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Abstract, Lithium enjoys wide clinical use in the treatment
of affective disorders, but the mechanism of its action in
these conditions is still controversial. Recent studies have
shown that lithium can interact with other antidepressant
drugs to enhance their efficacy, perhaps by specific effects
on serotonin (5-HT) function. A large body of independent
evidence suggests that 5-HT function is abnormal in depres-
sion. This review documents preclinical evidence of lithi-
um’s effects on 5-HT function at the levels of precursor
uptake, synthesis, storage, catabolism, release, receptors,
and receptor-effector interactions. The weight of this evi-
dence suggests that lithium’s primary actions on 5-HT may
be presynaptic, with many secondary postsynaptic effects.
Studies in humans, using very different methodological ap-
proaches, generally suggest that lithium has a net enhancing
effect on 5-HT function. These actions of lithium may serve
to correct as-yet unspecified abnormalities of 5-HT function
involved in the pathogenesis of depression.
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Although lithium bas figured prominently in the psycho-
pharmacologic armamentarium for nearly 4 decades, its
mechanism of action is still unknown. In part, this reflects
the breadth of its clinical activity, with clear evidence of
efficacy in the treatment of affective disorders, and sug-
gested efficacy in schizophrenia, alcoholism, pathological
aggression, migraine, granulocytopenia, thyrotoxicosis, and
numerous other neuropsychiatric and medical conditions
(Jefferson et al. 1987). Lithium has similarly wide-ranging
effects on biological systems throughout the body, including
the brain (Bunney and Garland-Bunney 1987; Wood and
Goodwin 1987). Among the most extensively investigated
of these central effects are those involving serotonin (5-HT)
function, which are of special interest because of the puta-
tive role of 5-HT in the pathogenesis of affective disorders
(Coppen 1967; Prange etal 1974; Goodwin and Post
1983).

While lithium has long been known to have antidepres-
sant effects, recent studies have shown that lithium can
enhance the efficacy of primary antidepressants, with the
suggestion that this enhancement may be mediated by 5-HT
mechanisms (deMontigny et al. 1983; Heninger et al. 1983;
Price 1989). In this paper, we will comprehensively review
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the preclinical and clinical research literatures on the effects
of lithtum on various aspects of central 5-HT function. We
will additionally attempt to reconcile the disparate metho-
dologies and findings reported in these literatures, with par-
ticular emphasis on the implications of available findings
for understanding the interaction of lithium with 5-HT
function in depression.

Studies in animals

Precursor availability. The synthesis of 5-HT in the brain
is dependent on the availability of its amino acid precursor,
tryptophan. Many studies in laboratory animals show that
tryptophan concentrations and/or uptake are increased in
brain tissue or synaptosomes after both short-term
(3-8 days) (Tagliamonte et al. 1971; Berggren 1987) and
long-term (2-5 weeks) (Knapp and Mandell 1973; Swann
et al. 1980, 1986) lithium treatment, whereas a single dose
of lithium is without effect (Berggren 1985) (c¢f. Table 1).
Failure to demonstrate increased brain tryptophan levels
or uptake might be related to increased utilization (Poitou
etal. 1974; Grahame-Smith and Green 1974) or regional
variations (Ahluwalia and Singhal 1980; Yocca et al. 1983;
Shukla 1985), and both of these factors may interact with
duration of treatment (Swann et al. 1986). Lithium’s effects
on tryptophan uptake appear to be mediated by its ability
to stimulate a high-affinity neuronal uptake system (Knapp
and Mandell 1973; Herrero et al. 1983), since lithium does
not affect the low-affinity neutral amino acid carrier of
the blood-brain barrier (Yuwiler et al. 1979; Ehrlich et al.
1980). Induction of a more fluid state of the neuronal plas-
ma membrane may be involved in this stimulatory process
(Herrero et al. 1987). Evidence from rats suggests that long-
term lithium may increase the responsiveness of tryptophan
uptake to changes in 5-HT utilization (Swann et al. 1980);
in cats, however, significant correlations between trypto-
phan uptake and 5-HT turnover are apparent only after
short-term, but not long-term, lithium (Swann et al. 1986).

Brain 5-HT[5-HIAA concentration. Studies examining the
effect of short-term (3-8 days) lithium treatment on brain
or synaptosomal concentrations of 5-HT or its major me-
tabolite, 5-hydroxyindoleacetic acid (5-HIAA), have shown
increases in one or both substances (Sheard and Aghajanian
1969 ; Perez-Cruet et al. 1971 ; Tagliamonte et al. 1971 ; Poi-
tou et al. 1974; Minegishi et al. 1981; Berggren 1986) or
no change (Schubert 1973 ; Collard and Roberts 1977; Min-
egishi et al. 1981; Atterwill and Tordoff 1982), with one



study reporting increases and decreases in different brain
regions (Swann et al. 1986). Acute treatment (one or multi-
ple doses within 28 h) with lithium has no effect on 5-HT
concentrations (Corrodi et al. 1967; Furukawa et al. 1978;
Vale and Ratcliffe 1987), but may increase 5S-HIAA (Furuk-
awa et al. 1978). Studies of long-term«(3—6 weeks) lithium
suggest that 5-HT and 5-HIAA concentrations decrease
(Ho et al. 1970; Treiser et al. 1981; Karoum et al. 1986),
although an increase in 5-HT has been reported (Cappeliez
et al. 1982). Most contradictory are those studies examining
the effects of intermediate-length (10-14 days) lithium:
some have shown an increase in 5-HIAA, with levels of
S-HT either unchanged (Bliss and Ailion 1970; Collard and
Roberts 1977; Collard 1978) or decreased (Shukla 1985),
suggesting increased turnover of 5-HT. Other studies have
reported decreased 5-HIAA (Swann et al. 1986), in one case
with decreased 5-HT (Ahluwalia and Singhal 1980), in an-
other with increased levels of 5-HT suggesting decreased
5-HT turnover (Reches et al. 1985).

Turnover. Some investigators have tried to clanify lithium’s
effects on brain 5-HT turnover and synthesis by experimen-
tally altering normal metabolic processes. For example,
some groups (Sheard and Aghajanian 1969; Hotta et al.
1986) have used probenecid, which blocks the exit of
5-HIAA from the brain, to show that the increase in
5-HIAA scen after short-term (4 days) lithium is caused
by an increase in 5-HT synthesis and/or turnover, rather
than by a decrease in outflow of 5-HIAA. An approach
more frequently employed involves administration of a
monamine oxidase (MAQ) inhibitor to prevent the oxida-
tive deamination of 5-HT to 5-HIAA, with measurement
of the resulting increase in 5-HT or decrease in 5-HIAA
used to calculate the rate of 5-HT turnover. Studies using
this method have shown that short-term (3—5 days) lithium
increases 5-HT turnover (Perez-Cruet et al. 1971; Grahame-
Smith and Green 1974; Poitou et al. 1974; Minegishi et al.
1981; Atterwill and Tordoff 1982), while intermediate-
length (14 days) (Bliss and Ailion 1970) and long-term
(4 weeks) lithium have no significant effect on whole-brain
turnover, despite significant regional changes [e.g., increases
in cerebellum, decreases in hypothalamus (Ho et al. 1970)].
Unfortunately, this technique does not shed light on the
reason for the increased turnover, for example, whether
it derives from increased synthesis or from increased utiliza-
tion of a particular catabolic pathway (viz., oxidative dea-
mination).

