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The serotonin deficit hypothesis explanation for major depressive disorder (MDD) has persisted among clinicians and the general
public alike despite insufficient supporting evidence. To combat rising mental health crises and eroding public trust in science and
medicine, researchers and clinicians must be able to communicate to patients and the public an updated framework of MDD: one
that is (1) accessible to a general audience, (2) accurately integrates current evidence about the efficacy of conventional
serotonergic antidepressants with broader and deeper understandings of pathophysiology and treatment, and (3) capable of
accommodating new evidence. In this article, we summarize a framework for the pathophysiology and treatment of MDD that is
informed by clinical and preclinical research in psychiatry and neuroscience. First, we discuss how MDD can be understood as
inflexibility in cognitive and emotional brain circuits that involves a persistent negativity bias. Second, we discuss how effective
treatments for MDD enhance mechanisms of neuroplasticity—including via serotonergic interventions—to restore synaptic,
network, and behavioral function in ways that facilitate adaptive cognitive and emotional processing. These treatments include

typical monoaminergic antidepressants, novel antidepressants like ketamine and psychedelics, and psychotherapy and
neuromodulation techniques. At the end of the article, we discuss this framework from the perspective of effective science
communication and provide useful language and metaphors for researchers, clinicians, and other professionals discussing MDD

with a general or patient audience.
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INTRODUCTION: THE NEED TO COMMUNICATE AN
ACCESSIBLE AND ACCURATE FRAMEWORK OF DEPRESSION
Major depressive disorder (MDD) is one of the most common
psychiatric conditions, yet it is highly heterogenous. What
researchers and clinicians consider to be MDD is the presentation
of a set of symptoms, defined by the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5), that must include persistent
depressed mood and/or loss of interest or pleasure (anhedonia),
as well as a certain number of symptoms such as excessive guilt,
hopelessness and pathologically altered sleep, appetite, motiva-
tion, and cognition. However, patients who meet the criteria for
MDD can have drastically different presentations and combina-
tions of symptoms. For instance, one patient may experience too
little sleep, while another experiences too much, though both can
share a diagnosis of MDD.

Given the heterogeneous, multifactorial nature of MDD, a
cohesive yet understandable conceptualization of the condition
has been historically elusive. Before clinical depression was even
known as MDD, it was hypothesized in the 1960s to arise from a
deficit in monoamines, including norepinephrine, dopamine, and
serotonin [1, 2]. Over the next several decades, evidence
demonstrated that drugs that decrease serotonin produce
depression symptoms while drugs that increase serotonin
alleviate them, and the serotonin deficit hypothesis became

colloquially known as the “chemical imbalance” hypothesis
(reviewed in France et al. [3]). Typical antidepressants—such as
selective serotonin reuptake inhibitors (SSRIs), serotonin and
norepinephrine reuptake inhibitors (SNRIs), and monoamine
oxidase inhibitors (MAOIs)—were said to treat depression by
restoring normal levels of serotonin and other monoamines.
However, the serotonin deficit hypothesis has been considered
incorrect for at least the last 20 years due to insufficient evidence
[4, 5]. Despite this, the serotonin deficit hypothesis has persisted in
the public psyche, bolstered by pharmaceutical company adver-
tisements for conventional antidepressants [6, 7]. Therefore, when
a recent meta-analysis denounced the serotonin deficit model of
MDD for lack of evidence [8], the media responded as if a major
theory had just now been debunked [9-14], contributing to
eroding public trust in science and medicine. Furthermore, the
authors of the meta-analysis concluded that the lack of evidence
for the serotonin deficit hypothesis suggested that typical
serotonergic antidepressants must be ineffective and should not
be prescribed [8], a dangerous message amid rising mental health
crises around the world. Although the serotonin deficit model has
been oversimplified and over-sold, serotonin is still critical for
conventional treatments for MDD, as many others point out in
responses to the meta-analysis [15-17]. Classic antidepressants
that enhance serotonin transmission out-perform placebos in
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clinical studies and are effective in up to two-thirds of patients
suffering from MDD [18].

The challenge with putting forth an updated model of MDD is
that it must be simple enough to understand but complex enough
to be accurate, as well as adaptable enough to incorporate future
research discoveries. In this article, we describe a framework for
understanding and communicating MDD pathophysiology and
treatment based on current preclinical and clinical research
findings. First, we summarize the multiple contributing biopsy-
chosocial factors that contribute to MDD symptomology.
Although MDD is highly heterogenous, a common feature is
dysfunction in cognitive and emotional brain circuits—including
the prefrontal cortex, hippocampus, and amygdala—that leave
someone “stuck” in a state of maladaptive information processing
that involves a persistent negativity bias [19]. Second, we give
examples of how current therapeutic approaches, both pharma-
cological and non-pharmacological, have both acute and
sustained effects that restore healthy cognitive and emotional
processing—a process broadly defined as “neuroplasticity.”
Neuroplasticity represents a category of mechanisms that alter
synaptic strength and functional connectivity. The foundations for
this neuroplasticity framework of MDD have been comprehen-
sively reviewed in mechanistic detail by others [20-23]; in this
article, our purpose is to summarize the key concepts with the
intent to offer a high-level synthesis of MDD pathophysiology and
treatment in the context of neuroplasticity. Finally, we discuss this
neuroplasticity framework from the perspective of science
communication, offering ways for researchers and clinicians to
talk about MDD with the general public that are simple yet
accurate.

