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TABLE 3

Comparison of the relative affinities of binding of[”I] [D-Ala’, D-Leu’]-enkephalin and [“I] ID-Ala’,

MePhe4, Met (O)’.ol]-enkephalin with the sodium ratio of [‘H]naloxone binding

Compound IC,0 ratio4 Sodium ratio”

[“I] [D-Ala’, D-Leu’]-enkephalin +Na�

[125J] [D-Ala’, MePhe4, -Na�

Met(O)5-ol]-enkephalin

Morphine 75 40

Normorphine 65 35

Oxymorphone 70 25

Noroxymorphone 64 55

Levorphanol 13 15

Nalorphine 27 3

Butorphanol 4.3 4

Oxilorphan 3.3 3

Pentazocine 7.2 3

Cyclazocine 4.0 3

Naloxone 15 1

[D-Ala’, MePhe4, Met(O)’-ol]-enkephalin 12 25

[D-Met’, Pro5I-enkephalin 3.9 6

[D-Ala’, Met5]-enkephalin 0.4 5

[Met’]-enkephalin 0.73 6

[Leu5]-enkephalin 0.16 9

[D-Ala2, Leu5]-enkephalin 0.40 5

[D-Ala’, D-Leu5]-enkephalin 0.40 7

a The ratio of IC� values in inhibiting the binding of [125J] [D-Ala2, D-Leu’]-enkephalin and [125!] [D-Ala2,

MePhe4, Met(O)5-ol]-enkephalin.
b The ratio of IC,0 values in inhibiting the binding of [3H]naloxone in the presence and absence of 0.1 M Na�.

the natural enkephalins, [D-Ala2]- and [D-
Ala2, D-Leu5]-enkephalins are all more po-
tent in inhibiting the binding of [12511 [D-
Ala2, D-Leu5]-enkephalin than that of [12511
[D-Ala2, MePhe4, Met(O)5-ol]-enkephalin.
Unlabeled monoiodinated [D-Ala2, D-
Leu5]- and [D-Ala2, MePhe4, Met(O)5-ol]-
enkephalin compete for the binding of the
‘25I-labeled peptides with potencies nearly
the same as those of the native peptides.
This confirms previous observations (29,

32) and is consistent with the present data

on 125I-labeled enkephalin analogues.
Table 2 also shows the potencies for the

competition of [‘H]naloxone binding in the
absence and presence of Na�. The “sodium
ratio” is compared to the “IC50 ratio” for

inhibition of binding of the [12511 [D-Ala2,
D-Leu5]-enkephalin to [12511 [D-Ala2,
MePhe4, Met(O)5-ol]-enkephalin binding
sites (Table 3). With the exception of na-
loxone and nalorphine all agonists and
mixed agonist-antagonists show similar ra-

tios. In contrast, all opioid peptides except
[D-Ala2, MePhe4, Met(O)5-ol]-enkephalin
and [D-Met2, Pro5]-enkephalin display op-

posite values. Despite the reduction by Na�
of the potency of these peptides in compet-

ing for [‘H]naloxone binding, they still re-
main more potent in inhibiting the binding
of [1251] [D-Ala2, D-Leu5]-enkephalin than
of [1251] [D-A1a2, MePhe4, Met(O)5-ol]-en-
kephalin.

DISCUSSION

The following evidence has accumulated

from pharmacological and biochemical
sources supporting the notion that there
are multiple opiate receptors.

1. Lord et al. (21) and Beddell et al. (37)
observed different potencies of opioid pep-

tides and opiates in the mouse vas deferens
and guinea pig ileum. Based on studies on
chronic spinal dogs, Martin and colleagues

(22, 23) observed differential effects of var-
ious opiates and proposed three types of
opiate receptors.
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2. Frenk et al. (27) reported different
pharmacological responses on administra-
tion of enkephalin and opiates into different
regions of the brain. The same group also
observed (38, 39) that behavioral epileptic
seizures were produced by intracerebroven-
tricular injection oflow doses of enkephalin

and high doses of morphine and that these
effects could be blocked by high doses of
naloxone. Analgesic effects can be elicited
by low doses of morphine and high doses of
enkephalins.

3. Different potencies between enkeph-

alms and opiates in their ability to compete
for the binding of ‘H-labeled narcotics and
[‘H] or [125I]-labeled enkephalins or their
substituted analogues have been reported

by Lord et al. (21) and confirmed by many

other laboratories (24-26, 28). These differ-
ential potencies are not due to homogene-

ous or heterogeneous cooperativities or ag-
onist-antagonist conformations (29).

4. Differential effects of cations (28, 29),

temperature, N-ethyhnaleimide and 3,5-
diiodo-4-diazosulfonilic acid on the binding

of [‘H]enkephalin or [12511 [D-Ala2, D-
Leu5]-enkephalin and [‘H]dihydromor-
phine have been observed.

5. In cultured neuroblastoma cells only

one type of site (enkephalin receptor sites)
is detectable for opiates, enkephalins and
their analogues regardless of whether la-

beled narcotics, enkephalins or enkephalin
analogues are used in the binding assays

(26, 29).
6. In the present paper, we further de-

scribe the different regional distribution in

brain of morphine receptors ([‘H]naloxone
or [1251] [D-Ala2, MePhe4, Met(O)5-ol]-en-
kephalin binding sites) and enkephalin re-
ceptors ([12511 [D-Ala2, D-Leu5]-enkephalin
binding sites).

