
856

I ii i2ii-M�l2> /92/i 5iiii.ti-oi4$ii:i.is,/(i

(opyright C 1w The American Society for Pharmacology and Experimental Therapeutics

All rig}�t �. sI rej)rO(ltlCtO)tt in an� forni reserved.

\1oI.E(t As I’IlARtIAcoI.o(;y. 12:i4ifi-561

Prolonged D2 Antidopaminergic Activity of Alkylating and
Nonalkylating Derivatives of Spiperone in Rat Brain

ROSS J. BALDESSARINI, NORA S. KULA, ALEXANDER CAMPBELL, VENKATESALU BAKTHAVACHALAM, JUN YUAN, and
JOHN L. NEUMEYER

Department of Psychiatry and Neuroscience Program, Harvard Medical School, and Mailman Research Center, McLean Division of Massachusetts
General Hospital, Belmont, Massachusetts 02178 (R.J.B., N.S.K., AC.), and Research Biochemicals, Inc., Natick, Massachusetts 01760 (yB., J. Y.,
J.L.N.)

Received April 8, 1992; Accepted August 13, 1992

SUMMARY
Alkyl and arylalkyl derivatives of the dopamine (DA) D2 antagonist
spiperone were prepared and characterized chemically and phar-
macologically. They included the N-methyl, N-phenethyl (NPS),
and N-p-aminophenethyl (NAPS) derivatives, as well as the al-
kylating isothiocyanato (NIPS), bromacetamido, and ethylfumar-
amido p-substituted N-phenethylspiperones. These compounds
showed high lipophilicity (log P up to 6.0 with NIPS), as well as
very high in vitro D2 affinity (K, = 35-280 pM) and D2 versus D1
selectivity (540-9000-fold) in radioreceptor assays with corpus
striatum of rat brain. Of the alkylating series, NIPS showed the
highest D2 affinity (57 pM) and D2 versus D1 selectivity (2040-
fold) and so was selected for further evaluation. NPS, NAPS,
and NIPS showed little or no affinity for 34 non-DA binding sites
defined by radioligand assays for monoamine, amino acid, and
peptide neurotransmitters, ion channels, peptide growth factors,
and transmission mediators but did show low a2 and moderate
ai and 5-hydroxytryptamine (5-HT2) affinity with rat forebrain

tissue in vitro; NIPS showed a marked gain in D2 versus 5-HT2
selectivity, compared with spiperone (1 520- versus 26-fold).
Systemic injections of NIPS induced marked decreases in rat
striatal D2 binding sites 24 hr later, with little effect on D1 , 5-HT2,
or a1 sites; NIPS and NAPS lowered apparent Bmax values at D2
receptors with little change in ligand affinity, ex vivo as well as
in vitro. NPS, NAPS, and NIPS all induced dose-dependent
lowering of D2 binding ex vivo (ID50 = 1 -9 �moI/kg, intraperito-
neally) and blocked the behavioral effects of the DA agonist
apomorphine (0.9 �moI/kg) potently (ID50 = 0.3-0.5 �moI/kg) at
24 hr. Recovery from these anti-DA actions required about 1
week after equimolar (1 5 ,smol/kg) and similarly effective doses
of NPS and NAPS, as well as NIPS. Thus, highly selective and
avidly bound lipophilic D2 affinity ligands with similarly avid in
vitro and prolonged in vivo anti-DA activities can be derived from
N-phenethylspiperones with or without an alkylating moiety pres-
ent. Such affinity ligands may represent useful additions to
previously used, generally less selective, D2 affinity ligands.

Selective alkylating affinity ligands have been developed to

study a variety of enzymes (1) as well as receptors of drugs (2)

or neurotransmitters (3). Typically, such agents have been

developed by attaching an electrophilic moiety to a known

selective ligand, while retaining high affinity and selectivity for

proposed macnomolecular target sites; the electrophilic moiety

reacts with a presumed nucleophilic site on a protein of interest

(2). Affinity ligands, with or without alkylating moieties, have

proven useful in the development of radioneceptor assays, in

receptor protein isolation procedures, for histological localiza-

tion of receptors, and for applications in experimental or din-

ical brain-scanning technologies (3).
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Several alkylating affinity ligands been proposed for DA

receptor types in mammalian brain tissue. Among these, the

unselective, low affinity, protein-alkylating agent EEDQ has

been used repeatedly to study DA receptors as well as other

receptors (4-6). We reported previously that phenoxybenz-

amine, a chloroethyl-mustard with anti-a-adrenergic activity,

can also alkylate DA receptors (7) and that the mustard analog

ofthe potent and selective DA agonist (R)-(-)-N-n-pnopylnor-

apomorphine, (R)-(--)-N-(2-chloroethyl)norapomorphine, can

bind irreversibly to DA receptors (8), evidently by formation of

a reactive azinidinium intermediate (9). A mustard derivative

of fluphenazine also has been used to alkylate DA receptors

and calmodulin (10). More recently, several D2-selective affinity

probes have been developed, including UV-activated photo-

affinity labels (11) and fluorescent-labeled affinity probes (12,

13).

