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Abstract 

 

It has been suggested the study of sub-groups within the syndrome of schizophrenia will 

assist in elucidating the complex pathophysiology of the syndrome.  Hence, we have studied 

a number of cholinergic markers in the cortex from a sub-group of subjects with 

schizophrenia that have a marked decrease in levels of muscarinic M1 receptors (MRDS).  

The displacement of [
3
H]NMS by cortical extracts was used to measure tissue anticholinergic 

load, [
125
I]α bungarotoxin binding was used to measure levels of the α7 nicotinic receptor 

(CHRNA7) and western blotting was used to measure levels of choline acetyltransferase 

(ChAT) 68 and 82 as well as synaptosome nerve-associated protein 25 (SNAP25).  In 

comparing schizophrenia, MRDS and non-MRDS to controls, there were no differences in 

levels of ChAT 68 or 82, SNAP 25 or cholinergic load in BA 9.  However, levels of 

CHRNA7 were higher in BA 9, but not BA 6 or 44, from subjects with MRDS.  These data 

argue that there is no change in cholinergic innovation (measured using ChAT), presynaptic 

neurons (measured using SNAP25) or cholinergic load in schizophrenia, MRDS or non-

MRDS.  However, increased levels of CHRNA7 may be contributing to a breakdown in 

cholinergic homeostasis in BA 9, but not BA 6 or 44, in subjects with MRDS. 

 

 

 

 

Keywords:    α7 nicotinic receptor; choline acetyltransferase; cotinine; cholinergic load; 

cortex; schizophrenia 
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1.0 Introduction 

 

There is considerable evidence to suggest dysfunctional cholinergic systems contribute  to the 

pathophysiology of schizophrenia (Gibbons and Dean, 2016), at least in part through its 

extensive interactions with other neurotransmitter systems such as the dopaminergic, 

serotonergic, glutamatergic and GABAergic systems (Scarr et al., 2013b).  Acetylcholine 

exerts it actions through two families of receptors, the G-protein coupled muscarinic 

receptors and the ion-gated nicotinic receptors (Racke et al., 2006).  Data from post-mortem 

studies (Crook et al., 2001; Mancama et al., 2003), neuroimaging studies (Bakker et al., 2018; 

Raedler et al., 2003) and a drug trial (Shekhar et al., 2008) suggest muscarinic receptors are 

important in the pathophysiology and treatment of schizophrenia. 

 

We have reported that it is possible to separate approximately 25 % of subjects with 

schizophrenia into a sub-group because they have a marked loss of cortical muscarinic M1 

receptors (CHRM1), as shown by levels of [
3
H]pirenzepine binding < 100 fmol / mg estimate 

tissue equivalents (Scarr et al., 2009).  The study of a muscarinic receptor deficit sub-group in 

schizophrenia (MRDS) is important as it is now accepted studying such biological-based sub-

groups, or intermediate phenotypes, within the syndrome of schizophrenia will be required to 

advance understanding of the pathophysiology of the disorder (Tamminga, 2008).  Relevant 

to this notion, we have now shown that patients with MRDS have lower levels of CHRM1 in 

a number of cortical regions (Gibbons et al., 2013; Seo et al., 2014).  Our data suggests these 

lower receptor levels have resulted from changes in CHRM1 promoter methylation, higher 

levels of CHRM1 targeting micro RNAs (Scarr et al., 2013a) and changes in the activity of a 

specific biochemical pathway (Scarr et al., 2018b) that are acting separately or in concert to 

decrease CHRM1 expression.  Thus, the mechanisms causing lower levels of CHRM1 in 

Formatted: Superscript
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MRDS are being elucidated and potential downstream changes in cortical function are being 

identified confirming studying sub-groups within the syndrome of schizophrenia can help in 

unravelling the complex pathophysiologies of disorders within the syndrome. 

 

One mechanism that could reduce levels of CHRM1 in the cortex of patients with MRDS 

could be agonist induced receptor downregulation (Waugh et al., 1999) in response to high 

levels of acetylcholine due to changes in cholinergic innervation.  Choline acetyltransferase 

(ChAT),  is a marker of innovating cholinergic neurons (Mesulam et al., 1992).  It is therefore 

significant that studies have failed to show changes in the levels of ChAT (Bird et al., 1977; 

Karson et al., 1993) or ChAT activity (Haroutunian et al., 1994; Powchik et al., 1998) in the 

cortex of patients with schizophrenia.   However, we postulated that changes in ChAT may 

only be present in MRDS where altered cholinergic innervation, resulting in changes in 

acetylcholine levels, could be down regulating CHRM1. 

