NOL

Jowrnalof . .
J. Neural Transmission 46, 85— 103 (1979) Neural Transmission

© by Springer-Verlag 1979

Reevaluation of the Indoleamine Hypothesis of Depression.
Evidence for a Reduction of Functional Activity of Central
5-HT Systems by Antidepressant Drugs

$.0.Qgrenl K. Fuxe?, L. F. Agnati, J. A. Gustafssons,
G. Jonsson?, and A. C. Holm!

Department of Pharmacology!, Astra Likemedel AB, Soédertilje, Departments of
Histology? and Chemistry®, Karolinska Institute, Stockholm, Sweden

With 1 Figure

Received July 20, 1979

Summary

The eftects of antidepressant drugs on central 5-HT receptor activity
were studied in rats and mice. Antidepressant drugs were evaluated for
their ability to displace *H-5-HT and H-d-LSD from membrane binding
sites in the dorsal neocortex of rats in wvitro and for their ability to block
5-HTP and d-LSD induced behavioral effects in mice. The degree of
blockade of head-twitches in mice produced by the antidepressants was
highly correlated with their affinity for SH-d-LSD binding sites. A number
of antidepressant drugs such as amitriptyline, nortriptyline, mianserine,
doxepine, nomifensine and dibenzepine appear to possess marked 3-HT
receptor blocking acrivity at some types of 5-HT receptors in brain. New
antidepressant drugs such as zimelidine, which specifically inhibit 5-HT
reuptake and do not blodk 5-HT receptor sites, may after chronic treatment
also reduce the functional activity of 5-HT systems by producing adaptive
changes in postsynaptic 5-HT mechanisms. Thus, a new indoleamine
hypothesis of depression is presented: the therapeutic action of anti-
depressant drugs may in part be due to a reduced functional activity of some
central 5-HT systems.

Introduction 5

The amine hypothesis of depression postulates that depression is
due to reduced neuronal transmission at noradrenaline (NA) (Schild-
kraut, 1965; Bunney et al., 1965) or 5-hydroxytryptamine (5-HT)
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(Coppen, 1967; Lapin and Oxenkrug, 1969; van Praag, 1974)
synapses in the brain. The early observations that tricyclic anti-
depressants inhibited the neuronal uptake of NA (Glowinski and
Axelrod, 1964; Iversen, 1965; Carlsson et al., 1966) and the sub-
sequent discovery that some of them also inhibited the uptake of 5-HT
(Ross and Renyi, 1969; Carlsson et al., 1969) suggested that the
therapeutic action of antidepressants was due to an increased avail-
ability of NA or 5-HT at postsynaptic receptor sites (Schildkraut,
1965; Bunney et al., 1965; Coppen, 1967; Lapin and Oxenkrug, 1969;
van Praag, 1974).

However, several findings are difficult to reconcile with this view.
Some antidepressants such as iprindole, doxepine and mianserine
appear to be very weak inhibitors of NA and 5-HT uptake in vivo
(Ross et al.,, 1971; Leonard, 1974). In addition, two of the most
commonly used tricyclic antidepressants, amitriptyline and nor-
triptyline were recently found to have a high affinity for 3H-d-LSD
binding sites in the brain (Fuxe et al., 1977, 1978 a) and also reduced
central 5-HT activity in a behavioral test. Previous studies have
shown that imipramine, desipramine, chlorimipramine and mianserine
can reduce specific high affinity 3H-d-LSD binding in the rat brain
(Bennett and Aghajanian, 1975; Bennett and Snyder, 1976).
Behavioral studies in the rat have also indicated that mianserine and
doxepinc are blockers of postsynaptic 5-HT receptors (Maj et al.,
1978).

In the present paper we have examined the 5-HT receptor blocking
properties of a number of tricyclic antidepressants having different
chemical structures including newly introduced putative anti-
depressants of a nontricyclic type. The ability of the tested drugs to
displace specifically bound *H-5-HT and *H-d-LSD and to block a
behavioral response (head-twitches) induced by 5-hydroxytryptophan
and d-LSD was examined and the results from the two types of
experiments were correlated.

Material and Methods

Binding Experiments

Male Sprague-Dawley rats (150—200 g) and male albino mice (NMRI
strain, 18—22 g) were used. The studies on specific SH-5-HT and *H-d-LSD
binding were performed in vitro in the dorsal neocortex of rats. The
procedure was the same as that described by Bennett and Snyder (1976).
Specific binding was defined as the difference between the total counts in
the absence of unlabelled ligand and the counts obtained in presence of
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unlabelled d-LSD (1 ;M) or unlabelled 5-HT (10 #M). Saturation analysis
of 3H-d-LSD binding revealed that the dissociation constants and the
maximal number of binding sites for $H-5-HT (Kp = 10aM; B, =
18 pmoles/g net weight) and 3H-d-LSD (K, = 6 nM; B,,., = 39 pmoles/g
net weight) were similar to those previously described (Bennett and Snyder,
1976; Fuxe et al., 1977). 1Cy,, based on 5—6 concentrations, was obtained
from Hill plots. K; was calculated according to the formula

ICs
b=
Ky

Ki:

C = concentration of the radioactive ligand, K, = dissociation constant.
The Hill coefficients were also obtained from the Hill plot of the dis-
placement curves and the 95 %/s confidence intervals of the Hill coefficient
were calculated according to Sen’s procedure, a nonparametric method
(Theil, 1950; Sen, 1968). Each experiment was repeated 2—3 times and
five replicates were made at each concentration. The concentration of
3H-5-HT (16—17 Ci/mmol) was 5—6 nM and that of 3H-d-LSD (114 Ci
per mmol) 2—3 nM. SH-5-HT and 3H-d-LSD were purchased from New
England Nuclear and from Amersham-Searle respectively.

