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Our coherent perception of external events is enabled by the
integration of inputs from different senses occurring within
a range of temporal offsets known as the temporal binding
window (TBW), which varies from person to person. A rela-
tively wide TBW may increase the likelihood that stimuli
originating from different environmental events are errone-
ously integrated and abnormally large TBW has been found
in psychiatric disorders characterized by unusual perceptual
experiences. Despite strong evidence of inter-individual dif-
ferences in TBW, both within clinical and nonclinical popu-
lations, the neurobiological underpinnings of this variability
remain unclear. We adopted an integrated strategy linking
TBW to temporal dynamics in functional magnetic reso-
nance imaging (fMRI)-resting-state activity and cortical
excitation/inhibition (E/T) balance. E/I balance was indexed
by glutamate/Gamma-AminoButyric Acid (GABA) con-
centrations and common variation in glutamate and GABA
genes in a healthy sample. Stronger resting-state long-
range temporal correlations, indicated by larger power law
exponent (PLE), in the auditory cortex, robustly predicted
narrower audio-tactile TBW, which was in turn associated
with lower cognitive-perceptual schizotypy. Furthermore,
PLE was highest and TBW narrowest for individuals with
intermediate levels of E/I balance, with shifts towards either
extreme resulting in reduced multisensory temporal preci-
sion and increased schizotypy, effectively forming a neural
“tuning curve” for multisensory experience and schizo-
phrenia risk. Our findings shed light on the neurobiological

underpinnings of multisensory integration and its poten-
tially clinically relevant inter-individual variability.

Key words: schizotypy/multisensory perception/functional
magnetic resonance imaging (fMRI) resting-state
activity/long-range temporal correlations/excitation
/inhibition balance/GABA (gamma-amminobutyric
acid)/glutamate/multilocus genetic score

Introduction

Our coherent and unified perception of external events in
everyday life depends upon the ability to correctly bind
information across senses.' Stimuli from different sensory
modalities occurring in close temporal proximity have the
highest likelihood of being bound together and attributed
to the same environmental event. However, we are able to
tolerate a certain range of temporal asynchrony between
stimuli in order to maintain a unitary perception of multi-
sensory events.> This range defines the individual’s temporal
binding window (TBW?). Within his or her TBW, the indi-
vidual will perceive multisensory stimuli as synchronous,
despite their physical temporal distance. Critically, the
width of the TBW shows large inter-individual differences
among healthy individuals* and even greater variability
across the continuum from healthy to clinical conditions.
For instance, enlarged TBWs have been reported in schizo-
phrenia®® and autism,'® where they may contribute to
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abnormal perceptual experiences. Interestingly, multisen-
sory perceptual experiences predicted by the individual
TBW!! seem to be abnormal also in sub-clinical popula-
tions with high levels of schizotypy.'>!"* This suggests that
lower temporal resolution in multisensory perception
might be a behavioral marker of psychosis proneness.
However, no study has investigated the TBW in schizotypy
so far. Moreover, notwithstanding the amount of research
on the TBW, the neurochemical and genetic origins of its
vast inter-individual variability remain unclear.

Spontaneous, or resting-state brain activity, may provide
insight into an individual’s propensity to integrate multi-
sensory information over a wide or narrow temporal win-
dow. Indeed, spontaneous neural activity exhibits a rich
temporal structure'*!> that affects the timescale over which
brain regions process information from external stimuli.!®!”
More specifically, the temporal structure of spontaneous
neural activity can be characterized by long-range tempo-
ral correlations (LRTCs)—ie, scale-free dynamics, with a
power spectrum following P 1/f%, where P is power, f is fre-
quency, and f3 is the power law exponent (PLE'®"). PLE is
an index of the degree of LRTCs**!: stronger LRTCs, with
larger PLE, suggest that the past pattern of a system has a
stronger influence on its future dynamics.? In the human
brain this relationship occurs across a range of timescales
and frequencies including infra-slow brain amplitude fluc-
tuations (<0.5 Hz) recorded using functional magnetic
resonance imaging (fMRI) during resting wakefulness.?**
Recently, we demonstrated that resting-state LRTCs also
affect response amplitude to stimuli delivered at a specific
phase of spontaneous brain activity (eg, higher LRTC, with
larger PLE, amplify response to stimuli delivered at high-
excitability phase?). Interestingly, response to multisensory
stimuli and multisensory binding are primarily affected
by the phase of spontanecous brain activity when stimuli
arrive.”> Based on this evidence, we hypothesized a possible
relation between resting-state LRTCs and temporal bind-
ing of multisensory events.

