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Abstract

Repeated exposure to opioids causes tolerance, which limits their analgesic utility and contributes 

to overdose and abuse liability. However, the molecular mechanisms underpinning tolerance 

are not well understood. Here, we used a forward genetic screen in C. elegans for unbiased 

identification of genes regulating opioid tolerance which revealed a role for PTR-25/Ptchd1. 

We found that PTR-25/Ptchd1 controls μ-opioid receptor (MOR) trafficking and that these 

effects were mediated by the ability of PTR-25/Ptchd1 to control membrane cholesterol 

content. Electrophysiological studies showed that loss of Ptchd1 in mice reduced opioid-induced 

desensitization of neurons in several brain regions and the peripheral nervous system. Mice 

and C. elegans lacking Ptchd1/PTR-25 display similarly augmented responses to opioids. 

Ptchd1 knockout mice fail to develop analgesic tolerance and have greatly diminished somatic 

withdrawal. Thus, we propose that Ptchd1 plays an evolutionarily conserved role in protecting 

MOR against overstimulation.
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Introduction

GPCRs comprise the largest family of cellular receptors that mount responses to a 

staggering range of stimuli in all eukaryotes. Studies over the past two decades have 

shown that GPCR signaling involves transducers, adaptors and scaffolding proteins 

that control receptor trafficking and function1–3. However, the molecular and cellular 

mechanisms underlying several key GPCR properties remain poorly understood. One 

such dark area is tolerance, a behavioral phenomenon that ensues from the cellular 

process of GPCR desensitization. The ability to scale down responses following excessive 

stimulation is a fundamental feature of many GPCRs and is thought to be an adaptive 

physiological mechanism that prevents signaling overflow. Yet, desensitization poses 

substantial limitations for pharmacologically targeting GPCRs and developing effective 

therapeutics. A quintessential example of this problem is opioid tolerance, a profound loss 

of analgesic and euphoric efficacy upon chronic drug exposure4–6. Tolerance limits analgesic 

utility, drives escalation of use and leads to overdose.

The clinically significant effects of opioids are mediated by their target GPCR, the μ-opioid 

receptor (MOR)7,8. Previous studies have shown that alterations in MOR signaling and 

trafficking impact the development of tolerance in a cell autonomous manner9,10. A critical 

role in this process has been attributed to a GPCR adaptor, β-arrestin11,12, although its 

involvement in opioid tolerance has been contested13. In addition, a few disparate molecules 

have been implicated in opioid tolerance14–16. While there has been significant progress 

in delineating the mechanisms of opioid tolerance and desensitization9,17, the molecular 

landscape of players and processes that GPCRs utilize to diminish their responses upon 

persistent stimulation remains incompletely defined.

Here, we designed and conducted an in vivo forward genetic screen in C. elegans 

for regulators of opioid tolerance, culminating in the identification of an evolutionarily 

conserved, poorly understood PTR-25/Ptchd1 system as a key enabler of opioid tolerance. 

Delineating its mechanism of action revealed that Ptchd1 controls desensitization of opioid 

responses by regulating MOR trafficking in a cholesterol-dependent manner.

Results

Genetic behavioral screen for modulators of opioid tolerance

We recently engineered an in vivo whole animal model for studying opioid-induced behavior 

and signaling by transgenically expressing mammalian MOR (tgMOR) in the nervous 

system of C. elegans18. Exposure of tgMOR animals to opioids suppresses their locomotion, 

which is used as a behavioral readout of opioid action (Fig. 1a; Extended Data Fig. 1a). 

We leveraged this model to design a behavioral assay for opioid tolerance (Fig. 1b). When 

tgMOR worms were repeatedly exposed to the opioid fentanyl, the paralysis-inducing effect 

of the drug was markedly attenuated but restored by increasing the fentanyl concentration, 

the hallmark of behavioral tolerance (Fig. 1c). Dose response studies further confirmed 

induction of tolerance (Fig. 1f, Extended Data Fig.1a–c), evident from the increase in the 

half maximal effective concentration (EC50) (Fig 1h). Similar behavioral tolerance was 

observed with morphine (Extended Data Fig. 1g, h).
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To further validate the tgMOR platform for tolerance, we evaluated the behavior of an 

opioid hypersensitive mutant, tgMOR; rsbp-1. Knockout of R7BP, the mammalian ortholog 

of RSBP-1, in mice produces opioid hypersensitivity and eliminates tolerance14. Indeed, 

tgMOR; rsbp-1 mutants failed to diminish responsiveness upon repeated exposure to 

fentanyl (Extended Data Fig. 2a, b). Thus, a known tolerance regulator in mice is required 

for opioid tolerance in C. elegans. To test whether opioid tolerance is selective or generally 

observed in mutants with increased opioid sensitivity, we evaluated tgMOR; frpr-13 mutants 

for tolerance. FRPR-13 is a recently discovered conserved inhibitor of MOR signaling18. In 

contrast to tgMOR; rsbp-1 animals, tgMOR; frpr-13 mutants had normal tolerance despite 

increased sensitivity to fentanyl (Extended Data Fig. 2c, d). Thus, opioid tolerance can be 

faithfully modeled in C. elegans and is governed by conserved genetic mechanisms.

Having established the validity of the tgMOR platform for studying opioid tolerance, 

we implemented a two-stage genetic behavioral screen to identify mutants with impaired 

tolerance (Fig. 1d). The first stage in this forward genetic approach isolated mutants with 

altered responses to opioids18. In the second stage presented here, we screened a collection 

of hypersensitive tgMOR mutants for altered opioid tolerance based on prior evidence 

that tgMOR hypersensitive mutants affect MOR signaling18 and observations from rodents 

that loss of tolerance is accompanied by increased opioid responsiveness12,14. In total, we 

screened 27 hypersensitive tgMOR mutants and identified only one strain, tgMOR; bgg10, 

with impaired opioid tolerance (Fig. 1d). In fact, when compared to the parental tgMOR 

strain, tgMOR; bgg-10 mutants developed no observable tolerance to repeated fentanyl 

administration across 5 testing sessions (Fig. 1e). Dose-response studies showed a prominent 

right-ward shift in potency in tgMOR worms following chronic fentanyl treatment (Fig. 

1f) and no shift in tgMOR; bgg10 mutants (Fig. 1g). This was quantitatively evaluated by 

showing that EC50 increases in tgMOR animals but not tgMOR; bgg10 mutants (Fig. 1h). 

Collectively, these results demonstrate that tgMOR; bgg10 mutants are devoid of opioid 

tolerance.

Our analysis further confirmed that tgMOR; bgg10 mutants were indeed hypersensitive and 

responded to opioids with faster paralysis (Fig. 1h, Extended Data Fig. 3). Further, bgg10 
mutants were similar to non-transgenic, wild-type animals in failing to respond to opioids in 

the absence of tgMOR (Extended Data Fig. 3), indicating observed effects were specifically 

mediated by changes in MOR responses. Thus, deploying a two-stage unbiased, forward 

genetic screen led to the identification of a rare mutant with impaired behavioral tolerance to 

opioids.

PTR-25/Ptchd1 regulates opioid tolerance in C. elegans

Next, we sought to identify the genetic lesion in tgMOR; bgg10 that causes the opioid 

tolerance phenotype. To do so, we mapped mutations in tgMOR; bgg10 using whole 

genome sequencing, opioid phenotypic selection, and computational analysis of genome 

sequence data19. We found that tgMOR; bgg10 mutants harbored a predicted premature stop 

codon, Q1032stop (3094C>T) that is likely to generate a loss-of-function mutation in an 

unannotated gene F43D9.1 (Extended Data Fig. 4a–c). F43D9.1 encodes a protein with a 

Patched (Ptch) family domain and twelve-transmembrane topology. These are canonical 
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features of the Ptch protein family that includes Patched, Dispatched, and numerous 

Patched-like proteins (Extended Data Fig. 4d)20. In C. elegans, F43D9.1 is part of a 

large, evolutionarily expanded group of Patched related family (PTR) proteins (Extended 

Data Fig. 4d), prompting us to name this protein PTR-25. Our analysis indicates that 

Ptchd1 and Ptchd4 are the closest mammalian orthologs to PTR-25 (Fig. 1i; Extended Data 

Fig. 4d). Like PTR-25, Ptchd1 and Ptchd4 contain a Ptch domain and a sterol sensing 

domain (SSD). Only Ptchd1 is expressed in the mammalian nervous system and implicated 

in neuropsychiatric conditions21–23, but relatively little is known about its function or 

mechanism of action.

To confirm that the ptr-25 mutation affected opioid responses, we began by using CRISPR/

Cas9 to edit the same premature stop codon, Q1032stop (3094C>T), present in tgMOR; 

bgg10 mutants into the parental tgMOR strain. This premature stop is predicted to truncate 

PTR-25 resulting in loss of the C-terminal intracellular portion of the receptor (Extended 

Data Fig. 4c). We found that tgMOR; ptr-25 CRISPR animals exhibited no opioid tolerance 

(Fig. 1j, l) and showed opioid hypersensitivity (Extended Data Fig. 5a). As a second 

validation, we performed transgenic rescue experiments. A Mos single copy insertion 

(MosSCI) was used to express PTR-25 with its endogenous promoter in tgMOR; bgg10 
mutants. This completely restored behavioral tolerance to fentanyl (Fig. 1k, l) and opioid 

sensitivity (Extended Data Fig.5b). Transgenic MosSCI expression of PTR-25 using a pan-

neuronal promoter also rescued opioid hypersensitivity of tgMOR; ptr-25 (bgg11) animals 

(Extended Data Fig. 5c). Collectively, these results indicate that PTR-25 is the causal gene 

responsible for loss of opioid tolerance and hypersensitivity in tgMOR; bgg10 mutants.

Finally, we tested whether Ptchd1 affects MOR-mediated opioid responses by transgenically 

expressing human PTCHD1 in the nervous system of tgMOR; bgg10 animals. We observed 

a significant rescue of hypersensitivity to fentanyl in these animals (Fig. 1m; Extended Data 

Fig. 5d, e). In summary, our results provide in vivo genetic evidence that PTR-25 and Ptchd1 

are functional orthologs that regulate opioid tolerance and responsiveness.

Ptchd1 loss in mice enhances opioid efficacy and eliminates tolerance

To test the role of Ptchd1 in regulating opioid responses in mammals and to probe 

its translational relevance, we evaluated mice with a disruption in Ptchd1 (Ptchd1 KO). 

Previously, Ptchd1 KO mice were reported to be hyperactive22. When tested in the open 

field, Ptchd1 KO mice indeed showed increased locomotion upon introduction into a novel 

environment (Extended Data Fig. 6a,b). However, Ptchd1 KO animals gradually reduced 

their activity to levels seen in wild-type (WT) littermates (Extended Data Fig. 6c). We 

also found that hyperactivity of Ptchd1 KO mice was reversed by treatment with an 

opioid receptor antagonist, naltrexone (Extended Data Fig. 6d) suggesting that elevated 

activity in Ptchd1 KO mice is related to increased endogenous MOR signaling rather than 

developmental issues.

To initially evaluate behavioral responses of Pthcd1 KO mice to opioid drugs we used the 

conditioned place preference (CPP) assay. This test evaluates the reinforcing properties of 

opioids by measuring relative amount of time spent in a drug-paired chamber as compared 

to an unpaired chamber. Indeed, at the no-drug baseline, both Ptchd1 KO mice and their WT 
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littermates behaved equally (Fig. 2a). When injected with morphine systemically, Ptchd1 KO 
mice exhibited substantially higher preference for the drug-paired chamber indicating they 

have an augmented response to the rewarding effects of morphine (Fig. 2a).

Next, we tested nocifensive behavior of mice in pain paradigms. We found that baseline 

nociceptive thresholds of Ptchd1 KO animals were similar to WT littermates in both hot 

plate and tail immersion assays (Fig. 2b, c; Supplemental Data Videos 1, 2). However, 

morphine produced a greater analgesic response in Ptchd1 KO mice relative to WT 
controls in both paradigms when injected systemically (Fig. 2b, c; Extended Data Fig. 6e; 

Supplemental Data Videos 3, 4). Morphine also produced greater analgesia in Ptchd1 KO 
mice when injected directly into the brain (Extended Data Fig. 6f, g). Furthermore, Ptchd1 
KO mice exhibited similarly enhanced analgesia in response to fentanyl (Extended Data Fig. 

