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We have studied the effect of low doses of two widely used antidepressants, fluoxetine (Flx) and reboxetine (Rbx), on excitatory

synapses of rat brain cortex and hippocampus. After 15 days of Flx treatment (0.67 mg/kg/day), its plasma level was 20.775.6 ng/ml.

Analysis of postsynaptic densities (PSDs) by immunoblotting revealed no changes in the glutamate receptor subunits GluR1, NR1, NR2A/

B, mGluR1a nor in the neurotrophin receptor p75NTR. However, the brain-derived neurotrophic factor (BDNF) receptor TrkB

decreased by 42.876%, and remained decreased after 6 weeks of treatment. The BDNF and TrkB content in homogenates of cortex

and hippocampus began to rise at 9 and 15 days, respectively, and remained high for up to 6 weeks. Similar results were obtained

following chronic Rbx administration at 0.128 mg/kg/day. We propose that BDNF, whose synthesis is increased by antidepressants, and

which is in part released at synaptic sites, binds to TrkB in PSDs, leading to the internalization of the BDNF-TrkB complex and, thus, to a

decrease of TrkB in the PSDs. This was paralleled by greater levels of phosphorylated (ie activated) TrkB in the light membrane fraction,

that contains signaling endosomes. The retrograde transport of endocyted BDNF/TrkB complexes from spines to cell bodies, where it

activates the synthesis of more BDNF, is a protracted process, potentially requiring several cycles of TrkB/BDNF complex endocytosis

and transport. This positive feedback mechanism may help explain the time-lag between drug administration and its therapeutic effect,

that is, the antidepressant drug paradox.
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INTRODUCTION

It has been estimated that, at least, 600 million persons now
living shall suffer from depression during their lives
(Nemeroff and Owens, 2002; Weissman et al, 1996). One
of the most widely used drugs for the treatment of
depression is fluoxetine (Flx), a selective serotonin reuptake
inhibitor. More recently, reboxetine (Rbx), a selective
norepinephrine reuptake inhibitor, has been introduced
(Wong et al, 2000). In spite of extensive research it remains
unclear why, if the effects of these drugs, that increase the
action of monoamines, have maximal effects on this process
in a matter of a few hours, their clinical effects have a time
lag of 3–6 weeks (Nemeroff and Owens, 2002). This is the
antidepressant drug paradox, which suggests that complex
mechanisms, yet incompletely understood, develop only
following chronic drug administration.

Several lines of evidence suggest that the antidepressant
drug action is mediated by the neurotrophin brain-derived
neurotrophic factor (BDNF) (Castrén, 2004; Duman et al,
2000), which influences neurogenesis and synaptic function
and plasticity in the adult nervous system (Lee et al, 2002;
Ernfors and Bramham, 2003). However, most of these
studies have been performed using high drug doses
compared to those shown to be clinically effective for
humans (eg 10–20 mg/kg in rats vs 0.3–0.9 mg/kg in humans
for Flx; and 20–40 mg/kg in rats vs 0.15 mg/kg in humans for
Rbx (eg Russo-Neustadt et al, 2004; Saarelainen et al, 2003;
Coppell et al, 2003). Choosing comparatively high Flx doses
in rats might have been related to the shorter half-life of Flx
in rats relative to humans (Alvarez et al, 1998), as well as the
finding that only such high doses are effective for animal
models of depression, the interpretation of which is
somewhat uncertain (Cryan et al, 2002).

The large differences in doses suggest the convenience of
experimental studies done with lower doses, comparable to
those used in patients, especially to interpret changes
induced in the BDNF/TrkB system, which is proposed to
mediate antidepressant effects.

