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ABSTRACT :

While much previous work has characterized the
opiate receptor from the brain of adult animals, we
set out to characterize opiate binding in the embryonic
chick. This approach offers two advantages; first, the
immature nervous system of the embryonic chick might
exhibit novel characteristics:; second, one can easily
follow the developmental course of thé opiate receptor
in the emerging nervous system. Preparations from thir-
teen day old embryonic chick brain were found to bind
stereospecifically substantial amounts of synthetic
narcotics such as naloxone and etorphine, while less
developed brain tissue stereospecifically bound only
limited amounts of these same opiates.

Specific inorganic ions, enzymatic degradations,
subcellular fractionations, gross anatomical dissections,
incubation studies, kinetic studies, and chromatographic
techniques were used to define and characterize the
embryonic opiate receptors.

The sensitivity of thirteen day old embryonic chick
brain preparations to the actions of lipases, proteases,
thermal denaturation, pH, and incubation studies suggests
the presence of a single protein or a mixture of proteins
that have the capacility of binding opiates stereospecific-
ally. The sensitivity of the stereospecific binding

capacity to phospholipase activity implicates phospho-
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lipids as a component of the binding processes. The
increased level of binding of naloxone at lower temper-
atures and the unexpectedly prolonged half-life of the
naloxone-receptor complex at 9 °c may be the result

of a lipid participating either as an opiate receptor,
or interacting with a protein.

Scatchard analyses of specific inorgahic cation
effects indicates the presence of multiple binding sites.
Various inorganic cations induce confcrmational changes
that differentially modify the receptor's ability to
bind agonist and antagonist narcotics. Sodium ions
are more effective than magnesium and manganous ions
in inducing conformational changes that result in
high and low affinity narcotic binding sites. Conform-
ational changes are also induced by altering the temper-
ature. Although synthetic congeners of morphine and
opioid peptides compete with naloxone and etorphine for
common receptors, the possibility of there being several
classes cof receptor sites cannot be discarded.

As the fetal nervous system matures, there is a
dramatic increase in the total stereospecific narcotic
binding capacity that develops, mainly in the frontal
lobes. As synaptogenesis proceeds, the binding capacity
shifts from the crude microsomal to the crude synapto-
somal fraction. The stereospecific binding capacity

becomes more resistant to autodegradation and to the
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effects of increased ionic strength as the fetal nervous
system matures.

Embryonic brain tissue contains at least one endoge-
nous opioid substance that occupies a significant percent-
age of the receptor sites. Preparations of adult chicken
brain contain amounts of an endogenous opioid substance
that exceed those levels found in the embryonic chick

brain.
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INTRODUCTION:

Opium is obtained from the rilky extract of
the unripened seed pod of the poppy plant, Papaver
sonniferux. Frox an extract of this plant
Friedrich Serturner isolated morphine (named after
the Greek god of dreams, Morpheus) in 1803, and in
1832 Pierre-Jean Robiguet isolated codeine. These
two opiates are the only two naturaliy occurring
opiates found in opium powder prepared from poppy
seeds. Morphine comprises 10 percent of the adry
weight of opium powder, while apother 0.005
percent is composed of codeine.

Opiur bhas been used medically throughout
Europe and the Orient since the Middle RAges. The
toxicity and addictivness of wmorphine were not
realized until the drug had become an essential
feature of nineteenth century medicine. The
significant social problem posed by returning
wounded soldiers of the U.S. Civil War who were
addicted to morphine prompted 'the search for a
non-addicting opiate analgesic.

Ey the turn of the century medicinal chemists
had produced thousands of derivatives of naturally
occuring opiates and synthetic opiate-like drugs,
but vith 1little success. The Bayer company
introduced heroin, (acetylated morphine), as a
non-addicting opiate aralgesic. Various
modifications of morphine and its synthetic

congeners ultimately produced the presumably
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non-addicting meperidine, (demerol), around 1940,
with disastrous conseguences. Continued research
resulted in compounds which ranged analgesically
from inactive to several thousand times more
potent than morphine.

Two distinct classes of opiate drugs emerged
from all of this work. One class comprised the
agonists; coapounds eliciting morphine-like
effects. The other class comprised the
antagonists; drugs which specifically reversed the
effects of agonists, figqures 1 ard 2. Most of the
antagonists howvever, vwere found to have sonme
agonistic properties. 2 specific subclass of
antagonists were found to have some of the
beneficial effects of the agonists with little of
their deleterous effects; This specific subclass
of opiates with pixed agonist-antagonist
properties wvhen studied clinically revealed the
potent analgesic activity and limited addicting
potential of these opiates. Pentazocine, vwhich
vas probably the post useful of  mixed
agonist-antagonist opiate produced, was used
clinically as an opiate analgesic with a limited
addicting potential.

Several questions concerning opiates should
be considered before proceeding. How do the
opiates function? Do they bind to specific
molecules, (ie., receptors)? What is the chemical
nature of these molecules, (ie., protein, 1lipiag,

carbohydrate) ? Why should there be receptors for




Figure 1. Structural similarities between some pharm-

acologically active agonists and antagonists..

Figure 2. Structural similarities between some pharm-

acoclogicallly active agonists and antagonists.
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opiate analgesics? Where might such receptors be

localized on the neurons? Could the specific
actions of opiate drugs be the result of opiates
interacting with receptors in specific aratormical
brain reéions referred to as nuclei? Do opiates
bind to any other organ? 1Is there some endogenous
brain substance that interacts with the
receptor (s} ?

' Some of these guestions could not have been
imagined by medicinal chemists who were trying to
separate the analgesic and addicting properties of
morphine and its congeners.

The systematic synthesis of various compounds
based on the morphine structure was time
consuming, and often yielded comrpounds with
unpredictable properties. Even thouah some
lirited success was achieved, the nature of the
interaction between an opiate and the brain was
still a mystery. Several models of the
opiate~brain interaction were proposed, (Becket
and Casey 1954 ; Bentley and Lewis 1973;
Portoghese, 1966; Feinberg, et al., 1976) , and all
of them employed some forem of a receptor molecule
that would bind an opiate stereospecifically.

Goldstein et al., (1971), used the idea of
stereospecific binding to describe an assay systes
for opiates that was modified by Pert and Snyder,
(1973a) , and later used by all of the workers in
this field as the standard assay procedure.

Goldstein et al., (1971), fiqure 3, described how
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opiates wmight be able to interact witk a brain

homogenate. They reasoned that opiates could bind
in three distinct ways: 1) by becoming trapped or
dissolved within the membrane or within membrane
fragments in a non-saturable vays: 2) by
interaction of the positively charged nitrogen
atom of the opiate with the available anionic
groups present on the membrane; 3) by opiates with
a D(-) configuration interacting
stereospecifically with the receptor.

In order to evaluate stereospecific binding
on the basis of this proposal, the enantiomers
dextrorphan and levorphanol were chosen
(6Goldstein, et al., 1971). (Dextrorphan is an
analgesically inactive agonist, while 1levorphanol
is a very potent agonist, that is
pharmacologically active at nanomoclar
concentrations.) The assay procedure, illustrated
diagrammatically in figure 3, sections 2 and 3,
was the primary step in helping to elucidate many
of the properties of the opiate receptor. (The
cross hatched syebol represents radioactive
levorphanol.) Section 2 indicates that homogenates
are preincubated for five minutes with a one
hundred fold svamping excess of dextrorphan, which
participates in the non-saturable and the
saturable non-specific forms of binding.
Radioactive levorphanol is added to this
homogenate, where it interacts vith the

non-saturable and stereospecific components of the
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hormogenate and to a very limited extent with the

non-specific component. Section 3 indicates that
a one hundred fold svapping excess of
non-radioactive levorphanol is incubated with
horogenate for five minutes prior to incubating
the homogenate with radioactive levorphanol.

Because non-radioactive levorphanol
participated _in all three types of binding the
non-saturable binding component is the most
readily available to radioactive levorphanol.
After subjecting both sets of homogenates to a
suitable washing procedure (Pert and Snyder,
1973a; Pert and Spyder, 1973b), the amount of
radiocactivity bound to homogenates in section 3 is
subtracted from the amount remaining bound in
section 2, and the difference is the reasure of
stereospecific binding.

The ability of opiates to bind
stereospecifically with a pharmacologically
relevant receptor vas demonstrated (Pert et al.,
1973a; Pert and Snyder, 1973b, Creese and Snyder,
1975a; Goldstein et al., 1971; Simon et al., 1973:
Lee et al., 1975), and a preliminary subcellular
fractionation study (Goldstein et al., 1971),
suggested that the receptor was a 1lipid or a
lipoprotein because of the ability of some lipid
component found to bind opiates stereospecifically
(Goldstein et al., 1971; Loh et al., 1974) in the
crude nuclear fraction. Acidic lipids were found

to bind opiates stereospecifically (Loh et al.,



Figure 3. The three types of drug binding associations
described by Goldstein et al., (1971). Enantiomers were
drawn as mirror images, and radioactive compounds are

denoted by the cross-hatched symbols.
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1974; Abood and Boss, 1975), but with much less
selectivity than brain homogenates, and with some
degree of saturation (Loh et al., 1978). The
synaptosomal fraction was 1later shown (Pert et
al., 1974b), to contain the highly selective
opiate receptor.

The "opiate-receptor"™ interacts seiectively
only with opiate-like drugs (Pert and Snyder,
1973b; Simon et al., 1973), and opiate binding
does not regquire any metabolic enefgy (Simon et
al., 1973).

The kinetics of naloxone binding indicated
that the interactions of naloxone were too rapid
to be measured by the filtration assay at the
standard assay temperature (Pert and Snyder,
1973b) . Naloxone binding wvas shown to be a
reversible process (Pert and Snyder, 1973b), and
the dissociation of bound naloxone followed first
order kinetics with respect to naloxone (Pert and
Snyder, 1973b).

The binding characteristics of agonists and
antagonists were differentiated by means of
alkylating reagents (Pasternak et al., 1 975b,
Wilson et al., 1975), enzymatic degradation
(Pasternak and Snyder, 1975d4;:; Simon et al., 1973)
and specific ion effects (Pert and Snyder, 1973b;
Pert and Snyder, 1974a; Simon et al., 1975a; Simon
and Groth 1975¢c; Pasternak et al., 1975c) .
Inorganic ions such as sodium (Pert ané Smnyder,

1974a; Simon et al., 1975a), manganese, and
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ragnesiunm (Pasternak et al., 1975¢) were
particularly useful in modifying the receptors.

Sodium ions vere found to increase the amount
of naloxone bound to washed brain particulates
(Pert and Snyder, 1974a), far more than for crude
homogenates (Pert and Snyder, 1974a; Pert and
Snyder 1973b). Washed particulates assayed with
sodiur ions exhibited enhanced association of the
antagonist (Simon et al., 1975a) and an
accelerated disséciation of the agonist fror the
receptor (Pert and Snyder, 1974a). In contrast,
divalent cations such as managanese and wmagnesium
stabilize agonist-receptor interactions, while
accelerating the dissociation of antagonists
(Pasternpak et al., 1975¢).

Mapganous and magnesium ions, which enhance
agonist binding slighbtly in the absence of sodium
(Pasternak et al., 1975c), dramatically increase
agonist binding in the presence of sodium
({Pasternak et al., 1975¢c) . The selective
enhancerment of the binding of agonists Dby
manganous ions appears to result from a countering
of the sodium effect (Pasternak et al., 1975c).
There is po apparent role for «calcium in the
opiate binding process (Pasternak et al., 1975¢c).

The opiate receptor appears to reserble the
doparine, serotonin, alpha-adrenergic, and
muscarinic-cholinergic receptors (Guillemin, et
al., 1976; Creese et al., 1975; Snyder and

Bennett, 1976). All five seer to wutilize a two
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state receptor capable of differentiating between
the agonist and antagonist forms of their
respective neurotransmitters.

The opiate receptor appears to exist in
either of two forms. The binding affinities of
agonists and antagonists are comparable for
receptors in the sodium-free forer (Pert and Snyder
1973b), while the sodium-form binds antagonists
with a much greater affinity than agonists (Pert
and Snyder, 1974a). Brain receptors are believed
to be in the sodium form due to endogenous sodium
levels. This concept readily explains the greater
in vivo binding potency of antagonists as compared
to agonists. ©FNewly synthesized opiates are now
graded according to a sodium index in order to
determine their relative capacities to act as
agonists or antagonists (Creese and Snyder,
1975a) .

The brains of all vertebrates appear to
contain opiate receptors with essentially the same
specificity for opiates. Since opiates such as
morphine are not endogenous metabolites produced
by vertebrates the remarkable specificity of the
opiate receptor suggests the presence of some
molecule in vertebrate brain that was conserved
throughout evolution. The existence of such a
conserved molecule is consistent with the
observation that analgesia could be produced by
the stirulation of the periagueductal gray matter

of the brain stem of rats (Snyder, 1977b), and
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that naloxone could antagonize this effect. The

presence of such a molecule in brain tissue was
confirmed by Hughes, (1975a), and found to inhibdit
electrically induced muscle contractions of the
vas deferens in mouse, and the small intestine of
the guinea pig. Naloxone antagonized the
inhibitory effect of the endogenous substance
wvhich was identified as a mixture of twvo peptides,
each containing five amino acids. The sequences
were determined to be TRY-GLY-GLY-PHE-MET or
TRY-GLY-GLY-PHE-LEU, and the compounds were named
methionine enkephalin and leucine enkephalin,
respecitively. Simantov and Snyder, (1976c;
19764), isolated the same two peptides from bovine
brain tissue, but in a different ratio from that
obtained by Hughes et al., 1975. The ratio of
methionine to leucine enkephalin not only varied
from species to species, but was shown to vary in
different brain regions as well (Simantov and
Snyder, 1976e; Smith et al.; 1976; Gentlemen et
al., 1976).

Variations in the amount of enkephalin
contained in different brain regions parallels the
regional distribution of the opiate receptor sites
(Hughes, 1975; Pasternak et al., 1975a; Simantov
and Snyder, 1976e). The anatomical distribution
of the enkephalins wvas mapped by
immunohistochemical mapping techniques (Elde et
al., 1976), and found to parallel the.distribution

of receptors observed by autoradiography (Atweb
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and Kuhar, 1977a). These peptides may serve as

neurotranseitters because they are contained in
the nerve tereminals (Simantov and Snyder, 1976¢)
of specific neurons (Elde et al., 1976).
Potassium depolarizes synaptosores in a calcium
dependent fashion (Smith et al., 1976), releasing
enkephalin (Bayon et al., 1978). All vertebrates
seem to contain sirmilar amounts of this peptide
(Simantov and Snyder, 1976d4) in the brain and in
the gastro-intestinal tract.

Enkephalins act as inhibitory
neurotransmitters (Satoh, et al., 71974: Bird and
Kuhar, 1976; Bradley et al., 1976; Xorf et al.,
1974; Lewis et al., 1978; Bayon et al., 1978).
Whether the inhibitory effect of enkepbalin is
pre-synaptic and/or post-synaptic 1is unclear
(Lamotte et al., 1976; Zieglgansberger and Pry,
1976) -

Enkephalin can inhibit the transmission of a
nerve impulse in two ways. PFirst, it might alter
the ability of sodium ions to Cross the
post-snyaptic membrane. Second, it might reduce
the amount of neurotransemitter released by the
pre-synaptic pembrane.

Hyperpolarization occurs vhen the
permeability of the post-synaptic nmembrane for
chloride ions exceeds the permeability of this
rembrane for sodium ioms (Young and Snyder,
(1973). Zeiglgansberger et al., 1976), conclude

that enkepbalin must act post-synaptically because
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a pre-synaptic site of action cannot adequately

explain the blockade of glutamate-induced
excitations measured in their experiments. They
postulate that enkephbalin alters the sodium
channels, resulting in the hyperpolarization of
the post-synaptic membrane, and decreasing the
sodium conductance normally elicited by glutamate.
If enkephalin containing neurons can form
axo-axonic synapses, figure 8, then the
ehkephalins may also act pre-synaptically to
inhibit neurotransmpission by increasing the
permeability of the pre-synaptic membrane to
sodium ion; partially depolarizing it. An imepulse
traveling alohg suck a "wmodified nerve fiber®
would release less neurotransmitter; resulting in
a decreased firing rate of the receiving neurons.
There should be no alteration of the
pre-synaptic membrane potential if enkephalin acts
pre-synaptically, at the nerve terminal. Lamotte,
et al., (1976), cohclude that enkephalin acts
pre-synaptically because the opiate binding
capacity of dorsal root horn ganglia can be halved
wvhen excitatory neuromns, which interact with
enkephalin neurons, are degenerated surgically
(Lapotte et al., 1976). This hypothesis was
supported by Atweh and Kuhar, (1977a), vho
observed a decrease in the number of
pre-synaptically localized autoradiographic
granules when the vagus nerve wvas cut in the neck.

Zeiglgansberger et al., (1976), have shown that
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Figure 4. A diagram of an axo-axonic svnapse.
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enkephalin and morphine decrease both the

spontaneous firing and the glutamate induced
firing of peurons in the cerebral cortex and the
corpus striatum, but neither substance seeamas to
affect the membrane potential. fhe seemingly
conflicting set of interpretations of the data of
2Zeiglgansberger et al., (1976), is consistent with
the existerce of axo-axonic synapses in some areas
of the brain, vhile axo-dendritic or even
axo-somatic synapses may function
post-synaptically in other areas of the brain
(Snyder and Simantov, 1977). Gaemma—amino butyric
acid is an example of a neurotransmitter that
exhibits both types of inhibitory mechanisas
(Snyder and Simantov, 1977).

Enkephalin competes with 1naloxone for the
opiate receptor five times more effectively in the
absence of sodiue ions than in the presence of
sodium ions, suggesting that enkephalin has the
properties of an agonist (Simantov and Snyder,
1976e; Simantov and Snyder, 1976f).

On a relative scale, morphine is less potent
in competing with enkephalin for the receptor than
it 4is when it cospetes vith other opiates for the
receptor. While the reason for the reduced
activity of morphine in the presence of enkephalin
is unclear, Snyder and Simantov, (1977), speculate
that the difference may arise from either some
sort of differential alteration in the induced fit

of the opiate and enkephalin with the receptor, or
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because morphine and enkephalin may interact wvith

different receptors.

Enkephalin is very susceptible to proteolytic
digestion (Simantov and Snyder, 1976f; Bayon et
al., 1978; Knight and Klee, 1978) . An
endopeptidase that presumably degrades enkephalin
in vivo was recently isolated (Knight and Klee,
1978), and found to be inhibited by antibiotic
compounds such as bacitracin and puromycin (Knight
and Klee, 1978). Chemically modified enkephalins
are more resistant to proteolysis than synthetic
or natural enkephalin (Pert et al., 1976b), and
some of these modified peptides have significantly
improved analgesic properties (Snyder, 1977b).
One of these derivatives is 30,000 times more
potent than methionine enkephalin vwhen injected
directly into the brain. Hovever, it is only 1/
as active as morphine if taken orally;
demonstrating its 1limited ability to withstand
proteolytic digestion (Snyder, 1977b) .
Analgesically, synthetic enkephalins are reported
to be at least one hundred times vweaker than
partially purified enkephalins (Pert et al.,
1976b). This may be due to substances associated
with the partially purified enkephalins, and which
protect it from proteolytic digestion.

The cross tolerance to enkephalin and
rorphine (Waterfield et al., 1976), exhibited by
smooth muscle cells implies that opioid peptides

are also addictive. Loh et al., (1976), have also
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shown that rats can be made physically dependent
on a large peptide named beta-endorphin. The
amino terminus of this peptide begins with the
amino acid sequence of methionine emkephalin.

