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Table S1. Efficacy of systemic opioids on human experimental heat pain, related to Figure 1, Introduction,

and Discussion.

. Analgesic Testing .
Author, year | Study specifics (dose & ROA) specifications Effect on pain measures
Meptazinol No effect on pain detection
Stacher et al. Dloub!)e—blmd, (100 mg, 200 mg, Radiant heat Fhresholds for_lOé) mg _Meptazmol,
1983151 placebo- 400 mg p_o), on skin increase of pain detection
controlled Pentazocine (50 mg, thresholds for 200 mg and 400 mg
100 mg po) Meptazinol and Pentazocine
Van Der Double-blind, Morphine 200 ms laser No effect on warmth detection
Burgth et al. placebo- (0.15 mg/kg iv) stimulation thresholds
199462 controlled '
Gustorff et al. zi?ﬁlile-lztggé- Remifentanil Contact heat Increase of pain detection
20030581 P (0.08 pg/kg*min iv) | on skin thresholds and pain tolerance
controlled
Naef et al. EEESL‘E)-b:;T:%bo- Morphine Contact heat No effect on pain detection
200304 P (30 mg po) on skin thresholds and pain tolerance
controlled
Double-blind, Alfentanil
Angst et al. (active) placebo- | (20, 40, 80, and 160 Contact heat Increase of pain detection
2004591 controlled, ng/ml plasma on skin thresholds and pain tolerance
crossover concentrations iv)
Cortinez et al. (active) placebo- | Remifentanil Contact heat . . .
20041581 controlled, (1-4 ng/ml plasma on skin Decrease in pain ratings
crossover concentrations, iv)
Double-blind, Increase of pain detection
Fillingim et placebo- Morphine Contact heat pain d
[s7] . . thresholds and pain tolerance,
al. 2005 controlled, (0.08 mg/kg iv) on skin e ; A
decrease of pain intensity ratings
crossover
Arendt- Double-blind,
Nielsen et al (active) placebo- | Oxycodone Contact heat Increase in pain detection
200915¢] " | controlled, (15 mg po) esophagus thresholds
crossover
Eisenberg et ;?K/ ile]zgggé, Oxycodone Contact heat No effect on pain detection
al. 20100 P (0.3mg/kg po) on skin thresholds
controlled
Fentanyl
Double-blind, (25 pg/h, .
Andresen et placebo- transdermal), Contact heat No effect on pain toleranc_e
510] d . (Fentanyl), increase of pain
al. 2011 controlled, Buprenorphine on skin .
tolerance (Buprenorphine)
crossover (20 pg/h,
transdermal)
Angst et al. Dloubkl)e-blmd, Allggnta;ull | Contact heat Increase of pain detection
2012511 placebo- (100 ng/ml plasma on skin threshold
controlled concentration, iv)




Increase of pain detection
threshold and pain tolerance,
decrease of pain intensity ratings
Double-blind, Morphine for temporal summation trials
King et al. (active) placebo- | (0.08mg/kg iv), Contact heat (Morphine).
2013512 controlled, Pentazocine on skin No effect on pain detection
crossover (0.5 mg/kg iv) thresholds, increase of pain
tolerance, decrease of pain
intensity ratings for temporal
summation trials (Pentazocine).
Double-blind, Contact heat
Olesen et al. placebo- Morphine on skin and No effect on pain tolerance
20146513 controlled, (30 mg po) al (all testing locations)
crossover recta
Prosenz & Double-blind, Fentanyl
Gustorff (active) placebo- (1 pg/kg iv) Conta}ct heat Decrease in pain ratings
201715141 controlled, on skin
crossover

These studies explored mostly noxious heat on superficial tissue (skin). Opioids show analgesic efficacy in the
majority of studies, with more consistent effect on pain tolerance than pain thresholds. Given the nature of the
majority of stimuli (heat ramp), pain thresholds are reached faster and at lower temperatures (more phasic
stimulation) than pain tolerance (more sustained stimulation, reaching deeper skin layers).

Table S2. Efficacy of systemic opioids on human experimental cold pain, related to Figure 4, Figure S6,
Introduction, and Discussion.

Author, year

Study specifics

Analgesic (dose

Testing

Effect on pain measures

controlled

& ROA) specifications
Wolff et al. Crossover, placebo- | Morphine Cold pressor NO effec'g on pain tlhreshold,
196615151 controlled (10 mg im) test Increase in pain tolerance,
decrease in pain sensitivity
Jarvik et al. Crossover, placebo- | Morphine Cold pressor Irr:cress? dOf pdam Qetetl:tlon
198115161 controlled (10 mg/70 kg iv) test threshold and pain tolerance
(tolerance > detection threshold)
Double-blind, Dipipanone Cold pressor L .
Posner et al. ) Decrease in pain ratings for 4mg
198505171 E:?)cs:;zct))\c:et;ontrolled, ézor)ng, 4mg, 8mg | test and 8mg dipipanone
Holland et al Double-blind, Dibinanone Cold pressor
1987[518] " | placebo-controlled, (8r?1 P 0) test Decrease in pain intensity ratings
crossover gp
Morphine L .
Double-blind, (0.214 mg/kg po, No effect on pain intensity and
Cleeland et . Cold pressor unpleasantness ratings,
[519] active placebo 0.286 mg/kg po, . L
al. 1996 controlled 0.357 ma/kd po test increase in pain tolerance for
0'429 mg/kg BO,) highest dose morphine
Gustorff et 2;:&2'8"222&’) Remifentanil Contact cold on | No effect on pain detection
al. 200315 b (0.08 pg/kg*min) | skin thresholds and pain tolerance




Double-blind,

Borgmann et
al. 2021152

Double-blind,
placebo-controlled

(100/8, 150/4 mg
po)

