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The prefrontal cortex (PFC) has emerged as one of the regions most consistently impaired in major depressive disorder (MDD).
Although functional and structural PFC abnormalities have been reported in both individuals with current MDD as well as those at
increased vulnerability to MDD, this information has not translated into better treatment and prevention strategies. Here, we argue
that dissecting depressive phenotypes into biologically more tractable dimensions - negative processing biases, anhedonia,
despair-like behavior (learned helplessness) — affords unique opportunities for integrating clinical findings with mechanistic
evidence emerging from preclinical models relevant to depression, and thereby promises to improve our understanding of MDD.
To this end, we review and integrate clinical and preclinical literature pertinent to these core phenotypes, while emphasizing a
systems-level approach, treatment effects, and whether specific PFC abnormalities are causes or consequences of MDD. In addition,
we discuss several key issues linked to cross-species translation, including functional brain homology across species, the importance
of dissecting neural pathways underlying specific functional domains that can be fruitfully probed across species, and the
experimental approaches that best ensure translatability. Future directions and clinical implications of this burgeoning literature are

discussed.

Neuropsychopharmacology (2022) 47:225-246; https://doi.org/10.1038/s41386-021-01101-7

INTRODUCTION

Major depressive disorder (MDD) has become the leading cause of
disease burden globally [1, 2]. Clinically, MDD is characterized by
feelings of sadness and helplessness, loss of pleasure (anhedonia)
and lack of motivation, cognitive deficits, and vegetative
symptoms. Despite its profound impact, the etiology and
pathophysiology of MDD - and consequently its treatment and
prevention - remain poorly understood. There are multiple
possible reasons for this modest progress, including inattention
to the vast heterogeneity of MDD, imprecise translational models,
and lack of cross-species integration [3-6].

Here, we argue that dissecting depressive phenotypes into
biologically more tractable dimensions allows the development of
preclinical models relevant to depression to more strongly align
across species, and provides unique opportunities for improving
our understanding of MDD. Additionally, we propose that
embracing a systems-level approach to the study of the
neurobiological underpinnings of depressive phenotypes pro-
mises to provide novel insights into personalized treatments.
Within this framework, we review clinical and preclinical animal
literatures, highlighting the critical role of the prefrontal cortex
(PFQC) in depressive states. In particular, we focus on the functional
heterogeneity of PFC contributions which we suggest is key to
understanding the marked individual variation in the etiology,
pathophysiology and treatment of MDD. In doing so, we prioritize
three abnormalities most productively investigated in preclinical
models [3, 6-10]: anhedonia, negative processing biases, and
despair-like behavior (learned helplessness). Despite the focus on
these domains, they could be a product, in part, of executive

dysfunction. Thus, the contribution of PFC dysregulation to
executive deficits in MDD will also be discussed. When reviewing
treatment effects, a variety of interventions will be integrated;
nevertheless, findings with the NMDA antagonist ketamine will be
emphasized owing to its rapid antidepressant effects as well as
robust parallel findings across species. Before reviewing the
literature pertinent to these core phenotypes, we discuss several
key issues linked to cross-species translation, including (1)
functional brain homology or analogy across species, (2) the
importance of parsing out neural pathways that underlie specific
domains of functioning that can be investigated across species,
and (3) the experimental approaches that best ensure
translatability.

ISSUES OF TRANSLATABILITY

Prefrontal organization

A key consideration particularly pertinent to cross-species
translatability is recognition of anatomical and functional bound-
aries within prefrontal and anterior cingulate cortices of humans
and other animals. Prefrontal structural and functional organiza-
tion of non-human primates (NHP) is far similar to humans than
that of rodents [11-14], but the majority of preclinical studies
relevant to MDD are performed in rodents. Since our current
understanding of functional homology or analogy between the
PFC of rodents and humans is still in its infancy, it is important not
to overstate it, as it may inadvertently hinder translational
opportunities. This highlights the importance of NHP research,
where back translation to rodents and forward translation into the
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Schematics of the medial, lateral and orbital views of the prefrontal and anterior cingulate cortex in humans, the NHPs, macaques

and marmosets, and rats. Specific areas are labeled based on the parcellation maps of Petrides and Pandya for humans and macaques [273],
Paxinos et al. for marmoset [274] and Palomero-Gallagher and Zilles for lateral and medial views [275] and Uylings et al. [276] for the orbital
view in rats. Note that an alternative parcellation of the orbital and medial views of human and macaques is provided by Price et al. [11] in
which area 13, 14 and 12/47 are further subdivided, area 10 extends further caudally on the medial surface, replacing medial area 14 and area
25 in humans is smaller, with the addition of an adjacent subregion of area 32 (32/PL) and area 25 in macaques does not extend onto the
orbital surface. See also Box 1. Caudal ventromedial (c-vm)PFC; central (c)OFC; dorsal (d)ACC; dorsomedial (dm)PFC; dorsolateral (dl)PFC;

lateral (I)OFC; medial (m)OFC; perigenual (pg)ACG; rostral ventromedial (r-vm)PFC; subgenual (sg)ACC; ventrolateral (vI)PFC.

clinic can bridge the gap. As we shall see, evidence in humans
implicates orbitofrontal (OFC), dorsolateral/ventrolateral (dlI/vl), as
well as medial PFC (mPFC)/anterior cingulate cortex (ACC) in MDD
[15-17], dI/VIPEC, in particular, having no known homologous or
analogous regions in rodents. Indeed, even for those regions
where greater anatomical similarity exists (e.g., mPFC/ACC), the
extent to which anatomical similarity reflects functional homology
or analogy is unclear [9, 18]. Translational opportunities can also
be hampered when comparing across human studies because of
the use of different nomenclatures to describe distinct prefrontal
regions e.g., cytoarchitectonic description e.g., areas 11, 47 and 46
(not always easily translated to MR images) vs. gross regional
positioning e.g., ventromedial, subgenual, medial orbital. With this
in mind, Fig. 1 clearly lays out the nomenclature used in this
review for humans, NHPs and rats (see also Box 1).

Symptom complexity

The complexity of depression-associated symptoms makes them
difficult to assess with simple questionnaires in the clinic or single
behavioral tests in animals. Recognition of the importance of
parsing out distinct neural pathways underlying specific cognitive
processes led to the Research Domain Criterion (RDoC) initiative
[19]. Key to this initiative is a fundamental understanding of the
neurocognitive processes regulating adaptive behavior to under-
stand maladaptive behavior. For example, studies of the
neurobiology of reward processing have highlighted the variety
of distinct pathways involved in its different aspects resulting in
the recognition of separate subtypes of anhedonia, including
consummatory, anticipatory, motivational and decisional [20, 21].

SPRINGER NATURE

Box 1. Cross-species prefrontal nomenclature

The detailed architectural-based parcellations [273-275] summarized in Fig. 1 are
often replaced by another nomenclature which is based on the overall spatial
location of regions, e.g., ventromedial (vm)PFC, dorsolateral (dI)PFC, perigenual
(pg)ACC, medial OFC, which are variably used across both human and animal
studies. This can lead to confusion in the literature both between human imaging
studies and across human and animals studies, not only because the precise
spatial location of these descriptors can vary between studies e.g., medial OFC in
monkeys is commonly used to indicate area 14 [115] but recently used to describe
areas 11 and 13 instead [151] but also, because in some cases the spatially defined
area is very extensive and includes multiple, functionally heterogenous regions,
e.g., VmPFC variably includes areas 14, 10, 32, 25, 24, and rarely do activations in
imaging studies or interventions in animals include the entire region. Conse-
quently, we have divided what is often traditionally referred to as vmPFC into
three subregions, subgenual cingulate cortex (sgACC), caudal vmPFC and rostral
vmPFC and OFC into lateral, central and medial regions and these, along with the
other descriptors e.g., dIPFC, pgACC, are illustrated in color on the medial, lateral
and orbital views of the human brain.

Whilst traditionally the focus in depression-relevant rodent studies
has been on consumption (e.g., sucrose preference test [22-24]),
this has been re-assessed due to evidence indicating preserved
consummatory reward in functionally analogous tests (e.g., sweet
taste test) in MDD [25, 26]. Thus, there is growing interest in
developing functionally analogous tasks that probe subdomains
of reward processing, including reward learning [27-29] and
effort-based decision making [30].

Negative processing biases are prevalent in MDD [31] and
implicated in its etiology and treatment [31-33]. They exist across
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domains, including perception, attention, memory and decision
making. Among the most widely used perceptual paradigms to
probe negative biases in MDD are backward masking tasks, which
allow experimenters to assess non-conscious responses to
emotional stimuli (e.g., facial expressions) or tasks requiring
implicit (e.g. judging the sex of a facial expression) vs. explicit
(e.g., judging a facial expression) processing. These paradigms
have been complemented by tasks involving self-referential
processing (e.g., does a negative attribute apply to the self?).
Whilst the latter is clearly specific to humans, the former have
received little attention in animal studies of depression. Recently
though, tests to measure other aspects of negative bias linked to
decision making have been developed that are suitable for both
humans and other animals, including probabilistic discrimination,
approach-avoidance and ambiguous cue tasks. Probabilistic
discrimination tasks are related to reward learning paradigms
but focus particularly on the responsivity to misleading negative
feedback [34-37]. In approach-avoidance decision making tasks
responding for reward in the presence of punishment introduces
conflict [38-42]. In ambiguous cue tests reward and punishment
[43, 44] or different amounts of reward [45, 46] are associated with
two different sensory cues lying along a continuum, e.g., low or
high frequency tones. Subsequent presentation of an ambiguous
cue (e.g., a tone equidistant in frequency between the high and
low frequency tones), assesses the tendency to predict the more
positive or negative of the two potential outcomes.

Behavioral despair is often associated with symptoms of
helplessness and hopelessness in MDD in which a perceived lack
of cognitive control is a core feature [47]. It has been a major focus
in preclinical animal studies but has received relatively little
attention in humans and when it has, there has been little cross-
species overlap in responses measured. Despair is purported
measured in rodents using the forced swim (FST) and tail
suspension (TST) tests [48-50]. The quicker animals stop swim-
ming or stop struggling, respectively, is proposed to reflect
behavioral despair [51, 52]. Alternative accounts suggest instead
that these tests measure adaptive learned responses to acute
stress and reflect a natural shift from active to passive coping
strategies [53, 54] as distinct from behavioral despair. Thus, they
may be more relevant to studying brain mechanisms underlying
acute stress rather than a chronic state, like depression. Moreover,
increases in escape behavior, hypothesized to reflect an anti-
depressant effect, may reflect instead an increase in anxiety [55].
Accordingly, caution is required when equating enhanced or
reduced immobility on these tests, respectively, with depressant
and antidepressant behavior.

