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Abstract

Because somatosensory PNS neurons, in particular nociceptors, are specially tuned to be able to
detect a wide variety of both exogenous and endogenous signals, one might assume that these
neurons express a greater variety of receptor genes. This assumption has not been formally tested.
Because cells detect such signals via cell surface receptors, we sought to formally test the
hypothesis that PNS neurons might express a broader array of cell surface receptors than CNS
neurons using existing single cell RNA sequencing resources from mouse. We focused our
analysis on ion channels, G-protein coupled receptors (GPCRS), receptor tyrosine kinase and
cytokine family receptors. In partial support of our hypothesis, we found that mouse PNS
somatosensory, sympathetic and enteric neurons and CNS neurons have similar receptor
expression diversity in families of receptors examined, with the exception of GPCRs and cytokine
receptors which showed greater diversity in the PNS. Surprisingly, these differences were mostly
driven by enteric and sympathetic neurons, not by somatosensory neurons or nociceptors.
Secondary analysis revealed many receptors that are very specifically expressed in subsets of PNS
neurons, including some that are unique among neurons for nociceptors. Finally, we sought to
examine specific ligand-receptor interactions between T cells and PNS and CNS neurons. Again,
we noted that most interactions between these cells are shared by CNS and PNS neurons despite
the fact that T cells only enter the CNS under rare circumstances. Our findings demonstrate that
both PNS and CNS neurons express an astonishing array of cell surface receptors and suggest that
most neurons are tuned to receive signals from other cells types, in particular immune cells.

Introduction:

Neurons receive signals from other cells through soluble chemical signals that act on
receptors expressed by the neuron. Via the signaling action of these receptors, neurons are
able to convert a chemical signal into electrical impulses that are the basis for information
spread within the nervous system. Somatosensory neurons in the peripheral nervous system
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(PNS) can theoretically respond to soluble signals from almost any cell type in the body. A
subset of neurons in the dorsal root (DRG) and trigeminal ganglion (TG) that detect
injurious or potentially harmful stimuli, called nociceptors, are thought to be particularly
tuned to detecting signals from other cell types because these neurons are the body’s first
defense against cellular damage, inflammation, and pathogens (Woolf and Ma, 2007; Dubin
and Patapoutian, 2010; Thakur et al., 2014; Chiu et al., 2016). Neurons in the central
nervous system (CNS) have a smaller number of cell types from which to detect soluble
ligands, but whether or not this means that they express a smaller repertoire of receptors has
not been examined in a systematic way. Recent evidence indicates that cortical neurons are
able to detect soluble factors released from immune cells that infiltrate the brain’s meninges,
with profound influences on behavior (Filiano et al., 2016; Da Mesquita et al., 2018; Alves
de Lima et al., 2020). Moreover, CNS glia can take on phenotypes that are strikingly similar
to peripheral immune cells (Khakh and Deneen, 2019; Prinz et al., 2019). This growing
understanding of direct non-neuronal influences on neuronal activity within the CNS implies
that the receptor diversity thought to be a key characteristic of PNS neurons may also be
found in many CNS neurons.

RNA sequencing technologies, in particular single cell sequencing technologies, have
fundamentally changed our understanding of cellular populations within tissues (Stark et al.,
2019). We now have unbiased expression profiles of most of the cell types in the PNS and
CNS, at least in the mouse, with very specific knowledge of gene markers for these cells
(Usoskin et al., 2015; Tasic et al., 2018; Zeisel et al., 2018; Zheng et al., 2019; Sharma et al.,
2020). This information is incredibly useful because it gives genetic access to cell
populations through a variety of transgenic and viral-vector technologies. It also is allowing
for a better understanding of cell type conservation across species to enhance translational
and evolutionary studies. These datasets can be mined in many interesting ways to reach
conclusions that were not part of the aim of the original analysis. To this end, we were
surprised that we were unable to find any previous studies that specifically examined
pantranscriptomic receptor expression diversity between neurons in the PNS and CNS. An
exception may be the olfactory system where these neurons are very well known to express
an array of GPCRs that are specifically involved in olfaction (Buck and Axel, 1991; Julius
and Nathans, 2012). The primary goal of our work described here was to experimentally test
whether PNS somatosensory neurons express a greater variety of receptors than other types
of neurons, excluding olfactory neurons.

In the work described here, we sought to gain insight into the diversity of receptor
expression in PNS and CNS neurons of the mouse using a variety of published single cell
sequencing resources (Tabula Muris et al., 2018; Tasic et al., 2018; Zeisel et al., 2018). Our
specific hypothesis was that PNS somatosensory, sympathetic and enteric neurons would
express a wider array of ion channels, G-protein coupled receptors (GPCRS), tyrosine
receptor kinases (TRKSs) and cytokine receptors. In partial agreement with our expectation,
we found that PNS neurons express a greater diversity of GPCRs and cytokine receptors
than CNS neurons. However, both PNS and CNS neurons express a very broad array of
receptors of all of these families and there were no differences in expression diversity within
the TRK or ion channel classes for PNS or CNS neurons. A secondary outcome of our
analysis is the discovery of subsets of receptors within each family that are very specifically
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expressed in subsets of PNS neurons in the mouse. Because these receptors are not detected
in CNS neurons, they may represent a new set of mechanistic or therapeutic targets for
diseases of the PNS. Overall, our findings point to the astonishing array of receptors that are
expressed by neurons, a feature that is common to both CNS and PNS neurons.

