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Dear Dr DeLisi

We thank the Reviewers for their comments on our manuscript entitled “Muscarinic M1 and M4 
receptors: Sites for hypothesis driven drug development for schizophrenia” (Ref: PSY_2020_497).  
We have used these comments extensively to modify the original manuscript we submitted as 
follows:

Reviewer 1:

1. the absence of GWAS data implicating muscarinic receptors. The authors carefully describe 
postmortem and clinical findings that implicate M1/M4 in schizophrenia, but without 
supporting GWAS data. This review would be an excellent venue to discuss the mechanisms 
by which the human brain in schizophrenia can manifest profound changes in cortical 
circuitry in the absence of GWAS findings.
Response: A paragraph has been added to the conclusions of our revised manuscript that 
addresses this important issue.

Reviewer 2

1. One of my concerns is that the results of this phase II study have not been published yet 
(other than in a press-release to investors). This fact needs to be clarified in the manuscript. 
While I share the authors’ enthusiasm about the positive results of a phase II study, these 
results need to be confirmed in larger phase III studies. As bitopertin and encenicline have 
shown, the results of a positive phase II study don’t necessarily translate in a positive phase 
III study. I would ask the authors to clarify this point and not to raise too many expectations.
Response:  Sad but true comments, even though the main problem seems to be a growing 
placebo effect in phase III trials!  We have added this cautionary message to our 
Concluding Remarks where we feel it will have greatest impact. 

2. Unfortunately the submission has different abstracts. Please make sure that you use the same 
version of the abstract.
Response:  The authors apologise for this error which is corrected in our re-submission.

3. The authors need to provide more information on KarXT in the abstract. Many readers may 
not know that this abbreviation stands for a commercial formulation of xanomeline and 
trospium.
Response: The authors acknowledge this important point and now define the formulation of 
KarXT in the abstract.



4. The authors also talk about ‘a large phase II study’. With a recruitment goal of a total of 180 
subjects, this raises wrong expectations.
Response: The authors agree with this comment and therefore have deleted the word 
“large”.

5. Referring to the Shekhar study as a ‘drug trial’ is pushing things (the number of subjects 
enrolled was very small).
Response: This is a fair comment which is why the authors refer to the “clinical trial” of 
xanomeline in schizophrenia, we believe this is a reasonable name for this early trial of the 
drug in treating schizophrenia.  We could find nowhere in the manuscript we referred to this 
study as a “drug trial”.

6. Please replace PANNS with PANSS!
Response: This modification has been made.

7. Page 3 / 4: The whole paragraph ‘Whilst early attempts’ is misleading from my perspective. 
The authors state that ‘activating, rather than blocking, muscarinic receptors could be 
beneficial in the treatment of schizophrenia’. The therapeutic goal of administering 
muscarinic antagonists is to ameliorate antipsychotic-induced motor side-effects.
Response: In response to the Reviewer finding this paragraph misleading we have edited the 
first sentence to clearly indicate the early attempts to treat patients with schizophrenia 
involved the use of atropine toxicity, not the use of muscarinic antagonists to control the 
extrapyramidal side-effects of typical antipsychotic drugs as covered in the second sentence 
of the revised manuscript. 

8. The discussion of allosteric versus orthosteric M1/M4 agonists should mention that no 
allosteric agonist has yet proven effective in the treatment of schizophrenia.
Response:  This is a fair comment and a sentence has been added to the relevant paragraph 
acknowledging this point.

9. The first sentence ‘The release of promising data showing the efficacy of KarXT’ is 
unacceptable. These are preliminary data (keep in mind that this manuscript is being 
submitted to scientific journal not a commercial publication).
Response: Acknowledged, the word “preliminary” now replaces “promising”.

10. I don’t fully understand how the reference to van Os’ paper improves this manuscript
Response: This point is made to warn that attempts to remove the diagnoses of 
schizophrenia, as has occurred in Japan, may be premature and could disadvantage 
ongoing studies as whatever the diagnosis “defines” does have a biological underpining.

11. The Figures should clarify that they refer data from previous presentations.
Response: It has been made clear that Figure 1 and Figure 2A and 2B have been created 
using information relate to previous publications.

Reviewer 3:

1. Page 5; Please refer to the [123I]IQNB ligand as single photon emission computed 
tomography ligand (instead of “single photon computed emission tomography radioligand”).
Response:  This has been corrected.

2. -Page 5: The authors write: “In addition, using the more selective SPECT ligand, 123I-
IDEX, it was shown that lower levels of muscarinic M1 receptors were associated with 
poorer performance in verbal learning and memory and more severe negative symptoms in 
medication free patients with a psychotic disorder (Bakker et al., 2018)”. Can the authors 
please clarify that in this study no control group was included and that therefore, it is 
unknown whether M1 receptor density was decreased in these patients.
Response:  This important point has been included in our revised manuscript.

3. -Page 7: “higher levels of miR-107 which targets muscarinic M1 receptor expression (Scarr 
et al., 2013a)”. Please insert the word and prio to higher….



