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Abstract

Reality monitoring is the ability to accurately distinguish the source of self-generated information 

from externally-presented information. Although people with schizophrenia (SZ) show impaired 

reality monitoring, nothing is known about how mood state influences this higher-order cognitive 

process. Accordingly, we induced positive, neutral and negative mood states to test how different 

mood states modulate subsequent reality monitoring performance. Our findings indicate that mood 

affected reality monitoring performance in HC and SZ participants in both similar and dissociable 

ways. Only a positive mood facilitated task performance in Healthy Control (HC) subjects, 

whereas a negative mood facilitated task performance in SZ subjects. Yet, when both HC and SZ 

participants were in a positive mood, they recruited medial prefrontal cortex (mPFC) to bias better 

subsequent self-generated item identification, despite the fact that mPFC signal was reduced in SZ 

participants. Additionally, in SZ subjects, negative mood states also modulated left and right dorsal 

mPFC signal to bias better externally-presented item identification. Together our findings reveal 

that although the mPFC is hypoactive in SZ participants, mPFC signal plays a functional role in 

mood–cognition interactions during both positive and negative mood states to facilitate subsequent 

reality monitoring decision-making.
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1. Introduction

It is well recognized that patients with schizophrenia (SZ) have deficits in cognitive, social 

and emotional processes (Barch & Dowd, 2010; Mandal, Pandey, & Prasad, 1998; Penn et 
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al., 2000). Indeed, a range of social and emotional deficits, along with impaired reality-

monitoring (defined as the ability to distinguish self-generated from externally-derived 

information), are core features of the disorder (Bentall, Baker, & Havers, 1991; Johnson, 

Hashtroudi, & Lindsay, 1993; Keefe, Arnold, Bayen, & Harvey, 1999; Morrison & Haddock, 

1997; Subramaniam, Luks, et al., 2012; Vinogradov et al., 1997; Vinogradov, Luks, 

Schulman, & Simpson, 2008). However, nothing is known about how changes in mood 

states may affect such cognitive processes in SZ, even though such interactions are well-

studied in healthy individuals, and even though it has consistently been shown that SZ 

participants have an intact ability to experience “in-the-moment” positive affect (Gard, 

Kring, Gard, Horan, & Green, 2007; Herbener, Song, Khine, & Sweeney, 2008; Kring & 

Moran, 2008; Kring & Neale, 1996). Based on these prior findings, here we investigate 

whether it is possible to recruit an intact neurobehavioral process in SZ (the hedonic 

experience of a positive mood) to improve impaired processing during reality-monitoring 

goal-directed functions.

Reality-monitoring requires working memory and cognitive control processes, which are 

multifaceted processes, involving the recruitment of frontal regions – including medial 

prefrontal cortex/anterior cingulate cortex (mPFC/ACC) as well as bilateral prefrontal 

cortices, implicated in controlling attention, encoding of relevant information from 

environmental stimuli into working memory and switching attention to select the correct 

response (Hedden & Gabrieli, 2006; Kondo, Osaka, & Osaka, 2004). A plethora of 

behavioral evidence reveals that when healthy participants are in positive mood state, they 

show broader attention, broader thought-action repertoires, better working memory and 

greater cognitive flexibility (Ashby, Isen, & Turken, 1999; Ashby, Maddox, & Bohil, 2002; 

Estrada, Young, & Isen, 1994; Fredrickson, 2004; Isen, Johnson, Mertz, & Robinson, 1985; 

Isen, Daubman, & Nowicki, 1987; Isen, Rosenzweig, & Young, 1991; Isen, 1999, pp. 521–

539). Additional studies reveal that prefrontal regions mediating different aspects of source 

memory encoding and retrieval processes (Mitchell & Johnson, 2009), and which are also 

activated during positive mood states may also help to predispose and facilitate overall 

memory recognition processes (Adcock, Thangavel, Whitfield-Gabrieli, Knutson, & 

Gabrieli, 2006; Elward, Vilberg, & Rugg, 2015). Thus, we hypothesized that people in a 

positive mood may show enhanced reality monitoring abilities mediated via prefrontal signal 

supporting enhanced attention and long term potentiation of relevant information from 

environmental stimuli into working memory processes; and/or enhanced switching of 

attention to enable better selection of the correct response.

Additionally, ours and several other prior neuroimaging studies have shown that the 

mPFC/ACC is a key region that supports reality monitoring and self-referential processing 

(Frith & Frith, 1999; Cabeza et al., 2004; Gilbert et al., 2007; Northoff et al., 2006; 

Vinogradov et al., 2006, 2008; Mitchell & Johnson., 2009, for review; Subramaniam, Luks, 

et al., 2012). The mPFC/ACC is also a region that is also modulated by positive mood states 

and positive rewarding stimuli in Healthy Control (HC) participants to facilitate cognitive 

outcomes (Knutson & Cooper, 2005; Subramaniam, Kounios, Parrish, & Jung-Beeman, 

2009; Subramaniam, Faust, Beeman, & Mashal, 2012; 2016). In our previous functional 

Magnetic Resonance Imaging (fMRI) studies of mood–cognition interactions in HC 

participants, we found two additional regions within posterior cingulate cortex (PCC) and 
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putamen that showed positive mood-sensitive signals, which also modulated upcoming 

cognitive performance (Subramaniam et al., 2009; Subramaniam & Vinogradov, 2013; 

2016). In general, we expected a positive mood state to modulate a network of regions in HC 

participants, including prefrontal cortices, PCC, parahippocampal cortices, and basal 

ganglia, consistent with previous research which has shown recruitment of these regions 

during positive mood states, and during overall episodic source memory retrieval (Elward et 

al., 2015).

