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Abstract

Major depressive disorder is a severe, disabling disorder that affects around 4.7% of the population worldwide. Based on the
monoaminergic hypothesis of depression, monoamine reuptake inhibitors have been developed as antidepressants and nowadays,
they are used widely in clinical practice. However, these drugs have a limited efficacy and a slow onset of therapeutic action.
Several strategies have been implemented to overcome these limitations, including switching to other drugs or introducing
combined or augmentation therapies. In clinical practice, the most often used augmenting drugs are lithium, triiodothyronine,
atypical antipsychotics, buspirone, and pindolol, although some others are in the pipeline. Moreover, multitarget antidepressants
have been developed to improve efficacy. Despite the enormous effort exerted to improve these monoaminergic drugs, they still
fail to produce a rapid and sustained antidepressant response in a substantial proportion of depressed patients. Recently, new
compounds that target other neurotransmission system, such as the glutamatergic system, have become the focus of research into
fast-acting antidepressant agents. These promising alternatives could represent a new pharmacological trend in the management
of depression.
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Status MDD

As defined by the Diagnostic and Statistical Manual of Mental
Disorders (DSM5), major depressive disorder (MDD) is char-
acterized by depressed mood or loss of interest or pleasure in
nearly all activities; changes in appetite or weight; altered
sleep and psychomotor activity; a loss of energy; feelings of
worthlessness or guilt; difficulty thinking, concentrating, or
making decisions; or recurrent thoughts of death or suicidal
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ideation, or suicide plans or attempts (American Psychiatric
Association 2013).

Its high prevalence and the associated loss in health and
general functioning make the MDD a substantial clinical, so-
cial, economic, and public health challenge. Although its
prevalence is subject to cultural differences, gender, and age
(Ferrari et al. 2013D), it is estimated that in 2015 more than
320 million people suffered from depression globally, equiv-
alent to 4.7% of the world’s population (GBD Disease and
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Injury Incidence and Prevalence Collaborators 2016; World
Health Organization 2017). These figures are on the rise, par-
ticularly in lower-income countries (GBD Disease and Injury
Incidence and Prevalence Collaborators 2016; Lim et al.
2018), and at least one third of symptomatic cases follow a
moderate to severe disease course (Ferrari et al. 2013a).
According to World Health Organization (WHO), depres-
sion accounts for 10% of the total non-fatal disease burden
worldwide and it is globally responsible for more years lost to
disability than any other disease (Smith 2014; World Health
Organization 2016). Indeed, depressive disorders were the
fourth leading cause of disability in 2005 and the third in
2015 (GBD Disease and Injury Incidence and Prevalence
Collaborators 2016), leading to the prediction by the WHO
that depression will produce the second highest global disease
burden by 2020 and it will become one of the priority condi-
tions covered by the WHO’s Mental Health Gap Action
Programme (World Health Organization 2001). In addition,
depression was also recognized as a major contributor to sui-
cide deaths in 2015 (World Health Organization 2017).
Despite this high prevalence and the social impact of this
mental illness, our understanding of the pathophysiology of
depression is still poor (Krishnan and Nestler 2008).
Additionally, current treatments for depression do not effec-
tively or sufficiently reduce the associated morbidity and mor-
tality (Insel and Wang 2009). Indeed, up to 50% of individuals
treated with antidepressant medications for MDD do not
achieve full remission (Thase et al. 2010). These data high-
light the importance of including depressive disorders as a
priority in public health programs and of implementing effec-
tive interventions that reduce this burden (Ferrari et al. 2013a).