Response:  This has been corrected in our revised manuscript.
4. -Page 7: the authors describe a few molecular cytoarchitectural characteristics of the MRDS 

group. Are these changes they decribe compared to non-MRDS schizophrenia patients or 
controls or both? If changes are compared to non-MRDS schizophrenia patients, is it known 
how non-MRDS schizophrenia patients relate to controls?
Response:  In our revised manuscript we now make it clear the measures in question do not 
differ between non-MRDS and controls and include a comment on the only measure we have 
found that differentiates non-MRDS from controls and MRDS.

5. -Page 12: beginning of the paragraph. “Given the notion of using allosteric modulators to 
treat schizophrenia it is of interest that the ability of the muscarinic M1 receptor allosteric 
modulator to alter the affinity of that receptor can be measured using human cortex (Dean et 
al., 2016), a measurement that should be an indicator of the likely responsiveness of that 
receptor to allosteric modulation (Ma et al., 2009; Shirey et al., 2009).” This sentence is very 
long and difficult to read. Can the authors rephrase?
Response:  In our revised manuscript, this sentence has been rephrased and made into two 
sentences in such a way we hope makes its meaning clearer.

In addition to the above, we have revised the highlights for this manuscript to reflect changes made 
in response to the Reviewers comments.

As we have been able to improve our manuscript by incorporating nearly all of the changes 
suggested by the Reviewers, we now submitted our revised manuscript for consideration for 
publication in Psychiatry Research.

We look forward to hearing from you on this matter.

Yours sincerely,

Brian Dean

On behalf of the authors.
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muscarinic receptors, has given a positive result in reducing the positive and negative symptoms of 

schizophrenia in a phase II trial suggests targeting muscarinic receptors is a new approach to 

treating the disorder.  This review will detail the synergistic interplay between studies to understand 

the role of muscarinic receptors in the aetiology of schizophrenia and drug development and how 

this has supported the hypothesis that activating the muscarinic M1 and M4 receptors is critical to 
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influence hypothesis driven drug discovery that should produce new treatments for schizophrenia. 



1

Muscarinic M1 and M4 receptors:

Sites for hypothesis driven drug development for schizophrenia.

 

Brian Deana* and Elizabeth Scarrb

a The Molecular Psychiatry Laboratory, The Florey Institute for Neuroscience and Mental Health, 

Parkville, Victoria 3052, Australia,

b Melbourne Veterinary School, Faculty of Veterinary and Agricultural Sciences, University of 

Melbourne, Parkville, Victoria 3010, Australia.

* Corresponding Author:  Professor Brian Dean, Head, The Molecular 

Psychiatry Laboratory, The Florey Institute for 

Neuroscience and Mental Health, 30 Royal Parade, 

Parkville, Victoria 3052, Australia.

Email: brian.dean@florey.edu.au; Telephone: 613-8344-3786

mailto:brian.dean@florey.edu.au


1

Muscarinic M1 and M4 receptors:

Hypothesis driven drug development for schizophrenia.

 

Brian Deana* and Elizabeth Scarrb

a The Molecular Psychiatry Laboratory, The Florey Institute for Neuroscience and Mental Health, 

Parkville, Victoria 3052, Australia,

b Melbourne Veterinary School, Faculty of Veterinary and Agricultural Sciences, University of 

Melbourne, Parkville, Victoria 3010, Australia.

* Corresponding Author:  Professor Brian Dean, Head, The Molecular 

Psychiatry Laboratory, The Florey Institute for 

Neuroscience and Mental Health, 30 Royal Parade, 

Parkville, Victoria 3052, Australia.

Email: brian.dean@florey.edu.au; Telephone: 613-8344-3786

mailto:brian.dean@florey.edu.au


2

Abstract

The finding that the drug KarXT, a formulation of xanomeline and tropsium which targets 

muscarinic receptors, has given a positive result in reducing the positive and negative symptoms of 

schizophrenia in a phase II trial suggests targeting muscarinic receptors is a new approach to 

treating the disorder.  This review will detail the synergistic interplay between studies to understand 

the role of muscarinic receptors in the aetiology of schizophrenia and drug development and how 

this has supported the hypothesis that activating the muscarinic M1 and M4 receptors is critical to 

the efficacy of KarXT, in schizophrenia.  The discovery of an intermediate phenotype within 

schizophrenia which is characterised by the presence of a marked loss of cortical muscarinic M1 

receptors will be reviewed.  Highlighted will be progress in understanding the biochemistry of that 

intermediate phenotype and evidence to suggest that those with the intermediate phenotype may 

resist treatment with agonist to the orthosteric site on the muscarinic M1 and M4 receptor.  Finally, 

the possibility of using drugs targeting the allosteric binding sites on muscarinic receptors to treat 

schizophrenia will be discussed.  This timely review will therefore highlight how research can 

influence hypothesis driven drug discovery that should produce new treatments for schizophrenia. 
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Drugs that affect the cholinergic system have long been suggested to reduce the severity of 

symptoms in patients with schizophrenia (Cohen et al., 1944).  The human cholinergic system is 

