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Abstract

During the last few years several studies have highlighted the possibility that major depression can be
characterized by a general reduction in brain plasticity and an increased vulnerability under challenging
situations. Such dysfunction may be the consequence of reduced expression and function of proteins
important for neuroplasticity such as brain-derived neurotrophic factor (BDNF). On this basis, by using a
sensitive non-radioactive in-situ hybridization, we evaluated the effects of a chronic treatment with
fluoxetine on BDNF expression within rat dopaminergic regions. In fact, besides the well-established role
of the hippocampus, increasing evidence indicates that other brain regions may be involved in the
pathophysiology of depression and consequently be relevant for the therapeutic action of antidepressant
drugs. Our results indicate that 3 wk of fluoxetine administration up-regulates BDNF mRNA levels
selectively within structures belonging to the meso-cortico-limbic pathway. The expression of the neuro-
trophin is significantly increased in the ventral tegmental area, prefrontal cortex, and shell region of the
nucleus accumbens, whereas no changes were detected in the substantia nigra and striatum. Moreover, in
agreement with previous studies, fluoxetine increased BDNF mRNA levels in the hippocampus, an effect
that was limited to the cell bodies without any change in its dendritic targeting. These data show that
chronic treatment with fluoxetine increases BDNF gene expression not only in limbic areas but also in
dopaminergic regions, suggesting that such an effect may contribute to improve the function of the
dopaminergic system in depressed subjects.
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Introduction
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Depression is a complex disease characterized by
heterogeneous symptoms. It is widely accepted that its
pathophysiology is associated with decreased synaptic
concentration of monoamines (Leonard, 2000). How-
ever, whereas antidepressant drugs rapidly enhance
monoamine concentrations, the therapeutic effects are
delayed by several weeks supporting the idea that
long-term adaptive changes, involving intraneuronal
signal transduction and gene expression modulation,
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are required for therapeutic activity. These adaptive
changes are thought to normalize the reduction in
brain plasticity and enhance the cellular resilience that
may be reduced in mood disorders (Duman, 2002;
Manji and Lenox, 2000).

Among the molecular elements known to regulate
neuronal plasticity, the neurotrophin brain-derived
neurotrophic factor (BDNF) plays a crucial role (Manji
et al., 2003). Several studies have suggested a role for
BDNF as a mediator of the therapeutic action of anti-
depressants (Hashimoto et al., 2004). According with
the time-course of their clinical effects, the expression
of BDNF is increased in the hippocampus in response
to repeated but not acute treatment with major classes
of antidepressants (Coppell et al., 2003; De Foubert
et al., 2004; Nibuya et al., 1995, 1996; Russo-Neustadt
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et al, 1999). Moreover, intrahippocampal BDNF
infusion is effective in two classical behavioural
models of depression, the learned helplessness model
and the forced swim test (Shirayama et al., 2002).

In addition to the hippocampus, which has a pivotal
role in mood disorders (Sheline et al., 2002), other
brain regions may contribute to the disease symp-
tomatology. In fact, hippocampal atrophy, which may
be a consequence of enhanced stress exposure, is not
always observed in depressed subjects (Mervaala etal.,
2000; Shah et al., 1998; Vakili et al., 2000). In addition,
human studies have shown blood-flow changes not
only in the hippocampal region but also at cortical and
subcortical levels (Drevets, 2001; Liotti and Mayberg,
2001) supporting the idea of a “neural circuitry of de-
pression” in which dopaminergic areas (i.e. ventral
tegmental area, substantia nigra, nucleus accumbens)
also represent important components (Nestler et al.,
2002). Interestingly, these areas are part of the brain
reward pathway and any dysfunction at this level may
contribute to anhedonia, a loss of pleasure and interest
in nearly all activities, which represents an important
feature of major depression (Naranjo et al., 2001). An
effective approach for studying the role of dopamin-
ergic regions in depression is to measure changes
in the expression levels of genes following anti-
depressant treatment. To this regard, BDNF represents
an ideal candidate to evaluate the effects of anti-
depressants in dopaminergic regions. Moreover,
BDNF has been implicated in the maturation and
maintenance of midbrain dopaminergic neurons
during adulthood (Hyman et al., 1991). Further, as
mentioned above, its regulation by antidepressant
drugs has previously been shown (Coppell et al., 2003 ;
De Foubert et al., 2004; Nibuya et al., 1995, 1996;
Russo-Neustadt et al., 1999). Therefore, it can be hy-
pothesized that neuroplastic changes, so far described
in the hippocampus, may also take place in dopamin-
ergic areas, thus contributing to the normalization of
these defective functions. On this basis, in the present
study, we have investigated the effects produced by
chronic administration of the selective serotonin
reuptake inhibitor (SSRI) fluoxetine on the expression
profile of BDNF in dopaminergic pathways that could
play a role in some aspects of mood disorders.

