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ABSTRACT

A. Morphine effects on brain protein compartmentalization.

Axonal transport of radiolabelled protein in the nigro

neostriatal pathway in rats was examined during acute and

chronic morphine administration and during morphine abstinence.

Examination of frozen frontal brain sections revealed that

80 to 90 percent of the labelled protein of the injected

side was located in brain areas traversed by the nigro–neo s—

triatal pathway. Morphine-dependent animals accumulated up

to 86 percent more radioactivity in the neostriatum at 5, l;

and 5 days after (2H) lysine injection. In contrast, 25 to

l;8 percent less radioactivity was recovered in the neostri

atal areas of animals withdrawing from morphine 211 h after

intranigral injection of (2H) lysine. Gel electrophoresis

Of (*H) protein from neostriatal tissues indicated that the

patterns of radioactivity were not altered by chronic mor

phine dependence. Neither morphine administration nor mor

phine abstinence changed the rate or amount of (*H) lysine

incorporation into protein of the substantia nigra. These

data demonstrate that chronic morphine administration to rats

was accompanied by a generalized increase in the amount of

protein transported to the neostriatum and either the capa

city or the rate of nigro–neo striatal protein transport was

increased.

B. The effect of morphine dependence on cell free protein
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synthesis.

A cell free protein synthesizing (CFPS) system was

prepared from mouse brain. This system actively promoted

the incorporation of radiolabelled amino acids into pro

tein in vitro. Addition of exogenous morphine to a CFPS

isolated from chronically morphinized, placebo treated, or

naive mouse brain had no measurable effect on the relative

synthetic capacity of the system. Nor did norphine alter

the response to polyuridylic acid. However, the polyrib

o somes and pH 5 factors isolated from chronically morphin

ized mouse brain were about twice as active as the corres

ponding fractions from placebo treated mice. Electrophor

esis of the nascent proteins demonstrated that the increased

amino acid incorporation was due to a general increase in

the specific activity of all proteins. No evidence of spe

cific qualitative changes in a Single protein was found.

The aminoacylation of tRNA by aminoacyl synthetases

(AAS) was analyzed to determine if the increased protein

synthesis activity was due to an effect at this stage of

protein assembly. The maximal aminoacylation activity ob

served with AAS prepared from morphine dependent mouse brain

was 5'-95% greater than placebo. Similarly the isoacceptor

tRNA activity of tRNA prepared from morphine dependent mouse

brain was l;1-50% greater than control. Thus, the increased
protein synthetic activity of the CFPS may be due in part
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to a morphine effect on aminoacylation. However, the temp

erature and/or Mg concentration at which maximal aminoacyla

tion was observed, was different for the two groups. There

fore the study also provided evidence that morphine depen

dence affects the regulation of the aminoacylation reaction.

C. The metabolic disposition of enkephalins in vitro and

in situ.

The metabolic fate of met-enkephalin was studied in

witro to evaluate its stability when exposed to brain sub

cellular fractions which the peptide might contact during

isolation procedures and Opiate Stereo specific binding as

says. The previous observations demonstrating susceptibi—

lity of met-enkephalin to rapid metabolism by brain tissue

were confirmed and extended. The enzymatic activity is ubi—

quitous but the cytosol was most active. Acidic pH (11.0)

and lowering the temperature (0°) inhibited but did not pre

vent metabolism nor did concentrations of bacitracin which

enhance the activity of met-enkephalin in in vitro Opiate

assays. Examination of the metabolites indicate the most

rapid enzymatic attack in vitro is the tyr-gly bond.

In order to determine the rate of met-enkephalin metab

*H-olism in Vivo, met enkephalin was administered either as

bolus into the right lateral ventricle of rats or perfused

through the rat ventricular system. The perfusate in both

cases was collected from the cisterna magnum and the radio



labelled peptides quantified. CSF in vitro does not metab

olize met-enkephalin and it was concluded metabolism is

due to equilibration with a metabolically active brain com—

partment. In contrast to the in vitro studies, in situ the

initial enzymatic attack is at the gly-gly or gly-phe bond

rather than the terminal tyr-gly. Kinetic analysis of the

perfused *H-met-enkephalins demonstrated an apparent meta

bolic half-life of 5.9 minutes. This half-life is inconsis—

tent with the hypothesis that the absence of significant en

kephalin anti-nociceptive activity is due to its rapid metab

olism by intact brain tissue. The data indicate it is un

likely that met-enkephalin serves a primary role as an en

dogenous analgesic peptide in the CNS. The physiological

significance of met-enkephalin remains to be elucidated.



General Introduction

Narcotic analgesic drugs have many common character

istics. In addition to their ability to attenuate pain

perhaps the most striking feature in their spectrum of

action is to produce a profound tolerance to several of

the drug effects and a state of dependence requiring con

tinual drug administration to maintain normal function.

The neurochemical basis of narcotic tolerance and depen

dence is not well understood. Many theories have been

advanced, most postulate a homeo static adaptation to the

drug, but none have proven fully satisfactory (Clouet,

1971; Mule and Brill, 1972; Takemori, 1974, 1975; Clouet

and Iwatsubo, 1975). Since it is presumed the primary

site of the cellular adaptation process is the central

nervous system, attention has focused on how these cells

may respond to repeated drug exposure. The response must

ultimately be determined by the cells' biochemical machin

ery which is a protein dependent process.

Thus theories of tolerance and dependence based upon

synthesis of a special enzyme (Goldstein and Goldstein,

1961; Schuster, 1961) an "immune" type response (Cochin

and Kornetsky, 1964) or new receptor protein (Collier,

1965, 1968) have been proposed. Additional evidence im–

plicating protein changes has been provided by studies

showing several mechanistically unrelated drugs with the





common ability to block protein synthesis are capable of

blocking or attenuating tolerance development and physi

cal dependence (Cohen et al., 1965; Smith et al., 1966;

Spoerlein and Scrafani, 1967; Smith et al., 1967; Yamamoto

et al., 1967; Cox et al., 1963; Loh et al., 1969; Cox and

Osman, 1970; Huidobro, 1971; Feinberg and Cochin, 1972;

Ho et al., 1972). Although the volume of data is impres

sive and on balance indicates some role for protein in

the adaptation process, these are indirect studies and do

not establish the nature of drug-protein interaction nor

the sequence of effects. There are several ways in which

a drug may affect protein function at some point beyond

Synthesis. Among the possibilities are an allo Steric in

teraction, change in degradation, an effect on the addi

tion of critical functional residues, inhibition or acti.

vation of a promolecule, or an alteration in inter-neur

onal interactions via intraneuronal effects on protein

compartmentalization.

Narcotic analgesic drugs have effects on protein func

tions beyond the stage of synthesis. Cyclic nucleotide

metabolism is affected by opiates and alterations in phos

phorylation reactions resulting in functional changes in

other proteins has been suggested, (Klee and Nirenberg,

1971; Sharma et al., 1975; Matsuzawa and Nirenberg, 1975;

Klee et al. , 1975). Opiates have been shown to affect





the metabolism of hormones in the hypothalamic-pituitary

adrenal axis (George, 1973; Kokka et al., 1973; Munson,

1975; George and Kokka, 1976). The discovery of endogen

ous opiate peptides, endorphins (Hughes, 1975; Pasternak

et al., 1975; Terenius and Wahlstrom, 1975; Li and Chung,

1976) and the demonstration of cross tolerance and depen

dence between morphine and B-endorphin (Wei and Loh, 1976)

raises the question of possible interactions between mor

phine and these peptides.

Therefore, it seemed reasonable to investigate the

role of protein in opiate tolerance and dependence. An

attempt has been made to determine: 1) if morphine can

affect protein compartmentalization; 2) what effect tol

erance to and dependence on morphine may have on protein

synthesis at the translational level; 3) and if the en

kephalins, a subclass of endorphins, might participate

in the development of morphine tolerance and dependence.





Section A. Studies on Protein Compartmentalization.

Axonal transport of protein in the nigro–neo stri

atal pathway, a dopaminergic tract originating from cell

bodies located in the substantia nigra Zona compacta (SNC)

and terminating in the ipsilateral nucleus caudatus-puta

men (NCP), has been well characterized (Fibiger et al.,

1972; Singh et al., 1974). Centrally acting drugs known

to act via dopaminergic mechanisms e. g. amphetamines and

phenothiazines, alter protein transport in this tract

(Wonvoigtlander, 1971). The acute administration of mor

phine causes an increased utilization of dopamine in mice

and rats (Gunne et al., 1969; Smith et al., 1972; Loh et

al., 1973; Gauchy et al., 1973). Furthermore, neostri

atal dopaminergic function may be increased during acute

morphine treatment and decreased during narcotic with

drawal (Iwamoto et al., 1975; Iwamoto et al., 1976). Ad

ditional evidence for the participation of the nigro–neos

triatal projection in narcotic effects stems from studies

showing an increased incorporation of labelled lysine into

neostriatal protein in the rat after acute morphine ad–

ministration (Loh and Hitzemann, 1974). For these reasons

the nigro–neo striatal pathway was a reasonable site to in

vestigate the axonal transport of protein during acute and

chronic morphine treatment and during morphine withdrawal.





Materials and Methods

Animals. Male Sprague-Dawley rats (Simonson Laboratories,

Gilroy, CA) weighing 225 to 325 g (15 to 60 days old) at
the time of each experiment were housed two to a cage un

der automatically controlled humidity and temperature, with

a 12h on, 12h off light cycle and free access to food and

Water.

Microinjections of (2H) lysine in the SNC. Rats were an–

esthetized with halothane-oxygen and mounted in a Kopf

stereotaxic apparatus adapted to hold a micrometer-driven,

5 ul Hamilton microsyringe (#75, Whittier, CA). Two ul

of artificial CSF, NaCl 127.6m■■ , KCl 2.5m M, CaCl2 1.3m!M,
MgCl2 1.0mM (Palaic et al., 1967) containing 2.5 or 3.3

uCi of L-(li, 5-2H) lysine (two lots: 51.9 and 33.6 uCi/

mmol, New England Nuclear, Boston, MA) was delivered in

to the left SNC at a rate of O. 1 ul/15 s. The radio chem

ical purity of the (2H) lysine injection solutions, ana

lyzed by thin layer chromatography, was greater than 97

percent. The coordinates for the injections were: An

terior, 2.0mm; Lateral, 2. Omm; and Vertical, -2. Omm (all

stereotaxic coordinates refer to Konig and Klippel, 1963).

The needle was left in place an additional 3 min after

completion of delivery and quickly withdrawn. In some

experiments, colchicine (Fisher Scientific Co., Burlin

game, CA), an inhibitor of microtubule assembly (Olmsted





and Borisy, 1973), was included with (2H) lysine in the

injection solution as a positive control; either 1 or 3

ug colchicine with 1.67 uCi (*H) lysine was administered

into the SNC. After 120h the animals were sacrificed and

the distribution of radioactivity in the brain was deter

mined.

Uptake and incorporation of (*) lysine. In order to es

timate the rate and amount of incorporation of (2H) lysine

into protein, other animals were sacrificed at various in

tervals after (2H) lysine injection and a block of mid

brain tissue located between Anterior li. 5mm and Posterior

O. 5mm was obtained after discarding overlying telenceph

alic structures. Left (injected side) and right midbrain

samples, obtained after midsagittal sectioning, were weighed

and homogenized in 2ml of ice cold 10 percent (w/v) trich

loroacetic acid (TCA) containing 1 percent d, 1-lysine car
rier. Duplicate 100 ul aliquots of homogenate were added

to scintillation vials containing 1 ml of a tissue solubil

izer ('NCS', Amersham/Searle, Arlington Heights, IL). One
ml of homogenate was centrifuged at 750 g for 15 min and

duplicate 200 ul aliquots of the Supernatant were added

to scintillation vials containing 1 ml "NCS'. The pellet

Was Washed twice with 10 percent TCA-1 percent lysine, sol

ubilized With 1 ml "NCS" and transferred to scintillation

vials. All tissue samples were neutralized with 100 ul
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glacial acetic acid, and after 1.2 ml of scintillator

('ScintiVerse", Fischer Scientific Co.) was added, the

samples were counted after allowing 5 days for adapta

tion in the dark.

In another series of experiments, l animals were

sacrificed 118 h after intra-nigral (2H) lysine injection.

Frozen frontal sections 1 mm thick were further hand-dis

Sected into tissue blocks on dry-ice with the aid of a

Scalpel. After recording the location of the dissected

tissue, each block was solubilized and the radioactivity

determined as described earlier.

Hilal-i-º-º-ºnal—ºminatº-ai au-irau. At various

intervals after the (2H) lysine injections, animals were

sacrificed by decapitation. The brains were quickly re

moved, chilled on ice and blocked in the frontal plane

(Posterior, 2mm) that passed caudal to the inferior col
liculus and rostral to the cerebellum. The tissue was

frozen immediately onto microtome object discs, and ser–

ial frozen frontal Sections .. 5mm thick were taken on an

International-Harris cryo stat from approximately 10mm

through 1 mm anterior to the interaural line. The anatomic

location of all tissue sections were recorded during sec

tioning by continued reference to structural landmarks de

picted in the rat brain atlas (Konig and Klippel, 1963).
Each tissue slice was sectioned midsagittally and tissue





samples of the left (injected) side were transferred to

glass scintillation vials and digested at 55° C with
ml of NCS". The digested material was neutralized with

glacial acetic acid and combined with 10 ml of scintil

lator. After 5 days, the samples were counted 5 times

in a Packard Tri-Carb scintillation counter. Tritium

counting efficiencies for all tissue samples ranged from

211 to 27 percent.

Net c. p.m. were plotted against tissue section lo

cation for each animal using semi-log graph paper. Two

arbitrary criteria were chosen to exclude inaccurate (3H)

lysine injections. Animals were discarded if the radio

activity peak at the SNC injection site was not located

between 1500 and 2500 microns anterior to the interaural

line or if the peak net c. p.m. in the SNC was greater

than two S. D. from the mean net c. p.m. of the remainder

of the group. On the basis of these criteria, up to 35

percent of the animals in any given experiment were ex

cluded. Net C. p. m. were interpolated at . 5mm intervals

from the semi-log graphs and the mean net c. p.m. it S. E. M.

replotted against tissue section for data presentation.

The data were statistically analyzed using the Student's

it—test for independent means.

Effect of amphetamine on axonal transport. Additional

studies to confirm the validity of the experimental sys





tem were undertaken with amphetamine which alters both

the spontaneous firing rate of cells in the SNC (Bunney

et al., 1973) and intra-axonal transport of protein to

the neostriatum (Vonvoigtlander, 1974). The animals

were housed as described but food pellet access was lim

ited to 20g per rat per day between 1700–1900 hours for

the duration of the experiments. These studies were de

signed to replicate and extend the previous report (Von

voigtlander, 1971) by examining the effect of ampheta

mine abstinence on axonal protein transport in rats main

tained chronically on amphetamine.

Animals were treated twice daily with S. C. injec

tions of amphetamine or sterile saline for 15 days. The

dose schedule (calculated as free base) was 3 mg/kg for

5 days, 6 mg/kg for 5 days and 12 mg/kg for 5 days for a

total of 210 mg/kg over the 15 day treatment period. Drug

treatment terminated with the second injection on Day 15

and Day 16 was designated as day O of amphetamine with

drawal. Radiolabelled lysine was injected on day O. The

rats were killed, 1, 5, 15 and 30 days later. The neostri

atum and midbrain region containing the SNC were dissected

and the tritiated protein quantified, as previously de

scribed.

Effect of morphine on axonal transport. The effect of

morphine on neostriatal protein transport after acute and

repeated administration as well as during abstinence was
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assessed at various periods after morphine tablet implan

tation. Tolerance to and physical dependence On mor

phine were effected using a modification of the tech

nique of subcutaneous tablet implantation (Way et al.,

1969). A complete schedule is presented in Table 1.

Experiment I: Acute Morphine Administration. One

tablet containing 75 mg morphine base or the tablet fil—

ler alone (placebo tablet) was surgically implanted in

the subcutaneous (s.c.) tissue of the lower back under

halo thane anesthesia immediately following completion

Of the (3H) lysine injection. Animals were sacrificed

after 5 h and their brains sectioned as described above.

Experiment II: Repeated Morphine Administration.

Three additional groups of animals were injected with

(2H) lysine and implanted with tablets repeatedly ac

cording to the schedule in Table 1. Group IIa was sac

rificed 72 h after (2H) lysine administration; group IIb

was sacrificed 96 h and group IIc 120 h after lysine.

Animals implanted with an equivalent number of placebo

tablets and given saline injections served as the con–

trol group. In all experiments, placebo animals and mor

phine-treated animals were injected with (ŽH) lysine

alternately to minimize the possibility of biorhythm

effects, interfering with interpretation of the results.

Experiment III: Transport after Induction of Morphine
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TABLE 1. Treatment schedule” for acute and chronic

morphine administration after (2H) lysine injection

Day Time

1 1 OO-1 500

1 |OO-18OO

12OO
22OO

O6OO
1 200
2200

O6OO
1 1 OO-1 500

12OO
22OO

O6OO
11 OO-1 500

12OO
22OO

O6OO
1 1 OO-1 500

Treatment

(2H) lysine injection;
implant one tablet
Sacrifice "Acute Ad
ministration' Group
(Experiment I)

Implant 2 tablets
Administer 20 mg/kg
morphine S. C.

30 mg/kg morphine s. c.
Implant 3 tablets
50 mg/kg morphine s. c.

75 mg/kg morphine s. c.
Sacrifice '72 h Chronic
Administration' Group
Implant li tablets
100 mg/kg morphine s. c.

150 mg/kg morphine s. c.
Sacrifice '96 h Chronic
Administration' Group
Implant 5 tablets
150 mg/kg morphine s. c.

150 mg/kg morphine s. c.
Sacrifice
Administration' Group

* 12O h Chronic

Experiments

IIa

IIb

IIc

*Placebo animals were injected with saline and implanted
with tablets which contained no morphine on the same
schedule as the experimental groups.
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Tolerance. (2H) lysine was injected on day li after the

animals were rendered tolerant by tablet implantation

for 3 days. The animals were maintained by additional

implants of morphine according to the following schedule:

day 1, tablet; day 3, tablet; day 4, (*H) lysine in
jection and 2 tablets; day 5, 2 tablets; day 6, 3 tablets;

day 7, sacrifice for brain sectioning and for examination

of protein axonal transport.

Experiment IV: Morphine Abstinence. In this ex

periment axonal transport was examined in animals under

going withdrawal from morphine. Animals were rendered

dependent by implantation of a total of six tablets over

72 h as previously described. Dependence was assessed

by the non-parametric rank scoring system of Wei and Loh

(1972). (2H) lysine was injected stereotaxically 2l h

after the implantation of the last 3 tablets. All 6 tab

lets Were surgically removed under anesthesia immediately

following the (2H) lysine injection and the animals sac

rificed for brain sectioning after 21, h (Experiment IVa).

In other morphine abstinence studies, a tablet contain

ing 10 mg of the base of the narcotic antagonist, nalox—

One, was implanted immediately after removal of the place

bo and morphine tablets and the animals sacrificed after

118 h (Experiment IVb) or 5 h (Experiment IVc.).

Sel-electrºphoresis ºf neostriatal protein. Rats were in
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jected with 3.3 uCi (*H) lysine intranigrally and made

tolerant to morphine as described in Experiment IIa.

The left (injected) NCP was quickly dissected on ice

homogenized 1:10 (w/v) in 0.32 M sucrose – 1 mM HEPES

(Calbiochem, Los Angeles, CA) pH 7.0 buffer and the

homogenate treated as described in Fig. 1. The frac

tions discarded contained less than three times back

ground radioactivity.

Both the precipitated protein S5 and the particu

late protein P3 were solubilized as shown in Fig. 1.

The solubilized protein samples (approximately 0.2 mg

protein) were placed onto 30 x 1 cm columns comprised

of a 3 percent polyacrylamide stacking gel and a discon–

tinuous gradient of 5, 7, 8, 9, 10 and 12 percent poly

acrylamide (Maizel, 1969). A current of approximately

2 mamps per gel was applied for 12 h, bromphenol blue

was used as a marker. Gels were cut into 2 mm slices

and swollen in ml of solubilizer at 50-60° C for 72 h
in scintillation vials. Samples were neutralized with

glacial acetic acid, 10 ml of scintillator was added and

they were counted 5 days later. In some cases the gels

were stained with Coomassie blue to visualize the protein.

Results

Localization of radioactivity after intrani■ ral (*)-ly
sine. The majority of the radioactivity present in the
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Tissue Treatment for Gel Electrophoresis of Soluble ond SPM "H-NCP Protein.

LEFT, NCP (5e mo)
10 * HOMOGENATE,032MSUCROSE-1 mM HEPES pH7

750 x ç . Io'

Pi ( discaro) st

| r’,000 x 9, 20'

*2, s2
COMBINE 35,000 xg, So'

^

s2' P2 (DiscARD)
washed x 2

LYSED: 3 hr, 2°C, 6 mm Tris pH 8:3

105,000 x 9,60'

P3 s's
Dissolved in PRECIPITATE PROTEIN
10 mM Tris PO pH 6.7 1. Koº TCA- 1% Lys
2 * sos 2. ACETONE wash 3x
2%. Etsh 3. DRIED (45°c)

loºk, Glycerol- 4. DISSOLVED As IN P3

POLYACRYLAMIDE GEL ELECTROPHOREss
30 cm x 1 cm 1.d

_*.
(STAckING GEL )

sº

GELS CuT INTO 2 mm surces
SLKCES SOLUBILIZED IN NCs

coun■ ed AT 25* EFFICIENCY

|
4.

