered by mechanical, thermal, or pruritic stimuli. We found that mechanical, thermal, and pruritic
stimuli activated largely overlapping neuronal populations in the same somatotopic S1 subregion. Population decoding analy-
sis revealed that the local neuronal population in S1 encoded sufficient information to distinguish different somatosensory
submodalities. Although multimodal S1 neurons responding to multiple types of stimuli exhibited no spatial clustering, S1
neurons preferring mechanical and thermal stimuli tended to show local clustering. These findings demonstrated the coding
scheme of different submodalities of somatosensation in S1, paving the way for a deeper understanding of the processing and
integration of multimodal somatosensory information in the cortex.

Key words: itch; population coding; primary somatosensory cortex; sensory submodality; somatosensation; two-photon
calcium imaging
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Cortical processing of somatosensory information is one of the most fundamental aspects in cognitive neuroscience. Previous
studies mainly focused on mechanical sensory processing within the rodent whisking system, but mechanisms underlying the
coding of multiple somatosensations remain largely unknown. In this study, we examined the representation of mechanical,
thermal, and pruritic stimuli in S1 by in vivo two-photon calcium imaging of awake mice. We revealed a multiplexed repre-
sentation for multiple somatosensory stimuli in S1 and demonstrated that the activity of a small population of S1 neurons is
capable of decoding different somatosensory submodalities. Our results elucidate the coding mechanism for multiple somato-
sensations in S1 and provide new insights that improve the present understanding of how the brain processes multimodal
sensory information. j

submodalities of somatosensation. Previous studies found that a
great proportion of DRG neurons responded to multiple types of
stimuli, including mechanical, thermal, and chemical stimuli
(Han et al.,, 2013; Wang et al,, 2018; Paricio-Montesinos et al.,
2020). In contrast, other studies reported that the vast majority
of peripheral sensory neurons selectively responded to either
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Introduction

Somatosensation is crucial for many physiological processes. It
includes many different submodalities, and many efforts have
been made to decipher the coding mechanisms of multiple
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heating or cooling stimuli (Yarmolinsky et al., 2016) and that
mechanosensitive DRG neurons were not activated by various
thermal stimuli (Emery et al., 2016). These data suggest that pri-
mary sensory afferents exhibit complicated response patterns to
different somatosensory stimuli. In the spinal cord, it has been
found that multiple somatosensory stimuli, including thermal,
mechanical, pruritic, and nociceptive stimuli, could activate the
same spinal neuronal population (Carstens, 1997; Davidson et
al., 2007; Hachisuka et al., 2016; Ran et al., 2016). However, a
previous study claimed the existence of a subset of spinothalamic
tract neurons that were specifically involved in itch-related
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C57BL/6N WT mice were purchased from the SLAC
laboratory (Shanghai). The generation of GRPR-
iCreER mice has been described previously (Mu et al.,
2017). All mice were housed on a 12 h light-dark cycle
(lights on at 7:00 A.M.) with ad libitum food and
water. All procedures were approved by the Animal
Care and Use Committee of the Center for Excellence
in Brain Science & Intelligence Technology, Chinese
Academy of Sciences, Shanghai, China.
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Surgeries. Mice were anesthetized with sodium
pentobarbital solution (100 mg/kg body weight, i.p.)
for all surgeries, and the body temperature was main-
tained at 37°C using a heating pad (RWD Life
Sciences). Ophthalmic ointment was applied to the
animals’ eyes to maintain lubrication. All injections
were performed using a picospritzer system controlled
by a Master-8 stimulator (A.M.P.L). Mice were
allowed to recover from anesthesia on a heating blan-
ket before being returned to their home cage. Mice
were allowed to recover for at least 2 weeks before
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Figure 1. Measurement of skin temperature in response to infrared laser (976 nm)-based thermal stimuli. A-F,

Curves of the subcutaneous temperature measured with a thermometer probe under exposure to an infrared laser
emitter with different levels of power. The optic fiber tip was placed at a distance of ~1.5cm from the skin.
Vertical dashed lines indicate laser stimulus onset and offset. Red bars represent the laser stimulation period.

signaling (Andrew and Craig, 2001), further raising the question of
how the CNS decodes multiple submodalities of somatosensation.

It is generally believed that the perceptual distinction of dif-
ferent somatosensory submodalities is achieved at the cortical
level (Ikoma et al., 2006; Dong and Dong, 2018); accordingly, the
somatosensory cortex is the main focus for investigating the
processing of somatosensory information. Previous macroscopic
brain imaging and electrophysiological recording experiments
have characterized responses in the primary somatosensory
cortex (S1) to different types of stimuli and found that different
submodalities of somatosensory stimuli evoked comparable acti-
vation in S1 (Mancini et al., 2012; Papoiu et al., 2012; Milenkovic
et al., 2014; Khasabov et al., 2020). However, these studies either
lack single-cell resolution or are limited by the relatively small
number of recorded neurons; thus, how somatosensory informa-
tion of multiple submodalities is decoded by the S1 population at
the single-neuron level remains largely unknown. Population imag-
ing provides us with the advantage of simultaneous recording of an
unbiased large number of neurons, and these studies in S1 mainly
focused on tactile information processing in the vibrissal system
(Kerr et al., 2007; Chen et al., 2013a; Peron et al.,, 2015; Isett et al.,
2018; Petersen, 2019; Brown et al., 2021). However, much less is
known about how the S1 neuronal population processes other im-
portant submodalities of somatosensory information beyond the
whisking system, such as pruritic and thermal sensation, in
awake animals. Thus, it remains undetermined how S1 enc-
odes and decodes different submodalities of somatosensa-
tion. Here, we examined the coding of mechanical, thermal,
and pruritic stimuli in S1 by in vivo two-photon calcium
imaging. We revealed a multiplexed representation for mul-
tiple somatosensory submodalities in S1 and demonstrated
that the activity of a small population of S1 neurons is capa-
ble of decoding different somatosensory submodalities.

