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Abstract
BACKGROUND: Reduced activation of dopamine D1 receptor signaling may be implicated
in reward functioning as a potential driver of negative symptoms in schizophrenia.
Phosphodiesterase (PDE) 10A, an enzyme that is highly expressed in the striatum,
modulates both dopamine D2- and D1-dependent signaling.
METHODS: We assessed whether augmentation of D1 signaling by the PDE10 inhibitor
RG7203 enhances imaging and behavioral markers of reward functions in schizophrenia

of

patients with negative symptoms. In a 3-period, double-blind, cross-over study, we

ro

investigated the effects of RG7203 (5 mg and 15 mg doses) and placebo as adjunctive
treatment to stable background antipsychotic treatment in chronic schizophrenia patients

-p

with moderate levels of negative symptoms. Effects on reward functioning and reward-based

re

effortful behavior were evaluated using the monetary incentive delay (MID) task during

na

Reinforcement Learning tasks.

lP

functional magnetic resonance imaging and the Effort Cost Benefit and Working Memory

RESULTS: Patients (n = 33; 30 male, mean [standard deviation] age 36.6 ± 7.0 years;

ur

Positive and Negative Syndrome Scale Negative Symptom Factor Score 23.0 ± 3.5 at

Jo

screening) were assessed at 3 study centers in the United States; 24 patients completed the
study. RG7203 at 5 mg significantly increased reward expectation-related activity in the MID,
but in the context of significantly decreased overall activity across all task conditions.
CONCLUSIONS: In contrast to our expectations, RG7203 significantly worsened rewardbased effortful behavior and indices of reward learning. The results do not support the utility
of RG7203 as adjunctive treatment for negative symptoms in patients with schizophrenia.
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INTRODUCTION
Negative symptoms represent a key symptom domain and an important driver of functional
disability in schizophrenia (1) and are present in up to 60% of patients (2). Despite the high
medical need, no approved treatment is available for negative symptoms (3). The development
of novel drugs has been hampered by the lack of objective measures to test their effects on
underlying neurobiological deficits, with the result that companies have conducted – ultimately
negative – large and lengthy clinical trials without any prior evidence of beneficial

of

neurobiological effects. As such, it is of the utmost importance from a drug development

ro

perspective to deploy biomarkers and functional tests that allow for more rapid testing of
potential beneficial treatments and decision making on the basis of fewer patients (4).

-p

Factor analyses of negative symptoms in schizophrenia have demonstrated at least 2

re

dimensions: 1) avolition (also referred to as apathy, amotivation, avolition, asociality, anhedonia

lP

and ‘motivation and pleasure dimension’), and 2) expressive deficits (5). The first dimension is a

na

key driver of functional impairment and is related to abnormal reward functions (5). Research
inspired by preclinical work has demonstrated specific deficits in learning from positive reward

ur

or reinforcement in probabilistic learning paradigms in patients with negative symptoms (6-8).

Jo

These deficits are assumed to contribute to the inability of patients with negative symptoms to
develop internal representation of rewarding goals, actions and events which, in turn, have
been implicated in reduced motivation to engage in effortful, value-driven behavior (5).
Consistently, negative symptoms are associated with reduced motivation or willingness
to expend high efforts for highly rewarded outcomes in cost-benefit paradigms (9-11),
reduced activation of the ventral striatum during such tasks, and expectation of potential
monetary rewards (Monetary Incentive Delay [MID]) (12-15). These studies provide strong
evidence for abnormalities in reward functioning and related motivation in patients with
schizophrenia experiencing negative symptoms. It is plausible that a treatment expected to
treat the ‘avolition’ dimension of negative symptoms should improve reward functions in
patients with these symptoms. Importantly, the above reward paradigms provide an objective
means to evaluate potential effects of novel treatments.
4

The direct and indirect basal ganglia pathways mediate different aspects of reward
learning: the direct pathway (dopamine D1 receptor-dependent) is implicated in learning
from positive reward (“Go” learning), and the indirect pathway (dopamine D2 receptordependent) from negative reward (“No Go” learning) (16). The specific deficit in Go learning
in patients with negative symptoms implicates deficient signaling through the D1-dependent
direct pathway as a contributing factor in the etiology of negative symptoms (16). Treatments
that specifically augment signaling through this pathway may ameliorate the deficit, and

of

potentially lead to an improvement in key negative symptoms.

