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With the aim of exploring the relationship between the serotonin
transporter (5-HTT or SERT) and the activity level of serotonin
(5-HT) neurotransmission, in vivo expression of this protein was
specifically altered using a nonviral DNA transfer method. Plas-
mids containing the entire coding sequence or a partial anti-
sense sequence of the 5-HTT gene were complexed with the
cationic polymer polyethylenimine and injected into the dorsal
raphe nucleus of adult male rats. Significant increase or de-
crease in both [3H]citalopram binding and [3H]5-HT synapto-
somal uptake were observed in various brain areas up to 2
weeks after a single administration of the sense plasmid or 7 d
after injection of the short antisense plasmid, respectively. Such
changes in 5-HTT expression were associated with functional
alterations in 5-HT neurotransmission, as shown by the in-
creased capacity of 5-HT1A receptor stimulation to enhance

[35S]GTP-g-S binding onto the dorsal raphe nucleus in sections
from rats injected with the sense plasmid. Conversely, both a
decrease in 5-HT1A-mediated [35S]GTP-g-S binding and a re-
duced potency of the 5-HT1A receptor agonist ipsapirone to
inhibit neuronal firing were observed in the dorsal raphe nucleus
of antisense plasmid-injected rats. Furthermore, changes in
brain 5-HT and/or 5-HIAA levels, and sleep wakefulness circa-
dian rhythm in the latter animals demonstrated that altered
expression of 5-HTT by recombinant plasmids has important
functional consequences on central 5-HT neurotransmission in
adult rats.
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The serotonin (5-hydroxytryptamine, 5-HT) transporter (5-HTT
or SERT) is responsible for reuptake of 5-HT released in the
synaptic cleft as well as from the soma and/or dendrites of
serotoninergic neurons in brain. Therefore, it is a key component
of 5-HT neurotransmission by controlling both temporally and
spatially the concentration of extracellular 5-HT in contact with
specific receptors. The 5-HTT is the target of antidepressant
drugs, in particular the so-called selective serotonin reuptake
inhibitors (SSRIs) (Fuller et al., 1975; Thomas et al., 1987;
Dechant and Clissold, 1991), which enhance 5-HT neurotrans-
mission by increasing extracellular 5-HT levels (Auerbach and
Hjorth, 1995; Invernizzi et al., 1995). In addition, 5-HTT func-
tioning is directly affected by some drugs of abuse such as 3,4-
methylenedioxy-methamphetamine (MDMA or ecstasy) (Green

et al., 1995; Bengel et al., 1998). Indeed, recent studies empha-
sized the implication of 5-HT neurotransmission in the self-
administration (Rocha et al., 1998a; Sora et al., 1998) and the
rewarding properties of cocaine (Rocha et al., 1998b) in mice.

Although drugs acting directly at the 5-HTT have been exten-
sively used to assess the key role of this protein in the control of
brain 5-HT neurotransmission, limitations in this approach are
obvious because only inhibitors (such as SSRIs) or 5-HT releasers
(through reverse functioning of the 5-HTT, such as MDMA) are
available. An increased 5-HT reuptake has been reported to
occur after in vivo treatment with tianeptine (Fattaccini et al.,
1990; De Simoni et al., 1992), but this finding could not be
confirmed by all authors (Pineyro et al., 1995a,b). In a previous
study, we described the successful use of recombinant plasmids to
either enhance or reduce the expression of the dopamine trans-
porter (DAT) in the rat brain in vivo (Martres et al., 1998). A
similar approach was used herein to either increase or decrease
5-HTT expression in the rat brain. For this purpose, recombinant
plasmids containing sense or antisense coding sequences of the
5-HTT gene were complexed with a cationic polymer, polyethyl-
enimine (PEI) (Abdallah et al., 1996), and injected directly into
the dorsal raphe nucleus (DRN), in which the somas of the
majority of serotoninergic neurons projecting to forebrain areas
are located (Aghajanian and Bloom, 1967; Descarries et al.,
1982). The resulting changes in 5-HTT expression were assessed
by measuring the specific binding of [3H]citalopram, which is
selectively recognized by the 5-HTT (D’Amato et al., 1987), and
[3H]5-HT synaptosomal uptake in various brain areas. In addi-
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tion, the consequences of up- or down-expression of the 5-HTT
on 5-HT neurotransmission were investigated by estimating 5-HT
turnover, analyzing the binding and functional properties of
5-HT1A receptors, and recording the sleep–wakefulness rhythm
at various times after intra-DRN administration of the recombi-
nant plasmids in adult rats.

MATERIALS AND METHODS
All experiments were performed in conformity with the institutional
guidelines that are in compliance with national and international law and
policies for use of animals in neuroscience research (council directive
87–848, October 1987, Ministère de l’Agriculture et de la Forêt, Service
Vétérinaire de la Santé et de la Protection Animale; permissions 6269 to
L.L., 0315 to J.A., 0299 to M.H., and 0905 to M.P.M). Unless otherwise
indicated, rats were housed under standard laboratory conditions: 12 hr
light /dark cycle (lights on at 7:00 A.M.), 22 6 1°C ambient temperature,
60% relative humidity, food and water ad libitum.

Constructions of recombinant plasmids
For construction of the 5-HTT sense plasmid, a cDNA comprising the
complete coding sequence of the rat 5-HTT (nucleotides 87–2400;
Blakely et al., 1991) was subcloned into the pRc-CMV expression vector
(Invitrogen, Leek, Netherlands) that contains the cytomegalovirus pro-
moter and the bovine growth hormone (BGH) polyadenylation signal.
For the antisense constructs, either the entire coding sequence of 5-HTT
(referred to as “full antisense”), or its last 468 nucleotides (nucleotides
1540–2007, “short antisense”) were subcloned in their reverse orienta-
tion into the plasmid pRc-CMV (Fig. 1 A). The nonrecombinant pRc-
CMV plasmid, containing only the polylinker (Invitrogen), was used as
control. Plasmid DNAs were prepared by two successive centrifugations
in cesium chloride gradient, resuspended in 10 mM Tris-HCl and 1 mM
EDTA, pH 8, and quantified by their optical density (O.D.) at 260 nm.
Aliquots (2.5–5.0 mg of DNA/ml) were stored at 220°C until use.