BDNF acts on virtually all central neurons, but is
synthesized primarily in pyramidal neurons of brain cortex
and hippocampus and in dentate granule cells (Hofer et al,
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1990; Rocamora et al, 1996), all of which are excitatory.
Therefore, we decided to study whether chronic adminis-
tration of low doses of the antidepressants Flx and Rbx
could affect excitatory synapses of brain cortex and
hippocampus. Indeed, previous studies have proposed that
effective anti-depressant treatments influence glutamatergic
neurotransmission (Zarate et al, 2003). Specifically, we
studied the biochemical composition of isolated postsynap-
tic densities (PSDs), a structure characteristic of excitatory
synapses, and where signal transduction occurs. PSDs are
known to contain glutamate and neurotrophin receptors,
regulatory enzymes, cytoskeletal, and scaffolding proteins
and other elements involved in the generation and
regulation of the synaptic response (Ziff, 1997; Kennedy,
2000; Li et al, 2004). Following 15 days of drug adminis-
tration, we isolated PSDs from brain cortex and hippocam-
pus and analyzed their glutamate receptor and BDNF
receptor (TrkB) content. It was found that TrkB levels were
selectively reduced with a delayed time course. We propose
a model by which these observations might provide a
solution to the antidepressant drug paradox.

METHODS

Drug Administration

Flx (0.65–0.75 mg/kg), (Prozacs solution, Eli Lilly, India-
napolis, Indiana, USA, 20 mg/5 ml) was administered daily,
by mouth through a plastic tube, to male Sprague–Dawley
rats (220–280 g). This dose is equivalent, on a per weight
basis, to a 40 mg Flx daily dose to a 60 kg person. Control
rats received water.

Rbx (Prolift, Pharmacia, Italia SpA, Ascoli, Piceno, Italy)
was injected intramuscularly, at a dose of 126 mg/kg. Ground
4 mg tablets were dissolved in 1:6 ethanol–olive oil. This
dose is equivalent to 9 mg for a 70-kg human adult. Control
rats were injected with corresponding volumes of 1:6
ethanol–olive oil.

Drug administration was carried out daily at 1200. Rats
were decapitated and trunk blood for measurements of Flx
levels was collected 6 h after the last drug administration.

Analysis of Serum Fluoxetine

Blood was collected in heparinized tubes and serum
separated by centrifugation at 3000 g for 5 min and stored
at �201C. For extraction, 0.5 ml of serum was mixed with
0.5 ml of phosphate-buffered saline (PBS) and 100 ml of
500 ng/ml imipramine as internal standard. Samples were
applied to solid phase extraction columns (spe VARIAN,
Bond Elut Certify) following the instructions of the
provider. The eluate was dried and redissolved in 50 ml of
mobile phase consisting of acetonitrile:PBS:triethylamine
(6:4:0.08).

Of the reconstituted solution 10 ml was injected into the
LC system (Agilent HP series 1100 with UV detector).
Chromatographic separation of Flx was accomplished on a
HS-3 C18 column (Perkin Elmer, Boston, MA, USA) coupled
with a C18 precolumn. The flow rate was maintained
isocratically at 2 ml/min. The eluate from the HPLC column
was monitored at 220 nm and retention times were of 1.6
and 2.4 min for Flx and imipramine, respectively.

Linearity, precision, and sensitivity: Calibration curves
from 25 to 200 ng/ml Flx were linear and were constructed
with blank serum and standard solution. Peak–height ratios
of Flx to the internal standard was measured at each
nominal concentration (25–200 ng/ml) and used to con-
struct nonweighted least-square linear regression curves
with coefficients of determination (r2 values) X0.96. The
coefficient of variation (CV) of the concentrations measured
at different days (inter-run precision) never exceeded 15%.
The sensitivity was of 10 ng/ml.

Subcellular Fractionation

Rats were killed by decapitation at varying intervals
following the beginning of drug administration. Brains
were quickly removed and placed in ice-cold homogeniza-
tion buffer ((320 mM sucrose, 5 mM N-(2-hydroxyethyl)
piperazine-N0-2-ethanesulfonic acid (HEPES), pH 7.4, con-
taining protease inhibitor mixture (Complete, Boehringer
Mannheim, Mannheim, Germany)). Cortices and hippo-
campi of five animals of the same experimental group were
pooled and immediately homogenized. Synaptosomes,
synaptic membranes, light membranes, and PSDs were
collected as described previously (Soto et al, 2004). Briefly,
following centrifugation at 1000 and 12 000 g, the P2 pellet
(crude synaptosome fraction) was further fractionated by
centrifuging at 200 000 g for 60 min in a discontinuous
(0.85/1/1.2 M) sucrose gradient. The following fractions
were collected: light membranes (LM1) at the 0.85/1 M inter-
phase and synaptosomes at the 1/1.2 M sucrose interphase.
The synaptosomal fraction was lysed for 30 min in 5
volumes of an ice-cold hypo-osmotic solution (0.5 mM
EGTA, 5 mM Tris-Cl, pH 8.1) and centrifuged at 33 000 g for
30 min. The resulting pellet was resuspended and centri-
fuged again in a (0.85/1/1.2 M) sucrose step gradient.
Synaptic membranes (at the 1/1.2 M sucrose interphase)
and a second light membrane fraction (LM2) (at the 0.85/
1 M interphase) were collected. Synaptic membranes were
delipidated in 0.32 M sucrose, 0.5% TritonX-100, 0.05 mM
CaCl2, 1 mM DTT, 5 mM Tris pH 8.1 to obtain PSDs. These
were washed in 120 mM KCl, 50 mM Hepes, pH 7.4 and
pelleted by a 10 min centrifugation at 100 000 g. All steps
were performed at 0–41C. Protein content was determined
by the bicinchoninic acid method (Smith et al, 1985).

