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bstract

Inducible NO synthase (iNOS) is overexpressed in inflammatory bowel diseases. An antisense oligonucleotide with good hybridization
roperties for iNOS mRNA was selected using RT-PCR. The oligonucleotide was reliably labeled with fluorine-18 using N-(4-[18F]flu-
robenzyl)-2-bromoacetamide. Cellular uptake and efflux of oligonucleotide complexed with FuGENE-6 were rapid, unlike naked
ligonucleotide, which hardly accumulated. However, neither uptake nor efflux showed any selectivity for iNOS expressing cells. The
ligonucleotide showed a high level of non-specific binding, which may have obscured its specific hybridization to iNOS mRNA. © 2004
lsevier Inc. All rights reserved.
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. Introduction

Every year, several million people worldwide are af-
ected by idiopathic inflammatory bowel diseases (IBD),
ike colitis ulcerosa and Crohn’s disease. These disorders
re generally accompanied by symptoms that seriously re-
uce the patient’s quality of life, such as severe diarrhea,
bdominal pain, and rectal bleeding. Mucosal biopsies of
he inflamed gut of IBD patients are characterized by en-
anced expression of the inducible form of the enzyme NO
ynthase (iNOS) and increased levels of the radical nitric
xide (NO). Although the role of NO in the inflamed gut is
till subject of considerable controversy, several studies
ave shown that overproduction of NO by iNOS has a
eleterious effect on chronic bowel inflammation [1]. Many
athophysiological effects that are observed in IBD, such as
ucosal vasodilatation, enhanced epithelial permeability

nd impairment of gut motility, are likely caused by the high
oncentrations of NO radicals produced by iNOS. Inhibition
f iNOS may provide an opportunity for pharmacological
herapy of IBD. Although iNOS inhibitors, like NG-nitro-
-arginine methyl ester and aminoguanidine, have indeed

* Corresponding author. Tel.: �31-50-3613311; fax: �31-50-
611687.
aE-mail address: e.f.j.de.vries@pet.azg.nl (E.F.J. de Vries).

969-8051/04/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
oi:10.1016/j.nucmedbio.2004.02.002
hown to reduce inflammation, the selectivity of the cur-
ently available inhibitors is still insufficient, as they also
nhibit the constitutively expressed endothelial NO synthase
eNOS), resulting in adverse side-effects [2].

In theory, antisense techniques can be very selective and
herefore have been investigated as a potential therapeutic
pproach for IBD. When the DNA sequence of a gene is
nown, in principle an antisense oligonucleotide (ODN) can
e designed that specifically hybridizes to its target mRNA
equence. In this manner, the expression of a single target
ene in the entire human genome can be inhibited. This
pproach has been successfully applied to inhibit iNOS
xpression in animal models. In a mouse model for Crohn’s
isease, clinical and histological symptoms of colitis com-
letely diminished after local administration of an antisense
hosphorothioate ODN that targeted the mRNA of nuclear
actor NF-�B, an important transcription factor for iNOS
3]. However, NF-�B not only regulates iNOS, but also a
ariety of genes that are involved in survival responses of
pithelial cells and consequently inhibition of NF-�B could
lso block important anti-apoptotic and anti-microbial sur-
ival mechanisms. Therefore, the use of ODNs that directly
arget iNOS mRNA seems preferable. Direct inhibition of
he iNOS expression with antisense ODNs against iNOS
RNA has been demonstrated in animal models for enceph-
lomyelitis, sepsis, cerebral and renal ischaemia [4–7].
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hese studies indicate that antisense ODNs have the poten-
ial to become useful therapeutics.

Moreover, ODNs might be applicable not only as thera-
eutic, but also as imaging tools. Radiolabeled ODNs can
e monitored in-vivo with nuclear imaging techniques, like
ingle photon emission computed tomography (SPECT) and
ositron emission tomography (PET). These techniques al-
ow noninvasive measurement of ODN pharmacokinetics
nd thus facilitate the evaluation of delivery methods for
DNs. Several methods for labeling ODNs with isotopes

uitable for SPECT (e.g., 99mTc, 111In, 123I) or PET (e.g.,
1C, 18F, 76Br) have been described. Hitherto, only a few
n-vivo imaging studies with radiolabeled ODNs have been
ublished yet. The preliminary results reported thus far
ppear promising, as sequence-dependent specific uptake of
DN has been observed in some animal studies [8].
We aim to develop a noninvasive method to monitor

NOS mRNA expression using a radiolabeled ODN in com-
ination with PET. Such an imaging method might be
pplicable for detecting overproduction of iNOS mRNA,
or repetitive monitoring of the effect of therapeutic inter-
ention on iNOS mRNA levels and for determining ODN
harmacokinetics in relation to the administration route.
his study describes the selection of an antisense ODN with
ood hybridization properties to iNOS mRNA, the labeling
f this ODN and the preliminary in-vitro evaluation studies
f the radiolabeled ODN.