6h, i). These data indicate that Ptchd1 restricts the analgesic efficacy of opioids in mice.

We next assessed tolerance by subjecting mice to repeated daily opioid injections. When 

injected with morphine, WT mice displayed a substantial reduction in opioid analgesia 

in the hot plate assay with each subsequent morphine application (Fig. 2d, e). This was 

accompanied by the development of hyperalgesia as evidenced by progressive reduction in 

baseline latency (Fig. 2f, g). In contrast, this chronic treatment regimen in Ptchd1 KO mice 

failed to diminish responsiveness suggesting chronic tolerance does not occur (Fig. 2d, e). 

Ptchd1 KO mice also did not develop morphine induced hyperalgesia (Fig. 2f, g). We then 

doubled our chronic tolerance induction window and used fentanyl (Extended Data Fig. 6j, 

k). Again, we found that Ptchd1 KO mice did not develop any signs of tolerance even in this 

extended chronic paradigm with a stronger opioid analgesic. Ptchd1 KO mice also did not 

develop opioid induced hyperalgesia in this paradigm (Extended Data Fig. 6l, m).

We further evaluated Ptchd1 KO mice using an acute tolerance paradigm where morphine 

injection was repeated immediately upon waning of the initial analgesic response. While 

WT mice completely lost their morphine responsiveness to repeated doses, there was no sign 

of acute tolerance in Ptchd1 KO (Extended Data Fig 6n, o).

Our observations using the tail immersion assay, which principally relies upon spinal 

reflexes, largely paralleled our findings with the hot plate assay. Once again, we observed 

that Ptchd1 KO mice do not develop tolerance or hyperalgesia (Fig. 2h–k). Dose-escalation 

studies showed that increasing morphine restored the loss of efficacy in WT mice, and 

augmented analgesia in Ptchd1 KO animals confirming tolerance was abrogated (Fig. 2l). In 

fact, the responses of Ptchd1 KO mice were sometimes sensitized following opioid exposure 

(e.g. Extended Data Fig. 6n,o). We further probed the local autonomy of these effects by 

intrathecal injections of morphine directly into spinal cord. Again, we observed both the 

augmentation of opioid responsiveness (Extended Data Fig 6p) and no tolerance in Ptchd1 
KO mice (Extended Data Fig 6q,r) with this site specific manipulation.

Finally, we evaluated how loss of Ptchd1 affects dependence following chronic opioid 

exposure. Strikingly, Ptchd1 KO mice had greatly reduced somatic withdrawal signs and 

showed significantly less body weight loss following chronic morphine treatment (Fig. 2m). 

Thus, reduced withdrawal response accompanies impaired tolerance in Ptchd1 KO animals. 
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Taken as a whole, our observations demonstrate that Ptchd1 negatively regulates behavioral 

responses to opioids and development of tolerance in mice, similar to its ortholog PTR-25 in 

C. elegans.

Ptchd1 controls MOR-mediated regulation of neuronal activity

To determine how loss of Ptchd1 affects behavioral responses to opioids, we examined 

the relationship between Ptchd1 and MOR in mouse neural circuits using slice 

electrophysiology. To identify neurons expressing Ptchd1 and MOR, we crossed Ptchd1 
KO mice expressing YFP from a targeted allele with knock-in MOR-mCherry reporter mice 

(Extended Data Fig. 7a). Consistent with previous reports 21,22, we found Ptchd1 expression 

in several regions of the central nervous system. This included prominent expression in 

areas associated with reward and opioid actions including nucleus accumbens (NAc), ventral 

tegmental area (VTA), thalamus and locus coeruleus (Fig. 3a, b; Extended Data Fig. 7b–g). 

Importantly, we found that Ptchd1 was co-expressed with MOR in many of these brain 

regions (Fig 3a, b; Extended Data Fig. 7b–g). Furthermore, we observed Ptchd1 expression 

in peripheral dorsal root ganglia (DRG) neurons where opioids can also act (Fig 3i, j). Co-

expression was particularly prominent in the VTA and in the DRGs where the majority of 

MOR-expressing neurons expressed Ptchd1 (Fig. 3c,i). We further confirmed co-expression 

of endogenous MOR and Ptchd1 mRNA using in situ hybridization (Extended Data Fig. 8a). 

This pattern of Ptchd1 expression in mice is consistent with its broad presence across the 

human nervous system23,24.

We further examined brain region size, cell density and neuron size in Ptchd1 KO mice. Our 

results indicate that Ptchd1 elimination had no or minimal effects on the size of the VTA or 

NAc, and cell density in these brain regions (Extended Data Fig. 8b). Neuron size was also 

unaltered in the VTA and NAc, while a very small but significant increase was detected in 

the size of DRG neurons (Extended Data Fig. 8c). Overall, our results are consistent with 

previous morphological findings21,25.

To dissect the cellular mechanisms of Ptchd1 action, we first focused on the VTA 

neurons because the effects of opioids in this brain region are well understood. Here, 

MOR is predominantly expressed by the GABAergic interneurons where it activates G 

protein inwardly rectifying K+ (GIRK) channels reducing inhibitory output (Fig. 3d). 

Application of the MOR agonist DAMGO elicited GIRK-mediated inward currents, which 

were significantly augmented upon loss of Ptchd1 (Fig. 3e, f). Repeated application of 

DAMGO after washout resulted in smaller GIRK currents relative to the first exposure 

due to receptor desensitization (Fig. 3g, h), which is thought to be a cellular correlate of 

tolerance9,26. Importantly, less desensitization occurred in Ptchd1 KO neurons (Fig. 3g, h). 

Dose-response studies confirmed these observations and additionally revealed that loss of 

Ptchd1 preferentially augmented opioid efficacy, as the deletion of Ptchd1 had a larger effect 

on MOR-mediated GIRK regulation with increasing DAMGO concentration (Fig. 3f). In 

contrast, loss of desensitization was more prominent upon low level of MOR stimulation 

(Fig. 3h).

The increased MOR activation in GABAergic neurons in Ptchd1 KO would be expected to 

reduce their inhibitory influence over dopamine (DA)-releasing neurons. DA neurons in the 
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VTA directly encode reward through changes in dopamine release, which is thought to be 

responsible for the reinforcing effects of opioids27 (Fig. 3d). Therefore, we next measured 

opioid modulation of GABAergic inputs into DA neurons by recording Inhibitory Post 

Synaptic Currents (IPSC). Application of DAMGO reduced IPSC frequency to a greater 

extent in the Ptchd1 KO compared to WT slice (Extended Data Fig. 9a). Challenging 

the same preparation with an escalating concentration of DAMGO did not augment the 

responses in WT neurons, likely due to MOR being fully desensitized (Extended Data 

Fig. 9b). In contrast, we observed increased inhibition in the Ptchd1 KO with increasing 

DAMGO concentrations, which is consistent with MOR-desensitization being impaired 

(Extended Data Fig. 9b).

To explore how general the role of Ptchd1 is in the brain, we next recorded from striatal 

medium spiny neurons (MSN) of the NAc (Extended Data Fig. 9c), a neuronal population 

relevant for opioid actions where Ptchd1 and MOR are co-expressed (Extended Data Fig. 

7d, 8a). In these experiments, we used morphine to further probe agonist specificity of 

Ptchd1 effects. Similar to the VTA, we observed larger opioid responsiveness of MSNs 

lacking Ptchd1 (Extended Data Fig. 9d). Upon repeated morphine challenge, we observed 

pronounced desensitization in control neurons which did not occur in Ptchd1 KO neurons 

(Extended Data Fig. 9e, f).

Finally, we turned our attention to DRGs which co-express MOR and Ptchd1 (Fig. 3i, 

j; Extended Data Fig. 8a), and are a major peripheral site for MOR-mediated effects 

on analgesia and tolerance10,28. We relied on a genetic labeling strategy coupled with 

electrophysiological profiling to record specifically from the nociceptors that are positive 

for MOR and Ptchd1 expression (Fig. 3k). Similar to the central nervous system, we 

found that opioid-mediated suppression of excitability was significantly more pronounced 

in Ptchd1 KO nociceptors relative to controls (Fig. 3l, m). Strikingly, while control 

neurons substantially desensitized upon repeated application of morphine, we observed 

that excitability of Ptchd1 KO nociceptors was suppressed even more prominently upon 

morphine re-exposure (Fig. 3l, m). Thus, instead of desensitization, DRG nociceptors 

from Ptchd1 KO animals increase their sensitivity to morphine which parallels behavioral 

sensitization of Ptchd1 KO in the tail immersion paradigm (Fig 2h,i,l).

Based on these electrophysiological experiments, we conclude that Ptchd1 acts in the same 

neuronal populations as MOR across the nervous system to suppress opioid modulation of 

neuronal activity and to promote desensitization of MOR responses.

Ptchd1 controls MOR trafficking and surface abundance

We next set out to determine the molecular mechanism by which Ptchd1 influences MOR 

function. Given the increased efficacy of opioid responses at the behavioral and cellular 

levels in Ptchd1 KO animals, we examined whether Ptchd1 affects MOR expression and 

localization to impact its signaling strength. For these studies, we turned to cell-based 

assays in HEK293 cells reconstituted with MOR. When expressed alone, MOR was 

robustly localized on the plasma membrane (Fig. 4a–c). In contrast, introduction of Ptchd1 

promoted intracellular retention of MOR and reduced its targeting to the plasma membrane 

(Fig. 4a–c; Extended Data Fig. 10a, b). To examine MOR localization dynamics, we 
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employed a nanoluciferase complementation system (Fig. 4d). Again, over-expression of 

Ptchd1 decreased the surface abundance of MOR (Fig. 4e) without affecting overall MOR 

expression (Fig. 4f; Extended Data Fig. 10c). These results indicate that Ptchd1 is sufficient 

for regulating MOR trafficking under basal conditions.

Next, we studied how Ptchd1 affects trafficking of MOR following activation by opioids. 

We found that co-expression of Ptchd1 significantly inhibited DAMGO-induced MOR 

internalization (Fig. 4g). Next, the MOR antagonist naloxone was added to examine the 

recovery of MOR back to the cell surface. We observed robust MOR recycling that 

was significantly inhibited by expressing Ptchd1 (Fig. 4h). Interestingly, overexpression 

of C. elegans PTR-25 similarly impaired MOR internalization triggered by DAMGO and 

produced an even stronger effect than human Ptchd1 (Extended Data Fig. 10d, e). This effect 

was specific to MOR, as Ptchd1 overexpression did not affect internalization of another 

GPCR, the β2 adrenergic receptor (Extended Data Fig. 10f, g). Thus, Ptchd1 and PTR-25 

are general inhibitors of MOR trafficking both to and from the plasma membrane.

Previous studies established β-arrestins as key players that control trafficking of many 

GPCRs including MOR29. Therefore, we next examined the effects of Ptchd1 on the 

association of MOR with β-arrestin2 (Fig. 4i). Consistent with Ptchd1 inhibiting MOR 

internalization, we found that Ptchd1 expression inhibited agonist induced β-arrestin2 

recruitment (Fig. 4j–l). We did not observe this influence with V2 vasopressin receptor, 

another GPCR prominently regulated by β-arrestin2 (Extended Data Fig. 10h–k). Overall, 

these results support the model that Ptchd1 regulates MOR trafficking by affecting its 

association with regulatory adaptors.

Cholesterol mediates effects of Ptchd1 on MOR

Prior studies have shown that several Patched family members regulate cholesterol 

transport30,31. Therefore, we tested whether Ptchd1 regulates cholesterol levels to affect 

MOR trafficking. Using a molecular biosensor approach (Fig. 4m), we found that 

overexpression of Ptchd1 significantly decreased the cholesterol content in the plasma 

membrane (Fig. 4n). This effect was similar to the action of the well-known cholesterol-

depleting drug methyl-β-cyclodextrin (MBCD) and was the opposite from direct cholesterol 

supplementation (Fig. 4n). We tested another multi-pass transmembrane protein, MOR, as a 

control and did not observe effects on membrane cholesterol levels (Fig. 4n).

We next determined whether Ptchd1 modulation of cholesterol affects MOR trafficking. 

