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Abstract 28 

Background. Several lines of research suggest that impairments in long-term 29 

potentiation (LTP)-like synaptic plasticity might be a key pathophysiological 30 

mechanism in schizophrenia (SZ) and bipolar disorder type I (BDI) and II (BDII). 31 

Using modulations of visually evoked potentials (VEP) of the electroencephalogram, 32 

impaired LTP-like visual cortical plasticity has been implicated in patients with BDII, 33 

while there has been conflicting evidence in SZ, a lack of research in BDI, and mixed 34 

results regarding associations with symptom severity, mood states, and medication.  35 

Methods. We measured the VEP of patients with SZ spectrum disorders (n=31), BDI 36 

(n=34), BDII (n=33), and other BD spectrum disorders (n=2), and age-matched 37 

healthy control participants (n=200) before and after prolonged visual stimulation. 38 

Results. Compared to healthy controls, modulation of VEP component N1b, but not 39 

C1 or P1, was impaired both in patients within the SZ spectrum (c2=35.1, p=3.1x10-9) 40 

and BD spectrum (c2=7.0, p=8.2x10-3), including BDI (c2=6.4, p=0.012), but not BDII 41 

(c2=2.2, p=0.14). N1b modulation was also more severely impaired in SZ spectrum 42 

than BD spectrum patients (c2=14.2, p=1.7x10-4). The reduction in N1b modulation 43 

was related to PANSS total scores (c2=10.8, p=1.0x10-3), and nominally to number of 44 

psychotic episodes (c2=4.9, p=0.027). Conclusions. These results suggest that LTP-45 

like plasticity is impaired in SZ and BDI, but not BDII, and related to psychotic 46 

symptom severity. Adding to previous genetic, pharmacological, and anatomical 47 

evidence, these results implicate aberrant synaptic plasticity as a mechanism 48 

underlying SZ and BD.  49 
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Introduction 50 

Schizophrenia (SZ) and bipolar disorders (BD) are severe psychiatric disorders, with 51 

a lifetime prevalence of ~0.7% (1) and ~2% (2,3), respectively. While their precise 52 

neural substrates remain unknown despite decades of research, recent genetic, 53 

pharmacological, and imaging evidence has implicated aberrant synaptic plasticity as 54 

a leading candidate mechanism in SZ and BD (4-6). 55 

 56 

Through genome-wide association studies, increased risk of SZ and BD have been 57 

associated with single nucleotide polymorphisms (SNPs) at genes that are directly or 58 

indirectly involved in glutamatergic synaptic plasticity, such as GRIN2A and 59 

CACNA1C (5,7-9). Moreover, medical conditions affecting N-methyl-D-aspartate 60 

(NMDAR) function, including systemic lupus erythematosus (4) and anti-NMDAR 61 

encephalitis (5), are associated with distinct psychotic symptoms. Negative 62 

symptoms as well as hallucinations, both characteristic of SZ, are reliably produced 63 

by NMDAR antagonists such as phencyclidine (6) and ketamine (7), further 64 

suggesting that aberrations in NMDAR-dependent synaptic function, and likely in 65 

synaptic plasticity in particular (8), constitute a key pathophysiological mechanism in 66 

psychotic disorders. 67 

 68 

A well-characterized non-invasive marker for NMDAR-dependent LTP-like visual 69 

cortical plasticity can be obtained in humans and other species by using EEG to 70 

measure modulations of VEP after high-frequency or prolonged visual stimulation (9-71 

11). In rodents, NMDAR antagonists as well as α-amino-3-hydroxy-5-methyl-4-72 

isoxazolepropionic acid receptor (AMPAR) insertion-inhibitor GluR1-CT prevent VEP 73 

modulation (12). Further, ζ inhibitory peptide, an inhibitor of Protein Kinase M ζ, 74 
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which is crucial for maintenance of LTP, disrupts the retention of VEP modulation 75 

(13). Further, electric tetanus-induced LTP in the primary visual cortex modulates 76 

