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Deficits in glutamatergic function are well established in schizophrenia (SZ) as reflected in “input” dysfunction
across sensory systems. By contrast, less is known about contributions of the GABAergic system to impairments
in excitatory/inhibitory balance. We investigated this issue by measuring contrast thresholds for orientation de-
tection, orientation discriminability, and orientation-tilt-aftereffect curves in schizophrenia subjects and
matched controls. These measures depend on the amplitude and width of underlying orientation tuning curves,
which, in turn, depend on excitatory and inhibitory interactions. By simulating a well-established V1 orientation
selectivity model and its link to perception, we demonstrate that reduced cortical excitation and inhibition are
both necessary to explain our psychophysical data. Reductions in GABAergic feedback may represent a compen-
satory response to impaired glutamatergic input in SZ, or a separate pathophysiological event.We also found ev-
idence for the widely accepted, but rarely tested, inverse relationship between orientation discriminability and
tuning width.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Schizophrenia (SZ) is increasingly being viewed as a disease associ-
ated with widespread impairments in cortical excitatory-inhibitory bal-
ance (Lewis, 2009; Javitt and Sweet, 2015), potentially related to
impaired function at N-methyl-D-aspartate receptors (NMDAR)-type
glutamate receptors (Javitt et al., 2012; Javitt and Zukin, 1991;
Kantrowitz and Javitt, 2012), as well as feedback dysregulation involv-
ing both parvalbumin and somatostatin-type GABAergic interneurons
(Javitt et al., 2018; Dienel and Lewis, 2018). These deficits are manifest
not only in higher cortical regions such as prefrontal cortex (Lewis,
2009), but also within sensory regions such as visual cortex, which
can therefore be used to assess underlying neural mechanisms (Javitt
and Freedman, 2014; Javitt, 2015).

In the present study, we investigated relative glutamatergic and
GABA contributions to cortical information processing deficits in SZ
using visual orientation processing as a model system. We compared
SZ subjects and controls in two psychophysical experiments. First, we
measured contrast threshold for detection of horizontally oriented
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gratings over a broad range of stimulus conditions (Fig. 1a). Since sub-
jects had to distinguish between the presence and absence of a grating,
this task depends primarily on orientation tuning amplitude, the differ-
ence between cells' peak firing to the presence of a grating and their
baseline firing in the absence of a grating. The amplitude is determined
by afferent glutamatergic drive from lateral geniculate nucleus (LGN)
and recurrent excitation and inhibition within primary visual cortex
(V1) (Butler et al., 2006; Martínez et al., 2012; Somers et al., 1995;
Teich and Qian, 2003). Deficits in grating detection have been demon-
strated using behavioral (Butler et al., 2001; Butler and Javitt, 2005),
neurophysiological (Butler et al., 2006; Butler et al., 2005; Dias et al.,
2011; Martínez et al., 2015; Schechter et al., 2005) and fMRI –based
(Martínez et al., 2012; Martínez et al., 2008; Martínez et al., 2013)
approaches.

Second, we measured orientation tilt aftereffect and the associated
orientation discrimination (Fig. 1b). The tilt aftereffect is about how ex-
posure to one (adaptor) orientation affects the perception of another
(test) orientation. As such, it depends primarily upon orientation tuning
width, which in turn depend on both excitatory drive and the pattern of
recurrent glutamatergic and GABAergic connections within V1 accord-
ing to computational models (Somers et al., 1995; Felsen et al., 2002;
Ferster and Miller, 2000; Teich and Qian, 2003, 2006; Teich and Qian,
2010). At a circuit level (Ferster, 1986; Michalski et al., 1983), both
utational modeling of excitatory/inhibitory balance impairments in
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recurrent excitatory and inhibitory connections are strongest among
cells with the same preferred orientation, and they drop off with in-
creasing preferred-orientation difference. The models generally require
that the inhibitory connectivity be wider than the excitatory connectiv-
ity (Fig. 1d), such that the net interaction among the V1 cells follows a
center-excitation/surround-inhibition profile in the orientation domain
(Fig. 1e), which can sharpen the weak feed-forward orientation bias
into typical V1 orientation tuning curves (Fig. 1f) (Teich and Qian,
2010).

