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Abstract

Behavioural sensitization to amphetamine (AMPH) requires action of the drug in the ventral midbrain where dopamine (DA) neurons
are located. In vivo studies suggest that AMPH sensitization requires enhanced expression of basic fibroblast growth factor (bFGF) in
the nucleus of midbrain astrocytes. One idea is that the AMPH-induced increase in bFGF expression in astrocytes leads to enhanced
secretion of this peptide and to long-term plasticity in DA neurons. To study directly the effects of astrocytic expression of bFGF on
DA neurons, we established a cell-culture model of mesencephalic astrocytes and DA neurons. Immunolabelling showed that even in
the absence of a pharmacological stimulus, the majority of mesencephalic astrocytes in culture express bFGF at a nuclear level.
Arguing against the idea that bFGF was secreted, bFGF was undetectable in the extracellular medium (below 10 pg/mL). However,
supplementing culture medium with exogenous bFGF at standard concentrations (20 ng/mL) led to a dramatic change in the
morphology of astrocytes, increased spontaneous DA release, and inhibited synapse formation by individual DA neurons. RNA
interference (siRNA) against bFGF mRNA, caused a reduction in DA release but produced no change in synaptic development.
Together these data demonstrate that under basal conditions (in the absence of a pharmacological stimulus such as amphetamine)
bFGF is not secreted even though there is abundant nuclear expression in astrocytes. The effects of bFGF seen here on DA neurons
are thus likely to be mediated through more indirect glial-neuronal interactions, leading to enhanced DA release without a necessary

change in synapse number.

Introduction

Psychomotor stimulant drugs such as amphetamine (AMPH) produce
multiple effects. Notable among them is their ability to increase
extracellular levels of dopamine (DA), increase locomotor activity and
support self-administration in humans and laboratory animals. The
repeated intermittent administration of many drugs of abuse such as
AMPH results in a progressive increase in their psychomotor
activating and rewarding effects, a phenomenon known as behavioural
sensitization (Segal & Schuckit, 1983; Robinson & Becker, 1986;
Kalivas & Stewart, 1991; Robinson & Berridge, 1993; Vezina et al.,
2002). One of the principal immediate actions of AMPH is to increase
extracellular levels of DA in the terminal and cell body regions of
midbrain DA neurons (Seiden et al., 1993; Sulzer et al., 1995; Kahlig
et al., 2005).

Repeated administration of AMPH into the ventral tegmental area
(VTA) but not into the nucleus accumbens (Nacc), is sufficient to
induce sensitized behavioural responses and enhanced DA release in
response to subsequent systemic injections of AMPH, or cocaine
(Kalivas & Weber, 1988; Vezina & Stewart, 1990; Vezina, 1993;
Vezina, 1996). Glutamatergic transmission is necessary for sensitiza-
tion. AMPH increases glutamate efflux in the VTA (Wolf & Xue,
1998; Wolf & Xue, 1999; Wolf et al., 2000) and both systemic and
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intra-VTA administration of NMDA, AMPA, or metabotropic glu-
tamate receptors antagonists during the induction phase of sensitiza-
tion prevent the development of sensitization to AMPH, or cocaine
(Karler et al., 1989; Karler et al., 1990; Karler ef al., 1991; Stewart &
Druhan, 1993; Li et al., 1997; Druhan & Wilent, 1999; Li et al.,
1999). The long-term changes induced in DA neurons by stimulant
drugs might in addition result from the activation of growth factors,
such as basic fibroblast growth factor (bFGF). Basic FGF is produced
mainly by astrocytes and promotes growth and survival of midbrain
DA cells (Chadi et al., 1993; Bouvier & Mytilineou, 1995; Hou et al.,
1997). Repeated intermittent AMPH administration increases bFGF
immunoreactivity (IR) in the VTA and SN for up to one month (Flores
et al., 1998). Moreover, the coadministration of AMPH and kynurenic
acid, a broad-spectrum glutamate receptor antagonist, blocks the
increase in bFGF-IR induced by AMPH. In addition, bFGF immu-
noneutralization blocks the induction of sensitization to AMPH and
cotreatment with CPP, an NMDA receptor antagonist, prevents both
the increase in the expression of bFGF in VTA and SN and the
development of sensitization (Flores et al., 2000). Furthermore, we
have found recently that AMPH induces dendritic growth in VTA DA
neurons in vivo via endogenous bFGF (Mueller et al., 2006). Basic
FGF in the VTA thus plays a critical role in sensitization to AMPH.
However, whether bFGF is released or not from astrocytes is presently
controversial (Abraham et al., 1986a; D’ Amore, 1990).

