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Abnormalities in synaptic plasticity are argued to underlie the neural dysconnectivity observed in schizo-
phrenia. One way to measure synaptic plasticity is through sensory adaptation, whereby sensory neurons
exhibit reduced sensitivity after sustained stimulus exposure. Evidence for decreased adaptation in individ-
uals with schizophrenia is currently inconclusive, possibly due to heterogeneity in clinical and medication
status across samples. Here we circumvent these confounds by examining whether altered adaptation is
represented sub-clinically in the general population. To test this we used three paradigms from visual per-
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Schizotypy ception research that provide a precise and non-invasive index of adaptation in the visual system. Two par-
Visual adaptation adigms involve a class of illusory percepts termed visual aftereffects. The third relies on a visual
Plasticity phenomenon termed binocular rivalry, where incompatible stimuli are presented to the two eyes and ob-
Binocular rivalry servers alternate between perceiving exclusively one stimulus or a combination of the two (i.e. mixed per-
Aftereffects

ception). We analyzed the strength and dynamics of visual adaptation in these paradigms, in relation to
schizotypy. Our results showed that increased schizotypal traits were related to reduced orientation, but
not luminance, aftereffect strength (Exp. 1). Further, increased schizotypy was related to a greater propor-
tion of mixed perception during binocular rivalry (Exp. 1 and 2). Given that visual adaption is well under-
stood at cellular and computational levels, our data suggest that short-term plasticity in the visual system

can provide important information about the disease mechanisms of schizophrenia.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Schizophrenia has long been conceptualized as a disorder of brain
connectivity (Wernicke, 1906; Bleuler, 1911). Early theories have re-
ceived empirical support in more recent years from a wealth of func-
tional neuroimaging and electrophysiology data (Narr and Leaver,
2015; Uhlhaas, 2013), which indicate dysfunctional communication
across brain regions in individuals with schizophrenia. Direct and
indirect evidence from genetics, cellular microstructure, pharmacology,
and electrophysiology suggest that one cause of this functional
dysconnectivity in schizophrenia is an impairment in synaptic
plasticity, i.e. in experience-dependent changes in synaptic strength
(reviewed in Stephan et al., 2006). More specifically, given the impor-
tant role of NMDA receptors for plasticity at glutamatergic receptors
and robust evidence for NMDA receptor dysfunction in schizophrenia,
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a particular role of neuromodulatory effects on NMDA-dependent
synaptic plasticity has been posited (reviewed in Stephan et al., 2006;
Stephan et al,, 2009).

Synaptic plasticity can occur on multiple timescales, with synaptic
strength changing at a rate ranging from tens of milliseconds to several
minutes (short-term synaptic plasticity; Zucker and Regehr, 2002)
or on the order of hours, days, or years (long-term plasticity;
Malenka and Nicoll, 1999). While long-term plasticity involves
structural and enduring synaptic changes (reviewed in Feldman,
2009), short-term plasticity involves rapid changes in post-
synaptic responses without requiring any structural synaptic
changes (reviewed in Zucker and Regehr, 2002). In support of the
notion that synaptic plasticity is affected in schizophrenia, functions
that rely on both long-term and short-term synaptic plasticity are
impaired in the disease (reviewed in Goto et al., 2010; Stephan
et al., 2006). In particular, abnormalities in perceptual learning,
subserved by short-term plasticity, have been linked to hallucina-
tions in schizophrenia, such that an abnormality in integrating sen-
sory information with prior expectations gives rise to these illusory
sensory experiences (Powers et al., 2017).
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One functional manifestation of short-term neural plasticity is sen-
sory adaptation, which refers to the transient reduction in sensitivity
of neurons tuned to particular qualities of a stimulus for which an ob-
server is exposed for a sustained period (Wark et al., 2007). Naturally,
sensory adaptation at the neuronal level manifests in changes in percep-
tion, which is thus sculpted by a combination of current input and prior
exposure. Although sensory adaptation is ubiquitous across modalities,
the most rigorous investigation of sensory adaptation has come from
the visual domain (reviewed in Clifford et al., 2007; Kohn, 2007).
There are well- established methods of quantifying the magnitude of
sensory adaptation at the perceptual level (Hiris and Blake, 1992;
Kelly and Martinez-Uriegas, 1993) and clear indications as to how
these perceptual phenomena may map onto neural sensitivity changes
(Anstis et al.,, 1998; Blakemore and Campbell, 1969). In sum, perceptual
manifestations of visual adaptation, which can be measured easily and
non-invasively, provide a uniquely precise window into the dynamics
of short-term neuronal plasticity. In addition, first-person accounts
from individuals on the schizophrenia spectrum have revealed subjec-
tive alterations in visual perception (e.g. Freedman and Chapman,
1973). Thus, altered visual adaptation, along with providing insights
into disease mechanisms, may also shed light on clinical
phenomenology.

Visual adaption is typically measured non-invasively using what are
known as visual aftereffects. These are illusory perceptions that follow a
constant visual stimulus. For example, in the motion aftereffect, after
fixating a moving adapter stimulus for a period of time, a stationary
stimulus will appear to move in the direction opposite to that of the
adapter (Anstis et al., 1998). Analogous aftereffects are found for lumi-
nance, orientation, and color, among other features (reviewed in
Thompson and Burr, 2009; see Fig. 1A and B for a schematic of the per-
ceptual phenomena). Importantly, primate neurophysiology work has
provided insights into where neurons are adapting for various types of
aftereffect to occur. For example, neurons that adapt to luminance are
primarily in the retina and subcortical regions, such as the lateral genic-
ulate nucleus of the thalamus (Craik, 1940; Li et al., 2017; Zaidi, 2012).
On the other hand, orientation and motion adaptation are driven by ad-
aptation of neurons in cortical regions of the visual processing hierarchy
(Clifford et al., 2000; Wenderoth and Johnstone, 1987)—primary visual
cortex and area MT, respectively. See Fig. 1C for a schematic of visual ad-
aptation (orientation adaptation, in this example) at the level of a single
neuron. A handful of early studies measuring the duration or strength of
these aftereffects in patients with schizophrenia (reviewed in Harris,
1994), have yielded conflicting findings. These include slower afteref-
fect build-up (Abraham and McCallum, 1973; Claridge, 1960;
Herrington and Claridge, 1965), no difference in aftereffect duration
(Tress and Kugler, 1979), and reduced aftereffect strength (Kelm,
1962, 1968; Wertheimer, 1954; Wertheimer and Jackson, 1957). Dis-
crepant findings across studies have been attributed to a combination
of medication use, as antipsychotics reduce visual aftereffect duration
in healthy individuals (Harris et al., 1986; Harris et al., 1983), clinical
status, and mode of measuring aftereffects (Harris, 1994). A more recent
study confirmed slower aftereffect onset in patients with schizophrenia
and healthy first-degree relatives, an effect that scaled with positive
symptoms in the patient group and the positive dimension of a scale
of schizophrenia-like personality traits in the healthy relatives
(Surguladze et al., 2012).

