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Abstract
Background For decades, treatment of mood disorders, psychoses, anxiety and dementia have been confounded by limited 
efficacy and high rates of treatment resistance. Preclinical and clinical evidence have highlighted disruption of cholinergic 
signalling in several neuropsychiatric conditions and examined intervention strategies including acetylcholinesterase inhibi-
tors and nicotinic receptor-targeted intervention. However, the effectiveness of these approaches is often curtailed by on-
target side effects. Post mortem studies implicate muscarinic receptor dysregulation in neuropsychiatric pathophysiology; 
therefore, we conducted a systematic review and meta-analysis to investigate the therapeutic efficacy and safety of muscarinic 
receptor-targeted interventions in adults with neuropsychiatric disorders.
Methods PubMed, EMBASE, PsycINFO, EBSCO and Web of Science were searched using relevant keywords from data-
base inception to 7 August 2022. Randomised, double-blind, placebo-controlled studies were included if they investigated 
the effect of muscarinic receptor-targeted intervention in adults with a diagnosis of a neuropsychiatric disorder and were 
published in English. A narrative synthesis approach was adopted to describe the findings. Wherever three or more studies 
with a similar intervention were available, effect sizes were calculated, and a meta-analysis was performed. Cochrane risk-
of-bias-2 tool was utilised to assess the risk of bias, and sensitivity analyses were performed to identify publication bias. 
Certainty analysis (high, moderate, low and/or very low) was conducted using GRADE criteria.
Results Overall, 33 studies met the inclusion criteria and 5 were included in the meta-analysis. Despite a limited pool with 
several different interventions, we found therapeutic efficacy of xanomeline  (M1/M4 agonist) in primary psychotic disorders 
plus behavioural and psychological symptoms of dementia. Scopolamine showed a significant antidepressant effect in a 
combined cohort of major depressive and bipolar disorders in the short-term outcome measure, but no effect following ces-
sation of treatment. Results from bias assessments suggest “very low” certainty in the antidepressant effect of scopolamine. 
Critical limitations of the current literature included low power, high heterogeneity in the patient population and a lack of 
active comparators.
Conclusion While the results are not definitive, findings on muscarinic receptor-targeted interventions in several mental 
disorders are promising in terms of efficacy and safety, specifically in treating schizophrenia, mood disorders, and behavioural 
and psychiatric symptoms of Alzheimer’s disease. However, orthosteric muscarinic receptor-targeted interventions are associ-
ated with a range of peripheral adverse effects that are thought to be mediated via  M2/M3 receptors. The orthosteric binding 
site of muscarinic acetylcholine receptors is remarkably conserved, posing a challenge for subtype-selective interventions; 
nonetheless allosteric ligands with biased signalling pathways are now in development. We conclude that adequately powered 
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prospective studies with subtype-selective interventions are required to determine the clinical effectiveness of muscarinic-
receptor targeted interventions for the treatment of neuropsychiatric disorders.

Graphical Abstract

This graphical abstract represents the opinions of the authors. For a full 
list of declara
ons, including funding and author disclosure 
statements, and copyright informa
on, please see the full text online. 

Clinical effec�veness of muscarinic receptor-targeted interven�ons in 
neuropsychiatric disorders: A systema�c review
Shivani Vaidya , Alexandre A Guerin , Leigh C Walker , Andrew J Lawrence

33 randomized controlled trials including Mood, Primary Psycho�c 
Anxiety disorders and Demen�a/Alzheimer’s Disease

Therapeu�c effec�veness: Scopolamine in depressive symptoms; 
KarXT in psycho�c symptoms; Xanomeline in demen�a

GRADE analysis showed “very low” certainty 
in scopolamine’s an�depressant effect

Drevets, 2010

Furey, 2006

Khajavi, 2012

Park, 2019

Overall

Zhou, 2020

This graphical abstract represents the opinions of the authors. For a full
list of declara
ons, including funding and author disclosure
statements, and copyright informa
on, please see the full text online.

Clinical effec�veness of muscarinic receptor-targeted interven�ons in
neuropsychiatric disorders: A systema�c review
Shivani Vaidya , Alexandre A Guerin , Leigh C Walker , Andrew J Lawrence

33 randomized controlled trials including Mood, Primary Psycho�c 
Anxiety disorders and Demen�a/Alzheimer’s Disease

Therapeu�c effec�veness: Scopolamine in depressive symptoms; 
KarXT in psycho�c symptoms; Xanomeline in demen�a

GRADE analysis showed “very low” certainty 
in scopolamine’s an�depressant effect

Drevets, 20100

Furey, 200666

Khajavi, 201222

Park, 2019

Overall

Zhou, 2020

Risk of bias assessment (ROB-2) analysis 
showed medium-quality of evidence



1173Muscarinic Receptor-Based Interventions in Neuropsychiatric Disorders

Key Points 

Acetylcholine imbalance is apparent across various 
psychiatric illnesses.

Xanomeline improved positive and negative symptoms 
of schizophrenia.

Scopolamine shows antidepressant effects in major 
depressive and bipolar disorder patients.

1  Introduction 

In the brain, the cholinergic system forms an intricate neural 
network with three segregated elements based on their local-
isation and projection pattern [1]; (1) long-range basal fore-
brain projections, critical for attention, learning, memory, 
decision-making [2, 3]; (2) projections from the brainstem, 
which modulate attention, sleep, and motor control [4]; and 
(3) cholinergic interneurons of the striatum, which play a 
crucial role in reward and motivation [4, 5]. At the cellu-
lar level, acetylcholine signalling is modulated by nicotinic 
(nAChR; ionotropic receptors) and muscarinic acetylcholine 
receptors (mAChR; G-protein coupled receptors). To date, 
there are five cloned mAChR subtypes  (M1,  M2,  M3,  M4, 
and  M5).  M1,  M3 and  M5 receptors couple primarily to  Gq/11, 
stimulating phospholipase C and inositol phosphate, mediat-
ing an excitatory effect through intracellular calcium influx. 
In contrast,  M2 and  M4 are coupled with  Gi/o, resulting in 
an inhibition of the downstream adenyl cyclase activation 
[6–8].

Due to its widespread innervation and diverse central 
function, the acetylcholine system has attracted attention as 
a target for new pharmacotherapies to treat neuropsychiat-
ric disorders with overlapping symptomatology [9, 10]. In 
2019, 1 in every 8 or 970 million people in the world suf-
fered from a mental disorder [11]. In the USA, 18.1% (43.6 
million) adults experience mental health problems annually 
[12]. Current clinical strategies to combat dysfunctional 
cholinergic signalling include acetylcholinesterase inhibi-
tors to avoid the breakdown of Ach- and nAChR-targeted 
interventions. However, the clinical effectiveness of these 
compounds is curtailed by on-target adverse effects [13–15]. 
As detailed below, growing evidence suggests the apparent 
involvement of muscarinic receptors in certain neuropsychi-
atric illnesses, including major depressive disorder (MDD), 
bipolar disorder (BP), schizophrenia, dementia, Alzheimer’s 
disease (AD) and anxiety disorders [16].

1.1  Mood Disorders

The term mood disorder broadly defines all types of depres-
sion and BP. In the USA, an estimated 8.4% of adults will 
have at least one major depressive episode during their 
lifetime, with the prevalence rate higher in women (10.5%) 
than men (6.2%) [17]. Major depressive disorder is diag-
nosed when an individual has persistent feelings of sad-
ness, anhedonia, worthlessness, lack of concentration, 
suicidal thoughts, appetite and sleep disturbances [18]. On 
the other hand, people with BP move between two states, 
from depression to mania. Treatment options mainly include 
pharmacological interventions such as antidepressants, anti-
convulsants, mood stabilisers, and non-pharmacological 
approaches such as cognitive behavioural therapy, interper-
sonal psychotherapy, or a combination of these approaches 
[19]. Despite the accessibility of multiple treatment options, 
approximately 20–40% of people with MDD do not respond 
to the primary therapy, and the proportion of non-responders 
increases further for people with BP [20–22].

