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Different Roles of the Left and Right Ventrolateral Prefrontal Cortex in Cognitive Reappraisal: An Online Transcranial Magnetic Stimulation Study
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The ventrolateral prefrontal cortex (VLPFC) plays a pivotal role in cognitive reappraisal. Previous studies suggested a functional asymmetry of the bilateral VLPFC, but the evidence is still insufficient during cognitive reappraisal. In this study, we conducted an online single-pulse transcranial magnetic stimulation (spTMS) to investigate the causal and distinct roles of the left and right VLPFC in reappraisal. Participants were instructed to reappraise (down-regulate) or attend to pictures depicting social exclusion scenarios while the spTMS was applied over the left or right VLPFC of the participants’ brains. The results showed that spTMS of either the left or the right VLPFC would increase reappraisal difficulty. Meanwhile, the outcome of reappraisal (measured by self-reported negative feelings) significantly deteriorated when the right (but not the left) VLPFC was temporally interrupted by spTMS, while the verbal fluency during oral reporting of the reappraisal strategy was significantly reduced when the left VLPFC was interrupted by spTMS. Taken together, these findings provide causal evidence for the involvement of left and right VLPFC with distinct roles: while the left VLPFC is responsible for the linguistic especially semantic process of generating and selecting appraisals according to the goal of emotion regulation, the right VLPFC plays a critical role in inhibiting inappropriate negative emotions and thoughts generated by the effective scenarios. These findings deepen our understanding of the neurocognitive mechanism of emotion regulation.
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INTRODUCTION

Cognitive reappraisal (reappraisal for short) is an effective and adaptive strategy to regulate negative emotions and has long-term benefits (Erk et al., 2010; McRae and Gross, 2020). Reappraisal regulates emotions by manipulating the semantic representation of affective scenarios, which requires a series of cognitive processes, including conflict monitoring, inhibition, selective attention, and working memory (Ochsner et al., 2012; Buhle et al., 2014). Neuroimaging evidence consistently revealed that the cognitive control processes of reappraisal mainly depend on the prefrontal cortex (Buhle et al., 2014; Kohn et al., 2014), in which the ventrolateral prefrontal cortex (VLPFC) is the most distinguished prefrontal region. The VLPFC has been found to be consistently activated in voluntary emotion regulation regardless of regulatory strategies (cognitive reappraisal, distraction, expression inhibition, etc.) and regulatory goals (up- or downregulation; Ochsner et al., 2012; Kohn et al., 2014; Morawetz et al., 2017). Previous studies in our laboratory by transcranial magnetic stimulation (TMS) have further demonstrated that the VLPFC is an essential brain region in reappraisal (He et al., 2020b; Zhao J. et al., 2021; Li et al., 2022).

However, controversy remains regarding whether the left and right parts of the VLPFC play the same role during reappraisal implementation. While some studies found that the bilateral VLPFC was involved in reappraisal without any functional difference (refer to meta-analyses by Buhle et al. (2014), Kohn et al. (2014), Morawetz et al. (2016)), some other studies reported different findings. For example, Johnstone et al. (2007) found that the left VLPFC (lVLPFC) but not the right VLPFC (rVLPFC) was involved during reappraisal. On the contrary, the unilateral activation of the rVLPFC was observed by Phan et al. (2005) in studies with similar experimental designs.

The lVLPFC largely overlaps with Broca’s area; the latter is a well-known brain region for speech production and semantic/phonological processing of language (Price et al., 2011; Zhang et al., 2018; Zhao Z. et al., 2021). Thus, the lVLPFC has been consistently involved in semantic processing and intrinsic language generation (Phan et al., 2005; Nagel et al., 2008; Souza et al., 2009; Conner et al., 2019; Zhang et al., 2022). Meanwhile, evidence showed a correlation between lVLPFC activation and verbal fluency (Cho et al., 2012; Fillman et al., 2016). In addition, meta-analyses showed significant functional connectivity between the lVLPFC and linguistic brain regions, including the temporal pole and the left inferior, middle, and superior temporal gyrus (Billingsley et al., 2001; Kohn et al., 2014; He Z. et al., 2018; Banjac et al., 2021). Unlike the lVLPFC, the rVLPFC is usually considered an inhibition-related area (Aron et al., 2004). Neuroimaging studies have demonstrated that the rVLPFC plays a critical role in inhibition control and is especially active during motor inhibition (refer to meta-analysis by Levy and Wagner (2011)). It is found that the cortical thickness of the rVLPFC in childhood could predict behavior inhibition in adulthood (Sylvester et al., 2016). Meanwhile, the hyperactive rVLPFC may explain the deficits in response inhibition in schizophrenic patients (Kaladjian et al., 2007, 2011).

