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Introduction
Bipolar disorder (BD) is a severe psychiatric disorder that affects
approximately one to two percent of the general population
(Belmaker, 2004; Goodwin and Jamison, 2007). Although this
disease impacts a significant number of individuals, in the last few
decades no truly novel therapeutics have been introduced to treat
the disorder. This is, at least in part, because of the fact that no
animal models fully encompass BD. Phenotypically, BD is a complex
disease in which patients alternate between episodes of mania and
depression (Belmaker, 2004; Goodwin and Jamison, 2007).
Although some serious attempts have been made to develop
animal models that reflect the oscillating nature of BD [for instance,
repeated exposure to cocaine (Antelman et al., 1998) or sleep
deprivation (Gessa et al., 1995)], most relevant animal models for
BD have struggled in their attempt to capture the cyclic nature of
this disease. As a result, research on animal models in BD has long
been constrained by the conceptual framework and validity of
existing behavioral paradigms.

Although some researchers argue that it is necessary to model
both the manic and depressed facets of BD (Machado-Vieira et al.,
2004), others contend that endophenotype models, which only
capture certain elements of the disorder, can be effective and useful
in research efforts (Einat, 2007). Endophenotypes are more defined
and quantifiable measures that are believed to involve fewer genes
and fewer interacting levels; however, this has not been established
definitively. Although the use of endophenotypes to develop
preclinical animal models is in its infancy, this approach has clear
parallels with the general mechanisms employed in preclinical

research, where the concept of studying more than one variable
simultaneously would rarely be warranted. In fact, animal modeling
in psychiatry has relied almost exclusively on simpler phenotypes
(Gould and Gottesman, 2006). Although we believe that novel,
clinically validated endophenotype models with distinct gene-
endophenotype relationships will play a major role in preclinical
research in psychiatry, such models are not the focus of the current
paper.

Traditionally, three criteria have been used to design and
evaluate models in general: face validity, predictive validity and
construct validity, and these have been applied to the specific
development of animal models (McKinney and Bunney, 1969;
Willner, 1986). Face validity is the phenomenological similarity
of the model to the syndrome it is imitating. Predictive validity
refers to the ability of the model to respond to appropriate
medications; in the case of BD, this refers to established mood-
stabilizing drugs or antidepressants. Construct validity is the
most complex of these three terms; loosely defined, it essentially
reflects the degree to which a model measures what it claims to
be measuring, and it allows researchers to generate a possible
common mechanistic theory that can explain both the animal
model and the human disorder (Willner, 1986). Ideally, a
successful model has elements of all three criteria; it can, however,
still provide significant insight when it only meets some of the
standards outlined by McKinney and Bunney (Willner, 1984;
Willner, 1991). In this context, it is important to note that the
more criteria that any proposed model meets, the more
compelling it will be.

Over the years, there have been many attempts to create valid
animal models of BD (summarized in Tables 1 and 2) (Gould and
Einat, 2007; Kato et al., 2007; Young et al., 2007). All of the
proposed animal models measure facets of BD – typically either
mania or depression – and some have been extremely helpful in
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Bipolar disorder (BD) affects a significant portion of the population of the world, yet there has been limited success in
developing novel treatments for the disorder. One of the major reasons for this dearth is the absence of suitable animal
models for BD. Traditionally, animal models of human phenomena have been evaluated based on similarity to the
human syndrome, response to appropriately corresponding medications, and the degree to which a model supports a
common mechanistic theory between the human disorder and the model itself. The following review emphasizes the
use of ‘reverse translation’, drawing on patient-based findings to develop suitable animal models for BD. We highlight
some examples of this strategy, emphasizing their construct validity as a starting point. These studies have produced
informative models that have altered the expression of genes/pathways implicated in BD, including the point mutation
D181A of mouse mitochondrial DNA polymerase (POLG), glutamate receptor 6 (GluR6), Clock, extracellular regulated
kinase 1 (ERK1), glycogen synthase kinase-3β (GSK-3β), B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated athanogene
(BAG-1). These studies demonstrate that this method is useful, viable and deserves attention in new efforts to generate
animal models of BD.
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the study of BD; however, none of them completely satisfy all three
validity criteria, a phenomenon that also applies to animal
modeling of other diseases. Nevertheless, one should not
underestimate the utility of these traditional models; they have
helped clarify and explore the mechanisms of specific putative
endophenotypes of BD [for instance, aggressive behavior (Einat,
2007)], thus shedding additional light on this disease.
Furthermore, one of the main reasons supporting the usefulness
of at least some of these paradigms concerns predictive validity;
that is, that the outcome measures are sensitive to treatment with
antidepressants or mood stabilizers such as lithium or valproate
(Cryan and Holmes, 2005; Einat and Manji, 2006; O’Donnell and
Gould, 2007). Conceptually, however, the terms ‘mood stabilizer-
like’ or ‘antidepressant-like’ are not equivocal to mood-stabilizing
or antidepressive actions.