The involvement of the acetylcholine system in mood 
disorders was proposed in 1950, following a study in which 
psychiatric patients developed depressive-like symptoms 
after administration of acetylcholine esterase inhibitors 
[23]. Subsequently, this was assisted by studies showing 
that depressive symptoms were exaggerated in patients 
with MDD after administration of physostigmine, an ace-
tylcholinesterase inhibitor [24, 25]. A PET study using 
 [18F]FP-TZTP, a selective  M2 ligand, found reduced recep-
tor availability in the anterior cingulate cortex of patients 
with BP and MDD [26]. Similarly, haplotype analysis also 
suggests a possible involvement of  M2 receptors in patients 
with depression  [27]. To date, only one study measured  M3 
receptors and found a decrease in density in the frontal but 
not in the parietal and prefrontal cortex. Collectively, these 
data provide considerable support for region-specific differ-
ences in  M2 or  M3 receptors in patients with mood disorders, 
but no apparent regulation of  M1 receptor [28, 29].

1.2  Primary Psychotic Disorders

As defined by the International Classification of Diseases 
11th Revision (ICD-11), primary psychotic disorders 
encompass schizophrenia, schizoaffective disorder, and 
other psychotic disorders. The prevalence of schizophrenia 
and related psychotic disorders range from 0.25 to 0.64% 
in the USA, based on a household survey, clinical diagnos-
tic examinations, and health records [30–32]. Schizophre-
nia is a potentially devastating disorder with the following 
symptoms: positive (psychotic) symptoms such as disorgan-
ised thoughts, hallucination, delusion; negative symptoms 
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consisting of social withdrawal, affective flattening, alogia, 
anhedonia; and cognitive impairments in all domains. A 
vital issue with conventional antipsychotics is limited effi-
cacy for negative symptoms and cognitive impairments, with 
predominant focus to date on the monoamine hypothesis [33, 
34]. Even second-generation neuroleptics, including clozap-
ine and olanzapine, produce only modest improvement in 
people with chronic and refractory illness [35, 36].

Initial investigation for the function of muscarinic recep-
tors in schizophrenia was conducted using human post 
mortem brain tissue and radioligand binding assays. These 
results revealed region-specific alterations in  M1 and  M4 
muscarinic receptors in the striatum, prefrontal cortex, hip-
pocampus, anterior cingulate and superior temporal gyrus 
[37–40]. Studies employing receptor-specific antibodies, 
in situ hybridisation, and tomographic imaging revealed 
a region-specific negative correlation between muscarinic 
receptor availability and symptoms of schizophrenia [40, 
41]. Notably, scopolamine (non-selective muscarinic recep-
tor antagonist) induces psychotic-like symptoms, referred 
to as "anti-muscarinic syndrome" [42, 43]. Based on avail-
able evidence from tomographic imaging and post mortem 
studies, it was proposed that combined agonism of  M1 and 
 M4 receptors may be more efficacious given that a sub-
group of people with schizophrenia also showed  M1 mus-
carinic receptor deficiency, known as muscarinic receptor 
deficit schizophrenia (MRDS) [44]. Moreover, intervention 
with agonist action at  M4 receptors also produced cogni-
tive enhancement and anti-psychotic-like effects in animal 
models of the schizophrenia [45, 46]. This is a growing 
area of development with several pharmaceutical compa-
nies pursuing active muscarinic programmes (Table 1) 
for psychiatric disorders, including Karuna therapeutics 
(KarXT (Xanomeline+Trospium); NCT04659161), Sosei 
Heptares (HTL0016878; NCT03244228, NCT04849286, 
NCT04935320) and Cerevel therapeutics (Emraclidine: 
NCT05227703, NCT05227690).

1.3  Dementia/Alzheimer’s Disease

The clinical syndrome of dementia consists of several sub-
types, including AD, vascular, frontotemporal and demen-
tia with Lewy bodies. Alzheimer’s Disease contributes to 
60–70% of cases [47]. Globally, 55 million individuals have 
dementia, which is expected to rise to 139 million by 2050 
[47]. Along with cognitive impairment, 97% of patients also 
experience neuropsychiatric symptoms [48], also referred 
to as ‘behavioural and psychological symptoms of demen-
tia (BPSD)’, which include lack of motivation, psychotic 
symptoms, depression, anxiety, agitation, and impulsivity 
[49, 50]. Current drug therapy for BPSD consists of atypical 
antipsychotics, antidepressants and anticonvulsants, which 

may cause severe adverse effects such as excessive sedation, 
orthostatic hypotension and cognitive slowing [51].

The cholinergic hypothesis of AD suggests that degenera-
tion of cholinergic innervations in the cortex and hippocam-
pus substantially contributes to cognitive dysfunction. In fact, 
the role of the acetylcholine system in learning and memory 
was first identified 50 years ago, when the muscarinic recep-
tor antagonist scopolamine produced cognitive impairment 
in rats [52]. Clinical observation found acetylcholine esterase 
inhibitors such as tacrine, rivastigmine, donepezil and galan-
tamine improved both cognition and behavioural and psychi-
atric symptoms. Unfortunately, dose-dependent adverse effects 
attributed to non-selective activation of acetylcholine receptors 
in both the central and peripheral nervous system restrict clini-
cal utility [53].

Preclinical and post mortem findings also implicate mus-
carinic receptors in BPSD [54, 55]. Out of all five subtypes, 
 M1 receptor is most abundantly expressed in the prefrontal cor-
tex and hippocampus [56]. Recently,  M1 muscarinic receptors 
have been postulated to be potential therapeutic agents for both 
cognitive and non-cognitive symptoms of AD [57, 58]. Addi-
tionally, the  M4 receptor may also represent a potential target 
for BPSD because of its widespread expression in the cortex, 
striatum, thalamus and hippocampus, key brain regulators for 
emotional processing and motivation [59]. Collectively, these 
results highlight the potential of muscarinic receptors in the 
regulation of cognitive and behavioural symptoms observed 
in AD patients [59].

1.4  Anxiety Disorders

Anxiety disorders are a group of psychiatric disorders com-
prised of generalised anxiety, panic disorders and various pho-
bias (such as social phobia or claustrophobia). Data from the 
National Comorbidity Survey Replication suggest that 31.1% 
of US adults experience an anxiety disorder at least once in 
their lifetime [60]. A preclinical study revealed pro-depressive 
and anxiogenic-like effects following infusion of pilocarpine 
(a cholinergic agonist) in rats. In this study, pilocarpine was 
infused directly into ventral tegmental area (VTA), as mAChR 
in the midbrain are critical regulators of anxiety-like behav-
iour [61]. In contrast, the non-selective mAChR antagonist 
scopolamine attenuated chronic stress-induced anxiety-like 
behaviour in mice following intra-hippocampal administration 
[62]. Additionally, a recent study showed that direct infusion 
of a selective  M5 negative allosteric modulator into the VTA 
can modulate both depressive-like and anxiety-related behav-
iours in rats, implying a potential role for  M5 receptors in the 
regulation of anxiety-like behaviour [63].

Given this evidence, we therefore aimed to systematically 
review findings from randomised controlled trials (RCTs) 
assessing the therapeutic effectiveness of muscarinic-recep-
tor targeted interventions in adults with neuropsychiatric 
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disorders, including mood disorders, primary psychotic dis-
orders, dementia/AD, and anxiety disorders.

2  Methods

2.1  Protocol and Registration

The study was registered with the International Pro-
spective Register of Systematic Reviews (PROSPERO: 
CRD42021236260) and followed the Preferred Reporting 

Items for Systematic Reviews and Meta-Analysis guidelines 
(PRISMA) statement [64]. To limit the number of studies 
retained for screening, each step adhered to the PRISMA 
statement.

