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Abstract 

Epithelial sheet morphogenesis is characterized by dynamic tissue movements, 

resulting in the recognition and adhesion of cells to generate a seamless epithelium. 

Each step is mediated by carefully organized, cellular actin structures, including 

contractile purse strings, cellular protrusions, and dynamic medioapical arrays. I used 

live, 4D imaging to observe Drosophila dorsal closure, a model of epithelial sheet 

morphogenesis. I compared four fluorescently tagged F-actin probes widely used by 

Drosophila researchers to determine which was optimal for imaging dorsal closure. I 

observed differences in the intensity of the probes and the viability of the stocks that 

carry them. I quantified the rate of closure and the oscillatory behavior of amnioserosa 

cells when embryos expressed each F-actin probe. My findings demonstrated that each 

probe can be used to image F-actin during dorsal closure, and that the effects of probe 

expression make one probe more or less suitable than another for answering specific 

questions. I investigated the structure, kinematics and location of medioapical, 

actomyosin arrays during dorsal closure. I resolved medioapical arrays in vivo at the 

level of individual cytoskeletal components using total internal reflection structured 

illumination microscopy (TIRF-SIM). In concert with lattice light-sheet images, I show 

that when amnioserosa cells are relaxed, actin and myosin form a loose, domed 

meshwork that protrudes apically from the cellular junctions to which they are anchored. 

As the amnioserosa cells contract, this meshwork condenses, rearranges and is drawn 

basally towards the plane of the junctional belts. As the cells relax, so too does the actin 

and myosin meshwork in a new configuration. The medioapical arrays are juxtaposed to 

the plasma membrane and continuous with the extending lamellipodia and filopodia. 

Thus, medioapical arrays are modified cell cortex.
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1 Introduction  

1.1 Acknowledgements 

The ‘Actin Cortex’ section of this chapter was adapted from a manuscript, Moore 

et al. 2018 submitted to the Journal of Cell Biology on February 23, 2018. Videos 1.2 

and 1.3 were acquired using the lattice light-sheet in E. Betzig’s lab. Specimens were 

acquired in collaboration with W.R. Legant, a world expert in lattice light-sheet 

microscopy and equipment. Panel C of Figure 1.4 is from a dataset previously published 

in (Chen et al. 2014).  

1.2 Epithelial sheet morphogenesis and its importance in 
development and homeostasis 

Epithelial sheet morphogenesis is a developmental process that involves the 

movement, recognition, and sealing of epidermal sheets. This occurs in vertebrate 

developmental processes including neural tube closure, palate closure, and heart 

development (Martin and Parkhurst 2004, Ray and Niswander 2012). A similar process 

occurs after wounding when epithelial cells close to reseal an injury (Martin and 

Parkhurst 2004). All of these processes require sheets of cells to come together to 

generate a single, seamless epithelium, as demonstrated by Figure 1.1.  

Although the shape of each opening is different and the sealing occurs in slightly 

different manners, there are conserved mechanisms which provide hallmarks of 

epithelial sheet morphogenesis. These hallmarks include cellular contraction, and the 

resulting rearrangements, which pull the sealing epithelial sheets together (Kiehart et al. 

2000, Franke et al. 2005, Fernández et al. 2007, Solon et al. 2009, Saadi et al. 2011, 

Sokolow et al. 2012, Gfrerer et al. 2014, Christodoulou and Skourides 2015, Mukherjee 

et al. 2016, Kiehart et al. 2017), and cellular protrusions which recognize and form 
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junctions between newly neighbored cells (Jacinto et al. 2002, Brugues et al. 2014, 

Eltsov et al. 2015). In some examples of epithelial sheet morphogenesis, there is a thick 

actomyosin cable termed an actomyosin-rich ‘purse string’ or cable which delineates the 

leading edge of the sealing hole and contracts to pull the tissues together (Kiehart 1999, 

Jacinto et al. 2002, Franke et al. 2005, Rodriguez-Diaz et al. 2008). The purse string is 

most prominent during wound healing and dorsal closure.  

 

Figure 1.1 Examples of epithelial sheet morphogenesis. Secondary palate closure 
progresses from the anterior and progresses towards the posterior, ventral view. Neural 
tube closure progresses from the middle of the embryo with the seam traveling towards 
the cranial and caudal ends of the embryo simultaneously, dorsal view. Dorsal closure 

progresses from the anterior and posterior ends of the opening and meets in the middle of 
the embryo, dorsal view 

Defects in palate closure, neural tube closure, and cardiac morphogenesis occur 

throughout metazoans, including vertebrates and invertebrates, resulting in severe 

embryonic deformities, including cleft lip/palate, spina bifida, and congenital heart 

disease (reviewed in Vogler and Bodmer 2015, Kiehart et al. 2017, Li et al. 2017, Mohd-

Zin et al. 2017). Understanding the molecular and physical underpinnings of these 

morphogenetic movements is critical to reducing and/or treating these defects. While 

major defects in vertebrate epithelial sheet morphogenesis often lead to embryonic 
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lethality, invertebrates, including Drosophila melanogaster, often survive past the 

affected developmental stage, allowing a more detailed study of the resulting phenotype 

(Vogler and Bodmer 2015). Drosophila embryogenesis is an extremely tractable model 

system to genetically and/or physically disrupt morphogenesis and observe the effects 

with modern microscopy techniques. Below, I describe the process of dorsal closure, a 

Drosophila model of epithelial sheet morphogenesis.    

1.2 Dorsal closure as a model of epithelial sheet morphogenesis 

Dorsal closure is a complex and beautiful morphogenetic process that involves 

two main tissues and their dynamics (recently reviewed in Kiehart et al. 2017). This 

process occurs at stage 14 of Drosophila embryogenesis, or approximately twelve hours 

after the egg is laid. At the beginning of this process, there is an ellipsoidal hole in the 

dorsal epidermis filled by an extra-embryonic, squamous epithelium called the 

amnioserosa (Figure 1.2, Campos-Ortega 1997).  

The lateral epidermis consists of two flanking sheets of cells that progress 

towards the dorsal midline and are zipped together to eventually form a seamless 

epithelium (Campos-Ortega 1997). The cells of the bulk lateral epidermis elongate 

dorsally until they come close enough to contact one another (Young et al. 1993). The 

dorsal most epithelial cells of these sheets are transcriptionally distinct from the bulk 

epidermis (Foe 1989) and form a contractile, actomyosin purse string (Young et al. 

1993). In addition to the purse string, the dorsal most epithelial cells construct 

lamellipodia and filopodia, which are important for segment alignment, prior to the 

formation of new cell-cell junctions (Jacinto et al. 2000). Flat lamellipodia then overlap to 

‘zip’ the cells together at the corners of the dorsal opening, the anterior and posterior 
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canthi (by definition, the corners of the eye, Peralta et al. 2008, Eltsov et al. 2015, Lu et 

al. 2016).  

The amnioserosa is a transient epithelia that consists of large, flat cells that 

undergo oscillatory apical constriction, ingress and apoptose. At the end of germband 

extension the amnioserosa is tucked under the extended germband. As germband 

retraction proceeds the amnioserosa is connected to the anal pads and is pulled 

posteriorly and laid down on the underlying yolk (Narasimha and Brown 2004, Reed et 

al. 2004, Lacy and Hutson 2016). As closure progresses, cells in the amnioserosa 

undergo waves of contraction and relaxation (David et al. 2010); eventually, the 

amnioserosa cells undergo apoptosis and extrusion (Toyama et al. 2008).  

There are two main forces generated by the lateral epidermis that contribute to 

tissue dynamics during dorsal closure: contractile force and drag force. The contractile 

force is generated through thick cables of actomyosin-rich purse strings. These purse 

strings are continuous between epithelial cells of the lateral epidermis through junctional 

complexes. Non-muscle Myosin II (hereafter myosin) is required in the dorsal most 

epithelial cells to maintain the native curvature of the dorsal opening and to generate 

contractile forces along the purse string (Franke et al. 2005). While the necessity of the 

purse string has recently been challenged (Ducuing and Vincent 2016, Pasakarnis et al. 

2016), it is clear that this structure produces force as demonstrated by genetic and 

mechanical perturbation. When myosin is only expressed in a portion of the lateral 

epidermis, regions with myosin contract and stretch regions that do not express myosin 

(Video 1.3, Franke et al. 2005). When the purse string is nicked with a UV laser beam, 

the two ends recoil away from the wound towards the canthi (Figure 1.3B, Kiehart et al. 

2000).  
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The lateral epidermis resists closure due to the viscoelasticity of the tissue. This 

is demonstrated by wounding the lateral epidermis ventral to the dorsal most epithelium. 

In this scenario, the force of the lateral epidermis is eliminated (i.e., is equal to zero) by  

separating the bulk lateral epidermis from the leading edge and results in recoil of the 

dorsal most epithelium towards the dorsal midline (Figure 1.3C, Kiehart et al. 2000).  

The cells of the amnioserosa also generate a pulling force that acts on the lateral 

epidermis through contraction and apoptosis (Kiehart et al. 2000, Toyama et al. 2008). 

These cells undergo apical oscillatory contractions that result in a net pulling force on the 

lateral epidermis. These contractions are regulated by medial arrays of actin and myosin 

that resemble the spokes on a wheel (Blanchard et al. 2010). The extrusion of AS cells 

generates an inward force that also contributes to the net pulling force generated by the 

amnioserosa (Toyama et al. 2008). Laser perturbation of the amnioserosa results in 

recoil of the lateral epidermis away from the dorsal midline, demonstrating the 

contribution of force provided by the amnioserosa (Figure 1.3D, Kiehart et al. 2000).  

It is important to note that dorsal closure, like many morphogenetic movements is 

very robust, meaning that perturbation of one tissue does not result in failure of closure. 

Instead, the unperturbed tissue is able to upregulate its contribution to closure in order to 

compensate. This has been demonstrated through laser perturbation (Kiehart et al. 

2000, Hutson et al. 2003, Peralta et al. 2007, Rodriguez-Diaz et al. 2008, Wells et al. 

2014), and was recently reviewed in (Kiehart et al. 2017). The mechanism underlying 

tissue upregulation remains unclear. One possibility, is that mechanical coupling of the 

tissues via the actin cytoskeleton provides a mechanical signal that leads to downstream 

signaling and recovery. This is supported by the report that mechanically gated ion 

channels are required for normal closure to complete and blocking mechanically gated 
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ion channels prevents healing and subsequent closure after laser perturbation (Hunter et 

al. 2014) 

 

Figure 1.2 Drosophila dorsal closure is a dynamic morphogenetic process. A) 
Schematic of an embryo undergoing dorsal closure. Amnioserosa is shown in yellow and 

lateral epidermis is shown in green. B) Labeling with E-Cadherin::Tomato allows facile 
observation of cell shapes. C) Labeling with the GFP tagged actin-binding domain of 

Moesin (sGMCA) allows identification of key structures including the actomyosin-rich 
purse string. D) Merge. Anterior is to the left in all panels. Time is in hr:min. The scale bar 

in D applies to Panels B-D. 
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Figure 1.3 Tissue recoil after laser microsurgery can be used to approximate 
tension. A) Schematic of recoil of the lateral epidermis after a surgical cut of the purse 

string. The site of UV laser ablation is indicated by the red dot. When the purse string is 
cut the two ends recoil toward the anterior and posterior ends of the embryo and the 

lateral epidermis, as a whole recoils away from the dorsal midline. B) Schematic of recoil 
of the lateral epidermis after a surgical cut along the bulk epidermis. The path of the UV 
microbeam is indicated by the red line. When the bulk epidermis is wounded, the dorsal 
most epithelium recoils towards the dorsal midline. C) Schematic of recoil of the lateral 

epidermis after a surgical cut of amnioserosa cell junctions. The site of UV laser ablation 
is indicated by the red dot. When the amnioserosa is wounded, the dorsal most epithelium 

recoils away from the dorsal midline. In all panels the lateral epidermis is in green, the 
amnioserosa is in yellow, and wounded tissue is black. 

 

1.3 The actin cytoskeleton during dorsal closure 

Cellular structure and mechanical integrity are determined by the cytoskeleton. 

This is made up of three main components: actin (minifilaments), intermediate filaments, 

and microtubules. This dissertation will focus on the actin cytoskeleton. Actin is a 

globular protein monomer (G-actin) that polymerizes into polar filaments (F-actin). F-

actin is polar, with a ‘barbed’, fast-growing end and a ‘pointed’, slow-growing end. 

Nucleation of actin filaments occurs when two or more actin monomers come together 

(Pollard and Cooper 2009). These small complexes are unstable, therefore biological 

systems require additional factors to promote the formation of F-actin (Welch and Mullins 

2002, Pollard and Cooper 2009, Firat-Karalar and Welch 2011). There are two main 
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protein families that function in this capacity – the Arp2/3 complex, and formins. The 

Arp2/3 complex is a protein complex that binds to the side of an existing filament and 

recruits G-actin to form a new filament at a conserved angle (~70⁰) to the existing 

filament (Mullins et al. 1998, Welch and Mullins 2002). Formins function to nucleate 

unbranched filaments by bringing two actin monomers together through dimeric, 

conserved FH2 domains (Welch and Mullins 2002).  

 Once F-actin is formed, a suite of proteins regulate filament organization, protein 

interactions, growth and lifetime. Bundling proteins group filaments and regulate the 

spacing within the groups (Tilney and DeRosier 2005, Pollard and Cooper 2009, 

Khurana and George 2011). Side-binding proteins, including tropomyosin, regulate 

protein interactions by promoting or inhibiting other proteins, like the Arp2/3 complex or 

myosin motors, from binding to F-actin in addition to changing the physical properties of 

the filaments (Khaitlina 2015). Proteins similar to the Ena/VASP family prevent capping 

proteins from binding to the barbed end and promote continued filament growth (Krause 

et al. 2003). Capping proteins prevent the addition of G-actin to the barbed end of 

filaments. Filaments typically disassemble from the pointed end. A steady-state, termed 

treadmilling, can be reached when monomers are added at the barbed end and removed 

at the pointed end at similar rates (Pollard and Cooper 2009). Severing proteins, like 

cofilin, cut actin filaments and promote disassembly (Ono 2007). The process of 

severing, however, also generates a new barbed end to which monomers can be added, 

generating another mechanism to increase the number of actin filaments present 

(Pollard and Cooper 2009). All of these protein interactions lead to complex actin 

kinematics and diverse cellular structures.    
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Actin filaments are organized to form many cellular structures including, but not 

limited to, the cell cortex, filopodia, lamellipodia, microvilli, stereocillia, stress fibers, and 

the cytokinetic ring. These structures have unique arrangements of actin filaments which 

contribute to their diverse functions. Dorsal closure is dependent on five of these actin 

structures some of which are ubiquitous and provide structural integrity to the tissues 

involved, and others which are spatially regulated and provide mechanical force to 

promote the unique dynamics observed in the lateral epidermis and amnioserosa. These 

five structures include: the actin cortex, medioapical arrays, junctional belts, a contractile 

purse string, and cellular protrusions (lamellipodia and filopodia).     

 

Figure 1.4 Diverse actin structures are present during dorsal closure. A) Schematic 
of an embryo in dorsal closure, red boxes indicate regions represented in Panels B-D; 

green, lateral epidermis, yellow, amnioserosa. B) Region of amnioserosa cells. Each cell 
has a loose medioapical actin array. Cells are separated by a protruding leading edge with 
filopodia (arrows) and lamellipodia (arrowheads); image taken using TIRF-SIM. C) Anterior 

canthus region including lateral epidermis and amnioserosa. The dorsal opening is 
surrounded by an actomyosin-rich purse string (arrow). Each cell is delineated by a 

junctional belt (arrowheads), most easily observed in the lateral epidermis. D) Region of 
the leading edge of the dorsal most epithelial cells. Cells form active protrusions including 

filopodia (arrows) and lamellipodia (arrowheads); image taken using TIRF-SIM.  
 

The actin cortex  

The actin cortex is a highly organized polymer meshwork or network that 

underlies the plasma membrane of animal cells (reviewed in Salbreux et al. 2012). This 
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thin and dynamic layer of actin and myosin is tightly apposed to the plasma membrane. 

Recent work has demonstrated that both the Arp2/3 complex and mDia1 (a formin) are 

required to nucleate actin in the cortex (Bovellan et al. 2014).  The cortex functions to 

provide structure to the cell and to protect against osmotic stresses. It is much more 

dynamic and subject to lower osmotic pressure differences than its functional 

counterparts, the cell walls in plants and bacteria (Salbreux et al. 2012). While it is 

difficult to image the actin cortex due to its close apposition to the plasma membrane 

and relative thinness, a number of electron microscopy studies have elucidated several 

physical characteristics of this meshwork (Charras et al. 2006, Morone et al. 2006, 

Chugh et al. 2017). Such studies demonstrate that the actin cortex is a tight meshwork 

with mesh sizes ranging from 20-250nm. The meshwork is generated by actin filaments 

isotropically arranged parallel to the plasma membrane. The actin cortex determines the 

cell’s mechanical properties and its dynamic nature, which is necessary for cellular 

processes including cell migration and division, during which the cortex remodels to 

become anisotropic (Roubinet et al. 2011, Roubinet et al. 2012, Chugh et al. 2017). 

Anisotropy in the tension generated by the actin cortex and the resultant cytoplasmic 

streaming, termed cortical flows, are also important for multiple cellular processes 

(Mayer et al. 2010).  

Medioapical arrays 

Medioapical arrays are transient accumulations of actin and myosin that 

condense concomitantly with cellular contraction. These arrays have been shown to 

mediate apical constriction in diverse developmental contexts (reviewed in Martin and 

Goldstein 2014, Gorfinkiel 2016, Coravos et al. 2017) . For example, medioapical arrays 

have been implicated in X. laevis neural tube closure, C. elegans gastrulation and D. 
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melanogaster gastrulation and dorsal closure. Arrays in dorsal closure were first 

described in the amnioserosa as periodic condensations of actin and myosin, localized 

to the medial portion of the cell, that correlate with decreases in amnioserosa cell area 

(Blanchard et al. 2010, David et al. 2010). Medioapical array accumulation can 

propagate for several cells, through mechanical and/or chemical coupling rather than 

movement of actin and myosin between cells. The relationship between the medioapical 

arrays and other actin structures including the actin cortex and junctional belts has 

remained unclear. In Chapter 3, I discuss my findings that these arrays are a modified 

actin cortex that connect to the junctional belts in an apical dome.  

Junctional belts 

Prior to the observation of medioapical arrays, junctional belts were thought to be 

the main source of contractile tension resulting in the area oscillations of the 

amnioserosa (Kiehart et al. 2000). The junctional belts consist of cadherin-based cell-cell 

interactions as well as dense actomyosin bundles parallel to the inner cell membrane 

(reviewed in Lecuit and Yap 2015). While the maintenance and contraction of the 

junctional belts are necessary for the tissue integrity of the amnioserosa, it has been 

demonstrated that it is not the only force-producing unit contributing to the periodic 

changes in apical area. Rather, there is more tension along the junctional belts than in 

the medioapical arrays early in dorsal closure. The tension distribution becomes 

approximately equal as closure progresses (Ma et al. 2009). Recent work suggests that 

Vinculin and α-catenin are necessary for normal amnioserosa oscillations and purse 

string formation (Jurado et al. 2016).   
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The contractile purse string 

The dorsal most epithelial cells form a supracellular, contractile purse string at 

the leading edge (Young et al. 1993). Filaments of actin and myosin orient parallel to the 

lateral epidermis/amnioserosa interface and shorten the width of the dorsal most 

epithelial cells when they contract. Actin forms a dense cable that appears unbroken at 

the leading edge of the dorsal most epithelial cells. Myosin appears as ‘bars on a string’ 

with foci accumulating between the anterior/posterior cell junctions between the dorsal 

most epithelial cells (Young et al. 1993). Although actin and myosin do not travel 

between cells, the dorsal most epithelial cells are mechanically coupled through their 

junctional belts and we observe foci of zyxin, enabled, and α-actinin flanking the myosin 

bars, in a sarcomere-like distribution (unpublished observations, U.S. Tulu). The role of 

the purse string in dorsal closure has recently been challenged (Ducuing and Vincent 

2016, Pasakarnis et al. 2016), however, it is clear that there are contractile forces 

generated along this structure as demonstrated by mosaic rescue of a myosin null 

mutant (Video 1.3, Franke et al. 2005).  

Cellular protrusions: lamellipodia and filopodia 

Actin-based cellular protrusions, including lamellipodia and filopodia, are formed 

ubiquitously during dorsal closure. They are most prominently seen at the apical cell 

borders between amnioserosa cells (arrows and arrowheads, Figure 1.4B) and at the 

leading edge of the dorsal most epithelial cells (arrows and arrowheads, Figure 1.4D). 

Filopodia and lamellipodia at the leading edge of the dorsal most epithelial cells are 

important for the recognition of the opposing lateral epidermis which leads to segment 

matching and ultimately a seamless epithelium (Jacinto et al. 2000). While the role of 

amnioserosa cellular protrusions has not been detailed extensively, it has been 
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suggested these structures are avoided by the protrusions of the dorsal most epithelial 

cells and may therefore be important for recognition and proper zipping (Eltsov et al. 

2015). In Chapter 3, I discuss my findings that the lamellipodial meshworks are 

continuous with the medioapical arrays.  

1.4 Conclusions 

Epithelial sheet morphogenesis is seen throughout metazoans and requires 

complex cell rearrangements mediated by the actin cytoskeleton. Drosophila dorsal 

closure is a genetically and optically tractable model system in which to address how 

actin filaments are organized into cellular structures, the dynamics and kinematics of 

these cellular structures that promote cell shape changes, and the resulting tissue 

kinematics required for development.   

Here, I describe my use of dorsal closure to address a subset of these questions. 

In Chapter 2, I summarize my work on determining which of the available, genetically 

encoded, F-actin probes is optimal for imaging dorsal closure. In Chapter 3, I detail my 

work on understanding the kinematics of the medioapical arrays in the amnioserosa and 

demonstrate that these arrays are a modified cortex. In Chapter 4, I explain my 

contribution to implementing various tools and technology for studying dorsal closure in 

the lab. In Chapter 5, I provide preliminary results on the role of several actin associated 

proteins and outline future directions to continue to improve our understanding of the 

role of these and other proteins in the regulation of actin-based structures during dorsal 

closure.  
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1.5 Supplemental material 

Supplemental videos are provided to accompany a subset of the figures in this 

chapter. Here, I provide the information for each of the videos.  

Video 1.1 Cell-cell junctions and actin during dorsal closure. The left panel of this movie 
highlights cell-cell junctions as labeled by an endogenously expressed E-

cadherin::Tomato construct. The middle panel of this movie highlights the actin 
cytoskeleton as labeled by a ubiquitously expressed, GFP-tagged, actin binding domain of 

moesin (sGMCA). The right panel is a merge of the two channels. This movie is the 
complete data set that accompanies Figure 1.2.  

 
Video 1.2 Lattice light-sheet imaging of actin during dorsal closure. The top panel of this 

movie shows the region near the anterior canthus of a dorsal closure-staged embryo. The 
middle panels show the apical surface of the amnioserosa to highlight the cellular 

projections between amnioserosa cells and the dynamic medioapical arrays. The bottom 
panel is an orthogonal view, whose position is labeled in the right, middle panel. 

