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Summary
One of the mechanisms proposed for antidepressant drugs is the enhancement of synaptic connections
and plasticity in the hippocampus and cerebral cortex. Fibroblast growth factor 2 (FGF2), is a growth
factor essential for the proper formation of synaptic connections in the cerebral cortex, maturation
and survival of catecholamine neurons, and neurogenesis. In this report, we attempted to establish a
correlation between antidepressant treatments and FGF2 expression in the cerebral cortex and
hippocampus, two brain areas relevant for depression. Desipramine (DMI, 10 mg/kg) or fluoxetine
(FLU, 5 mg/kg) were injected acutely (single injection) or chronically (daily injection for two weeks)
in adult rats. Chronic, but not acute, antidepressant treatments increase FGF2 immunoreactivity in
neurons of the cerebral cortex and in both astrocytes and neurons of the hippocampus. FGF2
immunoreactivity in the cortex was increased mainly in the cytoplasm of neurons of layer V. Western
blot analyses of nuclear and cytosolic extracts from the cortex revealed that both antidepressants
increase FGF2 isoforms in the cytosolic extracts and decrease accumulation of FGF2
immunoreactivity in the nucleus. To characterize the anatomical and cellular specificity of
antidepressants, we examined FGF-binding protein (FBP), a secreted protein that acts as an
extracellular chaperone for FGF2 and enhances its activity. DMI and FLU increased FBP
immunoreactivity in both cortical and hippocampal neurons. Our data suggest that FGF2 and FBP
may participate in the plastic responses underlying the clinical efficacy of antidepressants.
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Introduction
Several lines of independent investigations have implicated loss of neurons and their
connections as well as alteration of glia function in the pathophysiology of depression. In
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particular, the hippocampus and cerebral cortex undergo loss of volume in the postmortem
brains of patients with major depression (Gurvits et al. 1996; Nolan et al. 2002; Ongur et al.
1998; Sheline et al. 2003; Sheline et al. 1996). In addition, stress, a risk factor for depression
in humans, evokes in animals dendritic shrinkage and cell loss within the hippocampus and
cerebral cortex (Czeh et al. 2001; Gould and Tanapat 1999; McEwen 2007). Thus, it is not
surprising that the ability of antidepressants to induce neurogenesis in adult hippocampus of
rodents (Malberg et al. 2000; Santarelli et al. 2003) and non-human primates (Perera et al.
2007) as well as increase cortical synaptic strength in vitro (Bal-Klara and Bird 1990) has been
suggested to be crucial for their therapeutic properties.

Antidepressants may reverse alterations in synaptic density that may occur in depressive
disorders. However, the main mechanism of antidepressants that fully explain increased
neurogenesis and synaptic strength remains controversial. Neuronal degeneration and synaptic
atrophy can be prevented or limited by neurotrophic factors. An early report has shown that
antidepressant treatments increase the expression of brain-derived neurotrophic factor (BDNF)
in the cerebral cortex and hippocampus (Nibuya et al. 1995). BDNF is a neurotrophin crucial
for neuronal plasticity. Indeed, increased BDNF expression associates with neurogenesis in
the hippocampus (Ziv et al. 2006), while reduced BDNF expression in the cerebral cortex leads
to a decrease in serotonergic functional transmission as well as anxiety behavior (Lyons et al.
1999). On the basis of these observations, it has been proposed that BDNF may explain the
ability of antidepressants to induce hippocampal neurogenesis or other forms of synaptic
plasticity. BDNF, however, may not be the only trophic factor relevant for depression. In this
report, we have chosen to investigate another neurotrophic factor, basic fibroblast growth factor
(FGF2). FGF2 was selected for a number of reasons, chief among them the fact that FGF2
expression decreases in the hippocampus and frontal cortex of depressed patients (Evans et al.
2004; Gaughran et al. 2006). Conversely, in rats, FGF2 expression is up-regulated in selected
rat brain areas by antidepressants with different pharmacologic profiles (Mallei et al. 2002;
Maragnoli et al. 2004), and by electroconvulsive shock (Follesa et al. 1994). Lastly, FGF2 has
been shown to have trophic properties that are relevant for the proposed theory of
antidepressants. These include the survival of catecholaminergic neurons that are impaired in
major depressive disorder (Grothe and Timmer 2007; Sieber-Blum and Ren 2000), the
regulation of proper formation of synaptic connections in the cerebral cortex (Korada et al.
2002), and the stimulation of neurogenesis in the hippocampus and the promotion of migration
of newborn cells into the cerebral cortex (Ganat et al. 2002; Jin et al. 2005).