We used a range of test orientations around the vertical and asked
subjects to report whether a given test orientation was clockwise
(CW) or counterclockwise (CCW) relative to the vertical. A psychomet-
ric curve is the fraction of CW responses as a function of the test orien-
tation (Fig. 1g). By comparing a subject's psychometric curve under an
adaptation condition (Fig. 1g, dashed curve) with that under the base-
line, no adaptation condition (Fig. 1g, solid curve), we measured the af-
tereffect. This aftereffect, as a function of the adaptor-test orientation
difference (the “aftereffect curve,” Fig. 1h), vanishes at 0° and 90° and
peaks in-between (Gibson and Radner, 1937). The peak location de-
pends on the range over which adaptor and test orientations produce
overlapping neuronal firing patterns and thus indicates the underlying
orientation tuning width (Fig. 1g, insert).

Orientation discriminability is measured by the slope at the mid-
point of the psychometric curves, with steeper slopes indicating
narrower tuning curves (Regan and Beverley, 1985; Lehky and
Sejnowski, 1990; Zhang and Sejnowski, 1999; Abbott and Dayan,
1999; Teich and Qian, 2003).

Computational models have been developed to account for both the
initial feedforward cortical responses to stimulus presentation shaped
by the recurrent processes and for relating the responses to perceptual
detection, discrimination, and aftereffects (Somers et al., 1995; Teich
and Qian, 2003; Regan and Beverley, 1985; Zhaoping, 2014; Gilbert
and Wiesel, 1990). Here, we measured grating detection and orienta-
tion discrimination/tilt aftereffects in independent patient cohorts and
conducted computational modeling of both glutamatergic (excitatory)
and GABAergic (inhibitory) component of processing.We hypothesized
that contrast sensitivity for stimulus detectionwould be significantly re-
duced in SZ, particularly for magnocellular biased stimuli, reflecting
NMDAR dysfunction within the subcortical and early cortical visual sys-
tem. Although we had no strong a priori hypothesis regarding integrity
of local GABAergic feedback, we hypothesized that use of computational
modeling would permit assessment of the integrity of inhibitory pro-
cesses relative to reductions in local excitatory drive.

2. Methods

2.1. Experiment 1: Contrast threshold for orientation detection

2.1.1. Subjects
We tested 24 (21 male) patients all meeting the Diagnostic and Sta-

tisticalManual ofMental Disorder (Fourth Edition) (DSM-IV) criteria for
SZ (n = 21) or schizoaffective (n = 3) disorder; and 20 (16 male)
healthy controls. Patientswere recruited from inpatient (n=8) and su-
pervised residential care (n = 16) facilities associated with the Nathan
Kline Institute (NKI), diagnosed using the Structured Clinical Interview
for DSM-IV (SCID) and all available clinical data. Controlswere recruited
through NKI's Volunteer Recruitment Pool. Controls with a history of
SCID-defined Axis I psychiatric disorder were excluded if they had any
neurological or ophthalmologic disorders thatmight affect performance
Fig. 1. (a–b) The stimulus configurations for Experiments 1 and 2, respectively. (c–f) Recurre
excitatory (dashed) and inhibitory (dotted) connection probability as a function of the differe
profile, with positive and negative values indicating net excitation and inhibition, respectively
curves for the baseline condition (solid) and an adaptation condition (dashed). The test orien
between the PSE of an adaptation condition and that of the baseline condition is the aftereffec
adaptor-test orientation difference. The peak location is approximately proportional to tuning
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or met criteria for alcohol or substance dependence within the last
6 months or abuse within the last month. All participants provided in-
formed consent according to the Declaration of Helsinki. This study
was approved by NKI Institutional Review Board.

The groups did not differ significantly in age (patients: 37.7 ± 10.9;
control 38.8± 12.1 years), gender (Fisher exact test, p= 0.4), or paren-
tal socioeconomic status (Hollingshead and Redlich, 1954) (patients:
40.5 ± 41.6; controls: 38.3 ± 14.2 t34 = 0.2, p = 0.84). All patients re-
ceived antipsychotic medication. All subjects had 20/32 or better visual
acuity (with or without correction) on the Logarithmic Visual Acuity
Chart (Precision Vision, LaSalle, IL). For technical reasons, data were
not obtained from 3 patients and 1 control in the 32-ms condition.

