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Abstract
Objectives: Decreased vagal modulation, which has consistently been observed in schizophrenic patients, might contribute to increased cardiac mortality in schizophrenia. Previously, associations between CHRM2 (Cholinergic Receptor Muscarinic 2) and cardiac autonomic features have been reported. Here, we tested for possible associations between these polymorphisms and heart rate variability in patients with schizophrenia.
Methods: A total of three single nucleotide polymorphisms (SNPs) in CHRM2 (rs73158705 A>G, rs8191992 T>A and rs2350782 T>C) that achieved significance (p< 5 * 10-8) in genome-wide association studies for cardiac autonomic features were genotyped in 88 drug-naïve patients, 61 patients receiving antipsychotic medication and 144 healthy controls. Genotypes were analyzed for associations with parameters of heart rate variability and complexity, in each diagnostic group. 
Results: We observed a significantly altered heart rate variability in unmedicated patients with identified genetic risk status in rs73158705 A>G, rs8191992 T>A and rs2350782 T>C as compared to genotype non-risk status. In patients receiving antipsychotic medication and healthy controls, these associations were not observed.
Discussion: We report novel candidate genetic associations with cardiac autonomic dysfunction in schizophrenia, but larger cohorts are required for replication.



Introduction

A large body of evidence has documented shortened life expectancy of about 15-20 years in patients with schizophrenia (Laursen et al. 2014; Hjorthøj et al. 2017). Although suicide and accidents contribute to high mortality rates, cardiovascular disease (CVD) is the leading natural cause of death in schizophrenia (Olfson et al. 2015). Several lines of evidence indicate an inherent genetic risk underlying the comorbidity between schizophrenia and CVD (So et al. 2019): both psychotic and cardiovascular disorders have substantial heritability (De Hert Marc et al. 2018). Overlapping loci have been associated with CVD-risk factors and schizophrenia (Chen et al. 2011; Hansen et al. 2011; Burghardt et al. 2014). Theses loci implicate genes that encode numerous ion channel subtypes and G protein coupled receptors (Mäki-Marttunen et al. 2017).
The beat-to-beat variation in heart rate, heart rate variability (HRV), is modulated by activity of the sympathetic and the parasympathetic nervous system. HRV has been shown to indicate how flexible and adaptive autonomic function can be adjusted to changing environmental demands (Thayer et al. 2012). It has been shown that patients with schizophrenia fail to elicit substantial autonomic reactions neither in response to stress nor to relaxation (Liu et al. 2021). Reduced resting HRV seems to be indicative of this autonomic inflexibility and has been related the psychopathology in schizophrenia (Clamor et al. 2016).
In patients with schizophrenia cardiovagal modulation is reduced and sympathetic function is elevated. This altered balance is reflected in elevated heart rates and a loss of variability and complexity, which is well documented in drug-naïve or unmedicated patients with schizophrenia (Bär et al. 2005; Clamor et al. 2016) and their healthy first-degree relatives (Bär et al. 2010; Jauregui et al. 2011). Sympathovagal imbalance leads to a constant strain on the cardiovascular system. The most obvious consequence of impaired cardiac autonomic function seems to be the increased risk to develop cardiovascular diseases (Thayer et al. 2010). For instance, increased heart rates at rest are associated with reduced life expectancy in both the general population (Greenland et al. 1999) as well as in patients with manifest cardiovascular diseases (Diaz et al. 2005) and can be considered as an independent risk factor for premature death (Jensen et al. 2013).
In order to investigate biological factors contributing to cardiac autonomic dysfunction in schizophrenia, CHRM2, encoding the muscarinic acetylcholine receptor M2, is of particular interest. The release of acetylcholine from vagal parasympathetic neurons reduces the heart beat frequency by acting almost exclusively at M2 muscarinic receptors (Dhein et al. 2001; Saternos et al. 2018). There is some evidence that the muscarinic cholinergic system might be involved in the pathophysiology of schizophrenia. Cholinergic dysfunction has been associated with cognitive impairments, motor functions and psychopathology in schizophrenia patients (Scarr et al. 2013). Moreover, neuroimaging and postmortem studies revealed a decrease in the levels of muscarinic receptors in large areas of the brain in schizophrenia (Katerina et al. 2004; Raedler et al. 2007). However, there are also substantial limitations of the cholinergic hypothesis in schizophrenia (Tani et al. 2015).
Given the possible association of CHRM2 with cardiac autonomic modulation in schizophrenia, we searched the literature for significant associations with cardiac autonomic traits. While CHMR2 rs73158705 A>G (intron variant) and CHRM2 rs2350782 T>C (intron variant) have been identified in genome-wide association studies for heart rate (den Hoed et al. 2013; Eppinga et al. 2016), CHRM2 rs8191992 T>A (three prime untranslated region) was associated with heart rate recovery (Hautala et al. 2006; Hautala et al. 2009). 
We hypothesized that these CHRM2 SNPs might be associated with reduced vagal modulation in unmedicated patients with schizophrenia. Since proarrhythmic effects of antipsychotic medication may be in part mediated via anticholinergic effects (Agelink et al. 2001; Stroup and Gray 2018), we further hypothesized that impaired cardiac autonomic modulation is even more pronounced in medicated schizophrenia patients carrying CHRM2 risk variants. 
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Participants and Methods

Participants 

In this study, we included a total of 149 patients diagnosed with schizophrenia, from which 88 were unmedicated and 61 patients were treated with antipsychotic medication. Furthermore, 144 control subjects were included in this study.
Patients were recruited in the acute stage upon admission to the hospital or the outpatient department of Jena University Hospital. The diagnosis was established by a staff psychiatrist according to DSM-IV criteria (Diagnostic and statistical manual of mental disorders, 4th edition, published by the American Psychiatric Association) as assessed by the Structured Clinical Interview for DSM-IV (SCID) and was confirmed by an independent psychiatrist. In case of first-episode psychosis, the diagnosis was re-evaluated by a staff psychiatrist after 3 months. If patients had not taken antipsychotic medication for a period of at least 8 weeks, they were assigned to the unmedicated patient group. For the medicated patient cohort, patients had to be on a stable antipsychotic medication. Control subjects were recruited from the local community.
All subjects underwent a screening program consisting of a screening for drug residues, legal and illegal substances, a full clinical examination, a baseline ECG and routine laboratory parameters to exclude any other somatic disease such as a history of hypertension, diabetes, or other cardiovascular diseases. All subjects were of Caucasian origin. The screening program was carried out by a staff psychiatrist prior to the autonomic assessment. Patients or controls taking any medication influencing heart rate or blood pressure regulation (e.g. beta-blockers, antiarrhythmics, tranquillizers, antidepressants) were excluded. All subjects were asked to refrain from smoking, heavy eating or exercising 2 h prior to the investigation. Psychotic symptoms were quantified by a staff psychiatrist after the screening procedure using the Positive and Negative Syndrome Scale (PANSS) (Kay et al. 1987). All subjects were informed about the procedures one day in advance. All subjects gave written informed consent to a protocol approved by the Ethics Committee of the Jena University Hospital, Germany. Furthermore, patients were advised that refusal of participating in the study does not affect any future treatment in our hospital. Every effort was made to ensure that patients were able to give informed consent. Patients were only included after a psychiatrist had certified their ability to give full informed consent to the study protocol.