A note on nomenclature

Throughout this article, the focus will be primarily on MDD as a
DSM-defined diagnosis, as opposed to depression used in the
general sense, which typically describes low mood states in the
absence of a known diagnosis. When reviewing human studies,
we will specify whether the findings pertain to MDD or to
depressive symptoms. When discussing rodent studies, we will
refer to depression-like effects or behaviors.

PATHOPHYSIOLOGY OF MDD UNDERSTOOD AS INFLEXIBLE
BRAIN STATES

Biopsychosocial contributors to MDD

As with many disorders, genetic predispositions, environmental
factors, and developmental windows all contribute to and interact
with one another in the pathophysiology and treatment of MDD
[24]. Genome-wide association studies (GWAS) have identified
numerous genes associated with overall risk for MDD [25];
however, the contribution of each gene is small and genetic
variations interact with environmental exposures [26]. Chronic
stress exposure and traumatic experiences, particularly during
childhood, are among the strongest environmental risk factors
[27, 28]. Increased neuroinflammation, due to chronic stress or
disease states, also contributes to the pathophysiology of MDD
[29]. These myriad contributing factors converge in ways that are
not yet fully understood to cause the symptoms of MDD. Although
heterogeneous and distinct for each patient, these symptoms
share features of dysfunction in brain circuits that process
emotional and cognitive information and regulate survival
functions like energy and motivation (Fig. 1). These dysfunctional
circuits leave individuals “stuck” in a state characterized by
negativity bias, depressed mood, anhedonia, and dysfunction in
several other behavioral domains, such as motivation, appetite,
and sleep [20, 24]. In contrast, non-depressed individuals retain
the potential to shift fluidly between different environmental
contexts and respond appropriately and adaptively to the
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Fig. 1 Multiple biopsychosocial factors can interact with each
other and converge on MDD pathophysiology. MDD is a complex,
multifactorial, biopsychosocial disorder with no single cause or
homogenous presentation of symptoms. Factors such as stress,
trauma, genetics, and more can contribute to MDD pathophysiol-
ogy, which involves symptoms such as anhedonia, low affect,
negativity bias, and cognitive and emotional inflexibility. Though
the contributing factors and presentation of symptoms vary from
patient to patient, MDD can be understood as inflexibility in circuits
that process cognitive and emotional information and regulate
motivation and arousal. MDD major depressive disorder.

negative and positive features of their internal and external
environments.

Considerations regarding MDD heterogeneity and other depressive
disorders. Despite some shared biopsychosocial risk factors and
symptoms, MDD is a highly heterogeneous condition. For
instance, childhood trauma is not a universal experience for
adults with MDD. Furthermore, MDD can present with insomnia or
hypersomnia as well as increased or decreased appetite. MDD is
heterogeneous enough that it may be better characterized as
multiple distinct categories, as considered in an editorial by
Shorter [30]. For instance, a meta-analysis showed that the
prevalence of suicidal ideation varies among different types of
depression, and treating all instances of MDD identically with
SSRIs may be problematic [30, 31]. Future understanding of the
risk factors and mechanisms underlying heterogeneity in MDD,
perhaps facilitated by advancements in precision psychiatry, will
further refine the neuroplasticity framework of MDD pathophy-
siology and treatment.

Additionally, the biopsychosocial factors contributing to MDD
are also involved in other depressive disorders that have similar
symptoms, such as premenstrual dysphoric disorder (PMDD) and
postpartum depression (PPD). The neuroplasticity framework that
we discuss in this article is also relevant to the pathophysiology
and treatment of PMDD and PPD, with a heightened emphasis on
the role of hormones, such as estrogen, progesterone, and
neuroactive steroids, that play an important role in neuroplasticity
in cognitive and emotional circuits [32]. Although unique
considerations of PMDD and PPD pathophysiology and treatment
is beyond the scope of the current article, we refer interested
readers to comprehensive reviews on these topics [33-35].
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Fig. 2 Anatomy of key brain regions and network dysfunction involved in MDD. A The prefrontal cortex (PFC; yellow) is a part of the
neocortex involved in executive functioning, including cognitive and emotional flexibility. The hippocampus (blue) is important for learning
and memory. The nucleus accumbens (NAc) is a region at the forefront of the caudate nucleus (orange) and is important for responding to
rewards and generating motivation to pursue rewards. The amygdala (light green) is important for processing and regulating emotional
information, both positive and negative. Each of these brain regions are connected with one another by cortico-mesolimbic pathways, which
are impaired in MDD. In this image, the neocortex, including the PFC, has been removed from the right hemisphere of the brain for better
visibility of the NAc, hippocampus, and amygdala. B MDD and its specific symptoms are associated with changes in volume, activity, and/or
connectivity in brain regions and networks. The PFC and hippocampus show decreased volume. The PFC, hippocampus, NAc, and amygdala
all primarily show decreased activity, though rumination is associated with increased PFC activity and negativity bias is associated with
increased amygdala activity. Connectivity is decreased between the PFC, hippocampus, NAc, and amygdala. MDD major depressive disorder.