Materials and Methods
Animals. Male adult (7-14weeks of age) C57BL/6N and GRPR-
iCreER mice were used in all behavioral and imaging experiments.

experiments.

Intraspinal cord injection. This procedure has been
described previously (Mu et al., 2017). Briefly, paraver-
tebral muscles and other tissues were retracted at ver-
tebral levels C1-C5, and the exposed vertebral column
was mounted and fixed on a stereotaxic apparatus.
One segment of vertebral bone (C2 or C3) was
removed, and a small incision was made on the dura
for smooth penetration of the injection pipette. AAV-
hSyn-Flex-ChrimsonR-tdTomato (AAV2/9, titer: 3.7 x 10'* vg/ml)
or AAV-hSyn-DIO-mCherry (AAV2/9, titer: 3.0 x 10'? vg/ml) was
injected into the right side of the spinal cord at 3 or 4 injection
sites (interspaced by 400-500 um, 400 nl per site) with a glass pip-
ette targeted at the superficial dorsal horn. The pipette was with-
drawn 5 min after virus injection.

LED implantation. For mice used in spinal optogenetics experi-
ments, an LED (630 nm, Teleopto) was placed above the virus injection
area of the exposed spinal cord and was stabilized with 3M Vetbond and
dental cement. The surrounding skin was closed with stitches to provide
better stability.

Chronic imaging window implantation. A circular craniotomy (~3
mm in diameter) was performed over the left SITr (center coordinate:
AP 1.45 mm; ML 1.85 mm) or S1BF (center coordinate: AP 1.45 mmy;
ML 3.05 mm), and the dura was left intact. AAV-CaMKII-GCaMPé6s
(AAV2/9, titer: 1.2 x 10" vg/ml) was slowly injected (200nl per site, 2
sites interspaced by 250 um; ~400 um beneath the cortical surface) into
the cortex. The injection pipette was withdrawn 5 min after the injection.
An imaging window constructed with two glass coverslips (inner layer
diameter ~2.5 mm, outer layer diameter ~5 mm) joined with an ultra-
violet curable optical glue was inserted into the craniotomy area and
sealed in place with dental cement. A titanium head plate with an open-
ing in the middle was then attached to the skull with 3M Vetbond and
dental dement to permit stable head fixation and two-photon imaging
over the cranial window.

Tamoxifen injection. Tamoxifen was dissolved in sunflower oil at a
concentration of 20 mg/ml and was injected into GRPR-iCreER mice at a
dose of 150 mg/kg (i.p.) body weight for 5 consecutive days after virus
injection.

Itch behavioral test. To measure scratching behavior, a small (1
mm in diameter, 3-mm-long cylinder) magnet was implanted into
the back of the right hindpaw of each mouse. Their scratching
behavior was recorded with a magnetic induction method as
described previously (Mu et al., 2017). For optogenetic stimula-
tion, the stimulus was delivered through a wireless optogenetic
system (Teleopto) or a custom-made wire connected to a Master-9
stimulator. Adjustment of light frequency and LED output power
was achieved by the Master-9 stimulator in wired mode. The
scratching behavior of all mice used in opto-itch stimulation was
measured before the imaging experiments.
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Post hoc histology. After the imaging A
experiments were finished, the mice underwent
histologic evaluation. This procedure has been
described previously (Gao et al., 2019). Briefly,
mice were anesthetized and perfused transcar-
dially with 4% PFA (Sigma) solution. LEDs and
head plates were retrieved for recycling use.
Spinal cords and brains were dissected, post-
fixed overnight at 4°C in 4% PFA, and then cry-
oprotected in 30% sucrose in PBS at 4°C. Free-
floating sections (40 um) were prepared using a
Leica Microsystems CM 1950 cryostat. Images
were taken using an Olympus VS120 fluores-
cence microscope.

In vivo two-photon calcium imaging.
GCaMP6s was excited at 920 nm with a Ti:
sapphire laser (Mai Tai, Spectra Physics) and
imaged through a Nikon 16x, 0.8 NA water-
immersion objective. Images (512 x 512 pixels,
420 x 423 um) were acquired at ~ 30.9 Hz using
National Instruments software. Before imaging, a
particular FOV with strong GCaMP fluorescence A
was selected by adjusting the imaging plane (typi- !
cally 130-170 um below the cortical surface), and -
the same FOV was targeted in each session across
different days based on vascular landmarks and
visual comparison with previous images. To elim- 147
inate potential confounds from body movement-
induced neuronal activity, mice were treated with
chlorprothixene (2mg/kg, im.) before experi-
ments to prevent their body movements in all
imaging sessions. During imaging, slow drifts of
the FOV were manually corrected approximately
every 40-60 trials based on a reference image. The 20 2
hair of the mice was shaved to expose their rostral
back skin to ensure the effectiveness of the soma-
tosensory stimulation with air puff or heat
stimuli.

For opto-itch stimulation, the illumination
of the spinal implanted LED was controlled by
an Arduino board, which was programmed to
also trigger data acquisition of the two-photon
imaging system. For each trial, imaging frames
during a 2 s baseline period were collected
before LED illumination (2 s), and imaging
frames during the 11 s poststimulation period
were also collected. For the varying intensity
session, 120 trials consisting of 5 different inten-
sities with blank control trials were sampled in a
randomized manner. In the low intensity or the
mCherry control block, 40 trials with a blank control were sampled. The
interstimulus interval of the optogenetic stimulation of spinal GRPR" neu-
rons was set to 20 s.

For the air puff stimuli, air was delivered through a rubber hose con-
nected to a nitrogen cylinder, and the hose tip was pointed at the rostral
back skin at a distance of ~1 cm. The delivery of the air puff was gated
by an electromagnetic valve controlled by the Arduino board. The weak,
medium, and strong air pressures were ~57, ~114, and ~228kPa,
respectively, based on the readings of the cylinder valve. Interstimulus
interval of the air puff stimuli was set to 20 s.