Materials and method
Materials

General reagents were purchased from Sigma-Aldrich
(Milan, Italy), and molecular biology reagents from
Ambion (Austin, TX, USA), New England Biolabs

(Beverly, MA, USA) and Promega Italy (Milan, Italy).
Fluoxetine was obtained from Eli Lilly (Sesto
Fiorentino, Italy).

Animals and drug treatment

Adult male Sprague-Dawley rats (225-250 g, Charles
River, Calco, Italy) were housed on a 12 h light/dark
cycle, with free access to food and water for 1 wk and
then randomly assigned to receive daily injections
(between 09:00 and 10:00 hours) of fluoxetine (10 mg/
kg i.p.) or saline for 3 wk (1=12 in each experimental
group). Twenty-four hours after the last injection, 16
animals were sacrificed by decapitation (n==8/group)
and the following brain regions were rapidly dissected
from 2-mm-thick slices hippocampus: [HIP, defined
as CAl, CA2, CA3, and DG subregions corresponding
to plate 31 (plates refer to the atlas of Paxinos and
Watson 1996)], prefrontal cortex (PFC, defined as Cgl,
Cg3, and IL subregions corresponding to plates 6-9),
ventral tegmental area (VTA, defined as RMC and PBP
subregions corresponding to plate 40), striatum (STR,
defined as CPu region corresponding to plate 12), and
nucleus accumbens (NAc, defined as AcbH and AcbC
subregions corresponding to plate 10). The specimens
were frozen on dry ice and stored at —70 °C for ELISA
immunoassay. A separate cohort of rats (n=4/group)
were killed by 4% paraformaldehyde transcardial
perfusion under deep anaesthesia and their brains
were used for in-situ hybridization as described below.

All efforts were made to minimize animal suffering
and to reduce the number of animals employed in the
study. All experiments were performed in accordance
with the United States National Institutes of Health
Guide for the Care and Use of Laboratory Animals
(DHEW Publications, NIH 80-23), with the EC guide-
lines (EC Council Directive 86/609) and with the
Italian legislation on animal experimentation (Decreto
Legislativo 116/92).

In-situ hybridization

Rats were transcardially perfused with 4% para-
formaldehyde under ketamine anaesthesia, and their
brains were removed and kept in 4% paraformalde-
hyde/20% sucrose at 4 °C for at least 3 d before sec-
tioning. Free floating, 40 um coronal sections were
obtained with a freezing microtome (Leica Histo 2000,
Nussloch, Germany) and then post-fixed in paraform-
aldehyde 4% /PBS and stored in this medium at 4 °C
until use. Sections containing the dopaminergic areas
under investigations (Paxinos and Watson, 1996)
underwent in-situ hybridization performed as pre-
viously described (Tongiorgi et al., 1998). A 480-bp



antisense probe complementary to the rat BDNF coding
sequence was prepared from a cDNA (Xbal-Pstl) in-
sert cloned in a pGEMB3Z plasmid. After linearization
with EcoRI, digoxigenin-labelled riboprobe was syn-
thesized with a Sp6 polymerase (Sp6-T7 DIG-RNA
labelling kit, La Roche, Mannheim, Germany, accord-
ing to the manufacturer’s instructions). The specificity
of the riboprobe used was demonstrated previously
(Capsoni et al., 1999; Tongiorgi et al., 1997). Prehy-
bridization was carried out at 55 °C in 50 % deionized
formamide, 20 mm Tris—HCI, 1 mm EDTA, 300 mm
NaCl, 100 mm dithiohreitol (DDT), 1x Denhardt’s
solution, 0.5 mg/ml ssDNA, 0.5 mg/ml polyadenylic
acid. In-situ hybridization was performed overnight
at 55 °C in the prehybridization mix, to which 10%
dextran sulphate and the riboprobe (50-100 ng/ml)
were added. High-stringency washes were performed
in 0.1x SSC/0.1% Tween-20 at 60 °C. Sections hy-
bridized with digoxigenin-labelled riboprobe were
incubated overnight at 4 °C with anti-DIG Fab frag-
ments coupled to alkaline phosphatase diluted 1:500
in 10% fetal calf serum. Sections were then washed
four times in PBS, and reacted with 4-nitroblue tetra-
zolium and 5-bromo-4-chloro-3-indolyl-phosphate in
100 mm Tris-HCI, 50 mm MgCl,, 100 mm NaCl, and
1 mm levamisol. To obtain reproducible and compar-
able results and to avoid saturation of the reaction,
alkaline phosphatase development was always per-
formed for 4 h at room temperature. Finally, sections
were mounted on gelatin-coated slides, dried for
30 min at 55 °C, rinsed in methanol for 30 s, in xylene
for 3 min, and then coverslips were mounted with
DPX mountant for histology.