BDNF concentration in synaptosomes was measured by
enzyme-linked immunosorbent assay (ELISA; BDNF Emax
Immunassay System; Promega, Madison, WI, USA), using
known concentrations of purified BDNF as standard.

Western Blotting

Protein (20 mg) from subcellular fractions were dissolved at
1 mg/ml in gel loading buffer and separated by sodium
dodecylsulfate polyacrylamide electrophoresis (SDS-PAGE)
on 5–20% gels under fully reducing conditions and
transferred onto nitrocellulose membranes. Membranes
were incubated overnight with antibodies against NR1
(Pharmingen, BD Biosciences, USA), NR2A/B (Chemicon),
metabotropic glutamate-receptor subunit 1a (Pharmingen),
a-amino-3-hydroxy-5-methyl-4 isoxazole propionic acid
(AMPA) receptor subunit GluR1 (Pharmingen), BDNF,
Rab-5 and p75NTR (Santa Cruz Biotechnology, Santa Cruz,
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CA, USA) and TrkB (Transduction Laboratories and
Santa Cruz Biotechnology) followed by incubation with
horseradish peroxidase-conjugated secondary antibodies.
Immunoreactivity was visualized using the ECL detection
system (Amersham Buchler, Braunschweig, Germany).

Immunoprecipitation of Phosphotyrosine

For immunoprecipitation, both light membrane fractions
were pooled. 200 mg of protein was solubilized at 41C during
2 h in solubilization buffer consisting of 50 mM Tris-HCl
pH 7.5, 150 mM NaCl, 10 mM EDTA, 2 mM EGTA, 0.1%
SDS, 1% Triton-X100, 1%CHAPS, 0.5% NP-40, 0.1% BSA,
50 mM NaF and 50 mM Na3VO4 plus protease inhibitors.
Agarose covalently (40 ml) coupled to the monoclonal anti-
phosphotyrosine antibody 4G10 (Upstate) was used for
overnight immunoprecipitation. The immunoprecipitates
were washed three times with solubilization buffer and
resuspended in 50 ml of electrophoresis loading buffer.

Rats were treated following the recommendations of the
Chilean National Research Agency, Fondecyt, and the
experimental protocols were approved by the Ethics
Committee of Universidad de los Andes. Statistical analysis
of densitometric quantification of the Western Blots was
performed (one sample Student’s t-test) using InStat3
obtained from GraphPad (San Diego, CA, USA).

Materials. All materials were from Sigma, except when
specified.

RESULTS

Measurement of Flx Plasma Levels

Following 15 days of Flx administration, the serum level of
Flx, measured 6 h after the last administration, was of

20.775.6 ng/ml. As a comparison, Flx serum levels in two
additional groups of five rats each, was measured. One
received a low i.p. Flx dose (0.7 mg/kg), and the other a high
i.p. Flx dose (10 mg/kg) for 15 days. The Flx levels in these
groups were 2779.1 and 81710.3 ng/ml, respectively. Thus,
the route of administration of low doses of Flx did not result
in significant differences in serum levels, but a high dose
(10 mg/kg) resulted in increased Flx levels (Po0.01).
Further, the plasma Flx levels achieved with low doses were
comparable to the effective therapeutic low-range drug
levels found in human patients (Charlier et al, 2000).