made up of basal-forebrain and medial septal nucleus projections, the pedunculopontine–lateral 

dorsal tegmental neurons, striatal interneurons, the cranial-nerve nuclei, the vestibular nuclei and 

the spinal-cord preganglionic and motoneurons (Perry et al., 1999; Scarr et al., 2013b).  The 

components of the cholinergic system can influence many CNS regions, in particular neurons from 

the basal-forebrain and the medial septal nucleus extend into the cortex and hippocampus.  The 

activity of the cholinergic system is regulated by acetylcholine acting through two families of 

receptors, the ion-gated nicotinic receptors and the G-protein coupled muscarinic receptors (Scarr et 

al., 2013b).  There are 5 muscarinic receptors (M1 to 5) in the human CNS, the variation in their 

distribution and signalling are critical in mediating the overall responsiveness of the cholinergic 

system to activation by acetylcholine (Brann et al., 1993).   As a result of recent developments, this 

review will focus on the roles of muscarinic receptors in the pathophysiology and treatment of 

schizophrenia, however, there is also evidence to implicate nicotinic receptors in the 

pathophysiology and treatment of the disorder; this has been reviewed elsewhere (Girgis et al., 

2019).

Targeting muscarinic receptors to treat schizophrenia

Whilst early attempts to ameliorate the severity of the symptoms of schizophrenia using atropine 

toxicity, which involved by blockading muscarinic receptors with the that antagonist, atropine, 

showed some initial promise (Forrer, 1951) this treatment had a high risk/benefit ratio and therefore 

was not viewed as clinically useful.  However, there was has been the a widespread use of 

muscarinic receptor antagonists, such as benztropine, to lessen the movement disorders experienced 
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by people with schizophrenia treated with the first-generation antipsychotic drugs (Ogino et al., 

2014).  Whilst the ongoing use of muscarinic receptor antagonists to control the movement 

disorders associated with antipsychotic drug treatment suggested a clear clinical benefit such 

treatment was also associated with worsening of cognitive impairments and tardive dyskinesia as 

well as the onset of delirium (Minzenberg et al., 2004).  These treatment outcomes contrasted to the 

finding that chewing betel nut lessened the severity of symptoms of schizophrenia (Sullivan et al., 

2000), an effect thought to be due to betel nut containing arecoline, a non-selective muscarinic 

receptor agonist (Sullivan et al., 2007).  Together, these data suggested activating, rather than 

blocking, muscarinic receptors could be beneficial in the treatment of schizophrenia.

Studies on muscarinic receptors in CNS in schizophrenia 

Given studies suggesting activating muscarinic receptors would be beneficial in the treatment of 

schizophrenia it was significant that a number of studies reported lower levels of [3H]pirenzepine 

binding in the cortex (Crook et al., 2001; Zavitsanou et al., 2004), hippocampus (Crook et al., 2000) 

and striatum (Dean et al., 1996), but not the thalamus (Dean et al., 2004), from patients with 

schizophrenia because [3H]pirenzepine selectively binds to the muscarinic 1 and 4 receptors (Scarr 

and Dean, 2008).  These binding data suggested that, compared to controls, there were lower levels 

of muscarinic M1 receptor, muscarinic M4 receptor or both of these receptors in the cortex, 

hippocampus and striatum from patients with schizophrenia.  Moreover, lower levels of cortical 

[3H]pirenzepine binding had some specificity for schizophrenia because lower levels of binding was 

not found in the cortex of subjects with major depressive disorders, bipolar disorders (Gibbons et 

al., 2016; Zavitsanou et al., 2004), Alzheimer’s disease (Scarr et al., 2017) or Parkinson’s disease 

(McOmish et al., 2017).
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One concern about post-mortem CNS findings was that they were an artefact due to autolysis or 

other factors occurring after death.  It is therefore significant that the use of a pan-muscarinic 

receptor single photon emission computed tomography ligandsingle photon computed emission 

tomography radioligand, [I-123]iodoquinuclidinyl benzilate ([123I]IQNB), confirmed there were 

lower levels of CHRMs in many CNS regions in antipsychotic-drug free patients with 

schizophrenia (Raedler et al., 2003).  In addition, using the more selective SPECT ligand, 123I-

IDEX, it was shown that lower levels of muscarinic M1 receptors were associated with poorer 

performance in verbal learning and memory and more severe negative symptoms in medication free 

patients with a psychotic disorder (Bakker et al., 2018).  Importantly, this study did not have data 

from normal controls and therefore it was not possible to determine if the patients with 

schizophrenia had lower levels of CNS muscarinic M1 receptors compared to those who did not 

have the disorder.     These neuroimaging data added to the hypothesis, put forward after the 

emergence of post-mortem data showing lower levels of muscarinic M1 and / or M4 receptors in the 

CNS from subjects with schizophrenia, that activating the muscarinic M1 and / or M4 receptors 

with drugs would be of therapeutic benefit in patients with the disorder (Dean et al., 2003; Felder et 

al., 2001).