. Materials and methods

.1. General

Oligonucleotides were purchased from Eurogentec (Se-
aing, Belgium) and gel filtration columns from Pharmacia
iotech (Uppsala, Sweden). N-(4-[18F]fluorobenzyl)-2-bro-
oacetamide was prepared as previously described [9,10].
reparative HPLC separations were performed on a Waters
ystem, consisting of a 600E gradient pump, a 486 multi-
avelength UV detector operated at 254 nm, and a Bicron
eiger-Müller radioactivity detector. The reversed phase

olumn used was: Hamilton PRP-1, 250�10 mm ID, 10�.
lution was performed with a flow of 3 mL/min using a 30
in linear gradient starting with a mobile phase consisting

f 10% acetonitrile in 0.1M tetraethylammonium acetate pH
and ending with 70% acetonitrile in 0.1M tetraethylam-
onium acetate pH 7. Electrospray ionization mass spec-

roscopy was performed in negative ionization mode and
canned from m/z 1250 to m/z 2000. Samples were dis-
olved in methanol with 1% NH4OH.

.2. Selection of ODN sequence

RNA was isolated from cytokine stimulated DLD-1 co-
on carcinoma cells using Trizol reagent (Life Technologies

td) according to the manufacturer’s instructions. Reverse t
ranscription was carried out on 5 �g of total RNA, using
andom primers in a final volume of 75 �L (Reverse Tran-
cription System, Promega, Madison, WI, USA). Polymer-
se chain reaction (PCR) on cDNA was performed with Taq
olymerase (Pharmacia Biotech, Uppsala, Sweden), using a
ingle sense primer specific for human iNOS (5�-CTA-
GC-TGG-CTA-CCA-GAT-GC-3�) and 8 iNOS specific
ntisense primers (sequence A: 5�-CAT-GGT-GAA-CAC-
TT-CTT-GG-3� located at bp 2186–2205, sequence B:
�-CCA-TGA-TGG-TCA-CAT-TCT-GC-3� located at bp
490–1509, sequence C [11]: 5�-GGG-TTG-GGG-GTG-
GG-TGA-TGT-3� located at bp 2704–2724, sequence D

12]: 5�-GCA-TCA-GCA-TAC-AGG-CAA-AGA-GC-3�
ocated at bp 1772–1794, sequence E [13]: 5�-ACG-GGG-
TG-ATG-CTC-CCA-GAC-A-3� located at bp 1609–
630, sequence F [14]: 5�-ATG-GAA-CAT-CCC-AAA-
AC-GA-3� located at bp 1197–1216, sequence G [12]:
�-GTC-CAT-GAT-GGT-CAC-ATT-CTG-CTT-3� located
t bp 1488–1511 and sequence H [12]: 5�-GAT-TCT-GCC-
AG-ATT-TGA-GCC-TC-3� located at bp 2411–2433).
ntisense primers C-H were retrieved from the literature,
hereas, the sense primer and antisense primers A and B
ere selected with the primer-3 primer design program,
sing accession code L09210. Primers specific for glycer-
ldehyde-3-phosphate dehydrogenase (GAPDH, sense: 5�-
CA-TCA-CCA-TCT-TCC AGG-AG-3�; antisense 5�-
CT-GCT-TCA-CCA-CCT-TCT-TG-3�), resulting in an
mplified product of 576 bp, were used as control for the
T-PCR procedure. The primers and cDNA were denatured

n a GeneAmp PCR system 2400 (Perkin-Elmer, Norwalk,
T, USA) at 95°C for 5 min. For each iNOS antisense
rimer, annealing was performed at a temperature of 56, 58,
0, 62, and 64°C. The cycling program consisted of 30
ycles for the iNOS primer sets and 22 cycles for the
APHD primer set. PCR products were separated by elec-

rophoresis on 2% agarose gels and visualized by ethidium
romide staining, according to methods described previ-
usly [15]. A 100bp DNA ladder was used for determining
roduct size. The iNOS antisense ODN sequence to be used
n the subsequent labeling experiments was selected on
asis of specificity (single band) and product yields in the
T-PCR assay.

