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Abstract: This perspective describes the contribution of the prefrontal cortex to the symptoms of 
depression in adolescents and specifically the processing of positive and negative information. We also 
discuss how the prefrontal cortex (PFC) activity and connectivity during tasks and at rest might be a 
biomarker for risk for depression onset in adolescents. We include some of our recent work examining 
not only the anticipation and consummation of positive and negative stimuli, but also effort to gain 
positive and avoid negative stimuli in adolescents with depression. We find, using region of interest 
analyses, that the PFC is blunted in those with depression compared to controls across the different 
phases but in a larger sample the PFC is blunted in the anticipatory phase of the study only. Taken 
together, in adolescents with depression there is evidence for dysfunctional PFC activity across 
different studies and tasks. However, the data are limited with small sample sizes and inconsistent 
findings. Larger longitudinal studies with more detailed assessments of symptoms across the 
spectrum are needed to further evaluate the role of the PFC in adolescent depression. 
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1. Depression a Global Burden 

Depression is currently reported as the most important cause of worldwide ill health. In the last 10 
years, the depression rate has increased by more than 18% [1] and more than 300 million people 
worldwide now suffer from depression [1]. Unfortunately, a completely effective treatment has not been 
developed for individuals suffering from depression. Although current pharmacotherapy and 
psychotherapy helps many patients, they have limited efficacy and significant adverse effects [2]. 

Depression differs from the emotional fluctuations shown in daily life events, and long-term 
depression, in particular, can lead to serious health problems. It can prevent an individual from fulfilling 
his/her potential in school, in society, in family, and in work life. There are also high rates of depression 
in those that commit suicide and approximately 800,000 people die from suicide each year, with suicide 
being the second leading cause of death among 15–29-year-olds [1].  

2. Adolescent Depression 

Adolescent depression is defined by the diagnostic statistical manual (DSM) as having five or more 
symptoms present during a two week period; (1) depressed or irritable, cranky mood (outside being 
frustrated) or (2) loss of interest or pleasure and any three of the following: Significant weight loss or 
decrease in appetite (more than 5% of body weight in a month) or failure to meet expected weight gains, 
insomnia or hypersomnia, psychomotor agitation or retardation, fatigue or lack of energy, feelings of 
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worthlessness or guilt, decreased concentration or indecisiveness, or recurrent thoughts of death or 
suicide [3]. 

Early onset depression, in particular during the adolescence period, has a destructive effect that 
predicts worse health outcomes in later life [2]. Therefore, understanding the underlying mechanisms 
of depression in adolescence is needed if we are to improve treatment and initiate prevention [4]. 
Adolescents experience dynamic changes in their social relations, thus leading to a very complex 
emotional life, while at the same time deal with hormonal and neural changes [5]. As adolescence is a 
time of fluctuating positive and negative emotional experiences, it is a vulnerable time for depression. 
However, as with adult depression described above, there is a heterogeneity in symptoms of adolescent 
depression and it is not entirely clear how they map to neurobiology [6]. One reason for this has been 
inconsistent use of questionnaires and assessments in research, which lack any specific detail about 
mood change in depression [7]. Understanding adolescent depression could benefit from more detailed 
measures of specific symptoms, e.g., anhedonia (the reduced experience of interest and pleasure), which 
is currently usually only assessed via its presence or absence and not in any detail from the adolescent 
experience [7]. In an attempt to do this, we recently collected information on the adolescent experience 
of depression and anhedonia through qualitative interviews and found that a number of adolescents 
described a blunting of all emotion (positive and negative) and not just positive emotion, which may 
have been expected [8]. However, this fits with the view of a recent meta-analysis also suggesting overall 
blunting in positive and negative emotions in depression [9]. Still yet, more needs to be done to 
illuminate the adolescent depression experience perhaps using experiential sampling methodology, 
which is the changes in symptoms during daily life, if we are to develop even more efficacious 
personalised treatments. 

Recent methodological developments have led to significant improvements in understanding the 
neurobiological mechanisms of the emotional lives of adolescents [10,11]. Owing to these 
improvements, it is reported that in the course of adolescence, neural networks are reconstructed with 
both increases and decreases in white and grey matter, respectively [12,13]. These changes have been 
suggested as underlying age differences in behaviour for e.g., it is thought that adolescents are more 
sensitive to peer relationships than adults because they have more activation in areas involved in 
socialisation, such as the medial prefrontal cortex (mPFC), compared to adults [12].  

