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Neurobiology of major depression
and its pharmacologic treatment
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ABSTRACT

Introduction
The major depressive disorder (MDD) arises from the interaction of
environmental, genetic and epigenetic factors, producing a deficit in
monoaminergic transmission within the brain. However, our under-
standing of its pathophysiology is quite limited.

Obijective
To reach an integrative view of the MDD pathophysiology, as well as
the mechanisms of action of antidepressant drugs.

Method
We used the PubMed database to search for the documents by using
the appropriate key words. Most of them are experimental research
and molecular genetics and brain imaging studies in humans.

Results
The pathophysiology of MDD is characterized by: i) shrinkage of the
cingulate anterior cortex; ii) hyper-metabolism of the Cg25 areq; iii)
lower expression of the 5-HT)y receptor; iv) enhanced expression of
monoamine oxidase A. Besides, certain gene polymorphisms are
strongly linked to the pathophysiology, and there is evidence that
5-HT1p receptor expression is reduced by psychological stress. Anfide-
pressants reverse the hyper-metabolic state of Cg25, stimulate neuro-
genesis and the cAMP pathway. We found that imipramine increases
and reduces the expression of G, and G, respectively (data not

published).

Discussion and conclusion

The disruption in monoaminergic transmission could be mediated by:
i) the G1463A hTPH2 polymorphism that reduces the serotonin synthe-
sis; ii) the C (-1019) G 5-HTja polymorphism that increases the recep-
tor expression in the dorsal raphe, and reduces serotonin release; iii)
an increase in monoamine degradation. The reduced 5-HT)4 expres-
sion is discussed considering its inhibitory properties in the prefrontal
cortex. The effects of imipramine on G and G, are in agreement with
the antidepressant-induced stimulation of the cAMP pathway.

Key words: Major depression, antidepressant drugs, serotonin,
stress, neurons.

Thematic update

RESUMEN

Introduccién
La depresién mayor (DM) se debe a la interaccién de factores am-
bientales, genéticos y epigenéticos, que atenan la transmisién mo-
noaminérgica en el cerebro. Sin embargo, poco se conoce sobre los
mecanismos fisiopatolégicos que subyacen a ella.

Obijetivo
Proponer una visién integral sobre la fisiopatologia de la DM y los
mecanismos de accién de los férmacos antidepresivos.

Método
Se empled la base PubMed para la bisqueda bibliogréfica. La mayo-
ria son investigaciones experimentales y estudios de genética molecu-
lar o de imagenes cerebrales en humanos.

Resultados
La DM se asocia con: i) menor volumen de la corteza cingulada an-
terior; ii) hiper-metabolismo del drea Cg25; iii) menor expresién del

receptor 5-HTjs; iv) mayor expresién de la monoamino oxidasa A.
Algunos polimorfismos estdn asociados a la fisiopatologia. El estrés
crénico reduce la expresién del 5-HTj. Los antidepresivos atentan el
hiper-metabolismo del drea Cg25, estimulan la neurogénesis y acti-
van la via del AMPc. Encontramos que la imipramina aumenta y re-
duce la expresién de Gy, y Gy, respectivamente (datos sin publicar).

Discusién y conclusién
El déficit en la transmisién monoaminérgica puede deberse a: i) el
polimorfismo G1463A en el gen de la enzima hTPH2 que reduce la
sintesis de serotonina; ii) el polimorfismo C(-1019)G en el gen del
receptor 5-HTjp, aumentando su transcripcién en el rafé e implicando
menor liberacién del neurotransmisor; iii) mayor degradacién de las
monoaminas. La menor expresién del receptor 5-HTj4 se discute con-
siderando su accién inhibitoria en la corteza prefrontal. Los cambios
en la expresién de Gy y Gy, coinciden con la estimulacién de la via

del AMPc.

Palabras clave: Depresién mayor, fdrmacos antidepresivos, sero-
tonina, estrés, neuronas.
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INTRODUCTION

The main mood disorder is major depressive disorder
(MDD) Specialized literature on this topic includes several
studies regarding different aspects such as epidemiology,
genetics, etiology, and pathophysiology."* Notwithstand-
ing, a possible connection has not been proposed between
the most recent findings on the cellular and molecular lev-
el and the anatomic-functional changes taking place in the
brains of MDD patients. The objectives of this review are:
1. Offer a comprehensive perspective on pathophysiology
of MDD and on the mechanism of action of antidepressant
drugs, and 2. Discuss recent evidence which supports the
two neurobiological hypothesis for MDD: monoaminergic,
which underscores the serotoninergic component, and the
neurotrophic.

