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Abstract—The ability of a compound to block norepinephrine accumulation or po-
tentiate amphetamine action has been used in the past to evaluate antidepressant activity.
The results presented here indicate the limitations of this approach. prL-erythro-a-(3,4)-
dichlorophenyl)-8-(#-butyl amino) propanol HCI (B.W. 65-54), desmethylimipramine
and iprindole, three compounds having antidepressant activity, all potentiate amphet-
amine action, but this effect is due to inhibition of amphetamine metabolism. Iprindole,
a potent antidepressant in man, and B.W. 65-54 do not affect the levels of *H-nore-
pinephrine in the rat heart while, as is well known, desmethylimipramine does.

ReceNT studies in our laboratory have indicated that pL-erythro-a-(3,4-dichloro-
phenyl)-B-(-butyl amino) propanol HCl (B.W. 65-54§), a compound structurally
(Fig. 1) similar to dichloroisoproterenol, potentiates and prolongs the locomotor
activity of amphetamine. Sulser ef al.! and Consolo et al.? have shown that the po-
tentiation of the CNS activity of amphetamine by desmethylimipramine results from
the inhibition of amphetamine metabolism. Desmethylimipramine and imipramine
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Fi16. 1. Structural formula for pr-erythro-u-(3,4-dichlorophenyl)-B-(t-butyl amino) propanol HC!
(B.W. 65-54).

*B. W. 635-54,

1 Present address: Laboratory of Clinical Science, National Institute of Mental Health, Bethesda,
Md. 20014, U.S.A.

1 Present address: Department of Biochemistry, Hoffmann La-Roche Inc., Nutley, New Jersey.

§ B.W. 65-54 was synthesized and kindly supplied to us by Dr. N. Mehta of the Organic Chemistry
Dept., Burroughs Wellcome & Company (USA), Inc. A manuscript by Dr. Mehta describing the
synthesis of B.W. 65-54 is now in preparation.
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are potent inhibitors of the metabolism of several drugs.>-¢ Iprindole, a compound
similar in structure to desmethylimipramine, has also been found to enhance the
pharmacological effects of amphetamine? and to possess potent antidepressant activity
in man.®.-!2 The present investigation describes the effect of B.W. 65-54, desmethyl-
imipramine and iprindole on the metabolism of amphetamine, on the accumulation
of 3H-norepinephrine by the rat heart, and on the pharmacological effects of hexo-
barbital and zoxazolamine. The results also demonstrate that desmethylimipramine
is a nonspecific inhibitor of microsomal hydroxylation, whereas iprindole and
B.W. 65-54 are more specific inhibitors, since they inhibit amphetamine hydroxylation,
but not hexobarbital and zoxazolamine metabolism.

METHODS

Adult male rats (Blue Spruce Farms) weighing 190-210 g were used in all the experi-
ments described. 3H-amphetamine (generally labeled ; specific activity, 4:23 ¢/m-mole)
was obtained from the New England Nuclear Corp. and was shown to be pure by
chromatography in a butanol-acetic acid-water (4:1:1) ascending system.

3 H-amphetamine brain levels. Animals were injected with 2 mg/kg of *H-amphet-
amine intraperitoneally (10 puc/0-4 mg). The animals were killed, their brains were
removed and immediately frozen on dry ice. The brains were homogenized in 5 vol.
of 0-4 N perchloric acid and the radioactive amphetamine was extracted and assayed
according to the method of Glowsinski ef al.'®> An aliquot of the toluene-isoamyl
alcohol (50:1) phase was added directly to scintillation vials having 10 ml of scintilla-
tion mixture containing 0-5 per cent PPO*, and 0-01 per cent POPOP* in toluene.
The radioactivity was determined in a Packard Tri-Carb liquid scintillation counter.

