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Abstract
For nearly as long as lithium has been in clinical use for the treatment of bipolar disorder, depression,
and other conditions, investigators have attempted to characterize its effects on behaviors in rodents.
Lithium consistently decreases exploratory activity, rearing, aggression, and amphetamine-induced
hyperlocomotion; and it increases the sensitivity to pilocarpine-induced seizures, decreases
immobility time in the forced swim test, and attenuates reserpine-induced hypolocomotion. Lithium
also predictably induces conditioned taste aversion and alterations in circadian rhythms. The
modulation of stereotypy, sensitization, and reward behavior are less consistent actions of the drug.
These behavioral models may be relevant to human symptoms and to clinical endophenotypes. It is
likely that the actions of lithium in a subset of these animal models are related to the therapeutic
efficacy, as well the side effects, of the drug. We conclude with a brief discussion of various molecular
mechanisms by which these lithium-sensitive behaviors may be mediated, and comment on the ways
in which rat and mouse models can be used more effectively in the future to address persistent
questions about the therapeutically relevant molecular actions of lithium.
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I. Introduction
The development of novel therapeutics for bipolar disorder, as well as other mood disorders,
has been hindered by limited knowledge both of the underlying neurobiology of the disorders,
and of how the most useful medications actually exert their beneficial effects (Gould et al.,
2004; Quiroz et al., 2004). Without a firm understanding of these issues, new treatments for
mood disorders are not likely to be discovered by any method other than testing medications
previously approved for other conditions (such as antipsychotics and anticonvulsants), or by
pure serendipity. Thus, ongoing studies to elucidate both the complex etiologies of these
disorders and the relevant direct and downstream actions of mood-stabilizers hold the promise
of important future discoveries.

Over the past five decades, preclinical studies have investigated the actions of lithium on a
number of levels, including biochemical (identifying either direct targets or secondary
signaling pathways), physiological, and behavioral effects of the drug (Figure 1). However,
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we have yet to determine with certainty how lithium exerts its therapeutic effects. Much of the
work on the behavioral actions of lithium was accomplished early in the history of the drug
(Smith, 1980). The advanced techniques that have since developed have given us greater insight
into why certain behaviors are elicited or modified upon administration of lithium, and
biochemical studies suggest that the targets relevant to the behavioral actions of this cation
could soon be decisively identified. The behavioral actions of lithium have received far less
attention recently than the biochemical actions; however, we are likely currently in a situation
where, using novel genetic and pharmacological approaches, we can more firmly relate the
behavioral and biochemical actions of lithium to one another, and perhaps even to the direct
action of the drug. By integrating the knowledge gathered from modern techniques with
behaviors that have long been familiar but incompletely understood, we are armed with a new
approach with which to tackle behavioral complexity.

The Continued Utility of Animal Models
As our knowledge and tools have developed, we have increasingly recognized the diagnosis
heterogeneity inherent within our current psychiatric classification system, the American
Psychiatric Association Diagnostic and Statistical Manual (Charney et al., 2002). At the present
time, the search for a complete animal model of a particular disorder may be as equally naïve
as a classification system not based upon underlying neurobiology, genetics, or response to
medications; no single genetic mutation or behavior it might elicit will reveal all the intricacies
behind a human syndrome. However, if animal models are to make a contribution to the long
process of unraveling such diseases, their relevance must be assessed in light of observations
and data obtained from human patients (Matthews et al., 2005). The endophenotype approach
to deconstruct complex diseases has been increasingly utilized in psychiatric research
(Gottesman and Shields, 1973; Gottesman and Gould, 2003). This approach identifies a
quantifiable measure—neuropsychological or electrophysiological are two examples—which
is ideally strongly influenced by genes known to be associated with a given illness. It is an
intermediate phenotype, found in (perhaps only a subset of) patients with a disorder, which
can begin to unfold the convoluted pathway from genes to behavior in psychiatric illness.
Animal models are being utilized both to demonstrate the validity of endophenotypes by their
reproduction in relevant models, and to understand the genetic and biological underpinnings
of endophenotypes (Seong et al., 2002; Gould and Gottesman, 2006; Cryan and Slattery,
2007).

The utility of animal models is not, however, limited to their ability to replicate a particular
physiological process or endophenotype, and the premature dismissal of traditional behavioral
models should be avoided. Indeed, animal models are often studied for their ability to predict
treatment response, and in this case the phenomenology of the model is secondary to its
empirical validity. For example, a model in which rodent behavior is responsive to
antidepressants should not, without appropriate validation, be considered a model of
depression. Much of the criticism stems from the fact that a distinction is seldom made between
the various goals of different behavioral models, as McKinney describes (McKinney, 1984).
It is unlikely that an animal model of any psychiatric disease will ever simultaneously mirror
the etiology, pathophysiology, symptoms, and treatment response characteristic of a
psychiatric illness. Instead, these models permit the controlled study of a particular aspect of
illness and treatment; as such, an evaluation of their validity—and thus, utility—demands
consideration of which aspect(s) a model purports to address. Models intended to study
particular symptoms, which would have face validity, should be distinguished from models of
endophenotypes, which might exhibit no phenotypic similarity whatever to the diseases they
probe. Although the endophenotype approach offers a promising route to understanding
pathophysiology, more traditional models remain invaluable. The fundamental limitations of
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all models should be acknowledged, an effort which requires that the three-pronged face-
construct-predictive validity prototype not be taken too literally.

Here we review the literature reporting the effects of lithium on rodent behavior. As the drug
is primarily used in the treatment of mania and bipolar disorder, our discussion of the models
relevant to these disorders will be the most extensive; however, studies have also explored the
effect of lithium on preclinical models of conditions such as aggression, depression, circadian
rhythms, schizophrenia, and tardive dyskinesia, and we will also review those data. For the
interested reader we include a table describing the existing literature for the effects of lithium
on each behavior. The differences in species, strain, and specific procedures across laboratories
complicate generalization; however, Table 1 provides our overall interpretation of the
consistency of the effects of lithium on each behavior.

Because our focus in this review is the present status of animal behavioral models on which
the effect of lithium has been studied (Table 1), our discussion of the biochemical antecedents
of particular models will be limited, and primarily in our concluding remarks. For a more
extensive discussion of the biochemical and physiological actions of lithium, the interested
reader is directed to a number of reviews of such data (Jope, 1999;Phiel and Klein,
2001;Shaldubina et al., 2001;Chuang, 2004;Gould et al., 2004;Williams et al., 2004). This
review begins with a discussion of baseline behaviors, and the effect of lithium upon them. We
subsequently address behavioral models induced by amphetamine, followed by models of
aggressive, depression-like, and reward-related behaviors. These are followed by a discussion
of circadian rhythms, lithium augmentation of pilocarpine-induced seizures, and finally by a
discussion of adverse effects of lithium such taste aversion. Each section begins with a short
introduction to the model, followed by any available relevant clinical findings addressing the
effect of lithium on the disease state, which the model is intended to mimic. Thereafter, we
discuss the relevant tests more specifically, and describe the data relating the effects of lithium
on rodents in those tests. If applicable, we also mention the effects of other mood stabilizers
on the model.

II. Baseline Behaviors
Background

For the purposes of this review we define “baseline behaviors” as those behaviors not elicited
by an influence beyond what the animal would experience during daily living. Therefore,
locomotion and rearing that are not altered or induced by stress, drugs, or other such probes,
are considered in this section. Animal behavior in a novel environment is, however, included
in this section, since it is distinguished from “spontaneous” locomotion and rearing only by
the length of time the animal has been in the test environment.

When investigating the effects of lithium in a behavioral paradigm, a dose and dosing schedule
should be chosen which yield serum lithium levels equivalent to therapeutic levels in humans,
ranging from 0.5 to 1.2 mEq/kg. Care must be taken to undertake studies with serum and brain
lithium levels not much higher than this range to both prevent toxic side effects that are equally
observed in rodents at higher dosages (see Box 1).

A common test of baseline behavior is locomotor activity in an open field. A mouse or rat is
placed in an arena, and measurements are made of its locomotor activity either by means of an
automated system or by manual scoring, in which a record is kept of the number of times the
animal crosses a given region. In addition to general locomotion, behaviors measured in an
open field include rearing and hole-poking, which are considered to be measures of exploratory
activity. Rearing can be measured either by means of an automated photocell system, or by
manual scoring. In the hole-poke test, an animal is placed in an arena with holes lining the floor
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and/or walls. Exploratory activity is measured by the number of times the animal pokes its
head (or its nose, depending on sensitivity settings) through the holes.

In the event that exploratory behavior alone is investigated, the test is generally of short duration
in a novel environment. If the activity of interest is spontaneous locomotion and the effect of
novelty must be entirely avoided, rodents are pre-exposed to the open field prior to test day,
to habituate them to the environment. In the absence of such habituation, which is not generally
considered not as critical for mice as for rats, investigators often characterize only the earliest
fraction as exploratory behavior (generally the first 10-30 minutes, depending on the length of
the test), while baseline locomotion is determined from the remaining time (Mukherjee et al.,
1977).

Effect of Lithium on Baseline Behaviors in Rodents
The effect of lithium on spontaneous behavior is limited to certain behaviors and certain doses
(see Table 2). Changes that occur at therapeutic doses are not caused by general motor
impairment (Smith and Smith, 1973). Indeed, it has been shown consistently that therapeutic
doses of lithium, which effectively alter drug-induced locomotion, do not change baseline
locomotion in tests with a sufficient time course (see Stimulant-induced Behaviors, below)
(Johnson, 1972a;Johnson, 1972b;Gould et al., 2001). Nevertheless, acute toxicity, a novel
environment, and—in the case of injections—general discomfort can confound analyses of
baseline locomotion. For these reasons, as mentioned above, baseline locomotion is typically
measured only after such acute effects can be expected to have abated.

Unlike baseline locomotion, exploratory locomotion, measured immediately after being placed
in a novel environment, is dose-dependently decreased by lithium (Table 2). Some have found
similarities between these effects of lithium and those induced by comparable doses of other
alkali metal chlorides or toxic substances, raising the question of whether they are caused by
general toxicity (Smith, 1978;Johnson, 1981). However, the ability of therapeutic lithium levels
to affect exploratory behavior without affecting baseline locomotion is an argument against
this hypothesis, and the drug’s effects at therapeutic doses are generally regarded as specific.

An attenuating effect of lithium on rearing, also considered an exploratory behavior, is also
consistently reported, even when locomotor activity is reported as unchanged (Table 2). One
group (Gray et al., 1976) reported that this effect is seen only with rats which have been stressed,
but in the majority of studies lithium decreased exploratory rearing even in untreated animals.

III. Stimulant-induced Behaviors
Background

One of the most common models by which the mood-stabilizing action of lithium is studied
requires the induction of hyperactivity by a stimulant. Most studies have focused primarily
upon one stimulant, amphetamine, the central action of which is the release and reuptake
inhibition of norepinephrine and dopamine. Amphetamine, which has been widely studied, is
frequently used to induce a variety of behavioral patterns, and thus to model many behavioral
states other than mania.

In rodents, both the behavioral and the biochemical effects of amphetamine appear to be dose-
dependent, in that the stimulant induces two ostensibly distinct patterns of behavior. In rodents,
hyperlocomotion and rearing are elicited by a low dose of amphetamine, whereas higher doses
induce stereotypy, a behavioral pattern in which various motor activities are characterized by
their repetitiveness and intensity, typically to the exclusion of locomotion. Considerable
overlap of the two behaviors is seen at intermediate doses. After a discussion of the effect of
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lithium on hyperlocomotion and stereotypy individually, we will discuss models, which make
use of these behaviors within the context of behavioral supersensitivity and sensitization.

Lithium and Stimulants in Humans
Stimulants alone have been shown to precipitate mania or hypomania in bipolar patients
(Murphy et al., 1971; Mamelak, 1978; Anand et al., 2000), which is one reason why the effect
of lithium on amphetamine models of mania might be of interest. In a double-blind study of
depressed patients, the euphoriant and/or activating effects of amphetamine were also either
attenuated or blocked by lithium (Van Kammen and Murphy, 1975). Other double-blind studies
have shown the same effect of lithium on schizophrenic patients treated with amphetamine
(Van Kammen et al., 1985), as well as on patients with a variety of other psychiatric illnesses
(Huey et al., 1981).

Preclinical behavioral models that make use of amphetamine as a pharmacological probe
include putative models of mania, schizophrenia, tardive dyskinesia, and drug addiction. While
the ability of lithium to attenuate mania in a clinical setting has been definitively established,
its effect on other disease states is less clear. The effect of lithium on tardive dyskinesia, a
movement disorder most often caused by prolonged exposure to neuroleptics, has been
evaluated in open studies. These have yielded mixed results, and lithium is not generally
regarded as a therapy for this disorder (Dalen, 1973; Reda et al., 1975; Mukherjee et al.,
1986). A recent comprehensive meta-analysis of the literature describing the effect of lithium
on schizophrenia suggested that lithium administered alone was effective neither when
compared to antipsychotics, nor when compared to placebo (Leucht et al., 2004). While lithium
is effective in the treatment of bipolar disorder but not schizophrenia, antipsychotics are
effective treatments for both diseases. One would predict that animal models used for predictive
studies of schizophrenia treatments would respond to antipsychotics more consistently than to
lithium, while predictive models of mania, like the disease state, would respond to both.

