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ABSTRACT

Mouse neuroblastoma cells in continuous culture which

were incubated for a period of 24 hours in the presence of

biologically active opiates such as morphine, levorphanol,

or etorphine were found to have an increased cell doubling

time which returned to normal in 48 hours. The subsequent

addition of naloxone, an opiate antagonist, to these same

cells resulted in cell death. These findings were suggestive

of the development of opiate tolerance and dependence and

provided incentive for the further investigation of opiate

cell interactions. The saturable, stereospecific binding

of levorphanol and etorphine was studied and quantified in

neuroblastoma cells. Two classes of opiate receptor sites

were found: low affinity-high capacity sites and high

affinity-low capacity sites. Although low affinity levor

phanol binding was demonstrable in both the nucleus and

the cytosol as well as in the whole cell, no high affinity

binding was detected in the presence of this opiate.

Consequently, etorphine, a much more potent Opiate, was

used to investigate the existence, if any, of a high

affinity site. The neuroblastoma nucleus was found to be

the sole site for high affinity binding. It was found that

l) nuclear receptors were saturated at a concentration of

-viii



2 x 10"? M etorphine, 2) they were capable of binding

etorphine stereospecifically at 37°c but not at 4°c, and

3) they were partially degraded by treatment with pro

teolytic enzymes. Studies utilizing chromatin and nuclear

membranes isolated from nuclei which had been exposed to

etorphine revealed that the majority of the etorphine bound

by the nucleus was associated with chromatin while a smaller

fraction was associated with the nuclear membranes.

No high affinity saturable, stereospecific binding

was found in HeLa cells, a cell line obtained from non

nervous tissue. This suggests that perhaps pharmacologically

significant opiate binding is confined to nervous tissue

or tissues of nervous origin. The ability of other biologi

cally active and inactive opiate agonists and antagonists

to compete for the high affinity etorphine receptor in

neuroblastoma nuclei correlated well with their known

pharmacological potency in whole animals.
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INTRODUCTION

Opium, a product of the poppy Papaver somniferum, has

been used for approximately four thousand years. The

first known users were Egyptian priests who ate opium for

its euphoriant effect. Later, Greek and Roman physicians

and intellectuals used it for producing sleep and stimulating

thought. In 1644, the pipe was introduced in China and

the most popular way to administer the drug became one of

inhalation (Scott, 1969). However, it was not until

Serturner isolated morphine from opium and this coupled

with the appearance of the hypodermic needle in the middle

of the nineteenth century, that morphine abuse became

a serious problem in the Western world. It was soon

apparent that a rapid development of tolerance to the

analgesic and euphoriant effects of morphine resulted

from parenteral administration. Recognition of this

stimulated much research into attempting to discover the

mechanisms responsible. To date, the in vivo molecular

mechanisms by which the opiate narcotics promote and induce

tolerance to analgesia and drug dependence have not been

elucidated (Dole, 1970 and Pert and Snyder, 1973a).



One significant and serious limitation has been the

experimental model systems which most investigators have

employed. These systems have largely been laboratory

mammals which are capable of developing a tolerance to

and dependence on opiates following chronic exposure.
While the techniques employed can demonstrate the presence

of tolerance (the physiologic need for increasing amounts

of drug to achieve the same analgesic effect) and depen

dence (the inability to maintain homeostasis in the

absence of the drug) (Fraser, 1968), they are not precise

enough to pinpoint the molecular mechanisms responsible

for these undesirable effects. The animals themselves are

complex whole organisms composed of many integrated but

different cell types and consequently they can provide

only limited information about the cellular and molecular

pharmacology of the opiates.

A single cell type in a well defined continuous

culture would seem to be an experimental system in which

many of the complexities which hinder further elucidation

of opiate action could be eliminated. Because their life

span is limited to forty or fifty generations, most non

malignant cells are not optimal for long term studies

since they must be periodically reestablished from in vivo

systems. On the other hand, cell lines adapted from

malignant tissues will divide indefinitely. If cloned



from a single cell, cells in culture (either malignant or

non-malignant) are homogeneous in cell type and isogenic

in nature. The whole brain homogenates used by Pert and

Snyder (1973a) and Simon, et al. (1973) are also isogenic

if from a single animal but the cells are very heterogeneous.

The principle advantage to homogeneity is that every cell

will contain the same components, for example, the opiate

receptor. Another important advantage of cells in contin

uous culture is that a population of cells can be geneti

cally manipulated in such a manner as to provide somatic

cell mutants, which are powerful tools for the investigation

of molecular mechanisms of drug action (Kao and Puck, 1968).

If the cells are from an isogenic population, the dif-
-

ferences following mutagenization can be genetically

interpreted to be due to a single mutation whereas mutations

in a heterogeneous population could very well be multigenic.

As early as l938, Sasaki was able to demonstrate opiate

tolerance, cross tolerance, and dependence in cultured

chick embryo fibroblasts. He found that concentrations of

morphine of 30 nM or higher suppressed cell growth, but

that with continued exposure to morphine, cell division

became normal. When morphine was then withdrawn from these

fibroblasts, the cells became very granular in appearance

and began to die. Later investigators such as Painter, et

al. (1949), found that different cell types demonstrated

variable sensitivities upon exposure to opiates. They

found that the growth of explanted chick embryo spinal



cord was inhibited at a levorphanol (a synthetic morphine

congener) concentration of 20 u M, while spleen and heart

cells derived from the same source were sensitive only

to doses of 0.1 mM or higher. These were perhaps the

earliest indications that nervous tissue in culture might

serve as a valuable model for the study of opiate toler

ance and dependence.

Other indices for measuring the actions of narcotics

on cell growth have generally been limited to their effects

on macromolecular synthesis. Boquet, et al. (1971) found

a decrease in RNA synthesis in Escherichia coli following

treatment with the synthetic narcotic antagonist, levallorphan,

as did Becker, et al. (1972) using levorphanol in regener
ating rat liver. Noteboom and Mueller (1966) found a

similar decrease in both RNA and protein synthesis in HeLa

cells which had been exposed to either levallorphan or

levorphanol. Their findings suggested that both narcotic

agonists and antagonists could affect cell protein and

RNA synthesis; therefore, it was possible that they might

also have an effect on HeLa cell growth. This was substan

tiated by the results of studies on the effects of various

narcotics on the division of HeLa cells (Noteboom and Mueller,

l969). These results showed that incubation for 48 hours

in the presence of 0.1 mM nalorphine, a partial opiate

antagonists, or 0.1 mM morphine did not increase cell doubling

time; however, in the presence of the same concentrations of

levorphanol nor methadone had any effect on cell doubling



time. This suggested that tissue of non-neural origin per

haps was not sensitive to opiates at these low concentrations.

Greene, et al. (1967) corroborated the findings of Noteboom

and Mueller (l'969) and found the 3 mM levallorphan decreased

the concentration of intracellular ATP by 60 percent in

HeLa cells, but they also felt it was possible that selective

neurons were more sensitive to narcotics than were Hella

cells.

Inherent in theories of drug action is the concept

that before a pharmacologic response is elicited a drug must

first interact with a target molecule (s) which might satisfy

the criteria of drug receptor molecule (Fingl and Woodbury,

1965). The drug receptor is a component of a cell or a

tissue whose interaction with the drug initiates a chain of

events leading to an observable physiological response.

There are many types of bonds which drugs can form with their

receptors, such as ionic, van der Waal's, hydrophobic or

covalent. The stereochemistry of the receptor site and that

of the drug molecule is quite important in determining the

nature of the drug-receptor interaction. The fact that

many drugs, such as the opiates, are optically active can

impose further requirements for this specific interaction.

Optical enantiomers may possess identical solubilities

and distribution patterns in tissue, but one isomer may have

a markedly reduced potency due to its inability to bind

optimally with the drug receptor (Daniels and Jorgensen,



1966). Beckett and Casey (1956) were the first to suggest

evidence that opiate receptors might possess stereo

specificity. The features which they thought to be essential

for the interaction of an opiate drug with the receptor

site were the presence of a chemically basic center able

to associate with an anionic site on the receptor surface,

a flat aromatic structure allowing for van der Waal's

bonding to a flat surface on the receptor site to rein

force the ionic bond, and a projecting hydrocarbon moiety.

Their concept of the opiate receptor required it to be a

rigid structure. Based on the Beckett and Casey model,

Goldstein, et al. (1971) proposed that the biologically

active narcotic, levorphanol has a three point attachment

at the receptor while dextrorphan, its mirror image, has

only a two point attachment and thus is much less potent.

Portoghese (1965) modified the rigid receptor concept by

postulating that receptors were capable of undergoing

conformational changes upon interaction with small molecules.

He stated that the possible difference seen in potency

between enantiomorphs could be due to the asymetric

topography of the receptor such that one enantiomorph fits

the receptor better than another. Possibly this was due

to a greater affinity of the receptor for the biologically

active drug or to binding of the drug at a different site

on the same or on different receptor species (Portoghese,

1966).





Because most narcotics, including both agonists and

antagonists, are structurally similar (Fig. 1) and because

the optical antipode of an active drug has much less

biological activity or potency, it would seem that the

opiate receptor must be the stereochemical antithesis of

the active narcotic. Methadone, which is seemingly not

structurally related to other narcotics, is capable of

causing development of physical dependence. Due to steric

factors it may form a ring-like conformation which approx

imates the overall geometry of the piperidine moiety of

morphine (Beckett, 1955). Perhaps the biological antag

onism exhibited between a narcotic agonist such as levor

phanol and its structurally related antagonist, levallorphan,

is due to competition between the two drugs at a common

receptor site (Dole, 1970). This hypothesis was partly

substantiated by the work of Noteboom and Mueller (1966),

Boquet, et al. (1971). Becker, et al. (1972) and Greene,

et al. (1967) who demonstrated the ability of both levor

phanol and levallorphan to halt macromolecular synthesis.

On the other hand, simple competition at a common receptor

site will not explain the actions of antagonists which

differ qualitatively from their analgesic counterparts

(Jaffe, 1965). Ariens (1964) explained some of the notable

differences of agonists and antagonists as a result of

their individual intrinsic activities at a common receptor

site.





Fig. l. Structural similarity of Opiate agonists

and one antagonist. Shown are the three

dimensional structures of D (-) morphine

and levorphanol, both biologically active

opiates (from Beckett, A. H., 1959). Also

illustrated is dextrorphan, the biologically

inactive stereoisomer of levorphanol, and

naloxone, an opiate antagonist.
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Several investigators have proposed model systems

in the past to characterize possible opiate-receptor

interactions. The opinion that enzyme-substrate interac

tions are generally considered analogous to drug-receptor

interactions, formed the basis for Axelrod's choice of rat

liver microsomal N-demethylase as a receptor model to

study the inhibition of this enzyme by the repeated admini

stration of morphine or related opiates (Axelrod, 1968).

When morphine was withdrawn from the rats, enzyme activity

returned to normal. It was proposed that the narcotic

receptor in the central nervous system and the N-demethylase

were alike with respect to their stereospecificity, the

substrates with which they interacted, and their inhibition

by nalorphine, the morphine antagonist which possesses

some agonistic properties. The continuous interaction

of narcotics with the demethylating enzyme resulting in a

reduction of active metabolizing sites presumably might

correspond with a reduction in active sites on the central

nervous system analgesic receptors. Contradictions

associated with this reduced receptor site hypothesis include

the poor correlation between narcotic potency and inhibition

of N-demethylation, the fact that unlike the liver, the

brain of a tolerant animal does not lose the ability to

demethylate narcotics (Elison and Elliot, 1963), and the

inhibition of enzyme activity resulting from exposure to

non-opiates such as cocaine.
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A more molecular approach to an analysis of opiate

receptor interactions was proposed several years later by

Spector (1971) who developed a radio-immunoassay for the

quantitative determination of morphine in serum. Rabbit

antisera containing antibodies against a 3-0-carboxymethyl

morphine-bovine serum albumin conjugate served as the re

ceptor model. Results indicated that opiates were capable

of competing with *H-dihydromorphine for the same antibody

sites to varying degrees. Concentrations of 1000 pico

gams per ml each of codeine, morphine, heroin, and nor

morphine all caused a 50 percent inhibition of the anti

body-ºn-dihydromorphine complex. Nalorphine and metha

done were less capable of competing against *H-dihydro
morphine, and dextromethorphan and levallorphan were not

recognized by these antibody binding sites at concentra

tions greater than 400 nanograms per ml. Again, the

analgesic potencies in vivo of codeine and methadone did

not parallel their abilities to compete for sites on the

morphine antibody.

A brief study of methadone binding to human plasma

albumin revealed that the amount of methadone bound was

independent of the methadone concentration but dependent

on the concentration of albumin (Olsen, 1972). Scatchard

plots of these data indicated the possible existence of

several binding sites on the albumin which had different
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affinities for methadone. However, since narcotics pre

sumably act on nervous tissue to cause their effects

(Wikler, l950), binding to plasma proteins may be re

levant to narcotic distribution but probably not to any

action at central nervous system sites.

