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Apathy is a mental state of diminished motivation. Although the reward system as the foundation of the motivation in the human brain has been studied extensively with neuroimaging techniques, the electrophysiological correlates of motivation and apathy have not been fully explored. Thus, in 14 healthy volunteers, we examined whether event-related evoked potentials (ERP) obtained during a simple number discrimination task with/without rewards reflected apathy tendency and a reward-dependent tendency, which were assessed separately using the apathy scale and the temperament and character inventory (TCI). Participants were asked to judge the size of a number, and received feedback based on their performance in each trial. The P3 amplitudes related to the feedback stimuli increased only in the reward condition. Furthermore, the P2 amplitudes related to the negative feedback stimuli in the reward condition had a positive correlation with the reward-dependent tendency in TCI, whereas the P3 amplitudes related to the positive feedback stimuli had a negative correlation with the apathy score. Our result suggests that the P2 and P3 ERPs to reward-related feedback stimuli are modulated in a distinctive manner by the motivational reward dependence and apathy tendency, and thus the current paradigm may be useful for investigating the brain activity associated with motivation.
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INTRODUCTION

Apathy is one of the representative clinical symptoms with reduced motivation. Apathy is defined as diminished motivation that is not attributable to a disorder of consciousness, cognitive impairment, or emotional distress (Marin, 1990), and it is characterized by an absence of will which results in decreased self-initiated behavior (Berrios and Grli, 1995). It is difficult to judge clinically whether there is an absence of will or not, but Stuss et al. defined apathy as a status characterized by a decreased response to external stimuli (Stuss et al., 2000). Apathy is seen frequently in various neuropsychiatric disorders, but its mechanism has not been fully explored. If apathy can be assessed by physiological measures, the exploration of neural basis of motivation may be understood more deeply.

Electrophysiological indices such as the P3 event-related evoked potential (ERP), feedback-related-negativity (FRN), and stimulus preceding negativity (SPN) are objective measures of cognitive processing, which have excellent temporal resolution for neural activities elicited by external and internal events. Several ERP studies have examined the motivational changes caused by monetary gain or loss, and it is known that some ERP components are particularly sensitive to valence and the size of a reward. One of these components is P3 and increases in its amplitude are associated with the gain of a larger reward (Yeung and Sanfey, 2004; Sato et al., 2005). However, few studies have examined the direct relationship between P3 and apathy. In particular, the P3 amplitude in a visual oddball task decreased in apathetic patients after stroke (Yamagata et al., 2004). A similar result was found in Parkinson's disease based on a visual oddball task (Kaufman et al., 2016). The P3 amplitude also decreased in patients with anhedonia (Dubal et al., 2000) and depression (Foti and Hajcak, 2009). This evidence suggests that P3 may reflect cognitive processes that are sensitive to an apathetic state.

Another component is the FRN, which was discovered as a negative potential generated by feedback stimuli signifying a false response (Takasawa et al., 1990). The FRN was also elicited by feedback signifying monetary loss (Gehring and Willoughby, 2002). The FRN amplitude was higher when immediately preceding feedback represented monetary gain compared with loss (Masaki et al., 2006), thereby indicating that the FRN is affected by the motivation level in a trial base. The FRN is generated in the anterior cingulate cortex (ACC), and dysfunction of the ACC network is associated with apathy (Onoda and Yamaguchi, 2015). This evidence suggests that the FRN might also reflect the degree of apathy.

In addition, the SPN was associated with reward gain in motivation studies, including a task with feedback signals related to performance (Brunia and Damen, 1988). The SPN was studied in a time production task, and it had a larger amplitude in the case with monetary rewards (Bocker et al., 1994). Therefore, it is possible that the SPN also reflects motivation.

The ERP component is known to correlate with personality traits and affective disorder (Gangadhar et al., 1993; Hansenne, 1999). To make a physiological index of apathy, the effect of other motivation-related factors should be considered simultaneously. Here, we focused on reward dependence, novelty seeking, and depression. Reward dependence is characterized by eager to help and please others, persistent, industrious, warmly sympathetic, sentimental, and sensitive to social cues and personal succor but able to delay gratification with the expectation of eventually being rewarded (Cloninger, 1987). These characteristics suggest that reward dependence could be treated as a motivational trait. Novelty seeking is a temperament associated with exploratory activity in response to novel stimulation, impulsive decision making, extravagance in approach to reward cues, quick loss of temper, and avoidance of frustration (Cloninger et al., 1993). Reward dependence and novelty seeking are related with reward system (Krebs et al., 2009). Moreover, novelty seeking is associated with dopamine function (Cloninger et al., 1994) and its polymorphism (Lusher et al., 2001). Novelty seeking may play a role in motivation. On the other hand, depression is associated with anhedonia and loss of motivation through functional impairment of the mesolimbic dopamine pathway (Martin-Soelch, 2009). Apathy and depression are often confused, and sometimes both could be seen simultaneously, particularly in neurological disorders (Hama et al., 2011). It would be desirable to distinguish apathy and depression to reveal the neural basis. Therefore, we investigated the relationships between the ERPs and not only apathy but also reward dependence, novelty seeking, and depression.

