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Abstract 

CASK is a highly conserved gene with major roles in brain development and function. 

CASK encodes a multi-domain synaptic protein that interacts with numerous binding partners in 

at least three different subcellular regions. CASK is a member of the MAGUK protein family, 

defined by its carboxy-terminal end, which includes a guanylate kinase, PDZ and SH3 protein-

interaction domains. CASK amino-terminal end, in turn, contains the CaMKinase-like domain, 

known as a pseudokinase. Highly expressed in neurons, CASK is localized to both pre- and post-

synaptic zones, as well as to the nucleus. Mutations in human CASK cause X-linked intellectual 

disability (ID). There is a phenotypic spectrum of brain-development disorders caused by CASK 

mutations, that has been divided in two diagnostic categories. Microcephaly with pontine-

cerebellar hypoplasia is the most severe, whereas FG syndrome-4 or X-linked ID with or without 

nystagmus cause the milder phenotype. Both of these phenotypes are accompanied by short 

stature. Because the CASK-mutant phenotypes in humans, I hypothesized that CASK is essential 

for neuronal morphogenesis. Therefore, I studied the role of Drosophila CASK in neuronal 

differentiation and brain development. I used the Drosophila CASK mutation, ∆18, an imprecise-

excision allele that eliminates the full-length CASK protein, and the corresponding precise-

excision control, Ex33. I examined neuronal morphogenesis in vitro by using primary cultures 

prepared from the whole CNS of wandering third instar larvae. Morphological parameters of 

neurite-arbor size and shape were quantified using NeuronMetricsTM software for semi-

automated image analysis. CNS neurons lacking full-length CASK grew small arbors in vitro 

with an altered shape. This phenotype, called “bushy” combines small size (reduced length, 

higher-order branches, and area) with increased branch density. In addition, I found that CASK 

has a semi-dominant phenotype, by introducing a transgene with a WT copy of CASK the bushy 
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phenotype was improved. To investigate whether CASK controls brain size, I studied brain 

morphology of Δ18 homozygous flies by histological examination of serial sections of osmium-

stained, plastic-embedded pharate-adult heads. The volumes of brain and head were estimated 

using Olympus cellSens software. Brain and head estimated total volumes were significantly 

reduced in Δ18 homozygotes. Reduction in both brain and head indicates that flies have both 

microencephaly and microcephaly. In addition, I analyzed body size by measuring the pupal case 

length as a proxy for adult body size. CASK mutants have reduced body size. The small brain 

and reduced head found in Drosophila CASK mutants provide evidence that this is a good 

genetic model that parallels the CASK phenotypes in humans. In conclusion, these data suggest 

that the “small-brain” phenotype, associated with CASK-mutations in flies and microcephaly in 

children, results from decreased neuronal size and defective formation of dendritic arbors and 

axonal projections, rather than to a reduced number of neurons. These data strengthen the use of 

the Drosophila as a genetic model organism for modeling human developmental brain disorders. 

It would be reasonable to adapt the insights gained to develop new strategies in the field of 

human medicine, and its special significance regarding human CASK mutations. For instance, by 

performing a screen for drugs that can normalize disrupted neurons due to CASK disease-causing 

mutations, potential treatment strategies could be discovered. 
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Chapter I: Introduction 

I.A. Intellectual Disability 

I.A.1. Definition, epidemiology, and associated features 

Intellectual disability (ID) is a lifelong condition with onset before the age of 18 and is 

defined by significant limitations in both cognitive functioning and adaptive behavior 

(American Psychiatric Association, 2013; see URL list) (Harris & Greenspan, 2016). ID is the 

relatively new term that about a decade ago replaced “mental retardation” (Schalock et al., 

2007). Cognitive functioning is most commonly measured using intelligence quotient (IQ) 

testing (Committee on Psychological Testing, Including Validity Testing, for Social Security 

Administration Disability Determinations, 2015; see URL list). There are two IQ sub-scores, 

verbal and performance scales which reflect distinct aspects of cognitive function (Baron, 2005). 

Adaptive behavior, in turn, is the collection of a number of personal, social and practical skills in 

an individual, to meet the standards of personal independence in order to copy with common life 

demands (National Research Council Committee on Disability Determination for Mental 

Retardation, 2002; see URL list). 

The estimated overall prevalence of ID in children/adolescents and adults is ~1.55% 

(Maulik et al., 2011; McKenzie et al., 2016). Although there is a variation in the ratio of affected 

boys/girls, where epidemiological studies repeatedly showed a sex bias, with 30–50% excess of 

males over females, a consistent trend is observed (McKenzie et al., 2016). The fact that males 

have a higher prevalence of ID than females led to the assumption that much of the excess of 

male with ID may be due to X-linked genes. Indeed, the sex ratio difference is partially 

explained by the fact that males have a single X chromosome and X-linked disabilities can be 

attributable to them (Stevenson & Schwartz, 2009). It has been demonstrated that the human X 
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chromosome contains a disproportionately high density of ID genes influencing cognitive ability, 

i.e., ID genes have mainly been found on the X chromosome than on any other comparable 

segment of the autosomes (Inlow & Restifo, 2004). Then, if monogenic X-linked ID was to 

account for an excess of ⁓30% of intellectually disabled males over females, one would expect 

that ⁓20% of genetically based ID in males, including sporadic ID cases, are caused by X-linked 

ID (Stevenson & Schwartz, 2009; McKenzie et al., 2016). 

There are many ways to classify ID. Previously, DSM-IV® classified ID severity based 

solely on IQ (diagnostic and statistical manual of mental disorders, version IV). More recently, 

DSM-5® incorporated the degree of severity of adaptive deficits with the standardized IQ test 

(American Psychiatric Association, 2013). The new classification merged the adaptative deficits 

and IQ scores. By including now, the conceptual, social and practical domain, ID is classified as 

‘mild’ (IQ 55-70); ‘moderate’ (IQ 40-55); ‘severe’ (IQ 25-40) and ‘profound’ (IQ < 25). 

Clinically, ID can be subdivided into two major categories, syndromic ID, as when one or 

more clinical features of a syndrome are present in addition to ID, and nonsyndromic ID, as 

when cognitive impairment represents the only detectable manifestation (Kaufman et al., 2010; 

Chiurazzi & Pirozzi, 2016).  

ID is a phenotypic manifestation of complex neurodevelopmental disorders. Medical 

conditions commonly found in association with ID include anatomical, physiological and/or 

behavioral abnormalities (Leonard & Wen, 2002; Stevenson & Schwartz, 2009; American 

Psychiatric Association, 2013; see URL list). Among the most common structural brain defects 

are corpus callosum dysplasias visible by MRI, including hypoplasia, shorter or thicker corpus 

callosum, partially opened septum pellucidum, and ventricular enlargement probably from 

accumulation of cerebrospinal fluid (Soto-Ares et al., 2003; Decobert et al., 2005). Other less 
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frequent anomalies included cortical folding abnormalities, such as pachygyria (few gyri), 

polymicrogyria (many gyri) and lissencephaly (absence of folds and grooves); cerebellar 

hypoplasia; delayed myelination and abnormal distribution of white matter (Soto-Ares et al., 

2003; Decobert et al., 2005).  Additional anatomical features include facial dysmorphisms, 

manifest in the eyes, orbits, nose, lips, mouth, and ears (Stevenson & Schwartz, 2009). One of 

the most characteristic anatomical defects in ID disorders is microcephaly (Abuelo, 2007; 

Passemard et al., 2013; see § I.B.). Further, reduced muscle tone and short stature, among others, 

have been also described in affected individuals (Abuelo, 2007; Passemard et al., 2013). 

Physiological abnormalities include obesity, feeding disturbances and sleep problems, whereas 

autism, cerebral palsy and epilepsy are the most frequent pathophysiological manifestations of 

ID (American Psychiatric Association, 2013; see URL list).  

 

I.A.2. Etiology and genetics of ID 

 ID is highly heterogeneous in etiology and can be caused by environmental and/or 

genetic factors (Leonard & Wen, 2002; Inlow & Restifo, 2004; Chiurazzi & Pirozzi, 2016). 

Because of this extraordinary heterogeneity, understanding the biology of ID is challenging. The 

genetic etiology of ID includes cytogenetically detectable chromosomal abnormalities (i.e., by 

karyotype analysis which may include fluorescence in situ hybridization), small copy-number 

variants (CNVs) detected by genome-wide nucleic acid hybridization, and single-gene mutations 

identified by DNA sequencing (Inlow & Restifo, 2004; Raymond & Tarpey, 2006; Kaufman et 

al., 2010; Carvill & Meffor, 2015; Chiurazzi & Pirozzi, 2016).  

 Alterations in chromosome structure include insertions, deletions, inversions, and 

translocations, as well as a change in the number of chromosomes. A clear example of a 
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chromosomal abnormality is aneuploidy, which occurs when the number of chromosomes is 

abnormal, as illustrated by trisomy of chromosome 21, which causes Down syndrome (Griffiths 

et al., 2000). CNV, in turn, is a duplication or deletion which involves relatively short segments 

of DNA (Zhang et al., 2009). CNVs range in size from hundreds to millions of bases. These 

submicroscopic CNVs are estimated to cause at least 15% of human neurodevelopmental defects 

(Tang & Amon, 2013). CNVs are now routinely being detected using various high-resolution 

microarray platforms predominantly for the diagnosis of patients with unexplained ID. For 

example, a recurrent and clinically well recognizable CNV associated with ID, microcephaly, 

and short stature is the 16p13.1 microdeletion (Vissers et al., 2010). 

As the technology advanced, the ability to detect smaller changes improved to the point 

that single-gene deletions, previously undetected, are being founded. To date, there are over 850 

single-gene causes of ID (Inlow and Restifo, 2004; Restifo et al., in preparation, Van der Voet et 

al., 2014). ID genes play essential roles in signal transduction, transcription regulation, 

enzymatic processes involved in metabolism and the lysosomal pathway, and specific aspects of 

neuronal biology, e.g. molecular organization of the synapse, neuronal differentiation and 

maturation, and regulation of actin cytoskeleton (Inlow & Restifo, 2004). Although some of 

these genes have been well-studied, as exemplified by FRM1, that when mutated causes fragile 

X syndrome (Macpherson & Murray, 2016), most of them in brain development and cognitive 

function remain unknown. 

 

I.B. Microcephaly  

Microcephaly is a condition defined as occipital-frontal head circumference (OFC) 

greater than two standard deviations (SD) below the mean for age and sex (Seltzer et al., 2014; 
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Harris, 2015). During fetal and early postnatal development (i.e., 2 years old) head growth is 

mainly determined by the development of the brain (Woods, 2004; Abuelo, 2007). Thus, a 

smaller head size is a direct indicator of abnormal brain development. This feature can be 

directly measured using a non-invasive and inexpensive method, by encircling the head with a 

measuring tape (Harris, 2015).  

Microcephaly can be classified as either congenital or postnatal (Abuelo, 2007; Von der 

Hagen et al., 2014). Congenital microcephaly is detected at birth and it is a manifestation of 

severely disrupted prenatal brain during development. Postnatal microcephaly, in turn, occurs as 

when the brain has a normal size at birth, but subsequently fails to grow normally (Woods, 

2004). 

In the United States, the estimated incidence of congenital microcephaly was 8.7 per 

10,000 live births between 2009 and 2013 (Cragan et al., 2016). However, because of the recent 

outbreak of Zika virus, the number of congenital microcephaly cases has increased (Maklar et 

al., 2016; Sampathkumar & Sanchez, 2016). 

Microcephaly can be caused by a variety of genetic and environmental factors (Abuelo, 

2007; Gilmore & Walsh, 2013; Passemard, 2013), and is usually (but occasionally not) 

associated with ID (Aggarwal et al., 2013).  

 

I.C. CASK mutations cause X-linked developmental brain disorders 

Among the ⁓850 single-gene mutations causing ID is the X-linked gene CASK (MIM# 

300172) (OMIM™; see URL list), located at Xp11.4 on the proximal short arm of the X 

chromosome. CASK-mutation-related disorders include a spectrum of phenotypes that differ in 

females and males, as explained below. Originally, three partially overlapping phenotypes 
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caused by presumed loss-of-functions (LOF) mutations in the CASK gene were described, but 

two of them have recently been merged as genotype-phenotype relationships have been clarified 

(OMIM™; see URL list). Although the exact prevalence of the CASK-mutant phenotypes is 

unknown, the available evidence indicates these disorders are very rare, where approximately 60 

cases have been molecularly characterized and reported worldwide (Piluso et al., 2009; Tarpet et 

al., 2009; Moog et al., 2011; Burglen et al., 2012; Hayashi et al., 2012; Moog et al., 2015; 

Hayashi et al., 2017). 

 

I.C.1. ID and microcephaly with pontine and cerebellar hypoplasia (MICPCH, MIM# 300749)  

The core phenotype of the most severe CASK disorder includes congenital microcephaly 

(range OFC: -2.5 to -10 SD), severe neurodevelopmental delay, and variable degrees of 

pontocerebellar hypoplasia (Figure 1) (Najm et al., 2008; Moog et al., 2011; Burglen et al., 2012; 

Hayashi et al., 2012; Takanashi et al., 2012; Moog et al., 2015; Hayashi et al., 2017). The term 

‘pontocerebellar’ refers to the pons and the cerebellum, while ‘hypoplasia’ refers to incomplete 

or underdeveloped organ or tissue due to a decrease in the number of cells (US National Library 

of medicine; see URL list). 

MICPCH is typically seen in females. Based on the ~50 females cases reported in the 

literature (Table 1), the clinical features of MICPCH can be described as follows. Most of the 

affected individuals have very limited psychomotor development with lack of independent 

ambulation (i.e., most of them never attained the ability to walk) and absence of speech (Moog et 

al., 2011 and 2015, Hayashi et al., 2012 and 2017). Their neurological exams revealed axial 

hypotonia, muscle weakness, and increased deep tendon reflexes (Moog et al. 2011 and 2015). 

External structural abnormalities include short stature and dysmorphic facial features (Burglen et  
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Figure 1. Phenotypic spectrum of brain-structure defects caused by CASK mutations.  
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Figure 1. Phenotypic spectrum of brain-structure defects caused by CASK mutations.  

A. Measuring head circumference. Frame from an instructional video showing measurement of 

the occipitofrontal head circumference using a cloth tape. (left). The tape is positioned around 

the widest part of the head, 1-2 finger breadths above the eyebrows and across the most 

prominent part of the occiput (Centers for Disease Control, 2016; see URL list).  B-J. Brain MRI 

images in the midsagittal plane, T1-weighted. B-C. Age-matched neonates, adapted from Najm 

et al. (2008) Note the scale bars; image in C is somewhat magnified. B. Neurotypical brain 

structure and size. F: frontal cortex, cc: corpus callosum, p: pons, crb: cerebellum. C. A two-

week-old male with MICPCH. White arrows, thin, poorly myelinated corpus callosum; red 

arrow, reduced size of the pons; yellow arrow, cerebellum hypoplasia; asterisk, hypoplastic 

frontal lobe. D-J. Phenotypic spectrum of MICPCH from patients with different CASK 

mutations. D-F. Females, 3-8 years old, adapted from Burglen et al. (2012). Images show 

pontine hypoplasia, especially the inferior (caudal) portion, and varying degrees of cerebellar 

hypoplasia. There is a selective reduction of frontal cortex volume with variable abnormalities of 

the gyri. G-J. Male babies, 2-16 months old, adapted from Moog et al. (2015). G-H. Images 

show a thinner corpus callosum and a mildly reduced number and complexity of the frontal gyri. 

G-I. Pontocerebellar hypoplasia is decreasing in order of severity from G-I, and a reduction of 

the frontal cortex is apparent. J. This patient shows no hypoplasia, although it presents with 

rapidly progressive postnatal microcephaly and mild to moderate developmental delay. 
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Table 1. Human Mutations in CASK (Xp11.4). Patients are grouped according to clinical disorder phenotype, in descending order 

of severity, and first publication (continued on next page). 

Table 1.

Patient 

No./Sex
DNA alteration(s) Mutation category

Affected 

exon(s)

Predicted protein 

change
Comments Clinical Phenotype Ref(s)

F ~3.2-Mb deletion of 5’ region copy-number variant de novo MICPCH (2; 6)

P1 F Inversion breakpoint (Xp11.4) Found in 2 girls MICPCH (2)

P2 F ~740-kb deletion copy-number variant MICPCH (2)

P3 F

~15-kb 5' del and ~170-kb 3' 

del copy-number variant Exons 2 and 24 MICPCH (2)

P4 F c.1915C>T nonsense Exon 21 p.R639X (Arg639Ter) truncated protein MICPCH (2)

P5 M c.915G>A synonymous, splice Exon 9 p.K305K (Lys305Lys)

exon 9 skipped in ~20% 

transcripts MICPCH (2)

F ~4.0-Mb deletion copy-number variant all protein null Deletion of 9 genes; de novo MICPCH (1; 6)

P11 F 1-bp deletion: c.68delT indel p.F23SfsX18 MICPCH (6)

P15 F c.430–2A>T splice-site disruption MICPCH (6)

P12 F c.831+2T>G splice-site disruption MICPCH (6)

P13 F c.1668+1G>A splice-site disruption MICPCH (6)

P8 F c.173-2A>C and c.174T>A splice-site disruption Exon 3 p.D58E (Asp58Glu) MICPCH (6)

P16 F c.379C>T nonsense p.E127X (Glu127Ter) MICPCH (6)

P28 F c.1639C>T nonsense Exon 17

p.Q547X  

(Gln547Ter) MICPCH (6)

P29 F c.2074C>T nonsense p.Q692X (Gln692Ter) MICPCH (6)

P19/P2 F c.316C>T nonsense Exon 4 p.R106X (Arg106Ter) MICPCH (6; 7; 8)

P7 F ~2-Mb deletion copy-number variant all protein null  del(X)(p11.3-p11.4) MICPCH (6)

P22 F ~2.1-Mb deletion copy-number variant all protein null  del(X)(p11.3-p11.4) MICPCH (6)

P23 F ~4.24-Mb deletion copy-number variant all protein null  del(X)(p11.3-p11.4) MICPCH (6)

P15 F ~4.5-Mb deletion copy-number variant all protein null  del(X)(p11.3-p11.4) MICPCH (6)

P24 F ~60-kb intragenic deletion copy-number variant MICPCH (6)

P18 F ~120-kb intragenic deletion copy-number variant MICPCH (6)

P27 F ~479-kb deletion copy-number variant  del(X)(p11.4) MICPCH (6)

P20 F 11.2-kb intragenic deletion copy-number variant MICPCH (6)

P26 F ~100-kb deletion copy-number variant MICPCH (6)

P21 F ~215-kb intragenic duplication copy-number variant MICPCH (6)

P25 F ~300-kb duplication copy-number variant MICPCH (6)

P1 F c.79C>T nonsense p.R27X (Arg27Ter) MICPCH (7; 8)

P3 F c.2632C>T nonsense p.Q878X (Gln878Ter) MICPCH (7; 8)

P4 F c.243_244delTA indel p.Y81X (Tyr81Ter) MICPCH (7; 8)

P5 F c.357-1G>A splice-site disruption Exon 5

p.S119Rfs7X and 

p.H120Pfs22X

Skipping of exon 5 ± 

insertion of partial intron 5 MICPCH (7; 8)

P6 F c.2040-1G>C splice-site disruption Exon 22

p.W680Cfs29X and  

p.W680Cfs3X Skipping of all or part of exon 22 MICPCH (7; 8)

P7 F del(X)(p11.3-p11.4) copy-number variant de novo MICPCH (7; 8)

P8 F del(X)(p11.3-p11.4) copy-number variant de novo MICPCH (7; 8)

P9 F dup(X)(p11.4) copy-number variant MICPCH (7; 8)

P10 F dup(X)(p11.4), dup(X)(p11.21) copy-number variant MICPCH (7; 8)

P1 F c.2302+delT MICPCH (8)

P2 F c.173_173+1delGG MICPCH (8)

P3 F c.316C>G nonsense p.R106X (Arg106Ter) MICPCH (8)

P4 F c.1910G>A missense

p.G637D 

(Gly637Asp) MICPCH (8)

P5 F del(X)(p11.3-p11.4) copy-number variant MICPCH (8)

P16 M c.1061T>C missense p.L348P (Leu348Pro) MICPCH (8)

P1 M c.704_708del Exon 7 p.K236Efs*10 de novo MICPCH (9)

P2 M Intragenic duplication Exons 10-16 de novo MICPCH (9)

P3 M c.1A>G Exon 1 de novo MICPCH (9)

P4 M c.79C>T Exon 2 p.R27* de novo MICPCH (9)

P5 M Intragenic duplication Exons 4-20 somatic mosaicism MICPCH (9)

P6 M Intragenic deletion Exon 1 somatic mosaicism MICPCH (9)

P7 M Intragenic deletion Exons 3-9 somatic mosaicism MICPCH (9)

M c.83G>T 
missense & splice-site 

disruption
Exon 2 p.R28L (Arg28Leu) partial skipping of exon 2 FG s. 4 (3M in 2-gen family) (3)

M c.2521-2A>G splice-site disruption Exon 26

p.Ala841_Lys843del  

+ 

p.Ala841_Glu868del

skipping of exon 26 and a 9 bp-del FG s. 4 w/ nystagmus & MiC (10)

M (fam16) c.802T>C missense Exon 8 p.Y268H (Tyr268His) 4 affected in 3 generations Severe ID w/ epilepsy (4; 5)

M (fam74) c.2129A>G 
missense & splice-site 

disruption
Exon 22

p.D710G 

(Asp710Gly) and 9-

aa deletion

altered splice product has 27-bp in-

frame deletion
Mild ID w/ nystagmus (4; 5)

M (fam123) c.2756T>C missense Exon 27 p.W919R (Trp919Arg)3 brothers; carrier mom has tremorMild ID w/ nystagmus (5)

M c.2767C>T missense p.W914R (Trp914Arg) Mild ID ± Nystagmus (4)

M & F (fam245)c.1186C>T missense Exon 13 p.P396S (Pro396Ser) 2 brothers, 1 female cousin Severe-profound ID (4; 5)

M & F (famV) c.2183A>G missense Exon 23 p.Y728C (Tyr728Cys)

2 brothers (mod/severe ID), 1 

sister (mild ID); mom has 

nystagmus

ID w/ nystagmus (5)

M (fam683) c.2521-2A>T splice-site disruption Exons 25-27
p.841_868 del and

p.841_843 del

 2 aberrant transcripts: one skips 

exon 26, other deletes 9 nt 

inframe

Mild ID w/ nystagmus (5)

P8 M Intragenic duplication copy-number variant Exons 1-5 maternally inherited ID w/ MiC (9)

Refs: (1) Hayashi et al., 2008; (2) Najm et al., 2008; (3) Piluso et al., 2009; (4) Tarpey et al., 2009; (5) Hackett et al., 2010; (6) Moog et al., 2011; (7) Hayashi et al., 2012; (8) 

Takanashi et al., 2012; (9) Moog et al., 2015; (10) Dunn et al., 2017

Human Mutations in CASK  (Xp11.4). Patients are grouped according to clinical disorder phenotype, in descending order of severity, and first 

publication.
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Table 1. Human Mutations in CASK (Xp11.4), continued. 

Table 1.