The Effect of Lithium on Amphetamine-induced Hyperlocomotion
The effect of low doses of amphetamine (generally less than 3 mg/kg) on rodent behavior can
be evaluated with various tests and apparatuses. Among these are activity wheels, with which
activity is determined by the number of wheel turns (Flemenbaum, 1975; Flemenbaum,
1977). Others have used the hole-board described in the section on baseline and exploratory
behavior, and calculated the effect of amphetamine to increase exploration, as measured by
the number of times the animal pokes it head through a hole (e.g. (Davies et al., 1974)). The
effect of amphetamine to increase locomotion within an arena is more extensively studied than
these other measures, and for this reason our discussion of hyperactivity will focus mainly on
hyperlocomotion. Amphetamine-induced hyperlocomotion is typically measured by means of
a computerized apparatus, which monitors distance traversed over time. Photocell activity
cages, in which locomotion is measured by interruptions of photocell beams, are a common
example. Such automatic methods have the advantage of eliminating subjectivity over
observer-based scoring common prior to technological advances. Indeed, some data have been
acquired using observation alone to evaluate hyperlocomotion, often making use of rating
scales which allow the rater to evaluate locomotor activity and stereotypy simultaneously
(Borison et al., 1978; Fessler et al., 1982).

In research utilizing the acute administration of lithium to modify hyperlocomotion induced
by either amphetamine or a mixture of amphetamine and chlordiazepoxide, the overwhelming
consensus is that lithium has an attenuating effect. As discussed in the introduction, the toxicity
of high doses of lithium is certainly capable of lowering even baseline activity (Berggren et
al., 1978; Ebstein et al., 1980), so groups of animals treated with lithium or saline in the absence
of amphetamine can verify the specificity of the effects. Many studies, however, have shown
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that at a moderate dose, lithium is capable of decreasing the hyperactivity without affecting
spontaneous locomotion (Cox et al., 1971; Davies et al., 1974; Namima et al., 1999).
Specifically, in 1971 Cox and colleagues first reported lithium attenuation of stimulant-induced
hyperlocomotion in rats (Cox et al., 1971). This effect of lithium was soon found to exist in
mice as well, and results in both species have been widely replicated (Berggren et al., 1978;
Borison et al., 1978) (Table 3). While exceptions in the literature exist, they can often be
attributed to an inappropriate dose of either amphetamine or lithium. As mentioned above, a
decrease in hyperlocomotion is often concomitant with a rise in stereotypy at higher doses of
amphetamine; this fact is likely the reason why Ebstein and colleagues found no effect of
lithium on amphetamine-induced hyperlocomotion in rats, as they used doses of amphetamine
ranging from 5 to 15mg/kg, the lowest of which is itself a dose high enough to elicit
considerably stereotypy (Borison et al., 1978; Ebstein et al., 1980; Fessler et al., 1982). At this
elevated dose, stereotypy was likely to be a confounding factor in the measure of
hyperlocomotion. As we discuss below, lithium has been shown by some to be ineffective at
attenuating an increase in amphetamine-induced stereotypy.

Other inconsistencies in the literature might be attributed to the use of a strain inappropriate
to the model. Indeed, a few studies have reported strain differences in lithium attenuation of
amphetamine hyperlocomotion. In 1986 Hamburger-Bar and colleagues reported differences
in amphetamine-induced hyperlocomotion in six mouse strains, following 3 weeks of feeding
with lithium chow (4 g/kg lithium chloride) (Hamburger-Bar et al., 1986). They found that in
C3H and A strains, d-amphetamine stimulated activity, which lithium was able to block; in
AKR and Balb/c mice, lithium showed no effect. Two more strains (C57BL and CBA/LAC)
were unresponsive to d-amphetamine. In 2001 Gould, Keith, and Bhat compared C57BL/
6nCrlBr and C3H/HenCrlBR mice (Gould et al., 2001). They found that lithium, when
administered 50 minutes prior to 3 mg/kg d-amphetamine and 60 minutes prior to a 10-minute
test, prevented amphetamine-induced hyperlocomotion in C57BL/6nCrlBr mice. C3H/
HenCrlBR mice, by contrast, were unresponsive to d-amphetamine. Recently, Gould and
colleagues undertook an extensive strain-differences study, testing both inbred and outbred
strains (12 total) (Gould et al., 2006). Acute lithium attenuated hyperlocomotion in four strains
(C57/BL6J, C57BL/6Tac, Black Swiss, and CBA/J), increased hyperlocomotion in C3H/HeJ
mice, and had no significant effect on six strains (CD-1, DBA/2J, 129S6/SvEv, FVB/NJ, SWR/
J and NIH Swiss). A/J mice were found to be unresponsive to d-amphetamine. These acute
findings were confirmed with chronic lithium administration in C57BL/6J, FVB/NJ, and C3H/
HeJ mice (Gould et al., 2006). These three studies illustrate that in rodent strains, as in human
patients, differential responsiveness to lithium is common. Genetic studies predicated on these
results might begin to investigate these differences; in the meantime, it must be noted that the
strain of mouse (and most likely rat) must be taken into consideration when evaluating the
effect of a drug, in this case lithium, on a particular behavior.

Given the fact that a single dose of lithium does not diminish overt behavioral symptoms in
mood disorder patients, the fact that amphetamine-induced hyperlocomotion, as well as other
behaviors discussed later in the text, can be so rapidly modified is a limitation of the model.
However, as we discussed in the Introduction, the utility of these models must be considered
in light of what facets of a disease and treatment they purport to address, as all such models
have significant limitations. Amphetamine-induced hyperlocomotion, for example, is a
behavior, not a mood; as such, the ability of lithium to modify that behavior will not necessarily
mirror the effect of the drug to alter mania or depression. These behavioral measures may, for
example, be measures of the function of receptors or G-proteins located on the cell membrane,
which may lead to further changes within the cell. In a clinical population, those interior
changes may be manifested as mood stabilization. If these behavioral models provide a measure
of receptor/G-protein function, an acute response would be unsurprising, as the concentration
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of lithium on the membrane, the site of these receptors and G-proteins, would be higher than
that inside the cell following acute treatment.

Overall, the results describing the effect of chronic lithium on the hyperlocomotion model are
somewhat less consistent than acute studies, which again, may be due in part to dosage and
strain issues (Table 3). For example, Cox and colleagues utilized the same sex and strain of rat
(female, hooded) for both acute and chronic studies, the latter of which did not reveal a distinct
attenuation of hyperlocomotion, so the strain alone is not responsible (Cox et al., 1971).
Inasmuch as amphetamine-induced hyperlocomotion is a model relevant to mania, the effect
of other mood-stabilizers on the model is of interest. A wide range of antipsychotics are capable
of attenuating both hyperlocomotion and stereotypy (Arnt, 1995), and for this reason the model
is often used in the screening of new antipsychotic drugs (Skuza et al., 1997;Lautar et al.,
2005;Tort et al., 2005). As antipsychotics are frequently used to treat bipolar disorder, their
efficacy in this model is supportive of its use in the study of mania. Valproic acid,
carbamazepine, and lamotrigine, all mood stabilizers different in structure both from each other
and from lithium, have also been studied in the hyperlocomotion model. Like lithium, they
have been shown to attenuate the hyperlocomotion induced by a mixture of d-amphetamine
and chlordiazepoxide (Cao and Peng, 1993;Arban et al., 2005). In the cited cases, all three
anticonvulsants were able to decrease hyperlocomotion without affecting baseline activity.
However, Arban et al (2005) also found that neither valproate nor carbamazepine was able to
attenuate the hyperlocomotion induced by 1.25mg/kg d-amphetamine alone, though
lamotrigine had a partially attenuating effect, suggesting that a mixture of d-amphetamine and
chlordiazepoxide may be critical.

Effect of Lithium on Amphetamine-induced Stereotypy
Stereotyped behavior, elicited by high doses (generally 5 mg/kg and higher) of amphetamine,
is commonly used to investigate disorders including, but not limited to, psychosis, autism,
obsessive-compulsive disorder, and schizophrenia (Kelley, 2005). Stereotypy consists of
motor activity that is patterned, lacking in both variation and purpose; as such, accurate
measurement demands that the character of the behavior, rather than the behavior itself, be
considered. Such behaviors can include sniffing, gnawing, and rearing among many others.
Most procedures typically do not monitor behavior over the entire time course of drug action,
but rather apply an observations time-sampling method. However, a large number of protocols
are in use, including some automated systems.

The variations in scoring methods are but one of many differences between studies evaluating
the effect of lithium upon stereotypy. As with all behavioral studies, species and strain
differences are significant, as are the dose, duration, and route of lithium administered. Neither
the length of time between lithium and stimulant administration nor the type and dose of
stimulant are consistent across studies (see Table 4). d-Amphetamine is the most widely used
dopamine agonist, but cocaine, apomorphine, and methamphetamine are also common. The
heterogeneity of testing materials and methods may be a reason why no consensus exists on
the effects of lithium on stereotypy. Within the studies of rats, lithium has been found to
decrease amphetamine-induced stereotypy (Flemenbaum, 1977), to have no effect on it
(Wielosz, 1976;Fessler et al., 1982), or to potentiate it (Miyauchi et al., 1981), but both the
dose and the isomer of amphetamine varied between the studies. There was no consistent
association with strain, as all three possible outcomes were found even among Sprague-Dawley
rats. Studies with mice have also been inconclusive, with strain, dosage, and isomer differences
again obfuscating any firm conclusions. As in rats, lithium administration was found to reduce
(Frances et al., 1981a), to potentiate (Ozawa and Miyauchi, 1977;Miyauchi et al., 1981), or to
have no effect on (Gould et al., 2007) stereotypy in mice.
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The lack of consensus regarding the effects of lithium in this model may be telling in regard
to the diseases which the model intends to study. Antipsychotics, developed initially for the
treatment of schizophrenia, reproducibly attenuate stereotyped behavior (Randrup and
Munkvad, 1975; Kokkinidis and Anisman, 1981) as well as hyperlocomotion (Arnt, 1995).
Although antipsychotics are also used in the treatment of bipolar disorder, lithium is not
generally considered an effective treatment for psychosis without a mood component, or for
schizophrenia. Therefore, the clear effects of drugs that attenuate amphetamine stereotypy may
have predictive validity in the development of antipsychotic agents over mood stabilizers.

The Effect of Lithium on Neuroleptic-induced Behavioral Supersensitivity
After chronic treatment with neuroleptics, the response to stimulants is markedly enhanced.
Thus, a single administration of apomorphine (dopamine D1 and D2 receptor agonist) or
amphetamine elicits a more intense hyperlocomotor or stereotyped response following
neuroleptic administration than that seen without such pre-treatment (Tarsy and Baldessarini,
1973; Smith and Davis, 1976). Biochemical studies reveal that chronic exposure to
antipsychotics renders particular dopamine receptors supersensitive (Burt et al., 1977;
Gianutsos and Moore, 1977). These effects are of interest because neuroleptic-induced
behavioral supersensitivity has been proposed as a model for tardive dyskinesia, which chronic
neuroleptic treatment induces in some patients. Lithium has been shown to block the changes
in dopamine metabolism caused by exposure to neuroleptics in rodents, and some evidence
suggests that chronic lithium lowers extracellular dopamine levels in rodents (Sternberg et al.,
1983; Ferrie et al., 2005). As mentioned previously, lithium has had modest positive effects in
both open and double-blind studies of patients with tardive dyskinesia; however, these results
have not been pursued further, and lithium is not generally used to treat the disorder (Gerlach
et al., 1975; Reda et al., 1975).

Rodent studies of the effect of chronic lithium on supersensitivity induced by chronic
administration of neuroleptics vary (Table 5). Following chronic exposure to haloperidol, rats
treated with a single injection of apomorphine showed intense hyperlocomotion and stereotypy,
which chronic lithium chow or i.p. administration was able to block (Pert et al., 1978;Verimer
et al., 1980). Electrophysiological and biochemical studies have suggested that lithium protects
against the effect of haloperidol to increase dopamine receptor sensitivity (Gallager et al.,
1978;Pert et al., 1978). However, subsequent studies found that lithium had no effect on
dopamine turnover or receptor supersensitivity, even though it continued to affect behavior in
this model. Whether this behavioral alteration is mediated by a change in dopamine receptor
function or through another biochemical target is thus unclear (Reches et al., 1982;McIntyre
et al., 1983;Reches et al., 1984).

Limitations to the animal model include the fact that receptor supersensitivity and heightened
behavioral sensitivity can be elicited in rodents within weeks, whereas tardive dyskinesia is
typically seen only after years of neuroleptic use. Nevertheless, the movement disorder seen
in patients is thought to be mediated at least in part by dopamine receptor supersensitivity,
though limited understanding of the disorder leaves the validity of the model in question.

The Effect of Lithium on Behavioral Sensitization
Behavioral sensitization, in which repeated administration of stimulants such as amphetamines,
methylphenidate, and cocaine leads to the progressive elevation of psychomotor stimulating
effects, is used to model of a variety of illnesses, particularly drug craving and drug-induced
psychosis (Robinson et al., 1985; Robinson and Berridge, 1993). It is a phenomenon that is
not unique to rodents; sensitization to the effects of stimulants is seen in human users of
amphetamines. The sensitization that appears after chronic use in humans can result in the
development of psychosis, which can disappear with abstinence, but which can fully return
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following the use of even a small quantity of amphetamine (Sato et al., 1983; Sato, 1986).
Owing to the behavioral parallels between drug-induced psychosis and schizophrenia,
behavioral sensitization has also been proposed as a model of the latter (Kokkinidis and
Anisman, 1981). Lithium is not utilized clinically for the treatment of either schizophrenia or
drug addiction. As would be expected from a putative model of schizophrenia, behavioral
sensitization can be prevented by the administration of typical and atypical antipsychotics
(Meng et al., 1998).