The link between bFGF expression in VTA astrocytes and long-
term plasticity in DA neurons is unclear. To begin addressing this
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question within a context that is not complicated by the multiples
effects of AMPH in vivo, and that does not attempt to mimic
sensitization, we used a primary mesencephalic culture system. We
found abundant nuclear bFGF expression in mesencephalic astrocytes
under basal condition but this was not accompanied by significant
elevations of extracellular bFGF. Partial knockdown of bFGF using
RNA interference caused a reduction in DA release but not in synapse
number.

Materials and methods
Cell culture

For astrocyte cultures, neonatal (PO to P2) Sprague-Dawley rats
(Charles River, St-Laurent, QC, CAN) were cryoanaesthetized and
their brains were rapidly removed and transferred into ice-cold
dissociation solution, according to a protocol approved by the
Université de Montréal animal ethics committee. A 1-mm-thick slice
was cut at the level of the midbrain flexure from which a block of
tissue, approximately 2 mm® in size, was surgically isolated. The
blocks were digested in papain for 60 min at 37 °C before being
gently triturated. The dissociated cells were diluted in Basal Medium
Eagle (BME) and 5 mL of cell suspension was plated in flasks (two
rats were used per flask). Forty-eight hours after plating, cells were
washed with cold BME to kill neurons and select glial cells. After one
week, glial cells were detached from the flask with a 0.05% trypsin
solution and centrifuged. Cells were counted and plated on standard
coverslips coated with collagen/poly L-lysine at 100 000 cells/mL.
When the cells reached confluence, after 48 h, fluorodeoxyuridine
(FUdR) was added to inhibit their proliferation.

Experiments measuring extracellular DA levels were performed
using standard DA neuron cultures prepared according to recently
described protocols (Bourque & Trudeau, 2000; Bergevin et al., 2002;
Congar et al., 2002; Jomphe et al., 2003), originally derived from
Cardozo (1993) and Sulzer et al. (1998). Overall, the procedure
involves plating neurons onto a pre-established monolayer of purified
astrocytes. The coating and the layer of astrocytes partially mimic the
extracellular matrix by promoting cell adhesion, growth, and survival.
For some experiments, cultures were treated at day two and five after
neuronal plating and used at day seven. For other experiments,
cultures were treated at day five and seven and used at day ten after
neuronal plating.

For neuronal cultures, neonatal (PO to P2) Sprague—Dawley rats
were cryoanaesthetized and their brains were rapidly removed and
transferred into ice-cold dissociation solution. A 1-mm-thick slice was
cut at the level of the midbrain flexure from which a block of tissue,
approximately 2 mm?® in size, was surgically isolated. This block was
found previously to contain most neuronal populations immunoreac-
tive for tyrosine hydroxylase, a DA biosynthetic enzyme. The blocks
were digested in papain for 30 min at 37 °C before being gently
triturated. The dissociated cells were collected by centrifugation,
counted, and plated at a concentration of 350 000 living cells per
millilitre. This concentration gave consistent levels of extracellular DA
and was optimal for neuronal viability. In order to provide an
extracellular milieu as rich as possible in natural growth factors, a flask
plated with astrocytes was filled with BME for two weeks to produce
conditioned medium (BME+). Neuronal cultures were maintained in a
solution composed of (1 : 3) BME+ and Neurobasal A supplemented
with penicillin/streptomycin, GlutaMAX-1, 10% fetal bovine serum
(Gibco, USA) and B27 serum extender (Invitrogen). FUdR was added
to the medium 24 h after neurons were plated to prevent cell division
of newly plated cells, and kynurenic acid (0.5 mMm), a broad-spectrum
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glutamate receptor antagonist, was added 7 days after plating in order
to prevent excitotoxicity. Cell cultures were incubated at 37 °C in an
atmosphere composed of 5% CO, and 95% air.

Experiments quantifying synaptic development were performed on
isolated neurons in p-droplet cultures. In this model, cultured neurons
grow on [I-droplets of substrate that limit synaptic connectivity to the
cells within the droplets. Under such conditions, single neurons
establish synaptic connections onto themselves, called autapses, thus
allowing measurements or quantification of synaptic development
from single isolated neurons. Coverslips were first coated with poly
L-ornithine and then agarose, which prevent cell adhesion. Collagen
was applied on top of the agarose using a microsprayer, thus
establishing droplets or islands of substrate that are suitable for cell
growth. Astrocytes and neurons were then plated in much the same
way as for standard cultures, although final concentrations for
astrocytes and neurons were, respectively, 60 000 and 100 000 living
cells per millilitres. These proportions maximized the number of
p-droplets containing single neurons.