2.1.2. Apparatus
Stimuli were generated using the VENUS system (Neuroscientific

Corporation, Farmingdale, NY) on a monitor (frame rate 119 Hz),
subtending 5.7° x 5.7° of visual angle at a viewing distance of 150 cm.
A chin rest and headboard stabilized participants' heads.

2.1.3. Luminance levels
Contrast sensitivitywasmeasured at 5 luminance levels (0.01, 0.1, 1,

10, and 100 cd/m2), achievedwithKodakWrattenNeutral Density Filter
Gelatins 2.00 and 1.00 (two 2.00 filters; a 2.00 and a 1.00 filter; a 2.00
filter; a 1.00 filter; and no filters, respectively). The experiment
progressed from lowest to highest luminance levels. Subjects were
dark adapted for 20 min before testing and given 2-minute breaks be-
tween luminance levels to adapt to new lighting conditions.

2.1.4. Stimuli and procedures
Contrast sensitivity (CS), the inverse of contrast threshold, wasmea-

sured with horizontal sine-wave gratings at 2 presentation durations
(32- and 500-ms), 3 spatial frequencies (0.56, 4.47, and 11.18 cycles/
deg), and 5 luminance levels (0.01, 0.1, 1, 10, and 100 cd/m2), in a pro-
cedure described previously (Butler et al., 2005). Different conditions
were run in randomized blocks with a spatial 2-alternative forced-
choice paradigm. Gratings were presented randomly on either the
monitor's right or left side; the opposing side uniformly displayed the
same mean luminance (Fig. 1a). Participants indicated by keypad on
which side they saw the grating. A 1-up-2-down staircase procedure
measured participants' contrast threshold at 70.7% correct responses
for each condition, using the mean of 10 reversals.

2.1.5. Data analysis
For the 32-ms duration, the 0.01 cd/m2 luminance produced a floor

effect: for both patients and controls, the staircases saturated at the
highest contrast of one (i.e. contrast sensitivity of 1, Fig. 2). Thus, this lu-
minance level is excluded from the analysis. A 2 Group (controls, pa-
tients) x 4 Luminance level (0.1, 1, 10, 100 cd/m2) x 3 Spatial
Frequency (0.56, 4.47, and 11.18 cycles/degree) mixed-design ANOVA
was conducted. For the 500-ms duration, the same mixed-design
ANOVA was conducted with 5 Luminance levels (0.01, 0.1, 1, 10,
100 cd/m2). Appropriate post-hoc t-tests were applied when the
ANOVA revealed significant main effects or interactions.

For each presentation duration and spatial frequency, we plotted
contrast sensitivity as a function of mean luminance level. The resulting
luminance gain functions were markedly non-linear for both patients
and controls, with initial steep rise in slope, followed by plateau at
high luminance; each luminance gain function was fitted with a
Michaelis-Menten function.
nt model of orientation selectivity. (c) Broad, feedforward tuning. (d) Recurrent cortical
nce between cells' preferred orientations. (e) The center/surround recurrent interaction
. (f) Sharp V1 tuning curve (for zero preferred orientation). (g) Schematic psychometric
tation for the mid-point of each condition is the perceived vertical or PSE. The difference
t. The slope at PSE measures discriminability. (h) An aftereffect curve as a function of the
width (insert) when the tuning amplitude is kept constant.

utational modeling of excitatory/inhibitory balance impairments in
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Fig. 2. Contrast sensitivity of orientation detection. Contrast sensitivity was measured over a variety of conditions for patients (red) and controls (green). The two rows show results from
32ms and 500ms presentation times, respectively. The three columns show results from 3 different spatial frequencies. Each panel plots contrast sensitivity as a function of luminance (in
log scale). Error bars represent ± one standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. Experiment 2: Orientation discriminability and tilt aftereffect

2.2.1. Subjects
We tested 15 Sz patients and 14 controls, using the same criteria as

in Experiment 1. The patient and control groups did not differ signifi-
cantly in age (patients: 38.3 ± 10.7; controls: 39.8 ± 10.8 years,
t27=−0.38, p= 0.71], sex (Fisher's exact test, p= 1.0), or parental so-
cioeconomic status (patients: 42.3 ± 12.1; controls: 47.3 ± 13.7, t25 =
−0.98, p = 0.34).
2.2.2. Apparatus
The visual stimuli were presented on an Iiyama Vision Master Pro

