
UCLA
UCLA Electronic Theses and Dissertations

Title
Cortical Myosin Contraction Shapes the Morphogenesis of Microridge Patterns

Permalink
https://escholarship.org/uc/item/2hn1c200

Author
van Loon, Aaron Paul

Publication Date
2020

Supplemental Material
https://escholarship.org/uc/item/2hn1c200#supplemental
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2hn1c200
https://escholarship.org/uc/item/2hn1c200#supplemental
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 
 
 

Cortical Myosin Contraction Shapes the Morphogenesis of Microridge Patterns 

 
 

A dissertation submitted in partial satisfaction of the  

requirements for the degree Doctor of Philosophy 

in Molecular Biology 

 
by  

 
Aaron Paul van Loon 

 
2020 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Ⓒ Copyright by 

Aaron Paul van Loon 

2020 

 



ii 
 

ABSTRACT OF THE DISSERTATION 

 
Cortical Myosin Contraction Shapes the Morphogenesis of Microridge Patterns 

 
by  

 
Aaron Paul van Loon 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2020 

Professor Alvaro Sagasti, Chair 

The concept that form adapts to function has long been at the core of biological 

science.  However, there are many cellular forms that we do not fully understand.  Microridges 

are actin-based cell membrane protrusions that wind into labyrinthine patterns on the apical 

surfaces of mucosal epithelial cells, conferring a unique cellular morphology.  Though the form of 

microridges has been studied in fixed tissues for many years, their morphogenesis is not 

understood.  To investigate the formation of these enigmatic structures, I observed the process 

directly on the epidermis of developing zebrafish larvae using live fluorescence microscopy. 

         In Chapter 2 of this dissertation I describe the mechanism of microridge formation and the 

role of contractile force in this process.  Prior to microridge formation, epithelial cells are covered 

in “pegs”, short finger-like protrusions that resemble microvilli.  Pegs are dynamic, appearing and 

disappearing within a matter of minutes, as well as fusing with one another to form short 

microridges.  As epithelial cells constrict, short microridges and pegs gradually assemble into 

elongated microridges in a pattern that begins near cell borders and progresses toward the center 

of the cell surface.  A biophysical model of this process demonstrated that contraction of the apical 

actomyosin cortex in a similar concentric pattern leads to cellular constriction and microridge 

formation by reducing membrane tension.  Observation of myosin activity in live epithelial cells 

demonstrated that contraction progresses in a concentric manner and small molecule inhibition 
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of contraction blocked both cellular constriction and microridge formation.  Reduction of 

membrane tension through hyperosmolar shock and reorganization of the apical cortex through 

rapid cell elongation demonstrated that microridge formation is directly regulated by membrane 

tension and the organization of the cortical cytoskeleton. 

         Chapter 3 describes the mechanics of microridge formation and pattern maturation with 

high spatial resolution.  After formation, microridges elongate further, align with their neighbors, 

and become more regularly spaced.  Microridge fusion and fission continue during this period of 

pattern maturation and these events correlate spatially and temporally with cortical myosin 

contraction.  However, microridge rearrangements diminish after microridge formation and 

negatively correlate with the degree of microridge alignment.  Inhibiting myosin contraction 

prevented microridge rearrangements and disrupted the microridge pattern.  High-resolution 

Airyscan microscopy revealed individual myosin minifilaments in the cortex that connect 

microridges to one another and mediate microridge rearrangements through contraction. 

         Overall, this work elucidates the mechanism of microridge formation.  Pegs and 

microridges fuse, fission, and gradually rearrange, a process driven by the web-like network of 

myosin minifilaments in the apical cortex which contracts to reduce membrane tension.  As 

myosin contraction diminishes, the input needed to overcome the energy barrier associated with 

the changes in membrane curvature during microridge rearrangement is decreased, and 

microridges slowly settle into their highly organized patterns.      
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Epithelial cells present a variety of apical cell membrane protrusions which create 

morphologies that fit their functions.  In contrast to filopodia and lamellipodia, which are transient 

protrusions that perform temporary functions, microvilli, stereocilia, and microridges are apical 

protrusions on epithelial cells that are relatively stable and perform their functions over the lifetime 

of the cell.  The contexts and time-scales in which these apical protrusions develop have made 

them more difficult to study than other types of protrusions.  Microvilli are short, finger-like 

protrusions that are regularly arranged on the surfaces of intestinal and renal epithelia to perform 

the function of nutrient absorption.  Stereocilia are elongated finger-like protrusions arranged in 

triangular formations that display a highly regular gradient of protrusion lengths and perform the 

mechanotransduction of hearing.  Despite differences in protrusion organization and function, 

microvilli and stereocilia share a similar morphology.  Microridges are elongated folds of the apical 

cell membrane that create labyrinthine patterns on the surface of mucosal epithelial cells, making 

them morphologically unique among apical protrusions.  While progress has been made toward 

understanding the formation and maintenance of microvilli and stereocilia, almost nothing is 

known about microridge morphogenesis. 

Microridge structure and function   

Microridges were first mentioned in the literature in the 1960s (Blümcke and Morgenroth, 

1967).  Since then, they have been found on a variety of tissues from many different animal 

species, but have primarily been studied in fish and humans (Depasquale, 2018).  In humans, 

microridges have been found on epithelia of the esophagus, kidney, and cornea, among many 

other tissues (Depasquale, 2018).  Since many studies of these structures are descriptive in 

nature, it remains unclear whether the protrusions on each of these tissues are molecularly similar 

structures.  This ambiguity is illustrated by the variety of names used to refer to protrusions on 

these various tissues, including microridges (Fahrenbach and Knutson, 1975), microplicae 

(Blümcke and Morgenroth, 1967), and sometimes, simply, microvilli (Dormans and van Logten, 
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1982).  What is clear, is that microridges represent a large group of morphologically similar 

protrusions that are found broadly on mucosal epithelia. 

Though little research has been done on the subject, the function of microridges has been 

the topic of much speculation.  One enduring hypothesis is that the primary function of microridges 

is to increase surface area for mucus retention (Sperry and Wassersug, 1976).  This hypothesis 

has only recently begun to be tested experimentally.  Small molecule inhibitors that disrupt 

microridge patterns also affect the organization of the overlying glycan layer (Pinto et al., 2019).  

Additionally, in treatment conditions where microridges are nearly completely destroyed, mucus 

levels are reduced and the surface glycans that persist appear to preferentially coat the remaining 

membrane protrusions (Pinto et al., 2019).  It is still unclear whether microridges are required to 

retain mucus on a tissue, and if they are, in what capacity they contribute to its retention: whether 

they provide an optimal morphology to capture and retain mucus through purely physical means, 

or whether microridge projections simply contain a greater number of molecular binding sites for 

glycoproteins (Blalock et al., 2007).  Microridges have also been speculated to serve as a 

membrane reserve in case a cell is stretched, due to their presence on esophageal epithelial cells 

(Wassersug and Johnson, 2009).  In support of this hypothesis, microridges are lost or 

fragmented when epithelial cells are stretched during wound healing (Rai et al., 2012; Richardson 

et al., 2016; Verma et al., 2017).  It may be that multiple of these hypotheses are true, but more 

extensive experimentation will be needed to determine the functions of microridges in the various 

contexts in which they appear. 

To gain further insight into the function of microridges, it will be necessary to understand 

the molecular structure and composition of these unique protrusions.  Early studies of microridge 

ultrastructure noted that microridges were associated with keratin filaments at their base and filled 

with thinner filaments (Schliwa, 1975).  The thinner filaments that filled microridge protrusions 

were later confirmed to be actin filaments using immunofluorescence and further electron 
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microscopy (Bereiter-Hahn et al., 1979).  The actin filaments are connected to the keratin 

filaments in the terminal web below microridges (Uehara et al., 1990), which contains both actin 

and keratin filaments (Bereiter-Hahn et al., 1979).  Interestingly, keratin filaments can also be 

found within microridges (Uehara et al., 1991; Pinto et al., 2019; Inaba et al., 2020).  The precise 

organization of the actin filaments that fill microridge protrusions is still unclear.  TEM studies have 

found branched actin filaments oriented in many directions within microridges (Bereiter-Hahn et 

al., 1979; Uehara et al., 1991; Pinto et al., 2019; Schliwa, 1975).  Some of these studies also 

observed the presence of linear actin filament bundles that appear to support microridges from 

base to tip (Bereiter-Hahn et al., 1979; Schliwa, 1975; Uehara et al., 1991), although one study 

concluded that microridges exclusively contain branched filaments (Pinto et al., 2019).  

Differences in the conclusions of these studies could be attributed to observations made in 

different animal species, or to differences in sample preparation.  Observations of bundled actin 

filaments in apparent columns that are periodically positioned along microridges (Bereiter-Hahn 

et al., 1979; Uehara et al., 1991; Depasquale, 2018), have lead some to hypothesize that 

microridges may be organized like a fence, with branched actin meshwork connecting bundled 

actin “fence posts.”  This hypothesis is supported by the observation that multiple microridge 

fluorescent reporters, including actin itself, appear punctate by light microscopy (Depasquale, 

2018).  The actin filaments within microridges also appear to have many connections to the 

plasma membrane (Bereiter-Hahn et al., 1979; Uehara et al., 1990; Schliwa, 1975).  The true 

molecular organization of microridges will be revealed as we learn more about the various actin- 

and keratin-binding proteins that build and organize the cytoskeletal network that supports 

microridges. 

So far, only a few actin- and keratin-binding proteins have been found to associate with 

microridges.  A recent publication from the Sagasti lab demonstrated that cytolinkers envoplakin 

and periplakin connect the actin and keratin cytoskeletal networks and that this connection is 
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required for microridge formation (Inaba et al., 2020), providing the first evidence of a role for 

keratin filaments in apical protrusion formation.  The actin-binding proteins that have been found 

in microridges are associated with diverse cytoskeletal architectures.  Arp2/3, Cortactin, and 

WASL localize to microridges (Pinto et al., 2019; Lam et al., 2015) and are all associated with 

branched actin networks.  However, proteins associated with bundled actin, including VASP and 

α-actinin, have also been identified in microridges (Bereiter-Hahn et al., 1979; Lam et al., 2015).  

Other actin-binding proteins in microridges include Ezrin (Raman et al., 2016), a membrane-actin 

linking protein; Paxillin (Crawford et al., 2003), a component of focal adhesion complexes; and 

Cofilin (Pinto et al., 2019), an actin-severing protein.  Even among the limited pool of proteins 

thus far identified, microridges share components with many protrusions including lamellipodia 

(Arp2/3 and VASP) and filopodia (VASP) (Rottner and Schaks, 2019), as well as microvilli (Ezrin) 

(Crawley et al., 2014a).  Given this fact, a useful approach to learn more about microridge 

structure and function may be to look for additional proteins that are found in other actin-based 

protrusions and determine whether they play analogous roles in microridges. 

The roles of myosins in apical cell membrane protrusions 

The motor protein non-muscle myosin II (NMII) has also been identified in microridges 

(Raman et al., 2016).  Myosins compose a large protein superfamily and play a variety of roles in 

multiple cellular protrusions.  The diverse members of the myosin protein superfamily are divided 

into many classes, but each has a common domain structure: a head domain that binds to actin 

and hydrolyzes ATP to produce movement, a neck domain that binds to light chains that modify 

its activity, and a tail domain which is typically used to position the molecule, but can have a 

variety of functions.  Variations of the myosin protein template, such as subtle differences in the 

activity of the motor head, or an additional protein-protein interacting domain in the tail can have 

large impacts on the function and regulation of the molecule.  The numerous variants among 

members of the myosin superfamily allow this group of actin-based motor proteins to generate 
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force in a variety of manners and contexts.  The essential roles that myosins play in the formation 

and maintenance of apical protrusions demonstrate that these processes not only require 

regulation of the actin cytoskeleton, but also regulation of force. 

Conventional Myosins 

Class II myosins were the first to be discovered and are the classical force-generating 

myosins, often referred to as “conventional myosins.”  These myosins form hexameric 

macromolecules which include two myosin heavy chains (myosin gene products), two regulatory 

light chains (RLCs), and two essential light chains.  Myosin II macromolecules can assemble into 

filaments through interactions between their long coiled-coil tail domains.  This filamentous 

organization allows class II myosins to generate contractile forces when bound to the actin 

cytoskeleton in both muscle and non-muscle cells.  A broad expression pattern and versatility as 

a force-generator allow myosin II to function in the formation and maintenance of several apical 

cell membrane protrusions. 

NMII is found in the terminal web below microvilli (Chinowsky et al., 2020), and plays 

multiple roles in the formation and maintenance of these protrusions.  It helps instruct formation 

of microvilli through the indirect, though crucial, mechanism of apical domain specification;  

contractile activity of NMII is required for epithelial polarization and microvilli formation in cultured 

canine kidney epithelial MDCK cells and in Drosophila photoreceptors (Zihni et al., 2017).  Myosin 

activation through phosphorylation of its RLC by MRCK is specifically required for differentiation 

of the apical domain in these contexts, while activity of another RLC kinase, ROCK, is antagonized 

by the MRCK-activating GTPase Cdc42 (Zihni et al., 2017).  This example shows the complexity 

and specificity of NMII regulation, but NMII also has more direct functions in the morphogenesis 

of microvilli.  NMII contraction stimulates actin turnover in microvilli, which regulates their length 
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(Chinowsky et al., 2020).  NMII also contributes to microvillar motility during brush border 

maturation (Meenderink et al., 2019), likely through a similar mechanism.   

In cells with stereocilia, NMII localizes throughout the length of the stereocilia, in the 

rootlets, and also near the apical membrane between protrusions (Lalwani et al., 2008).  Notably, 

NMII is absent from the tips of stereocilia, where several unconventional myosins are known to 

localize (Lalwani et al., 2008).  The importance of NMII in stereocilia is emphasized by the hearing 

loss found in patients with mutations in the NMII heavy chain MYH9 gene (Verver et al., 2016).  

However, molecular studies have not yet pursued the function of NMII in stereocilia, or a 

mechanism for its pathology. 