Patient 

No./Sex
DNA alteration(s) Mutation category

Affected 

exon(s)

Predicted protein 

change
Comments Clinical Phenotype Ref(s)

F ~3.2-Mb deletion of 5’ region copy-number variant de novo MICPCH (2; 6)

P1 F Inversion breakpoint (Xp11.4) Found in 2 girls MICPCH (2)

P2 F ~740-kb deletion copy-number variant MICPCH (2)

P3 F

~15-kb 5' del and ~170-kb 3' 

del copy-number variant Exons 2 and 24 MICPCH (2)

P4 F c.1915C>T nonsense Exon 21 p.R639X (Arg639Ter) truncated protein MICPCH (2)

P5 M c.915G>A synonymous, splice Exon 9 p.K305K (Lys305Lys)

exon 9 skipped in ~20% 

transcripts MICPCH (2)

F ~4.0-Mb deletion copy-number variant all protein null Deletion of 9 genes; de novo MICPCH (1; 6)

P11 F 1-bp deletion: c.68delT indel p.F23SfsX18 MICPCH (6)

P15 F c.430–2A>T splice-site disruption MICPCH (6)

P12 F c.831+2T>G splice-site disruption MICPCH (6)

P13 F c.1668+1G>A splice-site disruption MICPCH (6)

P8 F c.173-2A>C and c.174T>A splice-site disruption Exon 3 p.D58E (Asp58Glu) MICPCH (6)

P16 F c.379C>T nonsense p.E127X (Glu127Ter) MICPCH (6)

P28 F c.1639C>T nonsense Exon 17

p.Q547X  

(Gln547Ter) MICPCH (6)

P29 F c.2074C>T nonsense p.Q692X (Gln692Ter) MICPCH (6)

P19/P2 F c.316C>T nonsense Exon 4 p.R106X (Arg106Ter) MICPCH (6; 7; 8)

P7 F ~2-Mb deletion copy-number variant all protein null  del(X)(p11.3-p11.4) MICPCH (6)

P22 F ~2.1-Mb deletion copy-number variant all protein null  del(X)(p11.3-p11.4) MICPCH (6)

P23 F ~4.24-Mb deletion copy-number variant all protein null  del(X)(p11.3-p11.4) MICPCH (6)

P15 F ~4.5-Mb deletion copy-number variant all protein null  del(X)(p11.3-p11.4) MICPCH (6)

P24 F ~60-kb intragenic deletion copy-number variant MICPCH (6)

P18 F ~120-kb intragenic deletion copy-number variant MICPCH (6)

P27 F ~479-kb deletion copy-number variant  del(X)(p11.4) MICPCH (6)

P20 F 11.2-kb intragenic deletion copy-number variant MICPCH (6)

P26 F ~100-kb deletion copy-number variant MICPCH (6)

P21 F ~215-kb intragenic duplication copy-number variant MICPCH (6)

P25 F ~300-kb duplication copy-number variant MICPCH (6)

P1 F c.79C>T nonsense p.R27X (Arg27Ter) MICPCH (7; 8)

P3 F c.2632C>T nonsense p.Q878X (Gln878Ter) MICPCH (7; 8)

P4 F c.243_244delTA indel p.Y81X (Tyr81Ter) MICPCH (7; 8)

P5 F c.357-1G>A splice-site disruption Exon 5

p.S119Rfs7X and 

p.H120Pfs22X

Skipping of exon 5 ± 

insertion of partial intron 5 MICPCH (7; 8)

P6 F c.2040-1G>C splice-site disruption Exon 22

p.W680Cfs29X and  

p.W680Cfs3X Skipping of all or part of exon 22 MICPCH (7; 8)

P7 F del(X)(p11.3-p11.4) copy-number variant de novo MICPCH (7; 8)

P8 F del(X)(p11.3-p11.4) copy-number variant de novo MICPCH (7; 8)

P9 F dup(X)(p11.4) copy-number variant MICPCH (7; 8)

P10 F dup(X)(p11.4), dup(X)(p11.21) copy-number variant MICPCH (7; 8)

P1 F c.2302+delT MICPCH (8)

P2 F c.173_173+1delGG MICPCH (8)

P3 F c.316C>G nonsense p.R106X (Arg106Ter) MICPCH (8)

P4 F c.1910G>A missense

p.G637D 

(Gly637Asp) MICPCH (8)

P5 F del(X)(p11.3-p11.4) copy-number variant MICPCH (8)

P16 M c.1061T>C missense p.L348P (Leu348Pro) MICPCH (8)

P1 M c.704_708del Exon 7 p.K236Efs*10 de novo MICPCH (9)

P2 M Intragenic duplication Exons 10-16 de novo MICPCH (9)

P3 M c.1A>G Exon 1 de novo MICPCH (9)

P4 M c.79C>T Exon 2 p.R27* de novo MICPCH (9)

P5 M Intragenic duplication Exons 4-20 somatic mosaicism MICPCH (9)

P6 M Intragenic deletion Exon 1 somatic mosaicism MICPCH (9)

P7 M Intragenic deletion Exons 3-9 somatic mosaicism MICPCH (9)

M c.83G>T 
missense & splice-site 

disruption
Exon 2 p.R28L (Arg28Leu) partial skipping of exon 2 FG s. 4 (3M in 2-gen family) (3)

M c.2521-2A>G splice-site disruption Exon 26

p.Ala841_Lys843del  

+ 

p.Ala841_Glu868del

skipping of exon 26 and a 9 bp-del FG s. 4 w/ nystagmus & MiC (10)

M (fam16) c.802T>C missense Exon 8 p.Y268H (Tyr268His) 4 affected in 3 generations Severe ID w/ epilepsy (4; 5)

M (fam74) c.2129A>G 
missense & splice-site 

disruption
Exon 22

p.D710G 

(Asp710Gly) and 9-

aa deletion

altered splice product has 27-bp in-

frame deletion
Mild ID w/ nystagmus (4; 5)

M (fam123) c.2756T>C missense Exon 27 p.W919R (Trp919Arg)3 brothers; carrier mom has tremorMild ID w/ nystagmus (5)

M c.2767C>T missense p.W914R (Trp914Arg) Mild ID ± Nystagmus (4)

M & F (fam245)c.1186C>T missense Exon 13 p.P396S (Pro396Ser) 2 brothers, 1 female cousin Severe-profound ID (4; 5)

M & F (famV) c.2183A>G missense Exon 23 p.Y728C (Tyr728Cys)

2 brothers (mod/severe ID), 1 

sister (mild ID); mom has 

nystagmus

ID w/ nystagmus (5)

M (fam683) c.2521-2A>T splice-site disruption Exons 25-27
p.841_868 del and

p.841_843 del

 2 aberrant transcripts: one skips 

exon 26, other deletes 9 nt 

inframe

Mild ID w/ nystagmus (5)

P8 M Intragenic duplication copy-number variant Exons 1-5 maternally inherited ID w/ MiC (9)

Refs: (1) Hayashi et al., 2008; (2) Najm et al., 2008; (3) Piluso et al., 2009; (4) Tarpey et al., 2009; (5) Hackett et al., 2010; (6) Moog et al., 2011; (7) Hayashi et al., 2012; (8) 

Takanashi et al., 2012; (9) Moog et al., 2015; (10) Dunn et al., 2017

Human Mutations in CASK  (Xp11.4). Patients are grouped according to clinical disorder phenotype, in descending order of severity, and first 

publication.
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al., 2012, Moog et al., 2011, Hayashi et al., 2017). The latter are a constellation of variable 

components, including oval face, broad nasal bridge and tip, large ears, long philtrum, 

mandibular hypoplasia, and hypertelorism (abnormally increased distance between the eyes) 

(Burglen et al., 2012; Takanashi et al., 2012). Many of these children also have sensorineural 

hearing loss or visual system abnormalities (optic nerve hypoplasia, abnormal visual evoked 

potentials, and strabismus) (Moog et al. 2011 and 2015, Hayashi et al., 2017). In a few cases, 

seizures have been also reported (Hayashi et al., 2017). 

A similar but even more severe disorder has been seen in ~15 males (Table 1), of which 

two died in the perinatal period (Najm et al., 2008; Moog et al., 2015). The vast majority of 

affected females and males are isolated cases, i.e., the only affected family member, resulting 

from de novo germline CASK mutations. These mutations are believed to be null. Because the 

phenotype is manifested by heterozygous females (CASK–/+), a phenotypically normal mother 

cannot carry and transmit the MICPCH-causing CASK-pathogenic mutation. This phenomenon is 

a clear indication of LOF with haploinsufficiency (i.e., when 50% of gene function is insufficient 

for a wild-type (WT) phenotype) (Huang et al., 2010). 

Hemizygous boys (CASK–/Y) manifest the most severe phenotype of MICPCH, 

sometimes including early-onset and intractable seizures, such as Ohtahara syndrome (Saitsu et 

al., 2012), West syndrome (Takanashi et al., 2012), or myoclonic epilepsy (Nakamura et al., 

2014). The smaller-than-expected number of males reported is likely to be a consequence of 

reduced fetal viability or early postnatal lethality. The more severe phenotypes observed in males 

relative to affected females is an indication of the semi-dominant nature of these mutations.  

Many different types of CASK mutations cause MICPCH. By contrast, in Fragile X 

syndrome, a more common disorder, about 95% of the patients have the same mutation 



24 
 

(Macpherson & Murray, 2016). Moog et al. (2011) reported 25 female patients with 

heterozygous presumed loss-of-function CASK mutations, including four previously reported by 

Najm et al. (2008) and one reported by Froyen et al. (2007). Of these, 11 showed submicroscopic 

CNVs, including nine deletions and two duplications, all spanning the entire region of CASK. 

The rest of patients reported by Moog et al. (2011) had point mutations of both nonsense and 

splice-site types. These studies were expanded by Hayashi et al. (2012) who found ten girls with 

MICPCH, including one reported by Moog et al. (2011), and by Takanashi et al. (2012) who 

confirmed and further defined those ten patients. Among those ten females, there were found five 

CNVs, three nonsense mutations, and two splice-site mutations. Takanashi found additional five 

girls with CASK gene mutations, including two cases with a CNVs, one splice-site mutation, one 

nonsense and one missense mutation. During the same year, Burglen et al. (2012) reported 11 

female patients, eight of whom had intragenic point mutations, and the three others had Xp11.4 

submicroscopic deletions.  

To date, 15 males with pathogenic, presumed loss-of-function mutations in CASK have 

been described. The first case was reported by Najm et al (2008), a boy who died at two weeks 

of age, and who had a splice-site mutation (Figure 1). An additional two patients were described 

by Burglen et al. (2012), another two by Saitsu et al. (2012), one case by Takanashi et al. (2012), 

and one case by Nakamura et al. (2014). Recently, a cohort of eight male patients were also 

found by Moog et al. (2015). 

 It is evident that when addressing the structural nature of the CASK mutations, the data 

obtained seems to follow general trends. Published literature affirms that CNVs and single-gene 

point mutations are the most common molecular alterations in the CASK gene. Therefore, the 

occurrence of new cases with mutations of the same nature can be expected. 
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I.C.2. FG syndrome-4 or X-linked ID with or without nystagmus (MIM# 300422)  

The name 'FG' derives from the description of one family with a heterogenous X-linked 

developmental disorder, FG syndrome (Opitz & Kaveggia, 1974). Optiz named it 'FG syndrome' 

by using the first patient’s initials. The first locus for FG syndrome was called FGS1, whereas 

FGS4 is the newest identified locus. FGS4 syndrome is characterized by marked ID, relative 

macrocephaly, congenital hypotonia, severe constipation, hyperactive behavior with some 

violent episodes, and dysmorphic facial features, including prominent forehead and frontal 

upsweep of the hair, broad nasal root, long philtrum, and half-open mouth (Piluso et al., 2003, 

2009).  Noteworthy is the fact that FGS4 syndrome-affected individuals have relative 

macrocephaly, in contrast to the microcephaly observed in the MICPCH phenotype. Piluso et al. 

(2009) argued that this difference highlights the unclear role of CASK in embryogenesis and 

CNS development. FGS4 is inherited in a X-linked recessive pattern. The observed phenotype, 

presumed to be hypomorphic, is only seen in males, whereas heterozygous females are 

phenotypically normal and obligate carriers (Piluso et al., 2003, 2009). To date, only four 4 

individuals in two families have been reported. Piluso et al. (2009) identified a missense CASK 

mutation (c.83G>T) which was present in three affected males and 2 unaffected carrier females 

from the same family. This mutation (c.83G>T) lead to a partial skipping of the exon 2 of CASK, 

resulting in the accumulation of truncated CASK protein (Piluso et al., 2009). Recently, Dunn et 

al. (2017) reported one male patient with a de novo splice mutation (c.2521-2A>G) that produces 

two mutant transcripts. Mutant transcripts included skipping of exon 26 as well as a 9-base-pair 

deletion associated with a cryptic splice site, leading to two deletions, a 28- (p. Ala841-

Glu868del) and a 3-aminoacid (p. Ala841-Lys843del), respectively in the C-terminal region of 

CASK. This individual was diagnosed with FGS4 and nystagmus, but his phenotype does not 
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match with the definition of FGS4, especially because microcephaly (-2 S.D.) was present. 

Nowadays, it is evident that there is a spectrum of X-linked ID disorders caused by CASK 

mutations, and the definition of FGS is not clearly defined. 

As for ID with or without nystagmus, this phenotype is also variable, and inherited in a 

X-linked recessive pattern. It ranges from mild non-syndromic ID to severe ID with 

microcephaly (Tarpey et al., 2009; Hackett et al., 2010). In addition, ID with or without 

nystagmus presents with dysmorphic facial features, including flat midface, flat nasal bridge, 

open mouth, upslanting palpebral fissures, and short neck (Tarpey et al., 2009; Hackett et al., 

2010).). Nystagmus, a striking feature not previously reported, is defined as an involuntary, rapid 

and repetitive movement of the eyes (Gottlob, 2000). In addition to nystagmus, some affected 

individuals had reduced visual acuity and/or strabismus. In half of the cases, other neurological 

and physical features, such as seizures, tremor and unsteady gait, were also present (Hackett et 

al., 2010). Males are affected, and five unusual heterozygous symptomatic females have been 

reported. Tarpey et al. (2009) founded four missense mutations in the CASK gene in 4 

independent families. ID was mild to moderate in these four families and accompanied by 

nystagmus in two of the four. In a separate study, Hackett et al. (2010) reported five missense 

mutations, including three reported by Tarpey et al. (2009), and an additional splice-site 

mutation.  

 

I.C.3. Genotype-phenotype relationships 

There is a striking difference in clinical severity among individuals with CASK 

mutations, even within the same sex. Molecular genetic analysis is indicative that there is no 

mutational hotspot in this gene leading to ID (Tarpey et al., 2009; Moog et al., 2011). Rather, 
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CASK mutations appear to be distributed throughout the gene. The current research literature 

gave rise to a working hypothesis, CASK pathogenic variants that result in MICPCH are LOF 

and null mutations (Moog et al., 2011, Burglen et al., 2012, Hayashi et al., 2012). However, 

direct laboratory evidence of LOF is lacking.  

In contrast to the severely affected females with MICPCH (Najm et al., 2008; Moog et 

al., 2011), Hackett et al. (2010), reported that some carrier females with X-linked ID with or 

without nystagmus were either phenotypically normal or less severely affected compared with 

the males within their family. This observation would suggest that missense mutations in CASK 

are being less deleterious than nonfunctional protein product obtained from the already described 

nonsense, splice-site mutations, and small deletions abnormalities found in MICPCH. 

However, it seems like there is no correlation between the clinical features or severity of 

MICPCH and any particular molecular class of variants, e.g., CASK nonsense and splice-site 

mutations, larger rearrangements comprising CASK or intragenic deletion that inactivates CASK 

variants (Moog et al., 2011, Burglen et al., 2012, Hayashi et al., 2012). Unfortunately, most of 

the published studies regarding CASK mutants in humans, have not assessed protein 

accumulation, making it difficult to evaluate the functional consequences of the CASK disease-

causing mutations. Thus, it is largely unknown the effect of these mutations on CASK protein 

expression, structure and function. 

 Similarly, the working hypothesis proposes that the missense CASK mutations causing 

X-linked ID with or without nystagmus in males, are hypomorphic. i.e., these variants are likely 

less deleterious than inactivating pathogenic variants (null-mutation). Nonetheless, as occurs 

with MICPCH, there is no evidence for a correlation between the clinical features of X-linked ID 

with or without nystagmus any particular molecular type of mutation. Interestingly, all the 
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CASK-mutations reported that cause ID with nystagmus are located at the C-terminus of the 

CASK protein (Hackett et al., 2010). Bioinformatic analyses of the four missense mutations 

described in Hackett et al. (2009), showed that all were predicted to be destabilizing of the 

CASK protein. Further information about protein structure is missing. Three of these pathogenic 

variants or mutations have been shown to disrupt the interaction between CASK and FRMD7. 

Mutations in FRMD7 are a major cause of X-linked familial idiopathic infantile nystagmus 

(Watkins et al., 2013), supporting a correlation between nystagmus and missense mutations 

affecting the CASK C-terminal region.  

 

I.D. CASK a multi-domain protein, localization and hypothesized function. 

I.D.1. Discovery of CASK and its structure  

CASK was originally discovered in a yeast two-hybrid system screen to identify 

molecules that bind the C-terminal region of mouse neurexins (Hata el al., 1996). In the same 

year, mutations in the Caenorhabditis elegans CASK homolog, LIN-2, were reported to affect 

vulval development (Hoskins et al., 1996). Also, around the same time and while studying the 

role of CaMK in locomotion, Martin & Ollo (1996) cloned CASK in Drosophila melanogaster.  

In the animal species being studied thus far, a single gene codes for CASK (La Conte & 

Mukherjee, 2013). CASK is a highly conserved member of the MAGUK (Membrane-Associated 

Guanylate Kinase) protein family (Hsueh, 2006 and 2009). MAGUK proteins are group of 

specialized proteins that tether adhesion molecules, receptors, and intracellular signaling 

enzymes organizing macromolecular protein complexes (Funke et al., 2005). Hence, they are 

knowing as scaffolding proteins. The MAGUK family, especially the discs large subfamily, is 

extensively expressed in the brain and well conserved throughout evolution (Oliva et al., 2012). 
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In mammals, CASK is critical for neurodevelopment and essential for survival (La Conte 

& Mukherjee, 2013; Srivastava et al., 2016), but whether CASK is an essential gene in 

invertebrates remains unknown. The varied phenotypes observed in vertebrates and 

invertebrates, argues for a functional divergence of CASK in different animal models (La Conte 

& Mukherjee, 2013). 

CASK (Figure 3) is composed of a unique combination of domains. Briefly, it consists of 

an N-terminal region highly homologous to Ca2+/calmodulin-dependent protein kinases (CaMK-

like) and a central region comprising two L27 domains (L27A and L27B). The L27 domain was 

originally found in the C. elegans Lin-2 and Lin-7 proteins and is required for the establishment 

and maintenance of cell polarity in vulval precursor and epithelial cells (Feng et al., 2005). The 

C-terminal region contains three domains: PDZ, SH3 (Src homology 3) and GUK (guanylate 

kinase). The arrangement and order of these three domains is a defining characteristic of all 

MAGUK proteins. Thus, CASK is a MAGUK family member (Hata et al., 1996; Hsueh, 2006; 

Oliva et al., 2012).  

 

I.D.2. The CaMK-like domain of CASK: a pseudo kinase 

Although CASK is an acronym that stands for calcium/calmodulin-dependent serine 

protein kinase (Hata et al., 1996) and it contains a CaMK-like domain, there is limited evidence 

that CASK possesses Ca2+/calmodulin-dependent kinase activity (Hsueh, 2006). Mukherjee et al. 

(2008) determined the crystal structure of a recombinant CASK CaMK-like domain from E. coli 

strain BL21. They found that the CASK CaMK-like domain exhibits a typical protein kinase 

conformation, resembling the typical catalytically active conformation of other protein kinases. 

In all known kinases Mg2+ acts as an obligate cofactor for ATP binding and phosphotransfer 
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(Adams, 2001). In vitro experiments from the same study demonstrated that CASK CaMK-like 

domain catalyzes phosphotransfer from ATP, and autophosphorylation, both processes occurring 

in the absence of Mg2+. Mukherjee et al. (2008) also showed that in the absence of Mg2+, by 

using both in vitro and in vivo assays, CASK CaMK-like domain phosphorylates neurexin-1, a 

synaptic cell-adhesion molecule (see § I.D.3.a.). Suggesting that equivalents and essential 

elements of protein kinases can also be found in the CASK CaMK-like domain. Although the 

CASK CaMK-like domain has a constitutively active conformation, it lacks the canonical DFG 

motif (Asp-Phe-Gly) required for Mg2+-binding, which is thought to be indispensable for kinase 

activity. Hence, CASK is classified as a pseudokinase (Boudeau et al., 2006). 

The literature addressing the kinase activity of CASK’s CaMK-like domain is 

contradictory and inconclusive, nothing further about it has been published, but the role of this 

domain likely has important functional consequences. This is suggested by the evidence that this 

domain has many different binding partners (see § I.D.3 below). Because of this controversial 

role as pseudokinase, studies of CASK function have focused mainly on its role as a MAGUK-

type scaffolding protein.  

 

I.D.3. CASK protein localization: guilt by association 

CASK proteins are widely distributed in different regions of the brain, as well as in 

nonneural tissues (Hsueh 2006; Oliva et al., 2012). However, the experiments in this dissertation 

focused only on the brain functions of CASK. In neurons, CASK is present in different 

subcellular compartments, localizing to both pre-and post-synaptic zones, as well as to the 

nucleus. 
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I.D.3.a. Presynpatic CASK 

Because CASK is located at presynaptic sites and it associates to many different binding 

partners, it has been proposed a role of CASK in the differentiation of the presynaptic terminal 

(Figure 2) (Hata et al., 1996; Sun et al., 2009; Chen et al., 2011). Through its CaMK-like domain 

and L27B domain, CASK binds with Mint1 (also called X11, Lin-10, or APBA1) and Veli (also 

called mammalian LIN-7, MALS), respectively (Butz et al., 1998; Borg et al., 1999). Mint 

proteins, a group of Munc-interacting proteins, are part of a multimeric complex containing 

Munc18-1. Munc18-1 in turn, is the major brain protein that binds to syntaxin 1, a synaptic 

vesicle fusion protein, required for synaptic vesicle exocytosis (Okamoto & Südhof, 1997). In C. 

elegans, several Veli proteins (LIN-2, LIN-7 and LIN-10) work together downstream of a 

receptor tyrosine kinase pathway (EGFR) required for induction of vulval development (Hoskins 

et al., 1996). The Mint1/CASK/Veli protein complex takes place on both sides of the synapse, 

linking trans-synaptic adhesion molecules to the cytoskeleton (Olsen et al., 2005).  In addition, 

through its CaMK-like, and L27A domains, CASK binds cytoplasmic Liprin-α. Ultrastructural 

and physiological analysis revealed abnormal active zone morphology and synaptic function in 

Drosophila Liprin-α (Kaufmann et al., 2002). Olsen et al., (2005) suggested a model where Veli-

CASK- Liprin-α form a tripartite complex that recruits components of the synaptic release 

machinery to adhesive proteins of the active zone. 

Based on cellular and biochemical studies, Wei et al. (2011) demonstrated that CASK and 

Liprin-α2 binding is specific to mammals. The specific residues that form the Liprin-α2/CASK  
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Figure 2. Location and binding partners of CASK. The role of CASK in synaptic interaction 

and formation. CASK acts as a scaffolding protein and localizes to both pre- and post-synaptic 

compartments, as well as to the nucleus. CASK has numerous binding partners in different 

subcellular domains. At the presynaptic structure, CASK binds neurexin, Mint1, Veli and N-type 

calcium channel, among others, thereby promoting the differentiation of the presynaptic 

terminal. CDK5 phosphorylates CASK regulating the subcellular distribution of CASK. At the 

postsynaptic sites, CASK maintains the morphology of dendritic spines. In addition, CASK also 

enters the nuclei of neurons where it regulates the expression of NMDAR2b through an 

interaction with Tbr-1 and CINAP. Remarkably, several CASK binding partners are encoded by 

other ID genes: NRXN1(NEUREXIN 1), CNTNAP2 (CONTACTIN-ASSOCIATED PROTEIN-

LIKE 2, member of the neurexin superfamily), and CDK5. (Modified from Hsueh 2009). 
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complex is conserved among mammals, but do not exist in Liprin-α orthologues from C.elegans 

(syd-2) and Drosophila (syd) (Wei et al., 2011). One of the mutations that causes MICPCH is 

p.Y268H (Najm et al., 2008; Tarpey et al., 2009) (Table1). Consistently, the complex crystal 

structure including the regions LH/CaMK-like, as part of Liprin-α2 and CASK respectively, 

revealed an H-bond between the Asn-1058 of Liprin-α2 and the Tyr-268 of CASK. The 

consequent substitution of Tyr-268 by His or Ala leads to a 3- to 4-fold decrease in the affinity of 

CASK CaMK-like for Liprin-α2 (Wei et al., 2011). 

As mentioned above, mammalian CASK was first identified in a yeast two-hybrid screen, 

using β-neurexins as bait (Hata el al., 1996). Specifically, the PDZ domain of CASK binds the C-

terminal tail of neurexin.  Pre-synaptic β-neurexins are transmembrane cell-adhesion molecules 

localized on the pre-synaptic membrane (Craig & Kang, 2007; Südhof, 2008). The extracellular 

domain of neurexins binds its partner at the postsynaptic side, neuroligin. The intracellular 

cytoplasmic portion of neurexin interacts with proteins associated with exocytosis (Südhof, 

2008), although this has not been directly demonstrated. By bridging the synaptic cleft, neurexin-

neuroligin are postulated to play an important role in synaptic function (Südhof, 2008). 

Separated initial studies evidenced that when either neurexin or neuroligin were expressed in a 

non-neuronal cell, they were able to induce co-cultured neurons to form respectively, presynaptic 

or postsynaptic specialization onto the non-neuronal cell. These presynaptic and postsynaptic 

differentiation, however, might be trigger by other several molecules that bind transmembrane 

components of such networks (Craig & Kang, 2007; Südhof, 2008). However, this in vitro 

evidence appears to contradict the KO analysis in vivo. Triple-knockout (KO) mice for the three 

α-neurexin genes showed that neurexins are not required for synapse formation but are essential 

for Ca2+-triggered neurotransmitter release (Missler et al., 2003). Furthermore, although the 
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triple-KO mouse lacking neuroligin1, 2 and 3 die at birth, it exhibits relatively normal synapse 

numbers with an apparently normal ultrastructure (Varoqueaux et al., 2006). Electrophysiological 

analyses in acute brain slices showed that neuroligin triple-KO mice display a severe impairment 

of synaptic transmission, revealed by the dramatic decrease in spontaneous 

GABAergic/glycinergic activity. However, the density of synaptic contacts was not altered in 

neuroligin-deficient brains and cultured neuron indicating that neuroligin is not required for the 

initial formation of synaptic contacts (Varoqueaux et al., 2006). Interestingly, alterations in 

human neurexin (NRXN1, 2, 3) and neuroligin genes (NLGN1, 2, 3, 4), have been shown to cause 

neurodevelopmental disorders, including autism and ID (Geschwind & Levitt, 2007). In vitro 

studies showed that CASK-Neurexin-Liprin-α and Mint1 form a complex at the plasma 

membrane (LaConte et al., 2016). Biochemical assays using HEK293 cells demonstrated that 

Liprin-α and Mint1compete for direct binding to CASK, but when β-neurexin is present, this 

competition is eliminated and all four proteins (Liprin-α, Mint, CASK and β-neurexin) form a 

complex (LaConte et al., 2016). 

CASK also associates with N-type calcium channels. N-type calcium channel (Cav2.2) 

mediate Ca2+ influx into the presynaptic terminal triggering synaptic vesicle fusion and 

neurotransmitter release (Maximov et al., 1999). The cytosolic C-terminus of the N-type calcium 

channel α1B subunit, has a proline-rich region that binds to the SH3 domain of CASK (Maximov 

et al., 1999). Maximov et al. (2002) showed that Mint1, CASK, and Cav2.2-L colocalized at 

mature synapses using rat hippocampal neuronal cultures. In addition, Khanna et al. (2006) 

demonstrated that immunoprecipitation of Cav2.2-L (long C-terminal splice variant) from brain 

lysate coprecipitated CASK. However, there was no colocalization of Cav2.2-L and CASK at the 

nerve terminal, confirming the idea that these two proteins can only form a complex. These 
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studies suggest that Cav2.2-L is recruited to presynaptic locations by means of interactions with 

the adaptor proteins Mint1 and CASK. 