Although the molecular and cellular basis of these
processes has yet to be elucidated, neuroimaging, neuro-
physiology, and molecular neurobiology studies strongly
suggest that the temporal structure of spontaneous neural
activity,?*?” as well as multisensory integration,?®* may be
fine-tuned by the balance between excitatory (ie, gluta-
matergic) and inhibitory (ie, GABAergic) neurotransmis-
sion. Specifically, prior work using cell-based approaches
in animal models has shown that pharmacological altera-
tions of the excitation/inhibition (E/I) balance, induced
by blockage of either the excitatory NMDA or the inhib-
itory GABA, receptors, impact on LRTCs and their
scale-free dynamics.*® Similarly, animal studies clearly
suggest that a strictly held E/I balance, with key contri-
butions from these same receptors, governs multisensory
processing.’*> The role of E/I balance in multisensory
integration is further supported by human studies dem-
onstrating that multisensory behavioral performance
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depends on individual levels of Gamma-AminoButyric
Acid (GABA) and glutamate in the brain, measured in
vivo by magnetic resonance spectroscopy (MRS??).
Importantly, levels of glutamate, its metabolite gluta-
mine (collectively denoted as GlIx), and GABA in the living
human brain show considerable inter-individual differences
among healthy subjects.>*3 This variability is even greater
along the whole spectrum from healthy to clinical conditions,
such as schizophrenia and autism,”-*® which are associated
with abnormally increased E/I ratio.*#' Importantly, genetic
association studies of schizophrenia and autism** suggest
that some of the variability in the E/I balance may be geneti-
cally driven. Specifically, both early candidate gene stud-
ies** and the most recent genome-wide associated study
(GWAS) of schizophrenia®* have associated the disorder
with single nucleotide polymorphisms (SNPs) within or near
genes known to regulate GABA or glutamatergic signaling.
Based on these findings, we hypothesized that functional
genetic variation modulating glutamate and GABAergic sig-
naling may affect E/I balance, and consequently resting state
neural dynamics and multisensory integration, in the healthy
brain, which may in turn create a propensity to unusual per-
ceptual experiences. To test this hypothesis we adopted an
integrative strategy (figure 1), wherein first we assessed the
relationship between resting state PLE values and individual
audio-tactile TBW in the auditory cortex, where audio-tac-
tile integration is known to occur.* We hypothesized that
higher PLE would be associated with a narrower TBW,
indicative of higher temporal resolution (ie, more precision)
in multisensory perception (H1). We then hypothesized that
Glx, and possibly GABA, would modulate both PLE (H2)
and TBW (H3), conditional on each individual’s genetically
defined E/I balance. We focused our genetic analysis on 4
extensively characterized GABA- and glutamatergic SNPs
(table 2), which may stably bias the baseline E/I background
against which the more dynamic excitatory and inhibitory

Hypothesized link

GABA/

Glutamate
levels

Fig. 1. Overview of the study. TBW = temporal binding window;
PLE = power law exponent; SNP = single nucleotide polymorphism;
GABA = Gamma-AminoButyric Acid; H = hypothesis.



neurotransmitter signaling unfolds. Further, we hypoth-
esized a role of PLE as a mediator between the genetically-
biased effect of excitatory and inhibitory neurotransmitters
and multisensory perception (H4). Finally, we extended this
model to schizotypal traits capturing propensity to unusual
cognitive/perceptual experiences.

Methods and Materials

Participants

Thirty-seven Caucasian, healthy, right-handed volunteers
(12 females, mean age 21.8, age range 20-31 y) partici-
pated in the study after providing written informed con-
sent. Participants were undergraduate and postgraduate
students recruited via mailing lists at the University “G.
D’Annunzio” of Chieti-Pescara. No participant had a
history of neurologic, general medical or psychiatric
conditions. All subjects received monetary compensation
for their participation. The experimental protocol was
approved by the University “G. D’Annunzio” of Chieti
institutional ethics committee.

Behavioral Session

Temporal Binding Window. Participants’ TBWs were
obtained from 4 different tasks: (1) a multisensory audio-
tactile Simultaneity Judgment task (SJ; supplementary
figure 1), (2) a unimodal auditory SJ, (3) a multisensory
audio-tactile Temporal Order Judgement task (TOJ), and
(4) a unimodal auditory TOJ. We adopted well-estab-
lished procedures®®>! for both data collection and analysis
(see supplementary methods and supplementary table 1).

The average TBWs from the SJ tasks were: for the
multimodal audio-tactile, 359 * 135 ms (£SD indi-
cated; range 172-646 ms); for the unimodal auditory,
80 + 48 ms (range 19-210 ms). The average TBWs from
the TOJ tasks were: for the multimodal audio-tactile,
251 £ 181 ms (range 55-700 ms); for the unimodal audi-
tory, 99 £ 55 ms (range 23-294 ms).