Cell line transfection and measurement of [3H]5-HT uptake in
transfected cells
LLC-PK1 cells (pig kidney epithelial cells; American Type Culture
Collection, Rockville, MD; CRL 1392) were grown under a 7% CO2 and
93% air atmosphere at 37°C in DMEM supplemented with 10% fetal
bovine serum, 2 mM glutamine, 10 U/ml penicillin G, and 10 mg/ml
streptomycin. DNA constructs were transfected into 50–60% confluent
cells by electroporation using an Equibio apparatus (Eurogentec, Sera-
ing, Belgium; 3–5 3 10 6 cells in 500 ml of DMEM without serum, 270 V,
1800 mF, relaxation time, 40 msec). Twenty four hours after transfection,
cells were transferred into 24-well plates, and 24 hr later the expression
of 5-HTT was examined by measuring [ 3H]5-HT uptake, following a
protocol adapted from Pifl et al. (1993). Briefly, cells were washed twice
with 1 ml of uptake buffer (4 mM Tris, 6.25 mM HEPES, 120 mM NaCl,
5 mM KCl, 1.2 mM CaCl2, 1.2 mM MgSO4, 5.6 mM glucose, and 0.5 mM
ascorbic acid, final pH 7.4) and then incubated in 500 ml of uptake buffer
containing 3–6 nM [ 3H]5-HT (15 Ci/mmol; Amersham Pharmacia Bio-
tech, Buckinghamshire, UK), without or with 10 mM fluoxetine (Lilly,
Indianapolis, IN) to determine nonspecific uptake. After 7 min at 37°C,
the reaction medium was drawn out, and cells were quickly washed three
times with 1 ml of uptake buffer at room temperature. Cells were then
solubilized in 500 ml of 0.1 N NaOH, and the entrapped radioactivity was
counted by liquid scintillation spectrometry.

To correct for variations in the transfection yields, 2.5 mg of a pRc-
CMV plasmid containing the entire coding sequence of the DAT gene
(Martres et al., 1998) was cotransfected with the various plasmids. The
uptake of [ 3H]DA (46 Ci/mmol; Amersham Pharmacia Biotech) was
measured as described by Pifl et al. (1993), with 3–6 nM [ 3H]DA, in the
absence or the presence of 10 mM nomifensine (Research Biochemicals,
Natick, MA) to determine nonspecific uptake. Data normalized accord-
ing to the respective [ 3H]DA uptake are expressed as femtomoles of
[ 3H]5-HT taken up per minute and per well.

Intracerebral gene transfer and dissection
Adult male Sprague Dawley rats (3 months old, 250–300 gm body weight;
Centre d’Elevage R. Janvier, Le Genest-St Isle, France) were anesthe-
tized with chloral hydrate (400 mg/kg, i.p.) and positioned in a stereo-
taxic apparatus (David Kopf, Phymep, Paris, France). The needle (outer
diameter, 0.46 mm) of a 10 ml Hamilton syringe was lowered into the

DRN (angle, 32°C; anterior 5 0.12 cm; lateral 5 0.40 cm; horizontal 5
0.28 cm from the interaural zero, according to the stereotaxic atlas of
Paxinos and Watson, 1986). After 2 min, 2 ml of a 5% glucose solution
containing 0.5 mg of plasmid DNA mixed with linearized 22 kDa PEI
(generous gift of J. P. Behr) at six charge equivalents (Martres et al.,
1998) were manually injected over 5 min. The needle was left in place for
a further 5 min to limit the diffusion before its removal. Paired-control

Figure 1. Plasmid constructs and autoradiographic labeling of 5-HTT. A,
Expression vectors for sense and full and short antisense 5-HTT. BGH,
Bovine growth hormone. All in vivo experiments were performed with the
short antisense 5-HTT pRc-CMV. B, Examples of color-coded autora-
diographic labeling of 5-HTT in the dorsal raphe nucleus after local
injection of sense, short antisense, or control (nonrecombinant) plasmid.
Coronal sections (20 mm) were labeled by [ 3H]citalopram (0.7 nM) at the
level of the dorsal raphe nucleus, 3 d after administration of the sense
plasmid (“sense”) or 7 d after that of the short antisense plasmid (“anti-
sense”). “Control” represents a typical example of labeling obtained 3 d
after injection of the nonrecombinant plasmid-PEI complex (similar au-
toradiographic labeling was observed on the seventh day after “control”
injection). The color code indicates increasing O. D. values from blue,
green, and yellow, to red.
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rats received the nonrecombinant pRc-CMV plasmid under the same
conditions of complexation with PEI.

At various times (up to 28 d after injection), animals were decapitated,
and their brains were removed. The hypothalamus was dissected out, and
a coronal cut was made at an interaural anteriority of ;0.50 cm (Paxinos
and Watson, 1986). The posterior part of the brain was frozen by
immersion in isopentane at 230°C and the hippocampi, the striata, and
the anterior cortex were dissected out for the preparation of synapto-
somes and for binding experiments. For immunoautoradiographic exper-
iments, rats were anesthetized with pentobarbital (60 mg/kg, i.p.) and
perfused transcardially with 300 ml of 0.9% NaCl supplemented with
0.1% NaNO2. After decapitation, the brain was removed and frozen as
described above.

Quantitative autoradiography
[ 3H]Citalopram. Coronal sections (20 mm) at the level of the DRN were
cut at 220°C, thaw-mounted onto gelatin-coated slides, and then stored
at 220°C until use. For the labeling procedure, slides were first brought
to room temperature during 15 min and then preincubated for 15 min in
50 mM Tris-HCl buffer containing 120 mM NaCl and 5 mM KCl, pH 7.4,
at 25°C. Incubations proceeded for 1 hr at 25°C in fresh Tris buffer with
0.7 nM [ 3H]citalopram (85 Ci/mmol; DuPont NEN, Boston, MA). Non-
specific binding was estimated from adjacent sections incubated in the
same medium supplemented with 10 mM fluoxetine. The sections were
then washed twice for 5 min each in the Tris buffer at 4°C. They were
dried in a stream of cold air and apposed to 3H-Hyperfilm (Amersham)
for 4 d at 4°C. Optical density on the autoradiograms was measured using
a computerized image analysis system (Biocom, Les Ulis, France) and
converted to femtomoles of [ 3H]citalopram specifically bound per milli-
gram of tissue according to a 3H standard scale (Amersham).

[ 35S]GTP-g-S. Autoradiography of agonist-stimulated [ 35S]GTP-g-S
binding was performed as described (Sim et al., 1996; Waeber and
Moskowitz, 1997; Dupuis et al., 1998). Briefly, 20 mm brain sections were
preincubated at 25°C for 15 min in 50 mM HEPES, pH 7.5, containing
100 mM NaCl, 3 mM MgCl2, 0.2 mM EGTA, and 0.2 mM dithiothreitol,
and then incubated for 15 min in the same buffer supplemented with 2
mM GDP (Boehringer Mannheim, Meylan, France) and 10 mM of
8-cyclopentyl-1,3-dipropylxanthine (CPDPX; Research Biochemicals),
an adenosine receptor antagonist, to reduce nonspecific binding (Laiti-
nen and Jokinen, 1998). Thereafter, sections were incubated for 1 hr at
30°C in the same buffer with 0.05 nM [ 35S]GTP-g-S (1000 Ci/mmol;
Amersham) supplemented (stimulated conditions) or not (basal condi-
tions) with 10 mM 5-carboxamido-tryptamine (5-CT; Research Biochemi-
cals). Nonspecific binding was determined on autoradiograms from ad-
jacent sections incubated with 10 mM 5-CT plus 10 mM WAY 100635
(Wyeth-Ayerst, Princeton, NJ). Optical density on the autoradiograms
was measured using a computerized image analysis system (Biocom).