Materials and methods:

Datasets

1) scRNA-seq dataset for CNS and PNS neurons: In order to minimize technical
noise, we selected sScCRNA-seq generated by Zeisel et al. (Zeisel et al., 2018) where both
mouse CNS and PNS tissues were collected and sequenced with the same methods in the
same lab, and with similar sequencing depth across all cell-types. The cell types used
include neurons and glial cells throughout the cortex and other brain regions including mid-
and hind-brain structure. For the PNS, the datasets include neurons and other cell types from
the DRG, the sympathetic ganglia and enteric nervous system. We did not include data from
the olfactory system due to the well-known overrepresentation of GPCRs in those neurons.
We used the expression values of individual cells from CNS and PNS, and their identified
cell-types provided by the original publication (L5_All.loom) for our analysis.

2) scRNA-seq dataset for CNS neurons: It is possible that, despite CNS neurons
having a greater variety of receptors than PNS neurons, they have relative low expression
level, and thus due to the low sequencing depth nature of SCRNA-seq, less receptors are
considered expressed in CNS than PNS. Here we selected a deeply sequenced scRNA-seq
dataset of CNS neurons by Allen Institute (Tasic et al., 2018) to show the differences we
observed between CNS and PNS neurons are not a technical artifact.

3) scRNA-seq dataset for T-cells: With multiple T-cell SCRNA-seq datasets available,
we selected the Tabula Muris dataset (Tabula Muris et al., 2018). This is because the T-cells
sequenced in this dataset were not selected by any specific experimental procedure and are
T-cells resident to several specific tissues. T-cells were pooled from 4 tissues in mouse: fat,
muscle, lung, and spleen. This dataset was used to create ligand-receptor interactomes
between T-cells and different types of neurons, as described below.

Trinarization score

Trinarization score was developed by Zeisel et al, the original authors of the study from
which the scRNA-seq datasets of CNS and PNS neurons were sourced (Zeisel et al., 2018).
The trinarization score is a posterior probability score that identifies whether a gene is
detectable in a set of sequenced cells (typically belonging to the same or related cell types).
Presence or absence of reads in each cell are modelled as Bernoulli trials, with a Beta prior.
The integral of the conjugate beta posterior P(® > f) is calculated, where f is the fraction of
cells in the subpopulation where the gene should be detected. Methodology details can be
found in the Zeisel et al. paper. Here, we calculated the trinarization score with the exact
formula provided in the Zeisel et al. paper. We used f = 0.05 to identify if even a small
subpopulation of a particular cell type has detected reads. Beta distribution parameters a =
1.5, B = 2 were used. Genes with the trinarization score > 0.95 were considered detected in
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the particular cell type. While we do not quantize gene expression in this analysis, the term
trinarization score is used for consistency of nomenclature with respect to Zeisel et a/ (Zeisel
etal., 2018).

Receptor diversity compared between CNS and PNS neurons

We used lists of GPCR, ion channel, and TRK genes from previously published paper in our
lab (Wangzhou et al., 2020b). The list of cytokine related receptor genes was generated by
combining genes under these gene groups from HGNC database (Braschi et al., 2019):
tumor necrosis factor receptor superfamily, interferon receptors, interleukin receptors,
complement system. We selected a human gene ontology database to increase translational
value for human studies. Thus, we used the mouse orthologs of the human gene list to create
the lists used in this analysis.

Identification of PNS enriched gene modules and the calculation of enrichment score

The scRNA-seq dataset from mousebrain.org (Zeisel et al., 2018) as used for this analysis.
Cell-types with less than 4500 genes detected were excluded. We also removed genes with
trinarization score > 0.95 across all cells (considered expressed in all cell-types) and genes
with trinarization score < 0.95 across all cells (not detected in all cell-types) from the
analysis. Hierarchical clustering was performed using a correlation-based distance metric (1
— Pearsons Correlation Coefficient) and average-linkage on genes based on their
trinarization score across all cell-types identified in CNS and PNS. Gene modules enriched
in PNS neurons were then identified through an enrichment score. Enrichment score was
calculated by the ratio of the mean trinarization scores of one set of cell-types to another. eg.
the enrichment score for PNS neurons vs. CNS neurons for a specific gene A was calculated
as the following:

trinarization score o f gene Ain PN S cell types

Enrichment score = —— -
trinarization scoreof gene Ain CNS cell types

Receptor diversity score

The diversity score is used to measure the diversity of genes under a certain gene class,
GPCR, ion channel, TRK, or cytokine related receptors. The diversity score is calculated by
summing the trinarization score of all genes under the corresponding gene class, for each
cell-type. Greater diversity score is correlate with more genes are more likely to be
expressed in the corresponding cell-type.

Trinarization scores, enrichment scores and diversity scores for genes of interest are
available from Supplementary Files 1 - 5.

Ligand-receptor interactions between T-cells and CNS and PNS neurons

We used scRNA-seq dataset from Tabula Muris (Tabula Muris et al., 2018) for the
transcriptome of T-cells. Interactome between T-cells and CNS and PNS neurons were
performed as previously described (Ray et al., 2020; Wangzhou et al., 2020a). Briefly, a
ligand-receptor paired list was used to identify ligands expressed in T-cells. Then, we looked
for the corresponding receptors of these ligands in CNS and PNS neurons. If the sum of
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trinarization score is greater than 25% of the cell-types, the gene is considered detected in
CNS or PNS neurons. All identified interactions are listed in Supplementary File 5. We then
further filtered these interactions for presentation in Figure 5C. We excluded all interactions
where the receptor is considered detected in both CNS and PNS neurons. Then, for the PNS
or CNS “specific’ receptors, we further looked at their corresponding ligands. If the ligands
of these “specific’ receptors have other receptors that are considered detected in both CNS
and PNS neurons, the ligand-receptor pair was excluded. The remaining was as presented in
Figure 5C.

