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Research on depression and antidepressant drugs is necessary, as many patients display poor response to therapy. Different
symptomatic and pathophysiological features have been proposed as end points of the depressive phenotype and of the
antidepressant action, including anhedonia, depressed mood, alterations in morphology and activity of some brain areas
(amygdala, nucleus accumbens, hippocampus, prefrontal cortex and cingulate cortex), modifications in the connectivity
between brain structures, changes in neurotransmitters (serotonin, noradrenaline, glutamate and neuropeptides), brain
plasticity (neurogenesis, neurotrophins) and abnormal function of the hypothalamic-pituitary adrenal axis. However, few
models have been proposed to describe how these end points could induce the depressive phenotype and are involved in the
mechanism of action of antidepressants. Here we propose a connectionist-inspired network of depression and antidepressant
action, in which the different aetiological factors participating in the release of a depressive episode are represented by input
nodes, the different symptomatic as well as pathophysiological end points are represented by an intermediate layer, and the
onset of depression or of comorbid disease is represented by the output node. The occurrence of depression and the
mechanism of the antidepressant action thus depend upon the weight of the interactions between the different end points,
none of them being per se crucial to the onset of a depressive phenotype or to the antidepressant action. This model is heuristic
to draw future lines of research concerning new antidepressant therapies, designing new animal models of depression and for
a better understanding of the depressive pathology and of its comorbid pathology such as anxiety disorders.
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Introduction

The lifetime prevalence for major depression is estimated as
high as 16.2% in the USA (Greenberg et al., 2003; Kessler
et al., 2003) and according to the World Health Organization,
it will be the second most prevalent cause of illness-induced
disability by 2020 (Murray and Lopez, 1997). The nosography

of this disease encompasses various symptoms including
anhedonia, depressed mood, fatigue, increased stress sensitiv-
ity, thoughts of worthlessness, inappropriate guilt, helpless-
ness, apathy, shift towards negative emotions (sadness,
emotional blunting, irritability and anxiety), cognitive alter-
ations (impaired working memory, bias towards negative
stimuli), body weight and sleep pattern abnormalities (see
Table 1). Anhedonia and depressed mood are considered as
core symptoms present in all patients, while other alterations
vary among patients, so that the disease displays high
symptomatic heterogeneity. This symptomatic variability
sometimes raises the question of the construct validity of
depression as a relevant entity, related to a monolithic pattern
of biological alterations. To further complicate the picture,
some of these symptoms also occur in other diagnostic
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categories, raising the question whether these symptoms are
specific to each disease. For example, depressive episodes are
also found in disorders from the ‘bipolar spectrum’, charac-
terized by a cycling between depressive periods and mania or
hypomania. Additionally, some disorders not only share
symptoms found in major depression, but are also comorbid
with the depressive pathology. For example, some symptoms
of major depression overlap with those of generalized anxiety
disorder (GAD), and high comorbidity among both patholo-
gies is well established (Moller, 2002), suggesting common
aetiological factors. Factors conferring a high vulnerability to
major depression and/or anxiety disorders can be either
genetic or environmental (i.e. poor maternal care or perinatal

stress) in origin (Figure 1). Interestingly, twin studies (Kendler
et al., 1992; 2007; Roy et al., 1995; Kendler, 1996) found con-
sistent evidence that major depression and GAD share genetic
risk factors such as polymorphism of the serotonin (5-HT:
5-hydroxytryptamine) transporter (serotonin transporter:
SERT). Indeed, this polymorphism is associated to predispo-
sition traits favouring depression (Schinka et al., 2004; Sen
et al., 2004) and GAD (Wray et al., 2009). Such relationship is
also found for polymorphism of the cathecol-O-methyl trans-
ferase gene, of the brain-derived neurotrophic factor (BDNF)
gene and of the tryptophan hydroxylase-1 (TPH1) gene (see
Hettema, 2008 for a review).

Major depression can be treated using antidepressant (AD)
pharmacotherapy, particularly by manipulating monoamin-
ergic targets. For example, selective serotonin reuptake inhibi-
tors (SSRIs) block the SERT thus increasing 5-HT, and
monoamine oxydase inhibitors target monoamine oxydase,
the enzyme metabolizing monoamines, also increasing 5-HT
and/or noradrenergic neurotransmission. It is generally
admitted that the aetiological factors involved in the release
of a depressive episode might cause changes in specific end
points. An end point is defined here as alterations that are
targeted by the different therapies. These alterations are
almost pathophysiological changes, but neuropsychological
alterations can also be considered as end points as they can be
targeted by behavioural therapies such as emotional regula-
tion or cognitive and behavioural therapy. The different treat-
ments act to reverse the alterations of these different end
points (Figure 1), but the relevance of that for depression is
unclear due to the heterogeneity of this disease and its high

Table 1 Diagnostic criteria for major depression

Depressed mood
Decreased interest in pleasurable activities and ability to

experience pleasure (anhedonia)
Weight loss or weight gain, increased or decreased appetite
Insomnia or hypersomnia
Psychomotor agitation or retardation
Fatigue or loss of energy
Feelings of hopelessness, worthlessness and guilt
Decreased ability to think or concentrate
Recurrent thoughts of death and suicide
Decreased ability to perform daily tasks efficiently

Diagnostic for major depression is made according to the criteria defined by the
Diagnostic Statistical Manual of Mental Disorders if a minimum of five symp-
toms (including at least one of the bolded symptoms) from the above list have
been present during the same 2 week period and disrupt normal occupational
and social functioning. (Bolded symptoms are considered cardinal and more
specific signs of depression.)