 
Video 1.3 Lattice light-sheet imaging of myosin during dorsal closure. The embryo in this 
movie is expressing UAS-Myosin::GFP under control of an epidermal GAL4 driver (E22c) 
in the background of a myosin null mutation. Regions lacking the rescue construct (non-

fluorescent) are stretched due to the contraction of the surrounding cells expressing 
Myosin::GFP. 
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2 Characterizing fluorescent probes to study the actin 
cytoskeleton  

2.1 Acknowledgements 

This chapter was adapted from a manuscript Moore et al. 2018 to be submitted 

to the journal Molecular Biology of the Cell. This manuscript has five additional authors: 

Amanda Cox, Dong Li, Wesley Legant, Eric Betzig, and Dan Kiehart. Here, I detail the 

contributions of these authors to the manuscript. A. Cox completed imaging for the 

quantification of amnioserosa oscillations and manually measured cell area from these 

data sets. SIM images were acquired in collaboration with D. Li, a world expert in 

structured illumination microscopy.  Lattice light-sheet images were acquired in 

collaboration with W. Legant, a world expert in light-sheet microscopy. Both D. Li and 

W.R. Legant were supervised by E. Betzig. D. Kiehart was my supervisor.  

I would like to thank J. Crawford, U.S. Tulu, B. Hoffman, A. Bejsovec for 

providing experimental advice. I would like to thank S. Fogerson for providing comments 

on the original manuscript. 

2.2 Introduction 

Understanding animal development depends on the ability to visualize 

cytoskeletal rearrangements (kinematics) and to understand how the forces (dynamics) 

they produce drive the cell shape changes that characterize morphogenesis. The actin 

cytoskeleton is conserved across metazoan phylogeny and directs cell and tissue 

movements including epiboly, invagination, intercalation, and migration (reviewed in 

Munjal and Lecuit 2014). Actin filaments form diverse arrays including meshworks, as 

seen in the actin cortex and lamellipodia, and bundles, as seen in the junctional belts, 

filopodia, stress fibers, and contractile purse strings (Alberts 2015). Such arrays produce 
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force for the extension of cellular projections, and when combined with the myosin family 

of molecular motors, produce contractile force. A number of reagents have been 

developed to observe the actin cytoskeleton in fixed specimens in situ to gain a better 

biological and physical understanding of the role of actin throughout development 

(Ishikawa et al. 1969, Wehland et al. 1977, Herman and Pollard 1979, Cooper 1987, 

Tilney and Tilney 1994). More recently, tools to follow the actin cytoskeleton in vivo have 

provided insight into actin kinematics and dynamics in living specimens (reviewed in 

McKayed and Simpson 2013). 

First generation tools to observe the actin cytoskeleton included decoration with 

myosin fragments or the use of covalently modified antibodies or phalloidin. Fragments 

of myosin, including the head subunit (S1) and heavy meromyosin (HMM), were used in 

conjunction with electron microscopy in order to visualize F-actin and determine the 

orientation of filaments (Ishikawa et al. 1969, Tilney and Tilney 1994). Anti-actin 

antibodies were useful for imaging the cytoskeleton in fixed and permeabilized skeletal 

muscle, smooth muscle, and non-muscle cells (Herman and Pollard 1979). Phalloidin, a 

toxin that binds to and stabilizes actin filaments, was co-opted to disrupt actin dynamics 

(Wehland et al. 1977, Cooper 1987) and to visualize filaments through covalent 

conjugation to chemical fluorophores (Hoch and Staples 1983). Use of phalloidin results 

in altered filament behavior and a shifted equilibrium between polymerized and 

monomeric actin towards F-actin (Cooper 1987, Planques et al. 1991). Both antibodies 

and phalloidin are predominantly used on fixed samples, the preparation of which can 

introduce artifacts (Melan and Sluder 1992). This led to the generation of a second 

generation of tools that allow in vivo visualization of F-actin and minimize experimental 

artifacts.   
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The advent of GFP and other genetically encoded, autonomously folding protein 

fluorophores, coupled with advances in recombinant DNA technologies, led to new 

approaches for following actin in vivo. GFP was used to tag monomeric actin (G-actin) 

directly or to tag protein fragments that bind to filamentous actin (F-actin). This allowed 

real-time visualization of the actin cytoskeleton and the concomitant cell shape changes. 

Disadvantages of using GFP::G-actin include high background, perturbed assembly, and 

uneven labeling of  G-actin pools (Hird 1996, Aizawa et al. 1997, Waterman-Storer et al. 

1998, Wu and Pollard 2005, Kovar et al. 2006).  

We examined four genetically encoded, F-actin probes in order to compare their 

abilities to label diverse actin structures during dorsal closure without perturbing native 

development. Each of the four probes we tested contained a genetically encoded protein 

fluorophore from jellyfish or coral, and the actin binding domain (ABD) of a cytoskeletal 

protein. We chose to compare the following four F-actin probes, as they are the probes 

used most extensively in Drosophila: MoesinABD (hereafter MoeABD, Edwards et al. 

1997), F-tractin (Schell et al. 2001), UtrophinABD (hereafter UtrABD, Burkel et al. 2007), 

and Lifeact (Riedl et al. 2008). Other F-actin probes have been generated and used in 

diverse developmental systems (see Pang et al. 1998, Bretschneider et al. 2004, 

Sheahan et al. 2004, Lenart et al. 2005, Lemieux et al. 2014).  The probes examined 

here vary substantially in size, (summarized in Table 2.1), origin, and nature, as 

discussed below.  

GFP::MoeABD: The actin binding domain of fly moesin was fused to GFP and 

expressed using various enhancer/promoter cassettes. These expression cassettes 

included: (1) a heatshock driven GFP::MoeABD (also known as hsGFP::MoesinABD, 

Edwards et al. 1997), (2) the ubiquitously expressed spaghetti squash driven 
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sGFP::MoeABD (also known as sGMCA and containing the coil-coil domain in addition 

to the ABD, Kiehart et al. 2000)1, (3) an epidermis-specific, coracle driven 

GFP::MoeABD (cGFP::MoeABD, also containing the coil-coil domain in addition to the 

ABD, unpublished construct), and (4) a yeast upstream activating sequence for use with 

the GAL4 transcriptional activators (Bloor and Kiehart 2001, Dutta et al. 2002).  

Table 2.1 Comparison of existing actin binding protein fragments 

 

F-tractin (Inositol triphosphate 3-kinase A ABD::GFP or ::tdTomato): F-tractin is a 

protein fragment isolated from the N-terminus of rat inositol triphosphate 3-kinase A. 

This protein fragment was tagged with EGFP or td-Tomato under the regulation of the 

GAL4/UAS system (Spracklen et al. 2014). A minimal number of residues from the actin 

binding domain (N-terminal residues 9-52, for the EGFP fusion, and residues 9-40 for 

the td-Tomato fusion) were used to avoid F-actin bundling. As previously reported and 

confirmed by our observation in embryos, the EGFP fusion made for transgenic flies was 

                                                

1 Note that throughout Chapter 2 this construct will be referred to as sGFP::MoeABD for easy comparison to 
the other F-actin probes discussed. In other chapters the construct will be referred to as sGMCA for ease of 
reading, and consistency with the literature.  

Actin Binding 
Protein 

Fragment 

Size 
( in amino acids,  

excluding fluorophore) 
Origin References 

Moesin 280 or 308* Fly 

(Edwards et al. 1997) 
(Bloor and Kiehart 2001) 

(Dutta et al. 2002) 
(Kiehart et al. 2000) 

F-tractin 32ⱡ Rat (Schell et al. 2001) 
(Johnson and Schell 2009) 

Utrophin 261 Human 
(Burkel et al. 2007) 
(Rauzi et al. 2010) 

Lifeact 17 Yeast (Riedl et al. 2008) 

*280 refers to UAS-GFP::MoeABD which lacks the coil-coil domain. 308 refers to 
sGFP::MoeABD and cGFP::MoeABD constructs which include the coil-coil domain. 
ⱡThis refers to the UAS-F-tractin::tdTomato construct as the GFP construct did not express. 
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not fluorescent (Spracklen et al. 2014). Therefore, we used the F-tractin::tdTomato. The 

F-tractin::tdTomato construct led to improved adult fertility compared to flies expressing 

the Lifeact or Utrophin constructs with the same GAL4 driver (Spracklen et al. 2014).   

GFP::UtrABD: The actin binding domain (calponin homology domain) of human 

Utrophin was fused to various fluorescent proteins to label actin filaments in fixed and 

live samples (Burkel et al. 2007). UtrABD was driven in Drosophila  with the ubiquitous 

spaghetti squash promoter/enhancer cassette or with a UAS construct (Rauzi et al. 

2010). When expressed in adult flies, GFP::UtrABD causes reduced fertility (Spracklen 

et al. 2014).  

Lifeact (Abp140ABD::GFP): The minimal actin binding fragment Abp140 from 

budding yeast, called Lifeact, is significantly smaller than the others studied. Lifeact also 

binds to G-actin with high affinity (KD = 70 ± 25nM for G-actin compared to KD = 2.2 ± 

0.3μM for F-actin), leading to large concentrations of tagged, monomeric actin (Riedl et 

al. 2008). Although many Lifeact constructs have been made for use in Drosophila, here, 

we analyze Lifeact fused to EGFP and placed under the control of a UAS promoter 

(Spracklen et al. 2014). Strong expression of this construct in the germline results in 

female sterility due to defects in cortical actin in the nurse cells (germline cells of the egg 

chambers, Spracklen et al. 2014).   

Due to the direct interaction with F-actin and, in some cases, G-actin these 

probes may interfere with the native behavior of the cytoskeleton. This could result in 

altered filament kinematics and dynamics including organization and stability. Early 

exploration of GFP::MoeABD demonstrated that this probe can promote filopodia and 

microvilli formation (Edwards et al. 1997). A comprehensive comparison of the effects on 

actin filament organization and the resulting effect on oogenesis demonstrated that 
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Lifeact and Utrophin severely disrupt filament organization in germline cells of the egg 

chambers resulting in decreased fertility, whereas F-tractin has minimal effects 

(Spracklen et al. 2014). Another comparison of these actin probes in fixed cultured cells 

demonstrated that the probes do not equally label all actin structures (Belin 2015). Some 

of these effects can be explained by differences in filament binding and kinetics. For 

example Utrophin binds to F-actin slower than Lifeact (Yoo et al. 2010, Bement et al. 

2015), and has a longer half-life than Lifeact or F-tractin (Singh et al. 2016).  A summary 

of the effects of expressing genetically encoded actin probes in diverse developmental 

contexts appears in Table 2. While previous reports provide a comparison between F-

actin probes, they primarily used fixed samples and phalloidin staining for their 

assessment of probe function.  

Drosophila dorsal closure provides an ideal system to compare fluorescent F-

actin probes due to the presence and necessity of diverse actin structures (described in 

Chapter 1), optical tractability of surface tissues, and genetic tractability (recently 

reviewed in Hayes and Solon 2017, and Kiehart et al. 2017). Dorsal closure is amenable 

to long in vivo time-lapse analysis, occurs half-way through embryogenesis, and takes 2-

3 hours to complete. This morphogenetic process is used as a model for epithelial sheet 

morphogenesis in vertebrate development and wound healing (described in Chapter 1, 

Kiehart et al. 2000, Jacinto et al. 2002, Martin and Parkhurst 2004, Belacortu and Paricio 

2011, Hayes and Solon 2017, Kiehart et al. 2017). Good evidence suggests that the 

actin cytoskeleton contributes to contraction of the purse string, recognition and fusion of 

the lateral epidermis sheets, and oscillations of both the lateral epidermis (Hunter et al. 

2014) and the amnioserosa. These features of dorsal closure make it an amenable 

system to compare F-actin probes and their effect on cell and tissue behavior.   
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Drosophila dorsal closure is also genetically tractable. For example, probes can 

be expressed ubiquitously or conditionally to allow tissue and cell specific expression.  

Our studies confirm that the GAL4/UAS system is not strictly binary. Each UAS construct 

responds to certain GAL4 drivers in a unique manner. This can result in a tissue-specific 

expression pattern determined by the GAL4 driver used and a UAS-specific pattern of 

mosaicism. This phenomenon was reported previously using GFP::myosin II in dorsal 

closure staged embryos and termed ‘transgenic mosaicism’ (Franke et al. 2005). 

Transgenic mosaicism can be fortuitous when the right combination of driver and 

responder is found, as it allows an internal control for cell behavior in expressing and 

non-expressing cells that are juxtaposed to one another (Franke et al. 2005).  

Table 2.2 Summary of artifacts generated by actin probes 

 

Here, I compared five transgenic lines expressing four different F-actin probes: 

GFP::MoeABD (either as sGFP::MoeABD or UAS-GFP::MoeABD), UAS-F-

Peptide of Origin Observation Reference 

Moesin 

Increased filopodia (Edwards et al. 1997) 
Decreased cellular projections (Hozumi et al. 2006) 
Increased gut inversions (Hozumi et al. 2006) 
Decreased stock health (Kiehart et al. 2000) 

F-tractin Increased F-actin bundling 
(Johnson and Schell 2009) 

(Belin et al. 2014) 

Utrophin 

Decreased fertility (Spracklen et al. 2014) 
Oogenesis defects including: cortical 
actin breakdown, delayed border cell 
migration, disorganized bundling 

(Spracklen et al. 2014) 

Uneven distribution between F-actin 
structures 

(Belin et al. 2014) 

Lifeact 

Decreased fertility (Spracklen et al. 2014) 
Oogenesis defects including: cortical 
actin breakdown, disorganized 
bundling 

(Spracklen et al. 2014) 

Uneven distribution between F-actin 
structures 

(Belin 2015) 

Increased filopodia length (Spracklen et al. 2014) 
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tractin::Tomato, UAS-GFP::UtrABD, and UAS-Lifeact::GFP during dorsal closure. Each 

probe is functional as a marker of the F-actin cytoskeleton and is capable of labeling 

multiple F-actin arrays present during dorsal closure. Each allows me to observe tissue, 

cellular and subcellular morphologies over time (kinematics), make quantitative 

measurements in vivo, and better understand the underlying architecture of the cells 

involved in dorsal closure. I compared the fluorescence intensity of F-actin structures, 

probe expression patterns, stock viability, tissue morphology, and dorsal closure 

kinematics. The unique expression patterns generated by using the GAL4/UAS system 

and potential perturbation of cytoskeletal structures make certain probes more 

appropriate for specific experimental questions. I establish that there is a diverse toolkit 

for observing the actin cytoskeleton, and detail some key qualities one should consider 

when choosing a genetically encoded F-actin probe.    

2.2 Results 

I compared several factors that influence both experimental setup and outcome 

including brightness of F-actin structures, expression patterns, stock viability and tissue 

kinematics. This work confirms and extends existing work which demonstrates the 

viability of specimens labeled with the described F-actin probes by assessing their value 

for prolonged, in vivo time-lapse imaging. Each probe labels F-actin throughout dorsal 

closure (Figure 2.1). There are morphological consequences to expressing these 

constructs during dorsal closure. Nevertheless, each probe labels F-actin and provides 

kinematic information without perturbing tissue kinematics including the rate of closure 

and amnioserosa cell oscillations. 
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Figure 2.1 F-actin probes label multiple actin structures throughout dorsal closure.  
A) Fixed embryos stained with Phalloidin in various stages of dorsal closure. B) A living 
embryo expressing UAS-Actin::GFP under the control of Act5c-GAL4. C) Homozygous 

embryo expressing sGFP::MoesinABD (also known as sGMCA). D) A living embryo 
expressing UAS-GFP::MoesinABD under control of Sqh-GAL4. E) A living embryo 

expressing UAS-GFP::MoesinABD under control of Act5c-GAL4. F) A living embryo 
expressing UAS-Lifeact::GFP under control of Act5c-GAL4 G) A living embryo expressing 
UAS-GFP::UtrophinABD under control of Act5c-GAL4 H) A living embryo expressing UAS-
F-tractin::tdTomato under control of Act5c-GAL4. Boxes in A-H denote magnified region in 
A’-H’). All embryos in the first panel of A-H had a dorsal opening with a height of ~121μm. 
This first time point was arbitrarily set to 0:00, where time is in hr:min. The scale bar in A 

applies to Panels A-H. The scale bar in A’ applies to Panels A’-H’. 
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UAS-Lifeact::GFP provides the brightest pixel intensity 

In order to determine which probes were the brightest, I compared the pixel 

intensities of each actin probe in five regions with varied F-actin structures to account for 

their diversity in density and accessibility of the filaments.  In the amnioserosa I selected 

10 cells, five near the center of the dorsal opening and five at the periphery. For each 

cell I measured pixel intensities in a one pixel wide band coincident with cell boundaries 

(which includes signals from the actin cortices, junctional belts, and cellular projections, 

i.e., lamellipodia and filopodia). For comparison, I measured the background signal in a 

similar band in the cytoplasm. In the lateral epidermis cells I measured the pixel intensity 

of a one pixel wide line, parallel to the interface between the amnioserosa and the lateral 

epidermis, which included signals from the purse strings (also known as actomyosin-rich 

cables) and the actin-rich projections that characterize the leading edge of the dorsal-

most epithelial cells. Using the GAL4 system, I measured brightness when the probes 

were driven ubiquitously (using Act5c-GAL4) or tissue-specifically (using E22c-GAL4, 

data not shown). All of the measured pixel intensities for each structure were grouped 

together based on genotype and fit with a probability distribution function, shown in 

Figure 2.2. These distributions were compared for the following F-actin probes: 

sGFP::MoeABD, UAS-GFP::MoeABD, UAS-Lifeact::GFP, and UAS-GFP::UtrABD. 

UAS-Lifeact::GFP had a higher number of brighter pixels for each of the actin-

rich structures we analyzed, making it the brightest F-actin probe (Figure 2.2). The range 

of pixel intensities for sGFP::MoeABD (black line), UAS-GFP::MoeABD (red line), and 

UAS-Utrophin::GFP (blue line) were comparable, with few to no pixels brighter than 

~700 AU. While the UAS-Lifeact::GFP distribution (green line) had a similar minimum, 

the maximum was ~1200AU, leading to a broad flat distribution curve. Because the 
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range of pixel intensites was larger in this genotype there were more pixels with a bright 

intensity than in other probes, making UAS-Lifeact::GFP the brightest probe. Probe 

intensities were comparable when we analyzed F-actin probes expressed in a mosaic 

pattern using E22c-GAL4 (data not shown). 

We used two UAS- F-tractin::tdTomato insertions that were both substantially 

dimmer than the other probes (Figure 2.1H and H’ and Figure 2.3) and therefore 

required a longer exposure. Note this construct was the only red construct that we 

examined and required excitation with a different laser and filter set. Because of the 

increased exposure and necessity for significant image processing, this construct was 

not a viable probe for us and was excluded from the remaining quantification.  

 

Figure 2.2 UAS-Lifeact::GFP is the brightest F-actin probe in all quantified F-actin 
structures. The x-axis records pixel intensity in AU and the y-axis records the probability 

of finding a pixel with that intensity. Five regions were tested including central 
amnioserosa cell cortices (Central AS Cortex), central amnioserosa cell cytoplasm 

(Central AS Cytoplasm), peripheral amnioserosa cell cortices (Peripheral AS Cortex), 
peripheral amnioserosa cell cytoplasm (Peripheral AS Cortex) and the purse string of the 

lateral epidermis (Purse String). Each line is a compiled probability density function for six 
embryos expressing an F-actin probe. The lines are color coded as follows – ubiquitously 
driven sGFP::MoeABD, black; Act5c-GAL4 driven UAS-GFP::MoeABD, red; Act5c-GAL4 

driven UAS-GFP::UtrABD, blue; Act5c-GAL4 driven UAS-Lifeact::GFP, green. 
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Figure 2.3 UAS-F-tractin::tdTomato is dim and requires significant image 
adjustment. Raw image of an embryo expressing Act5c-GAL4 driven UAS-F-

tractin::tdTomato (top). Note the exposure time is the same as the images in Figure 2.1. 
Adjusting the brightness and contrast (bottom) of the image allows visualization of actin 

structures. 
 

The expression pattern of F-actin probes is variable and probe-
dependent 

I used two different GAL4 drivers to compare the expression patterns of each 

UAS driven construct. Act5c-GAL4 depends on the Act5c promoter and was used to 

ubiquitously express each probe at a high expression level. E22c-GAL4 depends on a 

portion of the engrailed promoter and expresses in the embryonic ectoderm including the 

lateral epidermis and to some extent the amnioserosa (Lawrence et al. 1995, Franke et 

al. 2005). I used E22c-GAL4 to mosaically express each probe at a low to moderate 

expression level. Each probe produced a unique expression pattern when driven with 

the different GAL4 drivers, resulting in variability in the number of labelled cells. The 

patches of expressing cells varied between embryos, nevertheless, the number of 

amnioserosa cells in each embryo expressing a given probe was reproducible. Figure 
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2.4 provides a comparison of expression patterns using each probe, and summarizes 

the probes from least number of labeled cells to most.  

 

Figure 2.4 The number of cells expressing each F-actin probe varies and is probe-
dependent. Similarly stage embryos expressing A-B’) UAS-GFP::MoeABD, C-D’) UAS-

Lifeact::GFP, E-F’) UAS-GFP::UtrABD, G-H’) UAS-F-tractin::tdTomato. A, C, E, and G show 
the F-actin probes driven by the ubiquitous Act5c-GAL4. B, D, F, and H show the F-actin 

probes driven by the mosaic E22c-GAL4. A’-H’) Magnified views of the regions highlighted 
by the red box in the corresponding panels. The scale bar in H applies to Panels A-H. The 
scale bar in H’ applies to Panels A’-H’. I) A schematic representation of the F-actin probe 

expression levels from ‘No Expression’ to ‘Ubiquitous Expression’. 
 

This variability in expression provides both advantages and disadvantages when 

quantifying aspects of morphogenesis. UAS-GFP::MoeABD and UAS-Lifeact::GFP are 

the easiest to work with when quantifying the rate of closure using an active contour 

algorithm, including the Snake Fitter and Snake Analyzer used below. The homogeneity 

within the lateral epidermis allows easy tracking of the dorsal hole with minimal manual 

correction. Because of the large gaps present in the expression pattern of UAS-

GFP::UtrABD, the snaking algorithm has difficulty tracking the lateral epidermis, resulting 

in inaccurate results that require substantial user intervention. Such increased 

mosaicism is, however, extremely useful when characterizing individual cells to quantify 

shape changes and/or cell volume. 