VEP, and inhibits further visual stimulation-induced VEP modulation (14). Such 77 

results strongly suggest that visual stimulation-induced VEP modulation and LTP 78 

share common underlying mechanisms.  79 

 80 

With the VEP modulation paradigm, aberrant LTP-like plasticity has been implicated 81 

in BDII (15,16), and in major depression (MDD) (9). However, there is no previous 82 

study of VEP modulation in BDI, and results in SZ have been inconsistent (17,18), 83 

possibly due to differences in the visual stimulation applied (18). Efforts have been 84 

made to associate VEP modulation with symptom severity, mood states, and 85 

medication in order to assess the trait stability of VEP modulation impairments, with 86 

mixed results (9,15,16). Thus, further evidence is required to establish impaired LTP-87 

like synaptic plasticity as a disease characteristic in psychotic disorders. 88 

 89 

Here, we compared patients with SZ, BDI, or BDII, and healthy controls with respect 90 

to VEP modulation after prolonged visual stimulation, with the primary aim to 91 

examine whether LTP-like visual cortical plasticity is affected in these disorders. 92 

Further, our secondary aims were to i) examine the pairwise differences in VEP 93 

modulation between diagnoses, ii) examine the association between VEP modulation 94 

and illness severity in patients, and iii) examine the association between VEP 95 

modulation and current use of psychotropic medications.  96 
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Methods and materials 97 

Participants. One hundred patients with BD type I (n=34), BD type II (n=33), SZ 98 

(n=25), schizophreniform disorder (n=3), schizoaffective disorder (n=3), BD not 99 

otherwise specified (NOS) (n=1), and cyclothymia (n=1), and 411 healthy volunteers 100 

were included in this study. Since patients' ages ranged from 18 to 69 years, while 101 

ages of healthy controls ranged from 20 to 90 years, with means of 36.1 and 49.0 102 

years, respectively, all analyses were performed using an age-matched healthy 103 

control sample (n = 200, age range: 20 to 70, mean age: 38.2), drawn using the 104 

nearest neighbor method in the MatchIt package in R (19). Patients were recruited 105 

through psychiatric in- and outpatient treatment units in the Oslo area, while healthy 106 

controls were recruited through national records and advertisements in a regional 107 

newspaper (20). Participants with known neurological disorders, in addition to those 108 

who had been subjected to moderate to severe head injury at any time in their life, 109 

were excluded from the study. All participants had normal or corrected-to-normal 110 

vision. The study was approved by the Regional Ethical Committee of South-Eastern 111 

Norway, and all participants provided written informed consent before the experiment 112 

started. A detailed characterization of the sample is provided in Table 1. 113 

 114 

Clinical and neuropsychological assessment. Patients were diagnosed by trained 115 

clinicians using the Structured Clinical Interview for the DSM-IV, Axis I disorders 116 

(SCID-I) (21). Both patients and healthy controls were evaluated for IQ, using the 117 

Wechsler Abbreviated Scale of Intelligence (WASI) (22). Number of previous 118 

psychotic episodes, defined as an episode with score of ≥ 4 on Positive and Negative 119 

Syndrome Scale (PANSS) (23) items p1, p2, p3, p5, p6, or g9 for ≥ 1 week, was 120 

assessed. Current symptoms severity were evaluated using the PANSS, the 121 
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Montgomery and Åsberg Depression Rating Scale (MADRS) (24), and the Young 122 

Mania Rating Scale (YMRS) (25). Current sleep disturbances were evaluated with 123 

the 4 sleep-related items of the Inventory of Depressive Symptoms (IDS) (26). 124 

 125 

Visual evoked potentials. The VEP modulation paradigm was adopted from Normann 126 

et al. (9), and all experimental procedures were performed exactly as described 127 

previously (27), with postintervention VEPs assessed at 120 s and 220 s (post 1), 128 

380 s and 480 s (post 2), ~30 min and ~32 min (post 3), and ~54 min and ~56 min 129 

