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Abstract

The goal of this study was to determine the neuroanatomical extent of mu opioid receptor knockdown in central nervous system (CNS)
following intracerebroventricular (i.c.v.) administration of peptide nucleic acid antisense. Rats received subchronic i.c.v. injections of anti-mu
opioid receptor antisense, mismatch or vehicle, and were tested for paw pressure latency following i.c.v. mu opioid receptor agonist ([D-Ala?,
N-Me-Phe?*, Gly-ol*]-enkephalin; DAMGO) or delta opioid receptor agonist ((+)-4-[(aR)-a-((28,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-
methoxybenzyl]-N,N-diethylbenzamide; SNCS80). The anti-mu opioid receptor antisense (but not mismatch) sequence abolished DAMGO-
induced antinociception with no reduction in the delta opioid receptor-mediated response. In contrast, postmortem receptor autoradiographic
analysis of CNS areas revealed no change in mu opioid receptor functional response ([>>S]GTPyS assay) or receptor labelling (['*°I]FK-
33824 and mu opioid receptor immunoautoradiography). These results provide further evidence for antisense-induced knockdown at the
behavioural level in the absence of clear changes at the tissue level.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Peptide nucleic acids are synthetic deoxynucleotide
analogs based on a pseudopeptide backbone (Nielsen et
al., 1991). Their chemical properties confer several potential
advantages for antisense applications. For example, peptide
nucleic acid antisenses have high affinity for mRNA and
poor tolerance for base mismatches (Dias et al., 1999;
Larsen et al., 1999; Ray and Norden, 2000). Peptide nucleic
acids are also highly resistant to nucleases and proteases
(Demidov et al., 1994). The polyamide backbone of peptide
nucleic acids is not only achiral but also charge neutral,
minimizing interactions with proteins (Larsen et al., 1999),
and at effective doses, peptide nucleic acids have not been
associated with toxicity (Fraser et al., 2000a; Turner et al.,
2003). An additional advantage is that peptide nucleic acids
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act independently of ribonuclease H, thereby avoiding
nonspecific effects resulting from cleavage of nontarget
mRNA (Stein, 2000).

As antisense agents, peptide nucleic acids have proven to
be efficacious and target selective both in vitro (Aldrian-
Herrada et al., 1998; Pooga et al., 1998; Cutrona et al.,
2000; Turner et al., 2003) and in vivo (Tyler et al., 1998,
1999; Pooga et al., 1998; Fraser et al., 2000a; McMahon et
al., 2001; Tyler-McMabhon et al., 2001; Rezaei et al., 2001;
Turner et al., 2003). Antisense effects have been reported in
rodent brain and spinal cord, with evidence of CNS efficacy
not only after central injection but even after systemic
administration (Tyler et al., 1999; McMahon et al., 2001;
Tyler-McMahon et al., 2001; McMahon et al., 2002; Turner
et al., 2003).

The anatomical extent of protein knockdown following
central peptide nucleic acid antisense administration is
largely unknown (Tyler et al., 1998). To address this
question in the present study, we used a peptide nucleic
acid sequence that was previously shown to produce
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profound behavioural effects, with a concomitant reduction
in brain mu opioid receptor (~55%) in the PAG and
hypothalamus (Tyler et al., 1998; McMahon et al., 2001).
In the present study, mu opioid receptor protein knock-
down was assessed not only by radioligand binding and
immunohistochemistry but also by [*>S]GTPyS binding
which is a potentially more sensitive measure (Fraser et al.,
2000a). For greater anatomical resolution, mu opioid
receptor abundance and function were assessed using
tissue autoradiography.

2. Materials and methods
2.1. Animals

Male Sprague—Dawley rats (325-350 g; Charles River,
St Constant, QC, Canada) were housed in groups of two in a
temperature- and humidity-controlled animal colony lit from
7 a.m. to 7 p.m. Food and water were available ad libitum.
All experiments were approved by the McGill University
Animal Care Committee in accordance with the Canadian
Council on Animal Care guidelines.