Behavioral despair may be more readily associated with
concepts of learned helplessness whereby animals, having
experienced uncontrollable negative events, subsequently display
impaired instrumental learning in otherwise, controllable, contexts
involving similar or different negative and positive reinforcers to
that used in the uncontrollable context [56-59]. The finding that
animals that had control over those same negative events do not
subsequently show impaired instrumental actions demonstrates
the critical factor of controllability. While superficially, the FST and
TST appear to link to concepts of learned helplessness in that
animals learn that their actions are ineffective, they do not capture
the central tenet of learned helplessness [60], which is, that having
experienced the ineffectiveness of actions when in an uncontrol-
lable context, animals subsequently fail to learn actions even in a
situation that is controllable. Aspects of controllability, per se, have
been studied in the context of depression in humans although, as
shall be seen, such studies are limited.

Experimental approaches

Neuroimaging studies have provided important insight into the
neural correlates of MDD by identifying alterations in functional
activity, resting state and structural integrity. Although findings
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from other imaging modalities will be mentioned, we focus
primarily on fMRI because they allow (1) direct evaluation of brain
responses related to environmental stimuli and behavioral
performance and (2) a network-level analysis. Critically, imaging
findings not only reveal changes associated with MDD but also
determine markers that may act as predictors of disease onset as
well as predictors of efficacious treatment. For example, with
respect to risk, a growing number of studies have compared
unaffected (never-depressed and symptom-free) first-degree
relatives (e.g., children, monozygotic twins) of individuals with
lifetime MDD (“high-risk” group) to “low-risk” groups (e.g., children
without parental depression). Similarly, some studies have
evaluated fully remitted individuals with past MDD to identify
putative trait-like markers of MDD vulnerability.

To provide insight into the role of the PFC in the etiology and
treatment of MDD in preclinical animal studies, a range of
experimental approaches have been adopted from basic science
to more clinically relevant animal models. Specific to the former
(Fig. 2) are studies determining the depression-related behavioral
effects of central interventions within specific prefrontal sub-
regions and circuits shown to be dysregulated in depression. In
some cases, the ability of known antidepressants to ameliorate
these intervention-induced effects have also been assessed
[61, 62]. This approach allows independent study of specific
depression-related alterations in prefrontal activity to determine
not only their causal role in symptoms of depression but also their
potential differential sensitivity to treatments. A second, related
approach has identified prefrontal interventions that induce so-
called ‘antidepressant’ effects in otherwise healthy animals or
alternatively identified prefrontal interventions that block the
behavioral effects of known systemically administered ‘antide-
pressants’, again, in the otherwise healthy animal [63]. Alterna-
tively, as summarized in Fig. 3, a persistent depressive-like
phenotype has been induced by exposing experimental animals
to uncontrollable, chronic physical and/or psychological stress
[64, 65], a known risk factor for depression [66]. Associated
changes in prefrontal physiology and function are then deter-
mined, alongside the ability of targeted prefrontal manipulations
to reverse/ameliorate these effects. Persistent depressive-like
phenotypes are also produced with genetic modifications or
other direct physiological-inducers, such as corticosterone or
immune activation [67], but of these, chronic stress models have
provided the majority of insight into PFC contributions and are
discussed here.

There are advantages and disadvantages with all of these
approaches with respect to translatability. The insight gained into
the potential contribution to depressive symptoms of a particular
brain region by studying the effects of a selective intervention
within that region may be limited, especially if those interventions
are acute, since any such changes in depression do not occur in
isolation and are not acute. In contrast, although depressive
phenotypes induced by e.g., uncontrollable stressors appear more
clinically relevant, the state they produce may, nevertheless, be as
variable in their etiology and treatment as human depression,
limiting the level of insight gained. Finally, caution should be
employed when interpreting findings from a study describing
antidepressant effects in a context in which there is no explicit
‘depressant’ effect to ameliorate. In sum, advances in our
understanding of the role of the PFC in depression will best be
achieved by the synthesis of results from these varied approaches,
especially when the results are convergent, as highlighted below.

MDD AND CHRONIC STRESS MODELS IN RODENTS

Resting state (task-free) functional connectivity findings in
MDD

The literature probing resting state functional connectivity (rsFC)
in MDD is vast, and generally points to abnormalities (1) between
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Selective PFC interventions induce anti- and pro-depressive effects

~

Medial PFC
Anti- Optogenetic stim. D1 receptors — FST!
Pro- GIuN2B-NMDAR knockdown on GABA — FST?
Anti- MPFC-Dorsal Raphe pathway — FST®
PLc
Anti- DBS — FST*
Anti- Optical stim. Layer V neurons — FST®
ILc
Acute
Anti- IL inactivation — FST®
Pro- IL activation — ICSS, latency ScT”

Pro- IL activation — reduced VTA DA firing®
Pro- Optogenetic stim. — block D-induce Place Pref.®
Prolonged or delayed
Anti- IL stimulation — FST, SPT™®
Pro- IL silencing - blocks ketamine effect 24 hrs later'®

OFC
Acute
Pro- Histone acetylation inhib. (VLO) — FST'
Pro- Activation OFC-Amygdala pathway — TST'?
Prolonged
Anti- Inactivation of OFC — FST'®
Pro- 5-HT2A agonism — TST, SPT™*

Fig. 2 Summary of putative pro-depressant (pro) or antidepressant (anti) effects of interventions within the medial prefrontal cortex
(medial PFC) and orbitofrontal cortex (OFC) of otherwise, normal, healthy rodents. FST forced swim test, ICSS intracranial self-stimulation,
Place Pref place preference test, ScT sucrose consumption test, SPT sucrose preference test, TST tail suspension test, VLO ventrolateral orbital
cortex, VTA DA ventral tegmental area dopamine neurons. 1. Hare, B.D. et al. Nat. Commun. 10, 1-12 (2019). 2. Gerhard, D.M. et al. J. Clin. Invest.
130, 1336-1349 (2020). 3. Warden, M.R. et al. Nature 492, 428-432 (2012). 4. Hamani, C. et al. Biol. Psychiatry 71, 30-35 (2012). 5. Kumar, S. et al. J.
Neurosci. 33, 1116-1129 (2013). 6. Slattery, D.A,, Neumann, |. & Cryan, J.F. J. Psychopharmacol. 25, 1295-1303 (2011). 7. John, CS. et al.
Neuropsychopharmacology 37, 2467-2475 (2012). 8. Moreines, J.L., Owrutsky, Z.L. & Grace, A.A. Neuropsychopharmacology 42, 904-913 (2017). 9.
Ferenczi, E.A. et al. Science 351, aac9698 (2016). 10. Fuchikami, M. et al. Proc. Natl. Acad. Sci. 112, 8106-8111 (2015). 11. Zhao, Y. et al. PLoS One 8,
e52698 (2013). 12. Kuniishi, H., Yamada, D., Wada, K., Yamada, M. & Sekiguchi, M. Transl. Psychiatry 10, 1-11 (2020). 13. Kuniishi, H. et al. Front.
Behav. Neurosci. 10, 250 (2017). 14. Xu, C. et al. Neuropharmacology 109, 7-17 (2016).

discrete PFC regions, (2) within networks anchored on different
PFC regions (e.g., central executive network, default mode
network), and (3) between PFC and other networks (for reviews,
see [68-70]). Due to space limitation, the following sections
present a selected summary of recent findings that are particularly
relevant.

A recent voxel-wise meta-analysis compared MDD (N = 1399)
and healthy controls (N=1332) in their amplitude of low
frequency fluctuations (ALFF), which represents an indirect
measure of spontaneous brain activity [70]. Compared to controls,
individuals with MDD showed increased ALFF in a region
spanning the medial orbitofrontal cortex (OFC) and perigenual
ACC (pgACQ). In a coordinate-based meta-analysis [69], increased
rsFC in the pgACC predicted response to a variety of treatments
(e.g., repetitive transcranial magnetic stimulation (rTMS), pharma-
cotherapy, cognitive behavior therapy, electroconvulsive therapy
(ECT)) (see also [16]). In a sample of 421 individuals with MDD and
488 healthy controls, reduced rsFC emerged in MDD between the
central OFC (BA13) and memory-related regions (e.g., parahippo-
campal gyrus), with increasingly weaker rsFC correlating with
higher depression severity [71]. In light of prior data [72], the
authors speculated that reduced central OFC-memory regions
rsFC might weaken reward-related information to be consolidated
in memory.

These findings were extended by a recent study, which
compared individuals with current MDD, unaffected first-degree
relatives, and healthy controls in their rsFC between OFC and
mPFC sub-regions and the rest of the brain [73]. Current MDD and
increased risk for MDD shared several abnormalities, including
dysregulated coupling involving the pgACC, dmPFC and dorsal
ACC (dACCQ) to other cortical regions (Fig. 4a). However, current
MDD was uniquely characterized by abnormal rsFC between
various orbital and mPFC sub-regions (pgACC, dACC, lateral and
central OFC) and PFC (dIPFC), subcortical (e.g., dorsal striatum), as
well as cortical (e.g., precuneus, inferior temporal lobes) regions.
Based on these findings, the authors speculated that dmPFC plays
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a pivotal role in MDD vulnerability, with additional OFC and mPFC
abnormalities emerging with the onset of MDD.

Importantly, rsFC abnormalities have emerged also in youth
with increased MDD vulnerability but can be ameliorated by
treatment. Thus, relative to healthy children (8-17 years old),
children at increased vulnerability due to parental MDD history (as
well as children with current MDD) had lower rsFC between the
right dIPFC (BA6/8/9) and the amygdala [74] - a pathway
previously linked to inhibition of emotional responses in adult
MDD [75]. Treatment-resistant depression (TRD) was characterized
by decreased global connectivity within the right dIPFC and
bilateral dmPFC (including the dACC) [76]. Notably, ketamine
infusion increased global connectivity in all three regions. In a
similar study [77], TRD was characterized by higher pre-treatment
resting state activity in a region between the pgACC and sgACC,
and a course of ECT treatment normalized activity in this region
and its connectivity with the vmPFC; moreover, higher pre-
treatment sgACC activity predicted better response to ECT.
Together, these findings indicate downregulation of sgACC
activity and connectivity is key for ECT response.

Structural findings in MDD

An early meta-analysis (64 structural MRI studies) reported that
frontal regions showed the largest volumetric reductions in MDD
[78], particularly in the ACC and bilateral OFC, although distinct
subregions were not investigated (see also [79]). A link between
MDD and gray matter volume (GMV) reduction in the ACC (at the
juncture between the pgACC and dACC) was confirmed in a later
meta-analysis [80]. In the largest ever conducted structural MRI
study, relative to controls (N = 7658), adults with MDD (N = 1902)
showed thinner cortical gray matter in the ACC (with reduction
spanning subgenual, perigenual and dorsal regions) and OFC/
vmPFC [81]. In a 3-year prospective study, MDD patients with
larger volumes in similar ACC regions (sgACC, pgACC and dACC)
had better outcomes (fewer hospitalizations) than those with
smaller volumes [82]. Similarly, in a 5-year naturalistic prospective
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Chronic stress
Physical: restraint, cold
Social defeat
Multi-dimensional unpredictable mild stress

« T

(i) Structural and physiological
changes in the PFC

MPFC
Dendritic shrinkage and spine loss'™*
Reductions in ieg zif268°
Reductions in myelination®
Increases in histone acetylation”
Increased neuronal reactivity®
Increased CBI receptor binding®
PLc
Reduced excitatory drive PV inhibitory
interneurons”
Increases in cfos'"
Reduced Pavlovian cue related activity in

(ii) Depression-like symptoms
Despair'®20:
Decreased swimming FST
Decreased struggling TST
Decreased social interactions

Anhedonia-like'®?°
Decreased sucrose consumption/preference
Changes in HPA axis and cardiovascular

function®?°
Cognitive control:
Attentional inflexibility®
Impaired spatial working memory?'

