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Abstract

Negative symptoms and cognitive deficits contribute strongly to disability in schizophrenia, and 

are resistant to existing medications. Recent drug development has targeted enhanced NMDA 

function by increasing mGluR2/3 signaling. However, the clinical utility of such agents remains 

uncertain, and markers of brain circuit function are critical for clarifying mechanisms and 

understanding individual differences in efficacy. We conducted a double-blind, placebo-controlled, 

randomized cross-over (14 day washout) pilot study evaluating adjunctive use of the mGluR2 

positive allosteric modulator AZD8529 (80mg daily for 3 days), in chronic stable patients with 

schizophrenia (n=26 analyzed). We focused on 3T fMRI response in frontostriatal regions during 

an n-back working memory task, testing the hypothesis that AZD8529 produces fMRI changes 

that correlate with improvement in negative symptoms and cognition. We found that AZD8529 

did not produce significant group-average effects on symptoms or cognitive accuracy. However, 

AZD8529 did increase n-back fMRI activation in striatum (p<0.0001) and anterior cingulate/
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paracingulate (p=0.002). Greater drug-versus-placebo effects on caudate activation significantly 

correlated with greater reductions in PANSS negative symptom scores (r=−0.42, p=0.031), and 

exploratory correlations suggested broader effects across multiple symptom domains and regions 

of interest. These findings demonstrate that fMRI responses to mGluR2 positive modulation 

relate to individual differences in symptom reduction, and could be pursued for future biomarker 

development. Negative clinical results at the group level should not lead to premature termination 

of investigation of this mechanism which may benefit an important subset of individuals with 

schizophrenia. Imaging biomarkers may reveal therapeutic mechanisms, and help guide treatment 

towards specific populations.

Introduction

Negative symptoms of schizophrenia, such as amotivation and flat affect, are prevalent and 

contribute to disability and poor outcomes [1]. Negative symptoms are also resistant to 

existing treatments, creating a critical need for novel therapeutic targets and agents [2]. 

Cognitive deficits in schizophrenia are also prominent, disabling, and treatment resistant 

[3], and there are important interactions between motivational and cognitive deficits at 

both psychological and neurobiological levels [4–7]. In particular, both cognitive and 

motivational impairments are linked to dysfunction in frontostriatal circuitry. This circuitry 

includes dorsolateral and anterior cingulate regions in the prefrontal cortex, which are 

critical for executive functions such as working memory, and ventral and dorsal striatal 

regions linked to motivation and reinforcement learning [5, 7]. In fMRI reward tasks, 

hypofunction in striatum correlates with global negative symptom severity, and amotivation 

specifically [8–11]. Hypofunction in ventral and dorsal striatum and connected prefrontal 

regions is also associated with schizophrenia and negative symptoms during working 

memory and other cognitive fMRI paradigms [12–16].

Blockade of dopamine receptors is the primary mechanism of all existing antipsychotics, 

and this blockade may have competing positive and negative effects on both negative 

symptoms and cognition [17, 18]. Inspired by the glutamate hypothesis of schizophrenia 

pathophysiology, more recent drug development efforts have focused on ameliorating 

putative deficits in NMDA signaling [19, 20]. Interest has been fueled by multiple studies in 

rodents showing positive effects of agonism at type II metabotropic glutamate receptors 

(mGluR2/3) and mGluR2 positive allosteric modulators (PAMs) in NMDA-antagonist 

models of psychosis, including improvements in cognition and motivation [21–25]. In 

a rodent functional imaging study, an mGluR2 PAM opposed the effects of NMDA-

antagonists in specific brain regions including prefrontal cortex, dorsal and ventral striatum, 

and mediodorsal thalamus [26], and an mGluR2-selective agonist reduced ketamine-induced 

fMRI abnormalities in healthy humans [27]. The mGluR2 receptor is thus a promising 

target for modulating frontostriatal circuitry and improving negative symptoms and cognitive 

deficits in schizophrenia.

