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Abstract

Rationale Lithium is established as an effective treatment
of acute mania, bipolar and unipolar depression and as
prophylaxis against bipolar disorder. Accumulating evi-
dence is also delineating a neuroprotective and neurotrophic
role for lithium. However, its primary effects on cognitive
functioning remain ambiguous.

Objectives The aim of this paper is to review and combine
the relevant translational studies, focusing on the putative
cognitive enhancement properties of lithium, specifically on
learning, memory, and attention.
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Discussion These properties are also discussed in reference to
research demonstrating a protective action of lithium against
cognitive deficits induced by various challenges to the nervous
system, such as stress, trauma, neurodegenerative disorders,
and psychiatric disorders.

Conclusions It is suggested on the basis of the evidence
that the cognitive effects of lithium are best expressed and
should, therefore, be sought under conditions of functional
or biological challenge to the nervous system.
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Introduction

Lithium is a mood stabilizer considered to be a first-line
treatment of bipolar disorder (Buckley 2008). Apart from
its therapeutic role in the acute and maintenance phase of
bipolar disorder, it is an effective augmenting agent in
treatment-refractory depression (Crossley and Bauer 2007).
Aside from these well-established clinical benefits of
lithium, growing recent evidence suggests that it is an
effective neuroprotective and neurotrophic agent (Bearden
et al. 2007a, b). Its documented effects on a number of
cellular proteins, which regulate cell atrophy and death,
have led to the hypothesis that this possibly “overlooked
cation” may be useful in the treatment of neuropsychiatric
disorders involving cell atrophy and loss (Chuang and
Manji 2007). However, in spite of the emerging neuro-
protective and neurotrophic actions of lithium, the evidence for
corresponding functional benefits on the cognitive—behavioral
level is rather equivocal. The putative role of lithium as a
cognitive enhancer is challenged by the complaint of mental
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slowing made by patients receiving it (Joffe et al. 1988; Lenzer
et al. 1989). This discrepancy has stimulated human and
animal studies to investigate specific neurocognitive effects of
lithium administration. However, the resulting reports on the
impact of lithium on cognitive functions, learning and
memory in particular, remain controversial.

Taken as a whole, early clinical studies link lithium
treatment to cognitive blurring and memory deficits
(Ananth et al. 1987). More recent neuropsychological studies
raise the possibility that the negative cognitive effects so far
attributed to lithium may in fact be the result of bipolar
disorder itself (Pachet and Wisniewski 2003). Finally, recent
clinical studies show results promising of a beneficial impact
of lithium on cognition in patients with dementia (Terao et
al. 2006; Nunes et al. 2007; Engel et al. 2008).

The animal literature on cognitive effects of lithium also
presents inconsistencies. Recently, however, studies are
emerging which demonstrate potentiation of cognitive pro-
cesses in normal animals after chronic lithium treatment at
doses relevant to human maintenance and therapeutic levels.
Chronic lithium has been shown to enhance spatial working
memory and to promote long-term retention of a weak
aversive contingency (Tsaltas et al. 2007a, b). It has also been
shown to promote learning in three different spatial cognitive
tasks involving positive reinforcement (Nocjar et al. 2007).

Stimulated by the inconsistencies in the reported effects of
lithium on cognitive processes and by these recent encour-
aging observations, the present paper aims to review and
combine the relevant human and animal literature, focusing
on the putative cognitive enhancement properties of lithium.
Apart from examining neuropsychological/behavioral data
collected from human patients, normal controls, and normal
animals subjected to lithium treatment, studies are reviewed
which treat the putative protective action of lithium against
cognitive deficits induced by various neuropsychiatric
conditions and their animal models. This task is necessitated
by the great benefit involved in the potential use of this
clinically tested, inexpensive substance as a cognitive
enhancer in psychiatric disorders such as depression, bipolar
disorder, schizophrenia, or dementia (Zhong and Lee 2007).

Effects of lithium on basic behaviors

Given that an attempt is made to integrate human and
animal literature in the following sections, a word of
caution is necessary with respect to lithium regimes used
in the two domains, as this may be the source of
inconsistencies. The range of lithium doses used in clinical
studies, and corresponding serum levels reported as
“maintenance” or “therapeutic,” are well-established and
uniform (0.5 to 1.2 mEqg/L: Gelenberg et al. 1989). In
contrast, animal studies, the early ones in particular, are
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often limited by the possibility of nonspecific toxic effects
of high lithium doses or by diurnal plasma level oscillations
associated with intraperitoneal administration (O’Donnell
and Gould 2007; Gould et al. 2008). The discrepancies
often noted between the results of early and later animal
studies on the behavioral impact of lithium are at least in
part attributable to the fact that the former often fail to
report serum lithium levels and tend to use acute or
subchronic administration regimes, while the latter gener-
ally adhere to chronic administration of doses yielding
serum lithium levels relevant to human therapeutic levels.

Aside from the administration regime problem, another
complication arises from the fact that lithium influences a
broad spectrum of central neurochemical mechanisms,
thereby being suspect of diverse nonspecific effects on
behavior. In order to evaluate its impact on higher cognitive
processes, it is essential to delineate its effects on basic
behavioral parameters such as locomotion, exploration, re-
sponsiveness to reward and punishment and, of course, mood.

Lithium, activity, and exploration

There are no consistent reports on lithium effects on human
activity levels. Early animal studies report reduced activity
levels after chronic lithium (see Hines and Poling 1984).
More recent studies describe either mild hypoactivity in the
running wheel and open-field (Jahkel et al. 1994; Pascual
and Gonzalez 1995) or normal open-field performance
(Vasconcellos et al. 2003; Gould et al. 2008). Given that the
later studies report therapeutic plasma lithium levels, one
can conclude that therapeutic doses of lithium have little or
no effect on spontaneous locomotion and activity.
However, lithium appears dose-dependently to decrease
exploratory locomotion and rearing in novel environments
such as the open-field (Smith and Smith 1973; Johnson
1976; Pascual and Gonzalez 1995). This may suggest an
impact of lithium on attentional processes (see the “Lithium
and attention” section). However, lithium-treated animals
show normal distractibility by novel stimuli when given a
second open-field test, that is they reduce their exploration
similarly to controls (Pascual and Gonzalez 1995) or when
observed over a period of time (Gould et al. 2008).

Lithium and the impact of rewarding and aversive stimuli

Information on the effects of lithium on human reactions to
reward can be deduced from studies on its interaction with
drugs of abuse, mainly alcohol. Although it has been
evaluated as an aid in the management of alcohol abuse, it
does not consistently affect alcohol consumption in
alcoholics (Lejoyeux and Ades 1993). Also, it appears to
have no effect on the subjective evaluation of the hedonic
effects of alcohol in normal subjects (Judd et al. 1977a). In
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animals, there are reports of decreased voluntary alcohol
consumption with lithium (Ho and Tsai 1976; Alexander
and Alexander 1978), but also of facilitation of adjunctive
alcohol drinking, suggesting an increase in the reinforcing
value of alcohol (Hines and Henslee 1986; Hines 1986a).
Data on lithium effects on morphine intake are also
controversial: in humans, it appears to potentiate its euphoric
effect (Jasinski et al. 1977), but it reportedly decreases
intake in morphine-addicted animals (Tomkiewicz and
Steinberg 1974). Finally, a direct examination of the impact
of various types of reward on learning (food vs. social
interaction) reports enhanced learning in lithium-treated
animals regardless of reward type (Nocjar et al. 2007). This
may suggest that lithium increments the impact of positive
reinforcement, a rather unexpected effect given its anti-
manic properties.

The well-documented effects of lithium as a nausea- and
taste aversion-inducing agent raise the possibility of
generalized effects on nociception, as pleasant and unpleas-
ant flavors and odors can modulate pain perception
(Vasconcellos et al. 2006a). It must be noted, however,
that generation of taste aversion requires significantly
higher doses than those within the therapeutic range
(Nachman and Ashe 1973; Masaki and Nakajima 2006).
Older animal studies report decreased reaction to foot shock
and attenuation of shock-induced activity suppression
(Hines and Poling 1984; Hines 1986b), more recent ones
do not (Tsaltas et al. 2007b). Discrepant effects have also
been reported on the effects of lithium on opioid-induced
analgesia (Johnston and Westbrook 2004 vs. Karakucuk et
al. 2006). Finally, an interesting recent finding is that
lithium restores analgesia affected by sweet taste preexpo-
sure, which is abolished by chronic variate stress: this
suggests that lithium may counteract stress-induced anhe-
donia (Vasconcellos et al. 2006a).