Behavioral Experiments

Studies on 5-HT receptor activity in vivo were performed in mice. The
5-HT precursor 5-hydroxytryptophan (5-HTP) and the 5-HT agonists
d-LSD induce head-twitches in mice which appear to be due to increased
5-HT receptor activity (Corne et al., 1963; Ogren and Ross, 1977;
Nakamura and Fukushima, 1978). Potentiation of 5-HTP induced head-
twitches was performed as described previously (Ogren and Ross, 1977). The
drugs were injected i.p. 60 min before dl-5-HTP. Blockade of the 5-HTP
and d-LSD induced head-twitches were performed in analogy with the
potentiation of 5-HTP (Fuxe et al., 1977). The drugs were injected i.p.
60 min before 5-HTP and d-LSD. In these experiments a strong behavioral
response was used as a base line to minimize the possibility of an unspecific
blockade. Therefore, 5-HTP (90 mg/kg i.v.) was given to animals pretreated
with the monoamine oxidase inhibitor 1-a-ethyliryptamine (5 mgrkg i.p.,
60 min before the 5-HTP injection) and a relatively high dose of d-LSD
(0.5 mg/kg s.c.) was used. This procedure produces a high frequency of head-
twitches. The specificity of the 5-HTP and d-LSD blokade was further
assessed by testing the blodade of the pinna reflex (Corne et al., 1963)
60 min after the i.p. injection of the drugs. EDyy’s were calculated by probit
analysis (Finney, 1952) based on 5—6 dose levels with 10 animals per dose.
The Spearman Rank test (Conover, 1971) was used to test for correlations.
Similarities between the tested drugs were analyzed by means of a
dendrogram based on Sokal and Sneath’s procedure (Sokal and Sneath,
1963).

74



88 S. O. Ogren et al.:

Compounds

The drugs were dissolved in physiological saline or in distilled water and
injected i.p. in a volume of 10 ml/kg. The following clinically used anti-
depressant drugs representing various chemical structures were tested:

Dibenzazepines: imipramine HCI (Ciba-Geigy), desipramine HCI (Ciba-
Geigy) and chlorimipramine HC! (Ciba-Geigy); dibenzocycloheptadienes:
amitriptyline HCl (Lundbeck), nortriptyline HCl (Ciba-Geigy) and pro-
triptyline HCl (Merck); dibenzoxepine: doxepine HCI (Pfizer); N-
substituted cycloalkylindole: iprindole HCl (Wyeth): tetrahydroisoquinoline:
nomifensine maleate (Hoechst) (Hoffman, 1973); dibenzodiazepine: di-
benzepine HCI (Hissle) (Collard et al., 1973); tetracyclic piperazineazepine:
mianserine HCl (Organon) (Vargaftig et al., 1971). Some new types of
putative antidepressants were also included, i.e. zimelidine [(Z)-3-(4-bromo-
phenyl)-N,N-dimethyl-3-(3-pyridyl)-allylamine  dihydrochloride mono-
hydrate] (Astra) and fluoxetine [3-(p-trifluoromethylphenoxy)-N-methyl-3-
phenylpropylamine HCI1] (Eli Lilly) which are both potent and selective
inhibitors of 5-HT uptake in vivo (Ross et al., 1976; Wong et al., 1975).
Zimelidine has recently been reported to have an antidepressant action in
man (Coppen et al., 1979; Montgomery et al., 1978). The 5-HT receptor
blocking agent methergoline (Farmitalia) (Fuxe et al., 1975) and the
neuroleptic drug chlorpromazine HCI (Leo) were included for comparison.

Results

Binding Studies

The results are summarized in 'l'able 1. Calculated correlations are
shown in Table 2. The drugs studied have been listed according to
their potency to displace specific 3H-d-LSD binding in the dorsal neo-
cortex of the rat. The antidepressants and 5-HT but not d-LSD or
methergoline, displaced d-LSD binding with a Hill coefficient signifi-
cantly different from 1 ranging from 0.16 to 0.71. Doxepine (0.56)
and nomifensine (0.71) had the highest Hill coefficients while
chlorimipramine (0.16) had the lowest. The Ki values showed that
amitriptyline, nortriptyline, mianserine and doxepine had a sub-
stantial affinity for specific *H-d-LSD binding (Ki's ranging from
48—550 nM) while dibenzepine, protriptyline, iprindol, fluoxetine
and zimehdine had a low affinity (Ki’s > 3000 nM). Desipramine,
nomifensine and imipramine were moderately active with Ki’s
ranging from 710—1500 nM. The neuroleptic agent chlorpromazine
was potent in displacing *H-d-LSD (Ki = 110 nM). Many anti-
depressants  such as nortriptyline, mianserine, doxepine and
dibenzepine also displaced *H-5-HT binding with a Hill coeffi-
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cient significantly different from 1. Imipramine (0.94) and chlor-
imipramine (0.72) however, had a Hill coefficient similar to that
obtained with 5-HT (0.77). Amitriptyline, nortriptyline, chlor-
promazine, mianserine, desipramine, nomifensine and doxepine
(Ki values ranging from 500—1260 nM) had a lower affinity for the
*H-5-HT binding site than for the ®H-d-LSD binding site. Imipramine,
chlorimipramine, iprindol and protriptyline on the other hand had a
much higher affinity for the 3H-5-HT binding sites (Ki values ranging
from 120—490 nM) than for the 3H-d-LSD binding sites. Fluoxetine
and zimelidine had a low affinity for the 3H-5-HT binding site also.
Specific 5-HT and d-LSD binding was only slightly affected by the
adrenergic L1 .cking agent phenoxybenzamine (ICs = 3000 nM), the
histamine H:-receptor antagonist cimetidine (ICs ~ 3000 nM) and
the DA receptor antagonist haloperidol (ICw = 2000 nM). No cor-
relation between the Ki values of the tested drugs for displacement of
3H-d-LSD and 3H-5-HT binding (r« = —0.11, n.s.) was found
(Table 2). However, when considering only those drugs which
preferentially displaced 3H-5-HT, there was a significant correlation
between Ki values for the displacement of 3H-d-LSD and 3H-5-HT
binding (r, = 0.95, p < 0.05).

