
 

 
 
 
 
 

Autophagy enhancement as a target for mood stabilizing drugs 

 
 
 
 

A  THESIS 
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA 
BY 

 
 
 
 

Chelsey Hannah Poquette 
 
 
 
 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 
MASTER OF SCIENCE 

 
 
 

Haim Einat, Ph.D, Grant Anderson, Ph.D. 
 
 
 
 

August 2010 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Chelsey Hannah Poquette 2010 

 
 



 

 i 

Acknowledgements 

 
I would like to extend my sincere appreciation to my advisors, Dr. Haim Einat 

and Dr. Grant Anderson, for their continuous offering of support, guidance, patience, and 

expertise throughout the entire research process; and to Dr. Mustafa al’Absi for his 

interest in my success and willingness to participate as a member of my thesis committee.  

With heartfelt appreciation, I would like to recognize Dr. Shlomit Flaisher-Grinberg and 

Ms. Jia Wang for all of their incredible efforts invested into the work presented in this 

project.  I would also like to thank the University of Minnesota Integrated Biosciences 

Graduate Program for the opportunity and funding to participate in this work in addition 

to providing an intellectually stimulating academic program.  The University of 

Minnesota College of Pharmacy and the University of Minnesota Duluth Biology 

Department contributed to the funding to make this work possible.  Part of the work 

presented in this thesis was supported by an Independent Investigator Award from 

NARSAD and by a research grant from the Stanley Medical Research Institute, both to 

Dr. Haim Einat.  Finally, my thanks go out to my family and fellow IBS students for their 

unwavering support and encouragement. 

 
 
 



 

 ii 

Table of Contents 

List of Figures…………………………………………………………………....……….iii 

Introduction……………………………………………………………………………..…1 

Methods…………………………………………………………………………………..27 

Results……………………………………………………………………………………38 

Discussion………………………………………………………………………………..50 

Bibliography.……...………………………………………………………………...…...63 

 

 



 

 iii 

List of Figures 

Figure 1 Overview of autophagy pathway …………………………………………...….............7 

Figure 2 LC3 in autophagy …………………………………….………….………...............…..11 

Figure 3 Black Swiss mice demonstrate manic-like behavior when compared with other  

  strains ……………………………………………….………...............………..…..…..17 
Figure 4 Overview of the Wnt signaling pathway………….…………...............…...…………..20 

Figure 5 Overview of the ERK pathway ……………….……………................………………..33 

Figure 6 Amphetamine-induced hyperactivity….……………………................……………......39 
Figure 7 Spontaneous activity..……………………................…………………………………..39 

Figure 8 Elevated plus maze ………………………...............…………………………………..40 

Figure 9 Sweet solution preference ………………….............…………………………………..40 

Figure 10 Forced swim test …..……………………………….......................…………………..41 
Figure 11 Hippocampus !-catenin levels ……………....................……………………………..42 

Figure 12 Hippocampus BDNF levels …………………........................………………………..42 

Figure 13 Cortex !-catenin and BDNF levels ……….........……………………………………..42 
Figure 14 Nicardipine tested in the forced swim test with C57bl/6 mice …...............…………..44 

Figure 15 Nicardipine tested for Amphetamine-induced hyperactivity in C57bl/6 mice …….....45 

Figure 16 Nicardipine tested in the Forced swim test with CD-1 mice ………………..........…..45 
Figure 17 Nicardipine tested for Amphetamine-induced hyperactivity in CD-1 mice …...……..46

Figure 18 Nicardipine tested for Spontaneous activity in Black Swiss mice …….............……..46 

Figure 19 Nicardipine tested for sweet solution preference in Black Swiss mice …………........47 

Figure 20 Nicardipine testes in the forced swim test with Black Swiss mice ………...................47 
Figure 21 Nicardipine tested for Amphetamine-induced hyperactivity in Black Swiss mice.…..48 

Figure 22 LC3 isoforms levels ……..……..............……………………………………………..49 

Figure 23 Western blot showing hippocampal levels of pro-LC3, LC3-I, and LC3-II in the brains  
    of treated animals …………………....................................…………………………..49 

Figure 24 !-catenin expression in the adult mouse (C57bl/6) brain ...........................…………..53  

Figure 25 BDNF expression in the adult mouse (C57bl/6) brain ……...............………………..55 
Figure 26 LC3 expression in the adult mouse (C57bl/6) brain…………............………………..58 

 



 

 1 

Introduction 

Affective Disorders 

 Mental disorders are common in the United States, with an estimate of 

approximately 26.2 percent of adults suffering from a diagnosable disorder in any 

particular year (NIMH, www.nimh.nih.gov).  Mood disorders represent a significant 

portion of psychiatric diseases, and include major depressive disorder (also termed 

unipolar depression) and bipolar disorder (NIMH, www.nimh.nih.gov). 

Bipolar Disorder (BPD) 

 Bipolar disorder (BPD), also termed “manic-depressive illness,” is a common 

mental illness and consists of severe mood episodes, including both mania and 

depression, but also periods of ‘normal mood’ termed euthymia (Sadock and Kaplan 

2002).  Symptoms exhibited during the manic phase of BPD include an increase in 

activity, goal-directed activities, and risk taking behaviors, hedonic or pleasure seeking 

behaviors, racing thoughts, and a reduced need for sleep (NIMH, www.nimh.nih.gov).  

Characteristics of the depressive phase of BPD may include reduced activity and energy, 

changes in sleeping or eating habits, reduced motivation, loss of interest in once enjoyed 

activities, feelings of worthlessness and hopelessness, and thoughts of suicide (NIMH, 

www.nimh.nih.gov). 

Approximately 1-4 percent of the world’s population is affected by BPD (Judd 

and Akiskal 2003), including 5.7 million adults (approximately 2.6 percent) in the United 

States alone (NIMH, www.nimh.nih.gov).  BPD has definite negative impacts on a 

person’s life, and the disorder can affect not only mental, but physical health.  As several 
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studies have indicated, the outcome of treatment is relatively poor for many BPD patients 

(Zarate et al. 2006).  Generally, BPD patients suffer from high rates of relapse, 

chronicity, and overall diminished wellbeing (Zarate et al. 2006, Fagiolini et al. 2005, 

Tohen et al. 2003).  BPD is also often comorbid with other diseases, both psychiatric and 

non-psychiatric (Simon 2003; Kupfer 2005) and is associated with a suicide rate of up to 

15% (Goodwin and Jamison 1990).  When an individual suffers from repeating episodes 

of mania and depression, this may lead to impaired career progress, unemployment, 

financial issues, and also an increased rate of family breakdown (Kleinman et al. 2003). 

 The cost of BPD is substantial.  Using data from 1998, an estimate of 24 billion 

dollars was given for the lifetime costs of persons with BPD in the United States (Begley 

et al. 2001).  Figures from 1991 gave an estimate of 45 billion dollars (Wyatt and Henter 

1995).  It was estimated that a single manic episode can cost $11,720 while a person with 

nonresponsive or chronic BPD would have a lifetime cost of $624,785 (Begley et al. 

2001). 

 Current treatment for BPD often begins with the prototypic mood stabilizer 

lithium.  Other treatment options include anti-convulsant mood stabilizers such as 

valproic acid (valproate) and carbamazepine, and atypical antipsychotics such as 

clozapine (Powell et al. 2008).  Lithium and valproate effectively treat acute manic 

episodes, contain slight antidepressant properties, and offer some protection from 

recurrent episodes (Davis et al. 2005, Keck and Manji 2002, Zarate et al. 2006).  

Although lithium is commonly used, its mechanism of action is not understood (Gould et 

al. 2007). 
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 There is an obvious need for new treatment options for BPD.  Although lithium is 

the most commonly used mood stabilizer, 50 percent of patients fail to respond to lithium 

treatment, and from the patients that are responsive, 50-90 percent are again symptomatic 

within one year (Licht 1998).  Although BPD has a high prevalence and severe 

symptoms, very little is known about the biological basis for the disorder.  Most drugs 

currently used to treat BPD were discovered via serendipity or through testing 

medications already in use for other purposes (Ban 2006).  Antipsychotics and 

anticonvulsants, originally utilized for other purposes, were later identified as useful in 

the treatment of BPD (Gould and Manji 2004).  

Cellular plasticity and bipolar disorder 

 Research into the pathophysiology of BPD has recently been directed toward 

cellular resilience and neural plasticity, as possible mechanisms potential for drug targets 

in BPD (Mathew et al. 2008).  A number of recent studies have uncovered parallels 

between malfunctioning cellular plasticity cascades and neurodegenerative diseases, 

specifically within mood disorders such as BPD (Shloesser et al. 2008, Zarate et al. 

2006).  Cellular plasticity, which involves undergoing and/or sustaining change, is 

essential for nervous system functioning.  Cellular plasticity allows for adaptation to both 

the internal and external environments of animals, learning and memory, and even mood 

and emotion (Shloesser et al. 2008).     

 Recent research has linked impairments within the realm of neuroplasticity to 

mood disorders (Shloesser et al.2008).  Strengthening the possibility for neuroplasticity 

involvement, mood stabilizing drugs were shown to affect molecules and signaling 
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cascades involved in the control of neuroplasticity (Carlson et al. 2006, Zarate et al. 

2006).  Many available antidepressants and mood stabilizers influence pathways involved 

in increasing cellular plasticity and resilience, suggesting this increase could partially 

explain the observed therapeutic effects of these drugs (Manji et al. 2001, Schloesser et 

al. 2008).  Further evidence of the potential involvement of cellular plasticity cascades in 

mood disorders stems from the clinical observation of a lag period before antidepressant 

and mood stabilizing drugs take effect, as well as their ability to create a lasting 

therapeutic effect.  Interestingly, this correlates with the timeframe required for cellular 

resilience cascades changes to occur and offer long-term effects (Schloesser et al. 2008).  

This observation supports the idea that these cascades are responsible for the 

effectiveness of drugs used in mood disorder treatment (Schloesser et al. 2008, Goodwin 

and Jamison 2007). 

Additional support for the neuroplasticity/cellular resilience theory comes from 

studies showing physical alterations in brains of BPD patients.  Neuroimaging and post-

mortem studies have revealed decreased hippocampal and frontal cortical area volumes, 

specifically in the prefrontal cortex, in human BPD patients (Manji et al. 2003; Brambilla 

et al. 2002; Frangou et al. 2002).  A structural size reduction in the hippocampus, in 

addition to reductions in both the size of the neurons and the number of glia (astrocytes 

and oligodendrocytes specifically) were found in the prefrontal cortex of BPD patient 

brains (Coyle and Duman 2003, Ongur et al. 1998).  Additional postmortem studies have 

identified reductions in cortex volume, oligodendrocyte counts, and neuron size within 

several areas of the bipolar brain including the subgenual prefrontal cortex, amygdala, 
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and basal ganglia (Uranova et al. 2004, Zarate et al. 2006, Manji and Duman 2001, 

Rajkowska 2002).  The question remains, however, of whether these structural alterations 

are the causes or the consequences of the disorder, or a result of some other factors.  

Stress has also been shown to reduce cellular resilience, which could also make neurons 

increasingly vulnerable (Sapolsky 2000).       

