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SUMMARY

Tritiated dextromethorphan ([3H]DM) binds to two distinct sites in guinea pig brain, a

high-affinity site (Kd = 13-20 nM) and a low-affinity site (Kd > 200 nM). Binding of [3H]
DM to the high-affinity site is rapid, reversible, saturable, proportional to tissue concen-
tration, and pH-dependent. The sites have a protein-like component, since preincubating
brain homogenate in the presence of proteolytic enzymes and protein-modifying reagents
significantly reduces binding. There is also a progressive loss of binding when brain
homogenate is heated to temperatures in excess of 37#{176}.Millimolar concentrations of
lithium, calcium, magnesium, and manganese decrease DM binding while sodium, in
concentrations as high as 100 nm�, has little effect; calcium in micromolar concentrations
slightly enhances binding. The pons-medulla and cerebellum contain the highest density
of sites. Subcellular localization studies have shown that high-affinity sites are confined
almost exclusively to the microsomal fraction. Binding of DM to brain microsomes does
not appear to be related to drug-metabolizing enzymes. The characteristics of DM binding

suggest that DM sites are not a subclass of opiate receptors. Studies using tritiated
dextrorphan as radioligand failed to reveal a high-affinity binding site for this compound
in brain.

INTRODUCTION

DM3 [(+)-3-methoxy-N-methylmorphinan] is a syn-
thetic dextrorotatory analogue of codeine. While it lacks
the analgesic, the respiratory-depressant, and the addic-
tive properties of opiate analgesic drugs (1, 2), numerous
animal and clinical tests have shown that DM is an
effective, centrally acting antitussive, in some cases equal
in potency to codeine (3). Although the mechanism by
which DM exerts its antitussive effects is unknown, the

fact that DM is structurally related to codeine (Fig. 1),
the most widely used opiate cough suppressant, may

suggest that DM acts at the same central sites as codeine
to elevate the cough threshold. Since DM and codeine
possess opposite stereoconfigurations, it could be implied
that receptors responsible for cough suppression lack the
strict stereospecificity associated with other pharmaco-
logical actions of opiates and therefore represent a dis-
tinct subclass of opiate binding sites. This suggestion has
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been made by Mansky (4) and more recently by Chau
and Harris (5), who reported that (+)-codeine is antitus-
sive.

Direct evidence demonstrating that DM does interact
with a specific subpopulation of opiate binding sites has
never been reported. However, Cavanagh et al. (6) have

indicated that the sites at which DM acts to suppress
cough are probably different from those at which co-
deine and other analgesics act. This is based on their

observation that the antitussive activity of codeine and

other opiate analgesics are naloxone-reversible whereas
the antitussive actions of DM are not affected by even

large doses (40 mg/kg) of this drug. While these results
do not rule out a nonspecific interaction of DM at opiate
sites, an interaction which is not naloxone-reversible, a

more likely possibility is that DM acts at other sites to
elicit its antitussive effects.

In an attempt to elucidate the site of action for the
antitussive activity of DM, we have looked for specific
binding sites for DM in brain. Using tritium-labeled DM
as radioligand, we have developed a binding assay and

have detected high-affinity DM sites which may be re-
lated to the cough-suppressant activity of this drug (7).

This first paper describes some of the general character-
istics of these sites in guinea-pig brain. The second paper
(8) describes the interaction of antitussives and several
neurotransmitter receptor ligands with DM sites.
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CODEINE

FIG. I . Structure of codeine and DM

DEXTROMETHORPHAN

620 CRAVISO AND MUSACCHIO

MATERIALS AND METHODS

Preparation of radioactive ligands. An iodo derivative of dextror-

phan was prepared (9) and subjected to catalytic reduction with tritium

gas at New England Nuclear Corporation (Boston, Mass.). This pro-

cedure yielded high specific activity [3H]dextrorphan (60.4 mCi/mg)

which was purified by TLC on silica gel in the solvent but.anol/acetic

acid/water (60:15:25). [3HJDM was prepared from [3H]dextrorphan as

described (9). The specific activity of the radiolabeled DM was 26 Ci/

mmole.

�H]DM binding assay. Male English short-hair guinea pigs were

killed by decapitation and the brains were rapidly removed and placed

in ice-cold saline. For routine binding studies the pons and medulla

were homogenized with 24 volumes of ice-cold 50 mM Tris-Cl buffer

(pH 7.7 at 25#{176})using a Brinkmann Polytron tissue disruptor (speed 5,

30 sec). Binding assays were carried out by incubating 3-4 mg of brain

tissue (wet weight) with 2-4 flM [3HJDM at 0#{176}in a final incubation

volume of 1 ml. Even though equilibrium was reached in 30 min, an

incubation time of 2.5 hr was used throughout our studies since we

found that, at 0#{176},a prolonged incubation was necessary for measuring

the maximal effects of various drugs on [3HJDM binding (8). At the

end of the incubation period, Whatman GF/B glass-fiber filters were

washed with 5 ml of ice-cold 50 mM Tris-Cl buffer (pH 7.7) containing

100 mM choline chloride and 0.01% Triton X-100, and the samples were

rapidly filtered under vacuum. After three 5-mi rinses of the same wash

buffer, filters were placed in scintillation vials and shaken with 1 ml of

NCS tissue solubiizer (Amersham) for 40 mm. Ten milliliters of a

toluene-based scintillation fluor (0.4% 2,5-diphenyloxazole and 0.02% p-

bis[2-(5-phenyloxazolyl)]benzene) were added to each vial, and radio-

activity was determined by liquid scintillation spectrometry at a trit-

ium-counting efficiency of 40%. Specific [3H]DM binding was defined

as the difference in binding in the presence and absence of 10 �M

unlabeled DM and constituted approximately 80-90% ofthe total tissue

binding at 2-4 riM [‘H]DM. Experimental conditions were chosen

whereby total [3HJDM bound to tissue did not exceed 10% of the total

[3HIDM added. Results were obtained from duplicate or triplicate

determinations which varied less than 10%, and each experiment was

performed at least twice. The specific activity of [3H]DM was diluted

5- or 10-fold with unlabeled DM for saturation experiments using [‘H]

DM in the concentration range of2-100 nat Binding site maxima �
and equilibrium dissociation constants (Kd) were determined by linear

regression analysis of Scatchard plots.