Effect of Chronic Flx or Rbx on PSD Composition

After daily oral administration of Flx for 15 days, no
changes were found in the composition of the PSDs
regarding the glutamate receptor subunits GluR1, NR1,
NR2A/B, or mGluR1a, belonging to the AMPA, N-methyl-D-
aspartate (NMDA), or metabotrobic receptor types, respec-
tively (Figure 1). However, when the neurotrophin-related
receptors were studied, a large decrease in TrkB, the BDNF
receptor, was found. This seemed selective as no change was
seen in the low-affinity neurotrophin receptor, p75NTR, now
also thought to be a high-affinity proneurotrophin receptor
(Chao, 2003).

When the time course of the effect of daily administered
Flx on the TrkB content in PSDs was followed in the 3–42
day interval (Figure 2), no change was seen at 3, 6, or 9 days.
At 12 days, a 12%, nonsignificant, decrease was found, while
at 15 days (same data as in Figure 1) the decrease was
42.876% (Po0.01). This decrease remained significant
after 42 days (Po0.01), but was lower than at 15 days
(Po0.01). Rbx also decreased the TrkB content of PSDs,
but to a lesser degree than Flx (28.870.5%) after 15 days.

Figure 1 Glutamate and neurotrophin receptors in postsynaptic densities (PSDs) of fluoxetine-treated Rats. In the upper part, representative Western
blots of PSDs obtained from control and Flx-treated rats are shown. Antibodies against the following receptor subunits were used: GluR1 (AMPA receptor),
NR1 and NR2 A/B (NMDA receptor) and mGluR 1á (metabotropic receptors), as well as the BDNF receptor TrkB, and the low-affinity neurotrophin
receptor p75NTR. In the lower part of the figure, the percent change due to Flx treatment of each of the indicated receptors, is shown. n is the number of
independent experiments, each representing the value obtained from PSDs pooled from four rat brains (*Po0.05; **Po0.01).
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Such a decrease in response to Rbx became apparent at 6
days and TrkB levels remained low at least for 15 days
(Figure 3). Similarly to Flx-treated rats, the glutamate
receptor subunits in PSDs did not change with Rbx (not
shown).

Effect of Flx on TrkB and BDNF Levels in Whole Tissue

To test whether the decrease in TrkB might be due to a
general decrease in receptor levels, the effect of Flx on TrkB
content was studied over a 3–42 day interval in homo-
genates of brain cortex and hippocampus (Figure 4). No
changes were seen at 3 or 6 days, while a nonsignificant
increase was observed at 9 days. This effect became
significant at 12 days (Po0.05), and continued to be so at
15 and 42 days.

During the same time interval, Flx treatment led to a large
increase in BDNF tissue levels (Figure 5; note the different
ordinate scale compared to Figure 4). This increase started
at 9 days and persisted up to 42 days, with the values from

9 days onwards being significant (Po0.05). Rbx also
increased significantly the BDNF content of homogenates,
but to a lesser extent than Flx (Figure 6). In the same time
range, Rbx also increased TrkB levels in the homogenates by
10–30% (not shown). This effect, although small, was
significant at 15 days (Po0.05), and also indicated that
the Rbx-induced decrease of TrkB in PSDs was not due
to a general decrease in receptor levels, but was specific to
the PSD.

TrkB is Increased and Activated in Subcellular Fractions
that are Enriched in Intracellular Membranes

As TrkB levels in PSDs were decreased after 15 days of
treatment, we hypothesized that BDNF, which is elevated
after treatment, presumably leading to enhanced BDNF
release at synaptic sites, might interact with TrkB at the PSD
causing increased internalization of the TrkB/BDNF com-
plex and thus a decrease of TrkB in the PSDs. We therefore
measured the BDNF and TrkB content in synaptosomes,
that contain various intrasynaptosomal membranes, and in
the synaptic membrane fraction, which is devoid of
intracellular components, but contain PSDs. In the synaptic
membrane fraction, intracellular components were elimi-
nated by lysis of synaptosomes followed by density gradient

Figure 2 Time course of Flx-induced changes in the TrkB content in
PSDs. Mean7SEM TrkB changes at different time points are shown.
(**Po0.01). The differences between bars at 15 and 42 days are significant
(Po0.05). Data at 15 days are the same as in Figure 1.