514 monitor controlled by a PC computer. The vertical refresh rate
was 85Hz, and the spatial resolutionwas 1280 × 1024 pixels. Themon-
itor was calibrated for linearity with a Minolta LS-110 photometer. In a
dark room, subjects viewed the monitor at 54 cm distance, with a chin
rest stabilizing head position. Each pixel subtended 0.035°. All experi-
ments ran in Matlab with PsychToolbox 3 (Pelli, 1997; Brainard, 1997).
Please cite this article as: N. Qian, R.M. Lipkin, A. Kaszowska, et al., Comp
schizophrenia, Schizophrenia Research, https://doi.org/10.1016/j.schres.2
2.2.3. Visual stimuli
A round, black (0.01 cd/m2) fixation dot, 0.35° in diameter, was

shown at the center of the gray (74.7 cd/m2) screen. All stimuli were
black, anti-aliased line gratings (Qian and Dayan, 2013) covering a cir-
cular area 30° in diameter, with 0.11° wide lines evenly spaced and a
center-to-center distance of 0.83°. Each grating's phase was randomly
drawn from a uniform distribution over line spacing. We define vertical
orientation as 0° and orientations CW and CCW from vertical as positive
and negative angles, respectively.

2.2.4. Procedures
We used an orientation discrimination task tomeasure the tilt after-

effect as a function of the adaptor-test orientation difference (Fig. 1b).
Each subject had 7 adaptation blocks, with 60 trials per block; each
block's adapting grating had a fixed orientation of either 0°, −15°,
−30°, −45°, −60°, −75°, or −90°; test gratings were a few degrees
around vertical. Subjects initiated trial blocks by clicking a mouse but-
ton. The adapting grating appeared for 10 s in the first trial (initial adap-
tation) and 2 s in subsequent trials (top-up adaptation). After a 0.5 sec
utational modeling of excitatory/inhibitory balance impairments in
020.03.027
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inter-stimulus interval, a test stimulus appeared for 50 ms (Fig. 1b).
Subjects then indicated by pressing right or left mouse button whether
the test stimulus appeared to be CW or CCW, relative to vertical. After a
1-sec inter-trial interval, the next trial started. The test stimulus was se-
lected according to a 1-up-1-down double staircase procedure: within
each of two randomly interleaved staircases, the next test stimulus
shifted one step more CW (CCW) if subjects' current response was
CCW (CW). Each block lasted b5 min for both patients and controls.
Subjects rested for at least 5min after each adaptation block to avoid af-
tereffects carryover. We also ran a no-adaptation, baseline block, pre-
senting only test stimuli. For each subject, the baseline block always
ran first, followed by 7 adaptation blocks, ordered by either an increas-
ing or decreasing sequence of adaptor orientations. The two sequences
were counterbalanced within each subject group (for patients, 8 and 7
subjects ran the increasing and decreasing sequences, respectively).
No performance feedback was given.

2.2.5. Data analysis
For each condition, the test stimuli were parameterized according to

their orientations. Data were sorted to provide the fraction of CW re-
sponses to each test stimulus orientation; fractions were then plotted
vs. test stimulus orientation. The resulting psychometric curve was
fitted with a sigmoidal function whose mid-point indicated perceived
vertical or point of subjective equality (PSE). An aftereffect is measured
by the PSE difference between the adaptation condition and the corre-
sponding baseline condition (the horizontal shift between the two
curves' midpoints; Fig. 1g). The slope at PSE is a common measure of
orientation discriminability: a steep (shallow) slope means that a sub-
ject is good (poor) at distinguishing two similar orientations.

One-wayANOVAwas used to test the differences of aftereffect peak-
locations and of slopes between patients and controls. Since we needed
to measure both aftereffects and discriminability in Experiment 2, we
plotted the data as psychometric curves to determine both PSEs and
slopes, rather than using staircase reversals to determine PSEs only.