Insensitivity to action-outcome contingencies

and outcome value*

PLc-Naccumbens'?

OFC
Increases in dendritic spine density and
arborization®*

Reductions in spine density'®4
Lowered astrocytic connexins'®
Lower basic myelin protein'®
Altered serotonin function'®
PFC networks
Increased functional connectivity in DMN'7:8

Y\/Y

Causality?
(iii) Selective PFC interventions that ameliorate symptoms

~ T

Medial PFC OFC
DBS - SPT?? LTD in MDThal-OFC pathway — Discrim. Rev?®
Optical stimulation — SPT, SA® Ketamine infusion — Discrim Rev.?®
Inhibition of de-acetylase — SA, FST’
Adrenergic receptor antagonists — Set-shifting*
PLc
Excitation of pyramidal output neurons — SA%
Optical stimulation of PLc-Naccumbens — SA, SPT'?
ILc
Inactivation — reward related DA activity?®
Repeated inactivation of PV Ins — FST?”

Cognitive bias??

Fig.3 Summary of findings in rodents subject to chronic stress as adults revealing (i) structural and physiological changes in the medial
prefrontal cortex (medial PFC) and orbitofrontal cortex (OFC), (ii) associated behavioral changes and (iii) interventions within the medial
PFC and OFC that ameliorate the behavioral changes. Both (i) and (iii) implicate dysregulation within medial PFC and OFC in relation to the
behavioral changes associated with chronic stress. ieg immediate early gene, CB; endocannabinoid presynaptic receptor, DA dopamine, DBS
deep brain stimulation, Discrim Rev discrimination reversal task, DMN default mode network, FST forced swim test, LTD long-term depression,
MDThal mediodorsal thalamus, NAccumbens nucleus accumbens, PV parvalbumin neurons, SA social avoidance (interaction) test, SPT sucrose
preference test. 1. Cook, S.C. & Wellman, C.L. J. Neurobiol. 60, 236-248 (2004). 2. Radley, J.J. et al. Exp. Neurol. 196, 199-203 (2005). 3. Liston, C.
et al. J. Neurosci. 26, 7870-7874 (2006). 4. Dias-Ferreira, E. et al. Science (80-.). 325, 621-625 (2009). 5. Covington, H.E. et al. J. Neurosci. 30,
16082-16090 (2010). 6. Lehmann, M.L., Weigel, TK.,, Elkahloun, A.G. & Herkenham M. Sci. Rep. 7, 46548. 7. Covington, H.E., Maze, |., Vialou, V. &
Nestler, E.J. Neuroscience 298, 329-335 (2015). 8. Kumar, S. et al. Nat. Commun. 5, 1-9 (2014). 9. McLaughlin, R.J. et al. Behav. Brain Res. 237,
333-337 (2013). 10. Perova, Z.,, Delevich, K. & Li, B. J. Neurosci. 35, 3201-3206 (2015). 11. Vialou, V. et al. J. Neurosci. 34, 3878-3887 (2014).
12. Spring, M.G. et al. J. Neurosci. JN-RM-1869-20 (2021). 13. Xu, C. et al. Neuropharmacology 109, 7-17 (2016). 14. Gourley, S.L., Swanson, A.M. &
Koleske, A.J. J. Neurosci. 33, 3107-3112 (2013). 15. Miguel-Hidalgo, J.J., Moulana, M., Deloach, P.H. & Rajkowska, G. Chronic Stress (Thousand Oaks,
Calif.) 2, 247054701881418 (2018). 16. Lapiz-Bluhm, M.D.S., Soto-Pifa, A.E., Hensler, J.G. & Morilak, D.A. Psychopharmacology (Berl). 202, 329-341
(2009). 17. Henckens, M.J.A.G. et al. Neuroimage 105, 312-322 (2015). 18. Grandjean, J. et al. Neuroimage 142, 544-552 (2016). 19. Gururajan, A.,
Reif, A., Cryan, J.F. & Slattery, D.A. Nat. Rev. Neurosci. 20, 686-701 (2019). 20. Willner, P. Neurobiol. Stress 6, 78-93 (2017). 21. Mizoguchi, K. et al. J.
Neurosci. 20, 1568-1574 (2000). 22. Papciak, J., Popik, P, Fuchs, E. & Rygula, R. Behav. Brain Res. 256, 305-310 (2013). 23. Hamani, C. et al. Biol.
Psychiatry 71, 30-35 (2012). 24. Jett, J.D. & Morilak, D.A. Neuropsychopharmacology 38, 585-595 (2013). 25. Kumar, S. et al. J. Neurosci. 33,
1116-1129 (2013). 26. Moreines, J.L., Owrutsky, Z.L. & Grace, A.A. Neuropsychopharmacology 42, 904-913 (2017). 27. Nawreen, N. et al. eNeuro 7,
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80 ms post-error

study, GMV in the right dACC and right inferior frontal gyrus
contributed to disease trajectory predictions; specifically, larger
volume in these areas predicted better clinical outcome and lower
depressive symptoms over 5 years [83]. Altogether, these findings
point to structural reductions in mPFC regions, particularly various
ACC subdivisions. Additional important insight has emerged from
this literature.
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472 ms post-error

First, recent meta-analyses have yielded surprisingly few
structural abnormalities linked to MDD [79]. We believe one
reason is the large heterogeneity of “MDD"; accordingly, studies
linking structural abnormalities to biologically more homogenous
phenotypes of depression might provide key insights. Fitting this,
in the UK Biobank sample, polygenic risk for anhedonia was linked
to smaller OFC volumes [84].
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Fig. 4 Functional and structural findings implicating the perigenual anterior cingulate cortex (and other mPFC regions) in major
depressive disorder (MDD). a Individuals with current MDD and at-risk individuals (unaffected first-degree relatives) showed abnormal
coupling involving the pgACC (see “p32"; decreased coupling with posterior cingulate), dmPFC (see “BA9"; decreased coupling with ventral
intraparietal sulcus), and dACC (see “d32"; increased coupling with the occipital cortex) [73]. b pgACC region showing a positive correlation
between cortical thickness change and improvement in depression symptoms with repetitive transcranial magnetic stimulation of the left
dIPFC [90]. ¢ pgACC region in which pre- to post-treatment changes in gray matter volume correlated with antidepressant response to
transcranial magnetic stimulation of the left dIPFC [91]. d pgACC region showing higher activation to masked sad faces in MDD than healthy
controls [169]. e Greater activation in the pgACC (and other mPFC regions) in response to a sad mood manipulation predicted relapse among
fully remitted individuals 18 months later [155]. f Increased functional connectivity between the sgACC/pgACC and the amygdala during an
implicit emotional processing task in individuals with increased MDD vulnerability [189]. g Increased pgACC activation 80 ms after committing
a mistake in a speeded reaction time task in MDD vs. healthy controls [242]; and h Decreased left dIPFC activation 472 ms after committing a
mistake in MDD vs. healthy controls [242]. Adapted with permission from publishers.

Second, some of these abnormalities appear early in the course
of the disorder and might, in fact, represent risk markers. Thus,
relative to healthy children, children (7-12 years) with a history of
preschool-onset depression (age of onset: 3-6 years) had thinner
right sgACC cortical thickness [85]. Importantly, decreased right
sgACC cortical thickness at age 7-12 was predicted by depression
severity at age 3-6 (and age 7-12). Thus, structural abnormalities
spanning the sgACC and OFC emerge early in MDD and affect
regions playing a key role in the regulation of negative emotion,
value representation, and self-referential processing [17]. The
laterality effect was intriguing in light of rodent data that the right
vmPFC/ACC (the putative homolog to the human sgACC) is
critically implicated in the regulation of HPA axis [86], which points
to a possible risk mechanism. Similarly, adolescents with MDD (N
= 213) had lower cortical thickness in the medial OFC/vmPFC and
superior frontal gyrus than adolescents without MDD history (N =
294) [81]. Notably, similar regions emerged from a 5-year
prospective study assessing never-depressed daughters (10-15
years old) with a mother with depression. Specifically, lower
cortical thickness in the right medial OFC/vmPFC (but larger
pgACC cortical thickness) emerged as two of the top three neural
features predicting the first episode of MDD [871].

Third, some of these PFC abnormalities predicted clinical
response and were ameliorated by treatment. Accordingly, before
starting TMS stimulation over the left dIPFC, eventual non-
remitting TRD patients had lower structural integrity within the
central executive network (anchored on the dIPFC) relative to both
eventual remitters and healthy controls. Moreover, higher
structural integrity within the central executive network predicted
greater symptom reduction [88]. Similarly, ECT treatment was
associated with increased cortical thickness across PFC (dIPFC) and
dACC [89]. Changes in the dACC emerged only in treatment
responders, and early increases in dACC cortical thickness 48 h
after the second ECT administration predicted eventual clinical
response. Finally, reduction in depressive symptoms after left
dIPFC rTMS treatment was associated with increases in pgACC
thickness (Fig. 4b) [90]. These findings replicated prior results
showing that left dIPFC rTMS treatment increased GMV in the
pgACC (Fig. 4c) and such volumetric increases correlated with
symptom reduction [91].

Structural changes in chronic stress models in rodents

Chronic stress (e.g., social defeat, restraint stress, unpredictable
mild stress) over a period of days to weeks induces a variety of
depression-related symptoms (Fig. 3, top right-hand panel),
including behavioral despair, blunted reward-related behaviors,
negative biases and cognitive dysfunction [67, 92]. Specifically,
animals display decreased swimming in the FST or struggling in
the TST, reductions in sucrose preference or consumption and
social interactions, changes in the HPA axis and cardiovascular
function, negative judgment biases in ambiguous cue tests
[43, 44] and impaired cognitive control [93, 94]. The latter includes
response and attentional inflexibility [95], spatial working memory
(WM) deficits [96] and insensitivity of goal-directed actions to
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action-outcome contingency and outcome value [93], although
these may vary depending on the nature of the stressor. For
example, chronic cold stress induces cognitive inflexibility specific
to reversal learning, while chronic mild unpredictable stress or
restraint stress disrupts higher-order attentional set-shifting more
consistently than lower-order associative reversal learning [94, 97].