2.2. Surgery

Rats were anesthetised by intraperitoneal injection of
ketamine/xylazine (80/16 mg/kg) solution (Bioniche, Belle-
ville, ON, Canada and Novopharm, Toronto, ON, Canada)
and placed in a stereotaxic device. Each animal was
implanted with a 24-gauge guide cannula (Plastics One,
Roanoke, VA, USA) extending into the right lateral
ventricle of the brain (coordinates from bregma: AP, —0.8
mm; ML, 1.5 mm; DV, 4.1 mm) and fixed with dental
cement. Rats were given dipyrone analgesic (100 mg/kg,
Vétoquinol, Lavaltrie, QC, Canada) immediately following
surgery. To prevent occlusion, guide cannulac were kept
patent by stainless steel inserts which extended 0.5 mm
beyond the cannulae tip. Rats were allowed 5-7 days to
recover from surgery before random allocation into treat-
ment groups.

2.3. Peptide nucleic acid antisense constructs

All peptide nucleic acid sequences were donated by
Applied Biosystems (Framingham, MA). Peptide nucleic
acid sequences were HPLC purified as TFA salts then
converted to HCI salts by freeze drying from a dilute
aqueous HCI solution. The completeness of the conversion
was confirmed by ion exchange chromatography. The anti-
mu opioid receptor peptide nucleic acid sequence (5’ -CAG
CCT CTT CCT CT-3") and the mismatch sequence (CCG
CAT CCT CTT CT) were designed according to Tyler et al.
(1998). Peptide nucleic acid sequences were reconstituted in
a stock solution of sterile ddH,O (1 mM) and stored at 4 °C.
On each antisense treatment day, peptide nucleic acid

antisense was diluted to 0.1 mM (1 nmol/10 ul) in
Dulbecco’s phosphate-buffered saline (DPBS; 0.5 mM
MgCl,, 2.7 mM KCl, 1.5 mM KH,PO,4, 7.3 mM NaCl,
8.0 mM Na,HPQO,), and the concentration was verified by
determining the absorption of the solution at a wavelength
of 260 nm. The following formula was used to quantify the
peptide nucleic acid concentration: (4,¢¢/extinction coef-
ficient of the sequence)xdilution factor. The presence of
soluble aggregates of peptide nucleic acid was also scanned
for at 300 nm and was found to be negligible for all
sequences used.

2.4. Intracerebroventricular injections

Antisense or vehicle (DPBS) was administered i.c.v. in
daily bolus injections for 5 days. Antisense and opioid drugs
were administered by the i.c.v. route to conscious rats
through an indwelling 30-gauge injection cannula (Plastics
One) connected via PESO polyethylene tubing to a 100-ul
Hamilton syringe. Solutions (10 pl) were injected over 1
min, and the injection cannula was left within the guide
cannula for an additional 30 s.

2.5. Antinociceptive testing

Each rat was tested on only one occasion. The same
investigator performed all antinociceptive testing. Acute
mechanonociception was measured using an analgesy meter
(Ugo Basile, Varese, Italy). Briefly, a rat was gently
restrained by hand, and an increasing force was gradually
applied to the right hind paw until the threshold force causing
the rat to withdraw its paw was determined. A maximal cut-
off force of 510 g was implemented for this study. Data are
presented as percentage maximum possible effect (%MPE)
calculated as follows: %MPE=[(response—baseline)/
(cut-off—baseline)] x 100%.

Animals were tested 18-20 h after the last antisense
injection. In all experiments, baseline response thresholds
were measured immediately before the administration of
opioid agonist. The antinociceptive response to opioid
agonists was measured at 15, 30, 45 and 60 min after drug
treatment. ED80 doses of DAMGO (0.2 nmol) and SNC80
(400 nmol) were determined by Fraser et al. (2000b).

