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@ PERSPECTIVE

Analysis of fluoxetine-induced
plasticity mechanisms as a strategy for
understanding plasticity related neural
disorders

Fluoxetine hydrochloride, better known for its commercial name
Prozac, is one of the most widely prescribed antidepressant drugs all
over the world. This drug was considered a “breakthrough drug” for
the treatment of depression because of its very high selectivity as a se-
rotonin reuptake inhibitor and because it presented a lower side-effect
profile than previous drugs (Wong et al., 2005). However, the precise
mechanisms of fluoxetine action and how it alleviates mood disorders
is still largely unknown.

Similarly to its predecessors, the core mechanism of fluoxetine action
was considered to be the promotion of monoamine neurotransmitter
(serotonin and noradrenalin) function in the brain. This observation
constituted the initial basis for the “monoamine hypothesis” for de-
pression, later extended to the “chemical hypothesis”, which proposes
that mood disorders are caused by functional and structural changes in
specific molecules, and that antidepressant drugs act on counteracting
these molecular changes. As information in the nervous system is pro-
cessed and stored through modulation of chemicals in specific neuronal
networks, a more recent and alternative hypothesis, complementary to
the chemical one, raised: the “network hypothesis”. This proposes that
antidepressants, by modulating several signaling molecules, determine
changes at functional and structural level in affected neuronal networks,
allowing a better adaptation to environmental conditions. In this frame-
work, antidepressants modulate activity-dependent plasticity processes
of specific neuronal networks finally inducing improvements in several
mood disorders (Berton and Nestler, 2006; Castrén, 2013).

One of the first demonstration that fluoxetine is able to modulate
plasticity processes in the central nervous system was obtained by ex-
ploiting the paradigmatic experimental model of plasticity in the mam-
malian visual cortex (Maya Vetencourt et al., 2008). In this brain area,
as in other sensory ones, experience-dependent plasticity is particularly
elevated during specific developmental time windows, so-called critical
periods, but dramatically declines with age. A brief occlusion of visual
experience in one eye (by monocular deprivation, MD) induces a plastic
reorganization at functional and structural level in the visual cortex only
in young animals, while no major changes are observed when performed
in adults. Moreover, MD induces loss of visual functions (amblyopia)
which cannot be recovered once at an adult stage because of the decline
of plasticity. However, long-term pharmacological treatment of adult
rats with fluoxetine hydrochloride (administered for one month in the
drinking water) is able to reactivate high levels of plasticity (measured
as sensitivity to MD). Furthermore, the pharmacological treatment in
combination with the appropriate rehabilitation procedure (patching
the open eye) leads to full recovery of visual functions in adult animals
rendered amblyopic by MD performed during the critical period.

The efficacy of fluoxetine in potentiating plasticity levels also in neu-
ronal networks related to mood disorders was demonstrated in a study
using the fear-conditioning and extinction training paradigm (Karpova et
al.,, 2011). Here, pairing a neutral tone with a mild foot shock, conditions
mice to be fearful of that tone and to respond with a freezing behavior
when the simple tone is played. Repeated exposure to the tone alone
gradually extinguishes the freezing response, and, as in the visual system
experimental model, the efficacy of extinction is elevated during a devel-
opmentally regulated critical period of plasticity, but declines with time.
Again, when combined with the extinction training, the fluoxetine-in-
duced reactivation of juvenile-like plasticity in the affected network leads
to stronger and long-lasting beneficial effects at behavioral level.

In conclusion, both studies clearly indicate that the antidepressant

fluoxetine can restore in adult animals the plastic potential characteris-
tic of early stages of postnatal life. In turn, this increased plasticity facil-
itates the recovery at functional and structural level of the specific neu-
ronal networks which were eventually miswired during development,
and thus their ability to process and store information in response to
environmental stimulation in an appropriate way.

Besides mood disorders, fluoxetine and other antidepressants have
been used in restoring, at least partially, functions in humans and/or
animal models of stroke, Alzheimer’s disease, traumatic brain injury,
Down syndrome, and cervical spinal cord lesion (Castrén and Hen,
2013). To summarize, it is evident that all pathological conditions
where reactivation of plasticity may be desired to recover functions at
adult stages, may potentially benefit from the application of strategies
based on fluoxetine or other antidepressant treatments (LeBlanc and
Fagiolini, 2011) (Figure 1).