Synthesis. Studies measuring the accumulation of 5-HTP
after inhibition of aromatic amino acid decarboxylase sug-
gest that 5-HT synthesis is decreased after a single dose
of lithium (Berggren 1985), unchanged after 1-5 days of
treatment (Berggren 1987), and increased after 8 days of
treatment (Berggren 1986). Similarly, short-term (7 days)
Iithium enhanced the increase in labelled 5-HT and 5-HIAA
after IV administration of *H-tryptophan (Schubert 1973),
a finding replicated using unlabelled tryptophan loading
in conjunction with MAO inhibition after 3 days of lithium
{Minegishi et al. 1981). The activity of tryptophan hydroxy-
lase, the rate-limiting enzyme in the synthesis of 5-HT, ap-
pears to play a major regulatory role in this process. Since
tryptophan hydroxylase is normally unsaturated, the avail-
ability of its substrate tryptophan may ultimately be the
crucial factor in determining the rate of 5-HT synthesis.

Table 1. Effects of lithium treatment of differing duration on indices of 5-HT function in laboratory animals

Duration of lithium treatment

5-HT functional index

Intermediate (8-14 days) Long-term (< 21 days)

Short-term (2-7 days)

Acute (1 day)

Increased Unchanged Decreased Increased Unchanged Decreased Increased Unchanged Decreased

Increased Unchanged Decreased
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6%, 10, 11

5,6%9

62
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16

5-HIAA
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Turnover
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31
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34
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Synthesis
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Storage/release
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As we have already seen, lithium treatment increases trypto-
phan uptake. Knapp and Mandell (1973) showed that lithi-
um treatment for 3, 5, 10, and 21 days actually decreased
rat midbrain tryptophan hydroxylase activity, but the si-
multaneous increase in tryptophan uptake resulted in en-
hanced conversion of tryptophan to 5-HT at 3 and 5 days,
with return to baseline by 10 and 21 days. Nonsignificant
decreases in rat midbrain tryptophan hydroxylase activity
after 12 days of lithium have also been demonstrated by
others (Ahluwalia and Singhal 1980). Knapp and Mandell
(1973) initially hypothesized that the decrease in tryptophan
hydroxylase activity was accomplished via nonspecific com-
pensatory mechanisms. More recent evidence suggests that
lithium may have complex direct effects on the enzyme’s
conformational and kinetic properties which permit higher
levels of activity than would be expected in the face of
other direct and indirect effects leading to increased nega-
tive feedback (Knapp and Mandell 1979, 1983). Inhibition
of tryptophan hydroxylase by p-chlorophenylalanine abol-
ishes the behavioral hyperactivity seen in lithium-treated
rats after MAO inhibition, further suggesting an effect of
lithium on 5-HT synthesis (Grahame-Smith and Green
1974).

Storage and release. Other evidence suggests that intraneur-
onal metabolism of 5-HT is enhanced by lithium. Collard
and Roberts (1977) found that lithium treatment for 5 or
10 days inhibited the rise in 5-HT after intraperitoneal injec-
tion of tryptophan; the rise in 5-HIAA was unaffected after
5 days but enhanced after 10 days of lithium. These authors
speculated that lithium might interfere with the vesicular
storage of 5-HT, resulting in greater amounts of free cyto-
plasmic S-HT available for breakdown by MAO to
5-HIAA. This hypothesis accounted for early observations
that lithium added to rat brain slices in vitro seemed to
diminish the electrically-induced release of 5-HT (Chase
et al. 1969; Katz and Kopin 1969), as well for subsequent
more technically refined work showing no effect of lithium
(Saldate and Orrego 1975). In the first in vivo stimulation
study, Collard (1978) also found that 10 days of lithium
had no effect on the increased 5-HT and 5-HIAA concen-
trations produced by electrical stimulation of the midbrain
raphe. However, failure of the 5-HT reuptake inhibitor clo-
mipramine to abolish the increase in 5-HIAA concentration
in lithium-treated animals led him to conclude that lithium
might interfere with stimulus-release coupling so that 5-HT
was released from storage vesicles into the cytoplasm rather
than into the synaptic cleft. This formulation better ac-
counts for evidence that short-term lithium can diminish
release from storage sites (Schubert 1973), even though the
mcrease in 5-HT after short-term lithium seems localized
to cytoplasmic rather than vesicular synaptosomal fractions
(Atterwill and Tordoff 1982). Treiser et al. (1981) found
that long-term (4—6 weeks) lithium actually increased basal
and KCl-stimulated 5-HT release in hippocampus, but not
in cortex (Treiser et al. 1981). Friedman and Wang (1988)
also reported that lithium increased KCl-stimulated 5-HT
release in parietal cortex, hypothalamus, and hippocampus
after 2 or 3 weeks of treatment, but not after a single injec-
tion or 1 week of treatment; basal 5-HT release was in-
creased in hippocampus, decreased in hypothalamus, and
unchanged in parietal cortex after 3 weeks, but unchanged
throughout after short-term lithium. Hotta and Yamawaki
(1988) found that short-term (3 days) lithium had no effect

on basal 5-HT release in hippocampus or frontal cortex,
whereas K Cl-stimulated release was increased in hippocam-
pus. Lithium’s effects on intraneuronal storage and release
of 5-HT do not appear to be mediated via the reserpine-
sensitive 5-HT-binding vesicular protein (Reches et al.
1985).

Uptake. Lithium’s effects on 5-HT uptake have not been
reported extensively, but appear to be minimal compared
to other antidepressant drugs. One study found evidence
of diminished synaptosomal uptake after intermediate-
length (12 days) lithiom (Ahluwalia and Singhal 1981),
whereas another reported no significant effect in hippocam-
pus or cortex after long-term (4-6 weeks) lithium (Treiser
et al. 1981).

Electrophysiology. Recent work indicates that, in some neu-
ral pathways, single-dose (Sangdee and Franz 1980) and
short-term (2-3 days) (Sangdee and Franz 1980; Blier and
deMontigny 1985; Blier et al. 1987) lithium can enhance
5-HT neurotransmission after electrical stimulation. How-
ever, the firing rate of 5-HT neurons is unaffected by short-
term (2—4 days) lithium treatment (Sheard and Aghajanian
1969; Blier and deMontigny 1985), nor does iontophoretic
application of lithinm change the firing rate of postsynaptic
hippocampal neurons (Segal 1974).

Receptor binding. Treiser et al. (1981) performed an integra-
tive study, referred to above, showing that long-term (4
6 weeks) lithium decreased 5-HT, and putative 5-HT, re-
ceptor binding. Significant effects were observed only in
hippocampus but not cortex (Harrison-Read 1979; Maggi
and Enna 1980; Hotta et al. 1986), whereas 2 days of treat-
ment has no effect (Maggi and Enna 1980). 5-HT, receptor
binding has been reported to decrease in both cortex and
hippocampus after as little as 7 and as much as 28 days
of lithium (Hotta et al. 1986), although other evidence sup-
ports Treiser et al. (1981) in finding no effect of lithium
on cortical 5-HT, density (Goodwin et al. 1986a). While
none of these investigations observed changes in binding
affinity, an in vitro study found that lithium decreased the
affinity of 5-HT for 5-HT, receptors (Battaglia et al. 1983).