Sampling procedure and dopamine assay

In order to examine extracellular DA levels, standard neuronal cultures
were deposited in a well containing 400 pL of normal saline (NS)
from which 100 pL samples were drawn every 3 min. The NS was
composed of (in mm): NaCl 140; KCl15; MgCl, 2; CaCl, 2;
sucrose 6; glucose 10; HEPES 10. Osmolarity was 305-310 mOsm
and pH was adjusted to 7.35 with NaOH 5 M. Numbered aliquots were
prepared prior to the experiment containing 2 pL of preservative
solution (pH 6.5) consisting of ethylene glycol-bis(f-amino-ethyl
ether)-N,N,N',N’-tetraacetic acid (EGTA, 90 mg/mL) and reduced
glutathion (60 mg/mL) in order to prevent the oxidation of DA. The
aliquots also contained 20 pL of distilled water to yield sufficient
volume for the automatic injection into the HPLC system (automatic
injection of 100 pL). The data shown in this paper were corrected for
this dilution. The collected 100 pL-samples of extracellular medium
(25% of total volume) withdrawn from the well were dropped into the
numbered aliquots and immediately replaced with an equivalent
volume of fresh NS. The aliquots were put on dry ice for the duration
of the experiment (usually 50 min) and then stored at —80 °C until
analysis with the HPLC system. The first four aliquots were usually
not analysed as preliminary experiments showed that extracellular
levels of DA required 15 min to stabilize. Samples were thawed and
then placed onto the stage of the HPLC system (Gilson, Villiers-Le-
Bel, France), to be injected automatically every 10 min. HPLC
coupled to a coulometric detector (Coulochem II; ESA, Bedford,
USA) was used to detect DA (detection limit approximately
25 pg/100 pL sample). For experiments evaluating the impact of
treatments on evoked DA release, saline containing 40 mM potassium
was used. NaCl was lowered by 40 mM to prevent changes in
osmolarity.

Immunocytochemistry

Cells were fixed with 100% methanol for 5 min at 4 °C, permeabi-
lized with 0.1% Triton X-100 for 10 min and bathed for 5 min in a
solution containing BSA (0.5%) in order to block nonspecific binding
sites. Cells were then incubated overnight at 4 °C with primary
antibodies; rabbit monoclonal antibody against TH (1 : 1000; Pelfrez
Biological, USA), mouse monoclonal anti bFGF (1 : 500; Upstate
biotechnology, Lake Placid, NY), mouse monoclonal anti-SV2
(1 : 500; Developmental Studies Hybridoma Bank, Iowa, USA) or
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rabbit polyclonal anti-cow S-100 (1 : 5000; DAKO, California, USA).
Primary antibodies were detected using Alexa-488 or Alexa-647
(1 : 200; Molecular Probes Inc., Eugene, OR) fluorescently labelled
secondary antibodies before being finally mounted with Vectashield
(Vector Laboratories, Burlingame, USA).

Confocal microscopy

p-droplet neuronal cultures pretreated with neutralizing anti-bFGF
antibody, exogenous bFGF or siRNA against bFGF were immunola-
belled with anti-TH and anti-SV2. Primary antibodies were detected
using Alexa-488 and Alexa-647, respectively. Images were acquired
using a point-scanning confocal microscope from Prairie Technologies
LLC (Middleton, WI, USA). Excitation was achieved using the
488 nm line of an argon ion laser and the 633 nm line of a helium
neon (HeNe) laser. Images were analysed using Metamorph software
v4.5 from Universal Imaging Corp (Downingtown, PA, USA).