3. Neurobiology of Depression 

At the biological level, depression can have wide spread effects on the brain [14]. Studies old [15–
17] and new [18–20] find that depression affects many brain regions. Prominent brain regions with both 
functional and structural differences in depression are the frontolimbic brain regions such as the 
amygdala, hypothalamus, and prefrontal cortex (PFC) [21,22] (for review, see References [23,24]). 
Dysfunctional connectivity between these regions via an amygdala–striatal–pallidial–thalamic–
cingulate cortex circuit is also found dysfunctional in depression [14,25]. Interestingly, a recent review 
of voxel-level resting state functional connectivity (RSFC) suggests that the lateral orbitofrontal cortex, 
which projects to the ACC, has increased sensitivity to non-rewards in depression whereas the more 
medial orbitofrontal cortex reward system is underactive in depression [26]. Moreover, Rolls et al. in 
2018 found that unmedicated patients with depression primarily had increased RSFC between the 
subcallosal anterior cingulate with the lateral orbitofrontal cortex, between the pregenual/supracallosal 
anterior cingulate and the medial orbitofrontal cortex, and between parts of the anterior cingulate with 
the inferior frontal gyrus, superior parietal lobule, and with early cortical visual areas. Further, this 
study reported that the RSFC was reduced in depressed patients that were medicated [26]. Interestingly, 
a recent study has also found that increased pretreatment pregenual anterior cingulate cortex activity 
to sad vs. happy faces was observed in responders relative to nonresponders, and that anterior cingulate 
cortex activity was able to predict response status at the level of the individual participant [27]. Given 
the importance of such networks of activity in the pathophysiology of depression and its treatment, 
how they might also act as predictors for adolescent depression could aid the identification of new 
targets for intervention approaches. In this respect, studies have emphasized that the PFC is one of the 
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most important cortical brain regions in a network of regions in depression and is therefore a possible 
target for treatment and prevention in adolescents [28].  

4. The Importance of the PFC 

The role of the PFC in behaviours involving cognitive control and emotion processing has been 
well documented in adults (for review, see Reference [29]) and adolescents [30]. In summary, the dlPFC 
is mostly associated with cognitive processes such as target-oriented behaviours and attention control 
[31,32] while the vlPFC has a significant role in complex processes such as the self-regulation of emotion 
[19,33].The vmPFC, on the other hand, has been shown to play a role in the production of negative 
emotions [34–37]. 

Interestingly, during adolescence, the structural maturation of the PFC is suggested to underlie the 
maturation of emotion regulation strategies. Studies consistently find normative thinning of the grey 
matter during adolescence which has been identified as an adaptive process in longitudinal studies on 
cognition [38]. For example, Shaw et al. [39] found that adolescents that exhibited greater peak thickness 
around puberty, followed by greater cortical thinning into adulthood had superior intellectual abilities. 
Furthermore, greater cortical thinning of the left dlPFC and left vlPFC during adolescence has been 
found to predict greater use of cognitive reappraisal, the ability to negotiate emotionally stressful 
situations by being more optimistic, reinterpreting the stressful stimuli, and actively mending their 
negative mood, in healthy females [38]. These findings suggest that cortical maturation may play a role 
in the development of adaptive emotion regulation strategies during adolescence. Interestingly, 
dysfunction, by way of decreased perfusion in the PFC, has been reported in patients who attempted 
suicide. It is thought this PFC dysfunction might reduce problem-solving ability, increase negative 
emotions, and, finally, aid suicidal behaviour especially given the role of the orbitofrontal cortex in 
response inhibition [22,40].  

5. The Role of the PFC in Depression and the Processing of Negative Stimuli 

The mechanisms underpinning the processing of negative emotions have received attention, as low 
mood and negative thinking are thought to be maintaining characteristics of depression [41]. Negative 
emotional stimuli activate a broad network of brain regions, including the medial prefrontal (mPFC) 
and anterior cingulate (ACC) cortices and, although early reviews suggested a dorsal-caudal cognitive 
and ventral-rostral affective subdivision [42], more recent work suggests both subdivisions make key 
contributions to emotional processing. Specifically, dorsal-caudal regions of the ACC and mPFC are 
thought to be involved in appraisal and expression of negative emotion, whereas ventral-rostral 
portions of the ACC and mPFC seem to have a regulatory role with respect to limbic regions involved 
in generating emotional responses [43]. Examining these systems in relation to low mood, a study by 
Aoki and colleagues [44] using the neuroimaging tool optical topography, found that adults 
experiencing higher levels of negative moods showed lower levels of PFC activity during a verbal 
working memory task. This also replicated the results of their previous study based on an independent 
sample [45]. In another study using near infrared spectroscopy (NIRS), participants were asked to 
remember parts of their lives related to positive (happiness) and negative (anger) feelings, and at the 
same time, heart rate changes were measured. The authors found that changes in oxyhemoglobin in the 
bilateral PFC during silent recall of negative episodes were significantly larger than those during silent 
recall of positive episodes. The authors concluded that their results were important in showing that the 
PFC plays a key role in the cognitive control of particularly negative emotions [18].  