Childers et al. (30) have also described
similar results with opiates and enkephalins
and their analogues. They proposed a
model having several points of attachment
to a single opiate receptor (30). Our data
show that cultured neuroblastoma cells do
not exhibit differential binding for opiates

and enkephalins and only enkephalin re-
ceptor sites can be demonstrated regardless

of the type of labeled ligand used. In addi-
tion, there are differences in the regional

distribution for morphine and enkephalin
receptor sites. It is difficult to explain these

results on the basis of the model of multiple
points of attachment to a single opiate re-

ceptor.
It is interesting to note that Sandoz’s

peptide (FK 33-824), [D-Ala2, MePhe4,
Met(O)5-ol]-enkephalin, differs substan-
tially from other enkephalins including [D-
Ala2, D-Leu5]-, [D-Ala2, Leu5], [D-Ala2,
Met5]-enkephalins. This peptide binds to
morphine receptor sites with an affinity

about 20-times higher than that for enkeph-

am receptors. It has been shown that this

peptide is about 30,000-times more active

than the naturally occurring enkephalin in
producing analgesia when it is injected into
the mouse brain, and that it also produces

analgesia after oral and parenteral admin-
istration. However, it does not produce an-
algesia in humans even though it promotes
the release of prolactin and growth hor-
mone (40). At present, it is not known
whether the difference in the relative po-

tencies toward these two opiate receptor
sites has any relevance to these in vivo

results.
The present results confirm previous ob-

servations (29) that mixed agonist-antago-
nists display similar affinities for enkepha-
in and morphine receptor sites. These
drugs also show low sodium ratios in the
binding assay of [‘H]naloxone (35). All opi-
ate agonists and [D-Ala2, MePhe4, Met(O)5-

ol]-enkephalin show similar sodium ratios
and IC50 ratios of enkephalin receptor sites
to morphine receptor sites (Tables 2 and 3).

However, these relationships do not hold

for the enkephalins and their analogues. All
of these peptides have sodium ratios of
about 5 to 20. IC50 ratios for these two

binding sites are about 12 and 4 for [D-Ala2,
MePhe4, Met(O)5-ol]-enkephalin and [D-

Met2, Pro5]-enkephalin, respectively. All
other peptides described in Tables 2 and 3
show IC50 ratios less than 1. Wei and Loh
(15) have reported that enkephalins can

cause physical dependence when they are
infused continuously into the periaqueduc-

tal gray-fourth ventricular spaces of rat. In
comparison, [D-Ala2, MePhe4, Met(O)5-
ol]-enkephalin is much more potent than
[D-Met2, Pro5]-enkephalin and [D-Ala2, D-
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Leu5]-enkephalin in inducing physical de-
pendence. The median effective doses of

these peptides in inducing physical depend-
ence are 1.4, 7.0 and 300 nmoles per animal,
respectively (41). These relative activities
are inversely related to their IC50 ratio, but
are not correlated to their sodium ratio.
The opiate, mixed agonist-antagonists,

known to be the least potent in inducing
physical dependence, also show small IC50
ratios. All of these data imply that the
relative activities for these two binding sites
may play some role in inducing physical
dependence.

The relative distribution of morphine
and enkephalin receptor sites in the rat
brain can be classified into three categories.
(1) Cortex and striatum have about equal

quantities of these two receptor sites. (2)
The relative ratio of enkephalin to mor-
phine receptor sites in the limbic system,
hippocampus and brain stem is about 1 to
2. (3) Thalamus and hypothalamus contain

relatively greater quantities of morphine
receptor sites (about 4 to 1) than other
regions. Therefore, it should be possible to
use the hypothalamus plus thalamus as po-
tential sources of relatively enriched mor-
phine receptor sites. Because of the differ-

ent content and the wide differences in the
affinities of opiate agonists to these two
opiate sites, the apparent IC50 values will
vary depending upon the labeled ligand, its

concentration and the brain region used.
For instance, the apparent IC50 values for
either morphine or naloxone in inhibiting
the binding of [1251] [D-Ala2, D-Leu5]-en-
kephalin are about 20 n�i for region 1 (cor�.
tex, striatum), 10 to 4 nr��i for region 2 (lim-
bic system, hippocampus, brain stem) and
1 n� for region 3 (thalamus, hypothala-
mus). Similar results have recently been
reported by Della Bella et al. (42), who

showed that the potency of morphine for
the [‘H] [Met5]-enkephalin binding sites
varied among different brain regions, being

most potent in brain stem, least potent in
cortex and striatum, and intermediate in
spinal cord.

