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A recent flurry of genetic studies in mice have provided key

insights into how the somatosensory system is organized at a

cellular level to encode itch, pain, temperature, and touch.

These studies are largely predicated on the idea that functional

cell types can be identified by their unique developmental

provenance and gene expression profile. However, the extent

to which gene expression profiles can be correlated with

functional cell types and circuit organization remains an open

question. In this review, we focus on recent progress in

characterizing the sensory afferent and dorsal horn neuron cell

types that process cutaneous somatosensory information and

ongoing circuit studies that are beginning to bridge the divide

between cell type and function.
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Introduction
Sensory neurons in the peripheral nervous system (PNS)

play a central role in monitoring the internal and external

state of the body. Of particular importance are the cuta-

neous exteroceptive modalities that animals use for the

reflex actions that prevent tissue injury, for the control of

movement, and to elicit affective behaviors necessary for

socialization and well-being [1]. These cutaneous modal-

ities are encoded by specialized sensory afferent cell

types that innervate the skin [2–4] and relay a wide range

of noxious and innocuous information to the spinal and

medullary dorsal horn, a key way station for processing
www.sciencedirect.com 
cutaneous somatosensory inputs as well as visceral sen-

sory information. The PNS neurons that innervate the

dorsal horn are highly heterogeneous with respect to their

anatomy, electrophysiological properties, gene expression

profiles, and function. This heterogeneity is mirrored in

the dorsal horn interneurons (INs) that they innervate.

How this cellular diversity relates to gene expression,

physiology, and connectivity is still not fully understood,

nor is it clear how cell diversity contributes to sensory

coding and to function.

Sensory afferent heterogeneity: does the
labeled line theory hold true after all?
Most of what we know about the cellular makeup of PNS

comes from the analysis of skin and muscle afferents.

Historically, skin afferents were classified by a handful of

markers (e.g. Calcitonin gene-related peptide (CGRP),

Isolectin B4 (IB4), Neurofilament (NF)) and their nerve

conduction properties (Ab, Ad, C). This classification

system, which provided limited resolution of individual

sensory cell types, began to change with the discovery of

various Transient receptor potential (Trp) channels (e.g.

TrpV1, TrpA2, TrpM8) and G-protein-coupled receptors

(e.g. Mas-related G-protein-coupled receptor D

(Mrgprd), Mrgpra3) that are expressed in subsets of

sensory neurons. More recently, single-cell RNA

sequencing (scRNA-seq) approaches have been

employed to analyze either the entire population of dorsal

root ganglia (DRG) [5��], or specific subsets like trigemi-

nal ganglia (TG) neurons [6], neurons innervating the leg

[7,8�] or the colon [9��] (Figure 1). Strikingly, the com-

parison of TG and DRG neurons revealed that despite

major differences in their innervation targets, the molec-

ularly defined neuronal types were remarkably similar,

arguing that neural crest derived TG and DRG sensory

cell types share a common developmental program.

scRNA-seq has begun to resolve with greater precision

the molecular composition of these sensory afferent

populations. One example is the in-depth transcript anal-

ysis of nociceptive afferents that were traditionally sub-

divided into two broad classes based on their expression

of peptidergic markers (e.g. CGRP) and IB4 binding. The

TrpM8+ subset of sensory neurons expressing Tachyki-

nin Precursor 1 (Tac1, also known as Substance P) but not

CGRP segregate with a specific peptidergic population of

primary afferents — the cool sensors [5��,6], whereas

Ggta1, the alpha-galactosidase enzyme that confers IB4
Current Opinion in Neurobiology 2019, 56:167–174

mailto:saross@pitt.edu
mailto:goulding@salk.edu
https://doi.org/10.1016/j.conb.2019.03.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conb.2019.03.002&domain=pdf
http://www.sciencedirect.com/science/journal/09594388


168 Neuronal identity

Figure 1
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Transcriptomic analysis of sensory cell types.

(a) Cutaneous sensory afferents are characterized by their myelination-conduction velocity profiles, firing patterns, connectivity, and stimulus response.

(b) Recent scRNA-seq studies [5��,6,7,8�,9��] have identified distinct transcriptomic signatures for several types of sensory neurons, some of which are

shared between cutaneous and visceral afferents.
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binding, was found to be selectively expressed in two

non-peptidergic neuron types characterized by the

expression of Mrgprd and Mrgpra3 [5��]. Such analysis,

and the accompanying online resources that allow access

to the expression of ‘genes of interest’, promise further

insights into sensory neuron diversity.

