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Glutamatergic neurotransmission mediated by N-methyl-p-aspar-
tate (NMDA) receptors is vital for the cortical computations under-
lying cognition and might be disrupted in severe neuropsychiatric
ilinesses such as schizophrenia. Studies on this topic have been
limited to processes in local circuits; however, cognition involves
large-scale brain systems with multiple interacting regions. A prom-
inent feature of the human brain’s global architecture is the anti-
correlation of default-mode vs. task-positive systems. Here, we show
that administration of an NMDA glutamate receptor antagonist,
ketamine, disrupted the reciprocal relationship between these sys-
tems in terms of task-dependent activation and connectivity dur-
ing performance of delayed working memory. Furthermore, the
degree of this disruption predicted task performance and tran-
siently evoked symptoms characteristic of schizophrenia. We offer
a parsimonious hypothesis for this disruption via biophysically re-
alistic computational modeling, namely cortical disinhibition. To-
gether, the present findings establish links between glutamate’s
role in the organization of large-scale anticorrelated neural systems,
cognition, and symptoms associated with schizophrenia in humans.

default-mode network | task-based activation | task-based deactivation |
pharmacological manipulation | fMRI

Drug treatments for serious mental illnesses and investigations
of the neurochemical bases of healthy cognition have, for the
most part, targeted the slow neuromodulatory neurotransmitters,
dopamine and serotonin (1). However, rapid excitatory gluta-
matergic and inhibitory y-aminobutyric acid (GABA) signals me-
diate local and long-range cortical computations (2) and play a
critical role in cognition and severe psychiatric illnesses such as
schizophrenia (3-5). We investigated how disrupting the N-methyl-
p-aspartate (NMDA) receptor component of fast glutamatergic
neurotransmission via the administration of the NMDA receptor
antagonist ketamine altered cognitive performance and systems-
level neural activity and connectivity in healthy volunteers. Fur-
thermore, we related these system-level neural changes to behav-
ior and transiently evoked psychotic symptoms associated with
schizophrenia.

Studies investigating glutamate’s role in cognition have largely
focused on local circuits (5-7); however, cognition involves large-
scale brain systems with multiple interacting regions. Recent neu-
roimaging work highlights the competitive relationships between
two large-scale neural systems: a set of brain regions preferentially
engaged during tasks that require goal-directed cognition and
attention (task-positive) and the regions associated with resting
conditions [default-mode network (DMN)] (8-10). The neuro-
transmitter mechanisms behind this inverse relationship remain
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unexplored, as does the role of this phenomenon in serious
mental illness (11). Thus far, functional neuroimaging (fMRI)
investigations of these large-scale neural systems have mostly
been correlational (12), and the synaptic mechanisms for these
effects have yet to be fully characterized. However, through the
use of pharmacological challenges that provide the means for
controlled neurochemical perturbations, casual experimental
studies become possible (13). These perturbations are achieved
via agents with well-characterized neuropharmacology (3) that
can, through controlled manipulations of neurotransmission, tran-
siently and reversibly induce symptoms that have face-validity with
respect to psychiatric illness (14).

Here, we administered ketamine to healthy volunteers (Methods),
which safely, transiently, and reversibly perturbs regional brain
responses in a number of nodes integral to large-scale brain sys-
tems (15). Ketamine also alters synaptic function in the long-range
connections that provide the connective basis of distributed brain
systems (16). Infusing ketamine induces a transient state resembling
schizophrenia in healthy volunteers (14), effects that have been
related to individual differences in regional functional brain re-
sponses to cognitive tasks (13, 15, 17, 18). Here we investigated
ketamine’s effects while subjects performed a demanding working
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memory (WM) task, a cognitive process involving short-term
encoding and maintenance of information (19) that is profoundly
impaired in schizophrenia (20) and that robustly modulates task-
positive and DMN networks (10). Using blood oxygen-level-
dependent (BOLD) imaging, we examined how modulating
glutamatergic neurotransmission alters system-level activation
and deactivation and the interplay between large-scale neural
systems during WM, as well as the relevance of these changes
for the psychosis-like phenomenology induced by ketamine. We
hypothesized that reduction in signaling via NMDA receptors
would attenuate task-related activation but also reduce the
degree of DMN suppression: a phenomenon critical for cogni-
tive performance (21, 22) but disrupted in neuropsychiatric ill-
ness (11, 23).

