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1. Introduction 

Schizophrenia is a severe psychiatric disorder associated with life-
style characteristics such as significantly increased smoking rates 
(60–90%; Chapman et al., 2009; de Leon and Diaz, 2005; Dome et al., 
2010). Various links between the disorder and smoking are discussed, 
but knowledge about neurophysiological effects, and in particular 
cortical excitability changes, of chronic nicotine consumption in pa-
tients with schizophrenia is lacking. 

The main neuroactive component of smoking – nicotine – binds to 
nicotinic acetylcholine receptors (nAChR), ligand-gated ion channels 

which increase neuronal calcium permeability, thereby affecting 
cortical excitability and neuroplasticity (Dani and Bertrand, 2007). 
Since nAChR are often located non- or presynaptically, nicotine has 
complex modulating effects on other neurotransmitters such as gluta-
mate, dopamine and GABA, which are not easily translatable into 
functional effects (Dajas-Bailador and Wonnacott, 2004; Descarries 
et al., 1997; McGehee et al., 1995; Sher et al., 2004; Zarei et al., 1999). 

On a functional level, nicotine has been reported to affect cognition 
and behavior. Acute nicotine administration improved cognitive per-
formance both in healthy subjects and in patients with schizophrenia 
(Hahn et al., 2013; Wing et al., 2013). Chronic nicotine consumption, on 
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the other hand, leads to a complex pattern of up- and downregulation of 
nAChR (Even et al., 2008), and has been associated with cognitive 
impairment, both in healthy subjects (Anstey et al., 2007; Sabia et al., 
2008) as well as schizophrenia patients (Zhang et al., 2012). However, 
chronic smokers with schizophrenia report reduced severity of negative 
symptoms (Zhang et al., 2012). Moreover, upregulation of nAChR in 
chronic smokers with schizophrenia has been associated with reduced 
negative symptoms and improved cognitive performance (Esterlis et al., 
2014). Therefore, it has been suggested that the high smoking rate 
among patients with schizophrenia reflects an attempt to ameliorate 
existing symptoms (Winterer, 2010; but see also Dome et al., 2010). In 
that regard, add-on application of α7-nAChR agonists to ongoing anti-
psychotic treatment in patients with schizophrenia was not effective in 
terms of cognitive functions, but showed subtle effects on negative 
symptoms as shown in a recent meta-analysis of 13 trials (Recio-Barbero 
et al., 2021). 

A potential mediator of nicotinic effects on cognition and behavior 
might be its effect on cortical excitability (Grundey et al., 2018b). 
However, knowledge about the neurophysiological basis of these effects 
is limited so far, especially in patient populations. 

To shed light on potential mechanisms of smoking-induced nicotinic 
effects on cortical excitability in schizophrenia, we first describe 
neurophysiological alterations associated with the disease. In particular, 
transcranial magnetic stimulation (TMS) protocols assessing cortical 
excitability have suggested deficits in cortical inhibition. 

Decreased short interval intracortical inhibition (SICI) was reported 
in the majority of studies in medicated, unmedicated, first-episode and 
chronic schizophrenia patients (Bunse et al., 2014; Hasan et al., 2011; 
Radhu et al., 2013). These results imply impairments of GABAergic 
neurotransmission in patients with schizophrenia (di Hou et al., 2021). 

By contrast, intracortical facilitation (ICF), which mainly reflects 
glutamatergic activity and is modulated by NMDA and GABA-A re-
ceptors, showed no clear alterations in schizophrenia (Bunse et al., 
2014; Radhu et al., 2013). 