Monoaminergic hypothesis of depression

Studies into the neurobiology and pharmacology of depres-
sion commenced in the 1950s, the consequence of three
events that led to the formulation of the so-called monoamin-
ergic hypothesis. The first of these was the development of
iproniazid for the treatment of tuberculosis and the observa-
tion of a mood improvement among depressed tuberculosis
patients (Loomer et al. 1957). The second was the appearance
of imipramine, a medication first developed as an antipsychot-
ic drug, which was structurally related to chlorpromazine and
that produced an antidepressant effect (Kuhn 1957). The third
event emanated from the studies carried out during the devel-
opment of reserpine, an antihypertensive drug, which was
appeared to provoke the appearance of depressive symptoms
among patients (Lemieux et al. 1956), an effect that was an-
tagonized by imipramine (Domenjoz and Theobald 1959).
Given that these compounds modify the bioavailability of
catecholamines, the so-called catecholaminergic hypothesis of
depression was that first postulated (Schildkraut 1965). This
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hypothesis proposed that at least some types of depression
would be associated with a decrease in the levels of noradren-
aline and dopamine in the synaptic cleft. Indeed, data from
further studies on the peripheral and central metabolites of
norepinephrine, although with some inconsistencies, were
thought to support this hypothesis (Montoya et al. 2016).
However, the role of serotonin (5-HT) in the antidepressant
response was highlighted soon after (Coppen et al. 1967),
driving the more widely accepted “monoaminergic theory of
depression,” which postulated that the etiological origin of
depression is a deficit in monoaminergic neurotransmission
(noradrenergic, dopaminergic, and serotonergic). This hy-
pothesis was based on the mechanism of action of the drugs
that increase the bioavailability of these monoamines and it
represented a breakthrough in the design of new antidepres-
sant drugs.

Current monoaminergic drugs and limitations

The first generation of antidepressant drugs was monoamine
oxidase inhibitors (MAOIs) and tricyclic antidepressants;
these enhance the monoamine levels in the synaptic cleft by
impairing monoamine oxidase activity or neurotransmitter
transporters, respectively. However, to minimize their severe
side effects due to the blockage of certain postsynaptic recep-
tors, more specific and safe antidepressant drugs have since
been developed. Thus, the second generation of antidepres-
sants included selective serotonin reuptake inhibitors (SSRIs)
like fluoxetine, fluvoxamine, paroxetine, sertraline, or
citalopram; selective noradrenaline reuptake inhibitors
(SNRIs) like desipramine or reboxetine; dual serotonin and
noradrenaline reuptake inhibitors like duloxetine, venlafaxine,
and milnacipram; and a multitarget antidepressant,
vortioxetine. Finally, other compounds with an atypical mech-
anism of action but related to the activity of monoamines have
been proposed (e.g., bupropion, mirtazapine, or agomelatine).
However, among the wide range of antidepressant drugs de-
veloped to treat MDD, SSRIs are considered the first-line
therapies for these patients (National Institute for Clinical
Excellence 2004). Indeed, these drugs are relatively well tol-
erated and they have a good safety profile, although they are
associated with drug-related side effects that may compromise
treatment compliance, such as nausea, insomnia, or sexual
dysfunction (Lopez-Munoz and Alamo 2009).

Data from clinical trials suggest that these standard mono-
aminergic antidepressants have response and remission rates
of 60% and 40%, respectively (Thase et al. 2001). The partial
efficacy of antidepressants is the main limiting factor associ-
ated with MDD treatment and it contributes to the negative
impact of this mental illness. In addition, the delay in the
appearance of the beneficial clinical response also limits the
effectiveness of these therapies (Posternak and Zimmerman
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2005). Indeed, it takes more than 2 weeks to achieve a signif-
icant improvement in the depressive symptomatology, even
though the blockade of the reuptake of biogenic amines is
almost immediate. The onset of the therapeutic effects of an-
tidepressant drugs is considered to be the period in which
crucial neurobiological adaptations occur to restore the brain’s
network activity. It appears that neurobiological adaptive
mechanisms triggered exclusively by chronic treatment are
necessary to change from a depressed to a euthymic mood
state (Blier and de Montigny 1994).

The limited efficacy of monoaminergic antidepressants
along with their delayed effect explains the poor therapeutic
outcome in patients with MDD, highlighting the need to
search for new drugs or alternative strategies to overcome
these limitations.

Strategies to enhance the therapeutic efficacy
of monoaminergic antidepressants

Different pharmacological strategies have been adopted to im-
prove overall outcomes when attempting to manage depres-
sion in clinical practice, including (i) increasing the dose of the
antidepressant drug, (ii) switching the antidepressant agent,
(iii) the use of combinations of antidepressants, and (iv) aug-
mentation therapy. These strategies improve the clinical re-
sponse (Carvalho et al. 2014) and as such, a large-scale study
was set up to determine the most effective “next-step” for
patients who do not remit after the initial treatment:
Sequenced Treatment Alternatives to Relieve Depression
(STAR*D). This study used four levels or treatment steps
based on switching, combination, or augmentation strategies.
These strategies resulted in a cumulative remission rate of
67% after the four sequenced treatments, the two first treat-
ment steps being the most effective (Rush et al. 2006).