In line with their different cognitive roles, we hypothesized that the left and right parts of the VLPFC are responsible for different roles during cognitive reappraisal: while the rVLPFC inhibits inappropriate negative thoughts associated with a current effective scenario, the lVLPFC is critical for the semantic selection of an appropriate new explanation for the scenario according to the goal of emotion regulation. So far, as we know, there has been no study that has examined the separate roles of the left and right VLPFC in the process of cognitive reappraisal.

To test our hypothesis, this study conducted a single-pulse transcranial magnetic stimulation (spTMS) to transiently interrupt the functions of either the left or the right part of the VLPFC and examined the changes in reappraisal performance using two categories of indexes/measures. First, the self-reported negative feeling was explored to reveal the effect of interrupted lVLPFC or rVLPFC on reappraisal outcome (He Z. et al., 2018; He et al., 2020a,b; Cao et al., 2022), i.e., whether the initial negative emotion was successfully inhibited and improved by reappraisal implementation. We expected that the reappraisal outcome would be affected to the most extent when the rVLPFC was interrupted by spTMS. Meanwhile, we used the self-reported rating of reappraisal difficulty to examine the cognitive cost of cognitive reappraisal (Ortner et al., 2016; Troy et al., 2018). It is suggested that increased conflict between the initial (often negative) and the new (less emotional) appraisal would raise reappraisal difficulty because of extra paid cognitive effort (Ortner et al., 2016). We expected that the spTMS might induce extra cognitive cost for inhibition or semantic processing, resulting in enhanced reappraisal difficulty during interruption of both the left and right parts of the VLPFC. Second, we required the participants to verbalize their emotional feelings and emotion regulation strategies during the reappraisal. The recorded oral reporting was then used to calculate verbal fluency, the total number of words, and the onset time of oral reporting (also refer to Walsh (1983), Cho et al. (2012), Marini and Urgesi (2012), Urgesi et al. (2016), Fu et al. (2018)). These indexes could help to understand the effect of interrupted lVLPFC or rVLPFC on language functions, such as semantic representation and selection and language organization and production. We expected to observe significant changes in the oral indexes when the lVLPFC was temporally interrupted by spTMS.



MATERIALS AND METHODS


Participants

Thirty-one mentally healthy, right-handed individuals (15 women, age: 19.1 ± 1.9 years old, M ± SD) were recruited from Shenzhen University (Guangdong, China). All the participants were with normal or corrected normal vision and without any psychiatric history or medicine use. Each of them filled out the trait form of Spielberger’s State-Trait Anxiety Inventory (STAI-T: 52.7 ± 2.8; Spielberger et al., 1983) and the Self-Rating Depression Scale (SDS:.4 ±.1; Zung et al., 1965) before the experiment. All the participants were mentally healthy according to their scores in STAI-T and SDS. The protocols of the study were approved by the Ethical Committee of Shenzhen University. Informed consent was obtained from each participant before the experiment.



Experimental Design and Materials

This was a within-subject designed study. The first factor was TMS target, i.e., the spTMS was targeted at the rVLPFC, the lVLPFC, and the vertex in three different blocks. The vertex was used as the TMS target in the sham condition to control the muscle twitches and noises generated during brain modulation. The second factor was task, i.e., the participants were randomly required to naturally attend to the picture or reappraise their emotion toward a less negative direction in each trial. There were 20 trials in each block (10 attend and 10 reappraise ones).

Sixty pictures depicting social exclusion scenarios were used to evoke negative emotional feelings. These pictures were selected from the image database of Social Inclusion and Exclusion in Young Asian Adults, which was developed by our laboratory for evoking self-relevant emotions in studies that explore emotional issues (Zheng et al., 2021). The pictures were assigned into six experimental conditions (attend-lVLPFC, attend-rVLPFC, attend-sham, reappraisal-lVLPFC, reappraisal-rVLPFC, and reappraisal-sham), with their arousal and valence ratings counterbalanced across different conditions. Before the formal experiment, three additional social exclusion pictures were used for practice. The stimuli were presented with E-prime 3.0 (Psychology Software Tools, Sharpsburg, United States). The size of each picture was 1200 pixels × 800. During the experiment, the images were presented in the center of an LCD monitor with a viewing angle of 3° × 3.5°. The screen was placed 60–70 cm from the participants’ eyes.



