v

www.elsevier.n}locate/ejphar

ELSEVIER European Journal of Pharmacology 419 2001 163-174

Conformationally restricted analogs of BD1008 and an antisense
oligodeoxynucleotide targeting, receptors produce anti-cocaine
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Abstract

Cocaine’s ability to interact witle receptors suggests that these proteins mediate some of its behavioral effects. Therefore, three novel
o receptor ligands with antagonist activity were evaluated in Swiss Webster mice: B{16818[23 3,4-dichlorophenyl ethyl -1,4-
diazabicycld 4.3.p nonape , BD1068 [ 1€ 2- 3,4-dichlorophenyl éthyl -4-methylpipejazine , and LRIB2S-(+)-cis-N-[2«3,4-
dichlorophenyl ethyl -2- 1-pyrrolidinyl cyclohexylamine . Competition binding assays demonstrated that all three compounds have high
affinities for o, receptors. The three compounds vary in their affinitiesdgrreceptors and exhibit negligible affinities for dopamine,
opioid, GABA, and NMDA receptors. In behavioral studies, pre-treatment of mice with BD1018, BD1063, or LR132 significantly
attenuated cocaine-induced convulsions and lethality. Moreover, post-treatment with LR132 prevented cocaine-induced lethality in a
significant proportion of animals. In contrast to the protection provided by the putative antagonists, the well-charactegzegtor
agonist die-tolylguanidine ( DTG and the noveloc receptor agonist BD1031( R1-{2<3,4-dichlorophenyl ethyl -1,4-
diazabicycld 4.3.p nonahe each worsened the behavioral toxicity of cocaine. At doses where alone, they produced no significant effects
on locomotion, BD1018, BD1063 and LR132 significantly attenuated the locomotor stimulatory effects of cocaine. To further validate the
hypothesis that the anti-cocaine effects of the novel ligands involved antagonismrefeptors, an antisense oligodeoxynucleotide
againsto, receptors was also shown to significantly attenuate the convulsive and locomotor stimulatory effects of cocaine. Together, the
data suggests that functional antagonismoofreceptors is capable of attenuating a number of cocaine-induced beha®iaf1
Published by Elsevier Science B.V.
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1. Introduction of cocaine corresponds to concentrations that are achiev-
able in vivo (Kuhar et al., 1988 . Therefore, efforts to
Cocaine acts as a dopamine uptake blodker Kuhar etdevelop pharmacotherapies to treat cocaine abuse and
al., 1988 . It can additionally inhibit the reuptake of sero- overdose have logically focused on these sites. Over the
tonin and norepinephrine, and bind to a number of neuro- years, numerous promising compounds have been devel-
transmitter receptors Kuhar et al., 1988 . Of the myriad of oped that target the monoamine transporters and their
sites with which cocaine interacts, the monoamine trans- corresponding neurotransmitter systerfas Carroll et al.,
porters, muscarinic receptors, andreceptors are thought  1999; Newman, 2000 . However, drug development efforts
to mediate the psychological and physiological properties directed toward these strategies have yet to result in an
of cocaine( Kuhar et al., 1988 . At these sites, the affinity effective treatment for cocaine abuse in huméns Appel,
2000 . Previous investigations that targeted muscarinic
systems were also limited in succeés Heidbreder and
" Corresponding author. Tel+1-405-271-6593 ext. 47250; fax1-  niPPenberg, 1996; Ritz and George, 1997a,b; Witkin et
405-271-7505. al., 1989, and while a recent study suggests that com-
E-mail address: rae-matsumoto@ouhsc.eflu R.R. Matsumoto . pounds that act as partial agonists at muscarinic receptors
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may have promisd Rasmussen et al., 2000, concernsl998; Matsumoto et al., 1995; Monnet et al., 1996; Tran et
about common side effects associated with this class ofal., 1998; Vilner and Bowen, 2000 . In addition, a prelimi-
compounds are difficult to circumvent. Early attempts to nary report on the effects of BD1063 on cocaine-induced
block the actions of cocaine by manipulatieg receptors behaviors showed it capable of attenuating the locomotor
were met also with mixed resulfs Menkel et al., 1991; stimulatory actions of cocainé McCracken et al., 1999b .
Ritz and George, 1997a,b; Witkin et al., 1993 . However,  Therefore, in the present study, three conformationally
in recent years, significant advances have been made inrestricted analogs of BD1008 were tested for their ability
our understanding ofr receptors, including the develop- to attenuate the convulsive, lethal, and locomotor stimula-
ment of highly selective ligands. Indeed, a number of these tory effects of cocaine: BD1018 S31{243,4-dichloro-
selective ligands and antisense oligodeoxynucleotides havepheny) ethy] -1,4-diazabicydlo 4.3.0 nonane , BD1063 1-
been shown to attenuate the convulsive, lethal, locomotor[2-(3,4-dichlorophenyl ethyl -4-methylpiperazine , and
stimulatory, and rewarding properties of cocaine LR132 (1R,2S(+)-cis-N-[2«3,4-dichlorophenyl ethyl -
(Matsumoto et al., 2001; Matsumoto and McCracken, 1999; 2 1-pyrrolidinyl) cyclohexylaming . For comparison, the
McCracken et al., 1999a,b; Romieu et al., 2D00 . These well-establishedo receptor agonist di-tolylguanidine
recent studies thus suggest tlatreceptors may be viable (DTG) was also tested to determine if it would worsen the
targets for the development of medications to treat cocainetoxicity of cocaine. The novel receptor ligand BD1031
abuse. (3R-1-[243,4-dichlorophenyl ethyl -1,4-diazabicyclo
o Receptors are currently recognized as unique binding [4.3.0 nonank , which is thgans-isomer of BD1018, was
sites with a drug selectivity pattern and anatomical distri- evaluated as an additional comparison because it has been
bution that are distinct from any known recepfor Itzhak, reported to possess agonistic actions @t receptors
1994; Walker et al., 1990 . The biological relevancecof ~ (Matsumoto et al., 1999 . Finally, an antisense oligo-
receptors is supported by evidence for endogenous ligandsdeoxynucleotide against; receptors( King et al., 1997
for these site§¢ Connor and Chavkin, 1991; Patterson et al.,was used to obtain complementary evidence that interfer-
1994; Su et al., 1986 . In addition, correlations have been ing with access tar receptors reduces the convulsive and
demonstrated between the receptor binding affinities of  locomotor stimulatory effects of cocaine.
drugs and their potencies in numerous functional assays
(Campbell et al., 1989; Kinney et al., 1995; Matsumoto et
al., 1990; Walker et al., 1993; Wu et al., 1991 . Biochemi- 2. Materials and methods
cal and pharmacological studies indicate the existence of
multiple o receptor subtypes, withr; and o, sites being 2.1. Drugs
the best characterizédd Quirion et al., 1992; Walker et al.,
1990 . Furthermoreg receptors have been linked to the BD1018 (35-1{243,4-dichlorophenyl ethyl -1,4-diaza-
modulation or production of intracellular second messen- bicycld 4.3.Q nonane , BD1031 RB1{2+ 3,4-dichlorophe-
gers such as G-proteins, cGMP, inositol phosphates, andnyl)ethyl]-1,4-diazabicyclo 4.3]0 nonane , BD10&3[ 1- 2-
calcium ( Bowen, 1994; Hayashi et al., 2000; Hong and (3,4-dichlorophenyl ethyl -4-methylpiperazine , and LR132
Werling, 1998; Joseph and Bowen, 1998; Morin-Surun et (1R,2S-(+ )-cis-N-[2-(3,4-dichlorophenyl ethyl -2- 1-
al., 1999; Rao et al., 1991; Vilner and Bowen, 2D00 . pyrrolidinyl)cyclohexylaming were synthesized as de-
Recently, several laboratories have sequenced and clonedcribed previously( De Costa et al., 1992a,b; Radesca et
possible receptor proteifs Pan et al., 1998; Prasad et al.al., 1991 . The structures of the novel ligands are shown in
1998; Seth et al, 1997, 1988, and antisense oli- Fig. 1. Di-o-tolylguanidine ( DTG was purchased from
godeoxynucleotides for these sequences have been showAldrich (Milwaukee, WI, USA . Cocaine hydrochloride
to attenuate functional effecfs King et al., 1997; Kitaichi was obtained from Sigm& St. Louis, MO, UBA . The
et al., 1997; Maurice et al., 1997 . radioligands were obtained from DupgiMew England
We have recently reported that the nowel receptor Nuclear( Boston, MA, USA .
ligand, BD1008 (N-[2-(3,4-dichlorophenyl ethyIN-
methyl-2€ 1-pyrrolidiny) ethylamine and several of its
analogs possess anti-cocaine actigns Matsumoto et al., ? N/:>
2001; McCracken et al., 1999a,b . Structure—activity eval- [