Immunoautoradiography with anti-5-HTT, anti-DAT, or
anti-5-HT1A receptor antibodies
Polyclonal antibodies specific to the third intracytoplasmic loop of the rat
5-HT1A receptor (El Mestikawy et al., 1990), or to the N-terminal
domain of the rat DAT (Martres et al., 1998) or the rat 5-HTT (Zhou et
al., 1996), were used according to a protocol adapted from Gérard et al.
(1994). Coronal sections (20 mm) were fixed for 3 min with 4% parafor-
maldehyde in PBS (50 mM NaH2PO4/Na2HPO4, 154 mM NaCl, pH 7.4)
at 4°C, then preincubated for 1 hr in PBS supplemented with 3% bovine
serum albumin and 1% donkey serum, and incubated overnight at 4°C
with affinity-purified anti-5-HT1A receptor antibodies at 1:5000 dilution,
anti-DAT antibodies at 1:20,000 dilution, or anti-5-HTT antibodies at
1:5000 dilution. After extensive washes, sections were incubated for 2 hr
at room temperature in a solution of donkey anti-rabbit [ 125I]IgG (750–
3000 Ci/mmol; Amersham), then washed, dried in a stream of cold air,
and apposed to bmax films (Amersham) for 2–5 d. Optical density on the
immunoradiograms was measured using a computerized image analysis
system (Biocom).

[3H]5-HT synaptosomal uptake
The hypothalamus, hippocampi, striata and anterior cortex were homog-
enized in 15–20 volumes (v/w) of 0.32 M sucrose with a glass-Teflon
potter (Heidolf, Bioblock, I llkirch, France). Homogenates were diluted
to 40 vol with 0.32 M sucrose, centrifuged at 1000 3 g for 10 min, and the
resulting supernatants were centrifuged again at 10,000 3 g for 30 min.
The pellets were gently resuspended in 50 vol of 0.32 M sucrose, and 25

ml aliquots of each suspension were incubated in 500 ml of uptake buffer
containing 3–6 nM [ 3H]5-HT, without or with 10 mM fluoxetine to
determine nonspecific uptake. After 7 min at 37°C, samples were diluted
with 3 ml of ice-cold uptake buffer and rapidly filtered through Whatman
GF/B glass-fiber filters presoaked with 0.05% PEI. After three washes
with 3 ml of ice-cold uptake buffer, filters were dried, and the entrapped
radioactivity was counted by liquid scintillation spectrometry.

[3H]Citalopram membrane binding
Dissected tissues (various forebrain regions and the anterior raphe area)
were homogenized in 40 volumes (v/w) of ice-cold 50 mM Tris-HCl
containing 120 mM NaCl and 5 mM KCl, pH 7.4, using a Polytron
disrupter (type PT 10 OD; Touzart-Matignon, Vitry-sur-Seine, France).
Homogenates were centrifuged at 40,000 3 g for 20 min, and the pellets
were resuspended in 40 vol of the same buffer, then incubated at 37°C for
10 min to remove endogenous 5-HT. The membranes were spun down at
40,000 3 g for 20 min and washed another three times by resuspension/
centrifugation as before. The final pellet was suspended in 10 vol. of the
same buffer, and aliquots (25 ml) were incubated in the above buffer (final
volume of 0.5 ml) with 0.7 nM or various concentrations (0.2–5.7 nM) of
[ 3H]citalopram. Nonspecific binding was determined in the presence
of 10 mM fluoxetine. After 1 hr at 25°C, samples were diluted with 3 ml
of ice-cold buffer and rapidly filtered through Whatman GF/B filters
presoaked with 0.05% PEI. The filters were dried, and the entrapped
radioactivity was counted by liquid scintillation spectrometry. Kinetic
parameters of [ 3H]citalopram-specific binding were calculated using the
program “LIGAND” (McPherson, 1985).

Measurements of tissue levels of 5-HT, DA, and their
respective metabolites
Aliquots (200 ml) of homogenates in 0.32 M sucrose (prepared for the
measurement of [ 3H]5-HT uptake) were mixed with HClO4 (0.1 M final),
Na2S2O5 (0.05% w/v), and disodium EDTA (0.05% w/v), and centri-
fuged at 30,000 3 g for 15 min at 4°C. The supernatants were neutralized
with 2 M KH2PO4/K2HPO4, pH 7.4, supplemented with ascorbate oxi-
dase (Boehringer; final concentration 0.01 mg/ml), and KClO4 precipi-
tate was removed by centrifugation at 30,000 3 g for 10 min at 4°C.
Aliquots (10 ml) of the clear supernatants were injected directly into an
HPLC column (Ultrasphere IP; Beckman, Gagny, France; 25 cm 3 4.6
cm, C18 reverse-phase, particle size 5 mm) protected with a Brownlee
precolumn. The mobile phase (at a flow rate of 1 ml/min) consisted of 70
mM KH2PO4, 2.1 mM triethylamine, 0.1 mM disodium EDTA, 1.25 mM
octane sulfonate, and 16% methanol, adjusted to pH 3.02 with solid citric
acid (Hamon et al., 1988). The electrochemical detection system (ESA
5011; Collaborative Research, Bedford, MA) comprises an analytical
cell with dual coulometric monitoring electrodes (150 mV and 1 350
mV). The generated signal was integrated by a computing integrator
(System-Gold Beckman). Quantitative determinations of 5-HT and its
metabolite 5-hydroxyindoleacetic acid (5-HIAA) and of DA and its
metabolite dihydroxyphenylacetic acid (DOPAC) were made with refer-
ence to pure standards (Hamon et al., 1988).

Protein concentrations
Proteins were quantified using the method of Lowry et al. (1951) with
bovine serum albumin as standard.