Preparation of subcellular fractions. Subcellular fractions were

prepared essentially as described by De Robertis et al. (10). Briefly

stated, whole guinea pig brains without cerebellum were homogenized

in 10 volumes of 0.32 M sucrose using a glass homogenizer with a Teflon

pestle. The homogenate was centrifuged for 10 mm at 900 x g and the

pellet (P) was washed twice with 0.32 M sucrose. The crude mitochon-

drial pellet (P2) was obtained by centrifuging the combined 900 x g

supernatant fractions for 20 rain at 1 1,500 x g. P2 was washed once

with 0.32 M sucrose, and the combined 11,500 x g supernatant fractions

were centrifuged at 100,000 x g for 1 hr to obtain the microsomal pellet

(P3). The crude P2 fraction was osmotically shocked with water and the

mitochondria were sedimented at 11,500 x g for 20 mm. The resulting

supernatant and fluffy layer were centrifuged at 100,000 x g for 1 hr to

obtain a “synaptic plasma membrane” pellet. All fractions were resus-

pended in 10 volumes (based on original tissue wet weight) of 50 mM

Trio-Cl buffer (pH 7.7) and assayed for specific [3H]DM binding. In

order to ensure a greater retention of small membranes isolated during

the subcellular fractionation, the filtration step of the binding assay

was carried out using GF/F filters (0.7-�&m pore size) in place of the

GF/B filters (1.0-�tm pore size) routinely used in our studies. An aliquot

of the original 1:10 homogenate was diluted with 10 volumes of 50 mr�t

Tris-Cl buffer, centrifuged at 100,000 x g for 60 mm, and resuspended

in Tris-Cl buffer to its original volume. All recoveries of binding activity

and protein were referred to this washed homogenate. Specific [‘H]DM

binding was not significantly altered when subcellular fractions were

stored at -80#{176}for 1 month.

Microsomal subfractions were prepared by slight modification of the

method described by Kiang et al. (11). Cerebral cortices from guinea

pig brains were scraped free of white matter and homogenized, using a

glass-Teflon homogenizer, in 10 volumes of 0.3 M sucrose contaimng 1

mM NaH,PO4/0.1 mM EDTA, buffered to pH 7.5. The homogenate was

centrifuged at 12,000 x g for 30 rain and the pellet was washed once

with the buffered 0.3 M sucrose. The combined 12,000 x g supernatant

fractions were centrifuged at 100,000 x g for 1 hr. The microsomal

pellet obtained was resuspended in the 0.3 M buffered sucrose to a

concentration of 2 ml/g of starting tissue using the glass-Teflon ho-

mogenizer. Three milliliters of the resuspended microsomes were lay-

ered onto discontinuous sucrose gradients consisting of 9 ml each of

0.5, 0.8, 1.0, and 1.3 M sucrose, respectively. All sucrose solutions

contained 1 mM NaH,P04/0.1 m� EDTA and were buffered to pH 7.5.

After centrifugation for 16 hr at 97,000 x g (Beckman SW-27 swinging

bucket rotor), the areas at each sucrose interface were collected and

combined with the sucrose solution halfway above and halfway below

the particular interface. Each fraction was then diluted to 10% sucrose

with 50 mM Tris-Cl buffer (pH 7.7) and pelleted at 100,000 x g for 1 hr.

After resuspension in Tris-Cl buffer, each fraction was immediately

assayed for [‘H]DM binding as described, using Whatman GF/F glass-

fiber ifiters for the ifitration step.

Opiate receptor binding assay. The method used to determine

opiate receptor binding is similar to that previously described (12).

Aliquots of subcellular fractions and microsomal subfractions were

incubated in 50 mM Tris-Cl buffer (pH 7.7) with 2 sat [‘H]naltrexone

for 40 lain at 25#{176}.The final incubation volume was 1 ml. Following

incubation, samples were cooled in ice and filtered through Whatman

GF/F glass-fiber filters, using three 5-nil rinses of ice-cold 50 mM Tris-

Cl buffer (pH 7.7). Radioactivity retained on the filters was determined

by liquid scintillation spectrometry as described for the [‘H]DM binding

studies. Specific [‘H]naltrexone binding was defined as the difference

in binding in the presence and absence of 0.1 �tM levorphanol. Specific

binding was linear with respect to tissue concentration, and all results

were obtained from duplicate determinations.

Metabolism of DM by brain and liver microsomes. Microsomes

were prepared from guinea pig brain cortex and liver using the proce-

dure previously described for the microsomal subfractionation studies,

except that 0.32 M sucrose was used as the homogenizing medium. The

microsomal pellets obtained after the final 100,000 x g centrifugation

step were resuspended in 50 mM Na,HPO4/H,P04 buffer (pH 7.4) to a

final concentration of 1.5 ml/g of brain and 4 ml/g of liver. Aliquots of

each (50 �d) were incubated with 80 mM [‘H]DM and 100 �M NADPH

for 30-60 mm at 37#{176}.The final incubation volume was 125 p1. At the

end of the incubation, each sample received 25 �tl of 2 N HC1 containing

8 �zg of nonradioactive DM. Following centrifugation for 10 mm, 50 �l

were spotted onto silica gel plates, and TLC was carried out using

chloroform/ethanol/ammomum hydroxide (70:30:0.4) as the developing

solvent. Radioactivity at the area of the plate corresponding to DM

was determined by liquid scintillation spectrometry.

Other methods. For regional distribution studies, guinea pig brains

were dissected according to the method of Glowinski and Iversen (13).

NADPH-cytochrome c reductase was assayed using the method of

Ernster et al. (14), and RNA was measured by the procedure of Fleck

and Begg (15). All enzyme and RNA determinations were linear with

respect to tissue concentration. Protein was determined by the method

of Lowry et al. (16), using bovine serum albumin as standard.

Materials. Dextromethorphan and dextrorphan were generous gifts

from Hoffmann-La Roche (Nutley, N. J.). [‘H]Naltrexone (9.72 Ci/

mmole) was obtained from the National Institute of Drug Abuse
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DEXTROMETHORPHAN BINDING IN BRAIN 621

(Bethesda, Md.). All other chemicals and reagents were obtained from

commercial sources.

RESULTS

Dextrorphan binding studies. Since we assumed that
DM could be O-demethylated as codeine (17), our initial

binding studies were performed with [3H]dextrorphan as
radioligand instead of [3HJDM. The results of these
studies indicated that dextrorphan does not have a high-
affinity binding site in guinea pig or rat brain; less than
25% of the total [3HJdextrorphan bound to brain homog-
enates could be displaced by concentrations of unlabeled
dextrorphan up to 1O_6 M.

In the course of these experiments, we observed that
there was a high level of adsorption of [3H]dextrorphan
to the glass-fiber filters used in the filtration step of the
binding assay. A method to avoid this problem was
devised and is the same one described below for the [3H]
DM binding studies.