Behavioral sensitization, like supersensitivity, is not entirely distinct from the stimulant-
induced behaviors discussed above. In this model, the behavioral response (for example,
hyperlocomotion or focused stereotypy) to a stimulant is progressively amplified with multiple
exposures to stimulants. The measurement of sensitization is the measurement of the difference
between the initial and subsequent behavioral effects. This is a difference in intensity, not in
the type of behavior. A single low dose of amphetamine will often cause hyperlocomotion; as
amphetamine is repeatedly administered, the same (or even a lower) dose will thus lead to an
increasingly greater degree of hyperlocomotion. The effects of sensitization are long lasting,
and for this reason rodents should not be reused for other behavioral studies involving
stimulants once a single dose has been administered, unless sensitization effects are taken into
account.

Reports of the effect of lithium on sensitization vary (Table 6). In rats, the inability of chronic
lithium administration to inhibit sensitization to amphetamine or apomorphine has been
reported (Rubin and Wooten, 1984;Cappeliez and Moore, 1990). In the Rubin et al. (1984)
study, the measure of sensitization was amphetamine-induced stereotyped behavior. The study
by Cappeliez and Moore (1990), however, tested hyperlocomotion induced by a 1.5 mg/kg
dose of d-amphetamine administered twice daily, but found no effect of lithium. By contrast,
lithium prevented cocaine-induced sensitization as measured by hyperlocomotion, when
carbamazepine had no effect on the increase; however, the authors of this study reportedly had
difficulty replicating the findings (Post et al., 1984). Yang and colleagues tested the effect of
lithium on sensitization to methylphenidate in rats, and found it to be capable of suppressing
the expression of sensitization early on, but unable to prevent its expression after a later re-
challenge (Yang et al., 2001). They also showed that lithium has no effect on sensitization to
methylphenidate once it has developed. In another study this group demonstrated that, like
lithium, valproate has no effect on sensitization to methylphenidate that has already been
induced (Yang et al., 2000). Administration of valproate both during methylphenidate exposure
and during the washout period preceding re-challenge does, however, suppressed the
subsequent expression of sensitization. The positive results, small in number, are thus limited
to the prevention, rather than the abolition, of sensitization.

With mice, the literature with lithium and sensitization is less extensive than with rats. Gould
and colleagues have found that acute lithium administration, while continuing to attenuate
hyperactivity, does not prevent sensitization. Over five days, amphetamine-induced
hyperactivity in lithium-treated mice was consistently lower than in the untreated controls, but
higher than it had been the first day (Gould et al., 2007). Importantly, these data were derived
from a dosing paradigm that showed positive results in the attenuation of amphetamine-induced
hyperactivity, without causing toxic effects. Namima et al (Namima et al., 1999), using a
considerably higher dose of lithium, also administered five times but at intervals of three days,
reported lithium’s prolonged attenuation of the hyperactivity induced by amphetamine.
Chronic administration of valproate has been found to attenuate amphetamine-induced
sensitization in mice (Li et al., 2005). All of these studies used different mouse strains (C57BL/
6J, ddY, and Kunming, respectively), which, along with different dosing paradigms, further
complicates comparison.
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In experiments with rats using chronic cocaine administration followed by a single
amphetamine challenge, certain groups have also used a hot plate apparatus to measure the
treated rat’s sensitivity to pain, which is affected by cocaine. In this test, the animal’s latency
to jump or lick its hind paw is measured (Antelman et al., 1998; Kucinski et al., 1999).
Following continued administration of cocaine, this sensitization can lead to an oscillation in
the response to pain. This behavioral oscillation is matched by an oscillation in amphetamine-
induced dopamine efflux in the nucleus accumbens following chronic exposure to cocaine: a
single administration of cocaine increases this efflux, whereas a sixth exposure can decrease
it (Antelman and Caggiula, 1996). The finding that sensitization, at least with these behavioral
and biochemical measures, is not unidirectional, coupled with its context-dependency, has led
some to propose that it might be used to model bipolar disorder, insofar as the same
manipulation (e.g. the administration of cocaine) can lead to different and even opposite
responses, and is sensitive to lithium (Post et al., 1986; Antelman and Caggiula, 1996; Kucinski
et al., 1999). With further replication of these results, this test might be another way to
investigate bipolar disorder symptoms. Interestingly, however, lithium is not particularly
effective in rapid-cycling bipolar disorder (Maj et al., 1998). It is also a relatively ineffective
prophylactic agent for bipolar patients with mood-incongruent psychosis (van Kammen et al.,
1985; Maj et al., 2002), and the possibility that behavior induced by sustained administration
of cocaine is more akin to psychosis (or to drug abuse) cannot be ruled out.

IV. Lithium and Aggressive Behavior
Background

Unlike mania, schizophrenia, psychosis, or any of the other psychiatric disorders which the
above stimulant-induced behaviors attempt to imitate, aggressive activity is arguably more
straightforward to model in an animal. Nevertheless, the study of aggression in rodents is beset
with many of the same difficulties as other models, not least of which is the fact that aggression
itself is a heterogeneous phenomenon, one which can be manifested both in isolation and as
one of a constellation of symptoms in over twenty psychiatric disorders, including bipolar
disorder, ADHD, autism, major depressive disorder, ADHD, and schizophrenia (see (Fava,
1997) for a discussion and complete list). Also similar to the disorders investigated through
the stimulant-induced behaviors, aggression is defined only symptomatically (generally as a
destructive behavior intended to inflict harm on oneself, objects, or others). Though much is
known about certain forms of aggression and related neural systems, no single biochemical
origin or pathway can be looked to when attempting to discover the origin of aggressive
behavior. Owing to the vast array of psychiatric disorders within which aggression is
manifested, attempts are now being made to treat not merely the aggressive behavior, but the
underlying disorder/disease process of which the behavior is a symptom (Connor and
Steingard, 1996; Leibenluft et al., 2003).

In humans, two types of aggression have been distinguished: reactive (or impulsive)
aggression, often the consequence of frustration and anger; and instrumental aggression,
generally premeditated and carried out as a means of attaining a particular goal. Instrumental
aggression, unlike its explosive counterpart, is often unassociated with emotion or later feelings
of guilt (Cornell et al., 1996). Different disorders are associated with the different subtypes;
for example, instrumental aggression and psychopathy have been associated with one another
(Cornell et al., 1996), whereas increased risk for childhood bipolar disorder or explosive
disorder is associated with impulsive aggression alone (Coccaro, 1998; Leibenluft et al.,
2003). The two kinds of aggression respond differently to pharmacological treatment, and
appear to have different neural substrates (see (Blair, 2005) for a concise review). As such,
studies and models of aggression are well served to identify the type of aggression they seek
to investigate; however, the incomplete understanding of the behavioral models complicates
this prospect.
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Lithium and Human Aggression
The effect of lithium on aggression in humans appears to be limited by the form of aggression
under study, and by the subjects on whom the drug is tested. Malone and colleagues showed
that lithium has a marked ability to attenuate aggression in impulsively aggressive children,
but not in those with instrumental aggression (Malone et al., 1998). The effect of lithium on
aggression symptomatic of particular psychiatric disorders is unclear. For example, in
adolescent patients with conduct disorder, one double-blind, placebo-controlled trial showed
a significant decrease in both incidence and severity of impulsive aggression (Campbell et al.,
1995); however, another blinded, controlled study yielded no effect on this patient population
(Rifkin et al., 1997). Double-blind studies of lithium and aggression in adults who suffer from
psychiatric illness are lacking (see (Goedhard et al., 2006)).

Lithium has also been shown to attenuate some aggression that is not decisively attributed to
an underlying psychiatric illness. One double-blind study, carried out on male prisoners without
affective disorders, measured the effect of lithium on the number of violent/aggressive
behaviors that each subject exhibited during and after treatment (Sheard, 1971; Sheard et al.,
1976). In this study, lithium was shown to reduce significantly the number of infractions,
despite unchanged (self-reported) irritability.

Effect of Lithium on Rodent Models of Aggression
The suppressive effect of lithium on rodent models of aggression is seen in tests of social
conflict, in which two or more animals of the same species are paired. Often, only one of these
animals is being tested; the other is frequently a reliably “dominant” or “submissive” animal,
against which to compare the test animal. In these intraspecies tests, aggression can be
spontaneous, or it can be induced, for example by drugs, isolation, or electrical shock (see
Table 7). Approach/avoidance behaviors and dominant/submissive postures are scored in
addition to more directly violent behaviors, such as biting attacks. Latency to attack is often
measured as well. The tests typically last between 5 and 30 minutes, and scoring involves rating
scales than may or may not take intensity into consideration (Crawley, 2000).

Despite the methodological variability in scoring, lithium has frequently been shown to
attenuate aggression in social conflict tests with both rats and mice, using varying methods of
administration (Table 7). Studies are more extensive in rats than in mice, and almost invariably
reveal that lithium attenuates aggression in social conflict tests. Intraspecies aggression is
frequently elicited by means of light electric shocks to the rats’ paws. Lithium consistently
attenuates this kind of aggression, and the attenuation persists even in the presence of a
pharmacologic agent that enhances the aggressive behavior (Sheard, 1970;Eichelman et al.,
1973). For example, the effects of both desipramine and d-amphetamine to potentiate shock-
induced aggression are decreased by lithium (Mukherjee and Pradhan, 1976;Prasad and Sheard,
1982). Similar effects are seen in social conflict tests between mice. Lithium attenuates both
isolation-induced fighting outside the home cage, and resident-intruder fighting within the
home cage (Brain and Al-Maliki, 1979;Oehler et al., 1985).

The argument has been made that the anti-aggressive effect of lithium is a toxic effect, related
to the emetic properties of high doses of the drug (McGlone et al., 1980). In this study, Sprague-
Dawley rats were treated for five consecutive days with i.p. injections of 5 mEq/kg of lithium.
Given that the investigators were trying to investigate whether the effect of lithium was specific,
the choice of such a high dose of lithium is surprising, since the high serum levels that result
are known to produce many non-specific effects (serum levels reported are between 6.9 and
7.6 mEq/l). Since the majority of studies illustrating the anti-aggressive properties of lithium
use a much lower dose of lithium, the anti-aggressive actions are quite possibly different in the
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two cases, with the low dose eliciting a specific effect, and the high dose eliciting a non-specific
effect that can be attributed to general malaise associated with lithium toxicity.

V. Depression-like Behaviors
Background

As with models of all affective disorders, rodent models of major depression are limited by the
fact that a behavior, rather than a mood, is the output measure. Nevertheless, many models
thought to be related to depression exist. With classical models of depression, their utility is
often founded on their predictive validity, as these models, which we describe in each section
below, are responsive to a variety of antidepressants. However, in many cases their construct
validity has often not been fully ascertained, and for this reason the models we describe below
are more appropriately referred to as screening tests for antidepressants, rather than behavioral
models of depression per se. More recently, attention has been directed at developing models
for specific features of the disease, whether particular symptoms or endophenotypes. For a
review of the current status of depression models, the reader is referred to (Cryan and Holmes,
2005; Cryan and Slattery, 2007).

Effect of Lithium on Human Depression
While not as widely recognized as its effect on manic episodes, many studies have shown
lithium to have a consistent antidepressant effect in clinical populations. It has been shown to
augment antidepressant effectiveness in treatment-refractory patients (Heninger et al., 1983;
Austin et al., 1991). A recent review revealed that approximately 45% of patients monitored
in placebo-controlled studies responded to lithium as an adjunct medication for depression
(Bauer et al., 2003), a rate higher than for any other medication. Further, some studies have
suggested that lithium monotherapy is an effective prophylactic agent in unipolar depressed
patients (see (Souza and Goodwin, 1991) for meta-analysis and review). Given the strong
clinical data, there is considerable interest and importance in fully understanding the action of
lithium in rodent models of depression.

Effect of Lithium on the Forced Swim Test
The forced swim test (FST) was introduced by Porsolt and colleagues as an animal model for
depressive behavior in 1977 (Porsolt et al., 1977b). It is among the most common tests used
to predict antidepressant efficacy in both mice and rats (Porsolt et al., 1977a; Porsolt et al.,
1977b). It is a simple test, lasting only six minutes and replicable across laboratories. A mouse
or rat is placed in a cylinder of water, and an initial period of intense activity is followed by a
period of immobility, in which the animal generally makes only enough movements to keep
its head above water. A wide range of antidepressants reduce immobility time in the model.
The administration of stimulants also can decrease immobility, giving a false positive result
for the test; likewise, gastrointestinal discomfort caused by an acute injection of lithium might
affect mobility. For this reason, a test of spontaneous locomotor activity is often used to
complement the FST, to determine whether the decreased immobility can be attributed to a
non-specific activating effect of either the drug or the injection itself.