For heat stimuli, the tip of a 976 nm infrared laser emitter (Shanghai
Laser & Optics Century) was placed ~1.5 cm away from the rostral back
skin, and the subcutaneous temperature under different laser powers
was measured with a thermometer probe before imaging (Fig. 1).
During imaging, delivery of the laser and the different output powers
were controlled by the Arduino board. Weak, medium, and strong heat
stimuli were delivered with ~0.3, ~0.8, and ~1.2 W lasers, respectively.
The interstimulus interval of the heat stimuli was increased to 60 s to
prevent skin damage after repeated laser exposure.
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In vivo two-photon calcium imaging of STTr neurons in response to mechanical stimuli applied to the skin. 4,
Schematic illustrating AAV-CaMKII-GCaMP6s injection and two-photon imaging of S1Tr in head-fixed mice with mechanical
stimuli (~114 KPa air puff). B, Expression of GCaMP6s in S1Tr. The red beads were injected in the middle of the imaging
field after the imaging experiment to verify the location of the FOV. Scale bar, 500 m. C, Image of one example FOV in
response to air puff stimuli. Green circles represent neurons that showed significantly activated responses. Scale bar, 50 wm.
D, Calcium traces of 5 representative S1Tr pyramidal neurons from € in response to air puff stimuli in individual trials. Blue
shading represents air puff presentation period (2 s). E, Heat maps of the calcium activity of one neuron (n2 in D) responding
to air puff stimuli or blank controls. F, Averaged calcium traces of the neurons in E to air puff stimuli. Shading represents the
SEM. Vertical dashed lines indicate the onset and offset of air puff stimuli. G, Heat map of neurons (n=147) from the FOV
in € during the presentation of air puff stimuli. Neurons were rank-ordered by their averaged response magnitude after air
puff onset. H-K, Percentage of responsive trials (H), peak amplitude (/), latency to response onset (J), and response duration
(K) from all defined responsive S1Tr neurons (n = 85) responding to air puff stimuli. Error bars indicate SEM.

In sessions with stimuli of different submodalities, 5 Hz 20 mW
opto-itch stimulation, ~114 KPa air puff stimuli, and 1.2 W infra-
red laser-induced heat stimuli were randomly applied with a blank
control, for a total of 70 trials. In sessions with stimuli of different
submodalities at varying intensities, a total of 170 trials were per-
formed with three different intensities for each stimulus with a
blank control.

After finishing the imaging experiments, the location of the imaging
field in each mouse was verified via a second injection of red beads in
the imaging field. The chronic window was carefully drilled and
removed to expose the cortex, and ~100 nl red beads were slowly
injected at the center of the imaging field based on vascular landmarks
imaged under the two-photon microscope. The injection pipette was
withdrawn 5min after the injection, and mice were then perfused for
histology experiments.

Imaging data analysis. Lateral drifts in two-photon images were cor-
rected by an Image] plug-in stabilizer (K. Li). Images with excessive
drifts were excluded from further analysis. All remaining processing and
analysis were performed by custom-written MATLAB codes. ROIs cor-
responding to visually identifiable somas were then manually outlined.
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Figure 3.

SEM.

The fluorescence of each cell body was measured by averaging the pixels
within the ROI, with a correction for neuropil contamination, as previ-
ously stated (Chen et al., 2013b). Briefly, the fluorescence of a soma was
estimated as Fcell,true(t) = Fcellﬁmeasured(t) -0.7 x Fneuropil(t)' The neuropﬂ
signal Fpeuropit(t) surrounding each soma was measured by averaging the
signal of all pixels within a 10-pixel radius from the cell center (excluding
all selected cells).

For imaging sessions with opto-itch, air puff, or heat stimuli, FO
was determined by the average of the 2 s period before stimulus
onset, and the SD of the baseline was calculated. Neurons were
categorized as responsive when the mean AF/F0 after stimulus
onset (0-4 s for opto-itch and air puff stimuli, 2-7 s for heat stimuli
in the 15 s trial) was >1 x SD higher than baseline in at least 50%
of the individual trials. Also, the mean AF/F0 after stimulus onset
was >2 x SD higher than the baseline averaged from all trials of
the same stimulus. The response onset was defined as the begin-
ning of the first 10 successive sample points >2 x SD of baseline
activity after stimulus onset. The peak was determined as the high-
est sample point after stimulus onset. The duration of a stimulus-
evoked response was determined as the time from the response
onset to the peak for a given responsive neuron.

Peak activity averaged from 500 ms (~17 frames) was used for the
decoding analysis. For population decoding analysis, we used a support
vector machine with a linear kernel (Horikawa et al., 2013). Simultaneously,
imaged calcium signals were arranged into an M x N matrix, where M is
the number of trials and N is the number of neurons. Each element in the
matrix is the AF/FO of a particular neuron at a given duration in a trial.
Eighty percent of trials were randomly selected as the training set, and the
remaining 20% trials were used as the test set to evaluate classification

In vivo two-photon calcium imaging of S1Tr neurons in response to heat stimuli applied to the skin. A, Schematic
illustrating the delivery of infrared laser (~1.2 W)-based heat stimuli to the same somatic region as that air puff stimuli were
delivered. B, Image of one example FOV to heat stimuli. Blue circles represent neurons that showed significantly activated
responses. Scale bar, 50 um. ¢, Calcium traces of 5 representative STTr pyramidal neurons from B in response to heat stimuli
in individual trials. Blue shading represents heat presentation period (5 s). D, Heat maps of the calcium activity of one neuron
responding to heat stimuli or blank controls. E, Averaged calcium traces of the neuron in D in response to heat stimuli.
Shading represents the SEM. Vertical dashed lines indicate the onset and offset of heat stimuli. F, Heat map of neurons
(n=130) from the FOV in B during the presentation of heat stimuli. Neurons were rank-ordered by their averaged response
magnitude after heat stimulus onset. G-J, Percentage of responsive trials (G), peak amplitude (H), latency to response onset
(), and response duration (J) from all defined responsive S1Tr neurons (n = 135) responding to heat stimuli. Error bars indicate
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accuracy for a population of neurons that was
imaged simultaneously. This process was
repeated 1000 times, and the averaged testing
dataset accuracy was used as the population
classification accuracy. A shuffled dataset was
generated by shuffling the labels of all trials, and
the same procedure was performed. To mini-
mize any dependencies on the intensity of neu-
ron activity aroused by different stimuli, AF/F0O
was normalized for each stimulus type so the
maximum AF/F0 for each stimulus type equaled
1. The same process of population decoding
was performed to test the decoding accuracy
among different trial types. For the training set,
the number of trials with different labels was
balanced.