Another perceptual phenomenon thought to rely on sensory adapta-
tion is binocular rivalry. During binocular rivalry, different visual stimuli
are presented simultaneously to each eye, and subjective perception al-
ternates between what is presented to the left eye and right eye and,
less commonly, a mix of these two stimuli (see Fig. 1D for a schematic
of the perceptual phenomenon). According to a prominent theory of
the mechanisms behind this perceptual cycle, two groups of neurons,
each encoding the stimulus properties from one eye, engage in a mutu-
ally inhibitory relationship (Alais et al., 2010; Brascamp et al., 2017;
Wilson, 2007). More importantly in the present context, the theory
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Fig. 1. Schematic depictions of negative afterimages (A) and the tilt aftereffect (B),
perceptual manifestations of luminance adaptation and orientation adaptation,
respectively, how single neurons implement these perceptual phenomena (C), and
binocular rivalry (D). A. If an observer views a blank screen following prolonged viewing
of a static pattern (top row), the observer may perceive a ‘photo negative’ of the static
pattern in place of the blank screen (bottom row). This illusory percept is called a
negative afterimage. B. If an observer views pattern of perfectly vertical gratings
following prolonged viewing of a tilted pattern (top row), the observer may perceive
the vertical pattern as tilted in the direction opposite to the initial pattern (bottom row).
This perception of illusory tilt is called a tilt aftereffect. C. The response of a neuron that
responds preferentially to leftward orientations is depicted in red, and the response to a
neuron that responds preferentially to rightward orientations is depicted in blue.
Stimulus presentation is depicted on the x-axis. Upon presentation of a leftward
orientation grating, the neuron with a preferred leftward direction begins to respond
vigorously, but soon begins to adapt with repeated presentation of this stimulus (i.e.
neural firing is attenuated). Upon the offset of this leftward grating and onset of a blank
screen, the neuron returns to a below-baseline level of firing. The neuron with a
rightward orientation preference remains at baseline, thus resulting in an increase in
firing rate of the neuron with a rightward orientation preference relative to the neuron
with a leftward orientation preference and giving rise to the perceptual phenomenon of
a rightward bias in the perception of stimulus orientation (i.e. aftereffect). Adaptation is
illustrated using orientation as an example here, but it transpires in an analogous
fashion with other stimulus properties. D. If two incompatible images are shown at the
same location of visual space, but each to a different eye, in this case using a
configuration of mirrors, observers alternately perceive either of the two images and
occasionally also a mixture of the two. The observer's perception in this schematic is
illustrated in the thought bubble. Perceptual switches between the two views are often
theorized to come about, at least in part, as a result of adaptation of neurons that
represent the currently perceived image. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

holds that neurons encoding the currently perceived stimulus, or dom-
inant stimulus, adapt. Adaptation thus renders those neurons more sus-
ceptible to inhibition by the currently suppressed stimulus and causes a
switch in perception and a continuation of the cycle. Individual differ-
ences in the dynamics of these perceptual alternations should thus
speak meaningfully to individual differences in sensory adaptation. Al-
though the one published study on binocular rivalry in individuals
with schizophrenia reports no difference in these dynamics (Miller
et al., 2003), the relatively small sample size should be taken into
consideration.

In the current study, we related the strength and dynamics of visual
adaptation to the degree of schizotypy in a non-clinical sample.
Schizotypy refers to those traits that are related to the spectrum of
schizophrenia-like personality traits and may reflect latent illness vul-
nerability (Lenzenweger, 2006). While there is debate about the precise
relationship between schizotypy and clinical syndromes (Claridge and
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Beech, 1995), there is considerable support for the notion that investi-
gating how the integrity of cognitive and perceptual processes scales
with the extent of schizotypal traits provides a complementary ap-
proach to studying the illness directly. This approach allows for the
study of fundamental features of illness liability that is free of confounds
related to studying individuals diagnosed with schizophrenia spectrum
disorders, which include general cognitive deterioration that may pre-
clude an understanding of task demands, medication, and the psychoso-
cial effects of having a severe mental illness.

To investigate visual adaptation, we measured the strength of visual
aftereffects and the dynamics of binocular rivalry. We included mea-
sures of visual aftereffects as these are arguably the clearest demonstra-
tion of sensory adaptation in the visual system. More specifically, we
measured both adaptation to luminance and adaptation to orientation,
as neural adaptation giving rise to these two phenomena is occurring
at two different levels of the visual processing stream. Luminance adap-
tation is caused by neural adaptation at the level of the retina and sub-
cortical regions, whereas orientation adaptation is primarily a cortical
phenomenon. Thus, different relationships between schizotypal traits
and the strength of these two types of aftereffects may provide insight
into where putatively disturbed neural adaptation is occurring in the
brain as it relates to psychopathology. Although it is less clear at what
level of the visual processing hierarchy neurons are adapting to give
rise to perceptual alterations during binocular rivalry than it is for visual
aftereffects, there is an advantage in including measures of binocular ri-
valry from a psychometric perspective. Namely, there is fairly extensive
research on individual differences in binocular rivalry dynamics (e.g.
Antinori et al., 2016; Bosten et al., 2015; Miller et al., 2010), providing
precedence for adopting such an approach in the current study. It was
not clear at the outset of the study that the variability in aftereffect
strength would also be amenable to an individual differences approach.

We hypothesized that schizotypal traits would be related to reduced
adaptation as indexed by reduced strength of visual aftereffects and al-
terations in the dynamics of binocular rivalry, which were measured in
Experiment 1. Indeed, a previous study revealed a relationship between
the cognitive disorganization scale of a schizotypy measure and reduced
frequency of perceptual switches during binocular rivalry (Antinori
et al,, 2016). We additionally present data partially replicating the find-
ings from the first experiment in Experiment 2, in a new analysis of pre-
viously published data (Antinori et al., 2016). Together the findings
reported here have the potential to shed light on how putative short-
term plasticity impairments in the visual system scale with the extent
of schizophrenia-like traits.