ABBREVIATIONS: DA, dopamine (3,4-dihydroxyphenethylamine); EEDQ, N-ethoxycarbonyl-2-ethoxy-1 ,2-dihydroquinoline; SPR, spiperone; NMS,
N-methylspiperone; NPS, N-phenethylspiperone; NAPS, N-(p-aminophenethyl)spiperone; NIPS, N-(p-isothiocyanatophenethyl)spiperone; NBPS, N-

(p-bromacetamidophenethyl)spiperone; NEPS, N-(p-ethylfumaramidophenethyl)spiperone; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic
acid; NMDA, N-methyl-o-aspartate; GABA, �-aminobutyric acid; 5-HT, 5-hydroxytryptamine; LSD, lysergic acid diethylamide; AMPA, a-amino-3-
hydroxyisoxazolepropionic acid.
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We have made preliminary reports on the development of a

series of putative alkylating agents that appear to be selective

for D2 or D receptor sites in rat brain (14-17). In addition, Xu

et al. (5) recently reported independently on some pharmaco-

logic characteristics of one compound of this series, the alkyl-

ating SPR derivative NIPS. The present report includes de-

tailed information on the synthesis and chemical charactenis-

tics of several D2-selective alkylating and nonalkylating SPR

derivatives, as well as extensive neuropharmacologic character-

izations of selected examples from this series of compounds,

using rat brain tissue for in vitro, ex vivo, and in vivo studies.

Materials and Methods

Chemical preparation of SPR derivatives. N-Methylspiperone

and most N-phenethylspiperones were prepared by the reaction of SPR

with methyl iodide and phenethyl bromide, respectively. NAPS was

prepared by reaction of SPR with p-nitrophenethyl bromide, followed

by reduction with stannous chloride. A series of alkylating derivatives

of NAPS, in turn, were prepared by reacting its free amino moiety with

thiophosgene, ethyl fumaroyl chloride, or bromoacetyl trifluoroacetic

anhydride to provide the p-isothiocyanate (NIPS), p-ethylfumaramido

(NEPS), and p-bromacetamido (NBPS) derivatives, respectively.

Specific syntheses of experimental compounds (structures in Fig. 1)

started with SPR hydrochloride from Research Biochemicals, Inc.

(Natick, MA). The preparation of NMS represents the general N-

alkylating conditions used; the synthesis of its free base was described

previously (18). NMS was prepared as follows: a solution of methyl

iodide (600 mg, 4.2 mmol) in 10 ml of toluene was added, dropwise, to

a mixture of SPR (1.1 g, 2.8 mmol), potassium hydroxide (1.0 g),

tetrabutyl ammonium iodide (100 mg), and toluene (100 ml), with

stirring at 25� for 8 hr. The mixture was then filtered, toluene was

removed in vacuo, and the residue was purified by column chromatog-

raphy on silica gel with chloroform and methanol (99:1, by volume) as

the solvent. The recovered product NMS was converted to its HC1 salt

in a yield of 800 mg (57%). The N-phenethyl and N-p-nitrophenethyl

derivatives of SPR were similarly prepared from SPR and a correspond-

ing arylalkyl bromide, with NPS obtained in a yield of 52%.

NAPS was prepared by modifications of previously reported proce-

�

.o
Spuperones

Fig. 1. Structures of SPR and alkylating phenethylspiperone derivatives.
Spiperone derivatives include SPR (R = H), NMS (R - CH3), NPS [R =

(CH2)2C6H5], and NAPS [R = (CH2)2C6H4NH2]. Alkylating phenethyispi-
perone derivatives include NIPS (X = NCS), NBPS (X = NHCOCH2Br),
and NEPS (X = NHCOCH = CHCO2CH2CH3).

dures (11, 13), with improved yield and more convenient product

isolation. A solution of stannous chloride dihydrate (7.9 g, :35 mmol) in

20 mol of concentrated HC1 was added to a solution of p-nit rophen-

ethylspiperone (3.2 g, 5.8 mmol) in 40 ml of ethanol and 40 ml of

concentrated HC1. This mixture was stirred at 50� for 4 hr, evaporated

to half-volume, made alkaline (pH 13), and extracted into ethyl acetate.

The extract was then purified by silica gel column chromatography

with dichloromethane and methanol (9:1, by volume) as solvent and

was converted to the HC1 salt of NAPS at a yield of 2.3 g (55% from

spiperone).

NIPS was prepared from NAPS by the method of Sharma ( 19), by

adding a solution of thiophosgene (0.7 ml, 9 mmol) to a mixture of

NAPS (2.3 g, 4.5 mmol), 50 ml of chloroform, and sodium bicarbonate

(3.8 g/50 ml), with constant stirring at 25� for 4 hr. The reaction

mixture was then extracted into chloroform, separated on a silica gel

column with dichloromethane and methanol (49:1, by volume) as

solvent, and converted to the HC1 salt of NIPS in a yield of 1 g (37%).

NBPS [N-[p-(N-hromoacetyl)aminophenethyljspiperonej was pre-

pared by mixing NAPS (80 mg, 156 nmol) with trifluoroacetyl bromo-

acetic anhydride (5 eq), prepared as described by Ferris and Emmons

(20), in 10 ml of dry dichloromethane at 25� under nitrogen with

constant stirring. The mixture was washed with aqueous sodium car-

bonate, dried, and evaporated to yield a residue that was converted to

the HC1 salt and recrystallized from a mixture of methanol and ether

to yield 65 mg (59%) of desired product.