(post 4) after 10 minutes of checkerboard stimulation at a spatial frequency of 1 130 

cycle/degree and a temporal frequency at 2 reversals per second (Fig. 1). To monitor 131 

constant fixation throughout the experiment, all participants focused on a fixation 132 

point at the centre of the screen and were asked to press a button when it changed 133 

color. EEG was recorded from a BioSemi ActiveTwo amplifier, with 64 Ag-AgCl 134 

sintered electrodes distributed across the scalp according to the international 10-20 135 

system, and 4 electrodes located around the eyes to acquire horizontal and vertical 136 

electro-oculograms. Potentials at each channel were sampled at 2048 Hz with 137 

respect to a common mode sense, with a driven right leg electrode minimizing 138 

common mode voltages.  139 

 140 
Figure 1. Experimental timeline. VEP: visual evoked potential paradigm, MMN: mismatch 141 
negativity paradigm, PPI: prepulse inhibition paradigm, REST: resting state EEG. 142 
 143 

Signal processing was performed using MATLAB and the EEGLAB toolbox (28). 144 

Offline, recordings were downsampled to 512 Hz. Noisy channels were removed 145 

using PREP pipeline (29) with default settings, before re-referencing to remaining 146 

0 min 20 min 40 min 44 min 64 min 68 min 78 min

VEP MMN VEP PPI VEP REST

Baseline

Intervention

Post 1
Post 2

Post 3
Post 4
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channel average, interpolation of removed channels, and finally a second re-147 

referencing to the postinterpolation average. Data were band pass-filtered between 148 

0.1 and 40 Hz. Event markers were adjusted to account for a latency of 20 ms in the 149 

visual presentation, measured with a BioSemi PIN diode, before epoch extraction at 150 

200 ms pre- to 500 ms post-stimulus, and subsequent baseline correction. Artifactual 151 

muscle, eye blink, and eye movement components were removed with SASICA (30) 152 

using default parameters after independent component analysis using the SOBI 153 

algorithm. Epochs with a drift exceeding 100 µV were removed, and channels were 154 

rereferenced to the AFz electrode. 155 

 156 

VEPs were averaged according to subject and pairs of blocks (baseline, post 1, post 157 

2, post 3 and post 4), and components C1, P1, and N1b were extracted from the Oz 158 

electrode as the minimum amplitude between 50-100 ms post-stimulus, maximum 159 

amplitude between 80-140 ms, and mean amplitude between the first negative and 160 

halfway to the first positive peak after P1 (~150-190 ms post-stimulus), respectively. 161 

 162 

Statistical analysis. Statistical analysis was performed in R version 3.6.0 (31). For all 163 

analyses except sensitivity analyses for separate diagnoses, patients with SZ, 164 

schizophreniform disorder, and schizoaffective disorder were considered conjointly, 165 

as were patients with BDI, BDII, BD NOS, and cyclothymia, with the resulting groups 166 

being referred to as SZ spectrum disorders (n=31) and BD spectrum disorders 167 

(n=69), respectively. 168 

 169 

Participants with outlying difference scores (baseline amplitudes subtracted from 170 

postintervention amplitudes) for a VEP component (C1, P1, or N1b) at one or more 171 
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postintervention assessments had all their postintervention assessments excluded 172 

from analysis for that particular component. Outliers were identified according to the 173 

median absolute deviation procedure implemented in R package Routliers (32), 174 

with 3 median absolute deviations as threshold, yielding 13 outliers for N1b 175 

modulation (SZ spectrum: 1, BD spectrum: 2, HC: 10). This procedure ensured a 176 

normal distribution of linear model residuals.   177 

 178 

All analyses, except tests of baseline VEP component amplitudes, were performed 179 

directly on difference scores (baseline amplitudes subtracted from postintervention 180 

assessment amplitudes). Linear models were evaluated with type-II analyses of 181 

deviance implemented in R package car (33) to yield unbiased estimates of c2 along 182 

with p-values for each predictor, or t-scores for intercepts. Outcomes that were not 183 

changing over time were assessed with two-tailed t-tests. All p-values are reported in 184 

uncorrected form, whereas significance thresholds were adjusted according to the 185 

effective number of independent comparisons within sets of analyses, by Sidak (34) 186 

or Bonferroni correction for continuous or categorical variables, respectively. This 187 

procedure yielded an α = 0.020 for primary analyses, i.e. modulation of C1, P1, and 188 

