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SUMMARY

The effect of lithium on the phosphoinositide-signaling pathway
was examined in 5-HT, receptors, which are involved in phos-
pholipase C stimulation, expressed in Xenopus laevis oocytes
by voltage-clamp recording and assay of intracellular Ca®*
concentrations. Treatment with lithium for 60 sec after the initial
application of 5-HT reduced Ca?* -dependent chloride currents
in a dose-dependent manner (0.01-1 mm) and inhibited intra-
cellular Ca®" release, whereas pretreatment with lithium or
injection into oocytes had no effect. Additionally, treatment with

lithium for more than 24 hr reduced 5-HT-evoked currents to a
much lesser extent. In contrast, the currents through other
phosphoinositide-dependent receptors, such as endogenous
“serum” and muscarinic ACh receptors, were not affected or
less affected by a short term or long term treatment with
lithium, respectively. These results indicate that lithium may
have a specific blocking effect on the 5-HT, receptors and, in
part, nonselectively act on the phosphoinositide metabolic
pathway.

Lithium has been widely used as an effective drug for
manic-depressive illness (1) as well as aggressive and self-
mutilating behavior (2) or cluster headache (3). The mecha-
nisms underlying the action of Li*, however, largely remain
unknown. There is a possibility that lithium interacts with
inositol phosphate metabolism. Administration of Li*™ de-
creases the level of inositol in the brain (4), although it has no
effect on the peripheral cells. Inositol is supplied via three
pathways: uptake from the plasma, synthesis through glu-
cose, and recycling and resynthesis from the cellular pool of
phosphatidylinositol (5). In central neurons, most inositol is
dependent on endogenous sources, because the blood-brain
barrier is barely permeable to inositol (6—8), and the enzyme
responsible for the conversion of glucose-6-phosphate to myo-
inositol-1-phosphate is restricted to the cerebral vasculare
(9). Thus, lithium seems to block endogenous inositol produc-
tion in the central nervous system.

5-HT receptors are thought to exert diverse actions on
psychiatric disorders such as anxiety, manic-depression, ob-
sessive-compulsive disorder, schizophrenia, suicidal behav-
ior, and alcoholism (10). The receptors are classified into
5-HT,, 5-HT,, 5-HT3, 5-HT,, 5-HT;, 5-HT,, 5-HT,, and oth-
ers (11). Of these groups, the 5-HT2 receptors are further
subdivided into 5-HT,,, 5-HTyg, and 5-HT, and are coupled
to the stimulation of phospholipase C (11). The 5-HT, re-
ceptor, which is preferentially expressed in the brain, is
proposed to be involved in pathogenesis of manic-depressive
illness, as is the 5-HT,, receptor (12). There is speculation

that lithium improves manic-depressive psychosis by nor-
malizing 5-HT, receptor-mediated phosphoinositide signal-
ing. The present study investigated the effects of lithium on
the 5-HT, receptors expressed in Xenopus laevis oocytes by
assaying Ca®*-dependent chloride currents and intracellular
Ca®* mobilization. Previous reports demonstrate that lith-
ium has little effect when phosphoinositide-dependent recep-
tors are operating normally, which leads to the conclusion
that Li* is an uncompetitive inhibitor of inositol phosphate
metabolism (5). The results of the present study suggest,
however, that lithium inhibits phosphoinositide signaling by
its specific action on the 5-HT, receptors.

Materials and Methods

In vitro transcription and translation in X. laevis oocytes

mRNA coding for the rat brain 5-HT, receptor was provided Dr.
K. Sumikawa (University of California, Irvine, CA). X. laevis oocytes
were surgically removed from female frogs and manually separated
from the ovary. The isolated oocytes were incubated in Barth’s solu-
tion: 88 mM NaCl, 1 mMm KCl, 2.4 mm NaHCO,, 0.82 mm MgSO,, 0.33
mM Ca(NO,),, 0.41 mm CaCl,, and 7.5 mm Tris, pH 7.6. Collagenase
(0.5 mg/ml) treatment of oocytes was carried out to remove the
follicular cell layer 1 day before microinjection. Oocytes were injected
(approximately 40 nl) with 5-HT, receptor mRNA and incubated at
18°.