NEPS [N-[p-(N-ethylfumaroyl)aminophenethyl]spiperonej was

prepared by acylation of NAPS with fumaric acid monoethyl ester

chloride, which was first prepared by refluxing fumaric acid monoethyl

ester (Aldrich Chemical Co., Milwaukee, WI) with thionyl chloride

until the material was fully dissolved, followed by concentration in

vacuo with dry toluene to obtain the acid chloride as a brown oil. This

reagent (300 mg), dissolved in acetonitrile, was then mixed with a

solution of NAPS (90 mg, 175 nmol) in acetonitrile and stirred at 25�

for 16 hr. The solvent was removed under reduced pressure, the residue

was separated by preparative thin layer chromatography, and the

desired product was converted to the HC1 salt of NEPS in a yield of 50

mg (40%). The alkylating agents NBPS and NEPS are novel corn-

pounds.

Chemical characterization of SPR derivatives. Compounds

were characterized by microanalysis of carbon, hydrogen, and nitrogen

content by Atlantic Microlab, Inc. (Atlanta. GA), to a criterion of ±

0.4% of predicted quantities. Thin layer chromatography was used to

separate novel compounds on F-254 plastic-backed silica gel sheets (E.

Merck, Darmstadt, Germany). Purification by medium-pressure col-

umn chromatography was performed with flash silica gel (J. T. Baker

Chemical Co., Phillipsburg, NJ). Organic extracts were dried with

anhydrous magnesium sulfate unless indicated otherwise. Melting

points were obtained with a Thomas-Hoover melting point apparatus

(Thomas Scientific Co., Philadelphia, PA) and are reported uncor-

rected. Additional confirmatory physical-chemical testing, not reported

here, included obtaining ‘H NMR spectra with an XL-300 (300 MHz)

NMR spectrometer (Varian Associates, Sunnyvale, CA) using trime-

thylsilane as an internal standard, with spectral shifts considered

downfield from trimethylsilane. Similarly, mass spectra were obtained

by the Department of Chemistry at Northeastern University (Boston,

MA) with a model 4021 mass spectrometer (Finnigan MAT, San �Jose,

CA) under electron impact conditions.

The equivalent of octanol/water partition coefficients (log P) were

calculated by the method of Hansch and Leo (21), using a published

value (22) for SPR (log P = 2.67) as a reference standard and computing

the effects of added moieties from tables in the reference cited. In

addition, chromatographic retention was used as an additional indica-

tion of lipophilicity expressed as a chromatographic capacity factor (log

k’), using the relationship k’ = Lt� - t, ]/t, , where t. is the retention

time ofthe test compound and t, is the retention time ofthe reference

standard (SPR) for data derived from high pressure liquid chromatog-

raphy of selected SPR derivatives on a C-18-derivatized silica gel
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column with a mobile phase of methanol and aqueous phosphate buffer

(50 mM, pH 7.4), in a volume ratio of 3:1 (23). Values obtained by the

two methods (log P and log k’) were in close agreement (r = 0.93), and

only the log P values are shown.

Receptor assay methods. All procedures involving animals com-

plied with federal and institutional regulations and were approved by

the Institutional Animal Care and Use Committee of McLean Hospital.

Binding to D2 receptor sites was determined in homogenates of corpus

striatum tissue of rat brain, prepared from young, adult, male, Sprague-

Dawley, albino rats (initially weighing 1 10-150 g) by homogenization

in a hand-held Teflon/glass homogenizer with 200 volumes of Tris

hydrochloride buffer (pH 7.4) containing 150 mM sodium chloride,

centrifugation at 20,000 x g, and resuspension of the pellet in fresh

buffer to provide the equivalent of 5 mg of original tissue/ml and 1 mg

(-25 pg of protein) in each assay tube. Tissue was assayed with the

selective D2 antagonist benzamide [‘H]YM-09151-2 (DuPont-NEN,

Boston, MA) as described previously (6, 24), typically with four to eight

tubes for each condition in each experiment and with at least two

independent replications. Routinely, the radioligand was incubated at

a concentration of 65 pM, slightly above its predetermined apparent K,1

(45 pM), or, when saturation isotherm experiments were carried out, at

a range of concentrations from 10 to 300 pM, at 30� for 90 mm; binding

was analyzed by curve-fitting with the LIGAND program of Munson

and Rodbard (25) adapted for the Macintosh microcomputer (26).

Specific D2 binding was defined as the difference between binding with

and without (+)-butaclamol (0.2 aM; Research Biochemicals) in the

incubations; inclusion of additional unlabeled ketanserin and phentol-

amine (each at 0.2 �M; Research Biochemicals) had no significant effect

(�1% loss) on the specific D2 binding defined with excess (+)-butacla-

mol.

In vitro D2 affinities and D2 potencies of test SPR analogs were

determined with at least six concentrations of test agent, above and

below the approximate IC2,, value. For affinity estimates, test com-

pounds were assayed by direct competition with 65 pM [‘H]YM-09151-

2, using rat striatal homogenates (15-20 mg/ml) as already described.

For estimates of in vitro potency, such striatal homogenates were

preincubated for 30 mm at 30� in a physiological buffer (containing, in

mM: NaCl, 124; KC1, 5; KH2PO4, 1.4; MgC12, 1.3; CaC12, 1.3; CaCl2, 0.8;

HEPES, 20; sodium ascorbate, 1.5; glucose, 11; and sucrose, 80; gassed

with 95/5 air/CO2 to pH 7.0) with a range of concentrations of test

agent. Unbound test agent was removed by centrifugation (20,000 x g)

and then washing (and recentrifuging) five times with excess fresh D2

radioreceptor assay buffer (4�) before assay of remaining D2 binding

(with 65 pM [‘H]YM-09151-2) in the final tissue pellet (with -2 mg of

original tissue/assay). For both in vitro affinity and potency experi-

ments, IC2,, (± standard error) was determined by computer-fitting of

the data with the ALLFIT program (27, 28) adapted for the MacIntosh

microcomputer’ and was converted to values of apparent K, (mean ±

standard error) from the relationship of Cheng and Prusoff (29), i.e.,

K, = IC�,,/(1 + [ligand concentration]/Kd).