Assessment of autonomic function 

Examinations were performed between 1 and 6 p.m. in a quiet room which was kept comfortably warm (22–24°C). Subjects were asked to relax, breathe regularly and move as little as possible. We used the MP150 system (BIOPAC Systems Inc, Goleta, CA, USA) for recording of physiological signals at 1000 Hz sampling frequency for 30 minutes. The ECG was acquired arranging three electrodes on the chest according to an adjusted Einthoven triangle. ECG signals were band-pass filtered between 0.05 and 35 Hz. Automatically detected RR-interval time series were afterwards checked manually for ectopic beats or artifacts that were replaced using linear interpolation (Lippman et al. 1994). 
We computed standard measures of heart rate variability (HRV) in the frequency domain according to relevant guidelines (Malik 1996). We integrated spectral power after Fast Fourier transformation of RR-interval time series, within the low-frequency band (LF; 0.04–0.15 Hz) and the high-frequency band (HF; 0.15–0.40 Hz). As the HF component is related to cardiovagal modulation and LF is linked to both sympathetic and parasympathetic influence, the LF/HF ratio has been proposed as a measure of sympatho-vagal balance with high values indicating sympathetic dominance (Furlan et al. 2000; Montano et al. 2009). Although, there is still no consensus on the exact interpretation of LF power (Pagani et al. 2012; Billman 2013; Reyes del Paso et al. 2013), LF/HF is frequently used to assess the sympatho-vagal balance (Rajendra Acharya et al. 2006). 
Additionally, the root mean square of the successive differences (RMSSD) was calculated. Fast fluctuations of heart rate as quantified by RMSSD are supposed to indicate parasympathetic cardiac function (Malik 1996). 
Besides linear HRV parameters describing the variance of beat-to-beat intervals, non-linear complexity parameters have been developed to describe the regularity of heart rate time series. The application of these novel analyses has led to a higher sensitivity for detecting autonomic dysfunction (Bär KJ et al. 2007). Compression entropy (Hc) introduced by Baumert et al. is a common parameter to describe non-linear properties of heart rate (Baumert et al. 2004). Hc indicates to which degree data from heart rate time series can be compressed using the detection of recurring sequences. The more frequent certain sequences occur – and therefore, the more regular these series are - the higher the compression rate.
Genetic Analyses and Identification of Subgroups

DNA was extracted from peripheral leukocytes using the QIAamp DNA Blood Mini and Maxi kits (Qiagen, Hilden, Germany). 
An AmpliSeqTM Custom DNA Panel for Illumina® (Illumina Inc., San Diego, CA, USA) was developed to perform high-throughput sequencing containing the three CHMR2 SNPs (rs73158705 A>G, rs8191992 T>A and rs2350782 T>C) that we found in the literature to be associated with cardiac autonomic features (Hautala et al. 2009; den Hoed et al. 2013; Eppinga et al. 2016). Next-generation sequencing (NGS) was applied using the AmpliSeqTM for Illumina® workflow on 10 ng high-quality DNA from all participants according to the manufacturer’s instructions. In brief, participant DNA was fragmented by endonucleases and hybridized to biotinylated gene specific probes incorporating Illumina paired-end sequencing motifs and indexed primers. Hybridized molecules were captured by magnetic beads, PCR amplified, and sequenced with the MiSeq system (Illumina Inc., San Diego, CA, USA). 
[bookmark: _Hlk66026556]Diagnostic groups (unmedicated patients, medicated patients, healthy controls) were separately divided into two genotype subgroups according to the stipulated risk status for the three selected SNPs. Since the minor G-allele of rs73158705, the minor A-allele of rs8191992 and the minor C-allele of rs2350782 were reported to be associated with cardiac autonomic features (Hautala et al. 2009; den Hoed et al. 2013; Eppinga et al. 2016), genotypes containing a corresponding risk allele were defined as risk genotype and compared to homozygote non-risk allele carriers.   
Statistical Analysis

Main effect of diagnosis on cardiac autonomic parameters
For statistical analyses, SPSS for Windows (version 23.0) was used. First, a multivariate analysis of covariance (MANCOVA) was performed to identify differences between diagnostic groups (unmedicated patients vs. medicated patients vs. healthy controls) regarding the cardiac autonomic parameters mHR (mean heart rate), RMSSD, LF/HF and Hc. Age, body-mass-index (BMI), cigarettes per day, cups of coffee per day and hours of sport per week were used as covariates to minimize their effect on study variables. Follow-up univariate analyses of covariance (ANCOVAs) were performed for each parameter. To reveal the differences for single parameters between patients (unmedicated vs. medicated) and also between unmedicated patients and control subjects, a Bonferroni-Holm corrected pair-wise comparison was performed as a post hoc analysis.
In the following binary logistic regression analyses, we investigated whether a combination of calculated cardiac autonomic indices and covariates might predict factor group (patients or healthy controls). We investigated a set of normalized predictor variables (zero mean and unit variance) including mHR, RMSSD, LF/HF, Hc, age, BMI, cigarettes per day, cups of coffee per day and hours of sport per week. Odds ratios (OR) estimated on normalized variables allowed the comparison of their individual contribution to the model.

Associations between common variation in CHRM2 and cardiac autonomic parameters
Analyses of Hardy-Weinberg Equilibrium were performed separately for patients and controls using the chi-square test implemented in the FINETTI program (htttp://ihg.gsf.de/cgi-bin/hw/hwa1.pl).
[bookmark: _GoBack]To compare mHR, RMSSD, LF/HF and Hc between genotype risk in CHRM2 rs7315870 (AA vs. AG/GG), rs8191992 (TT vs. AT/AA) and rs2350782 (TT vs. TC/CC) separately in unmedicated patients, medicated patients and healthy controls, MANOVAs and follow-up univariate ANOVAs were performed for each parameter. Another MANOVA and follow-up ANOVAs were performed to compare mHR, RMSSD, LF/HF and Hc between individual genotypes in each SNP. Next, we performed an analysis of haplotypes, containing the three markers rs73158705 (A>G), rs8191992 (T>A) and rs2350782 (T>C) by using SNPStats, a web-based application for association analysis (Solé et al. 2006). Linear regression results are shown with differences in means and 95% CI for quantitative responses (cardiac phenotypes) or as odds ratio (OR) and 95% CI for binary response variables (affection status) in the association analysis of haplotypes.  Finally, we conducted another three-marker-haplotype analysis in all 293 subjects to test for associations with schizophrenia.
Results

Sociodemographic data and distribution of allele frequencies are represented in Table 1.
Healthy controls tended to smoke less in pair-wise comparisons between diagnostic groups. Moreover, daily coffee consumption and athletic activities differed significantly between healthy controls and the medicated patient cohort, but not in the comparison between healthy controls and unmedicated patients. No significant differences of sociodemographic parameters were observed between medicated and unmedicated patients.

