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Abstract

The dopamine transporter (DAT) plays a role in locomotion and is an obligatory target for amphetamines. We designed and synthesized
an antisense peptide nucleic acid (PNA) to rat DAT to examine the effect of this antisense molecule on locomotion and on responsiveness
to amphetamines. Rats were injected intraperitoneally daily for 9 days with either saline, an antisense DAT PNA, a scrambled DAT PNA,
or a mismatch DAT PNA. On days 7 and 9 after initial motility measurements were taken, the animals were challenged with 10 mg/kg of
amphetamine and scored for motility. On day 7, there was no significant difference between the baseline levels of activity of any of the
groups or their responses to amphetamine. On day 9, the antisense PNA-treated rats showed a statistically significant increase in their resting
motility (P , 0.01). When these rats were challenged with amphetamine, motility of the saline-, scrambled PNA-, and mismatch
PNA-treated animals showed increases of 31-, 36-, and 20-fold, respectively, while the antisense PNA-treated animals showed increases of
only 3.4-fold (P , 0.01). ELISA results revealed a 32% decrease in striatal DAT in antisense PNA-treated rats compared with the saline,
scrambled PNA, and mismatch PNA controls (P , 0.001). These results extend our previous findings that brain proteins can be knocked
down in a specific manner by antisense molecules administered extracranially. Additionally, these results suggest some novel approaches
for the treatment of diseases dependent upon the function of the dopamine transporter. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The DAT, a member of the Na/Cl-dependent transporters
containing 12 transmembrane domains [1], is thought to
control both the spatial and temporal activity of released
dopamine by rapidly transporting dopamine into presynap-
tic terminals [2]. The dopamine system has been implicated
in the control of locomotion, cognition, and neuroendocrine
functions [3]. The DAT is a target of psychoactive drugs as
well as drugs of abuse, including cocaine and amphet-
amines. Other investigators have used knockout mice, in
which the DAT gene was inactivated, to establish the crit-
ical role of DAT in controlling dopamine levels and loco-

motion, and its role as an obligatory target for cocaine and
amphetamines [2,3]. These knockout mice, in which both
copies of the DAT were inactivated, exhibited spontaneous
hyperlocomotion and indifference to the behavioral effects
of both cocaine and amphetamines. Interestingly, these
knockouts still self-administered cocaine [4].

We were interested to see if we could knock down the
expression of DAT using antisense methods. Previously, we
showed that peptide nucleic acids can be used to knock
down expression of receptors in the brain [5,6]. Others have
also reportedin vivo success using PNAs directed atd-opi-
oid [7] and galanin receptors [8]. In addition, despite prob-
lems with poor cellular uptake of PNAsin vitro, researchers
have successfully targeted a number of other genes with
PNAs, such as the bovine papillomavirus E2 protein [9],
Ha-ras [10], c-myc [11,12], and telomerase [13].

For experiments involving antisense strategies, there are
several advantages to using PNAs as opposed to traditional
oligonucleotides. PNAs are electrically neutral oligomers,
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are stable against nucleases and proteases, bind indepen-
dently of salt concentration to their complementary nucleic
acids, and have higher affinity for nucleic acids than do
DNA/DNA duplexes [14,15].

The strategy of selectively studying the roles of specific
proteins by the use of PNAs is potentially superior to study-
ing knockout animals, which are presently restricted to mice
and produce animals lacking the protein of interest for the
entire time of development. Thus, compensatory mecha-
nisms may occur that produce animals that may not accu-
rately reflect normal development. We were, therefore, ea-
ger to apply our antisense PNA strategy to the DAT target
in adult rats to see if we could replicate results obtained in
knockout mice and expand upon existing knowledge regard-
ing DAT.

2. Materials and methods

2.1. PNA

All PNAs were synthesized on a 200mmol scale on
MBHA resin (Advanced Chemtech) using 3.6 equivalents
of HATU [O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethylu-
ronium hexafluorophosphate] and 4 equivalents each of
diisopropylethylamine, 2,6-lutidine (as a carboxyl-activat-
ing agent), and the protected PNA monomers. Monomers
either were synthesized using a modification of a published
procedure [16,17] or were purchased directly from PE Bio-
systems. The monomers employed in the synthesis were
Boc-2-aminoethylglycine derivatives of 9N-carboxymethyl-
N6-benzyloxycarbonyladenine, 9N-carboxymethyl-N2-ben-
zloxycarbonylguanine, 1N-carboxymethylthymine, and 1N-
carboxymethyl-4N-benzyloxycarbonylcytosine. The
monomers were deprotected with 5%m-cresol solution in
trifluoroacetic acid. The cleavage of the benzyloxycarbonyl
groups and the removal of the PNA were carried out by
treatment of the resin-bound PNA with trifluoroacetic acid:
trifluoromethanesulfonic acid:m-cresol:thioanisole (6:2:1:1,
by vol.). HPLC was used to purify each synthesis (Vydac
preparative column, C-18, 10mm particle size, 223 250
mm; and the elution conditions were: 10% B, 90% A to
100% B in 360 min, 8 mL/min: A5 0.1% trifluoroacetic
acid, B 5 80% acetonitrile, 0.1% trifluoroacetic acid; UV
detection at 260 nm). Additionally, an aliquot of each syn-
thesis was verified by ESI mass spectrometry on a Sciex 165
MS System (Perkin-Elmer) and MALDI-TOF (Perseptive
BioSystem Voyager DE-STR) in order to confirm the mo-
lecular weight. PNA sequences were: antisense PNA DAT
(59-TCT GCT CCT TGA-39); mismatch PNA (59-GCT
TCT TCT CGA-39) where bold indicates the mismatch;
and scrambled PNA (59-AGT CTT CGT CTC-39). The
antisense PNA was targeted to the mRNA of the DAT
starting at base 101 within the coding sequence.