The use of [3H]pirenzepine binding and SPECT neuroimaging suggested there were lower levels of  

muscarinic M1 and / or M4 receptors in patients with schizophrenia.  However, the use of receptor 

specific antibodies and the measurement of levels of mRNA showed that there were lower levels of 

muscarinic M1 receptor (Dean et al., 2002; Mancama et al., 2003), but not muscarinic 2, 3 (Scarr et 

al., 2006) or 4 (Dean et al., 2002) receptors, in the dorsolateral prefrontal cortex from patients with 

schizophrenia.  By contrast, data from the measurement of mRNA suggested the level of muscarinic 

M1 receptor was not altered in the striatum (Dean et al., 2000) or hippocampus (Scarr et al., 2007) 

from patients with schizophrenia, rather, levels of muscarinic M4 receptor were lower in the 
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hippocampus from those with the disorder (Scarr et al., 2007).  These data argued that stimulating 

the muscarinic M1 and / or 4 receptors could give therapeutic benefits by ensuring adequate 

signaling through the muscarinic M1 receptor in the cortex and muscarinic M4 receptors in the 

hippocampus and sub-cortical regions in patients with schizophrenia.

The use of a muscarinic M1 / M4 receptor agonist in the treatment of schizophrenia

Initially conceptualised to treat the symptoms of Alzheimer’s disease, the drug xanomeline was 

designed to be a high affinity agonist at the muscarinic M1 receptor (Shannon et al., 1994).  

However, it was subsequently shown that xanomeline was an agonist at the muscarinic M1 receptor 

and muscarinic M4 receptor and to have antipsychotic like behavioural properties in rodents 

(Shannon et al., 2000) and primates (Andersen et al., 2003).  These data, added to a growing 

understanding of changes in levels of muscarinic receptors in the CNS of patients with 

schizophrenia, led to the proposal that xanomeline would prove useful in treating the symptoms of 

that disorder (Bymaster et al., 2002).  This hypothesis was supported by a clinical trial in patients 

with schizophrenia (10 xanomeline vs 10 placebo) which showed that after 4 weeks of treatment 

xanomeline improved the total Brief Psychiatric Rating Scale and Positive and Negative Syndrome 

scores and robustly improved measures of verbal learning and short term memory function 

(Shekhar et al., 2008).  In this study adverse events, particularly involving the gastrointestinal 

system, were reported and hence xanomeline did not appear an attractive drug to take through to the 

clinic (Bender et al., 2017).

Whilst the side-effects of xanomeline made it an unattractive drug to take to the clinic as a 

monotherapy the results obtained in the trial of the drug in subjects with schizophrenia amplified 

ongoing interest in the use of muscarinic M1 / M4 receptor agonists to treat schizophrenia (Bender 
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et al., 2017).  This led to the development of a coformulation of xanomeline and trospium which has 

been named KarXT (Miller et al., 2016).  Trospium was included because it is a muscarinic receptor 

antagonist that has minimal, if any, penetration of the blood brain barrier (Staskin et al., 2010) 

which means its actions are limited to the periphery.  Therefore, the hypothesis underpinning the 

formulation of xanomeline with trospium was that trospium would block the unwanted peripheral 

side-effects of xanomeline.  In a recent announcement of the outcome of a Phase 2 clinical trial it 

was stated that KarXT gave a clinically meaningful and statistically significant reduction in total 

Positive and Negative Syndrome Scales compared to placebo that included significant reductions in 

both PANSNS-Positive and PANSNS-negative scores (https://karunatx.com/).  Importantly, the 

number of discontinuations of treatment due to adverse effects in the KarXT and placebo study 

arms were equal.  These data add strong support to the notion that activating CNS muscarinic M1 

and M4 receptors will have significant therapeutic benefits for patients with schizophrenia.

A muscarinic M1 receptor-intermediate phenotype in schizophrenia

It has been suggested that studying intermediate phenotypes in disorders such as schizophrenia will 

improve understanding of the pathophysiology of the disorder (Tamminga et al., 2017).  

Establishing such intermediate phenotypes is dependent on identifying bio- or clinical markers that 

can be used to differentiate groups within syndromes such as schizophrenia.  Hence, it was 

significant that within a large study on the levels of CHRMs in the cortex of patients with 

schizophrenia it was shown that 25% of those within the syndrome could be separated into a sub-

group who, on average, had a 75% lower level of cortical muscarinic M1 receptors (Figure 1)(Scarr 

et al., 2009).  Further study of the molecular cytoarchitecture of this sub-group, termed a muscarinic 

receptor deficit sub-group with schizophrenia (MRDS), has shown they have widespread decreases 

in cortical muscarinic M1 receptor (Gibbons et al., 2013; Seo et al., 2014), altered patterns of the 
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muscarinic M1 receptor gene promotor methylation (Scarr et al., 2013a), lower levels of muscarinic 

M1 receptor mRNA (Scarr et al., 2013a) and , higher levels of miR-107 which targets muscarinic 

M1 receptor expression (Scarr et al., 2013a) when compared to controls.  Notably, non-MRDS do 

not differ in these measures from controls but, unlike MRDS, have changes in levels of pyruvate 

kinase in their striatum (Dean et al., 2016b) which could be inhibiting their ability to utilise glucose.  

