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Introduction

The neural substrates of different depression symptoms: Animal
and human studies

Major depressive disorder (MDD) is the most prevalent form of depressive dis-
orders, yet it constitutes many challenges for accurate diagnosis (Liu & Jiang,
2016). The main difficulty with diagnosis is the ability to successfully eliminate
a number of other mood disorders that may share many of the symptoms of
MDD (Pies, 2009). Similarity in diagnosis includes not only the depressive dis-
orders, but various anxiety, and bipolar and related disorders that are diagnosed
by shared criteria. For MDD diagnosis, the Diagnostic and Statistical Manual
of Mental Disorders (DSM-5; 2013) lists nine particular symptoms, of which
at least five must be present continuously for a minimum of 2 weeks. Either
depressed mood or a recognizable level of anhedonia should be present among
these five symptoms. Furthermore, as these individual symptoms are not unique
to MDD, particular attention must be given to each symptom to ensure that it is
not arising from another medical condition, whether psychological or not. As
such, clinical psychologists and psychiatrists usually attempt to confirm that
the symptom in question is not attributable to another disease (Bilello, 2016).
The difficulty of MDD diagnosis does not only relate to the commonality of
symptoms among mood disorders, but also their acuteness and severity of these
symptoms. Persistent depressive disorder (i.e. dysthymia), for instance, cannot
be separated from MDD purely based on a checklist of symptoms, but requires
careful assessment of the frequency and stability of these symptoms. Depressive
symptoms, that may appear at varying rates and intensities, emerge due to
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dysfunction of a wide-range of neuronal circuits and a number of neuromodu-
lator systems (Krishnan & Nestler, 2008; Nestler et al., 2002). Understanding
the neural substrates of depressive symptomology, therefore, constitutes a key
component for revealing the full etiology of MDD.

Basic and clinical neuroscience have relied on numerous techniques to in-
vestigate the neural basis of depression. Significant effort has been placed on
neuroimaging studies that compare patients with MDD to healthy participants.
These studies were not only useful for revealing disease-specific alterations
brain structure, whether reflected as differences in volume, connectivity or
metabolic activity, but were also crucial in assessing the effects of various types
of antidepressant treatment from pharmacological intervention to physical ex-
ercise (Gourgouvelis, Yielder, & Murphy, 2017). The other major approach in
investigating the neural substrates of depression and its symptoms was utilizing
behavioral and transgenic animal models. While clinical case studies using dif-
ferent neuroimaging techniques provided gross neuroanatomical information,
animal models enhanced our understating of the morphological, neuropharma-
cological and electrophysiological aspects of different symptoms of depression.

Several specific biological correlates have been identified for depression
from molecular alterations to network level changes. However, matching in-
dividual symptoms to particular neurobiological substrates has been challeng-
ing (Post & Warden, 2018). The complex etiology and versatile symptomology
of depression often makes it impossible to match a depressive symptom to a
specific biological alteration(s). Instead, neural underpinnings of the disease
have been studied by considering how much they contribute to the etiology
of the disease or, more accurately, how useful they can be for treatment pur-
poses. Furthermore, focusing on individual depressive symptoms has been a
technical necessity of non-human animal studies. Basic neuroscience research
on depression, whether using well-established behavioral paradigms such as
forced swimming-induced stress in rodents (Porsolt, Anton, Blavet, & Jalfre,
1978; Porsolt, Bertin, & Jalfre, 1977; Porsolt, Le Pichon, & Jalfre, 1977) or
state-of-the-art transgenic mouse lines (Cryan & Mombereau, 2004; Krishnan
& Nestler, 2008) cannot portray the complex human disease in its entirety, but
simulate only a handful of its symptoms.

The symptomatological approach to the treatment of depression (i.e., pre-
scribing antidepressants primarily based on how effective they are in eliminat-
ing the major symptoms of the disease, as opposed to their known mechanisms
of action) has been an effective and popular choice in the clinic. In addition,
in basic neuroscience research, the use of animal models which can simulate a
subset of the symptoms proved very useful. For these reasons, identifying spe-
cific neural substrates for individual depressive symptoms has been the center of
attention in both clinical and basic research. However, the complex and versatile
etiology of MDD, and the resulting inter-patient variability in symptomology
and clinical response, it has been very difficult, and sometimes impossible, to
pinpoint independent neurobiological correlates for specific MDD symptoms.
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For instance, while psychomotor retardation constitutes the key measure of be-
havioral despair induced by the forced swim test (FST), which is considered
the gold standard rodent test for antidepressant effectiveness (Unal & Canbeyli,
2019), not all genetically altered mouse lines produce antidepressant-like be-
havior in the FST (Cryan & Mombereau, 2004). This chapter, therefore, avoids
using subtitles for different depressive symptoms, but lists well-known neural
correlates of depression with their identified role in symptomology.

