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Among the recently cloned serotonin (5-
hydroxytryptamine, 5-HT) receptors, the 5-HT

 

6

 

 subtype is 
of special interest for at least two reasons: 1) it is abundant 
in limbic areas which participate in the control of mood and 
emotion; and 2) some antidepressants and antipsychotics 
are potent 5-HT

 

6

 

 receptor antagonists. Studies using 
polyclonal anti-5-HT

 

6

 

 receptor antibodies and an antisense 
oligonucleotide were performed in order to investigate 
further the function(s) of 5-HT

 

6

 

 receptors in the rat brain. 
Immunocytochemistry at the light and electron microscope 
levels showed that 5-HT

 

6

 

 receptors are mainly confined to 
the dendritic compartment, suggesting that they could 
mediate 5-HT actions on neuronal firing. In some limbic 

areas, 5-HT

 

6

 

 receptor-like immunoreactivity is also 
associated with neuronal cilia with yet unknown functions. 
Continuous i.c.v. infusion with an antisense 
oligonucleotide for 3–4 days resulted in decreased 5-HT

 

6

 

 
receptor-like immunostaining of the nucleus accumbens and 
anxiogenic behaviours in the social interaction and elevated 
plus maze tests. Selective 5-HT

 

6

 

 receptor ligands are 
eagerly expected to investigate further the potential 
implication of these receptors in limbic-dependent 
behaviours.
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Extensive studies on the pharmacological properties of
serotonin (5-hydroxytryptamine, 5-HT) agonists and

antagonists for the last 40 years led to the concept of the
existence of several receptors mediating the multiple
functions of this neuroactive compound both in the cen-
tral nervous system (CNS) and at the periphery. Bind-
ing studies with various radioactive derivatives of these
molecules then provided the first direct demonstration
of the presence of distinct specific receptor binding sites
in brain membranes and sections (see Hoyer et al. 1994).
However, the definitive demonstration of the media-
tion of 5-HT actions through activation of several
classes of specific membrane-bound receptors was
achieved by the cloning and sequencing of correspond-
ing cDNAs. Indeed, transfection of encoding sequences
into various cell lines which do not constitutively ex-
press the receptors results in the synthesis and mem-
brane addressing of the corresponding receptor pro-
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teins, thereby making the transfected cells responsive to
their specific ligands. Thanks to these molecular biol-
ogy approaches, it has thus been demonstrated that 5-HT
exerts its pleiotropic actions through the activation of
14 different receptor types, plus additional variants re-
sulting from alternative splicing and/or editing of pri-
mary transcripts (see Baumgarten and Göthert 1997).

As expected, several of the 5-HT receptors isolated
by molecular biology approaches actually correspond
to those which were previously extensively character-
ized on the basis of their pharmacological and func-
tional properties, as well as their distribution both in
the CNS and at the periphery. This is notably the case of
several receptor types that belong to the 5-HT

 

1

 

 (5-HT

 

1A

 

,
5-HT

 

1B

 

, 5-HT

 

1D

 

), the 5-HT

 

2

 

 (5-HT

 

2A

 

, 5-HT

 

2C

 

), the 5-HT

 

3

 

,
and the 5-HT

 

4

 

 classes of 5-HT receptors (Hoyer et al.
1994). However, other clones do not correspond to pre-
viously characterized receptors. Among them, the 5-HT

 

6

 

receptor is of special interest because it seems to be ex-
pressed (almost) exclusively in the CNS (Monsma et al.
1993; Ruat et al. 1993). Its 438-amino acid sequence in
the rat is suggestive of a typical G-protein coupled re-
ceptor with seven hydrophobic domains that probably
span the plasma membrane (Kohen et al. 1996; Branchek
and Zgombick 1997). Indeed, pharmacological charac-
terization of 5-HT

 

6

 

 receptors expressed in various trans-
fected cell lines showed that they are positively coupled
with adenylyl cyclase through a functional interaction
with G

 

a

 