Adsorption of /“�H]DM to glass-fiber filters. In con-

trast to the results obtained with [3H]dextrorphan, spe-
cific high-affinity [3H]DM binding sites could be detected

in guinea pig brain stem homogenates. However, our
control samples indicated that a significant amount of
the radioactivity measured was due to the binding of[3H]
DM to the glass-fiber ifiters used in the binding assay.
As the experiment in Table 1 illustrates, in the absence
of tissue considerable [3H]DM adhered to the filters
when plain 50 mM Tris-Ci buffer (pH 7.7) was used to
rinse the filters. Moreover, part of this filter-bound ra-
dioactivity was displaced by 10 .t�i unlabeled DM. Similar
results were obtained when the filters were prewet with
buffer containing brain tissue (6 mg wet weight), indicat-

TABLE 1

Binding of[’H]DM to Whatman GF/B glass-fiber filters

The amount of labeled DM bound to the glass-fiber ifiters in the
presence and absence of 10 �i unlabeled DM was determined after

filtering samples containing 30,000 cpm of [3H]DM and washing the

filters three times with 5 ml of 50 mr�i Tris-Cl buffer (pH 7.7) or 50 mi�i
Tris-Cl buffer (pH 7.7) containing 100 mM choline chloride, 0.01%

Triton X-100, and 0.1% bovine serum albumin (Buffer A). In Experi-
ment 1, samples contained 1 ml of 50 mM Tris-Cl buffer (pH 7.7) and

[3H]DM with or without unlabeled DM. The composition ofsamples in
Experiment 2 was identical with that ofsamples in Experiment 1 except

that, immediately before filtration, 1 ml of buffer containing brain

homogenate (6 mg of tissue, wet weight) was poured onto the filter. In

Experiment 3, tissue binding of[’H]DM was determined by incubating

brain homogenate (6 mg of tissue, wet weight) in 1 ml of buffer for 1 hr

at 0#{176}Cwith [‘H]DM in the presence and absence of unlabeled DM. All

values are the means of duplicate determinations.

Experiment Binding

50 mM Ths-Cl buffer Buffer A

Total +10 �LM Displace- Total +10 �iM Displace-
DM able DM able

cpm cpm

1. Filters (no ho-
mogenate) 1563 465 1098 149 105 44

2. Filters coated
with homoge-
nate 984 451 533 175 159 16

3. Filters + mcu-
bated homoge-
nate 2565 940 1624 1636 433 1203

ing that the presence of tissue does not prevent the
adsorption of the 3H-ligand to the ifiters. Law et al. (18)

reported that the addition of 100 nmi choline chloride,
0.01% Triton X-100, and 0.1% bovine serum albumin to
their wash buffer reduced the binding of[3H]$-endorphin

to the glass-fiber filters used in their binding assays.
When these same three reagents were included in our
wash buffer (Buffer A), filter binding of [3H]DM was

significantly reduced while specific binding of [3H]DM to
brain tissue was apparently not altered. In comparing
each of these components of the wash buffer alone or in
various combinations it was found that the addition of
albumin was not required. Therefore, all subsequent ex-
periments were carried out using 50 mM Tris-Ci buffer
(pH 7.7) containing only choline chloride and Triton X-
100. Specific [3H]DM binding to brain tissue was stable
over the course of one to four filter washings, indicating
that specifically bound [3H]DM is not lost during the
washing procedure.

Tissue linearity of [3H]DM binding and identity of

bound radioactivity. Specific binding of [3H]DM to
guinea pig brain stem homogenates was linear with re-
spect to tissue concentration and extrapolated to zero

over the range of 0.4-4 mg of tissue (wet weight). High-
performance liquid chromatographic analysis of the tn-
tiated material bound to brain tissue incubated with 4

nM [3HJDM for 1-2.5 hr at 00 indicated that the radio-
active ligand was not metabolized during the binding
process. Metabolism of DM was also not demonstrated

in the supernatant fluid after 4 nM [3H]DM was incu-
bated with brain tissue for 30 mm at 37#{176}.

Saturation of[3H]DM binding. Displacement of total
[3H]DM bound to brain tissue by unlabeled DM is ifius-
trated in Fig. 2. When binding in the presence of 10 �

unlabeled DM was subtracted from all values to obtain
specific [3H]DM binding and the data were analyzed by
log-probit plots, an IC�o value of 25 nr�i was obtained.
Scatchard analysis of these binding data (Fig. 2) revealed

the presence of two binding components, a high-affinity
component (Kd 17.7 nM) and a component of much

lower affinity (Kd > 200 ni�i). The B�5 value calculated
for the high-affinity component was 2.9 pmoles/mg of
protein. The slope obtained from a Hill plot of the same

data (Fig. 2) was significantly less than 1 (nH = 0.78),
again indicating binding of [3H]DM to more than one
site.

Incubation of brain tissue with increasing concentra-
tions of [3HJDM up to 100 n�.i demonstrated that specific
[3HJDM binding was saturable, whereas nonspecific

binding increased linearly with increasing concentrations

ofradioactivity (Fig. 3). Scatchard analysis ofthe specific
binding data yielded a linear plot (Fig. 3), indicating that
when low concentrations of ligand (5-100 n�vi [1H]DM)
are used only the high-affinity DM sites are labeled. A
Hifi coefficient on nH = 1 was obtained (Fig. 3), further
suggesting a single population of high-affinity, noninter-

acting binding sites. From these data an apparent disso-
ciation constant (Kd) of 13.39 ± 0.51 n� (n = 8) and a

maximal number of binding sites (Bmax) of 2.48 ± 0.11
pmoles (n = 8) [3H]DM bound per milligram of protein
were obtained. These values agree with those obtained
from the displacement studies described previously for
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FIG. 2. Displacement of[3H]DM from guinea pig brain stem homogenate by unlabeled DM

Brain homogenate (3 mg of tissue, wet weight) was incubated for 2.5 hr at 0#{176}with 4 nM [‘H]DM and increasing concentrations of unlabeled

DM ranging from 2 nM to 10 )�M. Binding was determined as described under Materials and Methods. The results are representative of two

experiments performed in duplicate. Left, Data are expressed as displacement of total [‘H]DM bound. Right, Scatchard analysis of the same data.

Nonspecific binding occurring in the presence of 10 �ai unlabeled DM was subtracted from all values to obtain specific [‘H]DM binding as

described under Materials and Methods. The Kd calculated for the high-affinity component was 17.7 n�i and the B,,,,,, value was 2.9 pmoles/mg

of protein. Inset, Hill plot of the same data.
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the high-affinity [3H]DM binding component (see Fig.
2).

Kinetics of [3H]DM binding. Figure 4 shows the time
course of specific and nonspecific binding of [3H]DM to
brain homogenate at 0#{176}.Specific [3H]DM binding oc-

curred rapidly, being 50% complete after approximately
3 mm and reaching equilibrium at between 12 and 30
min; nonspecific binding reached a maximum in 2 mm.
Since the total binding of [3HJDM to the tissue at equi-
libnum never exceeded 10% of the total [3H]DM added,

the association process could be considered a pseudo-

first order reaction and a plot of the pseudo-first order
kinetic data obtained by graphing in [B�/(B�-B)J ver-

sus time, where B is the amount of specific [3H]DM
bound at time t and Beq is the amount bound at equilib-
nium (Fig. 4). The slope of the line (k�) obtained from

C

4’

0

E

U)
4,

0
E

C
z
0
a,

C

this plot is the observed forward rate constant for the

pseudo-first order reaction, which was used to calculate
the second-order association rate constant, k1, by the
equation k0� = k1 x [([3H]DM)[Rt]/[B�J], where R#{128}

equals the total concentration of receptor. Using [3H]
DM concentrations of 1.2-4.0 n�, a mean k1 of 0.0149 ±

0.007 nM�’ miI1�’ (n = 7) was obtained for specific [3H]
DM binding at 0#{176}.Once equilibrium has been reached,
specific binding is stable for up to 3 hr at 0#{176}.