N1b modelled by diagnosis, time, and diagnosis x time, and for secondary analyses: 189 

i) α = 0.016 in the pairwise comparisons of N1b modulation between diagnoses, ii) α 190 

= 0.014 in the models of N1b modulation with clinical variables as predictors, and iii) 191 

α = 0.010 in the models of N1b modulation with groups of psychotropic medications 192 

as predictors. Lastly, the series of sensitivity tests, that were performed to examine 193 

the robustness of primary or secondary results, inherited significance thresholds from 194 

their parent analysis.  195 
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Results  196 

N1b modulation is reduced in SZ and BD spectrum disorders. In this sample, there 197 

was modulation of VEP components C1 (t = 6.6, p = 7.3 x 10-11), P1 (t = 5.2, p = 2.9 x 198 

10-7), and N1b (t = -7.7, p = 4.1 x 10-14) after prolonged visual stimulation (Figs. 2B-199 

H). Further, there was no significant association between diagnosis and baseline 200 

amplitudes of either component C1 (c2 = 3.4, p = 0.18), P1 (c2 = 1.1, p = 0.54), or 201 

N1b (c2 = 4.56, p = 0.10) (Fig. 2A). 202 

 203 

Figure 2. A. Visual evoked potentials (VEP) at baseline, by diagnostic group. VEPs were 204 
measured at the occiput (Oz), with anterior reference (AFz). B. VEP modulation (baseline 205 
VEP subtracted from postintervention VEP) at postintervention assessment 1 (2-4 min after 206 
prolonged visual stimulation), by diagnostic group. C. VEP modulation at postintervention 207 
assessment 2 (6-8 min after prolonged visual stimulation), by diagnostic group. D. VEP 208 
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modulation at postintervention assessment 3 (30-32 min after prolonged visual stimulation), 209 
by diagnostic group. E. VEP modulation at postintervention assessment 4 (54-56 min after 210 
prolonged visual stimulation), by diagnostic group. F. C1 modulation (baseline C1 amplitudes 211 
subtracted from postintervention C1 amplitudes) at postintervention assessments 1-4, by 212 
diagnostic group. No difference in C1 modulation was detected between diagnostic groups 213 
(c2 = 0.5, p = 0.78). G. P1 modulation at postintervention assessments 1-4, by diagnostic 214 
group. No difference in P1 modulation was detected betweeen diagnostic groups (c2 = 2.7, p 215 
= 0.25). H. N1b modulation at postintervention assessments 1-4, by diagnostic group. N1b 216 
modulation was significantly different between healthy controls, BD patients, and SZ 217 
spectrum patients (c2 = 37.9, p = 5.9 x 10-9).  218 
 219 

The general linear model for N1b modulation with diagnostic group (SZ spectrum vs 220 

BD spectrum vs HC), time (postintervention assessments 1 vs 2 vs 3 vs 4), and 221 

diagnostic group x time interaction as predictors revealed an effect of diagnostic 222 

group (c2 = 37.9, p = 5.9 x 10-9) and time (c2 = 51.1, p = 4.6 x 10-11) on modulation of 223 

VEP component N1b (Fig. 2H, Table 2, Supplementary fig. S1), with no interaction 224 

effect (c2 = 1.4, p = 0.97), demonstrating that N1b modulation was different between 225 

the diagnostic groups, and that N1b modulation waned over time across diagnostic 226 

groups. Corresponding general linear models did not demonstrate differences 227 

between diagnostic groups in the modulation of components C1 (c2 = 0.5, p = 0.78, 228 

Fig. 2F) or P1 (c2 = 2.7, p = 0.25, Fig. 2G), and further analyses for these 229 

components were not pursued. 230 

 231 

Pairwise comparisons showed that modulation of N1b after prolonged visual 232 

stimulation was impaired in patients with SZ spectrum (c2 = 35.1, p = 3.1 x 10-9) and 233 

in patients with BD spectrum disorders (c2 = 7.0, p = 8.2 x 10-3) relative to controls. 234 

