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Abstract

Cocaine binds to s receptors with comparable affinity to its well-established interaction with dopamine transporters. Previous studies
Ž w Ž . x Ž . .have shown BD1008 N- 2- 3,4-dichlorophenyl ethyl -N-methyl-2- 1-pyrrolidinyl ethylamine to have high affinity and selectivity for s

receptors, and to additionally attenuate the locomotor stimulatory effects of cocaine. Therefore, in the present study, three N-alkyl
Ž w Ž . xsubstituted analogs of BD1008 were characterized in receptor binding and behavioral studies: BD1060 N- 2- 3,4-dichlorophenyl ethyl -

Ž . . Ž w Ž . x Ž . . Ž w Ž2- 1-pyrrolidinyl ethylamine , BD1067 N- 2- 3,4-dichlorophenyl ethyl -N-ethyl-2- 1-pyrrolidinyl ethylamine , and BD1052 N- 2- 3,4-
. x Ž . .dichlorophenyl ethyl -N-allyl-2- 1-pyrrolidinyl ethylamine . Similarly to BD1008, all three analogs exhibited high affinity and selectivity

for s receptors. In behavioral studies, BD1008, BD1060 or BD1067 attenuated cocaine-induced convulsions and lethality in Swiss
Webster mice. The protective effects appear to be mediated through s receptor antagonism because traditional s receptor antagonists
with high to moderate affinity for these receptors also attenuated the behavioral toxicity of cocaine. In contrast, traditional and novel s

receptor agonists such as di-o-tolylguanidine and BD1052 worsened the behavioral toxicity of cocaine. To further characterize the actions
of the N-alkyl substituted compounds, they were microinjected into the rat red nucleus, a functional assay of s receptor activity, where
they produced agonist vs. antagonist actions that were consistent with their effects on cocaine-induced behaviors. Together, the data
demonstrate that BD1008, BD1060 or BD1067 can attenuate the behavioral toxicity of cocaine, most likely through functional
antagonism of s receptors. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cocaine has been reported to be responsible for more
serious intoxications and deaths than any other illicit drug
Ž .Benowitz, 1993 , a problem that is exacerbated by the
lack of effective pharmacotherapies for treating cocaine

Ž .overdose Johnson and Vocci, 1993 . The ability of co-
caine to interact with s receptors at concentrations that are

Žachievable in vivo Sharkley et al., 1988; Spiehler and
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.Reed, 1985 , suggests that these sites are logical targets for
drug development. Moreover, the presence of s receptors
in key organ systems that are targeted by cocaine, such as

Žthe brain and heart Novakova et al., 1995; cf. Walker et
.al., 1990a , underscores the potential relevance of these

sites in the actions of cocaine. Earlier efforts, however, to
attenuate the toxic and locomotor stimulatory actions of
cocaine by targeting s receptors were met with mixed

Žresults Menkel et al., 1991; Ritz and George, 1997a,b;
.Witkin et al., 1993 .

Over the past few years, significant advances have been
made in our understanding of s receptors, and countless
novel ligands have been developed, including functional

Žantagonists cf. De Costa and He, 1994; Matsumoto et al.,
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.1995 . s Receptors are today recognized as unique binding
sites with a drug selectivity pattern and anatomical distri-

Žbution that are distinct from any known receptor Itzhak,
.1994; Walker et al., 1990a . The biological relevance of s

receptors is supported by evidence for endogenous ligands
Žfor these sites Connor and Chavkin, 1991; Patterson et al.,

.1994; Su et al., 1986 , and correlations have been demon-
strated between the functional effects of drugs and their s

Žbinding affinities Campbell et al., 1989; Kinney et al.,
1995; Matsumoto et al., 1990a; Walker et al., 1993; Wu et

.al., 1991 . Biochemical and pharmacological studies indi-
cate the existence of multiple s receptor subtypes, the

Žmost well characterized being the s and s sites Quirion1 2
.et al., 1992; Walker et al., 1990a , and s receptors have

been linked to the modulation or production of intra-
cellular second messengers such as G-proteins, cGMP,

2q Žinositol phosphates, protein kinase C, and Ca Bowen,
1994; Hayashi et al., 2000; Hong and Werling, 1998;
Joseph and Bowen, 1998; Morin-Surun et al., 1999; Rao et

.al., 1991; Vilner and Bowen, 2000 . Recently, several
laboratories have sequenced and cloned possible receptor

Žproteins Hanner et al., 1996; Pan et al., 1998; Prasad et
.al., 1998; Seth et al., 1997, 1998 , and antisense

oligodeoxynucleotides for these sequences attenuate vari-
Žous functional effects King et al., 1997; Kitaichi et al.,

.1997; Maurice et al., 1997 .
We have previously reported that the s receptor ligand

Ž w Ž . x ŽBD1008 N- 2- 3,4-dichlorophenyl ethyl -N-methyl-2- 1-
. .pyrrolidinyl ethylamine has high affinity and selectivity

for s receptors, and additionally attenuates the locomotor
Ž .stimulatory effects of cocaine McCracken et al., 1999a .