Although the last few decades have seen numerous contributions
to our understanding of the pathophysiology of BD, improvements
in its diagnosis and treatment have been minimal. As noted above,
strategies for designing animal models of BD that use face validity
as a starting point encounter severe problems owing to the complex
nature of this psychiatric disease. However, as our knowledge of
the disorder increases, research can be used to create strategies for
designing models of BD that use construct validity, instead of face
validity, as a starting point (Insel, 2007). Although there are
strengths and weaknesses that are inherent in any such method

(see summary), recent studies have begun to use approaches that
are based on findings from human studies to design novel animal
models.

Novel animal models for BD
Unlike traditional animal models, newer models are beginning to
be developed based on the concept of ‘reverse translation’; that
is, moving from studies in humans with BD to understanding how
risk genes or abnormal proteins alter brain development and
function. This method shifts the focus from creating abnormal
animal behaviors that phenotypically resemble aspects of mental
disorders (i.e. animal models) to using what we have learned about
the mechanisms of disease in humans in order to identify and
develop animals that have the molecular and cellular
abnormalities found in BD (i.e. model animals). This approach
has become increasingly feasible with the advent of technologies
that allow for the direct study of humans. Advances in genomics,
proteomics, metabolomics and non-invasive imaging have made
humans more tractable for biological investigation, including in
the field of psychiatry (Insel, 2007). Current studies are already
altering the biological function of animals based on information
gleaned from studies of BD patients and their response to
therapeutic drugs, thereby using construct validity as the starting
point for the model. It is important to acknowledge that, even
when models are developed through reverse translation,
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Table 1. Facets of depression and relevant animal models

Behavioral facets Paradigm References

Forced swim test Porsolt et al., 1977Despair behavior

Tail suspension test Porsolt et al., 1987

Anhedonic behavior Sucrose/saccharin preference Ayensu et al., 1995; Willner et al., 1992

Hopelessness/despair behavior Learned helplessness Maier, 1984

Submissive behavior Food competition paradigm Malatynska et al., 2002

Self-reinforcement Wheel-running paradigm Belke, 1997; Sherwin, 1998

Table 2. Facets of mania and relevant animal models

Behavioral facets Paradigm References

Aggressive behavior Resident-intruder paradigm Miczek and O'Donnell, 1978

Risk-taking behavior Elevated plus maze Maeng et al., 2008

Psychostimulant-induced hyperactivity Low-dose amphetamine induction Borison et al., 1978

Sucrose/saccharin preference Ayensu et al., 1995; Willner et al., 1992Hedonistic behavior

Intermittent cocaine injections Antelman et al., 1998

Reduced sleep Circadian activity monitoring Berridge and Stalnaker, 2002

Open field Engel et al., 2008

Home cage activity Shaltiel et al., 2008

Hyperactivity

Wheel running Engel et al., 2008

Vocal/jumping reactions to touch Wei, 1973

Frequency of attempts to struggle while

being restrained in a supine position
Himmelsbach et al., 1935

Jumping reaction to air puff/auditory stimuli Ryan and Boisse, 1983

Irritability

Amount of time spent trying to remove tape
from back

Hunter et al., 2000

Impulsivity The mouse 9-hole box paradigm Humby et al., 1999

Increased sexual drive Intermission and ejaculation count Csaba and Karabelyos, 2001
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traditional behavioral measures are still relevant to the study of
these mechanisms.

Below, we highlight some examples of leading BD models that
have adopted elements of this strategy. Although all of the models
below have used genetic modification, it is important to note that
effective model animals have been identified in strains or cohorts
of species without any genetic engineering, often through
observation of species-specific behavior or environmental
perturbation; however, such model animals have not yet been
identified for the study of BD (Einat et al., 2006; Insel, 2007).