uations of ligands for other receptors have revealed that
conformational restriction can alter the interaction of drugs
with the receptor protein, sometimes resulting in ant-
Cl cl

agonistic properties. This feature may also apply oto
receptors because BD1068 [ 1€ 2- 3,4-dichlorophenyl -
ethyl]-4-methylpiperazine , an analog of BD1008 in which
the positions of the two nitrogens are restricted, possesses BD1018 BD1031 BD1063 LR132
antagonist actions through receptor Joseph and Bowen, Fig. 1. Structures of the novel receptor ligands.
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The 21-mer phosphorothioate-modified antisense determined with 10uM cyclazocine. GABA, receptors
oligodeoxynucleotide previously described by King et al. were labeled with 10 nNI* H muscimol; non-specific bind-
(1997 was used:’5-GAGTGCCCAGCCACAACCAGG-3. ing was determined with 1 mM GABA. 5-HT receptors
This antisense oligodeoxynucleotide was designed to targetwere labeled with 2 nM® H ketanserin; non-specific bind-
area —97 to —77 after the initiation codon of a cloned ing was determined with LM mianserin. The incubations
cDNA sequence fokr, receptors from mouse. As a con- were carried out for 60 min at 26 for the dopamine and
trol, three base pairs in the antisense sequence were reepiate receptor assays, 30 min at@7or the GABA, and
versed to obtain the following mismatch sequence: 5 5-HT, receptor assays, and for 60 min &€4or the PCP
GAGGTCCGOGACCACACACAGG-3 (King et al., 1997 .  assays.

The sense sequence was used as an additional control. The All of the assays were terminated with the addition of
oligodeoxynucleotides were synthesized with an Applied ice-cold buffer and vacuum filtration through glass fiber
Biosystems 394 DNA Sequencer and purified using HPLC filters. Counts were extracted from the filters using Ecoscint
(Molecular Biology Resource Facility, University of Okla- cocktail (National Diagnostics, Manville, NJ, USA for at
homa Health Sciences Center, Oklahoma City, OK, WSA . least 8 h prior to counting.

No o, antisense was tested because the sequence,for

receptors is still unknown. 2.3. Animals

2.2. Competition binding assays Male, Swiss Webster micé 21-30 g, Harlan, Indi-
anapolis, IN, USA; Charles River, Portage, MIl, UBA
The affinities of the novel ligands fas receptors were  were used for the behavioral experiments. The mice were
determined in tissues that are heavily concentrated with thehoused in groups of five to six with a 12:12-h ligtdark
respective subtypes. Methods previously published in de-cycle and ad libitum food and water. The animals were
tail were used( Bowen et al.,, 1993; Matsumoto et al., randomly assigned to their treatment groups. Mice from at
1995 . Briefly, o, receptors were labeled in homogenates least two different shipments were tested on different days
from guinea pig brain minus cerebellum using 5 nM to form the final data set for each do&drug group. All
[3H](+)—pentazocine;o2 receptors were labeled in ho- procedures were performed as approved by the Institu-
mogenates from rat liver with 3 nM® HDTG in the tional Animal Care and Use Committee at the University
presence of JuM dextrallorphan to maskr, receptors. of Oklahoma Health Sciences Center.
Non-specific binding was determined in the presence of 10
M haloperidol. Twelve concentrations of test ligand 2.4. Convulsions
(0.05-10,000 nM were incubated for 120 min at@50
evaluate their ability to displace the binding of the radioli- The dose—response curve for cocaine-induced convul-
gand. sions was determined by injecting mice with various doses
Since many historic ligands fos receptors are non-  of cocaine( 10-90 mgkg, i.p., n=52). The animals were
specific, exhibiting interactions with dopamine, opiate, or then placed in individual boxes and observed for the next
phencyclidine( PCP binding sites in addition dorecep- 30 min for the occurrence of convulsions. Convulsions
tors (cf. Itzhak, 1994; Walker et al., 1990, the relative were operationally defined as clonic or tonic limb move-
selectivities of the novel ligands were determined. In addi- ments, which were accompanied by the loss of righting
tion, the affinities of the novel ligands for GABA recep- reflexes, wild running, andor popcorn jumping.
tors were measured because many anticonvulsant drugs act To probe for anti-cocaine actions, mice were injected
through these receptots Olsen et al., 1999 . The affinities (i.p.), 15 min before administration of a convulsive dose of
of the compounds for 5-HT receptors were also examined cocaine( 60 mgkg, i.p.), with one of the following pre-
because antagonists at these sites are capable of attenuatreatments: BD1018 0.tn=11), 1(n=13), 5(n=10),
ing the behavioral toxicity of cocainé Ritz and George, 10 (n=10), 20 (n=10), 30 (n=7) mg/kg], BD1031
19973 . The affinities of the novel ligands for dopamine, [0.1(n=8), 30(n=10) mg/kg], BD1063[ 0.1(n = 10),
opiate, GABA, , and 5-HT receptors, as well as the PCP 1 (n=10), 5(n=8), 10(n=9), 20(n=7), 30(n=10),
binding site on NMDA receptors were measured in ho- 40 (n=8) mg/kg], LR132[0.1(n=10), 1(n=9), 5
mogenates from rat brain minus cerebellum using previ- (n=10), 15(n=7), 30(n= 10 mg/kg], or saline(n=
ously published methods De Costa et al., 1992a,b; Mat- 7). The dose of cocaine used in this part of the study 60
sumoto et al., 1995, 2001 . Briefly, dopamine receptors mg/kg, i.p.) reliably produces convulsions in 100% of our
were labeled with 5 nM? i —)-sulpiride; non-specific ~ animals without deathé Brackett et al., 2000; Matsumoto
binding was determined with iuM haloperidol. Opiate et al., 2001; McCracken et al., 1999a . After the injection
receptors were labeled with 2 nff ]H bremazocine; non- with cocaine, the animals were observed for the next 30
specific binding was determined with 10M levallorphan. min for the occurrence of a convulsion.
PCP sites were labeled with 5 n¥f ]H TCP [ 1€ 1- 2- To validate the assignment of agonist vs. antagonist
thienyl cyclohexy] piperiding ; non-specific binding was actions of the variousr receptor ligands, the well-estab-
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lished o receptor agonist DTG was tested against various glass enclosures of an automated activity monitor San
doses of cocaine to determine whether it could shift the Diego Instruments, San Diego, CA, USA . The mice were
EDg, value of the cocaine dose—response curve to the left.then administered cocainé 0-20 pg, i.p., n= 30).
Similarly, the ability of the novel ligand BD1031 was Horizontal locomotor activity was quantified for the subse-
tested in this portion of the study because it appears to actquent 30 min as disruptions in thexd4 photobeam array

as an agonist at receptor{ Matsumoto et al., 1999 . For that circumscribed each plexiglass enclosure. The dose of
these studies, mice were injecteéd ).p. with saline or a 30 cocaine that produced the peak level of locomotor activity

mg/kg dose of DTG(n=49) or BD1031(n = 22), fol- (10 mg/kg, i.p) was selected for use in the subsequent

lowed 15 min later with a dose of cocaifie 5-60 rkg). antagonism portion of the study.