Cold pressor
test

Naef et al. (active) placebo- Morphine Cold pressor Decrease in pain intensity ratings,
2003054 controllepd (30 mg po) test increase in pain tolerance
Eisenberg et ;?&tge-gclggé, Oxycodone Cold pressor Decrease in pain intensity ratings,
al. 2010159 controIF;e q (0.3mg/kg po) test increase in pain tolerance
Eisenberg et ;?k/%le'lzlclggc’) Oxycodone Contact cold on | No effect on pain detection
al. 2010159 controIF;e q (0.3mg/kg po) skin threshold
Fentanyl
Andresen et Double-blind, Erzigféprhal) Cold pressor
al. 20116511 Eligtsaggé(r:ontrolled, Buprenorphine test Decrease of pain intensity ratings
(20 pg/h,
transdermal)
Alfentanil Cold pressor
Angst et al. Double-blind, (100 ng/ml test P Increase of pain detection
2012051 placebo-controlled | plasma threshold and pain tolerance
concentration iv)
Double-blind, .
%ﬁe[glgt al. placebo-controlled, '(\ggrﬁ]g";%) tC;g:d pressor Decrease of pain intensity ratings
crossover
. Double-blind,
;/:/;r;chester crossover Oxycodone Cold pressor Decrease of pain intensity ratings
201415201 (dose scalation for | (20 mg po) test P y rating
PF-05105679)
Kleine- Tilidin/Naloxone

Decrease of pain intensity ratings,
increase of pain tolerance

Watso et al.
20221522

Blinded, placebo-
controlled,
crossover

Fentanyl
(0.075 mg iv)

Cold pressor
test

Decrease of pain intensity ratings

These studies explored mostly prolonged exposure to noxious cold. Opioids show analgesic efficacy in the majority
of those studies, with more consistent effect on pain tolerance than pain thresholds. Studies that employ contact cold
(superficial tissue) do not show an analgesic effect of opioids.

Table S3. Efficacy of systemic opioids on human experimental pressure pain, related to Figure 5,
Introduction, and Discussion.

crossover

Author, - Analgesic (dose Testing .

year Study specifics & ROA) specifications Effect on pain measures

Naef et al. Double-blind, Morphine : o

2003541 (active) placebo- (30 mg po) Finger pulp Increase in pain tolerance
controlled

Fillingim et Dlgléskl)i)_—k():lcm?r,olled Morphine Muscle and bone Increase in pain thresholds

al. 200517 | P ' | (0.08mg/kg iv) P




Arendt- Double-blind,
. (active) placebo- Oxycodone No effect on pain thresholds
Nielsen et Muscle :
al. 2009[5¢! controlled, (15 mg po) and pain tolerance
' crossover
Fentanyl
Double-blind, (25 ug/h, No effect on pain tolerance
Andresen et laceb lled transdermal), D i AR
al. 2011010 | Place o-controlled, Buprenorphine Bone (Flentany ), increase ”;1 pain
crossover (20 ug/h, tolerance (Buprenorphine)
transdermal)
Double-blind, Morphine
King et al. (active) placebo- (0.08mg/kg iv), L
20130512 controlled, Pentazocine Muscle, bone Increase in pain threshold
crossover (0.5 mg/kg iv)
Olesen et al. Dlgggtl)%-?:gggr’olle q Morphine Muscle, bone, Increase of pain tolerance
2014I51] P " | (30 mg po) rectal (all testing locations)
crossover
Prosenz & EEESL‘S)-b:;T%bO- Fentanyl
Gustorff P (1 pg/kg iv) Muscle Increase in pain threshold
201715141 controlled,
crossover

These studies used sustained, increasing pressure stimulation to skin and underlying deep tissues. Opioids show
analgesic efficacy in the majority of those studies.

Table S4. Efficacy of systemic opioids on human experimental ischemic pain, related to Figure 5,
Introduction, and Discussion.

Author, Study Analgesic (dose & | Testing Effect on pain measures
year specifics ROA) specifications P

Double-blind, Modified Increase in pain thresholds and pain
Fillingim et | placebo- Morphine submaximal tolerance dgcrease in bain and P
al. 2005571 | controlled, (0.08mg/kg iv) tourniquet : -1np

unpleasantness ratings

crossover procedure

Double-blind,
A_rendt- (active) Oxycodone Tourniquet Increase in pain thresholds and pain
Nielsen et placebo- (15 mg po) rocedure tolerance
al. 2009081 | controlled, gp P

crossover

zg;sg'blmd’ Morphine Modified
King et al. lacebo- (0.08mg/kg iv), submaximal Increase in pain thresholds and pain
20130512 P Pentazocine (0.5 tourniquet tolerance

controlled, -

mg/kg iv) procedure
crossover

These studies used a sustained tourniquet to induce ischemic pain. Opioids showed efficacy on both pain thresholds
and pain tolerance.




Table S5. Efficacy of systemic opioids on other human experimental pain models, related to Figure 6,
Introduction, and Discussion.

. Analgesic Testing .
Author, year | Study specifics (dose & ROA) | specifications Effect on pain measures
Fentanyl
Double-blind, (25 pg/h, Intramuscular No effect on pressure tolerance
Andresen et placebo- transdermal), NGF injection, thresholds (Fentanyl),
al. 2011511 controlled, Buprenorphine | pressure testing increase in pressure tolerance
crossover (20 pg/h, post-injection thresholds (Buprenorphinge)
transdermal)
Double-blind, Pinch: Increase in pain tolerance
Arendt- (active) Skin pinch, X P i L
. Oxycodone Esophageal pressure: Increase in pain
Nielsen etal. | placebo- esophageal .
(s8] (15 mg po) detection threshold and moderate
2009 controlled, pressure .
pain threshold
crossover

NGF-induced muscle soreness (sustained stimulus, deep tissue) was partially responsive to opioids. An opioid
agonist showed efficacy with prolonged noxious mechanical stimulation of superficial and visceral tissue.

Table S6. Intrathecal opioids and clinical pain, related to Figure 7, Introduction, and Discussion.

