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Abstract

Schizophrenia is associated with severe cognitive deficits, including impaired working memory 

(WM). A neural mechanism that may contribute to WM impairment is the disruption in excitation-

inhibition (E/I) balance in cortical microcircuits. It remains unknown, however, how these 

alterations map onto quantifiable behavioral deficits in patients. Based on predictions from a 
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validated microcircuit model of spatial WM, we hypothesized two key behavioral consequences: i) 

increased variability of WM traces over time, reducing performance precision; and ii) decreased 

ability to filter out distractors that overlap with WM representations. To test model predictions, we 

studied N = 27 schizophrenia patients and N = 28 matched healthy comparison subjects (HCS) 

who performed a spatial WM task designed to test the computational model. Specifically, we 

manipulated delay duration and distractor distance presented during the delay. Subjects used a 

high-sensitivity joystick to indicate the remembered location, yielding a continuous response 

measure. Results largely followed model predictions, whereby patients exhibited increased 

variance and less WM precision as the delay period increased relative to HCS. Schizophrenia 

patients also exhibited increased WM distractibility, with reports biased toward distractors at 

specific spatial locations, as predicted by the model. Finally, the magnitude of the WM drift and 

distractibility were significantly correlated, indicating a possibly shared underlying mechanism. 

Effects are consistent with elevated E/I ratio in schizophrenia, establishing a framework for 

translating neural circuit computational model of cognition to human experiments, explicitly 

testing mechanistic behavioral hypotheses of cellular-level neural deficits in patients.
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1. Introduction

Schizophrenia (SCZ) is associated with profound cognitive deficits, such as memory and 

executive function (Barch and Ceaser, 2012; Kalkstein et al., 2010), which are among the 

best predictors of vocational and social disability (Green, 2006; Nuechterlein et al., 2011). 

Problems with working memory (WM) – the ability to transiently maintain and manipulate 

information internally – are particularly prominent in SCZ (Forbes et al., 2009; Lee and 

Park, 2005) and have been proposed as a core cognitive deficit in this illness (Barch and 

Ceaser, 2012; Goldman-Rakic, 1994; MacDonald et al., 2006; Silver et al., 2003; Van 

Snellenberg and de Candia, 2009). While SCZ patients show WM deficits across modalities 

(Quee et al., 2010), spatial WM is particularly amenable for clinical translation as it can be 

studied across animal (Wang et al., 2013), pharmacological (Driesen et al., 2013), 

computational modeling (Compte et al., 2000) and patient studies (Driesen et al., 2008) 

using comparable paradigms. Here we examined specific mechanisms of spatial WM 

deficits based on explicit predictions of a biophysically-based computational WM model 

(Murray et al., 2014) informed by primate physiology experiments.

Decades of primate and human studies have implicated prefrontal cortex (PFC) neural 

circuits in WM maintenance and manipulation, which are impaired in SCZ (Anticevic et al., 

2013b; Barch and Ceaser, 2012; Metzak et al., 2011). The cellular basis of spatial WM 

maintenance implicates persistent firing of location-selective PFC pyramidal cells 

(Funahashi et al., 1989)— extensively characterized by animal electro-physiology (Rao et 

al., 2000; Wang et al., 2013) and computational modeling (Compte et al., 2000; Durstewitz 

et al., 1999; Durstewitz and Seamans, 2002; Wang, 2006; Wang, 2010; Wang et al., 2004). 
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The models propose that WM is supported by the interplay between recurrent excitation (E) 

among pyramidal neurons (which sustains persistent activity over the delay) and lateral 

inhibition (I) mediated by interneurons (which stabilizes WM representations and reduces 

the impact of external distraction) (Compte et al., 2000; Murray et al., 2014; Wang et al., 

2004). Specific alterations in optimal E/I balance disrupt the ability to represent information 

and shield WM from interference (Rao et al., 2000). One such potential alteration — 

disruption of inhibitory interneurons, leading to cortical disinhibition — has been implicated 

in SCZ neuropathology (Lewis et al., 2005; Marin, 2012). It remains unknown, however, 

how such cellular hypotheses map onto quantifiable behavioral WM deficits. Here we tested 

the behavioral consequences of altered E/I balance on spatial WM performance in SCZ.

Biophysically realistic computational modeling offers one strategy to quantify the impact of 

altered E/I balance on WM (Anticevic et al., 2013a; Anticevic et al., 2015; Murray et al., 

2014). The consequences of cortical disinhibition on WM are well-characterized by a 

spiking local circuit model comprised of E- and I-cells (Murray et al., 2014). E-cells interact 

through horizontal connections mediating recurrent excitation via N-methyl-D-aspartate 

receptors (NMDAR) and a pool of I-cells mediates feedback synaptic inhibition. Prior work 

modeled cortical dis-inhibition by reducing NMDAR conductance for E-I connections 

(Kotermanski and Johnson, 2009), thought to occur in SCZ by the well-established NMDAR 

hypo-function hypothesis (Anticevic et al., 2012a; Krystal et al., 2003a; Macdonald and 

Chafee, 2006).