Modeling facets of depression
Point mutation D181A of mouse mtDNA polymerase
(POLG)
Construct validity
Although BD is not a traditional mitochondrial disorder,
considerable data from diverse sources suggest that altered
mitochondrial function may play a role in its pathophysiology and
treatment (Kato and Kato, 2000; Quiroz et al., 2008; Stork and
Renshaw, 2005). Thus, for example, a number of abnormal
magnetic resonance spectroscopy (MRS) findings in BD
[including altered N-acetylaspartate (NAA), lactate and high-
energy phosphate levels] are compatible with altered
mitochondrial function (Kato and Kato, 2000; Quiroz et al., 2008;
Stork and Renshaw, 2005). Indeed, genetic analyses of
mitochondrial DNA (mtDNA) note a significant association
between several mtDNA polymorphisms or mutations and BD
(Kato et al., 2001; Munakata et al., 2004). The contribution of
mitochondrial protein-encoding nuclear genes to BD was revealed
by genetic study (Washizuka et al., 2004) and by genome-wide
gene expression analysis (Iwamoto et al., 2005; Konradi et al.,
2004). In addition, deleted mtDNA is detected in the postmortem
brains of patients with BD (Kato et al., 1997). Finally, lithium and
valproate – mood stabilizers that are the mainstays of BD
treatment – increase the levels of B-cell lymphoma 2 (Bcl-2, a
major mitochondrial protein) and enhance mitochondrial
function (Bachmann et al., 2009; Schloesser et al., 2008). Working
with the hypothesis that mitochondrial dysfunction is key to the
etiology of BD, researchers developed a transgenic (Tg) mouse
carrying mtDNA deletions – specifically, POLG in the brain – to
act as an animal model for BD.

Face validity
POLG Tg mice (males and females) exhibit a depression-like
phenotype based on their overall reduced wheel-running activity.
The Tg mice also show altered intra-day activity rhythms, which
are characterized by a prolonged duration of activity such as delayed
and anticipatory activity; the researchers hypothesized that this trait
might echo the altered circadian rhythms that are often seen in
mood disorders. In addition, female mice suffered from insomnia-
like alterations at some stages of the estrous cycle. However, there
were no differences between wild-type (WT) and POLG Tg mice
on several behavioral paradigms, including the forced swim test
(FST), the elevated plus maze test (EPM), and the open field test
(OFT) (Kasahara et al., 2006). Nevertheless, the authors postulate
that these Tg mice with neuron-specific mtDNA defects are
particularly relevant to creating animal models of recurrent major

depressive disorder (MDD) or bipolar depression (Kasahara et al.,
2006).

Predictive validity
Treatment of the POLG Tg mice with tricyclic antidepressants
(TCAs) significantly increases wheel-running activity, modeling a
manic-like response to TCA treatment. Administration of the
classic mood stabilizer lithium attenuates this cyclic activity change
in female Tg mice (Kasahara et al., 2006). The researchers conclude
that the responsiveness of Tg mice to a TCA and to lithium suggests
that their behavioral phenotype is more similar to BD than MDD.

Modeling facets of mania
Glutamate receptor 6 (GluR6)
Construct validity
GluR6, also known as GRIK2, is a member of the kainate receptor
(KAR) family. The GRIK2 gene resides in a genetic linkage region
(6q21) associated with BD; genetic linkage of this region with BD
has been demonstrated in several studies, and genome-wide
significant linkage was established by meta-analysis (Dick et al.,
2003; McQueen et al., 2005; Schulze et al., 2004). A completely
independent genetic study also recently implicated the GRIK2 gene
in a behavioral phenotype that may be associated with BD (Laje et
al., 2007); notably, the same gene conferred sensitivity to treatment-
emergent suicidal ideation in a large, collaborative study of
individuals with mood disorders [Sequenced treatment alternatives
to relieve depression (STAR*D)] (Laje et al., 2007). In addition, some
human postmortem studies found reduced GRIK2 mRNA levels
in the brains of individuals with BD (Benes et al., 2007; Beneyto et
al., 2007). Collectively, these genetic and postmortem brain data
raise the possibility that reduced GluR6 levels contribute to the
pathophysiology of BD.