Main effects of diagnosis on cardiac autonomic parameters

The MANCOVA (controlled for age, BMI, cigarettes per day, cups of coffee per day and hours of sport per week) revealed a significant overall difference [F(8/572) = 10.71, p < 0.001]. Follow-up univariate ANCOVAs showed significant group differences for mHR [F(2,290) = 23.56, p < 0.001], RMSSD [F(2,290) = 11.77, p < 0.001], LF/HF [F(2,290) = 5.87, p = 0.003], and Hc [F(2,290) = 20.91, p < 0.001]. Bonferroni-adjusted post-hoc t-tests comparing cardiac autonomic parameters between unmedicated patients and healthy controls and between unmedicated and medicated patients are displayed in Figure 2.
A binary logistic regression model was estimated to assess which of the considered parameters might be suitable to separate patients and controls (pseudo-R2 =0.49).
In the regression model, the effect coefficients (standardized beta weights) were OR = 2.2 for mHR (p < 0.001), OR = 0.65 for RMSSD (p = 0.033), OR = 3.82 for cigarettes per day (p = 0.001) and OR = 0.61 for hours of sport per week (p = 0.010). Classification accuracy was 79.3%.

Associations of known cardiac autonomic risk variants at the CHRM2 locus with parameters of heart rate variability and complexity

The observed genotype distributions of the three selected CHRM2 SNPs were all in Hardy-Weinberg Equilibrium in unmedicated, medicated patients and healthy controls (Table 1). 
Pairwise analysis showed that all selected SNPs are in strong linkage disequilibrium (LD) in Europeans (r2 > 0.8, CEU from 1000 Genomes Project) (Machiela and Chanock 2015).
We tested the interaction effect of genotype risk x diagnosis on cardiac autonomic parameters. We found significant interaction effects for all investigated CHRM2 SNPs (Supplemental Table 4).
Genotype subgroups did not differ significantly regarding age, BMI, smoking behavior, athletic activities or coffee consumption (see Supplemental Table 3 for details).
We further tested whether genotypes with identified risk alleles in CHRM2 have an impact on cardiac autonomic parameters in unmedicated patients, medicated patients and healthy controls. MANOVAs showed significant main effects for genotype risk in rs73158705 [F(4,83) = 3.79, p = 0.007], rs8191992 [F(4,83) = 6.58, p < 0.001] and rs2350782 [F(4,83) = 2.12, p = 0.049] in unmedicated patients, but neither in medicated patients nor in healthy controls. Follow-up ANOVAs comparing genotype risk in CHMR2 in unmedicated patients are displayed in Figure 1 for rs73158705.  
Subsequently, we performed another set of MANOVAs testing the main effect of rs73158705 (AA vs. AG vs. GG), rs8191992 (TT vs. AT vs. AA) and rs2350782 (TT vs. CT vs. CC) on cardiac autonomic parameters. In the unmedicated patient cohort we found a significant main effect for single genotypes in rs73158705 [F(8,164) = 2.67, p = 0.010] and rs8191992 [F(8,164) = 3.69, p = 0.001], but not in rs2350782 [F(8,164) = 1.30, p = 0.249]. Neither in the medicated patient cohort nor in healthy controls significant main effects for cardiac autonomic parameters could be found comparing single genotypes. Follow-up ANOVAs comparing single genotypes in rs73158705 in the unmedicated patient cohort revealed significant main effects for mHR [F(2,85) = 9.27, p < 0.001], RMSSD [F(2,85) = 4.62, p = 0.012] and Hc [F(2,85) = 3.34, p = 0.040]. Comparing single genotypes in rs8191992 between single genotypes in unmedicated patients showed significant differences in mHR [F(2,85) = 12.49, p < 0.001], RMSSD [F(2,85) = 3.92, p = 0.024] and LF/HF [F(2,85) = 4.62, p = 0.012]. Pair-wise comparisons between single genotypes for rs73158705 are shown in Supplemental Figure 3.
Finally, we performed an analysis of haplotypes, containing the three markers rs73158705 (A>G), rs8191992 (T>A) and rs2350782 (T>C) that are in strong linkage disequilibrium.  In unmedicated patients with schizophrenia, the three haplotypes AAT (relative frequency (RF) = 0.26; mean in differences (mHR) = 5.8 (1.76 – 9.85), p = 0.026), GTT (RF = 0.075; mean in differences (mHR) = 7.72 (1.02 – 14.42), p = 0.026) and GTC (RF = 0.09) were significantly associated with increased mHR, with GTC showing the most significant association compared to any other haplotype combination (difference in means (mHR) = 11.03 (4.99 – 17.06); p < 0.001). Moreover, GTC was associated with significant decreased vagal modulation (difference in means (RMSSD) = -24.29 (-41.89 – 6.69; p < 0.01) and heart rate complexity (difference in means (CE) = -0.07 (-0.12 - -0.01); p = 0.015) in this cohort. We did not observe any significant associations between haplotypes and cardiac autonomic parameters in medicated patients or in healthy controls. 
Another three-marker-haplotype analysis was conducted to test for associations with schizophrenia. Although not significant, we observed a trend for an association between GTT (RF = 0.05) and schizophrenia (OR = 2.24 (0.92 – 5.43); p = 0.076).  
Discussion