The animals were then observed for the next 30 min for  To select an appropriate antagonist dose to test against

the occurrence of convulsions or lethality. cocaine, the effects of BD1018, BD1063, or LR132 them-
selves on locomotor activity were first determined. After a

2.5. Lethality 30-min acclimation period, mice were injectéd J.p. with

saline(n=6) or a 30 mgkg dose of BD1018 n="5),

The dose-response curve for cocaine-induced lethalityBD1063 (n= 6), or LR132(n=6) to confirm that they
was determined by injecting mice with various doses of produced effects no different from saline when adminis-
cocaine( 80—-150 mykg, i.p., n=53). The animals were tered alone. The 30 nxkg dose was selected because it
then placed in individual boxes and observed for the next was a dose that elicited robust attenuation of the convul-
30 min for death. sive effects of cocaine.

To evaluate the effects of the novel receptor ligands For the antagonism experiments, mice were acclimated
on cocaine-induced lethality, mice were injected )i.p. , 15 to the activity monitors for 15 min. The animals were then
min before administration of a lethal dose of cocaine 125 injected(i.p) with salingn=6) or a 30 mg’kg dose of
mg/kg, i.p), with one of the following pre-treatments: BD1018 (n=5), BD1063 (n=6), or LR132 (n=5).
BD1018[ 0.1(n= 10), 1(n=13), 5(n = 10), 15(n = 10), After a 15-min pre-treatment period, cocaifie 10 fkg,

30 (n=7) mg/kgl, BD1031[1(n=7), 30 (n=5) i.p.) was administered and horizontal locomotor activity

mg/kg], BD1063[ 0.1(n=28), 1 (n=8), 10(n=7), 20 was quantified for the subsequent 30 min in an automated
(n=10, 30(n=7), 40 (n=5) mg/kg], LR132[0.1 activity monitoring systenf San Diego Instruments as the
(n=10), 0.5(n=5), 1(n=15, 5(n=7), 30(n=5) number of breaks in a % 4 photobeam array.

mg/kg], or saline(n=9). Similarly to the convulsion

study, functional antagonism was tested against a single2.7. Antisense

high dose of cocaine that produced lethality in 100% of

our animals. Mice were surgically implanted with chronic indwelling

Although pre-treatment ensures that the receptors areguide cannulae through which the antisense could be ad-
occupied at the time of the overdose, to be of practical use, ministered because previous studies have shown that
the drugs must be effective when administered after the oligodeoxynucleotides do not cross the blood—brain barrier
overdose. Therefore, the compounds were tested in postvery effectively ( Davidkova and Weiss, 1998 . For the
treatment studies in which mice were first administered a surgeries, mice were deeply anesthetized with sodium
lethal dose of cocainé 125 g, i.p). LR132( 0.1, 1  pentobarbital 55 mgkg, i.p.), immediately preceded by a
mg/kg, n=18) or BD1063( 0.1, 1, 30 nmykg, n=19) pre-anesthetic dose of chlorpromazifie 10 /kg, s.c).
was then administered after the onset of convulsions; Guide cannulae, constructed from 24 gauge stainless steel
post-treatment with saline served as the controk 9). tubing, were implanted with their tips in the left lateral
BD1018 was not tested under the post-treatment conditionventricles: 0.3 mm anterior, 0.7 mm lateral, and 2.5 mm
because it was not as effective as the other two compoundsrentral from bregma and the skull surface. Cannulae were
when it was administered as a pre-treatment. secured to the skull surface with U-shaped wire and dental

The mice were watched for 30 min following the acrylic. Stainless steel stylets kept the cannulae sealed
cocaine injections and deaths were recorded. Those ani-except during drug infusion. The dosing schedule to knock
mals surviving the 30-min testing session were returned to down ¢ receptors was as previously reported by King et
their home cages where food and water were available, butal. (1997 . A total of three intracerebroventricular infu-
they received no additional supportive therapies. Deathssions( each 1Qug/5 wl) of the antisense oligodeoxynu-
after 24 h were also noted to assess the longer term effectxleotide (n = 10) were administered on Days 1, 2 and 4.

of the protection. As controls, a mismatctn = 5) or sensén = 8) sequence
or saline(n=11) was administered using the same regi-
2.6. Locomotor activity men. On Day 5, each mouse was evaluated behaviorally

after being challenged with a convulsi¢e 60 sk, i.p.
To measure the locomotor stimulatory effects of co- or locomotor stimulatory 10 mgkg, i.p.) dose of cocaine,
caine, mice were first acclimated for 30 min to the plexi- as described above.
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All of the cannulae placements were histologically con-
firmed. Following the behavioral assessments, the mice
were sacrificed and cresyl violet dye [8) was infused
into the cannulae. The brains were removed and coronal
knife cuts were made through the site of penetration of the
cannulae tips and at the level of the cerebellum; the lateral
and fourth ventricles were examined for the presence of
cresyl violet dye. Only those animals with histologically
confirmed injections into the ventricles were used in the
data analyses.

Immediately following confirmation of each injection
site, the brain was frozen and stored at80°C. The
elapsed time from the death of each mouse to freezing of
the brain was approximately 1 min. Tissues of mice receiv-

ing the same treatment were later pooled and saturation

assays were performed usifiy J(H)-pentazocine as the
radioligand( Bowen et al., 1993 to quantify knock down
of o, receptors.

2.8. Satistics

The data from the binding assays were analyzed using
GraphPad Prisn{ San Diego, CA, UBA . Apparekit

values were calculated using the Cheng—Prusoff equation

and K, values previously determindd Bowen et al., 1993;
Hellewell et al., 199% .
The data from the behavioral toxicity studies were

analyzed with Fisher's exact tests GraphPad InStat San

Diego, CA, USA . The data from the locomotor studies
were evaluated with repeated measures analyses of vari
ance, followed by post-hoc Dunnett's tests comparisons
against the vehicle control for the pharmacological antag-
onism study or Student—Newman-Keuls teéts pairwise
comparisons for the antisense study< 0.05 was con-
sidered statistically significant. Ep values for cocaine-in-

duced convulsions were calculated in the absence and

presence of DTG or BD1031
USA).

InStat San Diego, CA,

3. Results

3.1. Binding affinities

The K; values of the novel ligands fokr,, o,,
dopamine, opiate, NMDA, GABA and 5-HT receptors
are summarized in Table 1. All of the ligands had high
affinities for o, receptors. They also interacted with,
receptors, although they exhibited a range of affinities at
this subtype. In contrast to their significant affinities at
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Table 1

Binding affinities of novel ligands foo receptors and other binding sites.
Affinities (K; in nM) were determined in competition assays, as de-
scribed in the Materials and methods. The values in the table represent
the meangS.E.M. from two to three experiments, each performed in
duplicate or triplicate. Values of> 10,000 nM in the table signify that
there was less than 30% displacement of radioligand at these concentra-
tions.

Receptor BD1018 BD1031 BD1063 LR132

o Receptors

oy 5+0.7 1+0.2 9+ 12 2+0.1

o, 49+4 80+9 449+ 1710 701+ 375

Non-o receptors

Dopamine >10,000 >10,000 > 10,000 >10,000

Opiate >10,000 > 10,000 > 10,000 >10,000

NMDA >10,000 > 10,000 > 10,000 > 10,000
P 1246+ 14 2670769 25522417  >10,000

GABA >10,000 > 10,000 > 10,000 >10,000

#Data from Matsumoto et al., 1995.

