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A theory of the neural
mechanisms underlying
negative cognitive bias in
major depression
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The widely acknowledged cognitive theory of depression, developed by Aaron
Beck, focused on biased information processing that emphasizes the negative
aspects of affective and conceptual information. Current attempts to discover
the neurological mechanism underlying such cognitive and affective bias have
successfully identified various brain regions associated with severally biased
functions such as emotion, attention, rumination, and inhibition control.
However, the neurobiological mechanisms of how individuals in depression
develop this selective processing toward negative is still under question. This
paper introduces a neurological framework centered around the frontal-limbic
circuit, specifically analyzing and synthesizing the activity and functional
connectivity within the amygdala, hippocampus, and medial prefrontal cortex.
Firstly, a possible explanation of how the positive feedback loop contributes to
the persistent hyperactivity of the amygdala in depression at an automatic level is
established. Building upon this, two hypotheses are presented: hypothesis 1
revolves around the bidirectional amygdalohippocampal projection facilitating
the amplification of negative emotions and memories while concurrently
contributing to the impediment of the retrieval of opposing information in the
hippocampus attractor network. Hypothesis 2 highlights the involvement of the
ventromedial prefrontal cortex in the establishment of a negative cognitive
framework through the generalization of conceptual and emotional
information in conjunction with the amygdala and hippocampus. The primary
objective of this study is to improve and complement existing pathological
models of depression, pushing the frontiers of current understanding in
neuroscience of affective disorders, and eventually contributing to successful
recovery from the debilitating affective disorders.
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1 Introduction

Globally, more than 280 million people of all ages suffer from
depression (1). The economic burden of major depressive disorder
(MDD) among US adults mounted to $US326 billion in 2018 (year
2020 values); the share attributable to workplace costs increased
from 48 to 61% (2). Therefore, addressing depression is an urgent
matter that requires collective efforts from both society and the
government. Although the etiology of depression has received
extensive attention and scientific input in recent years, its
pathogenesis remains unclear. This is mainly due to the
complicated nature of the etiology of depression involving
mechanisms of various aspects such as environmental, genetic,
cognitive, and neurological influences (3).

The cognitive theory of depression, first postulated by Aaron
Beck, posits that the vulnerability to depression stems from
negatively biased errors in thinking (4), which may include an
individual’s thoughts, inferences, attitudes, and interpretations, and
the way in which they attend to and recall information. (5). At the
same time, several common depressogenic thinking errors are
presented (6, 7), among which most involve a pattern of
emphasis on the negativity focusing on the self, the environment,
or the future. Some errors included are catastrophizing (making
pessimistic predictions about the future without substantial
evidence), labeling (self-classification in a negative light following
an adverse event), mental filtering (concentration on negative
information while dismissing positive information), and
overgeneralization (assuming that one negative event signifies a
trend of more unfortunate occurrences) (8). These cognitive errors
tend to affect automatic thoughts and biases in attention,
interpretation, and memory (9), and their diminishing
consequences on the information processing system are widely
observed in patients with depression.

In fact, there’s growing evidence that Depression is
characterized by an emphasis on negative information in
information processing (5) and implicated in its etiology and
treatment (10, 11). Clinically, Cognitive biases in depression have
been studied in the context of abnormalities in attention,
interpretation, and memory processes, especially for negative
information, as well as cognitive control impairments (12).
Studies involving individuals experiencing various stages of
depression, including dysphoric states, clinical depression, and
those in remission from depression, have consistently
demonstrated a distinct inclination toward directing attention to
negative information. This bias is notably more pronounced when
compared to nondepressed samples (13). Furthermore, clinical
observations have provided empirical support for the idea that
individuals with depression, as well as those with a history of
depressive episodes, face difficulties in effectively ignoring and
disengaging from emotionally negative stimuli that are evidently
unrelated to the task at hand (14). These findings support the
pervasive impact of cognitive biases on individuals with depression.
The role of memory bias in depression has also been documented.
Depression is closely linked to explicit memory biases, where
individuals experiencing depression tend to exhibit a propensity
to recall more over-general and negative memories while recalling
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fewer specific and positive memories when compared to
nondepressed individuals (15, 16).

Numerous neuroscience studies have provided substantial
evidence of brain damage and neuroplastic changes in depression,
shedding light on their potential contributions to observed
cognitive errors. Dysfunctions in neural circuits involving the
prefrontal cortex, thalamus, temporal cortex, striatum, and limbic
system have been implicated in the symptomatology of depression
(17, 18). Disner and his colleagues, as well as Beck himself, have
provided a comprehensive review of the cognitive deficits and their
corresponding brain regions in depression. The cognitive bias,
including Biased attention, Biased processing of emotional
stimuli, Biased thoughts and rumination, and Biased memory
processes, has been found to involve the brain areas of
ventrolateral prefrontal cortex (VLPFC), dorsolateral prefrontal
cortex (DLPFC), the amygdala, the hippocampus, medial
prefrontal cortex (MPFC), the rostral anterior cingulate cortex
(ACC) activity (19). One noteworthy finding is the volumetric
reduction observed in the hippocampus among patients with
depression (20). Additionally, Ghosal et al. (21) have pinpointed
GABAergic deficits and circuit dysfunction in the prefrontal cortex
as characteristic of this mood disorder. Moreover, an imbalance in
activity within specific regions of the prefrontal cortex has been
observed, characterized by hyperactivity in the ventromedial
prefrontal cortex (vinPFC) and hypoactivity in the dorsolateral
prefrontal cortex (dIPFC) (22). These altered neurocircuits have the
potential to influence the information processing of individuals
with depression, leading to heightened negative recollection,
quicker responses to sad language, and a more pessimistic
interpretation of ambiguous phrases or situations (23).

Nevertheless, while researchers have successfully described
neural mechanisms and their association with depression, they
fall short of elucidating why these mechanisms specifically
contribute to a bias favoring negative processing (19). Despite the
extensive body of research on the neuromechanics of depression,
brain damage, and the cognitive symptoms and deficits in
depression, particularly concerning information processing
patterns related to negative cognition, there is a dearth of studies
that comprehensively bridge these two levels and propose how
neuro mechanisms contribute to cognitive deficits. This absence of
comprehensive integration leaves a gap in understanding how these
mechanisms ultimately lead to information processing patterns that
prioritize negative perceptions.

In response to this gap, this paper introduces a neural model
that underlying the cognitive bias favoring negative information in
depression, predominantly involves interactions within
corticolimbic systems (see Figure 1). The interaction of the
amygdala, hippocampus, and PFC is studied in terms of their
activity level and functional connectivity. We propose that the
excessive activity of the amygdala, potentially driven by
associative learning from negative stimuli, results in an automatic
cognitive bias toward negative information and impairs the capacity
to experience positive emotions. Simultaneously, the hippocampus
reinforces the recollection of mood-congruent memories and
hinders the extraction of positive memories through emotional
activation generated in the amygdala. While the amygdala initiates
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An overview of cognitive dysfunction in depression and its
corresponding brain regions. The abnormal functional connectivity
of the amygdala, hippocampus, and ventral medial prefrontal cortex
(vmPFC) illustrates the mutual influence between emotions,
memory, and higher-level generalization, contributing to a negative
processing system in depression and a significant driver of negative
cognitive bias. Additionally, the integration of vmPFC and dorsal
medial prefrontal cortex (dmPFC) extends this information,
introducing biases not only toward the external world but also
toward oneself. This biased thinking intensifies the reception of
negative information, establishing a closed loop

the stress response through the hypothalamic-pituitary-adrenal
(HPA) axis, it further complicates this relationship, adversely
affecting the pyramidal neurons in the hippocampus, as chronic
stress alters its structure and exacerbates depressive symptoms. The
ventromedial prefrontal cortex (vmPFC) assesses the emotional
stimulus through stimuli-response learning thus potentially
resulting in an exaggeration of negative emotions. Conversely,
when the vmPFC interacts with the hippocampus in inference-
based memory retrieval, it encourages the creation of an extensive
memory framework centered on negativity. This recall and
reinterpret could affect the emotional valance of stored memories,
emphasizing their negative emotional aspects. This can lead
individuals to develop a cognitive bias favoring a negative
perspective of the external world. Over time, this process may
lead to exaggerated negative thoughts and biases in their perception
of the environment and subjective experiences, ultimately

culminating in a pervasive negative cognitive bias.

2 Positive feedback regulation of
amygdalar activation allows excessive
negative emotional responses

Research has shown that individuals’ bias to interpret
ambiguous stimuli negatively tends to operate at an automatic
level (see comments by 9 and 24). The amygdala is thought to be
involved in and primarily responsible for emotional processing,
especially those caused by and associated with fear and threat (25).
Data from studies examining the human amygdala indicate that a
substantial proportion of its neurons exhibit heightened responses
to unpleasant stimuli, in contrast to a relatively limited response to
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pleasant stimuli (26). This suggests that the amygdala plays a pivotal
role in shaping the facets of negative emotion.

The basolateral amygdaloid complex (BLA), a subsection of the
amygdala, has been found to receive input from various sensory
modes in sensory processing areas of the cortex (27-29). Various
sensory inputs, encompassing visual, auditory, and tactile
information originating from external stimuli or internal thoughts
and memories, are integrated within the amygdala (30).
Subsequently, this information is directed toward the central
nucleus of the amygdala (CEA), enabling the amygdala to swiftly
and automatically assess how to respond, often preceding conscious
awareness. Based on this automatic assessment, the amygdala
activates different pathways for emotional responses (31). The
CEA has been described to serve as the amygdala’s interface with
fear-response systems (32). Hyperactivity in the amygdala is a
major pathological factor in depression (33, 34), which may
contribute to the emotional processing that comprises the
cognitive bias favoring negative information. It also plays a role
in the overactivation of fear and anxiety-related circuits, impairing
the ability of other cortex regions to inhibit the fear responses
induced by the amygdala (35). Considering this as a positive
feedback loop: a hyperactive amygdala tends to exert greater
inhibition on the inhibitory functions of other brain regions,
particularly the cortex and hippocampus. This reciprocal loss of
inhibition contributes to heightened amygdalar activation. The
amygdala persists in an excited state, lacking an effective
mechanism for termination. Consequently, individuals with
depression may find it challenging to experience positive
emotions or inhibit negative emotional responses when due to
these neural dynamics.

