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Abstract- The stercosclectivity of d- and l-amphetamine for uptake, release and catabolism of biogenic
amines was studied in vitro in three regions of rat brain. The d-isomer was about two times more
potent than the /-isomer in inhibiting uptake and releasing biogenic amines from chopped cerebral
cortex labeled with norepinephrine and midbrain labeled with 3-hydroxytryptamine. On the other
hand. the d-isomer was five times more potent than the l-isomer in inhibiting the uptake and releasing
[*H]dopamine from nerve terminals of corpus striatum. When the relative potencies of amphetamine
on uptake and release were compared, it was found that approximately 11-fold higher concentrations
of both isomers were required to release dopamine compared to their ability to inhibit neuronal uptake.
Only 4-fold higher concentrations of both isomers of amphetamine were required to release [*H]nore-
pincphrine compared to their ability to inhibit neuronal uptake. Approximately equal concentrations
of the two isomers released and inhibited neuronal uptake of 5-hydroxytryptamine. With high concent-
rations {107 * M). the d-isomer of amphetamine was more effective than the [-isomer in inhibiting
monoamine oxidasc activity in synaptosome-{ree homogenates of cerebral cortex tissue. These results
indicate that the dopamine nerve terminals of the corpus striatum possess greater stereoselectivity
toward amphetamine than either the norepinephrine nerve terminals of cerebral cortex or 5-hydroxy-

tryptamine ncurons of midbrain.

Amphetamine is thought to produce its behavioral
effects by intcractions with central neurons containing
the putative neurotransmitters, narepinephrine, dopa-
mine and S-hydroxytryptamine [1.2]. The effects of
amphetamine on these neurons include: release of the
amine from the nerve terminal [3-6]. inhibition of
neuronal uptake of the amine [3.7-9] and. in high
concentrations. inhibition of oxidative deamination of
the amine by monoamine oxidase [10-12]. These ac-
tions tend to increase the concentration of the puta-
tive neurotransmitter in the vicinity of the post-synap-
tic receptor. It is the enhanced activation of the post-
synaptic receptor by the neurotransmitter which pre-
sumably leads to behavioral changes.

Numerous studies have indicated that inhibition of
neuronal uptake of norepinephrine and dopamine by
d- and l-amphetamine is stercosclective and that the
stercosclectivity varies with different regions of the
brain [13-17]. Since ncurons containing dopamine
and norepinephrine have different regional distribu-
tions in the brain, this difference in stereoselectivity
has been attributed to differences between these two
types of neurons. The differences in the potencies of
d- and {-amphectamine on neuronal uptake into dopa-
mine- and norepinephrine-containing nerve terminals
have been used as a means for determining the role
of these two groups of neurons in mediating specific
behavioral cffects of amphetamine [18.197. Much less
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is known about the stereoselectivity of amphetamine
for: (1) uptake of amines into S-hydroxytryptamine
nerve terminals, (2) rclease of amines from all three
groups of nerve terminals, and (3) oxidative deamina-
tion of the three amines in tissues containing the three
types of neurons. Since it is probable that these ac-
tions are also involved in mediating the behavioral
effects of amphetamine. the present study was de-
signed to compare the effects of d- and l-amphetamine
on inhibition of neuronal uptake to their effects on
release and catabolism in three brain regions. cach
with different distribution of norepinephrine, dopa-
mine and 5-hydroxytryptamine nerve terminals. The
aim will be to examine whether the effects of amphe-
tamine on these three processes can be distinguished
in the three types of ncurons. using stereoselectivity
of the amphetamine isomers as the experimental tool.

METHODS

Release of biogenic amines by d- and l-amphetamine.
The procedure for studying release of biogenic amines
has been previously described [5.6]. The method in-
volved incubating chopped brain tissue with 107°M
of cither [*H-dl]-norepinephrine (8 uCi), [*H]dopa-
mine (1-0 Ci) or [*H-5}hydroxytryptamine (12 pCi).
The *H-amine was accumulated within the nerve end-
ings. the unbound and nonspecifically bound *H-
amine was washed from the tissue and the *H-amine
was released into the incubation medium after incu-
bationwithd-and l-amphetamine. *H-catecholaminesin
the tissue and medium fractions were separated from
*H-deaminated metabalites by cation-exchange chro-
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matography on Dowex 50, Na* [20]. [*H-5]hydroxy-
tryptamine was separated from its principal *H-dea-
minated metabolite, [?H-5]-hydroxyindoleacetic acid.
by extraction of the metabolite into ether from acidi-
fied samples [2.21].