Author, year Study Clinical Indication Analgesic Effect on pain
specifics
Samii et al. ngcebo Intractable cancer Morphine (1-3 mg it), Comblete analgesia
197915231 Eontrol pain (mixed pain) Pethidine (10-30 mg it) P 9
Double-
Wang et al. blind, Intractable cancer Morphine Comblete analgesia
19791524 placebo pain (mixed pain) (0.5 mg, 1.0 mg it) P 9
control
Baraka et al No Morphine
19815251 placebo First stage labor pain (1mg, 2mg it) Complete analgesia
control
No . . .
Gray et al. Postsurgical pain Morphine .
19865261 placebo (thoracotomy) (10 pg/kg it) Excellent analgesia
control
Double-
Abboud et al. blind, Postsurgical pain Morphine Analgesia, significantly
1988(5271 placebo (Cesarean section) (0.25 mg, 0.1 mg it) stronger than placebo
control
. D(_)uble- Morphine Analgesia, significantly
Kirson et al. blind, ical pai . h |
198915281 active Postsurgical pain (0.1 mg, 0_.2 mg it) _ stronger than contro
Control: Lidocaine 75 mg it | for both dose levels
control
. No . . L .
Leighton et al. . Fentanyl (25 pg it) with Significant decrease in
1989[52° placebo Labor pain Morphine (0.25 mg it) pain ratings
control
No .
Cohen et al. . . Sufentanil .
19935301 (p:):)anct?ck))lo First stage labor pain (10 g in 1ml it) Analgesia




D’Angelo et al.

Double-
blind,

Sufentanil (10 pg in 2ml it)

Significant decrease in
pain ratings to control,

Clonidine (intrathecal drug
delivery systems)

19941531 active Labor pain Eon;roi!j:u?;l)nlvacame (30 high degree of patient
control gep satisfaction
No “Failed back” pain
Angel et al. (nociceptive and Morphine per intrathecal Mixed results, 27%
1532] placebo S . :
1998 neuropathic pain), drug delivery system unresponsive
control .
spinal cord damage
. Pain reduction in all
No Nonm_ahgqant . . patients with
Schuchard et chronic pain, Morphine per intrathecal N .
[533] placebo - - nociceptive pain, partly
al. 1998 nociceptive, drug delivery system . CE .
control . . in other pain etiologies
neuropathic or mixed : .
(mixed > neuropathic)
Nonmalignant
Anderson et al. No chrqnlc pain, Morphine per intrathecal Significant pain relief
1999(s34 placebo nociceptive (3%), drug delivery system in 50% of patients
control neuropathic (47%) or
mixed (50%)
. No . High patient
Gwirtz et al. . . Morphine - X .
19991535 placebo Postsurgical pain (0.2-0.8mg it) satlsfacpon with
control analgesia
Shaladi et al. No Pain from vertepral Morphine per intrathecal Clinically significant
536] placebo fractures due to . - .
2007 - drug delivery system pain relief
control osteoporosis
Zacest et al. ngcebo Refractory Morphine per intrathecal Partial pain relief
2009(5%7 Eontrol postherpetic neuralgia | drug delivery system P
Morphine, Morphine +
No Bupivacaine, Sufentanil,
Fabiano et al. lacebo Postherpetic neuralaia Sufentanil + Bupivacaine, Clinically significant
2012(53%8! (F:)ontrol P 918 1 sufentanil + Bupivacaine + | pain reduction

Intrathecally applied opioids are very efficacious in relieving clinical nociceptive pain. Studies that included patients
with neuropathic pain or a neuropathic pain component show mixed results. These studies provide functional
support for our molecular-anatomically based findings of two main nociceptive populations: a population associated
with sustained pain due to tissue damage (nociceptive pain) that expresses transcripts for the p-opioid receptor, and
a population that serves as a superficially located biowarning system and does not express transcripts for the pi-
opioid receptor, hence, whose activity cannot be attenuated by clinically used opioids. These nociceptors contribute
to neuropathic pain in rodents.[53°541 We therefore hypothesize that the poor responsiveness of neuropathic pain to
opioids can be at least partially explained by the lack of p-opioid receptor expression of these nociceptive fibers.




Table S7. Neuron population counts for experiment 1 (TRPV1, OPRM1, OPRD1, OPRK1), related to Figure 1.

Donor 1 Donor 2 Donor 3 Donor 4
TRPV1+OPRM1+ 99 77 95 124
TRPV1+OPRM1+0OPRD1 68 77 64 68
TRPV1+OPRM1+OPRK1+ 1 0 0 0
TRPV1+OPRM1+0OPRD1+0OPRK1+ 0 4 2 3
TRPV1+ 17 6 9 10
TRPV1+OPRD1+ 91 83 79 50
TRPV1+OPRD1+OPRK1+ 0 1 4 5
OPRM1+ 5 9 0 6
OPRD1+ 7 14 11 5
OPRM1+0OPRD1+ 3 7 3 5
no marker 48 40 39 41

This table presents the number of DRG neurons expressing individual marker combinations for each individual
tissue donor. The most prevalent populations were further characterized. These results are shown in Figure 1.

Table S8. Neuron population counts for experiment 2 (TRPV1, OPRM1, OPRL1, SPP1), related to Figure 2.

Donor 1 Donor 2 Donor 3 Donor 4
TRPV1+OPRM1+ 98 93 50 80
TRPV1+OPRM1+OPRL1+ 90 72 117 117
TRPV1+OPRM1+OPRL1+SPP1+ 9 9 5 2
TRPV1+ 79 68 83 74
TRPV1+OPRL1+ 7 12 13 11
TRPV1+OPRL1+SPP1+ 5 6 13 4
OPRM1+0OPRL1+ 4 0 0 1
OPRM1+OPRL1+SPP1+ 2 1 1 0
SPP1+ 4 13 1 0
OPRL1+SPP1+ 28 33 26 37
no marker 1 2 2 4

This table presents the number of DRG neurons expressing individual marker combinations for each individual
tissue donor. The most prevalent populations were further characterized. These results are shown in Figure 2.