Consistent with prior observations32, depleting cholesterol with MBCD inhibited MOR 

internalization (Fig. 4o) whereas cholesterol addition had the opposite effect (Fig. 4p). 

Accordingly, increasing or reducing cholesterol levels had opposing effects on β-arrestin 

recruitment to MOR (Extended Data Fig. 10 l–o). Importantly, both depletion and 

enrichment of cholesterol enhanced and occluded, respectively, the effects of Ptchd1 

overexpression on MOR internalization (Fig. 4o, p).

To examine an endogenous neuronal setting, we turned to acute cultures of adult 

nociceptors. First, we incubated genetic control DRG neurons with cholesterol, examining 

the impact on opioid-mediated suppression of excitability (Fig. 5a). We found that 
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cholesterol treatment increased opioid inhibition of DRG firing (Fig. 5a, b). Remarkably, 

after the first application of morphine and subsequent washout, a repeated challenge with 

morphine resulted in the same degree of excitability decrease (Fig. 5a–c,). Thus, cholesterol 

supplementation prevents response desensitization to morphine. To test the role of Ptchd1, 

we performed similar experiments using DRGs from Ptchd1 KO animals. We observed 

that enhanced excitability of Ptchd1 KO cells was reversed by treatment with MBCD (Fig. 

5d, e). Furthermore, cholesterol depletion with MBCD restored response desensitization of 

Ptchd1 KO neurons to repeated morphine application (Fig. 5d–f). We found that MBCD 

treatment similarly rescued both augmented opioid responses and their desensitization in the 

VTA GABAergic interneurons using slice preparation (Fig. 5. g–j). Thus, the cholesterol-

related mechanism for Ptchd1 effects on MOR is broadly observed across different types of 

neurons in both the peripheral and central nervous system.

Finally, we probed the in vivo relevance of Ptchd1 modulation of cholesterol on 

behavioral responses to opioids. For these experiments, we treated mice with simvastatin, 

a drug that lowers systemic cholesterol content but increases the high-density lipoprotein 

fraction of cholesterol33,34 potentially making cholesterol more available to influence 

MOR in neuronal cell membranes. Consistent with this prediction, we found that short-

term administration of simvastatin completely abrogated analgesic tolerance (Fig. 5k,l). 

Moreover, simvastatin substantially reduced signs of somatic withdrawal (Fig. 5m). 

Collectively, these findings with native neurons and in vivo support the model that Ptchd1 

regulates MOR desensitization by affecting cholesterol availability.

Discussion

In this study, we identify a poorly understood Patched family receptor, PTR-25/Ptchd1, 

as a novel regulator of opioid tolerance using two animal models, C. elegans and mice. 

Our findings indicate that Ptchd1 controls desensitization of opioid responses by regulating 

MOR trafficking in a cholesterol-dependent manner.

Chronic stimulation of MOR and other GPCRs triggers desensitization which leads to 

behavioral tolerance. A canonical example of tolerance, with particularly prominent clinical 

implications, is loss of therapeutic efficacy with prolonged use of opioids5,6. Tolerance 

diminishes both the analgesic and euphoric effects of opioid drugs, necessitating dose 

escalation. This in turn contributes to problematic side effects, such as dependence and 

overdose fatalities. Understanding the mechanisms underlying opioid tolerance and GPCR 

desensitization has been a major research focus for decades. Several processes affect MOR 

desensitization and influence tolerance including receptor phosphorylation, trafficking and 

interaction with G proteins and β-arrestins9. Although several mechanisms and players that 

regulate opioid tolerance have been described14,15,35–38, the process is not well understood 

at the molecular level. Here, we applied unbiased forward genetics to the study of opioid 

tolerance for the first time. Our in vivo behavioral approach identified PTR-25/Ptchd1 as 

an ancient evolutionarily conserved regulator of opioid tolerance. These findings introduce 

a new molecular target for intervention to combat tolerance, but not reward-associated 

dependence, which remains the most significant limitation of opioid therapies.
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Because opioid tolerance is a behavioral phenomenon, genetic screens for tolerance require 

an in vivo setting, such as the animal model we deployed. C. elegans features an expansive 

repertoire of GPCRs that utilize conserved signaling mechanisms and has unsurpassed 

utility for addressing challenging questions in biology39–42. Our study further leverages the 

power of C. elegans in addressing important biomedical questions, which now includes drug 

tolerance.

The genetic and molecular mechanisms governing MOR trafficking and how they relate 

to opioid tolerance in vivo have remained intensely studied yet incompletely understood 

and controversial areas of pharmacology. Here, we introduce Ptchd1/PTR-25 as a new 

player that regulates MOR trafficking to enable behavioral tolerance. Our findings 

support a model in which Ptchd1 regulates MOR trafficking by changing the membrane 

lipid environment via effects on cholesterol (Fig. 6). Our results indicate that Ptchd1 

regulates MOR internalization and inhibits its interaction with β-arrestin. This suggests 

that Ptchd1 restricts MOR endocytosis allowing prolonged signaling from the cell surface 

possibly reducing MOR re-sensitizing internalization and recycling43,44. Thus, Ptchd1 might 

facilitate persistent MOR signaling from the plasma membrane that ultimately induces 

tolerance. Ptchd1 may also link behavioral tolerance and acute MOR desensitization, as 

our findings indicate that loss of Ptchd1 makes neurons more resistant to the desensitizing 

effects of opioids.

Interestingly, we found that Ptchd1 KO mice also exhibited less severe somatic withdrawal 

signs despite their augmented opioid sensitivity. Although how this occurs remains 

unknown, we think that it may reflect a selective role of Ptchd1 in processes triggered 

by chronic opioid exposure. These could be distinct from the reactions that MOR utilizes 

to produce immediate analgesia and euphoria, as observed in several other genetic mouse 

models where opioid effects on various behaviors are also dissociated 12,18,45. Alternatively, 

this could be explained by different molecular landscapes for signaling adaptations to 

chronic opioid administration versus changes in signaling sensitivity of a receptor upon 

acute opioid stimulation.

On a cellular level, our results suggest that Ptchd1 regulates MOR trafficking via 

effects on cholesterol. Cholesterol can affect GPCRs by direct binding and indirectly by 

regulating receptor dynamics in the lipid environment46,47. Structural studies have shown 

that MOR possesses a cholesterol binding pocket48. Cholesterol has also been shown to 

regulate trafficking and signaling of MOR 32,49. We have shown that Ptchd1 reduces the 

cholesterol content in the plasma membrane, and that its effects on MOR trafficking depend 

on cholesterol availability. We further demonstrated the relevance of Ptchd1 cholesterol-

dependent mechanisms in opioid regulation of native neurons and behavioral tolerance, 

which substantially extends previous observations on the role of cholesterol in opioid 

effects50,51. Thus, we propose that Ptchd1 reduces cholesterol availability for MOR, thereby 

altering its trafficking dynamics and interaction with adaptor proteins. It remains to be 

determined whether cholesterol-regulated trafficking is the only mode by which Ptchd1 

affects MOR, or if additional mechanisms further shape the interplay between the two to 

control the effects of opioids.
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In addition to affecting receptor desensitization and tolerance, we report that Ptchd1 strongly 

influences the levels of MOR on the cell surface. Overexpression of Ptchd1 leads to 

intracellular sequestration of MOR. In contrast, loss of Ptchd1 substantially increases the 

efficacy of opioid signaling in neurons, presumably due to increased surface content of 

MOR. Thus, it appears that Ptchd1 also impedes forward targeting of MOR to the plasma 

membrane thereby serving as a general inhibitor of MOR trafficking.

Importantly, our results could also have broader implications for GPCR biology. Ptchd1 

belongs to the extensive and enigmatic family of Ptch proteins. The best studied member of 

this family, Ptch1, is a component of the Sonic hedgehog pathway that operates exclusively 

in the primary cilium52,53. There are intriguing parallels between our findings and the 

established role of Ptch1 as an inhibitor of Smoothened receptor trafficking into the 

cilium52,54. Interestingly, Ptch1 has been shown to control cholesterol availability and recent 

structural studies suggest that Ptch1 affects cholesterol to modulate Smoothened signaling54. 

Considering that both Smoothened and MOR are GPCRs, it is plausible that Ptch family 

proteins may serve as general regulators of GPCR trafficking. While Ptch1 actions are 

restricted to the cilium, other Ptch family members may regulate receptor trafficking in other 

compartments and cell-types. Determining how different Ptch proteins affect the enormous 

repertoire of over 800 GPCRs in metazoans now becomes an expansive, exciting area for 

future investigation.

Methods

C. elegans strains

C. elegans strains were maintained using standard methods and cultivated at 20°C. The 

following strains were used: N2 (wild isolate, Bristol, UK), CB4856 polymorphic Hawaiian 

strain (wild isolate, Hawaii, USA), tgMOR (bggIs10), tgMOR; rsbp-1 (vs163), frpr-13 
(bgg78), tgMOR; pha-1 (e2123), ptr-25 (bgg10), tgMOR; ptr-25 (bgg10), tgMOR; ptr-25 
CRISPR (bgg85), tgMOR; ttTi5605mos1, tgMOR; ptr-25 (bgg10); ttTi5605mosI, tgMOR; 

ptr-25 (bgg10); bggSi44 [Pptr-25PTR-25], tgMOR; ptr-25 (bgg10); bggSi45 [Prab-3PTR-25] 

and tgMOR; ptr-25 (bgg10); bggSi46 [Prab-3hPTCHD1].

C. elegans genetics

To identify mutations in tgMOR; bgg10, we employed SNP-based mapping coupled with 

Whole Genome Sequencing (WGS). TgMOR; bgg10 hermaphrodites were crossed with 

CB4856 males to generate F1 progeny (introducing pre-determined SNPs). At least 20 

F3 progeny (independent recombinants) were randomly selected and tested for opioid 

hypersensitivity. All phenotypically verified recombinants were cultivated to starvation and 

genomic DNA was extracted. WGS was done on purified genomic DNA using MiSeq DNA 

Sequencing System (Illumina, USA) with pair-end 250 nucleotide reads. WGS data was 

analyzed using a custom CloudMap pipeline on the Galaxy public server. The candidate 

mutation in ptr-25 (which results in a premature stop codon) identified in tgMOR; bgg10 
mutants by WGS was validated by co-CRISPR gene editing using tgMOR; pha-1 (e2123) as 

described previously18. TgMOR; ptr-25 CRISPR animals were isolated using temperature-

sensitive selection for pha-1 (25°C) and confirmed by PCR genotyping and sequencing. 
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To generate tgMOR; ptr-25 CRISPR animals (tgMOR; ptr-25 CRISPR (bgg85)), the exact 

premature stop codon (Q1032stop; 3094C>T) present in ptr-25 (bgg10) was CRISPR edited 

into the ptr-25 locus of parental tgMOR animals. The CRISPR repair template included 

a silent mutation to prevent Cas9 re-cutting and to facilitate PCR-based genotyping of 

tgMOR; bgg85 mutants using the HpyCH4IV restriction enzyme (Supplementary Table 3).

Transgenic rescues were performed using Mos1-mediated single copy insertion (MosSCI). 

PTR-25 expressing MosSCI plasmids were constructed using MosSCI backbone vectors 

(neomycin-resistance cassette). Gibson Assembly® (NEB, USA) was used to generate 

Pptr-25PTR-25 (pBG-332) which included ptr-25 cDNA, ptr-25 promoter (2000bp) and 

ptr-25 3’UTR (2000bp) assembled into a MosSCI vector (pBG-264). Gateway® Cloning 

(Invitrogen, USA) was used to generate plasmids for pan-neuronal expression: Prab-3PTR-25 

(pBG-GY862) and Prab-3hPTCHD1 (pBG-GY1050). C. elegans ptr-25 cDNA or codon-

optimized human PTCHD1 cDNA (NM_173495.3) were cloned into a PCR8 vector which 

was recombined with a MosSCI vector (pBG-GY805). All final constructs were verified 

by sequencing, and all strains containing integrated MosSCI transgenes were confirmed by 

PCR genotyping and sequencing.

Specific details about all transgenes, injection conditions, and CRISPR constructs used for 

this study are provided in Supplemental Tables 1–3.