A created by Clint Carlson, MS; B created with BioRender.com.

Behavioral level: negativity bias and impaired emotional and
cognitive flexibility

A unifying feature of MDD, and depressive symptoms more
generally, is a negativity bias in processing emotionally salient
information, supporting the notion of being “stuck” in a negative
brain state [19]. People with MDD are more likely to interpret
neutral or ambiguous facial expressions as displaying a negative
emotion, such as sadness [36]. They also pay more attention to
negative information and remember it better. Additionally, people
with MDD do not respond as positively to rewards, have
decreased motivation to pursue them, and increased sensitivity
to punishment [37, 38]. When negativity bias is heightened and
reward sensitivity is dampened, people not only view the world
and themselves through a negative lens but also struggle to
benefit from positive experiences in their environment.

The negativity bias in MDD is a cognitive problem as well as an
emotional one. Cognitive deficits are a feature of MDD, including
executive dysfunction and attention and memory impairments, as
previously reviewed [20, 39]. In particular, being stuck in a rut of
negative information processing can be understood as an
impairment in cognitive and emotional flexibility. Cognitive
flexibility, a domain of executive functioning dependent on the
prefrontal cortex (PFC; Fig. 2), is defined as the ability to adjust
attention, goals, and actions according to a changing
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environment, either consciously or unconsciously [40]. Participants
with MDD are slower to adapt to changing rules in cognitive
flexibility tasks [41]. Similarly, emotional flexibility allows someone
to switch between processing emotional and non-emotional
information [42], as well as to experience and shift between a
range of responses, rather than being stuck with a narrow or rigid
repertoire of emotions [43]. People with a diagnosis of MDD or
depression symptoms show impairments in both types of
emotional flexibility [42, 43]. Collectively, these findings result in
a tendency to perseverate on negative information and an
impaired ability to respond to positive input in people with MDD.

Network level: altered activity and connectivity in emotional
and cognitive brain networks

The behavioral symptoms of MDD, including the negativity bias,
come from changes in the volume, activity, and connectivity of
brain regions and networks involved in emotional salience, reward
processing, motivation, and executive functioning. The neurocir-
cuitry of MDD is highly complex and involves many brain regions
and networks, but key brain regions involved in MDD pathophy-
siology include the prefrontal cortex (PFC), hippocampus, nucleus
accumbens (NAc), and amygdala (Fig. 2A). The PFC and
hippocampus are intimately involved in executive functioning as
well as learning and memory. The NAc, part of the striatum, is
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critical for motivation and reward processing. The amygdala is
necessary for appraising emotional stimuli for relevance and
meaning and for processing threats. Broadly speaking, the activity
of these brain regions and their connectivity with each other are
primarily dampened in MDD, impairing one’s ability to manage
cognitive and emotional information (reviewed in Thompson [44]).
However, MDD cannot be characterized by a single signature of
network dysfunction; rather, the symptoms of MDD, such as
negativity bias, anhedonia, and cognitive dysfunction, are each
associated with distinct yet overlapping alterations in activity and
connectivity [45, 46].

The PFC and hippocampus are smaller in volume in people with
MDD [47]. Similar decreases in PFC and hippocampal volume have
been found in rodent models of chronic stress that mirror some
symptoms of human MDD [44]. The activity of these regions is
primarily decreased in MDD, but details vary with symptom
variability across MDD patients, as reviewed in syntheses of circuit
dysfunction in MDD [44, 46]. For instance, some behavioral states
like rumination may involve heightened activity in the PFC, while
decreased activity in the NAc is associated with anhedonia.
Additionally, people with MDD have reduced amygdala responses
to positive emotional stimuli, while the negativity bias is
associated with heightened amygdala activity (Fig. 2B) [46, 48].

Cortico-mesolimbic circuitry, which includes connections
between the PFC, hippocampus, and NAc, is weakened in MDD,
especially in contexts involving cognition, attention, and motiva-
tion [44-46]. The salience network, which shares many brain
regions and pathways with the cortico-mesolimbic reward
circuitry and includes the amygdala, also suffers from disordered
connectivity in MDD, with decreased communication between the
amygdala and PFC according to fMRI studies [45, 46, 49].
Weakened connectivity from the amygdala to the striatum
(including the NAc) and between the amygdala and temporal
lobe (including the hippocampus) is also evident in MDD (Fig. 2B)
[50, 51]. These networks rely heavily on monoaminergic transmis-
sion, particularly dopamine in cortico-mesolimbic reward circuitry
and prefrontal cognitive function and serotonin and norepinephr-
ine in emotional processing within the amygdala and hippocam-
pus, as previously reviewed [52-54].

Weakened connectivity among these networks in MDD
suggests an impaired ability for the nodes—the individual brain
regions—to regulate and communicate with one another, leaving
them stuck in their dysfunctional activity patterns. Other studies,
outside of the context of MDD, support the idea that inflexible
activity patterns relate to poorer psychological wellbeing. In a
random sampling of adults in the United States, persistently
elevated amygdala activation after viewing negative stimuli is
correlated with greater negative affect and reduced psychological
wellbeing [55]. Conversely, amygdala activation that returns more
quickly to baseline is associated with positive affect and greater
psychological wellbeing. Similarly, high moment-to-moment
variability in neuronal activity in regions of the cortex while
viewing both positive and negative stimuli predicts greater
efficacy of cognitive behavior therapy (CBT) among those with
social anxiety [56]. These observations suggest that neural
variability allows the brain to be flexible in the face of changing
circumstances [57], akin to how higher heart rate variability (HRV)
indicates adaptive stress and arousal responses and the ability to
transition between parasympathetic and sympathetic nervous
system activation as necessary [58]. Interestingly, people with
MDD show reduced HRV [59], and reduced HRV in MDD may be
associated with cognitive impairments and PFC dysfunction [60].