Statistical analysis. The sample size of
each experiment is provided in Results

J and figure legends. The data are presented

8 as mean = SEM. All statistical analyses
&6l 2at were performed using GraphPad Prism 6
< and MATLAB 2014a. Statistical signifi-
§ 4 cance was set at p<0.05, and p
o

2 values < 0.001 are reported as p <0.001.
The Friedman test with Dunn’s multiple
comparisons was used to assess the differ-
ences in the trial-by-trial reliability or
peak response amplitude of S1 responses
to different opto-itch intensities across
groups or to different stimuli across
groups. The Mann-Whitney test was used
to assess the differences between the S1Tr
and SIBF in the percentage of neurons
that responded to different stimuli. The
Kolmogorov-Smirnov test was used to
assess the differences in the cumulative
distribution of the peak amplitude between
the neurons in the opto-itch and control
groups or the differences in the cumulative
distribution of interneuronal distances
between groups.

Results

A proportion of S1Tr pyramidal neurons are activated by
mechanical or thermal stimuli

To examine how somatosensory information of different submo-
dalities is processed in S1 at the single-neuron level, we used in
vivo two-photon calcium imaging to monitor the activity of S1
neurons in head-fixed mice under quiet awake conditions
(Petreanu et al., 2012) while delivering somatosensory stimuli to
the same somatic region (Fig. 2A). We expressed GCaMP6s
(Chen et al,, 2013b) in the pyramidal neurons of S1Tr, the S1
subregion corresponding to the trunk area (Fig. 2B). In response
to mechanical stimuli (air puff), ~14.9% (248 of 1665) of layer 2/
3 S1Tr pyramidal neurons were reliably activated (Fig. 2C-H),
and the response profile reflected the fast kinetics of the mechan-
ical stimuli (Fig. 2I-K). When delivering thermal stimuli (heat)
using an infrared laser emitter (Fig. 3A), we observed a compara-
ble proportion (12.3%, 204 of 1665) of activated S1Tr neurons
(Fig. 3B-F). S1Tr neurons that were responsive to thermal stim-
uli exhibited high trial-by-trial reliability (Fig. 3G). However, the
response kinetics, including the peak amplitude, latency to
response onset, and duration of the response to the thermal stim-
uli, were rather different from those to the air puff stimuli (Fig.
3H-)), likely reflecting the differential kinetics of these two
somatosensory stimuli. However, the fraction of neurons



10334 . J. Neurosci., December 15,2021 - 41(50):10330-10340

Chenetal. ® Coding of Somatosensory Information in S1

responsive to these stimuli was smaller A c
i i i ) Blank  Opto-itch
th?n that in some previous studies meas Spinal surgery  Brain surgery Behavior & Imaging an plote
uring S1 neuronal responses to cooling -
or tactile stimuli (Milenkovic et al, L 1 I R
2014). We reasoned that this discrepancy 2 weeks 3 weeks ~
might have been caused by the variable g R ‘lmW
sensitivity of different body parts, as we AAV-Flex-ChrimsonR AAV-CaMKIl-GCaMP6s -
applied the stimuli to the animals’ trunk -idTomato + LED 5 .IV“"
skin, while other studies stimulated the oo
animals’ whiskers or paws (Chen et al, : -IN‘W"V
2013a; Prsa et al., 2019). Thus, our popu- st n
. . . S
lation imaging results demonstrated © P
. . ] o
sparse coding of mechanical and thermal GRPR-CreER mouse R e S
sensation in the primary somatosensory
cortex, consistent with that observed in D Blank E 100 400
previous studies (Jadhav et al, 2009; o g s S
punt (T It ; ﬂm S «» 80 R300{ 22
Barth and Poulet, 2012). il MU PO ) © 9T =
o N o W — g5 60
ks iy s it pi .150 'g [4 2200
i indivi . l = G 40 =
Itch is encoded by both individual I o o “"T’u‘l‘..‘.m.. e 55 £ 100
S1Tr neurons and populations of S1Tr : i AR sl : g % K
20 2 1 2 0 2 13 © 0 g 0
neurons Time from stimulus onset (s)  Time from stimulus onset (s)
The itch sensation represents another 300 ; ; — Opto-itch G _,, H
important submodality of somatosensa- = 200 ™ — Blank 27 . At
. . . < ' ' o) -
tion, for which the cortical representa- 2 100 : ! g 15 ., = 3] &
tion is largely unknown. The difficulty in L oo - S0 % )
examining itch-evoked cortical responses 0 T 205 § a ¥
. Lo LS !
at high temporal resolution is that the 2 0 2 , 13 ki fah
Time from stimulus onset (s) . 0