The extent to which mGluR2 signaling impacts cognitive or reward function in humans 

remains largely unknown. On the strength of preclinical studies, mGluR2/3 agonists and 

more recently mGluR2 PAMs have been brought into clinical trials in schizophrenia 
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[22, 28] and other psychiatric disorders [29, 30]. These trials have demonstrated an 

excellent safety profile of mGluR 2/3 agonists and modulators, but their efficacy in 

reducing symptoms has been inconsistent. Encouraging initial efforts, the mGluR2/3 agonist 

pomaglumetad improved both negative and positive symptoms in the first large-scale trial 

[31]. However, later clinical trials with pomeglumetad did not show consistent benefits 

[32, 33]. Two different mGluR 2/3 agonists reduced ketamine-induced psychotic symptoms 

in healthy volunteers [34]. An mGluR2 PAM (ADX/JNJ) also reduced ketamine-induced 

negative symptoms in healthy volunteers [35], but only trend improvement was found in a 

preliminary study of schizophrenia associated with prominent residual negative symptoms 

[36]. The single published clinical trial in schizophrenia with the mGluR2 PAM studied here 

(AZD8529) did not improve symptoms or cognition [37].

It remains unclear why the promise of these agents has so far not been borne out in clinical 

trials, but the field is at risk of prematurely discarding an intervention that could still benefit 

an important subset of patients. Heterogeneity of individual response is likely to be a major 

contributor to negative clinical trials [22, 38]. Indeed, re-analyses of the pomeglumetad 

schizophrenia trials suggested efficacy in specific subgroups, including those in early stages 

of illness (< 3 years) and those whose antipsychotic treatment had included dopamine D2 

blockade but not serotonin 5HT2A blockade [39]. There is some evidence for inverted 

U-shaped dose response curves with mGluR2 PAMs [40], and individual differences in drug 

metabolism or sensitivity could impede identification of effects averaged across a sample.

Further progress in understanding this heterogeneity, evaluating early signals of efficacy, 

and predicting clinical effects will require greater understanding of drug effects on specific 

neural circuits, and development of neurophysiological biomarkers such as pharmacological 

fMRI (phMRI) [41, 42]. Even when effects are not robust on average, incorporation of 

neurophysiological biomarkers can reveal brain-behavioral correlations that give insight into 

drug mechanisms and individual differences in drug response, consistent with the precision 

medicine and experimental therapeutic approaches advocated by NIMH and others [43, 44].

To date, no imaging studies have been published using mGluR2/3 agonists or modulators in 

schizophrenia (or any other psychiatric populations). To address this gap and gain insight 

into neural circuit effects and potential response heterogeneity, we performed this phMRI 

study evaluating adjunctive treatment with the mGluR2 PAM AZD8529. We hypothesized 

the drug would increase fMRI activation in prefrontal and striatal circuitry, and that this 

change in activation would correlate with improvement in negative symptoms and cognitive 

performance.

Materials and methods

Participants

45 adult individuals were randomized into the study. After exclusions (See Supplemental 

Methods for inclusion/exclusion criteria and excluded participants), 26 participants (10 

female) had complete fMRI data analyzed and reported here. Participants were stable 

outpatients with a DSM-IV diagnosis of schizophrenia (n=25) or schizoaffective disorder 

depressed type (n=1), on a stable antipsychotic regimen which was continued throughout the 
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study. Most (n=22) were on 2nd/3rd-generation antipsychotics, two were on 1st-generation 

antipsychotics, and two were on both; mean daily dosage was 510±283 mg chlorpromazine 

equivalents (CPZ). Additional psychotropic medications taken on a routine basis included 

anticholinergics (n=8), anxiolytics (n=9), antidepressants (n=10), anticonvulsants/lithium 

(n=4/1), thyroid replacement hormone (n=1). Demographic and clinical characterization 

of the analyzed sample is included in Table 1. Participants underwent standard medical, 

neurological, psychiatric, and neurocognitive evaluations (detailed in Supplementary 

Methods). Participants were provided with a complete description of the study and written 

informed consent was obtained. All study procedures were approved by the University of 

Pennsylvania IRB and conducted in accordance with the Declaration of Helsinki.