The impairment was more pronounced in SZ spectrum than in BD spectrum 235 

disorders (c2 = 14.2, p = 1.7 x 10-4, Fig. 2H). Moreover, sensitivity analyses of 236 

separate diagnoses showed that N1b modulation was reduced in SZ alone (c2 = 237 



35.9, p = 2.1 x 10-9) and in BDI alone (c2 = 6.4, p = 0.012), but not in BDII alone (c2 = 238 

2.2, p = 0.14). 239 

 240 

We performed a series of sensitivity tests to examine the robustness of the effect of 241 

diagnosis on N1b modulation. The effect of diagnosis on N1b modulation remained 242 

significant when controlling for baseline amplitudes, sex, and age (c2 = 28.5, p = 6.6 243 

x 10-7), as well as when controlling for mood states, as indexed by MADRS and 244 

YMRS (c2 = 19.6, p = 5.6 x 10-5), and when controlling for IQ (c2 = 21.2, p = 2.5 x 10-245 

5), current sleep disturbance (c2 = 30.2, p = 2.8 x 10-7), and daily use of tobacco, 246 

monthly use of cannabis, or use of alcohol within the last day before examination (c2 247 

= 32.0, p = 1.1 x 10-7). Further, the effect of diagnosis on N1b modulation remained 248 

significant when considering only unmedicated patients (n = 20) against healthy 249 

controls (c2 = 18.7, p = 8.7 x 10-5). The effect of diagnosis on N1b modulation also 250 

was significant in the model where ouliers were included (c2 = 29.1, p = 4.8 x 10-7). 251 

Lastly, although due to an error in the gaming controller used for responses to on-252 

screen dot color changes, these response data were missing for 40.4% of the current 253 

sample, there were no significant group differences in the proportion of correct 254 

responses to the on-screen dot color changes (t = -0.4, p = 0.71), indicating that the 255 

attention afforded to the prolonged visual stimulation did not differ between patients 256 

and controls. 257 

 258 

Associations between N1b modulation and clinical states. Within patients, decreased 259 

N1b modulation was significantly associated with greater symptom severity, as 260 

indexed with PANSS total (c2 = 10.8, p = 1.0 x 10-3, Fig. 3A), and nominally with 261 

number of psychotic episodes (c2 = 4.9, p = 0.027, Fig. 3B). We performed a series 262 



of sensitivity tests to examine whether these associations between psychotic illness 263 

severity and reduced N1b modulation remained within diagnostic spectra. The 264 

association between N1b modulation and PANSS total was not reproduced within the 265 

BD spectrum (c2 = 0.3, p = 0.56), but did not remain significant within the SZ 266 

spectrum (c2 = 3.3, p = 0.07). The association between N1b modulation and number 267 

of psychotic episodes remained only nominally significant within the BD spectrum (c2 268 

= 5.6, p = 0.018), and was absent within the SZ spectrum (c2 = 0.1, p = 0.72). Finally, 269 

modulation of component N1b was unaffected by mood state as indexed either with 270 

MADRS (c2 = 0.3, p = 0.61, Fig. 3C) or YMRS (c2 = 0.0, p = 0.99, Fig. 3D). 271 

 272 

Figure 3. Associations between clinical states and N1b modulation in patients, at 273 
postintervention assessments 1-4. A. N1b modulation was associated with PANSS (Positive 274 
and Negative Syndrome Scale) total scores in patients (c2 = 10.8, p = 1.0 x 10-3). B. N1b 275 
modualation showed a nominally significant association with number of psychotic episodes in 276 
patients (c2 = 4.9, p = 0.027). C. N1b modulation was not associated with MADRS 277 
(Montgomery and Åsberg Depression Rating Scale) scores in patients (c2 = 0.3, p = 0.61). D. 278 
N1b modulation was not associated with YMRS (Young Mania Rating Scale) scores in 279 
patients (c2 = 0.0, p = 0.99). 280 
 281 