METHODS

Bibliographic search was conducted using PubMed, with
the following keywords: major depression, antidepressant
drugs, serotonin, stress and neurons. Inclusion criteria
were the following: i) publications focused on molecular,
cellular and systemic pathophysiology of MDD; ii) exper-
imental studies on isolated neurons and/or in situ, about
action mechanisms of antidepressant drugs; iii) clinical and
pre-clinical pharmacologic studies; iv) works published
mostly during the last 10 years.

As mentioned, pathophysiology of MDD includes a
neurotrophic mechanism. Within this context, there is evi-
dence that heterotrimeric G proteins (G proteins) regulate
the intracellular signaling ways activated by receptors to
neurotrophic factors, making G proteins a possible molec-
ular target of antidepressant drugs. Thence, an additional
objective of this work is reporting the effect of antidepres-
sant drug imipramine on the expression of subunits o (Ga)
of G proteins. Therefore, the results shown in figure 1 were
obtained using the following methodology: Six male rats
(Wistar; 3 weeks) were injected intraperitoneally with a
saline solution(n = 3) or imipramine (n = 3) (10 mg/Kg)
during 21 days. Then, they were anesthetized and decap-
itated to dissect the superior cervical ganglia. The proto-
col was approved by the Ethics and Biosafety Committee
of Colima University. The connective tissue capsule was
removed and each pair of ganglia was deposited in PCR
tubes with 1 ml trizol. Inverse transcription was performed
with SuperScript TM 1II kit (Invitrogen) For real time
PCR, a LightCycler Fat Start DNA Master™"* SYBR Green
I (Roche) kit and a LightCycler 1.5 (Roche) thermocycler
were used; primers were designed with intron spanning.
CT parameters was obtained from the amplification curves
to normalize the expression of every Ga (a) to that of the
constitutive gene (actin). The relative expression (a/actin)
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was used to quantify the change in the expression, dividing
the value obtained for the rats injected with saline solution
(a/actin), by the value with imipramine (a/actin);y; if the
quotient is greater than one it means increase in the expres-
sion and vice versa.

Symptoms of major depression
and diagnosis criteria

MDD is characterized by episodes in which negative emo-
tions and thoughts coexist with cognitive deficit and alter-
ations in appetite, libido and sleep. The preferred diagnosis
instrument in the United States and Mexico is the Diagnos-
tic and Statistical Manual of Mental Disorders-IV (DSM-
IV) The manual includes the following symptoms: Feelings
of sadness, despair, uselessness and guilt; low self-esteem;
negative thoughts centered in suicide; cognitive deficit af-
fecting motivation, selective attention, episodic and work-
ing memory and a lower capacity for reflexive thoughts;
irritability, dysphoria and anhedonia. Neurovegetative
symptoms include greater or lesser appetite, fatigue and
alterations in the awake-sleep cycle. Diagnosis is estab-
lished when at least five of these symptoms coexist and
persist during at least two weeks. In 2013 DSM-5 appeared:
it preserves the core of the symptoms but co-morbidity
with anxiety is acknowledged; also new is the fact that it
eliminates the grief exclusion criterion. In any case, diag-
nosis is still subjective, which makes it difficult to study the
etiology, pathophysiology and treatment of MDD. How-
ever, advances in neuroscience will eventually allow for
reformulation from a more scientific basis (v. gr. Proposing
molecular or biological markers) the nosology and etiolo-
gy of depressive disorders. MDD causes severe disability
in the working, school and social environments; it is esti-
mated that by the year 2020 it shall be the second cause of
disability in the world and will continue to be the first in
industrial countries.>*

Epidemiology and risk factors

In Mexico, the psychiatric epidemiology survey of 2002-
2003 estimated a prevalence of 4.5% in adult population and
1.7% in people younger than 18 years of age.>® Globally, the
prevalence in women is greater than in men, in a 2:1 propor-
tion. For example, in Mexico, the prevalence in adult popu-
lation is 5.8% in women and 2.5% in men; this proportion is
maintained for early onset MDD (2.4% in women and 1.0 %
in men).>®

Consensus at present is that MDD is originated by in-
teraction of genetic, epigenetic and environmental factors
which eventually alter biochemistry, cytoarchitecture and
the function of specific areas of the brain.”'* Here, two poly-
morphisms are analyzed due to their possible pathophys-
iologic relevance. ii) G1463A polymorphism of the gene

Vol. 39, No. 1, January-February 2016  salud mental




Neurobiology of depression

for human tryptophan hydroxylase type 2 enzyme and
ii) polymorphism C(-1019)G in serotonin (5-HT) receptor
gene 5-HT;,. Within environmental factors one can consid-
er chronic stress (physical or psychological) as a risk factor
for MDD. This association comes from observing that near-
ly 50% of patients with MDD show hypercortisolemia."?
These findings suggest that dysregulation of the hypotha-
lamic-pituitary-adrenal (HPA) axis is a neuroendocrine fac-
tor contributing to the etiology of MDD.™

