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ABSTRACT 

Lithium has been used for more than 50 years as a primary therapy for 

bipolar affective disorder (BPD) and has proven highly effective for both acute 

and long-term phases of the disease.  Unfortunately, the molecular and cellular 

mechanisms underlying the mood-stabilizing action of lithium for the treatment of 

BPD remains largely unknown.  In an effort towards understanding the 

complexities of lithium’s action in the nervous system, I have utilized the 

Drosophila neurological mutant Shudderer (Shu).  Previous findings have 

suggested that the adult Shu phenotypes may be improved by providing a diet 

containing millimolar concentrations of lithium. 

Using well-established genetic techniques and behavioral paradigms I 

thoroughly characterized the Shu mutant phenotypes.  I found that the mutant 

displays morphological and behavioral abnormalities indicative of dysregulated 

neuronal excitability that include: down-turning wings and indented dorsal thorax, 

defects in negative geotaxis, deficits in locomotion, abnormal sleep architecture 

and unusual patterns of leg-shaking behaviors upon recovery of ether 

anesthetics.  Furthermore, I confirmed that lithium was able to significantly 

improve many aspects of Shu behaviors. 

Recombination-based mutation mapping in Shu revealed that the genetic 

lesion lies somewhere within the gene CG9907, which encodes the voltage-

gated sodium channel α-subunit paralytic (para).  Subsequent genetic 

experiments using para hypomorphic mutant alleles as well as a UAS-

RNAi/GAL4 system showed that a reduction in sodium channel levels resulted in 

a drastic improvement of the mutant defects.  Together, these data suggest that 

the lithium-responsive Shu mutant is likely a gain-of-function allele of para.  

Sequencing of the entire para coding region identified a missense mutation in a 
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highly conserved region of the para coding sequence, in transmembrane 

segment S2 of homology domain III ((M1350I).  To date, this is the first known 

discovery of a sodium channel mutant allele in Drosophila which causes 

hyperactivity.  These data suggest that the Shu phenotypes are somehow 

caused by an increase in sodium channel activation. 

Lastly, I identified a number of genes likely to functionally interact with the 

Shu mutation.  Of note, the Ca2+/calmodulin-activated Ser/Thr protein 

phosphatase alpha subunit gene CanA-14F is up-regulated in Shu and reduction 

of its activity suppresses the mutant phenotypes.  Furthermore, a large 

percentage of genes encoding anti-microbial peptides (AMP) were also 

significantly up-regulated in Shu, possibly acting downstream of CanA-14F.  A 

genetic deficiency screen looking for genes that alter the Shu phenotypes has 

identified that the gene Glutathione s-transferase S1 (Gsts1) suppresses the 

morphological and behavioral defects in the lithium-responsive mutant.  Overall, 

these genes will help decipher how the gain-of-function sodium channel Shu 

mutation alters nervous system function.  In addition, they will shed light on those 

mechanisms responsible for lithium's mood-stabilizing effects in the brain.       
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ABSTRACT 

Lithium has been used for more than 50 years as a primary therapy for 

bipolar affective disorder (BPD) and has proven highly effective for both acute 

and long-term phases of the disease.  Unfortunately, the molecular and cellular 

mechanisms underlying the mood-stabilizing action of lithium for the treatment of 

BPD remains largely unknown.  In an effort towards understanding the 

complexities of lithium’s action in the nervous system, I have utilized the 

Drosophila neurological mutant Shudderer (Shu).  Previous findings have 

suggested that the adult Shu phenotypes may be improved by providing a diet 

containing millimolar concentrations of lithium. 

Using well-established genetic techniques and behavioral paradigms I 

thoroughly characterized the Shu mutant phenotypes.  I found that the mutant 

displays morphological and behavioral abnormalities indicative of dysregulated 

neuronal excitability that include: down-turning wings and indented dorsal thorax, 

defects in negative geotaxis, deficits in locomotion, abnormal sleep architecture 

and unusual patterns of leg-shaking behaviors upon recovery of ether 

anesthetics.  Furthermore, I confirmed that lithium was able to significantly 

improve many aspects of Shu behaviors. 

Recombination-based mutation mapping in Shu revealed that the genetic 

lesion lies somewhere within the gene CG9907 or paralytic (para), which 

encodes for a voltage-gated sodium channel α-subunit.  Subsequent genetic 

experiments using para hypomorphic mutant alleles as well as a UAS-

RNAi/GAL4 system showed that a reduction in sodium channel levels resulted in 

a significant improvement of the mutant defects.  Together, these data suggest 

that the lithium-responsive Shu mutant is likely a gain-of-function allele of para.  

Sequencing of the entire para coding region identified a missense mutation in a 

highly conserved region of the para coding sequence, in transmembrane 
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segment S2 of homology domain III (M1350I).  To date, this is the first known 

discovery of a sodium channel mutant allele in Drosophila which causes 

hyperactivity.  These data suggest that the Shu phenotypes are somehow 

caused by an increase in sodium channel activity. 

Lastly, I identified a number of genes likely to functionally interact with the 

Shu mutation.  Of note, the Ca2+/calmodulin-activated Ser/Thr protein 

phosphatase α subunit gene CanA-14F is up-regulated in Shu and a reduction of 

its activity suppresses the mutant phenotypes.  Furthermore, a large percentage 

of genes encoding anti-microbial peptides (AMP) were also significantly up-

regulated in Shu, possibly acting downstream of CanA-14F.  A genetic deficiency 

screen looking for genes that alter the Shu phenotypes has identified that the 

gene Glutathione S-transferase S1 (GstS1) suppresses the morphological and 

behavioral defects in the lithium-responsive mutant.  Overall, these genes will 

help decipher how the gain-of-function sodium channel Shu mutation alters 

nervous system function.  In addition, they will shed light on those mechanisms 

responsible for lithium's mood-stabilizing effects in the brain. 
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CHAPTER I 

PHENOTYPIC CHARACTERIZATION OF THE LITHIUM-RESPONSIVE 

DROSOPHILA MUTANT, SHUDDERER 

Introduction  

Lithium has been utilized for over 50 years as a first line therapy for 

bipolar affective disorder (BPD), a severe, disabling illness most simply 

characterized by cycling between periods of extreme elation (mania) and 

depression.  Although lithium has proven to be one of the more effective drugs 

available, it is not the ideal drug for the treatment of BPD because of its narrow 

therapeutic window (Okusa and Crystal, 1994), extensive list of side-effects and 

a significant amount of non-responders to its treatment (Baraban, 1994).  In 

addition, despite decades of intensive scientific examination, the mechanisms 

underlying lithium’s mood altering properties remain largely unknown.  This gap 

in the knowledge base is a major obstacle to the development of improved 

therapies for BPD.  It is thus clinically important to elucidate the molecular and 

cellular processes responsible for lithium’s effect on nervous system function.  

Understanding the mechanisms behind lithium’s action is also of great scientific 

interest, because it should provide important insights into the neurobiological 

basis of mood regulation as well as the etiology and pathophysiology responsible 

for the manifestation of BPD. 

History of the therapeutic use of lithium in medicine 

Lithium has been employed as a therapeutic agent by members of the 

medical community as early as the mid-1800s where it was used to relieve the 
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symptoms of gout, a painful condition resulting from a buildup of uric acid in the 

joints (Lenox et al., 1998).  Later, in the 1880s evidence surfaced that the alkali 

metal could be used to treat patients suffering from depression-like symptoms 

(Lange, 1886).  However, lithium's therapeutic potential was soon overshadowed 

by its toxic side-effects and its use was soon discontinued.  In 1949, a novel 

discovery by the Australian psychiatrist, Dr. John Cade, led to its reemergence 

as a treatment for mania in patients suffering from BPD (Cade, 1949).  At this 

time, mental illness was thought to be the cause of a toxic build up of unknown 

compounds in the body.  Cade believed this unidentified compound to be uric 

acid.  To test his hypothesis he injected guinea pigs with lithium urate, the only 

soluble salt available for uric acid at the time (Cade, 1949).  Surprisingly, the 

animals began exhibiting lethargic behavior and became docile.  Thereafter, 

Cade began treating his psychiatric patients with the drug and found that lithium 

had no noticeable effect on individuals suffering from either depression or 

schizophrenia.  However, the symptoms of those diagnosed with manic 

depression were largely muted.  Over the next two decades, lithium was 

subjected to a number of carefully controlled studies (Baastrup and Schou, 1967, 

Coppen et al., 1971, Cundall et al., 1972, Stallone et al., 1973) that established 

its use as an effective prophylactic treatment for BPD, leading to its approval by 

the FDA in 1974 (Schou, 2001).  At present, lithium continues to be used as an 

effective therapeutic tool for the treatment of BPD (Bowden et al., 1994, Miklowitz 

and Johnson, 2006, Sysko and Walsh, 2007). 
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Lithium effects on developmental  

and physiological processes 

 Lithium has a profound impact on the embryonic development of 

numerous organisms, ranging from the slime mold Dictyostelium to humans (Van 

Lookeren Campagne et al., 1988, Jacobson et al., 1992, Stachel et al., 1993).  

For example, in sea urchins, zebrafish and the frog Xenopus, lithium causes an 

expansion of dorsal tissues, resulting in a duplication of the dorsal axis to an 

extent that some embryos may lack any identifiable ventral structures (Klein and 

Melton, 1996).  In humans, lithium treatment during pregnancy is known to 

increase the incidence of Ebstein’s anomaly in newborns, a congenital heart 

condition characterized by malformation of the tricuspid valve, which requires 

surgical correction (Cohen et al., 1994).  In addition, lithium is known to exert its 

effect on a number of other physiological processes independent of development 

such as glucose metabolism, hematopoiesis, endocrine regulation and heart 

function (Boggs and Joyce, 1983, Choi and Sung, 2000, Mamiya et al., 2005). 

Lithium effects on nervous system functions 

Recent evidence from both in vitro and in vivo studies have demonstrated 

that lithium elicits multiple effects on the nervous system, including 

neurotransmitter/receptor-mediated signaling, signal transduction cascades, ion 

transport, gene expression patterns and regulation of circadian rhythms.  For 

further information please refer to the following reviews (Manji and Lenox, 1998, 

Phiel and Klein, 2001, Lenox and Wang, 2003).  Most of the effects of the drug 

listed above are thought to be mediated either directly or indirectly through the 
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ability of lithium to inhibit several key enzymes at therapeutically-relevant 

concentrations by competition for magnesium-binding sites.  The ion's most 

notable targets include, inositol monophosphatase (IMPase) (Berridge et al., 

1989), inositol 1-polyphosphate phosphatase (IPPase), the family of 

phosophomonoesterases (York et al., 1995) and glycogen synthase kinase-3β 

(GSK-3β) (Klein and Melton, 1996).  These targets and there relevance as a 

mechanism of lithium action in the nervous system are discussed below in further 

detail. 

Lithium and relevant neurotransmitter systems 

In the early 1970's, the effects of lithium on the monoaminergic 

neurotransmitter signaling pathways were extensively studied because of their 

known roles in the pathophysiology of depression and other manic behaviors, the 

two major phenotypic characteristics of patients with BPD (Perez-Cruet et al., 

1971, Friedman and Gershon, 1973).  Studies exploring the effects caused by 

lithium treatment have shown both increases and decreases in the levels of 

monoamine neurotransmitter concentrations in the central nervous systems 

(CNS) (Hesketh et al., 1978, Ferrie et al., 2008).  However, the interconnected 

nature of neurotransmitter systems and the existence of multiple lithium targets 

localized both pre- and post-synaptically in these systems, complicate the 

definitive meaning of the abnormalities observed (Marmol, 2008). 

A handful of studies have indicated that dopamine plays a role in the 

pathophysiology of mood disorders.  Lithium appears to be able to attenuate the 

effects of dopamine receptor-mediated neurotransmission.  Specifically, in a 
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pharmacologically-induced rat model of manic activity, lithium could attenuate 

D1-receptor mediated increases in acetylcholine release in the frontal cortex 

(Acquas and Fibiger, 1996).  However, during normal tactile stimulation of the rat, 

this inhibitory effect of lithium was not observed.  These findings provide an 

intriguing hypothesis for why lithium reveals its effect in BPD patients and not in 

healthy controls.  The mood-stabilizing ion has also been shown to inhibit 

hyperactivity in a Dopamine transporter (DAT) knockout (KO) mouse model for 

mania (Beaulieu et al., 2004).  In addition, lithium has been shown to block D2-

receptor interactions with beta-adrenergic G-protein coupled receptors and affect 

the subsequent release of cAMP second-messengers (Montezinho et al., 2006).  

Furthermore, it has been reported that several single nucleotide polymorphisms 

(SNPs) in the dopamine transporter and D1-receptor are associated with BPD 

(Chiaroni et al., 2000, Dmitrzak-Weglarz et al., 2006).  Despite the convincing 

findings listed above, in certain cases dopamine agonists have been show to 

actually act as effective antidepressants in BPD patients, while precipitating 

manic episodes in others (Manji and Potter, 1997).  Thus, a straightforward 

explanation for the role of the dopaminergic system in lithium's effect on BPD 

patients remains elusive.  

The serotonergic neurotransmitter system has long been implicated in 

mood disorders because of the antidepressive effects observed after increasing 

serotonin levels.  Many studies have found alterations in serotonin (5-HT) levels 

and signaling in patients suffering from depression, a major feature of BPD (Price 

et al., 1990, Grahame-Smith, 1992).  Yet, the exact role of the serotonergic 
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neurotransmission system in the mood disorder remains unclear.  Several 

reports have shown that lithium can induce or increase serotonin levels at the 

synapse (Baumann et al., 1996) and biochemical studies have shown its 

interaction with 5HT1B receptors, which are know to be the major controller of the 

serotonergic system(Massot et al., 1999).   

All in all, lithium likely exerts its mood-stabilizing effects through 

modulation of neurotransmitter signaling in many different regions of the brain.  

Much like the evidence reported with the dopaminergic system, the intricate, 

collaborative nature of these systems makes pin pointing the exact change or 

changes resulting from lithium administration challenging.       

Lithium and Glycogen synthase kinase 3β (GSK-3β) 

One of the most thoroughly studied targets of lithium has been the 

serine/threonine kinase GSK-3β, aptly named for its ability to phosphorylate and 

deactivate glycogen synthase (Embi et al., 1980).   Lithium inhibits GSK-3β 

directly by competing with Mg2+ for access to its binding sites, which is 

independent and noncompetitive with respect to its substrates (Klein and Melton, 

1996).  Binding of lithium to the GSK-3β catalytic site is possible because Li+ and 

Mg2+ have very similarly sized ionic radii (Hart, 1979), where as other group I ions 

like Na+ and K+ cannot compete for Mg2+ sites due to their larger ionic radii 

(Pasquali et al., 2010).  

Lithium can also inhibit GSK-3β indirectly through the phosphorylation of 

the serine 9 residue on the kinase, which subsequently inactivates the enzyme.  

This phosphorylation can be achieved through a couple of interactions, which 
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include a reduction in the levels of Protein phosphatase-2A (PP2A) (Mora et al., 

2002) and through an increase in PKC-α or Akt activity levels (Chalecka-

Franaszek and Chuang, 1999, De Sarno et al., 2002, Beaulieu et al., 2004).  

Increased Akt activation by lithium is known to be at least partially mediated by 

the Phosphoinositide 3-kinase (PI3K) and its signaling cascades.  

The extensive interest in GSK-3β inhibition as the mechanism of lithium 

action is due to the fact that the kinase is a component of many influential 

signaling pathways leading to an even larger number of potential biological 

targets.  Most notably, the insulin/insulin-like growth factor signaling, neurotrophic 

factor signaling and the Wnt signaling pathways are the best established 

pathways of GSK-3β action (Gould and Manji, 2005).   

Activation of the Wnt signaling pathway is initiated by the binding of Wnt 

glycoproteins to members of the frizzled family of receptors, which in turn causes 

Disheveled-mediated inhibition of a destruction complex composed of Axin, 

Adenomatous polyposis coli (APC) and GSK-3β.  Under normal, non-Wnt 

activating conditions, GSK-3β phosphorylates β-catenin leading to its ubquitin 

dependent degradation (Aberle et al., 1997).  On the other hand, when GSK-3β 

is inhibited by Wnt signaling, β-catenin is not degraded, allowing it to enter the 

nucleus and interact with its transcriptional activation partners, T-cell factor (TCF) 

or Lymphoid enhancer factor (LEF) to activate Wnt-dependent target genes 

(Cadigan and Nusse, 1997) (Figure 1).  Thus, by inhibiting GSK-3β, lithium 

administration mimics the effects of Wnt signaling (Klein and Melton, 1996). 

Several lines of evidence from animal models have supported the idea 
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that GSK-3β inhibition mediates the behavioral effects of lithium.  First, lithium 

inhibits GSK-3β in vivo in murine models (Gurvich and Klein, 2002) and 

alternative, specific pharmacological inhibitors of GSK-3β mimic the effects of 

lithium treatment on behavior (Gould et al., 2004, Kaidanovich-Beilin et al., 

2004).  Second, the effect of lithium in attenuating hyperactivity caused by 

pharmacological or genetic activation of dopaminergic transmission (Beaulieu et 

al., 2004) was also mimicked by the GSK-3β inhibitors alsterpaullone, SB216763, 

6BIO and TDZD.  Third, Gsk-3β heterozygous mutant mice exhibit behaviors 

similarly to lithium-fed mice in the forced swim-test, exploratory behaviors and 

the tail suspension test (O'Brien et al., 2004, Beaulieu et al., 2008).  Lastly, 

several genome wide association studies (GWAS) have shown SNPs in Gsk-3β 

to be associated with BPD (Szczepankiewicz et al., 2006, Luykx et al., 2010). 

Lithium and inositol phosphate, PKC signaling 

Lithium is a powerful inhibitor of both inositol monophosphatase (IMPase) 

(Ki =0.8mM) and inositol 1-polyphosphate phosphatase (IPPase) (Ki = 0.3mM) at 

therapeutically relevant concentrations (Allison and Stewart, 1971, Berridge et 

al., 1982, Inhorn and Majerus, 1988, Phiel and Klein, 2001).  Similar to its effect 

on GSK-3β, lithium achieves its inhibition of these enzymes by competing for 

Mg2+ binding sites.  Biochemical studies have shown that IMPase contains at 

least two Mg2+-binding sites designated M1 and M2.  Mg2+ first binds to the M1 

site on the free IMPase enzyme and is required before the enzyme can bind its 

substrate, Inositol-1-monophosphate (Ins(1)P) (Greasley and Gore, 1993).  

Lithium binding occurs at the allosteric M2 site, after the enzyme-substrate 
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Figure 1.  Lithium inhibition of GSK-3β mimics Wnt signaling.  Under non-

activating conditions, a destruction complex comprised of GSK-3β, Axin and APC 

phosphorylates β-catenin, leading to its degradation by the proteosome.  

However, in the presence of Wnt ligands, the destruction complex is inactivated 

through a Disheveled-mediated process.  This mechanism allows β-catenin 

levels to increase in the cytoplasm.  The intact β-catenin then translocates into 

the nucleus and interacts with its binding partners LEF or TCF to activate 

downstream target genes.  Lithium blocks GSK-3β activity by competing for Mg2+ 

sites, leading to non-competitive inhibition of the enzyme and accumulation of β-

catenin.  Thus, administration of lithium mimics Wnt signaling.         
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complex has already formed leading to a noncompetitive inhibition.  Studies have 

provided evidence that lithium binding leads to the formation of either an 

inhibitory IMPase-M1(Mg2+)-Ins(1)P-M2(Li+) complex (Attwood et al., 1988, 

Ganzhorn and Chanal, 1990) or a IMPase-M1(Mg2+)-Pi-M2(Li+) complex resulting 

from an inability to release the phosphate after cleavage from Ins(1)P (Leech et 

al., 1993).  Likewise, lithium blocks IPPase from processing its substrates, 1,4 

bisphosphate and 1,3,4-triphosphate through a similar noncompetitive inhibitory 

mechanism.  This inhibition results in the accumulation of Ins(1)P in the cell, the 

substrate of IMPase, which in turn is itself inhibited by lithium.   

