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The American Psychiatric Association (DSM-IV-TR) defines MDD as 
characterized by one or more depressive episodes with low 
depressive mood or lose of interest, anhedonia and a minimum 
of 4 depression symptoms persistent for at least 2 weeks.  
 
MDD is one of the main causes of morbidity worldwide [1]: 
•  Prevalence tax is approximately 4% of the global population 
•  In most countries between 8-12% of the population will 

present at least one major depressive episode 
 
My bachelor thesis aimed to: 
1.  Obtain an up-to-date neurobiological explanation for the 

onset, symptomatology and therapeutic management of the 
disorder that overcomes the limitations of the classical 
monoamine hypothesis 

2.  Integrate the knowledge about MDD to propose a coherent 
model for depression 

Pharmacotherapy is the most common treatment (Figure 3), usually in combination with 
psychotherapy. But antidepressant medication presents important limitations [5]: 
 
•  Most antidepressant drugs fail to show significant superiority to placebo, or represent just a 

small benefit 
•  Treatment-resistant depression is not rare 
 
For these reasons, new therapies are being developed along with the neurobiological discoveries in 
depression, some of them with promising results [5]: 
•  ECT is often used in treatment-resistant cases 
•  DBS and rTMS are two experimental treatments that are showing promising results 
•  COX-2 inhibitors to treat neuroinflammation 
 
There are many putative therapeutic targets that have yet to be explored, being remarkable the 
HPA axis and the hippocampus. In the later case, glutamate hypothesis and ketamine (a NMDA 
receptor antagonist) may be especially relevant due to the important role of this excitatory 
neurotransmitter in synaptic plasticity, and thus in learning and memory processes.  

•  Widely used to explain the neurobiology of MDD 
•  Main theoretical foundation for the use of 

conventional antidepressants 

Postulates that depression is caused by  decreased 
monoamine (5-HT, NE and DA) function in the brain 
as a result of their synaptic depletion (Figure 1). 
 
Multiple limitations have been uncovered, 
motivating the research of complementary and 
alternative hypotheses [2].  

(i.e. glutamate) (Figure 1). We discuss the pros and cons of
these approaches, including their response time, efficacy
and safety.

Brain regions and circuits that regulate emotion and
mood
Basic research and clinical imaging and postmortem stud-
ies have reported alterations of limbic brain regions, in-
cluding the prefrontal cortex (PFC), hippocampus and
amygdala, in mood disorders [10,11]. These and additional
deep-brain stimulation and mapping studies have identi-
fied depression circuit models, which link alterations of
these and additional brain regions with the major symp-
toms of depression, including depressed mood, pleasure
(i.e. anhedonia), cognition and motivation, and altered
sleep, libido and eating. Brain-imaging studies consistent-
ly report reductions of PFC and hippocampus volumes that
are associated with the length of illness and time of treat-
ment [11–13]. Postmortem studies report a reduced size of
pyramidal neurons and a decreased number of GABAergic
interneurons and glia (both astrocytes and oligodendro-
cytes) in the PFC [14]. Many of these effects also occur in
response to chronic stress exposure in rodents and nonhu-
man primates, including atrophy of dendrites and spines in

the PFC and hippocampus, and decreased glia and neuro-
genesis in the adult hippocampus [15–18]. These findings
support the notion that depression can be viewed as a mild
neurodegenerative disorder, but with the possibility that
the neuronal and glial decrements can be reversed by
treatment or alleviation of stress.

Studies of the amygdala provide evidence of neuronal
hypertrophy, including increased dendrite complexity of
neurons in the basolateral nucleus [19]. These changes
could result from direct actions of stress on amygdala or
from PFC hypofunction and reduced inhibitory control,
highlighting the importance of dysfunctional circuits in
depression [18]. In either case, the result is a hyperactive
state of the amygdala that could contribute to increased
anxiety, fear and emotion [20].