ro

Phosphodiesterase (PDE) 10 is highly expressed in the striatum. Its inhibition
suppresses D2-mediated and enhances D1-dependent signaling (17-19) and therefore may

-p

represent a potential approach to ameliorate the deficits in D1-dependent signaling and reward

re

processing in patients with negative symptoms. In a multiple ascending dose study in healthy

lP

volunteers, we demonstrated small, but consistent positive effects across 4 different

na

paradigms probing reward functioning of the PDE10 inhibitor RG7203 (Figure S1) (20). Here,
we report on a randomized, double-blind study exploring the effects of 2 doses of RG7203 (5

ur

mg and 15 mg; referred to as low and high dose) versus placebo using a 3-period cross-over

Jo

design in patients with chronic schizophrenia and moderate levels of negative symptoms. We
hypothesized that inhibition of PDE10 should enhance functional magnetic resonance imaging
(fMRI) and behavioral measures of reward functioning in these subjects. Dose selection was
based on results of a positron emission tomography study in healthy volunteers demonstrating
mean PDE10 occupancy of around 40% with 5 mg RG7203, and around 80% occupancy with
15 mg RG7203 (Figure S2). As effects on reward functioning in healthy volunteers were
greatest at lower doses, providing occupancy levels of less than 50%, we speculated the lower
dose

to

also

be

more

METHODS AND MATERIALS
Participants and Study Design
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efficacious
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patients.

Eligible patients had a Diagnostic and Statistical Manual of Mental Disorders-5 diagnosis of
schizophrenia, were 15–50 years old, with a score ≥ 18 on the Positive and Negative
Syndrome Scale (PANSS) Negative Symptom Factor Score (NSFS) (21) at screening,
symptomatically stable, and on antipsychotic treatment not exceeding a dose equivalent to 6
mg risperidone. Additional inclusion criteria included: Clinical Global Impression−Severity
scale (CGI-S) score ≥ 3 (at least mildly ill); PANSS depression score (G6) ≤ 4 (moderate or
less); and Calgary Depression Rating Scale for Schizophrenia ≤ 8. A score of > 2 (mild) for

of

any of the 4 CGI-S items of the Extrapyramidal Symptom (EPS) Rating Scale and treatment

ro

with olanzapine or clozapine within 3 months of screening were exclusionary (for all eligibility
criteria see supplemental material).

-p

Patients were randomized to receive placebo, 5 mg, or 15 mg RG7203 (matching oral

re

capsules), once daily in 1 of 6 different treatment sequences (approximately 8 patients per

lP

sequence, see Figure S3 in supplemental material). For the 15 mg dose, treatment was up-

na

titrated to the target dose during the first week. Each treatment period lasted 3 weeks,
followed by a 2-week washout, with fMRI and behavioral tasks at the end of each treatment

ur

period (Day 22). Patients were assessed weekly for safety, tolerability and psychopathology,
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and approximately 2 weeks after the last dose of study medication for follow-up. Compliance
was monitored with a smartphone application.
Reward-based effortful behavior, probabilistic learning, and working memory were
evaluated using fMRI (MID and N-back) and behavioral tasks (Working Memory
Reinforcement Learning task [WMRLT] and Effort Cost Benefit Task [ECBT]) (14, 22-24).
The study was registered on ClinicalTrials.gov (NCT02824055) and approved by
central and local site-specific Institutional Review Boards.