MR Session

Spectroscopy (MRS) and functional (fMRI) data were
acquired with a 3 Tesla Philips Achieva magnetic resonance
scanner. The left primary auditory cortex was selected as
the target region for MRS and fMRI investigations, due to
its critical role in processing and integration of auditory
and tactile stimuli,**> and because it has been associated
with abnormal concentrations of neurotransmitters and
gene expression in schizophrenia.’*** The medial prefron-
tal cortex (MPFC), a higher order area characterized by
different temporal dynamics,'” was chosen as the control
region. In both regions, we quantified Glx and GABA neu-
rotransmitters, as well as the cerebral spinal fluid (CSF),
gray matter (GM) and white matter (WM) content. Also,
we computed the regional PLE and the SD, indices of the
resting-state temporal structural and variance respectively,
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as previously described*> (see supplementary methods,
supplementary figure 2 and table 1).

Genetic Profile Scores

We compiled individual genetic profile scores®® related to
the balance between excitation and inhibition signaling
(E/T). The loci of interest were pre-selected based on the
most recent published systematic review of cross-disorder
(schizophrenia and bipolar disorder) association studies
of common genetic variation in the GABA/Glutamate
signaling system.* Out of dozens of loci reviewed therein,
we selected the 8 loci showing a positive association with
schizophrenia in at least 2 independent studies (namely,
GRINI, GRIN2A, GRIN2B, GRIK3, GRM3, GRM7,
GADI, GABRB2*) and followed them up with a targeted
literature search in PubMed to identify SNPs consistently
driving their association with schizophrenia, along with
the SNPs’ functionality, and links to potential biologi-
cal mechanisms. Thus, we focused on SNPs that are: (1)
located within or near genes involved in the maintenance
of E/I balance (ie, major GABA and glutamate signal-
ing regulatory proteins); (2) of known or hypothesized
molecular functionality; (3) associated with schizophre-
nia in at least 2 independent studies; (4) associated with at
least 1 additional disorder characterized by impairments
in E/I balance and/or multisensory integration; and (5)
associated with at least 1 behavioral or neural endophe-
notype of cross-disorder relevance. Only 4 SNPs fulfilled
these stringent criteria (see table 2 and supplementary
table 2). No additional SNPs were probed in this sample.

We incorporated these pre-selected SNPs into a multilo-
cus genetic score.*® The score represented the total number
of variants across the 4 functional polymorphic loci. Across
allloci, relatively “High” E/I genotypes were assigned a score
of 1, “Low” E/I genotypes a score of 0, and “Intermediate”
E/l genotypes a score of 0.5% (table 2). Alleles associated
with “High” E/I had either a positive impact on glutamate
signaling, or a negative impact on GABA signalling (or
both in the case of GADI rs3749034). Complementarily,
alleles associated with “Low” E/I had either a negative
impact on the expression of glutamate-related genes, or a
positive impact on the expression of GABA-related genes.
These scores at each locus (see table 2 for their distribution)

Table 1. Mean Values = SD of Neurochemical Variables

Auditory MPFC
GIxX/NAA 0.587 = 0.096 0.684 + 0.088
GABA/NAA 0.269 + 0.036 0.339 + 0.040
CSF 0.115+0.037 0.106 + 0.035
GM/WM 1.1632 £ 0.352 1.744 £ 0.229
PLE (B) 1.027 + 0.188 1.431 £0.233
SD (o) 0.390 £ 0.078 0.503 + 0.009

Note: MPFC, medial prefrontal cortex; CSF, cerebral spinal fluid;
GM/WM, grey matter to white matter; PLE, power law exponent.
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were then summed to create an individual profile score,
such that higher total scores reflect a putative shift towards
higher excitation coupled with less efficient inhibition. For
example, the genetic profile score for an individual with the
following 4 genotypes—GRINI G/G, GRIK3 T/G, GADI
A/A, GABRB2 C/C—was 2.5 (1 + 0.5 + 0 + 1). The aver-
age E/I score was 2.351 £ 0.551. All observed genotype fre-
quencies were consistent with those reported for Caucasian
populations in the 1000 Genomes project.’’

Schizotypal Personality Questionnaire

Schizotypy is thought to reflect the subclinical expression
of the symptoms of schizophrenia in the general popula-
tion and to constitute a dynamic continuum ranging from
personality variation to psychosis.”®”” Schizotypal traits
were assessed using the Italian version of the Schizotypal
Personality Questionnaire (SPQ™). It consists of 3 subscales
capturing the “Interpersonal,” “Cognitive-Perceptual,” and
“Disorganization” aspects of schizotypy. The Cognitive-
Perceptual component concerns the disposition to unusual
perceptual experiences, such as hallucinations, which are
associated with impaired multisensory integration and
TBW in patients.”” Hence, we specifically focused on this
subscale in our analysis. While its distribution was slightly
positively skewed, its skewness and kurtosis were within the
acceptable range (skewness < 1, kurtosis < 2.5). Thus, we
used raw Cognitive-Perceptual SPQ scores (range 0-17).