Fig. 1. Tissue treatment—for Eel electrophoresis of neos
triatal—protein
The nucleus caudatus putamen (NCP) from the left (injected)
side was removed and treated as above prior to polyacryla
mide gel electrophoresis. Tris PO - Tris phosphate, SDS -
sodium dodecyl sulfate, EtsH - mercaptoethanol.
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brain after injecting the SNC with (2H) lysine was found

in brain areas of the injected side corresponding to

the dopaminergic nigro–neo striatal pathway previously

identified by histofluorescent techniques (Ungerstedt,
1971). Eight coronal cross sections, each 1000 um thick,

were analyzed l;8 h after unilateral intranigral injec

tion of 5.3 uCi of (2H) lysine in four rats. This is

shown in Figure 2. Ninety to 98% of the label was pres–

ent in the left, injected hemisphere. The highest ra–

dioactivity was located in the midbrain area surround

ing the injection site; l.2% less radioactivity was re

covered in the tissue section caudal to the injection.

Most of the radioactivity of the left hemisphere was

located in the nigro–neo striatal pathway which included

the medial fore brain bundle, internal capsule, globus

pallidus and neostriatum. Over 80% of the radioactivity

present in brain slices of the injected side rostral to

6860 um anterior (Konig and Klippel, 1963) was found in

the NCP. In separate experiments, it was determined

that over 95% (n = 8) of the radioactivity present in

the NCP 72 h after (2H) lysine SNC injections was in

soluble in 10% TCA-1% D, L-lysine.

Uptake and incorporation of (*H) lysine. The rate and

the amount of incorporation of (2H) lysine into (*H) pro

tein was not altered by either amphetamine injection,
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Fig. 2. Distribution ########### in rat brain afterilateral iniection of 2H-lysine into SNC.
5.5 puCi H) lys was injected into the left SNC. l;8 h la
ter the rats were killed and the distribution of radioacti.
vity in frontal sections was determined. Bold lines demar
cate the boundaries of hand-dissected tissue sections taken
from brain slices approximately 1000 um thick. The right
side was injected. The numbers within each area are the per
cent of total radioactivity found per brain slice. The to
tal C. p.m. is shown at the lower right of each section. The
anatomical location of the rostral aspect of each brain slice
is denoted in um Anterior (lower left number) according to
Konig and Klippel (1965), and the anatomical abbreviations
are from Konig and Klippel (1965).
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morphine tablet implantation, or by naloxone tablet im—

plantation in morphine-dependent rats. Table 2 repre

sents the distribution of tritium in soluble and in Sol

uble fractions of 10% TCA homogenates obtained from mid

brain tissues of amphetamine treated and saline control

animals. Table 5 represents the distribution of tritium

in soluble and insoluble fractions of 10% TCA homogen

ates obtained from midbrain tissues of morphine-treated

and naloxone—withdrawn animals. As the data indicate,

more than 70% of the label was associated with the in

soluble fraction 2 h after (*H) lysine injection and

less than lift of the radioactivity in the homogenates

of placebo or morphine-treated animals was associated

With (2H) water. No significant differences in the dis–

tribution of tritium were observed between the morphine

and placebo groups.

AXonal protein transport and blockage by Colchicine.

Axonal protein of the nigro–neo striatal pathway was found

to be transported at two different rates. "Fast" (about

50mm/day) and "slow" (about 1mm/day) protein transport

were previously described for the nigro–neo striatal sys–

tem of rats by Fibiger et al., 1972.

Colchicine dramatically reduced the "slow" trans

port of (*H) protein in the nigro–neo striatal pathway

(Fig. 3). Co-administration of 1 ug colchicine with (*#)
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Table 2

Distribution of (*H) in midbrain tissues after
intranigral (2H) lysine injection: Amphetamine treatment.

*i-ser—itaskian
x 1 OO

C. p.m. in TCA Homogenate

Group TCA Soluble TCA Insoluble

A 25 71

S 25 69

A 28 65

S1 29 66

The distribution of tritium in both TCA soluble and
in soluble fractions of midbrain tissue homogenates were
obtained 3h after an intranigral injection of (3H) lysine.
N=l for each determination. One S. D. for all groups was
less than 10 percent. Group A received 3mg/kg ampheta
mine by subcutaneous injection 5 min before lysine. S
was the paired Saline control. Group A1 was made toler
ant to amphetamine by the 15 day injection schedule des—
cribed in the methods section. S1 was the paired saline
control.



Table 3

Distribution of (2H) in midbrain tissues after

intranigral (2H) lysine injection: Morphine treatment.

*-i-º-º-º-º-º:
X 1 OO

C. p.m. in TCA Hom £enate

Minutes after Group TCA-Soluble TCA-Insoluble

(2H) lysine

(Acute Morphine Treatment) a

5 P 86 8. H
M 8|| 9. li.

60 P |2 51
M lili 52

12Ob P 2|+ 70
M 25 7O

(Naloxone Precipitated Withdrawal) c

60 P+M 39 62
M+N l;0 55

120 P+N 2|{ &lf
M+N 55 76

The distribution of tritium in both trichloroacetic acid
(TCA) soluble and insoluble fractions of midbrain tissue
homogenates were obtained 5, 60 or 120 min after an intra
nigral injection of (5H) lysine. N=l for each determina
tion. One S. D. for all determinations were less than 10
percent.

a Animals were implanted with either one placebo (P) or
one morphine (M) tablet immediately following the comple
tion of (3H) lysine delivery (2.5 uCi) into the SNC.

b The amount of radioactivity after evaporation to dryness
of separate aliquots of labelled midbrain homogenates of
P and M treated rats was diminished by 2, 7 and 5.5 percent,
respectively.



c Animals were implanted with one naloxone tablet (N)
containing 10 mg of naloxone immediately following both
the injection of 3.3 uCi (3H) lysine and the removal of
Six P or M tablets which had been subcutaneously implanted
for 72 h prior to the experiment.
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*18. 3. The effect of colchicine on nigro-meostriatal trans
port of (2H) protein.

CSF (e), Tug (o) or 3 ug (#) of colchicine was injected unilaterally with 1.67 uCi of (5H) lysine into the SNC. 120 h
later, animals were killed and the distribution of radioacti
vity in the brain was determined. Vertical lines denote one
S. E. M. N=5 for all groups. Significant differences from the
1 ug colchicine-treated group: *-P K.05; **-P & .01; ***-P &
• OO1 o
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lysine resulted in a 74% reduction in the amount of la

belled protein found in the NCP after 5 days. An 82%

diminution of protein bound radioactivity was observed

after 5 ug of colchicine. Colchicine did not appreci

ably alter the uptake of (*H) lysine at the time of in

jection as indicated by the fact that the amount of ra–

dioactivity recovered in the SNC was the same for all

three groups of animals.

Axonal transport of protein in amphetamine treated rats.

The fast component (3–12h) of nigro–neostriatal trans

port was not altered by withdrawal from chronic amphe

tamine. This can be seen by the lack of apparent dif

ference in labelled protein in the NCP of one day absti

nent rats and controls (Fig. H). The slow component

however, has been inhibited significantly. The five

day abstinence group has only 70% of the labelled pro

tein present in the respective control.

Axonal transport after acute morphine administration.

The fast component (3–12h) of nigro–neostriatal protein

transport was not altered by a single morphine tablet

implantation. Comparisons of the accumulation of lab

elled protein in the NCP of placebo (N=6) and morphine

(N=6) treated animals (Experiment I) 3 h after (*H) ly

Sine administration were without significant differences.

4×inal—ºrania-ºº-º-º-º-releaked—mºrnia-administratiºn.
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Fig. 4. Effect of chronic amphetamine administration and
abstinence on midbrain and neostriatal protein
ats were administered amphetamine as described in methods.
H-lys was injected stereotaxically into the left SNC and

brains were dissected as described. Cross hatched and strip
pled bars show the net dpm in the midbrain IM-CM (injected
side-contralateral side). The open and slashed bars show
net dpm in the neostriatum IC-CC (injected side-contralateral
side). Results are expressed as mean dpm per area + S. E.M.
N=lt. *p <.05 A-amphetamine group. S-saline group.
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In contrast to the findings after acute morphine tablet

implantation, the slow component of (2H) protein accumu

lation in the NCP after intranigral injection of (*H)
lysine was significantly increased by increasing doses

of morphine (Experiments IIa, b and c). The amount of
(*H) protein located between brain sections l; and 6.5

mm anterior was lº–50% greater in the morphine treated

groups in comparison with the placebo group after 3 days

of transport (Fig. 5) and 27–32% greater between brain

sections 5.5 and 7.5 mm anterior at li days. Greater

differences were observed after 5 days of transport;

the amount of labelled protein in brain sections of mor

phine treated rats located between 6 and 8 mm anterior

was approximately 28–86% greater than placebo tablet

implanted control.

Tolerance appeared to develop to the enhanced ax

onal transport of protein observed during morphine ad

ministration. When (*H) lysine was injected intrani

grally 72 h after the initiation of tablet implantation,

the transport of (*H) protein in the nigro–neo striatal

pathway was not appreciably altered after continued mor

phine administration (Experiment III). The amounts of

(*H) protein present 72 h after (*H) lysine injection
were virtually identical in tissue sections obtained from

rats treated chronically with either placebo or morphine
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Fig. 5. Amount—and location of radioactivity—i eft rat
brain 2 and 120 h after stereotaxic injection of

H) lysine into the left SNC of morphine tolerant rats.
2.5 uCi of (5H) lys was injected into the left SNC. Ani
mals were implanted with either placebo (e) or morphine
(O) tablets during the survival period (See Methods, Table
1), killed at 72 {A}. 96 (B) or 120 (C) hours, and radio
activity in the brain determined. Vertical line denotes
one S. E. M. N= minimum of three per group. Significant
differences from the placebo groups: *-P & 0.05; **-P & 0.01;
*-P < O. OO1 -
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tablets (n = l; each) for 1 || || h and the variability was

less than 5%. These findings are in contrast to those

presented the Fig. 5 in which 50% greater (*H) protein

was observed in the neostriatal area of morphine-treated

rats 72 h after (*H) lysine.

Axonal transport durina morphine abstinence. Morphine

dependent rats undergoing narcotic abstinence had less

(*H) protein present in the neostriatum compared to con

trol. In animals administered morphine for 72 h prior

to the (*H) lysine injection, a 23–26% diminution (at

7 and 7.5 mm anterior) in the amount of neostriatal (*H)
protein was observed in the morphine—withdrawn group 24

h after both tablet removal and intranigral (*H) lysine

(Experiment IVa, Fig. 6). Three animals which exhibited

the most severe abstinence of the group (using the non

parametric rank scoring system of Wei and Loh, 1972)

had even lesser amounts (52% of control levels) of (*H)
protein in the neostriatum. Similar results were ob

tained in animals withdrawing from morphine for lò h

(Experiment IVb, Fig. 6) wherein a 29% decrease of (*H)
protein was observed in the morphine withdrawn group at

8 mm anterior. In contrast, the amount of (*H) protein

present in the NCP of rats undergoing narcotic withdrawal

for only 3 h did not differ from placebo control (placebo,

n = 1; and morphine, n = 5; the greatest difference be

tween placebo and morphine groups never exceeded 10%).
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stinent rats.
Animals were implanted with placebo (e) or morphine (O)
tablets for 72 h prior to injection of 5. 3 or 2.5 luCi of
lysine. . .Tablets were removed immediately following intra
nigral (2H) lysine; one naloxone tablet (10 mg free base)
was implanted in the lº& h animals. Vertical lines denote
one S.E.M. N=6 for 24 h (A) groups. N=l for the l;8 h (B)
groups. (G) represents 3 animals from the morphine absti
nent group that exhibited very severe morphine withdrawal.
Significant differences from the placebo group: *-P K.05;
**-P K .01 -
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Effect of repeated morphine administration on NCP (*H)
protein. Particulate and Soluble proteins isolated

from the NCP of 72 h morphine and placebo implanted

rats were compared and no significant differences were

observed. Figure 7 illustrates the distribution pat—

tern of radiolabelled protein within discontinuous gra

dient polyacrylamide gels. As can be seen from the

graph, sequential analysis of 2 mm sections of these

gels failed to differentiate the radioactivity patterns

of labelled NCP protein obtained from morphine-treated

and control animals.

Discussion

These data confirm and extend previous studies

which demonstrate that proteins synthesized in the sub

stantia nigra Zona compacta are transported intra-axon

ally to nerve terminals located within the neostriatum

(Fibiger et al., 1972; Singh et al., 1974). Two days

after intranigral injection of (2H) lysine, over 80 per

cent of the labelled protein in the ipsilateral hemi

Sphere was located in neuroanatomical structures trav

ersed by the dopaminergic nigro–neo striatal pathway.

(*H) lysine injections which were misplaced 1 mm or more

from the intended Site resulted in up to a 90% reduction

Of radiolabelled protein recovered from the neostriatum.

Up to 98% of the radioactivity was located ipsilateral
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Fig. 7. The pattern of radioactivity after polyacrylamide
sis of belled soluble and particulate pro

tein—fractions—from morphine—tolerant—and placebo rat neo
striata- 3Animals were injected intranigrally with 5.3 uCi of (*H) ly
sine and implanted for 72 h with either placebo ( e. , N=1.) or
morphine (O, N=2) tablets. Protein fractions were isolated
and subjected to discontinuous gradient gel electrophoresis
as described in methods. The percent of acrylamide used to
prepare each layer of resolving gel is indicated in parenthe
ses. Fractions are 2 mm slices. Recovery of radioactivity
was 90 percent. Average c. p.m. loaded per gel: soluble,
5977; particulate, l;119.
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to the injection site and this is consistent with pre

vious findings indicating that nigro–neo striatal neurons

are not observed to cross the midline (Anden et al.,

1966). Furthermore, the data suggest that nigro–neos

triatal protein transport may be dependent upon a mech

anism involving microtubules Since colchicine, and in

hibitor of microtubule assembly (Wilson, 1975) produced

a pro found reduction in neostriatal (*H) protein accu

mulation. This study confirms the suggestion that col

chicine may be a useful tool in blocking axonal trans

port within limited brain regions (Crothers and McCluer,

1975). The observed demonstration of an inhibition of

protein transported to the neo striatum from the SNC as

a consequence of amphetamine administration, a known

inhibitor of protein transport in this pathway (Vonvoigt

lander, 1975), provides additional evidence for the val

idity of the experimental techniques. Thus, the data

support the conclusion that it is possible to label pro

teins Within Somata of SNC and to measure the intraax

Onal transport of protein material to the nerve termi–

nals in the NCP.

These results demonstrate that the slow component

of nigro–neo striatal protein transport is increased dur

ing chronic morphine administration and diminished dur

ing morphine abstinence. However, neither the rate and
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amount of incorporation of (2H) lysine into TCA-insol

uble material nor 3 h transport of (2H) protein after

intranigral injection of (2H) lysine was affected by

either acute morphine administration or narcotic with

drawal. Chronic morphine administration caused a gen—

eralized increase in the amount of both soluble and par

ticulate protein fractions of rat neostriatal tissues.

However, if qualitative alterations in protein synthe

sis occurred during the development of tolerance and

physical dependence, i.e. a new and different protein(s)

was synthesized, it was not evident from analysis of

the acrylamide gels. The pattern of radioactivity for

the control gel superimposed on the pattern for the drug

treated group. When the distance from the injection

site in the SNC to the median of the significant dif

ferences between the morphine and placebo groups were

calculated using the data in Fig. 5, the portion of

transported protein significantly altered by morphine

treatment "moved" at a rate of approximately 1 mm per

day. This apparent velocity of transport corresponds

to the "slow" rate of axonal transport in the nigro

neostriatal system (Fibiger et al., 1972). Thus, the
transported protein which was increased during chronic

morphine treatment corresponds to the "slow" and not

the "fast" component of nigro–neostriatal protein trans
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port.

After the animals became tolerant to morphine and

were maintained at a relatively constant level of tol

erance, no difference in nigro–neo striatal transport

between drug-treated animals and placebo control was

detected. This suggests that these neurons are capable

of responding homeo Statically to dynamic changes in mor

phine concentration by increasing transport during in

duction of drug tolerance, and decreasing transport dur

ing abstinence. During a static phase after tolerance

and dependence had been induced and the animals were

maintained by a constant concentration of morphine the

transport of protein was the same as controls. These

alterations may reflect an altered capacity of the nigro

neo striatal protein transport system, a change in the

rate of protein transport or turnover of the labelled

proteins. The latter could be a consequence of intra

neuronal metabolism or release and clearance of the la

belled protein at the synapse. The experiments described

do not resolve the underlying mechanism(s) responsible

for the observed drug effects.

In view of the conflicts regarding the relation

ship amongst Opiates and several aspects of protein me—

tabolism and function (Takemori, 1974; Clouet and Iwat—

subo, 1975) this study may prove of some utility in clar

ifying that relationship. There are advantages to ex
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amining an anatomically and biochemically distinct group

of neurons rather than larger brain regions or whole

brain. The 30-80% increase in protein transported to

the NCP during development of morphine tolerance could

be obscured by other alterations in transport if whole

brain rather than a single pathway had been used to

study the transport. Other discrete pathways within

the CNS are currently under investigation to assess the

effect of morphine (Iwamoto, personal communication).

The NCP in these rats comprise less than l; percent of

the total brain weight. The SNC accounts for less than

1 percent of the brain and although no change in pro

tein synthesis as a result of morphine administration

was observed in the SNC, if any had occurred, it would

appear to be background fluctuations if whole brain

was used as a basis for comparison.

Tulunay and Takemori (1975) utilized the retina

and optic tract of the rat to study morphine effects

on protein transport. They found that acute morphine

administration in the rat decreased the incorporation

of leucine into retinal proteins but that fast and slow

rates of axonal transport from the retina to the optic

chiasm were not changed by acute or chronic morphine

administration. However, the relative amount trans

ported during morphine administration was greater than
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control, since they observed that morphine decreased

labelling of the retina, the source of the transported

labelled protein. Also, since the microtubules of dif

ferent tissues have variable susceptibilities to per

turbation by chemical and physical factors (Wilson, 1975),

it is possible that morphine has an effect in the optic

tract different from that in the nigro –neostriatal path

Way.

The effects of other drugs on axonal transport in

the nigro–neostriatal pathway have been described in the

literature (Fibiger et al., 1973; Wonvoigtlander, 1974).

Vonvoigtlander (1974) showed that haloperidol and d-am

phetamine, which increase and decrease, respectively,

the spontaneous firing rate of cells in the SNC (Bunney

et al., 1975), cause parallel changes in the accumula

tion of axonally transported protein in the neostriata

of rats. The present study also showed that abstinence

after chronic amphetamine administration inhibited the

slow transport of protein in the nigroneostrial path

way. As a Whole these findings suggest that the amount

of protein transported in the nigro–neo striatal pathway

may be a function of the neurophysiological activity of

SNC cells. Previous data suggest that morphine may, in

fact, increase firing activity of SNC cells either re

flexively by blocking post-synaptic dopamine receptors





(Sasame et al., 1972) or by affecting a presynaptic mech

anism (Kuschinsky and Hornykiewicz, 1972). Based on the

circling behavior model of rats, it has been observed

that narcotic drug administration enhances activity in

the nigro–neostriatal pathway (Iwamoto et al., 1976).

Furthermore, evidence that morphine increases SNC firing

rates has been cited (Bunney, unpublished observations,

cited by Bloom, 1975). Thus, an increase in SNC cell

firing activity after morphine administration may cause

an increase in the amount of protein transported intra

axonally in the nigro–neo striatal pathway during chronic

morphine administration. (see Fig. 5)

It has also been observed that an accumulation of

dopamine in the neostriatum occurs during naloxone—pre

cipitated abstinence in morphine-dependent rats (Iwamoto

et al., 1973) and proposed that a decrease in neuronal

activity of the nigro–neo striatal pathway occurs (Iwamoto

et al., 1975; Iwamoto et al., 1976). The diminished ni

gro–neo striatal neuronal activity may account for the de

crease in slow axonal protein transport that was found

during narcotic abstinence (see Fig. 6).

In summary, these data show that axonal transport

of protein in pathway is enhanced in response to morphine

administration but diminished during abstinence. The

changes in transport correlate only with the dynamic phase
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of morphine tolerance-dependence induction and the loss

thereof subsequent to withdrawal of the drug. This may

reflect the bio-electric activities of the dopaminergic

neurons in the pathway during these two morphine induced

states. This study demonstrates a means by which mor

phine may alter the function of a protein via an effect

on availability at a critical site. This should be dif

ferentiated from other possible effects of morphine on

protein metabolism or function as suggested in the in

troduction.
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Section B. 1. Cell Free Protein Synthesis Studies.

Of the several interpretations which may be inferred

from those studies dealing with drug attenuation of mor

phine tolerance development (see general introduction)

one suggests an interaction between opiates and the pro

cess of protein synthesis. Evidence for a considerable

effect of morphine at the transcriptional stage has been

established (Lee et al., 1975; Lee and Loh, 1975) and

investigation at this level continues (N. Lee personal

communication). The functional implications of these

in vitro studies for the intact organism are unknown.

Translation of mRNA and the assembly of nascent pro

tein, the final stage of synthesis, is a complex reaction

which is not completely understood. Fig. 3 shows the es—

sential components. Peptide chain initiation is considered

the rate limiting site of the assembly process under or—

dinary circumstances and may be a primary control point

(Munro et al., 1975). However, it is virtually certain

that multiple factors must work in concert to effect over

all control of translation. There have been no published

studies of the effects of opiates on the initiation, e

longation or termination factors. Since, ATP, GTP, Mg

ions and several lipids are co-factors for the reaction,

any Opiate induced change in their availability could al

ter protein synthesis. Clouet and Iwatsubo (1975) have
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Fig. 8. Translation factors necessary for protein synthe
sis. As a result of compartmentalization within the brain
cell multiple pools of amino acids, tRNA and amino acyl
synthetases may be found. Polyribosomes exist in two forms:
1) either bound to endoplasmic reticulum; or 2) free in the
cytosol in a loosely associated complex with the other fac
tors which may be held together by lipids. The initiation,
elongation (EF) and termination factors are proteins. Other
essential proteins in the cycle include the ribosomal, en
zyme peptidyl transferase and the cytosol enzyme ATP (GTP)
nucleotidyl transferase. The most important lipid cofactors
are thought to be esters of cholesterol.
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concluded that the inhibition of protein synthesis in

the brains of intact animals observed after acute ad

ministration of morphine (Clouet and Ratner, 1967; Clouet

and Neidle, 1970; Kuschinsky, 1971) is secondary to a

general depression of cerebral metabolism, not a primary

response to the opiate.