Electrophysiological studies
Young male Sprague Dawley rats (;100 gm body weight) were used in
these experiments because brain tissues from young animals were more
resistant than those from adults to hypoxia occurring for the preparation
of brain slices (Di Scenna, 1987). Rats were decapitated 8 d after
intra-DRN injection of recombinant or nonrecombinant plasmids as
described above. The brain was removed rapidly and placed in an
ice-cold Krebs’ solution continuously bubbled with carbogen (95% O2
and 5% CO2). A block of tissue containing the DRN was sliced using a
vibratome at 4°C. Slices (400-mm-thick) were maintained at room tem-
perature in an artificial CSF for 1 hr and then transferred to a recording
chamber. Extracellular recordings were made with glass microelectrodes
(filled with 2 M NaCl; impedance, 10–15 MV) introduced into the DRN
area, as described in detail elsewhere (Haj-Dahmane et al., 1991). After
identification of the cells as serotoninergic neurons (VanderMaelen and
Aghajanian, 1983), basal activity was recorded before application of the
5-HT1A receptor agonist ipsapirone (Haj-Dahmane et al., 1991), at
10–1000 nM. This drug was added to the superfusing fluid for 3 min, and
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the resulting changes in firing rate of the recorded neurons were com-
puted and recorded graphically.

Analysis of sleep–wakefulness recordings
For the study of the sleep–wakefulness rhythms, adult male Sprague
Dawley rats were first injected into the DRN area with recombinant or
nonrecombinant plasmids as described above. Immediately after com-
pletion of the injection, animals were implanted with the classical set of
electrodes (made of enameled nichrome wire, 150 mm in diameter) for
polygraphic sleep monitoring as described elsewhere (Maudhuit et al.,
1994). In brief, two electrodes were inserted through the skull onto the
dura over the right frontal and occipital cortex to record the electroen-
cephalogram (EEG), two electrodes were positioned subcutaneously on
each side of the orbit for the electrooculogram (EOG), and two elec-
trodes were inserted into the neck muscles for recording the electromyo-
gram (EMG). All electrodes were anchored to the skull with acrylic
cement and soldered to a mini-connector also embedded in cement.
After completion of surgery, animals were housed in individual record-
ing cages and allowed to recover for 6 d under standard laboratory
conditions. They were then connected to the recording cables for a 2 d
habituation to the recording conditions. Recordings were obtained dur-
ing 24 consecutive hr on the eighth day after injection of the plasmids.
Polygraphic recordings were scored manually every 30 sec epoch, and
data were fed into a computer, as described elsewhere (Adrien et al.,
1991). For each animal, the amounts of wakefulness (W), slow wave sleep
(SWS), and rapid eye movement sleep (REMS) were calculated over 3 hr
periods throughout 24 hr. The mean of these amounts (expressed as
min 6 SEM) for each group of rats was then used for statistical analysis.

After completion of the recording session, rats were decapitated, and
their brains were removed. The hypothalamus was dissected out for the
measurement of [ 3H]5-HT synaptosomal uptake, and the rest of the
brain was frozen in isopentane at 230°C for binding and autoradiogra-
phy experiments as described above.

Statistical calculations
Comparison between groups was first made using ANOVA, and in case
of significance, the Student’s t test was used to compare values for rats
injected with recombinant constructs with those for paired-control rats
(injected with the nonrecombinant pRc-CMV).

RESULTS
Plasmid efficiency in LLC-PK1 cells
To test the efficiency of the different plasmid constructs, the
epithelial cell line LLC-PK1, which does not express the 5-HTT,
was transiently transfected with the sense plasmid (5 mg) alone or
together with each antisense plasmid (25 mg). Measurement of
[ 3H]5-HT uptake showed that the sense construct allowed the
expression of a functional 5-HTT (120 6 15 fmol of [3H]5-HT
taken up per well and per minute, with 5 nM [ 3H]5-HT; data not
shown; mean 6 SEM; n 5 15), the activity of which could be
inhibited by cotransfection with either antisense construct. The
short antisense construct exhibited the greatest efficacy (58%
inhibition as compared to 23% for the full antisense plasmid; data
not shown). Thus, the recombinant plasmid with the short anti-
sense sequence was used in subsequent experiments aimed at
decreasing 5-HTT expression in the rat brain. As expected from
their selectivity, neither the short antisense plasmid nor the long
one significantly affected [3H]DA uptake induced by cotransfec-
tion with a pRc-CMV plasmid encoding DAT (data not shown).

5-HTT protein expression in the dorsal raphe nucleus
after sense or antisense plasmid injection
Previous studies showed that DAT was overexpressed as soon as
the third day after injection of a sense plasmid in the rat brain,
whereas a significant decrease in DAT expression was first ob-
served on the seventh day after injection of an antisense plasmid
(Martres et al., 1998). The same time intervals after intra DRN
injection of recombinant sense or antisense 5-HTT encoding
plasmids were selected in a first series of experiments.

As illustrated in Figure 1B, a significant increase (123 6 7%;
n 5 6; p , 0.01) in the specific labeling of the DRN by [3H]cita-
lopram was observed 3 d after local administration of the sense
construct. In contrast, a clear cut decrease in [3H]citalopram
binding onto the DRN (228 6 3%; n 5 6; p , 0.01) was noted 7 d
after injection of the short antisense construct (Fig. 1B). On the
other hand, except along the trace of the injection needle (Fig.
1B), the specific labeling of the DRN by [3H]citalopram did not
differ between non recombinant pRc-CMV-injected rats and
intact control animals (data not shown).

5-HTT expression and activity in forebrain areas of
sense or antisense plasmid-injected rats
Significant increases (by 10–29%) in [3H]5-HT synaptosomal
uptake were observed in all forebrain areas studied 3 d after
intra-DRN administration of the sense plasmid (Fig. 2, top). In
contrast, significant decreases (by 224 to 31%) in [ 3H]5-HT
uptake were found in the same areas on the seventh day after
antisense plasmid injection (Fig. 2, bottom). As illustrated in
Figure 2, the largest changes after administration of either re-
combinant plasmid were noted in the hypothalamus. On the other
hand, [3H]5-HT uptake in rats injected with the pRc-CMV
nonrecombinant plasmid complexed with PEI was not signifi-
cantly different from that measured using synaptosomes from
noninjected control animals (noninjected controls, 290 6 18 fmol
[ 3H]5-HT taken up per milligram of protein; nonrecombinant
pRc-CMV-injected rats, 268 6 12 fmol/mg protein, as compared
with 219 6 7 fmol/mg protein in rats injected with the antisense
plasmid in the very same experiment; n 5 5 in each group; p ,
0.01 for the latter group as compared with the other two groups).