The first indication of a saturable, stereospecific

opiate binding site was suggested by the work of Gold

stein, et al. (1971) on the interactions of levorphanol

and dextrorphan in subcellular fractions of mouse brain.

Using an excess of unlabeled dextrorphan to occupy all

saturable, nonspecific sites or an excess of unlabeled

levorphanol to occupy all saturable, stereospecific as

well as nonspecific sites, they were able to quantitate

the possible stereospecific binding of *H-levorphanol.
Saturable, nonspecific binding accounted for half of the

levorphanol interactions with floating nuclear membranes

of brain tissue. Nonsaturable, nonspecific binding ac

counted for nearly half of the total levorphanol associ

ation and only 2 percent of the binding was attributable

to saturable, stereospecific interactions. Preferential

binding of labeled levorphanol by distinct regions of the

brain was not detected, but the experiments suggested

significant binding to nuclear membranes and to a lesser

degree, to crude mitochondrial-synaptosomal and micro

somal membrane fractions. Later, Pert and Snyder (1973a)
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were able to demonstrate preferential binding of 3H

naloxone by thalamic portions of rat brain. They found

that guinea pig intestine also bound *H-naloxone stereo

specifically until it was denervated, thereby strongly

indicating a specific affinity of narcotics for nervous

tissue. Simon, et al. (1973) were able to demonstrate

saturable, stereospecific binding in rat brain homogen

ates using the potent opiate agonist, 3H-etorphine.

Their findings also suggested that in most cases the

affinity of various narcotics for the stereospecific

opiate binding exists predominately in nervous tissue

suggests that such might be involved in the pharmacologic

action of the drug, yet the brain homogenate system of—

fers many significant disadvantages not the least of which

is the great heterogeneity of the cell types comprising it.

For several reasons cloned mouse neuroblastoma cells

in continuous culture might provide a better model for

the study of the molecular mechanisms of narcotic opiate

action. In continuous culture it is a system comprised

of a single cell type in a rigorously controlled environ

ment. The neuroblastoma cell has maintained many of the

electrophysiological, biochemical, and morphological char

acteristics of a normal neuron (Augusti-Tocco and Sato,

1969, Schubert, et al., 1969, and Nelson, et al., 1969).

Harris and Dennis (1970) have demonstrated that action
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potentials will result from the ionotophoretic application

of acetylcholine on neuroblastoma cells and that these ac

tion potentials are usually similar to those seen in re

cordings from sympathetic nerve cells in vivo. They were

also able to demonstrate that some of the cells were in

sensitive to acetylcholine along one of the neural pro

cesses. This finding suggests an analogy with axons and

dendrites, where an axon is insensitive to acetylcholine

and the dendrites are not. Furthermore, Peacock, et al.

(1972) were able to select for increased electric excit

ability in a cloned line of neuroblastoma cells utilizing

10 um aminopterin as the selective agent. The presence

of acetylcholinesterase, choline acetylase, and tyrosine

hydroxylase, enzymes associated with nervous tissue, has

been demonstrated in cultures derived from the mouse

neuroblastoma tumor in situ (Augusti-Tocco and Sato, 1969).

In addition, Anagnoste, et al. (1972) demonstrated the

presence of dopamine beta hydroxylase in both mouse neuro

blastoma tumors as well as in the cell cultures derived

from them. They and others have also found that neuro

blastoma cells in monolayer cultures will extend neural

processes in response to the addition of 5-bromodeoxyuridine

or the omission of serum from the medium in which the cells

grow (Augusti-Tocco and Sato, 1969, and Seeds, et al.,

1970). Cells maintained in higher serum concentrations or
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in spinner cultures appear to be spherical and are said

to be less differentiated.

Since the methodology used to determine narcotic

effects in whole animals was not applicable to a tissue

culture system and since no biochemical correlate is

yet recognized, determination of opiate biological acti.

vity was limited largely to measurement of cell division

and cell death subsequent to the addition of narcotic

agonists and antagonists. It was thought possible that

adenosine 3'-5'-cyclic monophosphate (cAMP) might be

mediating the biological response of the neuroblastoma

cells to the opiates because of its widespread distri

bution as a biological regulator and because a cAMP-de

pendent protein kinase has been found to be present in

brain tissue (Miyamoto, et al., 1969). In addition,

low levels of cAMP have been found in rapidly dividing

cells, indicating its role as a regulator of cellular

proliferation (Otten, et al., 1972 and Willingham, et al.,

1972). Furthermore, it has been shown in neuroblastoma

cells that the addition of certain drugs both increases

the cell doubling time as well as increasing the level of

cAMP (Gilman and Nirenburg, 1971).

Studies presented here using the neuroblastoma cell

as a model system, have shown that at pharmacologic con

centrations only levorotatory opiates were capable of
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transiently increasing the cell doubling time and sub

sequently causing the neuroblastoma cells to die when

challenged with an opiate antagonist. The dextrorota

tory isomers decreased the cell growth rate at only very

high concentrations. Consequently since the growth in

hibition of the neuroblastoma cells was dependent on the

stereospecificity of the opiate, it was possible that one

or more saturable, stereospecific opiate binding sites

existed in the cells. More importantly, when this hypo

thesis was tested in whole cells (defined in this thesis

as in vivo) and in cell-free neuroblastoma extracts (de

fined as in vitro), evidence was obtained suggesting the

existence of a high affinity and a low affinity opiate

receptor. The high affinity receptor, demonstrated in

nuclei, was interpreted to be more important pharmaco

logically since it was saturable at very low opiate con

centrations, was stereospecific, and exhibited temperature

dependent binding of the narcotic. Such highly specific

binding was not demonstrable in neuroblastoma cytosol,

microsomes, or crude membrane fractions nor was it found

in intact Hella cells or Hela cell subcellular fractions.

Also significant was the finding that relative affini

ties of other opiates for the high affinity receptor

paralleled their biological effects in the intact neuro

blastoma cell.
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MATERIALS AND METHODS

Cells

Neuroblastoma cells were derived from the mouse

Cl300 tumor at the Jackson Laboratory, Bar Harbor, Maine.

They were cloned in our laboratory in soft agar and

maintained at 37°C as suspension cultures in calcium

free McCoy's 5a modified medium supplemented with 20

percent fetal calf serum or as monolayer cultures in

McCoy's 5a medium supplemented with 5 percent fetal

calf serum.

Hepatoma cells derived from the rat were obtained

from the laboratory of Dr. Gordon M. Tomkins (University

of California, San Francisco) and grown in Swim's S77

medium supplemented with 10 percent calf serum.

HeLa cells were obtained from the laboratory of

Dr. Adolphus P. Toliver (University of California, Davis)

and grown in suspension in calcium deficient Eagle's

phosphate medium supplemented with 5 percent calf serum

or as monolayer cultures in Eagle's medium supplemented

with 15 percent fetal calf serum.

Media and Buffers

McCoy's 5a modified medium without CaCl2 was purchased

from Grand Island Biological Co. (GIBCO), as was Swim's

S77 and Eagle's media. The formulation for McCoy's 5a

medium can be found in Appendix A.



18

Fetal calf and calf sera were obtained from GIBCO

and Pacific Biological Co. Penicillin (100,000 Units/ml)

and streptomycin (100,000 mcg/ml) were also purchased

from GIBCO. Tricine and Trizma were obtained from Sigma

Chemical Co. Phosphate buffered saline (PBS) and Tris

sucrose buffer were made in the laboratory as needed.

Formulae are found in Appendix A.

Chemicals and Reagents

*H-levorphanol (0.104 ci/mg) was supplied by Hoffman
LaRoche, Inc. *H-etorphine (3.5 Ci/mmol) was a gift of

Dr. E. J. Simon (Columbia University) and Dr. H. H. Loh

(University of California, San Francisco). *H-naloxone

(5 Ci/mmol) was also a gift of Dr. H. H. Loh. Unlabeled

levorphanol, methadone, and dextorphan were gifts of Dr.

E. L. Way (University of California, San Franciso).

Morphine sulfate and morphine base were obtained from the

University of California Hospital Pharmacy and naloxone

was a gift from Endo Laboratories. Etorphine (1 mg/ml

in saline) and diprenorphine (2 mg/ml in saline) were

purchased from American Cyanamid.

“c-inulin (5.22 mci/gm) and **c-amino acids (1.5

Ci/gm) were purchased from New England Nuclear Corp. °h
thymidine (18 Ci/mmol) was purchased from Schwarz Mann.

Cycloheximide (Actidione) was obtained from Calbiochem
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*H-cAMP (24. l Ci/mmol) was obtained from Dr. Donal

W. Walsh (University of California, Davis) as was nonradio

active cAMP. Theophylline, B grade, was obtained from

Calbiochem. Partially purified protein kinase was kindly

supplied by Dr. Henry Bourne (University of California,

San Francisco). 0.45 micron pore size nitrocellulose

filters of 25 mm diameter were obtained from the Millipore

Corp. 2-methoxyethanol and trichloroacetic acid (TCA)

were obtained from Mallinckrodt.

Silica gel G thin layer chromatography plates were

purchased from Eastman Kodak Co.

DNase (1320 Units/mg), RNase A (4600 Units/mg) and

RNase T1 (300,000 Units/mg) were supplied by Worthington

Biochemical Co. Trypsin I-300 was supplied by Nutritional

Biochemicals Corp. Pronase, B grade, and phospholipase

C, B grade, were obtained from Calbiochem. N-ethyl maleimide

was obtained from Aldrich Chemical Co., Inc. Sodium desoxy

cholate (special enzyme grade) was obtained from Mann

Research Laboratories.

Toluene was obtained from Mallinckrodt Chemical Co.,

PPO (2,5-diphenyloxazole) was obtained from Eastman Kodak

Co., POPOP (l, 4-bis 2-[(5-phenyloxazolyl) J-benzene) and

Triton X-l90 were supplied by Packard Instrument Co.

Scintillation cocktail formulae are found in Appendix A.
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Growth Rate Determinations

Hepatoma cells were grown in spinner culture at 37°C

in 125 ml Wheaton bottles in Swim's S77 medium supplemented

with 10 percent calf serum. Neuroblastoma cells were

grown in suspension also at 37°c in 125 ml Wheaton bottles

in McCoy's 5a modified medium supplemented with 20 percent

fetal calf serum. Growth studies were initiated when

cell cultures were in an early exponential growth phase

(cell density between l and 2 X 10° cells per ml) and

terminated when the stationary phase was attained (1 X 10°

cells per ml in the case of hepatoma cells and 6 to 8 X

10° cells per ml in the case of neuroblastoma cells).

Cell densities were determined daily by counting in a

hemacytometer the cells in an aliquot of culture medium.

Stock solutions of morphine sulfate or morphine

base, levorphanol tartrate, dextrorphan tartrate, methadone,

etorphine, and naloxone were prepared in distilled water

or medium without serum, sterilized by filtration, and

appropriate amounts added to the cultures to achieve the

desired final drug concentrations. A control culture

containing an equal volume of water or medium without

serum was included in each study.

The Effect of Opiates on Madromolecular Synthesis

To determine if the opiates were affecting cell
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doubling time by interfering in some way with protein

or DNA synthesis in the neuroblastoma cell, the incorpor

ation of 14C-amino acids or *H-thymidine into trichloroacetic

acid (TCA)-precipitable material was quantitated. 25 ml

aliquots of cells were incubated in the presence of the

indicated concentrations of levorphanol, morphine, or

dextrorphan in serum-free medium for 15 minutes at 37°C.

1 uCi of **c-amino acids (1.5 ci/gm) and 0.1 uci of *H-
thymidine (18 Ci/mmol) were then added to each sample

and 5 ml aliquots were taken at 0, 5, 10, 20, and 30

minutes. Each 5 ml aliquot was centrifuged at 600 g for

5 minutes, and the pellets washed two times with 2 volumes

of phosphate buffered saline (PBS). The cells were then

suspended in 0.1 ml water and subjected to three cycles

of freeze-thawing. 0.02 ml samples were spotted on Whatman

3 MM chromatography paper disks of 25 mm diameter and

assayed in triplicate according to the method of Mans and

Novelli (1961).