NMII also plays a role in microridge morphogenesis, although current studies on the topic 

present conflicting results.  Lam et al first reported that short-term treatment with the NMII inhibitor, 

blebbistatin, had no effect on microridge morphology (Lam et al., 2015) .  They also noted that 

they could not detect phosphorylated Myosin RLC in microridges using immunofluorescence (Lam 

et al., 2015).  However, they did find that expression of either constitutively active or dominant 

negative RhoA, a small GTPase well-known for regulating NMII activity, affects microridge 

morphology.  Cells expressing constitutively active RhoA presented a web-like microridge pattern, 

and the surfaces of these cells became domed, rather than flat (Lam et al., 2015).  Dominant 

negative RhoA increased both apical cell surface size and the spacing between microridges (Lam 

et al., 2015).  In direct contrast to the preceding study, Raman et al observed phosphorylated 

myosin RLC in microridges, using a different antibody, and reported that blebbistatin treatment 

reduced microridge length (Raman et al., 2016). They also found that overexpression of a 

constitutively active myosin activator, MLCK, increases microridge length, suggesting that NMII 

contraction is important for microridge length maintenance (Raman et al., 2016).  Raman et al 

also demonstrated that aPKC suppresses NMII activity at the apical membrane by removing the 

NMII-interacting protein Lgl from the apical membrane (Raman et al., 2016).  Since aPKC 
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localization and activity are dependent on another small GTPase, Cdc42 (Goldstein and Macara, 

2007), regulation of NMII in microridge morphogenesis appears complex.  Interestingly, Cdc42 

antagonizes RhoA-mediated NMII activity in cells with microvilli (Zihni et al., 2017).  So, although 

both GTPases appear to control separate aspects of microridge morphogenesis, organization 

versus length maintenance, our understanding of NMII activity and regulation in microridge 

morphogenesis remains incomplete.  I directly address this knowledge gap in this dissertation by 

imaging NMII activity during microridge morphogenesis using live fluorescence microscopy. 

Membrane-actin tethering myosins 

While there is only one class of conventional myosins, there are many classes of 

unconventional myosins that perform a wide variety of functions in apical membrane protrusions.  

Myosins in classes I and VI link the membrane to the cytoskeleton in both microvilli and stereocilia. 

There are eight myosin I proteins expressed in higher vertebrates, Myo1a-h (Gillespie et 

al., 2001).  Class I myosins are monomeric with neck regions that contain a variable number of 

IQ domains which bind Ca2+-regulated light chains, like calmodulin (McIntosh and Ostap, 2016).  

Myosin I proteins share a tail homology domain (TH1) which contains a plekstrin homology (PH) 

domain that can bind various phospholipids (McIntosh and Ostap, 2016); although, Myo1e and 

Myo1f possess additional tail domains which can mediate interactions with other proteins (Krendel 

et al., 2007) and regulate ATPase activity (Stöffler and Bähler, 1998). 

Class 1 myosin Myo1a connects the membrane and the actin core throughout the 

microvillus protrusion (Mooseker and Tilney, 1975; Howe and Mooseker, 1983).  It is targeted to 

microvilli and associates with the membrane using the TH1 domain in its tail region, which binds 

to PI(4,5)P2 (Mazerik and Tyska, 2012).  The Myo1a motor head is a low-duty-ratio motor, so it 

binds to the actin core of microvilli infrequently (Jontes et al., 1997).  Despite this, the large 

number of Myo1a molecules independently cycling in microvilli allows for continuous membrane-
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actin cross-linking (Brown and McKnight, 2010).  In fact, the transient interaction between Myo1a 

and actin may be an advantageous way for Myo1a, and the attached membrane, to avoid being 

pulled downward by actin treadmilling (Brown and McKnight, 2010).  Enterocytes in Myo1a KO 

mice have fused microvilli and gaps between the membrane and the microvillar actin core (Tyska 

et al., 2005), demonstrating that Myo1a is critical to maintain the structural integrity of microvilli, 

possibly through its ability to directly regulate membrane surface tension (Nambiar et al., 2009).  

Surprisingly, Myo1a KO microvilli are still functional (Tyska et al., 2005), though this may be the 

result of compensation from other class 1 myosins (Myo1c and Myo1d) that are recruited along 

microvilli in its absence (Tyska et al., 2005; Benesh et al., 2010). 

Myo1c is another single-headed class 1 myosin that binds tightly to PIP2 through the PH 

domain in its tail (Hokanson et al., 2006).  The N-terminal region of Myo1c confers unique force 

sensitivity (Greenberg et al., 2015; Zattelman et al., 2017), which gives it properties more similar 

to that of a slow transporter than a tension-sensitive anchor (Greenberg et al., 2012).  Myo1c is 

localized throughout the length of stereocilia (García et al., 1998; Steyger et al., 1998), though 

some data suggest it is excluded from the tip (Schneider et al., 2006).  In hair cells, Myo1c 

mediates the adaptation of ion channels, which is important for mechanotransduction in hearing 

(Stauffer et al., 2005; Holt et al., 2002).  Mutations in Myo1c are genetically associated with 

bilateral sensorineural hearing loss (Zadro et al., 2009).  The role of Myo1c in the formation and 

maintenance of stereocilia morphology has yet to be investigated. 

Class VI myosin Myo6 can function as a monomer, dimer, or oligomer, depending on the 

context and cargo that is bound (de Jonge et al., 2019), and it is the only myosin to move toward 

the pointed end of actin filaments (Wells et al., 1999).  Unique insertions in its motor domain 

distinguish it from other myosins, modifying its ATPase activity and reorienting its lever arm to 

allow for reverse movement (Ménétrey et al., 2005).  Otherwise, myosin VI contains one 

calmodulin-associated IQ domain, a coiled-coil domain, and a globular c-terminal domain (Hasson 
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and Mooseker, 1994).  Under high load, Myo6 stepping activity dramatically slows, suggesting a 

force-sensitive transition from functioning as a transporter to a tension-sensitive anchor (Altman 

et al., 2004). 

In intestinal enterocytes, Myo6 localizes to the terminal web below microvilli (Heintzelman 

et al., 1994).  Myo6 has been shown to directly bind to lipids, through a PIP2-binding domain in 

its tail (Spudich et al., 2007), although it is unclear whether this domain is directly involved in its 

localization in enterocytes.  Myo6 also directly binds to PLCδ3, which is required for Myo6 

expression in the lower ileum and for proper formation of microvilli in Caco-2 cells (Sakurai et al., 

2011).  Given that PLCδ3 regulates PIP2 (Streb et al., 1983), it is unclear whether loss of PLCδ3 

affects Myo6 directly, or through its control of phosphoinositide levels.  Interestingly, Myo6 

localization to the brush border has also been shown to be dependent on Myo1a (Tyska et al., 

2005).  Enterocytes in Snell's waltzer (Myo6) KO mice show clear defects in microvillar 

morphology.  Loss of Myo6 results in fusion of microvilli and the lifting of the inter-microvillar 

membrane, which effectively shortens the protrusions (Hegan et al., 2012). 

 Myo6 also plays important structural and functional roles in stereocilia.  In stereocilia, 

Myo6 localizes along the length of the protrusion, but is particularly concentrated near the base 

(Rzadzinska et al., 2004; Hertzano et al., 2008), consistent with its preference for curved 

membranes in vitro (Rogez et al., 2019).  Phenotypes of stereocilia in Myo6 KO hair cells are 

strikingly similar to those found in the microvilli of Myo6 KO intestinal enterocytes: stereocilia fuse 

and branch abnormally and the membrane at the base of stereocilia is lifted (Hertzano et al., 

2008; Seiler et al., 2004; Seki et al., 2017).  Loss of Myo6 also results in the disorganization of 

the cuticular plate that underlies stereocilia, as well as movement of cuticular plate components 

upward into the stereocilia themselves (Seki et al., 2017).  The morphological defects associated 

with the loss of Myo6 result in nonsyndromic hearing loss (Avraham et al., 1995; Melchionda et 

al., 2001).  However, it is unclear whether the phenotype of Myo6 KO in hair cells is the result of 
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defects in membrane-actin attachment, Myo6 cargo transport, the organization of the cuticular 

plate, or some combination of these functions. 

Transport myosins 

 Class III myosins are monomeric myosins that function as cargo transporters to the tips of 

stereocilia (Nambiar et al., 2010).  A unique feature of class III myosins is their N-terminal kinase 

domain (Dosé and Burnside, 2000; Dosé et al., 2003).  The activity of the kinase domain and the 

motor domain are regulated by trans-autophosphorylation and, possibly, by other kinases 

(Quintero et al., 2013; Komaba et al., 2003). Phosphorylation of the kinase domain increases its 

activity and additionally modulates motor ATPase activity (Quintero et al., 2013), while 

phosphorylation of the motor domain decreases its ATPase activity (Quintero et al., 2013, 2010).  

Loss of kinase activity or deletion of the kinase domain result in increased Myo3a localization to 

the tip of filopodia and stereocilia protrusions, possibly due to the associated increases in motor 

activity (Quintero et al., 2010, 2013; Les Erickson et al., 2003).  Another unique feature of class 

III myosins is their method of locomotion: they use separate actin-binding sites at opposing ends 

of the molecule to move processively in an inchworm-like manner.  To accomplish processive 

locomotion, Myo3a uses an actin-binding site in its C-terminal tail homology domain II (THDII) to 

increase its steady state interaction with actin (Dosé et al., 2007; Les Erickson et al., 2003).  This 

THDII is required for Myo3a tip localization in filopodia (Les Erickson et al., 2003).  Myo3b has a 

shorter tail than Myo3a and lacks the THDII (Dosé et al., 2003).  However, association of the 

Myo3b THDI with the protein espin-1 allows movement of Myo3b along filopodia (Merritt et al., 

2012).  This process requires the espin-1 actin-binding module of Myo3b (Merritt et al., 2012), 

suggesting a similar method of locomotion to Myo3a, but rather than binding actin directly, Myo3b 

can bind actin through interaction with espin-1.   
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In hair cells, Myo3a and Myo3b localize to the tips of stereocilia with differing preferences 

for stereocilia length.  Myo3a localizes preferentially to intermediate length stereocilia and less to 

long or short ones, while Myo3b localizes preferentially to the longest stereocilia and less to 

stereocilia of other lengths (Ebrahim et al., 2016).  Two important myosin III cargos in stereocilia 

are actin-binding proteins espin-1 and espin-like, which control stereocilia length and are essential 

for hearing (Ebrahim et al., 2016; Rzadzinska et al., 2005; Zheng et al., 2000).  Deletion of Myo3a 

results in late-onset deafness (Walsh et al., 2002; Dantas et al., 2018), although stereocilia in 

Myo3a-/- mice appear normal (Ebrahim et al., 2016).  Myo3b mutations have not been associated 

with deafness, but the longest and shortest stereocilia in Myo3b-/- mice are, respectively, shorter 

and longer than WT, equalizing their height (Ebrahim et al., 2016).  Despite differential effects of 

Myo3a and Myo3b knockout on stereocilia morphology, both show clear roles in the length 

regulation of stereocilia and filopodia (Salles et al., 2009; Schneider et al., 2006; Ebrahim et al., 

2016).  Deletion of Myo3a and Myo3b together results in deafness and progressive morphological 

and organizational abnormalities in stereocilia prior to, and shortly after, birth (Lelli et al., 2016).  

Hair bundles on cells from Myo3a-/- Myo3b-/- mice lose their characteristic “U” or “V” shaped 

organizations and have unusually long stereocilia (Lelli et al., 2016). 

Class V myosins are double-headed myosins that travel toward the barbed ends of actin 

filaments, and are best known for their role in cargo transport.  Myosin V motors are excellent 

transporters because they have a high duty ratio: the slow kinetics of its strong actin-binding 

transition state allow for processive movement along actin filaments (De La Cruz et al., 1999).  

The elongated neck region of myosin V proteins acts as an extended lever arm that results in a 

36nm step size, permitting linear travel along helical actin filaments which have a pitch of similar 

length (Hammer and Sellers, 2011).  The motor activity of class V myosins is autoinhibited by 

interactions between the N-terminal motor heads and the C-terminal globular tail domains 

(Thirumurugan et al., 2006; Liu et al., 2006).  The interactions between the head and tail domains 
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are relieved in the presence of free Ca2+ by the six calmodulins that bind the IQ domains in the 

neck of Myosin V under these conditions (Wang et al., 2004; Gardini et al., 2018).  While Ca2+-

dependent activation of the calmodulin bound at the IQ motif nearest to the motor domain is 

essential for Myosin V motor function (Lu et al., 2012), high levels of Ca2+ promote the dissociation 

of calmodulin from the second IQ motif resulting in a flexible neck that cannot perform mechanical 

work (Trybus et al., 2007; Nguyen and Higuchi, 2005; Koide et al., 2006).  Myo5a autoinhibition 

can also be regulated by binding cargo receptors.  Melanophilin can activate Myo5a motor activity 

by binding to its tail domain, allosterically inhibiting interactions with the head domain (Li et al., 

2005; Yao et al., 2015).  Although much work has been done on the structure, activity, and 

regulation of Myosin V, relatively little investigation has been dedicated to its role in apical 

protrusions. 

 Myo5b in enterocytes localizes apically, above the terminal web, and plays an important 

role in membrane trafficking to the brush border.  Mutations in Myo5b have been identified as a 

primary genetic determinant of Microvillus Inclusion Disease (MVID) (Weis et al., 2016), a life-

threatening condition in newborns that causes severe diarrhea and malnutrition (Ruemmele et 

al., 2006; Davidson et al., 1978).  Genetic KO of Myo5b results in large, microvilli-lined inclusions 

in intestinal enterocytes that contain transmembrane proteins, microvillar components, and 

extracellular proteins, as a result of disrupted apical polarity and bulk endocytosis (Knowles et al., 

2014; Weis et al., 2016; Engevik et al., 2019).  In Myo5b KD CaCo2-BBE cell cultures, microvillus 

development appears to stall after formation of early microvilli clusters, never forming an 

organized brush border (Knowles et al., 2014).  While Myo5b KO mouse neonates have an 

organized brush border, their microvilli are shorter and wider than WT (Weis et al., 2016). 

Thus far, one study has found a role for Myo5b in microridge morphogenesis.  Periderm 

cells on Myo5b KD zebrafish larvae had smooth apical surfaces, completely lacking microridge 

projections (Sonal et al., 2014).  This could be the result of a dramatic increase in endocytosis 
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from the apical membrane (Sonal et al., 2014).  However, Myo5b also regulates apico-basal 

polarity in Drosophila follicle cells through transport of Crumbs to the apical domain (Aguilar-

Aragon et al., 2020).  So, it is also possible that periderm cells on Myo5b KD zebrafish have 

impaired apico-basal polarity, which is essential for proper microridge formation (Raman et al., 

2016). 

MyTH4-FERM myosins 

Class VII myosins are monomeric and have a high duty ratio, making them ideal for tension 

generation and maintenance (Sakai et al., 2015; Henn and De La Cruz, 2005; Inoue and Ikebe, 

2003).  Aside from the motor domain, class VII myosins have five IQ domains in their neck and 

an SH3 domain flanked by two MyTH4-FERM domains in their tail.  Class VII myosins are 

autoinhibited by interactions between the tail and head domains which are relieved by Ca2+, 

possibly through calmodulin binding to the first IQ domain (Sakai et al., 2015), or through 

interactions with tail-binding proteins (Yang et al., 2009; El-Amraoui et al., 2002).  The localization 

of Myo7a to the tips of filopodia is dependent on forced dimerization (Sakai et al., 2015, 2011; 

Arthur et al., 2019) and can be induced by cargo binding (Sakai et al., 2011), suggesting that 

class VII myosins could function as a cargo-dependent oligomers, similar to Myo6. 