S (Monsma et al. 1993; Ruat et al. 1993; Max et
al. 1995; Branchek and Zgombick 1997). Interestingly,
low concentrations of several tricyclic antidepressant
and typical and atypical (i.e. clozapine-related) antipsy-
chotic drugs affect 5-HT

 

6

 

-mediated production of cyclic
AMP in these cells (Monsma et al. 1993; Roth et al. 1994;
Boess et al. 1997; Grimaldi et al. 1998), suggesting that
5-HT

 

6

 

 receptors in brain might be potential targets for
these psychotropic drugs. In addition, these data sup-
port the idea that selective 5-HT

 

6

 

 receptor ligands might
be endowed with specific psychotropic actions, and of
potential interest for the treatment of psychiatric dis-
eases. However, to date, little is known about the func-
tions of central 5-HT

 

6

 

 receptors notably because phar-
macological tools for relevant investigations are quite
scarce. Indeed, no selective 5-HT

 

6

 

 agonist is yet avail-
able and selective 5-HT

 

6

 

 antagonists with relatively
high affinity have only recently been developed (Sleight
et al. 1998).

In order to gain information on the possible func-
tional roles of 5-HT

 

6

 

 receptors in the rat brain, two dif-
ferent approaches have been selected in the present
study: 1) the development of specific antibodies for the
visualization of 5-HT

 

6

 

 receptors at the light and electron
microscope levels; and 2) the use of a specific antisense
oligonucleotide to selectively inhibit the expression of
5-HT

 

6

 

 receptors, and investigate the consequences on
the rat behaviour in various paradigms.

 

MATERIALS AND METHODS

Preparation of Affinity-Purified Anti-5-HT

 

6

 

 
Receptor Antibodies

 

A synthetic octadecapeptide (LPGEATRDPPPPTRA-
TTV), corresponding to a portion (Leu

 

398

 

-Val

 

415

 

) of the C
terminal domain of the rat 5-HT

 

6

 

 receptor (Kohen et al.
1996), was conjugated to keyhole limpet hemocyanin
according to the protocol of El Mestikawy et al. (1990).
This portion of amino acid sequence is highly selective
of the 5-HT

 

6

 

 receptor since no significant homology was
found with the equivalent portion of any other seroto-
nin receptor or with any other protein sequence avail-
able in data bases (GenBank, EMBL, SWISSPROT and
Genpept databases). A white New Zealand male rabbit
was immunized with 0.2 mg of the conjugated peptide
each four-weeks for six months, and blood was col-
lected four weeks after the last injection. After clotting,
the resulting antiserum was decomplemented by heat-
ing at 56

 

8

 

C for 30 min, dialyzed extensively against
0.9% NaCl, and affinity purified on Affi-Gel 10 conju-
gated with the synthetic octadecapeptide antigen
(Gérard et al. 1997). Extensive characterization of affinity
purified anti-5-HT

 

6

 

 receptor antibodies included ELISA
and immunoautoradiographic procedures (Gérard et al.
1997).

 

Light Microscopic Immunocytochemistry

 

Adult male Wistar rats were anaesthetized with pento-
barbital (60 mg/kg, i.p.) and perfused via the ascending
aorta with 50–100 ml of 0.9% (w/v) NaCl containing
sodium nitrite (1 g/l), followed by 350 ml of 4%
paraformaldehyde in 0.1 M sodium phosphate buffer
(PB), pH 7.4. Except when indicated, all steps were per-
formed at room temperature. The brains were quickly
removed and postfixed by immersion for 3 hr in the
same fixative. Brains were cryoprotected for 48 hr with
25% sucrose containing 0.1% sodium azide in PB (with
change for a fresh medium after 24 hr), then frozen at

 

2

 

30

 

8

 

C, and 30 

 

m

 

m coronal sections were cut using a mi-
crotome (Leica) at 

 

2

 

18

 

8

 

C. Sections were collected in
phosphate-buffered saline (PBS, 50 mM NaH

 

2

 

PO

 

4

 

/
Na

 

2

 

HPO

 

4

 

, 154 mM NaCl, pH 7.4), treated with 1% (v/v)
H

 

2

 

O

 

