
manner preferentially blocks activity in 
A fibers over that in C fibers (12), these 
data further support the view that hyper- 
algesia is signaled by activity in A fibers. 
Since pain sensation in uninjured skin 
was not attenuated by the block, C-fiber 
conduction evidently is not interrupted 
by this block and the pain evoked is 
probably signaled by activity in the C 
fibers. 

These results indicate that C-fiber no- 
ciceptive afferents code for the intensity 
of thermal pain near pain threshold (43" 
to 48°C) on the glabrous skin of the 
uninjured hand. Above 48"C, myelinated 
nociceptive afferents also contribute to 
pain sensation. Their activity accounts 
for the pain during a prolonged, intense 
heat stimulus and for the hyperalgesia 
that results minutes after a burn (13). 
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Lithium Increases Serotonin Release and Decreases 

Serotonin Receptors in the Hippocampus 

Abstract. The efSects of long-term lithium administration on pre- and postsynaptic 
processes involved in serotonergic neurotransmission were measured in rat hippo- 
campus and cerebral cortex. Long-term lithium administration increased both basal 
and potassium chloride-stimulated release of endogenous serotonin from the 
hippocampus but not from the cortex. Serotonergic receptor binding was reduced in 
the hippocampus but not in the cortex. These results suggest a mechanism by which 
lithium may stabilize serotonin neurotransmission. 

Lithium is the most specific drug used 
for the treatment and prevention of re- 
current manic-depressive disorders (I).  
The molecular mechanisms related to the 
therapeutic actions of lithium are not 
known, but determination of the neuro- 
nal effects of this ion may help to  eluci- 
date the regulation of neurotransmission 
and improve our understanding of the 
pathophysiological processes underlying 
affective disorders. 

Alterations in neurotransmission at 
serotonin (5HT) synapses have been im- 
plicated in affective disorders, and lithi- 
um has been reported to  affect several 
serotonergic processes, including syn- 
thesis (2, 3), release (4), and uptake of 
5HT (5). Long-term administration of 
lithium exerts specific effects on the 
binding of [3H]5HT to receptors in the 
rat brain (6, 7), resulting in a reduction of 
the density of [ 3 H ] 5 H ~  binding sites in 
the hippocampus, but not in the cerebral 
cortex (6). 

Two types of 5HT receptors can be 
distinguished in the rat brain: 5HT1 re- 
ceptors to  which [ 3 H ] 5 H ~  binds and 
5HTz receptors in the cortex and possi- 
bly in the hippocampus to which L3H]- 
spiperone binds (8, 9). We studied the 
effects of long-term administration of 
lithium on both [ 3 ~ ] 5 ~ ~  and [3H]spiper- 
one receptor binding sites and on release 
and uptake of 5HT in rat cortex and 
hippocampus. We report that long-term 
administration of lithium exerts brain 
region specific effects on both types of 

5HT receptor binding sites and on the 
release of endogenous 5HT. 

Male Sprague-Dawley rats (220 to 240 
g) were housed five to  a cage in a light- 
controlled room (12 hours light, 12 hours 
dark; lights on at 7 a.m.) with tempera- 
ture maintained at  22°C. The experimen- 
tal groups were fed a diet containing 0.24 
percent lithium carbonate mixed in pow- 
dered rat food. Control groups were fed 
the powdered food without added lithi- 
um. Both groups had water and hyper- 
tonic saline (0.46M) available to drink at  
all times. After being on the diet for 4 to 
6 weeks, the rats were decapitated, and 
serum lithium and sodium concentra- 
tions were measured by flame photome- 
try. The brain was dissected over ice and 
was either used immediately for studies 
of the uptake of [ 3 H ] 5 H ~  and the release 
of endogenous 5HT or was frozen at 
-80°C for later study of the binding of 
[3H]5HT and [ 3 H ] ~ p i p e r ~ n e  to receptors. 