It must also be noted that we have shown that aberrant hypoactive mPFC signal in SZ is 

amenable to the effects of intensive computerized cognitive training (Subramaniam, Luks, et 

al., 2012). Specifically, we have demonstrated that after 16 weeks of intensive computerized 

cognitive training when compared to baseline, SZ participants showed increased activation 

in the mPFC during reality-monitoring (Subramaniam, Luks, et al., 2012). When HC 

participants perform the reality-monitoring task, they show increased activation in mPFC, 

which correlated with identification of self-generated information. However, at baseline, 

prior to cognitive training, SZ participants revealed hypoactivation within mPFC, and 

performed significantly worse than HC participants when identifying themselves as the 

source of self-generated information (Subramaniam, Luks, et al., 2012). Together, our prior 

findings indicate that cognitive training induced improvements in SZ participants whereby 

behavioral performance is improved after training and becomes correlated with increased 

mPFC signal change. In light of these findings, the objectives of the present study were to: 

1) Examine whether the specific cognitive-enhancing effects of a positive mood observed in 

HC participants can be observed in SZ; 2) Examine whether and how mood may be able to 

have similar cognitive-enhancing effects to that of cognitive training (via modulation of 

mPFC activity) on reality-monitoring performance in SZ participants.

Additionally, we sought to investigate how a negative mood state may modulate cognition in 

HC and SZ participants, as compared to a positive mood state. Negative mood states have 

also been associated with increased activity within the subgenual mPFC/ACC and amygdala, 

but little is known about how this influences cognition (Mayberg et al., 1999; Murphy, 

Nimmo-Smith, & Lawrence, 2003; Ochsner, Bunge, Gross, & Gabrieli, 2002). We, 

therefore, predicted that when participants were in a negative mood as compared to a neutral 

mood, they would activate mPFC and parahippocampal/amygdala cortices. Less is known 

about the neural mechanisms of how a negative mood impacts cognition; in particular, the 

interaction between mood induced activity in mPFC and its role in reality monitoring has 

never been investigated to date. However, previous research has shown that in contrast to 

certain cognitive-enhancing effects of a positive mood (in terms of broadening attention, 

memory and cognitive control), behaviorally, negative mood states such as anxiety and 

depression have been associated with deficits in attentional and cognitive control 

mechanisms (Bishop, Duncan, Brett, & Lawrence, 2004; Mayberg et al., 1999). Reality-

monitoring is a multifaceted process which requires components of attention, memory and 

cognitive control; consequently, when HC participants were in a negative mood state, we 

expected to find somewhat opposite effects (or null effects) of negative mood states on 

reality-monitoring, as compared to a positive mood. By contrast, prior research has shown 

that SZ participants demonstrate enhanced attention and memory recall during negative 

mood states and negative/ fearful stimuli (Brebion, Amador, Smith, & Gorman, 1997; Holt 
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et al., 2006). Therefore, we hypothesized that if SZ participants demonstrate heightened 

attention/memory recall during negative mood states in the current study, they may also 

show either increased mPFC or amygdala responses during negative mood states that 

correlate with better reality-monitoring.

We tested these hypotheses in the present study by inducing positive, neutral and negative 

mood states in each participant in order to investigate the underlying neural processing 

during each type of mood induction (MI) and how neural activity associated with different 

induced mood states could modulate subsequent reality monitoring performance. We 

hypothesized that: 1) HC participants would show better reality-monitoring performance 

when compared to SZ participants, as defined by better overall source-memory identification 

accuracy across both self-generated and externally-presented information; 2) During the 

positive MI as compared to the neutral MI, both groups would show better reality 

monitoring performance; 3) During the positive MI when compared to the neutral MI, HC 

and SZ participants would show activation in mPFC, and enhanced mPFC preparatory signal 

would correlate with better subsequent self-generated source memory identification; 4) 

During the negative MI when compared to the neutral MI, SZ participants would 

demonstrate increased mPFC and/or amygdala responses during negative mood states that 

would correlate with better reality-monitoring performance.

2. Materials and methods

2.1. Participants and procedure

Twenty healthy control participants (HC: mean age = 43.50; education = 16.50 years) and 20 

participants diagnosed with schizophrenia (SZ: mean age = 41.06; education = 13.05 years; 

illness duration = 18.6 years) were recruited for the present study (Tables 1 and 2). 

Participants were matched on age, gender, and ethnicity. However, there was a significant 

difference between the groups on education (Table 1). HC participants were recruited 

through advertisement. SZ participants were recruited from a double-blind randomized 

clinical trial of cognitive training in SZ (ClinicalTrials.gov NCT02105779). Inclusion 

criteria were Axis I diagnosis of SZ (determined by the Structured Clinical Interview for 

DSM-IV–SCID) (First & Pincus, 2002) or, for HC subjects, no Axis I or Axis II psychiatric 

disorder (SCID–Nonpatient edition), no substance dependence or current substance abuse, 

good general physical health, age between 18 and 60 years, and English as first language. 

All participants gave written informed consent. We used fMRI to map brain activation 

patterns while participants in each group completed the MI reality monitoring experiment in 

the MRI scanner.

2.2. fMRI study of the interaction between MI and reality monitoring

We personalized the MI technique for each participant via autobiographical recall of each 

participant's subjective past positive, neutral and negative experiences. The MI portion of the 

experiment had two components, one consisting of a mood-inducing word generation phase 

performed outside the scanner, and a mood experience-recall phase performed during 

scanning. The instructions during the mood-inducing word generation phase were: “I would 

like you to try and come up with 30 positive words, 30 neutral words and 30 negative words 
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that remind you of your past experiences. The words can be names of people, places and 

need not have to make sense to anyone else so long as it reminds you of your past 

experience. Neutral words consist of words that have little or no emotional meaning to your 

life. For example, names of objects are usually thought of as neutral (i.e., wall, paper, table, 

etc). Then, for each word, I'd like you to remember that experience associated with that 

word, and rate how positive, negative, and how aroused you feel on a scale from 0 to 8 (i.e., 

