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1 The stereoselective accumulation of x-methyl-p-tyramine (AMPT) and x-methyl-p-octopamine
(AMPO) in rat striatum and hypothalamus after acute and chronic administration ofthe (+ )-and (-)-
isomers of amphetamine (Amphet) and the acute administration of (+ )- and (-)-AMPT has been
investigated by chemical ionization gas chromatography mass spectrometry (c.i.g.c.m.s.).
2 Two h after the administration of (+ )- or (-)-AMPT (5 mg kg-' i.p.), the concentrations of the
isomers in striatal tissue were approximately equal; 18 h later, the concentration of the (+ )-isomer was
10 times that of the (-)-isomer.
3 The concentrations ofAMPO in the striatum and hypothalamus 20 h after administration of(+ )-
AMPT were 68 ng g-' and 484 ng g-' respectively. After the administration of the (-)-isomer of
AMPT, small quantities of AMPO were detected in both brain areas.

4 Twenty h after the last of 7 daily injections of (+ )-Amphet (5 mg kg- ', i.p.), the concentration of
AMPO in the hypothalamus was 5.4 times the concentration at 20 h after one injection. In the striatum,
the corresponding ratio for AMPO was 3.5 and for AMPT was 2.5.
5 These data indicate that, although both isomers of AMPT formed from Amphet administered
systemically, cross the blood brain barrier, the (+)-isomers AMPT and AMPO are preferentially
stored in striatal and hypothalamic aminergic nerve terminals.
6 The accumulations of AMPT and AMPO in rat striatum and hypothalamus after chronic
administration of Amphet demonstrates that these metabolites persist in neuronal storage in these
brain areas for days after administration. The half-lives of (+)-AMPT and (+)-AMPO in striatal
neuronal storage, calculated from this data, were 1.5 days and 2.5 days, respectively. The
corresponding half-life for hypothalamic (+)-AMPO was 7 days.
7 These findings suggest the involvement of accumulated AMPT and AMPO in the development of
behavioural augmentation to repeated injections of Amphet (Randrup & Munkvad, 1970).

Introduction

The effects of amphetamine (Amphet) on locomotor
and stereotype behaviour are generally accepted as
being mediated by an indirect action on dopaminergic
and noradrenergic neuronal systems in the brain
(Kuczenski, 1983). In the rat, 60% of Amphet is
metabolized by aromatic hydroxylation to a-methyl-
p-tyramine (AMPT) (Smith & Dring, 1970), a com-
pound which, in turn, is metabolized by the enzyme
dopamine-p-hydroxylase (DBH) to x-methyl-p-
octopamine (AMPO) (Axelrod, 1954; Sjoerdsma &
von Studnitz, 1963). The contributions of these

metabolites to the pharmacological actions ofAmphet
remain controversial.

It is generally assumed that AMPT formed mainly
in the periphery does not contribute to the actions of
Amphet as past work has suggested that the blood
brain barrier effectively limits sufficient systemically
formedAMPT from gaining access to catecholaminer-
gic neurones in the central nervous system (Kuhn et
al., 1978). However, it has been demonstrated that
these compounds can be sequestered in aminergic
nerve terminals (Lewander, 1971; Jori et al., 1979)
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where they displace both dopamine and noradrenaline
from neuronal sites (Taylor & Sulser, 1973). In in vitro
studies, Cho et al. (1975) have shown that AMPT
mimics some ofthe effects ofAmphet. Further, Taylor
& Sulser (1973) have demonstrated Amphet-like be-
havioural effects after intraventricular administration
of (+)- and (-)-AMPT and AMPO.

This evidence suggests that the accumulations of
AMPT andAMPO in rat brain after systemic adminis-
tration of Amphet should be examined further.
Accumulation of the isomers of AMPT and AMPO
into adrenergic neurones may help explain phen-
omena observed after repeated administration of
Amphet, such as behavioural augmentation (Segal &
Mandell, 1974; Browne & Segal, 1977).

In the present study, the extent of accumulation of
the isomers of AMPT and AMPO into rat brain
striatal and hypothalamic neurones, after acute and
chronic administration of the isomers of Amphet and
acute administration of the isomers of AMPT, has
been investigated.

Methods

Injections

Rats (male, Fullinsdorf, 250-350 g) were injected with
either the (+ )- or (-)-isomers of Amphet.
S04 (Smgkg' i.p.) or the (+)- or (-)-isomers of
AMPT.HCI (5mgkg-' i.p.) either 2 or 20h before
decapitation. In addition (+)- or (-)-Amphet was
administered every 24 h for 7 days, the last injection
being 20 h before decapitation.