2.6. Preparation of tissue

Rats were decapitated 3 h after the hour-long test session,
and the brains and spinal cords were rapidly removed,
frozen in 2-methylbutane (—50 °C for 30 s) and stored at
—40 °C. Brain and spinal cord sections were cryostat-cut at
20 um. All sections were taken according to Paxinos and
Watson (1997). Sections for the caudate putamen were cut
between 10.7 and 7.7 mm above the interaural line. The
thalamic and periaqueductal grey sections were taken
between 6.44 and 4.2 and 3.2-1.2 mm above the interaural
line, respectively. Brain stem sections were cut between 1.3
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and 2.6 mm below the interaural line. Sections were thaw
mounted onto gelatin-coated slides, air dried at room
temperature for 10—15 min and vacuum dried with desiccant
at 4 °C overnight. Slides were then stored at —40 °C until
further use.

2.7. [P’S]GTPyS autoradiography

[*>S]GTPyS autoradiography was performed using a
protocol modified from Hyytia et al. (1999). Sections were
thawed at room temperature and rehydrated for 20 min in
assay buffer containing 50 mM Tris—HCI, 5 mM MgCl,,
100 mM NaCl and 1 mM EDTA (pH 7.4). Sections were
then preincubated for 1 h with assay buffer plus 2 mM
guanosine 5’ -diphosphate sodium salt (GDP; Sigma, St.
Louis, MO, USA) and 1 pM 8-cyclopentyl-1,3-dipropyl-
xanthine (DPCPX, adenosine A(1) receptor antagonist,
Sigma). The sections were incubated in plastic slide mailers
for 1.5 h with assay buffer plus 2 mM GDP, 1 uM DPCPX,
1 mM dithiothreitol, 225 pM guanosine 5 (y->>S-thio)
triphosphate ([*>S]GTPyS, 1250 Ci/mmol, Perkin Elmer
Life Science Products, Woodbridge, ON, Canada). Slide
mailers were allocated to three incubation conditions: basal
(i.e., no agonist present), agonist EC50 (with added mu
opioid receptor agonist DAMGO 0.3 pM [Sigma]), agonist
EC100 (10 uM DAMGO) and nonspecific (i.e., 10 pM
unlabelled GTPyS [Sigma] with no agonist present).
Sections were then rinsed in ice-cold buffer (50 mM Tris—
HCl and 5 mM MgCl,, pH 7.4, 2 X5 min) and distilled water
(2 s) then blow dried. Sections were exposed to X-ray film
for 24 h in light-proof X-ray cassettes. Coexposure with
['*C] microscale autoradiographic standards (American
Radiolabeled Chemicals, St. Louis, MO, USA) permitted
quantification of the [*°S] radioisotope (Miller, 1991). The
films were processed with D19 developer and GBX fixer
(Kodak).

2.8. [*°IJFK-33824 autoradiography

['*51]JFK-33824 autoradiography was performed using a
protocol modified from Fraser et al. (1999). ['**T]FK-33824
was donated by AstraZeneca R&D Montreal (specific
activity 2200 Ci/mmol). Sections were thawed at room
temperature and incubated at room temperature for 2 h in
assay buffer comprising 50 mM Tris—HCI, 3 mM MgCl,,
0.1% bovine serum albumin (pH 7.4) and a nonsaturating
concentration of 0.03 nM ['*’IJFK-33824. Nonspecific
binding (NSB) was defined by the addition of the highly
selective mu opioid receptor antagonist D—Phe—Cys—Tyr—
D-Trp—Orn—Thr—Pen—Thr—NH, (CTOP, 1 uM; Tocris,
Ellisville, MO, USA). Following incubation, sections were
rinsed in ice-cold wash buffer (50 mM Tris—HCI, 3 mM
MgCl,; 3X5 min) and distilled water (2 s) then blow dried.
Sections were exposed to Kodak X-OMAT AR X-ray film
together with ['2°I] microscale autoradiographic standards
(Amersham Pharmacia Biotech, Piscataway, NY, USA) for

24 h in light-proof X-ray cassettes. The films were
processed with D19 developer and GBX fixer (Kodak).

