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MOTIVATION Physiological assays are typically small scale, such as patch clamp and traditional calcium
imaging, whereas larger-scale techniques lose cellular resolution and thus have limited value in heteroge-
neous neuronal populations. Applications that require analysis of large cell numbers, including screens or
experiments that address neuronal diversity, require larger-scale physiological characterization at single-
cell resolution. In addition, small-scale tools are limited by experimental and analytical biases, and the
desired platform would reduce these biases. We combine high-content longitudinal calcium imaging with
liquid handling and an unbiased machine-learning-based analysis pipeline to generate a tool for larger-
scale granular physiological investigation.
SUMMARY
High-throughput physiological assays lose single-cell resolution, precluding subtype-specific analyses of
activation mechanism and drug effects. We demonstrate APPOINT (automated physiological phenotyping
of individual neuronal types), a physiological assay platform combining calcium imaging, robotic liquid
handling, and automated analysis to generate physiological activation profiles of single neurons at large
scale. Using unbiased techniques, we quantify responses to sequential stimuli, enabling subgroup identifi-
cation by physiology and probing of distinct mechanisms of neuronal activation within subgroups. Using
APPOINT, we quantify primary sensory neuron activation bymetabotropic receptor agonists and identify po-
tential contributors to pain signaling. We expand the role of neuroimmune interactions by showing that hu-
man serum directly activates sensory neurons, elucidating a new potential pain mechanism. Finally, we apply
APPOINT to develop a high-throughput, all-optical approach for quantification of activation threshold and
pharmacologically validate contributions of ion channel families to optical activation.
INTRODUCTION

Modern molecular and genetic tools reveal neuronal subtypes

in stunning granularity (Hrvatin et al., 2018; Lin et al., 2015; Lu-

beck and Cai, 2012), but physiological techniques lag in their

ability to provide a combination of large scale and high reso-

lution. Rig-based patch clamp and calcium imaging remain

the most common approaches for physiological analyses

because of the wealth of pharmacological and kinetic informa-

tion generated (Wainger et al., 2015), but cannot capture

neuronal diversity or evaluate large compound libraries. Plate
Cell
This is an open access article under the CC BY-N
reader-based calcium imaging provides high throughput, but

only field-wide metrics, and can neither distinguish signal

from noise nor quantify responses among individual cells

(Brenneis et al., 2014; Stacey et al., 2018). High-throughput

techniques for direct measurement of action potential firing,

such as multi-electrode array (Moakley et al., 2019; Wainger

et al., 2014, 2015) or automated patch-clamp recording

(Dunlop et al., 2008), lose single-cell resolution, require large

numbers of cells, or are incompatible with critical primary

cell types, such as neurons. A technique that quantifies

neuronal activity at large scale while retaining single-cell
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Figure 1. Sensory neuron isolation, plating, and automated stimulation

(A) DRG isolation and plating in 96-well format.

(B) Dissociated DRG neurons visualized by transmitted light (TL) (gray, left) and Fluo4 (green, middle) with overlay (right). Scale bars, 200 mm; inset shows detail.

(C) Cumulative distribution of cells per well for 13 plates individually (thin lines) and pooled (thick line).

(D) Average number of cells per well by plate (points), with mean ± SEM.

(E) Overview of liquid handling and imaging protocol for sequential stimuli.

(F) Traces from individual cells showing consecutive activation by either capsaicin (200 nM, left), menthol (300 mM, middle), or meATP (250 mM, right) and KCl

(100 mM). Scale bars, 5 s, 0.5 dF/F.
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resolution would yield substantial benefit for both hypothesis

testing and drug screening.

Such a tool might be particularly valuable for identifying new

targets and treatments for chronic pain, as the lack of

adequate treatments underlies the more than 50 million adults

in the United States suffering from chronic pain and fuels the

ongoing opioid epidemic (Dahlhamer et al., 2018; Okie, 2010).

Genetic and physiologic evidence (Cao et al., 2016; Cox et al.,

2006) supports the therapeutic potential of blocking activation

of nociceptors, first-order sensory neurons that initiate acute

and chronic pathological pain (Basbaum et al., 2009; Hucho

and Levine, 2007). Nociception can be interrogated in vitro us-

ing primary rodent, human postmortem (Valtcheva et al.,

2016), and human stem cell-based models (Schwartzentruber

et al., 2018; Wainger et al., 2015), but two considerations

demonstrate the need for physiological techniques with

improved throughput and single-cell resolution. First, inde-

pendent subgroups of sensory neurons mediate and distin-

guish diverse sensory percepts, including pain, pleasant

touch, and itch (Huang et al., 2018; Li et al., 2016; Seal
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et al., 2009; Usoskin et al., 2014; Zheng et al., 2019). Second,

individual receptors and ion channels transduce signals in a

context-dependent manner based on the cellular and molec-

ular environment of distinct neuronal subtypes (Hill et al.,

2018; Rush et al., 2006). These considerations build a strong

case for a phenotypic approach to target and drug identifica-

tion by using sensory neurons with sufficient scale to assess

effects in both common and rare nociceptor types.

Here, we use a high-throughput platform for automated physi-

ological phenotyping of individual neuronal types (APPOINT) to

quantify the activation of primary and human induced pluripotent

stem cell (iPSC)-derived neurons in response to automated appli-

cation of chemical and optogenetic stimuli. APPOINT utilizes un-

biased hierarchical clustering and random forest machine

learning approaches to distinguish positive and negative re-

sponses to each of several sequential stimuli, and then uses the

response patterns for each individual cell to assemble its physio-

logical phenotype. We apply APPOINT to quantify the extent and

breadth of activation of sensory neuron subtypes by a panel of

ionotropic and metabotropic receptor agonists, demonstrate a



Table 1. ASO sequences

ASO Sequence

ChR1 mU*mU*mG*mU*mA*C*T*C*C*A*G*C*T*T*G*mU*mG*mC*mC*mC

ChR2 mC*mC*mA*mU*mG*G*G*T*C*T*G*C*T*T*G*mU*mG*mU*mC*mU

ChR3 mC*mU*mC*mA*mG*G*T*A*G*T*G*G*T*T*G*mU*mC*mG*mG*mG

Scrambled mA*mG*mC*mC*mC*C*A*C*A*T*C*T*T*T*G*mC*mU*mA*mC*mC
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new potential pain mechanism by quantifying sensory neuron

activation by human blood serum, and develop an approach for

measuring optogenetic activation thresholdwith pharmacological

validation of contributions from physiologically relevant ion

channels. APPOINT is a flexible platform enabling diverse high-

throughput physiological assays for neuronal excitation and holds

promise for identification and testing of novel activation mecha-

nisms and development of non-opioid analgesics.

RESULTS

Setup of high-throughput calcium imaging assay
We first validated primary sensory neuron isolation and plating

protocols to ensure reproducibility within and among neuronal

batches. We isolated primary mouse dorsal root ganglia (DRG)

and plated dissociated neurons into 96-well plates (Figure 1A).

Cells were imaged in a single central field for each well (Fig-

ure 1B) and neuronal cell bodies were counted automatically

using a custom analysis script (Figure S1), reducing bias

from site or cell selection. Across a sample of 859 wells in

13 independent batches, we analyzed an average of 137.2 ±

3.5 cells per well, or 13,000 cells per 96-well batch (Figures

1C and 1D). Within batches, the coefficient of variation was

low and few wells had fewer than 20 cells (Figure S2). We

did not observe a significant difference between edge and

center wells in neuronal density (main effect of edge by univar-

iate ANOVA, n = 316 edge wells per 543 center wells, p =

0.484); therefore, we continued to use all wells per plate.

