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Abstract

Successful application of antisense oligonucleotides (ODNs) in cell biology and therapy will depend on the ease of design, efficiency
of (intra)cellular delivery, ODN stability, and target specificity. Equally essential is a detailed understanding of the mechanism of antisense
action. To address these issues, we employed phosphorothioate ODNs directed against specific regions of the mRNA of the serotonin
5HT1A receptor, governed by sequence and structure. We demonstrate that rather than various intracellular factors, the gene sequence per
se primarily determines the antisense effect, since 5HT1a autoreceptors expressed in RN46A cells, postsynaptic receptors expressed in SN48
cells, and receptors overexpressed in LLP-K1 cells are all efficiently downregulated following ODN delivery via a cationic lipid delivery
system. The data also reveal that the delivery system as such is a relevant parameter in ODN delivery. Antisense ODNs bound extensively
to the RNA matrix in the cell nuclei, thereby interacting with target mRNA and causing its subsequent degradation. Antisense delivery
effectively diminished the mRNA pool, thus resulting in downregulation of newly synthesized 5HT1A proteins, without the appearance of
truncated protein fragments. In conjunction with the selected mRNA target sequences of the ODNs, the latter data indicated that effective
degradation rather than a steric blockage of the mRNA impedes protein expression. The specificity of the antisense approach, as described
in this study, is reflected by the effective functional downregulation of the 5-HT1A receptor.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

Antisense oligonucleotides (ODNs) offer a great poten-
tial as sequence-specific modulators of gene expression,
which may be exploited for therapeutic and cell biological
purposes. In fact, recent evidence suggests that mammalian
cells do use natural antisense transcripts to regulate gene
expression [1,2].

Work carried out thus far indicates that ODNs per se
poorly permeate across cellular membranes. As transport

vehicles, cationic lipids strongly promote cellular entry,
which appears to proceed along the pathway of endocytosis
[3]. Physical parameters of the complex, in particular a
lamellar-to hexagonal phase transition of the lipid phase [4],
subsequently determine the ability of the ODNs to translo-
cate across the endosomal membrane and to acquire access
to the nucleus, reflected by the specific accummulation of
fluorescently tagged ODNs [5,6]. Once in the nucleus, an-
tisense ODNs may form compact nuclear bodies or longi-
tudinal rodlets in a concentration-dependent manner [7], but
the implication to the antisense effect remains unclear.

Several mechanisms have been proposed as to how gene
expression is inhibited [8], including antisense ODN hy-
bridization with target mRNA, thereby providing a steric
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block for the translation machinery [9,10] or an effective
target for RNase H, resulting in mRNA degradation [11,12].
Furthermore, to reliably attribute the effect of ODNs to a
specific antisense effect, it is equally essential to demon-
strate a direct link between target specificity and functional
consequences, resulting from the downregulation of protein
expression [13–17].

To obtain further insight into the mechanism by which
ODNs cause their antisense effect, we have investigated the
effect of ODNs directed against the serotonin receptor
5-HT1A as a target gene. Since this receptor is involved in
diseases like depression and anxiety, the receptor is of
obvious neurological interest as a potential therapeutic tar-
get. In addition, these receptors are widely distributed in the
CNS, being expressed on different cell types, yet genetically
and structurally indistinguishable. This provided an oppor-
tunity to investigate cell type-dependent antisense effects
involving the same protein receptor, i.e., the 5-HT1A re-
ceptor as naturally expressed in raphe neuronal cells
(RN46A) and septal neuronal cells (SN48) and overex-
pressed in mouse LLP-K1 cells. Here we show a direct
correlation between mRNA downregulation and an inhibi-
tion of both expression and functioning of a membrane
receptor, 5-HT1A. Our data support a mechanism involving
antisense ODN-induced degradation of the target mRNA,
triggered via binding to the RNA matrix in the nucleus.

Materials and methods

Materials and ODNs

SAINT-2 was synthesized as described in detail else-
where [18]. Lipofectamine 2000 was purchased from In-
vitrogen. All other chemicals were from Sigma (St. Louis,
MO, USA), unless stated otherwise. Two antisense PS-
ODNs, complementary to rat 5-HT1A mRNA (for sequence
see GeneBank Accession No. J05276), targeted to bp 115–
128 (antisense 1, AS1) and bp 885–902 (antisense 2, AS2)
with the sequences ATC CAT GCC TGC CT and ACT
ACC TGG CTG TCC GTT, respectively, as well as two
mismatched randomized ODNs with the sequences TCC
TCT TCG ACT GCT CTC (MAS1) and ACC TAC GTG
ACT ACG T (MAS2), and a fluorescein-labeled random-
ized-sequence, ACT ACT ACA CTA GAC TAG, were
designed and manufactured by Biognostik (Göttingen, Ger-
many). All ODNs were thioated and purified by HPLC,
cross-flow dialysis, and ultrafiltration. Biotin-labeled phos-
phorothiate ODNs were synthesized by Invitrogen Ltd.
(Breda, The Netherlands).