Figure 3 Time course of Reboxetine-induced changes in the TrkB
content in PSDs. Representative Western blots are shown in the upper
part, and mean7SEM% change of TrkB content in the lower part
(*Po0.05; **Po0.01).

Figure 4 Time course of Flx-induced changes in the TrkB content in
homogenates of cortex and hippocampus. Mean7SEM TrkB changes are
shown (*Po0.05).

Figure 5 Time course of Flx-induced changes in the BDNF content in
homogenates of cortex and hippocampus. Mean7SEM BDNF changes are
shown (*Po0.05).
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centrifugation. Consistent with our hypothesis, the TrkB
and BDNF content was increased in synaptosomes, whereas
TrkB was decreased in synaptic membranes, that also
contain the PSDs (Figure 7a). The BDNF content in
synaptosomes, measured by Elisa, increased by 25% (from
52572 to 655714 (mean7SEM) ng/g of synaptosomal
protein), while the BDNF content in synaptic membranes
was under the limit of detection under the same assay
conditions. In conclusion, as a result of Flx treatment, the
TrkB and BDNF content in whole homogenates increased,
while TrkB decreased in PSDs as well as in synaptic
membranes. In the endosome-containing light membrane
fraction derived from Flx-treated rats, however, an increase
in tyrosine-phosphorylated (ie activated) TrkB was found
(Figure 7b). We also studied the localization of Rab-5, a
selective marker for early endosomes, in light membranes
obtained from the first (LM1) and second (LM2) sucrose
gradients, as well as in synaptosomes, synaptic membranes
and PSDs (Figure 7c). Rab-5 was enriched in both light
membrane fractions, the same ones in which phosphory-
lated TrkB is present, while it was absent from PSDs. The
above observations are consistent with the notion that TrkB
is activated by BDNF and endocytosed, in accordance with
the hypothesis of a Flx-induced increase in BDNF release
from axon terminals.

DISCUSSION

Low Levels of Flx and Rbx Induce Specific Changes in
Forebrain Synapses

These results show for the first time that low doses of
antidepressants induce specific changes in rat forebrain
excitatory synapses. The high doses used in other previous
studies (5–20 mg/kg) were chosen because of the shorter
half-life of these drugs in rats relative to humans, regardless
of the very high plasma levels achieved at 4–6 h after
administration (Perrone et al, 2004; Alvarez et al, 1998).
Such peak levels are much higher than those commonly
observed in patients, and may produce adverse reactions
(Isbister et al, 2004). In rats, a chronic Flx dose of 10 mg/kg
causes anorexia, which may be related to an overall toxicity,
as the lethal dose in rats is only two to three times greater
(Caccia et al, 1992). The nonlinear relationship between Flx
plasma and brain levels may help to explain such toxicity

(Caccia et al, 1997). High doses of Flx have been also used in
behavioral studies, although it seems uncertain whether Flx
effects in animal models of anxiety or stress are related to its
antidepressant activity (Cryan et al, 2002). Others have
studied behavioral effects of acute administration of the
drug, which again, may have no relationship with anti-
depressant activity (Hirano et al, 2005). However, one study
by Contreras et al (2001) described physiological and
behavioral changes in rats after a chronic (21 days), but not
acute, dose of 0.5–1 mg/kg, which is equivalent to the one
used by us.

Figure 6 Time course of Rbx-induced changes in the BDNF content in
homogenates of cortex and hippocampus. Mean7SEM BDNF changes are
shown (*Po0.05; **Po0.01).

