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Abstract
In addition to its clinical antimanic effects, lithium also has efficacy in the treatment of depression.
However, the mechanism by which lithium exerts its antidepressant effects is unclear. Our objective
was to further characterize the effects of peripheral and central administration of lithium in mouse
models of antidepressant efficacy as well as to investigate the role of alpha-amino-3-hydroxy-5-
methyl-4-isoxazole-propionic acid (AMPA) receptors in these behaviors. We utilized the mouse
forced swim test (FST) and tail suspension test (TST), intracerebroventricular (ICV) lithium
administration, AMPA receptor inhibitors, and BS3 crosslinking followed by western blot. Both
short- and long-term administration of lithium resulted in robust antidepressant-like effects in the
mouse FST and TST. Using ICV administration of lithium, we show that these effects are due to
actions of lithium on the brain, rather than to peripheral effects of the drug. Both ICV and rodent
chow (0.4% LiCl) administration paradigms resulted in brain lithium concentrations within the
human therapeutic range. The effects of lithium to decrease immobility in the FST and TST were
blocked by administration of AMPA receptor inhibitors. Additionally, administration of lithium
increased the cell surface expression of GluR1 and GluR2 in the mouse hippocampus. Collectively,
these data show that lithium exerts centrally mediated antidepressant-like effects in the mouse FST
and TST that require AMPA receptor activation. Lithium may exert its antidepressant effects in
humans through AMPA receptors, thus further supporting a role of targeting AMPA receptors as a
therapeutic approach for the treatment of depression.
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Depression is a severe neuropsychiatric disorder that manifests both as a component of bipolar
disorder and unipolar depressive disorder. Bipolar disorder affects at least 1% of the world’s
population when a strict definition (DSM IV bipolar I disorder) is applied. Major depression
is more common than bipolar disorder in the overall population (~ 15% lifetime risk as defined
by DSM IV) (Kessler et al., 2005; Sullivan et al., 2000). The recognition of the significant
morbidity and mortality (suicide rate of 15%) associated with these severe mood disorders
(Evans et al., 2005; Jamison, 2000; Kupfer, 2005), as well as the growing appreciation that a
significant percentage of patients either do not respond fully to existing treatments or are
intolerant of undesirable side effects, has made the challenge of discovering improved
therapeutic agents increasingly important (Zarate et al., 2006).

The results of a number of double-blind studies have confirmed the efficacy of lithium for both
the acute treatment of mania, and mania prophylaxis (Schou, 2001). Findings from a number
of studies, including meta-analyses, have led to the opinion that lithium is useful for the acute
and the prophylactic treatment of depression in some patient populations (Bauer and Mitchner,
2004; Mendels et al., 1972; Souza and Goodwin, 1991). Furthermore, lithium has clear utility
as an adjunct antidepressant in treatment-refractory patients (de Montigny et al., 1983;
Heninger et al., 1983). Overall, in placebo-controlled trials, lithium has been found useful as
an adjunct medication for approximately 45% of patients (Bauer et al., 2003). However, it is
unclear how the clinically relevant antidepressant actions of lithium are exerted. Although a
number of targets, both direct and indirect, have been suggested as potentially interacting with
lithium to produce its therapeutic effects, it is currently unknown which of these targets holds
primary responsibility in improving the symptoms of patients with depression or bipolar
disorder. Thus, lithium has a clinical profile as an antidepressant medication, but understanding
the therapeutic mechanism of lithium action has been a major challenge for psychiatric
neuroscience, and lack of knowledge regarding how lithium exerts its therapeutic effects has
likely hindered the development of novel antidepressant medications. To narrow the effects of
lithium that are most likely related to the therapeutic actions of the drug, we have begun
studying the neurobiology underlying the effects of lithium in established behavioral models.