N1b modulation is further reduced in patients using antiepileptic or antipsychotic 282 

medication. Across all patients, N1b modulation was lower in users of antipsychotic 283 

medication (c2 = 8.3, p = 3.9 x 10-3), with a similar trend observed in users of 284 

antiepileptic medication (c2 = 3.5, p = 0.062), than in non-users. Thus, we performed 285 

a series of sensitivity tests to further examine the relationship between psychotropic 286 

medication use and N1b modulation. In BD patients, N1b modulation was more 287 
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severely impaired among users of antiepileptics (c2 = 9.3, p = 2.3 x 10-3, Fig. 4A), 288 

and nominally in users of antipsychotics (c2 = 4.4, p = 0.035, Fig. 4B). Further, the 289 

association in BD patients between lamotrigine and N1b modulation (c2 = 6.8, p = 8.9 290 

x 10-3) was comparable to the effect of antiepileptics in general. Within BDII patients 291 

only, N1b modulation was still lower among users of antiepileptics (c2 = 9.1, p = 2.5 x 292 

10-3, n = 11), and nominally lower among users of antipsychotics (c2 = 4.7, p = 0.03, 293 

n = 7). However, within BDI patients only, N1b modulation did not remain significantly 294 

lowered among users of antiepileptics (c2 = 3.2, p = 0.07, n = 11), nor among users 295 

of antipsychotics (c2 = 0.6, p = 0.45, n = 17). There was no evidence for lowered N1b 296 

modulation among antipsychotics users with SZ (c2 = 0.1, p = 0.70, Fig. 4C), and 297 

only one SZ patient used antiepileptics. Further, when controlling for psychotic 298 

symptom severity and diagnosis, the association with reduced N1b modulation 299 

remained for antiepileptics use (c2 = 11.4, p = 7.1 x 10-4) , but not for antipsychotics 300 

use (c2 = 2.4, p = 0.12). Finally, there was no evidence for any change in N1b 301 

modulation among patients using either lithium (c2 = 0.6, p = 0.43), antidepressants 302 

(c2 = 1.3, p = 0.25), or anxiolytics/hypnotics (c2 = 1.5, p = 0.22). 303 

 304 

Figure 4. A. Antiepileptics use in patients with BD. N1b modulation at postintervention 305 
assessments 1-4 was lower in BD patients using antiepileptics (w/) than in BD patients not 306 
using antiepileptics (w/o) (c2 = 9.3, p = 2.3 x 10-3). N1b modulation for healthy controls is 307 
represented for comparison. B. Αntipsychotics use in patients with BD. N1b modulation at 308 
postintervention assessments 1-4 was tendentially lower in BD patients using antipsychotics 309 
(w/) than in BD patients not using antipsychotics (w/o) (c2 = 4.4, p = 0.035). C. Antipsychotics 310 
use in patients with SZ spectrum disorders. N1b modulation at postintervention assessments 311 
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1-4 was not significantly different between SZ spectrum patients using antipsychotics (w/) 312 
and SZ spectrum patients not using antipsychotics (w/o) (c2 = 0.1, p = 0.70).  313 



Discussion 314 

This study of LTP-like visual cortical plasticity in patients with SZ, BDI, and BDII, and 315 

healthy controls, yielded four main results. First, relative to age-matched healthy 316 

controls, modulation of the N1b component of the VEP after prolonged visual 317 

stimulation was significantly reduced in SZ and BDI, but not BDII patients, with 318 

stronger reductions seen in patients with more severe psychotic symptoms. Second, 319 

we observed significant association between N1b modulation and current use of 320 

medication, suggesting that N1b modulation is lower in patients using antiepileptic or 321 

antipsychotic medication. Third, we did not observe any significant associations 322 

between N1b modulation and mood states. Finally, we did not observe any significant 323 

difference between patients with BD or SZ spectrum disorders and healthy controls in 324 

the modulation of VEP components C1 or P1. 325 

 326 

Modulation of VEP components in general, and the N1b component in particular, has 327 

been implicated as a candidate index of NMDAR-dependent LTP-like plasticity in the 328 

visual cortex. In humans, N1b modulation is dependent on high frequency or 329 

prolonged visual stimulation (10), and seems to have more robust response and a 330 

time-course more compatible with LTP than the modulation of other VEP 331 

components (27). Further, N1b component modulation after visual stimulation is 332 

orientation- and spatial frequency specific in humans, indicating a synapse specificity 333 

of N1b modulation similar to LTP (35,36). The result that N1b component modulation 334 

after visual stimulation is reduced in SZ and BDI patients is therefore in line with 335 

previous genetic (37,38), molecular (39), pharmacological (6), and anatomical 336 

evidence (40,41), strengthening the previously suggested hypothesis that NMDAR-337 

dependent synaptic plasticity is affected in these psychiatric disorders (8). 338 