C. elegans opioid assays and tolerance screen

Multi-Worm Tracker (MWT) was used to record all opioid-induced behaviors as described 

previously55. For each experiment, 4–5 young adult hermaphrodites were placed in 

individual wells containing 15 μL assay buffer (M9 + 0.01% Tween20). Five-minute 

baseline locomotion in liquid was recorded, 15 μL 2x opioid drug was added to desired 

concentration, and recording was resumed for 180 minutes. Mean speed was calculated 

every 5 minutes for each well using custom-written scripts. For each genotype, drug 

dose and time point, data was collected from 12 or more wells obtained from at least 3 

independent experiments.

To test opioid tolerance (illustrated in Fig 1B), synchronized young adults were divided into 

3 groups of animals. The first group was evaluated with a full dose-response to opioids 

(annotated as 1st). The second group was exposed 4 times to opioids (10 μM fentanyl or 

300 μM morphine; 3h exposure and 9h recovery in absence of drug) and tested with a full 

opioid dose-response (annotated as 5th, fentanyl or morphine). The third group of animals 

underwent the same protocol as the second group except using the vehicle (M9 + 0.01% 

Tween20) for repeated exposures (annotated as 5th, vehicle).

The screen for opioid tolerance contained two steps (illustrated in Fig 1D). The first 

step was a large-scale unbiased forward genetic screen for tgMOR mutants with altered 

opioid responses1. The second step was an unbiased screen for tolerance to repeated 

opioid exposure using twenty-seven tgMOR opioid hypersensitive mutants. Of the tgMOR 

hypersensitive mutants screened, only tgMOR; bgg10 mutants showed impaired tolerance. 

Statistical analyses and numbers for all experiments are specified in figure legends. Data for 

all experiments was obtained from a minimum of three independent experiments.
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For dose responses, maximum possible effect (MPE) was calculated based on MWT data. 

As shown in Supplemental Figure S1 (a-f), different doses of fentanyl alter the onset 

times to maximum paralysis, while the amplitude and duration of effect are only modestly 

different between doses. Therefore, we use the onset time of maximum paralysis as the 

parameter to calculate the maximum possible effect and opioid dose-response curves.

For tgMOR animals, doses tested are 5 μM, 10 μM, 20 μM, 40 μM, 80 μM and 160 μM. All 

doses evoke maximum paralysis and subsequent recovery within a 180-minute maximum 

timeframe. We define time to paralysis for 5 μM as the minimum dose effect (180 min - time 

to paralysis 5 μM), which upon normalization is 0% MPE. We define time to paralysis for 

160 μM as the maximum dose effect (180-time (min)160 μM), which upon normalization is 

100% MPE. The time point for maximum dose effect was evaluated manually.

For hypersensitive tgMOR mutants (tgMOR; ptr-25 and tgMOR; frpr-13), doses tested are 

2.5 μM, 5 μM, 10 μM, 20 μM, 40 μM and 80 μM. All doses evoke maximum paralysis and 

subsequent recovery within 180min. We define time to paralysis for 2.5 μM as the minimum 

dose effect (180 min - time to paralysis 2.5 μM), which upon normalization is 0% MPE. We 

define time to maximum paralysis for 80 μM as the maximum dose effect (180 min – time to 

paralysis 80 μM) which upon normalization is 100% MPE.

For tolerance assays with tgMOR animals or hypersensitive tgMOR mutants, fentanyl doses 

tested (after 4 exposures to a set dose) are 10 μM, 20 μM, 40 μM, 80 μM and 160 μM. We 

define time to paralysis for 10 μM as the minimum dose effect (180 min - time to paralysis 

10 μM), which upon normalization is 0% MPE. We define time to paralysis for 160μM as 

the maximum dose effect (180 min – time to paralysis 160 μM), which upon normalization is 

100% MPE.

Graphpad Prism software version 9.0.1 was used to generate dose-response curves by 

performing global nonlinear regression analysis and fitting to the log (agonist) vs. 

normalized response - variable slope model. Dose response curves are shown as best-fit 

curves, which are used to generate the corresponding EC50.

Mouse strains and behavior

This study was carried out in accordance with the recommendations of the Guide for 

the Care and Use of Laboratory Animals, as drafted, updated and published by National 

Research Council and as approved by the Institutional Animal Care and Use Committee 

at The Scripps Research Institute. In all experiments, mice used were 3–6 months old and 

group housed in a normal 12:12 light cycle at 72°F with 40–50% humidity and fed ad 
libitum. The Ptchd1-YFP knock in/knock out mice (B6; 129-Ptchd1tmGfng/J, JAX stock 

#028986) express YFP from the endogenous Ptchd1 locus22. We refer to this strain as 

Ptchd1 KO. Because Ptchd1 is an X-linked gene, behavioral studies were performed with 

littermates derived from crossing hemizygous males and heterozygous females producing 

littermate males that are either knockout or wild-type and only heterozygous females. 

In order to strictly control behavioral studies with littermate comparisons, it was only 

possible to use males. For electrophysiological studies, the targeted Ptchd1 allele needed 

to be present for the cell type identification, thus all control animals were heterozygous or 
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hemizygous for Ptchd1 allele. The MOR-mCherry reporter mice (B6;129S2-Oprm1tm4Kff/J, 

JAX stock # 029013) have the μ-opioid receptor (Oprm1) gene fused with the monomeric 

red fluorescent protein mCherry resulting in the expression of chimeric fluorescent 

protein56. For cell type identification in electrophysiological and histological studies, the 

Ptchd1 KO strain was crossed with MOR-mCherry mice. The Oprm1 allele was always kept 

heterozygous, maintaining one wild-type copy of Oprm1.

Conditioned Place Preference—Animals were initially placed into a three-chamber 

box (black and white designated chambers with connecting tunnel, built in house) and 

tracked (ANY-Maze, Stoelting Co., Wood Dale, IL USA) for 30 minutes. All animals had 

scored less than 60% of total time in all chambers and were deemed unbiased. Animals were 

then drug paired, using unbiased method, to either the white or black chamber for morphine 

stimulus (7.5, 10, 20 mg/kg, s.c.) and the other chamber paired to saline control. Animals 

were trained for 6 consecutive days, alternating in paired chambers. Once training was 

completed, mice were placed into the tunnel and given 30 minutes to explore. Conditioned 

place preference is graphed as Place Preference Score (time spent in morphine paired 

chamber - time spend in saline paired chamber); mean ± SEM.

Hotplate—Animals were tested for analgesic effects of morphine or fentanyl using hotplate 

set to 52°C. Mice were first tested with saline (s.c.) to establish baseline responses and 

then injected with either morphine (10, and 20 mg/kg, s.c.) or fentanyl (0.1 mg/kg, s.c.), 

then individually placed onto hotplate and observed for physical signs of heat sensitivity 

in 10 minute intervals. Latencies to the first nociceptive reaction including reflectory paw 

lifting, flinching or licking were determined at which point the mice were quickly removed 

from the hot plate. Any mice that showed no signs of discomfort after 50 second cut off 

were removed. Animals were tested every 30 minutes for 2 hours. Time (seconds) spent on 

hotplate is graphed as %MPE = [(test latency – baseline latency) / (cut off time latency – 

baseline latency) × 100], mean ± SEM.

To examine chronic tolerance, animals were injected initially with saline and tested for 

latency to react to establish baseline. Animals, were then injected with 20 mg/kg morphine 

or 0.15 mg/kg fentanyl and tested 30 minutes after for reaction latency for 5 (morphine) of 

10 (fentanyl) consecutive days. Initial weight and daily weight during testing were recorded. 

Reaction time (seconds) was graphed as %MPE = [(test latency – baseline latency) / (cut off 

time latency – baseline latency) × 100].

To examine acute tolerance, mice following determining the baseline latencies, were injected 

with the first dose of morphine (20 mg/kg; s.c.) and latency was recorded 30 minutes 

later. Animals were allowed to recover for 90 minutes at which point their baselines were 

measured again followed by repeating the injection with the second dose of morphine 

(20mg/kg; s.c.) and testing on the hotplate 30 minutes after second injection.

In some experiments morphine was delivered intracerebroventricularly (ICV) using 

previously established protocols57. In these experiments, animals were first tested with 

saline injected ICV 24 hours prior to morphine to establish normal baselines. On testing day, 
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animals were administered morphine (3.5 nmol) and tested in 10-minute increments on a 

hotplate set to 52°C for 1 hour.

Withdrawal—Animals were injected with saline to establish baseline and were tested 

for reaction time on hot plate prior to dose responses (Dose response 1 included 10, 20 

and 40 mg/kg morphine; s.c. Dose response 2 contained 20, 40, 60 mg/kg morphine; 

s.c.) All animals were given doses and tested on consecutive days. Animals were injected 

with 20mg/kg morphine s.c. for 5 days between dose responses. Initial weight and daily 

weight during testing were recorded. Reaction time (seconds) was graphed as %MPE = 

[(test latency – baseline latency) / (cut off time latency – baseline latency) × 100], mean ± 

SEM. Data set was analyzed with two-Way ANOVA Bonferroni post-hoc. Naïve animals 

were injected once daily with increasing dose of 20, 40, 60, and 80 mg/kg morphine (s.c.) 

and weight monitored daily. On the day 5, animals were injected 100 mg/kg morphine 

s.c. Withdraw was precipitated 3 hours later by injecting 1m/kg naloxone (s.c.). Withdraw 

was scored immediately for 30 minutes by number of jumps, dog shakes, paw tremor, 

backwalking, and tremor. Scores are presented normalized to 100 for WT control.

Tail Immersion—Mice were restrained in a tube with airholes with 2/3 of entire tail 

immersed in a water bath heated to 50°C. Latency to remove tail was recorded. Animals 

were tested for baseline latency using saline and given 30 minutes for recovery before 

morphine injections (5, 10, 20, 40 and 60 mg/kg; s.c.). For intrathecal delivery either saline 

or 0.35 μg morphine in saline was injected. Latency for tail removal with was tested at 

30 minutes after systemic morphine injections and 10 minutes after intrathecal delivery. To 

evaluate analgesic tolerance using tail immersion, mice were injected once daily either s.c. 

with 20 mg/kg morphine or intrathecally with 0.35 μg morphine followed by testing for five 

consecutive days.

Simvastatin study—Mice were acclimated to unheated hot plate for 3 consecutive days 

prior to start of study. Animals were then orally gavaged with either vehicle (distilled water) 

or simvastatin (10 mg/kg in distilled water) for 5 consecutive days. On the six day and 

on, the animals first received oral gavage followed by evaluation of baseline pain responses 

on hot plate 30 minutes later. Morphine (20 mg/kg) was then administered and animals 

re-tested 30 minutes after on the hotplate. This protocol was repeated for 5 consecutive 

days to evaluate analgesic tolerance. To evaluate withdrawal, mice continued to receive 

escalating doses of morphine (40, 60, 80 and 100 mg/kg, daily). On testing day of 100 

mg/kg morphine, animals were injected with naloxone (1 mg/kg; i.p.) after 3 hours of 

morphine injection, placed into empty sterile house cages and recorded for 30 minutes.

Open Field and Naltrexone Study—Animals were injected with either saline or 

naltrexone solution in saline (4 mg/kg; i.p.), placed into open field arena (30 × 30 cm) 

and tracked for movement (Noldus EthoVision XT; Leesburg VA USA) for 60 minutes. 