Recent studies have also demonstrated a key role for the
mesolimbic dopamine system in depression, particularly
disruption of motivation, reward and pleasure, as well as
social behavior [4]. Major advances have been made in the
characterization of mesolimbic dopamine signaling path-
ways controlling behaviors related to depression, including
epigenetic alterations [21,22], and adaptations underlying
resilience and susceptibility to depressive behaviors
[4,23,24].
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Figure 1. Signaling pathways regulated by chronic antidepressant treatments. Typical antidepressants, such as 5-hydroxytryptamine (5-HT) selective reuptake inhibitors
(SSRIs), block monoamine reuptake by the 5-HT transporter (SERT). This leads to regulation of postsynaptic G protein-coupled receptors, which couple to a variety of second
messenger systems, including the cAMP–protein kinase A (PKA)–cAMP response element-binding (CREB) pathway [4,6] These effects require chronic SSRI treatment, owing to
the requirement for desensitization of 5-HT autoreceptors, and because 5-HT is a neuromodulator that produces slow neuronal responses. By contrast, glutamate produces fast
excitation of neurons via stimulation of ionotropic receptors, including AMPA and NMDA receptors, resulting in depolarization and rapid intracellular signaling, such as
induction of Ca2+-calmodulin-dependent protein kinase (CAMK). Glutamate and 5-HT signaling lead to regulation of multiple physiological responses, including regulation of
synaptic plasticity, as well as gene expression. One target of antidepressant treatment and CREB signaling is brain-derived neurotrophic factor (BDNF) [16]. BDNF transcripts
may remain in the soma or are targeted for transport to dendrites, where they are subject to activity-dependent translation and release. A common BDNF polymorphism,
Val66Met, which is encoded by G196A, blocks the trafficking of BDNF to dendrites [44,45]. The induction of BDNF and other neurotrophic factors contributes to the actions of
antidepressant treatments, including neuroprotection, neuroplasticity and neurogenesis. Abbreviation: SNP, single nucleotide polymorphism.
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Figure 3. Signaling pathways regulated by long-term antidepressant 
treatment. From: Duman and Voleti, 2012. 
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Several limitations of the work by Duric 
et al.4, however, deserve comment. The  neural 
circuitry regulating mood-related functions 
extends far beyond the hippocampus and 
involves additional corticolimbic  structures 
such as the amygdala and parts of the  prefrontal 
and cingulate cortices, the monoaminergic 
centers in the brainstem and various other 
systems in mid- and hindbrain. It remains, 
therefore, to be determined whether the strong 
effects of MKP-1 on depression- related beha-
vior observed by the authors4 apply to other 
mood-relevant neural structures, or only to 
the hippocampus.

The exact cellular and molecular mecha-
nisms mediating the prodepressive effects of 
MKP-1 also warrant further investigations. 
Some studies indicate that MKP-1, which pri-
marily localizes in the nucleus, preferentially 
targets JNKs and p38 MAPKs, whereas a 
related protein, MKP-3, is cytosolic and selec-
tively dephosphorylates ERK1/2, which is most 
abundant in cytoplasm8. In contrast, Duric 
et al.4 showed that hippocampal amounts of 
phospho-ERK1/2 were  moderately reduced, by 
about 20%, after CUS in  wild-type mice. This 

By array-based transcriptome profiling, 
Duric et al.4 showed increased levels of MKP1 
RNA, protein or both in the hippocampus of 
human subjects diagnosed with depression  
and in rats exposed to chronic unpredictable 
stress (CUS), which induces a depression-
like  syndrome in these animals. Notably, the 
increase in hippocampal MKP-1 induced by 
stress was partially attenuated when the rats 
were treated with the prototype antidepres-
sant and SSRI fluoxetine. Duric et al.4 showed 
then that virus-mediated expression of a MKP1 
cDNA in the hippocampus of wild-type rats 
resulted in helplessness and anhedonia, which 
is the inability to experience pleasure and is 
measured as sucrose consumption versus over-
all fluid consumption.

Behavioral studies in mice showed that, in 
contrast to wild-type controls, adult Mkp-1– 
null mutant mice did not show evidence of 
anhedonia or elevated anxiety after CUS, 
indicating that MKP-1 deficiency conveys 
resilience to stress-related depression. These 
observations therefore suggest that MKP-1 
could have a major role in the neuro biology 
of depression.