Traditional rig-based experiments generally use fewer than

100 cells per group (Bataille et al., 2020; Baykara et al.,

2019; Tonello et al., 2017); thus, using the lowest average

cell count per well, we would only require two wells per group

to surpass current typical sample sizes.

Consecutive application of chemical stimuli in rig-based mi-

croperfusion systems has allowed for cell-type-specific anal-

ysis of neuronal function (Caterina et al., 2000; Chen et al.,

1995; Yin et al., 2018). We developed a stimulation protocol

to apply multiple stimuli to cells in each imaging well, with

the goal of facilitating physiological phenotyping of functional

cell types. Three chemical stimuli were applied from 384-well

plates to each well of cells in 96-well plates (Figure 1E). This

configuration allows up to eight chemical stimuli using two

stimulus plates, potentially enabling high-throughput constel-

lation pharmacology approaches for cell type identification

and drug discovery (Teichert et al., 2015). Each cell was

exposed to negative and positive control stimuli—saline and

high K+—as well as capsaicin, menthol, or ab-methyleneade-

nosine 50-triphosphate (meATP), which activate TrpV1, TrpM8,

and P2X3 receptors, respectively (Figure 1F). Within individual
cells, we observed large amplitude responses to both K+ and

all three ionotropic receptor agonists.

Unbiased quantification of high-throughput calcium
imaging using machine learning techniques
Current methods for collecting and analyzing calcium imaging

data using rig-based platforms require experimenter site and

cell selection as well as subjective amplitude thresholds for dis-

tinguishing responsive and non-responsive cells (Barabas et al.,

2012; Than et al., 2013). These choices increase bias, reduce

reproducibility, and decrease throughput. Using our approach,

we have already removed empirical site and cell selection via

automated imaging and we next developed an unbiased pipeline

for quantification of neuronal activation.

We used a large dataset of 58,635 neurons from 10 batches of

mouse primary sensory neurons, with each neuron stimulated by

three stimuli, including saline, one nociceptor-specific ionotropic

receptor ligand (capsaicin, menthol, or meATP), and high K+. We

measured the peak amplitude and maximum rate of rise for each

response independently, pooled together all responses to saline

or high K+, ignoring responses to capsaicin, menthol, and

meATP, and used agglomerative hierarchical clustering to form

three clusters of responses. We examined traces sorted into

each cluster and found that, in every batch tested, a single clus-

ter contained primarily negative responses and both other clus-

ters contained positive responses (Figure 2A). We considered all

responses sorted into the cluster with the smallest amplitude and

shallowest slope as negative, and responses in both other clus-

ters as positive. Positive responses generally had larger ampli-

tudes than negative responses, as expected (Figure 2B),

although some response amplitudes yield both positive and

negative classifications. Manual checks of positive and negative

responses near 0.5 dF/F (Figure 2C) revealed striking differ-

ences, with the negative responses visually indicative of stimulus

artifacts from liquid injection. Notably, use of a fixed threshold,

as is currently the standard approach for such analyses (Blan-

chard et al., 2015; Wainger et al., 2015), which would have clas-

sified these artifacts as positive responses, and thus would have

resulted in increased false-positive responses.

We repeated this analysis, including responses to capsaicin,

menthol, and meATP along with saline and high K+ (Figure S3).

Positive responses to each of the three ionotropic receptor acti-

vators qualitatively matched responses to high K+ and were

easily distinguished from negative responses. Thus, hierarchical

clustering permits unbiased classification of calcium responses

and decreases false-positive calls by integrating amplitude and

rate of change metrics.

Hierarchical clustering is an unsupervised machine

learning approach, and we thought that a supervised
Cell Reports Methods 1, 100004, May 24, 2021 3



Figure 2. Machine learning-enabled classification of automated calcium imaging responses

(A) Traces of KCl-dependent responses classified as positive (blue) and negative (gray) by hierarchical clustering. Scale bars, 5 s, 0.5 dF/F.

(B) Cumulative distributions of positive (blue) and negative (gray) response amplitudes.

(C) Traces of small amplitude KCl-dependent responses classified as negative (red) and positive (green) by hierarchical clustering. Scale bars, 5 s, 0.5 dF/F.

(D) Traces of KCl-dependent responses classified as positive (blue) and negative (gray) by random forest model. Scale bars, 5 s, 0.5 dF/F.

(E) Cumulative distributions of positive (blue) and negative (gray) response amplitudes.

(F) Traces of small amplitude KCl-dependent responses classified as negative (red) and positive (green) by random forest model. Scale bars, 5 s, 0.5 dF/F.

(G) Cell classification scheme.

(H) Cumulative distributions of response amplitudes (left) for saline (blue), capsaicin (red), and KCl (gray) with traces (right, colors indicate individual cells). Scale

bars, 5 s, 0.5 dF/F.

(I) Percentage of total cells classified as saline sensitive (SS) (gray), not sensitive (NS) (orange), and KCl-sensitive (KS) (cyan).

(J) Percentage of cells classified as SS (gray), NS (orange), and KS (cyan) by using standard threshold of 0.15 dF/F as mean ± SEM.

(K) Percentage of cells classified as SS (gray), NS (orange), and KS (cyan) by using the union of hierarchical clustering and random forest classifiers mean ± SEM.

(L) Percent change from threshold-based analysis in percentage of KS cells by using hierarchical clustering (red) or random forest (blue) classifiers or the union

(magenta) as mean ± SEM.
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approach might complement clustering-based classification.

We trained random forest models, one for each neuronal

batch, to identify positive and negative responses. Using

measurements of peak amplitude and maximum rate of

change, as well as raw baseline and peak intensities, we

trained each model with less than 5% of responses from

each batch and then classified the remaining 95% of re-

sponses. We examined responses classified as positive

and negative and qualitatively verified accuracy for high K+

and ionotropic receptor responses (Figures 2D and S3).

There was less overlap between cumulative amplitude distri-

butions for positive and negative responses (Figure 2E)

compared with the hierarchical clustering method, and large

amplitude stimulus artifacts were again properly classified

as negative (Figure 2F). To assess the robustness of our
4 Cell Reports Methods 1, 100004, May 24, 2021
response models, we tested whether classifiers trained on

individual batches could correctly identify responses when

tested on each other batch. For every pair of batches,

considering the within-batch classification as ground truth

for each response, cross-batch model accuracy was signif-

icantly above chance (87.6% ± 0.6% correct, Table S1),

indicating robust classification across batches.

These approaches use multiple features of each calcium

response and rely on distinct methodologies for classifying re-

sponses; however, they were remarkably consistent. Across all

117,270 individual stimulus responses, the two approaches

agreed on 88.4% of responses, with a sensitivity of 82.3% and

specificity of 96.6%. For the remainder of the study, we consid-

ered all responses classified as positive by both approaches as

true-positive responses.
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Application of unbiased response classifications for
phenotyping individual cells
To compare effects of response classification approaches on

overall cell type classification, we sorted a sample of 58,635 neu-

rons from 10 batches of mouse primary sensory neurons into 1 of

3 groups based on their responses to K+ and saline (Figure 2G).