Heightened amygdala activity in individuals with depression may
lead to increased associative learning in response to negative stimuli
that would strengthen the association between these stimuli and
negative emotions (36). Many hypotheses suggest that this associative
learning in the amygdala is facilitated through the mechanism of
Long-Term Potentiation (LTP) (37-39). Within the amygdala, this
potentiation primarily occurs at synapses responsible for transmitting
information related to threatening stimuli. Through LTP, the
amygdala establishes a robust link between sensory cues associated
with a threat and the ensuing emotional and physiological responses,
such as fear and stress. Furthermore, drawing from Pavlov’s
principles of learning, it is worth noting that LTP can be induced
in initially “weak” synaptic pathways if the activity in these pathways
is paired with activity in a pre-existing “strong” pathway (32). In
terms of cognitive bias, this suggests that when individuals encounter
unfamiliar stimuli that elicit negative emotions, the associative
learning-induced plasticity may trigger the strengthening of
previously enhanced pathways, promoting learned association with
negative emotions in the new stimuli. This process can consequently
result in generalized negative emotions in response to ambiguous
stimuli. The prolonged hyperactivity of the amygdala in depression is
sustained due to the absence of external inhibition from other brain
regions, coupled with internal long-term potentiation (LTP)
promotion. The hyperactivity of the amygdala forms a robust basis
for the subsequent hypotheses in this paper.
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3 Hypothesis 1: bidirectional
amygdalohippocampal projection
activate negative emotion-
memory Loop

In brain imaging of patients with depression, both the amygdala
(40-43) hyperactivity and hippocampal dysfunction (44-46) was
discovered and confirmed by a large number of studies. The
anatomical structure of the hippocampus comprises three main
components, including the Dentate Gyrus, the subdivision CA1-
CA4, And the striatum which is responsible for the output of
hippocampal information (47). In processing information, the
hippocampus draws mainly from the entorhinal cortex, mossy
fibers originating from the dentate gyrus (DG) provide sparse and
powerful excitatory connections to CA3 PCs (48). These
connections are proposed to assist in the encoding of new
patterns of activity (representing new memories) in CA3 through
pattern separation (49). The CA3 region of the hippocampus has
been ascribed a pivotal role both in forming associations during
encoding and in reconstructing a memory representation based on
partial cues during retrieval (50). This is thought to require plastic
changes in the strength of specific synaptic contacts (51).

The negative emotion from the amygdala can extend its
influence through interaction with various regions of the brain.
This extensive connectivity of the amygdala to other brain regions
impacts many cognitive functions (52). Notably, the activation of
the amygdala, particularly the basolateral amygdala (BLA), has been
shown to exert a modulating effect on plasticity in the hippocampus
(53), especially involving the consolidation of memories of
emotionally arousing experiences (54, 55). On the neuronal level,
BLA achieves this by the establishment of monosynaptic and
glutamatergic circuits to the ventral CAl in the hippocampus
(56). Research has found that such projections, given high
contingency, would be able to Trigger heterosynaptic LTP at
Hippocampus-To-Accumbens Synapses, which allows increased
reinforcement of emotionally charged episodic memory (57). In
addition, the stimulation of the basolateral amygdala (BLA) has
been observed to induce long-term potentiation (LTP) in the
dentate gyrus (DG) (58), which can lead to memory enhancement
due to emotional enhancement (59). In depressed individuals,
however, as discussed earlier regarding the excessive activity of
the amygdala in depression and its emphasis on negative
information, it can be predicted that the amygdala will be able to
send contingent negative emotion-related projections into the
hippocampus. This LTP induced by such projections in the
hippocampus may be a factor in the biased memory for negative
stimuli observed in depression.

On the other hand, impaired activity in the DG/CA3, as well as
in the lateral CAl, was found to be associated with depressive
symptoms, even at a subclinical level (60). In the context of
depression, the connection between the amygdala and the
paraventricular hypothalamus, whether through direct or indirect
pathways, triggers the release of adrenocorticotropic hormone
(ACTH) from the pituitary gland (61). ACTH subsequently
circulates to the adrenal glands situated atop the kidneys,
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prompting the adrenal cortex to release glucocorticoids (CORT).
CORT’s impact on the hippocampus is multifaceted. In mildly
stressful situations, low or moderate levels of circulating CORT
enhance explicit memory formation by acting on the hippocampus,
a phenomenon referred to as the hippocampal negative feedback
loop (62). However, elevated levels of circulating CORT, typically
associated with chronic stress, can disrupt the physiological
functioning of the hippocampus, resulting in the dysregulation of
its glucocorticoid system (63). This surge in glucocorticoids can
harm the glucocorticoid receptors (GR) within the hippocampus
and have downstream effects on NMDA receptors (64), ultimately
leading to the dysregulation of the hypothalamic-pituitary-adrenal
(HPA) axis (65). This dysregulation is often associated with early-
stage reversible dendritic remodeling in pyramidal granule neurons
within the CA1 and CA3 regions, along with parallel reversible
changes in synaptic terminal structures. Simultaneously, the loss of
pyramidal neuronal dendrites in both the CA3 and CA1 regions has
been observed in patients with major depressive disorder
(MDD) (63).

The hippocampus region CA1-CA4 has been described to have
to property of an attractor network (66). This “attraction” of
network activity to a stored pattern provides a useful form of
associative memory (67). This property is mainly due to The
extensive excitatory interconnections between CA3 pyramidal
cells, in which associative memories are stored and recalled
through pattern completion (68, 69). pyramidal dendrites enable
the occurrence of distinct activity patterns (multistability) that have
been associated with different items stored in memory (70) Any of
these patterns can be activated by a partial input since the recurrent
connections amplify and thereby complete the initial activation
pattern (71). Due to the crucial role pyramidal cells play in
establishing and maintaining connections within the hippocampal
attractor network, their loss is likely to disrupt the hippocampus’s
ability to simultaneously activate distinct patterns of activity within
the attractor network. This disruption could then result in a
reduction in the associativity and comprehensiveness of
memories, leading to memory fragmentation and difficulties in
fully retrieving and integrating memories. Furthermore, the
impairment of the brain’s capacity to recognize patterns and
associations can hinder the ability to relate different pieces of
information and experiences, ultimately diminishing cognitive
flexibility. In essence, this disruption in the hippocampal network
can result in difficulties in memory processing, memory integration,
and cognitive adaptability.

Yet it’s crucial to recognize that the reduction in pyramidal cells
may not follow a linear pattern. In a 21-day induced depression
experiment on an animal model, dynamic alterations in CA1-3
pyramidal cells were observed. Specifically, on day 14 (metaphase),
certain depression-like behaviors manifested, concomitant with the
inhibition of basal synaptic transmission and an enhancement of
Long-Term Potentiation (LTP) at CA3-CAl synapses. However,
when assessed on day 21, a different pattern emerged. LTP
induction was impaired, and the basal synaptic transmission at
hippocampal CA3-CA1 synapses was diminished. This was
accompanied by a reduction in dendritic spines among CA1l and
CA3 pyramidal neurons. Furthermore, there was a simultaneous
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decrease in the levels of brain-derived neurotrophic factor (BDNF)
within the hippocampus (72).

Based on these findings, it is plausible to suggest that during the
early stages of depression, the hippocampus undergoes an initial
phase of heightened connectivity among pyramidal cells (see
Figure 2B). In this phase, memories associated with negative
emotions become consistently activated in the hippocampus,
primarily driven by the substantial influx of negative emotional
input from the amygdala, which strengthens the neural connections
between sensory information related to threats and the ensuing
emotional and physiological responses. Consequently, the
hippocampus adapts to this heightened arousal of negative
emotions by establishing additional synaptic connections, thus
providing an explanation for the observed enhancement of Long-
Term Potentiation (LTP) at CA3-CAl synapses. During this early
stage, the hippocampus appears to be in the process of learning to
adapt to the dominance of negative emotions in memory activation.
It achieves this adaptation by increasing the synaptic weight
associated with negative memory arousal through LTP
mechanisms. On the cognitive level, this aligns with the concept
of mood-congruent memory, wherein memories with a negative
emotional charge are more frequently recalled in a negative
emotional context (73). This heightened recall of negative
memories can lead to the long-term reinforcement of negative
emotion-related memories and, therefore, contribute to the initial
development of a cognitive bias schema in depression (74).
Simultaneously, the continuous stimulation of the amygdala
causes ongoing damage to the hippocampus during its
hyperactivity phase by overactivating the HPA axis (75). This
persistent stimulation ultimately results in a decline in pyramidal
neurons due to a deficiency in neurotrophic factors over the long
term (76). As we previously discussed, the decline in pyramidal
neurons not only leads to difficulties in forming new memories but
also severely impairs hippocampal connectivity, significantly
compromising overall hippocampal function (see Figure 2C).

Due to the increased synaptic weight of previous negative
memory arousal, coupled with the difficulty in establishing new
synaptic connections due to the decline of pyramidal neurons, the
increasing arousal of negative emotions in the hippocampus, as well
as the difficulty in non-negative emotion arousal. Through the
direct projection, the amygdala will induce LTP primarily
associated with negative emotional content. Such effect from the
amygdala may prevent the possibility of other positive/neutral
memories entering the negative emotion-memory cycle, whereas a
person may have difficulty forming positive memories and related
memory cues due to difficulty retrieving memories associated with
positive emotions (77). This in turn creates a closed loop of storage
and retrieval for repressing positive emotions. These two effects,
combined, may cause individuals to fall into negative emotion-
memory cycles more frequently. Negative emotions reinforce
negative emotional memories while suppressing memories and
experiences of positive emotions. This leads to more negative
emotions, creating a vicious cycle.