Behavioral Studies

All the drugs which had a substantial affinity for the d-LSD
binding site were found to block the head-twitches induced by d-LSD
and 5-HTP in mice. In agreement with the binding results, ami-
triptyline, nortriptyline, chlorpromazine, mianserine, doxepine,
nomifensine and dibenzepine were the most active in blocking the
actions of 5-HTP and d-LSD. Chlorimipramine and imipramine were
moderately active and desipramine and protriptyline had a low
potency in blocking 5-HTP and d-LSD. Zimelidine, iprindol and
fluoxetine failed to blok 5-HTP and d-LSD even in high doses
(EDso > 110 umol/kg). Most tested compounds did not blodk the
pinna reflex in mice in doses up to 150 u#mol/kg i.p. with the exception
of amitriptyline (EDs = 90 u#mol/kg i.p.) and nortriptyline (EDsy =
120 ymol/kg i.p.).

Blodkade of d-LSD and 5-HTP induced head-twitches were highly
correlated (ry = 0.96, p < 0.001) (Table 2). There was also a highly
significant correlation between the Ki values for displacement of
d-LSD binding and the EDs values for the inhibition of d-LSD (rx =
0.78, p < 0.005) and 5-HTP induced head-twitches (r. = 0.83, p <
0.001). Such a correlation was not found between the affinity of the
tested drugs for the 5-HT binding site and their ability to block
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d-LSD (r. = 0.17, n.s.) and 5-HTP induced head-twitches (r. = 0.10,
n.s.). When considering only those drugs which preferentially affected
5-HT binding, the correlation between the Ki values for the dis-
placement of 3H-5-HT and the ability to block d-LSD and 5-HTP
induced head-twitches was 0.72 (n.s.) and 0.78 (n.s.) respectively. In
agreement with the binding results, most antidepressants were more
potent in antagonizing d-LSD than 5-HTP induced head-twitches.
The behavioral and biochemical results obtained in this study and
results derived from the existing literature on the effects of the tested
drugs on NA and 5-HT uptake did not correlate with the clinical
doses used for treatment of depression (Table 2). There was also no
significant correlation between the cffects of the tested drugs on NA

DENDROGRAM SHOWING SIMILARITY LEVELS
AMONG THE TESTED DRUGS
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Fig. 1. The similarity between different types of antidepressant drugs shown by a

dendrogram. The dendrogram was made according to the procedure of Sokal and

Sneath (1963). The dendrogram is based on the results in Tables 1 and 2. The

calculated similarity levels between the tested drugs and between the clusters of

drugs are shown on the similarity scale. According to this analysis the tested drugs
can be grouped in four groups (see Results)
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and 5-HT and effects on *H-5-HT and 3H-d-LSD binding. The results
were further analyzed by means of a similarity matrix for the drugs
studied (not shown) based on the parameters shown in Tables 1 and 2.
The dendrogram made according to the procedure of Sokal and Sneath
summarizes the results (Fig. 1). According to this analysis, the overall
similarity level of the antidepressant drugs is low (0.33, n.s.) and the
antidepressants can be grouped as follows (similarity levels within

brachets).

Group 1. This group consists of amitriptyline and chlorpromazine
(0.81) joined by nomifensine at a similarity level of 0.71.

Group 2. Doxepine, mianserine and nortriptyline (0.76) are joined by
dibenzepine at a similarity level of 0.73. The first and the
second group form a single cluster at a similarity level of
0.65.

Group 3. Imipramine and protriptyline (0.69) are joined by iprindol
and desipramine at a similarity level of 0.60 and 0.58
respectively. The first three groups form a single cluster at a
similarity level of 0.46.

Group 4. Zimelidine and fluoxetine (0.81) are joined by chlor-
imipramine at a similarity level of 0.60.