One of the early strategies used when patients do not re-
spond satisfactorily to first-choice antidepressant (even at
higher doses) is to switch to a different type of antidepressant
(e.g., a SNRI, dual antidepressant, or bupropion) or to another
SSRI. As such, combining antidepressants is also frequently
used by clinicians to increase the therapeutic efficacy in pa-
tients who fail to achieve the desired effect with an initial
treatment (e.g., SSRI and tricyclic antidepressant) (Carvalho
etal. 2014). In addition to improving antidepressant effective-
ness, such combination strategies are also used to increase
tolerability. For example, bupropion counteracts the sexual
dysfunction caused by SSRIs (Moreira 2011).

Augmentation therapies

Augmentation strategy usually implies the use of an adjunc-
tive drug that is not an antidepressant to enhance the efficacy

of monoaminergic drugs, and/or to reduce the time required
for them to achieve a clinical effect. Based on the available
literature, the following augmentation therapies (Fig. 1) merit
some attention:

Lithium

Lithium is a monovalent cation used as a mood stabilizer to
treat bipolar disorder and it is one of the best studied augmen-
tation therapies to treat non-responder depressed patients.
Adjunctive administration of lithium enhances clinical re-
sponses in patients who respond inadequately to standard an-
tidepressants and the benefits of its combination with tricyclic
antidepressants for refractory depression are well-documented
(Bauer et al. 2014). While lithium has multiple targets in a
number of neurotransmitter systems, its efficacy in mood reg-
ulation appears to be mediated by direct inhibition of glycogen
synthase kinase 33, and its effects on neurotrophic factors
(BDNF) or neurotransmitters (facilitation of 5-HT neurotrans-
mission). It is also known to improve the activity of the HPA
axis and it influences protein kinase activity (Won and Kim
2017).

Thyroid T3

A commonly employed augmentation strategy involves triio-
dothyronine (T3) administration, an augmentation therapy
that enhances the response and produces a faster therapeutic
improvement than antidepressant monotherapy in clinical tri-
als (Altshuler et al. 2001; Aronson et al. 1996). The STAR*D
study compared T3 to lithium as an augmentation therapy in
patients who failed to remit with at least two prior treatments.
While the two approaches did not show a significant differ-
ence in terms of remission rates (16% for lithium and 25% for
T3), T3 provoked relatively fewer side effects (Nierenberg
et al. 2006). Potentiation of monoaminergic neurotransmis-
sion may explain the synergistic effect of T3 augmentation,
primarily involving the serotonergic system through direct
stimulation of gene transcription. Indeed, in combination with
antidepressants, T3 dampens the expression of 5-HT1A and 5-
HT1B autoreceptors (Lifschytz et al. 2006), receptors that
play an important role in the regulation of serotonergic neuro-
transmission through negative feedback. In fact, the activation
of somatodendritic 5-HT1A and terminal 5-HT1B
autoreceptors reduces both neuronal electrical activity and se-
rotonin release.

Atypical antipsychotics
The capacity of some atypical antipsychotics to potentiate the
efficacy of antidepressant drugs has been tested in clinical trials.

As a result, there is evidence that these drugs can enhance the
antidepressant effect of monoaminergic antidepressants,
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Fig. 1 The potential mechanisms associated with augmentation therapies
and multitarget antidepressants that act on serotonergic neurotransmission
to the prefrontal cortex. This scheme shows the multiple potential targets
on serotonergic and GABAergic neurons in the dorsal raphe nucleus, or
on cortical neurons, for augmentation agents and multitarget
antidepressants, also indicating their pharmacological effects
(antagonism, partial agonism, or agonism). Augmentation strategies
(atypical antipsychotics (1), buspirone (2), and pindolol (3)) are based
on combining SERT inhibition, commonly using a selective serotonin
reuptake inhibitor (SSRI), with other agents that act directly on