CASK also connects to the F-actin cytoskeleton thorough its binding to protein 4.1 

(Biederer & Südhof, 2001). Biederer & Südhof (2001) showed that CASK binds a brain-enriched 

isoform of protein 4.1 and nucleates local assembly of actin/spectrin filaments. In addition, 

CASK could be recovered with actin filaments prepared from rat brain extracts, and neurexins 

are recruited together with CASK and protein 4.1 into these actin filaments. Thus, these data 

suggest that intercellular junctions formed by neurexins, e.g., neurexin-neuroligin, are at least 

partially coupled to the actin cytoskeleton via an interaction with CASK and protein 4.1 

(Biederer & Südhof, 2001). 

In addition, cyclin-dependent kinase 5 (CDK5), which has a role in synaptic vesicle 

endocytosis by rephosphorylating endocytotic proteins such as dynamin (Tan et al., 2003; 

Barclay et al., 2004) has been shown to coimmunoprecipitate with CASK from adult rat brain 

extracts (Samuels et al., 2007). CDK5 phosphorylates the CaMK-like (Ser-51) and L27 (Ser-395) 

domains of CASK, as demonstrated by autoradiography data from in vitro kinase assays 

performed with purified CDK5. To analyze phosphorylation of CASK in vivo, Samuels et al. 

(2007) made phosphorylation state-specific antibodies, phospho-Ser 51 (pS51) and phospho-Ser 

395 (pS395) detecting decreased phosphorylation of CASK when comparing CDK5-deficient 

knock-out (KO) mice and WT. Furthermore, by using subcellular fractionation of embryonic 

brain in CDK5 KO mice, it was found that CASK was significantly reduced in the membrane-

associated fraction and increased in the cytosol (soluble pool) when compared to WT embryonic 

brains (Samuels et al., 2007). Elimination of CASK phosphorylation by CDK5 was conducted by 

mutations of phosphorylation sites in CASK. In cells expressing the double mutant S51/395, 
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CASK was depleted from the membrane-associated fractions and increased in the cytosol, 

recapitulating the localization phenotype seen in the CDK5-deficient KO mice. Thus, by 

abolishing CDK5-dependent phosphorylation, CASK is not recruited to presynaptic termini. 

These data indicate that CDK5 activity is necessary for the appropriate membrane localization of 

CASK, suggesting that the phosphorylation by CDK5 of both CaMK-like and L27 domains can 

directly regulate the subcellular distribution of CASK. Samuels et al. (2007) suggest that loss of 

CDK5-dependent phosphorylation is necessary for removal of CASK from the membrane-

associated fraction. Finally, by using a synapse-formation assay, Samuels et al. (2007) 

demonstrated significantly less clustering of CASK at synaptic membrane-associated fractions, 

which suggests that CDK5-mediated phosphorylation is important for CASK recruitment to 

developing synapses. Finally, a biochemical pulldown assays using GST fusion protein of the 

Liprin-α2, demonstrated that CDK5-dependent phosphorylation reduces the interaction between 

CASK and Liprin-α when comparing CDK5-deficient brain lysate to WT (Samuels et al., 2007).  

In humans, CDK5 LOF mutations cause severe lissencephaly with cerebellar hypoplasia 

and death infancy (Magen et al., 2015). In addition, mutations in CDK5R encoding CDK5 

regulatory subunit 1, cause nonsyndromic ID (Moncini et al., 2016), whereas mutations in 

CDK5RAP2 encoding a regulatory subunit-associated protein cause congenital microcephaly 

(Bond et al., 2005). Interestingly, mutations of CDK5, CDK5R1, CDK5RAP2, cause autosomal 

recessive primary microcephaly (MCPH), whereas mutations of CASK cause MICPCH, all 

essential for brain development and leading these partially overlapping but distinctive disorder 

phenotypes. 
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I.D.3.b. Postsynaptic CASK 

At postsynaptic sites, the PDZ domain of CASK binds directly to the C-terminal tail of 

syndecan-2 (Hsueh et al., 1998; Hsueh & Sheng, 1999). Syndecan-2 was the first postsynaptic 

binding partner of CASK identified. Immunogold-electron microscopy revealed the post synaptic 

localization of CASK and syndecan-2 in neurons of adult rat brain (Hsueh et al., 1998). By using 

a yeast two-hybrid screen a binding specificity between CASK-PDZ and the C-terminal tail of 

syndecan-2 was demonstrated (Hsueh et al., 1998). This interaction between CASK and 

syndecan-2 was further confirmed by colocalization of these two proteins in rat brain by double-

label confocal microscopy (Hsueh et al., 1998). Syndecans belong to the transmembrane heparan 

sulfate proteoglycan (HSPG) family (Couchman, 2003). In vitro, syndecan-2 induces dendritic 

filopodia formation, and later transforms filipodia into mature dendritic spines, thereby 

regulating dendritic spinogenesis (Ethell & Yamaguchi, 1999). Deletion of the CASK biding site 

(EYFA motif) on syndecan-2 did not affect filopodia formation, suggesting that syndecan-2 does 

not require CASK to induce filopodia formation (Lin et al., 2007). Rather CASK maintains the 

morphology of dendritic spines, which is indicated by a time-course study using CASK-

knockdown in cultured hippocampal neurons. At18 div CASK-knockdown induces dendritic 

spine retraction and the spine heads fail to enlarge, whereas at 15 div CASK knockdown does not 

affect spine density, size or length (Chao et al., 2008; Hu et al., 2016). The functional data 

described above do not necessary support the role of CASK in synaptic interaction and 

formation, rather it demonstrated that CASK is able to bind many different binding partners at 

both sides of the synapse. 

Because CASK also interacts with protein 4.1 (Cohen et al., 1998; Biederer & Südhof, 

2001) and because Protein 4.1 promotes association of F-actin with tetrameric postsynaptic 
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density protein spectrin, stabilizing the cytoskeleton (Correas et al., 1986), it has been proposed 

that CASK stabilizes the morphology of dendritic spines, by acting as a bridge between the F-

actin cytoskeleton and the plasma membrane (Chao et al., 2008). The role of CASK in dendritic 

spine maturation is further regulated by SUMOylation, a post-translation modification. 

Conjugation of small-ubiquitin-like modifier (SUMO) to CASK reduces the interaction between 

CASK and protein 4.1, resulting in impaired spine formation (Chao et al., 2008). 

In addition, CASK PDZ domain associates with glutamate receptor-interacting protein 1 

(GRIP1) demonstrated by immunoprecipitation–immunoblotting analysis using CASK antibody 

(Hong & Hsueh, 2006). CASK and GRIP1 co-precipitate from adult rat brain tissue. Through 

immunoprecipitation and immunoblotting experiments with adult rat brain tissue, it was 

demonstrated that GRIP1 specifically binds the C-terminal tails of AMPA (α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid) type glutamate receptors GluR2 and GluR3 (Dong et al., 

1997). Via the interaction with GRIP1, GluR2 and GluR3 were also co-immunoprecipitated by 

CASK antibody from rat brain. Therefore, via interaction with GRIP1, CASK may be forming a 

complex with the AMPA receptor. 

 

I.D.3.c. Nuclear CASK 

In addition to the described localization and binding partners of CASK at the pre and 

postsynaptic sides, CASK also enters the nuclei of neurons and regulates gene expression. Tbr-1, 

CINAP and Bcl11A, are three CASK-interacting proteins that bind the CASK GUK domain. All 

of them were originally identified by a yeast two-hybrid screen (Hsueh et al., 2000; Wang et al., 

2004a; Kuo et al., 2010b).  
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Tbr-1 is a neuron-specific T-box transcription factor involved in cerebral cortex 

development (Naiche et al., 2005). Hsueh et al. (2000) found that CASK is localized in the 

cytoplasm when expressed in COS-7 cells. However, simultaneous coexpression of CASK with 

Tbr-1, resulted in CASK redistribution into nuclei, also co-localizing with Tbr-1. Thus, the 

interaction between the C-terminal region of Tbr-1 and the GUK domain of CASK results in 

nuclear localization of CASK. This suggests that CASK acts a coactivator of Tbr-1, consequently 

inducing the transcription of T box-containing genes, such as reelin (Hsueh et al., 2000) and 

NMDAR subunit 2b (NR2b) (Wang et al., 2004b).  

CASK-interacting nucleosome assembly protein CINAP (also called TSPY-L2, DENTT, 

or CDA1) binds histones, and stimulates transcription-factor binding to a specific nucleotide 

sequence (Wang et al., 2004b). Co-immunoprecipitation from rat brain extract demonstrated the 

interaction between CASK and CINAP in neurons (Wang et al., 2004b). Furthermore, confocal 

image analysis revealed the subcellular co-localization of CASK and CINAP, in the nuclei of 

cultured hippocampal neurons.  

High-magnification immunofluorescent staining revealed that CASK, CINAP, and Tbr-1 

co-localized with each other in the nuclei of a subset of neurons (Wang et al., 2004b). Tbr-1 and 

CASK were co-transfected with CINAP into neuroblastoma cells in order to assess effects on 

transcription using a luciferase assay (Wang et al., 2004b).  For this assay it was specifically 

used the NR2b promoter that contains a Tbr-1 binding site. NR2b encodes NR2B protein, critical 

structural and functional subunit of the NMDA glutamate receptor. By using a mutant NR2b 

luciferase reporter lacking the Tbr-1 binding site, it was found that Tbr-1, CASK and CINAP act 

on the Tbr-1 binding site of NR2b promoter. Cultured hippocampal neurons were stimulated 

using NMDA. Immunoblotting analysis showed that NMDA stimulation reduced the CINAP 
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protein levels, relative to the control, by ⁓60% in hippocampal neurons. Taken together, that data 

suggests that CASK and CINAP and Tbr-1 form a tripartite protein complex in the nucleus of the 

neurons, that regulates the expression of NR2b gene by the stimulation of NMDAR (Wang et al., 

2004b). 

Many other CASK-binding partners have been identified, including Caskin (Tabuchi et 

al., 2002), carom (Ohno et al., 2003), parkin (Fallon et al., 2002), SynCam (Biederer et al, 2002). 

Additional neuron-specific CASK-interacting proteins have been revealed by mass spectroscopy, 

such as alpha-adaptin, dynamin-associated protein 160, ninaC, superoxide dismutase 2, etc. 

(Mukherjee et al., 2014). Further consideration of the proposed role of CASK as a scaffolding 

protein can be found in the Discussion (Chapter IV).  

 

I.D.4. Other roles for CASK: insights from mouse models 

There is an extensive literature on the proposed role of CASK as the synapse, where most 

of the above-mentioned studies have implicated CASK with a role in either the formation or the 

structure of the neuronal synapse. However, these activities or roles of CASK have not been 

supported by functional demonstration. Hence, it is hypothesized that other than synapsis 

formation, CASK may play different roles in neurons. For instance, neurons lacking CASK 

display overall normal electrical properties and do not alter synapse formation in mouse (Atasoy 

et al., 2007). In C. elegans, LIN-2, the homolog of CASK, is required for EGF receptor 

localization and signaling in epithelial cells, inducing vulval development (Hoskins et al., 1996). 

This evidence for the role of CASK in C. elegans was obtained in mutant screen for cell-lineage 

specificity rather than synaptic function.  
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In mouse, CASK is located on the X chromosome, and it is essential for survival. Wilson 

et al. (1993) first reported a transgenic mouse mutant line, PyLMP.5, which harbors a transgene 

that codes for the Epstein-Barr virus latent membrane protein-1. Later, Laverty et al., (1998) 

found that PyLMP.5, was inserted into the CASK gene, thereby describing the first mouse 

mutation of CASK. The transgene integrated into an intron of the CaMK-like domain of CASK 

generating two hybrid transcripts in the mutant. Hence, this first mouse mutation of CASK is not 

considered null, rather hypomorphic. The unique phenotype included cleft palate, microcephaly 

and altered cranial morphology. Male mice die during the first day of life. No further analyses 

were conducted to explore neuronal function (Laverty et al., 1998). The second CASK mutation, 

a KO allele, was generated in a study conducted by Atasoy et al. (2007). By using the Cre-loxP 

system, the first coding exon of CASK was removed, abolishing the expression of CASK protein. 

Similar to the first mouse mutant, CASK-KO mice exhibit cleft palate. However, all CASK-KO 

mice die at birth, and do not exhibit major developmental abnormalities, suggesting that cleft 

palate is not the cause of lethality (Atasoy et al., 2007). In addition, an increase in cell death in 

the thalamus of the CASK-KO was observed. However, neurons lacking CASK form normal 

synapses. Moreover, the electrical membrane properties displayed no significant change in 

cultured cortical neurons from CASK-KO brain tissue. The evoked neurotransmitter release was 

not affected (Atasoy et al., 2007).  In the same study, a CASK knock-down mutation (where 

CASK expression was suppressed by ⁓70%) was also generated. By using homologous 

recombination, Atasoy et al., 2007 generated a knock-in mutant in which the first coding exon of 

the CASK gene was flanked by loxP sites. This knock-in mouse expressed only ⁓ 35% of normal 

CASK, which can be considered as CASK hypomorphic allele. CASK-knock-down mice are 
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viable but smaller than their WT littermates, defined by body weight, and have not been well 

characterized (Atasoy et al., 2007). 

Srivastava et al. (2016) published a study about the third and last mouse CASK mutation 

to date. A pan-neuronal-specific CASK-KO allele was generated by using Cre-loxP-mediated 

gene deletion, which completely eliminated CASK expression. CASK-KO mice were generated 

by crossing a CASK-floxed female with a mouse line expressing Cre recombinase under the 

control of synapsin 1 promoter, which expresses Cre exclusively in post-mitotic neurons. 

Contrary to the previous mice mutations that cause complete LOF, perinatal lethality is not seen 

in these animals. Granule cells are formed in the external granular layer during cerebellar 

neurogenesis and subsequently migrate inwards. CASK-null granule cells were capable of 

migration, as indicated by their proper location in the adult mouse cerebellum. Taken together, 

the data suggest that neuron-specific CASK deletion does not alter neuronal migration or 

survival. Rather, they showed that neuron-specific CASK-KO mice exhibited pronounced growth 

retardation and epilepsy. On the other hand, these data do not reveal the whole-animal CASK-KO 

phenotype. 

Contrary to what has been suggested across the initial findings about CASK and its role in 

synapse formation, numerous experiments in the last decade have changed that view. Although it 

is evident that CASK has an essential brain function, it may not be required for synapsis 

formation or structure. 

 

I.E. Drosophila CASK tools and contributions 

One major difficulty in studying human genetic neurodevelopmental disorders is the 

relative lack of autopsy brain tissue, or the inability to manipulate this tissue for experimental 
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procedures. Because ID genes are highly conserved (Inlow & Restifo, 2004; Oortveld et al., 

2013), the use of an experimental animal model becomes suitable. For instance, human CASK 

protein shares 98% amino-acid sequence similarity with CASK in rats and mice (Hsueh et al., 

2006) and 74% with CASK Drosophila (Figure 3). 

It is well-known that Drosophila has several distinct advantages as a model organism. 

For example, the minimal genetic redundancy, compared with mammals, and the high degree of 

orthology between mammalian and fly genes, make Drosophila a powerful system (Bier, 2005; 

Pandey & Nichols, 2011). Moreover, Inlow & Restifo (2004) found that 87% of the 282 genes 

known to cause ID in humans have homologs in Drosophila and 76% have at least one candidate 

functional ortholog. Homolog genes that relate through speciation from a single ancestral gene 

present in their most recent common ancestor are known as orthologs (Kuzniar et al., 2008). 

The nervous system of a fly displays a moderate level of complexity compared to human 

brain. Although the Drosophila brain is simpler than mammals, it has well-organized centers for 

distinct functions (e.g., olfactory, visual, gustatory, motor control, and learning and memory 

centers) (Pereanu et al., 2010).  

Drosophila CASK, the sole ortholog, has a size of 39274 kb, with 18 exons. It is located 

on the distal right arm of chromosome 3 at position 93F10-93F12 (Figure 4A-B) (Gramates et 

al., 2018), and is transcribed right to left. The CASK locus has a second transcriptional start site 

farther downstream that results in a transcript encoding a smaller protein of unknown function 

called CASK-α. CASK-α encompasses the MAGUK core (PDZ, SH3 and GUK domains), but 

lacks CaMK-like and L27 domains. In turn, the long isoform, the canonical CASK, is called 

CASK-β (Figure 4E and 4F). 
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Figure 3. Human and Drosophila CASK are highly conserved phylogenetically. Color-coded 

schematic comparison of CASK protein domains in H. sapiens and D. melanogaster showing 

identical organization. Percentage of aminoacids sequence similarity for each domain between 

the human (NP_003679.2) and fly (NP_001163681.1) Individual domains of Drosophila CASK, 

based on NCBI Conserved Domain Database: CaMK-like (residues 8-308), L27 (residues 347–

462), PDZ (residues 499–572), SH3 (residues 585–645) and GuK (residues 709–882).  

Designated domain regions are to scale. 
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The first genetic disruption of Drosophila CASK was obtained during a study of the 

adjacent torso-like (tsl) gene (Martin et al., 1994; Figure 4B). An X-ray mutagenesis was 

performed using the line tsl604, which carries a P-element insertion between tsl and CASK 

(originally named ‘caki’). Two zygotic-lethal deficiency chromosomes, i.e., disruptions of one or 

more normal genes that are essential to the survival of the zygote, were identified, with these  
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Figure 4. Drosophila CASK gene and genetic reagents. 
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Figure 4. Drosophila CASK gene and genetic reagents. A. Chromosomal region of CASK. 

Polytene chromosome map showing that CASK is located on the distal right arm of chromosome 

3 at position 93F10-93F12. The numbers and letters below the chromosome indicate the 

cytogenetic divisions and subdivisions of the Drosophila genome, respectively. B. CASK gene 

map. Genomic DNA sequence interval, 21,783–21,822 kb, is indicated. The scale is shown in the 

upper left-hand corner. CASK has two transcriptional start sites (arrows). Location of P 

transposable element insertion site, EY07081, indicated within the first intron at the 5’ end of the 

gene. In green is tsl, a neighboring gene 3’ to CASK. C. Overlapping chromosomal deficiencies 

that uncover CASK, diagrammed to show the breakpoints. Df(3R)X307 deletes a large portion of 

CASK, and Df(3R)X313 removes not only most of CASK, but also a large piece of the 3’-flanking 

DNA (indicated by the arrow). Dashed lines indicate that the breakpoint locations are uncertain. 

D. CASK alleles used in these studies. Ex33, a precise excision of the above-mentioned P-

element (EY07081). The imprecise excision, CASK-mutant allele, ∆18, harbors a deletion of 

exon 2. CASK∆18 also has a small piece of a roo transposon inserted at the deletion site, further 

lengthening the gap between the promoter region and the remaining coding exons. The UAS-

CASK+ 10.20 construct expresses the wild-type cDNA of the CASK-β isoform (CASK-RB mRNA 

in FlyBase). E. CASK transcript maps. Gray boxes represent non-coding regions; colored boxes 

represent translated regions. Note that CASK-α is missing the 5’ exons. F. CASK proteins. Color 

code matches the transcript coding regions. Note the view of the protein is flipped 180° relative 

to the diagrams shown above, N’ to the left to C’ to the right. Number of amino acids (aa) 

indicated. 
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zygotic lethal genes located respectively in each side of tsl gene. These large and partially 

overlapping deletions, identified as X307 and X313 (Figure 4C) were viable in the 

transheterozygote, i.e., X307/X313. CASK-null flies predicted to eliminate both CASK-α and 

CASK-β isoforms, were then produced by crossing together these two chromosomal deficiencies 

(Martin & Ollo, 1996). The resulting transheterozygous flies were infertile and showed reduced 

walking speed. Moreover, due to the extension of the deletion into neighboring genes, these 

CASK-mutant flies presented additional gene disruptions. Because of the nature of this CASK-

synthetic deletion, i.e. a partially overlapping deletions creating a null condition, only limited 

conclusions can be made about the role of CASK proteins in Drosophila.  

Similarities regarding fundamental neurobiology processes between Drosophila and 

humans, include synapse formation, neuronal communication, and membrane trafficking, among 

others (Bolduc & Tully, 2009; Hirth, 2010). For instance, in flies with overlapping deletions 

Df(3R)X307/Df(3R)X313, the spontaneous neurotransmitter release at the neuromuscular 

junction (NMJ) was four-fold increased, revealed by the intracellular analysis of miniature end-

plate potentials in the indirect flight muscle (Zordan et al., 2005). By electrophysiological means 

using larval and embryonic NMJ of body wall muscles, an independent study was carried out 

with the same CASK-synthetic deletion (Chen et al., 2011). Presynaptically, evoked excitatory 

junction current amplitudes were significantly decreased in NMJs of CASK mutants compared to 

controls. In addition, there were fewer spontaneous synaptic events and reduced synaptic vesicle 

cycling. Notice that the reduction in the spontaneous neurotransmitter release reported in this 

study contradicts the results obtained by Zordan et al. (2005), Chen et al. (2011) state that they 

cannot explain the difference between those contradictory results. Loss of CASK did not affect 

the total NMJ area and number of boutons, but a reduction in the number of synapses per bouton, 
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and thus a decreased synapse density, was seen, as assessed by immunoreactivity using specific 

neuronal markers. On the other hand, the loss of postsynaptic CASK, caused reduced 

spontaneous synaptic current amplitudes, smaller currents, and loss of postsynaptic glutamate 

receptors (Chen et al., 2011).  

To create a more conventional CASK LOF allele, than the synthetic deletion produced by 

Martin & Ollo (1996), Slawson et al. (2011) generated a small deletion within the CASK gene, 

resulting from imprecise excision of a P-element at the 5’end of the gene (Figure 4D). This allele 

eliminates the full-length CASK protein, i.e., it is a CASK-β null mutant, hereafter called ∆18 

(see § II.B.1.). 

In Drosophila, CASK is highly expressed in the developing nervous system throughout 

embryonic and postembryonic development, as well as in the mature brain (Martin & Ollo, 1996; 

Lopes et al., 2001). In the adult brain CASK is present in all neural structures, including the 

central brain and the optic lobes. There is also a high level of CASK expression in the eye 

imaginal discs and in the adult retina. In addition, a transient expression of CASK in Malpighian 

tubules in the embryo, and in the gut, during the larval and adult stages is detected (Martin & 

Ollo, 1996; Lopes et al., 2001). 

Despite the obvious physical differences between flies and mammals, and especially their 

neuroanatomical differences, many of the molecular mechanism underlying learning and 

memory are conserved (Bolduc & Tully, 2009). For instance, established paradigms in 

Drosophila (e.g., olfactory aversive conditioning, courtship memory) have revealed cognitive 

defects in fly mutants for orthologs of genes involved in human ID (Bolduc & Tully, 2009). ID 

(cognitive and adaptative deficits) resulting from CASK mutations suggest a role for WT CASK 

in plasticity and learning (Malik et al., 2014). CaMKII plays a central role in synaptic plasticity 
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and memory by autophosphorylating itself upon activation by calcium/calmodulin and thereby 

regulating its own kinase activity (Hell, 2014). It has been demonstrated that when 

calcium/calmodulin is present Drosophila CASK forms a complex with CaMKII in vitro (Lu et 

al., 2003). In addition, deletion of either full-length CASK or its CaMK-like and L27 domains 

impairs middle-term memory and long-term memory in Drosophila (Malik et al., 2013). 

Furthermore, human CASK expression in Drosophila rescued the dysregulation of CaMKII 

autophosphorylation induced by the CASK deletion, suggesting that the human CASK may also 

regulates CaMKII autophosphorylation (Gillespie & Hodge, 2013). Although is not clear if 

CASK also binds to CaMKII in mammals, the control of CaMKII and its autophosphorylation is 

critical for synaptic plasticity and memory in mammals and Drosophila (Malik et al., 2014).   

The fruit fly, Drosophila melanogaster is an excellent animal model system for 

understanding the biology of brain development and to dissect the genetic basis of human 

diseases (Inlow & Restifo, 2004; Bier, 2005). For instance, learning and memory formation, 

sensory perception, integration and motor output, are complex behaviors that share similar 

neurobiological bases in mammals and insects (Margulies et al., 2005; Keene & Waddell, 2007). 

To date, several Drosophila neurodevelopmental disorders models, including ID, have been 

established (McBride et al., 2005; Restifo, 2005; Gatto & Broadie, 2011; Oortveld et al., 2013). 

For instance, fly models for single-gene disorders that disrupt brain development include fragile 

X syndrome (Michel et al., 2004; McBride et al., 2005) and Angelman syndrome (Wu et al., 

2008), and neurofibromatosis type 1 (The et al., 1997). 

Hence, the study of molecular and genetic pathways can shed light on potential 

therapeutic intervention (Pandey & Nichols, 2011). In this regard, primary neuronal culture 
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methods in Drosophila arises as a powerful tool for drug discovery (Kraft et al., 2013), providing 

opportunities for targeting specific central nervous system disorders, including ID. 

 

I.F. Problem statement and research questions addressed in this dissertation 

ID is a manifestation of many neurodevelopmental disorders characterized by significant 

limitations in both intellectual functioning and adaptive behavior (American Psychiatric 

Association, 2013). Estimates of the prevalence of intellectual disabilities range from 1% to 3% 

of the population (McKenzie et al., 2016). Single-gene mutations are common causes of ID. 

CASK is one of the ~850 genes whose mutations cause ID. Unfortunately, there are very few ID 

disorders for which the underlying defect of brain development has been well described and 

understood. Very little human-brain autopsy material is available for study of rare ID disorders. 

There is a need to understand the pathological changes that cause defects in brain development 

and function.  