3 H-amphetamine levels in the whole rat. Amphetamine was administered to rats as
described above. The animals were killed 3 hr later by a blow on the head and were
immediately homogenized in a Waring blendor in 3 vol. of distilled water. The equiv-
alent of 1 g of rat tissue (4 ml homogenate) was transferred to a 50-ml shaking tube
containing 1 ml of 2 N NaOH and extracted for 15 min with 25 ml benzene-isoamyl
alcohol (1:5%) according to the method of Maickel.’* The organic phase was trans-
ferred to another 50-ml shaking tube and washed with 5 ml of 0-5 N NaOH. A 20-ml
aliquot of the washed organic phase was then extracted for 15 min with 1 ml of 1 N
HCL The organic phase was discarded. The aqueous phase was alkalinized with
1-5 ml of 2 N NaOH, and extracted with 6 ml toluene-isoamyl alcohol (50:1). A
4-ml aliquot of the organic phase was transferred directly to vials containing scintil-
lation mixture, and the radioactivity was determined as described above.

3 H-norepinephrine heart levels. *H-norepinephrine (50 uc/kg; specific activity, 7-07
¢/m-mole) was administered intravenously to rats. The rats were killed 4 hr later by a
blow on the head, their hearts were removed and homogenized in 9 vol. of methanol.
The homogenate was centrifuged and a 1-ml aliquot of the supernatant was placed
directly in a vial containing 10 ml of Bray’s'® liquid scintillation mixture. The radio-
activity was determined in a Packard Tri-Carb liquid scintillation counter. The radio-
activity in the heart at this time has been shown to be present exclusively as nore-
pinephrine.16

* PPO = 2,5-diphenylopazole; POPOP = 1,4-bis-2-(4-methyl-5-phenylopazolyl) benzene.
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Effect of desmethylimipramine, iprindole and B.W. 65-54 on 3 H-amphetamine brain
levels. To determine the mechanism through which B.W. 65-54 potentiates the loco-
motor activity of amphetamine, rats were injected with either saline or B.W. 65-54
(15 mg/kg, i.p.) 30 min prior to the administration of 3H-amphetamine (2 mg/kg;
10 pc/rat). Rats were killed at 30, 60, 120 and 240 min after the administration of
3SH-amphetamine and the amount of amphetamine in the brain was determined (Fig. 2).
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F1G. 2. Effect of B.W. 65-54 on *H-amphetamine levels in the rat brain. Adult male rats (200 g) were
given either saline or B.W. 65-54 (15 mg/kg) 30 min prior to the administration of tritiated amphetamine
(2 mg/kg; 10 uc/200 g rat). The animals were killed, their brains removed and amphetamine was

determined by the method of Glowinski et al.1® as described in Methods. Each point represents the
average value for four rats. The range is also indicated.

When amphetamine was administered alone, the drug disappeared from the brain with
a half-life of 50 min. In the group pretreated with B.W, 65-54, the decrease of am-
phetamine from the brain was much slower (T;,, about 210 min). The rats injected
with amphetamine alone were huddled together and demonstrated marked ptosis
4 hr after amphetamine, whereas the animals pretreated with B.W. 65-54 prior to
amphetamine administration were stimulated, showed excessive locomotor activity,
and exhibited marked exophthalmos. The results in Table 1 show that the brain level
of amphetamine was ten times greater in animals pretreated with B.W. 65-54, des-
methylimipramine or iprindole than in rats given amphetamine alone. As little as
1-2 mg/kg of any one of these three compounds inhibited amphetamine metabolism
(Table 1).