Quantification of the 5-HTT protein with [3H]citalopram as
selective radioligand also showed a significant increase (117–
23%) in the four brain areas studied in rats injected with the sense
plasmid (Fig. 2, top). On the contrary, the specific binding of
[3H]citalopram in the same regions was decreased (210 to 25%)
on the third (data not shown) as well as on the seventh day (Fig.
2, bottom) after intra-DRN injection of the short antisense con-
struct. Comparison of the quantitative changes in [3H]5-HT
uptake and [3H]citalopram-specific binding indicated a relatively
good parallelism between them. The only exception was the
striatum where the reduction in [3H] 5-HT uptake (225 6 5%;
n 5 15; p , 0.005) was larger than that in [3H]citalopram-specific
binding (210 6 3%; n 5 15; p , 0.05). Saturation studies
performed with membranes from the anterior cortex showed that
the Bmax of [ 3H]citalopram binding was decreased by 40% in rats
injected with the short antisense plasmid as compared with
paired-control rats injected with the pRc-CMV nonrecombinant
plasmid. In contrast, similar Kd values were found in both groups
of rats. These observations were made at both 3 d (data not
shown) and 7 d (Fig. 3) after intra-DRN administration of the
plasmids.

Further studies were performed with antibodies that recognize
specifically 5-HTT or DAT to assess both the amplitude and the
specificity of the changes induced by intra-DRN injection of sense
or antisense recombinant plasmid. Quantification of immunoau-
toradiograms (Fig. 4A) showed a 26% increase ( p , 0.05) or a
23% decrease ( p , 0.05) in DRN labeling by anti-5-HTT anti-
bodies 7 d after intra-DRN injection of sense or antisense con-
struct, respectively (relative O.D. values were 14.4 6 0.6 and
8.8 6 0.5 after sense and antisense plasmid administration, re-
spectively, as compared with 11.4 6 0.6 in paired-control rats
injected with nonrecombinant pRc-CMV; n 5 4 in each group).
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In contrast, no changes in the immunolabeling of DAT were
observed in the DRN (data not shown), the substantia nigra (a
DA cell bodies-rich region), and the striatum (containing a high
density of DA terminals) of the same recombinant plasmid-
injected rats as compared with the same paired-control animals
(Fig. 4B).

Time course of 5-HTT overexpression after sense
plasmid injection
This study was performed using hypothalamic synaptosomes be-
cause the first series of experiments showed that the increase in
[3H]5-HT uptake resulting from intra-DRN injection of the sense
plasmid was the highest in the hypothalamus (Fig. 2). As illus-
trated in Figure 5, an elevated [3H]5-HT uptake capacity similar
to that previously noted on the third day was observed on the

seventh day after the treatment. After 2 weeks, a significant
increase was still found, but its amplitude was less than that
measured earlier. At the last time studied, i.e., 4 weeks after
intra-DRN injection, [ 3H]5-HT uptake did not significantly differ
whether the rats were injected with the sense plasmid or the
nonrecombinant pRc-CMV. Indeed, [3H]5-HT uptake capacity
in rats injected with the latter vector remained at the same level
as that measured in control untreated rats over the whole exper-
imental period (Fig. 5).

Levels of 5-HT, DA, and their respective metabolites
after intra-DRN injection of the sense or the
antisense construct
Three days after injection of the sense construct, 5-HT levels were
significantly increased in the hippocampus (116%), whereas they
remained unaffected in the hypothalamus (Table 1). In contrast,
5-HIAA levels were significantly increased (133%) in the latter
but not the former area. As a result, a significant elevation of the
5-HIAA/5-HT ratio was noted in the hypothalamus of sense
plasmid-injected rats (Table 1). Measurements in the other two
areas examined, the striatum and the anterior cortex, revealed no
significant effects of the treatment as both 5-HT and 5-HIAA
levels were similar to those found in control rats injected with the
pRc-CMV nonrecombinant vector. With regard to DA and
DOPAC levels in these same four brain areas, the only significant
change concerned the hypothalamus, where an increase in
DOPAC levels was noted on the third day (139 6 7%; n 5 7; p ,
0.005) after intra-DRN injection of the sense plasmid.

Three days (data not shown) as well as 7 d after intra-DRN

Figure 2. Effects of sense or antisense plasmid administration on 5-HTT
activity and levels. [ 3H]5-HT synaptosomal uptake was measured in the
hypothalamus (HYP), the hippocampus (HI ), the striatum (ST ), and the
anterior cortex (ANT CX ), 3 d (top) or 7 d (bottom) after intra-DRN
injection of sense or antisense construct, respectively. Membrane binding
assays were performed with 0.7 nM [ 3H]citalopram in the same brain
regions and in the anterior raphe area (RA). Variations in both param-
eters are expressed as percentage of control values (rats injected with the
nonrecombinant pRc-CMV and killed 3 or 7 d later). Data are the
means 6 SEM of values in three independent experiments, each per-
formed with five rats. Control values for [ 3H]5-HT uptake, in femtomoles
per minute per milligram of protein are: 255 6 11 (HYP), 136 6 9 (HI ),
210 6 7 (ST ), and 227 6 8 (ANT CX ). Control values for [ 3H]citalopram
specific binding, in femtomoles per milligram of protein are: 228 6 21
(RA), 365 6 20 (HYP), 155 6 9 (HI ), 264 6 14 (ST ), and 226 6 21 (ANT
CX ). *p , 0.05; **p , 0.01; ***p , 0.005 as compared with paired-
control rats (Student’s t test).

Figure 3. Effects of intra-DRN injection of antisense plasmid on
[ 3H]citalopram binding to anterior cortex membranes. Saturation studies
were performed with various concentrations of [ 3H]citalopram (0.2–5.7
nM), 7 d after injection of the antisense plasmid (antisense) or of the
nonrecombinant plasmid (control ). Each point is the mean of quadrupli-
cate determinations in a typical representative experiment. Inset, Scat-
chard plot conversion of the data (B, [ 3H]citalopram specifically bound; F,
free [ 3H]citalopram, in nanomolar concentration). Similar data have been
obtained in three independent experiments.
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injection of the short antisense plasmid, a significant decrease in
5-HT levels was observed in the hypothalamus and the hippocam-
pus (Table 1), but not in the striatum and the anterior cortex (data
not shown). In contrast, 5-HIAA levels in the four brain areas
studied were not significantly affected. Accordingly, the 5-HIAA/
5-HT ratio in both the hypothalamus and the hippocampus was
higher in antisense plasmid-injected rats than in paired controls
(Table 1). On the other hand, neither DA nor DOPAC levels in
the four brain areas studied significantly differed between the two
groups of rats at 3 d as well as 7 d after injection (data not shown).

5-HT1A receptors after sense or antisense
plasmid injection
Autoradiographic experiments
5-HT1A receptor density measured by quantitative immunoauto-
radiography using polyclonal antibodies raised against the rat
5-HT1A receptor sequence (El Mestikawy et al., 1990) showed no
significant change in the DRN and the hippocampus, 8 d after
intra-DRN injection of the sense or the antisense plasmid (Fig. 6,
Table 2).

