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Depression and antidepressant action—from molecules to networks
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The great challenge

Once in a while, we all experience feelings of hopelessness,
sadness, lack of self-esteem, lack of motivation and drive, and
difficulties to focus and concentrate. In far too many individ-
uals, these physiological responses to environmental, social,
or internal insults or challenges become symptoms of one of
the most disabling medical conditions: the major depressive
disorder (MDD). While this ancient disorder, or better said
syndrome, is well recognized, the underlying causes remain
poorly understood. Psychosocial stress, inflammation, persis-
tent pain, and long-lasting sleep problems can precipitate
symptoms of depression in almost all humans (and animals)
but why in some people the symptoms prevail, persist, and
become debilitating, even when the primary trigger wears off
is unknown. Patient’s emotional state is often Blocked in^ into
melancholy, and uncontrollable self-focused rumination and
negative thinking of the past, present, and future. Basic daily
activities may become insurmountable leading into disability,
social isolation, and further exacerbation of feelings of worth-
lessness, stress, and anxiety. If left untreated, major depression
significantly increases the risk to develop many major chronic
diseases and may lead to suicide. Unfortunately, there is a
huge unmet medical need for better treatments. Commonly
used prescription antidepressants often show poor efficacy
and very slow onset of action and may bring numerous side

effects. The discovery of the rapid antidepressant effects of
ketamine is a remarkable improvement in the field and the
treatment is already in clinical use for the acute management
of depression. However, the beneficial effects of ketamine on
mood fade out almost as fast as they emerge. Ketamine may
also precipitate hallucinations and is thus warranted for people
with high risk of psychosis. We thus clearly need to under-
stand the factors behind depression and the mechanisms un-
derlying antidepressant effects much better in order to develop
faster, more effective, reliable, and safe treatments that bring
sustained benefit for the patients. This special issue covers
some selected reviews on this important topic.

It is hard to abandon monoamines

Serendipitous discovery of monoaminergic antidepressants
was a major breakthrough in psychiatry. These drugs are rela-
tively safe and therefore widely used in inpatient and outpatient
care to treat MDD and some other psychiatric and neurological
illnesses. While effective for many, a significant proportion of
patients are pharmacoresistant. In those who do respond, the
therapeutic effects become evident with a delay of weeks or
even months. There is currently no way to predict who will
respond, and when, and to which of these medications.

Perez-Caballero et al. (2019) highlight strategies how to
manage with some of the problems associated with the use
of monoaminergic antidepressants. Unfortunately, most of
such strategies are not well established and solutions must
be tested in a trial-and-error basis. Roughly 20 different small
chemical compounds targeting monoaminergic neurotrans-
mission, one way or the other, are in the markets today.
Some patients benefit from agents that are more selective for
noradrenergic over serotonergic system, while the most unse-
lective drugs bring best effects for some others. Curiously
enough, we have witnessed renewed interest to multitarget
strategies with many of the newest antidepressants.
However, none of the antidepressants can be regarded as the
most efficacious one. On the other hand, both the efficacy and
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onset of action of antidepressants may be improved with some
Bdrug supplements^ such as lithium, antipsychotics, or
pindolol . In the most complicated cases , mixed
polypharmaceutical approach is often the reality, sometimes
with clear benefits. Still, many patients fail to respond to all
solutions or get only marginal responses.

The glutamatergic system has been at the center of latest
innovations in antidepressant field. This interest originates
largely from the discovery of the rapid antidepressant effects
of ketamine, an NMDA-R (N-methyl-D-aspartate receptor)
antagonist (Berman et al. 2000; Zanos and Gould 2018;
Zarate Jr et al. 2006). Ketamine improves depression and re-
duces suicidal thinking very rapidly, within few hours, and the
effects last for several days. An intravenous low dose of
0.5 mg/kg is commonly delivered in clinical practice.
However, an intranasal esketamine has been recently ap-
proved for the treatment of MDD in the USA. The response
rates to ketamine are somewhat impressive, but not all patients
respond. For all those who do respond, the benefits are tran-
sient. Most patients experience relapse within a week or so.
Therefore, ketamine does not provide a sole solution for the
management of depression.

Synaptic plasticity and antidepressant drug
action: important but how it all happens?