increasing approximately a 30% remission rate, although their
use may produce additional side effects that need to be consid-
ered (Han et al. 2013; Nelson and Papakostas 2009). Although
antipsychotics have distinct affinities towards different mono-
aminergic neurotransmitter receptors, the most relevant mech-
anism of action in antidepressant augmentation is considered to
be the antagonism of SHT2AC receptors (Han et al. 2013).
Nevertheless, how a blockade of postsynaptic 5S-HT2AC con-
tributes to such clinical effects remains poorly understood. One
possible explanation is that antagonism at 5-HT2AC might
boost the 5-HT system due to the inhibition of GABAergic
interneurons in the dorsal raphe nucleus or alternatively, this
antagonism might directly control cortical activity (Boothman
et al. 2006; Celada et al. 2004). As a result, combination with
antipsychotics produces a stronger increase in 5-HT bioavail-
ability than that achieved by antidepressant monotherapy.
However, atypical antipsychotics have a relatively high affinity
for other monoaminergic receptors, which could also contribute
to the augmentation effect. For example, some antipsychotics
acts as antagonists at 5-HT1A, 5-HT6, 5-HT7, «2-adrenergic,
and/or D2/3 receptors, while others also have the capacity to
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serotonergic receptors. Although atypical antipsychotics have distinct
affinities towards different monoaminergic neurotransmitter receptors,
this figure only illustrates the most shared effects on serotonergic
receptors. Buspirone and pindolol acts on 5-HT1A receptors, although
it should be noted that pindolol has a preferential effect on presynaptic
rather than postsynaptic 5S-HT1A receptors. The multitarget
antidepressants vilazodone (4) and vortioxetine (5) inhibit serotonin
reuptake, in addition to their affinity for serotonergic receptors. By
contrast, agomelatine (6) has a mixed mode of action, targeting 5-HT2C
receptors and the melatoninergic system

directly inhibit monoamine reuptake due to their affinity to-
wards monoamine transporters (Han et al. 2013).

Buspirone

The non-benzodiacepine anxiolytic drug buspirone is also
used as an adjunctive medication to enhance the clinical effect
of standard antidepressants. This therapeutic procedure is
based on an enhancement of serotonergic tone through the
drug’s activity as a partial agonist at 5-HT1A receptors.
However, there are some doubts about its efficacy and while
some clinical trials indicate beneficial effects of buspirone, in
particular the STAR*D study that reported a 30% remission
rate in patients not responding to first-line treatment, other
studies failed to find a significant improvement after adding
buspirone (Trivedi et al. 2006).

Pindolol

Pindolol is a partial 5-HT1A agonist and (3-adrenoceptor an-
tagonist that has been tested as an augmenting agent (Perez
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et al. 1997). Nevertheless, the efficacy of pindolol in enhanc-
ing antidepressant responses remains controversial, although
it has been seen to accelerate the antidepressant effect of some
current antidepressants (Ballesteros and Callado 2004).
Pindolol maintains the immediate increase in 5-HT produced
by antidepressant drugs by blocking the negative feedback
exerted by presynaptic 5-HT1A autoreceptors. Note that
pindolol has a higher activity for presynaptic rather than post-
synaptic 5-HT1A receptors. Thus, it will preferentially pre-
serve the activation of 5-HT1A receptors located postsynapti-
cally, which seems to be essential for the antidepressant effect.
This specific mode of action would explain the faster onset of
the antidepressant effect associated with pindolol augmenta-
tion therapy relative to other selective 5-HT1A antagonists
(Artigas et al. 1996).

Stimulants and related compounds

Psychostimulants like methylphenidate and modafinil, which
mainly target the dopaminergic and noradrenergic systems,
have been tested as augmentation drugs to refine and improve
the efficacy and tolerability of antidepressants. Unfortunately,
the associated outcomes have been disappointing, with at best
limited improvements produced (MclIntyre et al. 2017).