An effect of lithium on the FST was first reported in 1987, when chronic i.p. administration
of lithium chloride to rats was shown to decrease immobility time (Eroglu and Hizal, 1987)
(see Table 8). The effect was reported in mice seven years later (Hascoet et al., 1994). In this
experiment, a range of doses of lithium were used, to determine whether lithium had an effect
on its own, and also to determine whether a subactive dose of lithium, in conjunction with a
subactive dose of an antidepressant, would reduce immobility time. As in the test with rats,
lithium was administered i.p., but only once, rather than chronically. Two, 4, and 8 mEq/kg
lithium were shown to have a small but significant effect on immobility time, and when the
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subactive 1 mEq/kg was administered 15 minutes before a subactive dose of the 5HT(1A)
agonist gepirone, immobility time was also reduced. This adjunctive effect of lithium, which
it shares (though not identically) with clonidine and quinine, has been shown for a number of
different kinds of antidepressants, including SSRIs, MAOIs, tricyclic, and atypical
antidepressants (Malinge et al., 1988; Bourin et al., 1991; Hascoet et al., 1994; Nixon et al.,
1994; Guo et al., 1995; Bourin et al., 1996; Redrobe et al., 1998). This additive mechanism is
likely to be mediated at least in part by the serotonergic system, as antidepressants specific for
dopaminergic and noradrenergic transmission are not affected by lithium in this model (Nixon
et al., 1994). The aforementioned data showing lithium to be effective alone in the FST were
collected after the chronic or acute i.p. administration of lithium. Others have shown more
recently that long-term administration of lithium in mouse feed also decreases immobility time
(O’Brien et al., 2004; Shaldubina et al., 2006; Bersudsky et al., 2007; Cryns et al., 2007; Gould
et al., 2007). The effect of lithium is dependent upon the level of lithium in the blood, and not
upon lithium-induced weight loss (Bersudsky et al., 2007).

Effect of Lithium on the Tail Suspension Test
The tail suspension test (TST), established in 1985 by Steru and colleagues (Steru et al.,
1985), has much in common with the FST. Mice are suspended by their tails for six minutes.
During this time, as in the FST, we see both activity and immobility. The TST serves as a
predictor of antidepressant activity, as a variety of drugs are capable of decreasing the time
spent immobile. As with the FST, stimulants, too, are capable of decreasing immobility; so, to
distinguish stimulant and antidepressant effects, the test is often administered in conjunction
with a test for general locomotor activity. It is sensitive to the same range of antidepressants
as is the FST, and serves as another simple test of antidepressant efficacy (Steru et al., 1985).

Very little has been published on the effect of lithium on immobility time in the TST (Table
8). A low dose of lithium (1 mEq/kg, the subactive dose used as an adjunct to subactive doses
of antidepressants in the FST experiments), however, has been shown to potentiate the effect
of various antidepressants to reduce immobility (Redrobe and Bourin, 1997). This study also
showed that lithium shares this potentiating effect, as it did in the FST, with clonidine and
quinine, although the specific antidepressants whose effect lithium potentiated did not always
overlap.

The Effect of Lithium on Learned Helplessness
In the learned helplessness (LH) model, the mouse or rat is placed in a box from which it cannot
escape, and is intermittently and repeatedly shocked. This can happen once or several times
before the actual test day. When the animal is subsequently tested, it is placed in a shuttle box,
which has two compartments. Shocks are administered in only one of these compartments at
a time, and the test determines whether or not the animal escapes from the shock by moving
to the other compartment. Scoring involves counting the number escape failures, and timing
the latency to escape. Animals that had not received the inescapable shock generally learn
quickly that the shock on test day can be evaded. Animals that did receive the inescapable
shock, however, escape less frequently, a deficit theoretically mediated by the earlier inability
to control or escape the shocks.

Reports have suggested that lithium administration either decreased (Geoffroy et al., 1991) or
did not affect (Stewart et al., 1991a) the escape behavior of rats in the LH model using long-
term lithium administration i.p. or in chow, respectively (Table 8). The doses used in these
tests were outside the upper therapeutic serum level of 1.2 mEq/l (the low end of the range was
1.3 mEq/l); however, the effect is likely not attributable to toxicity, since lithium-treated
animals that had not undergone inescapable shock did not differ from the controls, illustrating
an effect which specifically altered the development of helplessness, rather learning or general
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motor activity. In mice, however, within the therapeutic serum range, chronic but not acute
lithium administered via the drinking water was shown to decrease escape deficits 24 hours
after exposure to inescapable shock (Faria and Teixeira, 1993; Teixeira et al., 1995). In these
studies lithium did not have an effect on escape failures in mice that had not received the
inescapable shock training; that is to say, lithium neither increased nor decreased the ability of
the animal to learn to escape but, at least in these studies, prevented the development of
helplessness specifically (Geoffroy et al., 1991).

The Effect of Lithium on Stress-, Isolation- and Reserpine-Induced Hypoactivity
Hypoactivity, generally measured in terms of locomotion, wheel turns, and/or rearing, can be
induced by stress such as isolation or immobilization. It can also be induced by the
administration of certain drugs; among these, reserpine, which depletes brain monoamines, is
the most commonly used. In this case, a loading dose of the drug is often given some time
before another dose on the actual test day. In these cases the induction of a decrease in activity
is considered a model of depression and is consistently reversed by lithium. Lithium
administered i.p. for eight days to mice, and in chow for 21 days for rats, was effective at
reducing reserpine-induced hypolocomotion (Borison et al., 1978; Lerer et al., 1980) (Table
8). Chronic lithium has also been shown to decrease hypoactivity induced by isolation in mice
(Frances et al., 1981b), by immobilization in rats (Kofman et al., 1995), and by shock exposure
in rats (Hines, 1986a) (Table 8).

VI. Reward Behavior
Background

A characteristic of mania is an elevated hedonic tendency. Due to lithium’s action as anti-manic
agent, its effect on behavioral models of such tendencies has been investigated. A common
behavioral model for testing the addictive or hedonic effects of a drug is conditioned place
preference, which will not be discussed in this section, as it will be addressed in the section
below on the aversive effects of lithium. In other studies, however, the effect of lithium on
drug consumption and addiction has been studied with tests that do not require the institution
of a conditioned aversion. Such tests have measured the effect of lithium on intracranial self-
stimulation (ICSS), as well as on alcohol and morphine addiction behaviors. For ICSS, some
studies have used electrodes implanted in the lateral hypothalamus, but the medial forebrain
bundle is the site most frequently used. Measurements can be made of the rate of self-
stimulation, as well as the threshold current at which self-stimulation begins.

Effect of Lithium on Reward Behavior in Humans
Early double-blind, controlled studies appeared to indicate that lithium decreased the
consumption of alcohol in depressed alcoholics (Kline et al., 1974; Merry et al., 1976). This
effect did not appear to be associated with a decrease in depressive symptoms, but non-
depressed alcoholics were not affected similarly. Subsequent studies, however, were ultimately
unable to replicate the results with any consistency (see (Lejoyeux and Ades, 1993) for review).
Thus, in general, lithium is not considered an appropriate treatment for alcoholism. The impact
of lithium on the effects of morphine in humans has not been extensively studied, but one
double-blind study indicated that lithium is not able to attenuate the euphoric effects of
morphine; in fact, lithium appeared to potentiate morphine-induced euphoria (Jasinski et al.,
1977).

Effect of Lithium on Intracranial Self-Stimulation in Rats
The studies of lithium administration and ICSS have all, to the best of our knowledge, used
i.p. administration of lithium to rats (Table 9). An early negative study (Ramsey et al., 1972)
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was challenged by Edelson et al., who found that not only did lithium show an early effect to
decrease the rate of self-stimulation, but that the same effect could be shown in the earlier
study, if the early results were reexamined (Edelson et al., 1976). The difficulty with this
positive result is that it was temporary; lithium only decreased the rate of self-stimulation for
the first three of five days. A recent study of the effect of lithium on the self-stimulation
threshold also reported that the effects of lithium to increase the threshold were most
pronounced after a single injection of 100 mg/kg LiCl (Tomasiewicz et al., 2006), and another
positive study only reported the results of acute administration of 1 mEq/kg lithium (Cassens
and Mills, 1973). The negative results reported used a longer dosing paradigm, with eight or
nine days of lithium injections prior to measuring the change in ICSS (Ramsey et al.,
1972;Takigawa et al., 1994). The fact that the acute result is not sustained might suggest that
the decreased self-stimulation results from the irritation of the lithium injection. An alternative
method of administration (for example in rodent chow) could address this possibility, but we
are not aware of any such studies.

Effect of Lithium on Alcohol and Morphine Consumption, Addiction, and Withdrawal
Lithium administration has yielded inconsistent effects on alcohol- and morphine-induced
behaviors in rodents (Table 9). While some have reported that lithium can decrease voluntary
consumption of alcohol (Ho and Tsai, 1976), morphine-facilitated ICSS (Liebman and Segal,
1976), and morphine ingestion in addicted rats (Tomkiewicz and Steinberg, 1974), it has also
been shown to reduce or potentiate opioid-induced analgesia (Saarnivaara and Mannisto,
1976;Johnston and Westbrook, 2004;Hilal Karakucuk et al., 2006), and to reduce or potentiate
morphine-induced hyperactivity (Carroll and Sharp, 1971;Sanghvi and Gershon, 1973;Jensen,
1974). One group showed that lithium administration can decrease withdrawal symptoms
induced by naloxone in morphine-addicted rats (You et al., 2001). Some biochemical studies
have indicated that lithium can increase the biosynthesis and release of endogenous opioids,
reduce the number of opioid binding sites, and reduce the binding of opioid receptor antagonists
(Wajda et al., 1981;Staunton et al., 1982;Stengaard-Pedersen and Schou, 1982;Stengaard-
Pedersen and Schou, 1985;Sivam et al., 1986;Sivam et al., 1987). Lithium can also decrease
adenylyl cyclase and cyclic AMP, the levels of which are increased by naloxone administration
or rapid morphine withdrawal (Sharma et al., 1975;Sharma et al., 1977).

The effect of lithium on alcohol consumption and withdrawal in rodents has not been
extensively studied. One group found that lithium decreased voluntary alcohol consumption,
but also dramatically increased the severity of withdrawal symptoms (Ho and Tsai, 1976).
Another study supported the ability of lithium to attenuate alcohol consumption (Alexander
and Alexander, 1978). The mechanisms of these effects are not clear, but the involvement of
the cholinergic system has been proposed (Ho and Tsai, 1976).

VII. Effect of Lithium on Learning and Memory
Background

Multiple preclinical tests purport to evaluate learning and memory in rodents, although not all
monitor the same aspects of cognitive functioning (Crawley, 2000). For example, the Morris
Water Maze is used to test two aspects of spatial memory. Spatial reference memory is
measured by the animal’s ability to learn the location of a hidden platform in a large pool of
water. Once learning has occurred, the platform can be moved, and the ability of the animal to
learn the new location is a measurement of spatial working memory. Other conditioning tasks,
such as active and passive avoidance, measure the ability of the animal to learn and remember
an association between an aversive experience, such as mild foot-shocks, and environmental
cues. In the active avoidance task, the animal must learn to exit the chamber in which foot-
shocks are delivered; in the passive avoidance test, the animal must refrain from entering the
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chamber in which the shocks are administered. A test of latent inhibition first exposes the
animal to a stimulus without a reinforcer. The animal then learns to ignore the stimulus. When
that stimulus is later paired with a reinforcer, the ability to learn to associate stimulus with
reinforcer is delayed, a phenomenon called latent inhibition. This test is thus a measure of the
animal’s ability to learn to ignore irrelevant stimuli.

Effect of Lithium on Human Cognition
Reports on the effect of lithium on human cognition are inconsistent. Although subjective
reports of cognitive “slowing” are often found in cohorts of lithium-treated bipolar disorder
patients, few controlled studies have objectively investigated these complaints. In one double-
blind crossover study researchers found impaired psychomotor performance, but no
impairment in memory, in a psychiatric population following two weeks of lithium
administration (Squire et al., 1980). In a series of double-blind, controlled studies with normal
subjects given lithium for 14 days, Judd and colleagues found lithium-related performance
deficits in visual-motor function and processing speed (Judd et al., 1977a; Judd et al., 1977b;
Judd et al., 1977c). Another double-blind, controlled study with normal subjects showed a
lithium-associated impairment in memory after two weeks (Kropf and Muller-Oerlinghausen,
1979). Reviews of these effects and attempts at meta-analysis have included studies with flawed
methodological design, and of necessity have compared studies that use different outcome
measures for the cognitive changes (Ananth et al., 1987; Pachet and Wisniewski, 2003). As
such, they find the results to be equivocal, and the effect of lithium on learning and memory
in humans remains uncertain.

Effect of Lithium on Learning and Memory in Rodents
As in humans, the effect of lithium on cognitive functioning in rodents is ambiguous (Table
10). One group found an improvement in spatial reference memory, as measured by the Morris
Water Maze; however, other reports of spatial working memory have yielded inconclusive
results (Vasconcellos et al., 2003;Tsaltas et al., 2006). Another group found that six days of
i.p. lithium impaired both latent inhibition and the acquisition of the conditioned response in
rats which had not been pre-exposed to the stimulus (Cappeliez and Moore, 1988). It has also
been reported that while lithium appears to decrease the passive avoidance response to shock,
its effect in an active avoidance paradigm is unchanged, leading to the suggestion that lithium
decreases not cognition, but sensitivity to low-intensity stimuli (Hines and Poling, 1984;Hines,
1986a). Others, however, have found that lithium improves performance in passive avoidance
tasks (Tsaltas et al., 2006). While on the one hand the perceived effect of lithium to cause
cognitive impairment can be a serious threat to patient adherence, on the other hand, the
neuroprotective effect of lithium might be expected to improve cognitive deficits associated
with illness (Manji et al., 1999;Chuang, 2004). As such, the cognitive effects of lithium warrant
further investigation in both preclinical and clinical studies.