CASK has been found to be part of the presynaptic structure interacting with several 

binding partners (Hata et al., 1996; Sun et al., 2009; Chen et al., 2011), and the postsynaptic 

sites, where it maintains the morphology of dendritic spines (Chao et al., 2008). In addition, 

CASK also enters the nuclei of neurons and regulates transcription (Hsueh et al., 2000; Wang et 

al., 2004a and b). Interestingly, many of the binding partners of CASK are also encoded by ID 

genes (e.g. CDK5, NRXN1) (Samuels et al., 2007; Südhof, 2008). Although there is a large body 

of molecular and cellular neuroscience literature on CASK at the synapses claiming that the 

primary role of CASK is as a scaffolding protein, there has not been an assessment of neuron 

morphology, neither brain size in animal models with CASK mutations. Human CASK 

semidominant LOF mutations result in intellectual disability with microcephaly and pontine and 
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cerebellar hypoplasia (Najm et al., 2008; Moog et al., 2011; Burglen et al., 2012; Moog et al., 

2015; Hayashi et al., 2017). These human phenotypes demonstrate that CASK is essential for 

normal brain size. The human phenotype of reduced corpus callosum also suggest that CASK 

may regulate neuronal differentiation, specifically axon outgrowth. Except for one study 

assessing dendritic spines in mice (Chao et al., 2008), a role of CASK in regulating neuronal 

morphogenesis has not been demonstrated. Therefore, the aim of these studies was to 

characterize the role of CASK in neuronal morphogenesis and brain size in a rigorous 

quantitative manner, which had not been previously studied. 

 

In order to understand the cellular mechanisms of ID caused by human CASK mutations 

and to study the role of CASK in brain development, Drosophila CASK LOF mutants (∆18/∆18) 

were used. Together, the questions addressed in this dissertation allow a determination of 

whether Drosophila can be used to model CASK disorders. 

 

In Chapter II, I examined neurite-arbor morphogenesis in vitro by using larval CNS neurons 

primary cultures. The following questions were addressed: 

• Is CASK essential for normal neurite-arbor morphogenesis? 

• What is the phenotype of the CASK-mutant neurite arbor? 

• Is the CASK phenotype recessive, dominant, or semi-dominant? 

• Do CASK chromosomal deficiencies uncover the phenotype of CASK mutants? 

• Does wild-type CASK+ rescue the CASK-mutant phenotype? 
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In Chapter III, I analyzed brain size by using histological examination in parallel with head 

and overall body size. I addressed the following questions: 

• Does the CASK-mutant in vitro phenotype have an in vivo correlate (small-brain)? 

• Is CASK required for normal brain volume? 

• Does CASK regulate overall head volume? 

• Is CASK controlling body length? 
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Chapter II: Neurite-arborization abnormalities of CASK-mutant neurons  

in dissociated cell culture 

 

II.A. Rationale 

The functional architecture of the brain is based upon synaptic connectivity of neurons. 

Axons and dendrites, collectively known as neurites, define neuronal connectivity. Neuronal 

morphogenesis is critical to create functional interconnected networks (Chklovskii, 2004; Reid, 

2012). Neurite outgrowth, i.e., axonal and dendritic arborization, are key morphological events 

that characterize neuronal differentiation and define neuronal arbor size and shape (Wen & 

Chklovskii, 2008; Van Elburg & Van Ooyen, 2010; Gillette & Ascoli, 2015). Accordingly, 

structural abnormalities of axonal pathways and dendritic arbors are underlying many 

development disorders (Kaufmann & Moser, 2000; Dierssen & Ramakers, 2006; Edwards et al., 

2014). For instance, changes in dendritic arbors have been observed in post-mortem brain tissue 

of individuals with ID disorders, examined by Golgi staining (Kaufmann & Moser, 2000), such 

as Angelman syndrome (Jay et al., 1991) and autism (Bailey et al., 1998) among others. In 

conditions such as Down syndrome, Rett syndrome, and fragile X syndrome, dendritic spine 

abnormalities, such as abnormally long and thin spines, reduced dendritic length and abnormal 

branching have been reported (Purpura 1974; Kaufmann & Moser, 2000; Dierssen & Ramakers, 

2006). Morphological studies in postmortem brain samples from individuals with Rett syndrome 

have shown a significant reduction in dendritic branching of cortical pyramidal neurons 

(Armstrong et al. 1995; Armstrong, 2001). In addition, cortical neurons from patients with 

fragile X syndrome have increased spine density, longer dendritic spines and more spines with 

immature morphology (Hinton et al., 1991; Irwin et al., 2001). Similarly, the fragile X knockout 

mouse model also reproduced the main morphological abnormalities observed in human fragile 
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X patients (Irwin et al., 2002). Although, the fragile X mice did not exhibit increased dendritic 

spine density, their dendrites showed more long spines, fewer short spines and more spines with 

immature-like morphology (Irwin et al., 2002). Another common cause of structural 

abnormalities in the human brain are defects in the corpus callosum, the largest white matter 

tracts in the brain which consists of about 200 million axons (Edwards et al., 2014). Single-gene 

mutations associated with agenesis of the corpus callosum (ACC) result in either total absence 

(complete ACC), shorter (partial ACC), or a thinner than usual corpus callosum (Edwards et al., 

2014). Together, the available data suggest that many ID genes are likely to regulate neuronal 

morphology during brain development, with effects on dendritic arbors and axonal extension and 

branching. 

CASK is one of the ~850 genes whose mutations cause ID. CASK interacts with many 

different binding partners (Mukherjee et al., 2014) in different neuronal subcellular regions to 

perform specific functions (Hsueh, 2006 and 2009; Oliva et al., 2011). Because laboratory 

studies of CASK have mostly focused on the synapse (see § I.D.3.), there is limited 

understanding about the role of CASK before synapses have formed. Few studies have addressed 

the function of CASK in neurite outgrowth and the formation of neuronal arbors. For instance, 

Chao et al. (2008) showed that knockdown of CASK in cultured hippocampal neurons reduced 

spines density and length, whereas overexpression of CASK increased the density of dendritic 

spines. These data suggest that CASK stabilizes the morphology of dendritic spines but did not 

address dendritic arbor size or complexity. In another study, it has been shown that CASK 

synergizes with Bcl11A-L (B cell lymphoma 11), upregulating neurite outgrowth and branching 

(Kuo et al., 2010). Kuo et al. (2010) demonstrated that CASK interacts with Bcl11A, a Krüppel-

like zinc-finger transcription factor. Bcl11A, expressed specifically in hematopoietic tissue and 
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brain, is involved in the regulation of axon branching and dendritic outgrowth (Kuo et al., 2009). 

Overexpression of Bcl11A-L in cultures of rat hippocampal neurons caused delayed formation of 

the first branch, reduced axon-branch complexity (number of branching points encountered from 

the axon's first branch point to the tip), shortening of axonal length, and reduction in both 

dendrite number and total dendrite length. CASK overexpression in the same system did not 

cause any change. However, co-expression of CASK enhanced the suppressive effect of the 

Bcl11A on axon length and axon-branch complexity (Kuo et al., 2010), suggesting that the 

Bcl11A-L and CASK work together to restrict axonogenesis. In turn, Watkins et al. (2013) 

demonstrated that CASK recruits FRMD7, suggested to plays a role in neurite extension, to the 

plasma membrane, where FRMD7 enhances the neurite outgrowth by modulating the actin 

cytoskeleton. Despite the hypothesized differences about the role of CASK in neuronal 

development, it seems that CASK has some functions in neuronal morphology and structural 

connectivity. 

Previous studies in the Restifo laboratory have demonstrated that primary neuron cultures 

can reveal mutant neuronal phenotypes that are either difficult or too subtle to detect at the 

whole-brain level (Kraft et al., 2006; Lewis, 2015). The present study aims to answer the 

question of whether CASK protein is necessary for the inherent morphogenetic capabilities of 

CNS neurons.   

A combined approach using Drosophila genetics, primary neuronal culture, and semi-

automated processing of 2D neuron images, allowed me to investigate the CASK LOF phenotype 

in neuron morphology. To examine neurite-arbor morphogenesis in vitro and to quantify neurite-

arbor size and shape, I used primary cultures prepared from the entire CNS of wandering third 

instar larvae of Drosophila. My analysis was focused on neurite length, neuron area, higher-
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order branch number (branch number - primary neurites), and branch density (branch 

number/neuron territory). The evaluation of these morphometric parameters in vitro provides a 

basis for ascertaining the size and shape of neurite arbors, which in turn influence neuronal 

function (Wen & Chklovskii, 2008; Van Elburg & Van Ooyen, 2010; Gillette & Ascoli, 2015). 

The initial experimental design involved a direct comparison between neuron cultures prepared 

in parallel, with two homozygous genotypes: CASK ∆18/∆18, a loss-of-function mutation, and its 

genetic control, CASK Ex33/Ex33. I focused on the period immediately before the metamorphic 

transition because genes with roles in neuron development are more likely to show phenotypic 

expression during this developmental interval (Truman, 1990). I hypothesized that mutations in 

CASK would disrupt the size or shape of neurite arbors in vitro. 

Once I detected a phenotype, I further investigated if this phenotype was recessive, 

dominant or semi-dominant. This allowed me to anticipate how much restoration of function 

would be required to rescue the CASK phenotype. Finally, I used deficiency mapping and the 

expression of transgenic constructs to demonstrate that the observed neurite-arbor phenotype 

maps to CASK. 

 

II.B. Materials and Methods 

II.B.1. Drosophila culture and genetics 

 Fly stocks were maintained at room temperature (21-23°C) on a corn flour-nutritional 

yeast-agar medium (Elgin and Miller, 1978). Experimental cultures were reared at optimal larval 

density under standard conditions of 25°C, 60-80% relative humidity, as previously described 

(Kraft et al., 2006). The CASK LOF P18 allele (hereafter called ∆18), was created by the Griffith 

lab (Slawson et al., 2011) via imprecise excision of the P-element EY07081, a P{EPgy2} 
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insertion in the first intron of CASK (Figure 3). This CASK-mutant ∆18 allele is a 2624-bp 

deletion that results in the absence of full-length CASK protein (CASK-β isoform). However, the 

CASK-α isoform can still be produced from an internal promoter. This ∆18 allele also has a 

small piece of a roo transposon inserted at the deletion site (Slawson et al. 2011). Precise 

excision of the same P-element generated Ex(EY07081)-33, referred to here as Ex33, which 

serves as the genetic-background control and CASK allele chromosome. The UAS-CASK+ 10.20 

construct expresses the wild-type cDNA that corresponds to the full-length CASK-β isoform, 

CASK-RB mRNA (FlyBase CG6703-RB). The above Drosophila CASK stocks used in this study 

were kind gifts from Dr. Leslie Griffith (Brandeis University, Waltham, MA). elav-

Gal4C155/elav-Gal4C155; CyO/Sp; Sb/TM3 Ser (Lin and Goodman, 1994) with the elav neuron-

specific GAL4 C155 driver, was provided by Konrad Zinsmaier (University of Arizona, Tucson, 

AZ). 

Stocks of chromosomal deficiencies that remove CASK, Df(3R)X307 and Df(3R)X313 (FlyBase 

ID FBal0048070 and FBal0048071, respectively) (Martin and Ollo, 1996) were obtained from 

the Bloomington Drosophila Stock Center (Bloomington, IN; see URL list), and maintained over 

the balancer TM6B, Tb e. To generate each deficiency, hemizygote over balancer flies were 

crossed with homozygous Ex33 or ∆18 flies to yield hemizygous control, Df(3R)X307/Ex33 or 

Df(3R)X313/Ex33, and hemizygous mutant, Df(3R)X307/∆18  or Df(3R)X313/∆18 progeny. To 

obtain the heterozygotes w/w; +/+; CASK Ex33/CASKΔ18, virgin females w/w; + / +; 

CASKΔ18/CASKΔ18 were crossed with w/Y; +/+; CASK Ex33/CASK Ex33 males. 

To assess transgenic rescue, I used the GAL4-UAS binary system to drive selective 

expression of the gene of interest (Brand & Dormand 1995). Briefly, the expression of the 

transcription factor, GAL4, is under the control of enhancers at the transgene insertion site; this 
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is called the “driver”. UAS (upstream activating sequence) controls the expression of a target 

gene, which may be a reporter. GAL4 binds to UAS, activating the transcription of the target 

gene in a time- and space-specific manner. To determine the neuronal expression of the driver, I 

generate flies that contain a wild-type cDNA transgene of CASK, UAS-CASK
+

, and the driver 

C155-GAL4. Specifically, the neuron-specific driver elav-Gal4C155/elav-Gal4C155 and the UAS-

CASK
+

 transgene, were each crossed into the CASK ∆18 mutant background. The ELAV RNA-

binding protein encoded by elav (embryonic lethal abnormal visual system) is expressed in the 

central nervous system as well as the peripheral nervous system of embryos, larvae, pupae, and 

adults, exclusively in neurons (Robinow & White, 1998). Thus, by using the neuron-specific 

enhancer elav and the driver GAL4, pan-neuronal expression can be achieved. 

Flies of these two lines were then crossed: 

 ♀ elav-Gal4C155/ elav-Gal4C155; + / +; CASKΔ18 / CASKΔ18   

                                                 X   

♂  w / Y; UAS-CASK
+

/ UAS-CASK
+

; CASKΔ18 / CASKΔ18  

to generate elav-Gal4C155 w/+; UAS-CASK
+

/+; ∆18/∆18 progeny larvae.  

To verify the presence of the driver in the CASK ∆18 background and determine what 

fraction of cultured larval CNS neurons express a target gene with this GAL4 driver, UAS-

SuperGFP II homozygous flies were crossed with the elav-Gal4C155 strain.  

elav-Gal4C155/w; UAS-CASK/+; CASKΔ18/CASKΔ18 

X 

 w/Y; UAS-SuperGFP II/ UAS-SuperGFP II; CASKΔ18/ CASKΔ18 

 to generate elav-Gal4C155/+; UAS-Super-GFPII /+; CASKΔ18/ CASKΔ18. Larval CNS neurons 

of these progeny were tested in vitro. 
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II.B.2. Primary neuronal cell culture  

Dissociated neuronal cultures were prepared from the whole CNS of wandering third 

instar larva as previously described (Kraft et al., 2006, 2013; Smrt et al., 2015). Larvae selected 

from different genotypes were matched for sex and culture density. The CNS was explanted by 

microdissection in culture media, composed of Schneider’s Insect Medium (Invitrogen, San 

Diego, CA), 10% FBS and 50 μg/mL bovine or human recombinant insulin (Sigma, St. Louis, 

MO). Two FBS sources were used; most of the experiments were conducted using FBS from 

Hyclone (Logan, UT; lots APC20860 or AZA180873), whereas in a few of them FBS from 

Optima (Atlanta, GA; lot #D0118) was used. To facilitate the mechanical dissociation into 

individual cells, the tissue was incubated in Liberase Blendzyme (Roche, Indianapolis, IN) at a 

final concentration of 0.21 Wünsch units/mL. This mix of purified collagenase I, collagenase II, 

and the neutral protease dispase, digests the extracellular matrix. After this enzymatic digestion, 

mechanical trituration by manual pipetting was performed.  

Unless otherwise specified, the CNS-cell suspension was plated in custom culture dishes 

made in-house. To fabricate them, an 8-mm hole was drilled into the center of a 35-mm 

polystyrene culture dish. Then, a photoetched (“gridded”) glass coverslip (Bellco, Vineland, NJ) 

was glued to the bottom of the dish by using a thin layer of Sylgard (Sylgard 184, Dow-Corning, 

Midland, MI). For the transgenic-rescue experiments pre-made 35-mm culture dishes with 7-mm 

wells (MatTek, Ashland, MA) were used. Dishes were sterilized by exposing them to ultraviolet 

light (185-254 nm) for two hours. After sterilization and prior to the preparation of dissociated 

cells, dishes were coated with Concanavalin A (Sigma) and laminin (BD Biosciences, Franklin 

Lakes, NJ). CNS-cell suspension was then distributed into five or six culture dishes by pipetting 

⁓ 100 µl into each well. After a 2–3 h incubation at 25°C to allow the cells to adhere to the 
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substrate, the dishes were flooded with an additional 900 µl of culture medium and maintained at 

25°C. 

 

II.B.3. Immunostaining and morphometric analysis of 2D neuron images 

Cells were cultured for three days in vitro (div) (⁓70-80 h post-plating) at 25°C before 

fixation. Cultures were monitored every day to assess outgrowth, survival and to check for yeast 

contamination. Neurite outgrowth starts within hours in these cultures, and an elaborate neurite 

arbor can be seen at three div (Kraft et al., 2006; Smrt et al., 2015). Nonetheless, the overlap 

between neighboring arbors is minimal, which allows the evaluation of individual neurons. 

Fixation and immunostaining were performed as described previously (Kraft et al., 1998, 2006; 

Smrt et al., 2015). Culture dishes were rinsed twice with ice-cold, calcium-free Ikeda Ringer’s 

saline (130 mM NaCl, 4.7 mM KCl, 1.8 mM MgCl2, 0.74 mM KH2PO4, 0.35 mM Na2HPO4) and 

fixed using fresh 4% EM-grade formaldehyde (Ted Pella, Redding, CA) in PBS, pH 7.4, for 30 

min at 4˚C. Cells were washed three times at 4˚C in PTN (0.1 M sodium phosphate buffer pH 

7.4, 0.1% Triton X-100 (v/v), 0.1% sodium azide (w/v)). To visualize neuronal membranes, the 

Drosophila Nervana 2 protein (Sun and Salvaterra, 1995) was labeled with a polyclonal goat 

anti-horseradish peroxidase (anti-HRP) antiserum (Sigma) at 1:500 in PTN. Neurons were 

incubated with the above primary antiserum overnight at 4ᵒC. The next day, cells were washed 

with PTN six times for 15 minutes each at room temperature with orbital rotation. The primary 

antibody was detected with either Donkey anti-Goat IgG Alexa Fluor® 488 (Molecular Probes, 

Life Technologies) or Donkey anti-Goat IgG Alexa Fluor® 568 (Molecular Probes, Life 

Technologies) both diluted 1:500 in PTN. Dishes were incubated with the above secondary 

antisera at 4ᵒC in the dark for 3h, after which six washes with PTN for 15 minutes were 
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performed. To remove any trace of detergent (Triton), a final rinse with 0.1 M Tris-HCl buffer, 

pH 8.0, was performed before mounting with 12% w/v PVA (polyvinyl alcohol; Sigma, St. 

Louis, MO) and 1.5% w/v DABCO (1,4-diazabicyclo [2.2.2] octane; Sigma), an anti-fading 

reagent that delays the loss of fluorescence.   

Cultured neurons were examined on a Diaphot 300 inverted microscope (Nikon, Tokyo, 

Japan) with a 60X oil-immersion objective (numerical aperture, 1.4). When viewing or imaging 

cells, phase-contrast optics and/or epifluorescence illumination were used. Detection of 

fluorescent signal was achieved with filter cube Chroma #41001 (exciter 460-500 nm; dichroic 

505 nm; bandpass emitter, 510-560 nm) for Alexa Fluor® 488 and with a Nikon G-2A filter 

cube (exciter, 510-560 nm; dichroic 580 nm; long-pass emitter, 590 nm) for Alexa Fluor® 568. 

Images were collected with a Hamamatsu ORCA285 camera (Hamamatsu Photonic Systems, 

Bridgewater, NJ) and HCImage® software (v.2.0.0.0; Hamamatsu).  

For quantitative analysis of each genotype, systematic sample of approximately 100 

neurons (i.e., cell body and complete neurite arbor) was obtained. The photoetched glass 

coverslip has a gridded pattern that contains alphanumeric labeled squares.  Cells were selected 

by following the ‘staircase’ method (Figure 5A), in which each step is composed of the tread and 

rise, i.e., following a path of neurons along the tread and the rise of ‘steps’. At 10X 

magnification, I located the boundary of the well and drew it on a coverslip-grid map. My 

starting point was the left-most vertical grid line. From there, my imaging proceeded down and 

to the right, always along the tread and the rise of ‘steps’. I included all the non-overlapping 

neurons along each tread and rise, that fell within my field of view at 60X. In some cases, a 

neuron with a small degree of overlap of its neurite arbor with a neighbor was also included. 

Exclusion criteria for imaging a neuron included weak anti-HRP signal (suggesting cell death),  
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Figure 5. Neuron-sampling and imaging output.  
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Figure 5. Neuron-sampling and imaging output. A. Strategy for sampling neuron images from 

a single culture dish. Circle illustrates an 8-mm culture well, superimposed on a photoetched grid 

at the same size scale. In the “staircase” sampling method, the experimenter uses the grid to find 

a standard starting point (blue dot), and from there, the imaging acquisition proceeds 

systematically always along the tread and the rise of a staircase track (red lines, note directional 

arrows). B. A fluorescently labeled neuron after three div, overlaid with NeuronMetrics software 

output. The neuron territory is bounded by the yellow polygon. A thicker yellow line is 

superimposed to improve visualization. The neuronal cell body in indicated with blue. All the 

branches of the neurite skeleton are in green.  
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damaged cell bodies, and overlapping arbors that could not be resolved to allow accurate image 

analysis. 

Acquired digital images were converted from 16-bit to 8-bit tiff for analysis. For neurons 

with larger arbors extending beyond the microscopic field, multiple overlapping images were 

acquired and merged by “stitching”, using PanaVue ImageAssembler® software (Panavue Inc., 

Québec, Canada). 

Quantitative analysis of fluorescently labeled cultured neurons was done by using 

NeuronMetricsTM (Narro et al., 2007). This specialized semi-automated software converts each 

neurite arbor into a one-pixel-wide skeleton connected to the cell body region of interest (ROI) 

and bounded by the neuron's convex polygon (Figure 5B). The software computes primary 

neurite number, the length of the neurite arbor, branch number estimate, area and perimeter 

territory. Primary neurites are determined by locating the points where they emerge from the cell 

body. Territory is defined as the smallest convex polygon that encloses the neuron’s skeleton 

arbor and cell body ROI (Narro et al., 2007). 

In most of the experiments, the dishes were coded, such that image acquisition was 

performed blind to neuron genotypes. Coding was done by a lab member not participating in the 

experiment, and the code was revealed after the statistical analysis. I prepared a minimum of 

three independent replicates for each experiment; in most of the cases, these were set up at 

different times. 

Pair-wise comparisons, between different genotypes, of individual neurite-arbor 

parameters were made using the Mann-Whitney rank-sum test, a nonparametric statistical test for 

non-normally-distributed data (Fay & Proschan, 2010). Initially, SigmaStat (Systat Software, San 

Jose, CA) was used to run the test and graph the data. Recent, R Studio (version 3.2.1; R Core 
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Team, 2015) was used. Fellow doctoral candidate Sara Lewis and I developed the appropriate 

pairwise comparison script for varying numbers of genotypes being analyzed in a single 

experiment. I developed an updated version of the graphing code in 2018. 

 

II.B.4. Linear mixed modeling with nlme 

 Results from several experiments that compared the same pair of genotypes using a linear 

mixed-effects model were analyzed. The mixed effects model compares genotype-to-genotype 

differences within each experiment, and combines these comparisons across experiments, thus 

removing inter-experiment variability from the comparison. This implements a standard 

statistical approach for combining results across multiple replicate experiments. The mixed 

effects model fits a random intercept (mean) for each experiment, and genotype fixed effects 

within an experiment.  The procedure is implemented in the R package nlme using the lme 

function.  This package is supplied in the R system for statistical computing (version 3.2.1; R 

Core Team, 2015) under the GNU General Public License. The appropriate statistical model to 

use for comparison, and the corresponding R script was developed by Dr. Dean Billheimer, 

Professor of Statistics and Director of Statistical Consulting, along with biostatistics graduate 

students Nathan Grunow and Kyle Humphrey. 

 

II.C. Results 

II.C.1. CASKΔ18 homozygous neurons have a “bushy” phenotype 

 My motivation to examine developing neurons in primary culture, and to quantify their 

ability to generate neurite arbors, came from previous observations in our lab, where striking in 

vitro phenotypes have been revealed and characterized. For instance, fascin-deficient singed-
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mutant neurons have a “filagree” phenotype, with excessive clockwise curvature and failure of 

proximal-to-distal tapering (Kraft et al., 2006). I hypothesized that Drosophila CASK LOF 

mutation would cause neuron-morphology defects. 

To test my hypothesis, I prepared primary cultures from the entire CNS of wandering 

third instar larvae of Drosophila. The larval CNS harbors neuroblasts, terminally differentiated 

neurons and glia, functional for larval life, as well as immature neurons and glia cells of the 

presumptive adult nervous system (Truman, 1990; Tissot & Stocker, 2000). In our neuron culture 

system glial cells are absent after three div, as demonstrated by lack of Repo-positive glial cells 

and neuroblast proliferation is not detectable by BrdU incorporation (Luedeman, Chaung, 

Levine, and Restifo, unpublished observations). To answer the question of whether neurons from 

CASK∆18 mutant have altered neurite morphology, CASK∆18 and CASK Ex33 homozygous 

larval CNS neurons were compared. Although the CNS of CASK mutants was visibly smaller 

than that of control larvae (Figure 12A), cell densities after dissociation and plating were 

comparable by eye, i.e., based on visual comparison at the microscope.  

Neurite-arbor size and shape were quantified using NeuronMetricsTM (Figure 5B) 

software for semi-automated image analysis (Narro et al., 2007; Smrt et al., 2015). Total neurite 

length, territory area (the area occupied by the cell body and neurite arbor), number of 

primary neurites and branch number, are the parameters used to describe the neurite arbor 

morphology of a cultured neuron. In addition, higher-order branches, the number of higher-order 

branches per 1000 µm2, is sometimes used an additional morphometric parameter (Kraft et al., 

2006). 

CNS neurons lacking CASK-β (∆18/∆18) grew small arbors in vitro with an altered 

shape that was obvious to experienced practitioner of primary neuron culture. (Figure 6). In  
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Figure 6. CASKΔ18 mutant neurons have a “bushy” defect in vitro.  
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Figure 6. CASKΔ18 mutant neurons have a “bushy” defect in vitro. Representative images of 

cultured neurons derived from the entire larval CNS after three div. (60X magnification) A, B, C. 

Typical CASK Ex33/Ex33 neurons with fewer higher-order branches, covering a large territory 

area. D, E, F. CASK-mutant neurite arbors are reduced in size, with many higher-order branches. 