The enkephbalins are the major opiocid peptides
found in the brain (Snyder and Simantov, 1977).
Alrost no enkephalin can be detected in the
pituitary by enkephalin radioimmunoassay, even
though high levels of radioactively 1labeled
receptor are observed in this gland. Léwis et
al., (1978), hypothesize that any enkephalin found
in the pituitary may result from the degradation
of beta-endorphin, which can be detected in large
amounts in the pituitary (Bradbury et al., 1976;
Snyder and Simantov 1977b), byt which is present
at low levels in the brain. Bloom et al., (1978),
using immunocytochemical staining techniques,
discovered the presence of longer neurons, which

contain beta-endorphin. These neurons are

" distinct from the shorter enkephalin containing

neurons and from those pifnitary cells that
contain beta-endorphin. The neurons and nerve
fibers that contain beta-endorphin are found
throughout the diencephalon (Bloom et al., 1978).
Regional variations in the brain 1levels of
rethionine enkephalin and leucine enkephalin
(Snyder and Simantov, 1977b), seems to reflect a
differential metabolism for these two peptides
because methionine enkephalin is turned over at a

much faster rate than leucine enkephalin (Bayon et
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al., 1978). 6illin et al., (1978), have shown

that chronic treatment of rats with 1lithium ions
increases the methionine enkephalin content of the
nucleus caudatus and the globus pallidus of the
striatur by almost 250 percent. They propose that
lithior slows the release of methionine enkephalin
from enkephalin containing neurons found in the
striatus.

Bloom et al., (1978), suggested that the
functions of the opioid@ peptides may be more
diverse than that which is simply implied by the
ters "opioid peptide™. They urged that a
functional characterization of the beta-endorphin
and enkephalin neuronal systems be done. In
keeping with this type of characterization studies
have revealed that both beta-endorphin and the
enkephalins (Loh et al., 1976; Meglior et al.,
1977; Bloom et al., 1976; Belluizi et al., 1976:
buscher et al., 1976; Pert A., 1976; Pert C. B.
et al., 1976) have analgesic properties.
Enkephalin acts primarily on doparinergic neurons
(Plotnikoff et al., 1976). Endorphins are thought
to reduce the response to thermal and other
noxious stimwuli (Holaday et al., 1978), triggered
in common neuronanatomical pathways by heat. '

Enkephalin acts primarily on dopaminergic
neurons (Plotnikoff et al., 1976), Schizophrenia,
which seems to be related to excessive levels of a
leucine-endorphorin (Arehart-Treichel, 1977), and

the presence of almost double the normal amount of
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brain dopamine receptors (Arehart-Treichel, 1977),

may be the result of a metabolic imbalance that
primarily affects the nmetabolism of some of the
opioid peptides; implying a behavioral role for at
least some of these peptides.

Beta-endorphin and corticotropin are reported
to be released simultaneously fror the pituitary
(Lewvis et al., 1978; lLiotta et al., 1978; Mains
and Eippef 1978; Rubinstein et al., 1977), thereby
suggesting that they ®may have some unknown
co-functional role. Beta-endorphin, vhich
presumably interacts strongly with the opiate
Treceptor (Guillemin et al., 1976) , in the
pituitary (Simantov and Snyder 1976c; Simantov and
Snyder 1976d; Simantov and Snyder 1976f; Elde et
al., 1976; Smith et al., 1976), may regulate the
release of anti-diuretic  hormone (Snyder and
Simantov, 1977b) . Opiates may mimic the effect of
beta-endorphin because opiates also stimulate the
release of the anti-diuretic hormone froe the
pituitary (Snyder and Simantov, 1977b). lewis et
al., (1978), suggest that the enkephalins may
function primarily as neurotransmitters vhile
beta-endorphin may function as a hormone. The
presence of the neurotranseitters, dopamine and
norepinephrine, in the brain and the prodnction of
the hormone epinephrine by the adremnal gland may
serve as an example of such a
neurotransmitter/hormonal metabolic pathway.

Many biologically active peptides are




-24-
synthesized from larger precursor peptides. The

opioid peptides may 1likewise be processed froa
larger precursor peptides (Lewis et al., 1978).
The first such precursor peptide found in the
pituitary was the 31K-ACTB (adrenocorticotropic
hormone) molecule (Mains et al., 1977: Roberts and
Berbert, 1977). This molecule can be split into
ACTH and beta-lipotropin. The human pituitary and
the rat pars distalis appears to contain much
greater amounts of beta-lipotropin than of
beta-endorphin (Liotta et al., 1978y, and
enkephalin appears to be almost completely absent
from the pituitary (Snyder and Simantov, 1977b).
However, beta-lipotropin can yield melanocyte
stimulating hormone, alpha—endorphin,
beta-endorphin, gamma-endorphin, and wmethionine
enkephalin. Lewis et al., (1978), have found two
large precursor-like peptides in rat and guinea
pig brain, which are different from the 31K-ACTH
molecule and its processed peptides, and which
yield peptides with opioid activity vhen
trypsinized. These other precursor-like peptides
(Lewis et al., 1978), may be the precursors of
leucine enkephalin and its analogous peptides
since the 31K-ACTH molecule cannot be the source
of leucine enkephalin in the brain. Purthermore,
beta-lipotropin has npever been isolated from the
brain, thus suggesting that the biosynthesis of
brain enkephalin may followv a different route from

the pathvay described for the pituitary.
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The existence of peptides with opioid

activity in the pituitary gland was first
demonstrated by Cox et al., (1975), and it vwvas
postulated that at least one other pituitary
peptide that differed in sequence from
beta-lipotropin (Gentlemen et al., 1976), vas also
present. This other peptide has not been found,
but opioid peptides, fror the pituitary and the
brain, such as enkephalin, were found to inhibit
the electrically induced contraction of quinea pig
ileun (Baghes, 1975; Terenins and Wahlstronm,
1974) . Rll of +the endorphins produced in the
pituitary begin with the sequence of methionine
enkephalin. Alpha-epdorphin can be processed fros
residues 61-76 of beta-lipotropin, and was found
to be a relatively poor analgesic in comparison to
beta-endorphin (Snyder 1977a; Snyder, 1977c).
Beta-endorphin, which contains residues 61-91 of
beta-lipotropin, was at least 4-5 times more
potent an analgesic than methionine enkephalin
(Simantov and Snyder, 1976f; Bradbury et al.,
1976; Cox et al., 1976). Gamma-endorphin,
(residues 61-77), contains only one more residue
thar alpha-endorphin, but it induces rage in rats
(Snyder, 1977a; Snyder, 1977c).

Anodynin, a substance apparently produced in
the pituitary gland and isolated from the blood,
is a potent analgesic when injected into the
brains of rats (Pert et al., 1976c). It also

competes vith opiates for the opiate receptor.
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Enkephalin, gastrin, somatostatin, vasoactive
intestinal peptide and substance-P have a dual
localization in the gastro-intestinal tract and
the brain. Pearse, (1976), suggested that they
nay’ function both as neurotransmitters in the
brain and as part of the Amine Precursor Uptake
and Decarboxylation cell systems. The existence
of enkephalin in the gastro-intestinal tract
suggests that enkephalin may fnnction to requlate
the peristaltic activity of the intestine. Only
the brain and the gastro-intestinal tract contain
enkephalin and opiate binding capacity, a fact
which may be a consegquence of the development of
both regions from the same anatomical layer in the
embryo (Snyder, 1977a).

The amount of enkephalin localized in various
brain regions (Hughes, 1975; Pasternak et al.,
1975 Simantov and Snyder, 1976e), closely
parallels the opiate binding capacity of these
same regions (Pert and Snyder 1973; BHiller et al.,
1973; Ruhar et al., 1973) . - Specific
autoradiographic labeling techniques vere
developed (Pert and Snyder, 1975; Pert et al.,
1975), and wused by RAtweh and Kuhar, (1977a;
1977b), to visualize the receptors in the various
brain regions. Opiate receptors were localized in
the caudal spinal trigeminal nucleus and the
laminae II and III of the rexed, representing the
substantia gelatinosa (Atwveh and Kuhar, 1977a).

Vagus nerve fibers, which pass through the medulla
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oblongata on the way to the tractus solitarius,

and vhich traverse the inferior cerebellar
peduncle and spinal trigeminal tract, contain
opiate receptors, as does the tractus solitarius.
The tractus solitarius processes visceral sensory
input from the glossopharyngeal cranial nerves and
the vagus nerve. Receptors were also found in the
nucleus commissuralis, formed in the mid-line by
the merging of the nuclei of the solitary nucleus
(Atveh and Kuhar, 1977a).

The localization of opiate receptors in the
solitary nucleus which processes visceral sensory
stimuli may explain how opiates depress gastric
secretion, inhibit the cough reflex, alter sinus
node reflexes, and elicit orthostatic hypotension.
The area postrema also contains opiate receptors,
and is the site at which opiates induce nausea and
vomiting.

The effects of rorphine on the hormonal
secretions of rats may be related to the presence
of opiate receptors in the nuclei associated with
the fibers of the accessory optic pathway. This
pathway is reported (Haykow et al., 1960: Marg,
1964; Moore et al., 1968), to be associated wvith
the hypothalamus and the pineal olands.

The thalarus, which contains a high
concentration of opiate receptors, 1is priearily
concerned with analgesia. Opiate receptors vere
localized in the medial thalamic nucleus, the

perventricular nucleus, the habenular complex, and
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the intra-laminar nucleus.

The infundibulum of the hypothalamus contains

the dgreatest receptor concentration in the

hypothalamus. These receptors may be associated
with the receptors of the posterior pituitary
(Simantov and Snyder 1976a), which contains
beta~lipotropin and other opioid peptides.

The hypothalamus, the amygdala, and the
corpus striatur are part of the limbic systen,
wvhich processes the emotional component of vpain.
These areas are probably associated with the
euphoric effects produced by opiates rather than
with the analgesic effects, and they contain large
numbers of opiate receptors.

Synthetic opiates and opioid peptides may

W achieve their physiological actionms by modulating
the levels of adenylate cyclase (Collier and Roy,
1974; Sharsa et al., 1975a; Sharma et al., 1975b;
Minneman and Iversen, 1976; Racagni et al., 1976;
Gullis et al., 1975; Klee and Streaty, 1974;
Simantov and Snyder, 1976g; Klee et al., 1975).
Cyclic adenosine -onophoséhate (c-AMP), acts as a
second messenger; mediating the actiomns of several
peptide hormones and neurotransmitters (Vaughan,
1960; Birnbaumer and Rodbell, 1969; Vaughan and
Murad, 1969; Bar and Hechter, 1969; Butcher,
1970) . Adenylate cyclase appears to be the
.y primary enzyne affected by insulin,
adrenocorticotropic hormone (AC?H) , thyroid

stimulating hormone, alucagon, (Vaughan, 1960),
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and the biogenic amines which act at the

beta-adrenergic and muscarinic-cholipergic
synapses (Snyder and Simantov, 1977b). Other
neurotranspitter systems such as the gamma-amino
butryic acid, nicotinic cholinergic and glycine
systems alter the ionic permeability of the
synapses.

Drugs which alter the 1levels of c-AMP can
alter the actiomns of’ opiates, and even mimic
withdrawal (Collier et al., 1974d). Morphine
alters the amount of prostaglandin E sensitive
adenylate cyclase in rat brain and
neuroblastoma—glioma cell pybrids (Collier and
Roy, 1978a; Sharsa et al., 1975a).  The
effectiveness of opiates on adenylate cyclase
parallels their affinity for the receptor (Sharma
et al., 1975a). Cyclic-AF¥P levels are depressed
by opiates (Sharma et al., 1975b; Klee et al.,
1975) , vhile cyclic—-GMP levels are increased in
stritial tissue slices (Minneman and Iversen,
1976), neuroblastoma-glioma cell lines (Gullis et
al., 1975), and in the corpus striatus after the
in vivo administration of opiates (Racaagni et al.,
1976) . The L-dopamine sensitive adenylate cyclase
of mouse caudate nuclei is iphibited by morphine
at low levels, but high levels of morphine
activate the enzyme (Tang and Cortzias, 1978).

Tolerance and withdrawal symptoms produced by
substances with opioid activity can be explained

in terms of the basal level of adenylate cyclase.




-30-
The 3inhibition of adenylate cyclase activity

resulting £from the chronic exposure of the enzyme
to opioid substances results in an increase in the
basal level of adenylate cyclase (Sharma et al.,
1975b) . Tolerance develops as more enzyeme is
produced, presumably to maintain basal 1levels of
C-AMP, Studies performed on live rats (Klee and
Streaty, 1974); and in cell cultnre; (Sharma et
al., 1975b), show that as tolerance develops the
inhibition of the rate of neuromal firing, induced
by morphine, decreases, despite the fact that the
binding of the opiates is unaffected by chronic
exposure. Tolerance in rats correlates with a
doubling of their enkephalin levels (Simantov and
Snyder, 1976g), which implies that enkephalin acts
presynaptically. Withdrawal can be explained in
the following =manner. Neurors exposed to both
enkephalin and opiates would have depressed levels
of c-AMP, vwhich could inhibit the Telease of
additional enkephalin. So long as the opiates are
present, enkephalin vould not be released because
the opiates are. inhibiting the excitatory neurons:
wvhich =mimic the actions of the endogenous
enkephalin. As basal levels of c-AMP are
regained, tolerance develops. Depriving the
neurons bf opiates leaves then lonentarilyldevoid
of both enkephalin and exogenous opiate, and
restores the wuninhibited activity of adenylate
cyclase. Cyclic-AMP levels soon exceed basal

levels because of the uninhibited activity of the
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original and recently synthesized adenylate

cyclase molecules. Withdraval syaptoms, which
seem to abate after an hour, correlates with the
apparent release of newly synthesized enkephalin
(Simantov and Snyder, 1976qg).

The actions of opiates on npeurotransmitters
have been considered by many individuals (Winter,
1965; wWay, 1973; Vogt, 1973; Way and Shen, 1971;
Weinstock, 1971) . Considerable confusion,
hovever, has resulted because of poorly controlled
experiments, anatomical and physiological
complications, and variations in the selectivity
and the sensitivity of the assays used to study
these effects.

Neither norepinephrine nor acetylcholine
appear to be directly involved in analgesia (Ray,
1973; Vogt, 1973:; Way and Shen, 1971; Weinstock,
1971) - Dopamine and serotonin metabolism is
affected by morphine (Yarbrough et al., 1973:
Gunne et al., 1969; Gauchy et al., 1973; Clouet
and Ratner, 1970; Puri et al., 1973; Pleuvry and
Tobias, 1971; Buxbaum et al., 1973; Tenen, 1967;
Barvey et al., 1968y, though the amount of
doparine appears to be equal in both naive and
tolerant rats. The higher turn-over rate of
dopamine in tolerant rats as compared to naive
rats (Gumne et al., 1969; Gauchy et al., 1973;
Clouet and Ratner, 1970; Puri et al., 1973), may
be in response to the effect of opiates on

norepinephrine and serotonin (Pleuvry and Tobias,
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1971; Buxbaum et al., 1973).

Serotonin, which is associated with the
paleospinothalamic pain system, is also turned
over more rapidly in tolerant animals (Yarbrough
et al., 1973; Dole, 1970; Shen et al., 1970:
Azmitia et al., 1970; Way et al., 1968). Neither
tolerance nor dJdependence develops rapidly if
sertonin biosynthesis is inhibited (Weinstock,
1971; Shen et al., 1970; Way et al., 1968;
Feinberg, M. P., 1972; Sparkes and Spencer, 1971;
Samanin and Bernasconi, 1972y, or if
tryptaminergic tracts are surgically 1lesioned
(Samanin and Bbernasconi, 1972; Samanin et al.,
1970; Samanin et al., 1973; Samanin and Valzelli,
1972; Gebhart and Mitchell, 1973). Analgesia is
also antagonized by these modifications. Morphine
increases the tramnsport of tryptophan into the
brain (Cheney et al., 1977), and serotonin
administered intraventricularly has a slight
analgesic effect, that is antagonized by mnaloxone
(Bo et al., 1973c). Cyclic-AMP, which is involved
in the development of tolerance, accelerates the
biosynthesis of serotonin (Ho et al., 1973a; Ho et
al., 1973b).

The properties of morphine and some of its
synthetic congeners are determined by their
configuration and the types of substituents placed
on the molecules. These molecules are rigid,
T-shaped, and contain a flat hydrophobic surface,

a positively charged nitrogen atom, and a
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non-essential phenolic type of hydroxyl group.

Because opiates with a D(-) configuration are the
only analgesically active opiates, Beckett and
Casey, (1954), hypothesized that some molecule
interacted stereospecifically with these druas.

Antagonists could be produced by substituting
N-allyl, R-cyclopropyl, or N-cyclobutyl groups for
the N-methyl group of the correspondinc agonists.
To account for the effects of agonists and
antagonisis, Portoghese, (1966), suggested that
separate hydrophobic domains within the receptor
interacted with these +two <classes of drugs.
Bentley and Lewvis, (1973), proposed a model that
included a hydrophobic site that was apparently
required to accommodate certain aromatic portions
of the tetrahydrothebaine and the oripavine
classes of opiates.

Feinberg et al., (1976), have Tecently
proposed a model which explains +the binding
characteristics observed during in vitro opiate
binding studies. The receptor is postulated to
exist in two dinter-convertible forms that are
modulated by sodium ion. Both forms contain a
lipophilic site comparable to the one proposed by
Beckett and Casey, (1954).

Agonists bind to the sodium-free form of the
receptor, which is stabilized by divalent cations.
In addition, certain bulky hydrophobic groups
presented by certain classes of agonists interact

vith a special agonist-stabilized domain that may
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be responsible for the enhanced potency of these
agonists. Morphine, which camnnot approach this
special site, cannot stabilize the agonist form of
the receptor. Because the sodium-free form of the
receptor is not stabilized by morphine,
antagonists can eject morphine from the receptor.

Sodium ions, which induce the sodium-form of
the receptor, enhance the association of
antagonists with an antagonist-stabilized dosmain,
but alter the availability of the agonist
stabilized domain by making it unavailable to the
antagonists. The antagonist-stabilized domain
locks the receptor into a form that favors the
binding of antagonists. Presumably, this
conversion occurs vwhen the antagonist domain
interacts with the pi-electrons of the VN-allyl
group or the polecular configuration of the
N-cyclopropyl methyl angd N—cyclobﬁtyl methyl
groups of the antagonists.

Agonist site interactions preclude the
antaécnistic properties expected for N-allyl
derivatives of the opiates of the ketobemidone,
aeperidines, and the F-phenylmethylmorphan
classes. As a consequence of the association of
these drugs with the special agonist stabilizing
domain, these antagonists behave as though they
vere agonists. The benzene ring in these drugs
presumably interacts with the agonist binding site
of the receptor, while the X-allyl group is unable

to associate wvith the antagonist-stabilized
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domain.

The specific chemical nature of the opiate
receptor has eluded investigators because of the
difficulty in isolating an active opiate-receptor
(Simon et al., 1975b; Lowney et al., 1973).
Several 1lines of evidence (Pert and Snyder,
1973b; Simon et al., 1973; Simon and Groth, 1975;
Creese et al., 1975c; Pasternak et al., 1975b;
Pasternak and Snyder, 1975; Wilson et al., 1975),
suggest that the receptor is made of protein - and
possibly 1lipid (Loh et al., 1974; Abood and Hoss,
1975) . Lipids may also interact with the receptor
to stabilize it (Simon et al., 1975)b). Acidic
lipids, which are <capable of binding opiates
stereospecifically (Loh et al., 1974; Abood and
Boss, 1975), bind these drugs with very little of
the specificity that is characteristic of the
opiate-receptor (Simon et al., 1973; Pert and
Snyder, 1973b; Creese and Snyder, 1975). Both
Pasternak et al., (1975b), and Wilson et al.,
(1975), were able to distinguish the activity of
opiate agonists and antagonists by using specific
protein reagents that presumably modified amino
acids on the receptor. Sieon and Groth, (1975),
showed that the receptor apparently contains a
reactive sulfhydryl group that is buried within
the "active-site®™ of the receptor.

- Despite all of this work many questions
reeain unanswered. Do multiple receptors exist?