Table S9. Neuron population counts for experiment 3 (TRPV1, OPRM1, SCN10A, SCN11A), related to Figure

3.
Donor 1 Donor 2 Donor 3 Donor 4
TRPV1+OPRM1+ 3 1 1 2
TRPV1+OPRM1+SCN10A+ 1 1 5 4
TRPV1+OPRM1+SCN11A+ 6 6 7 6
TRPV1+OPRM1+SCN10A+SCN11A+ 164 177 164 197
TRPV1 5 7 7 2
TRPV1+SCN10A+ 0 1 1 0
TRPV1+SCN11A+ 0 5 2 2
TRPV1+SCN10A+SCN11A+ 97 90 91 94
OPRM1+SCN11A+ 2 0 3 2
OPRM1+SCN10A+SCN11A+ 0 1 0 3
OPRM1+ 0 0 1 1
SCN11A+ 0 1 0 0
no marker 55 34 29 29

This table presents the number of DRG neurons expressing individual marker combinations for each individual
tissue donor. The most prevalent populations were further characterized. These results are shown in Figure 3.

Table S10. Neuron population counts for experiment 4 (TRPV1, OPRML1, TRPAL, TAC1), related to Figure 4.

Donor 1 Donor 2 Donor 3 Donor 4
TRPV1+OPRM1+ 86 47 67 98
TRPV1+OPRM1+TAC1+ 22 68 42 45
TRPV1+OPRM1+TRPA1+TAC1+ 63 64 57 32
TRPV1+OPRM1+TRPA1+ 30 17 8 30
TRPV1+ 37 28 30 25
TRPV1+TRPAl+ 54 52 41 39
TRPV1+TAC1+ 2 5 2 3
TRPV1+TRPA1+TAC1+ 0 0 2 0]
OPRM1+ 6 10 9 8
TAC1+ 1 2 0 0]
no marker 39 56 57 32

This table presents the number of DRG neurons expressing individual marker combinations for each individual
tissue donor. The most prevalent populations were further characterized. These results are shown in Figure 4.




Table S11. Neuron population counts for experiment 5 (TRPV1, OPRM1, TRPA1, TRPMS), related to Figure

S6.
Donor 1 Donor 2 Donor 3 Donor 4
TRPV1+OPRM1+ 46 48 28 37
TRPV1+OPRM1+TRPA1+ 20 28 11 19
TRPV1+OPRM1+TRPM8+ 40 43 52 70
TRPV1+OPRM1+TRPA1+TRPM8+ 54 56 60 96
TRPV1+ 41 27 42 17
TRPV1+TRPAl1+ 64 50 53 52
TRPV1+TRPM8+ 0 3 7 5
TRPV1+TRPA1+TRPM8+ 5 2 1 1
OPRM1+ 5 11 7 12
OPRM1+TRPAl+ 0 1 0 1
OPRM1+TRPM8+ 0 6 12 1
OPRM1+TRPA1+TRPM8+ 0 2 0 0
TRPA1+ 2 1 0 0
TRPM8+ 0 3 3 1
TRPA1+TRPM8+ 0 0 0 1
no marker 34 42 51 36

This table presents the number of DRG neurons expressing individual marker combinations for each individual
tissue donor. The most prevalent populations were further characterized. These results are shown in Figure S6.

Table S12. Neuron population counts for experiment 6 (TRPV1, OPRML1, PIEZO2, P2RX3), related to Figure

5.
Donor 1 Donor 2 Donor 3 Donor 4
TRPV1+OPRM1+ 10 25 9 15
TRPV1+OPRM1+P2RX3+ 68 51 54 56
TRPV1+OPRM1+PIEZO2+ 1 1 0 4
TRPV1+OPRM1+PIEZO2+P2RX3+ 71 92 116 122
TRPV1+ 0 3 0 1
TRPV1+PIEZO2+ 2 2 6 4
TRPV1+P2RX3+ 4 3 2 0
TRPV1+PIEZO2+P2RX3+ 84 71 77 62
OPRM1+PIEZO2+ 6 1 2 0
OPRM1+PIEZO2+P2RX3+ 13 7 1 3
PIEZO2+P2RX3+ 2 3 11 4
PIEZO2+ 55 46 39 45
no marker 0 5 5 0

This table presents the number of DRG neurons expressing individual marker combinations for each individual
tissue donor. The most prevalent populations were further characterized. These results are shown in Figure 5.




Table S13. Neuron population counts for experiment 7 (TRPV1, OPRM1, NTRK1, GFRA2), related to Figure

6.
Donor 1 Donor 2 Donor 3 Donor 4
TRPV1+OPRM1+ 28 26 42 34
TRPV1+OPRM1+NTRK1+ 153 104 136 141
TRPV1+OPRM1+NTRK1+GFRA2+ 19 17 7 8
TRPV1+OPRM1+GFRA2 4 2 6 5
TRPV1+ 10 8 8 2
TRPV1+NTRK1+ 3 17 8 5
TRPV1+GFRA2+ 67 59 67 82
TRPV1+NTRK1+GFRA2+ 1 2 3 0
OPRM1+ 8 1 2 6
OPRM1+NTRK1+ 4 3 9 6
OPRM1+GFRA2+ 0 2 0 0
OPRM1+NTRK1+GFRA2+ 1 0 1 1
NTRK1+ 1 1 5 0
NTRK1+GFRA2+ 1 0 0 0
GFRA2+ 5 23 12 4
no marker 32 44 16 36

This table presents the number of DRG neurons expressing individual marker combinations for each individual
tissue donor. The most prevalent populations were further characterized. These results are shown in Figure 6.