Protein isolation and measurement

Tissues from various brain structures were homo-
genized in a glass—glass potter in a cold lysis buffer
(pH 7.4) (0.32 M sucrose, 1 mm Hepes solution, 0.1 mm
EGTA, 0.1 mm phenylmethylsulphonyl fluoride) with
a complete set of protease inhibitors and a phospha-
tase inhibitor cocktail. Homogenates were centrifuged
to remove insoluble material (10000 g for 20 min at
4 °C) and total protein concentration was determined
according to the Bio-Rad protein assay (Bio-Rad,
Milan, Italy) procedure.

BDNF protein was quantified using an enzyme-
linked immunosorbent assay (ELISA) kit (BDNF Emax
ImmunoAssay System kit; Promega Inc., Milan, Italy)
as per manufacturer’s protocol. Briefly, Nunc
MaxiSorp 96-well plates were coated with 0.1 ml of a
monoclonal antibody against BDNF in a buffer
(pH 9.7) containing 0.025 M sodium bicarbonate and
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0.025M sodium carbonate for 16h at 4°C. After
washing in TBS-T [20 mm Tris-HCl (pH 7.6), 150 mm
NaCl, 0.05% Tween-20], the wells were incubated with
0.2 ml of a blocking buffer at room temperature for 1 h
and then washed in TBS-T again. Samples, six serial
dilutions of a BDNF standard (500 pg/ml), and a blank
(no BDNF) were added in duplicate into separate
wells. Plates were incubated for 2 h at room tempera-
ture and washed five times in TBS-T. A polyclonal
antibody against BDNF (1:500 dilution) was added
into each well and plates were incubated for 2 h at
room temperature. After five washes in TBS-T, 0.1 ml
of a secondary anti-IgY antibody with a horseradish
peroxidase conjugate was added to each well and
plates were incubated for 1h at room temperature.
Wells were washed five times with TBS-T. A hydrogen
peroxidase solution with a peroxidase substrate was
added and incubated for 10 min at room temperature.
Reactions were stopped with 1M chloridric acid and
absorbance at 450 nm was measured using an auto-
mated microplate reader. Standard curves were
plotted for each plate. Duplicates were averaged and
values were corrected for total amount of protein in
the sample.

Densitometric and statistical analyses

For the densitometric analysis of the in-situ hybrid-
ization staining levels images were acquired through a
Nikon EMX1200 video-camera mounted on a Nikon
E800 microscope (Nikon Italia s.r.l., Florence, Italy)
and analysed with the software Image Pro Plus® 5.0
for Windows (Media Cybernetics, Silver Spring, MD,
USA). Illumination was adjusted to obtain optimal
staining signal over the dendritic fields and the cell
somas, and then was kept constant throughout all
experiments. Staining levels were expressed as grey
levels ranging from 0 (black) to 255 (white). Data
obtained from each animal were normalized on the
average grey level measured within the white matter
(corpus callosum). For the mRNA targeting analysis
each section was positioned to align the pyramidal or
the granular cell layer parallel to one border of the
field visualized by the camera and densitometric
analysis was carried out at the constant distances from
the beginning of the dendrites as previously described
(Tongiorgi et al., 2004). Three independent analyses
were performed on each animal used. For each region,
the densitometry was performed on three sections per
animal (animals per group n=4; total sections per
group n=12). The intensity values of the three sections
were averaged to give the mean value of each single
animal and used to calculate the mean intensity value



310 R. Molteni et al.

for the two experimental groups (fluoxetine vs. con-
trol), their variances, and standard errors. The mean
value of each animal, obtained from the three inde-
pendent analyses mentioned, was then divided for the
mean of the control group and the intensities were
therefore expressed as a percentage of the control
group average (=100%).

