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Effects of lithium on the synaptic plasticity in

dentate gyrus region of rat hippocampus
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Abstract: AIM  To investigate the mechanism of the-
rapeutic action of lithium with respect to long-term poten-
tiation( LTP) elicited in dentate gyrus(DG) region of rat
hippocampus. METHODS  To use conventional extra-
cellular recording technique in hippocampal slices in wvit-
ro. RESULTS Lithium was found to reversibly increase
excitatory postsynaptic potentials in the DG region of rat
hippocampus. Under control conditions, titanic stimula-
tion (100 Hz, 1 s) of medial perforans pathway induced
LTP. Acute treatment of low concentration lithium (2, 6
mmol* L) did not affect the LTP induced by titanic
stimulation, while its higher concentration (10 mmol -
L~") inhibited the amplitude of LTP in the DG region of
rat hippocampus. Furthermore, lithium treatment ( 10
mmol * LL™!) decreased paired-pulse facilitation (PPF)
measured at 50 ms inter-pulse interval while, at lower
concentrations, lithium treatments (2, 6 mmol-L~") did
not affect PPF significantly. We also found that the effects
of lithium (10 mmol*L™!) on PPF were different at dif-
ferent [ Ca®* ],. CONCLUSION Lithium can inhibit the
LTP magnitude in rat hippocampus probably through
presynaptic mechanisms. These alterations of neurophysi-
ological responses may be related to the therapeutic action
of lithium salts in mania and depression as well as pro-
ducing side effects of lithium chemotherapy .
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Lithium has been widely used as an effective
antidepressant in the treatment of manic depressive

]

disorderst!). At present, lithium is the standard

prophylactic agent for bipolar disorder and is taken
by 1% of the population in Western countries > .
It is believed that two lithium-sensitive signal
transduction pathways are active in the brain;
these are mediated by glycogen synthase kinase
33[3] and inositol (1, 4, 5)—trisphosphate[4] sig-
naling. Despite numerous biochemical studies on
the effects of acute and chronic lithium treatment,
little is known about the mechanisms that lithium
can modify neurotransmission within the CNSP-0
Colino, et al 7 have observed that lithium en-
hanced the
(EPSP) in the CAI region of hippocampus slices

excitatory postsynaptic potentials
probably through presynaptic mechanisms'®! . Pro-
tein kinase C was found to be involved in the in-
crease in EPSPs!” . Ballyk, et al'"®) have report-
ed that lithium inhibited the induction and mainte-
nance of long-term potentiation(LTP), which rep-
resents the cellular substrate for long term behav-
ioral changes and may be a possible target of dif-
ferent psychoactive drugs, at stratum radiatum-
CA1 synapses. Until now, however, there have
been no reports regarding the effects of lithium on
LTP elicited in the dentate gyrus(DG) region. In
the present study, we thus investigated the effects
of lithium on LTP elicited in DG region of acutely
prepared hippocampal slices.

1 MATERIALS AND METHODS

Brain slices of the hippocampus region of 27-

to 30-day-old Wistar rats were obtained by using

[11,12]

standard procedures Slices were kept at

least 1 h at room temperature in a holding chamber
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containing artificial cerebrospinal fluid ( ACSF)
bubbled with 95% O, and 5% CO,. Slices were
transferred to a recording chamber that was contin-
ually superfused with ACSF at 1.5 mL*min~'.
The ACSF contained (mmol * L.™'): NaCl 124,
KCl 5, NaH,PO, 1.25, MgCl, 1.25, NaHCO;
26, CaCl, 2.0. Glass recording electrodes (1 —2
MQ) were filled with ACSF and inserted into the
cell body layer of DG granule cells to record field
EPSPs. Bipolar tungsten microelectrodes were in-
serted into the medial perforans pathway. In addi-
tion, stimulating electrodes were placed as far
away from recording sites as possible to avoid
evoking monosynaptic GABA-ergic activities due to
the direct stimulation of interneurons.

