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SUMMARY
Li� is used clinically in the management of bipolar-disordered
(manic-depressive) illness, but the mechanism of its clinical effi-

cacy remains unclear. Li� inhibits the metabolism of certain
inositol phosphates, leading to a decreased cycling of inositol
that may be sufficient to reduce phosphoinositide metabolism.
We have tested this hypothesis in slices of rat cerebral cortex
and in rat pituitary GH3 cells grown in the presence of low
extracellular inositol. We show that basal and stimulated mass
levels of inositol-1 ,4,5-trisphosphate were reduced in rat cerebral
cortex and in GH3 cells after chronic, but not acute, treatment

with a therapeutic concentration of Lit In GH3 cells chronic
treatment with Li� also decreased basal levels of intracellular
Ca2� and secretion of prolactin, effects that were prevented by
the presence of myo-inositol. Agonist-stimulated mobilization of
Ca2� and prolactin release were also reduced in Li�-treated cells.
These findings show that chronic perturbation of the phosphoi-
nositide pathway by Li� is sufficient to reduce basal and agonist-
stimulated cellular responses, an action that may underlie its
effectiveness in the alleviation of affective disorders.

Lithium ions are used widely in the treatment of affective
disorders, particularly in patients with bipolar disorders, which

are characterized by oscillations in mood between mania and

depression. In the majority of these patients, a maintained

serum level of approximately 1 mM Li� alleviates both the

manic and depressive phases of this disorder. The mechanism

by which Li� produces these therapeutic effects is unclear, and

it has been suggested that Li� may act by altering signaling

pathways such as adenylyl cyclase (1), guanine nucleotide-

binding proteins (2), or the phosphoinositide pathway (3-5).
Li� is an uncompetitive inhibitor of inositol monophospha-

tase, with a K, close to its therapeutic plasma concentration.

Several studies have shown a large accumulation of inositol

monophosphates in brain and a corresponding decrease in

inositol (6-8). It has been suggested that Li� acts by reducing
the supply of inositol for the resynthesis of phosphoinositides

and that this impairs receptor-stimulated generation of

Ins(1,4,5)P:i. In support of this hypothesis, various in vitro and

ex vivo studies have demonstrated a reduction in agonist-

stimulated formation of total [tH]inositol phosphates (9-11)

and Ins(1,4,5)P:i mass in brain slices in the presence of Li�

(12).

This work was supported by grants obtained from Bristol-Myers Squibb and
the Wellcome Trust (P. P. G.). M. A. V. gratefully acknowledges support from
the MRC; S. P. W. is a Royal Society University Research Fellow.

In this study, we show that chronic treatment with therapeu-

tic concentrations of Li� reduces basal and agonist-stimulated

mass levels of Ins(1,4,5)P3 in slices of rat cerebral cortex. These

observations were extended to the rat pituitary GH1 cell line,

and these effects were found to be accompanied by a decrease
in basal and agonist-stimulated intracellular levels of Ca2� and

secretion of prolactin.

Materials and Methods

Experiments with Rat Cerebral Cortex and Rat Ileum

Li� treatment. Male Sprague-Dawley rats (150-250 g) were used

for all experiments. Rats receiving chronic Li� treatment were fed a

standard laboratory diet containing 0. 1 % Li2CO:t, a treatment regimen

that produces therapeutic levels of Li� in the plasma of rats (13).

Control and acutely Li�-treated rats received standard laboratory chow.
An acute treatment regimen involved a single subcutaneous injection

of LiCl or NaC1 (10 meajkg, made up in 0.9% saline) 4 hr before

removal of the cerebral cortex. This regimen produces plasma levels of
Li� of about 2.7 mM (11).

Tissue preparation, incubation, and stimulation. Rat cerebral
cortex slices were prepared as described previously ( 1 1) and were

dispersed in 25 ml of Krebs-Ringer HEPES buffer. The absolute levels

of Li� in rat cerebral cortex slices are dependent on the treatment
regimen, and it was, therefore, decided to incubate the slices in excess

Li� so that its concentration in cortical slices would be similar despite

different treatments. After washing with 100 ml of warmed buffer, the
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Results are expressed as the mean ± standard error. Statistical

significance was determined for data points obtained from three or

slices were incubated for 45 mm in the absence or presence of 10 mM

LiC1 (unless otherwise stated), replacing NaCl in the buffer. Tissue

slices were then allowed to settle under gravity, and 50-id aliquots were

incubated in a final volume of 250 �l at 3T in a shaking water bath;

agonist (10 �l) was added for the appropriate time, and reactions were

terminated with 0.31 ml of ice-cold 10% perchloric acid, and samples

were extracted and assayed for Ins(1,4,5)P3, as described below.
In some experiments, the ileum was removed from control and

chronically Li�-treated rats and washed with Krebs buffer. The longi-

tudinal muscle was dissected from the ileum, and cross-chopped slices

were prepared as described previously (14). Experiments were per-
formed as described above for rat cerebral cortex slices.