0 = “I do not feel at all…” to 8 = “I feel extremely…”). The arousal scale can also be 

thought of as an excitement/anxiety index that makes your heart rate activated.” These words 

were used later, during scanning for MI, when participants were shown the mood-inducing 

word (either positive, neutral or negative) for 4 sec, and were asked to imagine their personal 

experience associated with each word in order to induce the target mood state. Participants 

then completed the reality monitoring source memory identification task. The reality 

monitoring task consisted of a word-encoding phase performed outside the scanner prior to 

scanning (when subjects had not engaged in any MI), and a reality monitoring source 

memory identification phase performed during scanning while the subject was in a mood-

induced state (see Fig. 1). In the word-encoding phase, participants were visually presented 

with a list of semantically constrained sentences with the structure “noun-verb-noun.” The 

final noun was either presented by the experimenter (e.g., The sailor sailed the sea), or left 

blank for subjects to write down and generate themselves and then recorded by the research 

assistant (e.g., The rabbit ate the—). During the reality monitoring source memory 

identification phase, subjects were visually presented with noun pairs from the sentence list 

(e.g., rabbit-carrot, presentation duration = 2 sec) and had to indicate whether the second 

word was previously self-generated (“I made it up”) or externally presented (“You showed it 

to me”) within the response deadline (4.5 sec) (Subramaniam, Luks, et al., 2012; Vinogradov 

et al., 2008).

Each fMRI run consisted of 30 trials with 30 mood-inducing words of the same condition 

(i.e., 30 positive mood words, for example); followed by random presentation of 15 self-

generated word pairs and 15 externally-presented word pairs (e.g., rabbit-carrot, presentation 

duration = 2 sec) during the source memory identification task. Each run lasted for 9 min 24 

sec. Participants completed a total of 6 runs: 2 positive mood conditions, 2 neutral mood 

conditions and 2 negative mood conditions. Order of the runs were counterbalanced so that 

alternating half of the participants began with the positive mood condition and ended with 

the negative mood condition, while the other half of participants began with negative mood 

condition and ended with the positive mood condition. The order sequence of the runs for 

one participant could thus be: positive → neutral → negative → positive → neutral → 
negative.

2.3. Behavioral statistical analyses

We conducted a mixed group (HC, SZ) × mood state (positive, neutral, negative) × task 

accuracy (self-generated, externally-presented, total accuracy) analysis of variance 

(ANOVA). Planned contrasts were used to examine between and within-group differences 

on task accuracy during the positive and negative MI conditions relative to the neutral MI.
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2.4. MI reality monitoring task: fMRI acquisition

Visual stimuli were presented with E-Prime and back-projected onto an LCD projector. 

Participants viewed the screen using a mirror attached to the head coil and made finger-press 

responses on a fiber-optic response pad. fMRI was acquired on a 3 Tesla Tim Trio Siemens 

scanner and twelve channel head coil, using a Echo-planar sequence (repetition time (TR) = 

2.4 sec, 35 slices, 306 volumes, echo time (TE) = 30 msec, slice thickness = 3 mm field-of-

view (FOV) = 230 mm; matrix = 64 × 64).

2.5. MI reality monitoring task: fMRI statistical analyses

Image analysis was performed using SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/

software/spm8/). Images were realigned to correct for motion artifacts using a 6-parameter 

affine transformation, normalized to a standard stereotaxic space (Montreal Neurological 

Institute (MNI) Template) using a 12 parameter affine/non-linear transformation, and 

spatially smoothed with a 8 mm Full-width half-maximum (FWHM) Gaussian kernel. Data 

were submitted to a General Linear Model analysis. For each participant (i.e., first-level 

analysis), we fit a reference canonical hemodynamic response function (hrf) to the duration 

of each event within the trial e.g., mood-word presentation, self-generated word-pair 

presentation (correct trials), externally-presented word-pair presentation (correct trials) and 

reality-monitoring response button-presses. Altogether, nine event types of interest were 

modeled for subsequent contrast analyses: positive mood word presentation (4 sec), neutral 

mood word presentation (4 sec), negative mood word presentation (4 sec), correctly 

identified self-generated (2 sec) and externally-presented word-pair presentation (2 sec) in 

the positive mood condition, correctly identified self-generated (2 sec) and externally-

presented word-pair presentation in the neutral mood condition (2 sec), and correctly 

identified self-generated (2 sec) and externally-presented word-pair presentation (2 sec) in 

the negative mood condition.

Our fMRI task was designed such that variable delays from 2 to 8 sec were used to jitter the 

events and optimize deconvolution of the fMRI signal from successive events (Fig. 1). 

Further, our general linear model (GLM) analysis allowed us to extract signal to each trial-

type, and to factor out signal due to temporally adjacent events to ensure that signal could be 

isolated to the event of interest. For example, when extracting signal related to MI events, 

we included in the model: the reality monitoring word-pair presentation and response 

presses to factor out signal tied to reality monitoring processing/ outcome rather than to the 

MI event. We had a wait time between each run of about 1 min to allow each participant 

enough time to come out of the previous mood state and to start preparing for the next 

mood-induction run, in order to allow complete deconvolution of the blood-oxygen-level 

dependent (BOLD) signal to baseline. We used the default high-pass filter cutoff in SPM8 of 

128 s to account for the temporal scanner drift. Alternating participants received the positive 

MI first and ended with the negative mood condition, while the other half of participants 

began with negative mood condition and ended with the positive mood condition in order to 

further factor out any mood-related signal associated with scanner drift or due to participant 

fatigue.
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Second level analyses were based on a random-effects model using a significance threshold 

of p < .001, uncorrected. We conducted a whole-brain mixed group (HC, SZ) × mood state 

(positive, neutral, negative) × task accuracy (self-generated, externally-presented, total 

accuracy) ANOVA with planned contrasts to examine between and within-group differences 

during positive and negative mood states when compared to the neutral mood using the 

significance threshold of p < .001, with a family-wise error (FWE) cluster corrected p-value 

less than .05. Cluster extent based thresholding corrections minimize false positives (Type 1 

errors) based on the assumption that meaningful activation is spatially clustered and is, 

therefore, highly sensitive, accounting for the fact that individual voxel activations are not 

independent of neighboring voxels (Friston, Mechelli, Turner, & Price, 2000; Woo, 

Krishnan, & Wager, 2014; arXiv:1606.08199 [stat.AP]).