Cell culture

RN46A and SN48 cells were kindly provided by Dr. Paul
Albert, University of Ottawa, Ottawa, Canada [19,20].
RN46A cells were maintained in Dulbecco’s modified Ea-

gle’s medium (DMEM, Life technologies, Paisley, UK)
supplemented with 10% fetal calf serum, 2 mM L-glu-
tamine, and penicillin (50 U/ml)/ streptomycin (50 U/ml) at
a permissive temperature of 33°C in 5% CO2. RN46A cells
were differentiated by substituting serum for a mixture of 1
% bovine serum albumin in DMEM, containing 1 �g/ml
transferrin, 5 �g/ml insulin, 6.3 �g/ml progesterone, and
16.1 �g/ml putrescine at 39°C [21]. SN48 cells were main-
tained in DMEM supplemented with 10% fetal calf serum,
2 mM L-glutamine, and penicillin (50 U/ml)/ streptomy-
cin(50 U/ml) at 37°C in 5% CO2. After transfection, SN48
cells were differentiated by a reduction of the fetal calf
serum concentration to 1% and the addition of 1 �M reti-
noic acid [20]. LLP-K1 cells stably transfected with the
5-HT1A receptors (LLP-5-HT1A) were kindly provided by
Dr. Michèle Darmon, Boulevard de I’Hôpital, Paris, France
[22]. LLP-5-HT1A cells were maintained in DMEM sup-
plemented with 10% fetal calf serum, 2 mM L-glutamine,
and penicillin (50 U/ml)/streptomycin (50 U/ml) at 37°C in
5% CO2 under the selection of 1 mg/ml geneticin.

Preparation of antisense complexes and their incubation
with cells

Antisense ODNs were complexed with sonicated cat-
ionic lipid vesicles consisting of SAINT-2 and DOPE (1:1)
as described in detail elsewhere [6]. In preliminary work,
Lipofectamine 2000, purchased from Invitrogen, was also
employed, and antisense ODN complexes were prepared
essentially as instructed by the manufacturer. Where indi-
cated, 0.5 mol% N-(lissamine rhodamine sulfonyl)-PE (N-
Rh-PE, Avanti Polar Lipids Inc) was included in the lipid
mixture to monitor the fate of the lipid complex by confocal
fluorescence microscopy. Antisense/cationic lipid com-
plexes were prepared as follows: 15 nmol SAINT-2/DOPE
vesicles or 1–3 �l Lipofectamine 2000, diluted in 500 �l
DMEM, was gently mixed (4–5 min) with 0.1 nmol ODNs,
also diluted in 500 �l DMEM. The complexes were allowed
to equilibrate for 20 min at room temperature, after which
time they were immediately added to the cell cultures. After
4 h incubation with antisense ODN complexes, the cells
were washed with Hanks’ balanced salt solution (HBSS,
Life Technologies), and analyzed directly with a TCS Leica
SP2 confocal laser scanning microscope (Wetzlar, Ger-
many). To quantify cellular binding and uptake of FITC-
ODNs, cells were rinsed with PBS, trypsinized, and resus-
pended in medium prior to quantifying fluorescence by
FACS. FITC-labeled beads were used as a standard.

Analysis of newly synthesized 5-HT1A after antisense
treatment

Complexes (100 nM ODNs), prepared as described
above, were incubated with 70–80% confluent cultures of
LLP-5-HT1A cells, or SN48 cells and RN46A cells for 6 h,
respectively. After the cells were washed, methionine-free
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DMEM containing 5% fetal calf serum was added, and the
incubation was continued for 1 h. Metabolic labeling of
newly synthesized protein was then carried out with 100
�Ci/ml [35S]methionine[35S]cysteine (PRO-MIX L-[35S] in
vitro Cell Labelling Mix, Amersham Pharmacia Biotech,
Buckinghamshire, UK) in methionine-free medium contain-
ing 5% fetal calf serum or differentiation supplement. Dur-
ing metabolic labeling, RN46A and SN48 cells were incu-
bated under differentiation culture conditions to enhance
5-HT1A expression. After labeling for 16 h, medium was
removed and RIPA buffer (9.1 mM dibasic sodium phos-
phate, 1.7 mM monobasic sodium phosphate, 150 mM
NaCl, pH 7.4, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS. 10 �l/ml RIPA) was added at 4°C. After
10 min the cells were disrupted by repeated aspiration
through a 25-gauge needle, and the supernatant was col-
lected by centrifugation at 10,000g for 10 min. 5-HT-1A
antibodies (Santa Cruz) were conjugated to Sepharose (pro-
tein A Sepharose CL-4B, Amersham Pharmacia Biotech,
Uppsala, Sweden) for 8 h at 4°C. Equal amounts of the
supernatant fraction and antibody–Sepharose conjugate
were then incubated for 16 h at 4°C. Immunoprecipitates
were washed, collected by centrifugation, and analyzed by
SDS–PAGE (Bio-Rad, Hercules, CA, USA). Proteins were
autoradiographed for 16 h at �80°C. The relative protein
amount was analyzed by the software Scion Image on the
film.

mRNA analysis by Northern blot after antisense treatment

The pharmacological effect of antisense ODNs was eval-
uated by examining the level of 5-HT1A mRNA in LLP-5-
HT1A cells treated with SAINT-2/DOPE/100 nM antisense
ODN complex. LLP-5-HT1A cells were grown to 70–80%
confluency and treated with PS-ODN/SAINT-2/DOPE
complexes prepared as described above. After 16 h, total
RNA was extracted from 6 � 106 cells using the Qiagen
RNeasy kit (Hilden, Germany). The quantity and purity of
the RNA preparation were determined by recording the
absorbance at 260 and 280 nm. Equal amounts of RNA were
run on a 1.2% agarose gel containing 6.7% formaldehyde,
and transferred to a nylon membrane by vacuum transfer.
Total RNAs were fixed onto the membrane by heating for
1 h at 80°C. The RNA was intact without any degradation,
as indicated by 18S and 28S bands on the membrane,
visualized by methanol blue staining. 5-HT1A and �-actin
probes were prepared by amplifying 5-HT1A cDNA by
RT-PCR from total RNA in LLP-5-HT1A cells. The
5-HT1A and �-actin primers were CCA AAG AGC ACC
TTC CTC TG/TAC CAC CAC CAT CAT CAT CA and
AAC ACC CCA GCC ATG TAC/ATG TCA CGC ACG
ATT TCC, respectively. PCR was performed using
oligo(dT)-primed cDNAs (synthesized with reverse tran-
scriptase, Boehringer Mannheim, Germany) as a template
under the following conditions: 30 cycles, 94°C 30 s, 55°C
30 s, 72°C 45 s, and a final 72°C extension of 5 min). The