Other studies in which attempts were made to label

brain protein pools in intact animals to evaluate the

effect of opiate administration have provided generally

unsatisfactory results. A three hour continuous intra

venous infusion of morphine failed to produce a detect

able change in synaptic plasma membrane protein of rab

bit brain (Franklin and Cox, 1972). Acute morphine ad

ministration to mice does not change the specific acti.

vity of radiolabelled proteins from brain stem (Hahn and

Goldstein, 1971), but may decrease labelled protein in

cortex synaptosomes (Kuschinsky, 1971). In contrast to

these data, other investigators have reported an increase

and decrease in newly synthesized protein when specific

regions of mouse brain were examined after morphine ad

ministration (Loh and Hitzemann, 1971). Chronically mor

phinized rats show a significantly increased incorpora

tion of 353-methionine into total brain protein (Lang

et al., 1975). As with all in vivº studies these ex

periments had the inherent problems of penetration , dis
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tribution, metabolism and regional variation to compli

cate interpretation. Thus, the conflicting data may be

more apparent than real.

Clouet and Ratner (1968) found that a cell free

protein synthesizing system isolated from the brains

of rats killed at various times after a single injec

tion of morphine had a biphasic ability to incorporate

"C-leucine into protein relative to controls. There

was an initial increase in the activity of the system

followed by a decrease to about 50% of control with a

slower return to baseline. The increased activity oc

curred with ribosomes isolated lip minutes after an in

jection of morphine and the greatest decrease occurred

90 minutes after morphine administration. The inhibition

was dose dependent and correlated with the hypothermic

response which occurs in rats treated with morphine. It

was not reversed, however, by maintaining the animals at

an ambient temperature which prevented hypothermia. In

this same study other rats were made tolerant to the hy

pothermic response by repeated injections of morphine.

A cell free protein synthetic system isolated from the

morphine tolerant rat brain promoted amino acid incor

poration into protein at a higher level than untreated

rats. The addition of morphine at concentrations up to

107* M had no affect on the System.
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There is some question regarding the effects of

opiates on polyribosome stability. Levorphanol causes

a dissociation of polyribosomes in HeLa cells when ad

ded to the growth medium (Noteboom and Mueller, 1969).

Clouet (1970) also reports that polyribosomes isolated

from brains of rats which were previously treated with

morphine are more labile (dissociable) than controls.

On the other hand, Stolman and Loh ( 1975) found that ad

ministration of morphine to mice caused a stabilization

of the polyribosomes. They also found that addition of

morphine to polyribosomes in vitro produces more stable

polyribosomes due to morphine binding to the complex.

The functional significance of this stabilization of

mouse brain polyribosomes relative to their protein syn

thetic capacity is unknown.

These data suggest that additional consideration

of the relationship between morphine and protein synthe

sis is warranted. A study was initiated to examine the

effects of morphine tolerance on some of the translational

events of protein synthesis.

Materials and Methods

Chemicals; ATP, GTP, creatine phosphate (CP) and

ATP: creatine phosphotransferase (E.C. 2.7. 5. 2) (CK)

were purchased from Sigma St. Louis, MO. Ultrapure RNase

free sucrose was purchased from Schwarz–Mann Orangeburg,
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N.Y.

L-("c) leucine (305 moi/mmol), L-("C) lysine (312

inci/mol), L-(3 *H) phenylalanine (12.8 ci/mol), L-3 ºil)
tryptophan (1.64 Ci/mol), L-(3,5 °F) tyrosine (57.5 ci/
mmol) L-(3 *H) glutamate (20.4 c.1/mol), L-(4,5 °F) ly
sine (31.9 ci/mol), 1-(4,5 °H) leucine (5 Ci/mol), I
(4,5-?:) isoleucine (105 Ci/mol), I-6 ºil) valine (1.3
Ci/mmol), L-G-”H) serine (1.23 Ci/mmol), L-(3 *H) ala

nine (30.3 Ci/mol), I-6 °F) amino acid mixture (Ala,
Arg, Asp, Glu, Gly, His, Isoleu, Leu, Lys, Phe, Pro, Ser,

Thr, Tyr, Val) were purchased from New England Nuclear

Co Boston, MA. Purity of the radio chemicals, excluding

the mixture, was routinely confirmed by thin layer chro

matography and paper chromatography. Poly uridylic acid

(poly U) was purchased from Miles Laboratories Elkhart,

IND. Morphine HCl was obtained from Mallinckrodt Jersey

City, N. J. The morphine and placebo tablets were form

ulated by the Pharmaceutical Sciences Department, UCSF.

Animals: Male Swiss-Webster Walter Reed strain

mice weighing 25–30 gm at the time of sacrifice, were

housed on a 12 h light–dark cycle, food and water were

provided ad li bitum. Mice were made tolerant by the sub

cutaneous implantation of a 75 mg morphine base tablet

as described by Way et al. 2 (1969).
Preparation of Cell Free Protein Synthetic System
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(CFPS): A standard method was used to prepare the pH5

and polysome (PL) factors (Zomzely-Neurath and Roberts,

1972). The mice were killed between 0900-1 100 h by de

capitation; brains were quickly removed, chilled and

weighed. All subsequent procedures were carried out

at O-lº. After gentle homogenization in buffer A (0.25

M sucrose, 12m'■ MgCl2, 100mM KC1, 50mM Tris HCl pH 7.6
at 0°) by hand with a loose fitting glass-teflon tissue
grinder, a 3:1 suspension (V/w) of post-mitochondrial

supernatant was layered over an equal volume of buffer

B (2.0 M sucrose, salts and pH identical to buffer A),

and centrifuged at 105,000 g for l; h. The pellets were

rinsed with buffer A three times, the tubes were wiped

dry and stored inverted at –70°. No detergents were

used in the preparation, thus these polysomes were es—

sentially free in situ or loosely bound to membranes.

During all experiments the source of the PL was from a

minimum of three separate preparations.

The pH5 fraction containing all other necessary

factors from the cytosol for protein synthesis (Zomzely

Neurath and Roberts, 1972) was prepared by homogenizing

the brains in buffer C (0.25 M sucrose, 5m M MgCl2, 25

mM KCl and 50mM Tris. HCl pH 7.1, at 0°). The pH of a
9:1 suspension (v/w) of post-microsomal supernatant was

adjusted to li. 7 at O’ and a precipitate allowed to form.
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After 30 minutes, the suspension was centrifuged at

37,000 g for 20 minutes, the pellet washed with buffer

C, resuspended in a small volume of buffer C and cen

trifuged at 5,000 g for 5 minutes. The supernatant

was removed and pH adjusted to 7. li. Several prepara

tions of pH5 enzyme were routinely combined and stored

in 1 ml aliquots at –70° C. When direct comparisons

were intended between morphine treated and placebo ani

mals, paired preparations of pH5 enzymes and polyribo

somes were made and treated identically throughout the

course of the experiments.

Amino Acid Incorporating System: An ATP generating

system: 2m!M ATP, 20mM CP and 0.1 mg CK; 0.25m M GTP; 12

mM MgCl2: 1OOmM KCl; 50mM Tris. HCl; and 0.25 M sucrose;
pH 7.6, polyribosomes, pH 5 fraction and radiolabelled

amino acids constitute the basic CFPS. In some experi

ments morphine HCl and/or poly U Were also added, to a

total volume of either 1 ml or . 5 ml. Incubation was

carried out in air at 37° With gentle agitation. Incor

poration was terminated by transferring an aliquot of

the medium to ice cold 5% trichloracetic acid (TCA) with

0.5% cold amino acid carrier. In the case of phenyla

lanine the carrier concentration was doubled. The sam

ples were chilled 0.5 h on ice, then heated at 90° for
20 minutes, cooled and TCA insoluble material collected





l{3

on Whatman G.F.—A glass fiber discs by Vacuum filtration.

The filters were washed successively with ice cold 20

ml 5% TCA 0.5% carrier, 15 ml 5% TCA, 10 ml chloroform

ethanol (1:1) and 10 ml chloroform, dried at room tem

perature, placed in Scintillation vials with 7.5 ml of

Triton-toluene-PPO cocktail and radioactivity determined

by a liquid Scintillation Spectrometer.

Acrylamide Gel lectroph resis: In some experiments

electrophoretic analysis of the nascent protein was done.

The reaction was terminated at one h by heating at 90°
for 30 minutes. Protein was precipitated with 10% TCA,

1% carrier amino acid at 0-4”, 30 minutes. Samples were
centrifuged at 15,000 g for 15 min and pellets washed

with 5% TCA until the supernatant was devoid of radioac

tivity greater than background. The final pellet was

Washed twice With acetone to remove TCA and heated at

50° to remove residual acetone. This pellet was solubil

ized with 0.1% sodium dodecylsulfate, 0.1% mercaptoeth

anol, 5 mM EDTA in Nairo, buffer pH 7.0 and electrophor
esed on 7.5% polyacrylamide gels. The gels were stained

With Coomassie Blue for visualization and cut in 3 mm

sections. The sections were incubated at 60° in NCS tis

sue solubilizer (Packard Corp. Palo Alto, CA) for 811 h.

Radioactivity was determined by a liquid scintillation

Spectrometer.
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Results

The treatment described produces within 72 h, a

7–9 fold tolerance to morphine antinociception in this

strain of mouse as measured by the tail flick method.

Implantation of placebo tablets produced no effect on

morphine antino ciception 72 h later. In my experience

with several other strains of mice, none have developed

this high degree of tolerance to morphine after tablet

implantation. The mortality induced by the tablets was

less than 5% throughout the course of the experiment.

There was no significant difference in body or brain

weight between drug treated and control groups at the

time of sacrifice. The yield of PL and pH5 enzyme pro

tein from drug treated and control groups was virtually

identical at . 6- . 7 mg/g brain and 17–20 mg/g brain re

spectively. Reaction parameters which consistently pro

vided a high rate of amino acid incorporation and ex

cellent reproducibility were pH 7.5, 37° C, 12 mV Mg++
and a 1: l; ratio of PL to pH 5 protein. These conditions

are standard for all experiments given here.

Effect of Morphine on the Fidelity of Translation:

Morphine, 10–3 M to 10-6 M, was added to the CFPS and

had no effect on the incorporation into protein of any

of the amino acids studied. Poly U produced a maximal

increase of phenylalanine incorporation into protein at
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250 ug poly U per mg of PL protein. This is shown in

Fig. 9a. There was no significant difference in the

incorporation of leucine (9b) or lysine (9G) when poly

U was added to the incubation medium. Morphine at 10-4
M had no effect on the incorporation of these amino acids

into protein. In addition, morphine had no effect on

the poly U directed incorporation of phenylalanine into

protein. Nor did morphine plus poly U cause any change

in the incorporation of leucine, lysine or an amino acid

mixture (9d) into protein.

Several other radiolabelled L-amino acids were ex

amined in the same paradigm shown in Fig. 9 with similar

negative results. Typical selected data from these stud

ies are shown in Table li.

The absence of a morphine effect is apparent irre

spective of the source of PL and pH 5 enzyme. In Fig.

9, the Source was untreated control mice. Fig. 10 shows

qualitatively identical results in a CFPS isolated from

morphine tolerant mice. The addition of exogenous mor

phine at 10-4 M has no effect on the incorporation of

phenylalanine or leucine relative to control. 250 ug

of poly U produced an increase in phenylalanine incor

poration and neither increased nor decreased leucine in

corporation. Similar studies with PL and pH 5 enzyme

from placebo treated mice were qualitatively identical
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a Control |• 10-4 M morphine 15
• 25O ug poly U

60L. Morphine * poly U lys

– phe 1OH
4OH

*- 6–0

2OH- 5H.

º 1–1–1–1–1 1—1–1 l I

C
×

> 15H leu AA mixtureCl- 15H
O

1O - 1O *-

5H 5H

l I I 1 1 I

1O 3O 50 #5-35-55

Time (min)

Fig. 9- Effect of morphine on the ability of a CFPS iso
lated—from untreated mouse brain—to incorporate amino acids
into protein. The incubation medium consisted of: ATP
enerating system; buffered salts pH 7.6, PL: pH 5 enzymetº: radioiabelied amino acid; 379. A'-controi; m-io-*M

morphine; e -250 ug poly U/ml; g-16++M morphine aná 250 ug
poly U/n} Fig. 9a, phe--L-(2H) phenylalanine, Fig. 9b,
ieu- -L-(14C)- lºº Fig. 9C, lys= -L-(2H)-lysine. Fig.9d, AA mixture= -L-( #5 amino acid mixture. Results are
expressed as mean dpm of amino acid incorporated into pro
tein per mg of PL protein. N=lt.
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Effect of morphine on the fidelity of translation

of endogenous and exogenous mRNA.

Amino Control 10-4M 200ug 10-4M morphine
Acid Morphine poly-U + 200ug Poly U

per ml per ml

*leucine 10, 250 10, 500 9,600 9, l;OO
*phenylala
nine 31, 280 53,970 54,500 58,600
lysine 15,050 13,600 13, 190 12, 760
tyrosine 10,850 9,850 9,675 10, 540
isoleucine lº, 570 l,600 l, 550 lº, li?0
Valine l, 570 lº, 500 l,060 lº, 500
serine 1,610 1,620 1 , ||20 1,600
tryptophan 2,950 3,050 2,900 2,9||O
glutamic
acid 1,020 1,020 930 92O

alanine H., H.10 H, 550 H, 550 lº, 500

* dpm at 60 min.
Mean cpm/mg PL protein at 30 min of radiolabelled amino
acid incorporated into protein by a CFPS isolated from
mouse brain. Reaction conditions consisted of: an ATP
generating system; radiolabelled amino acids; PL: pH5 (1:
li); buffered salts pH 7.6; and 37°. No significant dif
ferences were found. N=l.
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•of phe 15H leu

* 20H- 1OH- 2^×

; H y
1OH- 5H

I 1 I l I

1O 3O 6O 10. 3O 6O

Time (min)

Fig. 10. Effe Orphine the ability of a CFPS iso
te chronically morphinized mice to incorporate phe

and leu into protein. The control (A) incubation medium
consisted of: ATP generating system; buffered salts pH 7.6,
PL: pH 5 enzyme §§ isolated from morphine tolerant mouse
brain; 579; and radiolabelled amino acid. In addition, tº
contains 16-4M morphine, e - 250 ug poly U/ml, o – ió-AM
morphine plus 250 ug poly U/ml. ãº oint is the mean ofl; determinations, Fig. 10, phe- L-( #5 phenylalanine, Fig.
job, leus L-(14C) leucine. Results are expressed as mean
dpm of amino acid incorporated into protein per mg PL pro
tein.
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With these.

The Capacity of the CFPS for Protein Synthesis: A

comparison of PL and pH5 enzyme from morphine tolerant

and placebo mice in a cross-over paradigm (Fig. 11) re

vealed significant differences between groups in the a

bility to incorporate amino acids into protein. In this

series of experiments, all parameters of the CFPS were

constant with the exception of the source of PL and pH

5 enzyme. The specific activity of the homologous frac

tion of PL and pH 5 from morphine tolerant mice is more

than twice the activity of the homologous PL and pH 5

from a paired placebo, based upon equivalent protein con

tent. In the case where heterologous (i.e. morphine tol

erant and placebo) PL and pH 5 were cross-incubated, the

protein synthetic activity of the system remained sig–

nificantly elevated relative to placebo control. The

purpose of the cross-over study was to ascertain if the

increase in protein synthesis was due to a factor in the

PL fraction or pH 5 enzyme fraction. Both fractions con

tribute a part to the total increase in labelled protein,

the PL fraction being responsible for the major portion

of the difference. The results were more than additive

at 60 minutes.

Gel Electrophoresis: A question arising from these

data is whether the increase in radiolabelled protein
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6OH phe tº a - -

PL M. M. FF

|- pH5 P M. M. P

4OH |- leu

2O

l

6O 1O 3O 6O

Time (min)

—l

1O 3O

Fig. 11 - A compariso f e ability of the PL and pH
Enzyme f rphi

-

* –PL and pH 5 enzyme from morphine tolerant mice; m -PL
from morphine tolerant pH 5 from placebo; e –PL from placebo
pH 5 from morphine tolerant; O –PL and pH 5 from placebo.
Each point is the mean of l; determinations. Results are
expressed as mean dpm + S. E.M. of amino acid incorporated
into protein per mg of PL protein. Incubation medium con
sisted of: an ATP generating system; buffered salts pH 7.6;
PL: pH 5 (1: lº); 379; and radiolabelled phe or leu. All point
are significantly different from control, i.e. o-placebo,
at 30 and 60 min, p < .01.
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is due to a general quantitative change in the specific

activity of nascent protein, or to a qualitative change

in one or a few species of protein. The total TCA pre

cipitable fraction of the CFPS was solubilized and elec

trophoresed on acrylamide disc gels from a 60 min incu

bation as described in Methods. No attempt was made to

isolate the newly synthesized protein. Coomassie Blue

staining of the gels revealed no visual difference be

tween the drug treated CFPS proteins and control. The

gels were cut in 3 mm sections and radioactivity was de

termined and plotted over a diagram of the gel. Fig. 12

shows there was a general quantitative increase in dpm

per section along the entire length of the gel which con

tained proteins from a morphine tolerant CFPS.

This experiment would not accurately demonstrate

Small qualitative changes in Specific proteins, there

fore a dual isotopic paradigm was utilized to investi

gate qualitative changes. In these studies, the marker

amino acid Was either L-(*#)-lysine O I’ I-("c)-lysine,
enabling co-electrophoresis of TCA precipitates from paired

incubations on a single gel. Fig. 13 is representative

of these studies. In 13a and 13 b, the homologous PL-pH

5 factors from morphine tolerant and placebo mice were

incubated With Žii and 1H6 lysine as indicated. TCA in

soluble material was co-electrophoresed on the same gel
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15H •NMorphine
s PlacebO

Gel Section

Fig. 12. Elec Oreti O O adiolabelled nasari
cent protein synthesized by a CFPS isolated from placebo
and morphine tolerant-dependent mouse brain. Protein pat
tern seen after acrylamide gel electrophoresis of the TCA
precipitated incubation medium. The Coomassie Blue stain
ing pattern is depicted along the abscissa and dpm per 5
mm gel section superimposed. e is PL and pH 5 enzyme (1: lº)
from morphine tolerant mice, ºn is PL and pH 5 enzyme (1: lº)
from placebo mice. All other reaction conditions were iden

tical and consisted of: ATP generating #3;º: bufferedsalts pH 7.6; PL: pH 5 (1:11); 379; and L-(2H) lysine. The
protein fractions electrophoresed were combined aliquots
from l; different incubations.
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1O ■ PL pH5 lys PL pH5 lys

• P P 3H Å • P P º
• P P 14c |

• Mc Mc TC
5H &A. A \

5H

> vºy
e

2.”§ | Sºy- /Y
TE l I L I I —l- l l l l l
3 5 15 25 5 15 25
H

§ 1OH- PL pH5 lys 1OH PL pH5 lys
ã5 •Mc Mc *H • Mc Mc º

0- •Mc Mc 14C • P P 1 C

5H
ºv Lºv/

I I I I l 1 l l l I

5 15 25 5 15 25
Gel Section

- - 1 -Fig. 15. Co-electrophoresis of 4C and 3H radiolabelled
nascent protein synthesized by CFPS isolated from placebo#########################,
resentative patterns of radioactivity from dual labelled
gels. Two fractions were electrophoresed on each gel. In
the fraction designated by the closed circle, C , the mar
ker. amino acid was L-(3H) lysine, by the open circle, O ,
L-(14C) lysine. In Fig. 15a, the PL and pH 5 enzyme were
isolated from placebo mouse brain, thus the only difference
is the isotopic label of the lysine. Similarly, in Fig. 15b,
both PL and pH 5 are from morphine tolerant—dependent mouse
brain. Therefore, 13a and 13b are controls for comparison
with 15c and 1.3d in which the PL and pH 5 are from different
sources as indicated. A qualitative change in protein syn
thesis would be indicated by a difference between and
within a single gel section in 15c and 15d, which is greater
than any difference seen within a single section in 15a or
15b. All other reaction conditions were identical and con
sisted of: ATP generating system; buffered salts pH 7.6;
and 370. Each point is the percent of total radioactivity
within a 5 mm gel section.
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and the activity per section as a percent of the total

in the gel was plotted. The TCA precipitates from four

separate incubations were combined and co-electrophore sed

in triplicate to minimize technical error. Fig. 15a is

the placebo control and 13h the morphine tolerant control.

Each control shown had the poorest pattern of reproduci

bility in the respective triplicate sample. If all pro

teins are identical the curves should superimpose, since

the only difference in the samples is the label of the

marker amino acid and the slight variation seen within

the controls represents experimental error. In Fig. 15c

and 1.3d the results of similar gels are shown in which

the TCA insoluble material from a CFPS from morphine tol

erant mice and placebo mice were co-electrophore sed. A

comparison with the controls, 13a and 15b, fails to show

evidence of any qualitative differences within the gels

greater than the controls. It was concluded the major

differences shown in Fig. 11 are not the result of spe

cific qualitative changes in newly synthesized protein.

Within the limits of sensitivity of this method no quali

tative differences were found.

Discussion

Since morphine is capable of binding to DNA (Lee

and Loh, 1975) and PL (Stolman and Loh, 1975) and chronic

morphine treatment results in increased chromatin tem
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plate activity in tolerant mice, the possibility of a

complex relationship between opiates and protein syn

thesis somewhat analogous to streptomycin dependence was

considered and tested experimentally. The aminoglyco S

ide antibiotic, streptomycin, binds to a specific pro

tein on the 30S subunit of some bacterial ribosomes (No

mura et al., 1969). One consequence of this interaction

is the misreading of the genetic code resulting in a fail

ure of cognate aminoacyl tRNA to recognize the proper

mRNA codon and degeneracy in the fidelity of translation

(Davies and Davis, 1968). These mistakes in translation

may be responsible for the unusual phenomenon of strep

tomycin dependence. If a mutation has occurred at some

other level in the protein synthetic pathway, e.g. tran

scription, which prevents bacterial growth, the strepto

mycin induced alteration in translation may correct the

mutation resulting in Streptomycin dependent bacteria.