In this study, we developed a new simple task where the P3, FRN, and SPN components were evaluated in a single session, and motivation was modulated by changing a monetary reward. This task paradigm enabled us to examine the relationships among the electrophysiological measures, novelty seeking, reward dependence, depressive state, and apathy tendency.

METHODS

Subjects

Fourteen neurologically healthy adult volunteers (eight males, six females) were recruited. Their mean age was 25.3 years (standard deviation = 4.1, range = 20–35 years). All subjects had normal vision or corrected to normal vision. This study was approved by the Ethics Committee of Shimane University, and was conducted in accordance with the Declaration of Helsinki.

Questionnaires

Participants completed the apathy scale (Starr et al., 1983; Okada et al., 1998), the temperament and character inventory (TCI) (Cloninger et al., 1993; Kijima et al., 1996), and Zung's self-rating depression scale (Zung, 1965). These questionnaires are self-entry style questionnaires. TCI is a 125-item questionnaire regarding personality developed by Cloninger et al. (4 points scale per item). We obtained scores for reward dependence and novelty seeking because both traits are closely related to motivation. A higher score of novelty seeking represents novelty seekers (Cloninger et al., 1993). A higher score of reward dependence represents more motivated state (Kijima et al., 1996). A higher scores of apathy scale and SDS represent more apathetic state and depressive state, respectively. The score of mean and standard deviation for novelty seeking was 47.1 ± 6.9, for reward dependence was 41.8 ± 4.5(33–49), for harm avoidance was 51.6 ± 5.9(41–63), for apathy score was 11.3 ± 5.5(2–21), and for SDS was 36.4 ± 8.4(20–52). There were several correlations among apathy scale, SDS, and temperaments. Apathy scale was positively correlated with harm avoidance and SDS (Supplementary Table 1).

Procedures

We developed an original task to measure SPN, FRN, and P3 in a single experimental session. Participants were asked to perform a number discrimination task. Figure 1 shows the protocol for the number discrimination task. This task comprised three conditions (reward, non-reward, and control condition). In each trial, a number excluding five was displayed and participants judged whether the number is smaller than five. Participants were asked to press the left button when the number was smaller than five and to press the right button when the number was larger than five. The feedback stimulus was presented 2.5 s after the response. When participants correctly responded faster than the criterion time, a positive feedback stimulus was presented with a value of +10 to +90 at an interval of 10. In contrast, when they responded correctly but slower than the criterion time, a negative feedback was presented with a value of −10 to −90 at an interval of 10. The feedback value was altered based on the response speed and accuracy in the trial, which faster responses yielded higher values, and vice versa (see Figure 1B for details). If the previous response was correct and faster than the criterion, the next criterion was shortened automatically by 10 ms. Inversely, if the previous response was incorrect or too slow, the following criterion was automatically prolonged by 10 ms. In the case of the reward condition, the positive value was represented by a monetary reward and it was added to the total amount of money acquired. Even if the feedback was negative, the total amount of money acquired was not decreased because the expected total reward was manipulated to be positive in the reward condition. In the non-reward condition, the value of the feedback stimulus indicated the response speed, which did not affect the acquisition of money. In the case of the control condition, the value of the feedback stimulus ranging from +90 to −90 at an interval of 10 was assigned randomly regardless of the response speed. The probabilities of positive and negative feedback were manipulated so they were both kept at 50%. When participants made a wrong response, “incorrect response” was presented as text in all conditions. If no response was made for 0.8 s after the presentation of the number, “no response” was presented as text. The duration of the feedback stimulus was 1.0 s. After feedback, the current total monetary reward was displayed for 1.0 s. The stimulus color differed in each condition (reward: yellow; non-reward: green; control: white). The average time of the inter-trial interval was 2.5 s (range: 2.0–3.0 s). The task comprised five sessions and each session included three blocks (one block per condition; Figure 1C). Each block included 20 trials. A break for a few minutes was allowed between the sessions. Participants were given an opportunity to practice 20 trials before the actual task. They were instructed to press a button as quickly as possible. The initial time criterion was calculated based on the mean reaction time for correct responses in the practice section for each participant. Participants were told that the positive feedback value would be larger if they pressed the button as quickly as possible and answered correctly, and that the negative feedback value would be larger if they responded slowly even with a correct response. We also told the participants that they could identify the ongoing condition based on the stimulus color.
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FIGURE 1. (A) In the number discrimination task, participants pressed the assigned button after judging the size of the number as more than five or less. A monetary reward (reward condition) or reaction speed (non-reward condition) was presented as a feedback stimulus. In the control condition, the feedback was a random number. (B) The feedback value increased when the button was pressed faster than a criterion, whereas it became smaller when the button was pressed slower than the criterion. (C) Sequence of the stimulus sessions. The task comprised five sessions and each session included three blocks. Participants practiced 20 trials before starting the task. (D) Electrode positions.



