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INTRODUCTION

The etiology of most mental disorders is poorly
understood, and as a result therapeutic measﬁree have o
been directed bp necessity towerd control of |
symptomatology rather than alleviation of cause.

Fortunately, however, pharmacological screening programs

have produced a number of chemical agents which are of o
some value in the treatment of the associated e

| symptomatology. Included within the armamentarium of _ |

useful psychopharmacologic agents is the compound

imipramine, which is of clinical value in the therapy of _ _i

endogenous depression. The present studies were directed |

toward a better understanding of the relationship between

the biological disposition of thls compound and its

therapeutic aotiv1ty.

-

A. Historical Background

Imipramine hydrochloride, N—(ggggg—diethylamino-.

- propyl)iminodibenzyl hydrochloride (Figure 2), ;ae
synthesized initially as one member of a eerles of 40
imlnodlbenzyl derlvativee which were evaluated for
potent;al anti-histaminic, sedative-hypnotic, and
analgesic activities (1). Following preliminary |

- _screening, imlpramlno was selected for therapeutic trial

on the basis of its pronounced sedative properties.



The ensuing clinical investigations by Kuhn (2,3)

indicated that imipramine was relatively ineffective in
sedating agitated psychotic patienfs. In fact,
hyperactive, agitated, and anxious depression appeared
to be aggr&vaﬁed in many patients subjected to imipramine
therapy. Contrary to initial expectations, imipramine
exhibited remarkable therapeutic efficacy in certain

types of inactive or regressive depression.
B, Endogenous Depression

The anti-depressant properties of imipramine are of
greatest Vaiue in therapy of patients suffering from
endogenous depression. This form of dépression afflicts
10 to 15 percent of patients broadly classified as
depressed (4). Endogenous depression may be subdivided
into the following four types: ‘1) manic-depressive
depression, which is identified by the.history'of prior .-
episodes of mania or hypomaniaj 2) recurrent depression
which lacks a manic phase, but retains the hypomanic
phase characterized by psychic retardatiop.and loss of
initiative; 3) non-recurrent depression which is
distinguished from the former.two subgroups by the
absence of prior history of mania or depression; and
4) involutional depression which is distinguished by the'_
Presence of greater agitétion, feelings or delusions'of

guilt, and paranoid delusions in middle-aged patients (4).



In 42 controlled studies on the anti-depressant

effects of imipramine including approximately 2,705

patients, the reported incidence of improvement averaged : o
66.7 percent with a range of 19 to 100 percent (5). In |
contrast, electro-convulsive therapy is claimed by most
investigators to result in improvement in 85 percént of

depressed patients. However, this type of therapy is

more difficult to administer, and often impairs memory,

‘a side effect which does not accompany drug treatment.

Thus, in the past decade, imipramine has rapidly been

established as an effective therapeutic agent in the

treatment of the endogenously depressed patient.

C. Chemistry and Structure-Activity
Relationships of Imipramine and Analogues

Crystalline imipramine hydrochloride, M.W. 316.5,
~ is water soluble and melts at 173°C (6). The chemical
- structure of imipramine includes two benzene rings which

are connected by an ethylene bridge and a nitrogen atom

- to which is bound a dimethylaminopropyl side chain

(Figure 2). Structure-activity studies have shown that

various imipramine analogues also exhibit anti—depressant.
activity. Anti-depressant activity remains with the: |

presence of a ﬁwo carbon side chain, an unsubstituted
terminal nitrogen group, and a saturated ethylene

bridge (7). Anti-depressant activity is also retained



when the central ring nitrogen atom is replaced by a

carbon atom. It is of inte?est to note that exchange of |
the ethylene bridge of imipramine for a sulfur atom, and
chlorination of the carbon in position 3 would yield
chlorpromazine, a compound with very different

pharmacological activity.

D. 'Absorption, Distribution, Metabolism,
and Excretion of Imipramine '

Imipramine is readily absorbed from the gastro-
intestinal tract or parénteral sites, and readily diffuses |
across the peritoneal membrane and blood-brain barrier (8,
9)., Fifteen minutes after intraperitoneal administration, . . !
imipramine can be detected in liver, lung, and brain (9)._

This suggests rapid distribution and uptake by larger
parenchymal organs. Plasma ;mipramine levels remain low
with tissue-plasma ratios ranging from 10/1 to 100/1 9.
Imipramine has a high affinity for plasma proteins, and
particularly for the alpha-globulin fraction. Binding
studies in various tissues have demonstratéd that
imipramine is bound primarily to the particulate matter
of cells (10,11). _

Imipramine is metabolized exclusively in the liver
by a microsomal enzyme system which requires reduced
nicotinamide adenine dinucleotide phosphate (NADPH) and

oxygen (12). Pathways of imipramine metabolism include
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hydroxylation in the 2-position, conjugation with
glucuronic acid, and demethylation of the amino nitrdgen
of the side chain (13) (Figure 1). In addition to
desmethylimipramine (DMI), hydroxylimipramine, and the
" glucuronide conjugate formed by these reactions, DMI can o _'4
be further demethylated to desdimethylimipramine (DDMI).
Hydroxylation can follow demethylation to_form hydroxy-
desmethylimipramine.. Glucuronic acid conjugation can
then-result in the corresponding glucuronide (14).
Imipramine is also metabolized in part to the N-oxide (15).
Little imipramine is eliminated unchanged (16).
However, species differences exist with respect to the
relative importance'qf the various metabolic pathways.
Following imipramine administration, DMI accumulates in
the tissues of rat and man, but not in tissues of rabbit
or mouse (12). Rabbit liver microsomes rapidly metabolize
both imiprémine_and DMI to hydroxydesmethylimipramine (12,
17). R&t liver microsomes rapidly convert imipramine to
DMI, but slowly transform this metabolite to other
products. Thus, DMI accumulates in this species.
After imipramine administration, two-thirds of the
total drug is excreted via the kidney, and one-third is
excreted by the intestinal tract (9). More than one-half
of the administered dose is excreted in the bile, and
.undergoes entero—hepétic circulatibn.' Large amounts of

imipramine and its metabolites are excreted in the bile
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during the first hour after drug administration, and a
portion of imipramine and its nonpolar metabolites are
reabsorbed from the gut. As a consequence of biliary
excretion, imipramine and its nonpolér metabolites are

sequestered for hours in the intestine (9).
E, Pharmacology of Imipramine

Imipramine, like most chemotherapeutic agents,
exerts a multitude of pharmacological activities, and
exhaustive reviews have appeared which compile the diverse
and sometimes ambiguous effects of imipramine in various
species (18-23), A complete review of imipramine QEADIRNEE S
pharmacology would be far too lengthy. Thefefore, the
following text will be limited to pharmacological
activities associated with proposed mechanisms of

imipramine action.

l. Cellular Effects on Amine Metabolism - Numerous

investigations have been conducted in vivo to study the
effects of imipramine on synthésis, metébolism, transport,
upteke, binding, and release of céllular.monqamines in
central and peripheral tissues.

Initial studies by Axelrod and coworkers (24), using
3H—norepinephrine, showed that imipramine interferes with
‘the uptake of circulating norepinephrine in the isolated
heart. In addition, other investigators reported that

imipramine reduced the transgort of labeled catecholamines
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into the brain and spleen (25,26).

In recent investigations, Carlson and Waldeck (27)

.employed 3H-metaraminol to study the mechanism of amine

uptake in heart. These studies demonstrated that the
uptake mechanism for metaraminol, and probably
norepinephrine, consists of two major components. These
include active transport through the cell membrane (cell | !
membrane pump), and subsequent uptake into specific g |
intraneuronal storage sites. Imipramine was shown to
inhibit the uptake of ~H-metaraminol by blocking the
cell membrane pump. Hamberger and Masuoka (28) used a | |
histochemical fluorescence method to study the uptake of |
norepinephrine into rat brain. They demonstrated that
axons and synaptic terminals of central adrenergic
neurons have an efficient concentration mechanism for
norgpinephrine which appears fo be localized at the cell
membrane. Thus, central adrenergic neurons would appear .-
to be similar to peripheral adrenergic neurons in this
respect. h

From these investigations, it.has been postulated
that imipramine might block the uptake of extracellular
norepinephrine. This effect might be achieved by

inactivation or competitive inhibition of an active

transport system in central and peripheral, adrenergic,

neuronal membranes.



10

2. Peripheral Effects -~ Early studies showed that

imipramine does not potentiate the response of the
- nictitating membrane to cervical sympathetic nerve
stimulation (29-32). Subsequent studies, however,
demonstrated that imipramine over a wide range of doses
actually enhanced and prolonged adrenergic responses LT 5
elicited by pre- or postganglionic sympathetic nerve
stimulation, e.g., at the nictitating membrane (33-35). _
While low concentrations of imipramine increased the
response elicited by nerve stimulation, higher | |
concentrations appeared to reduce the intensity of the |
effects. Imipramine exhibits a similar pattern of
activity in the isolated perfused spleen.. Perfusion
with 3 micrograms of imipramine per minute.was shown to
cause an increase of contraction amplitude and " !
norepinephrine output following stimulation of the
intact sympathetic'neuron, while perfusion with 30
micrograms per minute abolished changes in volume and
vascular resistance of the spleen, and caused a decrease |
in norepinephrine output (36). |

Numerous studies designed to assess the influence of
imipramine on sympathetic effectdrs have been carried out
with injéctad'catecholamines rather than with sympéthetic
nerve:stimulation. Imipramine potentiates the effect of

eéxogenous norepinephrine in the intact or denervated



| 11
nictitating membrane (37), the isolated vas deferens (38),

and the seminal vesicle (39).

| ~ Low doses of imipramine (100-300 mcg/kg) potentiate
the decrease in arterial blood pressure and bradycardia
following acetylcholine administration or peripheral

.vagal stimulation (37,40). However, larger doses of
imipramine exhibit cholinolytic activity. The hypotensive -
response to exogenous acetylcholine and vagal stimulation, -
~as well as pilocarpine-induced salivation are diminished

by large doses of imipramine (37).

Imipramine inhibits acetylcholine-induced
contractions in isolated intestinal smooth muscle (39,41). |
Salivation in response to stimulation of the chorda
tympani nerve is'not_modified by imipramine (42).

There is little evidence that imipramine'has any
effect on ganglionic transmission. Post-ganglionic
pofentials and response of the nictitating membrane to
pre—gangiionic stimulation are not modified by

imipramine (32,%3,43). - N

3. Centrél Effects = Central nervous system (CNS) effects

of imipramine include induction of hypothermia in
laboratory animals (41,44,45), weak anti-emetic activity
in dogs (46), and partial inhibition of electro-shock -
convulsions in the rat (47,48). Electrophysiological
studies with imipraminé are numerous. However, the

findings from these studies are difficult to interpret due
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to the complex effects of imipramine, and the difficulties
encountered when attempting to correlate electrophysio-

logical phenomena and behavior.,

4, Interaction with Autocoids - Potentiation by

imipramine of serotonin-induced contraction of the
denervated cat nictitating membrane has been reported (32,
33,42,49). In contrast, other actions of serotonin are
diminished by large doses of imipramine. Serotonin-
induced edema and increased capillary permeability are
partially blocked by imipramine (39,50). Similarly, the
incidence of serotonin-induced gastric ulcers is reduced
by imipramine. Imipramine has been shown to antagonize
the action of serotonin on isolated guinéé Pig ileum and
rat uterus preparatioﬁs (39,51).