VIII. Effects of Lithium on Other Rodent Behaviors
Ouabain-induced Behaviors

Although its precise relationship to the disorder is unknown, a finding in patients with bipolar
disorder is dysregulated ion balance, as seen by increased intracellular sodium and calcium,
and decreased sodium pump activity in peripheral cells (Looney and el-Mallakh, 1997). In
order to investigate this relationship vis-à-vis rodent behavior, some investigators have
administered ouabain, a sodium pump inhibitor, to rats. A short period of hyperlocomotion
was observed following ouabain administration (El-Mallakh et al., 2003), and this effect could
be prevented by two weeks of pretreatment with lithium in the chow (see Table 11). In another
study, the same group observed the induction of hypoactivity by ouabain administration, an
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effect which could also be normalized by lithium, which suggests that under distinct paradigms
lithium may reverse the adverse effects of sodium pump inhibition (Li et al., 1997).

Prepulse Inhibition
Sensorimotor gating refers to the process by which an organism filters extraneous information
from both the internal and the external environment. For example, the startle response to a new
stimulus typically diminishes with each subsequent exposure, and the prepulse inhibition test
(PPI) is a measure of this diminution. Deficits in PPI have been observed in a number of
psychiatric illnesses, particularly schizophrenia (Braff et al., 2001). In rodent models, PPI can
be disrupted experimentally, for example by d-amphetamine or ketamine administration. Drugs
that are effective treatments for schizophrenia, such as antipsychotics, can reverse this deficit.
While little has been reported concerning the effect of lithium on PPI in rodents, one group
recently showed that lithium could inhibit the PPI deficit induced by d-amphetamine, but not
that induced by ketamine in C57BL/6J mice (see Table 11) (Ong et al., 2005). A recent study
showed that while acute lithium did not affect PPI alone in ddY mice, it could prevent the PPI
deficit induced by apomorphine (Umeda et al., 2006). Another group, however, did find a
strain-dependent effect of lithium on PPI in mice, with six weeks of lithium administration
improving inhibition in DBA/2 mice, but worsening it in C3H mice (O’Neill et al., 2003).
These results must thus be explored further before conclusions as to the effect of lithium on
PPI can be drawn.

Fear and Anxiety-like Behaviors
Rodent behavior can be dramatically affected by exposure to stress, and such effects are visible
in a number of paradigms, including the forced swim test discussed above. The reported effects
of lithium on many tests of fear and anxiety are not consistent; for example, in the conditioned
freezing model of fear, in which the duration of the freezing response of electric shock is
measured, lithium has been shown to enhance, to inhibit, or to have no impact upon freezing
(Table 11) (Muraki et al., 1999;Kitaichi et al., 2006;Youngs et al., 2006).

Lithium-Pilocarpine Seizures
Lithium can be used to induce a state of seizure in rats when combined with pilocarpine, a
muscarinic receptor agonist (see Table 12). High doses (400 mg/kg) of pilocarpine alone are
capable of inducing this state, but Honchar and colleagues were the first to show that the
administration of lithium 24 hours prior to the administration of pilocarpine dramatically alters
the dose-response curve, reliably resulting in continuous seizures and subsequent brain damage
(Honchar et al., 1983). The length of time between lithium and pilocarpine administration, as
well as the doses of both drugs, can impact the characteristics of the seizures, though as few
as two hours between the two has yielded seizures in 100% of rats tested, and even 0.5 mEq/
kg of lithium can induce the state when administered the full 24 hours before pilocarpine
(Morrisett et al., 1987b).

Lithium-pilocarpine seizure has been proposed as a model of both status epilepticus (SE) and
of the behavioral effect of lithium-induced inositol depletion. The relationship of this model
to the human phenomenon of SE was shown by Treiman and colleagues, who demonstrated
that the EEG pattern produced in rats by the lithium-pilocarpine model, with serum lithium
concentrations within the therapeutic range, consistently resembled that seen in humans in a
state of SE (Treiman et al., 1990). The model is further validated by the fact that common
anticonvulsants have effects that resemble their respective clinical profiles in SE. While drugs
such as diazepam and carbamazepine were able to prevent the onset of SE when administered
after lithium but prior to pilocarpine, paraldehyde was the only anticonvulsant that was able
to stop SE— with respect to behavior, biochemical changes, EEG, and mortality—once the
condition had been induced (Morrisett et al., 1987a). This is similar to the clinical data, which
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show SE to be a treatment-resistant seizure type, influenced by paraldehyde alone out of the
anticonvulsants.

While the lithium-pilocarpine seizure model lacks face validity as a model of mania and/or
depression, the model can be reversed by increased levels of myo-inositol suggesting that it
might have utility in understanding the behavioral relevance of inositol depletion (Kofman and
Belmaker, 1993; Kofman et al., 1993). Studies have shown that lithium administration
decreases brain inositol, some suggesting that the model might help to investigate the
behavioral effects of inositol depletion by lithium, which themselves may be relevant to the
mood-stabilizing effects of the drug. For further discussion of this model, see the recent review
by Belmaker and Bersudsky (Belmaker and Bersudsky).

IX. Circadian Rhythms
Background

The term “circadian rhythm” describes an approximately 24-hour cycle of physiological and
behavioral activity. The duration of these rhythms, which include the sleep-wake cycle as well
as the regulation of hormones and temperature, is regulated centrally in the suprachiasmatic
nucleus of the hypothalamus. Circadian rhythms are studied by monitoring them either
continuously or at a range of time points over the course of the cycle. These sometimes take
place in constant light or darkness, such that the rhythms become “free-running,” no longer
conforming to the cycle that light-dark changes can impose.

The Effect of Lithium on Circadian Rhythms in Humans
Circadian rhythm abnormalities have been studied in mood disorders for decades. Convergent
evidence suggests that abnormal circadian rhythms play a role in mood disorders (Wehr and
Wirz-Justice, 1982; Klemfuss, 1992; Healy and Waterhouse, 1995; Bunney and Bunney,
2000). For example, alterations in the sleep/wake cycle and in the period of physiological
processes are well documented in patients with bipolar disorder. Non-pharmacological
treatments such as sleep deprivation, adjustment of sleep cycles, and light therapy are often
helpful in the treatment of mood disorders. Further, sleep deprivation is a common precipitant
of the manic phases of bipolar disorder, and a highly efficacious—albeit short-term—treatment
for depression. Further, an extensive body of data describes lithium’s impact on circadian
rhythms in human and rodent models. For example, human free running circadian rhythm
length (in constant darkness) is reportedly increased by lithium (Johnsson et al., 1979).

The Effect of Lithium on Circadian Behaviors in Rodents
The effect of lithium on rodent circadian biochemistry has been studied extensively, and the
drug has been shown to act directly on cultured neurons from the suprachiasmatic nucleus
(SCN), a central modulator of mammalian circadian regulation, to lengthen the period of firing
rate rhythms (Abe et al., 2000). Lithium has been shown to delay the peak times of biochemical
rhythms such as calcium, potassium, and glucose levels in rats (Williams and Jope, 1995a;
Subramanian et al., 1998). In numerous studies lithium was shown to modify the phase and
period of circadian rhythms in a variety of other species, ranging from unicellular organisms
and insects to mice and even humans (see (Klemfuss, 1992) for a complete review). These
findings have led to a hypothesis that an evolutionarily conserved target of lithium may be both
responsible for the actions of lithium on diverse the circadian rhythms of diverse species and
the action of lithium as a bipolar disorder medication (Gould and Manji, 2002).

The effect of lithium on the circadian periods of behavioral activity, measured by means of
locomotion or activity wheels, has been widely replicated in rodents (see Table 13). Lithium
has generally been shown to lengthen these rhythms, delaying their onset when a light-dark
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cycle is in place, and lengthening their periods when the animal is in constant darkness (Kripke
and Wyborney, 1980;Poirel and Larouche, 1989;Stewart et al., 1991b;Hafen and Wollnik,
1994;Nagayama, 1996;Iwahana et al., 2004). The drug also allows the animals to adapt to the
artificial extension of the circadian period, which is induced by establishing a light-dark cycle
of longer than twenty-four hours (McEachron et al., 1981). The chronobiological effects of
lithium on behavior extend also to consumption patterns in rats (Reghunandanan et al.,
1989;Nagayama, 1996).

X. Aversive Effects of Lithium
Background

The aversive effects of lithium are those which cause the animal to avoid whatever substance
is associated with the drug. These effects are not likely to be related to the therapeutic effects
of lithium. They are described by some as possibly toxic effects, but, like the negative side
effect profile seen in many lithium-treated bipolar patients, aversion to lithium can be elicited
even when serum lithium levels are within the “therapeutic” range (Langham et al., 1975).

Lithium is frequently used in conditioned place or taste preference/aversion tests, which is an
established measure to predict addictive qualities of drugs. In place and taste conditioning,
distinctive cues—a particular flavor or location—are paired with an unconditioned stimulus.
This stimulus might be a positive (e.g. morphine) or negative (e.g. naloxone) reinforcer. In
these tasks lithium is an aversive cue. The test determines whether the animal exhibits
preference, aversion, or neutrality towards the cue in the absence of the reinforcer. Thus a
location previously paired with morphine will be frequented more, and a flavor associated with
naloxone will be avoided. In addition to a reinforcing value, motivation for a particular location
or flavor can be affected by hunger and thirst (Perks and Clifton, 1997). Drugs are often
selective for either conditioned place or taste preference and aversion, and some lesion studies
indicate that neuroanatomical regions might preferentially induce or inhibit one or the other
(Persinger et al., 1994; Schalomon et al., 1994).

Effect of Lithium on Conditioned Aversion Models
Many data indicate the robust ability of lithium to induce both taste and place aversion, as well
as to abolish the taste/place preferences induced by other drugs (See Table 14). Virtually all
data on the effect of lithium in these tests has been accumulated from studies with rats, not
mice. A particular flavor is associated with a negative physiological sensation, as can be
induced by a high dose of lithium (generally administered intraperitoneally following
consumption of its contingent flavor) (Crawley, 2000). In this way, lithium is capable of
inducing taste aversion to saccharin, which would otherwise be associated with taste preference
(Berg and Baenninger, 1974). It is also capable of reducing the reinforcing properties of sucrose
in the conditioned place preference test: after twelve days of conditioning, sucrose place
preference was instituted in Lister mice. After this time, sucrose was administered in the home
cage, followed by lithium injections. The subsequent test date revealed that the pairing of
lithium with the sucrose, effectively the induction of a taste aversion, was able to decrease the
place preference induced by sucrose alone (Perks and Clifton, 1997).

That the conditioned aversion of lithium arises from a negative physiological sensation is
illustrated by the fact that conditioned place aversion can be blocked by pre-treatment with
antiemetics (Frisch et al., 1995), or by lesioning the area postrema (Ritter et al., 1980). Such
place aversion conditioned by lithium exposure is dose-dependent in rats, though there is some
suggestion that the conditioned place aversion is not as strong as the conditioned taste aversion
discussed above (White and Carr, 1985; Schalomon et al., 1994). Chronic lithium has been
effective at abolishing the place preference induced by morphine, a mu-opioid receptor agonist;
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it has also been effective at abolishing place aversion induced by opioid receptor antagonist
naloxone (Shippenberg and Herz, 1991). In this same study, Shippenberg and Herz found that
lithium was unable to reverse amphetamine-induced place preference.

The aversive effect of lithium is also seen in models of “predatory” aggression, such as muricide
in rats, or cricket-killing for mice. In the test of muricide, a mouse is placed inside the rat’s
cage, and the attack and feeding behavior of the rat are evaluated. In this test, however, lithium
is administered after—rather than before, as we see in the suppression of aggression—the
behavior is elicited. The literature is very consistent, and leads to a clear conclusion that lithium
prevents this behavior (Table 14). The aversive effect of lithium appears in some cases to be
specific to the ingestion, rather than the attack; however, results do vary. Several investigators
have looked more deeply into the specific parameters of this effect, but their details are outside
the scope of this review.

XI. Possible Mechanisms
The behavioral effects of lithium as we describe are many and varied (Table 1), and a number
hypotheses have been offered to describe the mechanism by which those effects may be
mediated. While the purpose of this review is not to fully detail possible mechanisms for the
behaviors we have described, this is an obvious critical step in understanding the relevant
biochemical actions of lithium. As detailed in Figure 1, lithium has a number of direct inhibitory
actions on cellular enzymes, as well as indirect effects on cell signaling pathways and brain
physiological processes (see (Jope, 1999;Phiel and Klein, 2001;Shaldubina et al.,
2001;Chuang, 2004;Gould et al., 2004;Williams et al., 2004) for extensive discussions).

Direct Targets of Lithium
While the administration of lithium can have an effect on a number of targets, those that are
affected at therapeutic concentrations of lithium are more limited. By identifying which of
these is responsible for the behavioral effects of lithium, we will be in a better position to
develop more specific compounds, which mimic the mood-stabilizing properties of the drug,
without the associated side effects.