MRI Acquisition
MRI images were acquired on 3 3T scanners (GE 3T Discover 750w 25.0, Siemens 3T
MAGNETOM Trio, Siemens 3T Verio). At all sites, blood oxygen level-dependent (BOLD)
fMRI data were collected using a T2*-weighted echo planar imaging sequence (repetition
6

time 2000 ms, echo time 27 ms, flip angle 90°, 39 slices, voxel size 3x3x3 mm, 1 mm gap).
Additionally, a standard structural T1-weighted scan (1x1x1 mm) was acquired for coregistration purposes for each patient using standard stock sequences available at each
imaging center. Acquisition of fMRI data for the MID task comprised 363 volumes. Four
scanner discarded volumes were acquired prior to task onset to allow for stabilization of the
magnetic field.

of

fMRI Tasks

ro

Monetary Incentive Delay

The MID task was adopted from Knutson et al. (14, 25). Patients were asked to respond as

-p

quickly as possible to a white box on the screen, which was preceded by a stimulus that

re

informed the patient about the consequences of their response. Three conditions were

lP

presented: 1) Win-high: the patient ‘wins’ a higher amount of money ($2) if the response is

na

sufficiently fast; 2) Win-low: the patient ‘wins’ a lower amount of money ($0.2) if the response is
sufficiently fast; 3) Neutral control: the patient does not win or lose money but is still asked to

ur

respond as fast as possible. At the end of each trial, a feedback on the total amount of money
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won, as well as won in the last trial, was presented. Accuracy, reaction times, and amount of
money gained were recorded. The ‘hit’ reaction time window was adaptively tailored to the
individual response times of the patient to have comparable winnings across patients and
sessions.

N-back Task
This task required patients to constantly update their mental set while recalling previous stimuli
(26). Numbers from 1–4 were presented at set points of a diamond, 1 at a time, every 2
seconds for 500 ms. Patients were instructed to press a response button corresponding to the
number seen in “current trial - n” and were tested for 0- and 2-back memory loads (Figure S4).
Therefore, each number was a probe as well as a target. A block design was used, in which the
0-back (a sensory-motor control condition not involving working memory) alternated with the 27

back task for 30 seconds each, over 8 repetitions. Performance was measured as percent
accuracy and reaction time.

fMRI Pre-Processing
Pre-processing of fMRI data was performed using Statistical Parametric Mapping software
(27) and MATLAB R2013b. Pre-processing comprised motion correction, distortion correction,
spatial registration to a structural scan with a subsequent normalization into the Montreal

of

Neurological Institute space, masking of non-gray matter voxels, and smoothing with a

ro

Gaussian kernel of 6 mm full-width at half maximum. To determine task-dependent activation,
(first-level) t-contrasts of ‘active versus control’ condition (win > control) were computed per

-p

patient and session. For the N-back task, the contrast 2-back > 0-back was evaluated; a

re

quality control procedure was adapted comprising exclusion of sessions where patients were

lP

evidently performing the 0- or 1-back instead of 2-back, or had a high miss rate or low

na

accuracy in the 0-back condition. Effects of motion were controlled for in all tasks by including
6 motion parameters (translation and rotation) in all models. Eigenvariates adjusting for the

ur

effects of motion were extracted for the above contrast for all patients using an a priori defined
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ventral striatal (MID) and dorsolateral prefrontal (N-back) activation mask obtained from the
same task in a previous study in healthy volunteers (28) (Figure 1A and 1B). Additionally, the
rfxplot toolbox (29) was used to extract the fitted hemodynamic response function (HRF) and
its amplitude for each of the 3 MID task conditions and for the 2 N-back task conditions per
patient and session. At the end of the session, patients received the actual amount of money
earned.

Behavioral Tasks
A full description of the behavioral tasks is provided in the supplementary material.
Working Memory Reinforcement Learning Task
Learning phase (LP): The WMRLT was modified from a classic conditional associative
learning paradigm (30, 31). In the LP, patients learned to select 1 correct out of 3 possible
8

button presses for a given stimulus (1 stimulus presented at a time) by receiving feedback
about the correctness of their action. Stimuli were presented in 12 blocks, with block sizes
ranging from 2 to 5 stimuli and stimuli in each block corresponding to a different category of
images (e.g., sports, fruits, places) leading to a total of (4 blocks of 2 stimuli) + (3 blocks of
3) + (2 blocks of 4) + (3 blocks of 5) = 40 different stimuli. Correct button choices were
rewarded with 1 or 2 points with preassigned probabilities of receiving the reward (0.25, 0.5,
0.75) for each stimulus. As schizophrenia patients display an impaired reinforcement

of

learning performance with increased working memory load in this task (31) the proportion of

ro

correct choices in late trials (trials 11, 12, and 13) for blocks of size 4 and 5 (high working