 

As stated, acetylcholine regulates the activity of the cholinergic system by binding to two 

families of receptors, the muscarinic and nicotinic receptors.  At least in the hippocampus, 

CHRM1 regulates the activity of the α7 nicotinic receptor (CHRNA7) (Shen et al., 2009).  

This raises the possibility that changes in levels of CHRM1 in the cortex from patients with 

schizophrenia could be altering CHRNA7 levels or activity.  Notably, one postmortem study 

has reported lower levels of [
125
I]α bungarotoxin binding in the cingulate (BA 24), but not 

orbitofrontal (BA 11, 12 and 47) and temporal (BA 20, 21 and 26), cortices from patients 

with schizophrenia when compared to that in controls with a history of smoking (Marutle et 

al., 2001); as [
125
I]α bungarotoxin almost exclusively binds to the CHRNA7 (Breese et al., 

1997), these data would be consistent with regional-specific changes in levels of CHRNA7 in 

the cortex of patients with the disorder.  These data differ from a study measuring levels of 
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CHRNA7 protein using Western blotting, which reported lower levels of the CHRNA7 sub-

unit in the prefrontal, but not parietal, cortices from patients with schizophrenia (Guan et al., 

1999).  By contrast, levels of CHRNA7 sub-unit mRNA were reported as unchanged in the 

prefrontal cortex (BA 46) from subjects with schizophrenia compared to controls (De Luca et 

al., 2006).  Thus, findings on cortical CHRNA7 in schizophrenia are not uniform and there is 

no data on levels of that receptor in patients with MRDS.  In addition, whilst this study is 

focussed on the cortex, it is notable that lower levels of CHRNA7 have been reported in the 

hippocampus (Freedman et al., 2000) and thalamic reticular nucleus (Court et al., 1999) from 

patients with schizophrenia. 

 

One limitation in any study in schizophrenia that does not use drug naïve patients is that 

treatments for the disorder become confounds.  This is significant with regards to the 

cholinergic system in schizophrenia as drugs such as some atypical antipsychotic drugs 

(Miyamoto et al., 2005) and , such as benztropine, used to treat the extrapyramidal side 

effects associated with treatment with typical antipsychotic drugs (Tune and Coyle, 1981) are 

CHRM antagonsits.  Hence, it could be that the low levels of CHRM1 in subjects with 

MRDS is because of residual anti-cholinergic load in their central nervous system (CNS). 

 

In this study, designed to give a further understanding of changes in the cortical cholinergic 

system in MRDS, we decided to measure levels of cortical ChAT to determine if that sub-

group had altered levels of cholinergic innervation.  In addition, we measured levels of 

synaptosome nerve-associated protein 25 (SNAP25), a surrogate marker of the pre-synaptic 

bouton (Geddes et al., 1990) in the same cases.  We also decided to measure levels of [
125
I]α 

bungarotoxin binding to the CHRNA7 in the same cohorts to see if changes in CHRM1 

signalling in MRDS could have resulted in changed levels of that receptor as well as the 
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“anticholinergic load” in MRDS, non-MRDS and controls to determine if increased levels of 

residual drugs targeting CHRMs were present in MRDS.  Finally, it has been suggested that 

smoking close to death could be a confound when studying nicotinic receptors (Saricicek et 

al., 2012) and that levels of cotinine in tissue can provide an indication of the time since the 

last exposure to nicotine (Strand and Nybäck, 2005).  We therefore assessed the suitability of 

quantifying levels of cotinine in brain using the NicAlert cotinine test strip (Cooke et al., 

2008).  
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2.0 Materials and Methods 

 

2.1 Materials 

 

See Supplementary Methods 

 

2.2 CNS Collection and Case History Review 

 

2.2.1 Ethical Approval 

 

Approval to collect human tissue was obtained from the Ethics Committee of the Victorian 

Institute of Forensic Medicine.  Subsequently, written permission to collect tissue was 

obtained from the closest next of kin, as dictated by State law. 

 

2.2.2 Tissue Collection 

 

The left CNS hemisphere was collected from each donor and processed in a standardized 

manner allowing tissue to be frozen to -80˚C within 30 min of autopsy (Dean et al., 1999). 

