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Mood disorders, such as major depressive disorder (MDD), bipolar disorder and generalized
anxiety disorder usually comprise mood related as well as cognitive symptoms and the
interaction between these symptoms is still not clear. Most antidepressant drugs have a
positive effect on mood but do not treat the cognitive dysfunctions or even aggravate the
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1. Introduction several brain structures in mood disorders, such as cingulate

Mood disorders, such as major depressive disorder (MDD),
bipolar disorder and generalized anxiety disorder, implicate
brain systems involved in the regulation of several psycholog-
ical functions, from affective states (mood, anxiety, fear, reward
processing and motivation) to cognition (attention, problem
solving and memory), as well as stress responses and neuroveg-
etative functions. So far, the presence of cognitive impairment
in these affective disorders suggests that brain structures
responsible for emotional expressions and cognitive functions
are linked to each other, but how cognitive and depressive
symptoms are related is still not clear. Originally, the assumption
was that cognitive deficits were a consequence of the depressed
state (Beck, 1967), thus by treating depressive symptoms with
traditional antidepressants (monoamine based-drugs) cognitive
deficits would disappear. Most of the antidepressants however,
while having a positive effect on mood, do not treat the accom-
panied cognitive dysfunctions or even aggravate the symptoms.
Tricyclic antidepressants (TCAs) impair cognition because of
their anticholinergic, antiadrenergic and antihistaminergic prop-
erties (Riedel et al., 1995) and most selective serotonin reuptake
inhibitors (SSRIs) tend to impair vigilance (Schmitt et al., 2002).
These findings suggest that in depressive syndrome, cognitive
deficits exist independent of depressive mood (Austin et al.,
2001). However, some antidepressants have been shown to
improve both emotional and cognitive deficits in MDD patients.
For example, moclobemide, a MAO-A inhibitor, is considered a
cognition-enhancing antidepressant in elderly depressed pa-
tients (Anand et al, 2005; Ramaekers et al, 1994) while
reboxetine, a norepinephrine reuptake inhibitor (NRI) has also
been shown to have positive effects on cognition (Ferguson et al.,
2003).

2. The hippocampus and connected brain areas
in mood disorders

In recent years, an increasing number of neuroimaging, neuro-
pathological and lesion studies have sought to identify the brain
anomalies associated with mood disorders. A challenge currently
facing the field is to assimilate the large and growing body of data
to understand the neural circuitry underlying these disorders.
Neuroimaging studies have demonstrated volume reduction of

cortex, prefrontal cortex, striatum, hippocampus and amygdala.
On the other hand, consistently with an elevated stimulation of
the hypothalamic-pituitary-adrenal axis observed in depression,
the pituitary and adrenal glands appear increased in patients
with MDD. Although these different areas have been associated
with specific aspects of mood disorders, it is likely that the
interaction and connectivity per se are key factors for keeping
mood stability and cognitive integrity (Fig. 1). Thus, a complete
dissection of the circuits is probably not relevant. Instead we
need to consider the integrated function of these circuits.

2.1.  The hippocampus

The hippocampus is one of the most highly connected areas of
the brain, and although it has traditionally been considered the
“memory area”, the hippocampus has started to emerge as a
brain integrator of emotion and cognition (Small et al., 2011).
This idea is reinforced by findings of reduced hippocampal
volume in several mood disorders, especially in MDD (Campbell
et al., 2004; Stockmeier et al., 2004; Videbech and Ravnkilde,
2004). Structural MRI studies in elderly and young adult
depressed patients has reported that volume reduction of the
hippocampus correlates with the duration of illness (Bell-
McGinty et al., 2002; MacQueen et al.,, 2003) and decrease in
hippocampal gray matter over a three-year period with MDD
(Frodl et al., 2008). Together with these structural changes,
abnormal hippocampal functioning has been associated with
cognitive impairment in depressed patients (Bremner et al,
2004; Deckersbach et al., 2006). In addition, in patients with
MDD, Gould et al. (2007) found impaired spatial memory during
a navigation task based on virtual reality, a task previously
showed to reflect hippocampal activation (Maguire et al., 1998;
Tsigos and Chrousos, 2002) and to be impaired after hippocam-
pal damage (Spiers et al., 2001a, 2001b). More recently, using a
similar virtual reality spatial navigation task, a functional study
found abnormal theta activity of right anterior hippocampus
and parahippocampal cortices in depressed patients compared
to healthy subjects (Cornwell et al., 2010). However, not only
cognitive aspects of depression have been associated with the
hippocampus. Using a rodent model of depression, Airan et al.
(2007) documented increased neural transmission in the CA1
hippocampal area that was decreased with administration
of the antidepressant imipramine (TCAs). Accordingly, recent
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published data from our lab using electrophysiological tools on a
genetic rat model of depression (the Flinders Sensitive Line,
FSL) (Overstreet et al., 2005) have reported increased basal
glutamatergic transmission in the CA1 area of the hippocampus
compared to control rats (Gémez-Galan et al., in press). One
aspect that may contribute to the hippocampal dysfunction in
mood disorders is the particular sensitivity of the hippocampus
to glucocorticoids (Hoschl and Hajek, 2001; McEwen, 2007).
Although stress is a protective mechanism of adaptation to
threatening situations, chronic stress progressively leads to
pathological states like anxiety disorders or depression and
negatively influences cognitive performance (Conrad et al., 1996;
Luine et al, 1994). In fact, one of the most commonly used
animal models of depression is the chronic mild stress model
(CMS) (Willner et al., 1992).