The inhibitory effect of lithium on both IMPase and IPPase has led to a 

long-held hypothesis to explain lithium's therapeutic effect, called the "inositol 

depletion hypothesis" (Silverstone et al., 2005).  This hypothesis postulates that 

inhibition of IMPase and to a lesser extent IPPase by lithium, will lead to a 

depletion of inositol in the cell (Berridge et al., 1989).  This depletion is 

achievable because of the low inositol permeability of the blood-brain barrier, 

which causes the brain to rely exclusively on the inositol polyphosphate recycling 

system for access to inositol (Pasquali et al., 2010).  Lack of inositol in the cell 

leads to a severe reduction in 4,5 phosphatidylinositol bisphosphate (PIP2), a 

necessary precursor of the two essential second messengers, inositol-1,4,5 

trisphosphate (IP3) and diacylglycerol, both of which activate the release of Ca2+ 

from intracellular stores, leading to activation of Protein kinase C (PKC), in 

response to extracellular signaling (Phiel and Klein, 2001) (Figure 2).  

The subject of intense research interest, PKC represents a family of at  
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least 12 known isozymes, all with very similar molecular structures but differ in 

regards to their intracellular and anatomical distribution in the brain, second 

messenger activators and substrate affinities (Marmol, 2008).  Members of the 

PKC family are known to regulate neuronal excitability, neurotransmitter release, 

neuronal plasticity and long-term changes in gene expression (Lenox, 1987, 

Manji and Lenox, 1994).  Several studies have shown that lithium administration 

can inhibit the effects of PKC isozymes and the subsequent suppression of its 

down-stream signaling cascades.  For instance, PKCα and PKCε reductions 

have been observed in the rat subiculum and in CA1 regions of the hippocampus 

after chronic treatment with 1 mM lithium and validated further in vitro using a 

hippocampal cell line (Manji et al., 1993, Manji et al., 1996).  Furthermore, the 

PKC-regulated actin-binding protein myristoylated alanine-rich C kinase 

substrate (MARCKS), which is involved in reorganizing the cytoskeleton in 

neurites, is down-regulated by chronic lithium treatment (Lenox et al., 1998).  In 

line with this finding, lithium and two other mood-stabilizing compounds have 

been shown to inhibit the collapse of neurite growth cones (Williams et al., 2002).  

This suppression could be reversed by addition of myo-inositol.  Intriguingly, the 

administration of the PKC inhibitor drug tamoxifen has shown early promise as 

an effective treatment for acutely manic patients with BPD (Wang and Friedman, 

2001).  Further evidence to bolster tamoxifen's potential as a mood-stabilizing 

drug comes from a recent study showing that the drug can also antagonize 

manic-like behaviors in rats (Einat et al., 2007).   

 Despite several decades of investigation regarding the "inositol depletion 
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Figure 2.  Lithium inhibits IMPase and IPPase, blocking inositol phosphate 

turnover and its down-stream signaling cascades.  Lithium directly inhibits 

the enzymes inositol monophosphate phosphatase (IMPase; K i 0.8 mM) and 

inositol 1-polyphosphate phosphatase (IPPase; K i 0.3 mM).  Binding of ligands 

to G-protein-coupled receptors (GPCRs) activates PLC and causes hydrolysis of 

PIP2 to IP3 and DAG.  IP3 stimulates Ca2+ release from cellular stores, and DAG 

IMPase and IPPase results in a depletion of myo-inositol (and an accumulation of 

DAG followed by a downregulation of PKC isozymes α and ε.  PKC can activate 

MARCKS, an actin binding protein involved in reorganization of the cytoskeleton 

in neurites.  PKC is involved in many biological processes including glucose 

transport, secretion, exocytosis and cell proliferation.  
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hypothesis", a great many conclusions from studies both in vitro and in vivo, 

examining the effect of the mood-stabilizing drug on inositol phosphate 

metabolism, have been ambiguous or inconsistent.  For example, post-mortem 

studies examining IMPase activity in the frontal and occipital cortical samples 

from bipolar, unipolar and schizophrenic patients was the same as controls 

(Shaltiel et al., 2001).  In addition, a study of cholinergically stimulated cortical 

slices from guinea pigs, mice and rats found lithium to actually increase IP3 levels 

(Lee et al., 1992).  Finally, changes in the brain PIP2 response in experimental 

animal models have often been small and inconsistent, providing conflicting 

evidence that lithium treatment actually results in a reduction in PIP2 recycling 

due to inositol depletion (Manji et al., 1995).        

Nevertheless, several murine knockout mutants have been generated in 

genes involved in the inositol phosphate signaling pathway in an attempt to 

recapitulate the effect of lithium.  Again, these genetic models have continued to 

provide little consistent evidence to solidify the importance of inositol phosphate 

metabolism in lithium action.  For example, knockout mouse models for the 

IMPase encoding gene, Impa1, reduces IMPase activity by 65% and the mutant 

exhibits some behavioral phenotypes that mimic lithium administration such as 

increased sensitivity to pilocarpine-induced seizures as well as increased mobility 

in the forced swim test (Cryns et al., 2008).  However, the mutant also exhibits 

hyperactive locomotion in the open field test, thought to be a measure of a 

mouse's baseline state.  Thus, the hyperactivity of the Impa1 -/- mouse makes 
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any interpretation of the forced swim test as well as a definitive assessment of 

lithium's effect on its depressive behavior difficult.   

Similarly, a homozygous knockout of the sodium-myo-inositol transporter 

1 (Smit1) gene reduces inositol levels in the fetal mouse brain by more than 90% 

and yet has no effect on global phosphoinositide levels, indicating that the more 

modest inositol reduction observed with lithium is unlikely to reduce 

phosphoinositide production (Berry et al., 2003).  Furthermore, mice 

heterozygous for the Smit1 gene still exhibit a robust 33-37% decrease in inositol 

levels, substantially larger than that observed after lithium treatment, yet display 

no differing results in the forced swim test, amphetamine-induced hyperactivity or 

sensitivity to pilocarpine-induced seizures compared to controls (Shaldubina et 

al., 2006).  In agreement with these findings, lithium has never been shown to 

decrease PI or PIP2 levels in vivo (Baraban, 1994, Jope and Williams, 1994).  

 In summary, evidence both for and against the "inositol depletion 

hypothesis" has been generated over the past 20 years using both in vitro and in 

vivo experimental models.  Unfortunately, the inconsistency of the experimental 

data in combination with the difficulty in developing drugs that target the inositol 

phosphatases has hampered the progress of this area of investigation.  

Lithium and neuroprotection 

Growing support now indicates that lithium possesses an intrinsic 

neuroprotective ability in both cultured cells and animal models of disease (Manji 

et al., 1999, Grimes and Jope, 2001).  Lithium is thought to provide this 

protective effect mostly through its ability to up-regulate the expression of the 
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anti-apoptotic factor gene,  B-cell lymphoma 2 (Bcl-2) (Manji et al., 2000, Rowe 

and Chuang, 2004), while at the same time down-regulating pro-apoptotic genes 

such as p53 and Bcl-2-associated protein X (Bax).  Lithium accomplishes these 

alterations in expression by acting upstream to attenuate the phosphorylation of 

N-methyl-D-aspartic acid (NMDA) receptors, which also leads to protection 

against glutamate-induced excitotoxicity (Wada et al., 2005).  Interestingly, in 

mice models for brain ischemia, chronic pretreatment with low doses of lithium 

reduces the severity of apoptosis in the surrounding tissue and improves 

neurological function (Xu et al., 2003).  Remarkably, even when administered 

post-insult, lithium has been shown to lessen ischemia-induced brain damage, 

while facilitating cognitive recovery (Ren et al., 2003).  Due to its neuroprotective 

potential, lithium is now considered a possible, and potentially effective treatment 

for chronic neurodegenerative disorders such as Huntington's disease, 

Parkinson's disease, Alzheimer's disease and amyotrophic lateral sclerosis (ALS) 

(Fornai et al., 2008, Camins et al., 2009). 

Using Drosophila as a model organism to study the  

lithium-responsive neurological processes 

Many genes are evolutionarily conserved between fruit flies and humans.  

Among these, a large portion of genes known to be involved in human disease 

have Drosophila homologues (Fortini et al., 2000).  In addition, there are 

numerous similarities in the basic molecular components, cellular structures, 

inter- and intracellular signaling pathways, developmental patterning (Miklos and 

Rubin, 1996), learning and memory formation (Davis, 2005), circadian rhythm 
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regulation as well as tumor formation and metastasis (Brumby and Richardson, 

2005).  The fruit fly Drosophila melanogaster, which offers versatile genetic tools 

and information, has great potential for the study of evolutionarily conserved 

biological processes.  The following studies strongly indicate that Drosophila is 

an excellent model system to study the effects of the mood-stabilizing drug 

lithium and its role in modulating neural function.  First, similarly to what has been 

reported in mammalian studies (Padiath et al., 2004, Dokucu et al., 2005), lithium 

modifies the circadian rhythms in Drosophila by lengthening the period of the 

cycle through inhibition of GSK-3β.  Second, in Drosophila lithium has been 

demonstrated to protect against polyglutamine-mediated neuronal toxicity for 

neuronal death (Berger et al., 2005) as is observed in mammalian cell culture 

models of Huntington's disease (Carmichael et al., 2002).  In Drosophila 

Alzheimer's disease models, lithium also provides beneficial effects by inhibiting 

GSK-3β-mediated hyperphosphorylation of tau (Yeh et al., 2010) as well as 

ameliorating amyloid beta pathology (Sofola et al., 2010).  Third, McBride et al. 

have found that cognitive deficits displayed by mutants for Drosophila fragile X 

mental retardation 1 (dfmr1), a Drosophila model for Fragile X syndrome, are 

restored by lithium (McBride et al., 2005).  Lastly, microarray gene expression 

data from adult fly heads treated with a brief dose of lithium revealed a number of 

genes whose expression levels were significantly altered (Kasuya et al., 2009a).  

In particular, a potentially novel target of lithium action, the lithium-inducible 

SLC6 transporter (List), was found to be an essential component in glial cells 

required for resistance to lithium toxicity (Kasuya et al., 2009b).   
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Advantages and disadvantages of using Drosophila  

as a model organism for psychiatric disease 

 Drosophila offers many advantages over other well-established organisms 

for identification and exploration of the underlying mechanisms responsible for 

the manifestation of psychiatric illnesses.  First, many of the genes in the fly 

genome share a high degree of evolutionary conservation with humans as 

mentioned above.  Recently, researchers have found that greater than 60% of 

rare genes linked to familial neurological disorders like Alzheimer's disease, 

Parkinson's disease, ALS, epilepsy, and others, are evolutionary conserved in 

the Drosophila genome (Celniker, 2000, Schneider, 2000, Bernards and 

Hariharan, 2001, Koh et al., 2004, Bier, 2005, Bilen and Bonini, 2005).  Second, 

the development of the UAS/GAL4 system (Brand and Perrimon, 1993) together 

with recent modifications (McGuire et al., 2004) now allow for the manipulation of 

gene expression both temporally and spatially in the fly.  At present, this level of 

experimental sophistication is not available in any other model organism.  Third, 

due to their short generation time, visible mutation markers and mutagenesis 

techniques, large genetic screens for novel genes involved in neural processes 

can be easily undertaken.   

 However, one glaring disadvantage of using Drosophila as a model 

organism is that many psychiatric illnesses including schizophrenia and BPD 

involve alterations in mood.  Clearly, Drosophila does not possess a nervous 

system complex enough to harbor the higher-order brain functions needed to 

generate emotion.  Although this disadvantage exists, other model systems such 
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as mice, rats and non-human primates are also not exempt from this limitation.  

So, although the fly is not the ideal system to study psychiatric disorders, ethical 

limitations do not allow for a rigorous molecular, cellular and behavioral 

examination of these illnesses in humans.  Therefore, the overall advantages 

afforded by Drosophila appear to outweigh the obvious disadvantages and 

should be a useful tool to try to unravel the underlying mechanisms in the 

nervous system responsible for the manifestation of mood disorders like BPD, 

schizophrenia and others.      

Shudderer 

The Shudderer (Shu) mutant was originally discovered over three decades 

ago (Williamson, 1982).  It was reported that the adult mutant flies exhibit several 

behavioral phenotypes such as sporadic seizure-like jerks, ether-induced leg 

shaking and a defect in reactive climbing.  Interestingly, many of the behavioral 

phenotypes of Shu mutants are suppressed by administration of lithium to adult 

mutants at therapeutic treatment levels (Williamson, 1982).  These data suggest 

that the Shu gene plays a role in the lithium-responsive neurological pathway(s).  

In spite of this mutant's great potential as a tool for studying lithium-responsive 

neurological processes, only one paper was published regarding this mutant 

(Williamson, 1982) and no research has followed the original findings. 

Materials and Methods 

Fly stocks and culture conditions 

Flies were reared at 25°C in a 12 hr light: 12 hr dark cycle, on a 

conventional cornmeal/glucose/yeast/agar medium supplemented with the mold 
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inhibitor methyl 4-hydroxybenzoate (0.05 %).  The Canton-S2202U (CS2202U) strain 

was used as the wild-type control and hereafter will be referred to as CS in the 

text.  Shu (Williamson, 1982) was obtained as Shu/FM6 from Rodney Williamson 

(Beckman Research Institute of the City of Hope, Duarte, CA).  Shu mutants 

were outcrossed to the CS line at least 26 times, and balanced with FM7-Actin-

GFP.  Shu/FM7-Actin-GFP females were crossed to CS and the resultant Shu/+ 

flies were used for experiments in this study.  Due to their severe behavioral 

defects and very short lifespan, Shu males were not used in any of the 

behavioral experiments presented here.  Shaker5 (Sh5), ether-a-go-go1 (eag1 and 

Hyperkinetic1 (Hk1) were received from the lab of Dr. Chun-Fang Wu (University 

of Iowa, Iowa City, IA). 

Behavioral analyses 

Reactive climbing assay 

   The reactive climbing assay was performed as previously described 

(Greene et al., 2003) using a countercurrent apparatus that was originally 

invented for phototaxis behaviors (Benzer, 1967).  Briefly virgin female flies of 

each genotype were collected shortly after eclosion and wings cut with a micro 

dissecting scissor (LADD Research, Williston, VT) and housed in groups of 20 

flies.  After being aged appropriately, groups of 20 flies were placed into one tube 

(tube #0), tapped to the bottom and allowed 15 sec to climb, at which point the 

flies that had climbed were transferred to the next tube.  This process was 

repeated a total of 5 times.  After the fifth trial, the flies in each tube (#0 ~ #5) 

were counted.  The climbing index (CI) was calculated using the following 
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formula:  CI = Σ(Ni x i)/(5 x ΣNi), where i and Ni represent the tube number (0-5) 

and the number of flies in the tube, respectively.  At least 5 groups were tested 

for each genotype or treatment unless otherwise noted in the text. 

Shuddering assay 

Newly eclosed virgin Shu and CS females were collected and wings cut 

with a micro dissecting scissor (LADD Research, Williston, VT).  Flies were then 

kept and tested in an environmental chamber at 24.5oC + 0.5 oC and 60-70% 

humidity.  Flies were individually placed into standard mating chambers (15mm 

diameter X 3mm depth) using a manual aspirator and allowed to acclimate for 5 

min.  At the end of 5 min fly behavior was video recorded (DCR-PC300; Sony, 

Tokyo, Japan) for 2 min.  Shu and wild-type flies were scored for the number of 

times a strong convulsive episode flipped the fly onto its backside.  The 

experimental treatments given to the flies were performed blind to the 

investigator.  At least 30 flies were used for each treatment, genotype and time 

point tested. 

Video-tracking locomotor analysis 

 Newly eclosed virgin Shu and CS females were collected and wings cut 

with a micro dissecting scissor (LADD Research, Williston, VT).   Flies were then 

kept and tested in an environmental chamber at 24.5oC + 0.5 oC and 60-70% 

humidity.  After being aged for 5 days, flies were individually placed into standard 

mating chambers (15mm diameter X 3mm depth) 8 at a time, using a manual 

aspirator and allowed to acclimate for 5 min.  At the end of 5 min fly behavior was 

recorded using a web camera (Logicool Quickcam IM, Logitech, Fremont, CA).  
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The camera was attached with a telephoto lens (HLM35V8E, Honeywell, 

Morristown, NJ) and was mounted 20 cm above the mating chambers.  Images 

were captured at 15 frames/sec for 10 min and analyzed using pySolo, a 

multiplatform for the analysis of Drosophila sleep (Gilestro and Cirelli 2009) to 

track fly locomotion and compute x, y coordinates of individual flies during every 

frame for a total of 9,000 frames.  Locomotor parameters were calculated using 

Microsoft Excel and the following formula =ATAN2 ((X1-X2)*(X3-X2)+(Y1-Y2)*(Y3-

Y2),(X1-X2)*(Y3-Y2)-(Y1-Y2)*(X3-X2)) for turning angle, arctangent for three 

consecutive frames resulting in an angle presented in radians.  Radians were 

converted to degrees and the resulting angle was subtracted from 180 degrees 

to give the outside angle of that the turning flies.  For total distance, Pythagoras's 

theorem was used with the following formula, =SQRT((X2-X1)^2+(Y2-Y1)^2) and 

was summed for all 9000 frames. For velocity, =SQRT((X2-X1)^2+(Y2-

Y1)^2)/(1/15).  Pixels were converted to millimeters (mm) after calculating 

distance in pixels with Image J compared to actual mm distance of the mating 

chambers.  

Analysis of ether-induced leg shaking behavior 

  5 day old flies were introduced into a Drosophila etherizer (Science Kit & 

Boreal Laboratories, Tonawanda, New York).  Flies were exposed to a saturated 

dose of diethyl ether for 10 seconds.  A drop of adhesive was then applied to the 

posterior dorsal thorax of each fly and fixed to a piece of plain white paper in a 

35mm X 10mm petridish.  Flies were then allowed to recover for 2-3min before 

video recording using a Quickcam connect camera (Logitech) mounted on a 
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Leica MZFLIII stereoscope (Leica Microsystems, Bannockburn, IL).  Images were 

captured at 15 frames/second for 1 min and analyzed using pySolo to generate 

x,y data.  Head movement was tracked by generating a mask (i.e cropping out 

the rest of the image around the selected area) focusing on the anterior lateral 

region of the eye and the background.  This area was selected based on initial 

trials indicating it to be the most consistent region to track head movement 

without picking up antennal motion.  In addition, leg movement was tracked by 

producing a mask selection encompassing the joint between the tibia and tarsus 

of the hind leg.  Special care was taken to only use video where no other 

appendages or body parts entered the tracking mask during the 1 min recording.  

As a positive control for diethyl ether effectiveness, Shu flies were used in every 

anesthesia experiment performed.  Velocity of both head and leg movements 

were calculated using Microsoft Excel and the formula =SQRT((X2-X1)^2+(Y2-

Y1)^2)/(1/15).  

Sleep analysis 

Three to four day old adult females were individually housed in a glass 

tube (5 [W] x 65 [L] mm) with regular fly food, and monitored while subjected to 

12 hr light and 12 hr dark cycles at 25˚C.  Locomotor activity of individual female 

flies was analyzed using the Drosophila Activity Monitoring (DAM) system 

(Trikinetics, Waltham, MA, USA).  Flies were acclimated to the experimental 

conditions for one day before sleep was analyzed.  Locomotor activity data were 

collected at 1 min intervals for 3 days, and analyzed with a Microsoft (Redmond, 

WA, USA) Excel-based program as described previously (Hendricks et al., 2003, 
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Kume et al., 2005).  A sleep bout was defined as 5 or more min of behavioral 

immobility.  The waking activity was calculated by dividing the total activity counts 

during the observation period by the length of the wake period. 

Analysis of “wing-down and indented thorax”  

 Male and female Shu mutants were collected shortly after eclosion and 

scored 24 hr later as either defective (i.e. wing down and/or indented thorax) or 

normal (wild-type wing posture/thorax). 

Muscle staining 

 Mutant and wild-type flies were decapitated and wings removed prior to 

being freshly frozen in Tissue–Tek II O.C.T. Compound and sectioned at a depth 

of 10 μm.  Longitudinally sectioned samples were stained in borax/toluidine blue 

as previously described (Kim et al., 2004).  Briefly, fly sections were stained for 

2hr, and fixed and destained in Bodian’s No. 2 fixative (37% Formaldehyde: 

acetic acid : 80% EtOH D 1:1:18) with repeated changes of fixative until a 

satisfactory contrast was observed. The samples were then dipped briefly in 95% 

EtOH 10 times, two consecutive dips in 100% EtOH 10 times each and cleared 

with xylene.  Samples were mounted with Permount and imaged on a Leica 

MZFLIII stereoscope (Leica Microsystems, Bannockburn, IL). 