Figure 7 (a) Changes in the TrkB and BDNF content in synaptosomes
and synaptic membranes after 15 days of Flx treatment (n¼ 5 independent
subcellular fractionation procedures, *Po0.05; **Po0.01). (b) Phosphory-
lated TrkB is increased in light membranes after 15 days of Flx treatment.
Left panel: input, Western blot of TrkB in the starting material. Right panel:
Immunoprecipitation of phospho-tyrosine, followed by Western Blot of
TrkB. The antibody used recognizes the extracellular domain of TrkB.
Therefore, both TrkB isoforms are seen (fl¼ full length, about 145 kDa;
t¼ truncated, about 90 kDa). (c) Rab-5, a marker for early endosomes, is
enriched in both light membrane fractions. Western blot using an anti-Rab-
5 antibody of the following subcellular fractions is shown: light membranes
obtained from the first sucrose gradient (LM1), synaptosomes (Syn),
light membranes obtained from the second sucrose gradient (LM2),
synaptic membranes (MSyn), and PSDs. Each lane was loaded with 20 mg
of protein.
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In the cat using PET with Carbon 11-labeled 3-amino-4-
(2-dimethylaminomethyl-phenylsulfanyl)-benzonitrile (11C-
DASB), a selective ligand for serotonin transporters
(SERTs), it was shown that a single Flx dose of 1 mg/kg
i.v., resulted in 90% occupancy of SERTs of striatum,
thalamus and midbrain, and a 78% occupancy in cortex.
This effect lasted for 2 days, with a t1/2 of occupancy of 9
days (Ginovart et al, 2003).

In depressed patients, Bolo et al, 2000, using Magnetic
Resonance Spectroscopy of the 19F signal naturally present
in Flx and norfluoxetine (NFlx), found that doses of Flx of
10–40 mg/day for 3–12 months resulted in Flx brain
concentrations of 1377 mM, that, using 0.0023 as the
unbound fraction (Liu et al, 2005), would give a drug
concentration of 39 nM, that is 13 times the Ki for Flx in
human SERTs (Demchyshyn et al, 1994). Similar results
were obtained by Strauss et al (2002). However, the effective
Flx serum concentration in patients is uncertain, because
serum levels are highly variable among responders, ranging
from 28 to 300 ng/ml. In addition, no relationship between
therapeutic effect and plasma concentration has been shown
(Amsterdam et al, 1997; Charlier et al, 2000; Wilens et al,
2002). It is also of interest that in depressed patients there is
a significant increase in the plasma protein alpha 1-acid
glycoprotein (AAG) (Nemeroff et al, 1990), one of the major
binding sites for Flx in plasma (the other one is serum
albumin). Such an increase in AAG leads to a rise in total
Flx concentration in plasma, but decreases the unbound
fraction leading to a decrease in Flx and NFlx concentra-
tions in the brain (Holladay et al, 1998).

Decrease of TrkB in PSDs

The composition and purity of the PSDs isolated by us has
been described previously (Smalla et al, 2000; Wyneken
et al, 2001; Li et al, 2004). The delayed decrease of TrkB in
PSDs and synaptic membranes observed here may result as
a consequence of increased BDNF release following anti-
depressant treatment. Flx acutely inhibits neuronal reuptake
of serotonin, and this monoamine is able to potentiate the
action of excitatory stimuli on cortical pyramidal neurons,
for example, through inhibition of Ca-activated K channels
(Aghajanian, 1995; Ansanay et al, 1995; Araneda and
Andrade, 1991; Foehring et al, 2002; Goaillard and Vincent,
2002; Torres et al, 1995; Wallén et al, 1989) or inhibition of
voltage-activated K channels (Aghajanian, 1995; Andrade
and Nicoll, 1987; Beck, 1992). Similar proexcitatory effects
have been also described for norepinephrine (Larkman and
Kelly, 1992; Lee and McCormick, 1996; Madison and Nicoll,
1986a, b; McCormick et al, 1991). Increased serotonin or
norepinephrine in the synaptic cleft could thus induce a
moderate neuronal excitation and, as a consequence, an
increase in BDNF synthesis and release. In the regions
studied by us, BDNF is synthesized in pyramidal neurons of
brain cortex and hippocampus and in the granule neurons
of the dentate gyrus, all of which are excitatory, while TrkB
is synthesized both in pyramidal and nonpyramidal cells
(Cellerino et al, 1996; Hofer et al, 1990; Rocamora et al,
1996). This increased BDNF in the synaptic cleft would bind
to and activate TrkB, a proportion of which is in PSDs.
Binding of neurotrophins to their receptors induces the
endocytosis of the neurotrophin-receptor complex (Grimes

and Miettinen, 2003; Howe et al, 2001; Huang and
Reichardt, 2003; Watson et al, 1999; York et al, 2000). The
TrkB/BDNF complex should then, at least in part, be
retrogradely transported from the spines to the cell body,
where it enhances further BDNF synthesis. This process is
part of a self-sustained loop with positive feed-back as has
been proposed by Castrén (2004). BDNF increases the
synthesis of additional BDNF which, when secreted and
endocytosed by other connected pyramidal neurons, further
increases the synthesis of BDNF in these recipient neurons.