2.2. The HPA axis

The hypothalamic-pituitary-adrenal (HPA) axis is the major
neuroendocrine system that controls reactions to stress and
regulates many body processes, including mood and emo-
tions. The HPA axis, in response to stressful stimuli, releases
corticotrophin-releasing hormone (CRH) from the paraventri-
cular nucleus of the hypothalamus, which in turn acts on
pituitary gland stimulating the release of adrenocorticotropin
(ACTH) into the circulation. Glucocorticoids are secreted from
the adrenal gland under ACTH control. A negative feedback
mediated by glucocorticoids on the hypothalamus, pituitary
and higher brain centers ensures the equilibrium of the
system (Kellendonk et al., 2002; Tsigos and Chrousos, 2002).
The hippocampus is one of the neuronal targets of the HPA
axis through glucocorticoid action (Herman et al.,, 1989) and
increased hippocampal levels of glucocorticoids have a negative
effect on learning (Bodnoff et al.,, 1995; Diamond et al., 1994).
Given the fact that glucocorticoids compromise hippocampal
neuronal survival and that depressive disorders are associated
with sustained hyperactivity of the HPA axis and increased
glucocorticoids levels (Pariante and Miller, 2001; Vreeburg et al.,
2009), it has been suggested that dysfunction of the HPA axis
might be responsible for the smaller hippocampal volume
observed in patients with MDD (Vreeburg et al., 2009). Further-
more, antidepressant-like effects have been shown after ad-
ministration of CRH-R1 antagonists in animal models of
depression (Chaki et al., 2004; Overstreet and Griebel, 2004;
Overstreet et al, 2004). It is clear that both hippocampal
morphology changes and impaired HPA activity are key features
associated to mood disorders, however the exact mechanism of
interaction between these two aspects remains to be elucidated.

2.3. The amygdala

The amygdala, a limbic structure related to emotional behavior,
is popularly referred to as the fear center of the brain. In
humans, bilateral amygdala lesions entail deficits in the
recognition of fearful expressions and, conversely, fearful
faces evoke robust responses in the amygdala, as shown in
neuroimaging studies (Davis et al., 1997; LeDoux, 1998). The
amygdala is however involved in more than evoking fear.
Activation of the amygdala by different stimuli, such as stress or
emotional arousal, strengthens the storage of different kinds of

information through the amygdala widespread network of
efferent projections to other brain regions such as the prefrontal
cortex (PFC) and the hippocampus (Kim et al., 2011; Pikkarainen
et al., 1999; Salzman and Fusi, 2010). Intense emotional events
or chronic exposure to stressful experiences can create trau-
matic memories and even result in the development of mood
and anxiety disorders, including post-traumatic stress disorder
(PTSD) and MDD (McEwen, 1998, 2007; Roozendaal et al., 2009).
In fact, neuroimaging studies in depressed patients have
revealed increased activity of the amygdala during emotion
face recognition task compared to healthy subjects (Peluso et
al.,, 2009; Sheline et al., 2001). Studies in animal models indicate
that acute and chronic stress induced long-term functional
and morphological alterations in specific amygdala nuclei
accompanied by hippocampal morphology alterations. It has
been proposed that these changes might underlie the cognitive
impairments, anxiety-like behavior and mood alterations ob-
served after stress (Roozendaal et al., 2009).