2.9. Immunoautoradiography

Immunoautoradiography of the mu opioid receptor was
performed using a protocol modified from Grant and Clarke
(2002). Sections were postfixed in an aqueous solution
containing 6% paraformaldehyde, 20% absolute alcohol,
20% ethylene glycol, 10% glycerol and 0.32 M sucrose for
1 h at —20°C. After washing (25 then 1xX30 min) in buffer
(0.1 M phosphate buffer in 0.1 M NaCl (PBS)/0.3% Tween-
20), sections were incubated in a blocking solution
containing 30% skim milk powder (Carnation), 3% goat
serum (Vector) and 0.05% NaNj for 2 h at room temper-
ature. After washing with buffer (1 x10 min), sections were
incubated with rabbit polyclonal anti-mu opioid receptor
antibody (1:5000; Neuromics Minneapolis, MN, USA) in
1.5% goat serum and 0.05% NaNj overnight at 4 °C. As a
control, nonspecific binding was determined by incubating
adjacent sections with 0.3 mM blocking peptide (NHQLEN-
LEAETAPLP; Sheldon Biotech, McGill University, Mon-
treal, QC, CANADA). After washing with buffer (1x5,
1x10, 1x30 min), the secondary antibody ['*1]-labelled
goat antirabbit IgG (Perkin Elmer Life Science Products;
specific activity 1200 Ci/mmol) was applied (8 pM) for 1 h
at room temperature. This antibody was added to a solution
containing 10% skim milk powder, 5% goat serum and
0.05% NaNj3. Sections were rinsed in ice-cold buffer (2x30
min), dipped briefly in distilled water then blow dried.
Sections were exposed to Kodak X-OMAT AR X-ray film
together with ['*°I] microscale autoradiographic standards
(Amersham Pharmacia Biotech) for 3 days in light-proof X-
ray cassettes. The films were processed with D19 developer
and GBX fixer (Kodak).

2.10. Quantitative image analysis

Film autoradiographs were quantified using an M4
MCID computer-based system (Imaging Research, St.
Catherines, ON, Canada). Specific binding was determined
by subtraction of nonspecific binding measured in adjacent
sections. Agonist-stimulated [*>S]JGTPyS binding was
calculated by subtracting basal binding from agonist
stimulated binding. Regions of interest were identified by
reference to adjacent Nissl-stained sections.

2.11. Statistical analysis

Nonlinear regression analysis of concentration-response
data (sigmoidal curve fit) was performed by GraphPad
Prism version 4.00 for Windows (GraphPad Software, San
Diego California USA, http://www.graphpad.com). Multiple
comparisons (i.e., ¢-tests with Bonferroni adjustment) and
power analyses were performed using Systat v10.2 (SPSS,
Chicago, IL, USA).
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2.12. Overview of experiments

Four separate experiments were performed using differ-
ent sets of animals. In each experiment, animals were
pretreated with antisense or vehicle, tested behaviourally
and sacrificed for in vitro analysis. Experiment 1 inves-
tigated target selectivity in vivo (i.e., delta opioid vs. mu
opioid receptor-mediated antinociception), following which
evidence of functional knockdown in vitro ([*>S]GTPyS
assay) was sought in the caudate putamen and in brain areas
that mediate mu opioid receptor antinociception. Experi-
ment 2 tested whether behavioural knockdown was asso-
ciated with changes in mu opioid receptor labelling
(['*°IJFK-33824 and immunoautoradiography) in the brain.
Experiment 3 investigated sequence selectivity in vivo (i.e.,
antisense vs. mismatch peptide nucleic acid). Experiment 4
tested for in vitro changes in the spinal cord that might
account for the behavioural knockdown.

3. Results

3.1. Antisense abolished mu opioid receptor-mediated
antinociception

In all four experiments, vehicle pretreated animals
responded maximally or near maximally to the mu agonist
DAMGO in the paw pressure assay. The peak drug effect
occurred at 15 min post i.c.v. injection. In Experiments 1 and
3, pretreatment with anti-mu opioid receptor peptide nucleic
acid antisense abolished this antinociceptive effect, as
illustrated in Fig. 1. This effect was also seen in Experiments
2 and 4; thus, no DAMGO response was observed after
antisense pretreatment (mean+SEM percent maximal pos-
sible effect, —1.6+4.1 and 3.3+5.8, respectively).