Study drug and design

The adjunctive pharmacological agent used here, AZD8529, is an mGluR2-selective positive 

allosteric modulator (PAM). Like all mGluR2 PAMS, AZD8529 acts on an allosteric site to 

potentiate mGluR2 activation only in the presence of endogenous glutamate [21]. The use of 

direct agonists at mGluR2/3 carries significant limitations for both mechanistic investigation 

and therapeutic applications, which can be surmounted by the use of PAMs [45]. Targeting 

the allosteric site allows selective activation of mGluR2 and not mGluR3, and maintains 

physiologic activity-dependent receptor activation, which may reduce non-physiological and 

adverse effects, as well as habituation [21, 22]. In addition, PAMs including AZD8529 

exhibit greater oral bioavailability and CNS penetration than agonists, which enhances their 

potential clinical utility. The dosing of AZD8529 was 80mg daily for three days, a regimen 

designed to achieve after 3 days the steady-state level approximating the level from the 

chronic 40 mg every-other-day dosing used in Litman et al. [37]. This approximation was 

based on prior pharmacokinetic studies using various dosing regimens (AZD8529 Multiple 

Ascending Dose Study D1960C00002, data on file at AstraZeneca); as can be seen in Table 

1 we achieved average blood levels (112 ng/mL) that were somewhat higher than those 

reported in Litman et al. (Cmax 73ng/mL, Cmin 38ng/mL) while still well within the range 

previously determined to be safe and tolerable.

This was a Phase 1 pilot study, designed and registered in 2009 as NCT00986531. The 

overall design was a double blind, placebo-controlled, counterbalanced within-subject 

crossover, with a 14-day washout between drug and placebo phases. Primary outcome 

measures included fMRI activation and cognitive battery performance; secondary outcomes 

included EEG, negative and other symptoms from the Positive and Negative Syndrome Scale 

(PANSS), and safety assessments including vital signs, electrocardiogram (ECG), suicidality 

and other adverse events. Key outcome measures were obtained once following 3 days of 

treatment with oral AZD8529 (80 mg daily), and once following 3 days of treatment with an 

identical-appearing placebo (see Supplementary Methods for details of visit schedule, and 

Figure S1 for study design schematic).

Imaging task—During both MRI sessions, subjects completed a previously described 

fractal n-back task (0, 1, 2, and 3-back block design; Figure 1) [46]. To minimize practice 

effects, two equivalent forms of the tasks with unique stimuli were administered in a 

counterbalanced order. Our primary behavioral measure in the scanner n-back task was d′, 

Wolf et al. Page 4

Mol Psychiatry. Author manuscript; available in PMC 2022 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT00986531


which summarizes overall task performance while accounting for the number of correct 

responses and the number of false positives [47]. Due to technical problems, n-back in-

scanner behavioral data was incomplete and excluded for two participants. See Supplement 

for further fMRI task details.

Image acquisition, processing and timeseries analysis

Images were acquired with a Siemens Trio 3T (Erlangen, Germany) system, in the 

following order: structural, resting perfusion, emotion identification BOLD, continuous 

performance BOLD, n-back BOLD, B0 map. BOLD fMRI data were preprocessed and 

analyzed using FEAT (FMRI Expert Analysis Tool) within FSL (FMRIB’s Software Library, 

www.fmrib.ox.ac.uk/fsl). Individual-level timeseries analysis was carried out using a general 

linear model in FSL. A canonical hemodynamic response function was used to model 4 

conditions (0-back, 1-back, 2-back, 3-back) with separate regressors; six motion correction 

parameters were included as nuisance regressors, and rest condition was designated the 

unmodeled baseline. See Supplementary Methods for further acquisition and processing 

details.

Group-level region of interest image analysis

For our primary analysis of group-level effects, a region of interest (ROI) approach was 

used. Based on the expected intersection of working memory effects and mGluR2 effects 

within frontostriatal circuitry as described above, we examined three bilateral ROIs: DLPFC, 

ACC, and striatum (STR). To obtain unbiased functional ROIs we generated 10mm spheres 

around areas of peak activation from the Neurosynth meta-anlysis of working memory fMRI 

(see Supplementary Methods and Figure S2 for detailed ROI definitions). For each ROI, 

individual subject activation measures (contrast parameter estimates, arbitrary units) were 

extracted for statistical analysis.