As mentioned above, lithium remains the prototypic mood stabilizer used in BPD 

treatment.  Although the precise mechanisms through which the drug takes effect are not 

yet understood, several potential targets of lithium have been identified (Gould and Manji 

2005, Gurvich and Klein 2002).  Such targets and other molecular agents currently 

believed to have potential involvement in cellular plasticity and mood stabilizer 

effectiveness include inositol monophosphatase (IMPase), glycogen synthase kinase-3 

(GSK-3), bcl-2, and brain-derived neurotophic factor (BDNF) (Schloesser et al. 2008).  

GSK-3 and BDNF are discussed at length below due to their relevance to this project.  If 

indeed enhanced neuroplasticity and increased cellular resilience are the core of the 

therapeutic action of mood stabilizers, other processes that have similar downstream 

effects may also have mood stabilizing activity.  One such process that supports cellular 

resilience in response to a variety of insults is autophagy (Glick et al. 2010). 

Autophagy 

The cellular process of macroautophagy (hereafter referred to as autophagy) is a 

key pathway necessary for the non-selective clearance of cytosolic proteins, such as those 

that can lead to neurodegeneration.  This process has only been studied in depth in the 

last decade (Winslow and Rubinsztein 2008).  Autophagy is induced in response to 
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challenging conditions surrounding the cell, such as nutrient deficiency (Levine and 

Klinosky 2004).  As a self-degradative process, autophagy is generally considered to 

function as a survival mechanism for the cell (Noda et al. 2009).  Autophagy is of utmost 

importance in higher eukaryotes, as defective autophagy can cause protein-folding 

diseases, neurodegenerative diseases (of interest in the present study), and neonatal death 

immediately after birth (Shintani and Klinosky 2004, Suzuki and Ohsumi 2007). 

 Autophagy is a mechanism used by the cell to maintain homeostatic turnover of 

cellular proteins and involves the bulk, catabolic degradation of aggregate-prone 

cytoplasmic proteins, damaged organelles and intracellular pathogens (Figure 1, Glick et 

al. 2010).  Under basal conditions, autophagy is mainly utilized to eliminate damaged 

cellular organelles, such as mitochondria or toxic aggregate-prone proteins (Rubinsztein 

2006).  Autophagy also seems play a role in cell death, although there is much to be 

discovered to fully explain this potential phenomenon (Scarlatti et al. 2009, Eisenberg-

Lerner et al. 2009). 
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(adapted from Lee and Gao 2008) 

Figure 1.  Overview of autophagy pathway.  The isolation membrane is initially formed around 

targeted cytosolic components, such as aggregate proteins or damaged organelles.  The isolation 

membrane extends and closure creates the autophagosome.  The autophagosome then fuses with a 
lysosome, making an autolysosome where the targeted cytosolic components are degraded. 

 

 

The process of autophagy in yeast consists of several steps, beginning with the 

detection of starvation signals, followed by the transmission of said signals to the pre-

autophagosomal structure (PAS), an apparatus necessary for the generation of the 

autophagosome.  Starvation signals may be sensed through the Tor signaling pathway, as 

studies have demonstrated that when either nutrient starvation or rapamycin treatment 

inactivate Tor kinase in yeast, autophagy is induced and autophagosomes are formed, 

among other cellular responses (Kamada et al. 2004).  The isolation membrane (IM), also 

known as the phagophore, is then formed from the PAS.  A mature autophagosome 

(spherical structure approximately 500 nm in diameter made with double bilayered 

membranes) containing the targeted cytosolic contents is formed (Noda et al. 2009) 

through the fusion of the leading edges of the IM (Suzuki and Ohsumi 2007).  

Autophagosomes then use dynein motors to move along microtubules to fuse with 
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lysosomes at the microtubule-organizing center (Mehrpour et al. 2010).  This fusion 

results in an autolysosome, which can finally degrade the cytosolic contents using 

lysosomal hydrolases (Figure 1, Lee and Gao 2008, Noda et al. 2009).  The degraded and 

recycled products are primarily necessary for supplying additional nutrients to the cell 

during times of starvation (Noda et al. 2009).  Recently, autophagy has been suggested to 

play a role in several physiological phenomena (Mizushima et al. 2008, Noda et al. 

2009), but the focus here will remain upon neurodegenerative diseases, specifically the 

possible involvement of autophagy in BPD. 

 Several studies using yeast (Saccharomyces cerevisiae) have provided insight into 

autophagy control (Noda et al. 2009).  Multiple AuTophaGy genes, or ATG genes, 

involved in autophagosome formation have been identified in yeast (Suzuki and Ohsumi 

2007), many of which have mammalian counterparts (Mehrpour et al. 2010).  Of the 

discovered Atg genes, 18 Atg proteins are presently known to be involved in 

autophagosome formation as they are originally recruited to the isolation membrane 

(Nakatogawa et al. 2009).  Although the precise origin of the isolation membrane remains 

a mystery, there is evidence suggesting the endoplasmic reticulum as a potential 

candidate for the source of the lipids found in the membranes of the autophagosome 

(Hayashi-Nishino et al. 2009, Yla-Anttila et al. 2009, Mehrpour et al. 2010).  The 

initiation and formation of the autophagosome in yeast is controlled by the 

Atg1:Atg13:Atg17 complex, which has a mammalian counterpart ULK:Atg13:FIP200 

(Cheong et al. 2008, Ganley et al. 2009, Jung et al. 2009).  Atg1 can be defined as a 

serine-threonine protein kinase with a mammalian homologue unc-51-like kinase (ULK) 
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and Atg17, a 200 kDa focal adhesion kinase family-interacting protein (FIP200) 

(Mehrpour et al. 2010).  Although the ULK:Atg13:FIP200 complex is stable and not 

regulated by nutrient conditions, mTOR kinase, an autophagy inhibitor, is capable of 

inactivating ULK through phosphorylation, which occurs at the basal state.  If mTOR is 

inactivated (either through nutrient deficiency or rapamycin treatment), ULKs will be 

activated and both Atg 13 and FIP200 will be phosphorylated, allowing for the 

occurrence of autophagy (Mehrpour et al. 2010).  An additional protein, Atg101, is found 

only in mammalian autophagy.  This Atg13-binding protein is absolutely essential for 

autophagy, as localization to the IM it is necessary for the stabilization of the expression 

of Atg13 (Mercer et al. 2009). 

 Providing further regulation of the autophagosome, Atg9L1 (a mammalian 

counterpart to Atg9 in yeast) is the only known transmembrane Atg protein, which co-

localizes, using trafficking dependent on mitogen-activated protein kinase (MAPK), with 

microtubule-associated protein light chain 3 (MAP-LC3) in response to nutrition 

deficiency and starvation (Webber and Tooze 2010, Mehrpour et al. 2010).  The putative 

role of AtgL1 is to carry lipids and/or act to recruit necessary elements to the IM 

(Longatti and Tooze 2009). 

 Of significant interest to the present work is MAP-LC3 (hereafter referred to as 

LC3).  The unconjugated form of LC3 is found in the cytosol of the cell, and is present 

under normal conditions (Mehrpour et al. 2010).  This is the form of LC3 that is first 

translated from mRNA, and is called pro-LC3.  Pro-LC3 possesses an unnecessary C-

terminal tail (Noda et al. 2009).  The processed, lipidated form of LC3, along with the 
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Atg12-Atg5:Atg16L complex, is required for expansion of the growing autophagosome 

(Nakatogawa et al. 2009).  Beclin 1 is involved in a complex that works to recruit the 

Atg12-Atg5:Atg16L complex as well as the lapidated form of LC3 (Mehrpour et al. 

2010).  Interestingly, beclin 1 was shown to be upregulated through rapamycin treatment 

(Cleary et al. 2008).  Before recruitment to the autophagosome, pro-LC3 must be 

modified.  Atg4, a protease, first cleaves pro-LC3 exposing a glycine residue at the C 

terminus (creating LC3-I), which is then conjugated to phosphatidylethanolamine (PE, a 

component of the phospholipid bilayer) upon autophagy induction (Mehrpour et al. 

2010).  Several Atg genes, including Atg7, Atg3, and the Atg12-Atg5:Atg16L complex, 

are necessary for this process.  LC3-I is initially activated by Atg7 to become a high-

energy thio-ester intermediate, and is then conjugated to Atg3.  The Atg16L complex 

binds the Atg3-LC3-I conjugate and recruits Atg3-LC3-I to the site where lipidation 

occurs (Noda et al. 2009).  The C-terminus of LC3-I now forms a bond to PE, which 

creates LC3-II.  Lipidated LC3-II is associated with the autophagosome and becomes 

membrane bound at both the inner and outer membranes (Noda et al. 2009, Mehrpour et 

al. 2010).  Some evidence has suggested that LC3-II is essential for autophagosome 

closure, but this has not been confirmed (Noda et al. 2009).  It is also possible that LC3 

may be utilized for other functions; however, they have not yet been discovered.  Upon 

full expansion of the autophagosome, LC3 associated the outer (cytosolic) membrane is 

recycled following cleavage from PE by Atg4, and the Atg12-Atg5:Atg16L complex 

leaves (Mehrpour 2010).  This regenerates LC3-I (Figure 2, Noda et al. 2009).   
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      (adapted from Noda et al. 2009) 

Figure 2.  LC3 in autophagy.  Pro-LC3 is first cleaved by Atg4 to create LC3-I.  Atg7, Atg3, 

and the Atg16L complex work to create LC3-II, which is conjugated with PE. For recycling, Atg4 
must cleave off PE and regenerate LC3-I. 

 

 Once autophagosomes are formed, they are able to bind to an endosome prior to 

fusing with a lysosomal compartment, and the result of this autophagosome-endosome 

fusion is termed an amphisome (Fengsrud 2004).  The steps involved in the later stages of 

autophagy, such as the fusion of the autophagosomes with endosomes or lysosomes, the 

acidification of the autophagic compartments, and recycling the degraded contents of the 

lysosomal compartment, depend on several regulatory molecules (Mehrpour et al. 2010).  

Some such regulatory molecules include Rubicon and UVRAG (UV irritation resistance-

associated gene), Rab proteins, EXCRT (endosomal sorting complex required for 

transport), SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors), LAMPs (lysosomal-associated membrane proteins), and DRAMs (damage-

regulated autophagy modulator) (Liang et al. 2006, Gutierrez et al. 2004, Raiborg and 
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Stenmark 2009, Rothman and Wieland 1996, Eskelinen et al. 2003, Crighton et al. 2006, 

Mehrpour et al. 2010).  The precise autophagic functions of each molecule mentioned 

have not necessarily been clearly understood, and as such is beyond the scope of 

necessity for the present work.  However, evidence does exist suggesting that each acts to 

form autolysosomes through either finishing autophagosome maturation or membrane 

fusion (Mehrpour et al. 2010).  With the formation of the autolysosome comes the final 

process, acidification and degradation of the autophagic contents through lysosomal 

degradation (Mehrpour et al. 2010).   

 Of utmost importance in the present work is the fact that LC3-II is the only 

protein marker reliably associated with autophagosomes as well as localized with IMs 

(phagophores) (Klionsky et al. 2008).  It is also critical to note that within mammalian 

cells, the occurrence of autophagy can be observed through increases in the conversion of 

LC3-I to LC3-II, although the total amount of LC3 present within a cell may remain 

unchanged (Klionsky et al. 2008).  LC3-I is especially abundant in the central nervous 

system.  For this reason, the ratio of amounts LC3-II to that of LC3-I can be utilized in 

monitoring the formation of autophagosomes through western blotting (He et al. 2003). 