The dissociation of specifically bound [3H]DM, deter-
mined by adding excess unlabeled DM to a sample of
brain homogenate incubated with 4 n�i [3H]DM to equi-
librium, was very rapid at 25#{176},with a ti,’2 of approximately

1.6 mm (data not shown). At 0#{176},dissociation was slower

and biphasic (Fig. 4), with half-lives for the fast and slow
components of dissociation of approximately 2.5 mm and

FIG. 3. Saturation of specific [3H]DM binding to guinea pig brain stem homogenate

Brain stem homogenate (3 mg of tissue, wet weight) was incubated with increasing concentrations of [‘H]DM (5-i#{174} nM) and binding was

determined as described under Materials and Methods. Each value is the mean of triplicate determinations, and the data shown are representative

of eight such experiments. Left, A direct plot of the data. Specific [3H]DM binding (#{149})represents the difference between total (0) and nonspecific

(�) binding ([‘H]DM bound in the presence of 10 �M unlabeled DM). Right, Scatchard analysis of the same specific [‘H]DM binding data. The

Kd was 13.51 nM and the B,,,,� value was 2.22 pmoles/mg of protein. Inset, Hill plot of the same data.
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FIG. 4. Kinetic analysis ofspecific [‘111DM binding to guinea pig brain stem homogenate

Left. Time course of specific and nonspecific binding of [‘H]DM. Brain homogenate [3 mg of tissue (wet weight) per milliliter of incubation

volume] was incubated with 4 riM [‘H]DM at 0#{176}in the presence and absence of 10 �tM unlabeled DM. At the times indicated, 800-�tl aliquots were

removed from the incubation mixture and specific (#{149})and nonspecific (0) [3H]DM binding was determined as described under Materials and

Methods. The data are representative of seven such experiments. Inset, a plot of the pseudo-first order kinetics of association for specific [3H]DM

binding, where B� equals the amount of specific [‘H]DM bound at equilibrium and B equals the amount bound at each time.

Right. Dissociation of specific [‘H]DM binding. 4 nM [‘H]DM was incubated with brain homogenate [3 mg tissue (wet weight) per milliliter of

incubation volume] to equilibrium at 0#{176}.At time zero, a large excess of unlabeled DM (10 �M) was rapidly added to the incubation mixture to

initiate dissociation. Aliquots of 1.0 ml were filtered at the times indicated and specific [‘H]DM binding was determined as described under

Materials and Methods. The data shown are representative of seven such experiments.
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TABLE 2

Effect ofenzymes andprotein-modifying reagents on specific [‘H]
DM binding

The pons-medulla from guinea pig brain was homogenized with 100

volumes of 50 mM Tris-Cl buffer (pH 7.7), and aliquots were incubated

for 30 mis at 25#{176}in the absence (control sample) or presence of the

appropriate enzyme or protein-modifying reagent. At the end of the

incubation each sample was cooled in ice and centrifuged at 39,000 x
g for 40 min. The resulting pellets were resuspended in Tris buffer, and

a tissue content of 4 mg (wet weight) was assayed for [‘H]DM binding

as described under Materials and Methods, using 4 nM [‘H]DM. Values

are the means of triplicate determinations and are typical of at least

two experiments.

Enzyme or reagent Concentra-
tion

[‘H]DM binding

% of control

Experiment 1

Trypsin 3 fig/mi

30�Lg/nil

300;�g/ml

78

62

66

a-Chymotrypsin 3 pg/mi

30�.tg/ml

300kg/mi

95

77

57

Experiment 2

Trypsin 200 ;ag/mi 30

Trypsin + soybean trypsin inhibi- 200 pg/mi 70

tor (600 �ig/ml)

Experiment 3

N-Bromosuccinimide 1.0 mai 16

5,5’-Dithiobis[2-mtrobenzoic acid] 1.0 mM 66

N-Ethylmaleimide 2.0 m�.i 73

lodoacetamide 10.0 mM 91

p-Chloromercuribenzoic acid 0.1 m�.i 74

25.5 imn, respectively. From seven separate experiments
the rate constants for dissociation (k_1) of the fast and
slow components were 0.3043 ± 0.038 min’ and 0.031 ±
0.004 n-Jun�’ respectively. Using these k_1 values, the
apparent dissociation constants (Kd) calculated from the
ratio k_1/k, for the rapidly and slowly dissociating com-
ponents of [3H]DM specific binding were 20.42 nr�i and
2.02 n�i, respectively. The Kd calculated from the rapidly

dissociating component (20 nM) agreed quite well with
that determined by Scatchard analysis (13-18 ni�i).

Characteristics of [3H]DM binding. [3HJDM binding

sites in brain are temperature-sensitive. When aliquots
of brain homogenate were maintained for 5 mm at var-
ious temperatures and then assayed for specific [3H]DM
binding at 0#{176},there was a noticeable decrease (10-20%)
in binding in tissue samples preincubated at 25#{176}and 37#{176}.
These findings agree with the observation that conduct-
ing DM binding assays at 25#{176}and 37#{176}and cooling sam-
pies in ice prior to filtration results in specific [3HJDM
binding which is only 80% and 75%, respectively, of that
obtained from identical samples incubated at 0#{176}.Thus,
binding was maximal at 0-4#{176},and binding assays were
routinely carried out at this temperature. Preincubating

brain homogenate at temperatures in excess of 37#{176}re-
suited in a progressive decrease in binding, so that tissue
heated to 60#{176}exhibited only 20% of the binding of control
samples maintained at 0#{176}.At temperatures greater than

60#{176},all high-affinity DM binding was abolished.
The pH profile for specific [3HJDM binding at 0#{176}

indicated that binding is maximal at pH 8.5. There was
a sharp decrease in binding below pH 8.0, and a gradual
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FIG. 5. Effect ofmonovalent and divalent ions on specific [‘111DM

binding to guinea pig brain stem homogenate

The pons-medulla from guinea pig brain was homogenized with 100

volumes of 50 mM Tris-Cl buffer (pH 7.7) and centrifuged at 39,000 X

g for 40 mm. The resulting pellets were resuspended in Tris-Cl buffer,

and a tissue content of 4 mg (wet weight) was assayed for specific [‘H]

DM binding as described under Materials and Methods using 4 sac [‘H]
DM in the absence (control sample) or presence of the various mono-

valent (top) or divalent (bottom) ions indicated. The results shown are

representative of two such experiments performed in duplicate. All

cations were used in the form of their chloride salts. When chloride was

the ion being tested, brain tissue was prepared in 50 mM Tris-acetate

buffer (pH 7.7) and the binding assay was conducted in the same buffer.