The cellular and molecular mechanisms underlying the potentiation
of plasticity induced by fluoxetine are still poorly understood. Experi-
mental evidence obtained mainly in the plasticity model of the mam-
malian visual cortex contributed to dissect the primary basic processes
of fluoxetine action (Bavelier et al., 2010). The actual view is that visual
cortex plasticity is regulated by both functional and structural mecha-
nisms responsible for the opening, duration and closure of the critical
period, and also for limiting plasticity levels at later stages of postnatal
life. The better characterized functional process involved in the control
of plasticity is the maturation of the cortical inhibitory tone, and hence
the balance within local circuits between this and the excitatory one
(excitatory/inhibitory, E/I balance). The E/I balance is a key player in de-
fining specific developmental thresholds for the opening and closure of
the critical period, and for restricting the plastic potential in adulthood.
At structural level, the amounts of peri-neuronal nets in the extracellular
matrix and the degree of myelination process play prominent roles in the
regulation of plasticity by controlling neurite outgrowth and neuronal
reorganization. It has been recently suggested that these same factors
may act in the adults as functional and structural brakes limiting the
expression of plasticity. Thus, an excellent strategy to restore high levels
of plasticity in the adults, and to allow recovery of functions, would be to
modulate and/or eventually lift these brakes. Indeed, different genetics,
pharmacological, and environmental approaches have been successfully
used to remove these brakes leading to recovery of juvenile-like levels of
plasticity in the cortex, and also enabling improvement of visual func-
tions in adult rodents.

Regarding fluoxetine, it has been shown that this pharmacological
treatment restores plasticity in the adults by reducing intra-cortical inhi-
bition (extracellular basal levels of GABA), thus modulating the E/I bal-
ance, and increasing the expression of brain-derived neurotrophic factor,
a neurotrophin participating in several neuronal processes as synaptic
development, maturation, and plasticity. These effects are specifically
dependent on the 5-HT1A serotonin receptor, the BDNF receptor TrkB,
and the MAPK-Erk1/2 signaling pathway. Moreover, a modulation at
epigenetic level occurs, as an increase of the acetylation status of the H3
histone at BDNF promoter regions, and a decrease in the expression of
the Hdac5 deacetylase gene. More recently, evidence for the activity-de-
pendent transcription factor NPAS4 (Neuronal PAS Domain Protein 4)
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Figure 1 Mechanism of action of fluoxetine on plasticity and experimental
models of pathologies.

The figure summarizes examples of the possible mechanisms of action of
fluoxetine in the potentiation of adult plasticity and a representative list
of plasticity-related experimental models of neuropathologies which may
benefit from fluoxetine treatment (LeBlanc and Fagiolini, 2011; Castrén and
Hen, 2013). AD: Alzheimer’s disease; DS: Down syndrome.
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as a key mediator of visual system plasticity in the adult rat has been re-
ported. Fluoxetine treatment increases NPAS4 expression at both mRNA
and protein level with a parallel reduction of the H3 histone methylation
status at the NPAS4 promoter. Moreover, the experimental down-reg-
ulation of NPAS4 at the cortical level prevents the fluoxetine-induced
plastic outcome. As for the known effects at the structural level, it has
been shown that fluoxetine treatment can also induce morphological
remodeling in the adult mouse visual cortex by increasing the dynamics
of interneuron branch tips (Maya-Vetencourt and Pizzorusso, 2013).