.3. Oligonucleotide conjugation with N-(4-fluorobenzyl)-
-bromoacetamide

Prior to conjugation, 90 �L 0.1N dithiothreitol was
dded to 10 �L of water containing 100 nmol of a oligo-
ucleotide with the sequence 5�-GTC-CAT-GAT-GGT-
AC-ATT-CTG-CTT-3� (sequence G), a uniformly modi-
ed phosphorothioate backbone and a hexylthiol linker at

he 5�-terminus. After 30 min at room temperature, the
ligonucleotide solution was transferred to a NAP-5 car-
ridge. The cartridge was washed with 0.4 mL of PBS and
luted with 0.5 mL 0.1M sodium phosphate buffer pH 8. To

he eluate, 25 �g N-(4-fluorobenzyl)-2-bromoacetamide in
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ml of methanol was added. The reaction mixture was
llowed to react at 110°C for 2 h. After evaporation of the
olvent, the product was purified by reversed phase HPLC;
etention time: 12 min. The product was desalted by gel
ltration over a NAP-25 column and analyzed by mass
pectroscopy. MS (ESI�): m/z 1339.0 (M-6H)6�,1607.1
M-5H)5�. Reconstructed molecular mass (BioSpec soft-
are program): 8041 amu.

.4. Radiolabeling

The oligonucleotide with a hexylthiol linker was treated
ith dithiothreitol and desalted over a NAP-5 column, as
escribed above. A solution of N-(4-[18F]fluorobenzyl)-2-
romoacetamide in 0.5 mL of methanol was added to a
olution of 100 nmol oligonucleotide in 0.5 mL of 0.1M
odium phosphate buffer pH 8. The reaction mixture was
eated at 120°C for 30 min. The solvent was evaporated at
20°C with the aid of an argon flow. The residue was
issolved in 1 mL 0.1N tetraethylammonium acetate pH 7
nd injected on HPLC. The radioactive product with a
etention time of 12 min was collected and transferred to a
AP-25 cartridge. The cartridge was eluted with saline,

ffording the radiolabeled oligonucleotide in 41�19% de-
ay corrected yield. The oligonucleotide concentration was
etermined by measurement of the optical density at 260 nm
OD260). The specific activity of the radiolabeled ODN
anged from 1 to 13 GBq/�mol. The radiolabeled oligonu-
leotide co-eluted with a cold reference sample.

.5. Liposome-ODN complex

To a solution of 33 �g of radiolabeled oligonucleotide in
aline, 100 �L of FuGENE 6 (Roche, Indianapolis, IN,
SA) transfection reagent was added. The mixture was
iluted with serum-free medium to a total volume of 7 mL.
he mixture was incubated at room temperature for 15 min
efore use. In cellular uptake studies, 100 �L of the ODN-
ransfectant complex (60 pmol ODN) per well was used to
nsure sufficient cell-associated radioactivity for good
ounting statistics at the end of the experiment.

.6. iNOS induction

In DLD-1 colon carcinoma cells, iNOS expression was
voked with a cytokine mixture composed of human recom-
inant interleukin-1� (10 ng/mL), human recombinant
NF-� (10 ng/mL) and human recombinant interferon-�

1000 U/mL) for 8 h [16,17]. Strong induction of iNOS
RNA in cytokine stimulated cells was confirmed by RT-
CR.

.7. Cellular uptake of labeled ODN

Cellular uptake of the labeled oligonucleotide was stud-

ed in cytokine stimulated and control DLD-1 cells grown in P
onolayers in 24-well culture plates (approximately 5�105

ells/well). The culture medium was removed from the cells
nd replaced by 100 �L fresh serum-free culture medium
ontaining 60 pmol of radiolabeled oligonucleotide, which
as either naked or complexed with FuGENE 6. Cells were