Therefore, the purpose of the present study was to further
characterize the effects of BD1008 and three of its N-alkyl

Ž w Žsubstituted analogs: BD1060 N- 2- 3,4-dichlorophe-
. x Ž . . Ž wnyl ethyl -2- 1-pyrrolidinyl ethylamine , BD1067 N- 2-

Ž . x Ž .3,4-dichlorophenyl ethyl -N-ethyl-2- 1-pyrrolidinyl ethy-
. Ž w Ž . xlamine , and BD1052 N- 2- 3,4-dichlorophenyl ethyl -N-
Ž . . Ž .allyl-2- 1-pyrrolidinyl ethylamine De Costa et al., 1992 .

Receptor binding studies were used to measure the affini-
ties and selectivities of the compounds for s receptors as
compared to several non-s binding sites. In addition, the
compounds were tested for their ability to attenuate the
behavioral toxicity of cocaine in Swiss Webster mice. The
actions of the novel compounds were further compared
to those produced by historic s receptor agonists and

Ž Ž . Žantagonists: BMY 14802 a- 4-fluorophenyl -4- 5-fluoro-
. . Ž w2-pyrimidinyl -1-piperazine butanol , haloperidol 4- 4-

Ž . x Ž4-chlorophenyl -4-hydroxy-1-piperidinyl -1- 4-fluorophe-
. . Ž Ž .nyl -1-butanone , reduced haloperidol 4- 4-chlorophenyl -
Ž . .a- 4-fluorophenyl -4-hydroxy-1-piperidine butanol , and

Ž w Ž . xrimcazole cis-9- 3- 3,-dimethyl-1-piperazinyl propyl -9H-
.carbazole . To further evaluate the agonist vs. antagonist

actions of the novel compounds, they were also tested after
microinjection into the rat red nucleus, a functional assay

Žof s receptor activity Matsumoto et al., 1990a, 1995;
.Okumura et al., 1996 . Finally, the ability of intracere-

broventricular infusion of the novel ligands to attenuate the
convulsive effects of cocaine was tested to evaluate the
contribution of brain s receptors in the observed effects.

2. Materials and methods

2.1. Drugs

Ž w Ž . xBD1008 N- 2- 3,4-dichlorophenyl ethyl -N-methyl-2-
Ž . . Ž w Ž1-pyrrolidinyl ethylamine , BD1052 N- 2- 3,4-dichloro-

. x Ž . .phenyl ethyl -N-allyl-2- 1-pyrrolidinyl ethylamine ,
Ž w Ž . x ŽBD1060 N- 2- 3,4-dichlorophenyl ethyl -2- 1-pyrro-

. . Ž w Žlidinyl ethylamine , and BD1067 N- 2- 3,4-dichlorophe-
. x Ž . .nyl ethyl -N-ethyl-2- 1-pyrrolidinyl ethylamine were syn-

Ž .thesized as described previously De Costa et al., 1992 .
The structures of these novel ligands are shown in Fig. 1.

Ž .Di-o-tolylguanidine DTG was purchased from Aldrich
Ž .Milwaukee, WI, USA . Cocaine hydrochloride, haloperi-

Ždol, and naloxone were obtained from Sigma St. Louis,
. Ž .MO, USA . Reduced haloperidol, y -sulpiride and rimca-

zole were purchased from Research Biochemicals Interna-
Ž . Ž .tional Natick, MA, USA . q -Pentazocine was obtained

from the National Institute on Drug Abuse Chemical Syn-
Ž .thesis Program Bethesda, MD, USA . The radioligands

Žwere obtained from NEN Life Sciences Boston, MA,
.USA .

2.2. Animals

Ž .Frozen guinea pig brains Pel-Freeze, Rogers, AR, USA
were used for the receptor binding studies. Male,

ŽSprague–Dawley rats 150–300 g, Harlan, Indianapolis,
.IN, USA or Charles River, Boston, MA, USA were used

for the receptor binding and microinjection studies. Male,

Fig. 1. Structure of BD1008 and its N-alkyl substituted analogs. Novel
ligands and their corresponding substitutions at the R position: BD10081

` `Ž . Ž .methyl CH ; BD1060 H; BD1067 ethyl CH CH ; BD1052 allyl3 2 3
`Ž .CH CH5CH .2 2
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ŽSwiss Webster mice 21–30 g, Harlan; Charles River,
.Portage, MI, USA were used for behavioral testing. Be-

fore use, all animals were housed in groups with a 12:12 h
lightrdark cycle and ad libitum food and water. Those
animals that were implanted with cannula guides were
housed singly after recovering from surgery. All proce-
dures were performed as approved by the Institutional
Animal Care and Use Committee at the location where
each study was conducted.

2.3. Binding affinities of noÕel ligands for s and other
receptors

The s binding affinities of BD1008 and its N-alkyl
substituted analogs were determined in tissues that are
enriched in the respective subtypes using methods previ-

Žously published in detail Bowen et al., 1993; Matsumoto
.et al., 1995 . Briefly, s sites were labeled in homogenates1

from guinea pig brain minus cerebellum using 3 nM
w3 xŽ .H q -pentazocine; s sites were labeled in ho-2

w3 xmogenates from rat liver with 3 nM H DTG in the
presence of 1 mM dextrallorphan to mask s sites. Non-1

specific binding was determined in the presence of 10 mM
Žhaloperidol. Twelve concentrations of test ligand 0.05–

.10,000 nM were incubated for 120 min at 258C to evalu-
ate their ability to displace the binding of the radioligand.