Receptor-mediated responses : by receptor subtype. The func-
tional implications of these receptor changes are complex.
Investigation of this issue has generally involved the mea-
surement of putative 5-HT-receptor-mediated physiological
or behavioral responses to 5-HT agonists. Thus, high doses
of lithium given acutely, either as single or multiple hourly
injections, induce a characteristic head-twitch response that
1s markedly affected by concomitant drugs which enhance
or diminish 5-HT function (Wielosz and Kleinrok 1979;
Yamada and Furukawa 1979), with blockade of the re-
sponse by the 5-HT, antagonist ketanserin (Hotta et al.
1986). Short-term (3-5 days) lithium has been variously re-
ported to increase, decrease, and leave unchanged the
5-HT;-mediated hyperactivity response to 5-methoxy-N,N-
dimethyltryptamine (Grahame-Smith and Green 1974;
Harrison-Read 1979, 1981; Goodwin et al. 1986a, b), with
similar disparity in results after longer-term (2-6 weeks)
treatment (Friedman etal. 1979; Harrison-Read 1979,
1981; Goodwin et al. 1986a). An equally inconsistent pat-
tern of results has been reported for the hyperactivity re-
sponse to 5-HTP (Harrison-Read 1979, 1981; Goodwin



et al. 19864, b; Hotta et al. 1986), but the PRL response
to both 5-HT and N,N-dimethyltryptamine has been found
to be increased after short-term (4 days) lithium (Meltzer
et al. 1981).

Receptor-mediated responses: by receptor locus. The most
recent studies have attempted to clarify the roles of pre-
versus postsynaptic receptors in mediating the effects of
lithium on 5-HT function. Goodwin et al. (19863a) reported
that 14, but not 3 days of lithium attenuated the hypoth-
ermic response to the 5-HT, , agonist 8-hydroxy-2(di-n-pro-
pylamino)tetralin (8-OH-DPAT) in mice, suggesting dimin-
ished presynaptic receptor function. In rats, however, the
same authors found that 3-14 days of lithium enhanced
the postsynaptic hyperactivity response to §-OH-DPAT
while leaving the presynaptic hypothermia response un-
changed (Goodwin et al. 1986b). In both studies, motor
responses to the putative 5-HT, agonist RU 24969 were
unaffected. Zohar etal. (1986) reported that short-term
(3-5 days) lithium enhanced the anorexia induced by fen-
fluramine and the putative 5-HT, agonist m-chlorophenyl-
piperazine (m-CPP), whereas long-term (21-23 days) lithi-
um attenuated the effect of m-CPP but not fenfluramine,
with no change in motor activity.

Using microiontophoretic and electrophysiological tech-
niques, Blier and deMontigny (1985) found that 2 days of
lithium did not alter the effects of 5-HT applied to rat
hippocampal neurons, but increased the response of the
same neurons to electrical stimulation of the ventromedial
5-HT pathway, suggesting a primary presynaptic mecha-
nism for this effect. This group also found that 3 days of
lithiwm in rats did not alter the responsiveness of presyn-
aptic terminal autoreceptors, assessed with methiothepin,
or somatodendritic autoreceptors, assessed with d-lysergic
acid diethylamide (LSD) and 8-OH-DPAT, whereas a sub-
set of postsynaptic 5-HT, 5 receptors showed increased sen-
sitivity (Blier et al. 1987). Blier et al. (1987) suggested that
these postsynaptic receptors might control 5-HT neuronal
firing via a feedback loop, since inhibitory presynaptic au-
toreceptors did not seem to be directly affected by lithium.

Hotta et al. (1986) observed that 3 or 7 days concurrent
administration of lithium and the putative 5-HT autorecep-
tor antagonist methiothepin enhanced the lithium-induced
diminution in hippocampal 5-HT, and cortical 5-HT, re-
ceptor binding, and augmented the increase in 5-HT turn-
over. These authors suggested that blockade of inhibitory
presynaptic 5-HT autoreceptors resulted in enhanced accu-
mulation of 5-HT in the synaptic cleft, with resulting down-
regulation of postsynaptic receptors. Consistent with this,
Hotta and Yamawaki (1988) showed that the inhibitory
effect of 5-HT on the KCl- or electrically-evoked release
of [*H}5-HT, presumably mediated by presynaptic autore-
ceptors, was attenuated in hippocampus, but not frontal
cortex, after 3 days of lithium treatment. These findings
contradict those of Blier et al. (1987), but are consistent
with Friedman and Wang (1988), who used methiothepin,
LSD, and 5-methoxytryptamine to show desensitization of
autoreceptor function after long-term (21 days) lithium.

Second-messenger effects. A burgeoning literature has be-
gun to clarify the intracellular consequences of 5-HT recep-
tor activation, with particular emphasis on the cyclic adeno-
sine monophosphate (cAMP) and phosphoinositide (PI)
systems as major effector mechanisms (Sanders-Bush and
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Conn 1987). While many studies have documented effects
of lithium on these second-messenger systems (Bunney and
Garland-Bunney 1987; Wood and Goodwin 1987), few
have examined these effects with specific reference to 5-HT.
Long-term (3 weeks), but not short-term (5 days), lithium
increased 5-HT-stimulated cyclic adenosine monophos-
phate (cAMP) formation despite decreased 5-IHT, receptor
binding, an effect that did not appear to be mediated via
changes in receptor-enzyme coupling (Hotta and Yamaw-
aki 1986). Presumably reflecting 5-HT, receptor function,
acute (one injection) and intermediate-length (2 weeks) lith-
ium treatment decreased 5-HT-stimulated accumulation of
[®HJinositol phosphates in one study (Kendall and Na-
horski 1987), but other investigators found no effect after
one week of treatment (Butler and Barkai 1987).

Summary. Preclinical studies show that lithium’s effects on
5-HT function occur at a variety of levels, including precur-
sor uptake, synthesis, storage, catabolism, release, recep-
tors, and receptor-effector interactions. Many effects are
time dependent or region specific, and variations between
species are observed. Some effects which appear to oppose
each other probably reflect the operation of compensatory
homeostatic mechanisms. Overall, these findings suggest
that lithium’s primary actions are on presynaptic function,
with postsynaptic changes perhaps more secondary in na-
ture. In laboratory animals, lithium’s net effect seems to
be an enhancement of 5-HT function.

Studies in humans

In comparison with the extensive animal literature, clinical
studies of lithium’s effects on 5-HT function are relatively
limited in number and design. Three major paradigms have
been utilized.

Cerebrospinal fluid ( CSF) metabolite studies. Change in the
level of lumbar CSF 5-HIAA before and after lithium treat-
ment has been used as an index of change in central 5-HT
turnover. Although these levels are determined by the inter-
action of several factors, including spinal cord 5-HT neuro-
nal activity and removal of 5-HIAA and other acid metabo-
lites from the CSF, evidence indicates that a significant
fraction of lumbar CSF 5-HIAA is derived from central
5-HT processes (Banki and Molnar 1981). A number of
studies have reported CSF 5-HIAA levels to be lower in
depressed patients than in healthy controls, but some inves-
tigators have found no difference between groups, leading
to the suggestion that low CSF 5-HIAA levels may be lim-
ited to a subgroup of depressed patients with a history of
suicidal or other impulsive behavior (Goodwin and Post
1983 ; Meltzer and Lowy 1987).

Many early CSF studies are difficult to interpret because
of limitations in experimental design and hypothesis formu-
lation. For example, Sjostrom and Roos (1972) reported
no effect of lithium on CSF 5-HIAA in manic patients,
but they failed to utilize a within-subjects design and many
of their patients received neuroleptics. Similarly, Mendels
et al. (1972) examined changes in CSF monoamine metabo-
lite levels from the perspective of clinical state rather than
drug effects, so their observation of a marked lithium-in-
duced increase in CSF S5-HIAA was limited to only one
manic patient. However, other early reports involving very
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small numbers of manic patients suggested that lithium in-
creased CSF 5-HIAA (Mendels 1971; Wilk et al. 1972).