The alteration in gene promoter methylation and higher levels of miR-107 suggests part of the 

pathophysiology of MRDS involves mechanisms driving a decrease in muscarinic M1 receptor 

expression in patients with MRDS.  Further evidence that patients with MRDS display some 

differences in pathophysiology from other subjects with schizophrenia comes from a 

transcriptomics study showing there are changes in gene expression that occur in the cortex of 

patients with MRDS but not Non-MRDS (Scarr et al., 2018c).  Some of those changes in gene 

expression include genes that were able to be grouped into a gene expression interactome.  A gene 

expression interactome includes networks of genes with proven molecular interactions that likely 

constitute pathways affected by the pathophysiology of a disorder (Caldera et al., 2017).  

Significantly, the pathway of genes identifies in the cortex of subjects with MRDS is also predicted 

to impact on muscarinic M1 receptor gene expression (Scarr et al., 2018c).

Moving to sub-cortical pathophysiology, patients with MRDS do not have lower levels of striatal 

pyruvate kinase found in subjects with schizophrenia that do not have an MRDS intermediate 

phenotype (non-MRDS) (Dean et al., 2015).  Pyruvate kinase is a rate limiting enzyme in the 

Embden-Meyerhof pathway critical to glucose utilisation (Luo and Semenza, 2011) and hence the 

lower levels of that enzyme in the striatum of patients with non-MRDS could be contributing to the 

decreased ability to utilise glucose that has been reported using PET neuroimaging studies of 

schizophrenia (Buchsbaum and Hazlett, 1998; Horga et al., 2011).
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Lower levels of muscarinic M1 receptor positive pyramidal neurons in schizophrenia

Recently, it has been shown that muscarinic M1 receptors are highly expressed by pyramidal cells 

(Figure 2A) in laminae III and V in the human dorsolateral prefrontal cortex (Figure 2B).  Notably, 

compared to controls, there are markedly lower numbers of muscarinic M1 receptor positive 

pyramidal neurons in both these cortical laminae in patients with MRDS and there a significantly 

lower levels of muscarinic M1 receptor positive neurons in both cortical laminae in those with non-

MRDS (Scarr et al., 2018a).  Pyramidal cells are glutamatergic neurons that are present in all 

laminae of the human cortex, except laminae I (Defelipe, 2011).  Notably, activation of the 

muscarinic M1 receptor causes an increase in levels of extracellular glutamate (Sanz et al., 1997), 

presumably by causing an increased efflux of the neurotransmitter from the pyramidal neurons.  

Therefore, it is likely that reductions in muscarinic M1 receptor positive pyramidal cells would 

impact on cortical glutamate homeostasis.  Whilst there were lower levels of muscarinic M1 

receptor positive neurons in MRDS and non-MRDS, there was no decrease in total neuronal 

number in laminae III or V in either of those groups.  This shows there must be higher levels of 

muscarinic M1 receptor negative neurons in both MRDS and non-MRDS.  Hence, at this point, it 

would not be possible to predict whether such a complex breakdown in control of glutamate 

homeostasis would be associated with a hypo-glutamatergic state or a hyper-glutamatergic state.  

Being able to make such a delineation would be important as a hyper-glutamatergic state is 

predicted to be part of the pathophysiology of schizophrenia (Moghaddam and Javitt, 2012).

The changes in muscarinic M1 receptor positive neurons in laminae III from patients with MRDS 

and non-MRDS has implications for other hypotheses focussed on the pathophysiology of 
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schizophrenia.  For example, it has been suggested that a breakdown in neuronal circuitry in 

laminae III of the dorsolateral frontal cortex, affecting glutamatergic and GABAergic 

neurotransmission, is an important component of the pathophysiology of schizophrenia (Lewis et 

al., 2012).  The hypothesis has focussed on a breakdown in the control of the interaction of 

glutamatergic pyramidal cells, GABAergic and cholecystokinin basket cells as well as chandelier 

cells in cortical laminae III in patients with schizophrenia.  Therefore, the presence of muscarinic 

M1 receptors on pyramidal cells in laminae III of the human cortex (Figure 2C) and the loss of 

neurons positive for that receptor in MRDS and non-MRDS suggests that dysregulation of the 

cholinergic control of cortical homeostasis may also have to be factored into that model.

Abnormalities in cortical sub-cortical communications have been implicated in the pathophysiology 

of schizophrenia (Sheffield and Barch, 2016).  It is therefore significant that pyramidal cells in 

human cortical laminar V are critical in cortical sub-cortical communications (Fuster, 2015).  The 

loss of muscarinic M1 receptor positive pyramidal cells in laminae V from subjects with MRDS and 

non-MRDS suggests that altered cholinergic regulation of cortical sub-cortical communication 

could be a significant component of the pathophysiology in MRDS (Figure 2D).  Finally, lower 

levels of primary and secondary basilar dendrites, consistent with a decrease in synaptic surface 

area, has been reported in either cortical laminae III only (Glantz and Lewis, 2000) or in cortical 

laminae III and V in patients with schizophrenia (Broadbelt et al., 2002).  These data argue that the 

loss of muscarinic M1 receptor positive neurons is part of a complex disruption in cortical 

pyramidal cell function in schizophrenia.