Drug Treatment 

Lithium was diluted to generate 1 M, 0.5 M, and 0.25 M lithium stock 

solutions, which were added to our standard fly food in a 1:10 dilution to produce 

the final concentrations used in these studies.    
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Measurement of internal lithium 

Twenty virgin female flies (0-24 hr-old) were placed in a vial with food 

containing 25, 50 or 100 mM LiCl for 5 days, and were then homogenized in 350 

µl of 1 XPBS (pH 7.4).  The homogenate was centrifuged at 15,000 rpm for 15 

min, and filtered through a nanosep spin filter cartridge (Pal Cooperation, East 

Hills, NY) (0.2 μm pore size).  The supernatant was subjected to lithium analysis 

by spectrophotometry, using the Infinity™ lithium single liquid stable reagent 

(Thermo Fisher Scientific, Waltham, MA) in collaboration with the University of 

Iowa Hospitals and Clinics Pathology Department.   

Statistical analysis 

For behavioral experiments, statistical comparisons between two groups 

were performed using a two-tailed Student’s t-test assuming unequal variance or 

for non-normally distributed data the Mann-Whitney U test.  Statistical 

significance between multiple groups displaying a normal-distribution was 

determined using One Way ANOVA with Bonferroni t-test comparisons between 

control and treatment groups post hoc.  For those data exhibiting non-normal 

distributions, Kruskal–Wallis One Way ANOVA on Ranks was performed.  

Comparisons between groups or groups versus a control were calculated using 

Dunn's method post hoc.  Data not conforming to a normal distribution are 

represented as box plots.   Statistical analyses were performed using SigmaStat 

for Windows Version 3.11 (Systat Software, Inc., Point Richmond, CA). 
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Results 

Shu mutants exhibit morphological defects 

In the previous study by Williamson (1982), the phenotype of Shu was 

examined using Shu/FM6 female flies.  FM6 is an X-chromosome balancer with 

multiple inversions and marker mutations.  Therefore, it was possible that genetic 

aberrations on the balancer chromosome contributed to the reported dominant 

phenotypes of Shu (e.g., sporadic tremors and defects in locomotor behavior).  

To rule out this possibility, I carried out a phenotypic analysis of Shu mutants 

using only Shu/+ flies (here after in the text referred to as Shu).  To minimize 

potential effects of the unknown genetic background of the original Shu mutant, I 

used a Shu stock that had been outcrossed to a wild-type CS strain 26 times.   

The outcrossed Shu females and Shu males exhibited a “down-turned 

wings and indented thorax” phenotype that became apparent shortly after 

eclosion (Figure 3A, B versus. 3C, D).  These phenotypes were highly penetrant, 

as greater than 90% of females displayed some form of morphological defect, 

where as all males examined showed defective wings and or thorax (Figure 3C).  

These phenotypes do not appear to be mutually exclusive as some mutants will 

show one or the other, or both defects.      

A similar morphological phenotype has been previously observed in 

mutants with increased neuronal excitability, including Shaker (Sh) in 

combination with either ether a go-go (eag), inebriated (ine) or a paralytic 

duplication (Loughney et al., 1989, Stern et al., 1990, Stern and Ganetzky, 1992).  

Likewise, double mutants carrying the Ly-6/neurotoxin family member quiver 
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(qvr) with eag or Hyperkinetic (Hk) (Wang et al., 2000) show similar defects.   

More recently, it was found that mutants for parkin and PTEN-induced putative 

kinase 1 (Pink1), Drosophila orthologs of the human genes involved in the 

pathophysiology of a familial form of Parkinson’s disease, display a similar wing 

and thorax phenotype (Greene et al., 2003, Park et al., 2006).  These 

morphological abnormalities of the dorsal thorax are thought to be the cause of 

an increase in neuronal excitability resulting in hypercontraction of the dorsal 

longitudinal flight muscles (DLMs), which serve as wing depressors during flight 

and underlie the area of indented cuticle (Huang and Stern, 2002).  

However, in the case of parkin and Pink1 mutants, a degeneration of the 

gross anatomy of the muscle can be observed at the light microscope level 

several days after eclosion due to abnormal mitochondrial morphology and 

defective function in both muscle cells and dopaminergic neurons.  Unlike parkin 

and Pink1 mutants, a survey of the indirect flight muscle in Shu males and 

females showed no obvious degeneration of the musculature compared to 

controls (Figures 3E-H), although more subtle defects visualized using higher 

magnification (e.g. transmission electron microscope, TEM) cannot be ruled out.   

The Shu mutant displays abnormalities in locomotion 

As reported by Williamson (1982), the mutant flies exhibit defects in 

reactive climbing ability, a well-established experimental paradigm to assess the 

general motor activity in mutant and wild-type flies (Greene et al., 2003).  Newly 

eclosed, outcrossed Shu flies showed a defect in climbing ability compared to 

controls, which became more severe in a time-dependent manner (Figure 4A).   
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Figure 3.  Shu displays morphological defects.  (A) CS male (B) CS female 

(C) Shu male (D) Shu female.  Arrows indicate the indented dorsal thoraces in 

Shu mutants.  Representative longitudinal thoracic sections of (E) CS male (F) 

CS female (G) Shu male (D) Shu female adult flies.  Scale bar, 200μm.  Arrow 

heads, indented thorax.         
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By 5 days post-eclosion, Shu mutants were extremely impaired in their ability to 

climb, whereas CS climbing indices through 10 days of observation remained 

unchanged.  Our findings confirm those of the seminal report on the Shu mutant 

(Williamson, 1982).  A careful analysis of the mutant's "shuddering" behaviors 

revealed that shortly after eclosion Shu mutant flies exhibit very little jerking and 

twitching (Figure 4B).  However, this behavior appears to reach a maximum 5 

days after eclosion and remains steady through 10 days of observation.   

Next, I sought to analyze the behavior of Shu and CS using a more 

thorough, automated method in an effort to highlight the striking differences in 

their locomotion patterns.  For this purpose, I employed a video-tracking system.  

originally developed to analyze sleep behaviors in Drosophila (Gilestro and 

Cirelli, 2009) (see Materials and Methods).  Using the video tracking system 

allowed me to gather x, y positional coordinates from each individual fly per 

frame of video, at a recording speed of 15 frames per second.  Using this data I 

was able to calculate instantaneous locomotor parameters for both the mutant 

and CS controls which included: total distance traveled (millimeters, mm), velocity 

(mm per second), acceleration (mm per second2) and the turning angle when a 

fly changes directions.  When placed in a circular arena, wild-type Drosophila 

flies often travel along the edge of the chamber (Besson and Martin, 2005), 

making smooth, repetitive circular paths with intermittent bouts of inactivity.  

These aspects of wild-type locomotion result in a tracking pattern represented as 

a circular path many times around the chamber.  In contrast, the spontaneous 

jerking and twitching of the Shu mutants results in an extreme number of  
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Figure 4. Shu exhibits locomotor defects that are improved by lithium 

treatment.  (A) Shuddering behavior of 0-10 day old CS and Shu female flies.  n 

≥ 30.  Data are average ± SEM.  p<0.001, One Way ANOVA; ***p<0.001, 

Bonferroni t-test post hoc versus wild-type.  (B) Reactive climbing ability of CS 

and mutant females over the same time period.  Data are ± SEM of 5 groups of 

20 flies.  p<0.001, One Way ANOVA; ***p<0.001, Bonferroni t-test post hoc 

versus wild-type.  (C) (Left) Shuddering behavior of CS females after treatment 

with food containing 0, 25, 50 or 100 mM LiCl.  This behavior was unaffected by 

LiCl treatment.  (Right) All mutant groups receiving LiCl treatment showed a 

significant reduction in shuddering behavior.  n ≥ 30 flies.  p<0.001, One Way 

ANOVA; *p<0.05, Bonferroni t-test post hoc versus vehicle control.  (D) (Left) CS  

female flies reactive climbing after 5 days of treatment with food containing 0, 25, 

50 or 100 mM LiCl.  CS climbing was significantly reduced by 100 mM LiCl 

treatment compared to those receiving no lithium.  (Right) Reactive climbing of 

Shu females under the same conditions as controls.  Data are mean ± SEM of 10 

groups of 20 flies.  p = 0.005, One Way ANOVA; **p<0.01, ***p<0.001,  

Bonferroni t-test post hoc versus vehicle control. 
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changes in direction and an increased presence in the center of the chambers as 

represented by the tracking trace (Figure 5).  Because the locomotion of Shu 

mutants is constantly interrupted by jerking and twitching it was feasible to 

hypothesize that the mutant would travel a shorter distance, given a particular 

duration of time, compared to the CS strain.  However, the mean total distance 

traveled during a 10 min recording period was actually longer in Shu (2523  ±  

165 mm) when compared to CS (1891 ± 363 mm) controls (Figure 6A).   

Upon visual observation, Shu mutants appear to increase their velocity of 

movement dramatically when jerking and twitching compared to times when they 

are not "shuddering".  Therefore, I examined the velocity of both CS and Shu 

female movement when the flies were in motion.  In other words, I wanted to 

observe how fast the flies were moving, when excluding those frames when the 

fly was immobile (Figure 6B).  As expected, there was a significant increase in 

the median velocity of Shu (15.5 mm/s) compared to CS (11.8 mm/s) (Figure 

6D).  A closer examination of velocity in these genotypes revealed that the 

increased median velocity in Shu mutants is due to a large increase in the 

percentage of speeds >20 mm/sec as well as a prominent decrease in the 

percentage of those speeds <10 mm/sec (Figure 6C).   

 Likewise, the mutant's locomotion is constantly interrupted by the 

spontaneous jerks and twitches.  This continuous process leads to large changes 

in the velocity (acceleration) of Shu, where as the CS display a smooth, 

continuous locomotion which should result in less drastic fluctuations in velocity.  

Indeed this is the case, as the mutant has a significant increase in its median  
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Figure 5.  Representative 1 min traces of CS and Shu flies.  Traces were 

reconstructed using x, y coordinate data together with the x, y scatter plot chart 

option of Microsoft Excel.  Scale Bar = 3mm      
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Figure 6.  Video tracking analysis to quantify the abnormal locomotion 

behaviors of the Shu mutant. (A) Total distance traveled in millimeters for CS 

and Shu flies after 10 min of video recording, n = 24. NS, p>0.05, Student's t-test.  

(B)  Percentage of frames in 10 min where flies were immobile.  (C) Percent 

distribution of velocity values (mm/s) for both genotypes per frame, when in 

motion (i.e. values > 0). ***p<0.001, Student's t-test.  (D) Median velocity of CS 

and Shu per frame, when in motion (i.e. values > 0), ***p<0.001, Wilcox-Mann-

Whitney U test.  (E) Percent distribution of Δ in velocity (i.e. acceleration in 

mm/sec2) values for both genotypes per frame, when in motion (i.e. values > 0). 

***p<0.001, Student's t-test.  (F)  Median acceleration of CS and Shu per frame, 

***p<0.001, Wilcox-Mann-Whitney U test.  (G) Measurement of turning angles.  

The θ values were calculated using x, y coordinates in three consecutive frames 

(each frame is a time point = 1/15 second.  The initial linear movement was the 

vector connecting Frame 1 and Frame 2.  The θ change was calculated using the 

initial linear movement and the vector connecting Frame 2 and Frame 3.  (H) 

Percent distribution of turning angles per frame.  ***p<0.001, Student's t-test.  (I)  

Median turning angle of the two groups per frame.  ***p<0.001, Wilcox-Mann-

Whitney U test.        
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acceleration (13.8 versus 8.7 mm/s2) (Figure 6F) due to an increased percentage 

of acceleration events >10 mm/s2 and a subsequent reduction in the percentage 

of smaller variations in speed (i.e. <10 mm/s2) (Figure 6E).  As expected, 

because of its locomotion phenotype, CS mainly exhibits mainly small variations 

in its velocity (Figures 6E, F).  

  Finally, one of the most striking qualitative differences between the 

mutant and controls is the extreme number of changes in direction exhibited by 

Shu due to their spastic movements.  To explore this difference further, in a 

quantitative manner, I calculated the angle of direction change per frame using 

the x, y data from three consecutive frames along with the formula for arctangent, 

which can be used to determine the angle size opposite the hypotenuse of a right 

triangle  (Figure 6G).  A similar method has been employed recently to calculate 

the turning angle in a larval study on cool temperature preference (Kwon et al., 

2010).  Calculation of the turning angle of both groups of flies revealed that the 

median turning angle for wild-type CS was 41.3o.  In contrast, the mutant turning 

angle was 78.8o validating the qualitative differences previously observed (Figure 

5).  As with the other parameters examined, this large increase in the turning 

angle of Shu flies is the result of a significant increase in the percentage of total 

turns in the mutant greater than 90o.   

 In summary, these data correlate well with the results of my visual 

observations of the Shu mutant.  The mutant displays hyperactivity and 

spontaneous, uncoordinated movements characterized by high-speed 

movements.  Furthermore, Shu displays large fluctuations in the velocity of their 
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movements resulting in an increase in its median value of their acceleration.  

Finally, the spontaneous nature of the jerking and twitching phenotype forces the 

mutant fly to make unusual, involuntary changes in direction as evidenced by the 

drastic increases in its turning angles.  Taken together, this analysis system can 

now be employed as a powerful objective tool to study Shu and possibly other 

hyperactive mutants. 

The anesthesia-induced shaking behavior in Shu 

Consistent with the report by Williamson (1982), outcrossed Shu flies also 

exhibit vigorous leg-shaking under ether-induced anesthesia.  Previous reports 

on other ether-induced leg-shaking mutants, including Sh, eag, Hk and quiver 

(qvr), (Kaplan and Trout, 1969, Wang et al., 2000), have only qualitatively 

explained this behavior with vague descriptions that do not fully illustrate the 

intricate differences of each mutant's response to the anesthetic.  Therefore, I 

have sought to develop a system that could be used to extract quantitative 

parameters of ether-induced leg-shaking.  I was able to accomplish this using the 

video-tracking analysis system described earlier.  Qualitative observation of 

ether-induced leg shaking in Shu revealed that the mutant exhibited forceful 

bobbing of the head and halters as well as vigorous and rhythmic clenching of 

the legs.  These characteristics of leg shaking behavior in Shu were not shared 

with either CS, or the mutant alleles, Sh5 (K+ channel, α subunit), eag1 (K+ 

channel, α subunit), and Hk1 (K+ channel, β subunit).  After careful observation, I 

determined that tracking of both head and hind leg movement would provide the 

clearest difference between Shu and the other mutants.  Video tracking of head  
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Figure 7.  Shu displays unique behaviors under recovery from ether 

anesthesia. (A) Representative velocity plots of head movement (pixels/s) in CS, 

Shu, eag1, Hk1 and Sh5 after a 1 min video recording.  Head movement was 

tracked using the anterior lateral part of the eye.  (B) Representative velocity 

plots of hind leg movement (pixels/s) in CS, Shu, eag1, Hk1 and Sh5 after a 1 min 

video recording.  Hind leg movement tracking was captured by focusing on the 

hind leg joint between the tibia and tarsus.  (C and D) Median velocity (pixels/s) 

of head and hind leg movement in leg-shaking mutants.  Asterisks indicate 

significant differences between Shu and other genotypes, p<0.001, Kruskal–

Wallis one Way ANOVA on Ranks; *p <0.05, vs Shu, Dunn's method post hoc.   
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movement in these flies confirmed my qualitative observations that Shu exhibited 

the most robust head movement upon recovery from ether as shown in velocity 

plots (Figure 7A).  The median velocity of Shu head movement was 51.5 pixels/s, 

whereas Sh5 (16.4 pixels/s), eag1 (9.9pixels/s) and Hk1 (10.8 pixels/s) showed 

only mild head tics (Figure 7C).  The wild-type strain, CS was almost completely 

devoid of any head movement (1.17 pixels/s), as expected based on qualitative 

observations.  However, the hind leg movement in Shu was only intermediate 

(Figure 7B, D) in velocity (107.5 pixels/s) compared to the other flies examined, 

Sh5 (129.4 pixels/s), eag1 (45.9 pixels/s) and Hk1 (161.6 pixel/s).  Again, as 

expected, the hind leg velocity in CS was very mild (9.1pixels/s).  Several reports 

have demonstrated that the legs of Sh mutants will continue to shake after they 

are severed from the body upon recovery from ether anesthesia (Ganetzky and 

Wu, 1985).  This observation suggests that defects present in the Sh peripheral 

nervous system or muscle is sufficient to drive this behavior.  We were able to 

confirm this peculiar behavior in the Sh5 allele.  In contrast, severing of Shu legs 

during recovery from ether anesthesia suppressed its movement (data not 

shown).  Our observations suggest that the defect(s) causing the leg shaking 

behavior in Shu are generated upstream of the muscle, and at least the 

peripheral nerves in the appendage.  

In summary, we can order the severity of head movement of these flies 

during recovery from ether anesthesia as follows: Shu>Hk1>Sh5>eag1>CS. 

Interestingly, when comparing hind leg velocity the order of severity is as follows: 

Sh5>Hk1>Shu>eag1>CS.  Furthermore, the experiment with severed legs  
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Figure 8.  Shu mutants display abnormalities in sleep architecture. (A) CS 

and Shu sleep amounts (min sleeping/30 min bins) recording using the DAM 

system (see Materials and Methods).  Data are average ± SEM of three 

consecutive days for all parameters analyzed.  Similar results were obtained from 

independent experiments.  CS, n = 31; Shu, n = 26.  (B) Amount of time sleeping 

(hr) per 12 hour light period (day).  (C) Waking activity index (infrared beam 

breaks/min) of both genotypes during the day.  (D)  Number of activity-rest bouts 

during the day. (E) Average length of time of one rest bout during the day.  (E) 

Amount of time resting (hr) per 12 hour light period (day).  (F) Waking activity 

index (infrared beam breaks/min when active) of both genotypes during the night.  

(G)  Number of activity-rest bouts during the night.  (H) Average length of time of 

one rest bout during the night.  *p<0.05, **p<0.005, ***p<0.001, Student's t-test.         
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suggests that the defects driving the leg shaking behaviors in Shu are different 

from those in Sh in that they are localized upstream of the peripheral nerves and 

muscle in the mutant's limbs.  

Shu mutants display abnormalities in day and  

night sleep architecture 

All ether-induced leg-shaking mutants in Drosophila whose sleep has 

been analyzed to date have shown a severe reduction in sleep amount both 

during the day and at night (Cirelli et al., 2005, Bushey et al., 2007, Koh et al., 

2008).   As observed in previous leg-shaking mutants, Shu females display a 

significant reduction in their sleep amount during the 12 hour dark period (7.3 ±  

0.3 hr) compared to wild-type controls (8.9 ± 0.3 hr) (Figure. 8A, F).  This 

difference equates to an 18% reduction in nighttime rest.  At night, Shu mutants 

cycled between episodes of sleep and activity 21.4 ± 0.9 times in 12 hr (ZT12-

ZT24), whereas CS only had on average, 12.6 ± 1.0 cycles over the same 

duration (Figure 8H).  Consequently, a severe reduction in the mean length of 

time per sleep episode (Figure 8I) was also observed in the mutant (23.0 ± 2.2 

min) versus CS (59.6 ± 9.2 min).  An analysis of the waking activity showed that 

the mutant's waking activity index was 2.0 ± 0.2 counts per min in contrast to CS 

We next investigated sleep crossing only 1.5 ± 0.1 counts per min (Figure 8G).  

These findings in waking activity are consistent with the hyperactive phenotype of 

the Shu mutant as shown using the video tracking system.  The mutant travels a 

further distance during a given time period and when its mobile it is traveling 

faster then CS (velocity) (Figure 6C, E).  Thus, Shu mutants exhibit less rest at 
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night due to hyperactivity which likely results in a fragmented sleep pattern as 

evidenced by the significant increases in the number of activity/rest bouts and the 

drastic decrease in the average length of one rest bout.   

In contrast to nighttime rest, Shu mutants show an increase in daily rest 

amount (4.5 ± 0.2 hr) compared to CS  (3.4 ± 0.3 hr), equating to a 26% increase 

(Figure 8A, B).  In line with the observed increase in daytime rest, the average 

length of one activity bout in the mutant was only 21.5 min while the average in 

CS was 34.3 min.  Despite its increased daytime rest, when Shu is mobile it 

displays an increase in waking activity (1.6 ± 0.1 versus 1.2 ± 0.1 counts per min 

(Figure 8C).   As observed at night, the number of activity/rest cycles is again 

elevated in the mutant flies (17.4 ± 0.9 versus 22.7 ± 1.0 cycles) (Figure 8D)  

In summary, the increased sleep amount during the day in Shu appears to 

be a result of fragmented sleep observed as an increase in the number of 

activity/rest bouts combined with a reduction in the length of time the mutant is 

active.  My overall examination of sleep architecture in the Shu mutant reveals 

for the first time, a leg-shaking, hyperactive mutant that displays an increase in 

daytime sleep and a decrease in nighttime sleep. 