2.2  Detailed Search Strategy

Comprehensive systematic computer-based searches were 
carried out in PubMed, EMBASE, PsycINFO, EBSCO, 
and Web of Science, from database inception to the 
31st of August 2021, with no date or publication type 

Table 1  Characteristics of muscarinic-receptor targeted interventions

M1-M5 muscarinic receptor subtypes 1–5

Name of drug Muscarinic receptor preference Pharmacological action References

RS-86 M1/M2 Agonist [122]
Xanomeline M1/M4 Agonist [123]

[124]
KarXT: A fixed combination 

of xanomeline and trospium 
chloride

Xanomeline:  M1/M4 Agonist [123]
[124]

Trospium chloride: Non-selective Peripherally acting antagonist [125]
https:// www. medic ines. org. uk/ emc/ 

medic ine/ 22236
Last accessed: 19th Sept 2022

Biperiden M1 Antagonist [126]
[127]

Scopolamine Non-selective Antagonist [126]
Glycopyrrolate Non-selective Peripherally acting antagonist [128]
Lu 25-109 Partial  M1 agonist,  M2 and  M3 

antagonist
Agonist [129]

Drugs in clinical trials
 HTL9936 (NCT02291783) M1 Agonist https:// sosei hepta res. com/ news/ 70/ 129/ 

Sosei- subsi diary- Hepta res- annou 
nces- posit ive- resul ts- from- Phase- 1b- 
clini cal- trial- with- HTL99 36-a- first- 
in- class- selec tive- musca rinic- M1- 
recep tor- agoni st- for- impro ving- cogni 
tion- in- demen tia- and- schiz ophre nia. 
html

Last accessed: 19th Sept 2022
 HTL0018318 (NCT03456349) M1 Partial agonist https:// sosei hepta res. com/ news/ 109/ 

129/ Sosei- Provi des- Update- on- 
HTL00 18318. html

Last accessed: 19th Sept 2022
 Talsaclidine (NCT02249403) M1 /M2/M3 Agonist [130]
 HTL0016878 (NCT03244228) M4 Agonist https:// sosei hepta res. com/ news/ 402/ 

129/ First- Subje ct- Dosed- in- Phase1- 
Clini cal- Study- of- Novel- Selec tive- 
Musca rinic- M4- Agoni st- in- Devel 
opment- to- Treat- Major- Sympt oms- 
of- Alzhe imers- Disea se. html

Last accessed: 19th Sept 2022
 Emraclidine (CVL-

231) (NCT05227703, 
NCT05443724, 
NCT05227690)

M4 Positive allosteric modulator https:// www. cerev el. com/ compo unds/ 
emrac lidine/

Last accessed: 19th Sept 2022

https://www.medicines.org.uk/emc/medicine/22236
https://www.medicines.org.uk/emc/medicine/22236
https://soseiheptares.com/news/70/129/Sosei-subsidiary-Heptares-announces-positive-results-from-Phase-1b-clinical-trial-with-HTL9936-a-first-in-class-selective-muscarinic-M1-receptor-agonist-for-improving-cognition-in-dementia-and-schizophrenia.html
https://soseiheptares.com/news/70/129/Sosei-subsidiary-Heptares-announces-positive-results-from-Phase-1b-clinical-trial-with-HTL9936-a-first-in-class-selective-muscarinic-M1-receptor-agonist-for-improving-cognition-in-dementia-and-schizophrenia.html
https://soseiheptares.com/news/70/129/Sosei-subsidiary-Heptares-announces-positive-results-from-Phase-1b-clinical-trial-with-HTL9936-a-first-in-class-selective-muscarinic-M1-receptor-agonist-for-improving-cognition-in-dementia-and-schizophrenia.html
https://soseiheptares.com/news/70/129/Sosei-subsidiary-Heptares-announces-positive-results-from-Phase-1b-clinical-trial-with-HTL9936-a-first-in-class-selective-muscarinic-M1-receptor-agonist-for-improving-cognition-in-dementia-and-schizophrenia.html
https://soseiheptares.com/news/70/129/Sosei-subsidiary-Heptares-announces-positive-results-from-Phase-1b-clinical-trial-with-HTL9936-a-first-in-class-selective-muscarinic-M1-receptor-agonist-for-improving-cognition-in-dementia-and-schizophrenia.html
https://soseiheptares.com/news/70/129/Sosei-subsidiary-Heptares-announces-positive-results-from-Phase-1b-clinical-trial-with-HTL9936-a-first-in-class-selective-muscarinic-M1-receptor-agonist-for-improving-cognition-in-dementia-and-schizophrenia.html
https://soseiheptares.com/news/70/129/Sosei-subsidiary-Heptares-announces-positive-results-from-Phase-1b-clinical-trial-with-HTL9936-a-first-in-class-selective-muscarinic-M1-receptor-agonist-for-improving-cognition-in-dementia-and-schizophrenia.html
https://soseiheptares.com/news/70/129/Sosei-subsidiary-Heptares-announces-positive-results-from-Phase-1b-clinical-trial-with-HTL9936-a-first-in-class-selective-muscarinic-M1-receptor-agonist-for-improving-cognition-in-dementia-and-schizophrenia.html
https://soseiheptares.com/news/109/129/Sosei-Provides-Update-on-HTL0018318.html
https://soseiheptares.com/news/109/129/Sosei-Provides-Update-on-HTL0018318.html
https://soseiheptares.com/news/109/129/Sosei-Provides-Update-on-HTL0018318.html
https://soseiheptares.com/news/402/129/First-Subject-Dosed-in-Phase1-Clinical-Study-of-Novel-Selective-Muscarinic-M4-Agonist-in-Development-to-Treat-Major-Symptoms-of-Alzheimers-Disease.html
https://soseiheptares.com/news/402/129/First-Subject-Dosed-in-Phase1-Clinical-Study-of-Novel-Selective-Muscarinic-M4-Agonist-in-Development-to-Treat-Major-Symptoms-of-Alzheimers-Disease.html
https://soseiheptares.com/news/402/129/First-Subject-Dosed-in-Phase1-Clinical-Study-of-Novel-Selective-Muscarinic-M4-Agonist-in-Development-to-Treat-Major-Symptoms-of-Alzheimers-Disease.html
https://soseiheptares.com/news/402/129/First-Subject-Dosed-in-Phase1-Clinical-Study-of-Novel-Selective-Muscarinic-M4-Agonist-in-Development-to-Treat-Major-Symptoms-of-Alzheimers-Disease.html
https://soseiheptares.com/news/402/129/First-Subject-Dosed-in-Phase1-Clinical-Study-of-Novel-Selective-Muscarinic-M4-Agonist-in-Development-to-Treat-Major-Symptoms-of-Alzheimers-Disease.html
https://soseiheptares.com/news/402/129/First-Subject-Dosed-in-Phase1-Clinical-Study-of-Novel-Selective-Muscarinic-M4-Agonist-in-Development-to-Treat-Major-Symptoms-of-Alzheimers-Disease.html
https://www.cerevel.com/compounds/emraclidine/
https://www.cerevel.com/compounds/emraclidine/
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limitation. Different combinations of keywords along 
with synonyms and word variants of keywords were used 
to create a comprehensive search strategy. Relevant search 
terms included: ("Muscarinic") AND ("Mental Health" 
OR "Mental disorder" OR "Psychiatric disease" OR "Psy-
chiatric illness" OR "Psychiatric disorder" OR "Psycho-
logical disorder" OR "Behaviour disorder" OR "Behav-
ior disorder" OR "Psychosis" OR "Schizophrenics" OR 
"Schizophrenia" OR "Mental illness" OR "Psychotic dis-
order" OR "Schizoaffective disorder" OR "Depression" 
OR "Depressive" OR "Anxiety" OR "Neurotic disorder" 
OR "Habit" OR "Impulsive disorder" OR "Bipolar dis-
order" OR "Bipolar" OR "Mood disorder" OR "Learn-
ing" OR "Memory" OR "Attention" OR "Neuropsychi-
atric disorder" OR "Obsessive-compulsive disorder" OR 
"Personality disorder" OR “Dementia” OR “Alzheimer”) 
AND ("Human" OR "Participants "OR "Subjects" OR 
"Clinical") in the title, abstract, and keywords. We also 
manually searched the bibliography of eligible studies 
and full-text reviews for relevant papers if not incorpo-
rated in the primary search strategy. Searches were re-run 
before submission on 7th August 2022.