We start with major neuromodulatory systems, namely the serotonergic,
noradrenergic and dopaminergic ascending projections. The effects of the for-
mer (serotonin) are mostly on mood regulation, whereas the latter (dopamine)
is considered the major player in psychomotor symptoms of MDD. We survey
adult neurogenesis, especially in relation to anhedonia, and later discuss the
related neurotrophic hypothesis of depression. We focus on the network-level
understanding of the MDD symptomology by reviewing the cortico-limbic sys-
tem in relation to the cognitive deficits of MDD (diminished ability to think or
concentrate, or indecisiveness) and go over major animal and human studies on
the limbic circuitry. We end the chapter by reminding the reader the complex
etiology of MDD and the resulting inter-patient variability in its symptomology.
While the dysfunction in a specific biological mechanism can contribute to a
particular depressive symptom—as discussed in this chapter—it is often not the
only underlying factor for that particular symptom. A specific neurobiological
dysfunction often contributes to some of the other symptoms through secondary
mechanisms. The epiphenomenal nature of depression neurobiology requires a
holistic approach to the study of its symptoms.

Neuromodulatory systems: Mood and psychomotor activity

Like many neuropsychiatric diseases, psychopharmacological intervention and
experimentation with animal models gave rise to a pharmacological under-
standing of depression, known as the monoamine hypothesis (Delgado, 2000;
Hirschfeld, 2000). This hypothesis states depletion of serotonin and catechol-
amine levels as the main cause of MDD. Placing dysfunction of neurotransmit-
ter/neuromodulator systems at the core of depression was a confrontational
idea in psychiatry when it emerged in the 1960s (see Coppen, 1967). However,
it gained momentum with the use of tricyclic antidepressants (TCAs), which
substantially elevated the mood of MDD patients by blocking the reuptake of
serotonin and norepinephrine, and monoamine oxidase inhibitors (MAOIs).
This has first led to the serotonin hypothesis, which has later evolved to en-
compass all monoamines (Coppen, 1967; Schildkraut, 1965). Clinical and
market success of monoamine agonists, especially selective serotonin reup-
take inhibitors (SSRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs)
and serotonin-dopamine reuptake inhibitors (SDRIs) provided support for the
monoamine hypothesis, making it the single most important theory for the eti-
ology of MDD.
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Monoaminergic pharmacological intervention in MDD leads to versatile
clinical outcomes (and side effects), depending on the type of antidepressant,
prescription period, and (epi)genetic vulnerability and clinical history of the
patient. Fluoxetine, a well-known SSRI with a high prescription rate/market
output, has a good success ratio in producing clinical serendipity. The clinical
success of an antidepressant treatment, whether self-reported and/or assessed by
the health professional, refers to elevated mood often accompanied by a signifi-
cant reduction in anhedonia (Willner, Scheel-Kriiger, & Belzung, 2013). In fact,
depressed mood and anhedonia are the must-be-present symptoms for MDD
diagnosis (DSM-V, 2013). No antidepressant treatment would be deemed suc-
cessful without a substantial ameliorative effect in either low mood or loss of
interest (i.e. anhedonia). It is therefore evident that a global increase in synaptic
serotonin levels has a major antidepressant effect. The same clinical outcomes
are observed for SNRIs and SDRIs. SSRIs fluoxetine, sertraline, citalopram,
escitalopram and paroxetine as well as SNRIs desvenlafaxine, levomilnacip-
ran, venlafaxine and duloxetine have all been reported to elevate mood,decrease
anhedonia and treat cognitive dysfunction at varying levels, depending on the
patient. They also lead to similar side effects (nausea, dizziness, headache, dry
mouth, etc.) and additional withdrawal issues such as flu-like symptoms and
the so called antidepressant discontinuation syndrome (Warner, Bobo, Warner,
Reid, & Rachal, 2006). In short, monoaminergic medication does not only have
an overall clinical effect, often treating different symptoms of MDD, but also
lead to a variety of common side effects.