Group-level exploratory voxelwise analyses

In addition to analysis in these three ROIs, we conducted exploratory whole-brain voxelwise 

analyses to test for effects outside predicted regions. Individual-level statistical maps were 

transformed into MNI space and resampled to 2mm isotropic voxels. Drug-placebo fixed 

effects were calculated within each subject and these contrasts were then subjected to group-

level analyses in FSL using FLAME1. All voxelwise analyses were FWE-corrected using 

5000 permutations in FSL’s randomise, with threshold-free cluster enhancement (TFCE)

[48] to ensure rigorous control of multiple comparisons.

Mixed model analysis and other statistical tests

Drug effects were examined using a linear mixed effects model (lmer procedure) 

implemented in R version 3.2.5, with participants as a random factor, drug (AZD8529 

vs. placebo) as a fixed effect; some analyses included working memory load level as an 

additional fixed factor. There was no effect of the two n-back task forms on any outcome and 

so this variable was not included. Descriptive statistics and uncorrected post-hoc t-tests were 

used to explicate significant results from the mixed models; normality and variance were 

examined for key variables. Pearsons correlations were used to relate drug-induced change 
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in ROI activation to drug-induced change in symptoms. For all statistical tests, significance 

was determined using an alpha criterion of p<0.05, two-tailed.

Results

Safety, Clinical Symptoms, Cognitive Performance

Overall, the drug was well-tolerated. There were two serious adverse events, both involving 

hyperglycemia in participants with pre-existing type 2 diabetes (one on study drug, one on 

placebo); neither was considered study-related, they were withdrawn from the study. There 

were no clinically significant ECG abnormalities reported.

No significant effects of drug were found on PANSS symptoms, out-of scanner cognitive 

battery overall accuracy (p=0.16), or the d’ measure of in-scanner n-back performance 

(p=0.46). The d’ measure did show an expected effect of worse performance at higher 

n-back levels (F(3,165)=46.47, p <.0001), with no drug x level interaction (p=0.78).

Effects on n-back fMRI activation

BOLD activation showed expected modulation by working memory load in ACC 

(F(3,178)=5.25, p=0.002) and DLPFC (F(3,178) = 3.14, p=0.027) although load effects 

were not significant in striatum (F(3,178)=0.92, p=0.43). This pattern reflected increasing 

activation at higher load levels, although with some reduction at the highest 3-back level 

(Figure 2). Relative to placebo, drug increased activation across load levels in ACC (F(1, 

178) = 10.04, p=0.002) and more dramatically in striatum (F(1,178)=25.4,p<0.0001); no 

significant effects were seen in DLPFC (F(1, 178)=2.10, p=0.15). No regions showed 

significant interaction effects of drug with working memory load level (p’s >0.3). 

Exploratory voxelwise analysis did not identify other regions showing significant drug 

effects. Participants who showed greater striatal activation by the drug also showed greater 

reductions in PANSS negative symptom scores (correlation of drug-placebo difference 

scores, r=−0.42, p=0.031; Figure 3). This relationship with the primary PANSS negative 

symptom score was not significant in other ROIs and was not accounted for by other PANSS 

domains; however, exploratory correlations suggested broader drug effects across multiple 

symptom domains and regions of interest (see Supplementary Results and Tables S1 and 

S2). fMRI findings were not explained by demographic variables, head motion, anxiety, 

extrapyramidal symptoms, or other potential confounds (see Supplementary Results).

Discussion

Our study is the first to examine the neural circuit effects of enhancing mGluR2 functioning 

in schizophrenia. Applying the mGluR2 PAM AZD8529 during working memory fMRI, we 

find that AZD8529 increases activation in task-activated frontostriatal regions (significantly 

in STR and ACC with a non-significant trend in DLPFC), and also observe that 

the magnitude of increased activation in striatum correlates with reduction in negative 

symptoms.