Shu mutants display reduced lifespan 

Another common feature of the Drosophila neurological mutants with leg-

shaking and short-sleeping phenotypes is a decrease in lifespan (Trout and 

Kaplan, 1981, Koh et al., 2008, Bushey et al., 2010).  Therefore, I examined the 

lifespan of Shu mutant females and the CS strain.  As seen with other short- 
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Figure 9.  Shu mutants have reduced lifespan.  Survival of Shu and CS 

female flies on a diet of standard fly food.  Mean survival, CS = 73 days, Shu = 

40 days. p = 0.0127, n = 100. 
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Figure 10.  Lithium has contrasting effects on video tracking locomotor 

parameters in Shu and CS flies.  (A) Median turning angle was analyzed for 

Shu and CS flies received diets containing lithium doses of 0, 25, 50 and 100 mM 

LiCl, respectively.  Flies were treated for 5 days.  n = 40 flies.  p<0.001, Kruskal-

Wallis One Way ANOVA; *p<0.05, Dunn's method post hoc.  (B) Average 

velocity of the same flies was analyzed. n = 40 flies.  p<0.001, Kruskal-Wallis 

One Way ANOVA; *p<0.05, Dunn's method post hoc.  (C) Lithium levels in 

female flies after 5 days of treatment with 25, 50 and 100 mM LiCl.  Data are 

mean ± SEM of 3 independent experimental groups of 20 flies.  *p<0.05, 

Student's t-test.  
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sleeping mutants, Shu females mean lifespan is significantly reduced (41 days) 

compared to the wild-type (73 days) (Figure 9). 

Lithium improves several of the behavioral  

abnormalities observed in Shu mutants 

I initially examined the effect of lithium on the behavioral phenotypes of 

the outcrossed Shu flies for its effect on climbing ability and the mutant's 

shuddering behaviors.  As reported in the seminal paper, lithium treatment was 

sufficient to both improve reactive climbing ability and reduce the severity of the 

jerking and twitching in Shu (Figure 4C, D right).  It should be noted that even at 

lower concentrations of the drug (i.e. 25 and 50 mM) than those used in the 

original experiments, a significant improvement was observed in the behavioral 

phenotypes of Shu.  In contrast, the drug had no significant impact on CS  except 

that at 100 mM lithium treatment the controls began to show a reduction in the 

ability to climb (Figure 4C, D left)      

 Next, using the video tracking system I sought to examine the effect of the 

mood-stabilizing drug on the locomotor parameters in both genotypes.  As 

observed in my initial locomotor assessment, Shu flies exhibited a median 

turning angle of 92.8o compared to only 43.7o for wild-type.  Again, the large 

turning angles of Shu flies are likely due to the spontaneous jerking and twitching 

of the mutant.  Therefore, these data can be used as an indirect readout of the 

shuddering behaviors in Shu.  I tested the effects of 25, 50 or 100 mM LiCl on 

Shu and CS turning angles.  I found that administration of all three 

concentrations of lithium were sufficient to reduce the median turning angles of 
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the mutant (25mM, 72.3o; 50 mM, 64.5o; 100 mM, 72.5o), compared to vehicle 

controls (Figure 10A, red boxes).  These data are in agreement with the previous 

subjective report by Williamson (1982), on the mood stabilizing drug's effect on 

Shu flies.  Interestingly, the 25 and 50 mM doses of lithium had no statistically 

significant effect on the turning angles of the CS controls.  However, a dose of 

100 mM lithium was sufficient to increase the median turning angle 50.3o 

compared to CS (Figure 10A, black boxes).  

 Another parameter indicative of hyperactive locomotion is an increase in 

velocity, which was shown to be significantly elevated in Shu compared to CS.  

This finding is likely due to an increase in high velocity bursts characteristic of the 

mutant when it is jerking and twitching.  Therefore, I examined both genotypes to 

see what effect lithium would have on velocity.  It turns out that the mood-

stabilizing drug generally reduced the median velocity in Shu (25 mM, 9.8 mm/s; 

50 mM 15.8mm/s; 100 mM, 11.1mm/s) compared to those flies receiving the 

vehicle (18.8mm/s),(Figure 10B, red boxes).  In sharp contrast, the higher doses 

of 50 mM and 100 mM lithium increased the median velocity in CS (50 mM, 

12.5mm/s, 100 mM, 11.9mm/s) compared to the control (8.0mm/s) (Figure 10B, 

black boxes),  

One obvious explanation for the reduction observed in the frequency of 

shuddering events and the decreased median turning angle and velocity is that 

lithium may be eliciting a toxic effect on the mutant, resulting in an overall 

suppression in locomotion.  This explanation is reasonable when considering the 

toxic side-effects often associated with the mood stabilizing drug (el-Mallakh, 
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1986).  However, it is not likely because the ability of Shu to climb is actually 

improved by treatment with 25, 50 or 100 mM lithium (Figure 4D).  Unlike 

lithium's effect on the video tracking locomotor parameters, the drug appeared to 

improve the mutant's ability to climb in a dose-dependent manner.  When CS flies 

received food containing 25 or 50mM lithium there was no significant difference 

in their climbing ability compared to vehicle controls.  Yet, when CS flies were 

administered food containing 100mM lithium there was a significant reduction in 

climbing ability compared to those flies receiving only the vehicle (Figure 4B). 

Together with the observed increases in velocity and turning angle, these data 

suggest that higher doses of lithium are eliciting a deleterious effect on the CS 

flies.  At the same concentrations of lithium, these effects are not observed in the 

mutant. 

A closer investigation of leg-shaking behaviors in Shu and CS flies after 5 

days of treatment with 100 mM lithium revealed no significant differences 

between treated and control groups for either genotype (data not shown).  These 

findings are in agreement with the observations reported by Williamson.      

Shu mutants accumulate higher levels of lithium 

The behavioral responses to lithium treatment were different between CS 

and Shu mutant flies.  To examine whether physiological responses to the drug 

are different between the two genotypes, the internal lithium concentrations in the 

CS and Shu mutant flies were analyzed after they were subjected to lithium-

containing food for 5 days.  I found that Shu mutants accumulated significantly 

higher levels of lithium than CS flies when they were fed with food containing 
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either 25 or 50 mM lithium (Figure 10C).  The same tendency was observed 

when food containing 100 mM LiCl was used, although the difference between 

the two genotypes did not reach statistical significance (Figure 10C).  Lithium 

levels were normalized using protein concentrations from each corresponding 

sample.  My CS data were comparable to internal lithium concentrations 

determined in previous studies under similar conditions (Padiath et al., 2004, 

Dokucu et al., 2005).  These results further demonstrate that there is an effect of 

the Shu mutation on physiological responses to the mood-stabilizing drug, lithium   

Discussion 

My thorough morphological and behavioral assessment of the Shu mutant 

resulted in a number of interesting findings.  Furthermore, I was able to validate 

the original report by Williamson that Shu behaviors are improved by lithium 

treatments.  Importantly, extensive backcrossing to isogenize the mutant 

background did not compromise the original findings. 

As reported in previous investigations, several double mutant 

combinations using flies that exhibit increased neuronal excitability can cause the 

manifestation of down-turned wings and an indented-dorsal thorax (Loughney et 

al., 1989, Stern et al., 1990, Stern and Ganetzky, 1992, Wang et al., 2000).  Yet, 

in each instance the synergistic effects of two mutants with hyper neuronal 

excitability are required to elicit this phenotype.  In contrast, the Shu mutant 

displays this phenotype even though it is likely the result of a single mutated 

locus based on previous mapping experiments (Williamson, 1982).  Thus, these 

findings suggest that the Shu mutant displays a very severe level of increased 
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neuronal activity.  Preliminary electrophysiological recordings from the larval 

neuromuscular junction (NMJ) support this idea (Atsushi Ueda and Chun-Fang 

Wu, Department of Biology, University of Iowa, personal communication).  

Interestingly, examination of the musculature of the mutant, when compared to 

CS, revealed no obvious degeneration (Figure 3 E-H), even after aging the flies 

for 30 days (data not shown).  However, less obvious defects at higher 

magnifications cannot be ruled out.  These data suggest that the mutant does not 

experience a severe degeneration of the muscle as a result of its extreme 

neuronal activity. 

We were also able to recapitulate Williamson's findings that the mutant 

displayed defects in climbing ability (Figure 4A) in our isogenized strain.  The 

inability of Shu to climb is likely due in part to the jerking and twitching behavior 

(Figure 4B) which interrupts the fly in its attempts to climb.  To ensure that this 

climbing defect was not simply due to the down-turned wing phenotypes of the 

fly, all wings of the mutant and CS flies were removed shortly after eclosion in all 

locomotor experiments performed.  The time-dependent loss of Shu climbing 

correlates well with the increased frequency and severity of the shuddering 

behaviors.  However, it could be caused by general muscle fatigue of the mutant 

from constant stimulation coming from the nervous system or represent some 

sort of neuronal degeneration as seen in other neuronal excitability mutants 

(Fergestad et al., 2006).  The latter has not been explored in Shu and is an 

important experiment going forward in this project, although it should be noted 

that in Fergestad et.al. (2006) no neuropathology was observed in the Sh5 eag1 
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double mutant flies even though it presents the most severe morphological 

defects and neuronal excitability of the mutants observed in the study.  Finally, 

unlike the Parkinson's disease model mutants parkin and Pink1 whose inability to 

climb is due to the massive degeneration of the musculature and loss of 

dopaminergic neuronal clusters (Park et al., 2006), no loss of dopaminergic cell 

bodies (data not shown) or degenerative muscle tissue has been observed in 

Shu flies. 

My initial investigations looking at the jerking and twitching behaviors of 

Shu involved visual scoring of the violent convulsions strong enough to flip the 

mutant unto its backside (Figure 4B).  Although this method was adequate, it 

became evident that it was too laborious and did not accurately capture the 

striking differences in Shu locomotion compared to CS flies.  Using the video 

tracking system, I was able to show that Shu locomotion is markedly different 

when comparing instantaneous velocity, acceleration and turning angles to that 

of controls (Figure 6).  I also found that the total distance Shu traveled during the 

10 min recording was farther than that observed in CS, although it did not reach 

statistical significance.  This correlates well with the increased median velocity 

observed in Shu mutants.  It is my belief that this novel technique to track adult 

fly movement will aid our lab and others in future investigations to answer similar 

questions in the fly. 

The investigation of Shu sleep has revealed that this leg-shaking mutant 

sleeps more during the daytime, yet less at night compared to controls.  This is a 

novel phenotype that is not shared with the other ether-induced leg shaking 
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mutants previously investigated.  As mentioned above, this behavior was also not 

due to inhibition of locomotor activity by the down-turned wing phenotype as 

removal of the wings did not alter the abnormal sleep patterns of Shu (data not 

shown).  To date all leg-shaking mutants have some sort of defect in ion channel 

function.  Therefore, it is likely that the mutated locus responsible for the Shu 

mutant phenotypes is either a mutated ion channel itself or a gene whose 

product is necessary for proper maintenance or function of ion channels.  This 

hypothesis has been supported by the results of my experiments that will be 

described next in Chapter II (see below). 

I was able to show using the countercurrent apparatus, general 

observation and video tracking analysis of the mutant to confirm that lithium 

improves Shu locomotor behaviors (see Figures 4A, B and 10A, B).  As 

extensively covered in the introduction, lithium is thought to elicit its mood-

stabilizing effect through inhibition of GSK-3β, IMPase or IPPase.  To date, my 

experiments to try and connect these pathways to lithium's effect on the mutant 

have yielded only negative results.  For instance, ubiquitously reducing mRNA 

levels of shaggy (sgg), the Drosophila homologue of GSK-3β in Shu adults using 

RNAi and the inducible GeneSwitch (GS) GAL4 system (Osterwalder et al., 

2001) resulted in no noticeable improvement in any of the mutant's behavioral 

phenotypes (data not shown).  Furthermore, pharmacological experiments using 

the specific GSK-3β inhibitor AR-A014418 at several concentrations did not 

mimic the effects of lithium (data not shown).  AR-A014418 has been employed 

in a study looking at tau disease pathology in Drosophila larvae.  The compound 
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was shown to reduce tau-induced pathology through inhibition of GSK-3β 

(Mudher et al., 2004).  This effect was also observed in lithium treated larvae.   

Lastly, introduction of a sgg mutant allele into the Shu background had no 

positive influence on the mutant morphology or behaviors (data not shown).  

Likewise, the generation of Shu flies with mutant alleles of ipp, the gene 

encoding for IPPase, showed no apparent epistatic relationship.  Attempts to 

achieve pharmacological inhibition of either IMPase or IPPase were severally 

hampered by the fact that the only inhibitory compounds available are highly 

hydrophobic (Atack, 1995).  In summary, my data suggests that lithium may be 

acting independently of either the Wnt signaling pathway or downstream of the 

inositol second messenger system.  However, to prove the compounds tested 

(i.e. AR-A014418) are working, western blots of down-stream players mediated 

by GSK-3β, like β-catenin, would need to be examined.    

As a whole, I have re-evaluated the Shu mutant using more relevant 

behavioral analyses and found that the mutant displays both morphological and 

behavioral phenotypes indicative of extreme hyperactivity.  When compared with 

the ether-induced leg-shaking phenotypes, it suggests that Shu harbors a robust 

increase in neuronal excitability.  Lithium improves many of the locomotor defects 

observed in the mutant.  However, this improvement is not the result of a general 

suppression of locomotion caused by a toxic effect of the drug because the ability 

of Shu flies to climb is drastically improved.  It remains to be seen whether lithium 

elicits its effect on Shu through one of its previously established signaling 

pathway targets or through a yet-to-be-determined, novel mechanism.  
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CHAPTER II 

SHUDDERER IS A GAIN-OF-FUNCTION ALLELE OF THE VOLTAGE-GATED 

SODIUM CHANNEL PARALYTIC  

Introduction 

Structure and function of sodium channels  

 An action potential is a transient event that causes the electrical 

membrane potential of a cell to rise and fall in a very stereotyped manner.  

Voltage-gated sodium channels play an essential role in this process by both 

initiating and propagating these action potentials in electrically excitable cells 

such as myocytes, glia and neurons.  During an action potential sodium channels 

imbedded in the plasma membrane open allowing an influx of sodium ions into 

the cell resulting in a depolarization.  This course of action is extended down the 

length of the axon to the synapse, a small gap between neurons.  This 

depolarization of the "pre-synaptic neuron" causes a release of neurotransmitter-

filled vesicles that traverse the synaptic space and bind to their post-synaptic 

receptors, further resulting in the opening of sodium channels on the "post-

synaptic neuron".  Thus, sodium channels, together with other ion-permeable 

channels, are essential for maintenance of the neuronal signal.  It is this 

fundamental process that allows neurons to communicate with one another.    

Sodium channels are comprised of a large (~260 kD) transmembrane α 

subunit formed by four highly homologous domains (I-IV), each consisting of six 

α-helix transmembrane segments (S1-S6) (Figure 11).  The S4 segment of each 
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homology domain contains highly conserved repeated motifs made up of a 

positively charged residue followed by two hydrophobic amino acids (Catterall, 

2000) that form an α-helix in the shape of a cylinder.  These positive residues are 

held in place through ionic interactions with the surrounding, negatively charged 

residues and internal transmembrane electrical field.  Upon depolarization of the 

membrane, the S4 segment is released, where it moves outward (toward the 

extracellular side of the cell membrane) along a spiral path.  This conformational 

change allows an opening to form through which Na+ influx can occur.   

Ion affinity of the sodium channel is achieved by intrasegmental loops 

between S5 and S6 of every homology domain.  These loops extend into the 

channel and contain the amino acids motifs DEKA and EEDD, which line the 

outside edge of the pore.  Mutagenesis studies of these residues have strongly 

established them as the necessary components of the selectivity filter domain for 

sodium ions (Schlief et al., 1996, Sun et al., 1997).   

Inactivation of sodium channels occurs in a matter of milliseconds.  This 

inactivation occurs through a "hinged-lid" mechanism mediated by the 

intracellular loop connecting homology domains III and IV, respectively.  An 

amino acid triplet motif present on the III-IV loop consisting of an isoleucine, 

phenylalanine and methionine (IFM) has been shown to be absolutely essential 

for proper inactivation of the channel (West et al., 1992).       

Other features of the protein include large N-terminal and C-terminal 

domains as well as large intracellular loops between domain I and II and another 

connecting II and III.  The large intracellular loop connecting domains I and II 
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contains many phosphorylation target sites of Protein kinase A (PKA) and PKC, 

respectively.  Phosphorylation by both kinases results in a reduction in sodium 

current (Dascal and Lotan, 1991, Numann et al., 1991, Li et al., 1992).  The 

intracellular loop between domains II and III contains a conserved motif 

necessary for sodium channel interactions with Ankryin G (Lemaillet et al., 2003).  

Ankryin G is an adaptor protein that mediates the attachment of sodium channels 

to their locations along the extracellular membrane of neurons.  These 

concentrated sodium channel aggregates and their correct localization are 

essential for proper information processing and transmission in the nervous 

system (Catterall, 2000).  Interestingly, GWAS indicates that ANK3 (encoding 

Ankyrin G) variants are potential risk factors for bipolar disorder (Ferreira et al., 

2008).   

Although the α-subunit is sufficient to generate sodium current, the sodium 

channel auxiliary proteins β1 (36 kDa) and β2 (33k Da) are necessary for the 

generation of electrophysiological properties similar to those observed in vivo 

(Isom et al., 1992, Schreibmayer et al., 1994, Isom et al., 1995).  Besides 

regulating activation and inactivation of sodium channels, they also play a role in 

cell-cell adhesion.  In particular, the β2 subunit has been shown, together with 

the α-subunit, to bind to the extracellular matrix proteins tenascin-R and tenascin-

C, respectively (Srinivasan et al., 1998).  Like Ankryin G, the β-subunits proteins 

regulate the localization of the sodium channel to areas that require high channel 

densities for proper neuronal transmission.  
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Figure 11.  Structure of the voltage-gated sodium channel alpha and beta 

subunits.  The 262 kDa α subunit forms the ion permeable pore of the sodium 

channel.  It consists of four homology domains (I-IV), each made up of six 

transmembrane segments designated S1-S6.  Transmembrane segment S4 of 

each homology domain contains positively charged amino acid (+) residues 

every third position that acts as a voltage sensor for changes in membrane 

potential.  The selectivity filter is formed by two rings of amino acids located in 

the intrasegmental loop between S5 and S6 of each homology domain (green 

circles) that lines the pore of the sodium channel.   Fast inactivation of the 

channel is regulated by the inactivation gate loop connecting homology domains 

III and IV.  The highly conserved ankryin G binding domain is present in the 

intracellular loop between domains II and III, important for proper localization in 

neurons.  Sodium channel activity is regulated by phosphorylation by PKA (red 

squares) and PKC (red circles).  Several para mutations in Drosophila have been 

identified molecularly (grey diamonds).  The β subunit (TipE) is an accessory 

protein necessary to generate physiologically correct gating kinetics of sodium 

channel activation and inactivation.  In Drosophila, TipE is important for 

expression of para in the Xenopus heterologous expression system (Warmke et 

al., 1997).  A mutation of a highly conserved methionine residue in the S2 

segment of homology domain III is identified in Shu mutants (yellow star).        
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Neuronal sodium channels and disease 

The mammal genome contains nine individual genes which encode for the 

sodium channel α-subunit as well as four encoding for the auxiliary β-subunits.  

Many of these genes are expressed either in the CNS, peripheral nervous 

system (PNS) or both (George, 2005).  Mutations in the sodium channel α-

subunit genes SCN1A and SCN2A and the β-subunit gene SCN1B cause a 

classification of epilepsy syndromes called generalized epilepsy with febrile 

seizures plus (GEFS+).  These disorders are characterized by repeated 

occurrences of febrile seizures during childhood that can persist beyond six 

years of age. (Kamiya et al., 2004, Pineda-Trujillo et al., 2005, Scheffer et al., 

2007).  A more severe epileptic syndrome called severe myoclonic epilepsy of 

infancy (SMEI) has also been found to be caused by mutations in SCN1A. 