The binding of control samples in Tris-acetate buffer was identical with

those in Tris-Cl buffer.

decline in binding was observed at pH values greater

than 8.5. Since the binding assay was carried out at 0#{176}
using 50 mM Tris-Ci buffer (pH 7.7 at 25#{176}),the actual pH
of the incubation mixture was close to 8.0 and binding
was roughly 80% of the maximal binding observed at pH

8.5.
Preincubation of brain homogenate with the proteo-

lytic enzymes try3psin and a-chymotrypsin significantly

reduced specific [ H]DM binding (Table 2). Some loss of
binding activity was also observed after pretreatment of
brain tissue with several protein-modifying reagents

(Table 2).
Specific [3H]DM binding was altered when binding

assays were conducted in the presence of various ions
(Fig. 5). Sodium inhibited specific [3H]DM binding about
25% at 150 mM while at lower concentrations it had no
marked effect. Potassium did not significantly affect DM
binding at physiological concentrations but did produce

a gradual decline in binding at concentrations in excess
of 10 miii. Lithium was the most inhibitory of the mon-
ovalent ions tested, producing a 50% decrease in binding

at 50 mM. Calcium had a biphasic effect: concentrations
ranging from 5 j�M to 200 �tM produced a reproducible and
statistically significant increase in specific [3H]DM bind-
ing, while concentrations of 1 mr�i and greater were
inhibitory. When brain homogenate was pretreated with
ethylene glycol bis(/3-aminoethyl ether)-N,N,N’,N’-tet-
raacetic acid in order to remove endogenous free calcium,
the magnitude of the enhancement of DM binding was
the same as in untreated tissue, indicating that the effects
of added calcium could not be further augmented by
reducing endogenous levels of the divalent cation. In

contrast to calcium, magnesium did not produce a bi-
phasic effect, and only inhibition of binding occurred.
Manganese in high concentration (100-1000 �tM) was

inhibitory. The effects of calcium, magnesium, and man-

ganese in concentrations greater than 1 mx’i could not be
accurately determined since nonspecific binding was also
decreased.

Regional distribution of [3H]DM binding. Regional

distribution studies in guinea pig brain (Table 3) revealed
that specific [3H]DM binding is ubiquitous in the central
nervous system. However, there was a 2.5-fold difference
between the region of highest density of[3H]DM binding
sites, the pons-medulla, and the region of lowest density,
the hippocampus. For three of the regions examined,
Scatchard analysis showed that the differences in binding
were due to B�5 values and not differences in affinity
(Table 3).

Subcellular localization of [3H]DM binding. When
specific [3H]DM binding was measured in subcellular
fractions obtained by differential centnifugation of guinea

pig whole-brain homogenate, binding displaceable by
i05 M unlabeled DM was found in all of the subcellular
fractions analyzed, with an apparent enrichment of bind-
ing occurring in the membrane fraction obtained from
lysed synaptosomes (Table 4). In order to determine

TABLE 3

Regional distribution ofspecific [‘111DM binding in guinea pig

brain

Fresh guinea pig brains were dissected into individual regions and
each area was homogenized with 24 volumes of 50 mai Tris-Cl buffer

(pH 7.7). Specific [‘H]DM binding was measured as described under

Materials and Methods, using 4 nM [‘H]DM and 3 mg of tissue (wet

weight) of each brain region. Values represent the mean of two separate

experiments performed in duplicate. Kd and B�, values were deter-

mined from Scatchard plots of the binding data obtained when 3 mg of

tissue (wet weight) were incubated with concentrations of [‘H]DM

ranging from 2 to 30 flM.

Region [‘H]DM bound Kd B�,

fmoles/mgprotein flM pmoles/mg
protein

Corpus striatum 237 15.79 1.24

Cerebral cortex 279 15.61 1.24

Midbrain 402 ND� ND

Thalamus-hypothalamus 385 ND ND

Cerebellum 483 12.24 1.88

Medulla-pens 515 13.39 2.48

Hippocampus 200 ND ND

a ND, Not determined.
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Subcellular fractions of guinea pig brain were prepared as described under Materials and Methods, and specific binding of [‘HIDM (4 nM) and

[‘H]naltrexone (2 flM) was determined in each fraction. Values for [‘H]DM binding are the means of triplicate determinations and are

representative of two experiments. The type of DM binding in each fraction was determined from Scathard plots of the binding data obtained

after incubation of fractions with concentrations of [3HJDM ranging from 2 to 30 nM. Values for [‘H]naltrexone binding were obtained from

duplicate determinations and represent the mean of [‘H]naltrexone binding at two tissue concentrations. The experiment has been replicated

once.

Fraction Specific [‘H]DM Binding Specific [‘H]Naltrexone Binding

pmoles/mg of protein pmoles/g (wet wt) Type of binding pmoles/mg of protein pmoles/g (wet wt)

Nuclear (900 x g pellet) 1.65 17.92 Low-affinity, high-capac-

ity

0.079 0.62

Lysed P2

Mitochondria (11,500 x g 1.40 14.22 Low-affinity, high-capac- 0.068 1.00

pellet) ity

Synaptic plasma mem- 1.73 27.59 Low-affinity, high-capac- 0.223 2.93

branes (100,000 X g pel- ity

let)

Microsomes (100,000 x g 0.59 14.63 K,, 30 nM, B,,,�,, = 6 0.380 7.31

pellet) pmoles/mg protein
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TABLE 4

Subcellular distribution ofspecific [‘H]DM and [‘H]naltrexone binding in guinea pig brain

whether binding in each of the subcellular fractions was
due to high- or low-affinity DM sites, saturation binding

studies were carried out using [3H]DM in the concentra-
tion range of 2-30 nr�i. Scatchard analysis of the data
derived from these studies revealed that high-affinity
DM sites were present in the microsomal fraction and
that, based on the B� value calculated for DM binding

in this fraction (Ba,�� 6 pmoles/mg of protein), there

was a 2.4-fold enrichment relative to the total homoge-
nate (Bmax 2.5 pmoles/mg of protein). On the other
hand, no high-affinity sites were detected in the nuclear,
mitochondrial, and synaptic plasma membrane fractions;
additional binding studies measuring the displacement of

[3H]DM by unlabeled DM (10�-10� M) indicated that

binding in these subcellular fractions was of low affinity
(ICse values in the micromolar range) and saturable only
at micromolar concentrations of DM. However, even
though high-affinity DM sites appeared to be confined
almost exclusively to the microsomal fraction, it is pos-
sible that they were also present in other subcellular
fractions but were not detected because of the large

capacity of low-affinity sites.
The subcellular distribution of opiate receptor binding

determined in the very same subcellular fractions (see
Table 4) is consistent with reports that opiate binding is
present on both synaptic plasma membranes and micro-
somal membranes, with the greatest enrichment of bind-
ing activity occurring in the microsomal fraction (19). To
determine whether DM binding sites are located on
membranes similar to those containing microsomal opi-
ate receptors, microsomes were subfractionated on dis-
continuous sucrose density gradients and the membranes
collected at each interface were assayed for [3H]DM
binding and [3H]naltrexone binding. As Table 5 ifius-
trates, the distribution pattern for [3H]DM binding activ-
ity was very similar to that of NADPH-cytochrome c
reductase, a smooth endoplasmic reticulum marker, and

followed less closely the pattern for [3H]naltrexone bind-
ing.