ERP Data Acquisition and Signal Processing

Participants were seated ~1 m from a monitor in a shielded room. Electroencephalographic (EEG) data were acquired using a BrainAmp system with 64-channel electrodes (Brain Products, Brain AMP DC, Germany) (Figure 1D). EEG signals were recorded continuously with the bandpass set at 0.01–250 Hz and a sampling frequency of 500 Hz. The reference channel was Cz, and re-referencing was performed offline based on the average of all recording sites. Noise components including ocular movement were removed by independent component analysis. The continuous EEG was segmented into epochs, including 200 ms pre-stimulus and 800 ms post-stimulus for the target, and feedback stimulus with a bandpass filter of 2–16 Hz to analyze the P2, P3, and FRN components. This filter setting was used to detect more prominent FRN and to remove slow drift with low frequency filter (Onoda et al., 2010). P2 and P3 were identified as positive or negative components in latency windows of 100–250, 200–350, and 300–500 ms, respectively. FRN was measured as a negative component in the latency window of 250–400 ms for the subtraction waveform (negative-positive). The peak amplitude and latency for each component were determined in the same window. To analyze the SPN, epochs from 2,000 ms pre-stimulus to 500 ms post-stimulus were extracted from the EEG with a bandpass filter of 0.016–30 Hz. The baseline for the SPN was defined as the time window from −1,500 to −1,000 ms before the feedback stimulus. The mean amplitude of the SPN was measured between 1000 ms pre-stimulus and stimulus onset.

Statistics

Behavioral measures were subjected to repeated one-way analysis of variance (ANOVA) with the condition. The primary analysis models for the amplitude and latency of the ERP components comprised repeated measures ANOVA with two or three factors (channel × condition, or channel × condition × feedback valence). The Greenhouse–Geisser correction was applied to ANOVA. In the post-hoc test, the Bonferroni method was employed for multiple comparisons. The statistical significance threshold was set to p < 0.05.

RESULTS

According to the behavioral data, the main effect of condition on the reaction time was significant [F(2, 26) = 7.70, ε = 0.68, p = 0.008, d = 0.37], where the reaction time to targets was faster for the reward condition compared with the non-reward and control conditions (ps < 0.05, Table 1). There was no significant main effect on the error rate [F(2, 26) = 0.72, n.s.]. The mean total monetary reward was 1912 ± 698 yen.


Table 1. Response time and error rate in rewarded discrimination task.

[image: image]



The grand average waveforms are illustrated in Figure 2. P2 and P3 were elicited for both the target and feedback stimuli, and SPN appeared to precede the feedback stimuli. These components differed in their amplitude and latency depending on the condition or feedback valence.
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FIGURE 2. (A) Grand average waveforms for target stimuli. (B) Stimulus preceding negativity (SPN). (C) Grand average waveforms for feedback stimuli. Each topography was obtained across conditions (mean average of the reward, non-reward, and control conditions for target stimuli (A), positive and negative conditions for feedback stimuli (C) at the peak of the grand average waveform. The latency for depicting each topography was 188 ms for target P2, 372 ms for target P3, 188 ms for feedback P2, and 364 ms for feedback P3. The topography of SPN was made from the mean amplitude between 1,000 ms pre-stimulus and stimulus onset (B).



The target P2 was the largest at Cz, did not exhibit any significant main effects or interaction in terms of their amplitude and latency (Fs < 2.4, for P2). The peak amplitude of target P3, which was largest at Cz and Pz, was mainly affected by the condition [F(2, 26) = 4.79, ε = 0.75, p = 0.03, d = 0.27], where the amplitude for the reward condition was larger than that for the control condition [p = 0.04, Figure 3A). Similar to the amplitude, the latency was also mainly affected significantly by the condition [F(2, 26) = 4.7, ε = 0.84, p = 0.024, d = 0.27], where the latency was shorter for the reward condition than the control condition (p = 0.007). The mean amplitude of SPN was not significantly influenced by the main effects or interactions (Fs < 2.0, Figure 3B).
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FIGURE 3. Comparisons of the ERP components in the three conditions: target P3 amplitude (A), stimulus preceding negativity (SPN) amplitude (B), feedback P2 amplitude (C), feedback-related negativity (FRN) amplitude (D), and feedback P3 amplitude (E). Error bars represent the standard error. *P < 0.001.