2. Experiment 1
2.1. Methods

2.1.1. Participants

131 participants (100 females) were recruited from the Psychology
Subject Pool at Michigan State University. Age was measured categori-
cally. 103 individuals were between 18 and 20 years old, 22 individuals
were 21-25, 3 individuals were 26-30, 2 individuals were 31-35, and 1
individual was older than 35. The study protocol was approved by the
Michigan State University Institutional Review Board, and written in-
formed consent was obtained from all subjects prior to testing. Subjects
fulfilled course requirements through their participation.

2.1.2. Schizotypal personality questionnaire

The Schizotypal Personality Questionnaire (SPQ; Raine, 1991) is a
74-item dichotomous response (yes/no) self-report measure with
nine subscales that reflect the nine syndromes of schizotypal personal-
ity disorder listed in DSM-III-R (Williams and American Psychiatric
Association, 1987). The SPQ can be sub-divided into three syndromes
or factors: Cognitive-Perceptual (consisting of ideas of reference, magical
thinking, unusual perceptual experiences, and paranoid ideation items),

Interpersonal (consisting of social anxiety, no close friends, blunted af-
fect, and paranoid ideation items), and Disorganization (consisting of
odd behavior and odd speech items). Positive symptoms of schizophre-
nia map onto the Cognitive-Perceptual factor, negative symptoms map
onto the Interpersonal factor, and disorganized symptoms map onto
the Disorganization factor.

2.1.3. Experimental paradigms

Participants completed four behavioral tasks to obtain indices of
plasticity in the visual system. We had three tests of visual adaptation:
luminance adaptation, tilt adaptation, and motion adaptation. Because
the motion adaptation paradigm yielded data with low reliability, pre-
cluding any meaningful interpretation of a relationship between perfor-
mance and personality measures, this paradigm is described in
Supplemental methods only. As a further measure of visual plasticity,
we used binocular rivalry.

2.1.3.1. Luminance adaptation. After viewing a stationary pattern for some
time, replacing that pattern with a blank field can result in the illusory
perception of the pattern's ‘photo negative’ in the retinal location previ-
ously exposed to the pattern. Such illusory percepts—referred to as nega-
tive afterimages (Fig. 1A)—result from adaptation of retinal receptors as
well as neurons further along the visual processing hierarchy during ex-
posure to the initial pattern (Anstis et al., 1978; Brindley, 1962; Craik,
1940; Sakitt, 1976; Shimojo et al., 2001; Virsu and Laurinen, 1977).

The luminance adaptation task is presented in Fig. 2A, and full para-
digm details regarding the are presented in the Supplemental methods.
Briefly, on each trial the subject was presented with a blurry disk
consisting of bright half and a dark half for 1.5 s—the adapter stimulus.
Were this adapter stimulus followed by a blank screen, the subject
would perceive a similarly blurry patch that appears bright where the
adapter was dark and vice versa. To measure the strength of this nega-
tive afterimage, we used a so-called nulling method. Here a “nuller”
stimulus pattern that is a ‘photo negative’ of the afterimage (or, in
other words, a low-contrast version of the original adapting pattern it-
self) is presented for 0.5 s immediately following the adapter stimulus.
The idea is to vary the strength (luminance contrast) of this nuller
across repetitions, while asking the participant what they perceive, to
find that strength at which the afterimage is perfectly canceled out by
the nuller. In our case, subjects were asked to indicate which side of
the second (i.e. nuller) stimulus appeared brighter. The interpretation
of their response is as follows. If the nuller is so strong that it over-
powers the afterimage, then the observer typically responds seeing a
pattern of light and dark that matches the nuller image itself. Alterna-
tively, if the nuller is too weak to counteract the afterimage then the ob-
server will see a pattern of opposite contrast polarity, matching the
afterimage. The goal of the nulling procedure is to vary nuller strength
across repetitions, to find the strength at which the subject provides ei-
ther response equally often (because there is a close balance between
nuller and afterimage). This nuller strength would then be taken as an
index of the strength of the afterimage (Brascamp et al., 2010;
Georgeson and Turner, 1985; Kelly and Martinez-Uriegas, 1993;
Leguire and Blake, 1982). In practice, this is achieved by finding the
50% point on the psychometric curve fit to response data plotted against
nuller strength. A third image, a checker pattern meant to mask any lin-
gering afterimage, followed the nuller image in our paradigm and
remained on screen until response. The next adapter stimulus then ap-
peared following a 3-second inter-trial interval. Participants were
instructed to fixate their gaze at the center of the display throughout
each trial.

In our pilot testing, we found that some subjects were erroneously
reporting on the adapter stimulus (which is easier to distinguish),
rather than the nuller stimulus. In order to circumvent the possibility
for such an error, we slightly modified the conventional nulling method
described above. This modified method remains identical in rationale
and interpretation, and the Supplemental methods provides its details.
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Fig. 2. Task figures of the luminance (A) and orientation (B) adaptation paradigms. A. Following a 3000 ms inter-trial interval, subjects were presented with the adapter stimulus for
1500 ms, followed immediately by a 500 ms presentation of the nuller stimulus. A third image, a checker pattern meant to mask any lingering afterimage, followed the nuller image
and remained on screen until the subject responded with which area of the screen the light part of the nuller stimulus was located using a keypress. Note that this depiction of the
nuller is a simplified but conceptually identical version of the current paradigm, which is described in detail in the Supplemental methods. Participants were instructed to fixate their
gaze at the center of the display throughout the experiment. B. Following a 4000 ms inter-trial interval, subjects were presented with the adapter stimulus for 4000 ms. After a 300 ms
break, the nuller stimulus was presented for 200 ms. The nuller stimulus was additionally distinguished from the adapter stimulus by a change in color of the stimulus outline (white
to green). This stimulus outline remained on the screen until subjects responded on the orientation of the nuller stimulus (leftward or rightward) using a keypress. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

There were 6 possible nuller strengths, each of which was presented
12 times, resulting in 72 total trials that were equally distributed across
3 sessions. After each sequence of 20 such trials observers were allowed
a self-timed break.

