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Acute effects of lysergic acid diethylamide (LSD) and chlorimipramine on tryptophan uptake
into rat brain synaptosomes were studied in rats treated chronically with dietary lithium and in control
rats. The acute drug treatmenls did not change Vrna,,or K,,, for tryptophan uptake in control rats.
In lithium-treated rats, chlorimipramine increased and LSD decreased Vmax. These results indicate
that, rather than stabilizing serotonin production through tryptophan uptake changes, chronic
lithium treatment may increase the responsiveness of tryptophan uptake to changes in serotonin
utilization.

Lithium ion is effective in the treatment and prophylaxis of affective disor-
dersle, z6 and in the reduction of aggressive behaviors in man z5 and in animalsa4, 36.

While the mechanisms of these actions are unknown, it has been proposed that they are

related to effects of lithium on serotoninX8, 31 which is thought to be involved in the
control of affect and aggression4,18,2s, al.

Since lithium is effective against both mania and depression, its effects may

_I involve stabilization of some neurotransmitter system against endogenous or exoge-

! nous perturbationsV,a 3. A possible model for behavioral stabilization in animals is

t provided by the effects of lithium on shock-elicited fighting in rats 27. In addition toreducing shock-elicited fighting, lithium treatment has been shown to prevent both the

t increase in fighting after acute treatment with lysergic acid diethylamide (LSD) a5and

I the decrease after acute chlorimipramine 26. As acute LSD and chlorimipramine affect
serotonin by contrasting mechanisms 1,9,zl the prevention by lithium of their effects on

i shock-elicited fighting may indicate that some of the behavioral effects of lithium arise

i fromstabilizationof function.serotonergic

A potential source of instability in serotonergic function is its susceptibilityto ii_i1
changes in substrate availabilitya0,1L The rate of serotonin synthesis may be limited by

i the rate of entry of tryptophan, the amino acid precursor of serotonin, into the cell 1°.

Lithium treatment, in relatively high doses, has been shown to increase the high-affi-

1 nity uptake of tryptophan into rat brain synaptosomes20,21, z4. This has been proposed

t
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to lead to decreased synthesis of tryptophan hydroxylase, the rate-limiting enzyme,

decreasing the potential variability of serotonin synthesis 24.The role of the tryptophan
uptake system in behaviors or pharmacologic effects stabilized by lithium is not
known.

The present study was undertaken in order to examine whether lithium stabilizes

tryptophan transport against drug interactions in a manner analogous to its stabiliza-

tion of shock-elicited fighting. Acute treatments with LSD or chlorimipramine were

used as models for perturbations against which lithium exerts a stabilizing behavioral
effect 27.

Male Sprague-Dawley rats weighing 160-180 g were fed a diet containing

lithium as well as supplemental sodium and potassium3°; an equal number of control

rats received the same diet without the lithium. Lithium dosage was started at 20

_ mEq/kg dry diet, increased after one week to 40 mEq/kg dry diet, and increased after

two weeks to 60 mEq/kg dry diet. Lithium treatment was continued at 60 mEq/kg dry
diet until 5 weeks of treatment was completed. This was identical to the regimen that

reversed LSD and chlorimipramine effects on shock-elicited fighting 27. Under these

conditions, there was no significant difference in weight between lithium-treated and

control rats. Lithium-treated rats displayed polyuria and polydipsia but otherwise did

not appear or act differently from controls. Serum lithium was 0.71 4- 0.07 (S.D.)

mEq/l and brain lithium (corpus striatum) was 0.60 -+-0.12 mEq/kg.
Ten lithium-treated and 10 control rats were killed 15 min after i.p. injection of 5

mg/kg chlorimipramine hydrochloride (Geigy); 4 lithium-treated and 4 control rats
received an equal vol. of normal saline. Ten lithium-treated and 10 control rats were

killed 7 min after injection of 40/ag/kg LSD bitartrate in normal saline (Sandoz); 10
lithium-treated and 10 control rats received an equal vol. of normal saline. These doses

and times correspond to the conditions under which optimal effects on shock-elicited
fighting were previously observed 27.