For in vitro and ex vivo demonstrations of radioligand concentration

isotherms, single concentrations or doses (typically, approximately

half-maximally effective) of test agents were used as a pretreatment,

followed by assays with a range of concentrations of [:3H]yM091512

(0.01-0.3 nM). Resulting data were evaluated as linearized relationships

of specifically bound/free ligand concentrations (B/F) versus specifi-

cally bound ligand level (B), such that ligand affinities (apparent Kd)

are reflected in the slope and apparent maximum binding (B,,,2,) is

reflected in the x-intercept.

Ex vivo and in vivo potencies of test agents also were determined by

D2 radioreceptor assays of stniatal tissue after pretreatment of rats with

vehicle (control) or a range of doses of a SPR derivative (50 nmol/kg

to 100 ,�mol/kg, intraperitoneally), given 24 hr earlier to groups of six

(replicated at least once; data expressed as percentage of matched

controls and pooled). Functional assays of receptor blockade rated

inhibition of stereotyped sniffing, licking, and gnawing behaviors in

similarly pretreated rats induced over 60 mm by a standard dose of

(R)-(-)-apomorphine.HC1.0.5 H2O (0.3 mg/kg or 0.9 imol/kg, intra-

peritoneally, MacFarlan-Smith, Ltd., Edinburgh, Scotland), as de-

scribed previously (30). Drug potencies were determined as values of

ID2,, (± standard error) with the ALLFIT program. For time-course

experiments, a single equimolar (and similarly effective) dose of 15

�tmol/kg, intraperitoneally, of all agents tested was given at times

ranging from 1-6 hr to 4-6 days earlier.

D, affinity was evaluated in rat striatal homogenates, prepared as

already described, using the selective D, benzazepine antagonist [‘H)

SCH-23390 (DuPont-NEN) as described previously (31, 32), at 0.30

nM (K,1 = 0.34 nM), at 30� for 30 mm for determinations of IC5,, and K,

values. Specific binding (=90%) was defined with (cis)-flupenthixol

(0.3 jiM; donated by Lundbeck Labs., Copenhagen, Denmark) as the

blank agent.

Additional affinity characterizations of SPR derivatives were carried

out by NovaScreen Division (Nova Pharmaceutical Corp., Baltimore,

MD), using a battery of radioligand assay procedures whose literature

citations can be obtained from Nova Corp. The SPR derivatives NMS,

NPS, NAPS, and NIPS were screened initially at 10 MM; those with

submicromolar affinity were characterized with a range of lower con-

centrations. Screening radioreceptor assays included a confirmatory D2

assay with another benzamide [(-)-[‘H]sulpiride]. We as well as

NovaScreen assayed for affinity at 5-HT2 (serotonin) receptors with

[‘H]ketanserin (33); this ligand (K,, = 0.4 nM) was assayed at 0.5 nM

at 3T for 15 mm, with 10 �M methysergide (donated by Sandoz

Research Institute, Berne, Switzerland) as a blank agent providing

60% specific binding with homogenates of rat forebrain with striatum

removed. Similarly, cv,-adrenergic receptors in the same rat forebrain

tissue were assayed with [‘H]prazosin (34); this ligand (K,� = 0.2 nM)

was assayed at 0.3 nM at 25� for 45 mm, using 2 �tM phentolamine

(donated by CIBA-Geigy, Ardsley, NY) as blank (78% specific binding).

These radioligands also were obtained from DuPont-NEN.

Additional screening by NovaScreen for affinity at monoaminergic

receptor sites included radioligand assays for a2-adrenergic, �(-adrener-

gic, and 5-HT, (or other 5-HT) receptors (LSD site). Assays for amino

acid binding sites included the glutamate receptors of the quisqualate

(AMPA) and NMDA types, kainate site, related phencyclidine and
MK-801 binding sites, the glycine-NMDA complex site, and the gly-

cine-strychnine site, as well as GABA receptor types GABAA and

GABAB. Adenosine receptors (types A, and A2) also were screened, as

were binding sites for a series of neuropeptides and related growth or

tissue-stimulating factors. These included angiotensin II, vasopressin,,

bombesin or gastrin-releasing peptide, cholecystokinin (CCK-8 for

central nervous system as well as peripheral tissues), neurokinin-1

(substance P), neurokinin-2 (substance K, neurokinin-A), neuropeptide

Y, neurotensin, somatostatin, vasoactive intestinal peptide, neuronal

growth factor, epidermal growth factor, and atrial natriuretic factor.

Sites involved in the mediation of neurotransmitter action that were

screened included several cation or anion membrane channels, namely

calcium channels of types T-L and N, the calcium-activated potassium

channel (apamin site), and the chloride channel, as well as a related

benzodiazepine site. Finally, second messenger or receptor-effector

molecular elements assayed included stimulatory guanine nucleotide-

binding proteins (G5,,-adenylyl cyclase complex or forskolin site), phos-

phokinase C site (phorbol ester site), and an inositol trisphosphate site.