Figure 1 Representation of aetiological factors involved in depression. Examples of triggers in humans are given in blue boxes. Examples of
experimental models used in animals to reproduce these triggers are given in purple boxes. These aetiological factors are thought to induce
changes in pathophysiological end points precipitating a depression. Antidepressant treatments may act by reversing these changes. BDNF,
brain-derived neurotrophic factor; MDD, major depressive disorder; MDMA, methylenedioxymethamphetamine.
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comorbidity. Indeed, do the therapies act by relieving the
pathophysiological expression of a crucial end point recapitu-
lating major depression or do they target several end points
each related to particular symptoms, some of them also being
present in comorbid pathologies? This paper is aimed at chal-
lenging these issues, describing the different proposed end
points and trying to construct a theoretical model of their
involvement in the pathophysiology of depression and in the
AD’s action. Data from the clinic will be discussed, but in
some cases research is rather based upon data from preclinical
studies, using animal models. Indeed, such models enable to
elucidate the causal involvement of a given target by using
invasive techniques (lesion of a brain structure, invalidation
of a given gene and so forth) and permit a description of the
end point pointing to cellular or molecular processes that
cannot be studied in humans. Therefore we will briefly
describe the animal models that are sometimes used to resolve
these issues before describing the end points and presenting
our model.

Animal models

An animal model of a psychiatric pathology has to meet
several validity criteria in order to be relevant to the clinic. It
first has to satisfy face validity that is to provoke changes
(behavioural as well as pathophysiological) considered as
equivalent to those observed in the human pathology. These
alterations might be measured via species-specific methodolo-
gies (questionnaires, behaviour, imaging, biochemical dosage
and so forth). For example, in humans, anhedonia can be
assessed via anhedonia scales (Chapman et al., 1976) while in
rodents it will be evaluated via reward-based tests. Some end
points are not measurable in preclinical models, as they
involve cognitive processes that are present only in higher
primates (Belzung and Philippot, 2007) such as the excessive
culpability seen in depression. On the other side, some end
points cannot be assessed in humans, as for example the ones
that can only be detected via immunoshistochemistry. A list
of the different end points, proposed by the clinical as well as
the preclinical literature is presented in Table 2. The animal
model has also to fulfil a second validity criterion: the con-
struct validity that is similarity in causation and in the theo-
retical construct. Indeed, in animals, the depressive-like
phenotype has to be elicited by experimental manipulations
considered as isomorphic to the factors involved in the etio-
pathogeny of the human disease (Figure 1). As depression is
related to a complex aetiology, including developmental as
well as triggering factors (stress), animal models are based
upon induction of vulnerability during the developmental
period (genetic overexpression or invalidation, maternal sepa-
ration), on learning-related changes of coping (learned help-
lessness) or on application of mild stressors in adult subjects
[social stress, unpredictable chronic mild stress (UCMS),
Figure 1]. A third issue an animal model has to address is the
predictive validity criterion. This means that treatments that
counteract the human pathology should also reverse the alter-
ations observed in the animal model: for example, chronic
(but not acute) ADs or electroconvulsive therapy (ECT) should
be effective in the animal model.

End points of the antidepressant action: do they
target a final common pathway?

If ADs target pathophysiological end points, the question is
whether some pathways underlying the therapeutic effects
can be considered as crucial, explaining per se the AD effect, or
whether the ADs rather target a combination of end points to
achieve recovery. The first hypothesis is based on the assump-
tion that a unique final common pathway underlies the thera-
peutic effects. In regard to the symptomatic heterogeneity of
the disease, this appears as illusory. However, it can be that a
given treatment acts on a core symptom of the disease, so that
it might induce remission via this end point, the other asso-
ciated symptoms remaining unchanged. As to the second
option, explanations should be provided on the mechanisms
explaining how an effect on this combination of end points
may induce remission. In order to better understand this
issue, it seems necessary to use some examples from the lit-
erature. It is beyond the scope of this paper to provide an
exhaustive picture of all the end points that have been
studied (see Figure 1 and Table 2) but we might rather

Table 2 Examples of potential end points for antidepressant treat-
ments based on clinical or preclinical data

Altered cortico-limbic processing
Cg25
Hippocampus
Amygdala
Prefrontal cortex
Nucleus accumbens/ventral tegmental area

Neuroplasticity
Neurotrophins

BDNF, VEGF and associated intracellular pathways
LTP, LTD
Neurogenesis
Glial pathology

Neurotransmitter changes
Serotonin
Dopamine
Glutamate
GABA
Noradrenaline

HPA axis dys-regulations
Hypercortisolemia
Decreased glucocorticoids-induced negative feedback
Altered glucocorticoids receptors function/expression

Neuropeptides
Corticotrophin-releasing factor
Vasopressin
Neuropeptide Y
Hypocretin

Immune system
Pro-inflammatory cytokines

Biological rhythms dys-regulations
Sleep/wake cycle

Others
Melatonin
Histone deacetylation

Cognitive traits and behavioural adaptation
Stress coping
Emotional regulation
Executive function
Motivation/apathy (e.g. self-care behaviour/grooming behaviour)

BDNF, brain-derived neurotrophic factor; GABA, gamma amino butyric acid;
HPA, hypothalamic-pituitary adrenal; LTD, long-term depression; LTP, long-
term potentiation; VEGF, vascular endothelial growth factor.
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illustrate our argument using some specific examples, such as
brain areas, brain connectivity, neurotransmission, neuro-
plasticity and hypothalamic-pituitary adrenal (HPA) axis.

Brain circuitry and connectivity
A first well-described end point concerns brain circuitry. Here,
we will focus on the macroscopic alterations observed in
depression such as modifications in the volume of an area
measured by magnetic resonance imaging or in the activity of
a region studied via functional magnetic resonance imaging
or positron emission tomography. As to the functional aspect,
the experimental approach used is often to try to investigate
brain area activation during a particular situation, thus estab-
lishing a relationship between this task and a brain structure.
For example, anhedonia can be related to altered functioning
of the nucleus accumbens (Nestler and Carlezon, 2006),
depressed mood with altered activity of the anterior cingulate
cortex (Drevets et al., 2008), cognitive dysfunction to altered
processing in the hippocampus (Spedding et al., 2003) and in
the prefrontal cortex (PFC) (Rogers et al., 2004). If ADs target
some brain alterations underlying particular symptoms,
rather than depression per se, it is possible that it may also
relieve alterations present in the comorbid pathologies. This is
the reason why we will also discuss the presence of the
changes in comorbid disorders, focusing on the example
of GAD.

