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Human sensory neurons exhibit cell-type-specific, pain-associated
differences in intrinsic excitability and expression of SCN9A and SCN10A
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Abstract

Despite the prevalence of chronic pain, the approval of novel, non-opioid therapeutics has
been slow. A major translational challenge in analgesic development is the difference in gene
expression and functional properties between human and rodent dorsal root ganglia (DRG)
sensory neurons. Extensive work in rodents suggests that sensitization of nociceptors in the DRG
is essential for the pathogenesis and persistence of pain; however, direct evidence demonstrating
similar physiological sensitization in humans is limited. Here, we examine whether pain history is
associated with nociceptor hyperexcitability in human DRG (hDRG). We identified three
electrophysiologically distinct clusters (E-types) of hDRG neurons based on firing properties and
membrane excitability. Combining electrophysiological recordings and single-cell RNA-
sequencing (“Patch-seq”), we linked these E-types to specific transcriptionally defined nociceptor
subpopulations. Comparing hDRG neurons from donors with and without evident pain history
revealed cluster-specific, pain history-associated differences in hDRG excitability. Finally, we
found that hDRG from donors with pain history express higher levels of transcripts encoding
voltage-gated sodium channel 1.7 (NaV1.7) and 1.8 (NaV1.8) which specifically regulate
nociceptor excitability. These findings suggest that donors with pain history exhibit distinct hDRG
electrophysiological profiles compared to those without pain history and further validate NaVv1.7

and 1.8 as targets for analgesic development.
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Introduction
Chronic pain affects an estimated 20% of people worldwide and is a major cause of

disability(1—4). While much effort has been placed on developing efficacious and non-addictive
analgesics, available options for non-opioid pharmacotherapy are still limited(5). Recent studies
have identified major differences in nociceptor neurobiology between rodents and humans(6—-16),
which may contribute to the translational challenges of analgesic development. This illustrates a

critical need to better understand the physiology of human sensory neurons.

The dorsal root ganglion (DRG) comprises multiple functionally specialized populations of
sensory neurons, including nociceptors that detect noxious stimuli(17). In rodent DRG, at least 2-
3 physiologically distinct clusters of nociceptors with different spike firing patterns (e.g., single vs.
repetitive), action potential waveforms, and other membrane properties have been identified(17,
18). There is increasing evidence that similar clusters of single- and repetitively-firing neurons
exist in the human DRG (19, 20). However, little is known about how these physiological clusters

of hDRG map onto functionally and transcriptionally defined subpopulations.

Nociceptor hyperactivity following injury or inflammation is thought to be a critical
component in the development and/or maintenance of pain (21, 22). Ectopic spontaneous activity
and hyperexcitability have been reported in preclinical animal models of both neuropathic and
inflammatory pain (18, 23-27). Additionally, there is emerging evidence that human sensory
neurons from patients with neuropathic pain and erythromelalgia also exhibit persistent
hyperactivity (27—-31); however, whether similar hyperexcitability of the hDRG is seen in other pain

conditions with different pathobiology, such as musculoskeletal pain, is yet unknown.

Recent evidence also suggests that the presence of pain-associated hyperactivity in
nociceptors is variable among different functional cell classes. For instance, nerve injury only
induces sensitization and spontaneous activity in non-accommodating (repetitively firing)

subpopulation of nociceptors, but not in the rapidly accommodating (single spiking) nociceptors,
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in rats (18). Similarly, hDRG neurons have been shown to have differential responses to
bradykinin, an inflammatory mediator implicated in pain pathogenesis, based on their spiking
patterns (19). However, whether electrophysiologically distinct subpopulations of human

nociceptors show pain-associated hyperexcitability has not been examined in depth.

In this study, we address these gaps through patch-clamp electrophysiology paired with
single-cell RNA sequencing (Patch-seq), in addition to in situ hybridization from hDRG obtained
from donors with and without pain history. We find that there are multiple physiologically distinct
subpopulations of human sensory neurons, and that these subpopulations can be broadly
mapped onto different transcriptionally defined clusters. We also show that pain history is
associated with bidirectional, cluster-specific differences in the intrinsic excitability of hDRG
neurons. Finally, hDRG tissue from donors with pain history show enriched expression of SCN9A
and SCN10A, genes that encode for NaV1.7 and NaV1.8, respectively, which likely contribute to
pain-associated hyperexcitability seen in these hDRG neurons. Together, these findings suggest
that hDRG neurons show physiological specialization which may be associated with both

functional diversity and pain-associated differences in excitability.
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Results
Physiologically distinct clusters of small- and medium-sized human sensory neurons

Previous studies have reported that rodent nociceptors display 2-3 physiological
phenotypes in culture(17, 18, 32). Here, we tested whether such heterogeneity in membrane
excitability and firing pattern also exists in human sensory neuron cultures. To increase the
likelihood of recording from nociceptors, we recorded from hDRG neurons with diameter <60 uym
based on prior work demonstrating enrichment of various nociceptor populations among small- to
medium-sized human sensory neurons (11). hDRG neurons with resting membrane potential
>30mV, or an unstable resting membrane potential, were considered to be unhealthy and

recordings from those cells were excluded from analysis for quality control.

Using hDRG obtained postmortem from organ donors (Table 1), we identified three
electrophysiological phenotypes (E-types) of human sensory neurons based on their distinct
spike-firing patterns in response to depolarizing current steps (Figure 1A-C). Neurons that fired
multiple action potentials in response to current injections between 50 pA — 2 nA were classified
as repetitive spikers (Figure 1A, D, E); 42.9% of all recorded hDRG neurons were found to be
repetitive spikers. Neurons that did not fire more than 1 action potential in response to a 2 nA
current step were classified as single spikers and represented 55.4% of the hDRG neurons
(Figure 1D, E). Finally, we identified two neurons that displayed anode-break excitation following
hyperpolarizing current steps and rapid, burst-like firing of 1-2 spikes in response to
suprathreshold current injection; we classified these as “burst” firing neurons (Figure 1C-E).
hDRG neurons with the repetitive, single, and burst-firing E-types did not significantly differ in size
or in the number of days they were in culture prior to recording (Table 2, Supplementary Figure
2). Due to the small number of burst-firing neurons in our dataset (n=2 neurons), subsequent
comparisons of electrophysiological parameters were only conducted between the repetitive and

single-spiking groups.
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The repetitive and single-spiking E-types diverged in their intrinsic excitability, membrane
properties, and spike kinetics. Repetitive spikers fired a larger number of action potentials at
suprathreshold currents compared to single spikers (Figure 1E). Additionally, repetitive-spiking
neurons displayed a significantly lower rheobase and higher input resistance than single-spiking
neurons, indicative of greater membrane excitability (Figure 1F, G; Table 2). Repetitive- and
single-spiking E-types also exhibited differences in action potential kinetics and waveform: single
spikers had a faster action potential decay and a narrower half-width of the action potential
compared to the two repetitive firing E-types (Figure 1H-J, Table 2). The two E-types did not
significantly differ in resting membrane potential, voltage sag ratio, action potential threshold,

spike amplitude, or slope of the rising phase (Table 2).

The repetitive spikers were further subdivided based on the presence of spike amplitude
accommodation (reduction in amplitude in a train of multiple spikers, as seen in Figure 1A) and
spike-frequency adaptation (decrease in firing rate in response to sustained current stimulus) at
suprathreshold currents, associated with sodium channel block at high current steps (Figure 1A,
Supplementary Figure 1). Repetitive spikers that showed amplitude accommodation and
frequency adaptation were identified as having an inverse-U-shaped input-output curve, whereas
the non-adapting subset displayed a linear input-output relationship (Supplementary Figure 1A).
Additionally, the repetitive-adapting neurons displayed lower rheobase relative to repetitive-non-
adapting neurons (Supplementary Figure 1C); these two observations demonstrate that the
adapting subtype require lower current injections to reach threshold to start firing, and that they
reach peak spike firing at much lower current injections compared to the non-adapting neurons.
Other membrane properties, including input resistance, action potential threshold, and resting
membrane potential, were not significantly different between the groups (Supplementary Figure
1C-G). These results suggest that the repetitive spiking neurons that have spike frequency

adaptation are more excitable than the repetitive spiking neurons that do not display such
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frequency adaptation.