What are the specific physiological functions of




f:.
‘.
s

A
B

-36-~

the opioid peptides? What are the pretabolic
pathwvays for the synthesis and deqradation of
these opioid substances? If any of these peptides
function as regulators or hormones, what are their
targets? Finally, the question this dissertation
will attempt to answer is: How does the opiate
receptor of embryonic chick brain compare with the
opiate-receptor studied in adult mammals?
Comparing the similarities of the bpiate
binding phenomena in embryonic chick to that of
the adult rat will improve the understanding of
prenatal opiate addiction, and provide the first
conclusive evidence for the remarkable
similarities of the opiate binding phenomena
across Class lines. Evidence will be ©presented
vhich 1is consistent with the hypothesis of there
being more than one class of opiate receptor.
Some developmental aspects of the opiate binding
phenomena will also be considered in order to
confirm the existence of an endogenous opioid
substance, which is presurmably involved in
regulating some components of embryonic

neurotransaission.
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MATERIALS ABRD METHODS:

I) Reagents:

A) Compon Organmic and Inorganic Chemicals:

The following reagents were obtained from J.
T. Baker: potassium hydroxide, potassium
chloride, potassiun bicarbonate, potassium
citrate, potassium carbonate, potassium dihydrogen
rhosphate, sodium acetate, sodiun chléride, sodium
monohydrogen phosphate, sodiunm dihydrogen
phosphate, citric acid, manganese chloride,
magnesiun sulfate, and dimethyl sulfoxide.
Rubidium fluoride was obtained from Rlfa Products,
and Allied Chemical supplied' sodium carbonate,
sodium bicarbonate, and sodium hydroxide.
Glycine, Trizma, and HEPES buffer, as vell as 2,5
diphenyloxazole, (PPO), and
(1,4bis (2- (5-phenyloxazolyl))~- Dbenzene), (POPOP),
were obtained from <the Sigma Chemical Company.
Cesiunm chloride was purchased from the City
Cheamical Corporation, and EDTA and SDS vere
supplied by Pisher Scientific. Disodiur EGTA,
disodium calcium EDTA, disodium manganese EDTaA,
and disodium magnesium EDTA were purchased fror K
and K Laboratories. Toluene was obtained from
both Aldrich and J. T. Baker, and it was
redistilled before using it in the scintillation
“cocktail". Premixed scintillation cocktails were

obtained from Amersham/Searle (Phase Combining
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System), Nev England Nuclear (Aguasol), and

beckman (kReady Solv-EP).
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B) Non-radioactive Opiates and Synthetic
Opioid Pertides:

The Hoffman-LaRoche company donated
beta-hydroxyl n-allyl morphan, dextrorphan,
levorphanol, and 1levallorphan. Cyclazocine and
pentazocine were donated by the Sterling-Winthrop
Research Institute, and naloxone was donated by
Endo Laboratories. Peninsula laboratory donated
both the methionine and leucine enkephalins,
alpha-endorphin, apd ALA3-methionine enkephalin.
Etorphine, naloxone, and naltrexone were sent to

us by the National Institute of Drug Abuse.
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C) Radioactive Opiates and Opioid Peptides:

The Rational Institute of Drug Abuse supplied
tritiated etorphine (20.6-23.0 Curies/millimole).
Tritiated mnaloxone (19.6-23.0 Curies/millimole),
and methionine enkephalin (23 Curies/millimole)

were purchased froe New England Nuclear.
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D) Proteins:

A1l of the following enzymes and bovine serum
albumin were purchased <from the Sigma Cherical
Company: Llpha-chymotrypsin, (bovine pancrease,
type I, recrystallized three times, salt free,
containing 60 Sigma units/mg); Trypsin, (bovine,
type XI, dicyclohexylcarbodiimide treated,
recrystailized once, salt free, containing 7500
Sigsa units/mqg); Protease, (Streptomyces griseus,
type VI, 30 percent calcium acetate, containing
3-4 Sigma units/mqg); Phospholipase c, (Cl.
Welchii, type I, 3.6 Sigma unit/mg); Phospholipase
D, (cabbage, type I, 19 Sigma units/mg); and
Bovine Serus Albumin, (fraction Vv, 96-99 percent

pure, remainder is mostly globulins).
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B) Miscellaneous:

Embryonic chicks were purchased from SPAFAS
Incorporated, and glass fiber filters (GF¥/B) were
made by Whatman. LSV-50 plastic scintillation
vials were supplied by Yorktown Research. 2adult
chichen heads were donated by Alfredo of Station

Live Poultry.
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II) METHODS:

L) Preparation of Embryonic Chick Brain
Homogenate:

After placing a thirteen day old embryonic
chick brain on an ice cold petri dish, the
cerebellum and adhering meninges vere removed, and
the brain was stored in an ice cold beaker until a
sufficient wveight of brain tissue had been
collected. After weighing the brains they vere
placed in an A. BH. Thomas type B Brendler
homogenizer fitted with a teflon pestle to which
vas added 10 xl1 of a 5 mM tris-HCl buffered 0.32 %
sucrose (referred to as the buffered sucrose
solution). The brains were homogenized, at 900
rpm using a Pisher Dynamix stirred, with six
strokes of the teflon pestle. This concentrated
homogenate was cooled on ice for 30 seconds,
before rehomogenizing it by the same procedure. A
1 percent (w/v) dilute homogenate was prepared by
adding emough ice-cold buffered sucrose to abn

aliquot of the concentrated homogenate.
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B) The Standard Assay Procedure:

Except for the assay termperature, which was
39 degrees, the assay procedure was essentially
that of Pert and Snyder, (1973b), figure 3. The
assay was conducted in 0.32 ¥ sucrose buffered at
pH 7.4 at 39 degrees using 5 =mM tris-HCl. {The
optimum assay temperature was determined by
running the standard assay at all of the
temperatures indicated in figure 6, and cooling
the homogenate on ice prior to filterimng.) Rither
radioactive naloxone or etorphine was used as the
labeled drug unless specified otherwise, and
dextrorphan and levorphanol were used as the
non-radiocactive enantiomeric drugs.

Tvo =milliliter aliquots of the dilute
homogenate were placed in six 10 X 75 mp test
tubes, and incubated at 39 degrees for five
minutes. Either 0.1 uM dextrorphan or levorphanol
was added into one of two sets of three tubes, and
incubated for five minutes at 39 degrees before
incubating both sets of tubes for 10 minutes with
either 2 nM tritiated naloxone or 1 nM tritiated
etorphine. Samples wvere filtered after cooling
ther in an ice bath for fifteen minutes, unless
noted otherwise.

The incubated homogenates vwere filtered by
pouring the contents of each tube into a 15 ml

stainless steel screened Millipore filter
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apparatus containing a Whatman (GF/B) glass fiber
filter. Each tube was rinsed with three 2 ml
aliquots of ice-cold 10 ml tris-buffer (pR 7.4),
and placed into the Trespective <funnel, before
washing each filter with three 5 »l portions of
the same buffer. After removing the filters from
the apparatus, they vere placed on paper towels to
dry. When the filters dried they were placed into
20 ml plastic scintillation vials, which contained
1 =nl of S5 percent SDS. Then each vial was filled
with 10 ml of scistillation fluid. The vials were
vortexed, allowed to stand at room temperature
overnight, and vortexed again. They were counted
for five to 10 minutes/cycle at a fluid dependent
efficiency of from 28-38 percent, using three
counting cycles in a Beckman LSC-200 counter.
Stereospecific binding wvas determined from
the difference in the bound radioactivity measured
in the presence of dextrorphan and levorphanol,
respectively. Unless otherwise indicated all of
the stereospecific binding measuresents were

reported as binding /milligram of protein.
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C) Preparation of Washed Particles from the
Concentrated Homogenate:

A washed particulate fraction, was prepared
At 4 degrees from concentrated homogenate by
centrifuging the homogenate £for 10 =minutes at
49,000 g. After discarding the supernatant the
pellet was resuspended with 10 =l of buffered
sucrose, and recentrifuged for 10 minutes at
49,000 g. After again discarcding the superﬁatant,
the pellet was resuspended and recentrifuged as
before. The supernatant was discarded and the
pellet vortexed with 10 ml of the buffered sucrose -
prior to rehomogenizing it with four strokes of a
chilled hand driven glass pestle horogenizer. A
0.8 percent (w/v) suspension, that was used to
study the endogenous opioid compound and the salt
effects, was prepared by adding enough buffered

sucrose to an aliquot of the washed horogenate.
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D) Subcellular Practionation Studies:

Subcellular fractions were prepared at &
degrees using the procedures of Whittaker and
Barker, (1971, and Goldstein et al., (1971),
figure 5. A 10 percent (v/v) buffered sucrose
homogenate (methods 1II, 1), wvwas centrifuaed at
1000 g for 10 minutes. After saving the
supernatant (S1), the pellet (P1), was resuspended
by gently vortexing 'it with 10 ml ofibuffered
sucrose before repeating the centrifugation. The
supernatant was pooled with S1, and P1 was washed
again. The pellet vas resuspended vith 3 =l of
buffered sucrose and stdfed on 1ice, while the
supernatant was combined with S1 and centrifuged
for 20 minutes at 12,000 g. The second pellet
(P2), obtained from this centrifugation was
resuspended by gently vortexing it with 10 ml of
buffered sucrose, and recentrifuged tor 20 minutes
at 12,000 g. The wash supernatant was pooled with
S2, and the washed P2 pellet was washed again. P2
was resuspended with 3 ml of buffered sucrose, and
this wash supernatant was also pooled with S2.
The entire S2 fraction was centrifuged at 100,000
g using an SW-41 swinging bucket rotor for an hour
in a Becksan L2-65B ultracentrifuge. The bhigh
speed supernatant (HSS) was used directly in the
assay, and the pellet (P3), wvas resuspended with 1
ml of buffered sucrose.

Untreated dilute homogenate and the HSS were
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used in the standard assay without subseguent

dilution. P1 and P2 were diluted 1:10, and P3 was
diloted up to 13 =ml prior to conducting the

standard assay (methods II, B).
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Figure 5. The flow chart describing the subcellular
fractionation of the embryonic chick brain homogenate

by the procedure of Whittaker and Barker, (1971).
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Homogenate

1000 g for 10 minutes

washed twice at pooled supernatants
1000 g with 10 ml
of Tris | buffered

sucrose
Pellet, Py Supernatant, S,
12000 g for twenty
minutes
washed twice at pooled supernatants

12,000 g with 10 ml
of Tris | buffered
sucrose

Pellet, P, Supernatant, S,

100,000 g for one

hour with an
Sw-41 rotor
il 1
Pellet, P3 Supernatant, S,
(HSS)
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E) Protein Determination:

Protein content in assayed homogenates was
deterrined by utilizing two modifications of the
Lowry procedure (Dawson et al., 1968). Prior to
the addition of the copper sulfate-tartrate
solution, homogenates were incubated for fifteen
minutes with 0.2 ml of a 5 percent SDS - 0.5 N
sodium hydroxide solution (Lees and Paxman, 1972).
The second modification was the use of only 0.1 ml
of the 1.0 ¥ Polin-phenol solution.

Aliquots of homogenates produced absorbances
vhich were compared with the absorbances of
fraction V of the standard bovine serum albumin
(0-50 ug total protein) in order to determine the
total protein content of the homogenates,

(Aappendix 1, figure 1).
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P) Thin Layer Chromatography:

Eastman chromagram series 6061 plastic backed
silica gel sheets without the fluorescent
indicator wvwere used in the following solvent
systems described by the Bational Institute of
Drug Abuse and the New England WNuclear Company.
Naloxone vas chromatographed in chloroform
methanol acetic acid (100:60:2), ethanol acetic
acid yater (6:3:7), or chloroforr ethanol ammonia
(90:10:4 drops). Etorphine was examined in either
ethyl acetate acetic acid wvater (6:3:1), or

chlorofors methanol ammonia (90:10:4 drops).
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G) Stability of the Opiates Onder  Assay
Conditions:

The ability of a 49,000 g washed particulate
fraction to bind opiates was studied by thin layer
chromatography using embryonic chick brain tissue
homogenized in 5 ml of water. The honogenaté was
washed twice at 49,000 g for fifteen minutes at &
degrees by resuspending the pellet in S xl
aliquots of water before resuspending the final
pellet in 3 »l of wvater. Pifty microliters of
tritiated etorphine or naloxone were added to each
of tvo tubes containing 1 ml aliquots of the
washed particulates. After incubating the mixture
for 10 minutes at 39 degrees, it vas precipitated
with 3 mrl of absolute ethanol, stored for six
hours at 4 degrees, and centrifuged in the cold
for 15 =minutes at 12,000 g. The supernatant vas
decanted, concentrated to drymess, and resuspended
in 0.7 ml of vater. After storing this suspension
overnight at 4 degrees, 0.9 ml of absolute ethanol
was added to each tube and incubated at 65 degrees
for two minutes, cooled on ice, and centrifuged at
12,000 g for fifteen =minutes. The supernatants
were concentrated, brought to 100 ml with absolute
ethanol, and 20 ul from each tube was plated and
developed in the appropriate solvent systen.

The chromatograes vere repoved and dried in
air once the appropriate solvent system ran 10 cm

beyond the origin. Chromatograms vere then
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sectioned into 1 cm strips and scraped into

scintillation vials, before adding 10 =l of
scintillation fluid. The vials were counted for

10 minutes using two counter cycles.
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B) Procedures Used for the Enzymatic
Digestion of the Opiate Receptors of Embryonic
Chick Brain Particulates:

1) Protease: Several concentrations of
Protease vl from Cl. Welchii (Sigma; 3.4
units/mg) were incunbated with washed embryonic
chick brain particulates for 30 minutes at 37
degrees and pH 7.4. The dicestion was terminated
by ceptrifuging the particulates at 12,000 g and 4
degrees for 10 ainutes, and recentrifuging the
pellets after resuspending them with S5 ml of
tris-buffered sucrose. The washed pellets were
resuspended to their original volume with the
buffered sucrose, prior to testing the binding
capacity of the washed particulates with tritiated

naloxone.

2) Trypsin: Several concentrations of bovine
trypsin pretreated with dicyclohexylcarbodiimide
(Sigma; 7500 units/mg) were incubated with washed
particulates for 15 miputes at 25 degrees and pH
7.4 prior to repeating the washirng procedure
described for the particulates treated with

protease.

3) Alpha-chymotrypsin; (Sigma; 60Ournits/mg).
The particulates of embryonic chick brain were
incubated with alpha chymotrypsin (Signa; 60

units/mg), for several periods of time at 39
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degrees and pB 7.4 prior to conducting the

standard assay in the presence of the enzyre.

4) Phospholipase C: Polloving the procedure
of Yang, (1969) , several concentrations of
phospholipase from Cl. Welchii (Sigma; 3.6
units/mg) were incubated with vwashed embryonic
chick brain particulates for 30 minutes at pR 7.3
in 5 mM tris-malate buffer at 38 degrees in the
presence of 2 mM calcium chloride. The enzymatic

digestion vas stopped by using the washing

procedure described for protease prior to

conducting the standard assay with tritiated

naloxone.

5) Phospholipase D: Using the procedure of
Tyhach et al., (1976), several concentrations of
phosphlipase D type I, from cabbage (Sigma; 19
units/mg) were shaken for 15 minutes with washed
erbryonic chick brain particulates at 28 degrees
and pB 5.6 acetate buffer containing 40 mM calcium
chloride and 10 percent (v/v) £freshly washed
diethyl ether. The enzymatic degradation was
stopped by the wvashing procedure described for
particulates treated with protease, and the
standard assay vas conducted on the washed
particulates wusing tritiated naloxone as the
labeled drug. Assayed particulates were filtered

without prior cooling.
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RESULTS:
2) Standard Assay Conditioms:

The assay conditions described by Pert and
Snyder, (1973by , served as a guide while
determining the optimue assay conditions used in
this study, tables 1, 3, 7 and figures 6, 8-11,
13, 17-18, 23, 24.

Stereospecific binding capaqity as a function
of embryonic age vwas studied in subcellular
fractions derived from embryonic chick brain,
table 1. Marker enzyme distributions were not
used to determine the relative purity of each
fraction because the experiment was only conducted
to compare the binding capacity as a function of
age. Subcellular fractions were obtained using a
vell definedy procedure (Whittaker and Barker,

1971), described in the methods, section D.

The binding capacity of homogenates
increased with embryonic age, as did the binding
capacity of the cell fractions. The drop in the
binding capacity of the crude nuclear fraction
(P1), derived from thirteen day old embryonic

chick brain is not significant.
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Table 1: The stereospecific binding of tritiated
naloxone to cellular fractions as a function
of the age of chick embryos.

Sample Binding (ficomoles/mg of protein)
7 day 10 day 13 day 16 day

Homogenate 1.15 3.33 3.29 4,82
Py 0.61 1.16 0.97 2.41

Py 1.89 5.06 13,7 17.2

P3 12,2 21.0 14,0 15,1

HSS 0.29 0.34 1.19 0.58

All of the subcellular fractions were obtained by the
procedure described in section C of the methods. The
values are reproducible to ¢ 7.0 %. P, refers to the
crude nuclear fraction:; P, refers to %he crude
mitochondrial-synaptosomal fraction; P3 refers to the
crude microsomal fraction; HSS refers to the high
speed supernatant obtained at 100, 000 X g.
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B) The MNagnitude and Distribution of Avian
Opiate Receptors:

is the embryo progresses from its 10th to its
13th day the crude mitochondrial-synaptosomal
fraction (P2) shows a dramatic increase in its
binding capacity, and a corresponding decrease in
the binding capacity of the crude microsomal
fraction (P3) . The total binding capacity of both
fractions (P2 and P3) increases; thougk P2
demonstrates the most rapid increase in binding
capacitye.

Table 2 shows that adult and embryonic
chickens and several other mammals bind naloxone
stereospecifically, and at comparable levels. The
adult chicken, the mouse, and the rat bind
naloxone to almost the same extent when compared
on the basis of protein content. The ragnitude of
naloxone bound to mouse and rat brain homogenates
is about tvo or three times higher than the amount
bound to adult and embryonic'chick.

Gross anatomical dissections of thirteen day
0ld embryonic chick brains and adult chicken
brains, tables 3-8, reveal a similar distribution
in the percentage of naloxone bound@ by each brain
region. Whole adult brain binds almost eight
times as much naloxone as does the whole embryonic
brain. The percentage of naloxone bound to the
frontal 1lobes increases as the embryo matures,

vhile all of the other 1lobes show corresponding
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decreases in the binding capacity.
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Table 2: The stereospecific binding of tritiated
naloxone to brain homogenates obtained from
several species of animals.

Animal Binding
(ficomoles/mg of protein)

thirteen day

embryonic 3.49 £ 0.03
chick
c;?zi:n 4,18 *+ 0.03
mouse 4,50 * 0.02
rat 4.71 * 0.30
rabbit 2.12 £ 0.10

Unwashed homogenates were prepared and assayed accord-
ing to the procedures outlined in sections A and B of
the methods.
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Table 3: The gross anatomical distribution of the
stereospecific binding of tritiated naloxone
to embryonic chick brain homogenates.

Brain Binding Binding Percent Bound
Region fmole/mg of fmole/brain to Whole Brain
protein

Whole 2.02 = 0.1 152 + 6.8 100 * 4.5
Frontal 2.58 * 0.0 80.8 * 0.9 53.3 ¢ 0.6
Optic 1,63 ¢+ 0.1 30.6 * 0.9 20,2 ¢ 0.6
Cerebellum 0.98 + 0.0 14,7 + 0.2 9.70 = 0.1
Brain Stem 1.62 * 0.0 24,3 * 0.6 16.0 + 0.4

The total binding recovered from the different regions
of the dissected embryonic chick brain represents

99.2 £ 1.7 percent of the binding observed in whole
brain.

Dissections were performed using the discussion of
Murry, D. S. and Jeffree, G. M. as a guide.
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Table 4: The gross anatomical distribution of the
stereospecific binding of naloxone to adult
chicken brain homogenates.

Brain Binding Binding Percent Bound
Region fmole/mg of fmole/brain to Whole Brain
protein

Whole 2.28 + 0,0 1200. * 16.8 100 * 1.4
Frontal 3.54 * 0.1 758.6 * 11.4 63.2 ¢+ 1.0
Optic 2,05 £ 0,0 199.7 * 3.2 16.6 * 0.3
Cerebellum 0.44 % 0.0 66.0 * 3.0 5.5 ¢ 0.3
Brain Stem 1.78 % 0.0 122.6 ¢ 3.0 10.2 *+ 0.3

The tota
of the 4
95.5 = 1
brain.