In major depression, several morphological alterations have
been reported in cortical areas such as the PFC and the sub-
genual cingulate cortex (Cg25) as well as in some subcortical
areas, including the hippocampus and the amygdala (Ressler
and Mayberg, 2007). For example, hippocampal volume
decrease is found in patients who suffered multiple depression
episodes (MacQueen et al., 2003) while amygdala is enlarged
in first episode patients and reduced in recurrent depression
(Frodl et al., 2002; Frodl et al., 2003). As to functional alter-
ations, depression is associated with decreased baseline activ-
ity in the temporal cortex and in the insula, increased activity
in the cerebellum (Fitzgerald et al., 2008), in the ventromedial
PFC (see Koenigs and Grafman, 2009, for a review) and in the
anterior cingulate cortex (Drevets, 2000). Most of the
depression-related changes in brain activity are abolished in
remittent patients, indicating that these changes are state
markers. For example, paroxetine treatment reverses the
frontal, the cingulate and the hippocampal changes seen in
depressed patients (Goldapple et al., 2004). Convergent data
can be found from animal studies. For example, using c-fos
immunostaining, it has been shown that chronic fluoxetine
reverses the pattern of activation induced by the novelty
suppression of feeding test in the cingulate cortex and the
hippocampus but also in the bed nucleus of the stria termi-
nalis, the nucleus accumbens and the piriform cortex (Bech-
tholt et al., 2008).

However, are these alterations crucial for the AD’s action?
This seems true in the case of some cerebral end points under-
lying core symptoms of depression, such as the anterior cin-
gulate cortex activity. Indeed, theta activity increase
(Pizzagalli et al., 2001; Mulert et al., 2007) as well as activation
detected by neuroimaging at baseline (Mayberg et al., 1997;
Saxena et al., 2003) or during precise tasks (Davidson et al.,

2003) in this area predict the outcome to monoaminergic ADs
but also to putative ADs such as the N-methyl-D-aspartate
(NMDA) antagonist ketamine (Salvadore et al., 2009) or to
non-pharmacological therapies including sleep deprivation
(Wu et al., 1999) or cognitive behavioural therapy (Fu et al.,
2008). All these findings support the idea of cingulate cortex
activity as a crucial end point of the depressive pathology and
the AD’s action. However, the picture is more complex as
greater pretreatment activity of this area is also found in those
GAD patients better responding to venlafaxine (Whalen et al.,
2008). In the case of GAD, other end points seem crucial as
amygdala activity is also a marker of the outcome to fluoxet-
ine therapy (Whalen et al., 2008). Other pathophysiological
AD-sensitive features seem crucial to particular symptoms,
rather than to the disease. For example, altered activity of the
cortico-limbic network when confronted to facial expressions
of joy (Fu et al., 2007), altered activity in the anterior cingu-
late cortex and the insula when faced with facial expression of
sadness (Chen et al., 2007), modified activity pattern in the
PFC following painful stimulus (Schweinhardt et al., 2008)
and attenuated nucleus accumbens activation in response to
positive stimuli (Epstein et al., 2006) have all been described
in depressed patients. These specific changes are reversed by
ADs: for example, the cortico-limbic changes observed when
depressed subjects are confronted to facial expression of joy
are reversed by fluoxetine (Fu et al., 2007).

Some of the above-mentioned cerebral alterations could be
related not to a modified activity within the targeted brain
area per se, but to altered excitatory or inhibitory input to this
structure. For example, perception of a threatening stimulus is
associated with increased activation of the amygdala (Davis
and Whalen, 2001). In normal subjects, an inhibitory feed-
back from cortical areas limits this increased amygdala activ-
ity, and this might be dysfunctional in subjects vulnerable to
depression such as carriers of the short variant of the SERT
gene (Pezawas et al., 2005). Similar results are found in GAD
patients as weaker negative connectivity between amygdala
and ventrolateral PFC has been described in these patients
independently from the comorbid diagnosis of depression
(Monk et al., 2008). Therefore, connectivity between
amygdala and PFC cannot be considered as an end point
crucial for depression, but rather as an end point of a particu-
lar symptom seen in depressed as well as in comorbid
patients. Further, depressed subjects display increased activity
in the extended amygdala when confronted to emotional
facial expressions; this is correlated to activity in the anterior
cingulate cortex and this correlation is decreased in depressed
patients (Anand et al., 2005). Again, rodent models might
help in describing the synaptic process underlying such modi-
fications, as changes in brain connectivity can be assessed via
long-term potentiation (LTP) and long-term depression (LTD).
Indeed, LTP and LTD correspond to semi-permanent changes
in connectivity between brain regions (as between the hip-
pocampus and the PFC) or within subareas of a region (as
between CA3 and CA1 within the hippocampus). Interest-
ingly, in rodents, exposure to stress impairs LTP in the
hippocampal–medial PFC pathway (Rocher et al., 2004; Cer-
queira et al., 2007), an effect reversed by ADs (Rocher et al.,
2004). Stress also blocks the induction of LTP at the projection
from the amygdala to the PFC (Maroun and Richter-Levin,
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2003), and at the reverse projection, from PFC to amygdala,
stress induces the promotion of LTP and inhibition of LTD
(Maroun, 2006). Similar changes have also been observed
within the hippocampus. Indeed, stress deteriorates hippoc-
ampal LTP while AD from different pharmacological classes
such as SSRIs or tianeptine but also ECT increase LTP
(Shakesby et al., 2002; Pittenger and Duman, 2008).
AD-related alterations in LTD have also been observed in the
hippocampus as chronic stress facilitates LTD, an effect pre-
vented by chronic fluvoxamine (Holderbach et al., 2007).
These data indicate that it is rather difficult to isolate one
particular end point. It would rather be relevant to elucidate
the function of these connectivity changes. Indeed, Airan
et al. (2007) found that dentate gyrus activity is reduced
in chronically stressed animals, whereas CA1 activity is
increased, suggesting elevated hippocampal output, and
reduced hippocampal activity in depressed-like rodents. This
is reversed after AD. Interestingly, the activity propagation in
the dentate gyrus relative to CA1 provides a reliable indicator
of the behavioural phenotype. Authors suggest that
depression-like behaviour could thus be associated with
altered dentate gyrus associative/predictive activity or
increased error signals from CA1, resulting in the failure to
adapt to environmental changes.