Childer et al. (30) have compared the

potenCies of various opiates in competing
for the binding of [‘H]-enkephalin and
[‘H]dihydromorphine to rat brain mem-

branes. They concluded that the difference
among these opiates was due to their C-
ring moieties of the opiate structure. Our
results confirm this conclusion. The com-
pounds with relatively less hydrophilic

components in their C-ring moieties, such
as butorphanol, oxilorphan, pentazocine cy-
clazocine and levorphanol, show less differ-
ence in inhibiting the binding of [1251] [D-
Ala2, D-Leu5]-enkephalin and [19] [D-Ala2,
MePhe4, Met(O)5-ol]-enkephalin or [‘H]-

naloxone. In the series of opioid peptides,
the natural enkephalins and [D-Ala2, D-
Leu5]-substituted analogues bind to en-
kepha.lin sites better than to morphine re-
ceptor sites. Sandoz’s peptide with N-

methyl-Phe4 and Met(O)5-ol-substituted
enkephalin show reverse potencies. Thus,
it is possible to synthesize opioid peptides
with selective potency and pharmacological

proffles.
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SUMMARY

DUNLAP, C. E. III, F. M. LESLIE, M. RADO, AND B. M. Cox: Ascorbate destruction

of opiate stereospecific binding in guinea pig brain homogenate. Mol. Pharmacol.,

16, 105-119 (1979).

Ascorbic acid was found to destroy opioid stereospecific binding to guinea pig brain
homogenate irreversibly. This inactivation of stereospecific binding (SSB) displayed two
components: a rapid phase that destroyed up to 50% of the binding within one minute,
and a slower phase that proceeded by pseudo-first order kinetics. The ascorbate destruc-
tion of opioid binding was pH dependent, and was manifested primarily as a reduction in
the number of binding sites, as demonstrated by Scatchard analysis. The slow phase of
inactivation was subject to autoinhibition by high concentrations of ascorbate. Destruc-

tion of stereospecific binding by direct chemical reduction was ruled out, since several
other reducing agents were found to be without effect. The stereoisomer of ascorbic acid,
D-isoascorbic acid, produced destruction of SSB similar to that caused by ascorbate.
Dehydroascorbic acid produced only slight loss of SSB, and protected against further
destruction by ascorbic acid. All other analogues tested produced neither destruction of
SSB nor protection against destruction of SSB by ascorbate. Destruction of stereospecific
binding was prevented in homogenates incubated with ascorbate in the absence of oxygen.
Reagents that inhibit ascorbate catalyzed lipid peroxide formation were shown to inhibit
ascorbate destruction of SSB also, and dose-response curves for ascorbate destruction of

SSB paralleled those for ascorbate-induced lipid peroxidation. Stereospecific binding
could be partially but significantly protected by preincubation with phosphatidyl serine,
but not with phosphatidyl choline, phosphatidyl ethanolamine, phosphatidyl inositol,
cholesterol, cerebroside sulfates, sphingomyelin, arachidonic acid, or docosahexaenoic
acid. It is suggested that a membrane lipid, sensitive to ascorbate induced peroxidation,
plays a critical role in the structural integrity of the opioid stereospecfiic binding site.

INTRODUCTION

In 1971, Goldstein, Lowney, and Pal (1)
emphasized the requirement of stereospec-
ificity for opiate receptor binding, and dem-
onstrated a small fraction of total opiate
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binding in mouse brain homogenates to be
stereospecific. Three independent groups
(2-4) soon developed assays in which the
majority of the total opiate binding was
shown to be stereospecific. Stereospecific
binding of opiates has been shown to be

destroyed by proteolytic enzymes (5, 6) and
by treatment with phospholipase A2 (5, 7,
8), suggesting a role for both protein and
lipid in the binding function of the receptor.

Recently it was reported that ascorbic
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acid was successfully used as a treatment

for heroin addiction (9). Since ascorbic acid
is known to interact with many enzyme
systems and biochemical pathways, this re-

agent was tested in the guinea pig brain
homogenate opioid binding assay to deter-
mine what effects, if any, it had on opiate

stereospecific binding. In this paper we re-

port that ascorbate destroys opiate stereo-
specific binding through an oxygen depend-
ent mechanism.

MATERIALS

L-Ascorbic acid used in this investigation
was purchased from either SigrnrrChemical

Co. (St. Louis, Mo.) or J.T. Baker Chemical
Co. (Phillipsburg, N.J). Stock solutions of
either 1 M ascorbic acid or 1 M Tns-ascor-
bate were used interchangeably to prepare
experimental solutions of ascorbate up to 1
mM in concentration. Tris-ascorbate solu-
tions were prepared by neutralizing equi-

molar amounts of ascorbic acid with Trizma
base obtained from Sigma, and were used
in all experiments which required ascorbate
concentrations greater than 1 mi�i. Stock
solutions were freshly prepared every 5 to
7 days and kept refrigerated, with dilutions

taken as needed.
[15,16(N)-’H]etorphine at a specific ac-

tivity of 32 Ci/mmole, and [tyrosyl-3,5-
‘H]enkephalin (5-L-leucine), 41 Ci/mmole,
were purchased from Amersham (Arlington

Heights, Ill.). [‘H(G)]naloxone, 18.5 Ci!
mmole, was obtained from New England
Nuclear (Boston, Mass.). Levorphanol and

dextrorphan were generous gifts from Hof-
mann La Roche (Nutley, N.J.).