Rats were killed by decapitation without anesthesia. Cerebral cortex, hippo-
campus, corpus striatum, and brain stem (pons and midbrain excluding colliculi) were

dissected over ice using gross landmarks 22. Tissue was homogenized in cold 0.32 M

-- sucrose containing 1 mM EDTA and 25 mM Tris.HCl, pH 7.5. After centrifugation

for 10 min at 700 × g, the pellet was washed and the combined supernates were centri-

fuged for 15 min at 17,000 × g. The resulting pellet was washed with the sucrose

solution and used as crude synaptosomes la. Protein was determined by the method of
Lowry et al. with bovine serum albumin as standard 2_.

Tryptophan uptake2,1z,19, 2° was measured within 45 min of homogenization 8.

About 200 #g of crude synaptosomal protein was incubated in 0.5 ml pre-warmed

medium containing 100 mM NaCI, 5 mM KC1, 1.5 mM MgCI2, 1.5 mM CaCI2, 20 mM

Tris.HC! at pH 7.5 and 20 mM D-glucose. After pre-incubation at 37 °C for 60 sec, L-

tryptophan (Sigma Chemical) containing aH (side chain labeled, New England Nu-
clear, spec. act. 15-20 Ci/mmol ) was added to give final concentrations of 5, 10, 20, 30,

40 and 50/_M. After incubation for 2 min, uptake was stopped by addition of 5 ml

0.32 M sucrose containing 10 mM Tris-HCl (pH 7.5) and 1 mM CaClz (see ref. 2) and

the samples were promptly centrifuged at 17,000 × g for 10 min. The supernate was
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removed by aspiration, the insides of the tubes dried with cotton swabs, and the pellet

was washed with the sucrose solution, taken up in NaOH, and the aH determined by
liquid scintillation counting. Incubation was performed in duplicate; samples incu-
bated at 4 °C were used as blanks 2.

Synaptosomes from several rats in the same treatment group were combined, as

in previous studies 20. Double reciprocal plots based on mean values from 3 separate

experiments were used to calculate Vmax and apparent Km for each treatment group.

Confidence limits for the parameters of the least squares regression lines were

estimated by multiplying the S.E. of the estimate for the parameter by the two-tailed t

value corresponding to the indicated level of statistical significance 38.

Table I shows the effect of chronic lithium treatment on the apparent maximal

velocity of high-affinity tryptophan uptake. Consistent with the results of Knapp and

Mandel 2°, Vmax was increased by lithium treatment in corpus striatum, hippocampus
and brain stem. Lithium treatment had no effect in cerebral cortex. Lithium treatment

- did not significantly change apparent Km in any of the regions.

Table II shows the effects of acute LSD and chlorimipramine treatment on

tryptophan uptake in corpus striatum. Neither LSD nor chlorimipramine caused

significant changes in control rats. By contrast, in lithium-treated rats, chlorimipra-

mine increased and LSD decreased the Vmax for tryptophan uptake. LSD treatment

has been reported to decrease firing rate of, and serotonin efflux from, serotonin-

containing cells in rats not treated with lithium1,9,11. By contrast, chlorimipramine

was shown to acutely increase serotonin efl]ux 9 while similarly decreasing firing
rate 1,11.The changes in Vm ax in the lithium-treated rats after chlorimipramine or LSD

were thus parallel to the acute changes in serotonin efflux, but not in firing rate, that

have been observed after administration of these drugs in rats not treated with lithium.

Apparent Km tended to change parallel to changes in Vmax. This is consistent with

the reported transport of tryptophan by an ordered exchange mechanism17, aT. In the

case of tryptophan transport, a number of other compounds probably share the

transport system 6. Changes in concentration of tryptophan or a congener could inhibit

tryptophan uptake by competition, as has been reported with L-DOPA 8, or could
increase uptake due to stimulation of exchange.