Antihistaminic properties of_imipramine have been
demonstrated by inhibition of’histamine aerosol induced |
broncho-spasm in guinea pigs, énd antagonism of histamineﬂ
induced contractions in isolated guinea pig ileum
preparations (39,41). Furthermore, imipramine has been
shown.to protect gu?nea rigs from a fatal dose of
histamine (39). | |

5. Interaction with CNS Drugs - The foregoing discussion

has dealt primarily with the pharmacological effects of
imipramine, These effects maj be attributed to imipramine

itself, or possibly to an active metabolite. Because
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pharmacological interaction of drugs is of great

theoretical and therapeutic importance, it is not

surprising that a great deal of information has

accumulated on the interaction of imipramine with other

agents, and particularly other agents affecting the CNS,

A variety of interaction studies have been conducted in

an attempt to better understand the pharmacological

effects and mechanism of action of imipramine.

- In certain doses, imipramine increases the duration

of barbiturate hypnosis (37,39,44,48,52,5%). Potentiating

doses of imipramine lie within the range

of 10-50 mg/kg A

i.p. (37,44). In contrast, lower doses of imipramine have -

been shown to reduce hexobarbital sleeping time. With

respect to phenobarbital, intermediate doses of imipramine

(25-50 mg/kg s.c.) prolong sleeping time

(41,54). Howevef, doses of imipramine below or above this

in guinea pigs

range have been shown to shorten phenobarbital hypnosis. -

ThioPentai sleep is also prolonged by 30
imipramine, but is shortened by 10 ng/kg
drug (41,54). In contrast, the hypnotic
non-barbiturate, ethanol, is potentiated
doses of imipramine (37,44,53,55,56).
Imiﬁramine has in some studies been
and in others to potentiate, the céntral

amphetamine (46,54,57,58). However, the

mg/kg doses of
doses of the
effect of a
only by high

shown to inhibit,
actions of

quality of the

intgraction is again dose dependent. Theobold and

o
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coworkers (53) found.amphetamine hyperactivity to be
enhanced after intraperitoneal administration of 2-5 mg/kg |
imipramine, but decreased by a 20 mg/kg dose. This
tendency for amphetamine potentiation to decay as
imipramine dosage is increased from 5-10 ng/kg to
20-40 mg/kg has also been noted by other investigators
(59,60). From these findings, it is apparent that
imipramine tends to potentiate amphetamine hyperactivity
at low doses, while antagonism prevails at high doses.
Intermediate doses of imipramine have been.most commonly
employed in animal studies. This may partially explain
the often reported lack of modification of the CNS effects
of amphetamine by imipramine (54,61)., - ALK f
Imipramine has been shown to protect against electro-
convulsive shock (ECS), and to diminish the tonic—
extensor convulsiéns and coma associated with this
treatment (47,48)., No significant influence could be
noted, however, on metrazol-induced seizures, or on the
fatal outcome of seizures induced by strychnine (48,55,62).
In addition to the protective effect of imipramine against
convulsions from ECS, significant reduction in mortality
after convulsant doses of caffeine has been reported (55).
In contréét, picrotoxin convulsions in mice are
potentiated by imipramine (39). :
Domenzoz and Theobol& (39) noted that imipramine

Prevents certain symptoms accompanying reserpine
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administration in rats. A number of more recent studies

have verified that imipramine can antagonize or prevent
varioué autonomic effects of reserpine such as ptosis,
-hypothermia, lachrymation, diarrhea, and bradycardia .
(39,42,46,51,53,55,58,63-69). In some cases, antagonism
.'of behavioral changes was noted. However, reserpine-like
behavioral changes induced by the more rapid acting,
synthetic benzoquinolazines (RC 4-1284 and tetrabenazine)
- can be modified by imipramine (70,71). |
The administration of tetrabenazine to rats
pretreated with imipramine results in a syndrome
characterized by exophthalmus and persistent, pronounced
hyperactivity quite unlike that induced by amphetamine.
The animals exhibit increased locomotor activity, but do
not show the erratic haste observed-with amphetamine.
" In a cage, they ignore food, water, and external stimuli,
and pay no attention to other rats caged with them. The
overall condition is one of endogenous excitation rather
than increased responsiveness or irritability (70,71).
This phenomenon is known as "tetrabenazine-reversal,"
because imipramine completely reverses the reserpine-like

behavior elicited by tetrabenazine in many animals.
F. DMechanism of Imipramine Action

l. Adrenergic Mechanisms - A number of experimental
Observations suggest that the biological activity of
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imipramine is intimately associated with peripheral and
central adrenergic mechanisms. These observations
include: a) potentiation of the peripheral effects of
exogenous catecholamines; b) potentiation of the
adrenergic responses elicited by electrical stimulation
of sympathetic ganglia; ¢) potentiation or antagonism of s i
the various central effects elicited by amphetamine; and

d) antagonism of the reserpine-like syndrome in rodents..

‘The dose dependent potentiation of exogenous and : '5
endogenous catecholamines at peripheral adrenergic sites |
by imipramine was reported by Sigg, et al. (33). These
investigators interpreted these data as being suggestive
of a duality of biological activities which include
a) an indirect adrenergic effect_or sensitization, most
apparent at low doses, and dependent upon the blockade of
ﬁorepinephrine uptake into adrenergic nerve terminals;

‘and b) an adrenolytic effect, most apparent at high doses,
and dependent upon an affinity of imipramine for

adrenergic receptor sites. They further proposed that the
relative importance of the two mechanisms is a function of
imipramine concentration and the regional importance of
norepinephrine uptake into storage sites for the
termination of peripheral pharmacological action. It has
also been suggésted, by Haefly and cowdrkers, that the
Paradoxical peripheral effects of imipramine are due to

a) preferential affinity for norepinephrine-binding sites
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in sympathetic nerve endings which leads to norepinephrine

potentiation, and b) the affinity of imipramine for
adrenergic feceptor sites which is apparent at higher
doses, and results in norepinephrine antagonism (72),

Centr&l interactions of drugs with adrenergic Y |
neuromediators are difficult to study due to the
complexity of the neuronal pathways involved, and to the
lack of precise information concerning the physiological
role of adrenergic transmitters in the central nervous
system. Therefore, experimental approaches to the study
of ceqﬁral_adrenergic effects of imipramine must
necessarily be indirect. However, several comﬁounds have
proven to be valuable research tools for the study of
central adrenergic processes. Included émong these
agents are amphetamine and reserpine.

h . Sulser, et al. (73) have.shown that imipramine
inhibits amphetamiﬁe hydroxylation, and have suggested .
that imipramine potentiation of the CNS effects of low
doses of amphetamine reported by.Theobald, et al. (53)
might be explained on this basis. Antagonism of
amphetamine induced' CNS stimulation by large doses of
imipramine might be due to competition for central
adrenergi; feceptors. This would imply that the latter
effect is capable of overcoming the former..

The ability of imiprémine to reverse the signs of

CNS depression produced by reserpine has been
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demonstrated by Sulser, et al. (66). This phenomenon is
characterized by extreme hyperactivity, and is generally
known as reserpine reversal, Resérpine reversal by
imipramine can be antagonized by chlorpromazine, a
centrally acting alpha adrenergic blocker (74),

The compound, alpha-methyl-metatyrosine (alpha-MMT),
an agent with no intrinsic adrenergic activity, and which
is not metabolized by catechol-o-methyltransferase (COMT)
or monoamineoxidase (MAO), has served as an additional
tool for elucidation of the mechanism of the central é
adrenergic action of imipramine (70,75). Alpha-MMT is |
capable of stolchiometrically replacing norepinephrine
in central storage granules (76). Subsequent treatment
with reserpine causes release of this false transmitter
substance, accompanied by lack of the typical reserpine
éyndrome. Administration of alpha-MMT prior to
imipramine.and reserpine abolishes reserpine reversal
(77). These data suggest that norepinephrine release is
a8 required component of reserpinb reversal by imipramine.

Imipramine does notlprevent amine depletion by
reserpine in the brain, indicating that it does not
interfere ﬁith reserpine-induced incapacity to store
norepinephrine in intraneuronal sites (69,70,71,78).
Thus, it seems apparent that imipramine potentiation of
norepinephrine.released by reserpine might be due
Primarily to blockade of the active cellular uptake

mechanism by imipramine,
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Investigation of the.phafmacological interaction
between imipramine and agents such as amphetamine and
reserpine, coupled with biochemical studies, have
provided the basis for the "biogenic amine theory of
depression” (79,80). This theory proposes that some, if - ]
not all, forms of depression are associated with an |
.absolute or relative decrease in central catecholamines,
particularly norepinephrine, available to central
adrenergic receptor sites. Elation, conversely, may be
associated with an excess of such amines. | 3 |
The previous findings with amphetamine and reserpine
are compatible with the hypothesis that an increased
availability of norepinephrine at critical central sites S i
may be the mechanism by which the anti-~depressant effect
of imipramine is achieved. For the present, howevef, the
ﬁossibility that other pharmacological actions of
imipramine-might modify or contribute fo anti-depressant -

activity cannot be ruled out.

2. Cholinergic Mechanisms - Excessive cholinergic

activity appears to be present in some types of
depression (43,81). This has led several investigators
to attempt to relate the cholinolytic activity of
imipramine to its anti-depressant effect (39,53).
Conclusive supporting evidence for these hypotheses is
also lacking due to technical limitations accompanying

direct study of the CNS,
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Reserpine has been shown to cause accumulation of
norepinephrine in the vicinity of certain central
parasympathetic nuclei of the brain, e.g., Edinger-
Westphal and certain vagal nuclei (82). Depletion of
central amines.by reserpine enhances parasympathetic
outflow; however, this outflow is diminished by
accumulation of norepinephrine (83). These findings
suggest that an adrenergic inhibitory "brake" might
normally exist which modulates parasympathetic outflow
from the CNS. Thus, by interfering with central amine
uptake mechanisms, imipramine might activate an i

adrenerglc brake" which in turn results in a central |
"cholinolytic" effect. |

Fekete (84) has also proposed a possible
cholinergic mechanism in norepinephrine potentiation of
Iimipramine. He suggested that sensitivity of the
&drenergﬁc receptor to norepinephrine increases as the -
concentration of acetylcholine increases at the
- adrenergic receptor site. Thus, the increased édrenergic
activity caused by the inhibition of norepinephrine
uptake by imipramine might be enhanced further by this
mechanism.

Recent investigations by Scheelkiiger and Randrup
(85) on tetrabenazine-reversal by imipramine have
resulted in a proposed "combination" mechanism of action -

for imipramine. 'Although they agree that the blockade
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of uptake of catecholamines is implicated in the reversal

of tetrabenazine sedation by imipramine, they conclude

from their studies that this reversal is closely

- connected with the depression of central norepinephrine

:‘mediated transmission., They propose that the net result

of these phenomena is central cholinergic predominance.

Thus, both central adrenergic and cholinergic mechanisms
seem to be involved in the reversal of tetrabenazine by

imipramine.