Anatomic and metabolic changes
in the brain of patients with MDD

The heterogeneous symptomatology of MDD suggests the
participation of different brain areas. To only mention a cou-
ple of them, dysfunction of dorsolateral prefrontal cortex
(PFC) would affect cognitive functions such as reasoning,
planning and decision making (figure 2). On the other hand,
orbitofrontal and medial areas of pFC, at participating on
the regulation of emotional experience, they would contrib-
ute to the affective component of the syndrome. Here, the
findings made with brain imaging studies using magnetic
resonance imaging(MRI) and/or positron emission tomog-
raphy (PET), revealing the most frequent anatomic-func-
tional abnormalities are discussed.

Changes in cortical and subcortical
volume: studies with MRI

One of the structural changes is the reduction of hippocam-
pus.”" The average decrease is 8-10%; the change is bilat-
eral as well as appearing in only one of the hemispheres.
There is also a significant decrease only in patients who had
recurrent depressive episodes,' or the decrease is inverse-
ly correlated with the duration of the depressive episode.”
Other studies do not report changes in the hippocampus
volume and either do they confirm the inverse relation be-
tween the duration of the depressive episode and on the
degree of reduction in volume.'*® This evidence limits the
pathophysiologic importance of the reduction of the hippo-
campus: i) patients in remission still show lower hippocam-
pal volume;* ii) the reduction is also observed in schizo-
phrenia and bipolar disorder,'***i.e., such neuroanatomical
change is not exclusive of MDD. To reconcile these observa-
tions, it is proposed that the reduction of the hippocampus
does not cause the first depressive episode but becomes a
factor of recurrence and eventual chronicity of depressive
syndrome.”

Another area where gray matter is also reduced is the
anterior cingulate cortex (ACC), specifically at the area ven-
tral to the genu of the corpus callosum (subgenual cortex).
The reduction is prominent (20-40%) in those patients with a
family history of MDD.?* MRI also reveals a lesser gray mat-
ter volume at the orbital PFC. Such observations in vivo are
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concurrent with post-mortem studies. For example, Ongiir®
found a lesser number of glial cells in the subgenual cor-
tex Cg24; its reduction is more acute in subjects with MDD
(24%) or bipolar disorder (41%) with an evident family pro-
file. In this study, patients with schizophrenia did not show
variation in the cell density, suggesting that a lower glial
density is an abnormality that is related to MDD and other
affective syndromes. It is worth mentioning that subgenual
cortex and orbital PFC, at processing information from sen-
sory association areas, such as insular cortex, integrate it to
generate emotional and affective behavior.”

Functional changes in MDD:
studies with PET

Coincidently with the lesser volume of the subgenual cor-
tex, PET reveals lesser metabolic activity in this cortical
area.” However, when the image is corrected by the less-
er volume, Cg25 area reveals hyper-metabolism regarding
control individuals.’ It is highly probable that such hyper-
activity contributes to depressive behavior since: 1. When
healthy individuals are caused a deep sadness feeling, the
activity of Cg25 also increases, 2. Antidepressant drugs
reduce hyper-metabolism of Cg25 and other areas of PFC,
both in patients with MDD and in depressive patients with
Parkinson’s disease,'*** 3. Electrical stimulation of Cg25
reverts depressive sympthomatology .3

Metabolic activity in the amygdala also increases.”
Such functional alteration does not occur in schizophrenia
or anxiety syndromes such as obsessive-compulsive, pho-
bias and panic disorder.” There is evidence that the increase
of amygdala activity precedes the relapse of depressive
symptomatology in patients under the tryptophan deple-
tion protocole.®

Neurobiology of major depression

Monoaminergic hypothesis. This hypothesis is the predomi-
nant concept framework that deals with pathophysiology
of MDD and proposes that the syndrome originates due
to the lesser availability of monoamines in the brain, es-
pecially 5-HT and noradrenaline (NA). This hypothesis
is primarily based on the notion that most antidepressant
drugs increase the brain level of 5-HT and NA by means
of the inhibition of their recapture or of their enzymatic
degradation. Recent studies offer greater support to this
hypothesis. For example, PET images reveal that MDD
patients show greater expression of monoamine oxidase
A (MAO-A) in the PFC, temporal cortex, hippocampus,
thalamus, accumbens nucleus (NAc) and mesencephalon.”
These discoveries imply that the greater degradation rate
of 5-HT and NA is one of the pathophysiologic mecha-
nisms that attenuate monoaminergic transmission. On the
other hand, G1463A polymorphism in the hTPH2 gene
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Figure 1. Effect of Imipramine on the expression of G, subunits of neurons of the superior cervi-
cal ganglion. On the top are shown the amplification curves for the transcripts of G, Gy y G
(left panel) and G, (right panel). Notice that imipramine only produces a shift to the left (pink
stroke) of the amplification curve of G, compared to saline solution treatment (fuchsia stroke) The
graph shows (average + standard error) the change in the level of expression of G, subunits.
Notice that chronic treatment with imipramine strongly increases the expression of G, and reduc-
es the expression of G,. Statistically significant changes to 95% (*) or 99% (**) reliability are