Transcriptome studies have revealed molecular signa-

tures that are either shared or unique to the exterorecep-

tive and interoreceptive sensory systems. For example,

the colon is dually innervated by the pelvic and splanch-

nic nerves, with the majority of the colonic afferent

subtypes represented in both nerves. Intriguingly, all

of these so-called ‘mixed’ subtypes mapped onto defined

transcriptomic populations previously found in the

exteroceptive system, such as peptidergic afferents

[9��]. Afferent populations that typically target the skin

(itch afferents, C-LTMRs and Ab-LTMRs) were absent

among colonic afferents, the notable exception being the

Mrgprd+ subgroup of afferents that appear to be the

cellular target of Htr4 antagonists, which are effective

for the treatment of constipation [9��]. Colonic afferents

also included a mysterious population that is transcripto-

mically related to an Ad-LTMR population that inner-

vates hair follicles. Since there are no hairs in the colon,

the colonic counterparts must have a distinct function,

perhaps acting as low-threshold mechanosensors to help

coordinate motility and secretion. The profiling of colonic

afferents also uncovered two populations that are exclu-

sive to the pelvic nerve. These specialized afferents

innervate the distal colon and may play specific roles in

urgency and defecation [9��].

The challenge is to correlate transcriptomic populations

with well-established functional classes of sensory neu-

rons. So far, the cell types defined by scRNA-seq paint a

blurry picture, with some molecularly defined cell types

aligned to specific functions, consistent with labeled-line

transmission, and other cell types and modalities remain-

ing unmatched. For abundant afferents, such as pepti-

dergic nociceptors, there are more molecular classes than

currently described functional subtypes. These molecu-

larly distinct populations may innervate different targets

(e.g. vasculature, muscle, bone) or serve different func-

tions in tissue homeostasis and repair. For rare afferents,

functional diversity exceeds the number of distinct tran-

scriptomic populations.

Spinal cord heterogeneity: insights from
development
Rather less is known about cell type diversity in the

spinal cord and how this relates to function, nor is it clear

that sensory information is transmitted and gated within

the spinal cord by ‘labeled lines’. So far, efforts to

understand the cellular organization of sensory circuits

in the spinal cord have centered on: a) developmentally

regulated genes, including transcription factors that
www.sciencedirect.com 
specify neuronal identity and function, or b) markers

that are differentially expressed in the adult spinal cord,

for example, Protein Kinase C g (PKCg) and various

neuropeptides. The neurons in the medulla and spinal

dorsal horn are derived from progenitors that express the

Lbx1 homeodomain transcription factor [10]. These

Lbx1+ neurons can be further subdivided into inhibitory

dI4/dILA and excitatory dI5/dILB neuron populations

[11,12], the latter of which comprises a mix of local

circuit INs and projection neurons [13] (Figure 2).

The identification of key fate determinants: Tlx1/3,

Lmx1b and Ascl1 (Mash1) for excitatory Lbx1+ neurons

[14,15] and Ptf1a, Pax2, Lhx1/Lhx5 and Gbx1/2 for

inhibitory Lbx1+ INs [16,17] prompted efforts to iden-

tify differentially expressed genes that molecularly parse

these populations [14,18–20]. The genes identified in

these screenings, which included the transcription fac-

tors Maf and nuclear orphan receptor ROR, and multiple

neuropeptides, such as Cholecystokinin (CCK), Somato-

statin (Sst), Neuropeptide Y (NPY), and Dynorphin

(Dyn), together with other identified developmental

genes (e.g. Bhlhb5) revealed a complex yet incomplete

picture of the molecular landscape of the dorsal horn

[21,22,23�]. The scRNA-seq methodologies that can

probe the molecular landscape with greater sensitivity

are now providing a better measure of cell diversity in

the dorsal horn [5��,24��,25��]. Nonetheless, there are

still important issues that need to be addressed, includ-

ing whether the transcriptomic signature is sufficient to

identify bona fide functional cell types. Several comple-

mentary approaches are likely to be helpful in making

determinations about cell type (Figure 2). The first is the

use of scRNA-seq analysis to determine lineage relation-

ship between cells in different clusters or to address

whether cells within the same cluster share a common

developmental provenance. The second incorporates

cellular features, such as morphology and electrophysi-

ology. Understanding connectivity is also important,

including the extent of common input and output within

different clusters or within cells belonging to the same

cluster. Finally, the functional characterization and

interrogation of cell types is needed, which is now

feasible using genetic models such as the mouse. Such

studies are already underway and are beginning to reveal

interesting relationships between molecular identity and

function.