2

 

 for 30 min to block endogenous peroxidase activ-
ity, and then washed with the same buffer for a further
30 min. Free floating sections were preincubated in PBS
containing 3% (w/v) bovine serum albumin (BSA) for
30 min to reduce non-specific binding of the antibodies.
All subsequent incubations with either primary or sec-
ondary antibodies were performed in PBS containing
1.5% BSA, with continuous gentle agitation. Sections
were first incubated overnight at 4

 

8

 

C in the presence of
affinity-purified anti-5-HT

 

6

 

 receptor antibodies (dilu-
tion 1:2000) and 0.1% Triton X-100. After extensive
rinses in PBS, sections were processed using the avidin-
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biotin-peroxidase (ABC) staining mehod. In brief, they
were incubated with biotinylated goat anti-rabbit IgG
(Vector, dilution 1:250) for 1 hr, washed with PBS and
then exposed to the avidin-biotin-peroxidase complex
(Vector, dilution 1:200) for 1 hr (see Gérard et al. 1997
for details). After a further rinse in PBS, the peroxidase
activity was finally visualized by incubating sections in
0.02% (w/v) 3,3

 

9

 

-diaminobenzidine (DAB) dissolved in
50 mM Tris-HCl, pH 7.4, for 15 min, and then for a fur-
ther 2–5 min after the addition of 0.002% (v/v) hydro-
gen peroxide to the incubating medium. Alternatively,
peroxidase activity was revealed using the chromogen
VIP (Vector) according to a slight modification of the
protocol of Zhou and Grofova (1995). Briefly, sections
were washed extensively in 0.01 M PBS, pH 7.4, then in-
cubated for 20 min in the dark with the VIP complex di-
luted in the same buffer according to the manufac-
turer’s instructions. Peroxidase activity was revealed by
the addition of a drop of hydrogen peroxide to the incu-
bating medium (5 ml), followed by a 6–15 min incuba-
tion. After extensive washing with PBS, sections stained
with DAB or VIP were transferred to gelatin-coated
slides, dried and dehydrated before being mounted
with Permount under glass cover-slips.

 

Electron Microscopic Immunocytochemistry

 

Rats were anaesthetized and perfused as above except
that 0.1 M glutaraldehyde was added to the fixative. Af-
ter postfixation in the same fixative without glutaralde-
hyde, brains were transferred to PBS and 50 

 

m

 

m coronal
sections were cut using a vibratome (Lancer). Free float-
ing sections were then treated as above except that Tri-
ton X-100 was omitted. After development of peroxi-
dase activity, sections were rinsed and postfixed with
2% osmium tetroxide in 0.1 M PB, pH 7.4, for 45 min,
then dehydrated in graded ethanol solutions and im-
pregnated overnight in Epon (DAB stained sections) or
Araldite (VIP stained sections) at 37

 

8

 

C. Sections were
flat-embedded between two silicon coated slides and
the resin was allowed to polymerize at 60

 

8

 

C for 24–48
hr. Ultrathin sections were cut with an ultramicrotome
(Reichert), collected on bare 300 mesh copper grids and
stained with Reynold’s lead citrate for 15 min. They
were finally examined at 80 kV with a JEOL 100 CK
electron microscope.

 

Intracerebroventricular Infusion 
of Oligonucleotides

 

An antisense oligonucleotide was designed against the
initiation codon of the rat 5-HT

 

6

 

 receptor mRNA. Its se-
quence, 5

 

9

 

-GCCTGGCTCTGGAACCAT-3

 

9

 

, was com-
plementary to nucleotides 1–18 of the transcript. A mis-
sense oligonucleotide was used as control. The absence
of homology between these oligonucleotides and any

other mammalian sequence was confirmed through a
search in the GenBank database using the National
Center for Biotechnology Information BLAST server
(Altschul et al. 1990). To improve resistance to nu-
cleases, the oligonucleotides (Boehringer Mannheim,
Germany) were phosphorothioate-modified at the two
terminal bases of both 3

 

9

 

 and 5

 