Since many historic s receptor ligands are non-specific,
exhibiting interactions with dopamine, opioid, or phen-

Ž .cyclidine PCP binding sites in addition to s receptors
Ž .Tam and Cook, 1984; cf. Walker et al., 1990a , the
relative selectivities of the novel ligands were determined.
In addition, the affinities of the novel ligands for GABAA

receptors were determined because many anticonvulsant
Ž .drugs act through these receptors Olsen et al., 1999 . The

affinities of the compounds for 5-HT receptors were also2

examined because antagonists at these sites are capable of
Žattenuating the behavioral toxicity of cocaine Ritz and

.George, 1997a . The affinities of the novel ligands for
dopamine, opioid, GABA , and 5-HT receptors, and theA 2

PCP binding site on NMDA receptors were measured in
homogenates from rat brain minus cerebellum using previ-

Žously published methods De Costa et al., 1992; Mat-
.sumoto et al., 1995 . Briefly, dopamine receptors were

w3 xŽ .labeled with 5 nM H y sulpiride; non-specific binding
was determined with 1 mM haloperidol. Opioid receptors

w3 xwere labeled with 2 nM H bremazocine; non-specific
binding was determined with 10 mM levallorphan. PCP

w3 x Ž w Žsites were labeled with 5 nM H TCP 1- 1- 2-
. x .thienyl cyclohexyl piperidine ; non-specific binding was

determined with 10 mM cyclazocine. GABA receptorsA
w3 xwere labeled with 10 nM H muscimol; non-specific bind-

ing was determined with 1 mM GABA. 5-HT receptors2
w3 xwere labeled with 2 nM H ketanserin; non-specific bind-

ing was determined with 1 mM mianserin. The incubations
were carried out for 60 min at 258C for the dopamine and
opioid receptor assays, 30 min at 378C for the GABAA

and 5-HT receptor assays, and for 60 min at 48C for the2

PCP assays.
All of the assays for s and non-s receptors were

terminated with the addition of ice-cold buffer and vacuum
filtration through glass fiber filters. Counts were extracted

Žfrom the filters using Ecoscint cocktail National Diagnos-
.tics, Manville, NJ, USA for at least 8 h prior to counting.

2.4. Effects of intrarubral microinjection of BD1060 and
BD1067 in the rat

The effects of BD1008 and BD1052 after microinjec-
tion into the rat red nucleus have already been reported
Ž .Matsumoto et al., 1999 . Therefore, the actions of BD1060
and BD1067 were characterized herein using methods

Ž .previously described in detail Matsumoto et al., 1995 .
Briefly, chronic, indwelling cannula guides were implanted

Ž4 mm above the red nucleus coordinates: 2.5 mm anterior,
0.8 mm lateral, 4.0 mm ventral from lambda and the skull

.surface . To determine the effects of the novel ligands
Ž .alone, 1 nmolr0.5 ml of BD1060 ns7 or BD1067

Ž . Ž .ns9 , or an equivalent volume of saline ns5 was
unilaterally microinjected into the red nucleus. The mi-
croinjections were conducted over 60 s using a motor-
driven syringe pump connected to a microneedle, con-
structed to extend 4 mm beyond the tip of the cannula. To

Ž .determine the ability of BD1060 or BD1067 1 nmol to
attenuate s receptor agonist-induced dystonic head pos-
tures, the compounds were coadministered intrarubrally

Ž .with DTG 10 nmol; ns16 ; the coadministrations were
conducted in a total injection volume of 0.5 ml. As a
control for the antagonism studies, the same animals were

Ž .also coadministered DTG 1 nmol with saline. For all of
these studies, the dependent measure was the peak angle of
deviation of the head from the horizontal plane during the
30-min testing session. The head angles were measured
using a device that is a variation of a standard protractor.
The protractor portion of the device is placed along the

Žsame horizontal plane as the animal the placement is
.facilitated by using a built-in leveling feature , and a

swiveling arm connected to the protractor is rotated until it
is aligned through both eyes of the animal. In earlier
studies, there was no significant difference between the
angles obtained in real time and those of the same animals
when they were photographed for these measurements.
Subsequent to behavioral testing, all of the microinjection
sites were histologically confirmed and only those animals
with injections into the red nucleus are reported in this
paper.

2.5. Effects of systemic administration of s receptor
ligands on cocaine-induced conÕulsions

ŽConvulsions were induced in mice with cocaine 60
.mgrkg, i.p. . Convulsions were operationally defined as
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Table 1
Affinities of novel ligands for s receptors and other binding sites

BD1008 BD1060 BD1067 BD1052

s Receptors
a

s 2"1 3"0.1 2"0.5 2"0.51
a

s 8"2 156"45 39"1 60"32

Other binding sites
aŽ .Dopamine D 1112"74 )10,000 )10,000 )10,0002
aOpioid )10,000 )10,000 )10,000 )10,000
aPCP )10,000 )10,000 )10,000 )10,000

GABA )100,000 )100,000 )100,000 )100,000A
a5-HT )10,000 )10,000 )10,000 )10,0002

Ž .Affinities K in nM were determined in competition assays, as de-i

scribed in Section 2. The values in the table represent the mean"S.E.M.
from 2–3 experiments, each performed in duplicate. Values of )10,000
nM in the table signify that there was less than 30% displacement of
radioligand at this concentration.

a Ž .Data from McCracken et al. 1999a .

clonic or tonic limb movements, which were accompanied
by the loss of righting reflexes, wild running, andror

Fig. 2. Effects of BD1060 and BD1067 after microinjection into the rat
Ž .red nucleus. The s receptor agonist DTG 10 nmol produced dystonia

Ž .after unilateral microinjection into the rat red nucleus DTGqSaline .
ŽCoadministration of 1 nmol of either BD1060 DTGqBD1060, upper

. Ž . Žpanel or BD1067 DTGqBD1067, lower panel together with DTG 10
.nmol significantly attenuated the dystonia produced by this selective s

receptor agonist. As expected of an antagonist, unilateral microinjection
Ž .of BD1060 or BD1067 1 nmolr0.5 ml alone into the rat red nucleus

produced no significant effects on head posture.