I
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F-actin probe stock viability is often reduced 

We qualitatively compared the viability of stocks for each of these F-actin probes 

in order to assess deleterious effects on the health and development of the fly stocks 

that carry them. The sGFP::MoeABD is a homozygous viable stock and multiple 

insertions of UAS-GFP::MoeABD are homozygous viable. Nevertheless, the 

sGFP::MoeABD stock is less robust than wild-type stocks, in particular when used in 

combination with other genetic constructs (Kiehart et al. 2000, unpublished 

observations). We were able to generate a homozygous stock of UAS-F-tractin::Tomato 

which is healthy, comparable to sGFP::MoeABD and UAS-GFP::MoeABD stocks. In 

contrast, the UAS-GFP::UtrABD and UAS-Lifeact::GFP insertions have more deleterious 

effects on viability and are best kept over a balancer chromosome, even if no GAL4 

driver is present. Homozygous flies are rarely, but with some regularity, recovered from 

these stocks. Homozygous UAS-GFP-UtrABD stocks generated from such unbalanced 

escapers are less robust and are only able to be maintained for several generations. We 

have not been able to generate a homozygous stock for UAS-Lifeact::GFP. There are 

two insertions of UAS-Lifeact::GFP, one on the second and one on the third 

chromosome. We only characterized the insertion on the second as it appeared to be 

healthier (Spracklen et al. 2014). Other labs have since built additional Lifeact constructs 

and these may not have as severe of an effect on viability (Schnorrer 2011, Huelsmann 

et al. 2013, Cai et al. 2014).  

Expression of F-actin probes influences the morphology of the dorsal 
opening 

The dorsal openings deviate from symmetric eye-shaped (i.e., radial arc shaped) 

holes at low frequency in wild-type backgrounds using multiple fluorescent tags, 
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including the F-actin probes examined here. This was seen at an elevated rate when 

UAS-Lifeact::GFP or UAS-GFP::UtrABD were expressed, Figure 2.5A-C. The observed 

disrupted purse strings were grouped into two categories: disjointed purse strings 

(Figure 2.5A) and asymmetric dorsal holes (Figure 2.5B). Embryos expressing 

GFP::MoeABD, using either the sGFP::MoeABD construct or the UAS construct, had a 

lower incidence of abnormal dorsal openings/purse strings. Both phenotypes were 

observed more frequently in embryos expressing UAS-Lifeact::GFP and UAS-

GFP::UtrABD. Moreover, this effect was exacerbated when these constructs were driven 

using the strong, ubiquitous Act5c-GAL4. In order to compare these purse strings across 

genotypes we fit each purse string with a second degree polynomial and calculated the 

residual sum of squares (RSS) for each time point. The mean of these values was then 

compared (Figure 2.5D).  Embryos expressing UAS-Lifeact::GFP under the control of  

Act5c-GAL4 had a higher RSS  (more deviation from the polynomial fit) than all other 

genotypes, p ≤ 0.05. The two genotypes with the lowest mean RSS (less deviation from 

the polynomial fit) were UAS-GFP::MoeABD driven by Act5C-GAL4 and homozygous 

sGFP::MoeABD. These genotypes showed a significantly smaller RSS than embryos 

expressing UAS-Lifeact::GFP under the control of E22c-GAL4, p ≤ 0.05. Finally there 

was a significant difference between embryos driving UAS-GFP::MoeABD with Act5c-

GAL4 and E22c-GAL4, p ≤ 0.05. Together, this demonstrates that the expression of 

these F-actin probes can influence the morphology of dorsal holes in a dose dependent 

manner and UAS-Lifeact::GFP had the greatest effect. Although the shape of the purse 

strings was abnormal the embryos were able to complete dorsal closure. 
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Figure 2.5 Purse string malformation occurs in embryos expressing F-actin 
probes. Disjointed purse strings (A) and asymmetric dorsal openings (B) were observed in 
embryos highly expressing fluorescent F-actin probes C) The percentage of embryos with 

abnormal purse strings including those seen in A and B. n=6, E22c-GAL4>UAS-
GFP::MoeABD, Act5c-GAL4>UAS-GFP::MoeABD; n=8, sGFP::MoeABD, Act5c-GAL4>UAS-
Lifeact::GFP, E22c-GAL4>UAS-GFP::UtrABD, Act5c-GAL4>UAS-GFP::UtrABD; n=9,E22c-
GAL4>UAS-Lifeact::GFP D) Purse string deviation was measured as the residual sum of 
squares from a second degree polynomial that was fit using an active contours snaking 
algorithm (Hutson et al. 2003), see 2.4 Materials and methods. * p ≤ 0.05, ** p ≤ 0.01. The 

scale bar in B applies to Panels A and B.  

F-Actin probes do not influence the rate of closure 

We quantified the height (H) of the dorsal opening as a function of time (dH/dt) in 

order to understand how the expression of each probe influences the kinematics of 
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closure. This was of particular interest given the increased incidence of aberrantly 

shaped purse strings and the previously reported genotype dependency of this 

measurement (Hutson et al. 2003, Wells et al. 2014). We previously published a rate of 

closure of 12 ± 1.5 nm/s for embryos expressing sGFP::MoeABD (Hutson et al. 2003). In 

this study we observed a dH/dt of 16.6 ± 8.7 nm/s for embryos expressing 

sGFP::MoeABD homozygously and 19.7 ± 3.4 nm/s for expressing sGFP::MoeABD 

heterozygously. As demonstrated by Figure 2.6, there tends to be a large amount of 

variability within genotypes and the difference between these values and those 

previously reported is commented on in the discussion. We found no statistical 

differences in the rate of closure due to the expression of different F-actin probes. 

 

Figure 2.6 Expression of F-actin probes does not affect the rate of closure. The rate 
of movement towards the dorsal midline of the purse strings of six embryos for each 
genotype is shown in nm/s. Red line, median rate of closure; whiskers, minimum and 
maximum rate measured; box top and bottom, upper and lower quartiles. A) Embryos 

heterozygous for sGFP::MoeABD, homozygous for sGFP::MoeABD, or mosaically 
expressing F-actin probes B) Embryos heterozygous for sGFP::MoeABD, homozygous for 

sGFP::MoeABD, or ubiquitously expressing F-actin probes. There were no significant 
differences between genotypes. 

F-actin probes do not alter amnioserosa oscillations 

We also quantified the period of oscillation in amnioserosa cells, another 

measurement characteristic of dorsal closure. The previously reported period was ~175s  

(5.7 ± 0.9 mHz) measured as the average over all amnioserosa cells in multiple embryos 
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(Sokolow et al. 2012). In this study, apical cell area was measured in an optical plane 

that included the junctional belt indicated by cadherin::GFP. The actin signal at the cell 

boundary is more diffuse than the cadherin label and can be confounded by the 

presence of filopodia and lamellipodia present at the margins of amnioserosa cells. In 

order to approximate an average period of oscillation for each of the F-actin probes we 

measured the area of 10 cells distributed throughout the amnioserosa in 6 embryos over 

a period of 12.5min (every 30s for 25 frames). The area changes were processed as 

previously described (Blanchard et al. 2010) in order to obtain an average period and 

amplitude of oscillation for each cell. These values were compared across embryos and 

genotypes. There was little variation in period of oscillation between embryos of the 

same genotype allowing us to compare across the F-actin probes. There were no 

statistical differences between the F-actin probes that we compared (Figure 2.7A), 

however our measured periods ranged from 68-173s and were slightly shorter than 

previous reports. The amplitude of oscillation was variable between embryos of the 

same genotype (p<0.01) and therefore we did not use this measure to determine if 

expression of F-actin probes were disturbing oscillations. The observed variability may 

be due to difficulty in accurately measuring area due to the more diffuse signal at the cell 

boundary. It is also possible that labeling actin impacted the oscillations, however, all of 

the F-actin probes that we tested showed similar results.  We therefore conclude that the 

expression of one F-actin probe over another does not influence amnioserosa cell 

oscillation. 
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Figure 2.7 Expression of F-actin probes does not affect amnioserosa cell 
oscillation.  The oscillation data was obtained from the area measurements as described 
in the methods (2.4 Materials and methods, n=10 cells from 6 embryos for each genotype). 
A) The average period of oscillation for cells expressing each of the F-actin probes. There 

were no statistical differences between the F-actin probes. B) The average amplitude of 
oscillation for cells expressing each of the F-actin probes. Given the significant variation 

between embryos of the same genotype we did not compare the amplitude across 
genotypes. 

F-actin probes label medioapical arrays in the amnioserosa with 
variable efficiency 

To determine if F-actin probe expression labeled the actin structures with 

differing efficiencies in vivo we used high-resolution structured illumination. We 

expressed each of the F-actin probes in the amnioserosa using the c381 GAL4 driver 

(Manseau et al. 1997, Harden et al. 2002). We expressed and imaged UAS-Actin::GFP 

to provide a baseline due to previous reports of uneven labeling of actin pools (Hird 

1996, Aizawa et al. 1997, Waterman-Storer et al. 1998, Wu and Pollard 2005, Kovar et 

al. 2006). The amnioserosa cells were mosaically labeled and the monomer 

incorporated best into the filopodia at the borders of the cells. There was a high 

cytoplasmic background fluorescence due to the pool of monomers, Figure 2.8A. Each 

of the F-actin probes had a reduced background signal allowing detection of the delicate 

actin mesh constituting the medioapical arrays. UAS-GFP::MoeABD and UAS-

Lifeact::GFP provided the most uniform labeling of the actin filaments within this mesh, 
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with UAS-GFP::Utrophin providing a more punctate pattern along the filaments and 

within the cytoplasm. We also observed that there was an effect on the filopodia border 

between amnioserosa cells which we quantify below.  

 

Figure 2.8 F-actin probes label actin structures with variable efficiency and 
generate qualitative differences in the structures observed. c381-GAL4 driving expression 
of A) UAS-Actin::GFP, B) UAS-GFP::MoeABD, C) UAS-Lifeact::GFP, D) UAS-GFP::Utr in the 
amnioserosa. All images taken using structured illumination microscopy (SIM) to observe 

central amnioserosa cells. Filopodia are visible with all F-actin probes, but are shorter 
when UAS-Lifeact::GFP is expressed, see below. Medioapical arrays are most easily 

viewed with UAS-GFP::MoeABD or UAS-Lifeact::GFP. The scale bar in A applies to panels 
A-D. 
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Lifeact and GFP::MoeABD influence filopodia formation at the leading 
edge 

Previous reports indicate that two of these probes (UAS-GFP::MoeABD and 

UAS-Lifeact::GFP) influence thin cellular projections such as microvilli or filopodia. There 

is some controversy over how GFP::MoeABD influences filopodia number, with reports 

that expression resulted in an increased number of filopodia in COS cells and increased 

microvilli in the Drosophila ovary (Edwards et al. 1997), and a decreased apical F-actin 

accumulation in the Drosophila embryonic hindgut (Hozumi et al. 2006). This suggests 

that this effect may be dependent on the cellular context and/or on the strength of 

expression via different GAL4 drivers. Our data support the hypothesis that its effect is 

context dependent.  We expressed UAS-Syt::GFP, a membrane marker, with E22c 

GAL4 to get a baseline on the number of filopodia present both between amnioserosa 

cells and at the lateral epidermis independent of an exogenously expressed F-actin 

marker. When we ubiquitously expressed GFP::MoeABD using the sGFP::MoeABD 

there was almost twice the number of filopodia between amnioserosa cells in a given 

frame, Figure 2.9A. However, if we restricted expression of GFP::MoeABD to the lateral 

epidermis using the coracle promoter construct, there was not a difference in the number 

of filopodia compared to UAS-Syt::GFP (Figure 2.9B). Expression of UAS-Lifeact::GFP 

showed a similar context dependence. When UAS-Lifeact:GFP was expressed in the 

amnioserosa there was a similar number of filopodia as in the control. However, 

expression via the same GAL4 driver produced significantly more filopodia in the dorsal-

most epithelium, p<0.0001. This data support the idea that the effect of both of these 

probes on filopodia formation is context dependent. 

We also quantified the length of the filopodia.  Spracklen et al. reported longer 

filopodia in Drosophila larval hemocytes expressing UAS-Lifeact::GFP (2014). We did 
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not see a similar increase in the length of filopodia, however this too may be context 

dependent. Flies expressing coraGFP::MoeABD had slightly longer filopodia than those 

expressing either UAS-Syt::GFP or UAS-Lifeact::GFP (2.38 ± 1.20 μm vs. 2.12 ± 1.18 

μm or 2.18 ± 1.11 μm respectively, p≤0.0012, Figure 2.9C). Together these results 

demonstrate that fluorescent actin probes can affect filopodia formation and should be 

used with caution when observing or quantifying filopodia or developmental events 

mediated by these actin structures.  

 

Figure 2.9 Filopodia during Dorsal Closure. A) Images taken using structured 
illumination microscopy (SIM) to observe central amnioserosa cells. There are 
approximately twice the number of filopodia in amnioserosa cells expressing 

sGFP::MoeABD as amnioserosa cells expressing UAS-Syt::GFP or UAS-Lifeact::GFP . B) 
The density of filopodia along the leading edge of the dorsal-most epithelial cells. 

P<0.0001 C) The length of the filopodia along the leading edge measured in microns, 
p<0.006. 
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2.3 Discussion  

With a diverse array of tools available for imaging the actin cytoskeleton we have 

demonstrated distinct differences that may influence which genetically encoded F-actin 

probe is best used for any given experiment. There are multiple stable stocks that can 

be chosen from that allow in vivo analysis of multiple F-actin structures including actin 

cables, dynamic meshworks, junctional belts, the actin cortex, filopodia, and 

lamellipodia.  There are also differences between the intensity of these probes, which 

are not completely explained by differences in the fluorescent protein that is conjugated 

to the actin binding protein fragment. The expression of the probes did not alter the 

tissue movements inherent to dorsal closure; nevertheless, it is important to be aware of 

the effect on the tissue morphology that was noted in both the structure of the purse 

string and in the formation of filopodia. The wide array of cellular processes we analyzed 

during dorsal closure characterize actin-rich structures in morphogenetic movements 

which occur throughout developmental processes in Drosophila. It is likely that the 

observations we make here are applicable to other developmental systems.  

One of the most important qualities of a good fluorescent probe is the intensity of 

the output signal. This can be influenced by a number of factors, including the 

fluorophore itself, the expression of the construct, and the specifications of the imaging 

system. It was previously demonstrated that the fluorophore and linker are critical to the 

design of F-actin probes and can influence cellular localization (Lemieux et al. 2014). 

Additionally, properties including quantum yield can greatly impact the detected 

brightness. Table 3 shows the different fluorophores attached to each probe as well as 

the variability in these properties that may contribute to the differences we observed. 

Perhaps equally influential to the intensity of the probe is the level at which it is 
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expressed. This is regulated to some extent by the use of the GAL4/UAS system, but is 

also dependent on the position of the transgene within the genome. All of the stocks 

evaluated in this study had insertions that were randomly integrated into the genome 

using p-element mediated germline transformation rather than using the site-directed Φ-

C31 system. Therefore the expression is dependent on the accessibility of the construct 

based on the surrounding chromatin regions. 

Table 2.3 Properties of fluorophores conjugated to F-actin probes 

Construct Fluorophore 
Quantum 

Yield 

Emission 
Half-life 

(sec) 
References 

sGFP::MoeABD GFPS65T 0.64 - 
(Patterson et al. 1997, 

Kiehart et al. 2000) 

UAS-GFP::MoeABD GFPS65T 0.64 - 
(Patterson et al. 1997, 

Dutta et al. 2002) 

UAS-F-tractin::GFP mEGFP 0.60 174 

(Patterson et al. 1997, 
Shaner et al. 2005, Day 

and Davidson 2014, 
Spracklen et al. 2014) 

UAS-F-tractin::Tomato tdTomato 0.69 98 

(Shaner et al. 2005, 
Day and Davidson 

2014, Spracklen et al. 
2014) 

UAS-GFP::UtrABD mEGFP 0.60 174 

(Patterson et al. 1997, 
Shaner et al. 2005, 

Rauzi et al. 2010, Day 
and Davidson 2014) 

UAS-Lifeact::GFP mEGFP 0.60 174 

(Patterson et al. 1997, 
Shaner et al. 2005, Day 

and Davidson 2014, 
Spracklen et al. 2014) 

 

Considering tools amenable to imaging dorsal closure, UAS-F-tractin::Tomato 

was not a practical imaging label. We looked at two insertions which were documented 

previously (Spracklen et al. 2014), both of which were similarly dim and mosaic during 

dorsal closure. It was necessary to use long exposure times and to increase the 
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brightness and contrast of the resulting images in order to obtain usable images, Figure 

2.3. This was true, even when using the strong Act5c-GAL4 driver.  

A striking result from this study confirms that the GAL4/UAS system is not a 

strictly binary system. We demonstrate that the expression patterns observed are a 

result of the combination of the GAL4 driver with the UAS responder. While this is 

somewhat detrimental in that it limits reproducibility between responders, it does allow 

diversity in what types of measurements can be made simply by changing the UAS 

construct. For example UAS-GFP::UtrABD is useful for making volume measurements in 

the amnioserosa because its mosaic expression results in expression in individual cells; 

however, it is not as useful when trying to track the rate of closure, making UAS-

Lifeact::GFP or UAS-GFP::MoeABD a better choice for this experiment. 

Our rate of closure measurements deviated to some extent from previously 

published values. In addition to having a faster rate of closure for sGFP::MoeABD, we 

found that there was more variation in the closure rate than what has been reported 

which could be due to environmental variation (temperature, humidity, etc.), abnormal 

purse strings seen in some of the embryos (although, we did not see an increase in the 

variation of closure rates coincident with the misshapen purse strings when F-actin 

probes were expressed with the Act5c-GAL4 driver), and the stage of the embryo over 

which the rate of closure was measured. It has been reported that the amnioserosa cells 

contract in a biphasic manner starting with a slow phase and ending with a fast phase 

(Gorfinkiel et al. 2009). This could influence the rate of closure by increasing the rate in 

the later stages of closure. While we have typically reported the rate of closure as a 

linear model for the change in the height of the dorsal opening, we cannot rule out that 

there may be slight shifts that would contribute to the variation reported here.  
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GFP::MoeABD constructs appear to be best for imaging dorsal closure. Although 

this construct does influence filopodia, the effect was minimal and didn’t impact the 

tissue movements. Overall it wasn’t the brightest, but it didn’t impact the purse string as 

severely as UAS-Lifeact::GFP and UAS-GFP::UtrABD. We now recognize that it is 

necessary to confirm that the conclusions reached with one probe can be reproduced 

with another probe so as to indicate that it is not an inherent effect of probe expression 

itself.  

Because of the caveats of fluorescent F-actin probes discussed here and in other 

papers, it is possible that this will stimulate the production of a third generation of F-actin 

imaging tools. In addition to these genetically encoded tools, cell permeable dyes and 

fluorogenic probes (i.e., SNAP, Halo, FLASH, etc.) utilizing a small tag that becomes 

covalently bonded to a ligand with a functional domain are now available (Griffin et al. 

1998, Keppler et al. 2003). Although these are not new methods, they are becoming 

more publicly available and have a greater diversity in the ligands available. Newer 

technologies unique to imaging the cytoskeleton are SiR-actin and SiR-tubulin 

(Lukinavicius et al. 2014). These probes are cell permeable, with little cytotoxicity, and 

emit far-red light upon binding to actin or tubulin, respectively. While each of these 

techniques provides certain advantages including a smaller size, they also have other 

limiting factors. For example their use is dependent on crossing the cell membrane. 

However, Drosophila embryos are encased in a vitelline membrane which is 

impermeable, preventing these cell permeable dyes from reaching the plasma 

membranes of dorsal closure tissues. No imaging tool is perfect and so, as scientists, we 

must utilize the multitude of options to identify those most appropriate to answering our 

questions.   
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2.4 Materials and methods 

Fly stocks  

w; E22c-GAL4 (Lawrence et al. 1995); Act5c-GAL4/CyO, P(Dfd-GMR-nvYFP); 

c381-GAL4 (Manseau et al. 1997, obtained from Bloomington and subsequently hopped 

onto Chromosome II, Harden et al. 2002); sGFP::MoeABD (Kiehart et al. 2000); UAS-

GFP::MoeABD (Bloor and Kiehart 2001); UAS-Lifeact::GFP 13a/SM6b (Spracklen et al. 

2014); UAS-GFP::UtrABD/CyO (Rauzi et al. 2010); UAS-F-tractin::tdTomato 10c/SM6b; 

TM2/MKRS (Spracklen et al. 2014); UAS-F-tractin::tdTomato 15c/SM6b; TM2/MKRS 

(Spracklen et al. 2014), UAS-GFP::Actin, and w1118.  F-actin probe stocks are lines that 

were all previously made and shared with the fly community. It is not known to us to 

what extent other insertions were recovered and how they may or may not vary in 

fecundity and brightness. Flies carrying the GAL4 drivers were crossed to flies with the 

UAS-constructs resulting in progeny heterozygous for both. They were selected for 

GFP/Tomato expression using a Zeiss Discovery V.12 stereoscope equipped with LED 

illumination for GFP and RFP. w1118 flies were used for phalloidin staining. 

Embryo collection and preparation for imaging 

 Embryos were prepared for imaging as previously described (Kiehart et al. 

1994).  Adult flies were allowed to lay eggs for 3-4 hours at 25⁰C. The embryos were 

aged at 16⁰C for ~24 hours. They were dechorionated for 1.25 min in 50% bleach. 

Embryos undergoing dorsal closure and expressing GFP were lined up on an agar pad. 

They were secured to a coverslip using embryo glue (Sullivan et al. 2000), covered with 

halocarbon oil and imaged as described below.  
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Confocal imaging 

 Images for quantitative analysis were acquired using a spinning disk confocal 

head (Perkin Elmer) attached to a Zeiss Axiovert 200M, a 40X/1.3 NA oil immersion 

objective, a Hammamatsu Orca-ER CCD camera, and MetaMorph software. Excitation 

of UAS-F-tractin::tdTomato was at 568nm using a KrAr laser (Melles Griot, Albuquerque, 

NM, 643-PERYB-A01) and excitation of the other probes conjugated to various versions 

of GFP was at 488nm using an Ar laser (Melles Griot, Albuquerque, NM, 543-A-A03). 

The following excitation filters from Chroma technology were used: 480/30, 525/40, 

575/50, and 607/45.  Images were taken at two minute intervals for intensity and rate of 

closure measurements, and at thirty second intervals for oscillation measurements. All 

quantified images were taken at 500ms exposure time, with a gain of 150, and a z-step 

of 1μm.  

TIRF-SIM imaging 

 Although the dorsal surface of the embryos lies too deep to image with standard 

TIRF microscopy, we were able to image the apical surface of the amnioserosa using 

TIRF-SIM (Li et al. 2015, Beach et al. 2017). Embryos were prepared as described 

above. The embryos were attached to a Sapphire coverslip (Zeiss) and placed in a 

tightly sealed jar containing Drierite (W. A. Hammond Drierite Company, Ltd.) for 18min. 

Dessication is within the time reported for microinjection to generate transgenic flies 

(Spradling 1986), and helps flatten the embryos against the coverslip when mounted. 

Embryos were live imaged using a Zeiss Plan-Apochromat 100x Oil-HI 1.57NA 

objective. In order to increase the imaging depth of TIRF-SIM, we gradually reduced the 

excitation numerical aperture (the NA, and in turn, the incidence angle) that is known to 

be inversely proportional to the penetration depth of the evanescent wave. We realized 
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that when the excitation NA was adjusted to be just lower than the critical NA for TIRF, 

the quality of the reconstructed image was optimized. Under these illumination 

conditions, evanescent wave penetration depth was increased to allow the imaging of 

the dorsal surface of the embryo, whilst it remained shallow enough to minimize 

excitation of out-of-focus, background fluorescence.     