Statistical evaluation of the changes in BDNF levels
were performed using Student’s ¢ test and the differ-
ences were considered significant when p <0.05. In the
bar graph, the mean value of the control group (saline-
treated animals) for each brain region is expressed as
100 and the data of animals injected with fluoxetine
are shown as percentage of saline-treated rats. The
values represent the mean+standard error of the
mean (s.eM.) of four (in-situ hybridization) or eight
(ELISA) independent determinations.

Results

Several studies indicate that, in addition to the hippo-
campus, other brain regions may mediate symptoms
of depression and could, therefore, represent putative
targets for pharmacological treatment (Mayberg, 2002;
Nestler et al., 2002). A sensitive non-radioactive in-situ
hybridization was then used to investigate the
expression and possible differences in the localization
of BDNF mRNA levels in different brain structures of
rats chronically treated with the antidepressant fluox-
etine. The specificity of the riboprobe used was pre-
viously demonstrated (Capsoni et al., 1999; Tongiorgi
et al., 1997).

Figure 1 illustrates the distribution of BDNF mRNA
in the hippocampal formation of saline- or fluoxetine-
treated rats. As shown in Figure 1a, the localization of
BDNF mRNA in the hippocampus of saline-treated
animals was similar to that reported previously
(Schmidt-Kastner et al., 1996) whereas, as documented
by other authors (Nibuya et al., 1995, 1996), chronic
antidepressant treatment enhanced the expression of
the neurotrophin in selected hippocampal subfields
(Figure 1b,d,f,h). The quantitative densitometric
analysis (Figure 2) showed that chronic administration
of fluoxetine significantly increased BDNF mRNA
levels in the soma of dentate gyrus (DG) granule cells
(+15%, p=0.04) and of the CA1l neurons (+19%,
p=0.02) but not in neurons of the CA3 region (+4 %,
p=0.54) (Figure 1b). The changes produced by fluox-
etine were limited to the soma of the neurons, whereas
no staining was detected in the proximal or distal part
of dendrites (Figure 2), suggesting that prolonged
antidepressant treatment, unlike more intense stimuli
such as kindling, or pilocarpine- and kainate-induced

Figure 1. Effect of chronic treatment with fluoxetine on BDNF
gene expression in the rat hippocampal formation. Coronal
sections of dorsal hippocampus (plate 31 of Paxinos and
Watson, 1996) from both saline-treated (a, ¢, e, g) and 3-wk
fluoxetine-treated (b, d, f, h) rats representative of individual
animals (1 =4 animals/group) were hybridized with
digoxigenin-labelled riboprobes. In fluoxetine-treated rats
higher levels of BDNF staining were found in the dentate
gyrus (DG) granule cell bodies (d) and in the CA1 pyramidal
cells (f), whereas no induction in the transcription was found
in the CA3 region (h). Although there was increased staining
in the cell bodies of DG and CA1 (d, f), we found no BDNF
signal along the dendrites of both the subregions and within
the CA3 (h).

seizures (Tongiorgi et al., 2004), did not induce den-
dritic targeting of the mRNA for this neurotrophin.

In order to evaluate the effects of the chronic treat-
ment with fluoxetine on dopaminergic circuitry, we
analysed BDNF mRNA expression in the VTA
(Figure 3c,d) and substantia nigra (SN; Figure 3e, f),
containing dopaminergic cell bodies, as well as in the
PFC and NAc, which represent two targets of efferent
dopaminergic fibres and may contribute to cognitive
and anhedonic features of the disease.
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Figure 2. Quantitative densitometric analysis of the effect of chronic treatment with fluoxetine on hippocampal BDNF mRNA
levels in the cell bodies and along the dendrites performed as described in the Materials and methods section. The results are
expressed as percentage of control levels (100 % for saline-treated animals) and represent the mean +s.e.M. of four independent
determinations (* p <0.05 unpaired two-tailed Student’s ¢ test). B, Fluoxetine; [J, saline.