Žpopcorn jumping Matsumoto et al., 1997a; Ritz and
.George, 1997a,b; Witkin et al., 1993 . Previous studies in

this laboratory have confirmed that this dose of cocaine

Fig. 3. Effects of BD1008, BD1060 and BD1067 on cocaine-induced
Žconvulsions. Mice were pre-treated with one of the compounds 0–30

. Žmgrkg, i.p. , followed 15 min later with a convulsive dose of cocaine 60

.mgrkg, i.p. . The data are represented as the number of mice convulsing
during the 30-min testing periodrthe total number of mice tested=100%.

ŽReductions of 50% or greater were statistically significant Fisher’s exact
.tests, P -0.05 .
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Žproduces convulsions in 100% of our mice Brackett et al.,
.2000; Matsumoto et al., 1997a; McCracken et al., 1999b .

Due to the steepness of the dose–response curve for
Ž .cocaine-induced convulsions Brackett et al., 2000 , and

the limited supply of some of the novel compounds, only a
single challenge dose of cocaine was used in these studies.

Ž .Mice were injected i.p. 15 min before administration
Ž .of a convulsive dose of cocaine 60 mgrkg, i.p. with one

Žof the following pre-treatments: BD1008 0.1, 1, 5, 10, 20,
. Ž30 mgrkg, ns58 , BD1060 0.1, 2.5, 5, 15, 30 mgrkg,

. Ž .ns42 , BD1067 0.1, 1, 5, 15, 30 mgrkg, ns48 ,
Ž .haloperidol 0.1, 1, 5, 10, 30 mgrkg, ns39 , reduced
Ž .haloperidol 0.1, 1, 5, 10, 30 mgrkg, ns39 , BMY

Ž . Ž14802 0.1, 1, 5, 15, 30 mgrkg, ns40 , naloxone 1, 10,
. Ž30 mgrkg, ns22 , rimcazole 1, 15, 30, 60 mgrkg,

. Ž . Ž .ns24 , y -sulpiride 10, 30 mgrkg, ns10 , or saline
Ž .ns7 . After the injection with cocaine, the animals were
observed for the next 30 min for the occurrence of convul-
sions.

To further probe the interaction of cocaine with putative
Ž . Žagonists, mice were pre-treated i.p. with DTG 30 mgrkg,

. Ž . Ž .ns47 , q -pentazocine 30 mgrkg, ns26 , or BD1052
Ž .30 mgrkg, ns39 , followed 15 min later with a dose of

Ž .cocaine 5–60 mgrkg, i.p. to determine whether the
combination produced a shift to the left of the cocaine
dose curve, indicating increased behavioral toxicity.

2.6. Effects of systemic administration of s receptor lig-
ands on cocaine-induced lethality

Ž .Mice were injected i.p. 15 min before administration
Ž .of a lethal dose of cocaine 125 mgrkg, i.p. with one of

Žthe following pre-treatments: BD1008 1, 5, 15, 20, 30
. Ž . Žmgrkg, ns45 , BD1052 30 mgrkg, ns6 , BD1060 1,

. Ž5, 10, 15 mgrkg, ns35 , BD1067 0.1, 1, 5, 15, 30
. Ž .mgrkg, ns36 , haloperidol 1, 5, 10, 30 mgrkg, ns30 ,

Ž .reduced haloperidol 1, 5, 10, 30 mgrkg, ns23 ,
Ž . ŽBMY14802 1, 15, 30 mgrkg, ns15 , rimcazole 1, 15,

. Ž .30 mgrkg, ns13 , DTG 30 mgrkg, ns5 , naloxone
Ž . Ž . Ž1, 10, 30, 50 mgrkg, ns16 , q -pentazocine 30

. Ž .mgrkg, ns5 , or saline ns9 . The mice were watched
for 30 min following the cocaine injections and deaths
were recorded. Similarly to the convulsion studies, due to
the steepness of the dose–response curve for cocaine-in-

Ž .duced lethality Brackett et al., 2000 , a single challenge
dose of cocaine was used.

2.7. Effects of intracerebroÕentricular administration of s

receptor ligands on cocaine-induced conÕulsions

Mice were surgically implanted with chronic indwelling
guide cannula through which solutions could be adminis-
tered intracerebroventricularly. For these surgeries, the
mice were deeply anesthetized with sodium pentobarbital
Ž .55 mgrkg, i.p. , preceeded by a preanesthetic dose of

Ž .chlorpromazine 10 mgrkg, s.c. . Guide cannulae, con-
structed from 24-gauge stainless steel tubing, were im-
planted with their tips in the left lateral ventricle: 0.3 mm
posterior, 0.7 mm lateral, and 2.4 mm ventral from bregma
and the skull surface. Cannulae were secured to the skull
surface with U-shaped wire and dental acrylic. Stainless
steel stylets kept the cannulae sealed except during drug
injection.