The acetylcholine pathway plays a key role for heart rate variability in humans (Riese et al. 2014). Among the five subtypes of muscarinic receptors (M1-M5), the mammalian heart predominantly expresses M2 receptors (Brodde and Michel 1999). In Chrm2-deficient mice, bradycardia caused by vagal stimulation was completely abolished underlining the exclusive role of CHRM2 in heart rate regulation (Fisher et al. 2004). Apart from that, some evidence suggests that the muscarinic cholinergic system is involved in the pathophysiology of schizophrenia (Raedler et al. 2007; Ghoshal et al. 2016; Brannan et al. 2021). 
By demonstrating an association between CHRM2 SNPs that had previously been reported for the autonomic control of the heart, and significantly altered heart rate variability and complexity in unmedicated patients with schizophrenia, our study provides first indication for a potential role of CHRM2 in cardiac autonomic dysfunction in schizophrenia. A possible involvement of CHRM2 in the autonomic imbalance in patients with schizophrenia is bolstered by the identification of three more candidate variants at the CHRM2 locus (rs10228048 G>T, rs7800170 C>A and rs6963819 G>A) that were associated with reduced heart rate variability and complexity in schizophrenia patients in a subsequent analysis of a GWAS dataset (see supplementary information for details). While heart rate variability refers to a number of measures (e.g. RMSSD, LF/HF) which quantify fluctuations of heart rate series by statistics based on means and standard deviations, non-linear complexity measures (e.g. Hc) complement this by providing information about the regularity pattern of these fluctuations (Bär 2015). In general irregular and complex heart rate dynamics are considered to represent more adaptive and resilient cardiovascular systems (Thayer et al. 2010). 
The functional consequences of rs73158705, rs8191992 and rs2350782 SNPs are not fully understood. Both, CHRM2 rs73158705 A>G (Eppinga et al. 2016) and rs2350782 T>C (den Hoed et al. 2013), achieved significance (p< 5 * 10-8) in genome-wide association studies (all European descent) for resting heart rate. As these polymorphisms are deep intronic variants that are not located at a splice site, their functional relevance is difficult to assess. The CHRM2 rs8191992 A-allele was associated with cardiac autonomic dysfunction in the postexercise early recovery phase after acute myocardial infarction (Hautala et al. 2006; Hautala et al. 2009). CHRM2 rs8191992, which is located in the 3′ untranslated region, was predicted to modify M2 receptor expression through miRNA binding (Jiménez-Morales et al. 2014).  
The observed associations between CHRM2 common variants and reduced vagal modulation were neither observed in healthy controls nor in patients receiving antipsychotic medication. In contrast to our results, rs8191992 was associated with reduced heart rate variability in a Japanese patient cohort on high-dose antipsychotics (Miyauchi et al. 2016). This may be due to the population structure (MAF = 0.09 in East Asian populations vs. MAF = 0.54 in non-Finnish-European populations (Karczewski et al. 2020)) or this may suggest that unmedicated A-allele carriers are less susceptible for impaired cardiac autonomic function according to our data, but eminently predisposed to cardiac autonomic side effects of antipsychotic medication. 
Haplotype analyses containing the three CHRM2 marker SNPs revealed a trend for an association between schizophrenia and GTT. This haplotype, which was also associated with increased mHR in the unmedicated patient cohort, may be of interest, since none of the three individual SNPs have been associated with schizophrenia yet (Ripke et al. 2014; Pardiñas et al. 2018). Compared to the estimated haplotype frequency in healthy controls (RF = 0.03), GTT is more frequent in unmedicated patients with schizophrenia (RF = 0.08). However, as the sample size is quite small, our results just provide a first indication for a potential association. 
Taken together our results suggest a complex interaction between genetic predisposition in CHRM2, antipsychotic medication and cardiac autonomic function in schizophrenia, the definite relationship of which needs to be addressed in future studies. 
By providing evidence for another potential genetic component of sympathovagal imbalance in unmedicated patients with schizophrenia our data support the hypothesis that cardiac autonomic dysfunction is an endophenotype of schizophrenia (Clamor et al. 2016). Recently, we identified HCN1 rs16902086 A>G (intronic variant), which reached genome-wide significance (p=5,55E-11) in GWAS of schizophrenia (Pardiñas et al. 2018), to be associated with cardiac autonomic dysfunction in unmedicated patients (Refisch et al. 2021). Several lines of evidence indicate an inherent, genetic susceptibility to cardiometabolic dysfunction in addition to cardiac autonomic imbalance (Vancampfort et al. 2013; Ringen et al. 2014; Mothi et al. 2015), both contributing to an intrinsic risk for premature cardiac mortality in schizophrenia (De Hert M. et al. 2018). Moreover, cardiometabolic and cardiac autonomic states influence each other (Palatini 2013; Stuckey et al. 2015). Further research on the genetic and mechanistic connections between cardiac and neural phenotypes in schizophrenia patients is of key relevance for a personalized cardiac risk stratification at an early stage of the disease. 
Our study has some limitations: First, in order to get the largest possible sample size, we could not match patients and healthy controls with respect to all factors with potential influence on cardiac autonomic function. Thus, there are significant differences between patients and controls such as smoking behavior, physical activity and coffee consumption. Secondly, the three selected candidate SNPs that were previously reported to be associated with cardiac autonomic features, are strongly correlated with each other (pairwise LD). However, our sample is rather small in size that leads to a statistical power that is insufficient to systemically analyze the entire CHMR2 locus. Thus, we provide a first hypothesis of a possible association between genetic variation in CHRM2 and cardiac autonomic dysfunction in schizophrenia, that needs to be replicated in larger cohorts with higher statistical power. Moreover, the sample size was too small to perform subgroup analyses between different types of antipsychotic medication. Finally, residual presence of drugs cannot be ruled out completely. Nevertheless, further studies of the same kind may help to further consolidate whether schizophrenia and cardiovascular disease are pathophysiologically linked.
Conclusions

We here report novel candidate SNPs in CHRM2 that might be involved in cardiac autonomic dysfunction in schizophrenia. By demonstrating potential genetic associations with alterations in heart rate variability and complexity in patients with schizophrenia our results support the notion to consider cardiac autonomic dysfunction as an endophenotype of psychosis. However, associations between these SNPs and cardiac autonomic imbalance needs to be replicated in larger cohorts. 
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Table and Figure legends
Table 1
Demographic/genetic data and main effect of diagnosis on heart rate variability and complexity parameters
Demographic data and main effect of diagnosis on cardiac autonomic parameters. Distribution of allele frequencies in rs73158705, rs8191992 and rs2350782. 
Other data expressed as mean (SD). P-values resulting from MANOVAs.
Abbrev.: Body mass index (BMI), Chlorpromazine equivalents (CPZ eq.), Minor Allele Frequency (MAF), Mean Heart Rate (mHR), Root Mean Sum of Squared Distance (RMSSD), Heart Rate Low Frequency/ High Frequency-ratio (LF/HF), Compression entropy (Hc). 

Figure 1
A, B, C, D. Error bar chart illustrating differences in mHR (bpm) (A), RMSSD (B), LF/HF (C) and Hc (D) between genotype risk in CHRM2 rs73158705 separately in unmedicated patients, medicated patients and healthy controls, *  p < 0.05, ** p < 0.01, *** p < 0.001, p-value resulting from ANOVAs. For reasons of clarity only significant differences are displayed.

Figure 2
A, B, C, D. Scatter dot plot (mean with SD) illustrating differences in mHR (bpm) (A), RMSSD (B), LF/HF (C) and Hc (D) between unmedicated patients and healthy controls and between unmedicated and medicated patients, * p < 0.05, ** p < 0.01, *** p < 0.001, p-value resulting from Bonferroni-adjusted post-hoc t-tests.


Table 1 Demographic/genetic data and main effect of diagnosis on cardiac autonomic parameters
	 
	Diagnostic group
	Wilks-
Lambda

	
	HEALTHY CONTROLS
	UNMEDICATED
	MEDICATED
	

	Soziodemographic data

	N 
	144
	88
	61
	NA

	age (y)
	31.1 ± 7.7
	32.3 ± 11.0
	32.9 ± 11.3
	n.s.

	gender (f/m)
	70/74
	41/47
	29/32
	n.s.

	smoker status (y/n)
	30/114
	48/40
	35/26
	<0.001

	cig. per day
	1.1 ± 3.1
	7.0 ± 9.3
	8.3 ± 9.1
	<0.001

	cups of coffee a day
	1.6 ± 1.5
	2.3 ± 1.9 
	3.1 ± 1.5 
	<0.001

	BMI (m/kg2)
	23.3 ± 3.8
	22.5 ± 7.5
	22.4 ± 9.5
	n.s.

	hours of sport per week
	1.9 ± 1.8
	1.3 ± 1.4
	0.7 ± 1.0
	0.001

	Psychopathology

	PANSS gen
	NA
	42.4 ± 11.8 
	44.0 ± 11.8
	n.s.

	PANSS pos
	NA
	21.9 ± 6.0
	21.4 ± 6.1
	n.s.