Aberrant expression of FGF2 and translocation into the nucleus may promote cell proliferation
(Baguma-Nibasheka et al. 2007; Fukui et al. 2003). The scope of this study was to gain insights
into the cellular localization of FGF2 after antidepressant treatments. In addition, it has been
shown that the biological activity of FGF2 requires a chaperone protein or FGF binding protein
1 (FBP) (Tassi et al. 2007). Thus, we investigated whether antidepressant treatments increase
FGF2 and FBP expression in the cerebral cortex and hippocampus, two brain regions that are
affected in mood disorders. Defining the cellular localization of FGF2 after antidepressant
treatments is essential to understanding whether FGF2 can be added to the list of potential
therapies for depressive disorders.

Methods
Animals

All animal procedures were performed in strict accordance with the Laboratory Animal
Welfare Act, with National Institutes of Health Guide for the Care and Use of Laboratory
Animals, and after approval from the Georgetown University Animal Care and Use Committee.
Adult male Sprague-Dawley rats (180-250 g; Taconic, Germantown, NY) were housed three
per cage in a temperature-controlled environment with a 12 hr light/dark cycle and access to
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food and water ad libitum. Rats received saline, desipramine (DMI, 10 mg/kg, i.p.), or
fluoxetine (FLU, 5 mg/kg, i.p.) acutely (single injection) or chronically (a daily injection for
15 days). DMI was from Sigma, St Louis, MO, FLU from Eli-Lilly, Indianapolis, IN. Rats
were sacrificed either by decapitation for biochemical analyses or by transcardiac perfusion
for immunohistochemistry.

Immunohistochemistry
Rats (total n=6 for each group) were anesthetized with ketamine/xylazine (80/10 mg/kg
respectively, i.p.) and then sacrificed by intracardiac perfusion with 4% paraformaldehyde in
0.1M PBS, pH 7.4. The brains were removed and post-fixed in the same fixative for 2 hr, then
transferred into a buffered graded sucrose (10, 20, and 30%). For FGF2 and neurons, brain
sections (16 μm) were incubated overnight at 4°C with an FGF-specific antibody [1:200; Type
II antibodies, (Upstate Biotechnology Inc., Lake Placid, NY)] and a cocktail containing three
neurofilament antibodies [anti-neurofilament heavy, medium and light chain (1:300;
Chemicon)], which stain neurons. Sections were then incubated with Alexa-Fluor 488 (1:2000;
Invitrogen, Carlsbad, CA) and Alexa-Fluor 594 secondary antibodies (1:2000; Invitrogen) to
visualize FGF and neurofilament, respectively. For FGF2 and astrocytes, sections were
incubated overnight with an antibody against FGF2 and an antibody against glial fibrillary
acidic protein (GFAP), followed by incubation with Alexa-Fluor 488 and Alexa-Fluor 594
secondary antibody to visualize FGF2 and astrocytes, respectively. FBP
immunohistochemistry was carried out essentially as described (Tassi et al. 2006). In brief,
antigen retrieval was done by immersing sections into 1X citrate buffer (pH 6.0; Zymed
Laboratories, South San Francisco, CA) for 25 min at 95°C and then let cool for 40 min.
Sections were then washed and incubated overnight with an antibody against FBP generated
as previously described (Tassi et al., 2006) along with the 3 neurofilament antibodies described
above. Sections were then incubated with Alexa-Fluor 488 and Alexa-Fluor 594 secondary
antibodies to visualize FBP and neurons, respectively. All sections were then mounted using
Vectashield mounting medium (Vector Laboratories, Burlingame, CA) with 4′,6′-diamidino-2-
phenylindole as counterstaining.

Histological analysis
Sections were analyzed with a Zeiss fluorescence microscope Axioplan2 (Carl Zeiss
MicroImaging, Inc., Thornwood, NY). Positive cells were counted using a 20X objective and
MetaMorph® Imaging software (Universal Imaging Corporation™, Downingtown, PA) as
previously described (Bachis et al. 2006; Nosheny et al. 2004). The number of FGF2- FBP-
and/or neurofilament-positive cells in the frontal cortex or hippocampus was assessed in an
area of 4000 μm2 in each section. A total of 20 sections per animal (one every 100 μm) was
used for counting. Cells were counted only based on staining, not shape or size.