probes from the PCR products were gel purified (QIAEXII
Gel Extraction Kit, Germany) and labeled with [�32P] ATP
using a random priming kit (Gibco-BRL, Breda, the Neth-
erlands). The level of 5-HT1A mRNA was probed by the
cDNA probe for the 5-HT1A gene, and visualized by auto-
radiography. To normalize the level of RNA loading, the
5-HT1A probe was removed by stripping the membrane in
boiling SDS solution (0.5%) for 10 min. The membrane was
then probed with �-actin probe. The relative amount of
mRNA was analyzed by the software of Scion Image on the
film.

Removal of nuclear protein, chromatin, and RNA matrix

RN46 cells were grown on coverslips in a 12-well plate
and treated with FITC–ODN–SAINT–2/DOPE complexes
for 6 h. Cells were either fixed directly or subjected to
RNase digestions. Nuclear RNA was removed by digesting
cells with 1 mg/ml RNase A (Roche, Indianapolis, IN, USA,
boiled for 10 min to destroy residual DNase) and 0.1%
Triton X-100 in HBSS for 10 min at room temperature.
After digestion, cells were fixed in 3% PFA or directly
examined by confocal laser microscopy.

Nuclear localization of ODNs by electron microscopy

RN46 cells were grown to 70% confluency and treated
with 100 nM biotin-labeled ODN/cationic lipid complexes
as described above. After 6 h, the complexes were removed
by washing with PBS. The cells were fixed with 4% para-
formaldehyde in PBS for 15 min, and permeabilized with
0.1% Triton X-100 for 30 min. Subsequently, the cells were
incubated with FluoroNanogold–streptavidin conjugate
(1.4-nm gold particles, attached to streptavidin; Nanoprobes
Inc., Stony Brook, NY, USA) for 2 h, washed three times
with PBS, and immediately examined by epifluorescence
microscopy. After examination, the cells were washed with
0.2 M sodium citrate, and the silver enhancement procedure
was performed according to the manufacturer’s instructions
(Nanoprobes Inc.). The cells were rinsed with PBS and
postfixed with 1% glutardialdehyde for 10 min. Finally, the
samples were embedded in Epon, serially sectioned (60-nm
thin sections), and examined at 60 kV with a Philips EM-
201 or CM-100 transmission electron microscope (FEI
Electron Optics, Eindhoven, The Netherlands).

Binding of antisense to target mRNA

To determine the intracellular binding of antisense
ODNs to target mRNA, 1 nmol ODN was labeled with 10
�l [�-32P] ATP (3000 Ci/mmol, 10 �Ci/�l) with Ready-
To-Go T4 polynucleotide kinase. Nonincorporated nucleo-
tide was removed, using MicroSpin G-25 columns (Amer-
sham Pharmacia Biotech, Buckinghamshire, UK). LLP-5-
HT1A cells were seeded on 75-cm2 flasks, and after
reaching approx 70% confluency, the cells were incubated
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for 16 h with 5 ml lipoplexes containing either 100 nM
32P-labeled antisense or mismatched sequences. The cells
were lysed and total RNA was isolated with the Qiagen
RNeasy kit (Hilden, Germany). To exclude that antisense
hybrization to target mRNA had occurred during or after
RNA extraction, the same amount of labeled antisense was
added to untreated cells during RNA isolation. Then RNAs
were separated on a 1.2% agarose gel containing 6.7%
formaldehyde, and transferred to a nylon membrane by
vacuum transfer. A film was exposed to the membrane for
3 days. To determine the position of the antisense-bound
mRNA on the developed film, experiments were done in
parallel with unlabeled ODNs directed against 5-HT1A
mRNA. 5-HT1A mRNA was probed with 32P-labeled
5-HT1A probes by Northern blot, as described above.

Analysis of the total 5-HT1A pool after antisense
treatment

Protein levels of 5-HT1A were evaluated by Western
immunoblot. An aliquot of 106 SN48 cells were seeded in
10-cm dishes and grown to 50% confluency. Cells were
treated with 100 nM antisense ODN complexes for 6 h.
After this interval the complexes were removed and fresh
medium was added. Cells (the medium was refreshed daily)
were harvested 5 days after the initial treatment and lysed.
Samples (40 �g of protein) were then analyzed by 12.5%
SDS–PAGE (Bio-Rad), blotted on a pure nitrocellulose
membrane (Trans-Blot transfer medium, Bio-Rad), and
probed with rabbit anti-rat SR1A antibodies (1:500, Santa
Cruz), followed by horseradish peroxidase conjugate anti-
rabbit antibody (1:5000, Nenox, Japan). The blot was pro-
cessed with ECL (Amersham Pharmacia Biotech, Bucking-
ham, UK) according to the manufacturer’s protocol. For the
second blotting, the blot was washed with PBST (9.1 mM
dibasic sodium phosphate, 1.7 mM monobasic sodium
phosphate, and 150 mM NaCl, pH 7.4, 0.3% Tween 20),
and then stripped with stripping buffer (Restore Western
Blot Stripping Buffer, Pierce, Rockford, IL, USA). The
membrane was probed with mouse anti-�-actin antibody
(1:1000, Sigma), followed by alkaline phosphatase-conju-
gated sheep anti-mouse antibody (1:3000, Chemicon, Te-
mecula, CA, USA). The blot was color processed with
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl. The
relative amounts of protein were analyzed by Scion Image
software.