	PANSS neg
	NA
	21.7 ± 8.6
	28.2 ± 10.0
	0.02

	Medication

	CPZ eq.
	NA
	NA
	408 ± 252
	NA

	Quetiapine
	NA
	NA
	29
	NA

	Risperidon
	NA
	NA
	15
	NA

	Olanzapine
	NA
	NA
	19
	NA

	Amisulpride
	NA
	NA
	3
	NA

	Haloperidol, Fluanxol
	NA
	NA
	10
	NA

	Cardiac autonomic function

	mHR
	65.2 ± 11.4
	77.4 ± 12.1
	78.4 ± 12.3
	<0.001

	RMSSD
	66.6 ± 44.4
	35.0 ± 32.2
	32.2 ± 39.5
	<0.001

	LF/HF
	2.3 ± 3.0
	3.1 ± 2.6
	3.9 ± 3.4
	0.001

	CE
	0.82 ± 0.07
	0.77 ± 0.1
	0.71 ± 0.1
	<0.001

	rs73158705

	MAF 
	G = 0.16 (45/288)
	G = 0.18 (32/176)
	G = 0.16 (19/122)
	NA

	AA 
	0.70 (103/144)
	0.67 (59/88)
	0.70 (43/61)
	NA

	AG 
	0.27 (37/144)
	0.3 (26/88)
	0.27 (17/61)
	NA

	GG 
	0.03 (4/144)
	0.03 (3/88)
	0.03 (1/61)
	NA

	 χ2
	0.0004
	0.0003
	0.0004
	NA

	rs8191992

	MAF 
	T = 0.48 (138/288)
	T = 0.45 (80/176)
	T = 0.46 (56/122)
	NA

	AA 
	0.27 (38/144)
	0.3 (25/88)
	0.29 (16/61)
	NA

	AT
	0.5 (74/144)
	0.5 (46/88)
	0.5 (34/61)
	NA

	TT 
	0.23 (32/144)
	 0.2 (17/88)
	0.21 (11/61)
	NA

	χ2
	<0.0001
	 0.0001
	<0.0001
	NA

	rs2350782

	MAF 
	C = 0.15 (44/288)
	C = 0.13 (22/176)
	C = 0.13 (16/122)
	NA

	TT 
	0.72 (105/144)
	0.76 (67/88)
	0.76 (47/61)
	NA

	TC 
	0.26 (34/144)
	0.22 (20/88)
	0.22 (12/61)
	NA

	CC
	0.02 (5/144)
	 0.02 (1/88)
	0.02 (2/61)
	NA

	χ2
	0.0004
	0.0008
	0.0008
	NA




Distribution of allele frequencies. Other data expressed as mean (SD). P-values resulting from ANOVAs. χ2 indicates the results from the Hardy-Weinberg equilibrium test.
Abbrev.: Body mass index (BMI), Chlorpromazine equivalents (CPZ eq.), Minor Allele Frequency (MAF), Mean Heart Rate (mHR), Root Mean Sum of Squared Distance (RMSSD), Heart Rate Low Frequency/ High Frequency-ratio (LF/HF), Compression entropy (Hc). 
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A, B, C, D. Error bar charts illustrating differences in mHR (bpm) (A), RMSSD (B), LF/HF (C) and Hc (D) between genotype risk in CHRM2 rs73158705 in unmedicated patients, medicated patients and healthy controls, * p < 0.05, ** p < 0.01, *** p < 0.001, p-value resulting from ANOVAs. For reasons of clarity only significant differences are displayed.
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A, B, C, D. Scatter dot plot (mean with SD) illustrating differences in mHR (bpm) (A), RMSSD (B), LF/HF (C) and Hc (D) between unmedicated patients and healthy controls and between unmedicated and medicated patients, * p < 0.05, ** p < 0.01, *** p < 0.001, p-value resulting from Bonferroni-adjusted post-hoc t-tests.
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Subsequent analysis of another 7 candidate variants at CHRM2 locus from a former GWAS dataset
Methods:
From a previous study, GWAS data (Illumina's Infinium PsychArray-24 Kit®) were available for 83 unmedicated patients and 96 healthy controls, including 265,000 proven tag SNPs found on the Infinium Core-24 Bead Chip, 245,000 markers from the Infinium Exome-24 BeadChip and 50,000 additional markers associated with the mental disorder. Sociodemographic characteristics of the GWAS sample are shown in Supplemental Table 1. For a total of seven SNPs at the CHRM2 locus, included on the array, we were able to perform heart rate variability and complexity analyses (Supplemental Table 2). Since most known risk alleles are minor allele (He et al. 2017) patients and healthy controls were divided in two genotype subgroups per diagnostic group depending on the presence of a minor allele vs. homozygote major allele genotypes.
Results: 
Initially we tested the interaction effect genotype risk x diagnostic group on cardiac autonomic parameters. We found significant interaction effects for all investigated CHRM2 SNPs (Supplemental Table 4).  
Next, we tested the main effect for genotype risk on cardiac autonomic parameters separately in unmedicated patients and healthy controls. MANOVAs showed significant main effects of genotype risk in rs10228048 (GG vs. GT/TT) [F(4,78) = 4.66, p = 0.002], rs7800170 (CC vs. AC/AA) [F(4,78) = 3.53, p = 0.011]  and  rs6963819 (GG vs. AG/AA) [F(4,78) = 3.69, p = 0.008] in the unmedicated patient cohort, but not in healthy controls (Supplemental Table 2). Follow-up ANOVAs testing the main effect of genotype risk on single parameters separately in each diagnostic group are shown in Supplemental Table 2.
Lastly, we tested the main effect for single genotypes in the candidate SNPs at the CHRM2 locus on cardiac autonomic parameters separately in each diagnostic group. We found a significant main effect for single genotypes in rs10228048 (GG vs. GT vs. TT) [F(8, 154) = 3.21, p = 0.002], rs7800170 (CC vs. AC vs. AA) [F(8, 154) = 2.94, p = 0.004] and rs6963819 (GG vs. AG vs. AA) [F(8, 154) = 2.0, p = 0.050] in the unmedicated patient cohort, but not in healthy controls. Follow-up ANOVAS revealed significant main effects for mHR [F(2,80) = 6.69, p = 0.002], RMSSD [F(2,80) = 3.11, p = 0.050] and Hc [F(2,80) = 11.24, p < 0.001] testing single genotypes in CHMR2 rs10228048 in unmedicated patients. mHR differed significantly comparing single genotypes in rs7800170 [F(2,80) = 7.81, p = 0.001]. None of the Follow-up ANOVAs revealed significant differences comparing single genotypes in rs6963819. Post-hoc-t-tests comparing cardiac autonomic parameters between single genotypes in rs10228048 and rs7800170 are displayed in Supplemental Figure 1 and 2.

Discussion: 
We identified three novel candidate variants for reduced vagal modulation in schizophrenia at the CHRM2 locus. Thus, unmedicated patients with schizophrenia carrying minor alleles in rs10228048 G>T, rs7800170 C>A and rs6963819 G>A revealed significantly reduced heart rate variability and complexity compared to homozygote major allele genotypes. To our knowledge rs10228048, rs7800170 and rs6963819 were not reported in the literature to date. Hence, all three are intronic variants with an undefined functional significance, yet. By identifying three more SNPs, that are associated with reduced heart rate variability and complexity in patients with schizophrenia, these findings support CHRM2 to be involved in the pathophysiological link between both conditions, schizophrenia and impaired cardiac autonomic function.   However, independent patient cohorts are mandatory to validate a possible association of rs10228048 G>T, rs7800170 C>A and rs6963819 G>A with cardiac autonomic features in schizophrenia patients in future studies.
   
Supplemental Table 1 Sociodemographic characteristics of the primary sample consisting of 96 healthy controls and 83 unmedicated patients with schizophrenia. 

	 
	Diagnostic group
	p

	
	HEALTHY CONTROLS
	UNMEDICATED PATIENTS
	

	Soziodemographic data

	N 
	96
	83
	 

	age (y)
	25.3 ± 3.9
	33.3 ± 11.0
	<0.001

	gender (f/m)
	48/48
	36/47
	n.s.

	smoker status (y/n)
	77/19
	44/39
	0.040

	cig. per day
	1.3 ± 3.3
	6.9 ± 10.9
	<0.001

	cups of coffee a day
	1.0 ± 1.3
	2.0 ± 1.4 
	0.037

	BMI (m/kg2)
	22.7± 3.0
	22.83 ± 9.5
	n.s.

	hours of sport per week
	2.8 ± 2.0
	0.8 ± 1.3 
	0.003

	Psychopathology

	PANSS gen
	NA
	42.6 ± 11.7
	n.s.