Among the many biochemical effects of lithium, evidence has suggested actions on the
glutamateric system (Antonelli et al., 2000; Dixon and Hokin, 1998; Dixon et al., 1994; Du et
al., 2004; Hokin et al., 1996; Marcus et al., 1986). A substantial body of data suggests that the
AMPA receptor subclass of glutamate receptors may be particularly interesting targets for the
treatment of mood disorders (Alt et al., 2006; Li et al., 2001; Li et al., 2003; Martinez-Turrillas
et al., 2002; Svenningsson et al., 2002). Lithium has been reported to have diverse effects on
AMPA receptors including modulation of receptor levels in rats (Du et al., 2004; Du et al.,
2006; Gray et al., 2003) and, at high concentrations or when replacing extracellular sodium
with lithium, direct effects on AMPA-mediated currents in model systems such as Xenopus
oocytes or larval lamprey spinal cord neurones (Karkanias and Papke, 1999a, b; Nanou and El
Manira, 2007). Glutamate is the most prevalent excitatory neurotransmitter in the mammalian
brain. AMPA receptors are prevalent throughout the central nervous system, found at highest
concentrations in regions of the brain involved in mood regulation such as the prefrontal cortex
and hippocampus, and thus likely involved in the regulation of mood (Bleakman et al., 2007;
Monaghan et al., 1984). However, limited data exist to suggest that the behavioral effects of
lithium in rodent models of mood disorders may be linked to any actions of lithium on AMPA
receptor function. Multiple groups have recently shown that long-term administration of
lithium in rodent chow results in robust antidepressant-like effects in the FST (Bersudsky et
al., 2007; Cryns et al., 2006; Gould et al., 2007a; O’Brien et al., 2004; Shaldubina et al.,
2006). The tail suspension test, another measure of antidepressant efficacy, was established in
1985 by Steru and colleagues (Steru et al., 1985), but limited evidence exists for the effects of
lithium on this behavioral model. It is important to discern the effect of lithium in additional
behavioral tests beyond the FST, in order to allow the use of multiple tests to confirm any
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putative antidepressant-like mechanism of lithium, as well as to use an alternative test when
using background mouse strains that are historically unresponsive to antidepressants in the
FST (Lucki et al., 2001; Petit-Demouliere et al., 2005). Despite the face value similarities of
behavioral endpoints, the spectrum of drugs that are active in the FST and TST are not identical,
suggesting possible fundamental differences in the neurochemistry involved in the behavioral
output (Bai et al., 2001; Lucki et al., 2001; Petit-Demouliere et al., 2005; Ripoll et al., 2003).

Our aims in the current study include the investigation of the effects of both short-and long-
term actions of lithium in the FST and TST. We additionally investigated the relationship
between the antidepressant-like effects of lithium in these models and AMPA receptor
blockade and cell surface expression.

Methods
Animals

C57BL/6J mice (The Jackson Laboratories; Bar Harbor, Maine) were transported to our
laboratory and experimentation started no less than one week later, to allow for appropriate
acclimatization time. Mice were housed 4 per cage in an animal room with constant temperature
(22 ± 1°C) and a 12 hour light/dark cycle (lights on/off at 6:00 A.M/P.M.), with free access to
food and water. All experimental procedures were approved by the National Institute of Mental
Health Animal Care and Use Committee, and were conducted in full accordance with the Guide
for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources (U.S.),
1996). Mice were 8–10 weeks of age at the time of testing. Experiments were performed
between 9 A.M. and 12 P.M. during the light phase of the light/dark cycle. Mice were used for
a single experiment only, with the exception of open field test, in which mice studied at day 8
in the TST were tested at day 17 in the open field test, and a cohort of mice used for ICV lithium
administration, where mice were tested in the open field on day 7 and the FST on day 9.

Drugs
Mice were randomly assigned to treatment groups. Lithium-containing chow (lithium chloride,
4.0 g/kg) was identical to control chow (sodium chloride, 4.0 g/kg) with the exception of the
added chloride salt. To help prevent ion imbalances due to administration of lithium, both
lithium- and control-treated mice were provided with a second water bottle containing 0.9%
saline. Cages for both lithium- and control-treated mice were changed every 2 days because
of polyuria in the lithium group. NBQX (Tocris) was administered i.p. after being dissolved
in 50% DMSO/50% saline. GYKI 52466 (Sigma) was dissolved in 30% DMSO/70% saline
and administered i.p. For each drug treatment control mice received the respective vehicle
alone.

ICV Lithium Administration
In order to determine the specific behavioral effects of lithium in the brain,
intracerebroventricular (ICV) administration of a lithium chloride solution was accomplished
by implanting in each mouse an Alzet™ osmotically regulated micro-pump (model 1200)
attached to an Alzet™ brain infusion kit. Pumps were implanted subcutaneously into mice
under anesthesia (1.5% isoflurane), while the cannula of the brain infusion kit was inserted
into the right lateral ventricle (Bregma -1.00mm, 0.25mm). The micro-pumps contained LiCl
at a concentration of 1328 mM in an artificial CSF vehicle or vehicle alone. Pumps are active
immediately following implantation, and continue delivering solution at 0.25 μl/hour over 14
days. Mice were single-housed after the surgical procedure until sacrifice.
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Open Field Test
For the open field test, mice were placed in the center of a Plexiglas open field (35 × 35 cm)
and their behavior was recorded by the Ethovision videotracking system (Noldus; Leesburg,
VA). The Ethovision system follows the center of the body of the mouse and records its position
according to the location of this point.