The ERPs for the feedback stimulus were analyzed using three-way ANOVA. The feedback P2 had a significant main effect of channel [F(2, 26) = 5.54, ε = 0.64, p = 0.01], where the amplitude was largest at Cz (Figure 3C). Regarding for the FRN, there were neither main effects nor interactions (Fs < 1.3, Figure 3D). The feedback P3 had a significant main effect of condition [F(2, 26) = 52.9, ε = 0.84, p < 0.001, d = 0.80], where the largest amplitude was in the reward condition and the smallest amplitude in the control condition (ps < 0.05, Figure 3E). The interactions between channel × valence/condition were also significant (Fs > 3.45, ε = 0.70/0.87, ps < 0.04, ds > 0.21). The post-hoc test showed that the P3 amplitude at Fz was larger for the negative feedback compared with the positive feedback (p < 0.05). Feedback P3 amplitude was the largest at Pz in the reward condition. There was a main effect of valence on latency, where the P3 peak latency was shorter for the positive feedback than the negative feedback [F(1, 13) = 6.07, p = 0.03, d = 0.32].

Next, we examined the correlations between the ERP components, and the individual psychological and affective characteristics (Figure 4, Supplementary Tables 1, 2). To reduce the flood of information about ERP measures in supplementary table, we averaged ERP measures across three conditions. Target P3 amplitude showed negative correlation with reaction time (ps < 0.05). The P2 amplitude at Cz had positive correlations with reward dependence for negative feedback in the reward condition, for positive feedback in the non-reward condition, and for positive feedback in the control condition (ps < 0.05). Furthermore, the P3 amplitude at Pz had negative correlations with apathy scale for positive feedback in the reward condition, for positive and negative feedback in the non-reward condition, and for positive feedback in the control condition (ps < 0.02).
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FIGURE 4. Relationship between temperaments/individual affective state and ERP amplitude: feedback P2 and reward dependency (A), feedback P3 and apathy scale (B), and feedback P3 and Zung's self-rating depression (SDS) scale (C).



DISCUSSION

In this study, we examined whether ERP components can be employed as objective measures of apathy and motivation by using a newly developed number discrimination task with or without rewards. According to the behavioral analysis, the reaction time to targets was faster in the reward condition than in the non-reward and control conditions, thereby indicating that the participants were relatively motivated by the monetary reward. We found larger ERP components for the target and feedback stimuli in the reward condition compared with other conditions, which suggests that increased neural activities are associated with enhanced motivation.

We demonstrated that the feedback P2 amplitude was positively correlated with reward dependence, and the feedback P3 amplitude was negatively correlated with the apathy score. These results imply that the feedback P2 and P3 reflected the motivation. Other ERP components, i.e., SPN and FRN, had no significant relationships with the motivational measures.

The feedback P2 was clearly elicited in all conditions in this study. P2 is considered to be a stimulus-dependent component related to an early stage of information processing (Portella et al., 2012). Potts et al. reported that the frontal P2 was the largest when the reward was unpredictable and the generator was medial frontal cortex associated with reward system (Potts et al., 2006). This evidence indicates that a larger P2 is often observed when attention is preferentially allocated to a particular stimulus, such as an imperative stimulus or performance feedback (Lackner et al., 2014). In this study, feedback P2 was correlated with reward dependence. Our result suggests that P2 amplitude increases through higher attention based on higher reward dependence. Moreover, close relationships between affective state/personality trait and the P2 component has also been reported. Regarding affective state, higher P2 amplitude was seen in shy adolescents, in individuals with anxiety disorder, and individuals with depression (Kemp et al., 2010; Han et al., 2014; Lackner et al., 2014). Affective state influenced higher attention and is explained by attention bias (Han et al., 2014) and disruption of selective attention (Kemp et al., 2010). In this study, depressive state was not associated with P2. This may be because the task does not cause affective process markedly and the degree of depressive state was mild. On the other hand, there are several studies regarding the association of reward system and reward dependence. Reward dependence was correlated with gray matter volumes in the caudate nucleus (Iidaka et al., 2006), orbitofrontal cortex, and temporal lobe (Van Schuerbeek et al., 2011); BOLD activity of substantia nigra/ventral tegmental area (Krebs et al., 2009); and opioid receptor availability in striatum and nucleus accumbens (Schreckenberger et al., 2008). These results indicate that reward dependence is associated with the reward system based on the fronto–striatal circuit. The fronto–striatal circuit may modulate P2 activity via attentional deployment.