	PANSS pos
	NA
	21.6 ± 5.5
	n.s.

	PANSS neg
	NA
	23.7 ± 9.0
	0.02

	Cardiac autonomic function

	mHR
	64.5 ± 1.07
	76.6 ± 1.11
	<0.001

	RMSSD
	73.0 ± 47.8
	36.3 ± 33.2
	<0.001

	LF/HF
	1.6 ± 1.4
	2.9 ± 2.1
	0.001

	CE
	0.83 ± 0.06
	0.77 ± 0.1
	<0.001



Data expressed as mean (SD). P-values resulting from ANOVAs. 
Abbrev.: Minor Allele Frequency (MAF), Mean Heart Rate (mHR), Root Mean Sum of Squared Differences (RMSSD), Heart Rate Low Frequency/High Frequency-ratio (LF/HF), Compression entropy (Hc).

Supplemental Table 2  Distribution of allele frequencies in CHRM2 SNPs contained on the array and main effect of genotype subgroups for each SNP on cardiac autonomic parameters

	 
	rs324640 G>A

	 
	HEALTHY CONTROLS
	UNMEDICATED PATIENTS

	MAF
	A = 0.48 (93/192)
	A = 0.48 (80/166)

	GG 
	0.23 (23/96)
	0.23 (19/83)

	AG 
	0.52 (49/96)
	0.57 (47/83)

	AA 
	0.25 (24/96)
	0.20 (17/83)

	CAF
	GG
	AG/AA
	Wilks-Lambda*
	GG
	AG/AA
	Wilks-Lambda*

	N
	23
	73
	0.757
	19
	64
	0.082

	mHR
	63.2 ± 9.9
	65.0 ± 9.2
	n.s.
	70.5 ± 9.3
	78.0 ± 11.7
	n.s.

	RMSSD
	74.6 ± 50.0
	70.6 ± 44.6
	n.s.
	38.5 ± 34.8
	36.9 ± 33.0
	n.s.

	LF/HF
	1.3 ± 1.1
	1.7 ± 1.6
	n.s.
	2.4 ± 1.9
	2.9 ± 2.3
	n.s.

	Hc
	0.84 ± 0.07
	0.83 ± 0.06
	n.s.
	0.79 ± 0.07
	0.77 ± 0.1
	n.s.

	 
	rs10228048 G>T

	 
	HEALTHY CONTROLS
	UNMEDICATED PATIENTS

	MAF
	T = 0.26 (49/192)
	T = 0.25 (41/166)

	GG 
	0.57 (55/96)
	0.54 (45/83)

	GT
	0.34 (33/96)
	0.42 (35/83)

	TT 
	0.09 (8/96)
	0.04 (3/83)

	CAF
	GG
	GT/TT
	Wilks-Lambda*
	GG
	GT/TT
	Wilks-Lambda*

	N
	55
	41
	0.433
	45
	38
	0.002

	mHR
	64.0 ± 9.9
	65.2 ± 8.8
	n.s.
	72.7 ± 10.9
	81.0 ± 10.8
	p = 0.001

	RMSSD
	70.4 ± 46.3
	76.5 ± 50.0
	n.s.
	44.2 ± 34.2
	27.6 ± 27.3
	p = 0.022

	LF/HF
	1.4 ± 1.0
	1.8 ± 1.7
	n.s.
	2.4 ± 1.9
	3.4 ± 2.4
	p = 0.043

	Hc
	0.82 ± 0.06
	0.83 ± 0.06
	n.s.
	0.81 ± 0.07
	0.73 ± 0.1
	p <0.001

	 
	rs7800170 C>A

	 
	HEALTHY CONTROLS
	UNMEDICATED PATIENTS

	MAF
	A = 0.48 (92/192)
	A = 0.46 (77/166)

	CC
	0.29 (28/96)
	0.28 (23/83)

	AC
	0.46 (44/96)
	0.52 (43/83)

	AA 
	0.25 (24/96)
	0.20 (17/83)

	CAF
	CC
	AC/AA
	Wilks-Lambda*
	CC
	AC/AA
	Wilks-Lambda*

	N
	28
	68
	0.253
	23
	60
	0.011

	mHR
	62.3 ± 9.2
	65.2 ± 9.4
	n.s.
	71.8 ± 9.5
	78.3 ± 11.8
	p = 0.020

	RMSSD
	88.3 ± 58.1
	67.9 ± 43.0
	n.s.
	43.7 ± 37.7
	30.3 ± 24.2
	n.s.

	LF/HF
	1.5 ± 1.4
	1.6 ± 1.5
	n.s.
	2.5 ± 2.2
	2.9 ± 2.2
	n.s.

	Hc
	0.85 ± 0.05
	0.82 ± 0.06
	n.s.
	0.79 ± 0.07
	0.76 ± 0.08
	n.s.

	 
	rs6963819 G>A

	 
	HEALTHY CONTROLS
	UNMEDICATED PATIENTS

	MAF
	A = 0.38 (72/192)
	A = 0.31 (52/166)

	GG 
	0.41 (39/96)
	0.45 (37/83)

	AG 
	0.44 (42/96)
	0.48 (40/83)

	AA 
	0.15 (15/96)
	0.07 (6/83)

	CAF
	GG
	AG/AA
	Wilks-Lambda*
	GG
	AG/AA
	Wilks-Lambda*

	N
	39
	57
	0.010
	37
	46
	0.008

	mHR
	64.0 ± 8.6
	64.8 ± 10.0
	n.s.
	75.5 ± 10.3
	77.4 ± 12.5
	n.s.

	RMSSD
	87.8 ± 59.8
	62.9 ± 34.4
	0.011
	43,5 ± 41.0
	28.1 ± 15.7
	p = 0.034

	LF/HF
	1.7 ± 2.0
	1.5 ± 1.1
	n.s.
	2.6 ± 2.1
	3.1 ± 2.3
	n.s.

	Hc
	0.85 ± 0.05
	0.81 ± 0.06
	0.001
	0.79 ± 0.09
	0.75 ± 0.1
	p = 0.049

	 
	rs324594 T>C

	 
	HEALTHY CONTROLS
	UNMEDICATED PATIENTS

	MAF
	C = 0.26 (50/192)
	C = 0.25 (41/166)

	TT 
	0.55 (53/96)
	0.54 (45/83)

	CT 
	0.38 (36/96)
	0.42 (35/83)

	CC 
	0.07 (7/96)
	0.04 (3/83)

	CAF
	TT
	CT/CC
	Wilks-Lambda*
	TT
	CT/CC
	Wilks-Lambda*

	N
	53
	43
	0.754
	45
	38
	0.243

	mHR
	64.2 ± 9.9
	64.8 ± 8.9
	n.s.
	76.6 ± 11.2
	76.4 ± 12.2
	n.s.

	RMSSD
	78.6 ± 55.0
	66.1 ± 36.3
	n.s.
	30.5 ± 20.7
	43.8 ± 42.6
	n.s.