Assay for AMPT and AMPO

Rats were first stunned, then decapitated. The hypoth-
alamus and striatum were dissected from ice-cold
brains and then homogenized in 0.4M HCLO4 (2 ml)
containing the deuterated internal standards (AMPT-
[2H9] and AMPO-[2H9]. The supernatant was prepared
for gas chromatographic chemical ionization mass
spectrometric assay of AMPT and AMPO as des-
cribed previously for octopamine and tyramine (Duf-
field et al., 1981). These a-methylated phenolamines
were then derivatized in ethyl acetate with penta-
fluoropropionic anhydride ((PFP)20) at 60°C for
30min (Duffield et al., 1981).

Instrumentation

Gas chromatographic separations were carried out
using a glass U-shaped column (length 1.8 m, i.d.
2mm) containing 3% OV-17 on Gas Chrom (100-120
mesh), maintained at 130°C for 1 min after injection
and then programmed at 12'C min-'. Methane served

as the g.c. carrier gas (flow = 20 ml min-1) and c.i.
reactant gas (ion source pressure = 0.8-0.9 Torr).
The retention time for AMPT-(PFP)2 (m/z 444) and its
deuterated analogue (m/z 453) was 3.0 min. For
AMPO-(PFP)3 (m/z 442) and its deuterated analogue
(m/z 451), the corresponding retention time was
2.1 min. Instrumental analyses were conducted with a
Finnigan 3200 Chemical Ionization Quadrupole
g.c.m.s. system (San Jose, California, U.S.A.) inter-
faced to the same manufacturer's Incos Model 2300
Data System. Selected ion monitoring (s.i.m.) was
used to record the ion contents of AMPT-(PFP)2 and
AMPT-[2H9J-(PFP)2 (m/z 444 and m/z 453) and
AMPO-(PFP)3 and AMPO-[2H9]-(PFP)3 (m/z 442 and
m/z 451), respectively. The method is capable of
measuring 20 pg of these compounds injected onto the
g.c. column.

Spectra

The positive ion methane chemical ionization mass
spectra of AMPO-(PFP)3 contains the following m/z
values (> 1% relative abundance): 442 (MH-
PFPOH)+ (100), 428 (7), 165 (3). For AMPT-(PFP)2,
the following m/z values (>1% relative abundance)
were observed: 444 (MH)+ (100), 280 (12), 190 (4).

Stereochemical impurities

The isomeric purity of the (+)- and (-)-isomers of
Amphet and AMPT administered to rats was deter-
mined by reacting each compound with tri-
fluoroacetyl-(-)-prolyl chloride (Gordis, 1966). The
resulting diasterioisomers were separated and
estimated by methane c.i.g.c.m.s. using selected ion
monitoring (Wiecek et al., 1979).

Adjustment ofAMPO concentrations to accountfor
isomeric impurity

The administered isomers were all contaminated with
small amounts of their opposite enantiomers. Thus,
(+ )-Amphet contained 1.6% of the (-)-isomer. To
adjust the experimental results for this isomeric im-
purity, the levels of AMPO were multiplied by 100/
98.4. Since the contribution of the (-)-isomer to the
production ofAMPO was very small in comparison to
the (+)-isomer, no further adjustment was made in
this instance. Similarly, (+ )-AMPO concentrations
obtained after administering (+ )-AMPT (which con-
tained 14% (-)-AMPT) were adjusted by multiplying
by 100/86.

In the case of the administered (-)-isomers, the
contribution of the (+)-isomeric impurity to the
production of AMPO was substantial. The (-)-
Amphet used contained 9.6% of the (+ )-isomer. The
(+)-Amphet contribution to the AMPO levels was
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calculated by determining 9.6% of the corresponding
AMPO concentrations obtained after (+)-Amphet
administration (adjusted as described above). This
was subtracted from the levels of AMPO obtained
experimentally after (-)-Amphet administration to
give the level ofAMPO formed from the (-)-isomer.
Further refinements did not significantly alter the
concentration obtained.

Similarly, adjustment for the 2% of (+)-AMPT
found in the administered (-)-AMPT was carried out
by subtracting 2% of the corresponding AMPO
concentrations observed after (+ )-AMPT administra-
tion (adjusted as described above) from the AMPO
concentrations measured after (-)-AMPT adminis-
tration.

Linearity of AMPO production with dose of (+ )-
Amphet, or (+)-AMPT was assumed. Kuhn et al.
(1978) demonstrated linearity between (+)-Amphet
concentration and AMPO production in brain slice
experiments.