To test for target selectivity, antisense-pretreated rats
were tested with the delta opioid receptor agonist SNC80
(Fig. 1A). The anti-mu opioid receptor antisense did not
detectably reduce the response to this drug (P>0.2). In a test
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Fig. 2. Effect of DAMGO on [*>S]GTPyS binding in selected rat brain
and spinal regions. DAMGO-stimulated binding in the caudate putamen
(CP), periaqueductal grey (PAG), cervical segment 5 (C5) and lumbar
segment 4 (L4). The y axis shows mean+S.EM. specific [>°S]GTPyS
binding expressed as a percentage of basal binding (i.e., absence of
agonist; n=6—-8 sections).

for sequence selectivity, pretreatment with a mismatch
peptide nucleic acid sequence did not significantly alter
the response to DAMGO (P>0.3, Fig. 1B). Lastly, pretreat-
ment with antisense did not alter baseline antinociceptive
responses (data not shown).

3.2. Anti-mu opioid receptor peptide nucleic acid antisense
did not produce a detectable knockdown in CNS tissues

The functional response of the mu opioid receptor was
determined in vitro using [*>S]GTPyS autoradiography.
Based on an initial characterization (Fig. 2), an approximate
EC50 and maximal concentration of DAMGO (0.3 and 10
uM) were selected for further testing in brain and spinal
cord. The mu opioid receptor agonist DAMGO increased
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Fig. 1. Effect of antisense pretreatment on mu opioid receptor-mediated antinociception. Experiments 1 and 3 are depicted in panels (A and B), respectively.
Depending on the experiment, rats were pretreated with antisense, mismatch or vehicle for 5 days followed by acute challenge with DAMGO (0.2 nmol),
SNC80 (400 nmol) or saline. Peptide nucleic acid antisense targeting mu opioid receptors abolished the antinociceptive response to DAMGO (A and B).
SNC80-induced antinociception was not affected by pretreatment with antisense (A). A three base pair mismatch sequence did not alter DAMGO-induced
antinociception (B). The y axis represents the mean+S.E.M. response (n=4—8 rats/group) expressed as a percentage of the maximal possible antinociceptive
effect. The x axis shows time relative to injection of challenge drug. Veh—vehicle; AS—peptide nucleic acid antisense; MM—peptide nucleic acid mismatch;
sal—saline.
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Fig. 3. Representative autoradiograms of DAMGO-stimulated [**S]GTPyS binding, ['**I]FK-33824 and mu opioid receptor immunoautoradiography. In the
[**SIGTPYS assay, basal binding was determined in the absence of agonist, and nonspecific binding was determined in the presence of excess cold GTPyS.
Nonspecific binding for ['*°[JFK-33824 was determined by the addition of 1 uM CTOP and was virtually undetectable. Nonspecific binding for
immunoautoradiography was determined by the addition of 0.3 mM of blocking peptide.

[*°S]GTPyS binding in mu opioid receptor-rich areas
consistent with the pattern of conventional radioligand
binding (['*°I]JFK-33824) and immunoautoradiography
(Fig. 3).

In all four experiments, the caudate putamen and the
periaqueductal grey were assessed for in vitro changes in
mu opioid receptor function. Antisense pretreatment pro-
duced no detectable change in DAMGO-induced
[*>S]GTPyS binding in these regions, as represented in
Fig. 4A and C. Subsequent analysis of other pain-related

areas revealed no antisense effect, i.e., in thalamus,
rostroventral medulla (Fig. 4B and D), cervical segment 5
and lumbar segment 4 regions (Fig. 4E and F).