Class VII myosin Myo7a localizes to multiple locations within stereocilia.  Myo7a is present 

in the upper tip-link density (UTLD) where it anchors tip-links to actin through its binding partners 

SANS and Harmonin b (Adato et al., 2005; Boëda et al., 2002; Yan et al., 2010; Bahloul et al., 

2010).  Tip-links are tethers between stereocilia, composed of trans-heterophilic binding partners 

cadherin-23 and protocadherin-15 (Kazmierczak et al., 2007), that anchor in a lower tip-link 

density, which contains the transmembrane channels required for mechanotransduction (Beurg 

et al., 2009).  Myo7a can also be found in stereocilia ankle-links (Morgan et al., 2016; Michalski 

et al., 2007), tethers that interconnect stereocilia at the base of protrusions.  Myo7a KO leads to 
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the mislocalization of stereocilia tip- and ankle-link complex components (Boëda et al., 2002; 

Michalski et al., 2007) and loss of the third row of stereocilia (Self et al., 1998; Li et al., 2020), 

which ultimately result in deafness (Well et al., 1995).  Interestingly, there are two isoforms of 

Myo7a that are differentially expressed in the inner ear, a canonical isoform that contains an 11 

AA N-terminal extension and a short isoform that lacks this extension (Li et al., 2020).  In a mouse 

KO of the canonical Myo7a isoform, the mechano-electrical transduction (MET) channel resting 

open probability and current onset were significantly reduced in inner hair cells (IHCs), suggesting 

that Myo7a creates tension in IHC tip-links (Li et al., 2020).  If the Myo7a motor generates tension 

between the tips of stereocilia, differential expression of Myo7a isoforms among hair cells may 

explain the differential MET properties observed among hair cell populations (Li et al., 2020). 

The role of Myo7b in microvilli is highly analogous to that of Myo7a in stereocilia.  Myo7b 

localizes to the distal tips of microvilli where it interacts with intracellular components of the 

intermicrovillar adhesion complex (IMAC) (Crawley et al., 2014b; Chen et al., 2001).  Myo7b 

anchors IMACs to actin through interactions with Harmonin a and ANKS4B which are analogous 

to the interactions of Myo7a with Harmonin b and USH1G in stereocilia (Li et al., 2016).  In Myo7b 

KD intestinal epithelial cells, components of the IMAC are mislocalized along the length of the 

microvillus rather than exclusive to the tip (Weck et al., 2016).  The sides of microvilli in these 

cells have aberrant connections to the apical cell membrane, and do not form an organized brush 

border (Weck et al., 2016).  These analogous tip complexes, the IMAC (microvilli) and the UTLD 

(stereocilia), can both form high-density condensates via liquid-liquid phase separation (LLPS) 

(He et al., 2019).  Pathological mutations in Myo7 reduce the LLPS capacity of these complexes 

(He et al., 2019), suggesting an important role for protein density in the function of the IMAC and 

UTLD. 

Class XV myosin Myo15 is the largest member of the myosin superfamily to date, 

containing 3530 amino acids (Liang et al., 1999).  Similar to myosin VII, the tail domain of Myo15 
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contains MyTH4, SH3, and FERM domains (Liang et al., 1999).  The IQ domains of Myo15 bind 

smooth muscle RLC and ELC in addition to calmoldulin (Bird et al., 2014), although it is unclear 

how these factors may work to regulate Myo15 function in vivo.  The Myo15 motor has a high 

duty ratio that suggests it functions as a transporter (Bird et al., 2014).   

Myo15a localizes to the tips of stereocilia (Belyantseva et al., 2003), and is required for 

the localization of stereocilia tip proteins Eps8 and whirlin, both of which are important regulators 

of stereocilia length (Belyantseva et al., 2005; Manor et al., 2011).  Stereocilia in Myo15 null mice 

are dramatically shortened compared to WT, and mutations in both this gene and the human 

ortholog are associated with deafness (Fang et al., 2015; Probst et al., 1998; Wang et al., 1998).  

One exceptional feature of the Myo15 protein is a proline-rich 133kDa N-terminal extension, which 

can be eliminated by alternative splicing of exon 2 (Liang et al., 1999).  Both protein isoforms are 

expressed in hair cells (Liang et al., 1999; Fang et al., 2015), but preferentially localize to distinct 

rows of stereocilia in IHCs.  The longer protein isoform localizes to the shorter, second and third 

rows, while the short isoform localizes to the tallest row (Fang et al., 2015).  In long isoform 

mutants, stereocilia development and localization of Eps8 and whirlin are largely normal, although 

mechanotransduction in the lower rows of stereocilia is imparied (Fang et al., 2015).  Despite 

normal development in long isoform mutants, the shorter rows of stereocilia, to which the long 

isoform typically localizes, eventually adopt an abnormal tip morphology and are resorbed (Fang 

et al., 2015). 

 The many variants among proteins of the myosin superfamily are able to use their force-

generating motor activity for diverse functions, from transporting essential protein components, to 

anchoring the cell membrane to the cytoskeletal core of protrusions.  The contributions of NMII to 

protrusion morphogenesis are particularly interesting, as they suggest an important role for 

physical forces in this process.  Although many myosin functions have been discovered in the 

morphogenesis of microvilli and stereocilia, the role of NMII in formation and maintenance of 
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microridges is ambiguous. In this dissertation, I investigate the mechanism of microridge 

morphogenesis and the role of NMII contraction in this process by directly observing microridge 

development on live zebrafish larvae. 
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Abstract 

Cellular protrusions create complex cell surface topographies, but biomechanical 

mechanisms regulating their formation and arrangement are largely unknown. To study how 

protrusions form, we focused on the morphogenesis of microridges, elongated actin-based 

structures that are arranged in maze-like patterns on the apical surfaces of zebrafish skin cells. 

Microridges form by accreting simple finger-like precursors. Live imaging demonstrated that 

microridge morphogenesis is linked to apical constriction. A non-muscle myosin II (NMII) reporter 

revealed pulsatile contractions of the actomyosin cortex, and inhibiting NMII blocked apical 

constriction and microridge formation. A biomechanical model suggested that contraction reduces 

surface tension to permit the fusion of precursors into microridges. Indeed, reducing surface 

tension with hyperosmolar media promoted microridge formation. In anisotropically stretched 

cells, microridges formed by precursor fusion along the stretch axis, which computational 

modeling explained as a consequence of stretch-induced cortical flow. Collectively, our results 

demonstrate how contraction within the 2D plane of the cortex can pattern 3D cell surfaces. 

 

Introduction 

Animal cells generate a broad repertoire of dynamic structures based on the highly 

versatile and plastic actin cytoskeleton (Pollard and Cooper, 2009; Blanchoin et al., 2014). Actin 

generates both the protrusive forces that shape the membrane and, in conjunction with myosin, 

contractile forces that can alter cell geometry. Rapid restructuring of the actin cytoskeleton is 

controlled by a core of conserved actin regulatory proteins, including nucleators, elongators, 

https://paperpile.com/c/nnfO1x/kn5Dg+4uW0h
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bundlers, depolymerizers, and myosin motors (Pollard, 2016). Despite their universality, the 

divergent patterns of self-organization between these regulators generate a remarkable diversity 

of actin-based structures, including filopodia, lamellipodia, microvilli, dorsal ruffles, and 

podosomes (Blanchoin et al., 2014; Buccione et al., 2004). While actin regulatory proteins have 

been extensively studied, neither molecular mechanisms, nor biophysical principles that generate 

and switch between specific actin structures are well understood. The coexistence and 

competition of distinct actin-based structures within the same cell makes these problems even 

more complex (Rotty and Bear, 2014; Lomakin et al., 2015). 

Microridges are membrane protrusions extended in one spatial dimension and arranged 

in remarkable, fingerprint-like patterns on the apical surface of mucosal epithelial cells (Fig. 1A) 

(Straus, 1963; Olson and Fromm, 1973). Microridges are found in a wide array of species on a 

variety of tissues, including the cornea, oral mucosa, and esophagus (Depasquale, 2018), and 

are thought to aid in mucus retention (Sperry and Wassersug, 1976; Pinto et al., 2019).  

Microridges are filled with actin filaments and associate with several actin-binding proteins 

(Depasquale, 2018; Pinto et al., 2019). Interestingly, microridges do not emerge as fully spatially-

extended structures like dorsal ruffles. Instead, they assemble from short vertically-projecting 

precursors (Raman et al., 2016; Lam et al., 2015; Uehara et al., 1988; Gorelik et al., 2003). 

Ultrastructural analyses have demonstrated that actin filaments in microridges have mostly 

branched actin networks (Bereiter-Hahn et al., 1979; Pinto et al., 2019) and, therefore, it is unclear 

if microridge precursors are more similar in their actin organization to podosomes or microvilli, to 

which they had been frequently compared. To emphasize this distinction, we have dubbed these 

precursors actin “pegs”. Inhibiting Arp2/3 prevents aggregation of actin pegs into microridges, 

suggesting that branched actin networks are also required for microridge assembly (Lam et al., 

2015; Pinto et al., 2019). Factors regulating non-muscle myosin II (NMII) activity have been found 

https://paperpile.com/c/nnfO1x/P19QM
https://paperpile.com/c/nnfO1x/4uW0h+30QNy
https://paperpile.com/c/nnfO1x/EAeiT+YGd1Y
https://paperpile.com/c/nnfO1x/0OZxB+cxtfs
https://paperpile.com/c/nnfO1x/l7cY2
https://paperpile.com/c/nnfO1x/zkzxq+Z4G5F
https://paperpile.com/c/nnfO1x/l7cY2+Z4G5F
https://paperpile.com/c/nnfO1x/ZJxZY+qBdtG+JDPv4+9tr70
https://paperpile.com/c/nnfO1x/jwz68+Z4G5F
https://paperpile.com/c/nnfO1x/qBdtG+Z4G5F
https://paperpile.com/c/nnfO1x/qBdtG+Z4G5F
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to promote microridge elongation (Raman et al., 2016), but reports differ about whether NMII 

plays a direct role in microridge morphogenesis (Lam et al., 2015). 

Although microridges are less studied than other actin-based structures, they offer an 

excellent opportunity to probe systemic properties of cytoskeletal regulation. Microridge patterns 

possess several characteristic parameters, including their spatial orientation, length distribution, 

and periodicity, which can be readily quantified from live images. These parameters reflect 

biochemical and biomechanical processes that regulate the morphogenesis of actin structures 

and are sensitive to experimental intervention. Multiple genetic and pharmacological 

perturbations can thus be applied to dissect principles of patterning and test theoretical 

hypotheses. 

By imaging microridge development on the skin of larval zebrafish, we found that cortical 

contraction couples apical constriction to microridge morphogenesis. In vivo experiments and 

modeling suggest that contraction of the apical actomyosin cortex relieves surface tension to 

facilitate the coalescence of pegs to form, elongate, and orient microridges. Thus, cortical 

contraction not only determines the size and shape of the apical surface, but also concomitantly 

sculpts its 3D surface. 

 

Results 

The apical surfaces of periderm cells shrink as microridges form 

We first asked if we could identify overarching organizational principles in the emergence 

of microridges from pegs. To characterize the process of microridge development in live animals, 

we imaged transgenic zebrafish expressing the F-actin reporter Lifeact-GFP specifically in 

periderm cells during development (Rasmussen et al., 2015; Helker et al., 2013). We developed 

https://paperpile.com/c/nnfO1x/ZJxZY
https://paperpile.com/c/nnfO1x/qBdtG
https://paperpile.com/c/nnfO1x/DNE2+M6Un
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an automated image analysis protocol to segment microridges from these images and quantify 

microridge length in an unbiased manner (Fig. S1). As previously reported (Lam et al., 2015; 

Raman et al., 2016; Pinto et al., 2019), early in development (16 hours post-fertilization, hpf), 

periderm cells projected actin pegs that superficially resemble short microvilli (Fig. 1A-B). By 24 

hpf, elongated microridges appeared near cell borders, whereas pegs still populated the center 

of the apical cell surface (Fig. 1A-B). By 32 hpf, microridges filled the apical surface, and 

continued to elongate through at least 48 hpf (Fig. 1A-B). This temporal progression of microridge 

growth was apparent from plotting the distribution of the pooled population of protrusions (Fig. 

1B, S2A), or from measuring the average protrusion length per cell (Fig. S2B). To determine how 

cells transitioned from pegs to microridges, we imaged microridge growth in live animals at 15-

30-second intervals.  These videos revealed that pegs were dynamic, and coalesced to both form 

and elongate microridges (Fig. S3, Video 1-1). Time-lapse imaging also demonstrated that 

microridges form in a centripetal manner: assembly of microridges from pegs started in the cell 

periphery and progressed towards the cell center (Fig. 1C, Video 1-1). These observations 

confirmed previous studies suggesting that actin pegs are precursors to microridges that coalesce 

to form and elongate microridges (Lam et al., 2015; Pinto et al., 2019). 

We next considered if microridge morphogenesis is associated with other changes in the 

morphology or biomechanical properties of the developing epithelium. Indeed, we noticed that 

during the period of transition from pegs to microridges (~16-32 hpf) the apical area of periderm 

cells decreased (44.7% on average), but stabilized between 32 hpf and 48 hpf (Fig. 1D). 

Moreover, average microridge length in individual cells inversely correlated with apical cell area: 

smaller cells had, on average, longer microridges (Fig. S2C), suggesting that apical area may 

influence microridge length. To determine whether cell areas shrunk predominantly by apical 

constriction or cell division, we imaged actin dynamics at 30-second intervals during an early 

stage of microridge elongation (18-19 hpf). These videos demonstrated that cells underwent 

https://paperpile.com/c/nnfO1x/qBdtG+ZJxZY+Z4G5F
https://paperpile.com/c/nnfO1x/qBdtG+ZJxZY+Z4G5F
https://paperpile.com/c/nnfO1x/qBdtG+Z4G5F
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intermittent bouts of apical constriction and relaxation, but predominantly constricted, similar to 

the ratchet-like process that has been described in other instances of apical constriction (Martin 

et al., 2009; Solon et al., 2009; Blanchard et al., 2010). Microridge length closely tracked changes 

in apical cell area: microridges elongated, likely by peg accretion, as apical areas shrunk, and 

microridges shortened as apical areas increased (Fig. 1E-F). We conclude that pegs and 

microridges are in a dynamic equilibrium and that apical constriction promotes microridge 

formation. 