Many of the direct targets of lithium of relevance to this review are likely magnesium-
dependent intracellular enzymes. Several decades ago, lithium was shown to decrease brain
inositol concentrations in rats (Allison and Stewart, 1971), and this effect was shown to occur
through inhibition of inositol monophosphatase (IMPase) (Naccarato et al., 1974). Additional
direct targets of lithium include: fructose 1,6-biphosphatase (FBPase), bisphosphate
nucleotidase (BPNase), and inositol polyphosphate 1-phosphatase (IPPase) (York et al.,
1995). Lithium also inhibits the metabolic enzyme phosphoglucomutase (PGM) (Ray et al.,
1978) and glycogen synthase kinase (GSK-3) (Klein and Melton, 1996). Evidence also supports
a role of magnesium competition to explain the effect of lithium in inhibition of G-protein
function, in particular GTP binding and cyclic AMP production (see (Phiel and Klein, 2001;
Gould et al., 2004) for reviews of direct lithium targets).

The inositol depletion hypothesis, supported by a large body of data, suggests that IMPase is
a therapeutically relevant target of lithium and that the primary clinical effects of lithium are
dependent upon a reduction in brain inositiol levels (Berridge et al., 1989); however, this
hypothesis has long been debated. Some rodent biochemical studies have implicated inositol
depletion in the induction of the lithium-pilocarpine seizures discussed earlier as a possible
model of both status epilepticus and mania (Honchar et al., 1983; Honchar et al., 1990; Kofman
et al., 1993; Kofman et al., 1995; Williams and Jope, 1995b), and in the effect of lithium on
rearing (Kofman and Belmaker, 1993) and anxiety-like behaviors (Kofman et al., 2000;
Youngs et al., 2006).
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GSK-3 has attracted considerable attention since it was discovered, by Klein and Melton in
1996, to be directly inhibited by therapeutic levels of lithium (Klein and Melton, 1996).
Substantial data implicates GSK-3 in the behavioral effects of lithium, including its attenuation
of stimulant-induced hyperlocomotion, its actions in the forced swim test, and its alteration of
circadian rhythms, three behavioral models relevant to the study of mood disorders and mood
stabilization (see (Gould and Manji, 2005) for review). GSK-3 is involved in a number of
signaling pathways, and the manipulation of signal transduction has gained favor recently as
a means by which a single drug such as lithium might have such a broad range of effects.

Effects on Intracellular Signaling
Many of the direct targets of lithium are regulatory components of intracellular signaling
pathways; thus, the fact that lithium has varied effects on a large number of signaling cascades
is not surprising. Signaling pathways regulated by lithium include cyclic AMP,
phosphoinositol/protein kinase C, the Wnt signaling pathway, ERK MAP kinase, PI3K/AKT/
GSK-3, and arachidonic acid signaling pathway among others (see (Jope, 1999; Gould et al.,
2004) for review). These pathways are also targets of other mood stabilizers, pointing to the
possibility that their modulation is relevant to the therapeutic effects of the various treatments
(Phiel and Klein, 2001; Gould et al., 2004). Signaling pathways are involved in the regulation
of complex neurobiological functions such as cognition, appetite, sexual arousal, sleep patterns,
weight, and response to hormones, all of which are altered in mood disorders and likely have
effects on rodent behavior (Manji et al., 2003). The full clinical effects of psychotropic
medications such as lithium are only observed after chronic treatment, implicating long-term
processes, such as changes in the structure and connections of neurons and/or glia in the
ultimate effects of treatment (Hyman and Nestler, 1996). Lithium-induced changes in signaling
pathways likely regulate changes in protein and gene expression, leading to long-term changes
in the plasticity of neurons. As we discuss in the section below, these effects on cellular
signaling are likely related to the effects of lithium on cellular plasticity and physiology, which
in turn might be related to its effects on behavior (Einat and Manji, 2006).

Physiological Actions of Lithium
Because the majority of antidepressants have been shown to enhance serotonergic and/or
noradrenergic function, the antidepressant effect of lithium might also be associated with a
similar action. Serotonergic neurotransmission has been shown to be altered by lithium; for
example, some in vivo studies have shown increased 5-HT synthesis in the whole brain (Sheard
and Aghajanian, 1970; Perez-Cruet et al., 1971; Berggren, 1985), and others have shown that
lithium increases 5-HT turnover in certain brain regions (Eroglu and Hizal, 1987;
Ghoshdastidar et al., 1989). The cholinergic, dopaminergic, and noradrenergic systems are also
affected by lithium (Cassens and Mills, 1973; Singer and Rotenberg, 1973). Amphetamine-
induced hyperlocomotion, for example, is likely related, at least in part, to the latter two
systems. While lithium does not necessarily affect these neurotransmitter systems directly, it
is likely that lithium modification of dopamine-mediated behavioral changes involves changes
in receptor sensitivity or altered activation of downstream signaling pathways. The effects of
lithium in the FST and TST (see section on Depression-like Behaviors) have been associated
with the enhancement of serotonergic signaling (Nixon et al., 1994; Redrobe and Bourin,
1997; Petit-Demouliere et al., 2005).

Lithium also has robust neuroprotective effects in a number of paradigms. Significant regional
impairments in cellular resilience (how cells respond to stressful stimuli) and synaptic plasticity
have recently been associated with a multitude of psychiatric disorders, suggesting that
neurochemical manipulation might be insufficient to treat such illnesses. Recent reviews have
focused on the trophic effects of mood stabilizers, and the neuroprotective value of drug
administration against neurotraumatic insults (Manji et al., 1999; Chuang, 2004). Lithium,
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which has known neuroprotective properties, has received favorable attention with the advent
of the hypothesis that neuroplasticity and cellular resilience are important factors in mood
disorder etiology and treatment (Manji et al., 1999). These studies, as well as further studies
of the means by which lithium exerts its neurotrophic effects, may hold much promise for the
development of future treatments.

XII. Future Applications of Lithium-Sensitive Animal Models
An understanding of both the immediate and the downstream effects of lithium is important
for developing drugs that mimic its therapeutic actions, but this cannot be the sole purpose of
such research. These models must also be investigated with a view toward understanding the
underlying behavioral and biochemical dysfunctions characteristic of the illnesses it treats.
Progress will require that a critical eye be cast on our work with behavioral models, so that we
are not merely replicating effects that have been seen before (i.e. models that may be testing
the same construct), or eliciting behaviors with a relationship to human disease that is tenuous
at best. The endophenotype approach can provide basic research with new focus on the
underlying disease process, so that animal models are no longer founded upon mere face
validity, particularly for syndromes whose characteristic symptoms, such as mood alteration,
are impossible to replicate in rodents. It is critical to examine the models discussed in this
review to determine whether they represent models of symptom facets or endophenotypes, the
latter of which likely are closer to the true underlying disease process and susceptibility genes
than symptoms (Seong et al., 2002; Gottesman and Gould, 2003; Gould and Gottesman,
2006). Equipped with the molecular and cellular techniques that have developed relatively
recently by comparison with many behavioral protocols, the use of behavioral models is
prepared to enter a new phase, with greater relevance and a greater capacity to inform our
understanding of human disorders. Known genes and pathways are being brought to our study
of the models, as we use transgenic mice or pharmacological probes to investigate how the
factors associated with clinical disorders are reflected in the behavior of laboratory animals.
We are better equipped to unravel the mysteries of the molecular, cellular, and genetic
underpinnings of the models that had until now been familiar but ill understood. Informed by
clinical data, we would be well served to seek animal models of endophenotypes in complex
disorders, to ensure that the behaviors we elicit have direct relevance to the underlying
dysfunction of neurobiology found in the human condition. The animal models we have
discussed illustrate the breadth of the effects of lithium; molecular techniques can penetrate
the depth of those effects. The two avenues are complementary, and ought to be integrated
with one another if we are to understand the meaning of our results and their relevance to human
illness.

Box 1: Lithium dosage in behavioral studies

When investigating the effect of lithium on a behavioral paradigm, a dose and dosing
schedule are generally chosen which yield serum lithium levels equivalent to therapeutic
levels in humans, ranging from 0.5 to 1.2 mEq/kg. Because the pharmacokinetics of lithium
in humans is considerably different from what is found in rodents, a considerably higher
lithium-by-weight dose may be applied in behavioral models. However, lithium metabolism
in rats and mice is not identical, and particular caution must be taken when attempting to
apply to rats a dosing paradigm used with mice, as the former metabolize lithium more
slowly, and thus often require a lower dose than would mice (Wood et al., 1986). High
levels of lithium can cause non-specific toxic effects, and can influence baseline behavior
(thus confounding test results), making appropriate dosing all the more critical (Smith,
1978). Generalizing about such doses is difficult, however, because the time between the
administration of lithium and the behavioral test can dramatically affect the level of lithium
both inside the brain and in the serum. Studies have shown that acute i.p. administration of
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lithium leads rapidly to high serum levels, which subsequently decrease, and low brain
levels, which subsequently increase (Morrison et al., 1971; Ghoshdastidar et al., 1989).
These normalize between five and ten hours after administration. The serum and brain levels
of chronically treated animals are approximately equivalent. For acute intraperitoneal (i.p.)
or subcutaneous (s.c.) injections administered within approximately one hour before the
test is begun, therapeutic serum levels are achieved by doses between 1.5 and 3 mEq/kg.
Chronic administration of 0.2% (rats and mice) to 0.4% (mice) LiCl by weight in rodent
chow has yielded predictable serum levels within the therapeutic range, while rats treated
with 0.15% to 0.2% Li2CO3 chow have yielded the same (Lerer et al., 1980; Hamburger-
Bar et al., 1986; O’Brien et al., 2004; Kitaichi et al., 2006; Youngs et al., 2006). For chronic
administration in the drinking water, 20-30 mEq/L has been seen to be effective in rats
(Prasad and Sheard, 1982; Hines, 1986b). Doses within the therapeutic range generally have
no effect on baseline locomotor activity, so behavioral effects cannot generally be attributed
to general motor changes.
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Figure 1. Lithium: loci of preclinical research
The mechanism by which lithium exerts its therapeutic effects is investigated from a number
of perspectives. The cation directly inhibits a select group of enzymes, included in which are
inositol monophosphatase (IMPase), inositol polyphosphate 1-phosphatase (IPPase),
phosphoglucomutase (PGMase), biphosphate nucleotidase (BPNase), fructose 1,6-
biphosphatase (FBPase), and glycogen synthase kinase-3 (GSK-3). The study of these direct
targets can provide insight to the ability of lithium to modulate intracellular signaling cascades,
the downstream consequences of which are its effects on physiology and behavior. Ideally, the
study of behavior will in turn provide insight on which of the immediate targets of lithium is
relevant to its therapeutic effects. Abbreviations: cAMP: cyclic adenosine monophosphate;
ERK-MAPK: extracellular signal-regulated kinase-mitogen-activated protein kinase; FST:
forced swim test; PI3K: phosphatidylinositol 3-kinase; PKC: protein kinase C.
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Table 1
Summary of the behavioral effects of lithium
The effects of lithium on rodent behavior vary depending on the paradigm used, and results are frequently
inconsistent across laboratories. Here we indicate the relative number and consistency of reports for each behavior
discussed in the review, with * denoting relatively low, ** intermediate, and *** relatively high consistency/
number for each behavior. We also indicate the consistency of effect of other drugs used to treat bipolar disorder,
both depression and mania, namely antidepressants, mood stabilizers, and antipsychotics on each particular
model. We illustrate the most consistent action of lithium as attenuating (↓), potentiating (↑), or not affecting
(↔) the particular behavior.

Test Effect Number of Studies Consistency of Effect Effect of Other
Antidepressants, Mood

Stabilizers, and
Antipsychotics

Aggression ↓ ** *** *
Alcohol Consumption ↔ * * *
Amphetamine-induced Hyperlocomotion ↓ *** *** **
Behavioral Supersensitivity ↓ * ** *
Circadian Rhythm Length ↑ ** *** *
Conditioned Place Preference ↓ * ** **
Conditioned Taste Aversion ↑ *** *** *
Exploratory Behavior ↓ ** ** *
Forced Swim Test immobility ↓ ** *** ***
Intracranial Self-Stimulation ↓ ** * *
Learned Helplessness ↔ * * ***
Learning and Memory ↓ ** * *
Morphine Administration ↔ * * *
Ouabain-induced changes ↓ * * *
Pilocarpine Seizures ↑ *** *** *
Prepulse Inhibition ↔ * * ***
Rearing ↓ *** *** *
Reserpine-induced Hypoactivity ↓ ** *** ***
Sensitization to Psychostimulants ↔ ** * **
Stereotyped Behavior ↔ ** * **
Stress-induced Hypoactivity ↓ * *** ***
Tail Suspension Test immobility ↓ * * ***
Abbreviations: AD: antidepressants; MS: mood stabilizers
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Table 2
Studies of the effect of lithium on spontaneous locomotion and exploratory behaviors.