Muscarinic M1 receptor-intermediate phenotype: Implications for cholinergic treatments for 

schizophrenia
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The data on MRDS would seem to support the notion that studying intermediate phenotypes within 

the syndrome of schizophrenia will be advantageous in gaining a better understanding of the 

pathophysiology of the disorder (Tamminga et al., 2017).  Importantly, it has also been shown that 

the potency of oxotremorine-M to stimulate Gq/11-[35S]-GTPgS binding using tissue from human 

dorsolateral prefrontal cortex was significantly decreased in the MRDS group compared to controls 

and non-MRDS (Salah-Uddin et al., 2009).  Although oxotremorine-M is a pan-muscarinic receptor 

agonist (Ringdahl and Jenden, 1983), the assay conditions used in the study of schizophrenia meant 

only muscarinic M1 receptor G-protein recruitment would be detected (Salah-Uddin et al., 2009). 

Therefore, the data on oxotremorine-M mediated G-protein recruitment suggests that patients with 

MRDS may not respond optimally to treatment with muscarinic M1 receptor agonists like 

xanomeline.  There was a trend toward decreased AC-42 stimulated Gaq/11-[35S]-GTPgS binding 

using the tissue from patients with MRDS, which did not reach significance.  AC-42 is a muscarinic 

M1 receptor allosteric agonist (Conn et al., 2009) and therefore data from the study of that drug 

using tissue from patients with MRDS could indicate that targeting allosteric sites on the muscarinic 

M1 receptor may be a more effective treatment for patients with that intermediate phenotype.

Allosteric sites on muscarinic receptors

Xanomeline is a drug which preferentially binds to the orthosteric binding site on the muscarinic 

M1 and M4 receptors (Bender et al., 2017).  The orthosteric site is the site on the receptor activated 

by the endogenous ligand (Figure 3)(Gregory et al., 2010) which, in the case of the muscarinic 

receptors, is acetylcholine.  Orthosteric sites on muscarinic receptors have been preserved through 

evolution and therefore have similar structures making it difficult to develop drugs specific to 

individual muscarinic receptors.  However, allosteric binding sites, which can modulate the activity 
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of a muscarinic receptor but are distal to the orthosteric site and have not been preserved through 

evolution, have been identified for each muscarinic receptor.  This means that drugs that have been 

synthesised to bind to the allosteric site on muscarinic receptors have very high, if not total, 

specificity for a single muscarinic receptor (Felder et al., 2018).  Given the outcomes of treating 

patients with schizophrenia with muscarinic M1 / 4 receptor agonists it is now suggested that drugs 

that specifically modulate the allosteric site on those two receptors to alter receptor activity may 

provide a better therapeutic / side effect window compared to drugs acting at the orthosteric site on 

those receptors (Yohn and Conn, 2018).  Importantly, such conclusions remain hypothetical until 

allosteric modulators are shown to give therapeutic benefits when treating schizophrenia.  

One innovative use of human postmortem CNS is to measure Given the notion of using allosteric 

modulators to treat schizophrenia it is of interest that the ability of the ability of muscarinic M1 

receptor allosteric modulators to alter the affinity of that receptor for acetylcholine using human 

cortex can be measured using human cortex (Dean et al., 2016a).  This , a measurement is important 

as it  that should be an indicator of the likely responsiveness of that receptor to allosteric 

modulation (Ma et al., 2009; Shirey et al., 2009).  Hence, it is significant that it has been shown, 

using human dorsolateral prefrontal cortex, striatum and hippocampus, that patients with MRDS are 

less responsive to muscarinic M1 receptor allosteric activation than are non-MRDS and controls 

(Dean et al., 2016a; Hopper et al., 2019).  It has been shown that drugs that target the muscarinic 

M1 receptor can differ in vitro and in vivo (Bakker et al., 2015).  This raises the possibility that, 

unlike for findings on drug response in vitro (Dean et al., 2016a; Hopper et al., 2019; Salah-Uddin 

et al., 2009), patients with MRDS may show a good therapeutic response to drugs targeting the 

allosteric or orthosteric sites on muscarinic M1 and M4 receptors.  However, if some patients are 

non-responsive, it could be because they have the MRDS intermediate phenotype.  Hence, 

measuring levels of cortical muscarinic M1 receptors using newly available SPECT (Bakker et al., 
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2015) or PET (Rowe et al., 2019) radioligands would be worthwhile to determine if there was an 

association between lower levels of cortical muscarinic M1 receptors and treatment response in 

patients with schizophrenia.