Discussion

The radioligands *H-5-HT and *H-d-LSD have been used by
several groups to evaluate actions of drugs at central postsynaptic
5-HT receptors (Bennett and Aghajanian, 1975; Bennett and Snyder,
1976; Lovell and Freedman, 1976; Fuxe et al., 1977, 1978 a; Bourgoin
et al., 1978; Fillion et al., 1978). These studies, based on lesions of
5-HT pathways (Fuxe et al., 1978 b; Azmitia, 1978) and on studies
with 5-HT receptor blocking agents (Bennett and Aghajanian, 1975;
Bennett and Snyder, 1976; Lovell and Freedman, 1976; Bourgoin
et al., 1978; Fuxe et al., 1978 b), favor the view that 3H-5-HT and
¥H-d-LSD binding sites represent separate sites (see Furchgott, 1978)
and that at least some of the 3H-d-LSD binding sites are linked to
the postsynaptic 5-HT receptors. It must be emphasized again that
d-LSD pharmacologically mimics 5-HT in several functional and
electrophysiological models (Andén et al., 1968; Haigler and Agha-
janian, 1974) and seems to be a mixed agonist-antagonist at post-
synaptic 5-HT rceptor sites (Bennett and Snyder, 1976; Aghajanian
and Wang, 1978). Behavioral evidence also indicates that d-LSD acts
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upon central 5-HT receptors. A number of studics suggest that head-
twitches induced by d-LSD and high doses of 5-HTP are due to
activation of postsynaptic 5-HT receptors (Corne et al., 1963; Jacobs,
1976; Ogren and Ross, 1977; Nakamura and Fukushima, 1978).
Furthermore, following destruction of central 5-HT terminals by
5, 7-dihydroxytryptamine, the behavioral responses t 5-HT
precursors and d-LSD are markedly potentiated (Trulson et al.,
1976). The specificity of the head-twitch response for 5-HT receptors
is further underlined by studies with different receptor blodkers. Thus,
the DA-receptor blocking agent haloperidol, the a-adrenergic blockers
phenoxybenzamine and the histamine Hz-receptor blocking agent
cimetidine reduced head-twitches induced by 5-HTP and d-LSD in a
very high dose range indicating a non-specific action (unpublished
findings). In contrast, drugs such as methergoline which blodk central
5-HT receptors (Fuxe et al., 1975; Fuxe et al., 1978 c) antagonize in
very low doses head-twitches induced by d-LSD and 5-HTP (Fuxe
et al., 1978 ¢) while zimelidine and other inhibitors of the neuronal
uptake of 5-HT potentiate head-twitches induced by 5-HTP (Ross
et al., 1976).

The present findings taken together indicate that many of the most
commonly used antidepressant drugs reduce central 5-HT synaptic
activity by blocking certain types of 5-HT receptors in the brain.
Moreover, the blockade of the head-twitch response to d-LSD or
5-HTP appears not to be due to a non-specific action in view of the
relatively weak blockade of the pinnareflex by the antidepressants.
Amitriptyline, nortriptyline, mianserine, doxepine, desipramine and
nomifensine belong to this group of antidepressant drugs which show a
higher affinity for the d-LSD than for the 5-HT binding site in the
cerebral cortex. The observation that these drugs, unlike d-LSD and
methergoline, displace 3H-d-LSD binding with a Hill coefficient
significantly lower than 1 can be explained on the basis that they only
bind to some of the d-LSD binding sites. Thus, both 5-H'T receptor
antagonists and 5-HT agonists (Bennett and Snyder, 1976; Fuxe et al.,
1977) can displace 3H-d-LSD binding with a low Hill coefficient
(cf. Burt et al., 1976). The behavioral studies show that these anti-
depressant drugs do not potentiate head-twitches induced by 5-HTP.
On the contrary, they block 5-HTP and d-LSD induced head-twitches.
The rank order of this blockade is highly correlated to the ability to
displace 3H-d-LSD from binding sites. Thus, the mechanism for the
blockade of the 5-HTP and d-LSD syndrome observed following
acute treatment with some antidepressants may partly be due to
occupation of some regulatory d-LSD binding sites related to the
5-HT receptors (see Aghajanian and Wang, 1978).
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Certain antidepressants such as imipramine, chlorimipramine, di-
benzepine, iprindol and protriptyline primarily displaced 3H-5-HT
binding in the cerebral cortex and with varying Hill coefficients. The
behavioral studies show that dibenzepine did not potentiate but
blocked 5-HTP and d-LSD induced head-twitches in relatively low
doses. Imipramine and chlorimipramine on the other hand potentiated
5-HTP in lower doses and blocked 5-HTP and d-LSD induced head-
twitches in higher doses. Thus, both the behavioral and biochemical
results suggest that imipramine and chlorimipramine have both a pre-
synaptic (5-HT uptake blockade) and postsynaptic action (blockade of
some postsynaptic 5-HT receptors). There is a positive though non-
significant correlation between the ability of these drugs to block
5-HTP and d-LSD induced head-twitches and to displace *H-5-HT
binding. The trend from the correlation analyses suggest that these
drugs, too, may blodk the head-twitches induced by d-LSD and 5-HTP
via blockade of some 5-HT receptors. It should be pointed out that the
Ki values of these drugs for displacement of *H-5-HT and *H-d-LSD
binding exhibit a significant correlation. Note that imipramine and
chlorimipramine also have a relatively high Hill coefficient (0.72 to
0.94), thus mimicking 5-H'T in this respect.

The high affinity of iprindol for the *H-5-HT binding sites in the
cortex was not correlated with any effect on the head-twitch response
in mice. Head-twitch behavior, however, appears to be induced by
actions on postsynaptic 5-HT mechanisms in the brain stem (Jacobs,
1976). A functional model for studies on postsynaptic cortical 5-HT
receptor mechanisms is not available. It is possible, therefore, that the
observed discrepancy is due to a selective action of iprindol on cortical
5-HT receptors.

In contrast to most antidepressants, the two putative anti-
depressants zimelidine and fluoxetine were shown to potentiate
5-HTP in doses well related to their ability to inhibit 5-HT uptake
without any signs of blockade of the head-twitches induced by
5-HTP and d-LSD. Thus, both these drugs appear to mainly have a
presynaptic action (i.e. inhibition of 5-HT uptake).

In view of these novel findings the indoleamine hypothesis of
depression may be modified. Thus, in certain depressive states 5-HT
synaptic mechanisms may be relatively overactive (Shaw et al., 1977;
Fuxe et al., 1977; Fuxe et al., 1978 a) and not as previously suggested
underactive (see Introduction). A similar hypothesis has recently been
put forward by Aprison and collaborators based inter alia on studies
on animal behavior indicating that incrcased release of 5-HT results
in a behaviorally depressive state (Aprison et al., 1978). Such a
hypothesis is also in line with the present knowledge on the role of
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5-HT in anxiety, negative reinforcement and punishment (Stein et al.,
1975; Aghajanian and Wang, 1978) and the behavioral and neuro-
endocrinological disturbances observed in depression (Carrol and
Mendels, 1976; Shaw et al., 1977).