We used this model architecture to derive testable qualitative behavioral predictions 

generated by NMDAR hypo-function on I-cells. First, the model predicted that following 

disinhibition, WM representational fields are broadened, resulting in increased random drift 

over time. This effect was observed behaviorally as a reduction in WM precision over longer 

delays. Second, the model predicted distorting effects of intervening distractors on WM, 

whereby under disinhibition, a broader WM representation exhibits a wider window in 

which distractors can interfere with WM (Murray et al., 2014). Finally, the model predicted 

that both increased response variability and increased distractor sensitivity stem from a 

shared underlying mechanism — altered E/I balance. We tested these three model-derived 

hypotheses in patients diagnosed with SCZ. Collectively, this ‘computational psychiatry’ 

study translates a neural circuit computational model of cognition to test behavioral 

hypotheses of cellular-level neural deficits in SCZ patients.

2. Methods

2.1. Subjects

We recruited N = 27 SCZ patients from outpatient clinics of the Department of Psychiatry, 

Yale University and N = 28 healthy comparison subjects (HCS) from the local community 

(Table 1). Subjects were independently diagnosed by two trained clinicians using the 

Structured Clinical Interview (SCID) for DSM-IV (First et al., 2001). All subjects provided 

informed consent approved by Yale Institutional Review Board. Patients met DSM-IV 

diagnostic criteria for SCZ or schizoaffective disorder, but no other Axis I diagnosis or drug 

abuse/dependence at the time of recruitment. Prior and current nicotine and alcohol use was 

permitted. HCS met the following inclusion criteria: i) no current or lifetime Axis I disorder 
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(determined by a trained PhD-level clinician); and ii) no history of psychotic, mood or other 

Axis I disorders in first-degree relatives (reported by detailed family history). Subjects were 

excluded if they had: i) history of other neurological conditions (e.g. epilepsy, migraine, 

head trauma, loss of consciousness); ii) any MRI contraindications; or iii) any concomitant 

major medical disorder. HCS were demographically matched to SCZ patients. However, 

groups differed in education attainment and measures of verbal and non-verbal intelligence, 

as expected in severe mental illness (Glahn et al., 2006) (Table 1). Critically, adjusting for 

these variables did not alter results (see Supplement).

2.2. Current symptoms & medication

Symptom severity was evaluated using the Scale for Assessment of Positive and Negative 

Symptoms (SAPS/SANS) (Andreasen, 1983b) and the Positive and Negative Syndrome 

Scale (PANSS) (Kay et al., 1987). 85% of patients (23/27) were receiving antipsychotics, 

which we converted to chlorpromazine (CPZ) equivalents (Andreasen et al., 2010) (Table 1). 

None of the identified effects correlated with CPZ equivalents and did not change when we 

co-varied for medication dose (see Supplement).

2.3. Computational model

Full details of the computational model implementation were reported previously (Murray et 

al., 2014). For the purposes of the current experimental predictions we modeled a cortical 

circuit that performs spatial WM through stimulus-selective persistent activity. The circuit 

contains recurrently connected E pyramidal cells and I interneurons. Pyramidal cells are 

tuned to angular location. Stimulus inputs transiently excite a corresponding subset of E-

cells, and a persistent activity pattern encodes stimulus location through the delay. Cortical 

disinhibition was implemented through a reduction of excitatory NMDA conductance on 

interneurons (GEI), a site implicated in the pathology of SCZ (Anticevic et al., 2012a; 

Belforte et al., 2010; Krystal et al., 2003b). We used the population vector approach to 

decode the behavioral report location from the neural WM activity pattern. We characterized 

two aspects of model performance: i) time-dependent decay of WM precision by computing 

the across-trial variability of the decoded location as a function of delay duration. ii) 

behavioral impact of external distractors on WM report. Distractors were identical to the 

initial cue, with the same intensity and duration but with a different stimulus position (Fig. 

2D).

2.4. Experimental design

Subjects completed two delayed spatial WM paradigms, designed to mimic primate 

physiology experiments (Goldman-Rakic, 1995) and the implemented computational model 

architecture (Compte et al., 2000). The tasks manipulated: i) delay period duration (testing if 

the SCZ group exhibits greater WM response variability as a function of delay duration), 

and ii) distance between the WM cue and distractor presented during the delay period 

(testing if the SCZ group exhibits a differential response bias in the direction of the 

distractor across two distractor distances, Fig. 1; see Supplement for comprehensive detail). 

Subjects also completed a control ‘motor’ task to verify that differences between groups are 

not driven exclusively by lower motor skill in patients. Subjects were instructed to keep their 

eyes fixed on the middle of the screen throughout the task and were monitored for 
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compliance by the experimenter (see Limitations for considerations surrounding eye 

tracking). Response expectations were controlled for by insuring that the number of trials 

decreased with delay duration (from 60 to 20; see Supplement for complete details).