In conclusion, given the equivocal results on the impact
of lithium treatment on reward and nociception, it is
necessary to examine the cognitive effects of the sub-
stance through the parallel use of appetitive and aversive
paradigms.

Lithium, anxiety, and fear

An early study (Hines 1986b) reported that lithium
attenuated shock-induced suppression of open-field activity
controlled by conditioned fear stimuli without affecting
suppression produced by shock itself. However, recent
studies report no effect of subchronic lithium on condi-
tioned freezing, though lithium does dose-dependently
potentiate the antianxiety effects of various antidepressants
(Muraki et al. 1999; Kitaichi et al. 2006). Also, chronic
lithium spares fear conditioning in on- and off-the-baseline
conditioned emotional response procedures (Tsaltas et al.

2007a, b), as it does active avoidance (Hines and Poling
1984). An acquisition deficit in passive avoidance has been
reported by an early study (Hines and Poling 1984), but
passive avoidance retention actually shows improvement
after subchronic (Pascual and Gonzalez 1995) or chronic
(Tsaltas et al. 2007a) lithium treatment. Although the
majority of data show no effect of lithium on the
acquisition of fear, it has been recently demonstrated that
chronic lithium treatment to rat pups causes long-lasting
increases in anxious behavior (Youngs et al. 2000).

These equivocal results on lithium effects on fear/anxiety
support the earlier conclusion that it is essential to examine
the cognitive effects of the substance through the parallel
use of appetitive and aversive paradigms.

Lithium and stress

The interaction of lithium with the effects of stress are
currently commanding significant interest, as accumulating
data suggest that chronic lithium at therapeutically relevant
doses protects from, and possibly reverses, the detrimental
neuroanatomical, neurochemical, and behavioral concom-
itants of stress. In animal models, chronic lithium decreases
indices of anxiety which are raised by stress, such as the
hypokinesia induced by shock administration, isolation, or
immobilization (Hines 1986b; Frances et al. 1981; Kofman
et al. 1995; see also effects on depression). It also appears
to counteract stress-induced lack of response to pleasant
stimuli (Vasconcellos et al. 2006a). Chronic lithium also
appears to protect from, and even reverse, some of the
cognitive effects of chronic variate stress, such as the
compromise of spatial reference memory in the water maze
(Vasconcellos et al. 2003, 2005). In the same paradigm,
lithium presented antioxidant properties in the hippocampus
(decrease of stress-induced free radicals production),
though it was not able to prevent oxidative damage induced
by chronic variate stress (Vasconcellos et al. 2006b).

Given that lithium appears to modify the effects of stress
on activity, hedonic parameters, and cognitive processes as
well, it is clear that any effects of the substance on learning
and memory emerging from procedures involving stress
need to be documented through the use of corresponding,
appetitively motivated procedures such as rewarded alter-
nation (Tsaltas et al. 2007a, b).

Lithium and depression

As mentioned earlier, clinical studies demonstrate that
lithium is one of the most effective augmenting agents of
antidepressant action in refractory unipolar depression
(Bauer et al. 2003; Crossley and Bauer 2007). These
findings are corroborated by animal data collected in a
variety of animal models of depression (Hascoet et al.
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1994; Nixon et al. 1994; Redrobe and Bourin 1997,
Redrobe and Bourin 1999). Animal studies tend to
associate this potentiating effect with increases in 5-HT
neurotransmission induced by lithium treatment: more
specifically, to a modulatory action of lithium on 5-HT1B
autoreceptors in the cortical area, in case of acute treatment,
or in the hippocampus, in case of chronic treatment (Chenu
and Bourin 20006).

In spite of its unquestionable effectiveness as an add-on to
antidepressants, lithium does not emerge as an effective
acute treatment of unipolar depression, though it is superior
to placebo in the acute treatment of bipolar depression (for
review, see Souza and Goodwin 1991). However, this
metaanalytic study suggests that lithium is an effective
prophylactic treatment against unipolar illness. Given this
profile, one would not expect clear antidepressant-like
action of lithium alone in animal models of depression. In
fact, the relevant data are more controversial than the
animal data which establish the effectiveness of lithium as
an adjunct to antidepressants. In rats, chronic lithium at
clinically relevant plasma levels significantly reduced
hypokinesia induced by immobilization stress (Kofman et
al. 1995). It also had an antidepressant-like effect in the forced
swim test (Eroglu and Hizal 1987). However, in the same test,
acute, low-dose lithium treatment reportedly produced a
prodepressant rather than antidepressant effect of increasing
immobility (Tomasiewicz et al. 2006), while acute, clinical-
range doses had no effect on immobility (Wegener et al.
2003). In mice, an antidepressant-like effect has also been
reported after acute (Hascoet et al. 1994) and chronic
administration (Bersudsky et al. 2007; Gould et al. 2007;
Shaldubina et al. 2006). A recent, systematic study of both
acute and long-term lithium administration to mice (in both
cases documented to produce serum and brain levels within
the human therapeutic range) also demonstrated a robust
antidepressant-like effect in the forced swim test in both
cases, which was also apparent after intraventricular admin-
istration of lithium (Gould et al. 2008). The same study
examined the effects of acute and chronic lithium in the tail
suspension test and also documented an antidepressant-like
effect of both regimes in mice (Gould et al. 2008). The
effects of lithium on the learned helplessness model of
depression are more inconsistent. In rats, one study actually
reported aggravation of the escape deficit induced by
inescapable shock after acute or chronic lithium adminis-
tration (Geoffroy et al. 1991). Another study reported no
effects (Stewart et al. 1991), while a third (Teixeira et al.
1995) found that chronic but not acute lithium treatment at a
serum level within the prophylactic range prevented learned
helplessness.

In conclusion, lithium does not appear to influence
general motor activity, although it transiently decreases
exploratory activity. Evidence on effects on reward is
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sparse, but lithium appears to have a moderating influence
on the impact of aversive stimuli and stress. Therefore,
paradigms involving punishment and stress, such as animal
models of conditioned fear and depression, must be treated
cautiously in the examination of the cognitive effects of
lithium. Results produced through such paradigms should
be interpreted in conjunction to data generated by appeti-
tively motivated procedures.

Effects of lithium on cognition

Reports on the effect of lithium on cognition are contro-
versial. Lithium-treated patients as well as lithium-treated
normal volunteers often complain of cognitive “slowing” or
“blurring” (Judd et al. 1977b, c¢; Kropf and Miiller-
Oerlinghausen 1979), but these effects have not so far been
documented as specific cognitive dysfunctions (Stip et al.
2000; Pachet and Wisniewski 2003; O’Donnell and Gould
2007). Below, human and animal studies examining
learning, memory, attentional functions, and executive
functions are reviewed.

Lithium and learning
Human studies

Little formal information exists on the influence of lithium on
human learning. The available data are generally “byproducts”
of memory tests used in clinical and occasionally in normal
populations. Learning efficacy is deduced from the first recall
of word lists or from the emergence of practice effects after
repeated testing of memory or attention functions. Given the
complaints of cognitive slowing expressed by lithium-treated
patients and the evidence of decreased vigilance in normal
volunteers subjected to 2 weeks of lithium treatment (Kropf
and Miiller-Oerlinghausen 1979), objective data on compro-
mised learning in either clinical or normal populations treated
with lithium is unexpectedly sparse (Table 1).

In a study comparing the performance of long-term
lithium-treated outpatients to the general norms, Lund et al.
(1982) noted results within the normal range apart from a
minor deficit in memory and perceptual processing, which
was attributed to lithium effects on arousal. Marusarz et al.
(1981) reported that memory performance and the under-
lying organizational processes of lithium-treated bipolar
patients were not adversely affected by lithium treatment,
compared to unmedicated controls. In bipolar outpatients
on and off lithium treatment, Shaw et al. (1987) report a
normal course of practice effects between consecutive test
sessions. Finally, Yucel et al. (2007) who evaluated verbal
learning and memory, concurrently monitoring hippocam-
pal volume of bipolar patients over a 4-year lithium
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treatment period, report an improvement in verbal learning.
These reports do not suggest that lithium has any major
detrimental effect on learning in bipolar patients and even
give indications to the contrary.