shown (paired student t).

suggests that serotoninergic deficit resides in the 5-HT
synthesis since the corresponding change of aminoacid
results in the loss of 80% of the enzymatic function.*” The
association with MDD is confirmed when in a group of 87
patients, 10% was carrying G1463A polymorphism, a sig-
nificantly higher percentage than the value found (1%) in
the sample (1 = 219) of healthy individuals.** Clinical evi-
dence that supports the monoaminergic hypothesis comes
from studies in patients subject to brain tryptophan deple-
tion protocol (Trp). Prediction of the paradigm is that de-
pletion facilitates depressive relapse only in those patients
who responded to treatment with selective 5-HT recapture
inhibitors (SSRIs). A meta-analysis of 45 studies published
until 2006 reveals results which are consistent with the hy-
pothesis.*!

The number of studies is limited when the brain level
of NA and dopamine is reduced; however, data points in
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the same direction as Trp depletion.**> Evidence in favor or
noradrenergic component comes from post-mortem studies,
where the union of a NA transporter ligand was measured
in the locus coeruleus (LC). In a sample of patients with MDD,
a lower density of the transporter was found when com-
pared to control subjects.”® It is proposed that such change
comes from the lower bioavailability of NA at the synapsis,
which may be deemed possible, considering that the great-
er expression of MAO-A at the mesencephalon” would
increase enzymatic degradation of NA. Another study for
the LC reports an increment in the density of ay-adrenergic
receptors (its functional impact is further discussed ahead
in the study).*

Neurotrophic hypothesis. This hypothesis proposes that
MDD is also caused by neuronal atrophy as a consequence
of the lesser expression of the brain derived growth factor
BDNEF.* It also proposes that chronic stress dysregulates
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Figure 2. Integrating basic and clinical evidence of MDD. It is proposed that the deficit in monoaminergic
transmission may be due fo: i) lower synthesis (G1463A polymorphism) or liberation (C-1019G) polymorphism
of 5-HT; ii) increase in the expression of MAO-A; iii) lesser liberation of NA, due to the greater (1) density of
wadrenergic receptors (;-Adr). Stress reduces (purple arrows) the post-synaptic density of 5-HTj4 receptor, a
molecular change consistent with hyper-metabolism of Cg25 area and the amygdala; probably revealing dys-
function (blue arrows) of intra-cortical circuits (v. Gr., between CCA and PFC and other areas of association),
and limbiccortical. Antidepressant drugs (AD) or deep brain stimulation (DBS) revert the hyper-metabolism of
Cg25. Greater amygdala activity may potentiate (orange arrow) the dysregulation of HPA axis induced by
chronic stress. At the hippocampus, stress reduces the expression of BDNF and produces neuronal atrophy,
but also reduces neurogenesis, due to the lower expression of BDNF and 5-THj. In the cortex, stress also
affects cellular and synaptic plasticity processes. The mechanisms proposed here evidently require a direct

experimental assessment.

HPA axis promoting a sustained exposure of nervous tissue
to cortisol and, thence, the inhibition of BDNF expression.”
Post mortem studies offer evidence of neurotrophic mecha-
nism, since a lesser expression of BDNF has been observed,
as well as of TrkB receptor in the hippocampus and PFC of
patients with MDD, when compared with individuals who
are not suffering from psychiatric disorders at the time of
their death.* Another study reports that patients with MDD
under pharmacologic treatment show a greater expression
of BDNF in the hippocampus when compared with patients
who are not receiving treatment.”