Effect of desmethylimipramine and B.W. 65-54 on 3 H-amphetamine levels in the whole
rat. Since several factors could theoretically be responsible for the increased brain
levels of *H-amphetamine observed after treatment with various drugs, the effect of
B.W. 65-54 and desmethylimipramine on the level of radioactive amphetamine in the
whole animal was determined. Both desmethylimipramine and B.W. 65-54 inhibited
3H-amphetamine metabolism in the whole rat (Table 2). An aliquot of the homogenate
was extracted as described in Methods. The solvent was evaporated to dryness, and
the residue was dissolved in methanol and chromatographed in a butanol-acetic acid-
water (4:1:1) system (ascending). The extractable radioactivity had the same mobility
as authentic amphetamine (R, 0-83), while authentic p-hydroxyamphetamine, the
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TABLE 1. EFFecT OF B.W. 65-54, DESMETHYLIMIPRAMINE AND IPRINDOLE
ON BRAIN LEVELS OF AMPHETAMINE IN THE ADULT MALE RAT*

Dose Brain amphetamine
Pretreatment (mg/kg, i.p.) level
(ug/g+ S.E))

Saline —_ 0-28 4 0-02
Desmethyl 2 1-86 4+ 0-20
imipramine 15 3-58 + 026
Iprindole 2 2-86 4 019
15 2-81 4 027

B.W. 65-54 1 1-82 & 016
2 2:61 + 0-17

10 319 4- 020

15 312 4 018

* Saline, desmethylimipramine, iprindole or B.W. 65-54 was
administered to adult male rats (200 g) in the specified doses 30 min
prior to the administration of tritiated amphetamine (2 mg/kg; 10 pc/
rat). The animals were killed after 4 hr, their brains were removed, and
the amphetamine levels were assayed according to the method of
Glowinski et al.'3 as described in Methods. Each value represents the
average of at least six animals.

TABLE 2. EFFECT OF DESMETHYLIMIPRAMINE AND B.W. 65-54 ON THE
METABOLISM OF AMPHETAMINE IN THE RAT*

Amphetamine level % of
Pretreatment in whole rat injected dose
(uglg + S.E.) metabolized
Saline 0-39 + 0-06 93
Desmethylimipramine 2:69 + 0-24 52
B.W. 65-54 2:23 4+ 031 60

* Saline, desmethylimipramine (15 mg/kg) or B.W. 65-54 (15 mg/
kg) was administered to adult male rats (200 g) 30 min prior to
the administration of tritiated amphetamine (2 mg/kg; 10 uc/rat).
The animals were killed 3 hr later and the whole rat was homo-
genized in a Waring blendor and assayed for *H-amphetamine by a
modification of the method of Maickel'* as described in Methods.
Each value represents the mean of four rats.

1 The zero time value was obtained by injecting rats with the same
dose of amphetamine and killing them immediately. This value was
taken as 0% metabolism.

major metabolite of amphetamine in the rat, had an R, of 0-67. No other radioactive
peaks were present on the chromatogram.

Effect of desmethylimipramine and B.W. 65-54 on hexobarbital sleeping time and
zoxazolamine-induced loss of righting reflex. Imipramine and desmethylimipramine are
potent inhibitors of the liver microsomal enzyme systems which metabolize many
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drugs.>-%!7 Both compounds also potentiate the pharmacologic effects of hexo-
barbital.® To determine if B.W. 65-54 had any effect on hexobarbital sleeping time,
adult male rats were pretreated with saline, desmethylimipramine (15 mg/kg) or
B.W. 65-54 (15 mg/kg) 30 min prior to the administration of hexobarbital (175 mg/kg,
i.p.). The results shown in Table 3 illustrate that the sleeping time in the B.W. 65-54
treated group did not differ significantly from that of the control group. In contrast, the
hexobarbital sleeping time was prolonged an average of 53 min in the group pretreated

TaBLE 3. EFFECT OF SEVERAL INHIBITORS OF AMPHETAMINE METABOLISM ON
HEXOBARBITAL SLEEPING TIME AND ZOXAZOLAMINE MUSCLE PARALYSIS*

Duration of action

Pretreatment Hexobarbital Zoxazolamine

No. Min No. Min
rats (Mean 4 S.E.) rats (Mean + S.E.)