Functional assay for 5-HT1A receptor activity in SN48
cells

The function of 5-HT1A in SN48 cells was validated
using a cytosensor, which measures the metabolic change of
the cell as reflected by pH changes on a challenge with an
agonist. The cells were plated on cytosensor membranes and

grown for 1 day before the measurements. Cells were either
challenged with the agonist flesinoxan for 2 min at indicated
concentrations from 0.003 to 0.1 mM or blocked with the
antagonist WAY100635 at 0.1 mM for 10 min, before
challenge with flesinoxan (0.1 mM for 2 min). To determine
the effect of antisense treatment on 5-HT1A receptor activ-
ity, SN48 cells were treated with antisense ODNs as de-
scribed above, after which they were plated on cytosensor
membranes, and further grown for 16 h. To normalize the
amount of cells on each membrane, the cells were first
challenged with acetylcholine, which was followed by a
challenge with flesinoxan for 2 min at the concentrations
indicated. The cells were brought back to base level for 5
min between challenges.

Results

Parameters affecting uptake of antisense ODNs

When phophorothioate ODNs were incubated with LLP-
5-HT1A, RN46A, or SN48 cells at a relatively high con-
centration of 2 �M, they were endocytosed and observed as
punctuate structures within the cells. However, in either
cells type, accumulation of ODNs in the nucleus was not
apparent (Figs. 1A–C). By contrast, when complexed with
cationic liposomes, not only was uptake of ODNs by either
cell type significantly enhanced, but also their translocation
across the endosomal compartments was evident, as re-
flected by their nuclear accumulation (Figs. 1D–F, G–I).
Since the eventual effect of the antisense ODN is likely
dose-dependent, and conceivably depends on nuclear up-
take, we compared two types of cationic liposome formu-
lations as delivery vehicles to accomplish the most optimal
delivery efficiency. As shown in Fig. 1 (G–I vs D–F), in all
three cell lines, the formulation based on SAINT-2/DOPE
was substantially more potent in facilitating the uptake and
translocation of ODNs than Lipofectamine 2000. Indeed,
FACS analysis revealed that net uptake of the Lipo-
fectamine 2000 lipoplexes was two- to sixfold lower than
that observed for the SAINT lipoplexes. In fact, cell type-
dependent differences in uptake efficiency were also seen
when employing Lipofectamine 2000, whereas in the case
of SAINT-2-containing complexes, the delivery was ap-
proximately equally effective in either cell type (Fig. 1,
numbers in upper left corner in G–I). Elsewhere, we [5,6]
and others [7] have reported that the antisense efficiency
correlates well with the cellular uptake of ODNs. Indeed, in
line with the distinctions in uptake, SAINT-2/DOPE is
approximately two to three times more potent than Lipo-
fectamine 2000 in eliciting an antisense effect and in trans-
fecting cells, when monitored by a GFP reporter plamid
(transfection efficiency 25–30% (LF2000) vs 50–70%
(SAINT-2/DOPE); data not shown). Accordingly, in the
following experiments, SAINT-2/DOPE was applied as
ODN vector. The antisense uptake was not dependent on the
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sequence, since all sequences used in the present work,
including fluorescent and biotinylated ODNs, showed es-
sentially the same amount of uptake (not shown). In addi-
tion, none of the sequences applied caused significant cy-

totoxicity, as verified by morphological criteria and the
MTT assay (not shown). We next examined whether the
internalized antisense ODN in either cell type effectively
interfered with expression of the target 5-HT1A receptor.

Fig. 1. Intracellular uptake of FITC-labeled PS-ODNs in free form and when complexed with cationic lipid complexes. PS-ODNs alone, PS-ODN/
Lipofectamine 2000 complexes, and PS-ODN/SAINT-2/DOPE complexes were incubated with LLP-5-HT1A (A, D, G), RN46A (B, E, H), and SN48 cells
(C, F, I). The concentration of free ODNs was 2 �M, and the incubation was carried out for 24 h. Note the punctate appearance in intracellular compartments
in the cytosol (A–C). 100 nM PS-ODN complexed with Lipofectamine 2000 (D–F) and SAINT-2/DOPE (G–I) was incubated with the cells for 4 h. Note
the differences in efficiency of uptake and the nuclear accumulation of PS-ODNs in this case. The efficiency of ODN uptake in each case is indicated by
the relative cell-associated fluorescence, indicated in the left upper corner.
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Downregulation of newly synthesized 5-HT1A receptor

To reveal an antisense effect, we monitored the effect on
the pool of newly synthesized proteins, since the existing
pool is not affected other than by metabolic turnover. Two
antisense sequences (AS1 and AS2, see Materials and Meth-
ods), selected by computer-facilitated analysis of 5-HT1A
mRNA, were examined. Throughout this work, the cells
were treated with 100 nM antisense or mismatched ODN
complexed with SAINT-2/DOPE (1:1). In preliminary, con-
centration-dependent experiments, carried out as described
in detail previously [5], it was established that at this con-
centration the antisense effect is optimal, without significant
cell cytotoxic effects. After antisense treatment for 6 h,
metabolic labeling was carried out for 18 h in differentiation
medium to enhance 5-HT1A expression. Subsequently, the
cells were lysed, and 5-HT1A was immunoprecipitated and
analyzed by PAGE, as described under Materials and Meth-
ods. The data, shown in Fig. 2, reveal that the mismatched
sequence had no significant effect on the target (lane 3 vs
lane 4, 99, 113, and 110% relative to untreated cells in
LLP-5-HT1A, SN48, and RN46A, respectively). However,
the two antisense sequences display differences in potency,
the AS1 sequence being the most effective one (lanes 1 and
2 vs lane 4). Thus, following AS1 antisense treatment the
expression of newly synthesized receptor in LLP-5-HT1A,
SN48, and RN46A was inhibited by 64, 34, and 32%,
respectively. In the 5-HT1A overexpressed LLP-K1 cells,
AS2 inhibited receptor expression by approx 45%. It is of
interest to note that AS1 was directed to a region in the
mRNA at the beginning of the translation site (bp 115–128),
whereas AS2 was directed to a region localized in the
middle of the translation sequence (bp 885–902). Accord-
ingly, in the latter case, truncated protein fragments of the
receptor should have been produced if the antisense effect
relies on steric interference with mRNA translation. How-