D-IsOascorbic acid, L-ascorbic acid-2-sul-
fate (barium salt), glutathione (reduced

form), acetylsalicylic acid, indomethacin,
ouabain, L-a-phosphatidyl serine, L-a-phOs-
phatidyl ethanolamine, DL-a-phosphatidyl
choline, L-a-phOsphatidyl inositol, choles-

terol, sphingomyelin, arachidonic acid, and

N-ethylmaleimide were obtained from
Sigma Chemical Co. Sodium borohydride,
potassium nitrite, calcium chloride, mag-

nesium chloride, manganese (II) chloride,
cobalt (II) chloride, 2-thiobarbituric acid,

trichloroacetic acid, [ethylenebis (oxy-
ethlenenitrilo)]tetraacetic acid (EGTA),
and (ethylenedinitrilo)-tetraacetic acid

(EDTA) were purchased from J. T. Baker
Chemical Co.2

Dehydroascorbic acid was obtained from
both ICN Pharmaceuticals (Plainview,

N.Y.) and Pfaltz and Bauer, Inc. (Flushing,
N.Y.); suifatides (mixed cerebroside sul-
fates) and docosahexaenoic acid came from

Applied Science Laboratories (State Col-
lege, Pa.). Dithiothreitol, a-D-glucohep-

tonic acid--y-lactone, and D-(+)-nbonic
acid--y-lactone were purchased from Aldrich
Chemical Co. (Milwaukee, Wis.), and D-gu-
lono-’y-lactone and L-galactono-1,4-lactone

were obtained from Pfanstiehl Laborato-
ries, Inc. (Waukegan, Ill.). Lanthanum (III)

chloride was purchased from Matheson,
Coleman, and Bell (Norwood, Ohio), chro-
mium (III) chloride from Alfa Products
(Danvers, Mass.), p-phenylene-diamine di-
hydrochloride (PPDA) from Accurate
Chemical and Scientffic Corp. (Hicksvffle,
N.Y.), and 2-mercaptoethanol from Calbi-
ochem (La Jolla, Ca.).

Carbon dioxide and carbon monoxide
gases were obtained from Liquid. Carbonic
(Chicago, Ill.), and dry nitrogen from
Matheson Gas Co. (Newark, Ca.). Male Si-
monsen-Hartley guinea pigs for the opiate
radioreceptor binding assay were obtained
from Simonsen Laboratories (Gilroy, Ca.).

METHODS

Guinea pig brain homogenate was pre-

pared by the following procedure. A guinea
pig was sacrificed by decapitation, and the
brain quickly removed, dissected free of
cerebellum, and washed in ice-cold 100 nmi
Tris-HC1, pH 7.4. The tissue was then ho-
mogenized in 10 volumes of Tris-HC1 buffer

using a teflon in glass mechanical homoge-
nizer, and the homogenate diluted to 20
volumes with Tris-HC1 buffer and centri-
fuged at 17,000 x g for 20 minutes. The
pellet was resuspended in 20 volumes of ice-
cold glass distilled water and allowed to
stand on ice for 10 mm to ensure lysis. After

2 The abbreviations used are: SSB, stereospecific

binding; EGTA, ethylenebis(oxyethlenemtrilo)-tetra-

acetic acid; EDTA, (ethylenedinitrilo)-tetraacetic

acid; TLC, thin layer chromatography; NEM, N-ethyl-

maleimide; PPDA, paraphenylenediamine dihydro-

chloride; HPLC, high performance liquid chromatog-

raphy.
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centrifugation of the ice-water homogenate

at 17,000 x g for 30 mm, the pellet was
resuspended in 100 m�i Tris-HC1 buffer to
a final concentration of 2(w/v)%. Homoge-
nate was either used immediately after

preparation, or stored frozen for not more
than one week.

The opiate radioligand binding assay was
performed with 1% guinea pig brain homog-
enate in 100 mi�i Tris-HC1, pH 7.4, in a
volume of 500 4 Homogenate was sub-
jected to various experimental manipula-
tions, then incubated with radioligand in

both the presence and absence of nonradio-

active, competing ligand for 20 mm at 22#{176}.
Following incubation, samples were placed

on ice prior to filtration through Whatman
GF-C glass fiber filters. [‘H]Etorphine was
used at a final concentration of 2.5 n�i,
[‘H]leu-enkephalin and [‘H]naloxone at 8

nM, and competing ligands, levorphanol or

levallorphan, at a final concentration of 1
�tM, unless otherwise stated. The amount of
radioligand displaced by the inactive ster-

eoisomers, dextrorphan and dextrallor-
phan, was a small fraction of the total bind-
ing (less than 5%), and was disregarded.
Stereospecific binding, therefore, was de-
fined as the difference between radioligand
binding in the absence and presence of com-
peting, nonradioactive ligand.

Log-dose response curves were obtained

by incubation of 1% homogenate with in-

creasing concentrations ofascorbate for one
hour at 22#{176},followed by direct addition of

radioligand and assay for stereospecific
binding. In all of the remaining experiments

described, homogenates were washed free
of ascorbate by two or more rounds of cen-
trifugation for 10 mm at 17,000 x g and
resuspension in fresh, ice-cold Tris-HC1
buffer prior to assay for stereospecific bind-
ing.

Details of homogenate treatments are
given in the tables and figure legends where

appropriate. For pH dependence studies,

aliquots of homogenate were centrifuged at
17,000 x g for 10 mm and resuspended in
100 mM Tris-HC1 buffers, ranging from pH

7.0 to 8.2 with and without 1 nmi ascorbate.
All homogenates were incubated at 22#{176}
for one hour, washed, resuspended in pH

7.4 Tris-HC1, and assayed for SSB with

[‘H]etorphine. Homogenates in buffers
containing no ascorbate were used as con-
trols for homogenates in buffers of match-
ing pH which did contain ascorbate.