2.3. Computer simulations

For Experiment 1, we related tuning amplitude to contrast thresh-
old. We considered N (20) cells tuned to the grating orientation. Their
tuning amplitude as a function of the contrast is given by Albrecht and
Hamilton (1982):

Rc ¼ Rmax
cn

cn50 þ cn
þ R0 ð1Þ

where Rmax is the maximum response amplitude (50 spikes/s from the
recurrent model), R0 is the background firing rate (1 spike/s), c is the
contrast, c50 is the contrast where the amplitude is half maximum
(0.2), and n is a power index that controls the saturation (1.5), all within
the physiological ranges (Albrecht and Hamilton, 1982; Ringach et al.,
2002; Qian and Andersen, 1995). For each of a set of contrasts, we
used a noise model to simulate the percent-correct performance for
distinguishing the presence vs. absence of a grating in the same way
as in Teich and Qian (2003). Finally, we interpolated to determine the
threshold as the contrast that produced a 70.7% correct performance,
the same threshold definition in Experiment 1.

For Experiment 2, computer simulations were created by using a re-
current model for orientation selectivity (Teich and Qian, 2003). It con-
siders oriented V1 cells with M (128) preferred orientations evenly
distributed in the 180° range, receiving weakly orientation-biased
feedforward excitatory inputs (Fig. 1c), which is sharpened by local
feedback (Fig. 1d) according to a center-excitatory/surround-inhibitory
connectivity pattern in the orientation domain (Fig. 1e).

We simulated tuning curves using parameters from Teich and Qian
(2003) except the following modifications: ae = 3.5, ai = 2.1, Jfo = 1,
Je
o = 1.2 andJio = 1.24. The first two parameters determine the ranges
Please cite this article as: N. Qian, R.M. Lipkin, A. Kaszowska, et al., Comp
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of recurrent excitatory and inhibitory connections, respectively,
whereas the last three determine the strengths of feedforward, recur-
rent excitatory, and recurrent inhibitory connections, respectively.
They produced full tuning width at half height of 31°, well within the
observed range (Ringach et al., 2002; Schiller et al., 1976). The tuning
amplitude was the same as in Teich and Qian (2003) for high contrast
gratings.

Finally, we simulated adaptation by reducing the excitatory recur-
rent connections around the adapted orientation (Teich and Qian,
2003) determined by parameter Ae, using a default measure of
0.00225 to match the controls' peak aftereffects. To simulate the psy-
chometric function for each adaptor orientation and the baseline condi-
tion, we first ran the recurrent network to produce orientation tuning
curves for all model cells, fromwhich we read off their mean responses
to each of a set of test orientations.

Then, we used the noisemodel of Teich and Qian (2003) to simulate
the fraction of perceived orientation as CW to vertical where the per-
ceived orientation is the population average of all cells. For the simu-
lated psychometric curves, we determined the slopes, PSEs, and
aftereffects, in the same way as our data analysis for Experiment 2.

2.3.1. Statistics
We compared two patient models, one with impaired excitation

only, and the other with both impaired excitation and inhibition. After
the parameters were chosen to match patients' tuning-width increase
(Experiment 2), we used one-sample t-test to compare patients'
tuning-amplitude reductions (Experiment 1, excluding the 0.01 cd/m2

luminance conditions)with eachmodel's predicted value. Relationships
among variables were assessed using Pearson correlations. All statistics
were two-tailed with preset alphab0.05.

Some preliminary data of this study were reported previously in ab-
stract form Qian et al. (2012).

3. Results

3.1. Experiment 1: Contrast threshold for orientation detection

For each subject and grating parameter set, we measured the con-
trast level needed to reach the 70.7% correct detection rate. The inverse
of this contrast threshold is the contrast sensitivity. The data were ana-
lyzed separately for the short (32-ms) and long (500-ms) duration
stimuli (Fig. 2), with between-subject factor of group membership
(control/patient) and within-subject factors of luminance levels (0.1,
1, 10, 100 cd/m2), and spatial frequencies (0.56, 4.47, and 11.18 cy-
cles/degree), For the 32-ms duration, the 0.01 cd/m2 luminance level
was excluded due to floor effect. Across all luminance levels and spatial
frequencies there was a highly significant main effect of group (F1,40 =
17.2, p b 0.001) indicating reduced contrast-sensitivity (increased de-
tection threshold) in patients vs. controls. The mean effects of lumi-
nance (F3,38 = 517, p b 0.001) and spatial frequency (F2,39 = 392,
p b 0.001) were also significant.