2.4. The prefrontal cortex

Dysfunction of the prefrontal cortex (PFC) is a central feature
of many psychiatric disorders. Decreased neuronal and glia
density (Rajkowska et al., 2001) and altered functioning have
been described in PFC in MDD as well as in PTSD (Liberzon and
Phan, 2003; Pizzagalli et al., 2004) and fMRI-studies show
reduced activity in PFC in MDD that is reversed when depressive
state has remitted (Drevets, 2000; Samuelson, 2011). In healthy
humans, PFC is consistently reported to be involved in memory
storage and in several emotional aspects, including reward
(Gamo and Arnsten, 2011). In fact, functional interactions
between the amygdala and PFC mediate emotional influences
over cognitive processes, such as decision-making, and cogni-
tive regulation of emotion (Salzman and Fusi, 2010). Several
associations between clinical features of MDD and PFC dys-
function have been found. For example, characteristic activity
patterns recorded in PFC of depressed patients correlate with
the observed sadness, psychomotor retardation, anxiety and
impaired episodic memory (Brody et al., 2001a, 2001b). Support-
ing the implication of PFC in mood and emotional disorders,
repetitive transcranial magnetic stimulation on this area has
antidepressant-like effects on depressed patients (Schutter and
van Honk, 2005). Moreover, the study of time-directed associa-
tions of brain areas activity in depressed patients has shown
that hippocampus activation predicts a decrease of activity in
dorsolateral PFC (DLPFC) (Hamilton et al., 2011). It has been
suggested that this strengthened inhibition of DLPFC from
the hippocampus might impair PFC-accumbens connectivity
(O’Donnell and Grace, 1995), resulting in an impairment of the
striatal dopamine system that might be related to the emer-
gence of anhedonia in depression (Hamilton et al., 2011).

3. Glutamate and GABA in cognitive and
emotional symptoms

3.1. Regulation of glutamate transmission

Glutamate is the major excitatory synaptic neurotransmitter in
the central nervous system (CNS) (McEntee and Crook, 1993).
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Fig. 1 - Graphical abstract illustrating the hippocampal connections with other regions of the brain that are implicated in
processing memory and emotions in mood disorders. Pointed arrows represent GABAergic and glutamatergic afferents to the
paraventricular nucleus of the hypothalamic-pituitary-adrenal axis as well as the main targets of the glucocorticoid
innervation. Black arrows represent reciprocal glutamatergic/GABAergic innervations between PFC, AMY and hippocampus.
Gray arrows show monoaminergic innervation of the hippocampus. NA, noradrenaline; DA, dopamine; 5-HT, serotonin; GC
glucocorticoids. PFC, prefrontal cortex; HPA, hypothalamic-pituitary-adrenal axis.

Recently, attention has focused on problems in CNS glutama-
tergic system in depression (Hashimoto, 2009; Kondo et al,,
2011; Tokita et al, 1996) with clinical studies reporting
glutamatergic abnormalities in plasma, serum, cerebrospinal
fluid and brain tissue of depressed patients (for review, see
Sanacora et al., 2008).

At the presynaptic terminal, glutamate is packed into synaptic
vesicles by vesicular glutamate transporters (vGlut 1-3) to be
released into the synapse. Upon release, glutamate exerts its
action through binding to and activating two classes of specific
receptors: ionotropic (AMPA, NMDA and kainate receptors) and
metabotropic (mGluRs: Groups [, II and III). Glutamate is cleared
from the extracellular space via high-affinity excitatory amino
acid transporters (EAATS) located in the membrane of neighbor-
ing glial cells (EAAT1-2) or on neurons (EAAT3-4). In the glia
(primarily in astrocytes) glutamate is converted into glutamine
via the action of glutamine synthetase (GS). Glutamine is then
transported back into the glutamatergic neuron, where it is
hydrolyzed by glutaminase back into glutamate. Abnormalities at
any step in the regulation of glutamate transmission will affect
the efficiency of the system (Fig. 2).