2.5. Behavioral analyses

To maintain quality control, inadequate responses (3%) were excluded from the analysis (see 

Supplement). Testing for differences in the proportion of excluded trials did not yield any 

significant between-group effects (see Supplement & Figs. S1–4), suggesting that outlier 

trials did not influence results.

All remaining trials were included in the main analysis. To ensure that different numbers of 

trials and possible differences in measurement precision were not driving the results, a 

random subsample of 20 trials from each condition (one trial for each of the 20 used 

locations) were selected for additional analyses (see Supplement & Fig. S5). Sub-sampling 

did not change results in any way.

We examined two different dependent measures: i) angular displacement of the probe 

response relative to the cue; ii) standard deviation of angular displacement. SD is sensitive to 

overall spatial dispersion of responses relative to the cue (i.e. lower WM precision as a 

function of longer delay, model prediction 1), whereas angular displacement is sensitive to a 

directional bias in the probe response (i.e. toward distractors, model prediction 2).

Model-derived predictions were tested at the group level with a i) 2 × 6 mixed-measures 

ANOVAs with Delay Duration (motor, 0 s, 5 s, 10s, 15 s, 20s) as a within- and Diagnosis 
(SCZ, HCS) as a between-groups factor and ii) 2 × 3 mixed-measures ANOVAs with 

Distractor Location (none, 20°, 50°) as a within- and Diagnosis (SCZ, HCS) as a between-

groups factor. Greenhouse–Geisser-corrected p-values are reported in cases where ANOVA 

sphericity assumptions were violated, which were determined with a Mauchly’s test for 

sphericity (p < 0.05). We opted for this test since our sample size fell in the ‘moderate’ range 

by recommended standards (i.e. when Mauchly’s tends to perform well which was the case 

in the reported analyses). Thus, approach was biased toward a more conservative side of the 

Mauchly’s test (i.e. when sample size is sufficient). Furthermore, in such cases we always 

report the Greenhouse-Geisser epsilon value (GGe) and the GG-corrected p-values to allow 

examination of sphericity deviations. Between groups post-hoc t-tests with Holm-Bonferroni 

corrections were computed where appropriate. All experimental analyses, statistics and 

visualization were implemented in the R statistical computing environment (http://www.r-

project.org).

3. Results

3.1. Computational modeling results and predictions

Here we describe key results and qualitative behavioral predictions of the spiking circuit 

spatial WM model, which directly informed present experimental design and testing of 

model predictions (Murray et al., 2014). The model behavior shown here is generated with 

parameter values from our prior modeling study (Murray et al., 2014) without any attempt to 

adjust parameters to quantitatively fit empirical data. The model therefore provides 
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qualitative predictions for how WM behavior is altered under elevated E/I ratio, which 

motivated experimental design and planned analyses. Fig. 2A shows a spatiotemporal plot of 

the E-cell activity during WM. Disinhibition, resulting in an elevated E/I ratio, increases the 

width of the WM activity profile compared to the control condition (Fig. 2A) and predicts 

two key behavioral deficits — namely WM drift and susceptibility to distraction.

First, background noise in the model caused the WM activity pattern to undergo random 

drift during delay, degrading WM precision over time, in line with experimental findings 

(Ploner et al., 1998; White et al., 1994). Disinhibition increased the rate of this drift (Fig. 

2B), which suggests that SCZ will be associated with higher drift-related variability in WM 

reports.

Second, we tested the model’s ability to resist WM interference by external distraction. In 

line with human psychophysics (Herwig et al., 2010), the model exhibited a pattern of 

distractibility that depended on the similarity between the distractor and memorandum (Fig. 

2C). Specifically, the model predicted that SCZ patients would exhibit increased bias of WM 

reports toward the distractor (Fig. 2D).

Finally, drift-induced WM variability and WM distractibility are positively correlated in the 

model, as they arise from a common underlying mechanism of disinhibition (Fig. 2E). Both 

measures are therefore predicted to correlate across individuals experimentally, irrespective 

of diagnostic category.

3.2. Testing effects of delay duration on spatial WM performance

We first examined if SCZ patients exhibit more variable response accuracy, especially as a 

function of increased delay duration. Response clouds in Fig. 3A indicate that the spread of 

WM responses increases with delay duration across groups. However, SCZ patients 

exhibited wider spread at all delay durations. Furthermore, the spread increased more for the 

SCZ group with longer delays. We tested this effect formally by calculating the SD of 

angular displacement (Fig. 3B). Response variability increased as a function of Delay 
Duration [F(5265) = 150.665, GGe = 0.571, p < 0.001], and was greater in the SCZ group 

(Diagnosis main effect [F(1,53) = 11.395, p = 0.001], Cohen’s d 0.58–1.10, Fig. 3D). 