Saline 15 80 + 6 7 235 4 18
Desmethylimipramine 6 123 4+ 12 6 403 4 20
B.W. 65-54 14 75+ 6 5 240 + 23
Iprindole 6 232 + 31

* Adult male rats (200 g} were injected with saline, B.W. 65-54 (15mg/
kg), desmethylimipramine (15 mg/kg) or iprindole (15 mg/kg) 30 min
prior to the administration of either hexobarbital (175 mg/kg, i.p.) or
zoxazolamine (80 mg/kg, i.p.). The return of the righting reflex was
determined in each group.

with desmethylimipramine. The animals pretreated with saline or B.W. 65-54 were
killed when they regained their righting reflex and their brain hexobarbital levels were
determined.'® The results indicated no significant difference in the brain hexobarbital
levels between the saline and B.W. 65-54 pretreated rats. Conney et al.'® have shown
that the duration of the zoxazolamine-induced paralysis is dependent upon the meta-
bolic degradation of zoxazolamine to an inactive metabolite. Since both amphetamine
and zoxazolamine are metabolized by ring hydroxylation, we investigated the pos-
sibility that B.W. 65-54 and desmethylimipramine could also inhibit the hydroxylation
of zoxazolamine. Zoxazolamine (80 mg/kg, i.p.) was administered to rats either alone,
or after pretreatment with saline, B.W. 65-54 (15 mg/kg), desmethylimipramine
(15 mg/kg) or iprindole (15 mg/kg). The results are shown in Table 3. Neither the
B.W. 65-54 pretreatment nor the iprindole pretreatment had any significant effect
on the time required for the righting reflex to return after zoxazolamine administra-
tion. In contrast, desmethylimipramine markedly prolonged the action of zoxazol-
amine.

Effect of B.W. 65-54 on the brain levels of 3H-amphetamine in the guinea pig and
rabbit. *H-amphetamine was administered to guinea pigs and rabbits either alone or
after pretreatment with B.W. 65-54 (15 mg/kg). The animals were killed at 1, 2 and
4 hr after the dose of amphetamine and their brains were removed and assayed for
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amphetamine. In contrast to the results obtained in the rat, the levels of *H-amphet-
amine in the guinea pig control group and B.W. 65-54 treated group were the same.
The half-life was approximately 120 min in both groups. Similar results were obtained
in rabbits; i.e. no differences from control were found in the brain amphetamine
levels after pretreatment with B.W. 65-54.

Effect of desmethylimipramine, B.W. 65-54 and iprindole on the level of tritiated
norepinephrine in the rat heart. After its intravenous administration, *H-norepine-
phrine is concentrated in the heart and other sympathetically innervated organs.
Several compounds, such as imipramine and desmethylimipramine, markedly inhibit
the uptake of 3H-norepinephrine by the heart.!® Rats were pretreated with
B.W. 65-54 (15 mg/kg), iprindole (15 mg/kg) or desmethylimipramine (5 mg/kg and
15 mg/kg) 30 min prior to the administration of *H-norepinephrine (10 uc/rat). The
hearts were removed 4 hr after the 3H-norepinephrine was administered and the
tritiated norepinephrine was determined as described in Methods. Desmethylimi-
pramine, as expected,'® markedly inhibited the accumulation of the radioactive
norepinephrine by 83 and 87 per cent at doses of 5 and 15 mg/kg, respectively, whereas
B.W. 65-54 and iprindole had no significant effect on *H-norepinephrine levels
(Table 4).