In addition, we examined whether the P3 component is modulated by individual temperament and affective state. We found a negative correlation between the feedback P3 amplitude and score of apathy scale. P3 component is usually separated into P3a and P3b (Snyder and Hillyard, 1976). P3a is elicited by novelty or salient stimuli, for example, in an oddball task (Courchesne et al., 1975; Knight, 1984), and distributed over the fronto-central area (Conroy and Polich, 2007), suggesting its association with the frontal attention system. P3b is elicited by target stimuli in an oddball task. This component is generated partly from temporo–parietal junction (Conroy and Polich, 2007) and relates to attention and memory processing. P3 seen in a gambling task is related to motivational salience in feedback processing (Nieuwenhuis et al., 2005; Yeung et al., 2005). The feedback P3 amplitude changes depending on reward expectancy and size and the feedback value (Wu and Zhou, 2009). We consider target and feedback P3 as P3b because of the task demands and the topography. Target P3 is associated with target evaluation, feedback anticipation, and encoding contextual valence. On the other hand, feedback P3 is enhanced for the outcome with large value compared to small value and is involved in the late stage of outcome processing for motivational salience rather than contextual valence (Zheng et al., 2017). In our study, target P3 amplitude was increased in reward condition and showed correlation with reaction time but was not correlated with temperament or affective state. Referring to the study of Zheng et al. feedback P3 is related to outcome evaluation for motivational salience, and our results support their notion. We speculate that feedback P3 could be a physiological marker as motivational state.

Several studies have investigated the association between emotion/affection and the P3 component, where they demonstrated that the P3 amplitude decreased in individuals with anhedonia (Dubal et al., 2000) and depression (Foti and Hajcak, 2009; Mathis et al., 2014), which are often accompanied by apathy. In our study, we found no significant correlation between depressive state and the P3 amplitude, thereby suggesting that the P3 component may reflect apathy more directly rather than depression. Similar results were obtained for Parkinson's disease (Mathis et al., 2014), Alzheimer's disease (Daffner et al., 2001), and head trauma (Daffner et al., 2000), where these studies measured the ERP using a visual or auditory oddball task. The P3a arising mainly from the prefrontal area was also correlated with apathy in subcortical stroke patients (Yamagata et al., 2004).

Previous studies have suggested that the SPN and FRN are associated with reward expectation (Bocker et al., 1994; Pfabigan et al., 2011). The SPN amplitude depends on the amount of information with an affective or motivational value carried by the feedback stimulus (Bocker et al., 1994). The FRN is sensitive to unexpected negative feedback but also to unexpected positive feedback, which suggests that the FRN reflects expectancy and the valence of feedback. However, meaningful results were not obtained in the SPN and FRN in the current study. After the participants pressed a button, they made a prediction regarding the outcome, which would have been informed by the feedback received. The probabilities of positive and negative feedback were each fixed at 50% in this study. The probability could have influenced their surprising or disappointing reaction to feedback. It is possible that no significant changes were found in the SPN and FRN because the anticipation and expectation of the outcome were attenuated by the uncertainty of the feedback stimuli.

There was some limitations in our study. Firstly, it was conducted with healthy volunteers; therefore, the degree of apathy was mild even if they were apathetic. Severe apathy is characterized by decreased mental or behavioral reactions; therefore, although the current task was simple and easy to perform, a task that requires responses might not be suitable for studying severe apathy. Thus, we cannot be certain that similar results would be obtained in subjects with severe apathy. Secondly, the number of participants was not adequate for the correlation analysis between subjective measures and ERPs. High reliability for TCI was obtained in the English (Cloninger et al., 1994) and Japanese versions (Takeuchi et al., 2011). We also confirmed the reliability and validity of the apathy scale (Okada et al., 1998). Moreover, the stability of P2 and P3 (Thigpen et al., 2017) is known and high correlation was reported in the test-retest (McEvoy et al., 2000; Williams et al., 2005). Therefore, because there is robustness in these indicators, the results of correlation study seem acceptable even though the number of participants is not adequate for the analysis. Thirdly, there were several correlations between temperaments and states. Therefore, it is difficult to judge whether temperaments affect ERP components or individual affective states. Further studies are necessary to validate our findings before the clinical use of this method. It is desirable to generate tasks that can evaluate intrinsic, extrinsic, and novel motivation to clarify the neural basis of motivation.

In summary, the P2 and P3 may have distinct associations with motivation, where P2 reflects attention that is modulated by motivation and P3 reflects apathy more directly. The current stimulus paradigm may be useful for investigating the brain activity associated with apathy.

ETHICS STATEMENT

This study was approved by the Ethics Committee of Shimane University, and was conducted in accordance with the Declaration of Helsinki. All participants gave written informed consent.

AUTHOR CONTRIBUTIONS

HT, KO, and SY make substantial contributions to conception and design, and acquisition of data, and analysis and interpretation of data and also participate in drafting the article or revising it critically for important intellectual content. Every authors give final approval of the version to be submitted and any revised version. Every authors give agreement to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved.

ACKNOWLEDGMENTS

This study was supported by JSPS KAKENHI Grant Number 80135904.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2018.00011/full#supplementary-material

ABBREVIATIONS

ACC, anterior cingulate cortex; ANOVA, analysis of variance; EEG, electroencephalogram; ERP, event-related potentials; FRN, feedback-related negativity; SPN, stimulus preceding negativity; TCI, temperament and character inventory.