A-B. Representative images from approximately the 25th percentile of length, territory area and 

branch densities. C-D. Representative images from approximately the median of length, territory 

area and branch densities. E-F. Representative images from approximately the 75th percentile of 

length, territory area and branch densities. Scale bar A-F = 10 μm. 
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comparison to control neurons (Ex33/Ex33) these mutant neurite arbors had significant 

reductions in neurite length, territory area, and higher-order branch number (branch number - 

primary neurites), but branch density (number of branches per 1000 µm2) was increased (Figures 

6, 7). The descriptive name for this phenotype is “bushy”. Because the entire CNS tissue is 

dissociated and cultured, a large heterogeneity of neurons is expected. Because the CASK-mutant 

bushy phenotype is visible across the entire primary culture, there is no indication that this is 

restricted to a specific subset of neurons. 

To validate these results, multiple independent replicate experiments comparing CASK 

∆18 homozygous mutants with Ex33 homozygous controls were performed over a period of 

approximately 4 years in two different labs and with different lots of biological reagents. A 

particular kind of replication included the assessment of neurite-arbor morphology after CNS 

dissociation using microfluidic devices (see Appendix B), a collaboration with colleagues in the 

University of Arizona, Dept. of Aerospace & Mechanical Engineering (Jiang et al., 2015). A 

compilation of the data on all the morphometric parameters analyzed can be found in Table 2. In 

addition, to confirm that CASK LOF is responsible for the bushy phenotype a number of 

phenotype-mapping experiments were also carried out and are described in the next sections. 

Across eight independent replicate experiments ∆18/∆18 mutant neurons always 

displayed a highly significant decrease in total neurite length and territory area. This decreased 

arbor size was consistently accompanied by increased branch density. These three parameters 

have been shown as the most consistently affected by the CASK mutation and define the “bushy” 

phenotype. 

 In most of the replicates (seven of eight), a reduced number of higher-order branches 

was observed. An additional secondary parameter, the ratio of branches to neurite length, was   
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Table 2. Pairwise comparison between control Ex33 and mutant Δ18 neurite arbors across multiple neuron-culture 

experiments 

Median Median Median Median Median Median Median Median

 (μm)  (μm2) (#) (#) (#)  (#/area)  (#/area)  (#/100μ) 

Ex33/Ex33 305 1,822 29 7 22 17.2 13.2 9.9

Δ18/Δ18 240 1,124 28 8 20 22.4 16.3 10.9

Ex33/Ex33 520 4,110 48 6 41 10.8 9.4 8.7

Δ18/Δ18 274 1,846 25 5 20 12.9 9.5 8.5

Ex33/Ex33 484 2,742 46 6 40 16.0 13.8 9.7

Δ18/Δ18 214 1,360 24 5 20 18.8 15.6 10.6

Ex33/Ex33 383 2,936 35 5 29 12.2 10.3 9.1

Δ18/Δ18 296 1,661 28 6 21 19.5 13.9 10.0

Ex33/Ex33 547 3,704 53 6 46 12.8 11.0 9.1

Δ18/Δ18 375 1,908 35 6 28 20.4 15.8 10.8

Ex33/Ex33 505 4,537 41 5 36 10.0 8.5 8.5

Δ18/Δ18 397 3,047 41 4 36 12.4 11.0 9.2

KD020 Ex33/Ex33 487 3,061 49 5 43 17.0 14.8 9.9

PC021 Δ18/Δ18 376 1,820 39 7 31 22.2 18.1 11.0

KD020 [same as above] Ex33/Ex33 487 3,061 49 5 43 17.0 14.8 9.9

PC022 Δ18/Δ18 396 2,007 41 6 33 20.1 17.0 11.4

a

b

Most consistently affected parameters

Mann-Whitney Rank-Sum Test Results

Experiment and Genotypes

Length Territory Area Branches (all) Primary Processes HO Branches
a 

Branch Density
b 

HO-Branch Density
b Branches/Length

 P  value  P  value

2-way comparison Ex33/Ex33  and 

Δ18/Δ18

JT103 0.0001 4.1*10^-9 NS 0.0014 0.0236 1.4*10^-5

 P  value  P  value  P  value  P  value  P  value  P  value

0.0024 0.0029

2-way comparison Ex33/Ex33  and 

Δ18/Δ18

JT104 1.2*10^-15 5.5*10^-17 5.5*10^-11 0.0139 4.8*10^-11 0.0017 NS 0.0063

2-way comparison Ex33/Ex33  and 

Δ18/Δ18

JT106 1.2*10^-15 5.5*10^-17 5.5*10^-11 0.0139 4.8*10^-11 0.0017 NS 0.0063

3-way comparison Ex33/Ex33 , 

Ex33/Δ18  and Δ18/Δ18

JT130 1.4*10^-5 4.8*10^-10 0.0022 0.0059 0.0005 9.6*10^-6 0.0033 0.0076

3-way comparison Ex33/Ex33 , 

Ex33/Δ18  and Δ18/Δ18

JT132 1.3*10^-7 1.8*10^-13 0.0005 NS 0.0002 6.5*10^-7 5.6*10^-5 0.0004

4-way comparison Ex33/w(z) , 

Ex33/Ex33 , Ex33/Δ18  and 

Δ18/Δ18

JT133 0.0312 2.0*10^-4 NS NS NS 0.0166 0.0476 NS

2-way comparison Ex33/Ex33  and 

Δ18/Δ18  [microfluidic device 

dissociation]
2.1*10^-7 1.9*10^-9 0.0014 2.5*10^-9 5.0*10^-5 1.8*10^-7 0.0001

mutant arbors smallermutant arbors smaller high or low mutant arbors denser

HO: Higher-Order; HO Branches = Total Branches - Primary Processes

Branch Density: # Branches/Territory Area [Branches/1000μm2]

2.8*10^-6

4.8*10^-6 2.5*10^-8 0.0038 0.0007 0.0012 1.2*10^-6 0.0005 5.3*10^-7
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Figure 7. Quantification of the “bushy” phenotype in CASKΔ18 mutant neurons.  
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Figure 7. Quantification of the “bushy” phenotype in CASKΔ18 mutant neurons. Neurite-

arbor morphology parameters, depicted as box-plot distributions, from three div larval CNS 

neuronal cultures using CASK Ex33 (n=106) homozygous control and CASKΔ18 (n=105) 

homozygous mutants, to assess if there is a phenotypic difference in their neuron-arbor. 

Parameters shown are total neurite length (µm), territory area (µm2), higher-order branch number 

and branch density (branches/1000 µm2). The middle line within the box (arrowhead) represents 

the 50th percentile (median). Top and bottom of each box represent the 75th and 25th percentiles, 

respectively. The top and bottom whiskers represent the 90th and 10th percentiles, respectively. 

The nonparametric Mann–Whitney rank sum test was used to compare measures of neuron size 

and shape between genotypes. Statistically significant differences are indicated with asterisks: *, 

p < 0.05; **, p < 0.005; ***, p < 0.0005; ****, p<0.00005; ns, not significant. Total neurite 

length, territory area and higher-order branches are dramatically decreased in CASK-mutant CNS 

when compared to control animals (Ex33). In addition, CASKΔ18 mutants display increased 

branch density. 
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also affected, where seven out of eight experiments showed a statistically significant increase in 

this ratio. Quantification of the number of total branches showed either significant decrease 

difference in six experiments or no change in the rest of the cases. There were not remarkable 

differences between the primary processes across the eight replicates. The lack of significant 

differences in the number of primary processes suggests that the initiation of neurite outgrowth 

by CASK mutant neuronal somata does not vary from that in control neurons. Another ratio 

analyzed, the higher-order branch density also called branch-point density (number of higher-

order branches per 1000 µm2), was affected as well. In all the experiments conducted, CASK-

mutant neurons display increased branch-point density, with six of eight reaching statistical 

significance. The elevation in the branch-point density and branch:length ratio in CASK-mutant 

neurons is consistent with the increased branch density. The observations based on the three 

ratios analyzed (branch density, higher order-branch density, and branch:length ratio) indicated 

that even though these numbers did not reach statistical significance, they were always higher for 

the mutants when compared to controls. Together, these data indicate the striking difference in 

the neurite-arbor size and shape of cultured neurons lacking homozygous CASK-β when 

compared to homozygous CASK Ex33 controls. My impression is that most of the CNS neurons 

were affected and no subpopulation was spared.  

 

II.C.2. Linear mixed modeling to compare results across multiple experiments 

From the viewpoint of the statistician, each neuron-culture experiment represents a single 

sample (D. Billheimer, personal communication). Therefore, I obtained a consultation to learn 

how to compare all my mutant versus control data across the eight replicate experiments.  
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On the other hand, the eight neuronal culture experiments described here differ in several 

aspects, including the date when the culture was set-up, the brand and lot of FBS, the brand and 

type of gridded dishes and even the trituration mechanism, i.e., manual pipetting vs microfluidic 

device for automated dissociation (Jiang et al., 2015; see Appendix B). As a result, as reported in 

Kraft et al. (1998), there was a considerable variation in the absolute values for each 

morphometric parameter across all these experiments. For instance, in four different experiments 

I found that the median neurite length for CASK Ex33 neurons was 305, 520, 484 and 383 µm. 

Nevertheless, the directionally of differences and statistical significance were consistent across 

all the replicates.  

By using the linear mixed-effects model I was able to combine results across multiple 

replicate experiments, removing inter-experiment variability from the comparison. By comparing 

Ex33/Ex33 and ∆18/∆18 significant differences across eight different experiments were found 

for neurite length (p = 0.001), territory neuron area (p = 0.0004), higher-order branches (p = 

0.007) and branch density (p = 0.001) (Table 3). In brief, all comparisons were found to have 

substantial differences between genotypes, which means that there is striking biological variation 

with the bushy phenotype. In addition, the 95% confidence intervals for mean differences 

indicate the likely magnitude of differences between Ex33/Ex33 and ∆18/∆18 (Table 3). Thus, 

after removing the effects of inter-experimental variation from the analysis, we see that 

genotype-genotype differences are repeatable with high reliability.  
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Table 3. Ex33 and Δ18 neurite arbors comparisons across eight replicate experiments

Parameter Ex33/Ex33 Δ18/Δ18 Ex33/Ex33 Δ18/Δ18 Ex33/Ex33 Δ18/Δ18 Ex33/Ex33 Δ18/Δ18

Mean of the means across 

replicates
463 317 3273 1850 37 26 13.7 18.2

Difference between 

genotypes mean

Standard Error of the 

mean difference

95% Confidence Interval 

for difference in means

p-value 0.0011 0.0004 0.0066 0.001

27.4 173.2 3 0.8

(91 - 201) (1077 - 1070) (5 - 17) (2.9 - 6.1)

146 1423 11 4.5

Neurite Length (μm) Territory Area  (μm2) Higher-Order Branches (#) BranchDensity  (#/area)
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II.C.3. CASK “bushy” phenotype is semi-dominant 

 The bushy phenotype was revealed in CASK-mutant neurons from the CNS of 

homozygous larvae, a finding that does not explain if this phenotype is recessive, dominant or 

semidominant. Human CASK mutations causing MICPCH are semidominant, bringing up the 

question of whether there is a genetic parallel between fly and human CASK phenotypes.  

To determine the genetic nature of the bushy neurite-arbor phenotype I did a three-way 

comparison among homozygous control (Ex33/Ex33), homozygous mutant (Δ18/Δ18), and 

heterozygous (Ex33/Δ18) larval CNS neurons. If the bushy phenotype is recessive, I would 

expect no differences between Ex33/Ex33 and Ex33/Δ18, because in that condition one copy of 

the WT gene would not be sufficient to confer normal phenotype. 

 Neurons cultured from heterozygous larval CNS had significant reductions in neurite 

length, territory area and higher-order branch number when compared to homozygous control 

neurons (Figure 8). In contrast, branch density displayed a significant increase in Ex33/Δ18 

neurons. The heterozygous neurons had an intermediate bushy phenotype (less severe phenotype 

than the homozygous mutant), with significant differences from both homozygous control 

(Ex33/Ex33) and homozygous mutant (Δ18/Δ18). Therefore, indicating that Drosophila CASK 

Δ18 mutation is semi-dominant for this phenotype. 

 

II.C.4. Two chromosomal deficiencies of CASK uncover the bushy phenotype of CASK Δ18 

 To determine whether the bushy phenotype maps to the CASK region, two chromosomal 

deletions, Df(3R)X307 and Df(3R)X313, were used (see Chapter I and Figure 4C). The molecular 

mapping of these two deletions and their respective endpoints, have been approximated by 

Southern blot analysis, where both were determined to have partial deletions of CASK (Martin & 

Ollo, 1996). As shown in Figure 4C, Df(3R)X307, the “small” deletion, removes most of the 
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CASK gene, whereas Df(3R)X313, the “large” deficiency, not only deletes most of the CASK 

locus but also removes some additional proximal sequences. Each individual deficiency is  
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Figure 8. The CASK-mutant bushy phenotype is semidominant.  
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Figure 8. The CASK-mutant bushy phenotype is semidominant. Neurite-arbor morphology 

parameters, depicted as box-plot distributions, from three div larval CNS neuronal cultures. 

CASK Ex33 homozygous control (n=103), CASK heterozygous (Δ18/Ex33) (n=102), and 

CASKΔ18 homozygous mutants (n=102) were used to determine whether in-vitro CASK-

associated phenotype is recessive, dominant or semi-dominant. Parameters shown are total 

neurite length (µm), territory area (µm2), higher-order branch number and branch density 

(branches/1000 µm2). The middle line within the box (arrowhead) represents the 50th percentile 

(median). Top and bottom of each box represent the 75th and 25th percentiles, respectively. The 

top and bottom whiskers represent the 90th and 10th percentiles, respectively. The nonparametric 

Mann–Whitney rank sum test was used to compare measures of neuron size and shape between 

genotypes. Statistically significant differences are indicated with asterisks: *, p < 0.05; **, p < 

0.005; ***, p < 0.0005; ****, p<0.00005; ns, not significant. Larval CNS neurons from CASK 

heterozygotes (Δ18/Ex33) display an intermediate neurite-arbor size and shape between control 

(Ex33/Ex33) and mutant (∆18/∆18) animals, indicating that bushy is semi-dominant. 
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embryonic lethal, but that lethality has never been mapped. However, these two mutations 

complement and are viable in the trans-heterozygote. Based on the molecular characteristics of 

these deficiencies, I predicted that each deficiency chromosome should uncover the bushy 

neurite-arbor phenotype displayed in CASK∆18 homozygous mutants. For deficiency mapping, 

three genotypes were compared for each of the two deletions: 

w/w; +; Ex33/Df(3R)X# (hemizygous control) 

w/w; +; ∆18/∆18 (homozygous mutant)  

w/w; +; ∆18/Df(3R)X# (hemizygous mutant) 

As expected, neurite arbors from homozygous CASK∆18-mutant larval CNS were 

smaller than both hemizygous controls, Ex33/Df(3R)X307 and Ex33/Df(3R)X313 (Figures 9D 

and 10D, respectively), with reduced neurite length, territory area and higher-order branch 

number but increased branch density.  

The data also showed that neurons from each hemizygous mutant were at least as 

severely affected as neurons from the homozygous ∆18 mutant. Neurite length and territory area 

were significantly decreased when compare each hemizygous mutant to the corresponding 

hemizygous control (Figure 9D, 10D). In turn, comparison between each hemizygous mutant and 

∆18/∆18, displayed a dramatic reduction in both length and territory area in the hemizygous 

mutant. Higher-order branch number decreased, while branch density increased, when 

comparing each hemizygous mutant to their hemizygous control. Higher-order branches were not 

significantly reduced when compared to ∆18/Df(3R)X307 to ∆18 homozygous. In contrast, a 

significant decrease in higher-order branches was observed when comparing ∆18/Df(3R)X313 to 

for ∆18/∆18. For branch density, no statistically significant difference was observed for each 

hemizygous mutant, when comparing to CASK ∆18 homozygous. 
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Figure 9. A chromosomal deficiency, Df(3R)X307, uncovers the bushy phenotype of CASK 

Δ18. 
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Figure 9. A chromosomal deficiency, Df(3R)X307, uncovers the bushy phenotype of CASK 

Δ18. A-C. Representative images of cultured neurons derived from the entire larval CNS after 

three div. (60X magnification). Selected images from approximately the median of length, 

territory area and branch densities A. Typical Ex33/Df(3R)X307 neurons covering a large 

territory area with fewer higher-order branches, B. Reduced neurite-arbor size is accompanied by 

many higher-order branches in Δ18/Δ18 mutants. C. Δ18/ Df(3R)X307 neurite arbors are smaller 

in size, with an increased number of higher-order branches.  Scale bar A-F = 10 μm. D. Neurite-

arbor morphology parameters from three div larval CNS neuronal cultures, are depicted as box-

plot distributions. Ex33/Df(3R)X307 hemizygous control (n=104), Δ18 homozygous mutant 

(n=106), and Δ18/ Df(3R)X307 hemizygous mutant (n=106), were used to determine whether or 

not this chromosomal deletion maps to CASK. Parameters shown are total neurite length, 

territory area, higher-order branches and branch density. Neurite-arbor morphology parameters 

are depicted as box-plot distributions. The middle line within the box (arrowhead) represents the 

50th percentile (median). Top and bottom lines of each box represent the 75th and 25th percentiles, 

respectively. The top and bottom whiskers represent the 90th and 10th percentiles, respectively. 

The nonparametric Mann–Whitney rank sum test was used to compare measures of neuron size 

and shape between genotypes. Statistically significant differences are indicated with asterisks: *, 

p < 0.05; **, p < 0.005; ***, p < 0.0005; ****, p<0.00005; ns, not significant. In all the four 

parameters analyzed, the “bushy” neurite-arbor phenotype is displayed when comparing to 

control. Total neurite length, territory area and higher-order branches are decreased, whereas 

branch density is increased in homozygous mutants when compared to hemizygous control 

Ex33/Df(3R)X307. The chromosomal deficiency of CASK, Df(3R)X307, worsen the bushy 

phenotype of  ∆18 homozygous mutants. 
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Figure 10. A chromosomal deficiency, Df(3R)X313, uncovers the bushy phenotype of CASK 

Δ18.   
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Figure 10. A chromosomal deficiency, Df(3R)X313, uncovers the bushy phenotype of CASK 

Δ18. A-C. Representative images of cultured neurons derived from the entire larval CNS after 

three div. (60X magnification). Selected images from approximately the median of length, 

territory area and branch densities A. Typical Ex33/Df(3R)X313 neurons covering a large 

territory area with fewer higher-order branches, B. Reduced neurite-arbor size is accompanied by 

many higher-order branches in Δ18/Δ18 mutants. C. Δ18/ Df(3R)X313 neurite arbors are smaller 

in size, with an increased number of higher-order branches.  Scale bar A-F = 10 μm. D Neurite-

arbor morphology parameters from three div larval CNS neuronal cultures, are depicted as box-

plot distributions. Ex33/Df(3R)X313 hemizygous control (n=106), Δ18 homozygous mutant 

(n=105), and Δ18/Df(3R)X313 hemizygous mutant (n=106), were used to determine if this 

chromosomal deletion maps to CASK.  Parameters shown are total neurite length, territory area, 

higher-order branches and branch density. The middle line within the box (arrowhead) represents 

the 50th percentile (median). Top and bottom lines of each box represent the 75th and 25th 

percentiles, respectively. The top and bottom whiskers represent the 90th and 10th percentiles, 

respectively. The nonparametric Mann–Whitney rank sum test was used to compare measures of 

neuron size and shape between genotypes. Statistically significant differences are indicated with 

asterisks: *, p < 0.05; **, p < 0.005; ***, p < 0.0005; ****, p<0.00005; ns, not significant. Δ18 

homozygous mutants shown the “bushy” neurite-arbor phenotype in all the four parameters 

analyzed when comparing to control animals Ex33/Df(3R)X313. The chromosomal deficiency of 

CASK, Df(3R)X313, uncovers and exacerbates the bushy phenotype of CASK. This is indicated 

by the significant decrease of total neurite length, territory area and higher-order branches.   
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In summary, the distinctive features of the bushy neurite-arbor phenotype, with reduced 

length, territory area and higher-order branch number, accompanied by increased branch density, 

are uncovered by each of the two CASK chromosomal deficiencies. Therefore, this novel 

phenotype of cultured larval CNS neurons maps to the CASK region. 

  

II.C.5. Transgenic CASK+ improves the bushy phenotype 

To confirm that the bushy phenotype maps to the CASK gene, I determined whether this 

phenotype could be rescued by introducing a transgene with a WT copy of CASK. Because the 

bushy phenotype is semi-dominant, I hypothesized that one transgenic copy of CASK+ would 

partially restore CASK function. 

By putting elav-GAL4C155 and UAS-CASK+ together, i.e. in the same animal, I was able to 

drive the expression of CASK wild-type in all neurons. 

I first tested whether either of the two transgenes used, to drive wild-type CASK 

expression in neurons would impact the bushy phenotype of CASK ∆18 homozygotes, I 

performed a 3-way comparison. The following genotypes were compared: 

1) w/w; +; ∆18/∆18 (homozygous mutant) 

2) elav-Gal4C155 w/+; +; ∆18/∆18 (driver transgene in a mutant background) 

3) w/+; UAS-CASK+/+; ∆18/∆18 (target transgene in a mutant background)  

Neither of the two transgenes improved the bushy neurite-arbor phenotype of CASK ∆18 

homozygous mutants (Figure 11A). In fact, both transgenes caused modest reductions in neurite-

arbor size beyond that of homozygous CASK-mutant neurons. The total length was reduced by 

both UAS-CASK+ and elav-GAL4C155; territory area by UAS-CASK+ only. Neither transgene 

affected branch density (one of the most characteristic features of the bushy phenotype) or  
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Figure 11. CASK+ improves the bushy phenotype.   
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Figure 11. CASK+ improves the bushy phenotype. Neurite-arbor morphology parameters, 

depicted as box-plot distributions, from three div larval CNS neuronal cultures using transgenes 

to test the hypothesis that the bushy phenotype is caused by loss of CASK function. Parameters 

shown are total neurite length, territory area, higher-order branches and branch density. The 

middle line within the box (arrowhead) represents the 50th percentile (median). Top and bottom 

lines of each box represent the 75th and 25th percentiles, respectively. The top and bottom 

whiskers represent the 90th and 10th percentiles, respectively. The nonparametric Mann–Whitney 

rank sum test was used to compare measures of neuron size and shape between genotypes. 

Statistically significant differences are indicated with asterisks: *, p < 0.05; **, p < 0.005; ***, p 

< 0.0005; ****, p<0.00005; ns, not significant. A. Transgene controls do not impact the bushy 

phenotype. Results from one of three independent replicates, each with neurons from CNS with 

three genotypes. Mutant: w/w; +; Δ18/Δ18 (n=104) (purple); UAS-CASK+ transgene in the 

CASK-mutant background: w/+; UAS-CASK+/+; ∆18/∆18 (n=104) (gray); and the pan-neuronal 

gene elav, in the CASK-mutant background: elav-Gal4C155 w/+; +; ∆18/∆18 (n=105) (light-

blue). Neither transgene affected branch density, the most distinctive feature of the busy 

phenotype, or higher-order branches. Both transgenes cause modest reductions in neurite-arbor 

size (total length reduced by both UAS-CASK+ and elav-GAL4C155; territory area by UAS-CASK+ 

only). B. To assess transgenic rescue, three independent replicates from three div larval CNS 

neuronal culture were analyzed. The three genotypes for comparison included: Mutant: w/w; +; 

Δ18/Δ18 (n=105) (magenta); CASK+ transgene in the CASK-mutant background: elav-Gal4C155, 

w/+; UAS-CASK+/+; Δ18/Δ18 (n=104) (blue); and control: w/w; +; Ex33/Ex33 (n=105) (cyan). 

The addition of one copy of transgenic CASK+ partially rescues all the four neurite-arbor 

parameters analyzed.  
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higher-order branch number. If these effects are additive, it could make demonstration of 

phenotypic rescue more difficult, at least with respect to arbor size. 

To test for transgenic rescue of the bushy phenotype, I prepared 3 independent replicates 

on the same day in order to minimize biological and technical variables. Each replicate had 

neuronal cultures from larval CNS of three genotypes:  

1) w/w; +; Ex33/Ex33 (homozygous control) 

2) w/w; +; ∆18/∆18 (homozygous mutant)  

3) elav-Gal4C155 w/+; UAS-CASK+/+; ∆18/∆18 

The latter drives the expression of CASK in all differentiating neurons in CASK-homozygous 

mutants. 

Based on the semi-dominance of the CASK-bushy phenotype, I predicted that one copy of 

CASK+ would partially rescue the defect. My prediction was that more than 50% of wild-type 

CASK function would be required to achieve full rescue of the neurite-arbor phenotype. 

Figure 11B shows that the addition of a single transgenic copy of the wild-type CASK+ 

cDNA in a ∆18 homozygous background resulted in a highly significant increase in neurite 

length, territory area, higher-order branch number, and a decrease in the branch density. In other 

words, the addition of a single copy of a wild-type CASK+ transgene significantly improved the 

bushy phenotype. It yielded partial rescue of the bushy phenotype (i.e., intermediate between the 

phenotypes of mutant and control homozygotes). This suggests that in order to fully rescue this 

phenotype, two copies of wild-type CASK would be required. 
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II. D. Discussion 

II.D.1. Key findings and their significance to human CASK phenotypes 

In this study, I demonstrated that CASK-mutant neurite arbors have reduced size of a 

particular type, characterized by a reduction in neurite length, territory area and higher-order 

branches. In addition, the number of branches per unit area was increased in the mutants. The 

highly significant increase in branch density in these small neurite arbors gives rise to the 

“bushy” appearance of the phenotype. Hence, CASK regulates neurite-arbor size and shape.  

I also found that the small-arbor bushy phenotype is semidominant. This implies that 

50% of wild-type CASK function is not sufficient for normal neurite arbors. The dosage-

sensitive requirement for CASK in the CNS is also evidenced in humans, where differences 

between heterozygous females and hemizygous males with CASK mutations have been reported 

(Moog et al., 2011 & 2015). A hemizygous male with a mutation in the CASK gene on his sole 

X-chromosome, will have a more severe phenotype than a heterozygous female, who has one 

"normal" X-chromosome and one X-chromosome with the mutated CASK gene. MICPCH-

associated ID phenotype in humans is a clear example where there is a dosage-sensitive 

requirement for CASK in the CNS. Thus, the semidominance nature of CASK is not only true in 

Drosophila, but also in humans. 