Lithium has recently been shown to induce autophagy through the inositol 

pathway (Sarkar and Rubinsztein 2006).  Other drugs that are related to bipolar disorder 

have also recently been shown to induce autophagy, including valproate and a number of 

atypical antipsychotics (Zhang et al. 2007, Sarkar and Rubinsztein 2008). As mentioned 

previously one of the new hypotheses related to BPD suggests that the effects of mood 

stabilizers may stem from increasing neuroprotection, cellular plasticity, and resilience of 



 

 13 

cells.  Lithium has now been shown to induce autophagy both in vitro and in vivo (Sarker 

et al. 2005, Sarkar and Rubinsztein 2006, Sarker et al. 2007).  Additional mood 

stabilizing drugs valproate and carbemazepine, also induce autophagy in vitro but their in 

vivo effects were not yet evaluated (Mitsui et al. 2005, Sarkar and Rubinsztein 2008, 

Williams et al. 2008).   

Autophagy can be induced through several different pathways, including the 

inhibition of the mammalian target of rapamycin (mTOR) pathway (Meijer and Codogno 

2004).  Rapamycin, an mTOR inhibitor (Berger et al. 2006) extensively used as an 

immunosuppressant in organ transplantation, has recently been studied in the context of 

mood disorders (Cleary et al. 2008).  Sub-chronic administration of rapamycin at 10 

mg/kg resulted in antidepressant-like effects, in both mice and rats, and in two models for 

antidepressant action, the forced swim test (FST) and tail suspension test.  Interestingly, 

levels of beclin 1 (an autophagy marker) increased in brains of 10 mg/kg rapamycin 

treated mice, which is the same dose that resulted in antidepressant-like effects (Cleary et 

al. 2008). 

If mood stabilizing drugs induce their therapeutic effects by enhancing cellular 

plasticity and enhance autophagy, then, considering the effects of autophagy to increase 

cellular resilience, it is possible that other autophagy-inducing drugs may also have mood 

stabilizing effects.  Incorporating autophagy into BPD therapy could lead to the 

development of safer and more effective BPD drugs that work through autophagy 

enhancement.  These potential drugs could also be used in addition to existing 

medications, as their therapeutic effects are a result of a different mechanism than many 
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currently used drugs.  Yet, such and idea should be thoroughly evaluated at different 

levels including work with animal models. 

Methods for testing novel drugs for BPD – the problem of valid animal models 

One of the major problems hindering the development of truly novel drugs for 

BPD is the relative lack of appropriate, valid and predictive animal models (Einat 2007, 

Gould and Einat 2007).  The neurobiology of the disorder is poorly understood, and an 

important step necessary for discovering more about the disorder is attaining appropriate 

animal models.  Currently, there is an extremely limited number of available animal 

models for BPD to be used for behavioral or pharmacological analysis, which limits the 

processes of both understanding the disorder and developing new therapeutic agents 

(Gould and Einat 2007).  For these reasons, efforts should be allocated not only to BPD 

investigative studies, but also to model development. 

The development of appropriate animal models is important in all areas of 

psychiatry, but model development for BPD might be especially difficult (Gould and 

Manji 2004).  Factors contributing to this difficulty include a limited understanding of the 

disorder’s underlying pathophysiology, the cyclic nature of BPD and the significant lack 

of established biomarkers for the disease state or treatment effect.  An ideal model for 

BPD would be a “bipolar animal,” which is likely unattainable until the neurobiology of 

the disorder is more fully understood (Einat 2007a).  In light of these challenges, there 

are a number of other approaches to model development. The present work focuses on 

two: (1) Developing models for specific facets of BPD within the manic or depressive 

states, rather than the entire scope of the disorder.  It is possible that developing separate 
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models for different facets of the disease could potentially be combined into a test 

battery, which could evaluate different behaviors or new medications (Einat 2007b).  (2) 

Identifying the best available model animal; that is to screen different strains or even 

species to identify those that may have some behavioral phenotype that resembles some 

behavioral and/or biochemical aspect of BPD (Einat 2007a). 

A battery of tests for the domains of BPD 

 Bipolar disorder (BPD) is acknowledged to be heterogeneous in nature with 

symptoms varying greatly across individuals (Gould and Gottesman 2006).  There are 

several models already available for modeling the depressive facets of BPD.  The forced 

swim test (FST) (Porsolt et al. 1977) and tail suspension test (TST) (Porsolt et al. 1987) 

can be used to evaluate despair-like behaviors.  Other facets of the depressive phase of 

BPD that can also be modeled include anhedonia (Willner et al. 1992), hypoactivity 

(Einat et al. 1999), and submission (Knapp et al. 2002).  In contrast to the number of 

available models for depression, very few models exist for the mania domain.  One 

widely used model for mania is the psychostimulants-induced hyperactivity model 

(Borison et al. 1978; Gould et al. 2007).  Amphetamine is a commonly used 

psychostimulant for this test, and hyperactivity effects of amphetamine are ameliorated 

following treatment with mood stabilizers, increasing the validity of this test (Einat 

2007).  The ‘resident-intruder test’ has also shown potential validity in modeling 

aggression, another facet of mania (Miczek and O’Donnell 1978; Einat 2007).  In this 

test, aggressive behaviors directed at an intruder mouse by a singly housed resident are 

ameliorated by treatment with mood stabilizers (Einat 2007).  Other behaviors observed 
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in mania that could potentially be modeled in rodents include reduced sleep, increased 

energy, and increased hedonistic behavior and more (Einat 2006).  Should validated 

models be developed for some or all of these facets of mania, there is a strong possibility 

that combining such tests into a battery could serve as a strong mechanism for 

investigating manic-like behavior. 

Black Swiss mice as a potential model for mania 

Modeling based on strain differences is another possible approach for new model 

development for BPD.  Recently, Black Swiss mice have been identified as showing a 

wide range of manic-like behaviors across several behavioral tests (Einat 2007, Hiscock 

et al. 2007, Flaisher-Grinberg et al. 2010).  In a series of experiments, Black Swiss mice 

were compared to other commonly used strains: C57bl/6, CBA/J, and A/J mice.  Tests 

conducted included spontaneous activity, sweet solution preference, light/dark box (LDB 

also termed Black/white Box, BWB), elevated plus maze (EPM), forced swim test (FST), 

amphetamine-induced hyperactivity, and resident intruder test (R-I) (Figure 3, Einat 

2007b). 
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(Einat 2007) 

Figure 3.  Black Swiss mice demonstrate manic-like behavior when compared with other 

strains.  Black Swiss mice show manic-like behavior compared with other strains, in a number of 
tests representing facets of the disorder.  Y axis represents the ratio of the strain compared with 

the mean result in the test for all strains.  ANOVA, Strain effect: F(3,32)=48.9, p<0.0001 Post-

hoc: Black Swiss different from all, C57bl/6 different from AJ (Einat 2007). 

 

Black Swiss mice demonstrated increased spontaneous activity in an open field, 

increased reward-seeking behavior (high sweet solution preference), increased risk taking 

behavior illustrated by increased time spent in a threatening area (in the LDB and EPM 

tests), increased aggression (in the R-I test), increased vigor or decreased immobility time 

(in the FST), and increased amphetamine sensitivity (in the psychostimulant-induced 

hyperactivity test) (Figure 1, Einat 2007b).   

Preliminary work demonstrated that lithium and valproic acid but not the 

prototypic antidepressant imipramine given to Black Swiss mice ameliorated hedonic-

like behavior in the sweet solution preference test (Flaisher-Grinberg et al. 2009) and 

aggressive behavior in the resident-intruder test (Flaisher-Grinberg and Einat, 2010).  

These data suggest that the assessed tests could have predictive validity for mood 

stabilizer effects, and further investigation into the biological makeup of Black Swiss 
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mice could potentially uncover the underlying neurobiology of the strain related to the 

behavioral phenomena and could further explore the utility of Black Swiss mice as a 

model for mania.  

Lithium and GSK3 in Wnt signaling 

 One of the clear actions of lithium at therapeutic concentrations is directly 

inhibiting glycogen synthase kinase 3 (GSK-3) (Klein and Melton 1996).  The genes 

Gsk-3" (51 kDa) and Gsk-3! (46 kDa), together encode GSK-3, which is a constitutively 

active, ubiquitous, serine/threonine kinase (Woodgett 1990; Schloesser et al. 2008).  

GSK-3 is active in several cellular processes including metabolism, differentiation, and 

apoptosis (Gould et al. 2006, Cohen and Frame 2001).  GSK-3 is also currently under 

investigation in the context of cellular plasticity (Schloesser et al. 2008).  Evidence that 

some effects of lithium treatment (increases in neuronal growth cone area, hippocampal 

neurogenesis, altered synaptogenesis) mimic Wnt signaling lends support to the cellular 

plasticity hypothesis in BPD (Goold et al. 1999, Hall et al. 2000, Chen et al. 2000).  

GSK-3 has multiple physiological targets (Shloesser et al. 2008), and is regulated 

by serotonin, dopamine, psychostimulants, and antidepressants (Zarate et al. 2006).  

GSK-3 also plays a role in apoptosis and in many signaling cascades thought to be 

involved in BPD (Zarate et al.2006).  Neurotrophic factors, such as brain-derived 

neurotrophic factor (BDNF) can impact GSK-3 through their initial interaction with trkB 

receptors, followed by subsequent Akt activation.  Akt activation causes phosphorylation 

and inhibition of GSK-3 (Doble and Woodgett 2003 and Zarate et al. 2006).  For the 

present work, however, we will focus on the involvement of GSK-3 in the Wnt signaling 
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pathway, of which GSK-3 is an important regulator (Figure 4, Schloesser et al. 2008).  In 

the Wnt signaling pathway, Wnt glycoproteins first bind to extracellular receptors of the 

frizzled family, causing a signal to be transduced by disheveled, an intracellular protein.  

Scaffolding proteins AXIN and adenomatous polyposis coli (APC) are required to ensure 

stability of this process (Zarate et al. 2006), and disheveled mediated signaling results in 

the inhibition of GSK-3 (Wodarz and Nusse, 1998).  Cytoplasmic !-catenin (a 

transcription factor) is one target of GSK-3.  GSK-3 is constitutively active and works 

under basal conditions to phosphorylate !-catenin.  This phosphorylation leads to 

subsequent ubiquitin-dependent degradation (Peifer and Polakis 2000).  The inhibition of 

GSK-3, such as by lithium, will prevent !-catenin phosphorylation and allow for !-

catenin accumulation.  When !-catenin is not degraded, the protein interacts with T cell-

specific transcription factor (TCF) and acts as a transcription factor (Zarate et al. 2006).  

Wnt-dependent target genes can then be transcribed, many of which are involved in 

proliferation, differentiation, apoptosis, neurotransmission, and synaptogenesis 

(Schloesser et al. 2008), providing additional supportive evidence to the hypothesis of 

cellular plasticity cascades involvement in BPD.  For these reasons, !-catenin can be used 

as a marker for in vivo GSK-3 activity (Gould et al. 2004). As briefly stated, lithium 

inhibits GSK-3 in rodent brains at therapeutically relevant concentrations (serum 

concentrations between 0.5 and 1.2 mM) (De Ferrari et al. 2003, O’Brien et al. 2004) 

suggesting that !-catenin accumulation might play some role in its therapeutic effects.  