The protein content per sample was determined by
the Biuret method [22] and both medium and tissue
radioactivitics were based on the amount of tissue
(mg protein} present in the sample. The results were
generally expressed as a percentage of *H-amine in
the incubation medium calculated as:

SH-amine in medium x 100

(*H-amine in medium) + (*H-amine in tissue)

The k¢, (median effective concentration) for release
was estimated as the concentration of drug which
gave half the maximal response (adjusted for “spon-
tancous release™). Statistical comparisons were made
by Student’s r-test.

Monoamine oxidase activity. The method of Way-
mire er al. [23]. as modified by Wenger and Rut-
ledge [24]. was used. This involves incubation of 1:5
homogenatcs of rat cerebral cortex with ['*Cltrypta-
mine (5 x 107 * M) and measurement of the forma-
tion of [**CTindoleacetic acid. the deaminated prod-
uct of ["*CTryptamine. After the initial incubation,
["*Cindoleacctic acid was extracted from acidified
tissuc extracts into toluene. and the radioactivity in
the toluene phase was determined by liquid scintilla-
tion spectrometry.

Inhibition of uptake of biogenic amines by d- and
l-amphetamine. Uptake and accumulation of biogenic
amines into chopped brain tissue were measured by
a method described by Ziance et «l. [5]. The chopped
tissue was washed and suspended in the physiological
medium and an aliquot of this suspension was incu-
bated with various concentrations of - and /l-amphe-
tamine for 10 min. Either [*H]norcpinephrinc
(0:76 uCi), [*H]dopaminc (0-1 pCi) or [*H-5]hydroxy-
tryptamine (1-7 uCi} was added to the incubation me-
dium to attain a final concentration of 1077 M. The
incubation was continued for 5 min and the uptake
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and accumulation of the *H-amine were terminated
by centrifugation at 4 . The radioactivity in tissue and
medium extracts was determined by liguid scintilla-
tion spectrometry. Uptake was calculated by deter-
mining the tissue/medium (T/M) ratio [(dis.;min g of
tissue)/(dis./min/ml of medium)].

Substances. The d- and Famphetamine sulfate were
obtained from Smith. Kline & French Lab.. Philadel-
phia. Pa. The optical rotations of d- and l-ampheta-
mine were determined to be as specified using a Cary
model 60 spectropolarimeter.  [PH-d{]norepineph-
rine-[7-*HJhydrochloride (77 to 13 Ci‘m-mole).
[*H]dopamine hvdrochloride (0-5Ci'm-mole) and
[*H-5]hvdroxytryptamine creatinine sulfatc mono-
hydrate (85 Ci/m-mole) were obtained from Amer-
sham/Scarle Corp.. Arlington Heights, 1L [YH-d[]-
norepinephrine-[ 7-*H]bitartratc (42 to 91 Ci'm-
mole) and f-indoleacetic acid-[5-*H] (29 Cim-molc)
were obtained from New England Nuclear Corp..
Boston. Mass. S-Hydroxytryptamine creatinine sul-
fate complex was obtained from Sigma Chemical Co..
St. Louis. Mo. d./-Arterenol (norepinephrine} hydro-
chloride and 3-hydroxytyramine (dopamine) hydro-
chloride were obtained from Calbiochem. Los An-
geles. Calil.