2.1.3.2. Orientation adaptation. After viewing a slightly tilted grating pat-
tern for some time, a second grating pattern with a perfectly vertical ori-
entation typically appears to be tilted in the direction away from that of
the first pattern (Fig. 1B). This so-called tilt aftereffect (Clifford et al.,
2000; Gibson and Radner, 1937; Schwartz et al.,, 2007; Wenderoth and
Johnstone, 1987) is thought to arise from adaptation of orientation-
selective processes within early visual cortex.

The tilt adaptation task is presented in Fig. 2B, and full paradigm de-
tails are presented in Supplemental methods. Briefly, on each trial the
subject was presented with a flashing grating tilted at 20° from vertical,
presented for 4 s—the adapter stimulus. Analogous to the method de-
scribed above, the strength of a participant's tilt aftereffect was quanti-
fied using a nulling procedure. In this case, the nuller was a second
grating tilted to differing degrees from trial to trial. Participants were
asked to indicate whether this second (i.e. nuller) grating appeared
tilted leftward or rightward. The strength of the aftereffect was then
quantified as the amount of physical tilt away from vertical that is re-
quired to reach a subjective sense of vertical, again corresponding to
the 50% point of the psychometric curve of response data against nuller
strength (tilt, in this case). Our nuller stimulus lasted 0.2 s and was sep-
arated from the adapter stimulus by a 0.3 s blank After the participant
responded, the next adapter stimulus appeared 4 s later, thus allowing
some time for previously accumulated adaptation to decay.

In an attempt to distinguish perceptual aftereffects from potential
cognitive response biases associated with having seen a tilted adapting
stimulus, the trials described above were interleaved with trials we
refer to as baseline trials. These trials were essentially the same as nor-
mal trials, but the adapter stimulus was tilted at a much steeper angle
(65° from vertical). Adaptation at such a steep angle typically has little
influence on the perception of near-vertical orientations (Clifford,
2002; Schwartz et al., 2007) so any systematic tendency to report verti-
cal nuller stimuli as tilted during these baseline trials could suggest a
cognitive response bias. Accordingly, one of our dependent variables is
the difference in aftereffect between the normal trials and the baseline
trials; a measure we term relative adaptation strength.

There were 6 possible nuller orientations for both normal trials and
baseline trials, each of which was presented 9 times, resulting in 108
total trials that were distributed across 3 separate sessions, and with a
self-paced break every 9 trials.

2.1.3.3. Binocular rivalry. Binocular rivalry occurs when two incompati-
ble images are shown at the same location of visual space, but each to
a different eye (Blake and Logothetis, 2002). The interocular conflict en-
gendered by this configuration results in an unstable perceptual experi-
ence, where the participant alternately perceives either of the two
images, and occasionally also a mixture of the two, even though both
are continuously present. Perceptual switches between the two views
are often theorized to come about, at least in part, as a result of adapta-
tion of neurons that represent the currently perceived image (Alais
et al.,, 2010; Wilson, 2007).

Full details regarding the binocular rivalry paradigm are presented
in Supplemental methods. Participants were seated in front of a mirror
setup (Brascamp and Naber, 2017) that allowed each eye to view a sep-
arate computer monitor. A tilted grating was shown on each of these
monitors. Grating orientation (—45°. or 45°. from vertical) and color
(red or green) differed between eyes, thus resulting in interocular con-
flict. Participants were instructed to fixate their gaze at a central location
and to indicate with a different key press the onset of each red percept,
green percept, or mixed percept in which both colors were seen. Stimuli
were presented for a total of 12 trials of 45 s each, divided into two
sessions.

2.1.4. Testing procedure

For the experimental tasks, a chinrest was used to stabilize head po-
sition. Task order was counterbalanced across subjects. The visual plas-
ticity paradigms described above were couched in a larger battery of
cognitive and perceptual tasks. Testing took place over the course of 3
one-hour sessions. Each of the three adaptation paradigms was com-
pleted on a different day. Participants were instructed to fixate their
gaze at the center of the display throughout each trial of each
experiment.

2.1.5. Data analysis

2.1.5.1. Experimental tasks. For both luminance adaptation and tilt adap-
tation, we calculated for each participant and for each nuller strength
the proportion of trials on which the observer reported perception
that was consistent with the nuller (i.e. the proportion of trials where
the nuller outweighed the aftereffect). For each participant the relation
between this proportion and nuller strength was fitted with a cumula-
tive Gaussian function with three free parameters: mean, standard devi-
ation and ‘lapse rate’. This latter parameter indicates the proportion of
trials where the observer makes a response error regardless of the clar-
ity of their perception, so only if this lapse rate is 0 does the function
cover the full range between proportions of 0 and 1; otherwise its
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vertical range is scaled down. The fitted mean parameter served as our
estimate of aftereffect strength, as it corresponds to the nuller strength
that yields a 50/50 balance between both response options. For tilt ad-
aptation, we subtracted these mean values between the normal trials
and the baseline trials (see Experimental paradigms) to obtain the mea-
sure we term relative adaptation strength.

To ensure data quality across this population of untrained observers,
we applied several data exclusion criteria. In particular, data were
discarded if a fitted curve's standard deviation was very large (above
0.35 for afterimages; above 3.5° for tilt aftereffects), indicating a weak
response to the independent variable; if fit quality was poor (a sum of
squared errors above 0.2), indicating a large degree of randomness in
the data; and if the fitted 50/50 point fell far outside of the range of
nuller strengths we applied, precluding an accurate estimate. The total
number of participant data sets discarded for these reasons was 5 for lu-
minance adaptation and 15 for orientation adaptation. In addition, sev-
eral participants in our battery did not provide a complete data set for
either luminance adaptation (13) or orientation adaptation (13). This
could be because they could not perform the task or because they did
not show up for the corresponding session.

Our dependent variables for binocular rivalry were the average du-
ration of an exclusive percept (corresponding to either eye's image
rather than a mixture of both), which is an index of perceptual switch
frequency, as well as the proportion of the time during which a mixture
of the two images was perceived. We analyzed all key presses indicating
the start of an exclusive percept and those indicating the start of a mixed
percept, but removed all repeated presses of the same key, using only
the first key press in such a sequence. We computed average percept
duration as the average time interval between a key press indicating
an exclusive percept and a key press indicating the start of the next per-
cept (including mixed percepts). Because the across-observer distribu-
tion of resulting average durations was right-skewed, we took the
natural logarithm before performing further analyses. We computed
the proportion mixed perception by adding up all the intervals between
the start and end of a mixed percept and dividing by the total time dur-
ing which any percept was reported.