2.2. Motility studies

Sprague–Dawley male rats (250 g, Harlin) were injected
with one of the three PNAs (antisense, mismatch, or scram-
bled) to the DAT (10 mg/kg, i.p.) or with saline (vehicle).
Following injection, the animals were placed in a plexiglass
Opto-Varimax minor motility chamber (Columbus Instru-
ments) for 30 min for habituation. After the habituation, the
motility of the rats was recorded for 3 hr. On days 7 and 9,
the animals were challenged with 10 mg/kg of amphetamine
administered i.p. All groups of animals were monitored in
the motility chambers for 3 hr. The results were analyzed by
ANOVA using Dunn’s method of multiple comparisons,
with P , 0.05 considered significant.

2.3. Protein studies for DAT

To determine the effect of PNA treatment on DAT pro-
tein levels, we analyzed striatal brain tissue from control
and PNA-treated rats using an ELISA. Briefly, striatal tissue
was homogenized in 10 vol. of PBS, centrifuged, and
washed three times at 10,000g for 3 min at 4°. The pellets
were washed and resuspended in coating buffer. Aliquots
(100mL) of each sample were used to coat wells of ELISA
plates. Plates were incubated overnight at 4° and washed. A
rabbit anti-rat DAT antibody (Chemicon) was added, and
the plates were incubated for 1 hr at room temperature. The
plates were washed again, and a goat anti-rabbit horseradish
peroxidase secondary antibody (Jackson Immunoresearch)
was added and incubated for 1 hr at room temperature.
Plates were washed and developed with the TMB microwell
peroxidase substrate (Kirkegaard & Perry Laboratories).
OD was recorded 30 min later at 650 nm. Protein concen-
trations were determined by bicinchoninic acid (Pierce), and
OD was normalized to protein content.

3. Results and discussion

Figure 1 shows the locomotor results of a subchronic
experiment using four groups of rats. Each group was in-
jected daily for 9 days with either saline, antisense DAT
PNA, mismatch DAT PNA, or scrambled DAT PNA (10
mg/kg, i.p.). Measurements were taken on days 7 and 9 after
initial motility; rats were challenged with 10 mg/kg of
amphetamine (i.p.) and scored for motility. The antisense
DAT PNA-treated animals showed a trend of increased
baseline motility on day 7, but it was not statistically sig-
nificant. There was no significant difference in the responses
of any of the rats to amphetamine on that day. On day 8,
animals were not tested for amphetamine, but were allowed
to rest; PNA or vehicle injections were still given. On day
9, the antisense PNA-treated rats showed a statistically
significant increase in their resting motility levels, com-
pared with that for the saline-, mismatch-, and scrambled
PNA-treated animals (P , 0.01). In response to a challenge
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with 10 mg/kg of amphetamine, the saline-, mismatch-, and
scrambled PNA-treated rats showed a robust increase in
motility of 31-, 20-, and 36-fold above their respective
baselines, while the antisense PNA-treated animals showed
an increase of only 3.4-fold (P , 0.01 vs saline, mismatch,
and scrambled) (Fig. 2). No significant difference was found
between the saline and mismatch or scrambled groups.

Brains were harvested and striata microdissected from
rats treated with saline, antisense PNA, mismatch PNA, or
scrambled PNA. Figure 3 shows the results of an ELISA

examining DAT levels in striata of these animals. A signif-
icant, 32% decrease was found in antisense PNA-treated
rats (P , 0.001 vs saline-, mismatch-, and scrambled PNA-
treated rats). Scrambled PNA- and mismatch PNA-treated
animals showed no significant change compared with sa-
line-treated animals.

These results suggest that we accomplished our goal to
knock down DAT in the brain by treating mature rats
extracranially with an antisense PNA targeted to this trans-
porter. Thus, the antisense PNA targeted to DAT produced
an effect that phenotypically mimicked knockout DAT an-
imals (mice) [2], since the rats showed an increased basal
locomotor activity and a significantly decreased response to
amphetamine. Additionally, the rats showed a significant
decrease in DAT protein levels in the striatum, an area of
the brain rich in dopaminergic nerve endings. This study
provides support for results with knockout animals, as these
PNA-treated rats exhibited phenotypically similar behav-
iors, but had the added advantage of normal development up
until the time of the antisense treatment.