Neither the site of action nor the mechanism of
action of imipramine with respect to anti-depressant
activity aré precisely known. However, the foregoing
pharmacological studies hgve elucidated interactions of
imipramine with central adrenergic and/or cholinergic
mechanisms, and suggest that these interactions might be
related to the clinical effect of imipramine.
Nevértheless, adequate clinical correlation between
changes in céntral adrenergic or cholinergic activity,
and reduction of endogenous depression are too few at the

present'time'to allow an unequivocal scientific Jjudgement.

-

G, Present Studies

In 1961, Brodie and coworkers presented a new
hypothesis regarding the mechanism of action of
imipramine (86,87). They proposed that although imipramine

exerts a mild sedative action in normal animals and man,
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the anti-depressant activity is due to the metabolite,
desmethylimipramine (DMI). This proposal was based
primarily on the following data: 1) the anti-depressant
effect of imipramine in rats is delayed in onset, while _
that of DMI is rapid in omset (42); 2) the imipramine/DMI : E
ratio in rat brain is inversely proportional to the I
degree to which benzoquinolazine reversal by imipramine
can be achieved (42,64); 3) DMI is a more potent anti-
depressant than imipramine in rats (42); and 4) DMI is a
metabolic product of imipramine resulting from
N-demethylation, and can .be detected in rat brain after
imipramine administration (13). Therefore, it seemed
possible that imipramine per se may not be the anti-
depressant,.but is a "pro-drug," and that DMI is
responsible for benzoquinolazine reversal in rats.
As a consequenée of this theofy, many investigations
were hastily conducted in an attempt to support or il
disprove the hypothesis that DMI mediates the anti-
depressant effect of imipramine. Numerous papers
comparing imipramine with DMI were published in the early
1960's. However, significant findings were few and
inconclusive. The nef result of these studies was simply
that the'éuestion of whether imipramine or its metabolite,
bMI, was responsible for improvement of endogenous
depression.remained unresolved, and fequired further

attention.
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Studies conducted by Sulser, Bickel and Brodie (70)

have indicated that reversal of benzoquinolazine-induced
reduction of spontaneous motor activity by DMI appears
to be dependent on the concentration of DMI in the brain.
However; the degree of tetrabenazine reversal following
imipramine administration has been shown to not correlate
with DMI levels in the brain. For this reason, a
detailed time-response study of the interaction between
imipramine and the benzoquinqlazine, tetrabenazine, on
spontaneous motor activity in rats was undertaken. The
disposition of imipramine and/or its demethylated
metabolite in whole blood and brain were monitored over
a 24 hour period, and spontaneous motor activity was
used as a pharmacological endpoint to quantitate
tetrabenazine reversal. In addition, DMI dose versus'
tetrabenazine-reversal studies were conductéd, as well
as investigations on the effect of SKF-525A on the in
Yivo metabolism of imipramine, in an attempt to
elucidate fhe relative importance of imipramine and DMI
on tetrabenaziné—re?ersal. It was anticipated that
these findings would help clarify the present
"imipramine or DMI" coﬁtroversy, and possibly extend

our knowlédge as to the pharmacological action of anti-

depressants in the treatment of endogenous depression.



EXPERIMENTAL

A, Materials

1. Chemicals - The chemicals used in this study (Figure
2) and their sources were as follows: imipramine and
desmethylimipramine hydrochloride (Geigy Pharmaceuticals);
Tetrabenazine methanesulfonate (Hoffmann-La Roche, Inc.);
and SKF-525A (Smith Kline and French Laboratories).
Heptane (Phillips 66 Pure Grade) was redistilled and the
97-98°C distillate was used for extraction purposes.

All other materials used in this study were obtained from
standard sources. |

==

NOMENCLATURE B

Common name Brand name Chemical name

Imipramine (IMI) TofranilR’. . 5=(3~Dimethylamino-
- U © .+ propyl)=10,1ll-dihydro-
' SH-dibenz[b,flazepine =~
hydrochloride

Desmethyl-. PertofraneR -~ 5=(Methylaminopropyl)-
imipramine (DMI) _ ~10,11~dihydro-5H=-
R S I, dibenz[b,flazepine
_ _ hydrochloride
Tetrabenazine . - NitomanB . 2=0xo0-3-isobutyl-9,10~
(TBZ) . ' , - ~ dimethoxy-1,2,3%,4,6,7-
ot S : hexahydro-llbH-benzo[al-
s - . . quinolizine

SKF-5254  ~  Proadiphen®  Diethylaminoethyl
' RIS o - diphenylpropylacetate

e
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2. Animals - White, male, Holtzman rats weighing between

250 and 350 grams were employed throughout this study.
All animals were maintained in our animal quarters for

at least 24 hours prior to use in order to allow them

~to equilibrate with their new environment. Rockland

Complete Mouse/Rat Diet and tap water were available ad -~
libitunm.,

‘3. Activity Cages - Activity cages obtained from the
ind o

Woodard Research Corporation were used in these studies : e

(Plates 1 and 2). The dimensions of this instrument are

14.5 inches on each side, and 9.5 inches in height. Each |

unit consiéts of a large cylindricél cage, the center of
which is Qccluded by a smaller cylinder ﬁlaced in the
exact cenﬁer of the éége; This éentral cylinder houses
an infrared generator (light bulb plus infrared filters)
which emiﬁs six equally spac;d infrared light beams
toward independently operating photocells situated on T
the inner'aspect of the outer cylinder. Each photocell
is directly 0pposiﬁe an infrared light beam. As the
animal moves about the circular raceway, the infrared
beams are "broken" and electrical impulses ére
initiated, amplified, and transmitted to an impulse

counter mounted in a standard cabinet (8 x 6 x 3.5

inches). ‘Each "break" is registered as one count. The

total number of counts are summated by the counter.



Plate 1
Woodard Research Activity Cage (front view)

Plate 2
Woodard Qésearch Activity Cage (top view)

28
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B. Methods

1. Drug Administration - Aqueous solutions of imipramine,

DMI, tetrabenazine, and sodium chloride (0.9 percent)
 were administered to rats intraperitoneally using 3 cc

" Tomac bisposable Syfinges with 21 gaﬁge, 1% inch

needles. Aqueous solutions of SKF-525A were administered
orally-using 3 cc Tomac Disposable Syringes with a

~ Yale B-D 16 gauge, 3 inch oral needle.

2. ZPreparation of Biological Materials - For those

experiments in which blood and brain levels of imipramine
and DMI were measured, control and drug treated animals
were sacrificed by decapitation. Blood samples were
collected immediately,.and the ﬁhole brain was rapidly
dissected from the skull. Blood samples (approximately
2.0 ml) were collected in tared 45 ml.glass-stoppered
centrifuge tubes'containing 0.1 ml of saturated sodium n--;
oxalate. The tubes were weighed, and the net blood
weights calculated. Division of sample net blood weight -
by previously determined whole blood density produced a
dividend equal to the total volume of whole blood
contained in the collection sample. Whole brains were
hoﬁogeﬁized in 3 volumes of distilled water with a motor
drivén, ground glass, Potter-Elvehjem tissue homogenizer.
Four ml aliquots of the whole brain homogenate were

Pipetted into 45 ml glass-stoppered centrifuge tubes.
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Blood samples and whole brain homogenates were stored

at 2°C prior to solvent extraction.

3. Imipramine and Desmethylimipramine Solvent Extraction

and Assay - Blood samples and whole brain homogenates
were extracted and assayed for imipramine and DMI

content by the technique of Dingell, Sulser and
 Gillette (12). |

| ' The procedure was as follows (Figure 3). Twenty ml
of redistilled heptane containing 1.5% isoamyl alcohol
‘and 1 ml of 1.0 N sodium hydroxide were added to a
biological sample.contained in a 45 ml glass-stoppered
centrifuge tube. The tube was shaken for 45 minutes on iy
an International Bottle Shaker, and centéifuged for 10 !
" minutes on an Internatibnal,'Model K - Size 2,
Centrifuge. - The aqueous 1ayer was aspirated and
discarded. Five ml of 0.l N sodium hydroxide was added
to the organic phase of each sample. The tube was )
shaken for 10 minutes, and centrifuged for 10 minutes.
Fifteen ml of the organic phase was transferred to a

_ glass—stoppered centrifuge tube contalning 5.0 ml of

0.2 M phosphate buffer, pH 5.9. The tube was shaken for_
10 minutes, and centrifuged for 10 minutes. The organic
phase was transferred to a glass-stoppered centrifuge
tube containing 5.0 ml of 0.2 H phosphate 5uffer,

PH 5.9. The tube was shaken for 10 minutes, and

centrifuged for 10'minutes; The aqueous phase was
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Add 1.0 ml of
1.0 N NaOH plus

ml of heptane .

containing 1.5%
isoamyl alcohol

-k Aqueous phase b Organic ghase
(discard) . - (save

Add 5.0 ml of

0.1 N NaOH
' 15 ml
- Aqueous phase ——— Organ:.c ghase
(discard) e . (save
Add 5.0 ml
phosphate buffer,

: pH 5.9
- Aqueous hase Organic phase
R saveg saveg
Add 15 ml of o 'Add 5.0 ml
heptane phosphate burfer,
containing : pH 5.9
' 1.5% isoamyl -
alcohol . x
L ] V L
2,0 m1 = Organic = Aqueous -  Organic
aqueous phase phase ‘phase
phase (discard) (discard) save)
save)
Sy : Add 5.0
ml of
p9d 05 : 1.0 N HC1
30N_ ' ) )
NaOH - - - organic 2.0 ml
L ‘_ W phase  aqueous
S DMI . (discard) phase
B S - (save)
o T Add 0.3
o A ml of
N 3.0 N
v NaOH

. IMIPRAMINE
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aspirated, and 5.0 ml of 0.1 N hydrochloric acid was

added. The tube was shaken for 10 minutes, and

centrifuged for 10 minutes. The organic phase was

aspirated, and the acidic phase reserved for the

' measurement of imipramine. Fifteen ml of heptane

containing 1.5% isoamyl alcohol was added to the.

pH 5.9 buffer éxtract which contained DMI. The tube

was shakén for 10 minutes, and centrifuged for 10

' minutes; The organic phase was aspirated,land the

buffer phase reserved for the measurement of DMI. Two

ml of either the acidiec. or the buffer phase were

transferred to a quartz cuvette, and 0.3 ml of 3.0 N

sodiuﬁ hydroxide was added._:The contents were mixed, .'_ s T

and the fluorescence méésured'in an Aminco-Bowman ol

Spectrophotofluorimeter (Model 4-8202), ‘ '- h _ ]
Both.iﬁipramine and DMI were found to have identical

fluorescence.spectra with activation maxima.at 290 mp -

and fluorescence maxima at 410 Iy uncorrected. - Beer's _.

Law was found to apply in a concentraﬁion range\of

0.1 Pg/ml;to 75 pg/ml (Figure 4). At higher

concentrations deviation from Beer's Law was noted due

to a "quenching" phenomenon common to fluorescent assays.

4, Locombtg;_Act;yity.— Spontaneous motor activity was:
 quantitated by placing a single rat into an activity
cage immediately after drug adminiatration. Summated -

B
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spontaneous motor activity counts were recorded

periodically over one hour. Animals used in these
studies were unconditioned to the activity cage
environment prior to their use. All activity studies
. were carried out between the hours of 12:00 and-6:00

P.M. at an ambient temperature of approximately 27°C.