Short-latency afferent inhibition (SAI), a paired-pulse TMS marker of 
cholinergically driven cortical inhibition, is reduced in patients with 
schizophrenia compared to healthy subjects, as suggested by two studies 
so far. In a small-sample study (N = 10), Shoyama et al. (2013) reported 
reduced SAI in the motor cortex, while Noda et al. (2017; N = 24) 
discovered reduced SAI in frontal areas, but not the motor cortex via a 
TMS-EEG protocol. Reduction of SAI implies impairments of cholinergic 
inhibitory networks in patients with schizophrenia. This is in line with a 
growing body of evidence implicating a dysregulation of the cholinergic 
system in the pathophysiology of schizophrenia (D’Souza and Markou, 
2012), including alterations in acetylcholine (ACh) levels (Bustillo et al., 
2002; Théberge et al., 2004), number of ACh neurons (Garcia-Rill et al., 
1995), as well as nAChR expression and function (Breese et al., 2000; 
Durany et al., 2000; Guan et al., 1999). Polymorphisms of nAChR genes 
have also been linked to this disease (Mathew et al., 2007). On a func-
tional level, a lower volume of ACh regions was associated with cogni-
tive impairments in patients with schizophrenia (Avram et al., 2021), 
and nicotine as well as other nAChR agonists have been shown to 
improve cognition in patients with schizophrenia (Freedman, 2014; 
Terry and Callahan, 2020). 

Up to now, the effects of smoking on cortical excitability have not 
been studied in patients with schizophrenia. Studies in healthy subjects 
showed increased cortical inhibition as well as reduced facilitation in 
chronic smokers compared to non-smokers. ICF was reduced in smokers 
during nicotine withdrawal, arguing for reduced presynaptic release of 
glutamate, potentially as a result of a presynaptic nAChR down-
regulation in chronic smokers, while SICI did not differ between groups 
(Grundey et al., 2013; Lang et al., 2008). 

Most importantly, chronic healthy smokers showed a larger amount 
of inhibition, as measured by SAI compared to non-smoking individuals 
(Grundey et al., 2013; Lang et al., 2008), probably due to nicotine- 
driven changes of cholinergic circuits. Moreover, corticospinal 

excitability (input/output (I/O) curve) was increased in smokers 
(Grundey et al., 2013; Khedr et al., 2020) although this result was not 
shown by Lang et al. (2008) who observed no differences in the I/O 
curve. Other measures of corticospinal excitability, such as resting 
motor threshold (RMT),and the TMS intensity required to obtain a 1 mV 
peak-to-peak amplitude (SI1mV) did not show differences between 
healthy smokers and non-smokers (Grundey et al., 2013; Khedr et al., 
2020; Lang et al., 2008). 

The increased cortical inhibition observed in healthy smokers sug-
gests that smoking may have a restitution effect on decreased inhibition 
reported in patients with schizophrenia (Shoyama et al., 2013). Modu-
lation of cortical excitability through nicotine is assumed to have 
furthermore a direct impact on the behavioral level (Grundey et al., 
2018a; Grundey et al., 2018b) and might be an important neurophysi-
ological basis for its cognitive effects, which we see in both healthy 
subjects and patients with schizophrenia. 

In the present study we aimed to evaluate several parameters of 
cortical excitability in smoking and non-smoking schizophrenia patients 
using various established TMS protocols. We assumed that excitability 
measures would differ depending on smoking status, more specifically, 
that patterns of reduced cortical inhibition associated with schizo-
phrenia would be normalized in smokers. Following the results in 
healthy subjects, we expected more inhibitory effects of various TMS 
protocols in subjects with schizophrenia for smokers under withdrawal 
compared to non-smokers. 