As mentioned above, the dlPFC is thought to be involved in executive function and cognitive 
control over behaviour and action [46]. It has been found, using EEG, to have functional and structural 
asymmetry that correlates with depressive symptoms in healthy young adults, individuals with 
subclinical depression, and patients with depression [47]. Previous studies report that the left dlPFC is 
hypoactive for positive and the right dlPFC hyperactive for negative stimuli in depression [48] and a 
study by Siegle et al. [49] detected that depressed participants showed reduced dlPFC activity to 
negative words. Furthermore, the lateral orbitofrontal cortex (lOFC), which connects to the dlPFC, has 
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been found to have a critical role in reversal learning and adapting behaviour based on the most positive 
outcome [50]. Recently, it has been posited that dysfunction of the lOFC “non-reward” circuit may lead 
to the generation of negative self-thoughts and reduced self-esteem apparent in depression [50,51].  

6. PFC Markers of Risk for Depression and Early Life Stress (ELS) 

To date, it is difficult to ascertain neural markers of risk for depression, e.g., it is not known which 
of the functional neuroanatomical differences seen in depressed patients predate and predict depression 
onset [52,53]. By examining adolescents, neurobiological studies can begin to address this issue, and 
studies have found heightened activity in the amygdala during facial-emotion recognition tasks [54] 
and greater connectivity between the amygdala and part of the PFC the subgenual anterior cingulate 
cortex [55]. Further, recent studies examining PFC connectivity and risk of depression by virtue of early 
life stress (ELS) find that adolescent females exhibited a positive association between ELS and 
ventrolateral prefrontal cortex (vlPFC) during implicit emotion regulation and both males and females 
exhibited an association between ELS and increased negative connectivity between right vlPFC and 
bilateral amygdala [56]. The authors suggest these results might reflect greater vlPFC activation in an 
emotion regulation context in response to stress i.e., under the stress accelerated hypothesis. This is 
where accelerated development of neural circuitry involved in emotion functioning is caused by stress 
and is adaptive in the short term [57]. Further, there is evidence in animal models of ELS-induced 
changes in mPFC function and developmental trajectory, which may be responsible for the emergence 
of both early-onset (during childhood and adolescence) and adulthood-onset anxiety and mood 
disorders [58,59]. In summary, studies find ELS, a risk factor for depression, affects PFC function in 
early puberty, thus indicating the importance of this region as a potential target for early intervention 
in those at risk.  

7. PFC and Resting State Functional Connectivity (RSFC) in Adolescents with Depression 

Studies have begun to examine RSFC in adolescents with depression and a recent study found that 
depressed adolescents showed significantly greater RSFC to left amygdala, bilateral supragenual ACC, 
but not with PFC. The results partially support the putative dual-system hypothesis believed to underlie 
disorders such as major depression i.e., an imbalance between “hot” limbic activity and “cold” PFC 
activity. The authors suggested that adolescents have aberrant, bottom-up processing in hot limbic 
regions without the concomitant differences in cognitive control in cold prefrontal regions, unlike in 
adults with depression. In addition, changes in functional connectivity were significantly associated 
with changes in symptom severity after cognitive behavioural therapy. This indicates that symptom 
recovery may be at least partially associated with normalization of RSFC in hot emotional brain systems, 
and their restoration is critical for successful therapeutic interventions [60]. We have also examined 
resting state functional connectivity (RSFC) in adolescents and the relationship between PFC 
connectivity and depression symptoms. We found decreased RSFC between the amygdala and the 
pgACC and hippocampus and precuneus in young people with depression symptoms. We also found 
decreased RSFC in the young people with depression symptoms between the pgACC and the putamen 
and between the dmPFC and the precuneus [61]. Further, the pgACC RSFC with the insula/orbitofrontal 
cortex correlated inversely with the anticipation of pleasure in all subjects. Increased RSFC was 
observed between the pgACC and the prefrontal cortex and the amygdala and the temporal pole in the 
young people with depression symptoms compared to those with no symptoms. As increased 
connectivity between the pgACC and the insula correlated with decreased ability to anticipate pleasure, 
we suggest this might be a mechanism underlying the risk of experiencing anhedonia, a suggested 
biomarker for depression [61]. In our more recent work, we also found that in a large sample of young 
people with a range of depression scores, both anhedonia and depression severity related to decreased 
dmPFC RSFC with the precuneus, a part of the default mode network. However, we also found that 
increased dmPFC connectivity with the ACC/paracingulate gyrus related to anhedonia whereas 
increased RSFC with the frontal pole related to depression severity. This study is important as it shows 
us how we can dissociate symptoms in adolescents based on PFC RSFC [62]. In adolescents with 
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depression, medial prefrontal cortical connectivity with brain regions involved in executive functioning, 
emotion regulation, and attention have been reported altered [28].  