Cellular level: synaptic dysfunction and reduced neurotrophic
factor signaling

What cellular-level changes in the brain might account for changes
in brain regions and networks observed in MDD? Though MDD
cannot accurately be attributed to a deficit in serotonin, this
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neurotransmitter still plays a role in its pathophysiology, as recently
reviewed by Jauhar et al. [61]. This narrative review covers, for
instance, evidence that depleting the serotonin precursor trypto-
phan is not sufficient to induce depressive symptoms in healthy
individuals but does worsen mood in remitted patients, suggesting
that reduced serotonin interacts with pre-existing neurobiological
vulnerabilities. The therapeutic efficacy of serotonergic drugs such
as SSRIs and psychedelics, which we will discuss in the following
section, further suggests that serotonin is likely to still be relevant
to MDD pathophysiology beyond a simple deficit.

Beyond serotonin, studies in people with MDD and rodent
stress models of depression-like behaviors show evidence of
dysfunction in synapses: the junctions between neurons where
electrical signals and chemical neurotransmitters pass from the
axon of a sending (presynaptic) neuron to the dendrites of a
receiving (postsynaptic) neuron (Fig. 3A). Synaptic dysfunction is
most evident in pyramidal neurons in the PFC and hippocampus, a
prevalent class of neurons that release glutamate, the brain’s
major excitatory neurotransmitter, thereby activating target
neurons that release other neurotransmitters, such as serotonin,
norepinephrine, dopamine, and acetylcholine. In rodent models,
chronic stress reduces the number of synapses that pyramidal
neurons receive, which results in decreased excitation of target
neurons (reviewed in McEwen et al. [62]). The reduced number of
synapses comes from less dendritic branching of pyramidal
neurons, as well as fewer and smaller dendritic spines, which
are protrusions from dendritic branches that are points of synaptic
contact between neurons (Fig. 3B). When a pyramidal neuron
receives fewer excitatory synaptic contacts, it is impaired in its
ability to pass along a signal to receiving neurons. Fewer dendritic
branches and spines are hypothesized to underlie the reduced
volume and activity seen in brain regions involved in MDD, such
as within the PFC and hippocampus, as previously reviewed
[63, 64]. Fewer synapses in these regions correlate with more
severe depression symptoms in MDD [65].

Decreased synaptic density in MDD is likely related to reduced
support from neurotrophic factors, which are proteins that support
the growth and survival of neurons and synapses. A key source of
neurotrophic support is expression of brain-derived neurotrophic
factor (BDNF) and its binding to its receptor, tropomyosin receptor
kinase B (TrkB). BDNF-TrkB signaling is necessary for the formation,
maintenance, and plasticity of synapses, as previously reviewed
[66]. MDD is associated with decreased BDNF-TrkB signaling [67,
68]. Heightened neuroinflammation, a contributing factor for
depressive symptoms, decreases BDNF gene expression and
disrupts neuroplasticity in preclinical models, including decreased
dendritic branching and spine density in emotional and cognitive
brain regions including the PFC and hippocampus [69-71]. The
BDNF gene also has a common polymorphism (Val66Met), which
leads to reduced BDNF-TrkB signaling and, in humans that carry it,
is associated with reduced hippocampal volume, MDD, and
suicidality [68, 72, 73]. All of these pathological changes to
synaptic density and neurotrophic signaling result in impaired
functioning of the brain’s cells and circuits. When this dysfunction
occurs within the cells and circuits underlying cognition, reward,
and emotion, then symptoms like negative affective bias,
anhedonia, and depressed mood arise.

TREATMENT FOR MDD UNDERSTOOD AS ENHANCING
MECHANISMS OF NEUROPLASTICITY

What is neuroplasticity?

A growing body of recent evidence suggests that treatments for
MDD work, at least in part, by enhancing neuroplasticity, rewiring
dysfunctional brain circuits and synapses in adaptive ways that
allow patients to become “unstuck” from negative thoughts,
emotions, and behaviors. The broadest definition of neuroplasti-
city is “the brain’s ability to change.” In the context of treating
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MDD, we define neuroplasticity at the cellular and molecular level
as changes in the connections between neurons (e.g. synapse
number, the electrophysiological firing properties of neurons),
whether resulting from increased receptor-mediated signaling,
neurotrophic factor signaling, or other mechanisms. At the
network level, we interpret changes in the activity, connectivity,
and/or volume of brain regions as large-scale indications that
neuroplasticity has occurred. Evidence that neuroplasticity has
taken place can also be seen through lasting changes in cognitive
and emotional behaviors. Collectively, neuroplasticity represents a
category of mechanisms that treat MDD by restoring synaptic
strength and functional connectivity in dysfunctional brain
circuits. We now know that both pharmacological and non-
pharmacological treatments for MDD engage multiple mechan-
isms of neuroplasticity, which drives their therapeutic efficacy.
These mechanisms of neuroplasticity underly the sustained effects
of pharmacological and non-pharmacological treatments; they
also treat MDD through acute changes in emotional and cognitive
information processing, as we will discuss.