CNS pH was measured as described previously (Kingsbury et al., 1995) as an indicator of the 

quality of tissue preservation (Stan et al., 2006). 

 

2.2.3 Case History Reviews 

 

For each psychiatric case, relevant data from clinical histories and interviews with treating 

clinicians and relatives were obtained using a standardised instrument, the Diagnostic 
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Instrument for Brain Studies (Hill et al., 1996). The information collected allowed the 

diagnosis of schizophrenia to be made by consensus using DSM-IV criteria (Roberts et al., 

1998) and data to be collated as describe previously (Scarr et al., 2018b) (Supplementary 

Methods).  

 

2.2.4 CNS Processing 

 

All tissue used in this study was provided by the Victorian Brain Bank Network at the Florey 

Institute for Neuroscience and Mental Health.  For radioligand binding studies, tissue was 

collected from BA 6, 9 and 44 in the left hemisphere, the definitions of each region being as 

described in detail elsewhere (Garey, 1994).  Western blot analyses and cotinine 

measurements were completed using only tissue from BA 9. 

 

Drugs that could contribute to the anticholinergic load in CNS tissue were extracted as 

described previously (Jindal et al., 1981) (Supplementary Methods). 

 

 

2.3 Cotinine Levels in Human Cortex 

 

Having established the validity of use (Supplementary Methods), the NicAlert™ test strip 

was used to measure cotinine levels in human CNS cortex of the cases to be used in this 

study. 

 

2.4 Radioligand Binding 
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2.4.1 [
3
H]N-methylscopolamine ([

3
H]NMS) Binding 

 

The cortical anticholinergic load was measured as the ability of the hexane extracted material 

to displace [
3
H]NMS from cortical membrane (Dean et al., 2016).  Thus, as established 

during method optimisation, the 5 µl of reconstituted anticholinergic load tissue extract was 

diluted 1:16 in distilled water to prevent residual salts interfering with the binding of 

[
3
H]NMS.  Then, 50 µl of diluted pellet was incubated in triplicate with [

3
H]NMS (0.13 nM) 

in the presence of 0.01 mg / ml cortical membrane homogenate in a final volume made up to 

1 ml with 20 mM HEPES, 100 mM NaCl, 10 mM MgCl; pH 7.4.  After incubating for 2 hr at 

room temperature each sample was filtered through GF/B filters, that had been soaked in 

polyethyleneimine, and washed thrice with ice cold 0.9% saline.  5 ml of Perkin Elmer 

Ultima Gold Liquid Scintillation Fluid was added to each filter paper and the radioactivity on 

each filter paper counted in a Perkin Elmer Tri Carb 2910TR liquid scintillation analyser.  

Anticholinergic load was expressed as a percent of another case with no history of any 

psychiatric or neurological disorder which had been processed identically with the cases of 

interest in each batched extraction run. 

 

2.4.2 [
125
I]α bungarotoxin Binding 

 

As described previously (Marutle et al., 2001)(Supplementary Methods) except that image 

capture was achieved using a rather than on X-ray film. 

 

Western Blot Analyses 

 

The methodology to measure levels of ChAT68, ChAT82, SNAP25 and β-Actin were 
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optimised so that each protein could be measured after a single transfer onto nitrocellulose 

(Supplementary Table 1).  Between the measurement of ChAT68 with ChAT 82, SNAP25 

and β-Actin each nitrocellulose membrane was washed 3 x in distilled water, placed in 0.1 M 

sodium hydroxide for 5 mins and washed 2 x with 50 mM Tris-Cl, pH 7.5. 150 mM NaCl + 

0.1% Tween 20.  The chemiluminescence of the immunogenic band for each protein was 

measured using a UVP BioSpectrum 810. 

 

2.5 Statistics 

 

All numeric data were initially analysed using the D’Agostino-Pearson normality test as this 

is better at identifying the distribution of data in small sample sizes (D'Agostino et al., 1990).  

In the case of parametric data, any outliers (maximum 1 per data set) were identified with a 

Grubb’s test (Grubbs, 1969).   

 

Variation in demographic, CNS collection, pharmacological and experimental data between 

patients with schizophrenia and controls was assessed using Student’s t-test.  When 

comparing these data between MRDS, non-MRDS and controls a one-way ANOVA with a 

post hoc Dunnett’s comparison to controls was used.  For non-numeric data, differences in 

the frequency of variables was compared using the χ
2
 test.  Relationships between 

demographic, CNS collection and pharmacological data with experimental data and between 

the levels of binding of different radioligands was assessed with a linear regression assuming 

a straight line best fit.  All analyses were completed using GraphPad Prism vs 7.00 for 

Windows (GraphPad Software, La Jolla California USA). 