In contrast, the ability of 5-CT, a nonselective 5-HT1A receptor
agonist, to induce [35S]GTP-g-S binding was modified in the
DRN but not the hippocampus after these treatments (Fig. 6,
Table 2). Thus, the increase in [35S]GTP-g-S binding caused by
10 mM 5-CT was significantly higher (138%) in the DRN of rats
injected with the sense plasmid, and lower (217%) in those
injected with the short antisense plasmid, as compared with that
measured in paired controls injected with the pRc-CMV nonre-
combinant vector. In both the DRN and the hippocampus, the

stimulatory effect of 10 mM 5-CT on [35S]GTP-g-S binding was
completely inhibited by 10 mM WAY 100,635 in the three groups
of rats. Indeed, [35S]GTP-g-S binding in the presence of both
5-CT and WAY 100,635 was similar to the basal binding, which
did not differ whether rats were injected with the sense, the
antisense, or the nonrecombinant plasmid (data not shown).

Electrophysiological experiments
No significant differences between control rats and rats injected
with either the sense or the antisense plasmid were observed
concerning the spontaneous firing rate of 5-HT neurons in the
DRN. However, the potency of the 5-HT1A receptor agonist
ipsapirone to inhibit, in a concentration-dependent manner, the
discharge of these neurons was significantly decreased 8 d after
injection of the antisense plasmid (IC50 5 102 6 23 nM vs 42 6 3
nM in control rats; n 5 3 in each group; p , 0.05). In contrast, no
significant modification in the potency of ipsapirone was found in
rats injected with the sense plasmid (IC50 5 62 6 10 nM) (Fig. 7).

Sleep–wakefulness rhythms after sense or antisense
plasmid injection
The overall amounts of W, SWS, and REMS per 24 hr were similar
whether rats were injected on the eighth day before the recording
session with either the sense, the antisense, or the nonrecombinant
plasmid. However, marked differences were noted in the circadian
rhythm of sleep–wakefulness between rats injected with the anti-
sense plasmid or the pRc-CMV nonrecombinant vector. In partic-
ular, during the light period, an increase in the amounts of W
(132 6 4%; p , 0.005) and a decrease in those of SWS (211 6
3%; p , 0.05) and REMS (228 6 15%; NS) were found in rats
injected with the antisense plasmid as compared with paired con-
trols. In contrast, during the dark period, W was decreased (212 6
3%; p , 0.05), and sleep was increased (SWS, 119 6 8%, NS;
REMS, 185 6 15%; p , 0.05) in the antisense plasmid-injected

Figure 5. Time course of the effect of sense construct injection on 5-HTT
activity in the hypothalamus. The sense or the nonrecombinant (control)
plasmid was injected into the dorsal raphe nucleus, and rats were killed 3,
7, 14, or 28 d later. [ 3H]5-HT synaptosomal uptake was measured in the
hypothalamus. Each point is the mean 6 SEM of six independent deter-
minations (one determination per rat). [ 3H]5-HT uptake is expressed as
percentage of values determined in rats injected with the nonrecombinant
plasmid (233 6 12 femtomoles per minute per milligram of protein;
mean 6 SEM; n 5 4). NS, Not significant; *p , 0.05; **p , 0.01; ***p ,
0.005 as compared with paired-control values (Student’s t test).

Figure 4. Immunoautoradiographic labeling of the 5-HTT and the DAT
after intra-DRN injection of sense, antisense, or nonrecombinant (con-
trol ) construct. Immunoautoradiographic labeling of coronal sections (20
mm) with polyclonal anti-5-HTT- or anti-DAT-antibodies was performed
7 d after intra-DRN injection of each plasmid. A, Representative immu-
noautoradiograms of sections labeled by anti-5-HTT antibodies at the
level of the dorsal raphe nucleus (DRN ). B, Representative immunoau-
toradiograms of sections labeled by anti-DAT antibodies at the level of the
substantia nigra (SN ) or the striatum (STR). Similar data have been
obtained in three rats in each group.
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animals. These changes in the latter group, which were mostly
restricted to the middle of the light and of the dark periods (data
not shown), resulted in an overall decrease of the amplitude of the
sleep–wakefulness circadian rhythm (Fig. 8). This phenomenon
was particularly prominent for REMS because the same amounts
of this sleep stage were found during the light and the dark
periods in rats injected with the antisense plasmid. In contrast, as
classically observed in normal rats, larger amounts of REMS were
expressed during the light versus the dark period in animals
injected with the nonrecombinant pRc-CMV plasmid. As shown
in Figure 8, no modifications in the sleep–wakefulness circadian

rhythm were noted in rats injected with the sense plasmid as
compared with paired controls.

DISCUSSION

Our data demonstrated that it is possible to affect 5-HTT expres-
sion in the rat brain by nonviral gene transfer. We used PEI, a
cationic polymer, to form complexes with plasmid DNA for this
transfer because previous studies demonstrated its efficiency as
gene vector in various cerebral cell types (Boussif et al., 1995;
Abdallah et al., 1996; Goula et al., 1998; Martres et al., 1998).
Another advantage of PEI is its apparent lack of cytotoxicity

Table 1. Effects of intra-DRN injection of sense or antisense construct on 5-HT and 5-HIAA levels in the hypothalamus and the hippocampus

5-HT (ng/mg prot) 5-HIAA (ng/mg prot) 5-HIAA/5-HT

Control Sense Control Sense Control Sense

Hypothalamus 5.10 6 0.15 5.36 6 0.20 NS 2.91 6 0.09 3.86 6 0.17*** 0.57 6 0.02 0.72 6 0.02**
(15%) (133%) (126%)

Hippocampus 1.91 6 0.10 2.22 6 0.11* 2.42 6 0.12 2.69 6 0.17 NS 1.26 6 0.09 1.25 6 0.06 NS
(116%) (111%) (21%)

Control Antisense Control Antisense Control Antisense

Hypothalamus 5.50 6 0.28 3.36 6 0.36*** 2.81 6 0.17 2.38 6 0.14 NS 0.51 6 0.05 0.91 6 0.12**
(239%) (215%) (179%)

Hippocampus 2.22 6 0.26 1.58 6 0.11* 2.35 6 0.09 2.23 6 0.16 NS 1.05 6 0.08 1.47 6 0.13**
(229%) (25%) (140%)

The levels of 5-HT and 5-HIAA and the 5-HIAA/5-HT ratio were measured 3 or 7 d after a single injection into the dorsal raphe nucleus of the sense or the antisense
construct, respectively. Paired controls were injected with the nonrecombinant pRc-CMV vector. Percent variations as compared with respective control values are indicated
in parentheses. Results are the means 6 S.E.M. of values from 8–10 rats.
NS, Nonsignificant; *p , 0.05; **p , 0.01; ***p , 0.005 as compared with paired control values (Student’s t test).