Face validity
GluR6 knockout (KO) mice are more active in multiple behavioral
tests and are super-responsive to amphetamine. In a battery of
specific tests, GluR6 KO mice exhibited increased activity in
multiple tests; less anxious, or more risk-taking type, behavior in
the OFT and EPM tests; less despair-type manifestations in the
FST; more aggressive displays in both the social interaction and
resident-intruder tests; and more home cage activity and
exploration. These actions were consistent over two consecutive
days of testing. In addition, the mice show increased locomotor
response to amphetamine (Shaltiel et al., 2008). The data from these
behavioral experiments imply that GluR6 may be key to the control
of behaviors related to some symptoms of mania, including
hyperactivity, aggravated aggression, risk taking, and sensitivity to
psychostimulants.

Predictive validity
Chronic, but not short-term, treatment with lithium reduced
hyperactivity, aggressive displays and risk-taking behavior in the
GluR6 KO mice (Shaltiel et al., 2008). The attenuation of these
behaviors is similar to the effects of lithium in BD patients.
Although chronic lithium reverses many of the phenotypic
abnormalities seen in the GluR6 KO mouse model, it is not yet
clear if lithium acts on a pathway that is regulated directly by GluR6,
or on a compensatory pathway.
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Mutation of the gene encoding Clock
Construct validity
Several studies hypothesize that BD is associated with circadian
abnormalities (Jones, 2001; Mansour et al., 2005). Although there
are no extant data regarding alterations in the CLOCK gene in BD
patients, many individuals with BD have major alterations in
circadian functions including sleep, activity, hormonal secretions
and appetite (Roybal et al., 2007). In addition, mood stability
appears to rely heavily on establishing sleep-wake cycles and
activity-dependent cues, although the mechanisms underlying this
remain unknown; moreover, disrupting these patterns triggers
manic episodes in susceptible individuals (Boivin, 2000). More
importantly, some successful treatments for mood disorders may
exert some of their therapeutic effects by altering the circadian cycle
(Bunney and Bunney, 2000). For instance, lithium lengthens the
circadian period in several organisms, including Drosophila,
rodents and humans, and this effect may play a role in its
therapeutic efficacy (Klemfuss, 1992). Furthermore, valproate alters
the expression of several circadian genes in the amygdala (Ogden
et al., 2004), and chronic treatment with the antidepressant
fluoxetine increases the expression of Clock and Bmal1 in the
hippocampus (Manev and Uz, 2006).

Face validity
Mice with a mutation in the Clock gene display an overall behavioral
profile that is similar to some facets of human mania, including
hyperactivity and decreased sleep, suggesting circadian rhythm
dysfunction. These animals spend more time in the center area in
the OFT, and also spend more time in the open arms during the
EPM, suggesting reduced anxiety. In addition, they display less
despair-type behavior in the FST, and increased reward-seeking
behavior for cocaine, sucrose and medial forebrain bundle
stimulation (Roybal et al., 2007).

Predictive validity
Chronic administration of lithium returns many of the abnormal
behavioral responses to WT levels. Treating KO mice with lithium
increases their immobility during the FST to levels seen with WT
controls. Similar results were also observed in measures of anxiety;
compared with untreated Clock mice, KO mice spend less time in
the open arms during the EPM and less time in the center of the
OFT. It is also important to note that these significant responses
were seen in the lower therapeutic range, following 10 days of
lithium treatment (Roybal et al., 2007).

Extracellular regulated kinase 1 (ERK1)
Construct validity
The ERK pathway is a major intracellular signaling cascade
mediating the biological effects of neurotrophic factors such as
brain-derived neurotrophic factor (BDNF) (Huang and Reichardt,
2003). Neurotrophic factors have increasingly been implicated in
the pathophysiology and treatment of mood disorders (Chen and
Manji, 2006; Coyle and Duman, 2003). Furthermore, recent studies
demonstrate that both valproate and lithium activate the ERK
signaling cascades in discrete regions of the rodent brain and in
neuronal cells in vitro (Chen and Manji, 2006). Patient-based and
genetic studies have found indirect evidence that implicate the ERK
pathway in mood disorders. For instance, there are significant

correlations between mood disorders and known ERK-associated
genes, including DISC1 (Maeda et al., 2006), BDNF (Sklar et al.,
2002) and RASGRP1 (Ferreira et al., 2008). Lithium and valproate
also enhance cellular functions induced by ERK activation, such as
neurogenesis, neurite growth and neuronal survival (Chuang,
2004; Chuang, 2005; Hao et al., 2004).