As shown in Figure 3a,c,e, many BDNF-labelled
cells were observed in the VTA and the SN of control
animals. After fluoxetine treatment, the staining ap-
peared to increase in both structures (Figure 3b,d, f)
but the results of the densitometric analysis (sum-
marized in Figure 4) indicated that this effect was sig-
nificant only in the VTA (4+22%, p=0.04), whereas no
significant changes were found in different subfields
of the SN (pars compacta, pars reticulata, pars laterale).

In the PFC (Figure 5) fluoxetine elicited a significant
elevation of BDNF mRNA levels in the soma of pyr-
amidal cells, an effect confirmed by the quantitative
densitometric analysis (Figure 7a, +15%, p=0.003). In
the NAc (Figure 6), the expression of BDNF mRNA
was low in control animals (Figure 6a, c), and slightly
increased following chronic fluoxetine treatment
(Figure 6b,d). This effect was statistically significant
only within the shell (Figure 7b, +17%, p=0.04) but
not the core (Figure 7b, +15%, p=0.09).

The analysis of BDNF protein levels (Figure 8)
revealed only a partial match to the changes observed
at mRNA levels. In fact, whereas the up-regulation of
BDNF gene expression was detected in several brain
regions including hippocampus, VTA, PFC and NAc,
fluoxetine significantly increased BDNF protein only
in the PFC (+22%, p=0.003). Conversely, only a trend
to an increase was found in the VTA (410%, p=0.07)
and no differences were detected in the hippocampus,
NAc, and STR of fluoxetine-treated animals in com-
parison with saline-injected rats.

Discussion

The so-called “neurotrophic hypothesis of depression’
suggests that decreased levels of the neurotrophin
BDNF may contribute to the development of mood

disorders and that effective treatment may eventually
be achieved by elevating the expression of this neuro-
trophin. Three main evidences strongly support this
theory. First, BDNF expression is decreased in re-
sponse to stress, a well-recognized precipitating event
of depression (Alfonso et al., 2004; Roceri et al., 2002,
2004; Smith et al.,, 1995a,b). Second, chronic anti-
depressant treatment increases BDNF levels in limbic
regions (Coppell et al., 2003; De Foubert et al., 2004;
Nibuya et al., 1995, 1996 ; Russo-Neustadt et al., 1999).
Finally, infusion of BDNF into the DG of the hippo-
campus produces antidepressant effects in two animal
models of depression (Shirayama et al., 2002). To date,
the majority of these reports have been focused on the
hippocampus, according to its well-established role in
depression (Sheline et al., 2002). Our results demon-
strate that the expression of BDNF is modulated not
only in the hippocampus but also in selected dopamin-
ergic regions in response to chronic treatment with
the SSRI fluoxetine. The changes of neurotrophin ex-
pression appear to be restricted to the meso-limbic and
meso-cortical pathways: enhanced BDNF levels are
indeed observed in VTA, PFC and the shell of the
NAg, but not in SN or STR. Our results are consistent
with a recent paper reporting an increase of BDNF
gene expression in the rat VTA/SN region after
chronic treatment with the tricyclic antidepressant
imipramine (Van Hoomissen et al., 2003). Using the
non-radioactive variant of the in-situ hybridization
technique, we were able to discriminate the effects in
VTA with respect to the SN. In addition, the high
spatial resolution obtained with the non-radioactive
in-situ technique, allowed us to detect differences in
BDNF mRNA levels between the shell and the core
within the NAc, in spite of the low endogenous levels
of expression of BDNF in this area.
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Figure 3. Effect of chronic treatment with fluoxetine on BDNF gene expression in the rat midbrain. Coronal sections of midbrain
region (plate 41 of Paxinos and Watson, 1996) of saline-injected (a) and fluoxetine-injected rats (b) were hybridized as described
in the Materials and methods section to detect BDNF mRNA levels. BDNF staining was increased in the VTA of fluoxetine-
treated (d) in comparison with saline-treated animals (c) whereas, within the SN (f), the signal of the neurotrophin was not
different from control levels (e). SNcomp, SN pars compacta; SNret, SN pars reticulata; SNlat, SN pars laterale.