RESULTS

Release of biogenic amines by d- and l-amphetamine.
[*H norepinephrine was released by both isomers of
amphetamine from chopped cerebral cortex which
had previously accumulated the *H-amine (Fig. 1)
The concentration cffect curves for d- and -ampheta-
mine differed only at 107" M, where the d-isomer re-
leased a greater proportion ol [*H]norcpinephrine.
The 1y, for d-amphetamine (80 + 140 x (077 M)
was not statistically different (P > (-05} from the 1y,
of l-amphetamine (17 £ 05 x 107" M). In contrast,
d-amphetamine was considerably more potent than
the [-isomer in releasing [*H]dopamine lrom dopa-
min¢ neurons of the corpus striatum (Fig. 2). The tcy,
for d-amphetamine (1-1 + 03 x 10 * M) was signifi-
cantly lower (P < (-05) than that of [-amphetamine
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Fig. 1. Relasc of [*H]norepinephrine from chopped rat cerebral cortex by d- and [-amphctamine.
Neurons were labeled by incubation of the tissue with [*H]norepinephrine, The tissue was washed
and incubated for 30 min in the presence or absence of d- or l-amphetamine. The deaminated metabo-
lites were separated from the amines by cation-exchange chromatography. The proportion of nore-
pinephrine released into the incubation medium was calculated as norcpinephrine in the medium
(100)/total norepinephrine. Tritium in tissue and medium fractions represents 548 + ]-0‘ X ll(lj_ dis.;
min/mg of protein. The values represent the mean + S.E.M. of three experiments. The asterisk indicates
d-am-phetamine different from famphetamine, P < 005,
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Fig. 2. Releasc of [*H]dopamine from chopped rat corpus
striatum by - or lamphetamine. Neurons were labeled
by incubating the tissue with [*H]dopamine. The tissue
was washed and incubated for 30 min in the presence or
absence of d- or l-amphetamine. The deaminated metabo-
lites were separated from the amines by cation-exchange
chromatography. The proportion of dopamine released in-
to the incubation medium was calculated as dopamine in
the medium x [00/total doapmine. Tritium in tissue and
medium fractions represents 29:3 + 1-5 x 10° dis./min/mg
of protein. The values represent the mean + S.EM. of
four experiments. The asterisk indicates d-amphetamine sig-
nificantly different from lamphetamine. P < 005: the
double asterisk indicates d-amphetamine significantly dif-
ferent from {-amphetamine, P < 0-01.

{61 + 22 x 107 ° M). Higher concentrations of both
isomers were required to release [*H]dopamine than
were required for release of [*H]norepinephrine.
Another difference between the two types of exper-
iments is that the maximum release of {*H]dopamine
was considerably greater than the maximum release
of [*H]norepinephrine. High concentrations of both
isomers of amphetamine also released [*H-5Thydroxy-
tryptamine from midbrain tissue in a concentration-
related manner (Fig. 3). The ic,, for the d-isomer
(26 + 0-5 x 107 * M)was significantly lower (P < 0-05)
than that of the l-isomer (71 + 23 x 107> M).

Effect of d- and l-amphetamine on monoamine oxi-
dase activity. In experiments on the release of *H-
amines from chopped brain tissue, the formation of
*H-deaminated metabolitcs of each of the three *H-
amines was reduced by high concentrations (107 * M)
of amphetamine. To evaluate further the cffect of high
concentrations of both isomers of amphetamine on
monoamine oxidase, enzyme activity was measured
in homogenates of cerebral cortex free of synap-
tosomes {nerve endings). When ['*Cliryptamine
was used as a substrate for monoamine oxidase, d-
amphetamine was much more potent
(IC50. 46 £ 02 x 107*M) than the [-isomer (ICs,.
40 + 02 x 107* M) in inhibiting oxidative deamina-
tion {not shown). The 1Cs, values were significantly
different at P < 0-:0l. It should be noted that very
high concentrations (0-1 to 10 mM) of both isomers
were required to inhibit monoamine oxidase.

Inhibition of neuronal uptake by d- and l-ampheta-
mine. Both «- and l-amphetamine inhibited ncuronal
uptake of [*H]norepinephrine into neurons of cere-
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bral cortex with d-amphetamine having a greater of-
fect only at 107" M (not shown). The 1C5, for d-am-
phetamine (1-7 + 05 x 107" M) was significantly
lower (P < 005) than that of [-amphetamine
46+ 07 x 1007 M)

The differences between the two isomers in inhibit-
ing the uptake of [*H}dopamine into dopaminc nerve
terminals of the corpus striatum (not shown) were
greater than those observed for [*H]norepinephrine
and norepinephrine nerve terminals. d-Amphetamine
IC50. 1'0 £ 02 x 107" M) was greater than five times
more potent (P < 0-01) than the [isomer (1Csq,
54 + 0-8 x 107 °M) in inhibiting uptake into dopa-
mine neurons. Higher concentrations of both isomers
also inhibit uptake of [*H-5]hydroxytryptamine into
neurons of the midbrain (not shown). Although the
d-isomer was more potent than the [-isomer in this
system, the differences were not as great as those seen
in the dopamine system. The 1€, for J-amphetamine
{28 £ 02 x 107°M) was significantly  lower
(P < 0-05) than that of l-amphetamine (66 + 12
x 1073 M.