A model for microridge formation reproduces experimental observations 

Apical constriction significantly reduces the 2D-projected apical area of epithelial cells, as 

illustrated by our live-cell imaging (Fig. 1E-F). However, it was not clear how actin pegs and 

microridges, which determine the 3D topography of the membrane, affect the total surface area 

of the apical membrane. We therefore asked whether cells with pegs or cells with microridges 

have a larger 3D apical surface when their projected apical areas are identical. To answer this 

question, we assumed that actin pegs and microridges are of equal and uniform height and 

computationally evaluated the total 3D surface of apical regions with only microridges or only 

pegs. Surprisingly, after normalization by the 2D-projected area of the regions, we found that 

microridges induce larger membrane surfaces (Fig. 1G). Therefore, while apical constriction 

reduces the apical membrane surface, the associated transition from pegs to microridges 

increases it. 

To gain quantitative insight into these observations, we developed a simple biophysical 

model of the cellular apical domain. We hypothesized that apical morphogenesis is generated by 

the dynamics of three closely interacting subsystems with distinct biomechanical properties: the 

membrane itself, the immediately underlying branched actin structure that fills pegs and 

microridges, and the deeper actomyosin cortex (Fig. 2A). Actin filaments within the branched 

https://paperpile.com/c/nnfO1x/uXyLl+gR6g4+KsRyt
https://paperpile.com/c/nnfO1x/uXyLl+gR6g4+KsRyt
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structure are largely disordered but project into the neighboring membrane (Uehara et al., 1991; 

Pinto et al., 2019), similar to the actin structures that power lamellipodia protrusion. We thus 

assumed that their polymerization stretches the membrane and expands the membrane surface. 

Conversely, filaments in the deeper actomyosin cortex are largely aligned parallel to the basal 

surface of cells (Pinto et al., 2019). Contraction of the cortex drives apical constriction (Martin and 

Goldstein, 2014) and reduces surface tension (Fig. 2B). Excess membrane is presumably 

removed by endocytosis (Sonal et al., 2014). We thus propose that the two actin subsystems 

have opposing effects on membrane area and tension; branched actin and the contractile 

actomyosin cortex increase and decrease surface tension, respectively. Pattern formation in our 

model is driven by the autocatalytic branched polymerization of actin at the membrane-

cytoskeleton interface. To ensure formation of both pegs and microridges, we resorted to a 

prototypical activator-inhibitor model of Gierer and Meinhardt (Gierer and Meinhardt, 1972), in 

which the role of the inhibitor is played by the height h of the actin structure. This heuristic 

assumption mimics the opposition that surface tension produces to actin polymerization (Gov, 

2006; Gov and Gopinathan, 2006; Atilgan et al., 2006; Mogilner and Rubinstein, 2005). 

Conversely, surface tension is relaxed by myosin motor-driven contraction of the actomyosin 

cortex, whose dynamics are described by the well-established active gel model (Prost et al., 

2015). A detailed description of the model equations and parameters are provided in the Methods. 

In our model, spatially uniform isotropic contraction of the apical actomyosin cortex 

produced a transition from pegs to microridges, which occurred uniformly on the apical surface 

(Video 1-2, right). We noticed that even with parameters corresponding to the initially relaxed 

cortex, when the interior of the apical domain is populated only by pegs, a single closed microridge 

had formed immediately proximal to the cell boundary (Fig. 2C). Interestingly, such microridges, 

positioned next to the tight junctions between cells, have been routinely observed in experiments 

by us and others (Depasquale, 2018). Remarkably, as in the model, they typically form prior to 

https://paperpile.com/c/nnfO1x/rmIJv+Z4G5F
https://paperpile.com/c/nnfO1x/rmIJv+Z4G5F
https://paperpile.com/c/nnfO1x/Z4G5F
https://paperpile.com/c/nnfO1x/kgIB8
https://paperpile.com/c/nnfO1x/kgIB8
https://paperpile.com/c/nnfO1x/TfOUi
https://paperpile.com/c/nnfO1x/16L8H
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the formation of microridges in the interior of the apical domain. In live-cell images, they emerged 

first as discontinuous, paired structures  positioned on each side of, and strictly parallel to, the 

tight junctions (Fig. 2C, inset). As microridges developed within the apical interior, these junction-

associated structures matured into proper microridges and continuously surrounded the entire 

apical domains of cells (Fig. 1A). In the model, formation of this outer microridge is determined 

by the boundary condition that fixes vertical membrane deflection on the boundary to h = 0. Thus, 

our model predicts that formation of these circumferential microridges is determined by the 

singularity in the surface tension imposed by unyielding tight junctions. 

Model simulations showed that uniform contraction of the apical actomyosin cortex cannot 

explain centripetal emergence of microridges from the cell boundaries. We thus surmised that the 

apical actomyosin cortex could also undergo a process of maturation. Possibly, its contractility 

increases first at the tight junctions, where Rho GTPase activity that drives actin polymerization 

and myosin contraction is typically enriched (Zihni and Terry, 2015; Ratheesh et al., 2012), and 

then progresses inwards. Simulations of the model augmented with this additional hypothesis 

reproduced the experimental observations. Starting at the cell boundary, pegs coalesced into 

microridges, which eventually filled the entire apical domain (Fig. 2D-E, Video 1-2, left). 

NMII is required for apical constriction and microridge formation 

A previous study suggested that NMII is involved in lengthening microridges (Raman et 

al., 2016), but did not determine how it contributes to microridge formation, nor whether it is linked 

to apical constriction. We therefore sought direct evidence that NMII produces apical constriction 

and induces microridge morphogenesis from actin pegs. We first inhibited NMII contractility by 

treating zebrafish larvae with the specific small molecule inhibitor blebbistatin (Straight et al., 

2003) for 24 hr spanning the period of microridge development (16-40 hpf). Blebbistatin reduced 

apical constriction in a concentration-dependent manner and inhibited the coalescence of pegs 

https://paperpile.com/c/nnfO1x/MxG4M+ksLAB
https://paperpile.com/c/nnfO1x/ZJxZY
https://paperpile.com/c/nnfO1x/ZJxZY
https://paperpile.com/c/nnfO1x/xRurA
https://paperpile.com/c/nnfO1x/xRurA
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into microridges (Fig. 3A-C). Since extended exposures to blebbistatin could affect microridges 

in a variety of direct or indirect ways, we examined the effects of shorter treatments; periderm 

cells expressing the actin reporter were imaged before and after 2 hr of blebbistatin exposure. 

During this short period of exposure, blebbistatin inhibited microridge elongation and reduced 

apical constriction, compared to controls (Fig. 3E-F). In control cells, microridge length and apical 

cell area were inversely correlated (R2 = -.65), but this relationship was diminished by treatment 

with blebbistatin (R2 = -.31) (Fig. 3G).  

The branched actin nucleator Arp2/3 is required for microridge formation and maintenance 

(Lam et al., 2015). As expected, an inhibitor of Arp2/3, CK666 (Nolen et al., 2009), prevented 

coalescence of actin pegs into microridges (Fig. S4A-B), but did not prevent pegs from forming 

or reduce their dynamics (not shown). Interestingly, however, CK666 failed to reduce apical 

constriction and, in fact, appeared to promote it (Fig. S4C). This observation is consistent with 

our hypothesis that polymerization of the branched actin subsystem, for which Arp2/3 is required, 

induces membrane surface expansion and, thus, opposes apical constriction, which is driven by 

the underlying actomyosin layer. 

To directly visualize the localization and activity of NMII in periderm cells during apical 

constriction and microridge development, we created a transgenic zebrafish line that expresses 

an NMII reporter (Maître et al., 2012) specifically in periderm cells.  As expected, this reporter 

localized to cell-cell junctions and appeared to be distributed across the apical cortex. Time-lapse 

imaging revealed transient, local flashes of reporter fluorescence at the apical surface, which we 

interpreted as contractile pulses that concentrated NMII at their foci (Fig. 4A, Video 1-3). Indeed, 

one hour of exposure to blebbistatin was sufficient to significantly decrease these pulses (Fig. 

3D), confirming that they reflect contractile activity of NMII.  These apical NMII pulses temporally 

and spatially resembled pulsatile contractions that drive apical constriction in other systems 

(Fernández et al., 2007; Solon et al., 2009; Blanchard et al., 2010; David et al., 2010). Contractile 

https://paperpile.com/c/nnfO1x/qBdtG
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events concentrated towards the periphery of zebrafish periderm cells early in microridge 

development (16 hpf), progressed towards the center as development proceeded (24 hpf), and 

equalized across the apical surface after microridge formation (48 hpf) (Fig. 4B), supporting our 

hypothesis that apical constriction initiates at, and centripetally propagates from, junctions. This 

outside-in progression of cortical activity mirrors the spatial progression of microridge formation 

(Fig. 1C). Time-lapse imaging of periderm cells expressing both actin and NMII reporters 

demonstrated that contraction events pulled nearby actin pegs towards myosin foci (Fig. 4C-D, 

Video 1-3).  

Contractile activity of NMII is activated via phosphorylation of the regulatory myosin light 

chain (MLC) by multiple kinases, such as Rho GTPase effector kinase (ROCK) and myosin light 

chain kinase (MLCK) (Matsumura, 2005). To determine if these kinases regulate microridge 

morphogenesis, we inhibited ROCK or MLCK with the small molecule inhibitors Rockout or ML-

7, respectively, between 16-24 hpf. While ML-7 had no effect on microridge formation (data not 

shown), Rockout significantly decreased microridge length and increased apical cell area in a 

concentration-dependent manner (Fig. 5A-C).  Additionally, one hour of Rockout treatment 

significantly reduced NMII pulses (Fig. 5D). Rockout did not dramatically affect peg dynamics, 

indicating that contraction specifically regulates peg coalescence, not peg formation (data not 

shown). This result indirectly supports the hypothesis that contraction of the actomyosin cortex is 

driven by activity of RhoA via its effector ROCK. We conclude that, regardless of its upstream 

regulation, NMII-driven contraction of the apical actomyosin cortex is required for both apical 

constriction and formation of microridges from actin peg precursors. 

Surface tension directly controls microridge formation 

Although the activity of NMII and its activation by ROCK are required for apical constriction 

and microridge formation, it is possible that myosin affects microridge formation by a means not 

https://paperpile.com/c/nnfO1x/weVLu
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related to its biomechanical function; for example, by serving as a scaffold for signaling 

complexes. We therefore sought to directly test whether surface tension or an unrelated function 

of NMII controls microridge formation. To alter surface tension, we exposed zebrafish embryos to 

hyperosmolar media during early stages of microridge development. Placing animals in a 

hyperosmolar environment should draw water from periderm cells, causing them to “deflate”, thus 

reducing surface tension independent of myosin contraction.  Indeed, exposing zebrafish embryos 

to either high salt media or glycerol-supplemented media at a stage when cells are dominated by 

actin pegs, but before significant microridge formation typically occurs (16 hpf), caused cells to 

shrink rapidly (Fig. 6). Time-lapse imaging demonstrated that as cells shrank, actin pegs rapidly 

coalesced into microridges (Fig. 6, Video 1-4). Thus, reducing surface tension is sufficient to 

promote microridge formation, in agreement with our in silico model. 

Anisotropy of microridge formation indicates that peg coalescence is an active process 

To further our understanding of microridge formation, we sought to direct this process in 

a well-controlled experimental set-up. To achieve this goal, we leveraged the natural wound-

healing behavior of epithelial sheets. In response to ablation of individual cells, neighboring cells 

generate a powerful biomechanical response to rapidly constrict the wound (Lam et al., 2015; 

Rosenblatt et al., 2001). If two cells are ablated simultaneously, intervening cells will sometimes 

undergo near perfect uniaxial stretching along the axis connecting the two wounds (Fig. 7A-C). 

For these experiments, we chose to ablate periderm cells at an early developmental stage with 

few microridges (16 hpf), using a laser on a 2-photon microscope (Video 1-5). Cells were selected 

for analysis if they exhibited robust uniaxial stretch. These analyses showed that stretch was 

accompanied by a small reduction of the apical surface, on average 10% of the projected area 

(Fig. 7E). Remarkably, as they stretched, all cells formed new microridges, which were 

predominantly aligned along the stretch axis (Fig. 7B-D, F, Video 1-5). The highest anisotropy of 

microridge orientation was coincident with the maximal distortion of stretched cells (~10 min after 

https://paperpile.com/c/nnfO1x/qBdtG+bBPFI
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ablation). This alignment slightly decreased as the epithelium relaxed into a new steady-state 

configuration. 

Cell stretch produced by neighbor ablation temporarily induces flow of the viscoelastic 

actomyosin cortex, which is transmitted to the plasma membrane and the underlying branched F-

actin cortex via multiple protein-protein links. The observed orientation of microridges along the 

stretch axis could be potentially explained by two distinct sources, both induced by flow. First, the 

torque generated by the actomyosin flow could re-orient preexisting microridges along the 

direction of stretch. However, quantification (Fig. 7C,C’) showed that, prior to cell stretch, 

microridges were essentially nonexistent and largely formed during the stretch itself. Thus, 

reorientation of preexisting microridges contributes little, if at all, to the aligned microridges seen 

in the experiment. Alternatively, microridges could form in an oriented manner if the fusion of pegs 

occurred preferentially along the direction of stretch. To test this second hypothesis, we quantified 

the angle at which actin peg fusion occurred after laser ablation. This analysis demonstrated that, 

in all analyzed cells, peg fusion was strongly anisotropic, on average three times more frequent 

along the stretch axis than perpendicular to it (Fig. 7D), confirming that microridges indeed form 

in an oriented manner.  

The observation that pegs fuse along the stretch axis is surprising, as actin pegs 

sandwiched between the membrane and the actomyosin cortex are transported by the cortical 

flow and, thus, would be expected to collide preferentially along the direction orthogonal to the 

stretch axis (Fig. 8A). Theory predicts that peg fusion is energetically preferable (Gov, 2006; 

Derényi et al., 2002), as it reduces membrane bending energy. Hydrodynamic flow-induced 

collision of pegs should reduce the potential barrier to fusion and, therefore, promote peg fusion 

perpendicular to the direction of stretch. Indeed, in agreement with this theoretical argument, and 

contrary to experimental results, simulations of our model that emulated cell stretch produced 

preferential fusion of pegs perpendicular, rather than parallel, to the stretch axis (Fig. 8C-D). This 

https://paperpile.com/c/nnfO1x/v1xrP+Oz9v0
https://paperpile.com/c/nnfO1x/v1xrP+Oz9v0


48 
 

discrepancy suggested that our model failed to capture the full complexity of cortical 

biomechanics. Hydrodynamic flow could potentially order initially isotropic actin filaments along 

the stretch axis and, thus, induce orientation of force-generating NMII filaments (Fig. 8B). 

Counterintuitively, this passive re-orientation would increase the active stress generated by the 

actomyosin gel in the direction of stretch and reduce it in the opposite direction. Introduction of 

this hypothesis into our model produced simulation results in full agreement with the experiment 

(Fig. 8C, E-F, Video 1-6). Furthermore, the model revealed the existence of a minimal value of 

the flow-induced actomyosin anisotropy, below which peg fusion still occurs predominantly 

perpendicular to the stretch axis (Fig. 8F). Since our analysis of experimental data identified a 

significant (3:1) preference for pegs to fuse along the stretch axis, we conclude that stretch-

induced cortical flow must induce substantial orientation of F-actin fibers and NMII motors. 