Lastly, we related observed experimental effects to a well-val-
idated biophysically realistic computational model of WM (24) to
study a leading hypothesized synaptic mechanism of NMDA
blockade on neural activity, namely disrupted balance between
cortical excitation/inhibition (5). With our computational mod-
eling approach, we attempt to provide a framework for relating
synaptic-level hypotheses to observed neural activity and cogni-
tion to better understand the complex and puzzling symptoms of
serious mental illness (25). Together, the present findings high-
light the functional utility of large-scale brain systems and the role
of intact NMDA receptor operation in their interrelationship.

Results

Behavioral Effects. We first assessed the impact of ketamine on
performance of the spatial WM task (Fig. 14). Confirming hy-
pothesized effects, results revealed a significant accuracy reduction
for WM vs. control trials following ketamine administration [#(18) =
5.65; P < 0.0001] (Fig. 1C; for details, see SI Text and Fig. S1),
which was in line with well-established deleterious effects of
ketamine on WM across species (26, 27).

Task-Based Activation and Deactivation. Performing WM tasks ro-
bustly modulates task-positive regions (28) but also involves de-
activation of the DMN (10). We first verified that the cognitive
task engaged regions previously shown to be active during WM (28)
by computing a main effect of task condition (WM vs. control trials)
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during encoding, delay, and probe phases of the trial (Fig. 2 4-C
and SI Text, fMRI Analyses). Analyses confirmed robust WM
effects across the three WM phases, in terms of both task-based
activation (Fig. 2, Left) and deactivation (Fig. 2, Right), in cor-
respondence with the DMN (8) (for all WM-modulated regions,
see Tables S1-S3).

Ketamine Modulation of Task-Based Activation and Deactivation.
Next, using a stringent conjunction masking technique (29)
(Fig. 1B), we independently tested for effects of ketamine only in
areas that were explicitly engaged during WM (Fig. 2), ensuring a
principled method for isolating ketamine modulation of task-
related regions. We computed a whole-brain—corrected task
condition X infusion interaction map and then computed a con-
junction (logical AND) between surviving results and the map
showing main effects of task condition. We repeated this pro-
cedure across task phases. This approach ensures that observed
BOLD modulations by ketamine are present in regions explicitly
modulated by the WM task (SI Text, fMRI Analyses). Results re-
vealed a number of WM-related regions modulated by ketamine
across encoding and delay (Fig. S2 and Table S4). We highlight
two exemplar regions exhibiting identified effects: the dorso-
lateral prefrontal cortex [Brodmann area (BA) 46; Fig. 34, Up-
per] and the precuneus (BA 31; Fig. 34, Lower) (see Fig. S3 for
all regions). These effects illustrate that ketamine attenuated
signal in task-activated regions, as well as deactivation of regions
overlapping the DMN (8). No regions exhibited a ketamine mod-
ulation of WM signals at the probe phase. Consistent with hy-
potheses, these results indicate that ketamine not only attenuates
encoding and early delay signals during WM but also disrupts
suppression of regions typically deactivated during demanding
cognitive operations (10). To further verify preferential effects of
ketamine in regions involved in WM (and to rule out potential
vascular confounds), we examined a motor cortex region that
showed a strong response to the button press during the probe
phase. There was no BOLD signal attenuation by ketamine in
this motor region; in fact, the response for ketamine was numeri-
cally higher (Fig. S3).

Fig. 1. (A) Subjects encoded four or two (not shown;
see Methods) circle locations and, after a delay, in-
dicated whether the circle was presented at that
location or not (probe). Subjects also completed a
control task where four gray circles appeared but
were explicitly asked not to encode the circles. Dur-
ing the probe phase, another gray circle was shown,
requiring a motor response but no recall. (B) Second-
level conjunction fMRI analysis strategy: (i) we com-
puted a main effect of task (i.e., WM vs. control
condition) type | error corrected at the whole-brain

*kkk level (Fig. 2); and (ii) we computed a task x infusion

" = 47 interaction, revealing regions differentially modu-
main effect of task D— 5 ] lated by ketamine across task conditions. Regions
/ (whole-brain corrected) ‘g identified this way are not guaranteed to be involved
. = 01 in WM. That is, regions showing a task x infusion
] ~— Q interaction may not show engagement during WM
<Z,: task x infusion interaction = -2 7 (i.e., main effect of task). Thus, we computed a
= (whole-brain corrected) o 4 conjunction (logical AND) between these effects.
8 [m] The surviving regions were ensured to show both a
g’ 3] 6 1 task main effect and modulation of this effect by
= WM effects also modulated by ketamine g ketamine (Fig. 3A and Fig. S2). (C) Percentage drop
. Y . . 8 -8 1 in accuracy (% correct) is shown for the control (white
Final results ensure statistical independence " bar) and WM (black bar) tasks following ketamine
and guarantee interpretability of each 03-10 - . vs. placebo infusion (difference plotted). ****P <
subsequent effect Control -~ Working 0.0001 (see S/ Text, Behavioral Results for complete