Small interfering RNA (siRNA)

The siRNA were synthesized in vitro with a construction kit from
Ambion (Austin, TX, USA). Three different oligonucleotides were
tested and all three were effective at reducing bFGF levels, although to
a different extent. The sequence of the first sSiRNA was AAGGGA-
GAAAGTTGCATTTAACCTGTCTC (antisens) and AATTAAATG-
CAACTTTCTCCCCCTGTCTC (sens); it reduced bFGF levels by
40% (results not shown). The sequence of the second siRNA
(siRNA #2)  was AAGAGTGTTTCTTCTTTGAACCCTGTCTC
(antisens) and AAGTTCAAAGAAACACTCCCTGTCTC (sens); it
reduced bFGF levels by 60%. The sequence of the third siRNA
(siRNA #3) was AAACGAGGGCAGTATAAACCTGTCTC (anti-
sens) and AATTTATACTGCCCAGTTCGTCCTGTCTC (sens); it
reduced bFGF levels by 30% (results not shown). The second was thus
selected for further experimentation in which we measured the impact
of the siRNA on extracellular DA levels and on synapse number.
Control experiments were performed with siRNA against glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and without any siRNA.
RNAiFect reagent from Qiagen (Mississauga, Ontario, CAN) was
used for lipofection. Depending on the cell surface the quantity of
siRNA and RNAifect reagent were changed respecting a 1 : 5 ratio
(1 pg of siRNA for 5 pL of RNAifect reagent). The astrocytes were
incubated for 24 h with the transfection complex.

Western blot

Purified astrocytes from midbrain primary cultures were transfected
with siRNA against bFGF, using RNAiFect lipofection reagent
(Qiagen). The transfection complexes were applied to cells for 24 h.
Cell monolayers were then washed with Tris-buffered saline (TBS;
pH 7.4) and immediately lysed (lysis buffer; TBS with 1% of
IGEPAL CA-630 and 0.5% SDS 20% with added protease
inhibitors; PMSF 1 :100, leupeptin 1:100 and pepstatin
1 : 1000). Cell lysates (30 pg) were resolved by electrophoresis
on 15% polyacrylamide minigels and transferred on pure nitrocel-
lulose membrane (0.45 um). Blots were probed with anti-bFGF
(1 :500) and anti-By-actin (1 : 10 000; Abcam, Cambridge, MA,
USA). Bound antibodies were detected using horseradish peroxi-
dase-conjugated secondary antibodies (Jackson immunoresearch
laboratories, West Grove, PA, USA) and revealed by chemilumi-
nescence (SuperSignal, West Pico Chemoluminescence Substrate,
Pierce, Rockford, IL, USA). The blots were quantified by

densitometric evaluation with ImageQuant software (Amersham
Biosciences, Baie d’Urfé, Qc, CAN).

ELISA test against bFGF

A human basic FGF ELISA Kit from Calbiochem (San Diego, CA,
USA) was used to evaluate the extracellular concentration of bFGF.
We first performed standard curves with bFGF protein at known
concentrations (160, 80, 40, 20, 10 and 0 pg/mL). Optical density
was recorded for the standard samples and unknown samples and
the bFGF concentration was calculated according to the standard
curve.

Results

bFGF is expressed in the nucleus of the majority of cultured
mesencephalic astrocytes

We first examined the expression of bFGF in primary mesence-
phalic cells in culture. Using double-label immunocytochemistry to
detect bFGF and the astrocyte-specific protein S-100, we found that
bFGF immunoreactivity was present in the majority of astrocytes
but not in neurons (Fig. 1A-D). The labelling was essentially
nuclear in all cells examined (Fig. 1E). Western blots prepared from
purified astrocytes showed that all three bFGF isoforms can be
detected (Fig. 1F).

bFGF does not appear to be secreted

The capacity of bFGF-expressing cells to release this growth factor
is controversial. We thus performed an ELISA test to determine
whether the high expression of bFGF by mesencephalic astrocytes
is accompanied by detectable extracellular accumulation of bFGF.
Culture medium from astrocyte cultures, astrocyte-neuron mixed
cultures or control medium not exposed to cells were compared. In
all cases, bFGF levels were found to be below the smallest value
included in our standard curve, which was 10 pg/mL. The values
measured from culture mediums taken from astrocyte cultures were
similar to those measured from fresh mediums not exposed to
astrocytes and were thus considered to reflect assay noise (Fig. 2A).
These data show that abundant bFGF expression by cultured
mesencephalic astrocytes is not accompanied by significant secre-
tion of this polypeptide.

Additional support for a lack of bFGF secretion

In support of our conclusion of a lack of bFGF secretion, we found
that the morphology of cultured astrocytes in our model did not show
the characteristic highly stellar shape of astrocytes exposed to bFGF
(Eclancher et al., 1996a; Reilly et al., 1998; Brambilla et al., 2003).
Indeed, treatment of cultured astrocytes with exogenous bFGF
produced the expected striking alteration in cell morphology
(Fig. 2B and C).