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine (serotonin); ACh, acetylcholine; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid, tetrapotassium salt, hydrate; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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Electrophysiology

The injected oocytes were transferred to the recording chamber
24—-48 hr after incubation and continuously superfused at room
temperature (20—22°) in a standard frog Ringer’s solution: 115 mMm
NaCl, 2 mm KCl, 1.8 mm CaCl,, and 5 mm HEPES, pH 7.0). 5-HT-,
blood serum-, and ACh-activated currents were recorded using two-
electrode voltage-clamp techniques with a GeneClamp-500 amplifier
(Axon Instruments, Foster City, CA) as previously described (13).
The currents were digitized at 2 kHz, stored on a computer disk, and
analyzed on a laboratory computer using pClamp software (version
6; Axon Instruments).

Co-assay of intracellular Ca2* and membrane current

Oocytes were injected with Calcium Green-1 (Molecular Probes,
Eugene, OR) (40 nl, 200 uM, approximately 15 uM final concentra-
tion) and were incubated at 18° for 30—60 min. The oocytes were
transferred in a recording chamber onto the stage of a Nikon DIA-
PHOT 300 microscope (Nikon, Tokyo, Japan) and continuously su-
perfused at room temperature (20—22°) in frog Ringer’s solution: 115
mM NaCl, 2 mMm KCl, 1.8 mm CaCl,, and 5 mM HEPES, pH 7.0). The
oocytes were viewed with a 4X UV fluor Nikon objective lens, and the
images were acquired at 2-sec intervals with a xenon confocal laser-
scanning microscope (Nikon) attached to an intensified charge-cou-
pled device camera (ARGUS-50/CA; Hamamatsu Photonics, Tokyo,
Japan). The Calcium Green signal was long pass-filtered (490 nm).
Images were analyzed with ARGUS-50/CA software (version 3.0).
Simultaneously, a two-electrode voltage-clamp recording was carried
out with a GeneClamp-500 amplifier, and the currents obtained were
analyzed by the same method as described above.

Results and Discussion

X. laevis oocytes have endogenous Ca®*-sensitive chloride
channels (14) that are activated through the phosphoinosit-
ide-dependent receptors, including 5-HT,, receptors. Applica-
tion of 5-HT (1 um) to the oocytes expressing 5-HT, recep-
tors induced inward currents with a latency of 30—40 sec at
a holding potential of —60 mV (Fig. 1A). The currents re-
versed at approximately —15 mV and were blocked by injec-
tion of BAPTA (final concentration 10 mm) in the oocytes
(data not shown), which indicates that the endogenous Ca®*-
dependent chloride channel was activated through the
5-HT, receptors. Treatment with Li* (0.1 mm) for 60 sec
after the initial activation of the 5-HT, receptors reduced
the currents to 20%, and, afterward, the currents were re-
covered with washing (Fig. 1A, upper column). The currents
were inhibited by lithium (0.01-1 mwm) in a dose-dependent
manner (Fig. 1B). In contrast, pretreatment with Li* (0.1
mM) for 10 min had no effect on the currents (Fig. 1A, lower
column). Additionally, injection of Li* (0.1 mM and 1 mwm,
final conc.) before or after the initial application of 5-HT
never inhibited the currents (Fig. 2). These results suggest
that lithium reduced Ca®?"-dependent chloride currents by a
specific action on the 5-HT, receptors during or after acti-
vation of the receptors but not by an inhibition of the intra-
cellular inositol pathway. The data also may indicate that
lithium acted on the receptor outside the membrane.