To investigate the impact of mood on reality monitoring performance, we conducted 

subsequent targeted region of interest (ROI) analyses. We examined brain-behavior 

correlations within 5 ROIs, centered at peak co-ordinates that showed positive mood effects 

which included our a priori mPFC (−2, 56, 0, MNI coordinates) and PCC (0, −56, 24, MNI 

coordinates) ROIs; as well as caudate (20, 22, 8, MNI coordinates), putamen (−22, −4, 12, 

MNI coordinates), and parahippocampal (38, −8, 20, MNI coordinates) regions (see Fig. 4), 

for which previous studies have also shown both positive mood and source memory effects, 

as previously mentioned in the Introduction (Adcock et al., 2006; Elward et al., 2015; 

Mitchell & Johnson, 2009). We extracted beta weights for each ROI and conducted a mixed 

group repeated-measures ANOVA in SPSS to compute if there were statistical ROI signal 

differences between and within-groups during the positive mood state in relation to the 

neutral mood condition. Pearson's two-tailed correlations were used to examine brain-

behavior associations by comparing mean beta signal within the ROIs that showed positive 

mood effects with task performance (self-generated identification and externally-presented 

identification) in each group. Similarly, to examine negative mood effects, we defined four a 
priori negative mood ROIs, as described in the Murphy et al. (2003) meta-analyses review 

paper on emotion which showed negative mood effects centered at co-ordinates within: left 

amygdala (−24, −6, −17, MNI coordinates), right amygdala (19, −8, −18, MNI coordinates), 

left dorsal medial prefrontal cortex (L.DMPFC) (−6, 44, 26, MNI coordinates) and the right 

dorsal medial prefrontal cortex (R.DMPFC) (9, 43, 28, MNI coordinates). Pearson's two-

tailed correlations were used to examine brain-behavior associations by comparing mean 

beta signal within the ROIs that showed negative mood effects with task performance (self-

generated identification and externally-presented identification) in each group. For all brain-

behavior correlations, we did not find any outliers in our paper as defined by values 2.5 SD 

above/below the mean.

3. Results

3.1. Successful MI protocols in HC and SZ participants

Our MI protocols were successful in both HC and SZ participants, as confirmed by 

statistical tests (Fig. 2). Our mixed group (HC, SZ) × mood state (positive, neutral, negative) 

× scale ratings (positive, negative, arousal) ANOVA revealed a main effect of mood (F[2,37] 

= 71.31, p < .0001), a main effect on scale ratings (F[2,37] = 20.16, p < .0001), and a mood 
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× ratings interaction (F[4,35] = 144.47, p ≤ .0001). Planned contrasts revealed no targeted 

MI differences between HC and SZ participants (e.g., positive mood ratings for the positive 

MI, and negative mood ratings for the negative MI) (all p's > .10). Both HC and SZ groups 

rated their positive mood higher in the positive MI condition when compared to the neutral 

MI (HC: F[1,38] = 201.34, p < .0001; SZ: F[1,38] = 56.21, p < .0001), and their negative 

mood higher in the negative MI when compared to the neutral MI (HC: F[1,38] = 310.63, p 
< .0001; SZ: F[1,38] = 67.66, p < .0001), confirming that the target mood state was 

successfully induced in each group (see Fig. 2). Participants in each group did not differ in 

their ratings of arousal levels between positive and negative mood states or in ratings of the 

targeted MI valence magnitude level (i.e., positive rating magnitude for positive MI 

compared to negative rating magnitude during the negative MI) (all p's > .10). Together 

these findings demonstrate the efficacy of our MI protocols at enhancing the target mood to 

a similar level in both groups (i.e., the positive MI enhanced positive mood ratings and the 

negative MI enhanced negative mood ratings).

3.2. Mood induced modulation of reality monitoring accuracy in HC and SZ participants

Our mixed group (HC, SZ) × mood state (positive, neutral, negative) × task accuracy (self-

generated, externally-presented, total accuracy) ANOVA revealed a main effect of mood 

condition (F[2,37] = 10.31, p < .0001), a main effect of group (F[1,38] = 38.80, p < .0001), a 

main effect on task accuracy (F[2,37] = 4.00, p = .05), and a mood × accuracy interaction (F 

[2,37] = 5.21, p = .01). There was no interaction between mood and group, between task 

accuracy and group, or between mood and task accuracy and group (all p's > .10). Planned 

between-group contrasts revealed HC participants performed better than SZ participants at 

overall source-memory identification across both self-generated and externally-presented 

word items (F[1,38] = 7.14, p = .01). This between-group accuracy difference was driven by 

differences in the positive mood condition (F[1,38] = 4.17, p = .04), and in the neutral mood 

condition (F[1,38] = 5.94, p = .02) but not in the negative mood condition (F[1,38] = 3.06, p 
= .08). Specifically, we found that HC participants when compared to SZ participants 

identified more self-generated (F[1,38] = 9.41, p = .002) in the positive mood condition; 

identified more self-generated (F [1,38] = 7.12, p = .008) and externally-presented word-

items (F [1,38] = 4.87, p = .03) in the neutral condition; and identified more self-generated 

word-items in the negative mood condition (F[1,38] = 8.84, p = .003) (see Fig. 3A).

Planned contrasts revealed that HC participants identified marginally more externally-

presented information (F [1,19] = 3.37, p = .07) in the positive mood condition when 

compared to the neutral mood condition. We were underpowered in our fMRI sample to find 

significant mood effects on self-generated information; however in our larger combined 

behavioral and fMRI sample, participants also identified more self-generated information 

during the positive versus neutral mood condition (See Supplemental Results). Together, 

these findings indicate that a positive mood facilitated overall source memory accuracy by 

modulating externally-presented as well as self-generated information in HC participants. 