Table S14. Neuron population counts for experiment 8 (TRPV1, OPRM1, GFRA2, MRGPRD), related to

Figure 6.
Donor 1 Donor 2 Donor 3 Donor 4
TRPV1+OPRM1+ 156 171 188 159
TRPV1+OPRM1+GFRA2+ 8 3 20 16
TRPV1+OPRM1+MRGPRD+ 0 3 0 8
TRPV1+OPRM1+GFRA2+MRGPRD+ 0 1 0 3
TRPV1+ 6 12 9 9
TRPV1+GFRA2+ 13 31 14 13
TRPV1+MRGPRD+ 3 0 0 0
TRPV1+GFRA2+MRGPRD+ 89 30 60 54
OPRM1+ 3 8 1 10
OPRM1+GFRA2+ 7 0 1 5
GFRA2+ 6 1 7 27
no marker 34 55 9 18

This table presents the number of DRG neurons expressing individual marker combinations for each individual
tissue donor. The most prevalent populations were further characterized. These results are shown in Figure 6.




Table S15. Clinical trials involving agonists to non-p-opioid receptors, related to Figure 1 and Discussion.

receptor agonist

Drug name Action Clinical trial # | Phase Clinical indication | Status
selective nonpeptide Acute pain after completed
ADL5859 d-opioid receptor NCT00993863 | Phase 2 third molar 2807
agonist extraction
selective nonpeptide .
S Pain from completed
ADL5859 B-Oplgécci) r:iestzteptor NCT00626275 | Phase 2 rheumatoid arthritis 2008
selective nonpeptide Pain from diabetic completed
ADL5859 d-opioid receptor NCTO00603265 | Phase 2 peripheral 2808
agonist neuropathy
selective nonpeptide .
S Pain from knee completed
ADL5859 6—0p|;)é(cj) r:;estiteptor NCTO00979953 | Phase 2 osteoarthritis 2010
selective nonpeptide Pain from knee completed
ADLS747 delta agonist NCT00979953 | Phase 2 osteoarthritis 2010
selective nonpeptide Pain from terminated
ADL5747 d-opioid receptor NCT01058642 | Phase 2 postherpetic 2010
agonist neuralgia
NP2 gene-transfer vector NCT01291901 | Phase 2 Intractable cancer completed
for proenkephalin pain 2013
. . second-generation Pain from
Asimadoline peripheral k-opioid NCTO00454688 | Phase 2 | inflammatory bowel completed
(EMD 61753) : 2007
receptor agonist syndrome
. . second-generation Pain from
(é;rgagi'?'gg) peripheral k-opioid | NCT00955994 | Phase2 | inflammatory bowel Cog‘g(')‘;ted
receptor agonist syndrome
. . second-generation

('éi;lrgagf'?'gg) peripheral k-opioid | NCT00443040 | Phase 2 "e‘ise;féfirofg'on Cog‘g(')%ted

receptor agonist

Asimadoline second-generation Pamgg?rr]?n(ilr?{ fhes completed

(EMD 61753) pt;relggletrof ;-gﬁilgtld NCT01100684 | Phase 3 inflammatory bowel 2013

ptorag syndrome
. . second-generation . .
('éi;lrgag;"?'gg) peripheral k-opioid | NCT02475447 | Phase 2 Prurlguesrggtrﬂiitoplc Cog‘gﬁtw
receptor agonist
- . third-generation
Difelikefalin . - Post-hysterectom completed
(CR845) peripheral K-Op!OId NCT00877799 | Phase 2 ypain y 2810
receptor agonist
- . third-generation
D'(@'F;'éifg)"” peripheral k-opioid | NCTO1361568 | Phase 2 POSt'hyS;?;ecmmy Cog‘gged
receptor agonist P
- . third-generation .
D'(%:;';Tg)“” peripheral k-opioid | NCTO01789476 | Phase 2 POSt'b””;‘;Qecmmy Cog"gi%ted
receptor agonist P
- . third-generation .

Difelikefalin . - Pain from knee or completed
(CR845) p(erglgeh&:)zi: ;g;;gﬁilgtld NCT02524197 | Phase 2 hip osteoarthritis 2016
- . third-generation .

Difelikefalin . - Pain from knee or completed
(CR845) peripheral k-opioid NCT02944448 | Phase 2 hip osteoarthritis 2017




- . third-generation Phase .
Difelikefalin . - Post-abdominal completed
peripheral kx-opioid NCT02542384 | 2/Phase -
(CR845) receptor agonist 3 surgery pain 2018
Difelikefalin third-generation Pruritus in completed
eripheral k-opioid NCT03636269 | Phase 3 hemodialysis 2020, approved
(CR845) penp ) :
receptor agonist patients by FDA 2021
Difelikefalin third-generation Pruritus in completed
eripheral k-opioid NCT03422653 | Phase 3 hemodialysis 2020, approved
(CR845) penp ) :
receptor agonist patients by FDA 2021
- . third-generation L .
D'(fg'F'{';ifg)“” peripheral k-opioid | NCT04018027 | Phase 2 Pr“g;‘:fngi?itsc’p'c cog‘g;ted
receptor agonist
- . third-generation . .

Difelikefalin . - Pruritus in notalgia completed
(CR845) p?gg;lriroarl :égﬁ;gtld NCT04706975 | Phase 2 paresthetica 2022
- . third-generation S .

Difelikefalin . S Pruritus in primary terminated
(CR845) pigé’g‘;tgarl ;ggﬁl'gt'd NCT03995212 | Phase 2 | - pijiary cholangitis 2022
- . third-generation Pruritus in chronic .

Difelikefalin peripheral k-opioid NCT05356403 | Phase 3 kidney disease terminated
(CR845) 2024

receptor agonist without dialysis

Difelikefalin | _hird-generation A oo | terminated
(CR845) pirelggletﬁ ;-gﬁ;gtld NCT05387707 | Phase 3 pruritus in atopic 2024

P g dermatitis
full agonist on pi- and Chronic moderate to
d-opioid receptor, . completed
Cebranopadol | ial agoniston | NCTo1964378 | Phases Se"ert‘z %Z':C;‘“;'ated 2015
nociceptin-receptor
and x-opioid receptor
full agonist on p- and
d-opioid receptor, L completed
Cebranopadol partial agonist on NCT01939366 Phase 3 | diabetic neuropathy 2015
nociceptin-receptor
and x-opioid receptor

Multiple entries of certain agents tested in clinical trials presumably reflect a developmental evolution of compounds

that initially began as analgesics.