9

 

 ends.
Adult male Wistar rats (260–280 g) were anaesthe-

tized with ketamine/diazepam (70/5 mg/kg, i.p.) and
placed in a stereotaxic frame. A cannula was implanted
into the left lateral ventricle (AP 

 

5

 

 

 

2

 

7.9 mm, L 

 

5

 

 1 mm
from the interaural line; H 

 

5

 

 3.5 mm below the surface
of the skull) and an Alzet osmotic minipump (mod.
1003D, 100 

 

m

 

l) was connected to the cannula via a poly-
ethylene catheter. After the surgical procedure, animals
were housed individually and received either the anti-
sense or the missense oligonucleotide (2.2 

 

m

 

g/

 

m

 

l; 1 

 

m

 

l/
h) or saline (1 

 

m

 

l/h) for four consecutive days. Rectal
temperature, body weight and the amount of food con-
sumed by each animal were recorded every morning.

 

Stereological Counting

 

Two series of adjacent coronal sections (30 

 

m

 

m) were
prepared, one for light microscopic immunocytochem-
istry using the DAB technique described above and the
other for Nissl staining with thionin to determine the
cytoarchitectonic boundaries of the nucleus accumbens.
The number and length of the cilia-like structures la-
belled with the anti-5-HT

 

6

 

 receptor antibodies in the nu-
cleus accumbens were quantified with the C.A.S.T. Grid
System (Olympus, Denmark) using a Leitz microscope.
The total volume of the nucleus accumbens in the hemi-
sphere ipsilateral or contralateral to the i.c.v. infusion
was estimated by using the Cavalieri principle (Gun-
dersen and Jensen 1987; Michel and Cruze-Orive 1988)
for the unbiased quantification of arbitrarily shaped
volumes. The number of immunoreactive cilia was un-
biasedly estimated by optical disector systematically
subsampled on each Cavalieri slice, according to well
established protocols (Sterio 1984; West et al. 1996). All
cilia coming into focus that were inside the limits of the
disector were counted, from 3 to 13 

 

m

 

m starting from
the surface of the section. The cilia were only counted if
the upper part of the cilium was inside the limits of the
disector and fulfilled the rules for counting (Sterio
1984).

 

Behavioural tests

 

Rats were kept under conditions of constant tempera-
ture (22 

 

6

 

 1

 

8

 

C), free access to food and water, and con-
trolled lighting on a 12 hr light/dark cycle with lights
off at 8:00 PM. All experiments were carried out accord-
ing to the European Community Council Directive of 24
November 1986 (86/609/EEC). Behavioural tests, al-
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ways performed during the light period (between 9:00
AM and 2:00 PM), were conducted in parallel in rats
which had been treated with the antisense or the mis-
sense oligonucleotide, and control rats that received
only i.c.v. saline under the same conditions (see above).

The social interaction test was performed as de-
scribed by File (1980). Weight-matched (

 

6

 

5 g) pairs of
rats, unfamiliar with each other, were placed in a black
wooden open-topped box (65 

 

3

 

 65 

 

3

 

 45 cm high) under
bright white light (100 W). Active social interaction
(sniffing, walking around, mutual grooming, climbing
over and crawling under partner) and number of con-
tacts were recorded for 10 min using a digital Videomex-
V-system (Columbus Inst. USA). At the end of each test,
the box was thoroughly wiped clean.

The behaviour of rats in the elevated plus maze was
evaluated 72 hr after initiation of i.c.v. infusion accord-
ing to the procedure described by Pellow et al. (1985).
The number of entries in the two open arms (50 

 

3

 

 10
cm) and the two closed arms (50 

 

3

 

 10 

 

3

 

 40 cm) and the
total time spent in the open arms were scored for 5 min.
The maze was thoroughly wiped clean after each trial.

Spontaneous locomotor activity was measured after
three days of continuous i.c.v. infusion of either the an-
tisense oligonucleotide, the missense one or the vehicle
(saline). Rats were placed in a black wooden open-
topped box as above and distance traveled in cm was
measured for two consecutive periods of 15 min by us-
ing a digital Videomex-V system working with the ap-
propriate computer program (Columbus Inst., USA).