Another prediction deriving from the lack of bFGF secretion is that
extracellular application of a bFGF function-blocking antibody should
fail to affect DA neurons. Using isolated DA neurons after two days in
p-culture (Fig. 3A), we quantified synaptic development following a
five-day treatment with neutralizing anti-bFGF mouse monoclonal
antibody (10 pg/mL). We found that the treatment had no effect on
the synaptic development of DA neurons (Fig. 3B). As a positive
control, we also examined the effect of exogenous bFGF (20 ng/mL)
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FI1G. 1. bFGF is expressed in the majority of cultured mesencephalic
astrocytes. (A) Immunofluorescence image showing nuclear expression of
bFGF in mesencephalic astrocytes in culture (green). (B) Same astrocytes as
in A after immunostaining against the glial protein S-100 (red). (C) Co-
localization (yellow) of bFGF (green) and S-100 (red) shows that bFGF is
expressed in the nucleus of astrocytes. (D) Phase contrast image merged with
bFGF immunoreactivity (green) showing astrocytes and neurons in co-culture.
Note that only astrocytes show bFGF immunolabelling. (E) bFGF and S-100
double-labelling examined at low power (10x). Note that the vast majority of
astrocytes (red) express bFGF (green). The white arrows identify some of the
few cells that were bFGF-positive but S-100-negative. (F) Western blot
analysis, of multiple extracts prepared from mesencephalic astrocytes, showing
that the three bFGF isoforms (18, 21 and 22 kDa) are expressed. Gamma actin
(42 kDa) was used as loading control.
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FiG. 3. Extracellular bFGF does not increase synaptic development.
(A) Single neurons in p-culture after immunostaining for tyrosine hydroxylase
(TH) (green) and for the synaptic vesicle protein SV2 (red). The lower image
shows a higher resolution portion of the SV2 signal delimited by the white
dotted box. Small SV2+ punctate structures were considered as putative axon
terminals and counted using Metamorph Software. (B) Five days treatment
with a bFGF neutralizing antibody (10 pg/mL) did not change the number of
morphologically identifiable axon terminals counted at day seven in culture
(n = 44) compared to control (n = 49) (t-test, P> 0.05). (C) Five days
treatment with exogenous bFGF (20 ng/mL) caused a decrease in synapse
number, counted at day seven in culture (» = 32) compared to control (n = 27)
(t-test, *P < 0.05).

F1G. 2. bFGF does not appear to be secreted. (A) A bFGF ELISA test was
performed with different culture media including: fresh neurobasal without
serum (NB), neurobasal conditioned by exposure to neurons and astrocytes
(Cond. NB), fresh basal medium eagle (BME), BME conditioned by exposure
to purified astrocytes grown in flask for 2 days (BME 2d) or 7 days (BME 7d),
neurobasal with serum (NB + serum), and neurobasal conditioned by exposure
to neurons and astrocytes in microculture (p-culture NB) and standard cultures
(Std culture NB). Finally, the control column represents the signal produced by
the lowest tested concentration of bFGF measured with the ELISA test
(10 pg/mL) and represents the limit of detection. Note that in all cases, bFGF
concentrations were below the level of detection. (B) Immuno-label-
ling against S-100 protein in a control culture. (C) Immuno-labelling against
S-100 protein in a culture treated for 7 days with exogenous bFGF
(20 ng/mL). Note the stellate appearance of astrocytes after treatment with
bFGF.
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on synaptic development. As shown in Fig. 3C, exogenous bFGF
actually caused a small but significant inhibition of synaptic devel-
opment.

To provide a more direct evaluation of the functioning of DA
neurons, we also used HPLC to measure basal as well as K'-evoked
DA levels in standard mixed mesencephalic cultures. Each coverslip
contained between 300 and 800 spontaneously firing DA neurons
(St-Gelais et al., 2004). We initially treated standard cultures at day
two in culture with exogenous bFGF (20 ng/mL), repeating the
treatment at day four in culture. DA levels were then sampled at day
seven. Exposure to bFGF caused a significant increase in the basal
level of extracellular DA (197.35 + 8.80 pg/mL, n = 21) compared
to control cells not exposed to bFGF (149.36 = 7.15 pg/mL, n = 15;
P < 0.05; Fig. 4A). Potassium-evoked DA release was not signifi-
cantly affected by exogenous bFGF (768.00 = 71 pg/mL, n = 21 vs.
710.40 + 80 pg/mL, n = 15; Fig. 4B). Similar experiments were
performed on more mature cultures treated at days five and seven in
culture, with DA sampled at day ten. Basal DA release was again
significantly higher after bFGF treatment (351.92 + 37.3 pg/mL,
n = 18 vs. 236.13 + 24 pg/mL, n = 12; P < 0.05; Fig. 4C). Potas-
sium-evoked DA release showed a modest but nonsignificant increase
(1954.61 + 245 pg/mL, n = 18 vs. 1574.22 + 203 pg/mL, n = 12;
Fig. 4D). Together these findings show that exogenous bFGF can
affect the function of DA neurons and the morphology of astrocytes.
These findings argue that if endogenous bFGF had been released by
astrocytes in our cultures, it should have produced effects similar to
those produced by exogenous bFGF and these effects should have
been blocked by a function-blocking antibody. The effects of this
growth factor on DA neurons are therefore unlikely to be mediated
through extracellular secretion.
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RNA interference against bFGF decreases dopamine release
but not synapse number