The main mechanism of action (MOA) of each antidepressant is well-
known. While SSRIs, such as fluoxetine, transiently inhibit the reuptake of
serotonin molecules already released at the synapse, TCAs additionally oc-
cupy certain binding sites of cholinergic, histaminic and adrenergic receptors
(Feighner, 1999). In clinical practice, conceptual understanding of the MOA is
not the primary concern and most decisions are made case-by-case by observing
clinical outcomes: when one medicine does not work for a patient, a different
dose or another medication may be prescribed (Bousman et al., 2017). It is this
therapeutic power and clinical reliability of the monoaminergic agents which
place them at the core of pharmacological treatment of MDD.

Despite the relatively successful clinical application of the monoamine hy-
pothesis, linking different monoamines to specific symptoms of depression is
not straightforward. Observing positive clinical effects of the aforementioned
psychopharmacological agents is not sufficient to claim that monoaminergic
neuromodulators underlie the observed clinical outcome. This is because SSRIs
or combination reuptake inhibitors, as well as other monoaminergic agonists,
not only affect the synaptic levels of neuromodulator in question, but also al-
ter other molecular mechanisms (Nestler et al., 2002; Willner et al., 2013).
In addition to its neuromodulatory effects at the synapse, serotonin functions
as a trophic factor during brain development, and knocking out the serotonin
plasma membrane transporter (SERT) leads to neurodevelopmental deficits in
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transgenic mice (Ansorge, Zhou, Lira, Hen, & Gingrich, 2004). In line with
animal studies, polymorphism of the serotonin transporter gene in humans has
been associated with anxiety-related traits (Hariri et al., 2002; Lesch et al.,
1996), depressive symptoms (Caspi et al., 2003) as well as differential BOLD
signaling (i.e. metabolic activity) in the amygdala during fear evoking stimuli
(Hariri et al., 2002). Furthermore, levels of serotonin and the brain-derived neu-
rotrophic factor (BDNF), a potent growth factor (Kowiariski et al., 2018) and
a key regulator of neurogenesis (Zigova, Pencea, Wiegand, & Luskin, 1998)
are mutually dependent (Martinowich & Lu, 2008). Due to these and other
molecular level-interactions between monoamines and various intracellular
mechanisms, the secondary effects of manipulating synaptic levels of serotonin,
norepinephrine or dopamine cannot be differentiated from the behavioral ef-
fects of primary MOA of a monoaminergic antidepressant. Animal studies, with
their controlled nature, provide a relatively better setting to investigate mono-
aminergic system correlates of individual depressive symptoms and potentially
identify symptom-specific treatments.

Perhaps the most important priority of animal research on clinical depres-
sion has been to identify and test the effectiveness of potential antidepressants
in a reliable way. This led to the invention of two despair-based antidepressant
screening tests: the forced swim test (Porsolt et al., 1978; Porsolt, Bertin, et al.,
1977; Porsolt, Le Pichon, et al., 1977) and the tail-suspension test (TST; Cryan,
Mombereau, & Vassout, 2005; Steru, Chermat, Thierry, & Simon, 1985). Both
paradigms, resembling learned helplessness, induce behavioral despair in ro-
dents and assess how much the animals struggle, that is increase their mobility,
to get out of the distressing test condition. The main measure of both para-
digms therefore resemble psychomotor retardation observed in MDD (Avery &
Silverman, 1984; Buyukdura, McClintock, & Croarkin, 2011; Unal & Canbeyli,
2019). Both paradigms follow a seemingly mechanistic method by focusing on
psychomotor activity rather than on an affective phenomenon such as anxiety-
like behavior or anhedonia. In both paradigms, successful antidepressant treat-
ment leads to less retardation/immobility, portrayed as an increased level of
struggling in the test phase. Antidepressants that work in the FST by increasing
active struggling or mobility in the test phase, often work in the clinical setting
and elevate mood in MDD patients. This does not only establish the FST as a
reliable, useful antidepressant assessment tool, but it also points out the role of
monoaminergic systems in psychomotor symptoms of MDD (Unal & Canbeyli,
2019).

Dopamine, with its well-known role in progressive movement disorders,
such as Parkinson's and Huntington’s disease, was designated as the major
monoamine neuromodulator underlying psychomotor alterations observed in
MDD (Bragulatetal., 2007; Martinot et al., 2001; Pizzagalli, 2014). Antagonism
of D1 or D2 receptors produce depressive-like behavior in rodents by increas-
ing immobility in the test phase of FST (Klemm, 1989; Yamada, Sugimoto,
& Yamada, 2004). In line with this, a PET study tracing ["*FJDOPA in MDD
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patients with prominent psychomotor retardation found significantly decreased
levels of dopamine in the left caudate nucleus (Martinot et al., 2001). Another
PET imaging study utilizing [''C]raclopride to assess D2 receptor binding po-
tential suggested that lower levels of extracellular dopamine in caudate-putamen
nuclei of both hemispheres underlie psychomotor retardation in depression
(Meyer et al., 2006).