Species, Strain Lithium Experimental design Results Reference
Rat, RCA Li s.c. Rearing Decreased (Johnson and Wormington,

1972)
Rat, RCA Li i.p. OFT, Rearing Decreased rearing; LOCO: No

change
(Johnson, 1972a)

Rat, Roman Li i.p. OFT, Rearing Decreased rearing; LOCO: no
change

(Johnson, 1972b)

Rat, W Li in chow OFT, activity wheel Decreased LOCO; Wheel: no
change, but decreased compared to
weightmatched controls

(Smith and Smith, 1973)

Rat, W Li i.g. OFT, rearing Decreased rearing and LOCO (Smith, 1975)
Rat, H Li in water OFT, rearing Decreased rearing and LOCO (Langham et al., 1975)
Rat, CD Li s.c. Rearing Decreased (Gray et al., 1976)
Rat, W Li i.p. OFT, rearing Decreased biting, LOCO, and

rearing
(Johnson, 1976)

Rat, F Li i.p. OFT Decreased LOCO (Mukherjee et al., 1977)
Rat, W Li i.p. Rearing Decreased (Smith, 1978)
Rat, W Li i.p. OFT, hole-board Decreased hole-poking and entries

into center
(Johnson, 1981)

Rat, W Li i.p. OFT, rearing Dose-dependent effects on LOCO (Cappeliez and White,
1981)

Rat Li chow OFT, rearing Decreased rearing; LOCO: no
change

(Kofman et al., 1995)

Rat, SD Li chow OFT, rearing Decreased rearing; LOCO: no
change

(Kofman and Bersudsky,
2000)

Mouse, C57BL/6 Li chow Hole pokes, rearing, OFT Decreased hole pokes only (O’Brien et al., 2004)
Rat, LE Li i.p. OFT, rearing Decreased rearing and LOCO (Tenk et al., 2005)
Rat, SD Li or VPA i.p. OFT Decreased early, then normalized (Tomasiewicz et al., 2006)
Abbreviations: LE: Long-Evans; Li: lithium; LOCO: locomotion; i.g.: intragastrically; i.p.: intraperitoneally; OFT: open field test; s.c.: subcutaneously;
SD: Sprague-Dawley; VPA: valproic acid; W: Wistar.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 3
Studies of the impact of lithium on both hyperlocomotion and other measures of hyperactivity (hole pokes,
activity wheel turns) induced by stimulants.

Species, strain Lithium Experimental design Effect on hyperactivity Reference
Rat, Hooded Li i.p. CDP and d-AMP i.p.. Y-shaped

maze
Decreased by acute, not chronic
Li

(Cox et al., 1971)

Rat, Porton Li i.p. d-AMP and CDP i.p.. Hole-
pokes and OFT

Decreased hole pokes; no effect
on HyL

(U’Prichard and
Steinberg, 1972)

Mouse, Rat, Porton Li i.p. d-AMP and CDP i.p.. Hole-
pokes, Y-shaped maze, and
OFT

Decreases hole-pokes, maybe
HyL

(Davies et al., 1974)

Rat, SD Li i.p. d-AMP, i.p.. Activity wheel Decreased HyA (Flemenbaum,
1975)

Rat, W; Mouse,
BALB/c

Li i.p. d-amp s.c. OFT Decreased HyL (Wielosz, 1976)

Rat, SD Li s.c. d-AMP, l-AMP, m-AMP, APO,
or COC, all i.p.; Activity wheel

Decreased HyA (Flemenbaum,
1977)

Mouse, NMRI Li i.p. d-AMP, i.p.. HyL in OFT Decreased HyL (Berggren et al.,
1978)

Mouse, Swiss Li i.p. d-AMP i.p. OFT Li attenuates d-AMP-induced
HyL

(Borison et al.,
1978)

Rat, SAB Li chow d-AMP, i.p. Activity wheel No attenuation of HyA (Ebstein et al.,
1980)

Rat, SD Li chow PCP or d-AMP i.p. OFT and SB PCP-induced HyL was not
affected; decreased AMP-
induced HyL is concomitant with
increased SB

(Fessler et al., 1982)

Rat, SD Li chow d-AMP or PCP i.p. OFT No effect (Fessler et al., 1982)
Rat, SAB Li chow d-AMP i.p. OFT Decreased HyL induced by low

dose
(Lerer et al., 1984)

Mouse, C3H, C57BL,
A, BALB/c, AKR,
CBA/LAC

Li chow 2 mg/kg d-AMP i.p. OFT Decreased HyL in C3H and A,
not in C57 and BALB/c. AKR not
d-AMP-responsive

(Hamburger-Bar et
al., 1986)

Mouse, ddY Li or CBZ
i.p.

m-AMP + CDP, then OFT Both decreased HyL (Okada et al., 1990)

Mouse, NIH
Rat, SD

VPA i.p.,
SC, or PO

d-AMP + CDP. Head dips and
Y-maze

Decreased head dips and arm
entries

(Cao and Peng,
1993)

Rat, W Li s.c. m-AMP i.p. then OFT Decreased (Takigawa et al.,
1994)

Mouse, ddY Li s.c. m-AMP i.p. then OFT Decreased (Namima et al.,
1999)

Mouse, C57BL/
6nCrlBR and C3H/
HenCrlBR

Li i.p. d-AMP i.p. then OFT Decreased HyL in C57BL/
6nCrlBr mice. C3H/HenCrlBR
were unresponsive to d-AMP

(Gould et al., 2001)

Mouse, CD-1 VPA,
CBZ, or
LMG, p.o.

d-AMP + CDZ i.p. then OFT VPA, CBZ decreased HyL.
No effect of LMG

(Arban et al., 2005)

Mouse, 12 strains Li i.p. d-AMP i.p. then OFT Decreased HyL in C57BL/6J,
C57BL/6Tac, Black Swiss, CBA/
J; no change in CD-1, DBA, 129,
FVB, SWR, or NIH Swiss

(Gould et al., 2006)

Mouse, C57BL/6J Li i.p. d-AMP i.p., then OFT Decreased (Gould et al., 2007)
Abbreviations: APO: apomorphine; CBZ: carbamazepine; CDP: chlordiazepoxide; COC: cocaine; d-AMP: dexamphetamine; HyA: hyperactivity (other
than locomotion); HyL: hyperlocomotion; l-AMP: levoamphetamine; Li: lithium; LOCO: locomotion; LMG: lamotrigine; i.p.: intraperitoneally; OFT:
open field test; PCP: phencyclidine; p.o.: orally; SAB: Sabra; s.c.: subcutaneously; SD: Sprague-Dawley; VPA: valproic acid; W: Wistar.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 4
Studies of the effect of lithium on stimulant-induced stereotyped behavior.

Species, strain Lithium Experimental design Effect on
stereotyped
behavior

Reference

Rat, W Li s.c. d-AMP for SB No effect (Wielosz, 1976)
Rat
Rat, SD

Li s.c. d-AMP, l-AMP, m-AMP, APO, COC i.p.
for SB

Decreased (Flemenbaum, 1977)

Mouse, ddI Li i.p. m-AMP, i.p. for SB Decreased (Ozawa and Miyauchi,
1977)

Mouse, Swiss Li i.p. d-AMP i.p., for SB No effect (Borison et al., 1978)
Mouse, Swiss Li water APO s.c., for SB Decreased (Frances et al., 1981a)
Mouse, ddl, ddY Li i.p. m-AMP i.p. for SB Increased (Miyauchi et al., 1981)
Rat, SD Li chow PCP or d-AMP i.p., for SB Increased PCP-

induced SB; no
effect on AMP-
induced SB

(Fessler et al., 1982)

Rat, SD Li chow AMP i.p., for SB Increased (Rubin and Wooten, 1984)
Rat, W CBZ i.p. APO i.p., for SB Increased (Barros and Leite, 1986)
Mouse, C57BL/6J Li i.p. d-AMP i.p., for SB No effect (Gould et al., 2007)
Abbreviations: APO: apomorphine; CBZ: carbamazepine; COC: cocaine; d-AMP: dexamphetamine; i.g.: intragastrically; i.p.: intraperitoneally; l-AMP:
levoamphetamine; Li: lithium; OFT: open field test; PCP: phencyclidine; SB: stereotyped behavior; s.c.: subcutaneously; SD: Sprague-Dawley; W: Wistar.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.

Neurosci Biobehav Rev. Author manuscript; available in PMC 2007 December 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

O’Donnell and Gould Page 41

Table 5
Studies of the effect of lithium on neuroleptic-induced behavioral supersensitivity.

Species, strain Lithium Experimental design Results Reference
Rat, SD Li chow Daily HAL i.p., then OFT HAL-treated animals showed HyA, which

lithium decreased
(Pert et al., 1978)

Rat, SD Li i.p. HAL i.p., then OFT HAL-treated animals showed sedation, which
lithium decreased

(Verimer et al., 1980)

Abbreviations: HAL: haloperidol; HyA: hyperactivity; i.p.: intraperitoneally; Li: lithium; OFT: open field test; SD: Sprague-Dawley.
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Table 6
Studies of the effect of lithium on stimulant-induced behavioral sensitization, as measured through
hyperlocomotion, stereotyped behavior, or hypoalgesia.

Species, strain Lithium Experimental design Effect on sensitization Reference
Rat, SD Li chow AMP or APO s.c.. SENS measured by

SB
Possibly increased (Rubin and

Wooten, 1984)
Rat Li chow COC i.p. SENS measured by HyL Decreased (Post et al., 1984)
Rat, SD Li chow d-AMP i.p. SENS measured by HyL No effect (Cappeliez and

Moore, 1990)
Rat, SD Li water COC i.p. SENS measured by shock-

induced hypoalgesia
Decreased (Antelman et al.,

1998)
Mouse, ddy Li i.p. m-AMP s.c. SENS measured by HyL Decreased (Namima et al.,

1999)
Rat, SD VPA i.p. MPD s.c. SENS measured by HyL No effect of acute VPA;

chronic decreased
(Yang et al., 2000)

Rat, SD Li i.p. MPD s.c. SENS measured by HyL and
SB

No effect (Yang et al., 2001)

Mouse, Kunming VPA i.p. m-AMP or COC i.p., measured by
HyL

No effect of acute VPA;
chronic decreased

(Li et al., 2005)

Rat, SD Clozapine,
HAL, or SCH
23390 s.c.

d-AMP-induced SENS, measured by
HyL

Decreased (Tenn et al., 2005)

Mouse, C57BL/6J Li i.p. d-AMP-induced SENS, measured by
HyL

No effect (Gould et al., 2007)

Abbreviations: APO: apomorphine; COC: cocaine; d-AMP: dexamphetamine; HyL: hyperlocomotion; i.p.: intraperitoneally; Li: lithium; m-AMP:
methamphetamine; MPD: methylphenidate; SB: stereotyped behavior; s.c.: subcutaneously; SD: Sprague-Dawley; SENS: sensitization; VPA: valproic
acid.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 7
Studies reporting the effect of lithium on various rodent models of aggression.

Species, strain Lithium Experimental design Effect on aggression Reference
Rat. SD Li i.p. Shock-induced Decreased (Sheard, 1970)
Rat, SD Li i.p. Shock-induced Decreased (Eichelman et al.,

1973)
Mouse, ddI Li i.p. Induced by nialimide plus L-

DOPA, or by clonidine
Increased (Ozawa et al., 1975)

Rat, SD MAOI and
dibenzazepines, i.p.

Shock-induced Increased (Eichelman and
Barchas, 1975)

Rat, WR Li i.p. Shock-induced alone, as well as
potentiated by d-AMP or
scopolamine, i.p.

Decreased (Mukherjee and
Pradhan, 1976)

Mouse, TO Li i.p. Resident intruder, maternal
aggression, and locust killing

Decreased resident
intruder. Other tests
inconclusive

(Brain and Al-Maliki,
1979)

Rat, W IMI, amitriptyline,
mianserin, iprindole,
i.p.

Shock-induced Increased (Mogilnicka and
Przewlocka, 1981)

Rat, SD Li water Shock-induced Decreased (Prasad and Sheard,
1982)

Mouse, AB Li, VPA, or CBZ in
water

Isolation-induced Li, CBZ decreased; VPA,
CBZ: no change

(Oehler et al., 1985)

Abbreviations: CBZ: carbamazepine; d-AMP: dexamphetamine; i.p.: intraperitoneally; Li: lithium; MAOI: monoamine oxidase inhibitor; SD: Sprague-
Dawley; VPA: valproic acid; W: Wistar; WR: Walter Reed.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 8
Studies of the effect of lithium on animal models of depression.

Species, Strain Lithium Experimental design Effect on depression-like behavior Reference
Mouse, Swiss Li i.p. RES i.p. OFT Decreased hypoactivity (Borison et al., 1978)
Rat, Sabra Li chow RES i.p. OFT Decreased hypoactivity (Lerer et al., 1980)
Mouse, Swiss Li water Isolation, then OFT Decreased hypoactivity (Frances et al., 1981b)
Rat, Holtzmann Li water Shock, then OFT Decreased hypoactivity (Hines, 1986a)

Rat, Wistar Li i.p. FST Decreased immobility (Eroglu and Hizal,
1987)

Rat Li i.p. LH No effect (Stewart et al., 1991a)

Rat, Wistar Li or IMI,
i.p. LH Li increased deficit; IMI decreased (Geoffroy et al., 1991)

Rat, Wistar Li water LH Decreased deficit (Faria and Teixeira,
1993)

Mouse, Swiss Li i.p. FST with SSRIs Potentiated SSRI-induced decrease
in immobility (Nixon et al., 1994)

Mouse, Swiss Li i.p., with
AD FST Decreased immobility, and

potentiated AD-induced decrease (Hascoet et al., 1994)

Rat, Wistar Li i.p. Immobilization stress-
induced hypokinesia Li decreased hypokinesia (Kofman et al., 1995)

Rat, Wistar Li water LH Chronic Li decreased deficit; acute:
no effect (Teixeira et al., 1995)

Mouse, Swiss Li i.p. FST Li + AD decreased immobility time (Bourin et al., 1996)

Mouse, Swiss Li i.p. TST Li potentiated AD-induced decrease
in immobility

(Redrobe and Bourin,
1997)

Mouse, Swiss Li i.p. FST Li + subactive venlafaxine
decreased immobility time (Redrobe et al., 1998)

Rat, SD Li i.p. LH
Sub-chronic: dose-dependent
decrease in LH; chronic: Li induced
spontaneous escape deficits

(Gambarana et al.,
1999)

Mouse, C57BL/6 Li chow FST Li decreased immobility (O’Brien et al., 2004)
Mouse, C57BL/6
and 129 hybrid Li chow FST Li decreased immobility (Shaldubina et al., 2006)

Rat, SD Li or VPA,
i.p. FST High dose Li decreased immobility;

low dose increased. VPA: no effect
(Tomasiewicz et al.,

2006)
Mouse, ICR Li chow FST Li decreased immobility (Bersudsky et al., 2007)
Mouse, C57BL/6
and 129 hybrid Li chow FST Li decreased immobility (Cryns et al., 2007)

Mouse, C57BL/6J Li chow FST Decreased immobility (Gould et al., 2007)
Abbreviations: AD: antidepressant(s); FST: forced swim test; IMI: imipramine; i.p.: intraperitoneally; LH: learned helplessness; Li: lithium; OFT: open
field test; RES: reserpine; SD: Sprague-Dawley; SSRI: selective serotonin reuptake inhibitor(s); TST: tail suspension test; VPA: valproic acid.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 9
Studies of the effect of lithium on reward behaviors in rodents.