RESULTS AND DISCUSSION

A. Recovery of Imipramine and Desmethylimipramine
' - from Biological Samples

- Preliminary experimentation was required to validate
~ the téchniques of extraction, separation, and assay of
imipramine and desmethylimipramlne, DMI (12). Recovery

of imipramine and DMI from rat plasma, whole blood, and :

- brain homogenates was determined. The steps in the

solvent extraction technique are suﬁmarized in Figure 3
and included: 1) phosphate buffer extract; 2) phosphate
buffer wash; 3) hydrochloric acid extract; and 4) the
initial phosphate buffer extract after washing with . _
n-heptane plus iéoamyl glcohol. The percent récovery of
a known amount of added drug was determined for each
~ extraction phase, and a cumulative recovery total was
calculated by summation of drug contained in each of the
individual phases. These data are summarized in -
Table I. Values denoted by a double asterisk were
calculaté@ from partition coefficients equal to percent
drug recovery in the phosphate buffer washes divided by
one hundred. 5 |

_ Plasma recovery studies of imipramine (Table I)
disclosed that 73.6 percent of the added imipramine
accumulated in the hydrdchloriclacid extract, while only

-37-
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TABLE I

PERCENT RECOVERY OF IMIPRAMINE (IMI) AND
DESMETHYLIMIPRAMINE (DMI) FROM RAT PLASMA, WHOLE BLOOD,
AND WHOLE BRAIN HOMOGENATES USING THE SOLVENT EXTRACTION

AND ESTIMATION METHOD OF DINGELL, SULSER, AND GILLETTE (12)

3 .

Recover imi i IMI) from rat plasma (12.
micrograms IMI to 1.0 milliliter plasma):
Extraction ' = Number =~  Percent Cunulative
phase S of IMI 2 IMI L
quantitated trials = recovery* recovery -
- Phosphate buffer ' i :
extract _. s Sk 11.2** E 11.2%**
Phosphate buffer wash - 8  10.0%0.9 21.2%
Hydrochloric acid Cos | ¥ o
extract _ 8 _75.6 3.2 94 .8% |
Phosphate buffer extract . !
- after heptane plus . 8 - 0.3=0.2 95.1%

isoamyl alcohol wash

B. Recovery of desmethylimipramine (DMI) from rat plasma S R
(12.5 micrograms DNI to 1.0 milliliter plasma): e

Extraction BT Nﬁﬁber'"i” Percent Cumulative

phase R BRI e i B of P DMI DMI
quantitated - trials .= recovery* recovery
Phosphate buffer 82.1 - -

extract Sk -3 . Bbl.7** o~ 82.1%
Fhosphate buffer wash 9 | 11.531,0 = 93.6%
Hyd e |

 xtmant o aeld 9 el 953
Phosphate buffer extract . '

after heptane plus 6 47.9-5.0 -

isoamyl alcohol wash

s

f!i:“f; f':*pH;.' (continued) . = =
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TABLE I -~ Cont.

C. Recovery of imipramine (IMI) plus desmethylimipramine
(DMI) from rat plasma (12.5 microprams LIl plus 12.5
micrograms DMI to 1.0 milliliter of plasma)s: :

- Extraction . Number = Percent = = Cumulative e
phase T of  IMI & DMI IMI & DMI -
- . guantitated '. © trials = recovery* = _recovery f
Phosphate buffer 89.0 ' '
extract . > - 73.2%* 89.0%
Phosphate buffer wash 6 19.620.4 108.6%
Hydrochloric acid o e +
Sxtract 6 - h43-04 182.9%
Phosphate buffer extract ?
after heptane plus: % - 6l.4 —— !

isoamyl alcohol wash

- D. |
Extraction 7 -\ Number '~ Percent Cumulative
phase S of IMI o IMI
quantitated - - trials . recovery* = _recovery
Phosphate buffer . ez T O )
- extract - : RRoR . 8.0** : 9.4% |
Fhosphate buffer wash 4  7.4%0,3 16.8%
Hydrochloric acid ' ; + SN
T ochlor _ S 12 7l s
Phosphate buffer extract | Y |
after heptane plus 5 1.9-0.5 . 86.1%

~ isoamyl alcohol wash

-

“s'_fi-'(continued) e
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E. Recovety of desmethylimipramine (DMI) from rat whole

blood (12.5 micrograms DI to 1.0 milliliter whole

———

blood):

Extraction . Number
phase “an 1 A of
.quantitated : - trials
Phosphate buffer 2

extract - .
Phosphate buffer wash -5
Hydrochloric acid :

extract
Phosphate buffer extract

after heptane plus - 12

isoamyl alcohol wash

'Percent _ Cumulative
DMI DMI e s
'recovegz ' recovery 8 :
90.0** 90.0%**
9.1%0.3 9.1%
5.220.3  104.3% |
. s _i
56.8%3,2 - L

F. Recovery of imipramine (IMI) from rat whole brain

homogenate (12.5 micrograms INI to 1.0 milliliter whole : 
brain homogenate): _ | | e A

Extraction *~ Number

phase: - of
quantitated trials
Hydrochloric 6

acid extract

Percent
IMI

recoverz
70.6%2.9

G. Recovery of desmethvlimipramine (DMI) from rat whole

brain homogenate (12.5 micrograms DI to 1.0 milliliter

whole brain homogenate):

Number  Percent

Extraction
: phase of DMI
quantitated trials recovery
S Phosphate - :
ran buffer extract
el after heptane 6

plus isoamyl
alcohol wash

- 42,523,9

*Percent drug recovery iqz ﬁstandard error of the mean).

**Calculated.
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0.3 perceqt could be found in the phosphate buffer
extract after heptane pluelisoamyl.alcohol wash. In
contrast, recovery studies of DMI revealed that 82.1

percent appeared in the phosphate buffer extract, while

- 1.7 percent was detected in the hydrochloric acid

extract. The calculated velue of 86.7 percent for the

accumulation of DMI in the phosphate buffer extract was

in agreement with experimental findings. Cumulative

 recovery totals of imipramine and DMI were 95.1 and

95.3 percent, respectively,

The addition of equal concentration of imipramine
and DMI resulted in recovery of 74.3 percent total drug
in the hydrochlo:ic acid extract with 89.0 percent in
the phosphate buffer extract. These values are in
agreemenﬁewith corresponding 73.6 and. 82.1 percenﬁ
values obtained when imipramine and DMI were extracted
separately. The cumulative'recovery total of comblned‘;~
imlpramine and DMI equaled 182. 9 percent (eee Table I, |

.,

Recovery studies from whole blood agreed with

initial plasma findings in that 67.4 percent of added
imipramine was present in the hydrochloric acid extract

while'l/9 percent appeared in the phosphate buffer

| N extract efter waehing w1th heptane plus isoamyl alcohol.

The calculated recovery of added DMI from whole blood

- was 90,0 percent in the phosphate buffer extract, and
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- 5.2 percent in the hydrochleric acid phase. Cumulative
recovery totals of imipramine and DMI in whole blood
were 86.1 and 104.3 percent, respectively.

The study of recovery of added imipramine and DMI
from whole brain homogenates was restricted to
.phosphate buffer wash and to the hydrochloric acid
extracf. After the addition of imipramine or DMI to
whole brain homogenates, recovery of imipramine in the
“acidic extract was 70.6 percent, and the recovery of
DMI in the phosphate buffer wash after‘heptane plus
isoamyl alcohol was 42,5 percent. Additional extraction =
phases were hot measured, nor were cumulative
recoveries calculated. . - L

These recovery studies in plasma, whole blood, and = . ! _e !
brain homogenates indicate that the solvent extraction .
and estimation techniques used (12) adequately
differentiate between imipramine and DMI, and yield
reproducibie quantitation of these compounds in plasma,
whole'blopd, and brain homogenates. These results are
in agreement wifh Gillette and coworkers who have shown
._significant‘eeparation of imipramine and DMI with this

solvent extraction technique (64).
/

S : | i e

B 'B. Imipramine Time Course Studies:

’ 1

Imipfemine hydrochloride, 40 mg/kg free base, was
administered intraperitoneally to rats weighing
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250-350 gfams. At farious times the animals were
sacrificed, and whole blood and brain saﬁples were taken.
for measurement of imipramine and DMI content. A
compilation of the blood and brain imipramine time
~course daﬁa appears in Table II. |

In both whole blood and brain, a triphasic course
of imipramine concentration is apparent (Figures 5 and
6). In the first phase, from O to 1 hour, there is a
- sharp increase in imipramine concentration with a peak i
at 1.15 micrograms per milliliter in whole blood, and
20.9 micrograms pef gram in brain. This initial phase
is followed'by a rapid decrease during the second
phase whiech occurs between 1 and 3 hours. The final
~phase is éharactérized'by the appearance of a slow,
'nearly éxﬁonential decline after 3 hours. This time
| course pattern of imipramine was rreviously noted by |
‘Bickel and Weder (9), and they attribute the ‘ .
respective three phases to invasion (absorption),
distribution, and elimination of imipramine., Half-life
calculations for the distribution phase of imipramine
'in brain ﬁnd blood equal 1.3 and 1.2 hours, respectively,
while thd;elimination half-lives in brain and blood were
34 andx9}5 hours (Figure 7). Blood and brain imipramine'-
_ concentrations of 0.07 and 1.5 micrograms per milliliter ;
.or gram, respectively, ﬁere detectable 24 hours after |

intraperitoneal injection of imipramine. The ratio of
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brain imlpramlne to blood imipramlne was approximately
20/1 at ali time points studied.

- In thg rat, imipramine is rapidly metabolized by
demethylation to DMI in liver microsomes (12), and
‘microgram quantities of imipramine and DMI may be
detected in plasma or tissues within 15 minutes after
intraperitoneal administration of imipramine (9).
Following administration of imipramine, 40 mg/kg free
‘base, the demethylated metabolite, DMI, exhibited two
peak conceﬁtrationa in both whole blood and brain
(Figures é and 6). Peak blood DMI concentrations of
0.86 and 0}87 microgram per milliliter appeared at 1 and
6 hours, réspectively. Brain DMI levels peaked at 17.1
- and 19.8 micrograms per gram at 1 and 4 hours,
respectively.. Statistical comparison of peak DMI levels
with DMI ievels at 2}5 hours verified the existence of
a significant differencé, thus suggesting that these are--
true peaké, and not simply a reflection of biological
variation; Standard error of the mean was used\hs.the
statisticél criterion for significance. Blood and
brain DMIEdoncentrations of 1.5 and 10.1 micrograms per
millilite; or gram, respectively, were detectable 24
hours affér intraperitoneal injection of imipraminé.
 The ratio of brain DMI to blood DMI was approximately
20/1 at all time points studied.;m_”" |
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The appearance of the double DMI peak in the blood

and brain-:after imipramine administration was reported
in 1969 by Anderson, Morris, and Finger (88). Data
reported by other investigators cbncerning DMI levels
versus time after imipramine injection lacked
sufficient replication, and failed to uncover the
development of this unusual blood and brain level
pattern due to the number and spacing of time points

- chosen (9,12). -
C. Desmethylimipramine Time Course Studies:

The pbservation of a double peaked disappearance
curve of DIMI in blood and brain after imipramine
administration prompted investigations into the time
course of DMI concentrations in the blood and brain
after thgladminiatration of DMI. : Desmethylimipramine

'hydrochloride, 40 mg/kg free base, was administered

intraperifoneall&'ﬁo rats. At succeeding time points, .
the animals were sacrificed and whole blood and-brain
samples were taken for quantitation of DMI. The results
of this gtudy appear in Tablé III and Figures 8 and 9.
Desmethylimipramine concentfations in the blood
and braiq reached 2.28 and 27.2 micrograms per
milliliter or gram, respectively, within 30 minutes,
andhproceeded'to attainlpeak levels of 2.28 micrograms

per milliliter in the blood and 39.4 micrograms per gram

i .
S

i

}.



