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Abstract

Synthetic cathinones (SCs) are designer, psychostimulant drugs of abuse that primarily act on 

monoamine transporters; little is known about their off-target liability. Abuse of pyrrolidine-

containing SCs, such as α-PHP, has been linked to clinical features, including tachycardia and 

hypertension, and psychiatric events, including delusions and memory impairments—effects 

mimicking deliriant hallucinogens that are acetylcholine muscarinic receptor (MR) antagonists. α-

PHP and nine analogs with modifications in the α-carbon side chain length and/or containing a 

methylenedioxy moiety were screened for activity at each of the five human MRs. Increasing the 

length of the α-carbon side chain of 1-phenyl-2-(pyrrolidin-1-yl)ethan-1-one analogs from a 

methyl (α-PPP) to a propyl (α-PVP) group caused a steep increase in affinity at all MR subtypes, 

and one extra carbon (α-PHP) further enhanced MR affinity; the presence of a methylenedioxy 

moiety generally hindered this effect. Highest MR affinity was observed with α-PHP at M2Rs—its 

M2R affinity (Ki = 251 nM) was 302-fold higher than α-PPP’s. M2R-cAMP inhibition and β-

arrestin recruitment assays showed that α-PHP is an M2R antagonist (Kb = 120 and 502 nM, 

respectively). Additional experiments showed α-PHP is also an antagonist of M1R-inositol 

phosphate production (Kb = 1.4 μM). Human toxicology studies report blood concentrations of 

pyrrolidine-containing SCs, including α-PHP, that reach micromolar levels during intoxication, 

indicating α-PHP’s MR activity might have physiological relevance. As M2Rs and M1Rs are 

widely expressed in the autonomic and central nervous systems, α-PHP’s anticholinergic activity 

might be relevant to adverse events associated with α-PHP intoxication.
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INTRODUCTION

Synthetic cathinone (SC) drugs of abuse are derivatives of the psychostimulant, cathinone, 

an alkaloid found in the plant Catha edulis.1 Although many SCs originated from 

pharmaceutical industry research in the 1960s,2,3 they have been circulating in the United 

States clandestine drug market since about 2010. By 2017, there were more than 100 SCs 

identified worldwide.4 The pyrrolidine-containing SCs (PSCs) α-pyrrolidinopentiophenone 

(α-PVP, known colloquially as “flakka” or “gravel”) and 3,4-methylenedioxypyrovalerone 

(MDPV) are two of the most notorious.5 Nonhuman animal studies and human reports 

suggest they have high abuse and dependence liability, and they have been linked to 

numerous deaths worldwide.6−9 After the Drug Enforcement Administration (DEA) 

classified MDPV and α-PVP as U.S. Schedule I substances in 2011 and 2014, respectively, 

α-pyrrolidinohexiophenone (α-PHP), which was unscheduled, grew in popularity. In July, 

2019 α-PHP was classified as a Schedule 1 substance via a temporary scheduling order. α-

PHP, however, remains a popular drug of abuse. According to a recent DEA report, α-PHP 

is one of the ten most frequently reported SCs in the United States.10

PSCs chiefly produce effects by directly inhibiting dopamine and norepinephrine 

transporters (DAT and NET, respectively), which increases extracellular dopamine and 

norepinephrine levels.4 Euphoria, increased empathy, sociability, and energy are desired 

effects produced by PSCs, but adverse effects abound, especially at high doses. These 

include clinical features such as tachycardia, hypertension, and urinary retention but also 

psychiatric symptoms such as anxiety, paranoia, and delirium, e.g., psychosis and memory 

impairments.11−13 Although these symptoms can be attributed to sympathomimetic actions 

or dopaminergic toxicity,14 we found it unusual that the prevalence of adverse events, such 

as tachycardia, urinary retention, and delirium, appears to vary across psychostimulants. For 
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example, tachycardia caused by α-PHP is reportedly stronger compared to other PSCs, 

including α-pyrrolidinobutiophenone (α-PBP) and MDPV.12,15 Also, symptoms of delirium 

are more associated with α-PVP and α-PHP than α-pyrrolidinopropiophenone (α-PPP), 

amphetamine, or cathinone, according to searches of online forums (e.g., Bluelight and 

Erowid) and Assi et al.13 Though delirium can occur after prolonged (decades) use of 

cathinone,8 we could not find any reports of delirium associated with acute cathinone or α-

PPP intoxication searching PubMed or Web of Science databases. We are aware, however, 

that the absence of reports does not prove an association is lacking.

One common, distinguishing chemical feature of α-PVP and α-PHP compared to α-PPP, 

amphetamine, and cathinone is the lipophilic, α-carbon chain length. Cathinone, 

amphetamine, and α-PPP have a single methyl group attached, whereas α-PVP has three 

(propyl group) and α-PHP has four (butyl group) hydrogen-saturated carbons in the chain 

(see Table 1). These observations suggest the α-carbon chain may contribute to adverse side 

effects of unsubstituted PSCs. Indeed, increasing the chain length from one carbon to four 

causes a stepwise increase in DAT affinity and dopamine reuptake inhibition potency.16,17 

The differences in DAT potency, however, between α-PVP and α-PHP are minor and not 

significant,16 yet α-PHP reportedly produces more pronounced tachycardia than α-PVP.15 

There is a paucity of clinical data, however, directly comparing effects of individual PSCs, 

and pharmacokinetic factors might account for differences in subjective effects. 