Serum lithium concentrations in the 
experimental groups ranged from 0.9 to  
1.1 meqiliter. There was no significant 
difference in serum sodium between the 
groups receiving lithium and the control 
groups. The lithium-treated rats gained 
weight more slowly than the controls, 
but appeared healthy; however, the lithi- 
um-treated rats showed the polyuria and 
polydipsia that are associated with thera- 
peutic concentrations of lithium. 

Serotonin receptor binding was mea- 
sured in homogenate fractions after two 
centrifugations at  49,000g for 10 min- 
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Table 1. Effects of long-term lithium administration on pre- and postsynaptic serotonergic processes. Values are means i: standard error for the 
number of animals shown in parentheses. Basal release values were calculated from the release period immediately preceding stimulation. 
Stimulated release values were calculated from the first stimulation period. 

Item 

-- 
L3H]5HT bound" (pmole per gram of tissue) 
[3H]Spiperone bound (pmole per gram of tissue) 
[3H]5HT uptake (pmole per 4 mg of tissue in 

5 minutes) 
Basal 5HT release (fmole Der millieram of 

protein in 2 minutes) ' 

Stimulated 5HT release (fmole per milligram of 
protein in 2 minutes) 

SHT content (pmole per milligram of protein) 

Hippocampus Cortex 

Control Lithium Control Lithium 

*Data from (6). tP < .05, in comparison with control values. 

Utes, followed by washing. Portions of 
tissue equivalent to 8 mg of cortex or 
hippocampus were assayed. For mea- 
surement of binding of [ 3 H ] 5 H ~  to 5HTI 
receptors, tissues were incubated for 5 
minutes at 37°C in 50 mM tris-HC1 buffer 
(pH 7.4, 25°C) containing 4 mM CaCI2, 
0.1 percent ascorbic acid, and 10 yM 
pargyline; [3H]5HT (5.0 nM) was then 
added, and the tissues were incubated 
for 10 minutes at 37°C. Assays were 
carried out in sextuplicate; half of the 
tubes contained 10 yM unlabeled 5HT 
for measurement of nonspecific binding. 
The binding of [3~]spiperone (1.0 nM) to 
5HT2 sites was carried out at 37°C for 10 
minutes in 50 mM tris-HC1 buffer (pH 
7.4, 25°C) containing 0.1 percent ascor- 
bic acid. Assays were carried out in 
sextuplicate; half of the tubes contained 
10 FM (+)-butaclamol for measurement 
of nonspecific binding. All reactions 
were terminated by the addition of 4 ml 

Hlppocampua A 
Control * 

r Lithium 

of ice-cold buffer to each tube and rapid 
filtration of the samples under reduced 
pressure (Whatman GFiB glass fiber fil- 
ters). The tubes and filters were then 
rapidly washed three times with cold 
buffer. The radioactivity retained in the 
filters was counted by liquid scintillation 
spectrometry. Specific binding, defined 
as the difference between values for 
binding in the absence and in the pres- 
ence of saturating concentrations of non- 
radioactive ligand, was 65 to 75 percent 
for [3H]5HT binding in the cortex and 
hippocampus, 55 to 60 percent for 
[3H]spiperone binding in the cortex, and 
35 to 50 percent for [3H]spiperone bind- 
ing in the hippocampus, where the densi- 
ty of these sites is much less than that in 
the cortex. 

The active uptake of [ 3 H ] 5 H ~  into 
brain homogenates was studied in fresh 
cortex and hippocampus. Tissues were 
homogenized in ice-cold 0.32M sucrose 

Cortex B 
*Control  

and centrifuged at 900g for 10 minutes. 
Portions of supernatant equivalent to 4 
mg of tissue were added to oxygenated 
Krebs phosphate buffer (pH 7.33,  which 
also contained 10 mM glucose, 1.1 mM 
ascorbic acid, and 75 pM nialamide. The 
tissues were incubated for 4 minutes at 
37"C, and then [ 3 H ] 5 H ~  (0.05 yM) was 
added, and the tubes were incubated for 
5 minutes at 37°C. Identical tubes kept in 
an ice-water bath at 0°C throughout the 
procedure served as blanks. The assays 
were terminated by adding 2 ml of ice- 
cold buffer to each tube and filtering the 
samples under reduced pressure through 
Millipore filters (pore size, 0.3 pM). The 
filters were washed three times with ice- 
cold buffer, transferred to counting vials, 
dissolved in liquid scintillation solution, 
and counted in a liquid scintillation 
counter. Active uptake, defined as the 
difference in [3H]5HT accumulated in 
the tissue at 37" and O°C, was more than 
90 percent of the total uptake. 