-p

memory load) was used for the analyses described below.

re

Test phase (TP): After LP, patients underwent a TP, in which they were presented with pairs of

lP

images they previously encountered and asked to choose the image they perceived to have

na

given them most points in LP. No reward was given for the choices made. TP included 115
pairs of images that were selected among all possible pairs and based on the actual

ur

responses of the patient in LP, ensuring the inclusion of sufficient pairs with a range of value

Jo

differences and means. For TP, a general linear model was fitted for each patient and session.
As suggested by previous research using this task in schizophrenia patients, the beta
coefficient (2) describing the modulation of the value difference by the value mean was used
for evaluating treatment effects (23). This coefficient is considered to capture the deficit
observed in schizophrenia patients with negative symptoms related to the “choose A avoid
B” paradigm in which patients learn to choose a highly rewarded stimulus and avoid a less
valuable stimulus.

Effort Cost Benefit Task
In the ECBT, adapted from Gold et al. (22), patients chose between a low effort, low reward
option (20 pumps; 1 point) and a high effort, high reward option task (100, 120, or 150
pumps) where the reward varied from 3, 5, or 7 points with a prespecified certainty of 50 or
9

100% of actually receiving the reward. Each set of cumulated 20 points converted to a $1
bonus. Seventy-two experiments per session were presented. The percentage of high effort
choices under deterministic reward condition (100% reward) for reward magnitudes 5 and 7
was used for evaluating treatment effects.

Statistical Analyses
Primary Analyses

of

Prior to unblinding, a pre-specified statistical analysis plan was created. Only the primary

ro

analyses and additional exploratory analyses are reported. The primary analyses for MID
and WMRLT TP were performed using a general linear model implemented in SAS

-p

(www.sas.com). The model included fixed effects for treatment (‘placebo’, ‘5 mg’, ‘15 mg’)

re

and visit (1, 2, 3), and an error term assumed to be correlated across visits within each

lP

patient. Each dose was compared with placebo. Primary analyses for WMRLT LP examined

na

the effect of treatment on the proportion of correct choices in late trials with high working
memory load. Within patient differences were derived for each dose versus placebo and

ur

were analyzed using a one-sample t-test.

Jo

For the ECBT the general linear model included fixed effects of treatment, period, plus
continuous effects for effort, reward, side, and their interaction with treatment. Repeated
observations within patients were modelled using autoregressive correlations across the
ordered results within each patient and session. Each dose was compared with placebo.
For all primary analyses, a directional hypothesis assuming beneficial effects of
treatment was pre-specified (for MID: increases in differential activation in the win versus
control conditions; for WMRLT LP: an increase in the proportion of correct choices; for
WMRLT TP: a higher beta coefficient; for ECBT: the proportion of high effort choices). For
the directional hypothesis test related to MID, a one-sided p-value of 0.05 (two-sided 0.1)
was the criterion for a statistically significant positive treatment effect. For directional
hypotheses related to ECBT and WMRLT, the corresponding values were 0.1 (one-sided)

10

and 0.2 (two-sided). These choices were considered adequate for this exploratory signalseeking proof of mechanism study.

Secondary and Exploratory Analyses
We evaluated the effects of treatment with RG7203 on working memory activation (N-back
fMRI task; contrast 2-back > 0-back) and behavioral performance in the N-back (accuracy in
the 2-back condition) and the MID task (reaction times in the high win condition). Prior to

of

unblinding, a review of behavioral N-back data was performed to ensure patients were able

ro

to perform the task, resulting in the exclusion of 28% (n = 22 sessions) of all sessions from
analyses (reasons: high omission rate: n = 6, performing the 2-back as 0-back: n = 10,

-p

performing 2-back as 1-back: n = 4, high error rate in 0-back condition: n = 2).