2. Methods 

2.1. Subjects 

Twenty-six smokers and 19 non-smokers diagnosed with schizo-
phrenia according to ICD-10 were recruited from local inpatient and 
outpatient units of the psychiatric LMU hospital. Exclusion criteria were 
a history of epilepsy, brain injuries or tumors, metal implants in the 
head, current alcohol or drug dependence (other than nicotine), current 
intake of antidepressants or anticonvulsants, regular intake of benzo-
diazepines, age under 18 or over 65, and pregnancy. Based on previous 
studies (Grundey et al., 2013; Lang et al., 2008), we classified partici-
pants as smokers if they had consumed 10 or more cigarettes per day 
within the past five years and scored at least 3 points on the Fagerstroem 
Test for Nicotine Dependence (indicating moderate nicotine depen-
dence). Non-smokers were defined as having no history of nicotine 
consumption within the past five years. Besides the Fagerstroem Test, 
smoking status was verified by measuring breath carbon monoxide 
(CO). All smokers were asked to abstain from nicotine for at least 8 h 
before the experiment, which was checked with a second breath CO 
measurement directly before the start of the experiment. A substantial 
reduction of the CO level had to be evident in order to be considered as 
abstinent. Patients underwent an assessment of psychopathology (Pos-
itive and Negative Syndrome Scale, PANSS; Calgary Depression Scale for 
Schizophrenia, CDSS), disease severity (Clinical Global Impression, CGI) 
and social functioning (Global Assessment of Functioning, GAF). 
Handedness was assessed with the Edinburgh Handedness Inventory 
(Oldfield, 1971). All but one patient were treated with antipsychotics 
(18 in monotherapy, 26 in combination therapy). Chlorpromazine 
equivalents of daily doses were calculated according to Leucht et al. 
(2016). All volunteers gave their written informed consent before 
participation. The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the medical faculty of the LMU 
Munich (approval number: 17-280). 

Demographic and clinical characteristics of the participants are 
shown in Table 1. 

2.2. Application of transcranial magnetic stimulation (TMS) 

We used single- and paired-pulse TMS protocols to monitor standard 

                



parameters of corticospinal and intracortical excitability. TMS was 
delivered with a MagStim BiStim2 (The Magstim Co. Ltd, Whitland, UK) 
using a standard figure-of-eight alpha coil (70 mm diameter) at a fre-
quency of 0.2 Hz. The coil was positioned over the left primary motor 
cortex in both right- and left-handed subjects, at the site where stimu-
lation consistently induced the largest and most stable motor-evoked 
potentials (MEPs) in the contralateral right first dorsal interosseous 
muscle (FDI). According to standard practice, the coil was held 
tangentially to the head at a 45◦ angle. 

2.3. Electromyography recording 

Surface electromyographic (EMG) activity was recorded from the 
right FDI with two Ag-AgCl surface electrodes in a belly-tendon 
montage. Raw signals were amplified with a gain of 1000, bandpass- 
filtered (2 Hz–3 kHz); D-360, Digitimer Ltd., Welwyn Garden City, 
UK) and digitized at 5 kHz using a CED 1401 data acquisition interface 
controlled by Signal software v5.08 (Cambridge Electronic Design Ltd., 
Cambridge, UK). Data were stored digitally and analyzed offline using 
the Signal Software and NuCursor (J.C. Rothwell, Institute of Neurology, 
University College London, UK). 

2.4. Single-pulse measures 

Two TMS intensities served as the basis for all protocols: the stimu-
lation intensity needed to elicit MEPs of approximately 1 mV peak-to- 
peak amplitude (SI1mV, expressed as percentage of maximal stimulator 
output), as well as the resting motor threshold (RMT). RMT was defined 

as the minimal intensity that produced stable MEPs with an amplitude of 
approximately 50 µV in at least 5 out of 10 consecutive trials (Rossini 
et al., 2015). 

2.4.1. Input-output curve (I/O curve) 
The I/O curve was obtained using TMS intensities of 90, 110 and 130 

% RMT. Blocks of 10 pulses for each intensity were recorded consecu-
tively, starting with the lowest intensity. 

2.5. Paired-pulse measures 

2.5.1. Short interval intracortical inhibition (SICI) and intracortical 
facilitation (ICF) 

SICI and ICF were recorded with a paired-pulse protocol (Kujirai 
et al., 1993), with interstimulus intervals (ISI) of 2, 3, 7, 9 and 12 ms. 
The intensity of the conditioning and test pulses was set to 80 % RMT 
and SI1mV, respectively. 15 trials for each ISI as well as 25 control trials 
with the test pulse alone were administered in randomized order. 