Depression—a psychiatric disorder associated  
with excessive sadness and other alterations of 
mood, cognition and neurovegetative functions 
such as sleep and appetite—is a leading cause 
for long-term disability worldwide that carries 
a considerable human and economic cost1. The 
neurocircuitry of mood disorders is complex 
and involves portions of the hippocampus, 
amygdala and other structures of the ‘emo-
tional brain’2. Unfortunately, selective serotonin 
reuptake inhibitors (SSRIs), the gold standard of 
treatment, and other conventional antidepres-
sants that target mono amine systems do not 
ease the symptoms in up to 50% of people with 
depression3. There is a need for new, effective 
therapeutic targets to treat depression—a chal-
lenge posed to researchers and clinicians.

In this issue of Nature Medicine, a study  
by Duric et al.4 provides compelling evid ence 
for a new and potentially promising antidepres-
sant target. They show that mitogen-activated 
protein kinase (MAPK) phosphatase-1 (MKP-1), 
a tyrosine and serinethreonine (dual use) phos-
phatase that targets MAPKs, is upregulated in 
the hippocampal region of postmortem brain 
from people diagnosed with depression4. In 
mice, lack of MKP-1 protects from depressive 
behaviors after stress, unveiling its importance 
in the pathophysiology of disease. Targeting 
this protein may pave the way for developing 
efficacious antidepressants.

MPK-1 was discovered nearly 20 years 
ago5,6, but a role for it in neuropsychiatric 
disease has barely been explored. This is a 
surprising fact, as MKP substrates, including  
the extracellular signal–regulated kinases  
1 and 2 (ERK1/2), the c-Jun N-terminal kinases 
(JNKs) and p38 MAPKs, are key components 
for signaling of neurotrophins, various growth 
factors, cytokines and cellular stressors7.

Keep the ‘phospho’ on MAPK, be happy
Schahram Akbarian & Roger J Davis

Depression ruins the lives of millions of people, causing dysphoria and anguish. New findings in rodents and 
human brain shed light on the mechanisms of this disease, uncovering a phosphatase as a new target to treat 
depressive behaviors (pages 1328–1332).
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Figure 1  The serine-threonine phosphatase MKP-1 is a key control point in the neurobiology of 
depression. Duric et al.4 show how MKP-1 expression and activity is increased in hippocampus 
of individuals diagnosed with depression and in stressed rats. The prototype antidepressant and 
selective serotonin reuptake inhibitor fluoxetine attenuates the upregulation of hippocampal MKP-1 
induced by stress. The signaling pathways contributing to this upregulation of MKP-1 remain unknown, 
but, on the basis of studies in peripheral tissues, stress-induced activation of p38 MAPK and its 
downstream target, the CREB-related ATF-2 transcription factor, may be involved. Increased amounts 
of MKP-1 in brain then trigger a decrease in phosphorylation-activated ERK1/2 MAPKs and CREB-
dependent transcription of BDNF (encoding brain-derived neurotrophic factor), VEGF (encoding 
vascular endothelial growth factor) and other molecules important for mood-related functions. NPY, 
neuropeptide Y.
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Figure 2. Effects of stress in the hippocampus. Increased MKP-1 hippocampal ex-
pression and activity under stress reduces CREB-dependent transcription of BDNF. BDNF 
signaling pathways lead to survival, growth and neuroplasticity. From: Schahram and 
Davis, 2010.  

The newest and most relevant  hypotheses 
to explain the neurobiology of MDD are 
based on [2]: 
 
•  Abnormalities in anatomical and  func-

tional patterns of the depressed brain 
•  Role of neurogenesis and neuroplasticiy 
•  Disturbances of the endocrine system 
•  Neuroinflammation 
•  Climate conditions 
•  Glutamate hypothesis (?) Based on recent 

research 
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Figure 4. Interaction of different factors that lead to MDD and treatments for its management. Red arrow = pathologic connection; Green 
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•  MDD is far from being caused by a simple deficiency of central monoamines, a polysindromic nature of depression 
is deduced from the existence of multiple neurobiological hypotheses 