By analogy to morphine dependence, a necessary cor

ollary of this hypothesis would be morphine induced mis

takes in incorporation of amino acids into protein at

the translation level. Clearly these data (Fig. 9, 10;

Table H) do not support any morphine induced ambiguity

in translation. Even at high drug concentrations there

was no evidence that morphine affects the fidelity of

translation of endogenous mRNA or an exogenous mRNA,
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poly U. This was true whether the CFPS was isolated

from untreated, placebo or chronic morphinized mouse

brain. Within the limits of resolution of this para

digm the addition of morphine to a CFPS from mouse brain

did not produce qualitative changes in the proteins syn

thesized in vitrº

A comparison of intrinsic activities of CFPS from

placebo and morphinized mice showed both the PL and pH5

factors from drug treated animals more active in vitro

than the corresponding controls. In contrast, acute ad

ministration of morphine has been shown to cause a decrease

in the protein synthetic activity of a CFPS from mouse

brain (Clouet and Ratner, 1967, 1968). Many factors could

account for this apparent disparity between the studies

since drug or environmental alterations of normal physio

logic functions in situ have pronounced effects on in

witro protein synthesis (Pain and Clemens, 1973). The

behavioral and biochemical sequellae of a single dose of

morphine in mice are quite different from those of 72

hours of morphine tablet implantation.

The morphine tablet causes an initial weight loss

due to hyperactivity and decreased food intake. This

nutritional deficit produces a decreased capacity of a

CFPS to synthesize protein (Migliorini and Manchester,

1971), the converse of the results herein. In the par
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ticular strain of mouse used in this study mortality

was minimal. We did not find any Significant differ

ences in brain or body weight at the time of Sacrifice

between morphine and placebo treated animals, although

a high degree of tolerance to morphine antinociception

was developed. This is not true for all strains of mice.

When the effects of morphine are compared among several

inbred strains of mice large variations in response are

usually seen between strains. In our laboratory a 2–3

fold range in median analgetic dose and median lethal

dose of morphine, is not considered unusual. The median

analgetic dose also varies depending on the analgesia

test used. The degree of dependence on morphine measured

by the median effective dose of naloxone which precipi

tates withdrawal is also quite variable among strains (D.

Brase, personal communication). Strain differences in

response to chronic morphine administration may provide

a useful tool in the future to differentiate between pri–

mary and secondary effects of the drug on protein synthe—

Sis.

Electrophoretic analysis of the nascent protein syn

thesized in vitro failed to show any qualitative differ

ence between chronic morphinized and placebo CFPS, which

is in agreement With a previous report from an in vivo

study (Hahn and Goldstein, 1971). These data provide evi
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dence that the process of development of morphine tol

erance and dependence does not produce major qualitative

changes in the proteins synthesized, but does cause an

increase in the overall activity of the translational

events. This is in apparent agreement with the finding

that there is a general increase in rat brain protein

synthesis associated with prolonged morphine tolerance

and dependence in vivº (Lang et al., 1975). He cannot

preclude minor qualitative changes in specific proteins,

which would not bee seen in the present study due to the

limits of resolution of the electrophoretic system. (The

system can detect a change within a single gel section

which is greater than .5% of the total dpm applied.)

There are several possible explanations for the in

creased efficacy of the CFPS from morphine tolerant de

pendent animals. Although the availability of critical

amino acids is a primary control factor for protein syn

thesis in vive and in vitrº (Munro et al., 1975) amino

acid supply is an unlikely cause of these results. In

most experiments the endogenous amino acid pools were

the only source of amino acids, other than the radiola

belled amino acid. There is little evidence for substan–

tial alterations of amino acid pools as a result of opi

ate administration. Chronic morphinization in dogs pro

duces no change in the GABA content of cerebral hemi
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spheres, cerebellum and brain stem (Maynert et al., 1962).
However, after morphine Bachelard and Lindsay (1966) re

ported, the incorporation of 1H6 from (U) "C-glucose in

to pyruvate, alpha-ketoglutarate, glutamine, glutamate

and alanine unchanged in rat brain and a significant de

crease in its incorporation into GABA and as partic acid.

Clouet and Neidle (1970) have shown that "C-leucine in

jected intracisternally is retained longer in the brains

of acute morphine-treated rats than saline treated con

trols. This resulted in higher levels of "C-leucine and

"C-metabolites in brain tissue. However, the relative

distribution of "C-metabolites was unchanged by morphine

indicating no disturbance of leucine oxidation via the

citric acid cycle. Moreover the absolute concentrations

of those brain amino acids which could have been labelled

by oxidation of "C-leucine Specifically glutathione, thre

Onine, as partic acid, serine, glutamine, glutamic acid,

reduced glutathione, GABA, glycine and alanine were equal

to saline controls. Lin et al., (1973) studied the steady

state levels of alanine, as partic acid, glutamic acid,

GABA, glutamine, glutathione and glycine in the cerebellum,

cerebral cortex, subcortical area hypothalamus and pons

medulla of rats which had been treated chronically with

morphine. Only the GABA levels were altered in the mor

phine tolerant-dependent rat. There was a significant
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increase in the GABA concentration of hypothalamus and

sub cortex.

In the previous chapter it was shown that acute

and chronic morphine as well as morphine abstinence in

mor-phine tolerant—dependent rats had no effect on the

uptake, incorporation into protein or clearance of ly

sin e after a stereotaxic injection into the SNC. A lim

ite d number of experiments have compared the endogenous

Who Le brain pools of all aforementioned amino acids and

in a dolition tryptophan, tyrosine and phenylalanine in

Control and morphine tolerant—dependent mice. No Sig

nificant differences were observed. Thus, it appears

unlikely that morphine effects any change on protein syn

thesis through a gross alteration of the amino acid pre

Curso ir pool.

In the crossover studies Fig. 11 both PL and pH5

enzyme from morphine tolerant—dependent mice were more

*Active than corresponding controls. This may be inter

Freted as an effect on a factor found in both fractions

S->r as an effect on more than one factor. The enzymes

Yºhich catalyze the attachment of a specific amino acid

to its cognate tRNA the amino acyl synthetases (E.C. 6.

' ' ' ) fit into the former category and are the subject

ºf the Latter half of this chapter.





61

Section B 2. Aminoacylation.

The activation of an amino acid and binding of the

activated amino acid to its cognate tRNA are the first steps

in protein synthesis. This reaction sequence designated

ami no acylation, is catalyzed by a group of enzymes known

as a mino acyl synthetases (AAS). Research on the formation

of a minoacyl-tRNA has been pursued because of the role that

the se enzymes may have in control of the translational events

of protein assembly under certain conditions. The AAS have

been shown to exert an effect on the regulation of transla–

tion in three ways. Their spectrum of activity changes in

response to: 1) developmentally related changes in neural

tissue; 2) alterations in tissue metabolism; and 3) shifts

in nutritional status (Pain and Clemens, 1975). The devel

opmerlt of tolerance to and dependence on morphine affects

the latter two states. Also the adaptation to repeated mor

Phine administration may be analogous to maturational re

-lated changes. Thus, it seemed reasonable to study morphine
Finduced effects on AAS activity.

One study has suggested that chronic morphine adminis

tration decreases the Specific activity of AAS isolated from

**House brain (Datta and Antopol, 1973). In another, chronic

sthanol in jestion by mice inhibited the aminoacylation reac

tion, Principally via an effect on the AAS activity rather

** the isoacceptor tRNA activity (Fleming et al., 1975).
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Thus, ethanol and morphine effects on mouse brain AAS ac

tivity have been shown. It was my specific goal to deter

mine if the effects of chronic morphinization of CFPS were

due to alterations of AAS and/or tRNA.

Materials—and Methods

Animals: Male Sprague-Dawley rats, weighing 250-300 g, and
male ICR mice weighing 24–27 g were purchased from Simonsen

Laboratories, Gilroy, CA. Rats were housed two to a cage

and mice six to a cage, food and water provided ad libitum.

Animals were acclimated for a minimum of 7 days under auto

matically controlled humidity, temperature and lighting ( 12h

light–dark) prior to use in any experiments.

Morphine tolerance and dependence was induced by the

table t implantation method (Way et al., 1969). In this strain

of mo use subcutaneous implantation of a single morphine tablet

results in 5–7 fold tolerance to morphine antinociception with

in 72 h, as measured by tail flick analgesia. Control mice
Were implanted with placebo pellets.

*hemicals
All chemicals were reagent grade and obtained from the

+ Ellowing suppliers: ATP, dithiothreitol (DTT) and calf liver

*** (Miles Laboratories, Elkhart, IN). Ultrapure RNAase free
5 Tucrose Q Schwarz–Mann, Orangeburg, N.Y.); DEAE-cellulose (Bio

+R =d, Richmond, CA); TRIS and HEPES buffer (Sigma, St. Louis,
*Lo); °o vine serum albumin (Pentex, Kankakee, IL); Whatman GFC
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glass fiber discs and "Scintiverse" (Fischer Scientific,

Burlingame, CA). Several different batches of 146 and 3H
labelled L-phenylalanine, L-tryptophan, L-leucine and L

lysine were obtained from New England Nuclear, Boston, MA

and Amersham Searle, Chicago, IL. Radio chemical purity was

ver-i fied by thin layer chromatography or liquid chromato

graphy. B-endorphin was a gift from Dr. C. H. Li, Hormone

Research Institute, U.C. Med Center, San Francisco, CA. The

other endorphin peptides Tyr-gly-gly-Phe (TGGP), Tyr-gly

gly-Phe-Met (TGGPM), Tyr-gly-gly-Phe-Val (TGGPV) and Tyr

gly-gly-Phe-Leu (TGGPL) were a gift from Dr. Leon Barstow,

Vega-Fox, Tuscon, AZ.

Isolation and chromatography of AAS and tRNA.

The AAS and tRNA fractions were isolated and purified

from the pH 5 enzyme fraction. The methods for preparing

this fraction are described in detail in the previous sec

tion C page l;1). Two different preparations of rat pH 5 en

< Syme from groups of 20 rat brains were made and used as source

*n aterial for AAS and tRNA. Three paired preparations of pla–

S- ebo and morphine tolerant—dependent preparations of pH 5 en

= Syme from groups of 50 mouse brains were made as the source

Sº f mouse AAS and tRNA.

The chromatography of AAS and tRNA on DEAE-cellulose

Vºr as *** entially the method described by Baxter et al., 1972.
"L" he P°l-let obtained from centrifugation of acidified post mi
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crosomal supernatant was washed three times and resuspended

in O.05M Tris pH 7. l. (1 ml/g wet wgt of brain). This frac

tion was centrifuged at 5000 g for 15 min and the Superna

tan t removed and made 0.35M by addition of solid KCl. The

supernatant was applied to a 1 x 20 cm column of DEAE-Cellu

lose (prepared by manufacturers specifications) which had

been treated with 10 volumes of 0.35M KCl–0.05M Tris pH 7. li.

The AAS were eluted first with 200 ml .35 KCl–0.05M Tris and

collected in 10 ml fractions. Absorbance was monitored at

28O and 260 nM in a Beckman DU spectrophotometer. The frac

tion s of a peak which absorbed strongly at 280 were combined

and designated Eluate I. The tRNA were then eluted with 100

ml of 1. OM NaCl - 0.02M Tris pH 7. l; and collected in 10 ml

fractions. Absorbance was monitored at 280 and 260 nM. The

fractions of a peak with a 280/260 ratio less than one were

Combirned and designated Eluate II. The chromatography was

all done at O-l." C.

The AAS were prepared from Eluate I by precipitation

With ammonium sulfate (50 percent w/v). The mixture was

*s ept on ice 30 min, centrifuged at 17,500 g for 15 min and
* he supernatant discarded. The pellet was washed three times
*ith 25 mM KCl, 250 mM sucrose, 1 mM DTT, 50 mM Tris pH 7. H.,
*Tesuspended in 15 ml of this buffer and dialyzed against 2 l
* f the same buffer for 2 hours. Aliquots of the dialyzate

* *re made and stored at −70° C.





65

RNA was precipitated from Eluate II by addition of 2

volumes of 2% potassium acetate in 95% ethanol. The mix

tur-e was kept at –20° C for 72 h and tRNA collected by cen—

tri fugation at 17,500 g for 15 min, 29 C. The pellet was

suspended in 20 mM Tris pH 7. H-1 mM DTT and dialyzed against

1 mM INaCl- 1 mM DTT 2 days. The dialyzate was centrifuged at

17, 5O0 g for 15 min, 2° C. Aliquots of the supernatant were

stored at −70° C.

Protein was determined by the method of Lowry et al.,

(1951 ) with bovine serum albumin as a standard. RNA was

determined by the method of Mejbaum (1967) with calf liver

tRNA as a standard. The Mg content of the AAS was determined

With a Perkin Elmer atomic absorption spectrophotometer.

*nine acylation of tilla

Incubations were done in Open 1. li. ml polypropylene Ep

Pendo Irf centrifuge tubes. The order of addition of reactants

was buffer (25mlº■ KCl, 250mM sucrose, 1 mM DTT, 50mM Tris or

50mM HEPES or Tris) MgCl2, AAS, tRNA, ATP and radiolabelled
* mino acid. The total volume was . 1 or .2 ml. Reactions

*Tere terminated by addition of 1 ml ice cold 5% TCA and 1%

S w/v) unlabelled amino acid. After a minimum of 60 min the
*-minoacylated tRNA was collected by Vacuum filtration on What

*an GFC glass fiber discs. The discs were successively washed

*** cold 5% TCA 1% amino acid, 54 TCA, chloroform-methanol
S**), and chloroform. The filters were dried, placed in scin





66

tillation vials with Scintiverse and radioactivity deter

mined in a liquid Scintillation spectrometer after a mini

mum of 72h equilibration. In different experiments Mg, AAS,

tRNA, ATP, temperature, time and labelled amino acid were

treated as independent variables. The conditions are re

ported in detail in the legends to figures shown in Appendix

A.

Results

Determination of reaction conditions.

Comparisons were made between the morphine tolerant

dependent and placebo groups to determine if the total amount

of AAS and tRNA obtained per gram wet weight of brain were

affected by drug treatment. The yields of AAS (protein) and

tRNA (ribonucleic acid) per gram wet weight of brain were

H.5 + . 1135 mg and .079 + .015 mg for the morphine treated

group - The corresponding yields for the placebo group were

++. 25 + . H.28 mg and .071 + .005 mg. The yields of AAS and

tRNA were not significantly different. The AAS were also

*analyzed to determine the Mg ion concentration. Solutions

Sº f AAS diluted with water to a concentration of 1 mg protein

7 ml contained 1.5 x 10” M and 1.58 x 10” M Mg ion for the
**orphine tolerant dependent and placebo groups respectively.

These concentrations were not significantly different.

Sirhce the optimal reaction conditions differ for amino

**Vlation of several brain tRNA species (Chou and Johnson,
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1972; Johnson and Chou, 1973) experiments were designed

to estimate the optimal conditions for maximal aminoacyla

tic n of leu, lys, phe, try. Neither the AAS or tRNA were

fra ctionated further than DEAE-cellulose chromatography.

Thus , specificity was imparted to the reaction by addition

of a single radiolabelled amino acid to un fractionated mix

tures of AAS and tRNA. Comparisons were made between the

morphine tolerant—dependent and placebo groups to determine

if the drug treatment affected the reaction condition at

which maximal aminoacylation was obtained. Results of these

Studies are shown in detail in Appendix A Fig. 1–l4. A sum

mary of these results is presented here.

Initial experiments were done to show that formation

of a minoacyl-tRNA was a function of the amount of AAS and

tRNA added to the reaction. In the absence of tRNA or AAS

there was no measurable aminoacylation indicating good sep

aration on the DEAE-cellulose column (See Appendix A, Fig.

T -li morphine tolerant—dependent a and b, placebo e and f).

A range of AAS protein concentrations, from 200-500 ug/ml,

*and tRNA ribonucleic acid concentrations, from 5-l;0 ug/ml

Froduced easily measurable amounts of aminoacyl-tRNA for
*he four amino acids studied. When the concentration of
*** was maintained constant and the concentration of tRNA

Y’”d - no differences in the formation of aminoacyl-tRNA
*Setween morphine tolerant—dependent and placebo groups were
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observed. Saturation of the AAS by excess trNA occurred

at approximately the same concentration (See Appendix A.

Fig. 1–4 a and e). Similarly when the concentration of
tRNA was maintained constant and the concentration of AAS

war--ied, no obvious differences in the formation of amino

acyl-tRNA between morphine tolerant-dependent and placebo

groups were observed. (See Appendix A. Fig. 1–1, b and f).
The ratio of Mg/ATP which provides optimal aminoacyla

tion in vitro may be different for each amino acid and tis

Sue (Novelli, 1967). Therefore, experiments were designed

to determine this ratio for leu, lys, phe and try AAS and

a corn parison between paired drug treated and control groups

Was made. Aminoacylation is absolutely dependent on the

addition of exogenous ATP. This was shown by experiments

in which AAS, tRNA and Mg were constant and ATP concentra

tion was varied. (Fig. 1-H, d and h). Some aminoacylation

C C Curs in the absence of added Mg but addition of Mg improved

the reaction. This was shown by varying the Mg concentration.

C Fig. 1-4, c and g). With the preparations used in this
study the reaction optima did not appear to be directly cor

Felated to Mg/ATP but more closely related to the absolute

S-On Centration of added ATP. A Mg/ATP of 1 to l; produced sim
*-lar results if the ATP concentration was 2mm or less. At
Higher ATP concentrations the reaction was inhibited in both

Srug treated and control groups for leu and lys aminoacyla
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tion (See Appendix A Fig. 1–2, c-d and g-h). In the case

of phe and try there is evidence of a drug induced decrease

in the ATP requirement. The morphine tolerant—dependent

group was inhibited by an ATP concentration of lim!M whereas

the placebo group was not (See Appendix A, Fig. 3-11, c-d

an câ g-h).

Effects of morphine tolerance and dependence on brain AAG

an ci triNA.

Once preliminary estimates of the concentrations and

ra tios of AAS to tRNA had been made a direct comparison of

paired species homologous AAS and tRNA from drug treated

an d placebo mouse brain was done. All other reaction con

di t-i-ons in this study were constant for the four amino acids

as sayed and chosen on the basis of previous studies on cell

free protein synthesis. The results are shown in Table 5.

Siri ce the conditions used for this study do not constitute

thle

all four isoacceptor tRNA, any interpretation of these re
These

Optimal parameters for the in vitro aminoacylation of

Sults must be tempered by consideration of this fact.

**te are shown to illustrate the specious results which may
be C E tained from doing experiments such as these without de

**maining the effect of varying the reaction conditions.
The r-e was an apparent morphine induced increase in the AAS

*º ti v. -i ty and/or tRNA which activate and accept leu and try
b *t rales t lys or phe. The morphine effect could have been due
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Table 5

A comparison of AAS isolated from morphine tolerant

dependent and placebo mouse brain.

DPM Aminoacyl tRNA

leu lys phe try

MI crphine
Tº clerant
Dependent *3073+65 22906+51.8 21,52+70 *9058+109

P Lacebo 1386+ 1.32 251 8/14316 2519:217 7376+255

AA-S and tRNA were isolated from morphine tolerant—dependent
an d placebo mouse brains as described. The reaction condi
ti-cras were 30° C, 20 min, l;00 ug AAS and 16 ug triNA/ml, lim!M
Mg. = 2mm ATP, radiolabelled amino acids 2 uC/ml. 50mM Tris
pH 7. lt, 1 mM DTT, 250mM Sucrose, 25mM KCl. N=5. Results are
expressed as mean dpm + S. E.M. of the radiolabelled amino
ac Syl tRNA.
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to an alteration in either fraction and were not the same

un cler another set of reaction conditions as Will be shown

by the following. A comparison was made between species

hornologous AAS from drug treated and placebo mouse brain

to aminoacylate a species heterologous fraction of tRNA iso

la ted from untreated rat brain. This was done for two rea—

1) to determine if an active factor in the mouse tRNA

2)

SC I■ ls:

fr-action (other than trNA) contributed to the reaction;

si_race AAS and tRNA from homologous species should have high

er activity than those from a heterologous species (Borkow

ski and Charezinski, 1971), this experiment provided another

in dex of biochemical similarity between drug treated and

placebo AAS. The converse comparison was also studied using

an A. AS preparation from rat brain and tRNA from placebo and

mo rip hine tolerant—dependent mouse brain to determine if the

drug treatment affected the iso acceptor tRNA activity.

Table 6 is a summary of results for the experiments

an Ci shows the maximal dpm of radiolabelled aminoacyl tRNA

form e d under all conditions studied. In these experiments

temperature and Mg were varied to obtain optimal reaction

°n di- tions and the results are reported for those conditions

Whic H. produced the maximal rate of aminoacylation. The tem

** a ture and Mg concentration at which these levels of am—

*** sy-lation were achieved were often different (Appendix
A " *** sile I). Complete details of these studies and the data
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Table
6

*

*omparison
ofmaximalaminoacyltRNAformationbetween Q■ l■ º10"phinétolerant-dependent

andplacebogroups.
SourceDPMAminoacyltRNA

AAStRNALeuLysPheTry

Morphine Tolerant–DependentMouseRat*5216#52116#28.256
1

lº■ /lºë

+18.5+172
+1112+H:15

PlaceboMouseRat2672271151826813132

+66+166*676+163

-

Morphine
Rat

Tolerant–DependentMouse*3027
*
31.251701
1+
12529

i135il52+1560it197

RatPlaceboMouse21lºé2O811521
1

8727

+120
+105+623+615
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The AAS and tRNA were isolated from morphine tolerant-de
perhdent and placebo mouse brains as described and incubated
with the appropriate fraction isolated from untreated rat

The reaction conditions maintained as constantsbrain.
were: l;00 ug AAS protein and 16 ug trNA/ml; 20 min; .002M
ATP; 2 uC/ml radiolabelled amino acid; .05M HEPES pH 7. 55;
• 2 5M Sucrose; .025M KCl; .001M DTT. The Mg ion concentra
tion and temperature were varied and the data shown were
obtained at those concentrations of Mg and temperature at
which maximal aminoacylation was achieved for the respec

Complete details of these studies and the datati Ve groups.
frº-cm which these results were obtained are presented in Ap
pe ridix A, Fig. 8-19. Results are expressed as mean dpm +
S.- E. M. N=3. *= Significantly different from the corres
pc, rhding placebo group at p < 01.
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from which the results shown in Table 6 were obtained are

presented in Appendix A, Fig. 8-19 and Table I.