Tail Suspension Test
Minor variations were required to allow us to reduce the tendency of C57BL/6J mice to climb
their tails (Mayorga and Lucki, 2001). A 15 cm length of tape 1.9 cm in width (TimeMed
Labeling Systems, Inc, Burr Ridge, Illinois) was positioned with approximately 2 mm of tail
protruding. This short distance of the tape from the end of the tail and long length of tape
utilized prevented the mice from being able to balance themselves in preparation for any
climbing behavior. Mice were suspended by their tails for 6 minutes during video taped
sessions. Utilizing this procedure in pilot experiments we observed that 13% of mice climbed
their tails, which is substantially less than the 70% observed by Mayorga and Lucki as well as
our group in preliminary experiments using the standard technique (Mayorga and Lucki,
2001). Any mice that did climb their tails were removed from the experimental analysis.
Mobility was defined as movement of the hind legs. A blind observer (KCO) scored the
videotapes for the full 6 minutes.

Forced Swim Test
Mice were placed in a cylinder of water between 23 and 25°C. Mice were videotaped during
a 6-minute session, which was later analyzed for activity during the final 4 minutes. Mobility
was defined as any movement beyond what is necessary to maintain the head above water. At
the end of the trial session, mice were taken out of the water, dried with a paper towel and
placed back in their home cages. A blind observer (KCO) scored the videotapes.

Lithium Concentration Assay
To determine serum lithium levels (mmol/l), serum was isolated from whole blood by
centrifugation. Whole brain lithium levels (mmol/kg wet weight) were determined following
polytron homogenization of the entire brain (Kinematica AG Model PCU 11, Littau,
Switzerland) in 3 volumes of 0.5 N trichloroacetic acid (Hamburger-Bar et al, 1986)(Gould et
al., 2007b). Following centrifugation, lithium assays were performed on the supernatant with
a digital flame photometer (Cole-Palmer Model 2655-00, Chicago, Illinois).

Surface receptor cross-linking with BS3 to distinguish surface and intracellular AMPARs in
vivo

BS3 does not penetrate cell membranes and therefore selectively cross-links cell surface
receptors, forming high molecular weight aggregates, while not modifying intracellular
receptors (Boudreau and Wolf, 2005; Hall and Soderling, 1997). Surface and intracellular
receptor pools can thereafter be distinguished based on molecular weight using SDS-PAGE
and Western blotting. Our protocol was similar to Boudreau and Wolf (2005), with some minor
variations. After treatment with lithium or control chow for 1.5 days, mice were decapitated.
Brains were rapidly removed followed by dissection of frontal cortex and hippocampal tissue
on wet ice. Bilateral pieces of prefrontal cortex or hippocampal tissue from each mouse were
then chopped into 400μm slices using a McIllwain tissue chopper (The Vibratome Company,
O’Fallon, MO). Slices were placed in 6-well plates containing ice-cold artificial CSF with 2
mM BS3 (Pierce, Rockford, IL). Incubation with gentle agitation proceeded for 30 min on ice.
The cross-linking reaction was terminated by quenching with 100 mM glycine (10 min, 4°C).
The slices were then pelleted by brief centrifugation, and the supernatant discarded. Pellets
were resuspended in ice-cold lysis buffer (10 mM Tris-HCL, 15 mM NaCl, 1 mM EDTA, 1
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mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-Glycerophosphate)
with phosphotase inhibitors cocktail I and II (1:100) and protease inhibitor cocktail (1:100)
(Sigma, St. Louis, MO). Samples were aliquoted and stored at −80°C for future analysis.
Protein concentrations were determined by using the Bradford protein assay (Bio-Rad,
Hercules, CA (Bradford, 1976)). Equal amounts of proteins were subjected to 6% SDS-PAGE
gels and separated by electrophoresis (Invitrogen, Carlsbad, CA), transferred to 0.45 micron
pore-size PVDF membranes (Millipore) and immuno-blotted with anti-GluR1 (Chemicon
AB1504, 1:500) and anti-GluR2 (Zymed 32-0300, 1:1000) antibodies. The secondary antibody
used was horseradish peroxidase (HRP)-conjugated anti-mouse (7076) or anti-rabbit (7074)
antibody (Cell Signaling, Danvers, MA). AMPA receptors are tetramers, which are composed
of various combinations of GluR1, GluR2, GluR3, and GluR4 subunits. Among all possible
combinations, GluR1/2, GluR2/3, or GluR1/3 are the common forms with a size range of 430–
450kD. Non-crosslinked GluR1 and GluR2 are each 100kD in size. Immunoreactive bands
were visualized by enhanced chemoluminescence (ECL+) (Amersham, Piscataway, NJ) and
exposed to Kodak Biomax or Biolight film (New Haven, CT). The ECL signal intensities were
quantified using a Kodak Image system (New Haven, CT).