Next, we used principal component analysis (PCA) to determine whether hDRG neurons
can be clustered based on their electrophysiological properties (Figure 2). Features related to
membrane excitability, such as rheobase, and those related to spike kinetics, such as maximum
decay and rise slopes and amplitude, were found to have the largest contributions to PC1 and
PC2 (Figure 2A). Using K-means neighbor clustering, hDRGs were separated into three clusters
(Figure 2B). When the cluster assignment was compared to the E-type of each cell, we found that
the cluster assignments roughly corresponded to the E-type, whereby the majority of hDRG
neurons in Cluster 1 (20/21 cells, or 95.2%) and Cluster 3 (36/46 cells, or 78.3%) were single
spikers, and the majority of the Cluster 2 neurons (37/43 cells, or 86.0%) were repetitive spikers.
Similarly, 90.3% of single-spiking neurons were found to be in either Cluster 3 (36/62 single
spikers, or 58.1%) or Cluster 1 (20/62 single spikers, or 32.2%), while 77.1% (37/48 repetitive
spikers) of repetitive-firing neurons were found to be in Cluster 2. Together, these results suggest
that hDRG neurons can be clustered based on their membrane properties and spike kinetics, and

that those clusters broadly correlate with their firing patterns.

Patch-seq identifies four transcriptionally distinct populations of human DRG

While recent single-cell RNA sequencing (scRNA-seq) studies have revealed diverse
transcriptionally defined populations of human DRG sensory neurons, it remains elusive whether
distinct firing patterns are linked to specific transcriptionally defined populations (1—4). Therefore,
we performed Patch-seq studies that allowed us to examine correlations between E-types and
transcriptional types from the same cells (33). After patch-clamp recording, we performed RNA-
seq on the cytosolic contents extracted from individual recorded cells (Figure 3A, Supplementary
Figure 3A). To control the sample quality, we set up cDNA quality control (QC) cutoffs (total cDNA
yield higher than 2 ng and at least 35% of the cDNA falling within the size range of 500-6000 bp)

that well sperate the positive/negative controls (Supplementary Figure 3B). Samples that passed
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the cDNA QC showed significantly better sequencing metrices and overall stronger transcriptional
correspondence to their firing properties, compared to those that failed QC and negative controls
(Supplementary Figure 3C, D). We identified a total of 69 Patch-seq samples that passed cDNA

QC metrics and included them in the transcriptional analysis.

Despite the recent efforts for elucidating the transcriptional profiles of individual human
DRG neuronal types, the evidence to provide the ground truth about their cytosolic RNA diversity
is lacking, hampering our understanding of the transcriptional profile of the Patch-seq samples.
To aid the Patch-seq gene expression data analysis, we compared the average expression of all
detected genes across Patch-seq samples to the average expression of those genes across
neurons and non-neuronal cells from several published scRNA-seq datasets with varying starting
materials for sequencing (e.g. single-nucleus, single-cell, and single-soma) (Supplementary
Figure 3E) (11, 14, 34-36). The Patch-seq gene expression best correlated with the single-soma
RNA-seq data among all datasets examined (35). Therefore, we used the cell types and their
marker genes identified in the single-soma RNA-seq dataset (35) to guide our transcriptional

analysis.

To study the transcriptional cell types of human DRG, we performed clustering analysis
on the Patch-seq gene expression data, which revealed four transcriptionally distinct clusters
(Figure 3B). Using the marker genes previously reported (Supplementary Figure 4)(34, 37), we
mapped each cluster to major human DRG cell classes (Figure 3C). Cluster one exhibited low
expression level of CALCA (calcitonin related polypeptide alpha), encoding Calcitonin Gene-
Related Peptide (CGRP), and high expression levels of NTRK3 (neurotrophic receptor tyrosine
kinase 3) and FXYD7 (FXYD domain containing ion transport regulator 7), thus transcriptionally
corresponding to A-LTMRs (A-fiber low-threshold mechanoreceptors). Cluster two expresses
CALCA, FXYD7, and NTRK1 (neurotrophic receptor tyrosine kinase 1) and corresponds to A-PEP

(peptidergic A-fiber). Cluster three highly expresses CALCA, NTRK1, and INA (internexin
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neuronal intermediate filament protein alpha), indicating that their overall transcriptional profiles
are most similar to C-PEP (peptidergic C-fiber). Notably, a subset of samples in cluster three
highly express the C-NP (non-peptidergic C-fiber) marker FXYD6 with no or extremely low
expression of CALCA (Figure 3C, Supplementary Figure 4D, E), suggesting that cluster three
likely contains a mixture of C-PEP and C-NP neurons. Cluster four lacks the expression of
neuronal marker genes while uniquely expressing non-neuronal marker genes, such as APOE
(apolipoprotein E) (Figure 3C, D). Therefore, cluster four represents samples of non-neuronal
transcriptional profiles. Three samples in cluster four are likely non-neuronal cells as they did not
elicit action potentials during Patch-clamp recording (Figure 3F), whereas the remaining samples
are likely neurons with glial contamination during the cytosol extraction process. To further
validate the cell type annotation of the Patch-seq samples, we performed integration analysis of
samples assigned to neuronal clusters (clusters 1-3) with single-soma RNA-seq data (Figure 3E).
Patch-seq samples from each cluster are well mapped to the four DRG neuron classes described
previously. Taken together, we differentiate our Patch-seq samples into three major neuron
classes: A-LTMRs (cluster one), A-PEP (cluster two), and C-fiber neurons (cluster three) based

on their gene expression.

Patch-seq maps repetitive- and single-spiking hDRG neurons to distinct transcriptionally
defined populations

The DRG sensory neurons are composed of multiple subpopulations that vary in gene
expression, modality-specificity, and conduction velocity(11, 36, 38—42). We next asked whether
single- and repetitive-spiking nociceptors in our dataset belonged to transcriptionally distinct
subpopulations. There are in total 54 Patch-seq samples that passed both electrophysiology and
sequencing QC and thus were assigned both E-type and transcriptional clusters. Among them,
single- and repetitive-firing neurons make up 66.7% (36 neurons) and 28.6% (15 neurons) of the
total population, respectively, and are present in all transcriptional clusters (Figure 3F). In

transcriptional clusters one and two, which correspond to A-LTMR and A-PEP, respectively,
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single-firing neurons constitute 76.9% and 80% of the population in each cluster and are over-
represented by 1.47-fold and 1.53-fold (hypergeometric p-values = 0.05 and 0.01), respectively.
Conversely, repetitive-spiking neurons make up 43.8% of the population and are over-
represented by 2.01-fold (hypergeometric p-value = 0.02) in transcriptional cluster three (C-NP
and C-PEP). These results suggest that A-fiber DRG neurons have a high proportion of single-

spiking neurons and C-fiber neurons are enriched in repetitive-spiking neurons.

To better understand the molecular markers and functions of single- and repetitive-spiking
neurons, we performed differential expression analysis between the Patch-seq samples of the
two E-types and identified their enriched gene ontology terms (Figure 3G, |). Notably, TAC1
(Tachykinin Precursor 1) and TRPA1 (Transient Receptor Potential Cation Channel Subfamily A
Member 1) were found to be more highly expressed in repetitive-spiking neurons than single-
spiking neurons (Figure 3H). TAC1 encodes substance P, which has been shown to involved in
chronic pain. TAC1 expression is 3.5-folder higher in repetitive-spiking neurons compared to
single-spiking neurons (FDR = 2.4E-05); TRPA1 encodes the noxious cold-activated channel,
TRPA1 is 4-fold higher in repetitive-spiking neurons compared to single-spiking neurons (FDR =
0.01) (43, 44). Interesting, in available scRNA-seq data of human sensory neurons, TAC7 and
TRPA1 are highly expressed in C-PEP cell types, suggesting that repetitive-spiking neurons may
be enriched for C-PEP neurons (34, 35). While each Patch-seq transcriptional cluster and cell
class identified in this study may correspond to multiple transcriptionally and functionally distinct
DRG cell types, future studies will be required to map E-types to individual sensory neuronal cell

types.

Donor pain history is associated with changes in membrane excitability in repetitive- and
single-spiking clusters of human sensory neurons.