Haploinsufficiency, when one copy of WT gene is not enough, is a common form of 

dosage sensitivity represented in human developmental disorders. For example, heterozygous 

LOF mutations of NIPBL cause Cornelia de Lange syndrome 1 (Pehlivan et al., 2014), which 

includes ID, impaired growth, characteristic facial malformations, and limb abnormalities (Boyle 

et al., 2015). Similarly, heterozygous LOF mutations in the gene encoding the CREB-binding 

protein (CREBBP, also known as “CBP”) were found to be responsible for causing Rubinstein-
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Taybi syndrome, characterized by ID, growth retardation, and dysmorphic features (Roelfsema et 

al., 2005). In addition, heterozygous LOF mutations of CTNNB1 cause autosomal dominant ID 

19 (aka MRD19) with microcephaly (Tucci et al., 2014). 

Examination of brain by MRI postmortem histology revealed abnormal dendritic 

arborization (Kulkarni and Firestein, 2012) and axonal projection defects (Edwards et al., 2014). 

It is plausible that human CASK mutations also disrupt brain neuronal morphogenesis, causing 

reduced dendric and/or axonal projections. Although, there is very little evidence about the 

causative relationship between neuronal arbor size and brain size, it is plausible that 

abnormalities in brain size may be a consequence of altered neuron morphology with reduced 

neurite extension and arborization size. As mentioned in section II.A., a significant reduction in 

dendritic branching in pyramidal neurons has been found in postmortem brain samples from 

individuals with Rett syndrome. This diminution was accompanied by global reduction in brain 

volume (Armstrong et al. 1995, Baj et al., 2014). Thus, cellular defect, such as the small-neurite 

arbor with altered neuronal shape, as seen in CASK mutants, could underlie both microcephaly 

and cognitive deficits due to altered neuronal circuitry in patients with MICPCH. 

 

II.D.2. Potential mechanisms underlying the CASK-mutant neurite arbor phenotype 

Lewis (2015) showed that Pak mutations cause defects in the cytoskeleton, which is 

essential for neurite morphology. PAK is a member of a small, highly conserved p21-activated 

serine/threonine kinase family, and it is a key regulator of the actin cytoskeleton (Kreis & 

Barnier, 2009). Changes in the organization of F-actin were accompanied with reduced filopodia 

in neurons cultured for three div from Pak mutants. In addition, it was found that there was a 

reduction in F-actin protrusions and spread microtubules in the growth-cones. Mutations in 



92 
 

PAK3, the human ortholog of Pak, result in ID and microcephaly (Peippo et al., 2007). 

Drosophila Pak-mutant neurons have reduced total neurite length and higher-order branches in 

vitro (Lewis, 2015). In addition, Drosophila Pak mutants have reduced terminal arborization of 

photoreceptor in the optic lobe. Pak is specifically required for cell axon guidance and targeting 

but not for cell differentiation and axon outgrowth in Drosophila photoreceptor growth (Hing et 

al., 1999). The fact that these defects occurs later in time, suggests that the initiation of neurite 

outgrowth proceeds normally. 

In CASK, the protein 4.1-binding domain (a lysine-rich short sequence located between 

the GUK and SH3 domains (Figure 3) is present (Biederer et al., 2001). The function of protein 

4.1 is to interact with F-actin molecules of the cytoskeleton and promote the polymerization. 

Thereby, it would be interesting to examine the distribution of F-actin in CASK mutant neurons.  

The potential structural or regulatory relationship of CASK to the actin cytoskeleton it is 

suggested by a link between CASK and FRMD7. In humans, CASK recruits FRMD7 to the 

plasma membrane, FRMD7, in turn, enhances the neurite outgrowth by modulating the actin 

cytoskeleton (Watkins et al., 2013). FRMD7 encoded FERM, where Coracle is the Drosophila 

ortholog. Coracle is an actin-binding protein and a member of the Protein 4.1 superfamily.  In 

Drosophila, Coracle is expressed in septate junctions, dorsal ectoderm (embryo) and brain 

(adult). LOF mutations result in failure of dorsal closure, late embryonic lethality and salivary 

gland defects (Lamb et al., 1998). I suggest that CASK binds Coracle at the 4.1 domain. Hence, I 

hypothesize that CASK may contribute to the cytoskeletal organization of neurons. 

To assess functional relationships between CASK and Coracle, it would be worth 

exploring the neuronal arbor in wandering third instar larvae from Coracle LOF homozygous 

mutants. Non-additive gene action results from a genetic interaction between genes and is widely 
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accepted as a sign of absence of a functional relationship between the mutated genes under study 

(Pérez-Pérez et al., 2009). If LOF mutations in Coracle do not reveal a neuronal-arbor 

phenotype, and the bushy neurite-arbor phenotype gets better when a double-mutant fly for 

Coracle (Coracle/+) and CASK (∆18/+) is generated, then it would indicate that there is a 

genetic interaction, with suppressor effects, between these genes. It also may be the case that 

Coracle LOF homozygous mutants have for instance, a recessive neurite-arbor phenotype. Then, 

if the bushy phenotype exhibited by CASK mutants gets worse when a mutation in Coracle is 

also present, it would be a sign of non-additive genetic interaction with synergistic enhancement. 

A synergistic enhancement occurs when the contribution of two mutations to the phenotype of a 

double mutant exceeds the expectations from the additive effects of the individual mutations 

(Pérez-Pérez et al., 2009).  On the other hand, if mutations in both CASK and coracle are present 

in the same animal and the neurite-arbor phenotype does not change it would be an indication of 

no genetic interaction.   

 

II.D.3. Contributions of primary culture for understanding neurite-arbor morphogenesis 

To understand the neurobiology of brain development and behavior, in vivo analyses 

have been complemented with studies of neuronal morphogenesis in vitro. For example, defects 

in neuron morphogenesis associated with drugs of abuse reported in vitro (Nassogne et al., 1995) 

complement with in vivo analyses of brain development and behavior (Robinson & Kolb, 2004). 

Specifically, embryonic mouse coculture of neuronal and glial cells have been used to test for 

toxicity of cocaine concentrations. Cocaine was added to this neurons-glial coculture after two 

div. After four div shortening of the neurites was clearly detectable A dramatic reduction of both 

number and length of neurites, and extensive neuronal death were found in embryonic neuronal 
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cells selectively affected by cocaine in vitro (Nassogne et al., 1995). In turn, Robinson & Kolb 

(2004), found that repeated in vivo exposure to drugs of abuse, such as cocaine, produces long-

lasting changes in the structure of dendrites and dendritic spines, e.g. spine density was increased 

in the hippocampus with the use of amphetamine. 

Cell lines are often used in place of primary cells to study biological processes. By using 

primary cultured cells, one avoids the disadvantages of immortalized cell lines, which may not 

adequately represent primary neurons and may alter the phenotype, yielding different results 

(Gordon et al., 2013).  

Primary cultures of mammalian cells are widely used to reveal cellular mechanisms in 

neurobiology (Kaech & Banker, 2006; Ray et al., 2009). Moreover, Drosophila primary 

dissociated cultures of developing CNS neurons provide a powerful experimental system with 

which to investigate the effects of genetic or chemical manipulations on neuronal differentiation, 

morphology, and function (Kraft et al., 2006; Smrt et al., 2015). A great advantage of this 

approach is that it allows the study of primary neural cells derived from any available genotype 

(Egger et al. 2013). 

Using our standard protocol, neurons in primary culture are cultured at low-density to 

reveal cell-autonomous characteristics of neurons under physiological and pharmacological 

conditions. One of the advantages of this system, for example, is that in vitro neurite outgrowth 

does not reflect the influence of non-neuronal cells. This is true because the protocol used yields 

pure culture of neurons without glial cells around them. Therefore, the bushy phenotype 

observed in CASK-mutants is determined primarily by intrinsic properties of the neuron and 

through soluble secreted (trophic) factors. Moreover, human microcephaly caused by CASK 
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mutations may exhibit a neurite-arbor bushy phenotype, which ultimately motivated me to 

further investigate brain size in the Drosophila system. 
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Chapter III:CNS-size abnormalities in Drosophila CASK loss-of-function mutants 

 

III.A. Rationale 

Neurodevelopmental disorders associated with changes in head and brain size in humans 

have been the focus of attention for many decades. A clinical finding that occurs in many 

neurodevelopmental disorders is microcephaly (Mochida & Walsh, 2001). Microcephaly is a 

phenotype that results from deficient brain growth either before birth or in the early years of 

postnatal life (Woods, 2004; Abuelo, 2007). Microcephaly results from reduced volume of 

cerebral cortex, cerebellar hypoplasia, brain stem and cerebellar malformations, cortical folding 

abnormalities and corpus callosum agenesis (Soto-Ares et al., 2003; Woods, 2004; Decobert et 

al., 2005). Thus, any condition that affects important processes of brain growth can severely 

affect head size. For instance, cell proliferation, cell differentiation, cell death, cell cycle and 

DNA repair are, among others, processes that affect pathways involved in neurogenesis 

(Barkovich et al., 2012). For example, humans with one of the autosomal recessive primary 

microcephalies (MCPH) usually have a small brain associated with mild to moderate ID. The 

most common cause of MCPH is homozygous mutation of abnormal spindle-like microcephaly-

associated gene, ASPM. Mutations in this gene affects progenitor proliferative capacity (Bond et 

al., 2003; Desir et al., 2008). Abnormal spindle (asp), is the Drosophila melanogaster orthologue 

of the human ASPM gene (Saunders et al., 1997). Mutations in asp lead to defects in mitosis at a 

variety of developmental stages as well as in male meiosis. The Drosophila protein asp is 

essential for normal mitotic spindle function in neuroblasts, mediates interactions between 

microtubule minus ends and the centrosome, and is involved in microtubule organization during 

spindle formation and cytokinesis (Wakefield et al., 2001).  
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While dissecting wandering third instar larva prior to dissociation (Chapter II), I observed 

that CASK-mutant larvae had smaller CNS than control larvae (Figure 12A). This observation 

was reminiscent of the small head phenotype in humans with CASK mutations (see § I.C.). This 

was my motivation to determine whether CASK controls brain size in Drosophila. 

Mass is not easy to assess for the tiny fruit fly CNS. For instance, the brain of an adult 

human weighs about 1,500 g, a mouse brain has an approximately mass of 0.416 g, while the 

fruit fly brain (Drosophila melanogaster) weigh less than 0.2 mg (Herculano-Houzel 2009). 

Assessing the CNS mass of Drosophila is not straightforward because for weighing, the tissue 

should be moist but not wet, and the tiny brains have a relatively large surface area, hence 

desiccation is a serious problem. Instead, I determined the brain volume. My approach consisted 

of estimating brain and head volumes from serial sections of osmium-stained, plastic-embedded 

heads at late stage of adult development. I hypothesize that mutations in CASK cause a reduced 

brain volume. 

Initially, I conducted a pilot study focused on the brain volume quantification in males 

and females to compare CASK-mutants and controls. In a second study, with better design I 

measured brain and head size, as well as body size in males only, none of these parameters has 

yet been investigated in CASK-mutant flies. 

Developmental mechanisms that underlie brain morphogenesis and head formation differ 

between invertebrates and mammals. The adult fly arises during metamorphosis, a process 

during which most larval cells die (Tissot & Stocker, 2000). The new adult structures are derived 

from imaginal cells which have been dividing during larval life, but do not contribute to the 

functional anatomy of the larva (Tissot & Stocker, 2000). For instance, tissues that make up the 

brain are derived from neuroblasts (Urbach et al., 2003), while most of the head capsule of the  
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Figure 12. Estimated brain size differences in CASK mutants. 
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Figure 12. Estimated brain size differences in CASK mutants. A. CNS-size abnormalities in 

third-instar CASK mutant larvae. Photomicrograph of stage- and sex-matched female 

homozygous Ex33 and ∆18 CNS. L= optic lobe; VG= ventral ganglia. Scale bar = 500 µm.  

CASK-mutant larvae have much smaller CNS than control animals. B. Dorsal view of pupa, 

viewed through a stereomicroscope, showing the three distinct body parts of the adult fly: head, 

thorax and abdomen. Body length was measured from these photographs (yellow dotted line) C. 

Microscope slide showing consecutive serial sections from one head (Photo credit: Rachel Bear). 

D. Photomicrograph of histological section through pharate-adult head of a control animal 

(Ex33/Ex33); frontal plane of section, dorsal is to the top. Aqua and yellow outlines, obtained 

from Olympus cellSens software, overlay brain and head, respectively. 20X magnification. Scale 

bar = 100 µm. E. Side-by-side comparison of estimated brain size obtained from serial sections 

of osmium-stained, plastic-embedded pharate-adult heads using Ex33 homozygous control and 

Δ18 homozygous mutants, to test the hypothesis that CASK mutants have a smaller brain than 

CASK-control flies. Each circle represents data from a single fly: homozygous controls 

(Ex33/Ex33, cyan circles) and homozygous CASK mutants (∆18/∆18, magenta circles). Ex33 

control animals had significantly larger brains than CASK-mutant flies (males p < 0.0005, 

females p < 0.01). Significance levels, based on nonparametric Mann–Whitney rank sum test for 

pairwise comparison between genotypes, indicated by asterisks: *, p < 0.05; **, p < 0.005; ***, 

p < 0.0005; ns, not significant. 
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adult fly originates from a pair of composite discs called the eye–antennal discs (Dominguez & 

Casares, 2005). Thus, brain and head in Drosophila derive from two anatomically separated 

structures. The Drosophila CNS is bilaterally symmetrical and includes a bi-lobed brain and a 

ventral nerve cord. The brain, in turn, is composed of the supraesophageal zone (SPZ) which 

includes the brain and optic lobes, and the subesophageal zone (SEZ) (Truman 1990; Ito et al., 

2014). In mammals, brain and head structures develop in tight physical association synchrony 

(Richtsmeier & Flaherty, 2013). The brain, which emerges comparatively early in development, 

originates from ectodermal tissue, the neural tube. The head, a compound structure, consists of a 

multitude of cell types, tissues, organs and spaces that originate separately but develop in 

coordination (Stiles & Jernigan, 2010). Thus, the head structure that is surrounding the 

developing brain grows in response to mechanical pressure, indicating that in humans, brain size 

affects skull size directly (Richtsmeier & Flaherty, 2013). In contrast, in fruit flies, head size is 

not dictated by brain size.  

Individuals with LOF CASK mutations also reported to exhibit short stature (Moog et al., 

2015). In fact, it is known that among the disorders causing microcephaly, a common co-

occurring phenotype is short stature. For instance, LOF mutations in the Rotatin gene (RTTN), 

which encodes a centrosome-associated protein, were found in patients with congenital 

microcephaly, ID, seizures and short stature (Shamseldin et al., 2015). As in humans, body size 

in Drosophila, particularly pupal case length, is also among the most heritable traits reported in 

this species (Visccher et al., 2010; Reeves & Tautz, 2017). In Drosophila, the final size of the 

adult fly is tightly correlated with the pupal size, which varies between 2.8 and 3.9 mm in length 

among natural (i.e., wild-type) individuals (Reeves & Tautz, 2017). In Drosophila, a developing 

larva feeds and grows until it reaches a critical size at which the larva stops feeding, marking the 
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end of body growth. It means that at later stages, e.g., pupal case formation, maximum size has 

already been reached (Shingleton et al., 2008). Thus, I measured the length of the pupal case as a 

proxy for adult body size (Figure 2B).  

 

III.B. Materials and Methods 

III.B.1. Sample collection and photography 

The Drosophila CASK alleles used in this study were originally created via excision of 

the P-element EY07081 (see § II.B.1). Specifically, CASK ∆18 imprecise-excision deletion, 

which eliminates production of full-length CASK protein, and CASK Ex33, the precise-excision 

control, were used. Rearing and culture conditions were as described in Chapter II (§ II.B.1.). 

Pupae of both homozygous genotypes, CASK Ex33/Ex33 and CASK ∆18/∆18, were collected as 

late pharate adults. Technically, the pharate-adult developmental stage begins when the 

transparent pupal cuticle separates from the underlying adult epidermis, resulting in a pharate or 

covered adult (Bainbridges & Bownes, 1981). However, our lab and many others restrict the 

term to the latest stages of metamorphosis, shortly before adult emergence (Restifo and White, 

1991). Pupae were gently removed from the walls of their culture vials, using a moistened 

paintbrush to dissolve the glue, being careful to avoid breaking the pupal case. They were 

separated by sex and maintained at room temperature in a humid chamber until photography and 

dissection.  

  

III.B.2. Photography and estimation of body length  

Pupae were individually positioned dorsal side up on a glass microscope slide. A 2-mm 

stage micrometer with 0.01 mm subdivisions (Ward's Science, Rochester, NY) was used to 
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determine the scale. Digital images were captured using a Canon Rebel T3i EOS 600D digital 

SLR camera, equipped with a Canon EF 100mm f/2.8 Macro USM lens (Canon USA, Inc., 

Melville, NY), and mounted on a tripod to standardize the distance between the camera and the 

bench below. For each experiment, all images were acquired on the same day. A unique 

identifying code was assigned to each captured image and, in the follow-up experiment, stayed 

with the sample throughout. The longitudinal axis of the pupal case in the digital images was 

measured along the midline between the anterior and posterior spiracles using the ImageJ tool 

‘Measuring Distance Between Points’ (Schneider et al., 2012) and the scale micrometer as a 

calibration tool (Figure 12B).  

 

III.B.3. Histology 

III.B.3.a. Dissection. After photography, each pupa was transferred to the well of a glass 

dissecting dish containing PBS, pH 7.4. Microdissection was done under a stereomicroscope 

using fine forceps, Dumont #5, Dumoxel with Biologie tips (Fine Science Tools, Inc., 

Vancouver, Canada). While grasping the posterior end of the pupal case with one pair of forceps, 

I used a second pair to gently open the operculum, leaving most of the thorax and abdomen 

inside the pupal case. Then I removed the pupal cuticle surrounding the head. Next, using one tip 

of the forceps as a blade, I severed the exposed head from the body by slicing through the neck. 

Similarly, I removed the proboscis to open the ventral head capsule. For the follow-up 

experiment, exceptional care was taken to avoid trauma to the head capsule so that it could be 

used for head-volume estimation. 

 



103 
 

III.B.3.b. Fixation and embedding. The protocol was modified from one previously used for 

estimating brain volumes in larger insects (Riveros & Gronenberg, 2010) and carried out with 

guidance from Dr. Gronenberg. Unless otherwise specified, all steps were carried out at room 

temperature. The heads were fixed overnight in freshly made 4% formaldehyde (Electron 

Microscopy Science; Hatfield, PA, USA) in PBS, pH 7.4, at 4°C on an orbital shaker. In the pilot 

study, groups of two to three heads of the same sex underwent fixation and subsequent 

processing together, which prevented them from being identified as individuals. In the better-

designed follow-up experiment, each head was processed individually. After fixation, head 

samples were transferred in groups (pilot study) or individually (follow-up experiment) to 

microcentrifuge tubes and washed twice in PBS, pH 7.4, for 1 hour each at room temperature, 

and in distilled water for an additional hour. The washes and all subsequent steps were done on a 

rotator. 

To stain the tissue, the heads were incubated in osmium tetroxide solution (Electron 

Microscopy Science; Hatfield, PA), 1% in H2O, for 1 or 2 hours, pilot and follow-up experiment 

respectively, at 4°C and for an additional hour at room temperature. Heads were then rinsed in 

water for 3 hours. A one-step dehydration method, based on Edwards et al., 1979, was 

performed. Samples were placed in a mix of 2,2-dimethoxypropane (Electron Microscopy 

Science; Hatfield, PA) acidified with 0.03% hydrochloric acid, for 15 min. After dehydration, 

heads were first immersed in 100% acetone for 20 min, then transferred to 30% acetone/ 70% 

Spurr's low-viscosity embedding medium (Electron Microscopy Science; Hatfield, PA) for 6 

hours, and finally transferred into 100% Spurr’s overnight. The specimens were mounted in 

groups of two or three (pilot study) or individually (follow-up experiment) in BEEM™ (VWR) 
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embedding capsules filled with 100% Spurr’s, and oriented to allow sectioning in the frontal or 

horizontal plane. Polymerization was induced by overnight incubation at 70°C.  

 

III.B.3.c. Serial sectioning. Each polymerized block was secured in a specimen holder and 

trimmed into a rectangle shape around the head using a disposable single-edge razor blade. 

Consecutive serial sections were cut block on a sliding microtome (Reichert, Austria) using a 

non-disposable stainless-steel knife, at 12-µm thickness. Sections were permanently attached to 

the microscope slide by using a slide-warming tray at 60°C. In the pilot study, there were two to 

three head samples per slide, whereas in the follow-up experiment, there was one head per slide 

(Figure 12C). The sections were mounted using Cytoseal (Thermo Scientific™, Waltham, MA) 

and coverslipped. These are permanent preparations. 

 

III.B.4. Image acquisition and analysis 

Digital images of each histological section were acquired with an Olympus DP70® 

camera mounted on an Olympus BX51TF® (Tokyo, Japan) compound microscope, using a 20X 

objective (0.50 N.A.). For any section that was not flat several images were acquired at different 

focal planes, merged using Adobe Photoshop (Adobe Systems Inc., San Jose, CA), and adjusted 

for brightness and contrast.  

To estimate volumes, I used Olympus cellSens™ Entry software (v.1.14). Outlines of the 

CNS tissue (“brain”) and head (Figure 12D) were traced using the measure polygon tool, which 

provides the total number of pixels included within the outlined area. In some sections, CNS 

tissue was not contiguous, in which case there were several polygons outlined and measured. The 

following steps were taken for calibration:  
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1. A digital image of a stage micrometer (1 division= 0.01 mm) (Ward's Science, Rochester, NY) 

was acquired using the same microscopy conditions and equipment.  

2. Using the stage-micrometer image, and Adobe Photoshop, I drew a one-pixel-wide line of 100 

µm and found the number of pixels contained on that line: 158 pixels. That value was 

used to calculate the number of pixels in a 100 x 100 µm square (10,000 µm2), namely 

24,964 pixels. 

3. The summed area measurements in pixels for each section were multiplied by the conversion 

factor, 10000 µm2/24964 pixels, yielding measurements in units of µm2 

(pixels*µm2/pixels= µm2). 

4. Brain or head volumes were then estimated from the summed area measurements in µm2 

multiplied by the section thickness (µm2 *12 µm= µm3). 

 

III.B.5. Statistics and graphing  

Pair-wise comparisons between genotypes of individual parameters were made using the 

Mann-Whitney rank sum test, a nonparametric statistical test for non-normally-distributed data 

(Fay & Proschan, 2010). I developed the appropriate pairwise comparison script and used R 

Studio (version 3.2.1; R Core Team, 2015) for statistical comparisons and graphing. Microsoft 

Excel 2016 (Microsoft Corporation, Redmond, WA, USA) was also using for graphing. 

 

III.C. Results  

III.C.1. The small-brain phenotype of CASK mutant flies 

To assess brain-size differences, I used a histological staining technique based on 

osmium tetroxide, an excellent heavy metal stain for visualization of lipids and, therefore, cell 
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membranes (Figure 12D). Staining biological tissue samples with osmium tetroxide provides 

very good contrast for image analysis, whether by traditional qualitative methods (Wigglesworth, 

1957; Adams et al., 1967) or more recent quantitative approaches (Riveros and Gronenberg, 

2010). Based on my observations of freshly dissected larval CNS, I predicted that adult CASK 

mutants would have a smaller brain volume than CASK controls.  

In the pilot study, I compared brain sizes of CASK control and mutant pharate adults. 

Because male and female flies differ considerably in body size (Stillwell et al., 2010; Rideout et 

al., 2015), the analysis was performed separately for each sex. Estimated brain volumes of 

Δ18/∆18 CASK mutants were significantly reduced in both males and females (Figure 12E), with 

no overlap between mutant and control values within each sex. However, samples sizes in this 

pilot study were all quite low. More important, the grouping of heads inadvertently resulted in 

non-random sampling. In particular, at the initial steps through head fixation, many more 

samples were prepared than were ultimately processed. For reasons of convenience, heads from 

pupae of similar lengths and the same sex and genotype were grouped, additional samples were 

discarded. However, this resulted in the samples not reflecting the body-size range within each 

genotype. Even worse, by chance, it happened that the selections were biased in the following 

way: Ex33/Ex33 females came from the middle of the range; ∆18/∆18 females came from the 

very top of their body-size range. For the males, the controls came from the very bottom of their 

range and the mutants from the middle of their range. In short, this was an unfortunate error that 

resulted in a grossly non-random sample. 

In an effort to mitigate this limitation in the pilot study, I attempted to estimate head 

volume. This had not been a planned part of the experiment, and sample handling had not been 

done in an optimal manner to preserve the anatomical integrity of the head capsule. Nonetheless, 
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the thought was that head size might help understand the brain-volume estimates obtained. This 

analysis was made only in males, because sample sizes were considerable smaller in the female 

group. Estimated head size revealed no significant differences between CASK Ex33 control and 

CASK∆18-mutant individuals (data not shown). This suggested that CASK mutants had 

microencephaly (small brain) but not microcephaly. The results were intriguing and raised some 

questions about head volume. In addition, there was a positive linear relationship between brain 

volume and head volume, showing that for both mutant and control, head volume increased with 

brain volume (data not shown).  