 

If covariates were identified, their impact on the primary analyses of variance was assessed 
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using an ANCOVA, including any identified covariates, using Minitab 18
®
 Statistical 

Software (Minitab Pty Ltd, Sydney, NSW, Australia).  If data were found to be not normally 

distributed an equivalent non-parametric test was used to identify variance between groups. 
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3.0 Results 

 

3.1 Demographic, case history and CNS collection 

 

We wished to complete our study on cases we have included in previous studies (Gibbons et 

al., 2013; Scarr et al., 2009)  to provide continuity in our findings.  Unfortunately, limitations 

on the amount of available tissue meant we were not able to complete all measurements in 

every case.  Hence, measurements of total cholinergic load were measured using cortical 

tissue from 5 patients with MRDS, 5 patients with non-MRS and 5 controls (Table 1A: 

Supplementary Table 2).  In these cohorts there 

 

There were no significant differences in gender ratio, suicide rates, age, CNS pH, postmortem 

interval (PMI) or CNS weight between the groups used for the measurement of 

anticholinergic load (Table 1A; Supplementary Table 2).  There were no significant 

differences between duration of illness (DI), final recorded antipsychotic drug dose expressed 

as chlorpromazine equivalents (FRADD) and lifetime exposure to antipsychotic drugs 

expressed as grams chlorpromazine equivalents x 10
-3

 (LEAP) between MRDS and non-

MRDS. 

 

All remaining measures were made using cortical tissue from Due to limited tissue being 

available from previously studied cases, this study was completed using tissue from 27 

patients with schizophrenia and 12 controls (Table 1B; Supplementary Table 3).  There were 

no significant differences in age, PMI, CNS weight or gender ratio with diagnoses.  CNS pH 

was significantly lower in the patients with schizophrenia and the rate of suicide was 

significantly higher. 
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The patients with schizophrenia consisted of 14 patients that had markedly reduced levels of 

[
3
H]pirenzepine binding to the CHRM1 in BA 9 (MRDS: Figure 21D) which we have shown 

allows them to be separated from the remaining patients that were non-MRDS.  Notably, 

there were no significant differences in age, PMI, CNS weight or gender ratios in patients 

with MRDS and non-MRDS compared to the controls (Table 1B).  Whilst, compared to 

controls, both groups had significantly lower levels of CNS pH only in the MRDS groups did 

rates of suicide differ significantly.  There were no significant differences in age, CNS pH, 

PMI, CNS weight, duration of illness (DI), final recorded antipsychotic drug dose (FRADD), 

lifetime exposure to antipsychotic drugs (LEAP), gender ratio and frequency of suicide 

between MRDS and non-MRDS.   

 

3.2 Radioligand binding 

 

3.2.1 Anticholinergic Load 

 

There was a significant variation in anticholinergic load, as measured using [
3
H]NMS 

binding displacement, between patients with MRDS, non-MRDS and controls (Figure 1A: F 

= 5.78, d.f. = 2,12, p = 0.02).  However, post-hoc analyses showed that the anticholinergic 

load in tissue from MRDS (p = 0.22) and non-MRDS (p = 0.17) did not differ from that in 

controls.  In addition, the extract of homogenate that had 1 µM benztropine added before 

processing cause an 80% reduction in the level of [
3
H]NMS (Figure 1A), showing the 

extraction process does remove muscarinic receptor antagonists from cortical homogenates.   

By contrast, there was a significant variation in the binding of [
3
H]pirenzepine with group (F 
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= 42.3, d.f. = 2,12, p < 0.0001) due to markedly lower levels of binding in subjects with 

MRDS compared to controls (Figure 1B). 

 

3.2.2 [
125
I]α bungarotoxin Binding 

 

As described previously (Marutle et al., 2001), [
125
I]α bungarotoxin binding was distributed 

uniformly across all cortical laminae and therefore an integrated measure across all laminae 

was taken as the measure of cortical radioligand binding. 