In addition, there were luminance x spatial-frequency interaction
(F6,35=19.4, p b 0.001), and a group x luminance x spatial-frequency in-
teraction (F6,35 = 2.69, p = 0.03). The 3-way interaction indicates that
group differences were affected by both luminance and spatial fre-
quency. Patients showed a robust deficit at the scotopic luminance
(0.1 cd/m2) for 0.56 and 4.47 cyc/deg. frequencies (Fig. 1): the group
differences were significantly greater for 0.56 and 4.47 cyc/deg. versus
11.18 cyc/deg. (t18 =−5.85 p b 0.001; t18 =−3.23, p = 0.005 respec-
tively). For the higher luminance levels (1,10,100 cd/m2), the group dif-
ferences were similar across spatial frequencies (p N 0.07).

A similar three-way ANOVA was conducted for the 500-ms condi-
tion. All 5 luminance levels were included since the longer presentation
duration alleviated the floor effect. There were main effects of group
(F1,40 = 25.6, p b 0.001), spatial frequency (F2,39 = 193.7, p b 0.001),
and luminance (F4,37 = 187, p b 0.001).
utational modeling of excitatory/inhibitory balance impairments in
020.03.027
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In addition, therewere group x luminance (F4,37= 3.23, p= 0.023),
luminance x spatial-frequency (F8,33= 35.4, p b 0.001), and group x lu-
minance x spatial-frequency interactions (F8,33=2.29, p=0.045), indi-
cating that the group differences depend on luminance and spatial
frequency. In follow-up analyses, patients again, showed a robust deficit
in threshold under scotopic luminance conditions. The group difference
at 0.01 cd/m2 was significantly greater at 0.56 cyc/deg., and 4.47 cyc/
deg. versus 11.18 c/deg. (t19 = −2.84, p = 0.011; t19 = 3.9, p =
0.001); and the difference at 4.47 cyc/deg. was larger versus 11.18
cyc/deg. (t19 = −2.4, p = 0.006).

In order to provide input to our computational models, we calcu-
lated mean contrast-sensitivity reduction across all conditions except
those with 0.01 cd/m2 luminance, resulting in a mean value of 46%
(Fig. 2).

3.2. Experiment 2: Orientation tilt aftereffect and discriminability

For each subject and adaptation (or no-adaptation) condition, we
measured whether a test grating in each trial was seen as CW or CCW
relative to the vertical, and then plotted the fraction of trialswith CWre-
sponses as a function of the test orientation. The resulting psychometric
curves for controls and patients (see Suppl. Fig. 1 for examples) were
used to calculate tilt aftereffects and peak locations of aftereffect curves
(illustrated in Fig. 1g and h). The peak location (Fig. 3) was significantly
greater for patients than controls, (F1,27 = 4.48, p = 0.044), demon-
strating increased orientation tuning width. The patients' peak location
was about 20% greater than that of the controls indicating a similar ratio
of the two groups' tuning widths (Fig. 1h, insert). Consistent with the
tuning-width increase, patients' orientation discriminability, as indi-
cated by the slope of a psychometric function at PSE, was reduced com-
pared with controls (F1,27 = 7.43, p = 0.011).

While it is generally accepted that orientation discriminability is in-
versely related to orientation tuning width, this theoretical notion has
seldom been tested. Our study affords such a test because aftereffect
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peak location and the slope at PSE measure tuning width and discrimi-
nability, respectively. Fig. 3d shows that these two quantities indeed
have a significant negative correlation (Pearson correlation coefficient
r = −0.54, p = 0.0028).
3.3. Simulations: Impaired excitation and inhibition are both required to ex-
plain abnormal orientation processing in schizophrenia

Given patients' reduction of excitation observed in Experiment 1,we
conducted simulation on the consequences of 1) adjusting excitation
alone, or 2) combined excitation and inhibition (see Suppl. Fig. 2 for
all the manipulations we tried). An adaptation parameter, reflecting re-
duction of recurrent excitation during adaptation, was also used to fit
the data. Both the reduction of contrast sensitivity in Experiment 1
(46%) and the shift in peak aftereffect location in Experiment 2 (20%)
were used to constrain the models.

For model 1 (excitation alone), we observed that to broaden tuning
width by 20% by reducing excitation Je

o alone required reducing tuning
amplitude by N90%, thus predicting a reduction in contrast-sensitivity
of 80%, vs. the observed 46%. The difference between values was highly
significant (t23 = 11.6, p = 4.2 × 10−11).