Reversely, Projections from the hippocampal formation to the
amygdala have been shown to have a potential influence on
contextual learning in amygdala. (78, 79). Ventral CA1 (vCAl)
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hippocampal neurons encode and convey contextual
representations through monosynaptic projections to the
amygdala. The contextual information is then integrated with
aversive signals in the amygdala for fear memory formation.
Strengthening of the hippocampal-amygdala pathway as a
consequence of learning can facilitate the activation of the
amygdala, resulting in conditioned fear responses to the threat-
predictive context during the recall of contextual fear memory6 he
projection from the ventral hippocampus to the prefrontal cortex
and then to the amygdaloid basal nuclei has been found to be active
during fear renewal. Simultaneously, the disconnection of the
ventral hippocampus from the basal nuclei impairs fear memory
renewal (78).

In our hypothesis, the hippocampus, by providing various
contextual cues to the amygdala (through activation of different
sensory cortices), can activate the reexperience or replay of events
(80). Considering the enhanced processing of negative information
mentioned earlier, the hippocampus can provide the amygdala with
numerous cues related to negative memories. Due to this
interaction, the amygdala provides affective stimuli to the
hippocampus to assist in the encoding and retrieval of negatively
charged memories. During retrieval, the hippocampus activates
synapses established in the past, once again stimulating the
amygdala to respond to negative emotions. This response may
potentially activate the HPA axis, damaging the dendritic network
of the hippocampus and making the retrieval of other neutral or
positively charged memories more challenging. In this way, the
cyclic interaction between the hippocampus and the amygdala
continuously rehearses and enhances the same negative
information, memories, and emotions, making it difficult for
individuals to escape this cognitive trap of negativity (see Figure 2
for a summary).

4 Hypothesis 2: vmPFC generalizes
information from amygdala and
hippocampus in higher-level
negativity cognitive processing

While the automatic level of information processing plays a
crucial role in depression, it’s important to recognize that cortical
control of these automatic processing systems can also exert a
significant influence (81, 82). This cortical management serves to
monitor and adjust the output of heuristic processing, including the
default mode (83, 84).

In the context of depression, a common symptom involves a
deficiency in cortical control over the limbic system, particularly in
emotional regulation. Such deficiencies may stem from the
omission or improper weighting of pertinent information and the
interference of irrelevant information, leading to decision-making
errors or biases (85, 86), and are primarily served by the prefrontal
cortex (87).

Hyperactivity of the ventromedial prefrontal cortex (vmPFC)
has been consistently observed in patients with depression (22, 88—
90). The precise function of the vmPFC has been the subject of
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(A) The overall bidirectional interaction of Amygdala and Hippocampus. The hyperactivity of the amygdala prevents suppression in itself from the
cortex and hippocampus. Through projections, the amygdala induces long-term potentiation (LTP) in the hippocampus's Dentate gyrus (DG), CAL,
and CA3. Concurrently, it adversely affects the hippocampus, particularly pyramidal neurons, by excessively activating the hypothalamic-pituitary-
adrenal (HPA) axis. The DG utilizes a pattern association code to encode memories, transmitting this code to CA3, thereby facilitating memory
consolidation. Ultimately, the hippocampus provides contextual cues to the amygdala, fostering contextual learning and exacerbating the amygdala’s
hyperactivity. (B) The hippocampus attractor network in the early stage of depression. Due to the hyperactive amygdala enhancing the LTP in both
DG and CA1/3 regions, the pyramidal neurons would increase in arborization and form more connections. According to the mood-congruent
memory theory, the synapse that's enhanced/formed would be closely related to negatively charged emotions that are pervasive in the amygdala.
(C) The hippocampus attractor network in the long-term depression. The pyramidal neurons dendrites under the impairing effects from hyper-
activated amygdala projections. Such loss of dendrites would lead to the dysfunction of memory retrieval, especially the hardship of memories
involving happy or positively charged emotions since unlike the negatively-charged memories, they aren’t enhanced in the first place. (Created with

BioRender.com).

ongoing debate, with two main hypotheses currently accepted. The
first hypothesis suggests that the vmPFC plays a role in emotion
regulation by inhibiting the activity of the amygdala (91, 92). The
second hypothesis proposes that the vmPFC is involved in
generalizing emotional responses and guiding decision-making
processes (93). Interestingly, there is evidence supporting both
seemingly conflicting hypotheses. In this paper, we favor the
second hypothesis for several compelling reasons. First and
foremost, a significant body of fMRI studies has consistently
reported hyperactivity in both the ventromedial prefrontal cortex
(vmPFC) and the amygdala among patients with depression. If the
vmPFC were primarily responsible for inhibiting amygdala
function, these concurrent hyperactivities would present a
paradoxical scenario. Second, the existing evidence supporting the
inhibitory role of the vmPFC on amygdala activity predominantly
stems from studies involving healthy individuals (94, 95). Notably,
no studies have successfully demonstrated this inhibitory effect of
the vmPFC on amygdala activity in patients with depression. This
suggests the possibility that in the brains of individuals with
depression, the vmPFC may lack the capacity for effective
inhibition. Taken together, these reasons lead us to favor the
hypothesis that the vmPFC’s primary function in depression lies
in the generalization of emotional responses and the guidance of
decision-making processes, rather than in inhibitory control over
the amygdala.

Considerable data from various studies point to the
ventromedial prefrontal cortex (vinPFC) playing a role in
encoding information related to reinforcement outcomes (96-98).
Functional imaging data further reveal that resting activity in the
vmPFC is correlated with the subjective experience of negative affect
(99). This implies that the vmPFC may have a significant role in
generating emotional responses. One possible explanation for the
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vmPFC’s involvement in generating emotional responses lies in its
dense connections to the basolateral and central nuclei of the
amygdala, as well as to visceromotor structures such as the
hypothalamus and periaqueductal gray (100, 101). Additionally,
studies have shown that damage to the vmPFC reduces the expected
strengthening activity of the basolateral amygdala, providing
further support for this hypothesis (102).

VmPFC plays a pivotal role in guiding higher-order
reinforcement learning by integrating and interpreting emotional
information, which subsequently informs decision-making
processes (98, 103, 104). vmPFC appears to receive reinforcement
expectation information in stimulus-reinforcement-based learning
and thus may be responsible for encoding reinforcement outcome
information (96, 98, 105). Indeed, some studies even suggest that
the vmPFC serves as a representation of value information. In a
state-based model, the vmPFC is postulated to be involved in the
initial encoding and establishment of an abstract-state space,
essentially serving as a benchmark for value judgment. Standard
reinforcement learning (RL) mechanisms are then employed to
learn and adapt the values associated with these abstract states
within the model (106, 107). Consequently, the vmPFC is likely to
contribute to the enhanced and biased representation of the world
following the integration of emotional information from the
hyperactive amygdala. This heightened amygdala activation can
lead to biased cognitive judgments of the individual regarding the
external environment, leveraging extensive associative learning of
negative emotions and enhancement processes in the amygdala.

Meanwhile, the role of the ventromedial prefrontal cortex
(vmPFC) in memory generalization should not be overlooked. In
the context of episodic memory, it has been demonstrated that
generalized memory representations can arise from the integration
of information across multiple events, a process mediated by
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interactions between the vmPFC and the hippocampus (108). This
process of memory generalization holds significance as it may
underpin the formation of certain cognitive judgments.
Importantly, the interplay between the hippocampus and vmPFC
may have significant implications for the valence of the stored
memory, particularly in the context of concept learning and
generalization. This role of the vmPFC aligns with findings from
studies on episodic memory, demonstrating that the vmPFC supports
the integration of current experiences with prior knowledge (109,
110). This promotes the retention of pattern-consistent information
(111) and facilitates new relational inferences across overlapping
events (109, 112). Therefore, the way the memory is retrieved may
bias the nature of concept representations formed during learning
and accessed during generalization (108).

Consequently, an individual with hyperactive ventromedial
prefrontal cortex (vmPFC), amygdala, and hippocampus may
perceive the external environment as fearful, dangerous, and
unwelcoming. This perception arises through a sequence of
processes. First, the amygdala is more prone to stimulation,
responding with heightened negative arousal. Subsequently, the
vmPFC integrates and further assesses this emotional response,
potentially leading to an overgeneralization of the negative emotional
reaction. On one hand, the hippocampus is more inclined to process
memories associated with negative emotions, primarily due to the
amygdala’s influence. On the other hand, it is likely that when the
vmPFC interacts with the hippocampus, it fosters the creation of
generalized memory representations predominantly centered around
negative emotions. Consequently, individuals may develop a cognitive
bias that leans toward the external world being characterized by
negativity. Through this retrieval and processing of memory,
individuals may redefine the emotional valence of their memories,
accentuating their negative emotion-related attributes. Over time, this
can lead to exaggerated negative thoughts and biased perception of the
environment and subjective experience fostering a pervasive negative
cognitive bias, leading individuals to perceive the external environment
as fearful and terrifying.

Simultaneously, the interplay between the hippocampus,
vmPFC, and dmPFC likely contributes to the development of
negative self-orientation in individuals with depression, a concept
introduced by Beck in 1976. Both the vmPFC and dmPFC are
interconnected brain regions known to play roles in self-awareness
and self-reflection (113). Previous lesion studies have associated
damage to the vmPFC with a loss of self-insight (114). Furthermore,
such damage has been linked to a marked reduction in certain types
of negative affect, particularly emotions like shame, guilt,
embarrassment, and regret (115). Notably, these emotions all
involve an element of self-awareness or self-reflection.

The dmPFC is active during tasks that require individuals to
contemplate themselves, their characteristics, and their preferences
(116, 117). This self-referential processing is fundamental for
fostering self-awareness and self-reflection. While the vmPFC
contributes to the emotional awareness of self, the dmPFC
processes self-relevant information (118). The collaboration
between these regions aids individuals in making sense of their
emotional reactions within the context of their beliefs, values, and
past experiences.
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In individuals with depression, there is evidence of hyperactivity
in both the ventromedial prefrontal cortex (vmPFC) and
dorsomedial prefrontal cortex (dmPFC) (119). This heightened
activity contributes to the engagement of self-related information-
processing mechanisms. Building upon the earlier analysis of the
model, it can be anticipated that the self-related information
processed in this state will predominantly manifest as negative.
The emergence and activation of this negative self-evaluation have a
profound impact on the individual’s self-perception. For instance,
in Beck’s cognitive model of depression, a negative self-view
constitutes a significant component of cognitive impairment in
depression. It consistently influences the patient’s negative
perspective not only of themselves but also of the external
environment and their future. (see Figure 3 for a summary).