Metabolism ofDM. Studies were carried out to deter-

mine whether the microsomal binding of [3HJDM was in
any way related to a drug-metabolizing enzyme. First,
binding assays were conducted at 0#{176}and 25#{176}in the

presence and absence of 0.1 mri NADPH, the cofactor
used in demonstrating drug-metabolizing activity in brain
(e.g., see refs. 20 and 21). The results showed that

NADPH had a negligible effect on specific [3H]DM bind-
ing at either temperature. Second, [3H]DM was incu-
bated with brain and liver microsomes in the presence of
NADPH as described under Materials and Methods, and
aliquots of the incubated samples were analyzed by TLC
for degradation of DM. Similar to what has been reported
(22), we found that DM can be substantially degraded by

TABLE 5

Distribution off’H]DM and [‘H]naltrexone binding, NADPH-
cytochrome c reductase, and RNA in microsomal subfractions of

guinea pig brain cortex

Specific binding of [‘H]DM at 4 nM and [‘H]naltrexone at 2 IIM was

determined in microsomal subfractions of brain cortex prepared as

described under Materials and Methods. Binding assays were con-
ducted immediately after preparation of the subfractions; NADPH-

cytochrome c reductase and RNA were measured in microsomal
subfractions frozen at -80#{176}for 1-2 days. All determinations were

performed in duplicate and at two sample concentrations. Relative
specific activity (RSA) equals percentage activity recovered/percentage

protein recovered.

Sucrose molarities

0.3-0.5 0.5-0.8 0.8-1.0 1.0-1.3

[‘H]DM binding
pmoles/mg protein 1.05 1.36 0.39 0.36

% total recovered 3.5 10.1 45.6 40.8

RSA 2.5 3.26 0.94 0.86

[‘H]Naltrexone binding

fmoles/mg protein 0 140 404 225

% total recovered 0 1.5 63.7 34.8

RSA - 0.48 1.31 0.74

NADPH-cytochrome c reduc-

tase

nmoles/mg protein/hr 145 417 130 133

% total recovered 1.5 8.9 45.6 44.0

RSA 1.07 2.87 0.94 0.93

RNA

pg/mg protein 0 0 1.15 1.18

% total recovered 0 0 50 50

RSA - - 1.06 1.06
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enzymes in liver microsomes, with less than 5% of the

radioactivity applied to the TLC plate recovered in the
DM spot. In contrast, [3H]DM incubated with brain
microsomes was not metabolized, and recovery of radio-
activity at the DM spot was generally 95-100%.

DISCUSSION

The data presented in this paper clearly support the
existence of high-affinity binding sites for the antitussive
DM in guinea pig brain. These sites are saturable and
bind DM in a reversible manner. The Kd calculated from

radioligand saturation experiments was 13 n�i, and a
similar value (18 nM) had been determined from studies
using nonradioactive DM to displace [3H]DM binding.
Although low-affinity DM binding sites (Kd > 200 n�)

have also been detected in brain homogenates, they have
not been studied since the levels of DM measured in
human serum after single therapeutic oral doses are in
the nanomolar range (23) and one would expect the high-
affinity sites to be more relevant to the pharmacological
actions of DM.

The maximal number of high-affinity [3H]DM binding

sites in guinea pig brain has been calculated at 2.5

pmoles/mg of protein, which is equivalent to 240 pmoles/

g of brain (wet weight). This binding capacity is signifi-

cantly greater than that found for opiate receptors (24)
or central neurotransmitter receptors, where the total
number of binding sites is generally in the range of 10-
100 pmoles of ligand bound per gram of tissue. Based on
this observation alone, it would appear that DM is not
labeling opiate receptors or receptor sites for central
neurotransmitters, a point which receives more attention
in the following paper (8). However, the capacity of DM
sites is similar to values reported for other drugs which
bind to brain tissue. For example, Vincent et al. (25) have
found that phencyclidine binding sites display a maximal
binding capacity of 250 pmoles/g of brain.

The rapid filtration technique used in our studies was
a potential source of artifacts, since the glass-fiber filters
themselves were able to bind significant amounts of
tnitiated DM which were displaceable by unlabeled drug.
As we have shown, we were able to overcome this prob-
lem and obtain reliable binding data by using a wash
buffer similar to that described by Law et al. (18) for
reducing filter binding of [3H]/3-endorphin.

During the kinetic studies we observed a biphasic
pattern for the dissociation of DM bound to guinea pig
brain homogenate. When the rate constant for the rap-
idly dissociating component was used to calculate the
apparent dissociation constant, a Kd of 20 nM was ob-
tamed, a value which agrees with that determined from
equilibrium studies. However, similar calculations using
the rate constant for the slowly dissociating component
indicated the presence of a binding site with much higher
affinity (2 nM). Scatchard analysis of the data obtained

from saturation experiments utilizing [3H]DM concentra-
tions of 0.18-30 nM has not demonstrated another high-
affinity DM binding site. Therefore, our results could
mean that DM binds to two sites having similar affinities
but different rate constants. Alternately, it could be
postulated that the site which binds DM exists in two
conformations which display different dissociation rates.

Obviously, more detailed kinetic analyses are necessary
in order to resolve this question.

Several of our findings suggest that protein is a com-

ponent of DM binding sites. First, DM sites are temper-
ature-sensitive and binding progressively declines as tis-
sue is heated to temperatures greater than 37#{176}.Second,
significant decreases in DM binding are seen after brain

homogenate is preincubated with the proteolytic en-
zymes trypsin and a-chymotrypsin. Third, pretreatment

of brain homogenate with several protein-modifying re-
agents also results in a loss of DM binding. The fact that

the effects of the sulfhydryl reagents N-ethylmaleimide,
iodoacetamide, and 5,5’-dithiobis[2-nitrobenzoic acid]

are relatively weak and are seen only at high concentra-
tion may indicate that sullhydryl groups do not play an
important role in the DM binding process.

In addition to finding that DM binding is pH-depend-
ent, we have also observed that various monovalent and
divalent cations can alter specific [3H]DM binding. For
example, lithium and manganese are very inhibitory at

millimolar concentrations whereas calcium has a biphasic
effect, enhancing binding at concentrations of 5-200 /.LM

and decreasing binding at concentrations greater than 1
mM. However, sodium, in concentrations up to 100 nit�i,

does not appreciably alter DM binding, a finding which

clearly distinguishes DM sites from opiate receptor bind-
ing sites (26). Chloride also produces minimal changes in
DM binding, suggesting that DM sites are not coupled to
chloride channels.

