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Aggression is associated with numerous psychiatric disorders. Evidence suggests that lithium decreases
aggression in humans and rats. The effects of lithium on aggression related behavior, and in particular shock-
induced aggression, has not been as thoroughly explored in mice. Male mice were treated with lithium and
tested in the shock-induced aggression and dominance tube tests. Mice treated with lithium were also
assessed for thermal pain and shock sensitivity in the hot plate and jump-flinch tests. In the shock-induced
aggression paradigm chronic lithium significantly decreased both the frequency and duration of attacks,

ﬁgﬁﬁn without affecting social interaction or behavior in the dominance tube. Acute lithium significantly decreased
Dominance the total duration of attacks and social interaction but did not affect behavior in the dominance tube test.
Mood stabilizer Neither treatment regimen had an effect on temperature sensitivity in the hot plate test or on activity levels
Lithium in the open field. However, chronic lithium modified the response of mice to shock in the jump-flinch test,

Mice but not at the shock level used in the aggression test. The results of this study indicate that lithium decreases
shock-induced aggression in mice, but effects on baseline response to shock confound interpretation of this
behavioral effect of lithium.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Aggression is associated with numerous psychiatric disorders
including autism, schizophrenia, affective disorders, and suicidal
behavior (Fava, 1997; Joiner et al., 2005; Kovacsics et al., 2009; Riley
et al., 1989; Swann, 1999). Aggressive symptoms can be reduced by
treatment with pharmacological agents such as mood stabilizers
(Fava, 1997). In particular, lithium is effective in reducing aggression
in a variety of populations. The results of three double blind studies
and one open clinical study indicate that four or more weeks of
lithium treatment reduced aggression in children and adolescents
with conduct disorder (Campbell et al.,, 1984, 1995; Malone et al.,
1994, 2000). In three studies of long-term lithium treatment in prison
populations, treatment significantly reduced aggressive behaviors
exhibited by the prisoners (Sheard, 1971; Sheard et al., 1976; Tupin
et al., 1973). Lithium has also been shown to be clinically effective in
reducing aggression in females with psychiatric illness as well as in
mentally handicapped patients (Craft et al, 1987; Worrall et al.,
1975). Understanding the mechanism by which lithium acts to reduce
human aggression would provide insight into novel treatment
approaches.
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Studies in both mice and rats have shown a decrease in aggressive
behavior exhibited in the resident-intruder test when the isolated
rodent is treated with lithium (Brain and Al-Maliki, 1979; Einat, 2007,
Malick, 1978; Oehler et al., 1985; Sheard, 1973). Previous research has
also demonstrated that both acute and chronic lithium treatments
significantly reduce shock-induced aggression in rats (Eichelman
et al,, 1973; Marini et al., 1979; Mukherjee and Pradhan, 1976; Prasad
and Sheard, 1982; Sheard, 1970). However, to date, the effects of
lithium on shock-induced aggression have not been fully assessed in
mice (O'Donnell and Gould, 2007). Only one study has assessed the
effects of lithium on shock-induced aggression in mice (Nakao et al.,
1985). A single injection of lithium carbonate was effective in
reducing shock-induced aggression. However this study did not
assess the possible confounding effects of lithium on activity or
sensitivity to shock, nor did it assess the efficacy of long-term lithium
treatment in reducing aggression. As mice are a genetically tractable
species, future work to determine the molecular mechanisms
underlying lithium's anti-aggressive effects may be aided by the use
of genetically modified mice.

The present study was undertaken to assess the effects of both
acute and chronic lithium treatments on shock-induced aggression
and social behaviors in mice. As an additional measure of social
behavior, we tested the effects of lithium on behavior in the
dominance tube test. We also conducted several experiments (hot
plate and jump-flinch tests) designed to determine the effect of
lithium administration on sensitivity to pain and shock in CD-1 as well
as C57BL/6] and FVB/NJ inbred strains. The open field test was
performed to determine if lithium treatment altered activity levels.
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2. Methods
2.1. Mice

Male mice were obtained from outside breeding colonies. CD-1
(Charles River Laboratories Inc., Wilmington, Massachusetts), C57BL/
6] and FVB/N] (The Jackson Laboratories, Bar Harbor, Maine) mice
were shipped to our vivarium and allowed to acclimate to the facility
for at least 1week before behavioral testing began. Mice to be tested
in the dominance tube or shock-induced aggression tests were single
housed upon arrival. Mice that were tested in the open field, hot
plate, or jump-flinch tests were housed four mice per cage. All
mice were housed in a room with constant temperature (~22°C) and
a 12 h light/dark cycle (lights on/off at 0700/1900) with free access
to food and water. Mice were 8-12 weeks of age at the time of
behavioral testing. For chronic lithium experiments, mice were
tested in the dominance tube test and then 4days later the same
mice were tested in the shock-induced aggression test with different
group-housed partners. CD-1 mice receiving chronic lithium
treatment were tested in the jump-flinch test and 1week later in
the hot plate test. All experimental procedures were approved by the
University of Maryland Animal Care and Use Committee, and were
conducted in full accordance with the Guide for the Care and Use of
Laboratory Animals.

2.2. Drugs

Acute treatment consisted of a LiCl (Sigma, Saint Louis, Missouri;
300 mg/kg LiCl dissolved in 0.9% saline) or saline alone administered
via an i.p. injection 5 h prior to behavioral testing. Unpublished studies
in our laboratory have shown that this time point results in peak brain
levels and relatively low serum levels.