The Effect of Opiates on Cyclic AMP Levels

To determine whether the levels of intracellular cAMP

were altered by the addition of opiates, cells at densities

of 3 to 5 x 105 cells per ml were harvested by centrifugation

and suspended in serum-free medium. They were then divided

into 10 35 ml aliquots to half of which was added 5 mM

theophylline, an inhibitor of phosphodiesterase. All
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samples were incubated for one hour at 37°C and then

l u/M etorphine, dextrorphan, levorphanol, naloxone, or

an equal volume of water was added to samples which had

been pretreated with 5 mM theophylline and corresponding

samples which had not. The samples were further incubated

at 37°C for 15 minutes, 10 ml samples taken in triplicate

from each bottle, the cells centrifuged at 600 g for 5

minutes and washed once with PBS. The cell pellets were

then extracted with l ml ice-cold 5 percent TCA while

vortexing (Gilman and Nirenberg, 1971). The cells were

subjected to two cycles of freeze-thawing and were then

centrifuged at 5000 g for 10 minutes. The supernatants

were aspirated and the precipitates were dissolved in 0.2

ml of 0. l N NaOH for Lawry, et al. (1951) protein deter

minations. The TCA supernatants were then acidified with

0.1 ml of 1 N HCL and extracted 5 times with two volumes

of water-washed ethyl ether according to the method

of Gilman and Nirenberg (1971). The aqueous phase was

lyophilized and the extract dissolved in 0.2 ml of 20 mM

acetate buffer pH 4. The content of cAMP was then

assayed according to the method of Gilman (1970). Recovery

of cAMP from neuroblastoma cells was consistently about

88 percent.
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*H-opiate Binding Studies

Whole Cells

Rate of uptake and release of levorphanol. To determine

the uptake of levorphanol by neuroblastoma cells, cultures

were harvested by centrifugation at 600 g for 5 minutes

and resuspended to densities of 10° to 107 cells per ml

in warm (37°C) McCoy's 5a medium (pH 7.6) without serum

prior to the addition of the drug. The cells were incu

bated with 0.1 u M °h-levorphanol (27 Ci/mol) at either

4°C OIC 37°C. At various times thereafter, 5 ml samples

were taken, the cells promptly centrifuged at 600 g for

5 minutes, the supernatants discarded, and the cell pellets

resuspended in cold medium. This suspension was centri

fuged again, the supernatants discarded, and the cell

pellets solubilized in 0.2 ml of l N NaOH. 0.1 ml of

pellet solution was added to 10 ml of Triton-toluene

scintillation fluid. Radioactivity was monitored in a

Beckman LS-230 liquid scintillation counter and corrected

for quenching by the external standard method. The protein

concentration of each pellet was determined by the method

of Lowry, et al. (1951).

To determine the rate of dissociation of levorphanol

from neuroblastoma cells, cells were incubated with 0.1

lu M *H-levorphanol for 45 minutes. They were centrifuged
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at 600 g for 5 minutes, the supernatants were discarded,

and the cell pellets were washed once in cold serum-free

medium at either 4°C or 37°c and aliquots were taken at

0, 15, and 30 minutes and l and l. 5 hours. The aliquots

were centrifuged, the supernatants were discarded, and the

cell pellets solubilized and counted.

Metabolism of levorphanol during incubation or during

cell growth studies. The metabolism of *H-levorphanol WaS

monitored by incubating cells with 0. l I M *H-levorphanol
at 37°C for either l or 24 hours, washing the cells once

with PBS (pH 7. 2), homogenizing them in an equal volume

of 20 mM Tricine buffer (pH 7.6) in a 5 AA Thomas glass

homogenizer with a teflon pestle, which has a clearance

of 0.002 to 0.005 inch. The homogenization was done

mechanically for 30 strokes, after which the homogenate

was extracted three times with methanol or ethyl acetate.

The extracts were concentrated by evaporation and aliquots

were then spotted on 20 X 20 cm silica gel G thin layer

plates and chromatographed in a solvent system of ethanol:

dioxane: benzen: NH4OH (5:40:50:5) or one of n-butanol:

benzene: methanol: water (15: 10: 60:5) (Cochin and Daly,

l962). After completion of the chromatography, the thin

layer plates were cut into l cm strips, which were placed

in separate scintillation vials and counted.

Determination of *H-levorphanol binding at increasing

concentrations. Whole neuroblastoma cells were centrifuged
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at 600 g for 5 minutes and resuspended in serum-free medium

as described earlier. Aliquots of cells were then incubated

with various concentrations of °h-levorphanol (27 Ci/mol)

for 45 minutes at 37°c. Immediately before harvesting the

“c-inulin (5.22 mci/gm),cells by centrifugation, 0.1 uCi of

which is excluded from cells (Merchant, et al., 1964), was

added to the incubation mixture to provide a means of estimating

the quantity of levorphanol trapped in the extracellular

space of the cell pellet. Cell-associated radioactivity was

determined by subtracting the *H cpm of trapped extracellular

levorphanol in the cell pellet from the total *H cpm in the

pellet (Samuels and Tomkins, l970).

Preexistence of the opiate receptor. Neuroblastoma cells

were incubated with various concentrations of cycloheximide

for 45 minutes. The incorporation of **c-amino acids into

TCA-precipitable material in treated and control cultures

was measured to determine if protein synthesis was adequately

inhibited. Then untreated neuroblastoma cells were treated

with 0.5 or l mM cycloheximide, concentrations which inhibited

protein synthesis by at least 90 percent, for 45 minutes

followed by an incubation at 37°C in the presence of 0.1

|INI *H-levorphanol (27 Ci/mol) for another 45 minutes. The

°h-levorphanol bound by the cells was then determined by
lá

the C-inulin method as described above.

Stereospecific interactions. The binding of °h-levorphanol
to whole neuroblastoma cells was studied using a modification

of the method of Goldstein, et al. (1971) to detect any
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saturable stereospecific interactions. This was done under

the following three conditions: cells were incubated with

l) 0. l um *H-levorphanol alone, or with 2) 0.1 p.m.

*H-levorphanol plus a 1000-fold excess of nonradioactive

dextrorphan, or with 3) 0.1 mM °h-levorphanol plus a

l()00-fold excess of nonradioactive levorphanol. Again,

**c-inulin was added immediately before harvesting the cells.

Radioactivity in both supernatnat and cell pellet fractions

was determined as described. Similar procedures were fol

lowed when studying the effects of methadone and naloxone

OIl *H-levorphanol binding.

Subcellular Fractions

Rate of *H-etorphine and *H-naloxone uptake. *H-etorphine
(3.5 Ci/mmol) was purified by New England Nuclear Corp.

*H-naloxone (5 Ci/mmol) was purified by thin layer chro

matography in the system described for determining the

metabolism of levorphanol by whole cells. To determine the

rate of uptake by subcellular fractions in vitro, whole

neuroblastoma cells were centrifuged and washed once with

PBS. They were then resuspended in an equal volume of 20mM

Tricine or 50mM Tris buffer (pH 7.6) and homogenized as

described previously. The nuclei were purified by washing

three times in 0.25 M sucrose-Tris buffer or 0.25 M

sucrose-Tricine buffer (pH 7.6) and were then resuspended

in the same sucrose buffer for these studies. The remaining

homogenate was centrifuged at 30,000 g for 20 minutes to

obtain a 30,000 g supernatant or at lo O,000 g for 2 hours
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in a TY 65 rotor to obtain a 100,000 g cytosol and a

microsomal pellet.

All solutions of radioactive and nonradioactive

chemicals used for in vitro binding studies were prepared
in either Tris or Tricine buffers. This was done because

neuroblastoma cells are grown in McCoy's 5a medium which

is buffered with Tricine (a non-volatile buffer), and

Pert and Snyder (1973 a & b) found Tris buffer to be

optimal for determining stereospecific naloxone binding in

brain homogenates. Each assay tube contained 0.1 ml

labeled drug, 0.2 ml cytosol or nuclear suspension, and

0.1 ml buffer containing the unlabeled opiates. The final

concentrations of 3H-etorphine or *H-naloxone used per

incubation tube was 5 nM.

The tubes were incubated at either 4°C or 37°C for

0, 5, 15, 30, or 60 minutes. At the end of their specified

incubation times, all samples were placed in ice to prevent

rapid dissociation of the opiate from the subcellular fractions.

Cytosol samples were filtered on Millipore nitrocellulose

filters, and washed once with 5 ml cold Tris or Tricine buffer.

The filters were oven-dried, placed in scintillation vials,

and 2 ml of 2-methoxyethanol was added to each vial for one

hour. After the filters had become transparent, 5 ml of

toluene scintillation fluid was added and radioactivity

determined. Nuclei were centrifuged, washed two times in

two volumes of sucrose buffer, solubilized in 0.2 ml of
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lN NaOH and the radioactivity contained in 0.1 ml was

counted in 10 ml Triton-toluene scintillation fluid.

Metabolism of etorphine during incubation. The metabolism

Of *H-etorphine was monitored by incubating purified nuclei

with 2nM *H-etorphine for 15 minutes at 37°C. The nuclei

were then assayed as described and homogenized in l ml of

50mM Tris buffer (pH 7.6). Extraction and chromatographic

procedures were identical to those used for detection of

levorphanol metabolites.

Determination of saturable *H-etorphine binding. Cytosols

and nuclei were prepared as described in the previous section

and 0.4 ml mixtures were incubated at 37°C for 15 minutes

with various concentrations of labeled narcotic ranging

* M to 5 x 10^* M. Where indicated, 0.1 mMfrom 10T

dextrorphan was present to ensure that all binding observed

would be stereospecific. Samples were then filtered or

centrifuged and washed before counting as described in the

previous section.

Stereospecific interactions. Cytosols from a 30,000 g or a

lC)0,000 g centrifugation were incubated with *H-opiate in

the presence or absence of a 100 to 100,000-fold excess of

nonradioactive levorphanol or dextrorphan. Final concen

trations of labeled levorphanol ranged between 10 nM and

l um and final concentrations of *H-naloxone Or *H-etorphine
ranged from 0.5 nM to 2 nM. Samples were preincubated for

lC minutes with the excess unlabeled narcotic and for an

additional 15 minutes in the presence of the label at either
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37°C or 4°C. Tubes were then chilled on ice before filtering

or centrifuging. To determine whether cytosol was required

for nuclear stereospecific binding purified nuclei were

incubated both in the presence or absence of cytosol.

Tubes prepared containing 0.1 ml labeled drug, 0.1 ml cytosol,

0.1 ml nuclear suspension, and 0.1 ml buffer containing non

radioactive opiates. Microsomes obtained from 100,000 g

centrifugations were resuspended in approximately equal

volumes of Tris buffer and assayed for saturable, stereo

specific binding by the filtration method used for cytosol

binding assays.

Crude membranes obtained from purification of nuclei

were also suspended in Tris-sucrose buffer and assayed for

saturable, stereospecific binding by the filtration method.

pH optima for studying saturable, stereospecific nuclear

binding of etorphine. The uptake of *H-etorphine by

purified nuclei was measured under three different buffer

conditions at seven different pH values. Nuclei were

suspended in 50 mM Tris–0. 25. M sucrose buffer, pH 7.0, 7.5,

and 8.0; in 50 mM citrate-phosphate-0. 25 M sucrose buffer,

pH 4, 5, or 6; or in 50 mM glycine-NaOH-0.25 M sucrose

buffer at pH lo . Each sample mixture contained 0.2 ml

*H-etorphine (3.5 Ci/mmolnuclear suspension, 0.1 ml of 5 nM

and 0.1 ml of 5 um dextrorphan. Samples were incubated at

37°C for 15 minutes and assayed by the usual method.

Distinction between whole cell nuclear and isolated nuclear

binding. Whole neuroblastoma cells were harvested and suspended
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in 3 to 4 ml of McCoy's 5a medium without serum. The

sample was divided and one half was used to determine the

concentration of etorphine which would saturate in vivo

the nuclear receptor. Concentrations of 3H-etorphine

(3.5 Ci/mmol) ranging from 0.2 nM to 0.6 nM were added to

separate tubes and incubated for 30 minutes at 37°C. The

cells were then chilled on ice, centrifuged, washed once

with cold PBS, resuspended in cold 50 mM Tris buffer and

homogenized. The homogenate was then centrifuged at 5000

g for 10 minutes at 4°C and the supernatants were saved

for counting. The nuclei were then washed three times in

sucrose buffer, solubilized in 0.2 ml lN NaOH, and 0.1 ml

counted in Triton X-100-toluene scintillation cocktail.

Unlabeled etorphine at the saturating concentration

was then added to the other half of the whole cells for

30 minutes at 37°C. The cells were then fractionated and

the nuclei were purified as before. These nuclei were

resuspended in 2 to 5 volumes of sucrose buffer and

incubated in the presence of *H-etorphine (3.5 Ci/mmol)

ranging from 0.2 nM to 5 nM for 30 minutes at 37°C.

Samples were then chilled and assayed as described.

Properties of the nuclear receptor. 0.2 ml portions of

nuclei suspended in Tris-sucrose buffer were treated with

0.1 ml of various degradative enzymes, detergents, or ions

for 30 minutes at 37°c, washed, and incubated with 2 nM

H-etorphine for lº minutes, then assayed for binding. In
3some instances, nuclei were labeled with "H-etorphine
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before treatment with the enzyme. The enzymes used and

their final concentrations included DNase (75 mcg/ml),

RNase A (60 mcg/ml) plus RNase T1 (0.5 mcg/ml), trypsin

(500 mcg/ml), pronase (100 mog/ml), and phospholipase

C (1 mg/ml). Before use the solution containing RNase was

heated at 80°C for 10 minutes to denature any DNases which

might have been present and the pronase solution was heated

at 37°C for 90 minutes to destroy any contaminating enzymes.