REFERENCES

 Berrios, G. E., and Grli, M. (1995). Abulia and impulsiveness revisited: a conceptual history. Acta Psychiatr. Scand. 92, 161–167. doi: 10.1111/j.1600-0447.1995.tb09561.x

 Böcker, K. B., Brunia, C. H., and van den Berg-Lenssen, M. M. (1994). A spatiotemporal dipole model of the stimulus preceding negativity (SPN) prior to feedback stimuli. Brain Topogr. 7, 71–88. doi: 10.1007/BF01184839

 Brunia, C. H., and Damen, E. J. (1988). Distribution of slow brain potentials related to motor preparation and stimulus anticipation in a time estimation task. Electroencephalogr. Clin. Neurophysiol. 69, 234–243. doi: 10.1016/0013-4694(88)90132-0

 Cloninger, C. R. (1987). A systematic method for clinical description and classification of personality variants: a proposal. Arch. Gen. Psychiatry 44, 573–588. doi: 10.1001/archpsyc.1987.01800180093014

 Cloninger, C. R., Svrakic, D. M., and Przybeck, T. R. (1993). A psychobiological model of temperament and character. Arch. Gen. Psychiatry 50, 975–990. doi: 10.1001/archpsyc.1993.01820240059008

 Cloninger, C. R., Thomas, R. P., and Dragan, M. S. (1994). The Temperament and Character Inventory (TCI): A Guide to Its Development and Use. St. Louis, MO: Washington University.

 Conroy, M. A., and Polich, J. (2007). Normative variation of P3a and P3b from a large sample. J. Psychophysiol. 21, 22–32. doi: 10.1027/0269-8803.21.1.22

 Courchesne, E., Hillyard, S. A., and Galambos, R. (1975). Stimulus novelty, task relevance and the visual evoked potential in man. Electroencephalogr. Clin. Neurophysiol. 39, 131–143. doi: 10.1016/0013-4694(75)90003-6

 Daffner, K. R., Mesulam, M. M., Scinto, L. F. M., Acar, D., Calvo, V., Faust, R., et al. (2000). The central role of the prefrontal cortex in directing attention to novel events. Brain 123, 927–939. doi: 10.1093/brain/123.5.927

 Daffner, K. R., Rentz, D. M., Scinto, L. F. M., Faust, R., Budson, A. E., and Holcomb, P. J. (2001). Pathophysiology underlying diminished attention to novel events in patients with early AD. Neurology 56, 1377–1383. doi: 10.1212/WNL.56.10.1377

 Dubal, S., Pierson, A., and Jouvent, R. (2000). Focused attention in anhedonia: a P3 study. Psychophysiology 37, 711–714. doi: 10.1111/1469-8986.3750711

 Foti, D., and Hajcak, G. (2009). Depression and reduced sensitivity to non-rewards versus rewards: evidence from event-related potentials. Biol. Psychol. 81, 1–8. doi: 10.1016/j.biopsycho.2008.12.004

 Gangadhar, B. N., Ancy, J., Janakiranaiah, N., and Umapathy, C. (1993). P300 amplitude in non-bipolar, melancholic depression. J. Affect. Disord. 28, 57–60. doi: 10.1016/0165-0327(93)90077-W

 Gehring, W. J., and Willoughby, A. R. (2002). The medial frontal cortex and the rapid processing of monetary gains and losses. Science 295, 2279–2282. doi: 10.1126/science.1066893

 Hama, S., Yamashita, H., Yamawaki, S., and Kurisu, K. (2011). Post-stroke depression and apathy: interactions between functional recovery, lesion location, and emotional response. Psychogeriatrics 11, 68–76. doi: 10.1111/j.1479-8301.2011.00358.x

 Han, H. Y., Gan, T., Li, P., Li, Z. J., Guo, M., and Yao, S. M. (2014). Attentional bias modulation by reappraisal in patients with generalized anxiety disorder: an event-related potential study. Brazil. J. Med. Biol. Res. 47, 576–583. doi: 10.1590/1414-431X20143622

 Hansenne, M. (1999). P300 and personality: an investigation with the Cloninger's model. Biol. Psychol. 50, 143-55.

 Iidaka, T., Matsumoto, A., Ozaki, N., Suzuki, T., Iwata, N., Yamamoto, Y., et al. (2006). Volume of left amygdala subregion predicted temperamental trait of harm avoidance in female young subjects. A voxel-based morphometry study. Brain Res. 1125, 85-93. doi: 10.1016/j.brainres.2006.09.015

 Kaufman, D. A. S., Bowers, D., Okun, M. S., Van Patten, R., and Perlstein, W. M. (2016). Apathy, novelty processing, and the P3 potential in Parkinson's disease. Front. Neurol. 7:95. doi: 10.3389/fneur.2016.00095

 Kemp, A. H., Benito, L. P., Quintana, D. S., Clark, C. R., McFarlane, A., Mayur, P., et al. (2010). Impact of depression heterogeneity on attention: an auditory oddball event related potential study. J. Affect. Disord. 123, 202–207. doi: 10.1016/j.jad.2009.08.010

 Kijima, N., Saito, R., Takeuchi, M., Yoshino, A., Ono, Y., Kato, M., et al. (1996). Cloninger's seven-factor model of temperament and character and Japanese version of Temperament and Character Inventory (TCI). Arch. Psychiatr. Diagnost. clin. Eval. 7, 379–399.