TABLE ITII

LEVELS OF DESMETHYLIMIPRAMINE IN WHOLE BLOOD AND BRAIN
ATER ADMINISTRATION OF DESMETHYLIMIPRAMINE TO RATS

R RN R s e o il

30 40 2.28 (2) 27.2213.6 (3)
60 - 40 1 2.03%0.32° (6)  30.5% 6.1 (6)
120  ;'40 o 1a5%0.33 (5)  39.4%11.6 (6)
150 40 1.4120.34  (4) 34.1% 7.7 (4)
180 40 1.08%0.26 (3)  19.8% 3.1 (6)

240 40 1.24%0.26 (5) - 17.0% 3.1 (7)
360) 40 0.6770.13 (6)  13.2% 2.2 (6)
7200 ;40 ol L (2) 6.8= 1.5 (3)
1440  . :_'LI-O IR 0.40 (2) 5',9."’.. 4,0 (3)
60 20 1.a1%0.10 (3) 1.2t 1.1 )
120 © 20 0.73%0.06- (8)  9.2to.8 ()
150 20 ' 0.70-0.04 (4)‘ ".i1.4i‘1.1 (4)
240 20 _— ' 5.3% 0.2 (4)
360 20 0.49%0.07  (4) 8.0% 1.0 (4)
540 20 0.51 (2) s (2)

*Expressed in the mean value obtained with the number
of animals in parentheses -5, (standard error of the

mean),.
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in the brain.. The appearance of the double peak was
not noted at this dose. However, it was'apparent that
the blood and brain levels attained after an
intraperitoneal dose of 40 mg/kg DMI greatly exceeded
- the DMI concentrations observed after the administration
of the same dose of imipramine, and suggested that the
biphasic peak might be masked. Thus, the DMI dose was
reduced to 20 mg/kg and the experiment was repeated S
" (Table III). w0 | B i
| After DMI administration, 20 mg/kg intraperitoneally,
 peak DMI ¢oncentration was observed in the blood and
brain within 1 hour. Blood DMI pesked at 1.11 micro-
grams per . milliliter while the DMI concentration in the
brain attained a peak level of 14.2 micrograms per
gram (Figures 8 and 9). These blood and brain DMI levels
coincide closely with DMI concentrations noted after Fg _. !
administration of'imipramine; 40 mg/kg. However, the _f-.
double peak again was not apparent at a DMI dose of
20 mg/kg.: | | o

Blood and brain levels of DMI following a dose of
40 mg/kg pxhibited a triphasic time course in a manner
similar to that observed with imipramine (Figures 8 and
9. This;triphasic time course includes invasion
(absorption), distribution, and elimination phases (9).
Half-life calculations for the distribution phase of
DMI in brain and blood equai 1.1 and 2.1 hours,

e



| . 9
respectively, while the elimination phase half-lives of

DMI in brain and blood equaled 15.8 and 9.8 hours
(Figure lb). Blood and brain concentrations of 0.4 and
5.9 micrograma per milliliter or gram, respectively,
. were detectable 24 hours after DMI administration,
40 mg/kg. R
| Half-life, t)%, values for imipramine and DMI have
~ been compiled in Table IV. Values signified by an
asterisk were determined from the approximately
exponential elimination of metabolically formed DMI_
after the administration of imipramime, 40 mg/kg.
These calpulgted t’2 values are in agreement with the
experimentally'determined elimination half—lifelvalues:
for DMI after the intréperitoneal administration of
DMI, 40 nig/kg. ' |

The absence of the double peaked DMI levels in
whole blood and brain after DMI administration, in . -
contrast with the presence of this phenomenon after
administration of imipramine, indicates the possibility
of an inﬁeraction between imipramine and DMI that might
alter thé disposition of metabolically formed DMI in
comparigﬁn with exogenously administered DMI. Several
experimental observations by other investigators
_ Isugéest possible explanations for this unusual pattern.
Experiments reported by Bickel (89) on the in

¥Yitro metabolism of imipramine and its metabolites by
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TABLE IV

HALF-LIFE OF IMIPRAMINE AND DESMETHYLIMIPRAMINE
Lo IN RATS
Distribution Elimination
: : hours hours
Treatment MI 11 1 DI
Imipramine (blood) 1.2 = = i .9.5 25.6%
Desmeth limipraminé . 5
(bloodg _ -2 - 15.8
Imipramine (brain) 1.3 = 3.4 9,3
Desmethylimipramine - :
Coraind = 1l - 2.8

- *Determined from exponential elimination of SRt G
metabolically formed DMI after imlpramlne :
admlnlstratlon. : -

)

.. ‘\
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rat liver microsomés indicated that the rate of

imipraminé desmethylation to DMI decreases when the
imipraminé concentration exceeds 2-3% micromoles per
5 milliliters of a standardized rat iiver microsomal
- preparation. This decrease in the rate of formation of
DMI is apparently due to enzyme inhibition by excess
substfate (imipramine). Bickel (89) has also shown that
imipramine is extensively bound to rat liver microsomes,
~ and has suggesﬁed thaf'this might decrease the
cdncentration of free imipramine, and thus may limit
the rate of éonversion to DMI. These data confirm the
original report of Dingell (11) which showed that Rataa
imipramine is bound to the extenthof 1.1l micrograms per
microgram microsomal protein. |

- The occurfence of two peak DMI levels in time
following imipramine administration might be.related
to the_phenomenon.of substrate inhibition and microsomal- -
- protein binding. As the amount of imipramine presented
to the liver increases during the invasion phasé;
saturation of the N-demethylation reaction might occur,
and be foilowed by'substréte inhibition. This
phenomegon might be accompanied by extensive microsomal
bindingfof imipramine. The net result of these two
_ mechanisms would be a decrease in.the rate of formatién
of DMI. In the presence of this decrease in the rate
of formation of DpI, distribution to other large

|
o

Bron .
i



parenchymous organs and metabolism of the initially

formed DMI by other routes might contribute to the
decline in blood DMI. EVentually; as the imipramine

levels decrease in the liver during the imipramine

~distribution phase, the rate of enzymatic demethylation

'_ of imipramine might increase. Thus, the concentration = - f

of imipramine presented to the liver might determine

the rate of formation of DMI. This initial inhibition

- of imipramine metabolism to DMI followed by the |

restoration of demethylation could account for the A f

~double peaked time course of DII in the blood and brain

after the administration of imipramine.

An alternative posaible explanation for the
existence of the dual DMI peaks following imipramine
administration might be based on the fact that both
imipramine and DMI are ekcreted in the bile, and undergo
enterohepatic circulation (9). In most species, large .
amounts of'imipramine and DMI are excreted as: |
glucuronides in the bile during the first hour after
imipramine administration. At leaet part of the
imipramine and its nonpolar metabolites are reabsorbed
from the gut, and are available for recycling. As a .

consequence of biliary excretion, a percentage of the

_ metabolically formed DMI is sequestered for varying

periods of time in the intestine prior to reabsorption.

This unavailability of DMI might correlate in time with
I :
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the interval betweeﬁ the two peak concentrations in the
blood (Figure 5). Whether biliary:excretion and

| enterohepatic circulation, indeed, are responsible for

the double peaked time course of DMI in the blood after

.imipramine administration requiresg further investigation.
D. Effect of SKF-525A on Imipramine Demethylation

_It.previously has been reported that SKF-525A
'(diethylaminpethyl diphenylpropylacetate) inhibits a
variety of microsomal oxidative reactions: (90).
Recently, SKF-525A has been observed to inhibit the
N-dealkylation of imipramine to DMI in rats (8).
Inhibitioq of imipramine demethylatipn by SKF-525A
provides d useful tool for the elucidation of the

' respective'pharmacolbgical roles of imipraminé and DMI.
For this reason, the effect of SKF-525A pretreatment on
the'demethylation‘of exogehously administered imipramine -
in rats was studied. | ;

SKF-525A, 80 mg/kg, was administered orallf'to.rats
one hour prior to the intraperi#oﬁeal injection of
imipramine, 40 mg/kg, and the animals weré sacrificed at .
various time points thereafter. Whole blood and whole
brain hoﬁégenates were collected and prepared for
_ quanfitation of imipramine and DMI content. Results of
this study are preaented‘in Table V and depicted in
Figures 11 and 12\ ' "

i
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E 71
In both blood and brain, levels of imipramine '

exceeded those of DMI from one-half to four hours. In

blood and brain, imipramine concenﬁrations peaked at

3.75 micrograms per milliliter and 56.1 micrograms per

gram, respectively, at one-half hour. In coﬁtrast, DMI
concentrations of 0.39 micrograms per milliliter and |

4.3 micrograms per gram were observed at this time point.. e ?
The blood imipramine to DMI fatio remained relatively
constant from l to 4 hours. However, the brain
imipramine to DMI ratio was significantly less at the

4 hour time point. Table V cdmpares fhe blood and brain
concentrations of imipramine and DMI observed after
imipramine administration to rats with or without

- SKF-525A pretreatment. .From these data, it is apparent
that SKF-525A significantly inhibits the metabolic
~conversion of imipraﬁine to DMI;Iand that this is due in
large part to inhibition of microsomal N-dealkylation by
SKF-525A. Anders (91) has suggested that SKF-525A
produces this inhibitory effect by competitive
combination with the active site of a microsomal

-

N-demethylase.

E. Effect of Varying the Dose of Desmethylimipramine
on the Whole Blood and Brain Concentrations of
' ' Desmethylimipramine
The degree of pharmacologlcal efficacy of a drug is:
generally pr0portiona1 to drug concentration at an active

}
o
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site (receptor). Dose-response relationships have been
established for numerous pharmadological agents.
However, the relationship between DMI dosage and the
tetrabenazine reversal response has not been established.
- For this feason, the concentration of DMI administered
was varied, and the subsequent whole blood and brain
concentrations of DMI quantitated.