Neuroplastic effects of typical monoaminergic
antidepressants

Chronic administration of typical monoaminergic antidepressants
repairs dysfunction at the behavioral, network, and synaptic levels.
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At the behavioral level, chronic SSRI administration improves the
negativity bias in MDD and helps restore healthy emotional and
cognitive information processing [74]. These cognitive and
emotional changes are evidence of underlying changes in the
brain. At the network level, SSRIs repair dysfunction in reward and
executive functioning circuits, such as increasing NAc activity and
NAc-PFC connectivity [75-77]. At the synaptic level, typical
antidepressants restore synaptic functioning and neurotropic
signaling. In rodent chronic stress models, typical antidepressants
restored hippocampal synaptic structure (i.e, synapse number)
and function (i.e., electrophysiological properties) [78, 79] (Fig. 3).
In people without depression, SSRI treatment increases synaptic
density in the PFC and hippocampus after 5 weeks [80]. In MDD,
treatment with typical antidepressants increases synthesis of
BDNF [81] and increases activation of its receptor TrkB [82],
enhancing downstream synapse formation and maintenance. In
rodent models, the behavioral benefits of antidepressants are
abolished when BDNF-TrkB signaling is impaired, likely because
this prohibits antidepressants from activating the molecular
mechanisms of synaptic formation and maintenance that occur
downstream of BDNF-TrkB [83].

Typical antidepressants may promote a neuroplastic state
similar to the highly malleable brain in early development,
possibly allowing for changes in brain structure and function that
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are otherwise limited in the adult brain, which is relatively more
stable, as previously reviewed [84-86]. In rodent studies, this has
been demonstrated in the cortex, hippocampus, and amygdala
[87-90], in which environmental interventions were insufficient to
induce functional changes on their own; only the combination of
antidepressants and the intervention resulted in functional
change. For example, rats raised in isolation develop aggressive
behavior that persists in adulthood despite resocialization
interventions, likely due in part to decreased BDNF signaling.
However, when adult resocialization is combined with SSRI
administration, BDNF signaling is restored in the PFC and the
aggressive behavior remits [90]. Thus, antidepressant-induced
neuroplasticity could sensitize an organism to environmental
conditions.

The neuroplastic benefits of antidepressants are likely enhanced
when they occur in the context of positive experiences in the
patient’s everyday environment. People living in more favorable
conditions (e.g., employed, college educated, high income) may be
more likely to benefit from an antidepressant alone than those not
living in favorable conditions [91]. Similarly, psychotherapy, which
provides a supportive environment to facilitate positive changes in
thinking, feeling, and behaving, enhances the therapeutic potential
of antidepressants [92]. In this way, antidepressants can be thought
of as opening a window of plasticity that allows the benefits of a
positive environment to take hold in neural circuits. By contrast, if
experiences in the environment are negative, rodent studies
suggest that antidepressant treatment may even be detrimental
because enhanced neuroplasticity in an adverse situation facilitates
learning that the environment is harmful [93, 94]. However, not all
findings support the notion that antidepressants simply make
people more susceptible to their environments: rodent studies also
show that antidepressant administration prior to stress exposure
can buffer against the effects of adversity [95, 96]. Therefore,
antidepressants may confer resilience in the face of negative
experiences in addition to their ability to enhance the benefits of a
positive environment.

If it’s all about neuroplasticity, how do antidepressant-induced
changes in serotonergic transmission treat MDD?. Viewing the
treatment effects of typical antidepressants through a neuroplas-
ticity lens, in which the benefits of antidepressants are dependent
upon new learning opportunities, offers an alternative to the
outdated (although still frequently referenced) idea that anti-
depressants are correcting a monoaminergic deficit to restore
monoamine neurotransmission. Monoamines are still essential for
antidepressant effects, but rather than correcting a deficit, the
serotoninergic, dopaminergic, and noradrenergic activity of typical
antidepressants likely play two major roles in facilitating the
therapeutic response: (1) triggering downstream molecular
cascades that result in neuroplasticity more chronically, and (2)
changing emotional processing and behavior more acutely.