Regional distribution studies indicate that high-affin-
ity DM binding sites are present in all major brain areas,

with the greatest number of sites in the pons-medulla,
the region in which the cough center is localized (27).
Although there is only a 2.5-fold difference between the
regions containing the highest and the lowest density of
DM sites, autoradiographic studies may reveal more
pronounced regional variations. It is conceivable that

DM binding in areas other than the lower brain stem
reflects the sites at which DM exerts pharmacological
effects other than cough suppression. For example, in
man, single large doses of DM produce psychotomimetic

effects and sedative-hypnotic effects, as well as feelings
of drunkedness, nervousness, and dysphoria (28); in mon-
keys, chronic administration produces a physical depend-

ence which is unlike that produced by morphine (29). In
behavioral studies, DM acts as a discriminative stim-
ulus in rats (30) and antagonizes the limb ifick behavior
in cats following lysergic acid diethylamide administra-
tion (31). Additionally, microiontophoretic experiments

in rat brain have shown that DM inhibits the firing of
midbrain raphe serotonergic neurons as well as postsyn-
aptic neurons receiving a serotonergic input from these

cells (32).
After subcellular fractionation of guinea pig whole

brain, high-affinity DM binding sites are found almost

exclusively in the microsomal fraction. However, in pre-
liminary studies we also detected high-affinity sites in
unwashed crude P2 pellets and synaptic plasma mem-

branes obtained from this fraction (7). Gurd et al. (33)
have shown that considerable amounts of microsomal
particles are trapped in crude P2 pellets during differen-
tial centnifugation and that washing the P2 fraction by
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resuspension and recentrifugation significantly reduces

the presence of these contaminating microsomal ele-
ments. In the present report, the crude P2 pellet was

washed, and no high-affinity binding was identified in
this subcellular fraction. Thus, it can be concluded that
the binding we previously observed in this fraction (7)
was due to microsomal contamination.

Opiate receptors are present in microsomal fractions
prepared from brain (19), and Roth et al. (34) have
reported that after subfractionation of microsomes, opi-
ate binding sites are concentrated in fractions that are
enriched in smooth endoplasmic reticulum. In similar
microsomal subfractionation experiments, we have found
that DM binding sites are also localized in smooth en-
doplasmic reticulum-enriched fractions since the distni-

bution pattern for binding coincides with the distribution
pattern for NADPH-cytochrome c reductase activity.

However, the distribution profile for opiate receptors
that we observed is slightly different from that of DM
binding, and therefore it is likely that the microsomal
membranes containing opiate receptors are different

from those containing DM binding sites.
The demonstration of drug-metabolizing activity in

brain microsomal preparations (20, 21) prompted us to
investigate whether DM sites may represent binding to
drug-degrading enzymes. The results of these studies
have demonstrated that DM is extensively metabolized
by liver microsomal enzymes but not by brain micro-
somes. We also observed that NADPH, the cofactor

required for brain and liver drug-metabolizing enzymes,
has no effect on DM binding to brain microsomes. These
results suggest (but do not prove) that DM does not bind
to a microsomal drug-metabolizing enzyme in brain.

Dextrorphan is the major metabolite of DM found in
urine and serum of several species, including man (ref. 35
and references therein), and Benson et al. (1) have re-
ported that it has antitussive activity in the dog. These

facts suggested the possibility that DM, like codeine,

may be O-demethylated before it exerts its pharmacolog-

ical effects and that dextrorphan, rather than the parent
compoun :1, might be the actual antitussive agent (35). As
we have indicated, our attempts to demonstrate specific
binding � ites for tritiated dextrorphan in brains of rats

and guinea pigs were unsuccessful. This finding is of
some interest since, like DM, dextrorphan in high doses
produces a number of behavioral effects in animals (29,
31, 36, 37). The existence of specific binding sites in
central nervous system tissue where (+)-isomers of
opioids such as dextrorphan and (+)-morphine exert
their effects has been postulated (37, 38), but our results
using [3H]dextronphan as radioligand were negative.

In contrast to brain, we have found specific binding
sites for [3H]dextrorphan in homogenates of guinea pig
kidney.4 These sites are not stereoselective, since levor-
phanol is a potent displacer of dextrorphan binding.
Simantov et al. (39) have described binding of [3H]opi-
ates to guinea pig kidney membranes that is potently

inhibited by the dextrorotatory compounds dextrorphan
and dextrallorphan. The dextrorphan sites we have la-
beled in the kidney may be similar to the nonstereospe-
cific binding sites described by these investigators.

4 G. L. Craviso and J. M. Musacchio, unpublished observation.

In conclusion, we have described some of the general

characteristics of DM binding sites in brain. The follow-
ing paper (8) presents the results obtained from compe-

tition studies in which we have investigated the nature
of DM binding sites as well as their possible physiological
and pharmacological relevance.

REFERENCES

1. Benson, W. M., P. L. Stefko, and L. 0. Randall. Comparative pharmacology
of levorphan, racemorphan and dextrorphan and related methyl ethers. J.
Pharmacol. Exp. Ther. 109:189-200 (1953).

2. Isbell, H., and H. F. Fraser. Actions and addiction liabilities of Dromoran

derivatives in man. J. Pharmacol. Exp. Ther. 107:524-530 (1953).

3. Eddy, N. B., H. Friebel, K.-J. Hahn, and H. Halbach. Codeine and its
alternatives for pain and cough relief. 4. Potential alternatives for cough
relief. Bull. WHO 40:639-719 (1969).

4. Mansky, P. A. Opiates: human psychopharmacology, in Handbook of P.sy-
chopharmacology, Vol. 12 (L. L. Iversen, S. D. Iversen, and S. H. Snyder,

eds). Plenum Press, New York, 95-185 (1978).
5. Chau, T. T., and L. S. Harris. Comparative studies of the pharmacological

effects of the d- and i-isomers of codeine. J. Pharmacol. Exp. Ther. 215:668-

672 (1980).
6. Cavanagh, R. L., J. A. Gylys, and M. E. Bierwagen. Antitussive properties of

butorphanol. Arch. mt. Pharmacodyn. 220:258-268 (1976).

7. Craviso, G. L., and J. M. Musacchio. High affinity binding of the antitussive
dextromethorphan to guinea-pig brain. Eur. J. Pharmacol. 65:451-453
(1980).

8. Craviso, G. L., and J. M. Musacchio. High-affinity dextromethorphan binding
sites in guinea pig brain. II. Competition experiments. Mo!. Pharmacol.
23:629-640 (1983).

9. Craviso, G. L., R. Nodar, and J. M. Musacchio. Preparation and purification
of tritiated dextromethorphan. J. Liquid Chromatogr. 5:2311-2320 (1982).

