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SUMMARY

Dorsal root ganglion (DRG) sensory neuron subtypes defined by their /in vivo properties display
distinct intrinsic electrical properties. We used bulk RNA-sequencing of genetically-labeled
neurons and electrophysiological analyses to define ion channel contributions to the intrinsic
electrical properties of DRG neuron subtypes. The transcriptome profiles of eight DRG neuron
subtypes revealed differentially expressed and functionally relevant genes, including voltage-gated
ion channels. Guided by these data, electrophysiological analyses using pharmacological and
genetic manipulations as well as computational modeling of DRG neuron subtypes were
undertaken to assess the functions of select voltage-gated potassium channels (Kv1, Kv2, Kv3,
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and Kv4) in shaping action potential (AP) waveforms and firing patterns. Our findings show that
the transcriptome profiles have predictive value for defining ion channel contributions to sensory
neuron subtype-specific intrinsic physiological properties. The distinct ensembles of voltage-gated
ion channels predicted to underlie the unique intrinsic physiological properties of eight DRG
neuron subtypes are presented.

ETOC

Zheng et al. defined distinct intrinsic physiological properties and transcriptome profiles of eight
somatosensory neuron subtypes and further revealed subtype-specific contributions of
differentially expressed potassium channels to the intrinsic membrane properties in these sensory

neurons.

INTRODUCTION

Dorsal root ganglia (DRG) neurons are the first-order neurons in the somatosensory afferent
pathway, transducing physical, thermal and chemical stimuli acting in the periphery into
electrical signals and conveying these signals to the central nervous system for action and
perception. DRG neurons are pseudo-unipolar, with one axonal branch that innervates
peripheral tissues, including the skin, and another that projects to the spinal cord and, in
some cases, the dorsal column nuclei of the brainstem (Abraira and Ginty, 2013). Decades of
research has shown that DRG sensory neurons exhibit a wide range of peripheral ending
morphologies, central projection patterns, and physiological properties, and that they are
tuned to distinct modalities or features of sensory stimuli. DRG neurons are thus classified
into distinct subtypes (Abraira and Ginty, 2013; Basbaum et al., 2009; Delmas et al., 2011,
Willis and Coggeshall, 2004; Woolf and Ma, 2007; Zimmerman et al., 2014).

How do DRG neuron subtypes transduce sensory stimuli into patterns of APs that propagate
to the CNS? Stimuli impinging on the skin and other organs activate transduction receptors
or ion channels on peripheral terminals of DRG sensory neurons, resulting in the generation
of receptor potentials. Transduction channels include thermosensitive and mechanosensitive
cation channels, such as TrpV1, TrpM8 and Piezo2 (Julius, 2013; Ranade et al., 2015).
Receptor potentials generated at axon terminals may be integrated over space and time and
subject to modulation by locally expressed voltage-gated ion channels (Bai et al., 2015;
Francois et al., 2015a; Grigg, 1986; Heidenreich et al., 2012; Wang and Lewin, 2011).
Suprathreshold receptor potentials trigger activation of voltage-gated ion channels at
initiation sites to generate APs that propagate along the length of the axon, into its central
axonal branches and terminals. While the transduction machinery determines the general
stimulus modality to which DRG sensory neurons respond, voltage-gated ion channels
modulate generator currents and control AP thresholds, AP firing patterns, propagation, and
synaptic transmission (Du et al., 2014; Heidenreich et al., 2012; Mugeem et al., 2018; Sundt
et al., 2015; Tsantoulas and McMahon, 2014; Waxman and Zamponi, 2014) and are
therefore determinants of DRG sensory neuron function.

It has long been established that a wide range of voltage-gated sodium (Nav), calcium (Cav),
and potassium (Kv) channels are expressed in DRG neurons, and several of these ion
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channels are now appreciated as targets for developing drugs to treat pain (Dib-Hajj et al.,
2010; Tsantoulas and McMahon, 2014; Waxman and Zamponi, 2014). Most
electrophysiological studies have focused on small-diameter DRG neurons, most (but not
all) of which correspond to unmyelinated nociceptors, with some studies distinguishing sub-
populations of small-diameter neurons based on lectin binding or capsaicin sensitivity (Du
and Gamper, 2013; Petruska et al., 2000; Rau et al., 2014; Vydyanathan et al., 2005). Much
less is known about the complement of ion channels in physiologically-defined DRG neuron
subtypes (for example, mechanoreceptors) or how they relate to the firing behaviors in these
subtypes, especially medium-and large-diameter DRG neurons, which comprise a highly
heterogenous population. Therefore, a major current challenge is determining how intrinsic
electrical properties of the diverse, physiologically distinct mammalian somatosensory
neuron subtypes are specified.

Recent advances in the development of mouse genetic tools to interrogate the major classes
of DRG sensory neurons afford an opportunity to investigate the relationship between
patterns of voltage-gated ion channel expression and the intrinsic physiological properties of
DRG neuron subtypes. Genetic tools now exist for labeling five principal low-threshold
mechanoreceptor subtypes (LTMRs, /.e., touch receptors) that innervate hairy skin: these are
the C-LTMRs, A5-LTMRs, AR RA-LTMRs, Ap SA1-LTMRs, and Ap Field-LTMRs
(Zimmerman et al., 2014; Bai et al., 2015). Here, we used genetic tools to identify intrinsic
molecular determinants of the physiological properties of LTMR subtypes and, for
comparison, nociceptor subtypes and proprioceptors (Hippenmeyer et al., 2005; Zylka et al.,
2005). We employed genetic labeling to purify these DRG neuron subtypes and performed
deep RNA-sequencing to identify candidate genes that underlie their subtype-specific
intrinsic electrophysiological properties. Our analysis revealed many genes, including
voltage-gated ion channels, that are differentially expressed across the five LTMR subtypes,
peptidergic and polymodal nonpeptidergic nociceptors, and proprioceptors. Guided by these
gene expression profiles, we performed electrophysiological experiments and computational
modeling to define contributions of differentially expressed Kv channels to sensory neuron
subtype-specific intrinsic electrical properties. Our findings reveal the distinct voltage-gated
ion channel constellations that support unique intrinsic properties of the major DRG sensory
neuron classes.

Somatosensory neurons exhibit subtype-specific intrinsic membrane properties and
mechanosensitivity

The availability of mouse genetic tools for selective labeling of functionally defined sensory
neuron subtypes /n vivo enables a comprehensive analysis of subtype-specific intrinsic
physiological properties of these subtypes. We focused on eight major classes of DRG
sensory neurons labeled /n vivo using genetically modified mice. These are the MrgD*
polymodal nonpeptidergic nociceptors, the broad class of CGRP* (peptidergic) nociceptors,
five functionally defined LTMR subtypes (C-LTMRs, A6-LTMRs, AR RALTMRs, Ap SA1-
LTMRs, Ap Field-LTMRs), and proprioceptors. The genetic tools used to label each of these
neuronal populations are: MrgDFCFF mice to label MrgD™* nonpeptidergic nociceptors
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(Zylka et al., 2005); Calca(CGRP)-EGFP BAC transgenic mice for peptidergic nociceptors
(Bai et al., 2015); THA-CreER - pogisi-tdTomato (A14) mice (Tamoxifen 2mg/day at P13-14)
for C-LTMRs (Abraira et al., 2017); 77kBS"®ER: Aj14 mice (Tamoxifen 2mg/day at E12.5-
13.5) for A6-LTMRs (Rutlin et al., 2014); Npy2r-GFP BAC transgenic mice for Ap RA-
LTMRs (Li et al., 2011); TrkCC"eER - ReffGFP mice (Tamoxifen 3mg at E12.5) for AR SA1-
LTMRs (Bai et al., 2015; Jain et al., 2006); 77kCC"eER - Ref’GFF mice (Tamoxifen 2mg/day at
P13-14) for AB Field-LTMRs (Bai et al., 2015); and PV/RES-Ce: Aj14mice to label
proprioceptors (Hippenmeyer et al., 2005) (Figure 2A). We estimate that these eight
populations account for ~85% of all DRG neurons (Bai et al., 2015; Gorokhova et al., 2014;
Lietal., 2011; Luetal., 2017).

Firing patterns and AP waveforms.—To define the intrinsic electrical properties of
DRG neuron subtypes, neurons from each of the genetically labeled mouse lines were
acutely dissociated and used for whole-cell patch-clamp recordings. The neuron subtypes
displayed distinct electrophysiological signatures. MrgD* nonpeptidergic nociceptors and C-
LTMRs both showed repetitive low-frequency firing in response to current injection,
reaching maximum frequencies of ~12 Hz and ~26 Hz, respectively (Figure 1A, 1B and 1H).
C-LTMRs exhibited a distinctive delayed firing pattern with a long latency to the first AP
followed by regular repetitive spiking (Figure 1B). A8-LTMRs showed strong adaptation,
firing 5-6 spikes in the first few hundred ms and then becoming silent (Figure 1C and 1H).
AP RA-LTMRs and proprioceptors both fired repetitively over a wide range of frequencies,
with the frequency increasing with current amplitude to a maximum of ~180 and ~220 Hz,
respectively (Figure 1D, 1G and 1H). Both Ap Field-LTMRs and Ap SA1-LTMRs typically
displayed very strong adaptation, firing only in the first 50 ms of current injection (Figure
1E, 1F and 1H). Strikingly, AB SA1-LTMRs fired no more than two spikes regardless of the
current intensity used for stimulation.

The finding that Ap SAL-LTMRs fire non-repetitively in response to sustained current
injection /n vitrois counterintuitive because these neurons fire repetitively and adapt slowly
to sustained skin indentation /n7 vivo (Wellnitz et al., 2010; Zimmerman et al., 2014). We
therefore asked whether Ap SA1-LTMRs could fire repetitively /n vitro by applying a train
of short current pulses (250 ps). Indeed, all Ap SA1-LTMRs faithfully followed pulse
stimulation up to ~300 Hz (Figure 1E). /n vivo, AP SA1-LTMR cutaneous endings are
associated with Merkel cells, which are themselves mechanosensitive and transmit
excitatory signals to Ap SA1-LTMRs (Chang et al., 2016; Ikeda et al., 2014; Maksimovic et
al., 2013, 2014; Woo et al., 2014). These /in vitroresults are thus consistent with the notion
that the repetitive firing of AR SA1-LTMRS in response to static indentation 7 vivo depends
on their association with Merkel cells. Proprioceptors could follow repetitive stimulation at
even higher frequencies (400-600 Hz) than AB SA1-LTMRs and maximal firing frequencies
of both were far higher than that achieved by C-LTMRs (30-100 Hz).