Table S16. Human donor information, related to Methods.

Donor . - Retrieval time
No. Gender Age Cause of death Medical conditions (h:min)
1 M 27 CVA/ICH / Stroke N/A 3:16
. L Seizures, Bipolar, )
2 F 21 Anoxia / Drug Intoxication difficulty walking 2:02
3 F 22 Anoxia / Drug Intoxication N/A 8:12
4 M 20 CVA/ICH / Stroke N/A 3:10




Table S17. Advanced Cell Diagnostics (ACD) RNAscope probes, related to Methods.

MRNA Gene name ACD Cat No.
GFRA2 GDNF Family Receptor Alpha 2 463011
MRGPRD MAS Related GPR Family Member D 524871
NTRK1 Neurotrophic Receptor Tyrosine Kinase 1 402631
OPRD1 opioid receptor delta 1 536061
OPRK1 opioid receptor kappa 1 1148211

OPRK1 opioid receptor kappa 1 1148211-01

(custom 13 27
probe)
OPRL1 opioid related nociceptin receptor 1 536071
OPRM1 opioid receptor mu 1 410681
PIEZO2 piezo type mechanosensitive ion channel component 2 449951
P2RX3 purinergic receptor P2X 3 406301
SCN10A sodium voltage-gated channel alpha subunit 10 406291
SCN11A sodium voltage-gated channel alpha subunit 11 404791
SPP1 secreted phosphoprotein 1 420101
TAC1 tachykinin precursor 1 310711
TRPAl transient receptor potential cation channel subfamily A member 1 503741
TRPM8 transient receptor potential cation channel subfamily M member 8 543121
TRPV1 Transient receptor potential cation channel subfamily V member 1 415381

Table S18. Fluorophores for TSA-RNAscope V2 imaging, related to Methods.

Fluorophore Exciter Dichroic Emitter

DAPI FF01-340/26 FF458-Di02 FF01-482/25
Opal 520 FF01-494/20 FF506-Di03 FF01-527/20
Opal 570 FF01-535/22 FF560-Di01 FF01-580/23
Opal 620 FF01-586/20 FF605-Di02 FF01-628/32
Opal 690 FF01-680/22 FF705-Di01 FF01-720/13




Figure S1. Puncta counts and signal intensities correlate, despite variability in puncta brightness, related to
Methods.
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(A) Representational neuron expressing TRPAL (see also Figure S6). Each puncta represents a mRNA. Signal was
enhanced for visibility. Tissue was visualized with differential interference contrast (DIC) imaging. (B) Pixel-level
resolution of TRPAL puncta shown in white square in (A). Note the dimensions of puncta (at least 2x2 pixel, or
0.67x0.67 um). Due to the TSA amplification puncta can vary in brightness and size. (C) Correlation between
puncta count and signal intensity (mean grey scale as calculated by Fiji). 80 neurons were included in the analysis
(n=20 neurons from each donor). Puncta count and signal intensity show a strong correlation, despite the variation in
puncta brightness and size. (D) Data shown in (C), restricted to puncta counts n<50.



Figure S2. Regions of Interest (ROIs) to measure neuronal cell size, transcript signal intensity, and signal
bleed, related to Methods.

(A) Representative section of human DRG showing positive transcripts for TRPV1, OPRM1, OPRD1, and OPRK1
in a multichannel overlay (experiment 1, unmanipulated signal). (B) Window showing transcripts for TRPV1
(unmanipulated signal). Window showing transcripts for OPRD1 with unmanipulated signal (C) and signal that was
adjusted for brightness and contrast for visibility (D). Outer yellow circles represent ROIs to determine neuronal
cells size and inner yellow circles ROIs to calculate transcript expression intensity (following the cytoplasm outline
and excluding lipofuscin). In case signal bleed was visually detected (here from TRPV1 (green, 488 nm channel) to
OPRD1 (yellow, 456 nm channel) in the neuron marked with an asterisk), we used the bleed signal intensity of a
separate ROI capturing bleed signal (white circle) for correction. Tissue was visualized with differential interference

contrast (DIC) imaging.



Figure S3. Percentage of TRPV1+OPRMZ1+ nociceptors across experiments and percentage of
TRPV1+OPRM1+ nociceptors across experiments stratified by gender, related to Figure 1.

A B
TRPV1+OPRM1+ 10 TRPV1+OPRM1+
£ g 2 g0
S S
§ 601  epgs. § 60 ook, 2ams
w404 w404
o} (e}
2 20- 2 204
0- 0-
n = 10326 neurons N \@
N = 8 experiments (Q’D ©
QQ

(A) Percentage of neurons showing transcripts for both TRPV1 and OPRML1 across all in situ hybridization
experiments (N=8 experiments). Bar graph represents mean percentage of TRPV1+OPRMZ1+ neurons of all
experiments and all donors, error bars represent standard deviation, and dots show mean percentage of
TRPV1+OPRM1+ neurons for all donors per individual experiment (x=56.3+2.1%). (B) Percentage of
TRPV1+OPRM1+ neurons across all in situ hybridization experiments (N=8 experiments) stratified by gender
(x=55.1£3.6% for Females, x=57.5+2.8% for Males). We did not detect a gender difference for the prevalence of
TRPV1+OPRM1+ nociceptors (p=0.2, Mann-Whitney U test). The small sample of tissue donors and the fact that
both female donors died of a drug overdose, as opposed to the two male tissue donors, limits the interpretation of
this result. Bar graphs represent mean percentage of TRPV1+OPRMZ1+ neurons of all experiments and gender-
stratified donors (2 Females, 2 Males), error bars represent standard deviations, and dots show mean percentage of
TRPV1+OPRM1+ neurons per individual experiment for donors stratified by gender.