The results shown in Table 6 demonstrate that the ac

tivity of AAS isolated from morphine tolerant—dependent

mo use brain was 54.7 (phe), 91.1 (lys) and 95.2 (leu) per

ce rit greater than the corresponding placebo, when maximal

ra tes of aminoacylation were compared under the conditions

of Mg, ATP and temperature used. The tryptophyl AAS, on

thie other hand, was not significantly changed by drug treat

me rat. Similarly, development of tolerance to and dependence

Orn, rnorphine has an affect on the iso acceptor activity of

tERNA. Examination of the reaction of mouse tRNA with rat

AAS revealed l;1. 1, 50.2 and l3.6 percent increases in the

amirnoacylation of cognate tRNA for leu, lys and try respec

ti-vely when a comparison of the maximal rate of aminoacyla

ti- Cri was made between morphine tolerant—dependent and place

bC trºNA. The acceptor activity of phenylalanyl tRNA was not

affected by the drug treatment. These data were compared

to those in Table 5 where a significant increase in the am

ino a cylation reaction for leu and try was shown but not lys

** E he. However, the magnitude of the increase was 122 and
25 Fer cent for leu and try respectively. The reason for the

* Fiference in results shown in Tables 5 and 6 may be twofold.

First s the reaction conditions used in the experiments shown
in

- - - - -T = ele 5 were constant, whereas the conditions used in experi





7||

ments shown in Table 6 were adjusted to provide maximal

aminoacylation. Second, the AAS and tRNA used in experi

merits shown in Table 5 were prepared from a single species,

mo use, In the latter experiments species heterologous

fºr-actions were used from mouse and rat.

Ef fects of exogenous morphine and endorphins on aminoacyla

ti- Cºn

Could the morphine effect have been the result of a

di rect interaction between the drug and a factor in the

AALS or tRNA fractions? The aminoacylation of tRNA by AAS

from placebo mouse brain was examined in the presence of

mc r-phine and several endorphins. Results shown in Table 7

reveal, under the conditions used, exogenous morphine had

nc effect on the reaction. The endorphins did not cause a

Si grhificant effect on lys, phe or try aminoacylation but

Si-Ernificantly inhibit the leu reaction from 15–36%. This

in hibitory activity of the peptides did not correlate with

the order of potency of these peptides in in vitro assay
SY stems used to evaluate their opiate like activity e. g.

šuirhea pig ileum assay, mouse was deferens assay, or the
**t brain membrane opiate stereo specific binding assay. Ex

**i-ra ents conducted with AAS and tRNA from morphine tolerant

*Pern Gent mouse brain yielded similar results. Several other

*** - era trations of morphine and endorphins (range 10-4M to
1O-SP ** > were examined without different results. It was con
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Table 7

Effect of morphine and selected endorphins

on aminoacylation.

M BCE TCGP TGGPM TGGPW TGGPL

leu 1 OO 76. 5* 85.3% 6l. liº 69.7% 80. 5*

lys 97.5 91. 2 95.7 92.3 89. li. 97.8

phe 1.02 90. 1 1 OO 105 1O3 1 O8

try 1.06 99.6 88.8 90.6 86.2 90.6

Bi-ra cling of radiolabelled amino acid to cognate tRNA as a
per centage of control i. e. absence of any drug or peptide.
Mearn of l; separate reactions. Concentration of morphine
an d peptides 1 ul■ . M=morphine, BcE=B-endorphin (camel),
T= t >rosine, G=glycine, P=phenylalanine, M=methionine, W=
valine, L=leucine. Reaction conditions: AAS, 500ug/ml,
an d tRNA, 25ug/ml were isolated from placebo mouse brain
as Ciescribed; 209; 20 min; .002M ATP; .001M Mg; .05M HEPES
pH 7. 55; .25M sucrose; .025M KCl; .001M DTT; and 1 uC/ml
of radiolabelled amino acid as indicated. *= significantly
di- if ferent from control at p .05.
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cluded that morphine does not affect the aminoacylation

reaction via a direct interaction with a component of the

system.

Di- scussion

In Section B1 evidence was presented which demonstrated

airn increased protein synthetic activity for a cell free

s: System isolated from morphine tolerant—dependent mouse brain.

Trai is increased activity was apparent in both components of

tra e CFPS i. e. the pH 5 factors and polyribosomes. The pur

pc se of the present study was to determine which factors of

tra e pH 5 had changed during drug treatment. The endogenous

arnino acid pools were not investigated since it had been

Slºnic whithat opiates have little or no effect on amino acid

p C c =ls (vide supra p. 58 ). Hence, efforts were concentrated

orn the net activities of the AAS and iso acceptor tRNA.

The AAS and tRNA were isolated from the pH 5 factors

arh Ci separated by DEAE-cellulose chromatography. The enzymes

effectively aminoacylated the tRNA in the presence of neces—

S*r-Y co-factors and radiolabelled amino acids. As with si

"++=r in vitro systems the reaction was ATP and Mg dependent

(No Yelli, 1967). Previous studies have shown that optimal

**** <i>itions for aminoacylation vary for individual amino acids

** Gifferent tissues (Johnson and Chou, 1975). Evidence

Wals ls’ resented in the present study to show the development
Of" * - Lerance to and dependence on morphine also alters the
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conditions for maximal aminoacylation in vitro.

Three approaches were utilized to investigate this

morphine effect. I. Species homologous AAS and tRNA from

paired morphine tolerant—dependent and placebo mouse brain

were compared, and a decrease in the ATP requirement for

maximal aminoacylation of phe and try were shown. II. Fur

ther studies were conducted comparing AAS from morphine

tolerant dependent and placebo mouse brain for their ability

to aminoacylate species heterologous tRNA isolated from un

treated rat brain. When reaction conditions were optimized

the specific activities of the leu, lys, and phe AAS from

morphine tolerant—dependent mice were significantly greater

than those from placebo mice. III. In similar studies the

converse experiment was used to compare iso acceptor activity

of the tRNA from morphine tolerant dependent and placebo mice.

A significantly increased isoacceptor tRNA activity for leu,

lys and try was shown in the drug treated group.

These data appear not to agree with those of a previous

report which concluded that chronic morphinization did not

change tRNA iso acceptor activity but decreased the specific

activity of AAS for leu and phe (Datta and Antopol, 1975).

This disparity is probably more apparent than real for two

reasons. First, these investigators did not use the morphine

tablet implantation method to develop tolerance and dependence.

Mice were made tolerant by a single daily intraperitoneal in
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jection of increasing doses for several days and sacrificed

22–26h after the final injection. It has been the experi

ence in our laboratory that this time interval is sufficiently

long for the mice to have already undergone a partial or full

abstinence syndrome. Thus their results very likely repre

sent a mixture of the effects of abstinence and tolerance

dependence. Second, a single set of reaction conditions was

used to compare the activity of the drug treated and control

group for both phe and leu. Since, reaction conditions vary

substantially for different amino acids (Johnson and Chou,

1975) and the present study has shown that chronic morphine

treatment itself altered reaction optima, the validity of

the conclusions in the reported study must be questioned.

Several explanations can be proposed to explain the mod

ifications brought about by morphine treatment on the AAS

and tRNA. A direct interaction between morphine and the mac

romolecules in question is unlikely as evidences by the ex

periments summarized in Table 7. However, it is possible

that some endogenous factor has changed during tolerance-de

pendence development which exerts a direct effect on the AAS

or tRNA. As an example, an absolute requirement for amino

acylation of tRNA is an intact pCpCp A 5'-hydroxyl terminus.

These terminal nucleotides turn over independently in the

cytoplasm and the enzyme responsible for this activity in

mouse brain, ATP (CTP) tRNA nucleotidyltransferase undergoes





79

maturational dependent changes (Chou and Johnson, 1972b).

Conceivably chronic morphinization could affect this en

zyme concentration or activity thereby increasing isoac

ceptor activity of tRNA. On the other hand, the terminal

nucleotides are easily removed during isolation and morphine

could have an effect on the tRNA to stabilize the hydroxyl

terminus thereby increasing acceptor activity.

Since there are several iso accepting species of tRNA

for most amino acids, it has been suggested that selective

alterations in either iso accepting species of tRNA or AAS

could be responsible for translational control (Strehler ==

al., 1971). An analogous situation is possible during chro

nic morphinization i.e. certain aspects of the translational

events are affected such that the isoaccepting tRNA species

utilize a different AAS isoenzyme or vice versa. The optimal

reaction conditions may then be different from the pre-drug

state. The results of the present study could be readily

explained by selective adaptation resulting in the predomi

nance of different iso accepting tRNA species or AAS isozyme.

This drug effect need not have been on either tRNA or

AAS but due to an interaction with a co-factor. If special

precautions are made during isolation procedures supra-mol

ecular multienzyme complexes of AAS may be obtained by long

ultracentrifugation (Bandyopadhyay and Deutscher, 1971; Ven

egoor and Bloomendal, 1972). It was suggested these complexes
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function as protein synthesis organelles in close associa

tion with polyribosomes in situ. Lipids, primarily esters

of cholesterol, have been identified as an integral compo

nent of these complexes (Bandyopadhyay and Deutscher, 1973).

Extraction of the lipid portion of the enzyme complex de

creases cell free protein synthesis and the AAS activity

(Hradec, 1975). Reconstitution of the complex with the ex

tracted lipid restores its activity (Hradec, 1975). Opiates

have been shown to interact stereo specifically with cerebro

side sulfate (Loh et al., 1974) and some other acidic lipids

(Cho et al., 1976) in a manner which fulfills several cri

teria for the opiate receptor. One may speculate that lip

ids serve as a medium to orient and stabilize the various

components of a protein synthesizing matrix in an optimal

configuration. An event may occur during the development

of morphine tolerance-dependence, via an effect on lipid struc

ture or metabolism, which alters the efficacy of this matrix

to acylate tRNA and synthesize protein.

What are the implications of the data presented in this

section toward an understanding of the relationship of mor

phine tolerance and dependence to protein synthesis in vivo.2

The in Vivo measurements of protein synthesis are not all in

agreement with each other or with the present study. The mag

nitude of difference between the chronically morphinized and

placebo groups in vitro measuring either cell free protein syn
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thesis or aminoacylation are large relative to changes

shown in vivo. However, this is not a unique situation.

An analogy may be made to studies on maturational changes

in brain protein metabolism. The magnitude of loss of

protein Synthetic activity measured by in vivo procedures

has been shown to be less than that measured by in vitro

techniques. The reason for this quantitative descrepancy

has been attributed to unknown factors in the intracellu

lar milieu (Dunlop et al., 1975).

Moreover, although the alteration seen in the drug

treated AAS and tRNA was an increase in activity in vitro

relative to placebo, this may not be reflected by an in

crease in vivo, for rwo reasons. First, the intracellu

lar micro environment may not provide optimal conditions

for maximal activity of the AAS and tRNA in vivo. Second,

since AAS from one species do not acylate the tRNA from a

heterologous species as effectively, the AAS and tRNA from

the morphine tolerant—dependent mouse brain may be more

similar to rat brain AAS and tRNA than to the placebo mouse.

If either interpretation is correct, then an increase in

aminoacylation i vivo might not be found. The second in

terpretation also suggests biochemical dissimilarity be—

tween the aminoacylation reaction in chronically morphin

ized and placebo mouse brain without requiring a quantita

tive or qualitative change in the reaction product in vivo.
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Therefore it would be incorrect to extrapolate an in vivo

increase in aminoacylation from the present in vitro data.

It can be reasonably concluded from the present study

that chronic administration of morphine to mice induces al

terations in the CNS in the regulation of the first step in

protein synthesis the aminoacylation of tRNA. However, since

these differences in regulation and the resultant quantita

tive increases in AAS activity were measured in vitro the

physiological consequences are unknown. More importantly,

the relationship of this phenomenon to the mechanism under

lying tolerance and dependence remains to be elucidated.
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Section C. Studies With Enkephalin.

The concurrent discovery of membrane associated ster

eospecific opiate binding sites in vertebrate brain (Simon

et al., 1975; Pert and Snyder, 1975; Terenius, 1973) sug
gested the possibility of an endogenous opiate ligand(s)

(Collier, 1975; Goldstein, 1974). A putative candidate for

such a ligand with potent in vitro Opiate activity was ex

tracted from porcine (Hughes, 1975) rodent and bovine brain

(Pasternak et al., 1975; Terenius and Wahlstrom, 1975). The

extracted material was identified as a mixture of two pen

tapeptides whose amino acid sequences were H-Tyr-Gly-Gly

Phe-Met-OH (Met-Enkephalin) and H-Tyr-Gly-Gly-Phe-Leu-OH (Leu

Enkephalin) (Hughes et al., 1975). Several other naturally

occurring opiate peptides have been identified and synthetic

peptides with Opiate activity have been made (Kosterlitz,

1976). These compounds are referred to generically as en

dorphins.

Morphine has a demonstrated effect on the hypothalamic

pituitary-adrenal axis (George, 1973; Kokka et al., 1973;

Munson, 1973; George and Kokka, 1976), and a pituitary poly

peptide B-lipotropin may be a prohormone of the endorphins

(Lazarus et al., 1976). Moreover, cross-dependence was dem

onstrated between morphine and met-enkephalin by osmotic per

fusion of small amounts of met-enkephalin over a period of

three days (Wei and Loh, 1976). In view of these observations
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an analysis of the brain regional distribution and turnover

of enkephalins in the morphine tolerant rodent seemed ger

mane to the topic of this thesis. The polyacrylamide gel

electrophoresis systems used in the axonal transport study

and in vitro protein synthesis studies would not retain en

kephalins (Oguri, 1976). Therefore, different approaches

were utilized to label the enkephalins in vivo. With radio

active amino acids and subsequently extract them from brain

tissue. It was quickly apparent that accurate measurement

of endogenous enkephalin was at this time an unrealized task,

in spite of published reports to the contrary.

A more critical inspection of the literature also re

vealed that opiate-like analgesia for enkephalins had not

been satisfactorily established. The most positive reports

demonstrated a weak, rapid onset, short duration analgesia

when very large doses were administered intraventricularly

(Belluzi et al., 1976; Buscher et al., 1976; Chang et al.,

1976). Moreover, others were unable to confirm these re

sults (Graf et al., 1976; Jacquet and Marks, 1976; Knoll,

1976). The apparent inconsistency of the weak, transient

analgesia and the striking in vitro Opiate-like activity of

the enkephalins (inhibition of co-axial stimulation of guinea

pig ileum, inhibition in the Opiate stereo specific binding

assay) has been attributed to rapid metabolic inactivation

in the brain. Rapid metabolism has been confirmed in vitro
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with proteolytic enzymes (Hughes, 1975; Pasternak et al.,

1975; Chang et al., 1976) and brain homogenates (Hambrook

et al., 1976; Jacquet et al., 1976; Meek et al., 1977).

Further credence accrued from the discovery that substitu

tion of D-Ala for glycine, in the 2 position stabilized

met-enkephalin to metabolism in vitro and produced analgesia

in vivo (Pert et al., 1976). Thus, the rapid metabolism

hypothesis was propagated. However, several discrepancies

mitigate against this hypothesis.

Enkephalins, administered intraventricularly, produce

effects on behavior, the cardiovascular system, intestines

and body temperature persisting up to two hours (Cowan et

al., 1976; Jacquet and Marks, 1976; Radouco-Thomas et al.,

1976). They are potent inhibitors of a receptor in rabbit

ear artery which is unaffected by opiate agonists (Knoll,

1976), suggesting other possible modes of action. In addi

tion, evidence indicates met-enkephalin does not interact

with brain stereo specific opiate binding sites as predicted

for an opiate agonist (Law et al., 1977).

Due to the inconsistencies between opiate and enkepha

lin effects, it appeared that the original predication for

the regional distribution may have been incorrect and ill

Conceived. A different approach was taken to determine if

in fact, rapid metabolism of enkephalins is the reason for

their weak anti-nociceptive activity. This study also pro





vided a vehicle to determine some of the parameters to al

low analysis of tissue enkephalins. To this end a quanti

tative high performance liquid chromatographic analytical

system to separate enkephalins from endogenous interfering

substances and their derived metabolites was developed. This

allowed a detailed examination of the metabolites and the

kinetics of enkephalin metabolism in vitro using brain tis

Sue and in situ using a perfused rat brain.

Methods and Materials

Chemicals were obtained from the following suppliers

and associates. All amino acids were L-amino acids unless

otherwise indicated. Tyrosine (Tyr), Sigma, St. Louis, MO. ;

H-Tyr-Gly-Gly-Phe-Val-OH (TGGPW), H-Tyr-Gly-OH (TG), H-Tyr

Gly-Gly-OH (TGG), Dr. Leon Barstow, Vega-Fox, Tuscon, AZ. ;

H-Tyr-Gly-Gly-Phe-OH (TGGP), Dr. William Dewey, Medical Col
lege of Virginia, Richmond, VA. ; TGGP and H-Tyr-Gly-Gly-Phe

Ile-OH (TGGPI), Dr. S. Wilkinson, Wellcome Research, Becken
ham, U.K. ; H-Tyr-Gly-Gly-Phe-Met-OH (TGGPM) and H-Tyr-Gly

Gly-Phe-Leu-OH (TGGPL), Peninsula, San Carlos, CA., Beckman,

Palo Alto, CA., Bachem, Marina Del Rey, CA.; TGGPM-sulfoxide,

Dr. David Chung, U C Med Center, San Francisco, CA. ; H-Tyr

D-Ala-Gly-Phe-Met-NH2 (TPAGPM) and H-Tyr-D-Ala-Gly-Phe-D-Leu
OH (T"AGPL) Dr. Richard Miller, Burroughs-Wellcome, Research
Triangle Park, N.C.; bradykinin (BK), Peninsula, San Carlos,

Ca.; bacitracin, Dr. E. Wei, U.C. Berkeley, CA. Acetonitrile,



t

:

*

*



87

U.W. grade, Burdick and Jackson, Muskegon, MI. Tyrosine,

L- ring 3, 5-?H (*H-Tyr); Tyrosine, L- "cCU) ("C-Tyr),
Enkephalin (5–L-Methionine), tyrosyl-3, 5–?H (N) (*H-TGGPM),
Bradykinin triacetate 2-prolyl-3, 4-H (N) (*H-EK), New
England Nuclear, Boston, MA; *H-TGGPM and Tyro syl-3, 5-?H
Enkephalin (5–L-Leucine) (*H-TGGPL) Amersham/Searle, Chica

go, IL.

Small quantities of the compounds to be used as refer

ence standards were dissolved in O. O.1 M sodium acetate buffer

pH l;.O. Purity was checked initially by TLC then suitable

HPLC parameters were determined. Fresh standards were made

regularly. In some cases stability of the standards was mon

itored over time. An effort was made to compare compounds

from different sources using HPLC and in the case of TGGPM

to collect the HPLC eluate and bioassay the UV absorbing peaks.

TGGPM-sulfoxide was also analyzed on an amino acid analyzer.

Radiolabelled peptides were assayed for radio chemical purity

within two weeks of receipt from the vendor by HPLC and at

regular intervals thereafter. Purified *H-TGGPM (see below)

was diluted to the appropriate specific activity with unlabelled

TGGPM in HEPES buffer pH 7.6. The figures used for molecular

weight determinations were TGGPL, 556, TGGPM, 57l; BK, 12110.

Parameters of High—Perfºrmance—Liquid–Chromatography

(HPLC)

The apparatus consisted of a Waters Associates (Milford,
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MA) liquid chromatograph equipped with two Model 6000A pumps,

a UK6 Injector, and Model 660 solvent programmer. The col
umn was l; mm x 30 cm u Bondapak C18 (TM) which consists of

Octadecyltrichlorosilane chemically bonded to 10u porous sil

ica particles. Visualization was achieved by monitoring UV

absorption at 280 or 25l nM in a Model lil;0 UV detector. Se

paration of the peptides and metabolites was based on parti

tioning between the column and mixtures of 0.01 M so dium ace

tate, pH l; and acetonitrile. Solvent and buffer were rou

tinely filtered and degassed in vacuo using O. li.j u Amicon

Filters.

Tissue Preparations for the In Vitro Studies

Adult male ICR mice (Simonsen Lab, Gilroy, CA) weighing

25–50 g were killed by decapitation and the brains rapidly

removed and weighed. Ten percent (W/W) homogenates (various

buffers see results) were made by glass-teflon tissue grind

ers using the Tri-R (Tri R. Institute, Rockville, Ct., N.Y.)

motor, l;00 rpm, and 10 excursions of the pestle and treated

as shown in Fig. 1 li. A nuclear pellet was obtained by centri

fugation at 1000 g for 10 min and discarded. The supernatant

was centrifuged at 20,000 g for 15 min and the resultant su

pernatant, designated S2, was used in the in vitro studies.

The pellet from the second centrifugation was resuspended by

Vortexing in the original volume and recentrifuged twice to

remove entrapped cytosol. After the final wash this pellet,
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Tissue Preparation for In Vitro Studies.