8. The Role of the PFC in Depression and the Processing of Positive Stimuli 

In regard to positive processing specifically, studies have shown blunted neural responses that 
relate to positive affect [63] and depression symptoms in adolescents [64,65] and even young children 
[66]. Further, in relation to positive stimuli, studies of adolescents with depression report mostly 
decreased responses to monetary reward in regions like the ventral striatum, caudate, the dorsolateral 
and medial prefrontal cortex (PFC), orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and 
amygdala [67,68]. However, most neurobiological tasks of positive emotion processing (reward) do not 
examine the different phases of processing such as the anticipatory, motivational, and consummatory 
aspects of reward. This has led to inconsistencies across studies on reward in depression [69].  

We have been interested in examining how young people at risk of depression respond to positive 
and negative stimuli both behaviourally and at the neural level. Furthermore, as recent behavioural data 
find that depressed adults have reduced effort expenditure for reward compared to healthy controls 
[70], we are also interested in how this is represented at the neural level. Therefore, to address this, we 
have developed an experimental model that examines the anticipation of a food reward and a 
consummatory phase where rewarding food is eaten. We have shown previously that those at risk of 
depression have decreased responses to anticipation and consummation (sight and taste of chocolate 
reward) in both ventral striatum and anterior cingulate cortex (ACC) [71]. We also showed that young 
people (16–21 years) with a family history of depression but no personal experience of depression had 
diminished neural responses in the orbitofrontal cortex (OFC) and the dorsal anterior cingulate cortex 
(dACC) to rewarding stimuli, sight, and taste combined in the at-risk group [72]. More recently, we 
have also shown that when examining neural activity between young people with depression 
symptoms and controls, using a region of interest analysis, regions like the pregenual ACC and ventral 
medial PFC were blunted across all positive and negative phases in adolescents with depression 
symptoms. We also found that whole brain analysis revealed further blunted activity in the precuneus 
and inferior frontal gyrus (during aversive anticipation) and hippocampus (during effort for reward) 
and ACC/frontal pole (during aversive consummation) in young people with depression symptoms. 
Further, we found a negative correlation between pgACC activity during reward consummation and 
anhedonia in adolescents with depression symptoms [73]. Although this was a comparatively small 
study, the results are in keeping with the meta-analysis and first quantitative review of emotional 
reactivity in depression that found consistent reductions in both positive AND negative reactivity [9] 
which supported our previous study [71]). This also fits with the recent hypothesis that as connectivity 
of the ACC, a hub for integrating cognitive, affective, and social information to guide self-regulation 
across domains, supports adaptive development of self-regulation during adolescence, disrupted 
maturation of ACC connectivity could contribute to the development of depression [74]. 

In our follow-up, much larger study currently under review, we found participants with 
depression symptoms invested less physical effort to gain the positive rewarding stimulus than controls 
and had blunted neural anticipation of positive and negative stimuli in the precuneus, insula, and PFC 
(left dlPFC and lOFC) and blunted neural effort for positive in the putamen [75]. As the dlPFC is 
involved in cognitive control and in executive functions [47], we suggest dysfunction in this region 
might indicate a mechanism by which reduced planning to gain positive and avoid negative stimuli 
might arise in those with depression symptoms. As the lOFC connects to the dlPFC, insula, and 
premotor areas [76] and has been found to have a critical role in reversal learning and adapting 
behaviour based on the most rewarding outcome [76], reduced lOFC activity might disrupt ability to 
switch behaviour, which, in those depressed, might affect preparation to gain reward or avoid aversion.  

9. Conclusion 

Taken together, the literature on the neural activity related to positive and negative emotion 
processing is limited in adolescent psychopathology [7,64]. Depression, notwithstanding decades of 
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studies, is a serious disorder with early onset in adolescence indicating worse long-term outcomes, yet 
the neural basis of adolescent depression is not yet fully understood [7]. Although the PFC is a key 
region implicated in the processing of positive and negative emotion, some inconsistencies in direction 
of effects are present in the literature [23,77]. Therefore, in order to understand the role of PFC in 
adolescent depression, further studies are needed that examine the processing of positive and negative 
stimuli in a dimensional fashion across the spectrum, in line with an RDoC type approach. Further, it 
would also be of interest to examine how adolescents regulate their emotion processing in relation to 
PFC activity over time and depression onset [38]. Adolescence is an important time, in which both 
physical and mental changes are experienced. Although studies have shown that the PFC region is 
implicated in depression in adults, less is known about how the PFC impacts upon negative and positive 
moods in the adolescent period. Knowing how the PFC is involved in major symptoms like anhedonia 
could allow us to develop more targeted interventions for youth depression.  

Acknowledgments: No specific funding was used for this work. 

Author Contributions: M.K. and C. M. wrote the manuscript. 

Conflicts of Interest: M.K. and C.M. report no conflicts of interest. 