There were again several data exclusion criteria. Data from 4 partic-
ipants were excluded because of a strong bias for one eye or one color
(perceiving one of the percepts >3 times as long, across the total exper-
iment, as the alternative percept). For the percept duration measure, but
not the mixed perception measure, data from another 3 participants
were excluded due to a strong tendency to see mixtures (>40% of the
viewing time). A further 2 participants were excluded because they
pressed no keys, or only incidentally pressed a key, indicating either
non-compliance or no perception of the cycle that normally character-
izes binocular rivalry. A final 14 participants did not provide a complete
data set for binocular rivalry, typically because they could not perform
the task or because they did not show up for the corresponding session.

2.1.5.2. Statistical analyses. As many of our variables were non-
normally distributed (Shapiro-Wilk tests p < 0.05), Spearman's
rank-order correlation coefficients were used to examine the associ-
ation between schizotypy scores and measures of visual plasticity. To
compare correlations between schizotypy scores and measures of vi-
sual plasticity, correlation coefficients were converted to z-scores
using Fisher's r-to-z transformation, and the asymptotic covariance
of the estimates were used in an asymptotic z-tests (Steiger, 1980).
Since all correlations were planned, we report uncorrected p-
values as well as p-values that are corrected for multiple compari-
sons using the procedure outlined in Benjamini and Hochberg
(Benjamini and Hochberg, 1995). Finally, despite non-parametric
correlation coefficients being fairly robust to the effect of outliers,
we also calculated Spearman's rank-order correlation coefficients
between schizotypy scores and visual plasticity measures after ex-
cluding values outside of a 99% density ellipse.

Table 1
Means and standard deviations (S.D.) for SPQ and OLIFE subscale and total scores.
Mean S.D.

Experiment 1
SPQ cognitive-perceptual 8.82 5.84
SPQ interpersonal 9.71 6.73
SPQ disorganized 4.50 3.62
SPQ total 20.79 12.02
Experiment 2
OLIFE unusual experiences 10.66 5.73
OLIFE introvertive anhedonia 5.80 412
OLIFE cognitive disorganization 12.58 6.99
OLIFE impulsive nonconformity 10.01 4.05

2.2. Results

Descriptive statistics for the SPQ are presented in Table 1, and distri-
butions of SPQ scores are presented in Supplemental Fig. 2. Visual plas-
ticity task measures are presented in Table 2. Correlation coefficients for
the relationships between schizotypy and visual plasticity measures
and their associated significance values are presented in Table 3. Corre-
lations marked with an asterisk were significant at the p < 0.05 level
after correcting for multiple comparisons. Correlation coefficients and
their associated significance values after excluding outliers are pre-
sented in Supplemental Table 1.

2.2.1. Visual adaptation

2.2.1.1. Luminance adaptation. After data cleaning, 113 subjects were in-
cluded in the analysis. Adaptation strength was greater than zero in all
subjects. The strength of the negative afterimage was not significantly
correlated with the total SPQ score (Fig. 3A) or any of the three factor
scores. Excluding bivariate outliers did not change these results.

2.2.1.2. Orientation adaptation. After data cleaning, 103 subjects were in-
cluded in the analysis. Relative adaptation strength was significantly
greater than zero in all subjects and was significantly negatively corre-
lated with the total SPQ score (Fig. 3B), as well as the Cognitive-
Perceptual and Disorganized factor scores. Higher schizotypal traits
were associated with reduced relative adaptation strength. Since these
correlations with the relative adaptation strength could be related to
the strength of adaptation in the baseline condition, normal condition,
or a combination thereof, we additionally calculated the correlation be-
tween SPQ scores and adaptation strength in each of the two conditions
separately. Adaptation strength in the normal condition was correlated
negatively with total SPQ score and score on the Disorganized factor.
Adaptation strength in the baseline condition was associated positively
with the Cognitive-Perceptual factor. That is, the correlation between
positive schizotypy and relative adaptation strength is due largely to
an association with stronger adaptation in the baseline condition, but
also weaker, albeit non-significantly so, adaptation in the normal condi-
tion. Excluding bivariate outliers did not change these results.

Table 2
Means and standard deviations (S.D.) for performance measures on the visual aftereffect
and binocular rivalry tasks in Experiment 1.

Mean S.D.
Orientation adaptation strength
Absolute (deg) 1.97 0.81
Baseline (deg) —0.24 0.54
Relative 221 0.96
Luminance adaptation strength (Michelson contrast) 033 0.09
Binocular rivalry
Mean percept duration (sec) 3.60 1.02
Mixture proportion 0.16 0.10
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Table 3
Correlations between schizotypy and visual plasticity measures. Correlations marked with an asterisk are significant after correcting for multiple comparisons.
SPQ total SPQ cognitive-perceptual SPQ interpersonal SPQ disorganized
p p p p p p p p
Orientation adaptation strength
Relative —0.28* 0.005 —0.29* 0.005 —0.16 0.12 —0.24 0.02
Absolute —0.22 0.04 —0.16 0.12 —0.14 0.17 —0.22 0.04
Baseline 0.15 0.15 0.29* 0.004 0.07 0.53 —0.005 0.96
Luminance adaptation strength 0.04 0.68 0.16 0.09 —0.02 0.85 —0.07 0.44
Binocular rivalry
Mean percept duration 0.15 0.15 0.19 0.06 0.08 0.40 0.05 0.65
Mixture proportion 0.20 0.04 0.17 0.08 0.21 0.03 0.11 0.29

2.2.1.3. Orientation versus luminance adaptation. After data cleaning, 88
subjects had usable data for both visual adaptation paradigms. The cor-
relation between the SPQ total score and the strength of orientation ad-
aptation was significantly greater than the correlation with luminance
adaptation (z = 1.98, p = 0.048), which, in turn, did not differ from
zero.