Neurotransmission changes
Inappropriate functioning and connectivity among key
cortico-limbic systems might be related to impaired neu-
rotransmission among brain structures. Several neurotrans-
mitter systems have been involved in depression and in AD
response, including the monoaminergic, and more recently
the glutamatergic systems.

As all used ADs target monoaminergic neurotransmission,
particularly 5-HT and noradrenaline, these systems have been
proposed to be the crucial end point underlying recovery.
Indeed, brain 5-HT availability is increased by most ADs and
associated with modulation of 5-HT receptors, particularly
desensitization of the 5-HT1A autoreceptor (Chaput et al.,
1991; Blier and de Montigny, 1998). Is this crucial for AD
effects? This seems to be the case as depletion of 5-HT com-
pletely blocks the effects of SSRIs (Redrobe et al., 2005;
O’Leary et al., 2007). Further, a single nucleotide polymor-
phism (SNP) for the SERT, the 5-HT1A, the 5-HT2A or the
5-HT3A receptors, or for enzymes involved in the biosynthesis
of 5-HT (TPH) are all associated with altered response to
monoaminergic ADs (Kato and Serretti, 2008), supporting the
view of the 5-HT system as the crucial target of the AD
response. However, this is a simplification. Indeed, while
rapid depletion of 5-HT can induce a relapse in patients
responsive to fluoxetine, no effect is found in patients suc-
cessfully treated with an AD having a strong noradrenergic
component (Delgado et al., 1999). Moreover, mice having
targeted invalidation of the 5-HT1A receptors gene become
insensitive to the effects of fluoxetine in the novelty suppres-
sion of feeding test, while still responding to imipramine,
again a compound whose action is not only affecting 5-HT
transmission (Santarelli et al., 2003). Therefore, 5-HT seems
causally involved in the effects of 5-HT-acting ADs, but is not
crucial for the effects of other ADs. Further, 5-HT is not critical

in the pathophysiology of depression as most studies investi-
gating 5-HT function in depression provide equivocal results.
For example, unaltered platelet 5-HT concentration has been
repeatedly reported in depressed patients (Muck-Seler et al.,
1991; Muck-Seler et al., 1996; Jakovljevic et al., 1997; Pivac
et al., 1997). However, other studies report 5-HT-related
changes. For example, decreased plasma tryptophan levels
(Coppen et al., 1973; Cowen et al., 1989), reduced cerebrospi-
nal fluid 5-hydroxyindoleacetic acid (metabolite of 5-HT)
(Asberg et al., 1976), reduced 5-HT1A receptor binding poten-
tial in the raphe, the cingulate cortex and the insula (Drevets
et al., 1999; Sargent et al., 2000; Meltzer et al., 2004; Drevets
et al., 2007) have been reported. Finally, some of these patho-
physiological alterations are not crucial for the AD’s effects.
For example, the change in 5-HT1A receptors is not reversed
by AD (Drevets et al., 1999; Sargent et al., 2000).

Cryan et al. (2004) highlighted the role of noradrenaline
in the effects of several ADs as mice unable to synthesize
noradrenaline due to targeted disruption of the dopamine
beta-hydroxylase gene (Dbh-/-) fail to respond to several
noradrenergic-acting ADs in the tail suspension test but also
to the ones of a monoamine oxydase inhibitor and of
several SSRIs, suggesting a major role of noradrenaline in
AD effects.

Recently research pointed to glutamatergic targets, as this
neurotransmitter is the major brain excitatory amino-acid,
involved in connectivity among brain areas and LTP. Inter-
estingly, altered levels of glutamate have been seen in
cortico-limbic structures found to be dys-regulated in
depression (Sanacora et al., 2008). Conversely, ADs might
work by stabilizing glutamatergic transmission (Bonanno
et al., 2005; Hashimoto, 2009). At the receptor level, alter-
ations are mainly described in the expression of NMDA
receptors (reduction in NMDA receptor binding in the
frontal cortex and in NR1 subunit in the temporal cortex)
and/or the a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onate (AMPA) receptors. Further, glutamatergic agents elicit
AD properties (Sanacora et al., 2008). Indeed, ketamine, a
NMDA antagonist, elicits AD effects in depressed patients
(Zarate et al., 2006). In animal studies, mGlu1/mGlu5
and mGlu2/mGlu3 antagonists have AD-like properties.
However, these glutamatergic targets are not causally
involved in the effects of monoaminergic ADs. Indeed, dele-
tion of the gene encoding the mGlu5 protein alters the
AD effects of the mGlu5 antagonist 6-methyl-2-
(phenylethynyl)pyridine (MPEP) in the forced swim test, but
not the ones of imipramine (Li et al., 2006). Similarly,
mGlu7 receptor knockout mice are insensitive to the AD
effects of an mGlu7 ligand in the tail suspension test while
the effects of imipramine are still present (Palucha et al.,
2007).