Nevertheless, preclinical cytotoxicity studies using dopaminergic SH-SY5Y cells show that 

α-PPP and α-PBP are less potent than α-PVP, despite all drugs possessing LC50 values at 

millimolar concentrations that far exceed their IC50 potencies at DAT and NET,18 i.e., DAT 

and NET are saturated by PSCs at high micromolar concentrations.16 These data suggest 

pharmacodynamic effects beyond DAT and NET.

Muscarinic receptors (MRs) are G protein-coupled receptors (GPCRs) expressed 

ubiquitously in mammalian tissue and serve numerous, critical physiological functions, from 

regulating cognition and memory to heart rate and bladder detrusor muscle contraction.19 

MR antagonists, such as tropicamide, atropine, and scopolamine, when insufflated, taken 

orally, or intravenously, are well-known deliriant hallucinogenic drugs that also cause 

tachycardia and urinary retention,20−22 which led us to hypothesize that certain SCs are MR 

antagonists. Our initial experiments showed that SCs and PSCs with a single methyl group 

at the α-carbon, e.g., 4-bromomethcathinone, α-PPP, and 3,4-methylenedioxy-α-

pyrrolidinopropiophenone (MDPPP), have nil affinity at M1Rs.23 In the current structure-

activity relationship (SAR) study, we conducted pharmacological assays assessing the 

activity of 10 PSCs at human M1Rs, M2Rs, M3Rs, M4Rs, and M5Rs, systematically 

evaluating the effect of increasing the α-carbon side chain of unsubstituted PSCs and 

methylenedioxy-containing PSCs. The purpose of this study was to provide new information 

regarding the pharmacodynamic properties of PSCs. Our primary finding suggests that, in 

addition to its well-reported sympathomimetic properties,12 α-PHP is also a 

parasympatholytic drug; it blocks M2Rs and M1Rs at physiological concentrations.
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RESULTS AND DISCUSSION

The motivation to evaluate the activity of PSCs at MRs emanated from reports that adverse 

events caused by certain PSCs appear to mimic anticholinergic deliriants. Ten SCs, 

including five unsubstituted and five methylenedioxy-containing PSCs (Tables 1 and 2, 

respectively), were initially screened at 1 and 10 μM concentrations in [3H]scopolamine 

radioligand competition binding assays to obtain estimated affinities at each of the five MRs 

subtypes. [Determination of estimated affinities is described in Methods.] In these 

experiments, α-PPP and α-PBP displaced <5% of 1 nM [3H]scopolamine from each of the 

MR subtypes; however, increasing the lipophilic, α-carbon side chain length to butyl, α-

PHP, caused a precipitous increase in MR binding, providing the initial observations of a 

SAR for unsubstituted PSCs, which we further explored and discuss in detail in the 

following paragraphs.

Affinity screens at 1 and 10 μM concentrations showed no consistent SAR for the 

methylenedioxy-containing analogs (Table 2, Figure S-1), except at M1Rs, where, like the 

unsubstituted PSCs, increasing the lipophilic side chain to butyl, 3,4-methylenedioxy-α-

pyrrolidinohexiophenone (MDPHP), led to increased affinity. The estimated Ki of MDPHP 

at M1Rs was 3.63 μM—the highest estimated affinity of all methylenedioxy-containing 

PSCs at MRs. Thus, the bulky, methylenedioxy moiety hinders interaction with MRs.

M2Rs are the highest expressed MR in the heart and urinary bladder, and M1Rs are the 

highest expressed MR in the brain,24,25 organs impacted by PSCs, such as α-PHP. Thus, we 

focused our attention on the activity of unsubstituted PSCs at M2Rs and M1Rs. We 

performed full dose-response [3H]scopolamine competition binding experiments with the 

five unsubstituted PSCs at M2Rs and M1Rs; the MR agonist, oxotremorine, and the MR 

antagonist, atropine, were included as controls. Figure 1 shows competition binding curves 

at M2Rs for the unsubstituted PSCs and oxotremorine. As shown in Table 1 (and confirming 

initial estimates), the affinity of unsubstituted PSCs at M2Rs and M1Rs increased stepwise 

with increasing side chain length up to butyl.

There was, first, a drastic leap in affinity from α-PPP to α-PVP. For example, the affinities 

(Ki values) of α-PPP and α-PBP at M2Rs were 73 μM and 40 μM, respectively, whereas the 

Ki of α-PVP at M2Rs was 824 nM—an 89-fold and 49-fold increase in affinity compared to 

α-PPP and α-PBP, respectively. The Ki of α-PHP at M2Rs was 251 nM—a striking 302-fold 

increase in M2R affinity compared to α-PPP. At M1Rs, from α-PPP to α-PHP, there was a 

similarly striking 121-fold increase in affinity. With an additional carbon, α-

pyrrolidinoheptaphenone (α-PHPP), there was a modest decrease in affinity at M2Rs and 

M1Rs. α-PVP, α-PHP, and α-PHPP exhibited modestly higher affinity for M2Rs compared 

to M1Rs, and like M2Rs, α-PHP possessed highest M1R affinity relative to all other 

unsubstituted PSCs. Considering estimated affinities at M3Rs, M4Rs, and M5Rs, all 

unsubstituted PSCs had lowest affinity at M4Rs. Based on these results, we conclude that a 

butyl side chain on unsubstituted PSCs is optimal for binding M2Rs and M1Rs.