2.2.2. Binocular rivalry

After data cleaning, 111 subjects were included in the analysis of
mixed percepts and 108 were included in the analysis of percept dura-
tion. In contrast to previous findings (Antinori et al., 2016), percept du-
ration was not significantly correlated with the SPQ total score (Fig. 3C)
or any of the factor scores. However, the proportion of mixed percepts
was positively correlated with the total SPQ score (Fig. 3D) as well as
the Interpersonal factor score. Higher schizotypy was associated with
a greater likelihood of perceiving a mixture of the two images presented
to both eyes. This correlation between total SPQ score and proportion of
mixture percepts fell to just below statistical significance after excluding
three bivariate outliers.
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3. Experiment 2
3.1. Rationale

In an attempt to replicate the correlation between schizotypy and
the proportion of mixed percepts, which was less robust than the corre-
lation seen with the strength of visual aftereffects, we analyzed mixed
percept data from a previously published study. This study found that
the disorganization dimension of schizotypy, as measured using a dif-
ferent scale than that employed in Experiment 1, was associated with re-
duced frequency of perceptual switches during binocular rivalry
(Antinori et al., 2016). In the current analysis, we assessed the relation
between schizotypy and proportion of mixed percepts in that existing
data set.

3.2. Methods
3.2.1. Participants
160 participants were recruited from the Psychology Subject Pool at

the University of Melbourne. All participants had normal or corrected to
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Fig. 3. Scatterplots representing the relationship between SPQ Total scores and measures of visual adaptation in Experiment 1. BR, binocular rivalry.
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normal vision. 39 participants were excluded prior to analysis: 28 be-
cause no instances of mixed percept were reported, 5 because they
did not report alternating stimuli, indicating a failure to experience ri-
valry, 6 because they did not respond >50% of total duration of the
trial (the design of this experiment, contrary to that of Experiment 1, re-
quired participants to keep a key pressed throughout a perceptual epi-
sode, thus allowing for this exclusion criterion; see below). The final
sample included 121 participants (86 females; age: M = 19.2, SD =
2.5). Written informed consent was obtained from all subjects prior to
testing. Subjects fulfilled course requirements through participation.
The study protocol was approved by the University of Melbourne
Human Research Ethics Committee, in accordance with the Declaration
of Helsinki.

3.2.2. The Oxford-Liverpool inventory of feelings and experiences

Experiment 2 used the Oxford-Liverpool Inventory of Feelings and
Experiences (O-LIFE; Mason et al., 1995). This questionnaire measures
the multidimensional nature of schizotypy and was derived through
factor analysis of a large data set of schizotypal measures (Claridge
et al, 1996). The scale comprises 104 true/false items sub-divided into
4 factors: Unusual Experience capturing schizophrenia-like positive
symptoms (e.g. perceptual aberrations, hallucinations, and magical
thinking); Cognitive Disorganization capturing the disorganized
thoughts and loose conceptual boundaries of schizophrenia; Introvertive
Anhedonia capturing schizophrenia-like negative symptoms (e.g. a lack
of enjoyment from social and physical stimulation), and Impulsive Non-
Conformity reflecting impulsive and eccentric behaviors.

3.2.3. Binocular rivalry paradigm

The rival targets were stationary green and red gratings (each grat-
ing subtended a visual angle of 2°, with a spatial frequency of 4 cpd) ori-
ented +£45°. from vertical, with a circular frame. Stimuli were generated
in Matlab, using the Psychophysics Toolbox extension (Brainard, 1997),
displayed on an Apple mac computer monitor (23-in. monitor, 60 Hz
frame rate, 1280 x 800 pixel resolution), and were viewed through a
mirror stereoscope (viewing distance 33 cm).

Participants were instructed to continuously report what they were
experiencing by holding down computer keys. Exclusive dominance
(time when only one rivalrous stimulus was perceived) was reported
by pressing a single key, while any instances of mixed percept (time
where the two stimuli appeared as a grid or patchwork combination
of the two percepts) where reported by pressing two keys simulta-
neously. Prior to the experimental task, participants underwent a 60 s
training session to ensure they understood the instructions. Data were
recorded in a single 120 s trial.
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3.24. Data analysis

3.2.4.1. Binocular rivalry task. The duration of mixed perception was cal-
culated as the total duration that participants pressed both the left and
right arrow keys simultaneously for at least 220 ms (this threshold was
chosen as a consequence of the response sampling rate and the desire to
exclude the very brief periods of dual button response during transi-
tions between left and right arrow presses). The calculated duration
was expressed as a percentage of the trial duration.

3.2.4.2. Statistical analysis. As the proportion of mixed percept was non-
normally distributed (Shapiro-Wilk tests p < 0.001), Spearman's rank-
order correlation coefficients were used to examine the association be-
tween O-LIFE factors and mixed percept. Despite non-parametric corre-
lation coefficients being fairly robust to the effect of outliers, we also
calculated Spearman's rank-order correlation coefficients between
schizotypy scores and visual plasticity measures after excluding values
outside of a 99% density ellipse.

3.3. Results

Descriptive statistics for the O-LIFE are presented in Table 1, and
distributions of O-LIFE scores are presented in Supplemental Fig. 3.
Across subjects, the percentage of time spent experiencing mixed per-
cepts was 10.85% (s.d. = 5.73%), and the average percept duration was
2.30 s (s.d. = 0.73 s). A greater proportion of mixed percept was associ-
ated with higher scores on the Unusual Experience subscale (outliers in-
cluded: p = 0.19, p = 0.04; 2 outliers excluded: p = 0.20, p = 0.03;
Fig. 4A), while the opposite was observed with the Introvertive Anhedo-
nia scale; a greater proportion of mixed percept was associated with a
lower score on this scale (outliers included: p = —0.19, p = 0.03; 3 out-
liers excluded: p = —0.21, p = 0.02; Fig. 4B). There were no significant
correlations observed between the proportion of mixed percepts and ei-
ther the Cognitive Disorganization (outliers included: p = —0.06, p =
0.50; 1 outlier excluded: p = —0.09, p = 0.33) or Impulsive
Non-conformity (outliers included: p = 0.09, p = 0.28; 1 outlier
excluded: p = 0.07, p = 041).