When comparing the 5-HT receptor blocking action of the tested
drugs with their ability to inhibit 5-HT and NA-uptake in vivo it is
found that certain types of antidepressants such as amitriptyline,
nortriptyline, mianserine, dibenzepine, nomifensine and doxepine
possess 5-HT receptor blocking activity in doses near to or below
those causing 5-HT and NA uptake inhibition. The Ki values for
displacement of d-LSD and 5-HT binding could be of therapeutic
significance since the Ki values are below the concentration range
found in the rat brain after injection of tricyclic antidepressants
(Nagy, 1977) and mianserine (Kafoe et al., 1976) in rats. The K;
values are also in the same order of magnitude as the concentration
values of antidepressants such as amitriptyline present in the plasma
of patients (Coppen et al., 1978). The observation that chlorpromazine
appears to block some 5-HT receptor sites (low Hill coefficient) does
not necessarily contradict the present hypothesis. Although it is not
clear whether chlorpromazine is a specific antidepressant, some
authors have reported that chlorpromazine in low doses may show
antidepressant properties (Paykel et al., 1968). The fact that no
significant correlation between any behavioral or biochemical effects
measured in this study and clinical potencies were found cannot be
taken as a strong argument against the present hypothesis in a view of
the high variability in clinical dosage and the complex metabolic and
pharmacokinetic behavior of these drugs in man.

There is a seemingly paradoxical situation in that certain anti-
depressants such as amitriptyline, nortriptyline, mianserine etc.
acutely block central 5-HT receptors, whereas others such as
zimelidine enhance central 5-HT activity. This apparent paradox may
be resolved by studying the chronic effects of such antidepressants on
central 5-HT mechanisms. It was recently demonstrated that admin-
istration of the 5-HT uptake inhibitor zimelidine for a period of
14 days induced a low affinity binding site with a high number of bind-
ing sites for 5-HT in the cerebral cortex of rats (Fuxe et al.,1979). This
finding indicates that chronic 5-HT uptake inhibition may induce adap-
tive changes in the postsynaptic 5-HT mechanisms. Furthermore, the
reduction of 5-HT synthesis observed after acute treatment with
zimelidine (Carlsson and Lindquist, 1978) was not attenuated follow-
ing long-term treatment (Fuxe et al., 1979). It is therefore possible
that in the chronic treatment situation with zimelidine adaptive
changes in postsynaptic 5-HT mechanisms combined with a reduced
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5-HT release could lead to a reduced postsynaptic 5-HT receptor
activity. It therefore seems likely that the 5-HT reuptake blockade
may be of less importance during chronic treatment. Morcover, it may
be speculated that the acute inhibition of firing rate in 5-HT neurons
(cf. Aghajanian, 1972) exist also following chronic treatment with
drugs preferentially inhibiting 5-HT uptake, an action which may be
important for their antidepressant properties. In a similar way the
ability of tryptophan to enhance the antidepressant action of chlor-
imipramine (Waélinder et al., 1975) could be related to a further
enhancement of the reduction of firing rate in 5-HT neurons produced
by chlorimipramine (Aghajanian, 1972). Such mechanisms could in
part also explain the antidepressant activity of monoamine oxidase
inhibitors.

In view of the present findings it also seems possible to explain the
recent finding that long-term treatment with several tricyclic anti-
depressants increase responsivity of rat forebrain neurons to 5-HT
(de Montigny and Aghajanian, 1978). Such changes in postsynaptic
5-HT sensitivity could be related to the 5-HT receptor blocking
activity of certain antidepressants as well as to their ability to reduce
impulse flow in 5-HT neurons and 5-HT release (cf. Aghajanian and
Wang, 1978). It is also tempting to speculate that the latency of about
3 weeks for development of antidepressant activity in man after
treatment of several types of antidepressant drugs could in part be
related to the induction of adaptive changes in 5-HT mechanisms. In
this context it should be pointed out that desipramine and pro-
triptyline were found to be weak 5-HT blocking agent while potently
blocking NA uptake. However, recent findings with desipramine
indicates that this drug can increase 5-HT utilization in very low
doses in the cortex cerebri (unpublished findings). Therefore, these
two drugs may also have important actions on 5-HT mechanisms.
Taken together, the most prominent actions of antidepressant drugs
are either to inhibit NA reuptake and/or to affect 5-HT synaptic
mechanisms by blocking some 5-HT receptors or via 5-HT uptake
inhibition produce a down regulation of 5-HT receptor activity.
Thus, an important requirement for antidepressant action may be to
alter the ratio of NA receptor activity to 5-HT receptor activity in
the brain.

Acknowledgements

We kindly thank Dr. S. B. Ross, Astra Likemedel AB, Sédertilje,
Sweden, for allowing us to use unpublished results from his laboratory. We
thank Ciba-Geigy, Eli Lilly, Farmitalia, Hoechst, Hissle, Lundbeck,
Organon, Pfizer and Wyeth for generous supplies of drugs. This work has



Reevaluation of the Indoleaniine Hypothesis of Depression 99

been supported by a Grant (04X-715) from the Swedish Medical Research
Council and by a Grant (MH25504-06) from the National Institute of
Health and by M. Bergwall’s Foundation.