The rest of the evidence comes from studies in ro-
dents subject to chronic stress. A common effect of stress
paradigms is a lesser expression of BDNF and of its TrkB
receptor in the hippocampus, while chronic administration
of antidepressant drugs reverts the effect of stress on both
proteins.®% On the other hand, antidepressant drugs re-
duce stress-induced damage on the dendritic arborization
of pyramidal neurons of the hippocampus®** and stimulate
neurogenesis.”>>*

Behavioral evidence comes from murine models of de-
pressive behavior. For instance, the forced swim test (FST)
mimics the despair behavior of the human and, in spite of its
methodological simplicity, it has a great predictive value of
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the therapeutic efficacy of antidepressant drugs.® With FST,
it is reported that a BDNF injection (one day before the test)
to the hippocampus of the rat has an antidepressant effect
with a similar efficacy of that of the pharmacologic treat-
ment.* However, this acute behavioral effect of BDNF is
in contrast with the fact that only the chronic treatment (21
days) with antidepressant drugs increases the expression of
BDNF and its receptor in the same species.* I.e. The gap be-
tween the behavioral effect of FST and gene effect of BDNF
must be considered with some reservations as a support of
the neurotrophic hypothesis.

Receptors and altered signaling
pathways in MDD

We discuss here the possible pathophysiologic relevance of
5-HT} receptor, a receptor that signals with the pathway of
G of G proteins, since depending on their density and their
pre- or post-synaptic localization, they have a differential
impact on the deficit of serotoninergic transmission.

A) 5-htyy auto receptor

C(-1019)G polymorphism in the promotor of 5-HTj, recep-
tor gene reveals another pathophysiologic mechanism of
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MDD. This change of nucleotide provokes its differential
transcription in the NCS, since the carriers of G allele have
greater density of the receptor in the dorsal raphe (DR) and
greater association with MDD.*” The degree of expression of
auto-receptor depends on the allele composition, according
with genotype CC<CG<GG.*® Besides, carriers of G allele
show lesser therapeutic response to antidepressant drugs.”
To ponder the impact of the greater density of 5-HT1A au-
to-receptor, suffice to say it has an inhibitory effect on DR
neurons, limiting its discharge frequency in 2-4 Hz.® The
rigid control over the discharge rate determines that recep-
tor 5-HT{, controls the liberation of 5-HT in the brain cortex
and the limbic system from the neuronal soma. Consequent-
ly, C(-1019)G polymorphism would be provoking a lower
liberation of 5-HT.

Even when there is no direct proof of the aforemen-
tioned pathophysiologic mechanism, there is some clinical
evidence in support. For instance, it is known that antag-
onists of 5-HTj, reduce the therapeutic latency of antide-
pressant drugs.®®> Such clinical synergy is due to the SSRIs
desensitizing 5-HTj, auto receptor by a mechanism which
implies its disengage with G protein and not by the dimin-
ishing density of the receptor.®® Lastly, attenuation of the
signaling of 5-HTj, auto receptor may be achieved by means
of desensitization or through their antagonists. In both cas-
es, the result is that DR neurons are liberated from auto-in-
hibition.

B) 5-HTyy post-synaptic receptor

Studies with PET with patients who are not receiving anti-
depressant drug treatment, consistently reveal a lower den-
sity of 5-HT;, receptor in the PFC, the hippocampus and the
amygdala.®®* This molecular change also occurs in the ACC
both of patients diagnosed with some anxiety syndrome
and in those who suffer from anxiety and depression.”*”
This was to be expected due to the co-morbidity between
anxiety and depression.®

5-HT receptors which are mainly expressed in PFC
are 5-HTj, and 5-HT)y; the former is located in the soma
and the basal dendrites of pyramidal neurons, while the
latter is found in the apical dendrite.”””* In these neurons,
5-HTj) stimulates a K* efflux through GIRK channels.”>7>7
Inhibitory action includes those neurons in PFC layers
II and III.7 Thence, the lower post-synaptic density of
5-HTj, may imply that in MDD there is an alteration in
the processing of intracortical and interhemispheric in-
formation, as well as in the feedback between the cortex
and the limbic system (figure 2). This dysfunction would
account for certain findings made by fMRI which reveal
a decrease in communication between the amygdala and
the ACC.” The lower density of 5-HTj, receptor in the
amygdala is also consistent with the greater amygdala
activity in patients with Trp depletion.’® Concurrent with
this, it is known that antidepressant drugs or electrocon-
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vulsive treatment increase, directly or indirectly, 5-HTyy
receptor signaling.”

Gene manipulation in rodents of proteins participat-
ing in 5-HT;, receptor signaling also supports its relevant
role in anti- (greater function) or pro-depressive (lesser
function) behavior. For example, on prolonging signaling
of this receptor, either by mutation in sub-unit G which
prevents its interaction with RGS proteins,” or eliminat-
ing the expression of RGS6,”” the phenotype obtained are
mice with antidepressive and anxiolytic behavior. Greater
knowledge is obviously required as to how 5-HTj, recep-
tor regulates the communication between cortical areas
and with the limbic system (figure 2) in order to present
more precise hypothesis about its role in affective and cog-
nitive behavior.