4. Discussion

In the current study, we found evidence for reduced strength of vi-
sual adaptation scaling with schizotypal traits in a non-clinical sample,
asindexed by the strength of visual aftereffects and the dynamics of bin-
ocular rivalry. These findings provide behavioral evidence for a relation-
ship between attenuated schizophrenia-like traits in the normative
population and reduced short-term synaptic plasticity in the visual
system.
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Fig. 4. Scatterplots representing the relationship between O-LIFE factor scores and the duration of mixture percepts in Experiment 2. BR, binocular rivalry.
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First, we observed a relationship of increased total schizotypy, posi-
tive schizotypy, as well as disorganized schizotypy with reduced orien-
tation adaptation. The robust correlation with the positive dimension of
schizotypy is particularly intriguing as it is in line with theoretical
(Friston, 2005) and empirical (Powers et al., 2017) work suggesting
that abnormalities in perceptual learning, putatively subserved by dys-
regulated short-term plasticity, are linked to hallucinations in schizo-
phrenia. In interpreting these findings, however, it is important to
recall how aftereffect strength was measured in this task. In an attempt
to distinguish perceptual aftereffects from potential cognitive response
biases associated with having seen a tilted adapting stimulus, normal
orientation adaptation trials were interleaved with trials we refer to as
baseline trials. These trials were essentially the same as normal trials,
but the adapter stimulus was tilted at a much steeper angle. Adaptation
at such a steep angle typically has little influence on the perception of
near-vertical orientations (Clifford, 2002; Schwartz et al., 2007) so any
systematic tendency to report vertical nuller stimuli as tilted during
these baseline trials could suggest a cognitive response bias. Accord-
ingly, the measure of tilt aftereffect strength, which is displayed in
Fig. 3, was calculated as the difference in aftereffect between the normal
trials and the baseline trials. In the case of total schizotypy, the correla-
tion with reduced relative tilt aftereffect was driven by a significant cor-
relation with reduced absolute aftereffect strength. Schizotypy was
associated with increased aftereffect strength in the baseline condition;
however, this relationship was non-significant. In contrast, in the case of
positive schizotypy, there was a significant and robust positive correla-
tion with aftereffect strength in the baseline condition. One possible ex-
planation for this finding is that increased positive schizotypy is
associated with a response bias, such that viewing a tilted grating biases
subjects to report a tilt in the opposite direction. Another explanation is
that individuals with increased positive schizotypy are more likely to
experience orientation adaptation using a set of adapter parameters
that would not typically influence the perception of the nuller stimulus,
because the orientation of the adapter and nuller stimuli are too dispa-
rate. In theory, this could be caused by broader orientation tuning
curves. Such curves describe the average firing rate of a neuron as a
function of stimulus orientation. Thus, broader tuning curves would in-
dicate that the firing rates of neurons that modulate with a particular
stimulus characteristic (e.g. contrast, orientation, motion, etc.) are less
sensitive to differences in those particular characteristics. At the percep-
tual level, these broader tuning curves would manifest in reduced dis-
crimination performance and, thus, noisier sensory input. Noisier
sensory input would result in a broader range of possible interpretations
and increased likelihood for disconnection between an internal experi-
ence and the objective external input. As a consequence, this could lead
to altered sensory experiences (i.e. hallucinations; Powers et al., 2017)
and, accordingly, inaccurate cognitive interpretations of these sensory
experiences (i.e. delusions; Maher, 1974). Interestingly, increased
broader orientation tuning—measured psychophysically—has been re-
ported in patients with schizophrenia (Rokem et al.,2011) and is argued
to be mediated by reduced levels of gamma-aminobutyric acid (GABA)
levels in visual cortex (Rokem et al., 2011; Thakkar et al., 2017; Yoon
et al,, 2010). The current findings indicate that broader tuning curves
might be a more general vulnerability factor.

Interestingly, although schizotypal traits correlated with reduced
strength of orientation adaptation, there was no relationship with
luminance adaptation. Indeed, the magnitudes of these two correla-
tions were significantly different. The difference in the relationship
between schizotypy and the strength of these two different types
of aftereffects may be explained by the different populations of neu-
rons that are adapting during these two adaptation paradigms. More
specifically, luminance adaptation occurs in considerable part at the
level of retinal and subcortical neurons (Craik, 1940; Li et al., 2017;
Zaidi, 2012); orientation adaptation, on the other hand, is thought
to occur at a cortical level (Georgeson, 2004; Mollon, 1977). Accord-
ingly, these data are suggestive of a relationship between increased

schizotypal traits and a specific decrease in cortical short-term
plasticity.

Visual aftereffects have been referred to as the “psychophysicist's
microelectrode” (Frisby, 1979) because these aftereffects can be traced
back to adaptation of specific neural populations. The advantage of
employing such behavioral paradigms is that they can be interpreted
in terms of underlying changes at the neural level. In the case of the cur-
rent data, the findings provide evidence of a subcortical-cortical dissoci-
ation in visual adaptation deficits as they relate to schizotypy. However,
our apparent dissociation between cortical and subcortical deficits is not
entirely consistent, at least in an obvious way, with what is known
about the origin of visual impairments in schizophrenia. That is, al-
though there is certainly support for visual processing abnormalities
that can be accounted for by top-down dysfunction, other work has pro-
vided evidence for retinal pathology (Silverstein et al., 2017b) and dys-
function in subcortical visual pathways that lead to abnormal cortical
visual activity (Butler et al., 2007). More specifically, the magnocellular
visual pathway, which projects from retina through the lateral genicu-
late nucleus, to the dorsal (i.e. “where”) cortical visual pathway has
been found to be more impaired that the parvocellular visual pathway,
projecting from retinal to the ventral (i.e. “what”) cortical visual path-
way (Butler et al., 2001; Javitt and Freedman, 2015). Magnocellular neu-
rons respond preferentially to low-contrast and low spatial frequency
stimuli, whereas parvocellular neurons respond to high-contrast and
high spatial frequency stimuli. The spatial frequencies and contrasts of
our stimuli are such that the luminance adapter would map more
onto the magnocellular pathway and the orientation adapter would
map more onto the parvocellular pathway. However, we hesitate in
interpreting our data within that framework as our experiments were
not designed to test dissociations in magnocellular versus parvocellular
visual processing; the larger difference between our two paradigms was
the nature of the perceptual judgement (orientation versus detection).
These results, however, do provide a basis for future work investigating
the putative degree to which visual adaptation is altered in the
magnocellular and parvocellular systems by parametrically manipulat-
ing the degree to which adapter stimuli are biased towards processing
by each of these systems within the same aftereffect paradigm.