Saline-responsive cells, regardless of K+ sensitivity, were group-

ed together (saline sensitive [SS]) and the remaining cells were

classified as either not responsive (NS) or K+ sensitive (KS). Pos-

itive responses to saline were relatively rare compared with

capsaicin and high K+, but large amplitude responses were

clearly distinguishable from stimulus artifacts or noise (Fig-

ure 2H). Mechanosensitive channels likely contribute to these

saline-dependent responses, but the multitude of potential

mechanisms complicates investigation of their physiological

relevance (Beaulieu-Laroche et al., 2020; Coste et al., 2012;Mur-

thy et al., 2018). To compare our method with traditional

threshold-based approaches, we identified positive responses

using several thresholds and quantified the relative proportion

of cells in each category (Figure 2I). With low thresholds, most

cells were classified as SS, whereas, at higher thresholds,

most cells were NS. Between these extremes, KS cells

comprised the largest group.

Using a typical amplitude threshold of 0.15 dF/F, we observed

that roughly equal proportions of cells were sorted into each

category (SS 32.3% ± 5.8% per batch, NS 24.8% ± 2.9% per

batch, KS 42.9% ± 4.5% per batch; Figure 2J). The hierarchical

clustering approach generated a similar pattern (SS 17.1% ±

3.1% per batch, NS 43.0% ± 3.3% per batch, KS 39.8% ±

3.2% per batch; Figure S4A), but, using the random forest

approach or the union of the two approaches, we observed a

clear increase in cells classified as KS relative to SS or NS

(random forest: SS 21.3% ± 3.3% per batch, NS 27.6% ±

2.4% per batch, KS 51.1% ± 3.3% per batch; Figure S4B; union:

SS 23.2% ± 3.7% per batch, NS 26.8% ± 2.4% per batch, KS

50.0% ± 3.5% per batch; Figure 2K). Furthermore, when directly

comparing the three unbiased approaches to the conventional

threshold approach, we observed that the random forest and

union approaches categorized more cells as KS (random forest:

19.0% ± 7.7% increase; union: 16.5% ± 8.1% increase, n = 10

batches; Figure 2L) and fewer cells as SS (random forest:

34.0% ± 10.1% decrease; union: 28.0% ± 11.3% decrease,

n = 10 batches; Figure S4C), with no change in NS cells (random

forest: 11.4% ± 9.6% increase; union: 8.0% ± 9.8% increase,

n = 10 batches, Figure S4D). These results demonstrate that un-

biased hierarchical clustering and random forest machine

learning classifiers enable high-throughput classification of neu-

rons based on physiological responses to consecutive stimuli.

Neuronal subtype determination by physiological
activation of cell-type-specific ionotropic receptors
We next applied to APPOINT to quantify neuronal activation in

response to increasing doses of K+ or ionotropic receptor ago-

nists. Increasing concentrations of K+ elicited progressively

larger-amplitude calcium responses (Figure 3A) and recruited

larger populations of neurons (Figure 3B). The percentage of

neurons that was activated by K+ reached a plateau of 57.8%

± 5.5% at around 35 mM K+, with a half-maximal effective con-
centration (EC50) of 16.4 ± 3.6mMK+.We also applied capsaicin,

menthol, and meATP at five doses each and observed robust

activation (Figures 3C and 3D). Both response amplitude distri-

butions and neuron recruitment showed strong dose sensitivity,

with increasing doses yielding larger responses and increased

numbers of responding neurons (number of responsive cells as-

sessed by univariate ANOVA, n = 6 batches, capsaicin: p = 1.33

10�7; menthol: p = 2.2 3 10�10; meATP: p = 0.016).

Theseagonists identifybroadsubpopulationsof sensoryneuron

types, but there is disagreement regarding the extent of their

functional co-expression (Li et al., 2016; Usoskin et al., 2014).

Therefore, we quantified functional co-expression of pairwise

combinations of receptors. We applied each pair of agonists,

with equal wells for each pair and each unique stimulus order

and observed co-expression of each receptor pair (Figure 3E).

Capsaicin-sensitive cells were rarely activated by meATP

(24.4%) or menthol (14.5%), whereas menthol-activated cells

were frequently activated by capsaicin (60.7%) or meATP

(49.1%). Although we observed positive responses to each stim-

ulus, whether applied first or second, we also quantified inhibition

resulting from consecutive stimulation (Figures 3F–3G). As ex-

pected, activation by each stimuluswas strongly inhibited by prior

application of the same stimulus (capsaicin: 89.0% ± 6.4%;

menthol: 68.0%± 14.7%;meATP:85.0%± 5.7%;Figure3F); how-

ever, activation by capsaicin was very weakly inhibited by prior

application of either menthol (10.1.0% ± 6.4%) or meATP (9.2%

± 4.1%). Thus, although there is the potential for cross-stimulus in-

hibition, as with conventional rig-based calcium imaging plat-

forms, APPOINT permits robust quantification of interference.

Althoughmouse primary sensory neurons provide a useful and

easy source of neurons for analysis, higher-throughput applica-

tions of APPOINT will require expandable cell types, such as hu-

man iPSC-derived neurons. We quantified subtypes of iPSC-

derived sensory neurons using physiological responses to cell-

type-specific activators. Sensory neurons were differentiated

from a human iPSC line according to an established protocol

(Schwartzentruber et al., 2018) and expression of the sensory

neuron markers Islet and Peripherin was verified at 5 weeks in

culture (Figure 3H). Across two independent batches, positive

responses to each ionotropic receptor agonist were observed

after 9weeks in culture, with similar proportions of each nocicep-

tor subtype across batches (Figure 3I, for batch no. 1;batch no.

2, n = 8 wells;12 wells per stimulus, capsaicin: 26.7% ±

4.8%;22.7% ± 4.4% of live cells, p = 0.9996; menthol: 59.3%

± 6.2%;49.6% ± 4.4% of live cells, p = 0.927; meATP: 56.4%

± 8.3%/43.2% ± 3.8% of live cells, p = 0.714; significance

assessed as batch 3 stimulus interaction by univariate ANOVA

followed by Tukey HSD). Comparing receptor expression in

iPSC-derived and primary mouse neuronal cultures, iPSC-

derived sensory neuron cultures generated notably fewer capsa-

icin-sensitive andmore menthol-sensitive cells, a common trend

in iPSC-derived sensory neurons (Blanchard et al., 2015; Cham-

bers et al., 2012; Nickolls et al., 2020).

Systematic identification of metabotropic receptors
mediating calcium flux and pain
Metabotropic receptors contribute to inflammatory and neuro-

pathic pain by modulating sensory neuron excitability (Eskander
Cell Reports Methods 1, 100004, May 24, 2021 5



Figure 3. Quantification of sensory neuron subtypes by ionotropic receptor activation

(A) Cumulative distributions of peak amplitudes after stimulation by increasing doses of KCl (mM, blue) or saline (dashed).

(B) Percentage of neurons activated by increasing doses of KCl, as mean ± SEM.

(C) Cumulative distributions of positive response amplitudes after stimulation by increasing doses (in mM) of capsaicin (red), menthol (blue), and meATP (green),

with saline (dashed).

(D) Percentage of cells activated by increasing doses of capsaicin (red), menthol (blue), and meATP (green) as mean ± SEM, with saline (dashed).

(E) Percentage of nociceptor subtypes functionally co-expressing other subtype-specific receptors.