5 Discussion

This paper offers a plausible account for why individuals with
Major Depressive Disorder (MDD) often display a tendency to
respond to and interpret ambiguous stimuli negatively, which is
coined as cognitive bias toward negative (see Figure 3 for an
overview). Two key hypotheses are presented aimed at explaining
the role of various brain structures in shaping cognitive biases
toward negative information and emotions in depression. Our first
proposal emphasizes the significant role of the amygdala in emotion
regulation and highlights how associative learning from negative
stimuli in the amygdala can lead to an automatic cognitive bias

Value Learning/Judgment

Hypothesis 2
dmPFC

T Self-referential Schema

Higher-order Learning Concept Generalization

Emotion Generalization
Enhancement

Contextual Learning

Amygdala -

Hippocampus

Association Learning
HPA-axis Activation

Attractor
| Network

Selective LTP
Direct Projection

Hypothesis 1

FIGURE 3

Hypothesis 2 and Theory Overview. Expanding on hypothesis 1
regarding the amygdala and hippocampus interaction, the ventral
medial prefrontal cortex (vmPFC) plays a crucial role in generalizing
emotional and memory/knowledge information into a broader
context. The vmPFC achieves this by evaluating the world through a
potential reinforcement learning mechanism. It engages in emotion
and concept generalization, constructing a cognitive framework or
schema focused on negativity due to its amplification of negative
emotions and memories. Additionally, it performs higher-order
learning of amygdala information, enhancing amygdala sensitivity.
Finally, the information from vmPFC and dorsal medial PFC
(dmPFC), which responds to self-referential information and
schema, is integrated, expanding the negative cognitive framework
into the realm of self-concept.
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favoring negative information. We have put forth a hypothesis
suggesting that the hippocampal attractor network exhibits a bias
toward memories associated with negative emotions, influenced by
the dual impact of amygdala activation. To further substantiate this
hypothesis, it is imperative to gather neuroanatomical evidence that
elucidates the functional connectivity between the amygdala and the
hippocampus. Additionally, research should focus on
understanding the potential shrinkage of pyramidal dendrites in
this context, as it may be linked to a diminished capability for
parallel processing and the concurrent activation of distinct
memories. These investigations would provide essential insights
into the mechanisms underpinning cognitive biases toward negative
information and emotions. The second hypothesis posits that the
ventromedial prefrontal cortex (vmPFC) shapes an extensive
cognitive framework with a negative bias through concept
generalization, primarily in interaction with the amygdala
and hippocampus.

Numerous depression models that focus on specific brain
regions have been proposed (for summary, see Table 1). The
Amygdala Hyperactivity Hypothesis suggests that amygdala
overactivity in depression may lead to mood dysfunction and
heightened sensitivity to negative stimuli (120-123).
Simultaneously, the Prefrontal Cortex Dysfunction Hypothesis

TABLE 1 Summary of current hypotheses and theories of depression.

10.3389/fpsyt.2024.1348474

highlights that prefrontal cortex dysfunction in depression can
result in challenges regulating negative emotions, perceiving
reward and punishment, cognitive control, and decision-making
in general (128-130). The Hippocampal Volume Reduction
Hypothesis, supported by extensive research, posits that reduced
hippocampal volume observed in depression could impact accurate
memory recall (124-127). More recent theories, such as the Default
Mode Network Dysregulation Hypothesis, emphasize the DMN’s
association with self-referential thinking and mind-wandering (131,
132). Despite successful attempts to comprehensively explain
cognitive biases in depression, a more global and functionally
oriented approach to elucidate the selective formation of
negativity bias remains elusive (see 19). This paper critically
integrates the content of the aforementioned theoretical models,
identifying dysfunctions in the amygdala, hippocampus, and PFC,
and providing an in-depth explanation of their bidirectional
relationship with negative cognitive bias. More importantly, it
seeks to connect how unbalanced or dysfunctional functional
links between various brain regions manifest in the formation of
depressive negativity bias in thinking or behavioral patterns. By
combining multi-layered analyses from structure to function to
behavior, the paper aims to explain the development of negative
cognitive schemas in depression.

Hypothesis = Key Points Brain Regions Depression Supporting  Limitations
Explained Studies
Amygdala Larger right medial subnuclei volumes in Amygdala Mood dysfunction, 120-123 Consider solely single
Hyperactivity MDD, increased right volume ratios. heightened sensitivity to brain region cannot
Hypothesis Amygdala linked to emotional states, negative stimuli account for comlex
stress, and HPA axis activation and multifaceted
symptoms
in depression
Hippocampus Reduced hippocampal volume in Hippocampus, Impaired memory 124-127 Consider solely single
Hypothesis depression, complex relationship with entorhinal cortex retrieval and brain region cannot
various factors memory inhibition account for comlex
and multifaceted
symptoms
in depression
Prefrontal Dysfunction in prefrontal cortex in ventral medial prefrontal Difficulties in regulating 128-130 explain only the
Cortex depression, affecting emotion regulation, cortex, dorsalateral negative emotions, cognitve aspecrs of
Dysfunction decision-making;Deficits in inhibition prefrontal cortex, perceiving reward and depression symptoms;
Hypothesis affecting emotion regulation, hindering ventralateral punishment, cognitive cannot account for
recovery from negative affect prefrontal cortex control, decision-making affective aspects
Default Mode Dysregulation in the Default Mode DMN(medial prefrontal Association with self- 131, 132 No global explanation
Network Network, associated with self- cortex, posterior cingulate referential thinking, for negativity
Dysregulation referential thinking cortex, and the inferior mind-wandering bias formation
Hypothesis parietal lobule)
Emotional Biased processing of emotional material, Limbic system, Dorsolateral = Biased processing of 19 Few studies on
Material difficulties disengaging from prefrontal cortex, emotional material, emotion-regulation
Processing negative material Ventromedial prefrontal difficulties disengaging strategies in depression
Bias Hypothesis cortex, Anterior cingulate from negative material
cortex, Medial
frontal cortex
Current theory Bidirectional relationships between Amygdala, hippocampus, Cognitive bias toward N/A Assumes
(this paper) amygdala, hippocampus, and PFC ventromedial PFC (vmPFC)  negative information interconnected role of
contribute to cognitive bias. and emotions multiple regions, may
require
empirical validation.
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Notably, the two hypotheses proposed can stand alone since
they are functionally independent. Hypothesis one posits
bidirectional projections between the hippocampus and amygdala,
which operate independently of any involvement of the vmPFC.
Hypothesis two proposes that the vmPFC retrieves information
from both the hippocampus and amygdala to facilitate emotional
and conceptual generalization. Although the validation of
hypothesis one may enhance this process by providing consistent
emotional and memory input, facilitating the vmPFC’making value
judgments and evaluating the external environment, it is not
necessary for hypothesis 2 to be true. Even if the projections
between the amygdala and hippocampus do not specifically
reinforce or synchronize negative emotions and memory, the
vmPFC can still generalize emotional responses from
the amygdala and extract memory representations from the
hippocampus for conceptual generalization. These processes are
distinct from the proposed functional/neurological connections
between the hippocampus and amygdala in hypothesis 1. To
validate the proposed hypotheses, further studies should explore
the relationship between the vmPFC and the amygdala to ascertain
whether generalization of learning and emotions occurs.
Additionally, it is crucial to investigate whether the roles of the
vmPFC and the hippocampus in concept generalization directly
impact the cognitive processes of individuals with depression,
potentially resulting in distinct definitions of negativity compared
to individuals without this condition. These studies would
significantly contribute to our understanding of how brain
structures interact to create cognitive biases in depression. On the
other hand, if our assumptions are not empirically validated or are
even proven false, it opens up a new perspective on cognitive biases
in depression. As this paper primarily explores the connections
between the cortisol-limbic system, counterevidence might
demonstrate that cognitive functional issues in depression do not
lie in these more foundational emotional and emotion control
cortices. Instead, they may involve higher-order cortical
processing beyond our current understanding.

The limitation of this model lies in its exclusive focus on certain
brain areas and the omission of other regions responsible for
information processing and control, such as the Anterior Cingulate
Cortex (ACC), Nucleus Accumbens, Middle Temporal Gyrus, and
others (19, 130). While there is no direct evidence suggesting their
involvement in negativity bias, future research should explore and
investigate the potential direct or indirect contributions of these brain
regions to the processing of negativity bias. This exploration would
contribute to a more comprehensive understanding of the neural
mechanisms underlying negativity bias. Furthermore, it’s crucial to
acknowledge that no universally accepted explanation for depression
currently exists (133). This paper takes an approach to analyze
neuropathology related to depression within the context of cognitive
theory, but it may not offer a comprehensive account of the full
psychopathology of depression. Since physiological differences vary
among depressed patients, the proposed model may not be applicable
to all individuals suffering from depression. It’s important to recognize
the diversity of depressive experiences and consider multiple
perspectives in the ongoing study of depression. The intricate
interplays between neurobiological and cognitive factors provide a
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framework for understanding depression symptoms and cognitive
biases, shedding light on the significant interactions among the
amygdala, the hippocampus, vmPFC, and depression. Future
research should focus on examining the exact nature of cognitive
bias in depression and its relation to other cognitive processes. Studies
should examine whether this cognitive bias involving the dysregulation
of brain areas in the frontal-limbic system is primarily related to the
maintenance of depressive episodes or increased risk for first onset and
recurrence of episodes. One possible explanation for the episodic/
recurrent nature of depression, given the content of this theory, is the
increased vulnerability of depression coupled with the onset of an acute
stress-predicting event. In the mid to late stages of depression, the
attractor network may become impaired due to the sparsity of
dendrites in pyramidal neurons, laying the groundwork for
depression recurrence. Simultaneously, because the ventral medial
prefrontal cortex (vmPFC) continuously adjusts its judgments of the
world and values based on the hippocampus and amygdala (while the
dorsal medial prefrontal cortex (dmPFC) adjusts cognitive perceptions
of oneself), unless intervened, an individual’s perception of external and
internal stimuli tends to become more negative. Therefore, each
depressive episode increases the risk of later depression. This
explains the Kindling effect in depression (134). Finally, investigating
the neural and genetic factors related to cognitive dysfunction in
depression can provide a more comprehensive understanding of
the disorder.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Author contributions

YJ: Writing - original draft, Writing — review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

Thanks to Mr. Paul Mckee from ReviewZero for the many
changes suggested. Thanks to Dezhi Luo for revising manuscript.