Tissue slices were dissolved in 0.5 ml of 1 M NaOH over 24 hr, and

protein was measured using the protein assay of Lowry et at. (15); with

bovine serum albumin as a standard. Levels of Ins(1,4,5)P3 are ex-
pressed as pmol/mg of protein.

[3H]Ins(1,4,5)P3 binding to rat cerebral cortex membranes.
For each experiment, membranes were prepared from cerebral cortices

of two animals, to allow a complete displacement curve to be obtained.

Cortical membranes were prepared by homogenization (Polytron, set-

ting 9) in ice-cold buffer A (20 mM NaCl, 100 mM KC1, 50 mM Tris, 1

mM EDTA, pH 8.3). The homogenate was then centrifuged at 1000 X

g for 15 mm at 4�, and the supernatant was centrifuged at 35,000 x g
for 15 mm at 4�. The resulting pellet was resuspended in buffer at a

protein concentration of 5 mg/ml. A full displacement curve was

performed in parallel for control and Li�-treated samples, in the
presence of0.01 to 1000 nM Ins(1,4,5)P3, and the data were transformed

by Scatchard analysis. Protein was measured using the method of

Lowry et at. (15), with bovine serum albumin as a standard.

Li� Treatment of Rat Pituitary GH3 Cells

Rat pituitary GH3 cells were grown in Ham’s F-b medium supple-

mented with 16% fetal calf serum. For experiments involving low

inositol, custom-made Ham’s F-b medium lacking inositol was pur-

chased from GIBCO BRL and supplemented with 5% serum (approx-

imate final myo-inositol concentration of 25 �tM). Treated cells were

grown in this medium supplemented with an additional 1 mM LiCl or

1 mM NaCl (controls). Both control and Li�-treated cells received 10

mM myo-inositol in the relevant experiments. After the appropriate

treatment, cells were removed from flasks and incubated in Hanks’

modified buffer (composition, in mM: 143 NaCl, 5.6 KC1, 2 MgC12, 1.3

CaCl2, 10 HEPES, 10 glucose, pH 7.2), gassed with 100% 02. After 30-

mm preincubation, 150 �l of cell suspension were aliquoted into plastic
tubes (approximately 7.5 x i0� cells/tube) and incubated for an addi-

tional 10 mm. After this, cells were stimulated with TRH (added in 50

�l) for the required period, incubations were terminated by addition of

an equal volume of 10% perchloric acid, and Ins(1,4,5)P3 was measured

as described below. Cells were counted with the aid of a haemocyto-
meter, and their viability was assessed by trypan blue exclusion. Results

are expressed as pmol/106 viable cells.

Measurement of lns(1,4,5)P3 using a Radioreceptor Assay

Experiments were terminated at the appropriate time by addition of
an equal volume of 10% (v/v) ice-cold perchloric acid, and tubes were

left for at least 10 mm at 4�. Tubes were centrifuged (1000 x g for 10

mm at. 4�), and the supernatant was removed and added to 50 pl of 20

mM EDTA (pH 7.5). After this, 500 pl of freshly made 1,1,2-trichloro-

trifluoroethane/tri-n-octylamine (1:1, v/v) were added to each tube and

vortex-mixed for at least 30 sec, to extract perchloric acid. Phase

separation was added by centrifugation (2 mm, 13,000 x g), and the

top, aqueous, phase was removed and neutralized by addition of 60 mM

NaHCO.

Either 25-pl aliquots (rat cerebral cortex slices) or 5O-pl aliquots (rat

ileal slices and GH:i cells) of this neutralized extract (now diluted 10-

20-fold) were added to tubes containing approximately 3 nM [RH]

Ins(1,4,5)Pi, and the assay was initiated by addition of 50 j.tl of binding

protein (‘-400 pg); this binding protein was prepared from bovine

adrenal cortex, as described previously (16). After 15 mm, the assay
was terminated by centrifugation (6 mm, 13,000 x g), the supernatants

were discarded, and the pellets were washed in distilled water and dried

by inversion. The pellets were dissolved in tissue solubilizer (Soluene,
Packard), scintillant was added to the tubes, and the radioactivity was

determined by liquid scintillation counting. Nonspecific binding (typi-

cally around 10% of total binding) was determined in the presence of

10 �sM DL-Ins(1,4,5)P3. The displacement of [3H]Ins(1,4,5)P3 binding

was measured by comparison against a curve obtained with authentic
Ins(1,4,5)P3 standards.

Measurement of Prolactin Secretion

The secretion of prolactin was measured in GH3 cells grown on
sterilized microcarrier Cytodex beads (Pharmacia). After 21 days, these

were transferred to a water-jacketed column held at 37’ and were

constantly perfused (0.4 ml/min) with modified Hanks’ buffer. Frac-

tions were collected in tubes containing 25 � of 4% (w/v) bovine serum

albumin. Prolactin was measured by radioimmunoassay, the reagents

for which were kindly supplied by Dr Salvatore Raiti of the NIDDK,

National Hormone and Pituitary Program, University of Maryland.
The reference prolactin standard used was RP-3. Investigation of the

dose-response relationship for prolactin secretion by TRH was carried

out on cells that had been grown in flasks, preincubated for 30 mm in

modified Hanks’ buffer, centrifuged (250 x g, 5 mm), and resuspended

in fresh buffer. After a 10-mm stimulation with TRH, incubations were
terminated by addition of 4 volumes of ice-cold modified Hanks’ buffer.
Samples were centrifuged (250 x g, 5 mm), and prolactin was assayed
in the supernatant fraction.