By contrast, we did not find any influence of negative mood on either self-generated, 

externally-presented information or overall accuracy in HC participants (all p's > .20).
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In SZ participants, planned contrasts revealed that SZ participants performed better at 

identifying more externally-presented information in the negative mood condition (F [1,19] 

= 4.19, p = .04) as well as in the positive versus neutral mood condition (F[1,19] = 4.55, p 
= .03) when compared to the neutral mood condition (Fig. 3B). We did not find any 

influence of positive or negative mood on self-generated accuracy in SZ patients (all p's > .

10).

Thus, we found that in HC participants, only a positive mood enhanced both self-generated 

and externally-presented accuracy, while in SZ participants a negative mood enhanced 

externally-presented item identification such that only the negative mood state diminished 

between-group differences in overall accuracy. Together, these data suggest that people with 

SZ may show more sensitivity to the effects of a negative mood, in terms of enhancing and 

“normalizing” source-memory identification, particularly for externally-presented 

information.

3.3. Positive mood induced modulation of neural activity during reality monitoring in HC 
and SZ Participants

Our whole-brain mixed repeated-measures ANOVA revealed no between-group differences 

during a positive mood state when compared to the neutral mood condition that survived our 

FWE cluster corrections. In HC participants, planned contrasts to compare whole-brain 

positive mood effects in relation to a neutral mood revealed increased signal in dorsal and 

ventral mPFC, PCC, putamen and parahippocampal cortices (PHC), among other regions, 

with the dorsal and ventral mPFC and PCC surviving a cluster corrected FWE extent in HC 

participants (Table 3, Fig. 4).

Our subsequent mixed repeated-measures ANOVA for our ROI analyses revealed a main 

effect of mood (F[1,37] = 18.93, p < .0001) and a mood × ROI interaction (F[2,36] = 8.98, p 
= .001). Planned ROI contrasts revealed quantitative between-group differences in which HC 

participants showed greater signal than SZ participants within the mPFC ROI for both 

positive and neutral mood states, and also within the left putamen ROI for positive mood 

states (Fig. 5). We did not find any between-group signal differences in the PCC for either 

positive mood or neutral mood states or within the left putamen ROI for neutral mood (all 

p's > .10). Within-group ROI contrasts revealed that signals in mPFC, PCC and left putamen 

ROIs were significantly greater in the positive versus neutral MI in HC participants. In 

support of our a priori hypothesis, we also found that signals within the mPFC and PCC in 

HC participants uniquely correlated with better subsequent self-generated item identification 

only in the positive mood condition (i.e., with the difference score during the positive versus 

neutral MI) (see Fig. 6). Signal within the left putamen correlated with better identification 

of externally-presented information (but not with the difference score between positive and 

neutral MI conditions) possibly because putamen signal was also marginally associated with 

externally-presented accuracy in the neutral mood condition in HC participants [r(18) = .41, 

p = .07]. These findings suggest that increased signal within mPFC and PCC specifically and 

uniquely predicted better self-generated accuracy in the positive mood condition, whereas 

increased signal within the putamen yielded more non-specific effects in terms of predicting 
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better externally-presented accuracy in the positive mood condition, and to a lesser extent in 

the neutral mood condition.

Promisingly, our ROI analyses also revealed that signals in both mPFC and PCC ROIs were 

significantly stronger during the positive versus neutral MI in SZ participants. Additionally, 

we found that signal within our a priori mPFC ROI during the positive versus neutral MI 

correlated with subsequent accuracy for self-generated information (but not externally-

presented information) in SZ participants, similar to what was observed in HC participants 

(Fig. 7).

Together, these findings indicate that in HC participants, distinct neural networks seem to 

support “self” and “external” judgments during the positive MI; while activation within 

mPFC and PCC during the positive MI predicted better accuracy for self-generated 

information (but not externally-presented information), activation within the putamen 

correlated with externally-presented item accuracy (but not self-generated item accuracy). 

More interestingly, our findings point to common neural mechanisms in both HC and SZ 

groups where a positive mood enhanced mPFC signal to bias better subsequent self-

generated item identification.

3.4. Negative mood induced modulation of neural activity during reality monitoring in HC 
and SZ participants

Our whole-brain mixed repeated-measures ANOVA revealed no between-group differences 

during negative mood states, when compared to the neutral mood condition that survived our 

FWE cluster corrections. In HC participants, planned contrasts to compare whole-brain 

negative mood effects in relation to the neutral mood condition revealed increased signal in 

left superior temporal gyrus/parahippocampal cortex (L.STG/L.PHC), and basal ganglia 

(i.e., left caudate and putamen). We did not find whole-brain effects of negative mood versus 

neutral mood states in SZ participants (that met the statistical threshold of p < .001, 

uncorrected).

However, our ROI analyses revealed several interesting findings. When HC participants 

were in the negative MI, signal within the left dorsal region of the mPFC (L.DMPFC) 

negatively correlated with externally-presented identification [r(18) = −.48, p = .03] (see Fig. 

8), and with overall reality-monitoring performance [r(18) = −.44, p = .05]. By contrast, 

when SZ participants were in the negative versus neutral MI, signals in both left and right 

dorsal mPFC ROIs correlated with better externally-presented identification [L.DPMFC: 

r(18) = .54, p = .01; R.DPMFC: r(18) = .56, p = .01, see Fig. 9], and with overall reality-

monitoring performance [L.DPMFC: r(18) = .54, p = .01; R.DPMFC: r(18) = .56, p = .01], 

despite the fact that patients did not show increased signal within these ROIs during the 

negative MI when compared to the neutral MI. No brain-behavior correlations or signal 

changes between the negative versus neutral MI conditions were found in bilateral amygdala 

in HC or SZ participants (all p's > .50). We also did not find any between-group activation 

differences in negative mood signal change within any of the four negative mood ROIs 

described in the Murphy et al. (2003) meta-analyses review paper (all p's > .05).
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These findings indicate that DMPFC signal during negative mood states biased task 

performance in different ways in HC and SZ participants; while DMPFC signal facilitated 

subsequent externally-presented item identification in SZ participants, it seemed to inhibit 

this process in HC participants.