2.3  Inclusion Criteria

Articles qualified for inclusion if they: (1) investigated 
the effect of muscarinic receptor-targeted interventions; 
(2) included adults with a Diagnostic and Statistical 
Manual of Mental Disorders (DSM)/ICD diagnosis of 
neuropsychiatric disorder (schizophrenia, psychotic disor-
der, schizoaffective disorders, mood (affective) disorder, 
depression, mania, bipolar disorder, neurotic disorders, 
anxiety disorder, obsessive-compulsive disorder, habit 
and impulse behaviour, personality disorder), OR patients 
with dementia/AD (where the symptomatic measures are 
both cognitive and non-cognitive function or neuropsy-
chological test); (3) had a comparison group (inactive 
placebo/active placebo); and (4) were published in Eng-
lish-language in a peer-reviewed journal. There were no 
restrictions to sample sizes, demographics, trial type (i.e., 
parallel or crossover) or type of intervention (agonist/
antagonist). After initial title and abstract screening, only 
empirical articles were included in the full-text screening. 
For further inclusion in the meta-analysis, trials needed to 
be: (1) randomised controlled trials; (2) have no repeated 
participants; and (3) measure psychiatric symptoms on a 
validated disorder-specific psychometric scale.

Full-text articles were excluded if they: (1) were other 
systematic reviews or meta-analyses, conference proceed-
ings published as abstract only, case reports, book chap-
ters or animal study; and (2) lacked randomisation details 
(i.e., whether treatment allocation was randomised) 

(3) Published in other than English language. We also 
excluded studies where the population of interest were 
adolescents and children aged ≤ 17 years or adults with 
dementia and AD where cognition was the only outcome 
measure.

2.4  Study Selection

Full-text articles were screened by two independent review-
ers (SV and AAG) using the web-based systematic review 
tool Covidence (Veritas Health Innovation, Melbourne, Aus-
tralia). Any disagreement between the two reviewers was 
resolved via discussion to achieve consensus.

2.5  Data Extraction and Outcome Included 
in the Qualitative Synthesis

A custom datasheet was generated using Microsoft Excel, 
and all relevant data were extracted by the primary reviewer 
(SV). All extracted data were verified independently by a 
second reviewer (AAG). The following study characteris-
tics were extracted: (1) lead author; (2) publication year; 
(3) country; (4) sample size; (5) sample demographics (age, 
sex, and ethnicity); (6) study settings; and (7) participant 
characteristics (any co-morbidity or treatment status). In 
addition, details of mAChR interventions were extracted, 
including (1) name of the drug and mechanism of action; 
(2) dose; (3) route of administration; (4) washout period; (5) 
frequency; (6) experimental design; (7) comparison group 
used; (8) adverse effects; (9) retention rates; and (10) main 
findings of the trial.

The primary outcome measures were the mean and stand-
ard deviation of the after-treatment symptomology measure-
ment for active and placebo interventions. We also included 
studies where rapid eye movement (REM) sleep alteration 
was a diagnostic measure. It has been hypothesised that 
REM sleep alterations in depression aid in the progression 
of depressive symptoms, including cognitive distortions and 
negative self-esteem [65].

2.6  Quality and Risk of Bias Assessment

The quality of studies included for analysis was assessed 
using the Cochrane risk of bias assessment tool (ROB-2) for 
randomised controlled trials [66]. Cochrane  ROB-2 assesses 
five individual domains for bias: (1) randomisation process; 
(2) deviations from intended interventions; (3) missing out-
come data; (4) measurement of the outcome; and (5) selec-
tion of the reported result. Each individual category was 
ranked as low risk, some concern or high risk of bias. Two 
independent reviewers (SV and AAG) assessed the risk of 
bias, any disagreements were solved by discussion.
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2.7  Data Synthesis and Analysis

For the systematic review, a narrative synthesis approach 
was utilised to describe findings from included studies. 
There are four significant steps included in the Cochrane 
guidelines [67]. The first step was to develop a hypothesis 
about the mechanism of intervention. Alteration in acetyl-
choline release has been widely observed across various neu-
ropsychiatric disorders, and muscarinic receptors modulate 
the release of acetylcholine both pre- and post-synaptically. 
Based on these facts, the question was framed. In the next 
step, we performed a pilot search for relevant studies. In 
addition to data extraction, discrepancies and factors influ-
encing results were also interrogated to follow step 3. A 
significant challenge with narrative synthesis is the lack of 
transparency, which increases the likelihood of bias and 
reduces the robustness of findings. To prevent that, methods 
were pre-specified in the PROSPERO protocol and strictly 
followed.

Meta-analyses were performed with the help of Cochrane 
Review Manager software (Revman Version 5.4, The 
Cochrane Collaboration 2020). The standardised mean dif-
ference (SMD) was used as an outcome measure. The SMD 
was calculated as the difference in mean outcome between 
placebo and active intervention, divided by the pooled stand-
ard deviation of outcome among participants. In the absence 
of standard deviation, it was calculated from the number 
of participants, p-values and standard error. We used pre-
crossover data from crossover trials to mimic the parallel tri-
als. By assuming study level variability, we used a random-
effects model. A Forest plot was generated to visualise the 
individual contribution of the study, and I2 statistics were 
computed to assess heterogeneity between studies, where 
< 40% was considered low heterogeneity while > 40% repre-
sents moderate to substantial (< 60%) heterogeneity. Leave-
one-out sensitivity analyses were performed to estimate 
influence and bias, whereby SMD values were calculated 

by discarding one different observation each time. Meta-
regression and funnel plots were considered inappropriate 
for this study as less than ten studies were included in the 
quantitative analysis [68]. To assess our confidence in meta-
analysis effect estimates, the certainty of the evidence was 
judged by using the grading of recommendation assessment, 
development, and evaluation (GRADE) system using the 
GRADEpro GDT web application (Grade Pro GDT, 2020). 
The assessed criteria were risk of bias, consistency, direct-
ness, precision, and publication bias (Table 2).

3  Results

3.1  Selection of Studies

Initial database searches yielded 4368 potential articles, of 
which 2525 duplicates were removed (Fig. 1). Following 
title and abstract screening, full-text for the remaining 287 
articles were reviewed for eligibility; of these, 254 were 
excluded for various reasons (e.g., inappropriate outcome 
measures, no information about randomisation, confer-
ence abstracts and other reviews). In total, 33 studies were 
included in the systematic review. Five studies were included 
in the meta-analysis. Table 1 represents the characteristics 
of each included muscarinic-receptor targeted intervention. 
Table 3 summarises the study characteristics of the 33 trials 
included. Studies were divided into groups based on disor-
der; 17 studies on mood disorders, 7 on primary psychotic 
disorders, 5 studies on dementia/AD, 2 on anxiety disorders, 
and the remaining 2 articles included people with both psy-
chotic and mood disorders.