The massive impact of the α-carbon chain length of unsubstituted PSCs on M2R and M1R 

potency indicates it is a critical determinant for interaction with MRs. Moreover, the impact 
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is remarkably greater than what has been reported for binding of unsubstituted PSCs at DAT 

and NET—the primary targets of PSCs; the affinity of α-PHP at DAT and NET is 81-fold 

and 6-fold higher than α-PPP, respectively.16 Nevertheless, the fact that increasing the 

lipophilic, α-carbon chain length of unsubstituted PSCs, but not methylenedioxy-substituted 

PSCs, causes substantial increases in affinities at two disparate targets—MRs and 

monoamine transporters—begs the question of whether this phenomenon extends to other 

proteins, and whether these other putative targets further contribute to toxicity caused by 

unsubstituted PSCs. Unsubstituted PSCs with extended alkyl chains appear to be more 

cytotoxic than methylenedioxy-substituted PSCs, including the extremely potent DAT 

inhibitor, MDPV.26 For example, Wojcieszak et al.26 reported that α-

pyrrolidinooctanophenone (α-PV9) potently decreased mitochondrial activity and severely 

damaged cellular membranes; this effect was not observed with MDPV. Though this could 

be attributed to the shorter α-carbon chain in MDPV, a recent clinical report notes that the 

frequency of tachycardia and agitation is higher in α-PVP compared to MDPV cases.30 

Additional studies are needed to determine whether aliphatic nitrogen substituents with 

increased lipophilic side chains increase toxicity. For example, tests of 2-(methylamino)-1-

phenylpropan-1-one (methcathi-none) versus 2-(methylamino)-1-phenylhexan-1-one (hexe-

drone) are warranted. Also warranted are studies evaluating effects of electronics and 

increased lipophilicity that arise from heterocyclic nitrogen substituents; for example, tests 

of differences between PSCs and piperidine-containing SCs. In conclusion, our results 

suggest two features of SCs impart MR off-target activity: 1) alkyl chains extending to at 

least propyl; and 2) the absence of a methylenedioxy moiety.

To test whether α-PHP displays antimuscarinic properties, we assessed, first, its functional 

capability to interfere with the agonist response of oxotremorine at M2Rs. We conducted 

cell-based, M2R-cAMP and M2R-β-arrestin recruitment experiments, with EC80 

concentrations of oxotremorine [80% of the maximum effective concentration—a 

concentration chosen to maximize signal-to-noise without reducing sensitivity to detect 

antagonist effects] and a range of concentrations of α-PHP, spanning its affinity obtained 

from radioligand competition binding experiments. As shown in Figure 2, the positive 

control agonist, oxotremorine, decreased forskolin-stimulated cAMP production with an 

EC50 of 29 nM (pEC50 = 7.54 ± 0.12) and an EC80 of 130 nM (Figure 2A); analysis of 

[3H]scopolamine M2R competition binding results showed that oxotremorine data best fit to 

a two-site model (R2 = 0.98; F (2, 60) = 23.02, P < 0.0001, relative to a one-site model; pKi 

High = 7.92 ±0.40; pKi Low = 6.15 ± 0.10), consistent with its agonist activity. α-PHP 

completely inhibited M2R stimulation by oxotremorine, with a potency, Kb, of 120 nM (pKb 

= 6.92 ±0.03) (Figure 2B). The maximal effect of α-PHP on cAMP production was above 

the effect of forskolin alone, suggesting basal (or constitutive) M2R activity that was blocked 

by α-PHP.27 Thus, α-PHP is likely an inverse agonist of the M2R-cAMP signaling pathway. 

α-PHP exhibited similar pharmacology, but had lower potency, to block oxotremorine-

stimulated β-arrestin recruitment to M2Rs (Figure 3). Oxotremorine increased β-arrestin 

recruitment with an EC50 of 1.95 μM (pEC50 of 5.71 ± 0.11). α-PHP completely inhibited 

oxotremorine-stimulated β-arrestin recruitment with a Kb of 501 nM (pKb = 6.30 ± 0.12), 

and α-PHP’s maximal effect extended below basal signaling, suggesting α-PHP is also an 

inverse agonist of M2R-β-arrestin recruitment. We also tested atropine as a control in this 
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assay (Figure S-2). Its Kb at M2Rs was 2.57 nM (pKb = 8.59 ± 0.00), and it appeared to act 

as a neutral antagonist. The Kb for atropine is consistent with the Ki we obtained, 1.26 nM 

(pKi = 8.90 ± 0.07; best fit to a one-site model) from [3H]scopolamine competition binding 

(data not shown)—a value close to other observations (pKi = 8.91), i.e., as reported on the 

Psychoactive Drug Screening Program Ki database.