Release of endogenous 5HT was mea- 
sured in slices of fresh hippocampus arid 
frontal cortex (frontal third) by the meth- 
od of Wenthold (10). Tissue slices were 
suspended in a bicarbonate buffer con- 
taining 20 mM NaHC03, 140 mM NaCI, 
2.5 mM CaCI2, 3.5 mM KCI, 1 mM 
MgS04, and 3.3 mM glucose. The pH 
was maintained at 7.4 by bubbling with 
95 percent O2 and 5 percent C02.  The 
procedure for measuring release includ- 
ed incubation of slices at 37°C for 2 
minutes, centrifugation for 30 seconds, 
removal of the supernatant for analysis, 
and resusvension of the tissue slices in 

I ,-SO mM 
Y P I  7 fresh buffer. Tissues were incubated for 

8 to 12 minutes with four to six changes 
of buffer to allow the basal release to 
stabilize. Release was then measured at 
2-minute intervals, either in normal bi- 
carbonate buffer (basal release) or in 
bicarbonate buffer containing 50 mM 
KC1 with equimolar reduction of NaCl 
(stimulated release). Basal release was 
measured before and after KCI-stimulat- 
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Collection period 

Fig. 1. Release of endogenous serotonin from slices of (A) the hippocampus and (B) the cortex 
from control rats and rats treated with lithium for 5 weeks. Collections were made at 2-minute 
intervals after basal release stabilized. Endogenous serotonin released into the medium was 
assayed by the method of Saavedra e t  al. (11). The amount released during each 2-minute period 
was expressed as a percent of the total serotonin content of the tissue. Stimulated release in the 
presence of 50 mM KC1 was measured during the periods indicated on the abscissa. Each point 
is the mean t standard error for five animals. The asterisk represents P < .05 compared with 
control values. 
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ed release. The supernatant from each 
collection was immediately acidified in 
0.1N HCI and frozen until assayed. At 
the end of the assay, tissue slices were 
homogenized in 0.1N HC1 and frozen. 
The 5HT content of each sample was 
assayed by radioenzymatic methods 
(11). The data were analyzed by express- 
ing the 5HT released in each sample both 
as a fraction of total 5HT content and as 
the amount of transmitter released per 
milligram of protein. In all experiments, 
control and lithium-treated groups were 
assayed in parallel, and data were ana- 
lyzed for statistical significance by Stu- 
dent's t-test. 

Long-term administration of lithium 
reduced the binding of both [3H]5HT and 
[3H]spiperone in the hippocampus (Ta- 
ble 1). In the cortex neither of these 
binding sites appeared to be affected 
(Table 1). The addition of lithium in vitro 
in a concentration range of 0.5 to 10.0 
meqlliter had no effect on [3H]5HT or 
[3~]spiperone binding sites. Therefore, 
the lithium-induced decreases in these 
binding sites in the hippocampus are 
brain region specific and due to pharma- 
cological effects in vivo. 

Identification of [3H]~piper~ne binding 
sites in the hippocampus as 5HT2 recep- 
tors is still tentative. Recent reports indi- 
cate that only a small percentage of these 
binding sites are serotonergic, and the 
remainder may be binding sites for spiro- 
decanone structures (12). 