X. laevis oocytes are known to have endogenous phospho-
inositide-dependent receptors such as the “serum receptor”
(15, 16) and muscarinic ACh receptor (17). Fetal bovine se-
rum (0.5%, v/v) or ACh (100 um) also produced Ca®?" -depen-
dent chloride currents (Fig. 3). Unlike the 5-HT-induced re-
sponse, these currents were not affected by treatment with
Li* (0.1 mm) after the first application of serum or ACh (Fig.
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Fig. 1. Effect of a short term treatment with lithium on 5-HT-induced
currents. 5-HT (1 uMm) was repetitively applied to a single oocyte ex-
pressing the 5-HT,¢ receptors at 15-min intervals. A, An oocyte was
treated with lithium (0.1 mwm) for 60 sec after the first application of 5-HT
(n = 20) (upper column). In another case, an oocyte was pretreated with
lithium (0.1 mm) for 10 min, and, afterward, 5-HT was applied to the
oocyte (n = 15) (lower column). The holding potential was —60 mV. In
this and other figures, inward currents correspond to downward de-
flections. B, The dose-response effect of lithium on 5-HT-evoked cur-
rents are demonstrated. 5-HT (1 um) was applied to a single oocyte
before and after 60-sec treatment with lithium in order of concentra-
tions at 0.01 mm, 0.1 mm, and 1 mm, or in the opposite order. The
current amplitude recorded in an oocyte without lithium treatment was
regarded as 100%. Points, average from 15-20 oocytes; bars, mean *
standard deviation.

3A) or pretreatment with Li* (Fig. 3B). 5-HT (1 um)-induced
currents in the same oocyte, however, were inhibited by
treatment with Li* after the first application of 5-HT, al-
though they were not affected by pretreatment with Li™ (Fig.
3A). These results suggest that lithium did not act on the
nonselective phosphoinositide-dependent receptors but selec-
tively modified the 5-HT, receptors. The data also suggest
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Fig. 2. Effects of injection of lithium on 5-HT,¢ receptor-induced cur-
rents. Two electrodes for voltage-clamp were placed, and, subse-
quently, an injection needle was inserted in the oocytes. Lithium (0.1
mm and 1 mm, final concentrations) was injected in an oocyte express-
ing 5-HT,s receptors 5 min before (A) and immediately after (B) the
initial application of 5-HT (1 uMm) (arrows). Each trial was carried outin 15
oocytes. The holding potential was —60 mV.
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Fig. 3. Effects of a short term treatment with lithium on the currents
induced by serum or ACh. A, Oocytes were treated with lithium (0.1 mm)
for 60 sec after the first application of fetal bovine serum (0.5%, v/v) or
ACh (100 uwm) (n = 15). Afterward, 5-HT (0.1 mm) was applied to the
same oocytes before and after the second treatment with lithium in
some cases (n = 5). B, fetal bovine serum or ACh was applied to an
oocyte after pretreatment with lithium for 10 min (n = 15). The holding
potential was —60 mV.

that a prior 5-HT, receptor activation was needed for the
Li* inhibition of subsequent 5-HT,. receptor-mediated re-
sponse.

To ensure that depression of 5-HT-evoked currents in-
duced by lithium is caused by inactivation of the Ca®*-acti-
vated chloride channels or by decrease of intracellular Ca®*
release, intracellular Ca®* concentrations and membrane
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currents were co-assayed. 5-HT (1 um) enhanced intracellu-
lar Ca®* concentrations and evoked the currents (Fig. 4A),
which indicates that the 5-HT,- receptor was involved in
phosphatidylinositol hydrolysis, followed by production of
inositol-1,4,5-trisphosphate, to release Ca®* from intracellu-
lar calcium stores. Subsequent treatment with Li* (0.1 mM)
inhibited both enhancement in intracellular Ca®* concentra-
tions and currents induced by 5-HT (Fig. 4A). Otherwise,
injection of Li* (final concentration 0.1 mm) had no effect on
the intracellular Ca®" concentrations and currents (Fig. 4B),
which further supports the idea that lithium inhibits 5-HT,
receptor-mediated response outside the plasma membrane,
presumably by modulation of the binding affinity of 5-HT to
the 5-HT, receptor or competitive binding to the receptor.