2.5.2. Short-latency afferent inhibition (SAI) 
SAI was obtained by pairing a conditioning peripheral nerve stimulus 

with a subsequent TMS stimulus, with ISIs of 20 ms and 40 ms (for re-
view see: Turco et al. 2018). Peripheral stimulation (square pulse, width 
0.2 ms) was applied to the right ulnar nerve at wrist level using a Dig-
itimer DS7A stimulator (Digitimer Ltd., UK) with a bipolar electrode 
(cathode positioned proximally). The stimulation intensity was set to 
200% of the perceptual threshold (4.47 ± 2.00 mA), which was deter-
mined by increasing the stimulation intensity incrementally from a 
subthreshold level until the participant reported a sensation. The lowest 
intensity reliably perceived by the participant was defined as the 
perceptual threshold. TMS intensity was set to SI1mV. 20 paired pulses 
for each ISI and 20 control pulses (single TMS pulse) were administered 
in random order. 

2.6. Experimental procedures 

The participants were seated in a comfortable chair with head and 
arm rests. First, EMG electrodes were placed over the right FDI and TMS 
was applied to the left primary motor cortex to identify the optimal coil 
position for inducing MEPs in the right FDI, as described above. The 
position was marked with a pen to ensure that it remained consistent 
throughout the experiment. After determining SI1mV and RMT, the 
protocols for I/O curve, SICI/ICF and SAI were administered in that 
order (see Fig. 1). 

Table 1 
Demographic and clinical characteristics of the subjects. 

Variable Smokers Non- 
smokers 

Х2-/t- 
value 

p-value 

N 26 19 –  – 
Gender 17 M, 9F 10 M, 9F 0.744a  0.388 
Age (y) 34.6 ± 13.4 38.7 ± 7.3 1.317b  0.345 
Handedness 23 R, 2 A, 1 

L 
16 R, 3 L 2.775a  0.337 

Fagerstroem score 5.2 ± 1.6 
CO (ppm) Baseline 20.2 ± 11.4 2.5 ± 1.5 −6.747b  < 0.001* 
CO (ppm) during 

experiment 
11.5 ± 8.1  −4.324c  < 0.001* 

PANSS scores 
Total 53.6 ± 11.8 52.1 ± 11.6 −0.442b  0.661 
Positive 12.2 ± 4.1 12.1 ± 4.0 −0.082b  0.936 
Negative 14.9 ± 5.1 13.6 ± 5.3 −0.859b  0.395 
General 25.5 ± 6.6 26.4 ± 5.8 0.464b  0.645 
CDSS 2.9 ± 2.4 2.8 ± 2.8 −0.121b  0.904 
GAF 63.6 ± 9.4 67.7 ± 10.6 1.361b  0.181 
CGI 3.5 ± 0.6 3.3 ± 0.6 −0.830b  0.411 
CPZ (daily) 485.8 ±

293.9 
390.0 ±
259.2 

−1.135b  0.263 

Antipsychotic 
medication 

1.505 a  0.529 

Monotherapy 10 8 –  – 
Combination treatment 16 10 –  – 
None 0 1 –  – 
Duration of psychosis 

(y) 
7.3 ± 7.7 11.9 ± 9.4 1.823b  0.075 

Abbreviations: CO (ppm), Carbon monoxide concentration in parts per million 
measured from breath carbon monoxide; PANSS, Positive and Negative Syn-
drome Scale; CDSS, Calgary Depression Scale for Schizophrenia; GAF, Global 
Assessment of Functioning; CGI, Clinical Global Impression; CPZ, chlorproma-
zine equivalent dose. 
Data are presented as mean ± standard deviation. 
* Test was significant at α = 0.05. For details, see text. 

a Chi-square test. 
b Unpaired t-test. 
c Paired t-test smokers CO Baseline compared to smokers CO during 

experiment. 