	LF/HF
	1.5 ± 1.6
	1.7 ± 1.5
	n.s.
	2.9 ± 2.3
	2.7 ± 2.0
	n.s.

	Hc
	0.83 ± 0.06
	0.82 ± 0.1
	n.s.
	0.76 ± 0.1
	0.79 ± 0.09
	n.s.

	 
	rs2113545 A>G

	 
	HEALTHY CONTROLS
	UNMEDICATED PATIENTS

	MAF
	G = 0.32 (62/192)
	G = 0.28 (47/166)

	AA 
	0.46 (44/96)
	0.48 (40/83)

	AG 
	0.44 (42/96)
	0.47 (39/83)

	GG 
	0.10 (10/96)
	0.05 (4/83)

	CAF
	AA
	AG/GG
	Wilks-Lambda*
	AA
	AG/GG
	Wilks-Lambda*

	N
	44
	52
	0.489
	40
	43
	0.093

	mHR
	63.8 ± 9.9
	65.1 ± 9.0
	n.s.
	76.3 ± 10.2
	76.7 ± 12.7
	n.s.

	RMSSD
	82.6 ± 57.9
	64.9 ± 35.7
	n.s.
	31.1 ± 20.7
	41.7 ± 41.0
	n.s.

	LF/HF
	1.5 ± 1.7
	1.6 ± 1.4
	n.s.
	3.0 ± 2.4
	2.6 ± 1.9
	n.s.

	Hc
	0.84 ± 0.06
	0.83 ± 0.06
	n.s.
	0.76 ± 0.1
	0.78 ± 0.1
	n.s.

	 
	rs2350786 A>G

	 
	HEALTHY CONTROLS
	UNMEDICATED PATIENTS

	MAF
	G = 0.26 (50/192)
	G = 0.22 (37/166)

	AA 
	0.53 (51/96)
	0.59 (49/83)

	AG 
	0.42 (40/96)
	0.37 (31/83)

	GG 
	0.05 (5/96)
	0.04 (3/83)

	CAF
	AA
	AG/GG
	Wilks-Lambda*
	AA
	AG/GG
	Wilks-Lambda*

	N
	51
	45
	0.735
	49
	34
	0.098

	mHR
	64.0 ± 9.4
	65.1 ± 9.5
	n.s.
	76.1 ± 10.2
	77.5 ± 13.2
	n.s.

	RMSSD
	79.4 ± 54.7
	65.8 ± 37.8
	n.s.
	33.5 ± 25.2
	41.1 ± 41.8
	n.s.

	LF/HF
	1.5 ± 1.6
	1.7 ± 1.5
	n.s.
	2.9 ± 2.4
	2.7 ± 1.8
	n.s.

	Hc
	0.84 ± 0.06
	0.82 ± 0.06
	n.s.
	0.77 ± 0.1
	0.79 ± 0.09
	n.s.



Data expressed as mean (SD). P-values resulting from follow-up ANOVAs.
*resulting from MANOVAs comparing the main effect for genotype subgroups on parameters of heart rate variability and complexity 

Abbrev.: Minor Allele Frequency (MAF), Mean Heart Rate (mHR), Root Mean Sum of Squared Distance (RMSSD), Heart Rate Low Frequency/ High Frequency-ratio (LF/HF), Compression entropy (Hc). 











Supplemental Figure 1
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A, B, C, D. Bar chart illustrating differences in mHR (bpm) (A), RMSSD (B), LF/HF (C) and Hc (D) between single genotypes in CHRM2 rs10228048 separately in unmedicated patients, medicated patients and healthy controls, *  p < 0.05, ** p < 0.01, *** p < 0.001, p-value resulting from ANOVAs. For reasons of clarity only significant differences are displayed. 
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A, B, C, D. Bar bar chart illustrating differences in mHR (bpm) (A), RMSSD (B), LF/HF (C) and Hc (D) between genotype risk in CHRM2 rs7800170 separately in unmedicated patients and healthy controls, *  p < 0.05, ** p < 0.01, *** p < 0.001, p-value resulting from ANOVAs. For reasons of clarity only significant differences are displayed
Supplemental Table 3  Sociodemographic and clinical data of genotype subgroups for rs73158705, rs8191992, rs2350782

	 
	rs73158705
	rs8191992
	rs2350782

	
	
	
	

	
	AA
	AG/GG
	p
	TT
	AT/AA
	p
	TT
	CT/CC
	p

	N
	HC
	103
	41
	NA
	32
	112
	NA
	105
	39
	NA

	
	UNMED
	59
	29
	NA
	17
	71
	NA
	67
	21
	NA

	
	MED
	43
	18
	NA
	11
	50
	NA
	47
	14
	NA

	age (y)
mean ± SD 
	HC
	30.8 ± 7.4
	32.2 ± 8.5
	n.s.
	30.6 ± 7.1
	31.53± 7.9
	n.s.
	31.2 ± 7.5
	31.0 ± 8.3
	n.s.

	
	UNMED
	31.6 ± 10.6
	33.3 ± 11.3
	n.s.
	32.4 ± 10.0
	32.1 ± 11.0
	n.s.
	32.2 ± 10.4
	34.5 ± 11.8
	n.s.

	
	MED
	33.4 ± 8.2
	31.9 ± 12.9
	n.s.
	29.5 ± 10.1
	33.7 ± 9.6
	n.s.
	34.0 ± 8.1
	29.5 ± 13.6
	n.s.

	sex
(f/m)
	HC
	49/54
	21/20
	n.s.
	18/14
	52/60
	n.s.
	49/56
	21/18
	n.s.

	
	UNMED
	29/33
	12/14
	n.s.
	10/12
	31/35
	n.s.
	28/33
	13/14
	n.s.

	
	MED
	14/14
	15/18
	n.s.
	6/7
	23/25
	n.s.
	20/21
	9/11
	n.s.

	smoker status
 (y/n)
	HC
	19/84
	11/30
	n.s.
	9/23
	21/91
	n.s.
	19/86
	11/28
	n.s.

	
	UNMED
	30/29
	18/11
	n.s.
	11/6
	37/34
	n.s.
	36/31
	12/9
	n.s.

	
	MED
	24/19
	11/7
	n.s.
	7/4
	28/22
	n.s.
	26/21
	9/5
	n.s.

	cig. per day
mean ± SD
	HC
	1.3 ± 3.0
	2.2 ± 4.8
	n.s.
	2.7 ± 5.3
	1.3 ± 2.9
	n.s.
	1.6 ± 3.6
	1.6 ± 3.5
	n.s.

	
	UNMED
	7.8 ± 10.0
	8.7 ± 8.8
	n.s.
	9.5 ± 9.3
	7.7 ± 9.7
	n.s.
	8.0 ± 9.7
	8.1 ± 9.5
	n.s.

	
	MED
	12.0 ± 9.6
	9.4 ± 6.9
	n.s.
	10.4 ± 7.2
	11.4 ± 9.3
	n.s.
	10.9 ± 8.3
	12.3 ± 11.4
	n.s.

	cups of coffee
 a day
mean ± SD
	HC
	1.5 ± 1.5
	1.9 ± 1.2
	n.s.
	1.6 ± 1.4
	1.7 ± 1.5
	n.s.
	1.5 ± 1.5
	2.0 ± 1.2
	n.s.