3.2. Convulsions

Similar to previous studies, the dose—response curve for
cocaine-induced convulsions was very stéep Brackett et
al., 2000; McCracken et al., 1999a . None of the mice
convulsed after receiving 50 mi¢tg of cocaine, while all
of the mice convulsed after receiving 60 pigg of co-
caine. The calculated Ep value for cocaine-induced con-
vulsions was 57 mgkg, i.p.

Similar to results previously reported, pre-treatment of
mice with saline failed to protect them from cocaine-in-
duced convulsion§ Matsumoto et al., 2001; McCracken et
al., 1999a . In contrast, BD1018, BD1063, and LR132
provided significant protection from cocaine-induced con-
vulsions(P < 0.005 at the best dose; Fig) 2 .

In contrast, BD1031, thetrans-isomer of BD1018,
which has known agonist actiofs Matsumoto et al., 2999 ,
worsened the convulsive effects of cocaine, lowering the
ED;, for cocaine-induced convulsions from 57 pfi@ in
the absence of BD1031, to 47 mrikyg in its presencé€ Fig.

3). The o receptor agonist DTG likewise exacerbated the
toxicity of cocaine, lowering the Efy  for cocaine-induced
convulsions to 31 mgkg in its presence Fig.)3 . The
presence of DTG further precipitated death in some mice
in response to doses of cocaine that are otherwise not
lethal.

3.3. Lethality

Similar to previous studies, the dose—response curve for

receptors, the compounds were inactive at dopamine, opi-cocaine-induced lethality was quite steep following acute
ate, GABA, and NMDA receptors. Some of the ligands i.p. administratior( Brackett et al., 2000; McCracken et al.,
had low micromolar affinity for 5-H] receptors, while 1999a . The calculated Lfp for cocaine-induced lethality
others had negligible affinity for these sites. was 109 mgkg, i.p.
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Fig. 2. Pre-treatment with BD1018, BD1063, or LR132 attenuates co-
caine-induced convulsions. Mice were pre-treated with one of the novel
compounds, followed 15 min later with a convulsive dose of cocéine 60
mg/kg, i.p). The data are represented as the number of mice convulsing
during the 30 min testing periodhe total number of mice tested100%.
“P<0.05""P<0.01," " "P < 0.005.

Pre-treatment of mice with BD1018, BD1063, or LR132
significantly attenuated cocaine-induced lethdli®/< 0.05
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pattern observed when convulsions were used as the be-
havioral endpoint, DTG exacerbated the lethal effects of
cocaine, shifting the LE} for cocaine to 29 mkg, i.p.
BD1031, another putativer receptor agonist failed to
attenuate the lethal effects of cocaine. However, due to the
limited quantities of BD1031, it was not tested against
multiple doses of cocaine.

Post-treatment with LR132 prevented death in a signifi-
cant proportion of animals even when it was administered
after the onset of convulsions. The 0.1 sy dose of
LR132 prevented death in/20 mice ( 70% protection,

P < 0.05, while the 1 mgkg dose of LR132 rescued/8
mice (50% protection,P < 0.05. In contrast, Fisher's
exact test revealed that post-treatment with BD1063 failed
to prevent death in a significant number of animals when
administered as a post-treatment.

3.4. Locomotor activity

A repeated measures analysis of variance revealed a
significant effect of cocaine dose on horizontal locomotor
activity (F[4,20 = 35.05, P < 0.0002 . Post-hoc Dunnett's
tests further revealed that there was a significant difference
between the saline control vs. each of the cocaine doses 5
mg/kg: q=3.14, P <0.05; 10 mg’kg: g=9.36, P<
0.01; 15 mg’kg: g = 9.09, P < 0.01; 20 mg’kg: q = 8.26,

P < 0.0D. Similar to previous studies, the dose—response
curve for the locomotor stimulatory effect of cocaine
peaked at 10 mgkg, i.p. (McCracken et al., 199%9b . The

100
—e— +Saline
—m—+DTG
75 1|
—A— +BD1031
s
3
g 50
c
]
o
* VAN /
2
5 / & A
0 t+-e *— ® * T
0 20 40 60 80

Cocaine Dose (mg/kg, i.p.)
Fig. 3. Pre-treatment witle receptor agonists worsens the convulsive

for at least one dose; Fig)4 . The dose curves for some ofeffects of cocaine. Mice were pre-treateéd ).p. with either saline, DTG

the compounds were U-shaped, with the loss of protection
at higher doses. There was no significant difference be-
tween the survival rates of the animals 30 min vs. 24 h

(30 mg/kg) or BD1031( 30 mgkg), followed 15 min later with a dose

of cocaine( 5-60 mgkg, i.p.). There was a shift to the left in the dose
curve for cocaine-induced convulsions in the presence of DTG or BD1031.
The data are represented as the number of mice convulsing during the

after the overdosé Fisher's exact tests,)n.s. . Similar to the3o-min testing periogthe total number of mice testet100%.
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BD1018 effects of cocainé Fig.)5 . A repeated measures analysis of
100 - variance revealed a significant effect of treatm@rii3,15
=35.49, P<0.000D, and post-hoc Dunnett's tested
showed a significant difference between mice pre-treated

75
z with saline vs. BD1018(q=9.33, P < 0.0, BD1063
% 50 | * (q=8.22,P<0.0D, or LR13Xq=7.17,P<0.0).
;e 3.5. Antisense
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Fig. 4. Pre-treatment with BD1018, BD1063, or LR132 attenuates co- N
caine-induced lethality. Mice were pre-treated with one of the novel £ 100 4
compounds, followed 15 min later with a lethal dose of cocdine 125
mg/kg, i.p). The data are represented as the number of mice dying 0 . : : : . .
during the 30-min testing perigdhe total number of mice testett100%. 0 5 10 15 20 25 30 35
“P<0.05""P<0.01," " "P < 0.005.
Minute

Fig. 5. Effects of the conformationally restricted ligands on spontaneous
(A) and cocaine-induced )B locomotor activity. Panel A: Mice were
. . . injected( i.p) with BD101& 30 mgkg), BD1063( 30 mgkg), or LR132
behaviorally inactive dpses of BDlO_l& BD];063’ and (3g mg/kg). Horizontal locomotor activity was measured for the next 30
LR132 that were used in the antagonism portions of the min. Alone, BD1018, BD1063, and LR132 produced effects that did not
study are shown in Fig. 5; there was no significant differ- differ significantly from saline. Panel B: Mice were injectéd ).p. with

ence between these doses and the saline vetid® 15 saline, or 30 mgkg of BD1018, BD1063, or LR132, followed 15 min
later with cocaing 10 mgkg). Horizontal locomotor activity was moni-

=0.28, n.s) 'AIthOUgh alor_1e_, they prOduced no S|gn|f|cant tored for the next 30 min. Pre-treatment with BD1018, BD1063, or
effects on |090m0t0r activity, BD1018, BD10_63! and | Ri3» significantly attenuates the locomotor stimulatory effects of co-
LR132 dramatically attenuated the locomotor stimulatory caine(P < 0.0002 .
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with antisense( 189 fmgimg protein as compared to
mismatch( 344 fmgfmg protein or saliné 305 fmging
protein , respectively. This reduction in the numberogf
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prior administration of an antisense oligodeoxynucleotide
againsto; receptors provided significant protection against
the convulsive effects of cocain€P < 0.05; Fig. 6A.

receptors appears to have functional significance becausePrior to receiving cocaine, animals treated intracerebroven-