Possible knockdown of brain mu opioid receptor
abundance was determined using a mu opioid receptor-
specific radioligand (['*’IJFK-33824). No change was
detected after antisense pretreatment in the three areas
assayed (i.e., caudate putamen, thalamus and periaqueductal
grey, Table 1). Finally, no change in mu opioid receptor
immunoautoradiographic labelling was detected (Table 1).
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Fig. 4. Lack of antisense-induced knockdown of DAMGO-stimulated [>>S]GTPyS binding in rat CNS. Autoradiographic analysis of the response to EC50
(0.3 pM, open bars) and maximal (10 uM, dark bars) concentrations of DAMGO revealed no difference between antisense- vs. vehicle-pretreated rats in any
area examined: (A) caudate putamen (CP), (B) thalamus (Thal), (C) periaqueductal grey (PAG), (D) rostroventral medulla (RVM), (E) cervical segment 5
(C5) or (F) lumbar segment 4 (L4). Panels (A-D) are derived from Experiment 1; panels (E-F) are from Experiment 4. The y axis shows mean+S.E.M.
specific [**S]GTPyS binding expressed as a percentage of basal binding (i.e., in the absence of agonist; n=4-8 rats/group).
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Table 1

Autoradiographic labelling of mu opioid receptor with ['*°IJFK-33824
and immunoautoradiography after vehicle or antisense pretreatment
(mean+S.E.M.)

CNS area ['*°1]FK-33824 Immunoautoradiography
Vehicle Antisense Vehicle Antisense

CP 1.27+0.11 1.4440.18 0.05+0.02 0.0840.03

Thalamus 1.14£0.12 1.07£0.14

PAG 0.44+0.04 0.45+0.06 0.13+0.01 0.12+0.01

In each case, nonspecific binding (NSB) was subtracted from the total
binding. Nonspecific binding for ['**IJFK-33824 and immunoautoradiog-
raphy was defined by addition of 1 pM CTOP and 0.3 mM blocking
peptide, respectively (n=6—8 rats/group).

Power analyses were performed on the most sensitive
measures to determine the smallest detectable antisense
effects. To this end, the effects of 10 uM DAMGO on
[**S]GTP~yS binding were normalized (i.e., mean DAMGO
effect of vehicle-pretreated group defined as 100%) and
pooled across all four experiments. On this basis, we would
have been able to detect a 23% or greater knockdown of the
DAMGO response in the caudate putamen, whereas only a
3% reduction was actually observed. In the periaqueductal
grey, a 17% knockdown in ['**IJFK-33824 binding would
have been detectable, but instead, a 2% increase was
observed in the antisense group.

4. Discussion

The main finding of the present study was the clear
dissociation of behavioural and biochemical effects of
peptide nucleic acid antisense targeted to mu opioid
receptor. Thus, antisense treatment abolished DAMGO-
induced antinociception with little or no detectable loss of
mu opioid receptor protein or function in vitro.

It is likely that the behavioural knockdown represents a
true antisense effect for the following reasons. First, the
effect was sequence-dependent, as demonstrated by the
mismatch control. Second, the peptide nucleic acid antisense
effect appeared to be target selective in behavioural tests.
Thus, we observed no knockdown of SNC80-induced
antinociception, a response mediated by delta opioid
receptor (Bilsky et al., 1995; Fraser et al., 2000b) and
independent of mu opioid receptor (Fraser et al., 2000b).
Sequence- and target-dependent effects have also been
reported following intraparenchymal (Tyler et al., 1998) or
systemic (McMahon et al., 2001) administration of the same
sequence.

In trying to reconcile our negative in vitro findings with
previous mu opioid receptor peptide nucleic acid studies,
several procedural differences may be significant. For
example, we administered antisense intracerebroventricu-
larly, whereas in the earlier studies, it was administered
either intraperitoneally or directly into brain tissue. We also
gave the antisense daily, while in the previous studies, it was
given less frequently (Tyler et al., 1998; McMahon et al.,

2001). It is important to note that our animals were
sacrificed within hours of behavioural testing to insure that
the antisense effect was still present. It is unlikely that our
assays were less sensitive than those used previously.
Indeed, we assessed not only mu opioid receptor abundance
(by radioligand binding and radioimmunohistochemistry)
but also mu opioid receptor function using the [*>S]GTP+S
assay which we previously found to be more sensitive to
antisense treatment (Fraser et al., 2000a).