Face validity
Mice with an ERK1 ablation are hyperactive and display certain
behaviors that are typical of mania, including enhanced goal-
directed and reward-seeking activity, with potentially harmful
consequences. In the EPM, ERK1 KO mice enter the open arms
more often, although the overall time spent in the open arms does
not differ from WT mice. These mice also show less immobility
in the FST, a paradigm that echoes the despair/depressive stages
of BD. Compared with WT mice, the ERK1 KO mice are also
hypersensitive to the psychostimulant amphetamine, showing
increased locomotor activity post-injection in the OFT (Engel et
al., 2008). Taken together, these findings suggest that ERK1 KO
may be an effective model for facets of mania and hyperactivity.

Predictive validity
In ERK KO mice, lithium treatment reduces activity following
amphetamine injection. Treatment with valproate, as well as the
atypical antipsychotic olanzapine, reduces late-phase baseline
motor activity in the KO mice, although lithium had no effect on
the same measures (Engel et al., 2008). This difference suggests that
lithium and valproate have different therapeutic mechanisms;
subsequent work should attempt to elucidate whether there is any
convergence on the ERK signaling cascade at a molecular level.

Glycogen synthase kinase-3β (GSK-3β)
Construct validity
GSK-3 is a serine/threonine kinase. In vertebrates, it is found as
two isoforms: GSK-3α and GSK-3β. The pathways through which
GSK-3 acts as a key regulator have been implicated in the
development of a wide variety of psychiatric diseases, including
BD (Manji et al., 2003). Although the mechanisms of its therapeutic
effect remain unknown, lithium was found to selectively inhibit a
limited number of enzymes, including GSK-3 (Gould et al., 2004a;
Klein and Melton, 1996). In addition, pharmacologic inhibition of
GSK-3 activity produces antidepressant-like effects in rodents
(Gould et al., 2004b; Kaidanovich-Beilin et al., 2004). Although
present data about alterations in the genes encoding GSK-3 in BD
patients are very limited, developing an animal model with
alterations in at least one of the GSK-3 isoforms may prove to be
a relevant way to model facets of BD.

Face validity
Tg mice overexpressing the GSK-3β protein showed hypophagia,
increased general locomotor activity, decreased habituation (as
assessed by the OFT), increased acoustic startle response, and
decreased habituation to the acoustic startle response. The Tg mice
also display reduced immobility in the FST; however, this was
probably confounded by their overall heightened activity (Prickaerts
et al., 2006). These behavioral observations suggest that the model
may mimic some of the hyperactivity that is typical of the manic
phase of BD.
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Predictive validity
No use of mood stabilizers or antidepressants in this model has
yet been described in the literature.

Modeling vulnerability to states that trigger either
depression or mania
B-cell lymphoma 2 (Bcl-2)
Construct validity
The neurotrophic protein Bcl-2 plays a crucial role in brain
function and is a well-known major modulator of cell growth and
survival. Bcl-2 has been shown to promote cell survival in a diverse
array of cell types through the inhibition of programmed cell death
(Chuang, 2005). More recently, Bcl-2 has been implicated in the
regulation of a number of interrelated central nervous system (CNS)
functions, including brain development (Shacka and Roth, 2005);
neuronal process growth and regeneration (Chen et al., 1997);
neuronal survival after a variety of insults (Chuang, 2005); and adult
hippocampal neurogenesis (Kuhn et al., 2005). Promoting Bcl-2
function has been proposed for the treatment of neurodegenerative
diseases, CNS trauma and acute neurological disorders such as
stroke (Chuang, 2005). Multiple studies have also demonstrated
that treatment with the mood stabilizers lithium and valproate
(Chen et al., 1999; Manji et al., 2000); the antidepressants
amitriptyline, desipramine and venlafaxine (Huang et al., 2007; Xu
et al., 2003); and the atypical antipsychotic drugs olanzapine and
clozapine (Bai et al., 2004; Luo et al., 2004) increase Bcl-2 levels in
the rodent brain.

In addition, genetic variants on chromosome 18 have long been
suspected of contributing to the biological risk of BD (Hayden and
Nurnberger, 2006). A chromosome-wide, open-ended scan of
chromosome 18 found that the gene encoding Bcl-2 contained one
of two single nucleotide polymorphisms (SNPs) that are
significantly associated with an increased risk for BD.