Task Memory behavioral analysis). Error bars reflect +1 SEM.
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Examining Hypothesized Synaptic Effects of Ketamine via Computational
Modeling. The above analysis suggests a breakdown in WM-related
BOLD signal in both task-activated and task-deactivated regions.
As noted, a leading hypothesis for ketamine’s effects at the synaptic
level, derived from both animal and human work, postulates
disinhibition via preferential antagonism of NMDA receptors
on inhibitory interneurons (3, 30). How can we reconcile the ob-
served reduction in BOLD signal and WM performance with dis-
inhibition? To investigate hypothesized effects of ketamine on the
cortical microcircuit level, which may shed light on observed BOLD
effects, we adapted a well-validated biophysically plausible com-
putational model of WM (24). Our model is comprised of two
modules: a task-activated module, which is a recurrent microcircuit
capable of WM computations at the time scale relevant to a single
WM trial; and a task-deactivated module representing the DMN
characterized by high baseline firing rate and deactivation at task

boxes. For complete list of task-modulated foci, see
Tables S1-S3.

onset (31). The microcircuit modules interact through long-
range, net inhibitory projections (SI Text, Computational Modeling).
The biophysical realism in the model allows for direct imple-
mentation of pharmacological manipulations at the synaptic
level (32) (Methods and SI Text, Computational Modeling for model
operation and pharmacological implementation). Here, we related
hypothesized ketamine effects, highlighted by preclinical findings
(3, 30) to observed BOLD effects: we preferentially disrupted
NMDA conductance onto GABAergic interneurons (i.e., E-I
conductance). We contrasted E-I reduction with a preferential
reduction in recurrent excitation on pyramidal cells (i.e., E-E
reduction; see Figs. S5 and S6). To ensure model simulations
describe processes qualitatively similar to empirical observa-
tions, we computed BOLD signal based on model-generated ac-
tivity, which reproduced described effects (Fig. 3B; see SI Text,
Computational Modeling for details). Although at achieved

A Task-based Activation/Deactivation B Computational Modeling - BOLD Simulation

,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Stimulus ,

1414304200 & . [ placebo 8. Task-activated Module

§ "I Il ketamine ) ~
O 5 Il control
I > Il reduced E-I
c © 4
2 g
B £ |
2 z 8

T 3
S o] e c 8 ~—
: AN
6 I 2 Task-deactivated
o | -—— | Module
© o
S M
2 o
D4 =
-l 6 X 0 6 12 18 24 30 0 8 16 24
z-value Time [sec] Time [sec]

Fig. 3.

(A) Regions exhibiting WM effects and modulation of this effect by ketamine for task-based activation (Upper) and task-based deactivation (Lower).

WM time courses are shown for dorso-lateral prefrontal cortex (Upper) and precuneus (Lower) for ketamine (red) and placebo (blue) (coordinates are shown
in boxes). Complete list of foci exhibiting significant effects across encoding and delay phases is presented in Table S4 and Fig. S2. The probe phase analysis did
not reveal significant modulation by ketamine. Note: less negative value for DMN under ketamine reflects less deactivation relative to baseline compared
with the placebo condition. (B) Computational model scheme, comprised of task-activated (Upper) and task-deactivated (Lower) modules followed by
modeling results. We modeled the effects of ketamine as a reduction of NMDA conductance onto inhibitory interneurons (ge.). We examined whether
“disinhibition” via reduced NMDA conductance onto GABA cells (E-I) would result in effects similar to BOLD findings under ketamine. Here, we present
predicted BOLD signal derived from the simulated local field potential (LFP) on the time scale comparable to a single WM trial in the experiment to ap-
propriately juxtapose model simulations to BOLD empirical observations. For complete modeling implementation, BOLD simulation details, and comparison

with firing-rate results, see S/ Text, Computational Modeling and Figs. S4-56.
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concentrations ketamine likely also disrupts recurrent excitation
(i.e., E-E conductance), E-I reduction alone was sufficient to
account for both the attenuation in task-related activation and
the lack of DMN suppression (see Figs. S5 and S6). Furthermore,
there are two mechanisms by which reduced E-I strength could
potentially disrupt the proper pattern of activation and de-
activation: (/) long-range (net inhibitory) connections between
modules are weakened, impairing the ability of the task-activated
module to shut down the task-negative module; and (ii) local
disinhibition renders a hyperactive microcircuit less sensitive to
the long-range input, so that the already high-firing task-deacti-
vated module cannot be shut down even with an equal-strength,
long-range suppressive input. We found that local microcircuit E-I
reduction, as opposed to long-range reduction, plays the dominant
role in disrupting model function (Fig. S4).