Cellular diversity: form and function
Recent efforts to assess the contribution of molecularly

defined cell types to somatosensation are indicative of

functional specialization. This is perhaps best exempli-

fied by the inhibitory IN cell types that gate itch, with

the Bhlhb5+ and NPY::Cre IN lineages inhibiting chemi-

cal and mechanical itch, respectively [21,26�]. Dyn-

expressing Bhlhb5+ INs act to suppress chemical itch

[23�,27�], whereas the NPY::Cre INs specifically gate the

light touch pathways necessary to drive mechanical itch
Current Opinion in Neurobiology 2019, 56:167–174
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Figure 2
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Dorsal horn neuron diversity.

(a) Spinal cord cell types have been classified according to their developmental origin, expression of defined molecular markers, morphology,

physiology and connectivity. Dorsal horn neurons that process and gate noxious and innocuous cutaneous sensory information arise from Lbx1+

dI4 and dI5 progenitors that are marked by the expression of Lbx1 and express several post-mitotic markers [10]. Dorsal horn neurons can also

be classified according to their morphological and electrophysiological properties as exemplified by the classification of two neurochemically

distinct neuron types: GRP+ and Tac1+ INs [48]. Neurons in the more superficial laminae, receive little corticospinal (CST) and strong noxious

input, whereas neurons within the LTMR-RZ receive a unique mix of Ab-LTMR, Ad-LTMR and C-LTMR and CST input [35��]. Lamina position is

also a determinant of identity, with NK1R+ projection neurons in lamina I contributing to the Spinothalamic Tract [52], and neurons within laminae

III/IV being part of the Post-Synaptic Dorsal Column (PSDC) [35��].
(b) ScRNA-seq analysis of dorsal horn neurons showing the transcriptomic clusters identified in Häring et al. [25��]) overlaid with known

neurochemical markers, morphology and physiology [26�,28,30,48–51,53]. Tac1, Tachykinin 1; Tac2, Tachykinin 2; Nts, Neurotensin; iCR, inhibitory

Calretinin; NPY, Neuropeptide Y; Pvab, Parvalbumin; Gal, Galanin.

Current Opinion in Neurobiology 2019, 56:167–174 www.sciencedirect.com
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[26�]. The story is however more complicated, with both

IN populations also having roles in regulating pain

[28,29�,30]. Mice in which the Dyn+ inhibitory INs have

been ablated develop spontaneous mechanical allodynia

[29�], which is consistent with these neurons gating Ab
inputs to dorsal horn neurons and inhibiting excitatory

Sst+ neurons to transmit mechanical pain [29�,31]. There

is also evidence that the NPY peptide is involved in

gating pain, and by implication also the NPY+ INs

[32,33]. This dual role in pain and itch suggest that both

populations may comprise more specialized subsets of

INs that have dedicated roles. The presence of such task-

dependent specialization is best exemplified by RORb+

inhibitory INs gating proprioceptive transmission during

ongoing locomotion [34].

The excitatory neuron landscape is equally, if not more,

complex, with descriptions of multiple molecular markers

for different excitatory cell types [35��,36] and transcrip-

tomic studies describing at least 10 excitatory dorsal IN

clusters [5��,24��,25��]. Not surprisingly, multiple sensory

functions can be attributed to broad populations of dorsal

excitatory INs, with the conditional knockout of Tlx3 in

Lbx1-derived dI5/dILB INs reducing sensitivity to itch,

temparature, static and dynamic touch [14]. However,

this genetic manipulation results in the loss of several

classes of excitatory INs including those that express Sst,

Gastrin-Releasing Peptide Receptor (GRPR) and PKCg,
each of which might individually account for a subset of

the observed somatosensory deficits [14]. Abraira et al.
[35��] in comprehensively characterizing seven geneti-

cally defined excitatory IN populations in laminae IIi-IV

that receive innocuous touch information, found a high

degree of complexity with respect to their cellular prop-

erties, morphology, and patterns of innervation. While

some IN populations were relatively homogeneous, for

example, NeuroD4-derived INs, others such as the excit-

atory CCK+ INs displayed a range of morphologies and

physiological properties. The molecular heterogeneity

within the CCK+ IN population has further been con-

firmed by scRNA-seq studies [24��,25��]. Moreover, the

CCK+ INs appear to contribute to multiple aspects of

dynamic touch [35��,37�] raising the question as to

whether the CCK+ IN population constitutes a single

cell type with many functions, or comprises multiple cell

types with more specialized functions.