Chronic drug treatments began when the mice were 8 weeks old
and consisted of randomizing cages to either control or lithium chow.
Lithium chow (lithium chloride; LiCl, 4.0 g/kg) was identical to con-
trol chow with the exception of the added LiCl. The lithium chow was
custom ordered from Bio-Serv (Frenchtown, New Jersey) and the diet
was maintained for 3-4weeks. Both groups received an additional
bottle of saline (0.9% NaCl) to prevent ion imbalances resulting from
lithium administration.

2.3. Open field test

General activity was assessed in an open field measuring 50 x 50 cm.
Mice were placed in the center of the arena and were videotaped with
an overhead camera for 10 min. TopScan automated software (CleverSys
Inc., Reston, VA) was used to determine the distance traveled by each
mouse.

2.4. Dominance tube test

Our dominance tube apparatus is constructed out of plexiglass
and consists of a 36 cm long tube with a diameter of 3.5 cm that
is attached on either end to a start box (measuring 10x 8x 8 cm).
At the center of the tube is a clear gate with perforations that allow
for olfactory and visual investigation, but not physical contact. A
single housed mouse and an unfamiliar group-housed mouse were
placed in opposite start boxes and allowed to acclimate to the
apparatus for 3min (Messeri et al., 1975). When the animals met in
the middle of the tube after the acclimation period the center gate
was lifted. The diameter of the tube is such that the mice cannot
move past one another; typically one mouse will force the other to
back out of the tube and into their start box. The test is concluded
once one mouse has forced the other back, and a blinded observer
records this result live. The apparatus was cleaned between each
trial.

2.5. Shock-induced aggression

A single housed male mouse and an unfamiliar group-housed
partner were placed in the testing chamber (Colbourn Habitest
Chamber, measuring 20 x 20 x 30 cm). The chamber is a clear box with
a metal rod floor through which electrical shocks are delivered. Pairs
of mice were allowed to acclimate to the chamber for 2min and
during this time social interactions were observed. Social interactions
include sniffing, allogrooming, and following behaviors. After this
initial two minute period, shocks were delivered for 5 min to the mice
(5 shocks/second at 0.26 mA intensity). This shock intensity was
chosen because pilot testing indicated that at lower intensities the
mice did not show robust aggressive behavior, but at higher inten-
sities the mice exhibited jumping. After this time period mice were
observed for an additional 3min during which shocks were not
delivered. Aggressive behavior (attacks) was recorded using a stop
watch and counter by a trained, blinded observer during the entire 10
min test. The chamber was cleaned after each trial.

2.6. Hot plate test

Animals were tested for their reaction to thermal pain in the hot
plate test. The testing apparatus consists of a hot plate with an
attached plexiglass box (with no bottom) that prevents the mice from
leaving the hot plate surface. Mice were placed in the center of the hot
plate and the time it took for a mouse to lick a rear paw was recorded
in real-time by a blinded observer. The rear paw lick measurement
was used because it has been suggested to be a more reliable indicator
of discomfort than the front paw (Bannon and Malmberg, 2007). The
maximum length of a trial was 30s. In eight week old CD-1 mice
treated acutely with lithium, the hot plate was set to 58 °C. Twelve
week old CD-1 mice that were treated chronically with lithium were
tested on the hot plate at a temperature of 55 °C. The younger mice
were tested at higher temperatures because pilot experiments
demonstrated that the majority of younger mice did not respond
within 30s to the 55° stimulus.

2.7. Jump-flinch test

Mice were tested for their sensitivity to shock in the jump-flinch
test. This test is conducted in the same chamber used for shock-
induced aggression (Colbourn Habitest Chamber). Mice were pre-
sented with a single shock (1s in duration) every 30s. The shocks
began at 0.1 mA and increased in 0.05 mA intensity to a maximum of
0.80 mA. The intensity at which an animal exhibited a flinch response
(noticeable physical reaction to the shock), vocalization response
(audible vocalization in response to the shock), and jump response
(the mouse jumped with all 4 paws leaving the grid floor) was
recorded in real-time by a blinded observer.

2.8. Lithium concentration assay

Mouse brains were analyzed for lithium content after acute or
chronic lithium treatment. Brains were rapidly dissected, frozen in
isopentane chilled on dry ice, and then stored at —80°C. Lithium
concentrations were determined following polytron homogenization
of the entire brain in 3 volumes of 0.5N trichloroacetic acid, followed
by centrifugation (Gould et al., 2007; Hamburger-Bar et al., 1986).
Lithium assays were performed with a digital flame photometer
(Cole-Palmer Model 2655-00, Chicago, Illinois).

2.9. Statistical analysis
Statistical analysis was performed using GraphPad Prism Version 5

or SPSS Statistics 17.0. Fisher's exact test was used to analyze results
from the dominance tube test. Un-paired t-test was used to compare
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lithium and control groups in the open field, shock-induced
aggression, hot plate, and jump-flinch tests. In the jump-flinch test,
when one treatment group showed no variation in the intensity
eliciting a flinch response, a one-sample t-test test was used. Jump-
flinch test data at 0.25 mA was analyzed using Fisher's Exact test. For
all analyses, p <0.05 was considered significant. Data are presented as
mean + standard error. Animals that were more than 2 standard
deviations above or below the group mean were deemed outliers and
removed from the data set. This resulted in the removal of one animal
from each treatment group in the analysis of the effect of acute
lithium treatment on the frequency of aggressive behavior, but the
statistical significance of this analysis was not altered. The remaining
mice were removed from the jump-flinch test analyses. In 2 cases the
statistical interpretation was altered. In chronically treated CD-1 mice,
one mouse from each treatment group was removed from the
vocalization analysis, and this resulted in an insignificant p value
(p=0.11) becoming significant. In the same cohort, one lithium
treated mouse was removed from the jump analysis and this resulted
in an insignificant p value (p=0.16) becoming significant.