Overexpression of !-catenin in the brains of transgenic mice was shown to produce 

behavioral effects that mimic those of lithium (Gould et al. 2007).  For these reasons, !-
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catenin was selected for evaluation across four strains of commonly used mice (Black 

Swiss, C57bl/6, A/J, CBA/J).  Because Black Swiss mice have shown manic-like 

behavior in previous work, lower levels of !-catenin were expected in brains of Black 

Swiss mice. 

 

(adapted from Schloesser et al. 2008) 

Figure 4.  Overview of the Wnt signaling pathway.  Lithium inhibits GSK3, which allows for 

!-catenin accumulation and increase in transcription by preventing phosphorylation of !-catenin 

and its subsequent degradation.  
 

Brain-derived neurotrophic factor (BDNF) 

 Brain-derived neurotrophic factor (BDNF), a 27-kDa polypeptide, is a growth 

factor that is important during development, but also plays a role in adult neuronal 

plasticity and was recently demonstrated to be related to mood regulation (Hashimoto et 
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al. 2004, Duman and Monteggia 2006).  BDNF is part of the neurotrophin family, which 

consists of several growth factors that function in plasticity and modulating synaptic 

transmission (Shaltiel et al. 2007).  The neurotrophin family is not only involved in 

neuronal development, survival and differentiation; but is associated with apoptosis 

inhibition (Shaltiel et al. 2007).  BDNF is involved in neuronal development and in the 

survival and differentiation of neurons in adulthood (Huang et al. 2001, Schinder and Poo 

2000).  

Chronic administration of antidepressants increases BDNF levels (Morinobu et al. 

1995).  Interestingly, only chronic (as opposed to acute) treatment with antidepressants 

increased BDNF mRNA in limbic structures, which correlates with typical antidepressant 

treatment in that therapeutic effects usually require chronic treatment (Nibuya et al. 1995, 

Russo-Neustadt et al. 1999).  There is also other evidence supporting the involvement of 

BDNF in antidepressant action, including a study showing that BDNF injections into the 

hippocampus produce an antidepressant effect (Shirayama et al. 2002).  Amitriptiline, an 

antidepressant, was also shown to increase BDNF expression in both the hippocampus 

and cerebral cortex in rat brain (Okamoto et al. 2003).  It is possible that BDNF is very 

important in adult neurogenesis, and this pathway could be important in regulating 

behaviors related to mood (Schmidt and Duman 2007).  BDNF levels are also decreased 

in the hippocampus of animals demonstrating anxiety- or depressive-like behaviors 

(Smith et al. 1995), suggesting involvement in the pathophysiology of mood disorders 

related to stress (Hashimoto et al. 2004).  Interestingly, when chronic antidepressant 

administration is implemented, BDNF expression is not only increased, but it seems that 
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antidepressants also work to prevent stress-induced BDNF decreases (Einat and Manji 

2006). 

 Beyond antidepressants, BDNF expression is increased in the rat brain following 

treatment with mood stabilizers lithium and valproate (Fukumoto et al. 2001).  This 

evidence further supports the notion that BDNF could play a role in mood disorders, and 

that the upregulation of BDNF in the mood stabilizer-treated brain could at least partially 

function to elicit mood stabilizing effects (Fukumoto et al. 2001). 

 Neurotrophins are secreted either constitutively or transiently, and bind and 

activate tyrosine kinase (Trk) receptors (Shaltiel et al. 2007).  BDNF binds to the TrkB 

receptor tyrosine kinase (Squinto et al. 1991).  Although BDNF utilizes several pathways 

to exert its biological effects (ERK-mitogen-activated kinase, phosphoinosite-3-

kinase/Akt, or phospholipase C pathways), it is the ERK pathway that has received the 

most attention (Einat and Manji 2006, Shaltiel et al. 2007, Coyle and Duman 2003).  In 

the ERK pathway, BDNF first binds to and activates TrkB, which then facilitates the 

recruitment of other proteins (SHC and SOS) which activate the ERK-MAP kinase 

cascade.  In this cascade, sequential activation of Ras, Raf, mitogen-activated 

protein/extracellular signal regulated kinase (MEK), extracellular signal-regulated kinase 

(ERK), and ribosomal S6 kinase (Rsk) occurs.  This can finally activate transcription 

factors that regulate expression of several genes, including BNDF, that work to increase 

synaptic plasticity, neurogenesis, and cell survival (Einat and Manji 2006, Hashimoto et 

al. 2004). 
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Although the present work focuses on the ERK pathway in the context of BDNF 

(Figure 5), it should be noted that the ERK pathway is also regulated by several G-

protein-coupled receptors in addition to BDNF (Einat and Manji 2006).  Mood stabilizers 

lithium and valproate also activate the ERK pathway (Chen and Manji 2006), and chronic 

mood stabilizer treatment promotes neurogenesis in the hippocampus, suggesting 

involvement of the ERK pathway (Chen et al. 2000). 

 

Figure 5. Overview of the ERK pathway. BDNF activates the ERK pathway through the TrkB 

receptor and a series of proteins.  Lithium also activates the ERK pathway, leading to increased 

transcription of genes involved in synaptic plasticity, cell survival, and neurogenesis. 

 

 There is also additional support for ERK pathway involvement in the action of 

mood stabilizers that stems from behavioral studies.  Pharmacological inhibition of the 

ERK pathway in rats resulted in manic-like behaviors (Einat et al. 2003), just as ERK 

knockout mice show abnormal manic-like behavior (Mazzucchelli et al. 2002, Selcher et 
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al. 2001, Engel et al. 2009).  These results suggest that inhibiting the ERK pathway 

would not only result in antidepressant-like action, but would also induce pro-manic-like 

effects.  Utilizing BDNF to activate the ERK pathway, however, results in an 

antidepressant-like effect without the pro-manic-like outcome (Shaltiel et al. 2007). 

 Providing additional evidence for the involvement of BDNF in BPD is the 

association of the Val66Met BDNF polymorphism with BPD (Hashimoto et al. 2004).  In 

humans, the BDNF gene is located on chromosome 11p13 (Maisonpierre et al. 1990), and 

family-based association studies have identified the BDNF gene as a possible risk locus 

for BPD development (Neves-Pereira et al. 2002, Sklar et al. 2002).  The Val66Met 

single nucleotide polymorphism (SNP) occurs when a G is substituted for A, resulting in 

a valine (Val) to methionine (Met) substitution (Rybakowski 2008).  Although this 

polymorphism does not affect the activity of mature BDNF, the regulated secretion of 

BDNF is negatively affected due to altering the packaging and intracellular tracking of 

pro-BDNF (Egan et al. 2003).  These findings offer support to a genetic basis for the 

development of BPD through BDNF malfunction. 

 When the presented evidence was considered, BDNF looked to be an excellent 

candidate for analysis in the molecular studies of the model development studies.  Any 

difference in BDNF levels across strains (especially in Black Swiss mice) would suggest 

the possible involvement of BDNF in behaviors exhibited by that strain. 

Hypotheses 

 The present study was designed in several parts.  As the involvement of 

autophagy in neurodegenerative diseases is becoming a widespread hypothesis, I 
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hypothesized that increasing cellular resilience through autophagy could provide a new 

therapeutic target for BPD treatment.  To test this hypothesis, it was first necessary to 

further validate animal models for domains of BPD, and then utilize those animal models 

to evaluate a novel mechanism for enhancing cellular resilience, autophagy. 

In order to test new medications for efficacy in treating BPD, new validated 

models are necessary.  Efforts were allocated to two methods of model development: 

assessing the effects of risperidone across the behavioral battery, and analyzing two 

proteins of interest across four commonly used strains of mice.  Here, it was hypothesized 

that the atypical antipsychotic risperidone would ameliorate psychosis-related manic-like 

behavior in Black Swiss mice, and that Black Swiss mice would show changes in 

biological systems implicated in BPD, specifically in the two proteins assessed, !-catenin 

and BDNF. 

 The second piece of this study involved utilizing animal models to evaluate 

autophagy, a novel mechanism for cellular resilience.  It was hypothesized that the 

autophagy-inducer nicardipine would result in mood stabilizing effects within the test 

battery, and that brains of nicardipine-treated animals would show autophagy induction. 

Rationale 

There is a growing body of clinical studies that lend support to the use of atypical 

antipsychotics for effective BPD treatment, and these drugs are quickly becoming a first-

line treatment option for BPD (McIntyre 2010, Perlis 2007, Pfeifer et al. 2010).  

Risperidone, an atypical antipsychotic, is currently approved by the U.S. Food and Drug 

Administration (FDA) for BPD treatment, and has also been investigated in the context of 
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animal models (Hashimoto 2009).  Risperidone showed mood stabilizing effects in the 

methamphetamine hyperlocomotion test (Uchida et al. 2009).  Utilizing risperidone and 

Black Swiss mice across the test battery could provide further validation for both the 

behavioral battery as well as Black Swiss mice as a model for mania. 

Black Swiss mice, a strain that had already been demonstrated to have manic-like 

behavior in several behavioral tests, were assessed for behavioral response to drugs and 

for their endogenous levels of !-catenin and BDNF.  It was hypothesized that: (1) the 

manic-like behavior of Black Swiss mice in a battery of tests for the domains of BPD will 

be differentially influenced by mood stabilizers and atypical antipsychotics; and (2) 

Black Swiss mice would have lower baseline levels of both !-catenin and BDNF in 

discrete brain areas.  

 Following the additional validation of Black Swiss mice as a possible model for 

the manic domains of BPD, this model and battery were utilized to explore the effects of 

enhancing autophagy.  Since previous work showed antidepressant effects of the mTOR 

inhibitor rapamycin (Cleary et al. 2008), the current project tested the effects of a 

dissimilar autophagy-enhancing drug, the calcium channel blocker nicardipine. 

Nicardipine was tested for mood stabilizing effects across a battery of behavioral tests 

previously established in the Einat laboratory (Flaisher-Grinberg et al. 2010, Flaisher-

Grinberg and Einat 2009).  Brains were then harvested and assessed for levels of LC3-I 

and LC3-II, a marker for autophagy induction.  I hypothesized that nicardipine would 

elicit mood stabilizing effects, and that behavioral change will correlate with elevated 

levels of LC3-II indicating enhanced autophagy.  
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Materials and Methods 

General 

The present thesis includes two sub-projects: (1) further establishment of mice strain 

differences in behavior and brain biochemistry as a tool for modeling affective disorders 

and (2) utilizing strain differences in mice to further evaluate the possible role of 

enhancing autophagy as a drug target for affective disorders.  Both the methods and the 

results sections will be therefore divided according to these sub-projects with integration 

in the Discussion section. 

Strain differences 

Effects of risperidone in black Swiss mice in a battery of tests for domains of mania 

Animals 

All mice (Black Swiss) were 12-14 weeks old at the time of experiments.  Mice 

were singly housed in a colony room with standard temperature of 23±1°C and with 12 

hour light/dark cycle (lights on at 7:00 a.m.).  Mice had ad libitum access to food 

(Laboratory Rodent Diet #5001, Lab Diet/PMI, St. Louis, MO) and water and were 

allowed a seven-day acclimation period before testing began.  All experiments were 

conducted during the light hours of the light/dark cycle and carried out according to the 

NIH guide for the treatment and use of laboratory animals and were approved by the 

University of Minnesota IACUC (protocols # 0812A55003; 0610A94146; 0907A69913). 