For the intracerebroventricular administrations, the can-
nulated mice were gently restrained by hand then adminis-

Ž .tered 1 or 5 nmolr5 ml of BD1008 ns21 , BD1060
Ž . Ž .ns11 , BD1067 ns13 or an equivalent volume of

Fig. 4. Effects of s receptor agonists on the behavioral toxicity of cocaine. Mice were pre-treated for 15 min with saline or 30 mgrkg, i.p. of DTG,
Ž . Ž .BD1052, or q -pentazocine and subsequently administered cocaine 5–60 mgrkg, i.p. . There was a leftward shift in the dose curve for cocaine-induced

convulsions in the presence of DTG or BD1052, indicating a worsening of the behavioral toxicity of cocaine.
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Ž .saline ns12 . After 10 min, the intracerebroventricularly
injected mice were administered a normally convulsive

Ž .dose of cocaine 60 mgrkg, i.p. and observed for the next
30 min for convulsions.

Following the behavioral assessments, the cannula
placements were histologically confirmed. The mice were
sacrificed with an overdose of pentobarbital, cresyl violet

Ž .dye 5 ml was infused into the cannula, and the brains
were removed. Coronal knife cuts were made through the
site of penetration of the cannula and at the level of the
cerebellum; the lateral and fourth ventricles were then
examined for the presence of cresyl violet dye. Only
animals with injections histologically confirmed in the
ventricles are reported in this paper.

2.8. Statistics

The data from the binding assays were analyzed using
Ž .GraphPad Prism San Diego, CA, USA . The apparent K i

values of the novel ligands were calculated using the

Cheng–Prusoff equation and K values previously deter-d
Žmined Bowen et al., 1993; Hellewell et al., 1994; Mat-

.sumoto et al., 1990b; unpublished observations . The data
from the intrarubral microinjections were evaluated with

Ž . Žunpaired antagonist alone or paired DTGqantagonist or
.saline Student’s t-tests using the peak head angle during

the 30-min testing session as the dependent measure. The
data from the behavioral studies involving cocaine were

Žanalyzed with Fisher’s exact tests GraphPad InStat, San
.Diego, CA, USA . For all of the statistical analyses,

P-0.05 was considered statistically significant.

3. Results

3.1. Binding affinities of noÕel ligands for s and non-s
receptors

The K values of the novel ligands for s , s ,i 1 2

dopamine, opioid, PCP, GABA , and 5-HT binding sitesA 2

Fig. 5. Effects of traditional s receptor ligands on cocaine-induced convulsions. Mice were pre-treated with haloperidol, reduced haloperidol, BMY14802,
Ž . Ž .or rimcazole 0–60 mgrkg, i.p. , followed 15 min later with a convulsive dose of cocaine 60 mgrkg, i.p. . The data are represented as the number of

mice convulsing during the 30-min testing periodrthe total number of mice tested=100%. Reductions of 50% or greater were statistically significant
Ž .Fisher’s exact tests, P-0.05 .
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are summarized in Table 1. All of the ligands had high
affinities for s receptors. In contrast, the compounds were
inactive at dopamine, opioid, PCP, GABA , and 5-HTA 2

binding sites, with the exception of BD1008 which had a
Žlow affinity for dopamine receptors 500-fold weaker than

.for s receptors .

3.2. Effects of BD1060 and BD1067 after microinjection
into the rat red nucleus

Student’s t-tests revealed that when the peak head
angles during the 30-min testing session were compared to
those produced by a saline control, there was no significant

Ž .change elicited by either BD1060 ts1.21, n.s. or
Ž .BD1067 ts0.83, n.s. when they were unilaterally mi-

croinjected into the rat red nucleus. However, coadminis-
tration of concentrations of either BD1060 or BD1067 that
produced no significant changes when administered alone,
significantly attenuated the dystonia produced by the s

Ž .receptor agonist DTG Fig. 2 . Student’s t-tests confirmed
that this reduction in DTG-induced dystonia was signifi-

Ž .cant for both BD1060 ts7.91, P-0.001 and BD1067
Ž .ts3.83, P-0.005 when compared to coadministration
of saline.

3.3. Effects of systemic administration of s receptor lig-
ands on cocaine-induced conÕulsions

BD1008, BD1060, and BD1067 attenuated cocaine-in-
Žduced convulsions in a dose-dependent manner P-0.05

.at least one dose; Fig. 3 . In contrast, the s receptor
Ž .agonists DTG, BD1052, and q -pentazocine were unable

Ž .to prevent the convulsive effects of cocaine Fig. 4 . DTG,
in fact, markedly worsened the toxicity of cocaine, shifting
the ED for cocaine-induced convulsions from 58 mgrkg,50

i.p. in the absence of DTG to 33 mgrkg, i.p. in its
presence. BD1052 similarly shifted the dose curve for
cocaine-induced convulsions to the left; pre-treatment with
BD1052 lowered the ED for cocaine-induced convul-50

Ž .sions to 46 mgrkg, i.p. Pre-treatment with q -penta-
zocine, on the other hand, yielded an ED for cocaine-in-50

duced convulsions of 57 mgrkg, i.p. indicating that it does
not significantly alter the responsiveness of the animals to
the convulsive effects of cocaine.