1 binding recovered from the different regions
issected embryonic chick brain represents
.7 percent of the binding observed in whole

Dissections were performed using the discussion of Murry,
D. S. and Jeffery, G. M. as a guide.
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C) Temperature Effects:

Homogenates bind more naloxone at Zero
degrees than at 39 degrees, figure 6. The peak at
20 degrees is not as wvell formed as the peak at 39
degrees. Thirty nine degrees was used as the
assay temperature whenever chick brain homogenates
were used because this temperature is believed to
be physiological for chicks. The gradual decrease
in the amount of stereospecifically bound naloxone
retained on the filters may be the result of
the temperature dependent dissociation of bound
naloxone. Such a dissociation of naloxone might
occur during the filtering process; 1leaving the
filters with less tritiated naloxone bound to the
Tetained homogenate. The decrease in
stereospecific binding at temperatures exceeding
40 degrees is not due to the thermal decomposition
of the naloxone, fiqure 7, but instead results
from the apparent denaturation of the receptor
sites, figures 9-10.

A Scatchard analysis, table 5, of the peaks
at zero and 39 degrees, figure 6, revealed that
the cause of the increased naloxone binding at
zero degrees vwvas a 20 percent rise in the number
of binding sites, and a 74 percent rise in the
overall affinity constant of the binding process.
The Scatchard analysis appeared to follow multiple
binding site theory, and shoved that the affinity

constant of at least one set of sites increased,
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Figure 6. The stereospecific binding of naloxone to
embryonic chick brain homogenate as a function of the
assay temperature. The standard assay (methods, section
B) was conducted at the temperatures indicated and

the homogenates were cooled on ice prior to filtering.
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Figure 7. The stability of heated naloxone. Naloxone
was heated at 65 °C for ten minutes, cooled and 20 ul
were spotted on a plastic backed thin layer chromatog-
raphy plate along side 20 ul of naloxone that had been
kept at 4 ©C. The chromatogram was developed in
chloroform-methanol-acetic acid (100:60:2), and sectioned
into 1 am. strips. The strips were scraped into vials,
and after adding 10 ml of scintillation fluid, they were

counted for 10 minutes using three counter cycles.
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Table 5: Binding site parameters derived from the
Scatchard analysis of tritiated naloxone
binding at 0 °C and 39 ©C to embryonic

chick brain particulates.

Temperature ( °c ) Percentage of
Constants 0 39 change from 0 °c
N, x 10714 1109 10.3 15
K, X 1077 0.57 0.33 74
Ky X 1077 1.08 0.81 33
K, X 1077 0.79 1.64 108

N_, represents the number of moles of binding sites per
represents the affinity con-

milligram
stant (M-

1of protein;

K

) for the overall binding process:

K4 refers

to the binding constant for the low affinity sites:; Kj
represents the binding constant for the high affinity

binding sites.
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Figure 8. The effect of placing assayed washed partic-
ulates on ice prior to filtering. Washed particulates,
derived from embryonic chick brain homogenates, were
incubated with either 0.1 uM dextrorphan or 0.1 uM
levorphanol for five minutes in different flasks

before incubating both flasks with 4 nM tritiated nal-
oxone for ten minutes. Immediately after the incubation
with naloxone the flasks were placed in an ice bath,

and three (2 ml) aliquots were filtered and washed three
times with ice-cold 10 mM tris-HCl buffer. The temp-
erature of the assayed homogenates were recorded just

prior to withdrawing an aliquot.
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vhile that of the other set of sites decreased by

over fifty percent. These results are sufficient
to explain the 74 percent rise in the
stereospecific binding of naloxone observed in
figure 8.

The apparent thermal denaturation of the
receptor sites, figure 9-10, is observed at
temperatures exceeding 45 degrees. The binding
capacity is unaffected at temperatures at or below
39 degrees. HEPES was also used to investicate
this point because its pH¥ changes only slightly as
the temperature is raised, (AapH=0.003/degree), and
because HEPES is a zwitterionic buffer. The
binding capacity of embryonic chick brain
bomogenate was obliterated after a 10 n=minute
incubation " at 65 degrees, despite the
insignificant change from pH 7.8 calculated to
have occurred at thkis temperature. This suggested
that the denaturation of the homogenate is due to
thermal effects, and not to alterations in the pH

of the buffered sucrose during the incubation.
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Figure 9. The thermal stability of the stereospecific
opiate binding capacity of embryonic chick brain homog-
enate preincubated for ten minutes at the indicated

temperatures in 5 mM tris-HCl buffered (pH 7.4) 0.32 M
sucrose. The standard assay was conducted after equil-

ibrating the homogenates at 39 ©cC.

Figure 10. The thermal stability of the stereospecific
opiate binding capacity of embryonic chick brain homog-
enate preincubated for ten minutes at the indicated
temperatures in 10 mM HEPES buffered (pH 7.4) 0.32 M
sucrose. The standard assay was begun after equilibrat-
ing the homogenates at the assay temperature, and

HEPES buffer was used because it is a zwitterionic buffer
that undergoes negligible thermally induced shifts in

its pH.
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D) Buffer Concentration Effects:

The stereospecific binding of naloxone to
eebryonic «chick brain homogenate is reversibly
inhibited, table 6, by high concentrations of
buffer used to buffer the sucrose, figqures 11-12.
Tris-HCl (5 n¥) was used to buffer the sucrose
solutions because the level of stereospecific
binding was relatively uninhibited at this buffer
concentration, and because a Suffer concentration
as lov a 3 mM wvas able to paintain the pH at 7.4.
FPifty millimolar tris-buffered sucrose inhibited
the binding capacity of embryonic homogenates by
over sixty percent. This same concentration bad
no apparent effect on the stereospecific binding
capacity of rat brain homogenates (Pert and
Snyder, 1973b). HEPES buffer, figure 12, had
similar effects on the binding capacity of
embryonic chick brain homogenates.

Table 6, demonstrates the reversibility of
this buffer effect, for both agonists and
antagonists, and it suggested that repeated
washing of the homogenate could enhance the
binding of these drugs by almost S0 percent. This
enhancement vas examined, figures 29-30, and table
11, and found to arise presumably from the removal
of some endogenous - inhibitor by incubating a
particulate fraction under suitable conditions,
and repeating the washing procedure described in

the methods, section C.
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Figure 1l1. The effect of the tris-HCl buffer concentra-
tion on the stereospecific binding of naloxone to embry-
onic chick brain homogenate. Tris-~HCl buffered sucrose
(0.32 M) solutions were added to concentrated homogenate
prepared in unbuffered 0.32 M sucrose. The buffered
sucrose was prepared by addiné aliquots of concentrated
tris-HCl buffer, pH 7.4, to 0.32 M sucrose solutions
before diluting the concentrated homogenate with the
buffered sucrose. The pH was maintained by buffer con-

centrations of 3 mM or greater.

Figure 12. The effect of HEPES buffered sucrose on the
stereospeicific binding of naloxone to embryonic chick
brain homogenate. HEPES buffered sucrose was prepafed
according th the procedure described in figure 11. The
pH of the homogenate was also maintained at a buffer

concentration of 3 mM or greater.
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Table 6: The reversal of the buffer induced inhibition
of stereospecific binding by consecutive wash-
ings with buffered sucrose.

Buffer Naloxone Etorphine
Concentration (Percent bound with 5 mM buffer)

(mM )

5.0 100 + 0.6 100 + 1.9
50.0 62.1 + 4.4 57.6 + 0.6
500.0 13,8 * 1.9 15.6 £ 0,2
50.0 89.2 *+ 2.7 83.2 * 4,1

5.0 148 + 2,7 132 ¢+ 1,9

All of the particulates were examined using the stand-
ard assay procedure, and all of the centrifugations
were done at 4 °cC.

Washed particulates were suspended in 5 mM tris-buffered
sucrose and aliquots were placed in four centrifuge

tubes. After centrifuging the particulates at 49,000 ¢

for ten minutes, the supernatant was discarded, and all-of
the pellets were resuspended with the original volume

of 50 mM tris-buffered sucrose. One tube was assayed,

while the others were centrifuged again at 49,000 g for

ten minutes. The supernatants were discarded, and all

of the pellets resuspended with the original volume of

tris-buffered sucrose. One tube was assayed, and the

others recentrifuged at 49,000 g for 10 minutes. The

pellets were washed once with 15 ml of 50 mM tris-buffer-

ed sucrose, and after recentrifuging at 49,000 g for

ten minutes, the pellets were resuspended with the

original volume of 50 mM tris-buffered sucrose. One

tube was assayed according to the standard procedure,

and the other was recentrifuged at 49,000 g for ten

minutes. The pellet was resuspended in 15 ml of 5 mM

tris-sucrose, recentrifuged, and the pellet was resus-

pended with 5 mM tris-sucrose, prior to being assayed.

All of the particulates were derived from embryonic
chick brain.
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E) Washing Procedure Effects:

Pigure 13 indicates that washing eabryonic
chick brain homogenate by the procedure described
in the methods, section C, 1leads ¢to a forty
percent increase in the binding of naloxone to
homogenates assayed vwith various concentrations of
sodium chloride. Sodium chloride, which increases
the stereospecific binding of naloxone to
embryonic chick brain homogenates by almost 20
percent at lowvw concentrations, figures 13 and 36,
produces a sixty percent binding enhbancement in
washed particulates derived from this homogenate,
figure 14. Washed particulates derived from adult
chicken brain homogenate, figure 15, and rat brain
horogenate, figure 16, show a more stable and
sustained sodium effect than particulates derived
from embryonic chick brain, £figure 1. The
washing procedure described in the methods,
section C, resulted in binding enhancements that
seemed to be due to the removal of some endogenous
substances, that depress the opiate binding
capacity of the homogenates. Table 7, indicates
the concentrations of sodium and potassium found
at each stage of the washing procedure, and
clearly demonstrates that endogenous,sodium and
potassium are almost completely removed by the

washing procedure.
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Figure 13. The stereospecific binding capacity of
embryonic chick brain homogenate ((J) and washed partic-
ulates (A), as a function of the sodium ion concentration.
An aliquot of the concentrated homogenate was washed
using the procedure described in the methods (section C),
and both the dilute homogenate (methods, section A) and
the washed particulates (methods, section C) were assay-
ed with 2.0 nM tritiated naloxone using the standard
assay procedure. Both preparations were'placed into
tubes containing various aliquots of sodium chloride

and a volume of tris buffered sucrose sufficient to

make a final assay volume of 2.2 ml.
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Figure 14. The effect of sodium chloride on the
stereospecific binding of tritiated naloxone to washed
embryonic chick brain particulates. Six 2 ml aliquots
of washed particulates were placed into tubes containing
the appropriate aliquots of sodium chloriae and suffi-
cient tris buffered sucrose to bring the assay volume

to 2.2 ml. Particulates were examined by the standard
assay procedure, and filtered without prior cooling.

Tritiated naloxone (2 nM) was used in the standard assay.
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Figure 15. The effect of sodium chloride on the stereo-
specific binding of tritiated naloxone to washed adult
chicken brain particulates. Six 2 ml aliquots of wash-
ed particulates were placed into tubes containing an
appropriate aliquot of sodium chloride and sufficient
tris buffered sucrose to maintain the assay volume at
2.2 ml. Particulates were examined by the standard

assay procedure, and filtered without prior cooling.
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Figure 16. The effect of sodium chloride on the stereo-
specific binding of tritiated naloxone to washed adult
rat brain particulates. Six 2 ml aliquots of washed
particulates, prepared with 50 mM tris buffered sucrose
pH 7.4, were placed into tubes containing aliquots of
sodium chloride and enough tris buffered sucrose suffici-
ent to bring the assay volume to 2.2 ml. Particulates
were examined by the standard assay procedure, and

filtered without prior cooling.
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Table 7: The retention of sodium and potassium ions
at the various stages in the washing procedure
of embryonic chick brain homogenate.

Sample Sodium Content Potassium Content
(milliegquivalents/liter)

Homogenate 15.2 14.8
Supernatant 13.4 11.7
First Wash 4.1 3.4
Second Wash 1.6 1.4
Washed Pellet 0.1 0.2
Tris-Sucrose 0.1 0.05

Homogenates were washed in tris-sucrose ( 0.005-0,32 M )
by centrifuging them at 49,000 g for ten minutes at 4 ©C,
The supernatant was decanted and the pellet resuspended
in the tris buffered sucrose. This entire procedure

was repeated again before assaying the washed pellet.
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F) Protein and PH Effects:

For the binding of naloxone to embryonic
chick brain homogenate a linear dependence on the
protein content was found between the range
0.2-0.5 ng/ml, figure 17. Above 1.8 mg/ml of
protein the filtration flov rate decreases
rapidly, thus 1leading to an artifactual decrease
in the binding capacity of the homogenate (that
actually results from warming).

The stereospecific binding of naloxone to
embryonic homogenate exhibits two peaks at pB 6.7
and 7.4, figare 18. An assay pH of 7.8 was
chosen because it vas considered to be
physiological, and because it was the major
binding peak. Presumably, the sodium ion content
of the phosphate buffer was respomsible for the
enhanced pH profile obtained while using this
buffer. Below pH 5.7 and above pA 9.0 the opiate
binding capacity of embryonic chick brain

homrogenates is negligible.
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Figure 17. The effect of homogenate concentration

on the stereospecific binding capacity of embryonic chick
brain homogenate. Successively larger aliquots of
concentrated homogenate were added to enough buffered
0.32 M sucrose to make 15 ml of homogenate prior to

assaying it by the standard procedure.
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Figure 18. The effect of pH on the stereospecific
binding capacity of embryonic chick brain homogenate.
The following buffer systems were prepared by mixing
aliquots of the components of each system (Data for
Biochemical Research, 1969a), and measuring the result-
ing pH on a Corning model 7 pH meter with a Ag/AgCl//KCl
microelectrode: citric acid-potassium phosphate (pH
4.6-7.3), (A): tris-HC1l (pH6.7-7.5), (3): sodium
hydrogen phosphate-potassium dihydrogen phosphate

(pH 6.2-7.8), (Q®): and glycine-potassium hydroxide

(pH 8.2-9.0), (&©). Aliquots of concentrated homogenate
were added to tubes containing chilled 5 mM buffered

0.32 M sucrose solutions, and the pH was measured again.
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G) Thin Llayer Chromatographic Analyses:

Thin layer chromatographic analysis, figures
19-22, of tritiated etorphine and naloxone
incubated in the presence or absence of washed
particulates shows almost identical Rf values,
table 8. HMinor discrepencies in the Rf vwvalues
presumably resulted from a slight curvature of the
solvent front across two of the chromatograes.
Any discrepancy resulting from this solvent front
curvature vas probably compounded by the
sectioning technique used to analyze the thin

layer chromatogranm.
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Figure 19-20. The stability of naloxone incubated with
embryonic chick brain particles during the course of
a standard assay. The solvent system used is indicated

on the figure.

Figure 21-22. The stability of etorphine incubated with
embryonic chick brain particles during the course of a
standard assay. The solvent system used is indicated

on the figure.
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Table 8: Thin layer analysis of etorphine and naloxone
incubated with washed particles from embryonic
chick brain.

Opiate Solvent Re AR¢
authentic preincubated
opiate opiate
Naloxone A 0.62 0.56 -0.06
Naloxone B 0.53 0.53 0.00
Etorphine o 0.51 0.52 0.01
Etorphine D 0.58 0.63 0.05
Solvent A - chloroform:ethanol:ammonia (90:10:4 drops).
Solvent B - ethanol:acetic acid: water (6:3:1).
Solvent C - ethylacetate:acetic acid:water (6:3:1).
Solvent D - chloroform:methanol:ammonia (90:10:4 drops).

Five milliliters of washed particles from embryonic
chick brain were prepared according to the procedures
described in sections A and C of the methods using
freshly distilled water in place of the buffered sucrose.
The pellets were resuspended in 5 ml of water during

the washing procedure, and the twice washed pellet was
resuspended to a volume of 3 ml with water. One milli-
liter was added to each of two Corex centrifuge tubes,
and incubated for 15 minutes with 50 ul of tritiated
etorphine or naloxone. The suspension was precipitated
with 3 ml of absolute ethanol, and stored at 4 ©C for
six hours. The tubes were then centrifuged at 12,000 g
for 15 minutes. The supernatant was removed and
concentrated to dryness, and resuspended in 0.1 ml of
water. The tubes were stored overnight at 4 °C, and

in the morning they were brought to 1.0 ml with absolute
ethanol. After heating each supernatant fraction for
two minutes at 65°C, they were cooled to 4 °C and
centrifuged at 12,000 g for fifteen minutes. The super-
natants were concentrated and brought to 100 ul with
absolute ethanol., Twenty microliters from each tube

was spotted on silica gel plates and developed in the
appropriate solvent system.
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B) Raloxone Distribution and Saturation Binding:

rritiated naloxone binding to embryonic chick
brain horogenate was studied as a function of
time, figure 23. The association of naloxone with
the homogenate was rapid, and plateaued within 2-4
minutes of adding the drug. The awmount of
naloxone bound to homogenates previously incubated
with levorphanol was constant throughout the
period studied. A 10 minute incubation with
tritiated naloxone was chosen as a standard assay
condition because the level of naloxone bound to
homogenates incubated with dextrorphan was
constant for almost fifteen =minutes. Within
tventy minutes of having added naloxone, and after
an initial rise in naloxone binding, the
homogenates incubated with dextrorphan, or just
tris-buffered sucrose, showed a decrease in
naloxone binding.

The stereospecific binding of npaloxone to
embryonic chick brain homogenate is half saturated
at a tritiated naloxone concentration of 1.5 nn,
and saturates at a tritiated naloxone

concentration exceeding 10.5 nM, figure 24.



-109-

Figure 23. The time course for naloxone binding to
embryonic chick brain homogenate. Individual flasks
containing 60 ml of homogenate were incubated with

either 0.1 uM dextrorphan (A), 0.1 uM levorphanol (@),
or a comparable aliquot of tris-sucrose (@) for five
minutes prior to assaying all three flasks with tritiated
naloxone for up to one hour. At specified times three

2 ml aliquots were withdrawn from each flask, filtered,
and washed with three 5 ml aliquots of ice-cold 10mM

tris-HCl buffer.
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Figure 24. The saturability of the stereospecific

binding capacity of embryonic chick brain particulates.
Washed particles were incubated for five minutes with
standard assay concentrations of dextrorphan or levor-
phanol prior to incubating these particulates for

ten minutes with successively larger aliquots of tritiated
naloxone. Particulates were filtered without any prior
cooling. Two milliliter aligquots of washed particulates
were added to tubes containing complementary aliquots

of tris-buffered sucrose necessary to maintain a constant

assay volume.
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I) Competition Studies:

A seri-log plot of the concentration of
levorphanol required to reduce the binding of
tritiated naloxone by fifty percent (IC-50),
figure 25, reveals the IC-50 of levorphanol to be
approxisately 6.65 nl. Faloxone binding is
unaffected by 0.1 n¥ levorphanol, though at higher
concentrations levorphanol competes with naloxone
in a concentration dependent fashion.

The IC-50 value for various opioid compounds
versus tritiated naloxone and etorphine, tahle 9,
suggests as does figure 25, that all of these
compounds compete with one another for the sawme
receptor sites.

The endogenous opioid peptides leucine
enkephalin and methionine enkephalin have similar
1C-50 values in competing with paloxone.
Leucine enkephalin is only about half as effective
as wmethionine enkephalin in reducing the binding
of etorphine. The derivative ALA3-methionine
enkephalin is almost 300 times more potent in
reducing the binding of naloxone tham it is in
inhibiting etorphine binding. Alpha-endorphin, a
peptide which contains the methionine enkephalin
sequence as its first five amino acids residues,
was the least effective opioid peptide studied.
Concentrations of alpha-endorphin 100,000 to 2
million times those of unlabeled naloxone and

etorphine, respectively, appear to inhibit the
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Figure 25. The binding of levorphanol versus tritiated
naloxone. The ability of levorphanol to reduce the
binding of tritiated naloxone to washed embryonic chick
brain particulates was studied by incubating the washed
particulates for five minutes with several different
concentrations of levorphanol. Tritiated naloxone,

(4 nM), was incubated with the particulates for 10 minutes
and the particulates were filtered without cooling.