Drugs 

Risperidone:  Risperidone (SIGMA) was dissolved in a 5% DMSO solution and injected 

IP at the doses of 0.1 and 0.3 mg/kg and a 10 ml/kg injection volume.  Risperidone was 
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injected once daily at 8:00 a.m. for one day prior to behavioral testing.  On test days, 

risperidone was injected 30 minutes prior to testing.  Control animals received the same 

volume of vehicle (5% DMSO).  Risperidone and dosing was selected based on effects 

previously observed in animal models of mania and BPD (Hashimoto et al. 2009). 

Amphetamine: Mice were injected IP with 1 mg/kg dose of amphetamine (SIGMA) 

diluted in 0.9% saline to an injection volume of 10ml/kg or with control solution. 

Behavioral tests 

General procedure and order of tests 

All behavioral tests except the sweet solution preference were conducted in a dedicated 

experimental room.  Mice were transported in their own cages from the colony room to 

the behavioral room prior to testing.  Mice were tested in a consecutive battery of tests 

previously demonstrated to model a number of domains of mania (Einat 2007, Flaisher-

Grinberg et al. 2009).  Tests were conducted one per day and were ordered from least to 

more intrusive to minimize the effects of each test on the following ones (cite Crawley).  

The order of tests was spontaneous activity, sweet solution preference, elevated plus 

maze, forced swim test, and amphetamine-induced hyperactivity. 

Spontaneous activity:  Mice were tested for spontaneous activity in automated activity 

monitors.  Activity monitors were transparent plastic boxes (50 x 25 x 20 cm) with 4 

infrared beams arranged at a 2 cm height above the floor and along the long axis of the 

box.  Beam crossings are recorded to an attached computer using a specialized program 

(Opto3, Columbus Instruments, Columbus, OH).  Activity was recorded for 60 minutes in 

10-minute intervals and the total activity was reported as all beam crossings in 60 
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minutes.  At the end of each session, mice were returned to their home cages.  Boxes 

were cleaned using 10% alcohol solution after each mouse. 

Sweet Solution Preference:  Mice were allowed free access for 2 days to a bottle 

containing 1% saccharin (SIGMA, St. Louis, MO) in tap water in addition to their regular 

supply of food and water (two bottles test).  Weights of the saccharin solution and water 

bottles were recorded at the start of the experiment (10:00 a.m. on Day 1), and again at 

10:00 a.m. on days 2 and 3.  Sweet solution preference was calculated using the ratio of 

saccharin consumption out of total liquid consumption per 24 hours period.  Saccharin 

concentration was selected because it is well within the concentration/preference curve 

and was already demonstrated to detect effect of mood stabilizing drugs (Flaisher-

Grinberg et al. 2009). 

Elevated Plus Maze:  Mice were singly placed on a wooden plus-shaped maze with 30 

cm x 5 cm arms.  Two arms of the maze had no walls (with a 1 cm lip around the edge) 

and two arms had 24 cm walls enclosing the arms on two sides.  The center of the maze 

was 5 cm x 5 cm.  The maze was elevated 60 cm off the ground.  Mice were individually 

placed in the center of the maze and were allowed to move throughout the maze for five 

minutes.  If a mouse were to fall off the maze, it was again placed in the center of the 

maze without interrupting the session.  Each session was recorded and later analyzed.  

The amount of time spent in the open arms versus the closed arms was recorded, as well 

as the number of entries into the open and closed arms.  An entry into an arm was 

counted if all four paws of the mouse entered the arm.  At the end of each session, mice 
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were returned to their home cages and the maze was wiped clean with a 10% alcohol 

solution. 

Forced Swim Test (FST):  Mice were singly placed in a transparent cylindrical container 

(25 cm tall x 18 cm diameter) filled with tap water at a temperature of 22±1°C.  The 

cylinder was filled with water to a depth of 15±1 cm to ensure that a mouse could not 

touch the bottom of the container or climb out.  Mice were left in the container for a 6-

minute session.  At the end of the session, mice were removed, dried with a paper towel, 

and returned to their home cage.  Water in the cylinder was replaced between mice.  

Sessions were digitally recorded from the side and the last 4 minutes of each session were 

defined as the test session, and were scored using an automated acquisition and analysis 

software (FST; Bioserve, Bonn, Germany).  Scored behaviors included active (swimming 

and struggling) and passive (floating with minimal movements necessary to maintain 

head above water) behaviors.  The FST procedure in mice was repeatedly demonstrated 

to be effective in detecting antidepressant drug effects (Flaisher-Grinberg and Einat 2009, 

Cryan et al. 2005) as well as the effects of mood stabilizers (Flaisher-Grinberg and Einat 

2009, Einat 2007).  The automated system had been previously validated including in our 

laboratory (Flaisher-Grinberg & Einat 2010). 

Amphetamine-induced hyperactivity:  Immediately after amphetamine or saline injection, 

mice were placed into automated activity monitors (as described above in the 

Spontaneous activity section) for a 30 minute session.   

Biochemical analysis 
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Eight untreated male mice from each strain were used for biochemical analysis.  

Animals were decapitated and frontal cortex and hippocampal areas dissected, 

immediately frozen in liquid nitrogen, and stored at -80°C.  Samples were homogenized 

in 9 volumes of 50 mM KPO4 buffer, pH 7.2 containing 0.5% Triton-X-100 and 1X 

Complete ETDA-Free Protease Inhibitor Cocktail (Roche Applied Sciences, Indianapolis, 

IN) using 10 strokes with a Barnant Mixer homogenizer (Barnant Company, Barrington, 

IL).  The homogenates were then centrifuged at 4°C and 13,000 x g for 15 minutes, and 

the supernatant saved and stored at -80°C.  Protein concentrations were determined using 

the Pierce BCA Protein Assay Kit per manufacturer’s instructions (Thermo Scientific, 

Waltham, MA).   

 1 µg of frontal cortex and hippocampal protein was loaded per well for the !-

catenin gels.  1 µg frontal cortex protein and 5 µg alhippocampus protein was loaded per 

well for the BDNF gels.  Gels were run at 100 V for 1 hour on 8% and 10% SDS-PAGE 

gels for !-catenin and BDNF, respectively.  Buffers used included running buffer (10X 

buffer, 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3 diluted to 1X with water, Bio-

Rad Laboratories, Hercules, CA) and transfer buffer (25 mM Tris, 0.2 M glycine, pH 8.5, 

20% methanol, Bio-Rad Laboratories, Hercules, CA).  The separated proteins were then 

transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, CA, pore size 0.2 µm) 

for 1 hour at 100 V.  The membranes were blocked overnight in TBST (10 mM Tris HCl, 

0.1 M NaCl, 0.1% Tween-20) with 5% nonfat dry milk at 4°C with agitation.  

Membranes were then incubated for 1 hour at room temperature with agitation, in TBST 

with 5% nonfat dry milk and mouse monoclonal anti-!-catenin antibody 610154 (1:500 
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dilution, BD Biosciences, San Jose, CA) or rabbit polyclonal anti-BDNF antibody 

ab46176 (1:1000 dilution, Abcam, Inc., Cambridge, MA).  Membranes were washed 6 

times for 5 minutes per wash in TBST, and then incubated with agitation for 1 hour in 

TBST with 5% nonfat dry milk plus the appropriate secondary antibody.  Antibodies used 

for !-catenin blots were horseradish peroxidase (HRP)-conjugated polyclonal goat anti-

mouse antibody diluted 1:1000 (catalog number 554002, BD Biosciences, San Jose, CA).  

HRP-conjugated goat anti-rabbit secondary antibody diluted 1:5000 (Jackson 

ImmunoResearch Laboratories, West Grove, PA) was used for BDNF blots.  Membranes 

were again washed 6 times for 5 minutes per wash to remove excess antibody.  Antibody 

bound to the membrane was detected by chemiluminescence using the ECL Western 

Blotting Analysis System (GE Healthcare, Piscataway, NJ) per manufacturer’s direction. 

 After detection, membranes were incubated for 15 minutes in Restore PLUS 

Western Blot Stripping Buffer (product number 46430, Thermo Scientific, Rockford, IL), 

washed 3 times for 5 minutes in TBST, and again blocked in TBST + 5% nonfat dry milk 

overnight at 4°C.  They were then incubated with anti-!-tubulin antibody sc-53140 

(1:200 dilution, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in TBST with 1% 

bovine serum albumin and 0.1% sodium azide for 1 hour with agitation.  Membranes 

were washed 4 times for 5 minutes each with TBST, and then incubated with goat anti-

mouse HRP secondary antibody diluted 1:2500 in TBST with 1% bovine serum albumin.  

They were then washed 3 times for 5 minutes with TBST, and visualized using the ECL 

Western Blotting Analysis System.  Densitometry was performed using Bio-Rad 

Quantity One analysis software (Bio-Rad Laboratories, Hercules, CA).  Results were 
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normalized to controls (two control lanes per gel, across all gels, combined 

hippocampus/cortex homogenate of a single adult C57bl/6 strain mouse) by assessing the 

ratio of sample expression compared to control expression. Two control samples were 

run on each gel. Samples were corrected for loading variation by comparing normalized 

protein levels to !-tubulin expression. 

Enhancing autophagy as a drug target for affective disorders 

Animals 

 The effects of nicardipine were evaluated in three different mice strains.  Male 

CD-1 mice and BLC57bl/6 (C57) mice (Harlan, IN) and Black Swiss mice (BS; Taconic, 

NY). All mice were 12-14 weeks old at the time of experiments.  Mice were singly 

housed in a colony room with standard temperature of 23±1°C and with 12 hour 

light/dark cycle (lights on at 7:00 a.m.).  Mice had ad libitum access to food (Laboratory 

Rodent Diet #5001, Lab Diet/PMI, St. Louis, MO) and water and were allowed a seven-

day acclimation period before testing began.  All experiments were conducted during the 

light hours of the light/dark cycle and carried out according to the NIH guide for the 

treatment and use of laboratory animals and were approved by the University of 

Minnesota IACUC (protocols # 0812A55003; 0610A94146; 0907A69913). 

Drugs 

Lithium: Lithium chloride (SIGMA, St. Louis, MO) was dissolved in 0.9% saline 

solution.  Lithium was injected intraperitoneally (IP) at a dose of 100 mg/kg and a 

10ml/kg injection volume.  Lithium was injected twice daily (at 8:00 a.m. and 8:00 p.m.) 

for two days prior to the beginning of the behavioral tests.  On test days, lithium was 
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injected 30 minutes prior to behavioral testing and again at 8:00 p.m.  Control animals 

received equivalent volumes of vehicle (0.9% saline).  Lithium doses were selected based 

on effects previously observed in animal models of mania and BPD (Gould et al. 2007; 

Flaisher-Grinberg and Einat, 2010). 