	
	UNMED
	2.4 ± 2.3
	2.1 ± 1.0
	n.s.
	1.5 ± 0.9
	2.7 ± 2.1
	n.s.
	2.4 ± 2.1
	2.0 ± 1.3
	n.s.

	
	MED
	3.1 ± 1.5
	3.1 ± 1.7
	n.s.
	3.1 ± 1.6
	3.1 ± 1.6
	n.s.
	3.1 ± 1.4
	3.1 ± 2.3
	n.s.

	BMI (m/kg2)
mean ± SD
	HC
	22.9 ± 3.1
	24.1 ± 5.0
	n.s.
	23.4 ± 3.7
	23.3 ± 3.8
	n.s.
	22.9 ± 3.2
	24.4 ± 5.1
	n.s.

	
	UNMED
	22.4 ± 8.1
	23.9 ± 4.3
	n.s.
	23.5 ± 4.9
	22.7 ± 7.5
	n.s.
	22.7 ± 7.8
	23.5 ± 4.1
	n.s.

	
	MED
	21.5 ± 10.2
	24.6 ± 7.5
	n.s.
	22.3 ± 8.2
	22.4 ± 9.9
	n.s.
	21.9 ± 9.9
	24.0 ± 8.1
	n.s.

	hours of 
sport per week
mean ± SD
	HC
	2.1 ± 1.9
	1.6 ± 1.6
	n.s.
	2.4 ± 2.1
	1.8 ± 1.7
	n.s.
	2.0 ± 1.8
	1.6 ± 1.8
	n.s.

	
	UNMED
	1.4 ± 1.4
	1.1 ± 1.5
	n.s.
	0.7 ± 1.6
	1.5 ± 1.3
	n.s.
	1.4 ± 1.5
	0.8 ± 1.0
	n.s.

	
	MED
	0.7 ± 1.0
	0.6 ± 1.1
	n.s.
	0.4 ± 0.9
	0.8 ± 1.0
	n.s.
	0.6 ± 0.9
	1.1 ± 1.2
	n.s.

	PANSS gen
mean ± SD
	HC
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA

	
	UNMED
	40.1 ± 10.5
	48.3 ± 13.3
	0.012
	46.1 ± 9.3
	41.8 ± 12.2
	n.s.
	40.3 ± 10.5
	49.9 ± 13.7
	0.009

	
	MED
	44.5 ± 7.8
	40.2 ± 14.3
	n.s.
	42.8 ± 11.5
	44.2 ± 12.8
	n.s.
	46.2 ± 7.8
	39.1 ± 10.5
	n.s.

	PANSS pos
mean ± SD
	HC
	NA
	NA
	n.s.
	NA
	NA
	n.s.
	NA
	NA
	n.s.

	
	UNMED
	21.8 ± 5.7
	22.1 ± 6.9
	n.s.
	23.2 ± 6.4
	21.6 ± 6.0
	n.s.
	21.5 ± 6.5
	22.9 ± 7.1
	n.s.

	
	MED
	22.3 ± 6.5
	19.5 ± 7.8
	n.s.
	20.0 ± 8.3
	21.8 ± 7.1
	n.s.
	22.3 ± 5.7
	18.3 ± 7.7
	n.s.

	PANSS neg
mean ± SD
	HC
	NA
	NA
	n.s.
	NA
	NA
	n.s.
	NA
	NA
	n.s.

	
	UNMED
	20.3 ± 8.5
	25.1 ± 8.1
	0.044
	24.8 ± 8.0
	21.6 ± 8.7
	n.s.
	20.9 ± 8.6
	24.4 ± 8.2
	n.s.

	
	MED
	29.4 ± 6.6
	24.5 ± 12.5
	n.s.
	27.8 ± 6.5
	28.5 ± 11.0
	n.s.
	28.4 ± 6.5
	26.8 ± 9.5
	n.s.



Data expressed as mean (SD). P-values resulting from ANOVAs. 
Abbrev.: BMI: Body mass index; PANSS: Positive and Negative Syndrome Scale (Kay et al. 1987); HC: Healthy controls; UNMED: Unmedicated patients with schizophrenia; MED: Medicated patients with schizophrenia.
	


Supplemental Table 4 Interaction effect genotype risk x diagnostic group on parameters of heart rate variability and complexity for all selected CHRM2 SNPs

	interaction effect
	mHR
	RMSSD
	LF/HF
	Hc

	diagnostic group1 x rs7315870
	F(5,287) = 20.22; p < 0.001
	F(5,287) = 11.17; p < 0.001
	F(5,287) = 4.25; p = 0.001
	F(5,287) = 16.23; p < 0.001

	diagnostic group1 x rs8191992
	F(5,287) = 22.03; p < 0.001
	F(5,287) = 11.57; p < 0.001
	F(5,287) = 5.22; p < 0.001
	F(5,287) = 15.44; p < 0.001

	diagnostic group1 x rs2350782
	F(5,287) = 18.18; p < 0.001
	F(5,287) = 10.93; p < 0.001
	F(5,287) = 3.04; p = 0.011
	F(5,287) = 15.90; p < 0.001

	interaction effect
	mHR
	RMSSD
	LF/HF
	Hc

	diagnostic group2 x rs324640
	F(3,175) = 21.44; p < 0.001
	F(3,175) = 10.42; p < 0.001
	F(3,175) = 6.67; p < 0.001
	F(3,175) = 5.98; p = 0.001

	diagnostic group2 x rs10228048
	F(3,175) = 25.67; p < 0.001
	F(3,175) = 12.76; p < 0.001
	F(3,175) = 9.13; p < 0.001
	F(3,175) = 14.30; p < 0.001

	diagnostic group2 x rs7800170
	F(3,175) = 22.94; p < 0.001
	F(3,175) = 13.13; p < 0.001
	F(3,175) = 7.00; p < 0.001
	F(3,175) = 7.46; p < 0.001

	diagnostic group2 x rs6963819
	F(3,175) = 19.68; p < 0.001
	F(3,175) = 15.90; p < 0.001
	F(3,175) = 7.40; p < 0.001
	F(3,175) = 10.69; p < 0.001

	diagnostic group2 x rs324594
	F(3,175) = 19.38; p < 0.001
	F(3,175) = 12.95; p < 0.001
	F(3,175) = 6.90; p < 0.001
	F(3,175) = 7.29; p < 0.001

	diagnostic group2 x rs2113545
	F(3,175) = 19.96; p < 0.001
	F(3,175) = 13.54; p < 0.001
	F(3,175) = 7.05; p < 0.001
	F(3,175) = 7.21; p < 0.001

	diagnostic group2 x rs2350786
	F(3,175) = 20.39; p < 0.001
	F(3,175) = 12.52; p < 0.001
	F(3,175) = 6.89; p < 0.001
	F(3,175) = 6.93; p < 0.001



1 144 healthy controls vs. 88 unmedicated patients with schizophrenia vs. 66 medicated patients with schizophrenia
2 96 healthy controls vs. 83 unmedicated patients with schizophrenia
Supplemental Figure 3
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A, B, C, D. Bar chart illustrating differences in mHR (bpm) (A), RMSSD (B), LF/HF (C) and Hc (D) between single genotypes in CHRM2 rs73158705 in unmedicated patients, medicated patients and healthy controls, *  p < 0.05, ** p < 0.01, *** p < 0.001, p-value resulting from ANOVAs. For reasons of clarity only significant differences are displayed
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