A

100
75 |
2
=]
w
2 50
=
[=]
N *
R 25 ]
0 J
Saline  Mismatch Antisense
700
>
% 600 -_—Q—Egligg(tp.)
T 500 | == KiiSense
©
g 400
o
g 300
e
T 200 A
&
N 100
o
T 0 . . : . ‘ .
0 5 10 15 20 25 30 35
C Minute
700
2
2 600 -
Q
< 500 |
9
2 400 "
; x e
8 300
S 200
5 —e— Saline
2 100 1| —*—Sense \_.
5] —e— Antisense
T o
0 5 10 15 20 25 30 35

Minute
Fig. 6. Effects of antisense treatment on cocaine-induced convulsions A ,
baseline locomotor activity B , and cocaine-induced locomotor activity
(C). Mice were injected i.c.v. with saline or 10g/5 .| of an antisense
againsto,; receptors or its mismatch or sense sequences on Days 1, 2,
and 4. On Day 5, the mice were challenged with a convulgive 60
mg/kg, i.p) or locomotor stimulator¢ 10 nykg, i.p.) dose of cocaine.
There was a significant attenuation of cocaine-induced convulgiohs A
and locomotor activity( € in mice that first received antisense
oligodeoxynucleotides. There was no significant effect of antisense treat-
ment on baseline locomotor activify )B .

tricularly with saline, antisense, or sense oligodeoxynu-
cleotides exhibited a level of baseline locomotor activity
that was comparable to mice injected intraperitoneally with
saline ( Fig. 6B . However, following challenge with a
locomotor stimulatory dose of cocaine, the antisense-treated
animals exhibited an attenuated respo(sE3,15 = 4.16,

P <0.05; Fig. 60 . Student—Newman—Keuls pairwise
comparisons revealed that there was a significant differ-
ence between the antisense vs. sdise 3.37, P < 0.05

or saline(q=4.53, P < 0.05 treatment groups.

4, Discussion

BD1018, BD1063, and LR132, three conformationally
restricted analogs of the receptor ligand BD1008, have
high affinities for o; receptors. They vary in their affini-
ties for o, receptors and exhibit micromolar to negligible
affinities for 5-HT, receptors. The ability of the conforma-
tionally restrictedo receptor ligands to bind to,, o,, and
5-HT, receptors suggests that these interactions may con-
tribute to the anti-cocaine effects of the compounds. More-
over, the ability of ao, receptor antisense oligodeoxynu-
cleotide to significantly attenuate the behavioral actions of
cocaine demonstrates that antagonism «gf receptors
alone is sufficient to elicit an anti-cocaine effect. Together,
the data suggest that antagonismogfreceptors may be a
significant mechanism underlying the anti-cocaine actions
observed herein, with additional interactions with and
5-HT, receptors also contributing to the overall effective-
ness of a given compound.

Some of the compounds tested herein interact with
5-HT, receptors. These interactions may influence the data
because earlier studies reported that 5:HT receptor antag-
onists such as ketanserin, cinaserin, and pirenperone atten-
uate the convulsive effects of cocaifie Ritz and George,
19973 . However, the pattern of the data in the present
study suggests that while 5-HT interactions could have a
contributory role, serotonergic mechanisms alone are not
sufficient to explain the ability of the compounds to pro-
tect against cocaine-induced convulsions. First, some of
the compounds tested in the present study, such as LR132,
do not interact with 5-HJ receptors and still exhibit
anti-cocaine actions. If antagonism of 5-HT receptors was
the primary mechanism involved in the protective actions
observed herein, LR132 should have been ineffective.
Second, the protective actions of the compounds against
cocaine-induced convulsions could be produced at low
doses in the present study, a pattern that is consistent with
the high affinities of the compounds fer, receptors, but
not with their almost 1000-fold weaker interactions with
5-HT, receptors. Third, in addition to the results reported
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herein, structurally related BD1008 analogs withalkyl degree of selectivity when used with the proper controls.
substitutions( Matsumoto et al., 2001 , pyrrolidinyl alter- In this particular case, the antisense, but not the sense or
ations ( McCracken et al., 199Pa , or aryl monosubstitu- mismatch, sequences attenuated cocaine-induced convul-
tions (McCracken et al., 2000 also block the convulsive sions and locomotor activity. Therefore, when considered
effects of cocaine, but have negligible affinities for 5-HT together, the results suggest that compounds with ant-
receptors. Although they are effective against the convul- agonistic actions atr receptors attenuate the convulsive
sive effects of cocaine, 5-HT receptor antagonists are and lethal effects of cocaine, while compounds with ago-
unable to attenuate the lethal effects of cocdine Ritz andnistic actions at the receptor exacerbate the behavioral
George, 1997b . This inability of 5-HT receptor antago- toxicity of cocaine.
nists to attenuate the lethal effects of cocaine would be The specific ¢ receptor subtyde)s involved in the
consistent with the observation that BD1018, the com- protective effects has yet to be conclusively determined.
pound with the highest affinity for 5-HT receptors, pro- The ability of the antisense oligodeoxynucleotide to attenu-
vided the least protection against the lethal endpoint. Thus,ate the convulsive and locomotor stimulatory effects of
while interactions 5-HJ receptors cannot alone account cocaine provides strong evidence for an involvemend pf
for protective actions against cocaine in the present study,receptors, since it was designed to selective target the
they may contribute to the overall pattern of activity of mRNA sequence fowr; receptors. Moreover, all of the
some of the compounds. compounds have high affinities far, receptors and pro-
Several lines of evidence suggest that functional antago-duce robust anti-cocaine actions, further supporting the
nism of o receptors is the most likely mechanism explain- importance of thes; subtype in the protective effects.
ing the anti-cocaine effects of the novel compounds in the Lacking ao, antisense, the importance of this subtype is
present study. First, the compounds exhibit high and pref- difficult to ascertain at this time. However, it is noteworthy
erential affinity for o receptors, particularly thes; sub- that LR132, which has relatively weak affinity fos,
type, as compared to other binding sites. Not withstanding receptors, retained marked protective ability. Therefore,
the ability of some of the compounds to interact with together with the antisense data, the results with LR132
5-HT, receptors at micromolar concentrations, receptor suggest that antagonism of, receptors alone is sufficient
binding studies confirmed that the compounds lacked sig- to elicit anti-cocaine actions. However, additional studies
nificant affinities for dopamine, NMDA, GABA and are needed to fully evaluate the contribution of tixe
opiate receptors. In addition, BD1018, BD1031, and subtype.
BD1063 have micromolar or lower affinities for mus- The ability of the conformationally restricted com-
carinic, o;, «,, PB-adrenergic, and 5-HT receptors pounds and an antisense oligodeoxynucleotide to attenuate
(Matsumoto et al., 1995; unpublished data. Second, both the behavioral toxicity and locomotor stimulatory
BD1063 which produced anti-cocaine actions herein, acts actions of cocaine may stem from their ability to directly
as a functional antagonist at receptors in several other in interfere with cocaine’s access to one of its target proteins
vivo and in vitro assay$ Joseph and Bowen, 1998; Mat- (i.e. ¢ receptors , and to additionally modulate down-
sumoto et al., 1995; Monnet et al., 1996; Tran et al., 1998; stream neurotransmitter systems that are involved in the
Vilner and Bowen, 2000 , making it likely that it also acts behavioral toxicity and locomotor stimulatory effects of
as an antagonist in the present studies. Third, in contrast tococaine. Dopamine systems have a very important role in
the protective effects provided by the putative antagonists, the psychomotor stimulatory actions of cocaine amd
o receptor agonists exacerbated the toxic effects of co- receptor agonists are known to stimulate dopamine release
caine. The well-characterized receptor agonist DTG  and synthesi€ Booth and Baldessarini, 1991; lyengar et
worsened both the convulsive and lethal effects of cocaine.al., 1990; Patrick et al., 1993; Weiser et al., 1995; Weath-
In addition, BD1031( thetrans-isomer of BD1018 was erspoon et al., 1996 . Although the actions wfreceptor
unable to prevent cocaine-induced convulsions and lethal-antagonists on dopamine systems have yet to be studied, it
ity, demonstrating a stereospecificity for this response. is plausible that this class of compounds would negatively
BD1031 has previously been shown to possess agonisticmodulate dopamine systems that mediate the actions of
activity in othero-mediated functional effects, such as the cocaine. Similarly, NMDA receptors appear to be involved
ability to produce dystonic postures after microinjection in the end stage events of a cocaine overdose, such as
into the rat red nucleu¢ Matsumoto et al., 1999 , and it convulsions, respiratory distress, and cardiovascular prob-
shifted the dose—response for cocaine-induced convulsiondems ( Brackett et al., 2000 . Agairs receptor agonists
to the left in the present study. Finally, the directionality of have been reported to enhance NMDA-mediated re-
the effect of the putative antagonists was comparable tosponses, which can then be attenuated with antagonists
that produced by an antisense oligodeoxynucleotide againsi{lyengar et al., 1990; Monnet et al., 1992; Yamamoto et
g, receptors. Since antisense oligodeoxynucleotides areal., 1995 . Thereforeg receptor antagonism has the po-
thought to act by interfering with the synthesis of new tential to negatively modulate downstream neurochemical
receptor proteing Davidkova and Weiss, 1998 , they are systems that have an important role in the toxic and
expected to act as functional antagonists with a high psychomotor actions of cocaine, in addition to directly