3.2  Quality and Risk of Bias

Table 3 and Fig. 2 show the ROB-2 quality assessment for 
each study. Seven studies were rated as high risk of bias, 15 

Table 2  Certainty analysis using GRADE

a Down-graded one level for inconsistency:  I2 value represents high heterogeneity (>50%)
b Down-graded for imprecision due to lower sample size for standardised mean difference (< 100/group)
c Down-graded one level for publication bias: Funnel plot was not created because of low study numbers (<10); however, leave one out sensitiv-
ity analysis changes the significance

Certainty analysis

Outcome No. of 
stud-
ies

Study design Risk of bias Inconsistency Indirectness Imprecision Publication bias Certainty

Anti-depressant 
effect

5 Randomised con-
trolled trial

Not serious Seriousa Not serious Seriousb Strongly  suspectedc ⊕⊝⊝⊝
Very Low

Anti-anxiety effect 3 Randomised con-
trolled trial

Not serious Seriousa Not serious Seriousb Strongly  suspectedc ⊕⊝⊝⊝
Very Low
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had some concerns, and 11 were rated as low risk of bias. 
The percentage similarities between the two reviewers were 
82%, and the kappa score was 0.76 indicating substantial 
agreement. All studies included were randomised, placebo-
controlled double-blind trials, except one, where the study 
was pseudo-randomised [69]. The main limitation across 
studies was poorly described randomisation details. Only 
10 trials explicitly described randomisation methods, and 13 
described allocation concealment. The second prime reason 
for some concern was the lack of information about asses-
sors’ blinding, which may lead to bias in study results. In 
seven studies, the dropout rate exceeded 20% [69–73]. In 
two studies, the key reason was adverse events, especially in 
the high-dose group. The reason for dropout was unavailable 
for two studies. Despite one having a significant effect on the 
overall visual analogue score (VAS) in people with depres-
sion, the reason for dropout was not given [69, 70]. Shekhar 
and colleagues (2008) reported that participants dropped out 
in both arms [71]. The KarXT clinical trial mentioned sev-
eral reasons, including adverse events, consent withdrawal, 

withdrawal by an investigator, and forgetting to follow-up 
[72].

3.3  Mood Disorders

Among the 19 studies in people with MDD or BP (Tables 3 
and 4), 11 were conducted in the USA, 6 in Germany, one 
in Iran and one in China. A total of 538 participants rang-
ing in age from 18 to 72 years, and 66% were female. In all, 
12 studies investigated the effect of scopolamine, 5 studies 
RS-86 and 2 studies investigated the impact of biperiden. 
Seven scopolamine studies administered the medication 
intravenously, of which six showed that scopolamine effec-
tively reduced depressive symptoms [74–79]. Further, when 
administered orally, scopolamine also reduced depressive 
symptoms in one study [80]. However, a more recent study 
exhibited no significant difference between scopolamine 
and placebo treatments post-intravenous administration 
[81]. In agreement with a more recent study, intramuscular 
scopolamine injection did not produce a significant differ-
ence compared to placebo [82]. However, in all the previous 
studies, symptom measurement was performed after every 
three infusions, whereas results were obtained 28 days after 
scopolamine injections in the intramuscular study. Acute 
biperiden administration reduced depressive symptoms com-
pared to the placebo group [83]. In contrast, participants 
who received biperiden for 4 weeks did not significantly 
differ from placebo [84].

People with MDD frequently display sleep abnormalities, 
specifically reduced REM latency and heightened REM den-
sity [85, 86]. The remaining mood disorder studies focused 
on muscarinic receptor interventions in the modulation of 
REM sleep in people with depression. The muscarinic recep-
tor agonist RS-86 reduced REM latency and enhanced REM 
density in depressed patients compared to placebo [87–89]. 
Conversely, REM latency was increased in response to the 
muscarinic receptor antagonist scopolamine compared to 
placebo [90, 91].

3.4  Primary Psychotic Disorders

Nine studies examined the effect of muscarinic receptor 
interventions in primary psychotic disorders (Tables 3 and 
5). Six studies included people with schizophrenia, two with 
unspecified psychotic disorders, and one with schizophrenia 
and schizoaffective disorder. The sample sizes ranged from 
11 to 182 participants, for a total of 361 participants (age 
range: 19–65 years; 31.2% female participants). Biperiden 
treatment was administered in four studies, and one for each 
of scopolamine, xanomeline, and KarXT. In the remaining 
two studies, RS-86 was used to measure disrupted sleep 

Records identified from:
Databases (n = 4368)

Records removed before 
screening:

Duplicate records removed 
(n=2525)

Records screened
(n = 1843)

Records excluded
(n = 1556)

Reports sought for retrieval
(n = 287)

Reports not retrieved
(n = 0)

Reports assessed for eligibility
(n = 287) Reports excluded: 254

Inappropriate outcomes = 99
Inappropriate study design/ Lack 
of randomization details = 68
Conference abstract = 45
Review/Book chapters = 18
Wrong patient population =13
Nonclinical study = 3
Not published in peer reviewed 
journal =3
No control group = 3
Protocol =2

Studies included in review
(n = 33)

Id
en

tif
ic
at
io
n

Sc
re
en

in
g

In
cl
ud

ed

Studies included in Meta-
analysis (n = 5)

Fig. 1  Preferred Reporting Items for Systematic Reviews and Meta-
Analysis guidelines (PRISMA) flow diagram
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parameters in psychiatric patients but not for primary psy-
chiatric symptom measurements.

Administration of biperiden (4 mg, orally) produced 
significant impairment in Weschler memory scale, Benton 
visual retention test and paired-associate learning on Cam-
bridge Neuropsychological Test Automated Battery in peo-
ple with a primary psychotic disorder compared with con-
trols [92, 93]. In contrast, one of the four studies showed no 
changes in Mini-Mental State Examination [93, 94]. Addi-
tionally, no significant difference was found in positive and 
negative symptoms [95]. Like biperiden, scopolamine had 
no significant impact on anxiety and depressive symptoms 
in subjects with a psychotic disorder [73], suggesting the 
potential efficacy of scopolamine is limited to patients with 
mood disorders.

Shekhar et  al. 2008, studied the efficaciousness of 
xanomeline in subjects with schizophrenia, finding a benefi-
cial effect of xanomeline in both positive and negative symp-
toms compared with placebo [71]. In the cognitive domain, 
improvements were most robustly observed in verbal and 
short-term memory function. In line with xanomeline, the 
response to KarXT treatment in schizophrenia demonstrated 
a lower score on the positive and negative syndrome scale, 
clinical global impressions scale-improvement, and Marder 
negative symptoms scale [72].

Two studies also examined the effect of RS-86 on sleep 
parameters in schizophrenia patients compared to placebo 
[87, 96]. Similar to observations in individuals with depres-
sive disorders, RS-86 significantly reduced REM latency in 
this population compared with placebo [87, 96].

3.5  Dementia/Alzheimer’s Disease

In total, five studies were included, investigating muscarinic-
receptor-targeted interventions in cognitive and psychiatric 
symptoms of dementia. Among them, four studies included 
patients with mild to moderate AD, and one study included 
probable AD participants. Probable AD was diagnosed when 
a patient had cognitive gradual decline without a history 
of illness that could cause mental impairment without AD Ta
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[97]. All studies were performed in the USA. The number 
of patients varied from 8 to 66, while two studies had 343 
participants (age range 60–82 years, 57.5% females) [98, 
99]. Trial durations ranged from 8 days to 24 weeks, and 
interventions included RS-86, Lu 25-109, and xanomeline 
tartrate. Data for outcome measures were analysed using 
intention-to-treat to prevent attrition bias. Participant char-
acteristics and outcome interventions information are sum-
marised in Tables 3 and 6.