Clinical studies have shown alterations of glutamate
regulation at different brain regions in patients with MDD.
For example, decreased EAAT1 and EAAT?2 have been found in
the cerebral cortex (Choudary et al., 2005) and locus coeruleus
(LC) of depressed patients (Bernard et al., 2010). This might be
relevant since glutamate transporters are crucial for the
maintenance of synaptic glutamate concentration and there-
by protect neurons and glia from glutamate excitotoxicity.
More recently, a genome-wide association study revealed
SLC6A15, a neuron-specific neutral amino acid transporter, as
a susceptibility gene for MDD (Kohli et al., 2011). Besides its
role in neuronal amino acid transport, SLC6A15 is presumably

involved in glutamate synthesis (Broer et al., 2006) and has an
important role in the regulation of glutamate transmission
(Tapiero et al., 2002).

Supporting the role of EAAT1 and EAAT2 in depression,
blockade of these transporters induces anhedonia in rats
(Bechtholt-Gompf et al., 2010) while reduced expression of the
vesicular glutamate transporter 1 (VGlutl) increases vulnera-
bility to depressive-like behavior in mice (Garcia-Garcia et al,,
2009; Tordera et al., 2007). Recently, using a rat model of
depression (the FSL) our lab has found reduced expression
levels of hippocampal EAAT1 and, possibly related to that,
increased glutamate neurotransmission in CA1l pyramidal
cells (Gémez-Galan et al., in press). Interestingly, all these
animal studies, including ours, have reported hippocampal-
memory deficits accompanying the depressive-like behavior.
Using the CMS paradigm many laboratories have suggested
discrete yet potentially interacting mechanisms in the genesis
of glutamatergic abnormalities (Pittenger and Duman, 2008).
These mechanisms include neuroplasticity (Santarelli et al.,
2003), neurogenesis (Berton and Nestler, 2006; Tsankova et al.,
2006) and dysfunctional astrocytic regulation of glutamate
transmission (McNally et al., 2008; Sanacora et al., 2003) and they
have all been associated with memory deficits (Bruel-Jungerman
et al., 2007; Fonken et al., 2011).

3.2.  Antidepressant drugs targeting glutamate transmission

Several classes of glutamatergic drugs possess antidepres-
sant properties. Ketamine for example, has anxiolytic and
antidepressant-like effects in animal models (Engin et al., 2009)
and more importantly, it has a fast-acting antidepressant effect
in patients suffering from MDD (Berman et al., 2000; Price and
Drevets, 2010; Zarate et al., 2006). Ketamine is an uncompetitive
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Fig. 2 - Schematic representation of glutamate transmission regulation (above, pre-synaptic terminal; below, post-synaptic
bouton), with an astrocytic process (in blue, on the left) and monoaminergic modulation (on the right). Astrocytes regulate
transmission through glutamate reuptake and D-serine release whereas monoamines can modulate synaptic strength by
activating intracellular signaling cascades through G-protein coupled receptors either pre- or postsynaptically. EAAT:
excitatory amino acid transporter; mGluR: metabotropic glutamate receptor; Glu: glutamate; AMPA and NMDA: glutamate
receptors; GPCR: G-protein coupled receptors; DA: dopamine; NE: noradrenaline; 5-HT: serotonin; MAT: monoamine

transporter.

NMDA receptor antagonist widely used for the induction and
maintenance of general anesthesia. One proposed mechanism
of action for ketamine is through activation of the brain-derived
neurotrophic factor (BDNF) in an activity-dependent way (Autry
et al.,, 2011). In healthy humans, acute and chronic administra-
tion of ketamine impairs episodic memory, semantic process-
ing and manipulation, but not maintenance of working
memory (for review, see Morgan and Curran, 2006). However,
the effect of ketamine on the neurocognitive dysfunctions as-
sociated with depression, especially on hippocampal-dependent
memory, has not been explored yet in the context of depression,
but it will help to discern the relationship between mood and
cognition in mood disorders.

As an alternative to ketamine, riluzole, a drug used for the
treatment of amyotrophic lateral sclerosis, has been proven to
have antidepressant properties (Sanacora et al., 2007; Zarate
et al., 2004, 2005). Riluzole reduces glutamate release (Doble,
1996) as well as increases glutamate reuptake by enhancing
the activity of EAAT1/EAAT2 (Fumagalli et al., 2008). At the
cognitive level, riluzole has been reported to reduce memory
loss and hippocampus damage in gerbils subjected to a fore-
brain ischemia (Malgouris et al., 1989). However, the effect of
riluzole on the cognitive dysfunctions associated with mood
disorders has not been analyzed yet.