Figure 6. Autoradiographic analysis of
5-HT1A receptors after injection of
sense, antisense, or nonrecombinant
(control) constructs into the dorsal ra-
phe nucleus. Animals were killed 8 d
after intra-DRN injection of either plas-
mid. Coronal sections (20 mm) were
made at the level of the dorsal raphe
nucleus, following the stereotaxic atlas
of Paxinos and Watson (1986) (plate
49). A, Representative immunoautora-
diograms of brain sections labeled with
specific anti-5-HT1A receptor antibod-
ies. B, Autoradiograms of coronal sec-
tions labeled by [ 35S]GTP-g-S (50 pM)
without (basal) or with (stimulated) 10
mM 5-CT. Similar data have been ob-
tained with sections from seven rats in
each group (see Table 2). DRN, Dorsal
raphe nucleus; EC, entorhinal cortex;
MRN, median raphe nucleus; PAG,
periaqueductal gray; SC, superior
colliculi.
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(Boussif et al., 1995; Abdallah et al., 1996; Martres et al., 1998),
which was confirmed here. Indeed, all along the time course study,
no modification in synaptosomal [3H]5-HT uptake (in the hypo-
thalamus) was observed in paired-control rats injected with the
nonrecombinant plasmid complexed with PEI as compared with
noninjected intact rats; furthermore, the firing rate of DRN 5-HT
cells and their sensitivity to 5-HT1A autoreceptor-mediated inhi-
bition were also identical in both groups of rats.

This transfer strategy, that we previously used for modifying
DAT expression in brain (Martres et al., 1998), could be success-
fully extended to produce long-term changes in 5-HTT expres-
sion. Indeed, administration of the complex formed by the sense
5-HTT plasmid and PEI at six charge equivalents induced, 3 d
later, a significant increase in 5-HTT labeling by [3H]citalopram,
both in the DRN and in various forebrain areas. Conversely,
administration of an antisense plasmid complexed with PEI in-
duced, 7 d later, a significant decrease in 5-HTT labeling by
[ 3H]citalopram in the same areas. These changes were associated
with parallel modifications in: (1) 5-HTT immunolabeling by
selective antibodies (Zhou et al., 1996) in the DRN and (2)
[3H]5-HT synaptosomal uptake in forebrain areas. In the adult
rat brain, 5-HTT is exclusively synthesized in serotoninergic
neurons (Zhou et al., 1996), and the decrease in 5-HTT markers
after antisense plasmid injection necessarily reflected the transfer
of this construct into these neurons. In case of 5-HTT overex-
pression caused by the sense plasmid, the situation is less clear
because “plasmid-PEI ” complexes can enter glial cells as well as
neurons (Goula et al., 1998). Therefore, some expression of
5-HTT by transfected glial cells within the DRN cannot be
excluded. However, because of the limited diffusion of plasmid-
PEI complexes in brain parenchyma (Martres et al., 1998),
5-HTT overexpression in forebrain regions very probably re-
sulted from the transport along 5-HT fibers of 5-HTT synthesized
from the sense plasmid in DRN 5-HT cell bodies.

Time course studies showed that 5-HTT overexpression per-
sisted for at least 14 d after a single injection of the sense
construct-PEI complex. On the other hand, the downexpression
of 5-HTT was already maximum as soon as on the third day after
injection of the short antisense construct. In contrast, a significant
downexpression of DAT could be detected only on the seventh
day after injection of the corresponding antisense oligode-
oxynucleotide or plasmid (Silvia et al., 1997; Martres et al., 1998).
Such a difference suggests that 5-HTT has a shorter half-life than
DAT, although these two membrane transporters are members of
the same protein family.

As expected from functional alterations in 5-HT neurotrans-
mission, administration of the sense construct induced, 3 d later,
significant increases in both 5-HIAA levels and 5-HIAA/5-HT
ratio in the hypothalamus, and in 5-HT levels in the hippocam-
pus. Moreover, hypothalamic DOPAC levels also increased after
this treatment. The latter change very probably resulted from
primary modifications in 5-HT neurotransmission (through well
known 5-HT-DA interactions; Di Mascio et al., 1998) because
immunoautoradiographic labeling revealed no alterations in DAT
expression after intra-DRN injection of either recombinant or
nonrecombinant plasmids. Interestingly, such modifications in
5-HT and DA turnover are reminiscent of those reported after
administration of tianeptine, an atypical tricyclic antidepressant
that stimulates in vivo 5-HT uptake (Fattaccini et al., 1990;
Frankfurt et al., 1995). Indeed, systemic injection of tianeptine
has been shown to increase 5-HIAA and DOPAC levels in the
hypothalamus, as well as 5-HT levels in the hippocampus (Fat-
taccini et al., 1990; De Simoni et al., 1992; Frankfurt et al., 1995;
Marinesco et al., 1996).

On the other hand, 5-HT levels were decreased, and the
5-HIAA/5-HT ratio was increased in the hypothalamus and the
hippocampus of rats injected with the antisense plasmid. Similar
changes were reported in rats injected with D-fenfluramine, which
releases 5-HT by reversing 5-HTT activity (Garattini et al., 1975;
Fattaccini et al., 1991). The decreased 5-HT tissue levels ob-
served after antisense construct administration are also reminis-
cent of that observed in knock-out mice lacking the 5-HTT
(Bengel et al., 1998). Whether extracellular levels of 5-HT are
increased in rats injected with this construct, like after fenflura-
mine treatment (Sabol et al., 1992) and in 5-HTT 2/2 mice
(Andrews et al., 1998), has to be addressed in future investiga-
tions. However, in contrast to that noted in the former two areas,
modifications in 5-HTT activity were apparently not associated
with alterations in 5-HT turnover in the striatum and the anterior
cortex. Such differences further support the idea that the regula-
tion of 5-HT synthesis and/or release exhibits regional variations
possibly due to variable density and/or functional efficacy of
terminal 5-HT autoreceptors from one brain area to another
(Briley et al., 1997).