Many advances in our understanding of the fundamental mecha-
nisms controlling plasticity levels have been initially obtained by means
of small-scale experimental approaches. In the last two decades, large-
scale approaches comparing mRNA expression levels between distinct
experimental conditions by using innovative genomic approaches or
subtractive hybridization have been carried out. Also proteomic ap-
proaches, which allow identification of the ultimate effector molecules
in the biology of cells, have been applied to complement and add new
information to previous data. However, despite the recent straightfor-
ward advances in the technologies applied to functional proteomics,
these methods are still underexploited in the field of experience-de-
pendent plasticity in the visual cortex. Notable contributions have been
made by L. Arckens’ group in the developing cat visual cortex and in
the mouse following monocular enucleation (by fluorescent two-di-
mensional difference gel electrophoresis, DIGE, also following reversed
phase chromatography, RP-HPLC), and by C.N. Levelt’s group on
mouse visual cortex synaptosomes during development and following
manipulation of the visual input (by isobaric tag for relative and abso-
lute quantitation, iTRAQ). These groups have contributed to the iden-
tification of candidate genes in the control of cortical plasticity, as for
instance the collapsin response mediator (CRMPs) family of proteins
which, modulating neurite growth and guidance, may instruct neuro-
nal cells to form meaningful networks (Van den Bergh et al., 2006); and
also to better define general considerations on the role of experience on
cortical development, as that dark rearing does not simply delay devel-
opment but activates specific signaling cascades related to the control
of plasticity (Dahlhaus et al., 2011).

Nevertheless, only a few works, mainly in the hippocampal area, have
used proteomic approaches to study in vivo the effects of fluoxetine on
protein expression. This motivated us to develop in our laboratory a
study using two-dimensional 2D gel differential analysis followed by
mass spectrometry with the aim of identifying possible protein candi-
dates mediating the outcome of fluoxetine treatment on adult plasticity
(Ruiz-Perera et al., 2015). The study was performed in the mouse visual
cortex which has recently become a predominant model for investigat-
ing the principles that underlie experience-dependent plasticity, as the
structural and functional organization of visual networks is generally
conserved and very similar across mammals, and in this species power-
ful tools and recently developed techniques, as transgenesis or optoge-
netics, can be applied.

Here, we first reported that the antidepressant fluoxetine is able to
restore high levels of functional plasticity in the adult visual cortex also
of mice, similarly to what previously observed in rats. The proteomic
analysis allowed the identification of 24 differentially expressed proteins
in fluoxetine-treated animals vs. controls. Mass spectrometry identifi-
cation followed by bioinformatics analysis revealed that the identified
proteins are involved in the control of cytoskeleton organization, endo-
cytosis, molecular transport, intracellular signaling, redox cellular state,
metabolism, and protein degradation. Altogether, our results indicate
a complex effect of fluoxetine on neuronal signaling mechanisms po-
tentially involved in restoring plasticity in the adult brain. Part of the
proteins and signaling molecules identified in our study were previous-
ly characterized as potential key players in the control of neuronal plas-
ticity processes in other areas, indicating that our data are in line with
previous works. While it is fundamental to perform further studies to
confirm the relevance of each of the identified proteins as candidates
in the regulation of plasticity in the visual cortex, at least one group of
proteins emerges as particularly relevant, the group associated to the
control of cytoskeleton organization. In this study, we found that flu-
oxetine modulates the level of three of these proteins, the Actin-related
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protein 2, the Profilin-2 and the small Rho-GTPase CDC42 (Cell divi-
sion control protein 42). Recently, with a similar proteomic approach
we identified another protein modulated by fluoxetine in the mouse
visual cortex and associated to the control of the cytoskeleton, Cofilin-1
(Bornia et al., 2015, unpublished result). It is interesting to note that
these four proteins interact with the Arp2/3 complex which plays a pre-
dominant role controlling morphological plasticity of dendritic spines.
As these same proteins have been associated with the regulation of
plastic processes in other areas, as the hippocampus and the forebrain,
it is likely that they are partners of the molecular machinery mediating
the fluoxetine-induced plastic structural modifications.

In conclusion, we believe that the visual cortex experimental para-
digm is particularly useful to identify specific genes or signaling path-
ways involved in the response of neuronal networks to the environ-
ment, i.e., the mechanisms controlling experience-dependent plasticity
process, not only in normal, but also in pathological conditions. A
wider application of large-scale approaches for identifying the molec-
ular mechanisms through which fluoxetine reactivates plasticity in the
adult and corrects visual dysfunctions, may eventually lead to the iden-
tification of innovative therapeutic approaches favoring the functional
recovery in several neuronal disorders.
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