Fig. 1. Experimental course of the study. Smokers and non-smokers underwent 
TMS over the left primary motor cortex, eliciting MEPs in the right FDI. First, 
SI1mV and RMT were determined, then I/O curve, SICI/ICF and SAI protocols 
were measured. 

                



2.7. Data analysis 

Statistical analysis was performed using JASP (Version 0.14.1). 
Before further analyses, we manually inspected the raw data and 
excluded MEPs if 1) MEPs were larger than 5 mV, 2) patient movement 
artefacts were apparent or 3) there was a pre-contraction in the target 
muscle. In total 17 MEPs were removed which corresponds to 0.2% of all 
MEPs recorded. Next, boxplots were used to identify outliers (values 
more than 1.5x the interquartile range above/below the upper/lower 
quartile) in the normalized mean MEPs (see below) for each protocol 
condition. All data from the corresponding participants were excluded 
from analysis of the respective protocols (I/O curve: 3 smokers, 3 non- 
smokers; SICI/ICF: 3 smokers, 2 non-smokers; SAI: 1 smoker, 2 non- 
smokers). 

Group differences in the demographic and clinical data were evalu-
ated with two-sided unpaired t-tests and chi-square tests. To rule out 
differences in SI1mV and RMT between the groups unpaired t-tests were 
performed. 

For the I/O curve, we calculated the intraindividual means of MEP 
amplitudes for each stimulation intensity. These were entered as 
dependent variable in a mixed-model analysis of variance (ANOVA) 
with ‘group’ (smokers vs. non-smokers) as between-subject factor and 
‘TMS intensity’ (90 vs. 110 vs. 130 % RMT) as within-subject factor. 

For the paired-pulse protocols (SAI, SICI/ICF), the intraindividual 
mean of conditioned MEP amplitudes for each ISI was normalized to the 
respective single-pulse control condition (expressed in percentage of the 
control condition) to evaluate the effect of the conditioning stimulus on 
the MEP amplitude. To confirm that the control conditions did not differ 
between groups, the mean MEPs of the single-pulse conditions were 
compared with two-sided unpaired t-tests. To investigate the effects of 
smoking status on SAI and SICI/ICF, a mixed-model RM-ANOVA was 
conducted for each protocol using the normalized mean MEPs as 
dependent variable, ‘group’ (smokers vs. non-smokers) as between- 
subject factor and ‘ISI’ (SAI: 20 vs. 40 ms; SICI/ICF: 2 vs. 3 vs. 7 vs. 9 
vs. 12 ms) as within-subject factor. If necessary, we performed Mauch-
ly’s test of sphericity and used the Greenhouse-Geisser correction. In 
cases of significant effects from the mixed-model RM-ANOVAs, explor-
atory post-hoc analyses were conducted as detailed in the results session 
(see 3.5). The critical p-value chosen for significance was 0.05 for all 
statistical analyses. 

3. Results 

3.1. Sociodemographic and clinical characteristics 

The groups did not differ significantly regarding gender, age, hand-
edness, clinical scores or medication (see Table 1). On average, patients 
had mild to moderate positive and negative symptoms (PANSS), a mild 
to moderate degree of illness (CGI) and mild impairment of functioning 
(GAF). The mean Fagerstroem score in the smoking group (5.2 ± 1.6) 
indicated strong nicotine dependence, which was underlined by a mean 
breath carbon monoxide level of 20.2 ± 11.4 ppm. TMS was well 
tolerated, and no adverse events were reported. Some patients reported 
tolerable symptoms of withdrawal such as craving and restlessness. 

3.2. Stimulation parameters 

Mean stimulation parameters are presented in Table 2. The TMS 
intensities required to evoke MEPs of 1 mV amplitude did not differ 
significantly between groups (t[43] = -0.983, p = 0.331), nor did the 
RMT (t[43] = -1.002, p = 0.322). 