In normal volunteers under subchronic lithium (1—
7 days), there was no impairment in immediate retrieval
of words (Karniol et al. 1978). However, another study
(Kropf and Miiller-Oerlinghausen 1979) reported that, after
14 days of treatment, their lithium group showed a slower
learning slope than the placebo group, needing significantly
more learning trials in order to learn a 16-word list. Stip et
al. (2000), examining normal volunteers (3-week lithium—
placebo administration), found that a placebo control group
showed a posttreatment improvement in recall between two
time-points on an explicit recall task, attributed to a practice
effect. The lithium group did not demonstrate as great an
improvement, indicating that lithium has probably a
negative impact on learning. A delay in the emergence of
practice effects was noted in the lithium group also in the
context of an attentional task. However, in a longer trial (8-
week lithium—placebo administration), Calil et al. (1990)
reported no learning deficits. Both the lithium and the
placebo groups demonstrated an improvement of perfor-
mance over testing repetitions, suggesting normal practice
effects under lithium treatment. These results indicate that,
in normal subjects, lithium may compromise learning in the
initial administration stages (subchronic administration),

Table 2 Effects of lithium administration on learning—animal studies

perhaps due to general influences on arousal and mood.
These adverse effects are not apparent with more prolonged
administration.

Animal studies

It has been pointed out earlier that aversively motivated
procedures are not, on their own, reliable tests of lithium
effects on cognition, given its effects on nociception, stress,
and fear. Thus, in evaluating animals studies on learning
and memory under lithium treatment, more weight must be
given to data generated though spatial reference and
working memory tasks such as the Morris water maze and
various conventional maze procedures like rewarded alter-
nation (Table 2).

Older studies using aversively motivated procedures
generally report deficits. Thus, in rats under subchronic
lithium, a persistent deficit in active avoidance learning was
noted by Richter-Levin et al. (1992). However, passive
avoidance was reported unimpaired after chronic lithium
treatment in another study (Hines and Poling 1984).
Subchronic lithium reportedly delayed acquisition of
conditioned fear, in a way analogous to the delay noted if
stimulus salience is decreased by detailed exploration of the
apparatus before initiation of conditioning (Cappeliez and
Moore 1988). In line with this study, rats under chronic
lithium showed impaired acquisition of an exploration-

Animals Lithium regime Behavioral paradigm Effects Reference
Rats Subchronic Active avoidance learning ! Richter-Levin et al. 1992
Rats Chronic Active avoidance learning 1%} Hines and Poling 1984
Rats Subchronic Passive avoidance learning il Pascual and Gonzalez 1995
Rats Chronic Passive avoidance learning | Hines and Poling 1984
Rats Chronic Passive avoidance learning i Tsaltas et al. 2007a
Rats Subchronic Conditioned fear acquisition l Cappeliez and Moore 1988
Rats Chronic Conditioned fear acquisition 1%} Tsaltas et al. 2007b
Rats Acute Maze learning 1%} Roussinov and Yonkov 1975
Rats Subchronic Visually cued labyrinth learning 1%} Richter-Levin et al. 1992
Rats Subchronic Discrimination learning, easy and difficult 1%} Lalonde and Vikis-Freibergs 1982
Rats Subchronic Cued Y-maze discrimination learning (low-salience | Cappeliez et al. 1989
cue-high-salience distractor)
Rats Subchronic Cued Y-maze discrimination learning (high-salience 0 Cappeliez et al. 1989
cue, low-salience distractor)
Mice Acute Spatial rewarded alternation, four-arm maze 1} Furusawa 1991
Rats Chronic Exploration-reinforced position discrimination ! Hines 1985
Rats Chronic Zero-delay rewarded alternation acquisition, T-maze 1%} Tsaltas et al. 2007a
Rats Chronic Delayed rewarded alternation, T-maze il Tsaltas et al. 2007a
Rats Chronic Hole-board spatial discrimination learning 1 Nocjar et al. 2007
Rats Chronic Spatial discrimination learning 1 Nocjar et al. 2007
Rats Chronic Delayed rewarded alternation, T-maze 1 Nogjar et al. 2007
Rats Chronic Learning ability (cortex/subcortex weight ratio) T (1) Gallo et al. 1990

1 improved performance in lithium-treated subjects compared to controls, | compromised performance in lithium-treated subjects compared to
controls, ¥ unaffected performance in lithium-treated subjects compared to controls
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reinforced position discrimination under conflict (Hines
1985) and delayed acquisition of passive avoidance (Hines
and Poling 1984). However, in more recent studies,
subchronic and chronic lithium treatment reportedly
improved passive avoidance acquisition (Pascual and
Gonzalez 1995; Tsaltas et al. 2007a) and did not affect
fear conditioning (Tsaltas et al. 2007b).

In mice, lithium had no significant effect on rewarded
alternation learning in a four-arm maze (Furusawa 1991). In
rats, acute administration of lithium before and after maze
learning had no effects on performance (Roussinov and
Yonkov 1975) and normal learning of two appetitive
discrimination tasks varying in terms of cognitive difficulty
was noted (Lalonde and Vikis-Freibergs 1982). Subchronic
lithium did not interfere with discrimination learning in the
Y-maze when reinforcement was signaled by a high-salience
cue with a low-salience distractor. However, discrimination
learning in lithium-treated rats was compromised when a
low-salience cue and a high-salience distractor were used
(Cappeliez et al. 1989). In the Morris water maze, when
training began 3 days after lithium treatment onset, lithium
animals showed a significant deficit in locating the platform
on the fifth treatment day: the deficit dissipated by day 6.
When training began after 10 days of lithium treatment,
lithium animals were indistinguishable from controls
(Richter-Levin et al. 1992). In learning a visually cued
labyrinth after subchronic lithium treatment, rats on high
lithium doses did not try to navigate the maze, a
motivational deficit which disappeared within 48 h of
lithium interruption. Rats on a lower dose, after 8 days of
lithium treatment, performed the task significantly slower
than controls due to retracing, but did not make more
choice errors than controls (Richter-Levin et al. 1992).

With respect to chronic lithium treatment, a number of
studies employing appetitively motivated tasks have actu-
ally demonstrated enhancement of learning by lithium.
Gallo et al. (1990) demonstrated that chronic lithium
administration in young rats had effects similar to those of
increased environmental stimulation: both manipulations
significantly enhanced learning ability and also increased
the cortex/subcortex weight ratio. Chronic lithium had no
effect on the acquisition of a zero-delay rewarded alterna-
tion task in the T-maze and improved performance of
delayed alternation (Tsaltas et al. 2007a). Finally, rats under
chronic lithium trained in three different appetitively
motivated spatial cognitive tasks (hole-board spatial dis-
crimination, T-maze delayed alternation and social place-
preference) demonstrated enhanced learning in all three
paradigms, regardless of the reward received (food or social
interaction: Nocjar et al. 2007).

In conclusion, the sparse data addressing learning per se
in bipolar patients and normal controls under lithium
treatment do not suggest that lithium has any major

detrimental effect, beyond its dampening effect on perfor-
mance. Data from normal humans suggest that lithium may
compromise learning in the initial administration stages
(subchronic administration), perhaps due to general influ-
ences on arousal and mood. These adverse effects are not
apparent with more prolonged administration. This observa-
tion is corroborated by animal data, showing that, when
learning occurs less than 10 days after onset of lithium
treatment, animals show sluggishness (which would influ-
ence latency measures) without actual increases in errors.
Also, deficits which appear if behavioral training begins
soon after lithium onset fail to emerge if training begins later
(Richter-Levin et al. 1992). In contrast to the subchronic
ones, studies employing prolonged lithium administration
in normal animals consistently show learning improve-
ments under lithium, in one instance (Gallo et al. 1990)
correlated with increased cortex/subcortex weight ratio in
lithium-treated rats.

Lithium and memory
Human studies

Taken as a whole, early clinical studies associated lithium
treatment with memory deficits (Ananth et al. 1987), a view
corroborated by some recent work (Honig et al. 1999;
Kocsis et al. 1993; Van Gorp et al. 1998). The relevant
studies have examined lithium effects on various types of
memory, including immediate and short-term verbal mem-
ory, delayed recall and long-term verbal memory, and
visual memory. Subject samples include psychiatric patients
(mainly bipolar) occasionally compared to healthy volun-
teers or medication-naive bipolar patients and in normal
subjects. The latter studies have the advantage of isolating
the neuropsychological effects of lithium from those of
bipolar disease processes and should, therefore, be given
special consideration (Table 1).