Outcomes from activating muscarinic M1 and / or M4 receptor

Initial findings from the trial of xanomeline on the treatment of schizophrenia suggested the drug 

was effective in lowering the severity of positive, negative and cognitive symptoms (Shekhar et al., 

2008).  It is thought that the underlying cause of the positive symptoms of schizophrenia is a sub-

cortical hyperdopaminergic state (Abi-Dargham et al., 2000).  It is therefore significant that 

muscarinic M4 receptor knock out mice were shown to have high levels of dopamine and dopamine 

efflux in the nucleus accumbens and enhanced sensitivity to dopaminergic psychostimulants 

(Tzavara et al., 2004).  This suggests sub-cortical muscarinic M4 receptors are critical in 

maintaining dopaminergic homeostasis and that activating the receptor would counteract the 

hyperdopaminergic state in schizophrenia.  Consistent with this hypothesis, pre-clinical studies with 

muscarinic M4 receptor positive allosteric modulators, which activate the muscarinic M4 receptor, 

consistently reversed dopaminergic hyperactive behaviour in rodents (Carruthers et al., 2015).  

Thus, it would seem reasonable to conclude that the targeting of the muscarinic M4 receptor is 

critical if a drug is to have antipsychotic properties. By contrast, it is less clear that targeting the 

muscarinic M4 receptor would reduce the negative symptoms and cognitive deficits associated with 

schizophrenia.

Acetylcholine has long been recognised as a key modulator of cognitive ability in humans (Perry et 

al., 1999).  The use of a muscarinic M1 receptor allosteric agonist in a human study showed that the 

receptor played a critical role in modulating deficits in episodic memory in the nicotine abstinence 
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model of cognitive dysfunction (Nathan et al., 2013).  In addition, studies have shown positive 

allosteric modulation can maintain cognitive function in the rat (Kucinski et al., 2020) and monkey 

(Lange et al., 2015).  Therefore, it is  reasonable to argue that the muscarinic M1 receptor is critical 

in maintaining cognitive functioning possibly by mechanisms that includes the actions of catechol-

O-methyltransferase (Dean and Scarr, 2016; Parkin et al., 2018).  Finally, the human cortex is 

critical in maintaining cognitive ability (Keefe and Nowakowski, 2020) and has high levels of 

muscarinic M1 receptor (Flynn et al., 1995) which again favours the argument that cognitive 

benefits will flow from targeting the muscarinic M1 receptor in the cortex.

Seemingly supporting a central role for the muscarinic M1 receptor in the cognitive deficits of 

schizophrenia are two studies that have reported that homozygotes at the muscarinic M1 receptor 

267C/A with schizophrenia made a higher number of preservative errors compared to those who 

had the disorder and were heterozygotes (Liao et al., 2003; Scarr et al., 2012).  Importantly, these 

studies also showed that genotype at 267C/A did not alter the risk for schizophrenia (Liao et al., 

2003; Scarr et al., 2012) and is not associated with the levels of muscarinic M1 receptor in the 

human cortex (Scarr et al., 2012).  By contrast, homozygotes at 267C/A muscarinic M1 receptor 

SNP with schizophrenia have been shown to have reduced grey matter volume in the right 

precentral gyrus compared to heterozygotes with the disorder (Cropley et al., 2015).  The precentral 

gyrus is very important in motor hand control (Yousry et al., 1997) and therefore it seems likely the 

association between muscarinic M1 receptor 267C/A genotype and preservation was reflective of 

motor, rather than cognitive, abnormalities.

The biochemical underpinnings of negative symptoms have not been well understood but recent 

neuroimaging data have led to the suggestion that the underlying biochemistry of negative 

symptoms involves a breakdown in cortical dopaminergic and glutamatergic homeostasis (Howes et 
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al., 2015).  It has also been noted that many data would support the hypothesis that a 

hypercholinergic state could contribute to the onset of the negative symptoms associated with 

schizophrenia (Tandon and Greden, 1989).  This latter hypothesis makes it difficult to postulate 

why activating muscarinic receptors would have a benefit in the treatment of negative symptoms.  

However, it has been suggested that cognitive deficits and negative symptoms show correlated 

severity and shared features in patients with schizophrenia (Harvey et al., 2006).  It could therefore 

be that lessening the severity of cognitive deficits by muscarinic M1 receptor activation will have a 

flow on effect to lessen negative symptoms in the same patient.

Concluding Remarks

The release of preliminary promising data showing the efficacy of KarXT as a treatment that may 

lessen the positive and negative symptoms of schizophrenia is one step closer to showing that 

activating muscarinic M1 and M4 receptors is a way of reducing the symptom burden for patients 

with schizophrenia (Scarr et al., 2013b).  If such treatments reach the clinic, it will be the first time 

that the mechanisms by which drugs used to treat schizophrenia can be so fully described.  

However, the recent failures to show clinical efficacy of the glycine uptake inhibitor, bitopertin 

(Bugarski-Kirola et al., 2017), and the positive allosteric modulator of the α nicotinic receptor, 

AVL-3288 (Kantrowitz et al., 2020), in phase III trials after successful phase II trials shows there 

are still considerable hurdles to be cleared to transition muscarinic receptor activating drugs into 

widespread use for the treatment schizophrenia.