(F) Self-inhibition of capsaicin (red, 100 nM), menthol (blue, 300 mM), or meATP (green, 250 mM) activation by prior stimulus as mean ± SEM.

(G) Cross-inhibition of capsaicin (100 nM) responses by prior stimulation with menthol (blue, 300 mM) or meATP (green, 250 mM) as mean ± SEM.

(H) iPSC-derived sensory neurons at 5 weeks in culture stained with DAPI (blue), anti-Islet1/2 (green), and anti-Peripherin (red). Overlay inset shows detail.

(I) Percentage of live iPSC-derived neurons activated by ionotropic receptor agonists at 9 weeks in culture as mean ± SEM for two differentiations. Dashed lines

show average activation of primary mouse sensory neurons.
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et al., 2015; Gibbs et al., 2007; Hendrich et al., 2012; Melemedjian

et al., 2010;Mendieta et al., 2016).Most studies focus onnocicep-

tor sensitization by inflammatory mediators, but some mediators,

such as bradykinin and prostaglandin E2 (PGE2), directly activate

calciumflux and cause pain in humans and rodents (Hong andAb-

bott, 1994; Mørk et al., 2003; Oh et al., 2001). The broad ability of

inflammatory mediators to activate sensory neurons, and thereby

potentially inflammatory pain, has not been addressed systemat-

ically; thus, we applied APPOINT to quantify nociceptor activation

by a pool of metabotropic receptor agonists.
6 Cell Reports Methods 1, 100004, May 24, 2021
We performed an unbiased analysis of transcriptomic data-

sets to identify metabotropic receptors potentially involved in

pain signaling based on high expression levels in DRG

(GEO: GSE63576, Li et al., 2016), enriched expression in

DRG (GEO: GSE10246, Lattin et al., 2008), and nociceptors

(GEO: GSE55114, Chiu et al., 2014), and changes in expres-

sion after nerve injury (GEO: GSE89224, Cobos et al., 2018).

We selected receptors with available and validated activators

and obtained a pool of 18 receptor agonist pairs (Table S2).

Identified receptors activate downstream signaling pathways



Figure 4. Metabotropic receptor activation elicits calcium flux in primary mouse sensory neurons

(A) Percentage of live mouse primary sensory neurons activated by metabotropic receptor agonists (Table S2) as mean ± SEM with saline activation (dashed).

(B) Rank ordering of metabotropic receptor agonists at single dose activating highest percentage of neurons.

(C) Activation of nociceptor subtypes by selected metabotropic receptor agonists.

(D) Percentage of live primary sensory neurons activated by a cocktail of metabotropic receptor agonists, LPA (200 mM) and PGE2 (1 mM) as mean ± SEM of two

batches.

(E) Percent change in cocktail-activated cells by receptor-specific antagonists, Ki-16425 (LPA3, 10 mM) and L-798,106 (EP3, 10 mM), relative to vehicle as mean ±

SEM.
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via phospholipase C, protein kinase A, and Jak-Stat signaling,

some of which might directly mobilize intracellular calcium,

whereas others might act more indirectly. We tested three

doses for each compound (Table S2), including bradykinin

and PGE2 as positive control stimuli (Figure 4A) (Hong and

Abbott, 1994; Linhart et al., 2003; Mørk et al., 2003). Bradyki-

nin was the most effective agonist (Figure 4B), but several

other agonists, including neuropeptide Y (YY), sulprostone,

and L-054,264, activated at least as many sensory neurons

as PGE2 and some elicited strong activation near the target

receptor EC50. Calcium flux in these neurons is likely due to

activation of intracellular signaling leading to intracellular cal-

cium release, which might be related to neuronal sensitization

(Cesare et al., 1999; Coderre, 1992). Every agonist tested acti-

vated more neurons than saline; however, several candidates

with prominent roles in pain, including nerve growth factor
(Denk et al., 2017) and interleukin-6 (Zhou et al., 2016), acti-

vated surprisingly small subpopulations.

We then examined the specific types of sensory neurons that

were activated by a subset of these metabotropic receptor ago-

nists: YY, treprostinil, and lysophosphatidic acid (LPA). YY selec-

tively activated capsaicin-sensitive nociceptors, whereas both

treprostinil and LPA activated all three subtypes (Figure 4C).

To assess blockers of metabotropic receptor activation, we

combined LPA and PGE2 into a single stimulus cocktail and

quantified inhibition by blockers of each target receptor, LPA-3

and EP3. Across two batches of primary neurons, we observed

consistent neuronal activation by the LPA + PGE2 cocktail (Fig-

ure 4D, for batch no. 1;batch no. 2, n = 16 wells;14 wells, mean ±

SEM: 57.5% ± 10.8%;74.5% ± 4.6% of live cells, main effect of

batch by univariate ANOVA, p = 0.182) and pretreatment with

either Ki-16425, an inhibitor of LPA-1 and LPA-3 receptors
Cell Reports Methods 1, 100004, May 24, 2021 7



Figure 5. Activation of primary mouse nociceptors by human blood serum

(A) Protocol for stimulating primary mouse sensory neurons with human serum.

(B) Cumulative distributions of positive response amplitudes after stimulation by serum dilutions (as fold dilution, orange), along with meATP (dashed green) and

saline (dashed gray), excluding cells sensitive to initial saline.

(C) Dose-response curve of sensory neuron activation by serum as mean ± SEM along with saline (dashed), excluding cells sensitive to initial saline.

(D) Cumulative distributions of amplitudes of serum-dependent responses in capsaicin-sensitive (red), menthol-sensitive (blue), or meATP-sensitive (green)

neurons.

(E) Percentage of capsaicin- (red), menthol- (blue), and meATP-sensitive (green) sensory neurons activated by serum (300-fold dilution) as mean ± SEM.

(F) Cumulative distributions of amplitudes of serum-dependent responses after heat inactivation (Heat, red), proteinase K digestion (ProtK, green), or spin column

removal of top 12 abundant proteins (Filtered, blue), relative to unmodified serum (black) and saline (gray).

(legend continued on next page)
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(Velasco et al., 2017), or L-798,106, an inhibitor of EP3 receptors

(Shridas et al., 2014), decreased activation relative to vehicle

(Figure 4E, for batch no. 1;batch no. 2, n = 16 wells per batch

per drug, Ki-16425: 40.7% ± 12.6%;52.7% ± 5.5% decrease,

one-sample t test, p = 0.005/8.9 3 10�8; L-798,106: 34.6% ±

14.5%;35.0% ± 7.1% decrease, one-sample t test, p =

0.030;0.0002). Within each drug, we did not observe a significant

difference in inhibition across batches (Ki-16425: n = 16wells per

batch, p = 0.853; L-798,106: n = 16 wells per batch, p = 0.999;

drug 3 batch interaction by univariate ANOVA with Tukey

HSD). We conclude that many metabotropic receptors directly

elicit calcium flux in subgroups of sensory neurons, demon-

strating the power of this approach to identify activators and in-

hibitors of metabotropic receptor-mediated calcium flux.

Human serum directly activates calcium flux in primary
sensory neurons
Growing evidence suggests a dynamic interaction between

vascular permeability and pain via inflammatory mediators

released locally by invading immune cells (Chiu et al., 2012;

Pinho-Ribeiro et al., 2017); however, we hypothesized that blood

itself might directly elicit calcium flux in sensory neurons. To test

this, we obtained serum samples from nine healthy volunteer

participants (Figure 5A) and used APPOINT to quantify the ef-

fects of serum application on primary mouse sensory neurons.