Over 100 mutations have been identified in the gene SCN1A.  As one 

might expect, missense mutations in this gene are mostly associated with the 

less severe GEFS+ syndromes (Escayg et al., 2000, Abou-Khalil et al., 2001, 

Wallace et al., 2001).  Where as more harmful mutations found in human sodium 

channel genes (i.e. nonsense or frame- shifts) have been most associated with 

patients diagnosed with SMEI (Ohmori et al., 2002, Sugawara et al., 2002). 

Several other sodium channel α-subunit genes have been implicated in 

more mild disorders.  For instance, mutations in the α-subunit gene SCN9A have 

been linked to patients with peripheral primary erythermylgia, a rare autosomal 

dominant disorder characterized by episodes of severe pain, redness and 

warmth in the extremities (Yang et al., 2004).  Sodium channel, voltage-gated, 
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type 9, alpha subunit (SCN9A) causes this disorder by affecting both sensory 

and sympathetic neurons in the PNS.  In addition, mutations in Sodium channel, 

voltage-gated, type 8, alpha subunit (SCN8A) in the mouse result in movement 

disorders which include: tremors, dystonia and ataxia (Meisler et al., 2001).  A 

genetic screen in patients with inherited or sporadic ataxia identified a truncation 

mutation that may cause a loss of SCN8A function, bolstering the evidence from 

the murine system (Trudeau et al., 2004).  Furthermore, SCN8A has been 

associated with BPD patients in the Han Chinese population (Wang et al., 2008) 

as well as causing sleep abnormalities in mice carrying mutations in this gene 

(Papale et al., 2010).  These data suggest that mutations affecting sodium 

channel function may play a role in the pathophysiology of several psychiatric 

and neurological disorders including epileptic syndromes.   

Sodium Channels and Drosophila 

As mentioned above, mammalian genomes contain nine genes that 

encode sodium channel α-subunit isoforms.  These sodium channel genes all 

have unique expression patterns, developmental timing and gating properties in 

different cell types and tissues.  Furthermore, mammals also have four individual 

genes that express the sodium channel β1 or β2 subunits, respectively.  These 

combinations allow for the expression of a myriad of channels, each with unique 

electrophysiological functions in an effort to cater to the needs of the many 

neuronal subtypes present in the CNS of higher organisms (Catterall, 2000, 

Goldin et al., 2000, Yu and Catterall, 2003).  However, insects appear to only 

carry a single gene encoding for the large α-subunit.  In Drosophila, this gene is 
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annotated as CG9907 and commonly referred to as paralytic (para) due to the 

phenotypes first identified in mutant alleles of the sodium channel (Fahmy and 

Fahmy, 1960, Grigliatti and Suzuki, 1970).  This α-subunit gene is located on the 

X-chromosome of the fly, at cytological region 14D.  The β-subunits in Drosophila 

are likely encoded by the gene temperature-induced paralytic E (TipE) at 

cytological region 64A10 on the third chromosome, which has been shown to be 

essential for the appropriate sodium channel expression levels in the 

heterologous Xenopus oocyte system (Feng et al., 1995, Warmke et al., 1997).  

A number of other genes in the fly genome have been identified which encode 

proteins harboring structural properties indicative of a sodium channel β-subunit. 

These genes are likely to encode other TipE-like isoforms in the fly, which would 

aid the organism by increasing the amount of possible α/β combinations with 

unique functional properties (Derst et al., 2006). 

To compensate for the lack of individual sodium channel isoform genes 

found in mammals, Drosophila employs several strategies in an effort to 

overcome this genomic limitation.  First, evidence from several studies using the 

adult fly and late-stage embryos has provided concrete evidence that the para 

transcript undergoes extensive alternative-splicing (Olson et al., 2008, Lin et al., 

2009).  In the adult fly 29 distinct splice types were identified, many with unique 

gating properties.  Likewise, in late-stage embryos 27 individual splice types 

were discovered.  Interestingly, only three splice-forms were found to overlap 

between the two developmental stages, suggesting the presence of at least 53 

unique alternatively-spliced isoforms from the same sodium channel gene.  
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Second, functional diversity of para channels is achieved by adenosine (A)-to-

inosine (I) editing which alters the code resulting in changes at the amino acid 

level (Palladino et al., 2000b).  These nucleotide changes are mediated by the 

editase protein Adenosine deaminase acting on RNA (ADAR) (Palladino et al., 

2000a).  Importantly, A to I editing of sodium channels can alter their 

electrophysiological properties (Song et al., 2004).  Finally, a number of post-

translational modifications including sialyl and other types of glycosylation are 

important for proper sodium channel function and may also generate channels 

with unique gating kinetics depending on the modifications present on the 

channel (Loughney et al., 1989, Repnikova et al., 2010). 

Many of the mutations identified in the para locus to date have been 

shown to cause temperature-sensitive paralysis such as parats1, parats115, 

paraST76 and display abnormal electrophysiological properties depending on the 

temperature conditions (Suzuki, 1970, Siddiqi and Benzer, 1976, Wu and 

Ganetzky, 1980).  These alleles are just some of the dozens of para alleles 

discovered which exhibit paralysis after exposure to increased temperatures (30-

38oC).  Most of these temperature-sensitive mutant alleles are thought to be the 

result of hypomorphic sodium channel function.  Indeed, several of the 

temperature-sensitive alleles have been shown to be functionally and genetically 

hypomorphic (Ganetzky, 1984, Stern et al., 1990).  Likewise, many other mutant 

alleles identified are recessive lethal, owing to the essential nature of the para 

gene for Drosophila development and survival (Song and Tanouye, 2007).  The 

only dominant para mutant allele ever reported in Drosophila is Out-Cold (Ocd), 
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which causes cold-induced paralysis and exhibit reduced-sodium currents 

(Lindsay et al., 2008).  Electropysiologically, this mutant displays reduced sodium 

current, which worsens when exposed to low temperatures.  In humans, many 

mutations have been identified in sodium channel genes (e.g. SCN1A and 

SCN2A) that result in increased neuronal excitability.  However, to date, no 

mutations have been identified in the para gene that results in an increase in 

sodium current or increased neuronal excitability.   

Here I sought to identify the primary cause (i.e. the mutated gene) 

responsible for the manifestations of the Shu mutant phenotypes.  I took 

advantage of the powerful genetic tools available in Drosophila to aid me in my 

experiments contained in this chapter.  My results presented here including 

extensive classical meiotic mapping of the Shu locus, genetic-interaction studies 

and implementation of the GAL4/UAS-RNAi system all strongly suggest that the 

Shu mutant is a gain-of-function allele of the voltage-gated sodium channel para.  

Furthermore, sequencing of all para coding exons in Shu has revealed a novel 

mutation at a highly conserved residue, which points to the likely cause of the 

Shu mutant phenotypes observed in my studies.   

Materials and Methods 

Fly stocks and culture conditions 

 Flies were reared at 25°C in a 12 hr light: 12 hr dark cycle, on a 

conventional cornmeal/glucose/yeast/agar medium supplemented with the mold 

inhibitor methyl 4-hydroxybenzoate (0.05 %).  The RNAi lines w1118; P{UAS-para-

RNAi} (GD6131) and w1118; P{UAS-para-RNAi} (GD6132) and w1118 control 
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(VDRC stock number 60000) were a gift from Dr. Daniel Eberl.  The following EY 

lines used for P-element mapping were obtained from the Bloomington Stock 

Center, y1 w67c23 P{EPgy2}EY15418; y1 w67c23 P{EPgy2}AxsEY00887; y1 w67c23 

P{EPgy2}CanA-14FEY08594;  (y1 w67c23 P{EPgy2}CG9902EY05861);  y1 w67c23 

P{EPgy2}Rbp2EY00852;  y1 w67c23 P{EPgy2}CG4239EY01983 and y1 w67c23 

P{EPgy2}easEY01463.  

Mapping procedure 

Meiotic recombination mapping of the Shu mutation was conducted using 

molecularly defined P-element insertion lines essentially as described in (Zhai et 

al., 2003).  First, a white (w) mutation was introduced into the Shu chromosome, 

which was balanced with w FM7.  w Shu/ w FM7 female flies were crossed to 

males with a P-element insertion at 15B1 (y1 w67c23 P{EPgy2}EY15418); 15A1, 

(y1 w67c23 P{EPgy2}AxsEY00887); 14F1 (y1 w67c23 P{EPgy2}CanA-14FEY08594); 14E1 

(y1 w67c23 P{EPgy2}CG9902EY05861); 14C6, (y1 w67c23 P{EPgy2}Rbp2EY00852), 

14C2; (y1 w67c23 P{EPgy2}CG4239EY01983) and 14B7 (y1 w67c23 

P{EPgy2}easEY01463).  In the F1 generation, virgin female flies trans-heterozygous 

for w Shu and the P-insertion (w Shu/w P) were crossed to w males.  In the F2 

generation, recombinants were identified as Shu mutants with orange eyes (w 

Shu P/w) or Shu+ flies with white eyes (w/w).  The projected molecular position 

was calculated from the percentages of recombinants and the molecular insertion 

sites of P-elements in base pairs between each combination of P-element pairs 

flanking either side of the projected lesion site established from earlier mapping.    
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Behavioral analyses 

Reactive climbing assay 

The reactive climbing assay was performed as previously described (Greene et 

al., 2003) using a countercurrent apparatus that was originally invented for 

phototaxis behaviors (Benzer, 1967).  Briefly virgin female flies of each genotype 

were collected shortly after eclosion and wings cut with a micro dissecting scissor 

(LADD Research, Williston, VT) and housed in groups of 20 flies.  After being 

aged appropriately 5 days, groups of 20 flies were placed into one tube (tube #0), 

tapped to the bottom and allowed 15 sec to climb, at which point the flies that 

had climbed were transferred to the next tube.  This process was repeated a total 

of 5 times.  After the fifth trial, the flies in each tube (#0 ~ #5) were counted.  The 

climbing index (CI) was calculated using the following formula:  CI = Σ(Ni x i)/(5 x 

ΣNi), where i and Ni represent the tube number (0-5) and the number of flies in 

the tube, respectively.  At least 5 groups were tested for each genotype or 

treatment unless otherwise noted in the text. 

Video-tracking locomotor analysis 

 Newly eclosed virgin Shu and CS females were collected and wings cut 

with a micro dissecting scissor (LADD Research, Williston, VT). Flies were then 

kept and tested in an environmental chamber at 24.5oC + 0.5 oC and 60-70% 

humidity.  After being aged for 5 days, flies were individually placed into standard 

mating chambers (15mm diameter X 3mm depth) 8 at a time, using a manual 

aspirator and allowed to acclimate for 5 min.  At the end of 5 min fly behavior was 

recorded using a web camera (Logicool Quickcam IM, Logitech, Fremont, CA).  
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The camera was attached with a telephoto lens (HLM35V8E, Honeywell, 

Morristown, NJ) and was mounted 20 cm above the mating chambers.  Images 

were captured at 15 frames/sec for 10 min and analyzed using pySolo, a 

multiplatform for the analysis of Drosophila sleep (Gilestro and Cirelli 2009) to 

track fly locomotion and compute x, y coordinates of individual flies during every 

frame for a total of 9,000 frames.  Locomotor parameters were calculated using 

Microsoft Excel and the following formula =ATAN2 ((X1-X2)*(X3-X2)+(Y1-Y2)*(Y3-

Y2),(X1-X2)*(Y3-Y2)-(Y1-Y2)*(X3-X2)) for turning angle, arctangent for three 

consecutive frames resulting in an angle presented in radians.  Radians were 

converted to degrees and the resulting angle was subtracted from 180 degrees 

to give the outside angle of that the turning flies.  For total distance, Pythagoras's 

theorem was used with the following formula, =SQRT((X2-X1)^2+(Y2-Y1)^2) and 

was summed for all 9000 frames. For velocity, =SQRT((X2-X1)^2+(Y2- 

Y1)^2)/(1/15).  Pixels were converted to millimeters (mm) after calculating 

distance in pixels with Image J compared to actual mm distance of the mating 

chambers.  

Analysis of ether-induced leg shaking behavior 

5 day old flies were introduced into a Drosophila etherizer (Science Kit & 

Boreal Laboratories, Tonawanda, New York).  Flies were exposed to a saturated 

dose of diethyl ether for 10 seconds.  A drop of adhesive was then applied to the 

posterior dorsal thorax of each fly and fixed to a piece of plain white paper in a 35 

mm X 10 mm petri dish.  Flies were then allowed to recover for 2-3 min before 

video recording using a Quickcam connect camera (Logitech) mounted on a 
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Leica MZFLIII stereoscope (Leica Microsystems, Bannockburn, IL).  Images were 

captured at 15 frames/second for 1 min and analyzed using pySolo to generate 

x,y data.  Head movement was tracked by generating a mask (i.e cropping out 

the rest of the image around the selected area) focusing on the anterior lateral 

region of the eye and the background.  This area was selected based on initial 

trials indicating it to be the most consistent region to track head movement 

without picking up antennal motion.  In addition, leg movement was tracked by 

producing a mask selection encompassing the joint between the tibia and tarsus 

of the hind leg.  Special care was taken to only use video where no other 

appendages or body parts entered the tracking mask during the 1 min recording.  

As a positive control for diethyl ether effectiveness, Shu/+ flies were used in 

every anesthesia experiment performed.  Velocity of both head and leg 

movements were calculated using Microsoft Excel and the formula =SQRT ((X2-

X1)^2+(Y2-Y1)^2)/(1/15)  

Analysis of “wing-down and indented thorax”  

 Male and female Shu mutants were collected shortly after eclosion and 

scored 24 hr later as either defective (i.e. wing down and/or indented thorax) or 

normal (wild-type wing posture/thorax). 

DNA sequencing 

Genomic DNA was extracted from Shu/Y (iso40) and CS males.  DNA 

was amplified by Polymerase Chain Reaction (PCR) in a Robocycler® Gradient 

40 Temperature Cycler (Stratagene, La Jolla, California) using primer pairs 

specific for all 31 coding exons of para.  PCR products were cloned using the 
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StrataClone™ PCR Cloning Kit (Agilent technologies).  Clones positive for the 

PCR product insert were submitted to the University of Iowa DNA facility for 

sequencing on either an Applied Biosystems Model 3730 or 3730xl DNA 

sequencer.  Chromatograms were analyzed using FinchTV Version 1.4.0 

(Geospiza Inc.).  DNA reads were aligned using ClustalW (European 

Bioinformatics Institute).   

Statistical Analysis 

For behavioral experiments, statistical comparisons between two groups 

were performed using a two-tailed Student’s t-test assuming unequal variance or 

for non-normally distributed data the Mann-Whitney U test.  Statistical 

significance between multiple groups displaying a normal-distribution was 

determined using One Way ANOVA with Bonferroni t-test comparisons between 

control and treatment groups post hoc.  For those data exhibiting non-normal 

distributions, Kruskal–Wallis One Way ANOVA on Ranks was performed.  

Comparisons between groups or groups versus a control were calculated using 

Dunn's method post hoc.  Data not conforming to a normal distribution are 

represented as box plots.  Statistical analyses were performed using SigmaStat 

for Windows Version 3.11 (Systat Software, Inc., Point Richmond, CA). 
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Results 

The Shu mutation maps to the gene CG9907,  

encoding the voltage-gated sodium channel  

gene paralytic. 

Shu previously mapped at 55.1 with respect to vermilion and forked loci 

(Williamson, 1982).  The position is on the X chromosome distal to the voltage-

gated sodium channel gene paralytic (para; map position 52.1 corresponding to 

the cytological region 14D1-14E1) and proximal to the aspartate 

carbamoyltransferase gene rudimentary (r; map position 55.3 ~ 55.6 

corresponding to the cytological region 14F5-15A1).   

To further narrow down the chromosomal position of the Shu mutation, I 

undertook a recombination-based mapping approach involving molecularly 

defined P-element insertions (Zhai et al., 2003).  I first recombined an eye color 

marker, the white mutation (w) with Shu, and then scored the recombination 

events between the Shu mutation and seven nearby P-element insertions 

containing the w+ minigene.  Calculation of the resulting recombination rates 

revealed that the P-element insertions EY05861 and EY00852, nearest the gene 

CG9907 provided the lowest recombination rates, 0.18 and 0.22%, respectively 

(Table 1).  Furthermore, insertions more molecularly distant in either direction 

from 14E resulted in larger rates of recombination, as expected.  Because the 

molecular distance between the P-element markers were known it was possible 

to identify the exact nucleotide localization of the potential mutation site between 

any combination of two P-elements used in our screen  
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Figure 12.  Schematic diagram of predicted mutation sites after meiotic 

mapping of the Shu locus.  Pairs of molecularly defined P-element insertions 

were used to calculate the proposed mutations site.  P-element insertion sites 

indicated by red triangles.  Brackets indicate the transgene insertion pairs used 

to calculate the mutation site equation derived from Zhai et. al.  Dashed bracket 

indicates a pairing with EY15418, whose insertion site is outside the field of view 

for this diagram.  Red Xs indicate calculations between P-element pairs that 

resulted in an estimation of the mutation site within the para genomic locus, a 

blue X indicates those combinations that resulted in estimation outside of the 

para genomic locus. 
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Table 1.  Recombination rates between Shu and P-element markers 

P-element (inserted 
in/near) 

total 
flies 

parental 
genotype 

recombinant 
genotype 

recombination 
rate 

EY15418 (CG13003) 4214 4007 207 4.91 

EY00887 (Axs) 12881 12780 101 0.78 

EY0859 (CanA-14F) 6763 6730 33 0.49 

EY05861 (CG9902) 6723 6711 12 0.18 

paralytic (CG9907)    -    -   -    - 

EY00852 (rbp2) 8626 8607 19 0.22 

EY01983 (CG4239) 4923 4888 35 0.71 

EY01463 (eas)  7866 7798 68 0.86 
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Figure 13.  Shu mutant phenotypes are improved when placed in a para 

hypomorphic mutant background.  (A) Percentage of 1 day old 

transheterozygous mutant flies displaying morphological defects (e.g. indented 

thorax, wings-down or both).  The total numbers of observed flies are indicated 

by parentheses.  (B) Climbing ability of 5 day old transheterozygous mutant flies.  

Data are average ± SEM of 5 groups of 20 flies.  p<0.001, One Way ANOVA; 

**p<0.01, ***p<0.001, Bonferroni t-test post hoc compared to Shu.  (C) Turning 

angle of 5 day old transheterozygous mutant flies.  n = 24 flies.  p< 0.001, 

Kruskal-Wallis One Way ANOVA, *p<0.05, Dunn's method post hoc compared to 

Shu.  (D) Velocity of 5 day old transheterozygous mutant flies.  n = 24 flies. 

p<0.001, Kruskal-Wallis One Way ANOVA; *p<0.05, Dunn's method post hoc 

compared to Shu.  (E) Velocity of ether-induced head movement in 

transheterozygous mutant flies.  p = 0.049, Kruskal-Wallis One Way ANOVA.  (F) 

Velocity of either-induced hind leg movement in transheterozygous mutant flies.  

For E and F, Shu; n = 10, Shu/paraST76; n = 13, Shu/parats1; n =12, Shu/parats115; n 

=14.   

 

 

 



  
 

  

 
 

80 

80 

 

 

 

 



  
 

  

 
 

81 

81 

(see methods).  With the exception of the transgene EY15418, all combinations 

pairing one insertion distal and one proximal to cytological region 14E resulted in 

an estimated nucleotide location for the mutation residing in the 64 kb CG9907 

locus (Figure 12).  Therefore, our mapping results strongly indicate that the Shu 

mutation must lie in the CG9907 locus, encoding for the voltage-gated sodium 

channel para. 

Shu behavioral and morphological defects are  

suppressed when in a transheterozygous  

combination with para hypomorphic alleles 

To examine the effects of para mutations on the phenotypes of Shu, the 

neurological mutant was crossed to three hypomorphic alleles of para, parats1, 

parats115 and paraST76 (Siddiqi and Benzer, 1976, Ganetzky, 1984).  All three 

alleles have been shown previously to be semi-lethal when heterozygous over 

deletions and inversions that uncover para (Ganetzky, 1984).  I found similar 

results as those originally reported by Ganetzky (data not shown).  I 

hypothesized that if Shu were a hypomorphic or loss-of-function allele of para I 

would see a reduction in the survival or worsening of its phenotypes in the 

resulting Shu para hypomorphic heteroallelic flies.  In contrast, if Shu was a 

hypermorph or gain-of-function allele of para, introduction of a poorly functioning 

para sodium channel gene into the lithium-responsive mutant background should 

improve its morphological and behavioral defects.  In agreement with the latter 

scenario, I found that flies transheterozygous for Shu and the hypomorphic 

alleles showed a decrease in the morphological defects characteristic of Shu 
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females (Figure 13A).  Furthermore, the heteroallelic flies not only exhibited 

improved ability to climb, but a significant reduction in the angle of direction 

change, indicative of a suppression of mutant behavior (Figures 13B, C).  