Estimation ofthe terminal half-lives of
a-methylphenolamines using data on their
accumulation after repeated dosing

If uptake and distribution phases are negligible,
during repeated dosing, the ratio ofthe concentrations
of a drug in a single compartment at the same time
interval after the 1st and Nth dose is:

CN le Nkv
(1)

C1 I e-kt

where C, and CN are the concentrations of the drug at
the same time after the I st and Nth doses, k is the rate
constant of elimination and X is the dosing interval
(Gibaldi & Perrier, 1982). An approximate estimate of
k for each x-methylphenolamine in either striatum or
hypothalamus was made by substituting the ratio ofits
concentrations 20 h after the 7th and I st daily doses of
(+ )-Amphet (Tables I and 2) in equation 1.
The corresponding estimates of the terminal half-

lives were calculated from:

half-life = 0.693/k (2)

Statistics

Results are given as the mean and s.e.mean ofat least 6
results. They were analysed by means of Student's
two-tailed t test.

Materials

Dexamphetamine.SO4 ((+)-Amphet) was obtained
from USV, Australia, and (-)-amphetamine.SO4
((-)-Amphet) from Riker Laboratories, Australia.

The (+ )- and (-)-isomers ofAMPT.HBr (p-hydrox-
yamphetamine.HBr) were procured from Smith, Kline
and French, Philadelphia, Pa., U.S.A. AMPO.HCI (p-
hydroxynorephedrine.HCl) was purchased from
Aldrich Chemical Company, Milwaukee, Wisconsin,
U.S.A. The deuterated internal standards AMPT-
[2H9] and AMPO-[2H9] were prepared as described by
Duffield et al. (1983).

Results

Each of the isomers of Amphet and AMPT adminis-
tered in these experiments was found to contain, by
methane c.i.g.c.m.s. and selected ion monitoring, a
small amount of the opposite enantiomer. (+ )-
Amphet contained 98.4% of (+)-Amphet and 1.6%
of the (-)-isomer. (-)-Amphet consisted of 90.4%
and 9.6% of the (-)-and (+)-isomers, respectively.
(+ )-AMPT was made up of 86.0% of the (+ )-isomer
and 14.0% of the (-)-isomer, 98% of the (-)-AMPT
consisted of the (-)-isomer and the (+ )-isomer made
up 2%.

Using these data, the experimental determinations
of(-)-AMPO derived from each of these isomers was
adjusted to account for its enantiomeric impurity. No
corrections for stereo-chemical impurities were made
to brain concentrations ofAMPT because the adjust-
ments were small and made no difference to the
conclusions drawn from the results.
AMPT was found in the striatum 2 hand 20 h after a

single injection of (+ )-AMPT or (-)-AMPT
(5mg kg- ') (Table 1). At 2 h, the concentration of the
(+ )-isomer was similar to that observed for the (-)-
isomer. At 20 h, the concentration of the (+ )-isomer
was 10 times greater than the (-)-isomer. Further,
20 h after both acute and the last of 7 daily injections of
(+ )- and (-)-Amphet (5mg kg-' i.p.), greater con-
centrations ofAMPT are found in the striatum after
the (+ )-isomer than the (-)-isomer (Table 1). In the
hypothalamus, much lower concentrations of both
(+ )- and (-)-AMPT were found 2 h after the admin-
istration of (+)- or (-)-AMPT (5mgkg-'), respec-
tively (Table 1). Eighteen h later, no AMPT could be
detected in the hypothalamus.
AMPO was clearly demonstrated in both hypoth-

alamus and striatum 2 h and 20 h after acute adminis-
tration and 20 h after the last of 7 daily injections of
(+ )-Amphet (5 mgkg' i.p.) (Table 2). In contrast,
the hypothalamic and striatal concentrations of (-
AMPO following administration of (-)-Amphet
(5mg kg-' i.p.) were zero (Table 2).
AMPO was also clearly demonstrated to be present

in hypothalamic tissue 2 and 20 h after the administra-
tion of (+ )-AMPT (Table 2). However, in contrast to
the (-)-isomer ofAmphet, administration of the (-)-
isomer ofAMPT (5mg kg-' i.p.) resulted in measura-
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Table 1 Concentration of cE-methyl-p-tyramine (AMPT) in rat brain regions at different times following the
administration (i.p.) of the stereoisomers of AMPT (5mg kg-') and amphetamine (Amphet, 5 mg kg- ')

AMPT?