Phalloidin staining 

 Dechorionated embryos were fixed in 4% PFA in 1X PBS, 2% Triton-X, and 

1U/ml Alexa Fluor 568::Phalloidin for 20 minutes. Vitelline membranes were removed as 

previously described, using heptane and ethanol (Sullivan et al. 2000). The embryos 

were rehydrated using 1X PBS and 0.2% Triton-X and then stained for two hours with 

1U/ml Alexa Fluor 568::Phalloidin, a protocol modified from (Groen et al. 2012). Post-

staining, embryos were washed twice with 1X PBS, 0.2% Triton X and twice with 1X 

PBS. They were then mounted and imaged within 1-5 hours. 

Measuring fluorescent intensity 

 For each tagged protein/peptide, six embryos were imaged during dorsal 

closure. Z-stacks of embryos in closure approximately halfway (height between purse 

strings between ~50-100um) through closure were chosen for image analysis which was 

completed in ImageJ/FIJI (Schindelin et al. 2012). From that z-stack ten amnioserosa 

cells with clear boundaries were chosen (five central and five peripheral). For each 

amnioserosa cell a 1 pixel line was drawn over cell boundaries where actin accumulates 

in cell cortices, junctional belts, filopodia, and lamellipodia. Other pixel widths including 

3, 5, 10, and 15 pixel lines were tested to ensure that a 1 pixel width was sufficient to 

accurately represent the local fluorescent intensities (Figure 2.10). The pixel intensities 

for this line were acquired using the plot profile function in ImageJ. As a control, a similar 
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line was drawn in the cytoplasm, approximately 5 pixels from the cell boundary. 

Additionally the pixel intensities of both the left and right purse string were measured. 

For each embryo a histogram of the pixel intensities for each region (central 

amnioserosa membrane, central amnioserosa cytoplasm, peripheral amnioserosa 

membrane, peripheral amnioserosa cytoplasm, and purse string) were acquired. A 

probability density function was generated in MATLAB for each histogram. Given that 

the histograms were similar from embryo to embryo (data not shown), all the data for a 

given peptide were pooled, a probability density curve was generated, and these curves 

were compared.  

 

Figure 2.10 Wider lines give a similar histogram of pixel intensity. We tested three 
different line widths – 1 pixel (top), 3 pixels (middle), and 5 pixels (bottom) to determine if 
this influenced the measured pixel intensities prior to further quantification. All lines gave 
similar histograms of intensities, therefore we chose to proceed with a 1 pixel wide line. 

 

Measuring rate of closure 

 The rate of closure was measured using the ImageJ plugin package Dorsal 

Closure Analysis (Hutson et al. 2003). This package contains two custom Java plug-ins 

that use an active contours algorithm: Snake Fitter and Snake Analyzer. This algorithm 



  

45 

was designed to follow the purse string throughout closure to determine the rate. The 

data supported a single linear rate as previously reported (Hutson et al. 2003, Peralta et 

al. 2007, Toyama et al. 2008, Wells et al. 2014), despite the increased variation in 

closure rate that we observed. The plug-in Snake Fitter follows the purse string over time 

and fits a curve to the fluorescent signal. The fitted snakes are analyzed using the 

ImageJ plugin Snake Analyzer. The data generated by this algorithm was then copied 

into an Excel spreadsheet and the height of the midline of each curve (Figure 2.11) was 

determined for each time step. The rate of closure was then calculated as the slope of 

best fit line for the height vs. time graph. The rates of closure were compared across 

genotypes using a one-way ANOVA in MATLAB. No statistical differences between 

genotypes were found. Because we observed a larger variance in the rate of closure 

than we had previously reported we clustered the embryos by the day on which the 

images were acquired. Here, we observed substantial variation between days but 

smaller variation between data sets collected on a given day. This variation may be due 

to slight changes in the imaging environment, including temperature and humidity.  

Quantifying purse string deviation 

 The Snake Fitter algorithm fits a snake with 400 landmark coordinates along the 

purse string (200 points per purse string). It then fits a 2nd degree polynomial to the 

defined snakes. The residual sum of squares between this polynomial and the snake is 

also calculated for each time point and provides a measure of the deviation from a radial 

arc for each time point, Figure 2.11. Bartlett’s test showed that the distribution of the 

RSS values had unequal variances between genotypes. We completed a one-way 

ANOVA followed by Tukey’s multiple comparisons test to compare genotypes using the 

GraphPad Prism 6 software and found statistical differences. We averaged together the 
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deviation (residual sum of squares) for all time points and then for all embryos of a given 

genotype to get an average amount of deviation, shown in Figure 2.5D.  
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Figure 2.11 Purse string deformities were quantified using a 2nd degree polynomial. 
The purse strings were snaked with an active contours algorithm and fit with a 2nd degree 
polynomial (Hutson et al. 2003). The fit snake was then compared to the polynomial and 
the deviation was calculated as the residual sum of squares (RSS). Larger values for the 
RSS correlated with more deviation from the polynomial curve. All values for the RSS for 

each genotype were averaged and reported in Figure 2.5. 
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Measuring oscillations within the amnioserosa 

 Six embryos were imaged for each genotype. For each embryo, 10 cells were 

selected that could be tracked for 25 frames (at 30 sec between frames for a total of 

12.5 min). The selected cells were randomly selected to cover the area of the dorsal 

opening and were not allowed to neighbor one another. This allowed complete coverage 

over the central amnioserosa. Area measurements for the first 25 frames were done in 

ImageJ using the polygon selection tool. The measurements were then imported into 

MATLAB and processed as previously described (Blanchard et al. 2010). The area of 

the cell was converted to a radius. A moving average with a window of 6 time points 

(3min) was calculated and the difference from the radius and this moving average 

resulted in a ‘detrended’ data set. Using a moving average allows us to filter out some of 

the noise in the data in order to more clearly see the oscillations. From there the minima 

and maxima were identified and used to calculate multiple periods and amplitudes of 

oscillation for each cell. These values were averaged and reported in Figure 2.7.  A one-

way ANOVA was used to compare the period and amplitude between embryos of the 

same genotype. There was significant variation between embryos in amplitude but not 

period of oscillation. A one-way ANOVA was used to compare the period of oscillation 

between F-actin probes (MATLAB) and no statistical differences were found. It was 

difficult to find 10 non-neighboring cells in the mosaic embryos, therefore, this analysis 

was only completed on embryos ubiquitously expressing the F-actin probes. 

Quantifying filopodia density and length 

 The number of filopodia between amnioserosa cells in a given frame was 

counted for three genotypes. These data sets were acquired using TIRF-SIM so we 

were limited in the number of data sets to analyze. Therefore did not complete statistical 
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analysis on these data. We also quantified filopodia density along the leading edge of 

the dorsal-most epithelium using FIJI/Image J, reported as the number of filopodia per 

μm of the leading edge. These data sets were acquired on a spinning disk confocal. 

Each filopodium was counted and length measured over time for three genotypes for 

multiple purse strings (E22c-GAL4 driving UAS-Syt::GFP, n=4; coraGFP::MoeABD, n=8; 

E22c-GAL4 driving UAS-Lifeact::GFP, n=6). The total number of filopodia divided by the 

distance along the purse string gave the density of filopodia. The regions of purse string 

were compared using a two-way ANOVA followed by Tukey’s multiple comparison test 

(GraphPad Prism 6). The length for all of the filopodia measured from the purse string 

regions above were used to determine the effect of F-actin probes on filopodia length 

(E22c-GAL4 driving UAS-Syt::GFP, n=239; coraGFP::MoeABD, n=821; E22c-GAL4 

driving UAS-Lifeact::GFP, n=1249). Because the distributions of filopodia length did not 

pass the D’agostino & Pearson test for normalcy, we compared across genotypes using 

the non-parametric Kruskal Wallis test followed by Dunn’s multiple comparison test.  
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3 Qualitative and quantitative analysis of amnioserosal 
medioapical arrays and their association with the 
cortex  

3.1 Acknowledgements 

This chapter was adapted from a manuscript Moore et al. 2018 submitted to the 

Journal of Cell Biology on February 23, 2018. This manuscript has eight additional 

authors: U. Serdar Tulu, Dong Li, Wesley Legant, Amanda Cox, Stephanie Fogerson, 

Aubrey Weigel, Eric Betzig, and Daniel Kiehart. Here, I detail the contributions of these 

authors to the manuscript. A. Cox, S. Fogerson, U.S. Tulu, and D. Kiehart assisted with 

sample preparation for the lattice light-sheet microscope and the structured illumination 

microscope. D. Li ran the structured illumination microscope and equipment set up. W.R. 
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was supervised by J. Lippencott-Schwartz. Both D. Li and W.R. Legant were supervised 

by E. Betzig. I was supervised by D. Kiehart.  
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providing experimental and quantitative advice. I would also like to thank M. Price and 

M. Gastinger at Bitplane for assistance with the Imaris software. I would like to thank J. 
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3.2 Introduction 

Apical constriction is a mechanism utilized by epithelial cells across phylogeny to 

reduce apical area and promote cell and tissue reorganization (reviewed in Sawyer et al. 

2010, Sullivan-Brown and Goldstein 2012, Martin and Goldstein 2014, Gorfinkiel 2016, 

Coravos et al. 2017, Harris 2017). Following constriction, a cell can relax back to its pre-

constriction cell area, as seen in endodermal precursor cells (EPCs) in early C. elegans 
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gastrulation (Roh-Johnson et al. 2012) and in amnioserosa cells in early Drosophila 

dorsal closure (Fernández et al. 2007, Ma et al. 2009, Solon et al. 2009, Blanchard et al. 

2010, David et al. 2010, Azevedo et al. 2011, Sokolow et al. 2012). In some cases, 

apical constriction occurs incrementally, potentially via a subcellular ratchet (Martin et al. 

2009, Martin et al. 2010, Mason et al. 2016). This step-wise decrease in apical area can 

mediate substantial rearrangements of neighboring cells, for example neural epithelial 

cells in Xenopus neural tube closure (Christodoulou and Skourides 2015) and ventral 

furrow cells in Drosophila mesoderm invagination (Martin et al. 2009, Martin et al. 2010, 

Mason et al. 2013). Incremental apical constriction can not only promote changes in 

tissue morphology, but can also promote ingression (extrusion), as demonstrated by 

ingression  of the EPCs during late C. elegans gastrulation (Roh-Johnson et al. 2012, 

Marston et al. 2016), ingression of developing neuroblasts during early Drosophila 

embryogenesis (Simoes et al. 2017), and ingression and subsequent apoptosis of 

amnioserosa cells during late dorsal closure (Abrams et al. 1993, Kiehart et al. 2000, 

Toyama et al. 2008, Lennox and Stronach 2010, Muliyil et al. 2011, Cormier et al. 2012, 

Sokolow et al. 2012, Shen et al. 2013, Beira et al. 2014, Muliyil and Narasimha 2014).   

Dorsal closure is a dynamic morphogenic process and a prime example of 

oscillatory or pulsatile actomyosin accumulation contributing to coordinated tissue 

behavior (reviewed in Harden 2002, Jacinto et al. 2002, Hayes and Solon 2017, Kiehart 

et al. 2017). Amnioserosa cells apically constrict in an oscillatory manner, and eventually 

ingress from the tissue plane, and apoptose to promote closure as the two lateral 

epidermal sheets move dorsally to form a seamed, then seamless epithelium. Both the 

transient oscillatory constriction and ingression of the amnioserosa cells are mediated by 

actomyosin (Franke et al. 2005, Fernández et al. 2007, Toyama et al. 2008, Ma et al. 
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2009, Solon et al. 2009, Blanchard et al. 2010, David et al. 2010, Azevedo et al. 2011, 

Sokolow et al. 2012). Non-muscle myosin II (hereafter myosin) drives apical constriction 

in the amnioserosa (Franke et al. 2005), and contraction correlates temporally with 

increased levels of actin and myosin (Blanchard et al. 2010, Fischer et al. 2014, 

Machado et al. 2015, Duque and Gorfinkiel 2016, Vasquez et al. 2016). 

The tractability of dorsal closure as a model system has allowed significant 

progress to be made in understanding the kinematics of the oscillatory actomyosin 

accumulations in the amnioserosa. An amnioserosa cell contracts asynchronously with 

its nearest neighbors due to cell non-autonomous (Franke et al. 2005, Hunter et al. 

2014) and autonomous forces (Jayasinghe et al. 2013, Machado et al. 2015). The 

relatively low native frequency of cell oscillation, with a broad distribution, which peaks at 

~5mHz (Sokolow et al. 2012), suggests mechanical feedback  in addition to chemical 

signaling (Gorfinkiel 2016). This is supported by disruption of closure after chemical 

inhibition of mechanically gated ion channels and the sufficiency of the experimental 

release of free intracellular Ca2+ to induce a cell contraction (Hunter et al. 2014). The 

accumulation of  actomyosin in the medioapical array precedes cell contraction with a 

short time lag (Blanchard et al. 2010). This lag decreases as closure progresses, 

coincidently with an increase in cell or tissue stiffness (Fischer et al. 2014, Machado et 

al. 2015). Use of myosin phosphomutants (Duque and Gorfinkiel 2016, however, see 

Vasquez et al. 2016) or constitutively active myosin kinase and phosphatase (Blanchard 

et al. 2010, Fischer et al. 2014) demonstrates that cycling of myosin between its active 

and inactive form is required for native contraction amplitude and oscillatory behavior. 

Similarly, increasing the amount of linear actin filaments through overexpression of a 

constitutive Diaphanous (a formin) construct resulted in premature contraction and a 
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perturbed transition between early and late cell oscillations (Blanchard et al. 2010, 

Fischer et al. 2014). Despite our understanding of the necessity for strict regulation of 

actomyosin in the medioapical array, it is unclear how the array is constructed and how 

the formed array relates structurally and functionally with the actomyosin rich cortex.  

To address this question, we use genetically encoded fluorescently tagged 

cytoskeletal or junctional proteins to observe real-time cytoskeletal and junctional 

kinematics in vivo (Kiehart et al. 2000, Dutta et al. 2002, Buszczak et al. 2007, Huang et 

al. 2009, Rauzi et al. 2010, Spracklen et al. 2014). Here, we demonstrate that individual 

actin and myosin filaments that constitute the medioapical actomyosin cytoskeleton can 

be imaged and tracked over time. The actin arrays and myosin filaments are isotropically 

organized in a loose meshwork which persists through a substantial portion of the 

oscillation cycle. As the cell contracts so does the meshwork, whilst myosin accumulates 

and the actin filaments align. The medioapical arrays lie juxtaposed to the domed apical 

surface and are continuous with actin-rich protrusions at the leading edge. During cell 

contraction the arrays condense, pulling the apical surface towards the plane of the 

junctional belt. The kinematics and location of the medioapical arrays are consistent with 

this structure being a modified actin cortex.  

3.2 Results 

Imaging cytoskeleton kinematics in medioapical arrays with TIRF-SIM 

The Drosophila embryo, encased in a thin vitelline envelope, can be mounted 

with its dorsal-side glued to a coverslip. Remarkably, and even though in principle, the 

amnioserosa and its cytoskeleton lie too deep in the specimen to be illuminated by the 

TIRF-SIM’s evanescent wave ( ~200 nm from the coverslip), we are able to observe the 

medioapical arrays with unprecedented spatial and temporal resolution (see Discussion 
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and Li et al. 2015). With or without mild desiccation, we observed medioapical arrays 

and actin-rich cellular protrusions, including the filopodia and lamellipodia between cells 

(Figure 3.1, Videos 3.1-3.3). With further desiccation and/or removal of the vitelline 

envelope, the apical amnioserosa surface can be pressed more closely to, or directly on, 

the coverslip surface. Such approaches allowed us to image the junctional belts in 

addition to the medioapical arrays and cellular protrusions.  

 In these TIRF-SIM images, we found that actin filaments in the 

medioapical arrays form a meshwork with kinematics consistent with the previously 

published, lower resolution images: they form and disperse in correlation with cell 

contractions (first demonstrated in Blanchard et al. 2010). The actin filaments are 

arranged in a loose meshwork when the cells are in a relaxed state (Figure 3.1A). This 

meshwork contracts as the cell simultaneously apically constricts (Figure 3.1B-G).  We 

do not see disassembly of the actin meshwork after the cell contracts, rather the newly 

relaxed meshwork has a new configuration or arrangement. This new arrangement is 

likely due to the contractile forces exerted on the actin filaments but may also entail the 

depolymerization and/or growth of some filaments (Video 3.1). The medioapical array 

and its constituent actin filaments can be followed for a substantial portion of the 

oscillatory cycle (arrows, Figures 3.2 and 3.3). As the cell contracts, the filaments 

accumulate towards the center of the cell and in many cases can no longer be resolved 

as individual filaments. In some cases, the filaments disappear from the field of view 

during a contraction, due to either movement of the cell within the imaging plane or 

movement of the domed apical surface away from the illumination zone (see Video 3.1, 

t=990s to t=1036s in the bottom right cell). 
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Figure 3.1 Medioapical arrays are characterized by a dynamic actin meshwork revealed by 
TIRF-SIM. A) A loose meshwork in a single, relaxed amnioserosa cell. B-G) Stills from a 
time-lapsed sequence of images from a field of amnioserosa cells in various states of 

apical constriction document how the actin meshworks change over time. B and B’ are 
identical micrographs. B’-H) Cell outlines are approximated by the presence of 

lamellipodia and filopodia borders between cells and are shown by the dashed yellow line. 
Time is reported as min:sec, where 0:00 arbitrarily marks the start of the image sequence 
and corresponds to time 0 sec in Video 3.1. Panel A is a magnified view of the middle cell 
in the sequence shown in B-H at time 0:27. The scale bar in A is for Panel A. The scale bar 

in B applies to Panels B and B’-G. In all images F-actin is labeled with the actin binding 
domain of Moesin fused to GFP (sGMCA). Individual filaments are best viewed in the 

movie from which the sequence was taken, Video 3.1. 
 
We measured a uniform fluorescence intensity per unit length of each actin 

filament and we find no clear evidence for filament branching (Figure 3.4). This suggests 

that the medioapical arrays are made up of single filaments, as there are no reports of 

such arrays of uniform bundles of F-actin (i.e. doublets or triplets etc.). We observed this 

uniform labeling with multiple genetically encoded fluorescent F-actin binding tags 

including sGMCA (Figures 3.1, 3.10, and 3.11), LifeactGFP (Figures 3.2, 3.3 and 3.8) 

and UtrophinGFP (Figure 3.6), providing evidence against the possibility that this 

uniform fluorescence is due to interactions with the protein constructs used to label the 

filaments.   
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Figure 3.2 Medioapical actin filaments can be easily followed when the amnioserosa cell is 
in the relaxed portion of the oscillatory cycle. A) TIRF-SIM images of medioapical arrays in 

a single amnioserosa cell taken 15 seconds apart, F-actin is labeled with UAS-
Lifeact::GFP, whose expression was driven by E22c-GAL4. B) Tracings of filaments from 
micrographs in A. Individual filaments persist for multiple panels, and can be followed for 
up to 4 minutes (not shown). Arrows point to an individual filament followed here for one 
minute. Time is reported as min:sec, where 0:00 arbitrarily marks the start of the image 

sequence and corresponds to time 0 sec in Video 3.2 which contains the full image 
sequence. The scale bar in Panel A also applies to panel B. 



  

 

 

Figure 3.3 The medioapical actin meshwork rearranges after a contraction A-M) TIRF-SIM image of the medioapical array within a 
single AS cell before, during, and after a contraction. F-actin is labeled with UAS-Lifeact::GFP, whose expression was driven by 

E22c GAL4. A’-M’) Tracings of filaments every 15s. For example, A shows the filaments at time 0:00, while A’ is an overlay of 
filament traces from micrographs 0:00, 0:15, 0:30, and 0:45 where each time point is illustrated as a slightly different shade. The 
shades begin at magenta and progress to red with time. When the cell contracts (3-5min), the filaments align. Fewer filaments 

appear in traces during the contraction as individual filaments are difficult to resolve. When the cell relaxes the filaments are in a 
new arrangement. N) An overlay of filament traces in a relaxed state at time 0:00 (trace from panel A, magenta in A’) and 8:00 (trace 

from panel I, green in panel I’) demonstrate the differences between the arrays viewed before and after a contraction. Time is 
reported as min:sec, where 0:00 arbitrarily marks the start of the image sequence and corresponds to time 0 in Video 3.2. The scale 

bar in Panel A also applies to Panels B-M and A’-M’. The scale bar in N applies to Panel N. 
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Figure 3.4 The fluorescent intensity of medioapical array filaments is uniform and is 
dimmer than bundled filaments present in filopodia. A) Field of amnioserosa cells 

expressing UAS-Lifeact::GFP under the control of E22c GAL4 in gray scale and false color. 
This micrograph is taken from the same data set as Figures 2,3, and 7 and Video 3.2. B) 

The left box from panel A in gray scale and false color. Arrows indicate brightly 
fluorescent filopodia which contain bundled actin filaments. C) The right box from panel A 

in gray scale and false color. Note the uniform intensity between filaments. Arrow 
indicates a brighter signal where two filaments cross one another. The scale bar in panel A 

applies to Panel A. The scale bar in C applies to both Panels B and C. 

In addition to tracking actin filaments in the medioapical arrays, we also followed 

the distribution of myosin using TIRF-SIM. We used homozygous zipper/Myosin Heavy 

Chain, GFP knock-in (hereafter called MyosinGFP knock-in) flies (Buszczak et al. 2007) 

to allow expression via endogenous regulatory elements and to ensure that every 
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myosin molecule in the embryo is labelled. This minimizes the large puncta that typify 

the expression of fluorescently labelled myosin from exogenously regulated Myosin 

transgenes. Such large puncta are most likely non-functional aggregates (Franke et al. 

2005, Franke et al. 2010). We imaged dorsal closure staged MyosinGFP knock-in 

embryos, and clearly observed pairs of dots that we interpret as myosin bipolar filaments 

(Kiehart and Feghali 1986) that express the GFP tag in the myosin head domain 

(Buszczak et al. 2007). Over the course of the five minute timelapse, these pairs 

traveled together and were incorporated into larger strings (as many as five pairs of dots 

long). As the cell contracts, pairs of dots became more ordered and moved closer 

together (Figure 3.5, Video 3.4). The average distance between observed dots is 0.35 ± 

0.12 μm (n=15 pairs over four time points=9s), consistent with EM measurements of fly 

and vertebrate myosin bipolar filaments assembled from purified myosin, in vitro (Kiehart 

and Feghali 1986, Verkhovsky and Borisy 1993). We also found a variation in the 

distance between dots, including short (~220nm) and long (~600nm) minifilaments. 