Face validity
In a series of experiments, Bcl2 heterozygous knockout (Bcl2+/–)
mice show behaviors modeling two facets of mania: increased
reward-seeking and amphetamine sensitization (Lien et al., 2008);
specifically, these mice display an aggravated behavioral response
to amphetamine. The mice also display enhanced helplessness after
severe and uncontrollable stress, and slow spontaneous recovery
from helplessness (G.C., A. Baum, G. Moore, H.K.M. et al.,
unpublished). Although some studies found that Bcl2+/– mice
displayed anxiety-like behaviors (Einat et al., 2005), this has not
been replicated in all studies (Lien et al., 2008). These results suggest
that Bcl2+/– mice exhibit a vulnerability-like phenotype to states
that trigger either depression or mania, rather than intrinsically
express any manic-like or depression-like phenotypes.

Predictive validity
Chronic pretreatment with lithium attenuates amphetamine
sensitization in Bcl2+/– mice (Lien et al., 2008). The findings
suggest that the heterozygous animals were sensitive to an
amphetamine dose that had no sensitization effect in the WT
mice, and that lithium treatment attenuates this difference in
behavior. The results of the study offer some additional support
for a possible relationship between the observed behavioral
changes and mania, because chronic treatment of the mutant

mice with lithium ameliorates the increased sensitivity to
amphetamine.

Bcl-2-associated athanogene (BAG-1)
Construct validity
Interest in BAG-1 as a putative mediator of affective resilience
initially arose out of microarray studies which demonstrated that
two agents that are structurally highly dissimilar – lithium and
valproate – increased levels of BAG-1 mRNA, protein and function
(Zhou et al., 2005). BAG-1 exerts three functions that make it
potentially noteworthy in the pathophysiology and treatment of BD:
(1) BAG-1 potentiates the antiapoptotic activity of Bcl-2; (2) BAG-
1 activates the ERK cascade; and (3) BAG-1 regulates glucocorticoid
receptor (GR) trafficking and function. Notably, considerable
clinical data have found that glucocorticoids are one of the few
agents capable of triggering both depressive and manic episodes
in BD patients (Goodwin and Jamison, 2007). Furthermore, mice
that overexpress GR in their forebrain display affective lability (Wei
et al., 2004). Consistent with the known actions of BAG-1 on GR
trafficking and function, previous studies have noted that lithium-
or valproate-induced upregulation of BAG-1 attenuates both GR
nuclear translocation and the activity of a reporter gene driven by
GRs (Zhou et al., 2005). GRs are known to interact with several
chaperone proteins, including BAG-1, Hsp70 and FKBP-5
(Schneikert et al., 1999; Westberry et al., 2006). Notably, recent
human genetic studies have demonstrated that variants in the
FKBP5 gene may be associated with BD (Willour et al., 2009),
responsiveness to antidepressants (Binder et al., 2004; Lekman et
al., 2008), and the likelihood of developing post-traumatic stress
disorder (PTSD) (Binder et al., 2008).

Face validity
An extensive behavioral battery conducted on neuron-selective
BAG-1 Tg mice, as well as Bag1 heterozygous knockout (Bag1+/–)
mice, reveals intriguing results. BAG-1 Tg mice recover much faster
than WT mice in the amphetamine-induced hyperlocomotion test
and display a clear resistance to cocaine-induced behavioral
sensitization. In contrast, Bag1+/– mice display an enhanced
response to cocaine-induced behavior sensitization. The BAG-1 Tg
mice showed less anxious-like behavior in the EPM and had higher
spontaneous recovery rates from helplessness behavior compared
with WT mice. In contrast, fewer Bag1+/– mice recover from
helplessness behavior compared with their WT controls (Maeng
et al., 2008).

Collectively, Bag1+/– mice do not intrinsically express a manic-
like or depression-like phenotype; rather, they appear to have a
vulnerability-like phenotype to states triggering depression and
mania. These extensive data suggest that BAG-1 plays a key role
in affective resilience and in regulating recovery from both manic-
like and depression-like behavioral impairments.

Predictive validity
No use of mood stabilizers or antidepressants in this model has
yet been described in the literature.