In rodents, pain-inducing injuries have been shown to cause hyperexcitability in

nociceptors in a physiological cluster (E-type)-specific manner (18). While pain-associated
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hyperexcitability and ectopic activity in hDRG has been similarly reported in samples resected
from cancer patients (28-30), it is unknown whether there are E-type-specific differences in
intrinsic excitability associated with pain history in the nociceptor population, or whether pain-
associated hyperexcitability can also be detected in samples from individuals with diverse pain
etiologies. Therefore, we tested whether a donor’s history of pain, as reported by their next-of-kin
(Table 1), was associated with any differences in membrane excitability and kinetics of repetitive

and single-firing clusters of small- to medium-diameter hDRG neurons.

Donors were classified as having no significant pain history (“No Pain Hx”) or having a
significant pain history in the dermatome of thoracolumbar DRGs (“Pain Hx”) based on their
medical history (Table 1). A donor was classified as having significant pain history if they met two

out of three of the following criteria: (a) the word “pain” is used to describe donor’s recent or

” o« LI

present medical condition (e.g., “daily pain,” “regular pain,” “painful tendonitis,”), and the
dermatome of pain is specified to be in the back and/or the lower body; (b) donor’s medical history
includes prescribed use of analgesics (e.g., hydrocodone or gabapentin) that is unrelated to
substance use disorder, or there is documentation of other non-pharmaceutical interventions for
pain (e.g., back surgery, nerve blocks); (c) donor’s medical history includes a disorder for which
pain is a major symptom, such as arthritis or scleroderma. Based on these inclusion criteria, eight
donors were identified as having a significant pain history (“Pain Hx”). Musculoskeletal pain was
the predominant cause for complaint in the Pain Hx donors (77.8%, or 7/9 donors; Table 1). While
the average age of the Pain Hx donors trended higher (48.8 + 4.7 years) compared to the No Pain
Hx group (38.2 + 3.4 years, this difference was not significant (p = 0.083, one-way ANOVA). Both

groups had similar proportions of repetitive and single-spikers (Table 3), suggesting that the

overall distribution of repetitive and single-spiking clusters does not vary across the three groups.

Pain history was associated cluster-specific differences in the intrinsic excitability and

kinetics of hDRG neurons (Figure 4). In repetitive spikers, neurons from Pain Hx group showed
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an upward and leftward shift in the input-output curve in comparison with neurons from the No
Pain Hx group (Figure 4A). This indicates that neurons from the Pain Hx group fired more action
potentials in response to current steps compared to neurons from the No Pain Hx group (Figure
4A). Pain history was also associated with a more hyperpolarized action potential threshold and
a lower rheobase compared to the No Pain Hx group (Figure 4B, C), which are indicative of
hyperexcitability. Surprisingly, neurons from donors with Pain Hx exhibited a more hyperpolarized
resting membrane potential compared to neurons from donors with No Pain Hx (Figure 4D).
Within the repetitive spiking neurons, hDRG neurons from donors with Pain Hx had a higher
percentage of neurons that demonstrated spike frequency adaptation (71.4% adapting neurons
in Pain Hx vs. 39.3% adapting neurons in No Pain Hx; Figure 4E), a feature associated with higher
spike firing rate at lower current injections compared to repetitive spikers that do not show spike
frequency adaptation (Supplementary Figure 1). There were no significant differences in the

action potential kinetics of repetitive spikers from the three groups (Table 4).

In single spikers, pain history was associated with a rightward shift in the input-output
curve, indicative of lower action potential firing (Figure 4F). There was no significant difference in
the rheobase between the Pain Hx and No Pain Hx groups (Figure 4G). Single spikers from Pain
Hx group additionally had a more depolarized resting membrane potential, narrower half-width,
and faster rise and decay phases (Figure 4H-K; Table 4). These differences point to a narrowing
of the action potential waveform in single spikers from the Pain Hx group compared to the No

Pain Hx group.

Together, these results demonstrate that human sensory neurons from donors with Pain
Hx show differences in the intrinsic excitability and spike kinetics compared to sensory neurons
from donors without major history of pain, where the excitability of the more excitable, repetitive-
spiking cluster is enhanced, while the less excitable, single-spiking cluster shows reduced

excitability.
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Pain history is associated with higher NaV1.7 and 1.8 expression in human sensory
neurons

Given the differences in the membrane excitability and kinetics we observed in the hDRG
neurons from pain donors, we investigated whether there were any differences in the expression
of voltage-gated sodium channels NaV1.7, 1.8, and 1.9. These three channels are selectively
expressed in the peripheral nervous system, act as key modulators of nociceptor excitability, and
are thought to drive neuronal hypersensitivity that underlies persistent pain (45). Analysis of
previously published DRG whole-tissue bulk transcriptomics data (30) revealed no significant
difference in the expression of the genes SCN9A (encodes NaV1.7), SCN10A (encodes NaV1.8),
and SCN11A (encodes NaV1.9), between cancer patients with pain and cancer patients without
pain (Supplementary Figure 5). However, as whole-tissue sequencing can dilute changes that
occur at the single-cell level, we utilized RNAScope in situ hybridization to examine SCN9A,
SCN10A, and SCN11A expression in our donor population. SCN9A, SCN10A, and SCN11A
expression level in the DRG was quantified in two ways: (1) the overall percentage of DRG
neurons that express the target gene, and (2) the relative expression level (e.g., number of mMRNA

copies of target gene) within each target gene-expressing neuron.

We found that the Pain Hx group tended to have a higher proportion of neurons expressing
SCNY9A and SCN10A compared to the No Pain Hx group, though the difference was not
statistically significant (Figure 5A-B, E-F). The average number of mMRNA copies detected in each
hDRG neuron was higher in the Pain Hx group compared to the No Pain Hx group (Figure 5C,
G). The increased within-cell expression of SCN9A and SCN710A was seen across multiple
different sizes of cells (Figure 5D, H). SCN71A expression tended towards higher expression in
the Pain Hx group compared to the No Pain Hx group as measured in terms of proportion and
within-cell expression (Figure 5I-K) but without statistical significance. Interestingly, SCN9A, but
not SCN10A or SCN11A, was detected in satellite glial cells surrounding neuronal cell bodies

(Supplementary Figure 6), confirming previous observations(29, 37).
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Discussion
In the present study, we provide a detailed electrophysiological characterization of human

DRG neurons. Using Patch-seq, we demonstrate that electrophysiologically-defined clusters can
be linked to transcriptionally defined subpopulations of hDRG neurons, and that a majority of
small-to-medium neurons patched in our study belong to the nociceptor population. Additionally,
we show that pain history is associated with differences in sensory neuron physiology that is
dependent on the electrophysiological phenotype, with repetitive spikers from Pain Hx donors
demonstrating hyperexcitability compared to repetitive spikers from No Pain Hx donors. Finally,
we show that there is greater expression of Nav1.7 and NaV1.8 in lumbar DRGs from donors with
documented pain history, which may contribute to pain-associated hyperexcitability. In the context
of previous studies (18, 23-30) our findings suggest that pain-associated dysregulation of

nociceptor excitability is seen in both humans and rodents, and across different pain pathologies.

Physiological heterogeneity of sensory neurons from donors without history of pain

Similar to prior reports in rodents(17, 18), we found that the hDRG neurons demonstrate
a wide variety of evoked action potential firing patterns, with the majority falling under the single-
and repetitive-spiking umbrellas. Segmentation based on firing phenotype revealed significant
differences in the spike waveform, kinetics, and membrane properties between the single and
repetitive clusters, suggesting that these two clusters are physiologically distinct from each other.
These observations are also consistent with recent findings that report physiological clusters in

hiPSC-derived sensory neurons and primary hDRG neurons obtained from organ donors(32).

We additionally identified a few cells (1/53 in the No Pain Hx group; 1/21 in the Pain Hx
group) with a “burst-like” firing pattern in response to depolarizing current steps and anode break
excitation. The firing pattern of these neurons, which show rapid adaptation and never fire more
than two action potentials across all current steps tested (Figure 1), strongly resemble that of AR

slow-adapting (SA) low-threshold mechanoreceptor (LTMR) population in mouse DRG (17). In
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hDRG, putative AB SA LTMRs have been reported to be mostly large-diameter neurons with an
average soma diameter of 89um, albeit with broad distribution (minimum and maximum between
approximately 25um and 130um; (11). Given that our study preferentially recorded from neurons
with soma diameter <60um, the large average diameter of the AR SA LTMRs may explain why
only two cells included in our study (each with soma size of 43.6 um, 27.9um) displayed this burst-

like firing pattern.