 

Discussion  

NMII-based contraction is well known to alter cell surfaces in two dimensions: for example, 

polarized contractions at junctions regulate polarized cell rearrangements (Bertet et al., 2004; 

Blankenship et al., 2006), and cortical contraction shrinks surfaces during apical constriction 

(Martin and Goldstein, 2014). Here we demonstrate that contraction in zebrafish periderm cells 

not only changes 2D cell surface geometry, but also simultaneously sculpts the 3D topography of 

cells: NMII-based cortical contractions couple apical constriction to the patterning of microridges, 

which protrude from the apical surface of zebrafish periderm cells, orthogonal to the cortex. 

Computational modeling and in vivo experiments together support a model in which cortical 

contractions lower surface tension to permit the coalescence of actin pegs into microridges, and 

cortical flow influences the organization of contractile machinery, which determines microridge 

orientation. 
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Microridges form by the accretion of precursor structures (pegs), a feature that 

distinguishes them from better-studied protrusions, such as lamellipodia and dorsal ruffles, which 

emerge and expand as a single unit. Inhibiting Arp2/3, NMII, or ROCK prevented peg coalescence 

into microridges, but did not appear to affect pegs themselves. Thus, peg formation and peg 

coalescence are two separate morphogenetic steps under distinct biomechanical and 

biochemical regulation. Understanding peg formation, actin dynamics in pegs, and the regulation 

of peg density will be critical to fully understanding microridge morphogenesis. For example, 

aggregation of similar peg-like precursors to form ridge-like structures in cultured kidney cells is 

influenced by actin dynamics (Gorelik et al., 2003). A critical local peg density may be required 

for microridge formation, but our observations suggest that it is not sufficient, since peg density 

remains relatively constant in the peripheral domain of cells for several hours before microridge 

formation begins (not shown). Upon integrating into microridges, pegs may, at least in part, retain 

their integrity as substructures since we, and others (Depasquale, 2018), have noted intensely 

labeled F-actin puncta within microridges. In fact, one ultrastructural study reported that periodic 

actin bundles could be discerned within microridges by electron microscopy (Bereiter-Hahn et al., 

1979), though a more recent study using high resolution techniques did not identify these 

substructures (Pinto et al., 2019). Whether pegs contain bundled parallel actin filaments, like 

microvilli, or only branched filaments, like podosomes, is thus unclear. Identifying the bundling 

proteins, nucleators, and motors that localize to pegs may resolve whether they resemble 

microvilli or podosomes, or are unique structures with a distinct actin organization and protein 

composition.  

The cortical contractions we observed in periderm cells resemble contractions driving well-

characterized behaviors in other, better studied systems, like C. elegans and Drosophila 

gastrulation (Roh-Johnson et al., 2012; Martin et al., 2009). In those other systems, contraction 

is driven by Rho family GTPase signaling networks (Mason et al., 2013; Munjal et al., 2015; 
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https://paperpile.com/c/nnfO1x/jwz68
https://paperpile.com/c/nnfO1x/jwz68
https://paperpile.com/c/nnfO1x/Z4G5F
https://paperpile.com/c/nnfO1x/05gKX+uXyLl
https://paperpile.com/c/nnfO1x/1rR2R+U9HL8+5v7Ge
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Marston et al., 2016). It is thus likely that contraction of zebrafish periderm cells during microridge 

formation also depends on Rho family GTPases. Indeed, we found that the RhoA effector ROCK 

is required for apical contraction and microridge development in periderm cells, and previous work 

showed that RhoA inhibition can alter microridge patterning (Lam et al., 2015). Our observation 

that contractions initially predominate near cell borders may result from the association of RhoA 

regulators with cell-cell junctions (Ratheesh et al., 2012; Zihni and Terry, 2015), and could 

contribute to the centripetal progression of microridge formation. Defining the contribution of cell-

cell junctions and Rho signaling networks could help explain how cortical contractions are tuned 

to create biomechanical conditions conducive to apical constriction and microridge 

morphogenesis. 

Our theoretical model predicted that reducing surface tension is sufficient to promote peg 

coalescence into microridges. This prediction was supported by experiments showing that 

microridges rapidly formed as cells shrank in hyperosmolar media. Conversely, cell swelling 

would be predicted to prevent microridge formation or cause microridge disassembly. 

Unfortunately, fish larvae and periderm cells appeared to be unaffected by treatment with hypo-

osmolar media (not shown), potentially due to homeostatic regulatory mechanisms. Nonetheless, 

a previous study showed that in zebrafish with Myosin Vb mutations, cells swell due to defects in 

vesicular trafficking and lose microridges (Sonal et al., 2014), consistent with the idea that 

increasing surface tension opposes microridge formation.   

Contractile patterns are shaped by the flow of contractile machinery and NMII regulators 

within the plane of the cortex (Munjal et al., 2015; Rauzi et al., 2010; Bray and White, 1988). Our 

experiments and biomechanical modeling demonstrated that when cortical flow is anisotropically 

oriented by cell stretching, pegs coalesce into microridges in an oriented manner, aligning nascent 

microridges along the stretch axis. This phenomenon could explain microridge orientation during 

naturally anisotropic cell behaviors, like cytokinesis. Just before cytokinesis, cells expand and 

https://paperpile.com/c/nnfO1x/1rR2R+U9HL8+5v7Ge
https://paperpile.com/c/nnfO1x/qBdtG
https://paperpile.com/c/nnfO1x/ksLAB+MxG4M
https://paperpile.com/c/nnfO1x/TfOUi
https://paperpile.com/c/nnfO1x/U9HL8+6BUNc+TkxPE
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microridges dissolve back into pegs; during cytokinesis, cells contract dramatically and 

microridges rapidly re-form (Lam et al., 2015). These new microridges are initially oriented 

predominantly perpendicular to the cytokinetic furrow, consistent with the observation that, during 

cytokinesis, ingression drives polarized cortical flow towards the furrow (Khaliullin et al., 2018; 

Cao and Wang, 1990; DeBiasio et al., 1996).  

Microridges (and closely related structures called microplicae) are found on a variety of 

mucosal tissues in many vertebrate animals, suggesting that they play a common role in mucus 

retention (Depasquale, 2018). Nonetheless, their morphologies vary significantly in length, 

spacing, and branching, perhaps reflecting optimized morphologies for their function in different 

tissue contexts. Intriguingly, microridge morphology even varies in different parts of the zebrafish 

skin that are likely under distinct mechanical strains; for example, microridges are shorter and 

more branched in cells covering pectoral fins, and are reduced in periderm cells that stretch over 

bulges in the skin, such as those created by neuromast mechanosensory organs (not shown). 

This variation in microridge patterns provides an opportunity to further explore how actin 

regulators, contraction, and membrane biomechanics contribute to sculpting complex 3D 

membrane topographies. 

 

Materials and Methods 

Zebrafish    

Zebrafish (Danio rerio) were raised at 28.5°C on a 14h/10h light/dark cycle. Embryos were 

raised at 28.5°C in embryo water composed of 0.3 g/L Instant Ocean Salt (Spectrum Brands, Inc.) 

and 0.1% methylene blue. Previously characterized zebrafish lines in this paper include AB wild-

type fish (ZFIN: ZDB-GENO-960809-7), Tg(krt5:Gal4) (Rasmussen et al., 2015), Tg(UAS:Lifeact-

GFP) (Helker et al., 2013). All experimental procedures were approved by the Chancellor’s Animal 

Research Care Committee at UCLA. 

https://paperpile.com/c/nnfO1x/qBdtG
https://paperpile.com/c/nnfO1x/hZG9R+Rpgzj+8r4WS
https://paperpile.com/c/nnfO1x/hZG9R+Rpgzj+8r4WS
https://paperpile.com/c/nnfO1x/l7cY2
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Plasmids and Transgenes 

Plasmids were constructed using the Gateway-based Tol2kit (Kwan et al., 2007). The 

following plasmids have been described previously: p5E-krt5 (Rasmussen et al., 2015), pME-

myl12.1 (Maître et al., 2012), p3E-polyA, p3E-EGFPpA, and pDestTol2pA2 (Kwan et al., 2007).   

To construct pME-lifeact-GFP, the following primers were used: (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGGTGTCGCAGATTTG-3’, 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTATTACTTGTACAGCTCGTC-3’; actb1:lifeact-

GFP; (Behrndt et al., 2012));  

To construct pME-lifeact-Ruby, the following primers were used: (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGGTGTCGCAGATTTG-3’, 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTATTAAGCGCCTGTGCTATG-3’; actb1:lifeact-

RFP; (Behrndt et al., 2012)). 

krt5:lifeact-GFP, krt5:lifeact-Ruby, and krt5:myl12.1-GFP  plasmids were created by 

combining the appropriate Gateway entry vectors with the  pDestTol2pA2 destination vector in an 

LR reaction.  To generate zebrafish lines with each of these transgenes, wild type zebrafish 

embryos were injected at the one cell stage with the appropriate plasmid (50 pg/embryo) and Tol2 

mRNA (50 pg/embryo). 

Live imaging of zebrafish embryos 

Live zebrafish embryos were anaesthetized with 0.2mg/mL MS-222 (Western Chemical) 

in system water prior to mounting. Embryos were embedded in 1.2% agarose on a cover slip and 

sealed within a microscope chamber, as previously described (O’Brien et al., 2009). For 

convenient mounting, images were taken on the top of the head through 32 hpf and images taken 
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after 32 hpf were captured on the side of the trunk, avoiding the yolk extension. Chambers were 

filled with 0.2mg/mL MS-222 solution and sealed with vacuum grease.   

Hyperosmolar Media Treatment 

After mounting zebrafish embryos on coverslips in 1.2% agarose, slide chambers were 

filled with solutions of either 0.15 g/mL Instant Ocean salt mix in DI water, or 12.5% glycerol in 

Ringer’s Solution, with 0.2 mg/mL MS-222.  Time-lapse imaging was started immediately after 

filling the slide chamber with hyperosmolar media. 

Drug Treatments 

All drugs were dissolved in DMSO. Treatment solutions were created by adding the 

appropriate volume of Blebbistatin (Cayman Chemical), Rockout (Santa Cruz Biotechnology), 

ML-7 (Tocris Bioscience), or an equivalent volume of DMSO (≤1%) to Ringer’s Solution with 0.2 

mg/mL MS-222.  Zebrafish larvae were immersed in treatment solutions for the specified periods 

of time, then mounted in agarose and imaged while bathed in the same solution. For treatment 

periods longer than two hours, larvae were initially exposed to treatment solutions prepared 

without MS-222, then transferred to a treatment solution containing MS-222 at least 30 minutes 

prior to mounting and imaging. 

Microscopy 

Live fluorescent images and videos of microridge development, drug experiments, and 

hyperosmolar media experiments were performed on a Zeiss LSM510 or LSM800 confocal 

microscope. Images were acquired with Zeiss Zen software using an EC Plan-Neofluar 40x/1.30 

Oil DIC M27 objective with 2-3x digital zoom. During imaging, zebrafish slide chambers were 

mounted on a heated stage set to 28°C.  The X-Y position and Z-stack were occasionally adjusted 

during time-lapse imaging to keep the cells of interest in frame. 
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To ablate cells, we adapted a previously described method (O’Brien et al., 2009). Videos 

of cell stretching by periderm cell ablation were acquired using Zeiss Zen Software on a Zeiss 

LSM 880 microscope equipped with an EC Plan-Neofluar 40x/1.30 Oil DIC M27 objective and a 

Coherent Chameleon Ultra II 2-photon laser set to 813nm.  A 488 laser was used to find and focus 

on the cell surface at 250x digital zoom, and the cell was then exposed to 2-photon laser 

illumination for 3-4 seconds at 5-6% laser power using “Live” scanning. 

Image Analysis and Statistics 

Statistical analyses and data presentation were conducted in RStudio (RStudio, Inc.). All 

distributions were statistically tested for normality using Shapiro-Wilks test for normality, and 

visually tested for normality using Q-Q Plots. All statistical comparisons contained one or more 

non-normal distributions, so non-parametric tests were chosen to analyze all data. p values 

generated by Dunn’s tests were adjusted using the Benjamini-Hochberg method. 

Image analysis was performed with FIJI (Schindelin et al., 2012). For display purposes, 

confocal z-stack images were projected (maximum intensity projection) and brightness and 

contrast were enhanced.   

To analyze microridge length and other cell parameters, we developed an ImageJ script 

to automatically process cells in each image (Fig. S1). Cell outlines were traced by hand with the 

polygon selection tool to measure apical cell area. Brightness and contrast were automatically 

enhanced and the area around the cell was cleared. Images were then blurred using the 

Smoothen function three times, and passed through a Laplacian morphological filter from the 

MorphoLibJ plugin (Legland et al., 2016), using the square element and a radius of 1. Filtered 

images were automatically thresholded using the Triangle method and skeletonized. The Analyze 

Skeleton (2D/3D) feature was then used to measure microridge length.  
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To calculate surface excess for pegs and microridges (Fig. 1G), we cropped 10×10 µm 

samples showing regions occupied by pegs or microridges in several cell images and estimated 

the surface area of those samples with the following algorithm. We assumed that the height of 

the surface is proportional to the signal, and that both pegs and microridges have the same 

maximal height of ℎ = 400 nm. We normalized the samples, so that the 10th percentile became 

0 and the 90th percentile 1, then used the following formula: 𝐴𝑠𝑢𝑟𝑓 = ∬ √1 + ℎ2(∇𝐼)2𝑑𝐴 =

∑ 𝑠2√1 + (ℎ/𝑠)2(𝐼𝑥
2 + 𝐼𝑦

2) where ∇𝐼 is the gradient of the image, 𝐼𝑥 and 𝐼𝑦 are normalized Sobel 

filters along x and y directions), 𝑠 is the absolute pixel size and summation is taken over all pixels 

of the image. Surface excess of each sample was calculated 𝜖 = 𝐴𝑠𝑢𝑟𝑓/𝐴𝑝𝑟𝑜𝑗 − 1, where 𝐴𝑝𝑟𝑜𝑗 is 

the area of the projected surface (width × length of the image). 

To quantify NMII contraction, time-lapse z-stack images were projected and smoothened. 

Cell outlines were traced by hand and cells were cropped from each time-lapse frame. Brightness 

and contrast of each time-lapse frame was automatically adjusted, then images were 

automatically thresholded using the Triangle method. Thresholded pulses were measured using 

the ImageJ Analyze Particles function, excluding particles with < 4 pixels. 