TABLE I

Effect of lithium treatment on the calculated Vmazfor highaffinity tryptophanuptake in crudesynapto-
somesfrom rat brain

Region Control Lithium

Corpusstriatum 3.60 -4-0.45* 6.95± 0.73**
Hippocampus 1.94:t: 0.06 2.395-0.10"*
Cortex 0.98-4-0.08 0.90± 0.10
Brainstem 0.99± 0.02 1.34± 0.03**

* Vm_xis in nmol tryptophan/(mg prot/min) ± S.E.
** Lithium-treated different from control, P < 0.05.
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TABLE I1

Kinetic parameters for high affinity tryptophan uptake in crude synaptosomes from rat corpus striatum

Vmax is in nmol tryptophan/(mg prot./min).

Acutetreatment Control Lithium

None 3.6 4-0.45 6.95_ 0.73*
Chlorimipramine 2.98 ± 0.83 11.77 ± 1.42"*

LSD 2.63± 0.06 2.49::k0.06***

* Li+ different from control, P < 0.05.
** Li+and chlorimipramine different from Li÷and from chlorimipramine, P < 0.05.

*** Li + and LSD different from Li +, P < 0.05.

Changes similar to, but smaller than those shown for corpus striatum occurred

- in brain stem of lithium-treated rats treated with LSD and chlorimipramine. LSD and

chlorimipramine did not change the parameters significantly in hippocampus or cere-
bral cortex of either control or lithium-treated rats.

While lithium treatment has been shown to render shock-elicited fighting less

susceptible to drug-induced changesZ6, the data presented here indicate that lithium

had the opposite effect on tryptophan uptake. These data do not appear consistent

with a model in which lithium treatment would stabilize serotonin production through

increased tryptophan uptake. These effects were produced by a relatively low-dose

regimen of lithium administration, with moderate tissue levels of lithium and only
mild evidence of lithium side-effects.

Possible interpretations consistent with the data reported here include: (a)
tryptophan uptake is not directly related to serotonin synthesis or to serotonin

function; (b) the stabilization of shock-elicited fighting by lithium administration is

not directly related to effects on serotonin; and (c) the behavioral stabilization by

lithium results from facilitation of compensatory changes in serotonergic function.

The relationship between tryptophan uptake and serotonergic activity is not

established, but some studies indicate that serotonin synthesis from tryptophan, which

is limited by tryptophan availability10, may be directly related to release of serotonin

from serotonergic neurons. Tryptophan loading potentiated some effects of treatment

with a monoamine oxidase inhibitor that appeared to be related to increased synthesis
of serotonin 12. Evidence has been presented that changes in tryptophan uptake
account for the diurnal variation in brain serotonin content 14.Hery et al. recently de-
monstrated that nerve stimulation increased the release of serotonin formed from re-

cently infused tritiated tryptophan15. Because LSD and chlorimipramine did not
change tryptophan uptake in control rats, these earlier results may indicate that while

increased tryptophan availability may potentially increase serotonin production,

increased utilization of serotonin may not necessarily stimulate tryptophan uptake.

Reports of synergistic clinical effects of lithium and i.v. chlorimipramine 29 and

lithium and tryptophan 5 imply that the effects on tryptophan uptake observed in this
report may be related to some clinical effects of lithium treatment. There is no
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evidence, however, directly linking tryptophan uptake to shock-elicited fighting.

Drugs including L-DOPA 8 and A9-tetrahydrocannabino118 have been reported to

affect tryptophan uptake, but the role, if any, of tryptophan uptake in their actions is
not known.

• In this study, treatment with lithium, rather than stabilizing the rate oftryptophan

uptake, apparently rendered it increasingly responsive to drug effects involving changes

in utilization of serotonin. To the extent that tryptophan uptake is related to serotonin

synthesis, it can be argued that if lithium treatment stabilizes behavior through effects

on serotonin, it may do so by rendering serotonergic activity more flexible rather than

more stable. This would be consistent with reports of augmentation of some serotonin
effects by lithium administrationa, aa,az.
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