Statistical analysis
Statistical analysis was performed by SPSS 11 for Macintosh and Graphpad Prism Version 4.
Statistical analysis utilized either Student’s t-test, one-way ANOVA, or two-way ANOVA. A
Newman-Keuls post hoc test was utilized to compare significant ANOVA results. All statistics
were un-paired with the exception of the western blot studies, which used paired t-tests to take
into account microenvironment changes between gels. Data are reported as mean +/− SE. Any
point greater than 2 SD from a group mean was considered an outlier, and was not considered
in the analysis. All statistics were 2-tailed. A p value less than 0.05 was considered significant.

Results
Experiment 1: Determination of brain and serum lithium levels

Prior to examining a time course for behavioral effects of lithium in the FST and TST, we were
interested in establishing a short-term lithium administration paradigm that would result in
brain lithium levels similar to what was observed following long-term treatment. We first
examined lithium levels following long-term (17 days) treatment. The serum levels were 0.88
± 0.05mM and brain levels were 1.05 ± 0.03 mmol/kg. To establish the minimum amount of
feeding to reach high brain levels, serum and brain lithium levels following 1 night of chow
(over 24 hours), and 2 consecutive nights of chow (over ~1.5 days) were studied. These two
administration times were designed to take into account the fact that mice consume most of
their chow during the dark cycle. Figure 1 shows that serum levels at all 3 time points were
not significantly different, and were all within the human therapeutic range of 0.6 to 1.2 mM
(F(2, 23) = 2.63, p = 0.096). However, brain lithium levels (Figure 1b) were significantly
different among groups: F(2, 23) = 62.53, p < 0.0001. This is consistent with the finding from
numerous groups that establishment of steady-state brain lithium levels in the rodent brain lags
behind serum lithium levels (Ghoshdastidar et al., 1989;Gould et al., 2007b;Morrison et al.,
1971). Bersudsky and colleagues recently reported that the effect of lithium in the FST after
long-term treatment requires serum levels above 0.8 mM (Bersudsky et al., 2007). Following
long-term administration of lithium to rodents, whole brain lithium concentrations and serum
lithium concentrations are generally equal (Ghoshdastidar et al., 1989;Gould et al., 2007b),
suggesting that brain lithium levels above 0.8 mM would be required to elicit antidepressant-
like effects in the FST. Brain levels for 1 day and 1.5 days were 0.64 ± 0.02 and 0.94 ± 0.02
respectively. Based upon these findings we reasoned that if short-term lithium also had
antidepressant-like actions in the FST, then 1.5 days of administration should allow for
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sufficient brain lithium levels to exert these effects. Thus, we proceeded with 1.5 days as our
earliest time point to study the effects of lithium in the FST and TST.

Experiment 2: Time course for antidepressant-like effects of lithium in the FST and TST
Consistent with results reported previously for time points between 10 and 35 days (Bersudsky
et al., 2007; Cryns et al., 2006; Gould et al., 2007a; O’Brien et al., 2004; Shaldubina et al.,
2006), in our experiments 10 days of lithium administration resulted in decreased immobility
time in the mouse FST (t(14) = 7.98, p < 0.001; Figure 2a). We have previously reported that
i.p. administration of LiCl 30 minutes prior to the FST did not result in antidepressant-like
effects (Gould et al., 2007a). However, this administration paradigm results in whole brain
lithium levels lower than those necessary to result in antidepressant-like effects in the FST
(Bersudsky et al., 2007; Gould et al., 2007a). Administration of lithium over 1.5 days via rodent
chow resulted in a significant decrease in immobility time, t(21) = 2.89, p < 0.01 (Figure 2b).

Next we were interested in determining whether lithium administration had antidepressant-like
effects in another validated mouse model of antidepressant efficacy, the TST. As detailed in
the Methods and Materials section, minor variations were made in the TST procedure that
allowed us to reduce the tendency of C57BL/6J mice to climb their tails. We tested mice
following administration of lithium chow for 1.5, 8, or 17 days (Figure 3a, b, c). Administration
of lithium resulted in decreased immobility time at each time point (1.5 days: t(16) = 4.01, p
< 0.001; 8 days: t(14) = 4.38, p < 0.001; 17 days: t(13) = 3.70, p < 0.01). Because stimulants
are also capable of decreasing immobility in the FST and TST, we determined whether the
reduced immobility was caused by general hyperactivity induced by lithium; as such, we tested
mice treated for 17 days with lithium in a small open field. Repeated measure ANOVA revealed
that over a 30 minute period there was no significant effect of lithium to alter open field activity
(F(1, 196) = 0.35, p = NS), a significant effect of time (F(14, 196) = 2.51, p < 0.001), and no
interaction between the two (F(14, 196) = 0.42, p = NS), suggesting that effects of lithium in
the FST and TST were not due to a non-specific activating effect of the drug (Figure 3d).