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fpsyt.2024.1348474
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Jiang

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. GBD Results. Institute for Health Metrics and Evaluation . Available online at:
https://vizhub.healthdata.org/gbd-results/.

2. Greenberg PE, Fournier AA, Sisitsky T, Simes M, Berman R, Koenigsberg SH,
et al. The economic burden of adults with major depressive disorder in the United
States, (2010 and 2018). PharmacoEconomics. (2021) 39:653-65. doi: 10.1007/s40273-
021-01019-4

3. Otte C, Gold SM, Penninx BW, Pariante CM, Etkin A, Fava M, et al. Major
depressive disorder. Nat Rev Dis Primers. (2016) 2. doi: 10.1038/nrdp.2016.65

4. Dozois DJ, Beck AT. Cognitive schemas, beliefs and assumptions. Risk Fact
Depression. (2008) 1:119-43. doi: 10.1016/b978-0-08-045078-0.00006-x

5. Gotlib IH, Joormann J. Cognition and depression: current status and future
directions. Annu Rev Clin Psychol. (2010) 6:285-312. doi: 10.1146/
annurev.clinpsy.121208.131305

6. Beck AT, Rush AJ, Shaw BF, Emery G. Cognitive therapy of depression. New York:
Guilford Press (1979).

7. Burns DD. Feeling good: the new mood therapy. rev. and updated. New York:
Avon Books (1999).

8. Rnic K, Dozois DJA, Martin RA. Cognitive distortions, humor styles, and
depression. Europe’s | Psychol. (2016) 12:348-62. doi: 10.5964/¢jop.v12i3.1118

9. Mathews A, MacLeod C. Cognitive vulnerability to emotional disorders. Annu
Rev Clin Psychol. (2005) 1:167-95. doi: 10.1146/annurev.clinpsy.1.102803.143916

10. Roiser JP, Elliott R, Sahakian BJ. Cognitive mechanisms of treatment in
depression. Neuropsychopharmacology. (2011) 37:117-36. doi: 10.1038/npp.2011.183

11. Beck AT. The evolution of the cognitive model of depression and its
neurobiological correlates. Am ] Psychiatry. (2008) 165:969-77. doi: 10.1176/
appi.ajp.2008.08050721

12. Everaert ], Koster EH, Derakshan N. The combined cognitive bias hypothesis in
depression. Clin Psychol Rev. (2012) 32:413-24. doi: 10.1016/j.cpr.2012.04.003

13. Peckham AD, McHugh RK, Otto MW. A meta-analysis of the magnitude of
biased attention in depression. Depression Anxiety. (2010) 27:1135-42. doi: 10.1002/
da.20755

14. Joormann J. Attentional bias in dysphoria: The role of inhibitory processes. Cogn
Emotion. (2004) 18:125-47. doi: 10.1080/02699930244000480

15. Matt GE, Vazquez C, Campbell W. Mood-congruent recall of affectively toned
stimuli: A meta-analytic review. Clin Psychol Rev. (1992) 12:227-55. doi: 10.1016/0272-
7358(92)90116-p

16. Williams JMG, Barnhofer T, Crane C, Herman D, Raes F, Watkins E, et al.
Autobiographical memory specificity and emotional disorder. psychol Bull. (2007)
133:122-48. doi: 10.1037/0033-2909.133.1.122

17. Fitzgerald PB, Laird AR, Maller J, Daskalakis Z]. A meta-analytic study of
changes in brain activation in depression. Hum Brain Mapp. (2008) 29:683-95.
doi: 10.1002/hbm.20426

18. Price JL, Drevets WC. Neurocircuitry of mood disorders.
Neuropsychopharmacology. (2009) 35:192-216. doi: 10.1038/npp.2009.104

19. Disner SG, Beevers CG, Haigh EAP, Beck AT. Neural mechanisms of the
cognitive model of depression. Nat Rev Neurosci. (2011) 12:467-77. doi: 10.1038/
nrn3027

20. Chan SW, Harmer CJ, Norbury R, O’Sullivan U, Goodwin GM, Portella MJ.
Hippocampal volume in vulnerability and resilience to depression. J Affect Disord.
(2016) 189:199-202. doi: 10.1016/j.jad.2015.09.021

21. Ghosal S, Hare BD, Duman RS. Prefrontal cortex GABAergic deficits and circuit
dysfunction in the pathophysiology and treatment of chronic stress and depression.
Curr Opin Behav Sci. (2017) 14:1-8. doi: 10.1016/j.cobeha.2016.09.012

22. Koenigs M, Grafman J. The functional neuroanatomy of depression: Distinct
roles for ventromedial and dorsolateral prefrontal cortex. Behav Brain Res. (2009)
201:239-43. doi: 10.1016/j.bbr.2009.03.004

23. Hasler G, Fromm S, Carlson PJ, Luckenbaugh DA, Waldeck T, Geraci M, et al.
Neural response to catecholamine depletion in unmedicated subjects with major
depressive disorder in remission and healthy subjects. Arch Gen Psychiatry. (2008)
65:521. doi: 10.1001/archpsyc.65.5.521

24. Yoon KL, Zinbarg RE. Interpreting neutral faces as threatening is a default mode
for socially anxious individuals. J Abnormal Psychol. (2008) 117:680-5. doi: 10.1037/
0021-843x.117.3.680

Frontiers in Psychiatry

10.3389/fpsyt.2024.1348474

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

25. Murphy FC, Nimmo-Smith I, Lawrence AD. Functional neuroanatomy of
emotions: A meta-analysis. Cognitive Affect Behav Neurosci. (2003) 3:207-33.
doi: 10.3758/cabn.3.3.207

26. Kropotov JD. Quantitative EEG, event related potentials and neurotherapy. San
Diego: Academic Press, Elsevier (2009).

27. Amaral DG. The amygdale: Neurobiological aspects emotion memory and
mental dysfunction. In: Anatomical organization of the primate amygdaloid complex.
(1992).

28. Turner BH, Mishkin M, Knapp M. Organization of the amygdalopetal
projections from modality-specific cortical association areas in the monkey. J Comp
Neurol. (1980) 191:515-43. doi: 10.1002/cne.901910402

29. McDonald AJ. Cortical pathways to the mammalian amygdala. Prog Neurobiol.
(1998) 55:257-332. doi: 10.1016/s0301-0082(98)00003-3

30. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci. (2000) 23:155-84.
doi: 10.1146/annurev.neuro.23.1.155

31. Tamietto M, de Gelder B. Neural bases of the non-conscious perception of
emotional signals. Nat Rev Neurosci. (2010) 11:697-709. doi: 10.1038/nrn2889

32. Maren S. Neurotoxic basolateral amygdala lesions impair learning and memory
but not the performance of conditional fear in rats. ] Neurosci. (1999) 19:8696-703.
doi: 10.1523/jneurosci.19-19-08696.1999

33. Lee BT, Seong WC, Hyung SK, Lee BC, Choi IG, In KL, et al. The neural
substrates of affective processing toward positive and negative affective pictures in
patients with major depressive disorder. Prog Neuropsychopharmacol Biol Psychiatry.
(2007) 31:1487-92. doi: 10.1016/j.pnpbp.2007.06.030

34. Grogans SE, Fox AS, Shackman AJ. The amygdala and depression: A sober
reconsideration. Am J Psychiatry. (2022) 179:454-7. doi: 10.1176/appi.ajp.20220412

35. Ressler KJ. Amygdala activity, fear, and anxiety: modulation by stress. Biol
Psychiatry. (2010) 67:1117-9. doi: 10.1016/j.biopsych.2010.04.027

36. Chau LS, Galvez R. Amygdala’s involvement in facilitating associative learning-
induced plasticity: a promiscuous role for the amygdala in memory acquisition. Front
Integr Neurosci. (2012) 6:92. doi: 10.3389/fnint.2012.00092

37. Rogan MT, Stiubli UV, LeDoux JE. Fear conditioning induces associative long-
term potentiation in the amygdala. Nature. (1997) 390:604-7. doi: 10.1038/37601

38. Dityatev AE, Bolshakov VY. Amygdala, long-term potentiation, and fear
conditioning. Neurosci. (2005) 11:75-88. doi: 10.1177/1073858404270857

39. Sigurdsson T, Doyére V, Cain CK, LeDoux JE. Long-term potentiation in the
amygdala: A cellular mechanism of fear learning and memory. Neuropharmacology.
(2007) 52:215-27. doi: 10.1016/j.neuropharm.2006.06.022

40. Sheline YI, Barch DM, Donnelly JM, Ollinger JM, Snyder AZ, Mintun MA.
Increased amygdala response to masked emotional faces in depressed subjects resolves
with antidepressant treatment: an fMRI study. Biol Psychiatry. (2001) 50:651-8.
doi: 10.1016/s0006-3223(01)01263-x

41. Beauregard M, Paquette V, Le 'vesque J. Dysfunction in the neural circuitry of
emotional self-regulation in major depressive disorder. NeuroReport. (2006) 17:843-6.
doi: 10.1097/01.wnr.0000220132.32091.9f

42. Yang TT, Simmons AN, Matthews SC, Tapert SF, Frank GK, Max JE, et al.
Adolescents with major depression demonstrate increased amygdala activation. ] Am
Acad Child Adolesc Psychiatry. (2010) 49:42-51. doi: 10.1097/00004583-201001000-
00008

43. Boukezzi S, Costi S, Shin LM, Kim-Schulze S, Cathomas F, Collins A, et al.
Exaggerated amygdala response to threat and association with immune hyperactivity in
depression. Brain Behavior Immun. (2022) 104:205-12. doi: 10.1016/j.bbi.2022.05.015