Whole Mouse
Broin

IO% (W/V) homogenote, worious buffers
IOOO 9 x 10 min

Pl Sl
(discord)

20,000 g × 15 min

|P2 Wosh ond re-centrifuge

OR

P2
<>

7.5 || 62,000 g × 1 hour

Ficoil \*)
Remove interfoce , dilute 20x

20,000 g × 15 min

=\SYNAPTOSOMESI wash 3:
5mm Potossium Phosphote
Homogenize .30 min in ice
20,000 g × 15min

Pel■ et

—

SYNAPTOSOMAL SYNAPTOSOMAL wºn 3.
SOLUBLE PROTEIN | | PLASMA MEMBRANE

*18- 14. Tissue preparation for the in vitro enkephalin
studies. Whole mouse brains were rapidly removed and placed
in different buffers as described in the text. Five frac
tions were isolated. S2 corresponding to cell cytosol. P2–
a crude membrane fraction. Synaptosomes, synaptosomal plas
ma membrane and the cytosol which was entrapped within the
synaptosomes, synaptosomal soluble protein.



90

designated P2, was resuspended in the original volume and

used in the in vitro studies. Synapto somes were prepared

by the method of Cotman (1974) using a discontinuous Ficoll

gradient of 7.5%–12% to purify the P2 fraction. The 7.5–

12 percent Ficoll interface was removed by aspiration, di

luted 20 fold and centrifuged at 20,000 g for 15 min to pre

pare a pellet of the synapto somes. A portion of the pellet

was lysed by resuspension in hypotonic 5 mM potassium phos

phate buffer pH 7.6 and vigorously homogenized by the TRI

R, 2000 rpm, with 10 excursions of the pestle. After 30 min

utes on ice the suspension was centrifuged at 20,000 g for

15 min to prepare a pellet of the membranes. The resultant

supernatant designated synaptosomal soluble protein (SSP)

was used in the in vitro studies. The pellets were washed

twice by resuspension in the original volume followed by cen—

trifugation. The final pellet, designated SPM, was used in

the in vitro study. Similarly, that portion of the synapto

Somal pellet which was not lysed was washed twice before uti

lization. In the *H-TGGPL metabolism studies, SPM from rat

brains was prepared by the method of Law et al. (1977) using

a discontinuous sucrose gradient of O. l;M, 1. OM to separate

SPM from other contaminants in P2.

In Vitro incubation System

All incubations were carried out in 1. l; ml Eppendorf

polypropylene centrifuge tubes (Brinkmann, Burlingame, CA)
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with snap-on caps. The incubation mixture consisted of a

tissue aliquot, buffer, and different concentrations of

radiolabelled peptides. Time was measured from the addi

tion of the peptide. Incubations were carried out in air

without agitation and terminated by immersing the capped

tubes in a boiling water bath for 15 minutes followed by

centrifugation at 8000 g for 15 min. The supernatant was

chilled and used for analysis of enkephalins.

In situ metabolism of *H-TGGPM
Male Sprague Dawley rats 300-l;00 g (Simonsen Lab, Gil

roy, CA) were anesthetized by urethane 1.2 g/kg IP and mounted

in a stereotaxic apparatus (David Kopf). Cannulae (20 gauge

metal) were implanted into the right lateral ventricle and

Cisterna magnum. The ventricular cannula was connected to

a perfusion pump (Gilson Minipuls II) and the cisternal can

nula to a fraction collector via 25 cm of PE 60 tubing. Ra

diolabelled met-enkephalin was administered through the ven

tricular cannula either as a bolus in 20 ul of artificial CSF

(NaCl 127.6 ml■ , KCl 2.5 mM CaCl2 1.5 mM, MgCl2 1.0 mM) or as

a continuous perfusion. The animals were then perfused with

artificial CSF (approximately 50 ul/min) for one hour and the

perfusate collected from the cisterna magnum at regular in

tervals. The first 250 ul of perfusate collected was used to

evaluate the metabolism of *H-TGGPM by endogenous CSF. Sub

sequently, the perfusate was collected in 13 x 100 glass test
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tubes containing 200 ul of O. 1 M acetate buffer pH li. O.

They were capped and placed immediately in a boiling water

bath for 15 minutes and an aliquot was removed for deter

mination of total tritium. A second aliquot was analyzed

within 24 hours by HPLC to determine the proportion of in

tact *H-TGGPM per sample and total metabolites. In selected

cases a third aliquot was analyzed to determine the identity

of the metabolites.

Small absorbent cotton dams were wrapped around the

cannula at the point where the cannula penetrated the skull.

At the termination of the experiment these cotton dams were

removed, placed in Scintillation vials with 1 ml of sodium

acetate buffer pH l; ... O and total ŽH was determined to check

for *H-TGGPM leakage. After termination of each study the

rats were killed by decapitation and the brain rapidly re

moved and crushed between two blocks of dry ice. Within l;8

h, 10% (W/V) ice cold brain homogenate with 100 ug of met

enkephalin was added as a carrier to reduce non-specific ab

sorption by the brain homogenate of *H-TGGPM. The homogen

ate was placed in a boiling water bath for 15 min, chilled

on ice for 30 minutes, then centrifuged at 20,000 g for 15

min. Molecules greater than 10,000 M.W. were removed by pres–

sure dialysis with a 10,000 Svedberg molecular sieve (UM10

Amicon Corporation, Lexington MA) and the ultrafiltrate was

lyophilized, reconstituted in a small volume of O. O.1 M ace
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tate pH l;.. O and analyzed by HPLC for *H-TGGPM and other

radiolabelled compounds. Blood samples were also collected

after decapitation and total radioactivity determined.

Results

Application—of HEL9–to–suall—peptide-analysis.

Reverse phase HPLC provides several advantages over

other analytical techniques for studying small peptides.

It is a non-destructive, rapid, highly reproducible method

in which complete sample recovery is usually achieved. Col

umn efficiency and resolution are very good and particularly

suitable for analysis of enkephalin metabolites and deriva

tives as can be seen in Figure 15. This separation was ef

fected by solvent gradient programming and the resulting

chromatogram was used to select conditions of constant buffer

solvent ratio which optimize the retention volume of a spe

cific compound. The conditions selected for analysis of TGGPM

resulted in elution of the more hydrophilic metabolites and

impurities in the void-volume, whereas the more hydrophobic

metabolites and impurities were retained. i. e. had larger

retention volumes. The stability and purity of *H-TGGPM WaS

confirmed by boiling an aliquot of peak 6 (Fig. 15) for 20

minutes, lyophilization and re-analysis via HPLC which showed

no change in the radioactivity associated with the TGGPM peak.

Recovery of the purified TGGPM from the column was complete.

It was essential to repurify *H-TGGPM, even when stored below
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Fig. 15. HPLC of enkephalins and related peptides. A zero
to thirty percent convex gradient illustrated by the dashed
line was used to effect this separation. Tyr and peptide
standards were injected onto the column as a mixture in . 1
ml of 0.01 M acetate buffer pH li.O. 1 = Tyr; 2= TG and TGG.;
3= TGGP; lie TGGPM sulfoxide; 5= TGGPV; 6= TGGPM; 7= TGGPI;
§5 Tööpf.; "9- ºrganic contaminants in the mobile phase; 10=T“AGPM; 11- Tº'AGPPL.
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0° because dilute solutions at or near neutral pH formed the

sulfoxide. The "H-TGGPL was more stable than *H-TGGPM. How
ever, all radiolabelled peptides were purified by HPLC prior

to use in the experiments described, since none of the batches

received met the original specifications of purity stated by

the manufacturers.

In Vitro Studies

These investigations were designed to evaluate the sta

bility of TGGPM and TGGPL when exposed to brain subcellular

fractions which they might contact during isolation or bind

ing studies. Fig. 16 shows the disappearance of *H-TGGPM when

incubated with SPM under conditions often used to investigate

stereo specific Opiate binding sites. It also shows the uti

lity of HPLC for rapid analysis of *H-TGGPM and *H-metabolites.
Recovery of the tritium applied to the HPLC column was complete.

The same HPLC conditions were used to determine the amount

of intact *H-TGGPM remaining at selected times after incubation

with S2, P2, synaptosomes, SSP and SPM. The non-particulate

subcellular fractions metabolized exogenous *H-TGGPM rapidly.

A minimum of three different preparations of S2, P2, synapto

somes, SSP and SPM were examined in separate studies using con

centrations of *H-TGGPM ranging from 2.5 x 1079M to 5.8 x 10−6M
with qualitatively similar results. Representative results

from these studies are shown in Fig. 17. Temperature and pH

have pronounced effects on the enkephalin metabolizing activity
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Fig. 16. Metabolism or ºil-rogen by House brain sº. The
incubations were carried out at # pH 7-E-TFE ºntº:tions of reactants in a volume of 1ml were 2.5 x 10−7M, 2B
TGGPM and . 15mg of mouse brain SPM protein. Individual sam
ples were incubated for the time (min) indicated by numbers
above each graph and terminated by immersing the capped in
cubation tubes in boiling water for 15 min and centrifuged
at 8000 g for 15 min. Chilled aliquots of the supernatant
were analyzed by HPLC with standards of authentic TGGPM. One
ml fractions were collected and radioactivity was determined
in a liquid scintillation spectrometer. Elution buffer con
sisted of 20% acetonitrile, 80% sodium acetate O.01 M ph H.0
at a flow rate of 2.0 ml/min.
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Fig. 17. Metabolism of *H-TGGPM by S2 d P2. Incubations
were carried out at 25 in HEFES pH 7.6. TInitial concentra
tion of 2H-TGGPM for P2 and Sub-fractions of P2 was 5 x 10-9
M and 5.8 x 10"bM in the case of S2. Samples were incubated
for the time indicated and terminated by iºn in boiling water for 15 min. Determination of intact 2H-TGGPM was
made by HPLC. See legend to Fig. 16 for HPLC parameters.
Preparation Öf tissue fractions is described in detail in
the methods section. (Fig. 1 lº). e - SPM, O -synaptosomes,
s — P2, A -SSP, D -S2.
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of all subcellular fractions. Figure 18 shows a comparison

of the effects of changing these parameters on the metabolic

activity of S2 and SPM. The soluble protein fraction, S2,

was the most active metabolically of the tissue fractions

studied. Micromolar concentrations of *H-TGGPM were completely

metabolized by S2 protein in less than one minute, even at

0°, pH 7.6. The SPM fraction was the least active metaboli

cally; nevertheless, a Significant amount of *H-TGGPM Wa S I■ le

tabolized at physiological pH and temperature by SPM. *H-BK
was also incubated with aliquots of the same tissue fractions

and analyzed by HPLC to determine if there were any signs of

enkephalin specific enzymatic activity. The *H-BK was metabo

lized less rapidly, however, the metabolic activity of the var

ious tissue fractions had the same rank order of metabolic ac

tivity seen for "H-TGGPM, i.e. 32 SSP P2 synaptosomes
SPM.

The antibiotic bacitracin has been used to inhibit meta

bolic inactivation of glucagon (Desbuquois et al., 1974). Fig.

19 shows the effects of 50 and 100 ug/ml of bacitracin on the

generation of labelled metabolites from *H-TGGPL incubated with

rat SPM at 379 and 25°. These concentrations of bacitracin

cause partial inhibition of metabolism. The effects of 50 ug/

ml of bacitracin were similarly examined with mouse brain P2

and S2 using *H-TGGPM and *H-TGGPL as substrates. Aliquots of

Selected in vitro incubations were analyzed with Tyr, TG, TGG,
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Fig. 18. The effects of pH(A) and temperature (B) on the
metabolism of 2H-TGGPM by mouse brain S2 and SEM. Indivi"
dual samples were incubated for the time indicated, then
immersed in boiling water for 15 min, centrifuged at 8000
g for 15 min and chilled aliquots of the supernatant were
analyzed by HPLC. See legend to Fig. 16 for details of
chromatography. 5A: A final volume of ~ 1 ml, contained - 5mg
of mouse brain S2 protein and 5.8 x 10−6M, H-TGGPM at: A =

pH 7.6 and G = pH l;.0; 5mg S2 gº; at 1009 for 10 minprior to addition of 5.8 x 10-bM 3H-TGGPM at: a = pH 7.6
and s = pH lº,0. Or 0.15 mg of mouse brain SPM protein and
2.5 x 10-9M3H-TGGPM at: o = pH 7.6 and e = pH li.O. All
incubations in 5A were at 239. 3B: A final volume of 1 ml
contained – 5 mg of mouse brain S2 protein and 5.8 x 10-6
M, 3H-TGGPM pH 7.6 at 09 = • , or 0.15 mg of mouse brain
SPM protein pH 7.6 at: O = 09, A = 249, s = 379.
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Fig. 19-3 Effects of bacitragin and temperature on metabolism of ZH-TGGPL by rat brain SPM. All reactions were at
pH 7.6, , 21 mg of rat brain §§ Prº was mixed in a finalvolume of 1 ml with 1.08 x 10-3M, PH-TGGPL and incubated
for the time indicated. The incubations were terminated by
immersing the capped tubes in boiling water for 15 min, cen—
trifuging at 8000 g for 15 min and cooling. Aliqugºs of
the g; supernatant were analyzed by HPLC for "H-TGGPLand 2H-metabolites. The elution buffer was 21% acetonitrile,
76% sodium acetate pH l;.0 flow rate 2 ml/min, 1 ml fractions
were collected and radioactivity determined by liquid scin
tillation spectrometry. A = 370, A = 370 + 50 g/ml bacitra
cin, A = 370 + 100 g/ml, bacitra■ in; o = 250, a = 25° 4 50
g/ml bacitracin, e = 25° 4 100 g/ml bacitracin.



1 O1

TGGP, TGGPM–sulfoxide, TGGPM and TGGPL as standards. Co
2Hchromatography of the metabolites with the known stand

ards was accepted as putative confirmation of their identity

and no further attempt was made to confirm their chemical

identity. The results (Table 8) are expressed as the per

centage of total tritium eluting from the column and recov

ery of the tritium applied to the column was complete.

A salient feature of Table 8 is the predominance of *H-
Tyr as the major metabolite of *H-TGGPM and *H-TGGPL. Small

amounts of other metabolites were present and co-chromato—

graph with the standards. At least four other tritium la

belled peaks, which did not co-chromatograph with any of the

standards were observed and are referred to as unknowns 1, 2,

3, and li. The only apparent effect of bacitracin was to par

tially prevent cleavage of tyrosine.

In Situ Studies

Fig. 20 gives the results of experiments in which puri

fied *H-TGGPM was administered as a bolus ICW followed at dif

ferent times by perfusion with artificial CSF. The intact *H-
TGGPM and *H-metabolites were measured in the perfusate. The

endogenous CSF did not give any indication of an ability to me—

tabolize *H-TGGPM When incubated together. Thus metabolism

was evidently due to equilibration of the administered *H-TGGPM
with a metabolically active brain compartment.

The results in Fig. 20 are expressed as percent of intact
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of

*H-TGGPM.
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TABLE 8. Identification of ºil-metabolites from in vitro
metabolism. ETTTTTTTTTTFECTIOTWas Tºº Tº ºTW.E.T.T.T.T.ETETF P2 or S2 protein and 5.8 x 10–6 M

H-TGGPM. In the case of SPM the reaction was done in
HEPES pH 7.6, 37°, . 15 mg protein, 5.0 x 10−9 M 3H-TGGPM
or 5H-TGGPM. Bacitracin was added to the reaction as in
dicated. Incubations were terminated by immersing in boil
ing water for 15 min and then centrifuged at 8000 g for
15 min. Aliquots of the supernatant were analyzed by HPLC
linear gradient from 100% 0.01M Acetate (Na" ") pH li. O to
76% Acetate 21% CH2CN over 30 min. Flow rate 2 ml/min. One
ml fractions were &ºile■ ted and radioactivity determined.
Standards employed were TYR, TGG, TG, TGGP, TGGP, S=0, TGGPM,
TGGPL. The order of elution is from left to right, hydro
philic compounds elute first.
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Fig. 20. Recovery of *H-TGGPM after ICW iniection fro
in situ perfused rat brain. 175 n moles of 2H-TGGPM was
injected into the right lateral ventricle of each rat in
20 ul of artificial CSF via a stereotaxically implanted
cannula. Perfusion with artificial CSF was begun 5(A),
10(B) or 200C) min later and the perfusate was collected
from a cannula penetrating the cisterna magnum. The per
fusate was heated at 1000 for 15 min then chilled. An
aliquot was analyzed by HPLC for 3H-TGGPM and 3H-metabo
lites. See the legend to Fig. 16 for details of chroma
tography.
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*H-TGGPM in the collected perfusate for a given period of

time. In rat C the actual amount of intact *H-TGGPM collec

8ted in the 5 min period from 20–25 min was 2 x 107* moles.

In the subsequent collection period, between 25 and 50 min,

–1 O moles of intact *H-TGGPM was collected. The per2 x 1 O

fusion rate was sufficient to completely replace the endogen

ous CSF during any five minute time interval, based on an

approximate flow rate of 50 ul/min and assuming a volume of

roughly 250 ul of CSF in an adult rat (Bass and Lundborg,

197l). In order to acquire a clearer picture of the metabo

lic process a continuous perfusion of *H-TGGPM was done in

a series of six rats. Typical levels of *H-TGGPM and total

*H-metabolites during the continuous in situ Ventricular per

fusions are shown in Figure 21. In each study, the levels

of *H-TGGPM and *i-metabolites rose rapidly to a peak during
the constant rate in fusion and declined rapidly when the per

fusate was changed to artificial CSF. Subsequent to termina

tion of *H-TGGPM perfusion the level of *H-TGGPM declined

mono exponentially, whereas the *H-metabolite levels demon

strated at least a biexponential decline. When the *H-TGGPM
levels were fitted to a single exponential (1 n Y = 1n y - Kt)

using non-linear least squares regression analysis (assuming

the relative standard deviation of the values to be identical)

an apparent first order rate constant of k = 0.757 it 0.051

Min-l (S. E. M.) was obtained. This corresponds to an apparent
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half life of O. 94 it 0.7 min and is the sum of clearance and

metabolism. An apparent metabolic half life for *H-TGGPM
corresponding to 5.9 min was calculated from these data. (Ap

pendix B).

Inspection of Fig. 21 indicates that during the *H-TGGPM
perfusion, the fraction of the collected perfusate which was

unchanged *H-TGGPM remained relatively constant as shown in

Fig. 22. In order to pool the data for all studies and cor

rect for pre-ventricular dead space in the system, time Zero

in this figure corresponds to the peak *H-TGGPM level in the

collected perfusate. Thus labelled peptide levels during the

perfusion are shown at negative times and those post peak at

positive times. The percentage of *H-TGGPM in the collected

perfusate was calculated for each study and these values were

averaged over the six perfusions. The values at each time

averaged 76% and were statistically equivalent between-l; and

+ 1 minutes. Thereafter, the percentage of *H-TGGPM in the

perfusate decreased dramatically. It should be pointed out

that, although the percentage of *H-TGGPM in the perfusate

remained constant, the actual amount of peptide perfused in

the six studies ranged from . 8 to 1.6 micromoles.

Extractions of the cotton dams placed around the cannu

lae at point of entry into the skull were devoid of radioac

tivity, indicating no leakage occurred during the perfusion.

The total tritium detected in the blood of the six rats ranged
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Fig. 21. Recovery of *H-TGGPM and *H-metabolites after
ICV perfusion from an in situ perfused rat brain. Cannu
lae were implanted stereotaxically as described in methods
and a perfusion with artificial CSF begun to establish
flow. Tritiated TGGPM was perfused in artificial CSF for
four min at a rate of O. lºl, umol/min (A) or 0.22umol/min
(B-C). The perfusate was collected 3. 1 min intervalfor 60 min and analyzed by HPLC for PH-TGGPM (e) and PH
metabolites (o). See legend to Fig. 16 for details of
the chromatography.
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i8- 22. Mean_t S.D. of the ratio of intact PH-TGGPM to
H-metabolites from six perfused rats. Time 0 corresponds

to the peak of intact 5HTGGFM (see Fig. 21). Negative
time corresponds to the four minute interval during which
3H-TGGPM was being perfused into the lateral ventricle. At
0 time and positive time the perfusion solution was arti
ficial CSF, The gºllº perfusate was analyzed by HPLCfor 2H-TGGPM and PH-metabolites. See the legend to Fig. 16
for details of chromatography.
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from 900 dpm/ml to l800 dpm/ml. No attempt was made to

determine the identity of the radiolabelled material in

blood. The amount of intact *H-TGGPM recovered from the

brains of the six rats at the termination of the experiment

ranged from 0.15 nmol to 10.0 nmol. This is at a time, 1

hour post-perfusion, when the collected perfusate is com

pletely lacking *H-TGGPM.
Identification of *H-Metabolites in situ.

Selected aliquots of the perfusate were compared with

standards using HPLC. Gradient programming was used to ef

fect the separation (see Figure 15 and Table 8). Table 9

shows typical results obtained from two different rats at

selected times during the perfusion. It is clear from these

data that the major mode of metabolism in situ is not cleav

age of the N-terminal tyrosine, but rather an attack at the

Gly-Gly or Gly-Phe bond. The chromatographic conditions

did not completely resolve Tyr-Gly and Tyr-Gly-Gly. A sig

nificant amount of radiolabelled material was generated which

did not co-chromatograph with any of the standards used.

Discussion

It is apparent from the data presented that HPLC is

particularly useful in the quantitative analysis of enkepha

lins and analogues. HPLC provides separation of the parent

enkephalins from their metabolites and contaminants. This

affords the investigator freedom to choose a detection sys
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Table
9

Identification
of

*H-metabolitesfrominvivometabolism
of

*H-TGGPM.

percentoftotalradioactivity

MinutesafterVoidTyrTG+
UnknownTGGPTGGPMSTGGPMUnknownUnknown initiation

ofTGG
1=023

perfusion 8.050.515.85.8.053.063.99.9.05
1O.050.516.72.3.055.li.71.
1
6.7.05 11.052.121.

1
2.
1
.052.265.86..05

rat
1
12.052.527.62.5
•
O55.060.
1
1.9
•O5

13.055.550.
1
2.5.055.555.5lº.9.05 151.H

15.732.6.05
•O57.O
56.71.9.05 9.05O.512.31.0

•O51.677.36.0O.
l

11
.050.816.21.6O.21.669.56.52.8 13.051.126.