Statistical Analyses

All individual variable distributions had skewness <
0.82 and kurtosis < 4.3 (absolute value). Thus, no power
transformations were applied. Correlations among the
main variables are listed in supplementary table 3. Three
principal analyses were conducted. (1) Pearson’s correla-
tion coefficients were computed using either PLE or SD
values as an independent variable predicting individual
TBWSs. (2) Moderation analyses (model 1 in the SPSS
PROCESS macro®; performed to probe genetic modera-
tion by individual E/I genetic profiles of the effects of the
more dynamic® % local concentrations of Glx, GABA or
their ratio (Gl1x/GABA) on either PLE or TBW, with and
without CSF fraction and grey matter to white matter
(GM/WM) ratios as covariates. Significant interactions
were further probed using the Johnson—Neyman (J-N)
method,*® as implemented in the SPSS MODPROBE
macro.®” The J-N method calculates the critical moderator
variable values at which the relationship between the focal
predictor (Glx, GABA or GIx/GABA) and the dependent
variable (PLE or TBW) changes significance. J-N regions
of significance are reported using standardized Z scores.
(3) A moderated mediation analysis (model 8 in the SPSS
PROCESS macro®) was performed to probe any effects of
metabolite concentrations on individual TBW, mediated
by its effects on PLE in the auditory cortex, conditional
on E/I genetic profile. Then, we extended this model to
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individual schizotypal personality traits (SPQ) to detect
any 3-path mediated effect on this variable. All the analy-
ses were carried out with standardized values for all the
variables. Consistent with published guidelines®* and in
light of our relatively small sample size, we report 95% Cls
based on 5000 bootstrap iterations (bias-corrected) for all
major effects. Cohen’s > was computed to quantify effect
sizes in individual regression analyses.”

Results
Resting State Temporal Dynamics (PLE) and TBW

As hypothesized, we found a strong negative correlation
between PLE in the auditory region of interest (ROI) and indi-
vidual audio-tactile TBW for both the SJ (r = —.557, P <.001,
95% CI[-.779, —.261], Cohen’s * = .45; figures 2a-b) and the
TOJ (r = —.428, P = .008, 95% CI [-.663, —.172], Cohen’s
f#=.22; not shown) tasks: the higher the degree of LRTC:s (ie,
larger PLE) in auditory cortex, the narrower the audio-tactile
TBW. In contrast, the correlation between PLE in the control
MPFC ROI and individual audio-tactile TBW did not sur-
vive bootstrap correction (SJ, 95% CI [-.664, .021], figure 2a;
TOJ, 95% CI [—.417, .240], not shown). This relative region-
specificity suggests the observed relationship is confined to the
primary cortical area where multisensory integration is known
to occur, as compared to higher-order information process-
ing regions. Critically and in contrast to PLE, the SD of the
signal recorded from the same auditory ROI did not predict
individual TBWs from either task (SJ, 95% CI [—.213, .349];
TOJ, 95% CI [—.121, .391]), suggesting individual audio-tac-
tile TBWs is predicted by the temporal structure (PLE), rather
than the mere variance (SD), of resting state temporal dynam-
ics. Finally, demonstrating the specificity of our findings to
multi-modal rather than uni-modal sensory phenomena, no
significant correlation was found between PLE in the audi-
tory ROI and individual unimodal auditory-auditory TBW
for either task (SJ, 95% CI [—.488, .029]; TOJ, 95% CI [—.490,
.142]). Given the stronger correlation between PLE and indi-
vidual audio-tactile TBW measured by SJ—than by TOJ—
task, we used only the former in all subsequent analyses.