Region

2h
after I

Treatment injection

20 h
after I
injection

20 h
after
7 daily

injections

(+ )-AMPT
(-)-AMPT
(+ )-Amphet
(-)-Amphet
(+ )-AMPT
(-)-AMPT
(+ )-Amphet
(-)-Amphet

253 ± 56
224 ± 42
29 ± 3
16±2
22 ± 3
46 ± 3
<I
<I

148± 60
14.2 ± 4.6
14± 1
2.2 ± 0.1

ND
ND

35±4
5.7 ± 0.3

<1 ND
<1 ND
<1 <1
<1 <1

*Concentrations are expressed in ng g-' of wet tissue and are the mean and s.e.mean of at least 4 results.
ND - not determined.

ble quantities ofAMPO in both striatum and hypoth-
alamus at 2 and 20 h after the injection.

Chronic administration of the isomers of Amphet
(5mg kg-' i.p.) lead to considerable accumulation of
its hydroxylated metabolites in the brain. Thus, 20 h
after the last of 7 daily injections of (+ )-Amphet, the
striatal concentration of (+ )-AMPT was 35 ng g-', a
2.5 fold increase over its concentration 20 h after one
injection. Though the levels were much lower, the (-)-
isomer of AMPT accumulated similarly (ratio 2.6).
For striatal (+ )-AMPO, the corresponding ratio was
3.5 and for hypothalamic (+)-AMPO, it was 5.4

Discussion

Studies using [3HJ-AMPT (Groppetti & Costa, 1969;
Kuhn et al., 1978) or chemical assay methods includ-
ing mass fragmentography (Cattabeni et al., 1973;
Danielson & Boulton, 1976) have demonstrated that
(+)-Amphet is hydroxylated in rat liver to form
AMPT which, in turn, is metabolized by the enzyme
dopamine P-hydroxylase (EC 1.14.2.1, DBH) in amin-
ergic nerve terminals to AMPO. The present work,
using a highly sensitive and specific method of estima-
tion (c.i.g.c.m.s.) has confirmed these previous

Table 2 Concentrations of x-methyl-p-octopamine (AMPO) in rat brain regions at different times following the
administration (i.p.) of the stereoisomers of a-methyl-p-tyramine (AMPT, 5 mg kg) and amphetamine (Amphet,
5mgkg-')

Region

Striatum (+)-AMPT
(-)-AMPT
(+ )-Amphet
(-)-Amphet

Hypothalamus (+ )-AMPT
(-)-AMPT
(+ )-Amphet
(-)-Amphet

*Concentrations are expressed in ng g-' of wet tissue and are the mean and s.e.mean of at least 6 results.
ND - not determined.
**20 h after the last of 7 daily injections.

Striatum

Hypothalamus

AMPO*

2h
after I

Treatment injection

20 h
after I
injection

68 ± 21
1.6 ± 0.6
8± 1

0

484± 107
11 ± 3
48 ± 4
0

36± 10
2.3 ± 0.6

5± 1

0

396 ± 97
17 ± 2
38 ± 6
0

20h**
after 7
daily

injections

ND
ND

28 ± 3
0

ND
ND

257± 13
0
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observations and extended them by demonstrating the
stereo-selective accumulation and metabolism of (+ )-
and (-)-AMPT in both rat striatal and hypothalamic
tissues. Further, it has demonstrated that accumulated
AMPT andAMPO persist in the striatum and hypoth-
alamus for days.

Thus, although the striatal concentrations of both
the (+)- and (-)-isomer of AMPT were equal 2 h
after administration of the isomers, by 20 h the striatal
concentration of the (+ )-isomer (148 ng g-) was 10
times that of the (-)-isomer (14.2ngg-', Table 1).
This indicates that, after systemic administration,
both the (+)- and (-)-isomers of AMPT cross the
blood brain barrier but suggest that the (+ )-isomer is
preferentially stored in the striatum.

Jori et al. (1979), using chemical and electrolytic
lesions, have clearly demonstrated that AMPT is
stored in dopaminergic nerve endings. Further, in in
vitro experiments, AMPT uptake in striatal slices is
inhibited by dopamine, Amphet and cocaine indicat-
ing that the dopamine uptake system is involved in the
accumulation ofAMPT (Cho et al., 1975). The present
findings suggest that the accumulation ofAMPT in rat
striatal dopaminergic neurones is highly stereo-selec-
tive for the (+)-isomer.
The original observations of Goldstein & Anag-

noste (1965), using radiochemical methods, suggested
that the (-)-isomer of AMPT derived from (-)-
Amphet was not a substrate for DBH in the brain.
Using the c.i.g.c.m.s. assay described in this paper
(sensitivity 20pg), no (-)-AMPO was detected in
either hypothalamic or striatal tissue after the admin-
istration of(-)-Amphet. However, after the adminis-
tration of (-)-AMPT (5 mg kg-' i.p.), AMPO was
detected in rat hypothalamus and striatum (Table 2).
At 2 h after administration of AMPT, the concen-