Serum elicited large amplitude calcium responses that qualita-

tively resembled responses to ionotropic and metabotropic re-

ceptor agonists (Figure S5A). Initially, we quantified responses

in all neurons, regardless of sensitivity to saline and observed

strong dose-response relationships for both response amplitude

(Figure S5B) and the percent of cells activated by serum

(Figure S5C). Because of the substantial activation even at

1,000-fold dilution, we then discarded from analysis all cells

that responded to saline, which might respond non-specifically

to liquid handling. Regardless, we observed robust dose-depen-

dence for both response amplitudes (Figure 5B) and percent of

cells activated (Figure 5C). Responses to serum were of similar

amplitude (Figure 5D) in sensory neurons sensitive to capsaicin,

menthol, and meATP, and the percentage of serum-sensitive

cells was similar across all three subtypes (Figure 5E, capsaicin:

20.6% ± 2.2%, n = 31 wells, 3 batches; menthol: 37.9% ± 4.7%,

n = 18 wells, 3 batches; meATP: 24.8% ± 4.7%, n = 18 wells, 2

batches). We then sought to identify the active components of

serum that contribute to neuronal activation by (1) heat inactiva-

tion of the complement system (Soltis et al., 1979), (2) digestion

of proteins by using proteinase K, and (3) removal of the 12 most

abundant serum proteins by spin column filtration (Figures 5F–

5G). Heat inactivation reduced neither the amplitude (Figure 5F)

nor the percentage of cells activated (Figure 5G, original: 23.4%

± 1.3%, n = 78 wells, 3 batches; heat inactivated: 25.8% ± 2.2%,

n = 26 wells, 1 batch), indicating no contribution of complement

components. By contrast, both proteinase K treatment and

removal of abundant serum proteins decreased the amplitude
(G) Percentage of sensory neurons activated by unmodified serum (black), heat-

serum after abundant protein removal (Filtered, blue), with saline activation, as m

(H) Percentage of live primary mouse sensory neurons activated by serum samp

meATP (250 mM, dashed green).
of serum-mediated calcium responses and the percentage of

activated neurons (proteinase K: 14.3 + 1.2%, n = 52 wells, 2

batches; filtered: 8.3% ± 0.9%, n = 82 wells, 2 batches). Finally,

we quantified activation by serum samples from each volunteer

individually (Figure 5H). Serum-mediated activation was

observed by using all nine individual samples, indicating that

the ability to activate sensory neurons is a general feature of hu-

man blood serum and might suggest a potential new pain

mechanism.

A high-throughput platform for quantification and
pharmacological modulation of activation threshold
Based on successful application of our unbiased classification

approach for identifying calcium responses to ionotropic (Fig-

ure 3) and metabotropic (Figure 4) receptor agonists, as well as

serum (Figure 5), we hypothesized that a similar approach might

be suitable for classification of optogenetic responses. To test

this, we developed an all-optical approach to quantify activation

threshold, which might provide a more robust and general mea-

sure of neuronal excitability independent of specific receptors.

We expressed ChR2-EYFP in nociceptors by using transgenic

mouse strains (Figure 6A) (Cavanaugh et al., 2011a, 2011b;Mad-

isen et al., 2012) and monitored intracellular calcium by using a

red fluorescent calcium-sensitive dye, CalBryte-630AM (Yang

et al., 2019).To activate neurons, we applied five trains of 1 ms

light pulses, increasing the number of pulses with each succes-

sive stimulus train (Figure 6B). We observed positive responses

to at least one of the five stimulus trains in 6.4% ± 0.5% of all

neurons (n = 28 wells across 6 independent batches) with an

average amplitude of 0.301 ± 0.003 dF/F (n = 1,671 responses).

The percentage of light-sensitive cells increased with the num-

ber of stimuli per train (Figure 6C), as did the amplitude of posi-

tive responses (Figure 6D). To confirm the dependence of these

responses on ChR2-EYFP expression, we applied three different

antisense oligonucleotides (ASOs) (Table 1) (10 mM) targeting the

ChR2-EYFP transgene and a scrambled ASO control to dissoci-

ated sensory neurons. Seven day treatment reduced the per-

centage of light-sensitive cells relative to control ASO treatment

for two ChR2-EYFP targeting ASOs (ChR1: 81.6% ± 6.7%

decrease, n = 10 wells, 2 batches; ChR2: 53.1% ± 7.1%

decrease, n = 10 wells, 2 batches), with no effect of the third

(ChR3: 4.0% ± 13.2% decrease, n = 10 wells, 2 batches; Figures

6E and 6F). None of the ASO treatments affected the amplitude

of light-activated calcium responses (Figure S6).

Channelrhodopsin-mediated neuronal activation has been

used to probe neural circuits, but studies examining contribu-

tions of physiologically relevant ion channels to activation have

been limited (Zhang et al., 2016). Sensitivity of ChR2 responses

to ion channel blockers and activators would support the feasi-

bility of leveraging optically evoked calcium responses to eval-

uate mechanisms of neuronal activation and identify blocking

drugs (Figures 6G–6M). The voltage-gated sodium channel in-

hibitor tetrodotoxin (TTX) (300 nM) reduced calcium responses
inactivated serum (Heat, red), proteinase K-digested serum (ProtK, green), or

ean ± SEM.

les from nine healthy volunteers (300-fold dilution) as mean ± SEM, along with
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Figure 6. Development of high-throughput activation threshold

analysis

(A) All-optical sensory neuron activation.

(B) Traces of light-dependent responses in individual sensory neurons. Scale

bars (lines), 5 s, 0.5 dF/F.

(C) Percentage of cells responding to each optical train as mean ± SEM.

(D) Average response amplitude for positive (black) and negative (red) re-

sponses to each optical train as mean ± SEM.

(E) Percent change in light-sensitive sensory neurons after 7-day treatment by

ChR2-targeting ASOs (red, green, blue, 10 mM) or scrambled ASO (gray,

10 mM) as mean ± SEM.

(F) Percentage of cells responding to each optical train after 7-day treatment

by ChR2-targeting ASOs (red, green, blue) or scrambled ASO (gray) as mean ±

SEM.

(G–L) Inhibition of optogenetic activation by tetrodotoxin (G) (TTX, 300 nM), u-

conotoxin MVIIA (H) (uCtx, 3 mM), nifedipine (I) (Nif, 10 mM), retigabine (J) (Ret,

10 mM), linopirdine (K), (Lino, 50 mM), or gabapentin (L) (Gbp, 300 mM) with

saline (dashed) as mean ± SEM.

(M) Percent change from saline in optogenetic activation by any stimulus train

as mean ± SEM.
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to optogenetic stimulation, indicating recruitment of TTX-sensi-

tive sodium channels by optogenetic stimulation (TTX: 57.3% ±

3.9% decrease, n = 8 wells/drug) (Blair and Bean, 2002).