E/l Balance and Resting State Temporal
Dynamics (PLE)

A significant interaction emerged between individual E/I
genetic profile scores and concentrations of GIx in the
Auditory ROI predicting PLE (AR? = .2065, b = —.6063,
95% CI [-.976, —.218], P = .0056, R*> = .226, Cohen’s
> =.29), wherein higher concentrations of Glx were asso-
ciated with higher PLE values only for participants with
relatively low E/I genetic profile scores (1 SD below the
mean; figure 3c)—ie, participants showing E/I balance
shifted towards inhibition. Specifically, J-N region of sig-
nificance analyses indicated that higher concentrations of
Glx were associated with higher PLE in participants with
E/1 genetic profile scores below —0.09 (mean-centered
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Fig. 2. Predictive power of PLE for individual TBWs in Auditory and medial prefrontal cortex (MPFC) ROIs. (a) PLE was strongly
negatively correlated with TBW (r = —.557) in the auditory ROI (left panel), but not the MPFC (r = —.312, right panel). (b) TBW
predicted by PLE in the Auditory ROI for 2 single representative subjects showing either a wide (s36, left) or a narrow (s15, right) TBW.
***P<.001. TBW = temporal binding window; PLE = power law exponent.

around 0), but with lower PLE in participants with E/I
genetic profile score above 1.47 ie, participants showing
E/I balance shifted towards excitation.

Importantly, the interaction term explained signifi-
cant PLE variance above and beyond the main effects of
individual E/I genetic profile (b = .1285, P = .4302) and
Glx concentration (b = .2929, P = .0842). Furthermore,
the interaction effect remained significant after control-
ling for either GM/WM ratios or the fraction of CSF (P
values < .006). Consistent with prior work,* the addi-
tive effects of all the polymorphisms were crucial to
explaining a significant proportion of inter-individual
variance in PLE. Indeed, after removing each of the
polymorphisms from the E/I genetic profile, the mod-
eration model was never significant (all P values > .12).

In contrast to auditory cortical GIx concentration,
no significant interaction was found between the indi-
vidual E/I genetic profile score and the concentration of
GABA (supplementary figure 3) or the GIx/GABA ratio
in the auditory ROI (P values > .19). Likewise, no signifi-
cant interactions were found between the individual E/I
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genetic profile score and the concentration of either Glx
or GABA in the MPFC ROI (P values > .25; figure 3d).

E/I Balance and TBW

In addition to predicting PLE, the interaction between
individual E/I genetic profile scores and concentrations of
Glx in the Auditory ROI also significantly predicted indi-
vidual audio-tactile TBW (AR? = .2590, b = .6790, 95% CI
[.283, 1.075], P = .0014, R*> = .30, Cohen’s f* = .42). The
interaction effect was such that higher concentrations of
Glx were associated with narrower TBW for participants
with relatively low E/I score (1 SD below the mean; J-N:
Z < —=0.17), but wider TBW for those with high E/I score
(1 SD above the mean; J-N: Z > 0.94) (figure 3e).

As with PLE, the interaction effect remained significant
after controlling for either GM/WM or the fraction of CSF
(P values < .002), and was not present when we performed
the same analyses using the unimodal auditory-auditory
task (P = .3527). In contrast to auditory cortical GIx con-
centration, nosignificantinteraction was found between the
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Fig. 3. Genetic moderation of Glx effects on PLE and TBW. (a) Conceptual and (b) statistical depiction of the effects tested, ie, the
main effect of each of the 2 factors and their interaction. (c—d) Glx was positively correlated with PLE in individuals with relatively low
excitation/inhibition (E/I) genetic score (1 SD below mean; light purple line), but not in those with relatively high E/I genetic score (1

SD above mean; dark purple line) in the auditory cortex (c). Notably, Glx became a significant positive predictor of PLE at E/I score
values >1.47 SD above the mean (not visualized). This interaction did not emerge for the MPFC (d). Analogously, auditory cortex Glx
was negatively correlated with TBW width in those with low E/I scores (light purple line), but negatively correlated with TBW in those
with high E/I scores (dark purple line, ). E/I score did not moderate a relationship between Glx and TBW in the MPFC (f). Statistical
analyses were carried out with standardized values for all the variables. Notably, for visualization purposes, slope estimates are presented
at discrete values of the moderator (mean levels and +1SD away from the mean). However, these estimates are based on the linear
trends present in the entire sample (ie, no arbitrary splitting of the sample was performed). (g) Conceptual depiction of the moderated
mediation model tested. (h) Results from a path analysis testing the moderated mediation model presented in (g). PLE mediated a
significant relationship between Glx concentrations and TBW at Low (mean - 1 SD), Intermediate (Mean) and High (mean + 1.1 SD)
values of E/I scores. There was also a conditional direct interaction effect on TBW. Numbers represent standardized parameter estimates
(bootstrapped standard errors in parentheses). Indirect (ie, mediated) effects are represented as parameter estimates along with 95%
bias-corrected bootstrapped confidence intervals computed at representative values of the moderator (E/I genetic scores). As the model
was saturated, only individual paths were tested for significance and no overall model fit statistics were produced.* P < .05; **P < .01.