Nuclei were also treated with l percent Triton X-100 at

37°C for 30 minutes to determine if solubilization of the

outer nuclear membrane would affect etorphine binding.

The effects of 1 mM N-ethylmaleimide, 10 mM CaCl2 or 10 mM2

EDTA on nuclear stereospecific binding were also determined.

To investigate the possibility that etorphine might

be binding to chromatin, nuclei were prepared and incubated

in the presence of 2 nM *H-etorphine for 15 minutes at

37°C. They were then washed with Tris-sucrose buffer as

in earlier experiments. The nuclei were then allowed to

swell in 0.01 M Tris buffer (pH 7.6) for 20 minutes, were

mechanically homogenized using 30 strokes as described

previously, and centrifuged at 10,000 rpm for 15 minutes.

The pellet was resuspended in 0.3 ml 0.01 M Tris buffer

(pH 7.6) and 0.2 ml of the suspension was layered on 62

percent sucrose in a polyallomer tube. The solution was

mixed into the sucrose so that it extended about half

way down the tube. Tubes were then spun 90 minutes at

100,000 g in a SW 56 rotor at 4°C to pellet chromatin. The
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pellet containing the chromatin was dissolved in 0.01 M

Tris buffer (pH 7.6) and the radioactivity contained in an

0.1 ml portion was determined using Triton-toluene scintil

lation fluid. The optical densities of the solution containing

chromatin were determined at wave lengths ranging from 220

to 320 nanometers. A portion of the original sample which

was layered on the 62 percent sucrose and a portion of the

chromatin obtained after centrifugation were assayed for

DNA content using the diphenylamine method of Burton (1960)

as modified by Giles & Myers (1965). Protein content was

determined according to the method of Lowry, et al. (1951).
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RESULTS

The Effect of Opiates on Neuroblastoma Cell
Doubling Time

Before experiments to determine saturable, stereo

specific opiate binding in neuroblastoma cells could be

carried out, it was necessary to determine the biological

effects of the opiates to ensure that the neuroblastoma cell

would be a good experimental system. To establish that

doses of opiates used in neuroblastoma cell cultures would

be relevant to the concentrations detected in the brains

of whole animals, responses to different doses of morphine

sulfate were measured in the early log growth phase of the

neuroblastoma cell and the hepatoma cell, a cell line of non

nervous tissue origin. It was found that the doubling time

in neuroblastoma cells increased when cells were grown in

the presence of l um morphine (Fig. 2). The normal neuro

blastoma cell population doubled approximately every 24 to

28 hours. To best compare one experiment to another

statistically, cell numbers were plotted on a logarithmic

scale and expressed as the ratio of N/No where N is the

number of cells present on any one day and No is the number

of cells on the first day of each growth experiment.

Therefore, a ratio of N/No which is equal to 2 indicates

that the cell population doubled during the length of time

specified. In hepatoma cells, the doubling time was increased
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Fig. 2. Morphine dose response curves in mouse

neuroblastoma cells. The ratio (N/No)
of the number of cells at the start of the

growth experiment (No) to the number of

cells present at a specified day (N) is

plotted vs. days. Indicated final concen

trations of morphine were added at day 0

to each sample at a starting density of

l. 0 to 1.4 X 10° cells per ml. Cell

counts of an aliquot of each culture were

made at the same time daily using a

hemacytometer. The symbols + the standard

error of the mean (S.E.M.), where the number

of times the experiment was repeated (n)

equals 5, indicate control (e-e), 107'M

morphine (O-O.), 107°M morphine (m-s), 107°
morphine (a-A), and 107* morphine (G-5)
cultures.
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in the presence of 50 uM morphine or higher (Fig. 3),

clearly indicating that the hepatoma cells are less

sensitive to the growth inhibitory effects of morphine than

are neuroblastoma cells. In both cell types, the growth

rate was slowed for about 24 hours, after which time the

cells resumed a more normal growth rate. This suggests

that the growth inhibitory effect was transient rather than

permanent. Fig. 4 shows that etorphine was also capable

of increasing cell doubling time at a concentration of lo nM

or higher.

To determine whether the neuroblastoma cells were

capable of developing a tolerance to the effects of morphine,

a second dose of morphine (5 um) was added to cells which

had already been exposed to l um morphine for 24 hours

(Fig. 5). Despite the increase in dose, the cells previously

exposed to morphine did not show any further inhibition

of growth subsequent to the second addition of morphine.

In an experiment designed to determine if the cells developed

a dependence on morphine, naloxone, an antagonist of morphine,

was added to the cells. In the absence of morphine, l0 liM

naloxone caused a transient decrease in the rate of cell

growth during the early exponential growth phase (cell

density of l to 2 x 10° cells per ml), but it had no effect

on cells in a stationary growth phase. When naloxone was

added together with morphine to cells in an early log growth

phase it also had no effect on cell growth (Fig. 6). However,

when cells which had been growing in morphine for 48 hours
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Fig. 3. Morphine dose response curves in rat

hepatoma cells. The ratio N/No is plotted

vs. days. Indicated final concentrations

of morphine were added at day 0 to each

sample at a starting density of l. 0 to

l. 4 X 10° cells per ml. Cell counts were

made daily. The symbols + S.E.M. (n=3)

indicate control (e-e), 107*M morphine

(o-o), 5 x 107*M morphine (A-2), and 107*M
morphine (E-E) cultures.
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Fig. 4. Etorphine dose response curves in mouse

neuroblastoma cells. The ratio N/No is

plotted vs. days. Etorphine was added at

day 0 to each culture and cell counts were

made daily. The symbols + S.E.M. (n=3)

indicate control (C-C), 107°M etorphine

(A-4), 107°M etorphine (E-II), 107°M
etorphine (D-D), and 107*M etorphine

(O-O) cultures.
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Fig. 5. Development of tolerance to and dependence

on opiates in neuroblastoma cells. The

ratio N/No is plotted vs. days. Except

where indicated, designated final concen

trations of morphine or dextrorphan were

added to cultures in early log growth phase

at day 0. Cell counts were made daily.

Symbols + S.E.M. (n=3) indicate control

(e-e), 107*M morphine (A-A), and 107°M
dextrorphan (O-O.) cultures. On day 1

6(arrow) 5. X lo’M morphine was added to

one half of the culture already containing

107°M morphine. On day 2 107*M naloxone
was added to the control (e---e), 107°M

6morphine (A---A), and lo’M dextrorphan
(O---O) cultures.



42



43

Fig. 6. The effect of morphine and naloxone when

added together on neuroblastoma cell

growth. The ratio N/No is plotted vs.

days. Designated final concentrations of

drugs were added on day 0 to cultures in

early log growth phase. Cell counts

were made daily. Symbols + S.E.M. (n=4)

indicate control (e-e), 107°M naloxone
(o- oy, or 107°M morphine plus 10-5
naloxone (E-L) cultures.
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were challenged with naloxone, they apparently died since

a decrease in cell number was observed (see Fig. 5). This

effect was not apparent in cells which had been grown in

the presence of dextrorphan rather than morphine (see Fig. 5)

In whole animals, tolerance to certain effects of

Opiates, such as analgesia, followed by the development of

physical dependence usually occurs in response to narcotics

which are levorotatory rather than dextrorotatory (Portoghese,

1966). Therefore, it was of interest to determine whether

neuroblastoma or hepatoma cells were capable of distinguishing

between stereospecific isomers as reflected by the effects

of such on their doubling time. Morphine, levorphanol, or

dextrorphan at a final concentration of 10 um was added

to separate cultures of neuroblastoma cells. A final

concentration of 50 um of each drug was added to hepatoma

cells. It can be seen in Fig. 7 that levorphanol and

morphine caused suppression of growth in neuroblastoma

cells whereas dextrorphan had little or no effect. Levor

phanol and morphine at 50 um also partly increased hepatoma

cell doubling time, but surprisingly, dextrorphan had the

most inhibitory effect of the three drugs (Fig. 8).

The Effect of Opiates on Macromolecular Synthesis

Because the inhibition of macromolecular synthesis by

opiates has been demonstrated in other tissue culture

systems (Becker, et al., 1972, Noteboom & Mueller, 1969,
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Fig. 7. Effect of opiate steroisomers on neuroblastoma

cell growth. The ration N/No is plotted

vs. days. Designated final concentrations

of drugs were added at day 0 and cell counts

were made daily. Symbols + S. E. M. (n=3)
5indicate control (e-e), 10">M dextrorphan

(O-O.), 107°M levorphanol (E-L), or 107°M
morphine (A-A) cultures.
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Fig. 8. Effect of opiate steroisomers on hepatoma

cell growth. The ration of N/No is

plotted vs. days. Indicated final concen

trations of drugs were added to cultures

on day 0 and cell counts were made daily.

Symbols + S.E.M. (n=3) indicate control

(C-C ), 5 x 107°M dextrorphan (O-O.),

5 x 10^*M levorphanol (s-s), or 5 x 10^*M
morphine (A-A) cultures.
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and Greene, et al., 1967), it was possible that the

decreased growth rate of neuroblastoma cells in the presence

of opiates might be partially explained by an inhibition

of either protein or DNA synthesis. To test these possibilities,

the incorporation of *c-amino acids and *H-thymidine into

acid-precipitable material was investigated. For purposes

of comparison the incorporation of amino acids or thymidine

into acid-precipitable material was determined after 20

minutes of incubation, since uptake of amino acids and

thymidine was still linear at that time (Mans and Novelli,

1961, and unpublished observations). Results presented

in Table l show that lo nM of either levorphanol or morphine

**c-amino acid uptake.or dextrorphan had no effect of

However, at concentrations of 0. l um or higher, protein

synthesis was decreased l3.5 percent by morphine or

levorphanol and 4.5 percent by dextrorphan. The maximum

inhibition of protein synthesis by levorphanol or morphine

occurred at lo to 100 um, the highest concentrations used.

Morphine at a final concentration of 10 MM and lower had no
3

effect on H-thymidine uptake by neuroblastoma cells.

The Effect of Opiates on Cyclic AMP Levels

Since cAMP is involved in many systems as a biological

regulator, it was decided to measure the effects of opiates

on the level of cAMP in neuroblastoma cells. Results in

Table 2 suggest that l IM concentrations of dextrorphan,
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TABLE ll

**c-amino acid incorporation into trichloracetic acid
precipitable material.

Molar Concentration Incorporation Incorporation
of Opiate in presence in presence

of morphine Of
Or dextrorphan

levorphanol

10-8 100s °
-

10-7 86.5 95.5%

10-6
- -

–5
lC) 77 86.5

10-4 78
-

25 ml aliquots of neuroblastoma cells were incubated in
the presence of the indicated concentrations of morphine,
levorphanol, or dextrorphan, in serum-free McCoy's 5a
medium for is minutes at 37°C. 1 uCi of 14c-amino acids
(l.5 Ci/gm) was then added to each sample and 5 ml ali
quots were taken at 0, 5, 10, 20, and 30 minutes. Each
5 ml aliquot was centrifuged at 600 g for 5 minutes and
the pellets were washed two times with two volumes of PBS.
The cells were then suspended in 0.1 ml water and sub
jected to three cycles of freeze-thawing. 0.02 ml samples
were spotted on Whatman 3 MM chromatography paper disks
of 2.3 cm diameter and assayed in triplicate according to
the method of Mans and Novelli (1961).

The abºv; percentages are expressed as the percent of thecontrol 14C-amino acid uptake at 20 minutes where the
control incorporation equals lo O%. The values presented
are the averages of three determinations which differed
from one another by no more than 3%.
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TABLE 2

Effects of opiates on intracellular levels of cyclic AMP.

Picomoles camp/mg protein

Sample Minus 5 mM
theophylline theophylline

Control 24.90 + 1.35° 25 - 80 + 1 .. 7

1 mM Dextrorphan * 8. 75 + 0.80 ll. 50 + 3.9

l MM Levorphanol b 10. 50 + 0. 65 6.80 + l. l

1 mM Naloxone * 15.90 + 4.85 ll. 20 + l. 3

1 um Etorphine * 9 - 30 + 0.85 10. 70 + 2. 3

Neuroblastoma cells were divided into lo 35-ml aliquots to
half of which was added 5 mM theophylline, a phosphodiesterase
inhibitor. All samples were incubated for one hour at 37°C
and then l um dextrorphan, levorphanol, naloxone or etorphine,
or an equal volume of water was added to samples which had
been pretreated with 5 mM theophylline and corresponding
samples which had not. The samples were further incubated
for lº minutes, l0 ml samples taken in triplicate from each
bottle, the cells centrifuged and washed once with PBS.
The cells were then extracted with ice-cold 5% TCA (Gilman
and Nirenberg, 1971). The content of cAMP was then assayed
according to the method of Gilman (1970).

* The values presented are the averages of three separate
determinations + the standard error of the mean (S.E.M.).

b The values of cAMP obtained as a result of the addition of
these drugs did not differ significantly from one another at
the 5% level of confidence.
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levorphanol, naloxone, or etorphine all decreased the

level of cAMP to the same extent. The levels of cAMP in

the presence of the opiates were approximately half that

of the control levels whether or not phosphodiesterase had

been inhibited. The possibility that the opiates could

be interfering with the cAMP assay itself by inhibiting

the binding of the cAMP protein kinase to *H-cAMP WaS

considered, but subsequent experiments not shown demon

strated this was not the case.