Ketamine Modulation of Task-Based Connectivity. Given that glu-
tamate plays a role in both local and long-range cortical com-
putations, we also examined the possibility that NMDA receptor
blockade may induce a reduction in task-based functional con-
nectivity (tb-fcMRI) between large-scale anticorrelated systems.
This second-level hypothesis was compelling because ketamine
modulated task-related activation and deactivation in these sys-
tems. To this end, we selected a set of independent seeds pre-
viously identified as part of the fronto-parietal (FP) and DMN
(8, 33). We focused on the delay phase of the trial using a pre-
viously validated technique developed to circumvent the possi-
bility that overall task structure drives observed relationships (21)
(for details see SI Text, tb-fcMRI). As hypothesized, there was a
significant modulation of tb-fMRI between the FP-DMN net-
works during the delay, confirmed statistically by a task x infusion
interaction [F(1,18) = 11.09; P < 0.004] (Fig. 4). This effect was
preferential for the FP-DMN tb-fcMRI (when examining the
cingulo-opercular system there was no task x infusion inter-
action, although there was a main effect of infusion, Fig. S7).
Given emerging concerns that spurious head movement can con-
found connectivity results (34, 35), we implemented an additional
volume censoring (“scrubbing”) movement correction (36, 37).
The tb-fcMRI results remained significant after movement
scrubbing [F(1,18) = 6.1; P < 0.025]. For completeness, we present

Task-based Connectivity

. lacebo
Fronto-parietal Network _Hp
|:| P 0.05 Bl ketamine
0.03 -
.
5 \\ _ i 0.01 A
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&
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B Default-mode Network

Fig. 4. tb-fcMRI during the delay phase between independently selected FP
and DMN regions following ketamine (red) and placebo (blue) infusion, shown
for the control (CT) and WM task conditions (all seed coordinates are listed in
Table S5; for tb-fcMRI details, see S/ Text, tb-fcMRI). Error bars reflect +1 SEM.
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both sets of results in Fig. S7 and additional movement analysis
details (SI Text, tb-fcMRI).

Ketamine Disrupts Performance-Related Deactivation. Next, we ex-
amined whether ketamine effects on WM in the task-based anal-
ysis relate to behavioral performance. We computed an additional
model with WM accuracy as a covariate to enable examination of
the within-subject, trial-by-trial relationship between behavioral
performance and brain activity (38) (SI Text, fMRI Analyses). We
tested whether foci showing a ketamine modulation of WM-re-
lated signals also exhibit a differential pattern of responses related
to performance accuracy. To test this hypothesis, we computed
an accuracy (correct vs. incorrect WM trials) x infusion (ket-
amine vs. placebo) interaction specifically for WM trials. We did
so across task phases, but only delay-related results revealed
significant findings. Among the foci identified in Fig. 34, three
DMN regions showed a significant accuracy x infusion interac-
tion: middle temporal gyrus [F(1,18) = 7.93; P < 0.015]; precuneus
[F(1,18) = 5.29; P < 0.035], and superior frontal gyrus [F(1,18) =
5.05; P < 0.04]. We highlight effects for the precuneus (Fig. 54)
given the consistent pattern of results across all three regions:
during placebo infusion there was a greater reduction of task-
based deactivation for correct vs. incorrect trials. However, fol-
lowing ketamine administration there was less task-based sup-
pression on accurate trials. These results replicate prior findings
showing that DMN suppression is vital for WM performance (21,
22) and suggest that NMDA blockade attenuates the ability for
such performance-relevant suppression to take place. Notably,
these patterns were evident in task-deactivated regions, but we
did not observe an accuracy X infusion modulation of regions ex-
hibiting WM-related activation.