Distance traveled was recorded. In parallel, naïve non-injected animals were also similarly 

evaluated by the open field test for 120 minutes.
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Whole cell patch-clamp recordings

Male or female mice between 3–6 months of age were used for VTA and NAc slice 

electrophysiology. Due to X-linked nature of Ptchd1 gene and the need to rely on genetic 

labeling strategy to identify neurons expressing both MOR and Ptchd1 for recordings 

Ptchd1+/− female littermates were used as controls in lieu of WT. See genetic cross scheme 

in Extended Data Fig. 7 for the details on breeding scheme and controls. The mice were 

anesthetized with isoflurane, decapitated, and brains quickly removed and submerged in 

ice-cold NMDG cutting solution containing (in mM): 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 

30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 

10 MgCl2, adjusted to pH 7.3–7.4 with HCl. VTA horizontal brain slices (250 μm) were 

cut on a vibratome (VT1200S, Leica), divided along the midline, incubated for 25 minutes 

at 34°C in NMDG cutting solution, then transferred and held in for up to 6 hours in 25°C 

recirculating oxygenated aCSF (containing in mM: 125 NaCl, 3 KCl, 1.2 KH2PO4, 1.2 

MgSO4, 25 NaHCO3, 2 CaCl2, 10 dextrose, adjusted to pH 7.3–7.4 with HCl.) Slices were 

transferred to a submerged chamber and continuously perfused at 2 ml/min with oxygenated 

aCSF. Recordings were obtained with borosilicate glass pipettes (2–5 MΩ) filled with either 

Cs+2 internal (containing in mM: 110 CsMeSO3, 10 CsCl, 11 EGTA, 1 CaCl2, 2 MgCl2, 10 

HEPES, adjusted to pH 7.3–7.4 with CsOH) or filled with K+ internal (containing in mM: 6 

NaCl, 4 NaOH, 130 K-gluconate, 11 EGTA, 1 CaCl2, 1 MgCl2, 10 HEPES, 2 Na2ATP, and 

0.2 Na2GTP, adjusted to pH 7.3–7.4 with HCl, 285–295 mOsm).

For VTA slice morphine-evoked GIRK recordings, current was measured with K+ internal 

while clamping at −70 mV and monitoring input resistance with a periodic 10mV, 10ms 

hyperpolarizing step in 30 second intervals. Cells were excluded if input resistance varied 

>20% while recording. For each slice, 1 μM morphine was perfused twice with a 30 minute 

washout interval. In the MβCD rescue group, Ptchd1 KO slices were perfused with 2 mM 

MβCD for 10 minutes preceding bath application of 1μM morphine. Desensitization was 

calculated as the ratio of sample means between each application of morphine, and the 

standard error by Taylor expansion.

For recordings from DRG neurons, acutely dissociated culture was prepared as previously 

described58. Briefly, DRG’s were dissected from 2–3 month old mice in HBSS and 

enzymatically dissociated with Collagenase A and Dispase II (Sigma-Aldrich) for 20–30 

minutes at 37°C. DRG were centrifuged at 200x g for 5 minutes, washed with DMEM 

supplemented with 10% FBS, glutamate, sodium pyruvate, and penicillin/streptomycin 

and triturated in Neurobasal A medium supplemented with 10% fetal bovine serum, 1% 

penicillin, 1% streptomycin, 1% GlutaMax, 2% B27, 25 ng/L NGF, and 2 ng/L GDNF. After 

plating on laminin-coated coverslips, cells were incubated at 37°C overnight. Experiments 

were performed the day after dissection.

Nociceptors were identified both by genetic labeling of MOR, and previously described 

physiologic classification protocols59. To identify hyperpolarization-activated current and 

kinetics of resulting transient currents, membrane potential was stepped from −60 mV to 

−110 mV for 500 ms in 10 mV increments (Protocol 1). Inward currents were identified 

by with two protocols, first preconditioning membrane potential at −100 mV for 500 ms, 

then stepping from −60 mV to 40 mV in 10 mV increments for either 200 ms (Protocol 2) 
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or 2 ms (Protocol 3). Protocol 2 was used to identify the activation threshold of A-current 

peaks and the A-current decay constant at 40 mv. Protocol 3 was used to determined the 

inactivation decay constant of the first inward current response. Membrane capacitance 

(Cm) and series resistance (Rs) were determined by a hyperpolarizing 10 mV pulse of 

10ms duration initially and at a 30 second interval throughout the recording period. Cells 

were recorded only if initial series resistance ≤20 MΩ and excluded if Rs varied >20% 

while recording. For whole-cell voltage-clamp recordings, neurons were held at Vm = −70 

mV. For spontaneous mIPSC recordings, K+ internal was used and tetrodotoxin (TTX, 

1μM) was added to high-K+ perfusion ACSF (containing in mM: 118 NaCl, 10 KCl, 1.2 

KH2PO4, 1.2 MgSO4, 25 NaHCO3, 2 CaCl2, 10 dextrose, adjusted to pH 7.3–7.4 with 

HCl). Current-voltage relationships were generated using a voltage-step protocol, from −100 

mV to 80 mV in 10 mV increments. Signals were filtered at 10 kHz and sampled at 20 

kHz using Patchmaster software (HEKA Instruments) with an EPC10 amplifier (HEKA 

Instruments) and transferred with an ITC-16 ADC (HEKA Instruments) for offline analysis. 

Liquid-junction potentials were not corrected.

Cell Culture

HEK239T/17 cells (ATCC; CRL-11268) were maintained in culture medium (DMEM 

supplemented with 10% v/v fetal bovine serum, MEM non-essential amino acids, and 1 

mM sodium pyruvate). On the day prior to transfection, cells were split to 8 × 105 cells 

on 35 mm plates in culture medium supplemented with 1 μg/mL Matrigel and incubated 

at 37°C for 24 hours. Cells were then transfected using Lipofectamine LTX Reagent with 

PLUS Reagent (Invitrogen, A12621). All transfected DNA’s were balanced to 5 μg using 

pcDNA3.1 and added dropwise per manufacturer’s instructions. Cells were incubated for 

24 hours at 37°C prior to experiments. For polyethylenimine (PEI) transfections, cells were 

plated at 1.6 × 106 cells per mL on 35 mm cell culture plates in culture media supplemented 

with 1 μg / mL Matrigel. Cells were incubated for 3–4 h at 37°C, 5% CO2. All transfected 

DNA’s were balanced to 5 μg using pcDNA3.1. and transfected using the polyethylenimine 

(PEI) transfection reagent as described60.

Imaging and Analysis

Imaging of brain sections was performed on a Zeiss LSM 880 confocal microscope using 

a 20x objective or the Zeiss LSM 980 microscope using a 10x objective. Imaging of 

immunocytochemistry cells was performed on a Leica SP8 MP using 25x water-immersion 

objective. Co-localization analysis was performed with ImageJ (https://imagej.nih.gov/ij/) 

and 12 cells for each condition (with and without PTCHD1). Lines were drawn across cells, 

avoiding the nucleus, and the fluorescence values from the plasma membrane (confirmed 

by sodium-potassium ATPase antibody) and intracellular membranes were quantified and 

reported as a percentage of total fluorescence intensity values along the line. Co-localization 

analysis using the entire cell was done using the JACoP plugin in Image J and the Pearson’s 

Correlation Coefficient was reported.

Immunohistochemistry

Mice were perfused with ice-cold PBS followed by 4% paraformaldehyde in PBS. Brains 

were removed and fixed at 4° C for 12–72 hours. 75 micron sections were taken and 

Maza et al. Page 17

Nat Neurosci. Author manuscript; available in PMC 2023 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://imagej.nih.gov/ij/


washed in PBS for 15 minutes. Sections were incubated in blocking solution (5% normal 

goat serum, 2% BSA, 0.2% Triton X-100, 1x PBS) for 1 hour, then incubated with rabbit 

anti-EGFP antibody (Invitrogen A11122) overnight at 4° C at 1:1000 dilution. Sections were 

washed with PBS for 1 hour, then incubated in Alexa Fluor 488 goat anti-rabbit secondary 

antibody for 4 hours at room temperature. Sections were washed in PBS for 1 hour then 

mounted onto glass slides using Fluoromount with DAPI.

Immunocytochemistry

HEK293T/17 cells were grown on coverslips coated in poly-d-lysine and transfected with 

0.21 μg (1x) of HA-tagged MOR and 0.42 μg (2x) of codon-optimized Ptchd1-FLAG. 

The next day cells were fixed in 4% paraformaldehyde in PBS for 20 minutes and then 

permeabilized in 0.5% Triton X-100 in PBS for 5 minutes. Cells were blocked with 5% 

milk in 0.1% Triton X-100 in PBS for 1 hour at room temperature. The following primary 

antibodies were diluted in 1% milk in 0.1% Triton X-100 in PBS: anti-HA (Roche) dilution 

1:500, anti-sodium potassium ATPase (Invitrogen MA5–32184) dilution 1:1000, and anti-

FLAG M2 (Sigma-Aldrich, F1804) dilution 1:1000. Cells were incubated with primary 

antibody for 2 hours at RT, washed with 0.1% Triton X-100 in PBS for 15 min, then 

incubated with the following secondary antibodies diluted in 1% milk in 0.1% Triton X-100 

in PBS: AlexaFluor Goat anti-rat 488, AlexaFluor donkey anti-mouse 647, and AlexaFluor 

Donkey anti-rabbit 546 for 1 hour. All secondary antibodies were used 1:500 dilution. Cells 

were then washed in 0.1% Triton X-100 in PBS for 15 minutes, washed in PBS for 15 

minutes, then mounted onto slides with Fluoromount containing DAPI.

In Situ Hybridization

RNA in situ hybridization was performed using RNAscope V2 Assay (Advanced Cell 

Diagnostics) for Akt (Mm-Ptchd1-C1; Cat No. 489651), Oprm1 (Mm-Oprm1-C3; Cat 

No. 315841), and Rbfox3 (NeuN; Mm-Rbfox3-C4; Cat No. 313311) probes. Protocol 

was performed per manufacturer’s instructions. Wild-type mice were perfused with 4% 

paraformaldehyde (PFA) and the brains were left overnight in PFA. Brains were stored in 

cryoprotectant at −20°C until sliced in a vibratome (Leica VT1000S) at 40 μm. Dorsal root 

ganglion (DRG) extraction was performed in rapidly euthanized wild-type mice and placed 

into 4% PFA for 48 hrs and moved to cryoprotectant until use. DRGs were embedded in 

Tissue-Tek OCT (Sakura Cat: 4583) and sliced on a microtome at 40 μm. All slices were 

washed 10x in PBS every 5 minutes to remove OCT and remove detriment. Brain slices 

were mounted on Super Frost Plus slides (Fisher Scientific; Cat No. 12–550-15). Slides were 

postfixed in 4% PFA in 1x PBS for 1 hour at 4°C. The slides were dehydrated in 50, 70, 

and 100% ethanol, and subsequently dried at room temperature for 5 minutes; an ImmEdge 

Hydrophobic Barrier PAPpen (Vector Laboratories; Cat No. H-4000) was used to draw on 

the slides around the brain sections. The slides were then treated with Protease III solution at 

room temperature for 30 minutes, followed by washing in 1x PBS. Probes were then applied 

and incubated at 40°C for 2 hours in a humidified incubator. Slides were incubated with 

amplifier probes (AMP1, 40°C for 30 minutes; AMP3, 40°C for 30 minutes; AMP4, 40 °C 

for 15 minutes) and then incubated with fluorescently labeled probes Opal 520 nm, Opal 570 

nm and Opal 690 nm for Ptchd1, Oprm1 and NeuN respectively. After washing, slides were 

cover slipped using ProLong Diamond Antifade Mountant (Thermo Fisher; P36961). Images 
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were taken within 48 hours of staining on a Zeiss LSM980 confocal microscope. Confocal 

images were acquired with a 20× objective.

Surface Abundance Assays

In the following assays the Nano-Glo® HiBiT Extracellular Detection System (Promega, 

N2420) and the PHERAstar FSX plate reader (BMG Labtech) were used. For all assays, 

0.21 μg (1x) HiBit-tagged human mu opioid receptor (HiBiT-hMOR) or HiBit-tagged β2 

adrenergic receptor (HiBit-ADRB2) and 0, 0.21 (1x), or 0.42 μg (2x) of codon-optimized 

PTCHD1-FLAG or PTR-25-FLAG in pcDNA3.1 vector were transfected into HEK293T/17 

cells. The day after transfection, cells were re-plated at 1.5 × 105 cells per well of a 96-well 

plate (in DMEM without phenol red, supplemented with 10% v/v fetal bovine serum, MEM 

non-essential amino acids, and 1 mM sodium pyruvate) and allowed to adhere for 3 hours. 

Media was then aspirated and 50 μl of BRET buffer (0.1 % (w/v) glucose, 1x phosphate-

buffered saline, and 0.5 mM MgCl2) containing 1x NanoGlo® reagent and 1x LgBiT protein 

were added to each well. Plates were loaded into plate reader set at 37° C and luminescence 

was measured every 150 s for 15 minutes to allow for signal equilibration as described in 

manual. The final luminescence measurement was recorded as protein surface abundance. 