The DRG neuron subtypes also display different AP waveforms. MrgD™ nonpeptidergic
nociceptors and C-LTMRs have much wider APs (widths ~2 ms at half spike height) than
other LTMR subtypes and proprioceptors, with AP widths < 0.5 ms (Figure 1B and 1D). The
broad APs seen in MrgD* nonpeptidergic nociceptors and C-LTMRs agree with previous
results showing broad APs in cell bodies associated with unmyelinated C-fibers in rats
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(Harper and Lawson, 1985). Broad APs may facilitate AP propagation in small
unmyelinated axons with short length constants, which are susceptible to spike failure,
especially at the T-junction within the dorsal root ganglion (Gemes et al., 2013; Sundt et al.,
2015).

Our electrophysiological analyses of MrgD* nonpeptidergic nociceptors, the five LTMR
subtypes, and proprioceptors indicate that these populations are largely homogeneous in
terms of within-group firing patterns and AP waveforms. On the other hand, the CGRP*
peptidergic nociceptors displayed a range of firing patterns and AP waveforms (Figure S1),
consistent with the idea that CGRP labels a large, functionally and morphologically
heterogeneous group of neurons that can be further subdivided based on their intrinsic
physiological properties (Arcourt et al., 2017; Bardoni et al., 2014; Han et al., 2013; Patil et
al., 2018).

Mechanically activated currents.—To assess intrinsic mechanosensitivity of the major
DRG sensory neuron subtypes, genetically labeled DRG neurons were used for /n vitro
whole-cell mechanoclamp experiments in which a controlled mechanical stimulus was
applied to the cell body using a piezo-driven glass probe and resulting currents were
recorded (Hao and Delmas, 2011; McCarter et al., 1999). All labeled neuronal types were
used for this analysis, except for CGRP™* peptidergic nociceptors which were excluded
because of their heterogeneous firing properties (Figure S1). With a series of 500-ms
mechanical stimulations of increasing displacement, all five LTMR subtypes and
proprioceptors displayed obvious mechanically-activated inward currents (Iynecn) (Figure
1M-1R and 1S), while most MrgD™ nonpeptidergic nociceptors displayed minimal Ipech
indistinguishable from noise (100pA) (Figure 1L and 1S). Imech in DRG neuron subtypes
also displayed different decay kinetics. lynecn OFf AS-LTMRS, AB-LTMRs, and proprioceptors
have fast relaxation kinetics with a time constant mostly shorter than 30 ms (Figure 1T). In
comparison, Imech Of C-LTMRs decays slower with an average time constant around 100 ms.

Taken together, these in vitro electrophysiological recordings indicate that most functionally
distinct DRG neuron subtypes are distinguished by unique combinations of firing patterns,
AP waveforms, and mechanical sensitivities; Ap Field-LTMRs and A SA1-LTMRs
displayed similar intrinsic properties despite major differences in their /n vivo responses to
mechanical stimuli acting on the skin, likely reflecting their unique peripheral terminal
morphologies and the skin cell types with which they associate (Bai et al., 2015).
Differences in intrinsic physiological properties among the subtypes are likely due to
differences in ion channels and components of the mechanotransduction machinery that they
express.

Deep RNA-sequencing to generate transcriptome profiles of major DRG neuron subtypes

To explore the molecular basis of the distinct intrinsic membrane properties and other
distinguishing features of DRG neuron subtypes, we undertook an RNA-sequencing
approach to generate transcriptome profiles for each of the eight major DRG neuron
subtypes. We made use of the aforementioned genetic tools that selectively label each of
these subtypes with fluorescent reporters, first purifying labeled neurons to homogeneity
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using flow cytometry (FACS) and then extracting RNA from these purified neuronal
populations (Figure 2A and 2B). DRGs from all axial levels were used for FACS, except for
proprioceptors which were purified from thoracic ganglia, because the PV/RES-CTe- Aj14
proprioceptor labeling strategy was found to label a subset of limb level cutaneous LTMRs
as well. DRGs from multiple mice were combined for FACS, and neurons from multiple
rounds of sorting were combined to obtain sufficient amounts of RNA for each sequencing
reaction. At least three biological replicates were sequenced for each neuronal subtype
(Figure 2B). RNA libraries were prepared and subsequently sequenced using an Illumina
HiSeq2000 platform at an average depth of ~70 million mapped reads per sample. This
depth translates to an average detection level of 12,226 genes per sample. By using well
characterized mouse lines for specific labeling of neuronal subtypes, this analysis links gene
expression patterns to sensory neuron subtypes defined by their distinct /n7 vivo properties as
well as their corresponding intrinsic properties, described above. This is particularly
important for the three AB-LTMR subtypes, which account for low percentages of DRG
neurons and have not been previously resolved by single cell sequencing approaches
(Usoskin et al., 2015). Moreover, bulk RNA-sequencing at the high depth afforded by our
analysis approaches or reaches saturation of gene detection, including the detection of low-
expressed genes, and facilitates identification of differentially expressed genes (DEGS) (Li et
al., 2016). Using this deep sequencing strategy, we generated a matrix of read counts of all
genes for each of the eight major DRG neuron subtypes.

The count matrix was transformed using a regularized logarithm (rlog) implemented in
DESeq2 and thus rendered homoscedastic (Love et al., 2014). Unsupervised hierarchical
clustering and principal component analysis (PCA), using rlog values as measures of gene
expression, showed that biological replicates for the same neuronal subtype cluster with
each other (Figure 2C and S2A). This finding suggests that differences in gene expression
across neuronal subtypes are not masked by variations across sequencing batches or noise
introduced by experimental procedures.

We assessed the validity of the transcriptome profiles by examining expression patterns of
several marker genes, including genes employed for the genetic tools and those whose
expression patterns are well established in the DRG, as well as subtype-uniquely enriched
genes (SUEGS) (Figure S2B and S2D) (See Star Methods for identification of SUEGS). For
the former, expression patterns of several marker genes were found to be consistent with
established knowledge (Figure S2B). For the latter, many SUEGs found in MrgD*
nonpeptidergic nociceptors, CGRP* peptidergic nociceptors, C-LTMRs, and proprioceptors
are in agreement with prior single-cell sequencing studies that identified these subtypes (data
not shown) (Usoskin et al., 2015). Importantly, many SUEGs found in Ap RA-LTMRs, Ap
SAL1-LTMRs, and A Field-LTMRs were identified here for the first time. Several SUEGs
were also selected for validation by double immunostaining, double fluorescent /n situ
hybridization, and through characterization of a new mouse genetic tool (Calb199¢"8), which
preferentially labels Ap RA-LTMRs (Figure 2D-2L, Figure S2C-S2J). The deep
transcriptome analysis of each of the eight major DRG neuron subtypes thus allows for the
identification of gene candidates underlying subtype specific properties, including intrinsic
physiological properties.
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Functionally relevant genes are differentially expressed across DRG neuron subtypes

In addition to differences in intrinsic physiological properties, DRG neuron subtypes differ
in their developmental trajectories, peripheral terminal morphologies, response properties,
central projection patterns and postsynaptic partners, and modes of presynaptic modulation
of their central terminals (Abraira and Ginty, 2013; Dubin and Patapoutian, 2010; Fleming
and Luo, 2013; Marmigeére and Ernfors, 2007; Rudomin, 1999; Zimmerman et al., 2014,
2019). To determine gene expression patterns that may underlie these and other subtype-
specific properties, we next examined the expression patterns of genes that fall within six
functionally relevant categories implicated in shaping neuronal phenotype. The gene
categories explored are: transcription factors (TFs), cell adhesion molecules (CAMs),
neuropeptides, synaptic exocytosis machinery, G protein-coupled receptors (GPCRs), and
ion channels (Chawla et al., 2013; Foldy et al., 2016; Paul et al., 2017; Stidhof, 2012).
Among the top 75% of expressed genes ranked by average rlog values, there are 511
transcription factors, 306 cell adhesion molecules, 183 GPCRs, 175 ion channel genes, 94
synaptic vesicle exocytosis genes and 23 neuropeptide genes. Genes from each of the
categories are differentially expressed among the DRG neuron subtypes (Figure 3, S3A and
S3B, See STAR Methods for selection of genes for plotting). The most dramatic differences
in gene expression patterns were often observed between small-diameter neuron subtypes
(MrgD* nonpeptidergic nociceptors, CGRP™* peptidergic nociceptors, and C-LTMRs) and
medium/large-diameter subtypes (A8-LTMRs, the three Ap-LTMR subtypes, and
proprioceptors), which is consistent with the expression structure revealed by hierarchical
clustering and PCA analysis (Figure 2C and S2A). For example, most neuropeptide genes
and several TRP channels, including TrpA, TrpM8, and TrpV1, are expressed at higher
levels in the small-diameter neuron subtypes compared to large diameter subtypes (Figure
S3A and S3C). In addition, most synaptic exocytosis machinery genes display elevated
expression in either small-diameter or large-diameter neuron subtype clusters (Figure S3B).
On the other hand, expression differences between small-diameter neuron subtypes or
between medium/large-diameter neuron subtypes are less dramatic, although many notable
differences exist (Figure 3, also see Figure 2C and S2A). These data also revealed many
TFs, CAMs, receptors, and ion channels that are uniquely enriched in each of the three
small-diameter neuron subtypes, A5-LTMRs and proprioceptors, however fewer genes in
these families distinguish the three AB-LTMR subtypes, which likely contributed to the
difficulty resolving AB-LTMR subtypes in prior single cell analyses.

Expression patterns of ion channel genes in DRG neuron subtypes

Our transcriptome profile data resolve patterns and levels of expression of the genes
encoding the principal or a subunits and auxiliary subunits of voltage-gated ion channels
expressed in the DRG. This information provides a valuable guide for revealing the
molecular identity of the ion channels that underlie subtype-specific intrinsic membrane
properties and firing patterns, defined in experiments shown in Figure 1. Therefore, we
focused on the patterns of expression of voltage-gated ion channels for each major DRG
neuron subtype.

Nav channel a subunit genes show a clear distinction among the neuronal subtypes (Figure
4A). The most highly expressed Nav channels are Nav1.1, Nav1.6, Nav1.7, Nav1.8 and
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Nav1.9. Navl.7 is expressed across all subtypes, with the notable exception of
proprioceptors. On the other hand, Nav1.8 and Nav1.9 are most highly expressed in small-
diameter neuron subtypes, whereas Nav1.1 and Nav1.6 are abundant in As-LTMRs, the
three AB-LTMR subtypes, and proprioceptors, but very low or undetectable in the small-
diameter neuron types.