1
1.6O.
1
1.565.95.50.5

rat2in.053.135.01.9O.21.552.82.05.
1

162.
1

6.024.6.05.0512.5lb.
1
.059.9 18H.2

#8.534.2.05.05.0515.H..05.05
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Table 9. Identification of *H-metabolites from in vivo
metabolism of 2H-TGGPM. Aliquots were analyzed by HPLC
with gradient programming. See Legend to Table 8. These
data from two different rats are typical. Results are
reported as percent of total radioactivity applied to the
column. Recovery was 100%. The time in minutes, shown
in the table, is §he time elapsed after termination ofthe perfusion of 2H-TGGPM and the initiation of perfusion
of artificial CSF.
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tem most suited to the situation in a particular laboratory

with confidence that the signal response is due to enkepha

lin.

Caution must be exercised when radiolabelled enkepha

lins are used as the ligand in opiate binding assays or for

metabolic studies. *H-TGGPM and *H-TGGPL, which exceed 99%
purity (manufacturers specifications) contained significant

amounts of contamination (15–100%) when analyzed by HPLC

and liquid scintillation spectrometry. Bioassays commonly

used for opiate peptide detection may also be subject to

some misinterpretation since this study has shown met-enke

phalin sulfoxide is formed in solution or generated as a

metabolite and it is known to have about half the potency

of met-enkephalin (Beddell et al., 1977a). An additional

point to consider is possible cross reactivity of unidenti

fied radiolabelled metabolites with anti-enkephalin anti

bodies. In Table 9, unknown #2 elutes from the column in

close proximity to *H-TGGPM. A significant amount was gen

erated in situ. It does not necessarily follow that a com

pound with very similar chromatographic properties in this

system should cross react with a specific anti-enkephalin

antibody. However, the possibility has not been investigated,

and should be considered in view of the proliferation of im—

munoassays for enkephalin. A recent study regarding the in

fluence of immunochemical factors on the pharmacokinetics of





morphine by radioimmunoassay, elegantly demonstrates that

immunoassay of haptens in biological fluids Or tissues is

often not a straight forward proposition and requires care

ful interpretation (Catlin, 1977).

The in Vitro experiments confirm the observations of

several other investigations showing the susceptibility of

enkephalins to rapid metabolism by homogenized brain tissue

(Chang et al., 1976; Hambrook et al., 1976; Miller et al.,

1977a; Meek et al., 1977). This study has extended the prior

findings by partially fractionating the tissue and examining

the effects of pH, temperature and bacitracin on *H-TGGPM
and *H-TGGPL metabolism. It has shown that enzymes in the

brain cytosol metabolized exogenous enkephalins very rapidly.

However, the enzymatic activity is ubiquitous and it was not

evident from the data whether or not the enzymes in the par

ticulate fractions were intrinsic components of the membranes

or artifacts of isolation. The most rapid enzymatic attack

in vitro was cleavage of the Tyr-Gly bond, but other mechan

isms were also apparent (Table 8).

Different IC50 values for enkephalins found in the lit

erature dealing with stereo specific opiate binding to brain

membranes (e.g. Hughes et al., 1975; Buscher et al., 1976)

may be due in part to the enkephalin metabolism. This hypo

thesis is consistent with the data presented in this study.

Significant metabolism occurred under physiological tempera
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ture and pH with all tissue fractions examined. Interestingly,

concentrations of bacitracin which enhance the activity of

enkephalins in vitro (Minneman and Iversen, 1976; Simantov

and Snyder, 1976; Miller et al., 1977a) do not prevent metabo
lism. Bacitracin also inhibits only the cleavage of the Tyr

Gly bond and not the other mechanisms.

Widely varying endogenous levels of enkephalins have

been reported (Simantov et al., 1976; Clouet and Ratner, 1976;

Smith et al., 1976; Miller et al., 1977b). We also found a

wide range of recovery of intact *H-TGGPM from the brains of

perfused rats upon sacrifice (O. 1-10nmoles). These data are

consistent with very rapid metabolism of the peptides which

were seen in the in vitro studies. Subtle differences in the

mode of sacrifice, tissue extraction and assay conditions

could account for the divergent results. Interestingly the

highest brain level of endogenous enkephalins has been dis

covered in animals killed by microwave irradiation, which pre

sumably denatures the metabolic enzymes (Clouet and Ratner,

1976). Taken as a whole, these data suggest that brain en

kephalins are not stored in a form protected from metabolism

under the conditions of extraction and quantification usually

utilized (even assuming that the assay systems used to quan

tify enkephalins in different laboratories are all measuring

enkephalins and nothing else).

Rapid metabolism is a viable explanation for the dis
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crepancies reported for enkephalin IC50s in in vitro studies.

Can it also explain the weak anti-nociceptive action of en

kephalins in Vivo”. The morphine AD50 by ICW administration

was recently shown to be 1.3 n moles (Loh et al., 1976) and

l;5.6 n moles (Tseng et al., 1976) in mouse and rat respect

ively, using the tail flick test. In both of these studies

B-endorphin was about thirty times more potent than morphine.

Met-enkephalin has been administered ICW in doses up to 510

n moles in mice (Buscher et al., 1976) and 1740 n moles in

rats (Cowan et al., 1976) producing only transient analgesia

in less than 100% of the animals using the tail flick test.

The conclusion from kinetic evaluation of the perfusion

data (Fig. 21, 22 and Appendix B) indicates the metabolism

of met-enkephalin is first order in vivo. With an apparent

half-life averaging 3.9 min (km = 0.177 min"'). With a half
life of 5.9 min, the high doses of met-enkephalin adminis

tered to rodents ICW should provide a brain concentration

of met-enkephalin sufficient to produce more than a transient

analgesia assuming that in vitro receptor affinity predicts

in vivo anti-nociceptive potency (a justifiable assumption

in the case of opiate alkaloids, Creese and Snyder, 1975).

In Opiate bioassays and stereo specific binding site assays

enkephalin potency compares favorably with morphine and B-en

dorphin, particularly if proper precautions are taken to pre

Vent metabolism (Simantov and Snyder, 1976; Miller et al.,
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1977a; Law et al., 1977).
If metabolism of met-enkephalin is not sufficiently

fast to account for the weak anti-nociception two other po S

sibilities should be considered. I. Access to a specific

brain analgesia receptor is not available to met-enkephalin.

This could be expected if the peptide did not equilibrate

in the brain. That *H-TGGPM equilibrated with a brain com—

partment outside the ventricular space was shown by the fact

that at the termination of the experiment *H-TGGPM was found

in the brain when the collected perfusate was devoid of in

tact *H-TGGPM even though endogenous CSF did not metabolize

the peptide. In addition ICV injection of polar compounds

is followed by relatively unhindered diffusion of these com—

pounds through the brain (Rall, 1971). The larger polypep

tide B-endorphin freely diffuses to its receptor sites after

ICV injection. Moreover, central effects other than anal

gesia which are mediated by enkephalins have already been

cited. There seems little doubt that enkephalins do equili

brate in the brain after ICW administration. However, do

they act similarly to morphine and B-endorphin? II. A sec

Ond possibility, i. e. met-enkephalin is not capable of pro

ducing analgesia in the CNS, should be considered.

Recent reports of D-amino acid substitutions in enkepha

lins have demonstrated that the D-amino acid analogues are

metabolically more stable than the parent peptide in vitro
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and are capable of producing potent prolonged analgesia

(Pert et al., 1976; Miller et al., 1977a; Beddell et al. ,

1977a). This apparent conflict is not actually in disa

greement with the data presented herein. This study has

demonstrated that in situ the primary site of enzymatic

attack is not the Tyr-Gly bond, as is the case in Vitro,

but either the Gly-Gly or Gly-Phe bond. It may be that

substitution of D-Ala -in the two position Will prevent cleav

age of the D-Ala-Gly bond or adjacent Gly-Phe bond in TP
AGPM-NH or T“AGPL but this has not been demonstrated in Vivo.

In addition, HPLC revealed unidentified metabolites of 2H
TGGPM in situ, and it is possible that Similar metabolites

of the D-amino acid analogues of enkephalins may have anti

nociceptive activity. However, another explanation is that

a fortuitous substitution was made in enkephalin to achieve

the desired consequences, namely potent anti-nociceptive ac

tivity, but for the wrong reason, i.e. metabolic stability.

There is no evidence to indicate a strong three dimen—

sional similarity between the D-amino acid analogues and

parent enkephalins. On the other hand there is a consider

able body of evidence indicating dissimilarities. The dif

ference in anti-nociceptive activity which probably cannot

be accounted for by differences in metabolism have been men

tioned. The different susceptibilities to enzymatic degrad

ation in vitro are also indicative of structural dissimilarity.
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The D-amino acid analogues of enkephalins have much longer

retention times than the enkephalins and require Stronger

solvents to elute them from the HPLC column. This is a

characteristic of compounds which are more lipophilic than

met- and leu-enkephalin. The 5.5 di-iodo-tyrosine analogue

of met or leu-enkephalin does not bind to brain membrane

opiate stereo specific binding sites. In contrast the 5.5

di—io do tyrosine analogues of D-Alaº, Leu” and D-Alaº, D

5Leu’ enkephalin bind with high affinity and stereo selectively

(Miller et al., 1977c). Under conditions for membrane bind

ing in which metabolism was prevented by low temperatures

and bacitracin in the assay medium there was 1000 fold dif

2 and L-Alaº arlaference in receptor affinity between D-Ala

logues of leu-enkephalin and a 50-fold difference in receptor

affinity between the D-Alaº analogue and leu-enkephalin (Bed

dell et al., 1977b). Similar differences in potency of les

ser magnitude have been shown in the guinea pig ileum and

mouse was deferens assay (Chang et al., 1976; Beddell et al.,
1977a). Perhaps, the most striking difference between the

D-amino acid analogues and parent enkephalins is the suscept

ibility to inhibition of activity in the opiate stereo speci

fic binding assay by high sodium concentration. The Na shift

has been used to predict agonist potency (Pert and Snyder,
1971; Simon et al., 1975) and is particularly pronounced for

the D-Alaf - D-Leu” analogue of enkephalin (Beddell et al.,
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1977a). Either this analogue binds very differently to

the brain membrane opiate stereo specific binding site than

the parent enkephalins, it binds at a different site, or

it is not valid to extrapolate the Na-shift paradigm to opi

ate peptides. The D-amino acid analogues of enkephalins

differ from the parent enkephalins not only in their suscepti

bility to metabolism by brain homogenates, but also in anti

nociceptive potency, lipid partitioning, interaction with

the brain membrane opiate stereo specific binding site and

in potency in the guinea pig ileum and mouse was deferens

assays. The preponderance of evidence indicates that the

D-amino acid analogues of enkephalins are different in every

parameter examined thus far and suggests that the anti-noci

ceptive action of these compounds is not due to metabolic

stability but rather to some other undefined modality.

Data are now available which clearly show that opiate

agonists and enkephalin's bind to similar but non-identical

membrane sites in rat brain SPM (Law et al., 1977). Several

criteria were employed in that study to characterize the

binding, including the effects of temperature, Na concentra

tion and agents which modify protein. Opiate peptides de

void of anti-nociceptive activity have a greater affinity for

a peptide binding site and Opiate agonists have a greater af

finity for an Opiate alkaloid binding site. These differences

in binding sites do not establish physically different opiate –





peptide receptors in the CNS. The binding sites may be

closely associated and capable of interacting with a com

mon transducing system in different Ways.

None of the fore going is intended to suggest that en

kephalins are physiologically inactive. Microiontophoretic

application of enkephalins centrally does alter neuronal

activity. Like morphine, the predominant effect of enkepha

lins is depression of firing rate, but when the peptide and

alkaloid were applied to the same neuron in rat brain stem

the electrophysiological results were dissimilar in 50 of

56 neurons tested (Bradley et al., 1976). In another study,

in which morphine and enkephalins were iontophoresed on the

same neurons in cat brain stem, the electrophysiological re

sults were almost identical, but none of these effects were

blocked or reversed by naloxone (Gent and Wolstencroft, 1976).

Thus, these electrophysiologic studies clearly showed an ef

fect of enkephalins on neuronal activity, but provide little

evidence for an action of enkephalins at a central opiate

analgesic receptor.

When the endogenous peptides were first discovered to

interact stereo specifically and naloxone reversibly in in

Vitro assays, it was logical to assume a central anti-no ci

ceptive role. However, not all areas of the brain which con

tain stereo specific opiate binding sites are involved in anal

gesia. In addition, not all Opiate receptors are identical
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(Portoghese, 1966; Martin et al., 1976; Smith et al., 1976).

It is perhaps time to consider the possibility of another

class of central receptors, which might be anatomically par

allel and structurally related to the opiate receptor. The

endogenous ligands for these receptors could be the enkepha

lins. The mode of interaction between the enkephalins and

the brain opiate receptors, should such a relationship occur,

has not been elucidated. The present study suggests that,

it is not probable that endogenous enkephalins have any anti

no ciceptive role in the CNS.

In summary, a rapid, highly reproducible, chromatographic

system was developed which separates enkephalins from contam

inants and metabolites. Analysis of radiolabelled enkephalins,

incubated with subcellular fractions of mouse and rat brain,

indicated maximal metabolic activity was associated with non

membrane fractions. The Site of metabolic attack in vitro was

the Tyr-Gly bond. Low temperature, pH and bacitracin inhibited

the catabolism of the peptides to varying degrees depending

on the tissue source. In other experiments, *H-TGGPM was ad
ministered as a bolus ICV or perfused through rat brains in

situ. CSF was shown not to metabolize the *H-TGGPM and it was

concluded that the metabolites in the collected perfusate were

a result of interaction with a metabolically active brain com—

partment. In contrast to the in vitro studies, the in situ

data indicate that enzymatic attack occurs initially at the
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Gly-Gly or Gly-Phe bonds. Kinetic analysis of the perfused

*H-TGGPM indicates a half life of 3.9 minutes. This half
life is inconsistent with the hypothesis that the absence

of significant enkephalin anti-nociceptive activity is due

to rapid metabolism by intact brain tissue. It seems un

likely that met-enkephalin serves a primary role as an en

dogenous analgesic peptide in the CNS. The physiologic sig

nificance of the enkephalins remains to be elucidated.
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Experimental animal models of Opiate dependence and

experiences with human opiate addicts have consistently

shown that subjects adequately maintained by continual ad

ministration of opiates may function quite normally. The

physiological and behavioral sequellae of an abstinence

syndrome become apparent only during periods of drug depri

vation. The search for some tolerance and dependence pro

tein(s) which could explain this phenomenon has been unsuc

cessful (Clouet & Iwatsubo, 1975; Takemori, 1974, 1975).

The rationale for many of the experiments done in this thesis

was based upon the possible existence of such a tolerance

dependence protein.

The original basis for the enkephalin studies was to

determine if these peptides had a role in development of

Opiate tolerance-dependence. As a result of these studies

We know that endogenous enkephalins do not function as anti

no ciceptive peptides, which had been originally suggested.

Whether or not they are associated with tolerance development

remains to be seen. The development of an unambiguous assay

for quantitative determination of the enkephalins is neces

sary before this question can be approached.

The portion of the thesis dealing with axonal transport

in the nigro-neo striatal pathway examined protein synthesis

in Vivo. No evidence for a difference in the uptake of lys
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into the SNC, incorporation of lys into protein, or clear

ance of unincorporated lys from the SNC was found, when

morphine treated rats were compared to controls. There

was no apparent difference in the species of protein trans

ported intra-axonally to the NCP in the drug treated and

control group, as shown by the electrophoretic studies.

Similarly, electrophoretic analysis of protein synthe

sized by a cell free system prepared from morphine tolerant

dependent mouse brain gave no indication of any different

species of protein than the control. Moreover, the fidelity

of translation of endogenous and exogenous mRNA was con

served in the presence of morphine. This provided more evi

dence mitigating against the existence of a new species of

protein(s) which could be responsible for tolerance to and

dependence on Opiates. In summary, none of the data pre

sented herein supports the concept of a new species of pro

tein which is synthesized during morphine tolerance develop

ment.

Another possibility may provide a tenable explanation

for the data available. If no new species of protein are

found in the morphine tolerant—dependent brain, perhaps the

regulation of several reactions in the protein synthetic

pathway and utilization of nascent protein is changed dur

ing development of morphine tolerance and dependence. In

Such a case, it is conceivable that morphine administration
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results in alterations in concentrations or dispositions

of one or more co-factors or modulators, e.g. lipids, ions,

nucleotides, or cyclic nucleotides. The presence of this

new co-factor milieu produces a new set of conditions within

the cell. This new intracellular micro environment triggers

homeostatic compensatory mechanisms leading to adaptive

shifts in the relative concentrations of several key isoen–

zymes and/or nucleic acids. This may result in the gradual

predominance of isoenzymes or RNA's which are functionally

compatible with the new co-factor milieu. The development

of tolerance to morphine and subsequent loss thereof also

may be correlated with the changes seen in intracellular

compartmentalization of different isoenzymes during chronic

morphine administration. Thus, the net total function is

returned to normal in the presence of the drug, and abrupt

disruption of the drug's action will lead to a novel and ab–

normal state observed as withdrawal syndrome.

The results of the in Vitro studies on protein Synthe

sis support the concept of a change in the regulation of

the reaction. Whether or not this effect was due to an al

teration in a co-factor and/or different isoenzymes or iso

acceptor tRNA must be determined by additional experimenta

tion. An investigation of in vivo aminoacylation in morphine

tolerant mouse brain is currently underway. Future studies

Will be done to analyze lipid co-factors and the physico-chem
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ical properties of purified iso acceptor tRNA.
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APPENDIX A

Determination of conditions for maximal amounts of amino

acylation in vitro: comparison of morphine tolerant-depen

dent and placebo mouse brain AAS and tRNA

Maximal aminoacylation of a cognate tRNA by the cor

respondent AAS in vitro is dependent at least upon the Con

centrations of Mg", ATP, tRNA, AAS, and pH and temperature.

Since the reaction conditions which produce maximal amino

acylation are different for different amino acids and tis

sues (Chou and Johnson, 1972; Johnson and Chou, 1975) studies

were undertaken to determine the reaction conditions at which

brain triNA was maximally aminoacylated by brain AAS with the

following amino acids: leucine (leu), lysine (lys), pheny—

lalanine (phe) and tryptophan (try). The AAS and tRNA were

isolated as described in Section B2 Materials and Methods.

Neither AAS nor tRNA were fractionated beyond the step of

DEAE-cellulose chromatography. Therefore, a mixture of all

the AAS was used to study the reaction. Specificity was pro

vided by the addition of a Single radiolabelled amino acid

to the mixture. Similarly, specific cognate tRNAs were not

isolated and mixtures of tRNA were used to study iso acceptor

activity.

The experiments shown in Fig. 1 —l were designed to pro

vide estimates of the range of concentrations of AAS and tRNA

over which the formation of aminoacyl tRNA was linearly in
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creased. They were also designed to estimate the concen

trations of Mg and ATP which provide maximal aminoacylation

of tRNA for the four amino acids. In these experiments the

temperature used was 37° and pH 7. 2. The AAS from morphine

tolerant—dependent mouse brain (chronic morphine) were in

cubated under the conditions shown with the corresponding

tRNA (a-d). Similar figures for placebo mouse brain are

included below (e-h). The independent variable is a func

tion of the concentration of tRNA (a & e), AAS (b & f), Mg

(c & g) and ATP (d & h) respectively.

Inspection of Fig. 1 and 2 a-b and e—f shows that no

measurable aminoacyl-tRNA was formed in the absence of tRNA

or AAS. This indicates good separation of the enzymes and

nucleic acids on the DEAE-cellulose column. When the concen—

tration of AAS was maintained constant and the tRNA concen—

tration increased (Fig. 1–4, a and e) the tRNA ultimately

inhibited the reaction at high concentrations. This point

was reached at l;0-80 ug/ml tRNA for leu, lys and phe. In

hibition of the reaction was not seen with try even at 80 ug/

ml the highest concentration examined. No obvious differences

between morphine tolerant—dependent and placebo groups were

observed. Similarly, when the concentration of tRNA was main

tained constant and the AAS concentration increased (Fig. 1–

lº, b and f) the formation of aminoacyl-tRNA increased up to
a point and then leveled off to a plateau. This occurred at





1 l;0

CHRONIC MORPHINE ( Leucine)

Or-ºº-jº
O-5 O-5

* I I I I —l-l-l- | | | |

PLACEBO (Leucine)i

2O 4O 6O 80

Fig. 1 - Determinati of reaction conditions for am -

acylation of mouse brain leucyl tRNA by the correspondent
AAS. All reactions were open to air at 37° in 50mM Tris
pHT7.2, 25mm KCl, 250mM sucrose, 1 mM DTT, and 2nc/ml 14C
leu. The reaction was terminated at 20 min by addition of
5 volumes of ice cold 5% TCA 1% unlabelled amino acid. 14C
leu-tRNA was collected by vacuum filtration on glass fiber
discs and radioactivity determined in a Beckman LS 150 scin
tillation counter. Each point is the mean of three reac
tions from different preparations of AAS and tRNA isolated
from chronic morphine (a-d) i.e. tolerant-dependent or pla
cebo (e-h) mouse brain.

a and e. tRNA variable, 200ug/ml AAS, lim'■ Mg and 2mm ATP
b and f: AAS variable, 5ug/ml tRNA, limM Mg and 2mm ATP
c and g; Mg variable, 200ug/ml AAS, 10ug/ml tRNA, 2mM ATP
d and h: ATP variable, 200 ug/ml AAS, 20ug/ml tRNA, limM Mg



1 l;1

CHRONIC MORPHINE ( Lysine)

i

2O 4O 6O 80 I6O 320 2 4 6 8 | 2 3 4

J[RNA JAg/ml ■ [ENZ laug/ml J[Mg”]mM J[ATP)mM

Fig. 2. Determination of reaction conditions for aming
acylation of mouse brain lysyl-tRNA by the correspondent
AAS. All reaction conditions were identical to Fig. 1 with
the exception of the radiolabelled amino acid. In these
experiments 2nc/ml 3H-lys was used in place of leu.