A typical experiment began with the estab-
lishment of an input-output (I-O) curve that in-
cluded stimulation intensities evoking threshold,
30% maximal, 50% maximal and maximal field
EPSP amplitudes. Slices exhibiting a maximal
field EPSP amplitude <2.0 mV, signs of hyper-
excitability, or unstable baseline potentials ( drift
of response > 10% over the 20 min baseline
recording period) were discarded. Stimulus inten-
sity was adjusted to evoke a field EPSP of approxi-
mately half of the maximal amplitude. For addi-
tional paired-pulse facilitation protocols, the field
EPSP amplitude was adjusted to the original con-
trol values. LTP was induced by applying a 1 s
train of 100 Hz high frequency stimulation
(HFS) . At the end of each experiment, the I-O
curve was reconstructed. In the experiments using
acute lithium treatment, the slices were incubated
for 3 — 4 h before the tetanus in the saline contain-
ing lithium (2, 6, 10 mmol- L~ ). For statistical
analysis of field EPSP, responses were first col-
lected and averaged in 10 min blocks: 20 min for
the baseline and 40 min after tetanus. The field
EPSP slopes (millivolts per millisecond) were cal-
culated as the initial slopes of field EPSPs by us-
ing least-squares regression, and data for each ex-
periment were normalized relative to baseline.
Slices from a single animal that received the same
treatment were averaged together and represented
an n = 1. When comparing results from different

slices, a one-way ANOVA or multiple two-tailed
unpaired ¢ tests were performed at the same time
intervals. Data were presented as x + s and were
collected and averaged in 5 min blocks for graphic
representations. Probabilities less than 0.05 were
considered significant.

2 RESULTS

2.1 Lithium superfusion reversibly increases
excitatory postsynaptic potentials slope

To test whether lithium could affect normal
synaptic transmission, various concentrations of
lithium (2, 6, 10 mmol*L™") were superfused
onto hippocampus slices(Fig 1), and field EPSPs
were recorded in the DG region (Tab 1). After
recording a stable baseline for at least 20 min,
lithium was continuously superfused onto the slice
for about 20 min. In accordance with other re-

[13,7.8] , lithium reversibly increased the field

ports
EPSP slope recorded in the DG region and this po-
tentiation began at about 5 min after the applica-
tion of the solution and disappeared about 15 min
after washout. The peak potentiation appeared at

about 40 min.

10 ms
1501 g 5
140 |
ES
g 130¢
< 120}
=%
@ 110 |
8a) 4
100 | g=ofae
50L L L ! J
0 20 40 60 80
Time /min
Fig 1. Effect of lithium on field excitatory postsy-

naptic potentials (EPSP) in dentate gyrus (DG) re-
gion. A: represents single sweep of extracellular recorded field po-
tentials. Calibration is 1 mV/10 ms. B: the dark bar above the
graph indicates the time at which drug application occurred. (O):
2mmol* L™ ' (n=6), (@): 6 mmol* L' (n=38), (&): 10

mmol* L™ '(n =6) lithium, respectively. x * s.
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Tab 1. Effect of lithium(Li) superfusion on EPSP A
slope Baseline
Li/mmol - ™! n EPSP slope/ % Baseline
2 6 11 +7 5
6 8 120+ 6 / \ / 10 ms <
10 6 128+ 6 Post-HFS(50 min)

After recording EPSPs for at least 20 min, lithium of different con-
centration was superfused onto brain slices for about 20 min.

2.2 Lithium treatment inhibits the expression
of long-term potentiation

To investigate the acute effect of lithium on
LTP elicited in the DG region, after kept incuba-
tion in the lithium-containing solution, the slice
was tetanized. LTP was induced by using one train
of 100 pulses delivered at 100 Hz, recorded for 60
min. Averaged field EPSP slopes were plotted as
percentage of baseline response. Recordings in the
DG region showed that the EPSP amplitude was
significantly increased 40 min after the administra-
tion of HFS in control hippocampal slice prepara-
tions (n =13, 1(12) =3.92, P <0.05], while
in the acute lithium treatment (10 mmol * L™ 1)
hippocampus slices, the EPSP amplitude was unaf-
fected significantly increased 40 min after the ad-
ministration of HFS (n =15, ¢(14) =2.03, P>
0.05). Moreover, the groups were significantly
different from each other [F(1,26) =4.67, P <
0.05], indicating that acute lithium treatment (10
mmol* L") inhibited the expression of LTP elicit-
ed in the DG region of hippocampus (Fig 2). Tt is
noteworthy that acute lithium treatment at lower
concentrations (2 mmol*L™", 6 mmol-L~") did
not affected LTP expression of the DG region of
hippocampus (Tab 2) .
2.3 Lithium treatment inhibits paired-pulse
facilitation in hippocampal dentate pyrus
region