TBW = temporal binding window; PLE = power law exponent.

individual E/I genetic profile score and the concentration
of GABA in the Auditory ROI (P = .4201; supplementary
figure 3). Similarly, no significant interactions were found
between the individual E/I genetic profile score and the
concentration of either Glx or GABA in the MPFC ROI
(P values > .1; figure 3f and supplementary figure 3).
However, the GIx/GABA ratio interacted with E/I genetic
profile score to predict TBW (AR? = .2656, b = .6445, 95%
CI [.276, 1.013], P = .0011, R*> = .31, Cohen’s f* = .45),
such that higher GIx/GABA ratios were associated with
narrower TBW for participants with relatively low E/I
score (1 SD below the mean; J-N: Z < —0.12), but not for
participants with relatively high E/I score (1 SD above the
mean; J-N: Z > 1.9).

Resting State Temporal Dynamics (PLE) Mediate the
Effects of Ell Balance on the TBW

To integrate these findings, we used a moderated media-
tion model to examine possible effects of Glx concen-
trations on TBW, mediated by PLE and conditional on
individual E/I genetic profiles (figure 3g). We found that
PLE mediated the relationship between GIlx concentra-
tions and TBW, such that for those with low E/I scores
(smean), higher Glx was associated with higher PLE and,
subsequently, narrower TBW, whereas for those with high
E/l scores (> +1.1 SD), higher Glx was associated with
lower PLE and, subsequently, wider TBW. Notably, there
was also a conditional direct effect of Glx concentration
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on TBW (b =.4287, P = .040) in the model including PLE
as a covariate, suggesting PLE was only a partial media-
tor of the relationship among these variables (figure 3h).

TBW and Schizotypal Personality Traits

Despite relatively low power to detect a 3-path medi-
ated effect, we sought to extend this model to schizotypal
personality, consistent with prior work suggesting a link
between multisensory phenomena and psychosis prone-
ness.”! Thus, we found that PLE and TBW serially mediated
a relationship between Glx and Cognitive-Perceptual SPQ,
conditional on individual E/I scores. Specifically, higher
Glx was associated with higher PLE, narrower TBW and
consequently lower SPQ in those with relatively low E/I
genetic score, but with lower PLE, wider TBW and ulti-
mately higher SPQ in those with relatively high E/I genetic
score (figure 4a). Furthermore, this effect was amplified
when limiting the analysis to participants reporting any (as
opposed to no) degree of cognitive-perceptual schizotypy
(ie, SPQ > 0, n = 32), such that TBW accounted for 10%
of all variance in SPQ Cog Perc (Cohen’s /2= .11) and 26%
variance (Cohen’s /> = .35) in non-zero SPQ responses.

Discussion

In the current study, we adopted an integrative strategy
(figure 1) to identify the neurobiological and molecular
underpinnings of inter-individual differences in multi-
sensory perception and propensity to unusual perceptual
experiences. We found that a larger power law scaling expo-
nent (PLE) in the resting-state temporal dynamics of the
auditory cortex was associated with narrower audio-tactile
TBW; ie, the higher the degree of LRTCs in the resting state
auditory cortex activity, the higher the temporal resolution
or precision in audio-tactile perception. Furthermore, this
effect accounted for more than one-third of the variance in
TBW and emerged specifically for the temporal structure,
rather than the variance (SD), of spontaneous activity in
the auditory cortex. Notably and as predicted, this associa-
tion was not observed in the MPFC, a control brain area
that is not directly involved in multisensory integration.

These results are in line with prior fMRI studies show-
ing a functional link between the multiple timescales of
neural dynamics in different brain regions and the mul-
tiple timescales within which the same regions reliably
process unimodal sensory information.'” They are also
consistent with fMR1 studies associating individual spon-
taneous brain temporal dynamics with behavioral accu-
racy during event-timing tasks.!>*> Here, for the first time
we extend this prior work into the multisensory domain
of human cognition and identify a novel task-free assess-
ment and biomarker (ie, PLE) of individual ability to
integrate signals across sensory systems that may in turn
predict propensity to unusual perceptual experiences.

A wider TBW indicates that stimuli originating from
different environmental events are more likely to be bound
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a) MODERATED MEDIATION ANALYSIS: SPQ

Conceptual (top) and Statistical (bottom) model

32 (16)*
42 (18)*

-32 (15)* SPQ

Low E/I: -0.066, 95% CI (-0.2913,-0.0027)
Intermediate E/I: -0.022, 95% CI (-0.1249, -0.0014)
High E/1: 0.036, 95% CI1 (0.0001, 0.2075)

b) NEURAL TUNING CURVE FOR SCHIZOPHRENIA RISK
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Interaction between genetic and neurochemical factors

INHIBITION EXCITATION
- +
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Temporal resolution of multisensory perception

Fig. 4. Proposed integrated model of the results. (a—top)