The selective increase of the neurotrophin following
chronic administration of fluoxetine may have
functional consequences related to the anatomical
localization. The meso-limbic and meso-cortical do-
paminergic pathways are implicated in the physiology
of reward and motivation and in the pathophysiology
of drug abuse (Spanagel and Weiss, 1999), but in-
creasing evidence supports their involvement also in

mood disorders (Dailly et al., 2004). Clinical as well as
preclinical studies suggest a relationship between
dopamine transmission and depression. For example,
an up-regulation of D, receptor density was observed
in the basal ganglia/cerebellum of depressed patients
in comparison with healthy subjects (D’haenen and
Bossuyt, 1994). It has also been shown that the meso-
cortico-limbic dopaminergic pathway has a permissive
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Figure 4. Quantitative densitometric analysis of the effects of
chronic treatment with fluoxetine on BDNF gene expression
in the VTA and SN pars compacta (SNcomp), pars reticulata
(SNret), pars laterale (SNlat). The results, expressed as
percentage of control levels (100 % for saline-treated rats),
represent the mean +s.E.M. of four independent
determinations (* p <0.05 unpaired two-tailed Student’s

t test). M, Fluoxetine; [J, saline.

role in the effect of the antidepressant desipramine in
the forced swim test (Cervo et al., 1990). Moreover,
based on the role of this pathway in motivation and
reward, it is possible to hypothesize its involvement
in the loss of interest or pleasure (anhedonia), which
represents an important feature of depression. Since
chronic treatment with fluoxetine reverses the anhe-
donic effect caused by chronic mild stress (D’Aquila
et al., 1997; Muscat et al., 1992), we speculate that the
changes in BDNF expression could be relevant for the
antidepressant effect of the SSRI in these regions.

A large body of evidence establishes a role for
BDNF in dopaminergic neurons. BDNF co-localizes
with tyrosine hydroxylase in midbrain dopaminergic
cell bodies (Seroogy et al., 1994) suggesting its involve-
ment in the synaptic function of these neurons
(Hyman and Malenka, 2001). Infusion of this neuro-
trophin into the SN, VTA, and NAc increases
dopamine utilization and enhances locomotor activity
induced by psychostimulant drugs (Pierce and Bari,
2001). Moreover, recent data show that the neuro-
trophin controls the expression of the D; receptor gene
(Sokoloff et al., 2002), a major dopamine receptor in the
NAc (Sokoloff et al., 1990). It is interesting to note that
the D; agonist pramipexole, developed as an anti-
parkinsonian drug, possesses clinical efficacy in the
treatment of unipolar as well as bipolar depression
(Corrigan et al., 2000; Zarate et al., 2004).

Our results clearly indicate that chronic treatment
with fluoxetine increases BDNF gene expression not
only in limbic areas but also in dopaminergic regions,
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Figure 5. Effect of chronic treatment with fluoxetine on BDNF
gene expression in the rat prefrontal cortex. As shown by
representative coronal sections (plate 15 of Paxinos and
Watson, 1996), the intensity of BDNF signal was higher after
fluoxetine administration (c, d) in comparison with control

animals (a, b).

suggesting that, also in these structures, the thera-
peutic effect of the antidepressant may be — at least in
part —due to an improvement of neuronal plasticity
through the induction of the neurotrophin.

The antidepressant role of BDNF within dopamin-
ergic regions is still controversial. For example,
BDNF infusion in the posterior midbrain produces
antidepressant activity in two animal models of de-
pression: the learned helplessness model and the
forced swim test (Siuciak et al., 1997). On the contrary,
two opposite manipulations of BDNF signalling path-
way in the VTA-NAc circuitry, i.e. its activation via
BDNF infusion in the VTA and its inhibition via in-
fusion of a virus expressing the truncated form of the
BDNF receptor, are suggestive of a pro-depressive
activity of the neurotrophin in these regions (Eisch
et al., 2003). It is extremely difficult to compare the
effects of chronic infusion of exogenous BDNF, which
may induce specific structural alterations within the
areas examined, with a “more physiological” modu-
lation of endogenous BDNF levels. Nevertheless, we
clearly demonstrate that chronic fluoxetine treatment
regulates endogenous BDNF levels by increasing its
expression within the meso-cortico-limbic dopamin-
ergic pathway.