Larger studies have generally shown that lithium in-
creases CSF 5-HIAA. Fyro et al. (1975) observed a signifi-
cant increase compared with pretreatment levels after
12 days of lithium in 13 manic or hypomanic patients.
Bowers and Heninger (1977) reported a similar effect after
a mean 27 days of lithiwm in 23 mixed affective disorder
patients. Berrettini et al. (1985) found that 12 euthymic bi-
polar patients had higher CSF 5-HIAA levels during main-
tenance lithium treatment than they did drug-free at least
2 weeks after lithium discontinuation. Swann et al. (1987)
reported that ten manic patients had higher CSF 5-HIAA
levels after 18 days of lithium than before treatment, but
the difference was not statistically significant. Bowden et al.
(1988) also found nonsignificantly higher CSF 5-HIAA lev-
els in 15 manic patients after 4 weeks of lithium than before
treatment, whereas levels in 13 unipolar depressed were un-
changed.

Platelet 5-HT function studies. A large number of studies
have examined 5-HT function in the blood platelet as a
peripheral-tissue analogue of similar mechanisms in central
neurons (Stahl 1977). The special relevance of this model
for studying lithium’s effects is enhanced by strong evidence
that platelet 5-HT uptake, as reflected in the number of
platelet 5-HT uptake sites (V,.,), is decreased in affective
disorder patients (Tuomisto and Tukiainen 1977; Scott
etal. 1979; Born et al. 1980; Coppen et al. 1980; Meltzer
et al. 1983; Stahl et al. 1983).

Lithium added to platelet-rich plasma in vitro does not
affect (Born et al. 1980; Meltzer et al. 1983; Lingjaerde
1977) or decreases (Coppen et al. 1980) 5-HT uptake. In
contrast, chronic lithium treatment of affective disorder pa-
tients has generally been shown to increase 5-HT uptake
in platelets, with few consistent effects on the affinity for
5-HT (K, of the uptake sites. Born et al. (1980) found
that uptake in ten bipolar patients maintained on lithium
for at least 3 months was greater than uptake in eight mixed
affective disorder patients not on lithium and equivalent
to uptake in ten matched controls; however, both lithium-
treated and -untreated patients were also receiving other
antidepressant, anxiolytic, or neuroleptic drugs. Coppen
et al. (1980) reported that uptake in 28 euthymic unipolar
depressed and 7 euthymic bipolar patients receiving lithium
for a mean 4.3 years was greater than uptake in 26 drug-free
depressed and 25 drug-free remitted depressed patients.
Separate analyses showed that groups of euthymic patients
receiving lithium for 6 weeks or for 1 year both had greater
uptake than remitted drug-free depressed patients. Murphy
et al. (1969) found that uptake increased in nine mixed af-
fective disorder patients after 1 week of lithium treatment.
In contrast, Scott et al. (1979) observed no change in uptake
after lithium treatment lasting 5 days or 3 weeks in seven
healthy controls or lasting 5 days, 3 weeks, or 3 months
in a “small group” of mixed affective disorder patients.
Meltzer et al. (1983) reported that shorter-term lithium
treatment (2-3 weeks) further decreased the already dimin-
ished baseline uptake in 14 bipolar manic and 7 bipolar de-
pressed patients, whereas very long-term treatment
(>1 year) produced the increase in uptake reported by
other investigators. Consistent with this, Poirier et al. (1988)
found that uptake was decreased in seven healthy controls
after 10 and 20 days of lithium treatment.

Goodnick et al. (1984) reported that discontinuation of
chronic (4.4+2.2 years) lithium treatment in 11 euthymic
bipolar patients produced a decrease in platelet 5-HT up-
take compared with on-lithium baseline, but this effect re-
quired 3 weeks to become apparent. Poirier et al. (1988)
found that lithium discontinuation in their healthy subjects
resulted in an initial persistence of the lithium-induced de-
crease in uptake lasting 1 week, followed by a return to
baseline by week 2, and a rebound increase above baseline
in some subjects that began at week 5 and continued at
least through week 10. The relatively gradual onset and off-
set of lithium’s effects on the 5-HT uptake site suggested
by these data are consistent with the hypothesis that such
effects might be related to changes in 5-HT receptor sensi-
tivity, which also occur gradually over time. Lithium-in-
duced 5-HT, receptor supersensitivity has been inferred on
the basis of an enhanced 3-HT-provoked aggregatory re-
sponse in platelets from a mixed group of 24 affective dis-
order patients receiving lithium for a mean 5.5 years com-
pared with 23 healthy controls and 22 drug-free depressed
patients (Wood et al. 1985). However, Glue et al. (1986)
observed that lithium treatment of eight healthy subjects
for 4 and 20 days had no effect on platelet binding of iodin-
ated LSD, another putative measure of 5-HT, receptors.

5-HT function in the platelet has also been assessed
by measuring the high-affinity binding of [°H]-imipramine
(IMT) to a site which is believed to function as a modulator
of 5-HT uptake. Many studies have found the number
(Bmax) of platelet [*H]-IMI binding sites to be decreased
in depressed patients compared to healthy subjects (Meltzer
and Lowy 1987). The effects of lithium on [*H]-IMI binding
are still ambiguous. Although [*HJ-IMI binding in human
platelet membranes was not affected by in vitro incubation
with lithium (Poirier et al. 1988), 5 weeks of lithium treat-
ment in rats caused a decrease in brain [°H}-IMI binding
(Plenge and Mellerup 1982). Baron et al. (1986) reported
that platelet [*H]-IMI binding was lower in 33 euthymic
bipolar patients maintained on lithium for 3-15 years than
in 58 healthy controls; these authors interpreted this as a
trait marker for bipolar disease rather than an effect of
chronic lithium. However, Goodnick et al. (1984) stated
that platelet [*°H}-IMI binding in seven of their lithium-
maintained cuthymic bipolar patients was “within normal
limits” and unaffected by lithium discontinuation, while
Meltzer et al. (1984a) reported no effect of lithium in an
unspecified number of newly hospitalized psychiatric pa-
tients. Similarly, Poirier et al. (1988) observed no change
in platelet [PHJ-IMI binding after 20 days of lithium treat-
ment or after lithium discontinuation in their seven healthy
subjects.

Neuroendocrine chalienge studies. The third major paradigm
used in humans has involved examination of lithium’s ef-
fects on neuroendocrine responses to in vivo pharmacologic
challenges with agents believed to increase 5-HT function.
Initial studies have found differences between affective dis-
order patients and normal controls in the neuroendocrine
responses to the 5-HT releaser fenfluramine (Siever et al.
1984), the 5-HT precursor 5-hydroxytryptophan (Meltzer
et al. 1984b), and the 5-HT precursor L-tryptophan (Hen-
inger et al. 1984; Cowen and Charig 1987). Five studies
have examined lithium’s effects in this paradigm.