TABLE 4. EFFECT OF DESMETHYLIMIPRAMINE, B.W. 65-54 AND IPRINDOLE ON THE
LEVELS OF 3H-NOREPINEPHRINE BY RAT HEART*

No. NE accumulation 9% inhibition of
Pretreatment rats (ng/g heart + S.E.) NE accumulation
Saline 19 201 + 017
Desmethylimipramine
(5 mg/kg) 4 0-36 + 0-02 82%
(15 mg/kg) 17 0-26 4 0:02 87t
B.W. 65-54
(15 mg/kg) 15 2-24 4+ 022 03
Iprindole
(15 mg/kg) 8 1-82 + 007 10%

* Adult male rats (200 g) were pretreated with saline, desmethylimipramine,
iprindole or B.W. 65-54 30 min prior to an intravenous injection of 10 uc 3H-
norepinephrine (NE). The rats were killed 4 hr later and the concentration of
3H-norepinephrine in the heart was determined as described in Methods.

P = <001.

1 Not significantly different from control (P > 0-05).

The effect of tricyclic antidepressants such as desmethylimipramine and iprindole
on the accumulation of *H-norepinephrine by heart has been studied by others.*5-2°
These drugs do not effect the enzymes involved in catecholamine metabolism,'¢-2¢
nor do they affect endogenous norepinephrine levels in the heart.2®-2! B.W. 65-54
does not inhibit monoamine oxidase nor does it affect endogenous heart norepine-
phrine.* This is suggestive evidence that the effects of these drugs on the accumulation

* L. Lemberger, E. Sernatinger and R. Kuntzman, unpublished observations.
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of *H-norepinephrine are not due to changes in the rate of turnover in endogenous
heart norepinephrine levels.

DISCUSSION

Tricyclic antidepressant drugs have been shown to potentiate the central nervous
system effects of amphetamine. Recently, Sulser et al.! and Consolo et al.? have
demonstrated that the potentiation of amphetamine by desmethylimipramine could
be explained mainly by the ability of desmethylimipramine to inhibit the metabolism
of amphetamine. We have investigated the effects of two tricyclic antidepressants,
desmethylimipramine and iprindole, and B.W. 65-54, a congener of the B-adrenergic
blocking agent, dichloroisoproterenol. It was found that these three compounds
markedly potentiate the locomotor activity of amphetamine in rats. In an attempt to
elucidate the mechanism of action of these compounds, total brain levels of amphet-
amine were determined. Four hr after the administration of *H-amphetamine, a
10-fold increase in brain amphetamine levels was found with animals that had been
pretreated with 15 mg/kg of either desmethylimipramine, iprindole or B.W. 65-54.
These compounds still increased the concentration of amphetamine in the brain at
doses as small as 1-2 mg/kg.

The major pathway of amphetamine metabolism in rats is through aromatic
hydroxylation to p-hydroxyamphetamine, while in rabbits and guinea pigs, aromatic
hydroxylation plays a minor role and lactone formation is the major route of amphet-
amine degradation.?? In the guinea pig and rabbit, treatment with B.W. 65-54 prior
to the administration of labeled amphetamine did not significantly increase the brain
levels of amphetamine. This would be consistent with the thesis that B.W. 65-54
inhibits the hydroxylation of amphetamine. In an attempt to determine whether the
effect of desmethylimipramine and B.W. 65-54 was on the metabolism or distribution
of amphetamine, total body levels of amphetamine were determined in rats pretreated
with these compounds. Desmethylimipramine and B.W. 65-54 markedly increased the
half-life of amphetamine in the whole rat, substantiating the idea that this was an
effect on metabolism rather than an effect on the distribution of amphetamine into
brain tissue.

Since these compounds inhibit the hydroxylation of amphetamine, it was of in-
terest to see if they would inhibit the metabolism in vivo of zoxazolamine and hexo-
barbital. Zoxazolamine is metabolized by aromatic hydroxylation to a pharmacolo-
gically inactive metabolite,'® while hexobarbital is hydroxylated on the side chain to a
less active compound. Desmethylimipramine prolonged the hexobarbital sleeping
time and the loss of righting reflex produced by zoxazolamine, whereas B.W. 65-54
was without effect on these pharmacological parameters. Like B.W. 65-54, iprindole
did not potentiate the effects of zoxazolamine.