To determine whether lithium might affect the
presynaptic location at the tested concentrations,
we studied PPF at 50 ms interstimulus interval
(Tab 3). PPF is a presynaptic facilitation revealed
by the second of a pair of stimulation pulses,
delivered at short intervals. It is widely believed
that PPF is an efficient test to detect changes within

220} B

EPSP slope /%
[ S )
SN A O X0 O
S O O O O O

g

0 10 20 30 40 50 60 70 80
Time /min

o]
(=)

Fig 2. Effect of acute lithium treatment on the long-
term potentiation(LTP) of extracellular recorded field
EPSP. A: represents single sweep of extracellular recorded field
potentials in control conditions and lithium treatment conditions.
Calibration is 1 mV/10 ms. B: shows the LTP in control conditions
(@, (195+14)%, n=13) and in lithium-bathed slices (O, Li
10 mmol- L™", (118 £16)%, n =15). The induction of LTP is
unaffected by lithium (the arrow depicts high frequency stimula-
tion) , whereas the following stage of LTP is reduced. % + s. * P <

0.05, compared with control group.

Tab 2. Effects of Li treatment on LTP expression
Li/mmol - L~ n EPSP slope/ %
0 13 195+ 12
2 8 191+ 14
6 10 190 + 13
10 15 119+9"

The slices were incubated for 3 — 4 h before the tetanus in the saline
*P<0.05,

containing lithium (2, 6, 10 mmol - LY. x 5.

compared with 0 mmol L~ group.

Tab 3. Effect of Li treatment on paired-pulse facili-
tation(PPF) measured at 50 ms inter-pulse interval

Li/mmol - L~ ! n  PPF (% of EPSP2 slope/EPSPI slope)
0 8 161 + 10
2 10 158 + 12
6 7 150 + 13
10 12 121+ 12*

See Tab 2 for the treatment. x + s. * P <0.05, compared with 0
mmol - L.~ ! group.
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~16] " The magnitude of

presynaptic terminals''*
PPF was estimated before and after lithium super-
fusion by plotting the slope of the field EPSP in-
duced by the second of a pair of evoked potentials
as a percentage of the slope of the first field EPSP
as a function of the inter-pulse intervals (millisec-
onds) between the two stimuli. Stimulation inten-
sity was set to evoke about 50% of the maximal
field EPSP slope. The magnitude of PPF measured
at the 50 ms inter-pulse interval was significantly
reduced 10 mmol * I.™! lithium treatment, not af-
fected by 2 mmol * L™ and 6 mmol * L™" lithium
treatments. It is interesting to note that lithium
treatment (10 mmol*L.™") also affected PPF mea-
sured at other inter-pulse intervals (Fig 3) .
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Fig 3. Paired-pulse facilitation is affected by lithi-
um. PPF measured at different inter-pulse intervals is altered by 10
mmol* L~ ! lithium treatment. (O): control (n=8), (@): acute
lithium (10 mmol* LY, n=12). x +s. P <0.05, compared

with control group.