Desmethylimipramine doses, ranging from 1.0 to
- 60.0 mg/kg were administered intraperitoneally to rats,
and the aﬁimals were sacrificed 4 hours later. Whole
blood and brain samples were éollected and assayed for
DMI contezﬁ:. The results of this ‘study appear in | |
Table VI. ; o | e At

As tﬁe dosage of QHI was increased from 1.0 to | |
50.0 mg/kg, the whole blood levels of DMI rose 1inearly"-
~ to approximately 1.0 microgram pe?.milliliter (Figure !
13). In ;hole braiﬁ, as the dosaée of DMI was increased
from 1.0 to 30.0 mg/kg, the DMI 1efels rose.liﬁearly to
approximafely 7.5 micrograms per gram (Figure 14). -
ﬁowever,'as DMI doses greater than 30.0 mg/kg were
administered, a steeper linear rise in DMI levels was:
observed.: - , |

The biphasic increase in braiﬁ DMI concentratioﬁsa'
aftei varjing intraperitoneal doses of DMI suggests
that mofeﬁthan one uptake mechaniﬁm plays a role in the
entry of PMI into the brain. It is possible that DMI

. o 3

§
i



i 7%
* TABLE VI |
LEVELS OF DESMETHYLIMIPRAMINE (DMI) IN WHOLE BLOOD AND -
 BRAIN AFTER ADMINISTRATION OF VARIOUS DOSES OF
. DESMETHYLIMIPRAMINE TO RATS
DNMI Dose Whole Blood DML Whole Brain DHL T e
(mer/kgr) (pe/ml)* (pe/gm)* coe
1 -—= (2) = o0a (2) |
] 5 -——=  (2)  1.4%0.6 (5)
10 0.4%0.06 () 3.2%0.6 (4) |
15 0.45%0.13 (4)  #.3%0.2 (6) |
20 - s3f02 W) 1
25, 0.56 1) sefo @ |
30 0.60%0.12 (6) 9.4f1.2 (6) |
55:.1 0.69%0.12 (4) ~  9.2%1.2 (&) | 3
40 1.24%0.26 (5)  17.0%3.1 (7)
50 0.9 . (2) 15.0  (2)
60  —— e 29.0 (1)

*Expressed as the mean value obtained with the
| _ number of animals in parentheses - s (standard
| error of the mean). X
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may enter the brain by simple diffusion, and/or by

active transport. :

F. Effect of Imipramine, Desmethylimipramine,
Tetrabenazine, and SKF-525A on Locomotor Activity

The preceeding studies have dealt primarily with
the disposition of imipramine and desmethylimipramine
(DMI) in whole blood and brain.. These concentration
K versus time studies were carried out in order to provide
a basis for in#estigations attempting to correlate
phafmacologicallactivity with'bldod and brain levels
of imipramine and its major metabolite, DMI,

 The pharmacological endpoint chosen for further
investigation was locomotor activity, e.g., horizontal
movenment from one location to another. The locomotor .
activify measufed in the following studies was
spontaneous and not induced by eiternal stimuli.
Therefore, it should not be confused with the forced
motor activity associated with the use of rotarods and
motor-dri#en rotating drums. Thué, the term
.spontaneous motor activity will be used in the following
text to describe locomotor activity.

The §pontaneous-motor activity (SMA) induced by

the administration of the benzoquinolizine_tetrabenazine
| methanesulfonate after imipramine and DMI pretreatment
is dramatically increased (70,71). This phenomenon,
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known as "tetrabenazine reversal," was the pharmacological

~parameter measured in the following studies. Spontaneous
motor activity was quantitated in ﬁhotoelectric SMA
cages (92).' The results obtained by this method are in
'agreement with those reported by other investigators
using jiggle cage or rotating drum methods (93).

The effects of saline, imipramine, DIMI, tetra-
benazine (TBZ), SKF-525A, and SKF-525A plus TBZ on rat
' SMA are presented in Figure 15. Spontaneous motor
activity values for saline, imipramine, DMI, and TBZ |
' were summated for 30 minutes during the 20-50 minute ; i
1nterva1 following drug administration. Thirty mlnute'
summated SMA values were obtained for SKF—525& alone
and SKP-525A plus TBZ during the 80-110 minute interval

following oral administration of SKP-525A.

Saline (control) SMA was fou@d to be approximateiy
590 counts per 30 minutes. The SHA elicited after -
imipramine, DMI, TBZ, SKF-525A, and SKF-525A plus TBZ
administration was markedly reduced és compared to
saline (control) SMA. 'Tetrabenazine.was the most
potent agent in reducing SMA, and this reduction was not
inflﬁenced by SKF-525A pretreatment. The decreased SMA
- noted with imipramine, DMI, and SKF-525A was
. approxlmately equal. i
Quantitation of SMAlwas also conducted using

different doses of imipramine and DMI, and the results:
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obtained were compared to saline (control) SMA.
Imipramine in doses as low as 1.0 mg/kg caused a
significant reduction in SMA (Figure 16). This SMA
reduction by imipramine appeared to reach a maximum at_
a dose of 10.0 mg/kg. Furguielle and coworkers (59)
have reported that imipramine at doses of 7.5 and 15.0
mg/kg caused marked depression of SMA, while lower or
higher doses did not alter SMA. These observations are
' not consistent with the results noted in the present
study, although experimental conditions in both cases
were somewhat similar. Both studies used naive rats,
circular photocell activity cages, and 30 minute SMA
recording-periods. However,'Furguielle,'gﬁ al.,
recorded SMA for 30 minute periods ending %0, 150, and
270 minutes after imipramine injection. The rats were
removed from the photocqll cage during the intervals
between SMNA measurement. It has been observed in the ... —
present investigations that animals are subjected to
trauma ranging from slight to extreme during
intraperitoneal injection of chemical agents, initial
placement into the unfamiliar environment of the SMA
cage, and;repeated handling. For these reasons, the
present.étudies allowed a 20 minute period for injection
j reco?ery during cage acclimation,-and the experimental
ﬁse of ea¢h animal was limited to.a single SMA counting
pefiod. Control animals were subjected to the éame
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experimental conditions as drug-treated animals. These

differences in technique probably account for the
previously mentioned disagreement in SMA reduction after
imipramine injection.

Desmethylimipramine, in doses ranging from 0.75 to
40.0 mg/kg also produced a significant depression in SMA
.as compared to the control (Figure 17). The observation
that DMI decreases SMA at a dose of 10.0 mg/kg contra-
 dicts the finding of Meduna, et al. (94), who reported
a significant increase in rat SMA with comparable_doses_
of DMI. This discrepancy may also be due to differences :
in experimental techniques used in SMA quantitation. '_. | .'::W

The :eductipn of SMA by DMI in doses ranging from | |
0.75 to 40.0 mg/kg seemed to approximate the reduced SMA
values obtained after 10.0 and 40.0 mg/kg doses of
imipraminé. Previous reports (59,95) have claimed that
reduction of SIMA by imipramine is significantly greater -
than SMA reduction by DMI. The present investigations:

do not confirm these findings. f h

G. Effect of Tetrabenazine Administration on
Imipramine-induced Spontaneous Motor Activity
in Rats: |

fThe'feduction of SMA by imipramine is illustrated
in Figure 16. This reduction of SMA (hypoactivity) can

be reversed by hyperactivity by the concurrent or
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subsequent administration of tetrabenazine (70,71). The
Ifollowing:atudy was conducted to quantitate the degree
of SMA reversal (hyperactivity)-exhibited by rats when |
TBZ is administered at various times after imipramine
treatment. ]
Imipramine, 40.0 mg/kg was administered
- intraperitoneally'to rats, and at succeeding time points
(0 to 5 hours) the animals were challenged with TB3Z,
20 ng/kg. The SMA counts recorded in the 20-50 minute
~ interval following TBZ injeétion were summated. A SMA
counting lag-time was necessary for reasons previously _.' i__ é
discussed, and because Sulser has reported (96) that ' ;
SMA reversal of imipramine or DMI by tetrabenazine is |
dependent upon the rapid release of central amine stores
 (primarily norepinephrine). This neurohumoral release
in rats requires 15 to 30 minutes after administration
of TBZ intraperitoneally. Both the rate of central . - S
norepinephrine release and the percentage of animals
exhibiting SMA reversal are a function of the TBZ dose
(96). The administration of a 20 mg/kg dose of TBZ to
imipramine pretreated raté resulted in some degree of
hyperacpivity in about 75 percent bf the animals within
20 minutes after TBZ injection.  The results of TBZ .
administration on imiprgmine—induced SMA are shown in
Figure 18. o
It is immediately apparent fhat the degree of SlMA
reversaluelicited by TBZ after imipramine pretreatment

I SUTL AT 7




90

-1
<
™
o~
-

(6% / Bw o0z) zalL + (65 /Bw op) INIWVEdIWI

oov

4008

oozl

40091

SINNOD VWS

NIW 0of ¥3d




91

- is not equal at every time interval. The SMA counté per

- 30 minutes at approximately 1.5 and 3.0 hours are

significantly lower than the 0.5, 2.0, 4.0, and 5.5

hour SMA levels. The 1.5 and 3.0 hour SMA values are

. significantly greater than those obtained when

imipramine or TBZ are administered alone. However, they

are ndt significantly different from control values

(Figure 15). The SMA values at the remaining time

- points are significantly greater than'imipramine, TBZ,

or saline (control) SMA levels. A previous report has

indicated ithat the onset of reversal of imipramine

reduced SMA by TBZ requires from 1.0 to 3.0 hours (42). |
The present studies show the time of initial onset of Rk
SMA reversal to be 1ess than 30 minutes. It is quite ¥
probable that the other investigators chose different

TBZ administration time points and thus did not detect .

the extreme hyperactivity noted at approximately .;~ 

0.5 and 2.0 hours. The use of an insufficient hnmber |

of animals at each counting period could also mask the
hyperactivity noted eariy after TBZ administration to

imipramine pretreated animals.

H, Effect of Tetrabenazine Administration on
Desmethylimipramine-induced Spontaneous Motor
3 Activity in Rats

The”ﬁegree of SMA reversal varied with the time of

IBZ administration after imipramine. Thus, it was of

]
R
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interest to inveétigate whether this variable SMA
pattern would be reproduced when ﬁMI was substituted

for imipramine. These studies were carried out in order_
to elucidate the possible roles of imipramine and DMI

in the TBZ reversal phenomenon.

Desmethylimipramine, 40 mg/kg, was administered
intraperitoneally to rats, and at sudceeding time points
the animals were challenged with TBZ, 20 mg/kg. The SMA
"results of this study may be seen in Figure 19. The
degree ofITBZ reversal noted at all SMA counting
intervals was not statistically different. However, at
all counting intervals the levels of SMA reversal were
significantly grgater than the levels observed when DIMI,
TBZ, or saline were administered ;lone. The extreme
variability in SMA exhibited-when:TBZ was administered
at various times after imipramine was not apparent when
TBZ was administered after DMI. The onset of SMA . —
reversal, and the maximum degree of reversal for
imipraminé or DMI followed by’TBZ{did not apﬁeaf"to
differ. ' . |

It was noted,” however, that ﬁhe concentrations of |
DMI in the blood and brain (Figures 8 and 9) after
administfation of DMI, 40 mg/kg, far exceeded the DMI
_ concéntrafions attained after imiﬁramine administration,
40 mg/kg (FigﬁreSIS and 6). Since the variability of
SMA reversal might be inhibited or prevenfed_by higher

Lo
o
i .



@ |O®] @ |&O|®
.mv_\m_s._ 0z) N_m:_ .T__A_m.,_.\ws:oi _s_n -

oot

008 .

ooclt

o009t

NIW 0€ ¥3dd. SINNOD ..\‘_VWS -




95

~ concentrations of DMI, a lower DMI dose for TBZ reversal

studies was chosen. A DMI dose of 20 mg/kg was found to
produce blood and brain DMI levels comparable to those
seen after.the administration of iﬁipramine, 40 mg/kg.

Desmeﬁhylimipramine, 20 mg/kg; was administered to
rats, and at succeeding time points the animals were
challenged with TBZ, 20 mg/kg. The SMA data resulting
from this study are shown in Figure 20.