Lithium, immediate, and short-term verbal memory

The results of clinical studies comparing mood disorder
patients on lithium to unmedicated controls are equivocal.
Affective disorder patients on long-term prophylactic lithi-
um treatment showed impaired performance in immediate
recall tasks and short-term verbal memory tests, compared to
drug-free normal controls or the standardized norms
(Kusumo and Vaughan 1977; Loo et al. 1981; Lund et al.
1982). However, when euthymic bipolar outpatients on (a)
lithium and (b) valproate monotherapy were compared to
controls on immediate verbal memory, lithium and val-
proate were associated with comparable deficits, suggesting
that either the two medications influence this function in a
similar fashion or that the deficit is intrinsic to bipolar
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disorder (Senturk et al. 2007). Another study comparing
two groups of bipolar patients with and without a history of
alcohol dependence to normal controls could not dissociate
the cognitive effects of lithium from those of bipolar
disorder (Van Gorp et al. 1998). Finally, two controlled
studies failed to find lithium-induced short-term memory
impairments in bipolar patients (Marusarz et al. 1981) and
bipolar disorder vs. major depression (Jauhar et al. 1993).

Another strategy used for examining the impact of lithium
on cognitive functioning is the evaluation of the effects of
lithium discontinuation in mood disorder patients. In such
discontinuation studies, euthymic bipolar patients continuing
lithium treatment showed impaired immediate and long-term
memory compared to euthymics after lithium discontinuation
(Reus et al. 1979). Similarly, bipolar patients retested 16 days
after lithium discontinuation showed significant improve-
ment (Christodoulou et al. 1981). In lithium-treated affective
patients tested on immediate recall during treatment, under
discontinuation, and after reinstatement of the lithium
regime, one study (Kocsis et al. 1993) demonstrated
reestablishment of the original immediate verbal memory
deficit upon reinstatement of lithium in bipolars and patients
with recurrent major depression. However, a similar study
(Shaw et al. 1987), which also noted significantly improved
immediate recall under lithium discontinuation, failed to find
reversal of this improvement after lithium reinstatement.
Finally, discontinuation studies using double-blind cross-
over designs of lithium and placebo treatment found no
difference in immediate memory and short-term memory
(Squire et al. 1980; Sharma and Singh 1988). Two more
discontinuation studies testing short-term memory soon after
discontinuation and as long as 12 months after lithium
treatment also failed to note a lithium-induced deficit
(Telford and Worrall 1978; Smigan and Perris 1983).

Data on the effects on lithium in short-term memory
performance of healthy volunteers are as follows: Kropf and
Miiller-Oerlinghausen (1979) reported significant impair-
ment. In contrast, Weingartner et al. (1985) reported no
impairment when the memory function was examined on
the basis of attending to and remembering ongoing events.
However, lithium appeared to have a “blurring” effect on
cognition, as it reduced the ability to discriminate between
material seen and similar but not previously seen distractors.
Kolk et al. (1993) who examined the effects of a single dose
of lithium in healthy volunteers found no lithium-induced
impairment in short-term memory. Similarly, Karniol et al.
(1978) found no impairment in the immediate retrieval of
normal subjects crossing from lithium to placebo after
7 days. Two other studies using more prolonged lithium—
placebo randomized double-blind cross-over designs (Stip
et al. 2000; Calil et al. 1990; 3 and 8 weeks, respectively)
also failed to find lithium-induced impairments in short-
term memory.
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Lithium, delayed recall, and long-term verbal memory

Studies comparing mood disorder patients on lithium with
controls on delayed recall tasks generally report deficits
(Loo et al. 1981; Lund et al. 1982). However, in a recent
study which noted short-term and delayed verbal memory
deficits in bipolar patients with and without alcohol
dependence compared to normal controls, the authors stated
that medication alone did not account for their findings
(Van Gorp et al. 1998), while another study found no
delayed recall impairments (Kusumo and Vaughan 1977).
In contrast to the delayed recall studies, studies examining
long-term memory in bipolar patients on lithium compared
to controls report either no deficit (Marusarz et al. 1981) or
even improved long-term memory in patients with depres-
sion (Kusumo and Vaughan 1977)

Several lithium discontinuation studies investigating
delayed verbal recall report deficits during their lithium
administration periods (Christodoulou et al. 1981; Shaw
et al. 1987; Kocsis et al. 1993). However, an even greater
number of studies fail to replicate this finding (Telford and
Worrall 1978; Squire et al. 1980; Smigan and Perris 1983;
Sharma and Singh 1988). These studies also report intact
long-term recall, being at odds with a single study reporting
impaired long-term memory performance (Reus et al.
1979).

In healthy volunteers under lithium treatment, Karniol et al.
(1978) found no immediate recall impairment, but a
significant deficit in long-term recall of words compared to
performance under placebo. Similarly, Kropf and Miiller-
Oerlingshausen (1979) reported that normal volunteers after
14 days on lithium recalled significantly fewer words learned
pretest compared to a placebo group. However, Stip et al.
(2000) noted an absence of significant effects of lithium on
long-term recall.

Lithium and visual memory

Data on lithium effects on verbal memory are equivocal,
but they do suggest an overall compromise due to lithium.
In contrast, no significant effects of lithium emerge in the
area of visual memory in psychiatric patients. Immediate
visual memory is reported unimpaired by lithium adminis-
tration in most relevant studies (Sharma and Singh 1988;
Squire et al. 1980; Loo et al. 1981;Van Gorp et al. 1998)
with a single study (Christodoulou et al. 1981) reporting
transient impairments. With respect to delayed recall in
visual memory tasks, one study (Sharma and Singh 1988)
reported no lithium-associated decrease in performance,
whereas another reported a reversible deficit (Christodoulou
et al. 1981). In normal subjects under lithium for 2 weeks
(Judd et al. 1977b, c), there were lithium-related perfor-
mance deficits in visual-motor function, but these appear to
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be caused mainly by a general slowing down in perfor-
mance reported by these authors.

In summary, of a total of 22 studies reviewed in this
paper on the effects of lithium on immediate and short-term
verbal memory, nine studies reported deficits which ten
other studies failed to reproduce. Two studies were
inconclusive, while one study actually reported enhanced
short-term memory under lithium. With respect to the
effects of lithium on delayed recall and long-term memory,
of the 16 studies reviewed, eight reported impairments
while seven noted no adverse effects and one was
inconclusive. Obviously, methodological issues play a
major role in this inconsistency (e.g., lack of reliable
diagnoses, somatic comorbidities with negative neuropsy-
chological effects, use of different neuropsychological tests)
and elude attempts at metaanalysis of the results. However,
this remarkable 50—50 distribution does not suggest specific
detrimental effects of lithium on memory. It is possible that
a general slowing down in performance contributes to the
confusing picture (e.g., Judd et al. 1977b, c).

Perhaps it is safest to draw conclusions (albeit tentative
ones) on the basis of the studies treating lithium effects on
normal subjects alone. Acute administration of lithium does
not appear to affect short-term memory performance. More
prolonged administration seems to spare basic short-term
memory function, allowing normal remembering of ongo-
ing events. However, increased demands such as those
imposed by formal neuropsychological testing occasionally
reveal mild deficits in short-term memory under subchronic
lithium. These deficits may be transient, since more
prolonged treatment appears to lead to normal performance.
A similar picture emerges with respect to lithium effects on
long-term recall.

At this point, a recent longitudinal magnetic resonance
imaging (MRI) study on bipolar patients deserves special
mention, although it does not include a control group.
Patients were studied before ever receiving pharmacother-
apy and then over a 4-year period of lithium treatment.
Improved immediate verbal memory was noted, along with
MRI evidence of increased hippocampal volume over that
period (Yucel et al. 2007). This study is one of the few
showing combined neurotrophic and functional (memory-
enhancing) effects of lithium.

Animal studies

Older studies assessing memory in aversive tasks in rats
reported that chronic and subchronic lithium delayed
passive avoidance acquisition (Hines and Poling 1984;
Cappeliez and Moore 1988), while effects on active
avoidance were controversial (Hines and Poling 1984 vs
Richter-Levin et al. 1992). However, recent studies report
significant improvements in the long-term retention of

passive avoidance under subchronic or chronic lithium
administration at clinically relevant doses (Pascual and
Gonzalez 1995; retention of a weak aversive contingency
unable to produce avoidance in controls: Tsaltas et al.
2007a) (Table 3).