In our study, the PFC was the only region in which
elevated protein levels, measured by the ELISA test,
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Figure 6. Effect of chronic treatment with fluoxetine on BDNF gene expression in the nucleus accumbens, as shown by
representative coronal brain sections (plate 14 of Paxinos and Watson, 1996). Higher BDNF staining was detected within the
nucleus accumbens of fluoxetine-injected (b, d) with respect to saline-injected (a, c) rats.
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Figure 7. Quantitative densitometric analysis of the effect of
chronic treatment with fluoxetine in the prefrontal cortex
(PFC) (a) and nucleus accumbens (NAc) (b). The results are
expressed as percentage of control levels (100 % for saline-
treated rats) and represent the mean +s.e.M. of four
independent determinations (* p <0.05 unpaired two-tailed
Student’s t test).
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Figure 8. Effect of chronic treatment with fluoxetine on BDNF
protein levels measured by ELISA test. BDNF protein levels
were analysed in the following brain regions: hippocampus
(HIP), ventral tegmental area (VTA), prefrontal cortex (PFC),
nucleus accumbens (NAc), and striatum (STR). Data are
expressed as percentage of control levels (100 % for saline-
treated rats) and represent the mean +s.e.M. of eight
independent determinations (* p <0.05 unpaired two-tailed
Student’s ¢ test). B, Fluoxetine; [J, saline.



paralleled the up-regulation of BDNF gene expression,
an increase that might contribute to the normalization
of cognitive deficits often associated with psychiatric
disorders (Fossati et al., 2004). Several reasons might
be considered to explain the mismatch observed in the
other structures analysed. The mRNA analysis was
carried out using a high-resolution non-radioactive
in-situ hybridization that allowed us to detect small
but significant changes of the neurotrophin in specific
anatomical structures. It is possible that when changes
occur in specific subfields, cell populations, or sub-
cellular compartments, the effects could be diluted
when evaluated in a whole structure homogenate, as
we did for the protein analysis performed by the
ELISA method. Therefore, we cannot rule out the
possibility that immunohistochemical analysis of
BDNF may reveal subtle changes in its protein levels
within dopaminergic regions, where mRNA levels are
up-regulated. In addition, it is important to consider
that new protein could derive not only from new
transcription but also from translation of existing
mRNA. On this basis, we hypothesize that the
elevated BDNF mRNA levels observed in specific
subregions of the hippocampus and NAc in response
to fluoxetine might represent some kind of ‘pool”
ready to be translated in case of demand.

Previous studies have reported a mismatch between
baseline BDNF mRNA and protein levels in the visual
cortex (Tropea et al., 2001) and hippocampus (Conner
et al., 1997). Moreover, the lack of effect of chronic
fluoxetine on BDNF protein we observed in the
hippocampus is in agreement with previous reports
(Altar et al., 2003; De Foubert et al., 2004).

In agreement with previous studies, our data show
that chronic antidepressant treatment increases BDNF
mRNA levels in the hippocampus (Nibuya et al., 1995;
Russo-Neustadt et al, 1999). In particular, the
expression of the neurotrophin was significantly
elevated in the DG and in the CA1l region of the
hippocampal formation. Additionally, our results in-
dicate that no BDNF mRNA staining was detected
within dendrites suggesting that chronic treatment
with fluoxetine was not able to induce dendritic ac-
cumulation of BDNF mRNA. Interestingly, in analogy
with the present study, electroconvulsive seizures
(ECS), a well-known antidepressant treatment, failed
to induce accumulation of BDNF mRNA in the distal
dendritic compartment (Tongiorgi et al., 2004). A re-
cent study clearly demonstrates that the rat BDNF
transcript containing exon IV can be targeted to the
distal dendrites while the mRNA isoform bearing
exon III is restricted within the soma even after strong
stimulation (Pattabiraman et al., 2005). Taken together
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these data strongly support the view that fluoxetine
may act selectively by increasing the expression of
BDNF isoforms that are restricted to the cell soma.
This model predicts that chronic fluoxetine treatment
should also be associated with an increase in BDNF
protein expression within the soma.

In summary, our data provide a new piece of
information with regard to the ability of the anti-
depressant fluoxetine to regulate BDNF expression
following chronic administration. Although addi-
tional studies are required to further investigate the
significance of BDNF increase within the soma of
dopaminergic regions, the ability of fluoxetine to up-
regulate the neurotrophin in these structures may, at
least in part, explain the amelioration of symptoms
associated with a dysfunction of the dopaminergic
system.
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