To construct the optic flow diagram (Fig. 4D’), we used the FlowJ plugin in Fiji (Lucas & 

Kanade algorithm). 

 

To study the angular distribution of surface structure coalescence (Fig. 7D), we analyzed 

videos from ablation experiments. We isolated distinct peg coalescence events and determined 

their direction (the line connecting pegs on a frame just before fusion). 

To calculate the direction and amount of elongation (Fig. 7F) we calculated the moment 

matrices M of cell shapes approximated with polygons (shifted to the polygons’ centroids). We 
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then calculated non-rotational affine transformations that better transform the moment matrix at 

frame n to the moment matrix at frame n+1. The median direction of these transformations was 

defined as the direction of elongation. A ratio of the axes was defined as the elongation factor. 

To calculate angular histograms for peg coalescence in the model (Fig. 8D,E), we created 

an automated version of the algorithm, which was used in the preparation of Figure 7D. This 

algorithm was applied to multiple (n = 100) simulations with random initial conditions, and the 

results plotted in the averaged histograms in Figures 8D,E. 

To study how the angular distribution of peg coalescence in the model changes with the 

anisotropy parameter 𝜖 (Fig. 8F), we decreased the number of bins in the previous analysis to 2. 

All peg coalescence events with angles from −45° to 45° were considered to be parallel to the 

axis of stretch, whereas those with angles from 45° to 135° were considered perpendicular to it. 

We then calculated the polarization parameter 𝑝 = 𝑛∥−𝑛⊥
𝑛∥+𝑛⊥

 , using the number of coalescence events 

in both bins. As defined, the value 𝑝 = −1 corresponds to all pegs merging perpendicular to the 

stretch axis, whereas 𝑝 = 1 corresponds to all coalescence events parallel to it. 

Modeling 

We built a model as a system of partial differential equations and solved it with a finite 

element method. Calculations were performed with COMSOL Multiphysics (COMSOL, Inc); 

postprocessing was done with custom Python code.  

A two layer model 

We subdivided the apical surface of the cell into two interacting subsystems. The first layer 

represents a composite of the lipid membrane and the branched actin cytoskeleton, which fills 

pegs and microridges. The second layer represents the actomyosin cortex. The vertical 

component of interaction between the two layers results from the actin polymerization force of the 
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top layer and is opposed by the oppositely directed force of the bottom layer (Gov, 2006). For 

simplicity, we assumed that the interface between the two layers is flat and neglected its 

deformation, following an estimate based on the characteristic values of cortical tension (Balaban 

et al., 2001; Bischofs et al., 2009; Fischer-Friedrich et al., 2014) and the protrusive force of 

polymerizing actin (Lan and Papoian, 2008; Mogilner and Oster, 2003). This assumption is also 

consistent with the published ultrastructural analyses of the cytoskeleton in fish epidermal cells 

(Bereiter-Hahn et al., 1979; Pinto et al., 2019; Uehara et al., 1991).  

The two layers are mechanically coupled. Due to the presence of extensive cytoskeletal 

linkers connecting actomyosin to the transmembrane proteins embedded in the lipid bilayer, we 

introduced a no slip boundary condition. Thus, the two layers are coupled by the common strain 

field. This coupling has two important consequences. First, velocity fields in the actomyosin layer 

induced by the forces directly translate onto the top layer. Second, these velocity fields produce 

advection of the patterned structures positioned there, such as pegs or microridges.  

The cortex layer 

To describe the actomyosin layer we used the active gel approach (Marchetti et al., 2013; 

Prost et al., 2015). Since we are interested in the behavior on a very long timescale (minutes and 

hours), we neglected inertia and shear elasticity and reduced the mechanics of the layer to a 2-

dimensional compressible isotropic fluid with high viscosity and active stress. Following the active 

gel model (Prost et al., 2015), we formulated a standard force balance equation: 

𝜕

𝜕𝑥𝛽
(𝜎𝛼𝛽

a + 𝜎𝛼𝛽
h + Π𝛿𝛼𝛽) = 0. 

In the force balance equation, the indices α, β, and γ belonging to {1,2} refer to the spatial 

coordinates x,y (x1,x2) in the plane of the layer, 𝜎𝛼𝛽
a  is the active stress, 𝜎𝛼𝛽

h  is the hydrodynamic 

(viscous) stress, and, finally, Π is the pressure. In all formulae, repeating indices imply the Einstein 
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summation convention and αβ is the Kronecker delta. Hydrodynamic stress for a 2D fluid was 

defined as: 𝜎𝛼𝛽
h = 𝜇1𝑈𝛾𝛾

𝛿𝛼𝛽

2
+ 𝜇2 (𝑈𝛼𝛽 − 𝑈𝛾𝛾

𝛿𝛼𝛽

2
), where 𝑈𝛼𝛽 =

𝜕𝑢𝛼

𝜕𝑥𝛽
+

𝜕𝑢𝛽

𝜕𝑥𝛼
 is a symmetric strain 

rate tensor, uα is the velocity of the layer, and u1 and u2 are the bulk and shear viscosities. 

Although in vivo the actomyosin cortex is constantly assembled and disassembled (Clark 

et al., 2013), for the sake of simplicity, we assumed in our model that the total mass of actomyosin 

is constant. In line with this assumption, we adopted a logarithmic continuation of Hooke’s law as 

the constitutive relation describing the mechanical properties of actomyosin: Π = Π0log𝜌. 

Here we defined the dimensionless density ρ = 𝑉0/𝑉1 where 𝑉0 and 𝑉1 are infinitesimal 

volumes within the layer before and after deformation, and Π0 is the effective stiffness of 

actomyosin. As defined, 𝜌 follows the conservation law: 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝛼)

𝜕𝑥𝛼
= 0. 

The top composite layer 

We described the state of the top composite layer with a heuristic activator-inhibitor model 

of the Gierer-Meinhardt type (Gierer and Meinhardt, 1972), consisting of two spatially distributed 

variables: the autocatalytic activator of actin polymerization 𝑐(𝑥, 𝑦), and the height of the 

membrane ℎ(𝑥, 𝑦) measured relative to an initial plane. The latter variable plays the role of the 

inhibitor and is presented in the Monge parametrization that is commonly used to describe 

membrane geometry under the assumption |∇ℎ| ≪ 1 (Kabaso et al., 2011; Gov, 2006). 

The dynamics of the activator c was represented by the following equation that directly 

follows the Gierer-Meinhardt form: 
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Parameters 𝐷𝑐 , 𝑘𝑜𝑛, 𝑘𝑜𝑓𝑓, 𝑘ℎ, 𝑐0 and ℎ0 are constants whose values are given in Table 1. The last 

term corresponds to the process of positive feedback with a rate that saturates as the 

concentration 𝑐 increases, and diminishes when ℎ increases: 𝐻(𝑐) =
(𝑐/𝑐0)2

1+(𝑐/𝑐0)2 ; 𝐾(ℎ) =
1

1+ℎ/ℎ0
. 

Following Gierer and Meinhardt (Gierer and Meinhardt, 1972), we chose the second power in the 

Hill-like term 𝐻(𝑐) as the smallest integer power allowing the system to be unstable and form 

spatial patterns. 

We described mechanical properties of the layer with the Helfrich Hamiltonian (Helfrich, 

1973): 𝐸 = ∫{Ωℎ2 + 𝑆[∇ℎ]2} 𝑑𝑥𝑑𝑦, where 𝑆 is the effective layer tension coefficient. We added a 

spring-like “cytoskeletal confinement” term Ωℎ2 to prevent unlimited spatially-homogeneous 

autocatalytic actin polymerization (Gov et al., 2003; Ben Isaac et al., 2013; Daniels et al., 2006; 

Gov, 2006), and neglected the curvature-dependent energy terms. Minimizing energy 𝐸, we 

obtained:  

 

The actin polymerization force is postulated to depend quadratically on the concentration of 

activator c with the preferred concentration 𝑐1 and 𝛾 is the local Oseen parameter.  The functional 

derivative has the form: 

 

In the force equilibrium, the actin polymerization force is balanced by the restoring force and 

surface tension. 



60 
 

We posited that tension of the top composite layer depends on its bulk strain 𝑆 (
𝑉1−𝑉0

𝑉0
), 

where 𝑉0 and 𝑉1 are the infinitesimal volumes before and after deformation. This constitutive 

relation can be written as 𝑆(𝜌𝑡), where 𝜌𝑡 is the non-dimensional density of the top layer defined 

as 𝜌𝑡 = 𝑉0/𝑉1. Thus, introduced non-dimensional 𝜌𝑡 is a variable representing the bulk strain and 

does not describe molecules, such as myosin. Following from the earlier introduced tight 

mechanical coupling between the layers by strain, we conclude that 𝜌𝑡 = 𝜌. In other words, when 

the actomyosin layer contracts, the produced negative strain reduces the tension of the top layer. 

Making the simplest possible assumption about the response of this composite layer to strain, we 

adopted a linear relation in the form: 𝑆 = 𝑆0 − 𝑆1(𝜌 − 1). 

Apical constriction 

To model pattern formation during apical surface constriction, we applied time and space 

dependent active stress to a hexagonal cell with the side length 𝐿. We generated the initial pattern 

by simulating the equations for the lipid membrane layer with a zero-velocity field and zero 

pressure in the cortex layer.  

We first used a spatially uniform active stress function: 𝜎𝛼𝛽
𝑎 (𝑡, 𝑥, 𝑦) = 𝛿𝛼𝛽𝜎0

𝑎𝑔(𝑡) where 𝜎0
𝑎 

is the magnitude of active stress, and 𝑔(𝑡) is a function representing temporal evolution: 𝑔(𝑡) =

1−𝑒𝑥𝑝(−𝑡/𝑡𝐴𝑆)

1−𝑒𝑥𝑝(−𝑡1/𝑡𝐴𝑆)
, where 𝑡𝐴𝑆 is a parameter given in Table 1, 𝑡1 is the total simulation time.  To model 

the hypothesis that apical constriction initiates at the cell periphery, we introduced a radially 

symmetric wave-like active stress function in the form: 𝜎𝛼𝛽
𝑎 (𝑡, 𝑥, 𝑦) = 𝛿𝛼𝛽𝜎0

𝑎𝑠𝑡𝑒𝑝 {
√𝑥2+𝑦2−𝐿/2

𝑙1
+

𝐿

𝑣1𝑡1
[𝑔(𝑡) −

1

2
]} where 𝜎0

𝑎 is the magnitude of active stress, 𝑙1 is the transition half-length, 𝑣1 is a 

typical wave propagation speed and 𝑠𝑡𝑒𝑝(𝑧) is a continuous step function: 𝑠𝑡𝑒𝑝(𝑧) =

(
3

16
𝑧5 −

5

8
𝑧3 +

15

16
𝑧 +

1

2
) 𝜃(1 − 𝑧2) + 𝜃(𝑧 − 1), where 𝜃(𝑧) is the Heaviside step function. 
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Anisotropic elongation 

We speculate that during rapid uniaxial stretch of the cell, actomyosin filaments reorient 

in the direction of elongation (Fig. 8B) and thus introduce tensile anisotropy that propagates to 

the top layer. The surface tension term becomes: 𝑓𝑎𝑛𝑖𝑠𝑜 = 𝑆
𝜕

𝜕𝑥𝛼
(𝐴𝛼𝛽

𝜕ℎ

𝜕𝑥𝛽
), where 𝐴𝛼𝛽 represents 

tensile anisotropic tensor, which we chose as: 𝐴𝛼𝛽 = 𝛿𝛼𝛽 − 𝜀 {1 − 𝑒𝑥𝑝 [−
�̂�

�̂�0
]}

𝑈𝛼𝛽
∗

�̂�0
. Here 𝑈𝛼𝛽

∗ =

𝑈𝛼𝛽 −
𝛿𝛼𝛽

2
𝑈𝛾𝛾 is the traceless component of the strain rate 𝑈𝛼𝛽, �̂� = √

1

2
𝑈𝛼𝛽𝑈𝛼𝛽 is the positive 

eigenvalue of traceless matrix 𝑈𝛼𝛽 , 𝜀  is the maximal relative increment and �̂�0 is a typical strain-

rate stress at which actomyosin filaments become partially ordered and surface tension becomes 

sensitive to anisotropic flow. The idea behind this dependency is as follows: without shear flow 

(�̂�0 = 0), the tension tensor is isotropic. With very large shear flow (�̂�0 → ∞), tension in the 

direction of elongation becomes smaller by factor 1 − 𝜀 and tension in the orthogonal direction 

becomes greater by factor 1 + 𝜀. The transition occurs at a typical strain rate of �̂�0. 

To simulate the elongation itself, we used a time-dependent affine transformation applied 

to the square border of the cell to simulate the experimental data (Fig. 7E,F). The duration of 

simulation was 𝑡2 = 15 min. We varied parameter 𝜀 from 0 (isotropic case, Video 1-6, left panel) 

to 0.4. An anisotropic case with 𝜀 = 0.25 is shown in Video 1-6 on the right. 
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Figure 1. Microridge length changes in tandem with apical cell area. (A) Representative 

projections of Lifeact-GFP in periderm cells on zebrafish larvae at the indicated stages of 

zebrafish development. (B) Box and violin plot of microridge length at the indicated stages of 

zebrafish development. Data displayed are a weighted distribution of microridge length, in which 

frequency is proportional to microridge length, approximating occupied area. For a non-weighted 

presentation of the same data, see Fig. S1 K. *, P < 0.05; ***, P < 0.001; Kruskal–Wallis test 

followed by Dunn’s test (n = 15,582 structures in 23 cells from 10 fish at 16 hpf; n = 5,096 

structures in 40 cells from nine fish at 24 hpf; n = 4,572 structures in 40 cells from nine fish at 32 
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hpf; n = 1,309 structures in 19 cells from six fish at 48 hpf). (C) Top left: Representation of cell 

“periphery” (dark blue) and “center” (light blue) zones, representing 75% and 25% of apical cell 

area, respectively. Other panels: Line graphs comparing the average microridge length in the cell 

periphery versus the cell center over time. (D) Dot and box plot of periderm cell apical area at the 

indicated stages of zebrafish development. *, P < 0.05; ***, P < 0.001; Kruskal–Wallis test followed 

by Dunn’s test (n = 23 cells from 10 fish at 16 hpf; n = 40 cells from nine fish at 24 hpf; n = 40 

cells from nine fish at 32 hpf; n = 19 cells from six fish at 48 hpf). (E) Sequential projections from 

a time-lapse video of Lifeact-GFP in a single periderm cell during apical constriction. Red outline 

shows position of cell border at 0 min. (F) Line plots of apical area and average microridge length 

in single periderm cells over time. Top right panel corresponds to cell shown in E. (G) Dot and 

box plot of surface excess (relative difference between total surface area and projected surface 

area as seen in microscope) in regions of the apical cell membrane composed of only microridges 

or only pegs (n = 13 regions with pegs, n = 21 regions with microridges). Further details of this 

analysis are provided in Materials and methods. Scale bars, 10 µm (A and E). Avg., average. For 

box plots, middle box line is the median, and lower and upper ends of boxes are 25th and 75th 

percentiles, respectively. 
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Figure 2. In silico simulation of apical constriction mimics microridge development in 

vivo. (A) Diagram of a periderm cell in homeostatic conditions with actin-filled microridges 

projecting from the apical surface. The underlying apical cortex is rich in actin (red filaments) and 