A summary of the potencies of d- and l-ampheta-
mine on uptake and release can be seen in Table I
The ratio of the potencies of d- to l-amphetamine
on both uptake and release are 2-1 to 27 in nore-
pinephrine nerve terminals of the cerebral cortex and
S-hydroxytryptamine nerve terminals of the midbrain.
The ratio of the potencies of the two isomers on up-
take and release in dopamine nerve terminals of cor-
pus striatum is 54 to 5-5. The relative cffects on up-
take versus release can also be seen in Table 1. In
norepinephrine nerve terminals, approximately 4-fold
higher concentrations are required for release as com-
pared to inhibition of uptake. In dopaminc nerve ter-
minals. the ratios are 11-fold, while in 5-hydroxytryp-
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Fig. 3. Release of [*H-5Jhydroxytryptamine from chopped
rat midbrain by d- or l-amphetamine. Neurons were la-
beled by incubating the tissues with [¥H-5]hydroxytrypta-
mine. The tissue was washed and incubated for 30 min
in the presence or absence of d- or l-amphetamine. The
deaminated metabolites were separated from the amines
in the tissue and medium fractions by extraction of the
metabolites into ether. The proportion of 5-hydroxytrypta-
mine released into the incubation medium was calculated
as S-hydroxytryptamine in the medium x 100/total 5-hyd-
roxytryptamine. Tritium in ftissuc and medium fractions
represents 157-5 + 53 x 10° dis./min/mg of protein. The
values represent the mean + S.E.M. of five experiments.
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Table 1. Effects of d- and l-amphetamine on uptake and release of biogenic amines from isolated brain tissuc*

Uptake Release Ritio of patenuies
- R —— e . B e e I — Uptake: Release
.y, Ratio of porencies T, Ralio o patencivs - s o e -
Tissue d-Amp -Amp L d-Amp I-Amp i d-Amp i~Amp
‘H-N}
Cercbral vortex 017 + S de - 07 7 (SIS V74 es 2 37 7
TH-DA
Corpus striafum P~ 02 Seb oo RN 34 g3 b - 22 28 Tt i
*H-S-HT
3 27 193 1-f

Midhrain N -2 66+ 12 a4 26 4 5 7.

¢ v

FAmp. amphetamine: NIL nporepinephrine: DAL dopamine: S-HT. Sehydroxytryptamine, The g, and 105, values are expressed as oM concentrations,
Pack value ropresents the mean £ SE MO of thice 1o five salues. Ratos of potencies i were ealeulated ast {10, o 10g, of the Fsomer e, or jo¢
of the d-romer] since the the petency is related W the reciprocal of the 10, or i«

taminc nerve terminals, approximately equal concent-  observations have been ascribed [16] to the difficulty
rations are required for uptake and release. These ra-  in performing kinetic experiments in systems where
tios were observed for both the - and somers. uptake and accumulation arc relatively low, such as
the uptake of norepinephrine into cercbral cortex tis-
sue from roserpine-treated animals.

It is possible that release was primarily duc to inhi-

The experiments on uptake and release of the three  bition of neuronal uptake of spontancously released
amines mnto the three tissues assume selectivity of up-  amines. since the ratios of potencies of the two
take of each amine into ncurons containing the res-  isomers on uptake paralicled those on release. How-
pective endogenous amine. Snyder and Coyle [25] ob-  cver. this does not appear to be the casc for nore-
served that [?H]norepinephrine was selectively accu-  pincphrine neurons of cerebral cortex. since in a pre-
mulated in regions of the brain containing predomi-  vious study [27] desipramine and cocaine were much
nantly norepincphrine neurons rather than dopamine  more effective as inhibitors of neuronal uptake than
neurons, while dopamine was selectively accumulated  in releasing [*Hnorepinephrine from the tissue. In
in the corpus striatum with a K, which was one-Afth  S-hydroxytryptamine neurons, the concentrations of
of that for [*H]norcepinephrine in this tissue. Shaskan  both isomers which arc required for release are ap-
and Snyder[26] observed the accumulation of proximately the same as those for inhibition of up-
[*HInorepinephrine and [*H-5]hydroxytryptamine in  take. In this system, it is possible that the apparent
six regions of rat brain and found that the difference  inhibition of ncuronal uptake is due to release of re-
in the accumulation of the two amines was most strik-  cently accumulated [FH-5Thydroxytryptamine.
ing for midbrain. In a previous study from this labor- It is also possible that the stercospecificity of am-
atory [6]. sclectively of uptake and release was exum-  phetamine for uptake and release is conferred by the
ined by the addition of unlabeled biogenic amine dur-  stercosclective uptake of amphetamine into the neur-
ing cither the uptake or release phase of the exper-  on. That is. amphetamine could be accumulated into
iment. The results indicated selectivity in release as the neuron by the same mechanism that transports
well as m uptake for cach of the three amines. al- the biogenic amine into the ncuron. If this were the
though there was some overlap between norepineph-  case. then the affinity of - and lamphctamine for
rine and dopamine neurons. the amine uptake site might determine the stereospe-