*H-opiate Binding Studies

The above results strongly suggested that the

neuroblastoma cell would be a tenable model for further

investigation of opiate-receptor interactions since the

biological activity of the opiates in these cultured cells

appeared to correlate well with the known biological

potencies and specificities of narcotic agonists and

antagonists in whole animals. Furthermore, since the

opiates were biologically active in the cell, an interaction

between the opiate and some sort of stereospecific receptor

in or on the cell was implied. To assure the validity of

the interpretation it was important to determine whether

the levorphanol or etorphine used was being metabolized by

the cells or the nuclei. The metabolism was monitored by

incubating cells with 0.1 un *H-levorphanol for either l

or 24 hours and incubating nuclei with 2nM *H-etorphine for
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l hour at 37°c. The cells or nuclei were then harvested

by centrifugation, homogenized in 20 mM Tricine buffer,

and the homogenate extracted with methanol or ethyl acetate.

The extracts were chromatographed in two thin layer

systems and all recovered radioactivity cochromatographed

in both systems with authentic levorphanol or etorphine

Standards.

Whole Cells

Rate of uptake and release of levorphanol. It was equally

important to determine the kinetics of *H-levorphanol up

take and efflux by the whole neuroblastoma cell. Fig. 9A

shows that levorphanol uptake by the whole cell was maximal

within 5 minutes at 37°C and approached a maximum by 3

hours at 4°C. It was necessary for assaying purposes to

determine how quickly levorphanol dissociated from the

cells. Fig. 9B shows that the dissociation of bound levorphanol

was much more rapid at 37°c than at 4°c.

Saturable levorphanol binding. The possibility of saturable

levorphanol binding by whole cells was investigated by

incubating cells at concentrations Of *H-levorphanol ranging

from 1 nM to lo mM. Fig. 10 shows that *H-levorphanol
uptake was linear at concentrations between l nM and 10 um,

but became saturated at concentrations greater than 10 MM.

Since the concentration at which half the binding sites are

Saturated (Kp) gives an estimate of the affinity of a drug
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Fig. 9 A. Rate of association of *H-levorphanol with

neuroblastoma cells. Neuroblastoma cells

were incubated with 0. l IM *H-levorphanol
(27 Ci/mol) in serum-free medium at 4°C

(O—O) or 37°C (O—O) and aliquots were

taken at 5, 15, and 30 minutes, and l, 2,

and 3 hours. Cells were centrifuged,

the supernatants discarded, and the cell

pellets were washed once in cold medium

and dissolved in 0.2 ml of IN NaOH before

assaying the radioactivity contained in a

0.1 ml aliquot.
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Fig. 9B. Rate of dissociation of *H-levorphanol
from neuroblastoma cells. Cells which had

been incubated with 0. l um °h-levorphanol
for 45 minutes were centrifuged, the

supernatants were discarded, and the

cell pellets were washed once in cold

serum-free medium. They were then sus

pended in serum-free medium at either

4°C (O—O) or 37°C (C–C) and aliquots

Were taken at 0, 15, and 30 minutes and

l and l. 5 hours. The aliquots were

centrifuged, the supernatants were dis

carded, and the cell pellets were

solubilized in 0.2 ml of IN NaOH and the

radioactivity contained in 0.1 ml was

determined.
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Fig. l0. Uptake of *H-levorphanol at increasing

concentrations by neuroblastoma cells.

Whole cells were incubated with various

concentrations of *H-levorphanol for 45

minutes at 37°C. Immediately before

harvesting the cells by centrifugation,

0. l ICi of l4 C-inulin was added to the

incubation mixture to provide a means to

estimate the quantity of levorphanol

trapped in the extracellular space of the

cell pellet. Uptake is shown as the log10
of bound levorphanol (nmol/mg protein)

vs. the loglo molarity of free levorphanol

at equilibrium. The straight line between

107°M and 107*M levorphanol was extrapolated

(dotted line) to indicate that the uptake

of levorphanol above 107°M was not linear

but saturable. S. E.M. is indicated where n=4.
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for its receptor, the data of Fig. 10 was more accurately

expressed as a Scatchard (1949) plot (Fig. 11). This

arrangement of data is shown in Fig. ll and cannot be

interpreted to imply the existence of more than l type of

binding site, for levorphanol. The dissociation constant

for the levorphanol-receptor complex was estimated from

the slope of the Scatchard plot to be of the order of

5 X 107°M. No higher affinity binding component was

demonstrable in whole cells with levorphanol. For this

ICeaSOIn *H-etorphine, an opiate of greater potency and with

a much greater specific radioactivity was used in experi

ments to be described later in this report.

Stereospecific interactions in the whole cell. As mentioned

in the introduction, not all drug binding to tissue

components is necessarily at the specific receptor site.

The possible types of interactions between levorphanol

and neuroblastoma cells are depicted diagrammatically in

Fig. 12. Nonstereospecific binding is seen when a drug

interacts with a cellular component lacking the ability to

distinguish between biologically active and inactive

stereoisomers. Examples would be the ionic attraction between

a charged drug molecule and a charged cellular protein or

the partitioning of a drug into lipids. Stereospecific

binding is defined as an interaction between the active

stereoisomer of the drug and its stereospecific receptor.
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Fig. ll. Scatchard plot of the saturable binding

curve from the data of Fig. 10. The ratio

of bound/free X 10° levorphanol is plotted

vs. the nanomoles of levorphanol bound.
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Fig. 12. Possible types of opiate binding sites in

neuroblastoma cells. The possible drug

"receptor" interactions in neuroblastoma

cells are represented symbolically. In

condition l, 3 H-levorphanol is able to in

teract at all the possible sites. In

condition 2, dextrorphan, which is excluded

from the saturable and nonsaturable stereo

specific sites, is present in a large

enough concentration to bind at saturable

nonspecific sites, and therefore *H-levorphanol
should be able to bind only at the non

saturable sites and the saturable stereo

sites. The difference seen in radioactivity

between conditions l and 2 in an index of

saturable nonspecific binding. In condition

3 the excess nonradioactive levorphanol

should bind at all the possible sites, thereby

allowing *H-levorphanol to bind at only

nonsaturable sites. The difference in

radioactivity between conditions 2 and 3 is

a measure of saturable stereospecific

binding. Condition 4 is theoretically the

same as condition 3 (see text for explanation).
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Fig. 12

POSSIBLE RECEPTOR TYPES

Nonsaturable nonspecific ( D )

Saturable nonspecific ( - )

Nonsaturable stereospecific (O)

Saturable stereospecific (O)

TEST CONDITIONS

3
l. H-levorphanol = D - O ©

2. *H-levorphanol + 1000-fold dextrorphan = D O C

3. *H-levorphanol + 1000-fold levorphanol = D O

4. *H-levorphanol + 1000-fold levorphanol + 1000-fold
dextrorphan = [] O

(DLOC) - (DOC) = -

(DOC) — (DO) = O

saturable nonspecific binding

saturable stereospecific binding



66

Dextrorphan, for example, should combine only at the

nonspecific sites since it does not possess the necessary

steric configuration to be selectively bound to the

specific opiate receptor sites. Therefore, dextrorphan

should compete with *H-levorphanol only for the saturable

nonspecific and nonsaturable nonspecific sites. Thus,

the difference in radioactivity between conditions 1 and

2 will be a measure of the saturable nonspecific binding.

Since levorphanol will compete with *H-levorphanol for all

the possible sites, the difference seen in radioactivity

between conditions 2 and 3 should be an indication of the

saturable stereospecific binding. Theoretically, condition

4 is identical to condition 3 since in condition 4

levorphanol should be present in a concentration sufficient

to bind at all the possible sites of condition 3 regardless

of the presence of dextrorphan.

Experiments were designed to test these three conditions

and Table 3 shows the results obtained from these incubations.

In neuroblastoma cells incubated under these three

conditions at 37°C, about 30 percent of the binding appeared

to be due to nonspecific interactions, while 5 percent

represented saturable stereospecific binding at the concen

trations used. The possibility that saturable, stereospecific

binding existed in a cell line originating from non-nervous

tissue was tested in HeLa cells and found to be non-existent

(Table 3).
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TABLE
3

Saturable,stereospecificbindingof0.lIM

*H-levorphanol
in
neuroblastomacells orHellacells.

Cellscondition*Percent
of

total

Dpm/mgproteinbinding
l23

(2–3)(2-3)(1-2)(3)

Neuroblastoma13300
+

1854°
9300
+
1868583

C

+

3
0
9

7
l
7

5.43064.6

HeLa6682
+
73164.39
+
8436501

+

5
6
9

-
6
2

00100

*
Wholecellswereincubated
in
serum-freeMcCoy's
5amediumat37°cinthepresence

of0.lIM

3H-levorphanol
(27Ci/mol)underconditions
l,2,or3.Beforecentri fuging,0.1uCiof

14C-inulinwasaddedtothecellsas
described
inthetext,and the

radioactivity
inthewholecellpelletswasmeasured. Condition

lisan
incubationmixturecontainingonly0.1um
labeledlevorphanol. Condition

2isa
mixturecontaining0.1mM
dextrorphanplus0.1um

3H-levorphanol. Condition
3isa
mixturecontaining0.1mM
levorphanol
aswellas0.1umof labeledlevorphanol.

b
Dataaretheaverages
+

S.E.M.wherethenumberof
determinations,
n,equals
4in thecaseofthe

neuroblastomacellsandnequals
3inthecaseoftheHeLacells. Percentages

areexpressed
as
fractions
ofthetotalbinding,i.e.,thatbinding whichoccursintheabsenceofanyexcesscompetingnarcotic.

°
P40.02bytheStudent's
t
test.

dP=n.s.(notsignificant
atthe5%level).
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Additionally, it was also of interest to examine the

effects of other opiates on *H-levorphanol binding in

neuroblastoma cells to determine whether other agonists

or antagonists would compete for the same specific sites.

To do so, neuroblastoma cells were incubated in the

presence of 0.1 um 3 H-levorphanol and 0.1 mM methadone,

naloxone, levorphanol, or dextrorphan. The data in Table

4 show that the presence of these analogs did affect the

binding of *H-levorphanol to the cell. Dextrorphan did

*H-levorphanol sites as well asnot appear to compete for

did nonradioactive levorphanol. Methadone competed for

the levorphanol receptor to the same extent as did non

radioactive levorphanol. Surprisingly, naloxone was a poorer

competitor for *H-levorphanol sites than were any of the

other analogs tested.

Preexistence of the opiate receptor. To investigate the

possibility that levorphanol induced the synthesis of its

own receptor, neuroblastoma cells were preincubated with

0.5 mM or 1 mM cycloheximide for 45 minutes before adding

0.1 !!M *H-levorphanol. The cells appeared to specifically

bind the narcotic as well as did cells in which protein

synthesis has not been previously inhibited.

Experiments designed to measure saturable, stereospecific

binding of lower concentrations of 3 H-levorphanol, eg. ,

107°M, in the cytosol or nuclei of neuroblastoma cells

were not successful due to the low specific activity of
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TABLE 4

The effect of opiate agonists or antagonists on the uptake
of 0.1 uM *H-levorphanol by whole neuroblastoma cells.”

Remaining percent ofb
Nonradioactive analog added *H-levorphanoi bound

None (control) 100.0°

1 x 10^*M Dextrorphan 69.5°
1 x 107*M Levorphanol 65.4°
1 x 10^*M Methadone 65.5°
1 x 107*M Naloxone 90.7°

a *H-levorphanol (27 Ci/mol) uptake by whole neuroblastoma
cells in the presence or absence of loT“M concentrations of
non-radioactive opiates was determined after incubation at
370 for 45 minutes. 0.1 uCi 14C-inulin was added to the
incubation mixtures before centrifugation to estimate the
quantity of 3H-levorphanol trapped in the extracellular
space (method described in text).

b Values presented are g;pressed as percentage of controlwhere control value is ‘’H-levorphanol binding in the absence
of excess non-radioactive opiate. The means of six experi
ments are given.

° control and naloxone-treated samples did not differ
significantly from each other at the 5% level.

d Levorphanol- and methadone-treated samples differed
significantly from dextrorphan-treated samples at the
P& 0.02 level (Student's t test).
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levorphanol. For this reason, all further studies were

performed using *H-naloxone (5 Ci/mmol) or °h-etorphine
(3.5 Ci/mmol).

Subcellular Fractions

Uptake of etorphine or naloxone by cell-free extracts.

All solutions of *H-naloxone Or *H-etorphine and all non

radioactive drugs used in the cell-free incubations were

prepared in 50 mM Tris buffer pH 7.6. Nuclear

suspensions were prepared in 50 mM Tris - 0.25 M sucrose

buffer (pH 7.6), and loo,000 g cytosol fractions were

prepared in 50 mM Tris. Fig. 13 shows results obtained

from incubations of cytosol or nuclear fractions with 2

nM *H-etorphine at 4°C or 37°C for various lengths of time.