Critically, the slope of WM drift as a function of delay duration was steeper in SCZ group, 

as predicted by the model (Delay Duration × Diagnosis interaction [F(5265) = 6.155, GGe = 

0.571, p < 0.001]) (Fig. 2B). For each subsequent second of the delay period the angular 

displacement, SD increased on average for 0.15° in HCS group and 0.26 in SCZ group [t 

(51.58) = 3.730, p < 0.001, one-tailed, Cohen’s d = 1.01] (Fig. 3E). Importantly, increased 

WM drift was not associated with a particular directional bias. That is, variability of 

responses increased across both groups (Fig. 3B). However, the average distribution 

remained centered on the WM cue (Fig. 3C), indicating a ‘random’ spatial drift. We 

observed no significant angular bias effects for Diagnosis, [F(1,53) = 2.693, p = 0.107], 

Delay Duration [F(5265) = 0.173, GGe = 0.468, p = 0.872], or Delay Duration × Diagnosis 
[F(5265) = 1.775, GGe = 0.468, p = 0.167].
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3.3. Testing effects of distractor position of spatial WM performance

Next, we assessed whether SCZ patients exhibit increased distractibility, especially as a 

function of distractor location. The increased spread of responses in SCZ group was 

replicated in the distractor task (Diagnosis main effect [F(1,50) = 8.669, p = 0.005]) (Fig. 

4A-B). Results also revealed a main effect of Distractor Location [F(2100) = 11.846, GGe = 

0.73, p < 0.001], but no Diagnosis × Distractor Location interaction [F(2100) = 2.972, GGe 

= 0.73, p = 0.073]. In the proximal distractor condition, the spread of responses was non-

specific. However, there was a net bias toward the distractor for the distal condition. Put 

differently, in addition to response variability, distractors affected the average angular 

displacement of response location (Fig. 4C). Proximal distractors caused a subtle angular 

shift away from the distractor in both groups equally. In contrast, distal distractors caused a 

shift toward the distractor in SCZ patients only [t (26.86) = 2.110, p = 0.044], confirmed by 

a Diagnosis × Distractor Location [F(2100) = 4.032, GGe = 0.685, p = 0.036] and a main 

Distractor Location effect [F(2100) = 24.705, GGe = 0.685, p < 0.001]. Main effects of 

Diagnosis was not significant [F(1,50) = 3.336, p = 0.074].

We next tested the possibility that that the response distribution in the SCZ group in the 

distal distraction condition might be bi-modal, with most responses centered on the target 

but some centered on the distractor. This may be due to a complete loss of the correct target 

memory trace rather than a slight bias toward the distractor. To rule out this possibility we 

performed Hartigans’ dip test for uni-multimodality on the pattern of participant’s 

responses. The test on all the responses in the SCZ group revealed that the distribution is not 

bimodal (D = 0.008, p = 0.990). Additionally, we tested for uni-multimodality within each 

SCZ subject specifically, to examine if there are any subjects that exhibit a distribution of 

responses in the distal distraction condition that shows a bimodal tendency. None of the tests 

were significant (all Ds < 0.07, all ps > 0.15). Further conservative tests, which exclude 

subjects with large report displacements, also support that the primary effect of the distal 

distractor induces a shift of the response distribution toward the distractor position. This 

result is consistent with model predictions, rather than a bi-modal response distribution with 

reports divided between being centered on the target or distractor (see Supplement for 

complete treatment and analysis).

3.4. Relationship between memory drift and distraction

A key model prediction suggests that increased response variability and increased distractor 

sensitivity stem from the same underlying mechanism—altered E/I balance via disinhibition, 

which broadens the WM representation. This mechanism should operate irrespective of 

diagnosis and therefore, to maximize power, we collapsed the analysis across all subjects. To 

test this, we quantified if WM drift rate in the delay condition (the slope of the relationship 

between delay duration and SD of angular displacement) predicts displacement toward the 

distractor in the distal condition (Fig. 5). As predicted, results revealed a significant 

relationship [r = 0.40, t (48) = 3.002, p = 0.004, 2-tailed]: the greater the rate of WM drift, 

the greater the bias toward the distal distractor.
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4. Discussion

While WM deficits in SCZ are well-established, it remains unknown how hypotheses of 

neural circuit dysfunction in SCZ map onto quantifiable WM deficits and patient behavior. 

To probe this question we developed a biophysically-grounded computational models of 

WM that generated mechanistic and testable behavioral predictions related to E/I imbalance 

(Murray et al., 2014). Our results verified two key model predictions: i) loss of inhibitory 

tuning in a cortical circuit model was associated with increased WM drift over time, and ii) 

loss of WM precision was linearly related to distortions in WM representation in the 

presence of distractors. Collectively, this ‘computational psychiatry’ study illustrates the 

interplay between biophysically-informed computational modeling of cortical microcircuit 

function and behavioral experimental results in SCZ patients.