ever, such truncated protein fragments were never detected
in the gel. Remarkably, in contrast to AS1, AS2 was essen-
tially without effect on the newly synthesized protein frac-
tion in neuronal SN48 and RN46A cells. However, in line
with the strongly diminished activity of AS1 in LLP-5-
HT1A cells, these observations might suggest a cell- type-
dependent effect of antisense efficiency, discriminating a
natural target (as in SN48 and RN46A) from one that is
overexpressed (LLP-5HT1A).

Antisense ODN treatment reduces the expression of target
mRNA

As noted above, steric interference of the antisense ODN
with translation is less likely the cause of the decrease
in protein expression. Rather, the data may imply mRNA
degradation. At steady state the mRNA levels of 5-HT1A
differ markedly in a cell-dependent manner, being most
pronounced in the overexpressing cells (data not shown).
For quantitative reasons, we therefore employed LLP-
5HT1A cells. In line with the diminished expression at the
protein level of the receptor in LLP-5-HT1A cells (Fig. 2,
LLP-5-HT1A), a similar decrease in mRNA levels was
observed following treatment with AS1 (Fig. 3A, 75% in-
hibition; lane 1). Evidently, AS2 was less effective in de-
creasing the protein level (Fig. 2, lane 2), and consistently,
the decrease in mRNA expression was less pronounced
(approx 60% inhibition). Note that the effect of the mis-
matched sequences (MAS1 and MAS2) was essentially neg-
ligible (lanes 3 and 4 vs lane 5, 98 and 106% compared with
untreated cells). Given the close correlation between the
inhibition of protein expression and the reduction of mRNA
levels, and the absence of detectable truncated protein frag-
ments, the data suggest that the consequences of antisense
treatment might be due to the rapid and efficient degradation
of mRNA.

To obtain further insight into the pathway by which the
ODNs gain nuclear access and the potential correlation of

Fig. 2. Antisense treatment efficiently downregulates newly synthesized
5-HT1A target receptors. LLP-5-HT1A cells, SN48 cells, and RN46A cells
were treated with 100 nM antisense ODN sequence 1 (AS1), sequence 2
(AS2), and a mismatched sequence (MAS), complexed with SAINT-2/
DOPE. The newly synthesized 5-HT1A was monitored by metabolic la-
beling, immunoprecipitated and separated by PAGE, as described. Num-
bers under the bands indicate the amount of protein (%) relative to the
amount in untreated cells (UN), as obtained in two independent experi-
ments.

Fig. 3. Downregulation of antisense ODN to 5-HT1A mRNA. (A) LLP-
5-HT1A cells were treated with 100 nM antisense ODN sequence 1 (AS1),
sequence 2 (AS2), and mismatched sequences (MAS1 and MAS2), com-
plexed with SAINT-2/DOPE. Total RNA was isolated and 5-HT1A was
probed with 32P-radiolabeled 5-HT1A cDNA. (B). The same blot was
probed with 32P-radiolabeled �-actin cDNA probe. Numbers under the
bands indicate the amount of mRNA (%) relative to the amount in un-
treated cells (UN), as obtained in two independent experiments.
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this localization with the eventual cytosolic degradation of
mRNA, the next experiments were carried out.

Nuclear delivery and interaction of antisense ODNs with
the RNA nuclear matrix

It is generally assumed that once in the cytosol, ODNs
may gain rapid access to the nucleus via diffusion through
the nuclear pores. Some studies indicated that antisense
ODN may bind to intracellular proteins [17], but whether
such proteins are instrumental in nuclear homing remains to
be determined. It is also unclear whether cationic lipids are
needed or may facilitate this event, other than their func-
tioning in effectively translocating ODNs across endosomal
membranes [23]. To investigate these issues, we isolated

nuclei, which were then incubated with free and complexed
FITC-labeled ODNs. As shown in Fig. 4, free ODNs rapidly
and efficiently acquired nuclear access (Fig. 4A), irrespec-
tive of the presence of cytosol, implying that proteins were
not needed to accomplish efficient nuclear accumulation of
the ODNs. Similarly, when whole cells or nuclei were
incubated with ODN complexes, which also contained the
fluorescent lipid analogue N-Rh-PE as a marker of the
cationic lipid phase, the net extent of nuclear accumulation
of the ODNs in either case was virtually indistinguishable.
Note that when added to whole cells (Fig. 4B), lipid-derived
fluorescence (red) remains localized in the endosomal/lyso-
somal compartments [5], without any (detectable) appear-
ance at or in the nucleus. The ODNs show a largely random
and diffuse distribution throughout the nucleus (green flu-

Fig. 5. Intranuclear PS-ODNs associate with the nuclear matrix. When cationic lipids/PS-ODNs were incubated with cells, PS-ODNs (FITC labeled)
accumulated in the cell nuclei (A). Following digestion with RNase A, the PS-ODNs were largely removed from the nuclei, and only PS-ODN nuclear bodies
remained in the nuclei. Also, some diffused fluorescence was now apparent in the cytoplasm (B).