Accumulating evidence suggests that facilitation of intrinsic
neurotrophic systems and subsequent changes in synaptic plas-
ticity and synaptogenesis play a role in antidepressant effects
while stress and depression are associated with neuronal atro-
phy and loss of synapses in brain areas implicated in mood
regulation (Castrén et al. 2007; Duman and Aghajanian
2012). These effects of antidepressants are considered to in-
crease the structural variability and functional plasticity in the
brain that allows rewiring of neuronal connections through the
guidance of environmental stimuli (Castrén and Hen 2013;
Castrén and Rantamäki 2010; Rantamäki and Yalcin 2016).
While such an idea is not yet unequivocally proven, it is sup-
ported by experimental evidence and clinical experience. Most
importantly, this hypothesis provides rational basis why com-
bination of psychotherapy and antidepressant is more effective
than either alone.

Increased synthesis of the neurotrophin BDNF (brain-
derived neurotrophic factor) is considered as a critical molec-
ular determinant underlying antidepressant-induced synaptic
plasticity (Castrén et al. 2007). Essentially, all treatments of
depression have been shown to upregulate BDNF synthesis in
the cortex and hippocampus in animal models. BDNF levels
are reduced in the cortex, hippocampus, and blood of de-
pressed patients while antidepressants tend to normalize these
changes. Moreover, the behavioral effects of antidepressants
are blunted in BDNF-deficient animals and direct application

of BDNF in the cortex and hippocampus produces
antidepressant-like responses. Regulation of BDNF and its
signaling mechanisms are, however, much more complicated
than originally thought. The synthesis and processing of
BDNF give rise to several mediators of synaptic plasticity,
although most of the studies have focused on mature BDNF
that preferentially acts on TrkB receptor. Precursor of BDNF,
the pro-BDNF and the pro-peptide itself, appears to produce
several neurobiological responses opposite to those of mature
BDNF. Kojima et al. (2019) highlight the current understand-
ing of the complexity of BDNF processing and present some
of the latest findings linking pro-peptide inMDD. This area of
study is, however, still in infancy.

While there is little doubt that antidepressants activate TrkB
receptor and its downstream signaling in the adult brain (e.g.,
Rantamäki et al. 2007; Saarelainen et al. 2003), the precise
mechanism underlying these effects is not known. Notably,
both conventional and rapid-acting antidepressants activate
TrkB within hours after a single treatment in rodents. This
and several other obvious discrepancies are reviewed by
Rantamäki (2019). Most importantly, the latest findings of his
group suggest that in contrast to conventional antidepressants,
rapid-acting antidepressants regulate TrkB signaling only upon
drug withdrawal during a brain state dominated by the emer-
gence of slow EEG (electroencephalogram) activity (Kohtala
et al. 2018), characteristic neural oscillations of deep sleep.

The list of molecular players involved in depression phe-
notypes has expanded to include several neurotransmitter and
neuropeptide systems, circadian genes, transcription factors,
and cytokine signaling cascades, among many others. Joca
et al. (2019) review the role of nitric oxide (NO), an atypical
neurotransmitter, in depression and in neuronal plasticity ef-
fects evoked by antidepressants. Based on preclinical studies,
inhibiting NO synthesis can lead to antidepressant-like effects
through different mechanisms such as direct nNOS and/or
iNOS inhibition but also indirectly through the blockade of
purinergic or muscarinic receptors, through monoaminergic
system or by neuroplastic mechanisms such as increased
BDNF-TrkB signaling and neurogenesis. Despite the fact that
the NO is an interesting target, challenges remain in develop-
ing compounds targeting specifically this molecule.

Neurogenesis is another form of adult neuroplasticity reg-
ulated by antidepressants. Indeed, it is now well established
that various clinically used and experimental antidepressants
such as tricyclics, SSRIs (serotonin-selective reuptake inhibi-
tors), glutamatergic ligands, cannabinoids, tianeptine,
corticotrophin-releasing factor 1, vasopressin 1b receptor an-
tagonists, and melanin-concentrating hormone antagonist as
well as electroconvulsive therapy increase the number of new
hippocampal neurons (Park 2019). Neurogenic effects of an-
tidepressants have beenmostly reported in normal animals but
they can also restore decreased neurogenesis induced by stress
(Tanti and Belzung 2010). While some animal studies
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highlight the role of neurogenesis in antidepressant actions,
the clinical importance remains unclear (Castrén and Hen
2013; Park 2019). Notably, physical exercise is among the
most efficient ways to increase adult hippocampal
neurogenesis in rodents.