Receptor diversity compared between CNS and PNS neurons for GPCR, ion channel, TRK
and cytokine receptor families — mousebrain.org data

We first used the mousebrain.org dataset to explore receptor diversity between CNS and
PNS neurons. We split CNS and PNS cell types into classifications described in (Zeisel et
al., 2018) and mapped single cell expression by trinerization scores for all members of the
GPCR family of receptors, excluding olfactory and other specialized receptor types that are
mostly not expressed in either the CNS or DRG or enteric neurons. This revealed expression
patterns for all GPCRs (Fig 1A, Supplementary File 1) across cell types in the CNS and
PNS. Since a secondary goal of this analysis was to identify receptors that were exclusively
expressed in the PNS in mouse, we performed hierarchical clustering on all GPCR genes by
their expression across CNS and PNS neuron types, and identified this subcluster (green box
in Fig 1A) and show these genes in more detail in Fig 1B, including enrichment scores for
individual genes showing their relative degree of enrichment in the PNS. Some of these
GPCR gene are well known to be enriched in sensory neurons, in particular the Mrgpr
family (Dong et al., 2001; Zylka et al., 2003). Others, such as FZ2rand F2r/2 (protease
activated receptor type 1 and 2, respectively) have not been characterized as enriched for the
PNS versus the CNS, but this receptor subfamily plays a well-established role in nociception
(Vergnolle et al., 2001; Oikonomopoulou et al., 2018). Other sensory neuron enriched genes
included Lpar3 (Uchida et al., 2014; Velasco et al., 2017; Ueda, 2020) and P2ry2 (Moriyama
et al., 2003; Stucky et al., 2004), both of which have also been implicated in nociception
previously.

Examining receptor diversity between CNS and PNS cell types, we found that overall, PNS
neurons expressed more GPCRs than did CNS neurons (Fig 1C); however, it is notable that
both cell types express a broad number of GPCRs and this diversity is consistent across most
neuronal types examined in the Zeisel et al., dataset. When examining potential differences
between nociceptor neuronal subtypes and all other PNS neurons profiled, we did not find
any significant difference in receptor diversity (Fig 1D). A potential explanation for these
findings is that all cell types, not just neurons, in the CNS and PNS express a large number
of GPCRs. To test this, we utilized single cell sequencing for non-neuronal cell types in the
Zeisel et al. dataset (Zeisel et al., 2018). Here we noted a dramatic difference in GPCR
diversity between non-neuronal cells and PNS neurons where neurons expressed a far
greater number of receptor genes (Supplementary Fig 1A).
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We conducted a similar analysis for ion channel genes, including voltage gated-ion channels,
even though many of them are technically not receptors. A great number of genes in this
family were also broadly expressed across all neuron types (Fig 2A, Supplementary File 2),
with a smaller subset of genes that were enriched in the PNS (Fig 2B). These genes included
several voltage gated sodium channels which are well-known to be enriched in the DRG
(e.g. Scni0a(Akopian et al., 1996)), some purinergic ion channels like P2rx2and P2rx3
(Bernier et al., 2018; Burnstock, 2018) and Trp channels that are also well-known sensory
neuron-enriched genes (Basbaum et al., 2009). Unlike GPCRs, there were no significant
differences between CNS and PNS neurons in ion channel expression diversity (Fig 2C),
although there were PNS and CNS enriched genes, such as Scn9a, Scni0aand Scnllain the
PNS. There were also no significant differences in ion channel gene expression diversity
between all other peripheral neuron types and nociceptors (Fig 2D). On the other hand,
similar to GPCRs, there was a dramatic difference in ion channel diversity between PNS
neurons and non-neuronal cell types with neurons expressing more ion channel genes
(Supplementary Fig 1B).

Among TRKSs, we again noted broad expression across neuron subtypes for a good number
of genes in this family (Fig 3A, Supplementary File 3), with a smaller subset of genes that
were enriched in PNS neurons (Fig 3B). These TRK genes included the £rbb3 gene which
was exclusive to enteric neurons, where it plays a critical role in development (Espinosa-
Medina et al., 2017), and the NirkZ gene that was specific for sympathetic and sensory
neuron clusters. The latter was expected given its genetic link to nociceptor and sympathetic
neuron development (Lewin and Mendell, 1993; Lewin et al., 2014). There was not a
difference in diversity of TRK expression between CNS and PNS neurons (Fig 3C) although
we did note a decrease in diversity in nociceptors versus all other PNS neuron types (Fig
3D). Again, there was a substantially greater diversity of TRK expression in PNS neurons
than in non-neuronal cell types (Supplementary Fig 1C).

Finally, we examined the cytokine receptor family (Fig 4A, Supplementary File 4). There
was a clear population of receptors in this family that was enriched in PNS neurons (Fig
4B), including receptors for cytokines such as IL31, IL10 and interferons. This was reflected
in a greater diversity in these receptors in PNS versus CNS neurons (Fig 4C), but this was
mostly contributed by increased diversity in non-nociceptor PNS cell types (Fig 4D). Like
all other receptor families, a greater diversity was noted in PNS neurons than in other non-
neuronal cell types (Supplementary Figure 1D).

Receptor diversity for PNS versus CNS cell types — Allen brain atlas data

A potential explanation for our findings is that this is an artifact of the CNS and PNS neuron
preparations in the Zeisel et al. datasets (Zeisel et al., 2018). To formally test this possibility,
we used single neuron sequencing data for CNS neurons from the Allen brain atlas dataset
(Tasic et al., 2018). These neurons are sequenced more deeply than the Zeisel et al. dataset
neurons so they could theoretically identify receptors in these families that are lowly
expressed in neurons. Here we found precisely the same pattern that we found in the Zeisel
et al. analysis. Despite the lower sequencing depth in Zeisel et al. dataset, PNS neurons still
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have greater diversity for GPCRs (Fig 5A) and cytokine recptor family genes (Fig 5D) than
in the CNS whereas ion channels (Fig 5B) and TRKSs were consistent (Fig 5C).