3. Results

Clinically, a response to lithium is typically not seen until after
several weeks of treatment. However in animal tests of anti-
depressant efficacy, such as the forced swim test, short term
treatment with lithium results in a significant behavioral response
(O'Donnell and Gould, 2007). Because of a range of temporal effects in
preclinical models, in our studies we tested the effects of both acute
and chronic lithium treatments on behavior. CD-1 mice were chosen
for aggression testing because this strain typically displays aggressive
behavior when isolated.

3.1. Open field, dominance tube, and shock-induced aggression tests:
chronic lithium

In the open field test, chronic treatment with lithium did not
significantly affect total distance (in mm) traveled (t(22)=1.66,
p=0.11; mean4SEM control, lithium: 37,107 £2138, 31,580+
2555). In the dominance tube test, 9 of 11 lithium treated and 10
of 13 saline treated single housed mice forced the group-housed
partner to back out of the tube (Fig. 1A). There was no significant
difference between the treatment groups in this test (Fisher's Exact
Test, p=1.00). Four days later the same mice were tested in the
shock-induced aggression paradigm with an unfamiliar group-
housed partner. During the initial two minute habituation period
there was no significant difference between the treatment groups
in the duration of time spent in social interactions (Fig. 1B; t(25) =
0.50, p=0.62). During the entire 10 minute encounter lithium
treated mice showed a significantly shorter duration of aggressive
interactions (Fig. 1C; t(25)=2.43, p=0.023) and significantly
fewer aggressive behaviors (Fig. 1D; t(25)=2.68, p=0.013) than
control mice. At the time of testing the lithium treated mice weighed
significantly less than the control mice (t(25)=3.85, p=0.0007).
However, both the control and lithium treated groups were significantly
lighter than their group-housed partners used for both behavioral tests
(t(26) =232, p=10.028; t(24) = 2.68, p=0.013). Thus, both treatment
groups were tested against heavier partners in the dominance tube and
aggression tests.

3.2. Open field, dominance tube, and shock-induced aggression tests:
acute lithium

In the open field test, acute lithium treatment did not significantly
alter the total distance traveled (in mm) in the open field (t(22) =0.54,
p=0.59; mean + SEM control, lithium: 38,781 &+ 1412, 40,389 4- 2598).
Dominance tube behavior was unaffected by lithium treatment; 6 of

8 control mice and 7 of 8 lithium treated mice forced the group-housed
mice to back out of the tube (Fig. 2A; Fisher's exact test, p=1.00). A
separate cohort of CD-1 mice were administered a single i.p. injection of
LiCl (300 mg/kg) and tested 5h later in the shock-induced aggression
test. During the initial acclimation period the lithium treated mice
displayed a significantly shorter duration of social interaction than the
control mice (Fig. 2B; t(19)=2.89, p=0.0095). Lithium significantly
decreased the duration of aggression observed during the test (Fig. 2C;
t(19) =2.18,p = 0.042) but did not significantly modify the frequency of
aggression, although a trend was observed for lithium treated animals to
show fewer aggressive interactions (Fig. 2D; t(17) =2.059, p = 0.055).

3.3. Hot plate test

A chronic dose of lithium administered to CD-1 mice did not
significantly modify the latency of mice to lick their hind paw (t(20) =
041, p=0.69; mean4SEM control, lithium: 16.924-2.93, 18.604
2.79). Similarly, a single i.p. injection of lithium 5h prior to hot plate
testing did not significantly modify the latency to respond (£(23) =0.30,
p=0.77; mean=£SEM control, lithium: 20.58 +1.55, 21.31+£1.87).
Based on these results, it appears that lithium given either acutely or
chronically does not modify sensitivity to thermal pain as measured by
the hot plate test.

3.4. Jump-flinch test

CD-1 mice treated with a single injection of LiCl did not differ
from control mice on the shock intensity that elicited a vocalization
(t(20)=0.26, p=0.80) or jump response (Fig. 3A; t(20)=0.79,
p=0.44). There was a trend for lithium to increase the flinch
threshold (one-sample test, t(9) =2.090, p=0.066). These results
suggest that acute lithium treatment had no effect on jump or
vocalization response and a minimal (if any) effect on the flinch
threshold. The same test was also conducted on a separate cohort of
male CD-1 mice treated chronically with LiCl in the chow. A trend
emerged for lithium to decrease the flinch threshold (Fig. 3B; t(21) =
1.61, p=0.079). Lithium treated mice vocalized at a significantly
higher shock intensity (t(21)=3.40, p=0.0027) and jumped at a
significantly lower shock intensity (t(22) = 2.076, p=0.050) compared
to control mice (Fig. 3B). Thus, chronic lithium treatment has an
effect on the animal's response to shock, but the direction of this
effect is not clear as both a decrease (vocalization response) and an
increase (jump response) in sensitivity was seen with lithium
treatment. Weight may be a confound, as the lithium treated cohort
weighed significantly less than control chow treated mice (t(23) =
5.28, p<0.0001). We also examined the data to assess how lithium
affected the reaction to shock at an intensity similar to that used in
the shock-induced aggression paradigm, 0.25 mA (Fig. 3C). In CD-1
mice, chronic lithium treatment did not alter any of the responses
(flinch: 11/11 control and 11/11 lithium mice flinched; vocalize:
3/11 control and 0/11 lithium mice vocalized, p=0.21; jump: 1/11
control and 1/11 lithium mice jumped, p=1.00) to this level of
shock (Fig. 3C).