Fig. 4. Accumulation of PS-ODNs in the nuclei. When FITC labeled PS-ODNs (100 nM) were incubated with isolated nuclei (30 min), they readily
accumulated in the nuclei (A). Note that for intranuclear accumulation neither cytosolic proteins nor cationic lipid complexes are needed. When cationic
lipids/PS-ODNs were incubated with intact cells. PS-ODNs (FITC-labeled, green) also accumulated in cell nuclei, while the cationic lipids (Rh-label, red)
remained in the endosomal compartments (B). When cationic lipids/PS-ODNs were incubated with isolated nuclei. PS-ODNs (FITC-label, green) also
accumulated in cell nuclei, and cationic lipids (with Rh-label, red) partly fused with nuclear membranes The intense red staining represents clustered
lipoplexes (C).
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orescence) except for the nucleolus (dark round spheres),
and occasionally form concentrated ODN bodies (bright
green dots) (Fig. 4B). When incubating ODN/lipid com-
plexes with isolated nuclei, delivery of ODNs within the
nucleus occurs (green fluorescence). Concomitant entry of
the lipids is not seen, as they associate largely with the
nuclear membrane as attached clustered complexes (intense
red dots, Fig. 4C) or become laterally diffused within the
plane of the membrane (red ring, Fig. 4C). Hence, these data
indicate that neither (cytosolic) proteins nor entry of the
cationic lipid (complex) into the cytosol is required for
effective nuclear delivery of ODNs.

To obtain further insight into a potential correlation be-
tween intranuclear access and antisense mechanism, we
subsequently determined the intranuclear fate of the ODNs,
following the treatment of intact cells with FITC-labeled
ODN complexes. First, nuclear proteins were extracted and
nuclear chromatins were digested with RNase-free DNase.
Following this treatment, no significant alteration in in-
tranuclear ODN distribution was apparent, when compared
with the distribution in control cells (Fig. 5A). Interestingly,
when nuclear RNA was digested with RNase A to remove
the RNA matrix in the nucleus, most of the ODNs disap-
peared and only ODNs assembled into so-called phospho-
rothioate ODN (PS [7]) bodies remained (Fig. 5B). As a
control, when the cells were treated with the same buffer
without RNase, no effect on ODN distribution was seen
(data not shown). Furthermore, ODNs are not seen in the
nucleolus, where rRNAs are synthesized and processed and
ribosome subunits are assembled. Identical results were
seen for LLP-5HT1A and SN48 cells (data not shown).
From these experiments, we conclude that following nu-
clear entry, ODNs associate largely with the nuclear RNA
matrix. To obtain further support, the intranuclear localiza-
tion of ODNs was further examined by EM. RN46 cells
were incubated with biotin-labeled ODN cationic lipid com-
plexes, and then the ODNs were visualized by subsequent
labeling with a streptavidin–gold conjugate, as described
under Materials and Methods. Consistent with the fluores-
cence distribution, the gold labeling was seen throughout
nucleoplasm, with little if any labeling in the nucleolus (Fig.
6A, Nu.). Dense gold labeling was seen on the ODN bodies,
identified as bright dots by fluorescence microscopy, espe-
cially at the periphery (as indicated by arrows in Figs. 6A
and B). At higher magnification, gold labeling of ODNs in
the nucleoplasm is apparent along fibers of the internal
nuclear matrix (arrowheads in Fig. 6B [24]), visible as a
diffuse distribution by fluorescence microscopy. As a con-
trol, labeling was also carried out with unlabeled ODNs, and
was followed by the addition of streptavidin–gold particles.

Labeling was not detectable under those conditions (data
not shown).

In conjunction with the observed mRNA degradation as
shown in Fig. 3B, these data would be consistent with the
notion that the antisense ODNs might act on mRNA or
hnRNA in the nucleus. The next experiments were aimed at
elucidating how sequence selectivity is expressed in terms
of antisense activity following its binding to the RNA ma-
trix.

Intracellular affinity of antisense ODNs for target mRNA

Although antisense has been shown to bind to isolated
target mRNA or mRNA fragments in a test tube, direct
evidence of the association of antisense with mRNA within
cells has not been provided thus far. The very small amounts
of target mRNA, as observed here in the RN46 and SN48
cells, and the potential rapid degradation of mRNA in the
cells may constitute a limitation in resolution in that regard.
However, the abundance of 5-HT1A mRNA in LLP-5-
HT1A cells evidently provided an opportunity for further
investigation of this issue. Lipoplexes containing 100 nM
32P-labeled antisense (Fig. 7A. AS)or mismatched (Fig. 7A,
MAS) sequences were incubated with LLP-5-HT1A cells
for 16 h. To exclude that antisense hybrization to target
mRNA might have occurred during or after extraction, the
same amount of 32P-labeled antisense was added to un-
treated cells during RNA isolation (Fig. 7, UN/AS�). Fol-
lowing total RNA extraction and its concentration by etha-
nol precipitation, RNA was separated on a Northern gel and
blotted on a nylon membrane. The potential binding of
antisense to mRNA was then visualized by autoradiogra-
phy. As shown in Fig. 7, antisense binding to mRNA in
LLP-5-HT1A cells could be readily revealed even though
the signal was rather low (Fig. 7A, AS). The relatively low
signal may well be related to mRNA degradation, triggered
by antisense binding, as seen in Fig. 7B (AS vs MAS and
UN/AS�). The mismatched (Fig. 7A, MAS) or antisense
(Fig. 7, US/AS�) sequences added during RNA isolation
failed to bind to the mRNA. These data are consistent with
the notion that the antisense effect is elicited via binding of
ODNs to the nuclear matrix in the nucleus, the antisense
specificity being conveyed through high binding affinity to
target mRNA. Having established the efficiency of the an-
tisense ODNs in the reduction of newly synthesized
5-HT1A and target mRNA, we finally examined the ulti-
mate goal of antisense treatment, i.e., whether and under
what conditions the total pool of the receptor could be
modulated to accomplish a biological effect.