re

For all 3 analyses, the model described above for MID and WMRLT TP was fitted to the

lP

data comparing each dose with placebo. An increased differential activation and a higher

na

accuracy in the N-back and faster reaction times in the MID task were considered beneficial.
We explored the underlying HRF changes leading to differential activation in the MID

ur

and N-back tasks across active and placebo treatment conditions by extracting the HRF effect

Jo

sizes (the amplitude of the BOLD response) for each task condition per patient and session
and submitting them to paired t-tests comparing each RG7203 dose versus placebo.
Effects on scores on the PANSS (total, positive and negative subscales) and the Brief
Negative Symptom Scale (BNSS) were tested using model M1 described above.
Two-sided p-values are reported throughout and were considered statistically
significant if < 0.1. No corrections for multiplicity were performed.

RESULTS
Demographics
Thirty-three schizophrenia patients (30 male; 21 African American, 9 Caucasian, 3 Asian;
mean age ± standard deviation 36.6 ± 7.0 years) were recruited at 3 study centers in the
United States. At baseline, mean PANSS total score was 68.6 ± 9.3, PANSS NSFS was
11

23.0 ± 3.5, and CGI-S score was 3.7 ± 0.5 (Table 1). Twenty-four patients completed the
study (Figure S3); 2 patients discontinued due to adverse events (dystonic reactions), and 7
due to non-safety issues. As both patients who discontinued due to safety reasons
completed 2 of the 3 treatment periods, including placebo and 1 of the active treatments,
their data were included in the analyses.

Primary Analyses

of

In line with our primary hypothesis for the MID, a significant increase in differential activation

ro

in the reward versus control condition was observed with low-dose RG7203 versus placebo
(p = 0.06, 2-sided) (Figure 2A, Table 2). There was no such effect with the high dose (p =

-p

0.36). Similarly, during the LP of the WMRLT a significant improvement in the proportions of

re

correct choices in late trials with high working memory load – thought to index incremental

lP

reinforcement learning contributions – was observed with the low dose (p = 0.03) but not the

na

high dose (p = 0.98) of RG7203 versus placebo (Figure S5). However, during the TP of the
WMRLT, there was no significant difference in the key outcome variable (beta coefficients for

ur

modulation of value difference by value mean, with high coefficients indicating an improved

Jo

performance) between the low dose and placebo (p = 0.17) (Figure 2A, Figure S6) or the high
dose and placebo (p = 0.13) (Table 2). Contrary to our primary hypothesis for the ECBT, the
percentage of high effort choices was lower with both doses of RG7203 (Figure 2A, Figure 3
and Figure S4). The difference between the low dose versus placebo reached significance (p
= 0.04; high dose versus placebo p = 0.36; Table 2).

Secondary and Exploratory Analyses
Reaction times in the MID task in the high reward condition were significantly faster with the
high dose (p = 0.04) but not the low dose (p = 0.68) of RG7203 versus placebo (Figure 2B).
In the working memory N-back fMRI task, there was no significant differential activation in 2back versus 0-back, with the low dose (p = 0.51) or the high dose of RG7203 (p = 0.36)

12

versus placebo. We found significantly lower accuracy in the N-back task with both the high
(p = 0.04) and the low (p < 0.01) dose of RG7203 versus placebo (Figure 2B).
To interpret the observed effects of RG7203 on ventral striatal activation during reward
anticipation, and the seemingly contradictory effects in the ECBT, we extracted the HRF and its
amplitude (effect size) for each MID and N-back task condition using the MATLAB toolbox
rfxplot (29), per patient and treatment condition. The amplitude of the BOLD responses for
the MID task was significantly or marginally significantly reduced in all task conditions at the

of

high dose (control: p = 0.09, win1: p = 0.09, win2: p = 0.05) and the low dose (control: p =

ro

0.03, win1: p = 0.05, win2: p = 0.10) of RG7203 versus placebo (Figure 1C). We performed
logistic regression analysis to evaluate how far the performance in the ECBT was driven by

-p

the significant increase in differential BOLD response between reward expectation and the

re

control condition, and the overall mean decrease. This demonstrated a significant

lP

association between the reduction in effortful behavior and the overall mean decrease in

na

striatal activation (p = 0.02). For the N-back task, there was no significant difference in
BOLD amplitude in any of the task conditions (Figure 1D).

ur

There was no significant difference between the RG7203 treatment groups and

Jo

placebo in PANSS total, negative and positive symptoms scores, or mean BNSS score
(Figure S7 and S8, Table S1 and S2).