Nicardipine: Nicardipine hydrochloride (N7510, SIGMA, St. Louis MO) was dissolved 

in 6% DMSO in distilled water using sonication.  Nicardipine was injected IP at 5 mg/kg, 

10 mg/kg, or 20 mg/kg dose and at injection volume of 10ml/kg.  Nicardipine was 

administered once daily at 8:00 a.m. for 2 days prior to beginning behavioral 

experiments.  On test days, nicardipine was injected IP 2 hours prior to behavioral 

testing.  Control animals received equivalent volumes of the vehicle (distilled water with 

6% DMSO).  Nicardipine doses were selected based on previously observed effects in 

animal studies (Watson and Little 2002, Moore et al. 1993). 

Amphetamine: Mice were injected IP with 1 mg/kg dose of amphetamine (SIGMA) 

diluted in 0.9% saline to an injection volume of 10ml/kg or with control solution. 

Behavioral tests 

General procedure and order of tests 

All behavioral tests except the sweet solution preference were conducted in a 

dedicated experimental room.  Mice were transported in their own cages from the colony 

room to the behavioral room prior to testing.  Mice were tested in a consecutive battery of 

tests previously demonstrated to model a number of domains of mania (Flaisher-Grinberg 

and Einat 2009, Flaisher-Grinberg et al. 2010, Flaisher-Grinberg et al. 2009).  One test 

was conducted per day and tests were ordered from least to more intrusive to minimize 
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the effects of each test on subsequent tests (Crawley 2000).  Tests were performed in the 

following order: spontaneous activity, sweet solution preference (Black Swiss mice), 

forced swim test, and amphetamine-induced hyperactivity (as described above).  The 

amphetamine-induced hyperactivity test was a 60-minute session for this set of 

experiments. 

Western blot analysis- Autophagy- LC3 blots 

Once the behavioral experiments were complete, six animals from each treatment 

group (control, lithium 100 mg/kg, nicardipine 20 mg/kg) were sacrificed by cervical 

dislocation. Animals were decapitated and hippocampal regions were isolated, 

immediately frozen in liquid nitrogen, and stored at -80°C. Samples were homogenized 

in 9 volumes of 50 mM KPO4 buffer, pH 7.2 containing 0.5% Triton-X-100 and 1X 

Complete ETDA-Free Protease Inhibitor Cocktail (Roche Applied Sciences, Indianapolis, 

IN) using 10 strokes with a Barnant Mixer homogenizer. Protein concentrations were 

determined using the Pierce BCA Protein Assay Kit per manufacturer’s instructions 

(Thermo Scientific, Waltham, MA).   

30 µg hippocampal protein was loaded in each well.  Gels were run at 100 V for 

approximately 2 hours on 15% SDS-PAGE gels containing 0.36 g/ml urea. The separated 

proteins were then transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, 

CA, pore size 0.2 µm) for 30 minutes at 100 V. Buffers used for running the gel and the 

transfer included running buffer (10X buffer, 25 mM Tris, 192 mM glycine, 0.1% SDS, 

pH 8.3 diluted to 1X with water, Bio-Rad Laboratories, Hercules, CA) and transfer buffer 

(25 mM Tris, 0.2 M glycine, pH 8.5, 20% methanol, Bio-Rad Laboratories, Hercules, 
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CA).   The membranes were blocked overnight in TBST (10 mM Tris HCl, 0.1 M NaCl, 

0.1% Tween-20) with 5% nonfat dry milk at 4°C with agitation.  Membranes were then 

incubated for 1 hour at room temperature with agitation, in TBST with 5% nonfat dry 

milk and rabbit polyclonal anti-LC3 antibody AP1802a (1:100 dilution, Abgent, San 

Diego, CA).  Membranes were washed 5 times for 5 minutes per wash in TBST, and then 

incubated with agitation for 1 hour in TBST with 5% nonfat dry milk and HRP-

conjugated goat anti-rabbit secondary antibody diluted 1:5000 (Jackson ImmunoResearch 

Laboratories, West Grove, PA). Membranes were again washed 5 times for 5 minutes per 

wash to remove excess antibody.  Antibody bound to the membrane was detected by 

chemiluminescence using the ECL Western Blotting Analysis System (GE Healthcare, 

Piscataway, NJ) per manufacturer’s direction. 

After detection, membranes were incubated for 15 minutes in Restore PLUS 

Western Blot Stripping Buffer (product number 46430, Thermo Scientific, Rockford, IL), 

washed 3 times for 5 minutes in TBST, and again blocked in TBST + 5% nonfat dry milk 

overnight at 4°C. They were then incubated with anti-!-tubulin antibody sc-53140 (1:200 

dilution, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in TBST with 1% bovine 

serum albumin and 0.1% sodium azide for 1 hour with agitation.  Membranes were 

washed 4 times for 5 minutes each with TBST, and then incubated with goat anti-mouse 

HRP secondary antibody diluted 1:2500 in TBST with 1% bovine serum albumin.  They 

were then washed 3 times for 5 minutes with TBST, and visualized using the ECL 

Western Blotting Analysis System (GE Healthcare, Piscataway, NJ).  Densitometry was 

performed using Bio-Rad Quantity One analysis software (Bio-Rad Laboratories, 
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Hercules, CA). Samples were corrected for loading variation by comparing normalized 

protein levels to !-tubulin expression. 

Statistical analysis 

The majority of the data was analyzed using a one-way ANOVA. Repeated 

measures ANOVA was used for the sweet solution preference data analysis.  Statistica 

computer software was used for analysis (Statsoft, Tulsa, OK). 
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Results 

Effects of risperidone in the behavioral test battery 

 Risperidone at a dose of 0.3 mg/kg, but not at the lower 0.1 mg/kg dose, 

ameliorated the amphetamine-induced hyperactivity as compared to vehicle + 

amphetamine animals (Figure 6, ANOVA by amphetamine by risperidone: Amphetamine 

effect: F(1,60)=18.7, p<0.001.  Risperidone effect: F(2,60)=4.02, p=0.023.  Amph x Risp 

interaction: F(2,60)=1.0, p=0.37). 

However, risperidone had no effect on the other tests in the behavioral battery 

including  (1) spontaneous activity over 60 minutes (Figure 7, F(2,68)=1.82, p=0.17); (2) 

the elevated plus maze (no difference across doses for time spent in each arm or number 

of entries into each arm, Figure 8, Time ratio: F(2,67)=1.72, p=0.19, Entries ratio: 

F(2,67)=0.86, p=0.43); (3) the sweet solution preference test (Figure 9, results not 

combined due to replication effect. Replication effect: F(1,64)=35.5, p<0.001.  

Replication 1: F(2,32)=0.7, p=0.5, replication 2: F(2,32)=0.1, p=0.9); and  (4) the forced 

swim test (Figure 10, F(2,68)=0.31, p=0.74).  
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Figure 6. Amphetamine-induced hyperactivity: Risperidone at a dose of 0.3 mg/kg 

ameliorated amphetamine-induced hyperactivity without affecting spontaneous activity of saline 

treated animas. ANOVA by amphetamine by risperidone: Amphetamine effect: F(1,60)=18.7, 
p<0.001.  Risperidone effect: F(2,60)=4.02, p=0.023.  Amph x Risp interaction: F(2,60)=1.0, 

p=0.37. * symbolizes difference between amphetamine and saline treated groups; # symbolizes 

difference between different amphetamine-treated groups. 

 

 

 
Figure 7. Spontaneous activity: Risperidone had no effect on spontaneous activity over 60 

minutes  [F(2,68)=1.82, p=0.17]. 
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Figure 8.  Elevated plus maze: Risperidone had no effect on the time ratio (figure) and or the 

number of entries (data not shown). Time ratio: F(2,67)=1.72, p=0.19.  Entries ratio: 

F(2,67)=0.86, p=0.43. 

 
 
 

 
A.     B. 

 
Figure 9.  Sweet solution preference: Risperidone had no effect in the sweet solution preference 
test Tested in Replication 1 (A; F(2,32)=0.7, p=0.5.) and Replication 2 (B; F(2,32)=0.1, p=0.9). 

 

 



 

 41 

 
Figure 10.  Forced swim test: Risperidone had no effect in the forced swim test [F(2,68)=0.31, 
p=0.74]. 

 

 

Biochemical analysis of brain samples across strains 

 Hippocampal levels of both !-catenin and BDNF were found to be significantly 

lower in Black Swiss mice compared with the A/J and BLC57bl/6 strains and had a 

similar trend compared with the CBA/J strain (Figures 11 and 12, see figure legend for 

statistical analysis). No differences were found between strains in the frontal cortex.  For 

!-catenin: BS vs. A/J, p=0.69; BS vs. CBA/J, p=0.89; BS vs. C57bl/6, p=0.88.  For 

BDNF: BS vs. A/J, p=0.65; BS vs. CBA/J, p=0.98; BS vs. C57bl/6, p=0.44.  
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Figure 11 (A & B). Hippocampus !-catenin levels. Black Swiss mice had lower hippocampal 

!-catenin levels compared with A/J mice (p=0.04) and BLC57bl/6 mice (p=0.02) with a similar 

trend in comparison with CBA/J mice (p=0.13) * symbolizes difference from BS. 

 

 
 
Figure 12 (A & B) Hippocampus BDNF levels. BS mice expressed reduced hippocampal 

BDNF levels compared with BLC57bl/6 mice (p=0.04) with a similar trend compared with A/J 

mice (p=0.08)  * symbolizes difference from BS; # symbolizes a trend for difference from BS. 

 

 

 
Figure 13. Cortex !-catenin and BDNF levels: Representative western blots assessing !-catenin 

(A) and BDNF (B) expression in the frontal cortex pictured with appropriate !-tubulin control.  
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Nicardipine results  

 Nicardipine effects in several behavioral tests were assessed in three strains of 

mice (C57bl/6, CD-1, Black Swiss).  C57bl/6 and CD-1 mice were tested in the forced 

swim test and amphetamine-induced hyperactivity test. Black Swiss mice were tested in 

the spontaneous activity test, sweet solution preference test, forced swim test, and 

amphetamine-induced hyperactivity test.  In C57bl/6 mice, nicardipine at a dose of 20 

mg/kg reduced immobility time in the FST (Figure 14, ANOVA: F(3,36)=3.95, p=0.015; 

post-hoc LSD: Vehicle different from 20 mg/kg (p=0.0016); N=10/group) and reduced 

hyperactivity in the amphetamine-induced hyperactivity test (Figure 15, ANOVA: 

Nicardipine effect: F(3,72)=4.24, p=0.008; Amphetamine effect: F(1,72)=6.25, p=0.0015; 

Nicardipine x Amphetamine interaction: F(3,72)=1.7, p=0.18 (N.S.); post-hoc LSD: 

Vehicle-amphetamine group different from 20 mg/kg-Amphetamine group (p=0.0003); 

N=10/group).  Nicardipine administration did not have an effect on CD-1 mice in either 

the FST (Figure 16, ANOVA: F(2,21)=0.7, p=0.5; N=8/group) or amphetamine-induced 

hyperactivity test (Figure 17, ANOVA: Nicardipine: F(2,29)=0.42, p=0.66; 

Amphetamine: F(1,29)=8.3, p=0.007; Nicardipine x Amphetamine interaction: 

F(2,29)=0.3, p=0.97; N=6/group).  In Black Swiss mice, nicardipine did not have an 

effect in the spontaneous activity test (Figure 18, ANOVA: F(3,44)=0.25, p=0.86.); 

N=12/group) or the sweet solution preference test (Figure 19, ANOVA: Nicardipine 

effect: F(3,44)=0.3, p=0.84; Day effect: F(1,44)=1.7, p=0.2; Nicardipine X Day 

interaction: F(3,44)=0.2, p=0.89;  N=12/group).  However, in Black Swiss mice, 

nicardipine at a dose of 5 mg/kg increased immobility time in the FST, with a similar 
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trend for the 10 mg/kg dose (Figure 20, ANOVA: F(3,41)=3.9, p=0.015;  post-hoc LSD: 

Vehicle different from 5 mg/kg (p=0.003); Vehicle vs. 10 mg/kg, p=0.06;  N=12/group).  