To assess if lithium-induced sensitivity to shock was strain
dependent, and therefore that there may exist a better strain in
which to conduct shock-induced aggression studies, we also tested
C57BL/6] and FVB/NJ mice in the jump-flinch test after chronic
lithium treatment (Fig. 4). Lithium treated C57BL/6] mice weighed
significantly less than control mice (t(22)=7.026, p<0.0001),
displayed no difference in flinch behavior (all mice flinched at the
same intensity, 0.1 mA), vocalized at a significantly higher shock
intensity (t(22)=2.089, p=0.046), and jumped at a significantly
lower shock intensity (£(21)=4.75, p=0.0001) than control mice
(Fig. 4A). It is possible that the effects of lithium on shock sensitivity
may be influenced by weight, as chronic lithium treated CD-1 and
C57B1/6] mice lost weight while on the lithium diet. Therefore an
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Fig. 1. Effects of chronic lithium in the dominance tube and shock-induced aggression tests. CD-1 mice received LiCl chronically in the chow (4 mg/kg). (A) Percentage of single
housed mice in each group that forced the group-housed partner to retreat. (B) Duration of social behaviors exhibited during the initial two minute acclimation period of the shock-
induced aggression test. (C) Duration of aggression observed over the entire shock-induced aggression testing session. (D) Frequency of aggression observed in the shock-induced

aggression test. * p<0.05 (11-14 mice per group).

additional strain which does not lose weight with lithium treatment
was also tested. FVB/N]J mice treated chronically with lithium did not
differ in weight compared to the control chow treated mice (t(22) =
0.87, p=0.39). Lithium treated FVB/N]J mice did not differ from
controls on the intensity of shock eliciting a flinch response (Fig. 4B;
t(22)=1.44, p=0.16). When compared to control chow treated
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mice, the lithium treated FVB/NJ mice vocalized at a significantly
higher intensity (t=4.78, d=20, p=0.0001) and jumped at a
significantly lower intensity than control mice (Fig. 4B; t(20) = 2.32,
p=0.030). The combined results of these studies suggest an effect
of lithium on the sensitivity to shock that appears to be independent
of strain or weight effects.
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Fig. 2. Effects of acute lithium in the dominance tube and shock-induced aggression tests. CD-1 mice were administered a single i.p. injection of LiCl (300 mg/kg) or saline and tested
5h later in the shock-induced aggression test. (A) Percentage of single housed mice in each group that forced the group-housed partner to retreat. (B) Duration of social behaviors
exhibited during the initial two minute acclimation period of the shock-induced aggression test. (C) Duration of aggression observed over the entire shock-induced aggression
testing session. (D) Frequency of aggression observed during the entire session. * p<0.05; ** p<0.01 (10-11 mice per group).
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Fig. 3. Shock intensity at which CD-1 mice exhibited their first flinch, vocalization, or
jump response. (A) CD-1 mice were given a single i.p. injection of LiCl (300 mg/kg) or
saline and tested in the flinch jump test 5h later. (B) CD-1 mice received LiCl chronically
in the chow (4 mg/kg) and were tested in the jump-flinch test. (C) Percentage of
chronically treated CD-1 mice responding to a 0.25 mA shock in the jump-flinch test.
* p<0.05; ** p<0.01 (10-11 mice per group).

3.5. Brain lithium levels

Brain lithium levels were assessed in a subset of mice of each strain
tested. Chronic administration of LiCl in the chow of CD-1 mice (n=8)
resulted in brain lithium levels of 1.04 4+ 0.05 mmol/kg wet weight.
Chronic administration of LiCl in the chow of C57BL/6] mice (n=8)
resulted in brain lithium levels of 0.90 & 0.02 mmol/kg wet weight.
Chronic administration of LiCl in the chow of FVB/N] mice (n=12)
resulted in brain lithium levels of 0.64 4-0.02 mmol/kg wet weight.
Acute administration of LiCl via a single i.p. injection (300 mg/kg) to
CD-1 mice (n=28) resulted in brain lithium levels of 1.14+
0.05 mmol/kg wet weight 5h following administration. Thus, all
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Fig. 4. Shock intensity at which C57BL/6] and FVB/NJ mice exhibited their first flinch,
vocalization, or jump response. Mice received LiCl chronically in the chow (4 mg/kg).
(A) Jump-flinch test results for C57Bl/6] mice. (B) Jump-flinch test results for FVB/N]
mice. * p<0.05; *** p<0.001 (10-12 mice per group).

brain lithium levels were within the range observed in the blood of
patients undergoing lithium therapy (0.6 to 1.3 mM).

4. Discussion

Chronic treatment of CD-1 mice with lithium decreased the
number and duration of aggressive interactions without modifying
activity levels and social interaction in the shock-induced aggression
test, or behavior in the dominance tube. Similarly, acute lithium
treatment did not significantly modify activity levels or dominance
tube behavior. Acute treatment with lithium decreased the duration
of aggression, but also decreased the duration of social interaction in
the shock-induced aggression test. These data from the aggression
testing are similar to what has been previously shown in rats, where
lithium reduced shock-induced aggression (Eichelman et al., 1973;
Marini et al., 1979; Mukherjee and Pradhan, 1976; Prasad and Sheard,
1982; Sheard, 1970). Our results indicate that chronic lithium
treatment reduces aggressive behavior in the shock-induced aggres-
sion test, and while a similar effect is seen with acute treatment these
data are confounded by a significant decrease in social behavior with
lithium treatment.