Ligand-receptor interactions between T-cells and CNS and PNS neurons

Finally, we sought to understand if ligand-receptor interactions between a specific immune
cell type and CNS and PNS neurons would be similar or different. We chose T-cells because
they are mostly found outside of the nervous system but are increasingly recognized to play
a critical role in many types of behavior. T-cell interaction with nociceptors is critical for
both the development of pain and pain resolution (Sorge et al., 2015; Krukowski et al., 2016;
Sommer et al., 2018; Laumet et al., 2019; Rosen et al., 2019; Kavelaars and Heijnen, 2021).
T-cells in the meninges can have a profound impact on cortical neurons potentially
promoting neurological disease (Filiano et al., 2016; Alves de Lima et al., 2020).

We used single cell transcriptomes of T-cells from different tissues in the tabula muris
dataset (Tabula Muris et al., 2018). We used our previously described interactome
framework (Wangzhou et al., 2020b; Wangzhou et al., 2020a) to identify ligands expressed
in T-cells isolated from different mouse tissues. We found that most T-cells expressed a
common set of ligands, with 84 ligands shared between muscle, fat, lung and spleen T-cells
(Fig 6A). Based on these strong commonalities, we pooled all ligands found in these T-cells
and intersected them with receptors (GPCRs, ion channels, TRKs and cytokine receptors)
expressed either in PNS neurons or in cortical CNS neurons. We focused on cortical neurons
because they are known to be influenced by T-cells in close proximity to these neurons in the
meninges. There are other neurons, such as those that are found in the arcuate or subfornical
areas, that do not have a blood brain barrier, but our goal was to focus on a broader group of
cortical neurons rather than a specialized subset. In this ligand-receptor interactome, we
identified 197 ligand receptor pairs (Fig 6B). Most of these pairs were shared by PNS and
cortical neurons (107) and only 12 were unique to T-cells and cortical neurons (2 are shown
in Fig 6C). Seventy-eight were unique to PNS neurons, and some of these are highlighted in
Fig 6C and the entire interactome is shown in Supplementary File 5. Many of these PNS-
specific interactions include receptors that are enriched in PNS neurons, such as Lzbrand
Tnfrsfla. Overall, these findings demonstrate that there are broad ligand-receptor
interactions between both PNS neurons, which can come into direct contact with T-cells
(Krukowski et al., 2016; Laumet et al., 2019), and CNS cortical neurons, which likely do not
come into direct contact with T-cells, but rather communicate through release of factors in
the meninges (Androdias et al., 2010; Filiano et al., 2016; Alves de Lima et al., 2020).

Discussion:

We set out to do these experiments with the hypothesis that peripheral neurons are likely to
express a far greater diversity of receptors than CNS neurons. Our rationale for this
hypothesis was simple, PNS neurons, in particular nociceptors, are able to respond to factors
that can be released from almost any cell type in the body. Our findings show that PNS
neurons, of all types, express an astonishing array of GPCRs, ion channels, TRKs and
cytokine receptors. Surprisingly, CNS neurons showed similar diversity for most of these
families of receptors. Even when there were significant differences in this diversity, such as
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GPCRs and cytokine receptors, this difference was small compared the difference between
receptor diversity for PNS neurons and non-neuronal cell types. Therefore, while our
findings provide some support for our original hypothesis, the weight of the evidence we
collected in this study suggests that receptor expression diversity is similar between CNS
and PNS neurons.

The next question is why would this be the case? There are several possible reasons. One is
that the transcriptomic diversity of microglia, astrocytes and oligodendrocytes is far greater
than was recognized prior to the emergence of single cell transcriptomic techniques (Khakh
and Deneen, 2019; Prinz et al., 2019). These cells have long been recognized to participate
in many aspects of disease, but we are also now learning about important roles that these
cells play in normal physiology. An excellent recent example is the role of astrocytes in
glutamate spillover in long-term potentiation (Henneberger et al., 2020). While the current
evidence points mostly to glutamate clearance, it is likely that ligand-receptor interactions
between neurons and astrocytes will play a key role in rapid structural changes in astrocytes
around synapses. Another important new area of work is how immune cells that infiltrate the
meninges can play a key role in shaping the activity of cortical neurons, and subsequently
behavior. Currently, the best example of this is interferon gamma, which is secreted by
meningeal T cells and then crosses the blood brain barrier, presumably via a transport
mechanism, and acts on cortical neurons that express the receptor for this immune mediator
(Filiano et al., 2016; Da Mesquita et al., 2018; Alves de Lima et al., 2020). Our work
suggests that there are many such mediators from meningeal immune cells which could
profoundly influence cortical neurons, if the factors can cross the blood brain barrier. Again,
a primary conclusion of our work is that although there are some significant differences,
PNS and CNS neurons are both well-tuned to respond to ligands that can be released from a
large variety of cell types.