References

Aghajanian, G. K.: Influence of drugs on the firing of serotonin-containing
neurons in brain. Fed. Proc. 31, 91—96 (1972). '
Aghajanian, G. K., Wang, R.Y.: Physiology and pharmacology of central
serotonergic neurons. In: Psychopharmacology: A Generation of Progress
(Lipton, M. A., Di Mascio, A., Killam, K. F., eds.), pp. 171—183. New

York: Raven Press. 1978.

Andén, N.-E., Corrodi, H., Fuxe, K., Hokfelt, T.: Evidence for a central
5-hydroxytryptamine receptor stimulation by lysergic acid diethylamide.
Br. J. Pharmacol. 34, 1—7 (1968).

Aprison, M. H., Takabashi, R., Tachiki, K.: Hypersensitive serotonergic
receptors involved in clinical depression—a theory. In: Neurophar-
macology and Behavior (Haber, B., Aprison, M. H., eds.), pp. 23—53.
New York: Plenum Publishing Corporation. 1978.

Azmitia, E.: Reorganization of the 5-HT projections to the hippocampus.
Trends in Neuroscience 1, 45—48 (1978).

Bennett, ]. L., Aghajanian, G. K.: d-LSD binding to brain homogenates:
Possible relationship to serotonin receptors. Life Sci. 15, 1935—1944
(1975).

Bennett, ]. P., Snyder, S. H.: Serotonin and lysergic acid diethylamide
binding in rat brain membranes, Relationship to postsynaptic serotonin
receptors. Mol. Pharmacol. 12, 373—389 (1976).

Bourgoin, S., Artaud, F., Bockaert, ]., Héry, F., Glowinsky, ]., Hamon, M.:
Paradoxical decrease of brain 5-HT turnover by methergoline, a central
5-HT receptor blocker. Naunyn-Schmiedeberg’s Arch. Pharmacol. 302,
313—321 (1978).

Bunney, W.E., Davis, ]. R., Davis, ]J. M.: Norepinephrine in depressive
reactions. Arch. Gen. Psychiat. 713, 483—494 (1965).

Burt, D. R., Creese, 1., Snyder, S. H.: Propertics of 3H-haloperidol and
SH-dopamine binding associated with dopamine receptors in calf brain
membranes. Mol. Pharmacol. 12, 800—812 (1976).

Buus Lassen, ]., Squires, R.F., Christensen, ]. A., Molander, L.: Neuro-
chemical and pharmacological studies on a new 5-HT uptake inhibitor,
FG 4963, with potential antidepressant properties. Psychopharmacologia
42, 21—26 (1975).

Carlsson, A., Fuxe, K., Hamberger, B., Lindquist, M.: Biochemical and
histochemical studies on the effects of imipramine-like drugs and
(+)-amphetamine on central and peripheral catecholamine neurons.
Acta Physiol. Scand. 67, 481—497 (1966).

Carlsson, A., Corrodi, H., Fuxe, K., Hokfelt, T.: Effccts of antidepressant
drugs on the depletion of intraneuronal brain 5-hydroxytryptamine



100 S.O.Ugren et al.:

stores caused by 4-methyl-a-ethylmetatyramine. Europ. J. Pharmacol. 5,
357—366 (1969).

Carnmalm, B., de Paulis, T., Jacupovic, E., Jobansson, 1., Lindberg, U. H.,
Ulff, B., Stjernstrom, N.E., Renyi, A.L., Ross, S.B., Ogren, S.0.:
Antidepressant agents. IV. Phenylcycloalkylamines. Acta Pharm. Suecia
12, 149—172 (1975).

Carrol, B. ]., Mendels, ].: Neuroendocrine regulation in affective disorders.
In: Hormones, Behaviour, and Psychopathology (Sachar, E. J., ed.),
pp. 193—224. New York: Raven Press. 1976.

Collard, ]., Fraipont, ]., Dufrusne, M.: The first long-acting (“Retard”)
thymoanaleptic or antidepressant. The time-released dibenzepine with
prolonged action. Arzneim.-Forsch. 23, 537—545 (1973).

Conover, W. ].: Practical nonparametric statistics. New York: J. Wiley.
1971.

Coppen, A.: The biochemistry of affective disorders. Br. J. Psychiat. 113,
1237—1264 (1967).

Coppen, A., Montgomery, S., Ghose, K., Rama Rao, V. A., Bailey, ].,
Christiansen, ., Mikkelsen, P. L., van Praag, H. M., van de Pocl, F.,
Minsker, E. |., Kozulja, V.G., Mattusck, N., Kungkunz, G., Jorgen-
sen, A.: Amitriptyline plasma-concentration and clinical effect. Lancet 7,
63—66 (1978).

Coppen, A., Rama Rao, V. A., Swade, C., Wood, K.: Zimelidine: A thera-
peutic and pharmacokinetic study in depression. Psychopharmacology
63, 199—202 (1979).

Corne, S. ]., Pickering, R. W., Wagner, B.T.: A method for assessing the
effects of drugs on the central actions of 5-hydroxytryptamine. Brit. J.
Pharmacol. 20, 106120 (1963).

Fillion, G. M. B., Rouselle, ].-C., Fillion, M.-P., Beaudoin, D. M., Goiny,
M.R., Deniau, ]. M., Jacob, ].].: High-affinity binding of (°H) 5-
hydroxytryptamine to brain synaptosomal membranes. Comparison with
(®*H) lysergic acid diethylamid binding. Mol. Pharmacol. 74, 50—59
(1978).

Finney, D. ].: Probit analysis. London: Charles Griffin. 1952.