Voltage-gated calcium channel blockers u-conotoxin MVIIA

and nifedipine both reduced optogenetic activation (uCtx:

81.0% ± 2.1% decrease; Nif: 31.6% ± 5.9% decrease, n = 8

wells per drug), consistent with contributions of N- and L-type

calcium channels to sensory neuron activation (Andrade et al.,

2010; Barzan et al., 2016). We found that the KV7 channel acti-

vator retigabine and the KV7 channel inhibitor linopirdine exerted

opposing effects on optogenetic activation, with linopirdine facil-

itating responses to brief optical trains and retigabine suppress-

ing responses to strong stimuli (Ret: 20.0% ± 7.5% decrease;

Lino: 28.6% ± 16.0% increase, n = 8 wells per drug) (Brown

and Passmore, 2009). These data implicate physiologically rele-

vant ion channels in calcium responses to optical stimuli and

suggest the potential of this approach for identifying novel anal-

gesics. To directly assess this application, we tested the well-es-

tablished chronic pain treatment gabapentin (Sills, 2006) and

observed robust inhibition of optogenetic activation (33.8% ±

5.6% decrease, n = 8 wells per drug), indicating the potential

for identification and validation of analgesic compounds by using

this approach.

DISCUSSION

We developed an experimental platform, APPOINT, that com-

bines high-content imaging, robotic liquid handling, and an unbi-

ased analysis pipeline to interrogate the physiology of individual

neurons and leverage their physiological profiles to resolve

neuronal subtypes. We focused on applications related to noci-

ceptors, on account of the acute need for novel mechanistic

insight into pain pathophysiology and development of non-

opioid treatment (Dahlhamer et al., 2018; Okie, 2010). We iden-

tified new components of sensory neuroimmune signaling,

including the direct activation of nociceptors by inflammatory

mediators as well as human serum, the latter providing a poten-

tial novel pain mechanism. Using APPOINT, we developed an

approach for high-throughput quantification of optical activation
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threshold, expanding all-optical physiology options at large

scale, and quantified effects of individual ion channels on

ChR2-dependent calcium flux in neurons.

Contributions of potential pain targets to pain perception

depend on molecular context and cell type; thus, traditional

target-based screens might be of limited value for analgesic

development (Albisetti et al., 2019; Hill et al., 2018; Huang

et al., 2018; Rush et al., 2006; Seal et al., 2009). Instead, pheno-

typic screens, which focus on biologically relevant phenotypes

rather than specific proteins isolated from their biological

context, have received increasing enthusiasm (Wagner and

Schreiber, 2016; Moffat et al., 2017); however, the high-

throughput tools required to perform physiology-based pheno-

typic screens remain limited (Bradley and Strock, 2019; Sidders

et al., 2018). Few physiology-based phenotypic screens of sen-

sory neurons utilizing calcium imaging have been executed

(Brenneis et al., 2014; Stacey et al., 2018) and these do not pro-

vide single-cell resolution to evaluate heterogeneous popula-

tions (Hill et al., 2018). APPOINT, by comparison, enables

diverse screening applications while maintaining readouts on

cellular subtypes.

In contrast to typical high-throughput physiology approaches,

traditional rig-based physiological techniques provide detailed

phenotypes of individual cells (Wainger et al., 2015) but are

restricted by the small numbers of neurons and compounds

that can be studied. As well as throughput, rig-based imaging

approaches generally harbor bias from the manual choice of im-

aging field, post-hoc selection of neurons for analysis, and iden-

tification of responding cells by using only an empirically

selected amplitude threshold. APPOINT automates each of

these, reducing bias. We demonstrate APPOINT as an inte-

grated method for both in vitro calcium imaging and data anal-

ysis; however, implementation of the unbiased analysis pipeline

alone by using traditional rig-based acquisition might have ad-

vantages for both increasing throughput and reducing bias.

Direct activation of nociceptors offers a clear explanation for

an increasingly large number of neuroimmune processes (Chiu

et al., 2013), and metabotropic activation of nociceptors causes

pain (Liu et al., 2010; Mørk et al., 2003). Combining APPOINT

with unbiased in silico identification and ranking of candidate

metabotropic receptors revealed metabotropic receptor ago-

nists that elicited calcium flux selectively in physiologically

defined subtypes of sensory neurons. We relied on well-vali-

dated physiological markers of nociceptor subtypes, which are

insufficient to capture the full diversity of primary sensory neu-

rons. Nonetheless, genetic-labeling strategies (Cavanaugh

et al., 2011a; Stirling et al., 2005; Wang and Zylka, 2009; Zheng

et al., 2019), subtype-specific GPCRs (Dong et al., 2001), or even

intersectional subtype classification (Teichert et al, 2014, 2015),

would enable interrogation of responses within increasingly

restricted sensory neuron subtypes.

Abnormalities of vascular beds contribute to a large number

of painful conditions, ranging from common bruises to hema-

tomas, subarachnoid hemorrhage, and migraine. Although

mechanisms for enhancing pain signaling have been demon-

strated in specific diseases (Dodick, 2018), the fundamental

initiation of pain signaling—how first-order nociceptor neurons

become activated—remains unclear. Extravascular leakage of
blood components is a unifying feature of these painful condi-

tions and we observed that serum elicited large amplitude cal-

cium responses in a large population of sensory neurons. Os-

molarity and pH changes from serum dilution could not have

accounted for such strong activation (Viana et al., 2001; Wem-

mie et al., 2013) and the decrease in serum-mediated activation

by proteinase K treatment or depletion of abundant serum pro-

teins supports specific activation by a proteinaceous compo-

nent in serum. Regulation of vascular permeability and blood

leakage, which occurs through an array of neuroimmune inter-

actions (Pinho-Ribeiro et al., 2017), might be a direct mecha-

nism of nociceptor activation. Although serum injection into

healthy volunteers was reported to be painless, factors

released from platelets can elicit robust action potential firing

in rodent sensory neuron axons, as well as cause pain in

healthy individuals (Ringkamp et al., 1994; Schmelz et al.,

1997). Furthermore, alterations in serum composition in the

context of pathological pain, as well as sensitization of sensory

neurons, might increase the pain induced by serum injection in

patients. Elucidating the specific ligands and targets respon-

sible for the observed activation will require further work. None-

theless, should nociceptor activation by serum differ between

healthy volunteers and patients with neuropathic or inflamma-

tory pain, serum-dependent activation could be used as a

physiological biomarker for pathological pain.

Increased neuronal excitability is a pathognomonic feature of

pathological pain states (Hucho and Levine, 2007; Ma et al.,

2006) as well as other neurological diseases (Devinsky et al.,

2013; Geevasinga et al., 2016). A previous elegant study using

HEK cells equipped with heterologously expressed voltage-

gated sodium channels and leak potassium channels showed

how optogenetic activation can reveal properties of sodium

channel modulation (Zhang et al., 2016). Here, we show that

graded optogenetic stimulation preserves sensitivity to endog-

enous sodium, calcium, and potassium channel modulators.

Although we focus on a calcium readout here, we anticipate

more closely approximating traditional rheobase measure-

ments by incorporating recent fluorescent voltage indicators

that have substantially improved sensitivities (Abdelfattah

et al., 2016). The broad availability of transgenic mouse lines

enabling targeted expression of optogenetic actuator proteins

in discrete functional classes of sensory neurons (Zheng

et al., 2019) will allow for granular analysis of optical activation.

Finally, future studies can now examine nociceptor-dependent

processes involved in pathological pain, such as peripheral

sensitization, as well as phenotypic screens to reduce nocicep-

tor activation.