Maximal uptake occurred in both fractions in 5 minutes at

37°c. Maximal uptake by the nuclei occurred within 30

to 60 minutes at 4°C. Identical results were obtained when

*H-naloxone was substituted for *H-etorphine. The optimal

pH range for etorphine binding occurred between 6.9 to 7.6

(fig. 14 ).

Saturable etorphine binding. The possibility that there

were saturable etorphine binding sites in neuroblastoma

cytosol or nuclei was investigated by incubating each sub

cellular fraction in specified concentrations of *H-etorphine
for 15 minutes at 37°C (the temperature where maximal uptake

occurred). Binding which appeared to be saturable at l to
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Fig. l3. Rate of association of *H-etorphine with

cell-free neuroblastoma extracts. A.

Uptake by purified nuclei at 37°C (C–C)

or at 4°c (O—O) vs. time. Nuclei were

incubated in a 0.4 ml total volume at

either temperature in the presence of 2

nM *H-etorphine (3.5 Ci/mmol) for 2, 5,

l5, 30, and 60 minutes. Samples were

chilled to 4°C before washing nuclei twice

in 0.25M sucrose-0.05M Tris buffer (pH 7.6).

Nuclei were solubilized for radioactivity

determinations as described in the text.

*H-etorphine at 37°C byB. Uptake of

Cytosol obtained from a lo O,000 g centri

fugation vs. time. Cytosol mixtures (0.4

ml total volume) were incubated at 37°C
with 2 nM H-etorphine for 2, 5, 15, 30,

and 60 minutes. They were then chilled to

4°c and filtered on 0.45 micron pore size

Millipore filters. The filters were

washed with 10 ml of 0.05 M Tris buffer

and the radioactivity remaining on the

filters was determined as described in the

text.
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Fig. lA. Effect of pH on etorphine uptake by

purified nuclei. Nuclei were incubated

for 15 minutes at 37°C with 2 nM *H-

etorphine. Samples were incubated in

50 mM Tris buffer at pH 7, 7.5, or 8,

or in 50 mM glycine-NaOH buffer at pH lo.

Samples were chilled to 4°C before washing

nuclei twice in sucrose-Tris buffer.

They were then solubilized in lN NaOH

for determination of radioactivity.
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2 nM *H-etorphine was found in whole purified nuclei

(Fig. 15 ). A Scatchard plot of this saturable binding

yielded a single curve with a calculated dissociation

COnstant (KD) equal to 2 X 10-10 M (Fig. 16 ). No evidence

of saturable binding was found in the cytosol.

Stereospecific interactions. A preliminary experiment

using a modification of the method of Goldstein, et al.,

(197l) as described earlier was utilized to detect any

possible stereospecific binding of *H-naloxone Or *H-

etorphine at 37°C by whole neuroblastoma cells. At a

concentration of l nM of either opiate in the presence or

absence of l uM dextorphan or levorphanol, no stereospecific

binding was detected (Table 5). Since it was possible that

the isontonic condition of the whole cell incubation

medium was not optimal for stereospecific interactions,

further experiments using subcellular fractions were done

in hypotonic Tris buffer (pH 7.6).

Neuroblastoma nuclei incubated for 15 minutes at 37°C

in the presence of 2 um dextrorphan or 2 um levorphanol

followed by a 5 minute incubation with 2 nM *H-naloxone

or 2 nM *H-etorphine exhibited binding which was 20 percent

stereospecific (Table 5). No other subcellular fraction,

including cytosol, crude membranes, or microsomal fractions

demonstrated such stereospecificity at the concentrations

used. Purified HeLa cell nuclei also did not show any

stereospecific etorphine binding. Identical experiments
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Fig. 15. Uptake of *H-etorphine at increasing

concentrations by neuroblastoma nuclei.

Purified nuclei were incubated with

various concentrations of *H-etorphine
(3.5 Ci/mmol) for lb minutes at 37°C.

Samples were then chilled to 4°c and

washed twice in sucrose-Tris buffer.

Nuclei were solubilized for determination

of radioactivity and the picomoles

X 10° of etorphine bound/mg protein is

9 of freeplotted vs. the molarity X 10

etorphine at equilibrium. S. E.M. is

indicated where n=3.
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Fig. 16. Scatchard plot of the saturable binding

curve from the data of Fig. 15. The

ratio of bound/free X 10° etorphine is

plotted vs. the picomoles of etorphine

bound.
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TABLE 5

Saturable, stereospecific binding of 2 nM *H-etorphine to

intact neuroblastoma cells and subcellular fractions.

Condition *
Percent of

total
Fraction Dpm/mg protein binding

l 2 3 (2-3) (2-3) (l-2) (3)

Whole cells

Neuroblastoma 258+13° 273+12 283+ 17 -10 0% 0% lo 0%
at 37CC

Nuclei

Neuroblastoma 382+ 10 359 +14 280 + 6 79° 20 - 7 6 73. 3
at 37CC

Neuroblastoma 328:29 157+ 32 163+ 34 -6 0 52 48
at 4CC

HeLa at 37°C 176+ 1.7 l60+ 28 l82+23 -2 0 9 91

Cytosol

Neuroblastoma 290+14 290:21 2.97+ 25 - 7 O 0 100
at 37°C

HeLa at 37°C lá3+ 32 127+ 24 lº 3+ 27 -6 0 ll 89

Crude membranes

Neuroblastoma 139 + 23 157+ 38 153+ 29 4d 3 0 97
at 37CC

Microsomes

Neuroblastoma 77+19 74+ 25 68+19 6e 8 4 88
at 37CC

a Conditions refer to those in Table 3.

b
Data are expressed as the averages it S.E.M. where n=3 in all

cases except that of purified neuroblastoma nuclei where n=l2.

* P&0.001.

* P=n.s.

e P=n. S.
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conducted at 4°C with nuclei in the presence of 2 nM

*H-etorphine and the mentioned excesses of dextorphan or

levorphanol showed that no saturable, stereospecific binding

was present. At this temperature about half the binding

was due to saturable, nonspecific interactions and half

due to nonsaturable uptake.

Here again, as in whole cells, it was of interest to

examine the effects of other opiates on *H-etorphine binding

to saturable, stereospecific nuclear receptor sites. To

determine the concentration of competing drug which would

displace 50 percent of the *H-etorphine (ED50), nuclei were

incubated in the presence of 2 nM *H-etorphine and four

different concentrations of nonradioactive etorphine, levor

phanol, dextrorphan, or diprenorphine, a specific etorphine

antagonist. The percent binding at each concentration

relative to the control binding was determined for every

drug used and plotted on log-probit paper to determine that

concentration of each drug which would replace 50 percent

of the binding at a concentration of 2 nM *H-etorphine.
The results in Table 6 show that the biologically active

opiate agonists and their antagonists have approximately

equal affinities for the opiate receptor, while dextrorphan

has a much smaller affinity. The calculated ED values for50

etorphine, levorphanol, dextorphan, and diprenorphine were

3.6 x 10"M, 5 x10°M, 7.8 x 107*M, and 2.5 x 10"M, re
spectively. Dextrorphan has approximately l/2000 of the
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TABLE 6

The effect of opiate agonists or antagonists on the uptake
of 2 nM *H-etorphine by purified neuroblastoma nuclei.”

Remaining percent of
b *■ -levorphanoi boundNonradioactive analog added

None (control) 100.0%

3.6 x 107’M Etorphine 50

2.5 x 10'M Diprenorphine 50

5 x 107°M Levorphanol 50

7.8 x 107*M Dextrorphan 50

*Purified nuclei were incubated in 50 mM Tris–0.25 M sucrose
buffer in the presence of 4 different congengrati ns of eachopiate for lº minutes at 37°C. Then 2 x 10 M “H-etorphine
(3.5 Ci/mmol) was added to each sample for an additional 5
minutes. Samples were chilled on ice, centrifuged, and
nuclei washed twice with 2 volumes cold Tris—sucrose buffer.
Nuclear pellets were solubilized in lN NaOH for radioactivity
determinations (see text).

*values given are that concentration of nonradioactive opiate
which reduced 2 nM H-etorphing binding by 50% (ED50).
Percent inhibition of control "H-etorphine binding was computed
for each of 4 concentrations used for each opiate and plotted
as a function of drug concentration on log-probit paper.
Values are means from 3 separate determinations each using
4 concentrations of drug.
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affinity of etorphine for the receptor and levorphanol has

about 1/10 of the affinity of etorphine for receptor binding.

Distinction between nuclear binding in the whole cell and

cell-free extracts. The possibility that the hypotonic

conditions of the incubation medium could be a factor in

causing saturable, stereospecific nuclear binding was

investigated by comparing nuclear uptake of *H-etorphine in

the whole cell and in cell-free extracts (purified nuclei).

Fig. 17 indicated that nuclear uptake in the whole cell

is much less than nuclear uptake in the cell-free system

presumably because the cytoplasm acts as a nonspecific

source of etorphine binding, thereby allowing less drug

to reach the nuclear receptor sites. When whole cells were

preincubated with 0.1 mM nonradioactive etorphine for

30 minutes at 37°C and the nuclei then fractionated and

purified, it was found that any further uptake of *H-
etorphine by these same nuclei was abolished at concentra

tions ranging from 0.2 nM to 1 nM (Fig. 18). Nuclei from

whole cells which had not been preincubated with nonradio

active etorphine exhibited saturable binding at a concen–

tration of 2 nM *H-etorphine as usual. Consequently, the

conditions imposed on nuclei in a cell-free system do not

impair or enhance the ability of the nuclei to bind opiates.

Furthermore, the data strongly suggests that the nuclear

receptor in the intact cell is identical to the opiate

receptor in isolated nuclei.
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Fig. l'7. Uptake of *H-etorphine by neuroblastoma

nuclei in the whole cell vs. nuclei in

a cell-free system. The 3 H dpm of

etorphine taken up by the cytosol

(0---0) and the nucleus (0–0) in the

whole cell and that bound by the nucleus

(O-6) under cell-free conditions are

9 of freeplotted vs. the molarity X 10

*H-etorphine at equilibrium. Whole

cells or purified nuclei were incubated

with 2 nM *H-etorphine for 30 minutes

at 37°c. The samples were chilled to

4°C and the whole cells suspended in

50 mM Tris buffer and homogenized.

The homogenate was centrifuged at

5000 g for lo minutes and the nuclear

pellet was purified by washing three

times with sucrose-Tris buffer. The

pellets were then solubilized in lN

NaOH and an 0.1 ml aliquot was counted

for radioactivity as was an 0.1 ml

aliquot of cytosol. The purified nuclei

were washed twice in sucrose-Tris

buffer, also solubilized in 0.2 ml of

lN NaOH and the radioactivity con

tained in an 0.1 ml aliquot was

determined.
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Fig. 18. Evidence that the whole cell nuclear

receptor is identical to the nuclear

receptor in a cell-free system. Whole

cells were preincubated with l uM

nonradioactive etorphine for 30 minutes (0–0)

at 37°C and the nuclei then fractionated

and purified. These same nuclei and

nuclei which had not been preincubated (C-C)

with etorphine were then incubated

with concentrations of *H-etorphine
ranging from 0.2 nM to l nM. Nuclei

were then washed twice in sucrose

Tris buffer, solubilized and the

radioactivity contained in a 0.1 ml

aliquot of nuclei or of cytosol was

then determined.
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Properties of the saturable, stereospecific nuclear opiate

receptor. Table 7 shows the results of incubations of

nuclei with various degradative enzymes, detergents, or ions.

Nuclear binding was sensitive to the effects of trypsin

(500 ug/ml) and pronase (100 ug/ml). It was not sensitive

to the effects of l mM N-ethylmaleimide, RNase A (60 ug/ml)

plus RNase Tl (0.5 ug/ml), DNase (75 ug/ml), 0.7 percent

deoxycholate, or phospholipase C (l mg/ml). The effects

of 10 mM CaCl2 and 10 mM EDTA on nuclear specific binding

were also measured and found to be negligible.

*H-Experiments were designed to determine whether

etorphine were binding to chromatin (method of Bonner,

et al., 1968) or to nuclear membranes (method of Toliver,

personal communication) since approximately 0.11 picomoles

per mg protein of etorphine was bound to the nucleus at

saturation. Results of chromatin and nuclear membrane

isolation revealed that approximately 80 percent of the

added radioactivity was recovered in either chromatin

or nuclear membranes. About 70 percent of the recovered

*H-etorphine was bound to the chromatin fraction. Deter

mination of the DNA content of the chromatin fraction re

vealed that about 0.4 picomoles of etorphine were bound

per mg of DNA. The optical density spectrum of the chromatin

sample is shown in Fig. 19. The remaining 30 percent of

the recovered *H-etorphine was found associated with the
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TABLE 7

Properties of the neuroblastoma nuclear receptor.

