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Abstract
A mood stabilizing and antidepressant response to lithium is only found in a subgroup of bipolar
disorder and depression patients. Identifying strains of mice that are responsive and non-
responsive to lithium may elucidate genomic and other biological factors that play a role in lithium
responsiveness. Mouse strains were tested in the forced swim, tail suspension, and open field tests
after acute and chronic systemic, and intracerebroventricular and chronic lithium treatments.
Serum and brain lithium levels were measured. Three (129S6/SvEvTac, C3H/HeNHsd, C57BL/
6J) of the eight inbred strains tested, and one (CD-1) of the three outbred strains, showed an
antidepressant-like response in the forced swim test following acute systemic administration of
lithium. The three responsive inbred strains, as well as the DBA/2J strain, were also responsive in
the forced swim test after chronic administration of lithium. However, in the tail suspension test,
acute lithium resulted in an antidepressant-like effect only in C3H/HeNHsd mice. Only C57BL/6J
and DBA/2J were responsive in the tail suspension test after chronic administration of lithium.
Intracerebroventricular lithium administration resulted in a similar response profile in BALB/cJ
(non-responsive) and C57BL/6J (responsive) strains. Serum and brain lithium concentrations
demonstrated that behavioral results were not due to differential pharmacokinetics of lithium in
individual strains, suggesting that genetic factors likely regulate responsiveness to lithium. Our
results indicate that responsiveness to lithium in tests of antidepressant efficacy varies among
genetically diverse mouse strains. These results will assist in identifying genomic factors
associated with lithium responsiveness and the mechanisms of lithium action.
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INTRODUCTION
Mood disorders, including major depression and bipolar disorder, are serious human health
problems and affect a significant portion of the population (15% in the case of major
depression and 1–3% in the case of bipolar disorder) (Fava & Kendler, 2000, Kessler et al.,
2003, Kessler et al., 2005, Sullivan et al., 2000). Lithium has efficacy both as a mood
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stabilizer and an antidepressant (Geddes et al., 2004). Extensive clinical evidence indicates
that lithium has robust effects when used as an adjunct antidepressant (Bauer et al., 2010),
and in addition clinical studies show that lithium monotherapy has efficacy in treatment of
depression (Smoller & Finn, 2003, Watanabe et al., 1975). Evidence suggests that lithium-
responsiveness might be a marker by which distinct subtypes of bipolar disorder can be
stratified (Alda et al., 2005, Smeraldi et al., 1984, Smoller & Finn, 2003). For example,
lithium-responsive bipolar disorder patients are more likely than non-responders to have
relatives with bipolar disorder (Mendlewicz et al., 1973), and those relatives in turn are
more likely to be responsive to the therapeutic effects of lithium (Grof et al., 2002).
However, the neurobiological and genetic mechanisms that underlie lithium-responsiveness
are not entirely known.

Elucidating the genetic underpinnings of lithium responsiveness in validated animal tests
can assist in identifying the mechanisms of action of lithium and genetics of the lithium
response in humans. One way of achieving this goal is to identify particular genetic patterns
of responsiveness in closely related but genetically diverse animal lines, such as different
strains of mice (Jacobson & Cryan, 2007). Identifying differences between standard mouse
strains has been a widely used approach to investigate responses to various antidepressants
(Bai et al., 2001, Cervo et al., 2005, Crowley et al., 2005, David et al., 2003, Dubocovich et
al., 1990, Dulawa et al., 2004, Liu & Gershenfeld, 2001, Lucki et al., 2001, Nomura et al.,
1991, Porsolt et al., 1978, Ripoll et al., 2003, Van Der Heyden et al., 1987), as well as the
antimanic-like effects of lithium (Gould et al., 2007b, Gould et al., 2001, Hamburger-Bar et
al., 1986) and effects of lithium on pre-pulse inhibition (O’neill et al., 2003, Ong et al.,
2005). However, no study to date has compared the antidepressant-like effects of lithium in
different strains of mice systematically and comprehensively. We examined responsiveness
to lithium’s antidepressant-like effects in various mouse strains using multiple treatment
paradigms.