In view of the present mismatch between behavioural
and biochemical responses, it is important to note that all of
the CNS regions mediating mu opioid receptor antinoci-
ception were assayed in the present study. The caudate
putamen was also examined because of its proximity to the
site of antisense injection. All these areas are abundant in
mu opioid receptor (Mansour et al., 1994, 1995), and
therefore, the signals in these regions were large enough for
changes to be detectable. Since both the peptide nucleic acid
antisense and DAMGO were given intracerebroventricu-
larly, changes in supraspinal mu opioid receptor were
anticipated. However, no change was found in sites thought
to mediate supraspinal antinociception by DAMGO (i.e.,
thalamus, PAG, and rostroventral medulla; Carr and Bak,
1988; Fang et al., 1989; Rossi et al., 1994). It is not known
whether a significant concentration of peptide nucleic acid
antisense would accumulate in the spinal cord after i.c.v.
administration. Therefore, as a final check, spinal regions
that might contribute to DAMGO-induced antinociception
were assayed, with the same negative result.

The peptide nucleic acid antisense sequence used in this
study is also complementary to several other rat transcripts
(i.e., metabotropic glutamate receptor 6, ephrin Bl and
succinate semialdehyde dehydrogenase), raising the possi-
bility that our behavioural knockdown was not mu opioid
receptor mediated. This possibility is unlikely for the
following reasons. First, metabotropic glutamate receptor
6 is located only in the eye (Nomura et al., 1994). Second,
ephrin B1 is known to decrease chronic inflammatory pain
but is reported not to play a role in transmission of acute
pain stimuli (Battaglia et al., 2003). Third, inhibition of
succinate semialdehyde dehydrogenase expression would
disrupt GABA metabolism and tend to produce a general
behavioural disruption (Gupta et al., 2003). Importantly, the
preservation of delta opioid receptor-mediated antinocicep-
tion following peptide nucleic acid treatment renders all
these possibilities unlikely.

It therefore appears that peptide nucleic acid antisense
treatment suppressed expression of a behaviourally relevant
mu opioid receptor population which was not detected in
our in vitro assays. One possibility is that our antisense
treatment differentially targeted splice variants of mu opioid
receptor (Pasternak, 2001), but this is unlikely since our
sequence targeted the 5’ noncoding region of the mu opioid
receptor transcript. A second possibility is that DAMGO-
induced antinociception occurred via G-proteins that are not
readily detected by the [>°S]GTPyS assay. However, it
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remains to be explained why no knockdown of mu opioid
receptor was observed in our receptor binding and
immunohistochemical assays.

The present findings are reminiscent of our previous
results using a peptide nucleic acid antisense sequence
targeting delta opioid receptor (Fraser et al., 2000a). In the
latter study, a marked inhibition of delta opioid receptor-
mediated behavioural effects occurred, with only a small
(25%) inhibition of delta opioid receptor-mediated
[**S]GTP+S response and no significant reduction in [*HJ-
naltrindole binding in whole brain homogenates (Fraser et
al., 2000a). A large discrepancy between behavioural
knockdown and in vitro G-protein coupled receptor (GPCR)
expression has also been reported for phosphodiester and
phosphorothioate oligodeoxynucleotides (Weiss et al., 1993;
Qin et al., 1995; Shah et al., 1997).

Such discrepancies may be especially surprising given
that GPCRs, including the mu opioid receptor (Sora et al.,
2001), are commonly associated with a receptor reserve
(i.e., “spare receptors”). Hence, it has been proposed that
newly synthesized receptors are especially susceptible to
antisense treatment and contribute disproportionately to in
vivo pharmacological responses (Qin et al., 1995; Hua et al.,
1998; Van Oeckelen et al., 2003). Consistent with this notion,
our results show a clear and selective behavioural knock-
down in the absence of readily detectable in vitro changes.
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