3.3. I/O curve 

For the I/O curve, the mixed-model RM-ANOVA revealed the ex-
pected main effect of the factor ‘TMS intensity’ (F[2, 74] = 70.634, p <

0.001), but no effect of the between-subject factor ‘group’ (F[1, 37 =
0.494, p = 0.548), nor an interaction effect (F [2, 74] = 0.620, p =
0.541) (see Fig. 2). Chronic smoking did not have a significant impact on 
corticospinal excitability measured with the I/O curve. 

3.4. SICI/ICF 

Single-pulse MEPs (test pulse) differed between groups (t[38] =
2.351, p = 0.024). The mixed-model RM-ANOVA showed a significant 
effect of the factor ‘ISI’ (F [2.306, 87.637] = 51.629, p < 0.001), but no 
significance of the factor ‘group’ (F [1, 38] = 1.559, p = 0.220) or the 
interaction between these factors (F [2.306, 87.637] = 1.578, p = 0.209) 
(see Fig. 3). The results showed thus no significant impact of chronic 
nicotine consumption on intracortical inhibition or facilitation. 

3.5. SAI 

Single-pulse MEPs (test pulse) did not differ between groups (t[40] =
-1.779, p = 0.083). For the SAI protocol, the mixed-model RM-ANOVA 
showed a significant effect of the factor ‘ISI’ (F [1, 40] = 4.381, p = 0.043), 
and a significant effect of the factor ‘group’ (F [1, 40] =12.023, p =0.001), 
but no significant interaction between these factors (F [1, 40] = 1.569, 
p = 0.218) (see Fig. 4). Smoking participants showed a significantly 
stronger inhibition in the SAI protocol compared to non-smokers. 

Table 2 
Mean values of stimulus intensities required to elicit MEPs of 1 mV amplitude 
and resting motor threshold for smokers and non-smokers. 

smokers 
M ± SD 

non-smokers 
M ± SD 

t-value p-value 

SI1mV 47 ± 12 43 ± 11  −0.983  0.331 
RMT 38 ± 10 35 ± 9  −1.002  0.332 

Abbreviations: SI1mV, TMS intensity required to elicit MEPs of 1 mV amplitude, 
expressed as percentage of maximal stimulator output; RMT, resting motor 
threshold; M, mean; SD, standard deviation. 
Unpaired t-tests did not reveal significant differences between groups for both 
parameters. 

Fig. 2. Input-output curve (I/O curve) values in non-smokers and smokers with 
schizophrenia. Shown are the mean average values for each intensity. xRMT 
stands for the percentage of motor threshold used for the TMS intensity. The 
values are shown as mean ± 95% CI. The smoking status in schizophrenia 
patients did not lead to significant differences in I/O curve values. 

                



Exploratory two-sided unpaired t-tests confirmed this larger inhibi-
tory effects in smokers compared to non-smokers for the 20 ms condition 
(t[40] = 2.424, p = 0.020), the 40 ms condition t[40] = 3.062, p =
0.004) and the grand mean across both conditions t[40] = 1.090, p =
0.001). 

With the grand mean MEPs, a one-sample t-test against 100% was 
run to determine whether our sample as a whole showed an inhibitory 
reaction in the SAI protocol. The mean normalized MEP score (M =
101.611%, SD = 21.295) was slightly higher than the normalized con-
trol condition of 100%. The mean difference of 1.611% was not statis-
tically significant (t(41) = 0.490, p = 0.627), implying no inhibitory 
effect in the overall sample in the SAI protocol. 

4. Discussion 

This study investigated the neurophysiological changes in motor 
cortex excitability associated with chronic nicotine consumption in pa-
tients with schizophrenia. We compared patterns of excitability 
measured with TMS in smokers under withdrawal and non-smokers. We 
expected excitability measures to differ depending on smoking status, 
more specifically, that schizophrenia-associated patterns of excitability, 
such as impaired inhibitory processes, might be normalized in smokers. 