Detection of FGF2 by Western blot analysis in nuclear and cytosolic fractions
Rats (n=6 each group) were sacrificed and their brains quickly dissected on ice. Nuclear and
cytosolic fractions from the cerebral cortex were prepared by detergent lysis method as
described (Colangelo et al. 1998). Briefly, tissue was homogenized in lysis buffer [10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.6, 15 mM KCI, 0.1 mM
EDTA, 1 mM DTT, 0.1% (v/v) Nonidet-P40, 0.5 mM phenylmethylsulphonyl fluoride, 0.1
mg/ml leupeptin, 5 mg/ml antipain, 5 mg/ml aprotinin] and incubated on ice for 10 min. Nuclei
were pelleted by centrifugation at 1600 × g for 10 min at 4°C. The supernatant contains the
cytosolic fraction. Nuclear proteins were then extracted in high salt buffer (420 mM NaCl, 25
mM HEPES pH 7.6, 25% glycerol, 0.1 mM EDTA, 1 mM DTT, 0.5 mM
phenylmethylsulphonyl fluoride, 0. 1 mg/ml leupeptin, 5 mg/ml antipain, 5 mg/ml aprotinin)
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by shaking at 4°C for 20 min. Nuclear debris was removed by centrifugation at 14,000 × g for
5 min and the supernatant stored at -70°C.

Detection of FGF2 isoforms was carried out by Western blot analysis as described previously
(Mallei et al. 2002; Mocchetti et al. 1996b). In brief, a fraction (1/3) of the supernatants prepared
as above were added to a tube containing 50 μl of heparin-Sepharose CL-6B (Amersham
Pharmacia Biotech, Piscataway, NJ) slurry (100 mg swollen in 1 ml 10 mM Tris, 1 mM EDTA
containing 0.6 M NaCl) and rocked overnight at 4°C. The heparin-Sepharose was centrifuged
at 13,000 × g for 5 min, and the pellet washed 3 times with 0.6 M NaCl, 10 mM Tris HCl, pH
7.4. The final pellet was boiled in loading buffer (2% SDS, 100 mM DTT, 10% glycerol, 0.25%
bromophenol blue) and separated in a 15% SDS-polyacrylamide gel. Proteins were
electrophoretically transferred onto nitrocellulose filter. Immunostaining of blotted proteins
was carried out using a rabbit FGF2 polyclonal antibody (Chemicon International Inc.,
Temecula, CA). Blots were analyzed using ECL™ system (Amersham Pharmacia Biotech).

Semi-quantitative analysis of FGF2 isoforms
Relative abundance of FGF2 isoforms was estimated based on the intensity of each FGF2
positive (immunoreactive) bands using Quantity One 1-D Analysis Software (BioRad, Lab.,
Inc. Hercules, CA). Data are expressed as arbitrary units which consider the intensity of the
immunoreactive bands, the amount of proteins loaded into the gel and the exposure time of the
film.

Statistical Analysis
Biochemical and histology data were compared by Kruskal-Wallis one way ANOVA, or
ANOVA and Dunnett's or Holm-Sidak tests (SigmaStat(R) software, Systat Software, Inc,
Point Richard, CA).

Results
DMI and FLU increase the levels of FGF2 in cortical neurons

In previous studies we have shown that DMI or FLU causes an increase in FGF2 expression
in various portions of the cerebral cortex and hippocampus but not in other brain areas (Mallei
et al. 2002). Because cell distribution of FGF2 can dictate its biological action (Leadbeater et
al. 2006), it is crucial to define the cellular localization of FGF2 after antidepressant treatments.
Rats received an injection of saline, DMI (10 mg/kg, i.p.) or FLU (5 mg/kg, i.p.), for 15 days
and were sacrificed 24 hr after the last injection. Sections (16 μm) were prepared throughout
the frontal cortex and hippocampus and stained for FGF2 and neurofilament or FGF2 and
GFAP. In the cortex of saline-treated animals FGF2 immunoreactivity was confined mostly to
nuclei of GFAP-positive cells (Fig. 1A), supporting previous data that in the cerebral cortex
FGF2 is typically synthesized in astrocytes (Gomez-Pinilla et al. 1992; Hayes et al. 1995). In
contrast, in chronically DMI (Fig. 1B) or FLU-treated animals (Fig. 1C), FGF2
immunoreactivity was also evident in neurofilament positive cells, and its distribution within
neurons was perinuclear (see arrows in Figs. 1B and C) as well as nuclear. Semi-quantitative
analysis of FGF2 immunoreactivity revealed that chronic DMI and FLU increase the number
of FGF2 positive neurons but not FGF2 positive astrocytes in the frontal cortex [ANOVA and
Dunnett's test, degrees of freedom (DF) = 3; p<0.01; Fig. 2A]. Thus, it appears that prolonged
antidepressant treatments induce accumulation of FGF2 in cortical neurons.