References 

1. WHO. Depression. Available from: https://www.who.int/news-room/fact-sheets/detail/depression (accessed 
on 22 April 2019). 

2. Harrington, R.; Fudge, H.; Rutter, M.; Pickles, A.; Hill, J. Adult outcomes of childhood and adolescent 
depression: I. Psychiatric status. Arch. Gen. Psychiatry 1990, 47, 465–473. 

3. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders; Fifth Edition, American 
Psychiatric Association Publishing: Washington, DC, USA, 2013. 

4. Davey, C.G.; Yűcel, M.; Allen, N.B. The emergence of depression in adolescence: Development of the 
prefrontal cortex and the representation of reward. Neurosci. Biobehav. Rev. 2008, 32, 1–19. 

5. Guyer, A.E.; Silk, J.S.; Nelson, E.E. The neurobiology of the emotional adolescent: From the inside out. Neurosci. 
Biobehav. Rev. 2016, 70, 74–85. 

6. Blom, E.H.; Ho, T.C.; Connolly, C.G.; LeWinn, K.Z.; Sacchet, M.D.; Tymofiyeva, O.; Weng, H.Y.; Yang, T.T. 
The neuroscience and context of adolescent depression. N.a. Paediatr. 2016, 105, 358–365. 

7. McCabe, C. Linking anhedonia symptoms with behavioural and neural reward responses in adolescent 
depression. Behav. Sci. 2018, 22, 143–151. 

8. Watson, R.; Harvey, K.; McCabe, C. Understanding anhedonia: A qualitative study exploring loss of interest 
and pleasure in adolescent depression. Eur. Child. Adolesc. Psychiatry. 2019, under review. 

9. Bylsma, L.M.; Morris, B.H.; Rottenberg, J. A meta-analysis of emotional reactivity in major depressive disorder. 
Clin. Psychol. 2008, 28, 676–691. 

10. Gabbay, V.; Johnson, A.R.; Alonso, C.M.; Evans, L.K.; Babb, J.S.; Klein, R.G. Anhedonia, but not Irritability, Is 
Associated with Illness Severity Outcomes in Adolescent Major Depression. J. Child Adolesc. Psychopharmacol. 
2015, 25, 194–200. 

11. Casey, B.J. Beyond Simple Models of Self-Control to Circuit-Based Accounts of Adolescent Behavior. Annu. 
Psychol. 2015, 66, 295–319. 

12. Dumontheil, I. Adolescent brain development. Behav. Sci. 2016, 10, 39–44. 
13. Giorgio, A.; Watkins, K.; Chadwick, M.; James, S.; Winmill, L.; Douaud, G.; De Stefano, N.; Matthews, P.M.; 

Smith, S.; Johansen-Berg, H.; et al. Longitudinal changes in grey and white matter during adolescence. 
NeuroImage 2010, 49, 94–103. 

14. Pandya, M.; Altinay, M.; Malone, D.A.; Anand, A. Where in the brain is depression? Curr. Psychiatry Rep. 2012, 
14, 634–642. 

15. Bremner, J.D.; Narayan, M.; Anderson, E.R.; Staib, L.H.; Miller, H.L.; Charney, D.S. Hippocampal volume 
reduction in major depression. Am. J. Psychiatry 2000, 157, 115–118. 

16. McEwen, B.S. Effects of adverse experiences for brain structure and function. Boil. N.a. 2000, 48, 721–731. 
17. Öngür, D.; Drevets, W.C.; Price, J.L. Glial reduction in the subgenual prefrontal cortex in mood disorders. Proc. 

Acad. Sci. 1998, 95, 13290–13295. 



Brain Sci. 2019, 9, 104 7 of 9 

18. Compare, A.; Brugnera, A.; Adorni, R.; Sakatani, K. Effects of Positive and Negative Mood Induction on the 
Prefrontal Cortex Activity Measured by Near Infrared Spectroscopy. In Stem Cells: Biology and Engineering; 
Springer Nature, 2016; Vol. 923, pp. 151–157. 

19. Kim, J.U.; Weisenbach, S.L.; Zald, D.H. Ventral prefrontal cortex and emotion regulation in aging: A case for 
utilizing transcranial magnetic stimulation. Int. J. Geriatr. Psychiatry 2018, 34, 215–222.  

20. Ozawa, S.; Matsuda, G.; Hiraki, K. Negative emotion modulates prefrontal cortex activity during a working 
memory task: a NIRS study. Front. Hum. Neurosci. 2014, 8. 

21. Gao, L.; Cai, Y.; Wang, H.; Wang, G.; Zhang, Q.; Yan, X. Probing prefrontal cortex hemodynamic alterations 
during facial emotion recognition for major depression disorder through functional near-infrared 
spectroscopy. J. N.a. Eng. 2019, 16, 026026. 