The concentration of levorphanol producing a fifty per-
cent reduction in the stereospecific binding of tritiated
naloxone was reported as the ICgy value for levorphanol.
This same procedure was used to report all of the ICgq

values reported in table 9.
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binding of both tritiated naloxone and tritiated

etorphine. Etorphinme is the most potent opiate
studied, and has an IC-50 that makes it almost 25
times more potent than naloxone in reducing the
binding- of the competing radioactive opiate. The
enantiomers dextrorphan and levorphanol reduce the
binding of tritiated etorphine and naloxone ¢to
wvashed embryonic chick brain. Levorphanol is
approximately 15,000 times more potent than
dextrorphan, and only three times less effective
than naloxope in reducing the binding of
etorphine. Levorphanol is about 30 times veaker
than etorphine im reducing the binding of
tritiated naloxone. Levallorphan, which is the
antagonistic form of levorphanol, is almost twice
as potent as levorphanol in reducing the binding
of tritiated naloxone, and almost four times more
potent than levorphanol in reducing the binding of
tritiated etorphine. The mixed agonist-antagonist
cyclazocine is equally potent in its ability to
reduce tritiated naloxone and etorphine binding.
The IC-50 of cyclazocine is internediate between
those of levorphanol and levallorphan.
Pentazocine, wvhich is also a rixed
agonist-antagonist, is alerost fifty tires weaker
than cyclazocine, and inhibits the binding of
naloxone and etorphine with IC-50 values that are
comparable to those of cyclazocine. The very
potent antagonist naltrexone is only slightly more

potent than naloxone in inhibiting the binding of
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etorphine. Levallorphan is slightly more potent

than naltrexone, and naltrexone is slightly more
potent than cyclazocine. All of this data
confirms the well-known facts that an opiate
antagonist is generally more effective than an
opiate agonist in inhibiting the binding of some
other opiate, and that mixed agonist-antagonists
have potencies that are intermediate to those of

comrparable agonists and antagonists.
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Table 9: The ICgy values for the binding of various

opioid compounds versus the binding of
tritiated naloxone and tritiated etorphine.

Compound (3H) -Naloxone Tes0 (3H) -Etorphine

( nM ) ( nM )
Leucine Enkephalin 122 368
Methionine Enkephalin 110 200
Ala3—Met-Enkephalin 6,400 215,000
Alpha-Endorphin 34,000 400,000
Etorphine 0.18 ———————
Naloxone = = @ acceaaa 4.5
Levorphanol 6.7 12,0
Dextrorphan 5,850 183,000
Levallorphan 3.8 3.5
Cyclazocine 4.8 4,3
Pentazocine 108 132
Naltrexone 4.1 3.5

The IC 5o values were determined by incubating washed

particles from embryonic chick brain with several
concentrations of opioid compound for five minutes at
39 ©C, and then incubating them with either 4 nM
tritiated naloxone or 1 nM tritiated etorphine for ten
minutes. The washed particles were filtered without
any prior cooling on ice, and counted as described in
the methods. The concentration of opioid compound re-
ducing the binding of the tritiated compounds by fifty
percent was the IC gy concentration of the non-radio-
active compound.
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J)} Association and Dissociation Studies:
Stereospecifically bound naloxone can be
almost totally displaced by 10 n® unlabeled
naloxone in a concentration dependent fashion,
figure 26. Little additional displacement of
bound radioactive naloxone occurs at
non-radioactive concentrations exceeding 50 nN.
The rapid loss in binding at lovw concentrations of
naloxone, figure 26, wvas studied at three
different temperatures, figure 27, in order to
determine the rate of dissociation of
stereospecifically bound naloxone. B semi-log
plot of the data indicated that the dissociation
process followed first order kinetics, but it was
too rapid to follow accurately at 39 degrees. At
nine, nineteen, and 29 degrees respectively, the
dissociation rates for the naloxone-receptor

-17 -16

complex vere 8.70x10 mole/sec, 5.88Xx10 .

-15 , and the complex had a

mole/sec, and 1.64X10
half-life of324 + 15 seconds, 30 * 9 seconds, and
13 £ 1 seconds. At 9 and 19 dearees a rapid loss
in the amount of bound tritiated naloxone was
followed by a rapid rebinding of the labeled
naloxone. Dissociation proaressed normally,
shortly after the rebinéding phenomena vas
completed. The dissociation rate at 19 degrees is
almost half the rate at 29 degrees, and six times

the rate observed at 9 degrees.

The rate of association of stereospecifically
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Figure 26. The exchange of tritiated naloxone bound
stereospecifically to embryonic chick brain homogenate
with non-radioactive naloxone. Homogenates of thirteen
day old embryonic chick brain were incubated for five
minutes with either 0.1 uM dextrorphan or levorphanol

and for eight minutes with 2 nM tritiated naloxone.

The homogenates were incubated with several concentrations
of unlabeled naloxone for another five minutes, and

cocled on ice prior to filtering.
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Figure 27. The rate of dissociation of stereospecifically
bound tritiated naloxone from embryonic chick brain
homogenate. A five hundred fold excess of non-radio-
active naloxone was added to each of two flasks incubated
according to the standard assay procedure with 0.1 uM
dextrorphan or levorphanol, and 2 nM tritiated naloxone.
Three 2 ml aliquots were withdrawn from each flask at

the specified times, and filtered without cooling.

The dissociation rate was studied at nine, nineteen,

and twenty nine degrees because of the immeasurably

rapid dissociation rate observed at 39 degrees.
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bound naloxone at 29 degrees has an initial rate

of .‘3.6!10—14 mole/sec, fiqure 28. Within fifty
seconds the stereospecific association of naloxone
with embryonic chick brain homogenate is
essentially complete. Assaying the homogenate at
39 degrees, figure 23, results in the completed
association of stereospecifically bound 1naloxone
within two minutes, and a constant amount of

stereospecifically bound naloxone for over fifteen

rinutes.
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Figure 28. The rate of the stereospecific association

of tritiated naloxone with embryonic chick brain
homogenate. Tritiated naloxone (2 nM) was added to

flasks containing homogenate preincubated at 29 °c for
five minutes with either 0.1 uM dextrorphan or levorphanol,
Three 2 ml aliquots of homogenate were withdrawn at the
times specified, and filtered without cooling. The

29 ©C assay temperature was choosen because of the

immeasurably rapid association rate observed at 39 °c.
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K) Enzymatic Degradation:

Bomogenates and washed particulates derived
fror embryonic chick brain hormogenate are
sensitive to proteolytic digestion, table 10.
Clostridial protease and chyrmotrypsin decrease
the binding capacity of washed particulates and
homogenates very rapidly at 39 degrees. Trypsin
causes almost a sixty percent loss in the binding
capacity of vashed particulates at the highest
concentration of enzyme used in the study.
Prebinding etorphine to vashed embryonic
particulates does not protect its binding capacity
from tryptic digestion.

Phospholipase C and phospholipase D also
significantly reduce the binding capacity of
washed embryonic chick brain particulates, but
because of the harsh conditions of incubation,
which produced significant denaturation of the
opiate receptor, the data are not tabulated. The
degree to which the 1loss in the opiate binding
capacity can be attributed to phospholipase
activity vas estimated by comparison to

particulates incubated with boiled enzyme.
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Table 10: Proteolytic digestion of the embryonic
chick brain opiate receptor.

Percentage of SSB without Enzyme

Protease Trypsin Chymotrypsin

conc, binding conc. binding time binding

units/ml units/ml minutes

0.0 100 £ 0.0 0.0 100 ¢+ 2,3 0.0 100
0.5 19.5 t 4.5 1.0 100 * 0.3 15.0 27.4
1.0 9.0 £ 0.4 2.0 67.4 * 1.8 30,0 13.3
5.0 4.4 ¢ 0.8 5.0 55.3 + 1.8 45,0 11,0
10.0 0.8 =+ 0.8 10.0 42,3 *+ 0,1 o
10.0% 96.5 + 3.7  10.0% 100 = 0.4 45.0° 100.

l1.) Enzymes used at these concentrations or for this
length of time were boiled for ten minutes before
being added to the washed embryonic chick brain
particulates.
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L) Endogenous Opioid Compound Studies:

The presence of an endogenous inhibitor that
could be washed out of the homogenate, table 6,
vas examined using washed eabryonic chick brain
particulates, figures 29-30, tables 11, and adult
chickens, table 12. Preincubating embryonic chick
brain particulates, figure 29, as a function of
temperature, and in the absence of 20 mM sodium
chloride, led to an 18 percent rise in the binding
capacity when the particulates were incubated
above 10 degrees. A similar effect was noted for

particulates incubated with 20 m¥ sodium chloride,

but above 20 degrees the binding capacity

decreased by over 30 percent. Preincubating
embryonic chick brain particulates for 10 minutes
at 39 degrees, figure 30, in the absence of sodium
chloride, resulted in a sharp peak in the binding
capacity, that rapidly disappeared upon continuing
the incubation. Incubating the preparation of
particulates for 10 nminutes with 20 mE sodium
chloride resulted in an initial increase in the
binding capacity that equaled the binding
enhancement observed after the same period of
incubation ir the absence of sodium chloride. The
rate of loss in the binding capacity of both
particﬁlates was similar, although the preparation
incubated with sodium <chloride had a higher
binding capacity than the suspension incubated

without sodium chloride.
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Figure 29. The effect on the stereospecific binding
capaciﬁy of embryonic chick brain particulates preincu-
bated as a function of temperature. Aliquots of washed
particulates (15 ml) were incubated at the specified
temperatures for twenty minutes either in the absence
(®), or the presence (A) of 20 mM sodium chloride,

and then washed twice at 49,000 g for ten minutes with
ice-cold 5 mM tris-buffered 0.32 M sucrose. The pellets
were resuspended with the original volume of tris-buffered
sucrose, aﬁd assayed according to the standard assay
procedure using 2 nM tritiated naloxone. The assayed

particulates were filtered without cooling.
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Figure 30. The effect on the stereospecific binding
capacity of washed embryonic chick brain particulates
preincubated as a function of time at 39 ©C. Fifteen
milliliters of washed particulates were incubated at
thirty nine degrees for specified intervals of time,

in the absence () or the presence (A) of 20 mM sodium
chloride, and washed twice at 49,000 g for 10 minutes
with ice-cold 5 mM tris-buffered 0.32 M sucrose. The
pellets were resuspended with 15 ml of tris-buffered
sucrose, and assayed with 2 nM tritiated naloxone accord-
ing to the standard assay procedure. The assayed

particulates were filtered without cooling.
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Table 11: The ability of an endogenous opioid compound
to inhibit the stereospecific binding of etor-
phine to particles from embryonic chick brain.

Concentration Fraction SSB Percentage
Opioid Substance (fmoles/mg of ) of Fraction
(mg/ml) protein B

0.0 a 4.51 ¢+ 0,1 54,5 ¢ 1,2

0.0 B 8.27 ¢ 0.1 100 * 0.7

4.0 c 7.69 ¢ 0.1 93,0 = 1.7

8.1 D 7.90 = 0,1 95.5 + 0.6

20.2 E 7.38 £ 0.2 89.2 + 1.8

80.8 F 1.84 ¢ 0.1 22,2 * 0.2

Fraction A refers to unincubated washed particulates:
Fraction B refers to particulates that were prepared

as described in the legend and assayed without adding
any endogenous opioid subatance; Fractions C-E refer
to washed particles that were assayed with successively
larger amounts of endogenous opioid substance; Frac-
tion F refers to washed particles that were assayed
with endogenous opioid substance that had been boiled
for ten minutes.

Washed particles from embryonic chick brain were pre-
pared as described in the methods except that they

were finally resuspended in water to avoid concentrating
the buffered sucrose. The particulates were incubated
at 25 ©C for fifteen minutes and centrifuged at 17,000 ¢
for ten minutes at 4 ©°C. The pellet was washed once
with tris-sucrose (0.005-0.32 M), and the supernatant
was saved and concentrated to approximately 2 ml. The
pellet was resuspended in buffered sucrose and 10 ul

of either dextrorphan or levorphanol (0.1 uM) were
incubated for five minutes with the resuspended pellet.
Successively larger aliquots of the concentrated super-
natant were incubated with the suspension for five
minutes prior to incubating each of the six tubes with
the standard assay concentration of tritiated etorphine.
The suspension was filtered without any prior cooling,
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Osing the data from figures 29-30, a 15

minute incubation of embryonic chick brain
particulates in the absence of sodium chloride at
25 degrees vas performed +to try to produce a
substantial increase in the binding capacity of
this suspension of particulates, table 12,
Incubating the particulates under these conditions
almost doubled the initial binding capacity. The
addition of successively larger aligquots of
concentrated supernatant to a suspension of
particulates rewashed after the incubation
resulted in a minor decrease in the binding
capacity of only 11 percent. This seemingly
insignificant decrease in the binding éapacity vas
presumably due to a degradation of the endogenous
inhibitor by catabolic enzymes present in the
preparation. The 78 percent decrease in the
hinding capacity observed when a very larae
aliquot of boiled concentrated supernatant was
added to the particulates was probably an artifact
resulting from the very slow filtration rate
obtained because of the hugh amount of protein
added to the suspension of particulates.

The superpatants of washed particulates
derived from adult chicken brain homogenates which
vere incubated at 39 degrees for various time
intervals contained substantial 1levels of an
endogenous inhibitor that was able to reduce the
binding of naloxone by almost 35 percent, table

12. Preincubating particulates derived froe adult
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Table 12: The binding of tritiated naloxone toc adult
chicken brain particulates as a function
of preincubation time at 39 °cC.

Preincubation % remaining Effect of Preincubation

Time No Salt NaCl Supernatants on Binding
(minutes) (4 mM) No Salt NaCl
(4 mM)

(Percent remaining)

0.0 100 £ 1.9 100 £ 0.5 100 100
5.0 109 £ 1,1 103 % 4.6 - ——
10.0 116 ¢+ 0.3 104 * 0.9 —— -
15.0 108 ¢+ 0.8 129 * 5.8 98 98
30.0 106 + 1,1 136 * 1.4 77 77
45.0 91.4 + 1.1 91.8 * 0,9 —-—— ——
60.0 87.4 * 0.5 72,5 * 0.9 67 63

Washed particles from adult chicken brain were prepared
according to the procedure described in section C of
the methods and placed in centrifuge tubes containing
either 4 mM sodium chloride or tris buffered sucrose
and incubated for several periods of time at 39 ©cC,

The incubatedparticulates were centrifuged at 49,000 g
for ten minutes at 4 ©C, and the supernatants from the
first centrifugation were saved, in order to resuspend
a series of washed pellets at the end of the centrifu-
gation procedure. All of the pellets were resuspended
in tris-sucrose (0.005-0.32 M) after being washed once
with the buffered sucrose. A separate batch of this
suspension of particulates was incubated for one hour
and washed by the procedure just described. The final
pellet was resuspended with the supernatant that was
saved from the first batch of particles examined. All
of the particles were assayed according to the standard
procedure using 4 nM tritiated naloxone. Filtering was
done without any prior cooling on ice.
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chicken as a function of temperature or time

resulted in binding enhancements that vwere similar
to those obtained with embryonic chick brain
particulates, figure 30, regardless of whether the

assay temperature was 25 degrees or 39 degrees.
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M) Stability Studies:

The 1loss in the binding capacity of
particulates derived from both embryonic and adult
chicken brain incubated as a function of either
temperature or time, figures 29-30, and table 12,
was studied by assaying suspensions of both types
of particulates incubated for specific periods of
time at the temperatures indicated, figures 31-32.
Both fiqures illustrate that the loss in binding
capacity of particulates is temperature dependent.
Particulates derived fror embryonic chick brain
lost their binding capacity for naloxone more
slowly when stored at 25 degrees than at 39
degrees. Suspensions of particulates stored at
zero degrees appeared to be more stable than those
stored at either 25 or 39 degrees. However, less
than 25 percent of the binding capacity vas
retained when embryonic chick particulates were
stored for more than 9 hours, regardless of the
storage temperature.

Prepérations derived from adalt chicken
brain, figure 32, wvere more stable than those
derived from embryomic chick brain, figure 31.
The loss in the binding capacity was alrost
complete after 9 hours at 39 degrees.
Particulates retained almost 45 percent of their
original binding capacity after 9 hours at 25
degrees, and less than 10 percent of the binding

capacity vas lost after 8 hours at zero dedrees.
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Figure 31. The autodegradation of washed embryonic

chick brain particulates incubated at zero (®),

twenty five (A), or thirty nine (@) degrees. Six 2 ml
aliquots of washed particulates incubated at the appro-
priate temperatures were withdrawn at the specified times
and assayed by the standard procedure using tritiated
naloxone. The assayed particulates were filtered without

any prior cooling.
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Figure 32. The autodegradation of washed adult chicken
brain particulates incubated at zero (03), twenty five
(A), or thirty nine (O,) degrees. Six 2 ml aliquots

of washed particulates were incubated at the appropriate
temperatures, withdrawn at the specified times, and
assayed by the standard procedure using 2 nM tritiated
naloxone. The assayved particulates were filtered without

any prior cooling.
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The incubation of particulates derived from adult

chicken brain at 25 degrees resulted in an
increase in the Dbinding capacity that was
sustained for almost 3 hours. 12 7 percent rise in
the binding capacity of particulates stored at
zero degrees, may not be significant, although
such an increase would be in agreement with the
results obtained at 25 degrees; Except for adult
particulates stored at 2zero degrees all of the
particulates derived frorx adult and embryonic
chick brain retained little or no binding capacity
after being stored for 24 hours.

The autodegradation studies, figures 31-32,
performed on particulates derived from adult and
embryonic chicken brain suggested the action of
somre endogenous catabolic enzyme. Curiously, a
very mild trypsin digestion, table 13, resulted in
an initial rise and later a decrease, in the
binding capacity of particulates derived from
adult chicken brain. Boiled trypsin had no effect
on the binding capacity.

The enhancement caused by trypsiﬁ, table 13,
is reminiscent of the binding capacity
enhancements observed vhen adult chicken brain
particulates are incubated at 39 degrees as a
function of tinme, t&ble 12. Embryonic chick brain
particulates incubated for short periods of time
at 39 degrees, figure 30, or at several
tenperatures for 20 minutes, figure 29, revealed

small binding capacity enhancerments after being
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Table 13: The effect of mild tryptic digestion on the
stereospecific binding of tritiated naloxone
by adult chicken brain particulates.

Time Percentage SSB at Zero Time

(minutes) Trypsin Concentration
1.73 units/ml 3.45 units/ml

0.0 100 ¢ 6.9 100 * 0.8
5.0 100 * 6.9 100 ¢ 1.1°
10.0 140 * 4.8 102 *+ 0.43
20.0 152 % 2,7  —cmeee- —
40.0 180 % 3.0  mmce—meeee
60.0 144 *+ 1.9 100 + 0.8
1.) Trypsin was boiled for ten minutes.

2.) Incubated with boiled trypsin for fifteen minutes.

3.) Incubated with boiled trypsin for thirty minutes.

Washed particles were incubated for various periods

of time with either active or boiled trypsin, and cen-
trifuged at 49,000 g for ten minutes. The supernatant
was decanted, and the pellet was washed in tris-sucrose
(0.005-0.32 M) buffer according to the washing proce-
dure described in section C of the methods. The pellets
were finally resuspended in tris buffered sucrose, and
assayed according to the standard procedure. After the
assay each suspension was filtered without any prior
cooling in an ice bath. Adult chicken brain was used
instead of embryonic chick brain because the mature
brain appeared to contain more of the endogenous opioid
inhibitor. The specific activity of trypsin was 7,500
Sigma units/ mg.
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centrifuged and washed with tris-sucrose. Onlike

adult chicken brain particulates stored at several
temperatures as a function of time and assayed
directly without any prior washing, ficure 32,
embryonic chick brain particulates treated in this
manner never showved any binding capacity
enhancement; regardless of the storage

temperature.
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N) Tritiated Methionine Enkephalin Studies:

Since particulates from both embryonic and
adult chicken brain appeared to contain some
endogenous substance that interacted vith the
opiate receptor, the ability of washed
particulates to interact with tritiated methionine
enkephalin was studied, figures 33-34, Decause
nethionine enkephalin is .knovn to be a natural
opioid peptide that presumably interacts with the
opiate receptor, table 9. Particulates derived
fror adult chicken brain were used for these
experiments, because these preparations bound
substantially more tritiated methionine enkephalin
than did embryonic chick brain.