Slater et al. (1976) found that lithium treatment for at
least 2 weeks increased the prolactin response to fenflura-



mine 60 mg PO in four bipolar patients compared with
their own pretreatment baselines, but data for this very
small sample were not presented. Muhlbauer and Miiller-
QOerlinghausen (1982, 1985) studied the cortisol response
to fenfluramine in four different groups of subjects:
1) 12 healthy subjects who received no fenfluramine;
2) 11 healthy subjects who received fenfluramine 60 mg PO;
3) 11 euthymic patients (7 pipolar, 4 unipolar) maintained
on lithium for a mean 6.3+ 4.4 years, studied initially with-
out fenfluramine and when with fenfluramine 3 months
later; 4) 8 euthymic drug-free patients (4 bipolar, 4 unipo-
lar) who received the fenfluramine test dose. Fenfluramine
administration had significant effects only in lithium-
treated patients: in this group, the usual late-morning de-
cline of plasma cortisol was reversed by fenfluramine, sug-
gesting an enhancement of fenfluramine’s effects by mainte-
nance lithium treatment. Meltzer et al. (1984c¢) found that
the cortisol response to 200 mg PO of 5-hydroxytryptophan
was increased in seven manic patients tested before and
after a mean 24+ 8 days of lithium treatment. Glue et al.
(1986) gave i-tryptophan in a dose of 100 mg/kg IV to
eight healthy males pretreatment, after short-term lithium
treatment (4 days), and after long-term lithium (20 days)
(n="7). The prolactin response was increased to an equiva-
lent degree after both short- and long-term lithium com-
pared to pretreatment. Price et al. (1989) reported that,
compared to pretreatment, the prolactin response {o L-tryp-
tophan 7 g IV was significantly enhanced in 13 affective
disorder patients after short-term (<1 week) lithium treat-
ment, whereas no effect was observed in 13 affective dis-
order patients after long-term (>3 weeks) treatment.

Miscellaneous studies. Linnoila et al. (1984) reported that
“steady-state” lithium treatment reduced urinary 5-HT and
5-HIAA output and “stabilized” (i.e., reduced the variance
in) urinary 5-HT output in seven affective disorder patients
compared to pretreatment levels. This group also found
that 1 week of lithium treatment had no effect on urinary
5-HT and 5-HIAA excretion in 12 healthy control subjects
{Rudorfer et al. 1985). However, the significance of these
findings is limited by the poor correlation between urinary
and brain measures of 5-HT function. Leighton et al. (1983)
measured plasma amino acid levels in 12 drug-free and
14 lithitum-treated bipolar patients. After 90 days of lithi-
um, there were statistically significant and moderate de-
creases in levels of isoleucine, leucine, and valine, with sig-
nificant but smaller decreases in lysine levels after 150 days.
Although tryptophan levels were unchanged, the authors
suggested that the reductions observed in the other amino
acids could result in enhanced tryptophan influx into the
brain via decreased competition at the large neutral amino
acid uptake mechanism. This possibility is intriguing in light
of evidence from some studies that plasma free tryptophan
is decreased in depressed patients {Melizer and Lowy 1987)
and that experimentally-induced tryptophan depletion can
cause a return of depressive symptoms in remitted depressed
patients (Delgado et al. 1988).

Summary. Elucidation of lithium’s effects on 5-HT function
in humans has been limited by the difficulties inherent in
studying central neurobiological mechanisms in humans.
Most studies suggest that lithium 1) increases CSF 5-HIAA,
2) increases platelet 5-HT uptake, and 3) increases the neu-
roendocrine response to 5-HT agonists. Other studies, in-
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volving effects on peripheral 5-HT-related receptors, uri-
nary metabolites, and plasma amino acid levels, are too
few in number, too contradictory, or too functionally am-
biguous to permit much generalization. While available
findings are consistent with a net enhancing effect of lithium
on 5-HT function, they are insufficiently specific to clarify
what mechanisms might underlie such an effect.

Conclusion

This review supports the position of a number of authors
who have recently asserted that lithium tends to cause a
net enhancement of 5-HT function (Miiller-Oerlinghausen
1985; Bunney and Garland-Bunney 1987; Waldmeier 1987;
Wood and Goodwin 1987). Studies in humans confirm the
existence of the effect, while studies in animals suggest that
it results from the complex interaction of a large number
of homeostatically regulated processes, rather than as a re-
sult of a powerful unidirectional effect at some hypothetical
“critical” point. Since most investigators agree that 5-HT
function is abnormal in affective disorders (Coppen 1967;
Prange et al. 1974; Goodwin and Post 1983; Meltzer and
Lowy 1987), with somewhat stronger evidence for dimin-
ished function in depression, lithium’s effects on 5-HT func-
tion seem consistent with its therapeutic efficacy in these
disorders.

However, beyond the usual caveats in exirapolating
from animal findings to human neurobiology, some evi-
dence suggests that additional caution is warranted in using
such findings as the basis for inferences about the interac-
tion of lithium with the pathophysiology of affective dis-
orders. Several studies reviewed above suggest that lithium’s
effects on 5-HT function differ even between affective dis-
order patients and healthy subjects (Linnoila et al. 1984;
Rudorfer et al. 1985; Glue et al. 1986; Price et al. 1989),
and such differential effects may extend to other mono-
amine {Rudorfer et al. 1985) and neuroendocrine (Grof
et al. 1985) systems as well. Some studies show effects of
lithium in patients but not in controls, whereas other studies
show the reverse. Rather than simply increasing 5-HT func-
tion in a deficit state, lithium may help to stabilize (Linnoila
et al. 1984) homeostatic systems that are “dysregulated”
in affective disorder patients (Siever and Davis 1985). Alter-
natively, lithium may act on specific processes to help dis-
rupt pathologically “hyperregulated” homeostatic systems
(Price et al. 1989). For example, it has been suggested that
lithium’s ability to enhance presynaptic 5-HT function
might interact with postsynaptic 5-HT receptors sensitized
by long-term tricyclic antidepressant treatment, resulting
in greater clinical improvement than would be obtained
with either drug alone (deMontigny et al. 1983; Heninger
et al. 1983).

In addition to its effects on 5-HT, lithium has been
shown to alter other neurotransmitter systems (e.g., norepi-
nephrine, dopamine, acetylcholine, endorphins, GABA,
substance P), cellular ion transport mechanisms, and sec-
ond-messenger processes (Bunney and Garland-Bunney
1987; Waldmeier 1987; Wood and Goodwin 1987). Which
of these actions are primary rather than secondary, and
which are related to lithium’s clinical effects, are questions
for further research. In particular, while this review has
considered lithium’s neurobiological actions from the per-
spective of depression, it may well be that non-5-HT mecha-
nisms are more important in mediating lithium’s antimanic
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effects (Waldmeier 1987). Answers to these questions could
lead to a more pharmacologically strategic use of lithium,
as well as to msights into the pathophysiological processes
lithium is used to correct.

Acknowledgements. This work was supported in part by grants
MH-25642, MH-30929, MH-36229, and MH-00579 from the Na-
tional Institute of Mental Health and by the Department of Mental
Health, State of Connecticut. The authors thank Sally Trufan for
her assistance. Elizabeth Kyle typed the manuscript.