ncubated at 37°C for 30, 60, or 120 min. In order to correct
he uptake for extra-cellular activity, cells were incubated at
°C for 30 min. The culture medium was removed and the
ells were washed 3 times with 0.5 mL of ice-cold PBS. The
ells were harvested from the culture plates by treatment
ith 0.1 mL of 0.5% trypsin-EDTA (Sigma Chemical Co,
t. Louis, MO,USA) for 5 min and resuspended in 0.5 mL
f culture medium to neutralize the trypsin. A 50 �L sample
as taken to assess cell viability with trypan blue and to

ount the number of viable cells under the microscope. The
adioactivity in the cell suspensions was measured in a
amma counter (LKB, Wallac, Turku, Finland) and normal-
zed to the number of viable cells. Tracer accumulation was
orrected for extra-cellular activity (measured at 0°C) and
xpressed as the percentage of the tracer dose that had
ccumulated per million cells (%dose/106 cells).

.8. Efflux of labeled ODN

Cytokine stimulated and control DLD-1 cells were incu-
ated with the labeled oligonucleotide-FuGENE 6 complex
t 37°C and subsequently washed 3 times with PBS, as is
escribed above. To the monolayers, 0.5 mL of fresh serum-
ree culture medium was added and cells were incubated at
7°C for 0, 60, or 120 min. The culture medium was
emoved and the cells were washed 3 times with 0.5 mL of
ce-cold PBS. The cells were harvested from the culture
lates by treatment with 0.1 mL of 0.5% trypsin for 5 min.
he cells were re-suspended in 0.5 mL of culture medium to
eutralize the trypsin. The radioactivity in the cell suspen-
ions was measured in a gamma counter and normalized to
he number of viable cells. In each experiment, the retained
adioactivity per cell after 60 and 120 min of incubation in
resh medium was normalized to the radioactivity per cell at
min of efflux.

. Results

.1. Selection of iNOS antisense ODN sequence

Strong and selective hybridization to the target sequence
s the primary prerequisite for a radiolabeled antisense ODN
o become a suitable PET tracer. For the selection of an
ntisense ODN sequence, the hybridization properties of 8
ntisense phosphodiester ODN probes against iNOS mRNA
ere tested in a standard RT-PCR assay using a single sense
rimer (Fig. 1). Each probe was tested at several annealing
emperatures between 56 and 65°C. Four antisense probes
sequences A, B, C, and H) gave multiple products in the

CR assay, indicating that these probes also had affinity for



m
t
i
q
C
[
t
s
q

3

b
T
O
b
t

l
z
p
s
t
d
r
1
a
H
o
c
r

3

p

F
fi
(
(
S

F
l

608 E.F.J. de Vries et al. / Nuclear Medicine and Biology 31 (2004) 605–612
ismatched sequences. Because of this lack of selectivity,
hese sequences were disregarded as potential probes for
maging. Among the remaining sequences, antisense se-
uence G (5�-GTC-CAT-GAT-GGT-CAC-ATT-CTG-
TT-3�), which is directed against exon 12 of iNOS mRNA

12], gave highest PCR product yields at all annealing
emperatures, suggesting that hybridization to the target
equence was strongest for this probe. Consequently, se-
uence G was selected for radiolabeling.

.2. Radiolabeling

Antisense oligonucleotides with a phosphodiester back-
one are rapidly degraded by nucleases in vitro and in vivo.
o increase the stability of the radiolabeled oligonucleotide,
DN sequence G with a uniform phosphorothioate back-
one was used as the labeling precursor. At the 5�-terminus,
he precursor was modified with a hexylthiol group as a

ig. 1. Gel electrophoresis of the products of the RT-PCR assay for eight an
rst lane is a 100 bp DNA ladder. For each probe, five lanes with the PCR
from left to right). The results of the gel electrophoresis were in agreeme
Sequence A: 1202 bp, Sequence B: 506 bp, Sequence C: 1721 bp, Sequen
equence H 1430 bp). See Sec. 2 for the antisense sequences.

ig. 2. Synthesis of the fluorine-18 labeled phosphorothioate antisense O

abeling synthon.
inker to facilitate the labeling with N-(4-[18F]fluoroben-
yl)-2-bromoacetamide (Fig. 2). Prior to labeling, the ODN
recursor was treated with dithiothreitol to reduce any di-
ulfide bridges that might have led to dimerization—and
hus inactivation—of the precursor. Conjugation of the ra-
iolabeled bromoacetamide to the ODN precursor was car-
ied out in an acetonitrile / phosphate buffer mixture at
20°C for 30 min. The product was separated from unre-
cted precursor and impurities by gradient ion-exchange
PLC. After desalting, the radiolabeled antisense ODN was
btained in 41�19% radiochemical yield (correct for de-
ay). The specific activity of the labeled oligonucleotide
anged from 1 to 13 GBq/�mol.