To examine the specificity of antidepressant's effect on neuronal FGF2, we analyzed FGF2
immunoreactivity in the hippocampus. The hippocampus is another FGF2-expressing area
targeted by antidepressants (Mallei et al. 2002). However, unlike the cortex, both astrocytes
and neurons of the CA2 region express FGF2 (Bland et al. 2007; Gomez-Pinilla et al. 1992;
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Woodward et al. 1992). Chronic DMI and FLU increased FGF2 immunoreactivity in astrocytes
as well as in the CA2 region (ANOVA and Dunnett's test, DF = 2; p<0.05; Fig. 2B). These
data suggest that antidepressant-mediated accumulation of FGF2 into neurons occurs only in
the cerebral cortex.

To establish whether the effect of antidepressants on FGF2 accumulation requires a prolonged
treatment, rats received saline, DMI or FLU acutely. Animals were then sacrificed 24 hr later.
We did not observe a difference in FGF2 immunoreactivity between saline, DMI or FLU
treatments in both the cerebral cortex (Kruskal-Wallis One Way ANOVA, H=0.801 with 2
DF, p=0.670 for Neurofilament+ cells; H=0.390 with 2 DF, p=0.823 for GFAP+ cells; Fig.
3A) and hippocampus (Kruskal-Wallis One Way ANOVA, H=0.789 with 2 DF, p=0.674
for Neurofilament+ cells; H=1.315 with 2 DF, p=0.518 for GFAP+ cells; Fig. 3B). Moreover,
FGF2 immunoreactivity was mostly confined to GFAP positive cells in both cortex and
hippocampus (Fig. 3). Thus, it appears that the accumulation of FGF2 in neurons by
antidepressants occurs only after a chronic treatment.

DMI and FLU increase FGF2 isoforms in the cytoplasm
In control animals, FGF2 immunoreactivity was localized in both nuclei as well as in the
cytosol. In the hippocampus of treated animals, accumulation of FGF2 was seen in the cytosol
and the nucleus. Instead, antidepressants evoke an increase in FGF2 immunoreactivity in the
cytosol of cortical neurons. Thus, the accumulation of FGF2 after antidepressants may
represent a cell-specific event. However, histology cannot distinguish the multiple isoforms of
FGF2 (18, 21 and 22 kDa) that are produced by alternative usage of translation start sites
(reviewed in Sorensen et al., 2006). Moreover, the various isoforms of FGF2 exhibit different
subcellular localizations and functions (Ma et al. 2007; Sorensen et al. 2006). Therefore, in an
attempt to reveal whether antidepressants modulate intracellular distribution of FGF2, we
analyzed FGF2 immunoreactive forms in the cerebral cortex.

Lysates from the frontal cortex were prepared to separate nuclear and cytosol fractions and
then processed for Western blot analysis of FGF2 isoforms. In the nuclear fraction, we were
able to detect three isoforms that migrated with an apparent molecular weight of 18, 21 and 22
kDa (Fig. 4). The 22 kDa band was always more abundant than the other forms. The 18 kDa
band was detected at very low levels. Densitometric analysis of the immunoreactive bands
revealed that both DMI and FLU reduce all FGF2 isoforms in the nuclear extracts (Kruskal-
Wallis One Way ANOVA, H=12.590 with 2 DF, p=0.002; Fig. 5A). Analyses of cytoplasmic
extracts revealed a different profile. In fact, only the 22 and 21 kDa isoforms were readily
visible (Fig. 4). In addition, both antidepressants increased these isoforms (ANOVA and
Holm-Sidak test, 2 DF, p<0.05; Fig. 5B). Thus, it appears that antidepressants change the
cellular distribution of FGF2 isoforms.