Examination of ether-induced leg-shaking behavior in the transheterozygotes 

showed only a mild reduction in the velocity of hind leg shaking in Shu/parats1 

and Shu/parats115 mutants, albeit not statistically significant when compared to 

the mutant alone (Figure 13F).  As seen in the other behavioral experiments 

performed, Shu/paraST76 flies were indistinguishable with the mutant alone and in 

some cases worse.  However, a significant improvement was observed in ether-

induced head movement in Shu/parats115 transheterozygotes (Figure 13E).  

Overall, these data support the mapping findings that Shu is likely an allele of 

para.  The fact that many of the mutant phenotypes are improved in combination 

with two of the three para hypomorphic alleles tested, suggests that the Shu 

mutant is likely a gain-of-function allele of the voltage-gated sodium channel 

gene. 

RNAi knockdown of para transcripts in neurons  

rescues the Shu mutant phenotypes 

I investigated further the possibility that the Shu mutant may be a gain-of-

function allele by employing a GAL4/UAS-RNAi system to knockdown para 

transcript levels in the flies.  I crossed two different UAS-RNAi lines (GD6131, 

GD6132, VDRC) carrying a construct targeting the para mRNA to Shu elav-GAL4 

to knockdown para mRNA levels pan-neuronally.  Both UAS-para-RNAi lines 

were found to completely abolish the morphological defects in Shu mutant 
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females and drastically improve phenotypes in Shu males, which display a much 

more severe behavioral and morphological phenotype than females (Figure 14A).  

I next tested the behavior of Shu mutants subjected to para RNAi knockdown 

(KD) and found that their climbing ability (Figure 14B), median turning angle 

(Figure 14C), median velocity (Figure 14D) as well as the tracking traces (Figure 

14G) were significantly improved to near wild-type levels compared to transgenic 

controls.  An investigation of ether-induced leg-shaking behavior revealed that, 

unlike the Shu hypomorphic para allelic combinations, both the leg-shaking and 

head-shaking of Shu transgenic RNAi rescues were dramatically suppressed 

(Figure 14E, F).  Expression of the UAS-para-RNAi in other tissues, such as 

muscle (Myosin-heavy-chain-GAL4) or in glial cells (repo-GAL4) showed no 

improvement in any aspects of the mutant defects examined (data not shown).  

These data, combined with the allelic experiments confirm that Shu must be a 

gain-of-function allele of para, somehow causing increased neuronal activity.   

Shu mutants carry a missense mutation in a  

highly conserved region of para 

 To determine if any potential mutation(s) were present in the para locus of 

the fully isogenized Shu mutant, all coding regions were sequenced.  I found a 

novel G to A transition mutation in exon 24 resulting in the substitution of a 

methionine for isoleucine at the amino acid M1350 of para (para-RA, flybase) 

(Figure 15A).  To validate that this mutation was not introduced during my 

extensive backcrossing, I sequenced and identified the same M1350I mutation in 

the original Shu/FM6 line I had obtained from Dr. Williamson (data not shown).  
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An amino acid alignment of Para with its homolog Sodium channel, voltage-

gated, type 2, alpha subunit (SCN3A) from other species demonstrated that the 

mutated methionine is highly conserved from invertebrates to humans likely 

owing to its importance in sodium channel function (Figure 15B).  The M1350I 

mutation lies in the transmembrane segment S2 in homology domain III of the 

sodium channel (Figure 11, yellow star).  In addition, a tri-nucleotide insertion in 

the C-terminal domain of para was identified in Shu.  This GGC insertion results 

in the addition of an extra alanine residue in a 14 amino acid segment of 

alanines.  This region of the sodium channel protein was not evolutionarily 

conserved in organisms.  Furthermore, it is not even conserved in closely related 

Drosophila species (data not shown).  This finding suggests that the addition of 

an extra alanine in this C-terminus region is not likely to have a deleterious effect 

on the fly.    

Discussion 

In this study I employed a straight-forward recombination based mapping 

strategy to aid in the identification of the Shu mutation.  Using this technique I 

screened over 50,000 flies for recombination events between the eye color 

markers and the dominant, fully penetrant Shu phenotypes.  Subsequent genetic 

experiments using para hypomorphic alleles and RNAi knockdown of para in the 

Shu mutant background strongly indicates the Shu is a gain-of-function allele of  

the voltage-gated sodium channel para.  Furthermore, a novel mutation resulting 

in a methionine to isoleucine change in the S2 transmembrane segment of 

homology domain III has been identified as the likely lesion that alters sodium  
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Figure 14.  RNAi Knockdown of para in neurons rescues all aspects of the 

Shu mutant phenotypes.  (A) Percentage of 1 day old mutant flies displaying 

morphological defects (e.g. indented thorax, wings-down or both.  Number of flies 

scored indicated in parentheses (first value, females; second value, males).  Line 

1 (UAS-para-RNAi GD6132, VDRC), Line 2 (UAS-para-RNAi GD6131, VDRC).  

(B) Reactive climbing of 5 day old mutant flies.  Data are average CI ± SEM of ≥ 

5 groups of 20 flies per genotype tested.  p<0.001, One Way ANOVA; 

***p<0.001, Bonferroni t-test post hoc.  (C) Median turning angle of 5 day old 

flies.  p<0.001, Kruskal-Wallis One Way ANOVA on Ranks; *p<0.05, Dunn's 

method post hoc.  (D) Median velocity of 5 day old mutant flies.  n = 24 flies per 

genotype.  p<0.001, Kruskal-Wallis One Way ANOVA on Ranks; *p<0.05, Dunn's 

method post hoc.  (E) Median velocity of ether-induced head movement in 

mutant flies.  n =10 flies.  p<0.001, Kruskal-Wallis One Way ANOVA on Ranks; 

*p<0.05, Dunn's method post hoc.  (F) Median velocity of either-induced hind leg 

movement in transheterozygous mutant flies.  n = 10 flies.  p = 0.015, Kruskal-

Wallis One Way ANOVA on Ranks; *p<0.05, Dunn's method post hoc.  (G) 

Representative 1 min traces of mutant locomotion.  
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Figure 15.  Identification of a novel mutation in a highly conserved residue 

in Shu mutants.  (A) DNA sequencing chromatogram identifying a G to A 

transition mutation at nucleotide position 4,050 according to the paraRA cDNA 

transcript.  This mutation results in a methionine to isoleucine at M1350I.  (B) 

Protein alignment of Para with the neuronal sodium channel SCN3A in other 

species.     
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channel function in the mutant.  My mapping of the Shu mutation was carried out 

using a well-established P-element mapping scheme used to successfully map 

several other mutations in Drosophila (Zhai et al., 2003, Lindsay et al., 2008).  

Utilizing calculations adapted from Zhai et al., every combination of flanking P-

element markers tested, with the exception of EY15418, resulted in an estimated 

nucleotide position of the mutation inside of the para genomic locus.  The 

transgene EY15418 is inserted just 3' of CG13003, located 349 kb distal of para.   

 In contrast, the second furthest P-element from para, EY01463 resulted in 

a recombination rate of 0.86%.  EY01463 is only 217 kb from the center of the 

para locus.  If one divides the molecular distance of EY15418 by that of 

EY01463, the difference is a 1.6 fold increase in distance.  Thus one would 

estimate that the recombination rate of EY15418 should be ~1.38%.   However, 

the actually recombination rate for EY15418 is 3.5 fold higher.   

One explanation is that this particular genomic location maybe a region of 

increased meiotic recombination.  It is well established in other organisms from 

human to yeast that particular genomic regions coined "hotspots" exhibit large 

increases in recombination frequency compared with the surrounding genomic 

landscape (Steinmetz et al., 1986, Grimm et al., 1989, Farah et al., 2002, Yao et 

al., 2002).  However, obvious evidence for such regions in Drosophila have been 

absent, although it is known that certain areas in the genome do exhibit different 

levels of recombination (Begun and Aquadro, 1992).  Another possibility is that 

the P-element transgenic insertion EY15418 is not annotated to the correct 

molecularly-defined position on the chromosome.  Testing for this possibility 



  
 

  

 
 

90 

90 

could be achieved using the well-established technique, inverse PCR using 

primers specific to this particular transgenic construct.  Nevertheless, 10 of the 

12 calculations made between flanking P-element pairs resulted in an estimated 

location of the mutation within para. 

To test that Shu maybe a mutant allele of the voltage-gated sodium 

channel I combined the mutant with three different hypomorphic para alleles, 

paraST76, parats1 and parats115 (Suzuki, 1970, Siddiqi and Benzer, 1976).  As 

previously reported, I found that all mutants became paralyzed at their particular 

restrictive temperatures (data not shown).  Likewise, when I placed these 

hypomorphic mutants in combination with a para recessive lethal allele, there 

was a stark reduction in the number of heteroallelic female progeny eclosing 

(data not shown).  As previously reported, this indicates that even at permissive 

temperatures (i.e. <25oC), these temperature-sensitive para alleles show 

hypomorphic function (Ganetzky, 1984).   

I found that the many aspects of the Shu mutant defects were significantly 

improved when placed in combination with either parats1 or parats115 (Figure 13).  

Morphological defects in these two transheterozyous mutant flies were reduced, 

reactive climbing ability was improved and the turning angle and velocity were 

reduced compared to Shu alone.  Though, a significant reduction in the velocity 

of leg-shaking and head movements upon recovery from ether anesthesia was 

only observed in Shu/parats115 mutants.  This finding is reasonable when one 

considers that these flies exhibited the strongest reduction in morphological 

defects and decreases in locomotor parameters analyzed using the video 
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tracking systems.  Interestingly, the heteroallelic combination of Shu with paraST76 

did not rescue any of the morphological or behavioral phenotypes of the lithium-

responsive mutant.  In fact, a closer examination of ether-induced leg-shaking 

behaviors and video tracking locomotor analysis of this mutant combination, 

indicated that it may actually make the behavioral phenotypes of Shu slightly 

more severe (Figure 13C, D, F).   

A careful interpretation of the above results are challenging due to the fact 

that the exact molecular lesions in paraST76 and parats115 have not been identified.  

However, a study looking at parats1 and paraST76 neurons from embryonic 

cultures using electrophysiological techniques showed that only 2% of neurons 

from paraST76 embryos expressed a detectable sodium current compared to 

~50% for parats1 (O'Dowd et al., 1989).  This finding may help explain the lack of 

improvement observed in Shu/paraST76 flies.  If little or no sodium current is 

produced from the paraST76 derived sodium channels, then the only functional 

channels would be those coming from the Shu para locus.  Much like the 

situation found in Shu/Y males who only carry the Shu gain-of-function allele, 

Shu/paraST76 mutants would show more severe defects because a larger 

percentage of the sodium channels expressed would exhibit increased activity.  

This is exactly what I have observed.  Whereas, in Shu/parats115 and Shu/parats1 

a balance between sodium channels with increased sodium current and those 

with reduced sodium current may result in a net effect of the final neuronal output 

along the neuronal membrane and at the synapse.  However, the relatively good 

health of the paraST76 homozygous mutant flies argues against the observation of 
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a very low percentage of neurons exhibiting sodium channel current in embryonic 

cultures and complicates the net output model proposed above. 

Next, I found that knockdown of para transcript levels in Shu neurons 

using the GAL4/UAS system, drastically improved all behavioral and 

morphological defects observed in the mutant (Figure 14).  Importantly, I could 

also rescue the phenotypes in Shu males, who show a much more severe 

phenotype than females due to the fact that Shu is located on the X chromosome 

and Shu males are therefore hemizygous for the Shu para locus.  It is important 

to note that a third UAS-para-RNAi line (KK104775) was found to be lethal when 

driven using the pan-neuronal driver elav in wild-type flies, indicating a strong 

reduction in sodium channel expression sufficient to cause lethality (data not 

shown).  In contrast, wild-type flies expressing either GD6131 or GD6132 

exhibited delayed eclosion and some lethargy as adults, but otherwise appeared 

healthy.  Examination of para transcripts in these flies using qRT-PCR would 

help to validate these observations.  Therefore, the UAS-para-RNAi lines 

GD6131 and GD6132 used in this study likely cause a more mild reduction in 

para levels, causing a similar effect as seen in the transheterozygous Shu para 

temperature-sensitive flies. 

Sequencing of all the protein-encoding exons of para revealed a G to A 

transition mutation in exon 24 of the sodium channel α subunit gene.  This 

mutation results in a missense mutation of a conserved methionine to an 

isoleucine in the S2 transmembrane segment of homology domain III.  The 

potential of this M1350I missense mutation to be deleterious to proper sodium 
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channel function is strengthened by several lines of evidence.  First, this M1350I 

mutation is at a residue found to be conserved throughout evolution (Figure 15B) 

and is present in all nine single sodium channel α subunit genes in humans (data 

not shown).  Second, many of the lesions which cause epileptic syndromes like 

GEFS and SMEI in humans have been found to be concentrated in the 

transmembrane segments of the protein (Meisler and Kearney, 2005).  Lastly, a 

recent study has shown that oxidation of conserved methionine residues in the α 

subunit sodium channel protein Nav1.4 resulted in an inhibition of channel 

inactivation (Kassmann et al., 2008).  These data suggest that the M1350I 

mutation may mimic methionine oxidation and inhibit inactivation, resulting in the 

increased neuronal excitability observed in Shu.  

Overall, the data presented in this chapter strongly indicates that the 

lithium-responsive neurological defects in Shu are caused by a gain-of-function 

mutation in the voltage-gated sodium channel para.  To best of my knowledge, 

this is the first sodium channel mutation identified in Drosophila which results in 

increased sodium channel activity.  It will be interesting to perform functional 

studies of this mutated sodium channel to determine the exact 

electrophysiological properties which are responsible for increased para function 

in the Shu mutant.     
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CHAPTER III 

IDENTIFICATION OF GENES FUNCTIONALLY INTERACTING WITH 

SHUDDERER 

Introduction 

Microarray analyses and lithium  

 The effect of the mood-stabilizing ion lithium, on gene expression has 

been extensively studied in humans, mammals and cell culture (Brandish et al., 

2005, McQuillin et al., 2007, Seelan et al., 2008, Fatemi et al., 2009).  However, 

as is often the case with microarray expression studies, data between studies 

has not yielded consistent results, diminishing the validity of the target genes 

identified.   

 Drosophila offers a couple of advantages that make it ideal for performing 

gene expression profiling.  First, its quick generation times allows for the ability to 

extensively backcross flies to isogenize their genomes.  Thus, a comparison 

between different strains, mutants or environmental conditions allows for data not 

significantly affected by variability in genetic background.  Second, mRNAs can 

be extracted from large sample sizes using hundreds or thousands of flies, 

reducing problems in variability that may become problematic using vertebrate 

model organisms due to limited access to an adequate number of biological 

samples. 

 Given the advantages that Drosophila can provide, I performed gene 

expression analyses on Shu and CS after 24 hr of treatment with either standard 

fly food or food containing 50 mM LiCl.  Total RNA was isolated from the heads 
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of the flies and subjected to microarray analysis consisting of three biological 

replicates for each genotype using Affymetrix GeneChip® Drosophila Genome 

2.0 Arrays.  Each chip is composed of 18,800 probe sets representing over 

18,500 transcripts.  The three replicates showed high correlation coefficients 

(R>0.93), indicating that the experimental data were sufficiently reproducible.   

To the best of my knowledge, this is the first known gene expression 

profiling ever performed on Drosophila flies after treatment with mood-stabilizing 

compounds.  In addition, many homologues of genes implicated in human 

disease are present in the fly genome, making this sort of gene expression 

analysis a worthwhile endeavor (Fortini et al., 2000).  Therefore, it is likely that 

the results presented here and those already published (Kasuya et al., 2009a) 

will aid in the identification of novel targets of lithium action in the vertebrate 

system. 

Drosophila genetic screens 

 For over a century, Drosophila has been at the forefront of biomedical 

research from its humble beginnings in the lab of Morgan (Allen, 1978), through 

sequencing of its entire genome, to the ability to control gene expression both 

spatially and temporally in the fly.   However, its most important attribute as a 

model organism has been its ability to be utilized as an agent for the identification 

of mutations causing preselected phenotypes, by way of unbiased forward 

genetic screening.  Early on, many genetic screens were performed using the 

mutagen ethyl methanesulfonate (EMS) to generate point mutations.  Although 

this method has been valuable, the identification of the point mutation(s) 
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responsible for the mutant phenotypes can prove difficult and laborious.  Another 

commonly used screening strategy, involves the use of P-element transposons 

as mutagens, which insert themselves at random throughout the genome.  One 

advantage of this method is that it allows for easier identification of mutated 

genes using inverse PCR.  However, P-element transposon mutations are 

usually not nulls, as many prefer to insert in non-coding up-stream regions of 

genes (Kelley et al., 1987).  As a result, these insertion mutations are often 

hypomorphic or have no effects altogether.  Therefore, it can be difficult to 

identify mutated genes which require a severe reduction or alteration in function 

to observe a phenotype.  An alternative screening solution to those mentioned 

above, called a deficiency screen, can be employed to quickly survey the entire 

genome looking for genomic regions containing genes functionally interacting 

with a particular mutant of interest. 

 A deficiency is a genomic deletion that can cover anywhere from tens of 

thousands of bases up to several mega bases in length.  Over several decades, 

the collection of deficiencies now available to the fly community now covers more 

the >92% of the genome (Ryder et al., 2007).  Using these large deficiencies, 

one can quickly screen through the entire genome using a relatively small 

amount of fly lines, looking for genes that functionally interact with a mutant of 

interest.  The premise for this screen is that if a gene interacts with the mutant 

examined, than reduction in that gene's expression by 50% will either enhance or 

suppress the mutant of interest's phenotype, revealing their interaction.  Owing 

the effectiveness and relevance of using deficiencies with regards to genetic 
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screening, many labs have recently employed deficiency screens to identify 

genes interacting with their gene of interest (Jattani et al., 2009, Shao et al., 

2010, Wright et al., 2010). 

 In this chapter, I sought to identify novel genes functionally interacting with 

the gain-of-function sodium channel mutant, Shu.  Gene expression arrays using 

mRNA from both CS and Shu female flies with and without lithium treatment 

revealed that the calcineurin α-subunit gene, CanA-14F and several antimicrobial 

peptide genes were significantly up-regulated in the mutant.  Furthermore, the 

increased expression levels of these antimicrobial peptide genes were 

attenuated by administration of a diet containing lithium.  Lastly, a rigorous 

deficiency screen covering most of the autosomes in Shu resulted in the 

identification of cytological region 53D-F on the second chromosome as a region 

containing a gene or genes that strongly suppresse the Shu phenotypes.  

Subsequent RNAi knockdown of genes in this region revealed that a reduction in 

the expression level of the glutathione S transferase gene, GstS1, significantly 

improved the Shu phenotypes.     

Materials and Methods 

Fly stocks and culture conditions 

 Flies were reared at 25°C in a 12 hr light: 12 hr dark cycle, on a 

conventional cornmeal/glucose/yeast/agar medium supplemented with the mold 

inhibitor methyl 4-hydroxybenzoate (0.05 %).  UAS-nlat1 and UAS-nlat2 were 

kindly provided by Dr. Kyung-Tai Min (Indiana University).  The P-element lines 

y1 w67c23 P{EPgy2}EY09066 and y* w* P{GawB}NP6106 / FM7c were obtained 
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from Bloomington Stock Center.  The following RNAi lines were obtained from 

the Vienna Drosophila RNAi Center (VDRC), UAS-CG8950-RNAi (GD36069), 

UAS-CG8964-RNAi (KK103485), UAS-CG30460-RNAi (KK105307), UAS-

CG6967-RNAi (KK105899), UAS-CG6984-RNAi (KK110411), UAS-CG9850-

RNAi (GD46582) and UAS-GstS1-RNAi (GD16335).  All Deficiency stocks for the 

second and third chromosomes for the suppressor screen were obtained from 

the Bloomington Stock Center 

Reactive climbing assay 

 The reactive climbing assay was performed essentially as previously 

described (Greene et al., 2003) using a countercurrent apparatus that was 

originally invented by (Benzer, 1967).  Briefly, groups of 20 flies were placed into 

one tube (tube #0), tapped to the bottom and allowed 15 sec to climb, at which 

point the flies that had climbed were transferred to the next tube.  This process 

was repeated a total of 5 times.  After the fifth trial, the flies in each tube (#0 ~ 

#5) were counted.  The climbing index (CI) was calculated using the following 

formula:  CI = Σ(Ni x i)/(5 x ΣNi), where i and Ni represent the tube number (0-5) 

and the number of flies in the tube, respectively.  At least 5 groups were tested 

for each genotype or treatment. 