Results

Structures of SPR derivatives studied are provided in Fig. 1,

with chemical and pharmacologic properties summarized in

Table 1. Initial characterization included determinations of the

lipophilic properties of selected spiperone derivatives (Table

1). The N-phenethyl derivatives had higher calculated log P

values than did the precursor SPR or its N-methyl derivative

(NMS), indicating greater lipophilicity, with somewhat less
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gain in lipophilicity when a p-amino group was added (NAPS);

the highest log P value was that for NIPS (5.97, indicating 3.30

log units, on 2000 times, greater lipophilicity than that of SPR).

SPR derivatives also were evaluated for affinity (K, values) at

D2 receptor sites in rat stniatum (Table 1), which was very high

(at the subnanomolar level) for all compounds tested, ranging

from 170 pM for SPR itself and 280 pM for NBPS to 35 pM for

NMS. In addition, all compounds tested had much lower affin-

ity (540-9000 times) at D, sites and, so, very high apparent D2

versus D, selectivity in vitro. Of the three derivatives with an

alkylating moiety (the bromacetamido, ethylfumaramido, and

isothiocyanato derivatives), the last, NIPS, had the highest D2

affinity (K, = 57 pM) and D2 versus D, selectivity (2040-fold).

Accordingly, it was selected for further pharmacologic charac-

tenization and comparison with presumably nonalkylating con-

genens. Experiments (not shown) with (-)-[‘H]sulpinide as a

D2 radioligand supported the conclusion that NMS, NPS,

NAPS, and NIPS all have very high D2 affinity, in the picom-

olar or low nanomolan range.

Broad screening of the representative SPR derivatives NMS,

NPS, NAPS, and NIPS failed to reveal significant interactions

with the 37 non-DA receptor and other binding sites (total of

40 assays) defined in Materials and Methods, with only three

exceptions. With a2-adnenengic sites in rat cerebral cortex

labeled in vitro with [‘H]RX-781,094, there were weak inter-

actions with all four test agents, indicating IC2,, values on the

order of 1-10 jiM. In contrast, there were significant interac-

tions with similarly assayed a, sites labeled with [‘H]prazosin,

as well as potent interactions with 5-HT2 sites labeled with

[‘H}ketansenin (Table 1). The adrenergic affinities (K,) ranged

from a high of 2.1 nM for NMS and 4.4 nM for NIPS to a lower

value of 33 nM with NPS, whereas serotonin (5-HT2) affinities

ranged from 40 nM with NMS to 87 nM with NIPS. Thus, for

NIPS, the apparent D2 versus 5-HT2 selectivity was 1530-fold

(0.057 versus 87.4 nM) and D2 versus a, selectivity was 77 (0.057

versus 4.4 nM), not as high as its 2040-fold D2 versus

selectivity (Table 1).

Given this evidence that NIPS and its congeners had some

affinity for 5-HT2 senotonengic and a,-adrenergic receptors in

rat forebrain tissue (interactions also known to occur with the

precursor compound SPR) (35, 36), control experiments on the

effects of phenethylspiperone derivatives at these receptor sites

were undertaken after systemic in vivo administration of NAPS

and NIPS at a dose of 15 pmol/kg, intrapenitoneally, 24 hr

earlier (Table 2). With such pretreatment, reduction of binding

of [‘H]ketansenin to homogenates of rat forebrain tissue was

TABLE 2

Ex viva receptor-blocking effects of SPR derivatives
Doses of test agents (1 5 �mol/kg, intraperitoneally) or vehicle control were given
to rats (n � 6); 24 hr later, brain tissue was recovered and striatum was assayed
for receptorlevels with the following ligands: D2, I3HIYM-09151-2 (65 pM); D,, [3H)
SCH-23390 (0.3 nM); a,-adrenergic, [3Hlprazosin (0.2 nM); 5-HT2, [3Hlketanserin
(0.5 nM). Data are mean ± standard error of percentage of loss of binding versus
controls.
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treatment with SPR had no effect at nanomolar concentrations

and, even at concentrations up to 30 �M, led to small and

inconsistent losses of D9 binding. Evidently this difference

reflected more efficient removal of SPR than of NAPS or NIPS

by the vigorous washing involved in this in vitro treatment

procedure.

The potency of representative SPR derivatives (NPS, NAPS,

and NIPS) was evaluated further by ex vivo assays of striatal

D2 binding 24 hr after a range (0 and 0.05-100 �tmol/kg,

intraperitoneally) of systemic doses of test agent. In addition,

their potency was evaluated as inhibition of behavioral arousal

induced by an acute challenge dose of apomorphine under

similar conditions. These experiments indicated severalfold

greater antiapomorphine (ID�,,, = 0.3-0.5 pmol/kg) than anti-

D� binding potency (ID�,,, = 1.5-5.6 �imol/kg) for all three

compounds (average, 13-fold) under the conditions of testing,

particularly with NIPS (ID.-,,, = 0.4 versus 5.6 �zmol/kg, respec-

tively, or 14-fold potency difference and NAPS; Table 3).