To measure total abundance, 200 μg/mL digitonin was added to BRET buffer containing 1x 

NanoGlo® reagent and 1x LgBiT protein to allow for cell lysis, after which luminescence 

was measured as described above. To measure internalization, surface abundance was first 

measured as described, then 10 μM DAMGO was added and luminescence was measured 

every 150 seconds for 20 minutes. The final time point was recorded as surface abundance 

after internalization and compared with the surface abundance prior to addition of DAMGO.

For the cholesterol depletion or enrichment, cells were incubated with 4 mM 

methylbetacyclodextrin (MBCD) (Acros Organics, 377110050) or 200 μg/mL water-soluble 

cholesterol (Sigma, C4951) in DMEM without phenol red supplemented with MEM non-

essential amino acids, 1 mM sodium pyruvate, and 25 mM HEPES) for 1 hour prior to 

beginning the experiment. Final results were normalized to expression level.

To measure recycling, cells were incubated with 10 μM DAMGO for 20 minutes, after 

which BRET buffer containing 1x NanoGlo® reagent and 1x LgBiT protein and 10 μM 

DAMGO was added and luminescence was measured every 150 seconds for 15 minutes. 

The final time point was recorded as surface abundance after internalization. Then 100 μM 

naloxone was added and luminescence was measured every 150 seconds for 1 hour. The 

final time point was recorded as surface abundance after recycling and compared with the 

surface abundance after internalization.

Analysis was performed on 5–9 independent experiments with three technical replicates 

each.

Western Blotting

HEK293T/17 cells were transfected with 0.21 μg (1x) of HiBiT-hMOR and 0.21 μg (1x) 

of PTCHD1-FLAG. Cells were harvested in PBS, centrifuged at 6000 g for 1 min, and 

resuspended in 1% Triton X-100 lysis buffer (1 M Tris-HCl pH 7.4, 4M NaCl, 10% w/v 

Triton X-100, 1x Complete protease inhibitor cocktail). Cells were then sonicated for 10s on 
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ice at 30% power, incubated on ice for 30 min, and centrifuged 20,000 g for 10 min at 4° C. 

2x Laemmli sample buffer was added and 12 μl of each sample were loaded onto two gels. 

Gels were run at 200V for 30 min. Western blot was then run for each gel for 2 hours at 30V.

For the HiBiT western, the Nano-Glo® HiBiT Blotting System was used. The western 

blot PVDF membrane was incubated overnight at 4° C in PBS /Tween-20. After replacing 

PBS/Tween-20 with 1x Nano-Glo® Blotting Buffer, LgBit protein was added and incubated 

with rocking for 2 hours at room temperature. Nano-Glo® Luciferase Assay Substrate was 

added to Blotting buffer with LgBit and mixed well by rocking. Following incubation for 

5 min at room temperature the membranes were imaged with chemiluminescence imager 

(KwikQuant).

For FLAG and GAPDH detection, PVDF membrane was incubated in 5% milk in PBS/

Tween-20 for 1 hour at room temperature. Anti-FLAG M2 (Sigma-Aldrich, F1804), dilution 

1:1000 or anti-GAPDH (EMD-Millipore, MAB374) dilution 1:5000 antibodies were diluted 

into 1% milk in PBS/Tween-20 and incubated at 4° overnight. After washing for 30 minutes 

with PBS-Tween20, the secondary antibodies were applied in 1% milk in PBS/Tween20 

and incubated at room temperature for 1 hour. Following final washes for 30 minutes with 

PBS/Tween20 and rinse with water, KwikQuant western detection kit reagents were added 

and the blots were imaged with a KwikQuant imager.

Cholesterol Sensor BRET assay

HEK293T/17 cells were transfected with 1.26 μg (6x) of DNA encoding the D4 cholesterol 

sensing domain of Perfringolysin O with YDA mutations to enhance cytosolic plasma 

membrane cholesterol binding as described61. The resulting cholesterol sensor was placed in 

a pcDNA3.1 vector with an EGFP appended to the C-terminus. Cells were also transfected 

with 0.21 μg (1x) GRK3cterm-NanoLuc-KRas. The next day, cells were washed with 1 mL 

of BRET buffer then lifted from plates using 1 mL BRET buffer (0.1 % (w/v) glucose, 1x 

phosphate-buffered saline, and 0.5 mM MgCl2), centrifuged for 5 min at 500 × g, and then 

resuspended in 1.5 mL of BRET buffer. 25 μl of each cell suspension was added in triplicate 

to wells of the 96 well plate. Twenty five μl of 2x Nano-Glo® luciferase was injected into 

each well and BRET signal was then measured in cells with and without PTCHD1-FLAG 

and hMOR, as well as in cells treated for 1 hour prior to harvesting with 4 mM MBCD 

or 200 μg/mL water-soluble cholesterol. BRET ratio (535 nm / 475 nm) was reported. 

Quantitative analysis was performed on six independent experiments with three technical 

replicates each.

NanoBiT® β-arr2 Recruitment Assay

Assays were performed as described (Wang 2019) using the Promega NanoBiT® 

protein:protein interaction assay system with the following modifications: Cells were plated 

at 1.6 × 106 cells on a 35 mm cell culture dish and transfected using the polyethylenimine 

(PEI) transfection reagent. The following cDNAs were transfected and balanced to five μg 

using empty vector: 0.42 μg (2x) MOR-SmBiT pcDNA3.1, 0.21 μg (1x) β-arrestin-2-LgBiT 

pcDNA3.1, 0.21 μg (1x) or 0.42 μg (2x) codon optimized PTCHD1-FLAG pcDNA3.1 or 

VPR2-SmBit pcDNA3.1. For treatment with 4 mM MβCD or 200 μg / mL cholesterol, 
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overlaying cell media was removed and replaced with 50 μl of freshly-prepared reagent in 

BRET buffer (1x PBS, 0.5 mM MgCl2, 0.1% (w/v) D-glucose) and incubated at 37°C, 5% 

CO2 1 hour prior to start of the assay.

Statistics and Reproducibility

All statistical tests and sample sizes are specified in the Figure Legends and in specific 

sections of the Methods where appropriate. Data distribution was assumed to be normal 

but this was not formally tested. All C. elegans behavioral data was acquired using 

computationally automated methods which are unbiased. For mouse experiments, the 

experimenters were blinded to the genotype when subjective scoring criteria were used 

(somatic withdrawal), other tests were videotaped and relied on measurable parameters 

during which the experimenters were not blinded. No statistical method was used 

to predetermine sample size. No data were excluded from the analyses. No specific 

randomization methods were used. Animals were randomly assigned to experimental 

groups depending on genotype. Cells were allocated into experimental groups based on 

experimental condition (DNA transfection). Control cells transfected with empty vectors 

were used in all experiments utilizing cultured cells.
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Extended Data

Extended Data Fig.1. TgMOR; bgg10 mutants show impaired tolerance to fentanyl and 
morphine
a, Time course showing animal speed after application of different concentrations of 

fentanyl (arrow) for tgMOR animals at 1st exposure (naïve animals). b, Time course of 

fentanyl doses for tgMOR after repeated (5x) exposure to negative control vehicle. c, Time 

course of fentanyl doses for tgMOR after repeated (5x) exposure to fentanyl (10μM). d, 

Time course of fentanyl doses for tgMOR; bgg10 mutants at 1st exposure (naïve animals). 

e, Time course of fentanyl doses for tgMOR; bgg10 after repeated (5x) exposure to vehicle. 

f, Time course of fentanyl doses for tgMOR; bgg10 after repeated (5x) exposure to fentanyl 

(10μM). g, Dose-response curves showing tgMOR animals develop tolerance after repeated 

(5x) exposure to morphine (300μM). h, Quantitation of opioid efficacy (EC50 values from g) 
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shows decreased morphine efficacy and development of tolerance by tgMOR animals after 

repeated (5x) exposure to morphine. For a-h, automated MWT was used to acquire all data. 

Plotted is mean data for n=12 wells (4–5 animals/well) for all conditions and genotypes. 

Data for 12 wells were derived from 3 independent experiments. For g and h, data points 

and histograms are means. n=3 independent experiments with each experiment derived from 

4 wells (4–5 animals/well) per dose. For g, error bars are ± SEM. For h, error bars are ± SD 

and data were analyzed using one-way ANOVA and Bonferroni’s post hoc test. ***p<0.001

Extended Data Fig 2. RSBP-1/R7BP and FRPR-13 show differential effects on opioid tolerance.
a, Dose-response curves showing tgMOR; rsbp-1 mutants do not develop tolerance after 

repeated (5x) exposure to fentanyl (10 μM). b, Quantitation of opioid efficacy (EC50 values 

from a) shows similar fentanyl efficacy and absence of tolerance in tgMOR; rsbp-1 mutants 

after repeated (5x) exposure to fentanyl. c, Dose-response curves showing tgMOR; frpr-13 
mutants develop tolerance after repeated (5x) exposure to fentanyl (10 μM). d, Quantitation 

of opioid efficacy (EC50 values from c) shows decreased fentanyl efficacy and development 

of tolerance by tgMOR; frpr-13 mutants after repeated (5x) exposure to fentanyl. For 

a-d, data points and histograms are means ± SD. n=3 independent experiments with each 

experiment derived from 4 wells (4–5 animals/well) per dose for all genotypes. For b and d, 

data were analyzed using one-way ANOVA and Bonferroni’s post hoc test. ***p<0.001

Maza et al. Page 23

Nat Neurosci. Author manuscript; available in PMC 2023 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 3. Altered opioid responsiveness of TgMOR; bgg10.
a, Representative traces of individual animal movement acquired using MWT after 

application of fentanyl (10μM) for indicated time and genotypes. b, Time course of fentanyl 

response (10μM, arrow) for indicated genotypes. Arrow denotes fentanyl application. Note 

only tgMOR and tgMOR; bgg10 animals respond to fentanyl. TgMOR; bgg10 mutants are 

hypersensitive reaching maximum paralysis after 45 minutes in fentanyl. For b, plotted is 

mean data for n=12 wells (4–5 animals/well) for all genotypes. Data for 12 wells were 

derived from three independent experiments. Data were analyzed using two-way ANOVA 

and Bonferroni’s post hoc test. ***p<0.001
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Extended Data Fig. 4. Mutations in tgMOR; bgg10 occur in PTR-25/F43D9.1, a conserved 
member of the Patched protein family.
a, Plot showing analysis of whole genome sequence data with mapped region of 

chromosome III (red and grey bars) containing bgg10. b, Gene diagram showing Q1032stop 

nonsense mutation (red arrow) in ptr-25 (F43D9.1) contained in mapped region from 

tgMOR; bgg10 mutants. c, PTR-25 protein with Sterol Sensing Domain (SSD, yellow), 

Patched family domain (blue) and arginine rich domain (grey). bgg10 mutation, Q1032stop, 

highlighted (red arrow). d, Phylogenetic analysis of Patched family proteins including all 
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major subfamilies: PTC/PTCH, NCR/NPC, DISP/PTCHD2, PTCHD1/4 (shaded in green) 

and the PTR group which is heavily expanded in C. elegans. Note PTR-25 has closest 

homology to mammalian PTCHD1/4. Protein sequences from human (black), mouse (light 

blue), fly (dark blue) and C. elegans (red) were aligned with Clustal W. Phylogenetic tree 

was constructed using maximum likelihood method with 1000 bootstrap replicates.

Extended Data Fig. 5. Validation of PTR-25/PTCHD1 as causal gene mutated in tgMOR; bgg10 
animals that results in opioid hypersensitivity.
a, Time course of fentanyl application for indicated genotypes. Arrow indicates application 

of fentanyl (10μM). TgMOR; ptr-25 CRISPR animals phenocopied hypersensitivity in 

tgMOR; bgg10 mutants. b, Native rescue with PTR-25 restored opioid sensitivity of 

tgMOR; bgg10 animals. c, Pan-neuronal rescue (rab-3 promoter) with PTR-25 reversed 

opioid sensitivity of tgMOR; bgg10 mutants. d, Time course of fentanyl application (5μM, 

arrow) for indicated genotypes. Note transgenic expression of human PTCHD1 using 

the native ptr-25 promoter rescues opioid hypersensitivity of tgMOR; bgg10 animals. e, 

Dose-response curves with fentanyl showing transgenic human PTCHD1 decreased opioid 

sensitivity of tgMOR; bgg10 animals. For a-d, plotted is mean data for n=12 wells (4–5 

animals/well) for all genotypes. For e, n=3 independent experiments with each experiment 

derived from 4 wells (4–5 animals/well) per dose for all genotypes. Data points are means 
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± SD. For a-d, data were analyzed by two-way ANOVA with Bonferroni’s post hoc test. 