It is possible that the decrease in aggression seen in the shock-
induced aggression test could be due to an effect of lithium to alter
pain sensitivity. Some clinical evidence suggests that lithium may
decrease an individual's sensitivity to pain (Fontrier, 2004; Goldstein,
1985; Tosca et al., 1981). We observed mice in both the hot plate and
jump-flinch tests. Neither acute nor chronic lithium resulted in a
change in hot plate sensitivity, suggesting that lithium does not alter
sensitivity to thermal pain. Our results differ from some previously
published reports examining the effect of lithium on this test in mice.
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In mice, a single injection or 10 days of lithium treatment in the chow
was shown to decrease pain sensitivity in the hot plate test (Amir and
Simantov, 1981; Saarnivaara and Mannisto, 1976). In rats, two studies
found that lithium treatment decreased the sensitivity to thermal pain
in the hot plate test (Staunton et al., 1982; Yirmiya et al., 1988).
However, another study in rats showed that acute treatment with
lithium did not alter responses in the hot plate test, which is similar to
our findings in mice treated acutely and chronically with lithium
(McNally and Westbrook, 1998).

We found that chronic, but not acute, treatment with lithium
significantly modified sensitivity to shock, and this effect was seen in
three different mouse strains. Chronic lithium treatment resulted in
an increased threshold for a vocalization response, as treated mice
vocalized at a significantly higher shock intensity. However the
lithium treated mice jumped at a lower shock intensity than the
control group, suggesting an increased sensitivity for this response.
This apparent discrepancy could be related to an inadequacy of the
measure used for vocalization. The current study only assessed
audible vocalizations, but it is possible that lithium may also alter
ultrasonic vocalizations. An additional measure to assess ultrasonic
vocalization was not possible as part of this study, but the results of
using such an approach could possibly reconcile the discrepancy
between vocalization and jump thresholds. Chronic lithium admin-
istration produced similar results in the jump-flinch test in CD-1,
C57BL/6J, and FVB/N] mouse strains, which suggests that this effect of
lithium is independent of strain. This finding also suggests that this
effect is independent of weight, since mice that either lose weight
while on lithium (CD-1, C57BL/6]) or maintain their weight while on
lithium (FVB/N]) both showed similar changes in shock sensitivity. To
our knowledge, no previous work has assessed lithium's effects on the
jump-flinch test in mice. A study where lithium was administered to
rats for 2 weeks found no effect of the treatment on the flinch or
vocalization response, but found that lithium decreased the threshold
which elicited a jump response (Harrison-Read and Steinberg, 1971).
A separate study with rats found no difference between control and
lithium treated rats (LiCl injections i.p. for 5 days) in flinch or jump
response to electrical shock (Sheard, 1970). We further examined the
jump-flinch data in CD-1 mice by assessing responses to a 0.25 mA
shock, which is similar to the 0.26 mA shock delivered during the
shock-induced aggression test. The control and lithium groups did not
differ significantly in any of their three responses to this shock
intensity. These data suggest that in CD-1 mice at this particular shock
intensity, chronic lithium does not alter sensitivity to a shock stimulus
and thus may not have confounded the interpretation of our results
from the shock-induced aggression test.

Lithium is often used in clinical practice as an adjunct anti-
depressant agent. In mouse studies, some antidepressants of the
selective serotonin re-uptake inhibitor class (SSRIs) are effective in
modifying aggression. In mice, fluoxetine, sertraline, and fluvoxamine
significantly reduced aggression in the resident-intruder paradigm
(Matsumoto et al., 2007; Sanchez and Hyttel, 1994). Citalopram and
paroxetine do not appear to be effective in reducing baseline
aggression, but chronic treatment with citalopram reduces alcohol-
heightened aggression in mice (Caldwell and Miczek, 2008; Sanchez
and Hyttel, 1994). In rats, the effects of SSRIs on aggression appear to
be dependent on the time course of administration. Acute doses of
fluoxetine, citalopram, and paroxetine decrease resident-intruder and
shock-induced aggression in rats (Datla et al., 1991; Mitchell and
Redfern, 1992; Mitchell and Fletcher, 1993). However, chronic doses
of fluoxetine and paroxetine increase resident-intruder aggression in
rats (Mitchell and Redfern, 1992, 1997).

Lithium has a clinical profile similar to other mood stabilizers such as
valproate and carbamazepine. In rats, valproate was reported to have no
effect on shock-induced aggression (Rodgers and Depaulis, 1982). In
REM sleep deprived rats, acute carbamazepine increased aggression
and chronic carbamazepine decreased aggression (Tannhauser et al,

1984). When given both acutely and chronically to mice, valproate
significantly reduces aggression in the resident-intruder test (Einat,
2007; Krsiak et al., 1981; Simler et al., 1982, 1983). Both valproate
and carbamazepine have been shown to significantly reduce aggression
in the shock-induced aggression paradigm in mice (Nakao et al., 1985;
Puglisi-Allegra et al., 1981). Drug induced aggression in mice is also
reduced by these mood stabilizers: valproate reduced apomorphine
induced aggression and carbamazepine reduced clonidine induced
aggression (Allegra et al.,, 1979; Fujiwara et al., 1988).