   

Compared to controls, there were no significant variation in levels of [
125
I]α bungarotoxin 

binding to BA 6, 9 or 44 from subjects with schizophrenia (Figure 2A-C).  However, levels 

of [
125
I]α bungarotoxin binding to BA 9, but not 6 or 44, from patients with MRDS were 

significantly higher than that in controls (Figure 2B) with a large effect size (Cohen’s d = 

1.33; Hedges’ g = 1.30: https://www.socscistatistics.com/effectsize/default3.aspx: (Lakens, 

2013)). 

 

Levels of [
125
I]α bungarotoxin binding did not vary with gender in any of the three cortical 

regions (Supplementary Table 4).  Levels of [
125
I]α bungarotoxin binding was significantly 

higher in BA 44, but not BA 6 or 9, from suicide completers compared to that in those who 

died of other causes.  Notably, compared to deaths by other causes, the suicide completers 

were younger but did not differ significantly with regards to gender ratio, pH, PMI, NicAlert 

readings, CNS weight, FRADD or LEAP (Supplementary Table 5). 

 

https://www.socscistatistics.com/effectsize/default3.aspx
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Levels of [
125
I]α bungarotoxin binding in BA 6, 9 and 44 did not show any significant 

relationship with age, CNS pH, PMI, CNS Weight,  levels of cotinine, DI, FRADD or LEAP 

(Supplementary Table 6). 

 

Despite there being no significant correlation between [
125
I]α bungarotoxin binding and CNS 

pH, in acknowledgment CNS pH varied significantly between controls, MRDS and non-

MRDS, we reanalysed our radioligand binding data using an ANCOVA with pH as a 

covariate.  Notably, the difference in [
125
I]α bungarotoxin binding with group in BA 9 from 

subjects with MRDS remained significant (p < 0.001) after accounting for the potential 

effects of CNS pH. 

 

Overall, there was a moderate inverse relationship between [
125
I]α bungarotoxin binding and 

[
3
H]pirenzepine binding in BA 9 from subjects with schizophrenia (Supplementary Figure 1).  

However, this may be somewhat artifactual as there were no significant relationships between 

the binding of these two radioligands in the controls (r
2
 = 0.03; p = 0.58), MRDS (r

2
 = 0.02; 

p = 0.63) or non-MRDS (r
2
 = 0.23, p = 0.1) when each group was analysed separately. 

 

3.2.3 Western blot analyses 

 

We have previously shown that β-actin can be problematic when used as a house-keeping 

protein in human cortex (Parkin et al., 2018) but in the cases used in this study levels of that 

protein did not vary significantly with group (Chemiluminescence Controls: Mean ± SEM = 

182710 ± 19909; schizophrenia 175210 ± 15067; p = 0.76, MRDS = 173452 ± 17793, p = 

0.93; non-MRDS = 176969 ± 25018; p = 0.97) and therefore all Western blot analyses were 

normalised to levels of β-actin. 
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Compared to controls, levels of ChAT68, ChAT82 and SNAP25 did not differ in BA 9 from 

patients with schizophrenia, MRDS or non-MRDS (Figure 3).  Levels of ChAT68 and 

ChAT82, but not SNAP25, tended to be higher in males (Supplementary Table 4).  Levels of 

these three proteins did not differ between suicide completers and subjects who died by other 

causes (Supplementary Table 4).  There were no significant relationships between the levels 

of ChAT68, ChAT82 or SNAP25 with age, CNS pH, PMI, CNS Weight, levels of cotinine, 

DI, FRADD or LEAP (Supplementary Table 6).   
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4.0 Discussion 

 

In this study we show that, compared to controls, [
125
I]α bungarotoxin binding is higher in 

BA 9 from subjects with MRDS.  Given [
125
I]α bungarotoxin binds with a high level of 

specificity to CHRNA7 (Breese et al., 1997) our data are consistent with there being higher 

levels of CHRNA7 in BA 9, but not BA 6 or 44, from subjects with MRDS.  Our radioligand 

binding data contrasts to our data from our expression microarray study that did not show a 

change in mRNA for CHRNA7 in BA 9 from subjects with MRDS (Scarr et al., 2018b).  