22. Noda, Y.; Zomorrodi, R.; Vila-Rodríguez, F.; Downar, J.; Farzan, F.; Cash, R.F.; Rajji, T.K.; Daskalakis, Z.J.; 
Blumberger, D.M. Impaired neuroplasticity in the prefrontal cortex in depression indexed through paired 
associative stimulation. Depression N.a. 2018, 35, 448–456. 

23. Hulvershorn, L.A.; Cullen, K.; Anand, A. Toward Dysfunctional Connectivity: A Review of Neuroimaging 
Findings in Pediatric Major Depressive Disorder. Brain N.a. 2011, 5, 307–328. 

24. Drevets, W.C.; Price, J.L.; Furey, M.L. Brain structural and functional abnormalities in mood disorders: 
implications for neurocircuitry models of depression. Anat. Embryol. 2008, 213, 93–118. 

25. Price, J.L.; Drevets, W.C. Neural circuits underlying the pathophysiology of mood disorders. N.a. Cogn. Sci. 
2012, 16, 61–71. 

26. Rolls, E.T. Cheng, W.; Gong, W.; Qiu, J.; Zhou, C.; Zhang, J.; Lv, W.; Ruan, H.; Wei, D.; Cheng, K.; et al. 
Functional Connectivity of the Anterior Cingulate Cortex in Depression and in Health. Cereb Cortex 2018, 1, 
14.  

27. Godlewska, B.R.; Browning, M.; Norbury, R.; Igoumenou, A.; Cowen, P.J.; Harmer, C.J. Predicting Treatment 
Response in Depression: The Role of Anterior Cingulate Cortex. Int. J. Neuropsychopharmacol. 2018, 21, 988–
996. 

28. Kerestes, R.; Davey, C.G.; Stephanou, K.; Whittle, S.; Harrison, B.J. Functional brain imaging studies of youth 
depression: A systematic review. NeuroImage: Clin. 2014, 4, 209–231. 

29. Thiruchselvam, R.; Todd, R.; Christoff, K.; Dixon, M.L. Emotion and the prefrontal cortex: An integrative 
review. Psychol. Bull. 2017, 143, 1033–1081. 

30. Caballero, A.; Granberg, R.; Tseng, K.Y. Mechanisms contributing to prefrontal cortex maturation during 
adolescence. Neurosci. Biobehav. Rev. 2016, 70, 4–12. 

31. Albert, K.M.; Potter, G.G.; Boyd, B.D.; Kang, H.; Taylor, W.D. Brain network functional connectivity and 
cognitive performance in major depressive disorder. J. Psychiatr. 2019, 110, 51–56. 

32. Miller, E.K.; Cohen, J.D. An integrate theory of prefrontal cortex function. Annu. Rev. Neurosci. 2001, 24, 167–
202. 

33. Ochsner, K.N.; Gross, J.J. The cognitive control of emotion. Trends Cogn Sci. 2005, 9, 242–249. 
34. Diekhof, E.K.; Geier, K.; Falkai, P.; Gruber, O. Fear is only as deep as the mind allows: A coordinate-based 

meta-analysis of neuroimaging studies on the regulation of negative affect. Neuroimage 2011, 58, 275–285. 
35. Hiser, J.; Koenigs, M. The Multifaceted Role of the Ventromedial Prefrontal Cortex in Emotion, Decision 

Making, Social Cognition, and Psychopathology. Boil. N.a. 2018, 83, 638–647. 
36. Koenigs, M.; Grafman, J.H. The functional neuroanatomy of depression: Distinct roles for ventromedial and 

dorsolateral prefrontal cortex. Behav. Brain 2009, 201, 239–243. 
37. Vaidya, A.R.; Fellows, L.K. Ventromedial frontal lobe damage affects interpretation, not exploration, of 

emotional facial expressions. Cortex 2019, 113, 312–328. 
38. Vijayakumar, N.; Whittle, S.; Yücel, M.; Dennison, M.; Simmons, J.; Allen, N.B. Thinning of the lateral 

prefrontal cortex during adolescence predicts emotion regulation in females. Soc. Cogn. Affect. Neurosci. 2014, 
9, 1845–1854. 

39. Shaw, P.; Greenstein, D.; Lerch, J.; Clasen, L.; Lenroot, R.; Gogtay, N.; Evans, A.; Rapoport, J.; Giedd, J. 
Intellectual ability and cortical development in children and adolescents. Nat. Cell Boil. 2006, 440, 676–679. 

40. Desmyter, S.; Van Heeringen, C.; Audenaert, K. Structural and functional neuroimaging studies of the suicidal 
brain. Prog. Neuro-Psychopharmacology Boil. N.a. 2011, 35, 796–808. 

41. Beck, A.T. The Evolution of the Cognitive Model of Depression and Its Neurobiological Correlates. Am. J. N.a. 
2008, 165, 969–977. 