K channel genes exhibit the greatest diversity among voltage-gated ion channels, with over
ninety K channel subunit genes in the mouse genome (Coetzee et al., 1999; Vacher et al.,
2008), and many show remarkably different patterns of expression among the DRG neuron
subtypes (Figure 4B—4L, S4A-S4D and S3D). The expression of many different types of K
channels is consistent with previous recordings showing multiple components of K current
in DRG neurons, with considerable heterogeneity among neurons of different sizes (Everill
etal., 1998; Gold et al., 1996). Within the Kv1 subfamily, Kv1.1 expression is elevated in
large-diameter neuron subtypes compared to small-diameter neuron subtypes (Figure 4B).
The pattern of Kv1.1 expression was confirmed by immunostaining experiments: most
Kv1.1* neurons are NF200™, but they do not express MrgD or TH, markers of MrgD™*
nonpeptidergic nociceptors and C-LTMRs, respectively (Figure S5C and S5D). Kv1.2
expression is also relatively high in the large-diameter neuronal subtypes, especially
compared to MrgD* nonpeptidergic nociceptors, and, as with Kv1.1, this finding was
supported by immunostaining: most Kv1.2* neurons are NF200*, and Kv1.2* neurons do
not express MrgD (Figure S5E). Kv1.6 expression, on the other hand, is elevated in the
small-diameter neuron subtypes and low or undetectable in large-diameter neuron subtypes.
At least one Kv2 channel family member is expressed relatively abundantly (rpkm >15) in
each of the neuronal subtypes (Figure 4C). Of the Kv3 channel family members, Kv3.1 and
Kv3.3 are both enriched in the large-diameter neuron subtypes (Figure 4D); Kv3.1 is
particularly highly enriched in proprioceptors where it may be critical for their fast spiking
property. Both peptidergic and nonpeptidergic nociceptors express Kv3.4 channels,
consistent with recent electrophysiology, single-cell gPCR, and immunocytochemistry
(Mugeem et al., 2018; Ritter et al., 2012, 2015). Of the Kv4 family, Kv4.1 was expressed in
all eight subtypes, consistent with widespread expression in DRGs seen by
immunocytochemistry (Matsuyoshi et al., 2012; Phuket and Covarrubias, 2009), while
Kv4.3 is uniquely and highly expressed in C-LTMRs (Figure 4E); this pattern was verified
by immunostaining using Kv4.3-specific antibodies (Figure S5F). These results identify C-
LTMRs as the population of small diameter DRG neurons previously associated with high
Kv4.3 expression (Phuket and Covarrubias, 2009).

Among other differentially expressed K channel a and auxiliary subunit genes, BK and SK1
channels are elevated in MrgD* nonpeptidergic nociceptors (consistent with previous work
showing enrichment of BK current in a subpopulation of nociceptors (Zhang et al., 2010)),
and Kv7.4 expression is elevated in A8-LTMRs, Ap RA-LTMRs and A Field-LTMRs
(Figure 4G and 4L). The latter observation is consistent with the finding that Kv7.4 protein
is detected in lanceolate endings and circumferential endings, but not in Merkel cell
associated endings (Heidenreich et al., 2012). The highly diverse patterns of expression of
Kv5, Kv6, Kv8 and Kv9 family members (Figure 4F, 4H and 41) suggests that the
complexity of K channel compositions among the DRG neuron subtypes is further increased
by distinct heteromers formed between these electrically-silent (modulatory) channel
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subunits and Kv2 channels (Bocksteins and Snyders, 2012). Other voltage-gated ion channel
genes, including Cav channels and HCN family members, are also differentially expressed
among the eight major DRG neuron subtypes (Figure S4E-I). Cav2.1 (P-type) and Cav2.2
(N-type) calcium channels are relatively highly expressed in all subtypes, with much lower
expression of Cav1.2 L-type calcium channels and very low expression of Cav1.3 channels.
For T-type calcium channels, the expression of Cav3.2 is elevated in C-LTMRs and A&-
LTMRs (Figure S4E), consistent with previous studies (Frangois et al., 2015b; Wang and
Lewin, 2011). Thus, each DRG neuronal subtype exhibits a unique combination of voltage-
gated ion channels that together shape transduction of sensory information.

Major K channel families differentially contribute to outward potassium currents in a
subtype-specific manner

The unique combinations of Kv channel expression patterns among DRG sensory neuron
subtypes suggests that differential expression of these particular ion channels is a key
determinant of subtype-specific intrinsic physiological properties. The expression patterns of
Kv1-Kv4 channels (Figure 5A, 4A-D) suggest that Kv1, Kv2, Kv3, but not Kv4.3, may
mediate large outward potassium currents in AS-LTMR and AB-LTMR subtypes. Another
prediction is that Kv4.3, but not Kv3 or Kv1, carries large outward potassium current in C-
LTMRs. To test these and other possibilities raised by the sequencing analysis, we quantified
the contributions of Kv1, Kv2, Kv3 and Kv4 channels to total potassium current in the
genetically-defined subtypes using pharmacological dissection of the current.

We quantified the fraction of each current involved in repolarizing the AP in each cell type
by using previously-recorded AP waveforms in each DRG neuron subtype (Figure 1) as a
voltage command and then cumulatively applying a series of Kv1, Kv2, Kv3, and Kv4
inhibitors in an order designed to maximize selective inhibition at each step (Figure S5A,
S5A’, and S5B). Total K current was defined at the end of the sequence using a high
concentration (158.5 mM) of TEA together with all the Kv channel inhibitors.

Using this protocol, we found that in AR SA1-LTMRs and Ap RA-LTMRs, Kv1 and Kv3
account for > 80% of total potassium current during their APs (Figure 5B, 5C, and 5G).
These two Kv channel families also account for the majority of potassium current during the
AP in proprioceptors (19 + 5% from Kv1 and 40 + 6% from Kv3, n=11). We compared the
currents activated during the AP waveform with that activated by a step to +20 mV for 30
ms, long enough to achieve maximal activation for each channel type. Interestingly, in A
SA1-LTMRs and AB RA-LTMRs, Kv2 channels underlie a major component (~60-70%) of
potassium current during 30 ms step depolarizations to +20 mV but contribute almost no
current during the AP (Figure 5B’, 5C’ and 5G), apparently because of the slow opening
kinetics of Kv2 channels and the relatively narrow AP waveforms of AB-LTMR subtypes.
On the other hand, in MrgD* nonpeptidergic nociceptors, which have wide AP waveforms,
Kv2 channels contribute substantial current during both AP and step depolarization
commands, along with Kv1 and Kv4 channels; Kv3 channels also carry significant current
during the AP (13% of the total; Figure 5D, 5D’ and 5G). Strikingly, in C-LTMRs, Kv4
channels are the primary mediator (>80%) of potassium current during both step
depolarization and the AP (Figure 5E, 5E’ and 5G), thus revealing a major difference
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compared to AB-LTMRs, where Kv4-mediated current is minor. Thus, overall potassium
current is comprised of considerably different combinations of current from the various Kv
channel families in the different DRG neuron subtypes.

Kv1 channels govern firing patterns in a subtype-specific manner

We next explored the functional roles of key differentially-expressed Kv channels in shaping
subtype-specific firing properties. We explored the effect of inhibiting Kv1 channels using
the Kv1 blocker a-DTX. All the cell types expressed various Kv1 subunits, primarily Kv1.1,
Kv1.2, and Kv1.6, with differing expression levels in the different cell types of each subunit,
all of which are targeted by a-DTX. In Ap SA1-LTMRs and AB Field-LTMRs, which both
express high levels of Kv1.1 and Kv1.2, blocking Kv1 channels with a-DTX dramatically
converted their characteristic strongly-adapting firing patterns to sustained repetitive firing
lasting throughout a 500-ms current injection (Figure 6A—6D). In A RA-LTMRs, which
express substantial Kv1.1 and Kv1.2 subunits (but less than Ap SA1-LTMRS), a-DTX
enhanced firing for small depolarizations but had little effect on repetitive firing evoked by
large current injections (Figure 6E-6F). In both MrgD* nonpeptidergic nociceptors and C-
LTMRs, Kv1.6 is enriched, compared to medium/large-diameter neuron subtypes. These two
subtypes of small-diameter neurons both responded to a-DTX application but in different
ways, with a-DTX substantially increasing the maximal firing rate of MrgD* nonpeptidergic
nociceptors which is relatively low (~10 Hz) in control conditions (Figure S6A-S6B), while
having little effect on maximal firing rate of C-LTMRs (which in control conditions fire up
to ~28 Hz) but inducing an early cessation of firing and thus a rapid drop in spike number
during large current injections (Figure S6C-S6D). This effect may result from a more
depolarized membrane potential during the trough between APs, facilitating inactivation of
sodium channels. These findings show that inhibiting Kv1 currents alters firing of most
DRG subtypes, in line with previous reports on both large-diameter (Glazebrook et al.,
2002) and small-diameter (Chi and Nicol, 2007) primary sensory neurons, but with a wide
range of effects on firing in different cell types. The differing effects likely reflect a
combination of the levels of expression together with the different context of all the other
channel types in the neurons as well as potentially different kinetic properties of Kv1
channel subunit compositions (including accessory subunits).

Kv4.3 uniquely regulates the delayed firing pattern of C-LTMRs

In contrast to AR-LTMRs, Kv4 channels are the major source of K current in C-LTMRSs. In
addition, /7 vivo immunostaining showed that Kv4.3 is present on peripheral endings and
likely at central terminals of C-LTMRs, suggesting a unique function of Kv4.3 in these
neurons (Figure S7). Therefore, we next recorded C-LTMR firing patterns in the presence
and absence of the Kv4 channel blocker AmmTx3. Interestingly, AmmTx3 application
greatly reduced the long latency to the first AP following current injection, normally a
distinguishing feature of C-LTMRs (Figure 7A and 7C). Complementary experiments were
performed using mice in which the Kcnd3 (Kv4.3) gene was ablated (Figure 7B and 7C).
Consistent with the pharmacology experiments, C-LTMRs with a targeted deletion of Kv4.3
exhibited a markedly reduced latency to the first AP, confirming that Kv4.3 is indeed
essential for the delayed firing of C-LTMRs. Thus, as with Kv1 family members and AB-
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LTMR subtypes, Kv4.3 is uniquely expressed in C-LTMRs and governs unique aspects of
their intrinsic physiological properties.