The time course for the binding of tritiated
methionine enkephalin to particulates derived from
adult chick brain, figure 33, exhibits a profile
that is similar to that of the binding of naloxone
to embryonic chick brain homogenate, figure 23.
The binding of <the enkephalin was constant for
almost 25 minutes in the presence of 1levorphanol.
Tritiated enkephalin binding peaked within &
ainutes of having been added to the particulates
previously incubated in the presence of
dextrorphan or tris-buffered sucrose. After 8
rinutes both of these preparations showed parallel
decreases in the amount of bound emnkephalin. 1
decrease parallel to that observed with the

dextrorphan incubated particulates was also seen
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Figure 33. The time course for the bhinding of tritiated
methionine enkephalin to washed particulates derived
from adult chicken brain homogenate. Each of three

60 ml aliquots of washed particulates was incubated

for five minutes with 0.1 uM dextrorphan (A), 0.1 uM
levorphanol (&), or a comparable aliquot of tris
buffered sucrose (@) before incubating all three ali-
guots with 5.2 nM methionine-enkephalin. At the speci-
fied times three 2 ml aliquots were filtered from each

flask without any prior cooling.
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after incubating particulates containing

levorphanol for more than 30 minutes. The loss in
the amount of rethionine enkephalin bound
apparently results from both the autodegradation
of the adult binding capacity, figure 32, and the
proteolytic action of an endopeptidase on the
enkephalin (Knight and Klee 1978).

The binding of tritiated methionine
enkephalin to adult chick brain particulates
figure 34, is half saturated at a concentration of
almost 30 n¥, and is saturated at a concentration
exceeding 200 nM.

A semi-log plot of the reduction of tritiated
naloxone binding by néthionine enkephalin, £figure

35, results in an IC-50 of 1.1X10" .
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Figure 34. The saturability of the stereospecific bind-
ing of methionine enkephalin to washed adult chicken
brain particulates. Successively larger aliquots of
tritiated methionine-enkephalin were added to tubes con-
taining 2 ml of washed particulates and complementary
volumes of tris-buffered sucrose sufficient to provide

a constant assay volume.
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Figure 35. The binding of methionine-enkephalin versus
tritiated naloxone. The ability of methionine-en-
kephalin to reduce the binding of tritiated naloxone
to washed adult chicken brain particulates was studied
by incubating the washed particulates for five minutes
with several different concentrations of methionine-
enkephalin. Tritiated naloxone (4 nM), was then incu-
bated with the particulates for ten minutes, and the
particulates were filtered without cooling. The con-
centration of methionine-enkephalin producing a fifty
percent reduction in the stereospecific binding of
tritiated naloxone was reported as the Icgy value

for methionine-enkephalin.
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0) Alkali Metal Ion Effects on Naloxone Binding:
Embryonic chick brain homogenate exhibited
enhanced naloxone binding in the presence of low
concentrations of lithiue and sodiwe ions, figure
36. Potassium ions led to a concentration
dependent decrease in the binding capacity as diad,
calciom, magnesium, and manganese ions. Washed
brain particulates derived fros the embryonic
chick, the adult chicken, and the rat, figures
13-16, shoved an enhanced binding capacity over
unwashed homogenates in the presence of sodium
chloride. Suspensions of particulates derived
froe adult chicken brain and rat braipn exhibit a
pronounced and sustained sodium ion concentrations
exceeding 100 ®mM. This result is in contrast to
that demonstrated by preparations <from eabryonic
chick, figure 4. The sodium ion induced
enhancement of the stereospecific binding of
naloxone is nunaffected by the concentration of
tris-buffer used in the assay figuré 37; though
less naloxone is bound in the presence of 50 mM
tris-HCl. Sodium ions, and to a 1lesser extent
lithium ions, enhance the binding of naloxone to
embryonic chick brain particulates by almost 60
percent, figure 38. ' Potassiumr ions produce a
minor enhancement at very lov concentrations, but
this enhancement rapidly gives way to a dramatic
decrease, in the naloxone binding capacity of

embryonic brain particulates. Even lover
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concentrations of rubidium and cesium ions inhibit

the stereospecific binding of tritiated naloxone

to embryonic chick brain particulates.
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Figure 36. The effect of several monovalent cations

on the stereospecific binding capacity of embryonic
chick brain homogenate. Two milliliter aliquots of
homogenate were placed into teét tubes containing
aliquots of either lithium chloride (A), sodium
chloride (@), or potassium chloride (@), and suffici-
ent buffer to make a final volume of 2.2 ml. Tritiated

naloxone was used in the standard assay procedure.
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Figure 37. The effect of tris-buffer concentration on
the sodium enhanced binding of tritiated naloxone to
embryonic chick brain. Embryonic chick brain particu-
lates were prepared by washing homogenates, which

were suspended in 5 mM tris-buffered 0.32 M sucrose,
twice at 17,000 g for ten minutes, and resuspending

the pellets at each step with either ice-cold 5 mM (®)
or 50 mM (A) tris-buffered sucrose. The final pellets
were resuspended with the appropriately buffered sucrose.
Six 2 ml aliquots were placed into tubes containing the
appropriate aliquots of sodium chloride and sufficient
tris-buffered sucrose to make a final volume of 2.2 ml.

Tritiated naloxone (2 nM) was used in the standard assay.
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Figure 38. The effect of several monovalent cations

on the stereospecific binding of tritiated naloxone to
washed particulates derived from embryonic chick brain.
Six 2 ml aliguots of washed particulates were placed
into tubes containing appropriate aliquots of salt and
enough tris-buffered sucrose to make a final assay vol-
ume of 2.2 ml. Lithium chloride (A), sodium chloride
(Q)., potassium chloride (BE), rubidium fluoride (®),
and cesium chloride (X{) were incubated with the
particulates for five minutes at 39 °C before begin-
ning the standard assay. Tritiated naloxone (4 nM)

was the labeled drug, and the particulates were filter-

ed without any prior cooling.
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P) Divalent Cation Effects:

Calcium ions have no affect on the binding of
naloxone or etorphine at the concentrations of
ragnesium and manganese dions (0.001-0.05mH),
tables 14-15, which enhance the binding of both
opiates. High concentrations (1.0-100m¥) of the
binding of all three ions inhibit the binding of

both opiates.
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Table 14: The effect of divalent cations on the stereo-
specific binding of tritiated naloxone by
washed particulates from embryonic chick brain.

Concentration Percentage SSB without Salt

(mt) Mgs0,4 MnCl, CaCl,

0.00 100 = 2.7 100 = 1.4 100 + 3.2
0.01 117 2 1.9 118 = 1.7 99.8 + 2,0
0.02 124 *+ 1.9 136 = 1.7 104 + 2.0
0.05 127 + 2,2 124 *+ 3.3 94.0 * 2,9
0.10 121 = 2.3 103 + 2.3 87.0 * 1.4
0.50 91.0 * 1.2 83.6 * 1.6 60.6 + 1.6
1.00 85.2 £ 1.9 80.6 = 2,7 43,6 * 1.9
5.00 32,9 = 2,7 58,2 + 2.3 19.9 + 1.1
10.0 26.6 * 0.7 35.7 £ 1.3 17.7 £ 5,1
50.0 8.1 + 1.6 14.5 + 1.4 6.9 =+ 0.5
100 0.9 £ 3.9 7.2 ¢ 1.6 7.0 + 0.8

Particles from embryonic chick brain were incubated for
five minutes at 39 ©C after being added to tubes con-
taining the appropriate aliquot of salt solution.

These washed particulates were examined using the
standard assay procedure with 4 nM tritiated naloxone.
The particles were filtered without any prior cooling
in an ice bath.
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Table 15: The effect of divalent cations on the stereo-
specific binding of tritiated etorphine by
washed particulates from embryonic chick brain,

Concentration Percentage SSB without Salt
(mt) MgS0 4 MnCl, cacl,
0.00 100 = 1,2 100 = 1.3 100 * 0.5
0.01 117 + 0.8 115 * 0.9 110 * 0.5
0.02 121 + 0.7 126 1.2 107 % 0.5
0.05 125 ¢ 1.0 115 = 1.1 98.1 % 0.5
0.10 114 * 1.3 107 1.5 93.1 % 0.6
0.50 86.0 £ 0.9 = —e—e—e—ee 83.2 ¢ 0.9
1.00 70.7 t 0.8 81.1 * 0.6 70.1 % 0.6
5.00 48.9 ¢ 0,5 55,9 = 1.0 43.9 + 0.4
10.0 36.5 * 0.2 38,2 + 0.81 31,7 & 0.7
50.0 21.4 + 0.4 27.3 + 0.8%  20.0 * 0.5
100. 16.8 = 1.0 11.4 * 0.5 15.2 * 0.4

1.) 20.0 mM MnCl, in place of 10.0 mM MnCl,.

2.) 40.0 mM MnCl, in place of 50.0 mM MnCl,.

Washed embryonic chick brain particles were incubated
for five minutes at 39 ©OC after being addecd to tubes
containing the appropriate aliquot of salt solution.
These particles were studied with the standard assay
using 1 nM tritiated etorphine, and filtered without
any prior cooling in an ice bath.
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Q) Alkali Metal Yon Effects on EFtorphine Binding:
An insignificant increase in the binding of
etorphine results from the incubation of embryonic
chick brain particulates vith low concentrations
(less than 10 mM) of sodium and potassiumr ions,
figure 39. At higher concentrations these ions
inhibit the Dbinding of etorphine. Lithiunm,
rubidium, and cesiue ions inhibit the etorphine
binding capacity of embryonic brain particulates
as a function of the salt concentration. Except
for lithium and sodiom ions, these results are
remarkably similar to those obtained with
naloxone, and the corresponding decrease in the
binding of etorphine by 20 mM sodium ions is
independent of the type of anion associated with
the sodiuer ion, table 16. The slightly lower
binding enhancement observed for particulates
incubated with sodium acetate presumably resulted

frowr a slight shift in pH.
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Figure 39. The effect of several monovalent cations

on the stereospecific binding of tritiated etorphine

to washed particulates derived from embryonic chick
brain. 8Six 2 ml aliquots of washed particulates were
placed into tubes containing appropriate aliquots

of salt and enough tris-buffered sucrose to make

a final assay volume of 2.2 ml. Lithium chloride (A),
sodium chloride (@), potassium chloride (@), rubidium
fluoride (<¢®), and cesium chloride (]H) were incubated
with the particulates for five minutes at 39 °c prior
to beginning the standard assay. Tritiated etorphine
(1 nM) was used as the labeled drug, and the particulates

were filtered without any prior cooling.
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Table 16: The effect of several anions on the stereo-
specific binding of tritiated naloxone and
etorphine by washed embryonic chick brain
particulates.

Sodium Percentage SSB without Salt

salt

(20mM) (3#) -Naloxone (3H)-Etorphine
Control 100 ¢ 1.2 100 *+ 1.6
NaNg 153 + 1.3 66.5 ¢ 0.6
NaNO, 168 + 2,0 68.9 ¢+ 1,0
NaF 145 *+ 1.8 78,9 ¢ 2,2
NacCl 149 + 2.5 62.0 * 0.3
NaBr 150 = 2.6 71.2 £ 1.0
NaIl 142 + 5,2 64.5 * 1.4
NaHCO, 147 * 3.6 78.2 ¢+ 1.3
NaClo0, 144 ¢ C.8 67.4 £ 1,2
NaOAc 128 ¢ 2.0 64.4 £ 0.2
NaSCN 120 + 1.3 63.7 £ 1.3

Either tritiated naloxone (4 nM) or tritiated etor-
phine (1 nM) were used in the standard assay, and
washed particles from embryonic chick brain were
filtered immediately after the assay without any
prior cooling on ice.
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R) Scatchard Analyses:

Scatchard analyses, figure 40-42, and table
17, of the 3ion induced binding enhancements of
naloxone and etorphine Tevealed that these
enhancements arise from alterations in both the
affinity constants of the opiate receptors and
the total nusber of receptors, present in
particulateé; table 17. Naloxone binds to at
least two classes of binding sites, figqure 40-41,
The addition of sodium, magnesium, or manganese
ions increases the number of naloxone binding
sites, table 17. Magnesium and manganous ions
increase the number of etorphine binding sites,
but sodium ions decrease the number of sites
available to etorphime. Sodium ions increase the
dissociation of etorphine from particulates vwhile
increasing the association of naloxone with the
embryonic binding sites. Eoth manganous and
magnesium ions reduce the overall affinity
constants, (Ko), of the binding sites associated
with naloxone and etorphine. When the affinity
constant, (Ko) of the particulates studied in the
absence of any ions are compared to those
incubated with either magnesium or manganous ions
the affinity constants, (Ko), for etorphine are
reduced by only half as much as are those for
naloxone. Etorphine appears to bind to only one
class of sites except wvhen incubated in the

presence of sodiur ions, which seems to produce at
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Table 17: Binding site parameters determined by the
Scatchard analysis of the salt effects observed
with washed particles from embryonic chick
brain.

Opiate Salt (ﬁ:g:;n}g{ ?éETi) KO(M-l ;(110_9) Ko
Naloxone —— 10.3 0.33 0.81 1.64
Naloxone NaCl 13.7 0.68 1.09 1.75
Naloxone MnCl, 12,2 0.12 0.22 -0.39
Naloxone MgsSO4 12.4 0.11 0.31 0.19
Etorphine —--- 11.4 4,76 - ——
Etorphine NacCl 9.2 0.77 1.79 2.27
Etorphine MnCl2 13.8 2.86 ———— ————
Etorphine MgSO4 14,2 2.70 ———— ———

Sodium chloride (20 mM), manganese chloride (0.02 mM),
and magnesium sulfate (0.02 mM) were preincubated for
five minutes with washed embryonic chick brain particles
prior to conducting the standard assay. The washed
particles were filtered without any prior cooling in

an ice bath.



-171-

Figure 40. The Scatchard analysis of the sodium ion
induced enhancement in the stereospecific binding

of tritiated naloxone to washed embryonic chick

brain particulates. Six 2 ml aliquots of washed
particulates were added to tubes containing either

20 mM sodium chloride (®) and tris-buffered sucrose,
or just tris-buffered sucrose (A). Both dextrorphan
and levorphanol (0.1 uM) were incubated with one set
of three tubes for five minutes, and successively larger
aliguots of tritiated naloxone were incubated

with each set of six tubes for ten minutes.

The final assay volume was adjusted to 2.2 ml

with tris-buffered sucrose, and the particulates

were filtered without any prior cooling.
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Figure 41. The Scatchard analysis of the manganous and
magnesium ion induced enhancement of the stereospecific
binding of tritiated naloxone to washed particulates
derived from embryonic chick brain. Particulates were
incubated for five minutes in tubes containing either
0.02 mM manganese chloride (3), 0.02 mM magnesium sul-
fate (O), or tris-buffered sucrose (A). Standard
assay concentrations of either dextrorphan and
levorphanol were incubated for five minutes with

each of two sets of three tubes containing the washed
particulates, pfior to adding successively larger
aliquots of tritiated naloxone. The assay volume was
adjusted to 2.2 ml by the addition of an appropriate
aliguot of tris-buffered sucrose. The particulates

were filtered without any prior cooling.
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least tvo types of binding sites. This sodium

induced pertubation is evident from the Scatchard
plot for etorphine incubated vwvith sodium ion,
fiqure 42. The binding constants, (K1 and K2) are
almost 2 to 3 times larger than the dissociation
constant reported here for particulates studied in
the absence of any ion. Sodium ions increase the
affinity of both the high, (K2), and low, (K1),
affinity sites for naloxone in comparison to the
affiﬂity of naloxone for particnlates studied in
the absence of any ion. Manganous and magnesium
ions reduce the affinity of the naloxone binding
sites. Magnesium reduces the affinity of the high
affinity gites more than it does that of the 1low
affinity sites. This result is in contrast to
those obtained for particulates incubated in the
absence or presence of both sodium and manganese

ions.
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Figure 42. The Scatchard analysis of the cation induced
alteration of the stereospecific binding of tritiated
etorphine to washed particulates derived from embrvonic
chick brain. Particulates were incubated for five
minutes in tubes containing either 0.02 mM manganese
chloride (BE), 0.02 mM magnesium chloride (&), 20 mM
sodium chloride (@), or tris-buffered sucrose (A).
Standard assay concentrations of either dextrorphan or
levorphanol were incubated for five minutes with each

of two sets of three tubes containing washed particulates
prior to incubating them for ten minutes with successive-
ly larger aliquots of tritiated etorphine. The assay
volume was adjusted to 2.2 ml by the addition of an
appropriate aliquot of tris-buffered sucrose. The

particulates were filtered without any prior cooling.
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S) EDTA Effects:

The ability of EDTA to almost completely
reverse the 'calciun ion induced inhibition of
etorphiﬁe binding contrasts with the partial
reversal of the inhibition of the Dbinding of
naloxone with 1.0 mM EDTA, table 18. The binding
capacity of particulates incubated with 1.0 mA
calciur ion 1is increased 50 percent by the
addition of 0.5 =M EDTAR, and almost doubled by the
addition of 1.0 mM EDTA. The binding of tritiated
naloxone to particulates is inhibited
approximately 30 percent by the addition of 1.0 mM
calcium ion. This inhibition is only partially
reversed by the addition of 0.5 m® EDTA. The
inhibition of the binding of etorphine +to wasﬁed
esbryonic chick brain particulates incubated with
1.0 mM calcium ions, prior to the additiom of 2.0
mM EDTA, presumably results from the removal of
sore endogenous ions that are necessary for
maintaining the binding capacity of the
particulates. Two millimolar EDTA has no apparent

inhibitory effect on naloxone binding.
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Table 18: The effect of EDTA-calcium complexes on the
stereospecific binding of tritiated naloxone
and etorphine by washed particles from embry-
onic chick brain.

EDTA Calcium Percentage SSB without
Concentration Concentration Calcium Ion
(mM) (mM) Naloxone Etorphine
0.0 1.0 70.1 ¢ 0.6 49.3 ¢ 1.2
2.0 0.0 100 * 1.5 100 ¢ 5.3
0.5 1.0 84.5 * 1.3 70.7 * 2.7
1.0 1.0 84.7 + 1.4 91.7 £ 1.9
2.0 1.0 84.5 % 0.2 81.8 * 2.1

Washed embryonic chick brain particles were incubated
with calcium chloride for five minutes prior to incu-
bating them for five minutes with EDTA. Particles were
assayed according to the standard assay using either
tritiated naloxone (4 nM) or tritiated etorphine (1 nM),
and filtered without cooling them in an ice bath.
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DISCUSSION:

Although Terarkable sirilarities exist
between the opiate binding capacity of 13 day old
emabryonic chick brain suspensions and preparationms
made from mature brain tissue, considerable
differences are apparent in the magnitude and
stability of the opiate-binding capacity of
embryonic chick brain suspensions. Both adult and
erbryonic brain tissuve contain substantial amounts
of a bound endogenous opioid substance, yet
embryonic chick brain particulates exhibit
specific cation effects that are gquantitatively
and qualitatively different from those effects
exhibited by mature rat brain particulates.

The opiate binding capacity of 13 day old
embryonic chick brain has a strong resemblence to
that of the adult chicken, mouse, and rat. The
shift in the binding capacity froe the crude
microsomal to the crude synaptosomal-mitochondrial
fraction (P2), table 1, as synaptogenesis proceeds
in the immature brain (Szutowicz et al., 1976),
correlates with the localization of the opiate
binding capacity in the P2 fraction of adult rats
(Pert et al., 1974b). The synaptosomes, wvhich are
biochemically and morphologically recognizable in
thirteen day old embryonic chick brain (Szutovicz
et al., 1976), are similar to those observed in
adult chicken (Whittaker, 1969 Gray and

Whittaker, 1962). The shifts in the binding
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capacity from the P3 fractiom to the P2 fraction,

as the embryonic brain matures, suggests that
opiate binding structures are formed before the
synapse is completely developed (Szutowicz et al.,
1976) .

A crude nuclear fraction (P1} derived from
the brain of mice was reported, (Goldstein et al.,
1971), to contain significant amounts of opiate
receptor activity, while the P1 fiaction of both
chick brain, table 1, and adult rats (Pert et al.,
1974b), contained 1less than 15 percent of the
total binding activity.