Different studies over time have reported different proportions of single- vs. repetitive-
spiking clusters. For instance, one study using thoracic (T2-T12) DRG reported most dissociated
hDRG neurons to be single spikers(46), while a study using lumbar (L1-L5) DRG have
demonstrated that only ~ 25% of hDRG neurons exhibited the single-spiking phenotype under
culture conditions(45). Our study, utilizing the T11-L5 DRG from human donors, found that the
dissociated hDRG neurons were evenly distributed between the single- and repetitive-spiking
clusters for both pain and non-pain groups. This may be due to differences in experimental
conditions, such as levels of the DRG utilized, or differences in the delay between surgical

extraction and culture.

Physiological specialization in transcriptionally distinct clusters of human sensory
neurons

A previous study using mice with genetically labelled sensory neurons demonstrated that
genetically distinct subpopulations of sensory neurons have markedly different firing patterns (17).
Linking the electrophysiological and transcriptional phenotypes in hDRG poses unique challenges
due to lack of readily available genetic labelling strategies, and the widespread distribution of
nociceptors across multiple cell sizes. Utilizing the Patch-seq approach allowed us to circumvent

these challenges and obtain both electrophysiological and transcriptional data from the same

hDRG neuron.

We observed that transcriptionally identified clusters tend to be preferentially associated
with one spiking phenotype, as seen in both MRGPRD, CALCA+SSTR2, and CALCA+BMPR1B
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populations (Figure 2C). This is consistent with findings in mice, where different populations of
sensory neurons exhibit 1 - 2 “characteristic” firing phenotype(17). The presence of both single-
and repetitive-spiking population in the MRGPRD and CALCA+BMPR1B clusters suggests that
single- and repetitive-spiking properties may reflect functional states of nociceptors that may be
dynamically regulated by pain-inducing injury, as proposed previously(18). Indeed, recent work in
hDRG has shown that persistent depolarization leads to changes in the relative representation of
single and repetitively-firing neurons in both human and mouse DRG (45), suggesting that human
sensory neurons can regulate their excitability and shift their spike firing patterns in response to

external stimuli.

Our results provide proof-of-concept evidence that Patch-seq is a viable approach to map
the transcriptionally defined neuronal phenotypes to electrophysiological characteristics defined
by intrinsic excitability and other parameters in human neurons. Previously, Patch-seq has been
used in the study of sensory neurons in rodent models (47) and human pluripotent stem cell-
derived sensory neuron cultures (48). The data presented here represent an interim analysis of a
planned larger effort to generate a large Patch-seq database of hDRG neurons that will eventually
be used to compare sensory neuron characteristics within and across species. The dataset may
provide additional predictive value to preclinical studies using cultured DRG neurons, as it may
allow prediction of transcriptional/functional phenotype based on physiological markers. For
example, it is possible that there are subtle physiological differences between the repetitive
spikers belonging to different transcriptional subtypes that may be revealed with a larger and more
adequately powered sample size. This type of detailed analysis of E-type relative to T-type
represents a long-term goal of our NIH HEAL-Initiative-supported human tissue program (part of
the PRECISION Human Pain Network) and will require hundreds of recordings collected over
several years to know whether specific electrophysiological features of hDRG neurons can be

used exclusively to identify the recorded cell type. At present, we suggest that adding Patch-seq
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to recordings from human sensory neurons affords the opportunity to analyze physiological
differences in genetically defined subsets of sensory neurons, reducing the impact of cell type
heterogeneity and allowing for more direct comparisons of human sensory neuron biology to the

cell-type-specific data collected from animal model studies.

Pain-associated differences in neuronal excitability.
To date, several electrophysiological analyses of dissociated hDRG neurons have been

completed using samples obtained from cancer patients with or without neuropathic pain(28—30).
Our finding that pain history is associated with greater action potential spiking frequency and lower
rheobase in the repetitive-spiking cluster of hDRG neurons is in line with the conclusions of these
studies (28-30), as well as reports in rodent models of pain (18, 23—-27). While we did not see an
increase in the number of neurons with spontaneous activity in samples from the Pain Hx group,
this may be due to both the relative heterogeneity of the pain history of our donors, as well as the
differing degrees of severity between cancer-associated neuropathic/reticular pain seen in
previous studies and the joint pain and other forms of musculoskeletal pain seen in our donor

pool.

Surprisingly, pain history was associated with reduced excitability in the single-spiking
population, including increased rheobase and right-shifted input-output curve. In rats, the single-
spiking “rapidly-accommodation” shows no change in spontaneous activity or excitability following
pain-inducing spinal cord injury(18). However, recent studies have demonstrated that hDRG
neurons can engage in homeostatic plasticity, reflected as reduced excitability in response to
sustained depolarization or prolonged treatment with bradykinin(19, 45). Therefore, it is possible
that single-spiking DRG neurons from donors experiencing persistent pain become less excitable
over time as part of a homeostatic response. Our Patch-seq data also suggest that a minority of
single spikers belongs to the A-delta low threshold mechanoreceptor (LTMR) population, which

detects non-noxious stimuli (Figure 2). Hyposensitivity to innocuous tactile and thermal stimuli
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has been previously reported in patients with chronic pain, including chronic low back pain,
musculoskeletal pain, and neuropathic pain (49-51). While this has been primarily hypothesized
to be a centrally mediated effect (52), our results raise the possibility that reduced excitability in
non-nociceptive peripheral afferents may also contribute to this phenomenon, particularly for

hypoesthesia in the pain dermatome.

In our study, we found that pain history was associated with significantly higher within-cell
expression of SCN9A and SCN10A. In mice, NaV1.7, encoded by SCN9A, is enriched in the
nociceptor subpopulation, promotes repetitive firing of action potentials, and is crucial to
modulating the activation threshold of nociceptors (12, 29, 53-55). Upregulation of NaV1.7
expression and potentiation of NaV1.7-mediated current in the DRG were found in a rat model of
chemotherapy-induced peripheral neuropathy (CIPN) (29) and in painful human neuromas (56),
suggesting that levels of NaV1.7 may be dynamically regulated in chronic pain. Gain-of-function
mutations in NaV1.7 have been identified in patients with hereditary painful neuropathies (55, 57,
58). Importantly, studies in cancer patients with and without radiculopathy suggest that the
presence of neuropathic pain is associated with increased expression of SCN9A in hDRG (29).
Our results are consistent with these previous findings; additionally, our data suggest that the
association between pain history and NaV1.7 upregulation likely extends beyond the cancer pain

population and may be found in chronic musculoskeletal pain.

NaV1.8, encoded by SCN10A, is highly enriched in nociceptors of both mice and humans
(11, 12). NaV1.8 plays a critical role in peripheral sensitization associated with persistent pain
(59-61). NaV1.8 is upregulated in the axons of rodent DRG neurons following nerve injury(62)
and in the neuromas of patients with painful neuromas(56). Gain-of-function mutations and
overexpression of SCN10A has been shown to promote hyperexcitability in rodent sensory
neurons, whereas pharmacological blockade and genetic loss-of-function of NaV1.8 leads to

attenuation of neuropathic and inflammatory pain and reduction in the excitability of DRG neurons
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(59, 60, 63—68). The results of our studies further point towards an association with higher Nav1.8
expression and chronic or persistent pain. The association between increased SCN70A
expression and pain history is particularly intriguing considering the recent FDA-approval of the
NaV1.8 inhibitor, suzetrigine (VX-548), which reduces post-surgical pain compared to placebo,
with comparable efficacy to hydrocodone/acetaminophen (69, 70). Detailed knowledge into how
the properties of native human neurons are altered in the context of chronic pain conditions may
reveal new insights that can inform specific therapeutic strategies tailored to various etiologies of
pain.
Limitations of our study

In animal studies, experimental manipulation allows researchers to draw conclusions
about directionality in the relationship between injury and neuronal hyperactivity. In contrast, we
were not able to draw causative conclusions about the relationship between pain history and
neuronal hyperactivity due to the observational, rather than experimental, nature of our study
involving donor-obtained hDRG neurons. For example, we are not able to determine whether the
increased levels of SCN9A and SCN710A were due to upregulation following the injury or
inflammatory condition associated with the donor’s pain experience; or whether the donors’ DRG
neurons already had higher expression of SCN9A and SCN10A, which then predisposed them to
becoming hyperexcitable following inflammation or injury. Secondly, our dataset almost certainly
contains neurons that do not innervate the dermatome of pain in our pain donors. While
techniques such as retrograde tracing would allow greater degree of specificity in recording
neurons that precisely innervate the affected limb or organ, such approaches are not yet widely
available for use in human donors. As a result, some of the heterogeneity seen in our Pain Donor
dataset may be reflective of the heterogeneity in the innervation pattern of recorded neurons.
Third, the pain phenotype of our donors is mixed: while mostly musculoskeletal in nature, the
donors’ pain conditions included a wide range of regions and pathologies. This heterogeneity may

contribute to the variability in the “Pain Hx” group. It is important to note, however, that the
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heterogeneity in the pain history of our donor pool is reflective of the heterogeneity of pain
phenotypes seen in the wider population of chronic pain patients(2). Finally, our samples contain
limited demographic of the donors we had access to for this study. As a result of this limitation,
there may be valuable physiological information related to sex or race that was not revealed in

our study.