In the DRN, serotonergic neurons are negatively controlled by
somatodendritic 5-HT1A autoreceptors (Sotelo et al., 1990; Haj-
Dahmane et al., 1991). Chronic increase in extracellular 5-HT
levels by long-term treatment with SSRIs is well known to pro-
duce 5-HT1A autoreceptor desensitization (Chaput et al., 1986;
Le Poul et al., 1995, 2000). Therefore, analysis of the functional

Table 2. Effects of intra-DRN injection of sense or antisense construct on 5-HT1A receptors

Antibodies (O.D.)
[35S]GTP-g-S (% of stimulation with
10 mM 5-CT)

DRN Hippocampus DRN Hippocampus

Control 11.3 6 0.4 14.1 6 0.3 1169 6 7 1338 6 20
Sense 10.6 6 0.4 NS 13.9 6 1.3 NS 1234 6 28* 1371 6 52 NS

(138%)
Antisense 10.2 6 0.5 NS 14.2 6 0.3 NS 1140 6 5* 1321 6 20 NS

(217%)

Immunoautoradiographic labeling with anti-5-HT1A antibodies and [35S]GTP-g-S binding were measured in the DRN and
the hippocampus 8 d after a single injection into the dorsal raphe nucleus of the sense, the antisense, or the nonrecombinant
(control) plasmid. Results are expressed as optical density values (O.D. in arbitrary units) or percent of stimulation over basal
of [35S]GTP-g-S binding in the presence of 10 mM 5-CT. Each value is the mean 6 S.E.M. of seven independent
determinations (each determination is the mean of data from six sections per rat).
NS, Nonsignificant; *p , 0.05 as compared with paired control values (Student’s t test).
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status of 5-HT1A autoreceptors was used to assess possible long-
term changes in extracellular 5-HT levels in rats injected with
recombinant plasmids. At a time when 5-HTT expression was
significantly modified, i.e., 8 d after injection of either construct,
5-HT1A receptor immunolabeling by specific antibodies was al-
tered nowhere in brain. In contrast, 5-HT1A receptor-mediated
increase in [35S]GTP-g-S binding by 5-CT was significantly en-
hanced or reduced in the DRN after injection of the sense or
antisense plasmid, respectively. Interestingly, such changes were

not observed in the hippocampus, in agreement with previous
observations after chronic treatment with SSRIs (Le Poul et al.,
2000) and in 5-HTT 2/2 mice (Fabre et al., 1998).

Further assessment of the functional status of 5-HT1A autore-
ceptors by recording the electrical activity of DRN 5-HT neurons
showed that the potency of the 5-HT1A agonist ipsapirone (Haj-
Dahmane et al., 1991) to inhibit the discharge of these neurons
was reduced in rats injected with the antisense plasmid. This
finding confirmed that 5-HTT downexpression was associated
with 5-HT1A autoreceptor desensitization, like that observed
after chronic 5-HTT blockade by SSRIs (Chaput et al., 1986; Le
Poul et al., 1995, 2000) or 5-HTT gene knock-out (Fabre et al.,
1998). Such similarities emphasize the capacity of 5-HT1A auto-
receptors to adapt to the long-term enhancement in extracellular
5-HT levels that (probably) occurs under these various condi-
tions. Interestingly, 5-HTT overexpression, which presumably
decreases extracellular 5-HT concentration, did not affect the
sensitivity of 5-HT1A autoreceptors in the DRN of rats injected
with the sense plasmid, in spite of a local increase in 5-HT1A-

Figure 7. Effects of administration of sense or antisense plasmid on the
potency of ipsapirone to depress the firing frequency of 5-HT neurons in
the dorsal raphe nucleus. A, Integrated firing rate (spikes/10 sec) histo-
grams of 5-HT neurons of the dorsal raphe nucleus in brainstem slices
exposed to ipsapirone (10–1000 nM). Recordings were made 8 d after
local injection of sense, antisense, or nonrecombinant (control ) plasmid.
Each horizontal bar represents bath application of ipsapirone for 3 min at
the indicated concentration. B, Concentration–response curves of
ipsapirone-induced inhibition of the firing rate of 5-HT neurons in brain-
stem slices. Results are expressed as a percentage of the baseline firing
rate in paired-control rats (open squares) and in rats injected with the
sense (dark triangles) or the antisense plasmid (dark circles). Each point is
the mean 6 SEM of three to five independent determinations. IC50 (6
SEM) values were calculated by nonlinear regression analysis, using
Inplot 4. *p , 0.05 as compared with paired-control rats (Student’s t test).

Figure 8. Effects of administration of the sense or the antisense plasmid
on the circadian sleep–wakefulness rhythm. A, Quantitative analysis of
W, SWS, or REMS during light and dark periods was made 8 d after
injection of sense, antisense, or nonrecombinant (control) constructs into
the dorsal raphe nucleus. Each bar (amount of the corresponding vigi-
lance state, in minutes per 12 hr of the light or the dark period) is the
mean 6 SEM of data obtained in seven rats. B, Difference in the amounts
of each vigilance state between the dark and the light period (for each
state, D5 [minutes per 12 hr of the dark period] 2 [min per 12 hr of the
light period]). Each bar is the mean 6 SEM of seven independent
determinations. *p , 0.05 and **p , 0.005 as compared with paired-
control rats (Student’s t test).
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mediated [35S]GTP-g-S binding. Because the latter change con-
cerned the whole pool of various types of G-proteins functionally
coupled with 5-HT1A autoreceptors (Hamon, 1997), this discrep-
ancy suggests that, among them, the G-protein selectively in-
volved in 5-HT1A autoreceptor-mediated inhibition of serotoner-
gic neuron firing might not be concerned by the increased
[ 35S]GTP-g-S binding. Studies of individual types of G-proteins
are needed to identify which of them were actually responsible for
the 5-HT1A-mediated increase in [35S]GTP-g-S binding in the
DRN of sense plasmid-injected rats.

In line with the well established involvement of serotoninergic
systems in sleep regulation (Jouvet, 1969), our data indicate that
5-HTT downexpression affected sleep–wakefulness rhythms.
However, in agreement with the lack of effect of tianeptine on
sleep in rats (Lejeune et al., 1988), no changes in sleep–wakeful-
ness circadian rhythm were noted after increased 5-HTT expres-
sion. In contrast, a significant decrease in the amplitude of circa-
dian sleep–wakefulness rhythm was observed in rats injected with
the antisense plasmid. The 5-HTT is highly expressed in the
hypothalamus (Amir et al., 1997), particularly in the suprachias-
matic nucleus, where the circadian oscillator is localized (Miller
et al., 1996). Lesion of the suprachiasmatic nucleus is known to
abolish circadian rhythms in the rat (Ibuka et al., 1977; Mouret et
al., 1978). Thus, it can be hypothesized that antisense plasmid-
induced changes in 5-HT neurotransmission, particularly in the
hypothalamus, might affect the activity of the circadian oscillator,
thereby altering sleep–wakefulness rhythms. Interestingly, 5-HT
uptake blockade by SSRIs has also been reported to increase W
and decrease SWS and REMS during the light period (Sommer-
felt et al., 1987; Maudhuit et al., 1994).

In conclusion, our data show the efficiency of nonviral gene
transfer to modulate 5-HTT expression in the rat brain. The fact
that 20–30% variations in 5-HTT density are enough to induce
significant alterations in 5-HT neurotransmission further under-
lines the key role of 5-HT reuptake in the homeostatic regulation
of the 5-HT system.
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