Experiment 3: Effects of ICV administration of lithium on the mouse FST and TST
Lithium has a number of direct and indirect cellular targets, both within the central nervous
system and in the periphery. Administering lithium via rodent chow does not allow us to discern
whether the effects of lithium in the FST and TST are due to its effects on the brain or elsewhere
in the body. To determine if the behavioral effects of lithium administration in the FST and
TST were due to actions of lithium on the brain, we administered lithium via an Alzet™ micro-
osmotic pump attached to a brain infusion kit. Our goal was to administer lithium chloride at
human therapeutic lithium levels in the brain with negligible levels in the periphery. Pilot dose
experiments revealed that a concentration of 1328mM LiCl in artificial CSF consistently
resulted in mean brain lithium levels around 1 mM, with negligible levels in the serum. This
was confirmed following behavioral testing in a cohort (n = 12) of mice: brain concentrations
were measured as 0.97 ± 0.25 mmol/kg wet weight, and serum concentrations as 0.10 ± 0.004
mM (Figure 4a).

The first cohort of mice was tested for 60 minutes in an open field, 7 days post-surgery. The
open field test showed that lithium-treated animals did not differ from vehicle-treated mice in
total distance moved, t(10) = 0.78, p = NS (Figure 4b). Nine days after surgery, mice from the
same cohort were tested in the FST, the statistical analysis of which revealed a significant
decrease in immobility time in lithium-treated mice, t(10) = 2.69, p < 0.05 (Figure 4c). A
separate cohort of mice was analyzed in the TST 9 days following surgery. Mice treated with
lithium spent significantly less time immobile in the TST as compared to control animals
treated with CSF only, t(21) = 2.45, p < 0.05 (Figure 4d). These results support the hypothesis
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that the effects of lithium to decrease immobility in the FST and TST are due to actions of
lithium on the brain, rather than to peripheral effects of the drug.

Experiment 4: Effects of AMPA receptor blockade on the antidepressant-like effects of
lithium

Increasing evidence implicates the glutamatergic system, and in particular the AMPA receptor
subclass of glutamate receptors, in the mechanism of action of antidepressant drugs (Alt et al.,
2006; Li et al., 2001; Li et al., 2003; Martinez-Turrillas et al., 2002; Svenningsson et al.,
2002). Lithium, in particular, has been implicated in modulating the glutamatergic system and
AMPA receptors (Antonelli et al., 2000; Dixon and Hokin, 1998; Dixon et al., 1994; Du et al.,
2004; Hokin et al., 1996; Marcus et al., 1986). Given the clinical profile of lithium, we
hypothesized that regulation of AMPA receptor activation may be implicated in the
antidepressant-like effects of lithium in the FST and TST. To determine whether activation of
AMPA receptors is required for the antidepressant-like effects of lithium in the FST and TST,
we administered lithium or control chow to mice for 1.5 days followed by administration of
NBQX (a competitive AMPA receptor antagonist) or vehicle 30 minutes prior to testing in
these behavioral tasks. We chose a dose of 10 mg/kg because preliminary studies suggested
non-specific effects of higher doses to decrease baseline locomotion (data not shown). A dose
in this range has been shown to decrease AMPA-induced seizures in mice (Chapman et al.,
1991). NBQX attenuated the antidepressant-like effects of lithium in the FST (Figure 5a). Two-
way ANOVA revealed a significant effect of lithium (F(1, 20) = 7.05, p < 0.05), no significant
effect of NBQX (F(1, 20) = 2.91), and a trend for an interaction between the two (F(1, 20) =
3.86, p = 0.064). Post hoc analysis revealed a significant effect of lithium alone compared to
the each of the other 3 groups (p < 0.05) and no other significant differences. Similarly, the
antidepressant-like effects of 1.5 days of lithium administration in the TST were attenuated by
NBQX (Figure 5b). Two-way ANOVA revealed a significant effect of lithium (F(1, 27) = 4.76,
p < 0.05), a significant effect of NBQX (F(1, 27) = 7.79, p < 0.05), and a trend for an interaction
between the two (F(1, 27) = 4.76, p = 0.076). Post hoc analysis revealed a significant effect of
lithium alone compared to each of the other 3 groups (p < 0.01), and no other significant
differences. Importantly, for both the FST and TST there was no significant effect of NBQX
alone to change immobility time compared to vehicle treated mice. To rule out the possibility
that the effect of NBQX was non-specific, or unrelated to its AMPA receptor antagonism, we
administered the non-competitive AMPA receptor antagonist, GYKI 52466, prior to the FST.
We chose a dose of 5 mg/kg because preliminary studies suggested non-specific effects of
higher doses to decrease baseline locomotion (data not shown). A dose in this range has been
reported to decrease AMPA-induced seizures in mice (Chapman et al., 1991). Similar to the
results seen with NBQX, GYKI 52466 attenuated the effects of lithium in the FST (Figure 6).
Two-way ANOVA revealed a significant effect of lithium (F(1, 44) = 16.65, p < 0.001), a
significant effect of GYKI 52466 (F(1, 44) = 4.66, p < 0.05), and no significant interaction
between the two (F(1, 44) = 1.91). Post hoc analysis revealed a significant effect of lithium
alone compared to control (p < 0.01), GYKI 52466 alone (p < 0.001), or lithium and GYKI
52466 (p < 0.05) and no other significant differences. Importantly, there was no significant
effect of GYKI 52466 alone to change immobility time compared to vehicle treated mice.