44. Opel N, Redlich R, Zwanzger P, Grotegerd D, Arolt V, Heindel W, et al. Hippocampal
atrophy in major depression: a function of childhood maltreatment rather than diagnosis?
Neuropsychopharmacology. (2014) 39:2723-31. doi: 10.1038/npp.2014.145

45. XuW, Yao X, Zhao F, Zhao H, Cheng Z, Yang W, et al. Changes in hippocampal
plasticity in depression and therapeutic approaches influencing these changes. Neural
Plastic. (2020) 2020:1-16. doi: 10.1155/2020/8861903

46. Belleau EL, Treadway MT, Pizzagalli DA. The impact of stress and major
depressive disorder on hippocampal and medial prefrontal cortex morphology. Biol
Psychiatry. (2019) 85:443-53. doi: 10.1016/j.biopsych.2018.09.031

47. Andersen P, Morris R, Amaral D, Bliss T, O’Keefe J. The Hippocampus Book.
New York: Oxford University Press Inc. (2006).

frontiersin.org


https://vizhub.healthdata.org/gbd-results/
https://doi.org/10.1007/s40273-021-01019-4
https://doi.org/10.1007/s40273-021-01019-4
https://doi.org/10.1038/nrdp.2016.65
https://doi.org/10.1016/b978-0-08-045078-0.00006-x
https://doi.org/10.1146/annurev.clinpsy.121208.131305
https://doi.org/10.1146/annurev.clinpsy.121208.131305
https://doi.org/10.5964/ejop.v12i3.1118
https://doi.org/10.1146/annurev.clinpsy.1.102803.143916
https://doi.org/10.1038/npp.2011.183
https://doi.org/10.1176/appi.ajp.2008.08050721
https://doi.org/10.1176/appi.ajp.2008.08050721
https://doi.org/10.1016/j.cpr.2012.04.003
https://doi.org/10.1002/da.20755
https://doi.org/10.1002/da.20755
https://doi.org/10.1080/02699930244000480
https://doi.org/10.1016/0272-7358(92)90116-p
https://doi.org/10.1016/0272-7358(92)90116-p
https://doi.org/10.1037/0033-2909.133.1.122
https://doi.org/10.1002/hbm.20426
https://doi.org/10.1038/npp.2009.104
https://doi.org/10.1038/nrn3027
https://doi.org/10.1038/nrn3027
https://doi.org/10.1016/j.jad.2015.09.021
https://doi.org/10.1016/j.cobeha.2016.09.012
https://doi.org/10.1016/j.bbr.2009.03.004
https://doi.org/10.1001/archpsyc.65.5.521
https://doi.org/10.1037/0021-843x.117.3.680
https://doi.org/10.1037/0021-843x.117.3.680
https://doi.org/10.3758/cabn.3.3.207
https://doi.org/10.1002/cne.901910402
https://doi.org/10.1016/s0301-0082(98)00003-3
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1038/nrn2889
https://doi.org/10.1523/jneurosci.19-19-08696.1999
https://doi.org/10.1016/j.pnpbp.2007.06.030
https://doi.org/10.1176/appi.ajp.20220412
https://doi.org/10.1016/j.biopsych.2010.04.027
https://doi.org/10.3389/fnint.2012.00092
https://doi.org/10.1038/37601
https://doi.org/10.1177/1073858404270857
https://doi.org/10.1016/j.neuropharm.2006.06.022
https://doi.org/10.1016/s0006-3223(01)01263-x
https://doi.org/10.1097/01.wnr.0000220132.32091.9f
https://doi.org/10.1097/00004583-201001000-00008
https://doi.org/10.1097/00004583-201001000-00008
https://doi.org/10.1016/j.bbi.2022.05.015
https://doi.org/10.1038/npp.2014.145
https://doi.org/10.1155/2020/8861903
https://doi.org/10.1016/j.biopsych.2018.09.031
https://doi.org/10.3389/fpsyt.2024.1348474
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Jiang

48. Lee H, GoodSmith D, Knierim JJ. Parallel processing streams in the
hippocampus. Curr Opin Neurobiol. (2020) 64:127-34. doi: 10.1016/j.conb.2020.03.004

49. Yassa MA, Stark CE. Pattern separation in the hippocampus. Trends Neurosci.
(2011) 34:515-25. doi: 10.1016/j.tins.2011.06.006

50. Decker AL, Szulc KU, Bouffet E, Laughlin S, Chakravarty MM, Skocic J, et al.
Smaller hippocampal subfield volumes predict verbal associative memory in pediatric
brain tumor survivors. Hippocampus. (2017) 27:1140-54. doi: 10.1002/hipo.22758

51. de Sousa AF, Chowdhury A, Silva AJ. Dimensions and mechanisms of memory
organization. Neuron. (2021) 109:2649-62. doi: 10.1016/j.neuron.2021.06.014

52. Felten DL, O’Banion MK, Maida ME. Netter’s Atlas of Neuroscience. E-Book
Elsevier Health Sciences (2015).

53. Fuchs RA, Eaddy JL, Su ZI, Bell GH. Interactions of the basolateral amygdala
with the dorsal hippocampus and dorsomedial prefrontal cortex regulate drug context-
induced reinstatement of cocaine-seeking in rats. Eur | Neurosci. (2007) 26:487-98.
doi: 10.1111/j.1460-9568.2007.05674.x

54. Packard MG, Cahill L, McGaugh JL. Amygdala modulation of hippocampal-
dependent and caudate nucleus-dependent memory processes. Proc Natl Acad Sci.
(1994) 91(18):8477-81.

55. McGaugh JL. The amygdala modulates the consolidation of memories of
emotionally arousing experiences. Annu Rev Neurosci. (2004), 1-28.

56. Yang Y, Wang JZ. From structure to behavior in basolateral amygdala-hippocampus
circuits. Front Neural Circuits. (2017) 11:86. doi: 10.3389/fncir.2017.00086

57. Yu J, Sesack SR, Huang Y, Schliter OM, Grace AA, Dong Y. Contingent
amygdala inputs trigger heterosynaptic LTP at hippocampus-to-accumbens synapses.
J Neurosci. (2022) 42:6581-92. doi: 10.1523/jneurosci.0838-22.2022

58. lTkegaya Y, Saito H, Abe K. High-frequency stimulation of the basolateral
amygdala facilitates the induction of long-term potentiation in the dentate gyrus in
vivo. Neurosci Res. (1995) 22:203-7. doi: 10.1016/0168-0102(95)00894-7

59. Tully K, Bolshakov VY. Emotional enhancement of memory: how
norepinephrine enables synaptic plasticity. Mol Brain. (2010) 3:15. doi: 10.1186/
1756-6606-3-15

60. Fujii T, Saito DN, Yanaka HT, Kosaka H, Okazawa H. Depressive mood
modulates the anterior lateral CA1 and DG/CA3 during a pattern separation task in
cognitively intact individuals: A functional MRI study. Hippocampus. (2013) 24:214-
24. doi: 10.1002/hipo.22216

61. Smith SM, Vale WW. The role of the hypothalamic-pituitary-adrenal axis in
neuroendocrine responses to stress. Dialog Clin Neurosci. (2006) 8:383-95.
doi: 10.31887/dcns.2006.8.4/ssmith

62. Barden N. Implication of the hypothalamic-pituitary-adrenal axis in the
physiopathology of depression (2004).

63. Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM.
Neurobiology of depression. Neuron. (2002) 34:13-25. doi: 10.1016/s0896-6273(02)
00653-0

64. Moghaddam B, Bolinao ML. Glutamatergic antagonists attenuate ability of
dopamine uptake blockers to increase extracellular levels of dopamine: Implications
for tonic influence of glutamate on dopamine release. Synapse. (1994) 18:337-42.
doi: 10.1002/syn.890180409

65. Jacobs N, Myin-Germeys I, Derom C, Delespaul P, van Os J, Nicolson N. A
momentary assessment study of the relationship between affective and adrenocortical
stress responses in daily life. Biol Psychol. (2007) 74:60-6. doi: 10.1016/
j.biopsycho.2006.07.002

66. Rolls ET, Deco G. The Noisy Brain: Stochastic Dynamics As A Principle of Brain
Function. New York: Oxford University Press Inc. (2010). doi: 10.1093/acprof:oso/
9780199587865.001.0001

67. Renno-Costa C, Lisman JE, Verschure PFMJ. A signature of attractor dynamics
in the CA3 region of the hippocampus. PloS Comput Biol. (2014) 10:¢1003641.
doi: 10.1371/journal.pcbi.1003641

68. Rebola N, Carta M, Mulle C. Operation and plasticity of hippocampal CA3
circuits: implications for memory encoding. Nat Rev Neurosci. (2017) 18:208-20.
doi: 10.1038/nrn.2017.10

69. Soltesz I, Losonczy A. CA1 pyramidal cell diversity enabling parallel information
processing in the hippocampus. Nat Neurosci. (2018) 21:484-93. doi: 10.1038/s41593-
018-0118-0

70. Frohlich F. Microcircuits of the hippocampus. Netw Neurosci. (2016), 97-109.
doi: 10.1016/b978-0-12-801560-5.00008-2

71. Marr D. Simple memory: a theory for archicortex. Philos Trans R Soc London B
Biol Sci. (1971). doi: 10.1098/rstb.1971.0078

72. Qiao H, An SC, Ren W, Ma XM. Progressive alterations of hippocampal CA3-
CAL synapses in an animal model of depression. Behav Brain Res. (2014) 275:191-200.
doi: 10.1016/j.bbr.2014.08.040

73. Wittekind CE, Terfehr K, Otte C, Jelinek L, Hinkelmann K, Moritz S. Mood-
congruent memory in depression — The influence of personal relevance and emotional
context. Psychiatry Res. (2014) 215:606-13. doi: 10.1016/j.psychres.2013.11.027

74. Beck AT. Thinking and depression. Arch Gen Psychiatry. (1964) 10:561.
doi: 10.1001/archpsyc.1964.01720240015003

75. Kim EJ, Pellman B, Kim JJ. Stress effects on the hippocampus: a critical review.
Learn Memory. (2015) 22:411-6. doi: 10.1101/lm.037291.114