By contrast, when both the recurrent excitation and inhibition
strengths, Jeo and Ji

o were reduced to 0.83 and 0.835, respectively, the
tuning amplitude decreased by 60% to produce the observed 46% reduc-
tion of contrast sensitivity and the tuningwidth increased by 20% as de-
sired. We used chi-square goodness-of-fit test of nested models to
justify inhibition as an extra free parameter:With andwithout changing
the inhibition parameter, the chi-square values are 0.86 and 15.9, re-
spectively, and the difference between these values is highly significant
(χ2 = 15.04, df = 1, p = 0.0001).

With the adjusted Je
o and Ji

o, the adaptation parameter (Ae) of 0.006
produced a peak aftereffect comparable to that of the patients. The pre-
dicted aftereffect curve as a function of orientation difference (Fig. 3e),
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peak location (Fig. 3f) and slope at PSE (Fig. 3g) were highly similar to
the observed ones (Fig. 3a–c).

Finally, we simulated the relationship between the aftereffect
curve's peak location and psychometric curves' mean slope by co-
varying the three free parameters, constraining tuning amplitude to
10 to 70 spikes/s and aftereffect amplitude to 4 to 4.5 deg. The results,
shown in Fig. 3h, has a negative correlation (Pearson correlation coeffi-
cient r = −0.83, p = 0.000020), similar to the data in Fig. 3d.

4. Discussion

We compared SZ and control subjects bymeasuring contrast thresh-
olds for orientation detection to probe tuning amplitude, orientation
discriminability and tilt aftereffect curve to probe glutamatergic/
GABAergic balance in visual cortex in SZ.We found that patients had re-
duced contrast sensitivity specifically in magnocellular biased condi-
tions, consistent with prior reports of reduced non-linear gain of
feedforward excitation (Butler et al., 2006; Martínez et al., 2012), and
also poorer orientation discriminability and broader tilt aftereffect
curves (implying broader tuning widths).

Tuning amplitude and width depend on glutamate/GABA interac-
tions, but in different ways, permitting use of pre-specified simulation
approaches to probe relative glutamatergic and GABAergic dysfunction.
We found that abnormal visual processing in SZ is best explained by re-
duced recurrent inhibition as well as excitation, supporting both
GABAergic and glutamatergic contributions to impaired information
processing in SZ.

In order to simulate the cortical changes associated with SZ, we
modified 3 parameters (recurrent excitation, Jeo; recurrent inhibition,
Ji
o; and adaptation-induced reduction of recurrent excitation, Ae) of a
previously published model for evaluation of orientation discriminabil-
ity and tilt aftereffects (Teich and Qian, 2003). The best fit was obtained
with a model that assumed smaller Jeo and Ji

o, and a larger Ae, for the SZ
patients compared with the controls.

A reduction of the recurrent excitation alone by 15% increased the
tuning width by 20% as observed in SZ, but the amplitude was re-
duced too much (over 90%) resulting in significant discrepancies be-
tween modeled and observed contrast sensitivity impairment. By
contrast, the final model, which assumed reductions in both excita-
tion and inhibition produced behavioral parameters that were not
significantly different from those observed in SZ, and was statisti-
cally superior (p = 0.0001) vs. the excitation alone model. We also
varied these 3 parameters to simulate variations among the subjects
(Fig. 3d vs. h), suggesting that the results may be applicable on a per-
sonalized basis to assess relative excitatory/inhibitory balance
within individual subjects.

On a technical level, we observed a negative correlation between the
slope of the psychometric function and the peak location of the tilt after-
effect curve. Since the peak location more directly measures underlying
orientation tuning width, and the slope measures orientation discrimi-
nability, this finding supports the common, but little tested, theoretical
prediction that orientation discriminability is inversely related to orien-
tation tuning width (Regan and Beverley, 1985; Zhang and Sejnowski,
1999; Abbott and Dayan, 1999; Teich and Qian, 2003). We could test
this prediction because our patients' and controls' data together covered
a broad range of tuning width and discriminability.