 

RESULTS AND DISCUSSION

Immunocytochemical Distribution of 5-HT

 

6

 

 
Receptors in the Rat Brain

 

Low Magnification Light Microscopy.  

 

A dense im-
munostaining was observed in the frontal, entorhinal
and piriform cortices, the nucleus accumbens, the cere-
bellum, the caudate-putamen (Figure 1A), the hippo-
campus (particularly the dentate gyrus and the CA1 area
of Ammon’s horn, Figure 1B), the olfactory tubercle
(plexiform layer), and the islands of Calleja (Figures 2A
and B). A moderate intensity of staining was found in
the other cortical zones, the taenia tecta, the substantia
nigra, the oculomotor nucleus, the red nucleus, the mo-
tor trigeminal nucleus and the facial nucleus. In con-
trast, very low to undetectable 5-HT

 

6

 

 receptor-like im-
munoreactivity was noted in the septum, the globus
pallidus (Figure 1A), the hypothalamus, the colliculi
and the raphe nuclei (see Gérard et al. 1997). Indeed, in
the latter structures, immunostaining only slightly ex-
ceeded the background level of sections which had
been incubated with preimmune serum or antibodies
saturated with the synthetic octadecapeptide antigen
(not shown). This distribution generally matched that

Figure 1. 5-HT6 receptor immunolabeling in rat brain sec-
tions at the level of the striatum (A, C, E) and the hippocam-
pus (B, D, F). A, B: low magnification micrographs showing
the 5-HT6-like immunostaining in the caudate-putamen
(CPu), the dentate gyrus (DG) and CA1 area of the hippo-
campus, the cerebral cortex (Cx) and the claustrum (Cl), and
the very low level of immunoreactivity in the globus palli-
dus (GP). C, D: high magnification of areas indicated by
asterisks (*) in A and B, respectively, showing that 5-HT6 -
like immunoreactivity is located in the neuropil and absent
at the level of cell bodies (LV, lateral ventricle; Mol, molecu-
lar layer, Gr, granule cell layer); blood vessels are indicated
by stars. E, F: electron micrographs of dense 5-HT6 immu-
nostaining of dendritic spines (S) at the level of the postsynap-
tic side of synapses (arrows) with unlabelled terminals (T).
Scale bars: A, B: 1.5 mm; C, D: 200 mm; E, F: 0.25 mm.
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of the 5-HT6 receptor transcript (Ward et al. 1995;
Gérard et al. 1996). Nevertheless, some mismatches
were found. Thus, areas such as the hypothalamus, the
habenula and the raphe nuclei contain significant
amounts of 5-HT6 receptor mRNA (Ward et al. 1995;
Gérard et al. 1996) but almost undetectable 5-HT6 recep-
tor-like immunoreactivity. Conversely, 5-HT6 receptor
mRNA could not be detected in the thalamus (Ward et
al. 1995) where 5-HT6 receptor-like immunoreactivity
was observed. In the cerebellum, low levels of 5-HT6 re-
ceptor-mRNA are found (Ward et al. 1995; Gérard et al.
1996) together with high levels of immunoreactivity, es-
pecially in the molecular layer. These discrepancies can

be explained either by regional variations in the effi-
ciency of translation and/or transcription of the 5-HT6

receptor gene, or by the transport of the receptor pro-
tein at some distance from its site of synthesis. Higher
resolution immunocytochemistry was then performed
in order to determine the cellular and ultrastructural lo-
calizations of 5-HT6 receptors.

High Magnification Light Microscopy.  In the hippo-
campus, 5-HT6 receptor-like immunoreactivity was
mainly found in the strata oriens and radiatum of the
CA1 area and the molecular layer of the dentate gyrus
oriens (Figure 1D). In contrast, the pyramidal and gran-