The time course of recovery from the effects of a single dose

of a SPR derivative was evaluated as recovery of striatal D2

binding ex vivo at various times over the week after adminis-

tration of equimolar (15 �tmol/kg, intraperitoneally) doses of

SPR, NPS, NAPS, or NIPS. Other groups of rats were treated

identically and tested behaviorally, once only, during the same

time course, with an acute challenge dose of apomorphine (0.9

�mol/kg, intraperitoneally). Results were replicated independ-

ently at least once to verify salient differences between com-

pounds and testing models. They indicated that SPR induced

nearly unmeasurable apparent ex vivo losses of striatal D2

binding sites, even at 1 day after treatment, whereas its alkyl-

ating (NIPS) or nonalkylating (NPS and NAPS) N-phenethyl

�1 ::o congeners all induced marked early losses (50-70%) followed_______ � by similarly slow recovery, with projected full restoration of D2

� :�i 1300 receptor binding at about 7-10 days (Fig. 3A). With functional
1�i � � � in vivo testing, however, apomorphine-induced behavioral

\\\ _�� arousal was nearly completely inhibited by all agents tested
\‘ #{149}�GOC (including SPR) within the first 24 hr (Fig. 3B). Recovery after
� � SPR was rapid and included responses to the DA agonist that

\\ � tended (p � 0.05, by one-tailed t test at day 4) to rise above

.� ,:: control levels (‘supersensitivity’) at days 2-4. Recovery after

the phenethylspiperones was more gradual and only slightly

longer after NIPS than after its nonalkylating congener NAPS.

�C�) Loss of D2 binding ex vivo and of responsiveness to apomor-

phine in vivo were similarly well correlated after treatment

with the substituted phenethylspiperones, at all doses and times
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TABLE 3

Ex viva and in vivo potency of SPR derivatives
Doses of test agents of 0 (vehicle control) or 0.05-1 00 �mol/kg (intraperitoneally)
were given to rats (n � 6); 24 hr later, rats were challenged with an acute dose of
(R)-(-)-apomorphine (0.3 mg/kg, intraperitoneally) and scored for stereotyped
behaviors, or brain tissue was recovered and striatum was assayed for D receptor
levels with [3H]YM-091 51 -2 (65 pM), as for Tables 1 and 2, or assayed with a range
of ligand concentrations to determined Bma,, as for Fig. 2. Pooled data were
analyzed with the ALLFIT program to obtain values of lD� (± standard error).

ID50 Potency
Agent

Anti-D2 Anti apomorph�ne ratio

pmol/kg

NPS 1 .5 ± 0.5 0.29 ± 0.04� 5.2
NAPS 9.1 ± 2.9 0.47 ± 0.208 19.4
NIPS 5.6 ± 1.2 0.39 ± o.osa 14.4

860 Baldessarini et a!.

a Differences between the two measures are significant by t test (t � 2.4, p <

0.05).

insignificant with NIPS (<1%) but moderate with NAPS (30%)

and that of [H]prazosin was small with NIPS (2.4%) and only

slightly larger with NAPS (12%). Ex vivo decreases in the

binding of the D, ligand [:�H]SCH23390 were slight with NIPS

(4.5%) and moderate with NAPS (13%), whereas striatal D2

binding (of 65 pM [HJYM-09151-2) was reduced highly signif-

icantly (p � 0.001 by t test), by 66.5% by NIPS and by 57% by

NAPS under the same conditions. Consistent with a receptor-

alkylating effect of NIPS, the marked inhibition of striatal D2

binding obtained under the same conditions involved a selective

loss of apparent maximum binding site density/mg of tissue

(I3,,,.,�) in a ligand concentration experiment after a moderate

dose of this agent (5 �tmol/kg, intraperitoneally; Fig. 2A), with

minimal change in apparent ligand affinity (K,,), or too little

l)inding to permit reliable determination of affinity at a higher

dose (15 �mol/kg; data not shown). Curiously, however, a very

similar B,,,,�-lowering effect of the nonalkylating congener

NAPS also was observed (after a dose of 15 �tmol/kg), suggest-

ing that it, too, bound avidly to D2 sites in cerebral membranes

(Fig. 2A). These virtually parallel shifts in Scatchard plots of

B/F versus B also suggest that loss of binding detected with a

single (approximately K,1 concentration of radioligand should

be proportional to loss of maximum density (B,,,�).

Selective loss of B,,,,. at D2 sites in striatal tissue similar to

that found ex vivo after treatment with NIPS or NAPS also

was found after treatment of normal striatal tissue in vitro with

the same agents at a low concentration (3 nM) for 30 mm (Fig.

2B). The potency of these agents in vitro, determined as

(± standard error), was found to be similarly high for both

agents (NIPS, 1.2 ± 0.3 nM; NAPS, 1.3 ± 0.2 nM). In vitro

Specitic D2 Bin(ling (B, lnol/nicj)