If bFGF is not secreted, an alternate hypothesis is that it acts within
astrocytes to indirectly affect the functioning of DA neurons. To test
this hypothesis we used RNA interference (siRNA #2) to decrease
endogenous levels of bFGF in confluent cultured astrocytes. Figure SA
and B shows that bFGF expression was decreased by 50-60% 24 h
after transfection with siRNAs. Quantified independently, the 18 kDa
isoform was decreased to 48.58 + 8.60% of control (n =5;
P < 0.05), the 21 kDa isoform to 40.35 £ 9.98% of control (n = 5;
P < 0.05) and the 22 kDa isoform to 43.78 + 8.54% of control
(n = 5). Transfection with a control siRNA directed against GAPDH
failed to significantly affect bFGF levels (Fig. 5A). Additional
experiments were performed with two other siRNAs with different
sequences (siRNA #1 and siRNA #3; see Materials and methods
section). These were also effective at decreasing bFGF levels, but the
effect was smaller (40% and 30% decrease, respectively; results not
shown).

Using standard mixed cultures we next transfected siRNA against
bFGF at day seven in culture and sampled extracellular DA levels at
day ten in culture. Down regulation of bFGF in astrocytes caused a
significant reduction in basal DA levels (115.22 +7.31 pg/mL,
n =14, vs. 161.57 £20.60 pg/mL, n =9; P < 0.05; Fig. 6A).
Potassium-evoked DA release was also slightly decreased, but the
effect did not reach statistical significance (1012.12 + 111.4 pg/mL,
n =14, vs. 1346.12 £ 161.0 pg/mL, n = 9; Fig. 6B). Separate
experiments were performed with a second siRNA of a different
sequence (siRNA #1). As expected because of its lower efficacy at
decreasing bFGF levels, it failed to significantly reduce basal or
potassium-evoked DA release (results not shown).

F1G. 4. Exogenous bFGF enhances dopamine
release. HPLC was used to measure basal (due to
spontaneous firing) and 40 mm K* evoked DA
release. bFGF was applied at days two and four in
culture, and DA sampling was performed at day
seven in culture. (A) Average DA concentrations
during the baseline period. Basal levels were
significantly higher after exogenous bFGF

(20 ng/mL) (n = 21) in comparison to control

(n = 15) (t-test, *P < 0.05). (B) Average DA
concentrations during the 40 mM K stimulation.
Stimulated DA levels were not significantly higher
after exogenous bFGF (20 ng/mL) in comparison
to control (¢-test, P > 0.05). (C and D) Same
experiment as in A except that bFGF was applied
at days five and seven in culture and sampling
were performed at day ten. Note that DA levels are
higher in these cultures due to more extensive
synaptic development after 10 days in culture.
Basal levels were again significantly higher after
exogenous bFGF (20 ng/mL) (n = 18) (t-test,
*P < 0.05) compared to control (n = 12). Stimu-
lated DA levels were again not significantly higher
after exogenous bFGF (20 ng/mL) in comparison

Control to control (#test, *P >0.05).
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FIG. 5. RNA interference decreases bFGF levels. (A) Western blot showing the decrease of the three bFGF isoforms (18, 21 and 22 kDa) after transfection with
siRNA against bFGF mRNA compared to control (nontransfected cells), » = 5. Used as a negative control, siRNA against GAPDH did not reduce bFGF levels.
Gamma actin (42 kDa) was used as a loading control. (B) Histogram showing the quantification of bFGF isoforms after siRNA transfection, #test, *P < 0.05.
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FIG. 6. bFGF siRNA decreases dopamine release
but not synapse number. HPLC was used to
measure basal (due to spontaneous firing) and