*



1 l;2

CHRONIC MORPHINE ( Phenylalanine )

Cº. b. e-º-e C. d.

5-O |-O
/ to H e-le-e—e to F *-*~sO

/>. O2.5FA O-5 / O-5 O-5
G O O

* 1 | | | I I I I | | | | H–1—1–
x

: PLACEBO (Phenyl Alonine)
e.

5-O

*~25–," Tº

| | | |
-

2O 4O 6O 80 IGO 320 2 4 6 8 | 2 3 4

J| RNA), wºn J[ Enz) wºn J[ Mor mM JI ATP mM

Fig. 3. Determination of reaction conditions for amino
acylation of mouse brain phenylalanyl-tRNA by the corres
pondent AAS. All reaction conditions were identiff] toFig. Twith the following exceptions: 1 uC/ml of '4C-phe
was added in place of 14C-leu; also

a and ex l;00ug/ml AAS
b and f: 1 Oug/ml tRNA
d and h: 1 Oug/ml tRNA



1 lº

CHRONIC MORPHINE ( Tryptophon)

I I I I |*I L-L | | | | 7
2O 4O 6O 80 I6O 32O 2 4 6 8 1 2 3 4

J[RNA]ºwn J[ENz]ºwn J[Mº"]mm J[ATP]m

Fig. 4. Determination of reaction conditions for amino
acylation of mouse brain tryptophyl-tRNA by the correspon
dent AAS. All reaction conditions were identical to Fig.
3 with the exception of 2,10/ml 5H-try in place of 14C-phe.



1 lilt

a concentration of approximately 160-320 ug/ml AAS for leu,

lys and phe. No obvious differences were observed between

morphine tolerant—dependent and placebo groups. In the case

of try the morphine tolerant—dependent reaction reached a

plateau at a concentration of AAS between 240-320 ug/ml (Fig.
lº. b). The formation of try-tRNA continued to increase with

increasing AAS concentration in the placebo group up to 520

ug/ml (Fig. H. f.). This was the highest concentration stud

ied with 10 ug/ml tRNA as substrate.

Mg was present in the AAS fraction. There was no evi

dence of a drug induced change in the Mg ion concentration.

(Discussed in Section B. 2). The data shown in Fig. 1–4 c

and g are the results of increasing the Mg ion concentration

on the formation of aminoacyl-tRNA. Inspection of these data

indicates that the aminoacylation of lys—, phe- and try-tRNA

was more responsive to changes in the Mg ion concentration

than leu-tRNA.

The addition of exogenous ATP is an absolute requirement

for the formation of aminoacyl-tRNA in vitro. When ATP was

absent in the reaction medium no measurable aminoacyl-tRNA

were formed. In Fig. 1-li, d and h the effects of increasing

the ATP concentration on the formation of aminoacyl tRNA are

shown. Inspection of Fig. 5-li, d and h indicates there was

a morphine induced change in the ATP requirement for the am

inoacylation of phe- and try-tRNA. The absolute concentration





1 lºj

of ATP in the reaction medium was more closely related to

the total amount of aminoacyl-tRNA formed than the Mg to

ATP ratio. This is shown by inspection of Fig. li. C in which

Mg to ATP (1:1) at 2mm ATP produced maximal aminoacylation.

However, in Fig. l; d Mg to ATP (1:1) at lim]■ ATP produced

the smallest amount of try-tRNA.

Experiments were designed to provide information on

the effects of time and temperature on the aminoacylation

reaction. Results are shown in Fig. 5–7. As in the previ

ous experiments, species homologous AAS and tRNA from mor

phine tolerant—dependent and placebo mouse brains were used

to study the reaction. On the basis of information obtained

from inspection of data in the previous studies the follow

ing reaction conditions were chosen for the chronic morphine

group: AAS/tRNA (25), Mg/ATP (2.5), and for the placebo

group: AAS/tRNA (25), Mg/ATP (2). The concentration of

ATP, 2m!M and 1 mM, respectively was selected to provide max

imal rate of aminoacylation for the two groups. The effect

of changing temperature from o° to 37° produced similar re

sponses in both morphine treated and placebo group for for

mation of leu-tRNA. However, aminoacylation of lys to its

cognate tRNA exhibited different responses. The results

showed that at 0° the AAS isolated from morphine tolerant

dependent mouse brain formed twice as much lys-tRNA as the

corresponding placebo group (Fig. 5); the two groups were
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Fig. 5. Formation of leucyl- and lysyl-tRNA by aminoacylä
tion with AAS from mouse brain at 0°. The reactions were
open to air at OO in 50mM HEPES pH 7. 11, 1mM DTT, 250mM Suc
rose, 25mm KCl. The reactions were terminated at the times
indicated by addition of three volumes of ice cold 5% TCA
1% leu or lys. Radiolabelled aminoacyl-tRNA were collected
by vacuum filtration on glass fiber discs and radioactivity
determined in a Beckman LS 150 scintillation counter. Each
point is the mean of three reactions from different prepara
tions of AAS and tRNA isolated from morphine tolerant-depen
dent (chronic morphine) or placebo mouse brain. Other reac
tion conditions were: Chrºnic morphine contained 500ug/ml
AAS, 20ug/ml tRNA, 5mm Mg” and 2m'■ ATP; Placebo °gºeg§ {} AAS, 20ug/ml tRNA .2mm Mg” and 1mM ATP. 21C/ml 3Hlys (•) or 2üC/ml. 1 l;C-leu (*) was added to each reaction.
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Fig. 6. Formation of leucyl- and lysyl-tRNA by aminoacyla
tion with AAS from mouse brain at 239. All reaction condi
tions were identical to the experiments shown in Fig. 5
with the exception of temperature which was 259 in these
studies.
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Fig. 7. Formation of leucyl- and lysyl-tRNA by aminoacylä
tion with AAS from mouse brain at 379. All reaction condi
tions were identical to the experiments shown in Fig. 5 with
the exception of the temperature which was 37° in these stud
ies.
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approximately equivalent at 23° (Fig. 6); and the placebo

AAS formed twice as much lys-tRNA as the morphine treated

group at 37° (Fig. 7).
Development of tolerance to and dependence on morphine

results in some different requirements for production of

maximal aminoacylation, than a similar preparation from pla

cebo brain. Since this morphine induced effect could have

been due to a factor(s) in either the AAS or tRNA fractions

additional experiments were designed to elucidate which

fraction had been affected. In these experiments, a com—

parison was made between species homologous morphine toler

ant—dependent and paired placebo AAS isolated from mouse

brain for the ability to aminoacylate species heterologous

tRNA from rat brain. The use of species heterologous triNA

eliminates one variable from the reaction permitting anal

ysis of the mouse brain AAS. An ATP concentration of 2ml■

was selected for all experiments and exogenous Mg ion con

centration was varied from 2.0 to 8ml■ . The pH was constant

at 7.35 and AAS/tRNA was 25. The aminoacylation reaction

was done at three temperatures 20°, 30° and 37°. The data

for leu and lys are presented in Fig. 8-10 and for phe and

try in Fig. 1 1-1 5.

The figures show significant quantitative differences

in the specific activity (dpm aminoacyl tRNA formed /20 min

/ug AAS protein) of the drug treated and placebo AAS. The
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Fig. 8. Comparison of the activities at 20° of species
homologous AAS isolated from morphine tolerant-dependent
and paired placebo mouse brain to aminoacylate species het
erologous leucyl- and lysyl-tRNA from rat brain. All re
actions were open to air at 200 in 50mM HEPES pH 7.35, 250
mM Sucrose, 25mm KCl, 1 mM DTT; 2mM ATP. l;00 ug/ml of AAS
protein isolated from morphine tolerant-dependent or paired
placebo mouse brain was incubated with 16ug/ml of rat brain
tRNA in the presence of 2,10/ml of radiolabelled leu or lys.
The Mg ion concentration was varied as indicated. All re
actions were terminated after 20 min by addition of 5 vol
umes of ice cold 5% TCA 1% unlabelled amino acid. Radiola
belled aminoacyl-tRNA was collected by vacuum filtration
on glass fiber discs and radioactivity determined in a Beck
man LS 150 scintillation counter. Each point represents the
mean dpm + S. E. M. of 5 reactions. Morphine tolerant—depen
dent (O-leu, O -lys). Placebo (D-leu, a -lys).
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Temp = 30°C
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Fig. 9. Comparison of the activities at 30° of species
homologous AAS isolated from morphine tolerant-dependent
and paired placebo mouse brain to aminoacylate species he
terologous leucyl- and lysyl-tRNA from rat brain. All re
action conditions were identical to the experiments shown
in figure 8 except temperature which was 50°. Each point
represents the mean dpm + S. E.M., of 5 reactions. Morphine
tolerant—dependent (O-leu, e -lys). Placebo (D-leu, ºn-lys).
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Comparison of the activities at O of species
mologous AAS isolated from morphine tolerant-depende

and paired placebo mouse brain to aminoacylate species he
terologous leucyl- and lysyl-tRNA from rat brain
action conditions were identical to the experiments shown
in figure 8 except temperature which was 379.
represents the mean dpm + S. E. M. of 5 reactions.
tolerant—dependent (O-leu, e -lys).

All re

Each point
Morphine

Placebo (D-leu, ºn-lys).
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Temp = 20°C

Tryptophon Phenylalanine
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IO IOH- /
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Fig. 11. Comparison of the activities at 20° of species
homologous AAS isolated from morphine—tolerant-dependent
and paired placebo mouse brain—to aminoacylate species—he

e OllS enylalanyl- and tryptophyl-tRNA from rat brain.
All reaction conditions were identical to the experiments
presented in figure 8 with the exception, of the agiº”amino acid. In these studies 2,10/ml of 3H-try or 2H-phe was
added to the reaction in place of leu or lys. Each point
represents the mean dpm + S. E. M. of 5 reactions. Morphine
tolerant—dependent (O-try, e -phe). Placebo ( Cn-try, G -phe).
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Fig. 12. Comparison of the activities at 30° of species
homologous AAS isolated from morphine—tolerant-dependent
and paired placebo mouse brain—to aminoacylate species he
terologous phenylalanyl- and tryptophyl-tRNA from rat brain
All reaction conditions were identical to the experiments
presented in figure 11 except the temperature which was 309.
Each point represents the mean it S. E.M., of 5 reactions. Mor
phine tolerant—dependent (O-try, e -phe). Placebo (D-try,
- -phe).
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Fig. 13. Comparison of the activities at 32° or species
homologous AAS isolated—from morphine—tolerant-dependent

nd paired cebo mouse brain to aminoacylate species -

e Og"OllS enylalanyl- and t tophyl-tRNA from rat brain.
All reaction conditions were identical to the experiments Opresented in figure l l except the temperature which was 57°.
Each point represents the mean ± S. E. Ms of 5 reactions. Mor

phine #1-rant-dependent (O-try, e -phe). Placebo (D -try,-phe o
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magnitude of the difference in specific activity is de

pendent upon the conditions used for the reaction. When

the maximal aminoacylation was achieved (data given in

Section B2 Table 6) some reaction conditions for morphine

tolerant—dependent and placebo AAS were different for all

four amino acids tested. The reaction conditions at which

maximal aminoacylation were observed are presented in Table

I.

Comparison of the iso acceptor activity of species ho

mologous triNA isolated from morphine tolerant—dependent and

paired placebo mouse brain was examined by acylating the

tRNA with species heterologous rat brain AAS. This is the

converse of the experiments shown in Fig. 8-15. The results

of these experiments for leu and lys are presented in Fig.

111-16 and for phe and try in Fig. 17–19. Inspection of these

figures also indicates there were significant quantitative

differences in the isoacceptor activity (i.e. dpm of amino

acyl tRNA formed /ug triNA), of the tRNA isolated from mor

phine tolerant—dependent and placebo mouse brain. Both the

magnitude of the change and the direction of the change (drug

treated greater than or less than placebo) was dependent on

the reaction conditions. When the maximal aminoacylation

of tRNA was achieved (data given in Section B2 Table 6) the

reaction conditions for the drug treated tRNA were not the

same as placebo trºMA for lys, phe and try. The reaction con
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Table I

Mg ion concentration and temperature at which maximal

aminoacylation was observed

leu lys phe try

AAS tRNA Mg 9C Mg ºc Mg ºc Mg ºc
Morphine Rat 2 30 li 20 6 30 6 37
Mouse

Placebo Rat 6 30 6 37 6 37 8 37
Mouse

Rat Morphine 8 3O 2 23 8 37 2 23
Mouse

Rat Placebo 8 3O 8 23 || 37 l, 50
Mouse

These data were obtained from the experiments presented in
Fig. 8-19. They are the Mg ion concentration in ml■ and
temperature at which maximal aminoacylation was reached. The
actual dpm + S. E. M. for the corresponding reaction are shown
in Section B2 Table 6.
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i #

Fig. 14- Comparison of the isoacceptor activities at 23°
leucyl- and lysyl-tRNA isolated from morphine tolerant-de
pendent and paired placebo mouse brain. All reactions were
open to air at 23° in 50mM HEPES pH 7.35, 250mM Sucrose,
25mM KC1, 1 mM DTT, 2mM ATP. l;OOug/ml of AAS protein isola
ted from rat brain was incubated with 16ug tPNA/ml isolated
from morphine tolerant-dependent or paired placebo mouse
brain in the presence of 2,10/ml of radiolabelled leu or lys.
The Mg ion concentration was varied as indicated. All re
actions were terminated after 20 min by addition of 5 vol
umes of ice cold 5% TCA 1% unlabelled amino acid. Radio
labelled aminoacyl tRNA were collected by vacuum filtration
on glass fiber discs and radioactivity determined in a Beck
man LS 150 scintillation counter. Each point represents
the mean it S. E.M. of 5 reactions. Morphine tolerant-depen
dent (O-leu, e -lys). Placebo (El —leu, a -lys).
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Mg”(mM) Mg”(mM)

Fig. 15. Comparison of the isoacceptor activities at 30°
eucyl- and lysyl-tRNA isolated from morphine tolerant

pendent and paired placebo mouse brain. All reaction con
ditions were identical to the experiments presented in fig
ure 11, except temperature which was 30°. Each point rep
resents the mean ± S. E. M. of 5 reactions. Morphine toler
ant-dependent (O-leu, e -lys). Placebo (D-leu, ºn -lys).
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Fig. 16. Comparison of the isoacceptor activities at 370
leucyl- and lysyl-tRNA isolated from morphine tolerant-de
pendent and paired placebo mouse brain. All reaction con
ditions were identical to the experiments presented in fig
ure 1 l; except temperature which was 37°. Each point repre
sents the mean ± S. E. M. of 5 reactions. Morphine, tolerant
dependent (O-leu, e -lys). Placebo (G -leu, º, -lys).



161

15I- Temp = 23°C
Tryptophon 7F- Phenylalanine

Å,
l

■ Nº.
• OH- ■ $.
Q ! N
* | } %,-E *

à || || Sö
■ -->"

| | f
5H /■

■

! ##2"

2 4 6 8

Fig. 17. Comparison of the isoacceptor activities at 23°
of tryptophyl- and phenylalanyl-tRNA isolated from morphine
tolerant-dependent and paired placebo mouse brain. All
reaction conditions were identical to the experiments pre
sented in figure 1 l; with the exception 93 the radiolabelledamino acid. In these studies 2,10/ml of 2H-try or 2H-phe
was added to the reaction in place of leu or lys. Each point
represents the mean ± S. E.M. of 3 reactions. Morphine tol
erant—dependent (O-try, e -phe). Placebo (E -try, ºn -phe).
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Fig. 18. Comparison of the isoacceptor activities at 30°
of tryptophyl- and phenylalanyl-tRNA isolated from morphi
tolerant-dependent and paired placebo mouse brain. All re
action conditions were identical to the experiments presentedin figure 17 except temperature which was 50°. Each point
represents the mean ± S. E.M. of 5 reactions. Morphine tol
erant—dependent (O-try, e -phe). Placebo (E -try, ºn -phe).
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Mg” (mM) Mg” (mM)

Fig. 19. Comparison of the isoacceptor activities at O
f tryptophyl- and phenylalanyl-tRNA isolated from mo

tolerant-dependent and paired placebo mouse brain. All re
action conditions were identical to the experiments presented
in figure 17 except temperature which was 37°. Each point
represents the mean + S. E.M. of 5 reactions. Morphine tol
erant—dependent (0-try, e -phe). Placebo (E -try, G -phe).
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ditions at which maximal aminoacylation were observed are

presented in Table I. The reaction conditions which pro

vided maximal aminoacylation of leu cognate tRNA were the

same for both groups but there was approximately 55% more

leu-tRNA formed by the morphine treated group.

The data presented in the Appendix indicate that de

velopment of tolerance to and dependence on morphine results

in significant changes in aminoacylation the first step in

protein synthesis. These changes are apparent as quantita

tive increases in the specific activity of AAS isolated from

morphine tolerant—dependent mouse brain. The isoacceptor

tRNA activity of tRNA isolated from chronically morphinized

mouse brain was also greater than a similar placebo fraction.

The magnitude of the difference between morphine treated

and placebo groups was dependent on the reaction conditions

chosen for comparison of AAS and tRNA iso acceptor activity.

This was illustrated best by the results of the comparison

of phe iso acceptor tRNA shown in Fig. 17–19. If a single set

of reaction conditions had been chosen for comparison no sig

nificant difference in iso acceptor activity would have been

Observed. at 23°, irrespective of the Mg ion concentration

(Fig. 17). At 30° the isoacceptor activity of the placebo
tRNA was greater than the morphine treated tRNA at every con

centration of Mg" chosen (Fig. 18). Similarly, at 37° the
iso acceptor activity of the placebo triNA was significantly
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greater than the morphine treated tRNA at 2m!M Mg, but the

opposite was observed at 8mlº■ Mg (i.e. the isoacceptor ac

tivity of morphine treated tRNA was significantly greater

than placebo. Fig. 19). However, when a comparison of the

maximal iso acceptor tRNA activity observed under all con

ditions chosen, was made between morphine treated and pla–

cebo groups no significant difference was found in the amount

of phe-tRNA formed. Nevertheless, the Mg concentration at

which maximal aminoacylation was observed was lim!M for the

placebo group and 8mm for the morphine treated group (Fig.

19). Since the reaction conditions at which maximal amino

acylation was observed were different for the drug treated

group, it appears that chronic morphinization can affect the

regulation of the aminoacylation reaction. Similar effects

on the Mg requirement and temperature sensitivity of the AAS

and tRNA were observed with the other amino acids studied.

The Mg to ATP ratio and temperature at which maximal amino

acylation was observed for all experiments presented in Fig.

8–19 are summarized in Table I. The dpm of aminoacyl tRNA

formed under the conditions fiven in Table I are presented

in Section B2 Table 6.
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APPENDIX B

The Kinetics of *H-TGGPM in Situ
The rate of change in the collected perfusate levels

of peptide *H-TGGPM, dPP/dt, and total derived metabolites,
*H-M, di■ p/dt (at CPM per minute of collection) were measured

for the six in situ perfusions. Representative results are

given in Figure 21.

The in situ System can be described kinetically in Scheme

1,

k
k—- T; ; –-T Scheme Ip

where ko is the infusion rate, T3 s is the total 3H in situ,lS

k is an apparent first order rate constant associated with

perfusate removal of *is and "p is the total 3H collected

in the perfusate at any time. The amount of peptide infused

Po is given by

Po = kot', Eq.

where t' is minutes of perfusion with peptide. Scheme I

requires that at in finite time Po -
To.

The rate of change for "p in Scheme I is

dT/dt = kTis. Eq. 2

Thus, a plot of log dT/dt vs time should have the same
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shape as a plot of log "is vs time. Summing the data in

Fig. 21 provides such a plot.

The total 3H in situ and in the collected perfusate

at any time is given by

is 7 *is * *is , Eq. 5

and T = Ps + Mp, Eq. H.

where T is the total tritium and P and M refer to *H-TGGPM

and derived metabolites, respectively. The subscripts "is"

and "p" represent in situ and perfusate, respectively. Equa

tions 3 and l; can be used to expand Scheme I to Scheme II,

ke

ko --- Pi—H- PP
k w

m kem Scheme II
M. —|-> M

l. S p

Where *m is the first order rate constant for metabolism

and ke and kem are first order rate constants for perfusate

removal of P and M, respectively, from the perfused brain.

If metabolism Were fast relative to perfusate removal of M

from the brain (i.e. km2ken), then one would expect an in
situ build-up of *is during the perfusion; the ratio Pº/Mp
should be small (1) and changing throughout the infusion.

Inspection of Figure 21 shows that this was not the case. In

fact, Pr/Mp was large (5. 17) and constant during the in fusion
(Fig. 22). This suggests that perfusate removal of M from
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the brain (kem) was fast relative to metabolism, i. e. kem?
km. Under these conditions *is Will be Small, di■ ils/dt Will

approximately equal Zero during the infusion and

*is
-

**is/*en- Eq. H.
Since

di■ p/dt = kerº■ is Eq. 5

at all times, substitution of Eq. lf in Eq. 5 for the stated

conditions gives

dº/at
-

*mºis' Eq. 6

When Eq. 6 is valid, Scheme II may be simplified to Scheme

III.

kó-- *is Scheme III

For Scheme III

dT/dt
-

a(P, + M.)/at
-

(ke + km) Pis
-

kº is
Eq. 7

Integraion of Eqs. 6 and 7 yields
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t
Me = K.J. Pisdt Eq. 8

tand M, P = k■ : Pasat Eq. 9

The ratio of Eqs. 3 and 9 is

M M P - Hº - 1p/G, P,) = km/k Eq. 1 O

The value of k = (k, kg) reported above is 0.74 minº'
and M/CM, + Pº) from Fig. 22 is 0.76; *m may be calcu
lated and is

k = 0.177 minº' Eq. 1

which corresponds to a metabolic half-life of 0.693/km
or 5.9 min. This value is consistent With the estimate

of the metabolic half-life following intraventricular bolus

injections (Fig. 20).
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