Furchgott, R. F.: Pharmacological characterization of receptors: Its relation
to radioligand-binding studies. Fed. Proc. 37, 115—120 (1978).

Fuxe, K., Agnati, L., Everitt, B.: Effects of methergoline on central mono-
amine neurons. Evidence for a selective blockade of central 5-HT
receptors. Neuroscience Letters /, 283—290 (1975).

Fuxe, K., Ogren, S.O., Agnati, L., Gustafsson, ]J. A., Jonsson, G.: On the
mechanism of action of the antidepressant drugs amitriptyline and nor-
triptyline. Evidence for 5-hydroxytryptamine receptor blocking activity.
Neurosci. Letters 6, 339—343 (1977).

Fuxe, K., Ogren, S.O., Everitt, B. J., Agnati, L. F., Eneroth, P., Gustafs-
son, J. A., Jonsson, G., Skett, P., Holm, A.C.: The effect of anti-
depressant drugs of the imipramine type on various monoamine systems
and their relation to changes in behaviour and neuroendocrine function.



Reevaluation of the Indoleamine Hypothesis of Depression 101

In: 13th Symposium Medicum Hoedhst on Depressive  Disorders
(Garattini, S., ed.), pp. 67—94. Sturtgare: F. K. Schattauer. 1978 a.

Fuxe, K., Ogren, S. O., Agnati, L. F., Jonsson, G., Gustafsson, J. A.: 5, 7-Di-
hydroxytryptamine as a tool to study the functional role of central
5-hydroxytryptamine neurons. Ann. N.Y. Acad. Sci. 305, 346—369
(1978 b).

Fuxe, K., Ogren, S.0O., Agnati, L. F., Jonsson, G.: Further evidence that
methergoline is a central 5-hydroxytryptamine receptor blocking agent.
Neurosci. Lett. 9, 195—200 (1978 ¢).

Fuxe, K., Ogren, §. 0., Agnati, L. F.: The effects of chronic treatment with
the 5-hydroxytryptamine uptake blocker zimelidine on central 5-
hydroxytryptamine mechanisms. Evidence for the induction of a low
affinity binding site for 5-hydroxytryptamine. Neurosci. Letters 13,
307—312 (1979).

Glowinski, ]., Axelrod, ].: Inhibition of uptake of triated-noradrenaline
in the intact rat brain by imipramine and structurally related com-
pounds. Nature 204, 1318—1319 (1964).

Haigler, H. ]., Aghajanian, G. K.: Peripheral serotonin antagonists: failure
to antagonize serotonin in brain areas receiving a prominent serotonergic
input. J. Neural Transm. 35, 257—273 (1974).

Hoffman, ].: 8-Amino-2-methyl-4-phenyl-1, 2, 3, 4-tetrahydroisoquinoline,
a new antidepressant. Arzneim.-Forsch. 23, 45—50 (1973).

lversen, L.: Inhibition of noradrenaline uptake by drugs. J. Pharm. Phar-
macol. 17, 62—64 (1965).

Jacobs, B. L.: An animal behaviour model for studying central serotonergic
synapses. Life Sci. 19, 777—786 (1976).

Kafoe, W.F., de Ridder, J. ]., Leonard, B. E.: The effect of a tetracyclic
antidepressant compound, ORG GB 94, on the turnover of biogenic
amines in rat brain. Biochem. Pharmacol. 25, 2455—2460 (1976).

Klein, D.F., Davis, ]. M.: Diagnosis and drug treatment of psychiatric
disorders. Baltimore: The Williams & Wilkins Company. 1969.

Koe, B. K.: Molecular geometry of inhibitors of the uptake of catecholamines
and serotonin in synaptosomal preparations of rat brain. J. Pharmacol.
Exptl. Therap. 199, 649—661 (1976).

Lapin, T. P., Oxenkrug, K. F.: Intensification of the central serotonergic
processes as a possible determinant of the thymoleptic effect. Lancet 1,
132—136 (1969).

Leonard, B. E.: Some effects of a new tetracyclic antidepressant compound
mianserine on the metabolism of monoamines in the rat brain. Psycho-
pharmacologia 36, 221—236 (1974).

Lovell, R. A., Freedman, D. X.: Stereospecific receptor sites for d-lysergic
acid diethylamide in rat brain: Effects of neurotransmitters, amine
antagonists, and other psychotropic drugs. Molecular Pharmacol. 72,
620—630 (1976).

Maj, ]., Sowinska, H., Baran, L., Gacarzyk, L., Rawléw, A.: The central
antiserotonergic action of mianserin. Psychopharmacology 59, 79—84
(1978).

8 Journal of Neural Transmission 46/2



102 S. 0. UOgren et al.:

Montgomery, S., McAuley, R., Rani, (., Montgomery, D.: Abstract,
Seventh International Congress of Pharmacology, Paris, July 16—21
(1978).

de Montigny, C., Aghajanian, G. K.: Tricyclic antidepressants: Long-term
treatment increases responsitivity of rat brain forebrain neurons to
serotonin. Science 202, 1303—1306 (1978).

Nagy, A. ].: Blood and brain concentrations of imipramine, clomipramine
and their monomethylated metabolites after oral and intramuscular
administration in rats. J. Pharm. Pharmac. 29, 104—107 (1977).

Nakamura, M., Fukushima, H.: Effect of 5, 6-dihydroxytryptamine on the
head-twitches induced by 5-HTP, 5-HT, mescaline and fludiazepam in
mice. J. Pharm. Pharmac. 30, 56—58 (1978).

Ogren, S.O., Ross, S. B.: Substituted amphetamine derivatives. 11. Behav-
ioural effects in mice related to monoaminergic neurones. Acta Phar-
macol. Toxicol. 4/, 353—368 (1977).