Accompanying these behavioral changes are marked physiolo-
gical and structural alterations, not only in the amygdala and
hippocampus but, importantly, the PFC [98, 99], that are similar to
those seen in MDD. In rodents, the most abundant and consistent
changes are in the mPFC (anterior cingulate, prelimbic and
infralimbic) with somewhat more variable, mixed direction effects
in the OFC (Fig. 3, top left-hand panel). The contrasting patterns
between mPFC and OFC in dendritic spine density are particularly
intriguing given similar contrasting effects pertaining to hyper- or
hypo-activity in MDD, although differences in measures and
precise regions involved render comparison challenging. Out-
standing questions include (1) whether there are comparable
increases in activity within sgACC (putative ILc in rodents) as seen
in MDD; (2) whether there are structural/functional changes in
dACC in rodents as reported in MDD; (3) what factors may
determine whether increases or decreases in dendritic spine
density are seen in the OFC in rats and whether there are
differences between medial and lateral OFC regions, which we
shall see below show contrasting effects in functional activity
in MDD.

ANHEDONIA

Major depressive disorder

Recent reviews and meta-analyses have elucidated the neural
correlates of reward processing dysfunctions in MDD [3, 100-104].
In general, these syntheses have highlighted that MDD-related
deficits in different sub-domains of reward processing - including
incentive motivation (reward anticipation), valuation (reward
consumption), and reward learning - are associated with
frontostriatal abnormalities. In the following sections, we summar-
ize the main patterns, highlight recent findings (particularly those
from large and prospective studies), and provide a synthesis of
reward-related frontostriatal abnormalities linked to MDD.

Consummatory anhedonia. In tasks probing consummatory
anhedonia (e.g., receipt of secondary rewards such as money),
MDD has been associated with reduced activation in ventral
(nucleus accumbens) and dorsal (caudate, putamen) striatum, ACC
(rostral, dorsal), and OFC but hyperactivation in the mPFC, vmPFC
(including sgACC) and dIPFC [100, 102, 104]. In some studies,
blunted ventral striatal activation to rewards correlated with
anhedonic symptoms [102]. In an instrumental reinforcement
learning task, unmedicated MDD subjects showed lower reward
value encoding in the pgACC but higher sgACC activation during
the decision phase than healthy controls [105]. Among unmedi-
cated individuals with MDD, FC between the caudal vmPFC and
various reward hubs (nucleus accumbens, ventral tegmental area
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Fig. 5 Abnormal orbitofrontal activation in depression during reward anticipation. Central orbitofrontal cortex (see green) and lateral
orbitofrontal cortex (see red) region in which individuals with elevated depression severity (see squares) had reduced sensitivity to differing
reward values and potentiated activation to non-rewards (no-win outcome) during reward anticipation compared to the control group (see

circles) [114]. Adapted with permission from publishers.

(VTA), OFCQ) in response to pleasant music correlated negatively
with anhedonia [106]. Finally, although some abnormalities persist
after remission (e.g, OFC hypo-responses to rewards [107],
inability to sustain ventral striatal responses to positive cues
[108]), acute striatal responses to rewards appear to normalize in
individuals with past MDD [109].

Evidence of disrupted frontostriatal activation during reward
consumption has been reported also in children with MDD,
suggesting that such dysfunctions emerge early. In general,
blunted striatal activation coupled with over-recruitment of PFC
regions — including the dIPFC during reward outcome - has
emerged [104]. In a subclinical sample, adolescents with elevated
depressive symptoms showed blunted pgACC and rostral vmPFC
activation during reward consumption, with the former correlating
with higher anhedonia [110]. Across studies, over-recruitment of
PFC regions (mPFC, dIPFC) during reward processing has been
interpreted as suggesting over-compensation for reduced striatal
responses to rewards [104, 111, 112].

Anticipatory anhedonia. In tasks probing reward anticipation,
MDD has been linked to decreased activation in ventral and dorsal
striatum as well as middle frontal gyrus (BA8), but hyperactivation
in the dIPFC and mPFC including pgACC and caudal vmPFC
[3, 102, 113]. In the IMAGEN study (N = 1877 at age 14, N=1140
at age 19), during reward anticipation, individuals with higher
depression severity had reduced sensitivity to differing reward
values in the central regions of OFC (areas 11 and 13) but higher
lateral OFC (area 12) activation to non-rewards (no-win outcome)
at both age 14 and 19 (Fig. 5) [114] (This paper refers to areas 11
and 13 as medial OFC but this nomenclature can be confusing as
medial OFC is often used to refer to area 14 which lies on the
gyrus rectus, and spans both the medial OFC and vmPFC surfaces.
Thus, here, we refer to area 11 and 13 as central OFC and area 14
as medial OFC [115]). Moreover, at age 19, blunted reward-related
central OFC activation correlated with more anhedonic symptoms,
whereas potentiated non-reward lateral OFC activation correlated
with sadness. Critically, depressive symptoms at ages 16 and 19
could be predicted by potentiated lateral OFC activation to non-
rewards, but not central OFC activation to rewards, at age 14.
Based on these findings, the authors suggested that “hypersensi-
tivity to non-reward of the lateral OFC is an indicator for both
current and future depression and that hyposensitivity to reward
of the [central] OFC is an indicator for the current, but not future,
status of depression” (p. 266). In this context, two recent findings
are particularly interesting. First, among patients with TRD, a single
ketamine infusion rapidly reduced anhedonic symptoms, and
reduction in anhedonia correlated with decreased metabolism in
the right lateral OFC (as well as increased glucose metabolism in
dACC) [116]. Second, if MDD is characterized by excessive
activation within a “non-reward pathway” centered on the right
lateral OFC, inhibition of such a system might be beneficial. A case
study indeed showed that disruption of such a system (through
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inhibitory 1 Hz rTMS over the right OFC) reduced both anhedonic
symptoms and FC between the right lateral OFC and the ventral
striatum [117]. Building on this evidence, the same group recently
showed that inhibitory (1 Hz) TMS over the right OFC in TRD was
associated with a 30% response rate [118].

Imaging studies in children and adolescents with MDD have
also highlighted blunted ventral striatal activation during reward
anticipation, which was often accompanied by over-recruitment of
PFC regions (e.g., pgACC/vmPFC) [104]. In a large youth sample (N
=1576; mean age: ~14 years), blunted reward-related ventral
striatum correlated with anhedonia (but not low mood) and
predicted transition to subthreshold or clinical depression 2 years
later among previously healthy youths ([119]; see also [120]).
Finally, among TRD patients, sgACC hyper-activation to positive
feedback correlated with more anticipatory anhedonia (but not
anxiety symptoms) [121]. Importantly, sgACC hyper-activation to
positive (but not negative) incentives was normalized (decreased)
by a single ketamine infusion. These findings fit recent evidence
that a single-dose of ketamine reduced sgACC hyper-activity and
improved an autonomic measure of anhedonia (anticipatory
arousal to receipt of a primary reinforcer in marmosets (see
below) [61]).

Reward learning. Studies probing reward learning have typically
implemented computational modeling to estimate expected value
and reward prediction errors (RPE) during Pavlovian, instrumental,
and reversal learning tasks. These studies have generally linked
MDD to blunted RPE in the ventral and dorsal striatum [122-124]
(but see [125, 126] for important lack of replication), pgACC [127]
and medial OFC [126], and greater RPE in the ventral striatum
predicted reductions in anhedonia 6 months later [128]. In an
instrumental reinforcement learning task, unmedicated individuals
with MDD showed increasingly blunted medial OFC and ventral
striatal RPE that correlated with anhedonia [126]. Moreover, in a
community-based sample (N=475) tested with a probabilistic
reward learning task, increasing depressive symptoms were
related to blunted (1) directional connectivity from the mPFC to
the striatum, (2) RPE in the dACC, and (3) reward signal magnitude
in the nucleus accumbens and caudal vmPFC [129]. Moreover,
although fully remitted individuals showed normative ventral
striatum RPE, they had greater RPE in the VTA [109], suggesting
that some reward-related learning abnormalities do not normalize
after recovery. Similarly, fully remitted MZ twins with a past history
of mood disorders had blunted expected value signal in the
frontal pole extending into middle frontal gyrus (BA10/46) as well
as lower RPE signal in the left frontal pole and superior frontal
gyrus (BA9/6) [130]. Interestingly, such dysfunctions did not
emerge in their unaffected co-twins (high-risk group), suggesting
that they might represent scars (as opposed to pre-existing
vulnerabilities) of depression. Together, these data suggest that
reduced valuation of expected rewards and blunted reward
learning represent key vulnerabilities to future MDD.
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Fig. 6 Summary of functional abnormalities in tasks probing (a) reward-related processes and (b) negative processing biases in major
depressive disorder (MDD). Regions highlighted in orange and blue show higher activation and lower activation, respectively, in MDD
samples than healthy controls (HC). Orange and blue arrows denote higher and lower functional connectivity, respectively, in MDD samples
than healthy controls. AMG amygdala, dACC dorsal anterior cingulate cortex, dIPFC dorsolateral prefrontal cortex, mPFC medial prefrontal
cortex, pgACC perigenual anterior cingulate cortex, sgACC subgenual anterior cingulate cortex, Striat Striatum vmPFC ventromedial prefrontal

cortex.

Reward-related decision making. Several studies have used a
variety of tasks to probe complex decision making in MDD,
including gambling tasks that require weighting probabilities and
amount of rewards and losses, and approach-avoidance decision
making tasks. In general, these studies have highlighted abnormal
task-related activation in various PFC regions.

In a reward-related decision making task parsing decision
making (anticipation) and outcome, relative to healthy youths,
youths with current MDD (9-17 years) showed potentiated
responses in the left OFC (during anticipation), but decreased
responses in the right OFC and dACC during both phases [131]. In
a study using a card-guessing task, depressed adolescents had
potentiated mPFC (BA10) activation (coupled with blunted ventral
striatal activation) to rewards [111]. In studies using a “wheel-of-
fortune” task, which involves making choices about varying
amounts of monetary rewards with varying levels of risk, adults
with MDD showed greater left OFC activation but reduced pgACC
activation during the selection phase relative to controls; in
addition, they showed greater activation to wins in the left inferior
frontal gyrus (BA9/45) than controls [132]. In a sample tested with
the same paradigm, adolescents with MDD had higher left OFC
and dACC activation but lower right lateral OFC during high-risk
trials (trials with only 25% chance of winning a higher amount)
relative to controls [133]. In light of the functional role of these
regions, the authors speculated that depressed adolescents might
be characterized by reduced inhibitory control (right lateral OFC)
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but potentiated conflict monitoring (dACC) during risky decision
making. Finally, initial evidence exists that abnormal reward-
related decision making might index MDD vulnerability. Specifi-
cally, relative to healthy controls, unaffected individuals with a
family history of MDD had significantly lower dIPFC (BA6)
activation to risky choices in the lowa Gambling task [134].

Recently, a study implemented a task modeled after a paradigm
used in NHP [39] to probe neural correlates underlying approach-
avoidance decision making in MDD [42]. In each trial, participants
had to decide whether to approach a trial (which would be
associated with the delivery of both a parametrically varying
reward and punishment) or avoid a trial (which would be
associated with no incentives). Relative to controls, unmedicated
adults with MDD were less sensitive to reward. Moreover, they
showed reduced approach-related activation in the dIPFC and,
surprisingly, reduced avoidance-related pgACC activation. In MDD,
reduced approach-related dIPFC activation correlated with
increasing perceived stress.