All together, these data indicate that changes in neurotrans-
mission are observed in depressed patients and are targeted by
ADs, but generally the therapeutic effects are specific to the
targeted system: 5-HT-related end points are targeted by 5-HT
ADs, glutamatergic targets by glutamatergic ADs and so on.
One can assume that the neurotransmission alterations
provoke the dysfunction of particular brain areas, and the
reversal of this pattern can be achieved targeting the
neurotransmission via system-specific tools.
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Neuroplasticity
When a subject is faced with environmental challenges,
network construction and reorganization occurs leading to
neuronal remodelling, formation of novel synapses and birth
of new neurons: all these modifications can be grouped under
the term neuroplasticity. Recently, the idea that neuroplastic-
ity might be considered as an end point of the AD’s action has
prompted much enthusiasm. Indeed, altered plasticity may
provoke dysfunction of brain structure activity as well as in
communication among brain areas. Two neuroplasticity-
related targets have received major interest: neurogenesis and
neurotrophic factors.

Concerning neurotrophic factors, a particular focus has
been on BDNF, not only because it stimulates LTP but also
because most monoaminergic ADs but also putative ADs
(such as NMDA antagonist memantine), as well as non-
pharmacological therapy (ECT and transcranial magnetic
stimulation) all promote expression of BDNF in the hippoc-
ampus (Duman and Monteggia, 2006). Infusions of BDNF
into the hippocampus can mimic AD-like effects (reviewed in
Duman and Monteggia, 2006), and overexpression of the
TrkB receptor (the primary receptor of BDNF) in mice induces
AD-like effects in the forced swim test (Koponen et al., 2005).
Moreover, social defeat stress, an animal model of depression,
decreases BDNF in the hippocampus (Tsankova et al., 2006).
Can BDNF be considered as a crucial end point in the
depressive-like phenotype and in AD action? In any case, such
formulation is an oversimplification, as the reverse pattern is
observed in another brain region: indeed, social defeat leads
to a BDNF increase in the nucleus accumbens that is pre-
vented by AD treatment (Berton et al., 2006). A relevant for-
mulation might be that plasticity per se requires BDNF, and
that plasticity is a medium to remission or to recovery of some
depressive-related symptoms in specific areas. For example,
BDNF polymorphism seems associated with particular forms
of depression or symptoms, such as depression associated to
fatigue (Utge et al., 2009) or poorer working memory, slowed
response speed, neuroticism, elevations in autonomic arousal
and higher anxiety (Gatt et al., 2009). Studies also pointed to
involvement of BDNF polymorphism in other pathologies,
such as some markers of psychosis (Golimbet et al., 2008;
Rybakowski, 2008), substance dependence (Jiang et al., 2009;
Wojnar et al., 2009) and Alzheimer disease (Huang et al.,
2007). Further, it is also associated with some non-
psychiatric/neurologic disease that can increase vulnerability
to depression, such as type 2 diabetes (Krabbe et al., 2007).

Another plasticity-related process that received much atten-
tion is adult hippocampal neurogenesis. It is now well estab-
lished that chronic monoaminergic ADs induce an increase in
the number of new hippocampal neurons (Malberg et al.,
2000; Manev et al., 2001). Similar effects are reported with
putative ADs acting via other pathways such as glutamatergic
ligands (Yoshimizu and Chaki, 2004), a synthetic cannab-
inoid (Jiang et al., 2005), tianeptine (Czeh et al., 2001;
McEwen et al., 2002), corticotrophin-releasing factor 1 (CRF1)
or vasopressin 1b (V1b) receptor antagonists (Alonso et al.,
2004) or a melanin-concentrating hormone antagonist
(David et al., 2007) as well as with non-pharmacological
therapy, such as ECT (Malberg et al., 2000). In some cases,
neurogenic effects of ADs are observed in normal animals

(Malberg et al., 2000) and in other cases AD restore a decrease
in neurogenesis induced by stress (Alonso et al., 2004). Enthu-
siasm for this target became higher with the observation that
AD’s effects are prevented by X-ray hippocampal irradiation,
which abolishes neurogenesis (Santarelli et al., 2003) suggest-
ing that hippocampal neurogenesis might represent the
crucial end point necessary to the AD’s action. This involves
neurotrophic action as Li et al. (2008) showed that genetic
ablation of the TrkB receptor in neural progenitor cells in the
dentate gyrus impairs the neurogenic and behavioural effects
of ADs. There are however limitations to this hypothesis.
Indeed, it was observed that the neurogenesis dependence of
the AD’s effects vary depending on the species and genetic
background of animals (Miller et al., 2008), the magnitude of
the neurogenesis ablation [partial ablation of neurogenesis by
antimitotic drugs does not elicit suppression of the AD’s
effects (Bessa et al., 2009)], the pharmacological class of ADs
and the type of behavioural paradigms used (Zhao et al.,
2008). For example, neurogenesis, if required for the response
to monoaminergic-acting ADs or to synthetic cannabinoid
HU210, is not necessary for the effects of a melanin-
concentrating hormone antagonist (David et al., 2007) and of
a CRF1 antagonist or a V1b antagonist (Surget et al., 2008). It
was also suggested that the involvement of neurogenesis in
the AD’s effects is necessary to some but not all depression-
related phenotypes. Indeed, hippocampal irradiation sup-
presses the effects of fluoxetine in the novelty suppression of
feeding test, considered as a test measuring the anxiolytic
effects of ADs, but not in the open field and in the forced
swim test (David et al., 2009). Similarly, irradiation prevents
the AD-like effects of a CRF1 antagonist in the novelty sup-
pression of feeding test, but not the effects of this compound
on the coat state and in the splash test (Surget et al., 2008). So,
it seems that neurogenesis is crucial for the effects of ADs on
some specific symptoms of the depressive-like state, rather
than on depression per se. Further, neural cell proliferation is
not reduced in depressed patients (Reif et al., 2006), which
again is a limit to the hypothesis of neurogenesis as the
crucial end point. It is now hypothesized that neurogenesis,
rather than being a necessary mechanism by which all ADs
exert their action, contributes to an optimal functioning of
the hippocampus. When neurogenesis is decreased, hippoc-
ampal activity is altered (Airan et al., 2007), thus rendering
appropriate processing of the context more difficult. As the
hippocampus projects towards brain regions involved in
emotion (amygdala and PFC), hedonicity (nucleus accum-
bens) and stress (hypothalamus), abolition of neurogenesis
may induce an overall change in the cortico-limbic network
activity, thus increasing vulnerability to depression.