 Knight, R. T. (1984). Decreased response to novel stimuli after prefrontal lesions in man. Electroencephalogr. Clin. Neurophysiol. 59, 9–20. doi: 10.1016/0168-5597(84)90016-9

 Krebs, R. M., Schott, B. H., and Düzel, E. (2009). Personality traits are differentially associated with patterns of reward and novelty processing in the human substantia nigra/ventral tegmental area. Biol. Psychiatry 65, 103–110. doi: 10.1016/j.biopsych.2008.08.019

 Lackner, C. L., Santesso, D. L., Dywan, J., Wade, T. J., and Segalowitz, S. J. (2014). Event-related potentials elicited to performance feedback in high-shy and low-shy adolescents. Infant Child Dev. 23, 283–294. doi: 10.1002/icd.1865

 Lusher, J. M., Chandler, C., and Ball, D. (2001). Dopamine D4 receptor gene (DRD4) is associated with Novelty Seeking (NS) and substance abuse: the saga continues. Mol. Psychiatry 6, 497–499. doi: 10.1038/sj.mp.4000918

 Marin, R. S. (1990). Differential-diagnosis and classification of apathy. Am. J. Psychiatry 147, 22–30. doi: 10.1176/ajp.147.1.22

 Martin-Soelch, C. (2009). Is depression associated with dysfunction of the central reward system? Biochem. Soc. Trans. 37(Pt 1), 313–317. doi: 10.1042/BST0370313

 Masaki, H., Takeuchi, S., Gehring, W. J., Takasawa, N., and Yamazaki, K. (2006). Affective-motivational influences on feedback-related ERPs in a gambling task. Brain Res. 1105, 110–121. doi: 10.1016/j.brainres.2006.01.022

 Mathis, S., Neau, J.-P., Pluchon, C., Fargeau, M.-N., Karolewicz, S., Iljicsov, A., et al. (2014). Apathy in Parkinson's disease: an electrophysiological study. Neurol. Res. Int. 2014:290513. doi: 10.1155/2014/290513

 McEvoy, L. K., Smith, M. E., and Gevins, A. (2000). Test-retest reliability of cognitive EEG. Clin. Neurophysiol. 111, 457–463. doi: 10.1016/S1388-2457(99)00258-8

 Nieuwenhuis, S., Aston-Jones, G., and Cohen, J. D. (2005). Decision making, the P3, and the locus coeruleus–norepinephrine system. Psychol. Bull. 131, 510–532. doi: 10.1037/0033-2909.131.4.510

 Okada, K., Kobayashi, S., Aoki, K., Suyama, N., and Yamaguchi, S. (1998). Assessment of motivational loss in poststroke patients using the Japanese version of Starkstein's Apathy Scale. Nosotchu 20, 318–323. doi: 10.3995/jstroke.20.318

 Onoda, K., Abe, S., and Yamaguchi, S. (2010). Feedback-related negativity is correlated with unplanned impulsivity. Neuroreport 21, 736–739. doi: 10.1097/WNR.0b013e32833bfd36

 Onoda, K., and Yamaguchi, S. (2015). Dissociative contributions of the anterior cingulate cortex to apathy and depression: topological evidence from resting-state functional MRI. Neuropsychologia 77, 10–18. doi: 10.1016/j.neuropsychologia.2015.07.030

 Pfabigan, D. M., Alexopoulos, J., Bauer, H., and Sailer, U. (2011). Manipulation of feedback expectancy and valence induces negative and positive reward prediction error signals manifest in event-related brain potentials. Psychophysiology 48, 656–664. doi: 10.1111/j.1469-8986.2010.01136.x

 Portella, C., Machado, S., Arias-Carrion, O., Sack, A. T., Silva, J. G., Orsini, M., et al. (2012). Relationship between early and late stages of information processing: an event-related potential study. Neurol. Int. 4:e16. doi: 10.4081/ni.2012.e16

 Potts, G. F., Martin, L. E., Burton, P., and Montague, P. R. (2006). When things are better or worse than expected: the medial frontal cortex and the allocation of processing resources. J. Cogn. Neurosci. 18, 1112–1119. doi: 10.1162/jocn.2006.18.7.1112

 Sato, A., Yasuda, A., Ohira, H., Miyawaki, K., Nishikawa, M., Kumano, H., et al. (2005). Effects of value and reward magnitude on feedback negativity and P300. Neuroreport 16, 407–411. doi: 10.1097/00001756-200503150-00020