4. Discussion

4.1. Positive and negative mood states modulate reality monitoring performance in distinct 
ways in HC and SZ participants

This is the first study to investigate the neural mechanisms of how positive and negative 

mood states can modulate a higher-order cognitive process – specifically, reality monitoring 

performance – in SZ. As expected, HC participants performed better than SZ participants at 

overall source memory accuracy; however, accuracy was modulated by mood state in both 

groups, though in distinct and dissociable ways. In HC participants, a positive mood 

significantly enhanced identification of self-generated word-items, and marginally enhanced 

identification of externally-presented word-items, thus contributing to facilitation of overall 

source memory accuracy (see Supplementary Results). In SZ participants, both positive and 

negative mood states enhanced identification of externally-presented information, but only 

the negative mood diminished between-group differences on overall source-memory 

accuracy. Thus, we found that a negative mood seemed to “normalize” overall task 

performance in SZ participants, and that this source-memory facilitation was specifically 

driven by negative mood enhancing effects on externally-presented information 

identification.

Reality monitoring deficits and source memory impairments are well-established in SZ 

(Bentall et al., 1991; Keefe et al., 1999; Subramaniam, Luks, et al., 2012; Vinogradov et al., 

1997; Vinogradov et al., 2008), and meta-analyses reveal that SZ patients show a range of 

memory recall impairments when compared to HC participants (Aleman, Hijman, de Haan, 

& Kahn, 1999). However, one prior study has shown that negative mood states correlated 

with better memory recall in SZ (Brebion et al., 1997). In particular, depressive symptoms 

were correlated with better performance on tasks that required effortful memory encoding 

during both long term recall as well as during recognition processes in SZ (Brebion et al., 

1997). This is consistent with our findings in the present study, which show that negative 

mood states facilitated recognition and retrieval processes during externally-presented word 

item identification in a manner that contributed to better overall source-memory task 

performance. Although, at a group level, SZ patients did not rate their negative mood during 

the negative MI significantly higher than HC participants, depression is quite common in 

SZ, with approximately 60% of people with SZ meeting criteria for one or more depressive 

episodes (Martin, Cloninger, Guze, & Clayton, 1985). Future research is needed to unpack 

the exact mechanisms of how a negative mood state in SZ may specifically influence the 

component cognitive processes (such as attention and memory retrieval) required during the 

reality-monitoring task.
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4.2. Common and dissociable neural predictors of reality-monitoring performance in HC 
and SZ participants during MI

Prior research has revealed that both positive mood states and positive rewarding stimuli 

enhance preparatory activity within the mPFC to facilitate subsequent cognitive performance 

(Subramaniam et al., 2009; Subramaniam, Faust, et al., 2012; 2016), and that the mPFC 

supports reality monitoring task performance (better identification of self-generated items) 

in HC participants (Subramaniam, Luks, et al., 2012; 2016). In our previous fMRI study 

examining positive mood–cognition interactions, (Subramaniam et al., 2009), the PCC also 

showed increased activity during a preparation period preceding problem-solving, and was a 

positive mood-sensitive region that facilitated subsequent problem-solving in HC 

participants. Based on these findings, we predicted that mPFC and, to a lesser extent, 

possibly the PCC, would reveal positive mood sensitive effects, which would facilitate 

subsequent reality-monitoring task performance in HC participants. Consistent with our 

hypothesis, we found that when HC participants were in a positive mood state, they showed 

activation in several regions, including mPFC and PCC, which facilitated better subsequent 

identification of self-generated word items (Fig. 6). Although SZ participants did not 

activate mPFC at the whole-brain analyses level during the positive MI, it is interesting that 

at the ROI level, SZ participants did show increased mPFC and PCC signal during the 

positive MI when compared to the neutral MI, consistent with our predictions. Furthermore, 

when SZ patients were in a positive versus neutral mood state, increased mPFC signal 

predicted better subsequent self-generated item identification, similar to the brain-behavior 

associations observed in HC participants.

Interestingly, in SZ participants, it was a negative mood state that enhanced overall source-

memory performance. In our within-group whole-brain analyses, neither the HC nor the SZ 

group revealed mPFC or amygdala activation during the negative MI versus neutral MI. 

However, our ROI findings yielded interesting dissociations in HC and SZ participants in the 

relationship between mPFC signal with reality-monitoring performance during the negative 

MI. Specifically, when SZ participants were in a negative mood relative to a neutral mood 

state, signal within both the left and right dorsal medial prefrontal cortical signal (DMPFC) 

predicted better overall source-memory accuracy, as well as specifically correlating with 

better accurate identification of externally-presented information. By contrast, when HC 

participants were in a negative mood state, we found that left DMPFC signal negatively 

correlated with subsequent identification of externally-presented information, as well as with 

overall source-memory accuracy. Thus, we found dissociable between-group differences in 

mood modulation of mPFC signal. In HC participants, positive and negative mood states had 

similar effects on mPFC signal decrease in relation to accuracy for externally-presented 

items. These findings are consistent with our previous study in which we found that mPFC 

signal showed deactivation for externally-presented information in HC participants, but was 

specifically enhanced during reality-monitoring self-referential processes (self-generated 

minus externally-presented information) (Subramaniam, Luks, et al., 2012). By contrast, in 

SZ participants, the induced mood state modulated mPFC signal in a manner that was 

associated with better self-generated item identification (during positive mood states) or 

better externally-presented item identification (during negative mood states). These findings 

are also consistent with the Murphy et al. (2003) meta-analyses paper on emotion, in which 
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the mPFC/ACC is shown to be sensitive to both positive and negative emotions. Together, 

these findings suggest that – although MIs in SZ may not be robust enough at the whole-

brain level to reveal the activation-enhancement effects in mPFC which we found in our 

intensive cognitive training studies (Subramaniam, Luks, et al., 2012) – at the ROI level, 

signal within different subregions of the mPFC during both positive mood (more rostral 

mPFC) and negative mood states (more dorsal mPFC), do enhance subsequent task 

performance on separate components of the reality-monitoring task.