Analysis of “wing-down and indented thorax” 

 Male and female collected shortly after eclosion and scored 24 hr later as 

either defective (i.e. wing down and/or indented thorax) or normal (wild-type wing 

posture/thorax).  
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Microarray and RT-PCR analyses 

 One day-old CS females were kept in a vial containing the regular 

cornmeal-based food with or without 50mM LiCl for 24 hr.  Their heads were cut 

on dry ice block and stored at -80°C until use.  Total RNA was extracted from 

75~100 fly heads using the TRIzol Reagent (Invitrogen, Carlsbad, CA) followed 

by an RNeasy (Qiagen, Valencia, CA) cleanup step and DNase I digestion.  The 

RNA was resuspended in DEPC-treated water and subjected to microarray 

analysis.  Three independent RNA samples were prepared and analyzed for 

each treatment group.  Microarray experiments were carried out at the 

Translational Genomics Research Institute (Phoenix, Arizona) using the 

Affymetrix Drosophila Genome 2.0 Arrays (Affymetrix, Santa Clara, CA).  Image 

data were quantified by using the genechip-operating software Affymetrix GCOS 

v1.4.  Gene expression data were analyzed using GeneSpring software.  The 

comparisons were made between signals for CS and Shu/+ with or without 

lithium treatment using Welch’s t-test.  Three independent samples were 

prepared for each genotype.  

For semi-quantitative RT-PCR, RNA was extracted using the same 

methods as described above and single-strand cDNA libraries were synthesized 

with DNase I-treated RNA using Superscript III reverse transcriptase kit 

(Invitrogen, Carlsbad, CA). 5’-TTCGCTAAGCAGTAGCTGCGAC-3’ and 5’-

GTTAACACGCAGGCGACGGAA-3’ for rp49 as a control.  Transcript levels were 

quantified by running the PCR products on an agarose gel and analyzing the 

pixel intensity of the bands using Image J software (NIH). 
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Quantitative real-time polymerase chain reactions (qPCR) were performed 

using the TaqMan MicroRNA Assay kit with primers specific to CanA-14F  

(Dm02542296_s1 )(Applied Biosystems Inc., Foster City, CA, USA)) following the 

manufacturer’s instructions.  Each qPCR assay was conducted in triplicate using 

cDNA derived from 10 ng total RNA from a biological replicate. Differences in the 

expression level of CanA-14F in different genotypes were calculated using the 

ΔΔCt method (Livak and Schmittgen, 2001).  Samples were normalized using the 

ribosomal protein 49 (rp49) RNA as an endogenous control (Dm02151827_g1).  

Dilution curves were generated for both the CanA-14F and rp49 primer sets to 

ensure the amplification efficiencies for both were similar to allow for an accurate 

comparison using the ΔΔCt method.    

Whole-mount RNA in situ hybridization 

Both adult and larval brains were dissected in PBS and tissues were fixed 

with 4% paraformaldehyde in PBS for 30 min at room temperature.  Samples 

were washed three times in  PBS containing 0.3% Tween 20 and then incubated 

in hybridization buffer (5X SSC, 50% formamide, 150mM Tris-HCl pH 7.5, 1.5mM 

EDTA) for 2 hr at 50oC.  Samples were then incubated in hybridization buffer 

containing 0.1 μg/ml sense or antisense RNA probe overnight at 52oC.  The 

brains were washed two times using wash buffer (1X SSC, 50% formamide, 

10mM Tris-HCl pH 7.5, 50mM EDTA) for 1 hr at 52oC.  Signals were detected 

immunohistochemically with anti-digoxigenin antibodies conjugated with alkaline 

phosphatase (Roche, Nutley, NJ) using NBT/BCIP (Roche, Nutley, NJ) as 

substrates.  Digoxigenin-labeled RNA probes for CanA-14F were generated 
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using the MAXIscript SP6/T7 in vitro transcription kit (Applied Biosystems, 

Carlsbad, CA) according to the manufacturer instructions.  The primers, 

5CCG9819F; 5’-GGAGGAGGGCCAGAAATCACTGT-3’ and 3CCG9819R; 5’-

CTGGACCAACCGGATCCCTAGA-3’ were used to generate a CanA-14F 

specific DNA template (based on Affimetrix probe set) for Digoxigenein (DIG)-

labeling reactions. 

Deficiency screen for suppressors of Shudderer 

 Shu/FM7 females were crossed to males harboring deficiency 

chromosomes covering the second and third chromosomes.  The resulting F1 

Shu/+; Df(2)/+ or Shu/+; Df(3)/+ females were scored using two separate 

parameters.  The first parameter involved scoring the females for any 

morphological defects.  Flies were considered to be defective if they exhibited: 

down-turned wings, an indentation of the dorsal thorax, or both.  The second 

parameter for screening involved subjecting the Shu/+; Df/+ females to a reactive 

climbing assay as described in Materials and Methods.  Those genomic deletions 

that resulted in a suppression of morphological defects, improvement in climbing 

ability or both, were re-crossed to Shu/FM7 to confirm the initial findings.  Once 

established as a potential suppressor region, smaller, molecularly-defined 

deficiencies covering the original genomic regions were obtained from the 

Bloomington Stock Center and were again screened for morphological defects 

and climbing ability.  When the region of interest was reduced to a manageable 

size, RNAi lines were obtained from the Vienna Drosophila RNAi Center, specific 

for genes in the suppressor region.  
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Statistical analysis 

The gene expression data were analyzed using GeneSpring software.  

The comparisons were made between two genotypes.  Lists were filtered for the 

genes that were present in all three independent samples of at least one of the 

two genotypes.  Genes that had a fold change > 2 with P-value < 0.05 (Welch t-

test) were discussed in this study.  For behavioral experiments, statistical 

comparisons between two groups were performed using a two-tailed Student’s t-

test assuming unequal variance.  Statistical significance between multiple groups 

was determined using One Way ANOVA with Holm-Sidak comparisons between 

control and treatment groups post hoc.  Specifically for the shuddering assays, 

One Way ANOVA on Ranks and Dunn’s method comparisons were performed 

post hoc, due to non-normal distribution of the data.   Statistical analyses were 

performed using SigmaStat for Windows Version 3.11 (Systat Software, Inc., 

Point Richmond, CA). 

Results 

Microarray analysis of Shu mutant gene expression  

reveals the up-regulation of CanA-14F and  

immune response genes 

 To gain insights into the molecular mechanisms that underlie the lithium-

responsive neurological phenotypes of Shu, we investigated the effect of the Shu 

mutation on genome-wide gene expression by performing microarray-based 

gene profiling.  We used the Shu stock outcrossed to the CS strain 18 times to 

identify alterations in transcript levels caused by the Shu mutation.  Three 
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biological replicates were tested for each genotype using Affymetrix GeneChip® 

Drosophila Genome 2.0 Arrays.  Each chip is composed of 18,800 probe sets 

representing over 18,500 transcripts.  The three replicates showed high 

correlation coefficients (R>0.93), indicating that the experimental data were 

sufficiently reproducible. 

In this study, we analyzed the gene expression data using the GeneSpring 

software and focused on genes that were detected in all three replicates for 

either wild-type or Shu mutant flies, excluding genes expressed only at a very 

low level in both genotypes.  Among those consistently expressed genes, 17 

genes displayed a significant difference (p<0.05) in transcript levels with a fold 

change greater than 2 between the wild-type and Shu mutant flies (Table 2).  

Fourteen and three genes were up and down-regulated, respectively, in Shu 

mutants compared to CS flies. 

One of the 14 genes that were significantly up-regulated in Shu mutants 

was Calcineurin A-14F (CanA-14F), which encodes a catalytic subunit of 

calcineurin, Ca2+/calmodulin-activated Ser/Thr protein phosphatase.  The CanA-

14F transcript is up-regulated in Shu 2.2-fold with a P-value of 0.0109.  

Calcineurin is composed of a catalytic A subunit (Mr ~60 kDa) and a regulatory B 

subunit (Mr ~19kDa).  The Drosophila melanogaster genome has three genes 

that encode calcineurin A catalytic subunits; Calcineurin A1 (CanA1), Protein 

phosphatase 2B-14D (Pp2B-14D), and CanA-14F.  In addition, Calcineurin B 

(CanB) and Calcineurin B2 (CanB2) encode for the regulatory B subunit.  Of 

these 5 calcineurin genes, only CanA-14F was differentially regulated in Shu 
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mutants compared to wild-type flies.  The microarray data showed that fold 

differences between Shu and CS in mRNA levels of CanA1, Pp2B-14D, CanB 

and CanB2 are 0.97, 0.87, 0.96 and 1.03, respectively (Table 3).  Based on the 

analysis of the Drosophila melanogaster genome (http://flybase.org/), CanA-14F 

is localized to the region 14F (sequence coordinates: 16,459,506-16,481,160) on 

the X-chromosome near the predicted site of the Shu mutation.  When comparing 

Shu mutants and CS flies, the transcript levels of genes localized between para 

and r were either not significantly different (fold change greater than 2 and p< 

0.05) or below the detection limit.   

 As presented in Chapter 2, Shu is a gain-of-function allele of the voltage-

gated sodium channel para, whose expression is mainly restricted to the nervous 

system.  Therefore, genes functionally interacting with para will also likely be 

present in neurons.  To determine if CanA-14F is expressed in the fly CNS, I 

performed whole mount RNA in situ hybridizations for CanA-14F on both adult 

and third instar larval brains.  With an antisense RNA probe for CanA-14F, 

widespread signals were detected in the third instar larval brain (Figure 16A).  In 

the adult brain, CanA-14F mRNA was detected in those regions containing 

neuronal cell bodies, with relatively stronger signals in the lateral regions of the 

central brain (Figure 16C).  No CanA-14F in situ hybridization signal was 

observed in the adult optic lobe (Figure 16C).  Under the same staining 

conditions, a sense RNA probe did not show positive signals either in the larval 

or adult brains (Figure 16B and 16D), demonstrating the specificity of the signals 

generated with the antisense probe.   
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*Genes listed correspond to >2 fold change in mRNA level, signal present on all 

three chips for either wild-type or Shu RNA samples and had a p-value of <0.05.  

Gene ranking is based on amount of fold change, p-value was determined by 

Welch’s t test. 

 

Table 2.  Genes differentially* expressed in Shu compared to CS 

gene symbol fold change p-value function 

DptB ↑12.2 0.0343 defense response (AMP) 

AttC ↑8.94 0.0471 defense response (AMP) 

CecC ↑8.22 0.0423 defense response (AMP) 

AttB ↑7.99 0.017 defense response (AMP) 

CG31809 ↑6.57 0.00089 steroid dehydrogenase activity 

AttA ↑6.31 0.0172 defense response (AMP) 

 Ste12DOR ↑3.33 0.0342 protein kinase CK2 activity 

CecB ↑3.17 0.0159 defense response (AMP) 

PGRP-SB1 ↑2.78 0.03 defense response  

CG13335 ↑2.31 0.0246 unknown 

CanA-14F ↑2.21 0.0109 serine/threonine phosphatase 

CG32368 ↑2.20 0.00278 unknown 

Ccp84Aa ↑2.13 0.000836 chitin structural component 

CG31272 ↑2.04 0.0283 transporter/lipase actvity 

     

CG9377 ↓14.3 0.0488 serine-type endopeptidase activity 

CG31116 ↓3.57 0.0163 voltage-gated chloride channel 

Nox ↓2.28 0.0174 oxidoreductase activity 
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Table 3.  Expression levels of calcineurin subunit genes in Shu 
calcineurin 
subunit gene 

cytological location fold change 

CanA1 100B1 0.97 

Pp2B-14D 14E1-14E3 0.86 

CanA-14F 14E3-14F1 2.21 

CanB 4F5 0.96 

CanB2 43E16 1.03 
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 These results were consistent with the data reported in FlyAtlas, an online 

microarray-based atlas of gene expression in multiple tissues of adult Drosophila 

(http://www.flyatlas.org/) (Chintapalli et al., 2007).  FlyAtlas shows that CanA-14F 

is present and relatively enriched in the adult CNS.  Although my microarray 

analysis and RT-PCR experiment clearly indicated up-regulation of CanA-14F in 

the head of Shu mutants compared to CS flies, the in situ hybridization analysis 

was not able to detect either quantitative or qualitative differences in CanA-14F 

mRNA expression in the brains from Shu mutants and wild-type flies (data not 

shown).  This is probably due to the less quantitative nature of in situ 

hybridization techniques compared to microarray and RT-PCR analyses. 

Overexpression of an inhibitor of calcineurin 

reduces the severity of the Shu phenotypes 

 The Drosophila gene sarah (sra), also known as nebula (nla), is an 

ortholog of the human Down’s syndrome critical region 1 gene (DSCR1) and 

encodes an endogenous inhibitor of calcineurin (Fuentes et al., 2000, Ejima et 

al., 2004).  I hypothesized that if increased CanA-14F expression was involved in 

the manifestations of the Shu mutant phenotypes, that overexpression of nebula 

would decrease calcineurin activity, thus rescuing the mutant defects.  To test 

this hypothesis, I generated a double transgenic fly with two independent 

insertions of a UAS-nebula construct (designated UAS-nlat1 and UAS-nlat2).  

These transgenic lines have been shown to be sufficient to drive increased 

expression of nebula in flies (Chang et al., 2003).  I found that expression of 

these UAS-nla lines in Shu, driven ubiquitously or in neurons, was sufficient to 

http://www.flyatlas.org/�
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significantly lower that percentage of female flies displaying morphological 

defects (Figure 17A).  When nla was expressed in muscle, glia or adipose 

tissues, no significant improvement in morphological defects were observed 

(Figure 17).  These data suggest that a reduction of calcineurin activity is 

sufficient to improve Shu morphology.  Furthermore, although other calcineurin 

subunit genes are expressed in the non-neural tissues, inhibiting their enzymatic 

activity in glia or muscles didn't rescue the morphological defects observed in 

Shu.  This suggests that the inhibition may be specific to CanA-14F, whose 

expression is restricted to the nervous system (http://www.flyatlas.org/).  

Interestingly, expression of nla was not sufficient to rescue the reactive climbing 

defects in Shu, despite the strong improvements in anatomical defects (Figure 

17B).  Overall, these results suggest that calcineurin activity may play a role in 

the manifestations of the Shu phenotypes. 

Hypomorphic mutant alleles of CanA-14F  

improve the Shu phenotypes 

 To achieve a more specific reduction in CanA-14F levels than attained with the 

UAS-nla experiments, I crossed two P-element transgenic lines, NP6106 and 

EY9066, inserted near the 5' start site of CanA-14F (Figure 18A) into the Shu 

mutant background.  I was able to confirm that both transgenic insertion lines in 

the CanA-14F 5' region caused reduced mRNA levels compared to controls 

(Figure 18B).  One copy of the mutated CanA-14F transcript was sufficient to 

reduce the frequency of Shu flies exhibiting morphological defects  (Figure 18C).  

In addition, the heteroallelic Shu/EY09066 and Shu/NP6106 flies showed a  

http://www.flyatlas.org/�
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Figure 16.  CanA-14F is expressed in both larval and adult CNS.  (A and B) 

3rd instar larval CNS and (C and D) adult brain.  A CanA-14F digoxigenin-labeled 

anti-sense strand RNA was used as a probe (B and C), and a digoxigenin-

labeled sense strand RNA was used as the control.  The expression pattern in 

both the larval and adult brains suggests that the CanA-14F transcript is present 

in areas of high concentrations of neuronal cell bodies. 

 

 

 

 

 

 

 

 

 

 

 



  
 

  

 
 

110 

110 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

  

 
 

111 

111 

 

 

 

 

 

 

 

 

 

Figure 17.  Overexpression of nebula suppresses Shu mutant 

morphological defects.  (A) The percentage of morphological defects in all the 

Shu controls lines were > 80% defective (black bars).  Expression of nebula 

ubiquitously in the fly, pan-neuronally or in cholinergic neurons resulted in a 

dramatic reduction in the percentage of defects in the mutants (red bars).  No 

such reduction was observed when nebula was expressed in glia, muscle or fat 

body tissues, respectively.  n > 250 per genotype.  (B) Reactive climbing ability of 

Shu transgenic lines tested.  Data are average CI ± SEM, n ≥ 5 groups of 20 

flies.   
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Figure 18.  P-element insertion mutants near the 5’ start site of CanA-14F, 

improve Shu phenotypes.  (A) P{Epgy2}EY09066 is inserted 72bp upstream of 

the putative transcription start site of CanA-14F.  The transposon also contains a 

UAS binding site for forced expression using the GAL4/UAS system.  

P{GawB}NP6106 is inserted 103bp upstream from the 5’ end of CanA-14F exon 

1 and contains an enhancer-trap motif.  (B) CanA-14F transcript levels 

determined by quantitative real-time RT-PCR in homozygous P-element mutant 

females whose insertion sites are illustrated in A.  Fold-change was determined 

using ΔΔCt method by comparing levels of CanA-14F mRNA in the mutant lines 

to the w2202U
, a control line used to isogenize both mutant strains.  (C) 

Morphological defects observed in Shu females trans-heterozygous over 

hypomorphic P-element mutant alleles of CanA-14F.  (B) Reactive climbing 

ability in Shu females trans-heterozygous over hypomorphic P-element mutant 

alleles of CanA-14F females.  Data are mean ± SEM of 3-5 groups of 20 flies. p < 

0.001, One Way ANOVA, *p < 0.05,**p < 0.005, ***p < 0.001, Bonferonni t-test. 
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significant improvement in reactive climbing ability (Figure 18D).  These data 

suggest that increased CanA-14F levels are involved in the Shu mutant 

phenotypes.  However, subsequent experiments which included both over-

expression and RNAi knockdown of CanA-14F using the GAL4/UAS system 

resulted in ambiguous data that did not support the earlier findings (data not 

shown).  Therefore, it appears that increased CanA-14F may be important for 

manifesting the Shu phenotypes, but is not the primary cause (see Chapter II).    

Genes involved in innate immune responses  

are up-regulated in Shu 

An intriguing finding from our microarray analysis is that seven of the 14 

genes significantly up-regulated in Shu mutants are involved in the innate 

immune response (Table 2).  These genes include Diptericin B (DptB), Attacin A 

(AttA), Attacin B (AttB), Attacin C (AttC), Cecropin B (CecB), and Cecropin C 

(CecC), all of which encode for antimicrobial peptides against gram-negative 

bacteria (Lemaitre and Hoffmann, 2007).  Additionally, PGRP-SB1 encoding for a 

peptidoglycan recognition protein (Lemaitre and Hoffmann, 2007) is up-regulated 

in Shu.  A more rigorous analysis of the microarray data using the web-

accessible program DAVID (the Database for Annotation, Visualization and 

Integrated Discovery: http://david.abcc.ncifcrf.gov/) (Dennis et al., 2003) also 

revealed that a group of genes involved in the innate immunity are the most 

significantly enriched among those in the list of differentially regulated genes 

(p<0.05) in Shu mutants compared to the CS flies.  The enrichment score and 
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median p-value (EASE score) for the innate immune response genes were 5.96 

and of 2.4 x 10-7, respectively.  

 The effects of lithium treatment on gene expression profiles were 

investigated in Shu.  When the normalized microarray data from Shu mutants 

with or without lithium treatment were compared to those from the CS flies 

without lithium treatment, it was found that treatment of Shu mutants with lithium 

had a general propensity to normalize the levels of immune system genes that 

were up-regulated in Shu mutants (Figure 19A).  CanA-14F transcript levels in 

Shu mutants were still significantly higher than those in the control wild-type flies 

even after lithium treatment (Figure 19A).  RT-PCR analysis performed by Dr. 

Junko Kasuya, a research scientist in the lab, also revealed that innate immune 

response genes were down-regulated by lithium treatment in Shu mutants but 

not in the wild-type flies, confirming the suppressing effects of lithium on the 

innate immune response genes in Shu mutants (Figure 19B and C).   