.3. Cellular uptake of radiolabeled ODN

In patients with inflammatory bowel diseases, iNOS is
redominantly expressed in affected gut epithelium [18].

sequences (A-H) at annealing temperatures ranging from 56 to 65°C. The
s at an annealing temperature of 56, 58, 60, 62, and 64°C are represented
calculated molecular weights of the PCR products, except for sequence F
91 bp, Sequence E: 627 bp, Sequence F: 213 bp, Sequence G: 508 bp and

r iNOS mRNA, using N-(4-[18F]fluorobenzyl)-2-bromoacetamide as the
tisense
result

nt with
ce D: 7
DN fo
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herefore, we selected an epithelial cell line (DLD-1) to
nvestigate the cellular uptake of the radiolabeled antisense
DN against iNOS. Strong expression of iNOS mRNA was

nduced by incubating the cells with a mixture of cytokines
or 8 h, as was shown by PCR analysis (Fig. 3). In untreated
ontrol DLD-1 cells, no iNOS mRNA could be detected.
ytokine stimulated and control DLD-1 cells were incu-
ated with the radiolabeled phosphorothioate antisense
DN with sequence G, either as the naked probe or com-
lexed with the transfection reagent FuGENE-6. Cellular
ptake was corrected for extracellular binding of the probe
n the outer surface of the cell membrane, as was deter-
ined at 0°C. Extracellular activity was 1.4�0.3 %ID/106

ells when the probe was administered as naked DNA and
.0�0.4 %ID/106 cells for the ODN-FuGENE-6 complex.
his difference was statistically significant (t-test, p�0.03).

n both cases, however, no significant differences in extra-
ellular activity were observed between control cells and
ytokine stimulated cells. As shown in Fig. 4, the naked
DN hardly accumulated in either control or stimulated

ells. Complexation of the radiolabeled ODN with Fu-
ENE-6 resulted in a 2- to 3.5-fold increase in tracer uptake

two-sided, unpaired student’s t-test; P�0.05). However,
racer accumulation was not selective for the iNOS express-
ng cells, as similar uptake (8.2–8.6 pmol/106 cells) was
bserved in cytokine stimulated and control DLD-1 cells at
ll time points (P�0.1), irrespective as to whether the ra-
iolabeled ODN was naked or complexed with FuGNE-6.

.4. Efflux of labeled ODN

To study the efflux of the labeled ODN, cytokine stim-
lated and control DLD-1 cells were loaded with tracer

ig. 3. Cytokine stimulated and control DLD-1 cells were analyzed for iNO
y electrophoresis on 2% agarose gels and visualized by ethidium bromide
imulated cell, a 506 bp PCR product was obtained, which was in agreem
solation and PCR procedure.
omplexed with FuGENE-6, washed with ice-cold PBS and i
ncubated in fresh medium. Efflux of the tracer was rapid, as
ore than 70% of the radioactivity was already cleared

rom the cells within 60 min (Fig. 5). Remarkably, the cell
ssociated radioactivity remained constant between 60 and
20 min, suggesting that approximately 30% of the radio-
ctivity was irreversibly bound in the cell. No statistically
ignificant differences in efflux were found between cyto-
ine stimulated and control cells (P�0.1), showing that
NOS expression did not significantly influence the efflux of
he radiolabeled ODN.

A with RT-PCR, using antisense primer B. PCR products were separated
. A 100 bp DNA ladder was used for determining product size. In cytokine
the calculated size. GAPDH primers were used as controls for the RNA

ig. 4. Cellular uptake in cytokine stimulated and in control DLD-1 cells
f naked or FuGENE-6 complexed fluorine-18 labeled antisense ODN for
S mRN
staining
ent with
NOS mRNA.
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. Discussion