Interim summary. Findings emerging from studies probing
different subdomains of reward processing converge in high-
lighting disrupted activation within and functional connectivity
across nodes of the brain reward pathways. As summarized in
Fig. 6a and Table 1, across reward subdomains, MDD has been
generally linked to blunted activation to reward-related cues
within ventral and dorsal striatal regions, perigenual and dorsal
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Table 1.

Reward consumption
A. Hypo-activation
Ventral and Dorsal | |

(greater |, higher anhedonia)

Striatum (greater |, higher anhedonia)

pgACC ! 1
(greater |, higher depressive
symptoms)

dACC |

Medial OFC | !

B. Hyper-activation
mPFC 1 )
vmPFC (subgenual PFC) 1

(greater 1, higher anhedonia &
more future MDD)

dIPFC 1 T
Lateral OFC

Reward anticipation

(greater |, higher anhedonia &
more transition to MDD)

Summary of frontostriatal abnormalities in MDD in tasks probing different reward-related processes.

Reward learning

1
(greater |, higher anhedonia & higher
anhedonia 6 months later)

!

l

(greater |, higher anhedonia)

1 to non-rewards (greater t, more

future MDD)

ACC regions, and central and medial OFC. In contrast, MDD has
been associated with hyper-activation in the medial frontal pole
(BA10), vmPFC (including sgACC) and dIPFC to reward-related
cues, as well as hyper-activation in the lateral OFC to non-rewards.
Of note, many of these markers correlated with anhedonia,
predicted future anhedonia and depressive symptoms, and
predated MDD. Moreover, several markers (e.g., blunted frontos-
triatal rsFC and reward-related striatal activation) emerged also in
unaffected, never-depressed offspring with parental depression
and/or predicted the new onset of depressive disorder years later,
suggesting that they represent markers of MDD vulnerability (and
thus possible targets for prevention). Of relevance, disrupted
coupling within reward-related corticostriatal pathways has
emerged also from resting state studies, with reports of increased
rsFC between (1) vIPFC and dorsal striatum [135], and (2) dmPFC
and various striatal regions [136]. Critically, in a community-based
sample of 6-12 years children (N=637), rsFC strength between
the ventral striatum and other reward-related regions (vmPFC,
dACC, VTA) predicted the new onset of depressive disorder 3 years
later [112]. Highlighting specificity, this metric did not predict the
emergence of ADHD, anxiety or substance abuse over the same
time period. These findings are important because they highlight
that disruptions within brain reward pathways are not only
present in the acute phase of MDD but predates its emergence
(for similar conclusions, see [137, 138]).

Preclinical animal studies

By far the majority of depression-focused studies in rodents
have investigated consummatory aspects of reward-elicited
behaviors including sucrose preference and consumption and
conspecific social interactions. Many of these studies have
implicated the mPFC, although not distinguishing between PLc
and ILc, in chronic-stress-induced anhedonia-like behaviors.
They have shown that various interventions (as listed in detail in
Fig. 3) can reverse the associated deficits, in some cases within
PLc specifically. In the case of a fosB-CCK interaction underlying
susceptibility to chronic social defeat stress, it was explicitly
related to PLc and not ILc. In contrast, few studies have
attempted to reverse the blunting of consummatory reward-
related behaviors through interventions specifically within ILc or
OFC. In one case of ILc, its inactivation selectively blocked the
effects of chronic mild stress on reward-related dopamine
activity [139].
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Medial regions, in particular, have also been implicated in the
consummatory aspects of reward-related behavior following
interventions in healthy rodents although here, the majority have
focused on ILc and the effects have been mixed. For example,
increasing the excitability of ILc by blockade of the glutamate
transporter (GLT1) had an anhedonia-like effect, including an
increase in the latency to drink sucrose and an increased threshold
for intracranial self-stimulation [140]. Consistent with the latter,
NMDA infusions into ILc reduced spontaneous firing of DA
neurons in the medial VTA [139]. Moreover, optogenetic stimula-
tion of ILc reduced the BOLD response to optogenetic-induced
dopamine stimulation and blocked DA-stimulation-induced place
preference [62]. In contrast, prolonged ILc pyramidal stimulation
for 60 min mirrored the putative antidepressant effects of
ketamine on sucrose preference, while neuronal silencing of ILc
(and not PLc), using the GABA-A agonist, muscimol, blocked the
actions of ketamine, 24 h later [63]. The latter suggests that the
delayed actions of ketamine are dependent upon an intact ILc at
the time of the ketamine infusion and may be more consistent
with the hypothesis that the long-term effects of ILc activation are
antidepressant-like. Altered performance on sucrose preference
tests has also been associated with abnormal activity within the
OFC. Specifically, a reduction in sucrose preference followed
weekly infusions of a 5-HT2a agonist into lateral OFC, mirroring
the effects seen following chronic stress [141].

In summary, the rodent mPFC and OFC have been implicated in
the control of consummatory aspects of reward-related behavior,
although their precise contribution to such behaviors remain
unclear (Figs. 2 and 3). The weight of evidence so far though does
support the hypothesis that acute ILc activation blunts reward
processing, potentially through its projections into the nucleus
accumbens which would appear consistent with the heightened
activation of sgACC in MDD reported above. Left unanswered
from rodent studies are the role of these regions in the other
aspects of reward-related behaviors shown to be disrupted in
MDD, including reward anticipation, reward learning, and reward-
related decision making. These have received far less attention
in rodent studies although considerable insight has been gained
from basic science studies, particularly of OFC function in both
rodents and monkeys. Much of this is covered in another
chapter in this Special Issue (e.g., Izquierdo and Rudebeck) so we
will only touch upon this briefly here, focusing particularly on
those issues highly pertinent to our understanding of MDD. Also,
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left unanswered, though, especially with respect to mPFC, is the
functional analogy/homology between rodents and humans and
NHPs in relation to this region’s control of reward-related
processing.

Whilst the rodent mPFC is most commonly parcellated into ACC,
ILc and PLc, an alternative parcellation that directly parallels that
used for the caudal aspects of primate mPFC/ACC, is the one by
Vogt and Paxinos [14] which described these regions in terms of
areas 24, 25 and 32, respectively. With this in mind, we will now
consider a series of studies that have investigated the roles of area
25 and 32 in primates, specifically marmosets, in the consumma-
tory and anticipatory aspects of reward-related behaviors,
specifically addressing the hypothesis that heightened activation
in sgACC reported in MDD is associated with anhedonia
symptomatology. Temporary infusions of the glutamate transpor-
ter blocker, dihydrokainic acid (DHK), which heightens the
excitability of neurons, induced the blunting of both anticipatory
and motivational arousal when infused into area 25. Specifically,
area 25 overactivation reduced the cardiovascular and behavioral
Pavlovian conditioned arousal in anticipation of marshmallow
reward and also decreased the number of responses an animal
was willing to perform for reward on a progressive ratio task [61].
In contrast, consummatory responses, including behavioral and
cardiovascular arousal during reward consumption itself and
performance on a sucrose preference test remained relatively
unaffected. Of particular relevance to MDD treatments, systemic
ketamine ameliorated area 25 overactivation-induced reductions
in Pavlovian anticipatory positive arousal if administered systemi-
cally 24 h earlier. The selectivity of these findings was illustrated by
the lack of such effects following activation or inactivation of area
32; interestingly, a similar blunting of anticipatory but not
consummatory arousal was also seen following over-activation
of neighboring area 14 within primate medial OFC/caudal vmPFC
[142]. However, only inactivation of area 14 (and not area 25)
induced marked increases (Fig. 7) in cardiovascular and behavioral
arousal. Thus, whereas area 14 appears to play a fundamental role
in regulating such appetitive arousal, area 25 seems to have its
effects only when activated; artificially, in the case of the
experimental study in marmosets and perhaps under conditions
of stress under naturally-occurring conditions. Consistent with the
latter is the finding that area 25 activity positively correlates with
cortisol levels during anxiety-provoking contexts in macaques
[143].

These blunted appetitive responses following area 25 over-
activation appear comparable to reductions in reward responsivity
associated with excitation of the putative homolog of area 25,
namely ILc in rats, including increased threshold for intracranial
stimulation [140] as well as reduced firing of DA neurons [139] and
blocked DA-induced place preference [62]. The precise role of area
25 in reward processing, however, has yet to be fully determined.
Its over-activation not only blunted appetitive processing but also
enhanced responsivity to both uncertain threat and Pavlovian
conditioned, certain threat [144], consistent with the high
comorbidity of anxiety with MDD [145, 146]; but inconsistent
with the role of ILc in inhibiting conditioned fear responses in rats
[147]. (See [9] for a detailed discussion of the opposing effects in
rats and marmosets on extinction of Pavlovian conditioned
threat). It also reduced basal heart rate variability and increased
sympathetic activity [144], consistent with sympathetically-driven
alterations in cardiovascular activity in MDD [148, 149]. Thus,
overall, this region in a primate may have a primary role in
generating/maintaining negative affect which acts to dampen
responsivity to reward.

In contrast to the relative paucity of information regarding
mPFC and reward processing, the specializations for reward-
guided learning and decision making within distinct regions of the
OFC have been extensively studied and recently reviewed in
[115, 150] and discussed in Rudebeck & Izquierdo (this volume). In
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summary, detailed parcellation studies in macaques have shown
the importance of central regions of OFC in updating the
valuations of expected outcomes on the basis of an animal’s
current state (area 13) and translating that information into goals
for action selection (area 11). Conversely, area 14 in the medial
OFC/caudal vmPFC appears more important for comparing values
of alternative options. It has been proposed that together these
contribute to decisions based on desirability whilst the lateral OFC,
extending onto the lateral surface of the vIPFC appears important
for determining outcome availability. An alternative view for the
lateral OFC, proposed by Rolls, stresses instead its importance for
processing of non-reward [151]. The distinctions between lateral,
central and medial OFC (summarized in Fig. 7) are particularly
relevant to our understanding of depression since MDD appears
primarily associated with reduced activity in central OFC but
increased activity in lateral OFC and also in the caudal aspects of
medial OFC, including area 14 (see above).

NEGATIVE PROCESSING BIASES

Major depressive disorder

In the following sections, the neuroimaging literature highlighting
the role of several PFC regions in negative processing biases will
be summarized. Although several studies have investigated
negative biases in self-referential processing in MDD (e.g., [152—
155]; Fig. 4e), these findings are not discussed due to our focus on
cross-species integration. Treatment effects as well as evaluation
of state vs. trait effects will be emphasized.

Negative processing biases: attention, perception and emotional
processing. Studies using backward masking tasks or tasks
requiring implicit vs. explicit emotional processing converge in
implicating hypo-activation in various PFC regions, most promi-
nently the dIPFC and dACC, as well as hyper-activation in sgACC,
pPgACC, and VIPFC regions in negative processing biases (for
reviews, see [156-158]).