The first major role of typical antidepressants is supported by
rodent studies suggesting that activation of multiple types of
serotonin receptors results in downstream effects that enhance
neuroplasticity through many of the mechanisms previously
discussed, such as increased expression of growth factors. For
example, knocking out the 5-HT; 5 receptor on granule cells in the
dentate gyrus decreases fluoxetine-induced expression of BDNF
and blocks proliferation of new hippocampal neurons in mice [97].
The 5-HT, receptor also appears to be necessary for inducing de-
maturation of granule cells in the dentate gyrus, which plays a role
in the overall neuroplastic effects of antidepressants in mice [98].
Additionally, there are antidepressants other than SSRIs and SNRIs
that are still thought to work through serotonergic mechanisms.
For instance, vortioxetine has multimodal actions on serotonin
receptors, including antagonism, agonism, or partial agonism,
depending on receptor subtype, and has been shown to increase
neurotransmission of serotonin, dopamine, norepinephrine, and
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glutamate in emotional and cognitive brain regions (reviewed in
Alvarez et al. [99]). Vortioxetine appears especially effective for
treating cognitive impairment in clinical and preclinical studies
(reviewed in Sanchez et al. [100]). In rodents, vortioxetine
increases hippocampal synaptic plasticity and dendritic spine
maturation [101, 102]. Though vortioxetine’s precise mechanisms
of action remain unknown, its multimodal serotonergic actions
highlight the complexity of the serotonergic system in the
pathophysiology and treatment of MDD. Finally, signaling
cascades that facilitate neuroplasticity, such as through gene
expression changes and increased expression of BNDF, can occur
downstream of dopamine and norepinephrine receptors as well as
serotonin receptors, suggesting that enhanced signaling of these
monoamines is relevant to the neuroplastic effects of antidepres-
sants as well (reviewed in Pittenger and Duman [21]).

The second major role of typical antidepressants is supported
by evidence of acute changes in cognitive and emotional
processing following administration. For instance, serotonergic
antidepressants result in acute changes in emotion processing
within a week (and even after one dose) in humans, such that
individuals are less likely to interpret ambiguous faces as negative
and demonstrate increased attentional and memory bias for
positive versus negative stimuli (reviewed by Godlewska and
Harmer [36]). Thus, before the medication has time to enact its
chronic effects (i.e.,, enhancing mechanisms of neuroplasticity), it
acutely changes the way individuals process the world around
them. This cognitive neuropsychological model of antidepressant
action suggests that acute effects of antidepressants on emotional
processing promote more positive social interactions [36, 103].
Eventual increases in neuroplasticity enhance the impact that
these new biases in emotion processing and social experiences
have on shaping patterns of beliefs and behaviors. For example,
people struggling with depression are likely to have negative
emotional biases, which might make them think that others dislike
them. This might cause people with depression to avoid
interacting with others. After taking an antidepressant, reduced
negativity bias would promote more positive social experiences,
and eventually enhance motivation to engage with others.

An important consideration in the serotonergic treatment of
MDD is evidence that, among children, teenagers, and young
adults before age 25, serotonergic antidepressant treatment is
associated with a small but significantly increased risk of suicide
[104]. This seemingly contradictory observation calls into question
the hypothesis that serotonergic antidepressants facilitate a more
positive outlook on life, and also highlights the complexity of
MDD, the pathophysiology of which is also impacted by age. For
instance, MDD in young people may be more likely to involve
impulsivity and/or symptoms of mania due to differences in brain
maturation, which increase the risk for suicide [104]. Serotonin has
also been implicated in impulsivity [105]. The developing brain is
highly plastic relative to the adult brain at baseline, and the effects
of serotonergic antidepressants may differ against the labile
background of development versus the stable background of
adulthood [106]. For instance, a meta-analysis showed that
antidepressants have a similar efficacy between adolescents and
adults, but with adverse events being common among adoles-
cents [107]. Despite greater neuroplasticity of the developing
brain compared to the aging brain, age-dependent effects of
antidepressants on neuroplasticity remain largely unstudied.

Novel antidepressants: ketamine and psychedelics

In contrast to the slow therapeutic actions of typical antidepres-
sants, a single subanesthetic dose of ketamine produces rapid
(within 24 h of administration) symptomatic relief in MDD and
treatment resistant depression in clinical trials, though the effects
are transient [108]. Repeated dosing of ketamine is more
efficacious in clinical trials than typical antidepressants alone
[109, 110]. In 2019, the FDA approved an intranasal formulation of
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ketamine, specifically esketamine (Spravato®), the first truly new
antidepressant in 50 years. Ketamine produces rapid changes in
structural and functional connectivity within many regions
associated with reward, emotion, and cognitive function, likely
by acting on glutamate and increasing excitation in hypoactive
regions of the brain, as previously reviewed [44, 111]. Neuroima-
ging research shows that ketamine also rescues anhedonia and
enhances sensitivity to reward in patients with MDD, which is
accompanied by increased activity in relevant mesolimbic brain
networks [112, 113]. Preclinical studies suggest that the beneficial
actions of ketamine are mediated by activation of both BDNF-TrkB
signaling and endogenous synaptic strengthening mechanisms
[114]. Distinct mechanisms of action likely underlie ketamine’s
rapid versus sustained antidepressant effects, with acute increases
in glutamatergic transmission triggering sustained increases in
downstream processes underlying neuroplasticity, as reviewed by
Kim et al. [115]. For a comprehensive synthesis of the evidence for
ketamine's efficacy and mechanisms of action, we refer readers to
the review by McIntyre et al. [116], which also discusses tolerability
and safety concerns that remain under investigation. For instance,
preclinical and clinical studies suggest that the opioid system is
necessary (although not sufficient) for ketamine’s antidepressant
effects, raising possible concerns about addiction and abuse
potential [117, 118]. Ketamine abuse has been reported in the
literature, as previously reviewed [119] and was the topic of a
2020 special issue of Behavioural Brain Research [120], emphasiz-
ing the need for caution. However, for esketamine in the
treatment of depression, the current FDA approved use is once
to twice per week [121], lowering risks of abuse liability in clinical
settings. Editorial discussions on the effects of ketamine on the
opioid system encourage continued investigation into the
mechanisms of ketamine’s antidepressant effects alongside safety
monitoring of its clinical use [122, 123].