Antisense ODNs can bind via Watson-Crick base pairing
ith extremely high specificity and affinity to their target
RNA sequence. By varying the nucleotide sequence, an

ntisense ODN can be designed and synthesized that in
rinciple can be directed towards any target gene of interest.
hese properties make radiolabeled antisense ODNs poten-

ially attractive radiopharmaceuticals for nuclear imaging.
uch an imaging technique would provide an opportunity to
ssess mRNA expression of the gene of interest in-vivo and
hus would allow monitoring the effect of therapeutic inter-
ention on gene expression. Imaging of radiolabeled ODNs
an also be applied to determine the pharmacokinetics of the
orresponding therapeutic antisense ODN, which provides
nformation that is essential for improving the efficacy of
hese drugs. The aim of the present work is to investigate the
otential of using a radiolabeled ODN as a radiopharma-
eutical for imaging of iNOS mRNA, which is overex-
ressed during inflammation. In order to become a suitable
adiopharmaceutical the ODN must fulfill a number of re-
uirements, including (1) a high affinity and selectivity for
he target mRNA, (2) in-vivo stability, (3) the availability of
labeling method, (4) rapid uptake into the target tissue, (5)

apid efflux of ODN that is not hybridized, and (6) negli-
ible nonspecific interactions.

.1. Affinity and selectivity

In the literature, various antisense ODN sequences for
NOS mRNA have been described. We have tested a selec-

ig. 5. Efflux of radioactivity from cytokine stimulated and control DLD-1
ells that were loaded with fluorine-18 labeled antisense ODN for iNOS
RNA as a complex with FuGENE-6.
ion of these antisense phosphodiester ODNs in a standard w
T-PCR assay, using a single sense primer. This RT-PCR
ssay gives a good impression of hybridization properties of
he antisense ODN with the target mRNA and thus allows a
uick and simple qualitative comparison of the affinity and
electivity of the ODNs. Four of the antisense ODN se-
uences tested in this study gave multiple products in the
CR assay, suggesting that these primers had hybridized to
ultiple mRNA sites. Statistically, an 13-mer ODN should

e sufficiently long to bind to a specific RNA sequence [19].
ince the ODNs used in this study were all 20–24 nucleo-

ides long, apparently some of the ODNs had hybridized to
ismatched sequences as well. The product yield in the
RC assay strongly depends on the ability of the antisense
DN to bind to its target sequence and thus can be used as
measure for its binding affinity. Thus, ODN sequence G

5�-GTC-CAT-GAT-GGT-CAC-ATT-CTG-CTT-3�), which
argets exon 12 of iNOS mRNA [12], was selected for the
abeling studies, because it gave the highest yield of a single
CR product at all annealing temperatures, reflecting its
igh selectivity and affinity.

.2. Stability

In biological fluids, phosphodiester ODNs are rapidly
egraded by endo- and exonucleases [20]. In contrast,
DNs with a phosphorothioate backbone are quite resistant

owards nuclease activity. To improve its stability, the an-
isense ODN selected in the PCR assay was modified with

uniform phosphorothioate backbone. As a trade-off, this
odification decreases the melting temperature of the ODN
ith approximately 0.5°C per nucleotide [19]. Still, the
inding affinity of the modified ODN should be more than
ufficient [21], as the phosphodiester ODN gave high prod-
ct yields in the RT-PCR assay, even at an annealing tem-
erature as high as 65°C.

.3. Labeling

To facilitate labeling, a hexylthiol spacer was attached to
he 5�-terminus of the phosphorothioate ODN. At the hexy-
thiol moiety, the ODN was labeled with fluorine-18 via
lkylation with the synthon N-(4-[18F]fluorobenzyl)-2-bro-
oacetamide. The labeling procedure was reliable and pro-

eeded in good yield. Tavitian and coworkers have shown
hat the attachment of this synthon to an ODN does not
ignificantly influence its binding affinity [22].

.4. Cellular uptake

In this study, the cellular uptake experiments with the
aked ODN showed a rapid initial association of activity to
he cells that hardly increased over time. No significant
ifference in uptake between iNOS expressing and control
ells was observed. Phosphorothioate ODNs have been
hown to specifically bind to cell surface proteins [23],

hich might explain the initial association of activity to the
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ells. Internalization of naked ODNs generally takes place
ia a combination of pinocytosis, adsorptive and receptor-
ediated endocytosis, which are slow and inefficient pro-

esses [24]. The low levels of internalized naked ODN, in
ombination with high levels of cell surface bound ODN,
ould have caused the lack of selectivity of the ODN for
NOS expressing cells. An alternative explanation could be
hat the target sequence is inaccessible, due to duplex for-
ation of iNOS mRNA at exon 12.
To enhance the intracellular delivery, the ODN probe