Relative to healthy controls, individuals with MDD showed
reduced dIPFC activation during tasks involving matching
negative facial expressions [159], presenting negative stimuli
[156, 160], requiring to ignore negative faces [161], or inducing
emotional interference [162]. In an emotional face-matching
paradigm, currently depressed adults (as well as unaffected first-
degree relatives of individuals with MDD) showed reduced dIPFC
activation to negative faces compared to controls without familial
risk [163]. Additionally, current MDD - but not familial MDD risk —
was associated with potentiated medial OFC activation to
negative faces. Among adolescents, blunted dIPFC to negative
social status words mediated the relationship between social risk
(peer victimization and fear of negative evaluation) and depressive
symptoms [164]. Using a region-of-interest approach targeting the
central OFC, Frodl et al. found that, relative to controls,
unmedicated individuals with MDD showed decreased FC
between the OFC and dACC [165] during implicit and explicit
emotional tasks but increased connectivity between the OFC and
various PFC regions (including the right dIPFC). Based on prior
literature, reduced coupling between the central OFC and dACC
might index impaired cognitive control of emotion processing,
which could result in negative processing biases. These findings
were largely confirmed in a meta-analysis of fMRI studies (N = 44)
probing emotional processing, which found that MDD was
characterized by reduced activation in the left dIPFC in response
to negative stimuli [166].

Of note, deficient recruitment of PFC (particularly, dIPFC)
regions has been coupled with hyperactivity in paralimbic (e.g.,
pgACC, sgACC) and limbic (e.g., amygdala) regions critically
implicated in automatic processing of emotional cues (for review,
see [16, 157]). Thus, blunted dIPFC activation has been
accompanied by exaggerated amygdalar activation when (1)
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Fig. 7 Schematic of medial and orbital views of macaque and marmoset prefrontal and anterior cingulate cortex illustrating regions in
which reductions or increases in activity induce behavioral deficits of relevance to symptoms of anhedonia, negative bias and despair/
helplessness in MDD. Relevant to anhedonia: Areas 47/12, 11/13, and 14 in macaques [115]; Areas 25 [61] and 14 [142] in marmosets; Negative
bias in decision making: Area 32/24 border [39] and caudal OFC [202] in macaques; Areas 32 and 25 [41] and areas 47/12 and 11 [38] in
marmosets; Action-outcome impairments: Areas 24 [206] and 32 [204] in marmosets; Attentional set-shifting: Area 47/12 in marmosets [207].

viewing and reappraising negative pictures [167], (2) processing
subliminal negative stimuli [168, 169] (Fig. 4d) and negative
words [170], (3) ignoring negative distractors [161], and (4)
receiving negative feedback [171] and criticisms [172]. High-
lighting an early and persistent course, amygdalar hyperactivity
to negative stimuli has been reported in depressed children as
young as 4-6 years old [173], persisted among adolescents with
MDD [174], and emerged in fully remitted adults with past MDD
[168]. Further highlighting insufficient cortical regulation, MDD
has been linked to reduced cortico-limbic functional connectivity
(e.g., mPFC—amygdala) when presented with negative cues
[175-178]. Critically, these patterns were linked to greater
depression severity and a longer disease [175, 176, 178], high-
lighting possible exacerbations.

SPRINGER NATURE

Similarly, hyperactivation of, or a failure to deactivate, the
pgACC has been reported in MDD across disparate affective tasks
[16, 179], including (1) affective evaluation and cognitive
reappraisal of negative stimuli; (2) self-referential processing of
negative attributes; (3) inhibition of negative words; and in
response to (4) sad words and commission errors. Greater pgACC
(and amygdalar) activation in response to negative stimuli,
coupled with reduced activation in bilateral inferior frontal
regions, emerged also among women with subthreshold
depressive symptoms [180], suggesting that such abnormalities
precede the onset of MDD. Among MDD subjects, a failure to
deactivate the pgACC (and adjacent dmPFC) during cognitive or
emotional processing tasks correlated with more depression
severity and feelings of hopelessness [181, 182]. Critically,
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whereas 8 weeks of SSRI treatment normalized dIPFC (i.e,
increased) and amygdalar (i.e, decreased) activation in trials
requiring to ignore sad faces, sgACC hyperactivity and dACC (as
well as pgACC) hypoactivity persisted after treatment response
[183]. Findings of potentiated pgACC activation to negative cues
in MDD are intriguing in light of evidence that, among healthy
controls, a negativity bias correlated with pgACC activation for
“sad” vs. “happy” choices in response to ambiguous faces [184].

Negative processing biases: state vs. trait?. Relative to control
children (8-14 years), unaffected high-risk children (due to
parental depression) showed higher responses to fearful vs.
neutral faces in the dIPFC (BA10/46) and amygdala [185]. Whereas
amygdalar hyper-activation to negative faces was reported in a
similar offspring sample (mean age: 14 years) [186], the PFC
findings contrast with reports of blunted dIPFC activation (and
normative amygdalar responses) to fearful faces [187] and a sad
mood induction [188] among asymptomatic offspring of MDD
patients (16-21 years old and 9-14 years old, respectively).
Similarly, in an emotional face-matching paradigm, unaffected
first-degree relatives of acutely depressed patients with MDD (as
well as individuals with current MDD) had reduced dIPFC
activation in response to negative faces compared to healthy
controls without familial risk [163].

Besides regional effects, evidence of network dysfunction linked
to risk for MDD has emerged. Reduced FC between dmPFC
regions (superior (BA6) and medial (BA10) frontal gyrus) and the
amygdala was observed in healthy first-degree relatives of MDD
patients during an implicit emotional processing task involving
presentation of negative faces (Fig. 4f) [189]. Notably, relative to
young adults without a family history of MDD, the high-risk group
was also characterized by increased task-related FC between
vmPFC regions (sgACC (BA25) and pgACC (BA24/32)) and the
amygdala [189]. Importantly, both patterns — reduced dmPFC-
amygdala FC but potentiated vmPFC-amygdala FC to negative
faces - have been reported in adults with current MDD
[176, 190, 191]. Collectively, these findings highlight that MDD
and vulnerability to depression in youth samples are characterized
by (1) dIPFC hypo-activation to emotional (mostly, negative)
stimuli, (2) hyper-activity in limbic regions implicated in respond-
ing to emotional cues (pgACC, amygdala), (3) increased coupling
between PFC regions implicated in processing negative self-
referential information (vmPFC) and the amygdala, and (4) blunted
coupling between PFC regions implicated in cognitive control of
emotion (dmPFC) and the amygdala.

Interestingly, studies in middle-aged twins of individuals with
MDD vyielded different patterns. For example, in an fMRI study
comparing never-depressed dizygotic twins with vs. without co-
twin with a history of MDD, high-risk twins were characterized by
negative functional connectivity between BA10/BA24 and the
amygdala [192]. Although these findings appear counterintuitive,
it is important to emphasize that the sample was, on average,
48-50 years old (i.e., well beyond the most vulnerable period for
MDD onset). Thus, although speculative, these findings suggest
that negative PFC-limbic coupling in response to emotional cues
might represent a potential protective factor (potentiated top-
downregulation of negative emotional processing) against the
emergence of MDD in spite of familial MDD (see also [193]).

Negative processing bias: treatment effects. Growing evidence
indicates that PFC abnormalities (as well as corticolimbic coupling)
associated with negative processing biases are ameliorated by
antidepressant treatments. For example, an early study reported
that SSRI treatment (sertraline) reduced activation in the pgACC
(BA24/32) (as well as left medial OFC and left vIPFC) in response to
masked sad vs. happy faces [169]. Of note, such change was
driven by a reduction in pgACC activation to sad faces and
increased activation to happy faces, suggesting that SSRI
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treatment reduced negative processing biases. These findings
were complemented by data showing that 8 weeks of sertraline
treatment normalized amygdalar hyper-activation to sad faces in
MDD [194], replicating prior findings [195, 196]. In line with the
hypothesis that antidepressant medications might exert their
effects by normalizing negative emotional biases before changes
in symptoms, eventual week 6 responders showed greater
reduction in neural responses to fearful vs. happy faces after
7 days of escitalopram treatment in the pgACC, dACC and
amygdala [197].

A recent meta-analysis including 60 studies further clarified the
role of PFC regions in treatment-related effects [198]. Thus,
antidepressant treatment (mostly SSRI and SNRI) was associated
with decreased activation to negative stimuli or emotions in the
middle frontal gyrus (BA10 and pgACC) (as well as limbic regions,
including the amygdala) but increased activation in response to
positive stimuli or emotions in the rostral vmPFC (BA10), dIPFC
(BA9) and pgACC (BA32) (as well as the amygdala). In addition,
antidepressant treatments increased dIPFC (BA9) activation during
both positive and negative emotions. Collectively, these findings
suggest that, in MDD, pharmacological antidepressant treatments
normalize brain activation in regions implicated in mood-
congruent processing biases (vmPFC, pgACC, mPFC) as well as
those implicated in emotion regulation and cognitive control
(dIPFQ).

Findings related to first-line treatments (e.g., SSRI) have been
complemented by recent evidence from ketamine studies.
Specifically, ketamine infusion reduced (1) hyperactivation in the
sgACC (BA25) to positive feedback [121], (2) FC between the
PgACC and dACC [199], and (3) FC between the sgACC and limbic
regions (e.g., hippocampus) [121]. Critically, increased pre-
treatment FC between the sgACC and amygdala predicted non-
response to ketamine [200] and reduced dACC-pgACC FC
correlated with a reduction in suicidal ideation [199].

Interim summary. Imaging studies have clarified that negative
processing bias are accompanied by hyper-activation of various
limbic/paralimbic regions, most prominently the pgACC and sgACC
(as well as the amygdala) (Fig. 6b). Such hyper-responses are
coupled with deficits in recruiting regions critically implicated in
cognitive control and emotional regulation, such as the dIPFC and
dACC, and are also reflected in disrupted coupling between PFC
regions implicated in (1) cognitive control of emotion (dmPFC) and
the amygdala (reduced coupling) and (2) processing negative self-
referential information (vmPFC) and the amygdala (increased
coupling). These findings are important since, among healthy
controls, appraisal of negative vs. positive stimuli elicits stronger
functional coupling between the amygdala and both the dACC and
dIPFC [201]. Additionally, in individuals without MDD, increased top-
down attentional control over emotional stimuli was associated with
dIPFC activation as well as increased connectivity between dIPFC
and dACC. Similarly, in healthy controls, resolution of emotional
conflict has been linked to increased dACC and potentiated
functional connectivity between the dACC and both the dIPFC
and amygdala. Thus, MDD has been associated with multiple PFC
abnormalities that can give rise and maintain negative processing
biases. Critically, many of these abnormalities precede the onset of
MDD, since they are present in never-depressed youth with
increased MDD vulnerability. Finally, treatment studies have
generally shown that successful antidepressant treatment nor-
malizes brain activation in regions implicated in mood-congruent
negative processing biases (sgACC, pgACC, dmPFC) as well as those
implicated in emotion regulation and cognitive control (dIPFC).