Psychedelics such as psilocybin and lysergic acid diethylamide
(LSD) are also novel therapeutics for MDD that show promise in
clinical trials [124-126]. However, these trials remain preliminary,
and one showed that psilocybin was not significantly different
from the SSRI escitalopram in antidepressant efficacy [127].
Psilocybin and LSD are serotonergic psychedelics that act as
agonists of essentially all serotonin receptors and produce their
psychedelic response by activating 5-HT,5 receptors. As with
SSRIs, their enhancement of serotonergic transmission is likely
relevant to their antidepressant effects through downstream
changes in gene expression, indirect effects on glutamatergic and
dopaminergic systems, and changes in emotional and cognitive
brain networks, summarized in recent reviews [128, 129]. Synth-
eses of the evidence for psychedelics’ antidepressant mechanisms
of action propose that, like typical antidepressants and ketamine,
psychedelics facilitate neuroplasticity at the behavioral, network,
and synaptic levels [130, 131]. Indeed, in an open-label clinical
trial, psilocybin improved cognitive flexibility in patients with MDD
[132]. In healthy human participants, psilocybin induces rapid yet
persistent changes in functional connectivity between brain
regions including the PFC and amygdala [133, 134], consistent
with findings in chronically stressed mice showing that acute
administration of psilocybin restores excitatory synaptic function
and healthy reward behaviors [135]. In cultured neurons and in
mice, psilocybin promotes structural changes in dendrites and
synapses, increasing and amplifying the synaptic connections
between neurons [136, 137]. According to rodent research,
psychedelics may promote synaptic connections by enhancing
BDNF-TrkB signaling similar to typical antidepressants [138].
However, similar to the cognitive neuropsychological model of
typical antidepressant action described above, acute changes in
cognitive and emotional processing following administration of
ketamine or psychedelics may also be therapeutic, though this
remains to be investigated alongside continued research into their
efficacy relative to typical antidepressants.
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Non-pharmacological approaches: psychotherapy and
neurostimulation

The mechanisms by which non-pharmacological treatments for
depression work may be the same as or similar to those acted on
by typical antidepressants and psychedelics. Non-pharmacological
treatments include psychotherapeutic techniques, like cognitive
behavioral therapy (CBT) and mindfulness, as well as neurostimu-
lation approaches, such as electroconvulsive therapy (ECT),
transcranial magnetic stimulation (TMS), and deep brain stimula-
tion (DBS). Each of these treatment approaches can be used
individually or in conjunction with each other, including alongside
pharmacological agents.

According to human neuroimaging studies, neurostimulation
therapies enhance activity in cortical and mesolimbic circuits
involved in cognition, reward, and motivation [139-141]. TMS for
MDD increases activation in the dorsolateral PFC, connectivity in
cortico-mesolimbic circuitry, and extracellular glutamate and
dopamine in the NAc [140, 142]. The Stanford Neuromodulation
Therapy (SNT) TMS protocol uses intermittent theta burst
stimulation (iTBS) targeting the left dorsolateral PFC and was
shown in a 2021 clinical trial to be highly efficacious for MDD
[143]. A follow-up trial showed that the SNT TMS protocol
changed functional connectivity patterns between the salience
network, the amygdala, and the striatum such that treated MDD
patients now had functional connectivity patterns that were
comparable to control patients without MDD [144]. DBS for MDD
targets the cingulate cortex or the striatum, which includes the
NAc, and has been shown to enhance activity in these regions and
connected areas involved in anhedonia and motivation [145, 146],
as well as activity in the PFC and amygdala [139]. In contrast, ECT
causes more global excitation throughout the brain as opposed to
initially targeting a single brain region. Some of the network-level
effects of ECT are shared with the effects of “treatment as usual”
(combined medication, psychotherapy, and case management),
while other effects differ: both modalities increase cortical
thickness, while only ECT appears to increase hippocampus and
amygdala volume in patients with MDD [141].

As with pharmacological antidepressants, neurostimulation
therapies likely also have acute effects on cognitive and emotional
processing that are part of their therapeutic efficacy. A single ECT
session decreased neural reactivity in the PFC in response to
unpleasant stimuli in patients with MDD, even before improve-
ment in mood was evident [147]. According to sham-controlled
fMRI studies, changes in brain activity patterns in the PFC after a
single ECT session may reflect early signs of sustained therapeutic
changes in emotional and cognitive circuits [148, 149].

Brain imaging and EEG recording studies show that psychother-
apeutic techniques also work to change activity and connectivity
patterns in brain regions involved in emotion regulation, such as
the salience network [150-152]. For instance, CBT helps patients
process information in positive or productive ways that change the
cognitive and emotional schemas with which they understand their
past and contextualize their future [153]. Activities like physical
exercise and meditation also have antidepressant effects, likely in
part through enhancing signaling of neurotrophic factors like
BDNF, summarized in previous reviews [154, 155]. Fundamentally,
these non-pharmacological treatments for MDD induce neuroplas-
ticity in much the same way as pharmacological approaches.