4.1. Linking cellular-level hypotheses to behavioral deficits in schizophrenia via 
computation

The precise neural mechanisms underlying WM deficits in SCZ remain unknown, especially 

in relation to cellular-level pathophysiological models of the illness (Gonzalez-Burgos et al., 

2010). Based on pharmacological and post-mortem work, several hypotheses proposed 

disrupted cortical E/I balance, possibly due to abnormal NMDA or GABA signaling 

between pyramidal cells and interneurons, which may lead to disinhibition (Lewis and 

Moghaddam, 2006; Nakazawa et al., 2012). Recently, we characterized the impact of 

synaptic disinhibition mechanisms in a computational microcircuit model of WM, which we 

adapted here to generate novel behavioral predictions (Murray et al., 2014). Specifically, we 

computationally modeled disruptions in E/I balance as a reduction of NMDAR current onto 

I-cells, effectively weakening feedback inhibition onto pyramidal cells. This synaptic 

manipulation caused elevated E/I ratio and generated a ‘disinhibited’ model regime. 

Consequently, background noise was more likely to influence firing throughout the activated 

neuronal pool that would otherwise get hyper-polarized by lateral inhibition. A broadened 

WM activity pattern absorbed more intrinsic noise and caused greater variability of WM 

responses. Furthermore, the circuit was more susceptible to distractor input that overlapped 

with the flanks of the WM representation, which would otherwise be filtered via intact 

lateral inhibition. Here we quantified model behavior, via population-level neural activity 

readout, to generate two novel predictions concerning WM drift and distractibility. In turn, 

we designed two behavioral experiments to quantify these effects in SCZ patients. This 

study demonstrates the possible interplay between microcircuit-level models of neural 

function (Wong and Wang, 2006) with behavioral experiments explicitly built around 

cellular-level models (Anticevic et al., 2015).

4.2. Schizophrenia is associated with elevated random WM drift over time

By manipulating the WM delay period duration, in conjunction with the continuous response 

measure of WM performance, we examined three behavioral patterns that point to possibly 

distinct computational mechanisms: i) Patients might exhibit, on some fraction of trials, 

complete loss of WM representations due to collapse of WM activity (Wang, 2001), or form 

‘false’ memories of locations that were not encoded initially (Cano-Colino and Compte, 

2012); ii) alternatively, patients may maintain WM representations, but exhibit greater WM 

Starc et al. Page 8

Schizophr Res. Author manuscript; available in PMC 2018 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



‘drift’ due to disinhibition (as the delay period increases. These dissociable outcomes yield 

distinct error patterns and point to dissociable neural mechanisms: i) The first two 

possibilities would imply that the cue representation in WM is lost, or obstructed by a 

randomly formed false memory, and thus the error pattern would be fully random, 

distributed uniformly across angles; ii) The alternative possibility, predicted by elevated E/I 

ratio, causes a broadened WM representation, which produces greater variability of 

responses over time. Experimentally arbitrating these possibilities is vital to understand 

underlying neural mechanisms of WM deficits in SCZ. Put differently, while the existing 

schizophrenia literature strongly supports lower working memory on average, the precise 

patterns of predicted errors by the computational model may be less intuitive and needed to 

be verified.

Experimental results were generally more in line with the second and largely inconsistent 

with the first scenario. We observed lower overall WM spatial precision in SCZ than HCS – 

an effect that increased over time. However, patients did not exhibit random responses on a 

higher percentage of trials, as would be predicted by the first scenario (Cano-Colino and 

Compte, 2012). Instead, they exhibited lower spatial precision at all delay durations, 

consistent with prior reports (Badcock et al., 2008). Moreover, variability of SCZ responses 

increased as a function of delay duration, as predicted by the model (Murray et al., 2014). 

Finally, as noted, to maintain quality control, we discarded trials where subjects failed to 

initiate a response or that were displaced >90° degrees in any angle from the cue position. 

Thus, it may be possible that patients exhibit very large angular displacement on some trials, 

which appears to be consistent with the possibility that patients might have lost WM 

representation. Two results argue against this possibility: i) Only 2% of all trials met these 

criteria (see Supplement) and ii) Even when examining results for this small percentage, 

there was no significant Delay Duration × Diagnosis interaction (see Fig. S1), arguing 

against this effect changing over longer delays. This response pattern in patients largely 

implicates increased ‘drift’ in the WM representations, possibly due to elevated internal 

noise, resulting in enhanced degradation of WM representations over time. To summarize, if 

patients exhibit a loss of WM precision (but not a complete loss of the representation) then 

the error pattern would represent a greater scatter around the probe location. Conversely, if 

patients exhibit a complete loss of the WM representation then the error pattern would 

represent a random scatter at all locations. We observed a pattern of errors consistent with 

the first scenario but not the second, as predicted by the model.