The effect of Li" on the phosphoinositide-dependent recep-
tors was further examined by a long term treatment. 5-HT-
evoked currents were abolished by co-treatment with Li™ (0.1
mM) and 5-HT (1 um) for more than 24 hr and reduced to 76%
by treatment with Li™ alone, whereas a long term treatment
with 5-HT alone had no effect (Fig. 5A). In contrast, the
currents induced by serum (0.5%, v/v) or ACh (100 um) were
decreased to 67% or 83%, respectively, by a long term co-
treatment with Li* (0.1 mM) and serum or ACh, to 71% or
85% by treatment with lithium alone, respectively, but they
were not affected by a long term treatment with serum or
ACh (Fig. 5B, C). These results suggest that lithium might
serve as a blocker of intracellular inositol metabolic path-
ways only in a small part.

Previous studies demonstrate that lithium reduces the
supply phosphatidylinositol-4,5-bisphosphate for signaling
by blocking inositolpolyphosphate-1-phosphatase, which con-
verts inositol-1,3,4-trisphosphate or inositol-1,4-bisphos-
phate to inositol-3,4-bisphosphate or inositol-4-monophos-
phate, respectively, and by blocking inositol monophosphate
phosphatase, which converts inositol monophosphates to ino-
sitol in a process called “inositol depletion hypothesis” (5).
Indeed, the finding that a long term co-treatment with lith-
ium and 5-HT completely inhibited 5-HT-induced currents
may support this hypothesis. However, 5-HT-evoked cur-
rents were decreased to 20% by a short term treatment with
lithium and were not blocked by injection of lithium in oo-
cytes, which indicates that inhibition of 5-HT-evoked cur-
rents by lithium is mainly the result of a modulation of the
5-HT, receptor. The finding that serum- and ACh-evoked
currents were not inhibited or little inhibited by a short term
or long term treatment with lithium may provide further
evidence that lithium has a less functional role in the inositol
signaling pathways.
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Fig. 4. Co-assay of intracellular Ca®" concentrations and membrane
currents. Two-electrode voltage-clamp was carried out on the Calcium
Green-loaded oocytes. The oocytes were treated with lithium (0.1 mwm)
(n = 5) (A) or injected with Li* (final concentration 0.1 mm) (n = 5) (B)
after the initial application of 5-HT (1 um). The currents (l,) and Ca?*
signals in the confocal section of the oocytes (Ca?") are illustrated in
the same trace. The holding potential was —60 mV.
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Fig. 5. Effects of a long term treatment with lithium on 5-HT-, serum-,
and ACh-induced currents. A, The oocytes expressing 5-HT, recep-
tors were treated with both lithium (0.1 mm) and 5-HT (1 um), lithium
alone, or 5-HT alone. B, The oocytes were treated with both lithium (0.1
mwm) and fetal bovine serum (0.5%, v/v), lithium alone, or fetal bovine
serum alone. C, The oocytes were treated with both lithium (0.1 mwm)
and ACh (100 uwm), lithium alone, or ACh alone. More than 24 hr later,
5-HT (1 pm), serum (0.5%, v/v), or ACh (100 um) was applied to the
oocytes. The holding potential was —60 mV. The current amplitude
evoked by 5-HT, fetal bovine serum, or ACh before these treatments
was regarded as 100%. Each experiment was performed in 30 oocytes.

Lines of evidence suggest that manic-depressive illness is
effectively controlled by Li* at concentrations of approxi-
mately 1 mMm in the blood serum (5). A plausible explanation
is that lithium modifies a downstream pathway to reestab-
lish normal responses to the 5-HT, receptor, which is pro-
posed to be one of the receptors responsible for manic-depres-
sive illness, perhaps by interaction with the phosphoinositide
metabolic pathways. The current results, however, indicate
that lithium may control manic-depressive psychosis by act-

ing selectively on the 5-HT,. receptor in large part rather
than by the nonselective effect on the phosphoinositide met-
abolic pathways.

In conclusion, we show herein that lithium inhibits inositol
signaling mainly by its specific effect on the 5-HT, receptor
and that it serves as an inhibitor of inositol phosphate me-
tabolism only in small part.
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