Using a much-improved design, I conducted a follow-up experiment with random 

sampling, larger numbers, and focused on one sex. From each genotype (CASK Ex33/Ex33 and 

CASK Δ18/Δ18) 10 males were selected. Also, unlike in the pilot study, each sample was kept 

separate with its unique alphanumeric code at every experimental step. Furthermore, the 

microdissection procedure was improved to ensure that the head volume could be estimated. To 

enhance the staining of the sections, a longer incubation time with osmium tetroxide was 

performed. In addition, a sharper blade was used for sectioning. Finally, and as mentioned 

before, a single head was mounted per block, which facilitated positioning the head in the 

desired orientation (e.g., to obtain frontal sections). These two different kinds of improvements, 

the random sampling method and maintenance of individual identities, together with an 

enhanced technique contributed to a much better experimental design, which would enable 

acquisition of body length, brain volume, and head volume from every sample. 

Again, estimated brain volumes obtained from serial sections of osmium-stained pharate-

adult heads of CASK Δ18 homozygous mutants were compared to those of CASK Ex33 

homozygous controls. Now the data points of the two genotypes did overlap but the brains of 
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CASK mutant pharate adult, were significantly reduced in volume when compared to control 

brains (p <0.0005; Figure 13A). Compared with the pilot-study data, the brain-volume estimates 

were all shifted higher, suggesting that the improved histological methods allowed complete 

identification of brain tissue. 

 

III.C.2. Relationship between head and body size: microcephaly and short stature  

Using the same serial sections of pharate-adult heads assessed for brain volume, I 

estimated head volume. This analysis showed that CASK mutants have smaller heads than 

control adults (p <0.001; Figure 13B). In other words, CASK Δ18 homozygous flies have 

microcephaly. These results are surprising, considering the developmental biology of 

holometabolous insects. In Drosophila melanogaster, the initial phase of brain and head growth 

occur as two anatomically separate processes. At pupation, the head capsule, having attained its 

final size, surrounds the brain, which is still growing (Tissot & Stocker, 2000). In contrast, in 

humans, brain size is the main determinant of head size in newborns (§ II.A.).  

Quantification of the fractional brain volume, the percentage of head volume occupied by 

the brain, showed that CASK-mutant brains occupied a somewhat greater fraction of the head 

volume (p < 0.05) compared to CASK EX33 controls (Figure 13D). This suggests that the 

reduction in the head size in mutant flies is even more severe than their reduced brain size.  

The relationship between brain and head volume can also be seen in the scatter plot 

shown in Figure 13E. The graph displayed a positive association between brain volume and head 

volume, showing that for both mutant and control, as head volume increased, so did brain 

volume. Although these values have a minimum overlapping, CASK mutants are localized at the  
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Figure 13. Relationship head and body size: microcephaly and short stature (continued on 

next page). 
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Figure 13, continued. 
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Figure 13. Relationship head and body size: microcephaly and short stature. A-H. 

Comparison of estimated brain and head size from serial sections of osmium-stained, plastic-

embedded pharate-adult heads, and body size measured from the length of the pupal case.  CASK 

Ex33 homozygous control and CASKΔ18 homozygous mutants were used to determine whether 

or not CASK mutants have microcephaly and short stature. Each circle represents data from a 

single male fly: homozygous controls (Ex33/Ex33, cyan, n = 10) and homozygous CASK mutants 

(∆18/∆18, magenta, n = 10). A. Brain size. The estimated brain volume is significantly reduced 

in CASK Δ18 animals. B. Head size. CASK mutants also display a significant reduction in head 

volume. C. Body size. CASK mutants also display a significant reduction in head volume. D. 

Brain-Head volume ratio. The fractional brain volume (quantification of brain volume to head 

volume ratio), is increased in the mutants. E. Relationship between head and brain volume. Both 

mutant and control animals, show a monotonical increasing association between head volume 

and brain volume, the larger the head size the larger the brain size. F. Relationship between head 

and body size. Mutant and control animals show that the lengthy the body size, the bigger the 

head. G. Relationship between brain and body size. The scatter plot graph displays a positive 

linear association between brain volume and body length, showing that for both mutant and 

control, as body length increases does brain volume increase. H. 3D scatter plot showing the 

association among brain size, head volume and body length, for both CASK mutants and 

controls. 3D plot created in MATLAB. E-H. Through all comparison between genotypes, data 

points form two clusters, mutants on the bottom left, and control animals on the top right, 

indicating that mutants have smaller brain, smaller head and short stature. 
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low-to-medium-sized sector of the space, whereas CASK controls are localized at the medium-to-

high-sized sector of the space.  

Next, I evaluated the differences in body size between CASK Δ18 homozygous mutants 

and CASK Ex33 homozygous controls. Because the final size of the adult fly is tightly correlated 

with pupal size (see § III.A.), I used the length of the pupal case (Figure 12B) as a convenient 

indicator of body size, and roughly comparable to length or stature in humans. CASK Δ18 

homozygotes have significantly smaller body length than CASK Ex33 homozygotes (p < 0.0005) 

(Figure 13C). One could say that CASK-mutants have “short stature”, which is also seen with 

MICPCH due to human CASK mutations. 

The relationship between brain volume and body length was plotted in Figure 13G. The 

scatter plot displayed a positive relationship. For both mutants and controls, as body length 

increases so does brain volume increase.  

Another association that was analyzed, considered the relationship between body length 

and head volume (Figure 13F). The graph showed that head sizes tended to vary according body 

size, the larger the body length, the larger the head.  

Finally, the association among brain size, head volume and body size are displayed in a 

3D scatter plot (Figure 13H). In this global overview of the different metrics analyzed, the data 

are clearly clustering, with mutant and control forming two distinct groups. CASK-mutants not 

only have smaller brain (microencephaly) and smaller head (microcephaly) when compared to 

CASK controls, but they also have short stature. 
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III.D. Discussion 

In a carefully controlled experiment, I demonstrated that CASK mutants have smaller 

brains when compared to CASK control adults. I further showed that LOF mutations in 

Drosophila CASK led to small heads and short bodies. In addition, I determined the relationship 

among brain and head volumes, and body length. CASK-mutants flies have a much smaller 

proportional size than control adults. 

It is well known that microcephaly is an important indicator of neurodevelopmental 

diseases. A smaller brain could potentially have fewer or smaller neurons, or both. For example, 

in Drosophila, mutations in the minibrain gene (mnb) result in a marked reduction in the volume 

of the adult optic lobes and central brain hemispheres. This phenotype is caused by a reduction in 

neuron number rather than neuronal size (Tejedor et al., 1995). Dual-specificity tyrosine-

regulated kinase 1A (Dyrk1a) is one of the mammalian orthologues of the Drosophila mnb gene. 

It encodes a protein kinase that catalyzes its own activation through autophosphorylation, and the 

phosphorylation of exogenous substrates. DYRK1A is a dosage-sensitive gene, LOF mutations in 

human DYRK1A cause dominant ID with microcephaly (Bronicki et al., 2015), whereas its 

overexpression contributes to Down syndrome cognitive dysfunction (Duchon & Herault, 2016).  

In mammals Dyrk1a controls neurogenesis and neuronal maturation (Tejedor & Hämmerle, 

2011). Dyrk1a pharmacological inhibition on neuronal progenitors isolated from mice 

overexpressing Dyrk1A prevented premature neuronal maturation (Mazur-Kolecka et al., 2012). 

In addition, Fotaki et al., (2002) showed that homozygous Dyrk1A-mutant mice died at 

midgestation, while heterozygous mice showed decreased neonatal viability, growth retardation 

and body size reduction. Brains from heterozygous Dyrk1A mice were decreased in size in a 

region-specific manner, although in most areas there was no evidence of alterations in the 
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cytoarchitecture and neuronal components. Besides, cell counts showed a specific decrease in the 

number of neurons in the superior colliculus, which exhibited a significant size reduction (Fotaki 

et al., 2002).  

Based on the bushy phenotype (see Chapter II) and my personal impression about 

neuronal densities, I hypothesize that the main cause of small brain or CNS size in CASK-mutant 

flies is a reduction of neurite arbors, not a reduction of neuronal numbers. A pilot study assessing 

the role of neuron number in the small-brain phenotype of Drosophila CASK mutant was 

conducted by the neuroscience undergraduate student Lauren Pisani. She analyzed my three div 

cultures (see § II.B.2., II.C.5.) and found that the whole-CNS neuron number estimates coming 

from were very similar through the three samples analyzed, CASK mutant, CASK control, and the 

transgenic rescue sample. Further experiments are necessary to test my hypothesis. For instance, 

an in-depth analysis of neuron number can be conducted by using flow cytometry. 

The main contributors to brain size are the number and size of neurons and glial cells, 

among other tissues, e.g., endothelial cells, choroid plexus (Mota & Herculano-Houzel, 2014). 

The adult human brain contains an estimated number of about 86 billion neurons and an equal 

amount of non-neuronal cells, e.g., oligodendrocytes, astrocytes, microglia (Herculano-Houzel et 

al., 2015, b). Thus, a reduced number of glial cell type may lead to a smaller brain. In addition to 

the neuroblast lineage, Drosophila studies suggest that the glial lineage governs overall brain 

volume in the larval brain (Pereanu et al., 2015). However, potential contribution(s) of individual 

brain lineage(s) (neuroblast or glia) to the defective brain growth is currently unclear. Mutations 

in WDR62, which encodes a centrosome-associated protein, cause autosomal recessive primary 

microcephaly and other cortical abnormalities in humans, e.g., lissencephaly, polymicrogyria 

(Bilgüvar et al., 2010). Loss of Wdr62 results in neural progenitor cells, mitotic delay, cell death 
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and smaller brains in mice (Chen et al., 2014). More recently, Drosophila model of Wrd62 

showed that control of brain growth predominantly depends upon glial lineage function, as 

depletion of wdr62 specifically in the glial lineage significantly reduces brain volume (Lim et al., 

2017). 

Interestingly, when analyzed CASK-mutant pupae, I also found that they have short body 

length. Not only brain and head were reduced, but also the body size. The mean pupal length for 

CASK mutants was 2.8 mm, which is at the lower limits of the smallest WT D. melanogaster 

analyzed by Reeves et al. (2017). This provides evidence suggesting that the CASK gene has 

roles beyond brain growth. Very often, short stature has been also reported in children with 

CASK-related disorders, such as MICPCH (Moog et al., 2011, 2015) and FG syndrome-4 (Piluso 

et al., 2003) or X-linked ID with or without nystagmus (Hackett et al., 2010). There are thus 

parallels between the human and the fly phenotype, where the main features are faithfully 

replicated.  

Remarkably, Brown et al. (unpublished, in preparation) found that short stature co-

occurred with 66% of monogenic congenital microcephaly disorders. This evidence shows that 

genes with mutations causing these disorders are rarely specialized for brain growth, but rather 

have generalized functions in overall body growth. For example, individuals with Seckel 

syndrome 5, caused by CEP152 mutations, have congenital microcephaly and ID. This disorder 

is also associated with severe intrauterine growth retardation and short stature. Weaker CEP152 

mutations also cause autosomal recessive primary microcephaly 9 (MCPH9), this phenotype 

being less severe than Seckel syndrome 5. MCPH9 patients present with moderate cognitive 

impairment but do not have short stature (Guernsey et al., 2010). Similarly, CASK mutations 

seem to cause widespread developmental defects, i.e., both brain and body growth are affected. 
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Available information from CASK disease-causing mutations seems to show that these are not 

always accompanied by a short stature phenotype. Thus, it will be important to further 

investigate the difference in functional consequences of human CASK mutations to understand 

the cases in which the phenotype is or is not accompanied by short stature.  

  Najm et al (2008) reveal the cellular defects underlying cerebral cortical malformation 

by autopsy analysis of a neonate with MICPCH. The study described an abnormal dispersion of 

neurons in the deeper layers of the cortex, i.e., laminae V-VI merge together, a reduced neuronal 

number in the basis pontis and in the thick external granular cell layer of the cerebellum. The fact 

that the pons and the cerebellum are the most severely affected CNS structures in this disorder 

suggest that specific regions are more sensitive to the disruption of CASK function. Therefore, 

one of the questions that arises in Drosophila is whether the volume of different brain structures 

is reduced proportionately, or if certain brain regions are preferentially affected by the CASK 

mutation. A gross assessment of the samples analyzed did not reveal any obvious disproportion 

among different regions of the brain. However, uncertainty arises due to lack of a quantitative 

analysis and the fact that other staining methods would be better to resolve regional differences. 

It remains possible that subtle defects may be revealed upon assessment of a detailed regional 

analysis of specific brain regions, such as optic lobes or antennal lobes, two major easily 

identifiable neuropil areas. 

Located in the middle of the Drosophila brain is the central complex, which serves as an 

integration center for diverse motor, sensory, learning, and memory activities (Wolff et al., 

2015). The central complex of the adult fly brain consists of four substructures: the ellipsoid 

body, the fanshaped body, the noduli, and the protocerebral bridge. To date, comparative 

anatomy, behavioral genetics and electrophysiology, all suggest that the central complex plays a 
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cerebellar-like role and has analogous functions to the cerebellum (Strausfeld, 1999). The 

analysis of several Drosophila mutant strains has revealed several structural defects in one or 

more neuropils of the central complex (Strauss & Heisenberg, 1993). For instance, in ellipsoid 

body open-mutant flies the central complex is disturbed to varying degrees including the 

dissociation of the ring into two parts, a cleft in the fan-shaped body and hypoplasia in the 

protocerebral bridge (Ileus et al., 1994). Therefore, it would be interesting to investigate whether 

there is any central complex defect in CASK-mutant flies. It may be the case that CASK-mutant 

flies not only have small brain but can also have additional CNS structural defects.  

In summary, my data show that estimated brain volume is reduced in CASK-mutant 

Drosophila pharate adults. Furthermore, I showed that the estimated total head volume and the 

body length are also reduced in the mutants. Most importantly, I provide evidence to support the 

parallel between human and fly regarding CASK-related disorders. Taken together, results 

obtained from CNS-size abnormalities and body-size measurements, provided novel insights into 

CASK defects in brain development and establish Drosophila CASK as a good model for future 

investigation of human monogenic microcephaly.  
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Chapter IV: Discussion 

 

IV.A. Summary, synthesis and significance of findings 

Motivated in part by studies in the Drosophila neurexin gene conducted in the Restifo lab 

(Shim & Restifo, 2013; unpublished data), I selected CASK from among a group of ID genes for 

the focus of my research. The appeal of CASK included its many possible functions, diverse 

localizations, and furthermore, because many CASK-binding partners are also encoded by ID 

genes. Hence, I designed and conducted a series of experiments with the ultimate goal of 

characterizing neuronal and CNS abnormalities in Drosophila CASK LOF mutants.  

The vast majority of the hundreds of human ID genes are very highly conserved in 

Drosophila. Over 85% of human ID genes have a one or more Drosophila homologs and 76% 

have at candidate functional ortholog (Inlow & Restifo, 2004; Oortveld et al., 2013). Among the 

⁓850 single-gene mutations causing ID is the X-linked gene CASK (Piluso et al., 2009; Tarpet et 

al., 2009; Moog et al., 2011; Burglen et al., 2012; Hayashi et al., 2012; Moog et al., 2015; 

Hayashi et al., 2017). 

To understand the cellular bases of cognitive deficits, such as ID, an animal model with 

strong face, construct and predictive validity is desired (Nestler & Hyman, 2010). Face validity 

means that the model ‘looks like’ the disease, i.e., if faithfully recapitulate clinical features or 

symptoms of the human disease. Construct validity means the etiologic process that cause the 

human disease is the same in the model and/or if there is a convincing theoretical rationale for 

the model. Predictive validity, in turn, means whether the model can be perturbed or treated with, 

for instance drugs, to mitigate the symptoms. Although it seems obvious, many of the symptoms 

used to establish diagnoses in human developmental brain disorders, e.g. language delay, are 
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never going to have any face validity in an animal model (Nestler & Hyman, 2010; Narayanan & 

Rothenfluh, 2016). Although the correspondence may only be approximate, in fruit flies some 

other indicators of cognitive deficits can be detected, such as reduced learning and/or memory, as 

well as of social behavior and executive function (e.g., integration and motor output) among 

others (e.g., drug addiction) (Narayanan & Rothenfluh, 2016). To meet all three types of validity 

criteria results difficult, however, numerous studies have demonstrated how Drosophila can be 

used to systematically model developmental brain disorders (Restifo, 2005; Bolduc & Tully, 

2009; Gatto & Broadie, 2011; Narayanan & Rothenfluh, 2016). In fact, the Drosophila system 

has provided valuable disease models with strong face validity cases. Despite the diverse 

approaches and the challenges of validation, in Drosophila, there are some well-known examples 

of single-gene ID disorders that offer at least two criterion validities e.g. face/construct, 

face/predictivity, etc. Among these “well-validated” disorders in fruit flies are Angelman 

syndrome, Rett syndrome, neurofibromatosis Type 1 and fragile X syndrome (Gatto & Broadie, 

2011). Indeed, a Drosophila model for fragile X syndrome was developed as the first ID model 

in flies. Fragile X syndrome, the leading monogenic cause of ID, results from the loss of FMR1 

gene function.  Drosophila fragile X mental retardation 1 (dfmr1) is the sole Drosophila 

ortholog of FMR1 (Wan et al. 2000). Flies with dfmr1 LOF mutations have disrupted circadian 

rhythms and impaired courtship behavior (Dockendorff et al. 2002), alterations in synaptic 

branching (Morales et al. 2002) and motor-behavior deficits revealed by increased levels of 

grooming (Tauber et al. 2011). In addition, dfmr1-mutant flies, have defects in cognitive 

function, as indicated by their reduction in long-term associative memory (LTM) (Bolduc et al. 

2008) and defective mushroom-body development (Michel et al. 2004). Thus, the phenotypes 

observed in dfmr1-mutant flies are consistent with the human FXS phenotype. Moreover, CASK 
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mutations in Drosophila recapitulate the CASK human phenotypes, they are not only LOF, but 

also have an mendelian inheritance. Hence, the Drosophila model for CASK mutations causing 

ID disorders has strong construct validity. 

The first goal of my project was to examine the potential role of CASK in neuronal 

morphogenesis by using primary neuronal culture. This emerged from the fact that primary 

neuron culture can reveal subtle or hidden phenotypes (Kraft et al., 2006 and 2013). For instance, 

neurons from grossly normal brains that are deficient in fascin, a highly conserved actin-

bundling protein, have a dramatic abnormality when cultured in vitro. Fascin-deficient singed-

mutant neurite arbors have a “filagree” phenotype, characterized by the excessive clockwise 

curvature and failure of proximal-to-distal tapering, a striking phenotype with high penetrance 

that was revealed in neuronal primary culture (Kraft et al., 2006). Restifo group have identified 

an ID-gene pathway that connect Fascin1, PAK3, CREB Binding Protein (CBP) and CASK 

(Lewis, Tello & Restifo; unpublished data), all with characteristic neuronal-arbor phenotypes 

revealed by primary cultures prepared from the entire CNS of wandering third instar larvae of 

Drosophila. PAK function stabilizes the actin cytoskeleton (Kreis & Barnier, 2009). Cultured 

mutant neurons from Drosophila PAK, the fly ortholog of PAK3, show a marked reduction in 

neurite outgrowth, especially of higher-order branching in vitro (Lewis, 2007). CBP is a 

transcriptional coactivator of CREB (McManus & Hendzel, 2001). In Drosophila, the single 

ortholog of CBP is the gene dCBP (or nejire). When cultured in vitro, dCBP-mutant neurons 

have a “naked” neurite-arbor phenotype, with few primary neurites and even fewer higher-order 

branches (Olson & Restifo, unpublished).  

By using primary cultured neurons from the whole CNS of wandering third instar larvae 

of Drosophila, I found that homozygous CASK ∆18-mutant neurons have small neurite arbors 



121 
 

with an altered shape, that because of its qualitative appearance was named “bushy”. Neurite 

length, territory area, and higher-order branch number (branch number - primary neurites), were 

significant reduced, while branch density (number of branches per 1000 µm2) was increased. By 

testing CASK heterozygous (Ex33/∆18), I also demonstrated that the Drosophila CASK-mutant 

bushy phenotype is semi-dominant. Furthermore, by using two chromosomal deletions, 

Df(3R)X307 and Df(3R)X313, I verified that the bushy phenotype of cultured larval CNS neurons 

maps to the CASK region (see § II.C.4.). Finally, I demonstrated that by introducing one 

transgenic copy of CASK+ the bushy phenotype was improved (see § II.C.5.). Together, all data 

indicate that there is a dosage-sensitive requirement for CASK in the CNS of both Drosophila 

and humans. 

Three different but connected facts motivated the second goal of this project, which was 

to study the role of Drosophila CASK in brain size. First, the strong construct validity for 

Drosophila CASK recapitulating the disease-associated genetic abnormality in humans. To date, 

CASK mutations reported in humans suggest a model of LOF causality of CASK-mutant 

phenotypes (Piluso et al., 2009; Moog et al., 2011 and 2015; Hayashi et al., 2017). In addition, 

the semi-dominant nature of these mutations can be inferred based on the phenotypic data in 

males and females (see § II.C.3.). Drosophila CASK mutations are LOF with a semi-dominant 

phenotype, consistent with the human phenotypes. Second, I observed reduced brain size in 

CASK mutants at wandering third instar larvae stage. Third, the human microcephaly phenotype 

caused by CASK mutations. To confirm and evaluate brain-size abnormalities, I analyzed Δ18 

homozygous flies by histology of plastic-embedded serial sections. I found that the estimated 

total brain volume was reduced in CASK mutants. In addition, I showed that mutations in 

Drosophila CASK lead to a small head and short body length.  
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There are several examples that connect ID, microcephaly and short stature. Indeed, it 

was found that short stature co-occurred with 66% of monogenic congenital microcephaly 

disorders (Brown et al., ms. in preparation). For example, mutations in polyglutamine binding 

protein 1 (PQBP1) cause an X-linked disorder called Renpenning syndrome (Stevenson et al., 

2005). This disorder is characterized by ID, microcephaly, short stature and variable 

malformations (Kalscheur et al., 2003). LOF PQBP1 mutations affects the alternative splicing of 

RNA, influencing the mRNAs of multiple targets (Wang et al., 2013). Knockdown of PQBPQ1 

impairs neurite outgrowth and branching, i.e., primary embryonic cortical neurons from PQBP1 

knockdown mice, showed that the number of projections and length of neurites were decreased 

(Wang et al., 2013). 

Taken together, the bushy neurite-arbor defect and the small-brain phenotype 

accompanied by “short stature” correspond well to the human phenotypes caused by CASK 

mutations. Thus, my study demonstrated the main features of CASK-related disorders can be 

faithfully modeled in flies. 

 

IV.B. An hypothesis to explain the microcephaly of Drosophila CASK mutants 

Woods (2004) suggested that congenital microcephaly is likely to be caused by a 

decrease in the number of cells, while postnatal microcephaly may be due to the reduced 

numbers of dendritic or axonal processes of a normal number of neurons. In this context, the 

significantly smaller brain volume of CASK mutants could be caused by reductions in either 

neuronal number or neuronal-arbor size or both. My impression regarding the density of neurons 

after CNS dissociation, was that the number of neurons in the various genotypes analyzed across 

all of my neuronal cell culture experiments was not different. Preliminary data obtained from 
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these cultures verified this impression (see § III.D.). Thus, I hypothesize that the reduced brain 

size may is not due to the number of neurons, but rather occurs because of decreased neuronal 

size, i.e., neurite arbor. 

An example that indicates a connection between reduced brain size and decreased 

neuronal size is evident in the case of PAK3, a gene on the X chromosome encoding a p21-

activated kinase (see § II.D.2.) (Kreis & Barnier, 2009). Mutations in PAK3 cause ID, postnatal 

microcephaly, craniofacial and neuropsychiatric features (Peippo et al., 2007). Consistent with 

the neuroanatomical data from humans, Lewis & Restifo (unpublished) discovered that 

Drosophila Pak-mutant brains are reduced in size. In addition, cultured mutant neurons have 

reduced neurite arbor size, especially of higher-order branching in vitro (Lewis, 2015). 

Furthermore, mutations in Pak cause defects in the length, thickness, and direction of the 

mushroom bodies α and β lobes (Lewis, 2015). Mushroom bodies are paired neuropil structures 

in the Drosophila central brain that are essential for certain types of learning and memory 

(Heisenberg, 2003). 

In studying the G protein-coupled receptor kinase-interacting protein-1, GIT1, Hong & 

Mah (2015) set another example where a small brain and reduced neuronal size are both part of 

the same phenotype. GIT1 is a multifunctional adaptor protein that upregulates the PIX-RAC-

PAK signaling pathway. Brain tissue of GIT1−/− mice showed reduced RAC1 and PAK3 

activation, as assessed by immunoblotting analysis of whole-brain homogenates (Won et al., 

2011). It has been suggested that GIT1 has an essential role in the development of dendritic 

spines and neuronal synapses (Zhang et al., 2003 and 2005). GIT1−/− mice showed reduced brain 

size. In addition, a significant decrease in neuronal cell body size was observed in these mutants. 

There were no changes in the number of neurons per area in various brain regions, including the 
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cortex and hippocampus. Hong & Mah, (2015) suggest that small brain appears to be caused by 

reduced neuronal size rather than number. Moreover, in a Drosophila model, dGit mutants also 

exhibited decreased brain size (Hong & Mah, 2015). Drosophila dGit mutants also exhibited 

impaired mushroom body development, e.g., missing one α or β lobe. Because GIT1 upregulates 

PAK, it results quite interesting the similarities observed between the dGit- and PAK-mutant 

phenotypes in Drosophila.  

In incorporating these findings to the evidence presented in this body of work about the 

“bushy” neurite arbors of CASK-deficient fly neurons, I suggest that the small-brain phenotype 

results from an inability of mutant neurons to fully extend dendritic and/or axonal arbors. 

Although some CNS abnormalities using CASK∆18 mutant have been noted previously, as 

demonstrated by impaired middle-term and long-term memory in Drosophila (Malik et al 2013), 

this is the first time when defects in neuronal arbor and brain size have been reported. 