Computational modeling defines roles of Kv1 and Kv4.3 channels

These pharmacological and genetic manipulation experiments support the notion that
expression of unique combinations of voltage-gated ion channels in the eight DRG sensory
neuron subtypes (summarized in Figure 7D) are critical for subtype-specific intrinsic
physiological properties. To further explore how expression levels of key channels control
neuronal firing properties, we constructed computational models incorporating the major
subtypes of Nav and Kv channels expressed in the sensory neuron subtypes (Figure 8).
Setting the size of each conductance guided by the relative levels of RNA and the maximal
conductances defined by voltage steps resulted in action potential shapes and firing patterns
similar to experimental recordings (Figure 8A-D, A’-D”). The models recapitulated the
essential role of Kv1 channels in producing non-repetitive firing in Ap SA1-LTMRs (Figure
8D-F) and the key role of Kv4 channels in controlling the long onset latency of firing in C-
LTMRs seen experimentally (Figure D’—F’). The model showed that the effect of Kv4 to
produce delayed firing, also noted in some central neurons (Molineux, 2005; Shibata et al.,
2000), occurs because Kv4 current activates rapidly at subthreshold voltages but then
inactivates over ~100 ms, producing a slow approach to threshold. This mechanism is
particularly effective in C-LTMRs because spike threshold is relatively depolarized (~—25
mV) compared to AP neurons (~—50 mV) as a result of lack of low-threshold Nav1.6
expression and the depolarized activation range of Nav1.8 channels.

We also explored the impact of varying the levels of Kv1 and Kv4 in the AR SA1-LTMR
and C-LTMR model neurons, respectively (Figure 8G, G’). In the Ap SA1-LTMR model,
the range of injected current amplitudes for which the model neuron fired a single spike
displayed a near-linear change as gKv1 was varied between 1 to 5 mS/cm?2. This suggests
that differences in Kv1 levels observed between Ap SA1-LTMRs and AB RALTMRs in the
RNA-Seq data and also in voltage-clamp recordings may explain the respective
nonrepetitive-firing and repetitive firing patterns of these two LTMR subtypes in the
experimental recordings. For the C-LTMR computational model, increasing £ Kv4 increased
the AP onset latency at all levels of current injection, as larger Kv4 current required more
complete inactivation for spike threshold to be reached.

DISCUSSION

While it is well established that primary somatosensory neurons of the DRG are tunedto
distinct stimuli and display unique firing patterns, the molecular machinery underlying their
unique properties has remained largely elusive. Here, we used a combination of sensory
neuron subtype-specific genetic labeling and deep RNA-sequencing to generate
transcriptome profiles for each of eight major DRG neuron subtypes. The deep
transcriptome analysis dataset has unique value for assessing the contributions of genes in a
sensory neuron subtype-specific manner. While prior bulk sequencing or microarray studies
using genetically labeled DRG neuron subtypes have been reported, these studies either used
genetic tools targeting broad populations of DRG neurons rather than functionally or
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physiologically defined subsets or sequenced a limited number of subtypes (Chiu et al.,
2014; Fleming and Luo, 2013). In addition, while previous unsupervised single cell RNA
sequencing (ScRNA-seq) studies of DRG neurons have provided valuable resources (Li et
al., 2016; Usoskin et al., 2015), these prior studies did not resolve several key functionally
distinct neuronal subtypes, notably the AB-LTMR subtypes. This is likely due to the
relatively small numbers of AB-LTMRs, similarities in their gene expression patterns,
especially for AR SA1-LTMRs and AR Field-LTMRs, the small numbers of neurons
sequenced in prior studies, and the potential difficulty maintaining the integrity of large
diameter DRG neurons during isolation procedures. For guiding functional analyses, the
transcriptome profiles generated in the present study cover eight major DRG neuron
subtypes, including three Ap-LTMR subtypes, AS-LTMRs and C-LTMRs, with high
sequencing depth. Indeed, the transcriptome profiles reported here reveal a large number of
functionally relevant genes, including voltage gated Na*, K* and Ca2* channels, and many
lowly expressed genes that are differentially expressed across DRG neuron subtypes, thus
providing a resource for identifying molecular underpinnings of subtype-specific
electrophysiological properties and functions. The transcriptome profiles also reveal genes
useful for generating new genetic tools, as demonstrated here for Calbl (Figure S2C-S2J).
Thus, the present deep sequencing analysis of genetically defined DRG sensory neuron
subtypes complements and extends previous RNA-seq studies. A notable disadvantage of
our present bulk sequencing strategy is that we could not identify new neuronal subtypes
within the broad CGRP* peptidergic nociceptor population, which we found to be
physiologically heterogeneous. Moreover, our genetic labeling strategies did not account for
~15% of DRG neurons, which likely include several small-diameter nonpeptidergic neuron
populations and select subtypes of glabrous skin and deep tissue-innervating LTMRs. Future
work using advanced scRNA-Seq approaches for larger scale analyses may be useful for
defining transcriptional profiles of neuronal subtypes not covered in the present study.

The transcriptome profiles presented here reveal a great diversity of voltage-gated ion
channels expressed among the neuronal subtypes. One of the most notable differences
observed is for Nav channels, of which the expression patterns are largely consistent with
previous work that assessed the distribution of Nav channels in DRG neurons with different
sizes (Dib-Hajj et al., 2010). Although a recent study suggested that Nav1.1 uniquely
functions in myelinated nociceptors (Osteen et al., 2016), our findings implicate this
channel, along with Nav1.6, as the major determinants of Nav currents in most and possibly
all large-diameter DRG sensory neuron subtypes. This is particularly interesting when
considering approaches to block or reduce excitability of large diameter sensory neuron
types, including AB-LTMR subtypes for the prevention of tactile hypersensitivity and
mechanical allodynia in neuropathic pain states. Future work will be required to assess the
relative contributions of Nav1.1 and Nav1.6 in A8-LTMRs, Ap RA-LTMRs, Ap SA1-
LTMRs and AB Field-LTMRs under both normal and disease conditions.

Towards our goal of defining the molecular basis of sensory neuron subtype-specific
intrinsic membrane properties, we used the transcriptome findings to guide an analysis of the
contributions of several families of Kv channels. The results of both pharmacological block
and computational modeling suggest that Kv1.1 and Kv1.2, which are highly expressed in
AP SA1-LTMRs and Ap Field-LTMRs, are responsible for the strong adaptation of these
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neurons. C-LTMRs are unusual in that the dominant potassium current is from A-type Kv4
channels, reflecting high expression of Kv4.3 subunits. Genetic deletion, pharmacological
inhibition, and computational modeling all showed that Kv4.3-mediated current is critical
for the delayed firing property of C-LTMRs, which is a unique electrophysiological
signature of these neurons.

Our electrophysiological analysis focused on the firing patterns of DRG cell bodies. Of
course, different cell regions almost certainly have different expression levels of the channels
described herein (Trimmer, 2015). In future work it will be important to explore possible
region-specific expression of the channels. In the case of Kv4.3 in C-LTMRs,
immunohistochemical analysis showed that this channel is distributed throughout the entire
cell surface of C-LTMRs, including its peripheral lanceolate endings around hair follicles
and likely its central terminals in dorsal horn lamina Il;,. This subcellular localization
pattern is in contrast to brain neurons, in which Kv4.3 is highly polarized, with localization
limited to dendrites, and in certain cells to cell bodies, but not on axons in any cell types
investigated (Trimmer, 2015; Vacher et al., 2008). Considering that Kv4.3 operates within
the subthreshold voltage range, this channel may function in the cutaneous ending to
mediate signal integration and govern AP initiation, which in turn may explain the
observation that C-LTMRs are most highly sensitive to stroking across the skin at low
speeds (Bessou et al., 1971; Loken et al., 2009).

In summary, deep sequencing of genetically labeled sensory neuron subtypes has afforded
an opportunity to explore the molecular determinants of DRG sensory neuron subtype-
specific intrinsic physiological properties. Our pharmacological and genetic dissection of a
subset of K channels as well as computational modeling reveal unique roles of channel
families in shaping firing properties. These analyses demonstrate the predictive value of the
transcriptome data for revealing ion channels of somatosensory neuron subtype-specific
intrinsic firing properties. The transcriptome profiles may also guide analyses of functions of
other genes in somatosensation.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact David Ginty david_ginty@hms.harvard.edu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mouse lines are listed in the Key Resources Table. Mice were group housed in a
climate-controlled environment with ad /ibitum access of food and water, on a 12-hour light/
dark cycle (7AM lights on and 7PM lights off). Mice were handled and housed in
accordance with the Harvard Medical School and Johns Hopkins University IACUC
guidelines. For all analyses, the morning after coitus (vaginal plug is seen) was designated as
embryonic day 0.5 (E0.5) and the day of birth as postnatal day 0 (P0). Mice were ear tagged
before postnatal day 21 or toe tagged at postnatal day 5-7 for determination of their
genotypes. Chemical administration protocols for certain mouse lines are described in the
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METHOD DETAILS section. For all experiments, both male and female adult mice (over
postnatal day 21 old) on a mixed background were used.

METHOD DETAILS

Tamoxifen treatment—Tamoxifen was dissolved in ethanol (20 mg/ml), which was
stored at —20°C, then mixed with double volume of sun flower seed oil (Sigma), vortexed
for 5-10 minutes and centrifuged under vacuum for 20-30 min to remove the ethanol. The
working solution (10 mg/ml) was kept at —20°C and delivered via oral gavage. For labeling
C-LTMRs, 2 mg/day for two days of tamoxifen were given at either P13-14 or P21-22. The
latter was used for TH2A CTeER - poglsi-tdTomato - ((cng3~~ mice after weaning, so that parents
avoided exposure to tamoxifen. Labeling specificity at both time windows is high. For
labeling AS-LTMRSs, tamoxifen was given to 77kBCTeER - p2g!si-tdTomato (A j14) mice at
E12.5-14.5 to reduce glial cell labeling, which was critical for FACS sorting. For labeling
AB SA1-LTMRs, tamoxifen was given to 77kBCeER - R2g/sitaTomato (A j14) mice at E12.5—
14.5 to reduce glial cell labeling. For labeling AR SA1-LTMRs, tamoxifen was given to
TrkCCTeER - RefGFP at E12.5 before 1PM; tamoxifen delivery at a later time point may
increase offt-arget labeling.

Electrophysiology

Preparation of DRG neurons.: Acutely dissociated DRG neurons were prepared using
enzymatic treatment as previously described (Liu et al., 2017). Briefly, DRG neurons were
removed from mice (over P21), cut in half and treated for 20 minutes at 37°C with 20 U/ml
papain (Worthington Biochemical, Lakewood, NJ) and 5 mM DL-cysteine in a calcium-and
magnesium-free (CMF) Hank’s buffer containing 137 mM NaCl, 5.36 mM KClI, 0.33 mM
NayHP4, 0.44 mM KH,PO4, 5 mM HEPES, 5.55 mM glucose, 0.001% phenol red, pH 7.40
adjusted with NaOH; 300~310 mOsm. Ganglia were then treated for 20 minutes at 37°C
with 3 mg/ml collagenase (ty pe I; Roche Diagnostics, Indianapolis, IN) and 4 mg/ml
dispase Il (Roche Diagnostics) in CMF Hank’s buffer. Cells were dispersed by trituration
with a fire-polished glass Pasteur pipette in a solution composed of two media combined in a
1:1 ratio: Leibovitz’s L-15 medium (Invitrogen, Grand Island, NY) supplemented with 5
mM HEPES, and DMEM/F12 medium (Invitrogen); this solution also had added 100 ng/ml
nerve growth factor (NGF) (Invitrogen). Cells were then plated on glass coverslips treated
with 40 pg/ml poly-D-lysine and then 20 pug/ml laminin (Invitrogen). Then cells were
incubated at 37°C (95% O,, 5% CO,) for 3 hours, after which Neurobasal medium
(Invitrogen) containing B-27 supplement (Invitrogen), penicillin and streptomycin (Sigma,
St. Louis, MO), and 100 ng/ml NGF was added to the petri dish. Cells were stored at 4°C
and used within 48 hours. DRG neurons with specific molecular markers were chosen for
following electrophysiological recordings.