" Again, the SMA reversal levels did not appear to be
significantly different at any counting interval despite
the fact that DMI levels in the blood and brain
approximated those attained after imipramine in a dose
- of 40 mg/kg; At all time points, the levels of SMA
reversal were sigﬁificantly greater than the levels
attained when DMI, TBZ, or saline were administered alone.

| Theselfindingslsuggest that imipramine per se
.modifies the degree of SMA reversal elicited when TBZ is .
administered to rats pretreated with imipramine.

- Previous studies on the disposition of DMI in the blood -
and brain after imipramine administration have shown a
double peaked disappearanbe curve Pf metabolically formed
DMI (Figures 5 and 6), and it was ir0posed that
imipramiﬁe by'substrate inhibition might be responsible
for this biphasic disposition pattern. This modifying
effect of'imipfamine on DﬂI dispoéition might also

account for the extreme variations in SMA reversal noted
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when TBZ is administered after imipramine treatment.

A modification of SMA reversal and DMI disposition by
imipramine;would indicate a major role for DMI in the
tetrabenazine reversal phenomenon. These findings
~appear to éubstantiate, with respeét to "tetrabenazine
reversal," the role of imipramine as a "pro-drug," and

the responsibility of DMI in the reversal phenomenon.

I. Effect of SKF-525A Pretreatment on the.
Reversal of Imipramine-induced Spontaneous
Motor Activity by Tetrabenazine in Rats

Other investigators have shown that SKF-525A ¥ _' |
effectively inhibits the metabolic transformation of '
imipramine to DMI in rats (8). However, the effect of
SKF-525A p;etreatmentlon'the degrée of SMA reversal
exhibited when TBZ is administered after imipramine
treatment has not been studiéd thoroughly. An inhibition
or lack of inhibition of SMA reversal with SKF-5254
pretreatment could further verify!the indispensibility
of DMI fog'induction of the TBZ reversal phenomenon in
rats. f R

SKF-525A, 80 mg/kg, was admiﬁistered orally to rats
one hour prior to intraperitoneal injection of imipramine,
40 mg/kg.i At succeeding time poiﬁts, tetrabenazine
(20 mg/kg) was administered, and SMA was quantitated

during the subsequent 20 to 50 minute interval. The
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results of this study appear in Figure 21.
It is evident that SKF-525A pretreatment produced
a pronounced decrease in the degree of SMA reversal
noted when TBZ was administered %o rats previously
treated with imipramine only (Figure 21). With the
exception of the 2.0 hour SMA interval, the degree of B '
= reversal was significantly less than reversal levels |
attained without pretreatment with SKF-525A,., In
| addition, these reduced SMA levels were not statistically
different from SMA levels observed when SKF-525A and TBZ
were administered in conjunction. With regard to the
2.0 hour SMA interval, thé level attained was not
statistically different from the saline (control) SMA
level. However, this level was significantly greater
than SMA levels observed when imipramine, DMI, TBZ,
SKF-525A or SKF-525A plus TBZ were administered (Figure
15). ' |
To 1nsure that SKF-525A 1nh1b1t10n of SMA reversal
~was due to an inhibition of metabollcally formed DMI,
and not to some intrinsic pharmacological action of
SKF-5254, DMI was substituted for imipramine, and the
previous éxﬁeriment was repeated. SKF-525A (80 mg/kg)
was admlnlstered orally to rats onme hour prior %o
' intraperltopeal injection of DMI, 20 mg/kg. . After 240
minutes, TBZ (20 mg/kg)"w;s administered, and SMA was

P
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. , | 102
quantitated during the following 20 to 50 minute interval.,

Figure 22 illustrates the results of this experiment.

It is apparent that SKF-525A does not prevent the
reversal phenomenon elicited when TBZ is administered
after DMI. The SMA level attained was significantly
greater than the saline (control) level, and SMA levels
elicited by TBZ, SKF-525A, SKF-525A plus TBZ, or SKF-525A,
imipramine, and TBZ in combination. '
| These data strongly suggest a fequirement for DMI in
the TBZ reversal phenomenon. The SMA reversal noted
when TBZ was administered after imipramine may be due to
the action of metabolically formed DMI, and not to the |
action of imipramine. These findings further substantiate
the proposed "pro-drug" role for imipramine in the
tetrabenazine reversal phenomenon énd verify the

necessity for DMI. - :
. s

J. Effect of Varying the Dose of Desmethylimipramine .
on the Degree of Reversal by Tetrabenazine of
Desmethylimipramine-induced Spontaneous Motor Activity

4 ¥
The réle of DMI in the reversﬁl of imipramine-induced
SMA by TBZ promoted speculation as to whether variations
in the amount of DMI administered would alter the degree
of SMA elicited when TBZ is administered to DMI treated - ?
rats. _The following study attempté to establish a
doSe-resPOﬁse relationship between,DMi concentration and

the degree of SMA reversal. j
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Desmethylimiﬁramine concentrations ranging from
1.0 to S0.0fmg/kg were administered intraperitoneally
to rats. The animals were challengéd 240 minutes later
with TBZ (20 mg/kg), intraperitoneaily. Immediately
after TBZ injection, the animals were placed in
- photocell cages, and SMA was quantitated during the
following 20 to 50 minute interval. The results of.
this study appear in Figure 23. ‘

A DMI dose of 10.0 mg/kg was shown to initiate TBZ
reversal to a significantly greater extent fhan control
SMA levels,'or SMA levels observed after administration
of TBZ and DMI separately. The degree of SMA reversal -
was greatest with 15.0 and 20.0 mg/kg DMI doses, but
declined with DMI aoses of 25.0, 30.0, and 35.0 mg/kg.
A dose of 35.0 mg/kg followed by TBZ did not elicit
significan® SMA reversal. However; larger DMI doses
(40.0 and 45.0 mg/kg) produced SMA reversal levels eI
significantly greater than control levels. Thus, it
~ appears that the dose of administefed DMI alters the
degree of SﬁA.reversal noted when TBZ is administered

1 i

after DMI. | However, the dose-response relationship is
atypical insofar as low or high doses of DMI trigger TBZ
reversal;!while intermediate doses are ineffective in
produding ﬁhis response. | -

This observation'paréllels the anomalous dose-

response data reported on the interaction of imipramine
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with barbiturates and amphetamine (41,53,54). Low and
high doses of imipramine potentiate or depress the
behavioral effects of barbiturates and amphetamines,

- while intermediate doses do not modify the central
nervous syétem effects of these agénts. The data from
the present studies suggest the possibility that the
interactions of imipramine with baﬁbiturates and
amphetamines might also be attributable to metabolically

formed DMI,

K. The Correlation Between Brain Desmethylimipramine
Levels and Reversal of Imipramine-induced Spontaneous
Motor Activity by Tetrabenazine in Rats

The pfevious-investigations were coﬁﬁucted in an
attempt to correlate feversal of iﬁipramine-induced SMA
by TBZ andlthe concentration of DMI attained in rat
brain afte? administration offimipramine. .It is obvious_
that the dbuble peaked disappearance curve of DMI in ratﬁ_
brain, obsérved after imipramine administration (Figure
6); does nbt correlate visibly with the variable SMA
" reversal péttern oyserved when QBz;is adninistered at
succeeding:time points after imipfamine treatment
(Figure 18). Thus, if a true corr%lation does exist
between br?in DMI concentration and SIMA reversal in rats

‘treated with tetrabenazine after imipremine administra-

tion, it %ﬁ a more subtle one.

¥ . X ¢ i
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Prior studies have indicated that the dose-response

relationshiﬁ between intraperitoneally administered DMI
and the degree of SMA reversal elicited upon subsequent
TBZ administration is atypical. Low and high doses of .
. DMI trigger'TBZ reversal, while intermediate doses are
ineffective in producing this response. These findings
suggested the possibility that low, intermediaté, and
high goncentrations of DMI in the rat brain might account
for the atypical dose-response relationship observed
when TBZ is administered to rats pretreated with various
doses of DMI., For this reason, the degree of SMA
reversal elicited after various intraperitoneal doses of
DMI followed by TBZ was plotted versus brain concentra-
tions of DMI determined after vafious intraperitoneal
doses of DMI (Figure 24). |

As in Figure 23, which illustrates SMA reversal
versus intraperitoneal DMI dose, SMA reversal is apparent _
with low and high brain DMI concentrations, but not at
intermediate COncentratioﬁs. The degree of SMA reversal
. was greatest at braln concentrations of approximately
4 and 14 micrograms per gram braln, while an 1ntermed1ate
brain DMI concentration of 10.5 mlepograms per gram
‘brain did not elicit SMA reversal. .

Having.estabiighed an SMA reversal versus brain DMI
concentration standard curve (Figuﬁe 24); and with the

knowledge that vériable brain DMI concentrations after
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imipramine administration would alter the degree of SMA
reversal noted when TBZ is given after imipramine,
another attempt was made to correlate brain DMI levels
with the SMA reversal levels observed when TBZ is
administered after imipramine. Usihg DMI concentrations
at various times during the double peaked DMI
concentration curve after imipramine administration
(Figure 6), and extrapolating the degree of SMA
reversal expected from each concentration of DMI from
the standard curve (Figure 24), an SMA pattern ﬁas
computed. Figure 25 presents the experimentally
determined SMA pattern observed when TBZ is administered
at various times after imipramine,'and the SMA pattern
computed from braiﬁ levels using the SMA reversal versus
brain DMI concentration standard curve.

It is immediately apparent that a visible
correlation exists between the experimental SMA pattern .-
" and the SMA pattern computed from brain DMI concentra-
ﬁ tions (97); Thus, indirectly, the levels of DMI in the
brain can be shown to correlate with the degree of TBZ
reversal noted when TBZ is administered to rats |
pretreated with imipramine. Theseldata provide
additionai,credence to the hypothesis that the SMA
.reveréal phenbmenon observed when TBZ is given to rats
pretreated with imipraminé is dependent upon the metabolic

formation of DMI, and not upon the presence of parent drug.



SMA COUNTS / 30 MIN

SMA

~ HOURS

1600} IM1 (40 mg/kg) + TBZ (20 mg/ kg)
+ . EXPERIMENTAL
- 1200} + ) o ' |
+H1 U
' 860- +
~ aoo} + |
0 - ' . Y .
0 1 2 -3 4 5 6
| HOURS
(IMIPRAMINE <+ TETRABENAZINE)
.aoo-_%:-- - e g e SRR
s0of
aoo}
200}
‘ ' COMPUTED , |
° 12 3 4 5



CONCLUSIONS |

Invest%gation'of the biologica} disposition of

imipramine and its major metabolite, desmethylimipramine
(DIMI), in blood and brain after injection of imipramine
disclosed a double peaked disappearance curve for DMI
(Figures 5 and 6). However, the ﬁarent drug imipramine _. 0]
exhibited a typical first order disappearance curve in
this series of studies. Spontaneous motor activity
 (SMA) experiments carried out under these conditions ab
' various time points showed that the amplitude of
tetrabenazine (TBZ) reversal of 1m1pramine—1nduced SMA
did not correlate with blood or braln levels of
~ imipramine (Figures 5 and 6). However, the amplitude
.'of reversal with time ﬁas suggestive of a possible
correlaﬁion'with DMI levels in blood and brain.