Conclusion
Given the recent advent of technologies that aid in elucidating the
neurobiology of complex neuropsychiatric illnesses, it is now
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possible to identify and generate animals that reflect the biological
changes observed in studies of individuals with BD. Thus, we have
focused on a few leading models and have emphasized their
construct validity as a starting point for generating improved animal
models for BD. Here, we present models that implicate a variety
of molecular signaling cascades, and acknowledge that other
regulators in each implicated pathway are valid targets for animal
models (for example, β-catenin, which is a downstream target of
GSK-3). Additionally, we focus predominantly on rodent models
that highlight facets of manic behavior, as well as a vulnerability
phenotype [for example, we did not include the vesicular
monoamine transporter 1 (VMAT1) model which used Drosophila
as the model organism].

Specifically, the results discussed above deal with animal models
that are based on a small group of molecules that are known to
contribute significantly to the behavioral control mechanisms
related to different facets of symptoms associated with BD (Beneyto
et al., 2007; Kato et al., 2007). These include: POLG (Kasahara et
al., 2006), GluR6 (Shaltiel et al., 2008), Clock (Roybal et al., 2007),
ERK1 (Engel et al., 2008), GSK-3β (Prickaerts et al., 2006), Bcl-2
(Einat et al., 2005; Lien et al., 2008) and BAG-1 (Maeng et al., 2008),
in addition to some other molecules that are not reviewed above
(e.g. VMAT1) (Chang et al., 2006), DISC1 (Ishizuka et al., 2006)
and β-catenin (Gould et al., 2007) (see below). Animals with genetic
alterations of these molecules display some common phenotypes,
including hyperactivity (Ishizuka et al., 2006; Chang, 2006), social
impairment (Ishizuka et al., 2006) and less sensitization to the
effects of cocaine (Chang et al., 2006).

One relevant issue is that other models have used reverse-
translational strategies to investigate animal models of MDD,
which may ultimately be useful when studying the depressive phases
of BD. For instance, mice with reduced levels of VMAT2, a CNS-
enriched protein involved in loading monoamines into vesicles,
exhibit depression-like behavioral states in certain paradigms [e.g.
sucrose preference, FST, tail suspension test (TST)] (Fukui et al.,
2007). In addition, mice with altered levels of p11, which interacts
with the serotonin receptor 5-HT1B, exhibit significant changes in
anxiety-like measures (thigmotaxis) and display a depression-like
state during the TST (Svenningsson et al., 2006). Furthermore,
although many of the chosen models reviewed in this paper were
selected because of their relevance to BD research, several of them
may not exclusively model BD and could provide information for
the study of other mood disorders, even in the context of non-
disease adaptive changes (e.g. motor deficits).

It is important to acknowledge that, as with traditional animal
models, none of the models highlighted in the current review
completely satisfy all three validity criteria, nor do they fully
encompass the underlying mechanisms of BD or overcome the
difficulty that is inherent in reflecting the oscillating nature of BD.
In addition, no one gene or one system highlighted in this review
reflects either the core pathology of BD or the core target of its
effective medications; thus, it would be difficult to assess how any
specific mutation in one or two genes – as is typical of the models
reviewed above – could result in a model that truly encompasses
the many complex facets of BD.

Clearly, the reverse translation approach highlighted in this
paper has both advantages and disadvantages. As is the case with
traditional models, using preclinical model animals to investigate

how risk genes or abnormal proteins alter brain development and
function might not suffice to adequately explore this issue.
Furthermore, the notion that models developed in this manner
would be animal models for BD but not for more general
‘abnormal animal behavior’ that might be interpreted as an animal
model for BD is a subtle distinction that is one of the greatest
strengths and weaknesses of this approach, given that it impacts
both the specificity and the generalization of any findings.
Nevertheless, data obtained from these models can contribute
directly to our understanding of the mechanisms of this disease,
rather than just imply such knowledge (in direct contrast to
traditional animal models of BD). Indeed, these models have
already contributed substantially toward our understanding of the
molecular and cellular basis of the abnormalities associated with
this disease. Although any animal model has well-known
limitations in its ability to mirror human mood states, developing
models that use the strategies outlined here will help to support
valid hypotheses regarding the mechanisms of BD. This approach
has enormous potential to eventually yield therapeutics that are
more effective in treating individuals afflicted with this
devastating disorder.
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