Antidepressants increase FGF-binding protein in the cerebral cortex
It has been suggested that FGF2 binds to a secreted FBP that mobilizes FGFs from extracellular
matrix (ECM) heparin sulfate protoglycans [reviewed in (Abuharbeid et al. 2006)]. Thus, FBP
functions as an extracellular chaperone for locally stored FGF2. These considerations prompted
us to examine whether chronic antidepressants change the content of FBP.

Rats received saline, DMI, or FLU for 15 days and were sacrificed 24 hr after the last injection.
Serial coronal sections were then prepared throughout the telencephalon and stained for FBP
and neurofilament, as well as FBP and GFAP, to visualize FGF immunoreactivity in neurons
and glia, respectively. In chronically saline-treated rats, FBP immunoreactivity was
undetectable or rarely seen in the cortex (Fig. 6A), striatum or corpus callosum (data not
shown). In chronic DMI (Fig. 6B) or FLU-treated rats (Fig. 6C), FBP immunoreactivity was
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clearly observed in the frontal cortex in neurofilament positive cells, indicating neuronal
expression. Moreover, FBP immunoreactivity was localized in the soma (Figs. 6B and C,
arrows). Semiquantitative analysis of FBP immunoreactivity revealed that both antidepressants
increase the number of neurons positive for the chaperone protein (ANOVA and Dunnett's
test, p<0.01; Fig. 7A). No changes were observed after an acute injection (Kruskal-Wallis
One Way ANOVA, H=0.108 with 2 DF, p=0.948; Fig. 7A).

To determine the specificity of antidepressant treatments, we examined FBP in the
hippocampus and striatum. DMI and FLU increased the number of FBP positive cells in the
hippocampus (ANOVA and Dunnett's test, DF = 2, p<0.01; Fig. 7B) but not in the striatum
(data not shown). In addition, we did not observe an effect on FBP immunoreactivity after an
acute treatment (Kruskal-Wallis One Way ANOVA, H=0.0211 with 2 DF, p=0.990; Fig.
7B). Thus, similar to the cortex, a single injection of antidepressants does not change FBP
levels.

Discussion
Neurotrophic factors are naturally occurring diffusible polypeptides that promote the survival
of a variety of CNS cells and are equally essential for promoting synaptic plasticity. In the
present study, we found that antidepressants regulate the distribution and expression of FGF2
and its binding protein in the brains of adult rats. FGF2 exhibits trophic activities that are
significant for the therapeutic action of antidepressants, including neurite branching in cortical
neurons (Korada et al. 2002; Szebenyi et al. 2001) and modification of excitatory synapses
(Li et al. 2002). Thus, we propose that FGF2 could be added to the list of neurotrophic factors
that are relevant to the therapeutic action of antidepressants.

In this study, we observed an area-specific increase in FGF2 immunoreactivity after
antidepressant treatments. In the cortex, FGF2 was seen in the cytoplasm of neurons, whereas
in the hippocampus it was seen in both astrocytes and neurons. Interestingly, in the cortex of
antidepressant-treated rats, in addition to FGF2, we were able to detect an increase in FBP
immunoreactivity in the cytosol of neurons. FBP (or HBp17) is a crucial chaperone for the
biological activity of FGF2. Binding of FGF2 to FBP results in a marked reduction of the
affinity of FGF2 to heparin, which culminates in release of stored FGF2 from ECM heparin
sulfate protoglycans [reviewed in (Abuharbeid et al. 2006)]. This event is essential for the
solubilization of FGF2 and activation of its receptors (Czubayko et al. 1997). Moreover, FBP
protects FGFs from acid inactivation (Wu et al. 1991) and enhances FGF2-induced receptor
signaling even at concentrations of FGF2 not sufficient to elicit maximal receptor activation
(Tassi et al. 2001). Therefore, FBP is considered to be playing a pivotal role in FGF2 biological
effects. Lastly, FBP expression is up-regulated following CNS injury (Tassi et al. 2007) with
a time-course similar to that reported for FGF2 (Mocchetti et al. 1996a). Based on these
considerations, we suggest including FBP in the variety of events that have been proposed to
explain the therapeutic efficacy of antidepressants.