The amount of naloxone bound by 13 day old
embryonic chick and adult chicken homogenates,
which differs by approximately 20 percent, table
2, are comparable to the levels of opiate bound in
rotation cultures of embryonic chick cells
(Peterson et al., 1975a), and to rat homogenates
(Simon et al., 1973; Pert et al., 1974c). Pert et
al., (1974c), observed very 1little difference
between the binding constants of dihydromorphine
bound to animals considered to range
evolutionarily froe very primitive to very
advanced. Anatomical studies, tables 3 and &4,
confirmed the observation, (Pert et al., 1974c¢),
that the frontal lobes of chicken brain exhibit
the largest portion of opiate binding capacity,
while the other lobes have correspondingly 1lower
binding capacities. Pert et al., (1974c), found

rost of the bianding capacity of the frontal 1lobes
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to be localized in the olfactory buld and

archstriatum, which are the forerunners of the
mammalian limbic system, (Maclean (1949); Papez
1967) .

There is very little difference in the time
dependent distribution of naloxone in brain
homogenates prepared from rats (Pert and Snyder
1973b), and embryonié chicks, figure 23. In
comparison to rat brain homogenate, which binds
alwost equal amounts of naloxone whether incubated
in the absence or presence of dextrorphan,
embryonic chick brain homogenate binds almost 30
percent 1less naloxone in the presence of
dextrorphan. This suggests that the lipophilicity
of dextrorphan may have a more significant role in
the binding of naloxone to embryonic chick brain
homogenates than to adult rat preparations. The
discrepancy between the amount of naloxone bound
may be specific to the chick, because a similar
pattern of binding is seen when the time course
for tritiated wmethionine enkephalin binding,
figure 33, is studied.

The thermal stability, £figure 9-10, the
bimodal effect of protein concentration, figure
17, and the ability of opiates to saturate the
opiate binding capacity of embryonic chick brain
horwogenate, figures 24, and 40-42, are remarkably
similar to these same parameters exhibited by
adult rat brain homogenate (Pert amnd Snyder,

1973b) .
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Both types of receptors denature above U5

degrees. The bimodal pattern for the effect of
protein concentration is larger in magnitude and
range for the rat, but this seems to be due to the
greater binding capacity of rat brain homogenate.
Chicks are reported, (Pert et al., 1978c), to have
a lower binding capacity than rats, which may be
the result of more structural protein and/or fewver
opioid binding structures. The half saturation
value for the binding of naloxone and etorphine to
embryonic chick brain is similar to those values
reported by Pert and Snyder, (1973b), and Simon et
al., (1973) , respectively. The time course,
figure 23, saturation, figure 28, and IC-50
values, figure 25, and table 9 for the binding of
naloxone indicate that embryonic chick brain
contains pharmacologically active receptors that
bind opiates stereospecifically. The IC-50 values
reported for the binding of naloxone and etorphine
to adult rats, (Simon et al., 1973; Pert and
Snyder, 1973b; Pert et al., 1973a), are similar to
those reported for embryonic chick brain, table 9,
and figure 25, with agonists generally having
larger IC-50 values than the antagonists.

The dual peak in the pH profile, fiqure 18,
for tbe embryonic chick brain homogenate is unigue
to the chick system. A pH of 7.4 was chosen for
the study because it correlated with the
physiologically significant value reported

earlier, (Pert and Snyder, 1973b). The second
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peak in the pH profile may represent a second type

of bindipg site.

Analogous displacements of tritiated naloxone
by non-radioactive naloxone were observed betveen
rat brain howogenates, (Pert and Snyder, 1973b),
and embryonic chick brain homogenates. Both types
of homogenate exhibit a sharp decrease in the
amount of tritiated naloxone bound at low
concentrations of unlabeled naloxone. The
dissociation rates for naloxone bound to embryonic
chick brain preparations, figure 27, and rat brain
homogenates, (Pert and Snyder 1973b), are similar
at temperatures above 9 degrees, but at 9 degrees
a dramatic increase in the half-life of the
naloxone-receptor complex is observed. Both of
these assay systems exhibit first order kinetics
wvith respect to naloxone, and immeasurably rapid
dissociations of the opiate-receptor complex at 39
degrees.

Cooling assayed homogenates on ice enhances
the binding of naloxone, (Creese et al., 1975b),
figure 8. Like rat brain homogenate cold
incresaes the number of naloxone binding sites and
their affinity for naloxone. The affinity
constant increases almost 5 times wmore than the
number of receptors in embryonic preparations.
Conceivably, the affinity constants are altered by
a thermally induced membrane 1lipid transition,
(McConnell et al., 1972).

The Scatchard analyses of the binding
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enhancements elicited by specific ions in

embryonic chick brain particulates, figures 41-43,
and table 17, resembles the analyses described for
rat brain preparations, (Creese et al., 1975b;
Pasternak et al., 1975c¢c; Simon et al., 1975a;: Pert
and Snyder, 1974a). Manganous and magnesium ions,
enhance the binding of both naloxone and etorphine
to levels similar to those reported by Pasternak
et al., (1975c). Adbove 25 degrees the effects of
-manganous, magnesium, and sodiumr ions, on the
binding of agonists and antagonists, are due to
alterations imn the number of bindirng sites, and
not the affinity of these sites for opiates, (Pert
and Snyder, 1974a; Pasternak et al., 1975c; Creese
et al., 1975b; Simon et al., 1975a). This
contrasts with the change in both the number of
receptors and their affinity for naloxone and
etorphine in enbryoﬁic chick preparations, table
17.

Alterations in the number of embryonic chick
brain binding sites for antagonisi#ﬂélicited by
- sodioe and for agonists elicited by sodiun,
magnesium, and manganeous ions, corresponds with
those reported for adult rat brain, (Pert and
Snyder, 1974a; Pasternak et al., 1975c; Simon et
al., 1975a). Sodium ions, vwhich reduce the
binding of agonists and increase the binding of
antagonists in both embryomnic chick brain and
adult rat brain preparations, (Pert and Snyder,

1974a), appear to modulate the number of receptor
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sites for these classes of drugs, (Pert and

Snyder, 1974a), figures 40-42.

Sodium ion concentrations of 100 mM wvere
routinely used by investigators (Pert and Snyder,
1974a; Pasternak et al., 1975c; Creese et al.,
1975b; Simon et al., 1975a; lee et al., 1975), who
believed that this concentration was
physiologically relevant. Pert and Snyder,
(1974a) , observed that the differential effects
for the binding of agonists and antagonists in the
presence of sodium were due to the existence of
high and 1lowv affinity sites for these classes of
opiates. Simon et al., (1975a), indicated that
while high concentrations of sodium ions (200mM),
cormpletely convert rat brain receptors to a state
that only accepts antagonists, lower
concentrations of sodium ions (100ln),_ leave a
nixed population of receptors that differentially
bind both classes of opiates. Sodium ions reveal
the presence of high and lov affinity aconist and
antagonist binding sites in washed embryonic chick
brain particles, figures 40-42, that are sinilar‘
to those observed by Pert and Snyder, (1974a).

Rdult chick brain particulates demonstrate a
comparable sodium effect, figure 15, but the
binding of naloxone to embryonic chick brain
particulates at the lovwer sodium ion
concentration, (100 mM), is substantially reducegd,
figure W, indicating the sensitivity of the

embryonic binding capacity to the ionic strength
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of the mediua.

The inhibition of opiate binding to embryonic
chick brain homogenates as a function of buffer
concentration, figures 11-12, and table 6, also
attest to the sensitivity of the embryonic
receptors to the ionic strength of the assay
mixture. The binding capacity of adult chicken
brain homogenate also decreased as the tris-buffer
concentration is increased. In contrast, tpe
sodium effect in rat brain horogenate is
unaffected with 50 =M tris buffered sucrose,
fiqure 16, while eabryonic chick brain
particulates bind much 1less naloxone with 50 mM
tris-buffered sucrose than with 5 m¥ tris-buffered
sucrose, figqure 37.

Corresponding to the sodium effect observed
vith rat brain preparations, embryonic chick brain
preparations exhibit a sodium effect that is
independent of the buffer concentration, figure
37, and enhanced by the washing procedure, £figure
13, used for the studies with adult rat brain,
(Pert and Snyder, 197%&a). Unwashed homogenates
prepared from both adult rat brain, (Pert and
Snyder, 1974a; Pert and Snyder, 1973b), and
embryonic chick brain, figure 36, exhibit a small
sodium induced enhancement of the binding of
naloxone. Only sodium ions, and to a lesser
extent 1lithium ions, increase the binding of
naloxone to suspensions made from mature rats

(Pert and Snyder, 19784a), chickens, and 13 day old
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chick embryoe. Potassium, rubidium and cesium
ions eithér reduce or have little effect upon the
binding of agonists and antaconists, (Pert and
Snyder, 1974a). This result is in agreement with
the observations made using washed embryonic chick
brain particulates, figures 38-39.

Calcium presumably has no role in the binding
process in both embryonic chick brain
preparations, tables 14-15, and adult rat brain
particulates, (Pasternak et al., 1975¢). EDTR is
capable of inhibiting the binding of both naloxone
and etorphine in embryonic chick preparations,
table 18, in contrast to adult rat preparations in
vhich EDTA only inhibits the binding of agonists,
(Pasternak et al., 1975c). LAnions have no obvious
effect on the bindinc actions elicited by sodium
ions in both embryonic chick brain particulates,
table 16, and adult rat brain suspensions,
(Pasternak et al., 1975¢c).

The presence of an endogenous opioid
substance in adult and embrvonic chick brain
suspensions is comparable to the discovery of sonme
related substance in mammals, (Hughes, 1975;
Terenius and Wahlstrom, 1974; Pasternak et al.,
1975a; Simantov and Snyder, 19764; Pasternak et
al., 1975b; Simantov et al., 1976b) . This
substance can be removed from embryonic chick
brain by utilizing a procedure similar to the one
used by Pasternak et al., (1975b). However, both

adult and embryonic chick brain preparations lose
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binding activity when incubated at the higher

temperatures, fiqure 29, or the longer time
periods, figure 30, used by Pasternak et al.,
(1975b) , and Simantov et al., (1976)b).

The apparent thermal sensitivity of the
opiate binding capacity of the preparations
derived from both adult and embryonic chick brain,
figures 31-32, seem to be the result of an
autodegradative process because both types of
chicken brain particulates lose their opiate
binding capacity in a temperature dependent
fashion. The embryonic «chick brain suspensions
lose their opiate binding capacity wmore oguickly
than the adult preparations, figures 31-32. The
autodegradation process can be sloved by reducing
the storage temperature, but only the adult
chicken brain particulates can be stored for more
than 8 hours without an appreciable loss in the
binding capacity. This result implies that the
mature receptors are more stable than the
emabryonic receptors.

Adult chicken brain preparations also bind
slightly larger amounts of naloxone than do those
derived from embryonic chick brain. The enhanced
opiate binding capacity of the adult chicken
brain, in comparison to the binding capacity of
embryonic chicken brain, derives from the
increased size and binding capacity of the frontal
lobes in the mature brain, tables 3-4.

Opiate binding capacity increases as the
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embryo matures, tables 1-4. The frontal lobes of

the embryonic chick differentiate at a rate that
exceeds the growth of the other 1lobes, (Peterson
et al., 1974b), the greatest density of opiate
receptors is found in the frontal 1lobes of the
chick, (Pert et al., 1974c), tables 3-8, and these
lobes are analogous to the corpus striatum in
rasmals, (Pert et al., 1974¢c).

Suitable incubation conditions wvere chosen
which represented a compromise between the
autodegradative effects and the binding
enhancement elicited by the incubation procedure.
These conditions doubled the binding capacity of
embryonic chick brain suspensions, table 11,
presumably by permitting the endogenous opioid
substance to dissociate £fror the rTeceptor. A
similar doubling effect was observed by Pasternak
et al., (1975b).

The addition of supernatant to the specially
preincubated washed exbryonic brain particulates
produced only a minor inhibition of the opiate
binding capacity. This result suggests that
either there are only 1low levels of endogenous
opioid present in the embryonic preparation, or
that there is a rapid degradation of the
endogenous opioid substance released during the
incubation procedure. The latter alternative is
the @wmore likely because adult preparations, which
should contain more endogenous opioid substance,

exhibit a significant inhibition of the binding of
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naloxone  vhen supernatant, that presumably

contains the endogenous opioid substance, is
incubated with the specially preincubated and
washed adult chicken brain suspension, table 12.

An endopeptidase that specifically degrades
methionine enkephalin, (which was identified as
one of the endogenous opioid substances),
(Simantov et al., 1976b; Hughes, 1975), wvas
recently isolated, (Knight and Klee, 1978). This
endopeptidase wray degrade the éndogenous opioid
substance released by embryonic chick brain
preparations; accounting for the inability of
supernatants, that presumably contain the
endogenous opioid substance, to significantly
reduce the binding of etorphine, table 11.

Additional evidence, figures 32-35 and tables
6 and 13, +that suggests the existence of an
endogenous opioid substance in zature. and
embryonic chick brain is consistent with the
results reported by Pasternak et al., (1975b).

The binding enhancemrent observed vhile
investigating .the sensitivity of the embryonic
chick brain binding capacity to the assay buffer
concentration, table 6, suggested that the washing
procedure was ®"unmasking" some additional binding
capacity that was not present before the embryonic
suspension was vashea. Allowing adult chick brain
suspensions, to stand at 25 degrees, figure 32,
indicates not only that they are more stable than

embryonic preparations, figure 31, but that there
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is an increase in the binding capacity of

preparations made from mature brain tissue. This
result implies that an unmasking of additional
receptor sites arises from the removal of some
endogenous opioid substance during the incubation.

The results in table 13 sugaest that very low
levels of trypsin can increase the binding
capacity of chicken brain suspensions by uneasking
receptor sites. Presumably this occurs wher an
endogenous oﬁioid component is degraded. The data
in table 13, resembles profiles described for
adult and embryonic chick brain, figures 29-30,
table 12, and it is consistent with the
interpretation of these data.

While the endogenous opioid substance present
in chicken brain preparations vas not isolated and
shown to be one or both of the enkephalins, as was
done with the rat, (Simantov et al., 1976b), and
guinea pig, (Hughes, 1975), the ability of adult
chicken brain preparations to stereospecifically
bind methionine enkephalin saturably, and in a
pharmacologically meaningful way was confirmed,
figures 33-35 and table 9.

The IC-50 values for the binding of some of
the opioid peptides to adult and embryonic chick
brain preparations are similar to those reported
by others, (Guilleain et al., 1976; Lazarus et
al., 1976; Snyder and Simantov, 1977b), and in
agreement vith the observation that 1leucine

enkephalin is slightly more agonistic than
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methionine enkephalin, (Snyder and Simantov,

1977b) . The loss in the distribution of
methionine enkephalin observed after incubating
the enkephalin for several minutes, with adult
chick brain particulates, figure 33, is almost
three times as rapid as that seen for the binding
of naloxone to embryonic chick brain, figure 23.
The very short period over which the. maximal
stereospecific binding of methionine enkephalin
can be measured is consistent with the presence of
an endopeptidase that specifically degrades
exogenous enkephalin, (Knight and Klee, 1978), and
is similar to observations made by others,
(Simantov and Snyder, 1976c; Bayon et al., 1978).
The rapid degradation of synthetic enkephalin
by extensively vashed rat brain nembranes,
(simantov and Snyder, 1976c), contrasts with the
inability of both embryonic chick brain
particulates figures 13-16, and table 8, and rat
brain preparations, (Pert and Snyder, 1973c), to
rodify synthetic opiates. |
- The opiate receptor seems to be either a
protein or group of proteins which are associated
vith membrane lipids. The opiate binding capacity
of adult and embryomnic chick brain preparations is
degraded by pfoteolytic enzyeres, table 10,
denatured at high temperatures, figures 9-10,
and is linear with respect to protein
concentration, figure 17. The loss of the opiate

binding capacity in rat brain preparations treated



L
7 -
%

-194-
with phospholipases and proteases, (Pasternak and

Snyder, 1975d4), correlates with the sensitivity of
embryonic chick brain suspensions to proteolytic
digestion, tables 10. The decrease in the binding
capacity of rat brain homoagenates treated with
phospholipases, (Pasternak and Snyder, 19754d),
agrees with the observation made with embryonic
chick brain particulates treated with
phospholipase C. The ability of certain acidic
lipids to bind opiates stereospecifically, (Loh et
al., 1974; Abood and Ross, 1975), the isolation of
a lipophilic component vith opiate-binding
activity, (Lowney et al., 1973), and the 4drop in
the opiate binding capacity of rat brain
suspensions treated wvith detergents, (Simon et
al., 1975b), are consistent with the hypothesis
that proteins and 1lipids have a role in the
bindingprocess.Several investigators, (Pasternak
et al., 1975b :; Wilson et al., 1975; and Simon et
al., 1975c), have shown that the binding of
opiates to rat brain preparations are effected by
protein modifying reagents, and Simon et 2l.,
(1975c) , found that at least one sulfhydryl group
participates in the opiate binding process.

The existence of multiple opioid binding
sites that may be responsible for the diverse
actions of opiates, (Snyder and Simantov, 1977)b),
and opioid peptides, (Snyder and Simantov, 1977b:
Holaday et al., 1978; Gillin et al., 1978), and

that may interact with one or several of the
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opioid peptides present in various brain regions,

(Lewis et al., 1978; Bloom et al., 1978), is
consistent with our data. Evidence for at least
twvo classes of opiate binding sites in embryonic
chick brain preparations, is presented inp fiqures
6, 17-18, 27, 40-42, and tables 5 and 17.

Varying <the assay temperature, figqure 6,
reveals three peaks in the binding capacity of
exbryonic chick brain homogenate; suggesting the
existence of several types of receptors. The
peaks at the lover temperatures may arise from
thermally induced transitions in the 1lipid
bilayer, (McConnell et al., 1972), that alter the
binding activity of the receptor observed at 39
degrees. However, the dissociation of bound
naloxone from embryonic chick brain preparations
at 9 degrees, figure 27, implies that lowver
temperatures may unmask additional sites, table 5,
that behave differently from those observed at
higher temperatures. Scatchard analyses of the
effect of salts on the binéing capacity of
embryonic chick brain particulates, figure 41-43
and tables 5 and 17, support the existence of at
least two types of binding sites, (Klotz and
Hunston 1977 . Since several examples of
"dual-state® neurotransmitter receptors exist,
(Snyder and Sisantov, 1977b), our data and the
data of others, (Pert and Snyder, 1974a; Pasternak
et al., 1975c¢c), vere interpreted to mean that one

type of receptor exists in either a sodiunm form or
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a sodium-free form. This interpretation does not

preclude the existence of rultiple "dual-state™
opiate receptors. Furthermore, the bimodal
distribution of the opiate binding capacity as a
function of protein concentration in embryonic
chick brain suspensions, figure 17, and the dual
binding peaks observed at different values of
assay pH, figure 18, suggest the existence of at
least two types of receptors.

The existence of discrete neuronal pathvays
for at least two of the opioid peptides, (Bloom et
al., 1978) , the apparent differemnces in the
synthetic routes leading to enkephalin in the
pituitary and the brain, (Lewis et al., 1978;
Liotta et al., 1978), as well as the diverse
physiological effects characteristic of the opiate
narcotics, (Holaday et al., 1978), implies the
existence of several types of receptors that can
interact with synthetic opiates and natural opioid
substances to varying degrees. The difference in
the agonist potency of leucine enkephalin versus
methionine enkephalin, (Snyder and Simantov,
1977b), and@ the difference in the potency of
morphine versus methionine enkephalin, (Lord et
al., 1976; Simantov and Snyder, 197 6e) , is
consistent wvith this hypothesis.

The remarkable sirmilarity between many of the
opiate binding parameters of embryonic chick brain
and adult mammals confirm the view of Peterson et

al., (1974a), that the chick system is a
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reasonable system for evaluating opiate receptor

binding. Our results and the correlation of these
results with the effects of opiates on adult
tissues not only confirms this opinion, but
successfully ansvers the question, "How does the
opiate receptor of embryonic chick compare with
the opiate receptors studied in adult mammals?®
One need look only at the infants bdborm to
opiate addicted vomen to realize that while
manipulating the present, we are really shaping

the future.
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APPENDIX I:

Figure 1l: A typical standard protein content curve used
to determine the protein content of the assayed brain
homogenates and washed brain particulates. Bovine Serum
Albumin, fraction Vv, (0-50 ug) was used as the standard,
each time the protein content was determined by the

procedure of Lowry, (Methods, section E).