Measurement of cAMP and cGMP

The procedure for obtaining samples for cyclic nucleotide measure-

ments was exactly as described above for the preparation of samples

for measurement of Ins(1,4,5)P3. cAMP was measured in the aqueous

extracts by using a competitive protein binding assay (17). cGMP was

measured by radioimmunoassay, using antisera obtained from Amer-

sham International (Amersham, UK). Authentic standards were as-

sayed with each experiment, and samples were measured from the

standard curve.

Measurement of Ca2� in GH3 Cells

On the day of the experiment, cells were resuspended at a density of
approximately 3 x i0� cells/ml, in Hanks’ modified buffer, and incu-

bated with 3 �tM fura-2/acetoxymethyl ester at room temperature. After

45 mm, cells were centrifuged (200 X g, 5 mm), resuspended in Hanks’

buffer, and left at room temperature for up to 1 hr. An aliquot of the

cell suspension (0.5 ml) was taken, centrifuged briefly (5 sec; microcen-

trifuge), and resuspended in 1 ml of fresh Hanks’ buffer at 37*� The

cell suspension was placed in a quartz cuvette and left for 2 mm to

equilibrate in the water-jacketed cuvette holder, heated to 37�, of a

Perkin-Elmer LS-3 spectrofluorimeter. Basal Ca2� was calculated from
the ratio of emissions obtained at 510 nm after excitation at 340 nm

and 380 nm; a recording was also performed in the presence of 1 mM

MnC12, used to quench dye that had leaked from the cells. Autofluores-
cence values were subtracted by measuring the excitation spectra from

cells su8pended at the same density hut not loaded with fura-2. F,�a.

was determined using 2 mM sodium deoxycholate in the presence of at

least 1 mM Ca2�, and F�,, was determined by addition of excess Tris-

buffered EGTA (10 mM ECTA, 100 mM Tris-HCI, pH 7.2), calculated

to give values of free Ca2� of <1 nM. The values of intracellular Ca2�

were calculated using the equation derived in Ref. 18. For agonist-

induced responses, only excitation at 340 nm was monitored, because

the spectrofluorimeter was unable to measure two wavelengths simul-

taneously.

bAt#{228}Anal�sls
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more experiments, using either Student’s paired t test (for GH3 cell

work, in which treated cells were directly compared with control cells)
or unpaired t test (for studies using rats). A statistically significant

difference was taken to be where p < 0.05. Where appropriate, concen-

tration-response curves were analyzed using the computer program

GraphPAD (IS! Software), implemented on an IBM Nimbus computer.

Materials
[:tH]Ins(145)p:, [83H] cAMP, Na’251, and guanosine 3’,S’-cyclic

phosphoric acid 2’-O-succinyl 3-[’251]iodotyrosine methyl ester were
purchased from New England Nuclear. Fura-2/acetoxymethyl ester
was obtained from Calbiochem. TRH, carbachol, Ins(1,4,5)P3, cAMP,

and cGMP were all purchased from Sigma. GH3 cells were obtained
from Flow Laboratories. Growth media, fetal calf serum, and antibiotics

were from GIBCO, and sterile plastic tissue culture equipment was

from Griffiths & Neilson. All other standard laboratory reagents were

of analytical grade.

Results

Studies on rats after acute or chronic treatment with

Lit. Carbachol (1 mM) stimulated a rapid increase in

Ins(1,4,5)P:t mass in rat cerebral cortical slices, which reached

a maximum by 10 sec and remained elevated for at least 30 mm

(Fig. 1). However, in the presence of 10 mM Li�, carbachol-

stimulated levels of Ins(1,4,5)Pt returned towards basal values

after 20 mm of stimulation (Fig. 1). The presence of Li� did
not affect carbachol-stimulated levels of Ins(1,4,5)P:t over the

first 10 mm of stimulation and, as a consequence, incubations
of up to 5 mm were used in subsequent experiments.

Acute treatment (4 hr) of rats with 10 meciJkg LiCl (subcu-

taneously), a dose that is approximately 10-fold greater than

that used clinically, did not alter carbachol-stimulated

Ins(1,4,5)P:t levels in cerebral cortical slices, compared with

NaCl-treated control animals (Fig. 2A). However, basal levels

of Ins(1,4,5)Pt were reduced in cerebral cortical slices obtained

from rats treated chronically with Li� for 21 days, relative to

controls, from 15.2 ± 2.9 to 7.98 ± 1.4 pmol/mg ofprotein (Fig.