M2Rs in the heart are essential for controlling chronotropic activity and contribute to 

inotropic activity.28 Parasympathetic, autonomic activation of cardiac M2Rs lowers heart 

rate to maintain normal physiological rhythms. Blocking these receptors causes tachycardia 

and can cause acute hypertension. The MR antagonist, atropine, for example, is used in 

hospitals to treat bradycardia, increasing heart rate, and tachycardia is a well-characterized 

side effect of atropine used medicinally for other conditions. Cardiovascular events are a 

primary cause of death associated with PSCs.29 Our observations demonstrating that α-PHP 

acts as a potent antagonist at M2R suggest this pharmacodynamic effect may contribute to 

the reportedly higher tachycardia associated with α-PHP; according to the World Health 

Organization’s Critical Review Report on α-PHP, tachycardia is an extremely common side 

effect, and some consumers report that it is stronger than other PSCs;15 we are mindful, 

however, of the inherent subjectivity and perhaps inaccuracies associated with self-reports.

Owing to its relatively short history as a drug of abuse, the clinical toxicology data on α-

PHP are scant relative to other PSCs, like α-PVP, but given the high structural similarity 

between the two, we conjecture that they have similar pharmacological actions at MRs. In 

one study where α-PVP was confirmed analytically to be the only stimulant responsible for 

intoxication, 80% of the patients presented with tachycardia.30 While this is attributed to 

sympathomimetic activity, e.g., increased norepinephrine release, the cardiotoxic mechanism 

of α-PVP could also involve activity at M2Rs; we found that α-PVP binds M2R with a Ki of 

824 nM, well within the range of postmortem blood concentrations detected in humans.6,31 

M2Rs are also the highest expressed MR in the urinary bladder, where they contribute to 

detrusor smooth muscle contraction, resulting in urination.32 Side effects of α-PHP include 

suppression of urinary urgency,7 which we speculate could also be associated with its M2R 

antagonist activity. However, we acknowledge that pharmacology and gene knockout studies 

show that M3Rs are the predominant MR subtype mediating bladder contraction33,34 and 

that sympathomimetic actions also can cause urinary retention.

Because PSCs, including α-PHP, can produce cognitive side effects, including symptoms of 

delirium, such as memory impairments, we also determined the activity of α-PHP at M1Rs 

(Figures 4 and 5) that are highly expressed in brain regions implicated in symptoms of 

delirium, including the hippocampus, cortex, and striatum.24,35 Figure 4 shows results from 

[3H]scopolamine M1R competition binding experiments and illustrates that, amongst the 

unsubstituted PSCs, α-PHP has the highest M1R affinity (Ki = 1.6 μM). We conducted cell-

based, M1R-phosphoinositide hydrolysis assays, with EC80 concentrations of oxotremorine, 

and a range of concentrations of α-PHP, spanning its affinity obtained from radioligand 

competition binding experiments. As shown in Figure 5, oxotremorine increased inositol 

phosphate 1 (IP1) production with an EC50 of 62 nM (pEC = 7.21 ± 0.20) and an EC80 of 

500 nM (Figure 5A); in M1R competition binding assays, oxotremorine data best fit to a 

two-site model (R2 = 0.98, F (2,94) = 4.01, P = 0.0214, relative to a one-site model; pKi 
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High = 7.62 ± 0.36; pKi Low = 5.41 ± 0.04) consistent with its M1R agonist activity. The 

affinity of atropine at M1Rs was 1.55 nM (pKi = 8.81 ± 0.05), determined from [3H] 

scopolamine competition binding (data not shown; we did not evaluate atropine in M1R 

functional assays). α-PHP completely inhibited M1R-IP1 production caused by 

oxotremorine, with a potency, Kb, of 1.38 μM (pKb = 5.86 ± 0.35) (Figure 5B). The 

maximal effect of α-PHP was lower than basal signaling, suggesting M1R constitutive 

activity that was blocked by α-PHP.27 Thus, like its activity at M2Rs, α-PHP appears to 

possess inverse agonist activity at the M1R-inositol phosphate signaling pathway.

We note here that since α-PHP exhibited inverse agonist activity at M2Rs and M1Rs while 

employing experimental methods to determine functional affinity as described by ref 27, our 

reported α-PHP Kb values may be higher/less potent than actuality. α-PHP’s IC50 includes 

concentrations that extend beyond M2R and M1R constitutive activity, i.e., beyond complete 

interference of oxotremorine-elicited M2R and M1R signaling; if we were to determine α-

PHP’s IC50 using concentrations where it fully blocked oxotremorine signaling but did not 

reduce basal activity, then its IC50 would be shifted to the left; its calculated Kb would then 

be lower. We are unaware that this is an acceptable practice, so we stuck with convention. 

Future experiments could be designed to explicitly examine inverse agonist activity, 

comparing α-PHP to other reported MR inverse agonists (e.g., scopolamine); results would 

clarify α-PHP’s inverse agonist potency and efficacy. Specifically, we could evaluate α-

PHP’s functional activity at MRs without an agonist ligand present.