Fig. 2. A, Ex vivo anti-D2 activity of NIPS and NAPS. Striatal tissue was
recovered and pooled from four to six rat brains at 24 hr after intraperi-
toneal injection of NIPS (5 �mol/kg) or NAPS (1 5 �mol/kg). The experi-
ment was repeated twice, and data from D2 ligand ([3H}YM-09151-2)
concentration (0.01 -0.3 nM) assays were pooled. In linearized form (ratio
of specifically bound to free ligand concentration, B/F, versus bound
ligand, B, in fmol bound/mg of original tissue), the data indicate a marked
loss of maximum binding site density (x-intercept, Bmax) with little change
in apparent ligand affinity (indicated by slope). Effects of NIPS and NAPS
were indistinguishable, as indicated by a single regression line for all
data. Additional treatment with NIPS at 15 ,�mol/kg led to even more
marked loss of specific D2 binding (Bmax � 20% of control; data not
shown). B, In vitro anti-D2 activity of NIPS and NAPS. Rat striatal tissue
homogenate was preincubated with similarly effective concentrations (3
nM) of NIPS or NAPS for 30 mm, washed five times, and then incubated
with concentrations of [3H]YM-091 51 -2 (0.01 -0.3 nM). Data are pooled
from two independent experiments and presented as in A, with similar
results.
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Fig. 3. Time course of in vivo recovery from antidopaminergic activity of
SPR derivatives. A, Striatal D2 binding. Rats in groups offour to six were
given a single equimolar dose (1 5 ,�mol/kg, intraperitoneally) of SPR (S),
NPS (0), NAPS (0), or NIPS (�) and monitored for the times indicated,
ranging from 1 -6 hr to 4-6 days, when groups were sacrificed for assays
of D2 receptor binding with striatal tissue (with 65 �M [3H]YM-09151-2).
Data were pooled from at least two replicate experiments and are
expressed as percentage of matched vehicle-pretreated control values
(mean ± standard error). B, Behavioral response to apomorphine. Groups
of four to six rats were treated as for A (with the same agents, doses,
and symbols) and tested for stereotyped behavioral responses to (R)-

(-)-apomorphine (0.3 mg/kg, intraperitoneally) at the times indicated.
Data were pooled from at least two separate replicate experiments and
are expressed as percentage of matched controls (mean ± standard
error). The apparent supersensitivity to apomorphine at 2 and 4 days
after SPR is a marginally significant trend (p � 0.05-0.10, by t test).

(linear r = 0.81-0.94; all p � 0.0015) for NIPS, NAPS, or NPS.

When all of these data were pooled for all three compounds,

the nonparametric rank correlation was highly significant

(Spearman r = 0.83, p < 0.001; not shown) but indicated that

a 50% loss of D2 binding was associated, overall, with a 73.0%

loss of apomorphine response.

Discussion

The present experiments indicate that N-phenethyl deriva-

tives of SPR (Fig. 1; Table 1), including several containing

alkylating p-substituents, can retain high D2 affinity and D2

versus D, selectivity at DA receptors in rat forebrain tissue

(Table 1). The isothiocyanate derivative, NIPS, had the highest

D2 affinity and selectivity (Table 1) and so was evaluated

further as a potential irreversible D, affinity ligand. This com-

pound also had higher D2 versus 5-HT, selectivity in vitro

(Table 1) and ex vivo (Table 2) than did SPR itself or NAPS.

A similar gain in D2 versus 5-HT2 selectivity over that of SPR

was reported recently with a series of analogous N-benzyl

derivatives of SPR being considered for development as poten-

tial positron-emitting neuroradiologic ligands (36). In that re-

port, D2 and 5-HT, affinity (K,) data were reported (assayed

with [:7H]SPR and ‘2�I-LSD, respectively) for SPR and its N-

methyl- and N-phenethyl derivatives also evaluated here, with

similar results (58 versus our 170 pM D, affinity of SPR, 118

versus 35 pM for NMS, and 35 versus 120 pM for NPS; for 5-

HT2 affinity, the values were 450 versus our 450 pM for SPR,

550 versus 400 pM for NMS, and 1.0 versus 4.5 nM for NPS).

Moreover, their values for the lipophilicity (log P) for NMS

and NPS were close to those reported here (3.2 versus our 3.3

for NMS and 5.3 versus 4.4 for NPS; see Table 1). In contrast,

D2 affinity of NIPS with rat striatal tissue, using [‘H]SPR as

radioligand, was reported by Xu et al. (5) to be much lower

than reported here (K, = 10 nM versus our 57 pM; see Table 1),

but this agent showed a similar ex vivo anti-D2 potency (=5-10

mg/kg or =10-20 pmol/kg, subcutaneously versus our 5.6 �tmol/

kg, intraperitoneally; see Table 3) and duration of action (-8-

10 days; see Fig. 3).

In addition to the well known 5-HT2 affinity of SPR deny-

atives (35, 36), it now appears that such compounds, including

NIPS and other phenylspiperones, also have appreciable affin-

ity at adrenergic receptors, especially the a, type, in rat fore-

brain tissue (Table 1). Ex vivo, however, NAPS but not NIPS

had a significant impact on a, binding, although this was much

less than that at D2 sites (Table 2). NIPS also had a negligible

effect at D, sites, reflecting its high apparent D� versus D,

selectivity in vitro, whereas NAPS had a small but appreciable

ex vivo effect that is consistent with its 2.5-fold lesser in vitro

D2 versus D, selectivity, compared with that of NIPS (Tables

1 and 2).