2B). In addition, maximal levels of Ins(1,4,5)Pt in response to

Time (mm)

Fig. 1. Effect of Li� on carbachol-stimulated lns(1 ,4,5)P3 mass in slices
of rat cerebral cortex. Rat cerebral cortical slices were stimulated with 1
mM carbachol in the absence (0) or presence (#{149})of 10 mr�i LiCI, replacing
NaCI in the buffer. lns(1 ,4,5)P3 was measured using a mass assay, and
results are presented as mean ± standard error from at least four

experiments, with each point determined in triplicate. **, Significantly
different from controls (p < 0.05), as determined using Student’s t test.

-I10

0
0 60 120 180 240 300

Time (s)

Fig. 2. Effect of acute and chronic Li� treatment on carbachol-stimulated
lns(1 ,4,5)P3 mass in slices of rat cerebral cortex. A, Control rats (0)

received an injection of 10 meq/kg NaCI (subcutaneously), and Li�-
treated rats (#{149})received 10 meq/kg LiCI subcutaneously, 4 hr before
tissue preparation. B, Chronically Li�-treated rats (#{149})were fed a diet
containing O.1% Li2CO3 for at least 21 days; control animals (0) were
fed a standard laboratory diet. Tissue slices were prepared from the
cerebral cortex, incubated in buffer containing 10 m�i LiCl, and stimulated
with 1 mM carbachol. lns(1 ,4,5)P3 levels are expressed as pmol/mg of
protein, and data points represent mean ± standard error from five to

eight experiments, each performed in triplicate. **, Significantly different
from controls (p < 0.05), as determined using Student’s t test.

1 mM carbachol were reduced by a similar extent in cortical

slices, from 30.8 ± 4.0 to 15.2 ± 2.8 pmol/mg of protein (mean

± standard error; six experiments).

The density and affinity of Ins(1,4,5)P3 receptors in the

cerebral cortex of control and chronically Li�-treated rats were

investigated from the specific binding of [1H]Ins(1,4,5)P3

to cortical membranes. Scatchard transformation of [tH]

Ins(1,4,5)P3 binding revealed both a similar affinity of

Ins(1,4,5)Pt for its receptor, as determined by the slope of the

curve, and a similar density of Ins(1,4,5)P3 receptors (Fig. 3).

The effect of chronic Li� treatment was investigated in a

peripheral tissue, to assess the selectivity of the action of Li�.

In contrast to the results obtained from cerebral cortex, basal
and carbachol-stimulated levels of Ins(1,4,5)P:t in slices of ileal
longitudinal muscle were similar in control and chronically Li�-
treated rats (Fig. 4).

Studies on the rat pituitary GH3 cell line. Experiments

were extended to rat pituitary GH:t cells grown in low inositol-
containing medium (approximately 25 �LM). This strategy was

used so that cells would rely heavily on recycling of inositol, as

is thought to occur in rat cerebral cortex (see below). In GH:t

cells, TRH (1 �tM) stimulated a rapid formation of Ins(1,4,5)P:t,

producing maximal levels after 10 sec. A 1-hr acute treatment

with Li� did not alter basal or peak TRH-induced formation of

Ins(1,4,5)P1 (Fig. 5A). However, cells grown under the same

conditions in the presence of 1 mM Li� for 4-7 days showed

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


100

60

40

20
0

1500 2000

Bound ((meL/mg protein)

100

80

Chronic Li�

20

0

.

S

1500500 1000

Bound (fmol/mg protein)

2000

674 Vamey et a!.

C

-�I

C

-�s
E

Control

Fig. 3. Scatchard analysis of [3HJlns(1 ,4,5)P3 binding to membranes
prepared from the cerebral cortex of control and chronically Li�-treated
rats. Membranes were prepared from the cerebral cortex of control rats
(0) or rats treated chronically for at least 21 days with Li� (#{149}).Membranes
(‘-.250 .ig) were incubated with �-0.7 nM [3H)lns(1 ,4,5)P3 and increasing

concentrations of lns(1 ,4,5)P3 (0.01-1000 nM). Each point represents
triplicate determinations from a single representative experiment, re-
peated in two additional experiments.

C“.4

Basal 10 s carbachol

Fig. 4. Effect of chronic Li� treatment on basal and carbachol-stimulated
lns(1 ,4,5)P3 mass in rat ileum longitudinal muscle slices. Mass levels of
lns(1 ,4,5)P3 were determined in slices of rat ileum longitudinal muscle.
Basal and 1 mM carbachol-stimulated (1 0-sec stimulation) mass levels of
lns(1 ,4,5)P3 are shown for tissue slices obtained from control animals

(0) or from rats treated chronically with Li� for at least 21 days (a). Data
represent the mean ± standard error for five to eight experiments, with
each point determined in quadruplicate.

reduced basal and TRH-stimulated levels of Ins(1,4,5)P:t (Fig.

SB), an effect that was maintained for at least 21 days (Fig.