Figure 2. 5-HT6 receptor immunola-
beling of cilia-like processes in the
olfactory tubercle and the islands of
Calleja. A, B, C: light microscope
immunolabeling at low and medium
magnification in the olfactory tubercles
(Tu; A) and the islands of Calleja (ICj;
A-C). In the latter areas, immunoreac-
tive processes are concentrated in the
periphery and the hilus (H) is almost
devoid of immunolabeling. D: Nomar-
ski interference contrast image at high
magnification of immunolabeling in
the islands of Calleja. Two immunore-
active processes (arrows) are emerging
from cell bodies (CB, arrowheads). E, F:
electron microscope immunocytochemi-
cal labeling in the islands of Calleja.
Sections were processed for electron
microscopy with revelation of peroxi-
dase activity using VIP (E) or DAB (F).
E: A labeled cilium-like process cut
transversally shows a circular array of
microtubules (M, arrows). F: When cut
longitudinally, the labeled process
(arrowheads) arising from a cell body
allows the visualization of an unla-
beled basal body with microtubules
(M, arrows). T: unlabeled terminals.
Scale bars: A: 200 mm; B: 100 mm; C: 20
mm; D: 10 mm; E: 0.25 mm; F: 0.35 mm.
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ular cell layers were devoid of immunolabeling. This
distribution, together with the presence of the corre-
sponding mRNA in the latter two layers (Ward et al.
1995), indicates that 5-HT6 receptors are probably trans-
ported from pyramidal and granular cell bodies to den-
dritic areas. In the caudate-putamen, 5-HT6 receptor-
like immunoreactivity is confined to the neuropil with
no immunolabeling of cell bodies (Figure 1C). Previous
in situ hybridization studies demonstrated the colocal-
ization of the 5-HT6 receptor mRNA with substance P
and/or dynorphin mRNAs as well as enkephalin
mRNA indicating that 5-HT6 receptors are expressed by
both striato-nigral and striato-pallidal efferent neurons
(Ward and Dorsa 1996). Thus, it can be inferred that, in
the striatum, 5-HT6 receptors are probably located on
dendrites of mixed GABAergic/peptidergic medium
size spiny neurons that project to the substantia nigra or
the globus pallidus. The absence of immunolabeling in
the latter area is consistent with the addressing of 5-HT6

receptors exclusively to the dendritic compartment of
striato-pallidal neurons. On the other hand, 5-HT6 re-
ceptor-like immunoreactivity in the substantia nigra
could be due to receptors located on intrinsic neurons,
as 5-HT6 receptor mRNA has been detected in this
structure by quantitative RT-PCR (Gérard et al. 1996).
In both the striatum and the hippocampus, immunola-
beling appeared to be associated only with neuronal el-
ements, although expression of 5-HT6 receptors by glial
cells cannot be excluded (Hirst et al. 1997).

In addition to the diffuse immunolabeling of the
neuropil, a more discrete punctate specific staining was
observed in a few brain areas. At higher magnification,
this staining appeared to correspond to immunolabeled
elongated processes of 0.5 mm or less width and ca. 10
mm length, especially in the nucleus accumbens, the
caudate-putamen, the plexiform layer (layer 2) of the ol-
factory tubercles and the islands of Calleja (except the
central hilus, Figures 2C and D). Nomarski interference
contrast microscopy allowed the visualization of immu-
nolabeled processes as short extensions emerging from
cell bodies (Figure 2D).

Electron Microscopy.  In both the striatum and the
hippocampus, immunostaining at the electron micro-
scope level was mainly associated with dendrites mak-
ing synapses with unlabeled axon terminals (Figures 1E
and F). Synaptic differentiations appeared more heavily
labeled in the striatum, whereas in the hippocampus,
dendritic profiles were generally filled with immunore-
activity. This ultrastructural localization of 5-HT6 recep-
tors confirmed that they are mainly addressed to the
dendritic compartment. Accordingly, they might partic-
ipate in 5-HT-mediated control of the discharge of neu-
rones contacted by serotoninergic terminals.