3.3. GABA system in mood disorders

As a variant of the glutamate hypothesis of depression, it has
been proposed that the balance between the inhibition and

excitation is important for both emotional and cognitive health.
Clinical studies have reported reduced GABA levels in the
plasma and cerebrospinal fluid of depressed patients (Gerner
and Hare, 1981, Petty and Schlesser, 1981; Petty and Sherman,
1984). In addition, genetic studies in MDD patients have
reported changes in gene expression levels and subunit
composition of GABA-A receptors, perhaps reflecting a com-
pensatory mechanism due to the low GABA levels associated
with depression. For example, in post-mortem studies from
depressed versus non-depressed suicide victims, reductions in
the expression of GABA alphal, 3, 4 and delta subunit mRNAs,
or increased expressions of alpha5, gamma?2, and delta subunit
mRNAs were found in the frontopolar cortex and in the DLPFC,
respectively; a selective up-regulation of alpha5 mRNA was also
found in the anterior cingulate cortex (for review see Luscher et
al., 2011). All of these regions of the cortico-limbic system are
critically involved in MDD (Seminowicz et al., 2004). Interest-
ingly, GABA-A receptor containing alpha5 subunit is highly
expressed in the hippocampus and cingulate cortex (Pirker et
al., 2000). In the last years several studies have pointed to
selective alpha5-inverse agonists as therapeutic agents for
cognitive impairment (Atack, 2011; Gabriella and Giovanna,
2010). Indeed, mice with targeted deletion of the alpha5 subunit
showed higher memory performance in several behavioral
tasks, such as fear conditioning and water maze (Collinson et
al., 2002; Crestani et al., 2002). Another GABA subunit important
for mood disorders is the gamma subunit. The heterozygous
GABA-A receptor gamma-subunit knockout mice display anx-
iety and depressive-like behavior accompanied with cognitive
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deficits (for review see Luscher et al., 2011). These knockout
mice also present elevated baseline corticosterone concentra-
tions, a key feature in MDD (Shen et al., 2010). Benzodiazepines
(BZDs) are classical drugs mainly prescribed for anxiolysis,
sedation, seizure suppression and muscle relaxation that act
on the GABA-A receptor potentiating the inhibitory effects of
GABA. Studies in MDD patients have revealed that the BZDs
alprazolam and adinazolam elicit antidepressant effects sim-
ilar to widely prescribed antidepressants (Jonas and Hearron,
1996; Remick et al., 1988). A major problem with BZDs in their
use as antidepressants is the central sedative effect due to their
affinity for the alphal subunit of GABA-A receptor (for review
see Rudolph and Knoflach, 2011) and the development of BZDs
dependence (Tan et al., 2011). In the last years several drugs
have been developed to act selectively on alpha2/alpha3
subunits, showing non-sedating anxiolytic properties (for
review see Atack, 2010; Rudolph and Knoflach, 2011). The use
of selective ay/a3 GABA-A receptor modulators, such as TPA023,
as novel antidepressants is currently a matter of study (for
review see Mohler, 2012).

3.4. Stress and glucocorticoids regulating glutamate and
GABA transmission

The glutamate/GABA balance can be affected by increased
glucocorticoid levels caused by stress. Long-term treatment
with corticosterone induces depressive-like behavior and
memory deficits (Patten et al.,, 1996). Moreover, long-term
exposure to corticosterone modulates the levels of several
proteins regulating glutamate and GABA transmission in the
hippocampus. In rats, chronic corticosterone administration
decreased the protein levels of hippocampal metabotropic
glutamate receptor 5 (mGIluR5) (Iyo et al., 2010) in line with
neuroimaging studies showing reduced mGIuR5 in MDD
(Deschwanden et al., 2011). Moreover, in rodents, early-life
stress (such as maternal separation) induces depressive-like
behavior that persists until senescence. This behavior is ac-
companied by long lasting effects on the expression levels of
several hippocampal proteins involved in the glutamate/GABA
cycling, such as glutamate and GABA transporters (EAAT1-2,
VGIuT1-2 and vesicular GABA transporter (VGAT)) and NMDA
receptors (Martisova et al., 2012). In addition, corticosterone
acutely affects glutamate transmission acting both pre- and
postsynaptically (Karst et al., 2005). The postsynaptic effect is
proposed to occur through increased trafficking of GIuR2 to the
surface (Groc et al., 2008).