timing of itch sensation evoked by pruri-
togens cannot be precisely determined.
We thus developed an opto-itch model
by expressing ChrimsonR in spinal itch-
selective GRPRY neurons (Sun et al,
2009; Klapoetke et al., 2014; Liu et al,
2020) and used optogenetics to activate
these neurons to evoke itch sensations
with precisely controlled timing and in-
tensity. To examine the responses of
S1Tr neurons to optogenetically induced
itch sensations, we performed two-pho-
ton imaging of the S1Tr region while photostimulating spinal
GRPR™ neurons (Fig. 44,B). We found that optogenetic stimula-
tion of spinal GRPR" neurons evoked strong activation of SITr
neurons with high trial-to-trial reliability (Fig. 4C-H), and
individual neurons showed increased response amplitude in a
graded fashion when the opto-itch intensity was increased
(Fig. 5A,B). At the population level, ~12.6% (76 of 603) of
S1Tr pyramidal neurons exhibited significant responses to
opto-itch stimuli at lower intensity (5Hz, 5 mW). Stronger
opto-itch stimuli recruited more S17Tr neurons, and a group of
neurons (>1/4 of all responsive neurons) was activated at all
intensities (Fig. 5C-E). With the increase in opto-itch stimulus
intensity, the trial-by-trial reliability and peak amplitude
increased, while the latency to response onset decreased
(p <0.001, Friedman test with Dunn’s multiple comparisons;
Fig. 5F-H). This latency mirrors the latency of the scratching
behavior induced by photostimulation of spinal GRPR™ neu-
rons (Fig. 5H).

In contrast, subliminal photostimulation of spinal GRPR* neu-
rons (5Hz, 1 mW), which could not evoke scratching behavior, eli-
cited no significant responses in S1Tr neurons (p<<0.001,
Kolmogorov-Smirnov test; Fig. 5I-L). To exclude the possibility
that the heating of the spinal cord elicited by red-light illumination
activated S1Tr neurons nonspecifically, we expressed mCherry in

Figure 4.

S1Tr neurons were reliably activated by opto-itch stimuli. A, Experimental timeline for calcium imaging of S1Tr in
response to opto-itch stimuli. B, Schematic of AAV-Flex-ChrimsonR-tdTomato injection and red LED implantation in the cervical
spinal cord, followed by AAV-CaMKII-GCaMP6s injection and chronic window implantation in the contralateral S1Tr in GRPR-
iCreER mice. C, Calcium traces of one example neuron responding to opto-itch stimuli (5Hz, 20 mW) in individual trials. Blue
shading represents opto-itch stimulation period (2 s). D, Top, Heat maps of the calcium activity of the example neuron in €
responding to opto-itch stimuli or blank controls. Bottom, Averaged calcium traces of this neuron in response to opto-itch stim-
uli. Vertical dashed lines indicate the onset and offset of opto-itch stimuli. E-H, Percentage of responsive trials (), peak ampli-
tude (F), latency to response onset (G), and response duration (H) from all defined responsive S1Tr neurons (n=110)
responding to opto-itch stimuli. Error bars indicate SEM.

spinal GRPR™ neurons of one batch of mice and found that red-
light illumination indeed did not evoke significant S1Tr responses
(p < 0.001, Kolmogorov-Smirnov test; Fig. 5M-P). These data sug-
gested that the activation of SITr neurons was dependent on the
pruritic input evoked by sufficient optogenetic activation of spinal
GRPR " neurons. Together, our data supported the proposition that
the primary somatosensory cortex encodes the temporal and inten-
sity aspects of itch sensation (LaMotte et al., 2014).

Topographic representation of somatosensation in S1

To examine whether cortical responses evoked by mechanical,
thermal, and pruritic stimuli exhibit topographic organization in
S1, we performed two-photon calcium imaging of the S1BF, the
vibrissal somatosensory cortex (Fig. 6A,B); we also delivered the
same somatosensory stimuli in the same area as that in the SI1Tr
experiments. We found that very few S1BF pyramidal neurons
were activated by these somatosensory stimuli (Fig. 6C-E). The
proportion of imaged S1BF neurons that responded to heat and
opto-itch stimuli was significantly smaller than that of the S1Tr
neuronal population (opto-itch: p=0.008, heat: p=0.016,
Mann-Whitney test; Fig. 6F,H). The proportion of mechanores-
ponsive SIBF neurons showed a prominent decreasing trend
compared with that of S1Tr neurons, although no significant dif-
ference was reached under this condition (p=0.095, Mann-
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Coding of itch in S1Tr. A, Heat maps of the calcium activity of one example neuron in response to opto-itch stimuli at different intensities. Bottom right, Averaged calcium response of this

neuron. Shading area represents the SEM. Vertical dashed lines indicate the onset and offset of opto-itch stimuli. B, Averaged calcium traces of 5 neurons in response to opto-itch stimuli at different inten-
sities. Neuron n2 is an example neuron that does not show a positive response to opto-itch stimuli. Shading represents opto-itch stimulation period. Colors correspond to those of the traces in A. C,
Population dynamics of S1Tr pyramidal neurons to opto-itch stimuli. Top, Heat maps of neurons (n = 141) from one example FOV in response to opto-itch stimuli. Neurons were rank-ordered by their
averaged response magnitude after opto-itch onset in 20 Hz, 20 mW trials. Each row represents responses from the same neuron at different intensities. Bottom, Images of the same FOV at different
intensities. Colored circles represent neurons that showed significantly activated responses. Scale bar, 50 zem. D, Number of responsive neurons (out of 603 neurons from 5 mice) in low-, medium-, and
high-intensity trials. E, Percentage of responsive neurons in response to opto-itch stimuli at different intensities. Each black dot represents the percentage of responsive neurons in 1 mouse at the
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Whitney test; Fig. 6G). These data A
suggested that sensory-evoked re-

sponses in S1 exhibited explicit re-

gional specificity, supporting the
somatotopic organization in S1 for

processing different somatosensory
information.