There is substantial inter-patient variability in psychomotor symptoms of
depression. A depressive period can be accompanied by psychomotor retarda-
tion as well as the opposite phenomenon, psychomotor agitation. While both
may be observed in MDD depending on the patient, frequent transitions be-
tween the two is considered as a biomarker for bipolarity. Functional MRI stud-
ies show abnormal metabolic activity in dopamine-releasing nuclei or target
structures of dopaminergic pathways in bipolar depression (Marchand, Lee,
Thatcher, Jensen, et al., 2007; Marchand, Lee, Thatcher, Thatcher et al., 2007).
Destabilized functioning of the basal ganglia system and fluctuating levels of
synaptic dopamine underlie sudden shifts in mechanical as well as affective
symptoms of depression: psychomotor disturbances and mood swings.

As an alternative to behavioral despair that focus on psychomotor activity/
retardation, reward-based rodent models have been developed to simulate an-
hedonia. The sucrose preference test, (Willner, Towell, Sampson, Sophokleous,
& Muscat, 1987) for instance, has been useful to assess how well a potential
antidepressant may overcome anhedonia, observed as an increased preference
of sucrose over water in rodents. These tasks assess so called consummatory
behaviors of animals by creating a more natural environment, compared to be-
havioral despair paradigms that utilize artificial applications such as placing
land-based animals (i.e. rodents) in water pools or holding them by the tail for
a long time. In this regard, reward-based rodent models such as the sucrose
preference test possess good face validity in simulating loss of pleasure and de-
creased motivation, as observed in patients with MDD. Interestingly, however,
they are not necessarily as reliable as the FST in assessing the effectiveness of
potential antidepressant treatment. The FST, relying on psychomotor measures
that reflect secondary (and seemingly mechanical) symptoms of MDD, as op-
posed to the must-be-present depressive symptom anhedonia model used by
the sucrose preference test, has been the test of choice for initial assessment of
several antidepressants (Unal & Canbeyli, 2019). This phenomenon points to
the high level of interaction between the neural substrates of different depres-
sive symptoms.

Adult neurogenesis: Anhedonia

Since its discovery (Altman & Das, 1965; Kaplan & Hinds, 1977), adult hip-
pocampal neurogenesis has attracted special attention in many aspects of neu-
roscience, emerging as a key contributor for various cognitive and affective
phenomena. The neurogenic (reserve) theory, stating that adult hippocampal
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neurogenesis provides a great potential for neuronal plasticity in an experience-
dependent manner, has been offered as the most prominent factor in the etiology
of depression (Gould, Beylin, Tanapat, & Reeves, 1999; Jacobs, van Praag, &
Gage, 2000; Kempermann, 2008). According to this theory, depressive symptoms
arise from clinically low levels of adult neurogenesis; and accordingly, boosting
neurogenesis would be sufficient to treat the disease (Miller & Hen, 2015). This
idea could not be tested in humans. However, it has been possible to show that
many forms of antidepressant treatment increase neurogenesis levels in the adult
hippocampus in animals (Gould, Tanapat, McEwen, Fliigge, & Fuchs, 1998;
Malberg, Eisch, Nestler, & Duman, 2000; Surget et al., 2011). Based on this ob-
servation, in their classical experiment, Santarelli et al. (2003) utilized Serotonin
1A receptor null mice and observed that both the neurogenic and behavioral
effects of fluoxetine were lost. Subsequent work has disputed these earlier find-
ings and suggested no role for adult neurogenesis in the antidepressant actions of
SSRIs (Holick, Lee, Hen, & Dulawa, 2008; Huang, Bannerman, & Flint, 2008).

Hodes, Hill-Smith, and Lucki (2010) attempted to resolve previous contra-
dictory findings by utilizing TST for behavioral despair and novelty-induced
hypophagia test for anhedonia (Dulawa & Hen, 2005) in female mice. They
showed that the antidepressant effects of fluoxetine depends on neurogenesis
and frontal BDNF levels in a dose-dependent manner (Hodes et al., 2010).
Together with previous studies proposing age and sex differences in antidepres-
sant properties of neurogenesis (Hodes, Yang, Van Kooy, Santollo, & Shors,
2009), this finding adds further variability to the neurogenic reserve theory,
questioning its external validity. Hippocampal neurogenesis seems to contribute
to antidepressant effects of monoaminergic treatment only in adult male rats,
but not in female or peripubescent male animals (Hodes et al., 2009).