Alternative monoaminergic drugs:
multitarget approaches

Based on the encouraging data from the augmentation strategy
with pindolol, the challenge for the pharmaceutical industry
has been to develop new compounds that target both 5-HT1A
receptors and SERT in a single molecule. This has led to the
appearance of vilazodone, a compound with a dual mecha-
nism of action that combines the inhibition of serotonin reup-
take with partial 5-HT1A agonism (Fig. 1). Despite the prom-
ising results expected for vilazodone in the treatment of MDD,
there is still limited clinical evidence regarding the efficacy of
this antidepressant drug. Moreover, unlike pindolol augmen-
tation therapy, vilazodone failed to produce a faster therapeu-
tic response to other antidepressants (Sahli et al. 2016).
Another compound developed that shares this dual mecha-
nism of action was vortioxetine, which did show robust anti-
depressant efficacy. The clinical efficacy of vortioxetine com-
pared to vilazodone could be explained by its high affinity for
other 5-HT receptors, including 5-HT3, 5-HT7, 5-HT1B, and
5-HT1D receptors (Fig. 1) (Sanchez et al. 2015).

Similarly, agomelatine is a compound with a different mul-
titarget mechanism of action that shows antidepressant effica-
cy. This drug modifies serotonergic neurotransmission
through antagonism at 5-HT2C receptors (Fig. 1) and it pro-
motes the effects of melatonin through its agonistic activity at
both MT1 and MT2 melatonin receptors (de Bodinat et al.

2010). Melatonin plays a crucial role in sleep regulation and
it is closely related to the serotonergic system given that 5-HT
is converted to melatonin. Thus, the distinct activity profile of
agomelatine can produce a therapeutic effect, as well as im-
proving the sleep disturbances commonly observed in patients
with depression. However, the liver damage induced by
agomelatine is an important limitation to its use in clinical
practice.

New insights into the treatment
of depression: alternatives
beyond monoaminergic drugs

The arrival of the monoaminergic hypothesis of depression
boosted the design of second-generation monoaminergic
drugs, which have since become a cornerstone in the treatment
of depression. As a consequence, a multitude of strategies and
new promising compounds have been tested to potentiate
monoaminergic neurotransmission. Indeed, the monoaminer-
gic system is still being targeted by drug companies in the
search to find improved antidepressant agents with greater
effectiveness and a faster onset of clinical action. Some of
these candidate drugs are currently under study, including tri-
ple reuptake inhibitors that simultaneously inhibit serotonin,
noradrenaline and dopamine transporters, as well as other
molecules that act as agonists or antagonists at specific sero-
tonergic receptors (Artigas et al. 2018; Lane 2015). Despite
the pharmacological achievements in this field, the existing
monoamine-based drugs fail to overcome the limitations of
the more standard monoaminergic drugs, particularly regard-
ing the time required to improve the depressive symptomatol-
ogy. Nonetheless, a rapid antidepressant response has been
observed in refractory depressed patients treated with other
non-pharmacological antidepressant options, such as electro-
convulsive therapy (UK ECT Review Group 2003) or deep
brain stimulation (Perez-Caballero et al. 2014). Therefore, it is
possible to rapidly switch from a depressive to a euthymic
state and maybe, the long-term adaptations produced by
monoaminergic drugs could be achieved immediately through
other approaches. Indeed, interest in the glutamatergic system
has recently been stimulated through the rapid and sustained
antidepressant effect evoked in treatment-resistant depressed
patients by ketamine, a non-competitive N-methyl-D-aspartate
(NMDA) receptor antagonist (Molero et al. 2018) or its iso-
mer, esketamine. Interestingly, it has recently shown that ke-
tamine cannot exert its acute antidepressant effect without
engaging the body’s opioid system (Williams et al. 2018),
pointing to the important role of the opioid system for mood
disorders (Berrocoso et al. 2009). This promising effect could
open new possibilities to develop more effective, better toler-
ated, and faster acting antidepressants to manage depression.
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Conclusions

Current monoamine-based drugs form the basis of the arma-
mentarium to treat MDD, despite their still limited therapeutic
efficacy, delayed onset of action, and a broad profile of side
effects. Nevertheless, the monoaminergic system is still con-
sidered the main target to treat depressed patients. However,
the promising results associated with the use of glutamatergic
drugs could open up a host of new treatments. Certainly, fur-
ther studies focusing on the mechanisms underlying the anti-
depressant response could help optimize current antidepres-
sant therapies. Hopefully, these studies could resolve what
currently remains as one of the leading
neuropsychopharmacological challenges.
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