Species, strain Lithium Experimental Design Effect on reward behavior Reference
Rat, SD Li i.p. ICSS No effect (Ramsey et al., 1972)
Rat, LE Li or d-

AMP, i.p.
ICSS Li decreased; AMP increased (Cassens and Mills,

1973)
Rat, SD Li i.p. ICSS Decreased, then normalized (Edelson et al., 1976)
Rat, SD Li i.p. Alcohol consumption Lithium decreased alcohol consumption,

but increased severity of withdrawal
symptoms

(Ho and Tsai, 1976)

Rat, Holtzmann Li water Alcohol consumption Li produced earlier onset of adjunctive
consumption of alcohol and water

(Hines, 1986b)

Rat, Holtzmann Li water Alcohol consumption
paired with inescapable
footshock

Alcohol consumption not affected by foot
shock, but increased in animals treated
with lithium and foot shock

(Hines, 1989)

Rat, W Li i.p. ICSS No effect (Takigawa et al.,
1994)

Rat, SD Li i.p. ICSS Decreased (Tomasiewicz et al.,
2006)

Abbreviations: d-AMP: dexamphetamine; ICSS: intracerebral self-stimulation; i.p.: intraperitoneally; LE: Long-Evans; Li: lithium; SD: Sprague-Dawley;
W: Wistar.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 10
Studies of the effect of lithium on learning and memory in rodents.

Species, strain Lithium Experimental design Results Reference
Rat, Holtzman Li water AA and PA Decreased acquisition of PA response. AA

escape performance unaffected, but fewer
avoid shock entirely. Conclude that
learning isn’t changed, but sensitivity to
low-intensity stimulus is

(Hines and Poling,
1984)

Rat, Wistar Li i.p. Latent inhibition Li impaired filtering of irrelevant stimuli (Cappeliez and
Moore, 1988)

Rat, SD Li i.p. T maze following
stimulation of α-1
adrenergic receptors

Pretreatment with Li reverses the
impairment in delayed alternation
performance

(Arnsten et al., 1999)

Rat Li chow Chronic variable stress, then
MWM

Li attenuated spatial reference memory
deficit in stressed mice. No change in
working memory

(Vasconcellos et al.,
2003)

Rat, LE Li chow Object recognition;
holeboard spatial
discrimination

4 weeks Li impaired spatial reference
memory, but not working memory, in the
hole-board. No effect on object
recognition memory

(Al Banchaabouchi et
al., 2004)

Rat, Wistar and
SD

Li i.p. T maze, PA In 30- and 45-s delayed alternation Li
groups were more accurate than controls.
In others, no difference. Li animals had
higher step-through latencies impassive
avoidance, relative to their baseline
performance

(Tsaltas et al., 2006)

Abbreviations: AA: active avoidance; i.p.: intraperitoneally; LE: Long-Evans; Li: lithium; MWM: Morris Water Maze; PA: passive avoidance; SD:
Sprague-Dawley; W: Wistar.

Column “Lithium” is administration route of lithium.
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Table 11
Effect of lithium on other rodent behaviors.

Species, strain Lithium Experimental Design Results Reference
Rat, SD Li i.p. ICV ouabain, then OFT Li reversed hypoactivity (Li et al., 1997)
Rat, SD Li chow CF CIT and MKC-242 inhibited expression of

CF. Li for 1 week enhanced the inhibitory
effect

(Muraki et al.,
1999)

Mouse, DBA and
C3H

Li chow PPI Increased in DBA mice; decreased in C3H
mice

(O’Neill et al.,
2003)

Rat, SD Li chow Chronic restraint stress, then
OFT

No change (Wood et al.,
2004)

Mouse, 129 and
C57BL/6

Li, VPA, or
CBZ i.p.

PPI, and KET- or d-AMP-
induced deficits

No effect on PPI alone. Li prevented PPI-
disruptive effects of d-AMP, but not of
KET. CBZ did opposite. VPA prevented
none

(Ong et al.,
2005)

Mice, ddY Li p.o., or
VPA, CBZ
i.p.

PPI, alone and with APO or
dizocilpine

No effect of any on PPI alone. All
prevented APO-induced PPI disruption. Li
exacerbated dizocilpine-induced PPI
disruption

(Umeda et al.,
2006)

Rat, SD Li chow CF with or without
clorgyline

Li + clorgyline reduced freezing relative to
lithium or clorgyline alone

(Kitaichi et al.,
2006)

Rat, SD pups Li chow OFT, EPM No effect on total LOCO, but decreased
time in center of open field and in open
arms of EPM

(Youngs et al.,
2006)

Abbreviations: APO: apomorphine CBZ: carbamazepine; CF: conditioned freezing; EPM: elevated plus maze; ICV: intracerebroventricularly; i.p.:
intraperitoneally; KET: ketamine; Li: lithium; OFT: open field test; p.o.: orally; PPI: prepulse inhibition; SD: Sprague-Dawley; VPA: valproic acid.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 12
Studies of the effect of lithium and pilocarpine to induce seizures in rats.

Species, strain Lithium Experimental design Results Reference
Rat, SD Li s.c. Li added to PIL, physostigmine, or

arecoline, s.c.
SE induced by Li-PIL and by Li-
arecoline

(Honchar et al.,
1983)

Rat Li s.c. Li-PIL SE induced (Clifford et al., 1987)
Rat, SD Li i.p. Li-PIL, then anticonvulsants SE induced. Atropine,

phenobarbital, diazepam, CBZ
prevented SE. VPA increased
latency to SE. Paraldehyde
prevented SE, and was the only
drug capable of terminating SE
once induced

(Morrisett et al.,
1987a)

Rat, SD Li i.p. or
chow

Li added to PIL, arecoline, or
physostigmine, s.c.

SE induced. Li potentiated
proconvulsant effects of arecoline
and physostigmine

(Morrisett et al.,
1987b)

Rat, SD Li s.c. Li-PIL. Groups tested later for Li-
induced CTA

Less CTA in rats that had been SE
two months before. Both
acquisition and memory of CTA
impaired

(Venugopal and
Persinger, 1988)

Rat, SD Li i.p. Li-PIL, in rats of different ages SE first seen in 7-10 day old rats,
but only consistently induced at
11-14 days

(Hirsch et al., 1992)

Rat, W Li i.p. Li-PIL i.p. Nifedipine, atropine, or
calcium channel agonist given pre-
PIL to see if they affected SE

SE induced, prevented by atropine
but increased by calcium channel
agonist. Nifedipine increased
mortality

(Wielosz et al., 1995)

Rat, W Li i.p. Li-PIL. Effect of various
adenosinergic agents on SE studied

SE reliably induced, prevented by
adenosine and adenosinergic
agents

(George and
Kulkarni, 1997b)

Rat, W Li i.p. 30 mg/kg PIL s.c.21 hrs after LiCl.
Selective DA receptor antagonists
also administered, 30 min. prior to
PIL

SE reliably induced, prevented
(not reversed) by D2 agonist and
D1 antagonist

(George and
Kulkarni, 1997a)

Rat, W Li i.p. Li-PIL SE induced, blocked by atropine (Marinho et al.,
1997)

Rat, SD Li i.p. Li-PIL SE induced, with spatial learning
deficits and histological damage

(Wu et al., 2001)

Rat, W Li i.p. Li-PIL SE induced. Pathologic EEG
activity

(Suchomelova et al.,
2002)

Rat, SD Li i.p. Li-PIL, then MWM SE induced; SE rats that received
topiramate performed better in
Morris water maze than SE rats
that received saline

(Cha et al., 2002)

Rat, SD Li i.p. Li-PIL SE induced (Nehlig et al., 2002)
Abbreviations: CBZ: carbamazepine; CTA: conditioned taste aversion; DA: dopamine; EEG: electroencephalograph; i.p.: intraperitoneally; Li: lithium;
MWM: Morris Water Maze; PIL: pilocarpine; s.c.: subcutaneously; SD: Sprague-Dawley; SE: status epilepticus; VPA: valproic acid; W: Wistar.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 13
Studies of the effect of lithium on behavioral circadian rhythms.

Species, strain Lithium Experimental Design Effect on circadian rhythm Reference
Rat, Wistar Li i.p. Sleep/wake monitored via

continuous EEG
Lengthened period (Danguir et al., 1976)

Rat, SD Li chow Activity wheel Lengthened period (Kripke and Wyborney,
1980)

Rat, SD Li chow Activity wheel Lengthened period (McEachron et al., 1981)
Rat, Wistar Li via

cannula in
bilateral SCN

Food consumption Total intake unchanged;
rhythm altered

(Reghunandanan et al.,
1989)

Mouse, HaMICR Li p.o. OFT Lengthened periods (Poirel and Larouche,
1989)

Rat Li chow Activity wheel Lengthened period (Stewart et al., 1991b)
Rat, ACI/Ztm, BH/
Ztm, LEW/Ztm

Li chow Activity wheel Lengthened period (Hafen and Wollnik,
1994)

Rat, Wistar Li or IMI i.p. OFT, BT, and drinking
behavior

Both lengthened period of
activity in light-dark; Li alone
lengthened periods of LOCO,
BT, and drinking in
continuous darkness

(Nagayama, 1996)

Mouse, C57BL/6 Li chow OFT Lengthened period (Iwahana et al., 2004)
Abbreviations: BT: body temperature; EEG: electroencephalograph; IMI: imipramine; i.p.: intraperitoneally; Li: lithium; LOCO: locomotion; OFT: open
field test; SCN: suprachiasmatic nucleus; SD: Sprague-Dawley.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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Table 14
Studies of the effect of lithium on conditioned preference and aversion tests in rats.

Species, strain Lithium Experimental design Results Reference

Rat, Holtzmann 20 experimental
drugs tested Muricide

All ADs, stimulants, and
antihistaminics inhibited muricide.
Amygdala lesion inhibited
muricide

(Horovitz et al., 1966)

Rat, LE Li i.p. Muricide Decreased (Krames et al., 1973)

Rat, LE Li i.p. CTA Li induced CTA (Berg and Baenninger,
1974)

Rat, LE Li i.g. Muricide Decreased (Berg and Baenninger,
1974)

Rat, SD Li i.p. Muricide Low-dose: no effect; high dose
decreased, but maybe toxic

(Rush and Mendels,
1975)

Mouse, Harlan Li i.p. Cricket killing Decreased (Lowe and O’Boyle,
1976)

Rat, W Li IV CPA Li produced CPA (Mucha et al., 1982)

Rat, W
DMI,
chloroipramine,
AMI, CPZ, DZP, s.c.

Muricide All decreased muricide, but CPZ
and DZP also showed sedation (Shibata et al., 1984)

Rat, Hooded Li i.p. CPA Li dose-dependently institutes
CPA (White and Carr, 1985)

Rat, W Li s.c. Muricide Decreased (Yamamoto et al., 1985)

Rat, SD Li chow CPP/CPA
Li abolished MOR-induced CPP,
naloxone-induced CPA, but not d-
AMP-induced CPP or U-69593-
induced CPA

(Shippenberg and Herz,
1991)

Rat, SD Li i.p. CPA/CTA Rats conditioned for CPA and CTA
showed strong CTA, but not CPA (Schalomon et al., 1994)

Rat, SD Li i.p. CPP Li did not affect COC-induced
place preference

(Shippenberg and
Heidbreder, 1995)

Rat, W Li i.p. CPA CPA induced (Frisch et al., 1995)

Rat, Lister Li i.p. CPP Li decreases reinforcing value of
sucrose (Perks and Clifton, 1997)

Abbreviations: AMI: amitryptiline; COC: cocaine; CPA: conditioned place aversion; CPP: conditioned place preference; CPZ: chlorpromazine; CTA:
conditioned taste aversion; d-AMP: dexamphetamine; DZP: diazepam; i.p.: intraperitoneally; IV: intravenously; LE: Long-Evans; MOR: morphine; s.c.:
subcutaneously; SD: Sprague-Dawley; W: Wistar.

Column “Lithium” is administration route of lithium or alternate mood stabilizer, if noted.
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