4. Monoaminergic modulation of mood
and memory

4.1.  The monoamine hypothesis of depression

The monoamine hypothesis of depression came from the ob-
servation that drugs affecting the monoaminergic system
have an effect on mood. Originally it was assumed that a
deficiency in the noradrenergic and serotonergic systems might
account for depressive states (Duman et al., 1997; Hirschfeld,
2000; Owens, 2004). Monoamines provide for the so-called
slow neurotransmission, as they activate G-protein coupled

receptors (GPCRs) and lead to intracellular events that affect
the fast synaptic transmission of glutamate and GABA. The
monoaminergic system is widely spread throughout the brain
and underlies several psychological functions such as cognition
and learning processes, arousal, mood and reward (Amsten and
Pliszka, 2011; Canli and Lesch, 2007; Nieoullon and Coquerel,
2003). Therefore, itis not surprising that alterations found in the
monoamine system in several psychiatric or neurological
diseases may underlie symptoms related to different areas,
from mood and reward to attention, cognition and memory.
Surely the monoaminergic systems are involved in the thera-
peutic effect of most antidepressants, but the specificrole in the
pathophysiology of depression is still unclear. For example, the
prevalence of residual symptoms after monoamine-based
antidepressant treatment and the high percentage of MDD
patients resistant to antidepressant therapy point to the in-
volvement of other neuromodulators. This is particular evident
when looking at cognitive symptoms. Tetracyclic antidepres-
sants (TECAs), such as mianserine, and the classic TCAs, such
as desipramine, typically exert detrimental effects on declara-
tive memory function (Gorenstein et al., 2006; van Laar et al.,
2002; Wingen et al., 2006) while SSRIs, such as sertraline,
paroxetine or citalopram, can assert different effects on
declarative memory depending on their specific pharmacolog-
ical profile. Interestingly, compared to SSRI treated-group, two
clinical studies showed better efficacy on memory function for
duloxetine and reboxetine, a combined serotonin and nor-
adrenaline reuptake inhibitor (SNRI) and a NRI, respectively
(Ferguson et al., 2003; Herrera-Guzman et al., 2009).

4.2. Dopamine behind emotional and cognitive symptoms

Besides the importance of the serotonergic and noradrenergic
systems in mood disorders, increased attention has been
given to the role of dopamine (Dunlop and Nemeroff, 2007;
Nutt, 2006). Human pathologies and animal model of diseases
such as Parkinson’s disease (PD), mainly characterized by
dopamine system degeneration, offer indirect evidences about
the dopaminergic involvement at the intersection between
mood and cognition (Dunlop and Nemeroff, 2007; Nieoullon and
Coquerel, 2003). In PD, motor symptoms are usually paired with
cognitive impairments (Kulisevsky and Pagonabarraga, 2009),
with the cognitive symptoms being related to the stage of the
disease (Aarsland et al., 2003; Liu et al., 2011). Furthermore, in
these patients memory deficits are often associated with both
apathy and depression (Butterfield et al., 2010; Ishihara and
Brayne, 2006; Martinez-Martin and Damian, 2010; Varanese et
al., 2011), suggesting a common pathogenetic mechanism for
mood, motor and cognitive disturbances. Indeed, dopamine is
well-known to be involved in both anhedonia (among the major
symptoms of depression) (Dailly et al., 2004; Gorwood, 2008) and
cognitive functions linked to behavioral reinforcement and
learning processes. For example, dopamine has been proposed
to provide a novelty-evoked reinforcement signal to the hip-
pocampus, facilitating the storage of new memories (Lisman
and Grace, 2005). It is possible that the dual characteristic
played by dopamine represents a critical stage in the genesis of
mood and cognitive symptoms in depression. In fact, ongoing
work in our lab points to an involvement of dopamine in the
beneficial effect of SNRI on cognition. Finally, it has been shown
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that exposure to single unavoidable and uncontrollable aversive
experience inhibits dopamine release in the nucleus accumbens
and impairs the response to reward and aversive stimuli (Cabib
and Puglisi-Allegra, 1996). Thus, the involvement of the dopa-
mine system in response to stress may mediate the effect of
stressful life events in exacerbating some depressive symptoms.
Reinforcing the role of dopamine in cognition, a study proposed
the “correlative triad among age, dopamine and cognition”
(Backman et al., 2006), in which age is accompanied by reduction
of dopamine biomarkers throughout the brain (dopamine D1
and D2 receptors and dopamine transporters) and with a
physiological decline of several cognitive functions in multiple
areas (episodic memory, executive functions and working
memory, speed and efficiency of processing). Thus dopamine
provides an interesting target for the emotional and cognitive
symptoms of depression.