Lower post-synaptic density of 5-HTj, is not derived
from a “down-regulation” mechanism secondary to defi-
cit in the liberation of 5-HT, since the injury of DR does
not alter its density in the cortex and the hippocampus.®
Conversely, HPA axis does regulate its expression since
extirpation of adrenal glands in the rat increases the tran-
script of the receptor in the hippocampus, where 5-HT is
co-located with the receptors to glucocorticoid.”” Concur-
rent with this, it is reported that in a model of social stress,
rats subordinated to a dominant male show a greater level
of corticosteroids and a lower density of 5-HTj) receptors
in the hippocampus.®® Another study found that stress in
the adult rat diminishes signaling of 5-HT, receptor in the
brain cortex, as long as the rodent be subject to stress at an
early age.” In the hippocampus, 5-HT1A receptor stimu-
lates proliferation,® thence its lower density would affect
neurogenesis.

C) 5-HT2 receptors

5-HT, receptor subtypes that are more abundantly ex-
pressed in the brain are 5-HT), and 5-HT)c. 5-HT), is ex-
pressed in the limbic system and PFC; however, evidence
on the sense in which it modifies its density in MDD is
controversial, since increase as well as decrease has been
reported, as well as no change.®*% 5-HT,, receptor is more
closely related to schizophrenia (atypical antipsychotic
clozapine is an antagonist of this receptor) or with altered
states of consciousness such as hallucinations (LSD is an
agonist of this receptor).

D) NA receptors

As we have mentioned, patients with MDD with no pre-
scription or without a trace of antidepressant drugs at the
time of their death, reveal a strong increase in the density
of the ay-adrenergic receptor at the LC.* In the DR, density
of this receptor does not change, which rules out that its in-
crease at the LC be a compensatory response to noradrener-
gic deficit. The greater expression of ay-adrenergic receptor
at the LC would be reducing the liberation of NA in the cor-
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tex and the limbic system, because, at being located pre-syn-
aptically, it inhibits the calcium channels which mediate the
liberation of neurotransmitters 55

Treatment of MDD and action mechanism
of antidepressant drugs

Antidepressant drugs are the first therapeutic choice®%
however, their efficiency is limited since an average of one
third of the patients do not respond to its effects.” Other
clinical strategies include electroconvulsive therapy, vagus
nerve stimulation, deep brain stimulation or transcranial
magnetic stimulation. A discussion of non-pharmacologic
treatment can be seen in other revisions.*%

Gap between pharmacologic and therapeutic
action of antidepressant drugs

Antidepressant drugs are classified as: i) selective recapture
inhibitors of 5-HT (SSRIs: Fluoxetine, citalopram, etc.) or
of NA (NSRIs: Desipramine, reboxetine); ii) of both mono-
amines (tricyclic: Imipramine, nortriptyline); iii) MAO-A in-
hibitors (tranylcypromine, selegiline, etc.) Notwithstanding,
one of the enigmas of pharmacologic treatment is its time
gap with therapeutic action (4 to 6 weeks) In this regard,
it is propound that antidepressant drugs induce molecu-
lar adaptations of greater latency and duration which are
more closely related to their therapeutic action. Advances
have been achieved in this sense by chronically injecting the
rodent (during 2 to 3 weeks) with therapeutic doses of the
drug.

A) Effect over the AMP pathway

There is enough evidence showing that in MDD, the AMP/
protein kinase A (PKA)pathway*® is dysfunctional, just
as cellular and synaptic plasticity processes dependent of
AMP, such as long term post-tetanic potentiation, neurite
growth, synaptogenesis or neurogenesis.” One of the mo-
lecular effects of antidepressant drugs is the stimulation of
the AMP/PKA pathway in the brain cortex, hippocampus
and amygdala.”*> Considering that among the proteins
phosphorylated by PKA are the CREB transcription fac-
tor,”*** which stimulates BDNF expression and of its TrkB*
receptor and MAP2 protein which stimulates the depolym-
erization of microtubules,®? it is proposed that part of the
therapeutic effect is due to the stimulation of the aforemen-
tioned cellular and synaptic plasticity processes.”