2.4 Lithium has different effects on paired-
pulse facilitation in different extracellular calci-
um concentration ([ Ca** ],)

The effects of changing the [ Ca®>* ], on PPF
in control and lithium-treated slices were also ex-
amined. The PPF was measured at 50 ms inter-
pulse interval, which exhibited the largest effect of
lithium in normal [ Ca®* ] (see Fig 3). In control
slices, lowering [Ca®* ], to 0.5 mmol * L™' de-
creased whereas elevating to 5 mmol L™ increased
the first EPSP of the pair, leading to an increase
and decrease in PPF, respectively (Fig 4). Lithi-
um decreased PPF in all three [ Ca®* ],. Howev-
er, the effect of lithium in 0.5 mmol- L~ '[ Ca®* ],

was relatively small and not statistically significant
(Fig 4). The percentage of lithium effect under
different [ Ca®* |, could be calculated by (control-
lithium ) /control. The results were as follows:
[Ca®*],0.5 mmol-L™" 6%; [Ca’* ], 2 mmol-
L '24%; [Ca®* ],5 mmol L' 28% . Treatment
with lithium became more effective when combined
with increasing [Ca’* ],. Thus, the effect of lithi-
um at decreasing PPF was slightly smaller when re-
lease probability was reduced by lowering [ Ca* ],
and was significantly larger when release probabili-
ty was increased by elevating [ Ca’>* ],. Since
changing [ Ca®* ], is known to alter transmitter re-
lease, modulating the effectiveness of changing
[Ca’* 1, with lithium supports the notion that lithi-
um may modulate transmitter release mechanisms.
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Fig 4. Effect of lithium on paired-pulse facilitation
at a 50 ms inter-pulse interval at different [ Ca’* |,.
a: control(n =5), b: lithium (10 mmol* L") treated(n = 6).
x+s. " P<0.05, compared with control group.

3 DISCUSSION

In accordance with other studies!>-®10] , lithi-
um superfusion reversibly increases synaptic trans-
mission in the hippocampal DG region. Lithium
has been reported to inhibit the function of gluta-
mate transport in presynaptic terminals, leading to
the enhancement of glutamate in the synaptic cleft
and the neuronal excitability“ﬂ . Lithium has also
been suggested to broaden action potentialsm .
So, the

naptic calcium may account for the synaptic en-

lithium-induced  increment of presy-
hancement. We also investigate the effects of acute
lithium treatment on LTP elicited in the hippocam-
pal DG region. Induction of LTP requires postsy-
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N-methyl- D-aspartate
(NMDA) receptor[m and a subsequent intracellu-

naptic activation of the

lar increase in calcium concentration'’ . Mainte-
nance of LTP requires both presynaptic mecha-
nisms such as enhanced transmitter release from

201 and postsynaptic mechanisms

nerve terminals'
such as activation of Ca>*/calmodulin kinase I
phosphorylation of functional proteins[zl’zﬂ. The
blockade of LTP elicited in the hippocampal DG
region is a novel finding. It has been shown that
lithium is a potent and selective inhibitor of glyco-
gen synthase kinase 3f3m. It is conceivable that
NMDA receptor subunits are a target for glycogen
synthase kinase 383 and that lithium treatment sup-
presses NMDA receptor functions through modula-
tion of the receptor phosphorylation state mediated
by this kinase. It is also possible that lithium dis-
rupts the function or cycle of AMPA receptor, thus
inhibiting LTP elicited in the DG region of the hip-
pocampus. Our study supports the hypothesis that
the lithium-induced inhibition of LTP is, at least
in part, due to a change in presynaptic axonal ex-
citability since PPF is decreased after lithium treat-
ment, although an additional postsynaptic mecha-
nism cannot be excluded. We show that lithium-
treatment group exhibits smaller PPF, especially at
50 ms inter-pulse interval. Because PPF is thought
to result from higher release probability to the sec-
ond pulse attributable to residual presynaptic
[ Ca®* ]; left from the first pulse, a decrease in the
PPF after lithium application suggests that acute
lithium treatment regulate [Ca’* ] ; dynamics within
presynaptic terminals, leading to an alteration in
transmitter release. It is important to note that the
concentration of lithium (10 mmol*1.™ ') required
in the acute experiments to inhibit LTP expression
and PPF in the DG region is much higher than the
concentrations that are needed as therapeutic levels
(0.5-1.5 mmol-L™") in humans'®!. In psychi-
atric chemotherapy lithium is administered daily for
months or years. Whether the lithium-induced in-
hibition of LTP elicited in the hippocampal DG re-
gion could contribute to the therapeutic action of
lithium salts in mania and depression as well as
producing the side effects of lithium chemotherapy

is under further research.
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