Limitations of the study
Although the analytical pipeline from APPOINT is applicable to

any calcium-based acquisition technique, the full platform was

developed by using a commercial high-content imager and

associated liquid handling and software. Adaptations to other

image segmentation and perfusion systems could require modi-

fication; changes, such as continuous liquid administration,

might provide a somewhat altered profile of neuronal subtypes,

potentially improving the resolution of neurons that responded to

vehicle in our system.
Cell Reports Methods 1, 100004, May 24, 2021 11
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Sensory neuron subtypes, particularly nociceptor subgroups,

can be defined physiologically to a first approximation using cell-

type-specific agonists (Caterina et al., 1997, 2000; Chen et al.,

1995; Yin et al., 2018), but these are unable to capture broad sen-

sory neuron diversity (Li et al., 2016; Usoskin et al., 2014; Zheng

et al., 2019). Although we chose sensory neurons on the basis of

the utility of specific ion channels and ionotropic receptors, these

tools for subtype dissection are not available for most neuronal

subtypes. Thus, we anticipate that APPOINT could be used in

characterizing large numbers of genetically labeled neurons and

identifying physiologically defined subgroups.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Fluo4-AM ThermoFisher Cat# F14201

CalBryte-630AM AAT Bioquest Cat# 20720

Critical commercial assays

Top 12 Abundant Protein Depletion Spin Columns Thermo Fisher Cat# 85165

Deposited data

Mouse Gene Atlas NCBI GEO GEO: GSE10246

Transcriptome analysis of somatosensory neuron types NCBI GEO GEO: GSE55114

Single-cell RNA-seq of somatosensory neuron types NCBI GEO GEO: GSE63576

Expression profiling after neuropathic nerve injury NCBI GEO GEO: GSE89224

Experimental models: organisms/strains

Mouse: C57Bl6/J Jackson Labs IMSR Cat# JAX:000664;

RRID:IMSR_JAX:000664

Mouse: Trpv1-Cre: B6.129-Trpv1tm1(cre)Bbm/J Jackson Labs IMSR Cat# JAX:017769;

RRID:IMSR_JAX:017769

Mouse: LSL-ChR2-EYFP: B6.Cg-Gt

(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J

Jackson Labs IMSR Cat# JAX:024109;

RRID:IMSR_JAX:024109

Oligonucleotides

See Table 1 for ASO sequences Integrated DNA Technologies

Software and algorithms

MetaXpress Molecular Devices https://www.moleculardevices.com/

products/cellular-imaging-systems/

acquisition-and-analysis-software/

metaxpress

R The R Project for Statistical

Computing

https://www.r-project.org/

APPOINT analysis pipeline This paper https://github.com/waingerlab/

APPOINT_analysis_script

Other

ImageXPress Micro Confocal Molecular Devices https://www.moleculardevices.com/

products/cellular-imaging-systems/

high-content-imaging/imagexpress-

micro-confocal
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Brian

Wainger (brian.wainger@mgh.harvard.edu)

Materials availability
This study did not generate new unique reagents.

Data and code availability
The complete analysis pipeline for APPOINT (including MetaXPress cell segmentation script and R response classification script) are

available at GitHub (https://github.com/waingerlab/APPOINT_analysis_script).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animal protocols were approved by the MGH IACUC. Male and female mice (C57Bl6/J) from 2 to 8 weeks old were used for all

experiments. For optogenetic activation experiments, Trpv1-Cre (Jax 017769) male mice were crossed with LSL-ChR2-EYFP (Jax

024109) female mice and first-generation Trpv1/ChR2-EYFP pups were used for preparation of sensory neurons. Mice were eutha-

nized by CO2 asphyxiation, followed by decapitation. DRG (C1-L6, left and right) were quickly dissected into ice-cold DMEM/F-12

(Thermo Fisher 11320082) and dissociated using a solution of collagenase A (Sigma-Aldrich 10103578001, 2 mg/mL) and dispase

(Thermo Fisher 17105041, 2 mg/mL) diluted in Hank’s Balanced Salt Solution (Thermo Fisher 14185052) for 60–90 min at 37�C, fol-
lowed by mechanical trituration using a flame-polished Pasteur pipette. Dissociated cells were filtered using a 70 mm cell strainer

(Thermo Fisher 22363548) and BSA gradient (Sigma-Aldrich A9576, 10% in PBS, centrifuge 12 min, 200 rcf). Cells were cultured

in neurobasal media (Thermo Fisher 21103049) supplemented with B27 (Thermo Fisher 17504044), GlutaMax (Thermo Fisher

35050061), Pen/Strep (Thermo Fisher 15070063) and AraC (R&D Systems 4520) overnight at 37�C in 96-well plates (Ibidi 89626)

treated with poly-d-lysine(Sigma-Aldrich A-003-E, 1–2 hr at 37�C, 2 mL/well) followed by laminin (Thermo Fisher 23017015, 1–2 hr

at 37�C, 2 mL/well). All primary sensory neurons were stained and imaged at 1 day in vitro.

Induced pluripotent stem cells
Induced pluripotent stem cells (iPSCs) of a single line, 446, from a healthy individual (Lee et al., 2009) were obtained under MGH IRB

approval and differentiated into sensory neurons according to an established protocol (Schwartzentruber et al., 2018). Frozen stocks

of a single passage were thawed and expanded in Matrigel (Corning 354277) coated 6-well plates (Corning 353046) for 3 days using

mTESR1 media (Stem Cell 85850) before initiating differentiation. On day 1 to day 3 of differentiation, cells received hESC media

[DMEM/F12 media with Knock-out Serum Replacement (Thermo Fisher 10828-028), non-essential amino acids (Corning 25-025-

CI), GlutaMax, and b-mercaptoethanol (Thermo Fisher 31350010)] supplemented with LDN-193189 (Stemgent 04-0074-02) and

SB431542 (DNSK International DNSK-KI-12). Beginning on day 4, hESC was supplemented with the combination of SU5402

(DNSK International DNSK-KI-11), CHIR 99021(Tocris 4423), and DAPT (DNSK International DNSK-EI-01), in addition to LDN and

SB. For days 5-10, NB media [Neurobasal with N2 (Thermo Fisher 17502048), B27, GlutaMax, and b-mercaptoethanol] was increas-

ingly added to to hESCmedia every 2 days, such thatmedia for days 5 and 6 constituted 75%hESC/25%NB, for days 7 and 8 consti-

tuted 50% hESC/50% NB, and for days 9 and 10 25% hESC/75% NB. Supplementation with SU, CHIR, and DAPT was maintained

during this transition, but LDN and SB were removed after day 7. On day 11, immature neurons were dissociated using accutase

(Worthington LK003178) and replated at a density of 3*106 cells/well in Matrigel-coated 6-well plates containing NB media supple-

mentedwith BDNF (Thermo Fisher PHC7074), GDNF (Thermo Fisher PHC7044), NGF (R&D 256-GF), NT-3 (Thermo Fisher PHC7036),

and ascorbic acid (Sigma-Aldrich A4403). Media was changed twice weekly thereafter until 32 or 63 days in vitro for staining and

physiology, respectively.