Online Transcranial Magnetic Stimulation Protocol

Brain stimulation was delivered with a figure-eight-shaped coil (70 mm diameter) connected to a magnetic stimulator (M-100 Ultimate, Yingchi, Shenzhen, China). Single pulses were targeted in the left motor area to induce motor-evoked potentials (MEPs) with electrode slices fixed on the palm. Resting motor threshold (RMT) was defined as the lowest intensity evoking at least 5 MEP responses with amplitudes larger than 50 μV in 10 trials. The pulse intensity during the experiment was set as 120% of each participant’s RMT. Target regions were located based on the International 10/20 electroencephalogram system (the lVLPFC: F7; the rVLPFC: F8; vertex: Cz; and the left motor area: C3). The TMS-simulated electric field is illustrated in an adult brain model with SimNIBS (Figure 1; Thielscher et al., 2015). The participants wore earplugs and put their heads on a fixed chin rest to prevent head movements during the experiment. None of the 31 participants reported intolerable sensations or any adverse effects.
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FIGURE 1. Illustration of the transcranial magnetic stimulation (TMS) electric fields of the three TMS conditions. The color represents the electric field strength, scaling from 0 (blue) to individual maximum (red).




Procedures

Before the experiment, the participants received brief instructions for the attending and reappraisal tasks. In the Attend condition, the participants were instructed to imagine themselves as the rejectee (the person highlighted with a red circle) in the picture. In the Reappraisal condition, the participants were instructed to not only experience the exclusion feelings of the rejectee but also reinterpret the situation to make themselves feel less negative. For instance, the participants were suggested to imagine that the group of individuals who were interacting with one another was talking about something that the participant (i.e., the person alone in the picture) was not interested in Zhao et al. (2021). In both the Attend and Reappraisal trials, the participants were required to verbalize their perception of pictures and emotional feelings, as well as their specific reinterpretations of the images in reappraisal trials. This oral procedure was designed to provide cognitive information and to ensure that the participants completed the task according to the attending or reappraisal requirements.

The experiment began only after the participants understood the experimental requirements and could use the reappraisal strategies properly. The participants practiced in three trials (using another three images) before the formal experiment. Each participant needed to accomplish three blocks, each lasting for 8∼10 min, with different brain regions targeted by spTMS (Figure 2A). The sequence of the blocks was counterbalanced across individuals. A rest period of 5 min was inserted between neighboring blocks, during which the participants could close their eyes to have a rest. In each trial (Figure 2B), a task cue of “Attend” or “Reappraisal” with a single pulse was given at its onset. When the participants finished their oral reports, they needed to click the mouse to report their negative feelings (both in the Attend and Reappraisal trials) and reappraisal difficulty (only in the Reappraisal trials) in that trial on a 9-point scale (negative emotion: 1 = no negative feeling at all, 9 = extremely negative; reappraisal difficulty: 1 = extremely easy, 9 = extremely hard).
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FIGURE 2. Experimental procedures. (A) Illustration of the experimental procedure. The order of the three blocks were counterbalanced across individuals. Here, we show an order of “the left VLPFC block” that came the first, followed by “the vertex block,” and “the right VLPFC block” came last. (B) Illustration of one trial in the task. After the cue of “Attend” or “Reappraise,” a social exclusion picture was presented until the participant finished his/her oral report. Single-pulse TMS (spTMS) was delivered at the onset of picture presentation. Negative emotion rating was required in each trial, and the rating of reappraisal difficulty was also required in the reappraisal condition.


The oral reporting of the participants was recorded for post hoc analyses. The experimenters rated or examined the following indexes: total number of words, onset time of oral reporting, and verbal fluency. All the indexes were recognized and calculated using a python package for audio analysis, i.e., Librosa.1



Statistical Analysis

The statistical analysis was performed using SPSS Statistics 26.0 (IBM, Somers, United States). Descriptive data were presented as mean M ± SD. Two-factors repeated-measures analyses of variances (ANOVAs) were performed on self-reported emotional ratings, reappraisal difficulty, and the indexes of the oral reporting. The Greenhouse-Geisser correction for the ANOVA tests was used whenever appropriate.




RESULTS

The descriptive statistics and the results of ANOVAs are reported in Table 1 and Illustrated in Figure 3.


TABLE 1. Descriptive statistics (M ± SD) and results of ANOVAs.
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FIGURE 3. Results of the experiment. (A) Self-reported ratings of negative emotion and reappraisal difficulty. (B) Measures of oral reporting. The subplot in the right corner shows the onset time of oral reporting. Error bars represent ± SD. *p < 0.05; ***p < 0.001.