Representation of different
somatosensations in S1Tr

It has been proposed that multiple sub-
modalities of somatosensation could be
represented by the same area within the
primary somatosensory cortex based on 1
somatotopic organization (Penfield and

Boldrey, 1937; Woolsey and Van der

Loos, 1970; Kaas et al., 1979), but the

coding mechanism is still not well

understood. To explore how the pri-

mary somatosensory cortex encodes

different somatosensory submodalities,

we imaged the same population of S1Tr

pyramidal neurons with the application F

Neurons

20 2

~ 25 wx = 20 40
of different submodalities of somato- < 'T & &\E

sensory stimuli (i.e., mechanical, ther- s 2 _%b g 15 g 30
mal, and pruritic stimuli). We found g1 g o 2
that a significant proportion of S1Tr s 10 - o s

neurons were activated by all three ‘% s 50:_ ‘;‘; 5 % 10
types of stimuli, whereas others re- 3 k3 . 5,

sponded to one or two types of stimuli
(Fig. 7A-F). Moreover, a comparable
proportion of S1Tr neurons were acti-
vated by these different stimuli (Fig.
7G,H). Within the imaged neuronal
population, >13.1% (218 of 1665) of
the recorded S1Tr pyramidal neurons
were activated by two or three differ-
ent submodalities of stimuli, and
~12.3% (205 of 1665) of recorded
neurons were activated by only one
somatosensory submodality (Fig. 7I).

Figure 6.

«—

corresponding intensity. Solid line is a linear regression fit to the black dots. F, G, Trial-by-trial reli-
ability (F) and peak amplitude (G) of the same responsive S1Tr neurons (n=45) responding to
different opto-itch intensities. Friedman test with Dunn’s multiple comparisons. H, Response la-
tency to STTr activation (left y axis) and the behavioral latency to scratch (right y axis) in response
to opto-itch stimuli at different intensities. The two curves showed strong correlation. /, Schematic
of AAV-Flex-ChrimsonR-tdTomato injection in the cervical spinal cord, followed by AAV-CaMKIl-
GCaMPés injection in the contralateral S1Tr of GRPR-iCreER mice. J, K, Heat maps of neurons
(n=294 neurons) in response to subliminal opto-itch stimuli (5Hz, T mW) or blank controls.
Neurons were rank-ordered by their averaged activity magnitude after light onset in 5Hz, 1 mW
trials. Each row represents responses from the same neuron. L, Cumulative distribution of averaged
peak amplitude after light onset for neurons to subliminal or supraliminal opto-itch stimuli (294
neurons in 5Hz, 1 mW, 649 neurons in 5Hz, 20 mW ftrials). Kolmogorov—Smimov test. Cum.,
Cumulative. M, Schematic of AAV-Flex-mCherry injection in the cervical spinal cord, followed by
AAV-CaMKII-GCaMP6s injection in the contralateral STTr of GRPR-iCreER mice. N, 0, Heat maps of
neurons in response to LED illumination in the spinal cord of GRPR-iCreER mice injected with AAV-
Flex-mCherry. Neurons were rank-ordered by their averaged activity magnitude after light onset in
5Hz, 10 mW trials. Each row represents responses from the same neuron. P, Cumulative distribu-
tion of averaged peak amplitude of neurons in response to LED illumination after light onset
(5Hz, 10 mW) in mice injected with ChrimsonR (n = 603 neurons) or mChenry (n = 172 neurons).
*%p < 0.001 (Kolmogorov—Smimnov test). Error bars indicate SEM.
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Topographic specificity of sensory-evoked responses in S1. A, Schematic of AAV-Flex-ChrimsonR-tdTomato injection
in the cervical spinal cord, followed by AAV-CaMKIl-GCaMP6s injection in the contralateral S1BF of GRPR-iCrefR mice. B,
Expression of GCaMP6s in S1BF. The red beads were injected in the center of the imaging field after the imaging experiment to
verify the location of the FOV. Scale bar, 500 m. C-E, Population dynamics of S1BF pyramidal neurons in response to different
somatosensory stimuli. Top, Heat maps of neurons (n = 82) from one example FOV during the presentation of different stimuli.
Neurons were rank-ordered by their averaged response magnitude to opto-itch stimuli. Each row represents responses from the
same neuron. Vertical dashed lines indicate the onset and offset of stimuli. Bottom, Images of the same FOV to different stimuli.
Colored circles represent neurons that showed significantly activated responses. Scale bar, 50 um. F-H, Comparison of the per-
centage of responsive neurons responding to opto-itch (F), air puff (G), or heat stimuli (H) in S1Tr and S1BF (n=>5 mice).
*p < 0.05; **p < 0.01; Mann—Whitney test. Error bars indicate SEM.

Given the substantial overlap of S1Tr neurons responding to
different stimuli, we asked whether these imaged neurons
encoded sufficient information to distinguish different somato-
sensory submodalities. We thus performed population decoding
analysis. Since the response kinetics of S1Tr neurons to different
stimuli were rather diverse (trial-by-trial reliability: p=0.013,
peak amplitude: p < 0.001, Friedman test with Dunn’s multiple
comparisons; Figs. 2H-K, 3G-J, 4E-H, and 7],K), these features
could potentially be used by the decoder to easily distinguish dif-
ferent somatosensory stimuli. To pre-exclude this potential con-
found, we performed population decoding analysis using the
peak amplitude of responses in individual trials with different
stimuli. We quantified how well the SITr population decoded
different submodalities of somatosensory information using a
support vector machine with a linear kernel across different
stimulus trials. The classifier attempted to decode the stimulus
types from the peak activity of all simultaneously imaged neu-
rons (see Materials and Methods). We found that the classifier
could indeed distinguish different types of stimuli with high ac-
curacy (Fig. 7L). The overall response amplitudes of S1Tr
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Figure 7.