DISCUSSION
Consistent with our primary hypotheses, an improvement in task-based activation and
performance was observed in 3 of 4 pre-specified primary endpoints, with low dose RG7203.
These findings were supported by faster reaction times in the MID task (high dose). We also
replicated reductions in differential fMRI activation in the MID task previously reported in
patients with schizophrenia and negative symptoms (14, 32). Effects were seen mostly at the
low dose, consistent with expectations from our earlier study in healthy volunteers (Figure
S1) (20).

13

However, these effects occurred in the setting of an overall blunted BOLD response in
all MID task conditions with both doses of RG7203 versus placebo and a reduction of the
percentage of hard choices in the ECBT by RG7203, suggesting a negative effect of PDE10
inhibition on reward functioning. Indeed, a post hoc logistic regression demonstrated that the
decrease in the percentage of hard choices was primarily driven by the overall blunting of
the BOLD response in the ventral striatum during reward anticipation, and not by the
differential activation between the reward and control conditions. The additional D2

of

blockade, exerted by PDE10 inhibition on top of the background antipsychotic medication,

ro

may explain this deleterious effect, masking the potentially beneficial effects of enhanced
D1-dependent signaling assumed to be shown by the enhancement of differential activation

-p

and reinforcement learning. Therefore, it would be of interest to examine the effect of

re

RG7203 on reward functioning in antipsychotic-free patients.

lP

Our results on the differential activation and the absolute BOLD amplitude for the MID

na

task underscores the necessity of considering both these outcome measures in fMRI studies
evaluating pharmacologic interventions. Most fMRI studies still exclusively report the

ur

differential contrasts of interest. Had we only considered this differential activation we might
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have concluded that inhibition of PDE10 with RG7203 improves overall reward functioning.
However, the increase in differential activation was only achieved in the context of the
overall diminished ventral striatal activation, thus moving patients even further from the
normal striatal response observed in healthy volunteers.
Similar to most previous studies evaluating the N-back task in all-comer schizophrenia
patients (33-36), we observed a visually reduced differential activation of the dorsolateral
prefrontal cortex activation during the performance of the N-back task. The significant
reduction in accuracy in the 2-back condition at both doses tested supports a negative
impact of RG7203 on working memory.
While our findings do not support the utility of a PDE10 inhibitor as adjunctive treatment
for negative symptoms of schizophrenia, this study achieved several methodology advances.
To our knowledge, it was the first 3-way crossover imaging study in patients with
14

schizophrenia to test a pharmacologic compound, avoiding the drawbacks of a conventional,
parallel group, randomized controlled trial (large, lengthy, costly). As each patient acts as
their own control, a cross-over design allows for a smaller sample size and a shorter time
frame. This meant that a go/no-go decision for product development could be reached in
less than a year, thereby greatly reducing the financial and societal burdens imposed by the
study, compared with a typical phase 2 study lasting approximately 3 years.
Results of this study contrast with findings in a previous study in healthy volunteers

of

where RG7203 exerted positive effects in tests of reward functioning. The reasons for this

ro

discrepancy may include the additional treatment with a D2 antagonist or, more
speculatively, abnormalities in dopamine signaling may be associated with aberrant wiring of

-p

basal ganglia pathways resulting in paradoxical pharmacologic effects (37).