A conceptual depiction of the moderated mediation model tested.
PLE and TBW were tested as serial mediators of a genetically
moderated indirect link between Glx and Cognitive-Perceptual
SPQ. (a—bottom) Path analysis showed that, via its genetically
moderated effects on PLE and TBW, higher Glx was associated
with lower SPQ in those with relatively low E/I scores (mean

or lower), but with Aigher SPQ in those with relatively high

E/l score (>1.3 SD above the mean). Notably, the mediation
effect was partial, as it emerged in the context of a significant
negative direct path from Glx to SPQ. Numbers represent
standardized parameter estimates (bootstrapped standard

errors in parentheses). Indirect (ie, serially mediated) effects are
represented as parameter estimates along with 95% bias-corrected
bootstrapped confidence intervals computed at representative
values of the moderator (E/I genetic scores). As the model was
saturated, only individual paths were tested for significance and
no overall model fit statistics were produced. (b) Our results
support an inverted-U shape relationship between excitation/
inhibition (E/I) balance and both the temporal structure of
resting state activity (Green curve) as well as the temporal
resolution of multisensory perception (Red curve). Individual
TBW and power spectra are depicted for subjects representative
of the 4 main combinations of E/I genetic score (Purple arrows)
and Glx levels (Orange arrows). Subjects for whom both are low
or both are high fall on the nonoptimal left and right side of the
curve, respectively, whereas those with low—high or high-low
combinations are near the putative optimal level of E/I on top of
the curve. TBW = temporal binding window; PLE = power law
exponent; SPQ = schizotypal personality questionnaire.



together, which may give rise to unusual sensory phenom-
ena, possibly continuous with the positive symptoms of
schizophrenia. Consistent with this notion, we found that
greater TBW width was associated with increased levels
of schizotypy, specifically in the Cognitive-Perceptual
domain. While prior work has shown abnormally wide
TBW in individuals with schizophrenia,>®® here, for
the first time, we extend these results to a dimensional
measure of psychosis proneness. Indeed, even if most
individuals with schizotypal traits are not expected to
develop schizophrenia, increasing levels of schizotypy
are robustly associated with heightened risk for the devel-
opment of psychotic disorders.”® Accordingly and consis-
tent with the current results, substantial overlap has been
found between schizotypy and schizophrenia in terms of
etiological factors at the genetic, biological, and psycho-
social levels,” but also concerning a wide range of per-
ceptual, cognitive, and motor impairments.”

We further show that inter-individual variability in
auditory resting state dynamics, audio-tactile TBW, and
perceptual schizotypy were accounted for by local con-
centrations of glutamatergic compounds (Glx) condi-
tional on individual E/I genetic profiles. Specifically, for
relatively lower values of the E/I score, indicating a puta-
tive genetic shift towards greater inhibition, higher con-
centrations of Glx were associated with higher values of
PLE, narrower TBW and, ultimately, lower schizotypy.
In contrast, for relatively greater values of the E/I score,
indicating a putative shift towards greater excitation,
higher concentrations of Glx were associated with lower
PLE, wider TBW and higher schizotypy.

This interaction pattern is consistent with recent
work, which describes the relationship between E/I bal-
ance and information processing efficiency as an inverted
U-shaped curve that may differ per brain region and
individual.”* Importantly, the distribution of E/I balance
in the healthy population is skewed with the majority
showing a peak shifted towards inhibition. A transcra-
nial direct current stimulation (tDCS) treatment, which
reduces inhibition (ie, shifts the imbalance towards the
optimum), thus, typically improves an individual’s per-
formance.”® According to this model, increased Glx in our
participants is expected to be associated with improved
neural and behavioral efficiency for everyone who is
genetically predisposed to be on the nonoptimal side of
the balance closer to the inhibition end of the spectrum
(ie, low E/I genetic scores; figure 4b). In contrast, higher
levels of Glx might push those who are already geneti-
cally predisposed towards excitation (ie, with high E/I
genetic scores) over and/or further away from the peak
of the curve, toward the nonoptimal side closer to excita-
tion. In effect, this might worsen neural and behavioral
efficiency and increase risk for schizotypal traits in the
cognitive/perceptual domain, effectively forming a neu-
ral “tuning curve” for multisensory experience and per-
ceptual risk for schizophrenia. It is worth clarifying here

A Neural “Tuning Curve” for Multisensory Experience

that we do not believe individual genetic profiles are suf-
ficient to determine the position of an individual on the
E/l spectrum; rather, they represent a predisposing, or
conditioning, factor. Through context-dependent inter-
action with excitatory and inhibitory neurotransmitters,
individual genetic profiles would allow a range of pos-
sible dynamics of E/I balance and potentially clinically
relevant gene-brain-behavior relationships.