A particularly curious aspect of the present findings is the

striking similarity of anti-DA effects of the alkylating agent

NIPS and its nonalkylating congeners NPS and NAPS. Thus,

whereas SPR seemed to disappear or be washed out of brain

tissue during tissue preparation in ex vivo studies, NPS and

NAPS as well as NIPS induced marked decreases in the binding

of the D2 ligand [‘H]YM-09151-2 that survived tissue prepa-

ration (Fig. 3A). Moreover, in both ex vivo and in vitro expeni-

ments, the loss in D2 binding with NAPS as well as NIPS was

reflected in a large decrease in B,,,,,, with little change in

apparent ligand affinity (Fig. 2), suggesting avid and noncom-

petitive binding of the phenethylspiperones with tenacious D,

receptor blockade as an apparent result. In contrast, SPR had

a potent antiapomorphine effect in vivo but yielded little re-

duction of D2 binding with homogenized tissue ex vivo (Fig. 3A)

or after extensive washing following exposure to high concen-

trations of this agent in vitro (data not shown). Furthermore,

the time course of recovery of functional responses to in vivo

challenges with the DA agonist apomorphine, as well as that of

D2 binding ex vivo, was at least as prolonged with NPS and

NAPS as with NIPS (Fig. 3B). Because the latter time courses

(recovery over =8-10 days) were similar to those found under

similar conditions after treatment with the alkylating agent

EEDQ (5, 6), it seems likely that the recovery of D2 receptor

availability and function after NIPS may reflect new synthesis

of D9 proteins or, perhaps, the redistribution of preformed

“spare” receptors not accessible to the affinity ligand. Evi-

dently, too, the similarly prolonged recovery with nonalkylat-

ing, but highly lipophilic and very potently D2-bound, congeners

NPS and NAPS (Table 1) reflects avid binding to D2 receptors

in neuronal membranes. Recovery from such avid ligand-D2-

receptor interactions may also depend on production of new

unoccupied D, receptors, as is proposed for NIPS. Alterna-

tively, NPS and NAPS may alter the molecular properties of

D2 receptors or their intracellular processing. Because NAPS

and NIPS both produced powerful receptor blocking actions in

vitro, the long lasting effects of NAPS in viva are not likely to

reflect a major difference in its metabolic disposition from that

of SPR.

The phenethylspiperones (including, NIPS, NAPS, and

NPS) blocked functional responses to apomorphine in vivo
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with higher apparent potency than would be predicted by the

smaller, but highly correlated (r = 0.83), decreases of stniatal

D2 receptor sites ex vivo (Table 3). The basis of this difference

is not clear. It may reflect technical differences in the two

measures, such as the selection of an unrepresentative test dose

of apomorphine or tissue sample (striatum) for ex vivo experi-

ments; it is also likely that D2 binding sites in homogenized

membrane preparations include receptors not directly related

to the behavioral actions of the DA agonist on behavior or on

the physiology of intact brain tissue. It was suggested previ-

ously, based on studies with the nonspecific alkylating agent

EEDQ, that the “receptor reserve” or relative abundance of

postsynaptic D, receptors (presumably most relevant to the in

vivo actions of apomorphine) may be limited (37-39) and so

these receptors may be more sensitive to avid occupation that

may have lesser effects at other sites, such as presynaptic

autoreceptors.

In striking contrast to the present observations, we have

found much more prolonged anti-DA activity of the analogous

D2 antagonist halopenidol, which can interfere with the behav-

ioral actions of apomorphine in the rat for more than 4 weeks

after a single, moderate, systemic dose (40). This time course

closely paralleled the slow disappearance of the butyrophenone

in rat brain tissue and contrasts with the short duration of

action and brain tissue retention of phenothiazine DA antago-

nists, which, like SPR here (Fig. 3B), can rapidly induce super-

sensitivity to apomorphine (41). The prolonged blockade of

functional DA receptors by haloperidol far exceeds the duration

of recovery from alkylating ligands such as NIPS or EEDQ, as

well as that of nonalkylating phenethylspiperones (Fig. 3) (4-

6). Thus, it may be that haloperidol is not only quite lipophilic

and strongly bound to membranes and D2 receptors but also

able to redistribute, either locally in neuronal membranes or

cerebral tissue or by systemic recirculation (41), so as to account

for its extraordinarily prolonged anti-DA actions. If such redis-

tnibution occurs, it may include the ability to interact with

newly synthesized D� receptors to account for a duration of

action that is, paradoxically, much longer than that of the D2

alkylating agents NIPS and EEDQ. The similarity ofthe timing

of recovery of D, binding and function after NPS or NAPS to

that after treatment with NIPS or EEDQ, and the dissimilarity

of all of these ligands to halopenidol, suggests that the phenyl-

spiperones, like EEDQ, may be bound to D2 receptors and other

membrane sites with high avidity (or presumably covalently in

the case of NIPS) and not able to redistribute or bind to newly

available or newly synthesized DA receptors. Alternative pos-

sibilities include long-lasting molecular alterations of D2 recep-

tons, or even interference with their synthesis, by halopenidol

but not the phenethylspiperones.

This evidence of prolonged retention of nonalkylating lipo-

philic phenethylspiperones, if (as is likely) it also occurs at

non-D2 sites in DA-poor regions of brain tissue, might make

such compounds relatively unfavorable for application in cer-

tam D,-labeling conditions. These may include development of

lipophilic SPR derivatives as radioligands for application in

positron-emission tomographic or single-photon emission com-

puted tomographic brain-scanning methods, where not only

high receptor affinity and selectivity but also a high regional

selectivity of bulk distribution and retention are required (36).

In conclusion, the present results support the proposal that

phenethylspiperones represent a group of potent and relatively

D,-selective affinity ligands of high avidity, with or without an

alkylating moiety present. They may be useful for applications

formerly considered with less selective alkylating agents such

as EEDQ, including estimates of rates of DA receptor synthesis

(5, 6, 16). Finally, such compounds with indicator moieties or

radioisotopes incorporated (if they have high affinity and both

regional distributional and receptor type selectivity) might be

of value for histologic or neuroradiologic applications as well.
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