A related question concerns the initial precision in WM encoding, which is reduced in SCZ 

(Lee and Park, 2005). Here we observed SCZ deficits in the pure encoding condition (i.e. 0-s 

delay condition), also consistent with prior studies (Lee and Park, 2005). Furthermore, 

deficits may occur in the final behavioral motor output, either due to inherent motor 

abnormalities (independent of WM), deficits in the transformation of the WM representation 

to a motor action plan, or lower speed of performance. We observed subtle motor deficits in 

SCZ when mapping the probe to the cue (i.e. no encoding or delay requirement). However, 

response variability increased with WM delay, providing evidence that WM deficits are 

compounded over time, consistent with predictions.
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4.3. Schizophrenia is associated with increased range of distractor influence on WM

SCZ has been repeatedly associated with increased susceptibility to distraction (Anticevic et 

al., 2011; Anticevic et al., 2012b; Hahn et al., 2010; Oltmanns and Neale, 1975), especially 

during WM performance (Hahn et al., 2010), which may be associated with deficits in PFC 

function (Anticevic et al., 2011). However, microcircuit hypotheses of such distractibility 

during WM remain unexplored. We tested one specific model-derived prediction—the 

possibility that some distractor filtering deficits operate at the level of cortical microcircuits 

involved in WM maintenance. We modeled distractor effects by presenting a ‘distractor’ 

input at a distinct spatial location from that of the initial WM cue (Fig. 2C–D). We found 

that elevated E/I ratio (inducing disinhibition), effectively broadened the WM representation 

and expanded the ‘distractibility window’ in the model. The increase in errors was 

preferential, occurring when the distractor was presented at locations overlapping the flanks 

of WM representations. This effect emerges because of the overlap between WM 

representation and the distractor position, effectively biasing the response toward the 

distractor location. Experimental results revealed that SCZ patients exhibit a greater angular 

bias toward the distractor, especially for the distal condition. Interestingly, responses to 

proximal distractors were subtly biased in the direction away from the distractor, which is 

not captured by the circuit model and may involve a possible compensatory strategy that 

warrants further study. Critically, the model predicted that both WM drift and magnitude of 

angular distractor bias would be positively correlated irrespective of diagnosis, which was 

confirmed empirically. This final test implies that the same (or closely related) neural 

mechanism may govern both drift and distractibility during spatial WM.

4.4. Experimental limitations and future directions

Prior meta-analysis did not report an increase in effect size of group differences over time 

(Lee and Park, 2005), which seems to argue against differences in WM drift observed here. 

However, meta-analytic measure of effect size is affected both by the mean difference and 

by variability for each group (Cohen’s d = difference in means, divided by pooled SD). We 

observed that both mean differences and variability (individual differences within groups) 

increase with longer delays. Therefore, quantifying the between-group effect via a formal 

effect size across delay durations that are pooled from distinct studies cannot, by definition, 

statistically fully establish if the magnitude of the WM drift is in fact greater in SCZ as the 

delay duration increases. Put simply, the relative effect size remains unchanged due to 

elevated variance across both groups. This statistical situation that ‘masks’ the possibility of 

observing greater WM drift over time if examined across studies as both the between-group 

effect and variability change for a given study. Therefore, this question requires an explicit 

parametric experimental test in the same sample of subjects – a key goal of this study. 

Furthermore, the absence of a delay effect in the reported meta-analyses is further 

complicated because most reported studies use different modalities (e.g. verbal rehearsal, 

colors, shapes), which may involve distinct neural mechanisms and that produce different 

sensitivities to delay duration (Gold et al., 2010; Lee and Park, 2005; Rothmay et al., 2007).

Also, we did not parametrically vary the distractor location at multiple positions given the 

excessive burden/fatigue placed on the patients from such a long experiment. Future studies 

should include multiple distractor distances. In particular, the model predicts that beyond a 
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certain cue-distractor separation (i.e. outside the distractibility window), neither SCZ nor 

HCS subjects will exhibit bias toward the distractor location (Herwig et al., 2010). This 

remains to be experimentally tested.

An important limitation is the absence of eye-tracking. While we did not explicitly track eye 

position, an experimenter ensured that subjects continuously attended and maintained 

fixation. That said, patients could perhaps use eye position as a compensatory strategy to 

remember certain spatial locations. However, if that were the case we would not expect a 

differential pattern of errors to emerge across delay and distracter conditions. Put simply, use 

of eye position as a guide would work against (not toward) reported delay effects in either 

group. Therefore, one might argue that by not enforcing stringent eye fixation established an 

even stronger case for presented experimental results. Moreover, precisely because we 

controlled expectation of delay duration neither controls nor patients could improve their 

WM precision by anticipating trial length (and therefore using eye position as a strategy). 