Hence, it is possible the higher levels of CHRNA7 in MRDS are due to decreased 

degradation of the receptor.  CHRNA7 degradation occurs through the ubiquitin–proteasome 

system (Colombo et al., 2013) which is suggested to be affected in the CNS in patients with 

schizophrenia (Andrews et al., 2017).  However, it has also been shown that increased levels 

of CHRNA7 are linked to anti-apoptotic processes (Dawe et al., 2019) raising the possibility 

that the higher levels of CHRNA7 may be associated with a protective response to 

pathophysiological processes occurring in the cortex of patients with MRDS.  It has been 

shown that CHRM1 regulates the activity of CHRNA7 (Shen et al., 2009) and therefore the 

higher levels of CHRNA7 in BA 9 could be connected to the extremely low levels of 

CHRM1 in that cortical region from subjects with MRDS (Scarr et al., 2009).  However, we 

have shown that there are equally low levels of CHRM1 in BA 6 (Seo et al., 2014) and BA 

44 (Gibbons et al., 2013) from patients with MRDS which means low levels of CHRM1 are 

not universally associated with high CHRNA7 in the cortex of subjects with MRDS. 

 

Comparing our data to other studies of the syndrome of schizophrenia, we did not find 

changes in [
125
I]α bungarotoxin binding in BA 6, 9 and 44 from patients with the disorder.  

An earlier study reported lower levels of [
125
I]α bungarotoxin binding was only present in the 
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anterior cingulate (BA 24), but not the orbitofrontal (BA 11, 12 + 47) or temporal (BA 20, 21 

+ 26) cortices from patients with schizophrenia (Marutle et al., 2001).  Another study in the 

adjacent cortical region of the dorsolateral prefrontal cortex (BA 46) to BA 9 reported no 

change in the level of CHRNA7 protein in patients with schizophrenia (De Luca et al., 2006).  

These data contrast those in a study reporting lower levels of CHRNA7 in the prefrontal, but 

not parietal, cortex from subjects with schizophrenia (Guan et al., 1999).  Thus, our data on 

CHRNA7 are consistent with there being cortical-region specific changes in levels of that 

receptor in patients with schizophrenia. 

 

In this study we did not show any significant changes in levels of ChAT68 or ChAT82, the 

two predominant forms of ChAT in the CNS (Oda, 1999), in BA 9 from patients with MRDS 

or non-MRDS.  ChAT has long been regarded as a definitive marker for cholinergic neurons 

(Wu and Hersh, 1994) and therefore our data suggest that there is no significant change in 

levels of innervating cholinergic neurons in a region of the cortex where there is a highly 

significant decrease in levels of CHRM1 in patients with MRDS (Scarr et al., 2009).  This 

finding strengthens the argument that levels of acetylcholine are not higher in patients with 

MRDS and would therefore not be causing agonist induced down-regulation of CHRM1 in 

those patients.  We have previously shown that levels of SNAP25 were not altered in the 

BA 9 from patients with schizophrenia (Scarr et al., 2006) and here we show that is the case 

for subjects with MRDS and non-MRDS.  Levels of SNAP25 have been suggested to be a 

surrogate marker of levels of presynaptic boutons (Geddes et al., 1990) and therefore our 

current data on ChAT and SNAP25 would be consistent with the hypothesis that there are no 

major changes in levels of neural number in BA 9 from subjects with MRDS and non-MRDS.  

This conclusion is consistent with our recent data showing, that whilst there are lower levels 
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of CHRM1 positive neurons in laminae III and V in both MRDS and non MRDS there is no 

change in the total number of neurons in those patients (Scarr et al., 2018a). 

 

Muscarinic receptor antagonists have been used to treat the extra-pyramidal side effects of 

some antipsychotic drugs (Desmarais et al., 2014) and thus residual muscarinic receptor 

antagonists in the cortex could be acting to reduce available CHRM1 binding sites in tissue 

from subjects with schizophrenia.  The combined levels of muscarinic receptor targeting 

drugs in CNS tissue, termed the anticholinergic CNS load (Jindal et al., 1981), can be 

measured as a displacement of pan-muscarinic receptor radioligands following the extraction 

of drugs from tissue.  Here we show that there is no significant difference in levels of 

anticholinergic load between MRDS, non-MRDS and controls.  This argues that the markedly 

lower levels of [
3
H]pirenzepine binding we have reported in many areas of the cortex in 

subjects with MRDS (Gibbons et al., 2013; Scarr et al., 2009; Seo et al., 2014) were not due 

to a higher anticholinergic load in the cortex of those patients. 