***p<0.001, * p<0.05

Extended Data Fig. 6. Behavioral characterization of opioid responsiveness of Ptchd1 KO mice.
a, Evaluation of activity levels by tracking distance traveled in an open field. Data are from 7 

WT and 6 Ptchd1 KO mice.

b, Evaluation of activity levels by calculating total distance traveled in an open field over 

120 minutes (from panel a). Data are from 7 WT and 6 Ptchd1 KO mice.
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c, Evaluation of activity levels by tracking distance traveled in an open field in first 10 

minutes and last 10 minutes from panel a. Data are from 7 WT and 6 Ptchd1 KO mice.

d, Evaluation of activity levels by tracking distance traveled in an open field after naltrexone 

or saline injection. Data are from 7 WT and 6 Ptchd1 KO mice.

e, Analysis of time course of morphine analgesia by hot plate assay upon systemic morphine 

administration. Data are from 7 WT and 6 Ptchd1 KO mice.

f, Evaluation of morphine induced analgesia in hot plate assay upon intracerebroventricular 

(ICV) injection of morphine. Data are from 7 male mice per genotype.

g, Analysis of time course of morphine analgesia in the hot plate assay following ICV 

injection of morphine. Data are from 7 male mice per genotype.

h, Evaluation of analgesia by hot plate assay with systemic fentanyl administration. Data are 

from 7 male mice per genotype.

i, Analysis of time course of fentanyl analgesia by hot plate assay from the experiment in 

panel d.

j, Evaluation of chronic analgesic tolerance by hot plate assay. Data are from 7 male mice 

per genotype

k, Quantification of analgesic efficacy reduction as a difference in the MPE between session 

1 and 10 from panel j. Data are from 7 male mice per genotype.

l, Evaluation of opioid induced hyperalgesia by hot plate assay. Baseline response latencies 

of mice receiving repeated fentanyl injections (in panel j) prior to drug administration.

m, Quantification of opioid induced hyperalgesia as a difference in the baseline latencies 

between session 1 and 10 from panel l. Data are from 7 male mice per genotype.

n, Evaluation of acute analgesic tolerance by hot plate assay. Mice received repeated 

morphine injections (20 mg/kg) 120 minutes apart. Data are from 5 WT and 7 Ptchd1 
KO mice.

o, Quantification of analgesic efficacy reduction as a difference in the MPE between session 

1 and 2 from panel n. Data are from 5 WT and 7 Ptchd1 KO mice.

p, Evaluation of analgesia by tail immersion assay after intrathecal administration of 

morphine. Data are from 9 WT and 5 Ptchd1 KO mice.

q, Evaluation of analgesic tolerance by tail immersion assay. Mice received repeated 

intrathecal morphine injections (3.5 μg) over 5 days. Data are from 9 WT and 5 Ptchd1 
KO mice.

r, Quantification of analgesic efficacy reduction as a difference in the MPE between session 

1 and 5 from panel q. Data are from 9 WT and 5 Ptchd1 KO mice.

For panel a, d, and q, statistical comparisons were performed by 2-way ANOVA and Šídák 

post-hoc test. For panel c, e, g, i, j, l, and p, statistical comparisons were performed 

by 2-way ANOVA and Bonferroni’s post hoc comparison. For panels f, h, and n, 

statistical comparisons were performed by multiple unpaired two tailed Student’s t-test with 

Bonferroni’s post hoc. For b, k, m, o, and r, statistical comparisons were performed by 

unpaired two tailed Student’s t-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mean 

values with S.E.M. errors are shown. MPE, maximum possible effect.
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Extended Data Fig. 7. Characterization of Ptchd1 – MOR co-expression across the brain.
a, Schematic of Ptchd1:YFP and MOR-mCherry mouse genetic manipulations. In the 

Ptchd1-YFP mouse, exon 1 of the Ptchd1 gene has been replaced with YFP with a 

YFP-bovine growth hormone poly-A tail (BGH) cassette. In the MOR-mCherry mouse, 

mCherry was inserted just before the stop codon on exon 4. For electrophysiology and 

expression studies, the Ptchd1-YFP mouse was crossed with the MOR-mCherry mouse. 

All mice imaged were heterozygous for the MOR-mCherry allele and homozygous for the 

Ptchd1-YFP allele. For electrophysiology experiments, control mice were heterozygous the 

Ptchd1-YFP allele and the MOR-mCherry allele. Ptchd1 KO mice were homozygous for the 

Ptchd1-YFP allele and heterozygous for the MOR-mCherry allele. “-“ denotes genetically 

modified allele, “+” is the wild-type allele.
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b-g, Co-expression of MOR and PTCHD1 in locus coeruleus (b-c), nucleus accumbens 

(d-e), and thalamus (f-g). Representative immunohistochemistry images of brain sections 

from Ptchd1−/− /

MOR-mCherry–/+ mice showing PTCHD1-YFP and MOR-mCherry co-expression. Scale 

bar is 250 μm in panel b and 100 μm in d and f. Quantification was performed by counting 

neurons with identified presence of indicated markers in each region from n=3 (panel c and 

e) and n=4 (panel g) mice per genotype. Mean values with S.E.M. errors are shown in all bar 

graphs.
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Extended Figure 8. Analysis of MOR co-expression with Ptchd1 and morphological effects of 
Ptchd1 loss.
a, In situ hybridization in brain sections from WT animals. Slices were processed for 

the detection of the indicated probes in dorsal root ganglia (DRG), striatum (STR) and 

ventral tegmental area (VTA) using RNAScope. Neuronal marker NeuN was used to identify 

neurons.

b, Quantifications of regional size and cell density in VTA and NAc between Ptchd1 KO and 

control genotypes. VTA included 8,071 cells from n=3 in control and 7,812 cells from n=3 
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in Ptchd1 KO mice. NAc included 46,979 cells from n=3 in control and 41,111 cells from 

n=3 in Ptchd1 KO mice.

c, Quantification of membrane capacitance from recorded DRG nociceptors (control n=26 

cells, 8 mice; Ptchd1 KO n=34 cells, 7 mice), VTA GABAergic interneurons (control 

n=22 cells, 8 mice; Ptchd1 KO n=25 cells, 12 mice), VTA dopamine projection neurons 

(control n=6 cells, 3 mice; Ptchd1 KO n=7 cells, 4 mice), and NAc medium spiny neurons 

(control n=12 cells, 4 mice; Ptchd1 KO n=12 cells, 5 mice) between Ptchd1 KO and control 

genotypes.

For panel b and c, the statistical comparisons were performed by unpaired two-tailed 

student’s t-test. *p<0.05, n.s. is p>0.05. Mean values with S.E.M. errors are shown.

Extended Data Fig. 9. Electrophysiological characterization of opioid responses in Ptchd1 KO 
neurons.
a, Representative whole-cell current recordings of Ptchd1 KO and control DA neurons 

illustrating inhibition of sIPSC frequency by application of 10 μM DAMGO.

b, Quantification of both baseline sIPSC frequencies and their inhibition in DA neurons 

upon sequential applications of increasing concentrations of DAMGO. Control n=6 cells, 3 

mice; Ptchd1 KO n=7 cells, 4 mice

c, Schematic of recordings from medium spiny neurons (MSN) in the NAc. Activation of 

MOR on MSNs depresses their excitability.
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d, Quantification of rheobase from baseline, through two applications of 10μM morphine 

and recovery. Control n=8 cells, 4 mice and 3 cells, 3 mice; Ptchd1 KO n=6 cells, 4 mice 

and 3 cells, 3 mice for the first and second application, respectively.

e, Quantification of 10μM morphine responses as the difference in rheobase.

f, Quantification of desensitization between first and second morphine responses. n=3 cells 

from 3 mice.

For panel b, the statistical comparison was performed by 2-way ANOVA with Holm-Šídák 

post-hoc test. For panel e, the statistical comparison was performed by a mixed-model 

ANOVA with Holm-Šídák post-hoc test. For panel f, the statistical comparison was 

performed by an unpaired two-tailed student’s t-test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Mean values with S.E.M. errors are shown.
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Extended Data Fig 10. Cell biological characterization of Ptchd1 actions.
a, Representative immunofluorescence images examining co-localization of MOR with 

Na+/K+ ATPase. n=8 cells from each genotype.

b, Quantification of the Ptchd1 effect on co-localization based on Pearson’s correlation 

coefficient in confocal images of fixed cells. 0x and 2x refer to the amount of DNA 

transfected, where x = 0.21 μg. n=12 cells from each genotype. Significance determined 

using unpaired two tailed Student’s t-test. ***p<0.001

c, Western blot of HEK293T cells expressing HiBiT-MOR alone or with PTCHD1-flag.
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d, Schematic of the assay design to study the effect of C. elegans protein PTR-25 

on internalization of MOR. Addition of LgBit to cells expressing HiBit-MOR forms a 

nanoluciferase (nLuc) enzyme. DAMGO treatment causes internalization of the complex 

and quenching of the luminescence.

e, Quantification of DAMGO-induced internalization of HiBiT-MOR in HEK293T cells 

with or without PTR-25 co-expression. 0, 1x, and 2x refer to the amount of DNA 

transfected, where x = 0.21 μg. n=5 biologically independent experiments. Significance 

determined using one-way ANOVA and Dunnett’s post-hoc. *p<0.05

f, Schematic of assay design to study the effect of Ptchd1 on internalization of β2-

adrenergic receptor (ADRB2). Addition of LgBit to cells expressing HiBit-ADR2B forms a 

nanoluciferase (nLuc) enzyme. Isoproterenol treatment causes internalization of the complex 

and quenching of the luminescence.

g, Quantification of isoproterenol induced internalization of HiBit-ADRB2 in HEK293T 

cells with or without PTCHD1 co-expression. 0x, 1x, and 2x refer to the amount of DNA 

transfected, where x = 0.21 μg. n=4 biologically independent experiments. Significance 

determined using one-way ANOVA and Dunnett’s post-hoc. n.s. is p>0.05

h, Experimental design of β-arrestin recruitment assay to study the effect of Ptchd1 on type 

2 vasopressin receptor (VPR2). Addition of arginine vasopressin (AVP) induces recruitment 

of LgBiT-tagged β-arr2 to VPR2-SmBiT to form a functional nLuc enzyme.

i, Time course of Ptchd1 effect on recruitment of β-arr2 to VPR2 determined in n=5 

biologically independent experiments.

j, Quantification of the effect of Ptchd1 on the maximum fold-change of β-arr2 recruitment 

from data in panel i. Significance determined using one-way ANOVA. n.s. is p>0.05

k, Quantification of the initial rate of β-arr2 recruitment to MOR from data in b. 0x, 

1x, and 2x refer to the amount of DNA transfected, where x = 0.21 μg. n=5 biologically 

independent experiments. Significance determined using one-way ANOVA and Dunnett’s 

post-hoc. n.s.,p>0.05

l, Schematic of the assay design of β-arrestin recruitment assay. Addition of DAMGO 

induces recruitment of LgBiT-tagged β-arr2 to MOR-SmBiT to form a functional nLuc 

enzyme.

m, Modulation of DAMGO mediated- βarr2-LgBiT recruitment to MOR-SmBiT following 

incubation with 4 mM MBCD or 200 μg / mL cholesterol. n=7 biologically independent 

experiments for control and MβCD and n=6 biologically independent experiments for 

cholesterol.

n, Quantification of the maximum fold change and o, the initial recruitment rate from 

panel n. Significance was determined using a one-way ANOVA and Dunnett’s post-hoc. ns, 

p>0.05, *p<0.05, ***p<0.001, ****p<0.0001.