40 mM K evoked DA release. Control cells

(n = 9) and siRNA transfected cells (n = 14)
were treated at day seven in culture and sampling
was performed at day ten in culture. (A) Aver-
age DA concentrations during the baseline period.
siRNA treatment caused a significant decrease
relative to the control group (z-test, P < 0.05).
(B) Average DA concentrations during the

40 mm K stimulation. Stimulated DA levels were
not significantly decreased by siRNA treatment
relative to the control group (¢-test, P > 0.05).
(C) Single neuron cultures transfected with
siRNA (n = 97) did not show a decrease in
synapse number at day seven in culture compared
to control (n = 65).

siRNA transfection experiments were also performed (siRNA#2) in
isolated DA neuron at day two in culture and fixed for analysis at day
seven in culture. As shown in Fig. 6C, this failed to affect synaptic
development. It would appear from these findings that a reduction of
bFGF protein levels in astrocytes reduces basal DA release, but does
not affect the synaptic development of DA neurons.

Discussion

The objective of the present study was to establish the role of
astrocytic bFGF in the synaptic development and function of DA
neurons. We show that in VTA astrocytes in primary culture, bFGF
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protein is expressed in the vast majority of cells. However, its
expression is exclusively nuclear and it does not appear to be actively
secreted. Using a RNA interference strategy, we found that decreasing
endogenous bFGF protein levels produced no change in synapse
number, but decreased DA release. Taken together, these results
suggest that astrocytic bFGF acts indirectly on DA neurons to enhance
their synaptic function without directly influencing morphological
synapse development.

Although this has never been quantified directly, it appears that in
the mature brain, only a relatively small proportion of astrocytes
express nuclear bFGF under basal conditions (Tessler & Neufeld,
1990; Woodward et al., 1992; Szele et al., 1995; Salik et al., 2005).

© The Authors (2006). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 23, 608—616



614 C. Forget et al.

Interestingly, the number of astrocytes that express nuclear bFGF in
the ventral midbrain increases following repeated-intermittent AMPH
administration (Flores et al., 1998; Flores et al., 1999, Flores et al.,
2000). As we find that most cultured astrocytes express nuclear bFGF,
it may be that the process of cell dissociation and culture puts these
cells in a state similar to that found after sensitization to drugs of abuse
(Flores et al., 1998).

Basic FGF is a polypeptide that exists in three isoforms with
molecular weights of 18, 21 and 22 kDa, respectively, in the rat
(Powell & Klagsbrun, 1991; Giordano et al., 1992). The 18 kDa
isoform is reported to be predominantly cytoplasmic while the high
molecular weight isoforms are preferentially localized in nuclear and
ribosomal compartments (Renko et al., 1990; Florkiewicz et al., 1991;
Klein et al., 1996). Even if all three isoforms are expressed in our
preparation, as demonstrated by Western blotting, only nuclear
expression could be detected in cultured mesencephalic astrocytes
using immunocytochemistry (Fig. 1). Human astrocytes have how-
ever, been reported to express both nuclear and cytoplasmic bFGF
(Stachowiak et al., 1994; Moffett et al., 1996; Joy et al., 1997). The
capacity of bFGF to be secreted has long been the subject of debate.
The mechanism of bFGF secretion remains unclear as the peptide
bears no signal sequence (Abraham ef al., 1986a). bFGF also does not
progress through the endoplasmic reticulum and the Golgi via the
regulated secretory pathway (Abraham et al., 1986a; Abraham et al.,
1986b; Schweigerer et al., 1987). It has been suggested that bFGF is
released from cells as the result of cell death or cell damage, during
nonlethal membrane disruption or following chemical injuries
(Klagsbrun & Vlodavsky, 1988; McNeil et al., 1989; D’Amore,
1990; Ku & D’Amore, 1995). Others have proposed that bFGF is
released by cells via a secretory pathway that is independent from the
endoplasmic reticulum or Golgi (Vlodavsky et al., 1987, D’Amore,
1990; Rifkin er al., 1991; Mignatti et al., 1992; Florkiewicz et al.,
1995). Moreover, Le Roux & Esquenazi (2002), used Western blotting
to demonstrate the presence of bFGF in media conditioned by cortical
astrocytes. Although we have not evaluated here whether the bFGF
contained in our astrocytes can be released by chemical or
pathological stimuli, our ELISA measurements show quite clearly
that extracellular bFGF levels are extremely low and actually
correspond to background signal (Fig. 2A). Such low levels are
insufficient to produce effects typically induced by modest concen-
trations of exogenous bFGF such as induction of a stellate morphology
in astrocytes (Eclancher et al., 1990; Eclancher et al., 1996b; Reilly
et al., 1998), an effect that was readily seen in our experiments after
short-term exposure to exogenous bFGF (Fig. 2C). Compatible with
the hypothesis that bFGF is not released, we observed that treatment of
isolated DA neurons with bFGF neutralizing antibodies did not change
the synaptic development of DA neurons (Fig. 3A and B). However,
exogenous bFGF caused a modest but significant decrease in synapse
number (Fig. 3C). This observation is compatible with the earlier work
of Williams ez al. (1995), who showed that bFGF can under certain
circumstances inhibit neurite outgrowth in a dose dependent manner
via arachidonic acid production (Williams er al., 1995). We thus
conclude that the abundant nuclear bFGF is not released in any
significant manner in our midbrain astrocytes cultures.