Frontiers in Psychiatry

11

10.3389/fpsyt.2024.1348474

76. Zagrebelsky M, Tacke C, Korte M. BDNF signaling during the lifetime of
dendritic spines. Cell Tissue Res. (2020) 382:185-99. doi: 10.1007/s00441-020-03226-5

77. Moftitt KH, Singer JA. Continulty in the life story: self-defining memories, affect,
and approach/avoidance personal strivings. J Pers. (1994) 62:21-43. doi: 10.1111/
j.1467-6494.1994.tb00793 .x

78. Orsini CA, Kim JH, Knapska E, Maren S. Hippocampal and prefrontal
projections to the basal amygdala mediate contextual regulation of fear after
extinction. J Neurosci. (2011) 31:17269-77. doi: 10.1523/jneurosci.4095-11.2011

79. Duek O, Levy I, Korem N, Harpaz-Rotem I. P621. Amygdala-hippocampus
coupling is associated with aversive learning. Biol Psychiatry. (2022) 91:5340.
doi: 10.1016/j.biopsych.2022.02.858

80. Buhry L, Azizi AH, Cheng S. Reactivation, replay, and preplay: how it might all
fit together. Neural Plastic. (2011) 2011:1-11. doi: 10.1155/2011/203462

81. Frank D, Dewitt M, Hudgens-Haney M, Schaeffer D, Ball B, Schwarz N, et al.
Emotion regulation: Quantitative meta-analysis of functional activation and
deactivation. Neurosci Biobehav Rev. (2014) 45:202-11. doi: 10.1016/
j.neubiorev.2014.06.010

82. Zilverstand A, Parvaz MA, Goldstein RZ. Neuroimaging cognitive reappraisal in
clinical populations to define neural targets for enhancing emotion regulation. A systematic
review. Neurolmage. (2017) 151:105-16. doi: 10.1016/j.neuroimage.2016.06.009

83. Evans JSBT. Heuristic and analytic processes in reasoning*. Br J Psychol. (1984)
75:451-68. doi: 10.1111/j.2044-8295.1984.tb01915.x

84. Kahneman D. Thinking, Fast and Slow. London: Penguin UK (2011).

85. Kahneman D. A perspective on judgment and choice: Mapping bounded
rationality. Am Psychol. (2003) 58:697-720. doi: 10.1037/0003-066x.58.9.697

86. Evans JSBT. Dual-processing accounts of reasoning, judgment, and social cognition.
Annu Rev Psychol. (2008) 59:255-78. doi: 10.1146/annurev.psych.59.103006.093629

87. Dixon ML, Thiruchselvam R, Todd R, Christoff K. Emotion and the prefrontal cortex:
An integrative review. psychol Bull. (2017) 143:1033-81. doi: 10.1037/bul0000096

88. Drevets W, Videen T, Price J, Preskorn S, Carmichael S, Raichle M. A functional
anatomical study of unipolar depression. J Neurosci. (1992) 12:3628-41. doi: 10.1523/
jneurosci.12-09-03628.1992

89. Biver F, Goldman S, Delvenne V, Luxen A, De Maertelaer V, Hubain P, et al.
Frontal and parietal metabolic disturbances in unipolar depression. Biol Psychiatry.
(1994) 36:381-8. doi: 10.1016/0006-3223(94)91213-0

90. Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB, Kenna H, et al.
Resting-state functional connectivity in major depression: abnormally increased
contributions from subgenual cingulate cortex and thalamus. Biol Psychiatry. (2007)
62:429-37. doi: 10.1016/j.biopsych.2006.09.020

91. Adhikari A, Lerner TN, Finkelstein J, Pak S, Jennings JH, Davidson TJ, et al.
Basomedial amygdala mediates top-down control of anxiety and fear. Nature. (2015)
527:179-85. doi: 10.1038/nature15698

92. Motzkin JC, Philippi CL, Wolf RC, Baskaya MK, Koenigs M. Ventromedial
prefrontal cortex is critical for the regulation of amygdala activity in humans. Biol
Psychiatry. (2015) 77:276-84. doi: 10.1016/j.biopsych.2014.02.014

93. Blair R. The amygdala and ventromedial prefrontal cortex: functional
contributions and dysfunction in psychopathy. Philos Trans R Soc B: Biol Sci. (2008)
363:2557-65. doi: 10.1098/rstb.2008.0027

94. Milad MR, Quirk GJ. Neurons in medial prefrontal cortex signal memory for
fear extinction. Nature. (2002) 420:70-4. doi: 10.1038/nature01138

95. Milad MR, Quirk GJ. Fear extinction as a model for translational neuroscience:
ten years of progress. Annu Rev Psychol. (2012) 63:129-51. doi: 10.1146/
annurev.psych.121208.131631

96. Knutson B, Cooper JC. Functional magnetic resonance imaging of reward prediction.
Curr Opin Neurol. (2005) 18:411-7. doi: 10.1097/01.wc0.0000173463.24758.f6

97. Rushworth MFS, Buckley MJ, Gough PM, Alexander IH, Kyriazis D, McDonald
KR, et al. Attentional selection and action selection in the ventral and orbital prefrontal
cortex. ] Neurosci. (2005) 25:11628-36. doi: 10.1523/jneurosci.2765-05.2005

98. Schoenbaum G, Roesch M. Orbitofrontal cortex, associative learning, and
expectancies. Neuron. (2005) 47:633-6. doi: 10.1016/j.neuron.2005.07.018

99. Zald DH, Mattson DL, Pardo JV. Brain activity in ventromedial prefrontal cortex
correlates with individual differences in negative affect. Proc Natl Acad Sci. (2002)
99:2450-4. doi: 10.1073/pnas.042457199

100. Ongl‘.‘lr D, Price JL. The organization of networks within the orbital and medial
prefrontal cortex of rats, monkeys and humans. Cereb Cortex. (2000) 10:206-19.
doi: 10.1093/cercor/10.3.206

101. Barbas H, Saha S, Rempel-Clower N, Ghashghaei T. Serial pathways from

primate prefrontal cortex to autonomic areas may influence emotional expression.
BMC Neurosci. (2003) 4(1):1-12.

102. Schoenbaum G, Setlow B, Saddoris MP, Gallagher M. Encoding Predicted
Outcome and Acquired Value in Orbitofrontal Cortex during Cue Sampling Depends
upon Input from Basolateral Amygdala. Neuron. (2003) 39:855-67. doi: 10.1016/s0896-
6273(03)00474-4

103. Kosson D, Budhani S, Nakic M, Chen G, Saad Z, Vythilingam M, et al. The role
of the amygdala and rostral anterior cingulate in encoding expected outcomes during
learning. NeuroImage. (2006) 29:1161-72. doi: 10.1016/j.neuroimage.2005.07.060

frontiersin.org


https://doi.org/10.1016/j.conb.2020.03.004
https://doi.org/10.1016/j.tins.2011.06.006
https://doi.org/10.1002/hipo.22758
https://doi.org/10.1016/j.neuron.2021.06.014
https://doi.org/10.1111/j.1460-9568.2007.05674.x
https://doi.org/10.3389/fncir.2017.00086
https://doi.org/10.1523/jneurosci.0838-22.2022
https://doi.org/10.1016/0168-0102(95)00894-7
https://doi.org/10.1186/1756-6606-3-15
https://doi.org/10.1186/1756-6606-3-15
https://doi.org/10.1002/hipo.22216
https://doi.org/10.31887/dcns.2006.8.4/ssmith
https://doi.org/10.1016/s0896-6273(02)00653-0
https://doi.org/10.1016/s0896-6273(02)00653-0
https://doi.org/10.1002/syn.890180409
https://doi.org/10.1016/j.biopsycho.2006.07.002
https://doi.org/10.1016/j.biopsycho.2006.07.002
https://doi.org/10.1093/acprof:oso/9780199587865.001.0001
https://doi.org/10.1093/acprof:oso/9780199587865.001.0001
https://doi.org/10.1371/journal.pcbi.1003641
https://doi.org/10.1038/nrn.2017.10
https://doi.org/10.1038/s41593-018-0118-0
https://doi.org/10.1038/s41593-018-0118-0
https://doi.org/10.1016/b978-0-12-801560-5.00008-2
https://doi.org/10.1098/rstb.1971.0078
https://doi.org/10.1016/j.bbr.2014.08.040
https://doi.org/10.1016/j.psychres.2013.11.027
https://doi.org/10.1001/archpsyc.1964.01720240015003
https://doi.org/10.1101/lm.037291.114
https://doi.org/10.1007/s00441-020-03226-5
https://doi.org/10.1111/j.1467-6494.1994.tb00793.x
https://doi.org/10.1111/j.1467-6494.1994.tb00793.x
https://doi.org/10.1523/jneurosci.4095-11.2011
https://doi.org/10.1016/j.biopsych.2022.02.858
https://doi.org/10.1155/2011/203462
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1016/j.neuroimage.2016.06.009
https://doi.org/10.1111/j.2044-8295.1984.tb01915.x
https://doi.org/10.1037/0003-066x.58.9.697
https://doi.org/10.1146/annurev.psych.59.103006.093629
https://doi.org/10.1037/bul0000096
https://doi.org/10.1523/jneurosci.12-09-03628.1992
https://doi.org/10.1523/jneurosci.12-09-03628.1992
https://doi.org/10.1016/0006-3223(94)91213-0
https://doi.org/10.1016/j.biopsych.2006.09.020
https://doi.org/10.1038/nature15698
https://doi.org/10.1016/j.biopsych.2014.02.014
https://doi.org/10.1098/rstb.2008.0027
https://doi.org/10.1038/nature01138
https://doi.org/10.1146/annurev.psych.121208.131631
https://doi.org/10.1146/annurev.psych.121208.131631
https://doi.org/10.1097/01.wco.0000173463.24758.f6
https://doi.org/10.1523/jneurosci.2765-05.2005
https://doi.org/10.1016/j.neuron.2005.07.018
https://doi.org/10.1073/pnas.042457199
https://doi.org/10.1093/cercor/10.3.206
https://doi.org/10.1016/s0896-6273(03)00474-4
https://doi.org/10.1016/s0896-6273(03)00474-4
https://doi.org/10.1016/j.neuroimage.2005.07.060
https://doi.org/10.3389/fpsyt.2024.1348474
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Jiang

104. Glascher J, Hampton AN, O’Doherty JP. Determining a role for
ventromedial prefrontal cortex in encoding action-based value signals during
reward-related decision making. Cereb Cortex. (2008) 19:483-95. doi: 10.1093/
cercor/bhn098

105. Rushworth MF, Behrens TE], Rudebeck PH, Walton ME. Contrasting roles for
cingulate and orbitofrontal cortex in decisions and social behaviour. Trends Cogn Sci.
(2007) 11(4):168-76.