There are two likely explanations for this 1) the short myosin bipolar filaments could be 

oriented at an angle as we image to an unknown depth with TIRF-SIM, or 2) the long 

myosin bipolar filaments could be spurious dots that move together but are not part of 

the same filament, potentially through their connections to the actin meshwork or an 

unknown scaffolding protein. Additionally, the distance between paired dots also 

fluctuates, consistent with rotation of the myosin minifilament with respect to the optic 

axis. The increased spatial resolution provided by TIRF-SIM allowed us to observe 

individual actin and myosin filaments which, with previous confocal technology, 

appeared as patches of fluorescence. However, because we were limited to one optical 

plane we were unable to describe the kinematics of these arrays in three dimensions.    
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Figure 3.5 Myosin filament kinematics during medioapical array condensation are resolved 
by TIRF-SIM of myosin labeled with the MyosinGFP knock-in. A-D) A field of amnioserosa 
cells in various states of condensation demonstrates myosin redistribution with time (red 

box indicates the inset region that is shown at a higher magnification in E). Note the 
myosin pairs condense to a very bright focus in panel D. Yellow dashed lines indicate our 

best approximation of cell boundaries (more tentative than those in Figure 3.1). E) A 
magnified view of the region in panel B demonstrates a pair of myosin dots, arrowheads. 

Pairs of dots assemble into longer strings (arrows). The image was smoothed and an 
unsharp-mask was applied to better demonstrate the myosin pairs. F) A histogram of the 

average distance between myosin dots over time, n=80 measurements on 15 pairs of dots. 
The peak is consistent with the length of myosin minifilaments measured from EM 

micrographs (Kiehart and Feghali 1986). The scale bar in E is for Panel E. Time is reported 
as min:sec, where 0:00 arbitrarily marks the start of the image sequence and corresponds 

to time 144 sec in Video 3.4. The scale bar in Panel A applies to panels A-D. 

Imaging medioapical array kinematics using diverse microscopy 
techniques 

As a complement to our TIRF-SIM data, we also imaged the medioapical arrays 

using 3D SIM and lattice light-sheet microscopy, which allows us to better understand 

their position in the cell and their kinematics. 3D SIM generates a z-resolution of ~300nm 

(Shao et al. 2011, Fiolka et al. 2012). The disadvantage of 3D SIM is that the increased 

number of exposures and wide-field illumination results in rapid photo-bleaching. As a 
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consequence, we recovered images for far fewer time points. Lattice light-sheet 

microscopy is gentler than 3D SIM in terms of photo-bleaching, but has a lower spatial 

resolution (230nm in X-Y and 370nm in Z, Chen et al. 2014). However, by imaging with 

each of these techniques, we can generate a more complete description of the 

medioapical arrays.  

With 3D SIM, we scanned through a series of optical planes from the tips of 

apically projecting filopodia and lamellipodia, through apical plasma membrane to 

beyond the junctional belts. Embryos were labelled with UtrophinGFP. In the most apical 

optical plane we imaged the tips of the cell projections that accumulate primarily 

between amnioserosa cells (arrows, Figure 3.6). The surface of the cell and the 

medioapical arrays come into focus ~0.3μm below this top plane and are observed in 

optical sections for another 0.3μm. The medioapical arrays merge with thicker bundles of 

actin at the cell-cell junctions, ~0.6μm from the tips of the filopodia and ~0.3μm below 

the surface of the cell. This junctional actin continues to be observed in the more basal 

planes and is most apparent ~1.05μm from the most apical plane (arrowheads, Figure 

3.6). However, without a junction label such as E-cadherin, it is difficult to 

unambiguously resolve the base of the cellular projections from the junctional belts. Data 

collected with the lattice light-sheet microscope confirm the above description (see 

below).  
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Figure 3.6 The medioapical array lies juxtaposed to the plasma membrane and extends 
200-400nm below the tips of extended filopodia and lamellipodia.  A-I) Z sections 

separated by 0.15μm from a 3D SIM image. F-actin labeled by c381 GAL4 driving UAS-
GFP::Utrophin. A-B) The tips of filopodia (arrows) can be seen in the two most apical 

planes. C) The medioapical actin (red asterisk) comes into focus ~0.3μm below the most 
apical plane and remains in view to ~0.6μm (C-E). E) The thick junctional actin first 

appears in the same plane as the bottom of the medioapical array, ~0.6μm below the most 
apical optical plane. This junctional belt persists through the remaining planes (F-I). The 

scale bar in A applies to Panels A-I. J) Schematic of a cross-section of the apical portion of 
a cell, drawn approximately to scale. Red dashed lines correspond to the z-sections 

above. Schematic inspired by (Hirokawa 1980, Alberts 2015).   
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Although filament turnover has been implicated in other developmental systems 

(Jodoin et al. 2015) as a key regulatory component of oscillatory medioapical array 

accumulation, images from the lattice light-sheet confirm that the arrays in the 

amnioserosa are not disassembling, because we never see the fluorescent signal drop 

to cytoplasmic background levels at the apical surface (Video 3.5). To address the 

extent to which array disassembly contributes to the rearrangement of actin filaments 

after a contraction, we observed the kinematics of actin in an orthogonal view (Figure 

3.7, Video 3.5). Here, actin accumulates near the junctional belt then travels over the 

domed apical surface as a wave, pulling the dome towards the junctional belt and 

flattening out the apical end of the cell. This also can be observed with myosin (Video 

3.6). As dorsal closure progresses, each amnioserosa cell and the tissue as a whole 

becomes less domed. When viewed apically by light-sheet microscopy, the medioapical 

arrays of actin and myosin appear to accumulate or ‘condense’ in a patch of 

fluorescence as previously described (Blanchard et al. 2010, Soares e Silva et al. 2011, 

Wang et al. 2012). Such actin or myosin patches are generally initiated adjacent to a cell 

junction. With time, the actin or myosin patches migrate across the cell. We interpret 

these patches as a low-resolution view of the contracting meshworks that can be viewed 

by TIRF-SIM (Figures 3.1-3.5). The actin and myosin patches remain visible throughout 

the contraction cycle, implying that the medioapical arrays of the amnioserosa do not 

disassemble and reassemble after contraction, but rather transition basally with the 

plasma membrane. The domed surfaces of the amnioserosa cells and the kinematics of 

actin and myosin over this dome provide an explanation for the loss of the medioapical 

meshworks from the imaging plane in some of the TIRF-SIM data (see Video 3.1, t=990s 

to t=1036s in the bottom right cell).     
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Figure 3.7 Actin filaments in the medioapical arrays connect to the junctional belt and 
extend apically to decorate the apical cell surfaces. A-E) Projections of the apical portion 

of the amnioserosa cells from a Lattice Light-sheet image. Green, F-actin labeled by 
sGMCA; Magenta, E-cadherin Tomato knock-in. The white line indicates the position of the 
orthogonal plane in A’-E’. Arrowheads indicate the cell highlighted with asterisks in panels 

A’-E’. A’-E’) Orthogonal views demonstrate the movement of medioapical actin over the 
domed apical surface of the amnioserosa cell. Fluorescent F-actin (arrows) accumulates at 

the right junctional border and travels to the left junction, simultaneously pulling the 
apical surface towards the plane of the junctional belt. Time is reported as min:sec, where 
0:00 arbitrarily marks the start of the image sequence and corresponds to 80 sec in Video 

3.5. Scale bars in E and E’ are for Panels A-E and A’-E’, respectively. 
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Quantifying cytoskeletal kinematics in the amnioserosa  

To further our understanding of the kinematics of the medioapical arrays and the 

relationship to cell shape changes, we tracked actin filaments over time using TIRF-SIM. 

The actin filaments appeared to be randomly oriented throughout the cell in the relaxed 

state, but preferentially align during a contraction. Histograms of filament orientations 

during a cell contraction are shown in Figure 3.8A”-I”. The filaments were isotropically 

organized with an even distribution of filaments at all angles. During a contraction in this 

particular cell, the filaments aligned in the circumferential dorsal/ventral axis, as shown 

in Figure 3.8G”-I”. A higher proportion of filaments were oriented vertically (±90⁰ on the 

histograms, left/right axis of the embryo) with fewer filaments oriented from -60⁰-60⁰ 

(anterior/posterior axis of the embryo). To better understand how filament alignment 

corresponds to cell shape changes, the cell outline (as approximated by the lamellipodia 

and filopodia border) was fit with an ellipse at various times during contraction. In this 

cell, the major axis was in the vertical direction of the image (dorsal/ventral axis of the 

embryo) and the minor axis was in the horizontal direction (anterior/posterior axis of the 

embryo). The ratio of the minor to major axis of this ellipse over time demonstrates that 

as the array condensed (t=3-4min) the cell narrowed (anterior/posterior axis shortened) 

and the apical area decreased (Figure 3.9). Therefore, the filaments aligned 

perpendicular to the axis on which the cell shortened, suggesting that myosin pulls the 

actin filaments closer together. This behavior was observed across multiple amnioserosa 

cells. 
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Figure 3.8 Actin filaments align during cell contraction.  A-I) An amnioserosa medioapical 
array contracting. Note, micrographs were taken from the same dataset as Figures 3.2-3.4. 
F-actin is labeled with UAS-Lifeact::GFP, whose expression was driven by E22c GAL4. A’-

I’) Traces of the medioapical array from micrographs in A-I. Traces are color coded for 
time, progressing from blue at 0:00 to red at 4:00 A”-I”) Polar histograms demonstrating 
the alignment of actin filaments within the array. A”-C”) The filaments are isotropically 

organized with filament angles evenly distributed. D”-F”) The filaments within the 
medioapical array begin to align and accumulate or condense. G”-I”) The filaments 

preferentially align in the vertical direction, with fewer filaments aligned from -60⁰-60⁰. The 
full data set can be found in Video 3.2. Figure 3.9 demonstrates the change in 

approximated area over time. Time is reported as min:sec, where 0:00 arbitrarily marks the 
start of the image sequence and corresponds to time 0 sec in Video 3.2. The scale bar in A 

also applies to Panels B-I and A’-I’.  
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Figure 3.9 Concomitant with contraction, actin filaments align perpendicular to the axis of 
shortening  (the A/P axis) and therefore parallel to the long axis of the ellipsoidal, 

contracted cell. The blue line demonstrates the approximated area of the cell in Figure 3.8. 
The cell at each time point was fit with an ellipse and the major and minor axes were 

identified and measured. Whereas most amnioserosa cells contract along a 
circumferential, dorsal/ventral (D/V) axis, this particular cell shortened along the A/P axis. 

The ratio of the minor to major axis length decreased as the cell area decreased, 
demonstrating that the cell shortened along the A/P axis perpendicular to the axis on 

which the actin filaments aligned. Inset shows traces of the cell outline approximated by 
the extending lamellipodial/filopodial border.   

Elucidating the relationship between medioapical arrays and the actin 
cortex 

The relationship between the medioapical arrays responsible for amnioserosa 

cell oscillations and other actin structures including the actin cortex and junctional belts 

has been unclear. In order for the cell area measured at the level of the junctional belts 

to decrease due to forces provided by the medioapical arrays, the medioapical arrays 

must be anchored (i.e., in some way mechanically coupled) to the junctional belts. Two 

observations suggest that the cortex and the medioapical arrays may be either the same 

structure or continuous with one another. First, we were unable to see a distinct cortex in 

any of our images even when acquiring very small z-steps from above the cell to the 

junctional belt. Second, the medioapical arrays appeared to be continuous with the 
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lamellipodial and filopodial projections at the apical surface (Video 3.1). In order to 

further test the hypothesis that the medioapical arrays and the actin cortex are the same 

structure, we measured the mesh size of the medioapical arrays and compared them to 

previously published reports of actin cortex mesh size.  

The mesh size of the actin cortex varies greatly from cell to cell as expected for 

cells from diverse species that are subject to variable environmental stresses (i.e., 

mechanical and osmotic, Salbreux et al. 2012). Mesh sizes range from ~20nm in dividing 

HeLa cells (Charras et al. 2006), ~50nm in rat epidermal cells (FRSK cells, Morone et al. 

2006), and ~200nm in rat kidney cells (NRK cells, Morone et al. 2006) or filamin deficient 

M2 cells (Charras et al. 2006).  We found that the mesh size of the medioapical arrays in 

amnioserosa cells decreases as they contract (Figure 3.10A-C). Comparison of multiple 

medioapical arrays in a relaxed state resulted in a mean mesh size of 473 ± 210nm (n=5 

cells in three embryos, Figure 3.10D). This indicates that the mesh size of the 

medioapical arrays of amnioserosa cells in the embryo is somewhat larger than that 

seen in cultured mammalian cells. The medioapical arrays transition to a tighter mesh as 

the arrays condense during cell contraction (Figure 3.10A-C) and as they near the 

leading edge (i.e., extending lamellipodia and filopodia, Figure 3.11). The mesh size of 

this transition zone in addition to the extending lamellipodia is 323 ± 136nm (Figure 

3.11). The mesh size of the medioapical arrays during contraction is comparable to the 

mesh size in the lamellipodia (Figure 3.11E), suggesting that the medioapical arrays are 

continuous with the leading edge and constitute a modified cell cortex.   
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Figure 3.10 The medioapical mesh size decreases as the cell contracts.  A) A relaxed 
medioapical array labeled with sGMCA. A’) Segmented mesh from A, color coded to 
demonstrate mesh size (color scale in B’).  B-B’) The medioapical array in panel A 
condenses as the cell contracts. C) A histogram of the mesh sizes from A’ and B’ 

demonstrates that during a contraction the mesh size decreases. D) A histogram of the 
mesh sizes from multiple relaxed medioapical arrays demonstrates the mean size is 

473±210nm (n=5 cells between 3 embryos, including the data shown in A). Time is reported 
as min:sec, where 0:00 arbitrarily marks the start of the image sequence. The scale bar in 

A also applies to Panels A’, B, and B’. 
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Figure 3.11 Medioapical arrays are continuous with the extending lamellipod.  A) Field of 
amnioserosa cells, F-actin labeled with sGMCA. Red boxes indicate regions used in panel 
B and C. Note, Panel A is from the same image sequence as Figure 3.1, occurring at time 

3:48 (min:sec, 228 sec in Video 3.1). B) A magnified view of the region from the bottom box 
of panel A through time demonstrates that the medioapical array is continuous with the 

lamellipod. C) A magnified view of the region from the top box of panel A further 
demonstrates that the medioapical array is continuous with the protrusive leading edge 

throughout the time series. D) The segmented mesh from the first time point (0:00) of 
Panel B demonstrates that the mesh size of the transition zone between the medioapical 

array and the extending lamellipod is similar to the contracted mesh size. Color bar 
indicates the mesh size between filaments. E) A histogram of the relaxed medioapical 

array (green, n=5 cells between 3 embryos, from Figure 8D), the contracted medioapical 
array (blue, n=1, from Figure 8C), and the lamellar mesh (n=2 cells from a single embryo, 

magenta) demonstrates that the lamellar mesh size is similar to the contracted 
medioapical array mesh size. Time for panels B-C is reported as min:sec, where 0:00 

arbitrarily marks the start of the image sequence and corresponds to the micrograph in 
Panel A. The scale bar in A applies to Panel A. The scale bar in C applies to Panels B-C.  
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3.3 Discussion 

 Together our experiments demonstrate that kinematically active actin and 

myosin constitute a medioapical array whose location and behavior is consistent with a 

modified actin cortex. The medioapical arrays are tightly apposed to the plasma 

membrane, are approximately 300nm thick, and are positioned adjacent to junctional 

belts at cell margins, but extend apically following the curvature of the domed plasma 

membrane to the junctional belts. During contractions, concentrations of actin and 

myosin accumulate at or near the junctional belt at the cell periphery, then travel as a 

wave apically over the medioapical array/actin cortex (Figure 3.7). Interestingly, waves 

of contraction, but presumably not F-actin and myosin, pass between cells and can 

propagate many cell diameters (Figure 3.1 and Video 3.1, also David et al. 2010). 

Contractions briefly pull the meshwork basally towards the plane of the junctional belts 

until the cell recovers (Figure 3.7). Remarkably, we were able to observe and track 

single actin filaments (Figures 3.2 and 3.3) and paired fluorescent myosin dots 

(consistent with individual myosin minifilaments, Figure 3.5) in these arrays using TIRF-

SIM. This is somewhat surprising because in principle, the evanescent wave should 

penetrate into the specimen by a distance equivalent to about half the wave length of the 

illuminating light (in this case 244 nm). We apparently achieved this paradoxical result as 

a consequence of reducing the excitation NA (i.e., incidence angle) so that it increased 

the imaging depth of TIRF-SIM (see Material and Methods). We provide further analysis 

of the mechanism by which these high signal to noise images were produced (Guo et al. 

in preparation).  With the increased spatial resolution provided by TIRF-SIM we observe 

that the actin filaments begin in a relatively static, isotropic arrangement when the cell is 

relaxed. Upon contraction, the filaments are rearranged to orient perpendicular to the 
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axis of cell shortening (Figures 3.8 and 3.9). When the medioapical arrays are tracked in 

the z-axis we observe that the arrays are present throughout the contraction (Figure 

3.7). Therefore, we propose that the bulk of F-actin is arranged in arrays that are 

rearranged due to myosin-generated contractile forces rather than disassembled and 

reassembled. We also demonstrate that the actin within the medioapical arrays is 

continuous with the actin which forms the lamellipodia and filopodia of the leading edge 

as we are unable to distinguish a layer of actin above the medioapical arrays (Figures 

3.10 and 3.11). Furthermore, the mesh size of the medioapical arrays, though larger 

than previously published mesh sizes of fixed actin cortices, is consistent with these 

arrays being considered an actin cortex. In summary, our data indicate that the 

medioapical arrays are a modified cell cortex responsible for the oscillatory apical 

constriction observed in the amnioserosa. 

 

Figure 3.12 Model of medioapical array kinematics during an amnioserosa cell contraction. 
In a relaxed state the amnioserosa cell is domed with a loose medioapical array protruding 

away from the plane of the junctional belt. Actin and myosin accumulate at the cell 
junction, then continue to accumulate and increase in concentration via condensation as 

the cell contracts. Actin filaments align during the contraction. As the peak of 
condensation reaches the center of the cell the domed apical surface is pulled basally 

towards the plane of the junctional belt. The cell relaxes with a domed apical surface and a 
new arrangement of actin and myosin in the medioapical array.    



  

73 

 

Our use of TIRF-SIM allowed us to visualize the medioapical arrays with 

unprecedented resolution, but to do so it was necessary to bring the apical surface of the 

amnioserosa within range of the illumination sheet that grazes the cover slip. Gentle 

desiccation, (well within the range of dessication used for microinjection to generate 

transgenic flies, Spradling 1986) allowed us to decrease the distance by approximately 

1.6μm, whereas by removing the vitelline envelope we could place the apical surface 

directly on the cover slip and still have a window of time in which to image with near wild-

type cell behavior. Fortuitously, we found in the former case that the refractive index of 

the vitelline membrane was sufficiently well matched to that of the glass cover slip that 

we could establish a grazing beam at the membrane-amnioserosa interface.  

 Previously published measurements of the actin cortex mesh size were taken in 

cultured cells using electron microscopy which provides better spatial resolution than 

light microscopy, care has to be taken during specimen preparation. In our in vivo 

imaging, we measured a mean size of the most expanded mesh of 473 ± 210nm in the 

medioapical array. The arrays are continuous with a lamellipodial actin meshwork with a 

mean mesh size of 323 ± 136nm. Both of these measurements are larger than those 

previously reported (Charras et al. 2006, Morone et al. 2006, Chugh et al. 2017) and 

may reflect a characteristic of actin filament arrays specific to the amnioserosa. 

Therefore, the differences between our measurements and those reported may be due 

to fixed vs. live imaging, insect vs. vertebrate cells, and/or isolated cell culture vs. in vivo, 

intact epithelium. In a relaxed state, the filaments are arranged isotropically and parallel 

to the plasma membrane, consistent with EM micrographs (Charras et al. 2006, Morone 

et al. 2006, Chugh et al. 2017). During a contraction the filaments become anisotropic, 
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consistent with cortical rearrangements during cell migration and division (Roubinet et al. 

2012). Indeed, our observations are consistent with a model in which medioapical arrays 

responsible for mediating apical constriction, and dendritically nucleated actin 

meshworks responsible for the extension of lamellipodia are each forms of modified 

cortex. 

It is interesting to speculate on the regulation of the cyclic contractions of the 

medioapical arrays, their coordination between cells in the same tissue, and their 

relationship to cell shape changes and tissue deformations. Recent work has shown that 

many different proteins and protein complexes contribute to the regulation of these 

arrays, including but not limited to: those that contribute to planar cell polarity, 

intercellular signaling, and mechanical feedback (Harris 2017). Two non-mutually 

exclusive methods of regulation have recently been proposed in Drosophila ventral 

furrow formation (reviewed in Coravos et al. 2017). One describes an active signaling 

process in which the accumulation of myosin is regulated by cycling of the small GTPase 

RhoA via RhoGEF2 and C-GAP (Mason et al. 2016). The second mechanism proposed 

is a more passive system in which stochastic actomyosin activation stimulates advection 

flows (i.e., movement of actin and myosin within the cortex) which concentrate actin, 

myosin, ROCK and myosin phosphatase resulting in a net contraction (Munjal et al. 

2015). In this mechanism, a combination of turnover of proteins at the plasma 

membrane and phosphatase activity would work to counter the activation, resulting in 

oscillatory behavior. Our imaging techniques and analysis detailed here using the large, 

flat amnioserosa cells and the resolution provided by TIRF-SIM will allow us to 

determine how the medioapical arrays are regulated and if one or both of these 

mechanisms function in dorsal closure. We can test this by increasing or decreasing 
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protein levels and/or function to provide information on the regulation of actin- and 

myosin-mediated contractions across phylogeny and their role in tissue deformations.  

3.4 Materials and methods 

Fly stocks 

 w; E22c-GAL4 (Lawrence et al. 1995); w1118; P[GawB]c381II (Manseau et al. 

1997, Franke et al. 2005); w*; P[GawB]332.3 (Wodarz et al. 1995); w*; P[GAL4-

da.g32]UH1 (Wodarz et al. 1995); P[sGMCA] (Kiehart et al. 2000); UAS-

GFP::MoesinABD (Bloor and Kiehart 2001); UAS-LifeactGFP 13a/SM6b (Spracklen et 

al. 2014); UAS-GFPUtrophin/CyO (Rauzi et al. 2010); w*; P[PTT-GC]zipCC01626 

(Buszczak et al. 2007); y1 w*; TI[TI]shgmTomato (Huang et al. 2009).  

Embryo collection and preparation for imaging 

 Embryos were prepared for imaging as previously described (Kiehart et al. 

1994).  Adult flies were allowed to lay eggs for 3-4 hours at 25⁰C. The embryos were 

aged at 16-18⁰C for 24 hours. They were dechorionated for 1.25 min in 50% bleach and 

washed extensively with deionized water. Embryos in dorsal closure were lined up on an 

agar pad, picked up with coverslip coated with embryo glue (Kiehart et al. 1994, Sullivan 

et al. 2000), covered with halocarbon oil and imaged as described below.  

Preparing for imaging on the SIM microscope 

Embryos were desiccated on the coverslip in a tightly sealed jar containing 

Drierite (W. A. Hammond Drierite Company, Ltd.) for 6-18 minutes depending on the 

length of time between dechorionation and desiccation. This step helps flatten the 

embryos against the coverslip when mounted, placing the surface of the amnioserosa 

~1.9-3.5μm from the top of the coverslip. Note that the desiccation time is less than what 
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is typically used to prepare embryos for microinjection of DNA constructs for creating 

transgenic flies. The desiccated embryos typically hatch, and when rescued to a food 

source, development progresses normally.  