Contrary to our expectations, intracortical facilitation and inhibition 
did not differ between smoking and non-smoking patients, nor did 
corticospinal excitability, as tested with the I/O curve, RMT and SI1mV. 
However, SAI results did reveal the expected group differences with 
larger inhibition in smoking schizophrenia patients. This is in line with 
our hypothesis that smoking might to some extent normalise 
schizophrenia-related patterns of excitability, in this case deficient 
cortical, cholinergically driven inhibition. These results provide evi-
dence for an ameliorating effect of smoking on cortical excitability al-
terations in schizophrenia. 

Regarding corticospinal excitability, the I/O curve results did not 
reveal significant differences between smokers and non-smokers with 
schizophrenia. Previous studies with healthy participants reported 
similar results (Lang et al., 2008). Other studies in healthy subjects 
showed however increased MEP amplitudes in smokers (Grundey et al., 
2013; Khedr et al., 2020), but mainly with TMS intensities above 130% 
RMT that we used. Thus, the glutamatergic and GABAergic systems 
(Ziemann et al., 2015) associated with net corticospinal excitability, as 
measured in the present protocol, do not seem to be impacted relevantly 
by chronic nicotine consumption in patients with schizophrenia. 

Intracortical inhibition, as measured by SICI is known to be impaired 
in patients with schizophrenia (Bunse et al., 2014; Radhu et al., 2013). 
Our results show that chronic nicotine consumption does not lead to a 
significant difference regarding intracortical inhibition in patients with 
schizophrenia. This is in line with results in healthy subjects showing no 
differences between smokers and non-smokers for the SICI protocol 
(Grundey et al., 2013; Lang et al., 2008). GABAergic neurotransmission 
underlying intracortical inhibitory effect does not seem to be impacted 

Fig. 3. Short-latency intracortical inhibition and facilitation (SICI/ICF) was tested with paired-pulsed motor cortex TMS at different interstimulus intervals of 2–12 
ms. The amplitudes are shown as percentage of the amplitudes of the test MEP (single TMS pulse) as mean ± 95% CI. The mixed-model RM-ANOVA showed no 
significant difference comparing smokers to non-smokers. 

Fig. 4. Short-latency afferent inhibition (SAI) in non-smokers and smokers with 
schizophrenia. The normalised mean values are shown as mean ± 95% CI. 
Besides the mean amplitudes evoked by different interstimulus intervals (ISI), 
the overall mean values are shown. Post hoc analysis revealed significantly 
larger inhibition in smokers. (*) represent significant findings (p < 0.05). 

                



by chronic nicotine consumption in patients with schizophrenia. 
Chronic nicotine consumption did not affect intracortical facilitation 

measured by the ICF protocol with ISIs of 9 ms and 12 ms. Studies in 
healthy smokers showed reduced ICF in smokers under withdrawal 
compared to healthy non-smokers with similar ISIs (Grundey et al., 
2013; Lang et al., 2008). Since intracortical facilitation is thought to be 
controlled predominantly by glutamate (Ziemann et al., 2015), this 
implies that chronic nicotine consumption does not cause significant 
differences in the glutamatergic system in patients with schizophrenia. 

In the SAI protocol, smokers showed significantly more inhibition 
compared to non-smokers. Smoking seems to affect the cholinergic 
mechanisms underlying SAI, leading to an increase in inhibitory activ-
ity. In accordance, previous studies comparing healthy smokers with 
non-smokers showed a larger amount of inhibition in smokers (Grundey 
et al., 2013; Lang et al., 2008) in the SAI protocol. 

The increased cortical inhibition observed in smokers with and 
without schizophrenia suggests that smoking may have an ameliorating 
effect on impaired cortical inhibition observed in patients with schizo-
phrenia. The extent to which this neurophysiological effect affects the 
behavioral level is unclear. It seems tempting to assume that this 
restoring effect may be related with the decreased negative symptoms in 
chronic smokers with schizophrenia (Oliveira et al., 2018; Zhang et al., 
2012) or improved cognitive functions in smokers with and without 
schizophrenia (Anstey et al., 2007; Coustals et al., 2020; Durazzo et al., 
2012; Paul et al., 2006; Zhang et al., 2012). However, direct evidence to 
support this assumption is lacking. 