as complexed with FuGENE-6. FuGENE-6 is a multi-
omponent lipid-based transfection reagent that demon-
trates virtually no cytotoxicity. Complexation of the radio-
abeled ODN with FuGENE-6 resulted in a 3.5-fold increase
n the cell-associated activity after 2 h of incubation. In
ontrast to naked ODN, cellular uptake of the ODN-Fu-
ENE-6 complex increased over time, suggesting that the
DN complex is internalized. In the uptake experiments,
owever, we could not demonstrate any specific hybridiza-
ion of the radiolabeled ODN to iNOS mRNA, as cellular
ptake in iNOS expressing cells was not significantly higher
han in control cells. After internalization, FuGENE-6 com-
lexed phosphorothioate ODNs have been shown to be
idely distributed in the cytoplasm and the nucleus [25].
pparently, only a small fraction of the total cell-associated

ctivity was specifically bound to iNOS mRNA.

.5. Efflux

A high signal to background ratio is a prerequisite for
uccessful imaging. Thus, it is necessary that any unbound
racer is rapidly cleared from tissue and plasma. The efflux
xperiments showed that the majority of the cell-associated
ctivity is rapidly cleared from the cells. However, 25–30%
f the activity could not be washed from the cells during the
ause of the experiment. The amount of non-removable
ctivity was similar for iNOS expressing and control cells
nd thus was due to nonspecific binding.

.6. Non-specific binding

The efflux experiments revealed that a relatively large
raction of the radiolabeled ODN was nonspecifically bound
n the cell. We have calculated from the specific activity of
he ODN and the non-removable cell-associated activity
hat the amount of nonspecific binding in our experiments
orresponded to approximately 300.000 ODN copies per
ell. We estimated that the cytokine stimulated DLD-1 cells
ontained about 1.000–10.000 copies of iNOS mRNA on
asis of the Northern blot using GAPDH as a reference, of
hich only a few hundred copies per cell are present [26].
his estimation indicates that the amount of non-specifically
ound ODN exceeds the number of target mRNA molecules
y 1–2 orders of magnitude and thus precludes monitoring
f specific hybridization of this radiolabeled ODN to iNOS

99m
RNA. Other in-vitro studies using [ Tc]-labeled anti-
ense ODNs, also could not demonstrate specific uptake of
he oligonucleotide [27,28]. In the study by Hjelstuen et al.
27], cellular uptake (5–9 pmol/106 cells) at 3 h was in the
ame range as was found in this study and probably also
xceeded the number of target mRNA molecules. Since
hosphorothioate ODNs are polyanions, they are able bind
o a variety of proteins in a nonsequence specific manner
29]. Perhaps, the problem of the non-specific binding could
e overcome by choosing another modification of the back-
one of the ODN (e.g., PNA chimera). In contrast with the
forementioned results, Zang and co-workers [30] were able
o show sequence specific uptake and efflux of a [99mTc]-
abeled phosphorothioate antisense ODN in in-vitro exper-
ments comparable to those in this study. Remarkably, the
mount of specific uptake in that study was calculated to be
pproximately 105 antisense ODN molecules per cell at
4 h, which was several orders of magnitude higher than the
stimated steady-state target mRNA level. The authors hy-
othesize that hybridization of the radiolabeled ODN to its
arget mRNA results in translation arrest and consequently
n a decrease in the concentration of the target protein.
ubsequently, feedback mechanisms could have stimulated

he production of additional target mRNA, which could
xplain the high specific uptake observed in that experi-
ent. If this hypothesis is correct, the short half-life of
uorine-18 might be a limiting factor for application of
uorine-18 labeled ODNs as radiopharmaceuticals for PET

maging.

. Conclusion

An antisense oligonucleotide with good in-vitro hybrid-
zation properties against exon 12 of iNOS mRNA was
eliably labeled with fluorine-18. Cellular uptake and efflux
f the labeled oligonucleotide was sufficiently rapid for
maging. However, no selectivity for iNOS expressing cells
as observed due to the large fraction of the tracer that was
on-specifically bound in the cell. This nonspecific binding
as estimated to exceed the number of target iNOS mRNA
olecules by more than one order of magnitude. Therefore,
odifications of the labeled oligonucleotide that reduce the

mount of nonspecific binding are needed before imaging of
NOS expression will be feasible.
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