Two studies with RS-86, one assessing cognitive and psy-
chiatric symptoms on the Alzheimer’s Disease Assessment 
Scale (ADAS) [100] and another one with neuropsychiatric 
tests including verbal memory, a visuospatial form of mem-
ory and attention [101] did not find a significant difference 
in any of the scales compared to placebo. One study inves-
tigated the efficacy of Lu25-109 using the activities of the 
daily living scale, behaviour symptom scale and cognition 
subscale of ADAS, and found no significant change [102]. 
Two large studies of medium quality assessed xanomeline 
tartrate. One study found a substantial difference in the neu-
ropsychological test battery but not in the cognitive subscale 
of AD [98]. In another study, psychiatric symptoms were 
also assessed along with cognition, and the intervention 
group with the highest dose significantly improved BPSD 
compared to placebo and lower dose groups. At the same 
time, ADAS-cognition score was unaffected [99].

3.6  Anxiety Disorders

To date, only two clinical trials have examined the effect of 
muscarinic receptor-targeted interventions in anxiety disor-
ders – one in people with panic disorder and one in people 
with social anxiety disorder [70, 103] (Tables 3 and 7). The 
sample size in the two studies was 12 and 66 participants, 
respectively (age range 18–55 years, 54% female). The first 
study found that biperiden was effective in reducing anxi-
ety symptom severity in people with panic disorder against 
placebo [70]. In contrast, the second study showed that 
scopolamine had no effect on self-reported social anxiety 
disorder symptoms. However, scopolamine caused a signifi-
cant reduction in skin conductance responses, which are a 
less subjective measure of anxiety levels. In addition, this 
study examined a combination of scopolamine and expo-
sure therapy, where scopolamine augmented extinction in 
severely anxious participants, highlighting the importance 
of muscarinic receptors in anxiety-related behaviour [103]. 
The same study also showed that scopolamine increased the 
error rate in the mnemonic similarity task at the dose of 0.5 
mg, suggesting impaired cognition.
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3.7  Meta‑Analysis

Five studies were incorporated in the meta-analysis of the 
antidepressant effect of scopolamine in a combined cohort 
of MDD and BP patients (Fig. 3). Three of the studies were 
crossover [74, 75, 81], and two were parallel design [80, 82]. 
Due to the possible carry-over effects of scopolamine, we 
used the last observation of pre-crossover data (following 
the 3rd scopolamine administration). In the parallel study, 
we used the 4th observation to equalise the observation 
parameters with crossover trials. In all four studies men-
tioned above, outcome measures were available after three 
infusion days. The results available for the fifth study were at 

a different time point (after 28 days), so we performed a sub-
group analysis. Overall, a non-significant anti-depressant 
effect was observed for studies of scopolamine compared 
with placebo (5 studies, N = 147) (SMD = − 0.53; 95% 
CI = [− 1.33, 0.27]; z = 1.29, p = 0.20) with substantial 
heterogeneity (I2 = 80%). However, when sub-group analy-
sis was performed, all studies with a short duration of 3 
days showed a significant anti-depressant effect (4 studies, 
N = 103) (SMD = −0.81; 95% CI = [− 1.57, − 0.06]; z = 
2.12, p = 0.03) with substantially higher heterogeneity (I2 
= 67%). This became non-significant when including the 
study with 28 days of observation (1 study, N = 44) (SMD 
= 0.58; 95% CI = [− 0.02, 1.19]; z = 1.88, p = 0.06). Within 

Table 7  Outcomes of anxiety disorders

MST mnemonic similarity task, SUDS subjective units of distress scale, VASA visual analogue scale of anxiety

Lead author and year Study design Interventions and com-
parisons (dose/route of 
administration)

Adverse effects Main outcome measures Key findings Reten-
tion rate 
(%)

Battaglia (2001) [70] Randomised, 
double-blind, 
cross-over

Intervention:
biperiden hydrochloride
4 mg
Oral, once
Control: placebo
Washout: 48 h

Not available VASA
Panic symptoms list-III 

(PSL-III-R)

Biperiden significantly 
reduced  CO2 exag-
gerated

%VASA (p ≤ 0.003) 
and %PSL-III-R (p ≤ 
0.005) compared to 
placebo

75

Craske (2019) [103] Double-blind, 
randomised, 
placebo-
controlled

Intervention:
scopolamine
0.5 mg, 0.6 mg
Intranasal
Once
Control: placebo

Drowsiness
3 patients

Paired associate learn-
ing (cue-context 
learning)

MST
SUDS

Not significant
The difference was 

observed in SUDS 
during extinction 
and paired-associate 
learning task across 
groups, while errors 
were significantly 
increased in MST at 
0.5 mg scopolamine 
(p < 0.05)

90.90

Fig. 3  Forest plot of the scopolamine’s antidepressant effect in patients with mood disorders. There was no significant overall antidepressant 
effect (p = 0.20). CI confidence interval, IV inverse variance, SD standard deviation
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the short-term duration studies (symptoms measured after 
3 days), leave-one-out sensitivity analyses indicated sig-
nificant changes in inferences leaving out study 1 [75] and 
study 3 [80], whereby removal of these studies increased the 
p-value (p = 0.11).

In contrast, scopolamine had no overall effect on anxi-
ety in individuals with mood disorders (3 studies, SMD 
= − 0.33; 95% CI = [− 1.10, 0.45]; z = 0.83, p = 0.41), 
and moderate heterogeneity (I2 = 56%) (Fig. 4). Leave-
one-out sensitivity analyses showed that omitting study 3 
[81] decreased the p-value significantly (from 0.41 to 0.04). 
Using GRADE analysis, we rated the certainty of scopola-
mine’s antidepressant and anxiolytic effect as “very low” in 
people with mood disorders.

3.8  Reported Adverse Events

Adverse events were most commonly reported with scopola-
mine treatment, even at a low dose (0.004 mg/kg). Com-
mon adverse events were dry mouth, dry skin, dry mucus 
membranes, constipation, drowsiness, blurred vision, 
light-headedness, dizziness, hypotension, fatigue, feeling 
drugged [74–76, 80, 81, 103]. At higher doses (0.5 mg/kg), 
scopolamine also showed a reduction in pulse and increased 
psychiatric symptoms such as visual hallucinations, dis-
organised speech, and cognitive impairments at the acute 
drug response phase [69]. Only two studies reported adverse 
events during biperiden treatment, including mild dry mouth 
(also reported in the placebo group) and constipation [84, 
94]. In studies of primary psychotic disorders, xanomeline 
increased salivation, diarrhoea, nausea, vomiting, gastro-
intestinal distress, dizziness, liver function, sweating, and 
flatulence, likely through the activation of peripheral mus-
carinic acetylcholine receptors [71]. However, a few patients 
from the placebo group also showed some gastric distur-
bances. When xanomeline was combined with trospium 
(KarXT), side effects were minimal but included nausea, 
constipation, dry mouth, vomiting and dyspepsia [72]. No 
severe adverse incidents were stated in any of the studies. 
Increased salivation was the only adverse effect reported 
with oral RS-86 administration in MDD patients [104]. In 

contrast, side effects were higher in AD patients, including, 
diaphoresis, hypersalivation, depressed mood, confusion, 
prolonged P-R interval and tremors [100].

4  Discussion

This systematic review and meta-analysis examined the ther-
apeutic efficacy of muscarinic-targeted interventions for neu-
ropsychiatric disorders. Here, we reviewed 33 clinical trials 
to examine their effectiveness in treating mood, primary 
psychotic, dementia, or anxiety disorders. The most com-
mon medications tested for mood disorders were the non-
selective muscarinic antagonist scopolamine, and biperiden, 
an  M1 mAChR preferring antagonist. Meta-analysis revealed 
that scopolamine did not show significant improvement in 
depressive symptoms compared to placebo. For schizophre-
nia, most studies used biperiden, followed by the  M1/M4 
mAChR preferring agonist xanomeline and the antagonist 
scopolamine. Xanomeline significantly reduced positive 
and negative symptoms; however, safety was improved 
when combined with a peripheral mAChR antagonist tro-
spium (KarXT). Neither scopolamine nor repeated-dose 
biperiden improved symptoms in people with schizophrenia. 
In patients with AD, treatments included RS-86, xanome-
line tartrate and Lu 25-109; only xanomeline significantly 
improved psychiatric and behavioural symptoms of AD. No 
conclusive findings can be drawn for anxiety disorders as 
only two clinical trials were available, and neither examined 
the same compound.