106. Sutton RS, Barto AG. Reinforcement Learning. Cambridge: MIT Press
(Bradford Book) (1998).

107. Hampton AN, Bossaerts P, O’Doherty JP. The role of the ventromedial
prefrontal cortex in abstract state-based inference during decision making in
humans. ] Neurosci. (2006) 26:8360-7. doi: 10.1523/jneurosci.1010-06.2006

108. Bowman CR, Zeithamova D. Abstract memory representations in the
ventromedial prefrontal cortex and hippocampus support concept generalization.
J Neurosci. (2018) 38:2605-14. doi: 10.1523/jneurosci.2811-17.2018

109. Zeithamova D, Dominick A, Preston A. Hippocampal and ventral medial
prefrontal activation during retrieval-mediated learning supports novel inference.
Neuron. (2012) 75:168-79. doi: 10.1016/j.neuron.2012.05.010

110. Richter FR, Chanales AJ, Kuhl BA. Predicting the integration of overlapping
memories by decoding mnemonic processing states during learning. Neurolmage.
(2016) 124:323-35. doi: 10.1016/j.neuroimage.2015.08.051

111. Tse D, Langston RF, Kakeyama M, Bethus I, Spooner PA, Wood ER, et al. Schemas
and memory consolidation. Science. (2007) 316:76-82. doi: 10.1126/science.1135935

112. DeVito LM, Kanter BR, Eichenbaum H. The hippocampus contributes to
memory expression during transitive inference in mice. Hippocampus. (2009).
doi: 10.1002/hipo.20610

113. Wagner DD, Haxby JV, Heatherton TF. The representation of self and person
knowledge in the medial prefrontal cortex. WIREs Cogn Sci. (2012) 3:451-70.
doi: 10.1002/wcs.1183

114. Barrash J, Tranel D, Anderson SW. Acquired personality disturbances
associated with bilateral damage to the ventromedial prefrontal region. Dev
Neuropsychol. (2000) 18:355-81. doi: 10.1207/s1532694205barrash

115. Koenigs M, Young L, Adolphs R, Tranel D, Cushman F, Hauser M, et al.
Damage to the prefrontal cortex increases utilitarian moral judgements. Nature. (2007)
446:908-11. doi: 10.1038/nature05631

116. Northoff G, Heinzel A, de Greck M, Bermpohl F, Dobrowolny H,
Panksepp J. Self-referential processing in our brain—A meta-analysis of
imaging studies on the self. NeuroImage. (2006) 31:440-57. doi: 10.1016/
j.neuroimage.2005.12.002

117. Martinelli P, Sperduti M, Piolino P. Neural substrates of the self-memory
system: New insights from a meta-analysis. Hum Brain Mapp. (2012) 34:1515-29.
doi: 10.1002/hbm.22008

118. van der Meer L, Costafreda S, Aleman A, David AS. Self-reflection and the
brain: A theoretical review and meta-analysis of neuroimaging studies with
implications for schizophrenia. Neurosci Biobehav Rev. (2010) 34:935-46.
doi: 10.1016/j.neubiorev.2009.12.004

Frontiers in Psychiatry

12

10.3389/fpsyt.2024.1348474

119. Bittar TP, Labonté B. Functional contribution of the medial prefrontal circuitry
in major depressive disorder and stress-induced depressive-like behaviors. Front Behav
Neurosci. (2021) 15:699592. doi: 10.3389/fnbeh.2021.699592

120. Ferri ], Eisendrath SJ, Fryer SL, Gillung E, Roach BJ, Mathalon DH. Blunted
amygdala activity is associated with depression severity in treatment-resistant
depression. Cognitive Affect Behav Neurosci. (2017) 17(6):1221-31. doi: 10.3758/
513415-017-0544-6

121. Anand A, LiY, Wang Y, Wu ], Gao S, Bukhari L, et al. Activity and connectivity
of brain mood regulating circuit in depression: A functional magnetic resonance study.
Biol Psychiatry. (2005) 57:1079-88. doi: 10.1016/j.biopsych.2005.02.021

122. Hamilton JP, Siemer M, Gotlib IH. Amygdala volume in major depressive
disorder: a meta-analysis of magnetic resonance imaging studies. Mol Psychiatry.
(2008) 13:993-1000. doi: 10.1038/mp.2008.57

123. Roddy D, Kelly JR, Farrell C, Doolin K, Roman E, Nasa A, et al. Amygdala
substructure volumes in Major Depressive Disorder. Neurolmage: Clin. (2021)
31:102781. doi: 10.1016/j.nic.2021.102781

124. Videbech P. Hippocampal volume and depression: A meta-analysis of MRI
studies. Am J Psychiatry. (2004) 161:1957-66. doi: 10.1176/appi.ajp.161.11.1957

125. MacQueen GM, Campbell S, McEwen BS, Macdonald K, Amano S, Joffe RT,
et al. Course of illness, hippocampal function, and hippocampal volume in major
depression. FOCUS. (2005) 3:146-55. doi: 10.1176/foc.3.1.146

126. Sheline YI. Depression and the hippocampus: cause or effect? Biol Psychiatry.
(2011) 70:308-9. doi: 10.1016/j.biopsych.2011.06.006

127. Roddy DW, Farrell C, Doolin K, Roman E, Tozzi L, Frodl T, et al. The
hippocampus in depression: more than the sum of its parts? Advanced hippocampal
substructure segmentation in depression. Biol Psychiatry. (2019) 85:487-97.
doi: 10.1016/j.biopsych.2018.08.021

128. Clarke HF, Horst NK, Roberts AC. Regional inactivations of primate ventral
prefrontal cortex reveal two distinct mechanisms underlying negative bias in decision
making. Proc Natl Acad Sci. (2015) 112:4176-81. doi: 10.1073/pnas.1422440112

129. Hiser ], Koenigs M. The multifaceted role of the ventromedial prefrontal cortex
in emotion, decision making, social cognition, and psychopathology. Biol Psychiatry.
(2018) 83:638-47. doi: 10.1016/j.biopsych.2017.10.030

130. Pizzagalli DA, Roberts AC. Prefrontal cortex and depression.
Neuropsychopharmacology. (2021) 47:225-46. doi: 10.1038/s41386-021-01101-7

131. Zhu X, Zhu Q, Shen H, Liao W, Yuan F. Rumination and default mode network
subsystems connectivity in first-episode, drug-naive young patients with major
depressive disorder. Sci Rep. (2017) 7. doi: 10.1038/srep43105

132. Chou T, Deckersbach T, Dougherty DD, Hooley JM. The default mode network
and rumination in individuals at risk for depression. Soc Cogn Affect Neurosci. (2023)
18. doi: 10.1093/scan/nsad032

133. Oakes P, Loukas M, Oskouian RJ, Tubbs RS. The neuroanatomy of depression:
A review. Clin Anat (New York N.Y.). (2017) 30(1):44-9. doi: 10.1002/ca.22781

134. Post RM. Transduction of psychosocial stress into the neurobiology of recurrent
affective disorder. Am J Psychiatry. (1992) 149:999-1010. doi: 10.1176/ajp.149.8.999

frontiersin.org


https://doi.org/10.1093/cercor/bhn098
https://doi.org/10.1093/cercor/bhn098
https://doi.org/10.1523/jneurosci.1010-06.2006
https://doi.org/10.1523/jneurosci.2811-17.2018
https://doi.org/10.1016/j.neuron.2012.05.010
https://doi.org/10.1016/j.neuroimage.2015.08.051
https://doi.org/10.1126/science.1135935
https://doi.org/10.1002/hipo.20610
https://doi.org/10.1002/wcs.1183
https://doi.org/10.1207/s1532694205barrash
https://doi.org/10.1038/nature05631
https://doi.org/10.1016/j.neuroimage.2005.12.002
https://doi.org/10.1016/j.neuroimage.2005.12.002
https://doi.org/10.1002/hbm.22008
https://doi.org/10.1016/j.neubiorev.2009.12.004
https://doi.org/10.3389/fnbeh.2021.699592
https://doi.org/10.3758/s13415-017-0544-6
https://doi.org/10.3758/s13415-017-0544-6
https://doi.org/10.1016/j.biopsych.2005.02.021
https://doi.org/10.1038/mp.2008.57
https://doi.org/10.1016/j.nicl.2021.102781
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1176/foc.3.1.146
https://doi.org/10.1016/j.biopsych.2011.06.006
https://doi.org/10.1016/j.biopsych.2018.08.021
https://doi.org/10.1073/pnas.1422440112
https://doi.org/10.1016/j.biopsych.2017.10.030
https://doi.org/10.1038/s41386-021-01101-7
https://doi.org/10.1038/srep43105
https://doi.org/10.1093/scan/nsad032
https://doi.org/10.1002/ca.22781
https://doi.org/10.1176/ajp.149.8.999
https://doi.org/10.3389/fpsyt.2024.1348474
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	A theory of the neural mechanisms underlying negative cognitive bias in major depression
	1 Introduction
	2 Positive feedback regulation of amygdalar activation allows excessive negative emotional responses
	3 Hypothesis 1: bidirectional amygdalohippocampal projection activate negative emotion-memory Loop
	4 Hypothesis 2: vmPFC generalizes information from amygdala and hippocampus in higher-level negativity cognitive processing
	5 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