In studies of lipid protection against

ascorbate destruction of opioid SSB, the
various lipids tested were incorporated into
homogenates using the procedure of Abood

and Takeda (11). Appropriate amounts of
lipids in chloroform-methanol solutions
were evenly coated on the walls of 7 ml

Dounce homogenizers by vortexing to dry-
ness under a stream of nitrogen, followed

by addition of 1 (w/v)% homogenate and
vigorous homogenization. Lipids were dem-
onstrated to be removed from the homog-

enizer walls by the absence of iodine stain-
ing in the homogenizers after the samples
were removed. Aliquots of homogenates
containing incorporated lipids were re-

moved from the homogenizers and incu-

bated for 15 mm at 37#{176}to allow tempera-
ture equilibration, followed by addition of
ascorbate and further incubation for 15 mm

at 37#{176}.After incubation, homogenates were
washed free of ascorbate and unbound lipid
and assayed for stereospecific binding.
Lipid peroxide formation was determined
by the procedure ofWilbur et al. (10). Lipid
peroxide concentrations were calculated,
employing a molar extinction coefficient of
1.56 x iO� determined from malonaldehyde

standard curves.
Statistical analysis was performed using

the Student’s t-test for comparison of con-
trol and treated groups. Differences in var-
iances for paired groups were checked for
significance using the F statistic at p = 0.05.

RESULTS

Dose-response curves. Ascorbic acid was
observed to inhibit opioid SSB, and dose-
response curves were compiled for the

amount of inhibition of [‘H]etorphine or
[3H]naloxone SSB produced in homoge-

nates incubated with increasing concentra-
tions of ascorbate for one hour at 22#{176}both
in the presence and absence of 100 mM
NaCl (Fig. 1). The inhibition of [‘H]etor-

phine SSB was observed to be dose de-
pendent over a concentration range from 1
�LM to 1 mi’.i ascorbate, with maximum in-
hibition (70-80% loss of control SSB) oc-
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FIG. 1. Dose-response curves for ascorbate inhibition of [‘H]etorphine and [3H]naloxone stereospecific

binding

Panel A) [‘H]Etorphine:Homogenate was incubated for one hour at 22#{176}with increasing concentrations of

ascorbate in the presence or absence of 100 nmi NaCl, followed by addition of 2.5 nrsi [‘H]etorphine and assay

for SSB. Inhibition of [‘H]etorphine SSB expressed as percent reduction of control SSB is plotted against

logarithm of molar ascorbate concentration in the absence (#{149})and presence (�) of NaCl. Each point represents

the mean ± s.e.m. of four values. Panel B) [‘H]naloxone: Homogenate was incubated for one hour at 22#{176}with

increasing concentrations of ascorbate in the presence or absence of 100 nmi NaCl, followed by addition of 8 nM

‘H-naloxone and assay for SSB. Inhibition of [‘H]naloxone SSB expressed as percent reduction of control SSB

is plotted against logarithm of molar ascorbate concentration in the absence (#{149})and presence (U) of NaCl.

Each point represents the mean ± s.e.m. of four values.
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curing at 1 mM (Fig. la). Inhibition of
[3H]etorphine SSB in the presence of 100

mM NaCl was not significantly different
from inhibition produced in the absence of
NaC1. Dose-response curves in which [3H]
leu-enkephalin was used as radioligand
were qualitatively almost identical to those

for [3H]etorphine (data not shown). Maxi-
mum inhibition of 88% of [3H]leu-enkeph-
aim SSB was achieved with 1 mn ascor-
bate, while 10 mzsi ascorbate inhibited only
30-40% of control [3H]leu-enkephalin SSB.
No chemical alteration of [3H]etorphine or

[3H]leu-enkephalin could be detected by
TLC when either ligand was incubated with

ascorbate alone. Dose-response curves for
ascorbate inhibition of [3Hlnaloxone SSB

were similar to those for [3H]etorphine and

[3H]leucine-enkephalin, (Fig. ib).
No recovery of SSB was observed in ho-

mogenates which had been washed up to

four times by centrifugation, demonstrating
that ascorbate produces an irreversible loss
of SSB. In the remainder of the experi-
ments presented here, homogenate prepa-
rations were washed free of ascorbate prior

to assay for stereospecific binding.

Scatchard plots. Scatchard plots for

[�H]etorphine binding to homogenates pre-
viously treated with no ascorbate, 0.01 mM,
0.1 mM, 1 mM, and 20 nmi ascorbate for 30
mm at 22#{176}to produce partial loss of SSB

are shown in Fig. 2. In the control homog-
enate [3H]etorphine exhibited a Kd of 0.24
nM, and the homogenate contained 14
fmoles stereospecific binding sites per mg

of brain tissue. Incubation of homogenate
with increasing ascorbate concentrations

up to 1 mM produced a progressive decrease
in the number of stereospecific binding

sites. Treatment with 1 nmi ascorbate,
which gave maximum inactivation of ster-

eospecific binding, reduced the number of

stereospecific binding sites to 5 frnoles per
mg tissue, with [3H]etorphine Kd of 0.32

n�i. Homogenate treated with 20 mM ascor-
bate contained 10 fmoles binding sites per
mg tissue ([3Hjetorphine Kd = 0.24 nx��i).