10. De Robertis, E., A. Pellegrino de Iraldi, G. Rodriguez de Lores Arnaiz, and L.
Salganicoff. Cholinergic and non-cholinergic nerve endings in rat brain. 1.
Isolation and subcellular distribution of acetylcholine and acetylcholine es-
terase. J. Neurochem. 9:23-35 (1962).

11. Kiang, W.-L, C. P. Crockett, R. K. Margolis, and R. U. Margolis. Glycosami.
noglycans and glycoproteins associated with microsomal subfractions of brain
and liver. Biochemistry 17:3841-3848 (1978).

12. Craviso, G. L., and J. M. Musacchio. Competitive inhibition of stereospecific
opiate binding by local anesthetics in mouse brain. Life Sci. 16:1803-1808
(1975).

13. Glowinski, J., and L. L. Iversen. Regional studies of catecholamines in the rat
brain. J. Neurochem. 13:655-669 (1966).

14. Ernster, L., P. Siekevitz, and G. E. Palade. Enzyme-structure relationships in
the endoplasmic reticulum of rat liver. J. Cell Biol. 15:541-562 (1962).

15. Fleck, A., and D. Begg. The estimation of ribonucleic acid using ultraviolet

absorption measurements. Biochim. Biophys. Acta 108:333-339 (1965).
16. Lowry, 0. H., N. J. Rosebrough, A. L Farr, and R J. Randall. Protein

measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275
(1951).

17. Adler, T. K. The comparative potencies of codeine and its demethylated
metabolites after intraventricular injection in the mouse. J. Pharmacol. Exp.
Ther. 140:155-161 (1963).

18. Law, P. Y., R. A. Houghten, H. H. Loh, and C. H. Li. Characterization of a
high affinity ‘H-$h-endorphin receptor in rat brain crude synaptosomal
fraction, in Endogenous and Exogenous Opiate Agoni.sts and Antagonists
(E. Leong Way, ed). Pergamon Press, New York. 225-228 (1980).

19. Smith, A. P., and H. H. Loh. The sub-cellular localization of stereo.specific
opiate binding in mouse brain. Res. Commun. Chem. Pathol. Pharmacol.
12:205-219 (1976).

20. Norman, B. J., and R. A. Neal. Examination of the metabolism in vitro of

parathion (diethyl p-nitrophenyl phosphorothionate) by rat lung and brain.
Biochem. Pharmacol. 25:37-45 (1976).

21. Hahn, E. F., B. I. Norton, and J. Fishman. Opiate target site N-demethylase
enzymes: differences from the liver N.demethylase. Biochem. Biophys. Res.

Commun. 89:233-239 (1979).
22. Takemori, A. E., and G. J. Mannering. Metabolic N- and 0-demethylation of

morphine- and morphinan-type analgesics. J. Pharmacol. Exp. Ther.
123:171-179 (1958).

23. Barnhart, J. W., and E. N. Massad. Determination of dextromethorphan in
serum by gas chromatography. J. Chromatogr. 163:390-395 (1979).

24. Pert, C. B., and S. H. Snyder. Properties of opiate-receptor binding in rat
brain. Proc. Nat!. Acad. Sci. U. S. A. 70:2243-2247 (1973).

25. Vincent, J. P., B. Kartalovski, P. Geneste, J. M. Kamenka, and M. Lazdunski.

Interaction of phencyclidine (‘angel dust”) with a specific receptor in rat

brain membranes. Proc. Nat!. Acad. Sci. U. S. A. 76:4678-4682 (1979).

26. Pert, C. B., and S. H. Snyder. Opiate receptor binding of agonists and
antagonists affected differentially by sodium. Mo!. Pharmacol. 10:868-879

(1974).

27. Bucher, K. Antitussive drugs. Physiol. Pharmacol I ; 175-200 (1965).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


628 CRAVISO AND MUSACCHIO

28. Jasinaki, D. R., W. R. Martin, and P. A. Mansky. Progress report on the
assessment of the antagonists nalbuphine and GPA-2087 for abuse potential

and studies of the effects of dextromethorphan in man. Reported to the 33rd

Meeting, Committee on Problems of Drug Dependence, Toronto, Canada,

National Academy of Sciences/National Research Council, Vol. 1, 143-178

(1971).

29. Martin, W. R., and D. R. Jasinski. Assessment of the abuse potential of

narcotic analgesics in animals, in Handbook ofExperimental Pharmacology,

Vol. 45 (W. R. Martin, ed). Springer-Verlag, Berlin, 159-196 (1977).

30. Overton, D. A., and S. K. Batt.a. Investigation of narcotics and antitussives

using drug discrimination techniques. J. Pharmacol. Exp. Ther. 211:401-408
(1979).

31. Haigler, H. J., and D. D. Spring. Drugs that antagonize limb flick behavior

induced by D.lysergic acid diethylamide (LSD) in cats. Psychopharmacology

64:31-34 (1979).

32. Haigler, H. J. Morphine: effects on serotonergic neurons and neurons in areas
with a serotonergic input. Eur. J. Pharmacol. 51:361-376 (1978).

33. Gurd, J. W., L. R. Jones, H. R. Mahler, and W. J. Moore. Isolation and partial
characterization of rat brain synaptic plasma membranes. J. Neurochem.
22:281-290 (1974).

34. Roth, B. L., M. B. Laskowski, and C. J. Coscia. Evidence for distinct subcel-

lular sites of opiate receptors: demonstration of opiate receptors in smooth

microsomal fractions isolated from rat brain. J. Biol. Chem. 256:10117-10123
(1981).

35. Barnhart, J. W. The urinary excretion of dextromethorphan and three me-

tabolites in dogs and humans. Toxicol. App!. Pharmacol. 55:43-48 (1980).
36. Herling, S., E. H. Coale, Jr., D. W. Hein, G. Winger, and J. H. Woods.

Similarity of the discriminative stimulus effects of ketamine, cyclazocine and

dextrorphan in the pigeon. Psychopharmacology 73:286-291 (1981).
37. Carney, J. M., and V. L Sirochman. Stereospecific dextrorphan tolerance in

rats. Br. J. Pharmacol. 72:245-246 (1981).
38. Jacquet, Y. F., W. A. Klee, K. C. Rice, I. lijima, and J. Minamikawa.

Stereospecific and nonstereospecific effects of (+)- and (-)-morphine: evi-

dence for a new class ofreceptors? Science (Wash. D. C.) 198:842-845 (1977).

39. Simantov, R., S. R. Childers, and S. H. Snyder. [3H]Opiate binding: anomalous

properties in kidney and liver membranes. Mo!. Pharmaco!. 14:69-76 (1978).

Send reprint requests to: Dr. Jos#{233}M. Musacchio, Department of

Pharmacology, New York University Medical Center, 550 First Avenue,

New York, N. Y. 10016.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