Representation of different somatosensations in S1Tr. A-C, Heat maps of the calcium activity of three example neurons in response to opto-itch (5 Hz, 20 mW), air puff, and heat

stimuli. Stim., Stimulus. D-F, Averaged calcium responses of neurons in A-C to different stimuli. Shading represents the SEM. Vertical dashed lines indicate the onset and offset of different stim-
uli. G, Heat maps of neurons (n = 147) from one example FOV during the presentation of different stimuli. Neurons were rank-ordered by their response magnitude to opto-itch stimuli. Each
row represents responses from the same neuron to different stimuli. H, Percentage of S1Tr neurons responsive to opto-itch, air puff, and heat stimuli (10 FOVs from 10 mice). Connected colored
dots represent the value from the same mouse to different stimuli. /, Number of responsive S1Tr neurons (out of 1665 neurons from 10 mice) in response to different stimuli. J, K, Trial-by-trial
reliability (/) and peak amplitude (K) of the same S1Tr responsive neurons (n = 96) responding to different stimuli. Friedman test with Dunn’s multiple comparisons. L, M, Decoding accuracy of
different stimuli with one fixed intensity from all imaged S1Tr neurons before (L) and after normalization (M) of the response amplitude (n =5 mice). N, Decoding accuracy of different stimuli

with one fixed intensity from S1Tr neurons responsive to all three different types of stimuli (n=5
ditions. *p << 0.05. ***p < 0.001. Error bars indicate SEM.

neurons were different for the three types of stimuli (p < 0.001,
Friedman test with Dunn’s multiple comparisons; Fig. 7K),
which could potentially be used by the classification decoder. To
examine this possibility, we normalized the response amplitude
of all neurons within each stimulus type and used the nor-
malized activity for the decoding analysis. Different types of
stimuli could still be decoded with high accuracy after nor-
malization (Fig. 7M), suggesting that the decoding of differ-
ent stimuli by S1Tr neurons was not solely dependent on
the difference in response amplitudes. Given that ~5.8%

mice). Connected colored dots represent the value from the same mouse under different con-

(96 of 1665) of S1Tr neurons responded to all three stimuli,
we investigated whether these neurons alone encode a suffi-
cient amount of information to distinguish different soma-
tosensory submodalities. We thus performed decoding
analysis using this small population of neurons and found
that the decoding accuracy was still above chance level (Fig.
7N), although the absolute accuracy was lower than that
using all imaged S1Tr neurons (Fig. 7L,M). Thus, S1Tr neu-
rons could encode different somatosensations with a popu-
lation coding scheme.



10338 - J. Neurosci., December 15,2021 - 41(50):10330-10340 Chenetal. ® Coding of Somatosensory Information in S1

A C D E
Opto-itch Heat Opto-itch Air puff
—20 Hz, 20 mW
—5 Hz, 20 mW Low Low
«
N
o
w
[
< V
13 2 0 2 13 -2 0 5 13 ] . . .
Time from stimulus onset (s) Time from stimulus onset (s) Time from stimulus onset (s) Medium High Medium High
F Heat G O Low H O Opto-itch | 1 Opto-itch vs. Air puff
ea —_ 1 Medium S 1 Air puff [ Opto-itch vs. Heat
S O Hi O ;
Low % 50 High & 800 Heat - 1.00 Air puff vs. Heat
° c < % -
) £ 40 /YO S 5 0751 cr*%i
9}
/55 £ 30 3 8 e
s} 2 o
o 20 5 < %]
<) £ I
i) © o 0.251
c 10 « @
8 (m)
[ ©
Medium High 8 O - & 0.00 ' '
o Opto-itch  Air puff Heat Shuffle Real
J O Low vs. Medium K L M
] Low vs. High
I Medium vs. High .
X . Opto-itch
. 1.00 Opto-itch - ..1.00 Air puffo__o\O . 1.00; Heat Low Medium High
(8] &) /) 8]
g g TSe< g z
3 0.751 3 0.75 ot Tollo 3 0.751 S Accuracy
g Y 8 a8 e "
© 0.50 bet o 0.50+- =o) o 0.50 = 322
c Su L3 c £ o8
g k] k] & <= 05
3 0.25- 30.25 3 0.251 <
o) [0 3] MO D2
[m) (=] o T I
0

Shuffle

R S
2 1 1
S
308 0.8
c
50.6 0.6
=
S04 — Allneurons .4
8 — Opto-itch — All neurons
+=0.2 — Air puff 0.2 — O&A&H
oy € — Heat
e 30
Opto-itch Air puff Heat O8A&H AR 98000 400 0 AR 90000 400 o0
Distance (um) Distance (um)
Figure 8.  Decoding of different somatosensory submodalities in S1Tr. A-C, Averaged calcium responses of one example neuron responding to opto-itch (4), air puff (B), and heat stimuli (C)

at varying intensities. Shading represents the SEM. Vertical dashed lines indicate the onset and offset of stimuli. D-F, Number of responsive S1Tr neurons (out of 1016 neurons from 5 mice) in
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To further demonstrate that the decoding ability of S1Tr neu-
rons is not simply dependent on the overall difference in the
response amplitude, we imaged the same population of SITr
neurons while delivering three types of stimuli with different
intensities. The percentage of responsive SITr neurons and the
peak amplitude of individual neurons showed an increasing
trend with increasing stimulus intensity (Fig. 8A-H). We pooled
trials with different stimulus intensities and performed decoding
analysis using the peak activity of all recorded S1Tr neurons. We
found that the population decoder could still distinguish differ-
ent stimulus types with decoding accuracy comparable to that

noted when using data of a single stimulus intensity (Figs. 7L,M
and 8I). Next, we grouped trials from different stimuli based on
varying levels of stimulus intensity (low, medium, and high)
and performed decoding analysis between each pair of pos-
sible intensities of one given somatosensory stimulus, as
well as between two stimulus types with different combina-
tions of intensity levels. We found that the S1Tr neuronal
population could reliably distinguish these stimulus types
regardless of the stimulus intensity (Fig. 8]-M), further
confirming that the decoding ability of S1Tr neurons is not
simply dependent on the difference in response amplitudes.
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Together, these data suggested that layer 2/3 pyramidal
neurons in S1Tr encode sufficient information to differenti-
ate multiple submodalities of somatosensory stimuli.