 

IV.C. The functional nature of pathogenic CASK mutations 

Since the first case reported of MICPCH caused by a CASK mutation, more than 60 cases 

with many different molecular lesions (Table 1) have been reported (Najm et al., 2008; Moog et 

al., 2011; Burglen et al., 2012; Hayashi et al., 2012; Takanashi et al., 2012; Moog et al., 2015; 

Hayashi et al., 2017). Moreover, it seems that this number continue to rise. As for FG syndrome-

4 or ID with or without nystagmus, ten cases have been reported. CASK alterations in all the 

MICPCH and FG syndrome-4 or ID with or without nystagmus cases reported come roughly 

equally from point mutations, as well as small deletions of the CASK gene. 

The vast majority of human data about CASK mutations comes from X chromosome 

array-CGH and whole-exome sequencing which reveals specific mutations types. However, there 
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is a lack of understanding of the nature of the functional change of CASK. To understand the 

effect of the mutations is necessary to conduct functional studies to assess protein accumulation. 

However, in a vast number of cases reported, information about mRNA transcript and 

protein abundance levels is limited. In a few cases in silico analyses of deleterious mutations are 

used specifically to predict the possible consequences of such alterations, e.g., transcript level 

expression, splicing efficiency, etc. (Najm et al., 2008; Dunn et al., 2017). 

The current working hypothesis is that all CASK mutations causing MICPCH or FG 

syndrome-4 or ID with or without nystagmus are LOF (Najm et al., 2008; Moog et al, 2011; 

Moog et al, 2015; Piluso et al., 2009). Moog et al. (2015) identified four boys with MICPCH 

phenotype, each with different novel CASK mutations. They presented a severe phenotype, as 

seen in affected heterozygous females. RNA analysis in these four males showed that all CASK 

transcripts harbored a premature termination codon. In addition, by using fibroblasts from the 

same patients, no CASK protein was detected. (Moog et al., 2015). Additionally, RNA analysis 

was performed in four females affected with MICPCH, all of them carrying different CASK 

mutations. In each case aberrant transcripts leading to a premature top codon were identified 

(Burglen et al., 2012; Hayashi et al., 2012).  Unfortunately, for the rest of these cases with 

MICPCH there is no additional information about functional analysis. These data give rise to an 

additional hypothesis, that MICPCH represents the null CASK phenotype. In milder phenotypes 

(FG syndrome-4 or ID with or without nystagmus), only one out of the 10 cases reported have 

shown some functional analysis of CASK (Dunn et al., 2017). Piluso et al., (2009) reported a 

patient carrying a mutation (R28L) that affected specifically the CaMK-like domain of CASK. 

By using the yeast two-hybrid system, it was shown that the binding between CaMKinase-like 

domain of CASK, the interacting domains of Mint-1 and Caskin1 were not modified by the 
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R28L mutation identified in this patient. Similarly, by performing in vitro GST pull-down 

assays, the same result was also obtained, there were not differences in binding properties of 

CaMKinase-like domain of CASK as a result of R28L substitution. It suggests that the observed 

FGS4-syndrome phenotype was not determined by alterations of the binding property of CaMK-

like domain (Piluso et al. (2009). Three additional cases were reported to have RNA analysis in 

this milder phenotype (Hackett et al., 2010; Dunn et al., 2017). RNA isolated from lymphocytes 

from two affected males, each with a different CASK mutation, showed different aberrant 

transcripts that result in an in-frame deletion of nine amino acids at the C-terminal end of CASK 

(the protein 4.1 binding motif) and in an in-frame deletion of 28 amino acids at GUK-kinase 

domain in each case (Hackett el al., 2010). Hackett et al., (2010) also reported that an obligated 

carrier for the latter defect (28 amino acids in-frame deletion) has the WT and both mutant 

transcripts. The possibility that CASK may have dominant-negative effects cannot be ruled out. 

For instance, three different transcripts, a WT transcript and two-mutant transcripts, were found 

in an affected boy with FG syndrome-4 due to a splice-site mutation (Dunn et al., 2017). It may 

be the case that these two mutant transcripts result in a small mutant CASK protein stable 

enough to accumulate, interfering with the function of the normal CASK. Taken together, these 

data suggest that FG syndrome-4 or ID with or without nystagmus is due to varying degrees of 

partial loss of function, i.e., a hypomorphic phenotype. That is to say, less normal CASK protein 

is made, and/or some function of CASK has been reduced. Human CASK mutations are 

considered to be LOF as in CASK Δ18 homozygous flies. However, homozygous CASK-mutants 

flies do not correspond to the human null phenotype, i.e., MICPCH. Instead, Δ18 homozygous 

would fall into the category of hypomorphic phenotype, i.e., less severe. 
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IV.D. The role of CASK in synapse structure and function: myth or legend? 

The available data about CASK disease-causing mutations and the human phenotypes 

provide direct evidence that CASK has an essential role in brain development. For years, 

published literature, including protein CASK-domain organization, expression and distribution 

of CASK in different locations and CASK protein interaction, have focused on a role for CASK 

in synaptic maturation development and function. Indeed, because CASK is mostly known for its 

alleged role as scaffolding protein, one might think that defects in synaptic structure and function 

are the main pathologic feature in animal models of CASK mutations. For instance, contrary to 

the prevailing hypothesis, CASK mutations have no effect on synapse formation in mouse, where 

neurons lacking CASK display overall normal electrical properties and form ultrastructurally 

normal synapses (Atasoy et al., 2007). Therefore, the current state of knowledge about the pre- 

and post-synaptic roles of CASK have not confirmed these expectations.  

Furthermore, the congenital microcephaly and the pons and cerebellum hypoplasia 

reported in CASK-mutant patients, support a role of CASK early in brain development, probably 

during the main phase of neurogenesis. Therefore, based on the body of published research on 

CASK function, CASK is required before synaptogenesis. Indeed, neurite outgrowth and the 

formation of the appropriate neuronal arbor have to occur before synapse formation. This is for 

instance illustrated during optic lobe formation in flies, where synaptogenesis is the last cellular 

event. In this case, limited growth of presumptive dendrites from lamina neurons towards 

presynaptic sites distributed over the photoreceptor axon terminals occurs first, later 

synaptogenesis is reached (Frohlich & Meinertzhagen, 1983). Interestingly, severe defects in 

brain size and in the optic lobe were found in Drosophila mutants for the gene asp. ASPM, the 

human ortholog of asp, is a well-known gene involved in neural development. Mutation in 
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ASPM are the most frequent case of autosomal recessive primary microcephaly (Rujano et al., 

2013). 

It seems obvious that CASK must have a non-synaptic function. For instance, Srivastava 

et al. (2016) demonstrated that CASK regulates postnatal brain growth in mouse, and this is not 

due to the cell-autonomous loss of CASK-null brain cells. Specifically, the Cre-LoxP mediated 

gene excision was used to specifically delete CASK from mouse cerebellar neurons (see § I.D.4.). 

These cerebellar neuron-specific deletion of CASK does not produce cerebellar hypoplasia and 

does not cause perinatal lethality, as the previous reported mouse models (Laverty et al., 1998; 

Atasoy et al., 2007). In addition, in heterozygous female mice (CASK–/+) pronounced 

microcephaly was observed beginning one week after birth (Srivastava et al. 2016). A marked 

decrease in cerebellar size and number of cells in the cerebellum was also observed in these 

animals. According to Srivastava et al., (2016) the observed microcephaly in heterozygous 

animals (CASK–/+), was not associated with a specific loss of CASK null neurons indicating that 

CASK regulates postnatal brain growth in a non-cell autonomous manner. In addition, reduction 

of CASK expression in human-cell or whole-mouse models caused impaired metabolic activity, 

with decreased oxidation rates and increased lactate production (Srivastava et al. 2016). 

Furthermore, the role of CASK in a variety of molecular functions has been demonstrated.  

For instance, a proteomic analysis of insulin signaling pathway revealed that CASK forms a 

complex with two unidentified phosphotyrosine proteins in response to insulin-stimulation. 

Insulin decreases CASK nuclear localization and down-regulates the expression of CASK and its 

target genes (Wang et al., 2006). In addition, it has been found that CASK is over-expressed in 

various cancers and it has been related to cell migration and invasion in studies (Freissler et al., 

2000; Stafford et al., 2011). Indeed, high expression of CASK is detected in colorectal cancer 
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(Wei et al., 2014), which might prove valuable as a prognostic marker. Interestingly, CASK 

dysregulated levels not only alter neurogenesis, but also can be tumorigenic. 

 

IV.E. Future directions 

As discussed in the two previous sections (IV.B. and IV.C.), pathogenic CASK mutations 

are considered to be LOF as in CASK ∆18 in Drosophila. In addition, it is also apparent that 

these mutations failed to reveal either a synaptic structural or function phenotype. For instance, 

NMJ defects found in CASK mutants seems to be contradictory and inconclusive (see § I.E.) 

(Zordan et al., 2005; Chen et al., 2011). A growing body of work argues that CASK may not be 

essential for synaptic function. Nonetheless, it does not necessary conveys that CASK plays no 

role. It is possible that the role of CASK in synapse formation could be partially redundant. For 

instance, compensation and molecular redundancy have been reported among postsynaptic 

density-membrane associated guanylate kinase proteins (PSD-MAGUKs) in the task of AMPAR 

trafficking (Elias et al., 2006; Howard et al., 2010). Thus, in order to see the potential role for 

CASK in this scenario, one or another source of functional redundancy can be knocked down. 

For example, genes that regulate the same biological process than CASK can be identified using a 

genetic screen for suppressors and enhancers. Then, by decreasing the dosage of those genes, the 

“missing” function of CASK can be revealed.  

The CASK bushy phenotype can provide new insights to the distinctive function of CASK 

in neuronal morphogenesis. In addition, it can be used for drug discovery and development. The 

sensitivity of the CASK-mutant neurons can be tested with FDA-approved drugs or novel small 

molecules, that can either restore or worsen the phenotype. For instance, Kraft et al. (2013) 

conducted a drug screen using fascin-deficient singed mutant Drosophila neurons cultured in 
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vitro. This was the first drug screening analysis to use Drosophila primary neuronal culture with 

therapeutic goals for developmental brain disorders. An ongoing study at Restifo lab is focusing 

on the potential therapeutic benefit of fascin-pathway modifiers for ID-associated postnatal 

microcephaly. These modifiers are a small collection of fascin-pathway enhancing and fascin-

pathway blocking drugs identified in a phenotypic screen based on the filagree phenotype (Kraft 

et al., 2013). By exposing Drosophila CASK-mutant neurons to fascin-pathway modifiers we 

may be able to rescue (or worsen) the bushy neurite-arbor defects observed in these mutants. 

This analysis may shed light on designing future drug trials in mouse models and, subsequently, 

in human patients with genetic ID. 

Neural cells derived from human induced pluripotent stem cell (iPSC) lines have been 

used to investigate neurological disorders. iPSCs can be generated from human adult somatic 

cells by retroviral transduction of the four specific transcription factors (Xie & Tang, 2016). By 

reprogramming somatic cells from MICPCH-patients to iPSC lines, the effect of these mutations 

on the differentiation of various cell types and on early developmental processes can be 

investigated. In addition, by providing special trophic factors, human iPSCs sequentially 

differentiate into functional neurons and glia in vitro (Bao-Yang et al., 2010). Thus, it would be 

interesting to study differentiated neurons from MICPCH patient-derived iPSC lines to 

determine whether or not they resemble the abnormal neurite arbors observed in CASK-mutant 

Drosophila neurons.  

Because the number of genes causing ID in humans is rapidly growing, it is necessary to 

develop and validate animal models in order to facilitate the study of ID pathogenesis. Hence, 

my data contribute to strengthening the value of Drosophila genetics, and the remarkable role of 

CASK-mutant flies as models of human ID with microcephaly disorders. This Drosophila model 
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expands our current knowledge for neuronal morphogenesis and brain size, and provides novel 

insights into the pathogenesis of brain development disorders. 
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APPENDIX A 

Characterization of motor behavior in Drosophila CASK loss-of-function mutants 

In addition to cognitive deficits and behavioral disturbances, motor-system development 

may also be compromised in children with ID (Hartman et al., 2010). Patients with X-linked 

CASK-disorders provide a clear example of this. For instance, moderate-to-severe psychomotor 

delay, including hypotonia and lack of ambulation is a consistent phenotype in most individuals 

with MICPCH, the most severe phenotype caused by CASK mutations (Najm et al., 2008; Moog 

et al., 2011; Takanashi et al., 2012; Moog et al., 2015). The vast majority of affected children 

never attained the ability to walk; mild ataxia was described in a few cases as well. The case 

reports of the less severe disorders (FG syndrome-4/X-linked ID with or without nystagmus), are 

less informative regarding motor phenotypes, although nystagmus is a specific motor-control 

defect. Tremor and unsteady gait are the only other motor manifestations reported (Hackett et al., 

2010; Dunn et al., 2017).  

Drosophila melanogaster demonstrate a rich repertoire of complex behaviors that are 

relevant to human behaviors, which make it an excellent model organism (Hirth, 2010). During 

the last several decades, Drosophila have been used to study locomotion (Whitworth et al., 

2005), sleep and other circadian rhythms (Konopka & Benzer, 1971; Ho & Seghal, 2005; Rosato 

& Kiriakou, 2006; Chiu et al., 2010) among others. In addition, learning-and-memory studies of 

Drosophila have provided strong evidence that validates fruit flies as ID models (Restifo, 2005; 

Bolduc & Tully, 2009). For instance, courtship-conditioning assays and olfactory shock-

avoidance conditioning helped to demonstrate that deletion of either full-length CASK or its N’-

terminal domains (CaMK-like and L27) impairs middle-term and long-term memory in 

Drosophila (Malik et al., 2014). 
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There is strong evidence that Drosophila CASK mutants exhibit locomotor deficits, 

specifically markedly reduced ambulation (Martin & Ollo, 1996; Slawson et al., 2011). 

Locomotion is the animal's ability to move itself from place to place and represents one of the 

most basic behaviors found in nature. It requires coordinated motor movements of the body or 

specialized parts of the body (Dickinson et al., 2000). To identify specific parameters of 

locomotion that are defective in Drosophila CASK mutants, Slawson et al. (2011) used a high-

resolution video tracking assay. In this assay flies were placed in an open arena and, after a brief 

air pulse that stimulates walking, their ambulation was video recorded for 30 sec. To characterize 

the nature of these behavioral differences, the contribution of specific walking parameters, such 

as pause length, speed and acceleration was determined. CASK-mutant flies displayed a 

reduction in both initial pause length, i.e., time to resume movement following the air pulse, and 

average pause length, which can be used as measures of motor initiation. CASK mutants 

displayed motor-initiation defects (increases in motor initiation time) and are unable to maintain 

locomotion once initiated (decreases in ability to maintain active movement). This walking 

deficit in locomotion also includes decreases in speed and acceleration (Slawson et al. (2011). In 

addition, Slawson et al., (2011) showed that the performance behavior of CASK homozygous 

mutants was significantly different from that of CASK homozygous controls, with CASK 

heterozygote flies performing at an intermediate level, which demonstrates a dose-dependent 

increase of inactivity with loss of CASK and the semi-dominance of the locomotor phenotype. 

In order to understand aspects of motor-system function that may accompany cognitive 

defects in fly models of ID, I examined the spontaneous motor behavior of CASK-mutants. These 

studies were done in partnership with Dailu Chen, a former Physiology undergraduate student, 

who had been trained to perform and score the assay by former postdoctoral fellow, Dr. David 
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Andrew. The assay involves recording flies in a small arena for 15 min and scoring behavior 

frame-by-frame. This allows for the detection of movements during the full period of recording. 

In addition to walking activity, we are able to collect other information, such as grooming and 

falling, among others. 

Individual flies (isolated at late pupal stages) were recorded for 15 min at 1 day (24-28 

hr) post-eclosion in a standard 96-well-plate high-humidity arenas (Figure A1A). Each fly was 

gently aspirated from its isolation tube and placed into a well (or arena). The well was then 

quickly covered with a standard glass microscope slide through which two flies in adjacent wells 

were recorded at one time. Videos were manually scored using V-code (customized by Dr. David 

Andrew) for walking, grooming, falling, standing, twitching and tumbling behaviors, which can 

then be displayed as an ethogram (Figure A1B-C). We defined “twitch” as a rapid and sudden 

jerking movement of the entire body, and “tumble”, as essentially the righting reflex, a very 

quick acrobatic roll from the wall or ceiling of the arena, with the fly landing on its feet. The V-

code software allows us to quantify the percentage of time each fly spends performing a specific 

behavior (the “index” of that behavior), as well as bout number and duration. Bouts were defined 

as a period of time spent in a particular behavior. 

CASK homozygous ∆18 mutants displayed significant reduced walking behavior indices 

(Figure A2A; WI, p < 0.0001) compared to Ex33 controls. Consequently, CASK mutants showed 

a dramatic increase in standing indices (Figure A2B; SI, p < 0.0001). In addition, CASK 

homozygous ∆18 mutants displayed significant increases in grooming indices (Figure A2C; GI, 

p < 0.001) compared to Ex33 controls. Interestingly, despite their relative immobility, CASK-

mutant flies groomed excessively, primarily due to longer bout duration, i.e., flies spent more 

time grooming, whereas grooming-bout number was not different between the genotypes. Falls,  
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Figure A1. Timeline ethogram representations of spontaneous motor behavior in CASK 

mutants.   
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Figure A1. Timeline ethogram representations of spontaneous motor behavior in CASK 

mutants. A. Photo of a fly in the observation arena (photo credit: Rachel Doser). B-C. 

Ethograms showing various mutually exclusive behaviors (walk, groom, fall, stand, twitch and 

tumble) during a 15-minute observational period, where each row represents a single fly.  

Control and mutant flies were selected from the middle quartiles for walking, grooming and 

standing indices. Broken vertical lines represent the separation between the Acclimation period 

(0-4th min) and Test Period (5th-15th min). B. Ethograms of six typical Ex33 homozygous flies. 

Genetic controls spend most of their time walking, with frequent grooming bouts, usually brief, 

and rarely standing. C. Ethograms of six typical ∆18 homozygous mutant flies. Mutants spend 

most of their time standing, with longer grooming bouts than performed by control flies. 
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Figure A2.  Quantitative analysis of spontaneous motor-behavior phenotypes in CASK 

mutants. 
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Figure A2.  Quantitative analysis of spontaneous motor-behavior phenotypes in CASK 

mutants. Behavior parameters are depicted as box-plot distributions of data obtained from 15-

minute video recordings of CASK Ex33 homozygous controls and CASK ∆18 homozygous 

mutants. The number of flies analyzed is indicated below the genotypes. The middle line within 

the box (arrowhead) represents the 50th percentile (median). Top and bottom lines of each box 

represent the 75th and 25th percentiles, respectively. The top and bottom whiskers represent the 

90th and 10th percentiles, respectively. The nonparametric Mann–Whitney rank sum test was used 

to compare the different indices between genotypes. A. Walking Index. CASK-mutant 

homozygotes spend significantly less time walking when compared to control animals. B. 

Standing Index. CASK-mutant homozygotes spend much more time standing than do control 

flies which rarely stand still in this assay. C. Grooming Index. Despite their relative immobility, 

CASK-mutant flies groom excessively compared to controls. 
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twitches, and tumbles were significantly reduced in CASK mutants compared to controls (data 

not shown).  

Unlike control flies, mutant flies showed behavioral activation during the 4 min 

immediately after being placed in the arena, as revealed by looking at the ethograms (Figure A1). 

In other words, CASK-mutant flies were far more active (i.e., more normal) during the early 

period of observation. We thus separated the 15-minute assay into an acclamation period (0-4 

min) and a test period (5-15 min) and analyzed the difference between these two time intervals 

(Figure A3). Remarkably, standing and walking metrics demonstrated significant changes 

between the acclimation and test periods. CASK ∆18 mutant flies showed a highly significant 

dramatic increase in standing during the test period compared to CASK Ex33 control animals 

during the same period (Figure A3A; p < 0.0005). This increase in standing by the mutants was 

accompanied by a concurrent reduction in walking during the test period (Figure A3B; p < 

0.0001). Indeed, standing and walking quantification suggests that CASK ∆18 mutants flies 

respond to handling by exploring the small arena, and then spending most of their time during 

the test period standing. However, for CASK mutants, the grooming index during these two 

observation periods showed no significant difference (Figure A3C), while the mean duration of 

grooming bouts was significantly increased during the test period (Figure A3D; p < 0.0005). 

Whereas control flies show little difference between acclimation and test periods, walking is 

activated in CASK-mutant flies when they are placed in this new environment, indicating that the 

deficit is not due to motor paralysis. These data demonstrate that, even though CASK-mutant 

animals engage in higher levels of sedentary behavior, they are able of initiating and sustaining 

ambulation in the arena. 
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Figure A3.  Demonstration of acclimation period in CASK-mutant flies. Change in motor-

behavior metrics between early and late phases of the 15-min observation period. Each circle 

represents data from a single fly: homozygous controls (Ex33/Ex33, cyan circles) and 

homozygous CASK mutants (∆18/∆18, magenta circles). The ∆ symbol refers to the difference 

between the 11-min test and 4-min acclimation periods (∆ = Test-period metric – Acclimation-

period metric). Changes in behavioral metrics between the two periods were only seen in the 

mutants. A. Standing index. CASK-mutant flies showed a dramatic increase during the test 

period, whereas control animals (Ex33) displayed no change. B. In contrast, walking index of 

mutant flies was substantially decreased, while controls animals did not change their inclination 

to walk. C. Grooming index. There was no difference between the two time periods for either 

genotype. D. Grooming-bout duration increased markedly in CASK mutants, but not in control 

flies. Significance levels, based on Mann-Whitney rank sum test for pairwise comparison 

between genotypes, indicated by asterisks: ***, p < 0.0005; ****, p<0.00005. 
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To allow a more specific assessment of locomotion behavior in mutants than the provided 

by the spontaneous behavior assay, further examination assessing gross locomotor coordination 

and balance could be conducted. Thus, these behavioral data contribute to strengthen the value of 

CASK-mutant flies as models of human ID disorders. This is valuable to deep understand the 

motor-behavior abnormalities in genetic models of ID, providing for instance, a starting point for 

drug discovery. 
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APPENDIX B 

Neurite-arbor morphology after CNS dissociation in microfluidic devices 

Primary culture of cells dissociated from animal tissues is a powerful technique that 

offers the advantage that specific cell types can be studied in vitro (Kaech & Banker, 2006; Ray 

et al., 2009). Cultured neurons manifest morphological and physiological phenotypes due to 

normal developmental transitions, mutations, and exposures to drugs and toxins (Chen & Herrup, 

2008; Kraft et al., 2013). For almost five decades, the method has relied on mechanical 

dissociation of developing brain tissue by manual trituration. This method consists of repeated 

flushing of microdissected, enzyme-treated tissue pieces through a narrow pipette tip, which 

breaks the cells apart from each other and, if they are already differentiated, from their neurites 

(axons and dendrites).  

Drs. Linan Jiang and Yitshak Zohar in the Dept. of Aerospace & Mechanical Engineering 

designed and fabricated a microfluidic device for soft-tissue dissociation. As part of their 

collaboration with the Restifo lab, I assessed the neurite-arbor morphology of Drosophila CASK 

larval CNS tissue after dissociation using the microfluidic device. In using this microfluidic 

device, the dissociation of individual cells, for instance, from brain tissue can be achieved. 

During operation enzyme-treated (see § II.B.2) brain tissue is loaded into the device. The 

microfluidic device components generate then a flow-induced shear stress on the tissue allowing 

cell dissociation. Because the dissociation can be directly observed, and simultaneously video 

recording, flow and force parameters can be adjusted (Jiang et al., 2015). The key features of this 

microfluidic device include one or more narrow orifices along the dissociation channel to exert 

sufficient stress on the tissue sample to induce cell separation.  
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Briefly, I microdissected  the whole CNS of wandering third instar larva and loaded into 

the microfluidic device. CNS-cell suspension collected from the microdevice was then 

distributed into five or six culture dishes and proceeded as described in § II.B.2.  

Both genetically normal neurons and CASK-mutant neurons extended larger neurite 

arbors when they were dissociated in the microfluidic device, compared with a parallel manual 

dissociation (data no shown). The neurons dissociated in the device are viable and capable of 

extending an arbor of neurites typical of neurons cultured after manual trituration as seen by 

using Drosophila CASK neurons. Moreover, when mutant and control CNS are dissociated in the 

device, the CASK-mutant neurons extend smaller, denser neurite arbors, compared with control 

neurons (Figure B). This replicates the CASK-mutant phenotype previously shown in cultures 

prepared after manual dissociation. In addition, duplicate preparations of mutant neurons 

dissociated in the device showed, in a very consistent way, that CASK-mutant neurons cultured 

after dissociation in the device are larger than those from a parallel manual culture (Figure B). 
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Figure B. Demonstration and quantification of the “bushy” phenotype in cultured CASK-

mutant neurons dissociated using a microfluidic device. 
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Figure B. Demonstration and quantification of the “bushy” phenotype in cultured CASK-

mutant neurons dissociated using a microfluidic device. Neurite-arbor morphology 

parameters, depicted as box-plot distributions, from three div larval CNS neuronal cultures 

prepared after using a microfluidic device for tissue dissociation. CASK Ex33 control neurons 

(n=104) (magenta) and two separate set of mutant neurons CASKΔ18 (n=106) (light orange), and 

CASKΔ18 (n=104) (dark orange) were compared. Parameters shown are total neurite length 

(µm), territory area (µm2), higher-order branch number, and branch density (branches/1000 

µm2). The middle line within the box (arrowhead) represents the 50th percentile (median). Top 

and bottom of each box represent the 75th and 25th percentiles, respectively. The top and bottom 

whiskers represent the 90th and 10th percentiles, respectively. When mutant and control CNS are 

dissociated in the device, the CASK-mutant neurons extend smaller, denser neurite arbors, 

compared with control neurons. This replicates the CASK-mutant phenotype previously shown in 

cultures prepared after manual dissociation. Duplicate preparations of mutant neurons 

dissociated in the device were very consistent. The nonparametric Mann-Whitney rank sum test 

was used to compare measures of neuron size and shape between genotypes. Statistically 

significant differences are indicated with asterisks: ***, p < 0.0005; ****, p<0.00005. 
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