There has been a single published schizophrenia clinical trial with AZD8529, which did not 

show benefits of chronic dosing (28 days) on positive or negative symptoms or cognition 
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[37]. Here we also find no average effects of briefer treatment (3 days) with AZD8529 

on these domains. However, our inclusion of fMRI measures allowed us to identify drug 

effects at the brain level and understand potential heterogeneity in drug response. This 

outcome provides support for the experimental medicine approach recently implemented by 

NIMH [43, 44], demonstrating that studies that would be “negative” if only standard clinical 

endpoints were included can be informative when brain-based biomarkers are incorporated.

The location of our findings is consistent with the known distribution and function of 

mGluR2 receptors in animal and human studies. mGluR2 expression is high in prefrontal 

regions including dorsolateral and anterior cingulate and in subcortical regions, particularly 

striatum, and metabotropic glutamate receptors including mGluR2 modulate glutamatergic 

function in these regions [26, 27, 34, 49–52].

Prior fMRI studies of working memory in schizophrenia typically report reduced task 

activation, although this effect depends in part on task difficulty [53]. Here we did not 

have a healthy control group; however, consistent with most prior literature, our n-back 

task has previously shown fMRI hypoactivation associated with psychotic symptoms and 

global psychopathology [54, 55]. Thus, the increased activation seen here is consistent with 

a normalization of neural circuit function. However, AZD8529 did not improve working 

memory performance itself, seemingly reflecting greater sensitivity of fMRI compared to 

behavior [56]. It could also indicate that there are other important contributors to impaired 

behavioral performance that are not impacted by AZD8529, or that higher doses or longer 

duration of treatment are necessary for clear cognitive benefits. We observed robust drug-

induced increases in activation in ACC but not DLPFC; the reason for this difference is 

unclear, but a stronger increase in DLPFC activity might be needed to achieve cognitive 

improvement.

While working memory is most closely associated with prefrontal cortex, striatal regions 

including the dorsal caudate are also activated during working memory fMRI [57, 58]. The 

striatal region showing drug effects correlating with negative symptom change in this study 

lies within that dorsal caudate area (Supplementary Figure S3). The same dorsal caudate 

region exhibits functional connectivity with dorsolateral prefrontal cortex, which is reduced 

in association with duration of untreated psychosis [59]. Some prior studies have also 

related impaired dorsal striatal activation to schizophrenia and negative symptoms during 

working memory fMRI. In particular, Ehrlich et al. [14] found that higher negative symptom 

severity in schizophrenia correlated with lower working memory fMRI activation in dorsal 

striatum (but not significantly in DLPFC). Koch et al. [15] found reduced dorsal caudate 

activation during working memory in schizophrenia, but did not examine negative symptoms 

specifically. More broadly, our results are consistent with the reward imaging literature 

showing that hypofunction in striatum correlates with negative symptom severity. While 

most prior studies have focused on the ventral striatum [8], human and animal studies also 

link dorsal striatum hypofunction to negative symptoms and amotivation; dorsal striatum 

may be particular important for the formation of action-reward associations [9, 60].
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Metabotropic glutamate signaling – imaging and schizophrenia

Although our study does not address the question of baseline abnormalities in mGluR2 

signaling in schizophrenia, it suggests that enhancing this signaling in striatum improves 

an mGluR2 signaling deficit either directly, or by compensating for other abnormalities. 