It is known that neuronal activation, or increases in
cAMP and intracellular Ca2 + , lead to the translocation of
TrkB from the cytoplasm to the plasma membrane (Meyer-
Franke et al, 1998; Ji et al, 2005), and that excitation in
experimental and human epilepsy greatly increases the
TrkB content in PSDs (Wyneken et al, 2001, 2003). As the
increase of TrkB and BDNF is associated with neuronal
activation, the decrease of TrkB in PSDs observed here is
unlikely to be due to a decreased incorporation, but rather
to an increased endocytosis of the BDNF/TrkB complex. If
the rate of incorporation of the receptor to the PSD is less
than its rate of transfer from the PSD to endocytic vesicles,
then the overall concentration of TrkB at the PSD shall be
reduced. The increase of BDNF and of activated TrkB in
subcellular fractions that contain endocytic vesicles sup-
ports our hypothesis that the BDNF/TrkB complex follows
the endocytic pathway.

The 3–6 week lag that exists between the time that
antidepressant drugs inhibit monoamine reuptake, and the
rapid subsequent extracellular increase of these amines
(Fuller, 1994), and the slow clinical efficay of the drugs, may
be explained by processes that take time (ie transport of
BDNF along axons, enhanced secretion of it, endocytosis
and backtransport of the BDNF/TrkB complex followed by
enhanced synthesis of BDNF, that leads to further secre-
tion), as those described in this study. The decrease of TrkB
in PSDs lags behind the Flx or Rbx-induced increase in
whole tissue content of BDNF, as TrkB shall decrease in
them, due to endocytosis, only when BDNF reaches axon
terminals and is secreted in relatively large amounts.

In the present work, we have concentrated on antide-
pressant-enhanced BDNF release from axon terminals,
which is monitored through the decrease in PSD-TrkB.
However, the trophic and synaptic effects of BDNF are
probably the most relevant events related to antidepressant
action. Saarelainen et al (2003) have shown that activation
of TrkB is necessary for the antidepressant effect of high
doses of imipramine and Flx, and that these drugs also
increase the release of BDNF. Such findings are consistent
with the hypothesis proposed here.

Excitatory Synapses, BDNF and Antidepressant Effects

The magnitude of the antidepressant-induced decrease of
TrkB in PSDs (ie 42.8 and 28.8% for Flx and Rbx,
respectively) also suggests that a very high proportion of
excitatory synapses in brain cortex and hippocampus are
affected by the treatment, thus supporting the suggestion of
Nestler et al (2002) that depression affects many brain
regions. The fact that the relative amount of glutamate
receptors in PSDs does not change with treatment, is not
necessarily inconsistent with an increase in the number of
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synaptic contacts, as we have only measured the concentra-
tion of glutamate and BDNF receptors at the PSD, not their
absolute amounts, which could give some indication of the
total number of synaptic contacts.

The findings reported here, in which the BDNF/TrkB
system of central excitatory synapses is involved, are of
interest, because antidepressant drugs, as well as electro-
convulsive therapy, magnetic stimulation and even physical
exercise are known cerebrocortical activators (Russo-
Neustadt et al, 1999). The activation of pyramidal neurons
would thus be a common element in the action of many of
the currently used antidepressant treatments.

The present results fulfill the criteria set forth by Coyle
and Duman (2003) for validating the action of antidepres-
sant drugs: (1) the effects should occur at clinically relevant
drug doses, (2) the effects should be seen after chronic but
not acute treatment and, (3) the mechanism of action
should involve neuronal systems that have relevance to
mood regulation. Many studies have shown the relationship
between BDNF and both depression and antidepressant
treatments (Castrén 2004; Chen et al, 2001; Duman et al,
1997; Duman and Vaidya, 1998; Nestler et al, 2002; Nibuya
et al, 1996; Shirayama, 2002; Zetterstrom et al, 1998). In the
present work, we have further consolidated this relation-
ship by showing that antidepressant drugs cause large
changes in the BDNF-TrkB system in excitatory synapses
which are very abundant in mammalian brain cortex and
hippocampus.
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