SC). The reduction in cellular Ins(1,4,S)P:� could be prevented

by supplementing the medium with 10 mM myo-inositol

throughout the time of incubation with Li� (Fig. SD). Mass

levels of Ins(1,4,5)P3 were concentration-dependently increased

by TRH (Table 1). After chronic Li� treatment, TRH-stimu-

lated levels of Ins(1,4,S)P� showed a reduced maximal response,

compared with controls (Table 1), but the EC50 values were

similar between control and chronically Li�-treated cells, with

values of 26.3 nM (-5.9, +9.5 nM) and 21.5 nM (-5.8, +10.5

nM), respectively (geometric mean, -standard error, +standard
error; three experiments). These results suggest that the de-

crease in Ins(1,4,S)P3 is the consequence of a reduced inositol

bioavailability within the cell.
Effect of Li� on intracellular Ca2� levels. Ins(1,4,S)P3

releases Ca2� from the intracellular stores in GHt cells. In

control cells the mean basal level of Ca2� was 182 ± 6.2 nM,

and this was reduced to 146 ± 6.0 nM (15 experiments; p <

0.01) in cells treated chronically with Lit Furthermore, this
decrease in basal Ca2� could be prevented by growing cells in

10 mM myo-inositol (control cells, 184 ± 8.2 nM; Li� plus myo-

inositol, 186 ± 6.5; 12 experiments). TRH-induced mobilization

of Ca2� was also decreased in cells treated chronically with Li,

both in the presence and in the absence of extracellular Ca2�

(Fig. 6). However, intracellular Ca2� levels in response to a

depolarizing concentration of K� were unaffected by chronic

Li� treatment (Fig. 6).

Effect of Li� on prolactin secretion. The functional con-

sequence of decreased levels of Ins(1,4,S)P3 and Ca2� in GH3

cells was investigated by measuring the rate of prolactin secre-

tion. GH:t cells were grown on microcarriers and placed in a

constantly perfused water-jacketed column. Under these con-

ditions, control cells secreted prolactin at a rate of 4.42 ± 0.53

ng/min/107 cells. However, after Li� treatment for 21 days,

basal secretory activity was significantly reduced, to 2.66 ± 0.30
ng/min/10 cells (35 observations, five experiments; p < 0.01).
This decrease in basal secretion by Li� was prevented in me-

dium supplemented with inositol; control cells grown in the
presence of 10 mM myo-inositol secreted 4.95 ± 0.87 ng/min/

io� cells, compared with 4.88 ± 0.99 ng/min/107 cells in the

presence of Li� and 10 mM myo-inositol.

The rate of secretion of prolactin from GH:t cells was greatly

increased by the presence of TRH. The peak secretion (burst

phase) after 1 �tM TRH stimulation in control cells was 82.3 ±

7.8 ng/min/107 cells, and this was reduced in Li�-treated cells
to 49.0 ± 8.0 ng/min/107 cells (three experiments; p < 0.01). A

representative perfusion experiment is shown in Fig. 7. Prolac-

tin release was also measured under ‘static’ conditions, in which

cells were incubated in the presence of an agonist for 30 mm.

Using this method, a dose-response curve was determined (Ta-

ble 1) and revealed that secretion of prolactin was reduced at

all concentrations of TRH after chronic Li� treatment, but the

EC5() was unchanged; in control cells the mean EC5 was 3.45

nM (-1.85, +4.15 nM), compared with 3.14 nM (-1.94, +4.26

nM) for Li�-treated cells (geometric mean, -standard error,

+standard error; three experiments).

In the presence of SO mM K�, which depolarizes GHt cells

and leads to entry of extracellular Ca2� through voltage-sensi-

tive Ca2� channels, prolactin secretion was increased. Under

static conditions, K�-stimulated secretion of prolactin in con-
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Fig. 5. Effect of Li� on basal and TRH-stimulated lns(1 ,4,5)P3 mass levels in rat pituitary GH3 cells. Mass levels of lns(1 ,4,5)P3 were measured in
control cells (0) and Li�-treated GH3 cells (#{149})under basal conditions and after stimulation with 1 �M TRH. A, Control cells were incubated in Hanks’
buffer or buffer supplemented with 1 m� Li� for 1 hr. B and C, Cells were grown in low inositol-containing medium (-25 � in the absence or
presence of 1 mM Li�, for 4-7 days (B) or for at least 21 days (C). D, Cells were grown under the same conditions as C, but the growth medium
was supplemented with 1 0 m�i myo-inositol. “, Different from control values (p < 0.05), as determined using Student’s paired t test.

TABLE 1

Increases in lns(1,4,5)P3 and prolactin secretion
GH3 cells were grown in low inositol-containing medium for 21 days, in the absence
or presence of 1 mM Li�. Values show the increase in TRH-stimulated lns(1 ,4,5)P3
(measured after 1 0 sec) or prolactin secretion (measured after 1 0 mm), expressed
as percentages of control values. Values are mean ± standard error obtained from
3 to 1 6 experiments, each performed in at least triplicate. .5.