Spatial procedures such as the Morris water maze and
various conventional maze procedures are in agreement
with the latter studies. Only two such studies note memory
deficits after lithium treatment. An early study on rats
(Roussinov and Yonkov 1975) reports deficient recall of
maze learning after subchronic but not acute lithium.
Impaired spatial working and reference memory was also
found in black molly fish under chronic lithium, during
alternation in a plus maze (Creson et al. 2003). All other
available studies note either no effect or actual memory
improvement under chronic lithium. In mice, lithium had
no effect on working memory in the four-arm maze
rewarded alternation (Furusawa 1991). In rats, lithium
reversed stress-induced memory deficits in the Morris
water maze (Vasconcellos et al. 2003): the same study
presented data suggestive of lithium-induced memory
enhancement (increased number of crossings over the
initial position of the escape platform by the lithium-
treated, unstressed group, compared to unstressed controls).
Tsaltas et al. (2007a) found chronic lithium not to affect
reference memory in T-maze rewarded alternation, but
noted significant working memory improvement in lithi-
um-treated animals when delay increases between forced
and free-choice trials resulted in near-chance performance
in control animals. Similarly, improved memory in delayed
T-maze alternation has been noted by Nocjar et al. (2007)
under chronic lithium, along with improved performance in
the hole-board spatial discrimination and in social place-
preference conditioning. Finally, rats under chronic lithium
exhibited normal object recognition memory in the object
recognition task and a transient deficit in the acquisition of
spatial discrimination food search task in a hole-board maze
with normal spatial memory in later performance (Al
Banchaabouchi et al. 2004).

To conclude, little is known on the acute effects of
lithium on memory. Subchronic and chronic administration
of lithium doses sustaining clinically relevant serum levels
in normal animals do not appear to affect spatial reference
or object recognition memory. However, spatial working
memory appears to be enhanced by lithium treatment,
particularly under parameters which challenge the working
memory capacity of normal, untreated animals (Tsaltas
et al. 2007a; Nocjar et al. 2007). Similarly, long-term
retention of weak aversive contingencies (based on few
conditioning trials, as is generally the case with step-
through passive avoidance) appears to be improved by
chronic lithium (Pascual and Gonzalez 1995; Tsaltas et al.
2007a).
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Table 3 Effects of lithium administration on memory—animal studies

Animals Lithium regime Behavioral paradigm Effects Reference
Rats Subchronic Passive avoidance retention | Cappeliez and Moore 1988
Rats Subchronic Passive avoidance retention 1 Pascual and Gonzalez 1995
Rats Chronic Passive avoidance retention ! Hines and Poling 1984
Rats Chronic Passive avoidance retention 1 Tsaltas et al. 2007a
Rats Subchronic Active avoidance retention ! Richter-Levin et al. 1992
Rats Chronic Active avoidance retention 1} Hines and Poling 1984
Rats Chronic Fear conditioning retention 0 Tsaltas et al. 2007b
Rats Acute Maze learning recall 0 Roussinov and Yonkov 1975
Rats Subchronic Maze learning recall l Roussinov and Yonkov 1975
Rats Chronic Spatial reference memory, zero-delay rewarded alternation, 0 Tsaltas et al. 2007a
T-maze

Fish Chronic Spatial working memory, plus maze ! Creson et al. 2003
Mice Acute Spatial working memory, four-arm maze rewarded alternation 1%} Furusawa 1991
Rats Chronic Spatial working memory, delayed rewarded alternation, T-maze 1 Tsaltas et al. 2007a
Rats Chronic Spatial working memory, delayed rewarded alternation, T-maze 1 Nocjar et al. 2007
Rats Chronic Hole-board spatial discrimination 1 Nocjar et al. 2007
Rats Chronic Place-preference conditioning 1 Nocjar et al. 2007
Rats Chronic Object recognition task 0 Al Banchaabouchi et al. 2004
Rats Chronic Hole-board spatial discrimination | (transient, @) Al Banchaabouchi et al. 2004
Rats Acute (3 days) Morris water maze ! Richter-Levin et al. 1992
Rats Subchronic Morris water maze 0 Richter-Levin et al. 1992

(10 days)
Rats Chronic Morris water maze 1 Vasconcellos et al. 2003

1 improved performance in lithium-treated subjects compared to controls, | compromised performance in lithium-treated subjects compared to
controls, ¥ unaffected performance in lithium-treated subjects compared to controls

Insofar as these results do not suggest major memory
deficits due to lithium treatment in normal animals, they are
compatible with the general lack of prolonged detrimental
effects of the substance in short- and long-term memory in
normal humans. The memory improvement noted in normal
animals under certain conditioning parameters is interesting
and deserves further exploration, particularly as it suggests
that lithium may act as a memory enhancer when task
difficulty or compromise of the memory system, as for
example by stress (Vasconcellos et al. 2003), lead to
marginal performance in untreated controls. This hypothe-
sis would appear to accommodate the memory enhance-
ment seen in bipolar patients after prolonged lithium
treatment, along with increased hippocampal volume over
that period (Yucel et al. 2007). Evidence of changes
(enhancement in synaptic plasticity) in the hippocampus
after lithium treatment is supplied by the animal literature
as well. Enhanced long-term potentiation (LTP) has been
documented after subchronic lithium treatment (increases in
excitatory postsynaptic responses, synaptic strength, and
cell firing of hippocampal granule cells in the rat dentate
gyrus: Shim et al. 2007; Son et al. 2003). Given that LTP is
thought to be a neurophysiological basis for the develop-
ment of learning and memory (Bliss and Collingridge
1993), these data are congruent with the functional memory
enhancement seen in some of the animal studies.
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Lithium and attention
Human studies

Sharma and Singh (1988) compared patients with affective
disorders matched for socioeconomic factors and intelli-
gence quotient scores receiving either lithium or placebo.
They found no lithium-associated decreases in attention or
concentration. In two studies comparing mood disorder
patients with controls which also evaluated attentional
performance (Lund et al. 1982; Van Gorp et al. 1998), no
negative influence of lithium on attention was noted.
Similarly, in a lithium discontinuation study (Squire et al.
1980), no impairments in attention were found under
lithium administration (Table 1).

Results on normal volunteers treated with lithium are
somewhat more equivocal. Calil et al. (1990), who con-
ducted an 8-week lithium—placebo cross-over study, found
no attentional impairments in the lithium group. Stip et al.
(2000), using alertness task as well as divided, selective,
and sustained attention tasks, also failed to find attentional
deficits during a 3-week lithium—placebo administration
period. In contrast, Judd et al. (1977b) and Judd (1979)
reported that 14 days of lithium administration impaired
attentional performance in healthy individuals. However,
the authors suggest that the deficits are probably due to a
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lithium-induced slowing of performance, consistent with
the reports of subjective effects in normal subjects.

Animal studies

Several older animal studies examining the effects of
subchronic and chronic lithium on attention in rats suggest
that lithium narrows the breadth of attention onto high-
salience cues with a corresponding attenuation of reactivity
to low-salience stimulation. Thus, rats treated with chronic
lithium and trained in an active avoidance task responded
predominantly to the cue stimulus, making significantly
fewer precue avoidance responses than controls (Hines and
Poling 1984). It also attenuated shock-induced suppression
of open-field activity when that suppression was under the
control of mild or moderate conditioned stimulus parame-
ters, but did not affect suppression produced by shock itself
(Hines 1986b). In a discrimination learning task in the Y-
maze with compound cues, rats treated with subchronic
lithium showed increased readiness to focus onto the reward-
relevant cue if this was highly salient (brightness relevant/
spatial cues irrelevant). After an extradimensional shift was
made (spatial cues relevant/brightness irrelevant), the per-
formance of the lithium-treated rats deteriorated (Cappeliez
etal. 1989). However, normal distractibility was seen in rats
treated with subchronic lithium in a second open-field test
where they reduced their exploration as readily as control
animals did. In the same study (Pascual and Gonzalez
1995), lithium-treated rats were slightly less active than
controls during the first exposure to the open-field (Table 4).