B) Effect on the expression of G proteins

Heterotrimeric G proteins (G )are the molecules that first
were considered as possible molecular targets of antide-
pressant drugs. This is so because 5-HT and NA stimulate
the receptors coupled to these information transducers,
with the exception of 5-HTj;. Most of the studies published
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were made with western blot or ELISA techniques. Thus,
in the hypothalamus, fluoxetine reduces immunoreactivity
to Gy 38%) y Gy, (27%), while G, G and G, remain un-
changed.” In the neoestriate and LC, imipramine, clomip-
ramine or desipramine reduce (20-40%) G, immunoreactiv-
ity.” Contrastingly, there is no effect on the expression of
Gys Gyitr Gyg/11 in the cortex and/or the hippocampus, by
desipramine,” amitriptyline”® or fluoxtetine.'™ There are
practically no studies which assess the G transcripts. One of
them uses northern blot technique and reports that amitrip-
tyline and desipramine do not affect the expression of G y
Gj1/2 in the brain cortex.” Another study with conventional
PCR shows that imipramine and fluoxetine do not have an
effect on the expression of Gy Gyjyp, Gyo and Gy in the fron-
tal cortex and the hippocampus, but there is a significant
effect only in Gp.""

For three decades it is known that antidepressant drugs
provoke downregulation of B-adrenergic receptors'® or of
other receptors coupled to G (v. Gr. 5-HT,, 5-HTj).” Con-
sidering that G stimulates adenylyl cyclase (AC) for the
synthesis of cQAMP, adaptive response of receptors coupled
to Gy opposes “downstream” stimulation of cAMP/PKA
pathway induced by antidepressant drugs.”**> The answer
to this paradox may be found in G, however, immunolog-
ical evidence does not report changes in the expression of
G, ”1% Thence, using noradrenergic neurons of the supe-
rior cervical ganglion of the rat and PCR technique in real
time, it was found that chronic treatment with imipramine
increases and reduces significantly the expression of G
and G, transcripts respectively (figure 2; data still unpub-
lished). The strong change in the expression of Gy y G, if
it occurred in CNS, might contribute the stimulant effect of
antidepressant drugs over the cAMP pathway.

C) Effect over glycogen synthase kinase 3$(GSK-3)

Interest on pro-apoptosic protein GSK-3 as a target of
antidepressant drugs arises from several findings: a) it is
known that lithium, an ion with antimanic properties, is
an inhibitor of this enzyme,'® at preventing its interaction
with B-arrestin phosphatase2A-Akt complex;'™ b) great-
er activity of GSK-3 is associated to alterations in neuron
plasticity, structure and cell survival; c) post-mortem stud-
ies reveal an increase in the activity of GSK-3 on the PFC
on patients with MDD'® and d) activation of 5-HT, recep-
tor results in phosphorylation and inhibition of GSK-3, in
the hippocampus and the cortex of the mouse.” Although
serotoninergic agonist d-fenfluramine or fluoxetine and
imipramine inhibit GSK-3 in the PFC, hippocampus and
estriate, '’ it is too early to arrive to the conclusion that in-
hibition of GSK-3 contributes to the therapeutic effect of
antidepressant drugs because its phosphorylation reaches
maximum 30 to 60 min. after the d-fenfluramine or flu-
oxetine injection, declining to base level in the following
hours. 1%
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D) Epigenetic effects

Recently, epigenetics has contributed with additional
knowledge on pathogenesis of MDD and the action mecha-
nism of antidepressant drugs.'”” In this perspective, chronic
stress is granted a relevant role in the interaction of the en-
vironment with the gene load of an individual, as acetyla-
tion (activator of expression) and/or methylation (inhibitor
of expression) of histones are the molecular mechanism by
which stress modifies the pattern of gene expression.

Tsankova et al.'® found that stress due to social rejec-
tion inhibits expression of BDNF in the rodent’s hippocam-
pus and increases methylation of histone H3-K27; where-
as imipramine reverts the effect on BDNF at inhibiting the
expression of deacetylase-5 (Hdac5) histone subsequently
generating increase in the acetylation of H3 histone. Con-
current with the aforementioned findings, overexpression
in the hippocampus of Hdac5 reverts the behavioral effect
of imipramine, which fosters socialization behavior.'® An-
other study shows that the infusion in the NAc of the Hdac5
inhibitor, MS-275, has antidepressive effects in the social re-
jection tests and FST.'*”

Epigenetic mechanism also contributes to stress vul-
nerability. For example, social stress produces in the NAc
an increase in methylation of 1285 genes; it is noteworthy
that imipramine reverts the degree of methylation with a
gene profile similar to that found in mice that tolerate the
presence of an aggressive male.”® Uchida et al.'! using
two strains of mice, one vulnerable (BALB/c) and another
one resistant (C57BL/6) to chronic physical stress, suggest
that one of the genes whose level of expression correlates
with vulnerability or tolerance to stress is that of glial cell
line-derived neurotrophic factor (GDNF). For example,
BALB/c strain responds to stress reducing both H3 acetyl-
ation and GDNF expression (these effects are reverted with
imipramine); contrastingly, C57BL/6 responds in the op-
posite way to stress.’! Behavioral tests show that the lev-
el of expression of GDNF is positively correlated with the
test that assesses hedonic and social interaction behavior,
but not with FST. Such findings suggest that some depres-
sive behaviors in the human have their molecular basis on
changes in the level of expression of specific genes and in
defined areas of CNS.