C
c)

0
20 40 60 80 300

0
20 40 60 80

ITRHI
Ins(1,4,5)P3 Prolactin

contr� Lithium Contr� Lithium

tiM % Of control % of control

Basal 1 00 76 ± 5 1 00 49 ± 5

0.1 107±2 84±4 144±12 77±11
1 117±6 105±3 224±42 122±19

10 173±10 156±5 336±17 210±33
100 298 ± 29 209 ± 26 491 ± 29 288 ± 47

1000 342 ± 12 257 ± 15 513 ± 36 293 ± 40

K�

trol cells was 176 ± 23 ng/107 over a 10-mm incubation period,

compared with 144 ± 24 ng/107 cells from cells treated with

Li� for 21 days (three experiments; p > 0.05).

Effect of Li� on other second messenger pathways.

Although there was no evident difference in the viability of
GH cells treated with Lit, we considered whether the decreased

response to TRH may have been a result of nonspecific Li�
toxicity. To test this, we measured basal and stimulated levels

Li� Treatment Reduces lns(14,5)P3, Ca2�, and Secretion 675

Basal TRH TRH
(lowCa”)

Fig. 6. Effect of chronic Li� treatment on basal and stimulated intracellular

Ca2� responses in GH3 cells. Control (0) and chronically Li�-treated (�)
GH3 cells were loaded with fura-2 and stimulated with 1 �M TRH (both
in the presence and in the absence of extracellular Ca2�) or with 50 mM
K�. Data represent the mean ± standard error from at least six experi-
ments. “ Different from control values (p < 0.05), as determined using
Student’s paired t test.

of cyclic nucleotides in GH3 cells treated chronically for up to

21 days with Li� (summarized in Table 2). In these experiments,

basal, vasoactive-intestinal polypeptide-stimulated and NaF-
stimulated levels of formation of cAMP in control and Lit-
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TABLE 2

cAMP and cGMP formation
GH3 cells were grown in low inositol-containing medium for 21 days, in the absence
or presence of 1 mM Li�. cAMP was measured by radioreceptor assay and cGMP
by radioimmunoassay. The reactions were terminated at the times that produced
the maximum stimulated levels of cyclic nucleotides. Data points represent mean
± standard error from three to six experiments (n), each performed in triplicate. No
values obtained from lithium-treated samples are significantly different from their
corresponding control values (Student’s paired t test).
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Time (mm)

Fig. 7. Effect of chronic Li� treatment on prolactin secretion from GH3
cells. GH3 cells were grown on Cytodex beads for 21 days in low inositol-
containing medium, in the absence (0) or presence 4) of 1 mr�i Lit
Beads were transferred to a column held at 37#{176}and constantly perfused
with Hanks’ buffer. Hatched bar, introduction of TRH (1 �M) into the
column. Prolactin was measured by radioimmunoassay and is expressed
as pmol/1 O� cells/mm. Data points represent the mean ± standard error

from a single representative experiment.

Treatment
CAMP

n
Control Lithium

pmol/lO� cells

Basal
AlCl3/NaF, 10 sec
0.1 �LM Vlp,� 60 sec
(100 �zM/10 mM)

2.32 ± 0.19 2.51 ± 0.14

4.34 ± 0.15 4.39 ± 0.16

8.36 ± 1 .50 7.67 ± 0.82

6

3

3

Treatment
CGMP

n
Control Lithium

fmol/lO’ cells

Basal
50 m� Kt 30 sec

349 ± 35 359 ± 7

451 ± 24 436 ± 22

4

3

a VIP, vasoactive intestinal peptide.

treated cells were similar. Furthermore, basal and K�-stimu-

lated cGMP levels were also similar between control and chron-

ically Li�-treated cells (Table 2).

Discussion

The activity of the phosphoinositide pathway was determined
by measurement of Ins(1,4,S)P3 mass, using a radioreceptor

assay, rather than measurement of [�H]inositol phosphates, so

as to avoid the potential problem of changes in specific radio-

activity of inositol phosphates and the complex separation of

Ins(1,4,S)P:� from other naturally produced isomers of InsP3.

Experiments on rat cerebral cortex. In the absence of

Li�, the maintained production of Ins(1,4,S)P:� over a 30-mm

stimulation period with carbachol in rat cerebral cortex mdi-

cates that this tissue is able to maintain sufficient levels of

receptor-sensitive phosphatidylinositol 4,5-bisphosphate, even

under conditions of extreme stimulation. However, in the pres-

ence of 10 mM Li�, stimulated levels of Ins(1,4,S)P� were not

maintained, indicating that recycling of inositol is essential in

maintaining the activity of the pathway. A similar time-de-

pendent decline in Ins(1,4,S)P3 mass has been observed by

others (12), and this decline is reduced in the presence of high

concentrations of inositol.

Chronic treatment of rats with Li� reduced both basal and

agonist-stimulated levels of Ins(1,4,5)P:�. The former observa-

tion has not been reported previously, because it would be

unlikely to be detected in nonisotropic labeling experiments.