An unbiased forward genetic screen reveals several  

regions on the second and third chromosomes 

 that suppress the Shu mutant phenotypes 

To elucidate the molecular and cellular mechanisms underlying the 

"therapeutic" action of lithium in the Shu mutant, it was necessary to identify 

other components of the biological pathway where the Shu gene functions.  I 

hypothesized that the neurological phenotypes of Shu could be enhanced or 

suppressed when the activity of the genes functionally interacting with Shu were 

reduced by 50%.  To test this hypothesis, deficiencies spanning most of the 

second and third chromosomes were introduced into the Shu mutant background  
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Figure 19.  Lithium suppresses the increased expression of innate immune 

response genes in Shu mutants.  (A) Expression levels of innate immune 

response genes and CanA-14F in wild-type females were compared with those in 

Shu mutants with or without 50 mM lithium treatment for 24 hr.  Microarray data 

are presented as normalized average signal intensities of three biological 

replicates for each condition. *p < 0.05, **p < 0.01, NS, not significant, Welch’s t-

test (B)  Effects of lithium treatment on expression levels of innate immune 

response genes and CanA-14F were examined by RT-PCR. 
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and examined if it resulted in a modification of the Shu phenotype.  Out of the 

176 deficiency lines covering both autosomes, eight deficiencies 

showed a dramatic effect on the Shu behavior; both greatly improving the 

climbing ability and/or reducing the frequency of morphological defects of the 

mutant (Table 4).  They also significantly mitigated other neurological phenotypes 

of Shu mutants such as spontaneous jerking and abnormal wing posture.  

Specifically, the cytological region 53D-53F on the second chromosome provided 

one of the strongest suppressions observed.  In fact, the improvement provided 

by the introduction of deletions covering this region was so robust that Shu 

males, which are functionally sterile, were now able to mate and produce 

progeny (data not shown).  To date, this level of suppression has not been 

observed by deficiencies in other genomic regions.  

 Using a number of deficiencies that cover cytological region 53, I and Dr. 

Junko Kasuya were able to narrow down the suppressor region to only six genes 

from the initial suppressor region (Figure 20A).  The genes present in this small 

region included:  CG8950, CG6967 and CG30460, each encoding for an enoyl-

CoA hydratase, Sphingosine-1-phosphate lyase (Sply) and Glutathione S 

transferase S1 (GstS1), respectively.

 

  Other genes in this region included: 

CG8950, CG6967 and CG30460, each encoding for proteins of unknown 

function.  Thus, based on the deficiency data, one or more of these six genes 

should be responsible for suppression of the Shu phenotypes.  
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*n/a-morphology was not scored for this mutant 

 
 

 

 

 

 

 

Table 4. Deficiencies that significantly improve the Shu phenotypes 
Deficiency Chromosome Cytological 

location 
Climbing Index % defective 

Shu + (Df)1567 2L 23C3-23D2 0.40 22.1 

Shu + (Df)6404 2R 53E-53F11 0.49 n/a* 

Shu + (Df)3906 3L 64C-65C 0.06 0 

Shu + (Df)997 3L 67A2-67D13 0.28 40 

Shu + (Df)1518 3R 81F3-82F7 0.33 30.3 

Shu + (Df)6756 3R 85C4-85D14 0.35 25 

Shu + (Df)1920 3R 89B5-89C7 0.43 40 

Shu + (Df)8583 3R 94E1-94F2 0.26 33.3 
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RNAi knockdown of genes covered by the deletion 

Df(2R)BSC433 reveals that GstS1 is the gene 

responsible for suppression of the Shu phenotypes 

 I chose to try and identify the Shu suppressor gene(s) by employing UAS-

RNAi lines to knockdown expression levels of each of the six remaining genes 

expression of each individual gene, it was my hope that I could phenocopy the 

suppression observed by Df(2R)BSC433.  These UAS-RNAi lines were crossed 

to Shu/FM7; da-GAL4 (ubiquitous, strong expression) females and the resulting 

F1 females specific for each gene (Shu da-GAL4-UAS-RNAi) were scored for 

morphological defects.  Shu controls containing just the UAS-RNAi transgene or 

da-GAL4 were also scored.   Shu da-GAL4 flies driving expression of RNAi for 

both CG6967 and CG8964 proved lethal. (data not shown).  This effect was not 

due to the transgene itself as all controls remained viable.  The other three RNAi 

lines displayed only mild improvements in the Shu morphology. However, when 

the RNAi transgene targeting GstS1 was driven in the Shu background, it 

provided a strong suppression of the mutant phenotypes, very similar to that 

seen by Df(2R)BSC433 (Figure 20B).  I also found that the knockdown of GstS1 

also improved male defects enough to allow for the production of progeny when 

crossed to CS females.  These data prove that a reduction in the expression 

level of GstS1 significantly suppresses the Shu phenotypes through a yet to be 

determined mechanism. 
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Discussion 

In this chapter, using both gene expression arrays and a deficiency screen in 

Shu, I have been able to identify novel genes that appear to interact with the 

gain-of-function mutant sodium channel gene.  First, gene expression profiling of 

CS has already provided novel data on lithium's effect on gene expression in the 

adult fly nervous system and aided in the identification of the List, a gene 

important for protection from lithium toxicity (Kasuya et al., 2009a, Kasuya et al., 

2009b).  

  Here, I show that the Ca2+/calmodulin-dependent serine/threonine  

phosphatase alpha subunit gene, CanA-14F is overexpressed in the Shu mutant.  

Calcineurin plays an essential role in the mammalian immune system.  In 

particular, calcineurin activates T-cells by dephosphorylation of the transcription 

factors NFATs (nuclear factors of activated T cells) and by enhancing their 

nuclear translocation (Hogan et al., 2003).  It has recently been demonstrated 

that calcineurin is also involved in the self-defense system in Drosophila larvae 

by activating the evolutionarily conserved innate immune response pathway 

(Dijkers and O'Farrell, 2007).  One of the calcineurin catalytic subunit genes, 

CanA1, is expressed in the larval hemocytes and promotes induction of innate 

immune responses in the fat body in response to gram-negative bacteria or nitric 

oxide (Dijkers and O'Farrell, 2007).  Although the involvement of CanA-14F in 

innate immune responses has never been shown, it is possible that increased 

transcript levels of innate immune response genes in the adult Shu heads are a  
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Figure 20.  Downregulation of GstS1 strongly suppresses the Shu 

phenotypes.  (A) Six of seven deletions covering cytological region 53D-F on the 

second chromosome rescue the Shu phenotypes.  Deletions that rescued (red) 

and did not rescue (black) the Shu phenotypes.  Dashed bars indicate that the 

deletion extends beyond 53D-F.  Df(2R)BSC433 has allowed for the candidate 

suppressor region to be reduced to an area only containing 6 genes.  They are 

represented (blue squares) between the two thin black dashed lines.  (B) 

Percentage of Shu female flies displaying morphological defects after specific 

RNAi knockdown of the six candidate genes.  Note that driving expression of 

RNAi for CG6967 and CG8950 ubiquitously in the fly resulted in adult lethality or 

semi-lethality, respectively.  n>20 flies.  
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direct consequence of up-regulation of CanA-14F caused by the Shu mutation.

 Importantly, CanA-14F is expressed in both the larval and adult nervous 

system based on in situ hybridization (Figure 16).  Furthermore, overexpression 

of nla, an endogenous inhibitor protein of calcineurin activity, significantly 

rescued the morphological defects in Shu when driven in neurons (Figure 17).  In 

addition, introduction of CanA-14F hypomorphic alleles into the Shu mutant 

background significantly improved both and behavioral defects in the mutant 

(Figure 18).  These data suggest that CanA-14F plays some role in the nervous 

system that counteracts the deleterious effects of the mutant para allele, either 

directly or indirectly. 

How exactly CanA-14F is involved in alterations of the Shu mutant 

phenotypes remains unknown.  However, there are several reasonable 

possibilities.  The phosphatase calcineurin has been shown to influence many 

aspects of neuronal function through dephosphorylation of its many substrates.  

It is known that calcineurin targets are intimately involved in neurotransmitter 

synthesis, endocytosis, exocytosis and transport of ions across the plasma 

membrane (Groth et al., 2003).  It is also possible that CanA-14F modulates 

nuclear translocation and/or activities of particular transcription factors such as 

NFAT, which modulate expression of neuronal genes critical for the physiological 

properties of neurons (Graef et al., 2003).  Calcineurin's influence on plasticity is 

highlighted by its important role in the regulation of learning and memory, a 

hallmark of neuronal modulation (Baumgartel et al., 2008).  Therefore, 
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calcineurin could affect neuronal function independent of the mutated sodium 

channel to modulate the Shu phenotypes by altering neuronal plasticity.   

Another, more direct role for calcineurin in modifying the Shu phenotypes 

could be through dephosphorylation of the sodium channel α subunit protein.  It 

has been well established that PKA and other kinases phosphorylate sodium 

channels at multiple sites leading to modulation of sodium channel function (see 

Chapter II introduction) (Berendt et al., 2010).  Although overwhelming support 

for this interaction has not been generated, several studies in insects and 

mammals suggest that calcineurin can influence sodium channel function 

through removal of phosphate groups (Chen et al., 1995, Lavialle-Defaix et al., 

2010).  In particular, administration of the calcineurin inhibitor cyclosporine A, 

was sufficient to inhibit a specific form of sodium current in the cockroach, 

indicating that a reduction in calcineiurin activity can shut off sodium channel 

function in certain neuronal sub-groups (Lavialle-Defaix et al., 2010).    

Finally, recent GWAS studies of schizophrenia and BPD patients have 

revealed that the immune system may play an important role in the 

pathophysiology of these psychiatric diseases (Purcell et al., 2009, Shi et al., 

2009).  Likewise, calcineurin plays an essential role in the mammalian immune 

system.  In particular, calcineurin activates T-cells by dephosphorylation of the 

transcription factors NFATs (nuclear factors of activated T cells) and by 

enhancing their nuclear translocation (Hogan et al., 2003).  It has recently been 

demonstrated that calcineurin is also involved in the innate immune system in 

Drosophila larvae by activating the evolutionarily conserved innate immune 
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response pathway (Dijkers and O'Farrell, 2007).  One of the calcineurin catalytic 

subunit genes, CanA1, is expressed in the larval hemocytes and promotes 

induction of innate immune responses in the fat body in response to gram-

negative bacteria or nitric oxide (Dijkers and O'Farrell, 2007).  Although the 

involvement of CanA-14F in innate immune responses has never been shown, it 

is possible that increased transcript levels of innate immune response genes in 

the adult Shu heads are a direct consequence of up-regulation of CanA-14F 

caused by the Shu mutation.  Intriguingly, a recent report has shown that the 

antimicrobial peptide, Drosomycin can physically bind to para and influence 

gating properties of the channel (Cohen et al., 2009). 

It is important to note that not only were a whole host of AMP genes 

significantly up-regulated in Shu, but also that  lithium treatment for 24 hr was 

sufficient to reduce their expression back to levels seen in CS flies.  This 

reduction in AMP gene expression upon lithium treatment was not observed in 

the controls, suggesting lithium's effect is specific to the mutant (Figure 19B, C).  

Several studies have now indicated that the mood-stabilizing drug can modulate 

the innate immune response, possibly through inhibition of its well known target 

GSK-3β (Fatemi et al., 2009, Beurel et al., 2010). 

In addition to those potential genes identified from the expression arrays, I 

identified several genomic regions containing genes that when introduced into 

the Shu background, significantly improve both the morphological and behavioral 

phenotypes of the mutant (Table 4).  From here, I focused on cytological region 

53 on the second chromosome, which provided some of the strongest 
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suppression of the mutant phenotypes.  Using a number of smaller, molecularly 

defined deletion lines, I narrowed the region of interest down to only six genes.  

Next, I knocked down expression of each of the six transcripts and revealed the 

gene GstS1 was responsible for the observed suppression (Figure 20B).  

The gene GstS1 is a glutathione S transferase expressed broadly 

throughout the fly (http://flyatlas.org).  It has been shown that over-expression of 

this gene is protective against dopaminergic cell loss in a Parkinson's disease 

model fly (Whitworth et al., 2005).  However, in Shu the role of GstS1 is likely 

through a different mechanism than those found in the Parkinson's study, as a 

reduction and not increase in expression leads to an observable improvement in 

the mutant phenotypes.  In addition, a recent study in flies has shown that GstS1 

mutants have increases in neuronal excitability at the larval NMJ and that adults 

exhibit increased aggression (Ueda and Wu, 2009).  This alteration in excitability 

been shown to be mediated through reactive oxygen species (ROS) effecting the 

NMJ, thus by reducing GstS1, a known player in ROS clearance, it mimics 

increased ROS and drives increases in membrane excitability (Ueda and Wu, 

2008).  Because the Shu mutant is caused by extreme increases in neuronal 

excitability, it is hard to explain how a reduction in GstS1, which also increases 

neuronal excitability, could suppress the phenotypes of the lithium-responsive 

mutant.  One possible explanation could be that some sort of feedback loop 

resulting from a reduction of GstS1 gene activity may dampen neuronal 

excitability in Shu, indirectly counteracting the effects of the para gain-of-function 

allele. 



  
 

  

 
 

129 

129 

Finally, a recent study in Drosophila investigating the effects of Copy 

Number Variations (CNV) on halothane has led to the finding that the introduction 

of Df(2R)ED1 into a wild-type background results in resistance to the anesthetic 

(Alone et al., 2009).  This deletion was also able to strongly suppress the Shu 

mutant phenotypes, when placed in the mutant background (Figure 20A).  This 

finding is interesting, considering that anesthetics target ion channels (Yamakura 

et al., 2001).  Furthermore, many leg-shaking mutants respond violently to the 

anesthetic diethyl ether and even some para alleles exhibit resistant to its effects 

(Gamo et al., 1998).  Therefore, it is highly possible that the gene responsible for 

this halothane resistance is GstS1.   

Here, using two different methods I have identified a number of genes and 

genomic regions that may functionally interact with Shu.  These experiments will 

aid in future projects in the lab and may lead to the identification of novel targets 

for lithium as well as new proteins involved in the regulation of neuronal function.     
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CHAPTER IV 

SUMMARY AND FUTURE DIRECTIONS 

This thesis project had three main goals.  The first goal was to fully 

characterize the phenotypic defects in the lithium-responsive neurological 

mutant, Shu.  I began this project by extensively backcrossing the original 

Shu/FM6 line from Mr. Rodney Williamson to eliminate potential modifiers in the 

mutant background.  Next, I confirmed the original findings from over 25 years 

ago that the mutant exhibited severe locomotor defects and that these defects 

could be significantly improved by administration of a diet containing lithium.  I 

also employed a novel video tracking analysis system, in collaboration with Dr. 

Hiroshi Ishimoto (Kitamoto lab), to more accurately quantify the general 

locomotion of the mutant its ether-induced leg-shaking behaviors.  Importantly, 

these locomotor parameters were also improved by lithium treatments.  

Furthermore, I and Dr. Hiroshi Ishimoto discovered that the Shu mutant displays 

abnormalities in sleep architecture, of which has never been observed or 

reported in any other hyperexcitable mutants.  

Second, to understand how Shu exhibits the striking neurological 

phenotypes and how they are improved by lithium, it was essential that I identify 

the mutated gene and determine the nature of the mutation.  To achieve this goal 

I performed an extensive recombination-based, mapping technique using 

molecularly-defined P-element insertions as dominant markers.  The results of 

the mutation mapping strongly indicated that the mutated gene causing the Shu 

neurological defects lay within the voltage-gated sodium channel gene para.  To 
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provide evidence to support the mapping results, I crossed Shu mutants to 

several hypomorphic para alleles and showed that two of the three Shu/para 

heteroallelic mutants were strongly rescued both morphologically as well as 

behaviorally.  These data supported the mapping results and suggested that Shu 

maybe a gain-of-function mutant allele of para.  To further strength these 

findings, I employed the UAS/GAL4 binary system to knockdown para transcript 

levels in Shu neurons using RNAi technology.  In line with my earlier 

observations above, knockdown of para in Shu resulted in a robust rescue of all 

aspects of the mutant defects.  In fact, the rescue was so complete that the flies 

were nearly indistinguishable with the wild-type strains based on both 

appearance and all behaviors examined.  Lastly, sequencing of all para exons in 

Shu revealed the presence of a novel missense mutation resulting in the change 

of a highly conserved methionine residue to an isoleucine in the S2 

transmembrane segment of homology domain III of the sodium channel. 

The third challenge was to indentify genes functionally interacting with the 

Shu mutant using both a gene expression array and an unbiased, forward 

genetic screen.  These studies identified the calcineurin α subunit gene CanA-

14F, a whole host of immune response genes and GstS1 as promising targets of 

future investigation.  Furthermore, a number of genomic regions, yet to be fully 

explored, have been shown to significantly suppress the mutant phenotypes of 

Shu.  Indicating several other genes await to be identified that somehow affect 

sodium channel function in Shu.    
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Taken together, I have satisfactorily completed the initial goals set forth for 

this thesis project.  I have extensively characterized the many interesting 

behaviors and morphological defect in Shu mutants.  Furthermore, I have 

discovered that the Shu mutant is a gain-of-function allele of the voltage-gated 

sodium channel para.  To date, this is the first identification of a sodium channel 

mutation in Drosophila causing increased channel activity.    

To confirm that the mutation identified in Shu is actually responsible for 

the manifestations of its neurological phenotypes, two separate experimental 

techniques must be employed.  The first will involve the use of the well-

established Xenopus ooctye heterologous system to investigate the 

electrophysiological properties of the mutated sodium channel.  With this well-

established system one can express functional sodium channels in the oocyte 

and analyze a whole host of gating properties including activation, inactivation, 

persistent current and many others (Warmke et al., 1997).  This experiment will 

not only confirm if the M1350I mutation is the cause of the Shu phenotypes, but 

help to shed light on how alterations in the sodium channel may result in 

increased neuronal excitability in the mutant.  The second experiment will consist 

of the generation of a UAS-paraM1350I  transgenic fly to attempt to overexpress a 

sodium channel harboring the Shu mutation in an otherwise wild-type fly, in an 

attempt to phenocopy the neurological phenotypes of the mutant.  It is my belief 

that this strategy will work successfully due to the very strong dominant nature of 

the Shu mutation. 
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The second major question remaining is how the mood-stabilizing drug 

lithium elicits its positive impact on the behavioral phenotypes of Shu.  Given that 

I am confident that Shu is caused by improper sodium channel function, several 

lines of evidence suggest that the drug could have a direct effect on sodium 

channel function in this fly.  Interestingly, it has been reported in neuronal cell 

cultures that the mood-stabilizing drug can inhibit Na+ influx in sodium channels 

independent of the its well-stabilized target, GSK-3β (Yanagita et al., 2007).  In 

addition, the drug lamotrigine, commonly used to treat patients with BPD, acts 

through alterations in sodium channel function (Rogawski and Loscher, 2004).  

Importantly, this drug has not been shown to exhibit deleterious effects on wild-

type flies when administered chronically, until very late in adulthood (Avanesian 

et al., 2010)  Furthermore, the sodium channel α subunit gene SCN8A has been 

found to be a risk factor for BPD in a Chinese Han population (Wang et al., 

2008).  Lastly, ANK3 () was found to be associated with BPD patients in one of 

the largest GWAS ever conducted (Ferreira et al., 2008).  ANK3 has been shown 

to play an essential role in the proper localization of sodium channels along the 

membranes of neurons (Lemaillet et al., 2003). 

Therefore future experiments include; investigating the effect of 

lamotrigine on Shu behaviors, continuing to prove or disprove the roles of either 

GSK-3β or the inositol processing enzymes IPPase and IMPase in lithium's effect 

on the mutant.  Additionally, the effect of the mood-stabilizing drug on sleep 

behaviors in Shu and wild-type must be investigated.   
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Taken together, many exciting avenues of scientific investigations remain 

for this interesting lithium-responsive neurological mutant.  It will be interesting to 

determine not only the exact sodium-channel dependent mechanism responsible 

for the Shu mutant phenotype.  Likewise, identification of the effect of lithium on 

Shu may lead to the discovery of novel targets and lithium-dependent 

mechanisms on nervous system function towards future drug development to aid 

patients suffering from BPD.  Finally, both the gene expression array and the 

deficiency screen have uncovered a number of genes which appear to 

functionally interact with the Shu mutant, fueling future studies in the lab for years 

to come.       
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