172 R.R. Matsumoto et al. / European Journal of Pharmacology 419 (2001) 163-174

interfering with cocaine’s access to a subset of its target pound. BD1063, although unable to prevent death under
proteins. the post-treatment condition, exhibited improved protective

In addition to the overall trends discussed above, two ability the earlier it was administered. As compared to the
peculiarities involving deviations from traditional, ex- pre-treatment( before cocaine and post-treatment after
pected dose—response curves require comment. First, theocaine and the onset of convulsidns , BD1063 produced
dose curves for the protection provided by the conforma- an intermediate level protection when administered after a
tionally restricted o ligands against cocaine are quite lethal dose of cocaine but before the onset of convulsions.
steep, exhibiting more of a threshold effect going from Since under the post-treatment conditibn i.p. injections
ineffective to effective doses than a traditional gradual after the onset of convulsions , the compounds only had
dose—response. Second, the protective effects of the antag2—4 min in which to elicit therapeutic effects, differences
onists against cocaine-induced lethality are sometimes U-in pharmacokinetic factors could have a large influence on
shaped. Both of these features may result from mechanisticthe outcome. The pharmacokinetic properties of these novel
properties associated with cocaine itself. For example, thes receptor ligands have yet to be characterized, but the
dose—response curve for cocaine itself is very steep, goingexisting data suggest that administration routes that facili-
from no effect to a maximal response within a narrow dose tate their absorption will be needed if these compounds are
range, when convulsions, lethality, and locomotor activity to have potential clinical relevance in overdose situations.
are used as behavioral endpoints in mice McCracken et Together, the data demonstrate that interfering with
al., 1999a,b; Brackett et al., 2000 . Even in humans, cocaine’s access to receptors, using either pharmaco-
imaging studies show that cocaine must occupy about 50%Ilogical antagonists or antisense oligodeoxynucleotides, at-
of its receptors before its reinforcing effects are percepti- tenuates the behavioral toxicity and locomotor stimulatory
ble, and that at doses of cocaine that are typically abusedeffects of cocaine. Further modulatory actions may be
by addicts, receptor occupancy is in the 80—90% range mediated througho, and 5-HT, receptors. Additional
(Gatley et al., 1997 , suggesting that a large proportion of studies to define the pharmacodynamic and pharmacoki-
cocaine’s receptors must be occupied for it to produce its netic properties that enable a compound to protect against
physiological actions. Given the characteristics of the the behavioral actions of cocaine are needed in order to
dose—response curve for cocaine itself, it would not be optimize a rational approach to the development of medi-
surprising for a true cocaine antagonist to also have acations for cocaine abuse.
relatively steep dose curve, with perhaps a breakpoint dose
at which its therapeutic effects become apparent.

Although it is unclear why the protective effects of Acknowledgements
LR132, and possibly BD1018, against cocaine-induced

lethality are U-shaped, two explanations are plausible. \we thank Dr. Roger Hornbrook for the gift of cocaine
First, the compounds may act as partial agonists rather(university of Oklahoma Health Sciences Center, Okla-
than full antagonists. At higher doses, a partial agonist homa City, OK . We are also grateful to Wanda Williams
would produce weak agonist actions, which in this case (NIDDK, NIH, Bethesda, MD for performing some of the
would be expected to worsen the behavioral toxicity of receptor binding assays. This project was supported by the
cocaine. Since the parent compound BD1008 is best de-National Institutes of Mental Health MH50564 , National
scribed as a partial agonist, further studies involving these nstitute on Drug Abusé DA11979 , Presbyterian Health

conformationally restricted analogs may reveal them to Foundation, and University of Oklahoma Undergraduate

also exhibit similar properties. Secqn_d, it is p053|ble_that Research Opportunities Program.

the compounds have significant affinity for another bind-

ing site that was not examined in this project, which might

influence the response 'Fo_ cocaine. If this were true, We References

would expect that the affinity of the compounds is weaker

at Fhis cher !’ECE‘DtO'r than it is for receptors, and that the Appel, N.M., 2000. Status update on the search fédapamine sparing

unidentified interaction would serve to worsen or mimic cocaine antagonist. Preclinical Workshop on Cocaine Medication

the actions of cocaine. If these mechanisms underlie the Discovery and Development. NIDA Division of Treatment Research

U-shaped dose—response curves observed herein, then high 2nd Development. _
lectivit d . | t . ¢ tors Booth, R.G., Baldessarini, R.J., 199+ )-6,7-Benzomorphan sigma

seleclivity and unequivocal antagonism at recepto ligands stimulate dopamine synthesis in rat corpus striatum tissue.

would be favorable features to target beqause they would  prain Res. 557, 349-352.

enable a compound to produce anti-cocaine effects over aBowen, W.D., 1994. Interaction of sigma receptors with signal transduc-

wide range of doses. tion pathways and effects of second messengers. In: ltzhak, Y). Ed.,
In any event, it is noteworthy that LR132 prevented Sigma Receptors. Academic Press, San Diego, pp. 139-170.

death wh dminist d aft d f ine Bowen, W.D., De Costa, B.R., Hellewell, S.B., Walker, J.M., Rice, K.C.,

eain w er,] administered aner an overdose 0 cocaine. 1993.[* H {+)-Pentazocine: a potent and highly selective benzomor-
Such effectiveness under post-treatment conditions would  phan-based probe for sigma-1 receptors. Mol. Neuropharmacol. 3,

be an important requirement of a clinically useful com- 117-126.