 Schreckenberger, M., Klega, A., Gründer, G., Buchholz, H. G., Scheurich, A., Schirrmacher, R., et al. (2008). Opioid receptor PET reveals the psychobiologic correlates of reward processing. J. Nucl. Med. 49, 1257–1261. doi: 10.2967/jnumed.108.050849

 Snyder, E., and Hillyard, S. A. (1976). Long-latency evoked potentials to irrelevant, deviant stimuli. Behav. Biol. 16, 319–331. doi: 10.1016/S0091-6773(76)91447-4

 Starr, L. B., Robinson, R. G., and Price, T. R. (1983). Reliability, validity, and clinical utility of the social functioning exam in the assessment of stroke patients. Exp. Aging Res. 9, 101–106. doi: 10.1080/03610738308258434

 Stuss, D. T., Van Reekum, R., and Murphy, K. J. (2000). “Differentiation of states and causes of apathy,” in The Neuropsychology of Emotion, ed J. Borod (New York, NY: Oxford University Press), 340–363.

 Takasawa, N., Takino, R., and Yamazaki, K. (1990). Event-related potentials derived from feedback tones during motor learning. Jpn. J. Physiol. Psychol. Psychophysiol. 8, 95–101. doi: 10.5674/jjppp1983.8.95

 Takeuchi, M., Miyaoka, H., Tomoda, A., Suzuki, M., Lu, X., and Kitamura, T. (2011). Validity and reliability of the Japanese version of the Temperament and Character Inventory: a study of university and college students. Compr. Psychiatry 52, 109–117. doi: 10.1016/j.comppsych.2010.04.002

 Thigpen, N. N., Kappenman, E. S., and Keil, A. (2017). Assessing the internal consistency of the event-related potential: an example analysis. Psychophysiology 54, 123–138. doi: 10.1111/psyp.12629

 Van Schuerbeek, P., Baeken, C., De Raedt, R., De Mey, J., and Luypaert, R. (2011). Individual differences in local gray and white matter volumes reflect differences in temperament and character: a voxel-based morphometry study in healthy young females. Brain Res. 1371:32–42. doi: 10.1016/j.brainres.2010.11.073

 Williams, L. M., Simms, E., Clark, C. R., Paul, R. H., Rowe, D., and Gordon, E. (2005). The test-retest reliability of a standardized neurocognitive and neurophysiological test battery: “neuromarker.” Int. J. Neurosci. 115, 1605–1630 doi: 10.1080/00207450590958475

 Wu, Y., and Zhou, X. (2009). The P300 and reward valence, magnitude, and expectancy in outcome evaluation. Brain Res. 1286, 114–122. doi: 10.1016/j.brainres.2009.06.032

 Yamagata, S., Yamaguchi, S., and Kobayashi, S. (2004). Impaired novelty processing in apathy after subcortical stroke. Stroke 35, 1935–1940. doi: 10.1161/01.STR.0000135017.51144.c9

 Yeung, N., Holroyd, C. B., and Cohen, J. D. (2005). ERP correlates of feedback and reward processing in the presence and absence of response choice. Cereb. Cortex 15, 535–544. doi: 10.1093/cercor/bhh153

 Yeung, N., and Sanfey, A. G. (2004). Independent coding of reward magnitude and valence in the human brain. J. Neurosci. 24, 6258–6264. doi: 10.1523/JNEUROSCI.4537-03.2004

 Zheng, Y., Li, Q., Zhang, Y., Shen, H., Gao, Q., and Zhou, S. (2017). Reward processing in gain versus loss context: an ERP study. Psychophysiology 54, 1040-1053 doi: 10.1111/psyp.12855

 Zung, W. W. K. (1965). A self-rating depression scale. Arch. Gen. Psychiatry 12, 63–70. doi: 10.1001/archpsyc.1965.01720310065008

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Takayoshi, Onoda and Yamaguchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-12-00011-t001.jpg
Reward Non-reward Control Statistic

RT(ms) 372435 388428 39528 R<N,C
Error rate 22% 1.9% 1.75% ns.

R, reward: N, non-reward;: C, control P < 0.05; Statistics, repeated ANNOVA.





OPS/images/fnhum-12-00011-g003.gif
)
M o
© ot Fovrerad Coul Revard Nonsend ool
condion condion
oy Ommeass © gy
Log— e
P p
N g 'f
3. PRy
: £
£, i
Revst Nonaevad Contel Revatt Noazewas Cotel
r P
£ o——
PO
A
, + paon
’ i
. i

Revand Noneward Contl





OPS/images/fnhum-12-00011-g004.gif





OPS/images/fnhum-12-00011-g001.gif





OPS/images/fnhum-12-00011-g002.gif





OPS/images/cover.jpg
’ frontiers .
in Human Neuroscience

Do Event-Related Evoked Potentials
Reflect Apathy Tendency and
Motivation?









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