In spite of the proposed dose-dependent mechanism as well as apparent sex
and strain-differences in potential antidepressant properties of adult neurogenesis,
the neurogenic hypothesis was supported by experiments in non-human primates
for (Perera et al., 2011). Blocking hippocampal neurogenesis by X-ray irradia-
tion abolished the antidepressant effects of fluoxetine treatment in stress-induced
adult female bonnet macaques. Importantly, the main measure of depression-like
behavior in this study was anhedonia (Perera et al., 2011). This finding was repli-
cated in mice that were subjected to chronic mild stress. Once adult neurogenesis
was ablated by the same irradiation technique, mice displayed anhedonia reflected
by a significant decrease in consummatory behavior (Surget et al., 2011). Based
on these studies, impaired adult hippocampal neurogenesis does not seem to con-
stitute a major neuronal signature of clinical depression as initially suggested, but
selectively contribute to the anhedonic symptoms of the disease.

The cortico-limbic system: Cognitive impairment

In addition to the aforementioned decrease in motivation—reflected as a re-
duction in consummatory behavior—animal studies partially ablating the
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hippocampal formation or blocking neurogenesis lead to cognitive impairment.
This is not surprising since an intact hippocampus is required for declarative
memory acquisition and consolidation. Cognitive impairment, which often
depends on hippocampal dysfunction, is not listed as a specific symptom of
MDD. In contrast, the comorbidity of depression and different forms of cogni-
tive impairment is well documented (Rock, Roiser, Riedel, & Blackwell, 2014).
Memory disturbances and faulty prospection, often considered epiphenomena
of depression, can be observed in MDD patients (Dillon & Pizzagalli, 2018). A
state-of-the-art optogenetic study provided direct support for the involvement of
hippocampal neuronal circuits in memory impairment associated with depres-
sion (Ramirez et al., 2015). Active dentate gyrus neurons were tagged in male
mice while they were interacting with the opposite sex. This constitutes a so
called appetitive behavior and likely leads to formation of emotionally positive
hippocampal memories. Neurons that are activated during this process and po-
tentially contribute to the memory formation constitute an engram. Following
a 10-day chronic immobilization stress protocol, the tagged engram neurons of
the dentate gyrus were optogenetically activated. This had a profound antide-
pressant effect, as assessed by the TST (i.e. behavioral despair) as well as the
reward-based sucrose preference test (Ramirez et al., 2015).

While memory problems are not regarded as a direct consequence of MDD,
another particular cognitive dysfunction, diminished ability to think or concen-
trate, or indecisiveness, is considered as a depressive symptom according to
DSM-V (2013). A diminished ability to concentrate does not merely refer to a
decreased level of vigilance or attention, but cover the (in)ability to make logi-
cal mental connections. Neural substrates of this relatively subjective phenome-
non have been investigated by functional neuroimaging studies (Mayberg et al.,
1999; Rayner, Jackson, & Wilson, 2016). The results point to the role of a wide-
range cortico-limbic network, including the amygdaloid complex, hippocam-
pal formation, and prefrontal and cingulate cortices. By assessing resting state
connectivity, researchers have revealed particular functional networks, such as
the autobiographic memory network (AMN) or the cognitive control network
(CCN; Rayner et al., 2016), and compared these among MDD patients showing
different symptoms and healthy controls (Pizzagalli, 2011; Smith et al., 2009).
Irregular activity in functional networks that are primarily composed of the dor-
solateral prefrontal cortex (dIPFC) and dorsal anterior cingulate cortex (dACC)
was correlated with poor concentration and indecisiveness (Rayner et al., 2016).
This indicates a major dysfunction in prefrontal cortex regulation of the down-
stream limbic structures, including the amygdaloid complex and the hippocam-
pal formation (Mayberg et al., 1999).

Neurotrophic factors and synaptic plasticity

The aforementioned interplay between monoaminergic systems and neuro-
trophic factors gave rise to the neurotrophic hypothesis of depression (Duman,
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Heninger, & Nestler, 1997). This view emphasizes the role of insufficient levels
of neurotrophic factors such as BDNF (Deltheil et al., 2008) and a consequently
decreased rate of synaptic plasticity through dysfunction or partial blocking of
NMDA receptors (Duman & Li, 2012) or receptor subunits (Qiao, An, Xu, &
Ma, 2017). In fact, higher levels of BDNF in the frontal cortex is correlated
with increased mobility, that is antidepressant-like behavior, in the FST (Borsoi
et al., 2015).