4.3. Cognitive and neural mechanisms underlying mood-induced reality-monitoring 
performance in HC and SZ participants

In summary, we found that a positive mood mediated the shift towards better self-generated 

identification via enhancing mPFC signal in both HC and SZ participants. The mPFC/ACC 

has been implicated in self-referential processes (Cabeza et al., 2004) as well as in general 

attention and cognitive control processes, involving switching attention to select the correct 

response (Hedden & Gabrieli, 2006; Kondo et al., 2004; Weissman, Roberts, Visscher, & 

Woldorff, 2006) as well as being modulated during memory and reward decision-making 

(Euston, Gruber, & McNaughton, 2012; O'Doherty, 2011). There is also an abundance of 

evidence indicating that people in a positive mood state are better able to modulate attention 

(Gasper and Clore, 2002; Rowe, Hirsh, & Anderson, 2007), working memory (Ashby et al., 

1999, 2002) and cognitive control processes (Dreisbach and Goschke., 2004). Although we 

do not know the specific mechanisms as to how a positive mood facilitates self-generated 

item identification via mPFC signal enhancement in HC and SZ participants, the above 

mechanisms may overlap or work in combination in both HC and SZ participants to 

facilitate self-referential recognition. Future studies will be needed to investigate the specific 

cognitive processes that are supported by mPFC signal enhancement to facilitate self-

generated item identification, and whether they are similar or distinct in the SZ group when 

compared to the HC group. Such investigations will be integral particularly in light of the 

fact that SZ participants show consistent behavioral impairments and prefrontal hypo-

activation specifically during self-recognition processing, as shown in the present study as 

well as in prior studies (Subramaniam, Luks, et al., 2012; Vinogradov et al., 1997; 

Vinogradov et al., 2008).

Taken together, it appears that both positive and negative mood states modulate subregions 

within rostral and dorsal mPFC, respectively, to bias and facilitate reality monitoring task 

performance in SZ, despite the fact that mPFC signal is reduced in SZ participants compared 

to HC participants during a positive mood. These findings indicate that although the mPFC 

is hypoactive in SZ participants, prefrontal signal has functional implications in SZ. 

Specifically, our findings suggest that future treatments that enhance prefrontal signal such 

as computerized cognitive training and transcranial magnetic stimulation (Barr, Farzan, 

Tran, Fitzgerald, & Daskalakis, 2012; Kamp et al., 2016; Subramaniam, Luks, et al., 2012) 

may have functional implications for enhancing the specific cognitive functions that are 

supported by pre-frontal signal in SZ.

In HC participants, consistent with Ashby's neuropsycho-logical model (Ashby et al., 1999), 

it appears that many of these cognitive-enhancing effects of a positive mood are due to 
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increased dopamine release in the prefrontal cortex and basal ganglia. The basal ganglia/

striatum with a high concentration of dopamine receptors plays an important role in the 

identification and maintenance of memories (McNab & Klingberg, 2008), and to positive 

stimuli (Knutson & Cooper, 2005). Thus, a positive mood may shift prefrontal-basal ganglia 

interactions in HC participants to bias self-referential processes via enhanced mPFC signal, 

and bias externally-relevant processing via basal ganglia signal enhancement. Further 

evidence from computational and functional neuroimaging studies posit that this dopamine 

release (e.g., during positive mood states) enhances mnemonic processes by protecting 

information from distraction via reinforcement of prefrontal-striatal/basal ganglia 

connections (Gruber, Dayan, Gutkin, & Solla, 2006; McNab & Klingberg, 2008). Therefore, 

it is possible that a positive mood may enhance reality monitoring abilities in HC 

participants by enhancing encoding of relevant information from environmental stimuli into 

working memory processes to enhance selection of the correct response.

Future studies are needed to investigate the reasons as to the lack of brain-behavior 

associations in the basal ganglia in our SZ cohort during the reality-monitoring task. The 

dopamine hypothesis of SZ proposes that aberrant dopaminergic functioning is critical in SZ 

(Abi-Dargham et al., 1998; Howes & Kapur, 2009; Kapur, 2003). Given the high 

concentration of dopamine receptors found in the basal ganglia/striatum, it is possible that 

the between-group behavioral differences in positive mood induced effects on source 

memory accuracy and the lack of functional interactions between basal ganglia signal and 

reality monitoring in SZ may result from hypo-activation within mPFC and basal ganglia 

(putamen) during positive mood states such that patients are not able to use positively 

reinforcing basal ganglia signals to modulate subsequent goal-directed behavior, suggesting 

impairments in frontal–striatal interactions and dopaminergic transmission between these 

regions (Abi-Dargham, 2003; Barch & Dowd, 2010; Gold, Waltz, Prentice, Morris, & 

Heerey, 2008; Strauss, Morra, Sullivan, & Gold, 2015).