Self-Reported Ratings

For the negative emotion rating, the main effect of task was significant (F(1,30) = 30.1, p < 0.001, [image: image] = 0.501): the participants felt less negative in the reappraisal condition (4.8 ± 0.2) compared to the attending condition (6.1 ± 0.2). The main effect of TMS target was not significant (F(2, 60) = 1.5, p = 0.227, [image: image] = 0.048). The interaction of task × TMS target was significant (F(2, 60) = 5.6, p = 0.006, [image: image] 0.158; Figure 3A). Simple effect analysis reveals that the negative emotion differed significantly across TMS targets in the Reappraisal condition (F(2, 29) = 4.4, p < 0.05, [image: image] 0.233): the participants felt more negative when their rVLPFC (5 ± 0.3) was temporally inhibited by TMS compared to the lVLPFC (4.6 ± 0.3, t = 2.246, p = 0.027) or sham (4.6 ± 0.2, t = 2.531, p = 0.013) condition. However, the effect of TMS target did not reach significance in the Attend condition (lVLPFC: 6.3 ± 0.2; rVLPFC: 6 ± 0.2; sham: 5.9 ± 0.2).

For the reappraisal difficulty, the one-way ANOVA found significant differences among the TMS targets (F(2, 60) = 3.6, p = 0.034, [image: image] 0.106; Figure 3A): the participants had more reappraisal difficulty when their lVLPFC (5.4 ± 0.2, t = 2.191, p = 0.032) or rVLPFC (5.5 ± 0.2, t = 2.417, p = 0.019) was temporally inhibited by TMS compared to the sham condition (5.1 ± 0.2).



Oral Reporting

For verbal fluency, the main effect of TMS target was significant (F(1, 30) = 4.6, p < 0.05, [image: image] 0.132; Figure 3B): verbal fluency was lower in the lVLPFC condition (0.8 ± 0) than the in rVLPFC condition (0.9 ± .0, t = −3.01, p = 0.004). No other significant effects were observed (p > 0.05).

For the number of words, the main effect of task was significant (F(1, 30) = 26.9, p < 0.001,[image: image] 0.473): the participants said more words in the Reappraisal condition (37.3 ± 1.2) than in the Attend condition (32.9 ± 1.4). The interaction of task × TMS target was also significant (F(2, 60) = 4.2, p < 0.05, [image: image] = 0.123; Figure 3B). The simple effect analysis reveals that the number of words in the lVLPFC block (38.3 ± 1.4) was larger than that in the sham block (35.6 ± 1.4, t = 2.269, p = 0.025) during the reappraisal but not during the attending task(t = −0.942, p = 0.348).

No significant effect was found in the onset time of oral reporting (p > 0.05).




DISCUSSION

This study conducted an online spTMS to investigate the separate roles of the left and right VLPFC in reappraisal. It was found that inhibiting either side of the VLPFC could always increase the difficulty of reappraisal. Meanwhile, the reappraisal outcome indexed by negative emotion rating significantly deteriorated when the rVLPFC was disturbed by spTMS, while the measures of oral reporting suggested that inhibited lVLPFC resulted in increased number of words during reappraisal and decreased verbal fluency irrespective of attending or reappraisal task. These findings indicated distinct roles of the left and right VLPFC in cognitive reappraisal.