Treatment Final Concentration Percent of control binding

DNase 75 ug/ml 95%

RNase A and T1 60 ug/ml A + 96
0.5 ug/ml T1

Pronase lC 0 ug/ml 32

Trypsin 500 ug/ml 44

N-ethylmaleimide l mM 100

Triton X-100 1% 100

Calcium 10 mM 99

EDTA 10 mM lOl

Phospholipase C l mg/ml 100

Deoxycholate 0.7% 100

0.2 ml portions of purified neuroblastoma nuclei were treated
with 0.1 ml of various degradative enzymes, detergents or
ions for 30 minutes
incubated with 2 nM

treatment with the enzymes.

t 37CC.3. The nuclei were then washed and
-etorphine (3.5 Ci/mmol) for 15 minutes,

then assayed as described in the text to measure binding. In
some instances, the nuclei were labeled with 3H-etorphine before

the two methods of treatment.
No difference was noted between



90

Fig. l9. Spectrum of a chromatin sample obtained

from neuroblastoma nuclei. A sample

of chromatin obtained from a lo 0, 000 g

centrifugation in 62 percent sucrose

was dissolved in 10 mM Tris and the

optical density determined at wave

lengths ranging from 320 nanometers

to 220 nanometers.
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nuclear membranes at the 62 percent sucrose shelf fraction.

Since DNase treatment of whole nuclei did not diminish the

amount of etorphine associated with chromatin or nuclear

membranes, protein rather than DNA is probably the site

of etorphine attachment.
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DISCUSSION

The stereochemistry of a drug receptor site and that

of the drug molecule are of great importance in determining

the nature of the drug-receptor interaction and the

"goodness of fit". The goodness of fit will in turn

determine the response to the drug, i.e., an optimal or

suboptimal response or no response at all. It was not

until Goldstein, et al., (1971) proposed studying levorphanol

binding in the presence of its biologically inactive

stereoisomer, dextrorphan, that progress began toward

characterization of the interaction of pharmacologically

active opiates with their specific opiate receptors. It

has been well established that optical enantiomorphs can

have very different physiological activities. Examples

would be (-)-hyoscyamine which is lS to 20 times more

active as a mydriatic than (+)-hyoscyamine (Daniels and

Jorgensen, l966); (-)-epinephrine which is l2 to 15 times

more active as a vasoconstrictor than (+)-epinephrine

(Daniels and Jorgensen, l966); (-)-amphetamine which is

lC times more potent in producing motor hyperactivity in

rats than (+)-amphetamine (Angrist, et al., 1971); and

levorphanol which is capable of causing the development

of physical dependence while dextrorphan is not

(Portoghese, l966). Easson and Stedman (1933) attributed

this difference in biological activity of optical
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enantiomorphs to a difference in the molecular arrange

ments of a drug, such that one antipode is capable of

reacting with a receptor while the other antipode is not.

Goldstein, et al., (1971) postulated that a pharmacologically

active drug such as levorphanol attaches at three points

on the opiate receptor and thus has greater potency while

dextrorphan can attach at only two points and consequently

does not induce the necessary conformational change in

the receptor. It is more likely that both levorphanol

and dextrorphan can attach to the Opiate receptor but

that only levorphanol is able to cause the receptor to

change to its active state.

Results of opiate binding studied in the whole

neuroblastoma cell as well as in purified nuclei from

neuroblastoma cells have indicated that such binding

is both saturable and stereospecific. In the whole cell,

saturable levorphanol binding was not demonstrable until

a concentration of 0.1 mM was attained, indicating that

the opiate binding sites being detected with the use of

levorphanol had a large binding capacity. The dissociation

constant of 2 x 10^* M suggested that the binding was also
of low affinity. No high affinity levorphanol binding

was detected in whole cells or in purified nuclei. This

can most likely be attributed to the relatively low

specific radioactivity (27 Ci/mol) of the levorphanol

used. Thus, it was possible that if a high affinity opiate

receptor did exist, it might remain undetected. This
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3Hwas clearly shown to be the case when binding of

etorphine of very high specific radioactivity (3.5 Ci/mmol)

was measured in purified nuclei. The nuclei exhibited

etorphine binding which became saturated at 2 nM while

in parallel experiments in whole cells the cell doubling

time was increased at concentrations of 10 nM etorphine

or higher. Thus, the etorphine concentration at which all

the high affinity nuclear sites were saturated and the

concentration which was capable of causing a biological

effect in the whole cell were in close agreement. Etorphine

is known to have a much greater lipid solubility than mor

phine in the whole animal and is 6000 times more potent

than morphine as an analgesic (Dole, 1970). Apparently,

etorphine does have a greater affinity for the neuroblastoma

nuclear receptor than levorphanol (which is approximately

equipotent to morphine), since the dissociation constant

for the etorphine-receptor complex was smaller than the

dissociation constant for the levorphanol-receptor complex.

However, the fact that a smaller concentration of etorphine

than levorphanol was needed to inhibit neuroblastoma cell

growth could also be explained if the greater lipid

solubility of etorphine allowed it to reach a higher

effective intracellular concentration.

The existence in neuroblastoma cells of two types

of opiate binding agrees with the findings of Goldstein

(1972) who used mouse brain homogenates. The low affinity

binding sites were capable of stereospecifically binding



96

about 30,000 levorphanol molecules per neuroblastoma cell

and are probably of little pharmacological importance.

On the other hand, the high affinity-low capacity opiate

receptor which was demonstrable in nuclei using *H-etorphine
might be considered biologically significant since the

concentration of etorphine which was capable of increasing

the cell doubling time was very low (10 nM) and the dis

sociation constant for the etorphine-receptor complex was

equally small (2 x 10^*M ). Assuming that the neuroblastoma

cell is mononuclear, the number of etorphine molecules

bound stereospecifically at saturation (2nM) by the nucleus

or by each cell was about 5000, an estimate which agrees

with the number of drug molecules bound by specific nuclear

steroid receptors with similar dissociation constants in

other systems (Higgins, et al., 1973 and Rousseau, et al., 1973).

However, in contrast to steroid receptor systems studied

(Ballard and Ballard, 1972, Jensen, et al., 1986, Giannopoulos

and Gorski, l971 and Baxter and Tomkins, 1971), the cytosol

of the neuroblastoma cell did not seem to play an important

role in the high affinity stereospecific binding of opiates

by the nucleus. The data presented here suggest that

cytosol was not required for the transfer of the opiate

molecule from just inside the cell to the nucleus, nor did

it appear to enhance opiate binding by isolated nuclei.

In addition, it exhibited stereospecific binding of a low

affinity nature only. Comparison of nuclear binding measured

in the intact cell as opposed to that measured in a cell-free
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system showed that a very much smaller amount of etorphine

was bound by the nucleus in the whole cell than in its

isolated state. This suggests that the cytosol was acting

as a nonspecific "sink" trapping much of the opiate.

Consequently in intact cells less etorphine was available

for binding by the nucleus when isolated nuclei were exposed

to the same concentration of etorphine. Since cytoplasmic

binding at this low etorphine concentration was not stereo

specific, the cytosol is likely to be unimportant in the

mediation of the pharmacologic action of etorphine. Further

more, since no stereospecific opiate binding was demonstrable

in crude membranes or microsomal fractions of the neuro

blastoma cell, the nucleus appears to be the sole and an

independent site of saturable, stereospecific high affinity

opiate binding.

Characterization of the nuclear receptor indicated that

its function was destroyed by treatment with proteolytic

enzymes and consequently that it was at least partly

proteinaceous. This is important because proteins have the

potential to adopt many conformations without breaking their

covalent amide linkages, thereby allowing for the accomodation

of small molecules. Loh, et al., (1969) have previously

established that cycloheximide would inhibit the onset and

intensity of opiate tolerance and dependence in the whole

animal. However, short term inhibition of protein synthesis

by cycloheximide did not affect the neuroblastoma cell's

ability to bind opiates, indicating that the receptor was
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already present in the cell and that the requirement for

concomitant protein synthesis was not for the synthesis

of the receptor or for the binding process to occur.

Nuclear binding of etorphine was not inhibited by

treatment with Triton X-l90, a process which is known to

strip off outer nuclear membranes (Busch, 1967), nor was

it sensitive to treatment with deoxycholate, a compound

which solubilizes lipids. Phospholipase C, which hydrolyzes

linkages between glycerol and phosphate in phosphatides of

membranes, was also without effect on specific nuclear binding.

Consequently, it appears that the receptor is probably not

membrane bound.

Unlike the opiate receptors described by Pert and

Snyder (1973a) and Simon, et al., (1973), the binding of

etorphine to the neuroblastoma nuclear receptor was not

altered by the presence of divalent cations, chelating

agents, or sulfhydryl reagents. However, saturable,

stereospecific binding of etorphine was not found under

isotonic conditions, a finding also described by Simon,

et al., (1973) who studied the binding of etorphine by

homogenates of whole rat brains.

Since the function of the nuclear receptor was affected

by treatment with proteolytic enzymes but was unaffected

by any reagents which disrupted membranes, it was possible

that etorphine might bind to chromatin. Investigation of

chromatin isolated from neuroblastoma nuclei labeled with
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radioactive etorphine indicated that chromatin is a

possible site for the saturable stereospecific attachment

of opiates. This finding is very significant when inter

preted in terms of the alteration of gene expression. If

etorphine were binding to chromatin proteins, then it could

be influencing in some way the regulation of gene expression -

a hypothesis quite consistent with the requirement of

concomitant protein and RNA synthesis for the development

of tolerance. If so, then an altered concentration of a

specific gene product could be responsible for mediating

the increase in cell doubling time as well as any other

biological responses of the cell to opiates. Furthermore,

this or another altered gene product then might bestow

upon the cell the ability to develop tolerance and dependence

to the pharmacologically active opiates. The scope of this

project did not include the isolation and/or identification

of such a product or products, but many endogenous substances

found in brain tissue, such as the putative neurotransmitters,

serotonin, dopamine, acetylcholine, and gamma-amino butyric

acid have been implicated in the development of opiate

tolerance or dependence in whole animals (Way, et al., 1968,

Iwamoto, et al., 1973, Jhamandas, et al., 1970, Pert and

Snyder, 1973a, Ho, et al., 1973, and Lin, et al., 1973).

Some of these neurotransmitters have also been measured

in neuroblastoma cells (Augusti-Tocco and Sato, l969).

Also significant was the observation that stereospecific
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binding was not present in neuroblastoma cultures which

were in a stationary growth phase. It has been established

that levels of certain macromolecules, such as acetylcho

linesterase and cAMP, change as cellular density increases.

Whether these particular substances would have an effect

on the opiate receptor is uncertain; however, they at least

provide an indication that the state of the cell's physiology

may have an important bearing on the ability to develop

tolerance to and dependence on opiates.

The most significant finding related to the decrease

in the rate of cell division which occurred in the presence

of the opiates was that the response was dependent on the

stereochemistry of the opiate involved. Perhaps the

inhibition of protein synthesis was partly responsible for

the retardation of cell growth, since the level of cAMP

did not increase in the presence of the opiates as would

be expected if it were the principle factor inhibiting all

growth. The fact that both the growth response of the cell

and the inhibition of protein synthesis by levorphanol

but not dextrorphan in neuroblastoma cells were related to

the stereochemistry of the drug used lends support to this

hypothesis. Since liver cells are known to be capable of

developing a metabolic tolerance to many drugs, the obser

vation that hepatoma cells in culture were inhibited to the

greatest degree by dextrorphan is possibly explained

by the inability of these cells to metabolize dextrorphan
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while they are able to metabolize the levorotatory narcotics

(Axelrod, 1968). On the other hand, the brain of a tolerant

animal is known to not lose the ability to metabolize

narcotics (Elison and Elliott, 1963). Therefore, the

ability of brain cells to survive in the presence of nar

cotics is more likely related to a development of cellular

tolerance rather than metabolic tolerance. This hypothesis

is partly substantiated in the neuroblastoma cell by the

observation that there is no detectable metabolism of

levorphanol over a 24 hour period. It was quite apparent

in comparisons of the responses of hepatoma and neuroblastoma

cells to the growth inhibitory effects of the opiates that

the neuroblastoma cell was about 50 times more sensitive

than the hepatoma cell. However, it was necessary to

ascertain that only viable cells were being included in the

daily cell counts since the presence of a small portion

of dead cells that appeared morphologically viable could

affect the accuracy of the counts. For example, if 20

percent of the cells died at each generation but remained

in the population, then in a cell population of 100, the

number of cells after one doubling would be 180 ([80 X 2 )

+ 20). After two doublings, the number of cells would be

344 ([144 X 21 + 56). On the other hand, if all 100 of the

Original cells were alive the number after one doubling would

be 200 cells and the number after two doublings would be

400 cells. In the first case, the results of the cell
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counts would give the appearance of an increased doubling

time, whereas such was not actually the case. Therefore,

two extreme mathematical possibilities could be considered

(Toliver, 1966): 1) the possibility that all dead cells

disappeared from the population at each generation and

2) the possibility that the dead cells did not disappear

from the population and were included in the cell count

(see Appendix B). It was found that the actual generation

time of the cells in the presence of the opiates was greater

than the hypothetical generation times calculated in either

case; therefore, the increase in doubling time had to be

due, at least in part, to a direct inhibitory effect of

the opiates on viable cells.