MATERIALS and METHODS
Subjects

Male mice, 7–8 weeks old, were obtained from commercial breeding colonies. A/J, BALB/
cJ, C57BL/6J, CBA/J, DBA/2J, FVB/NJ, (The Jackson Laboratories, Bar Harbor, Maine),
129S6/SvEvTac, and Black Swiss (Taconic, Germantown, NY), C3H/HeNHsd and CD-1
(Charles River, Wilmington, MA), and NIH Swiss (Harlan, Indianapolis, Indiana) were
transported to our laboratory, and allowed to acclimatize for at least one week. Mice were
housed as four individuals per cage in an animal room with a constant temperature (22±1°C)
and a 12-h light/dark cycle (lights on/off at 07.00/19.00), with free access to food and water.
Experiments were performed in the light phase of the cycle. All experimental procedures
were approved by the University of Maryland, Baltimore Animal Care and Use Committee,
and were conducted in full accordance with the NIH Guide for the Care and Use of
Laboratory Animals.

Lithium Administration
For the systemic acute lithium administration experiment, lithium chloride (Sigma, Saint
Louis, MO) solutions were made by dissolving LiCl in 0.9% saline. Mice were given i.p.
injections of either saline, 200 mg/kg, 300 mg/kg, or 400 mg/kg LiCl in an injection volume
of 4 ml/kg, five hours prior to the commencement of behavioral tests. For the systemic
chronic lithium administration experiments, two to five days after the arrival of the mice,
regular food was removed from all cages and lithium chow containing 4 g/kg LiCl (Bioserv,
Frenchtown, NJ) was provided in half of the cages, while the other half were given control
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chow. In both groups mice received a water bottle, and a 0.9% saline bottle to reduce ion
imbalances that are caused by chronic lithium.

At least one week prior to the intracerebroventricular (ICV) lithium administration
experiments, cannulas were stereotaxically implanted in the right lateral ventricle.
Stereotaxic coordinates were calculated from the bregma and they were −0.60 mm AP, and
+1.00 mm ML. Three μl of artificial cerebrospinal fluid (aCSF) containing 600 mmol/L LiCl
(0.076 mg of LiCl per subject) or vehicle was administered through a cannula at a rate of 1
μl/min with a Hamilton syringe under isoflurane anesthesia. Thirty minutes after the
infusion, subjects were assessed in behavioral tests. All subjects were later infused ICV with
3 μl tryphan blue dye to confirm the site of cannulation. Those subjects with no dye
diffusion into either left lateral or third ventricles were excluded from this study.

Lithium Concentration Assays
Subjects were anesthetized under isoflurane. Blood was collected through a cardiac
puncture, and the brain was removed and frozen at −80 C. Entire brains were homogenized
with a polytron homogenizer (Kinematica AG, Model PT-MR 2100, Littau, Switzerland) in
3 volumes of 0.5 N trichloroacetic acid, followed by centrifugation (Gould et al., 2007a,
Gould et al., 2008, Hamburger-Bar et al., 1986). Lithium levels of both serum (mmol/L) and
brain (mmol/kg, wet weight) samples were measured with a flame photometer (Cole-Palmer
Model 2655-00, Chicago, IL).

Behavioral Tests
Forced Swim Test (FST)—Subjects were placed in Plexiglas cylinders (30 cm height x
20 cm diameters) filled with 15 cm of tap water at a temperature of 24 ± 1°C for six minutes
and videotaped. The last four minutes of each session were scored by a trained observer who
was blind to the group assignments. Mobility was defined as any movements other than
those necessary to maintain the head above the water.

Tail Suspension Test (TST)—Each mouse was suspended for six minutes by a 15 cm
length of tape attached to the end of its tail. The entire six minutes of each session was
videotaped and then scored for mobility time by a trained observer who was blind to the
group assignments. Mobility was defined as movements of the hind legs, and/or other escape
oriented behaviors. A modification was made for the C57BL/6J strain, which is known for
its behavior of climbing tails during the TST (Cryan et al., 2005, Mayorga & Lucki, 2001).
Plexiglas cylinders (1.5 cm diameter, 4 cm length, 3.5 g weight) were placed around the
tails, where they rest on the tail base during the procedure. This modification completely
eliminates tail climbing in the C57BL/6J strain (Dao et al., 2010).

Open-Field Test (OFT)—Locomotion of animals was assessed in 50 cm × 50 cm × 38 cm
arenas under 30–35 lux illumination. The test was 30 minutes in duration. Each session was
videotaped. The distance moved was calculated with Top Scan software from CleverSys Inc
(Reston, VA).