There are several limitations to our study. First, we have done this work using single cell
sequencing resources from mouse. It will be important to do similar studies in human
neurons, but single cell resources for the human PNS and/or CNS are not widely available. It
will be interesting to make comparisons of receptor diversity across species. Based on
previous work we have conducted looking at species differences in the DRG (Ray et al.,
2018; Wangzhou et al., 2020b), we would expect that the diversity would be preserved, but
that different specific receptors within families would likely be expressed between species.
A second shortcoming is that we may have missed under-represented rare cell types in the
PNS or, more likely, the CNS that may show dramatically different results than the cell types
we have examined here. While these rare cell types would be unlikely to change our overall
results, cell types that are potential outliers in their receptor diversity would be interesting to
further analyze to understand the consequences of these differences. CNS neurons that are
outside the blood brain barrier may be an interesting example of such outliers. A third
limitation is that we have focused on datasets that represent healthy neurons. It is possible
that receptor diversity could dramatically change in disease states. This will be a topic for
future investigation. Our work creates a framework to do such an analysis. Extensive single
cell sequencing datasets for injured peripheral neurons are now becoming available that will
enable such future work (Hu et al., 2016; Nguyen et al., 2019; Renthal et al., 2020). A final
limitation is that we have focused our analysis on receptor expression diversity within
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groups of neurons that have been classified by RNA sequencing, not on single neurons
within any individual subset of cells. It would be interesting to approach this question of
receptor diversity from the perspective of individual cells. However, current single cell
sequencing technologies that are widely employed, such as nuclear RNA sequencing, likely
do not provide a sufficiently robust snapshot of the transcriptome of single cells to do such
an analysis (Stark et al., 2019). As these technologies continue to improve, these types of
analyses can be done.

From the work described here, we reach the surprising conclusion that CNS and PNS
neurons express similarly diverse repertoires of receptors, albeit with some exceptions
depending on the receptor family. We suggest that most neurons are tuned to detect ligands
expressed by a variety of cell types, a property that likely distinguishes them from many
other cell types in the body. This does not mean that the expression diversity is identical in
each type of neuron. In fact, our work identifies a large group of receptors that are
exquisitely distinct for PNS neurons versus CNS neurons in the mouse. These receptors may
represent a unique subset of drug targets for pain or other diseases if their distribution is
conserved in humans.

Supplementary Material

Funding:

Refer to Web version on PubMed Central for supplementary material.

This work was supported by NIH grant NS065926 to TJP.

References Cited

Akopian AN, Sivilotti L, Wood JN (1996) A tetrodotoxin-resistant voltage-gated sodium channel
expressed by sensory neurons. Nature 379:257-262. [PubMed: 8538791]

Alves de Lima K, Rustenhoven J, Da Mesquita S, Wall M, Salvador AF, Smirnov |, Martelossi
Cebinelli G, Mamuladze T, Baker W, Papadopoulos Z, Lopes MB, Cao WS, Xie XS, Herz J, Kipnis
J (2020) Meningeal gammadelta T cells regulate anxiety-like behavior via IL-17a signaling in
neurons. Nature immunology 21:1421-1429. [PubMed: 32929273]

Androdias G, Reynolds R, Chanal M, Ritleng C, Confavreux C, Nataf S (2010) Meningeal T cells
associate with diffuse axonal loss in multiple sclerosis spinal cords. Ann Neurol 68:465-476.
[PubMed: 20687208]

Basbaum Al, Bautista DM, Scherrer G, Julius D (2009) Cellular and molecular mechanisms of pain.
Cell 139:267-284. [PubMed: 19837031]

Bernier LP, Ase AR, Seguela P (2018) P2X receptor channels in chronic pain pathways. Br J
Pharmacol 175:2219-2230. [PubMed: 28728214]

Braschi B, Denny P, Gray K, Jones T, Seal R, Tweedie S, Yates B, Bruford E (2019) Genenames.org:
the HGNC and VGNC resources in 2019. Nucleic Acids Res 47:D786-D792. [PubMed: 30304474]

Buck L, Axel R (1991) A novel multigene family may encode odorant receptors: a molecular basis for
odor recognition. Cell 65:175-187. [PubMed: 1840504]

Burnstock G (2018) The therapeutic potential of purinergic signalling. Biochem Pharmacol 151:157-
165. [PubMed: 28735873]

Chiu IM, Pinho-Ribeiro FA, Woolf CJ (2016) Pain and infection: pathogen detection by nociceptors.
Pain 157:1192-1193. [PubMed: 27183444]

Neuroscience. Author manuscript; available in PMC 2022 May 21.


https://Genenames.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wangzhou et al.

Page 10

Da Mesquita S, Fu Z, Kipnis J (2018) The Meningeal Lymphatic System: A New Player in
Neurophysiology. Neuron 100:375-388. [PubMed: 30359603]

Dong X, Han S, Zylka MJ, Simon MI, Anderson DJ (2001) A diverse family of GPCRs expressed in
specific subsets of nociceptive sensory neurons. Cell 106:619-632. [PubMed: 11551509]

Dubin AE, Patapoutian A (2010) Nociceptors: the sensors of the pain pathway. J Clin Invest 120:3760—
3772. [PubMed: 21041958]

Espinosa-Medina I, Jevans B, Boismoreau F, Chettouh Z, Enomoto H, Muller T, Birchmeier C, Burns
AJ, Brunet JF (2017) Dual origin of enteric neurons in vagal Schwann cell precursors and the
sympathetic neural crest. Proc Natl Acad Sci U S A 114:11980-11985. [PubMed: 29078343]

Filiano AJ, Xu Y, Tustison NJ, Marsh RL, Baker W, Smirnov |, Overall CC, Gadani SP, Turner SD,
Weng Z, Peerzade SN, Chen H, Lee KS, Scott MM, Beenhakker MP, Litvak V, Kipnis J (2016)
Unexpected role of interferon-gamma in regulating neuronal connectivity and social behaviour.
Nature 535:425-429. [PubMed: 27409813]

Henneberger C et al. (2020) LTP Induction Boosts Glutamate Spillover by Driving Withdrawal of
Perisynaptic Astroglia. Neuron 108:919-936 €911. [PubMed: 32976770]