Figure S4. Neuronal subpopulations expressing OPRK1, related to Figure 1.
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(A) We detected transcripts for OPRK1 in 20/1280 neurons. All OPRK1-expressing neurons co-expressed TRPV1
and transcripts for at least one other opioid receptor. Bar graphs demonstrate mean counts, standard deviation and
individual counts for each donor. (B) OPRK1 puncta counts for each OPRK1-expressing subpopulation. OPRK1 was
expressed in a low fashion in those neurons, with 13/20 neurons expressing 10 transcripts or less. (C) Representative
neuron of each subpopulation shown in an overlay and individual channels for each opioid-receptor transcript.
Signal was adjusted for brightness and contrast for visibility. Tissue was visualized with differential interference

contrast (DIC) imaging. Scale bars represent 25 pum.



Figure S5. Spatial overlap of transcripts for OPRK1 as detected with the custom and standard probe,
respectively, related to Figure 1.
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(A) Schematic illustration of the OPRK1 transcript and target areas for the custom probe (red) and the commercially
available probe (yellow). Note that the target areas for both probes do not overlap. The custom probes are not
predicted to cross react with other isoforms based on sequence differences between the target regions. Note that this
is also confirmed empirically in co-labeling studies. (B) Same single neuron as shown in Figure 1F). (C) and (D)
Example of a single neuron (marked by an asterisk in (E) and (F)). (E) and (F) Representative windows showing a
larger field. (C) and (E) include tissue visualized with differential interference contrast (DIC) imaging. Transcripts
for OPRK1 as detected with the custom probe are illustrated in red, and with the standard probe in yellow.
Lipofuscin is marked with an “L”.



Figure S6. OPRM1-positive nociceptors express TRPMS, related to Figure 7 and Results.
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(A) Representative section of human DRG showing neurons expressing transcripts for TRPV1, the p-opioid receptor
(OPRML1), the chemo-sensitive receptor TRPAL and the cold-sensitive receptor TRPMS. (B) Percentage of 1,310
neurons expressing each individual transcript. (C) Percentage of neurons expressing the most common transcript
combinations. Bar graphs in (B) and (C) show mean, SD, and individual values from all four donors. (D) Multi-
channel microscopy images of a representative individual neuron of each population and the population’s cell size
distribution. Scale bars = 25 um. Lipofuscin is marked with an “L”. (E) Correlation analyses for expression
intensities of the transient receptor channels in the quad+ population i. While there is co-expression for all
transcripts within this population, the high-TRPM8 expressing subpopulation expresses low TRPV1 and TRPAL,
indicating a distinct population of strongly cold-responsive neurons (blue oval). The small-diameter
TRPV1+OPRM1+TRPA1+TAC1+ quad+ population identified in experiment 4 (Figure 4Eii) is a multimodal, highly
noci-responsive population that overlaps with the quad+ population in this experiment. The detection of TRPM8
expression contributes the sensation of cold in this population.



Figure S7. Classification of TRPV1+OPRM1+ nociceptors and TRPV1+OPRM1- nociceptors into C- and A-
nociceptors, related to Figure 7.
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(A) Box plot of neuronal diameter for the molecularly defined TRPV1+GFRA2+MRGPRD+ C-nociceptive
population (see Figure 71). 54142 Whiskers represent 51 (x=43.8 um) and 95" (x=63.3 pum) percentile, respectively.
Single dots represent data points beyond the 5" and 95" percentile. (B) Histograms of TRPV1+OPRM1+ and
TRPV1+OPRML1- nociceptors. Based on the cell size distribution of TRPV1+GFRA2+MRGPRD+ neurons in (A,)
which are a subpopulation of TRPV1+OPRM1- neurons, we estimated that neurons with a cell diameter <65 pm
likely represent C-nociceptors, and those with a cell diameter >65 um likely represent A-nociceptors.

Figure S8. Comparison of human DRG in situ hybridization results from this study with spatial
transcriptomic data; related to Figure 1 and Discussion.
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(A) Dot plots demonstrating gene expression in different clusters as provided by spatial transcriptomics study 5%
(B) Percentage of neurons expressing each individual gene and (C) percentage of neurons expressing the most
common transcript combinations. In (A), note that the expression of OPRM1 is not unambiguously described, that a
co-expression with OPRD1 in some populations of nociceptors is not detected, and that OPRK1 is expressed in all
populations. These findings are overly inclusive compared to the discrete co-expression patterns obtained with our
methodology. We show co-expression of OPRM1 with OPRD1 in a subgroup of TRPV1+OPRM1+ nociceptors and
that OPRK1 was hardly expressed by DRG neurons, but broadly by satellite glial cells (Figures 1F, S4, S5). It is
notable, that both OPRD1 and OPRK1 exhibit low transcript levels, which may be one reason why they are prone to
drop-out in sc/sn sequencing and/or misclassification in spatial transcriptomics.



Figure S9. Comparison of human DRG in situ hybridization results from this study with spatial
transcriptomic data; related to Figure 2 and Discussion.

Spatial transcriptomics Multiplex in situ hybridization
A — - @ B oo C
Al SALTMRs ' : Average Expression »
AR RA LTMRs . w
Ad LTMRs . [ ) I1 E 80 g 30 ofe
o . o 5 60 . 2
.%‘ Cold nosiceptors | . B g 8 20
3 Ad HTMRs ® . Percent Expressed ‘*6 40 “5
PENK+ nociceptors e 25 o = 10
TRPA14+ nociceptors | () ; gﬁ 3= 20 s I
et it S - ° ;
Putative C-LTMRs (@) TRPV1 OPRL1 TRPVT = * * °
& F g 7 OPRM1 SPP1 OPRMI + + - -
&oF& & OPRLT + - - o+
Features spP1
- - - +
group i i i v

(A) Dot plots demonstrating gene expression in different clusters as provided by spatial transcriptomics study. 54
(B) Percentage of neurons expressing each individual gene and (C) percentage of neurons expressing the most
common transcript combinations. Note that genes with low expression levels, such as OPRM1 and OPRL1, as well
as SPP1, a gene with a high expression level, are not unambiguously assigned to distinct clusters. This is in contrast
to our in situ hybridization results, which show OPRL1 expression in a subpopulation of TRPV1+OPRM1+
nociceptors, and in a defined, small population of SPP1+ neurons. In the spatial transcriptomics dataset, SPP1
appears to be expressed in all clusters compared to the more discrete population seen with in situ hybridization.