tration ofAMPO derived from the (-)-isomer was 1/
20 that formed from the (+)-isomer. This demon-
strates that the (-)-isomer ofAMPT is a substrate for
DBH, although, compared to the (+ )-isomer, a
relatively poor one (Table 2). The presence of
stereoselective uptake for AMPT into striatal tissue
demonstrated in the present work raises the possibility
that poor uptake into aminergic neurones may be one
of the reasons that (-)-AMPT is poorly converted to
(-)-AMPO by DBH. By 20 h, the level of AMPO
formed from (- )-AMPT had decreased to less than 1/
40 that formed from (+ )-AMPT suggesting that (-)-
AMPO is also less readily taken up into aminergic
neurones than (+ )-AMPO.

Determinations of the half-lives of (+ )-AMPT and
(+ )-AMPO in rat brain have been made. After
intraventricular administration of (+)-AMPT and
(+ )-AMPO, their half-lives in whole brain were
calculated to be 1.3 h and 2.1 h, respectively (Taylor &
Sulser, 1973). These were estimated from data collec-
ted over a period of 5 h after administration. Lewan-

der (1971) determined the half-life of (+)-AMPO in
whole brain, after the administration of (+)-AMPT
(20mg kg-' i.p.), to be 20-24 h. This determination
was made with data collected over 24 h after adminis-
tration.

In this project, repeated daily dosing with (+)-
Amphet leads to dramatic increases in the striatal and
hypothalamic concentrations of these metabolites. A
comparison of the concentrations of striatal (+)-
AMPT at 20 h after one dose and 20 h after the last of7
daily doses suggests that the half-life in the striatum of
that left 20 h after administration (terminal half-life) is
much longer than those calculated for whole brain
over a short period of time.

Using these results in the formula of Gibaldi &
Perrier (1982), the terminal half-life of (+)-AMPT in
the striatum was calculated to be of the order of 1.5
days. Using the corresponding data from Table 2, the
terminal half-lives of (+ )-AMPO in the striatum and
hypothalamus are approximately 2.5 and 7 days,
respectively. These long terminal half-lives suggest
that a fraction of the a-methylated phenolamines
which enters or is formed in these brain areas persists
in neuronal storage for days.
The long terminal half-lives of a-methylated-phen-

olamines in striatum and hypothalamus and their
resultant accumulation after chronic administration
of (+)-Amphet suggest they may play a role in
behavioural augmentation ofAmphet. However, both
the isomers of Amphet elicit stereotype behaviour
(Browne & Segal, 1977). Therefore, the comparative
lack of AMPO after administration of either (-)-
Amphet or (-)-AMPT (Table 2) suggests that the a-
methyloctopamines are not important in eliciting
stereotype behaviour. In the case of AMPT, the
present study clearly shows that it is stereoselectivity
accumulated into the striatum (Table 1). Twentyh
after the administration of (+)-Amphet (5mg kg-'
i.p.), the striatal concentration of (+ )-AMPT was 6
times the concentration of(-)-AMPT following (-)-
Amphet (5mg kg-' i.p.) administration (Table 1).
Browne & Segal (1977) have shown approximately
equal increases in stereotype behaviour in rats given
either (+ )-Amphet (2.5 mg kg-' i.p.) or (-)-Amphet
(12mg kg-' i.p.). Also, intraventricular administra-
tion of (+ )- and (-)-AMPT has been shown to elicit
stereotype behaviour in rats (Taylor & Sulser, 1973).
Further, in this laboratory, we have demonstrated that
pretreatment ofrats with (+ )-AMPT (10 mg kg-' i.p.)
24 h before administration ofAmphet (4mg kg-' i.p.)
enhances the stereotype behaviour induced by
Amphet (unpublished observations). These findings
suggest a role for the a-methyltyramines in stereotype
behaviour.

In summary, the accumulation and persistence of
hydroxylated metabolites of Amphet in aminergic
neurones in rat striatum and hypothalmus indicates
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that these metabolites may have a role in eliciting the
enhanced behavioural responses caused by the re-
peated administration of either (+ )- or (-)-Amphet.
The much more favourable accumulation of (+ )-

AMPO over (-)-AMPO suggests the ox-methyloc-
topamines play, at most, a minor role. However, the
effectiveness of (+)- and (-)-Amphet in eliciting
behavioural augmentation parallels the levels of

accumulation of their metabolites (+)-AMPT and
(-)-AMPT, respectively. Both the a-methyltyramines
may contribute to the eliciting ofbehavioural augmen-
tation.

Financial support from the National Health & Medical
Research Council of Australia is gratefully acknowledged.
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