4.1  Mood Disorders

The most substantial evidence of efficacy for muscarinic-tar-
geted interventions was observed in mood disorders. Eight 
RCTs reported scopolamine's efficacy relative to placebo in 
patients with mood disorders regardless of diagnosis. The 
effect was rapid as symptom alleviation was seen 3–5 days 
following the first scopolamine administration [74, 105]. 
Compared to typical antidepressants, which can take sev-
eral weeks to become effective, this time span is beneficial 

Fig. 4  Forest plot of the scopolamine's antianxiety effect in patients with mood disorders. There was no significant difference was found between 
the two treatment arms (p = 0.41) for the anxiolytic effect of scopolamine. CI confidence interval, IV inverse variance, SD standard deviation
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to individuals with depression [74]. The rapid antidepres-
sant effect of scopolamine was observed in both sexes; 
however, one study showed the magnitude was higher in 
women than men, which may be driven by renal elimina-
tion rate. Although there are no studies examining pharma-
cokinetic differences of scopolamine in men versus women, 
results from drugs with weak anticholinergic activity such as 
amantadine and digoxin suggest slower clearance in females 
compared to males, due to sex differences in renal tubule 
secretion by organic cation transporters [106]. A second 
possibility is p-glycoprotein transporter polymorphisms may 
lead to variability in efficacy [76, 107]. This potential differ-
ence may also be explained by sex differences observed in 
the A/T 1890 SNP in CHRM2 [108].

One study documented substantial symptom improvement 
when scopolamine was combined with the selective seroto-
nin reuptake inhibitor (SSRI) citalopram, rather than cit-
alopram alone, despite no evidence of interactions between 
SSRI and anticholinergic agents [80]. On the other hand, 
scopolamine failed to alleviate depressive symptoms in treat-
ment-resistant patients with higher severity Montgomery-
Åsberg Depression Rating Scale scores [81]. Three reasons 
have been suggested to explain treatment-resistance [109]. 
First, pathophysiological adaptations are more serious, so 
standard doses are ineffective. Second, progressive neuro-
biological changes alter the diagnosis. For example, a patient 
initially presented with MDD, and subsequently BP or wors-
ening symptoms emerged. A drug targeting the initial diag-
nosis may not generate an appropriate therapeutic response 
in such cases. Third, different underlying neurobiological 
mechanisms may exist between treatment-responsive and 
treatment-resistant patients. All the studies from Furey and 
colleagues displayed scopolamine's antidepressant effect at 
a low dose (0.004 mg) [74–79]. In contrast, Newhouse et al. 
(1988) showed no significant difference in Beck depression 
inventory score at a higher dose range (0.1–0.5 mg) [69]. 
One plausible reason for this difference is pseudo-resistance, 
where some treatments display a bell-shaped dose-response 
curve. Pseudo-resistance can be defined as a patient being 
non-responsive to the treatment, but the criteria for treatment 
resistance are not fulfilled [109].

Lastly, the antidepressant effect of scopolamine was non-
significant in the meta-analysis, and this result contradicts 
the findings from another review. From the sub-group analy-
sis, it was also evident that significant alleviation of depres-
sive symptoms is observed after 3 days; however, after 28 
days it is no longer significant [110]. Various reasons suggest 
extreme caution should be taken before scopolamine is rec-
ommended as a therapeutic agent. The latter review included 
different papers which had the same datasets, and they also 
mentioned this as the biggest limitation. We excluded those 
studies because the number of repeated participants is much 
higher than the newly enrolled participants. For example, 

in the study with the highest sample size (N = 62) [78], 
data from 52 participants were previously reported [74–76]. 
Second, the significant antidepressant effect from short-
duration studies of scopolamine did not survive our sen-
sitivity analyses, which were not performed by McCaffery 
and colleagues. Third, GRADE analysis suggested a “very 
low” certainty of the evidence. Fourth, most scopolamine 
trials were conducted by the same group of authors. Lastly, 
the majority of studies were either acute or short-term prob-
lems (< 6 weeks); it should be noted that chronic use of 
scopolamine shows abuse liability [111] and can have sig-
nificant impact on memory [112]. Therefore, while these 
data suggest scopolamine may help reduce depressive symp-
toms in individuals with mood disorders, the dose and route 
of administration need to be optimised to obtain a clinical 
response that can produce beneficial results without limiting 
on-target side effects. More independent replication with a 
larger sample size would be required to confirm the findings. 
In the future, novel allosteric modulators, which selectively 
target central  M2 or  M3 mAChR with negligible peripheral 
side effects might show clinical effectiveness in patients with 
mood disorders [113].

In addition, two  RCTs examined the effectiveness of 
biperiden. Acute biperiden administration showed a signifi-
cant antidepressant effect. However, a 6-week trial did not 
demonstrate the substantial antidepressant effect of biperiden 
compared with placebo [84]. From a clinical perspective, 
however, long-term  M1 receptor antagonism is likely to be 
problematic, as detailed below. Results from RS-86 studies 
showed reduction in REM-latency and increase in REM-
density, suggesting a possible role of muscarinic receptors 
in sleep disturbances accompanied by MDD.

4.2  Primary Psychotic Disorders

Muscarinic targeted inventions showed promising results in 
schizophrenia and psychotic disorders, particularly alleviat-
ing positive and negative symptoms. However, there were 
not enough RCTs to perform a meta-analysis, highlight-
ing the need for additional trials to ascertain the efficacy 
of such interventions fully. Preliminary data from studies 
using biperiden suggest that antagonism of the  M1 recep-
tor produces mild to moderate impairment in learning and 
memory processes in subjects with primary psychotic dis-
orders [92, 93]. As mentioned, biperiden is an  M1 mAChR 
preferring antagonist, and cognitive impairment results 
suggest that down-regulation of the  M1 receptor could be a 
significant contributor to cognitive symptoms of schizophre-
nia. Although scopolamine has been used to generate “cog-
nitive dysfunction”, it has been observed that, along with 
cognitive dysfunction, scopolamine also produces impair-
ment in attention and motivation [114]. This effect is due 
to the non-selective nature of scopolamine. Based on these 
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findings, it was proposed that scopolamine could be used 
to model cognition dysfunction in AD. Notably, biperiden 
could be a “cleaner” way to develop a “cholinergic deficit 
model of cognitive dysfunction” [114]. Previous literature 
indicates that cognitive impairment may be a vulnerabil-
ity marker for psychotic disorders as it is also observed in 
healthy people with high genetic risk [115]. On the con-
trary to biperiden, xanomeline, an  M1/M4 receptor orthos-
teric agonist, showed significant improvement in positive 
and negative symptoms of schizophrenia [71]. However, the 
therapeutic use of xanomeline is limited due to severe gas-
tric side effects, driven by its potential to bind to peripheral 
muscarinic receptors. The combination of xanomeline with 
trospium (KarXT) shows a similar therapeutic potential of 
xanomeline in treating psychotic disorders, with minor side 
effects compared to xanomeline alone, due to the ability of 
trospium to block peripheral muscarinic receptors without 
crossing the blood-brain barrier and thereby alleviate gas-
trointestinal side effects [72]. Indeed, KarXT has recently 
shown positive results in the Phase 3 EMERGENT-2 Trial 
(see https:// inves tors. karun atx. com/ news- relea ses/ news- 
relea se- detai ls/ karuna- thera peuti cs- annou nces- posit ive- resul 
ts- phase-3- emerg ent). Based on the KarXT results,  M1/M4 
receptor-targeted treatments appear to be a novel potential 
therapeutic approach in primary psychotic disorder patients. 
In addition to KarXT, a Phase 1b clinical trial is ongoing for 
the positive allosteric modulator of  M4 receptor, emraclidine 
in patients with schizophrenia and is expected to finish by 
2024 (NCT05227703, NCT05227690). Notably, when tar-
geting the orthosteric site, it is essential to consider that drug 
response to the orthosteric agonist of the  M1 receptor was 
altered in the subgroup of patients with MRDS phenotype. 
Still, no difference was observed in response to an allosteric 
agonists, suggesting that positive allosteric modulators with 
bias signalling may provide a better approach for all types of 
schizophrenic patients [116]. In this regard, there are several 
preclinical studies that support positive allosteric modula-
tors of  M4 receptors as novel anti-psychotics [117, 118]. 
For RS-86 in schizophrenia, a significant decline in REM 
latency was observed, which is similar to the depression [87, 
96], while the results for REM density are the opposite. The 
authors speculated that this REM latency reduction is due 
to subpopulations of people with schizophrenia also having 
secondary depression. In a subsequent study, no significant 
difference emerged when samples were split with and with-
out secondary depression [87, 96], which suggests that REM 
latency measurement alone is not a sufficient marker to con-
clude any specific neuropsychiatric disorder.