Electrophysiology.: Recordings were performed at 37 °C using an Axon | nstruments
Multiclamp 700B Amplifier (Molecular Devices). Voltage or current commands were
delivered and signals were recorded using a Digidata 1321A data acquisition system
(Molecular Devices) controlled by pPCLAMP 9.2 software (Molecular Devices). Electrodes
were pulled on a Sutter P-97 puller (Sutter Instruments) and shanks were wrapped with
Parafilm (American National Can Company) to allow optimal series resistance
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compensation without oscillation. The resistances of the pipettes were 2-4 M. Seals were
formed in Tyrode’s solution consisting of 155 mM NaCl, 3.5 mM KCI, 1.5 mM CaCl,, 1
mM MgCl,, 10 mM HEPES, 10 mM glucose, pH 7.4 adjusted with NaOH. After
establishing whole-cell recording, cell capacitance was nulled and series resistance was
partially (70-85%) compensated. The cell was then lifted and placed in front of a series of
quartz fiber flow pipes attached with cyanoacrylate glue to a rectangular aluminum rod
(cross section 1.5 cm x 0.5 cm) whose temperature was controlled to 38°C using resistive
heating elements and a feedback-controlled temperature controller (TC-344B, Warner
Instruments). The end of the rod as well as the flow pipes (extending 1 mm from the end of
the rod) were lowered just to the surface of the bulk chamber solution, which was locally
quickly warmed by the rod; with the temperature of the aluminum rod set to 38°C, the so
lution exiting from the flow pipes was measured at 37°C (Carter and Bean, 2009). All f low
pipes are heated identically and continuously, allowing rapid solution changes without
fluctuations of temperature. Solutions were changed (in ~1 second) by moving the cell from
one pipe to another. Solutions. The standard recording solutions had quasi-physiological
ionic composition, with an internal solution consisting of 140 mM K aspartate, 13.5 mM
NaCl, 1.6 mM MgCly, 0.09 mM EGTA, 9 mM HEPES, 14 mM creatine phosphate (Tris
salt), 4 mM MgATP, 0.3 mM Tris-GTP, pH 7.2 adjusted with KOH and an external Tyrode’s
solution consisting of 155 mM NaCl, 3.5 mM KCl, 1.5 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES, 10 mM glucose, pH 7.4 adjusted with NaOH.

Sequence of inhibitors for dissecting K current components.: The inhibitors were applied
cumulatively in a sequence designed to maximize the effective selectivity for identifying
each component of K current by applying imperfectly-selective inhibitors after the main off-
target channels had already been inhibited. The K channel inhibitors were applied on a
background of TTX (1 uM) and A-803467 (1 pM) to inhibit Na channels. First, a-
dendrotoxin (Alomone Labs), which is highly selective for Kv1.1, Kv1.2, and Kv1.6
channels (Harvey and Robertson, 2004), was applied at 100 nM. Next, 4-aminopyridine (4-
AP) (Sigma) was applied at 100 pM, a concentration which should inhibit Kv3 channels
almost completely while having minimal effects on other channels except Kv1, which was
already blocked (Coetzee et al., 1999; Gutman, 2005). Next the Kv4 inhibitor AmmTx3
(Smartox Biotechnology) (Maffie et al., 2013; Pathak et al., 2016) was applied at 3 mM,
followed by the Kv2 inhibitor Guangxitoxin-1E (Peptide Institute) at 100 nM (Liu and Bean,
2014). Finally, a high concentration of TEA was applied (in the continuing presence of the
other inhibitors) to inhibit any remaining K current, using a solution in which TEA replaced
both Na and K (158.5 mM TEACI, 1.5 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, 10 mM
glucose, pH 7.4 adjusted with TEAOH); block by this solution relative to control was
considered to comprise the total K current.

In vitro mechanoclamp experiments

Cell culture.: Digestion solution, which contained 5mg/mL dispase (Gibco Invitrogen,
17105-041), 2mg/mL collagenase (Type I, Worthington, LS004196) and 0.1mg/mL DNase
(Sigma, DN25) in HBSS, was aliquoted and stored in —80°C. DH10 solution was made with
1"Penicillin-Streptomycin (Pen-Strep) (Life Technologies, 15070-063), 10% SCG FBS
(Life Technologies, 16000-044, thawed and heat-inactivated in 55°C water bath for 30
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minutes, aliquoted and stored in —20°C) in DMEM (high glucose DMEM, Life
Technologies, 11965-118), filtered through 0.2 m filters, and stored in 4°C forup to a
month. Poly-D-lysine coated glass bottom petri dishes (MatTek, P35GC-1.5-10-C) were
coated with 200 L laminin (10 g/mL) (Life Technologies, 23017-015), incubated at 37°C
overnight. The petri dishes were rinsed with ddH,O three times and dried in a sterile fume
hood. DRGs were freshly dissected out from mice (over P21) and placed into ice-cold
DH10, briefly washed once in 1"HBSS, then digested in 1mL digestion solution at 37°C for
30-40 minutes under constant rotation, and then centrifuged at 200 g for 5 minutes. The
supernatant was removed while the precipitant was carefully resuspended in 1mL DH10.
Resuspended cells were gently triturated for 10-15 times using a pipette tip opening
diameter no smaller than 0.5 mm, then allowed to recover for 1-2 minutes before the
supernatant was collected and plated on glass areas in the dishes. Petri dishes were incubated
in 37°C humidified atmosphere (5% CO,) for 20 minutes, then ~2 mL pre-warmed DH10
medium together with 25 ng/mL nerve growth factor (NGF), 25 ng/mL brain-derived
neurotrophic factor (BDNF), 25 ng/mL neurotrophin (NT3) and 2 ng/mL glia-derived
neurotrophic factor (GDNF) was added. Neurons were kept in the incubator overnight.

Voltage-clamp with controlled mechanical stimulations.: The method for in vitro
mechanoclamp experiments was modified from that of Hao and Delmas, 2011. Mechanical
probes and patch pipettes were fabricated from borosilicate glass tubing (Sutter,
BF150-86-10). Pipettes were pulled on a P-97 pipette puller (Sutter) and fire-polished using
a microforge (Narishige, MF-830). Mechanical probes were polished to obtain a blunt tip
that had a diameter of 3—4 um. Patch pipettes has a resistance of 2~4 MW. For voltage-
clamp recordings, internal solutions contained 125 mM CsCl, 1 mM MgCl,, 4.8 mM CacCly,
10 mM HEPES, 10 mM EGTA, 4 mM Mg-ATP and 0.4 mM Na-GTP with pH adjusted with
CsOH to 7.4, osmolarity adjusted to 300 mOsm with CsCI. Extracellular solutions contained
132 mM NaCl, 3 mM KCI, 1 mM MgCly, 2.5 mM CaCl,, 10 mM HEPES and 10 mM
glucose with pH adjusted with CsOH to 7.4, osmolarity adjusted to 300 mOsm with CsCl.
For mechanical stimulation, a piezoelectric actuator (P-601.1S, Physik Instrument) was fixed
on a micromanipulator and a pipette holder was mounted on the actuator. The mechanical
probe was positioned at an angle 45-60° from the horizontal plane. Movement of the
mechanical probe was controlled and monitored using the pCLAMP program. A step
protocol was used to deliver mechanical stimulations with increasing displacements at 1 pm
increments. The probe moved at a speed of 500 m/s (measured between 10%-90% distance)
and displacement lasted for 500 ms, followed by a 10s interval before the next stimulation.
The zero position was found as follows: first, the probe tip was moved close to the cell under
visual guidance; then a protocol with 4,5,6 um stimulations was run. When the 4-um
stimulation did not yield any membrane deformation while 6-m movement yielded visible
membrane deformation, the zero position was defined as 5-m movement of the probe.

Fluorescence-activated cell sorting (FACS)—For preparation, three solutions were
made beforehand. Digestion solution and DH10 medium were prepared and stored as
described for the cell culture and /n vitro mechanoclamp procedures. FACS solution
included 50 mg/mL bovine serum albumin (BSA) (Sigma, A6003), 1M HEPES (Sigma,
H3375), 1"Pen-Strep, 0.5 mg/mL DNase in L-15 medium (Gibco, 11415). FACS solution
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was made fresh for every FACS experiment. For tissue collection, DRGs from all axial
levels (except for proprioceptors, for which only non-limb level DRGs were used, because
the genetic strategy used for labeling proprioceptors also labels limb level cutaneous
LTMRs.) were freshly dissected from mice (3—-12 weeks of age) and placed into ice-cold
DH10 with roots carefully removed, briefly washed once in 1"HBSS, then digested in 1mL
digestion solution at 37°C under constant rotation. DRGs from up to six mice were collected
for each FACS experiment and the total dissection time was kept under three hours. The
digestant was centrifuged at 200 g for 5 minutes. The supernatant was removed while the
precipitant was carefully resuspended in 1 mL DH10. Resuspended solutions were gently
triturated 10-15 times using a pipette tip opening diameter no smaller than 0.5 mm, rested
for 1-2 minutes before supernatants were collected to a new tube and then the precipitants
underwent the same process of trituration, rest and collection of supernatants for a second
time. Collected supernatants were passed through a 100 um cell strainer (pre-rinsed with
DH10) (Fisher, 08-771-19) followed by 2-3 mL DH10, and all solutions were collected and
centrifuged at 200-300 g for 5 minutes. Supernatants were removed, and precipitants were
gently resuspended in 8 mL DH10, centrifuged again and the pellets were resuspended in 1
mL FACS solution. The samples were immediately transported to a flow-cytometry facility
on ice. MoFlo (Johns Hopkins School of Medicine) and Avalon (Harvard Medical School)
sorters with 100 pm or 150 um nozzles were used to sort fluorescent cells under pressure
lower than ~20 psi. Sorting criteria were selected monitoring distribution of GFP and
tdTomato signals, forward scatter, side scatter and pulse widths. Propidium iodide (PI)
staining was sometimes used to exclude dead cells. A small number of sorted cells was
collected on a slide or culture medium and examined under fluorescent microscope during
sorting for confirmation of fluorescence. Limited by the minimum amount of input RNA
needed for sequencing, at least 2000 neurons were collected for each sample, except for one
AB RA-LTMR sample that has ~1600 neurons. Sorted cells used for RNA extraction were
collected in RNAlater solution (Life Technologies, AM7022), centrifuged, placed in 4°C
overnight and sometimes stored in —80°C for several days. RNA was purified using the
Absolutely RNA nanoprep kit (Agilent, 400753).