Preparing for imaging on the lattice light-sheet microscope 

Embryos were mounted on 5mm round coverslips prepared as previously 

described (Planchon et al. 2011, Chen et al. 2014), with the ventral side of the embryo 

glued to the coverslip as the excitation beam is directed from above the sample.  

Microscopes and Imaging 

SIM imaging  

Although the medioapical arrays and the junctional belts lie too deep in the 

specimen for standard TIRF microscopy, we were able to image the medioapical arrays 

and junctional belts near the apical surface of the amnioserosa. Embryos were prepared 

as described above and live imaged using the protocol described in (Beach et al. 2014, 

Li et al. 2015). For TIRF-SIM we used a Zeiss 1.49NA TIRF objective. For 3D SIM we 

used a Zeiss Plan-Apochromat 100x Oil 1.46NA objective. The size of the z-step for 3D 

SIM images was 0.15μm.  In order to increase the imaging depth of TIRF-SIM, we 

gradually reduced the excitation numerical aperture (the NA, and in turn, the incidence 

angle) that is known to be inversely proportional to the penetration depth of the 

evanescent wave. We realized that when the excitation NA was adjusted to be just lower 

than the critical NA for TIRF, the quality of reconstructed image was optimized. Under 

these illumination conditions, evanescent wave penetration depth was increased to allow 

the imaging of medioapical actin and junctional belts, whilst it remained shallow enough 

to minimize excitation of out-of-focus, background fluorescence.     
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Lattice light-sheet imaging 

Embryos were prepared as described above and were imaged using the protocol 

described in (Chen et al. 2014). To ensure oxygenation PBS or Schneider’s media was 

perfused over the embryos. 

Quantitative Analysis 

Actin filament alignment 

 In order to understand how the actin filaments were changing over time we 

looked at the angle of the filaments with respect to the laboratory frame of reference 

during contraction cycles of the amnioserosa cells. Filaments were traced by hand and 

these traces were used in conjunction with the Directionality plugin in Fiji/ImageJ 

(Schindelin et al. 2012, Gomez et al. 2016).  

Tracking myosin minifilaments 

 In order to track myosin in TIRF-SIM images we used the Spots tool in Imaris 

(Bitplane). This detected numerous putative myosin units. These spots were then 

manually edited after seeing pairs of spots move together and persist for a minimum of 4 

frames (9 sec). The distance between pairs of spots was measured using the X and Y 

coordinates of the centroid of each spot.  

Tracking apical area 

 Apical area was estimated using the Surface tool in Imaris (Bitplane). The 

outline of the cell was hand-drawn and approximated by the border of lamellipodia and 

filopodia surrounding each cell. This surface was used to make a binary image of the 

approximated cell outline which was then fit with an ellipse in Fiji/ImageJ (Schindelin et 

al. 2012). The lengths of the major and minor axis of this ellipse were measured.  
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Measuring actin mesh size of medioapical arrays 

The mesh size was measured using a semi-automatic segmentation with the 

Surface tool in Imaris. A surface was generated for the actin filaments and used to make 

a mask. A new surface was then made from this mask which detected the gaps between 

the actin filaments. Errors in the segmentation were manually corrected using the Cut 

tool. We report mesh size as the square root of the segmented area, as previously 

reported (Charras et al. 2006, Morone et al. 2006).  

3.5 Supplemental material 

Supplemental videos are provided to accompany a subset of the figures in this 

chapter. Here, I provide the information for each of the videos.  

Video 3.1 Medioapical arrays are characterized by a dynamic actin meshwork revealed by 
TIRF-SIM. F-actin is labeled with the actin binding domain of Moesin fused to GFP 

(sGMCA). This video is the complete data set for Figures 3.1 and 3.11. 
 

Video 3.2 Medioapical actin filaments can be easily followed when the amnioserosa cell is 
in the relaxed portion of the oscillatory cycle. F-actin is labeled with the UAS-Lifeact::GFP 
driven by E22c GAL4. This video is the complete data set for Figures 3.2-3.4 and Figures 

3.8-3.9. 
 

Video 3.3 Amnioserosa cells produce active cellular protrusions at the apical surface. 
These protrusions are consistent with the dendritically nucleated actin meshworks at the 

leading edges of amnioserosa cells. The membrane is labeled with UAS-
Synaptotagmin::GFP driven ubiquitously by Daughterless-GAL4. 

 
Video 3.4 Myosin filament kinematics during medioapical array condensation are resolved 
by TIRF-SIM of myosin labeled with the MyosinGFP knock-in. This video is the complete 

data set for Figure 3.5. 
 

Video 3.5 Lattice light-sheet data demonstrate waves of actin traveling over domed 
amnioserosa cells. Green, F-actin labeled by sGMCA; Magenta, E-cadherin Tomato knock-
in. The white line indicates the position of the orthogonal plane. This video accompanies 

Figure 3.7. 
 

Video 3.6 Lattice light-sheet data demonstrating waves of myosin traveling over domed 
amnioserosa cells. Myosin is labeled with the MyosinGFP knock-in.  
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4 Techniques to quantify structure and function of the 
cortex 

4.1 Acknowledgements 

The optical components for the laser wounding system were detailed previously 

in (Kiehart et al. 2006). The revised laser train on the upright microscope was designed 

by D. Kiehart to allow the beam to travel at 90⁰ angles for more facile alighment. R. Zuo 

provided assistance in updating the Micromanager Plug-in. U.S. Tulu provided training 

on laser alignment techniques and designed the light path on the inverted microscope. 

Laser alignments were completed in collaboration with A. Cox and S. Fogerson. The Lab 

Windows program ‘Beam Profilier’ was written by M. Fischer to assist in laser alignment. 

The AFM was designed and built by Q. Li, who was supervised by P. Marszalek. U.S. 

Tulu and Q. Li determined how the AFM could be added and removed to the existing 

microscope and air table. I would like to thank M. Price and M. Gastinger at Bitplane for 

assistance with the Imaris software.   

4.2 Introduction 

Throughout my tenure in the Kiehart Lab I have worked to develop, improve, and 

implement techniques to measure cellular tension. These techniques include 

implementing improvements to a UV laser wounding system, the addition of an atomic 

force microscope to our inverted confocal imaging system, acquisition of various image 

segmentation programs, and the addition of biological model systems to complement 

dorsal closure.  
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4.3 Laser perturbation 

The force produced by a tissue can be approximated by the initial recoil velocity 

using mechanical jump experiments (Hutson et al. 2003, Peralta et al. 2007, Rodriguez-

Diaz et al. 2008, Wells et al. 2014). The tissue is wounded using a Nd:YAG, nanosecond 

pulsed, UV laser and the recoil velocity is measured (Hutson et al. 2003, Kiehart et al. 

2006). The Kiehart lab is equipped with two such wounding systems; one with a steering 

mirror whose position is controlled by two linear actuators that allow precise control of 

the laser microbeam for the generation of diverse geometries of wounds, and the other 

with a simpler light path that allows for small point wounds or line cuts. While these 

systems have been used for more than ten years, recent modifications have been 

implemented to improve the light train and simplify the alignment of the microbeam with 

the optical axis of the microscope.  

 In addition to modifying the light path to simplify the alignment I have 

implemented a software program ‘Beam Profiler’ that runs in Lab Windows and was 

written by Dr. Martin Fischer that allows for more precise laser alignment. This program 

was written to be used in conjunction with a web camera. The protocol is detailed in 

Appendix B.  

The upright wounding system 

The first component that the UV, laser microbeam encounters after leaving the 

head is a bandpass filter (1 in Figure 4.1). This filter sits at a slight angle to prevent 

damage due to beam reflection back into the head unit and results in a more uniform 

beam after it passes through this component. The next component (2 in Figure 4.1) is a 

coverslip that reflects a small fraction of the microbeam to a Nova Ophir power meter (3 

in Figure 4.1). The remainder of the beam passes through the coverslip where it is 
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reflected by the first mirror (4 in Figure 4.1) and enters the Uniblitz shutter (5 in Figure 

4.1). All of the mirrors in this light path are specially coated for UV reflection to minimize 

the power loss at each component. From this mirror the microbeam travels at a right 

angle to the beam expander. This pair of lenses, first a concave (6 in Figure 4.1) then a 

convex lens (7 in Figure 4.1), constitutes a Galilean beam expander. The lenses should 

be approximately 5cm apart to increase the diameter of the beam to that of the back 

aperture of the objective. This distance is tuned for each objective on the microscope 

using the fine stage controllers. The next mirror is the steering mirror (8 in Figure 4.1), 

which is controlled by a Newport Motion Controller and a custom Micromanager Plug-in 

(see below, Kiehart et al. 2006). The steering mirror is positioned such that the 

microbeam makes another right turn, returning the beam to its original direction. The 

microbeam then passes through the first lens of a telescope (9 in Figure 4.1). This pair 

of lenses allows the steering mirror to be distant to the back of the microscope, 

approximately the distance of the sum of the focal lengths of the two lenses. In this case 

the sum of the focal lengths is approximately 60cm (see below). The next element in the 

light path is a mirror that directs the microbeam vertically toward the ceiling (10 in Figure 

4.1), until it encounters the final mirror (11 in Figure 4.1), which turns the beam 90⁰ to 

point towards the back of the microscope. Between this final mirror and the back 

aperture is the second component of the telescope (12 in Figure 4.1). Within the 

microscope is a dichroic lens that is in position II of the dichroic turret.  
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Figure 4.1 Optical components of the UV laser light path for use with the upright 
microscope. A) A side view of the left side of the light path to highlight the following 

components: 1 – bandpass filter, 2 – coverslip, 3 – Ophir power meter, 4 – mirror on a flip-
out mount, 5 – Uniblitz shutter. B) An aerial view of the entire light path with the following 
components: 1 – bandpass filter, 2 – coverslip, 3 – Ophir power meter, 4 – mirror on a flip-
out mount, 5 – Uniblitz shutter, 6 – a concave lens, 7 – a convex lens, 8 – mirror connected 
to two linear actuators controlled by a Newport motion controller, 9 – a lens, 10 – a mirror, 
11 – a mirror, 12 – a lens, a – rail secured to the air table for the translation of components 
4-8, a – rail secured to the air table for the translation of components 9-11. Components 6 

and 7 constitute a Galilean beam expander. The position of Component 6 should be 
adjusted using the fine controller for each objective. Components 9 and 12 constitute a 

telescope which allows the steering mirror to be distal to the back aperture of the 
microscope. All lenses are positioned on flip out mounts to aid in alignment. 

 
This current light path allows for easier alignment of the laser microbeam. The 

components are relatively stable in their vertical positions allowing the microbeam to 

travel a path perpendicular to the air table on which it is mounted until the second to last 

mirror (10 in Figure 4.1). The mirrors and lenses are mounted on carriers that allow each 

component to be translated along a secured rail to keep the linear light path (a and b in 

Figure 4.1). Translation of the Mirror 10 on Rail B changes the position of the microbeam 

on the last mirror (11 in Figure 4.1); this directly corresponds to the vertical position of 

the microbeam with respect to the back aperture of the microscope. The steering mirror 

(8 in Figure 4.1) can also be translated along the Rail A to change the horizontal position 
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of the microbeam with respect to the rest of the light path. Because the remaining 

components are co-linear only minor adjustments need to be made after the beam is 

traveling parallel to the rail.   

Editing the Micromanager plug-in to account for changes in the light 
path 

When we adjusted the light path to its current arrangement, the steering mirror 

was placed with a 180⁰ rotation from its previous orientation. This led to an error in the 

placement of the beam relative to the computer screen. In order to correct for this, the 

microbeam.txt file within the Micromanager plug-in was edited. This accessory text file 

defines the COM ports for the Newport microcontroller and the Uniblitz shutter that are 

both accessed when generating a wound through the plugin. This file is also critical for 

translating the distance the steering mirror moves (in mm) to the distance we see on the 

live imaging screen (in pixels). On the Newport microcontroller you can manually move 

the steering mirror in two axes (Axis 1 and 2). By manually adjusting the values of these 

two axes on the microcontroller, the microbeam translates in the x- (Axis 1) and the y-

axes (Axis 2) of the image on the computer screen. In the previous light path 

configuration, Axis 1 was the y-axis and Axis 2 was the x-axis. In order to account for the 

new position of the steering mirror we switched the signs corresponding to the x- and y-

axes (i.e., the x-axis was previously negative and is now positive).  

Because the steering mirror now directs the laser beam at a right angle, the 

movement in Axis 1 directly correlates to the x-axis on the computer screen and Axis 2 

directly correlates to the y-axis on the computer screen. We adjusted for this by setting 

the conversion value to zero for the y-axis in Axis 1 and the x-axis for Axis 2. Now, the 
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configuration defined in microbeam.txt allows for movement in the x-axis without 

movement in the y-axis and vice versa.  

Optimizing the length of the telescope to improve image quality 

In some cases the resulting cut does not match the line drawn on the screen. 

There are several reasons for this 1) the desired cut is near the edge of the imaging 

frame, 2) the steering mirror is misaligned or 3) the elements of the telescope need to be 

adjusted. As the steering mirror moves extreme distances the microbeam will deviate 

from the desired path. Best results were achieved when the tissue to be surgically cut 

was placed in the center of the field of view and the line of the cut was drawn in the 

middle of the live imaging window. If the steering mirror is misaligned, the movement of 

the mirror as the cut is being made will move the microbeam to the outer edges of the 

mirror and can lead to poor reflection and misaligned cuts. Finally, the positon of the 

telescope lenses (9 and 12 in Figure 4.1) can lead to poor coordination between the 

drawn line and the cut. The two lenses ideally will be separated by the sum of their focal 

lengths (~60cm). However, when Mirrors 10 and 11 were translated on Rail B to bring 

them closer to Lens 9, reducing the total length of the telescope, the beam arced into a 

crescent shape. Positioning of the lenses such that the telescope length was ~73cm, as 

shown in Figure 4.1, was optimal. Adjusting the position of these lenses relative to the 

other optical elements led to more or less deviation. Due to the configuration, the 

movement of the lenses along the rails should not affect the alignment if adjusted slightly 

but will allow minimization of the deviation between the drawn line and the actual cut.  

The inverted wounding system 

The light path for the UV cutting system on the inverted microscope is simpler 

than the upright system, having fewer components, and generating less intricate cuts. 
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Again, the first optical component that the microbeam encounters is a bandpass filter 

that sits at a slight angle to prevent reflection into the laser head (1 in Figure 4.2). The 

microbeam then hits the first mirror which is positioned on a 45⁰ mount to direct the laser 

vertically towards the ceiling (2 in Figure 4.2). The second mirror is also tilted to reflect 

the microbeam to its original trajectory (3 in Figure 4.2), but now at the height of the back 

aperture of the microscope epi-illuminating train. From this mirror, the microbeam enters 

the paired lenses constituting the beam expander (4 and 5 in Figure 4.2). This beam 

expander is also a Galilean beam expander with a concave lens first and then a convex 

lens, positioned ~25cm from the first lens. Unlike the beam expander for the upright 

microscope light path, the positions of these lenses are not adjusted for each objective. 

The second lens of the beam expander is positioned on a rail (a in Figure 4.2), allowing 

for small movements during alignment. The final mirror (6 in Figure 4.2) in the light path 

reflects the beam 90⁰ to the right and into the back aperture of the microscope’s epi-

illumination train. There is also a cylindrical lens (7 in Figure 4.2) that is positioned on a 

flip-out stand. When this lens is in the light path, the laser cuts in the shape of a line 

instead of a point. 
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Figure 4.2 Optical components of the UV laser light path for use with the inverted 
microscope. An aerial view of the entire light path with the following components: 1 – 
bandpass filter, 2 – mirror, 3 – mirror, 4 – concave lens, 5 – convex lens, 6 – mirror, 7 – 

cylindrical lens. Components 4 and 5 constitute a Galilean beam expander. Component 7 
is a cylindrical lens that can be placed in the light path via a flip-out mount to change the 

beam from a diffraction-limited point to a line. All lenses are positioned on flip out mounts 
to aid in alignment. 

4.3 Atomic force microscopy 

Our atomic force microscope (AFM) was built in collaboration with the Marszalek 

lab in the Mechanical Engineering and Materials Science department. The AFM was 

designed and built to characterize a zipper/Myosin Heavy Chain tension sensor. Dr. 

Qing Li, then a graduate student in Dr. Marszalek’s lab, designed a head unit to hold the 

cantilever that fits onto the existing inverted spinning disk confocal microscope. Once the 

system was built, I worked with Dr. Li to install the equipment and developed a protocol 

for use in the lab (Appendix A).  
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Due to unforeseen complications with the construction and genetic expression of 

the tension sensor, the AFM is no longer needed to characterize this construct. 

However, we may be able to adapt the microscope to characterize other myosin 

constructs, including a myosin phosphorylation sensor generated in the lab and based 

on a phospho-sensor for smooth muscle myosin (Yamada et al. 2005). It would be 

challenging to adapt this system to measure the mechanical properties of dorsal closure 

tissues due to the configuration of the microscope, the presence of the vitelline 

membrane, and the vigorous movements of lateral epidermal and amnioserosa cells. It 

may be possible to use our AFM to study mechanics of isolated cells including cultured 

S2 cells and hemocytes (see below).  

4.4 Cell segmentation programs 

Often, we quantify the behavior of cells in the amnioserosa as changes in apical 

area over time. To this end, I have tested and applied several semi-automatic cell 

segmentation programs to our data sets. Below, I discuss briefly the methodology of the 

segmentation method, and in more detail the accuracy and speed of the segmentation of 

amnioserosa cells during dorsal closure. Many of these models have been applied with 

great success to other tissues, however, we are most interested in their ability to 

differentiate between the amnioserosa cells using a junctional belt label 

(Cadherin::GFP).   

Cell Sheet Tracker 

This program is based on a deformable graph model and was published by an 

undergraduate in the lab, Roger Zou in conjunction with Dr. Carlo Tomasi in the 

Department of Computer Science. For a full explanation of the segmentation algorithm 

and its derivation, see (Zou and Tomasi 2016). 
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This is a very sophisticated segmentation program that runs in Matlab and 

doesn’t require additional computer specifications. In comparison to the other programs 

described below, Cell Sheet Tracker was the most accurate segmentation program, 

correctly identifying and following the highest percentage of amnioserosa cells. However 

there are three limitations to the software. First, the initial frame (the ground truth) must 

be manually traced or otherwise converted into a binary image. This is then used as a 

reference for the next frame which provides the increased accuracy in comparison to the 

other systems. Second, the program is computationally slow, taking minutes to calculate 

the next frame. This computational time is increased with an increased region of interest 

and with increased time points. If run on a computing cluster, the computational time can 

be decreased. Lastly, the program returns coordinates of the cells’ vertices and edges. 

This can then be used to track cell position over time. However, the format in which this 

is given does not provided the user with easy to interpret variables (i.e., cell area), nor 

does it output the variables into easily sorted coordinates (i.e., cell #1 is composed of 

vertices #1-6 and edges #1-6). In order to obtain easily interpreted variables, either cell 

areas or cell-assigned vertices and edges, one needs experience coding in Matlab and 

needs to build on to the existing framework of Cell Sheet Tracker to convert the existing 

output into the desired variables.  

RACE (Real-time Accurate Cell-shape Extractor) 

Because of the computational time necessary to segment cells using Cell Sheet 

Tracker, we were interested in another program, Real-time Accurate Cell-shape 

Extractor (RACE). For a full description of the software generation and validation see 

(Stegmaier et al. 2016). This software was built to segment large data sets (~1TB) 

collected from light-sheet microscopes in an efficient manner. This program implements 
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a Watershed Algorithm based on fluorescently labeled cell membranes and/or nuclei. If 

nuclear localization data is available this is used as a ‘seed’ for the segmentation, 

otherwise image processing is used to enhance the membrane signal relative to the 

cytoplasm to act as a seed. While this program is relatively faster than Cell Sheet 

Tracker, optimal segmentation depends on adjusting three variables, whose role in the 

resulting segmentation is unclear. Additionally, Cadherin::GFP, which labels only a 

portion of the cell membrane (i.e., junctional belts), can be used to segment junctional 

belts surrounding the amnioserosa cells, but results in a large number of ‘undetected’ 

cells (see the second row in Figure 4.3). In order to determine if using a nuclear label 

would help, I placed a central point in all of the planes in which I could detect the cell to 

serve as an artificial seed. All other pixels were set to zero. The RACE program was still 

unable to detect many amnioserosa cells, and missed some cells that were detected 

without the seeds (compare the last column of Figure 4.3). This program does provide 

useful data including volume, position, orientation and average intensity. In summary, 

although this program has been shown to be beneficial in segmenting cells in many 

developmental contexts, it is not optimal for use in segmenting amnioserosa cells 

labeled with Cadherin::GFP.        
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Figure 4.3 The RACE program is unable to detect many amnioserosa cells and is 
not improved by artificial seeding.  The top row shows stills from a time-lapse image that 
was used to test the RACE software. The middle row shows the output segmentation only 

using the Cadherin::GFP signal, overlaid on the data. Arrows indicate abberant 
segmentation. The third row shows the output segmentation using the Cadherin::GFP 
signal as well as artificial seeds that were manually added. The asterisk denotes a cell 

detected with the membrane only segmentation and missed when the artificial seeds were 
added to the work-flow. 

Imaris 

The final cell segmentation method discussed here was completed in Imaris, a 

quantitative image analysis software from Bitplane. The general work-flow for this 

technique was to detect the junctional signal using an intensity threshold or local 

contrast to make a surface, and then using the detected surface to make a mask. The 

mask made a binary image in which the interior of the cell was set to the maximum pixel 

value and the cell junctions were set to zero. This mask was then used to make a new 

surface in which the cell area is detected. Once the cells were detected, manual editing 

was required to divide conjoined cells due to small breaks in the junctional signal. Note, 

the more accurate the surface to detect the cell junctions is, the more accurate the final 

segmentation will be. The edited cells could then be tracked automatically using one of 
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several tracking algorithms. The initial segmentation via this method is relatively quick, 

though the time does increase when working with larger data sets. However, the manual 

editing of the segmentation is very time consuming. The benefit of Imaris is that once the 

segmentation is complete, many variables can be measured, including the centroid, cell 

area, mean/maximum/minimum fluorescent intensity, ellipticity, sphericity, and speed of 

the tracked item.  An example of a segmented, lattice light-sheet dataset in which the 

cells are color coded based on apical area is shown in Video 4.1. This method worked 

best on maximum intensity projections rather than 3D data sets, and was able to 

segment images from standard confocal, lattice light-sheet, TIRF-SIM, and 3D SIM 

microscopes.  

Conclusions – Cell segmentation programs 

We have had limited success with these cell segmentation programs, and there 

is much room for improvement. Cell Sheet tracker is the most accurate of those tested, 

but is limited by computation time and data output issues. RACE is the most efficient 

program tested but is not accurate enough in detecting the bulk of the amnioserosa 

cells. Imaris provides the most useful results, however the segmentation itself is very 

time consuming and requires manual intervention rather than increased computational 

time. I am currently pursuing another segmentation program, U-net (Ronneberger et al. 

2015), in collaboration with Daniel Härtter, in Dr. Christoph Schmidt’s lab.  