4.3  Dementia/Alzheimer’s Disease

RS-86 was ineffective for cognition and psychiatric symp-
toms in patients with mild to moderate AD. Even the highest 

tolerable dose of 10 mg showed no significant improvement 
[119]. Similar to RS-86, Lu 25-109 failed to produce a sig-
nificant difference in cognitive or behavioural symptoms of 
AD; rather, symptoms worsened at the highest dose of 300 
mg, relative to placebo. A potential reason could be that Lu 
25-109 also acts as an  M2/M3 receptor antagonist, leading 
to a higher discontinuation rate [102]. There is evidence that 
xanomeline tartrate (75 mg, TID) is effective for psychiat-
ric symptoms [99]. The results were equivocal for cognitive 
symptoms as improvement was observed in the neuropsy-
chological test battery but not from the ADAS-cognition 
subscale [98]. Also, there was a difference in MMSE scores 
across treatment groups during baseline measurement, which 
can be a confounding factor for measuring actual treatment 
effect. The primary concern across most of the dementia 
studies is the lack of assessor’s blinding information.

In summary, except for xanomeline, no other muscarinic 
receptor agonist with a higher selectivity for the  M1 receptor 
produced significant improvement in behavioural or psychi-
atric symptoms of dementia. These results are in line with 
other previous trials with oxotremorine, pilocarpine and 
RS-86 [102]. Favourable results from xanomeline suggest a 
potential role of the  M4 receptor in behavioural and psychi-
atric disturbances associated with dementia. The hypothesis 
behind antipsychotic efficacy is that activating the  M4 recep-
tor reduces hyperdopaminergic activity, an effect confirmed 
in patients with schizophrenia [59]. Xanomeline may also 
attenuate the beta-amyloid plaque burden by increasing the 
secretion of non-amyloidogenic form of precursor protein 
and may thereby slow down the disease progression [99].

4.4  Anxiety Disorders

Results concerning anxiety disorders are equivocal. Scopola-
mine treatment did not significantly differ in self-reported 
distress in public speaking compared to placebo [103]. In 
contrast, scopolamine administration reduced anxiety rat-
ing scale scores in people with mood disorders relative to 
placebo [74]. While these preliminary studies show some 
promising results, no conclusions can be drawn, and addi-
tional studies are needed to determine the role of muscarinic 
receptors in anxiety disorders. Preclinical studies point out 
the possible involvement of the  M5 receptor in anxiety [63].

4.5  Strengths and Limitations

In this systematic review, all included studies were ran-
domised (except one pseudo-randomised study), placebo-
controlled and double-blind studies. These are considered to 
produce highest quality of evidence for medical research. A 
recent review showed a role for cholinergic therapeutics in 
depressive/manic symptoms [110]. However, they included 
interventions that can also target nicotinic receptors. So, 

https://investors.karunatx.com/news-releases/news-release-details/karuna-therapeutics-announces-positive-results-phase-3-emergent
https://investors.karunatx.com/news-releases/news-release-details/karuna-therapeutics-announces-positive-results-phase-3-emergent
https://investors.karunatx.com/news-releases/news-release-details/karuna-therapeutics-announces-positive-results-phase-3-emergent
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to our knowledge, this is the first systematic review with 
a registered protocol assessing the exclusive role of mus-
carinic receptor-targeted interventions in neuropsychiatric 
disorders. For risk of bias assessment, we used Cochrane 
ROB-2 software. Cochrane  ROB-2 is a structured tool that 
helps assess bias in each domain of the study, such as trial 
design, conduct and reporting rather than overall RCT. To 
identify publication bias, we undertook sensitivity analy-
ses. We also performed GRADE analysis for meta-analysis 
findings, a critical approach in assessing the certainty of 
evidence. A shortcoming in the available data is that only 
five studies were included for meta-analysis, so we cannot 
formally evaluate bias due to missing results (such as funnel 
plot generation) and meta-regression. However, sensitivity 
analyses allowed us to assess the robustness of the findings.

There are critical limitations in the literature reviewed 
in the present study. First, sample sizes were small (N < 
30) in most included articles; caution is required as under-
powered studies may increase error and reduce reliability. 
Second, numerous studies used different doses and routes 
of administration. While many studies focused on repeated 
dosing, some tested acute administration. Acute treatment 
with biperiden showed improvement in depressive symp-
toms, and opposite to that, studies lasting 6 weeks failed 
to see this same efficacy, highlighting the need for optimal 
treatment protocols. Third, most studies did not report the 
ethnicity of participants, which can be a limiting factor for 
the generalisability of findings [120]. Lastly, active com-
parators/controls are lacking in a number of studies. For 
instance, in dementia studies, higher rates of adverse events 
in the treatment but not the placebo condition may have 
unblinded both participants and assessors; thus, having no 
active placebo can compromise the integrity of the trial 
[98, 99].

5  Conclusion and Future Directions

While the results are not yet definitive, findings on mus-
carinic receptor-targeted interventions in several mental 
disorders are promising in efficacy and safety, specifically 
in treating schizophrenia, mood disorders such as MDD and 
BP and behavioural and psychiatric symptoms of AD. How-
ever, several methodological discrepancies question the abil-
ity to generalise findings. The most favourable evidence is 
the combination of  M1/M4 agonist xanomeline and trospium 
(although inconclusive for meta-analysis) in schizophrenia 
because of a higher safety profile. Weak evidence also ten-
tatively suggests a role for scopolamine in mood disorders, 
more specifically major depressive and bipolar disorders. For 
BPSD only xanomeline tartare showed significant improve-
ment, but more evidence is required to validate the results.

In conclusion, the major challenge with orthosteric mus-
carinic receptor-targeted interventions is a wide range of 
peripheral adverse effects thought to be mediated via binding 
to  M2/M3 receptors. The orthosteric binding site of mAChR 
is remarkably conserved, making it challenging to develop 
subtype-selective interventions. However, many allosteric 
ligands with biased signalling pathways are in development 
[16]. Positive allosteric modulators are compounds that 
increase the co-bound orthosteric pharmacological effect 
of the ligand. Allosteric modulators with biased signalling 
pathways can achieve subtype selectivity and be devoid of 
side effects (off-target or on-target), a key attribute for target-
ing mAChR in psychiatric disorders [121]. Comprehensive 
knowledge of pathways and their engagement in the disease 
could change the therapeutic use of muscarinic targeted 
interventions. Despite representing a critical target for neu-
ropsychiatric disorders, most of the included studies in this 
review were less contemporary and receptor non-selective, 
which makes it difficult to predict clinical effectiveness. 
In future studies, more subtype-selective interventions are 
needed to establish clinical effectiveness with limited side 
effects.
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