There was no significant effect in the amphetamine-induced hyperactivity test in Black 

Swiss mice (Figure 21, ANOVA, nicardipine effect: F(3,38)=0.43, p=0.7. Amphetamine 

effect: F(1,36)=10.4, p=0.003; Nicardipine X Amphetamine interaction: F(3,38)=1.27, 

p=0.3). 

 

C57bl/6 mice 

 
Figure 14. Nicardipine tested in the forced swim test with C57bl/6 mice: Nicardipine at a dose 
of 20 mg/kg reduced immobility time. ANOVA: F(3,36)=3.95, p=0.015. Post-hoc LSD: Vehicle 

different from 20 mg/kg (p=0.0016).  N=10/group. * symbolized difference from vehicle. 
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Figure 15. Nicardipine tested for Amphetamine-induced hyperactivity in C57bl/6 mice: 

Nicardipine at 20 mg/kg reduced hyperactivity in C57bl/6 mice without affecting spontaneous 

activity of saline treated animals. ANOVA, Nicardipine effect: F(3,72)=4.24, p=0.008; 

Amphetamine effect: F(1,72)=6.25, p=0.0015; Nicardipine x Amphetamine interaction: 
F(3,72)=1.7, p=0.18.  Post-hoc LSD: Vehicle-amphetamine group different from 20 mg/kg-

Amphetamine group (p=0.0003). N=10/group. # symbolizes difference between amphetamine 

and saline groups; * symbolizes difference between amphetamine treated groups. 

 
 
 
CD-1 mice 

 

 
Figure 16. Nicardipine tested in the Forced swim test with CD-1 mice: Nicardipine had no 

effect on the behavior of CD-1 mice in the FST.  ANOVA: F(2,21)=0.7, p=0.5, N=8/group. 
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Figure 17. Nicardipine tested for Amphetamine-induced hyperactivity in CD-1 mice: As 

expected amphetamine administration resulted in increased locomotion (ANOVA: F(1,29)=8.3, 

p=0.0070. However, nicardipine had no effect (ANOVA: Nicardipine, F(2,29)=0.42, p=0.66; 
Nicardipine x Amphetamine interaction: F(2,29)=0.3, p=0.97; N=6/group).   

 
 

 
Black Swiss mice 

 
Figure 18. Nicardipine tested for Spontaneous activity in Black Swiss mice: Nicardipine had 

no effect on altering spontaneous activity. ANOVA: F(3,44)=0.25, p=0.86 (N.S.). N=12/group. 
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Figure 19.  Nicardipine tested for sweet solution preference in Black Swiss mice: Nicardipine 
had no effect on saccharin consumption. ANOVA, Nicardipine effect: F(3,44)=0.3, p=0.84 

(N.S.). Day effect: F(1,44)=1.7, p=0.2 (N.S.); Nicardipine X Day interaction: F(3,44)=0.2, p=0.89 

(N.S.).  N=12/group. 

 

 

 
 

 
Figure 20. Nicardipine testes in the forced swim test with Black Swiss mice: Nicardipine at 

the 5 mg/kg dose resulted in an increase in immobility time, and the 10 mg/kg dose also showed a 
similar trend.  ANOVA: F(3,41)=3.9, p=0.015.  Post-hoc LSD: Vehicle different from 5 mg/kg 

(p=0.003); Vehicle vs. 10 mg/kg, p=0.06.  N=12/group. 
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Figure 21. Nicardipine tested for Amphetamine-induced hyperactivity in Black Swiss mice: 

As expected, amphetamine increased activity.  Nicardipine had no significant effect in reducing 

the increased activity. ANOVA, nicardipine effect: F(3,38)=0.43, p=0.7 (N.S.). Amphetamine 
effect: F(1,36)=10.4, p=0.003; Nicardipine X Amphetamine interaction: F(3,38)=1.27, p=0.3 

(N.S). 

 

 

Analysis of the occurrence of autophagy in lithium- and nicardipine-treated mice 

 Western blots were used to probe for LC3 to detect autophagy occurrence in the 

brains of lithium- and nicardipine- treated animals.  Pro-LC3, LC3-I and LC3-II levels 

were assessed.  No significant differences were observed in pro-LC3 (Figure 22, 

F(2,6)=0.84, p=0.48), LC3-I (Figure 22, F(2,6)=0.93, p=0.44), or LC3-II (Figure 22, 

F(2,6)=1.5, p=0.3). 
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Figure 22.  LC3 isoforms levels: No differences were found across treatment groups for pro-

LC3, LC3-I, or LC3-II.  Pro-LC3 (not pictured) (F(2,6)=0.84, p=0.48), LC3-I (F(2,6)=0.93, 
p=0.44), LC3-II (F(2,6)=1.5, p=0.3). 

 

 

 
Figure 23.  Western blot showing hippocampal levels of pro-LC3, LC3-I, and LC3-II in the 

brains of treated animals. Mice were treated with either lithium 100 mg/kg or nicardipine 20 
mg/kg for four days while going through behavioral testing.   
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Discussion 

The current project included two components: (1) further examination of the 

validity and utility of a strain specific battery of tests to model domains of mania in mice 

and (2) further testing the hypothesis that enhancing autophagy may provide a novel 

target for future drug development for bipolar disorder. 

Black Swiss as a new model for mania 

 A major problem in bipolar disorder research is the lack of understanding of the 

neurobiology of the disorder (Gould and Einat 2007, Einat 2007).  Identifying new and 

appropriate models is an essential step necessary to advance the understanding of the 

underlying biology of the disorder and for the screening and development of new 

therapeutic agents (Gould and Einat 2007).  The Black Swiss (BS) strain has recently 

been identified as exhibiting manic-like features across a series of tests in the behavioral 

battery (Einat 2007, Hiscock et al. 2007, Flaisher-Grinberg et al. 2010).  The present 

work involved further screening of the behavioral battery using the atypical antipsychotic 

risperidone and a biochemical comparison between Black Swiss mice and other strains 

targeting molecules previously implicated in BPD, !-catenin and BDNF. The results of 

these studies provide additional support and validity to both the behavioral test battery 

and Black Swiss mice for modeling mania.  

Risperidone results provide further validation of the behavioral test battery 

 Results collected from experiments with risperidone, an atypical antipsychotic; 

provide additional evidence for the validity of the behavioral battery in Black Swiss mice.  

Whereas risperidone was effective to reduce psychotic-like amphetamine-induced 
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hyperactivity the effects were different than those previously described for the mood 

stabilizers lithium and valproate (Flaisher-Grinberg & Einat 2010).  Lithium and 

valproate ameliorated additional manic-like domains of behavior; they both reduced 

sweet solution preference and reduced aggression (Einat 2007, Flaisher-Grinberg et al. 

2009).  Additionally, lithium administration also ameliorated amphetamine-induced 

hyperactivity, and valproate reduced resistance to despair in the forced swim test 

(Flaisher-Grinberg & Einat 2009).  The prototypic antidepressant imipramine had no 

effect on any of the tests included in the battery with Black Swiss mice (Flaisher-

Grinberg et al. 2009, Flaisher-Grinberg and Einat 2009, Flaisher-Grinberg & Einat, 2010) 

further supporting the model as specific to manic-like behaviors. 

 Risperidone is part of a class of drugs called atypical antipsychotics (also called 

second generation antipsychotics) (Kuroki et al. 2008).  Atypical antipsychotics are 

antipsychotic drugs mainly developed for the treatment of psychosis related to 

schizophrenia.  However, these drugs are also efficacious in bipolar disorder maintenance 

(Perlis 2007).  As with other antipsychotic drugs, the therapeutic effects of atypical 

antipsychotics are mostly related to their ability to effectively block dopamine D2 

receptors (Dhir and Kulkarni 2008) however, these drugs also affect additional 

neurotransmitter systems.  Risperidone, specifically, is known to saturate 5-HT2A 

serotonin receptors more than dopamine D2 receptors (Dhir and Kulkarni 2008, Marek et 

al. 2003, Schotte et al. 1996).   Because risperidone is significantly different in its range 

of therapeutic effects as well as in its possible mechanism of action compared with mood 

stabilizers, it was expected to behave differently in the battery than the mood stabilizers 
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lithium and valproate. Out of the tests assessed (spontaneous activity, sweet solution 

preference, elevated plus maze, forced swim test, and amphetamine-induced 

hyperactivity), risperidone only had an effect in the amphetamine-induced hyperactivity 

test; the single test that is also clearly related to psychosis (Snyder 1973, Kokkinidis and 

Anisman 1981).   

 The combination of the present results (risperidone work) and previously 

completed studies (lithium, valproate and imipramine work) provide solid evidence of the 

ability of the behavioral test battery to distinguish between different drug classes.  As 

mentioned, mood stabilizers, antidepressants, and atypical antipsychotics each respond in 

a specific manner to tests within the battery.  These findings suggest that the battery may 

be capable of not only screening for effectiveness of drugs, but distinguishing between 

them as well. 

 As presented earlier in this work, GSK-3 might be involved in both the 

pathophysiology of BPD and the therapeutic effects of mood stabilizers.  One line of 

evidence is that lithium inhibits GSK-3 (Klein and Melton 1996).  Inhibition of GSK-3 

results (amongst other effects) in increased !-catenin levels and previous work 

demonstrated that transgenic animals overexpressing !-catenin show behaviors that are 

similar to animals treated with lithium (Gould et al. 2007).  Expression of !-catenin in the 

adult mouse brain revealed high expression in the hippocampus and cortex (Figure 24).  

It was therefore hypothesized that the manic-like behavioral profile of Black Swiss mice 

might be accompanied by reduced !-catenin brain levels. 



 

 53 

 

Figure 24. !-catenin expression in the adult mouse (C57bl/6) brain. Image courtesy of Allen 

Brain Atlas. Expression is shown as a heat map with increased expression in the hippocampus. 
 

 Indeed, the present results demonstrated lower !-catenin levels in the 

hippocampus of Black Swiss mice compared with two other strains and a similar trend 

compared with a third strain.  No difference was found in the prefrontal cortex.  Further 

work is necessary to determine whether the observed manic-like behavior shown in Black 

Swiss mice is directly linked to !-catenin levels.  Testing other GSK-3 inhibitors, aside 

from lithium and mood stabilizers, to increase !-catenin could generate additional support 

for the involvement of this protein in Black Swiss behavior.  Should GSK-3 inhibitors 

(not previously tested in the context of mood disorders, such as commercially available 

small molecule GSK-3 inhibitors) ameliorate the manic-like behavior in Black Swiss 
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mice, this would suggest that !-catenin plays an important role in Black Swiss behavior.  

For now, the present work offers a correlation between manic-like behavior and lower 

levels of !-catenin in the hippocampus, both observed in Black Swiss mice.   