 

It has long been known that smoking close to death can affect levels of nicotinic receptors in 

human CNS (Perry et al., 1999) and that levels of cotinine can be used to assess whether 

nicotine had been ingested in the 5 days before tissue collection (Cooke et al., 2008).  Here 

we have shown that NicAlert, a strip-based test, can be used to measure levels of cotinine in 

post-mortem CNS.  Using this approach, we have shown that there were no significant 

differences in cortical cotinine levels between subjects with MRDS, non-MRDS and controls.  

These data argue that the change in levels of CHRNA7 we report in BA 9 from subjects with 

MRDS are not due to those patients ingesting more nicotine close to death.  
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There are a number of limitations to our study.  First, whilst not dissimilar to other studies 

using tissue obtained post-mortem from patients with schizophrenia, our cohort sizes are 

relatively small.  In addition, like all studies in schizophrenia that do not use drug naïve 

patients, antipsychotic drug treatment is a confound.  However, in this study we report 

differences between two groups of patients with schizophrenia, MRDS and non-MRDS, who 

would appear to have been treated similarly with antipsychotic drugs, making drug treatment 

less of a confound. 

 

This study now raises the likelihood that patients with MRDS do not have changes in 

cholinergic innervation to their cortex or altered levels of cortical acetylcholine.  By contrast, 

subjects with MRDS have very low levels of cortical CHRM1 along with increased levels of 

CHRNA7.  Caution must be observed in trying to translate these findings to have some 

clinical relevance, however when it was first recognised that patients with schizophrenia had 

low levels of CHRM 1 and 4 it was suggested that treatment with CHRM 1 and / or 4 

agonists may alleviate the symptoms of the disorder (Dean et al., 2003; Felder et al., 2001).  

This suggestion has gained credence by the demonstration that treating patients with 

schizophrenia with the muscarinic M1 / M4 agonist, xanomeline, and a coformulation of 

xanomeline and the peripheral muscarinic receptor antagonist, trospium, does reduce the 

symptoms of the disorder (for review see (Dean and Scarr, In Press)).  However, there is 

some data using CHRM1 orthosteric (Salah-Uddin et al., 2009) and allosteric agonists (Dean 

et al., 2016; Hopper et al., 2019) to activate that receptor in human cortex, that suggests 

patients with MRDS may not respond optimally to such treatments.  It is therefore intriguing 

to postulate whether treating patients with MRDS with CHRNA7 antagonists to reduce the 

increased signalling through the high levels of that receptor could have therapeutic benefits 

for MRDS.  In considering this posit it is of interest that some pre-clinical data suggests that 
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low doses of the selective CHRNA7 antagonist, methyllycaconitine, improves memory 

acquisition (van Goethem et al., 2019) and that memory acquisition is impaired in 

schizophrenia (Moritz et al., 2006).  Moreover, reducing the activity of CHRMs with CHRM 

antagonists has long been recognised to worsen memory acquisition in patients with 

schizophrenia (McEvoy et al., 1987).  Thus, if patients with MRDS have decreased CHRM 

activity because of a lack of CHRM1, the use of a CHRNA7 antagonist to reverse this deficit 

could be useful in treating patients with MRDS.  In testing this hypothesis it will first be 

necessary to identify patients with MRDS which may now be possible using CHRM1 

preferring neuroimaging ligands (Bakker et al., 2015; Rowe et al., 2019).  It is important to 

stress the use of a CHRNA7 antagonist may only be useful in MRDS, a sub-group within the 

syndrome of schizophrenia, because of the large body of evidence that suggests that at the 

level of the syndrome treating with drugs that can activate the CHRNA7 should have 

therapeutic benefits (Terry and Callahan, 2020).  Unfortunately, this approach to treating 

patients with schizophrenia is now under question because of a failure to show a clear clinical 

benefit from treating patients with the disorder with the CHRNA7 positive allosteric 

modulator AVL-3228 (Kantrowitz et al., 2020).   

 

In conclusion, our current study suggests that cholinergic innervation is not altered in the in 

the cortex from subjects MRDS.  It has been suggested that low levels of CHRM1 may be 

pro-apoptotic (Shant et al., 2009) whilst higher levels of CHRNA7 would have an anti-

apoptotic effect (Dawe et al., 2019), thus the changes in CHRM1 and CHRNA7 we report in 

MRDS may reflect an attempt to preserve cholinergic apoptotic homeostasis in the cortex of 

patients with MRDS.  Whatever the outcomes, the presence of changes in both muscarinic 

and nicotinic receptors in BA 9 from subjects with MRDS suggests a breakdown in 
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cholinergic innervation must be an important contributor to the pathophysiology of those with 

that disorder in that cortical region. 
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5.0 Figure Legends 

 

Figure 1A:   The ability of cortical extracts from Brodmann’s (BA) area 9 from subjects with 

MRDS, non-MRDS and controls to displace [
3
H]NMS binding (mean ± SEM) 

from a homogenate prepared from BA 9 of a reference case. 