Similarly to the novel ligands with BD1008-like protec-
tive effects, the high affinity s receptor ligand, haloperi-
dol, which is thought to act as an antagonist at s sites1
Ž .Monnet et al., 1996 , significantly attenuated cocaine-in-

Ž .duced convulsions P-0.05 . Reduced haloperidol, which
also has high affinity for s receptors, attenuated cocaine-

Ž .induced convulsions P-0.05 . BMY14802, a putative
antagonist with moderate affinity for s receptors, attenu-

Ž .ated cocaine-induced convulsions P-0.05 , but had a
Žreduced maximal effect maximal protection of 63% at the

.15 mgrkg dose when compared to haloperidol and re-
Žduced haloperidol each achieving total 100% protection at

.their most effective doses . Rimcazole, another historic s

receptor Aantagonist,B failed to produce significant protec-
Žtion against cocaine-induced convulsions n.s., Fisher’s

.exact test , a pattern that is consistent with its low affinity

Fig. 6. Effects of BD1008, BD1060 and BD1067 on cocaine-induced
lethality. Mice were pre-treated with one of the compounds, followed 15

Ž .min later with a lethal dose of cocaine 125 mgrkg, i.p. . The data are
represented as the number of mice dying during the 30-min testing
periodrthe total number of mice tested=100%. Reductions of 50% or

Ž .greater were statistically significant Fisher’s exact tests, P -0.05 .
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for s receptors. Pre-treatment with the opioid antagonist
naloxone was likewise ineffective at attenuating cocaine-

Ž .induced convulsions n.s., Fisher’s exact test . The
Ž .dopamine D receptor antagonist y -sulpiride was also2

Žincapable of attenuating cocaine-induced convulsions n.s.,
.Fisher’s exact test . The effects of haloperidol, reduced

haloperidol, BMY14802, and rimcazole are summarized in
Ž .Fig. 5; the data from naloxone and y -sulpiride are not

included in the figure because they were not statistically
significant.

3.4. Effects of systemic administration of s receptor lig-
ands on cocaine-induced lethality

Pre-treatment with BD1008, BD1060, or BD1067 sig-
Žnificantly attenuated cocaine-induced lethality P-0.05

.for at least one dose; Fig. 6 . Similar to the pattern
observed in the convulsion studies, the s receptor agonists

Ž .DTG, BD1052, and q -pentazocine failed to provide
significant protection against cocaine-induced lethality
Ž .n.s., Fisher’s exact test . The opioid antagonist naloxone
and low affinity AsB receptor antagonist rimcazole were

Ž .likewise ineffective n.s., Fisher’s exact test . In contrast,
at least one tested dose of the moderate and high affinity
antagonists BMY14802, haloperidol, and reduced haloperi-
dol, significantly attenuated the lethal effects of cocaine
Ž .Fig. 7 .

3.5. Effects of intracerebroÕentricular administration of
BD1008, BD1060 or BD1067

The effects of intracerebroventricular administration of
BD1008, BD1060 or BD1067 on cocaine-induced convul-
sions are summarized in Fig. 8. Although all of the
compounds reduced the percentage of animals exhibiting
cocaine-induced convulsions, Fisher’s exact test revealed

Fig. 7. Effects of traditional s receptor ligands on cocaine-induced lethality. Mice were pre-treated with haloperidol, reduced haloperidol, BMY14802, or
Ž . Ž .rimcazole 0–30 mgrkg, i.p. , followed 15 min later with a lethal dose of cocaine 125 mgrkg, i.p. . The data are represented as the number of mice dying

Žduring the 30-min testing periodrthe total number of mice tested=100%. Reductions of 50% or greater were statistically significant Fisher’s exact tests,
.P-0.05 .
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Fig. 8. Effects of intracerebroventricular administration of BD1008,
BD1060 or BD1067 on cocaine-induced convulsions. Mice were injected

Žintracerebroventricularly with BD1008, BD1060 or BD1067 1, 5 nmolr5
.ml or an equivalent volume of saline. After 10 min, they were injected

Ž . Ž .i.p. with a convulsive dose of cocaine 60 mgrkg, i.p. . The data are
represented as the number of mice convulsing during the 30-min testing
periodrthe total number of mice tested=100%. The reduction produced

Ž .by BD1067 was the only one that was statistically significant P -0.05 .

Žthat this difference was significant only for BD1067 P-
.0.05 .

4. Discussion

N-alkyl substitutions to the s receptor ligand BD1008
resulted in novel compounds with high affinity and selec-
tivity for s receptors. In contrast to historic s ligands that
interact with a multitude of other sites in addition to s

receptors, all of the novel s ligands lacked significant
interactions with dopamine, opioid, PCP, GABA , andA

5-HT sites. In addition, BD1008, the parent compound,2

has micromolar or lower affinities for a -, a -, b-adrenoc-1 2
Žeptors, and muscarinic and 5-HT receptors McCracken et1

.al., 1999a . In addition to their high affinity and selectivity
for s receptors, depending on the type of N-alkyl substitu-
tion, the new compounds elicited either agonist or antago-
nist actions as determined by their effects on DTG-induced
acute dystonic reactions in rats or cocaine-induced behav-
ioral toxicity in mice.