Dopaminc nerve terminals of the corpus striatum  cificity of amphetamine for release of *H-amines. The
appear to have stercosclective characteristics which  neuronal uptake of amphetamine into nerve endings
differ from those of norepinephrine and S-hydroxy-  of brain tissuc slices and homogenates has been diffi-
tryptamine neurons. The d-isomer of amphetamine  cult to demonstrate. presumably because of nonspeci-
was about five times more potent than the lisomer  fic tissue binding of amphetamine which could mask
in releasing ["H]dopamine as well as in inhibiting  specific ncuronal uptake [27 30]. However. using a
neuronal uptake. The differences between the two  more purified preparation of nerve endings (synapto-
isomers in norepinephrine and S-hydroxytryptamine  somes). it has been possible 10 show that neuronal
nerve terminals were only 2-fold. The relative poten-  uptake of [*HJamphetamine is temperature sensitive
cies of the two amphetamine isomers on release in - and that the uptake of [*HJamphetamine can be an-
norepinephrine and dopamine nerve terminals are  tagonized by sclective inhibitors of neuronal uptake
consistent with those obtained in previous studies on such as desipramine and cocaine [27.31]. Cocaine and
relcase  of  exogenous  ['Hnorepinephrine  and  desipramine also decrease the potency of d-ampheta-
[*H]dopamine in various regions of brain [5.14]. The  mine as a releasing agent [27]. Tt was suggested [27]
results on inhibition of uptake into dopamine and  therefore that antagonists of norepinephrine uptake
norcepinephrine nerve terminals are also consistent  decrcase the potency of amphetamine in releasing
with those of scveral other investigators[14-17]:  norepinephrine by inhibiting the uptake of ampheta-
however. the results differ from those of Coyle and  mine into the neuron.
Snyder [13] and Taylor and Snyder [18]. who found The effect of amphetamine to inhibit oxidative dea-
in kinctic studies that the two isomers were equipo-  mination could be due to inhibition of the ncuronal
tent in dopamine nerve terminals. but that there was  uptake transport system. which could reduce the con-
a 10-fold greater effect of the d-isomer in norepineph-  centration of the biogenic amine in the vicinity of
rine nerve terminals. The differences between the two  intrancuronal monoamine oxidase. This has  been

DISCUSSION



Amphetamine isomers on amine uptake and release

shown to occur with low concentrations of ampheta-
mine in uptake experiments [ 12]. However. the reduc-
tion in oxidative deamination in the release exper-
iments occurred with concentrations of amphetamine
which were much higher than those which released
biogenic amines or those in which uptake was inhi-
bited. Furthermore, inhibition of oxidative deamina-
tion of tryptamine in synaptosome-frec homogenates
suggests that the stereoselectivity of high concent-
rations of amphetamine is directly on the enzyme.
monoamine oxidase. Sincc the stercoselectivity oc-
curred with all three biogenic amines as well as with
tryptamine. it is not likely that the stereosclectivity
is confined to onc of the several forms of monoamine
oxidase [32.33].

Although it is difficult to extrapolate from data in
vitro on release and neuronal uptake to changes in
behavior, it has been argued that the effect of amphe-
tamine on locomotor activity is duc to activation of
norepinephrine neuronal systems. since the ratios of
the potencies of d- and [-amphetamine on both neur-
onal uptake and locomotor activity were 10-fold.
while those on stercotyped behavior and uptake into
dopaminc neurons were only 2- to 5-fold [18]. The
results of the present study as well as those of oth-
ers [ 34 37] suggest. however. that both dopamine and
norepinephrine neurons arc probably involved in the
increase in locomotor activity produced by ampheta-
mine.

The hypothesis that dopamine neurons rather than
norephinephrine neurons mediate the amphetamine-
imduced stereotyped behavior is consistent with the
data of this study [38-41]. We found d-amphetamine
to be 54 times more potent than [-amphetamine in
inhibiting the accumulation of [*HJjdopamine into
corpus striatum. In addition, Scheel-Kruger [38]
showed that d-amphetamine is six times more potent
than [-amphetamine in inducing stereotyped behavior
in rats not pretreated with a monoamine oxidase in-
hibitor. Because of this correlation, it is possible that
amphetamine induces stercotyped behavior by activ-
ating dopamine ncurons,
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