The results showed deteriorated reappraisal outcome and increased reappraisal difficulty caused by the interference over the rVLPFC. This finding is in line with the hypothesis on the essential role of the rVLPFC in reappraisal implementation. Many studies have suggested the association between activation of rVLPFC and self-reported negative emotions (Eisenberger et al., 2003; Phan et al., 2005; Masten et al., 2009), as well as reappraisal success (Wager et al., 2008). Also, a previous study in our laboratory has provided causal evidence to support the critical role of the rVLPFC in reappraisal outcome (He Z. et al., 2018; He et al., 2020a,b; Zhao J. et al., 2021; Li et al., 2022). It is well-known that the rVLPFC is an essential region in the inhibition process (Aron et al., 2004; Leung and Cai, 2007; Levy and Wagner, 2011; Rae et al., 2015; Apšvalka et al., 2022), which is usually observed in the Go/No-go, Think/No-think, and Stop Signal tasks (refer to meta-analysis by Levy and Wagner (2011), Apšvalka et al. (2022)). For instance, Guo et al. (2018) that found recruitment of the rVLPFC is indispensable for thought inhibition in the No-think condition of the Think/No-think task. Additionally, Riva et al. (2015) conducted anodal transcranial direct current stimulation (tDCS) over the rVLPFC and observed inhibited aggressive behaviors when participants faced negative situations. Likewise, Kaladjian et al. (2007, 2011) proved that abnormal activation in the rVLPFC resulted in reduced inhibition of impulsiveness in patients with schizophrenia. Moreover, Wang et al. (2018) reported that right lateralization of the frontal alpha asymmetry (FAA), which has a neural source at the VLPFC, could predict the habitual use of reappraisal. Since the alpha oscillation is considered to be a signal of inhibition (Klimesch, 2012), the right lateralization of the FAA suggested the inhibition role of reappraisal mainly located on the right part of the VLPFC. Although these studies have suggested that the rVLPFC is associated with the inhibitory function during emotion regulation, straightforward evidence for the inhibitory role of the rVLPFC during reappraisal is still lacking and requires further examination.

The most important and novel finding of this study was the reduced verbal fluency accompanied by increased spoken words in the lVLPFC-interfered condition. This finding is in line with previous studies indicating the linguistic role of the lVLPFC (Winhuisen et al., 2005; Fu et al., 2018). Beyond these findings, this study conducted oral reporting to measure the semantic and spoken processes of reappraisal, which provided a direct observation of the verbal processing in reappraisal and gave straightforward evidence for the linguistic role of the lVLPFC in reappraisal (Ochsner et al., 2012; Buhle et al., 2014; Morawetz et al., 2016; Keller et al., 2021; Cao et al., 2022). Neuroimaging studies provided abundant evidence to support the important role of the lVLPFC in semantic representation and selection (Badre and Wagner, 2007; Nagel et al., 2008; Souza et al., 2009; Conner et al., 2019; Zhang et al., 2022). Since the implementation of reappraisal needs to generate and select proper appraisals for emotional situation (Buhle et al., 2014; Kohn et al., 2014; Berboth and Morawetz, 2021), spTMS over the lVLPFC disturbed the semantic process and made reappraisal quite difficult. Furthermore, the lVLPFC is critical not only for semantic processing but also for language production (i.e., spoken processing; Friederici, 2011). For example, it was found that patients with stroke and apraxia of speech had abnormal connectivity between the lVLPFC and the premotor cortex (New et al., 2015). Besides, patients with schizophrenia and elevated cytokine performed significantly worse on verbal fluency with decreased volume in Broca’s area (overlapping with the lVLPFC; Fillman et al., 2016). Thus, the interference over the lVLPFC could also negatively impact the syllabifying and articulation processes in our oral emotion regulation task. Taken together, this study found that the lVLPFC is responsible for both the internal (semantic processing) and external (spoken language) language processes during cognitive reappraisal.

In line with the current findings, we propose that there is a functional asymmetry of the bilateral VLPFC in reappraisal. On the one hand, the rVLPFC may be recruited for the direct emotion processing of cognitive inhibition. When receiving negative emotional stimuli, the rVLPFC quickly initiates the inhibition process by orienting attention from the goal-irrelative information and blocking inappropriate negative emotions and thoughts (Ochsner et al., 2012; Hanlon et al., 2017). On the other hand, the lVLPFC works to generate, represent, and select semantic meanings during the implementation of reappraisal (Buhle et al., 2014; Berboth and Morawetz, 2021). The effectiveness of lVLPFC’s semantic processing is directly related to the difficulty of emotion regulation (Johnstone et al., 2007; Giuliani et al., 2020; Keller et al., 2021). Finally, it should be noted that the TMS was targeted to the vertex in the sham condition. Some studies have demonstrated the involvement of the parietal cortex (including the vertex) during emotion regulation. Therefore, using the vertex as the controlled brain area might have introduced some confounding effects in our results. Future studies are needed to verify the current findings using another irrelevant brain region in the controlled condition.

In conclusion, we found that the left and right sides of the VLPFC differently impact verbal and affective outcomes during cognitive reappraisal, which supported the hypothesized dissociation roles of bilateral VLPFC in reappraisal. In particular, while the rVLPFC plays an inhibitory role in downregulation of negative emotions, the lVLPFC mainly serves as a semantic processor that generates and select appropriate appraisals. These findings highlight the distinct roles of the left and right VLPFC in reappraisal and deepen our understanding of the neurocognitive mechanism of emotion regulation.
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