Summary and future directions
In summary, this study shows that human sensory neurons display a diverse array of

electrophysiological phenotypes, which can be linked to specific transcriptionally defined
subpopulations using Patch-seq. We additionally demonstrate that pain history of donors is
associated with hyperexcitability in a subset of hDRG neurons and increased transcriptional
expression of NaV1.7 and NaV1.8. Our study establishes Patch-seq as a useful tool in studying
the biology and function of human sensory neurons, with ongoing efforts to generate a larger,
publicly available Patch-seq database of hDRG neurons that can be used for future investigations.
The findings and methodology presented in this study contributes to better understanding of
cross-species differences in DRG neurons and provides further insights into pain-associated

plasticity in sensory neurons that may inform therapeutic development in the future.

Methods
hDRG extraction

Extraction and collection of hDRGs were performed as previously described(71) in
collaboration with Mid-American Transplant, with the following modifications and specifications.
T11 - L5 DRGs were surgically removed from postmortem organ donors, within 1 -3 hours of aortic
cross-clamping. Extracted DRGs were immediately placed in ice-cold, oxygenated N-methyl-D-
glucamine (NMDG)-based artificial cerebrospinal fluid (aCSF; 93 mM NMDG, 2.5 mM KCI, 1.25
mM NaH2PO4, 30 mM NaHCO;, 20 mM HEPES, 25 mM glucose, 5 mM ascorbic acid, 2 mM

thiourea, 3 mM Na* pyruvate, 10 mM MgSOs4, 0.5 mM CaClz, 12 mM N-acetylcysteine; adjusted
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to pH 7.3 using NMDG or HCI, and 300 - 310mOsm using H>O or sucrose) and transported to lab

for processing.

Donor inclusion and classification
Donors that were older than 60 years, had a body mass index greater than 40, or had

positive serology for blood-borne diseases such as hepatitis C or human immunodeficiency virus
(HIV) were excluded from the study. Donors’ past medical history was determined using available
information on the United Network of Organ Sharing (UNOS) documentation and Mid-America
Transplant’'s interview with the donors’ family members. A donor was classified as having
significant pain history if they met two out of three of the following criteria: (a) the word “pain” is

” o«

used to describe donor’s recent or present medical condition (e.g., “daily pain,” “regular pain,”
“painful tendonitis,”), and the dermatome of pain is specified to be in the back and/or the lower
body; (b) donor’s medical history includes prescribed use of analgesics (e.g., hydrocodone or
gabapentin) that is unrelated to substance use disorder, or there is documentation of other non-
pharmaceutical interventions for pain (e.g., back surgery, nerve blocks); (c) donor’'s medical
history includes a disorder for which pain is a major symptom, such as arthritis or scleroderma.
Based on these inclusion criteria, eight donors were identified as having a significant pain history
(“Pain Hx"). Donors whose medical history did not mention any significant or possible pain
conditions were classified as having no pain history (N = 10; “No Pain Hx"). Finally, six donors
only partially met the above criteria for having a significant pain history, or had medical histories
that included descriptions of possible pain-related conditions but lacked sufficient details to
positively determine their pain statuses; and two donors had medical histories which included pain
in areas that were non-lumbar dermatomes (e.g., migraine). These 8 donors were identified as

possible confounds and excluded from further analysis. Demographic information and pain-

related history of each donor is provided in Table 1.
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hDRG primary culture
Primary culture of hDRGs were performed as previously described(45, 71). Briefly, 2 - 3

thoracolumbar DRGs were cleaned and finely minced using ice-cold NMDG-aCSF. Minced
DRGs were sequentially dissociated using papain (Worthington, Lakewood NJ) and collagenase
type 2 (Sigma-Aldrich, Darmstadt, Germany), then triturated for mechanical dissociation.
Dissociated DRGs were filtered and resuspended in DRG media (5% fetal bovine serum [Gibco,
Grand Island, NY], 1% penicillin/streptomycin [Corning, Corning, NY], Glutamax [Life
Technologies, Carlsbad, CA), and B27 [Gibco] in Neurobasal-A [Gibco]). DRG was plated and
cultured on collagen-coated glass coverslips, and media was changed every 2 - 3 days.
Patch-clamp electrophysiology

Patch-clamp experiments were performed between days in vitro (DIV) 2 - 8 (5.113 £ 1.484,
average * s.d.). Current clamp experiments were performed in external solution containing (in
mM): 145 NacCl, 3 KClI, 2 CaCl,, 1 MgCly, 7 glucose, 10 HEPES, adjusted to pH 7.3 with NaOH.
Patch pipettes were pulled from thin-walled borosilicate glass with outer diameter of 1.5mm and
internal diameter of 1.10mm (Sutter Instruments, Novato, CA). Pipettes were fire polished and
had resistance values of 1 - 4 MQ. The internal solution consisted of the following (in mM): 120
K-gluconate, 5 NaCl, 3 MgCl,, 0.1 CaCl,, 10 HEPES, 1.1 EGTA, 4 Na,ATP, 0.4 Na,GTP, 15
NazPhosphocreatine; adjusted to pH 7.3 with KOH and HCI, and 290 mOsm with sucrose. Patch-
seq experiments were conducted with a modified K-gluconate internal designed to promote cDNA
yield while maintaining electrophysiological properties, containing the following: 110 K-gluconate,
4 NaCl, 10 HEPES, 0.2 EGTA, 1 NaATP, 0.3 Na;GTP, 10 NazPhosphocreatine, 20 ug/mL
glycogen, and 0.25 L Protector RNAse Inhibitor; adjusted to pH 7.3 with KOH and HCI, and 290
mOsm with sucrose. Experiments were performed at room temperature. External solution was
perfused continuously at a rate of 1 - 2 mL/min using a gravity-fed bath perfusion system.
Recordings were made using a MultiClamp 700B amplifier, a Digidata 1550B digitizer, and the

Clampfit software (v.11.1, Molecular Devices, San Jose, CA). All recordings were were sampled
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at 10 kHz. Analysis of excitability, spike kinetics, and membrane properties was conducted using

Easy Electrophysiology (Easy Electrophysiology Ltd., London, UK).

hDRG neurons with soma diameter < 60 uym were preferentially patched to increase the
likelihood of recording from nociceptor populations(11). Membrane properties and excitability
were measured in current clamp mode. After a stable whole-cell configuration was achieved and
maintained for at least 2 minutes, a gap-free current-clamp recording was carried out for 1 - 2
minutes with no current injection in order to assess resting membrane potential and spontaneous
activity. After the resting membrane potential was measured, hDRG neurons were held at -60 mV
for assessment of membrane excitability and passive properties. Membrane excitability was
determined using 1-s long stepwise current injections from 50 pA — 2 nA (A 50 pA). For any cells
that did not fire at 2 nA, the current steps were extended until an action potential was elicited.
Rheobase was defined as the minimum current injection required to trigger an action potential
firing within the first 100 msec of the 1-second current step. To assess spike firing pattern, the
number of action potential spikes fired in response to each current step was counted to generate
an input-output curve for each cell. The action potential threshold was defined as the membrane
voltage when dV/dt = 10 and was determined from the first action potential fired at rheobase.
Action potential kinetics were measured using the first action potential fired at rheobase.
Maximum rise and decay slopes were obtained from 10 - 90% of the rising and falling phases,
respectively. Action potential half-width was defined as the time between 50% of the rising and
falling phases. AP amplitude was measured from AP threshold to the peak of the spike. Input
resistance was measured using hyperpolarizing current injections from -250 pA to -50 pA (A50
pA), by plotting AV, against Al and determining the slope of the line of best fit. Voltage sag was
measured using a single -250pA hyperpolarizing step. The magnitude of the sag was calculated
as the difference between peak deflection and the steady-state V. The sag ratio was calculated

by dividing the sag by the peak deflection magnitude. hDRG neurons with resting membrane
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potential >30mV, or an unstable resting membrane potential, were considered to be unhealthy;

recordings from those cells were excluded from analysis.