Statistics
All statistical analyses were performed with GraphPad v.5.02 or SPSS 17 software. One-
way ANOVAs was followed by Dunnett’s post hoc test, in which the saline group was
compared pairwise with all other groups. In cases in which there were only two groups,
unpaired t-tests were used. Pearson correlation coefficients were calculated between mean
brain lithium levels and mean percent change in immobility in the FST of the Experiment 2.
Since each strain was tested on a different day, no interstrain statistical comparisons were
made. Outlier analyses of lithium concentrations were performed with the Grubbs’ test, and
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any outliers detected were excluded from the experiment. Linear regression analyses (SPSS
17) were conducted to assess if lithium levels in serum and brain change differentially in
response to systemic acute lithium treatment between strains that underwent the FST.
Comparisons of the linear regression slopes were assessed by Bonferroni post hoc tests.
Data are reported as mean±SEM. All analyses were two-tailed, and statistical significance
level was set as p<0.05.

RESULTS
Experiment 1: Time Course of Serum and Brain Lithium Concentrations

We first conducted a time course experiment to determine lithium concentrations in serum
and brain at a different time periods following i.p. injection of 200 mg/kg LiCl in the
C57BL/6J strain. The aim was to find an optimal time point when the brain levels of lithium
were high and within the human therapeutic range (0.6–1.3 mM) but serum levels were
relatively low, thus limiting peripheral effects of lithium. We found that in the C57BL/6J
strain, brain lithium concentrations were at their highest level (0.85± 0.04 mmol/kg) and
within the human therapeutic range five hours after injection, whereas serum levels were
relatively low at ~15% of their initial levels, thus decreasing the likelihood that behavior
outcomes would be due to peripheral side effects of high lithium concentrations (Figure 1).

Experiment 2: Systemic Acute Administration of Lithium
Forced Swim Test—Eleven strains were tested for responsiveness to lithium in the FST.
The means and SE of serum and brain lithium concentration levels are listed in Table 1. One
subject from C57BL/6J 300 mg/kg group and one from DBA/2J 400 mg/kg group were
excluded from the experiment, since their brain lithium levels were outliers (z=2.36, p<0.05;
z=2.29, p<0.05, respectively). Lithium levels were generally either in or moderately above
the human therapeutic range (0.6 to 1.3 mM) in 200 mg/kg and 300 mg/kg treatment groups.
Consistent with a previous report, we found that lithium clearance rates were rapid in the
C57BL/6J strain compared to other inbred strains (El-Kassem & Singh, 1983). The
relationship between the dose of LiCl administered and resulting serum and brain lithium
levels was significant in all strains (p<0.001). For serum lithium levels we found statistically
significant (p<0.0001) R2 values for all strains (C57BL/6J R2=0.477, NIH Swiss R2=0.447,
all the other strains R2=0.820–0.903). For brain lithium levels, we found statistically
significant (p<0.001) R2values for all strains (C57BL/6J R2=0.355, NIH Swiss R2=0.305, all
the other strains R2=0.821–0.974). One-way ANOVA indicated that the slopes
corresponding to LiCl dose and serum [F(10,248)=6.88, p<0.0001] and brain
[F(10,248)=6.11, p<0.0001] lithium levels were significantly different between strains.
Bonferroni post-hoc tests indicated that the change in serum levels in relation to the dose of
LiCl was significantly different between C57BL/6J and 129S6/SvEvTac, BALB/cJ, Black
Swiss, C3H/HeNHsd; FVB/NJ and 129S6/SvEvTac, BALB/cJ, Black Swiss; NIH Swiss and
129S6/SvEvTac, BALB/cJ; 129S6/SvEvTac and A/J, CD-1 strains. The change in brain
levels in relation to dose of LiCl was significantly different between C57BL/6J and A/J,
BALB/cJ, Black Swiss, C3H/HeNHsd, CBA/J, DBA/2J; NIH Swiss and A/J, BALB/cJ,
Black Swiss, C3H/HeNHsd, CBA/J, DBA/2J; Black Swiss and FVB/NJ.