A previous study also used an adaptation paradigm to show that SZ
patients have broader orientation tuning than controls (Rokem et al.,
2011). However, that study used the elevation of contrast detection
threshold to measure tuning width, whereas we used a contrast detec-
tion task to measure tuning amplitude, and the orientation discrimina-
bility and tilt-aftereffect peak and as two measures of tuning width.
Additionally, that study assumed impaired inhibition alone, which pre-
dicts an increased tuning amplitude, contradicting the patients' im-
paired contrast sensitivity (Fig. 2). By contrast, our study was guided
by the well-known recurrent model of orientation selectivity.
Please cite this article as: N. Qian, R.M. Lipkin, A. Kaszowska, et al., Comp
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Constrained by the SZ and control subjects' data on contrast sensitivity,
tilt aftereffect curve, and discriminability, our simulations suggest that
both impaired cortical excitation and inhibition are important for un-
derstanding SZ behaviors.

Although the present study focused on orientation, SZ might have
tuning deviations in other domains. For example, in the auditory sys-
tem, SZ patients show reduced tone discrimination thresholds
(Rabinowicz et al., 2000) and shallower categorical perceptual bound-
aries for speech sounds (Cienfuegos et al., 1999) that interrelated with
impaired generation of NMDAR-dependent neurophysiological poten-
tials such as mismatch negativity (MMN) (Javitt and Freedman, 2014;
Javitt et al., 2000).

Similarly, in PFC NMDAR-related impairments in excitatory/inhibi-
tory balance are postulated to underlie working memory deficits
(Lewis, 2009). More generally, broader and weaker representations of
information, such as those shown here in the visual system, could also
lead to symptoms such as conceptual disorganization and thought dis-
order if present within high-level brain areas. In general, therefore,
this study supports investigation of sensory brain regions as a means
for investigating neural mechanisms implicated in generalized distur-
bances of excitatory/inhibitory balance in SZ.

The present findings are also consistent with neurochemical and
post-mortem findings associated with schizophrenia. For example, Sz
is associated with reductions in the width of the retinal nerve fiber
layer and impaired electroretinographic activity(Lizano et al., 2020;
Hebert et al., 2020; Silverstein et al., 2019), potentially contributing to
input dysfunction. In addition reduced width (Reavis et al., 2017;
Sprooten et al., 2013), volume (Dorph-Petersen et al., 2007), and total
number of pyramidal neurons (Dorph-Petersen et al., 2007) has also
been reported, consistent with glutamatergic dysfunction.

Reduction in GABA interneuron density, especially of somatostatin-
type interneurons, are also reported for visual cortex (Tsubomoto
et al., 2019) as have reductions in GABA concentration in visual cortex,
as measured by MR spectroscopy, which correlate with impairments
in orientation-specific surround suppression (Yoon et al., 2010). Physi-
ological measures such as reduced visual P1 (Butler and Javitt, 2005;
Schechter et al., 2005; Luck et al., 2006; Dias et al., 2013) or fMRI activa-
tion (Martínez et al., 2008) also suggest impaired excitatory/inhibitory
balance within the early visual system.

In our study, all patients were receivingmedication, whichmay also
have affected local intracranial processing. However, the tilt-aftereffect
has been investigated previously in Parkinson's disorder patients rela-
tive to SZ patients receiving depot antipsychotics (Calvert et al., 1991).
Specifically, PD patients, in general, showed reduced tilt aftereffect
when a high (10 cpd) stimulus spatial frequency and short test duration
were used, opposite to the reported effects of L-dopa given to healthy
individuals. Of note, however, no effects either of PD or of antipsychotics
were noted at spatial frequencies and test durations similar to those
used in the study.

In retina, activation of D1 receptors promotes, NMDAR dysfunction,
suggesting a potential interplay between systems (Socodato et al.,
2017). However, patterns of visual dysfunction in Sz are, in general, dis-
sociable from those associated with dopaminergic abnormalities
(Brandies andYehuda, 2008). In addition to SZ patients, deficits in visual
processing are also reported in unaffected first degree relatives (Yeap
et al., 2006), as is reduced cortical thickness (Sprooten et al., 2013). Fu-
ture studies of such individuals may therefore shed further light on
underlying mechanisms without concern regarding medication
confounds.

In summary, glutamatergic deficits in SZ are now well established
and manifest in sensory input to cortex. Impaired glutamatergic drive,
of its own, produces reduced GABAergic feedback due to lack of afferent
drive. However, our results suggest that reductions in GABAergic local
feedback are disproportionate to effects of glutamatergic deficits
alone, and suggest a second, potentially compensatory reduction in
GABAergic feedback within early sensory regions.
utational modeling of excitatory/inhibitory balance impairments in
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