Our results are further consistent with prior work,
which has demonstrated the importance of glutamatergic
neurotransmission for both resting state brain dynamics
and audio-tactile integration. Specifically, previous stud-
ies in humans have suggested that Glx (or Glu) concen-
trations may exert a critical role in the synchronization
of spontaneous neural activity.”” However, a possible role
of excitatory neurotransmission for LRTCs* and integra-
tion of auditory and somatosensory stimuli in the audi-
tory system has only been previously demonstrated in
animal models.”® Thus, our study is the first to directly
demonstrate the importance of glutamatergic neuro-
transmission, as constrained by common genetic varia-
tion, for LRTC and audio-tactile perception in humans.
Most importantly, the degree of LRTC and the precision
in audio-tactile perception were partial mediators of the
link between GIx and schizophrenia proneness, in the
presence of a direct negative link between Glx and SPQ
in our sample. Our results are thus also broadly consistent
with prior evidence showing that altered glutamatergic
neurotransmission, due to either increased® or reduced'®
glutamatergic metabolites, and altered activity of gluta-
mate receptors'® are associated with subclinical and clini-
cal manifestations of psychosis. In addition, they suggest
one possible mechanism that may specifically mediate
this hypothesized link in the context of perceptual dis-
turbance. This may further explain the relative specificity
of our findings to glutamate as opposed to GABA levels
in the brain. Moreover, a possible reason why we did not
find significant effect of GABA levels on multisensory
perception might be related to the fact that we did not
quantify the levels of GABA while participants were per-
forming the task, rather during resting state. Prior cellu-
lar studies, indeed, suggested that a crucial role played by
inhibitory transmission in the healthy brain is to sharpen
the response properties of excitatory neurons. By putting
a brake on cortical excitability, inhibitory neurons pro-
vide temporal precision to cortical firing in response to
sensory inputs and enhance their saliency.'”

The current study is not without limitations. First, even
though we selected biological predictors of TBW based
on a strong a priori rationale, many additional factors not
accounted for by our study are likely to contribute to this
complex perceptual phenotype. Along the same lines, we
do not assume the SNPs included in our E/I genetic pro-
file exhaustively represent all genetically driven variability
in E/I balance. Rather, they represent genotypes of con-
venience, which were chosen for this proof-of-principle
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study because of their known or hypothesized function-
ality on the molecular level, and their prior association
with neuropsychiatric disorders characterized by percep-
tual disturbances. Future work incorporating additional
genetic variability in a more exhaustive way is warranted.
Our study is also limited by its relatively small sample
size of 37 participants. However, published power analy-
ses suggest a sample size of 34 is sufficient to detect a
large 2-path mediated effect when using bootstrapped
bias-corrected confidence interval statistics.!” The large
effect sizes, directions of effect and conceptual links at
each step of our investigation are in turn broadly consis-
tent with prior work,”"1%197 which gives us confidence
we did not overestimate effect sizes due to sampling
error. While 3-path mediation models generally require
slightly larger sample sizes to test (n = ~50 for medium to
large 3-path mediated effects!'®®) this consistency of effect
sizes and directionality in our current model supports
its conceptual validity. Future studies in larger samples
of healthy individuals and psychiatric patients will help
to further generalize our findings, confirm effect size,
and extend our proposed model. Finally, our results are
correlational. Thus, while we propose PLE as a media-
tor between E/I balance and TBW, it is possible that the
effects of GABA/GIx and E/I genetic score on TBW
may also contribute to shaping LRTC phenomena. This
is a particularly intriguing possibility, given that all our
mediation effects were partial, suggesting the presence of
additional factors. Future work in preclinical models of
multisensory integration would be required to determine
true causality in the proposed pathway.

These limitations notwithstanding, the current study is
the first empirical demonstration that neural, neurochemi-
cal and genetic factors related to excitation-inhibition
mechanisms contribute to inter-individual differences in
multisensory perception and propensity to unusual sensory
experiences in healthy humans. Further, our postulated
tuning curve model might improve our understanding of
clinical conditions associated with impaired multisensory
perception and open the door to innovative neuromodula-
tion interventions (eg, TMS, tDCS) informed by individ-
ual genetic and neurochemical profiles. In individuals with
profiles shifted towards inhibition, excitatory neuromodu-
lation treatment would bring cortical neurotransmission
closer to an optimal E/I balance. The same would hold
true for inhibitory neuromodulation treatment in individ-
uals with profiles shifted towards excitation. In sum, using
a multimodal approach within an integrative framework,
we delineate a promising novel mechanism of perceptual
variability, and identify directions for future research with
potential clinical implications.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin online.
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