Paykel, E.S., Price, J.S., Gillan, R.U., Palmai, G., Chesser, E.S.: A
comparative trial of imipramine and chlorpromazine in depressed
patients. Br. J. Psychiat. /14, 1281—1287 (1968).

Placheta, P., Singer, E., Kriwanek, W, Hertting, G.: Mepiprazole, a new
psychotropic drug: Effects on uptake and retention of monoamines in
rat brain synaptosomes. Psychopharmacology 48, 295—301 (1976).

van Praag, H. M.: Towards a biochemical typology of depression. Phar-
macopsychiat. 7, 281—292 (1974).

Randrup, A., Braestrup, C.: Uptake inhibition of biogenic amines by newer
antidepressant drug: relevance to the dopamine hypothesis of depression.
Psychopharmacology 53, 309—314 (1977).

Ross, S. B., Renyi, A. L.: Inhibition of the uptake of tritiated catecholamines
by antidepressant and related drugs. Europ. J. Pharmacol. 2, 181—186
(1967).

Ross, S. B., Renyi, A. L.: Inhibition of the uptake of tritiated 5-hydroxy-
tryptamine in brain tissue. Europ. J. Pharmacol. 7, 270—277 (1969).
Ross, S.B., Renyi, A.L., Ogren, S.0.: A comparison of the inhibitory
activities of iprindole and imipraminc on the uptake of 5-hydroxy-
tryptamine and noradrenaline in brain slices. Lif¢ Sci. 10, 1267—1277

(1971).

Ross, §. B., Renyi, A. L., Ogren, §.0.: On the inhibitory effect of various
phenylalkylamine derivatives on the uptake of noradrenaline and
5-hydroxytryptamine in brain tissues. In: Symposium on Phar-
macological Agents on Biogenic Amines in the Central Nervous System
(Knoll, J., Magyar, K., eds.), pp. 45—48. Budapest: Akadémiai Kiadé.
1973.

Ross, S. B., Renyi, A. L.: Tricyclic antidepressant agents. I. Comparison of
the inhibition of the uptake of 3H-noradrenaline and #C-5-hydroxy-
tryptamine in slices and crude synaptosome preparations of the mid-

brain hypothalamus region of the rat brain. Acta Pharmacol. Toxicol.
36, 382394 (1975).




Reevaluation of the Indoleamine Hypothesis of Depression 103

Ross, §.B., Ogren, S.0., Renyi, A L.: (Z)-Dimethy lamino- t-(4-bromo-
phenyl)-l—(3—pyridyl)propcnc (H 102/09), a new selective inhibitor of
the neuronal 5-hydroxytryptamine uptake. Acta Pharmacol, Toxicol. 39,
152—166 (1976).

Ross, S. B., Renyi, A. L.: Inhibition of the neuronal uptake of 5-hydroxy-
tryptamine and noradrenaline in rar brain by (Z)- and (E)-3-(4-bromo-
phenyl)—N,N—dimethyl-B—(.‘i—pyridyl)allylamines and their secondary
analogues. Neuropharmacol. 76, 57—63 (1977).

Ross, S. B.: Personal communication (1979).

Schildkraut, ]. J.: The catecholamine hypothusis of affective disorders. A
review of supporting evidence. Am. J. Psychiat. 122, 509—522 (1965).

Sen, P. K.: Estimates of the regression coefficient based on Kendell’s tau.
J. Amer. Statist. Ass. 63, 1379—1389 (1968).

Shaw, D. M., Riley, G. ]., Michalakeas, A. C., Tidm.ursh, S. F., Blazek, R.:
New direction to the amine hypothesis. Lancet 7, 1259—1260 (1977).
Sokal, R. R., Sneath, P. H. A.. Principles of numerical taxonomy. London:

Freeman. 1963,

Stein, L., Wise, C. D., Belluzzi, J. D.: Lffects of benzodiazepines on central

serotonergic mechanisms. In: Mechanism of Action of Benzodiazepines

(Costa, E., Greengard, P., eds.), pp. 29—44. New York: Raven Press,
1975,

Theil, H.: A Rank-invariant method of linear and polynomial regression
analysis. Proc. kon. Ned. Akad. v. Wetensch. 4 53, 521—525 (1950).
Trulson, M. E., Eubanks, E. E., Jacobs, B. ].: Behavioral evidence for super-
sensitivity following destruction of central serotonergic nerve terminals
by 5, 7-dihydroxytryptamine. J. Pharmac. Exp. Ther. 198, 23—33

(1976).

Vargafuig, B. B., Coignet, ]. L., de Vose, C. J., Grijsen, H., Bonta, I. L.:
Mianserin hydrochlorid. Peripheral and central effects in relation to
antagonism against 5-hydroxytryptamine and tryptamine, Europ. ]J.
Pharmacol. 16, 336—346 (1971).

Wong, D. T., Bymaster, F. P, Horng, J.S., Molloy, B.B.: A new selective
inhibitor for uptake of serotonin into synaptosomes of rat brain;
3-(p-trifluoromethylphenoxy)-N-meil; I-3-phenylpropylamine. J. Phar-
macol. Exptl. Ther, 193, 804—811 (1975).

Wilinder, ]., Skott, A., Carlsson, A., Nagy, A., Roos, B. E.: Potentiation of

antidepressant action of clomipramine by tryprophan. Lancet 1, 984
(1975).

Authors' address: Dr, 8. O, Ogren, Astra Likemedel AB, Research and
Development Laboratories, Pharmacology, S-151 85 Sodertilje, Sweden.

8!}