Neuroendocrine stress axis
Hippocampus, amygdala and PFC are known to contribute to
the central regulation of the HPA axis (Ulrich-Lai and
Herman, 2009), and hippocampal neurogenesis is directly
involved in this phenomenon (Schloesser et al., 2009). The
HPA axis has also been proposed as a crucial element of the
pathophysiology of depression and the AD response. Indeed,
depressive patients display higher salivary cortisol, particu-
larly at awakening (Vreeburg et al., 2009). This is associated
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with increased concentrations of CRF in the cerebrospinal
fluid (Nemeroff et al., 1984), increased adrenocorticotropin
(ACTH) pulse frequency (Mortola et al., 1987), blunted ACTH
response following CRF administration (Gold et al., 1984;
Holsboer et al., 1984), lower number of CRF receptors in the
PFC (Nemeroff et al., 1988), low cortisol suppression after
dexamethasone (Carroll et al., 1981) and alterations in the
cortisol and ACTH concentrations induced by CRF after sup-
pression by dexamethasone, all indicating a reduced HPA
feedback (Holsboer, 2000; Ising et al., 2007). Further, normal-
ization of HPA function has been associated with sustained
remission (Ribeiro et al., 1993; Holsboer and Barden, 1996;
O’Toole et al., 1997; Zobel et al., 1999; Zobel et al., 2001) sug-
gesting that aberrant HPA function might trigger depression,
ADs normalizing these changes (Pariante, 2003). This is con-
firmed in animal models. For example, after chronic stress,
hypersecretion of CRF and vasopressin, functional decrease in
glucocorticoid receptor (GR) activity, increased adrenal sensi-
tivity to ACTH and diminished negative feedback of the HPA
axis have been observed, which all lead to HPA hyperactivity.
Chronic imipramine reverses these changes (Raone et al.,
2007) while fluoxetine or tianeptine counteract the increased
corticosterone levels occurring after prenatal stress (Szyman-
ska et al., 2009). Is HPA normalization correlated to the effects
of ADs or does normalization represent a prerequisite for
stable remission? Some arguments indicate that HPA normal-
ization might be causal in the AD response. For instance, HPA
axis dysfunction is associated with reduced SSRI efficacy
(Young et al., 2004), and patients not exhibiting cortisol sup-
pression to a dexamethasone/CRH challenge after 2–3 weeks
of treatment are not likely to respond to the therapy (Ising
et al., 2007). Regarding the receptors, several SNPs of the GRs
influence HPA reactivity and negative feedback (Derijk and de
Kloet, 2008) and some of these variants affect response to ADs
(Binder et al., 2004; Brouwer et al., 2006). For instance, Binder
et al. (2004) found that SNPs in FKBP5, a GR-regulating
cochaperone of hsp-90 important for fine-tuning of the HPA
axis, are associated with AD response and with recurrence of
depressive episodes. Further, CRF1 antagonists have shown
relative success in attenuating depressive-like behaviours in
animal models and in clinical trials (Alonso et al., 2004; Hols-
boer and Ising, 2008) supporting the idea of HPA function as
a crucial end point involved in the pathophysiology as well as
in ADs effects. However, other data rather support the idea
that the HPA-related changes are not as central. First, these
changes are not present in all depressed patients, as hypercor-
tisolemia is found only in 40–60% of depressed patients
(Parker et al., 2003) and dexamethasone suppression is not
found in all studies (Vreeburg et al., 2009). This might be
explained by the fact that the outcome of the dexamethasone
suppression test might be influenced by psychiatric comor-
bidity and depression subtypes (Nemeroff, 1996; Amsterdam,
1998; Veen et al., 2009a). Second, therapeutic improvement
can occur independently from an action on the HPA dysfunc-
tion. Indeed, paralleling some clinical data (Watson et al.,
2002; Gervasoni et al., 2004), UCMS-induced behavioural
changes in certain strains of mice can occur without
corticosterone alterations and are reversed by chronic AD
(Ibarguen-Vargas et al., 2008). Using mice with an acquired
forebrain-specific disruption of GR (FBGRKO) Boyle et al.

(2005) showed that AD induced a therapeutic effect, but failed
to reverse the loss of negative feedback induced by the GR
deletion. Further, most remittent patients have higher salivary
cortisol, indicating that hypercortisolemia might rather be a
trait marker (Vreeburg et al., 2009) of the depressive personal-
ity, not reversed by ADs. Third, HPA changes might be associ-
ated with some specific symptoms/comorbidity. Indeed, HPA
alteration is not associated with severity, chronicity or
symptom profile of the depressed patients, except for comor-
bid anxiety (Veen et al., 2009b). Fourth, some stress-related
targets can also be involved independently from the HPA. For
example, preclinical data indicate that CRF and vasopressine
may target depressive behaviour as well as anxious behaviour,
in a way sometimes independent from hypothalamic function.
Indeed, in rodents, CRF1 and V1b antagonists are effective
both in models of depression and in models of pathological
anxiety (Griebel et al., 2002; Ducottet et al., 2003; Louis et al.,
2006; Salome et al., 2006). Effectiveness of CRF1 antagonists
has also been described in some clinical studies (Holsboer and
Ising, 2008) even if others failed to replicate the same findings
(Binneman et al., 2008). The AD effects of the V1b antagonist
occur via extra-hypothalamic mechanisms such as the lateral
septum (Stemmelin et al., 2005) and different amygdala nuclei
(Salome et al., 2006), while anxiolytic action of the same
compound occurs via the basolateral amygdala (Salome et al.,
2006). Other data show an HPA-independent action of CRF as
Muller et al. (2003) showed that postnatal inactivation of CRF1
in limbic regions (amygdala, hippocampus and neocortex)
lead to a decrease in anxiety behaviours, without affecting
CRF1 expression in the pituitary.