Cytosol Extraction
After the conclusion of whole-cell recording, cytosolic contents were aspirated into the

recording pipet using gentle negative pressure for 2 - 3 minutes, until a visible shrinkage of the
cell was observed (Supplementary Figure 3A). After aspiration, the recording pipette was slowly
and gradually withdrawn. Contents of the patch pipette were immediately ejected into a sample
collection tube containing 1 pL 10 x Reaction Buffer (95% Lysis Buffer [Takara Bio], 5% RNAse
inhibitor [Takara Bio]), 8uL RT-PCR grade nuclease-free water (Thermo Scientific) by applying
positive pressure. Samples made of Patch-seq internal solution were used as negative controls
to assess ambient RNA contamination. Samples were stored at -80 °C for long-term storage.
For Patch-seq experiments, experimenters were agnostic to the pain history status of the

donors.

RNA sequencing of cytosolic contents
RNA was converted into cDNA using SMART-Seq® v4 Ultra® Low Input RNA Kit for

Sequencing following the manufacture’s manual. Samples containing 50 pg of total mouse brain
RNA and samples made of nuclease-free water were used as positive and negative controls for
library preparation, respectively. Twenty PCR cycles were used for cDNA amplification to increase
yield. cDNAs were assayed using an Agilent TapeStation 4200. Samples containing less than 2
ng total cDNA or less than 35% of total cDNA in the size range of 500 — 6000 bp were deemed
low quality and typically not sequenced. The cDNA libraries were then prepared for sequencing
using the lllumina Nextera XT Library Preparation Kit following the manufacturer’s manual.
Resulting libraries were pooled and sequenced on an lllumina NovaSeq 6000 instrument targeting
at least 500k reads per library. Sequencing reads were aligned to hg38 Reference genome and

gene expression counts were generated.
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Clustering of Patch-seq gene expression data
The counts table of Patch-seq samples was loaded into Seurat (V4.4.0) in R (V4.4.1) for

quality control and gene expression analysis. Raw counts were scaled to 10,000 transcripts per
nucleus using NormalizeData() and scaled for each gene using ScaleData() functions. Highly
variable genes were identified and the top 20 principal components (PCs) were retrieved with
RunPCA() using default parameters. UMAP coordinates were calculated using RunUMAP() and
transcriptional clusters were identified using FindClusters(resolution=0.4) based on the top 20

PCs.

Differential expression and gene ontology analysis
Differential expression analysis between E-types was done using FindMarkers() in Seurat

comparing the gene expression of Patch-seq samples annotated as single spikers to those
annotated as repetitive firing during E-type analysis. Only genes that are significant (adjusted p
value < 0.05) were reported. Gene Ontology (GO) analysis was performed using topGO (V2.40.0)
in R. Differentially expressed genes described above were used as the input gene list and all
genes with average expression >0.5 in the same cells are used as the background gene list.
Genes were annotated for their biological process and GO terms with p value < 0.05 were

reported.

RNAScope in situ hybridization
L1-L5 hDRGs were fixed in 4% paraformaldehyde at 4 °C overnight, cryopreserved in 30%

sucrose, then flash-frozen in OCT. Fixed-frozen hDRG were cryosectioned at 12 ym and mounted
on Superfrost Plus slides (Fisher, Pittsburgh, PA). Slides were stored at -20 °C or -80 °C with
desiccant until further use. Immediately prior to RNAScope, hDRG sections were dehydrated
using 50%, 70%, and 100% ethanol and treated with Protease IV and hydrogen peroxide (ACDBio,
Minneapolis, MN). RNAscope was performed following manufacturer’s protocol. The following
probes from ACDBio were used: SCN9A (cat. no.562251), SCN10A (cat. no.406291), and

SCN11A (cat. n0.404791). For each experiment, the probe was paired to Opal 570 (1:1000; Akoya
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Biosciences, Marlborough, MA). To reduce autofluorescence, TrueBlack® Autofluorescence
Quencher (Biotium, Fremont, CA) was applied at the end of RNAScope following manufacturer
protocol, either before or after the application of DAPI. Slides were mounted with coverslips using
ProLong Gold Antifade Mountant (Invitrogen, Waltham, MA) and stored at -20 °C until imaging.
Imaging and image analysis

RNAScope slides were imaged using Leica DM6b system at 20 x magnification. For each
slide, the entire hDRG section was imaged using the tile scan and merge feature of the using
Leica Application Suite X (LAS-X, v.3.7, Leica Microsystems, Wetzlar, Germany). Acquisition
settings were kept consistent across all slides and different experimental days. The following
acquisition parameters were used: DAPI, 50 ms exposure, 2.1 gain, FIM 30%; L5, 300 ms
exposure, 2.5 gain, FIM 55%; TXR, 500 ms exposure, 3.0 gain, FIM 55%. Segmentation and RNA
expression analysis was completed using HALO AI™ and the Multiple IHC module of HALO®
(Indica labs). Satellite glial cells were distinguished from neuronal cell bodies visually based on
their unique morphology.
Statistics

All data were analyzed using GraphPad Prism 9 (GraphPad Software Inc, Boston, MA)
and R (V4.4.1). To inform the use of appropriate statistical tests, normality of residuals and
heteroscedasticity were assessed for each dataset using Shapiro-Wilk test and Brown-Forsythe
test, respectively. To assess statistical differences across multiple groups, one-way ANOVAs with
Tukey’s post-hoc test, Kruskall-Willis test with Dunn’s post-hoc test, or Brown-Forsythe ANOVA
with Dunnett's T3 tests were performed. All post-hoc tests were performed with multiple
comparison corrections. To assess differences between groups in the input-output curves,
restricted maximum likelihood (REML) mixed effects analysis with Geisser-Greenhouse
correction was used. PCA analysis and K-means clustering of electrophysiological data was
conducted using R. All data are represented as mean £+ SEM unless otherwise noted. Detailed

statistics are reported in Supplementary Information.
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Study approval

Extraction procedures were approved by Mid-America Transplant, and an Internal Review Board
(IRB) waiver was obtained from the Human Research Protection Office at Washington University
in St. Louis. hDRG samples were obtained from postmortem organ donors with the consent for

tissue donation for research from family members.

Data availability
Data will be made available upon reasonable request.
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Table 1. Demographic information and pain-related history of donors included in the study.
Number of Inclusion
Age  Sex Race BMI cob Pain Hx cells in
patched RNAScope

No pain history
53 M White 30.3 Anoxia None 2 X
51 F White 335  Anoxia None 3
12 M White  20.0  Anoxia None 1
45 M White  28.8  Anoxia None 0 x
None
23 M White 143 Head 4
trauma
None
23 F White 354 Head 9
trauma
17 M Black 226  Anoxia None 2 X
50 F White 254  Anoxia None 0 x
56 F Black 250  Stroke None 0 X
31 M White  21.6  Anoxia None 6
31 M White 316 Anoxia Dental pain in 2_018; no prest_ent pain condition 4
or prescription pain medication noted.
32 M White ~ 28.8  Anoxia None 3
33 M White 340  Stroke None 14
38 f black 28.3  Stroke None 1
43 f white 19.8  stroke None 3
58 m black 19.7  stroke None 5
53 f white 33.0  stroke None 7
Pain hx
. Head . L
23 M White 26.4 t Constant joint pain since age 17 0 X
rauma
56 F Black 23 1 A Leg pain and_ sc_:leradgrma. R_egl_.llar use of 2
prescription pain medication.
History of multiple back surgeries, arthritis,
53 M White 24.2 Stroke bulging disc, back injury. Used prescribed 3
pain medication for >5 years.
53 M Black 36.5 Anoxia Knee pain due to arthritis 1
26 M Black 378 Anoxia Knee pain due to tendonitis from playing 1
football
. . Arthritis; history of knee surgery and
& L4 e e AFedE prospective hip replacement surgery. ! X
58 E Unknown 34.1 Stroke Degene'ra.tlve' disk disease; nerve block 2 N
injections for back pain.
59 M White 35.6 Stroke Arthritis; prescribed pain medication 7
52 E White 294 Stroke Sevgre pain |n.the groin, Igadlng to dlfflculty 1
walking. Occasional migraines and neck pain
Confound: uncertain pain history
. "Chronic inflammation” of the back managed
53 M White 39.6 Stroke with OTC' ibuprofen 5
42 M White 29.9 Head Gunshot wound to _the Ieg_ that led to difficulty 2
trauma walking at times.
Prior history of disc replacement, possibly
60 M White 32.4 Anoxia cervical. Reason for disc replacement was not 2
provided.