Further support for the hypothesis that depression results from interplay be-
tween monoaminergic systems and neurotrophic factors come from numerous
studies investigating the antidepressant effects of ketamine, a non-competitive
NMDA receptor antagonist (Ecevitoglu, Canbeyli, & Unal, 2019). Ketamine,
otherwise used as a major anesthetic agent, increases mobility in the FST by
an upregulation of BNDF in the hippocampus (Garcia et al., 2008; Yang, Hu,
Zhou, Zhang, & Yang, 2013) and prefrontal cortex (Lepack, Fuchikami, Dwyer,
Banasr, & Duman, 2014; Zhou et al., 2014). This increase in BDNF levels is
regulated by an activation of local AMPA receptors (Zhou et al., 2014) and
L-type voltage-dependent calcium channels (Lepack et al., 2014). A recent
study showed that isoflurane, another common anesthetic agent, also produces
a rapid-onset antidepressant effect through BDNF receptor TrkB signaling
(Antila et al., 2017). Other atypical antidepressants that have been used in tra-
ditional medicine such as tetrahydroxystilbene glucoside (Wang et al., 2017),
andrographolide (Zhang et al., 2019), or crocus sativus/saffron (Ghasemi et al.,
2015) also produce antidepressant effects in the FST via an enhancement of the
cortical/hippocampal BDNF levels.

MDD patients have clinically low levels of serum and plasma BDNF, which
is reversed with successful antidepressant treatment (Molendijk et al., 2010;
Zhou et al., 2017). Meta-analysis of clinical data established this key neuro-
trophin as a biomarker for MDD (Kishi, Yoshimura, Ikuta, & Iwata, 2017,
Polyakova et al., 2015). However, no straightforward correlation can be drawn
between global levels of BDNF and depressive symptoms. In contrast to the
antidepressant properties of hippocampal and prefrontal expression of BDNF or
increased TrkB signaling in these structures, infusions of BDNF into the ventral
tegmental area (VTA) leads to behavioral despair in rats (Eisch et al., 2003).
This finding suggests the need to take a network-level approach to different
symptoms of depression, focusing on neuronal circuity rather than wide-spread
neuromodulator systems or ubiquitous molecular mechanisms.

The limbic circuitry

The neural circuitry of depression is attributed to several cortical and extra-
cortical limbic structures and the aforementioned cortico-limbic connections
that have been implicated in sensory association, emotions, memory and moti-
vation (Nestler et al., 2002). Unlike neurodegenerative diseases, MDD has no
pathologic lesion sites marked by degenerating neurons or specific structural
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alterations. With interpatient and pharmacokinetic variability are added to this
picture, a complete depression circuitry, or a connectome for depression, has yet
to be produced (Gardner et al., 2014).

In principle, by relying on our current knowledge on functional neuroanat-
omy, it is possible to make general associations between different depressive
symptoms and brain regions involved in MDD. However, it should be noted that
going beyond correlations and pinpointing specific structures or neuronal con-
nections as the cause of a particular symptom is often a long-shot. This being
said, two major lines of research contribute to our network-level understanding
of different depressive symptoms: brain imaging studies in depressed patients
with diverse symptomology and basic animal research on different neuronal
systems that are also involved in depression.

The monoamine hypothesis has been supported by structural as well as func-
tional MRI studies that have recorded decreased volume or metabolic activity
in brain structures containing monoaminergic cell groups (Sasaki et al., 2008).
Decreased serotonergic levels or function in MDD was linked to atrophy in the
brainstem raphe nuclei as observed by MRI (Supprian et al., 2004) and tran-
scranial sonography (Budisic et al., 2010). The serotonergic lesion in MDD is
accompanied by a decrease in the power of circadian/ultradian rhythms of se-
rotonin as recorded in EEG and resting state fMRI (Salomon & Cowan, 2013).
Furthermore, resting state functional connectivity studies showed altered intra-
nuclear (Beliveau et al., 2015) as well as extranuclear/cortical connections of
the raphe nuclei (Ikuta et al., 2017) in depression.