            1B:   Levels (mean ± SEM) of [
3
H]pirenzepine to BA 9 homogenates from the same 

cases. 

 

Figure 2:  Levels (mean ± SEM) of [
125
I]α bungarotoxin (A-C) or [

3
H]pirenzepine binding 

(D) to Brodmann’s areas 6, 9 and 44 ([
3
H]pirenzepine BA 9 only) from patients 

with schizophrenia (MRDS + non-MRDS), MRDS, non-MRDS and controls. 

 

Figure 3:   Levels (mean ± SEM) of choline acetyltransferase (ChAT)  isoforms (molecular 

weight) 68 (A) and 82 (B) as well as synaptosome nerve-associated protein 25 

(SNAP 25) (C) in BA 9 from patients with schizophrenia (MRDS + non-MRDS), 

MRDS, non-MRDS and controls.  
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Response:  Changes 10 to 12 have been made in our revised manuscript. 

 

As we have been able to incorporate all the Reviewer’s suggestions into our revised manuscript, we 

hope it will now be acceptable for publication. 

 

We look forward to hearing from you on this matter.  

 

Yours sincerely, 

 

On Behalf of the Authors 
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Table 1: Demographic, CNS collection and case history data for cases used in this study. 

 

 

  

Gender Age Suicide pH PMI 

CNS 

Weight DI FRADD LEAP
*
 

   (F / M) (yr.) (Y / N)  (hr) (gms) (yr)   

A Controls Mean or Ratio 0 / 5 44 0 / 5 6.38 46 1344    

 (n = 5) SEM  6.5  0.07 9.4 81    

            

 MRDS Mean or Ratio 0 /5 49 2 / 3 6.31 41 1491 24 75 6.6 

 (n = 5) SEM  8.6  0.07 5.4 63 8.1 34 3.9 

            

 non MRDS Mean or Ratio 0 / 5 45 2 / 3 6.21 49 1370 17 197 6.5 

 (n = 5) SEM  7.1  0.73 8.6 46 7.1 98 3.4 

  F  0.08  1.54 0.25 1.45    

  d.f.  2,12  2,12 2,12 2,9    

  p 1.00 0.88 0.08 0.25 0.78 0.28 0.56 0.28 1.00 

            

B Controls Mean or Ratio 3 / 9 45.0  0 / 12 6.44 44 1329    

 (n = 12) SEM  5.0   0.03 4.2 44    

            

 Schizophrenia Mean or Ratio 6 / 21 43 11 / 16 6.17 41 1382 15 597 9.2 

 (n = 27) SEM  3.3  0.04 2.7 30 2.5 114 2.6 

  p vs Control > 0.999 0.69 0.009 < 0.001 0.59 0.33    

            

 MRDS Mean or Ratio 3 / 11 42 7 / 7 6.21 41 1403 16 500 9.2 

 (n = 14) SEM  5.0  0.05 3.1 49 3.9 123 4.100  

  p vs Control > 0.999 0.71 0.006 0.006 0.51 0.28    

            

 non MRDS Mean or Ratio 3 / 10 43.0  4 / 9 6.13 42 1355 15 726 9.100  

Table 1



 (n = 13) SEM  4.7   0.07 4.5 29 3.1 213 3.100  

  p vs Control > 0.999 0.76  0.10 <0.001 0.78 0.63    

  p vs MRDS > 0.999 0.94  0.44 0.37 0.75 0.44 0.79 0.34 0.990  

 

Abbreviations:  DI = duration of illness, F = female, FRADD = final recorded antipsychotic drug dose, gms = grams, hr = hours, 

LEAP = lifetime exposure to antipsychotic drugs, M = male, MRDS = muscarinic receptor deficit schizophrenia, N = no, 

non MRDS = not muscarinic receptor deficit schizophrenia, PMI = post-mortem interval, SEM = standard error of the mean, 

vs = versus, Y = yes, yr = years. 

 mg chlorpromazine equivalents per day , 
*
 g chlorpromazine equivalents x 10

-3
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