Although clinical toxicology data on α-PHP are scant relative to other PSCs, what is 

reported illustrates that, in intoxicated non-fatal cases where α-PHP was the only drug 

detected, and in postmortem cases involving only α-PHP, blood or serum concentrations can 

exceed its Kb at M2Rs and M1Rs; these data indicate α-PHP’s MR activity is 

physiologically relevant. A male admitted to the hospital after inhaling only α-PHP had 

blood concentrations of 1.28 μM.15 Another patient who was admitted to the hospital after 

taking α-PHP had serum concentrations of 0.71 μM.36 In fatal cases that have been reported, 

blood concentrations were as high as 2.86 μM.15 More knowledge can be gleaned by 

reviewing toxicology reports from closely related PSCs. In non-fatal cases, serum 

concentrations of α-PVP have been reported to be as high as 2.6 μM,30 and in postmortem 

cases, levels as high as 86 μM have been reported.6 MDPV concentrations in blood from 

intoxicated individuals exceed 1 μM and reach 30 μM,37,38 and yet MDPV is reportedly 

active at doses lower than α-PHP. According to psychonautwiki.org, the common to strong 

dose of MDPV is 8–25 mg orally, whereas the common to strong dose of α-PHP is 10–40 

mg orally.

α-PHP is highly lipophilic (cLogP = 4.13), suggesting it likely reaches significantly greater 

concentrations in fatty tissues, such as the brain, than in the blood.26,39,40 Thus, α-PHP 

might reach concentrations in the brain that interfere with M1Rs. Individuals who abuse 

psychostimulants typically redose multiple times in a session, and as tolerance develops with 

repeated administration, individuals often increase their doses.15,41 Thus, reported blood 

concentrations from acute intoxications may not accurately reflect levels in individuals who 

are binging. We realize, however, that it is difficult to determine if blood or serum 
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concentrations reported in the literature are from acute (single, high-dose administration) or 

binge intoxications, especially in cases of overdose resulting in death.

In conclusion, this study indicates that, in addition to its well-known actions as a 

sympathomimetic and psychostimulant drug, α-PHP is an M2R and M1R antagonist, 

suggesting it is a parasympatholytic drug and likely has effects on M1Rs expressed in the 

central nervous system.

METHODS

Drugs.

All PSCs were made as hydrochloride salts. α-PPP and MDPPP were synthesized and 

provided by Dr. Bruce Blough at Research Triangle Institute. α-PHP (catalog #9001934), α-

PHPP (catalog #14762), 3,4-methylenedioxy-α-pyrrolidinobutiophenone (MDPBP, catalog 

#10437), MDPHP (catalog #16361), and 3,4-methylenedioxy-α-pyrrolidinoheptaphenone 

(MDPHPP, catalog #16358) analytical standards were purchased from Cayman Chemical 

(Ann Arbor, MI, USA). α-PBP (catalog # P-110, 1 mg of free base per mL methanol), α-

PVP (catalog # P-090, 1 mg of free base per mL methanol), and MDPV (catalog # M-146, 1 

mg of free base per mL methanol) analytical standards were purchased from MilliporeSigma 

(Darmstadt, Germany). Atropine sulfate monohydrate was purchased from Alfa Aesar 

(Tewksbury, MA, USA). Oxotremorine sesquifuma-rate was purchased from Tocris 

Bioscience (Minneapolis, MN, USA). All solid compounds were dissolved in dimethyl 

sulfoxide to 10 mM concentrations for receptor binding assays and in Milli-Q water 

(MilliporeSigma) to 10 mM concentrations for receptor function assays, prior to diluting in 

assay buffer. All compounds that were procured as methanol solutions were diluted in assay 

buffer for receptor binding assays. [No drugs procured as methanol solutions were tested in 

functional assays.] [3H]Scopolamine (scopolamine methyl chloride, N-

methyl-[3H]scopolamine; specific activity 80.1 Ci/mmol) was purchased from PerkinElmer 

(Waltham, MA, USA).

Radioligand Competition Binding.

Radioligand competition binding assays were conducted using membranes collected from 

transiently transfected HEK293 cells (P < 20 from a procured stock, CRL-1573, ATCC, 

Manassas, VA, USA) as previously described.23 Briefly, cells ~90% confluent in 10 cm 

plates were transfected with 5 μg of human M1R, M2R, M3R, M4R or M5R cDNA (cDNA 

resource center, Bloomsburg, PA, USA) using a lipid-based method (LipoD293 reagent, 

SignaGen Laboratories, Rockville, MD, USA). Membranes were collected by centrifugation 

~48 h later and stored at −80 °C until used. For initial affinity estimations, membranes were 

incubated in 96-well plates with 1 nM [3H]scopolamine and test compounds in assay buffer 

at final concentrations of 1 and 10 μM. Atropine (10 μM) was used to define nonspecific 

binding. After a 90 min incubation at room temperature on a shaker, contents from the plates 

were rapidly filtered through GF/B fiberglass filter mats, presoaked with ice cold 50 mM 

Tris buffer (pH 7.4), using a Microbeta Filtermat-96 cell harvester (PerkinElmer, Waltham, 

MA, USA). Approximately 200 mL of ice cold, 50 mM Tris buffer was then vacuumed 

through filter mats to wash away unbound radioligand. Filter mats were dried on a hot plate 
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and soaked in Betaplate (PerkinElmer, Waltham, MA, USA) scintillation fluid in plastic 

bags. Bags were sealed and placed in cassettes. Radioactivity was measured in a Microbeta2 

Microplate Counter (PerkinElmer, Waltham, MA, USA), and counts per minute were 

recorded. For full dose-response competition binding assays, increasing half-log unit 

concentrations of five unsubstituted PSCs were tested at M2Rs and M1Rs, with the same 

procedures described above.