5. Synaptic plasticity in mood disorders
5.1.  Morphological and functional plasticity alterations in
depression

Plasticity, both morphological and functional, is crucial for
memory storage (Neves et al.,, 2008). In addition, decreased
plasticity has also been proposed to increase the threshold for
adaptation (Krishnan and Nestler, 2008) making the individual
more vulnerable to negative input (Gotlib and Joormann, 2010).
Short- and long-term morphological changes are explored as
mechanisms affected in mood disorders. Reduced spine and
synapse density has been shown in post-mortem studies of
depressed patients (Rosoklija et al., 2000) as well as in animal
models (Chen et al., 2010), and these features are restored with
antidepressants (Li et al, 2010). BDNF, a trophic factor
important for the rearrangement of synapses, is consistently
decreased in the serum of depressed patients, and important-
ly, its levels increase in response to antidepressant medication
(Castrén et al., 2007; Matrisciano et al., 2009; Sen et al., 2008;
Shimizu et al., 2003). Recently, activity-dependent BDNF synthe-
sis has also been proposed as a possible mechanism for the
antidepressant effect of ketamine (Autry et al., 2011). In addition
to the morphological connectivity, the functional connectivity of
synapses (i.e. synaptic plasticity) is also affected in depression
(Bessa et al., 2009). For example, attenuation of LTP (long term
potentiation) is observed in the hippocampal CA1 area of FSL rats
(Ryan et al,, 2009) and enhancement of CA1-LTD (long term
depression) in rats after CMS (Holderbach et al., 2007).

5.2. Plasticity related to cognitive and mood impairments

The well-known role of plasticity in memory and its proposed
role in depression raise several questions regarding this
mechanism. For example, are the cognitive disturbances
observed in depressed patients an epiphenomenon caused
by the alterations of the brain circuits controlling the
emotions? Or do they occur through independent mecha-
nisms? In our study using the FSL depression model we could
dissociate the synaptic origins of cognitive deficits from
depression-related deficits (Gomez-Galan et al., in press). We
confirmed the prominent reduction in LTP in CA1 pyramidal

cells (Ryan et al., 2009) and we showed that these rats display
cognitive deficit. Interestingly, FSL rats presented decreased
hippocampal D-serine levels. D-serine is an amino acid
mainly released by astrocytes with high affinity for the
glycine-binding site on the NR1 NMDA receptor subunit
(Mothet et al., 2000) and has been proven to be necessary for
hippocampal LTP (Henneberger et al., 2010). When we treated
FSL rats with acute and chronic D-serine we rescued the LTP
phenotype as well as the cognitive deficit, but not the
depressive-like symptoms in the forced swim test (Gomez-
Galan et al, in press). Thus, in our study we suggested that
decreased hippocampal D-serine levels in FSL rats might
serve as a safety mechanism to prevent NMDA receptor over-
activation caused by the increased hippocampal glutamate
transmission (observed as an increase in the spontaneous
excitatory transmission). Although this mechanism might
protect the brain against toxicity it is apparently not the cause
for the characteristic depressive-symptoms of FSL rats.
Nevertheless, another paper has recently reported an antide-
pressant effect after acute D-serine treatment in a stress-
sensitive strain of rats (Wistar Kyoto (WKY)) (Malkesman et
al., 2011). Malkesman et al. suggested that the antidepressant-
like effect of D-serine is mediated by the activation of the NR1
subunit of NMDA receptors. Thus, the role of D-serine in
depression and the role for plasticity in emotional symptoms
are still not clarified.