Individual differences in the dynamics of binocular rivalry also sup-
port a relationship between reduced adaptation in the visual system
and schizotypal traits, although the results are less clear and less robust
than for visual aftereffects. To reiterate the link between adaptation and
binocular rivalry dynamics: a leading theory of the mechanisms of per-
ceptual alterations during dichoptic presentation is that neurons
encoding the currently perceived stimulus, or dominant stimulus,
adapt, thus rendering them more susceptible to inhibition by the cur-
rently suppressed stimulus and causing a switch in perception and a
continuation of the cycle. Accordingly, we would expect that weaker ad-
aptation would result in slower alternation rates and also a greater
chance that perception will linger in a mixture state between the two
exclusive percepts. These predictions were partially borne out in the
current data. Across two studies, we observed a correlation between in-
creased schizotypal traits and the amount of time that individuals re-
ported mixed percepts, again suggestive of a relationship between
vulnerability towards schizophrenia and reduced short-term visual
plasticity. These findings are in line with Antinori et al. (2017), who
found that openness to experience, a personality trait that correlates
positively with positive schizotypy (Miller and Tal, 2007), also related
to increased mixed percepts. We should note, however, that compared
to visual aftereffects, binocular rivalry provides a more tentative mea-
sure of adaptation. Models of rivalry that involve adaptation typically
also involve mutual inhibition between neural representations that cor-
respond to the two eyes' images (Wilson, 2007), and changes in mixed
percepts have also been attributed to changes in the strength of this in-
hibition (Antinori et al., 2017; Klink et al., 2010). Having said that, the
present binocular rivalry findings provide a corroboration of the more
direct evidence provided by the data on orientation adaptation.
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There was some discrepancy across our two experiments regarding
the dimension of schizotypy with which mixed percept related. In Ex-
periment 1, increased mixed percept duration was positively associated
with negative schizotypy. In Experiment 2, increased mixed percept du-
ration correlated positively with positive symptoms, consistent with the
trend-level association observed in Experiment 1; however, in contrast
to the findings of Experiment 1, increased mixed percept duration was
related negatively to negative schizotypy. Although these findings re-
garding the negative dimension of schizotypy appear to be contradic-
tory across the two experiments, we think this apparent discrepancy
can be accounted for by differences in the two schizotypy measures uti-
lized in the two studies—more specifically, in the relationship between
positive and negative schizotypy across the two measures. Different
measures of schizotypy, assessing the same broad construct but based
on slightly different theoretical notions, are available. In Experiment 1,
schizotypy was measured using the SPQ, which is based on a quasi-
dimensional model of schizotypy (Claridge, 1997). In this measure,
the Cognitive-Perceptual factor taps positive schizotypy where the In-
terpersonal factor taps negative schizotypy. These two factors share
items related to paranoid ideation. Unsurprisingly then, the positive
and negative schizotypy factors of the SPQ are generally correlated,
which we also observed in our study (Supplemental Table 2). This is
not the case for the O-LIFE, which was the measure of schizotypy used
in Experiment 2 and based on a fully-dimensional model of schizotypy
(Claridge, 1997). The positive factor of this scale generally does not cor-
relate with the negative factor, which again was the case in our study
(Supplemental Table 3). Further, previous studies have observed that
the positive factor of the SPQ correlates positively with the positive di-
mension of the O-LIFE but, importantly, also with the negative dimen-
sion (Asai et al., 2011). In sum, the psychometric properties of the SPQ
and O-LIFE make it less surprising that (1) we observe the same direc-
tion of the relationship between mixed percept duration and both pos-
itive and negative schizotypy using the SPQ; while (2) observing a
different relationship between mixed percept duration and negative
schizotypy using the two different schizotypy measures.

Contrary to predictions and findings from a previous study (Antinori
et al,, 2016), we did not observe a significant relationship between per-
cept duration and schizotypal traits. We did observe a trend-level rela-
tionship between longer percept duration and the positive dimension of
the SPQ. Differences across studies may again be due to differences in
schizotypy measures, sample characteristics, and/or paradigms. Alter-
natively, the correlation between percept duration and schizotypy
may simply not be very robust or reliable.

More generally, the results of the current study are consistent with a
previous study investigating EEG measures of plasticity in the visual sys-
tem of individuals with schizophrenia (Cavus et al., 2012). In this study,
visual evoked potentials were elicited before and after high-frequency
visual stimulation. Sustained potentiation—even after 20 min—was ob-
served in healthy controls, but not schizophrenia patients, consistent
with reduced plasticity in the visual system of these individuals. A
later study using the same visual high-frequency stimulation paradigm
related these EEG measures of visual plasticity to poorer neurocognitive
functioning in patients (Jahshan et al., 2017). The results of the current
study support and extend these findings by providing behavioral evi-
dence that reduced short-term plasticity extends sub-clinically into a
normative sample of college undergraduates.

Along with providing insights into disease mechanisms, these findings
may also shed light on clinical phenomenology. Although the precise
function of visual adaptation is still up for debate, several possibilities
have been posited. One proposed function is that adaptation improves
discriminability of novel visual stimuli (Kohn, 2007); this explanation
has particular relevance for schizophrenia as aberrant salience inappro-
priately attributed to irrelevant stimuli is one influential explanation for
psychotic symptoms (Kapur, 2003). Indeed, Silverstein et al. (2017a)
speculated that reduced adaptation may underpin altered salience attrib-
uted to objects. At the very least, adaptation permits the visual system to

capitalize on systematic regularities in input to optimize visual process-
ing. Thus, reduced visual adaptation may contribute to the robust visual
perception abnormalities observed in schizophrenia spectrum (reviewed
in Butler et al., 2008; Silverstein, 2016).

Here we used schizotypy in order to investigate fundamental fea-
tures of illness liability in a manner free from confounds related to
studying individuals diagnosed with schizophrenia spectrum disorders,
which include general cognitive deterioration that may preclude an un-
derstanding of task demands, medication, and the psychosocial effects
of having a severe mental illness. The results of the current study pro-
vide meaningful insights into to disease mechanisms in schizophrenia
and provide a non-invasive and relatively simple way to measure
short-term plasticity. However, the present approach does not allow
for the study of more proximal illness mechanisms that can be exam-
ined by studying patient populations. A further limitation is the rela-
tively constricted range of schizotypy scores in this high-functioning
group of college undergraduates. Both these limitations should thus
motivate future work aimed at generalizing our experimental approach
to patient populations, in order to further evaluate the suggestion that
short-term plasticity in the visual system may provide important in-
sights into disease mechanisms of schizophrenia.
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