Fig. 6. EM visualization of ODNs, localized in the nucleus. One hundred nanomolar biotin-labeled ODNs, complexed with SAINT-2/DOPE, were incubated
with RN46 cells. The ODNs were visualized with FluoroNanogold–streptavidin conjugate. Note that gold labeling is seen throughout the nucleoplasm (black
dots), with little if any labeling in the nucleolus (A, Nu,). Dense gold labeling is apparent on the ODN bodies, especially at the periphery of the bodies (A
and B, arrows). At higher magnification (B), gold labeling of ODNs in the nucleoplasm can be seen associated along the fibers of the nuclear matrix
(arrowheads) Bars � 344 nm and (A), 100 nm (B).
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Functional downregulation of 5-HT1A receptor activity
following antisense treatment

The three cell types were treated over a period of 5 days
with antisense complexes or control, mismatched com-
plexes. Each treatment was carried out by incubating the
ODN complexes with the cells for 6 h, after which they
were washed and grown in medium for another 48 h. This
protocol was repeated twice and on the sixth day the cells
were harvested and analyzed by Western immunoblot. As
shown in Fig. 8A for SN48 cells, over the period of treat-
ment, the total pool of 5-HT1A can be effectively down-
regulated by approx 67%, following treatment with AS1.
Similar results were obtained for the treatment of RN46A
cells, resulting in a downregulation of 64% with AS1. In
both cell lines, AS2 was less effective. In LLP-5-HT1A
cells, AS1 and AS2 showed 68 and 51% downregulation of
5-HT1A. Mismatched sequences (MAS1 and MAS2) did
not alter 5-HT1A expression, and expression of the internal
control, �-actin, was not affected by any treatment (Fig.
8A). In addition, no alterations were seen in total protein
expression when analyzed by PAGE for control and ODN-
treated cells, further emphasizing the specificity on the
5-HT1A receptor. The functional consequence of the down-
regulation of the receptor was examined with a cytosensor,
which measures the metabolic change of the cell on chal-
lenge with an agonist. The procedure was validated by
challenging SN48 cells with flesinoxan, an agonist to

5-HT1A. The cells responded to this treatment in a concen-
tration-dependent manner, and the activation could be
blocked by preincubation with WAY 100635, an antagonist
to 5-HT1A (data not shown). Next, the cells were treated for
5 days with 100 nM antisense AS1 complexes, as described
above. The treated cells were plated onto the cytosensor
membrane 16 h before the measurements. To normalize the
activity for the number of cells on each membrane, the cells
were first challenged with acetylcholine, which is a ligand
for choline receptors expressed on SN48 cells. Then, the
cells were challenged with increasing concentrations of
flesinoxan. To further support specificity, the 5-HT1A was
subsequently blocked with WAY 1000635, and the cells
were challenged once more with flesinoxan. As shown in
Fig. 8B, flesinoxan activated control cells and cell treated
with mismatched ODNs in a concentration-dependent man-
ner, which could be blocked by WAY 100635. In contrast,
activation of the antisense-treated (AS1) cells was com-
pletely abolished. Note that the negative value is due to
acidification on addition of flesinoxan, an effect that is
normally overcome on activation of the 5-HT1A receptor.
Antisense sequence 2 (AS2) did not alter the function of
5-HT1A receptor (data not shown). This is consistent with
the observation that a change was not seen in protein level
following AS 2 treatment (Fig. 8A). Hence the data indicate
that following antisense treatment, the function of the
5-HT1A receptors can be inhibited in a highly efficient
manner.

Discussion

For an antisense treatment to be effective, it is essential
to design a sequence that effectively matches the secondary
and/or tertiary structure of target mRNA. Since studies on
mRNA secondary and tertiary structure are still scarce,
these structures are usually predicted by computer-facili-
tated analysis. Thus, antisense sequences can be selected by
prediction of the mRNA structure [25], although empirical
design and experimental mRNA mapping are also used
[26–28]. Here, sequences were applied that relied on com-
puter-aided antisense sequence design and selection tech-
nology, called RADAR (Rational Algorithmic Design of
ANTISENSE Reagents), which avoids costly, time-con-
suming, and laborious screening for appropriate antisense
sequences [29–34].

The two antisense sequences produced in this manner
and applied in the present work showed different potencies
but, interestingly, did show a cell type-dependent effect
when comparing naturally expressed and overexpressed re-
ceptors. Whether this distinction is related to structural
differences of the overexpressed mRNA in LLP-5HT1A
cells remains to be determined. Yet, one of the sequences
(AS1) effectively downregulated the target expression in all
three cell types studied, suggesting an antisense sequence-
dependent effect as well.