M2R cAMP Signaling.

cAMP measurements were performed with the cAMP Hunter eXpress CHRM2 CHO-K1 

GPCR assay (Eurofins DiscoveRx, Fremont, CA, USA) according to the manufacturer’s 

protocol. Briefly, in the provided 96-well plate, 100 μL of human M2R expressing CHO-K1 

cells were seeded in cell plating reagent and incubated at 37 °C, 5% CO2, 95% humidity 

overnight. The next day, cell plating reagent was replaced with 30 μL of cell assay buffer. 

For agonist stimulation, cells were treated with increasing half-log unit concentrations of 

oxotremorine in the presence of 10 μM forskolin, followed by incubation, as above, for 30 

min. A cAMP antibody, cAMP working detection solution and enzyme acceptor solution 

were then added according to the protocol. Chemiluminescence was measured by a Mithras 

LB 940 microplate reader (Berthold Technologies, Bad Wildbad, Germany). Antagonist tests 

were run by pretreating cells with increasing half-log unit concentrations of α-PHP, 

followed by incubation, as above, for one hour. Cells were then treated with EC80 

concentration of oxotremorine (130 nM) and 10 μM forskolin. The same incubation and 

detection procedure used for agonist assays was used for the remaining steps.

M2R β-Arrestin Recruitment.

M2R-elicited β-arrestin recruitment was assessed using the PathHunter β-Arrestin GPCR 

assay (Eurofins DiscoveRx, Fremont, CA, USA) according to the manufacturer’s protocol. 

Briefly, in the provided 96-well plate, 100 μL of human M2R expressing CHO-K1 cells were 

seeded in cell plating reagent and incubated for ~48 h. For agonist stimulation, cells were 

treated with increasing half-log unit concentrations of oxotremorine and incubated, as 

performed in the M2R cAMP assays, for 1.5 h, followed by addition of working detection 

solution. After further incubation for 1 h at room temperature in the dark, the plate was read 

for chemiluminescent detection in the Mithras LB 940 microplate reader. Antagonist tests 

were run by pretreating cells with increasing half-log unit concentrations of atropine or α-

PHP, followed by incubation, as performed in the M2R cAMP assays, for 1.5 h. Cells were 

then treated with EC80 concentration of oxotremorine (10 μM). The same incubation and 

detection procedures used for agonist assays were used for the remaining steps.

M1R Phosphoinositide Hydrolysis.

The activity of α-PHP at M1Rs was measured using the IP-One homogeneous time-resolved 

fluorescence (HTRF) kit (Cisbio, Bedford, MA, USA). The assay was performed per the 

manufacturer’s protocol with optimization based on our published methods.23,42 

Transfection of HEK293 cells with human M1Rs using LipoD293 reagent was performed as 

described for radioligand competition binding assays with one exception: The transfection 

reagent was replaced with normal growth media (Dulbecco’s Modified Eagle Medium 

containing 10% fetal bovine serum) after 8 h to improve cell viability. Twenty-four hours 
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after transfection, cells were serum starved in an incubator (37 °C, 5% CO2, 95% humidity) 

for 2 h and then were plated at 2500 cells per well in 384-well plates. For agonist 

stimulation, cells were treated with oxotremorine at increasing half-log unit concentrations 

and then placed in the incubator for 2 h. Antagonist tests were run by pretreating cells with 

increasing half-log unit concentrations of α-PHP and then incubating for 1 h. Cells were 

then treated with 500 nM (EC80) oxotremorine for 1 h in the incubator. The reaction was 

terminated with lysis buffer containing d2-labeled IP1 and anti-IP1-Cryptate. HTRF 

resonance energy transfer was measured by a Mithras LB 940 microplate reader.

Curve Fitting and Statistical Analyses.

All data were analyzed by GraphPad 8.3.0 (San Diego, CA, USA). Ki values were 

determined from data fit to both one- and two-site models. Kd values of [3H]scopolamine at 

each of the MRs used in the determination of Ki values were based on ref 43 and in nM were 

as follows: M1R = 1.00; M2R = 0.34; M3R = 0.36; M4R = 0.19; M5R = 0.45. Since both α-

PPP and α-PBP displaced less than 50% of radioligand when tested at the highest 

concentration (100 μM) in full dose-response competition binding assays, we interpolated 

the data by adding a 10 mM data point, which we set as nonspecific binding. This is also the 

approach we used to determine estimated Ki values for all compounds tested at 1 and 10 μM 

concentrations only. We acknowledge the reliability of our Ki estimation likely decreases as 

numbers deviate beyond 10 μM, e.g., for methylenedioxy-containing PSCs at certain MRs 