E) Other molecular targets

Another protein whose expression is inhibited by imipra-
mine is p21 protein."? This protein is an inhibitor of cycline
dependent kinases and thence, it regulates cellular prolif-
eration It is proposed that inhibition of expression of p21
is a part of the mechanism by which antidepressant drugs
stimulate neurogenesis in the hippocampus."* However, it
is not clear whether neurogenesis in the hippocampus is es-
sential for the antidepressive effect seen in FST test. This is
proposed because at inhibiting neurogenesis by X-ray irra-
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diation of hippocampus, fluoxetine keeps exerting its anti-
depressive action in FST test.!®

Another molecular target of antidepressant drugs is
protein p11. This signaling molecule interacts with 5-HT1B
and 5-HT4 receptors, and their expression is reduced in
CCA and NAc of patients with MDD."* In the rodent, flu-
oxetine, imipramine and tranylcypromine, but not NSRI
desipramine, stimulate the expression of pll in the frontal
cortex and hippocampus.”*'"> Besides, cytokines such as
interferon-y and TNF-a increase the expression of p11."®
The crossover degree of signaling pathways stimulated by
cytokines (effect in four hrs.) and antidepressant drugs (ef-
fect in 14 days) is unknown. Another revealing point is that
non-steroidal anti-inflammatory drugs reduce efficacy of
SSRIs to increase the expression of p11, and this antagonism
extends to its antidepressive effect in FST test and MDD.!
Contrastingly, NSAIDs increase the therapeutic efficacy of
NSRI reboxetine.’® As a whole, all these findings suggest a
divergence in the molecular mechanism which underlies the
therapeutic action of SSRIs and NSRIs.

CONCLUSION

Diverse mechanisms may cause deficit in serotoninergic
transmission. In some cases, they have a genetic basis, as
in polymorphism G1463A in the gene of enzyme hTPH2 or
C(-1019)G in the gene of receptor 5-HTj,; the former reduces
the synthesis of 5-HT while the latter attenuates its libera-
tion. From this perspective, it is suggested that MDD diag-
nosis includes a molecular genetics study to identify such
polymorphisms. Besides, it can be inferred that carriers of
polymorphism C(-1019)G shall respond better to the com-
bination of SSRI with some antagonist of 5-HTj,. The lower
post-synaptic density of 5-HTj, receptor is also a relevant
pathophysiologic mechanism since its inhibitory action on
neuronal excitability is consistent with hyper metabolism
of Cg25 area and amygdala. Such metabolic changes may
reveal the dysfunction of intra-cortical and limbic-cortical
circuits (figure 2). In this context, it is suggested that the di-
agnosis be accompanied by a study with PET to confirm the
lower cortical density of 5-HTj,.

Pre-clinical studies show that stress reduces the expres-
sion of BDNF and GDNF of 5-HTj, receptor, and provokes
dendritic atrophy on the hippocampus. The effect on the ex-
pression of growth factors works through epigenetic mech-
anisms, either by increasing methylation or by reducing
acetylation of H3 histone. Imipramine reverts such effects at
inhibiting the expression of Hdac5 in the hippocampus and,
consequently, increasing acetylation of H3 and the expres-
sion of BDNF. In the NAc, tricyclic reduces the expression
of Hdac5, increasing the expression of GDNF. Latency of
epigenetic effect of imipramine coincides with the latency of
its therapeutic action. It is likely that the inhibitory effect of
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stress on the expression of 5-HTj, might be due to an epigen-
etic mechanism. In the hippocampus, 5-HT;, receptor also
has proliferative and neurogenic effects, although it is un-
known whether BDNF intervenes in the action of receptor.

A common cellular effect of antidepressant drugs is the
stimulation of AMPc/PKA pathway and the consequent
stimulation of genes regulated by CREB transcription fac-
tor, including BDNF. We have proved here that imipramine
increases the expression of Gy (stimulator of AC) and re-
duces the expression of G, (inhibitor of AC) Such changes
in the expression are in agreement with the stimulation of
the cAMP pathway.

The antagonist clinical effect of NSAIDs over SSRIs, but
not over NSRIs, suggests it is relevant to identify in a more
precise way the etiology of MDD to define (SSRIs vs. NSRIs)
the proper pharmacologic strategy.
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