Brain Sci. 2019, 9, 104 8 of 9 

42. Bush, G.; Luu, P.; Posner, M.I. Cognitive and emotional influences in anterior cingulate cortex. N.a. Cogn. Sci. 
2000, 4, 215–222. 

43. Etkin, A.; Egner, T.; Kalisch, R. Emotional processing in anterior cingulate and medial prefrontal cortex. Trends 
Cogn. Sci. 2011, 15, 85–93. 

44. Aoki, R.; Sato, H.; Katura, T.; Matsuda, R.; Koizumi, H. Correlation between prefrontal cortex activity during 
working memory tasks and natural mood independent of personality effects: An optical topography study. 
N.a. Res. Neuroimaging 2013, 212, 79–87. 

45. Aoki, R.; Sato, H.; Katura, T.; Utsugi, K.; Koizumi, H.; Matsuda, R.; Maki, A. Relationship of negative mood 
with prefrontal cortex activity during working memory tasks: An optical topography study. Neurosci. Res. 
2011, 70, 189–196. 

46. Hoshi, E. Functional specialization within the dorsolateral prefrontal cortex: A review of anatomical and 
physiological studies of non-human primates. Neurosci. Res. 2006, 54, 73–84. 

47. Liu, W.; Mao, Y.; Wei, D.; Yang, J.; Du, X.; Xie, P.; Qiu, J. Structural Asymmetry of Dorsolateral Prefrontal 
Cortex Correlates with Depressive Symptoms: Evidence from Healthy Individuals and Patients with Major 
Depressive Disorder. Neurosci. Bull. 2016, 32, 217–226. 

48. Murphy, F.C.; Nimmo-Smith, I.; Lawrence, A.D. Functional neuroanatomy of emotions: A meta-analysis. Cogn. 
Affect. Behav. Neurosci. 2003, 3, 207–233. 

49. Siegle, G.J.; Steinhauer, S.R.; E Thase, M.; Stenger, V.; Carter, C.S. Can’t shake that feeling: event-related fMRI 
assessment of sustained amygdala activity in response to emotional information in depressed individuals. 
Boil. N.a. 2002, 51, 693–707. 

50. Fettes, P.; Schulze, L.; Downar, J. Cortico-Striatal-Thalamic Loop Circuits of the Orbitofrontal Cortex: 
Promising Therapeutic Targets in Psychiatric Illness. Front. Syst. Neurosci. 2017, 11, 1898. 

51. Rolls, E.T. A non-reward attractor theory of depression. Neurosci. Biobehav. Rev. 2016, 68, 47–58. 
52. Barnes, J. Essential biological psychology; SAGE Publications Ltd: London, UK, 2013. 
53. Zaremba, D.; Dohm, K.; Redlich, R.; Grotegerd, D.; Strojny, R.; Meinert, S.; Burger, C.; Enneking, V.; Förster, 

K.; Repple, J.; et al. Association of Brain Cortical Changes With Relapse in Patients With Major Depressive 
Disorder. JAMA N.a. 2018, 75, 484. 

54. Yang, T.T.; Simmons, A.N.; Matthews, S.C.; Tapert, S.F.; Frank, G.K.; Max, J.E.; Bischoff-Grethe, A.; Lansing, 
A.E.; Brown, G.; Strigo, I.A.; et al. Adolescents With Major Depression Demonstrate Increased Amygdala 
Activation. J. Am. Acad. Child Adolesc. N.a. 2010, 49, 42–51. 

55. Ho, T.C.; Yang, G.; Wu, J.; Cassey, P.; Brown, S.D.; Hoang, N.; et al. Functional connectivity of negative 
emotional processing in adolescent depression. J. Affect. Disord. 2014, 155, 65–74. 

56. Colich, N.L.; Williams, E.S.; Ho, T.C.; King, L.S.; Humphreys, K.L.; Price, A.N.; Ordaz, S.J.; Gotlib, I.H. The 
association between early life stress and prefrontal cortex activation during implicit emotion regulation is 
moderated by sex in early adolescence. Dev. Psychopathol. 2017, 29, 1851–1864. 

57. Callaghan, B.L.; Tottenham, N. The Stress Acceleration Hypothesis: effects of early-life adversity on emotion 
circuits and behavior. Behav. Sci. 2016, 7, 76–81. 

58. Chocyk, A.; Majcher-Maślanka, I.; Dudys, D.; Przyborowska, A.; Wędzony, K. Impact of early-life stress on 
the medial prefrontal cortex functions—A search for the pathomechanisms of anxiety and mood disorders. 
Pharmacol Rep. 2013, 65, 1462–1470. 

59. Arnsten, A.; Datta, D. Loss of Prefrontal Cortical Top-Down Regulation with Uncontrollable Stress: Molecular 
Mechanisms, Changes with Age, and Relevance to Treatment. Brain Sci. 2019, submitted. 