Relatively decreased volume and low signaling were also recorded in the
locus coeruleus, the noradrenergic center of the brain (Liu et al., 2017; Shibata,
Sasaki, Tohyama, Otsuka, & Sakai, 2007). An early study utilizing postmortem
examination of brains of MDD patients strengthened this finding by detecting
abnormally high levels of tyrosine hydroxylase in the locus coeruleus, indi-
cating suppressed biosynthesis of norepinephrine (Zhu et al., 1999). Recently,
a previously understudied nucleus with dense serotonergic and dopaminergic
connections, the habenula, attracted attention in depression research (Lawson
et al., 2017; Yang, Wang, Hu, & Hu, 2018). Abnormal intranuclear functional
connectivity was observed in the habenula of treatment-resistant depression pa-
tients (Luan, Zhang, Wang, Zhao, & Liu, 2019), and the lateral nucleus of ha-
benula was suggested as a major therapeutic target for the antidepressant effects
of ketamine (Gold & Kadriu, 2019).

Network-level alterations in MDD are not restricted to the monoaminergic
nuclei. Supporting the aforementioned theories on adult neurogenesis and neu-
rotrophic factors in the etiology of depression, certain MRI studies detected
volumetric changes in the hippocampal formation as well as functional al-
terations in the fronto-hippocampal network of depressed patients (Campbell
& Macqueen, 2004). These findings were associated with different levels of
cognitive impairment observed in many MDD patients. However, inconsis-
tent results have been published regarding the hippocampal volume changes
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following antidepressant treatment, many reporting no detectable volumetric
change (Kraus et al., 2019; Vythilingam et al., 2004). The involvement of the
hippocampus in MDD symptomology seems to depend on decreased neurogen-
esis and neurotrophic factor levels without a noticeable atrophy. Suggested role
of the hippocampal formation in anhedonia as well as memory loss associated
with depression may be detected at a macroscopic level, but emerge within mi-
crocircuits of the hippocampal complex.

Brain imaging studies identified major pathological features within other
target limbic regions of ascending monoaminergic projections. The amygdaloid
circuit, initially identified as the emotion center of the brain (LeDoux, 2000)
and the neuronal circuitry where affective (e.g. fear) conditioning is encoded
(Pare, Quirk, & Ledoux, 2004) was the usual suspect of early brain imaging
experiments in depressed patients. Providing support for early animal studies
deeming amygdala as the emotion center of the brain, neuroimaging in healthy
participants showed that emotional stimuli consistently activate the amygdala
and related limbic and cortical structures (Phan, Wager, Taylor, & Liberzon,
2002; Phillips, Drevets, Rauch, & Lane, 2003). Not surprisingly, in patients
with MDD, volumetric alterations (Konarski et al., 2008; Mayberg et al., 1999),
resting state network differences (Dutta, McKie, & Deakin, 2014) and abnormal
metabolic activity (Beauregard, Paquette, & Levesque, 2006) have been reported
in the amygdala as well as structures with dense connections to the amygdaloid
circuit, especially the insula, anterior cingulate cortex, middle frontal gyrus, and
the dorsomedial, dorsolateral and orbitofrontal prefrontal cortices.

Several structural and functional alterations in the amygdaloid circuit have
been associated with depression. However, inconsistent results were published
regarding the exact volumetric changes of the amygdala in depressed patients.
Many imaging studies reported smaller/shrunk amygdalae in MDD patients
compared to healthy participants (Caetano et al., 2004; Hastings, Parsey,
Oquendo, Arango, & Mann, 2004; Rosso et al., 2005), while others found
it to be enlarged (Frodl et al., 2002; MacMillan et al., 2003). Importantly,
brain imaging research with bipolar patients often report enlarged amygdala
as well (Altshuler et al., 2000; Altshuler, Bartzokis, Grieder, Curran, & Mintz,
1998). Some studies found a correlation between the amygdala size and the
severity of the depressive symptoms (Drevets, 1999). The volume and rest-
ing state functional connectivity of the amygdala were therefore suggested as
biomarkers for bipolar disorder (Ambrosi et al., 2017; Fonseka, MacQueen, &
Kennedy, 2018). Many neuroimaging studies also observed decreased volume
and/or activity in the aforementioned frontal cortex subregions, especially in
the right hemisphere (Mayberg et al., 1999). The positive correlation between
amygdala volume/metabolism and severity of depression underlie the role of
the amygdaloid circuitry in the defining symptom of the disease: depressed
mood. An intact amygdala and normal functioning of the aforementioned
cortico/fronto-limbic connections are required for healthy mood regulation
(Drevets, 1999).
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Similar to the so called emotion circuits (LeDoux, 2000), the reward cir-
cuitry of the brain, including the basal ganglia, was a common region of inter-
est in brain imaging studies (Russo & Nestler, 2013). These experiments have
focused on psychomotor alteration, anhedonia and faulty reward processing
(Coccurello, 2019; Heshmati & Russo, 2015). The idea stems from basic animal
work indicating the involvement of dopaminergic structures and pathways in
voluntary motor actions (Buyukdura et al., 201 1; Unal & Canbeyli, 2019), goal-
directed behavior and reward seeking/processing (Haber, Adler, & Bergman,
2012; Schultz, 1998; Tepper, Abercrombie, & Bolam, 2007). Diminished gray
matter volume in the basal ganglia nuclei and smaller globus pallidum were as-
sociated with depressive symptoms marked by decreased motivation, anhedonia
and slowing psychomotor activity (Onyewuenyi, Muldoon, Christie, Erickson,
& Gianaros, 2014).