Comparison of ascorbate and N-ethyl-

maleimide destruction of SSB. One percent

guinea pig brain homogenate was treated
with either 1 mi�i ascorbate or 1 mi�i NEM
for 15 mm at 37#{176}.Both reagents produced

about 87% destruction of control SSB (Ta-

FIG. 2. Scatchard plots for [3H]etorphine stereospecific binding in guinea pig brain homogenate treated

with increasing concentrations of ascorbate

Homogenates were incubated for 30 min at 22#{176}with no ascorbate (#{149}),0.01 mM ascorbate (D), 0.1 mM

ascorbate (0), 1 ma� ascorbate (U), and 20 m�t ascorbate (A), washed free of ascorbate by 2 rounds of

centrifugation, and assayed for stereospecific binding with [‘Hjetorphine at concentrations of 0.1 nM, 0.25 nai,

0.5 nat, 1 nat, and 2.5 nat. [3H}Etorphine stereospecific binding in pmol/5 mg tissue divided by molar

concentration of free [3H}etorphine is plotted against [3H]etorphine stereospecific binding (pmol/5 mg tissue)

for each etorphine concentration employed.



TABLE 1

Comparison of ascorbate and N-ethylmaleimide

produced destruction of [3H]etorphine stereospecific

binding to guinea pig brain homogenate, and

protection against destruction by levorphanol and

dextrorphan
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ble 1). Pretreatment of homogenate with 1
/.LM levorphanol significantly decreased
NEM destruction of SSB compared with

dextrorphan pretreated homogenate (Stu-
dent’s t-test, p < 0.001). On the other hand,
destruction of SSB by ascorbate in levor-
phanol pretreated homogenate was not sig-
nificantly different from that in dextror-
phan pretreated homogenate (p > 0.1).

Time course for ascorbate destruction of

opioid stereospecific binding. When 1%
guinea pig brain homogenate was incubated
with various concentrations of ascorbate at
37#{176},two distinct phases of destruction of
SSB were observed (Fig. 3). An initial, rapid
phase of inactivation, complete in less than

one minute (at which time the first samples

were taken) was produced by all three con-
centrations of ascorbate employed. Follow-
ing the initial rapid inactivation, a slower

rate of destruction of SSB was observed
with concentrations of 0.1 and 1 m� ascor-

bate, but not 20 mM ascorbate.
All three ascorbate concentrations de-

stroyed approximately 50% of control

[3H]etorphine SSB by rapid inactivation
(Table 2). The slow destruction of SSB
produced by 0.1 and 1 mr�i ascorbate fol-
lowed pseudo-first order kinetics, and rate

constants and half-times for this destruc-
tion were obtained from the first order rate
equation. The slow phase of [3H]etorphine
SSB destruction was practically eliminated

by 20 mM ascorbate.
An Arrhenius plot for the slow inactiva-

tion of [3H]etorphine SSB produced by 1
mM ascorbate at 0, 22, and 37#{176}yielded a
straight line with coefficient of determina-
tion (r2) of 0.991 by linear regression anal-
ysis. The rate constant obtained for the
reaction at 0#{176}was 0.0014/mn, with the
other rate constants given in Table 2. From
the Arrhenius plot, a value of 20 kcal/mol
was obtained as the activation energy for
the slow destruction of SSB by 1 mi�i ascor-
bate.

pH dependence and enzyme inhibitors.

One millimolar ascorbate inactivation of
etorphine SSB increased with increasing
pH from 68% destruction of control SSB at
pH 7.0 to a maximum of 85% at pH 7.8. The
inactivation then decreased slightly and
reached a plateau at 82% up to pH 8.2, the

One percent guinea pig brain homogenate was in-

cubated with inactivating agent for 15 mm at 37#{176}.

Pretreatment consisted of 15 mm preincubation at 37#{176}

with protecting ligand. Following treatment, homoge-

nates were washed free of ligands and reagents by 3

rounds of centrifugation and assayed for SSB with 2.5

NM [3Hjetorphine.

Values represent means and standard errors of

three experiments expressed as percent of control

stereospecific binding. Values for control SSB were

9.2, 10.4, and 14.3 fmol/mg tissue (wet weight) in the

three experiments.

Inactivating agent % Con- % Con- % Con-
trol trol trol

SSB: no SSB: 1 SSB: 1
pre- �M le- ,AM dex-

treat- vor- tror-
ment phanol phan

pre- pre-
treat- treat-
ment ment

Control 100 ± 14120 ± 4 109 ± 10

1 mM N-ethylmaleimide 14 ± 2 88 ± 1 15 ± 2

1 mM ascorbate 12 ± 1 26 ± 4 17 ± 2

highest pH used. Several enzyme inhibitors,
including sodium azide, potassium cyanide,

ouabain, indomethacin, acetylsalicylic acid,
and carbon monoxide were tested at con-

centrations up to 1 mM both for intrinsic
effects on SSB and effects on ascorbate
destruction of SSB. All inhibitors were
found to be without effect either on SSB or
on ascorbate induced destruction of SSB,
except for indomethacin, which produced a
small decrease in SSB by itself (data not
shown).