Notably, gene wide association studies (GWAS) on schizophrenia have failed to show a change in 

gene sequence at any single nucleotide polymorphism in the muscarinic M1 receptor is associated 

with a changed srisk for schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics 
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et al., 2014), a replication on what was reported using DNA from postmortem CNS (Scarr et al., 

2009).  It is proposed that in the post-GWAS error the only studies that will be able to contribute to 

understanding the complex aetiology of schizophrenia, and that will led to new treatments for the 

disorder, will be those that translate the GWAS findings into an understandable biology (Golov et 

al., 2020).  However, the advances made in understanding the role of the muscarinic M1 receptor in 

the aetiology of schizophrenia and as a potential drug target would suggest a fixation on only 

GWAS related biology is over restrictive.  As an example, recent findings on the loss of muscarinic 

M1 receptor positive pyramidal cells in cortical laminae III and V from patients with schizophrenia 

(Scarr et al., 2018a) strongly argues that the ongoing study of changes in cortical circuitry in 

schizophrenia (Hoftman et al., 2017) is one approach that will continue to advance our 

understanding of the molecular basis of that complex disorder. 

It has been suggested that the diagnoses of schizophrenia defines a disorder where the efforts to 

develop better treatments and hence outcomes is hopeless and therefore should be discarded (Os, 

2016).  By contrast, studies on cortical gene expression suggest that, compared to mood disorders 

(Scarr et al., 2019), schizophrenia has a unique pathophysiology (Scarr et al., 2018b).  In addition, 

data suggest that changes in cortical molecular cytoarchitecture can be used to identify distinct 

intermediate phenotypes within the syndrome of schizophrenia (Fillman et al., 2013; Scarr et al., 

2009).  This review describes the synergistic interplay between understanding the role of muscarinic 

receptors in the pathophysiology of schizophrenia and the development of drugs targeting those 

receptors to treat the illness.  Such interactions would not have been possible in the absence of the 

diagnoses of schizophrenia.  Thus, given advances been made in understanding the pathophysiology 

of MRDS, it may be better to continue to seek out intermediate phenotypes as an approach to better 

understanding the pathophysiology of what has always been recognised as a syndrome of 

schizophrenias (Bleuler, 1950).
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Figure Legends

Figure 1:  The probability distribution of cortical muscarinic M1 receptor levels, measured using 

[3H]pirenzepine binding, in 80 patients with schizophrenia (blue line) and 74 controls 

(red line).  The kernel density estimation of these binding data showed the patients with 

schizophrenia consisted of two groups and the controls one group.  One group within 

schizophrenia consisted of 26 patients with a marked deficit in muscarinic M1 receptor 

(muscarinic receptor deficit schizophrenia: MRDS).  By contrast, in the second group, 

levels of cortical muscarinic M1 receptors did not differ from controls (NON-MRDS).  

Modified from Scarr et al. 2009.

Figure 2A:  An example of the visualisation of muscarinic M1 receptors positive neurons, some 

highlighted by arrows, that are abundant in laminae III and V of the human cortex.

              B:   A cross section through the gray matter of the human dorsolateral prefrontal cortex 

showing the cortical lamina.

              C:   A schematic showing the circuitry proposed to be disrupted in laminae III of the cortex 

from subjects with schizophrenia.  This model was based on, among other changes, 

changes in the levels of GABA receptors (GABAA α1R and GABAA α2R) on 

pyramidal cells in laminae III from patients with schizophrenia.  Data showing a loss 

of muscarinic M1 positive pyramidal cells in patients with schizophrenia suggest 

cholinergic control of neuronal activity in laminae III could have a role in this model.

               D:  A schematic showing cholinergic innervation onto pyramidal cells in laminae V of the 

human cortex which are important in cortical sub-cortical communication.  The loss of 

muscarinic M1 receptor positive pyramidal cells in cortical laminae V from subjects 

with schizophrenia suggests a breakdown in cholinergic homeostasis in schizophrenia 
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could be affecting cortical sub-cortical communication.  Figure 2A and 2B based on 

data published in Scarr et a. 2018a. 

Figure 3:    A schematic showing the evolutionary conserved, and therefore structurally similar, 

orthosteric binding site on the muscarinic M1 and M4 receptors.  The orthosteric site 

is where acetylcholine binds to the muscarinic M1 and M4 receptor which in turn 

increases signalling through Gq for the muscarinic M1 receptor and Gi for the 

muscarinic M4 receptor.  Acetylcholine can bring about different outcomes by 

activating muscarinic receptors because of their different CNS localisation and 

signalling mechanisms.  The allosteric sites on muscarinic receptors are distal to the 

orthosteric site, have not been preserved across evolution and are structurally different.  

Hence, it has been possible to design drugs that target specific allosteric targets thus 

such drugs show extremely high, if not total, specificity for a single muscarinic 

receptor.      
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