Experiments in the current study did not assess the mechanisms
by which lithium may decrease aggressive behavior in mice. Previous
work has suggested that, among many neurotransmitter systems,
dysregulation of the serotonin system has been most consistently
implicated in aggressive behavior in both humans and rodents. Low
levels of the main serotonin metabolite, 5-hydroxyindolacetic acid (5-
HIAA) in cerebrospinal fluid (CSF) have been associated with aggres-
sion in humans (Brown et al., 1982; Stanley et al., 2000). In rodents,
serotonin levels, turnover, and 5-HIAA levels are negatively correlated
with aggressive behavior (van Erp and Miczek, 2000). Additionally,
administration of para-chlorophenylalanine (pCPA), a potent trypto-
phan hydroxylase inhibitor, increases aggression in both mice and rats
(Chiavegatto et al., 2001; Vergnes et al., 1986). Mouse genetic knock-
out approaches that decrease serotonin levels also increase aggres-
sion (Beaulieu et al., 2008; Hendricks et al., 2003).

Emerging evidence indicates that serotonin neurotransmission may
modify the activity of glycogen synthase kinase 3 (GSK-3[3), an enzyme
which has been implicated in the pathophysiology of numerous
psychiatric disorders and is directly inhibited by lithium (Gould and
Manji, 2005; Klein and Melton, 1996). Increasing the brain levels of
serotonin in mice has been shown to increase inhibition of GSK-3[3 (Li
et al.,, 2004). Previous work reported that knockin mice expressing a
mutant form of the tryptophan hydroxylase 2 gene exhibit an 80% loss
of serotonin in the brain and display increased aggression (Beaulieu
et al., 2008). When these mice receive treatment with a GSK-3 inhibitor
(TDZD-8), or lack one copy of GSK-3p, the aggression is attenuated
(Beaulieu et al., 2008). A decrease in serotonergic neurotransmission
thus appears to increase activity of GSK-3R. As decreased serotonin is
associated with aggression in rodents, it is possible that lithium's ability
to decrease aggression is based upon the drug's ability to inhibit GSK-3p.
Future work will require additional genetic and pharmacological tools to
investigate the relevance of serotonin and GSK-3( in the anti-aggressive
effect of lithium.

In addition to being effective for the treatment of mood disorders,
lithium has shown efficacy in reducing aggression in a variety of
human populations (Campbell et al., 1984, 1995; Craft et al., 1987;
Malone et al., 1994, 2000; Sheard, 1971; Sheard et al., 1976; Tupin
et al., 1973; Worrall et al., 1975). Numerous studies have demon-
strated that lithium decreases suicidal behavior (for meta-analysis
and review see: (Baldessarini et al., 2006; Kovacsics et al., 2009)). The
anti-aggressive property of lithium may be crucial to its additional
clinical efficacy in reducing suicidal behaviors where aggression is
hypothesized to play a role. Determining the molecular mechanisms
underlying lithium's anti-aggressive effects may suggest new ap-
proaches for the treatment of aggression.

Acknowledgements

This research was supported in part by an American Foundation
for Suicide Prevention (AFSP) Standard Research Grant to TDG.

References

Allegra SP, Mack G, Oliverio A, Mandel P. Effects of apomorphine and sodium di-n-
propylacetate on the aggressive behaviour of three strains of mice. Prog
Neuropsychopharmacol 1979;3:491-502.

Amir S, Simantov R. Chronic lithium administration alters the interaction between opiate
antagonists and opiate receptors in vivo. Neuropharmacology 1981;20:587-91.



386 C.E. Kovacsics, T.D. Gould / Pharmacology, Biochemistry and Behavior 94 (2010) 380-386

Baldessarini R, Tondo L, Davis P, Pompili M, Goodwin FK, Hennen ]. Decreased risk of
suicides and attempts during long-term lithium treatment: a meta-analytic review.
Bipolar Disord 2006;8:625-39.

Bannon AW, Malmberg AB. Models of nociception: hot-plate, tail-flick, and formalin
tests in rodents. In: Gerfen C, Holmes A, Rogawski M, et al, editors. Current protocols
in neuroscience. Wiley & Sons, Inc.; 2007. p. 8.9.1-8.9.16.

Beaulieu M, Zhang X, Rodriguiz RM, Sotnikova TD, Cools M], Wetsel WC, et al. Role of
GSK3 beta in behavioral abnormalities induced by serotonin deficiency. Proc Natl
Acad Sci U S A 2008;105:1333-8.

Brain PF, Al-Maliki S. Effects of lithium chloride injections on rank-related fighting,
maternal aggression and locust-killing responses in naive and experienced ‘TO’
strain mice. Pharmacol Biochem Behav 1979;10:663-9.

Brown GL, Ebert MH, Goyer PF, Jimerson DC, Klein WJ, Bunney WE, et al. Aggression,
suicide, and serotonin: relationships to CSF amine metabolites. Am ] Psychiatry
1982;139:741-6.

Caldwell EE, Miczek KA. Long-term citalopram maintenance in mice: selective reduction
of alcohol-heightened aggression. Psychopharmacology (Berl) 2008;196:407-16.

Campbell M, Small AM, Green WH, et al. Behavioral efficacy of haloperidol and lithium
carbonate. A comparison in hospitalized aggressive children with conduct disorder.
Arch Gen Psychiatry 1984;41:650-6.

Campbell M, Adams PB, Small AM, et al. Lithium in hospitalized aggressive children
with conduct disorder: a double-blind and placebo-controlled study. ] Am Acad
Child Adolesc Psychiatry 1995;34:445-53.