(Table 2). EC50 and IC50 values from functional assays were determined from data fit to the 

log(agonist) vs response (three parameters) or log(inhibitor) vs response (three parameters) 

model, respectively. Kb values were calculated from IC50 values using the Cheng-Prusoff 

equation with modification44

Kb = IC50/ 2 + A / A50
nH 1/nH

− 1

where [A] is the EC80 concentration of agonist; [A50] is the agonist EC50; and nH is the Hill 

slope of the agonist, which was constrained to 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

α-PPP α-pyrrolidinopropiophenone

α-PBP α-pyrrolidinobutiophenone

α-PVP α-pyrrolidinopentiophenone

α-PHP α-pyrrolidinohexiophenone

α-PHPP α-pyrrolidinoheptaphenone

MDPPP 3,4-methylenedioxy-α-pyrrolidinopropiophenone

MDPBP 3,4-methylenedioxy-α-pyrrolidinobutiophenone

MDPV 3,4-methylenedioxypyrovalerone

MDPHP 3,4-methylenedioxy-α-pyrrolidinohexiophenone

MDPHPP 3,4-methylenedioxy-α-pyrrolidinoheptaphenone

M1R muscarinic 1 receptor

M2R muscarinic 2 receptor

M3R muscarinic 3 receptor

M4R muscarinic 4 receptor

M5R muscarinic 5 receptor

MR muscarinic receptor

DEA Drug Enforcement Administration
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Figure 1. 
[3H]Scopolamine competition binding at M2Rs reveals nanomolar affinity of α-PHP. Data 

are expressed as normalized means (±SEM) of three, independent determinations, with 

drugs tested at each concentration in triplicate, except for oxotremorine, which was tested in 

duplicate. Curves for PSCs were best fit with a one-site model, whereas the oxotremorine 

curve best fit to a two-site model, suggestive of oxotremorine’s agonist activity, recognizing 

agonist high and low affinity M2R conformations. Note that α-PHP exhibited the highest 

affinity at M2Rs of all PSCs tested.
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Figure 2. 
α-PHP is an antagonist/inverse agonist of M2R-cAMP signaling with nanomolar potency. 

(A) Oxotremorine dose-dependently decreased 10 μM forskolin-stimulated cAMP 

production; data are reported as percentages of the maximal, normalized relative 

luminescence units (RLUs) produced by forskolin alone. (B) α-PHP blocked effects of 

oxotremorine (EC80 concentration) at M2Rs and, moreover, increased cAMP levels beyond 

levels stimulated by forskolin alone, suggesting inverse agonist activity. Data are shown as 

normalized means (±SEM) from two, independent determinations, with oxotremorine tested 

at each concentration in duplicate and α-PHP tested at each concentration in quadruplicate.
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Figure 3. 
α-PHP is an antagonist/inverse agonist of M2R-β-arrestin recruitment with nanomolar 

potency. (A) Oxotremorine dose-dependently stimulated β-arrestin recruitment. (B) α-PHP 

blocked effects of oxotremorine (EC80 concentration) at M2Rs and, moreover, decreased β-

arrestin recruitment below basal* levels, suggesting inverse agonist activity. Data are shown 

as normalized means (±SEM) of two, independent determinations, with oxotremorine tested 

at each concentration in duplicate and α-PHP tested in quadruplicate. [*Basal signaling is 

defined as the normalized RLUs emitted by untreated cells.]
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Figure 4. 
[3H]Scopolamine competition binding at M1Rs reveals low micromolar affinity of α-PHP. 

Data are expressed as normalized means (±SEM) of three, independent determinations, with 

drugs tested at each concentration in triplicate. Curves for PSCs were best fit with a one-site 

model, whereas the oxotremorine curve best fit to a two-site model, suggestive of 

oxotremorine’s agonist activity, recognizing agonist high and low affinity M1R 

conformations. Note that α-PHP exhibited the highest affinity at M1Rs of all PSCs tested.

Chen and Canal Page 18

ACS Chem Neurosci. Author manuscript; available in PMC 2021 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
α-PHP is an antagonist/inverse agonist of M1R-inositol phosphate signaling with low 

micromolar potency. (A) Oxotremorine dose-dependently stimulated inositol phosphate 1 

(IP1) production. (B) α-PHP blocked effects of oxotremorine (EC80 concentration) at M1Rs 

and, moreover, decreased IP1 production below basal levels, suggesting inverse agonist 

activity. Data are expressed as normalized means (±SEM) of three, independent 

determinations, with oxotremorine tested at each concentration in duplicate and α-PHP 

tested at each concentration in triplicate.

Chen and Canal Page 19

ACS Chem Neurosci. Author manuscript; available in PMC 2021 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen and Canal Page 20

Ta
b

le
 1

.

St
ru

ct
ur

es
, A

bb
re

vi
at

ed
 N

am
es

 a
nd

 A
ff

in
iti

es
 (

pK
is

 (
±

SE
M

))
 o

f 
U

ns
ub

st
itu

te
d 

PS
C

s 
at

 M
R

s 
D

et
er

m
in

ed
 f

ro
m

 [
3 H

]S
co

po
la

m
in

e 
C

om
pe

tit
io

n 
B

in
di

ng
 (

N
 

=
 3

)a

R
na

m
e

M
1R

M
2R

M
3R

b
M

4R
b

M
5R

b

−
C

H
3

α-
PP

P
3.