The antisense PNA acted in a sequence-specific manner,
since the mismatch PNA and the scrambled PNA had no
statistically significant effect on DAT protein levels, on
basal locomotor activity, or locomotor responses to an am-
phetamine challenge. The length of the effect, the revers-
ibility of the reduction in DAT protein, and behavioral
changes will be areas of further experimentation.

A significant increase in basal locomotor activity did not
occur until day 9 of treatment at which point the marked
reduction in response to amphetamine also occurred. This
delay is in accordance with the reported long half-life of the
dopamine transporter (at least 5 days) [18], although a
recent report using a more direct way of measuring the

Fig. 1. Motility of rats treated with antisense PNA targeted to dopamine
transporter (10 mg/kg, i.p.), mismatch PNA (10 mg/kg, i.p.), scrambled
PNA (10mg/kg, i.p.), or saline. Rats (N5 6 for saline and antisense
groups; N5 4 for mismatch and scrambled groups) were injected daily for
9 days, and motility was scored for 3 hr post-habituation in an Opto-
Varimax minor motility chamber (means6 SEM). Key: (*) P , 0.01 vs
saline, mismatch, and scrambled PNA.

Fig. 2. Motility: fold increase over baseline with amphetamine challenge.
Rats (N5 6 for saline and antisense groups; N5 4 for mismatch and
scrambled groups) were injected with amphetamine (10 mg/kg, i.p.) on day
7 and day 9. Motility was scored in an Opto-Varimax minor motility
chamber, and each group was compared to its resting baseline for fold
increase in locomotion (means6 SEM). Key: (*) P , 0.01 vs saline,
mismatch, and scrambled PNA.

Fig. 3. DAT levels post treatment in the striata of rats treated with antisense
DAT PNA, mismatch PNA, scrambled PNA, or saline. Rats were injected
for 9 days with antisense PNA, mismatch PNA, scrambled PNA, or saline,
and the striata were microdissected from the brain (N5 6 for saline and
antisense groups; N5 4 for mismatch and scrambled groups). DAT protein
levels were determined by ELISA and were normalized to protein content
(means6 SEM). Key: (*) P , 0.001 vs saline, mismatch, and scrambled.
N.S. 5 not significant vs saline.
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turnover rate estimates the turnover to be around 2 days
[19]. In any case, the long half-life of the transporter may
suggest a lack of an acute regulation of dopamine transmis-
sion in vivo,which would be consistent with other data that
demonstrate a need for chronic stimulant treatment to cause
a change in DAT mRNA levels [20].

As with our previous work targeting other proteins [5,6],
the extracranially administered (i.p.) antisense PNA to DAT
had to cross the blood–brain barrier to cause its biological
effects. The ability to selectively turn off a protein, partic-
ularly in the brain, is a powerful tool, which may lead to the
development of novel therapeutic agents against known and
novel targets.

Acknowledgments

This work was supported by the Mayo Foundation and
grants from the NIMH (MH 61000 and MH60305) as well
as an R.H. Smith Neurodegenerative Fellowship (B.M.T.).

References

[1] Amara SG, Kuhar MJ. Neurotransmitters: recent progress. Annu Rev
Neurosci 1993;16:73–93.

[2] Giros B, Jaber M, Jones SR, Wightman RM, Caron MG. Hyperlo-
comotion and indifference to cocaine and amphetamine in mice
lacking the dopamine transporter. Nature 1996;379:606–12.

[3] Jaber M, Jones S, Giros B, Caron MG. The dopamine transporter: a
crucial component regulating dopamine transmission. Mov Disord
1997;12:629–33.

[4] Rocha BA, Fumagalli F, Gainetdinov RR, Jones SR, Ator R, Giros B,
Miller GW, Caron MG. Cocaine self-administration in dopamine-
transporter knockout mice. Nat Neurosci 1998;1:132–7.

[5] Tyler BM, McCormick DJ, Hoshall CV, Douglas CL, Groshan K,
Lacy BW, Cusack B, Richelson E. Specific gene blockade shows that
peptide nucleic acids readily enter neuronal cellsin vivo. FEBS Lett
1998;421:280–4.

[6] Tyler BM, Jansen K, McCormick DJ, Douglas CL, Boules M, Stewart
JA, Zhao L, Lacy B, Cusack B, Fauq A, Richelson E. Peptide nucleic
acids targeted to the neurotensin receptor and administered i.p. cross
the blood-brain barrier and specifically reduce gene expression. Proc
Natl Acad Sci USA 1999;96:7053–8.

[7] Fraser GL, Holmgen J, Clarke PBS, Wahlestedt C. Antisense inhibi-
tion of d-opioid receptor gene functionin vivo by peptide nucleic
acids. Mol Pharmacol 2000;57:725–31.

[8] Pooga M, Soomets U, Hallbrink M, Valkna A, Saar K, Rezaei K,
Kahl U, Hao JX, Xu XJ, Wiesenfeld-Hallin Z, Hokfelt T, Bartfai T,
Langel U. Cell penetrating PNA constructs regulate galanin receptor
levels and modify pain transmissionsin vivo. Nat Biotechnol 1998;
16:857–61.
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