Many aspects of the chemical itch pathway are consis-

tent with labeled line transmission. Mrgpra3+ sensory

neurons selectively transmit chloroquine-, BAM8-22-

and SLIGRL-induced itch, whereas other chemical

pruritogens, such as b-alanine and 5-HT are transmitted

by Mrgprd and Nppb sensory neurons, respectively [5��].
Nonetheless, all three chemical itch pathways converge

on dorsal horn GRPR+ INs that are essential and suffi-

cient for chemical itch transmission [38,39]. However,

another study has proposed a leaky gate model by which
www.sciencedirect.com 
the intensity of GRP+ IN activation tips the balance for

pain over itch [40�]. In contrast to chemical itch, pain or

innocuous touch appeared to be encoded by a more

distributed circuitry. Peptidergic and non-peptidergic

C-fiber afferents, as well as myelinated Ad fibers, all

contribute to the transduction of pain stimuli, with

specific pain modalities often being transmitted by more

than one fiber type. Moreover, Mrgprd+ polymodal noci-

ceptive neurons innervate multiple excitatory cell types

in lamina II, including radial, vertical, and central cells

[41]. Likewise multiple specialized LTMRs contribute

to light touch sensitivity [2], which is not surprising

given the somatosensory system’s capacity for a rich

haptic representation of the external environment [1].

Indeed, LTMR inputs to excitatory INs in the LTMR-

recipient zone (LTMR-RZ) are distributed across mul-

tiple genetically defined cell types [35��], with single

excitatory INs receiving inputs from a plurality of

LTMR types [35��,42�]. Ran et al. [43] in monitoring

neuronal responses to heat and cold in the dorsal horn

also observed widespread activation of neurons in

response to noxious heat or noxious cold, with many

INs responding to both stimuli. Taken together, these

findings paint a more complex picture of sensory trans-

mission in the dorsal horn, with multiple neuron types

receiving and processing cutaneous inputs to the spinal

cord. It is also consistent with the observation that

five different excitatory spinal IN populations derived

from dI5 INs – Vesicular Glutamate Transporter 3+

(VGluT3+), Sst+, CCK+, Calretinin+ (CR+) and PKCg+

INs – contribute to the development of mechanical

allodynia [29�,31,37�,44�,45�,46].

Is the genetic signature enough to define a
functional cell type?
Ongoing functional studies in the mouse are beginning to

yield insights into the relationship between genetically

defined excitatory cell types and their roles in somato-

sensation. One such example is the analysis of the excit-

atory RORa+ INs in laminae IIi-III that are selectively

innervated by LTMRs. The loss of dynamic touch sen-

sitivity and the associated deficits in fine motor control

following the ablation of RORa+ INs reflect their circuit

connectivity in so far as they receive inputs from LTMRs

and descending motor pathways, and they project onto

spinal premotor INs and motor neurons [42�]. Interest-

ingly, light touch sensitivity in these mice was not

completely abolished, arguing other excitatory dorsal

horn IN cell types contribute to light touch transmission.

Candidates include the CCK+ INs that display impaired

responses to cutaneous touch, either under physiological

conditions or during allodynia [35��,37�]. However, given

the 40% overlap in CCK and RORa expression [42�], the

extent to which ablation of the CCK+ and RORa+ IN

populations targets different neuron types is still an open

question.
Current Opinion in Neurobiology 2019, 56:167–174
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The diversity observed within the RORa+ and Sst+ INs

demonstrates the limitations of defining cell types by the

expression of a single gene. This complexity has ramifi-

cations for interpreting functional studies. The RORa+

INs are not homogeneous, both with respect to the

markers they express (CCK, MafA and PKCg) and their

morphology (central, radial) [42�], raising the question of

how this diversity relates to function and connectivity.

Likewise, Sst expression encompasses multiple overlap-

ping populations. Total RNA-seq analysis of the Sst+ INs

indicates more than 13 000 transcripts are uniquely

expressed in this population [47]. These Sst+ INs are

also phenotypically diverse, with ‘superficial’ Sst+ INs in

lamina IIo being innervated by nociceptors, while ‘deep’

Sst+ INs in lamina IIi receive inputs from Ab-LTMR,

Ad-LTMR, and C-LTMR [29�]. Loss-of-function studies

have shown the Sst+ INs are required for both acute

mechanical pain and mechanical allodynia [29�], and it

is tempting to speculate that these two functions are

encoded by the superficial and deep populations, respec-

tively. Untangling this heterogeneity will require more

sophisticated intersectional approaches, with two or more

molecular markers likely being necessary to label homo-

geneous and coherent subset of INs.