A structure–activity analysis of the N-alkyl substituted
analogs of BD1008 suggests that the length of the N-alkyl
substitutions influences antagonist activity. Lengthening

Ž . Ž .the substituent from H BD1060 to methyl BD1008 to
Ž .ethyl BD1067 appeared to improve the effectiveness of

the antagonist activity without significantly changing the
affinity of the compounds for the receptor. In functional
studies, systemic administration of these highly selective s

Ž .receptor antagonists BD1008, BD1060, BD1067 attenu-
ated the convulsive and lethal effects of cocaine, with

BD1067 consistently exhibiting the most favorable protec-
tion against the behavioral toxicity of cocaine. This struc-
ture activity relationship was particularly noteworthy after
intracerebroventricular administration, where BD1067
Ž .ethyl substitution provided the greatest protection against
the convulsive effects of cocaine, followed by BD1008
Ž .methyl substitution , then BD1060. After systemic admin-
istration, the superiority of BD1067, as compared to
BD1008 and BD1060, was reflected in its ability to main-
tain a protective effect over a wider or comparable dose
range against both the convulsive and lethal endpoints. In
addition to these quantitative differences, the animals
treated with BD1067 appeared qualitatively more normal
and similar to naıve after receiving cocaine than animals¨
pretreated with equivalent doses of the other compounds.
Therefore, among the N-alkyl substituents studied herein,
the N-ethyl substitution appears to convey the best antago-
nist properties.

The protective actions of BD1008 and its analogs ap-
pear to be mediated through s receptor antagonism be-
cause historic s receptor ligands with purported antagonist
actions produced a level of protection against the behav-
ioral toxicity of cocaine that was consistent with their
affinities for these receptors. For example, the classical

Žhigh-affinity s receptor antagonist, haloperidol Monnet1
.et al., 1996 , as well as its s receptor-active metabolite

Ž .reduced haloperidol Bowen et al., 1990 , significantly
attenuated the convulsive effects of cocaine. BMY14802,
another s receptor-active compound with reported antago-

Ž .nist actions Okumura et al., 1996 , also significantly
attenuated the convulsive and lethal effects of cocaine,
although it was less potent than haloperidol, a pattern that
is consistent with its moderate affinity for s receptors. In
contrast, rimcazole, a putative s receptor AantagonistB

Žwith poor affinity for s receptors )1400 nM; cf. Walker
.et al., 1990a , failed to provide significant protection

against the convulsive and lethal effects of cocaine. Nalox-
one, an opioid receptor antagonist that is inactive at s

receptors, also failed to attenuate the convulsive and lethal
effects of cocaine. Therefore, a relationship exists between
the ability of historic s receptor antagonists to produce
their anti-cocaine actions and their ability to bind to the
receptor.

Since all of the historic ligands interact with other
binding sites in addition to s receptors, it is noteworthy
that the protective actions of the compounds cannot be
explained through these non-s receptor-mediated interac-
tions. Particular attention was paid to potential protective
effects of the historic compounds through dopamine D2

receptors, 5-HT receptors, or dopamine transporters be-1A

cause these interactions have been implicated in other
physiological actions of the compounds, and could poten-
tially impact cocaine-mediated behaviors. However, the
ability of the historic compounds to attenuate cocaine-in-
duced behavioral toxicity cannot be attributed to antagonist
actions at dopamine D receptors because the dopamine2
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D receptor antagonist sulpiride did not produce similar2

actions. Earlier studies also suggested that of the serotoner-
gic mechanisms, it is the 5-HT receptor subtype, rather2

than the 5-HT , that primarily influences cocaine-induced1A
Ž .convulsions Ritz and George, 1997a . Similarly, despite

intensive efforts to identify compounds that block the
access of cocaine to the dopamine transporter protein
while still allowing normal dopamine function, all com-
pounds from this effort have tended to possess cocaine-like

Ž .effects, rather than anti-cocaine actions cf. Appel, 2000 .
Thus, s receptors are the only common site of action
shared by all of the historic compounds that could explain
their anti-cocaine actions.

Although the compounds in the N-alkyl substituted
series, BD1008, BD1060 and BD1067, were capable of
attenuating cocaine-induced convulsions and lethality, there
were differences in the effectiveness of the ligands that
could not be predicted by their binding affinities. These
differences may be related to variations in the manner in
which the respective ligands activate andror occupy the
receptor. In particular, earlier studies indicate that BD1008
is more appropriately designated as a partial agonist, pro-
ducing functional antagonism under some conditions and

Žweak agonist actions under others Brent et al., 1996;
Gonzalez-Alvear and Werling, 1995; Martin et al., 1994;

.McCracken et al., 1999a; Vilner et al., 1995 . BD1060 and
BD1067, on the other hand, have not been used in many
functional assays to date, but the existing data suggests
that BD1067 in particular, possesses a more definitive
antagonist profile than BD1008.