 BDNF levels were also assessed within the brains of the mentioned strains of 

mice.  High expression of BDNF was again found in the hippocampus and cortex of the 

adult mouse brain (Figure 25).  Again, because of the observed manic-like behaviors in 

Black Swiss mice, it was hypothesized that BDNF levels would be lower in both the 

cortex and hippocampus in Black Swiss mice as opposed to other strains.  Interestingly, 

results were similar to those of !-catenin with lower BDNF levels observed in the 

hippocampus but not the frontal cortex. 
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Figure 25. BDNF expression in the adult mouse (C57bl/6) brain. Image courtesy of Allen 

Brain Atlas. Expression is shown as a heat map with increased expression in the hippocampus 
and regions of the cortex. 
 

 Of note is that lower levels of !-catenin and BDNF expression in Black Swiss 

mice were only observed in the hippocampus, and not the cortex.  The hippocampus is 

involved in the processes of mood and memory (Lavenex and Amaral 2000), and has 

been linked to the regulation of behavior determining appropriate emotional responses 

(Frey et al. 2007, Phillips et al. 2003).  BPD symptoms could be a result of difficulty in 

analysis of emotional stimuli and problems controlling emotional response (Frey et al. 

2007).  Since the hippocampus controls many of these functions, this area of the brain 

may be extremely important in BPD pathophysiology (Frey et al. 2007).  The correlation 

observed between exhibited manic-like behavior by Black Swiss mice and lower levels of 
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two proteins involved in plasticity cascades suggests a potential explanation that may 

work to create a link between deficiencies in Wnt signaling or the ERK pathway or both 

that could lead to lower levels of !-catenin and BDNF, respectively.  Additionally, the 

observed alterations in !-catenin and BDNF levels provide additional evidence for the 

validation of Black Swiss mice as a model for mania.  Although undoubtedly not the only 

factors, altered regulation of the expression of these two proteins may help to explain the 

manic-like behavior observed in Black Swiss mice.  For these reasons, the Black Swiss 

strain could be a valuable tool in investigative research surrounding BPD and the 

involvement of !-catenin and BDNF in BPD. 

Autophagy as a potential new target for mood stabilizing drugs 

 Another pathway involved in cellular plasticity is autophagy.  As previously 

discussed, autophagy is a mechanism the cell uses to clear damaged organelles and 

aggregate proteins, and functions as a means for survival when nutrients are limited 

(Winslow and Rubinsztein 2008).  With the discovery of lithium’s ability to induce 

autophagy comes yet another topic to consider in unraveling the complex makeup of 

BPD (Sarkar and Rubinsztein 2006).  Several other compounds and drugs have 

previously been shown to enhance autophagy including mood stabilizers and atypical 

antipsychotics, and of interest to the present work, the calcium channel blocker 

nicardipine (Zhang et al. 2007).  Because several drugs used in BPD therapy induce 

autophagy, and because autophagy enhances cellular resilience, it was reasonable to 

hypothesize that other autophagy inducing drugs, not previously used in BPD, could elicit 

mood stabilizing effects. Previous work with the mTOR inhibitor rapamycin 
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demonstrated antidepressant-like effects (Cleary et al. 2008).   The present project adds to 

these findings by showing that nicardipine exerts some mood stabilizing effects.  

Specifically, with at least some strains of mice, nicardipine reduced amphetamine-

induced hyperactivity (an anti-manic-like effect) and reduced immobility in the FST (an 

antidepressant-like effect) suggesting a mood stabilizing action.  Additionally, in the 

manic-like Black Swiss strain, nicardipine acted in some of the tests to normalize 

behaviors (see results section, Figures 14-21).  

 Although the results of behavioral testing were positive and suggested that 

nicardipine administration did bring about mood stabilizing effects, it was important to 

explore whether the observed effects were at least partially correlated with autophagy 

induction.  As previously described in detail, autophagy induction can be monitored 

through observing the conversion of LC3-I to LC3-II.  In situ hybridization illustrations 

from Allen Brain Atlas show that LC3 is expressed in relative abundance in the 

hippocampus (Figure 26), suggesting that autophagy may play an important physiological 

role in this region of the brain.  Although there were no statistically significant alterations 

in LC3 levels, the present results suggest a trend with lithium treatment resulting in 

higher levels of LC3 as compared to vehicle or nicardipine treated animals.  It is possible 

that if a larger number of animals had been analyzed, the differences between groups 

could become significant. Regardless of significance, the results observed in lithium and 

nicardipine treated animals seem to suggest that autophagy was induced (N=3/group).  If 

ratios are considered, nicardipine results in a larger LC3-II to LC3-I ratio (trend) when 
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compared to vehicle treated animals, which as discussed earlier would suggest autophagy 

has been induced.   

 The present LC3 analysis results are preliminary.  Several factors contributed to 

the difficulty experienced when gathering these data.  Optimization of the western 

blotting protocol was quite challenging, as there were problems with the sensitivity of the 

blot.  Due to these issues, only the hippocampus was assessed in a very small number of 

animals.  It is possible that cortex analysis would provide different results.  It also would 

have been helpful to assess different autophagy markers, such as p62 or beclin 1, which 

would provide additional important data for this study.  Although preliminary, the present 

results do suggest that lithium treatment results in a higher amount of autophagy in the 

hippocampus. 

 

Figure 26. LC3 expression in the adult mouse (C57bl/6) brain. Image courtesy of Allen Brain 
Atlas. Expression is shown as a heat map with increased LC3 expression observed in the 

hippocampal granule neurons, regions of the cortex and olfactory bulb, and cerebellar Purkinje 

cells. 
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Nicardipine as a calcium channel blocker 

 Although the drug nicardipine was selected for experimental use because of its 

autophagy-inducing action, one cannot ignore the drug’s actions on an entirely different 

target.  Beyond autophagy induction, nicardipine also functions as a voltage-gated L-type 

calcium channel blocker (Keers et al 2009).  It is therefore possible that the mood 

stabilizing effects observed in the present work were related to calcium channel blockage 

rather than autophagy.  As discussed below, nicardipine was developed to selectively 

target vascular calcium channels rather than neuronal channels, which suggests that 

another drug, selective for neuronal calcium channels, could have more potential for 

efficacy in BPD treatment.  At this time, it is not possible to determine whether the 

observed mood stabilizing effects through nicardipine treatment were a result of 

autophagy, calcium channel blockage, their combination or some other phenomenon. 

Calcium channels are also under investigation in the context of bipolar disorder.  

It has been suggested that the deregulation of calcium, as a vital element to many 

physiological processes, may play a role in various diseases including bipolar disorder 

(Levy and Janicak 2000, Miller 1987, Morgan 1991).  There are four subtypes of calcium 

channels.  L-type calcium channels (LTCCs) are sensitive to calcium channel antagonists 

(CCAs) in both neurons and the cardiovascular system (Triggle 1992). 

A number of lines of evidence support the possible involvement of calcium 

channels in BPD. Firstly, studies have shown that calcium ion concentrations are often 

elevated in blood platelets and lymphocytes of BPD patients (Dubovsky et al. 1994). 
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Secondly, other calcium channelopathies, including familial hemipegic migraine and 

epilepsy, show phenotypic overlap with BPD (Ophoff et al. 1996, Mulley et al. 2003). 

Also interesting is the fact that neuronal LTCCs have been shown to control neuronal 

plasticity (Sinnegger-Brauns et al. 2004).  A recent study searched genome-wide 

association studies of BPD for biomarker clues to assist the drug development process 

(Keers et al. 2009).  This study identified 15 single nucleotide polymorphisms (SNPs) 

with a moderate association to BPD.  These were located within the CACNA1C gene, 

which codes for the "1 subunit (part of the pore-forming unit) of a voltage-dependent, L-

type calcium ion channel (LTCC), called CaV1.2 (Keers et al. 2009).  Interestingly, the "1 

subunit is also the binding site for the dihydropyridine (DHP) group of drugs including 

nicardipine. The polymorphism associated with BPD in the CACNA1C gene is 

rs1006737.  This polymorphism has also been associated with other affective illnesses 

including recurrent major depression, and schizophrenia (Green et al. 2009, Craddock et 

al. 2009).  Finally, CACNA1C (CaV1.2) is found in the heart and the brain. This channel 

is acknowledged as the main DHP-sensitive LTCC in the brain, along with CaV1.3 (Keers 

et al. 2009).  CaV1.1 and CaV1.4 are unlikely to be of use as potential drug targets for 

CNS diseases (Sinnegger-Brauns et al. 2009).  DHP drugs, calcium channel antagonists 

including nifedipine, are selective for cerebrovascular and neuronal voltage-gated LTCCs 

(Triggle 1992).  Nifedipine has been tested in BPD treatment, and although it did not 

have an effect on manic symptoms of BPD patients, it was demonstrated to have an 

antidepressant-like effect in mice (De Beaurepaire 1992).  It is also possible that 

nicardipine does not penetrate the blood-brain barrier as effectively as other 
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dihydropyridine drugs, which would again suggest that a drug selective for neuronal 

calcium channels might be more efficacious in mood stabilization. 

Future directions 

One goal of the present work was to further assess regulating autophagy as a 

potential means of BPD therapy. As discussed, molecular data supporting autophagy 

occurrence within brains of treated animals is preliminary.  An important first step in 

strengthening this correlation would be to replicate the present work with an increased 

sample size.  A larger sample size could help to uncover any differences in autophagy 

across lithium or nicardipine treated animals.  It would also be of interest to assess 

autophagy within the frontal cortex of treated mice using similar techniques, as the cortex 

is another brain area of interest in BPD.  In addition, additional autophagy-inducing drugs 

not currently utilized in BPD therapy should be screened across the behavioral battery 

and any behavioral changes should be correlated with autophagy levels.  To determine 

whether autophagy impacts behavior, knockout mice could be used to halt autophagy.  

Atg4 knockout mice have been created, and could be used for behavioral studies (Read et 

al. 2010).  Should the inhibition of autophagy result in BPD-like or manic-like behavior, 

it would add validity to the autophagy process.  In the context of nicardipine, further 

investigation should be invested into calcium channel research.  As other calcium channel 

blockers are available, and some (such as nimodipine) are more selective for neuronal 

calcium channels (Keers et al. 2009), they may provide yet another mechanism through 

which BPD can be treated. 
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Progress in model development is also necessary for effective research.  Results 

from the assessment of Black Swiss mice have demonstrated that this strain may become 

a valuable tool in studying manic-like behavior, however, the full explanation for their 

observed behaviors is yet to be revealed.  Because the hypothesis that BPD may be some 

combined result of deregulation of several cascades in cellular plasticity continues to 

attract attention, allocating efforts to explore neuronal responses in Black Swiss mice 

could reveal if cellular plasticity cascades are affected in this strain as compared to 

others.  Histological studies could be useful to explore any neuronal alterations (in 

neuronal growth of or neurogenesis) in stressed versus control Black Swiss mice. 

The present work has supplied additional evidence validating Black Swiss mice as 

a model for mania, and has taken the first steps in connecting autophagy enhancement to 

mood stabilization.  Although there is much to be discovered, the results presented here 

suggest that autophagy may indeed be a possible drug target for mood stabilizing drugs.  

Through the use of improved models and additional experiments such as those suggested 

above, the possible link between autophagy and mood disorders could be established. 
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