Nevertheless, future studies should explicitly replicate and generalize these effects using eye 

tracking to examine if eye position may interact in any way with presented effects.

Of note, we designed our paradigm to probe WM precision deficits and not abnormalities in 

WM stability or buffer size (Erickson et al., 2014; Gold et al., 2010). There are compelling 

experimental data to suggest degradations in both aspects of WM in SCZ. Thus, present 

findings serve predominately to implicate loss of WM precision over time rather than to rule 

out other forms of WM impairment (Erickson et al., 2014). Also, we focused on one 

modality in a very defined experimental framework – namely visuo-spatial WM. Prior 

studies with healthy controls have shown that visuo-spatial WM exhibits delay-dependent 

drift (Ploner et al., 1998; White et al., 1994), and similarity-dependent distractibility 

(Herwig et al., 2010). Present findings reveal that both effects are altered in SCZ. It remains 

to be determined if these effects generalize to other WM-related representations beyond 

visuo-spatial location. For instance, Gold and colleagues studied SCZ effects using a 

multiple-item change-detection task based on color WM with delays of 1 or 4 s. They found 

no main effect of delay duration on WM precision, and no group interaction for SCZ vs. 

HCS (Gold et al., 2010). Future studies may seek to manipulate color, semantic or even 

facial similarity (via face-morphing software) to systematically probe whether the cue-

distractor similarity effects generalize across experimental contexts.

Lastly, as is the case with most clinical studies, we cannot definitely rule out the effects of 

anti-psychotic medication or more long-term poly-pharmacy. Future studies should examine 

reported effects in fully unmedicated or prodromal samples and incorporate additional 

diagnostic categories (e.g. bipolar illness) to examine cross-diagnostic generalizability.

4.5. Model limitations and future directions

While the core qualitative predictions of the model were largely confirmed, our analyses 

revealed aspects of WM behavior that are not fully captured by the current model, which 

should be addressed in future studies. For the model results presented here, we used the 

same parameters in our prior modeling study (. We did not perform any explicit fitting of 

model parameters to capture empirical data. Therefore, the model generates qualitative 

predictions for effects of altered E/I balance, rather than quantitative fits to presented 
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empirical data. Improving the quantitative fit to empirical data is possible through 

adjustment of model parameters, although rigorous fitting is impractical due to the 

computational cost of model simulation For instance, the WM drift rate can be reduced by 

increasing the number of neurons in the network (. The magnitude of distractor effects can 

be scaled by changing the strength of the stimulus (. The bump width, which affects the 

distractibility window, can be altered through synaptic connectivity parameters (. Moreover, 

post-hoc ‘fine-tuning’ of the model to better fit the data would be circular. Thus, here we 

explicitly generated qualitative yet parsimonious and testable predictions.

Specifically, the model was developed to explore deficits in WM maintenance under E/I 

imbalance (. In addition to WM maintenance deficits, SCZ subjects showed deficits in motor 

responses and in WM encoding. These components of the WM task were not explicitly 

included in the model. Future modeling studies could address these aspects by modeling the 

upstream input to the WM circuit and the downstream readout for motor response. 

Additionally, the current model was designed for single-item visuospatial WM, matching 

our task design. Prior modeling studies have extended this framework to study multiple-item 

visuo-spatial WM (. Future experimental and modeling studies should explore how the 

clinical phenomena studied here extend to multiple-item WM.

The primary qualitative discrepancy between model behavior and empirical data is that both 

subject groups displayed a repulsive bias away from the proximal distractor. To our 

knowledge, this class of WM circuit models is not capable of showing a pattern of distractor 

effects, with repulsion at short distances and attraction at medium distances. For instance, in 

a model of multiple-item WM, items show attraction at short distances and repulsion at 

medium distances (. Future experimental and modeling studies are needed to address 

whether the repulsion at short distances we observed is a task-dependent compensatory 

strategy, or a general feature of WM whose mechanism may occur within WM circuits.

5. Conclusion

We report two experimental tests in SCZ patients of qualitative predictions generated by a 

biophysically-informed cortical microcircuit computational model: i) elevated WM drift 

over time, and ii) broadened window of WM distractibility. In doing so, this ‘computational 

psychiatry’ study provides a provisional clinical translation of cellular-level computational 

modeling to behavioral experiments in SCZ. Such findings can in turn be applied to 

neuroimaging data or to other symptoms to test mechanistic hypotheses and guide more 

precise development of therapeutics for cognitive deficits in SCZ (Murray et al., 2014).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Working memory paradigm. Subjects were asked to remember the position of circles (d = 

125px) that were presented at 20 pseudo-randomly chosen angles along a hidden radial grid 

(r = 415px). This was done to mimic the ‘ring’ structure of the biophysically-based 

computational model motivating the design (Compte et al., 2000). After a delay subjects 

used a high-sensitivity joystick to indicate the remembered location, providing a parametric 

index of accuracy (as opposed to a forced-choice yes/no answer). The delay period varied 

parametrically such that subjects were asked to hold the location in memory for 0 s (i.e. 