We believe that this is an important observation, because the

reduction in Ins(1,4,S)P:� is seen under basal conditions and

does not require prior stimulation with a high concentration of

agonist. The attenuated Ins(1,4,S)P3 levels measured in cerebral

cortex of chronically Li�-treated rats suggest a decreased rate

of phosphoinositide metabolism; this is unlikely to be through

a direct interaction of Li� with guanine nucleotide-binding

protein regulation of phospholipase C, because this inhibition

was not seen after acute treatment.

It is possible that the method by which these experiments

have been performed in vitro exaggerates the action of Lit

Preparation of cortical slices routinely involves a loss of up to

80% inositol (19); because brain levels of inositol are � mM

in vivo (20), the concentration in the slices is probably <2 mM,

a concentration of inositol similar to the Km of the enzyme

phophatidylinositol synthase, which catalyzes the incorpora-

tion of inositol into phosphatidylinositol (21, 22). It, therefore,

seems likely that, under the conditions of the present study, a

further reduction of inositol in the cell through the inhibition

of inositol phosphate recycling is a limiting factor for resyn-

thesis of phosphatidylinositol.

The reduction in Ins(1,4,S)P� levels after chronic Li� treat-

ment did not result in a compensatory change in the

Ins(1,4,S)P� receptor affinity or density. Because there was no

alteration in the density or affinity of Ins(1,4,S)P3 for its

receptor, it is likely that the attenuated levels of Ins(1,4,S)P3

result in changes in the pattern of Ca2� mobilization. This

effect would be more prominent in those neurons that have the

greatest depletion of Ins(l,4,S)P�.

The inhibition of inositol monophosphatase by Li� in prep-

arations obtained from central and peripheral tissues occurs

with a similar K, (23), and inositol 1-monophosphate levels

increase in both central and peripheral tissues after the treat-

ment of rats with Li� (8). Li is, therefore, nonselective in its

inhibition of these enzymes in peripheral and brain tissues.

However, in the present study there was no difference between

basal and carbachol-stimulated levels of Ins(1,4,S)P3 in rat ileal

slices prepared from control and chronically Lit-treated rats.

Although the effects of Li� have been examined in only one

peripheral tissue, it is tempting to speculate that the selectivity

of the reduction of Ins(1,4,S)P� is limited to the CNS. The

interpretation of these results is, therefore, consistent with the

inositol depletion hypothesis, suggesting that peripheral tissues

are able to maintain levels of phosphatidylinositol 4,5-bisphos-

phate through uptake of inositol from the serum. However,

inositol crosses the blood-brain barrier only poorly (20), and,

therefore, cells of the CNS rely on recycling of inositol from

inositol phosphates and de novo synthesis from glucose to

maintain an adequate supply of inositol. The inhibition by Li�

of both these pathways confers the selectivity of the action of

Li� to the CNS. Superimposed on this, the rate of phosphoi-

nositide cycling is higher in neuronal cells and, as a conse-

quence, these cells are far more susceptible to the uncompetitive

inhibition by Lit
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I M. Varney, unpublished observations.

GH:� cell line studies. The lack of effect of chronic Li�

treatment on levels of cyclic nucleotides demonstrates that Li�

does not have a toxic effect on GH3 cells and indicates that

neither cAMP nor cGMP levels are responsible for the atten-

uated secretion of prolactin seen in GH:3 cells after chronic Li�

treatment.
When GH:3 cells were grown in a low inositol-containing

medium, a reduction in levels of basal and TRH-stimulated

Ins(1,4,S)P:� occurred. This effect ofLi� was seen, at the earliest,

after 4 days of treatment with Li�, and levels remained atten-
uated for at least 21 days. The decrease in Ins(1,4,S)P3 can be

attributed to a reduced bioavailability of inositol to the cell,

because growing the cells in medium containing Li� supple-

mented with 10 mM myo-inositol revealed no difference in basal

or agonist-stimulated Ins(1,4,5)P:� levels, compared with con-
trols.

Because Li� inhibits the inositol monophosphatase enzyme

uncompetitively, the degree of inhibition is strongly stimulus

dependent (24). The addition of 10 mM Li� to cells labeled with
[3H]inositol results in a 2-4-fold increase in the accumulation
of [3H]inositol phosphates after 30 mm in the absence of an

agonist (25),’ demonstrating that the cycle is active under basal

conditions. Furthermore, fetal calf serum, added to the growth
medium to maintain the viability of GH3 cells, induces a small
increase in phosphoinositide turnover.’ These observations

may, therefore, explain why Li� reduces not only TRH-stimu-

lated Ins(1,4,5)P:, production but also basal levels of this mes-

senger.

The reduction in basal and agonist-stimulated Ins(1,4,S)P,

after Li� treatment resulted in an attenuation of basal and

TRH-induced Ca2� levels. Because this TRH-stimulated in-

crease in Ca2� was also reduced in the absence of extracellular

Ca2�, this implies that Li� does not simply inhibit Ca2� entry.

Furthermore, this is supported by the similar increase in Ca2�

between control and Li�-treated cells after addition of a depo-

larizing concentration of Kt These results suggest that atten-

uated levels of Ins(1,4,S)P:, after treatment with Li� result in a

decreased mobilization of intracellular Ca2t

In GH:� cells we estimate basal levels of Ins(1,4,S)P� to be ‘-�-6

.tM, and they rise to ��2S �tM after maximal TRH stimulation.