All these data converge on the idea that the AD action can
be achieved either via some particularly crucial end points
underlying core symptoms, or via a combination of end
points each involved in a particular symptoms. The question
than is whether these end points participate in the induction
of the depressive-phenotype or whether their role is limited to
the AD action.

Have the proposed end points a causal role in the
depressive pathology?

If an end point is altered in depressive subjects and involved
in the AD mechanism does this mean that it is causally
involved in the disease, triggering the depressive episode?
Recently, Banasr and Duman (2008) showed that glial abla-
tion in the PFC is sufficient to induce depressive-like behav-
iours in adult rats, illustrating that an end point might be
causally involved in a depressive phenotype. However, the
picture is rarely as straightforward as most factors important
for the AD’s action are not causally involved in the pathology.
For instance, several polymorphisms have been described that
alter AD’s response, including polymorphism of the SERT, the
5-HT1A, the 5-HT2A and the 5-HT3A receptors, of the nora-
drenaline transporter, the BDNF gene, the genes altering sub-
stance P levels (angiotensin-converting enzyme gene: ACE),
genes modifying the HPA axis functioning (CRF1 or FKBP5
gene) and glutamatergic neurotransmission (dystrobrevin-
binding protein 1 gene) (Kato and Serretti, 2008 for review).
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However, no evidence indicates that these abnormalities are
associated with increased occurrence of depression. Further,
5-HT depletion only induced depression episodes in those
patients having a high vulnerability (Ruhe et al., 2007). In
mice, no depressive-like effect of 5-HT depletion is observed
in vulnerable subjects such as stressed BALB/c mice (Yalcin
et al., 2008). Dbh-/- mice behave normally (Cryan et al.,
2001) as do mice with an inducible knockout of BDNF in the
forebrain (Monteggia et al., 2004). Abolition of hippocampal
neurogenesis does not provoke depression-like phenotype in
mice (Santarelli et al., 2003; Surget et al., 2008), and neuro-
genesis level in unstressed mice does not predict vulnerability
to UCMS (Mineur et al., 2007). Further, as mentioned above,
several of the putative end points are associated not only to
major depression, but also to other disease. For example 5-HT
alterations and modification in connectivity between the
amydgala and the PFC also appear in GAD patients, and BDNF
polymorphism is associated with depression as well as with
psychosis, substance abuse or Alzheimer disease. The same
reasoning applies for the symptomatic features of depression.
For example, difficulty in concentration is present in most
affective disorders as well as in several neurological diseases,
so that this cannot be considered as a cause of depression. For
this reason, most of these end points cannot be considered as
a single critical target, causing the depressive phenotype in a
monolithic way.

An alternative model as to the relationship
between end points and depressive feature

We showed that the hypothesis that depression and/or AD
effects might be related to a single end point, explaining
the whole phenotype of the pathology, causally involved
in the disease and recapitulating all the mechanisms under-
lying the AD’s efficacy is questionable. We also presented data
showing that the depressive phenotype might rather be
related to an ensemble of independent pathophysiological
end points, each important for a particular aspect of the
symptomatology. But how do these end points produce the
disorder and how can ADs achieve remission? Here we present
a theoretical model to resolve this issue, using a
connectionist-inspired network (Figure 2). Connectionist
models are based upon a connected network of nodes where
information is treated in a parallel and distributed fashion.
These networks include several layers such as an input layer,
one or more intermediate layers performing internal process-

ing and an output layer. The different nodes from a same layer
can also be inter-connected. The output represents the activ-
ity pattern of different nodes from the network. Each node
has several inputs, a threshold (or input–output) function and
an output. The strength of the link between nodes can be
modified by experience. In Figure 2, each pathophysiological
end point (e.g. 5-HT neurotransmission, hippocampal neuro-
genesis, HPA function, nucleus accumbens and anterior cin-
gulate activity) is represented by a node of the first
intermediate layer and each behavioural/cognitive feature is
represented by a node of the second intermediate layer, both
being inter-connected. In order to simplify the figure,
we focused on five neurobiological-related and four
symptomatic-related end points. The input layer corresponds
to aetiological factors either present during the developmen-
tal period and involved in the vulnerability to the disease
(genetic factors as well as early environmental features) or
factors precipitating the depressive episode during adulthood
(life event for example). The vulnerability/resilience will
change the threshold sufficient for a particular triggering
event to elicit a pathophysiological end point. The output
layer corresponds to the state of the subject (normal,
depressed, or with a comorbid pathology or symptomatology
such as GAD). Several important aspects have to be consid-
ered: (i) the pathophysiological end points have causal rela-
tionship with symptomatic end points; (ii) among the
pathophysiological end points, some are crucial because they
might induce a core symptom (anhedonia, depressed mood)
and others are secondary; (iii) some non-crucial pathophysi-
ologial end points can induce a depressive episode via con-
nections with other nodes, thus inducing overall changes of
the network; (iv) in reason of the above-mentioned argu-
ments, different pattern of node activation can underlie
depression/remission/resilience; (v) symptomatic end points
can also have interrelations. For example, stress coping can
regulate executive functions; (vi) back-propagation might
enable a node of the second layer to act on nodes of the first
layer. For example, relevant stress coping can change the way
a triggering event is perceived, thus altering the effect of the
life event on the pathophysiological end points; and (vii) the
different patterns of node activation may explain the high
heterogeneity of the disease as well as its comorbidity.