Of the three outbred strains, Black Swiss and NIH Swiss showed very low baseline levels of
immobility (2.6 and 21.9 seconds respectively) and no significant differences were found
between groups. However, in the case of the CD-1 strain, one-way ANOVA revealed that
there was a significant effect of LiCl treatment and Dunnets’ post hoc test confirmed that
200, 300, and 400 mg/kg groups were significantly less immobile than the saline group
(Figure 2; Table 2).
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Out of eight inbred strains studied, 129S6/SvEvTac, C3H/HeNHsd, and C57BL/6J were
found to be responsive to lithium at least in one dose level in the FST (Figure 2). The A/J
strain showed a trend toward a significant effect of treatment (p=0.077). 129S6/SvEvTac
mice were significantly less immobile in all lithium treatment groups. C3H/HeNHsd mice
showed lower immobility in 300 mg/kg and 400 mg/kg LiCl groups, and C57BL/6J were
less immobile in 200 mg/kg and 300 mg/kg LiCl groups compared to the baseline (Table 2).
One inbred strain, FVB/NJ, had very low baseline levels of immobility (4.33 seconds on the
average).

We observed differential patterns of lithium responsiveness. For example while the 129S6/
SvEvTac strain showed a clear increase in response with dose, the C57BL/6J strain did not.
In order to determine whether an antidepressant-like response to lithium in the FST is due to
differences in pharmacokinetics of lithium in individual strains, correlation analyses
between mean brain lithium levels and mean percent change in immobility compared to the
baseline levels of each strain were made at each dose level. Black Swiss, FVB/NJ, and NIH
Swiss strains were not included in these analyses, since these strains had very low baseline
immobility levels in the FST. At the 200 mg/kg dose, there was no statistically significant
correlation between average brain lithium concentration levels and percent change in
immobility in the FST (r=0.54, p=0.17). The same was true for the 300 mg/kg (r=0.054,
p=0.88), and the 400 mg/kg (r=−0.108, p=0.79) doses.

Tail Suspension Test—A subgroup of inbred strains was selected on the basis of their
responsiveness to lithium in the FST and tested in the TST. Serum and brain samples
showed similar levels of lithium concentrations to what we found in the FST (Table 3).
Among the five inbred strains tested; 129S6/SvEvTac, BALB/cJ, C3H/HeNHsd, C57BL/6J,
and DBA/2J, only two manifested a response to lithium (Figure 3). 129S6/SvEvTac mice
were significantly more immobile after treatment with 400 mg/kg than with vehicle, and
therefore did not show an antidepressant-like effect. C3H/HeNHsd mice, at the 300 mg/kg
LiCl level, had significantly lower levels of immobility. The other strains, BALB/cJ,
C57BL/6J, and DBA/2J did not significantly change their immobility behavior in response
to lithium treatment in the TST (Table 4).

Open Field Test—In order to verify that the antidepressant-like results that we found in
the earlier antidepressant efficacy tests were not due to non-specific increases in general
activity, we tested a subset of lithium responsive and non-responsive inbred strains, 129S6/
SvEvTac, BALB/cJ, and C57BL/6J, in the OFT (Table 5). In all strains tested, distance
traveled was significantly reduced in the 400 mg/kg LiCl treatment group compared to the
saline group (for 129S6/SvEvTac [F(3,31)=3.9, p<0.05, Dunnett’s post hoc test p<0.01], for
BALB/cJ [F(3,30)=3.59, p<0.05, Dunnett’s post hoc test p<0.05], and for C57BL/6J
[F(3,21)=11.35, p<0.001, Dunnett’s post hoc test p<0.001]. At the other doses (200 and 300
mg/kg) total distance travelled tended to be less, though there were no statistically
significant differences.

Experiment 3: Systemic Chronic Lithium Administration
Mice from 129S6/SvEvTac, BALB/cJ, C3H/HeNHsd, C57BL/6J, and DBA/2J strains were
tested for the effects of chronic lithium administered in their food. These strains were
selected as representative responsive and non-responsive strains from the acute lithium
administration studies. After chronic lithium treatment, all strains weighed less than control
chow treated mice. This loss was similar across strains and was ~15–20 %. Overall, serum
lithium levels were ~0.7–1.0 mmol/L and brain lithium levels were ~0.8–1.0 mmol/kg
(Table 6), which are within the human therapeutic range of 0.6 to 1.3 mM.
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Open Field Test—Mice were tested after three weeks of treatment (Table 7). Chronic
lithium administration had no significant effect on locomotion in any of the strains studied
in this experiment: 129S6/SvEvTac t(22)=0.79, p=0.43, for BALB/cJ t(20)=0.61, p=0.54,
for C3H/HeNHsd t(22)=0.33, p=0.74, for C57BL/6J t(29)=1.72, p=0.09, and for DBA/2J
t(22)=1.76, p=0.09.