Reducing Agents. The effects of various
reducing agents on opioid stereospecific
binding in guinea pig brain homogenates
are shown in Table 3. Ascorbic acid pro-

duced significant inactivation of control
SSB both in the absence and presence of
100 mi�i NaCl (p < 0.005) and this loss of
SSB was not recovered after washout of
ascorbate. None of the other reducing
agents tested had any effect on stereospe-

cific binding.
Structure-activity-relationship studies.
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Aliquots of control and ascorbate treated homogenates were removed at various time intervals, immediately

diluted 1:4 in ice-cold Tris-HC1, washed free of ascorbate by 2 rounds of centrifugation and assayed for

stereospecific binding with 2.5 nat [3H]etorphine. Destruction of [3H]etorphine stereospecific binding expressed

as percent of control binding is plotted against incubation time in minutes with 0.1 mat ascorbate (A), 1 mat

ascorbate (#{149}),and 20 mat ascorbate (.).

TABLE 2

40

Kinetic parameters for ascorbate inactivation of[3H]etorphine stereospecific binding to 1% guinea pig

brain homogenate at 22 and 37#{176}

Each value represents the mean and standard error of t hree experiments.

Reaction conditions Destruction of
SSB (%) fast
inactivation

k (min�)
slow inactivation

tl/2 (mm)
slow inactivation

0.1 mat Ascorbate 37#{176} 53 ± 5 0.049 ± 0.004 14.3 ± 1.2

1.0 mat Ascorbate 37#{176} 54 ± 7 0.115 ± 0.018 5.9 ± 1.5

20 mat Ascorbate 37#{176} 44 ± 6 0.004 ± 0.002 260.8 ± 80.3

0.1 mat Ascorbate 22#{176} 13 ± 2 0.012 ± 0.003 67.8 ± 17.0

1.0 mat Ascorbate 22#{176} 27 ± 4 0.015 ± 0.003 53.0 ± 12.1

20 mat Ascorbate 22#{176} 49 ± 4 0.0007 ± 0.0001 1071.0 ± 76.2

Several analogues of L-ascorbic acid, the
structures of which are presented in Figure
4, were tested to determine both their in-

trinsic effects on SSB, and their effects on
ascorbate destruction of SSB in guinea pig
brain homogenate. The results are shown
in Table 4. Destruction of control SSB by
1 mM D-lsoascorbic acid (II) was highly
significant (p < 0.005) and addition of 1 mM

ascorbate neither increased nor decreased
the destruction of SSB seen with D-isoas-
corbate. In five experiments, 1 mM dehy-

droascorbic acid reduced SSB significantly
below control values (p < 0.05) and also

gave significant protection against destruc-
tion of SSB by ascorbate (p < 0.01). All
other analogues tested produced neither
destruction of SSB nor protection against
ascorbate induced destruction of SSB.

Anaerobic incubation. Very little differ-
ence was observed between SSB in control
homogenates incubated under nitrogen and
control homogenates incubated in contact
with the atmosphere, as shown in Figure 5.
However, there was a highly significant dif-
ference between residual SSB in homoge-
nates treated with ascorbate under anaer-
obic conditions and under atmospheric con-
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FIG. 4. Structural analogues of L-ascorbic acid

(I) L-ascorbic acid, (II) D-lsoascorbic acid, (III) dehydroascorbic acid, (IV) L-ascOrbic acid-2-sulfate (barium

salt), (V) D-gulono-1,4-lactone, (VI) L-galactono-1,4-lactone, (VII) D-(+)-ribonic acid-y-lactone, and (VIII) a-D-

glucoheptonic acid-y-lactone.
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ditions (p < 0.002, n = 3). Ascorbate de-
struction of SSB was almost entirely pre-
vented by removal of oxygen, and SSB in

anaerobic control and ascorbate treated ho-
mogenates was not significantly different
(p>O.2).

Ascorbate induced lipid peroxidation.

Homogenates were incubated with 1 mM

ascorbate in the presence of various ions
and reagents known to inhibit lipid peroxi-
dation. In addition, several ions were tested
that have no effect on lipid peroxidation.
The results of these experiments are shown
in Table 5. EDTA (100 pi�t), EGTA, (100

/ZM), PPDA (100 /.LM), Co�2 (10 �zM), Cr�2

(100 jIM), j��3 (100 /ZM) and Mn�2 (1 and 10

ELM) all produced virtually complete inhibi-
tion of ascorbate induced lipid peroxide for-
mation (p < 0.005). All of these reagents at
the above concentrations also significantly
reduced ascorbate destruction of SSB (p

< 0.001). The effects of some metal ions,
especially Cr�2 and La�3, on both lipid per-
oxidation and SSB destruction were ob-
served to be extremely concentration de-
pendent. 100 �sM Cr�2 produced highly sig-
nificant reductions in both lipid peroxida-
tion (p < 0.005) and SSB destruction (p <

0.001) from respective control values. 10
�M Cr�2 was much less effective in pre-

venting ascorbate destruction of SSB and

had no effect on lipid peroxide formation.
The concentration dependence of La�3 ion

was even more dramatic, with highly sig-
nificant reduction of SSB destruction (p <

0.001) and lipid peroxide formation (p <

0.005) at 100 �.LM, but no significant decrease
in either process at 10 � Neither 1 nm�

TABLE 3

Effects of reducing agents on [3H]etorphine

stereospecific binding in guinea pig brain

homogenate

One percent guinea pig brain homogenates were

incubated with reducing agents (1 mat) in the presence

and absence of 100 mat NaCl for one hour at 22#{176},then

washed free of the agents by two rounds of centrifu-

gation, resuspended to 1 (w/v)% in the appropriate

buffer, and assayed for stereospecific binding with 2.5

mat [‘H]etorphine. Homogenates incubated with re-

ducing agents in the presence of 100 mM NaCl were

also assayed in the presence of 100 mat NaCI.