Experiment 5: Effects of lithium administration on membrane levels of GluR1 and GluR2
To determine whether the AMPA-dependent behavioral changes we observed were associated
with changes in levels of membrane-associated AMPA receptors, we used the BS3 cross-
linking method followed by western blot quantification of surface GluR1 and GluR2 tetramers,
as well as intracellular levels of these receptors. Since the cross linking reagent BS3 does not
cross the cell membrane it reacts solely with surface proteins, including glutamate receptor
tetramers (Boudreau and Wolf, 2005; Hall and Soderling, 1997). Western blot can then
distinguish cross-linked (surface) and non-cross-linked (intracellular) receptors (Figure 7a, b).
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Lithium administration for 1.5 days significantly enhanced surface cross-linked GluR1 and
GluR2 in hippocampus, but not in frontal cortex (p < 0.05) (Figure 7c, d). There was no
significant change in non-cross-linked (intracellular) levels of either GluR1 or GluR2 (Figure
7e, f).

Discussion
We show that lithium, following both short- and long-term administration to mice, exerts robust
antidepressant-like effects in the TST as well as previously documented long-term effects in
the FST. These effects are also observed with direct administration of lithium to the ventricular
system, indicating that the effects of lithium in these behavioral models are most likely not due
to any peripheral effects of the drug. The antidepressant-like effects of lithium in these models
are blocked by administration of AMPA receptor inhibitors, indicating that activation of
AMPA receptors is required for the antidepressant-like effects of lithium. Further,
administration of lithium increases the cell surface expression of GluR1 and GluR2 in the
hippocampus, suggesting that lithium-induced increases in surface AMPA receptor levels may
underlie these behavioral effects of lithium and the requirement for AMPA activation.

We hypothesize that although lithium is generally most efficacious clinically as an adjunct
antidepressant, rather than as monotherapy, its actions when used alone in mouse models of
antidepressant efficacy are nevertheless related to its therapeutic effects in the treatment of
depression. Due to lithium’s narrow dose range in humans it may not be possible to administer
lithium at doses high enough to elicit strong effects as a monotherapy. Though our results were
observed in the human therapeutic range, responsivity in humans and mice may not be precisely
identical. Previous studies have addressed adjunctive effects of lithium in both the TST and
FST. In the FST lithium has been shown to augment the antidepressant-like effects of a number
of different classes of antidepressants, including SSRIs, MAOIs, tricyclic, and atypical
antidepressants (Bourin et al., 1996; Hascoet et al., 1994; Nixon et al., 1994). One study has
reported adjunctive effects of lithium to various classes of antidepressant medications in the
TST (Redrobe and Bourin, 1997). An antidepressant-like effect of lithium alone in the FST
has been reported following chronic i.p. administration to rats (Eroglu and Hizal, 1987), acute
i.p. administration to mice (Hascoet et al., 1994), and in mice following long-term
administration in the chow (Bersudsky et al., 2007; Cryns et al., 2006; Gould et al., 2007a;
O’Brien et al., 2004; Shaldubina et al., 2006). To the best of our knowledge, our report is the
first to show that lithium by itself has antidepressant-like effects in the TST. Additional studies
will clearly be necessary to discern how lithium interacts with classical antidepressants in the
FST and TST models, the role of AMPA receptors in these interactions, and where any diverse
mechanisms of action converge.