Figure S10. Comparison of human DRG in situ hybridization results from this study with spatial
transcriptomic data; related to Figure 3 and Discussion.
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(A) Dot plots demonstrating gene expression in different clusters as provided by spatial transcriptomics study. [543
(B) Percentage of neurons expressing each individual gene and (C) percentage of neurons expressing the most
common transcript combinations. Note that we confirmed the co-expression of SCN10A and SCN11A in nociceptors
(though spatial transcriptomics implies a small percentage of expression in non-nociceptive clusters). Spatial
transcriptomics reveal the highest expression level for SCN11A in the pruritogen receptor enriched cluster, which
aligns with high expression of SCN11A in the TRPV1+OPRM1- populations (Figure 3). According to spatial
transcriptomics data, a small percentage of the pruritogen receptor enriched cluster seem to express OPRM1, which
is not evident in our results.



Figure S11. Comparison of human DRG in situ hybridization results from this study with spatial
transcriptomic data; related to Figure 4 and Discussion.
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(A) Dot plots demonstrating gene expression in different clusters as provided by spatial transcriptomics study. 543
(B) Percentage of neurons expressing each individual gene and (C) percentage of neurons expressing the most
common transcript combinations. We detected TRPAL in more neurons than was detected with spatial
transcriptomics. We observed it significantly expressed by a subgroup of TRPV1+OPRM1- nociceptors, which
potentially corresponds to the pruritogen receptor enriched cluster. In this cluster, TRPA1 is hardly detected.
Another discrepancy is the expression of TAC1, which, while focused in the TRPAL nociceptor population in (A), is
detected in every cluster. This contrasts with the two distinct populations detected with in situ hybridization.

Figure S12. Comparison of human DRG in situ hybridization results from this study with spatial
transcriptomic data; related to Figure 7, Figure S6 and Discussion.
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(A) Dot plots demonstrating gene expression in different clusters as provided by spatial transcriptomics (ST) study.
15431 (B) Percentage of neurons expressing each individual gene and (C) percentage of neurons expressing the most
common transcript combinations. For TRPA1, again we detected, expression in more neurons than was apparent
with spatial transcriptomics. We observed TRPA1 to be significantly expressed by a subgroup of TRPV1+OPRM1-
nociceptors, which potentially corresponds to the “pruritogen receptor enriched” cluster. In this cluster, TRPAL is
hardly detected. We classified this cluster as being contained within TRPV1+OPRM1- nociceptors. Also, TRPA1 is
expressed in the TRPV1+OPRM1+ population (C). TRPM8 was expressed in TRPV1+OPRM1+ nociceptors, which

matches ST results (Figure S6).



Figure S13. Comparison of human DRG in situ hybridization results from this study with spatial
transcriptomic data; related to Figure 5 and Discussion.
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(A) Dot plots demonstrating gene expression in different clusters as provided by spatial transcriptomics (ST) study.
15431 (B) Percentage of neurons expressing each individual gene and (C) percentage of neurons expressing the most
common transcript combinations. In contrast to the ST dataset, transcripts for P2RX3 were detected in an abundance
of neurons with in situ hybridization. The result that basically all TRPV1+OPRM1- neurons (potentially
corresponding to the “pruritogen receptor enriched” cluster) express PIEZO2 and P2RX3 (Figure 5) cannot be

accurately derived from the ST data.

Figure S14. Comparison of human DRG in situ hybridization results from this study with spatial
transcriptomic data; related to Figure 6 and Discussion.
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(A) Dot plots demonstrating gene expression in different clusters as provided by spatial transcriptomics (ST) study.
15431 (B) Percentage of neurons expressing each individual gene and (C) percentage of neurons expressing the most
common transcript combinations. In the ST dataset, NTRK1 appears to be expressed in all clusters. This is not
supported by the selective expression of NTRK1 in TRPV1+OPRM1+ nociceptors. A robust expression of GFRA2
by TRPV1+OPRM1- nociceptors (most likely corresponding to the “pruritogen receptor enriched “cluster) matches
results from the ST study presented here.



Figure S15. Comparison of human DRG in situ hybridization results from this study with spatial
transcriptomic data; related to Figure 6 and Discussion.
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(A) Dot plots demonstrating gene expression in different clusters as provided by spatial transcriptomics (ST) study.
15431 (B) Percentage of neurons expressing each individual gene and (C) percentage of neurons expressing the most
common transcript combinations. Note that MRGPRD, which is expressed by a major subgroup of TRPV1+OPRM1-
GFRA2+ nociceptors, is not represented in the ST database due to its low expression levels.



Figure S16. UMAP plots derived from spatial transcriptomics study of all gene transcripts investigated in this
study, related to Figure 7 and Discussion.
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(A) UMARP plots of all genes investigated in this study. Instead of MRGPRD, which is not represented in this
dataset, we show the highly co-expressed gene MRGPRX1. [5*I Note the sparse representation of MRGPRX1 in the
enlarged plot. (B) UMAP plot demonstrating different DRG neuronal clusters. Plots were generated based on online
available analyzed data published by Tavares et al. 531 Note that particularly genes with very low expression levels,
such as OPRD1, OPRL1, and OPRKZ1, and some genes with high expression levels, such as SPP1, TAC1, and
NTRK1, appear distributed across all clusters. For OPRK1 and SPP1 this could be attributed to nonneuronal gene
expression in satellite glial cells or macrophages surrounding DRG neurons, respectively (Figures 1F, S5). [545.546.547]
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