In all graphs mean values with S.E.M. errors are shown.
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Figure 1. Forward genetic screen in C. elegans identifies PTR-25/Ptchd1 as a regulator of opioid 
tolerance
a, Schematic of C. elegans tgMOR opioid model.

b, Opioid tolerance assay using tgMOR C. elegans. Opioid dose-response analyzed before 

(1st) and after (5th) repeated exposures to vehicle or opioid.

c, Quantitation of fentanyl induced paralysis before (1st) and after (5th) repeated exposures. 

n=12 wells (4–5 animals/well) for each condition. Data derived from n=3 independent 

experiments.

d, Summary of results from two-stage forward genetic screen for tgMOR tolerance mutants 

from hypersensitive mutant collection.
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e, Quantitation of fentanyl (10 μM) induced paralysis with repeated drug exposure (left). 

n=24 wells (4–5 animals/well). Change in fentanyl response calculated as difference 

between 1st and 5th exposure. n=6 independent experiments with 4 wells/experiment.

f, Dose-response curves showing that tgMOR animals develop tolerance upon repeated (5x) 

exposure to fentanyl (10 μM). Paralysis was measured and quantified as maximal possible 

effect (MPE) based on time to paralysis.

g, Dose-response curves analyzing tolerance in tgMOR; bgg10 animals after repeated (5x) 

exposure to fentanyl (10 μM).

h, Quantitation of fentanyl responsiveness for indicated genotypes (EC50 values for f and g).

i, Topology of C. elegans PTR-25 and human PTCHD1.

j, Dose-response curves analyzing tolerance in tgMOR; ptr-25 CRISPR animals after 

repeated (5x) exposure to fentanyl (10 μM).

k, Dose-response curves analyzing tolerance in tgMOR; bgg10 animals expressing 

transgenic PTR-25 after repeated (5x) exposure to fentanyl (10 μM).

l, Quantitation of fentanyl responsiveness for indicated genotypes (EC50 values for j and k).

m, Quantitation of fentanyl responsiveness for indicated genotypes (EC50 values).

For panels c, h, l, m, statistical comparisons were performed by one-way ANOVA with 

Bonferroni’s post hoc test. Data in pane1 e (left) was analyzed using two-way ANOVA 

followed by post hoc Bonferroni’s test and in panel e (right) using a two-tailed unpaired 

Student’s t-test. In panels c and e, data points and histograms show means with error bars 

representing SEM. In panels f-h and j-m, data points and histograms are means with error 

bars representing SD. For f-h and j-m, n = 3 independent experiments with each experiment 

derived from 4 wells (4–5 animals/well) per dose for all genotypes. **p<0.01, ***p<0.001
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Figure 2. Knockout of Ptchd1 in mice enhances opioid efficacy and eliminates tolerance.
a, Evaluation of morphine reward by conditioned place preference test. For the 0 mg/kg and 

10 mg/kg dose, n=11 animals per genotype; for the 20 mg/kg dose, n=7 WT and n=5 Ptchd1 
KO mice. b, Evaluation of analgesia by hot plate assay. n=7 WT and n=6 Ptchd1 KO mice.

c, Evaluation of analgesia by tail immersion assay. n=5 WT and n=9 Ptchd1 KO mice.

d, Evaluation of analgesic tolerance by hot plate assay. n=5 male mice per genotype

e, Quantification of analgesic efficacy reduction as a difference in the MPE between session 

1 and 5 from panel d.
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f, Evaluation of opioid induced hyperalgesia by hot plate assay.

g, Quantification of opioid induced hyperalgesia as a difference in the baseline latencies 

between session 1 and 5 from panel f.

h, Evaluation of analgesic tolerance by tail immersion assay. n=5 WT and n=9 Ptchd1 KO 
mice.

i, Quantification of analgesic efficacy reduction as a difference in the MPE between session 

1 and 5 from panel h.

j, Evaluation of opioid induced hyperalgesia by tail immersion assay. Baseline response 

latencies of mice receiving repeated morphine injections (in panel h).

k, Quantification of opioid induced hyperalgesia as a difference in the baseline latencies 

between session 1 and 5 from panel j.

l, Dose-response profile of analgesic tolerance. Mice were evaluated by tail immersion assay 

before and after repeated injections of morphine (20 mg/kg). n=7 WT and n=6 Ptchd1 KO 
mice.

m, Evaluation of somatic withdrawal following precipitated withdrawal from chronic 

morphine administration. n=12 WT and n=11 Ptchd1 KO mice.

For panels a, b, and c, statistical comparisons were performed by 2-way ANOVA and 

Šídák’s post hoc comparison. For panels d, f, h, and j the statistical comparisons were 

performed by 2-way ANOVA and Bonferroni’s post hoc comparison. For panels e, g, i, k, 

and m, statistical comparisons were performed by unpaired two tailed Student’s t-test. In 

panel l data was analyzed by one-way ANOVA with Tukey’s post hoc comparison. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. Mean values with S.E.M. errors are shown.
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Figure 3. Ptchd1 regulates opioid efficacy and response desensitization.
a, Distribution of MOR-mCherry and PTCHD1-YFP in a representative coronal section.

b, Co-expression of MOR and Ptchd1 in the ventral tegmental area (VTA).

c, Quantification of MOR and Ptchd1 coexpression in the VTA. 239 neurons, n=13 mice.

d, Circuit diagram of recording sites in the VTA.

e, Traces of averaged GIRK current evoked by 10μM DAMGO in GABA neurons. 

Amplitudes ranged from 19 pA to 333 pA across genotypes and conditions.
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f, Quantification of maximal GIRK response amplitudes elicited by DAMGO in GABA 

neurons. In control n=8,5,8 cells from 4,4,5 mice; in Ptchd1 KO n=8,6,10 cells from 6,4,5 

mice for 0.1, 1 and 10 μM DAMGO, respectively

g, Traces of averaged GIRK currents evoked by repeated application of 1 μM DAMGO.

h, Quantification of desensitization between paired first and second DAMGO-evoked GIRK 

currents. In control n=8,5,6 cells from 4,4,5 mice; in Ptchd1 KO n=7,6,7 cells from 6,4,5 

mice for 0.1, 1 and 10 μM DAMGO, respectively

i, Co-expression of MOR-mCherry, PTCHD1-YFP and Nissl (white) in DRGs.

k, Diagram of a DRG nociceptor.

l, Quantification of rheobase at baseline and in response to repeated application of 10μM 

morphine in Ptchd1 KO and control DRG nociceptors. In control n=19 and 5 cells, 4 mice; 

in Ptchd1 KO n=19 and 7 cells, 4 mice for first and second treatment, respectively.

j, Quantification of MOR and Ptchd1 coexpression in DRG. 1126 neurons, n=3 mice.

m, Quantification of morphine responses as change in rheobase from baseline to 1st 

application of 10μM morphine, and washout to 2nd application of 10 μM morphine for 

Ptchd1 KO and control DRG nociceptors. Numbers are the same as in panel l.

n, Quantification of desensitization between first and second morphine responses in Ptchd1 
KO and control DRG nociceptors. n=5 cells, 4 mice for control and n=7 cells, 4 mice in 

Ptchd1 KO.

For panels f and h and n, the statistical comparisons by unpaired two-tailed student’s t-test. 

For panel m, by a mixed-model ANOVA with Holm-Šídák post-hoc test. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Mean values with S.E.M. are shown.
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Figure 4. Molecular mechanism of Ptchd1 action in MOR regulation.
a, Co-expression of HA-MOR and PTCHD1-FLAG in HEK293 cells.

b, MOR fluorescence intensity distribution across white line in a. One representative cell is 

shown for each condition.

c, Quantification of subcellular MOR distribution from 12 cells for each genotype.

d, Experimental design of assays determining cell surface abundance, internalization and 

recycling of MOR.
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e, Ptchd1 effect on MOR surface abundance from n=9 biologically independent experiments. 

Varying levels (1x, 2x) of Ptchd1 cDNA were transfected.

f, Ptchd1 effect on total MOR levels from n=5 biologically independent experiments.

g, Ptchd1 effect on MOR internalization. Loss of nLuc signal 17.5 min following addition of 

10 μM DAMGO determined in n=9 biologically independent experiments.

h, Ptchd1 effect on MOR recycling. Restoration of nLuc signal 60 min after treatment with 

100 μM naloxone determined in n=6 biologically independent experiments and normalized 

to surface abundance.

i, Experimental design of β-arrestin recruitment assay.

j, Time course of Ptchd1 effect on recruitment of β-arr2 to MOR determined in n=7 

biologically independent experiments.

k, The effect of Ptchd1 on the maximum fold-change of β-arr2 recruitment from data in j.
l, The initial rate of β-arr2 recruitment to MOR from data in j. Data are from n=5 

biologically independent experiments.

m, Schematic illustration of assay design for determining cholesterol content in the plasma 

membrane.

n, The effect of Ptchd1 and other manipulations in the cholesterol BRET assay. Data are 

from n=6 biologically independent experiments.

o, The effect of Ptchd1 on MOR internalization following cholesterol depletion by 4 mM 

MBCD (methyl-β-cyclodextrin). Data are from n=5 biologically independent experiments.

p, Ptchd1 effects of on DAMGO-mediated MOR internalization following treatment with 

200 μg/ml cholesterol. Data are from n=5 biologically independent experiments.

For panel c statistical comparisons were performed by an unpaired two tailed Student’s 

t-test. In panels e, f, g, h, k and l the results were analyzed by two-way ANOVA with 

Dunett’s post-hoc test. In panels m-p significance was determined using a one-way ANOVA 

with Tukey’s post-hoc test. All data are presented as mean ± S.E.M. ns, p>0.05, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5. Role of cholesterol in mediating the effects of Ptchd1 on MOR desensitization in an 
endogenous neuronal setting.
a, Changes in rheobase in control (Ptchd1 heterozygous) DRG induced by 200 μg/mL 

cholesterol. Control n=19 and 5 cells, 4 mice; Cholesterol n=8 and 5 cells, 3 mice first and 

second treatment, respectively.

b, Quantification of morphine responses as change in rheobase from panel a, same numbers.

c, Quantification of desensitization between first and second morphine responses in panel b. 

Control n=5 cells, 4 mice, cholesterol n=5 cells, 3 mice.
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d, Changes in rheobase in Ptchd1 KO DRG upon 4 mM MBCD treatment. Ptchd1 KO 
n=19 and 7 cells, 4 mice; MBCD n=15 and 15 cells, 3 mice for first and second treatment, 

respectively.

e, Quantification of morphine responses as change in rheobase from panel d, same numbers.

f, Quantification of desensitization between first and second morphine responses in panel e. 

Ptchd1 KO n=7 cells, 4 mice, MBCD n=15 cells, 3 mice.

g and h, Mean GIRK current density profiles evoked in VTA GABA neurons evoked by 1 

μM morphine.

i, Peak GIRK current density elicited by morphine in panels g and h. Control n=6 cells, 4 

mice; Ptchd1 KO n=7 cells, 4 mice; MBCD n=7 cells, 4 mice.

j. Quantification of desensitization between the first and second morphine responses. Same 

numbers as in panel i.

k. Evaluation of analgesic tolerance by hot plate assay in WT mice treated with simvastatin 

(10mg/kg) for 5 days.

l. Quantification of analgesia reduction as a difference in the MPE between session 1 and 5 

from panel k.

m. Evaluation of somatic withdrawal signs following precipitated withdrawal from chronic 

morphine administration.

For panels b and e, significance by two-way ANOVA with Holm-Šídák post-hoc test. 

For panels c, f, and l, significance by unpaired two-tailed Student’s t-test. In panel 

i, comparisons by mixed-model ANOVA, with Tukey’s multiple comparisons test. For 

panel j, comparisons were by a one-way ANOVA with Tukey’s multiple comparisons 

test. For panel k, comparisons by two-way ANOVA and Šídák post-hoc test. For panel 

m, comparisons by two-way ANOVA and Bonferroni post-hoc test. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Mean values with S.E.M. errors are shown.
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Figure 6. Proposed mechanism for Ptchd1 regulation of MOR signaling and opioid tolerance.
Ptchd1 acts to deplete membrane cholesterol which in turn affects MOR dynamics 

impeding its trafficking to the surface and internalization following activation by opioids. 

When trapped on the surface due to Ptchd1 action, MOR fails to undergo resensitizing 

internalization/recycling leading to prolonged signaling which triggers desensitization and 

tolerance. Red inhibitory bars and red arrows indicate negative regulatory functions and 

effects on reducing membrane cholesterol levels, respectively.
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