Two methods are widely used for screening antidepressant compounds. These
utilize: (1) the ability of antidepressants to potentiate the pharmacological action of
amphetamine, and (2) the ability of antidepressants to inhibit the accumulation of
3H-norepinephrine by rat heart. The results presented here indicate that the potentia-
tion of amphetamine activity may be secondary to a metabolic effect rather than a true
potentiation and that levels of *H-norepinephrine in rat heart may not be a reliable
screening method, since iprindole, a potent antidepressant in man,?-12 had no effect
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on this system. Similar results have been obtained by Gluckman and Baum,?° who
have recently shown that iprindole does not prevent the uptake of norepinephrine.
Recently Sulser and Dingell?® and Borella ez al.?* demonstrated that potentiation of
amphetamine in the rat is not a valid index of antidepressant action. These authors
showed that chlorpromazine, a tranquilizer, also markedly prolongs certain actions
of amphetamine by inhibiting its metabolism.

REFERENCES

. F. SuLser, M. L. Owens and J. V. DINGELL, Life Sci. 5, 2005 (1966).

. S. ConsoLo, E. DoLFINI, S. GARATTINI and L. VALZELLL, J. Pharm. Pharmac. 19, 253 (1967).

. R. KAT0, E. CHIeSARA and P. VASSANELLI, Biochem. Pharmac. 12, 357 (1963).

. F. Sioqvist, W. HAMMER, H. SCHUMACHER and J. R. GILLETTE, Biochem. Pharmac. 17, 915 (1968).

. J. R. MitcHELL and J. A. OATEs, Pharmacologist 9, 240 (1967).

. D. G. SHAND and J. A. OATEs, Pharmacologist 10, 214 (1968).

. M. 1. GLuckMAN and T. BAUM, Pharmacologist 10, 168 (1968).

. J. T. Hicks, Hlinois med. J. 128, 622 (1965).

. M. S. SUTHERLAND, S. S. SUTHERLAND and A. E. PHiLie, Clin. Trials J. 4, 857 (1967).

. J. JounsoN and J. G. MADEN, Clin. Trials J. 4, 787 (1967).

. R. McCLATCHEY, J. MOFFAT and G. M. IRVINE, J. Ther. clin. Res. 1, 13 (1967).

. N. W. ImLAH, K. P. MurpHY and C. S. MeLLOR, Clin. Trials J. 5, 927 (1968).

13. J. GLowinskl, J. AXeELroD and L. 1. IVERSEN, J. Pharmac. exp. Ther. 152, 30 (1966).

14. R. P. MAICKEL, Adv. Tracer Meth. 4, 177 (1968).

15. G. A. Bray, Analyt. Biochem. 1, 279 (1960).

16. J. AXELrOD, L. G. WHITBY and G. HERTTING, Science, N.Y. 133, 383 (1961).

17. L. LEMBERGER, R. KUNTZMAN, A. H. CoNNEY and J. J. BURNS, J. Pharmac. exp. Ther. 150, 292
(1965).

18. J. R. CoopPER and B. B. BRODIE, J. Pharmac. exp. Ther. 114, 409 (1955).

19. A. H. ConnEy, C. Davison, R. GASTEL and J. J. BURNS, J. Pharmac. exp. Ther. 130, 1 (1960).

20. M. L. GLuckMaN and T. BAuM, Psychopharmacologia 15, 169 (1969).

21. S. GARRATINI, A. GIACHETTI, A. Jorl and L. VALzELLL, J. Pharm. Pharmac. 14, 509 (1962).

22. J. AXELROD, J. Pharmac. exp. Ther. 110, 315 (1954).

23. F. SuLser and J. V. DINGELL, Biochem. Pharmac. 17, 634 (1968).

24. L. BoRELLA, F. HeRR and A. WoIDON, Can. J. Physiol. Pharmac. 47, 7 (1969).

[~ IEN o WV RN NS I S

—
N=OWw