Examination of the elongated immunoreactive pro-
cesses already observed using high magnification light

microscopy showed that immunolabeling did not in-
clude the initial segment that emerges from the cell
body (Figure 2F). At this level, unlabeled microtubules
could be observed, indicating that these immunoreac-
tive processes have a typical ciliary structure. Indeed,
cross sections of processes showed the expected nine
doublet circular array of microtubules, but no doublet
was found in the centre (Figure 2E). Cilia arising from
neurons have been previously described in different re-
gions of the brain (Peters et al. 1991). Thus, dopaminer-
gic neurons in the ventral tegmental area (Bayer and
Pickel 1990) and neuropeptide Y-immunoreactive neu-
rons in the striatum (Wolfrum and Nitsch 1992) are
known to possess cilia. In addition, a recent study dem-
onstrated that the sst3 type of somatostatin receptors is
also targeted to neuronal cilia in numerous regions in
the rat brain (Händel et al. 1999). Like the 5-HT6-immu-
noreactive cilia (Figures 2E and F), those described in
these previous studies also exhibit a configuration char-
acteristic of non motile cilia where the central pair of
microtubules is missing. Although cilia of central neu-
rons can be vestigial and functionless, a sensory func-
tion might be postulated for these processes, by analogy
with the retina where the outer segments of rods and
cones are formed by modified and enlarged cilia (see
Peters et al. 1991). In addition, olfactory cilia that also
exhibit the typical non motile structure, are known to
play a key role in olfaction through their expression of
numerous G-protein-coupled receptors sensitive to
odorants (Ronnett and Snyder 1992). Thus, it can be hy-
pothesized that 5-HT6 receptors on cilia would enable
the ciliated neurons to sense the concentration of 5-HT
in the immediate milieu. The striking feature of neu-
ronal cilia endowed with 5-HT6 receptor-like immu-
noreactivity is that only a few brain areas are con-
cerned, suggesting that 5-HT6 receptors might be
involved in cilia-mediated functions only in these areas.

Effects of I.C.V. Infusion of 
Antisense Oligonucleotide

Stereological counting of 5-HT6 receptor-like immu-
noreactive elements was made in the nucleus accum-
bens because previous data showed that this limbic
structure is involved in anxiety-driven behaviours like
those investigated in the present study (Ladurelle et al.
1995; Duncan et al. 1996). As expected of a decreased
synthesis of 5-HT6 receptors, the total number of 5-HT6

receptor-like immunoreactive cilia in the nucleus ac-
cumbens ipsilateral to i.c.v. infusion was significantly
lower (225%) in rats treated for four days with the anti-
sense oligonucleotide (1,060,637 6 44,450) than in those
treated with the missense one (792,983 6 33,957; means 6
S.E.M., n 5 5 in each group, p , .01). In the nucleus
accumbens of the contralateral hemisphere, antisense
oligonucleotide-treatment also reduced significantly
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the total number of cilia, by ca. 19 % (p , 0.01), as com-
pared to that found in missense-treated rats.

Treatments with either antisense or missense oligo-
nucleotide produced no effect on rectal temperature
and daily food intake. A slight but non significant de-
crease in body weight (25–8%) could be observed after
the surgical procedure, but there was no significant dif-
ference between the two group treatments. In contrast,
paradigms designed to assess anxiety-driven behav-
iours revealed specific alterations in rats that had been
treated with the antisense oligonucleotide. In the social
interaction test under high light unfamiliar conditions,
the four day-treatment with the antisense oligonucle-
otide significantly decreased both the time spent in
social interaction and the number of contacts, as com-
pared to control rats treated with the missense oligonucle-
otide (Figure 3). At this time point, the social interaction
time of rats that had been i.c.v. infused with saline (239 6
12 sec, mean 6 S.E.M., n 5 5) did not significantly differ
from that of animals treated with the missense oligonu-
cleotide.

In the elevated plus-maze, the total number of en-
tries into both types of arms for saline-treated controls
was 13.4 6 2.1 (mean 6 S.E.M., n 5 6), three days after
the onset of i.c.v. infusion. This number was not
changed by missense or antisense oligonucleotide treat-
ment. The percentage of time spent in open arms by an-
imals treated with saline or the missense oligonucle-
otide was 28.5 6 4.1 (mean 6 S.E.M., n 5 6) and 26.3 6
3.8 (mean 6 S.E.M., n 5 8), respectively. This percent-
age was only 18.7 6 3.8 (mean 6 S.E.M., n 5 8) for rats
treated with the antisense oligonucleotide, indicating a
significant decrease (p , .05) as compared to the other
two groups. The percentage of entries into the open
arms also tended to be reduced in rats treated with the
antisense oligonucleotide, but the difference did not
reach statistical significance.