Volumetric alterations of the basal ganglia gave rise to a novel treatment
method for MDD and treatment-resistant depression. Inspired by the effective-
ness of deep brain stimulation in Parkinson’s disease, pioneering stimulation
studies attempted to bring back healthy oscillatory activity in the cortico-striatal-
thalamic circuitry to treat depression (Dunlop, Hanlon, & Downar, 2017; Kisely,
Li, Warren, & Siskind, 2018). Pilot studies, utilizing deep brain stimulation
(DBS) as well as non-invasive transcranial magnetic stimulation (TMS) to target
ventral striatum/capsule, medial forebrain bundle or the subcallosal cingulate
gyrus produced promising results. Alleviated depressive symptoms include de-
stabilized psychomotor activity and loss of interest or pleasure (Dunlop et al.,
2017; Kisely et al., 2018). Altogether, these data suggest that the basal ganglia
and wide-ranging dopaminergic circuitry of the brain constitute the basic neuro-
nal signature of psychomotor and motivation related symptoms of MDD. On the
contrary, it is important to note that clinical data from brain imaging studies lack
the necessary spatial resolution to identify individual contributions of the major
dopaminergic pathways to MDD. We can only rely on basic neuroscience re-
search to speculate that abnormal functioning in the nigrostriatal pathway would
cause psychomotor symptoms (Groenewegen, 2003; Sobin & Sackeim, 1997;
Yin & Yuan, 2017), whereas dysfunction in the mesolimbic and mesocortical
pathways likely underlie anhedonia (Haber et al., 2012; Petzinger et al., 2010).

Conclusion: A gestalt understanding of depressive symptoms

This chapter provided a brief review of the identified neural substrates of dif-
ferent depression symptoms. MDD, being a prevalent psychiatric disorder and
a global health problem, attracts constant scientific attention both in clinical re-
search and as a useful model in basic neuroscience. This results in hundreds, if
not thousands, of scientific publications each year, with several contradictory
results. A PubMed search for “depression” revealed 23,416 results for 2017 and
24,499 for 2018 (19,813 are published in 2019 as of October). Hence, this chap-
ter surveyed only the major findings in the literature with wide-spread consensus.
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Cognitive and clinical neuroscience studies utilizing brain imaging in pa-
tients and healthy controls provide the gross neuroanatomical substrates of
some of the symptoms. These were recorded as volumetric alterations in spe-
cific structures, changes in metabolic activity (e.g. BOLD signal) or differences
in fMRI-defined functional networks. Behavioral and systems neuroscience
research revealed the molecular, neurochemical and neuronal circuit-level pa-
thologies underlying depression. Some of these animal studies are not closely
related to clinical depression, as they have not used an animal model of depres-
sion and did not induce despair/stress, but merely investigated normal func-
tioning of neural systems, such as the basal ganglia (Smith, Pare, & Sidibe,
2004; Tepper et al., 2007) or amygdaloid circuitry (Pare et al., 2004), which
are known or hypothesized to have a role in the disease. Integrating data from
human and animal work is the key to a holistic understanding of depression
and its symptoms. The individual symptoms of depression, as detailed in this
chapter, cannot be linked exclusively to a particular neural substrate, but often
result by a combination of a number of alterations at the chemical, molecular,
cellular and network level. Hence, relatively speaking, one particular depressive
symptom may be more related to the dysfunction in a specific brain region or
neuronal circuit then other regions or circuits. But these other regions or circuits
may still contribute to the symptom at varying degrees. Here, we argue that it is
important to keep the epiphenomenal aspects of depression in mind and avoid
making unrealistic matchings between individual symptoms and handpicked
neurobiological substrates. The complex etiology of depression, together with
the relatively high inter-patient variability in symptomatology and clinical out-
come, require a Gestalt approach to the multifaceted disease.
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