 339 

The present results provide a demonstration of reduced N1b modulation in patients 340 

with BDI, an association which has not been examined previously. Further, the 341 

present results provide a clear demonstration of reduced N1b modulation in patients 342 

with SZ. Previously, two separate studies have compared VEP modulation between 343 

SZ patients and healthy controls, with the first study showing evidence for reduced 344 

N1b modulation in SZ (17), whereas the second study found no evidence for altered 345 

VEP modulation in SZ (18). In the former study (17), modulation of component C1 346 

was also decreased in schizophrenia patients, albeit with lower certainty than for the 347 

N1b component. Rather than a checkerboard stimulus, the latter study used grating 348 

stimulus, which is well suited for manipulating stimulus orientation and assessing the 349 

input specificity of modulation effects, along with a higher frequency and shorter 350 

duration of the intervention as compared to the present and other studies (9,16). One 351 

or more of these conditions may have contributed to lower effect sizes and 352 

accordingly lower power in detecting group differences (18). Previously, two studies 353 

have compared VEP modulation between BDII patients and healthy controls, both 354 

observing tendencies of reduced modulation of N1, a component that is highly 355 

correlated with N1b (27) in BDII patients, comparable to the tendency of reduced N1b 356 

modulation observed in the present sample. Taken together, these converging 357 

results suggest that N1b modulation after prolonged visual stimulation, likely indexing 358 

NMDAR-dependent synaptic plasticity in the visual cortex (12-14), is reduced in SZ 359 

and BDI, but to a lesser extent in BDII. 360 

 361 

Further, we observed that reduction in N1b modulation was associated with higher 362 

psychotic symptom severity, as indexed with PANSS total and, nominally, as indexed 363 



with number of psychotic episodes, but not with mood states, as indexed with 364 

MADRS or YMRS. The association between N1b modulation and psychotic symptom 365 

severity was, however, driven to a large degree by diagnosis, and did not remain 366 

significant within diagnostic groups after controlling for multiple comparisons, 367 

although tendencies were preserved in the associations with PANSS total within SZ 368 

patients and with number of psychotic episodes within BD patients. Nevertheless, 369 

since N1b modulation is more reduced among patients with higher PANSS total 370 

scores and, nominally, among patients with a history of more psychotic episodes, 371 

and since N1b modulation is more reduced in disorders defined by psychosis or with 372 

higher prevalence of psychosis, there is reason to suggest that psychotic symptoms 373 

in particular are related to reduced N1b modulation. 374 

 375 

Reduced N1b modulation was also associated with use of psychotropic medication 376 

among patients. First, use of antiepileptics, particularly lamotrigine, was associated 377 

with reduced N1b modulation in BD patients. Further, the association between 378 

antiepileptics use and reduced N1b modulation remained when controlling for 379 

specific diagnosis and for PANSS total scores. Thus, the decreased N1b modulation 380 

among antiepileptics users is likely not explained by diagnosis or by psychotic 381 

symptom severity. Although the extent to which antiepileptics decrease the 382 

probability of NMDAR-dependent synaptic plasticity remains to be clarified, 383 

antiepileptics promote GABAA-mediated inhibition, increase sodium channel 384 

resistance, inhibit glutamate release (42,43), and have been shown to decrease LTP 385 

in hippocampal slices (44). Lamotrigine likely inhibits glutamate release through 386 

increasing sodium channel resistance, which could potentially contribute to the 387 

reduced N1b modulation. However, future pharmacological studies using a 388 



randomized controlled design would be needed to carefully test this hypothesis. 389 

Second, antipsychotics use was associated with reduced N1b modulation among BD 390 

patients, but not among schizophrenia patients. However, the association between 391 