Preclinical studies in animals

A somewhat different set of behavioral tests have been used to
study negative biases in animals. In rodents, negative biases in the
context of the PFC have received little attention despite their

SPRINGER NATURE

237



D.A. Pizzagalli and A.C. Roberts

238

presence in chronically stressed animals. However, one study
employing acute restraint stress to induce a negative bias
revealed that the effectiveness of systemic ketamine to reduce
such a bias in the ambiguous cue test was dependent upon the
mPFC [45] and that similar bias reductions followed ketamine
infusions directly into the mPFC (although PLc or ILc were not
distinguished). A greater understanding of the network of PFC
regions contributing to negative biases has emerged from studies
in monkeys employing the approach-avoidance decision-making
task; in particular, altered activity in the PFC of both macaques and
marmosets was found to induce negative biases akin to those
reported in depression (summarized in Fig. 7). Thus, over-
activation of area 25 in marmosets enhanced the avoidance of
punishment [41], alongside the already described blunting of
anticipatory and motivational appetitive arousal and increased
responsivity to uncertain threat and Pavlovian conditioned, certain
threat. This effect was attributed to a likely overall enhancement
of threat reactivity, consistent with increased activation in this
region associated with enhanced negative reactivity in MDD
[157, 183]. In contrast, over-activation of area 32 reduced the bias
away from punishment, whilst area 32 inactivation had no effect,
altogether suggesting that area 32 is engaged and only
contributes to approach-avoidance conflict under particular
contexts. A region bordering area 32 within the pgACC of
macaques [39] has also been implicated in negative bias in
decision making using a task subsequently adapted to assess
negative biases in MDD [42]. In macaques, a cluster of neurons
was identified that displayed activity in the decision period, which
was negatively correlated with the overall value; notably, when
microstimulated, these neurons enhanced the avoidance response
and this effect was ameliorated by the anxiolytic, diazepam.
Indeed, stimulation of the striosomes of the striatum to which this
region projects also induces a negative bias [202] suggesting the
importance of this frontostriatal circuit in the generation of
negative biases. Using an analogous task in rats, a similar pathway
projecting from PLc to the striatal striosomes has been implicated
in approach-avoidance decision making, with its inactivation
increasing approach [203].

Both area 32 and area 24 within pgACC have been implicated in
goal-directed actions. Excitotoxic lesion studies of area 32 in
marmosets [204], similar to lesions of PLc in rodents [205], have
implicated this region in the learning, but not expression of
action-outcome associations in the appetitive domain, particularly
with respect to the contingent relationship between actions and
their outcomes. More recently, area 24 and projection target
region in the caudate nucleus in marmosets have also been
implicated in the detection/expression of changes in action-
outcome contingencies for reward [206]. If these same regions
also process action-outcome information in the punishment
domain as suggested by [39], at least for pgACC, then altered
action-outcome learning and expression could likely play an
important role in modulating one’s actions in response to varying
reward and punishment in an approach-avoidance task, and
hence underlie the reported negative biases. Indeed, it should be
noted that impaired action-outcome learning and expression was
disrupted by chronic stress [93]. We shall see below that it has also
been suggested to contribute to aspects of learned helplessness
[59].

Such hypothesis is unlikely to explain the negative biases that
have also been reported following manipulations in the central
OFC and VvIPFC. Akin to microstimulation in pgACC, microstimula-
tion of the caudal OFC in macaques also induces a negative bias
[202]. Since this region not only has projections into pgACC but
also has marked input onto the striosomes of the striatum, it has
been proposed to form an integrated network involved in
modulating decision making under conflict; nevertheless, its
precise contribution has yet to be determined. Inactivation of
more rostral regions of the central OFC (primarily area 11) and
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VIPFC in marmosets also induce a negative bias in decision making
[38], although likely the result of distinct underlying psychological
mechanisms. Specifically, VvIPFC, like area 25, contributes to
decision making when it is based upon experiencing rewarding
and punishing outcomes at the time of one’s actions, the only
difference being that negative biases are induced by a loss of
activity in VvIPFC but over-activity in area 25. Conversely,
inactivation of area 11 only induces negative biases based on
the memory of those experiences, memories dependent on the
OFC's interaction with the amygdala and anterior hippocampus
[38]. Thus, it has been hypothesized that the negative bias
following OFC inactivation may be due to the loss of the ability to
update the value of expected rewarding and punishing outcomes
[115], likely leading to uncertainty and thus anxiety-induced
negative bias. In contrast, the attentional inflexibility induced by
excitotoxic lesions of vIPFC [207] may lead to persistent attention
to intrinsically salient negative outcomes that, through bottom up
mechanisms, naturally attract our attention, but through a loss of
top down attentional control cause increased negative bias. The
contribution of cognitive dysfunction will be addressed in more
detail below.

LEARNED HELPLESSNESS

Major depressive disorder

Few studies have investigated the neural correlates of learned
helplessness (and the associated construct of controllability) and
despair in MDD. Using an electrophysiological marker hypothe-
sized to reflect a PFC-based evaluation of stressor uncontrollability
(post-imperative negative variation (PINV)), Diener et al. reported
that, relative to controls, unmedicated individuals with MDD had
potentiated frontal PINV during settings in which control over an
aversive outcome was removed and then restored [208].
Additionally, higher levels of perceived helplessness and PINV
magnitude correlated with rumination. Although the precise
cortical sources of these effects are unclear, these data suggest
that individuals with MDD are more susceptible to stressor
uncontrollability, and such experience affects subsequent inter-
action with the environment even when control over the stressor
is re-established. In a study using graph analyses, rsFC strength
within a module involving several PFC regions (e.g., dorsal and
medial superior frontal gyrus; OFC; middle frontal gyrus, anterior
cingulum gyrus) correlated positively with self-reported help-
lessness in MDD [209]. Finally, in a task that manipulated the
perception of control over monetary rewards or losses, unlike
controls, depressed individuals failed to show greater striatal
activation to self-attributed vs. externally attributed monetary
gains [210].

Although not focused on patients, additional studies have
yielded important insights into PFC regions (and corticostriatal
pathways) that might mediate the emergence of despair and
learned helplessness in MDD. First, fitting the notion that being
able to exert control over outcome is beneficial [211], studies in
healthy controls have shown that personally chosen vs. passively
received rewards elicit stronger activation in the striatum (ventral
and dorsal) and PFC (inferior frontal gyrus) [212-215], which is
inversely related to depressive symptoms [212]. Notably, percep-
tion of control increased the reward value of the chosen option by
30% and caudal vmPFC activation was linked to such value
inflation [215]. Second, among healthy controls, subjective (but
not objective) uncontrollability over an aversive outcome reduced
FC between dIPFC and the parahippocampal gyrus (and more
generally, between the frontoparietal executive and salience
networks) and impaired WM performance [216]. Third, probing
individual differences in how perceived controllability might
modulate pain perception, it was found that pgACC activation in
response to noxious stimulation tracked whether uncontrollable
pain was experienced as more aversive than controllable pain
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[217]. Conversely, greater vIPFC activation during the anticipation
of uncontrollable pain correlated with lower pain ratings.

Altogether, these findings point to an important role of PFC
regions in perception of controllability and the impact this has on
the valence of the event, which moderates the depressogenic
effects of stressors [3]. Owing to this evidence, one could expect
that the opposite scenario - increased controllability and
expectancy of a positive outcome - would engage similar PFC-
based networks. Consistent with this conjecture, neuroimaging
studies of placebo analgesia have revealed that dIPFC, vIPFC,
rostral vmPFC (as well as pgACC) and central OFC show the most
consistent placebo-related activation increases in response to
pain. In particular, dIPFC regions appear especially important for
exerting top-downregulation of treatment and placebo expectan-
cies, whereas mPFC regions play a key role in encoding value of
expected outcomes [218, 219]. Further highlighting a central role
of the dIPFC in these processes, transient dIPFC inhibition (via
TMS) reduced placebo analgesia [220].

Preclinical animal studies

In contrast to studies in MDD, purported despair-like behaviors
have been one of the major focuses in depression-related studies
in rodents, although as discussed above, decreases and increases
in active responding on FST and TST more likely reflect,
respectively, shifts in active to passive coping, and vice versa,
rather than being related to chronic despair or learned help-
lessness per se. Findings from studies using either chronic stress
models or healthy animals combined with PFC and OFC
interventions are summarized in detail in Figs. 2 and 3. Very
often, studies in the mPFC have not discriminated between PLc
and ILc, although all have implicated the region as a whole in the
regulation of active and passive coping strategies [221-225].
However, where these regions have been discriminated, regard-
less of the model, PLc tends to promote active coping [226, 227]
whilst ILc appears to have the opposite effect, promoting passive
coping [228]. However, as seen for reward processing (described
above) there appear to be opposing acute and chronic effects
within ILc, with prolonged ILc pyramidal stimulation for 60 min,
mirroring the actions of ketamine to promote active coping on
FST [63]. Conversely, neuronal silencing of IL (and not PL) blocks
the actions of ketamine, 24 h later [63], suggesting that the
delayed actions of ketamine are dependent upon an intact IL at
the time of the ketamine infusion.

Altered performance on FST and TST are also associated with
abnormal activity within the OFC including promotion of passive
coping behavior following inhibition of histone acetylation in
ventrolateral regions [229], activation of the OFC-amygdala
pathway [230] and weekly infusions of a 5-HT2a agonist into
lateral OFC [141]. In contrast, continuous inactivation of OFC for
two weeks using muscimol [231] increased active coping. In the
absence, however, of a greater understanding of the different
interventions on overall activity in the OFC, its precise role,
alongside the PLc and ILc, remains unclear. What is clear, however,
is that in all studies described so far interventions in PLc, ILc and
OFC can all impact on responsivity to acute, uncontrollable stress
as measured by the FST and TST.

The involvement of both ILc and PLc in the regulation of
behavioral responses to stress is also seen in the immunization
effect of learned control over a stressor, arguably more relevant to
our understanding of MDD. This effect of controllability is
dependent upon the mPFC [232], in particular the PLc, since PLc
inactivation during exposure to controllable stress, disrupts
subsequent behavioral immunization effects across a range of
contexts, such that the animal acts as if the stress had been
inescapable or uncontrollable. In contrast, the effects of ILc
inactivation appear more restricted to social behavior [233].
Moreover, only neurons in the PLc (but not ILc) projecting to the
dorsal raphe nucleus show selective activation to escapable stress
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[234] and thus are in a position to inhibit the prolonged release of
serotonin associated with uncontrollability. This contribution of
PLc to controllability fits with its involvement in action-outcome
learning, albeit only reported so far for the appetitive domain
[205]. Together, these findings are consistent with the hypothesis
that PLc actively protects behavior from the deleterious con-
sequences of such stress.

Integrating the MDD and preclinical animal studies, it is apparent
that a number of regions within the mPFC may contribute either
directly in the learning and maintenance of action-outcome
associations that underlie the ability of humans and other animals
to control their environment or indirectly through, for example, the
updating of reward value, as a consequence of the level of
controllability available to them [215]. Regions of area 32 and area
24 appear directly involved whilst medial OFC/vmPFC may be more
related to the valuation process. Different again may be the
contribution of regions within central OFC, with their links to
the updating of predictive stimuli which may be involved in the
mechanisms by which predictive stimuli can influence goal-directed
actions, known as Pavlovian-to-Instrumental transfer [206, 235].
Disruption of any of these mechanisms could distort the perception
of controllability apparent in MDD.