ABSORBANCE AT 750 NANOMETERS

.30

.24

.18

.12

.06

.00

L

e

Vs

A TYPICAL LOWRY STANDARD CURVE

.00

10.00

20.00 30.00 40. 00 50.00
PROTEIN CONTENT (MICROGRAMS)

60.00

70.00

80.00

~66T~



-200-

References
Abood, L. G., and Hoss, W. (1975) Eur. J. Pharmac. 32: 66-75
Arehart-Treichel, J. (1977) Enkephalins: More than Just
Pain Killers, Science News (Frazier, K. ed.) Vol 112, pp.
59-62, Science Services, Washington D.C.

Atweh, S., and Kuhar, M.J. (1977a) Brain Research 129: 1-12

Atweh, S., and Kuhar, M.J. (1977b) Brain Research 134:
393-406

Azmitia, E.C., Hess, P., and Reis, D. (1970) Science 166:
1274-1276

Bar, H. P., and Hechter, 0. (1969) Prcc. Natl., Acad. Sci.
U. S. A. 63: 350-356

Bayon, A., Rossier, J., Mauss, A., Bloom, F.E., Iversen, L.L.,
Ling, N., and Guillemin, R. (1978) Proc. Natl. Acad. Sci.
U. S. A. 75: 3503-3506

Beckett, A. H., and Casey, A. (1954) J. Pharm. Pharmacol.
6: 986-1001

Belluzzi, J. D., Grant, N., Garsky, V., Arantakis, D.,
Wise, C. D., and Stein, L. (1976) Nature 260: 626-627

Bentley, K. W., and Lewis, J. W. (1973) Agonist and Antag-
onist Actions of Narcotic Analgesics (Kosterlitz, H. W.,
ed.) pp. 7-16, University Park, Baltimore

Bird, S.J., and Kuhar, M. J. (1976) Fedn. Proc. Fedn. Am.
Socs. Exp. Biol. 35: 310 :

Birnbaumer, L., Rodbell, M. (1969) J. Biol. Chem. 244: 3477~
3482

Bloom, F., Battenberg, E., Rossier, J., Ling, N., and
Guillemin, R. (1978) Proc. Natl. Acad. Sci. U.S.A. 75: 1591~
1595

Bloom, F., Setal, D., Ling, N., and Guillemin, R. (1976)
Science 194: 630-632

Bradbury, A. F., Smyth, D. G., Snell, C.R., Birdsall, N. J. M.,
and Hulme, E.C. (1976) Nature 260: 793-795

Bradley, P. B., Briggs, I., Gayton, R. J., and Lambert, L. A.
(1976) Nature 261: 425-426

Buscher, H. H., Hill, R. C., Romer, D., Cardinaux, F.,
Closse, A., Hauser, D., and Pless, J. (1976) Nature 261: 423 ~
-425




-201-

Butcher, A. T. (1970) Adipose Tissue: Regulation and
Metabolic Functions, Hormones and Metabolic Research Suppl.
2, p. 5, Academic Press, New York

Buxbaum, D. M., Yarbrough, G. G., Carter, M. E. (1973)
J. Pharmacol. Exp. Ther. 185: 317-327

Cheney, D. L., and Goldstein, A. (1971) Science 171: 1169-
1170

Clouet, D. H., and Ratner, M. (1970) Science 168: 854-855

Collier, H. O., and Roy, A. C. (1974a) Nature 248: 24-27

Collier, H. 0., and Roy, A. C. (1974b) Nature 249: 471-473

Cox, B. M., Opheim, K. E., Teschemacher, H., and Goldstein,
A. (1975) Life Sci. 16: 1777-1782

Cox, B. M., Goldstein, A., and Li, C.H. (1976) Proc. Natl.
Acad. Sci. U. S. A. 73: 1821-1823

Creese, I., and Snyder, S. H. (1975) J. Pharm. Exp. Ther.
184: 205-219

Creese, I., Burt, D. R., and Snyder, S. H. (1975a)life
Sci. 17: 1715-1720

Creese, I., Pasternak, G., Pert, C., and Snyder, S. H.
(1975b)Life Sci. 16: 1837- 1842

Data for Biochemical Research (196%a) (Dawson, R. M. C.,
Elliot, D. C., Elliot, W. H., Jones, K. M., eds.) pp. 481-
498, Oxford University Press, Oxford

Data for Biochemical Research (1969b) (Dawson, R. M. C.,
Elliot, D. C., Elliot, W. H., Jones, K. M., eds.) pp. 618-
619, Oxford University Press, Oxford

Dole, V. P. (1970) Ann. Rev. Biochem. 39: 821-840

Elde, R., Hokfelt, 1., Johansson, 0., and Terenius, L. (1976)
Neuroscience 1l: 349-351

Feinberg, A. P., Creese, I., and Snyder, S. H. (1976)
Proc. Natl. Acad. Sci. U.S.A. 73: 4215-4219

Feinberg, M. P., and Cochin, J. (1972) Biochem. Pharmacol.
21: 3082-3085

Gauchy, C., Agid, Y., Glowinski, J., and Cheramy, A. (1973)
Eur. J. Pharmacol. 22: 311-319 '

Gebhart, C. F., and Mitchell, C. L., (1973) Arch. Int.
Pharmacodyn. Ther. 201: 128-140




-202~

Gentlemen, S., Ross, M., Lowney, L. I., Cox, B. M., and
Goldstein, A. (1976) Opiates and Endogenous Opioid Peptides
(Kosterlitz, H. W., ed.) pp. 27-34, North-Holland, Amsterdam

Gillin, J. C., Hong, J. S., Yang, H.-Y. T., and Costa, E.,
(1978) Proc. Natl. Acad. Sci. U. S. A. 75: 2991-2993

Goldstein, A., Lowney, Li I., and Pal, B. K., (1971) Proc.
Natl. Acad. Sci. U.S.A. 68: 1742-1747

Gray, E. G., and Whittaker, V. P. (1962) J. Anat. 96:
79-88 .

Guillemin, R., Ling, N., and Burgus, R. (1976) C. R. Acad.
Sci. Paris Ser. D. 282: 783-785

Gullis, R., Traber, J., and Hamprecht, B. (1975) Nature
256: 57-59

Gunne, L. M., Jonsson, J., and Fuxe, K., (1969) Eur. J.
Pharmacol. 5: 338-342

Harvey, J. A., Lints, C. E., Garbarits, E., (1968) Pharm-
acologist 10: 211

Haykow, W. R., Webb, C., and Jeevie, A., (1960) J. Comp.
Neurol. 113: 281-314

Hiller, J. M., Pearson, J., and Simon, E. J., (1973)
Res. Commun. Chem. Pathol. Pharmac. 6: 1052-1062

Ho, I. K., Loh, H. H., and Way, E. L. (1973q9 J. Pharmacol.
Exp. Ther. 185: 336-347

Ho, I. K., Loh, H. H., and Way, E. L. (1973b) J. Pharmacol.
Exp. Ther. 185: 347-357

Ho, I. K., Loh, H. H., and Way E. L. (1973c) Eur. J.
Pharmacol. 21: 331-336

Holaday, J. W., Wei, E., Loh, H. H., and Li, C. H. (1978)
Proc. Natl. Acad. Sci. U. S. A. 75: 2923-2927

Hughes, J. (1975) Brain Research 88: 1-14

Hughes, J., Smith, T., Kosterlitz, H. W., Fothergill, L. A.,
Morgan, B., and Morris, H.R. (1975) Nature 248: 61-66

Klee, W. A., and Streaty, R. A. (1974) Nature 248: 61-66

Klee, W. A., Sharma, S. K., and Nirenberg, M. (1975) Life
Sci. 16: 1869-1874 I

Klotz, I. M., and Hunston, D. L. (1971) Biochemistry 10:
3065-3069

Knight, M., and Klee, W. (1978) J. Biol. Chem. 253: 3843- 3848




-203-

Korf, J., Bunney, B. S., and Aghajanian, G. K. (1974)
Eur. J. Pharmac. 25: 165-169

Kosterlitz, H. W., and Hughes, J. (1975) Life Sci. 17:
91-96

Kuhar, M. J., Pert, C. B., and Snyder, S. H. (1976)
Nature 245: 447-450

Lamotte, C., Pert, C. B., and Snyder, S. H. (1976)
Brain Research 112: 407-412

Lazarus, L. H., Ling, N., and Guillemin, R. (1976) Proc.
Natl. Acad. Sci. U.S.A. 73: 2156-2159

Lee, C-Y. Akera, T., Stolman, S., and Brody, T., (1975)
J. Pharacol. Exp. Ther. 194: 583-592

Lees, M., and Paxman, J., (1972) Anal. Biochem. 47: 184-192

Lewis, R. V., Stein, S., Gerber, L. D., Rubinstein, M.,
and Udenfriend, S. (1978) Proc. Natl. Acad. Sci. U. S. A.,
75: 4021-4023

Liotta, A. S., Sauda, T., and Kreiger, D. T. (1978)
Proc. Natl. Acad. Sci. U. S. A. 75: 2950-2954

Loh, H. H., Cho, T. M., Wu, Y. C., and Way, E. L. (1974)
Life Sci. 14: 2231-2245

., and Li, C. H. (1976)
73: 2895-2898

Loh, H. H., Tseng, L. F., Wei, E
Proc. Natl. Acad. Sci. U.S.A.

Lord, J. A. H., Waterfeld, A. A., Hughes, J., and Koster-
litz, H. W. (1976) Opiates and Endogenous Opioid Peptides
(Kosterlitz, H. W., ed.) pp. 275-280, North-Holland,
Amsterdam

Lowney, L. I., Schulz, K., Lowery, P., and Goldstein, A.
(1973) Science 183: 749-753

Mac Lean, P. D. (1949) Psychosom. Med. 11: 338-353

Mains, R. E., Eipper, B. A., and Ling, N. (1977) Proc.
Natl. Acad. Sci. U.S.A.. 74: 3014-3018

Marg, E. (1964) Ann. N. Y. Acad. Sci. 117: 35-52

McConnell H., Deveaux, P., and Scantella, C. (1972)
Membrane Research (Fox, C. F., ed.) pp. 27-37, Academic
Press, New York



-204-

Meglior, M., Hosbuchi, Y., Loh, H. H., Adams, J. E., and
Li, C. H. (1977) Proc. Natl. Acad. Sci. U.S.A. 74: 774-776

Minneman, K. P., and Iversen, L. L. (1976) Nature 262:
313-314

Moore, R. Y., Heller, A., and Bhatnager, R. K. (1968)
Archs. Neurol. 18: 208-218

Murry, D. S., and Jeffree, G. M. (1951) The Anatomy of
Man and Other Animals, P. 133, Watts and Co. London

Papez, J. W. (1967) Comparative Neurology P. 429, Hafner,
New York

Goodman, R., and Snyder, S. H. (1975a)

Pasternak, G. W.,
1765-1769

Life Sci. 16:
Pasternak, G. W., Wilson, H. A., and Snyder, S. H. (1975b)
Molec. Pharmacol. 11: 340-350

Pasternak, G. W., Snowman, A. M., and Snyder, S. H. (1975c¢c)
Molec. Pharmacol. 1l1l: 744.-753

Pearse, A. G. E. (1976) Nature 262: 92-94

Pert, A. (1976) Opiates and Endogenous Opioid Peptides
Pp. 87-94, (Kosterlitz, H. W., ed.) North-Holland, Amster-
dam

Pert, C. B., Pasternak, G. W., and Snyder, S. H. (1973a)
Science 182: 1359-1361

Pert, C. B., and Snyder, S. H. (1973b) Proc. Natl. Acad.
Sci. U.S.A. 70: 2832-2836

Pert, C. B., Snyder, S. H. (1974a)Molec. Pharmacol. 10:
868-879

Pert, C. B., Snowman, A. M., and Snyder, S. H. (1974b)
Brain Research 70: 184-188

Pert, C. B., Aposhian, D., and Snyder, S. H. (1974c)
Brain Research 75: 356-361

Pert, C. B., and Snyder, S. H. (1975a) Life Sci. 16: 1623-
1634

Pert C. B., Kuhar, M. J., and Snyder, S. H. (1975b) Life
Sci. 16: 1849-1854
Pert, C. B., Pert, A., Chang, J.-K., and Fong, B. T. W.
(1976a) Science 194: 330-332

Pert, C. B.,and Snyder, S. H. (1973c) Science 179: 1011-1014



-205-

Pert, C. B., Bowie, D. L., Fong, B. T. W., and Chang, J. K.
(1976b) Opiates and Endogenous Opioid Peptides (Kosterlitz,
H. W., ed.) pp. 79-86, North-Holland, Amsterdam

Pert, C. B., Pert A., and Tallman, J. H. (1976c) Proc.
Natl. Acad. Sci. U.S.A. 73: 2226-2230

Peterson, G. R., Fisher, P. H., Burkhalter, A., Loh, H. H.,
and Way, E. L. (1974a) Neurobiology 4: 222-230

Peterson, G. R., Fisher, P. H., and Burkhalter, A., (1974b)
Neurobiology 4: 210-221

Pleuvry, B. J., and Tobias, M. A. (1971) Brit. J. Pharmacol.
43: 706-714

Plotnikoff, N. P., Kastin, A. J., Coy, D. H., Christensen, C. W.,
Schallz, A. V., and Spirtes, M. A. (1976) Life Sci. 19: 1283-1288

Portoghese, P. S. (1966) J. Pharm. Sci. 55: 865-887

Puri, S. K., Reddy, C., Lal, H. (1973) Res. Comm. Chem.
Pathol. Pharmacol. 5: 389-401

Racagni, G., Zsilla, G., Guidotti, A., and Costa, E. {(1976)
J. Pharm. Pharmacol. 28: 258-260

Roberts, J. L., and Herbert, E. (1977) Proc. Natl. Acad.
Sci. U.S.A. 74: 4826-4830

Rubinstein, M., Stein, S., Gerber, L. D., and Udenfriend, S.
(1977) Proc. Natl. Acad. Sci. U.S.A. 74: 3052-2055

Satoh, M., Zieglgansbherger, W., Fries, W., and Herz, A.
(1974) Brain Research 82: 378-382

Samanin, R., Gumulka, W., Valzelli, L. (1970) Eur. J.
Pharmacol. 10: 339-343

Samanin, R., and Valzelli, L. (1971) Eur. J. Pharmacol. 16:
298-302 -

Samanin, R., and Valzelli, L. (1972) Arch. Int. Pharmacodyn.
Ther. 196: 138-141

Samanin, R., and Bernasconi, S. (1972) Psychopharmacol. 25:
175-182

Samanin, R., Ghezzi, D., Mauron, C., and Valzelli, L. (1973)
Psychopharmacol. 33: 365-368

Sharma, S. K., Nirenberg, M., and Klee, W. A. (1975a)
Proc. Natl. Acad. Sci. U.S.A. 72: 590-594

Sharma, S. K., Klee, W. A., and Nirenberg, M., (1975b)
Proc. Natl. Acad. Sci. U.S.A. 72: 3092-3096

Shen, F. H., Loh, H. H., Way, E. L. (1970) J. Pharmacol.
Exp. Ther. 175: 427-434




-206-

Simantov, R., and Snyder, S. H. (1976a) Brain Research
106: 189-197

Simantov, R., Goodman, R., Aposhian, D., and Snyder, S. H.
(1976b) Brain Research 111: 204-211

and Snvd S. H. (1976c) Proc. Natl. Acad.

er,
73: 2515-2519

Simantov, R.
Sci. U.S.A.

Simantov, R., and Snyder, S. H. (1976d) Life Sci. 18: 781-
788

Simantov, R., and Snyder, S. H. (1976e) Opiates and Endogenous
Opioid Peptides (Kosterlitz, H. W., ed.) pp. 41-48, North-
Holland, Amsterdam

Simantov, R., and Snyder, S. H. (1976f) Mclec. Pharmacol.
12: 987-998

Simantov, R., and Snyder, S. H. (1976g) Nature 262: 505-507

Simon, E. J., Hiller, J. M., and Edelman, I. (1973) Proc.
Natl. Acad. Sci. U.S.A. 70: 1947-1949

Simon, E. J., Hiller, J. M., Groth, J., and Edelman, I.
(1975a) J. Pharmacol. Exp. Ther. 192: 531-537

Simon, E. J., Hiller, J. M., and Edelman, I., (1975L)
Science 190: 389-390

Simon, E. J., and Groth, J. (1975¢) Proc. Natl. Acad.
Sci. 72: 2404-2407

Smith, T. W., Hughes, J., Kosterlitz, H. W., and Sosa, R. R.,
(1976) oOpiates and Endogenous Opioid Peptides (Kosterlitz,
H. W., ed.) pp. 57-62, North-Holland, Amsterdam

Snyder, S. H., and Bennett, J. P. (1976) Ann. Rev. Physiol.
38: 153-175

.

Snyder, S. H. (1977d) Scientific American (Nov.) pp. 44-56

Snyder, S. H., and Simantov, R., (1977) J. Neurochem. 28:
13-20

Snyder, S. H. (1977b) Chemical and Engineering News (Heylin
M., ed.) pp. 26-35, American Chemical Society, Washington, D.C.

Sparkes, C. G., and Spencer, P. S. J. (1971) Brit. J.
Pharmacol. 42: 230-241

Szutowicz, A., Frazier, W.A., and Bradshaw, R. A. (1976)
J. Biol. Chem. 251: 1516-1523




-207-

Tang, L.C., and Cortzias, G. C. (1978) Proc. Natl. Acad.
Sci. U.S.A. 75: 1546-1548

Tenen, S. S. (1967) Psychopharmacol. 10: 204-219

Terenijius, L., and Wahlstrom, A. (1974) Acta. Pharmacol.
Tox. 35: Suppl 1: 55

Tyhach, R. C., Engel, R., and Tropp, B. E. (1976) J. Biol.
Chem. 251: 6717-6723

Vaughan, M. (1960) J. Biol. Chem. 235: 3049-3053

Vaughan, M., and Murad, F. (1969) Biochemistry 8: 3092-
3099

Vogt, M. (1973) Agonist and Antagonist Actions of Narcotic
Analgesic Drugs (Kosterlitz, H. W., ed.) pp. 139-141,
University Park, Baltimore

Waterfield, A. A., Hughes, J., and Kosterlitz, H. W. (1976)
Nature 260: 624-625

Way, E. L. Loh, H. H., and Shen, F. (1968) Science 162:
1290-1292

Way, E. L., and Shen, F. (1971) Narcotic Drugs: Biochemical
Pharmacology (Clouet, D. H., ed.) pp. 229-253, Plenum
Press, New York

Way, E. L., (1973) Opiate Addiction: Origins and Treat-
ment (Fisher and Freedman, eds.) pp. 99-120, Winston
and Sons, Washington, D. C.

Weinstock, M. (1971) Narcotic Drugs: Biochemical Pharm-
acology (Clouet, D. H., ed.) pp. 254-261, Plenum Press,
New York

Whittaker, V. P. (1969) Handbook of Neurochemistry (Lajtha,
A., ed.) vol. 2, pp. 327-364, Plenum Press, New York

Whittaker, V. P., and Barker, L. A. (1971) Methods of
Neurochemistry (Fried, R., ed.) Vol. 2, pp. 1-52, Marcel
Dekkar, New York

Wilson, H. A., Pasternak, G. W., and Snyder, S. H. (1975)
Nature 253: 448-450

Winter, C. A. (1965) Medicinal Chemistry (de Stevens, G.,
ed.) vel. 5, pp. 10-25, Academic Press, New York

Yang, S. F. (1969) Methods in Enzymology (Lowenstein, J. M.
ed.) Vol. 14, pp. 188-197, Academic Press, New York



-208-~

Yarbrough, G. G., Buxbaum, D. M., Sanders-Bush, E. (1973)
J. Pharmacol. Exp. Ther. 185: 328-335

Young, A. B., and Snyder, S. H. (1973) Proc. Natl. Acad.
Sci. U.S.A. 70: 2832-2836

Zieglgansberger, W., and Fry, J. P. (1976) Opiates and
Endogenous Opioid Peptides (Kosterlitz, H. W., ed.)
pp. 231-238, North-Holland, Amsterdam