With regard to latent inhibition, one study has proposed
that lithium reduces rats’ ability to learn to ignore irrelevant
stimuli, since subchronic lithium blocked latent inhibition
(Cappeliez and Moore 1988). However, a recent study
using chronic lithium at therapeutically relevant serum
levels demonstrated intact latent inhibition in the rat
(Tsaltas et al. 2007b). Finally, the effects of lithium on

Table 4 Effects of lithium administration on attention—animal studies

sensorimotor gating, as examined by the prepulse inhibition
test, are equivocal. Lithium appears to block deficits
induced on prepulse inhibition by apomorphine (Umeda
et al. 2006) or by b-amphetamine (Ong et al. 2005), but not
by ketamine (Ong et al. 2005). In another study, chronic
lithium promoted inhibition in one strain of mice but
compromised it in another (O’Neill et al. 2003).

In conclusion, human studies examining lithium effects
on attention in clinical and normal populations quite
consistently report normal attentional functioning. Animal
studies, mainly those using subchronic lithium regimes,
report narrowing of attention onto high-salience cues at the
expense of less prominent ones. However, distractibility
appears uncompromised, as does learned irrelevance under
chronic lithium.

Lithium and executive functions
Human studies

Impaired executive function is considered to be an
important characteristic of bipolar disorder (Frangou et al.
2005). Therefore, the effects of lithium on executive
functions of bipolar patients are not easy to assess. Bipolar
patients on lithium treatment have been reported to present
compromised executive functions relative to controls only
in the presence of alcohol dependence comorbidity (Van
Gorp et al. 1998). A recent study on eurythmic bipolar
patients on lithium monotherapy or lithium in combination
with other psychotropics also noted executive and response
inhibition deficits in the lithium monotherapy group
compared to controls (Mur et al. 2007). Two other studies
compared euthymic bipolar patients on monotherapy with
lithium and valproate. One reported that the lithium and
valproate monotherapy groups and drug-free euthymic
bipolar controls performed worse on executive functioning
tests than healthy controls (Goswami et al. 2002). This

Animals Lithium regime Behavioral paradigm Effects Reference

Rats Subchronic Cued Y-maze discrimination learning (low-salience l Cappeliez et al. 1989
cue-high-salience distractor)

Rats Subchronic Cued Y-maze discrimination learning (high-salience cue, @ Cappeliez et al. 1989
low-salience distractor)

Rats Chronic Active avoidance | (fewer precue responses) Hines and Poling 1984

Rats Chronic Conditioned suppression of open-field activity l Hines 1986b

Rats Subchronic Open-field test, exploration reduction in second exposure & Pascual and Gonzalez 1995

Rats Subchronic Latent inhibition l Cappeliez and Moore 1988

Rats Chronic Latent inhibition 4] Tsaltas et al. 2007b

Mice Chronic Prepulse inhibition 1/1 (species difference) O’Neill et al. 2003

1 improved performance in lithium-treated subjects compared to controls, | compromised performance in lithium-treated subjects compared to
controls, ¥ unaffected performance in lithium-treated subjects compared to controls
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suggests that the executive deficits are not due to lithium,
but nor are they reduced by it. The other study noted that
the two bipolar groups did not differ from each other or
from controls in terms of executive functioning, as assessed
by the Wisconsin card sorting test (Senturk et al. 2007).
Other data relevant to the effects of lithium on executive
functions concern visual-spatial constructional ability,
which was found unimpaired by lithium in two studies
involving psychiatric patients on and off lithium (Sharma
and Singh 1988; Squire et al. 1980) and one involving
healthy volunteers (Judd 1979) (Table 1).

Animal studies

Very little information is available on the effects of lithium
on executive functions in animals, apart from the reports of
enhanced working memory discussed earlier (Vasconcellos
et al. 2003; Tsaltas et al. 2007a; Nocjar et al. 2007). To our
knowledge, there are no reports directly examining lithium
effects on behavioral flexibility or response inhibition, and
little is known on its effects on extinction, particularly of
appetitively motivated behavior. One report alludes to
increased response inhibition, reporting failure of lithium-
treated rats to show extinction of activity suppression after
shock removal (Hines 1986b). At this time, it is, therefore,
not feasible to evaluate the effects of lithium on executive
functions until further work, especially on normal individuals
receiving lithium, becomes available.

Effects of lithium on cognitive—behavioral deficits
induced by challenges to the central nervous system

It is well-documented that lithium is neuroprotective against
several cytotoxic processes (Chuang et al. 2002; Jope 2003),
such as oxygen and glucose deprivation (Cimarosti et al.
2001; Nonaka and Chuang 1998), serum starvation
(Hongisto et al. 2003), and glutamate-mediated excitotox-
icity (Nonaka et al. 1998). Aside from its effects on normal
cognitive processes, increasing evidence suggests that the
neuroprotective effects of lithium are translatable to
functional “cognitive enhancer” capacity on substrates of
cognitive deficits induced by various challenges to the
central nervous system (CNS). Such challenges include
psychobiological factors as stress, trauma to the nervous
system by excitotoxic factors, ischemia or irradiation,
neurodegenerative disorders, and psychiatric disorders.

In assessing the value of lithium as a putative cognitive
enhancer, clearly, it is not sufficient to rely on clinical
reports of therapeutic efficacy. Proof of improvement of
cognitive dysfunction in the context of a given disease
requires, additionally, rigorous placebo-controlled clinical
trials demonstrating significant improvement or slowed rate

@ Springer

of decline in cognitive function as a result of lithium
treatment, as well as converging evidence from animal
models associating lithium action with the underlying
neurochemical substrate of the disease process suspected
as a cause of the cognitive dysfunction (Kennedy et al.
2007). Accordingly, an attempt is made below to combine
recent clinical and animal studies, where those are
available, on the effects of lithium on cognitive dysfunction
associated with various challenges to the nervous system
which compromise cognitive function.

Lithium and cognitive—behavioral deficits induced by stress
or CNS trauma

In this area, information is provided mainly by animal
studies. With respect to stress, chronic lithium pretreatment
reportedly reduced stress-induced hypokinesia in the forced
swimming test (Kofman et al. 1995) and attenuated spatial
reference memory deficits in the Morris water maze
(Vasconcellos et al. 2003). In a later study, lithium also
prevented stress-induced reduction in hippocampal Na'/K -
ATPase activity (Vasconcellos et al. 2005). These stress-
related neurochemical and cognitive deficits were also
reversed by poststress lithium treatment. Accordingly, it
was suggested that Na'/K'-ATPase activity modulation
may be one of the mechanisms of lithium’s therapeutic
action (el-Mallakh 1983; Vasconcellos et al. 2005). It must
be noted that this study focused on hippocampal Na'/K"-
ATPase activity, since this region is particularly sensitive to
stress effects. Therefore, the possibility that lithium has
similar effects on other brain structures cannot be excluded.
The variate stress regime used in the two studies mentioned
above (Vasconcellos et al. 2003, 2005) was also shown to
cause oxidative damage in the hippocampus (Vasconcellos
et al. 2006b). Although chronic lithium presented some
antioxidant properties (decreased free radicals production in
hippocampus), it was not able to block the stress-induced
oxidative damage (Vasconcellos et al. 2006b).

Finally, chronic variate stress which induced immobility
in the forced swim test was also shown to reduce cell
proliferation/differentiation (as evidenced by the use of
specific proliferation and differentiation markers) and
increase apoptotic rate and glycogen-synthase-kinase-3beta
(GSK-3beta) in the hippocampus. Administration of lithium
(2.5 mEqg/kg body weight) during exposure to chronic stress
prevented both its behavioral and neurochemical effects.
The authors suggest that lithium may prevent the deleteri-
ous effects of stress on behavior and cellular functions by
regulating GSK-3beta activity (Silva et al. 2008).