https://doi.org/10.1101/2025.03.25.645367
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.25.645367; this version posted March 26, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

1V vicodin, heroin use history; recurrent kidney

49 F White 19.25  Anoxia
stones

Hx diabetes with right below-knee amputation;

48 M White 38.16 Head home med list |nc|u_des gabapentin and_ _
trauma hydrocodone-acetaminophen but no explicit
neuropathy or pain mentioned

Home med list includes oxycodone. History of

61 m white 26.57 stroke diabetes and upper limb ischemia, but no

Confound: pain in non-lumbar dermatomes

neuropathy or pain mentioned

32 M White 30.7 Head Frequent joint pain in h_a_nd and thumb from a
trauma prior injury

Head Regular and severe headaches managed with

39 M White 241 trauma OTC NSAIDs? and acetaminophen. Possible

pediatric rheumatoid disease.

'OTC, over-the-counter; NSAID, nonsteroidal anti-inflammatory drug.
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Figure 1. Physiologically distinct clusters of human sensory neurons. (A) Sample traces of repetitive
firing neurons. Left, sample trace of action potential firing pattern from a hDRG neuron that displays spike
frequency adaptation in response to suprathreshold current injections. Right, sample trace of spike firing
pattern from a hDRG neuron that does not display spike frequency adaptation. (B) Sample trace of a
single-spiking neuron at rheobase and at suprathreshold current injections. (C) Sample trace of a burst-
like firing hDRG neuron characterized by anode-break excitation and burst-like action potentials. (A-C)
Scale bars, 25mV/250ms. (D) Relative distribution of each firing phenotype. (E) Input-output curve of the
four different physiological clusters. Inset: zoomed in plot showing the input-output curves of single- and
burst-like phenotypes. ####, p < 0.0001, fixed effect of interaction between firing phenotype and current
injection, mixed-effects analysis. (F) Number of action potentials fired in response to suprathreshold
current injection at 2x rheobase. (G-I) Membrane properties across the four phenotypes, including
rheobase (G), input resistance (H), and voltage sag (I). (J) Sample phase-plots of representative neurons
from the four clusters. (K) Maximum kinetic properties and (L) Half-width of the first action potential at
rheobase. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Dunn’s (F, H, I) or Dunnett’'s T3 (G, K, L)
post-hoc test following Kruskal-Wallis test, one-way ANOVA, or Brown-Forsythe ANOVA, respectively.
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Table 2. Membrane properties and kinetics of E-types of human sensory neurons

Repetitive (n=48)  Single (n=62) Burst (n=2)

Diameter (um) 35.81 £ 0.93 37.97 + 1.86 35.75+7.85
Resting
membrane -54.73 +1.94 -54.73 +1.07 -47.20 £ 1.29

potential (mV)
Inputresistance 144 754 17,03 77.00 £10.00  141.73 + 85.41

(MQ)****
Voltage sag 0.3849 + 0.6080 *
ratio 0.3385 £ 0.0228 0.0232 0.0376
Rheobase 1308.82 +
(DAY 356.51 + 42.07 93 66 75.04 + 24.71
AP threshold AT7A7 +1.44 17.92+143  -28.20 + 0.61
(mV)
AP Amplitude 69.70 + 1.72 62.23 + 2.77 78.42 + 3.56
(mV)
AP Overshoot 52.18 + 1.07 44.65 + 2.04 50.22 + 2.95
(mV)
Half-width 5.30 + 0.34 2.38+0.17 1.79 + 0.44
(ms)
Max rise slope 126.71 +8.39 14924 +13.91 227.66 +42.73
(mV/ms)
Max decay
slope 2218 + 1.27 4746 +350 -41.20 + 13.12
(mV/ms)****

*p<0.05, ****p<0.0001; Mann-Whitney test, Repetitive vs. Single
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Figure 2. Principal component analysis (PCA) of the electrophysiological features from human
sensory neurons. (A) Loading plot of PC1 and PC2 showing the relative contribution of each variable to
each PCs. Membrane properties and spike kinetic parameters were used as variables for PCA.
Membrane properties included input resistance, resting membrane potential (RMP), voltage sag,
rheobase, spike threshold, and number of spikes fired at suprathreshold thresholds (defined as 2x
rheobase). Spike kinetic parameters included in the analysis are spike amplitude, peak, rise slope, decay
slope, and half-width. (B) Score plot of the hDRG neurons, clustered into three groups based on their
electrophysiological properties. (C) Score plot of the hDRG neurons, grouped by their firing pattern as in
Figure 1. The majority (90.3%) of single-firing neurons were split between Cluster 3 (36/62, or 58.1%) and
Cluster 1 (20/62, or 32.2%). The majority of repetitive-firing neurons (37/48, or 77.1%) were found in
Cluster 2; a subset (10/48, or 20.8%) of repetitive-firing neurons were correspond to Cluster 3. Both burst
firing neurons (2/2) in our dataset belong to Cluster 3.
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Figure 3. Using patch-seq to link electrophysiologically defined human DRG types to
transcriptionally defined clusters. (A) Workflow of Patch-seq on cultured human DRG sensory neurons.
(B) Uniform Manifold Approximation and Projection (UMAP) plot of 69 human DRG Patch-seq samples.
Samples are colored by transcriptional clusters, and the numbers in the parentheses indicate cell counts
in each cluster. (C). Normalized counts (logz transformed counts per million[log2CPM]) of select human
DRG cell class marker genes in each cluster. Scatter plot indicats the expression in individual samples
and the boxes indicate quartiles and whiskers are 1.5-times the interquartile range (Q1-Q3). The median
is a grey line inside each box. (D) Heatmap showing the scaled expression (Z-score of log2CPM) of select
marker genes from each transcriptional cluster in Patch-seq data. (E) Heatmap showing the percent (as
the color gradient) and counts (as numbers on the heatmap) of samples in each transcriptional neuronal
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cluster (clusters 1-3) that are assgined to the four cell classes identified in single-soma RNA-seq by
integration. (F) Pie chart showing the distribution of E-types in each transcriptional cluster. (G) Volcano
plot showing differentially expressed (DE) genes (FDR<0.05) in single- and repetitive- spiking neurons.
Selected DE genes are labeled. (H) Box plot showing the expression of DE genes TACT and TRPA1 in
single- and repetitive- spiking neurons. Scatter plot indicats the expression in individual samples and the
boxes indicate quartiles and whiskers are 1.5-times the interquartile range (Q1-Q3). The median is a grey
line inside each box. (1) Enriched gene ontology terms (p<0.05, enrichment > 1.5) in single- and
repetitive- spiking neurons.
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Figure 4. Pain history is associated with increased membrane excitability in repetitive spikers. (A)
Input-output curve of repetitive spikers from donors with no pain history (blue) and documented pain
history (red). *p < 0.05; mixed-effects analysis, fixed effect of pain history. (B) The voltage threshold for
action potential was lower in repetitive neurons from pain donors compared to neurons from non-pain
donors, with the difference approaching significance (unpaired t-test). (C-D) Rheobase (C) and resting
membrane potential (D) were significantly different between groups. *p < 0.05, **p<0.01; Mann-Whitney
test (C) and unpaired t-test (D). (E) Relative distributions of adapting and non-adapting repetitive spiking
subtypes in neurons from donors without pain history (No Pain Hx; 39.3% adapting, 39.3% non-adapting,
21.4% undetermined) and donors with pain history (Pain Hx; 71.4% adapting, 14.3% non-adapting, 14.3%
undetermined). (F) Input-output curve of single spikers from donors with no pain history (blue) and
documented pain history (red). (G) There is no significant difference in the rheobase of single spikers
from pain and non-pain donors (unpaired t-test). (H) Resting membrane potential is significantly more
depolarized in single spikers from donors with pain history. (I-K) Spike kinetics in single spikers, including
half-width (1), maximum rise slope (J), and maximum decay slope, are significantly different between pain
and non-pain donors. *p < 0.05, **p < 0.01, Mann-Whitney test (H-K).
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Table 3. Distribution of repetitive, single, and burst-firing neurons across different donor groups

Repetitive Single Burst
No pain hx (n = 57) 28 (39.1%) 41 (59.4%) 1(1.4%)
Pain hx (n = 21) 7 (35.0%) 12 (60.0%) 1(5.0%)
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Table 4. Membrane properties of hDRG neurons from donors with and without pain history.