To determine whether these effects on 
receptors were related to presynaptic 
serotonergic processes, we examined the 
effects of long-term lithium administra- 
tion on the uptake and release of 5HT. 
Long-term lithium administration had no 
effect on [3H]5HT uptake in either cortex 
or hippocampus (Table 1). However, 
lithium treatment produced marked 
brain region specific effects on the re- 
lease of endogenous 5HT. In the hippo- 
campus, lithium administration in- 
creased both basal and K+-stimulated 
release (Fig. 1A). The net fractional 
stimulated release (stimulated release 
minus basal release) from the hippocam- 
pus of lithium-treated rats was twice that 
from the hippocampus of control rats. 
Expressed on a molar basis, lithium ad- 
ministration induced a 36 percent in- 
crease in both basal and K+-stimulated 
release and a 39 percent increase in net 
stimulated release from the hippocampus 
(Table 1). Thus, long-term administra- 
tion of lithium resulted in the release of a 
greater fraction of total 5HT stores and a 
greater amount of 5HT that could act on 
receptors in the hippocampus. In con- 
trast, neither fractional release of 5HT 
nor the amount of 5HT released from 

cortical slices appeared to be affected by 
prior administration of lithium (Fig. 1B 
and Table 1). In the hippocampus, the 
5HT content was significantly decreased 
after long-term lithium administration 
(Table 1). This may be a reflection of 
increased 5HT release in vivo, since no 
effect on 5HT content in the cortex was 
seen (Table 1). 

These findings indicate that long-term 
lithium administration produces brain re- 
gion specific effects on 5HT neurotrans- 
mission processes and that the effects of 
lithium on 5HT receptors can be corre- 
lated to actions on 5HT release. It is not 
yet known whether the decrease in 5HT 
receptors is a result of an increase in 
5HT release or whether the primary ef- 
fect of lithium is postsynaptic, the in- 
crease in 5HT release being an adaptive 
response to decreased receptor binding 
sites. 

Our data on lithium release appear to 
contrast with earlier reports that lithium 
decreased stimulated release of previ- 
ously loaded [ 3 H ] 5 H ~  (4). However, 
those studies were carried out on slices 
of corpus striatum from animals that had 
been treated with lithium for only 3 days 
or on slices incubated with lithium in 
vitro. In studies measuring whole brain 
content, lithium was reported to have no 
significant effect on 5HT levels (13). Oth- 
er investigators found that long-term ad- 
ministration of lithium decreases 5HT 
content in specific brain areas (2). We 
found a significant decrease in 5HT con- 
tent in the hippocampus, but not in the 
frontal cortex. 

These results indicate that lithium has 
pronounced effects on the release and 
receptor components of serotonergic 
neurotransmission processes in the hip- 
pocampus. Lithium also increases the 
transport of the 5HT precursor trypto- 
phan into the hippocampus (14) and 
striatum (3, 14, 15), but not into the 
cortex (14). Lithium administration in- 
creases tryptophan uptake into slices of 
rat striatum, and short-term administra- 
tion of lithium increases the synthesis of 
5HT from tryptophan by the enzyme 
tryptophan hydroxylase (16). With long- 
term administration, the synthesis rate of 
5HT returns to control values because of 
a decrease in tryptophan hydroxylase 
(16). The decrease in tryptophan hydrox- 
ylase is hypothesized to be a compensa- 
tory response to an initial and transitory 
increase in 5HT release (17). According 
to this model (l7), after long-term admin- 
istration of lithium, synthesis and release 
return to control values, but 5HT synthe- 
sis is protected against further changes 
and serotonergic neurotransmission is 
stabilized. 

Our data are consistent with the con- 
cept that lithium stabilizes serotonergic 
neurotransmission, but suggest that oth- 
er mechanisms are responsible. Release, 
rather than returning to control levels 
after chronic administration of lithium, is 
increased in the hippocampus while ser- 
otonergic receptors are decreased. Thus 
there may be no net change in 5HT 
neurotransmission, but the increased ac- 
tivity of the release process coupled with 
the decrease in receptors may render 
5HT neurotransmission resistant to fur- 
ther changes. These effects on 5HT neu- 
retransmission might then account for 
part of the effectiveness of lithium in 
manic-depressive disorders. 
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