In light of questions about the exact nature of the
antagonist activities of the novel compounds, it is signifi-
cant that other well-characterized and highly selective s

receptor antagonists have the ability to attenuate cocaine-
Ž w Ž .induced behaviors. BD1047 N- 2- 3,4-dichlorophenyl -

x Ž . .ethyl -N-methyl-2- dimethylamino ethylamine and
Ž w Ž . xBD1063 1- 2- 3,4-dichlorophenyl ethyl -4-methyl-

.piperazine attenuate the convulsive, lethal, and locomotor
Žstimulatory effects of cocaine in mice Matsumoto et al.,

.1997b; McCracken et al., 1999a,b . These two compounds
are the best-characterized functional antagonists at s re-
ceptors to date, and they were first identified by their
ability to attenuate DTG-induced dystonia after microinjec-

Žtion into the rat red nucleus Joseph and Bowen, 1998;
Matsumoto et al., 1995, 1999; Monnet et al., 1996; Tran et

.al., 1998 . In addition to the ability of well-established
pharmacological antagonists for s receptors to prevent
cocaine-induced behaviors, antisense oligodeoxynu-
cleotides for s receptors also attenuate the convulsive and

Žlocomotor stimulatory effects of cocaine Matsumoto and
.McCracken, 1999 . Therefore, interfering with cocaine’s

access to s receptors using a variety of strategies to
achieve functional antagonism appears to result in protec-
tive actions.

If s receptor antagonists have anti-cocaine actions,
then it is reasonable to expect that s receptor agonists

should worsen the toxicity of cocaine. Of the N-alkyl
substituted analogs described herein, the allyl-substituted
analog, BD1052, exhibited definite agonist activity across
a number of systems, including the ability to elicit dystonia

Žafter microinjection into the rat red nucleus Matsumoto et
.al., 1999 , and a worsening of the behavioral toxicity of

cocaine. This pattern was similar to that produced by the
historic and selective s receptor agonist DTG, which also
produced dystonia after microinjection into the rat red
nucleus and shifted the ED for cocaine-induced convul-50

Žsions to the left Matsumoto et al., 1990a; McCracken et
.al., 1999b; Walker et al., 1988 . Since the s receptor

Ž .agonist q -pentazocine is also known to produce dysto-
Žnia after microinjection into the rat red nucleus Matsumoto

.et al., 1996 , it was tested in combination with cocaine. In
Ž .contrast to DTG and BD1052, q -pentazocine, which is

Žoften thought of as a selective s receptor agonist Monnet1
.et al., 1996 failed to shift the dose curve for cocaine-in-

duced convulsions. This somewhat unexpected finding with
Ž .q -pentazocine is thought to result from the known abil-
ity of the drug to interact with uncharacterized non-s rs1 2

Žsites under in vivo conditions Matsumoto et al., 1996;
. Ž .Walker et al., 1990b . Alternately, since q -pentazo-

cine is also capable of interacting at a different position
on the receptor complex from DTG in the rodent brain
Ž .Bowen et al., 1989 , it is possible that DTG and BD1052

Ž .vs. q -pentazocine differ in their ability to impede co-
caine’s access to the receptor.

Two other curious features of the data that are related to
deviations from traditional, expected dose–response curves
also require comment. First, the dose curves for some of
the protective actions against cocaine are quite steep, with
more of an all-or-none effect than a traditional graded
dose–response. Second, the protective effects of the antag-
onists against cocaine-induce lethality are often U-shaped.
Both of these features may result from mechanistic proper-
ties related to cocaine itself. Imaging studies show that
cocaine must occupy almost half of its receptors before its
reinforcing effects are perceptible in humans, and that at a
dose that is typically abused by addicts, receptor occupa-

Ž .tion is in the 80–90% range Gatley et al., 1997 . The
dose–response curves for the convulsive, lethal, and loco-
motor stimulatory effects of cocaine in rodents are also

Žvery steep Brackett et al., 2000; McCracken et al.,
.1999a,b , again suggesting that a large proportion of co-

caine’s receptors must be occupied for its physiological
effects to be apparent in subjects. Given this pattern of
activity for cocaine, it would not be surprising for a true
cocaine antagonist to also have a relatively steep dose–re-
sponse curve, perhaps with a breakpoint at which its
therapeutic effects become noticeable. The U-shaped na-
ture of the protection against cocaine-induced lethality
may also be linked to the pathophysiology of cocaine
itself. While it is possible that a yet unidentified, non-s
receptor-related feature of our novel compounds may me-
diate the U-shaped protective effect, it should be noted that
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this pattern is also seen with other well-characterized
compounds. For example, one of the few other classes of
compounds that have been reported to attenuate the lethal

Žeffects of cocaine are NMDA receptor antagonists e.g.
.Brackett et al., 2000 . Many of these compounds produce a

powerful protective effect, but again, at supramaximal
Ž .doses, the protective effect is lost Brackett et al., 2000 ,

suggesting that a physiological balance must be achieved
and maintained to prevent the lethal actions of cocaine.
Thus, some of the idiosyncrasies in terms of the nature of
the dose–response curves expected of s receptor antago-
nists that were not observed herein may be tied in to the
mechanistic properties of cocaine itself.

In sum, BD1008 provides a novel base structure from
which selective s receptor ligands can be developed. The
results from this study suggest that s receptor antagonists
attenuate the behavioral toxicity of cocaine, s receptor
agonists worsen the behavioral toxicity of cocaine, and

Ž .control compounds structural analogsrhistoric ligands
that interact only weakly with the receptor are unable to
attenuate the behavioral toxicity of cocaine. Furthermore,
the pattern of results observed in interactions with cocaine
parallel the observed agonist vs. antagonist actions of the
compounds when administered into the rat red nucleus, an
established functional assay for s receptor activity. When
the data from the cocaine and dystonia studies are consid-
ered together, BD1067, the N-ethyl-substituted analog of
BD1008, appears to be a promising new functional antago-
nist at s receptors.
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