5.3.  Antidepressant modulation of plasticity

The theory that synaptic plasticity is involved in depression is
reinforced by the fact that antidepressant drugs as well as
electroconvulsive therapy effectively modulate synaptic plas-
ticity in the dentate gyrus (DG) and CA1l subfields of the
hippocampus and in other areas of the brain (De Murtas et al.,
2004; Stewart and Reid, 2000; Vetencourt et al., 2008; Von
Frijtag et al., 2001). However, the effect of antidepressants on
LTP is not clear and depends on drug class as well as the
protocol of stimulation. In the last decade, testing different
antidepressants on normal rats (TCA, SSRI and SNRI), some
studies have shown reduced hippocampal LTP after antide-
pressant treatment (Cooke et al., 2009; Petrie et al., 2000).
However, other studies have evaluated the antidepressant
effect on hippocampal LTP using different animal models of
depression. For instance, escitalopram restored CA1-LTP and
monoamine levels in neonatal clomipramine-exposed rats
(Bhagya et al., 2011). Additionally, the negative effects of acute
stress on synaptic plasticity (Calabrese et al., 2009; Pittenger
and Duman, 2008) were counteracted with tianeptine, a
selective serotonin reuptake enhancer (SSRE) without altering
the stress-induced increase of corticosterone levels (Campbell
et al., 2008). Finally, given the interest of dopaminergic drugs as
potential antidepressants, it is worth noting the role of
dopamine in regulating hippocampal synaptic plasticity during
the storage of new information in the CAl area. In the
hippocampus, persistent LTP and LTD need the simultaneous
release of glutamate and dopamine receptor activation (Frey et
al., 1990) while in rodents the exposure to a novel environment
facilitates the induction of in vivo LTP in CA1 hippocampal
synapses and, significantly, this feature can be prevented by
dopamine D1/D5 receptor blocker (Li et al., 2003).
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6. Neurogenesis

In addition to synaptic plasticity, neuronal networks can be
modified through neurogenesis. This is particularly true in the
hippocampus, one of the few areas where neurogenesis
occurs in the adult brain. In the last decade, studies in animal
models have shown that neurogenesis is necessary for the
antidepressant action of different drugs (Airan et al., 2007;
Jiang et al., 2005; Santarelli et al.,, 2003), but not all the
antidepressants require neurogenesis to be effective (Bessa et
al., 2009; David et al., 2007; Holick et al., 2008; Meshi et al.,
2006). Impaired adult neurogenesis is not an etiological factor
for depression since ablation of neurogenesis does not elicit a
depression-like or anxiety-like phenotype in rodents (Airan et
al., 2007; Santarelli et al., 2003). However, reduction or blockade
of neurogenesis in rodents affects fear conditioning, synaptic
plasticity in the DG (Saxe et al., 2006), spatial long-term memory
and working memory (Winocur et al, 2006). Increasing
adult hippocampal neurogenesis by enhancing the survival of
adult-born cells in the DG of genetically manipulated mice
improves pattern separation without having any anxiolytic or
antidepressant-like effect (Sahay et al.,, 2011). These results
leave open the question whether adult hippocampal neurogen-
esis contributes to the regulation of emotions, although the
same authors propose that other antidepressant-dependent
modifications of neural circuitry together with the increase in
adult hippocampal neurogenesis must be needed to produce
the beneficial effects of antidepressants on mood. For example,
a study using the CMS model proved that antidepressant action
does not depend only on neurogenesis but is also associated
with neuronal remodeling in the hippocampus (DG, CA3 and
CA1) and PFC, suggesting re-establishment of neuronal plastic-
ity as the basis for mood restoration by antidepressants (Bessa
etal.,, 2009).

7. Implications

Biological processes underlying mood and cognition integrate
at multiple anatomical and functional levels—making it im-
possible to consider them completely unrelated but still
providing for some independence. Along the review we have
highlighted the role of glutamate in memory as well as
emotional symptoms of depression, with an overlapping role
of neuromodulators such as monoamines. We have focused
mainly on the role of the hippocampus since it is morpholog-
ically and functionally affected in mood disorders and it is
also clearly linked to memory functions. Despite of that, we
argue that targeting the hippocampus is not sufficient to treat
all the symptoms associated with a depressive state, support-
ing the hypothesis of complex circuitry integration at the
crosslink between mood and cognition. As an illustration of
the importance of keeping the system balanced it is com-
monly reported that antidepressant drugs lead to memory
deficits, and cognitive enhancers can induce anxiety.

Thus, to design treatments for mood disorders we need a deep
understanding in how and where this integration occurs. Recent
advances in targeted genetic manipulations and optogenetics,
making it possible to drive specific pathways, will be important

for further experiments. In combination with in vivo studies of
network activity in animal models that reproduce specific
characteristics of human symptomatology we can gain a better
understanding of the interface between cognition and emotion in
affective disorders.
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