Each value represents the mean ± s.e.m. of three

experiments.

Reducing agent E0’ (volts,
pH 7.0)

Percent inactiva-
tion of control
stereospecific

binding

Noso- 100
dium mM

NaCl

Control homogenate 0 ± 8 0 ± 8

Potassium nitrite 0.42 -1 ± 4 -2 ± 4

Ascorbic acid 0.06 73 ± 4 75 ± 7

2-Mercaptoethanol -15 ± 8 1 ± 7

Glutathione -0.23 -6 ± 5 8 ± 4

Dithiothreitol -0.33 11 ± 4 14 ± 4

Sodium borohydride -1.24 -5 ± 7 3 ± 1
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TABLE 4

Effects of structural analogues of ascorbic acid on

I 3H]etorphine stereospecific binding and ascorbate

induced destruction of stereospecific binding in

guinea pig brain homogenate

One percent guinea pig brain homogenates were

incubated with analogues ( 1 mat) in the absence

(-Ascorbate) or presence (+Ascorbate) of 1 mat ascor-

bate, for one hour at 22#{176},then washed free of ascorbate

and analogues by two rounds of centrifugation, resus-

pended to 1 (w/v)% in appropriate buffer, and assayed

for [3H]etorphine (2.5 nat) stereospecific binding.

Values represent means ± s.e.m. of (n) experiments.

Analogue Percent inactivation of
Control Stereospecific

Binding

(-Ascor- (+Ascor-
bate) bate)

Control homogenate 0 ± 14 (9) 73 ± 3 (9)

D-Isoascorbic acid 77 ± 7 (3) 74 ± 6 (3)

Dehydroascorbic acid 25 ± 8 (5) 47 ± 9 (5)

L-Ascorbic acid-2-sulfate 4 ± 5 (3) 81 ± 2 (3)

D-Gulono-1,4-lactone 2 ± 4 (3) 77 ± 2 (3)

L-Galactono-1,4-lactone 4 ± 3 (3) 80 ± 8 (3)

D-(+)-Ribonic acid-y-lac-

tone 1 ± 1 (3) 71 ± 4 (3)

a-D-Glucoheptonic acid-y-

lactone 2 ± 3 (3) 76 ± 6 (3)

Ca�2 nor 1 mM Mg�2 had any effect on

ascorbate induced lipid peroxidation or de-
struction of SSB. None of the reagents or
ions, in the absence of ascorbate, had any
effects on opioid SSB or lipid peroxide for-
mation at the concentrations shown in Ta-

ble 5. Analysis of a correlation plot of the
data in Table 5 (SSB destruction vs lipid
peroxide formation) yielded a correlation
coefficient of 0.977.

Dose-response curves for ascorbate in-
duced lipid peroxidation and ascorbate de-
struction of opioid stereospecific binding
shown in Figure 6 were constructed from
means ± s.e.m. of values from four experi-
ments. These dose-response curves are al-
most superimposable over a concentration
range from i0� to i03 M ascorbate. At 20
mM ascorbate, however, the two curves di-

verge. At this ascorbate concentration, lipid
peroxidation is completely inhibited, while
there is still a significant loss of stereospe-
cific binding in ascorbate treated homoge-
nate (p < 0.05). Ascorbic acid at 20 mM

concentration had no effect on the thiobar-

bituric acid assay for lipid peroxide.
Lipid protection. Experiments were per-

formed to determine if protection against
ascorbate destruction of brain homogenate
stereospecific binding could be provided by

preincubation with biological lipids (Table
6). Incubation with each of the lipids, fol-
lowed by washing of homogenate to remove
free lipid, did not significantly alter stereo-
specific binding from control values, al-
though there was a trend toward increased
SSB with several of the lipids studied. Only
phosphatidyl serine produced significant

protection against destruction of SSB by 1
mM ascorbate.

Brain homogenates were incubated with
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FIG. 5. Effects ofascorbate on [3H]etorphine ster-

eospecific binding in guinea pig brain homogenate

under anaerobic conditions

Homogenates were degassed under vacuum, then

half the homogenates were exposed to the atmosphere

and the other half placed in a positive nitrogen atmos-

phere. Ascorbate at a final concentration of 1 mat was

injected into each treatment flask through a rubber

septum, and all homogenates incubated for one hour

at 22#{176}.At the end ofthe incubation aliquots from each

homogenate were immediately diluted 1:4 in degassed,

ice-cold Tris-HCI buffer, washed two times, and as-

sayed for [3H]etorphine stereospecific binding. Bar

values presented are means ± s.e.m. of 3 experiments.

Open bars represent homogenate kept in contact with

the atmosphere, and solid bars represent degassed

homogenate kept under a nitrogen atmosphere. C:

control homogenate; A: ascorbate treated homoge-

nate.