60. Zhang, F. Resting-State Functional Connectivity Abnormalities in Adolescent Depression. EBioMedicine 2017, 
17, 20–21. doi:10.1016/j.ebiom.2017.02.028. 

61. Rzepa, E.; McCabe, C. Decreased anticipated pleasure correlates with increased salience network resting state 
functional connectivity in adolescents with depressive symptomatology. J. Psychiatr. 2016, 82, 40–47. 

62. Rzepa, E.; McCabe, C. Anhedonia and depression severity dissociated by dmPFC resting-state functional 
connectivity in adolescents. J. Psychopharmacol. 2018, 32, 1067–1074. 

63. Forbes, E.E.; Hariri, A.R.; Martin, S.L.; Silk, J.S.; Moyles, D.L.; Fisher, P.M.; et al. Altered striatal activation 
predicting real-world positive affect in adolescent major depressive disorder. Am. J. Psychiatry. 2009, 166, 64–
73. 

64. Auerbach, R.P.; Admon, R.; Pizzagalli, D.A. Adolescent Depression: Stress and Reward Dysfunction. Harv. 
N.a. 2014, 22, 139–148. 



Brain Sci. 2019, 9, 104 9 of 9 

65. Hanson, J.L.; Hariri, A.R.; Williamson, D.E. Blunted ventral striatum development in adolescence reflects 
emotional neglect and predicts depressive symptoms. Boil. N.a. 2015, 78, 598–605. 

66. Belden, A.C.; Irvin, K.; Hajcak, G.; Kappenman, E.S.; Kelly, D.; Karlow, S.; Luby, J.L.; Barch, D.M. Neural 
Correlates of Reward Processing in Depressed and Healthy Preschool-Age Children. J. Am. Acad. Child Adolesc. 
N.a. 2016, 55, 1081–1089. 

67. Forbes, E.E.; May, J.C.; Siegle, G.J.; Ladouceur, C.D.; Ryan, N.D.; Carter, C.S.; Birmaher, B.; Axelson, D.A.; 
Dahl, R.E. Reward-Related Decision-Making in Pediatric Major Depressive Disorder: An fMRI Study. J. Child 
Psychol. N.a. 2006, 47, 1031–1040. 

68. Forbes, E.E.; Dahl, R.E. Research review: Altered reward function in adolescent depression: What, when and 
how? J. Child. Psychol. Psychiatry. 2012, 53, 3–15. 

69. Argyropoulos, S.V.; Nutt, D.J. Anhedonia revisited: Is there a role for dopamine-targeting drugs for 
depression? J. Psychopharmacol. 2013, 27, 869–77. 

70. Yang, X.-H.; Huang, J.; Zhu, C.-Y.; Wang, Y.-F.; Cheung, E.F.; Chan, R.C.; Xie, G.-R. Motivational deficits in 
effort-based decision making in individuals with subsyndromal depression, first-episode and remitted 
depression patients. Psychiatry Research 2014, 220, 874–882. 

71. McCabe, C.; Cowen, P.J.; Harmer, C.J. Neural representation of reward in recovered depressed patients. 
Psychopharmacology 2009, 205, 667–677. 

72. McCabe, C.; Woffindale, C.; Harmer, C.J.; Cowen, P.J. Neural Processing of Reward and Punishment in Young 
People at Increased Familial Risk of Depression. Biol Psychiatry. 2012, 72, 588–594. 

73. Rzepa, E.; Fisk, J.; McCabe, C. Blunted neural response to anticipation, effort and consummation of reward 
and aversion in adolescents with depression symptomatology. J. Psychopharmacol. 2017, 31, 303–311. 

74. Lichenstein, S.D.; Verstynen, T.; Forbes, E.E. Adolescent brain development and depression: A case for the 
importance of connectivity of the anterior cingulate cortex. Neurosci. Biobehav. Rev. 2016, 70, 271–287. 

75. Rzepa, E.; McCabe, C. Dimensional Anhedonia and the Adolescent brain: Reward and Aversion Anticipation, 
Effort and Consummation. Available online: https://www.biorxiv.org/content/10.1101/473835v1.full (accessed 
on 19 November 2018). 

76. Kringelbach, M.L. The functional neuroanatomy of the human orbitofrontal cortex: evidence from 
neuroimaging and neuropsychology. Prog. Neurobiol. 2004, 72, 341–372. 

77. Bendall, R.C.A.; Thompson, C. Emotion does not influence prefrontal cortex activity during a visual attention 
task. A functional near-infrared specroscopy study. In Proceeding of 5th Annual International Conference 
Proceedings on Cognitive and Behavioural Psychology, 22–23 February 2016, Singapore, Singapore. 

 

 

© 2019 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