A further complication comes from how a ‘functional’ cell

type is defined, with neurons in many instances contribut-

ing to multiple circuits. Moreover, relating one cell type to a

specific function has proved rather difficult due to the

experimental manipulations andassaysbeing used toassess

cell type function. For example, optogenetic activation of

the Sst+ INs increases histamine-induced scratching [31],

which is mediated by the release of Sst and hyperpolariza-

tion of the Dyn-expressing Bhlbh5+ INs [27�]. This high-

lights the complication of interpreting functional changes

when a neuropeptide is released in responsetoonestimulus

and affects other modalities, as illustrated by the additional

roles of Sst in itch and NPY in pain [27�,33]. Dynamic gene

expression during development is another important

nuance, with recombinase-dependent mouse reporter lines

capturing the developmental history of gene expression

and viral reporters that are introduced postnatally some-

times targeting a subset of these INs, resulting in different

functional outcomes.

With regard to pain, there is also growing evidence that

multiple IN cell types contribute to allodynia. One

potential circuit might start with the activation of VGlut3+

INs in lamina III that in turn excite the more dorsal

PKCg+, CR+ and Sst+ IN populations [29�,44�,45�,46].
CCK+ INs that are recruited by descending corticospinal

(CST) axons are also involved in generating mechanical

allodynia [37�]. The extent to which these populations

overlap has not been addressed nor is it known whether

the proposed circuit for allodynia reflects multiple allo-

dynic pathways or is the mere result of an oversampling of

the same population by using different markers. Loss of
Current Opinion in Neurobiology 2019, 56:167–174 
Sst+ INs leads to the development of both static and

dynamic allodynia, whereas loss of VGluT3+ INs, spares

the static allodynia pathway, suggesting VGlut3+ INs

might be a subset of Sst+ INs (there is a 28% overlap

between the two populations) [45�]. There are at least

3 types of Sst+ INs [29�], this diversity might reflect

subpopulations that show overlap with CR, PKCg, and

VGlut3.

Outlook
ScRNA-seq has provided a new perspective on neuronal

heterogeneity in the dorsal horn, and it has highlighted

the insufficiency of a single gene to capture a specialized

cell type, with many of the classical neuropeptide markers

and calcium binding proteins being expressed in multiple

cell types, as noted in the other neural structures includ-

ing the hippocampus and cortex (CON this issue).

Attempts to date to ascribe specific functions to the cell

types identified by the scRNA-seq approach using activ-

ity dependent markers have shown promiscuous patterns

of recruitment during different behaviors [24��,25��].
Thus, the combination of transcriptomic signature, mor-

phological and physiological properties, connectivity, and

laminar position is key to unravel the functional hetero-

geneity of these INs. There are now ongoing efforts to

validate cell types using a combination of neurochemical

markers, morphology and physiology [48–51,53]

(Figure 2b). This, together with an understanding of their

developmental origin constitutes the more holistic

approach needed to bridge the gap between cell type

and function.

A further challenge is to define the criteria for a consistent

bioinformatic analysis of such extensive expression data-

sets. While transcriptomic analyses of peripheral sensory

neurons reveals a high degree of similarity across studies

[5��,6,7,8�,9��], the picture for the spinal cord is more

murky [5��,24��,25��]. Given that a consensus of spinal IN

subtypes has not yet been reached and that many of the

current genetic tools target somewhat heterogeneous

populations, care is warranted in ascribing function to

genetically defined IN classes.

Finally, in light of the complex integration of somatosen-

sory input that occurs within the nervous system, there is

a tremendous need for more sophisticated behavioral

assays. For instance, many behavioral assays currently

being used to evaluate cutaneous sensory responses have

a binary endpoint (yes/no), with little attention to kine-

matics or motor sequence. In addition, most of these

assays measure evoked responses rather than monitoring

ongoing affective states. These limitations highlight the

need for new assays that will enable a more fine-grained

interrogation of the cell types that underlie somatosensa-

tion, both in health and in the pathological states of

chronic pain and itch.
www.sciencedirect.com
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