PFC AND EXECUTIVE DYSFUNCTION
Major depressive disorder
The role of PFC abnormalities in executive dysfunction in MDD has
been reviewed [16, 236]. Thus, the following sections provide
updates and a synopsis of the most widely replicated findings.
Studies using various executive tasks (e.g., Stroop, Flanker, N-Back)
have highlighted reduced activation in dACC and dIPFC regions in
experimental settings in which individuals with MDD show impaired
behavioral performance. Interestingly, in studies in which MDD
subjects performed at the same level as controls, MDD has been
linked to potentiated pgACC, dACC and left dIPFC [16, 237, 238] and
PgACC hyperactivation persisted after remission [239]. These
findings point to cortical (PFC) inefficiency in MDD as well as a
reduced ability to deactivate the pgACC (and DMN more generally)
and recruit dIPFC-based cognitive control regions as task demands
increase [16, 240-243] (Fig. 4g, h). Similarly, MDD was associated
with reduced recruitment of the dIPFC [160, 161, 170, 244-246] and
dACC [160, 161, 246] in contexts requiring task-irrelevant negative
cues to be ignored or behavioral adjustments after errors.
Additional evidence that recovery from depression is linked to an
ability to deactivate the pgACC (and DMN) during cognitive tasks
emerges from recent studies. Among medication-free patients with
MDD, greater deactivation of an anteromedial PFC (amPFC) region
encompassing the pgACC and mPFC (BA10) during a WM task
predicted greater symptom reduction with escitalopram (and
greater WM improvements) [247]. Moreover, stronger pre-
treatment dIPFC activation — coupled with weaker dIPFC-amPFC
functional connectivity — predicted depression recovery. Notably, a
reduced ability to deactivate the amPFC along with increased dIPFC-
amPFC functional connectivity during the same WM task character-
ized remitted individuals with past history of MDD. Moreover,
reduced amPFC deactivation was associated with more rumination
[248]. Finally, greater DMN (specifically, dmPFC) deactivation during
an emotional WM task 24 h before ketamine infusion predicted
greater reduction of depressive (especially, cognitive) symptoms in
TRD patients [249]. Together, these findings indicate that the ability
to deactivate key nodes within the DMN (pgACC, dmPFC) during an
executive task is essential for symptom reduction and that reduced
ability to do so might represent a marker of increased MDD
vulnerability and a more ruminative style.

Preclinical animal studies

Cognitive dysfunction has received less attention in depression-
related animal studies although, as described above, response and
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attentional inflexibility [95], spatial WM disruption [96] and
insensitivity of goal-directed actions to action-outcome contin-
gency and outcome value [93] have been induced by chronic
stress exposure. Importantly, cognitive dysfunction is likely to
contribute to the deficits seen in the other domains, including
despair, negative bias and blunted reward processing. We have
already highlighted how attentional inflexibility, dependent upon
vIPFC [207] could lead to difficulty disengaging from threat-
related stimuli and a resulting negative bias in monkeys [9]
including a disruption in approach-avoidance decision making.
Similarly, a failure to detect changes in the contingencies between
one’s actions and their outcome (associated with disrupted
function in both areas 32 and 24 in monkeys [206] and PLc in
rodents [205, 250]) could contribute not only to negative biases in
approach-avoidance decision making but also despair/helpless-
ness [232]. Clearly, disrupted WM, associated with lateral
prefrontal regions may also contribute to impaired decision
making (see Menon and D’Esposito, Shenhav and Collins, this
volume) and certainly dysfunction in these higher-order cognitive
regions have been implicated in cognitive re-appraisal of emotion
[251, 252] although studies have generally shown no or few
differences between MDD and healthy groups in emotion
regulation tasks that provided clear cognitive reappraisal instruc-
tions [253, 254].

Where cognitive dysfunction has been studied in the context of
models of chronic stress it has given us the clearest indication of
the separable contributions of distinct PFC regions to different
behaviors associated with chronic stress. Originally identified in
primates [207], different forms of cognitive inflexibility are
associated with dysfunction within distinct PFC regions. Subse-
quent studies in rats revealed a similar dissociation, whereby the
OFC contributed specifically to lower-order reversal learning of
stimulus-reward associations whilst the mPFC (as opposed to the
VvIPFC in marmosets) contributed selectively to higher-order
attentional set-shifting [255, 256]. Both forms of inflexibility have
been reported following chronic stress but only stress-induced
attentional set-shifting deficits were prevented by localized
infusions of a cocktail of alpha 1, beta 1 and beta 2 adrenergic
receptor agonists into the mPFC before each stress session of the
chronic treatment period [257], whilst stress-induced reversal
learning deficits remain. Conversely, the latter was prevented by
LTD in the mediodorsal thalamo-orbitofrontal pathway [258] and
locally infused ketamine [259]. These differential effects contrast
with those described for despair, blunting of appetitive con-
summatory responses and social interaction, associated with
changes in both mPFC and OFC (see Figs. 2 and 3), thereby
supporting the hypothesis that the behaviors measured by these
tests are multi-determined, dependent upon a variety of functions
including those associated with PLc, ILc and OFC. Negative biases
are also multi-determined contributed to by altered activity in
primate areas 24, 32, OFC and VvIPFC.

CONCLUSIONS, FUTURE DIRECTIONS AND CLINICAL
IMPLICATIONS

A vast literature has strongly implicated PFC dysfunction in MDD,
revealing functional, structural, and systems-level abnormalities
that span many PFC regions. By focusing on intermediate
phenotypes that map onto neurobiological abnormalities more
lawfully than the syndrome-based conceptualizations of “MDD,”
PFC abnormalities in MDD show opposite patterns depending on
the functional domains under investigation. Thus, although
blunted pgACC activation in MDD has emerged from studies
probing reward-related processes (e.g., reward anticipation,
consumption and learning), potentiated pgACC (or a general
inability to deactivate the pgACC) in MDD has been observed in
studies assessing negative processing biases and cognitive
control. Similarly, although the dIPFC has been found to be
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over-activated in reward-related processes (likely to compensate
for hypoactive striatal responses to reward cues), the same region
has shown hypo-activation in affective and cognitive tasks
requiring emotional or stress regulation, cognitive control, and/
or shifting attention to external task demands. Although the
neurobiological mechanisms underlying context-dependent direc-
tion of abnormalities remain to be elucidated, it is likely that
different inputs to PFC regions (e.g., weakened input from reward-
related regions vs. heightened input from threat-related regions)
as well as different neuromodulators (e.g., dopamine vs. serotonin)
are implicated. A clear need for future research will be to evaluate
such context-dependent patterns in the same sample by using
tasks probing different RDoC domains. Collectively, this literature
highlights disrupted frontostriatal, frontolimbic, and cortico-
cortical disruptions in MDD that appear to be critically implicated
in the emergence and maintenance of anhedonic phenotypes,
negative processing biases, and learned helplessness (despair).
These phenotypes are not independent, with reductions in
sensitivity to reward and loss of subjective control over negative
events, for example, likely to induce negative processing biases.
Thus, ultimately the individual variation in MDD may arise from
the interaction between overlapping dysfunctional domains.

Notably, several of these disruptions have emerged also in never-
depressed, symptom-free, first-degree relatives of individuals with
MDD, suggesting that they represent markers of vulnerability.
Specifically, increased vulnerability to depression (as well as MDD)
has been linked to (1) blunted striatal activation and frontostriatal
coupling during reward tasks; (2) dIPFC hypo-activation to negative
cues; (3) hyper-activity in limbic regions implicated in responding to
emotional cues (pgACC, sgACC, amygdala); (4) increased coupling
between PFC regions implicated in processing negative self-
referential information (vmPFC) and the amygdala; and (5) reduced
coupling between PFC regions implicated in cognitive control of
emotion (dmPFC/dACC) and the amygdala. This information is
important because it highlights possible targets for prevention/
intervention, which could involve mindfulness-based psychotherapy
[260], neurofeedback targeting the amygdala or dIPFC [261, 262], or
neurostimulation [263]. An important area of further inquiry will be
to determine the specificity of the presented findings vis-a-vis MDD,
especially since psychiatric comorbidity is the rule in MDD. Although
human neuroimaging studies typically report the degree of
comorbidity, few formally test whether findings are truly specific
to MDD. An important exception is the recent study by Pan and
colleagues [112], who found that resting state functional connectiv-
ity within the brain reward pathway predicted the new onset of
depressive disorder - but not ADHD, anxiety or substance abuse - 3
years later.

In parallel, results from chronic stress models and interventions
in otherwise healthy animals provide causal evidence for the
induction of these intermediate phenotypes of MDD by dysregu-
lation in the PFC, including the OFC and ACC. Whilst the former
have provided limited insight into the marked heterogeneity in
MDD and importantly the marked individual variation in treatment
efficacy, there is some evidence from the latter (e.g., functional
differences between interventions in NHP areas 25, 14, 11 and 12
and differential effects of ketamine on area 25-induced anxiety
and anhedonia-like marmoset behavior). We propose that, in part,
variation in etiology and treatment response may come from
differences in the form that prefrontal dysregulation takes in
individuals e.g., over-activation in sgACC and/or lateral OFC and
under-activation of central OFC and/or dIPFC. These regions do
not only have distinct functions but are also modulated by distinct
neurochemical transmitter systems, acting through distinct
receptor subtypes, associated with distinct cellular and molecular
pathways (see Arnsten and Cools, this volume). Thus, their
differential dysregulation may have a marked impact on inter-
individual differences in sensitivity to pharmacotherapies making
our ability to distinguish between them, essential. New directions
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should include (i) viral-mediated strategies that induce more
chronic changes in selected MDD-related prefrontal circuitry, more
akin to that reported in MDD, e.g., chronic activation of area 25, (ii)
use of e.g., calcium imaging to monitor chronic phenotypes
longitudinally in living brain tissue [264] and where possible
combined with (iii) animal MRI [265] and PET [142, 144] to reveal
whole-brain activity changes related to experimental interventions
and facilitate human-animal comparisons.

Finally, we believe embracing a computational psychiatry
approach - including the use of deep learning and artificial neural
network to diagnose MDD [266, 267] and predict treatment
response [268] - offers unprecedented opportunities, particularly
when coupled with improved experimental design to isolate precise
psychological constructs. Specifically, although many studies point
to, for example, negative processing biases, “traditional” behavioral
or neural variables typically fail to disentangle whether such biases
are due to reduced reward sensitivity vs. increased avoidance, or
both. Computational modeling allows such differentiation, including
regressing the same computational parameters to, for example, fMRI
activation in humans and neuronal recordings in non-human
primates or rodents (e.g., [39, 42, 269]. We argue that, even if tasks
across species are not identical due to practical limitations, showing
that an intervention (e.g, a given pharmacological manipulation)
affects a computational process in similar ways across species
greatly reduces the translational divide (for recent examples, see [29,
270-272]). Eventually, we believe these approaches and those
highlighted in the current review will help reduce the translational
divide and accelerate the development of much-needed novel
treatments for depression.
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