Tail Suspension Test—Two days after the OFT, mice were tested in the TST. Only in
the C57BL/6J (t(29)=2.88, p<0.01) and DBA/2J (t(22)=4.5, p<0.001) strains was there a
significant decrease in immobility (Figure 4). There was no statistically significant change in
immobility as a result of chronic lithium treatment in other strains (129S6/SvEvTac
t(22)=0.29, p=0.77, for BALB/cJ t(20)=1.1, p=0.28, and C3H/HeNHsd t(22)=0.72, p=0.48).

Forced Swim Test—A week after the TST, the same mice were tested in the FST (Figure
5). All strains except BALB/cJ showed an antidepressant-like effect of chronic lithium
treatment (129S6/SvEvTac t(22)=7, p<0.001, C3H/HeNHsd t(22)=2.31, p<0.05, C57BL/6J
t(29)=4.84, p<0.001, DBA/2J t(22)=3.5, p<0.01, BALB/cJ t(20)=1.4, p=0.17).

Experiment 4: Intracerebroventricular Acute Lithium Administration
C57BL/6J and BALB/cJ strains were tested in OFT and FST after ICV administration of
lithium, as representative responsive and non-responsive strains respectively. The aim was
to confirm that the antidepressant-like effects of lithium (or lack thereof) were the result of
central, rather than peripheral, effects of lithium. To assess brain and serum lithium levels
following ICV administration, we infused 3 μl of a 600 mmol/L LiCl aCSF solution (0.076
mg of LiCl per subject) in a subset of mice not used in behavioral testing. Brain and serum
lithium levels were 0.98±0.22 mmol/kg and 0.08±0.01 mmol/L in BALB/cJ mice (n=5) and
1.3± 0.16 mmol/kg and 0.09±0.01 mmol/L in C57BL/6J mice (n=6) respectively. After the
surgery and at least one week of recovery, both strains were tested in the OFT, and in 6–7
days after that they were tested in the FST.

Open Field Test—In the C57BL/6J strain, vehicle-treated mice traveled a greater distance
(52±5.4 m) than the lithium-treated subjects (17.7±9.9 m), and this difference was
statistically significant (t(11)=3.17, p<0.01). In the BALB/cJ strain, vehicle-treated mice
(23.5±4.7 m) travelled a greater distance than the lithium-treated subjects (10.2±4.7 m).
There was a statistical trend for lithium to decrease locomotion in the BALB/cJ strain
(t(11)=1.9, p=0.08), which was significant when an outlier (z=2.28, p<0.05) was removed
(t(10)=3.81, p<0.01).

Forced Swim Test—In the FST, lithium-treated subjects were significantly less immobile
(t(11)=2.57, p<0.05) than vehicle-treated mice in the C57BL/6J strain. There was a trend for
lithium-treated BALB/cJ subjects to show increased immobility when compared to controls
(t(11)=2.01, p=0.069) (Figure 6).

DISCUSSION
We examined strain-dependent effects of lithium, administered via different routes, in two
behavioral tests of antidepressant efficacy: the FST and the TST. In the FST, we examined
eight inbred strains of mice: 129S6SvEvTac, A/J, BALB/cJ, C3H/HeNHsd, C57BL/6J,
CBA/J, DBA/2J, FVB/NJ; and three outbred strains: Black Swiss, CD-1, and NIH Swiss.
Among the outbred strains, only CD-1 was responsive to lithium. Inbred strains 129S6/
SvEvTac, C3H/HeNHsd, and C57BL/6J manifested an antidepressant-like response to acute
lithium. Black Swiss, NIH Swiss, and FVB/NJ strains manifested low baseline levels of
immobility, presenting a floor effect. There was no relationship between baseline immobility
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levels and response to lithium. For example, while A/J, BALB/cJ, 129S6/SvEvTac, and
C57BL/6J have similarly high baseline immobility levels, A/J and BALB/cJ strains did not
manifest antidepressant-like responses to lithium in the FST, but 129S6/SvEvTac and
C57BL/6J did. This outcome is consistent with the results of earlier mouse strain differences
studies, which found no correlation between baseline immobility levels and response to
selective norepinephrine and serotonin reuptake inhibitors in the FST (David et al., 2003,
Lucki et al., 2001). Additionally, we did not observe a significant correlation between the
pattern of lithium responsiveness and brain concentrations of lithium.