Fig. 7. Antisense ODNs bind to intracellular mRNA targets. One hundred
nanomolar 32P-labeled antisense ODNs (AS) or mismatched sequences
(MAS), complexed with cationic lipid vectors, were incubated with LLP-
5-HT1A cells, and total RNA was isolated. Alternatively, 100 nM 32P-
labeled antisense ODNs were added to untreated cells during the RNA
isolation (UN/AS�). The RNAs were separated on agarose gel and ODN–
mRNA binding was determined by autoradiography (A). The location of
5-HT1A mRNA on the gel in (A) was determined from that in (B).
LLP-5-HT1A cells were treated as in (A), except that the ODNs were not
labeled. RNA was isolated and separated on the gel. The 5-HT1A mRNA
was then probed with 32P-labeled 5-HT1A cDNA probe (B). The specific
antisense binding to 5-HT1A mRNA could be identified (A, AS), as it
locates at the same position as the 5-HT1A mRNA (B, AS). The binding
to 5-HT1A mRNA was not seen with mismatched sequences (A, MAS) or
on addition of antisense ODNs during RNA isolation (A, UN/AS�).
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To successfully apply antisense ODNs, insight into their
optimal design, mechanism of internalization, and mecha-
nism of action is crucial. As shown here, for effective
nuclear delivery, a vector is needed to facilitate effective
translocation of the ODNs from the endosome into the
cytosol [5], rather than a delivery vehicle required for entry
into the nucleus per se (Fig. 4). Indeed, elsewhere we have

provided evidence that SAINT-2/DOPE-mediated delivery
of plasmids relies on entry of these complexes via clathrin-
mediated endocytosis [3]. Similarly, ODN internalization
via the same vector localizes to endosomal/lysosomal com-
partments [5,6] and its uptake is inhibited on energy or
potassium depletion, which inhibits clathrin-mediated endo-
cytosis (data not shown).

Fig. 8. (A). Downregulation of the total 5-HT1A receptor pool in SN48 cells. The cells were treated according to a protocol as described for 5 days with
100 nM antisense ODN sequence 1 (AS1), sequence 2 (AS2), and mismatched sequences (MAS1 and MAS2), complexed with SAINT-2/DOPE. The presence
of 5-HT1A was analyzed by Western immunoblot. �-Actin was used as an internal control. The numbers under the bands indicate the amount of 5-HT1A
(%) relative to untreated cells (UN) from two experiments. (B) Functional downregulation of 5-HT1A receptor activity after antisense treatment. Control
activity and receptor activity in 100 nM antisense (AS1), and mismatch ODN complex-treated SN48 was determined using a cytosensor approach, as
described under Materials and methods. The cells were challenged with acetylcholine and the 5-HT1A agonist flesinoxan. Flesinoxan activation was plotted
as a percentage relative to acetylcholine activation. Flesinoxan activated 5-HT1A control cells in a concentration-dependent manner (hatched bars).
Mismatched sequence did not show a significant change (open bars) relative to control. Note that flesinoxan activation of the 5-HT1A receptor was abolished
in cells treated with antisense AS1 ODN under the same conditions (black bars). Also, no change was observed, relative to control, when cells were treated
with AS 2 ODNs (data not shown). The data are expressed relative to the acetylcholine effect, which was taken for calibration (100%), and flesinoxan
activation was plotted relative to acetylcholine activation.
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In permeabilized cells, it has been reported that ODNs
bind extensively to intermediate filaments in the cytosol,
with a preference for cytokeratin intermediate filaments
[35]. In the same study, ODNs localized in the nucleus
interacted with nuclear lamina and caused the decompaction
of chromatin [35]. Such phenomena were not seen on mi-
croinjection of ODNs into the cytosol [7,36,37] or following
cationic lipid-mediated ODN delivery [5,7,38]. Possibly, in
permeabilized cells, a rapid and high degree of saturation of
potential intracellular binding sites might be accomplished
on exogenous addition of ODNs. Obviously, such condi-
tions are not readily achieved on vector-mediated delivery,
either in vitro or in vivo. Furthermore, actin filaments are
less likely encountered when ODNs are released from the
endosomal compartment, and the data as shown here (Fig.
4) and elsewhere [5,7,38] indicate a rapid transfer of ODNs
into the nucleus under such conditions. Nuclear access re-
quires neither cationic lipids nor cytosolic proteins (Fig. 4).

The exact subnuclear localization of ODNs is still not
well defined. The eukaryotic nucleus consists of chromatin,
RNA, and proteins. Interestingly, we observed that the
ODNs almost exclusively bind to the nuclear matrix, which
consists largely of hnRNA and a large family of proteins.
This is consistent with previous findings reported in an
elegant study by Lorenz et al. [7]. Others have found a high
degree of complex formation between oligonucleotides and
nuclear proteins, as revealed by a gel shift assay [39].
However, no protein has been identified thus far.

Interference with a biological function is evidently the
final goal of antisense technology, a misleading factor for
proper interpretation often being the specificity of the anti-
sense effect. Clearly, in all three cell types we observed a
substantial decrease in newly synthesized protein, the first
effect to become apparent, following ODN treatment. Also,
a specific diminishment in mRNA level of the target protein
was observed, supporting the specificity of the observed
antisense effect in the present work. Since truncated protein
fragments were not observed, our data support an efficient
degradation of target mRNA by RNase H as a leading
mechanism in directing ODN antisense efficiency, and in
the present work we provided direct evidence for the intra-
cellular association of antisense ODN and target mRNA.
Given the intranuclear localization of RNase H [40,41], the
need for a nuclear localization of antisense to accomplish its
effect can thus be readily rationalized.

Taken together, here we have shown that with appropri-
ate sequences, and in a cell type-dependent manner a func-
tional antisense effect can be accomplished, which origi-
nated from a nuclear association of the ODN with target
mRNA via binding to the nuclear matrix. Our data indicate
that such an interaction causes degradation of the target
RNA and, consequently, downregulation of the newly syn-
thesized serotonin receptor 5-HT1A. In conjunction with
metabolic turnover, the pool of the receptor can then be
specifically diminished to a level that results in complete
abolition of its biological activity as well (Fig. 8B). Both

cell biological studies and therapeutic ex vivo treatments
may benefit from such an approach.
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