4.5 Hemocytes 

As a complement to the epithelial tissues of dorsal closure, we were interested in 

using a tissue composed of single cells – the circulating hemocytes (blood cells). 

Drosophila has an open circulatory system with four types of hemocytes generated in 

two waves of hematopoiesis (reviewed in Letourneau et al. 2016). Plasmatocytes are the 



  

92 

most prevalent type of hemocyte and function as macrophages to phagocytose microbial 

infections and apoptotic cells (Figure 4.4, reviewed in Wood and Martin 2017). While 

there are other lineages of hemocytes, in a wild-type embryo these lineages make up a 

negligible proportion of the isolated hemocytes. Hemocytes are easily isolated from 

third-instar larvae, can be cultured for several hours when provided appropriate 

nutrients, and have a dynamic cytoskeleton that can be imaged during migration and cell 

spreading (Figure 4.4).  

Circulating hemocytes are isolated from third instar larvae by making a small 

incision at the posterior, near the spiracles. The hemolymph exits the carcass and mixes 

with the dissection solution or medium, usually Schneider’s suspended with 10% fetal 

bovine serum (FBS, Rogers et al. 2002). Within 15 minutes the hemocytes settle onto 

the glass coverslip and start to adhere. They adhere well to acid-washed or coated 

(concanavalin A or Poly-L-Lysine) coverslips. If the prepared coverslips are stored in a 

humidity chamber the hemocytes will continue to settle, and can survive for several 

hours.  

Observing cell spreading 

Hemocytes plated on glass ex vivo adhere tightly to the glass coverslip and 

hence show little motility. However, we are able to observe cytoskeletal kinematics 

throughout cell adhesion to the glass and subsequent cell spreading (Video 4.2). 

Characteristics of attached cells can then be quantified, for example the number of 

cellular protrusions each cell forms, and the rate of retrograde flow.  
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Figure 4.4 Larval hemocytes are a tractable model system in which to study actin 
dynamics. A) Using TIRF-SIM we are able to resolve individual actin filaments to better 

understand actin dynamics during cell spreading and migration. Here, F-actin was labeled 
with UAS-Lifeact::GFP driven by Hemese GAL4 (Zettervall et al. 2004). B) When plated and 
provided with appropriate media, hemocytes maintain their in vivo function of removing 

foreign particles. Here, a hemocyte has phagocytosed fluorescently labeled, heat-killed E. 
coli (magenta). F-actin was labeled with UAS-Lifeact::GFP driven by Hemese GAL4.This is 

a maximum intensity projection of a 3D SIM data set.  
 

Cell migration assays 

Fluorescently labeled hemocytes can be tracked in vivo to provide insight into 

cytoskeletal dynamics and signaling, as well as to provide a comparison between single 

cell migration and collective cell migration. In combination with cell segmentation 

programs and quantitative software we can assess activity at the leading and trailing cell 

edges, as well as intracellular signaling. An example of this is shown in Figure 4.5. We 
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imaged hemocytes expressing UAS-GCaMP6m under control of the Croquemort-GAL4 

driver. This resulted in labeled cells with a dim cytoplasm and a bright nucleus. The 

images were cropped so that the image contained a single cell. Images were then 

processed using a Matlab plugin, CellGeo (Tsygankov et al. 2014). This program 

segments the cells and tracks dynamics in the leading edge (protrusion in white and 

retraction in black, Figure 4.5C). Using this segmented cell we then observed if there 

were changes in GCaMP fluorescence, indicating changes in cytosolic Ca2+ levels, 

which correlated with membrane protrusion and retraction (not shown). This was done 

using a custom Matlab script to measure the difference in pixel intensity from one time 

point to the next.2 Although we did not see any noticeable correlation, this program could 

be useful in the future to observe other signaling pathways or to monitor cell migration 

behavior.     

 

 

Figure 4.5 Ca2+ fluctuations can be measured in migrating hemocytes.  A) In vivo 
migrating hemocytes were labeled with UAS-GCaMP6m under control of the Croquemort 
GAL4 driver. Images were processed in Matlab to detect changes in GCaMP fluorescence 

and track membrane protrusion and retraction. In Panel B is a false color image to 
demonstrate the level of GCaMP fluorescence, where blue indicates low fluorescence and 

red indicates high fluorescence. Note this is not the calculated difference between 
timepoints. Panel C is the output from CellGeo demonstrating where the cell is protruding 

(white) and retracting (black. The scale bar in A applies to all panels. This data is also 
shown in Video 4.3. 

                                                

2 This script (Pixel_Intensities_Hemocytes.m) and others generated are available upon request.  
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4.6 Conclusions 

The techniques and resources described above provide the lab with a diverse 

tool-kit to understand the role of the actin cytoskeleton during development and 

migration. The use of the UV laser wounding system and AFM allow us to probe the 

mechanical properties of tissues, cells, and molecular motors. Cell segmentation 

programs provide quantitative cellular measurements including area and fluorescent 

intensity, which can then be assessed for more global tissue patterns. Hemocytes are a 

unique model system which complements dorsal closure, while being more accessible 

for direct quantification of actin dynamics (i.e., retrograde flow).  

4.7 Supplemental material 

Supplemental videos are provided to accompany a subset of the figures in this 

chapter. Here, I provide the information for each of the videos.  

Video 4.1 Cell segmentation of lattice-light sheet data using Imaris. Cells were labeled 
using Cadherin::GFP. Cells detected by segmentation are color coded based on their 

apical area, with larger cells being red and smaller cells being blue. Time is in min:sec. 
 

Video 4.2 TIRF-SIM imaging of hemocytes ex vivo demonstrates a very active actin 
cytoskeleton during adhesion and subsequent spreading. Cells are expressing UAS-

Lifeact::GFP under control of He-GAL4 
 

Video 4.3 Hemocytes in vivo can be tracked using CellGeo. Images were processed in 
Matlab to detect changes in GCaMP fluorescence and track membrane protrusion and 

retraction.  
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5 Conclusions and Future directions - Proteins that 
may influence the structure and function of the cortex  

5.1 Acknowledgements 

Work on zyxin was a collaboration with Dr. Serdar Tulu and the retrograde flow 

measurements and quantification of cellular protrusions was completed by two 

undergraduate students Etka Kurucan and Jing Li. Their results are summarized here. 

The deficiency screen for novel dorsal closure genes was done in collaboration 

with Dr. Richard Mortensen and Stephanie Fogerson. I helped train four undergraduates 

on Drosophila genetics and microscopy for this project and continued to co-manage two 

of these undergraduates throughout their tenure in the lab. These undergraduates 

completed the imaging of the deficiency that removes profilin as part of the forward 

genetic screen.  

5.2 Introduction 

The actin cytoskeleton consists of a large number of diverse actin-associated 

proteins (AAPs, also referred to as actin-binding proteins) which assemble, organize, 

and modify the actin cytoskeleton (recently reviewed in Wen and Janmey 2013, Munjal 

and Lecuit 2014). Although there is an overwhelming number of proteins that modify and 

organize the actin cytoskeleton, the proteins can be classified into several families based 

on their functions. These classes include: monomer binding, filament nucleating, 

capping, severing, bundling, motor, and side-binding proteins (Alberts 2015). The 

expression levels and localization of members of these protein families shift the 

equilibrium to favor the formation of one or another actin structure, and their interactions 

with actin confer the unique properties of the actin-based structure. For example, the Arp 

2/3 complex is an actin nucleator that attaches to existing actin filaments to promote the 
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growth of a new filament at a stereotypical angle of ~70⁰ (Mullins et al. 1998). This leads 

to the formation of the dense meshwork seen in lamellipodia (recently reviewed in 

Swaney and Li 2016).  

A key research question is how particular AAPs regulate the formation of 

cytoskeletal structures, for example by designating actin filaments to become part of a 

specific structure or by preventing other AAPs from gaining access to those filaments. A 

mechanism was recently described in cell culture in which a filament nucleated by the 

Arp2/3 complex became decorated with α-actinin, whereas a filament nucleated by 

mDia2, a formin that nucleates unbranched filaments, became decorated with a 

tropomyosin isoform (Tm4, Tojkander et al. 2011). Filaments bound by tropomyosin 

recruited non-muscle myosin II. These two distinct populations of actin filaments interact 

end-to-end to generate a contractile stress fiber (Figure 5.1, top). Another recent paper 

described the partitioning of actin filaments in focal adhesions by the bundling protein 

fascin (Elkhatib et al. 2014). Fascin separated the focal adhesion region from the stress 

fiber and prevented cofilin, a disassembling factor, and non-muscle myosin II from 

accessing the adhesion, allowing stability of the adhesion zone (Figure 5.1, bottom). 

Both of these papers demonstrate that AAPs provide structure and organization to the 

actin filaments in part by regulating interactions with other proteins.  

In order to begin to understand these and other complex protein-protein 

interactions and how they influence the form and function of actin structures, we began 

to explore the role of several AAPs. All of these projects are ongoing in the lab and I will 

outline a section of future directions for each section.  
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Figure 5.1 Actin-associated proteins regulate the formation of actin-based 
structures.  Top) Arp 2/3 nucleated filaments are decorated with tropomyosin and interact 
with myosin, while mDia nucleated filaments are decorated with α-actinin. These different 
‘classes’ of filaments arrange end-to-end in stress fibers. Bottom) Fascin partitions actin 

filaments at focal adhesions to prevent myosin and cofilin binding. + denotes the fast-
growing barbed end, and – denotes the pointed end.  

 

5.2 Zyxin 

One protein of interest is zyxin, a mechanosensitive LIM-domain protein that 

localizes to cell junctions (Crawford et al. 1992, Reinhard et al. 1999). Multiple studies 

have observed changes in zyxin localization after the application of experimentally 

applied forces (Yoshigi et al. 2005, Lele et al. 2006, Guo and Wang 2007, Colombelli et 

al. 2009, Hoffman et al. 2012). These observations led us to question how zyxin 

localization changes after laser perturbation (unpublished data, U.S. Tulu).  

Adhesion in hemocytes 

I became interested in exploring the role of zyxin in actin regulation as a 

complement to the laser perturbation studies. Migration studies in Drosophila have 

demonstrated that zyxin depletion in migrating blood cells (hemocytes) increases 

migration speed without impacting the direction of migration (Moreira et al., 2013). This 
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increased migration speed may be due to improper cell-substrate adhesion, as migration 

defects have previously been reported when adhesion strength is reduced (Diz-Munoz et 

al., 2010). In order to test this, I collaborated with two undergraduates in the lab to 

isolate larval hemocytes and plate them to assess if and how zyxin expression levels 

alter actin dynamics. We imaged hemocytes and measured retrograde flow of F-actin at 

the leading edge of the lamellipodia. Hemocytes lacking zyxin (isolated from embyros 

with an unpublished null generated by U.S. Tulu), showed significantly slower retrograde 

flow (n=6 cells for each genotype, p<0.01) compared to control hemocytes. Conversely, 

hemocytes overexpressing UAS-Zyxin::GFP when driven with a hemocyte GAL4 driver, 

Collagen IV α-1-GAL4, showed significantly faster retrograde flow (n=10 cells for each 

genotype, p<0.001).  

A surprising observation in the generation of these transgenic stocks was that 

overexpression of UAS-Zyxin::GFP with Collagen IV α-1-GAL4 resulted in large 

melanotic tumors throughout the larvae. In some cases, larvae with tumors died in the 

pupal stage, others survived to adulthood. We did not track the tumors throughout 

development, however, we did observe tumors in the viable adult flies.  

Future directions - Zyxin 

In order to fully understand the ramifications of the effect of zyxin on retrograde 

flow rate, we need to understand the assembly, structure and kinematics of focal 

adhesions as well as the traction forces that the cells are generating (Gardel et al. 2008). 

It would be beneficial to test if truncated zyxin transgenes (i.e., LIM domain only) can 

rescue the slowed retrograde flow. This would allow us to better understand how the 

protein functions as a unit, and which domains are impacting actin turnover. 
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The observation that zyxin overexpression results in large melanotic tumors was 

unexpected. It is necessary to determine if this phenotype is present when UAS-

Zyxin::GFP is expressed with other GAL4 drivers. In addition to driving expression in the 

hemocytes, Collagen IV α-1-GAL4 also expresses in the larval fat bodies (Hennig et al. 

2006). It would be interesting to test another hemocyte driver that is more specific – 

either Hemese-GAL4 or Croquemort-GAL4 – to see if melanotic tumors form.   

5.3 Profilin 

Profilin is an actin-binding protein that binds to G-actin to sequester monomers, 

increases the rate of exchange of ADP for ATP on those monomers, and promotes 

nucleation via interactions with nucleating proteins (i.e., the Arp2/3 complex and formins 

Witke 2004). Previous work has shown that profilin negatively regulates nucleation via 

the Arp2/3 complex and is required for F-actin assembly in the absence of of Arp2/3 

(Rotty et al. 2015, Suarez et al. 2015); thus, making this an ideal candidate protein for 

regulating the equilibrium between actin structures. Drosophila profilin is encoded by the 

gene chickadee (chic), and has been shown to be involved in oogenesis (Cooley et al. 

1992, Verheyen and Cooley 1994), cellularization (Verheyen and Cooley 1994), and 

dorsal closure (Jasper et al. 2001). Chic was also identified in a screen for genes 

downstream of Jun N-terminal Kinase (JNK), a key pathway in dorsal closure, through 

serial analysis of gene expression (SAGE). Further analysis, using phalloidin staining of 

fixed embryos, demonstrated that embryos lacking profilin (chic221, verified as a null 

allele in Verheyen and Cooley 1994) recruited less actin to the purse string and formed 

fewer filopodia at the leading edge of the dorsal-most epithelium (Jasper et al. 2001). 

Additionally, 30% of the embryos failed to complete closure and showed cuticle defects 

(Jasper et al. 2001).  
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In vivo time-lapse imaging of embryos lacking profilin     

While previous reports demonstrate that profilin is necessary for dorsal closure, 

fixed specimens and cuticle defects provide only a snapshot of the full phenotype. In 

order to fully understand the phenotype caused by lack of profilin, I completed in vivo 

time-lapse imaging of embryos homozygous for one of two alleles of chic (chic221, a null 

allele, or chic01320, a loss of function allele). I analyzed these images, in addition to 

images of embryos homozygous for a deficiency that removes chic (and 63 additional 

genes, referred to as Dfchic), to understand the progression of dorsal closure and how the 

reported chic221 closure phenotype arises.3  

I observed a spectrum of phenotypes, both in the tissues affected and in their 

severity (Figure 5.2). Live imaging confirmed that there was less actin accumulated at 

the purse string, though this phenotype may have been partially masked with the 

expression of sGMCA, a GFP tagged actin-binding domain of Moesin. Because sGMCA 

is ubiquitously expressed and I was imaging at low magnification, it was difficult to 

distinguish between filopodia produced by the dorsal-most epithelial cells and filopodia 

produced by the peripheral amnioserosa cells. Table 5.1 displays the range of 

phenotypes, categorized both on the genetic background of the chic lesion and the 

imaging background. 

 The phenotypes that we observed and the frequency with which they occurred 

were consistent with previous data on the role of profilin in dorsal closure. Embryos 

lacking profilin sometimes failed in closure, as detected by cuticle defects with mixed 

penetrance (30%, Jasper et al. 2001). Real-time visualization of embryos lacking profilin 

                                                

3 Note that I did not acquire the images for the deficiency that removes chickadee. These images were 
acquired by undergraduates, whom I helped train, as part of an ongoing, forward genetic screen.  
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demonstrated dorsal closure defects in 40% of the embryos, using the same null allele 

(chic221). The increased penetrance is expected as embryos classified as defective in 

dorsal closure may not have shown a cuticle defect.  

 

Figure 5.2 Lack of profilin results in diverse dorsal closure phenotypes.  A-C) 
Embryos lacking profilin and expressing a ubiquitously expressed Cadherin::GFP D-F) 
Embryos lacking profilin and expressing sGMCA to label F-actin. A) Embryos lacking 

profilin had abnormally shaped amnioserosa cells, with persistent, wiggly borders, arrows. 
B) Embryos lacking profilin sometimes form holes in the amnioserosa (arrows). C) An 
embryo homozygous for Dfchic formed holes which closed (arrows) and is missing the 
anterior canthus (arrowheads). D) Embryos lacking profilin often had a cigar-shaped 

dorsal opening. E) Embryos lacking profilin often had zipping defects that resulted in a 
scarred dorsal epithelium (arrow). F) Embryos lacking profilin had less actin at the purse 
string (arrowheads) and showed zipping defects where the epithelium joined across the 

dorsal opening (arrow).  
 

 It is interesting to note that there was an increased percentage of embryos with 

dorsal closure defects when profilin was removed in combination with expression of 

sGMCA, an F-actin label. This effect is somewhat surprising, as I would expect that 
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sGMCA would favor F-actin by potentially stabilizing existing filaments to reduce the 

phenotype of chic221.  It would be interesting to determine if this effect is specific to 

sGMCA or is apparent with other F-actin probes. Of particular interest would be an 

interaction with either Lifeact::GFP or Actin::GFP as these would affect the actin 

monomer which binds to profilin. I would anticipate that the tagged actin monomer would 

have an exacerbated phenotype, due to reports that formins are unable to add 

Actin::GFP to nucleated filaments (Chen et al. 2012) and profilin is required for efficient 

formin-mediated nucleation (Evangelista et al. 2002). In order to minimize the effects of 

genetic background, it will be necessary to observe the dorsal closure phenotype of 

chic221 in both an endogenously-driven Cadherin::GFP background (Huang et al. 2009) 

and in an endogenously-driven, membrane tagged background (Morin et al. 2001).  

 

Table 5.1 Categorization of phenotypes associated with lack of profilin  

Phenotype 
Imaging 

Background 
chic221 chic01320 Dfchic 

Abnormal Shape 
of Dorsal 
Opening* 

sGMCA 3 4 0 

Cadherin::GFP 0 0 0 

Loss of 
Amnioserosa 

Integrity 

sGMCA 0 8 0 

Cadherin::GFP 2 0 1 

Zipping Defect 
sGMCA 3 2 0 

Cadherin::GFP 0 0 1 

Disrupted Canthus 
sGMCA 0 0 0 

Cadherin::GFP 0 0 1 

Total Number 
Imaged 

sGMCA 5 12 0 
Cadherin::GFP 10 0 7 

*Note that this category includes a cigar-shaped dorsal opening, which is indicative of a zipping 
defect.  
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Future directions - Profilin 

Despite being identified as a protein of interest in dorsal closure for more than 15 

years, the mechanism describing the role of profilin in dorsal closure has not been 

elucidated. Live imaging of embryos lacking profilin provided some new insights by 

demonstrating which tissues are affected and how often various defects occur. The most 

prevalent phenotypes included zipping defects, deviation of the eye-shaped dorsal 

opening, and holes or tearing of the amnioserosa.  

The zipping defects and abnormally shaped dorsal holes are likely impacted by 

the less robust purse string. It would be interesting to test if the purse string in an 

embryo lacking profilin still produces tension to contribute to closure progression. In 

order to test, this I would use laser perturbation to nick the purse string and measure the 

recoil. As interesting as the tissue recoil is, whether or not these embryos form a wound 

purse string after ablation and are able to properly heal is also a key question. It would 

also be interesting to observe myosin localization and levels in the purse string to 

determine if there are reduced levels, similar to actin. To test this I have recombined 

chic221 with the endogenously driven GFP-tagged myosin knock-in (Buszczak et al. 

2007). I have recovered recombinant flies, but have not imaged them.  

Finally, I noticed that embryos homozygous for a deficiency that removes chic 

have a lower penetrance of dorsal closure defects than embryos homozygous for chic221. 

This suggests that the deficiency also removes one or more genes that interact with 

chickadee, and potentially suppress the effects of loss of zygotically expressed profilin, 

thereby resulting in the reduced phenotype. Of the 63 additional genes removed by 

Dfchic, 39 are uncharacterized genes. There are three candidate genes that may be 

interacting with chic: eukaryotic translation initiation factor 4a (eIF4A), palisade (psd), 
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and septin interacting protein 1 (sip1). eIF4A suppresses three other known dorsal 

closure genes: decapentaplegic, pebbled, and Phosphatase and tensin homolog (Gao et 

al. 2000, Wilk et al. 2004, Li et al. 2005). RNAi of psd results in embryonic lethality and 

cortical actin defects (Elalayli et al. 2008). Sip1 physically interacts with Peanut, part of 

the septin complex and a reported dorsal closure gene (Shih et al. 2002).  

It is necessary to test these three genes to determine if there is a genetic 

interaction with chic. Additionally, there are smaller deficiencies that remove chic that 

should be compared to the embryos homozygous for the original Dfchic or chic221.   

5.4 Moesin 

Moesin is a member of the ERM (Ezrin Radixin Moesin) family, and is the only 

member in Drosophila (reviewed in Fehon et al. 2010). This protein family is 

characterized by an N-terminal FERM domain that interacts with phosphoinositides and 

membrane-bound proteins in the plasma membrane, and a C-terminal domain that binds 

to F-actin. It exists in an auto-inhibited state, where the FERM domain physically 

interacts with the actin-binding domain. Activation of ERM proteins is thought to occur in 

two steps. First, the protein interacts with PIP2 at the plasma membrane to adopt a 

‘cocked’ conformation. This reveals a conserved threonine residue which is 

phosphorylated to induce the ‘open’ confirmation, in which the protein is active and able 

to bind to F-actin (Fehon et al. 2010). Due to its role in connecting the plasma 

membrane to the actin cytoskeleton, Moesin is critical in regulating the actin cortex and 

its inherent rigidity (Kunda et al. 2008, Roubinet et al. 2011). Perturbing the ability to 

cycle between the auto-inhibited and active conformations results in defects in 

oogenesis (Polesello et al. 2002), polarity (Polesello et al. 2002), and cell division 

(Roubinet et al. 2011). The phosphomimetic version of Moesin is presumably always 
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open and able to interact with F-actin. This is consistent with the increased actin 

localization to the cortex in Drosophila cultured cells (Roubinet et al. 2011) and germline 

cells during oogenesis (Polesello et al. 2002).    

Preliminary tests on the role of Moesin in dorsal closure 

Because Moesin activation has been correlated with increased cortical actin and 

developmental defects, I was very interested in determining if Moesin is required for 

dorsal closure, and if expression of functional mutants (i.e., phosphomimetics) 

influenced normal closure kinematics. In order to test this, I tested embryonic viability of 

embryos with a moesin null allele, moeG0323, and with ubiquitously drive moesin RNAi. 

Moesin is located on the X chromosome, and the null allele is lethal in homozygous 

females and hemizygous males (moeG0323/Y, see Figure 5.3). Using Mendelian ratios, 

25% of the embryos should be hemizygous males, and therefore die during 

embryogenesis. I observed that 64% of the scored embryos failed to hatch. This 

suggests that decreasing the protein levels by half increases the occurrence of 

embryonic lethality. We also tested the viability of embryos ubiquitously expressing RNAi 

against moesin. Only 14% of these embryos hatched. It is important to note that in this 

experiment, the control embryos showed higher than expected lethality (28%, n=50). 