Modelling major depression in animals:
translation or lost in it?

Like in all areas of biomedicine, different animal models have
been long used to model MDD and to investigate the mecha-
nisms of action of antidepressants. Psychiatric disorders are,
however, generally very difficult to model in animals.
Common laboratory rodents do exhibit depression-like
endophenotypes when subjected to environmental, physical,
or bodily stresses that precipitate depression also in humans.
Yet, many other symptoms such as depressed mood, rumina-
tion, and suicidal thinking are impossible to recapitulate in
animals. As discussed by Harro (2018), we often try too hard
to utilize animal models in depression/antidepressant research.
Given models can be useful to assess certain endophenotypes
of depression, not the full-blown syndrome. Data should be
interpreted with caution and with a critical mindset. Dr. Harro
also nicely points out that in neuropsychiatric research, we
should not only rely on behavioral readouts. This is important
to keep in mind especially when antidepressant drug actions
are assessed. For example, the ability of antidepressants to
facilitate synaptic plasticity is by no means restricted to dis-
ease states, or states resembling depression.

Among the core symptoms of depression, anhedonia can
be relatively reliably modelled and investigated in animals.
The dopaminergic neurons within the VTA (ventral tegmental
area) are importantly involved in hedonic/anhedonic behavior
and motivational learning. Kaufling (2019) reviews the role of
VTA dopamine neurons in commonly used stress-based ani-
mal models of depression. She explains the dual role of the
VTA dopamine neurons both in the development of maladap-
tation and adaptation leading to depressive-like phenotypes or
resilience, respectively. However, the reason why the under-
lying dopaminergic mechanisms between environmental and
social stress models are distinct even though they lead to sim-
ilar symptoms is need to be studied further by using other
models of depression.

One bottleneck in depression research is related to the fact
that preclinical models have been largely restricted to the anal-
ysis of stress as a precipitating factor, while, for instance,
chronic pain is also among the first determinants of mood
disorders. Indeed, a mean prevalence rate around 50% for
MDD has been reported in patients with chronic pain (Bair
et al. 2003). Humo et al. (2019) review the molecular mech-
anisms underlying this comorbidity and ask the question
whether the chronic pain and MDD share similar neural

mechanisms or chronic pain modulates neural mechanisms
which increase the vulnerability for depression. As highlight-
ed in this review, the comorbidity can be explained by shared
molecular mechanisms observed in both chronic pain and
mood disorders such as polymorphisms in serotonin transport-
er (SERT, major target of SSRIs) and imbalance of inhibitory
and excitatory neurotransmission or pro-inflammatory and
anti-inflammatory cytokines. However, further clinical and
preclinical studies are needed to examine the second hypoth-
esis and to search for biomarkers for early diagnosis or for
developing new treatment strategies.

Sleep and circadian rhythms represent another important,
yet often neglected, factors in antidepressant research in mu-
rine models. Problems in sleep and altered sleep architecture
are highly common during depressed states (Nutt et al. 2008).
Dysregulation of the molecular clock has also been reported in
depression while several antidepressants, most notably sleep
deprivation and ketamine, regulate several components of
circadian system. Mendoza and Vanotti (2019) present in their
review current evidences that implicate the clock gene alter-
ations as an important factor in the development of mood
disorders and their treatment. They go beyond suprachiasmat-
ic nucleus and discuss potential involvement of also other
brain clocks such as epithalamic habenula and anterior cingu-
late cortex. Authors highlight the necessity of deciphering the
interaction between genetic (chronotypes) and environmental
factors (circadian misalignment) participating the develop-
ment of mood-related behaviors. It probably goes without
saying that species-specific circadian rhythms must be taken
into consideration for these efforts, although perhaps the same
mindset should be used in all studies assessing antidepressant
effects (most rodent species are nocturnal).
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