After the completion of this initial FST screening, we selected a subgroup of inbred strains
(129S6/SvEvTac, BALB/cJ, C3H/HeNHsd, C57BL/6J and DBA/2J) to examine the effects
of systemically administered acute lithium in the TST. Two strains showed a statistically
significant change in immobility in response to lithium. 300 mg/kg lithium lowered
immobility in the C3H/HeNHsd strain, but 400 mg/kg lithium increased immobility in
129S6/SvEvTac. While the results of FST and TST do not completely match, differences
between results of FST and TST have been reported in previous studies in response to
particular antidepressants (Cervo et al., 2005, Crowley et al., 2005, David et al., 2003,
Ripoll et al., 2003).

Since behaviors manifested in the FST and TST could also be affected by a non-specific
effect of lithium on general activity, we measured open field locomotion in 129S6/SvEvTac,
BALB/cJ, and C57BL/6J strains. Acute lithium administration resulted in a significant effect
on locomotion only at the 400 mg/kg dose in these strains. Lithium at this high dose
decreased locomotion, an effect that may be related to lithium toxicity. However, this effect
is unlikely to play a role in lower immobility times that we observed in the FST. None of the
strains that were found to be responsive to lithium in the FST were responsive solely at the
400 mg/kg dose level, and chronic lithium, which did not significantly change locomotion,
also resulted in antidepressant-like effects. Furthermore, the direction of change in
locomotion (decrease) after 400 mg/kg LiCl administration is the opposite of the increased
activity observed in the FST. Finally, these strains show different responses to lithium in the
FST despite the similar effect on locomotion.

In clinical practice, lithium is most effective when administrated chronically. We therefore
conducted a chronic systemic administration of lithium study with 129S6/SvEvTac, BALB/
cJ, C3H/HeNHsd, C57BL/6J, and DBA/2J strains, in which we delivered the lithium
through food over three to four weeks. This treatment did not lead to any significant change
in locomotor activity. In the TST, chronic lithium administration decreased immobility time
in C57BL/6J and DBA/2J strains. All strains, except for BALB/cJ, manifested lower levels
of immobility in the FST in response to chronic lithium administration.

Finally, we assessed the effects of acute administration of ICV lithium in the OFT and FST.
BALB/cJ and C57BL/6J were selected as representative non-responsive and responsive
strains respectively. We observed that lithium reduced locomotor activity in the OFT in both
strains. Consistent with our earlier findings, ICV lithium administration resulted in an
antidepressant-like effect of lithium only in the C57BL/6J strain, but not in the BALB/cJ
strain. The C57BL/6J results complement those of a previous study, in which chronic ICV
lithium administration was observed to decrease immobility time in the FST and TST in
C57BL/6J mice (Gould et al., 2008).

Examination of mouse strain variation in response to antidepressants has recently played a
major role in defining the role of stress and fluoxetine on pre-mRNA editing of the serotonin
2C receptor (Bhansali et al., 2007, Englander et al., 2005) as well as the genetics and
biochemistry that underlie activity of tryptophan hydroxylase-2 (TPH2), the enzyme
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responsible for brain serotonin synthesis and response to citalopram in the mouse FST
(Cervo et al., 2005, Zhang et al., 2004). These findings have influenced the progression of
clinical studies: for example, polymorphisms in TPH2 gene have been associated with the
risk of developing both major depression and bipolar disorder (Cichon et al., 2008, Harvey
et al., 2004, Van Den Bogaert et al., 2006, Zhang et al., 2005, Zhou et al., 2005, Zill et al.,
2004).

Our study is limited in the sense that it only investigates the antidepressant effects of
lithium. Because there is no mouse model that adequately represents the cycling of mood
characteristic of bipolar disorder, the antidepressant and antimanic effects of lithium are
generally examined in isolation. A strain differences study that focused on the effect of
lithium on d-amphetamine-induced hyperlocomotion, a model of the antimanic efficacy,
showed that the C57BL/6J strain was responsive to the antimanic effect of lithium (Gould et
al., 2007b). This study did not test the BALB/cJ strain, because these mice do not show
increased locomotion in response to d-amphetamine (Davis et al., 1974, Moisset & Welch,
1973).