This could mean that there were additional factors, including humidity, temperature and 

age of the females, which may have increased the lethality for all genotypes. I did not 

observe any cuticle defects that would suggest a failure in dorsal closure for any of these 

genotypes.  
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Figure 5.3 Crossing scheme to test lethality of a moesin null allele. The top row shows the 
genotypes of the parents and the bottom row shows the genotypes of the first generation 

of offspring (F1). Hemizygous males are expected to die during development. FM7 is a 
balancer chromosome that prevents recombination in order to maintain a detrimental 

allele in a population. Females with two copies of FM7 are sterile. 
 

We received multiple transgenic moesin constructs from Dr. Francois Payre. 

Preliminary imaging of UAS-MoesinWT::GFP, a full length fluorescently tagged construct 

showed a high cytoplasmic fluorescent signal and did not result in any dorsal closure 

defects. I also imaged a phosphomimetic Moesin construct in which the conserved 

threonine residue has been switched to an aspartate to mimic the negative charge of 

phosphorylation, presumably leading to a constitutively active conformation. Expression 

of this construct resulted in localization reminiscent of the truncated forms of Moesin 

(UAS-GFP::MoeABD or sGMCA) with a much lower cytoplasmic signal and no dorsal 

closure defect.   

Future Directions - Moesin 

Follow-up studies are required to more completely explore the role of Moesin in 

dorsal closure. First, while the lethality measurements were promising, it would be 

beneficial to repeat them due to the unexpectedly high lethality in control embryos. 

Outcrossing and subsequent isogenization of the mutant Moesin stock(s) prior to new 

experiments would be helpful. Such steps would eliminate genetic variability in general 
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and any detrimental lesions in particular. Second, it would be beneficial to make 

germline clones of the moeG0323 allele to eliminate any maternally loaded protein.  

The high cytoplasmic fluorescence in the presence of the UAS-MoeWT::GFP 

transgene is likely due to the presence of autoinhibited (i.e., inactive) protein. In order to 

minimize this signal, it would be best to express this construct, as well as the other 

moesin transgenes, in a null background. I am working with an undergraduate in the lab, 

Jing Li, to generate these stocks.  

5.5 Genetic Screens 

I helped design and carryout a forward genetic, deficiency screen (see above). 

Deficiencies (Dfs) are large genomic deletions that collectively delete 98.3% of 

Drosophila melanogaster’s euchromatic genes (Cook et al. 2012). The Bloomington 

Stock Center provides a kit with 474 stocks, each a single deficiency kept as a 

heterozygous stock with a balancer chromosome.  

At the beginning of this project, I tested several fluorescent backgrounds to 

introduce into the deficiency background for live imaging. These included a junctional 

label (Cadherin::GFP), an F-actin label (sGMCA) and a membrane label (UAS-Syt::GFP, 

driven by diverse GAL4 drivers). Each of these backgrounds was informative but 

introduced caveats. We ultimately chose to use Cadherin::GFP because it 1) is 

ubiquitously driven, 2) is inserted on both chromosome II and III allowing for imaging of 

Dfs on all six chromosome arms without the need for recombination and 3) allows easy 

observation and quantification of cell shapes and areas measured at an optical plane 

that passes through the junctional belts.  

I collaborated with Richard Mortensen (now Dr. Mortensen) and Dr. Serdar Tulu 

to design the crossing scheme. This scheme allowed us to introduce Cadherin::GFP and 
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a fluorescent balancer chromosome in two generations, so that 19% of the progeny are 

homozygous for the deficiency and have one or more copies of Cadherin::GFP. The use 

of a fluorescent balancer was critical, in that it allowed for unambiguous selection of 

embryos homozygous for the deficiency. It was necessary to make the crossing scheme 

as efficient as possible in order to screen the 474 deficiency stocks in a timely manner.  

In addition to the initial set-up of the screen, I helped train four undergraduates in 

fly husbandry, microscopy, genetics, and image analysis. After training, I co-mentored 

two of these students throughout their time in the lab. This included providing 

experimental support and meeting with them weekly to discuss their progress. 

Future directions – Df screen(s) 

We have successfully screened through 88 of the 92 deficiencies for the right 

arm of chromosome II and 74 of the 102 deficiencies for the left arm of chromosome II. 

We have submitted a manuscript detailing the dorsal closure phenotypes due to 

deficiencies on the right arm of chromosome II (Mortensen et al., I am second author).  

All of the imaged deficiencies have been analyzed for dorsal closure defects. The 

bulk of the imaging and preliminary analysis was completed by undergraduates and 

required compiling the data and categorizing the deficiency based on which tissue(s) 

is/are affected. It is critical to continue to track down the gene(s) that is/are responsible 

for these phenotypes using overlapping deficiencies, available null alleles and CRISPR 

induced lesions (when necessary). Additionally we need to image the 28 remaining Df 

stocks for the left arm of chromosome II. 
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Appendix A – atomic force microscope (AFM) protocol 

Part 1: setting up the microscope and electronics 

1. Remove the condenser and microinjection bar (arrows, Figure 1B). 

2. Screw the metal bars (4, Figure 1A) to the microscope base (yellow boxes, Figure 

1C). The indentations on this metal bar serve as docking stations for the AFM “hat”.  

 

Appendix Figure 1. Preparing the microscope for the AFM hat. A) Parts for the AFM, 1- 
specimen slide, 2- cantilever, 3- chamber adaptors, 4- docking station for the AFM, 5- 

microscope objective spacer, 6- AFM chamber. B) Remove the condenser and the 
microinjection bar (arrows) from the microscope and set aside (gently!). This makes 

space for the AFM hat. C) Attach the AFM docking station bars to the top of the 
microscope base (yellow boxes) with the provided screws. 

 
3. Begin hooking up electronics: AFM controller box (Figure 2A), Filter (Figure 2C), 

Piezo power supply (Figure 2D). Other electronics will be added to this but it will 

help get the cords out of the way. DO NOT plug in the Piezo power supply or the 

controller box to the wall yet as they can overheat.  

a. On the controller box:  

i. Attach the BNC cable E to the port labeled Fout HM (e in Figure 

2A).4 

                                                

4 Note that there are two BNC connector cables included with the AFM microscope equipment that are 
labeled E and F for this purpose. However, they are generic cables and others can be substituted in.  
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ii. Attach the BNC cable F to the port labeled Fin after gain (f in 

Figure 2A). 

iii. Attach the National Instruments cable (Figure 2B) to its port (g in 

Figure 2A). 

iv. Attach the BNC/serial port cable B to port labeled z-controller (b in 

Figure 2A) and BNC/serial port cable C to port labeled PI-sensor 

(c in Figure 2A). 

b. On the filter box: 

i. Attach the BNC cable E to the port labeled B (e in Figure 2C). 

ii. Attach BNC cable F to the port labeled out (f in Figure 2C). 

iii. Attach the power supply cable to back.  

c. On the piezo power supply: 

i. Attach the power supply cable, but DO NOT plug into the wall until 

you are ready to run the experiment.  

ii. Attach the USB cable to the box and to the AFM computer (Figure 

2D). 

iii. Attach the BNC/serial port cable B-C (b/c in Figure 2D). 

4. Remove the 4x objective from the turret and add the objective spacer (5 in Figure 

1A). This adaptor raises the objective to allow us to focus on the cantilever. Replace 

the objective on the turret. Be careful not to switch the objective with the adaptor 

in place as it may hit the stage. Remove the spacer when you are done with the 

experiment. 
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Appendix Figure 2. Connecting the AFM electronics.  A) AFM controller box, 
positioned between the microscope and the default computer. B) National Instruments 
cable that connects the DAQ board on the AFM computer and the controller box. The 

silver plug is inserted into the port labeled g in Panel A. C) The filter box. BNC cables (two 
are included and labeled, but generic ones are acceptable). Connect the filter box to the 

controller box using the ports labeled e and f in Panels A and B. D) The piezo power 
supply. A serial cable that splits into two BNC adaptors is included with the AFM. The 

serial port is connected to the power supply, BNC cable labeled B connects to the 
controller box in port b in Panel A and BNC cable labeled C connects to the controller box 

in port c in Panel A. 
 

Part 2: prepping the sample and the chamber 

1. Wear gloves for this portion of the protocol. The AFM chamber is delicate and should 

be handled carefully.  

2. Several coverslips should be washed, in case one or more are damaged during the 

experiment. Prepare coverslips as described below. They can be stored in a petri 

dish for one to two days. 

a. Add 5 ml of 98% H2SO4 to 15 ml of 30% H2O2 and mix. Soak the 

coverslips for 5 min.  

b. Wash with distilled water and blow dry using compressed air.  
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3. Superglue the coverslip to the sample holder (1 in Figure 3A) using a minimum 

amount of superglue in the four corners. Press firmly to ensure that the coverslip is 

level. If necessary scrape off dried glue residue before adding a new coverslip. Do 

not touch the center of the glass, as this is the working surface of the 

experiment. 

 

Appendix Figure 3. Preparing the AFM chamber.  A) Parts for the AFM: 1- specimen 
slide, 2- cantilever, 3- chamber adaptors, 4- docking station for the AFM, 5- microscope 

objective spacer, 6- AFM chamber. B) Bottom view of the AFM hat, red box highlights the 
chamber holder. There are six screws (four vertical and two horizontal) that need to be 

tightened when the chamber is added. C) Bottom view of the AFM chamber. A gold spring 
(arrow) secures the cantilever to the chamber. The circular working surface of the 

chamber (asterisk) needs to be cleaned thoroughly prior to the experiment. D) Top view of 
the AFM chamber. The top of the gold spring (arrow) should be perpendicular to the spring 

at the bottom of the chamber. The silicone ball securing the top spring should rest in a 
shallow track. The chamber adaptors, 3 in Panel A, should be secured at the dashed lines 
using the small finger screws.  Wash the AFM chamber (6 in Figure 3A) in three steps. 
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Throughout this process do not lay the chamber down on any surface. If necessary, 

place it in the padded case taking care not to damage the springs. 

a. First use tap water and dish soap to wash away any salt residue. Be 

extremely careful with the two gold springs (arrows, Figure 3C-D) on 

either side of the chamber. Never use acetone on this chamber, as it 

will dissolve the attachment between the spring and the chamber.  

b. Rinse well with tap water, then use 70% ethanol to wash away any 

remaining detergent from the dish soap.  

c. Use distilled water to wash away any remaining ethanol.  

d. Use compressed air to blow dry, including in the holes for injecting liquid. 

e. Before proceeding make sure that the inner circle on the bottom 

surface of the chamber is clean of any residue (asterisk, Figure 3C). 

This is the most important surface of the chamber.  

5. Mount the chamber adaptor bars (3 in Figure 3A) to the chamber using double sided 

tape. The bars should be placed where indicated by the dashed lines in Figure 3D. 

Press firmly to make sure the bars are level, then tighten the finger screws on the 

end.  

6. Mount the cantilever onto the chamber.  

a. Choose a fresh cantilever from the box (2 in Figure 3A). Each cantilever 

is double sided and has an array of tips of different sizes protruding from 

each end. You should be able to see the gold tips on both ends of the 

cantilever. Look to see which side has the most tips, this will be the side 

used in the experiment. When the cantilever is placed in the chamber the 

tips on the side of the cantilever placed under the spring will break off. In 



  

115 

this way, you can determine if a cantilever was used in a previous 

experiment. Previously used cantilevers will have salt residue and will 

only have tips on one end of the cantilever, as mounting the cantilever will 

break all of the tips on the end in the chamber.  

b. Check to make sure the gold wire that holds the cantilever on the bottom 

of the chamber (arrow, Figure 3C) is perpendicular to the spring on the 

top of the chamber (arrow, Figure 3D). The silicone ball at the base of the 

spring should be positioned in a shallow track on the top of the chamber.  

c. Inspect the cantilever before placing it in the chamber. If one or more of 

the tips is broken, check the other end of the cantilever. Place the most 

intact side of the cantilever out while, using forceps to slide the other end 

underneath the spring on the bottom of the chamber. 

d. Be very careful! The cantilever is small and delicate!  

7. Slide the chamber into the AFM hat. Someone will need to help you by holding the 

AFM hat so that you can position the chamber underneath the laser. Be careful of 

the connected laser, and do not bend the wires connected to the hat. Slide the 

chamber into the holder on the AFM hat, under a mirror and the laser (red box, 

Figure 3B). Use a Phillips head screw driver to tighten the four screws on the hat to 

secure the chamber vertically. These screws should ALL touch the metal placement 

bars or the chamber. Tighten the screws on the side to secure the chamber 

horizontally.  
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Part 3: placing the AFM hat onto the microscope and aligning 
the laser.  

1. Place the AFM hat onto the microscope, ensuring that the four leveling screws 

(arrows, Figure 4A) are firmly seated in the docking bars on the microscope.  

2. Place a small level on the top of the AFM hat. Adjust the four leveling screws as 

necessary until the AFM hat is level.  

3. Attach the remaining cables from the AFM hat and laser. 

a. Connect the power supply for the laser and plug it in.  

b. Connect the AFM hat to the controller box using a CAT 9 Ethernet cable. 

(box, Figure 4A; box Figure 4B) 

c. Connect the serial port cable from the AFM hat to the Piezo power supply 

box (arrow, Figure 4D) 

 

Appendix Figure 4. Setting up the AFM hat. A) Top view of the AFM hat. Use the 
adjustment screws (arrows) to adjust the height of the hat until it is level. Connect the AFM 
hat to the controller box via an Ethernet cable. B) The controller box. Connect the Ethernet 
cable from the AFM hat to the controller box (red box). C) Adjust the position of the laser 
relative to the cantilever using the small adjustment screws on the right (red arrows). The 
mirror (yellow asterisk) should be angled to direct the laser beam towards the photodiode 
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(red arrowhead). D) The piezo power supply. Connect the serial port cable from the AFM 
hat to the power supply at the port denoted with the red arrow. 

 
4. Using Metamorph software and brightfield light, focus on the cantilever. You 

should be able to see multiple tips pointing to the top of the screen, as in Figure 

5A. Make sure the slide is centered over the objective using the ASI controller 

and then use the X-Y adjustment on the AFM hat to move the cantilever over 

both the slide and the objective.  

5. Start the LabView software and open the AFM program. The screen should look 

like Figure 5B.  

6. Once the cantilever is in focus, turn on the laser. Use the small adjustment 

screws (red arrows, Figure 4C) to move the laser to the tip of the largest 

cantilever.  The laser beam diameter shrinks when it is positioned on top of the 

cantilever properly and you should be able to see the sides of the cantilever 

through the laser beam, as shown in the inset of Figure 5A.  

7. Carefully pull off the AFM hat and add double distilled water (ddH2O) to the slide, 

to the AFM chamber (do not let water get into the ring around the working 

surface) and into the two injection holes.  

8. Replace the AFM hat and refocus the objective if necessary. Make sure the laser 

is still focused on the cantilever.  

9. Slowly lower the AFM hat using the adjustment screws until the cantilever is 

submerged in water. Watch very carefully as you don’t want to move too far 

into the water quickly and hit the coverslip as this will break the cantilever.  

10. Adjust the position of the mirror (asterisk, Figure 4C) so that the laser is pointed 

at the photodiode (arrowhead, Figure 4C). Use the IR fluorescent card to view 

the beam and get the laser relatively centered on the photodiode.  
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11. Fine-tune the position of the photodiode using the two adjustment screws on the 

photodiode mount (yellow arrows, Figure 4C) until the laser is hitting the center of 

the photodiode. On the Labview screen, left of the large graph, is a box labeled 

A-B/(A+B) (box, Figure 5B). When the laser is properly centered this value 

should be close to zero (~0.0xx).  

a. Flip the switch on the controller box next to the Ethernet cable to H (this 

refers to the horizontal position of the photodiode). Adjust the screw that 

regulates the photodiode in the vertical axis until the difference value (A-

B/(A+B)) is approximately zero (~0.0xx). 

b. Flip the switch on the controller box next to the Ethernet cable to V (this 

refers to the vertical position of the photodiode). Adjust the screw that 

regulates the photodiode in the vertical axis until the difference value (A-

B/(A+B)) is approximately zero. 

c. Flip the switch back to horizontal to make sure that it is still approximately 

zero.  

d. In Labview, the value in the box labeled A+B should increase with 

increased laser power.  



  

119 

 

Appendix Figure 5. Software for setting up and running the AFM.  A) Metamorph software 
is run on the computer for the inverted microscope. Use brightfield to focus on the 

cantilever. The beam will become smaller as it is focused on the tip, as shown in the inset. 
The sides of the tip should be visible, arrows. B) Labview is operated from the AFM 

computer. The screen should look like this. When the photodiode is positioned optimally, 
the value in the red box will be ~0.0. 

Part 4: running the experiment 

1. Turn off Metamorph and all unnecessary electronics (microscope, ASI stage, 

etc.). Calibration of the tip is very sensitive and vibrations from electronics will 

interfere (see below).  

2. Turn on all components of the AFM that have thus far been kept off to prevent 

overheating (Filter and Controller box). Keep the Piezo power supply off still 

as it is very noisy and will interfere with the calibration.  

3. Turn the knob on the filter to x100. 

4. Calibrate the cantilever by pushing the button ‘Calibrate tip in water’ (1 in Figure 

6A). This process is very sensitive! All extraneous electronics must be 

turned off including the components of the upright spinning disk 

microscope. It is sensitive enough to detect movement and speaking also.  

5. Once the calibration has completed a graph will pop up on the window. Move the 

red line to the minimum before the first maximum, the blue line to the maximum 



  

120 

of the first peak, and the green line to the minimum after the blue line (Figure 

6B).  

6. Turn on the Piezo power supply and start the Nanocapture software. Turn on the 

Piezo controller servo.  

7. In LabView, move the piezo stage (2 in Figure 6A) to 3-6um (Labview reports 

these values as nanometers). This will allow fine tune control of the piezo when it 

is close to touching the sample. 

8. Slowly lower the AFM hat using the adjustment screws until the cantilever is 

close to the sample. Turn all four adjustment screws one turn at a time until 

you see jumps in the reading in Labview. Then turn the adjustment screws 

a quarter of a turn at a time until the cantilever touches. If the cantilever 

slams into the slide it will break and need to be replaced. The A-B/(A+B) 

value will reach saturation (-5/+5) when the cantilever is touching. 

 

NOTE: When you are very close to the coverslip you will see sharp spikes 

when you move the AFM hat (Figure 6C). The water touching the coverslip 

is the same as that touching the cantilever and will show more drastic 

vibrations. When the cantilever touches the coverslip you will see a sharp 

plateau as the signal reaches saturation. To confirm that you are touching 

you can raise and lower the piezo using the software and see a stepwise 

function on the graph as it reaches saturation (Figure 6D).  
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Appendix Figure 6. Running the experiment in Labview.  A) Key buttons in the software 1-
‘Calibrate Tip in Water’ use this generate the graph in Panel B. 2-‘z-controller’ use this 

slider bar to control the z-position of the Piezo stage. 3-use this switch to determine if the 
Piezo moves up or down first during the experiment. 4-when flipped to ‘yes’ the program 

will measure the slope of the graph. This is necessary for the first run in order to calculate 
the spring constant of the cantilever. 5-‘Start’ use this to run the experiment. 6-enter the 

spring constant in this box in order to convert the right graph after calibration. The dashed 
red and green lines denote the region to measure to calculate the spring constant. B) A 
schematic of the graph generated after pressing ‘Calibrate Tip in Water’. The Blue line 

should be adjusted to the maximum of the first major peak and the green line should be 
adjusted to the minimum after this peak. C) Sharp peaks will appear in the left graph when 

the cantilever is very close to the coverslip. At this point be careful when adjusting the 
position of the AFM hat. D) When the cantilever contacts the coverslip the left graph will 

reach saturation and movement away from the coverslip will show a step function. 
 

9. Once contact has been made turn the knob on the filter box to x1. There are two 

modes with which you can run your experiment: “Up” or “Down” (3 in Figure 6A).  

If you use “Down” mode the Piezo stage will move down and then up, therefore 

you should move the cantilever slightly off the sample so it doesn’t break when it 

moves down. If you are in “Up” mode you don’t need to do this. Either mode 

allows you to probe the mechanical properties of your sample. Using “Down” 
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mode will push on the sample, and compress it, whereas using “Up” mode will 

pull on the sample and stretch it.  

10. Next to the “Calibrate Tip” button there is a toggle switch asking to measure the 

slope. Move the toggle to yes on the first run (4 in Figure 6A). Push the start 

button in the software (5 in Figure 6A). You should see a graph on the right 

similar in shape to that the sample one displayed upon starting the program. 

Drag the lines to encompass the linear portion of the graph, see red and green 

dashed lines in Figure 6A. The slope of this line is the spring constant of the 

cantilever and will be displayed on the left. The optimum spring constant (Kc) 

value is between 16 and 17 mN/m but can range between 13 and 20 mN/m. 

Once you have gotten a reasonable Kc value move the toggle so that you are not 

measuring the slope and copy and paste the slope and Kc values to the correct 

boxes. This will convert the main graph from voltage to the appropriate force 

values.  

It would be interesting to use this AFM to observe the activity of the myosin 

regulatory light chain phosphorylation sensor during the application of force to non-

muscle myosin II heavy chain (hereafter myosin). We also have a tagged myosin in 

which the head has a GFP fluorophore attached to it and the tail has an Apple 

fluorophore attached to it. With the AFM it would be possible to observe minifilament 

dynamics with and without the application of force. With the appropriate cantilever, we 

may be able to measure cellular mechanics, including the stiffness of cells. Hemocytes 

would be a tractable system as they are easily isolated and cultured. It would be 

interesting to test if expression of the phosphomimetic moesin, previously reported to 

recruit actin to the cortex, changes the mechanical properties of these cells.   
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Appendix B – beam profiler protocol for laser alignment 

This protocol utilizes a web camera and a Lab Windows program, ‘Beam 

Profiler’, written by Dr. Martin Fischer. The program is installed on the computer for the 

atomic force microscope.  

1. Turn on the atomic force microscope computer.  

2. Assemble the beam profiler if not already assembled.  

a. The back portion of the web camera (1 in Figure 7) is taped to an 

Oriel component (2 in Figure 7) so the camera is aligned with the 

hole. On the other side of the hole, tape a piece of grid paper with 

a fine grid. 

 

Appendix Figure 7. Assembling the beam profiler. The web camer (1) is secured to 
an Oriel component (2) with tape, so that the camera is aligned with the hole. Tape a piece 

of grid paper on the other side of the hole.  

3. Plug in the assembled beam profiler to the computer via the attached 

USB cable.  
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4. Launch the Beam Profiler software by double clicking on the desktop icon 

that looks like a target.  

5. The program should detect the Logitech web cam upon opening. Click 

‘Select’.  

6. In order to acquire one image, click ‘Acquire’.  

7. To acquire multiple images in real-time, click ‘Rep. Acq.’ 

8. The graphs on the right show the beam profile. Ideally it should be 

Gaussian. In order to fit the beam with a Gaussian curve, click ‘Fit’ in the 

bottom right corner. A description of the fit is displayed as an equation 

and variables describing the beam can be extracted from this.  

 

NOTE: The exposure on this camera is the opposite of what we are used to 

in a scientific camera, in that the brightness increases with decreased 

exposure. Also, we do not have a good understanding of the Gain function for 

this camera and changing it may or may not be helpful.  
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