Chiavegatto S, Dawson VL, Mamounas LA, et al. Brain serotonin dysfunction accounts
for aggression in male mice lacking neuronal nitric oxide synthase. Proc Natl Acad
Sci US A 2001;98:1277-81.

Craft M, Ismail IA, Krishnamurti D, Mathews ], Regan A, Seth RV, et al. Lithium in the
treatment of aggression in mentally handicapped patients. A double-blind trial. Br ]
Psychiatry 1987;150:685-9.

Datla KP, Mitra SK, Bhattacharya SK. Serotonergic modulation of footshock induced
aggression in paired rats. Indian ] Exp Biol 1991;29:631-5.

Eichelman B, Thoa NB, Perez-Cruet J. Alkali metal cations: effects on aggression and
adrenal enzymes. Pharmacol Biochem Behav 1973;1:121-3.

Einat H. Establishment of a battery of simple models for facets of bipolar disorder: a
practical approach to achieve increased validity, better screening and possible
insights into endophenotypes of disease. Behav Genet 2007;37:244-55.

Fava M. Psychopharmacologic treatment of pathologic aggression. Psychiatr Clin North
Am 1997;20:427-51.

Fontrier T. Lithium for fibromyalgia. Anesth Analg 2004;98:1505.

Fujiwara Y, Takeda T, Kazahaya Y, Otsuki S, Sandyk R. Inhibitory effects of carbamazepine
on clonidine-induced aggressive behavior in mice. Int ] Neurosci 1988;42:77-84.

Goldstein JA. Lithium treatment of central pain. ] Clin Psychiatry 1985;46:453-4.

Gould TD, Manji HK. Glycogen synthase kinase-3: a putative molecular target for
lithium mimetic drugs. Neuropsychopharmacology 2005;30:1223-37.

Gould TD, O'Donnell KC, Picchini AM, et al. Strain differences in lithium attenuation of
d-amphetamine-induced hyperlocomotion: a mouse model for the genetics of
clinical response to lithium. Neuropsychopharmacology 2007;32:1321-33.

Hamburger-Bar R, Robert M, Newman M, Belmaer RH. Interstrain correlation between
behavioural effects of lithium and effects on cortical cyclic AMP. Pharmacol Biochem
Behav 1986;24:9-13.

Harrison-Read PE, Steinberg H. Lithium-induced hypersensitivity to foot shock in rats
and the role of 5-hydroxytryptophan. Nat New Biol 1971;232:120-1.

Hendricks TJ, Fyodorov DV, Wegman L], Lelutiu NB, Pehek EA, Yamamoto B, et al. Pet-1
ETS gene plays a critical role in 5-HT neuron development and is required for
normal anxiety-like and aggressive behavior. Neuron 2003;37:233-47.

Joiner Jr TE, Brown ]S, Wingate LR. The psychology and neurobiology of suicidal
behavior. Annu Rev Psychol 2005;56:287-314.

Klein PS, Melton DA. A molecular mechanism for the effect of lithium on development.
Proc Natl Acad Sci U S A 1996;93:8455-9.

Kovacsics CE, Gottesman I, Gould TD. Lithium's antisuicidal efficacy: elucidation of
neurobiological targets using endophenotype strategies. Annu Rev Pharmacol Toxicol
2009;49:175-98.

Krsiak M, Sulcova A, Tomasikova Z, Dlohozkova N, Kosar E, Masek K. Drug effects on
attack defense and escape in mice. Pharmacol Biochem Behav 1981;14(Suppl 1):
47-52.

Li X, Zhu W, Roh MS, Friedman AB, Rosborough K, Jope RS. In vivo regulation of glycogen
synthase kinase-3beta (GSK3beta) by serotonergic activity in mouse brain. Neurop-
sychopharmacology 2004;29:1426-31.

Malick JG. Inhibition of fighting in isolated mice following repeated administration of
lithium chloride. Pharmacol Biochem Behav 1978;8:579-81.

Malone RP, Luebbert ], Pena-Ariet M, Biesecker K, Delaney MA. The overt aggression
scale in a study of lithium in aggressive conduct disorder. Psychopharmacol Bull
1994;30:215-8.

Malone RP, Delaney MA, Luebbert JF, Cater ], Campbell T. A double-blind placebo-
controlled study of lithium in hospitalized aggressive children and adolescents
with conduct disorder. Arch Gen Psychiatry 2000;57:649-54.

Marini JL, Sheard MH, Kosten T. Study of the role of serotonin in lithium action using
shock-elicited fighting. Commun Psychopharmacol 1979;3:225-33.

Matsumoto K, Puia G, Dong E, Pinna G. GABA(A) receptor neurotransmission
dysfunction in a mouse model of social isolation-induced stress: possible insights
into a non-serotonergic mechanism of action of SSRIs in mood and anxiety
disorders. Stress 2007;10:3-12.

McNally GP, Westbrook RF. Test type influences the expression of lithium chloride-
induced hyperalgesia. Pharmacol Biochem Behav 1998;61:385-94.

Messeri P, Eleftheriou BE, Oliverio A. Dominance behavior: a phylogenetic analysis in
the mouse. Physiol Behav 1975;14:53-8.

Mitchell PJ, Fletcher A. Venlafaxine exhibits pre-clinical antidepressant activity in the
resident-intruder social interaction paradigm. Neuropharmacology 1993;32:1001-9.

Mitchell PJ, Redfern PH. Acute and chronic antidepressant drug treatments induce
opposite effects in the social behaviour of rats. ] Psychopharmacol 1992;6:241-57.