References

Ahluwalia P, Singhal RL (1980) Effect of low-dose lithium admin-
istration and subsequent withdrawal on biogenic amines in rat
brain. Br J Pharmacol 71:601-607

Ahluwalia P, Singhal RL {1981) Monoamine uptake into synapto-
somes from various regions of rat brain following lithium ad-
ministration and withdrawal. Neuropharmacology 20:483-487

Atterwill K, Tordoff AFC (1982) Effects of repeated lithium ad-
ministration on the subcellular distribution of 5-hydroxytrypta-
mine in rat brain. Br J Pharmacol 76:413-421

Banki CM, Molnar G (1981) Cercbrospinal fluid 5-hydroxyindo-
leacetic acid as an index of central serotonergic processes. Psy-
chiatry Res 5:23-32

Baron M, Barkai A, Gruen R, Pesclow E, Fieve RR, Quitkin F
(1986) Platelet [°H] imipramine binding in affective disorders:
trait versus state characteristics. Am J Psychiatry 143:711-717

Battaglia G, Shannon M, Titeler M (1983) Modulation of brain
S, serotonin receptors by lithium, sodium and potassium chlo-
ride. Life Sci 32:2597-2601

Berggren U (1985) The effect of acute lithium administration on
brain monoamine synthesis and the precursor amino acids tryo-
sine and tryptophan in brain and plasma in rats. J Neural
Transm 61:175-181

Berggren U (1986) Effects of chronic lithium treatment on brain
monoamine metabolism and amphetamine-induced locomotor
stimulation in rats. J Neural Transm 64:239-250

Berggren U (1987) Effects of short-term lithium administration
on tryptophan levels and 5-hydroxytryptamine synthesis in
whole brain and brain regions in rats. J Neural Transm
69:115-121

Berrettini WH, Nurnberger JI Jr, Scheinin M, Seppala T, Linnoila
M, Narrow W, Simmons-Ailling S, Gershon ES (1985) Cere-
brospinal fluid and plasma monoamines and their metabolites
in euthymic bipolar patients. Biol Psychiatry 20:257 ~2696

Blier P, deMontigny C (1985) Short-term lithium administration
enhances serotonergic neurotransmission: electrophysiological
evidence in the rat CNS. Eur J Pharmacol 113:69-77

Blier P, deMontigny C, Tardif D (1987) Short-term lithium treat-
ment enhances responsiveness of postsynaptic 5-HT, 4 receptors
without altering 5-HT autoreceptor sensitivity: an electrophysi-
ological study in the rat brain. Synapse 1:225-232

Bliss EL, Ailion J (1970) The effect of lithium upon brain neuroa-
mines. Brain Res 24:305-310

Born R, Grignani G, Martin K (1980) Long-term effect of lithium
on the uptake of S-hydroxytryptamine by human platelets. Br
J Clin Pharmacol 9:321-325

Bowden CL, Seleshi E, Contreras S, Javors MA, Maas JW (1988)
The relationship in manic disorder of CSF amine metabolites
to clinical characteristics after lithium treatment. Soc Neurosci
Abstr 14:1074

Bowers M B, Heninger GR (1977) Clinical effects and cerebrospinal
fluid acid monoamine metabolites. Commun Psychopharm
1:135-145

Bunney WE Jr, Garland-Bunney BL (1987) Mechanisms of action
of lithium in affective illness: Basic and clinical implications.
In: Meltzer HY (ed) Psychopharmacology: the third generation
of progress. Raven Press, New York, pp 553-565

Butler PD, Barkai AI (1987) Agonist-stimulation of cerebral

phosphoinositide turnover following long-term treatment with
antidepressants. Adv Exp Med Biol 221:531-547

Cappeliez P, White N, Duhamel J-R (1982) Effect of serotonin
depletion induced by p-chloroamphetamine on changes in rats’
activity levels produced by lithium. Neuropsychobiology
8:129-134

Chase TN, Katz RI, Kopin IJ (1969) Release of (3H)-serotonin
from brain slices. J Neurochem 16:607-615

Collard KJ (1978) The effect of lithium on the increase in forebrain
5-hydroxyindoleacetic acid produced by raphe stimulation. Br
J Pharmacol 62:137-142

Collard KJ, Roberts MHT (1977) Effects of lithium on the eleva-
tion of forebrain S-hydroxyindoles by tryptophan. Neurophar-
macology 16:671-673

Coppen AJ (1967) The biochemistry of affective disorder. Br J
Psychiatry 113:1237

Coppen Al, Swade C, Wood K (1980) Lithium restores abnormal
platelet SHT transport in patients with affective disorders. Br
J Psychiatry 136:235-238

Corrodi H, Fuxe K, Hokfelt T, Schou M (1967) The effect of
lithium on cerebral monoamine neurons. Psychopharmacologia
11:345-353

Cowen PJ, Charig EM (1987) Neuroendocrine responses to intrave-
nous tryptophan in major depression. Arch Gen Psychiatry
44:958-966

Delgado PL, Price L, Charney DS, Aghajanian GK, Landis H,
Heninger GR (1988) Tryptophan depletion alters mood in de-
pression. Am Psychiatr Assoc New Research Abstr, p 89
(3# NR165)

deMontigny C, Cournoyer G, Morissette R, Langlois R, Caille
G (1983) Lithium carbonate addition in tricyclic antidepressant-
resistant depression: correlations with the neurobiologic actions
of tricyclic antidepressant drugs and lithium ion on the sero-
tonin system. Arch Gen Psychiatry 40:1327-1334

Ehrlich BE, Diamond JM, Braun LD, Cornford EM, Oldendorf
WH (1980) Effects of lithium on blood-brain barrier transport
of the neurotransmitter precursors choline, tyrosine and trypto-
phan. Brain Res 193:604-607

Friedman E, Dallob A, Levine G (1979) The effect of long-term
lithium treatment on reserpine-induced supersensitivity in do-
paminergic and serotonergic transmission. Life Seci
25:1263-1266

Friedman E, Wang H-Y (1988) Effect of chronic lithium treatment
on S-hydroxytryptamine autoreceptors and release of 5-[¥H]
hydroxytryptamine from rat brain cortical, hippocampal, and
hypothalamic slices. J Neurochem 50:195-201

Furukawa T, Yamada K, Kohno Y, Nagasaki N (1978) Brain
serotonin metabolism with relation to the head twitches elicited
by lithium in combination with reserpine in mice. Pharmacol
Biochem Behav 10:547-549

Fyro B, Patterson V, Sedvall G (1975) The effect of lithium treat-
ment on manic symptoms and levels of monoamine metabolites
in cerebrospinal fluid of manic depressive patients. Psychophar-
macologia 44:99-103

Glue PW, Cowen PJ, Nutt DJ, Kolakowska T, Grahame-Smith
DG (1986) The effect of lithium on 5-HT-mediated neuroendo-
crine responses and platelet 5-HT receptors. Psychopharmaco-
logy 90:398-402

Goodnick PJ, Arora RC, Jackman H, Meltzer HY (1984) Neu-
rochemical changes during discontinuation of lithium prophy-
laxis. II. Alterations in platelet serotonin function. Biol Psychia-
try 19:891-198

Goodwin FK, Post RM (1983) 5-Hydroxytryptamine and depres-
sion: a model for the interaction of normal variance with pa-
thology. Br J Clin Pharmacol 15:3935-405S

Goodwin GM, DeSouza RJ, Wood AJ, Green AR (19864) Lithium
decreases 5-HT, 4 and 5-HT, receptor and a-adrenoceptor me-
diated function in mice. Psychopharmacology 90:482-487

Goodwin GM, DeSouza RJ, Wood AJ, Green AR (1986b) The
enhancement of lithium of the 5-HT,, mediated serotonin
syndrome produced by 8-OH-DPAT in the rat: evidence



for a post-synaptic mechanism. Psychopharmacology 90:488—
493

Grahame-Smith DG, Green AR (1974) The role of brain 5-hy-
droxytryptamine in the hyperactivity produced in rats by lithi-
um and monoamine oxidase inhibition. Br J Pharmacol
52:19-26

Grof E, Grof P, Brown GM (1985) Effects of long-term lithium
treatment on prolactin regulation. In: Kemali D, Racagni G
(eds) Chronic treatments in neuropsychiatry. Raven Press, New
York, pp 81-87

Harrison-Read PE (1979) Evidence from behavioural reactions to
fenfluramine, 5-hydroxytryptophan, and S-methoxy-N,N-di-
methyltryptamine for differential effects of short-term and long-
term lithium on indoleaminergic mechanisms in rats. Br J Phar-
macol 66:144-145