Next, we examined whether S1Tr neurons with similar sub-
modality preferences exhibited spatial clustering. Among S1Tr
neurons that were selectively activated by mechanical or thermal
stimuli, pairwise distances between neurons within either group
were smaller than distances among all neurons in the imaging
field (air puff: p <0.001, heat: p=0.014, Kolmogorov-Smirnov
test; Fig. 80,P,R). Interestingly, unlike S1Tr neurons that prefer
mechanical or thermal stimuli, the distances among neurons
selectively activated by pruritic stimuli were comparable to the
distances among all recorded neurons (p =0.378, Kolmogorov-
Smirnov test; Fig. 8N,R). It is possible that optogenetically acti-
vated GRPR" neurons covered more spinal cord segments than
mechanical or thermal stimuli that were applied peripherally,
which in turn recruited more widely distributed S1Tr neurons in
the imaging field. Interestingly, for S1Tr neurons that showed
reliable responses to all three different types of stimuli, the pair-
wise distances were even slightly larger than the distances among
all recorded neurons (p < 0.001, Kolmogorov-Smirnov test; Fig.
8Q,S). Although these neurons were activated by different stim-
uli without submodal specificity, the activation pattern of the
same population was variable (trial-by-trial reliability: p=0.013,
peak amplitude: p < 0.001, Friedman test with Dunn’s multiple
comparisons; Fig. 7],K). Thus, S1Tr neurons with a response
preference for mechanical or thermal stimuli exhibited spatial
clustering.

Discussion

In this study, we revealed the representation of multiple submo-
dalities of somatosensation in S1 at the cellular level, which
extended the findings of previous fMRI and electrophysiological
studies showing that somatosensory stimuli of different submo-
dalities could activate the same subregion or individual neurons
in S1 (Pei et al,, 2009; Mancini et al., 2012; Milenkovic et al.,
2014; Khasabov et al., 2020). Our data indicate that there are
both unimodal and multimodal neurons in S1, especially when
considering the responses when mechanical and thermal stimuli
were applied in the same somatic region. These results are con-
sistent with previous findings that both the segregation and con-
vergence of S1 responses elicited by stimuli with different
submodalities were detected (Sur et al., 1981; Ploner et al., 2000;
Friedman et al., 2004; Pei et al., 2009; Milenkovic et al., 2014). In
addition, the multiplexed response profile of S1 coincided with
the observation that spinal projection neurons relaying somato-
sensory information to the brain exhibit a similar response pat-
tern to multiple somatosensory stimuli (Davidson et al., 2007;
Davidson and Giesler, 2010). One caveat of this study is that
opto-itch stimuli were delivered by activation of spinal neurons;
thus, the area in S1 activated by opto-itch stimuli is likely larger
than that activated by mechanical or thermal stimuli applied in
the skin. In future studies, it would be nice to specifically activate
itch-selective sensory fibers within one dermatome to produce a
more localized pruritic stimulus, thus enabling a fairer direct
comparison between S1 responses evoked by pruritic versus
other somatosensory stimuli.

Our study revealed the graded coding scheme of itch sensa-
tion in S1 at the single-neuron level and the population level.
Also, itch intensity was reflected in the response magnitude of
individual neurons, as well as in the size of the responsive neuron
population. The coding scheme of itch in SI is similar to the
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coding strategy of heat in peripheral afferents and the spinal cord
(Ran et al,, 2016; Wang et al., 2018). Our results are also consist-
ent with previous observations that the intensity of subjective
itch intensity was highly correlated with the neuronal activity of
S1, as indicated by PET or fMRI (Darsow et al., 2000; Drzezga et
al., 2001; Holle et al., 2012). Moreover, the present findings pro-
vide a more in-depth perspective for the coding mechanism of
itch in the somatosensory cortex at the cellular level.

We examined the topographic representation of different
somatosensations in S1 by imaging another S1 subregion, SIBF,
as a control, while applying stimuli to the trunk area and verified
the somatotopic specificity of sensory-evoked S1 responses
(Penfield and Boldrey, 1937; Woolsey and Van der Loos, 1970).
We noted that there was still a small fraction of S1BF neurons that
exhibited increased activity during sensory stimulation; this activity
could be partly attributed to the background activity of S1BF
because of active whisking (Crochet et al., 2011; Chen et al., 2013a).
In addition, stimuli applied in the rostral back skin or rostral cervi-
cal spinal cord might overlap slightly with the caudal receptive field
of S1BF. Choosing another S1 subregion or trimming the whiskers
before imaging might further reduce this effect.

Our study also demonstrated that the activity of the S1 neuro-
nal population is capable of encoding different somatosensory
submodalities, supporting the proposition that perceptual dis-
tinction between different somatosensory stimuli can be achieved
in primary sensory cortices (Parker and Newsome, 1998; Ma,
2010; LaMotte et al., 2014; Dong and Dong, 2018). Given that
different somatosensory submodalities could still be decoded
using the subfraction of S1 neurons showing multimodal
responses, the population code for sensory differentiation prob-
ably lies in a rather finite number of S1 neurons. The population
coding mechanism of different somatosensations in S1 was pro-
posed by previous studies but has not yet been thoroughly veri-
fied because of the limited sample size of recorded neurons in
single-unit electrophysiological experiments (Milenkovic et al.,
2014; Khasabov et al., 2020). Our population imaging data com-
pensated for this disadvantage and indeed supported the popula-
tion coding hypothesis for somatosensation.

It is interesting that some S1 neurons selectively respond to
one stimulus while other neurons are multimodal and are capa-
ble of distinguishing different stimuli. We speculate that the
combination of neurons with different response properties
endows S1 with more power to code complex sensations (me-
chanical itch, thermal pain, etc.), and to better undergo sensory
integration by recruiting differential neuron populations.
Because of the intrinsically sparse coding property of layer 2/3 S1
neurons (Barth and Poulet, 2012; Petersen and Crochet, 2013;
Adesnik and Naka, 2018), the precise level of segregation
between different submodalities at the single-neuron level still
remains to be determined; thus, population coding provides a
potential mechanism to ensure the smooth processing of multi-
modal sensory information. Together, our findings provide new
mechanistic insights into the coding scheme of mechanical, ther-
mal, and itch sensations in the primary somatosensory cortex
and extend our knowledge of multimodal somatosensory proc-
essing and integration in the cerebral cortex.
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