~In contrast the 1nject10n of the metabolite, DMI,
resulted in the production of a typlcal first order
decay curve in blood and brain (Figures 8 and 9)._
‘Furthermore, the magnltude of SMA reversal was
relatively constant, and correlateﬁ with blood and brain
DMI 1evels.s These data suggested that imipramine might
.modify the dlSpOSlthﬂ of metabolically formed DMI, and
that DMI 13 involved in the reversal of imzpramlne— :

induced SMA by sz, =

; TR N L 1 e
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Studies utilizing SKF-525A further substantiated the
role of DMI in the TBZ reversal phenomenon. FPretreatment
with SKF-525A was shown to inhibit the metabolic |
~conversion of imipramine to DIMI (Figures 11 and 12) and
‘to prevent the reversal of imipramine-induced SMA by TBZ
(Figure 21). In contrast, SKF-525A pretreatment prior %o
injection of DMI did not prevent the reversal of
DMI-induced SMA by TBZ (Figure 22).
'DMI dose versus brain DMI concentration studies
revealed a biphasic increase in brain DNI concentration
. as the dose was incfeased'(Figure 14). This suggests
that more than one uptake mechanism might be involved
in the entry of DMI into the bfain¢ The particular
mode of uptake might afféct the degree of SMA reversal
noted when TBZ is given after DMI.
Additional studies with TBZ showed that variable
: doses of administered DMI dramatically altered SMA e
reversal (Figure 23). However, the dose-response - |
. relationship was atypical in that iow or high doéés of
DMI initiated TBZ reversal while intermediate doses
were ineffective in producing this response. This
observation suggests that more than one mechanism of
action fdr.DMI is involved in the reversal phenomenon.
:'Hypotﬁétically,lat low DMI doses (10-20 mg/kg), TBZ
" reversal could be atbtributed to an!indirect adrenergic
effect dependent upon the demonstrated central blockade

H
i

i
i
:



of norepinephrine'uptake by DMI (26). As intermediate
doses of DMI are approached (25-35 mg/kg), the

adrenolytic effects of DMI which are dependent upon the

* affinity of the drug for adrenergic receptor sites (33,

72) could account for the reductioﬁ of TBZ reversal.
The appearance of TBZ reversal at high DINI doses

(40-50 mg/kg) might be attributed to the central
cholinolytic action of DMI (83). Inhibition of central

cholinergic activity might enhance adrenergic effects

- which, in turn, might facilitate TBZ reversal in the

manner suggested for low DMI doses. Thus, both central
adrenergic and cholinergic mechanisms, dependent upon
the relative brain concentration of DMNI,-might be
involved in the reversal of DMI-induced SMA by TBZ.

117

Integration of the data from brain DMI concentration

studies (Figure 6) and dose-response investigations of

DMI versus.SMA reversal (Figure 23) revealed that DMI _

levels in the brain indirectly correlate with the degree

of SMA noted when . TBZ is administered to rats pretreated

with imipramine (Figure 25). This correlation provides

. additional evidence -to substantiate the influential
* function of DMI in the reversal of imipramine-induced

SMA by TBZ, . _

The observation tha? low or high doses of DMI
initiate TBZ réversal‘while intermediate doses are )
ineffectiv;.parallels the anomalous dose-response data

“£_  : | .::  } : '5- . _



reported on the iﬁteradtion of imiﬁramine with several
biological systems, and various chemical agents., The
'physiologicAI responses to sympathe%ic nerve (33-35)

- and vagal (37) stimulation are enhanced by low doses of
imipramine, but antagonized with higher doses. In
addition, barbiturate and amphetamine interactions with
imipramine do not exhibit a typical dose-response
relationship. Intermediate doses of imipramine prolong
- barbiturate sleeping time while lower or_higher doses
shorten hypnosis (41,54). In contrast, amphetamine
hyperactivity is enhanced by low doses of imipramine,
unaffected By intermediate doses, and inhibited by high
doses (53). The dosage similarities between the
reversal of DMI-induced SMA by TBZ and the biological'
and drug interactions with imipramine suggest that DMI

might contribute in whole or in part to the diverse

118

pharmacological interactions observed with imipramine.'m.w

However, additionﬁl research would be required to

substantiate this hypothesis. | A
There exists an extensive body of evidence to

suggest tha% depression as a diseaée state might be

| related to the levels of endogenoué biogenic amines in

the brain (22,79,80,98). In fact, Schildkraut (79) has

prOposéd that some, if not all, depressions are

associated with an absolute or relative decrease in

catecholamines, particularly norepinephrine, available

i



at central gdrenergic receptor sites. Elation,

ccnversely,%may be associated with an excess of such

- amines. The depletion of norepinephrine by TBZ is

associated with a decrease in motor activity, and has

been labeled as "pseudodepression" insofar as this

state resembles human inactive or regressive i
depression (80). Pharmacological studies have suggested i f}
that imipramine exerts its antidepressant action by | |
potentiating the physiological effect of.rcleased :
norepinephrine (75,77). Thus, after imipramine treatment,
the adreneréic'activityxﬁf norepinephrine released by TBZ
would be enhanced and might exert an "antidepressant"
effects Clinically, administration of imipramine and
imipramine-like antidepressants has been shown to

~ antagonize ?hﬂ pharmacological effects of TBZ in normal
and depressed patients (99,100). Thus, the use of TBZ

to induce a model experimental depression would appear . .-
to be a valid and useful test system for evaluation of
antidepressant activity in 1ower'spccies. - |
| Although it has been proposed $hat the antidepressant
~activity of imipramine might actually be due to DMI

(86 87), 2 body of evidence also exists to suggest that
this act1v1ty might be due to the parent drug.

) Specifically, the onset of therapeutlc action and the
degree of antldepressant activity have been shown to be

essentlally"identical following therapy with either
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imipramine or DMI (22). The present rat studies have

'_ demonstrated a sedative action of imipramine in that

SMA was markedly reduced after administration of |
" imipramine alone (Figure 16). This sedation induced by _ by o
- imipramine might account for the apparent antidepressant ks |
activity associated with imipramine insofar as this |
pharmacological effect might prove beneficial in

alleviation of the anxiety component of depressive

' anxiety states. Thus, the antidepressant activity of

DMI might be enhanced, but masked by the sedative action

of imipramine, and thus might account for the similar

onset times for imipramine and DMI in antidepressive

therapy. 'In addition, clinical studies with DMI (101)

have shown individual differences in steady state plasma
concentrations (8-290 mug of DMI/ml of plasma); In

subjects with the highest steady state plasma 1évels,

- undesirable side éffects were reported. This observation

is in accord wifh clinical observations which indicate

. that antidepressant activity is greatest in ﬁatients

exhibiting lower plasma levels of DMI (102). These dose

related toxicity and'efficacy findings might be similar

to the atypical dose-response data observed when TBZ was
adminisﬁered to rats pretreated with various doses of

_ DMI (Figure 23). Low doses of DMI might promote anti-

depressant activity, with little or no toxicity, while

with higher doses both toxicity a?d anti-adrenergic
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effects of DMI might cbntribute to a decline in anti-
depressantfactivity. Thus, the onset df the anti-
' depressant:hctivity for imipramine might depend upon
. the metabolic conversion of this compound to DMI, and
 the degree of therapeutic effiéacyifor both imipramine
~ and DMI might require the maintenance‘of low steady
state plasma levels of DMI,

In conclusion, the ﬁresent studies verify the
necessity for conversion of imipramine to bMI prior to
the reversal of TBZ-induced depression in rats, thereby
implicatiné imipramine as a "pro-drug," DMI, however,'
would appeér to be the active agent with respect to
TBZ reversél. These findings”substantiate'the
- hypothesis that although 1m1pram1ne exerts a sedative
action in anlmals and man the antldepressant activ1ty

is due malnly to the metabolite, DMI (86,87).

i
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SUMMARY

In 1961, a new theory.regarding the mechanism of
antideprecéant activity of imipramine was proposed. It'
' was suggeétcd that despite the mi;d sedative action of
imipramine in animals and man, the antidepressant
activity is due to the metabolite desmethylimipramine
. (DMI). Numerous investigations were conducted to
support or disprove this theory during the 1960's.
However, significant findings were few and inconclusive.
Thelﬁresent studies were conducted to elucidate
. the relative importance of imipraﬁine and/or DMI in the
reversal of imipramine-induced apcntanecus motor
activity (SMA) by tetrabenazine’ (TBZ) in rats. The
disposition of imipramine and DMI in whole blood and
brain werc monitored over 24 hourc, and a detailed
time-SMA casponse study of the interactlon between e -?'
imlpraminq or DMI and TBZ was undertaken. It was ok : !
antlclpatcd that these studies wogld clarify the present .
"imipramine or DMI" controversy, cnd possibly provide
new insight concerping the pharmacological action of

antidepressants. ;

Male Hcltzman rats were given 1mipramine or DMI
intraperitoneally, and sacrificed at various times.
" Whole blood aamples were' collected and whole brains | S %
homogenmzcd with water. Both blood and brain aamples |

i -132-




135
were extracted and 'assayed fluorimetrlcally for

imipramine and DMI content by the . technique of Dlngell,
Sulser, apd Gillette (12). i
SMA was measured in circular six-beam photoelectric
- activity cages. Each rat was given imipramine or DMI
and challenged with TBZ at a succeeding time point. A.
single rat was placed in each activity cage immediately

after TBZ administration, and SMA was recorded

. periodically.

Investigation of the biological disposition of
imipramino and DMI in blood and brain after imipramine
administration disclosed a typical first-order
_ dieappearance curve for imipramine, and a double peaked
disappearance curve for DMI. SMA determinations at
various time points showed that the amplitude of TBZ
reversal of imipramine-induced SMA did not correlate
with blood and brain levels of imipramine. However, B
the amplitude of reversal with time was suggestive of a
possible porrelation with DMI 1evele in blood and brain.

- In contraet injection of DMI resulted in the
production of a typical first-order decay curve in blood
- and brainf Furthermore, the magnitude of SMA reversal |
was relatdvely constant, and correlated with blood and
 brain DMI levels. e I |
| SKF<525A pretreatment was ehown to inhiblt the )

'i
l

metabolic.convereion of imipramine to DMI, and to
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prevent the revers&l of imipramine-induced SMA by TBZ. .

In contrast, SKF-525A treatment prior to the administra-
tion of DMI did not prevent the reversal of DMI-induced

- SMA by TBZ.

DMI dose versus blood and brain DMI concentration
studies revealed a linear increase in blood DMI concentra-
tion, and a biphasic linear increase in brain DMI

concentration as the dose was increased. TBZ reversal

~ studies showed that variable doses of administered DMI

dramaticaily altered SMA. However, the dose-response
relationship was atypical in that low or high doses of
DMI initiated TBZ reversal, while intermediate doses were
ineffective in producing this response." Integration of
data from:the brain DMI cbncentration studies and the
dose-response investigation of DMI versus TBZ reversal
revealed that DMI levels in the brain indirectly correlate
with the gegree of SMA noted wheq-TBZ is administered to-
rats pretreated with imipramine.ig

~ The ?resent studies verify éhe necessity for con-
version of imipramine to DMI pridf to the reversal of

imipraming—induced‘SMA by TBZ, thereby implicating

imipramine as a "pro-drug." DMI, however, would appear to

- be the aqtlve agent w1th respect to TBZ reversal. These

_ findlngs provide additlonal credence to the hypothesis

that the antidepresaant action of imipramine is due
mainly tq the metabolite, DMI, and not the parent drug.
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