DMN Signal and Ketamine-Induced Psychiatric Symptoms. We also
examined the degree to which ketamine-induced modulations of
brain responses related to symptom severity: establishing links
between cognition, brain function, and psychiatric symptoms. To
that end, we computed a correlation between positive, negative,
and dissociative symptoms measures (for clinical measure details,
see SI Text, Clinical Measures) and the degree of DMN deacti-
vation during WM (we averaged across all DMN regions modu-
lated by ketamine; see SI Text, fMRI Analyses). Only the relation-
ship with negative symptoms reached significance [r = 0.61; P <
0.006; two-tailed, Bonferroni-corrected] (Fig. 5B), indicating that
the most symptomatic subjects had the least ability to suppress
DMN during WM.

Discussion

Present results suggest that intact NMDA receptor function is
critical for optimal cognitive performance, at least in the context
of WM, as well as seamless engagement and deactivation of
distributed anticorrelated systems in the human brain. Here, we
focused on pharmacologically disrupting fast glutamatergic neu-
rotransmission. Prior work attempting to improve cognition found
that enhancing slow neuromodulation via modafinil resulted in
more potent deactivation of the DMN (39). Minzenberg et al.
(39) hypothesized that disrupted reciprocal inhibition, mediated
via GABA interneurons, might be responsible for the breakdown
of the “mirror” anticorrelated structure of these large-scale systems.
Indeed, one leading hypothesis of ketamine’s effects is preferential
antagonism of NMDA conductance on GABA cells, which would
lead to disinhibition (3, 30, 40). Our experimental results impli-
cate NMDA receptor activity in optimal local and long-range circuit
function. When induced via ketamine, NMDA receptor hypo-
function may result in cognitive deficits and negative symptoms
associated with schizophrenia. This may be driven by disrupting
the balance of excitation/inhibition in the cortical microcircuit,
as recently suggested by preclinical work (5). Our modeling sim-
ulations offer a framework for relating this hypothesis, at the
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Fig. 5. (A) Correct vs. incorrect WM time courses are shown across placebo
(blue) and ketamine (red) for the precuneus region that exhibited effects of
ketamine on WM (defined via the conjunction approach, box shows region
coordinates). (B) Relationship between the magnitude of DMN deactivation
during WM following ketamine administration and severity of negative symp-
toms associated with schizophrenia. Subjects showing least DMN suppression
during WM were most symptomatic. This effect was specific to WM trials;
during control trials under ketamine, this relationship was not evident (r=0.11).

synaptic level, to experimental results, suggesting that disrupted
NMDA conductance on GABA cells could contribute to the
observed effects.

The model is a proof-of-principle instantiation of one leading
hypothesis of what may be ketamine’s effects on task-based
BOLD response in certain regions and its modulation of cellular-
level phenomena (30). The reciprocal inhibition between mi-
crocircuit modules is an important assumption based on leading
hypotheses of the intrinsic configuration of these large-scale
systems (8). We explicitly used this assumed antagonistic con-
figuration to relate synaptic-level hypotheses to systems-level
observations. Using this framework, we found that local E/I bal-
ance is the crucial property of the model, suggesting a perspective
on the importance of local circuit properties in controlling the
nature of large-scale interactions between brain areas during
cognitive tasks. That is, the observed relationship between mod-
ules was very sensitive to NMDA receptor manipulation within
each module. The modeling results also highlight that a subtle E-I
perturbation resulted in disinhibition and was robust across a range
of E-I reductions (Fig. S6). In contrast, E-E perturbations result
in a set of regimes that were not observed experimentally, namely
reduced firing across both task-activated and task-deactivated
modules. This pattern might be observed under a higher level
of ketamine that may result in elevated level of NMDA blockade
that also strongly affects E-E conductance (e.g., anesthesia).

The model provides a biologically plausible framework for
relating experimental findings following neuropharmacological
manipulations to cellular-level hypotheses. As recently proposed
by Montague et al. (25), this approach can help hone our under-
standing of synaptic disruptions, relate these hypotheses to sys-
tem-level observations and ultimately to behavior observed in
severe mental illness, for instance, the significant relationship
between DMN signal and behavior in the present experiment.