Hu G, Huang K, Hu Y, Du G, Xue Z, Zhu X, Fan G (2016) Single-cell RNA-seq reveals distinct injury
responses in different types of DRG sensory neurons. Sci Rep 6:31851. [PubMed: 27558660]

Julius D, Nathans J (2012) Signaling by sensory receptors. Cold Spring Harbor perspectives in biology
4:a005991. [PubMed: 22110046]

Kavelaars A, Heijnen CJ (2021) T Cells as Guardians of Pain Resolution. Trends in Molecular
Medicine

Khakh BS, Deneen B (2019) The Emerging Nature of Astrocyte Diversity. Annu Rev Neurosci
42:187-207. [PubMed: 31283899]

Krukowski K, Eijkelkamp N, Laumet G, Hack CE, Li Y, Dougherty PM, Heijnen CJ, Kavelaars A
(2016) CD8+ T Cells and Endogenous IL-10 Are Required for Resolution of Chemotherapy-
Induced Neuropathic Pain. J Neurosci 36:11074-11083. [PubMed: 27798187]

Laumet G, Edralin JD, Dantzer R, Heijnen CJ, Kavelaars A (2019) Cisplatin educates CD8+ T cells to
prevent and resolve chemotherapy-induced peripheral neuropathy in mice. Pain 160:1459-1468.
[PubMed: 30720585]

Lewin GR, Mendell LM (1993) Nerve growth factor and nociception. Trends Neurosci 16:353-359.
[PubMed: 7694405]

Lewin GR, Lechner SG, Smith ES (2014) Nerve growth factor and nociception: from experimental
embryology to new analgesic therapy. Handb Exp Pharmacol 220:251-282. [PubMed: 24668476]

Moriyama T, lida T, Kobayashi K, Higashi T, Fukuoka T, Tsumura H, Leon C, Suzuki N, Inoue K,
Gachet C, Noguchi K, Tominaga M (2003) Possible involvement of P2Y2 metabotropic receptors
in ATP-induced transient receptor potential vanilloid receptor 1-mediated thermal hypersensitivity.
J Neurosci 23:6058-6062. [PubMed: 12853424]

Nguyen MQ, Le Pichon CE, Ryba N (2019) Stereotyped transcriptomic transformation of
somatosensory neurons in response to injury. Elife 8.

Oikonomopoulou K, Diamandis EP, Hollenberg MD, Chandran V (2018) Proteinases and their
receptors in inflammatory arthritis: an overview. Nature reviews Rheumatology 14:170-180.
[PubMed: 29416136]

Prinz M, Jung S, Priller J (2019) Microglia Biology: One Century of Evolving Concepts. Cell
179:292-311. [PubMed: 31585077]

Ray P, Torck A, Quigley L, Wangzhou A, Neiman M, Rao C, Lam T, Kim JY, Kim TH, Zhang MQ,
Dussor G, Price TJ (2018) Comparative transcriptome profiling of the human and mouse dorsal
root ganglia: an RNA-seq-based resource for pain and sensory neuroscience research. Pain
159:1325-1345. [PubMed: 29561359]

Ray PR, Wangzhou A, Ghneim N, Yousuf MS, Paige C, Tavares-Ferreira D, Mwirigi JM, Shiers S,
Sankaranarayanan |, McFarland AJ, Neerukonda SV, Davidson S, Dussor G, Burton MD, Price TJ
(2020) A pharmacological interactome between COVID-19 patient samples and human sensory
neurons reveals potential drivers of neurogenic pulmonary dysfunction. Brain Behav Immun.

Neuroscience. Author manuscript; available in PMC 2022 May 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wangzhou et al.

Page 11

Renthal W, Tochitsky I, Yang L, Cheng YC, Li E, Kawaguchi R, Geschwind DH, Woolf CJ (2020)
Transcriptional Reprogramming of Distinct Peripheral Sensory Neuron Subtypes after Axonal
Injury. Neuron 108:128-144 e129. [PubMed: 32810432]

Rosen SF, Ham B, Haichin M, Walters IC, Tohyama S, Sotocinal SG, Mogil JS (2019) Increased pain
sensitivity and decreased opioid analgesia in T-cell-deficient mice and implications for sex
differences. Pain 160:358-366. [PubMed: 30335680]

Sharma N, Flaherty K, Lezgiyeva K, Wagner DE, Klein AM, Ginty DD (2020) The emergence of
transcriptional identity in somatosensory neurons. Nature 577:392-398. [PubMed: 31915380]
Sommer C, Leinders M, Uceyler N (2018) Inflammation in the pathophysiology of neuropathic pain.

Pain 159:595-602. [PubMed: 29447138]

Sorge RE et al. (2015) Different immune cells mediate mechanical pain hypersensitivity in male and
female mice. Nat Neurosci 18:1081-1083. [PubMed: 26120961]

Stark R, Grzelak M, Hadfield J (2019) RNA sequencing: the teenage years. Nat Rev Genet 20:631-
656. [PubMed: 31341269]

Stucky CL, Medler KA, Molliver DC (2004) The P2Y agonist UTP activates cutaneous afferent fibers.
Pain 109:36—44. [PubMed: 15082124]

Tabula Muris C, Overall ¢, Logistical ¢, Organ c, processing, Library p, sequencing, Computational
data a, Cell type a, Writing g, Supplemental text writing g, Principal i (2018) Single-cell
transcriptomics of 20 mouse organs creates a Tabula Muris. Nature 562:367-372. [PubMed:
30283141]

Tasic B et al. (2018) Shared and distinct transcriptomic cell types across neocortical areas. Nature
563:72-78. [PubMed: 30382198]