Different configurations of this theoretical network are
illustrated that may help in the discussion of such model.
Figure 2A represents the state of the network in a normal
subject. During development, he has been subjected to factors
providing either vulnerability or resilience to depression. No

Figure 2 Theoretical model of depression and antidepressant effects based on a connectionist inspired network. Blue arrows represent normal
interactions between nodes. Red arrows represent pathological interactions. Antidepressant effects are indicated by green arrows. Increased
weight/interaction between nodes is represented by bold arrows. Filled red nodes indicate a pathological change of state, while filled green
nodes represent an antidepressant-induced reversal from a pathological state to a normal state. Core behavioural/cognitive traits relevant to
the depression diagnostic (hedonic behaviour and mood) are indicated by plain nodes while dashed nodes represent secondary traits (stress
coping or cognitive processing). Different colours of the output correspond to the state of the subject (green: normal, red; depressed, purple:
comorbid pathology). (A) Normal state, (B) depressive episode induced by dys-regulation of a single end point leading to a core behavioural
impairment (e.g. mood), (C) depressive disorder induced by dys-regulation of multiple end points leading to impairments in multiple
psychological functions together mediating symptoms of depression, (D) comorbid pathological state induced by dys-regulation of a single
secondary end point, (E) hypothetical effects of an antidepressant treatment in scenario 2B, (F) hypothetical effects of an antidepressant in
scenario 2B, (G) hypothetical effects of a cognitive behavioural therapy or an emotional regulation therapy on a subject displaying profile 2C
and (H) hypothetical view proposing that depression can be recapitulated by a crucial process, neuroplasticity.
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particular event triggering depression has occurred, so that
the different pathophysiological end points have a normal
expression, which is related to normal behaviour. In
Figure 2B, the subject has been subjected to a triggering event
that, combined to a particular vulnerability state, has induced
abnormal expression of the crucial end point E, which is able
to induce a core symptom of the disease (depressed mood). In
Figure 2C, the triggering event occurring in a vulnerable
subject induces pathological expression of an end point (end
point A) that is not crucial per se. However, as this end point
has strong relationships with end point D, itself related to end
point C, it might elicit alterations in stress coping, executive
function and anhedonia, all together causing a depressive
episode. The example of Figure 2D illustrates occurrence of a
comorbid disease. Here, the subject is resilient to depression,
but he is faced with an event triggering abnormal expression
of biological marker B related to stress coping and executive
function. However, resilience of this subject might protect
him from cognitive dysfunction, so that the subject will
display a symptom of a comorbid disease. Figure 2E and F
illustrates the effects of AD therapy on such network. In
Figure 2E, the treatment targets a crucial end point, and thus
a core symptom, inducing a therapeutic effect by counteract-
ing the abnormalities displayed in Figure 2B. The treatment
thus acts to reverse the pathophysiological alterations under-
lying the depressive state. The scheme displayed in Figure 2F
is rather interesting, as here the AD effects are achieved via a
pathway different from the one underlying the depressive
state (the one of Figure 2B) showing that recovery can occur
without reversing the pathophysiological alterations. This
could be relevant for recurrent depression, as the presence of
this pathophysiological end point in the remittent patient
might be a key factor in precipitating a new depressive
episode. However, this remains to be tested. Figure 2G illus-
trates the effects of a cognitive behavioural therapy or of
emotion regulation therapy applied to a patient in the state
described by Figure 2C. According to this scheme, these thera-
pies target emotional/cognitive processes, which may in turn
alter the coping of the subject with the triggering event, thus
modifying its aptitude to induce pathophysiological end
points. However, this is purely speculative. Figure 2H is a
theoretical case, showing that a connectionist network can
also be used to model a case where depression can be
explained by a common and unique critical process. Indeed,
here all pathophysiological end points (neurotransmission,
HPA axis activity and so on) influence a unique process (neu-
roplasticity) occurring in different brain areas. Depending of
the regional brain pattern in which the plasticity occurs, a
different clinical picture will appear. This might however be
an oversimplification, as mentioned above. Many other
schemes and theoretical views can be constructed. For
example, the participation of brain connectivity/LTP in
depressive behaviour and AD’s effects might be illustrated by
changes in the weight between two brain regions (two end
points).

Conclusion

This model is a theoretical view that can help in discussing
the role of the different pathophysiological end points

described in depression as well as the different mechanisms
leading to recovery, via pharmacotherapy or via other
approaches. It is coherent with data from the literature we
reviewed, such as for example the observation that a drug can
induce recovery without reversing pathophysiological alter-
ations, the data showing that ADs can act via different mecha-
nisms, the fact that AD can treat depression as well as
comorbid pathologies sharing common pathophysiological
end points, the heterogeneity of the symptomatic features of
the disease as well as the observation that not all pathophysi-
ological alterations are present in all patients. It represents an
interesting framework needing to be tested and refined via
experimental manipulations. For example, the weight of the
connections between the different nodes has to be estab-
lished, as well as the level of the different thresholds that
render an end point relevant to the pathology and to the
action of the therapy. Here we present only a simplified
version of the theoretical model, and much other end points
have to be included in the network, such as for example
cytokines (see Table 2 for a more exhaustive list). This model
will enable to progress as to the mechanism of action of the
commonly used ADs but also to predict new pathways of AD
action, thus permitting to design new treatments of the
future. In reason of the complexity of this network, and of the
weight of the different relations between the candidate nodes,
it might be that the state of the network may vary among
patients, so that the future ADs have to target the pathophysi-
ological abnormalities seen in particular subjects, thus shift-
ing to personalized medicine. Animal models should be
refined and take such models into account. In any case, this
model clearly shows that the research for a unique and crucial
end point, explaining all symptoms in all patients is rather a
myth. The crucial end point may indeed be the state of this
network, rather than one of its components.
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