re

The study has limitations: the sample consisted mostly of male patients, thus, our

lP

findings may not apply to female subjects. However, as negative symptoms are much more

na

prominent in male subjects, findings may still be valid for the majority of patients with
negative symptoms. Secondly, the relatively small sample size did not allow for meaningful

ur

analysis of subgroups defined by behavioral profiles. Thirdly, a cross-over design carries the
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risk of carry-over effects. Given the terminal half-life of about 14 hours we felt a washout
period of 14 days was sufficient from a pharmacokinetic point of view. Although we cannot
exclude persistent pharmacodynamics or tachyphylactic effect, the fact that key negative
symptoms were very similar on Day 1 of each treatment period, speaks against such effects
(Tables S1 and S2).
In conclusion, using a novel and cost-effective study design, we have identified
consistent psychoactive modulation of reward and cognitive functioning upon administration
of the PDE10 inhibitor RG7203. However, the results are in the opposite direction of what
would be considered a positive treatment effect on reward functioning in schizophrenia.
Overall, our findings do not support the utility of RG7203 as adjunctive treatment for negative
symptoms of schizophrenia. The usefulness of this agent as monotherapy requires
exploration in future studies.
15
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FIGURES
Figure 1. Deployed masks and results of hemodynamic response function (HRF) analyses.
(A) Ventral striatal Monetary Incentive Delay (MID) activation mask extracted from a
previous study in healthy volunteers aside with the corresponding HRF for the different task
conditions (control = $0, win1 = $0.2, win2 = $2) (28). (B) N-back dorsolateral prefrontal
activation mask extracted from a previous study in healthy volunteers aside with the
corresponding HRF for the different task conditions (28). (C) HRF for the MID task per

of

treatment and task condition. p-values from the paired t-test for each task condition versus

ro

placebo are reported. (D) HRF for the N-back task per treatment and task condition. pvalues from the paired t-test for each task condition versus placebo are reported. The

re

-p

shaded area for all HRFs represents the standard error of mean.

lP

Figure 2. Results of primary and exploratory analyses. (A) Results for the 4 primary

na

outcomes are displayed per treatment condition. (B) Results for the 3 secondary endpoints
are displayed. p-values are 2-sided. Error bars are 95% boot-strapped confidence intervals

ur

of the mean. ECBT, Effort Cost Benefit Task; MID, Monetary Incentive Delay; WMRLT,

Jo

Working Memory Reinforcement Learning Task; LP, learning phase; TP, test phase.

Figure 3. Proportion of patients choosing the high effort/high reward option by magnitude of
the reward value when receiving the reward was certain. During placebo treatment, patients
show only a small increase in high effort choices with increasing reward – a profile typical of
patients with negative symptoms. During treatment with either dose of RG7203, patients
became less inclined to choose the high effort option – an effect predictive of worsening of
negative symptoms.

21

Table 1. Patient Characteristics at Baseline
N

33

Age, years, mean (SD)

36.6 (7.0)

Male, %

91

Race, % African American / Caucasian / Asian

64 / 27 / 9

3.7 (0.5)

1−7

CGI-S-N, mean (SD)

4.0 (0.4)

1−7

PANSS Total score, mean (SD)

68.6 (9.3)

30−210

23.0 (3.5)

7−49

19.2 (4.8)

8−56

36.0 (11.5)

0−78

8.5 (3.3)

0−18

4.5 (3.1)

0−12

Asociality subscale (SD)

6.2 (2.6)

0−12

Anhedonia subscale (SD)

8.8 (3.8)

0−18

Avolition subscale (SD)

6.1 (2.2)

0−12

2.2 (1.5)

0−6

of

CGI-S, mean (SD)

ro

Scale range

Negative Symptom Factor Score (SD)

Jo

ur

na

Alogia subscale (SD)

lP

Blunted Affect subscale (SD)

re

BNSS Total score, mean (SD)

-p

Positive Symptom Factor Score (SD)

Distress subscale (SD)

BNSS, Brief Negative Symptom Scale; CGI-S, Clinical Global Impression−Severity scale;
CGI-S-N, CGI-S for negative symptoms; PANSS, Positive and Negative Syndrome Scale;
Negative Symptom Factor Score (NSFS); SD, standard deviation.
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Table 2. Summary Results for Primary Endpoints
Test

Endpoint

RG7203 dose

Effect Estimate for

p-value

Active vs. Placebo (90% CI)
fMRI

Ventral striatal activity during

5 mg

0.24 (0.03, 0.45)