Thakur M, Crow M, Richards N, Davey Gl, Levine E, Kelleher JH, Agley CC, Denk F, Harridge SD,
McMahon SB (2014) Defining the nociceptor transcriptome. Front Mol Neurosci 7:87. [PubMed:
25426020]

Uchida H, Nagai J, Ueda H (2014) Lysophosphatidic acid and its receptors LPA1 and LPA3 mediate
paclitaxel-induced neuropathic pain in mice. Mol Pain 10:71. [PubMed: 25411045]

Ueda H (2020) Pathogenic mechanisms of lipid mediator lysophosphatidic acid in chronic pain. Prog
Lipid Res 81:101079. [PubMed: 33259854]

Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D, Hjerling-Leffler J, Haeggstrom J,
Kharchenko O, Kharchenko PV, Linnarsson S, Ernfors P (2015) Unbiased classification of sensory
neuron types by large-scale single-cell RNA sequencing. Nat Neurosci 18:145-153. [PubMed:
25420068]

Velasco M, O’Sullivan C, Sheridan GK (2017) Lysophosphatidic acid receptors (LPARS): Potential
targets for the treatment of neuropathic pain. Neuropharmacology 113:608-617. [PubMed:
27059127]

Vergnolle N, Wallace JL, Bunnett NW, Hollenberg MD (2001) Protease-activated receptors in
inflammation, neuronal signaling and pain. Trends Pharmacol Sci 22:146-152. [PubMed:
11239578]

Wangzhou A, Paige C, Neerukonda SV, Dussor G, Ray PR, Price TJ (2020a) A pharmacological
interactome platform for discovery of pain mechanisms and targets.
bioRxiv:2020.2004.2014.041715.

Wangzhou A, Mcllvried LA, Paige C, Barragan-Iglesias P, Shiers S, Ahmad A, Guzman CA, Dussor
G, Ray PR, Gereau RWt, Price TJ (2020b) Pharmacological target-focused transcriptomic analysis
of native vs cultured human and mouse dorsal root ganglia. Pain 161:1497-1517. [PubMed:
32197039]

Woolf CJ, Ma Q (2007) Nociceptors--noxious stimulus detectors. Neuron 55:353-364. [PubMed:
17678850]

Zeisel A, Hochgerner H, Lonnerberg P, Johnsson A, Memic F, van der Zwan J, Haring M, Braun E,
Borm LE, La Manno G, Codeluppi S, Furlan A, Lee K, Skene N, Harris KD, Hjerling-Leffler J,
Arenas E, Ernfors P, Marklund U, Linnarsson S (2018) Molecular Architecture of the Mouse
Nervous System. Cell 174:999-1014.e1022. [PubMed: 30096314]

Neuroscience. Author manuscript; available in PMC 2022 May 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wangzhou et al. Page 12

Zheng Y, Liu P, Bai L, Trimmer JS, Bean BP, Ginty DD (2019) Deep Sequencing of Somatosensory
Neurons Reveals Molecular Determinants of Intrinsic Physiological Properties. Neuron 103:598—
616 e597. [PubMed: 31248728]

Zylka MJ, Dong X, Southwell AL, Anderson DJ (2003) Atypical expansion in mice of the sensory
neuron-specific Mrg G protein-coupled receptor family. Proceedings of the National Academy of
Sciences of the United States of America 100:10043-10048. [PubMed: 12909716]

Neuroscience. Author manuscript; available in PMC 2022 May 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wangzhou et al.

Page 13

Highlights
GPCRs and cytokine receptors show greater diversity in the PNS versus CNS.

These differences were mostly driven by enteric and sympathetic neurons, not
by nociceptors.

We identify receptors that are specifically expressed in subsets of PNS
neurons, including some unique for nociceptors.

Predicted interactions between T cells and CNS and PNS neurons are shared.
PNS and CNS neurons express an astonishing array of cell surface receptors

PNS and CNS neurons appear tuned to receive signals from immune cells.
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Figure 1. GPCR diversity between CNS and PNS neurons.
A) Hierarchical clustering of all GPCR genes based on their trinarization score across all

CNS and PNS cell-types. Green box highlights the GPCR genes enriched in PNS neurons.
B) Detailed gene names and trinarization score across PNS neuron subtypes, and enrichment
score for genes enriched in PNS neurons. Enrichment scores > 95! percentile in the
corresponding column are highlighted in red, along with the gene name. C) Violin plot
showing the distribution of GPCR diversity scores for all CNS neuron types comparing with
PNS neuron types. Welch’s t-test returns a p-value of 0.0073 indicating PNS neurons have
greater GPCR diversity comparing with CNS neurons. D) Violin plot showing the
distribution of GPCR diversity score for all non-nociceptor PNS neuron types comparing
with nociceptors. Welch’s t-test returns a p-value of 0.0972.
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Figure 2. lon channel diversity between CNS and PNS neurons.
A) Hierarchical clustering of all ion channel genes based on their trinarization score across

all CNS and PNS cell-types. Green box highlights the ion channel genes enriched in PNS
neurons. B) Detailed gene names, trinarization score across PNS neuron subtypes, and
enrichment scores for genes enriched in PNS neurons. Enrichment scores > 95t percentile
in the corresponding column are highlighted in red, along with the gene name. C) Violin plot
showing the distribution of ion channel diversity score for all CNS neuron types comparing
with PNS neuron types. Welch’s t-test returns a p-value of 0.3687. D) Violin plot showing
the distribution of ion channel diversity score for all non-nociceptor PNS neuron types
comparing with nociceptors. Welch’s t-test returns a p-value of 0.4115.