Existing literature regarding mGluR2 expression abnormalities in schizophrenia is mixed, 

and expression abnormalities may be limited to early stages of illness [61], although 

alterations in function may occur independently of expression levels. Genome-wide 

association studies to date have identified risk variants in mGluR3, not mGluR2 [62], 

but there are poorly-understood interactions between mGluR2 and mGluR3 pathways 

[63]. A strength of AZD8529 and other mGluR2-selective PAMS is that unlike direct 

agonists, effects can be clearly attributed to mGluR2 and not mGluR3, aiding biological 

interpretability as well as therapeutic specificity. In animal studies, mGluR2 has been 

shown to interact with other (non-glutamatergic) neurotransmitter systems associated with 

schizophrenia pathophysiology and/or antipsychotic response including dopamine [52], 

serotonin [64], and GABA [65]. The mGluR2 effects are thought to be mediated mainly 

by presynaptic autoreceptors that reduce neurotransmitter release but there is also some post-

synaptic expression of mGluR2, perhaps contributing to complex (inverted-U) dose reponses 

[22, 40]. Regardless of whether AZD8529 effects are normalizing a pathophysiological 

hypofunction of mGluR2 signaling or increasing it to supra-normal levels, our results 

suggest that this effect may be beneficial for ameliorating negative symptoms.

Imaging of glutamatergic effects

There is limited work in humans examining effects of glutamatergic signaling on neural 

circuitry. Most studies have employed the NMDA antagonist ketamine, demonstrating 

primarily increases in regional cerebral blood flow, blood-oxygen-level-dependent (BOLD) 

signal, resting-state connectivity, and glutamate/glutamine spectroscopic levels [41, 66–68]. 

Studies of ketamine effects on fMRI task-activation have shown variable increases or 

decreases, including a decrease in striatal reward responses [69] and dorsolateral prefrontal 

memory responses [41, 70]. Task-fMRI ketamine effects also vary according to individual 

differences such as depression status [71, 72]. Two studies demonstrated that mGluR2/3 

agonists as well as a selective mGluR2 agonist reduced ketamine-induced BOLD [27, 

34]. To our knowledge, no published studies have examined effects of AZD8529 or other 

mGluR2 PAMs using neuroimaging. One study using EEG found that another mGluR2 PAM 

altered sleep EEG structure [73]. Although much more work is needed in this area, overall 

results suggest that AZD8529 and other agents that increase mGluR2 signaling have effects 

opposite to those of ketamine.

Limitations

There are several limitations in the current study. The sample size is relatively small, 

and replication in a larger sample will be important. Our study lacked a healthy control 

group, so we cannot judge to what extent observed drug effects are dependent on baseline 

brain pathophysiology of schizophrenia. We studied a chronic medicated sample, and 

all patients were on a medication with potential serotonergic effects, thus we could 

not examine putatively responsive subgroups of early-stage psychosis and D2-exclusive 
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medication exposure identified by Kinon et al. [39]. Early-stage schizophrenia may exhibit 

distinct glutamatergic abnormalities [74] and more robust clinical response to mGluR 

agonism [39], and antipsychotic treatment in our patients may have limited the efficacy of 

AZD8529, perhaps through downregulating mGluR2 [39] or inducing D2 supersensitivity 

[75]. Future work could examine mGluR2 PAMS in early-stage psychosis and at-risk 

populations including medication-naive individuals. Patients were also symptomatically 

stable with relatively low symptom severity; this increased the safety of the study, but 

may have reduced sensitivity for detecting drug-related improvements. In addition, most of 

the participants were smokers, so the extent to which findings generalize to nonsmokers is 

unclear. AZD8529 is also being studied in nicotine and other addictions, and future studies 

could examine the relationship of the fMRI effects we see to addiction phenotypes. Another 

limitation is that our design did not include long-term treatment with AZD8529 as would be 

needed for actual clinical use. Although we selected a dose designed to approximate over 3 

days the steady-state level expected from chronic dosing, medications may have long-term 

or indirect effects that take weeks to emerge even at steady-state. We only used a single 

dose, and mGluR2 PAMs may show complex/inverted-U dose responses. This would be 

expected to obscure average drug effects at a given dose given inter-individual variability 

in pharmacokinetics and pharmacodynamics. While we show that some clinical response 

heterogeneity is related to heterogeneity in brain responses, this leaves open the question of 

what factors drive these differences in brain response, pointing to the need for future work 

examining different stages of illness and different medication exposures. Aspects of our 

study design that substantially limit our ability to address questions of specificity regarding 

negative symptoms and the role of motivation circuitry include: use of the PANSS for our 

primary negative symptom measure since current cutting edge measures such as CAINS 

and BNSS were not fully developed at time of study design; the lack of a measure of 

primary/deficit negative symptoms or a specific depression measure; and lack of an fMRI 

task directly manipulating reward. Lastly, the test-retest reliability of fMRI and hence its 

sensitivity to drug effects is generally higher in task-activated regions [76], so we cannot rule 

out drug effects in other regions that would be better detected with other imaging tasks or 

task-free fMRI approaches.