Subchronic lithium pretreatment reportedly attenuated
the effects of cholinergic excitatory neurotoxicity, protect-
ing from both the neurochemical and behavioral concom-
itants of ibotenic acid lesions to the nucleus basalis
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magnocellularis. Specifically, it attenuated the exploration
deficit and the passive avoidance retention deficit induced
by the lesions (Pascual and Gonzalez 1995). Cranial
irradiation (which can cause lifelong neurocognitive defi-
ciency in humans) of newborn mice was shown to induce
hippocampally dependent learning and memory deficits in
the Morris water maze, along with apoptosis and decreased
neurogenesis in the subgranular zone of the hippocampus.
One week lithium pretreatment improved the observed
cognitive deficits and protected irradiated hippocampal
neurons from apoptosis. Mediation of this effect was
attributed to multiple pathways, including GSK-3beta and
Bcl-2/Bax, since lithium exposure in combination with
ionizing radiation in vitro was shown to induce GSK-3beta
inhibition and an increase in Bcl-2 protein expression, as
well as decreased expression of the apoptotic protein Bax
(Yazlovitskaya et al. 2006). Finally, the 2-week lithium
pretreatment attenuated the neurological and cognitive
deficits induced by transient global cerebral ischemia,
which included defective beam balance, hyperactivity in
the open-field, and compromised learning and memory
in the elevated plus maze and the Morris water maze. In
parallel, it decreased cell death in hippocampal CA1 region
(Yan et al. 2007a, b). This lithium regime was shown to
increase ERK1/2 activation after ischemia and lead to
significant increase and elevated survival rates of Brdu-
positive cells in the hippocampal dentate gyrus. It was
suggested that lithium upregulates the generation and
survival of newborn cells in the hippocampus by the ERK
pathway (Yan et al. 2007b).

Lithium and cognitive deficits resulting
from neurodegenerative disorders

Given the evidence of lithium’s inhibitory action on the
formation of beta amyloid and hyperphosphorylated tau
protein (Sun et al. 2002), the possibility that it may offer
clinical benefit against Alzheimer’s disease is of obvious
interest, so it is now under assessment both in clinical
studies and in animal models of the disorder.

The results of two clinical studies comparing lithium-
treated patients with age-matched controls not on lithium
were not very encouraging. Primary care patients on
lithium and patients who had not taken lithium were assessed
with respect to diagnosis of dementia, and it was noted that
lithium-treated patients had a higher risk of a dementia
diagnosis. There was also a trend toward increasing dementia
risk with increasing numbers of lithium prescriptions (Dunn
et al. 2005). Elderly lithium-treated patients without a
diagnosis of dementia and matched controls who had never
been prescribed lithium did not differ in mini-mental state
examination (MMSE) scores. Only when patients who had
previously received lithium and/or were currently on lithium

were included, their MMSE scores were significantly better
than those of controls (Terao et al. 2006).

However, these studies did not control for the fact that
affective disorders are associated with increased risk for
dementia (elderly bipolar patients vs. age-matched controls:
14% vs. 3.4%; Kessing 1998) while, also, patients with
dementia show increased risk of mania and depression and
are, therefore, more likely to receive lithium treatment
(Nilsson et al. 2002). The results of a recent study which
did take this factor into account were more encouraging.
When two groups of elderly euthymic bipolar patients
(comparable in terms of previous depressive and manic
episodes), one on lithium and the other not currently or
recently on lithium, were compared, Alzheimer’s disease
was diagnosed in 33% of the group off lithium and in only
5% of the lithium-treated group. Lithium treatment,
therefore, reduced the prevalence of Alzheimer’s disease
in patients with bipolar disorder to levels of the general
elderly population (Nunes et al. 2007). On the basis of this
evidence as well as evidence of reduced GSK-3 beta
expression in primary cultures of hippocampal neurons
from lithium-treated rats and in leukocytes of elderly
bipolar patients undergoing chronic lithium therapy, these
authors suggest further investigation of the potential
protective effect of lithium in Alzheimer’s disease, as this
could represent a low-cost universally available strategy to
reduce its prevalence (Gattaz et al. 2007).

Data on the effects of lithium from animal models of
Alzheimer’s disease are also encouraging, though not
lacking in controversy. Amyloid precursor protein (APP)
transgenic mice expressing mutant human APP under the
Thyl promoter (hAPP tg) exhibit memory deficits in the
Morris water maze, offering a putative transgenic model of
Alzheimer’s disease. Under lithium treatment, these mice
displayed improved water maze performance, decreased tau
phosphorylation, and preserved dendritic structure in the
frontal cortex and hippocampus (Rockenstein et al. 2007).
The authors suggest that modulation of the GSK-3beta
signaling pathway by lithium may have neuroprotective
effects in this model of Alzheimer’s disease by regulating
APP maturation and processing. In another transgenic
model (aged 3xTg-AD mice, exhibiting plaques and
tangles), however, lithium treatment did reduce tau phos-
phorylation, but did not improve working memory deficits.
As lithium did not significantly alter the A beta load in this
study, it is suggested that combining lithium with other
anti-A beta interventions may be an efficacious treatment of
Alzheimer’s disease (Caccamo et al. 2007).

The effects of lithium as a neuroprotector and cognitive
enhancer have also been examined in a model of spinocer-
ebellar ataxia type 1, another neurodegenerative disease
characterized by progressive motor and cognitive dysfunc-
tion. Lithium treatment in a knock-in mouse model of the
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disease attenuated the expected reduction of dendritic
branching in mutant hippocampal pyramidal neurons and
also gave significant improvement in motor coordination,
learning, and memory. It was suggested that lithium is an
excellent candidate treatment for human spinocerebellar
ataxia type 1 patients (Watase et al. 2007).

Lithium and cognitive deficits associated with psychiatric
disorders

Little can be added at this point on the therapeutic
effectiveness of lithium on the cognitive deficits associated
with manic depressive disorder, as most clinical data on
lithium’s behavioral effects have been obtained from
studies on bipolar patients and have been discussed earlier.
However, useful additional information comes from recent
studies using neuroimaging techniques to assess the
neuroanatomical concomitants of bipolar disorder and the
effects of lithium thereon.

Bearden et al. (2007a, b), using high-resolution magnetic
resonance imaging and cortical pattern matching methods,
found that, in bipolar patients, lithium-treated in their
majority, gray matter density was significantly greater
relative to controls in diffuse cortical regions, particularly
in bilateral cingulate and paralimbic cortices, which are
associated with attentional, motivational, and emotional
modulation. A subsequent study (Bearden et al. 2008a)
using surface-based anatomic mapping compared hippo-
campal anatomy in bipolar patients treated with lithium,
unmedicated bipolar patients, and matched healthy controls.
Unmedicated bipolar patients showed deficits localized in
the cornu ammonis 1 subfields of the right hippocampus,
compared to lithium-treated bipolar patients and controls. In
contrast, lithium-treated bipolar patients showed total
hippocampal volume significantly larger than that of
controls and untreated patients. The authors suggest that
the memory deficits associated with bipolar illness may be
related to this apparent hippocampal pathology, while the
increase in hippocampal volume in lithium-treated patients
may reflect neurotrophic effects of lithium.

A longitudinal study combined neuroimaging and
neuropsychological examination of lithium-treated bipolar
patients who had never received pharmacotherapy before
lithium initiation, over a period of 2 to 4 years, to determine
the long-term effects of lithium therapy on hippocampal
volume and on memory performance (California Verbal
Learning Test). They reported bilateral increases in hippo-
campal volume over time, as well as some evidence of
verbal memory improvement. These authors also related
their findings to the neuroprotective effects of lithium
reported by preclinical studies (Yucel et al. 2007).

It should be mentioned at this point that findings
associating lithium administration with increases in brain
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volume (Bearden et al. 2007a, b; Yucel et al. 2007) have
recently been challenged as possibly reflecting lithium-
induced increase in intracellular water content rather than
in gray matter density (Regenold 2008a, b). Although this
possibility should be taken into account in evaluating
lithium’s effects on brain volume and density, there is
limited evidence to support it since significant water content
increases have only been reported in the frontal cortex in
animals chronically treated with lithium (Phatak et al. 2006;
Yucel and Mac Queen 2008). Furthermore, as pointed out by
Bearden et al. (2008b), changes in intracellular water content
may be associated, directly or indirectly, with changes
relevant to the therapeutic mechanism of lithium. Future
studies using the neuroimaging techniques of 7, relaxometry
and diffusion tensor imaging are needed to clarify the role of
water content changes on the neuroanatomic effects of
lithium (Bearden et al. 2008b).