•  Publishing more realistic models of mental disorders serves as a starting point to develop new and more effective 
therapeutic strategies that explode the progress in neurobiological research 

•  Experimental treatments based in DBS, rTMS and ketamine are very promising; and if the research on the 
underlying genetics of psychiatric disorders continues to advance, it is not unlikely that we see gene therapy 
successfully implemented in psychiatry in the following decade 

Abbreviations 
5-HT: serotonin; BDNF: brain-derived neurotrophic factor; DA: dopamine; DBS: deep brain stimulation; ECT: electroconvulsive therapy; HPA 
axis: hypothalamus-pituitary-adrenal axis; MAOIs: monoamine oxidase inhibitors; MDD: major depressive disorder (also known as clinical or 
unipolar depression); NE: noradrenaline; rTMS: repetitive transcranial magnetic stimulation; SNRI: serotonin and noradrenaline reuptake 
inhibitors; SSRIs: selective serotonin reuptake inhibitors; TCAs: tricyclic antidepressants 
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Complex interaction of environmental and genetic factors is essential for the onset of MDD 
 

less, neuroflamation and 
overactive HPA axis hy-
potheses are growing 
strong. And it is expected 
that a new one is for-
mally put forward: the 
glutamate hypothesis [4]. 
Al l these pathologic 
mechanisms have loca-
lized effects on specific 
brain regions, globally 
resulting in abnormalities 
on large-scale brain net-
works that seem to be 
the reason for the be-
havioral changes in de-
pression. 

The monoamine hypothesis serves as a basis to explain many of the dysfunctionalities found in 
specific brain areas, and is intimately related to decrease in neurotropism (Figure 2) [3].   Neverthe- 
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Figure 5. Schematic figure of a serotonergic synapse. a. Serotonin is produced from the amino acid tryptophan (TRYP) 
catalyzed by the enzymes tryptophan hydroxylase (TH) and aromatic amino acid decarboxylase (AADC), packed into 
vesicles (c) which fuses with the plasma membrane (d) and releases serotonin into the synaptic cleft (e). Here, serotonin 
can mediate its effect through 15 different receptor subtypes primarily located post-synaptically. Serotonin signaling is 
eliminated by reuptake of serotonin back into the pre-synaptic neuron by the serotonin transporter (SERT)(f) and by 
degradation via monoamine oxidase (MAO)(g). 5-HT1A receptors are also present as inhibitory pre-synaptic autoreceptors 
in dorsal raphe nuclei and 5-HT1A antagonists can block those thereby increasing serotonin neurotransmission (i). An 
increase in serotonergic neurotransmission can also be obtained by administration of SSRIs, blocking serotonin re-uptake 
and thereby increasing serotonin levels in the synaptic cleft (j). Modified from Wong et al., 2005. 
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The 5-HT2A receptor 

The 5-HT2A receptor belongs to the GPCRs and is located in the plasma membrane, with a 

large fraction of receptors located as an intracellular pool (Gelber et al., 1999). The 

receptor is coupled to Gq/G11 proteins and signals through PLCβ and PLA2, but also 

targets the ERK1/2 pathway via β-arrestin-dependent signalling (Schmid et al., 2008). The 

5-HT2A receptor is mainly located on glutamatergic neurons and GABAergic interneurons 

(Willins et al., 1997) and is widely distributed in the CNS, with highest density in cerebral 

cortex, hippocampus, amygdala and hypothalamus (Leysen, 2004). The receptor is 

primarily located post-synaptically, but a pre-synaptic localization of the 5-HT2A receptor 

has also been suggested (Jakab and Goldman-Rakic, 1998). The receptor has been 

implicated in a number of neuropsychiatric disorders, including major depression, 

schizophrenia, anxiety disorders, obsessive-compulsive disorder and eating disorders 

(reviewed in Allen et al., 2008) and several drugs mediate their actions through the 5-

HT2A receptor, such as hallucinogenic drugs (e.g. LSD) and atypical antipsychotics (e.g. 

olanzapine)(Gonzalez-Maeso et al., 2007; Leysen, 2004).  

Figure 1. Schematic view of a serotonergic synapse. From: Wong et al., 2005 