RNA sequencing—Purified RNA samples with a concentration of 1-10 ng/uL for 8-10
pL and RNA integrity number (RIN) above 7 (except for one sample for AR SA1-LTMRs
that had a RIN ~6) were selected for library preparation and RNA-sequencing at the Johns
Hopkins Deep Sequencing & Microarray Core. cDNA libraries were prepared using Nugen
Ovation RNA-Seq and then Illumina TruSeq RNA Library Prep Kit. The cDNA libraries
were then sequenced using the Illumina HiSeq 2000 platform with 50 bp single-end reads
with 2° multiplexing (two samples were combined and run for each lane).

Trimethoprim treatment and characterization of Calb199€"® mice—Trimethoprim
(TMP) (Sigma, T78883) was dissolved in DMSO (50 mg/ml) and prepared fresh for
intraperitoneal injection of mice carrying Calb19%9C"e. Mice were treated with two doses of
TMP (100 pg per gram of body weight per day at P18,19) and then sacrificed at P21-P28 for
tissue harvesting (Sando et al., 2013). Calb199Ce - R2GLSL-FSF-tdTomato or Cafp199CTe -
R26LSL-FSF-tdTomato mice display low level of baseline recombination. TMP treatment
induced ~10-20 fold increase in the number of tdTomato™ cells in DRGs (data not shown).
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Variable baseline Cre activity was observed when using Brn3a“<9AF (Badea et al., 2012) as
the reporter line between different litters (data not shown), and it is recommended that
littermate controls always be used as controls to monitor baseline reporter expression or Cre
activity.

Immunohistochemistry of cryosections—Mice (3—-6 weeks) were anesthetized with
CO, and perfused using 5-10 ml PBS followed by 10-20 ml of 4% paraformaldehyde (PFA)
in PBS at room temperature (RT). Vertebral columns (including spinal cords and DRG) and
skin were dissected from perfused mice. For immunostaining experiments other than those
for Kv4.3, neuronal tissues were post-fixed in 4% PFA at 4°C for 2—4 hours, while skin was
post-fixed in Zamboni’s fixation buffer at 4°C for 48 hours. For Kv4.3 immunostaining, no
post-fixation was used for vertebral columns. For co-staining of Kv4.3 and tdTomato
(related to Figure S7), the skin was post-fixed in Zamboni’s fixation buffer at 4°C for one
hour. In general, the tdTomato signal decreased as fixation times shortened, while the
staining background increased as fixation times increased. Using one-hour post-fixation,
both signals could be observed, although the tdTomato signal was weak. Tissues were then
washed 3x20 minutes with PBS at RT. Tissues were cryoprotected in 30% sucrose in PBS at
4°C overnight, embedded in OCT and frozen at —20°C, stored at —20°C for short term
and-80°C for long term, and sectioned at 20-25 pm using a cryostat. Sections were collected
on slides and outlined using an ImmEdge Hydrophobic Barrier Pen. Vertebral column
sections were dried at RT for at least 30 minutes or overnight before staining. Skin sections
were dried at RT overnight to 48 hours. Slides were washed 3x10min with PBS containing
0.1% Triton X-100 (0.1% PBST) and then blocked in 0.1% PBST containing 10% normal
goat serum (Vector Labs, S-1000) or normal donkey serum (Jackson Immuno, 005-000-121)
for 30 minutes at RT. Slides were incubated with primary antibodies (listed in Key
Resources Table) diluted in 0.1% PBST containing 5% serum at 4°C overnight covered with
parafilm (Fisher, PM996). The next day, Slides were washed 3x10 minutes with 0.1% PBST,
and incubated with secondary antibodies diluted (species-specific Alexa Fluor 488, 546, and
647 conjugated IgGs, Invitrogen) 1:500 in 0.1% PBST containing 5% serum at room
temperature for 2 hours, washed again 3x10 minutes with 0.1% PBST, and mounted with
fluoromount-G (Southern Biotech).

Double fluorescent in situ hybridization (FISH) of cryosections—Digoxygenin
(DIG) (DIG RNA labeling mix, Roche, 11277073910)-labeled sense and antisense probes
were generated for Lpar3, Adcyapl, Gpx3, Ptgfr, Sppl, and Fluorescein (Fluorescein RNA
labeling mix, Roche, 11685619910)-labeled sense and antisense probes were generated for
tdTomato and GFP. Five probes for each target gene were generated and tested using single-
color /n situhybridization, and only probes that displayed robust signals were selected for
subsequent analyses. For experiments, multiple solutions were prepared beforehand. Diethyl
pyrocarbonate (DEPC)-ddH,0 and DEPC-PBS are ddH,0 and PBS treated with DEPC
(Sigma, D5758) at 1:1000 ratio, mixed at 37°C for at least 1 hour, then autoclaved. Washing
buffer was 100 mM Tris-HCL, 150 mM NacCl, 0.05% Tween-20, pH 7.5 at 20°C. Detection
buffer was 100 mM Tris-HCL, 100 mM NaCl, 10 mM MgCl,, and pH 8.0 at 20°C. All the
solutions weremade in advance and stored in RT. Hybridization solution contained 50%
formamide, 58SC, 0.3 mg/ml yeast tRNA (Sigma, R6750), 100 pg/ml heparin (Sigma,
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H3393), 1"Denhardt’s (Sigma, D2532), 0.1% Tween 20, 5 mM EDTA in DEPC-ddH,0.
Hybridization solution was made in advance and stored at —20°C. Vertebral columns were
freshly dissected from mice (3-6 weeks) and frozen in OCT, then sectioned at 20-25 m
using a cryostat. Sections from at least one pair of cervical, thoracic, and lumbar DRGs were
sectioned and sections were collected on slides and warmed up at RT for 30 minutes.
Sections were fixed in 4% PFA, then washed using freshly prepared DEPC in DEPC-PBS
(1/1000) for 10 minutes and washed again with DEPC-PBS for 5 minutes. Slides were
incubated in 50 g/ml proteinase K for 1 to 5 minutes, then washed in DEPC-PBS for 5
minutes and rinsed with DEPC-ddH,0 (ddH,0 pretreated with DEPC, and autoclaved).
Slides were treated with freshly made 0.1 M TEA buffer (triethanolamine and acetic
anhydride in DEPC-ddH,0) for 10 minutes at RT, then washed with DEPC-PBS for 5
minutes. Slides were then incubated in hybridization buffer and covered with parafilm and
incubated at 65°C in a humidified chamber for 30 minutes, then in hybridization buffer with
probes (1 DIG-and 1 fluorescein-labeled) diluted at 1:100 ratio at 65°C overnight. On the
second day, slides were washed with 0.2SSC once for 15 minutes at 65°C, then twice for 30
minutes each at 65°C. Slides were then incubated with 20% normal goat serum in 0.1%
PBST for 30 minutes to an hour at RT, then added with AP labeled antibody (anti-DIG-AP,
Roche, 11093274910) diluted at 1:1000-1:2000 in 20% normal goat serum in 0.1% PBST
and incubated at RT for 2 hours, then washed 3"10 minutes in PBS or washing buffer.
HNPP/Fast Red TR mix was prepared fresh, diluting 10 uL HNPP and 10 pL Fast Red TR
stock solution in 1 mL detection buffer (HNPP fluorescent detection kit, Roche,
11758888001), then filtered with 0.2 um filter. Slides were then incubated in HNPP/Fast
Red TR mix for 30 minutes at RT, and then washed in washing buffer. Next, slides were
incubated in HNPP/Fast Red TR mix and washed repetitively for 3 times, then washed in
PBS for 5 minutes, blocked with 0.5% blocking solution (blocking reagent (Roche,
11096176001) diluted in PBS) for 1 hour at RT, and then incubated in POD labeled antibody
(anti-fluorescein-POD, Roche, 11426346910) (1:250 diluted in blocking solution). Slides
were washed in PBS 3710 minutes at RT, then incubated with TSA Plus Solution (TSA
diluted in Amplification Plus Buffer at 1:100) (TSA plus fluorescein system, PekinElmer
NEL741001KT) for 15-30 minutes at RT, then rinsed again with PBS. Sections were
mounted with fluoromount-G before being examined using confocal microscopy.

QUANTIFICATION AND STATISTICAL ANALYSIS

In vitro electrophysiology analysis.: Current and voltage records were filtered at 10 kHz
and digitized at 200 kHz. Analysis was performed with Igor Pro 6.12 (Wavemetrics, Lake
Oswego, OR), using DataAccess (Bruxton Software) to import pClamp data. Reported
membrane potentials are corrected for a liquid junction potential of =10 mV between the
internal solution and the Tyrode’s solution in which current was zeroed before sealing onto
the cell, measured using a flowing 3 M KCI reference electrode as described by Neher
(1992). In current clamp experiments, resting potential was adjusted to —80 mV using a
steady-holding current. In quantifying action potential firing, action potentials were defined
by the criteria that peak voltage is above —20 mV and spike height is at least 30 mV.

\Voltage-clamp current records were corrected for linear capacitative and leak current by
subtracting scaled responses to 5 mV hyperpolarizations delivered from the holding
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potential. In AP clamp experiments, APs were evoked by current injection (just above
threshold for 0.5 ms) in each cell type and then used as the command waveform in voltage
clamp experiments with that cell type. To measure total net outward current during the
repolarization phase of the AP, the current was integrated from the time that net current
under control conditions became net outward (near the peak of the AP) to the time of the
trough following the AP, when net current under control conditions shifted from outward to
inward.

In vitro mechanoclamp.: Current and voltage records were filtered at 10 kHz and digitized
at 20 kHz. Series resistance and junction potential were not compensated or corrected.
Access resistance was assessed using membrane test with 5mV hyperpolarizations from the
holding potential throughout recordings, and cells displaying significant access time
constant change were eliminated from further analysis. Kinetics of mechanosensitive
currents were analyzed using pClamp and determined by using nonlinear least-squares

regression analysis applied to the decay phase of the currents. Traces were fit by one or two

_r t

Z _t
exponential components as follows: 1(HA, - e Ly A,y-e 24 A,- When two component

fitting was required, the faster time constant was used in Figure 1T. Only traces with a fitting
correlation over 80% were selected for quantification.