R.R. Matsumoto et al. / European Journal of Pharmacology 419 (2001) 163-174 173

Brackett, R.L., Pouw, B., Blyden, J.F., Nour, M., Matsumoto, R.R., 2000. MK-801-induced memory deficits in mice. Soc. Neurosci. Abstr. 23,

Prevention of cocaine-induced convulsions and lethality in mice: 695.23.
effectiveness of targeting different sites on the NMDA receptor Kuhar, M.J., Ritz, M.C., Sharkley, J., 1988. Cocaine receptors on
complex. Neuropharmacology 39, 407-418. dopamine transporters mediate cocaine-reinforced behavior. NIDA

Campbell, B.G., Scherz, M.W., Keana, J.F.W., Weber, E., 1989. Sigma Res. Monogr. 88, 14-22.
receptors inhibit contractions of the guinea pig ileum longitudinal Matsumoto, R.R., McCracken, K.A., 1999. Antisense oligodeoxynu-
muscle/myenteric plexus preparation elicited by both electrical stim- cleotides againstr; receptors reduce the convulsive and locomotor
ulation and exogenous serotonin. J. Neurosci. 9, 3380—-3391. stimulatory effects of cocaine in mice. Soc. Neurosci. Abstr. 25,
Carroll, F.I., Howell, L.L., Kuhar, M.J., 1999. Pharmacotherapies for 123.2.
treatment of cocaine abuse: preclinical aspects. J. Med. Chem. 42, Matsumoto, R.R., Hemstreet, M.K., Lai, N.L., Thurkauf, A., De Costa,
2721-2736. B.R., Rice, K.C., Hellewell, S.B., Bowen, W.D., Walker, J.M., 1990.
Connor, M.A., Chavkin, C., 1991. Focal stimulation of specific pathways Drug specificity of pharmacological dystonia. Pharmacol., Biochem.
in the rat hippocampus causes a reduction in radioligand binding to Behav. 36, 151-155.
the haloperidol-sensitive sigma receptor. Exp. Brain Res. 85, 528—-536. Matsumoto, R.R., Bowen, W.D., Tom, M.A,, Vo, V.N., Truong, D.D.,

Davidkova, G., Weiss, B., 1998. Pharmacological inhibition of dopamin- De Costa, B.R., 1995. Characterization of two nowel receptor
ergic and other neurotransmitter receptors using antisense ligands: antidystonic effects in rats suggestreceptor antagonism.
oligodeoxynucleotides. Handb. Exp. Pharmacol. 131, 263—-308. Eur. J. Pharmacol. 280, 301-310.

De Costa, B.R., Radesca, L., Di Paolo, L., Bowen, W.D., 1992a. Synthe- Matsumoto, R.R., Bowen, W.D., De Costa, B.R., Houk, J.C., 1999.
sis, characterization, and biological evaluation of a novel class of Relationship between modulation of the cerebellorubrospinal system

N-(arylethyl-N-alkyl-2-1-pyrrolidinyl ethylamines: structural require- in the in vitro turtle brain and changes in motor behavior in rats:
ments and binding affinity at ther receptor. J. Med. Chem. 35, effects of novel sigma ligands. Brain Res. Bull. 48, 497-508.
38-47. Matsumoto, R.R., McCracken, K.A., Pouw, B., Miller, J., Bowen, W.D.,
De Costa, B.R., Dominguez, C., He, X.-S., Williams, W., Bowen, W.D., Williams, W.E., De Costa, B.R., 200N-alkyl substituted analogs of
1992h. Synthesis and biological evaluation of conformationally re- the o receptor ligand BD1008 and traditional receptor ligands
stricted  2¢ 1-pyrrolidinyl N-[2«3,4-dichlorophenyl ethyIN-methyl- affect cocaine-induced convulsions and lethality in mice. Eur. J.
ethylenediamines as receptor ligands: I. Pyrrolidine, piperidine, Pharmacol. 411, 261-273.
homopiperidine, and tetrahydroisoquinoline classes. J. Med. Chem. Maurice, T., Phan, V.-L., Urani, A., Patey, G., Privat, A., 1997. Inactiva-
35, 4334-4343. tion of the o, receptor by in vivo antisense oligodeoxynucleotide
Gatley, S.J., Volkow, N.D., Gifford, A.N., Ding, Y.S., Logan, J., Wang, strategy in the mouse confirmed its implication in memory processes.

G.J., 1997. Model for estimating dopamine transporter occupancy and Soc. Neurosci. Abstr. 23, 905.2.
subsequent increases in synaptic dopamine using positron emissionMcCracken, K.A., Bowen, W.D., De Costa, B.R., Matsumoto, R.R.,
tomgraphy and carbon-11-labeled cocaine. Biochem. Pharmacol. 53,  1999a. Two noveb receptor ligands, BD1047 and LR172, attenuate

43-52. cocaine-induced toxicity and locomotor activity. Eur. J. Pharmacol.
Hayashi, T., Maurice, T., Su, T.-P., 2000.Casignaling viac,-recep- 370, 225-232.

tors: novel regulatory mechanism affecting intracellulaf Caoncen- McCracken, K.A., Bowen, W.D., Matsumoto, R.R., 1999b. Nowel

tration. J. Pharmacol. Exp. Ther. 293, 788—798. receptor ligands attenuate the locomotor stimulatory effects of co-

Heidbreder, C.A., Shippenberg, T.S., 1996. Evidence for an involvement caine. Eur. J. Pharmacol. 365, 35-38.
of muscarinic cholinergic systems in the induction but not expression McCracken, K.A., Miller, J., Bowen, W.D., Zhang, Y., Matsumoto, R.R.,
of behavioral sensitization to cocaine. Synapse 24, 182—192. 2000. Braino; receptors are involved in the behavioral effects of
Hellewell, S.B., Bruce, A., Feinstein, G., Orringer, J., Williams, W., cocaine. NIDA Res. Monogr. 180, 291.
Bowen, W.D., 1994. Rat liver and kidney contain high densities of Menkel, M., Terry, P., Pontecorvo, M., Katz, J.L., Witkin, J.M., 1991.
sigma-1 and sigma-2 receptors. Characterization by ligand binding Selectives ligands block stimulant effects of cocaine. Eur. J. Phar-
and photoaffinity labeling. Eur. J. Pharmacol., Mol. Pharmacol. Sect. macol. 201, 251-252.

268, 9-18. Monnet, F.P., Debonnel, G., De Montigny, C., 1992. In vivo electrophys-
Hong, W., Werling, L.L., 1998. Investigation of the involvement of iological evidence for a selective modulation df-methyl-o-aspar-

heteromeric guanine nucleotide-binding regulatory proteins in sigma tate-induced neuronal activation in rat CA3 dorsal hippocampus by

(o,) receptor signaling in rodent brain. Soc. Neurosci. Abstr. 24, sigma ligands. J. Pharmacol. Exp. Ther. 261, 123-130.

627.4. Monnet, F.P., De Costa, B.R., Bowen, W.D., 1996. Differentiation of
ltzhak, Y., 1994. Sigma Receptors. Academic Press, San Diego. sigma ligand-activated receptor subtypes that modulate NMDA-evoked
lyengar, S., Dilworth, V.M., Mick, S.J., Contreras, P.C., Monahan, J.B., [®H]-noradrenaline release in rat hippocampal slices. Br. J. Pharmacol.

Rao, T.S., Wood, P.L., 1990. Sigma receptors modulate both A9 and 119, 65-72.
A10 dopaminergic neurons in the rat brain: functional interaction with Morin-Surun, M.P., Collin, T., Denavit-Saubie, M., Baulieu, E.-E., Mon-

NMDA receptors. Brain Res. 524, 322—-326. net, F.P., 1999. Intracellular, receptor modulates phospholipase C
Joseph, D.B., Bowen, W.D., 1998. Sigma receptor ligands robustly and protein kinase C activities in the brainstem. Proc. Natl. Acad. Sci.

stimulate[*® $ GTRS binding to intact SK-N-SH neuroblastoma cells U. S. A. 96, 8196—-8199.

but not to SK-N-SH cell membrane preparations. Soc. Neurosci. Newman, A.H., 2000. Novel pharmacotherapies for cocaine abuse 1997—

Abstr. 24, 627.5. 2000. Expert Opin. Ther. Pat. 10, 1095-1122.