Mitchell PJ, Redfern PH. Potentiation of the time-dependent, antidepressant-induced
changes in the agonistic behaviour of resident rats by the 5-HT1A receptor
antagonist, WAY-100635. Behav Pharmacol 1997;8:585-606.

Mukherjee BP, Pradhan SN. Effects of lithium on foot shock-induced aggressive
behavior in rats. Arch Int Pharmacodyn Ther 1976;222:125-31.

Nakao K, Higashio T, Inukai T. Antagonism of picrotoxin against the taming effect of
carbamazepine on footshock induced fighting behavior in mice. Jpn J Pharmacol
1985;39:281-3.

O'Donnell KC, Gould TD. The behavioral actions of lithium in rodent models: leads to
develop novel therapeutics. Neurosci Biobehav Rev 2007;31:932-62.

Oehler ], Jahkel M, Schmidt J. The influence of chronic treatment with psychotropic
drugs on behavioral changes by social isolation. Pol ] Pharmacol Pharm 1985;37:
841-9.

Prasad V, Sheard MH. Effect of lithium upon desipramine enhanced shock-elicited
fighting in rats. Pharmacol Biochem Behav 1982;17:377-8.

Puglisi-Allegra S, Simler S, Kempf E, Mandel P. Involvement of the GABAergic system on
shock-induced aggressive behavior in two strains of mice. Pharmacol Biochem
Behav 1981;14(Suppl 1):13-8.

Riley WT, Treiber FA, Woods MG. Anger and hostility in depression. ] Nerv Ment Dis
1989;177:668-74.

Rodgers R], Depaulis A. GABAergic influences on defensive fighting in rats. Pharmacol
Biochem Behav 1982;17:451-6.

Saarnivaara L, Mannisto PT. Effects of lithium and rubidium on antinociception and
behaviour in mice. I. Studies on narcotic analgesics and antagonists. Arch Int
Pharmacodyn Ther 1976;222:282-92.

Sanchez C, Hyttel ]. Isolation-induced aggression in mice: effects of 5-hydroxytryptamine
uptake inhibitors and involvement of postsynaptic 5-HT1A receptors. Eur ] Pharmacol
1994;264:241-7.

Sheard MH. Effect of lithium on foot shock aggression in rats. Nature 1970;228:284-5.

Sheard M. Effect of lithium on human aggression. Nature 1971;230:113-4.

Sheard MH. Aggressive behavior: modification by amphetamine, p-chlorophenylalanine
and lithium in rats. Agressologie 1973;14:327-30.

Sheard MH, Marini JL, Bridges CI, Wagner E. The effect of lithium on impulsive aggres-
sive behavior in man. Am ] Psychiatry 1976;133:1409-13.

Simler S, Ciesielski L, Klein M, Mandel P. Anticonvulsant and antiaggressive properties of
di-n-propyl acetate after repeated treatment. Neuropharmacology 1982;21:133-40.

Simler S, Puglisi-Allegra S, Mandel P. Effects of n-di-propylacetate on aggressive
behavior and brain GABA level in isolated mice. Pharmacol Biochem Behav
1983;18:717-20.

Stanley B, Molcho A, Stanley M, Winchel R, Gameroff M]J, Parsons B, et al. Association of
aggressive behavior with altered serotonergic function in patients who are not
suicidal. Am ] Psychiatry 2000;157:609-14.

Staunton DA, Deyo SN, Shoemaker W], Ettenberg A, Bloom FE. Effects of chronic lithium
on enkephalin systems and pain responsiveness. Life Sci 1982;31:1837-40.

Swann AC. Treatment of aggression in patients with bipolar disorder. ] Clin Psychiatry
1999;60(Suppl 15):25-8.

Tannhauser SL, Tannhauser M, Barros HM, Corso CO, Pinto-Netto LM. Effects of
carbamazepine or imipramine alone or in association with amphetamine on the
fighting time of REM sleep-deprived rats. Braz ] Med Biol Res 1984;17:179-84.

Tosca P, Bezzi G, Cecchi M, et al. Effects of lithium salts on pain experience in depressed
patients. Bibl Psychiatr 1981:134-40.

Tupin JP, Smith DB, Clanon TL, Kim LI, Nugent A, Groupe A. The long-term use of lithium
in aggressive prisoners. Compr Psychiatry 1973;14:311-7.

van Erp AM, Miczek KA. Aggressive behavior, increased accumbal dopamine, and
decreased cortical serotonin in rats. ] Neurosci 2000;20:9320-5.

Vergnes M, Depaulis A, Boehrer A. Parachlorophenylalanine-induced serotonin
depletion increases offensive but not defensive aggression in male rats. Physiol
Behav 1986;36:653-8.

Worrall EP, Moody JP, Naylor GJ. Lithium in non-manic-depressives: antiaggressive
effect and red blood cell lithium values. Br ] Psychiatry 1975;126:464-8.

Yirmiya R, Lieblich I, Liebeskind ]JC, Garcia J. Lithium chloride produces illness-induced
analgesia. Bulletin of the Psychonomic Society 1988;26:261-2.



	Shock-induced aggression in mice is modified by lithium
	Introduction
	Methods
	Mice
	Drugs
	Open field test
	Dominance tube test
	Shock-induced aggression
	Hot plate test
	Jump-flinch test
	Lithium concentration assay
	Statistical analysis

	Results
	Open field, dominance tube, and shock-induced aggression tests: �chronic lithium
	Open field, dominance tube, and shock-induced aggression tests: �acute lithium
	Hot plate test
	Jump-flinch test
	Brain lithium levels

	Discussion
	Acknowledgements
	References