An interesting and novel finding reported here is the fact that antidepressants with a different
pharmacological profile induce an accumulation of FGF2 isoforms in the cytoplasm. These
isoforms originate from alterative splicing translation initiation sites within a single mRNA
species. The significance of this finding is still under investigation. However, it is crucial to
recall the fact that the smaller translocation product, which has a molecular weight of 18 kDa,
can be secreted from cells to activate membrane associated FGF receptors. The other FGF2
products, which are amino terminal extended forms of FGF2 and migrate with an apparent
molecular weight of 21 and 22 kDa (Sorensen et al. 2006), exhibit neurotrophic activity (Grothe
et al. 2000) and appear to regulate cellular processes through an intracellular pathway
independent of cell surface receptors (Ma et al. 2007). The 21 and 22 kDa products are
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consistently seen in nuclei of astrocytes and oligodendrocytes (Delrieu 2000; Woodward et al.
1992). Our results show that antidepressants reduce the nuclear accumulation of FGF2 isoforms
while increasing them in the cytoplasm. Thus, it is appealing to speculate that a decrease in
nuclear accumulation of FGF2 may represent a decreased synthesis in astrocytes, while an
increase in cytosolic FGF2 is indicative of increased neuronal synthesis. This suggestion is
consistent with the immunohistochemical data showing that antidepressants produce an
accumulation of FGF2 immunoreactivity in the cytosol of neurofilament positive cells. Nuclear
accumulation of FGF2 is essential for its mitogenic responses (Baguma-Nibasheka et al.
2007). Indeed, nuclear FGF2 is a negative prognosis for survival of patients with astrocytic
tumors (Fukui et al. 2003). Thus, our data suggest that antidepressants reduce the potential
proliferative properties of FGF2 while enhancing its neurotrophic activity.

In this report, we have examined the association between antidepressants and FGF2.
Antidepressants have been shown to increase the expression of BDNF (Nibuya et al. 1995).
Thus, it would be naive to ignore the likelihood that antidepressants modify the levels of this
neurotrophic factor as well. BDNF and FGF2 possess similar trophic activities, as these trophic
factors are notoriously crucial for the plasticity of overlapping neuronal populations. In
addition, both trophic factors exhibit properties that are relevant for the clinical efficacy of
antidepressants, namely reduction of neuronal apoptosis and induction of neurogenesis (Ganat
et al. 2002; Jin et al. 2005; Mohapel et al. 2005). On the other hand, BDNF and FGF2 affect
distinct neuronal populations. For instance, BDNF is crucial for the maintenance of plasticity
in serotonergic neurons (Lyons et al. 1999). FGF2, instead, appears to play a role in the
developmental maturation of neurotransmitter transporters, which are critical components of
synapses. These include dopamine uptake in mesencephalic cultures (Ferrari et al. 1990), the
noradrenergic transport in the locus coeruleus (Sieber-Blum and Ren 2000), and glutamate
transport in astrocytes (Figiel et al. 2003). Considering the vast number of synapses present in
the brain with a crucial role in regulating brain function, the ability of antidepressants to
increase multiple neurotrophic factors is functionally relevant. In fact, each neurotrophic factor
may influence several forms of synaptic plasticity in different neuronal populations. Our data
support the notion that antidepressants, by increasing the availability of these neurotrophic
factors, may overcome a loss of synaptic connections seen in patients. Given the well
established neurotrophic property of FGF2 in terms of neuroprotection and plasticity in the
adult CNS, we suggest that FGF2 participates in the neurotrophic activity of antidepressants.