The finding that the addition of naloxone together with

morphine to neuroblastoma cultures did not result in any

decrease in cell growth rate was of interest because when

the two are administered together in the whole animal there

is also no biological response, eg., production of analgesia.

This has been explained as a possible chemical antagonism

between the two drugs (Jaffee, 1965). The observation that

naloxone did not precipitate death in cells which had been

growing in dextrorphan is also consistent with the other

biological effects of the inactive isomer of levorphanol.

The ability of the opiates, such as levorphanol or mor

phine, to increase cell doubling time and to inhibit protein

synthesis correlated well with their relative affinities
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for the stereospecific opiate receptor. Dextrorphan, on

the other hand, which had no biological effect at very

high concentrations, had approximately 1/200 the affinity

of levorphanol and 1/2000 the affinity of etorphine for

the high affinity etorphine receptor. Another system in

which there also exists a good correlation between the

biological activity of the drug and its association with

the receptor is the steroid-receptor model system. Steroids

capable of inducing the synthesis of tyrosine aminotransferase

(TAT) in rat hepatoma cells are known as "optimal" (cortisol)

and "sub-optimal" (hydroxyprogesterone) inducers (Baxter

and Tomkins, 1970). Those steroids incapable of inducing

TAT synthesis are termed "anti-inducers" (testerone). It

is postulated that the optimal and sub-optimal inducers

bind to the steroid receptor and cause it to conform into

an activated state. Sub-optimal inducers bind to the receptor

with less affinity than optimal inducers, but in large enough

quantities to saturate the receptor, they should also be

capable of at least partially activating it. An example

of a sub-optimal drug in the opiate receptor system would be

nalorphine which is an antagonist possessing agonistic

properties as well. Pert and Snyder (1973b) suggested

since opiate agonists and antagonists had the same relative

receptor affinities in their system that the pharmacological

differences were related...to differences in intrinsic

activity (Ariens, 1964). Antagonists or "anti-inducers"
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may be capable of binding to a receptor with the same

degree of affinity as agonists or optimal inducers. An

example of this would be the similar ED50 values of etorphine

and its antagonist, diprenorphine in neuroblastoma nuclei.

However, the antagonists do not cause the receptor to conform

to the activated state and consequently no tolerance or

dependence phenomena develop. The inability of naloxone

to compete for *H-levorphanol binding sites in the

neuroblastoma cell is somewhat unclear. No saturable,

stereospecific binding of either *H-naloxone Or *H-etorphine
was demonstrable in whole cells, but results show that

these compounds are bound nonspecifically. Perhaps the

isotonic conditions of the serum-free incubation medium

were not conducive to a stereospecific interaction between

naloxone and the levorphanol binding site.

The neuroblastoma cell in continuous culture is a

well controlled model system in which the molecular mechanisms

involved in the process of tolerance and dependence devel

opment should be much more easily delineated than in a

whole animal. If the neuroblastoma nucleus is to have

significance as the sole site of saturable, stereospecific

high affinity opiate binding and if chromatin is an intra

nuclear site of opiate binding, then an alteration in gene

transcription or a post-transcriptional process may play a

major role in the development of tolerance and dependence.

This would also be applicable to drug tolerance and dependence
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in people whereby the alteration in a gene product would

disrupt the homeostatic balance of the body until compensa

tory measures had been activated to "renormalize" it.

The "turning on" of this homeostatic process would not be

easily reversed. Therefore, if the person were to stop using

the narcotic, the compensatory mechanisms which would

still be operating in spite of the absence of the drug

would overload the body and cause what is known as with

drawal. Even though the addict would be withdrawn from

the opiate, the fact that a possible alteration had taken

place at the receptor site, could mean that the addict

would never completely return to his pre-addicted state.

This might be the reason for the greater liability of an

ex addict to return to drugs than a person who has never

been addicted.

It is conceivable with more extensive characterization

of opiate-receptor interactions that a more precise determi

nation of the properties of the opiate nuclear receptor will

be made. More precise measurements than cell growth and

death as a means to pinpoint narcotic action in neuroblastoma

cells are needed. A biochemical correlate would perhaps

be more accurate and if such were ever perfected as a

specific indicator of active and inactive narcotics, then

the neuroblastoma cell could perhaps be useful clinically

in screening opiate biological activity. One major dis

advantage of the neuroblastoma cell as a model is its
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inability to demonstrate an analgesic response upon the

addition of opiates. However, if the analgesic potency

of an opiate is closely linked to its potential ability

to cause tolerance and dependence as appears to be the

case in man and other animals, then the lack of ability

to measure analgesic response in neuroblastoma cells

is an invalid criterion for eliminating it as a model

system in which to study opiate molecular pharmacology.

Results obtained from the neuroblastoma Opiate

receptor model could also perhaps be used as clues for the

future development of drugs which could satisfy the addict's

yen for narcotics without creating physical dependence.

Such drugs consequently would be required for the patient's

psychological rather than physical comfort.

The genetic selection of mutant neuroblastoma cells

incapable of developing tolerance to and/or dependence on

opiates could have value in further delineation of the

gene products involved in the development of tolerance and

dependence. Furthermore, if such a mutation resulted in

a defective opiate receptor which could not stereospecifically

bind biologically active opiates, it would verify the

involvment and necessity of the receptor in the processes

leading to "addiction".

Clearly the solution to opiate addiction is not close;

however, progress made in unraveling the mysteries of the

molecular mechanisms involved in opiate tolerance and
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dependence phenomena in neuroblastoma cells may hasten

the solution.
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SUMMARY

The opiate agonists, levorphanol, morphine, and

etorphine, at 107°M concentrations were found to increase

the doubling time of neuroblastoma cells. Dextrorphan,

at the same concentrations, was without effect, thereby

indicating that the biological response of the neuroblastoma

cell to opiates was dependent on the stereochemistry of the

opiate involved. The development of tolerance to and

dependence on morphine was also shown. Following the

addition of the biologically active opiates no increase in

the levels of cAMP nor an inhibition of DNA synthesis in

neuroblastoma cells was observed. On the other hand,

protein synthesis was partly inhibited and consequently,

might be responsible for the inhibition seen in cell growth.

Saturable, stereospecific binding of *H-levorphanol
was found in the whole cell. At a concentration of 0.1

}IM *H-levorphanol, approximately 5 percent of the total

binding was of a saturable, stereospecific nature. In

purified neuroblastoma nuclei about 20 percent of the

observable binding of 2 nM 3 H-etorphine was saturable and

stereospecific. This high affinity binding was not

demonstrable in whole neuroblastoma cells, cytosol, crude

membranes, or microsomes. It was also not observed in
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HeLa cells, a cell line of non-nervous origin.

Further characterization of the properties of the

high affinity nuclear binding showed that approximately

5000 molecules of etorphine were bound stereospecifically

to each nucleus at saturation. The binding was also

temperature dependent and sensitive to the proteolytic

enzymes trypsin and pronase. Other opiates such as

etorphine, diprenorphine, levorphanol, or dextrorphan

demonstrated competition for the *H-etorphine nuclear

receptor sites. This competition closely paralleled their

biological activity in the whole neuroblastoma Cell as

well as in the whole animal. Whether the binding of

etorphine by the nucleus was measured in the whole cell

or in a cell-free extract, it was found that in either

instance the nuclear receptor properties remained the

same. Preliminary experiments designed to measure an

intranuclear attachment of etorphine suggested that part

of the specific binding was to chromatin and part was to

the inner nuclear membrane.
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Appendix A

McCOY'S 5a MEDIUM (MODIFIED)

Component mg/L

NaCl 6460. 0

KCl 400.0

L-Proline 17.3

L-Hydroxyproline 19 - 7

MgSO4 - 7H2O 200.0

NaH2PO4
-

H2O 580.0

Glucose 3000 - 0

L-Tryptophan 3. l

L-Phenylalanine 16.5

L-Tyrosine l8. l

L-Arginine HCl 42.1

L-Histidine HCl . H2O 20. 9

L-Lysine HCl 36.5

L-Cysteine 31.5

L-Methionine l4.9

L-Isoleucine 39 - 3

L-Leucine 39. 3

L-Valine 17. 6
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L-Threonine

L-Glutamine

L-Asparagine

Glycine

L-Serine

L-Alanine

L-Aspartic acid

L-Glutamic acid

Thiamine HCl

Riboflavin

Pyridoxine HCl

Pyridoxal HCl

Nicotinic acid

Nicotinamide

D-Ca pantothenate

Biotin

Folic acid

Choline Cl

i-Inositol

Para-Aminobenzoic acid

Ascorbic acid

Glutathione

Vitamin P12
Bacto-peptone

Phenol red

Add sufficient double distilled H20 to bring volume up
to l. 00 liter.

17. 9

219.2

45. 0

7.5

26.3

13.9

19 - 9

22. 1

0.20

0.20

0. 50

0. 50

0. 50

0. 50

0.20

0.20

l0.0

5. 0

36.0

l. 0

0. 50

0.50

2.0

600 - 0

l0.0
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Phosphate Buffered Saline

Na HPo, 27.40 gms

NaH PO4
e

H2O 7.87 gms

Double distilled H2O l.00 liter

pH to 7.2

Tris-Sucrose Buffer

0.05 M Tric-HCl buffer (pH 7.6) Trizma base 6.055 gms

0.25 M sucrose 85.87 gms

Double distilled H_0 1.00 liter
2

pH to 7.6 with HCl

Tris-Sucrose Buffer

0.05 M Tric-HCl buffer (pH 7.6)

0.25 M sucrose

Scintillation Cocktails

Triton-toluene mixture for counting of aqueous samples.

PPO 5.5 gms

POPOP 0.1 gm

TOluene 677 ml

Triton X-l90 333 ml

l.0 ml of aqueous sample to be counted per lo ml

scintillation fluid.
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Toluene mixture for counting of non-aqueous samples

PPO 15.2 gms

POPOP 0.38 gm

Toluene 3.8 liters
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APPENDIX B

Do the dead cells disappear from a culture or do they

remain to be counted with the viable cells? There are

two extreme cases which can be considered: 1) 70% of

the cells divide and 30% leave the population at each

generation and 2) 70% of the cells divide and 30% die, but

remain in the population. If the doubling time is 35

hours, what is the generation time of the dividing cells
in each case?

Case l

U - starting population

U. = number of cells at ith generation
th

U. Fl = number of cells at i + 1st generation

Therefore, U -
2pUi = ru . (A)i-Fl l

where r = 2p and p is the fraction of cells

capable of division.

It follows that U. = r (U, , )
l i-l

-
— -2 – -3

Therefore, U, = ru; = r (Ui- ) = r (Ui-2). . . .i-Fl
itlry.

- Ui4-1 T * l

and thus "i-l
-

ritluo (B)

l

-lSO, U

which is the number of viable cells at the start

of the i+1* generation. Therefore, it follows

that



l2l

i-Fl ritl

and, # = ra where g is the generation.

To solve for g, the equation becomes:

log # = g log r (C)
O

Example: solve for g, given U -
-

O

g = log 2 = . 3 = 2.05 generations (per doubling)
I5GTA - la 6

Therefore, if t-35 hours/doubling, then ge = 35 = l7. l hours
2.05

per generation

Case 2

Let *it be the number of nonviable cells at the start ofl

the i41st generation; therefore, if nonviable cells remain

in the population and are counted at each interval,

Xi+1 = -3Uo + .3U1 + .3U2 + . . . . . . .3Ui
Xi+1 = -3 (UG + ruo +r”u. * - - - - - - - rºu.)
*irl

-
-3Uo (1 + r + r2 + - - - - - - - r")

Xi+1 = -3Uo i- (r)

Then, x1,i - -30, 1 = r^* (D)
l - r

The total number of cells at the ith generation is the sum

of equations B + D: *i-l – Ui + 1 + Xi + 1
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- -

— , it'l

1 - r

-
i+l 1 - ...itl

l - r

-
i-Fl i-F2

-
i-Fl

1 - r

Let Ui
-

*irl' then at the ith generation when the cells double,
U.
— = 2

Uo

Ui i+1 i-Fl i-F2
— = 2 = r - . 3r – r" T + .. 3

Uo 1 — r

2 = 7ritl _ _i+2 + .. 3

1 - r (F)

Simplifying, F can be reduced to 2 (l - r ) - .3 = ritl (.7 —r) (G)

Now, let g = i + 1 where g = generation and r = 2p,

g log r = log 2 (l − r) - .. 3 (H)
. 7 - r

Example: Solve for g when p = .7

g = log l. 57 = . 196 = 1.34 generation (per doubling)
log l. 4 . 146

Therefore, if t = 35 hours/doubling, then 9 t = 35 = 26

hours per generation
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