Summary & Conclusions

Notwithstanding these limitations, our findings from the first fMRI study of mGluR2 

modulation in schizophrenia support further investigation of this pharmacological 

mechanism. In particular, our findings suggest the potential of increased mGluR2 signaling 

to improve disabling symptoms of schizophrenia by activating fronto-striatal brain regions. 

Our results also support the future development of fMRI and other imaging biomarkers to 

reveal therapeutic mechanisms and tailor drug development and treatment towards specific 

neural circuits and patient populations. Ultimately, this effort will move us towards the 

ultimate goal of personalized medicine with optimal outcomes for every patient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. N-Back fMRI Paradigm.
A. Working memory was tested with complex geometric figures (fractals), parametrically 

varying levels of memory load (0-back, 1-back, 2-back, 3-back) across blocks. In the 

0-back condition, participants responded with a button press to a specified target fractal. 

For the 1-back condition, participants responded if the current fractal was identical to the 

previous one; in the 2-back and 3-back conditions, participants responded if the current 

fractal was identical to the item presented two or three trials previously, respectively. Each 

condition consisted of a 20-trial block (60 s); each level was repeated over three blocks. 

The target-foil ratio was 1:3 in all blocks. Each fractal was presented for 500ms, followed 

by an inter-stimulus interval of 2500ms. Total n-back task duration (including fixation and 

instruction periods) was 900 seconds.
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Figure 2. Drug Effects on N-back fMRI Activation.
Drug-induced increases in activation during the n-back task were most robust in striatum 

(STR, p<0.0001 across levels), then Anterior cingulate cortex (ACC, p=0.002), but was 

not significant in dorsolateral prefrontal cortex (DLPFC, p=0.15). Activation in all regions 

tended to be higher on levels requiring working memory, but effects of n-back level were 

only significant in ACC and DLPFC. Drug effects appeared strongest at the 2-back level, 

which was also the level associated with greatest activation across sessions, but drug x level 

interactions were not statistically significant. AZD=AZD8529, PLC=Placebo. Error bars 

show SEM.
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Figure 3. fMRI-Symptom Relationship.
Scatterplot (left) shows that drug-induced increases in activation in a working-memory 

responsive region of caudate (y-axis, independent neurosynth ROI) correlates (r=−0.42, 

p=0.03) with drug-induced improvement in negative symptoms (x-axis, PANSS negative 

scores). Voxelwise images (right) demonstrate the region of caudate showing this 

effect (image thresholded at z>2.33 and masked by anatomical striatum for display). 

AZD=AZD8529, PLC=Placebo.
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Table 1.

Demographic and Clinical Variables.

Variable PLACEBO DRUG p-value

Age (years)
42.5 (9.6) 

a - -

Gender (% female) 38% - -

Smoke (% yes) 77% - -

Education (years) 12.7 (1.9) - -

b
Parental Education (years)

12.7 (2.3) - -

PANSS Negative 13.7 (3.9) 13.5 (4.2)
0.77

c

PANSS Positive 13.7 (4.5) 13.9 (4.8) 0.77

PANSS General 24.2 (6.0) 24.3 (4.6) 0.90

PANSS Total 51.6 (10.7) 51.7 (9.7) 0.96

d
AZD8529 Blood Level (ng/mL)

- 112 (50) -

a)
Mean (SD) reported for dimensional variables

b)
Parental Education data from n=25 of total 26.

c)
2-tailed p-values from paired t-test; mixed model results are reported in main text

d)
AZD8529 PK blood levels on day of scan, from n=22 of total 26.
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