Recently, the neuroprotective and therapeutic effective-
ness of lithium is being assessed with respect to peri-onset
stages of psychotic disorders. Emerging psychosis has been
associated with peri-onset structural and metabolic brain
changes (Borgwardt et al. 2007). Clearly, interventions
which can potentially delay or even prevent transition from
a subthreshold to a clinical state of psychotic disorder are of
major theoretical and clinical interest. Although caution is
necessary when reference is made to as yet unpublished
data, a study currently in preparation (Berger et al., personal
communication) deserves to be mentioned. These authors
employed hippocampal 7, relaxation time and proton
magnetic resonance spectroscopy to assess peri-onset
structural and metabolic brain changes in individuals at
ultra high risk for psychosis (UHR). They report very
encouraging information with respect to lithium effects on
these deficits. UHR individuals were assessed before the
onset and 3 months after low-dose lithium treatment and
compared to a matched UHR group not receiving lithium
and to normal controls. Hippocampal 7, relaxation time
differentiated low-dose lithium-treated patients from
patients receiving treatment as usual with no lithium. Some
metabolic brain changes were also noted, the lithium group
showing increases in N-acetyl aspartate, myo-inositol,
creatine, and choline, which were decreased or unchanged
in UHR subjects not receiving lithium. Furthermore,
microstructural and metabolic hippocampal percentage
change scores correlated with symptomatic improvement.
These findings support a neuroprotective and therapeutic
role for lithium in psychosis-susceptible individuals.

Summary and conclusions

The general behavioral effects of lithium which may
confound examination of its cognitive effects are a
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reduction in exploratory activity and a moderation of
reactions to aversive, stress- and fear-related stimuli.
Therefore, study of the cognitive effects of the substance
should encompass parallel use of appetitive and aversive
paradigms with more weight given to the former.

The effects of lithium on learning in clinical populations
appear to be mildly detrimental, possibly attributable to
lithium’s generalized dampening effect on performance.
They appear most pronounced in the initial stages of
lithium administration, as corroborated by animal studies.
Therefore, results produced by subchronic regimes should
be treated cautiously, as perhaps reflecting general influen-
ces on arousal and mood. Indeed, recent animal studies
employing chronic lithium administration with clinically
relevant serum levels consistently show learning improve-
ments under lithium.

Clinical study results on the effects of lithium on memory
in bipolar populations are equivocal, rendering metaanalysis
difficult because of methodological inconsistencies. Tenta-
tive conclusions from studies in normal subjects are that
acute lithium does not affect short-term memory; subchronic
administration spares basic short-term memory of ongoing
events but higher task demands (as in neuropsychological
testing) occasionally reveal mild deficits. As do learning
deficits, these too appear transient. A similar picture emerges
with respect to lithium effects on human long-term recall. In
animal studies, subchronic and chronic lithium with clini-
cally relevant serum levels does not affect spatial reference
or object recognition memory and actually enhances work-
ing memory under certain conditions. This is consistent with
recent clinical MRI findings noting improved immediate
verbal memory after a 4-year period of lithium treatment,
along with MRI evidence of increased hippocampal volume
over the same period.

Human attention is quite consistently reported normal
under lithium. Some older animal studies report narrowing
of attention onto high-salience cues and compromised latent
inhibition, but these results are challenged by more recent
data indicating normal function. Finally, information on
lithium effects on executive functions is sparse and cannot
be evaluated at present. More basic research is definitely
needed with respect to lithium effects on attention and
executive functions.

Recent reports on lithium effects on the cognitive—
behavioral deficits induced by various challenges to the
nervous system in animal models are quite promising.
Lithium protects against neuroanatomical and neurochem-
ical effects and also moderates cognitive deficits induced by
stress or CNS trauma such as irradiation or anoxia. In some
cases, such deficits are not simply prevented but appear to
be reversed post facto. This combined neuroprotective- and
cognitive-enhancing action of lithium is noted primarily
with respect to hippocampally related spatial memory tasks.

It appears to involve protection against the reduced cell
proliferation and increased apoptotic rate noted mainly in
the hippocampus under these challenges. Neurochemically,
this neuroprotective and neurotrophic action has been
associated to a modulating action of lithium on pathways
including GSK-3 and Bcl-2/Bax.

A similar picture emerges in relation to lithium effects
on the cognitive compromises induced by neurodegenera-
tive disorders. Lithium reduces the prevalence of Alz-
heimer’s disease in bipolar patients, and there is evidence
suggesting that this is associated with reduced GSK-3beta
expression. Evidence of lithium’s moderating action on
hippocampally related cognitive deficits also comes from
transgenic animal models of Alzheimer’s disease. Again,
modulation of the GSK-3beta signaling pathway by lithium
has been implicated.

In cognitive dysfunction associated with psychiatric
conditions, beneficial effects of lithium have emerged on
the neuroanatomical level from imaging studies. Lithium
treatment of bipolar patients has been associated with
hippocampal volume increase and appears to entail
concomitant cognitive improvements. These neuroimaging
findings are not limited to bipolar patients, but involve
people at ultrahigh risk of developing a psychotic disorder
where lithium appears to arrest neuroanatomical and
neurochemical changes associated with the onset of
psychosis.

In conclusion, increasing neuroanatomical and neuro-
chemical evidence from both in vitro and in vivo studies
supports that lithium has neuroprotective properties, mainly
involving hippocampal cells (Moore et al. 2000; Manji et al.
2001; Sassi et al. 2002; Kim et al. 2004; Chuang 2004;
Chuang and Priller 2006). Recent behavioral data suggest
that this neuroprotective action is translatable to functional
improvement of compromised cognitive functioning. To
this picture, one must add recent electrophysiological data.
In an investigation of the electrophysiological concomitants
of the established neuroplastic action of chronic lithium,
electrophysiological studies (Son et al. 2003; Shim et al.
2007) demonstrated increases in excitatory postsynaptic
responses, synaptic strength, and cell firing of hippocampal
granule cells in the dentate gyrus after 14 days of lithium;
LTP increase in area CAl is also noted after 4 weeks of
lithium treatment. Given that LTP in hippocampal neurons
is a cellular model of learning and memory (Bliss and
Collingridge 1993, Kandel 2004) and that hippocampal
volume changes (Toulopoulou et al. 2004; von Gunten and
Ron 2004) or structural integrity (Lillywhite et al. 2007)
correlate with memory performance, the findings reported
above lead to an expectation of a beneficial effect of lithium
on learning and memory.

Shim et al. (2007) noted that the direct action of acute
lithium is to reduce the excitability of nerve terminals, thus
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the release of glutamate, resulting in reduced postsynaptic
excitability in the dentate gyrus. Therefore, their results are
not attributed to the direct, acute action of lithium on
synaptic activity but are related to its neuroplastic actions,
which would require at least 2 weeks for the gene
expression of proteins involved in neuronal and synaptic
plasticity (Lenox and Fraze 2002). This 2-week period
corresponds with the emergence of the therapeutic action of
lithium (Hirschfeld et al. 2000). The lithium regime under
which LTP increases were observed in the hippocampus
(Shim et al. 2007) was chronic (14-30 days) with clinically
relevant plasma levels (0.51-0.78 mEq/L lithium). It is
comparable to regimes which have produced enhancing
effects of lithium on learning and memory in the recent
animal studies (Vasconcellos et al. 2003; Tsaltas et al.
2007a; Nocjar et al. 2007).

An interesting trend for future exploration emerges from
these recent reports of learning and memory improvements
noted in normal animals under chronic lithium. Enhancement
appears to emerge under conditions of increased challenge to
cognitive possessing, either due to task difficulty (Tsaltas et al.
2007a) or due to stress (Vasconcellos et al. 2003). It is
reasonable to expect that any learning- or memory-enhancing
capacity of lithium is most likely to be expressed under
conditions of challenge to the nervous system, be that
psychological, psychobiological, or structural compromise as
seen in aging, trauma, neurodegenerative, or psychiatric
conditions.

Lithium is a low-cost, readily available substance with
the administration of which psychiatrists are quite
familiar. Although its narrow therapeutic window dictates
great caution with respect to toxicity (Donaldson and
Cuningham 1983), particularly if it is to be used in the
elderly—the group that would most benefit from cognitive
enhancement—the findings reported in this paper are
encouraging with respect to its potential use as a cognitive
protector or enhancer. Certainly, this proposition warrants
further study, and the areas which emerge as particularly
interesting are the following: Primarily, clinical and basic
research have focused mainly on the effects of lithium on
the hippocampus and hippocampally controlled cognitive
tasks, while its effects on prefrontal tasks involving
attention and executive functions require further study.
Secondly, the possibility that lithium’s enhancing effects
on cognition would be more pronounced under increased
task difficulty or on a compromised neural substrate
should be explored. Apart from manipulating task diffi-
culty, this could be done by examining lithium’s effects on
normal but aging organisms.
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