NMII (green bipolar mini-filaments) and attached to the cell membrane. (B) Diagram of a periderm 

cell undergoing apical constriction. NMII contraction in the apical cortex relieves tension in the 

attached cell membrane, allowing actin to protrude. (C) Cells from in silico simulations developed 

a long microridge at the cell border before microridge formation elsewhere on the apical 

membrane. Arrows in the inset image point to a similar structure in periderm cells expressing 

Lifeact-GFP before microridge development. (D) In silico simulation of apical constriction in our 

biomechanical model recapitulates the centripetal progression of microridge development 

observed in vivo. (E) Average change in apical area and average microridge length in 20 

simulations. Scale bar, 10 µm (C).  
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Figure 3. NMII contraction is required for apical constriction and microridge 

development. (A) Representative projections of Lifeact-GFP in periderm cells on 40 hpf 

zebrafish larvae after 24-h treatment with either 1% DMSO or indicated concentration of 
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blebbistatin (Bleb). (B) Box and violin plot of microridge length in 40 hpf zebrafish embryos after 

24-h treatment with either 1% DMSO or indicated concentration of blebbistatin. Data are 

presented as a weighted distribution of microridge length, in which frequency is proportional to 

length, approximating occupied area. ***, P < 0.001; Kruskal–Wallis test followed by Dunn’s test 

(n = 6,772 structures in 53 cells from 10 fish for 1% DMSO, n = 9,587 structures in 46 cells from 

11 fish for 5 µM blebbistatin; n = 8,623 structures in 29 cells from 13 fish for 50 µM 

blebbistatin). (C) Dot and box plot of periderm cell apical area in 40 hpf zebrafish embryos after 

24-h treatment with either 1% DMSO or indicated concentration of blebbistatin. *, P < 0.05; ***, P 

< 0.001; Kruskal–Wallis test followed by Dunn’s test (n = 53 cells from 10 fish for 1% DMSO, n = 

46 cells from 11 fish for 5 µM blebbistatin, n = 29 cells from 13 fish for 50 µM blebbistatin). (D) Dot 

and box plot of frame average NMII reporter contraction area summed over a 10-min period (30-

s intervals), after 1-h treatment with either 1% DMSO or 50 µM blebbistatin. *, P < 0.05; Wilcoxon 

rank-sum test (n = 10,416 contractions in 29 cells from 18 fish for 1% DMSO, n = 2,259 

contractions in 16 cells from nine fish for 50 µM blebbistatin). (E) Line plots of average microridge 

length in individual periderm cells before (18 hpf) and after (20 hpf) 2-h treatment with either 1% 

DMSO or 50 µM blebbistatin. Above, average change in average microridge length and P values 

(Wilcoxon signed-rank test; n = 17,039 structures in 64 cells from 10 fish for 1% DMSO, n = 

20,873 structures in 92 cells from 11 fish for 50 µM blebbistatin). (F) Line plots of periderm cell 

apical area in individual cells before (18 hpf) and after (20 hpf) 2-h treatment with either 1% DMSO 

or 50 µM blebbistatin. Above, average change in periderm cell apical area and P values (Wilcoxon 

signed-rank test; n = 64 cells from 10 fish for 1% DMSO, n = 92 cells from 11 fish for 50 µM 

blebbistatin). (G) Scatter plot of change in average microridge length versus change in periderm 

cell apical area after 2-h treatment with 1% DMSO or 50 µM blebbistatin. R2 determined using 

Pearson’s correlation coefficient (n = 17,039 structures in 64 cells from 10 fish for 1% DMSO, n = 

20,873 structures in 92 cells from 11 fish for 50 µM blebbistatin). Scale bar, 10 µm (A). For box 
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plots, middle box line is the median, and lower and upper ends of boxes are 25th and 75th 

percentiles, respectively.  
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Figure 4. Apical NMII contractions pinch the cell membrane. (A) Sequential projections from 

time-lapse videos of Myl12.1-EGFP in periderm cells at indicated stages of zebrafish 

development. Arrowheads: dynamic concentrations of NMII reporter fluorescence at the apical 

membrane. (B) Dot and box plot of frame average NMII reporter contraction area summed over 

a 10-min period (30-s intervals) at specified time points during zebrafish development. 

Contractions were categorized based on whether the majority of contraction area was within the 

inner 25% of the cell surface (Center) or in the remaining outer 75% (Periphery). **, P < 0.01; 

Wilcoxon signed-rank test (n = 11,794 contractions in 19 cells from 13 fish at 16 hpf; n = 18,776 

contractions in 25 cells from 13 fish at 24 hpf; n = 6,303 contractions in 19 cells from seven fish 

at 48 hpf). (C) Sequential projections from a time-lapse video of Lifeact-Ruby and Myl12.1-EGFP 

during an apical NMII pulse in a 16 hpf periderm cell. (D and D’) Superimposition of sequential 

frames from a time-lapse video (D) and particle image velocimetry (D’) show the centripetal 

trajectory of actin structures toward the focus of contraction. Scale bars, 10 µm (A) and 2 µm (C). 
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For box plots, middle box line is the median, and lower and upper ends of boxes are 25th and 

75th percentiles, respectively.  
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Figure 5. ROCK activity is required for microridge development. (A) Representative 

projections of Lifeact-GFP in periderm cells on 24 hpf zebrafish larvae after 8-h treatment with 

either 0.2% DMSO or indicated concentration of Rockout (RO). (B) Box and violin plot of 

microridge length in 24 hpf zebrafish embryos after 8-h treatment with either 0.2% DMSO or 

indicated concentration of Rockout. Data displayed are a weighted distribution of microridge 

length, where frequency is proportional to microridge length, approximating occupied area. ***, P 

< 0.001; Kruskal–Wallis test followed by Dunn’s test (n = 10,385 structures in 49 cells from 15 

fish for 0.2% DMSO, n = 8,353 structures in 34 cells from 11 fish for 10 µM Rockout, n = 7,501 

structures in 28 cells from 10 fish for 200 µM Rockout). (C) Dot and box plot of periderm cell apical 

area in 24 hpf zebrafish embryos after 8-h treatment with either 0.2% DMSO or indicated 

concentration of Rockout. P = 0.063; Kruskal–Wallis test (n = 49 cells from 15 fish for 0.2% 
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DMSO, n = 34 cells from 11 fish for 10 µM Rockout, n = 28 cells from 10 fish for 200 µM 

Rockout). (D) Dot and box plot of frame average NMII reporter contraction area summed over a 

10-min period (30-s intervals), after 1-h treatment with either 0.2% DMSO or 200 µM Rockout. *, 

P < 0.05; Wilcoxon rank-sum test (n = 9,048 contractions in 15 cells from 10 fish for 0.2% 

DMSO, n = 3,495 contractions in 16 cells from 10 fish for 200 µM Rockout). Scale bar, 10 µm (A). 

For box plots, middle box line is the median; lower and upper ends of boxes are 25th and 75th 

percentiles, respectively.  
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Figure 6. Membrane surface energy regulates microridge formation. (A) Sequential 

projections from a time-lapse video of Lifeact-GFP in periderm cells after exposure to water with 

500× Instant Ocean salt. Red outline shows position of cell border at 26 min. (B) Line plot of apical 

area and average microridge length in the periderm cell shown in A after exposure to water with 

500× Instant Ocean salt. (C and C’) Diagram of cell in A at the indicated time points with 
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microridges longer than 2 µm traced in blue. (D) Sequential projections from a time-lapse video 

of Lifeact-GFP in periderm cells after exposure to 12.5% glycerol. Red outline shows position of 

cell border at 14 min. (E) Line plot of apical area and average microridge length in the cell shown 

in D after exposure to 12.5% glycerol. (F and F’) Diagram of cell in E at the indicated time points 

with microridges longer than 2 µm traced in blue. Scale bars, 10 µm (A and D).  
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Figure 7. Cell stretching promotes formation of microridges along the elongation 

axis. (A) Projection of Lifeact-GFP in periderm cells on a 16 hpf zebrafish embryo before laser 

cell ablation. Eye: observed cell. Target: cell to be ablated. (B) Still images from a time-lapse 

sequence of the cell in A elongating over 10 min. (C and C′) Outline of the elongating cell in B, 

shown at the initial time-point (C), and 10 min after ablation (C’). Microridges longer than 2 µm 

are highlighted in blue. (D) Averaged histogram of directions of peg coalescence events 

(normalized to maximal bin, direction of elongation at 0°). (E) Projected area for five cells used in 

this analysis. Areas were normalized to the initial value. (F) Elongation factor (ratio of longest axis 
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to shortest axis for the transformation of the cell) for five analyzed cells. Scale bars, 10 µm (A and 

B).  
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Figure 8. Flow-induced actomyosin anisotropy directs peg fusion along the cell stretch 

axis. (A) Approximated cortex flow during uniaxial stretch. Flow can be locally represented as 

elongation along one axis and compression along an orthogonal axis. (B) Scheme of rapid stretch 

that leads to partial alignment of actin and myosin filaments. (C) Modeling of cell stretching with 

isotropic (i) and anisotropic (ii) tensile stress. (D and E) Corresponding histograms of distributions 
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of structure fusions (averaged over 100 simulations with different initial conditions). If tension does 

not depend on the anisotropic flow, the fusions occur mostly in the direction perpendicular to the 

elongation (D). In the case of anisotropic tensile stress, the fusions occur in the direction of 

elongation (E). (F) Polarization of coalescence histogram for different values of the anisotropy 

parameter. Polarization value −1 corresponds to coalescence in the perpendicular direction and 

value 1 corresponds to coalescence in the direction parallel to elongation. For box plots, middle 

box line is the median, and lower and upper ends of boxes are 25th and 75th percentiles, 

respectively.  
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Figure S1. Image analysis method for microridge detection. Stepwise illustration of image 

analysis pipeline, as described in Materials and methods.  
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Figure S2. Additional analyses of microridge development. (A) Box and violin plot of 

microridge length in periderm cells at the indicated stages of zebrafish development. For a 

weighted presentation of this data, see Fig. 1 B. ***, P < 0.001; Kruskal–Wallis test followed by 

Dunn’s test (n = 15,582 structures in 23 cells from 10 fish at 16 hpf; n = 5,096 structures in 40 

cells from nine fish at 24 hpf; n = 4,572 structures in 40 cells from nine fish at 32 hpf; n = 1,309 

structures in 19 cells from six fish at 48 hpf). (B) Dot and box plot of average microridge length 

per periderm cell at the indicated stages of zebrafish development. **, P < 0.01; ***, P < 0.001; 

Kruskal–Wallis test followed by Dunn’s test (n = 15,582 structures in 23 cells from 10 fish at 16 

hpf; n = 5,096 structures in 40 cells from nine fish at 24 hpf; n = 4,572 structures in 40 cells from 

nine fish at 32 hpf; n = 1,309 structures in 19 cells from six fish at 48 hpf). (C) Scatter plot of 

average microridge length per cell versus apical cell area at the indicated stages of zebrafish 

development (n = 15,582 structures in 23 cells from 10 fish at 16 hpf; n = 5,096 structures in 40 

cells from nine fish at 24 hpf; n = 4,572 structures in 40 cells from nine fish at 32 hpf; n = 1,309 

structures in 19 cells from six fish at 48 hpf). For box plots, middle box line is the median, and 

lower and upper ends of boxes are 25th and 75th percentiles, respectively.  
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Figure S3. Three modes of microridge formation and growth. (A-C) Time-lapse sequences 

show examples of two pegs coalescing to form an incipient microridge (A), the addition of a peg 

to the end of a preexisting microridge (B), and the joining of two preexisting microridges (C). Scale 

bar, 1 µm (A).  
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Figure S4. Arp2/3 activity is required for microridge development, but not apical 

constriction. (A) Representative projections of Lifeact-GFP in periderm cells on 24 hpf zebrafish 

larvae after 8-h treatment with either 1% DMSO or 100 µM CK666. (B) Box and violin plot of 

microridge length in 24 hpf zebrafish larvae after 8-h treatment with either 1% DMSO or 100 µM 

CK666. Data displayed are a weighted distribution of microridge length where frequency is 

proportional to microridge length, approximating occupied area. ***, P < 0.001; Wilcoxon rank-

sum test (n = 5,283 structures in 44 cells from 11 fish for 1% DMSO, n = 6,130 structures in 40 

cells from 12 fish for 100 µM CK666). (C) Dot and box plot of periderm cell apical area in 24 hpf 

zebrafish embryos after 8-h treatment with either 1% DMSO or 100 µM CK666. P = 0.052; 

Wilcoxon rank-sum test (n = 44 cells from 11 fish for 1% DMSO, n = 40 cells from 12 fish for 100 

µM CK666). Scale bar, 10 µm (A). For box plots, middle box line is the median, and lower and 

upper ends of boxes are 25th and 75th percentiles, respectively.  
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 Table 1. Parameters of the Model 

  

Parameter Value Description 

𝝁𝟏 10−6𝑃𝑎 ⋅ 𝑠 Bulk dynamic viscosity  

𝝁 10−5𝑃𝑎 ⋅ 𝑠 Shear dynamic viscosity 

𝜫𝟎 3
⋅ 10−8 𝑁
/𝑚 

Effective stiffness of cortex layer 

𝑫𝒄 0.25 𝜇𝑚2 Diffusion of activator 

𝒌𝒐𝒏 0.054 Activator recruitment rate 

𝒌𝒐𝒇𝒇 1.5 Activator turnover coefficient 

𝒌𝒉 3.86 Coefficient of height mediated activation 

𝒄𝟎 0.42 Activator coefficient 

𝒉𝟎 0.39 Height coefficient 

𝜴/𝜸 1 Restoring force coefficient 

𝑭𝒄/𝜸 5.76 Actin polymerization force coefficient 

𝒄𝟏 0.42 Actin polymerization concentration offset 

𝑺𝟎/𝜸 15 𝜇𝑚2/𝑠 Initial surface tension 

𝑺𝟏/𝜸 25 𝜇𝑚2/𝑠 Surface tension density dependence coefficient 

𝝈𝟎
𝒂 10−8 𝑁/𝑚 Active stress 

𝑳 100 𝜇𝑚 Size of the cell 

𝒍𝟏 𝟓𝟎 𝝁𝒎 Typical length of active stress transition 

𝒕𝟏 𝟔𝟎 𝒎𝒊𝒏 Duration of apical constriction experiment 

𝒕𝑨𝑺 𝟐𝟎 𝒎𝒊𝒏 Time inhomogeneity coefficient 

𝒗𝟏 𝟏𝟏𝟏 𝝁𝒎/𝒉 Speed of active stress transition 

𝜺 0 − 0.4 Maximal relative tension increment (anisotropy parameter) 

�̂�𝟎 10−4𝑠−1 Transition strain rate 
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Video Legends 

Video 1-1. Live imaging of Lifeact-GFP in periderm cells during microridge development, 

beginning at 18 hpf. All images are maximum intensity projections; time stamp represents 

hours:minutes:seconds. Frame rate is 25 frames/s. 