immediate recall), 5 s, 10 s, 15 s, or 20s (60–20 trials). Subjects also completed a series of 

trials that contained a distractor, such that an additional circle appeared that subjects did not 

have to remember. During the distractor task the delay period was always 10s and the 

distractor appeared in the middle of the delay (after 4.3 s). There were two types of 

distractors, appearing at either 20° (proximal distractors) or 50° (distal distractors) from the 

original cue position (40 trials each). Lastly, subjects completed a control motor task (not 

shown) where cue circle and probe circle appeared simultaneously, requiring subjects to 

place the probe on top of the cue circle which necessitated a motor response but no WM 

maintenance or recall (20 trials).
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Fig. 2. 
Computational modeling results and experimental predictions. A. In the cortical circuit 

model of spatial WM, a brief stimulus excites a subset of neurons, which encode the 

stimulus across the delay through a pattern of persistent activity that is shaped by recurrent 

excitation and lateral inhibition. Disinhibition is implemented via reduction of NMDAR 

conductance from pyramidal cells onto inhibitory interneurons (GEI) (Murray et al., 2014). 

Disinhibition results in a broadened WM representation. B. The variability of WM report 

increases with delay duration. Disinhibition increases the rate at which variability increases, 

constituting a deficit in WM maintenance. C. Distractors are modeled as an intervening 

stimulus inputs during the delay. Under the control condition, there is no overlap between 

distractor and WM representations, and the report is unperturbed by the distractor. Under 

disinhibition, there is overlap and the report is shifted toward the distractor location. D. The 

mean WM report is shifted in the direction of the distractor, with dependence on the angular 

separation between distractor and cue. Disinhibition shows a larger distractibility window, 

i.e. the separation with maximal impact on WM report. E. The distractibility window and 
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WM variability (chosen here at 3-s delay, no-distractor condition) are correlated as both 

smoothly increase with the strength of disinhibition (reduction of GEI). Panels A-D adapted 

from (Murray et al., 2014) with permission.
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Fig. 3. Effects of Delay Duration on SWM Performance
Effects of delay duration on working memory drift. A. Each panel indicates positions of 

responses on the screen at different delays. Results are rotated such that every cue is 

presented at 0° angle to facilitate visual inspection. Gray dots indicate the pseudo-random 

positions of targets on the screen before rotation for analysis purposes. 95% confidence 

ellipses are shown around the mean response pattern for each group. Responses spread with 

increasing delay but remain centered on the cue position. B. Average standard deviation of 

response errors. Average variability is increased for the SCZ group compared to HCS and 

this difference increased with Delay Duration, indicating lower WM precision. C. As 

expected, average angular displacement of the responses is unaffected by either Delay 
Duration or Diagnosis, indicating no directional bias in the response pattern, as predicted by 
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the model. D. Effect sizes for between-group differences shown in B are in the medium to 

large range and remain relatively stable as delay increases, with the only notable increase at 

the longest delay. E. Average drift rate across the five delays shown in B is increased for the 

SCZ group compared to HCS. Error bars show ± 1 standard error of the mean.
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Fig. 4. Effects of Distractor Distance on Spatial Working Memory Performance
Effects of distractor position on working memory performance. A. Each panel indicates 

positions of responses on the screen rotated to angle 0 with 95% confidence ellipses and 

gray dots marking target positions before rotation, as in Fig. 3. Responses for the SCZ group 

show spreading in the presence of distractors, displaced away from cues toward distractors 

(crosses), in the distal distraction condition. B. Average standard deviation of response 

errors. Variability is increased in the SCZ group compared to HCS and in both groups in 

conditions with distractors. C. Distractors cause angular displacement of responses. While 

proximal distractors bias both groups to move away from the distractor, distal distractors 

only affect the SCZ group by biasing their responses toward the distractor location. Error 

bars show ± 1 standard error of the mean. D. Density plots for HCS (left) and SCZ (right) 

illustrating the shifts in responses. Critically, these density plots are not consistent with bi-

modal patterns of responses, but rather indicate subtle general right distribution shift for 

SCZ following distal distractors.
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Fig. 5. 
Positive relationship between working memory drift and distractibility. Linear regression 

was used to calculate the slope of working memory drift over time for each subject The 

resulting regression slopes (β values) for each subject were correlated with angular 

displacement in the distal distractor condition. The black line shows the positive correlation 

between the two—the more WM drift with increasing delay, the greater the distractor bias—

suggesting possible shared mechanisms (Fig. 2E) (Murray et al., 2014). Here we collapsed 

the analysis across both SCZ and HCS to maximize power given that spatial WM is a 

continuous measure and a construct highly consistent with a ‘dimensional’ perturbation 

(Cuthbert and Insel, 2013).
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