METHOD DETAILS

Calcium imaging
Primary mouse and human iPSC-derived sensory neurons were stained with the calcium indicator Fluo4-AM for monitoring intracel-

lular calcium concentration. For both cell types, cells were washed once with physiological saline (in mM: 140 NaCl, 5 KCl, 2 CaCl2, 1

MgCl2, 10 D-glucose, 10 HEPES and pH 7.3-7.4 with NaOH) followed by incubation with Fluo4-AM (Thermo Fisher F14201, 3 mg/mL

in 0.3% DMSO) in culture media in the dark at room temperature for 30 min. After 30 min, dye-containing media was removed and

replaced with 100 mL of saline and immediately transferred to the imaging chamber. For optogenetics experiments, loading with the

calcium indicator CalBryte-630AM (AAT Bioquest 20720, 3 mg/mL in 0.3% DMSO) followed the same protocol.

All calcium imaging experiments were conducted using an ImageXPress micro confocal high content imaging system (Molecular

Devices) with automated robotic liquid handling. Cells were maintained at 37�C and with 5% CO2/O2 during imaging and were

imaged (60 s/well) using widefield mode with 10x magnification at a frequency of 1 Hz in the center of each well. Asynchronous liquid

dispensing was used for all stimulus applications, allowing for continuous cell visualization during stimulation. All stimuli were a total

volume of 20 mL and delivered into the bath solution at a rate of 5 mL/s. Stimulus concentrations are reported as the initial concen-

tration in the stimulus plate, not the final concentration after mixing with the cell bath solution. Doses for all stimuli are indicated in the

main text and all stimuli and treatments were diluted in physiological saline, with DMSO (maximum 0.1%) or ethanol (maximum 0.1%)

when necessary. Saline stimulation used the same physiological saline, with 0.1% DMSO or 0.1% ethanol when appropriate. DMSO

and ethanol did not elicit any direct activation compared with saline alone.

Optogenetic stimuli consisted of five trains of increasing numbers of stimuli (1,3,5,7, and 10 pulses per train) of 1ms each, delivered

at 50 Hz with 10 s between successive trains. CalBryte-630 intensity was measured at 5 Hz.

Quantification of neuronal activation
All custom analysis scripts will be made available upon request. Initial identification and quantification of Fluo4 intensity was per-

formed using a custom journal in MetaXPress (Molecular Devices) analysis software. Briefly, Flou4-positive cells in each well were
Cell Reports Methods 1, 100004, May 24, 2021 e2
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identified using a minimum projection of the timelapse image stack based on size and Fluo4 intensity. Each cell automatically gener-

ated an individual ROI, which was transferred back to the original timelapse stack and the mean intensity of each ROI was calculated

for every image. Raw data by cell for each well were saved as a csv file for further analysis. Non-neuronal cells remaining from initial

dissociation and not eliminated by AraC treatment were reliably excluded during cell segmentation based on their substantially

smaller cell body size (Figure S2).

Analysis of intensity and quantification of neuronal activation was performed in R (v3.5.0). Briefly, raw intensity values for each cell

were normalized to the baseline intensity of the initial 5 images. Peak response amplitude was calculated as the median of 3 intensity

values centered on the peak intensity within 15 s after stimulus onset, with independent baselines of the 5 s preceding stimulus onset

for each stimulus. Maximum rate of rise of Fluo4 was calculated as the peak of the derivative of intensity values within 15 s after stim-

ulus onset.

For hierarchical clustering analysis, pooled responses were filtered to center clustering around typical thresholds (peak amplitudes

between 0.075 and 0.225 dF/F; maximum rate of rise between 0.5 and 1.5 dF/F/s). Hierarchical clustering used the euclidean dis-

tance between observations and Ward D2 agglomeration algorithm. Random forest modeling was accomplished using caret

(v6.0) and randomForest (v4.6) R packages using default settings and selecting the simplest model within one standard error of

the optimal model.

Immunohistochemistry
iPSC-derived sensory neurons were dissociated at 32 days in vitro using papain for 25-35 min and replated into 96-well plates (Ibidi

89626). They were maintained in NB supplemented with BDNF, GDNF, NGF, NT3 and ascorbic acid for 3 days, followed by fixation

with 4% paraformaldehyde (Thermo Fisher 50-980-495). Cells were blocked for 4 hrs at 4�C, incubated with primary antibodies for

Isl1/2 (mouse, DSHB 39.4D5, 1:500) and Peripherin (rabbit, Millipore AB1530, 1:200) overnight at 4�C, followed with donkey anti-

mouse (Thermo Fisher a21202) and donkey anti-rabbit (Thermo Fisher A10042) secondary antibodies at 23�C for 4 h. Cells were

imaged using ImageXPress micro confocal high content imaging system (Molecular Devices).

ASO design
ChR1, ChR2, ChR3 and scrambled ASOs (Integrated DNA Technologies) were constructed using a gapmer design, phosophoro-

thioate bonds (indicated by * in sequence), and 2’-O-methyl modified RNA bases (indicated by preceding ‘‘m’’) flanking unmodified

DNA bases (indicated by underline). ASO sequences are listed in Table 1 and all ASOs were applied at 10 mM for 7 days to sensory

neurons on day 0 of dissociation. Culture media was supplemented with NGF to promote neuronal health during extended culture.

In silico analysis of transcriptomic datasets
Read count data for GSE10246, GSE55114, GSE63576, and GSE89224 were downloaded from GEO and loaded into R (v3.5.0). The

data were filtered to include only genes present in all four datasets and fold change and adjusted p values from each dataset were

pooled. Mean expression counts from GSE63576 were used to reflect relative expression strength in mouse DRG. Genes were then

filtered to identify relevant genes with expression regulated by nerve injury (adjusted p value spared nerve injury v sham<0.001), or

preferential expression in DRG relative to other tissues (adjusted p value DRG v Other<0.005 and expression > 10), or preferential

expression in nociceptors relative to proprioceptors (adjusted p value Nociceptors v Proprioceptors<0.002 and expression >3). Me-

tabotropic receptors were identified using all genes associated with gene ontology terms (0030594, 0005030, 0038187, 0001653,

0004888). Each remaining gene was then ranked using the weighted average of fold-change enrichment and raw expression

(weights: SNI enrichment=0.3, Nociceptor enrichment=0.3, DRG enrichment=0.2, raw expression=0.2).

Serum-dependent activation
Blood samples were collected from healthy individuals (5 male and 4 female, 25 to 85 years old, mean age=47 years) under MGH IRB

approval. Serum was prepared and frozen in aliquots at -80�C. For activation, serum was thawed and split into four portions for: 1)

unmodified serum stimulation; 2) heat inactivation at 56�C for 1 h; 2) proteinase K digestion (NewEngland Biolabs P8107S) at 37�C for

18 h; 3) depletion of top 12 abundant serum proteins (Thermo Fisher 85165) according to manufacturer instructions. The 12 most

abundant serum proteins include: albumin, IgG, a1-acid glycoprotein, a1-antitrypsin, a2-macroglobulin, ApoAI, ApoAII, fibrinogen,

haptoglobin, IgA, IgM, transferrin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mean and standard error of themean are reported throughout, unless specified. Details of specific statistical analyses are included in

themain text. For differences between cumulative distributions, we used the two-sample Kolmogorov-Smirnov test of the hypothesis

that both individual distributions are drawn from the same underlying distribution. Significant changes in activation are calculated as

percent change frombaseline or vehicle condition by batch and significance assessed as one-sample t-test of the hypothesis that the

net change across batches is zero. Batch effects are assessed using univariate ANOVA, followed by Tukey HSD correction for mul-

tiple comparisons when appropriate.
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