Repetitive Single
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*p < 0.05, Mann-Whitney test; #p<0.05, unpaired t-test; **p < 0.01, Mann-Whitney test
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Figure 5. Donors with pain history exhibit higher levels of SCN9A and SCN10A expression than
donors without pain history. (A) Representative images of DRG sections from donors with (right) and
without (left) significant history of pain. RNAScope was performed for SCN9A (red), which encodes
NaV1.7. Scale bar = 100um. (B) Pain donors trended towards having a greater proportion of SCN9A+
DRG neurons compared to donors without pain history. Number of SCN9A+ neurons in the DRG was
normalized to total number of neurons in the DRG for each donor. Comparison between groups showed
that DRGs from pain donors tended to have higher proportions of SCN9A+ neurons, with the p-value
approaching statistical significance. (C) Average within-cell expression of SCN9A is significanty higher in
pain donors compared to donors with no pain history. For each donor, the SCN9A copy numbers of all
SCN9A-expressing neurons were averaged (3 - 4 donors per group, 331-946 SCN9A+ cells per donor).
Comparison between donors with and without a history of pain showed that SCN9A+ neurons from pain
donors, on average, had higher levels of SCN9A transcripts compared to SCN9A+ neurons from non-pain
donors. *p < 0.05, unpaired t-test. (D) Plot showing the SCN9A expression level in each neuron plotted
against its soma size; neurons from pain donors are plotted in red, and neurons from donors without pain
history are shown here in blue. Higher levels of SCN9A expression is seen across a broad range of soma
sizes in pain donors. (E) Representative images of DRG sections from donors with (right) and without (left)
significant history of pain. RNAScope was performed for SCN10A (red), which encodes NaV1.8. Scale
bar = 100um. (F) Pain donors trended towards having greater proportions of SCN10A+ DRG neurons
compared to donors without pain history, with p-value approaching significance. (G) Average within-cell
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expression of SCN10A is significanty higher in pain donors compared to donors with no pain history.
Comparison between donors with and without a history of pain showed that SCN10A+ neurons from pain
donors, on average, had higher levels of SCN10A transcripts compared to SCN710A+ neurons from non-
pain donors (3 - 5 donors per group, 134-627 SCN10A+ cells per donor). *p < 0.05, unpaired t-test. (H)
Higher levels of SCN10A expression is seen across a broad range of soma sizes in pain donors. (l)
Representative images of DRG sections from donors with (right) and without (left) significant history of
pain. RNAScope was performed for SCN71A (red), which encodes NaV1.9. Scale bar = 100um. (J) Pain
donors trended towards having greater proportions of SCN70A+ DRG neurons compared to donors
without pain history . (K) There is no significant difference in the average within-cell expression of
SCN11A in pain donors and donors with no pain history (3 donors per group, 175-719 SCN11A+ cells per
donor). (L) SCN11A expression of every SCN11A+ cell plotted against its soma size.
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Supplementary Figure 1. Repetitive spikers of hDRG can be subdivided by presence of spike
frequency adaptation. (A) Input-output curve plotting the number of action potential spikes fired against
the amount of current injected. Repetitive-adapting subtype display an “inverse-U” input-output curve and
reaches the maximal spike firing at lower current steps. The non-adapting subtype displays a linear input-
output relationship. ****p<0.0001; mixed-effects analysis, fixed effect of the interaction of current step x
subtype. (B-G) Comparison of membrane and spike kinetic properties between the two subtypes. Input
resistance (B), voltage threshold for action potential firing (D), and resting membrane potential (G) are not
significantly different between the two subtypes. Repetitive-adapting subtype has lower rheobase (C) than
the non-adapting subtype, suggestive of greater excitability. The non-adapting subtype has faster spike
kinetics than the adapting subtype, including the maximum rise (E) and decay (F) slopes. Ns = not
significant, *p<0.05, **p<0.01; unpaired t-test (D, E, G) and Mann-Whitney test (B, C, F).

14


https://doi.org/10.1101/2025.03.25.645367
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.25.645367; this version posted March 26, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

>

ns B ns

100 109
80 8-
E °
= 60 £ 6
5 == =
2 c T
— m —
§ 40 = > 4
a o
20 2
0 T | T 0 T | T
i\ N o & @ X
A8 O & . o
& & & ®
< &

Supplementary figure 2. Cell size and number of days in culture are not significantly different
across physiologically distinct clusters of human sensory neurons. (A) Distribution of cell size
across the four different phenotypes. (B) Distribution of the number of days in culture prior to recording for
each of the physiological cluster.
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Supplementary figure 3. Quality control of Patch-seq data. (A) Example images of cytosolic content
extraction from a recorded neuron. Shrinkage of the soma size can be visually confirmed during the
extraction process. Scale bar = 30 um. (B) QC metrics of the cDNA library prepared from Patch-seq
samples. Samples with cDNA yield > 2 ng and at least 35% of cDNA within the size range 500 -6000 bp
are considered as high quality and proceed to library preparation and sequencing. Positive controls are
prepared from 20 - 50 ng of total mouse brain RNA. Negative controls are prepared from either internal
solution or nuclease-free water. (C) Sequencing metrics of the Patch-seq samples that passed the cDNA
QC compared to the ones that failed QC. (D) Box plot of neuronal and glial gene scores in Patch-seq
samples that passed cDNA QC, grouped by whether action potentials are detected in recording
experiment, samples that failed QC, and negative controls. Gene scores are generated by aggregating
the expression of top 50 neuronal marker genes or non-neuronal marker genes idenfied in human
sensory neuron (42). (E) Pairwise correlation of Patch-seq data and published human DRG data. Bottom
left panels show the normalized counts (log2CPM) of individual genes in two datasets, each averaged
across all cells/nuclei in the indicated cell population from the dataset. Top right panels show the
Pearson’s correlation coeffcient based on the average expression of genes between dataset pairs.
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Supplementary figure 4. Human DRG cell class marker genes. (A) UMAP of single-soma RNA-seq
data, colored by four major cell classes and the injured cell state. (B) UMAP of single-soma RNA-seq data,
colored by transcriptional cell types. (C) normalized counts (log2CPM) of select cell class marker genes in
single-soma RNA-seq data. (D) Scatter plot showing the normalized counts (log2CPM) of CALCA and
FXYD6 in individual cells in single-soma RNA-seq. Cells are colored by transcriptional cell types. Cells of
hPEP cell types have high expression of CALCA and low expression of FXYD6, whereas cells of hNP cell
type have low expression of CALCA and high ecpression of FXYD6. (E) Scatter plot showing the
normalized counts (log2CPM) of CALCA and FXYD6 in individual Patch-seq samples from cluster three.
Cells expression CALCA and FXYD6 are largely non-overlapping populations.
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Supplementary Figure 5. Whole-tissue, bulk RNAseq of hDRG from cancer patients with and
without pain shows no difference in SCN9A, SCN10A, and SCN11A expression. Whole tissue
SCN9A (A), SCN10A (B), and SCN11A (C) expression in hDRG from cancer patients with or without
neuropathic/reticular pain. Data re-analyzed from North et al., 2019 (30).
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Supplementary Figure 6. SCN9A expression in satellite glial cells. Arrowheads point to mMRNA probes
detected in satellite glial cells that surround the hDRG neuronal cell bodies. Arrow point to an adjacent
neuron that expresses SCN9A. Blue=DAPI, red=SCN9A transcripts.
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