COMMUNICATING AN ACCURATE AND ACCESSIBLE
NEUROPLASTICITY FRAMEWORK OF MDD

Summary

Here, we describe how MDD arises from cognitive and emotional
circuits that are “stuck” in a state characterized by negativity bias
and impaired flexibility. Effective treatments—from typical anti-
depressants to psychedelics, psychotherapy, and brain stimulation
—work through multiple mechanisms of neuroplasticity to allow
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Fig. 4 Summary of the contributing factors, pathophysiology, and treatment of MDD, and metaphors for understanding and
communication. Multiple factors can act independently or interact with each other to contribute to MDD. The pathophysiology of MDD can
be understood as the brain being “stuck” in a state of maladaptive cognitive and emotional processing related to dysfunction in brain circuits
and synapses that regulate cognition and reward processing. At the behavioral level, this dysfunction results in negativity bias, decreased
cognitive and emotional flexibility, and decreased responses to and motivation for rewards. Treatments for MDD, both pharmacological (SSRiIs,
SNRIs, MAOIs, psychedelics) and non-pharmacological (TMS, DBS, ECT, psychotherapies), work by enhancing neuroplasticity to release brain
circuits from their stuck state, enable adaptive rewiring, and restore healthy functioning. This model of MDD is like (A) a car running off the
road and into a ditch, requiring the help of a tow truck to get back out, or (B) a broken leg requiring physical therapy and anti-inflammatory
medication to heal. MDD major depressive disorder, SSRIs selective serotonin reuptake inhibitors, SNRIs serotonin and norepinephrine
reuptake inhibitors, MAOIs monoamine oxidase inhibitors, TMS transcranial magnetic stimulation, DBS deep brain stimulation, ECT
electroconvulsive therapy. Created with Canva.com and BioRender.com.

these circuits to adaptively change and restore healthy function-
ing. Though MDD cannot accurately be considered a deficit in
serotonin, serotonin still has a role to play through its interactions
with mechanisms of neuroplasticity. We believe that this model,
which is based on a solid foundation of clinical and preclinical
research, is understandable, accurate, and flexible enough to be
refined by future research. Another advantage of this model of
MDD is that it provides a framework for describing the potential
interactions between pharmacological treatments and the envir-
onment, and it also emphasizes the importance of prescribing
antidepressants alongside concurrent opportunities for positive
learning experiences, such as psychotherapy [156].

The importance of science communication

Given rising mental health crises alongside public mistrust in
science and medicine, we believe that effective science commu-
nication is of critical importance. Specifically, an accessible and
accurate framework of MDD is necessary to replace the serotonin
deficit hypothesis in the public’s understanding of depression. We
offer two metaphors to help researchers and clinicians commu-
nicate this neuroplasticity framework of MDD with general and
patient populations (Fig. 4).

The first metaphor is that of a car driving along a road, but then
getting stuck in a ditch and needing help to get out. In this
metaphor, the driver and the vehicle can be thought of as
predisposing factors, such as genetics and a stressful upbringing,
that influence one’s risk for getting stuck in the ditch that is MDD.
Some drivers have a new four-wheel drive car capable of
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navigating rugged terrain or slick roads, akin to people having a
supportive upbringing or genes associated with resilience. Other
drivers have an old clunker with threadbare tires that represent
vulnerability genes or high exposure to adverse childhood
experiences (ACEs). The road is the current experiences of life,
such as stress exposure. On a rainy or snowy day, when visibility is
poor and the pavement is slick, a car is more likely to run off the
road, especially if its tires are worn out. Once stuck in the ditch of
MDD, spinning the wheels can get the car even more stuck, like
the dysfunctional cognitive and emotional circuits that reinforce
MDD. In this sense, the dysfunctional cognitive and emotional
circuits that characterize MDD are the ruts on the side of the road.
Treatments are the tow trucks that pull the car out of the ditch
and the mechanics that get it back on the road (Fig. 4A).

In the second metaphor, MDD and its treatments are likened to
physical rehabilitation after an injury. Similar to a broken leg that
lacks the full range of motion, the brain with MDD lacks flexibility
and the capacity for the full range of emotion. For the injured leg,
regaining function and mobility requires physical therapy, just as
the brain in MDD benefits from psychotherapy. In some cases,
exercise must be combined with medication to manage pain and
inflammation, so that the individual is able to initiate and benefit
from the prescribed physical therapy. In the same way,
psychotherapy for MDD can be enhanced by pharmacological
treatments like typical antidepressants or esketamine. The result is
recovery of the brain’s capacity to perceive and interact with the
environment in a flexible way that was possible prior to the injury
of MDD, ideally combined with the development of new coping
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strategies, like rehabilitated muscles that are even stronger and
more flexible than they were before (Fig. 4B).

Conveying to a general audience the nuances and caveats
inherent in a complex disorder and its treatment mechanisms may
seem like a daunting task. However, as researchers and clinicians,
we have a responsibility to explain to patients and the public how
MDD and its treatments are currently conceptualized as simply as
possible, yet without sacrificing accuracy. If we fail to do so, the
risks are great: the void will inevitably be filled by unintentional or
even intentional distortions that have the potential to increase
misinformation and stigma while eroding public trust in science
and medicine. In the end, communicating research is just as
important as the research itself.
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