Indeed, at the systems level, a growing literature associates
DMN abnormalities with neuropsychiatric illness (23). A recent
investigation examined the effect of transcranial magnetic stim-
ulation (TMS) on modulating DMN function but did not report
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psychiatric symptomatology in healthy volunteers (41). Conversely,
a recent study of schizophrenia patients linked DMN deactivation,
cognition, and symptom severity (11). It may be possible that these
two investigations capture the phenomenon on different time-
scales: perturbing the DMN transiently via TMS may not be
sufficiently potent or persistent to induce profound psychiatric
phenomena, but more extended “tonic” manipulation via NMDA
receptor blockade may begin to resemble what is observed in
patients. Our experimental findings further highlight the func-
tional relevance of suppressing the DMN during WM. As argued
previously, DMN activity may reflect “passive” mental phenomena,
such as self-referential, future-oriented thought (42). Whitfield-
Gabrieli et al. suggest that “over-engagement” of the default net-
work could lead to an exaggerated focus on one’s own thoughts and
feelings, as well as an ambiguous integration between one’s internal
and external environment (11). In that sense, tonic activation of the
DMN in schizophrenia, if unregulated, may result in a state marked
by exaggerated self-relevant processing, blurring the boundary
between neural computations relevant for internal percepts and
external reality. Furthermore, inadequately suppressed tonic
activity in the DMN may obstruct goal-directed cognition and
interfere with motivated pursuits, both characteristic of the neg-
ative syndrome (43). Indeed, failure to deactivate the DMN has
been linked with poor cognitive performance in healthy pop-
ulations (22) and lack of task-based DMN deactivation has been
observed in schizophrenia, even before DMN literature evolved
(44). Therefore, overactivity in the DMN, resulting from cortical
disinhibition, may exacerbate cognitive dysfunction observed in
neuropsychiatric conditions by reducing cortical efficiency and
increasing noise during goal-directed cognition. The present find-
ings also implicate the role of fast glutamatergic neurotransmission
in the emergence of negative symptoms, which are suboptimally
treated by medication targeting dopamine and serotonin (45).
Taken together, these results offer evidence that modulating
glutamate neurotransmission in humans alters the relationship
between large-scale, task-positive and task-negative neural sys-
tems in a performance and symptom-related manner. Our experi-
mental findings and simulations are in line with one hypothesized
pathophysiological mechanism for cognitive impairment and neg-
ative symptoms: that of reduced NMDA conductance on GABA
interneurons, consistent with cortical disinhibition proposed pre-
viously (4, 5). These observations provide a possible framework for
treatment development aimed at ameliorating these debilitating
and inadequately treated symptoms associated with schizophrenia.

Methods

Subjects. Nineteen healthy, neurologically and psychiatrically intact right-
handed volunteers (10 male) with a mean + SD age of 27.5 + 6.3 y com-
pleted the study (see S/ Text, Subjects for complete recruitment details).

Experimental Task Design and Infusion. While in the scanner, subjects com-
pleted a well-validated delayed spatial WM task, described in our prior work
(46), developed to mimic primate physiology experiments (47) (Fig. 1A).
During scanning two phases of testing occurred. First, subjects were admin-
istered saline while they completed a series of scans. Second, subjects un-
derwent the same series of scans during administration of ketamine. Subjects
completed 32 WM trials and 16 control task trials (i.e., no WM encoding and
maintenance requirement but requiring a probe response to control for
motor effects) per infusion, resulting in 64 WM and 32 control trials per visit.
Subjects completed three such visits (see S/ Text, Overall Experimental Design
and S/ Text, Infusion Protocol for experimental design and infusion details).
The WM task included trials with two and four encoding locations, the
former with extended inter-trial interval (ITl) (2500 ms), to make both the
same length. The control task always contained four locations. All reported
analyses collapse across two and four locations given no load effects on
reported behavioral (S/ Text, Behavioral Results) and neuroimaging analyses
(SI Text, fMRI Analyses). Following scanning, subjects underwent a battery of
clinical measures to quantify the presence, nature, and severity of psychotic
symptoms (S/ Text, Clinical Measures).
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fMRI Acquisition and Analysis. All data were acquired using a 3T Tim Trio
(Siemens) scanner at the Yale University School of Medicine (see S/ Text, fMRI
Acquisition for acquisition details). For the fMRI task-based analyses, we used
FIDL software to preprocess and construct the general linear models (de-
veloped at Neurolmaging Laboratories, Washington University in St. Louis;
version 2.64) (48). For functional connectivity, we implemented validated in-
house MatLab software developed at Washington University in St. Louis that
we used in our prior work (21, 49-51). For preprocessing and analysis details,
see S/ Text, fMRI Preprocessing, SI Text, fMRI Analyses, and SI Text, tb-fcMRI.

Computational Modeling. Complete model implementation, interaction be-
tween modules, pharmacological implementation, and dependence on param-
eters are presented in S/ Text, Computational Modeling and Figs. S4-S6.
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