In an additional analysis, our sample as a whole showed a lack of 
physiological inhibition in the SAI protocol. Reduced inhibition in the 
SAI protocol in patients with schizophrenia compared to healthy sub-
jects was shown already in previous studies with lower sample sizes 
(Shoyama et al., 2013). These neurophysiological findings suggest that 
cholinergically driven inhibitory circuits are impaired in patients with 
schizophrenia. Using different methodological approaches, cholinergic 
impairments in patients with schizophrenia have been shown in a large 
number of studies and are even discussed as a trigger for the onset of 
schizophrenia (Tani et al., 2015). 

By ACh agonists, several studies addressed these impairments 
pharmacologically to explore the effects of ACh substitution at the 
behavioral level. Indeed, acute effects of ACh agonists were a reduction 
of positive and negative symptoms (Brannan et al., 2021) and im-
provements in cognitive functions (Dondé et al., 2020). 

4.1. Limitations 

Smoking participants abstained from nicotine for 8 h before 
participating in our experiment. Considering the heavy nicotine de-
pendency of our participants (mean Fagerstrom 5.2 ± 1.6), this is a long 
abstinence and led to reported symptoms of withdrawal such as craving 
and restlessness. We did not control for the impact of withdrawal itself 
and can therefore not conclude in how far the results are based on 
chronic nicotine consumption leading to an upregulation of nAChR 
(Turner et al., 2011) in combination with a desensitization of nAChR, 
and to what extent these are the consequences of withdrawal, meaning 
less nAChR activation. Studies in healthy participants showing lower 
nicotine dependency (mean Fagerstrom 2.92 ± 0.4 and 3.19 ± 0.24) 
and shorter times of withdrawal (6 h or 1 h) (Grundey et al., 2013; Lang 
et al., 2008) showed however similar cholinergically driven effects, such 
as more inhibition in smokers in the SAI protocol. It can be assumed that 
both effects add up and are responsible for the observed excitability 
changes. Further studies should focus on different subgroups with 
different durations of abstinence or use ACh activating medication 
reducing withdrawal-related effects to discern the impact of abstinence 
from the effects of chronic nicotine consumption at least gradually. 

A potentially confounding factor in both groups is antipsychotic 
medication. Some antipsychotic drugs are known to interfere in a direct 
or indirect way with neurotransmitter circuits underlying measures of 

excitability (Foster et al., 2021). Both groups showed no significant 
differences in CPZ levels, however, sample sizes were limited and 
medication was heterogeneous. 

One relevant factor could also be the large standard deviation in our 
measurements, which may have been caused by restlessness of the pa-
tients during the experiment. This was related to symptoms of with-
drawal in smokers, medication side effects and illness-related 
restlessness in both groups. Controlling these effects in patients with 
schizophrenia could be addressed by larger samples. In addition, the 
number of MEP trails, which was in a medium range in our measure-
ment, must be considered a limitation. More trails per protocol may 
reduce the standard deviation and further increase the quality of the 
data. 

Furthermore, the SICI/ICF results must be seen with regard to the 
significant test pulse difference between the two groups. The standard-
ization of the measurement on the test pulse should address these 
measurement differences, but accuracy effects on the results cannot be 
ruled out. 

4.2. Conclusion 

Taken together, our results show changes in motor cortex excitability 
associated with chronic nicotine consumption in patients with schizo-
phrenia and suggest altered cholinergic neurotransmission. These 
changes may partially explain increased smoking rates in schizophrenia 
as an attempt to compensate cholinergic deficits. Furthermore, this 
should be taken as a starting point for future research to test acute effects 
of nicotine on excitability patterns of patients, exploring also its thera-
peutic potential for non-smokers. 
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