Harrison-Read PE (1981) Behavioural studies with lithium in rats:
Tmplications for animal models of mania and depression. In:
Hrdina PD, Singhal RL (eds) Neuroendocrine regulation and
altered behavionr. Plenum Press, New York, pp 224-262

Heninger GR, Charney DS, Sternberg DE (1983) Lithium carbon-
ate augmentation of antidepressant treatment: an effective pre-
scription for treatment-refractory depression. Arch Gen Psychi-
atry 40:1335-1342

Heninger GR, Charney DS, Sternberg DS (1984) Serotonergic
function in depression: prolactin response to intravenous tryp-
tophan in depressed patients and healthy subjects. Arch Gen
Psychiatry 41:398-402

Herrero E, Aragon MC, Gimenez C, Valdivieso F (1983) Trypto-
phan transport into plasma membrane vesicles derived from
rat brain synpatosomes. J Neurochem 40:332-337

Herrero E, Gimenez C, Aragon MC (1987) Chronic administration
of lithium modulates tryptophan transport by changing the
properties of the synaptosomal plasma membrane. Life Sci
41:643-650

Ho AKS, Loh HH, Craves F, Hitzemann RJ, Gershon S (1970)
The effect of prolonged lithium treatment on the synthesis rate
and turnover of monoamines in brain regions of rats. Eur J
Pharmacol 10:72-78

Hotta I, Yamawaki S (1986} Lithium decreases in 5-HT; receptors
but increases 5-HT-sensitive adenylate cyclase activity in rat
hippocampus. Biol Psychiatry 21:1382-1390

Hotta I, Yamawaki S (1988) Possible involvement of presynaptic
5-HT autoreceptors in effect of lithium on 5-HT release in hip-
pocampus of rat. Neuropharmacology 27:987-992

Hotta I, Yamawaki S, Segawa T (1986) Long-term lithium
treatment causes serotonin receptor down-regulation via sero-
tonergic presynapses in rat brain. Neuropsychiobiology 16:19—
26

Jelferson JW, Greist JH, Ackerman DL, Carroll JA (1987) Lithium
encyclopedia for clinical practice, 2nd edn. American Psychiat-
ric Press, Washington, DC

Karoum F, Korpi ER, Chuang L-W, Linnoila M, Wyatt RJ (1986)
The effects of desipramine, zimelidine, electroconvulsive treat-
ment and lithiom on rat brain biogenic amines: a comparison
with peripheral changes. Eur J Pharmacol 121:377-385

Katz RI, Kopin 1J (1969) Release of norepinephrine-3H and sero-
tonin-3H evoked from brain slices by electrical-field stimulation
— calcium dependency and the effects of lithium, ouabain and
tetrodotoxin. Biochem Pharmacol 18:1935-1939

Kendall DA, Nahorski SR (1987) Acute and chronic lithium treat-
ments influence agonist and depolarization-stimulated inositol
phospholipid hydrolysis in rat cerebral cortex. J Pharm Exp
Ther 241:1023-1027

Knapp 8, Mandell AT (1973) Shorl- and long-term lithium adminis-
tration: effects on the brain’s serotonergic biosynthetic systems.
Science 180:645-647

Knapp S, Mandell AJ (1979) Conformational influences on brain
tryptophan hydroxylase by submicromolar calcium: opposite
effects of equimolar lithium. J Neural Transm 45:1-15

Knapp 8, Mandell AJ (1983) Lithium and chlorimipramine differ-
entially alter the stability properties of tryptophan hydroxylase

11

as seen in allosteric and scattering kinetics. Psychiatry Res
8:311-323

Leighton WP, Rosenblatt S, Chanley JD (1983) Lithium-induced
changes in plasma amino acid levels during treatment of affec-
tive disorders. Psychiatry Res 8:33-40

Lingjaerde O (1977) Platelet uptake and storage of serotonin. In:
Essman WB (ed) Serotonin in health and disease, vol 4. Spec-
trum, New York

Linnoila M, Miller TL, Bartko J, Potter WZ (1984) Five antide-
pressant treatments in depressed patients: effects on urinary
serotonin and 5-hydroxyindoleacetic acid. Arch Gen Psychiatry
41:688-692

Maggi A, Enna SI (1980) Regional alterations in rat brain neu-
rotransmitter systems following chronic lithium treatment. J
Neurochem 34:888-892

Meltzer HY, Lowy MT (1987) The serotonin hypothesis of depres-
sion. In: Meltzer HY (ed) Psychopharmacology: the third gen-
eration of progress. Raven Press, New York, pp 513-526

Melizer HY, Simonovie M, Sturgeon RD, Fang VS (1981) Effect
of antidepressants, lithinm and electroconvulsive treatment on
rat serum prolactin levels. Acta Psychiatr Scand [Suppl]
63:100-121

Meitzer HY, Arora RC, Goodnick P (1983) Effect of lithium car-
bonate on serotonin uptake in blood platelets of patients with
affective disorders. J Affective Disord 5:215-221

Meltzer HY, Arora RC, Robertson A, Lowy M (19844a) Platelet
*H-imipramine binding and platelet 5-HT uptake in affective
disorders and schizophrenia. Clin Neuropharmacol 7:320-321

Meltzer HY, Lowy M, Robertson A, Goodnick P, Perline R
(1984b) Effect of 5-hydroxytryptophan on serum cortisol levels
in major affective disorders. III. Effect of antidepressants and
lithium carbonate. Arch Gen Psychiatry 41:391-397

Meltzer HY, Umberkoman-Wiita B, Robertson A, Tricou BJ,
Lowy M, Perline R (1984¢) Effect of 5-hydroxytrypiophan on
serum cortisol levels in major affective disorders. I. Enhanced
response in depression and mania. Arch Gen Psychiatry
41:366-374

Mendels J (1971) Relationship between depression and mania. Lan-
cet 1:342

Mendels J, Frazer A, Fitzgerald RG, Ramsey TA, Stokes JW
(1972) Biogenic amine metabolites in cerebrospinal fluid of de-
pressed and manic patients. Science 175:1380-1382

Minegishi A, Fukumori R, Satoh T, Kitagawa H, Yanaura S (1981)
Interaction of lithium and disulfiram in hexobarbital hypnosis:
possible role of the S5-HT system. J Pharmacol Exp Ther
218:481-487

Muhlbauer HD, Miiller-Oerlinghausen B (1982) The fenfluramine
test: a simple tool for investigations on lithium-induced changes
of serotonergic neurotransmission in tanic-depressive patients.
Drug Res 32:897

Muhlbauer HD, Miiller-Oerlinghausen B (1985) Fenfluramine
stimulation of serum cortisol in patients with major affective
disorders and healthy controls: further evidence for a central
serotonergic action of lithium in man. J Neural Transm
61:81-94

Murphy DL, Colburn RW, Davis JM, Bunney WE Jr (1969) Stim-
ulation by lithium on monoamine uptake in human platelets.
Life Sci 8:1187-1194

Miiller-Oerlinghausen B (1985) Lithium long-term treatment — does
it act via serotonin? Pharmacopsychiatry 18:214-217

Perez-Cruet J, Tagliamonte A, Tagliamonte P, Gessa GL (1971)
Stimulation of serotonin synthesis by lithium. J Pharmacol Exp
Ther 178:325-330

Plenge P, Mellerup ET (1982) *H-imipramine high-affinity binding
sites in rat brain. Effects of imipramine and lithtum. Psycho-
pharmacology 77:94-97