King, M., Pan, Y.-X., Mei, J., Chang, A., Su, J., Pasternak, G.W., 1997. Olsen, R.W., DelLorey, T.M., Gordey, M., Kang, M.H., 1999. GABA
Enhancedk-opioid receptor-mediated analgesia by antisense targeting receptor function and epilepsy. Adv. Neurol. 79, 499-510.

the o, receptor. Eur. J. Pharmacol. 331, R5-R6. Pan, Y.X., Mei, J., Xu, J., Wan, B.L., Zuckerman, A., Pasternak, G.W.,
Kinney, G.G., Harris, E.W., Ray, R., Hudzik, T.J., 1995. Site-media- 1998. Cloning and characterization of a mousereceptor. J. Neu-

ted inhibition of electrically-evoked guinea pig ileum longitudinal rochem. 70, 2279-2285.

muscle/myenteric plexus contractions. Eur. J. Pharmacol. 294, 547— Patrick, S.L., Walker, J.M., Perkel, J.M., Lockwood, M., Patrick, R.L.,

553. 1993. Increases in rat striatal extracellular dopamine and vacuous
Kitaichi, K., Chabot, J.-G., Dumont, Y., Bouchard, P., Quirion, R., 1997. chewing produced by tweo receptor ligands. Eur. J. Pharmacol. 321,

Antisense oligodeoxynucleotide against the sigma receptor regulates ~ 243-249.



174 R.R. Matsumoto et al. / European Journal of Pharmacology 419 (2001) 163-174

Patterson, T., Connor, M.A., Chavkin, C., 1994. Recent evidence for Su, T.-P., Weissman, A.D., Yeh, S.-Y., 1986. Endogenous ligands for

endogenous substarfice s for sigma receptors. In: Itzhak, Y) Ed., sigma opioid receptors in the braiffsigmaphiri): evidence from
Sigma Receptors. Academic Press, San Diego, pp. 171-189. binding assays. Life Sci. 38, 2199-2210.

Prasad, P.D., Li, H.W., Fei, Y.-J., Ganapathy, M.E., Fuijita, T., Plumley, Tran, T.T., De Costa, B.R., Matsumoto, R.R., 1998. Microinjection of
L.H., Yang-Feng, T.L., Leibach, F.H., Ganapathy, V., 1998. Exon-in- sigma ligands into cranial nerve nuclei produces vacuous chewing in
tron structure, analysis of promoter region, and chromosomal localiza- rats. Psychopharmacology 137, 191-200.
tion of the human type lo receptor gene. J. Neurochem. 70, Vilner, B.J., Bowen, W.D., 2000. Modulation of cellular calcium by
443-451. sigma-2 receptors: release from intracellular stores and human SK-N-

Quirion, R., Bowen, W.D., ltzhak, Y., Junien, J.L., Musacchio, J.M., SH neuroblastoma cells. J. Pharmacol. Exp. Ther. 292, 900-911.
Rothman, R.B., Su, T.-P., Tam, S.W., Taylor, D.P., 1992. A proposal Walker, J.M., Bowen, W.D., Walker, F.O., Matsumoto, R.R., De Costa,
for the classification of sigma binding sites. Trends Pharmacol. Sci. B.R., Rice, K.C., 1990. Sigma receptors: biology and function. Phar-
13, 85-86. macol. Rev. 42, 355-402.

Radesca, L., Bowen, W.D., Di Paolo, L., De Costa, B.R., 1991. Synthesis Walker, J.M., Bowen, W.D., Patrick, S.L., Williams, W.E., Mascarella,
and receptor binding of enantiomerl-substitutedcis-N-[2«3,4-di- S.W., Bai, X., Carroll, F.I., 1993. A comparison df—)-de-
chlorophenyl ethyll -E 1-pyrrolidinyl cyclohexylamines as high-affin- oxybenzomorphans devoid of opioid activity with their dextrorotatory
ity o receptor ligands. J. Med. Chem. 34, 3058—3065. phenolic counterparts suggests roleogf receptors in motor function.

Rao, T.S., Mick, S.J., Cler, J.A., Emmett, M.R., Dilworth, V.M., Contr- Eur. J. Pharmacol. 231, 61-68.

eras, P.C., Gray, N.M., Wood, P.L., lyengar, S., 1991. Effects of Weatherspoon, J.K., Gonzalez-Alvear, G.M., Frank, A.R., Werling, L.L.,
sigma ligands on mouse cerebellar cyclic guanosine monophospate  1996. Regulation of[* H dopamine release from mesolimbic and

(cGMP) levels in vivo: further evidence for a functional modulation mesocortical areas of guinea pig brain by sigma receptors. Schizophr.

of N-methylp-aspartat. NMDA receptor complex-mediated events Res. 21, 51-62.

by sigma ligands. Brain Res. 561, 43-50. Weiser, S.D., Patrick, S.L., Mascarella, S.W., Downing-Park, J., Bai, X.,
Rasmussen, T., Sauerberg, P., Nielsen, E.B., Swedberg, M.D., Thomsen, Carroll, F.l., Walker, J.M., Patrick, R.L., 1995. Stimulation of rat

C., Sheardown, M.J., Jeppesen, L., Calligaro, D.O., DeLapp, N.W., striatal tyrosine hydroxylase activity following intranigral administra-

Whitesitt, C., Ward, J.S., Shannon, H.E., Bymaster, F.P., Fink-Jensen,  tion of o receptor ligands. Eur. J. Pharmacol. 275, 1-7.

A., 2000. Muscarinic receptor agonists decrease cocaine self-adminis- Witkin, J.M., Goldberg, S.R., Katz, J.L., Kuhar, M.J., 1989. Modulation

tration rates in drug-fiaive mice. Eur. J. Pharmacol. 25, 241-246. of the lethal effects of cocaine by cholinomimetics. Life Sci. 45,
Ritz, M.C., George, F.R., 1997a. Cocaine-induced convulsions: phar- 2295-2301.

macological antagonism at serotonergic, muscarinic and sigma recep-Witkin, J.M., Terry, P., Menkel, M., Hickey, P., Pontecorvo, M., Fer-

tors. Psychopharmacology 129, 299-310. kany, J., Katz, J.L., 1993. Effects of the selectisigma receptor

Ritz, M.C., George, F.R., 1997b. Cocaine toxicity: concurrent influence ligand, 6f 6¢ 4-hydroxypiperidinyl hexylody -3-methyflavoné NPC
of dopmainergic, muscarinic and sigma receptors in mediating co- 16377, on behavioral toxic effects of cocaine. J. Pharmacol. Exp.
caine-induced lethality. Psychopharmacology 129, 311-321. Ther. 266, 473-482.

Romieu, P., Martin-Fardon, R., Maurice, T., 2000. Involvement ofcthe Wu, X.-Z., Bell, J.A., Spivak, C.E., London, E.D., Su, T.-P., 1991.
receptor in the cocaine-induced conditioned place preference. Neu- Electrophysiological and binding studies on intact NCB-20 cells
roReport 11, 2885-2888. suggest presence of low affinity sigma receptors. J. Pharmacol. Exp.

Seth, P., Leibach, F.H., Ganapathy, V., 1997. Cloning and structural Ther. 257, 351-359.
analysis of the cDNA and the gene encoding the murine type 1 sigma Yamamoto, H., Yamamoto, T., Sagi, N., Klenerova, V., Goji, K., Kawali,

receptor. Biochem. Biophys. Res. Commun. 241, 535-540. N., Baba, A., Takamori, E., Moroji, T., 1995. Sigma ligands indi-
Seth, P., Fei, Y.-J., Li, H.W., Huang, W., Leibach, F.H., Ganapathy, V., rectly modulate the NMDA receptor ion-channel complex on intact
1998. Cloning and functional characterization of aeceptor from rat neuronal cells viar; sites. J. Neurosci. 15, 731-736.

brain. J. Neurochem. 70, 922—-931.