The final goal of these experimental studies will be to use these strain differences as a tool to
assist in determining lithium’s mechanisms of action, and to identify genes that modify
mouse as well as human response to lithium. A logical follow-up to the present experiments
is a quantitative trait loci (QTL) study using C57BL/6J and BALB/cJ strains as parental
strains to identify regions in the mouse genome that harbor genes mediating the behavioral
responses to lithium, followed by a comparison of these results to similar human studies in
human subjects. In the past, Crowley, Lucki, and colleagues mapped QTLs for response to
citalopram in the TST to three chromosomal loci (Crowley et al., 2006). Subsequent studies
are expected to focus on identifying citalopram response genes that may be located within
these regions (Crowley et al., 2006). Using a QTL approach, Tomida and colleagues
recently identified Ubiquitin-specific peptidase 46 (Usp46) as a primary mediator of
baseline FST and TST differences between C57BL/6J and CS inbred strains (Tomida et al.,
2009). These recent successes indicate the capability of QTL approach to identify specific
chromosomal regions and genes associated with mouse strain variation in complex
behaviors. Such studies could complement ongoing human studies designed to identify
genetic variants that modify human therapeutic response to lithium (Mccarthy et al., 2010,
Perlis et al., 2009, Schulze et al., 2010).
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Figure 1. Time course of changes in lithium concentrations in serum and brain after a single i.p.
injection of 200mg/kg lithium in C57BL/6J mice
Data are expressed as mean ± SEM. n:6 animals per time point.
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Figure 2. Immobility time in the forced swim test five hours after a single injection of saline, 200,
300, or 400 mg/kg lithium
*:p<0.05, **:p<0.01, ***:p<0.001 denote a significant difference compared to saline group,
Dunnett’s post hoc test. Data are expressed as mean ± SEM. n:6–8 animals per group for
each strain.
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Figure 3. Immobility time in the tail suspension test five hours after a single injection of saline,
200, 300, or 400 mg/kg lithium
**:p<0.01 denotes a significant difference compared to saline group, Dunnett’s post hoc test.
Data are expressed as mean ± SEM. n:7–9 animals per group for each strain.
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Figure 4. Immobility time in the tail suspension test after three weeks of chronic lithium
administration
**:p<0.01, ***:p<0.001 denote a significant, unpaired t-test. Data are expressed as mean ±
SEM. n:10–12 animals per group for each strain.
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Figure 5. Immobility time in the forced swim test after 3 weeks of chronic lithium administration
*:p<0.05, **:p<0.01, ***:p<0.001 denote a significant difference; unpaired t-test. Data are
expressed as mean ± SEM. n:10–12 animals per group for each strain.
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Figure 6. Immobility time in forced swim test 30 minutes after ICV administration of 3 μl, 600
mmol/L LiCl into the right lateral ventricle
*:p<0.05 denotes a significant difference, unpaired t-test. Data are expressed as mean ±
SEM. n:5–8 animals per group for each strain.
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Table 5
Total average distance moved in the Experiment 2 open field test

Data are in meters and expressed as mean ± SEM, n:6–8 animals per group in each strain.

Strain Total Distance Moved (m)

Saline 200 mg/kg 300 mg/kg 400 mg/kg

129S6/SvEvTac 34.3±4 27.2±5.1 21.0±5.6 12.7±3.6

BALB/cJ 87.5±9.5 80.2±11.9 69.3±9 41.0±11.4

C57BL/6J 71.2±5.8 83.7±7 62.7±14.2 16.8±4
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Table 6
Serum and brain lithium levels of subjects that were that were chronically treated with
0.4% LiCl in food (Experiment 3)

n:10–12 animals per group in each strain.

Strain Serum Lithium mmol/L ±S.E.M. Brain Lithium mmol/kg ±S.E.M.

129S6/SvEvTac 0.69±0.04 0.80±0.02

BALB/cJ 0.81±0.03 0.95±0.03

C3H/HeNHsd 0.83±0.03 1.02±0.23

C57BL/6J 1.00±0.05 0.93±0.03

DBA/2J 0.82±0.06 0.94±0.04
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Table 7
Total average distance moved in the Experiment 4 open field test

Data are in meters and expressed as mean ± SEM, n:5–8 animals per group in each strain.

Strain Total Distance Moved (m)

Control Chow Lithium Chow

129S6/SvEvTac 42.4±2.3 38.3±4.5

BALB/cJ 109.5±7 100.5±13.8

C3H/HeNHsdd 48.3±3.3 46.1±5.6

C57BL/6J 95.9±6.3 80.9±6.1

DBA/2J 78.4±3.8 89.6±5.1
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