Biochemically diverse effects of lithium on the glutamateric system have been identified by a
number of groups (Antonelli et al., 2000; Dixon and Hokin, 1998; Dixon et al., 1994; Du et
al., 2004; Du et al., 2006; Gray et al., 2003; Hokin et al., 1996; Marcus et al., 1986). Specifically,
these effects include evidence suggesting a decrease in glutamate reuptake, decrease in
glutamate release, and/or modulation of receptor levels. Direct effects of lithium to modify
AMPA receptor inward and outward currents in a subtype specific manner have also been noted
(Karkanias and Papke, 1999a, b; Nanou and El Manira, 2007). However, these direct effects
on receptors have been obtained at lithium concentrations well above the therapeutic range
observed in humans and may be most relevant to in vitro studies of receptor biophysics
(Karkanias and Papke, 1999a, b; Nanou and El Manira, 2007). Overall, there are likely
complex, brain region specific effects of lithium on AMPA activation and receptor regulation
that will need to be considered in future studies. For example, long-term treatment of rats with
lithium decreases the levels of GluR1 found in hippocampal synaptosomes, findings that may
be species or time-frame specific (Du et al., 2004). To the best of our knowledge, our study is
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the first to relate lithium’s actions on AMPA receptors to the behavioral effects of lithium.
Clinically, as monotherapy, lithium is generally considered to be a more robust antimanic than
antidepressant medication. In the present manuscript we do not address the role of AMPA
receptors in mediating the effects of lithium in models of manic-like behavior. Available rodent
models for the antimanic effects of lithium include attenuation of amphetamine-induced
hyperlocomotion and attenuation of aggression (O’Donnell and Gould, 2007), which should
be evaluated for the relevance of AMPA receptors.

Modulation of the AMPA receptor subclass of glutamate receptors has been linked to the
mechanism of action of antidepressant medications as well as a target for future medications
(Alt et al., 2006; Du et al., 2006; Li et al., 2001; Li et al., 2003; Martinez-Turrillas et al.,
2002; Svenningsson et al., 2002). It has recently been reported by us that the antidepressant-
like effects of ketamine in the FST, as well as the NMDA antagonist MK801 and NR2B
antagonist, Ro25-6981, are prevented by preadministration of NBQX (Maeng et al., 2007).
Though it is not clear precisely how NMDA receptor antagonism results in AMPA receptor
activation, we hypothesize that it may be through increased release of glutamate following
NMDA receptor blockade. This hypothesis is supported by the finding that ketamine increases
the release of glutamate, a process that might be mediated by presynaptic NMDA autoreceptors
and/or interneurons (Lorrain et al., 2003; Moghaddam et al., 1997; Razoux et al., 2007). It has
also been reported that the antidepressant-like effects of imipramine in the FST are not affected
by antagonism of AMPA receptors (Li et al., 2001; Maeng et al., 2007). However, while
traditional antidepressants such as imipramine may not act directly on AMPA receptors,
indirect effects cannot be excluded. For example, Svenningson and colleagues (2002) reported
that administration of fluoxetine to mice increased phosphorylation of the AMPA receptor
subunit GluR1 at Ser-831 and Ser-845. Antidepressants have also been reported to decrease
GluR3 expression both in fontal cortex and hippocampus of rats as well as altering the editing
levels of either the flip or flop form of GluR3, AMPA-mediated release of monamines, AMPA
receptor protein interactions, and the release of glutamate (Barbon et al., 2006; Bonanno et al.,
2005; Martinez-Turrillas et al., 2007; Pittaluga et al., 2007). Similar to our findings with
lithium, it has been reported that monamine-acting antidepressants increase membrane levels
of AMPA receptors (Martinez-Turrillas et al., 2005; Martinez-Turrillas et al., 2002).
Electroconvulsive shock, an animal model of electroconvulsive therapy, was shown to increase
the levels of GluR1 mRNA in the rat hippocampus (Naylor et al., 1996). It is unclear what the
mechanism is by which modulation of AMPA receptors may be involved in the mechanism of
antidepressant action, or to what extent AMPA activation is required for therapeutic action in
humans (Bleakman et al., 2007). One hypothesis suggests that an increase in expression of
neurotrophic factors such as brain derived neurotrophic factor (BDNF) and a resultant increase
in neuroplasticity and protection of neurons from neurotoxic insults may be relevant. Similar
to antidepressants, AMPA receptor potentiators have been shown increase the production of
BDNF and cell proliferation in the hippocampus (Bai et al., 2003; Lauterborn et al., 2000;
Legutko et al., 2001; Mackowiak et al., 2002). Another possibility is modulation of amine
neurotransmission. For example, AMPA has been shown to enhance the release of
noradrenaline and serotonin from rat synaptosomes (Pittaluga et al., 1997; Pittaluga et al.,
2007; Wang et al., 1992).