RNA sequencing.: Reads were aligned and counted using STAR aligner and Htseq at
Harvard Chan Bioinformatics Core. Both read count matrix and normalized data using reads
per kilobase per million reads (rpkm) were obtained. Sequencing data quality was assessed
by examining the number of mapped reads (average=73,506,450), genomic mapping rate
(average=0.93), number of genes detected (19,601 genes that have a count number >=1,
12,226 genes that have a count per million (CPM) value>=1, 11,160 genes that have fpkm
value>=1), exonic mapping rate (average=0.67), and rRNA mapping rate (average=1.86
“1076). Count matrix values were transformed using regularized log transformation
implemented in DESeq2 R package and rendered homoscedastic (Love et al., 2014).
Correlations between samples were assessed by clustering samples using all rlog
transformed count data and multiple ways to calculate distances (Euclidean Distance,
Pearson Correlation, Spearman Correlation). Samples of the same neuronal subtypes
generally clustered with each other, and two major-group structures were observed
regardless of the methods used (data not shown) (related to Figure 2C and Figure S2A). This
also held true with performing analysis using kmeans clustering with a k value of 8 (data not
shown). Differential expression tests were performed for every pair of neuronal subtypes,
also using the DESeq2 package. Differentially expressed genes (DEGs) were defined using
the criteria of a 2-fold change with a false discovery rate (FDR) <0.01. A differential
expression test was also performed comparing small-diameter neuron subtypes to medium/
large-diameter neuron subtypes. In the text, all genes that were described as differentially
expressed comparing small-diameter to medium/large diameter neuron subtypes satisfy the
aforementioned criteria. Subtype uniquely enriched genes (SUEGS) were selected for those
that are enriched in the subtype in every pair comparison, thus the FDR criteria for SUEGs
after correction for multiple comparisons is ~0.07 (related to Figure 2D). Genes whose
expression patterns were tested in Figure 2E-L were selected from SUEGs, except for Ptgfr,

Neuron. Author manuscript; available in PMC 2020 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 21

which was found to be enriched in both Ap SA1-LTMRs andAp Field-LTMRs, compared to
other subtypes. For the generation of heatmaps shown in Figure 2D, Figure S2B, Figure 3,
Figure S3A-S3B and Figure 5A, rlog transformed count data was used as expression
measurements and as inputs. Genes were first filtered using the criteria of average rlog value
across all samples >0, which yielded 18,755 genes, and defined as expressed in Results
sections related to individual figures. For the 18,755 genes detected, rlog averaged across 26
samples for every gene was calculated as average rlog values to represent average expression
levels. Average rlog is 14.28 at 99th percentile, 12.59 at 95th percentile, 11.76 at 90th
percentile, 10.14 at 75th percentile, 7.74 at 50th percentile and 3.60 at 25th percentile. For
the 18,755 genes, rlog differences from the average rlog values across all samples for each
gene were calculated to represent relative expression enrichment or reduction for each
sample. A difference of 1 roughly translates to 2-fold change. Rlog differences werethen
averaged across samples from the same neuronal subtype to represent subtype gene
expression differences. Genes were then grouped based on the neuronal subtype their
expression is enriched in, and then ordered based on the enrichment in a descending manner.
Only genes that had average rlog values within the top 75% (average rlog>3.60) and
displayed expression differences over 1 in three samples (the number of replicates for one
neuronal subtype) were selected for displaying the expression pattern. Rlog difference from
the average rlog value was plotted in the main heatmaps using a scale of -2 to 2 represented
using blue to red color scale for the heatmaps. Average rlog values were plotted in a second
heatmap to the right of the main heatmap. Figure S3C-S3D used the same plotting scheme,
but without implementing any filters and all genes belonged to the categories were included
in the heatmaps. Genes were ordered alphabetically. In bar plots displaying gene expression
using rpkm values, error bars represent mean = SD (related to Figure 4 and Figure S4). In
dotplots diplaying gene expression using rpkm values, all data points were plotted (related to
Figure 2E-2L). The bar plots were plotted using Prism 7, while heatmaps and dotplots were
plotted using the ggplot2 package in R. All the n’s are as indicated in figure legends and
corresponding methods section.

Computational Modeling—Computational models were implemented using the
NEURON simulation environment (Hines and Carnevale, 1997, 2000). Single cylindrical
compartment models were constructed with diameter and length = 19.55 um to model C-
LTMRs (total membrane capacitance Cy, = 12 pF), and with diameter and length = 30.90 pum
to model A SA1-LTMRs (C, = 30 pF). Specific membrane capacitance (c,,) was 1 pF/cm
and specific resistivity of the internal solution (R;) was 100 Q*cm. For ion channels, the
voltage-gated ion channels Navl1.1, Nav1.6, Nav1.7, Nav1.8, Kvl, Kv2, Kv3, Kv4 and leak
channels were included. The voltage-dependence and kinetics of current carried by each
voltage-dependent channels was described by i=gm”h(V-Vrev), where | is the current, gis
the maximal conductance with all channels open, V is the membrane voltage, and Vrev is
the reversal potential of the channel. Vrev was +55 mV for sodium channels and -88 mV for
potassium channels. Gating of channels was described by the Hodgkin-Huxley-style
parameters m (governing activation) and h (governing inactivation), each varying between 0
and 1 in a voltage-and time-dependent manner, with p being an exponent varying from 1 to 4
for different channels. The steady-state voltage dependence of m was described by a
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1

w

, where Vh is the voltage at which m
1+ exp( A

Boltzmann function of the form m =

is 0.5 and K is the slope factor describing the steepness of the function. The steady-state

voltage-dependence of h was described by a Boltzmann function with the opposite direction

S S
V—Vh)

. The Kinetics of gating of m and h were
1+ exp( T

of voltage-dependence, & =

expressed by defining a time-constant of gating at each voltage, allowing a more flexible
definition of kinetics than is possible by separately defining backward and forward rate
constants for each gating particle. The voltage-dependence of the m or h time-constants was
described by a rising Boltzmann function at more negative voltages and a falling Boltzmann
at more positive voltages, allowing more accurate description of gating in cases in which
time constants measured by activation and deactivation kinetics fail to converge (e.g. Liu and

Bean, 2015). The formula for the time-constant at more negative (“left-side”) voltages was

aL+——"L _ whereal corresponds to an asymptotic time-constant at strongly

1+ exp(%)
negative voltages and bL to a projected asymptote at positive voltages, with cL and dL

governing the shape of the voltage-dependence. The formula for the time-constant at more
bR

positive (“right-side”) voltages was aR + W, where aR corresponds to an
dR

1+ exp
asymptotic time-constant at strongly positive voltages and bR to a projected asymptote at
more negative voltages, with cR and dR governing the shape of the voltage-dependence.
Time-constants were defined by the “left-side” formula at voltages more negative than a
“break” voltage (denoted by “VBrk” in Table S1) and by the “right-side” formula at voltages
positive to the break voltage (cf. (Korngreen and Sakmann, 2000)).

Parameters describing voltage dependence and kinetics were initially derived from previous
studies (Nav1.1: (Rhodes et al., 2004); Nav1.6: (Carter and Bean, 2011; Royeck et al., 2008;
Schwarz and Eikhof, 1987); Nav1.7: (Blair and Bean, 2002); Nav1.8: (Blair and Bean,
2002); Kv1: (Glazebrook et al., 2002; Guan et al., 2006); Kv2: (Liu and Bean, 2014); Kva3:
(Lien and Jonas, 2003; Martina et al., 2007); Kv4: (Jackson and Bean, 2007)). Gating
parameters along with current densities were then adjusted to better match the experimental
data from DRG recordings at 37°C. The values for the gating parameters for each type of
channel are listed in Table S1. The models for firing of A SA1-LTMRs and C-LTMRs used
identical parameters for gating of the voltage-dependent channels, with different
combinations and magnitudes of each conductance. Ap SA1-LTMRs contained Nav1.1 (8
mS/cm?), Nav1.6 (40 mS/cm?), Nav1.7 (5 mS/cm?), Kvi (6 mS/cm?), Kv2 (12 mS/cm?),
Kv3 (4 mS/cm?) and Kv4 (0.8 mS/cm?) conductances, as well as a non-voltage dependent
leak conductance (0.1 mS/cm?) with a reversal potential of =80 mV. C-LTMRs contained
Nav1.7 (30 mS/cm?2), Nav1.8 (40 mS/cm?), Kv1 (0.06 mS/cm?2), Kv2 (2 mS/cm?2), Kv3 (0.05
mS/cm?) and Kv4 (11 mS/cm?) conductances, and a non-voltage dependent leak
conductance (0.02 mS/cm?2) with a reversal potential of =80 mV. For displaying the firing
behavior in Figure 8, the model was implemented in the IgorPRO as well as in NEURON.
Firing properties were analyzed and heatmaps were constructed using R.
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Data and Software Availability—Computational models are available at ModelDB
(https://senselab.med.yale.edu/modeldb/, Accession No. 256632). RNA-seq data is available
on GEO (Accession No. GSE131230).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Eight DRG neuron subtypes display distinct intrinsic physiological properties.
Transcriptome profiles revealed gene expression patterns of these subtypes.

Differentially expressed K channels regulate firing in a subtype-specific
manner.
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Figure 1. Distinct intrinsic physiological properties and mechanosensitivity of eight major DRG
Sensory neuron subtypes
(A-G) Representative /n vitro spiking patterns of DRG neuron subtypes during 500-ms

injections of depolarizing current steps of increasing magnitude.

(H) Number of APs during 500-ms current injections for each subtype (mean + standard
error of the mean (SEM)) plotted against current density, with expanded y-axis shown in the
bottom panel. N=9 for MrgD* nonpeptidergic nociceptors; n=28 for C-LTMRs; n=19 for
A8-LTMRs; n=25 for AR RA-LTMRs; n=11 for A SA1-LTMRs; n=16 for AB Field-
LTMRs; n=14 for proprioceptors.

(1) Representative AP waveforms of DRG neuron subtype (first AP evoked by 500-ms
current injection at or near threshold).

(J) AP widths (measured at half-maximal spike amplitude) of DRG neuron subtypes (mean
+ SEM, n’s as in H). One-way ANOVA with Tukey’s multiple comparisons test showed that
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MrgD* nonpeptidergic nociceptors and C-LTMRs are different from each other (p=0.036)
and from all other subtypes (p<0.001).

(K) Survival plot depicting the percentages of C-LTMRs (n=8), Ap SA1-LTMRs (n=5) and
proprioceptors (n=9) whose repetitive firing successfully followed 250 ps pulse stimulation
at the indicated frequencies.

(L-R) Representative traces of I nech during 500-ms step displacements of increasing
magnitudes for each DRG neuron subtype.