Quantification of the locomotor activity indicated
that the distance traveled by control rats that had been
i.c.v. infused with saline was 1296 6 112 and 473 6 36
cm (means 6 S.E.M., n 5 6) for the first and the second
15 min period, respectively. Similar values were found
for rats that had been treated with the missense (1308 6

104 and 480 6 41 cm, n 5 5) or the antisense (1246 6 156
and 466 6 40, n 5 6) oligonucleotide, indicating that
these treatments did not affect locomotor activity.

These data indicated that chronic i.c.v. administra-
tion of an antisense oligonucleotide to decrease 5-HT6

receptor expression in the rat brain (e.g., the nucleus ac-
cumbens) produced anxiogenic-like responses in two
different paradigms. Phosphorothioate-modified oligo-
nucleotides have frequently been reported to produce
non specific effects suggestive of neurotoxicity such as
elevated body temperature and suppressed food and
water intake. However, such changes did not occur in
the present study, and the small reduction in body
weight which was observed in both antisense- and mis-
sense-oligonucleotide-treated rats could probably be as-
cribed only to the surgical procedure. Surprisingly, we
did not observe the behavioural syndrome of yawning,
stretching and chewing that has been reported to occur
after repeated i.c.v. injections of antisense oligonucle-
otide (Bourson et al. 1995) or acute systemic administra-
tion of antagonists (Sleight et al. 1998) to decrease 5-HT
action at 5-HT6 receptors. Indeed, this behavioural syn-
drome was also not observed in a recent study using
continuous i.c.v. administration of an antisense oligo-
nucleotide (Yoshioka et al. 1998). In addition, homozy-
gous mutant mice which do not express the 5-HT6 re-
ceptor also exhibit no gross behavioral abnormalities
and perform normally in a rotorod assay of motor coor-
dination (Tecott et al. 1998). The different methods used
for altering 5-HT6 receptor function, acute or repeated
treatments by Sleight and coworkers (Bourson et al.
1995; Sleight et al. 1998) versus continuous treatments
in the present and other studies, may possibly account
for the discrepancies.

CONCLUSIONS

Immunocytochemistry with specific polyclonal anti-
bodies showed that 5-HT6 receptors are mainly located
in limbic (nucleus accumbens, olfactory tubercle, hip-
pocampus) and some extrapyramidal (caudate-puta-
men, substantia nigra) areas in the rat brain. Their ad-

Figure 3. Effect of i.c.v. infusion (2.2
mg/ml/hr) for four consecutive days
of an antisense oligonucleotide specific
of the 5-HT6 receptor, or of a missense
oligonucleotide, on the behaviour or
rats in the social interaction test. Val-
ues are the means 6 S.E.M. of 10 pairs
of rats. * p , .05, ** p , .01 as com-
pared to rats treated with the missense
oligonucleotide (Student’s t-test).
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dressing to the dendritic compartment suggests that
they could mediate modulatory actions of 5-HT on the
firing of neurons contacted by serotoninergic projec-
tions. In addition, in several brain areas (nucleus ac-
cumbens, islands of Calleja, olfactory tubercle, caudate-
putamen), 5-HT6 receptors are located on neuronal cilia
whose structure is typical of non motile cilia possibly
involved in chemosensory functions. Previous studies
showed that neither serotoninergic (Gérard et al. 1996)
nor dopaminergic (unpublished observations) neurons
are endowed with 5-HT6 receptors. In contrast, GABA-
containing neurons in the striatum and glutamate-con-
taining neurons in the hippocampus could be the tar-
gets of 5-HT actions mediated by 5-HT6 receptors.
Whether these neurons participate in the anxiogenic-
like behaviour resulting from the reduction in 5-HT6 re-
ceptor expression in rats treated with specific antisense
oligonucleotide is an open question for future investi-
gations.
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