These values are consistent with those reported for other cell

lines, such as AR4-2J pancreotoma cells (26) and SH-SYSY

neuroblastoma cells (27). The results obtained by Mollard et

at. (28), using tight-seal whole-cell recording from GH:3 cells,

suggest that this basal concentration of Ins(1,4,S)P would be
sufficient to stimulate Ca2� mobilization, leading to Ca2�-acti-
vated K� currents, and, therefore, it is conceivable that (in GH3
cells at least) basal Ca2� may be regulated by Ins(1,4,S)P:,.

In this study, we have shown that Li� reduces basal levels of

intracellular Ca2�, as measured in a whole population of GH;�

cells. However, because the intracellular Ca2� levels vary be-

tween individual cells, the reduced ‘basal’ Ca2� levels may

reflect an altered frequency or amplitude in oscillations. For

example, under basal conditions Ca2� oscillations occur in some

GH cells due to spontaneous action potentials, sufficient to

cause a transient entry of Ca2� through voltage-sensitive Ca2�

channels (29-31).

There is some evidence to suggest that the reduction in

cellular levels of Ins(1,4,S)P, could result in attenuated Ca2�

oscillations and, hence, a decrease in the population basal Ca2t

For example, a single intracellular injection of Ins(1,4,S)P, is

sufficient to cause oscillations of intracellular Ca2� in some

cells (32, 33), brought about by the periodic increase in Ca2�,

primarily from intracellular stores (for review, see Ref. 34).

Although there is still much controversy about the mechanism

for the generation and maintenance of Ca2� oscillations,

Ins(1,4,S)P3 appears to play a crucial role in their generation.

The release of Ca2� from Ins(1,4,S)P-sensitive stores by

Ins(1,4,S)P3 has been suggested to be quantal (35, 36), and this

quantal release may depend on the sensitivity of the

Ins(1,4,S)P:, receptor being regulated by the Ca2� concentration

in the lumen of the endoplasmic reticulum. It has been reported

(37) that the Ins(1,4,S)P:-sensitive Ca2� stores may become

overloaded with Ca2� and, because of an increased sensitivity

of the Ins(1,4,S)P, receptor to endogenous (i.e., basal)

Ins(1,4,S)P3, can spontaneously discharge their accumulated

Ca2t This mechanism could, therefore, have a role in generat-

ing Ca2� oscillations and may explain how reduced basal levels
of Ins(1,4,S)P:, after Li� treatment could result in reduced Ca2�

signaling.
After chronic treatment of GH� cells with Li�, both the basal

rate and the TRH-stimulated burst phase of prolactin secretion

were reduced. Because this burst secretory activity is stimulated
by an increase in intracellular Ca2� (38), it seems likely that

the decreased intracellular Ca2� concentration after Li� treat-

ment is responsible for the attenuated rate of TRH-stimulated

prolactin secretion. Indeed, a decrease in basal Ca2� may also

explain the reduced basal secretory activity after Li� treatment,

because it has been suggested that spontaneous action poten-

tials under nonstimulated conditions (which produce Ca2� os-

cillations) are responsible for basal secretion from pituitary

cells (29). This has been confirmed by using the extremely

sensitive reverse hemolytic plaque assay to measure hormone

secretion from single pituitary cells; hormone release correlated

directly with both the frequency and the amplitude of Ca2�

oscillations (39). The secretion of prolactin after K� stimula-

tion, which results in an increase in intracellular Ca2� and a

subsequent increase in the burst phase of prolactin secretion,

was unaffected by Li� treatment. This result suggests that the

secretory mechanism itself was unaffected by Lit

Somatostatin, a hypothalamic peptide, lowers basal prolactin

secretion from GH4 cells (40) and the population basal Ca2�

(41). Single-cell studies reveal that somatostatin gradually re-

duces spontaneous spiking activity and has no effect on intra-

cellular Ca2� in cells that are not displaying spontaneous oscil-

lations (29). Thus, somatostatin reduces basal secretion not by

reducing basal Ca2� per se but by reducing spontaneous Ca2�

oscillations responsible for prolactin secretion. It is, therefore,

conceivable that Li� reduces spontaneous Ca2� oscillations in

those cells that are more active through a reduction in basal

Ins(1,4,S)P, levels, which ultimately decreases prolactin secre-

tion. It is essential to test these hypotheses at the level of the

single cell by using imaging techniques, and these studies are

in progress.

Conclusions. These results show that chronic treatment

with therapeutic concentrations of Li� reduce basal and ago-

nist-stimulated activities of cells in low inositol-containing

medium through a decreased level of Ins(1,4,S)P:�. This change,

in turn, leads to a reduction in Ca2� mobilization and a decrease

in secretory activity. Similar adaptive changes may occur in
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CNS neurons and could underlie the clinical efficacy of Li� in

the treatment of manic-depressive disease.
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