Neuroscience. Author manuscript; available in PMC 2022 May 21.

v 35
S
@
LR — -
3

PNS neurons

Page 15

non-neurons
astro-

250+

CNS PNS
neuron  neuron
250 types types
2004 |
! 0
150

Other  Nociceptor
PNS neuron neuron
types types



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wangzhou et al. Page 16

A CNS neurons PNS neurons non-neurons
2 astro-
peptidergic Z ependymal
telencephalon telencephalon [cholinergi¢ spinal hind g sympathetic  |oligo glial
projecting monoamin (&)

Kinase Genes

0 0.5 g

) >  Enrichment Score

B TN C D
. . . [}
Trinarization Score S 0wtn & % Lok
' ) wz ZzD0z0z2ZZZz , »

Enteric Sympathetic Sensory Neurons DO VO WO WO VWO wo o @

Neurons Neurons = = 2 = 2 £ 2 £ 2 S S N
Erbb3 38 0330397 o 080
Tgfbr1 50 073 179 & B
Bmprib . 142 164 £ s
Me 020 _1.06 <40 40
Amhr2 037888 © 3
HE i :

T. B P

A 086 225 & 720
Ephb3 020 102 2 2
Fgfr1 119 122 @ 8
Insrr 121191 O T T g" T T
Ntrk1 380 = CNS PNS .2  Other Nociceptor
Ret & X 2.01 201 - neuron neuron a PNS  neuron
Mst1r i 241 types types neuron  types
Ror2 A

Figure 3. Tyrosine Receptor Kinase diversity between CNS and PNS neurons.
A) Hierarchical clustering of all kinase genes based on their trinarization score across all

CNS and PNS cell-types. Green box highlights the kinase genes enriched in PNS neurons.
B) Detailed gene names, trinarization score across PNS neuron subtypes, and enrichment
scores for genes enriched in PNS neurons. Enrichment scores > 95t percentile in the
corresponding column are highlighted in red, along with the gene name. C) Violin plot
showing the distribution of kinase diversity score for all CNS neuron types comparing with
PNS neuron types. Welch’s t-test returns a p-value of 0.1332. D) Violin plot showing the
distribution of kinase diversity score for all non-nociceptor PNS neuron types comparing
with nociceptors. Welch’s t-test returns a p-value of 0.0222.
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Figure 4. Cytokine related receptor diversity between CNS and PNS neurons.
A) Hierarchical clustering of all cytokine related receptor genes based on their trinarization

score across all CNS and PNS cell-types. Green box highlights the cytokine related receptor
genes enriched in PNS neurons. B) Detailed gene names, trinarization score across PNS
neuron subtypes, and enrichment scores for genes enriched in PNS neurons. Enrichment
scores > 95 percentile in the corresponding column are highlighted in red, along with the
gene name. C) Violin plot showing the distribution of cytokine related receptor diversity
score for all CNS neuron types comparing with PNS neuron types. Welch’s t-test returns a p-
value of <0.0001 indicating that PNS neurons have greater cytokine related receptor
diversity comparing with CNS neurons. D) Violin plot showing the distribution of cytokine
related receptor diversity scores for all non-nociceptor PNS neuron types comparing with
nociceptors. Welch’s t-test returns a p-value of 0.0335 indicating that there is less cytokine
related receptor diversity detected in nociceptors than other PNS neurons.

Neuroscience. Author manuscript; available in PMC 2022 May 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wangzhou et al. Page 18

>
vy

250 - 250 -
[%2]
[0]
8 " 5
& 200 - 2 200 -
o £ :
. c
% s
& 150 G 150 -
c )
kS S ?v
e k) X
g 100 4 o 100 +
(2]
o 4 >
g 50 4 - ‘é 50 -+
a 2
z
0 T 1 0 L] L
Allen CNS PNS Allen CNS PNS
neuron  neuron neuron  neuron
types types types types
80 - 60 -
o) Kkk
(%] 0]
= 60 © ‘
g ' £ 9 404
c o c
= o
o 40+ 55
5 o8
2 88 20 *
e ’ g0 -
20 - &
[ [ 0
2 o A
: g
0 T T 0 T T
Allen CNS PNS Allen CNS PNS
neuron  neuron neuron  neuron
types types types types

Figure 5. Gene diversity between CNS neurons from Allen brain dataset and PNS neurons from
mousebrain.org dataset.

A) Violin plot showing the distribution of GPCR diversity score for CNS neuron types and
PNS neuron types. Welch’s t-test returns a p-value of 0.0039 indicating that PNS neurons
have greater GPCR diversity compared with CNS neurons. B) Violin plot showing the
distribution of ion channel diversity score for CNS neuron types and PNS neuron types.
Welch’s t-test returns a p-value of 0.2289. C) Violin plot showing the distribution of tyrosine
receptor kinase diversity scores for CNS neuron types and PNS neuron types. Welch’s t-test
returns a p-value of 0.3131. D) Violin plot showing the distribution of cytokine related
receptor diversity score for CNS neuron types and PNS neuron types. Welch’s t-test returns
a p-value of <0.0001 indicating that PNS neurons have greater cytokine related receptor
diversity compared with CNS neurons.
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Figure 6. Ligand-receptor interactions identified between T-cells and CNS cortex or PNS
neurons.

A) Venn diagram showing the number of ligands identified in T-cells from fat, lung, muscle,
and spleen, where corresponding receptors are detected in either CNS cortex or PNS
neurons. B) Venn diagram showing the number of receptors identified in CNS cortex vs.
PNS neurons where corresponding ligands are identified in T-cells. C) Ligand-receptor
interactions where the receptor is specifically expressed either in CNS cortex or PNS
neurons. Pairs with ligands having multiple receptor genes commonly expressed across CNS
cortex and PNS neurons are not shown in the graph for clarity.
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