Even though we found that bFGF is not released, a decrease in
endogenous bFGF levels in response to RNAI directed against bFGF
mRNA caused a decrease in DA release (Fig. 6A). This implies that
astrocytic bFGF acts to promote DA release. If bFGF is not released
from astrocytes, then how could it lead to plastic changes in DAergic
neurons such as enhanced DA release? Trudel ez al. (2000) proposed that
bFGF can be translocated to the cell surface without release in the
conditioned media. This hypothesis is not readily compatible with our

results as whether it is released or not in the medium, its presence on the
extracellular membrane should activate bFGF receptors and cause
physiological effects such as induction of a stellate morphology in
astrocytes. Another interesting hypothesis proposed by Stachowiak and
collaborators (Stachowiak et al., 1997a; Stachowiak et al., 1997b; Hu
et al.,2004) is that FGFR1 is localized in the nucleus and could serve as
an effector for nuclear bFGF. Cellular effects of bFGF could indeed be
mediated by an intracellular (intracrine) pathway (Logan, 1990;
Sherman et al., 1993; Bouche et al., 1987; Nakanishi et al., 1992;
Arese et al., 1999) that operates through nuclear FGFR1 and perhaps
through transcription factors such as c-jun (Hortala et al., 2005).
Functional FGFR1 within the nucleus could mediate the mitogenic
effects of bFGF in many cell types (Imamura et al., 1990; Wiedlocha
et al., 1994; Bikfalvi et al., 1995; Joy et al., 1997). Activation of such
intracrine signal pathways in astrocytes could thus lead to changes in the
expression of astrocytes-derived growth factors such as GDNF, that are
well-known to influence the development of DA neurons as well as their
capacity to release DA (Bourque & Trudeau, 2000; Feng et al., 1999).
Although this has not yet been examined, nuclear bFGF could also
perhaps regulate the release of gliotransmitters such as glutamate or ATP
that could subsequently act on DA neurons (Cotrina et al., 2000;
Haydon, 2001; Ullian ef al., 2004).

Based on our results, it may now be necessary to reconsider the
range of possible models proposed by Flores & Stewart (2000b) to
explain AMPH sensitization. As previously proposed, AMPH may
lead to D; DA receptor stimulation in the VTA (Hosli & Hosli, 1993;
Bal et al., 1994; Luo et al., 1998; Zanassi et al., 1999), thus causing en
elevation of extracellular glutamate and stimulation of bFGF synthesis
in astrocytes. We can now hypothesize that at least in part, some of the
long-term plasticity induced in DA neurons under such circumstances
(Mueller et al., 2006) may result from bFGF-mediated intracrine
signalling in astrocytes, leading to the generation of a secondary
diffusible messenger or some contact-dependent signal in DA neurons.
Further experiments will be required to test this hypothesis and
evaluate more closely the nature of the glial-neuronal mechanisms
potentially involved. Another open question that should be addressed
is whether the ability of astrocytes to regulate DA release through
bFGF requires glial-neuronal interactions selectively at the somato-
dendritic level or if similar effects can be mediated by astrocytes at the
terminal level in structures such as the striatum. Such an issue would
not be readily studied in a cell culture system where DAergic axons
and cell bodies are in close proximity.

In conclusion, our work shows that cultured mesencephalic
astrocytes express abundant levels of bFGF in their nuclear compart-
ment but that this growth factor may not necessarily be released.
Instead, intracellular activation of bFGF signalling pathways may
regulate astrocyte function and signals, indirectly leading to the
functional regulation of DA neurons.
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