(S) Maximal amplitudes of I, for each DRG neuron subtypes (mean + SEM). The
maximal amplitudes of Iech are significantly different (p<0.0001). In particular, maximal
amplitudes of Iecr, measured in MrgD™ nonpeptidergic nociceptors are significantly smaller
than those measured in Ap RA-LTMRs (p=0.0072), Ap SA1-LTMRs (p=0.0014) and AB
Field-LTMRs (p<0.0001) and proprioceptors (p=0.0345). Kruskal-Wallis test with multiple
comparisons of every subtype against MrgD™ nonpeptidergic nociceptors. Imech measured in
MrgD™ nonpeptidergic nociceptors is not significantly different from 100pA, which is the
noise level (p=0.4450), while Inecp Measured in five LTMRs and proprioceptors are
(p<0.01). One-sample t-test. n=7 for MrgD™ nonpeptidergic nociceptors; n=16 for C-
LTMRs; n=12 for A6-LTMRs; n=15 for Ap RA-LTMRs; n=8 for Ap SA1-LTMRs; n=15 for
AP Field-LTMRs and n=14 for proprioceptors.

(T) Time constant (t) of Imech relaxation kinetics for each DRG neuron subtype. Group
mean and SEM are shown using error bars. z of Iyech are significantly different among
subtypes (p<0.0001). In particular, in C-LTMRs are significantly larger than those in As-
LTMRs (p<0.0001), Ap RA-LTMRs (p=0.0006), and AB Field-LTMRs (p<0.0001),
suggesting Imech in C-LTMRSs decays slower. Kruskal-Wallis test with Dunn’s multiple
comparisons test. n=12 for C-LTMRs; n=11 for A8-LTMRs; n=13 for AR RA-LTMRs; n=8
for Ap SA1-LTMRs; n=15 for AP Field-LTMRs and n=11 for proprioceptors.

See also Figure S1.
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Figure 2. Transcriptome profiling of eight major DRG neuron subtypes
(A) Genetic toolbox for labeling each of the eight DRG neuron subtypes.

(B) Schematic of the RNA-sequencing workflow.

(C) Hierarchical clustering of samples based on the expression (represented in rlog
transformed count values) of the top 1000 genes that display the highest expression variance
across samples using Euclidean distance.

(D) Heatmap depicting expression patterns of SUEGs. Expression (represented in rlog
transformed count values) differences compared to the average expression levels for each
gene are plotted in the main heatmap. Average expression level of a gene was calculated by
averaging expression across all samples and is plotted in a second heatmap next to the main
heatmap. Only highly expressed genes (average expression levels in the upper 75t
percentile) were selected for this analysis. Genes are ordered based on the subtype in which
expression is enriched, and their degree of enrichment. The top 5 most enriched genes for
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each of the neuronal subtypes are labeled. Genes whose expression were further tested with
experiments as shown in (E-L) are labeled and marked with an asterisk.

(E-L) Left-most panels: Dotplots depicting expression levels of selected genes across
subtypes in rpkm (reads per kilobase per million reads) values. Three right panels:
Representative images of double immunostaining (E, H, 1, J) or /n situ hybridization (F, G,
K, L) of fluorescent reporters and select genes using DRG sections from genetically labeled
mice. Sensory neuron subtype reporters and tested genes are shown in separate channels,
and the degree of overlap between the two is shown in the merged images. n=3 mice for (E-
K), n=2 mice for L.

See STAR Methods for details.
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B Cell Adhesion Molecules

Neuron Type
1 Nonpeptidergic Nociceptor
I Peptidergic Nociceptor

Figure 3. Functionally relevant genes are differentially expressed across DRG sensory neuron
subtypes

(A-D) Heatmaps depicting expression patterns for genes encoding transcription factors and
transcriptional regulators (A), cell adhesion molecules (B), G protein-coupled receptors (C),
and ion channels (D). Plotting scheme, calculation for average expression and expression
deviation from average are the same as in Figure 2D. Only genes that are both highly
expressed (average expression in the upper 75t percentile) and highly variable (at least three
samples have an expression deviation from average larger than 1) were included in the
heatmaps.

See STAR Methods for details.
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Figure 4. Expression patterns of genes encoding Nav and Kv channel subunits
(A-L) Bar plots depicting expression patterns of genes encoding Nav channel a and

subunits (A), Kv1 subunits (B), Kv2 subunits (C), Kv3 subunits (D), Kv4 subunits (E), Kv5
and Kv6 subunits (F), Kv7 subunits (G), Kv8 subunits (I), Kv9 subunits (H), Kv10 subunits
(J), inward-rectifier potassium channel subunits (Kj,, IRK) (K) and calcium-activated
potassium channel a subunits (L). Data are reported as mean + standard deviation (SD).
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Figure 5. Kv channel families differentially contribute to outward current in sensory neuron

subtypes

(A) Heatmap depicting expression patterns of the most abundantly expressed Kv1, Kv2, Kv3
and Kv4 subunits. Plotting scheme is as Figure 2D.

(B-E) Components of Kv current during the AP of sensory neuron subtypes. Currentwas
evoked by AP waveforms (previously recorded in a different cell of each type), and
components of current were isolated by sequential cumulative application of 100 nM a-
Dendrotoxin (DTX), 100 uM 4-aminopyridine (4-AP), 3 yM AmmTx3, and 100 nM
Guangxitoxin-1E (GXTX) to identify Kv1, Kv3, Kv4, and Kv2 currents, respectively. (B’-
E’) Currents evoked by a step depolarization to +20 mV (30 ms), applied in parallel with the

AP commands in the same cells as B-E.

(F) Stacked bar plots showing the average fraction of total outward K* current carried by
Kvl, Kv2, Kv3, Kv4 channels in AR SAL-LTMRs (AP waveform: 31 + 3% Kv1, 0 + 1%
Kv2, 59 + 3% Kv3, 7 + 1% Kv4; Step to +20 mV: 9 + 2% Kv1, 35 + 3% Kv2, 22 + 3% Kv3,
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1 + 1% Kv4; n=15), A RA-LTMRs (AP waveform: 33 + 4% Kv1, 0 + 2% Kv2, 58 + 4%
Kv3, 8 + 2% Kv4; Step to +20 mV: 6 £ 3% Kv1, 45 + 8% Kv2, 16 + 7% Kv3, 6 + 3% Kv4;
n=11), MrgD* nonpeptidergic nociceptors (AP waveform: 20 + 4% Kv1, 29 + 6% Kv2, 13
+ 3% Kv3, 37 £ 6% Kv4; Step to +20 mV: 11 + 3% Kv1l, 34 Kv4; n=11; mean £ SEM).
Current contributions were quantified by integrating the currents during the AP or the 30ms
step depolarization.
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Figure 6. Blocking Kv1 channels dramatically increases repetitive spiking in AB SA1-LTMRs
and AP Field-LTMRs but not in AB RA-LTMRs

(A, C, E) Representative voltage traces showing the effect of 100 nM a-DTX on spike
patterns of an AR SA1-LTMR (A), an Ap Field-LTMR (C), and an Ap RA-LTMR (E)
during 500-ms current injections.
(B, D, F) Number of spikes during 500-ms current injections are plotted against injected

current density before (black curve) and after (red curve) a-DTX for Ap SAL-LTMRs (B,
n=6), AB Field-LTMRs (D, n=13) and AB RA-LTMRs (F, n=15). Data are represented as

mean = SEM.
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Figure 7. Kv4.3 underlies the delayed firing pattern of C-LTMRs
(A) Representative voltage traces showing the spike patterns of a C-LTMR during 500-ms

sustained current injections before and after application of the Kv4 channel inhibitor
AmmTX3.

(B) Representative spike pattern from a C-LTMR neuron from a Kv4.3D mouse.(C) Plot
depicting latencies of the first spike as a function of injected current density for wild-type C-
LTMRs, before (black squares) and after (red squares) AmmTx3 application (n=8), and for
C-LTMRs from Kv4.3D mice (blue triangles) (n=13). Data are represented as mean + SEM.
(D) Summary plot showing the ten most highly expressed voltage-gated ion channel a
subunits in each sensory neuron subtype, ranked by rpkm value. The font size is proportional
to the expression level in rpkm, but maxed out at rpkm=150.

Neuron. Author manuscript; available in PMC 2020 August 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zheng et al. Page 40

AB SA1-LTMRs , C-LTMRs

o
Ky B Kv2 B K3 B Kv4 B Navil EEN Navi6 BN Navi7 HEN Navis

D’ Control

11— B43% 3 11111
SR 1 .

D Control E
50(

B 1
SR ]

UJ

I

O - JW

F 60 F’ 200

3

gKv1 (mS/em?)

gKv4 (mS/em?)
-0
-1

Number of APs
|
°

Latency of 1st spike (ms)
=]
B

@
g

o
o

n

S

@

8

20 30 0
Current Density (pA/pF) Current Density (PA/pF)

Onset Latency
(ms)

|300

200

Number of
APs

60
I50

E 5 40

gKv4 (mS/cm?)

Moo
B335 0r38BooNoaswna0

o =)
S 2

4
10

o . (=] o
< 8 8
Current Density (pA/pF) Current Density (pA/pF)

Figure 8. Computational modeling suggests key roles of Kv1 and Kv4 in firing patterns of A
SA1-LTMRs and C-LTMRs

(A-A”) Maximum conductances (g) of each channel for AB SA1-LTMR (A) and C-LTMR
(A’) models.

(B, B”) Waveforms of the first AP in response to near threshold 500-ms sustained current
injection in AR SA1-LTMR (450pA) (B) and C-LTMR (40pA) (B’) models.

(C, C”) Current carried by each channel during the AP of AR SA1-LTMR (C) and C-LTMR
(C?) models, using an AP waveform evoked by a 0.5-ms current injection.

(D-E) Firing patterns of AR SA1-LTMR model neuron evoked by 500-ms sustained current
injections with Kv1 (gKvl =6 mS/cm?) (D) or with Kv1 removed from the model (E).

(F) Number of APs in the AR SA1-LTMR model as a function of injected current density
(500-ms current injection) with Kvl (§Kvl =6 mS/cm?; black trace) or with Kv1 removed
(red trace).
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(G) Heatmap of the number of APs during 500 Kv1-ms current injections as a function of
current density as well as gKv1.

(D’-E’) Firing patterns of C-LTMR model evoked by 500-ms current injections with Kv4
(gKv4 = 11 mS/cm?) (D’) or with Kv4 removed (E).

(F) Onset latency in current-clamp simulations of C-LTMR model as in (D’-E”) is plotted
against varying levels of injected current density with Kv4 (gKv4 = 11 mS/cm?; black trace)
or with Kv4 removed (red trace).

(G”) Heatmap of onset latency during 500-ms current injection as a function of current
density as well as g Kv4.

See also Figure 11, 5A-B, 6A-B, 7A-C.
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