0.06

reward expectation in the MID

15 mg

-0.12 (-0.35, 0.10)

0.36

% correct high effort choices

5 mg

-0.39 (-0.63, -0.15)

0.04

under deterministic reward

15 mg

-0.29 (-0.66, 0.11)

0.36

task
ECBT

WMRLT
TP

and blocks of size 4 or 5

15 mg

Value difference modulated

5 mg

-0.10 (-0.19, -0.01)*

0.17

by value mean

15 mg

0.12 (0.02, 0.21)*

0.13

0.00 (-0.04, 0.05)*

0.03
0.98

lP

*80% CI.

0.05 (0.02, 0.08)*

ro

5 mg

-p

LP

% correct choices in late trials

re

WMRLT

of

values 5 or 7

na

CI, confidence interval; ECBT, effort cost benefit task; fMRI, functional magnetic resonance
imaging; LP, learning phase; MID, monetary incentive delay; TP, training phase; WMRLT,

Jo

ur

Working Memory Reinforcement Learning Task.
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Time (seconds)
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0

1.2

10 15 20
Time (seconds)

5 mg

5

Placebo

Jo

1.0

Control 0.9
Win1
0.8
Win2
0.7
Control: p = 0.03 0.6
Win1: p = 0.05 0.5
Win2: p = 0.10 0.4
0.3
0.2
0.1
0.0
-0.1
10 15 20 25
0
Time (seconds)

0.8

0.8

0.8

0.6

0.6

0.6

0.4

0.4

0.4

0.2

0.2

0.2

0.0

0.0

0.0

0.0

-0.2

-0.2

-0.2

-0.2

-0.4

-0.4

-0.4

0.2

0

10

20
30
40
Time (seconds)

50

0

10

20
30
40
Time (seconds)

50

Control: p = 0.09
Win1: p = 0.09
Win2: p = 0.05

5

10

20
30
40
Time (seconds)

10 15 20
Time (seconds)

25

0–back
2–back

0–back: p = 0.90
2–back: p = 0.37 -0.4
0

Control
Win1
Win2

15 mg
0–back 1.2
2–back
1.0

0.6
0.4

15 mg

5 mg
0–back 1.2
2–back
1.0

0.8
Effect size

Effect size

1.0

5

na

D
0–back
2–back

1.2

Control 0.9
Win1
0.8
Win2
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
25
0

f

Placebo

ur

B

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1

oo

C

re
-p
r

Control
Win1
Win2

lP

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1

Effect size

Effect size

A

50

0–back: p = 0.51
2–back: p = 0.63
0

10

20
30
40
Time (seconds)

50

ECBT (% hard choices)

WMRLT LP (% correct)

p = 0.04

0
-1
-2

0.8
0.6
0.4
0.2

15 mg

B

0.7
0.6

5 mg

15 mg

350
300
250

5 mg

Placebo

N-back (accuracy)
p = 0.04

1.5
1.0
0.5
0.0

-0.5

200
15 mg

Placebo

0.00

15 mg

ur

400

Placebo

5 mg

N-back (activation)

Jo

p = 0.04

0.25

-0.75

Placebo

na

MID (reaction times)

0.50

-0.50

0.3

Placebo

0.75

-0.25

0.5

lP

5 mg

N-back activation (2–back – 0–back)

Placebo

0.8

0.4

0.0

-3

0.9

Accuracy in 2-back condition (%)

1

1.00

1.0
Correct choices (%)

Hard choice in high effort
condition (%)

1.0

oo
f

p = 0.06

re
-p
r

2

WMRLT TP (% interaction)

p = 0.03
Standardized value diff by value
mean (F12)

MID (activation)

Reaction times in high reward
condition (ms)

MID activation (reward – control)

A

5 mg

15 mg

100

p < 0.01

80
60
40
20

Placebo

5 mg

15 mg

5 mg

15 mg

al

ur
n

Jo

epr
oo

0.4

Pr

f

Proportion of high effort choices
(±IQR)
0.8

0.6

0.2
3
5
Reward

Placebo
5 mg

7

15 mg