Poirier MF, Galzin AM, Pimoule C, Schoemaker H, Le Quan
Bui KH, Meyer P, Gay C, Loo H, Langer SZ (1988) Short-term
lithium administration to healthy volunteers produces long-last-
ing pronounced changes in platelet serotonin uptake but not
imipramine binding. Psychopharmacology 94:521-526



12

Poitou P, Guerinot F, Bohuon C (1974) Effect of lithium on central
metabolism of S-hydroxytiryptamine. Psychopharmacologia
38:75-80

Prange AJ, Wilson IC, Lynn CW (1974) L-tryptophan in mania:
contribution to a permissive hypothesis of affective disorders.
Arch Gen Psychiatry 30:56-62

Price LH (1989) Lithium augmentation of tricyclic antidepressants.
In: Extein I {ed) Treatment of tricyclic resistant depression
(Progress in Psychiatry Series). American Psychiatric Press,
Washington, DC

Price LH, Charney DS, Delgado PL, Heninger GR (1989) Lithium
treatment and serotonergic function: neuroendocrine and be-
havioral responses to intravenous L-tryptophan in affective dis-
order patients. Arch Gen Psychiatry 46:13-19

Reches A, Liu KP, Karpiak SE, Fahn S, Cooper TB, Suckow
R, Jackson V, Tamir H (1985) Serotonin depletion induced
by reserpine is attenuated by prophylactic adminisiration of
lithium. Eur J Pharmacol 113:225-231

Rudorfer MV, Karoum F, Ross RJ, Potter WZ, Linnoila M (1985)
Differences in lithium effects in depressed and healthy subjects.
Clin Pharmacol Ther 37:66-71

Saldate C, Orrego F (1975) Electrically induced release of (3H)5-
hydroxytryptamine from neocortical slices in vitro: influence
of calcium but not of lithium ions. Brain Res 99:184-188

Sanders-Bush E, Conn PJ (1987) Neurochemistry of serotonin neu-
ronal systems: consequences of serotonin receptor activation.
In: Meltzer HY (ed) Psychopharmacology: the third generation
of progress. Raven Press, New York, pp 95-103

Sangdee C, Franz DN (1980) Lithium enhancement of central
5-HT transmission induced by 5-HT precursors. Biol Psychiatry
15:59-75

Schubert J (1973) Effect of chronic lithium treatment on mono-
amine metabolism in rat brain. Psychopharmacologia
32:301-311

Scott M, Reading HW, London JB (1979) Studies on human blood
platelets in affective disorder. Psychopharmacology 50:131-135

Segal M (1974) Lithium and the monoamine neurotransmitters
in the rat hippocampus. Nature 250:71-73

Sheard MH, Aghajanian GK (1969) Neuronally activated metabo-
lism of brain serotonin: effect of lithium. Life Sci 9:285-290

Shukla GS (1985) Combined lithium and valproate treatment and
subsequent withdrawal: serotonergic mechanism of their inter-
action in discrete brain regions. J Neuropsychopharmacol Biol
Psychiatry 9:153-156

Siever LI, Davis KL (1985) Overview: toward a dysregulation hy-
pothesis of depression. Am J Psychiatry 142:1017-1031

Siever LY, Murphy DL, Slater S, de la Vega E, Leppere S (1984)
Plasma prolactin changes following fenfluramine in depressed
patients compared to controls: an evaluation of central seroto-
nergic responsivity in depression. Life Sci 34:1029-1039

Sjostréom R, Roos B-E (1972) 5-Hydroxyindolacetic acid and ho-
movanillic acid in cerebrospinal fluid in manic-depressive psy-
chosis. Eur J Clin Pharmacol 4:170-176

Slater S, de la Vega CE, Skyler J, Murphy DL (1976) Plasma
prolactin stimulation by fenfluramine and amphetamine. Psy-
chopharmacol Bull 12:26-27

Stahl SM (1977) The human platelet. A diagnostic and research
tool for the study of biogenic amines in psychiatric and neu-
rologic disorders. Arch Gen Psychiatry 34:509-516

Stahl SM, Woo DJ, Mefford IN, Berger PA, Ciaranello RD (1983)
Hyperserotonemia and platelet serotonin uptake and release

in schizophrenia and affective disorder. Am J Psychiatry
140:26-30

Swann AC, Heninger GR, Marini J1.,, Sheard MH, Maas JW
(1980) Lithium effects on high-affinity tryptophan uptake: evi-
dence against a stabilization mechanism. Brain Res
194:287-292

Swann AC, Heninger GR, Roth RH, Maas JW (1986) Differential
effects of short and long term lithium on tryptophan uptake
and serotonergic function in cat brain. Life Sci 28:247-354

Swann AC, Koslow SH, Katz MM, Maas JW, Javaid J, Secunda
S, Robins E (1987) Lithium carbonate treatment of mania:
cercbrospinal fluid and urinary monoamine metabolites and
treatment outcome. Arch Gen Psychiatry 44:345-354

Tagliamonte A, Tagliamonte P, Perez-Cruet J, Stern S, Gessa GL
(1971) Effect of psychotropic drugs on tryptophan concentra-
tion in the rat brain. J Pharmacol Exp Ther 177:475-480

Treiser SL, Cascio CS, O’Donohue TL, Thoa NB, Jacobowitz DM,
Kellar KJ (1981) Lithium increases serotonin release and de-
creases serotonin receptors in the hippocampus. Science
213:1529-1531

Tuomisto J, Tukiainen E (1977) Decreased uptake of 5-hydroxy-
tryptamine in blood platelets from depressed patients. Nature
262:596-598

Vale AL, Ratcliffe F (1987) Effect of lithium administration on
rat brain 5-hydroxyindole levels in a possible animal model
for mania. Psychopharmacology 91:352-355

Waldmeier PC (1987) Is there a common denominator for the
antimanic effect of lithium and anticonvulsants? Pharmacopsy-
chiatry 20:37-47

Wang HY, Friedman E (1988) Chronic lithium: desensitization
of auto receptors mediating serotonin release. Psychopharma-
cology 94:312-314

Wielosz M, Kleinrok Z (1979) Lithium-induced head twitches in
rats. J Pharm Pharmacol 31:410-411

Wilk S, Shopsin B, Gershon S, Suhl M (1972) Cerebrospinal fluid
levels of MHPG in affective disorders. Nature 235:440-441

Wood AJ, Goodwin GM (1987) A review of the biochemical and
neuropharmacological actions of lithium. Psychol Med
17:579-600

Wood K, Swade C, Abou-Saleh MT, Coppen A (1985) Apparent
supersensitivity of platelet 5-HT receptors in lithium-treated
patients. I Affective Disord 8:69-72

Yamada K, Furukawa T (1979) Serotonergic function in mouse
head twitches induced by lithium and reserpine. Psychopharma-
cology 61:255-260

Yocca FD, de Paul Lynch V, Friedman E (1983) Effect of chronic
lithium treatment on rat pineal rhythms: N-acetyl{ransferase,
N-acetylserotonin and melatonin. J Pharmacol Exp Ther
226:733-737

Yuwiler A, Bennett BL, Brammer GL, Geller E (1979) Lithium
treatment and tryptophan transport through the blood-brain
barrier. Biochem Pharmacol 28:2709-2712

Zohar J, Aulakh CS, Wozniak K, Murphy DL (1986) Short term
treatment with lithium potentiates the anorectic effect of m-
chlorphenylpiperazine (mCPP) and fenfluramine while long
term lithium attenuates m-CPP induced anorexia. Soc Neurosci
Abstr 16:475

Received February 13, 1989 / Final version April 21, 1989