4.4. Caveats and considerations

In our fMRI study, the mood-induction reality monitoring task depends on each participant's 

ability to imagine positive, neutral and negative past experiences through autobiographical 

recall. In HC and SZ participants, the positive and negative MIs were both successful at 

increasing positive and negative mood states respectively, in relation to the neutral mood 

condition. Both positive and negative mood states also increased participants' arousal 

ratings, relative to the neutral mood condition, and positive and negative mood states did not 

differ in magnitude or arousal levels in either the HC or SZ group. The data are consistent 

with prior research which indicates that SZ participants exhibit intact “in-the-moment” 

response to emotional stimuli, rating both affective valence and arousal dimensions similarly 

to HC participants (Gard et al., 2007; Herbener et al., 2008; Kring & Moran, 2008; Kring & 

Neale, 1996). Despite the fact that the negative MI enhanced negative mood and task 

performance relative to the neutral MI in the SZ group, we did not observe consistent 

negative mood activation effects in the brain. This may have been partly due to the fact that 

in the present study, we did not distinguish between different negative mood states (sadness, 

fear, anxiety, anger). Unlike positive memories (which only include one happy mood state), 

which induced activation in a broad network of regions, there are several different and 
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distinct negative mood states (e.g., sadness, fear, anxiety, anger) in which each mood state 

may have been associated with distinct and different neural patterns. For example, fearful 

memories are consistently associated with amygdala/ hippocampal activation (Izquierdo, 

Furini, & Myskiw, 2016; Maren & Quirk, 2004), whereas sad memories are associated with 

activation of lateral orbitofrontal areas (Markowitsch, Vandekerckhove, Lanfermann, & 

Russ, 2003; Pelletier et al., 2003). In the present study, we did not classify each negative 

mood-inducing word into specific categories (sadness, fear, anxiety, anger), which may have 

also helped to obtain discrete negative mood-induced neural activation effects and to 

delineate these discrete negative mood effects (of sadness, fear, anxiety, anger) on reality-

monitoring performance.

5. Conclusions and future directions

In conclusion, we found common and dissociable neural mechanisms that facilitated reality-

monitoring functions in HC and SZ participants. Only a positive mood facilitated task 

performance in HC subjects, whereas a negative mood facilitated task performance in SZ 

subjects. Yet, when both HC and SZ participants were in a positive mood, they recruited 

mPFC to bias better subsequent self-generated item identification, despite the fact that 

mPFC signal was reduced in SZ participants. Additionally, in SZ subjects, negative mood 

states also modulated left and right dorsal mPFC signal to bias better externally-presented 

item identification. We have also previously shown that mPFC signal is enhanced in SZ after 

intensive computerized cognitive training such that it became associated with better reality 

monitoring (Subramaniam, Luks, et al., 2012). Together, these results have important 

implications for developing neural treatment targets in SZ. Specifically, they suggest that 

treatments which enhance mPFC signal through cognitive training or through electrical/ 

magnetic stimulation, may be used in conjunction with behavioral treatments that increase 

hedonic capacity to help generate improved cognitive performance in individuals with SZ 

(Subramaniam, Luks, et al., 2012; Subramaniam & Vinogradov, 2013). On the basis of the 

current findings, we also recommend that future research on negative mood states in SZ, 

continue to investigate whether negative mood improves cognition on reality-monitoring 

tasks as well as on component cognitive functions, (such as attention, working memory, 

verbal memory), that support reality-monitoring processes in SZ.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Task design: Schematic of events within one trial of the experimental paradigm. The MI 

condition was blocked in which each run consisted of 30 trials with 30 mood-inducing 

words of the same condition.
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Fig. 2. 
Mood manipulation check: Illustration of successful positive and negative mood inductions 

(MI) during fMRI autobiographical recall that enhanced the target mood state, relative to the 

neutral MI.
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Fig. 3. 
Mean accuracy during the fMRI reality monitoring task for the three types of Mood 

Induction (MI). A. Between-group effects of mood on self-generated, externally-presented 

accuracy and overall source-memory accuracy. B. Within-group effects of mood impact on 

self-generated and externally-presented accuracy.

Subramaniam et al. Page 22

Cortex. Author manuscript; available in PMC 2018 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Positive mood induction effect: Whole-brain analyses revealing regions showing greater 

signal during positive versus neutral mood states in HC participants.
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Fig. 5. 
Between-group effects within positive mood sensitive regions illustrated within mPFC, PCC 

and putamen ROIs.
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Fig. 6. 
Positive mood sensitive regions illustrated within mPFC, PCC and putamen ROIs, showing 

greater signal for the positive versus neutral MI in HC participants. Positive mood sensitive 

ROI signals biased subsequent task performance: mPFC and PCC signals predicted better 

subsequent self-generated item identification while putamen signal predicted better 

subsequent externally-presented item identification in HC participants.
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Fig. 7. 
Positive mood sensitive regions within mPFC and PCC ROIs showing greater signal for the 

positive MI versus neutral MI in SZ participants. Only positive mood sensitive signal within 

the mPFC ROI predicted better subsequent self-generated item identification in SZ 

participants.
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Fig. 8. 
Signal within left dorsal mPFC ROI during the negative MI inhibited subsequent externally-

presented item identification in HC participants.
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Fig. 9. 
Signal within left and right dorsal mPFC ROIs during the negative MI predicted better 

externally-presented item identification in SZ participants.
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Table 1

Demographics (mean, SD) of Healthy Comparison (HC) and Schizophrenia (SZ) participants.

Demographic
Category

HC SZ p
value

Age 43.50 (SD = 13.17) 41.06 (SD = 11.07) .56

Education (years) 16.50 (SD = 3.34) 13.05 (SD = 2.11) .0001

Gender 13M, 7F 16M, 4F .29

Parental Education 14.35 (SD = 2.42) 13.97 (SD = 3.91) .39

Ethnicity (White/Caucasian vs Non-White) 13 vs 7 9 vs 11 .20
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Table 2

Medication Profile, and Clinical symptoms, (mean, SD) in Schizophrenia (SZ) participants.

Antipsychotic Medication SZ

1st Generation (N) 6

2nd Generation (N) 16

Multiple (N) 4

No antipsychotic (N) 0

Other Psychiatric Medication

Antidepressants or Mood Stabilizers (N) 7

Benzodiazepines (N) 4

Mean Chlorpromazine (CPZ) Equivalents 330.78 (SD = 669.44)

Mean Cogentin Equivalents .86 (SD = 1.57)

Overall Clinical Symptom Severity (PANSS) 2.20 (SD = .47)

Positive Symptom Severity (PANSS) 2.58 (SD = 1.05)

Negative Symptom Severity (PANSS) 2.32 (SD = .99)
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