The molecular mechanism underlying the induction of FGF2 immunoreactivity is still under
investigation. Previous studies have shown that antidepressants increase FGF2 mRNA levels,
suggesting an increase in synthesis/expression (Mallei et al. 2002; Maragnoli et al. 2004). At
least two phenomena can explain this effect. Antidepressants may increase FGF2 expression
in neurons by activating cis-elements and trans-acting factors crucial for its cell-specific
expression. Indeed, the FGF2 promoter contains a cAMP responsive region (Peng et al.
2001) that binds to the transcription factor cAMP-responsive element binding protein (CREB).
Antidepressants increase the activity of adenylyl cyclase (Menkes et al. 1983), thus enabling
the activation of protein kinase A, a prerequisite for CREB phosphorylation. Thus, the FGF2
promoter may be turned on when CREB is activated. However, activation of cAMP pathway
in vivo, as in that obtained by beta-adrenergic agonists, increases FGF2 expression in glial cells
(Hayes et al. 1995). A similar induction of FGF2 expression in glia has been obtained by
glucocorticoid receptor agonists (Mocchetti et al. 1996b). Thus, a direct mechanism involving
cAMP or other signaling pathways may not be sufficient to explain the effect of antidepressants
on neuronal FGF2. A second and most likely mechanism might occur if we consider that FGF2
is internalized by neurons (Ferguson and Johnson 1991). In this scenario, antidepressants may
evoke the release of FGF2 from glial cells, the primary sites of its synthesis. Antidepressants
may also induce the synthesis of FBP in neurons. Released FBP binds to FGF2 and promotes
its mobilization from the extracellular matrix (Czubayko et al. 1997) and is subsequently
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internalized as a FGF-FBP complex inside neurons. This event might explain why we observed
an accumulation of FGF2 isoforms and FBP immunoreactivity in the cytoplasm of cortical
neurons. Although still speculative, this hypothesis suggests that the ability of antidepressants
to accumulate FGF2 in neurons may represent a unique and novel property of these
pharmacologically active compounds.
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Figure 1. Chronic antidepressant treatments increase FGF2 immunoreactivity in cortical neurons
Photomicrographs are showing FGF2 immunoreactivity in coronal sections of the cerebral
cortex from rats treated chronically with saline (A), DMI (B) or FLU (C). In A, red=GFAP,
green=FGF2. In B, red=FGF2, green=neurofilaments. In C, red=neurofilaments, green=FGF2.
Blue=DAPI. Note that in saline-treated rats FGF2 immunoreactivity is mainly in nuclei of
GFAP positive cells (arrow). In DMI and FLU-treated rats, FGF2 immunoreactivity is seen
perinuclearly in neurofilament positive cells (arrows). Scale bar = 50 μm.
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Figure 2. Semi-quantitative analysis of FGF2 immunoreactivity
Serial sections from the frontal cortex or hippocampus of saline and antidepressant treated-rats
were prepared as described in Fig. 1. The number of FGF2/GFAP/neurofilament-positive cells
was assessed in an area of 4000 μm2 (in each section) of the frontal cortex (A) or hippocampus
(B) using MetaMorph® as described in Methods. Data are the mean ± SEM of six animals per
group (20 sections per animal). #p<0.05, *p<0.01 vs control.
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Figure 3. Acute antidepressant treatment does not change FGF2 immunoreactivity
Rats received a single injection of DMI (10 mg/kg) or FLU (5 mg/kg) and were sacrificed 24
hr later. FGF2 immunoreactivity was examined in serial sections from the cortex (A) and
hippocampus (B) as described in the legend of Fig. 2. Data are the mean ± SEM of six animals
per group.
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Figure 4. Antidepressants affect FGF2 isoform levels
Rats received for 15 days a daily injection of saline, DMI or FLU. The frontal cortex was
dissected and lysates prepared as described in Methods. Heparin binding proteins, enriched by
affinity chromatography as described previously (Mallei et al. 2002), were loaded on to a 15%
SDS-polyacrylamide gel and analyzed using a FGF2 monoclonal antibody (dilution 1:500).
Examples of Western blot analysis of nuclear (nuc) and cytosolic (cyt) fractions from three
separate samples.
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Figure 5. Antidepressants regulate the cellular distribution of FGF2 isoforms
Cortical lysates from saline, DMI and FLU-treated rats were prepared as described in Methods
and analyzed by Western blot as described in Fig. 4. The arbitrary levels of the FGF2 isoforms
were calculated by densitometric analysis of the FGF2 immunoreactive bands in the nuclear
(A) and cytoplasmic (B) extracts. Data, expressed as arbitrary units, are the mean ± SEM of
six independent samples. *p<0.002 vs saline in panel A, *p< 0.05 vs saline in panel B.
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Figure 6. Chronic antidepressant treatments increase FBP immunoreactivity
Rats received saline, DMI or FLU for two weeks. Serial coronal sections throughout the cortex
were prepared and stained with an antibody against FBP. (A) saline- (B) DMI- and (C) FLU-
treated rats. Red=neurofilament, green=FBP. Saline-treated rats showed no FBP
immunoreactivity. In DMI and FLU-treated rats, FBP immunoreactivity is mostly localized
perinuclearly in neurons (arrows). Bar= 50 μm.
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Figure 7. Semiquantitative analysis of FBP positive cells
Serial sections prepared as described in Fig. 6 from the frontal cortex (A) and hippocampus
(B) were analyzed for FBP immunoreactivity using MetaMorph®. Data are the mean ± SEM
of six animals per group (20 sections per animal). *p<0.01 vs control.
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