N1b modulation and antipsychotics use did not remain after controlling for diagnosis 392 

and psychotic symptom severity, suggesting that this association could reflect 393 

intrinsic differences in antipsychotics users vs non-users, rather than a direct effect of 394 

antipsychotics use on LTP-like plasticity. 395 

 396 

Conclusion 397 

The present study demonstrated impaired LTP-like plasticity in patients with SZ and 398 

BDI, but not in patients with BDII. Together with previous genetic, pharmacological, 399 

and anatomical research, these results implicate aberrant synaptic plasticity as a 400 

pathophysiological mechanism in SZ and BD.  401 
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Tables  533 
 534 
Sample characteristics 535 

 HC (n = 190) SZ (n = 29) BD (n = 68) p 
     

Age 37.3 (11.1) 36.7 (11.2) 36.0 (12.6) 0.24 
Sex (f/m) 107/83 13/16 46/22 0.09 

IQ 114.8 (10.8) 104.7 (13.9) 114.6 (11.9) 8.3 x 10-5 

Illness duration (years) – 11.0 (9.5) 10.4 (10.2) 0.81 
     

MADRS 1.7 (2.6) 12.3 (6.4) 14.6 (9.6) 6.5 x 10-67 

YMRS 0.8 (1.5) 3.8 (4.8) 4.1 (5.0) 8.2 x 10-15 

PANSS total – 61.3 (13.7) 43.7 (8.4) 4.8 x 10-14 

IDS sleep items 1.6 (1.8) 3.9 (2.2) 3.8 (2.5) 6.3 x 10-17 

     
No psychotropics 190 5 15 5.6 x 10-45 

Antipsychotics 0 20 24 1.1 x 10-26 

Antiepileptics (T/L/V/Pr/U) 0 1/0/1/0/0 24/18/3/1/2 5.3 x 10-18 

Antidepressants 0 4 28 2.2 x 10-19 

Anxiolytics/hypnotics 0 2 6 2.7 x 10-4 

Lithium 0 1 9 2.2 x 10-6 

     
Tobacco daily (y/n) 40/141 12/16 27/39 0.003 

Cannabis last month (y/n) 5/178 3/23 7/56 0.016 
Alcohol last day (y/n) 37/146 1/25 10/53 0.11 

Coffee daily (y/n) 131/52 21/8 46/20 0.95 
 536 
Table 1. Values represent either number of participants, or mean and standard deviation. 537 
HC: Healthy controls. SZ: Schizophrenia spectrum disorders. BD: Bipolar spectum disorders. 538 
p: Probability of no difference between the three groups. MADRS: Montgomery and Asberg 539 
Depression Rating Scale. YMRS: Young Mania Rating Scale. PANSS: Positive and Negative 540 
Symptoms Scale. IDS: Inventory of Depressive Symptoms. T/L/V/Pr/U: Total antiepileptics / 541 
Lamotrigine / Valproate / Pregabaline / Unspecified.  542 
 543 
 544 
N1b modulation by diagnosis 545 

 HC (d, 95% CI) SZ (d, 95% CI) BD (d, 95% CI) 
Post 1 -0.71, [-0.85, -0.57] -0.24, [-0.60, 0.12] -0.65, [-0.88, -0.41] 
Post 2 -0.86, [-1.00, -0.71] -0.19, [-0.55, 0.18] -0.66, [-0.90, -0.43] 
Post 3 -0.60, [-0.75, -0.46] 0.10, [-0.27, 0.46] -0.44, [-0.68, -0.20] 
Post 4 -0.37, [-0.51, -0.22] 0.15, [-0.22, 0.51] -0.13, [-0.36, 0.11] 

 546 
Table 2. Modulation of VEP component N1b at post 1-4 assessments for participants with 547 
schizophrenia spectrum disorder (SZ), bipolar spectrum disorders (BD), or healthy controls 548 
(HC). 549 
 550 
  551 



Supplementary Figure 552 
 553 

 554 
Supplementary Figure 1. Raincloud plots of N1b modulation at post 1-4 assessments for 555 
healthy controls, patients with bipolar spectrum disorder, or patients with schizophrenia 556 
spectrum disorders. 557 
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