71
 (

0.
05

)
4.

12
 (

0.
05

)
N

C
N

C
N

C

−
C

H
2C

H
3

α-
PB

P
4.

12
 (

0.
17

)
4.

40
 (

0.
06

)
N

C
N

C
N

C

−
C

H
2C

H
2C

H
3

α-
PV

P
5.

29
 (

0.
04

)
6.

08
 (

0.
10

)
5.

22
5.

09
5.

38

−
C

H
2(

C
H

2)
2C

H
3

α-
P

H
P

5.
80

 (
0.

03
)

6.
60

 (
0.

04
)

5.
78

5.
71

5.
82

−
C

H
2(

C
H

2)
3C

H
3

α-
PH

PP
5.

71
 (

0.
06

)
6.

18
 (

0.
01

)
5.

95
5.

86
5.

94

a N
ot

ic
e 

th
at

 a
ff

in
iti

es
 o

f 
PS

C
s 

at
 M

1R
s 

an
d 

M
2R

s 
im

pr
ov

e 
w

ith
 in

cr
ea

si
ng

 α
-c

ar
bo

n 
si

de
 c

ha
in

 le
ng

th
 u

p 
to

 α
-P

H
P 

(e
m

bo
ld

en
ed

).
 A

ff
in

iti
es

 o
f 
α-

PP
P 

an
d 
α-

PB
P 

at
 M

1R
s 

an
d 

M
2R

s 
ha

d 
to

 b
e 

in
te

rp
ol

at
ed

 (
se

e 
M

et
ho

ds
),

 a
s 

ne
ith

er
 d

ru
g 

co
m

pl
et

el
y 

di
sp

la
ce

d 
[3

H
]s

co
po

la
m

in
e 

at
 1

00
 μ

M
 (

se
e 

Fi
gu

re
 1

).

b In
di

ca
te

s 
th

at
 M

3R
, M

4R
, a

nd
 M

5R
 a

ff
in

iti
es

 a
re

 e
st

im
at

ed
 p

K
is

 d
er

iv
ed

 f
ro

m
 r

es
ul

ts
 o

f 
[3

H
]s

co
po

la
m

in
e 

co
m

pe
tit

io
n 

bi
nd

in
g 

as
sa

ys
 u

si
ng

 1
 a

nd
 1

0 
μM

 c
on

ce
nt

ra
tio

ns
 o

f 
PS

C
s 

(N
 =

 2
);

 N
C

, n
ot

 

ca
lc

ul
at

ed
; t

he
se

 d
ru

gs
 d

is
pl

ac
ed

 <
5%

 o
f 

ra
di

ol
ig

an
d 

at
 1

0 
μM

. E
st

im
at

ed
 M

1R
 a

nd
 M

2R
 a

ff
in

iti
es

 f
ro

m
 th

e 
1 

an
d 

10
 μ

M
 s

po
t t

es
ts

 r
ea

so
na

bl
y 

m
at

ch
ed

 th
e 

ob
ta

in
ed

 v
al

ue
s 

fr
om

 th
e 

fu
ll 

do
se

-r
es

po
ns

e 

st
ud

ie
s.

 F
or

 e
xa

m
pl

e,
 th

e 
es

tim
at

ed
 p

K
i v

al
ue

s 
of

 α
-P

H
P 

at
 M

1R
s 

an
d 

M
2R

s 
w

er
e 

5.
59

 a
nd

 6
.3

3,
 r

es
pe

ct
iv

el
y,

 i.
e.

, l
es

s 
th

an
 2

-f
ol

d 
di

ff
er

en
t t

ha
n 

va
lu

es
 o

bt
ai

ne
d 

fr
om

 f
ul

l-
do

se
 r

es
po

ns
e 

st
ud

ie
s.

 I
t i

s 

th
er

ef
or

e 
be

lie
ve

d 
th

at
 a

ff
in

ity
 v

al
ue

s 
w

e 
re

po
rt

 a
t M

3R
s,

 M
4R

s,
 a

nd
 M

5R
s 

ar
e 

fa
ir

 e
st

im
at

es
.

ACS Chem Neurosci. Author manuscript; available in PMC 2021 March 18.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen and Canal Page 21

Table 2.

Structures, Abbreviated Names, and Estimated Affinities (pKis) of Methylenedioxy-Containing PSCs at MRs

R name M1R
a

M2R
a

M3R
a

M4R
a

M5R
a

−CH3 MDPPP NC NC NC NC NC

−CH2CH3 MDPBP NC 4.90 4.84 4.99 4.74

−CH2CH2CH3 MDPV 5.06 4.86 4.15 5.05 5.20

−CH2(CH2)2CH3 MDPHP 5.44 5.30 4.59 4.89 5.10

−CH2(CH2)3CH3 MDPHPP 5.22 4.92 4.44 4.48 5.25

a
Note that all MR affinities are estimates derived from results of [3H]scopolamine competition binding assays using 1 and 10 μM concentrations of 

PSCs (N = 2); NC, not calculated, is defined here as minimal (<5%) to no displacement of radioligand at 10 μM.
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