Several classes of compounds can allosterically modulate AMPA receptors. These compounds
(referred to as AMPA receptor-positive modulators or AMPA receptor potentiators, ARPs) do
not activate AMPA receptors themselves, but slow the rate of receptor desensitization and/or
deactivation in the presence of an agonist (e.g., glutamate and AMPA). ARPs have been
reported to have antidepressant effects in animal models of antidepressant efficacy including
the FST, TST, and a reduction in antidepressant-sensitive submissive behaviors (Alt et al.,
2006; Bai et al., 2001; Knapp et al., 2002; Li et al., 2001). Similar to lithium, ARPs have been
shown to have a robust augmentative effect on the actions of antidepressants in the FST (Li et
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al., 2003). These AMPA receptor modulators that are in clinical development increases the
likelihood that the results reported in the present manuscript will influence translational studies
for the treatment of patients with mood disorders (Black, 2005). Our results suggest that lithium
may exert its antidepressant-like effects in the FST and TST by increasing synaptic levels of
GluR1 and GluR2. However, additional effects of lithium on glutamate release or reuptake, or
postsynaptic effects on glutamate receptors, downstream signaling, or direct effects on the
receptor cannot be excluded. Recent data have suggested that lithium exerts some of its
behavioral actions through inhibition of GSK-3 (Beaulieu et al., 2004; Gould et al., 2004;
Kaidanovich-Beilin et al., 2004; O’Brien et al., 2004). Future studies will examine the link
between GSK-3 inhibition and regulation of AMPA receptors. These and other recent insights
into the actions of lithium on validated animal models of depression make it likely that relevant
mechanisms can soon be determined and thereafter used to develop and test novel therapeutics
for the treatment of depression and bipolar disorder.
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Figure 1. Brain and serum concentrations of lithium following administration of LiCl in rodent
chow
Serum lithium concentration following 1 day, 1.5 days, and 17 days of lithium administration
(a). Brain lithium concentration following 1 day, 1.5 days, and 17 days of lithium
administration (b). N = 8 mice per group.
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Figure 2. Short- and long-term administration of LiCl in rodent chow results in antidepressant-
like effects in the FST
Lithium exerts antidepressant-like effects in the mouse FST following 10 days (a) or 1.5 days
(b) of treatment. The number of mice per group is indicated in each individual graph. ** p <
0.01; *** p <0.001
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Figure 3. Short- and long-term administration of LiCl in rodent chow results in antidepressant-
like effects in the TST
Lithium exerts antidepressant-like effects in the mouse TST following 1.5 days (a), 8 days (b),
or 17 days of treatment (c). There was no change in open field activity following 17 days of
lithium treatment (d). The number of mice per group is indicated in each individual graph. **
p < 0.01; *** p <0.001
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Figure 4. Intracerebroventricular administration of LiCl results in antidepressant-like effects in
the mouse FST and TST
Mice receiving ICV LiCl or vehicle were tested in the open field test, FST, or TST. Following
completion of the behavioral experiments a subset of mice were sacrificed to evaluate brain
and serum lithium levels. Our paradigm resulted in brain lithium levels within the human
therapeutic concentration range and low levels in the serum (a). This paradigm resulted in no
significant change in open field activity (b) but a significant antidepressant-like effect in the
FST (c) and TST (d). The number of mice per group is indicated in each individual graph. *
p <0.05; ** p < 0.01
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Figure 5. Administration of the AMPA receptor inhibitor, NBQX, attenuates the effects of lithium
in the mouse FST and TST
Mice were treated with lithium or control chow for 1.5 days. NBQX or vehicle was
administered 30 minutes prior to behavioral testing. NBQX, at a dose of 10 mg/kg, attenuated
the antidepressant-like effects of lithium in the FST (a) and TST (b). N = 6 to 8 mice per group.
* p <0.05; ** p < 0.01, posthoc test versus all other groups
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Figure 6. Administration of the AMPA receptor inhibitor GYKI 52466, attenuates the effects of
lithium in the mouse FST
Mice were treated with lithium or control chow for 1.5 days. GYKI 52466 or vehicle was
administered 30 minutes prior to behavioral testing. GYKI 52466, at a dose of 5 mg/kg,
attenuated the antidepressant-like effects of lithium in the TST. N = 12 mice per group. * p
<0.05, posthoc test versus all other groups
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Figure 7. Lithium treatment significantly increases surface GluR1/GluR2 in the hippocampus, but
not frontal cortex in vivo
Mice were treated with lithium or control chow for 1.5 days. Following treatment, mice were
decapitated and brains were rapidly removed. Hippocampal (HP) and frontal cortex (FC)
tissues were isolated and the BS3 cross-linking procedure was performed to identify surface
GluR1/GluR2 tetramers. Western blot analyses were performed with anti-GluR1 and anti-
GluR2 antibodies. Representative images for cross-linked and intracellular GluR1 and GluR2
by western blot analysis (a, b). Densitometry analysis: Lithium significantly enhanced surface
cross-linked GluR1 and GluR2 in hippocampus, but not in prefrontal cortex vivo. N=6 mice
per group (b-e). * p <0.05
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