 

Video 1-2. Simulation of microridge formation. In silico simulation of apical constriction in our 

biomechanical model recapitulates the centripetal progression of microridge development 

observed in vivo (left panel). As the cell constricts its surface, surface tension is relieved in a 

centripetally moving wave, promoting peg coalescence in a similar pattern. For comparison, right 

panel shows constriction in response to the spatially homogeneous increase in active stress. 

Frame rate is 14 frames/s. 

 

Video 1-3. NMII (Myl12.1-EGFP) contractions in the apical cortex pull on actin microridges 

(Lifeact-Ruby) of periderm cells at various stages in microridge development, indicated by 

title cards. All images are maximum intensity projections; time stamp represents 

minutes:seconds. Frame rate is 5 frames/s. 

 

Video 1-4. Live imaging of Lifeact-GFP in 16 hpf periderm cells, beginning 3 min after 

exposure to high-salt media. All images are maximum intensity projections; time stamp 

represents minutes:seconds. Frame rate is 10 frames/s. 
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Video 1-5. Live imaging of Lifeact-GFP in 16 hpf periderm cells, beginning immediately 

after ablation of periderm cells on opposite sides of the central cell. All images are maximum 

intensity projections; time stamp represents minutes:seconds. Frame rate is 10 frames/s. 

 

Video 1-6. In silico simulation of uniaxial elongation of a model rectangular cell. Left panel 

shows pattern formation in the absence of sensitivity to anisotropic flow (ε=0). Right panel shows 

pattern formation with surface tension depending on underlying anisotropic actomyosin flow. 

Frame rate is 14 frames/s. 
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Abstract 

Actin-based protrusions vary in morphology, stability, and arrangement on cell surfaces. 

Microridges are laterally-elongated protrusions arranged in maze-like patterns on mucosal 
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epithelial cells that rearrange dynamically by fission and fusion. To characterize how microridges 

mature and investigate the mechanisms driving fission and fusion, we imaged microridges in the 

maturing skin of zebrafish larvae. After their initial development, microridges continued to 

lengthen and microridge alignment became increasingly well ordered. Imaging F-actin and Non-

Muscle Myosin II (NMII) revealed that microridge fission and fusion were associated with local 

NMII activity in the apical cortex. Inhibiting NMII blocked rearrangements, reduced microridge 

density, and altered microridge spacing. High-resolution imaging revealed that individual cortical 

NMII minifilaments are tethered to protrusions, often connecting adjacent microridges. NMII 

minifilaments connecting the ends of microridges fused them together, whereas minifilaments 

oriented perpendicular to microridges severed them or pulled them closer together. Our findings 

demonstrate that as cells mature, microridges continue to remodel and form an increasingly 

orderly arrangement through a process orchestrated by cortical NMII contraction. 

 

Introduction 

Cells create diverse actin-based protrusions to carry out a wide variety of functions. Not 

only do protrusions vary in shape and size, but also in persistence, dynamics, and their relative 

arrangement on cells. For example, lamellipodia extend and retract within seconds or minutes 

(Giannone et al., 2007), whereas invadopodia persist for hours (Murphy and Courtneidge, 2011), 

and stereocilia are stable throughout an animal’s life (Narayanan et al., 2015; Zhang et al., 2012). 

The stability and plasticity of protrusions depends on the regulation of their constituent actin 

filaments, but those regulatory mechanisms vary. For example, despite the fact that microvilli 

maintain a relatively stable height, actin filaments within them are constantly turned over (Loomis 

et al., 2003; Meenderink et al., 2019; Tyska and Mooseker, 2002). By contrast, the stability of 

stereocilia reflects extreme stability of their actin filaments, which persist for months (Narayanan 

https://paperpile.com/c/5KxnEo/H3k7
https://paperpile.com/c/5KxnEo/QstA
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https://paperpile.com/c/5KxnEo/QCZy+3PPS+kAN8
https://paperpile.com/c/5KxnEo/u5Dc+TCFL
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et al., 2015; Zhang et al., 2012). The motility and relative arrangement of protrusions on cells are 

also regulated by diverse mechanisms. For instance, microvilli move rapidly and independently 

on cell surfaces (Meenderink et al., 2019), but form stable clusters by establishing protocadherin-

based connections at their tips (Crawley et al., 2014; Meenderink et al., 2019). Stereocilia, on the 

other hand, form highly stable and stereotyped arrangements on cells, and their orientation is 

strictly dictated by planar cell polarity (Tarchini and Lu, 2019). Identifying mechanisms regulating 

the stability and arrangement of protrusions is critical to understanding how cell surfaces acquire 

diverse morphologies and adapt to tissue-level changes. 

Microridges are laterally-elongated protrusions arranged in elaborate patterns on the 

apical surfaces of mucosal epithelial cells (Depasquale, 2018). Neighboring microridges tend to 

align parallel to one another, filling cell surfaces in maze-like arrangements. Although microridges 

are less studied than other protrusions, recent work in zebrafish periderm cells, which form the 

most superficial layer of the skin, have begun to identify mechanisms underlying microridge 

morphogenesis. Distinct from other protrusions that emerge and extend as unitary structures, 

microridges form from the coalescence of finger-like precursor protrusions called pegs (Lam et 

al., 2015; Pinto et al., 2019; van Loon et al., 2020). Microridge development requires specification 

of apical-basal cell polarity (Magre et al., 2019; Raman et al., 2016), activity of the branched actin 

nucleation complex Arp2/3 (Lam et al., 2015; Pinto et al., 2019; van Loon et al., 2020), Plakin 

cytolinkers (Inaba et al., 2020), keratin filaments (Inaba et al., 2020), and cortical non-muscle 

myosin II (NMII) contraction, which concomitantly promotes apical constriction (Lam et al., 2015; 

Pinto et al., 2019; van Loon et al., 2020). Like microvilli, actin filaments within microridges 

constantly turn over (Lam et al., 2015), but the recruitment of keratin filaments by Plakin 

cytolinkers helps preserve microridge structure in the face of actin turnover (Inaba et al., 2020). 

Microridges exhibit unusual dynamics, undergoing fission and fusion to form new patterns (Lam 
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et al., 2015). How microridge patterns mature after their initial formation has not been determined, 

and the molecular mechanisms executing fission and fusion are unknown. 

The membranes of epithelial cells associate with a thin actomyosin filament network, 

called the cortex (Kelkar et al., 2020). NMII forms bipolar minifilaments within the cortex, which 

contract actin filaments to generate forces that regulate membrane tension, cytokinesis, and 

cellular morphogenesis (Kelkar et al., 2020; Martin and Goldstein, 2014). Both the density and 

specific arrangement of NMII minifilaments influence cortical contractility (Kelkar et al., 2020). The 

cortical network is attached to cell junctions, and pulls them to constrict apical surfaces during a 

variety of morphogenetic events (Martin and Goldstein, 2014). Cortical contraction also regulates 

protrusion morphogenesis. For example, contraction stimulates actin treadmilling to regulate 

microvillar length (Chinowsky et al., 2020). In zebrafish periderm cells, pulsatile NMII activity 

lowers apical membrane tension to permit the formation and elongation of microridges from peg 

precursors (van Loon et al., 2020). Cortical NMII contraction continues in these cells after 

microridges have formed (van Loon et al., 2020), but the functional significance of these later 

contractile events is unknown.    

In this study, we characterized microridge dynamics and patterning as cells matured, and 

investigated the role of NMII in these processes. We found that after initial development, fission 

and fusion continuously remodel microridges, but these events dampen as development 

proceeds. High-resolution imaging revealed that cortical NMII minifilaments connect adjacent 

microridges, and that their specific orientation relative to microridges dictates the nature of 

rearrangements. These findings demonstrate that cortical NMII minifilaments are not only required 

for microridge formation, but also regulate microridge fission, fusion, and alignment to pattern 

maturing epithelial cell surfaces. 
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Results 

Microridge patterns mature in larval zebrafish 

To determine how microridge spacing and patterning change as the developing zebrafish 

skin matures, we imaged zebrafish periderm cells expressing the F-actin reporter Lifeact-GFP 

(Riedl et al., 2008) in 48, 72 and 96 hours post-fertilization (hpf) fish (Fig 1A). Microridges had 

already formed and elongated by 48 hpf, but became longer on average during this period (Fig 

S1A-B), likely reflecting a specific reduction in pegs and short microridges (Fig S1C). Total 

microridge density on the apical surface increased between 48 and 96hpf (Fig 1B), which could 

result from an increase in microridges or reduced apical area. However, apical cell areas were 

not reduced, but were in fact slightly larger at 96hpf than at 48 or 72hpf (Fig S1D). Since 

microridge development occurs in tandem with apical constriction during early development (van 

Loon et al., 2020), these observations suggest that changes to microridges after 48hpf represent 

a distinct maturation process. 

One of the most striking features of microridges is their regularly spaced and aligned 

arrangement, reminiscent of the parallel organization of molecules in liquid crystals, referred to 

as a “nematic” organization (Needleman and Dogic, 2017). To investigate how microridge spacing 

changes as cells mature, we measured the distance between every point on each microridge and 

the nearest point on a neighboring microridge (Fig 1C-D). The mode, median, and mean 

distances between microridges were similar between the three different stages (Fig 1E, S1E-F) 

and, as expected, corresponded to the orthogonal distance between aligned microridges (Fig 

1C). However, spacing variability decreased over time (Fig 1F), suggesting that initially variable 

microridge spacing matured towards a specific spacing distance. 

To determine how microridge alignment changes as microridge spacing becomes less 

variable, we color coding regions of cells containing microridges aligned in the same orientation. 

https://paperpile.com/c/5KxnEo/BXyvE
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https://paperpile.com/c/5KxnEo/p6z1
https://paperpile.com/c/5KxnEo/7ulm


99 
 

This analysis revealed that the number of domains with aligned microridges decreased, and each 

domain increased in area, over time (Fig 1G-H). These observations demonstrate that 

microridges increasingly align parallel to one another as the skin develops.  

To determine if population-level changes in microridge patterning reflect microridge 

maturation in individual cells, we scatter-labeled periderm cells with RFP, enabling us to identify 

the same cells day-to-day, and thus track how microridge spacing and alignment change over 

time. Although each cell behaved differently, on average, microridge density increased, spacing 

became less variable, and microridges increasingly aligned between 48 and 96hpf (Fig 2), 

demonstrating that population-level trends in microridge arrangement reflect the maturation of 

microridge patterning in individual cells towards a nematic pattern.  

Microridges continuously rearrange 

To determine the mechanism by which microridge patterns change over time, we 

performed time-lapse imaging of periderm cells expressing Lifeact-GFP at 30-second intervals. 

At each developmental stage, pegs, the finger-like precursor protrusions that coalesce to form 

microridges, continued to dynamically appear within and between microridges (Video 2-1), likely 

contributing to microridge lengthening. As previously observed (Lam et al., 2015), microridges 

underwent two types of rearrangements that altered their pattern. First, intact microridges 

sometimes broke apart into two separate microridges; second, two separate microridges 

sometimes fused end-to-end to form a longer microridge (Fig 3A, Video 2-1 and 2-2). Imaging a 

reporter for the plasma membrane demonstrated that these events reflect fission or fusion of the 

whole protrusion, not just of its internal actin structure (Figure 3B, Video 2-3). As microridges 

matured, rearrangement events decreased from 0.362 events/μm⋅min at 48 hpf to 0.155 and 

0.115 events/μm⋅min at 72 and 96 hpf, respectively (Fig 3C, Video 2-1). Fission and fusion events 

occurred with roughly equal frequency, and this proportion did not change over time (Fig 3D), but 

https://paperpile.com/c/5KxnEo/Sn0M
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the frequency of these rearrangements decreased as the pattern matured (Fig 3E, Spearman 

Correlation Coefficient = -0.832). 

Cell stretching does not induce microridge rearrangement  

Periderm cells are constantly pushed and pulled by neighboring cells as the epidermis 

grows. We therefore speculated that microridge fission and fusion may be induced by forces 

associated with cell shape distortion. To test this idea, we ablated periderm cells on either side of 

an observed cell using a laser on a 2-photon microscope (O’Brien et al., 2009b; van Loon et al., 

2020). This procedure caused the central cell to stretch between the two wounds, and often 

pucker or bulge in the orthogonal axis. Surprisingly, cell elongation did not increase microridge 

fission or fusion, but simply distorted microridges to accommodate the cells’ new shapes (Fig 3F, 

Video 2-4). This observation suggests that microridges do not undergo fission or fusion simply 

as a result of cellular distortion, and thus implies that remodeling events are actively regulated. 

Microridge rearrangements require cortical NMII contraction 

The apical cortex of periderm cells experiences pulsatile NMII-based contractions through 

at least 48 hpf (van Loon et al., 2020). These contractions are required for apical constriction and 

the coalescence of peg precursors to form and elongate microridges (van Loon et al., 2020), but 

later functions have not been described. To test if cortical contraction affects microridge fission or 

fusion events, we made time-lapse videos of periderm cells expressing fluorescent reporters for 

both F-actin (Lifeact-Ruby) and NMII (Myl12.1-EGFP) (Maître et al., 2012; van Loon et al., 2020). 

At 48hpf, periderm cells displayed local pulses of NMII reporter fluorescence in the apical cortex 

(Fig 4A, Video 2-5), which we previously found to reflect NMII contraction (van Loon et al., 2020). 

Many of these contraction events correlated spatially and temporally with microridge 

rearrangements (Fig 4A). To quantify this correlation, we measured the distance between 

microridge rearrangement events and the nearest detectable NMII contractile pulse in the same 

https://paperpile.com/c/5KxnEo/GNQOI+p6z1
https://paperpile.com/c/5KxnEo/GNQOI+p6z1
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frame. On average, 41% of microridge rearrangements occurred within 1μm of an NMII 

contraction (Fig 4B). By contrast, when the NMII reporter channel was rotated 90°, only 22% 

occurred within 1μm of a contraction (Fig 4B), indicating that the coincidence between contraction 

and rearrangement events did not occur by chance. These observations likely underestimate the 

number of rearrangement events associated with contraction, since contractions may be shorter-

lasting or dimmer than we can detect with our reporter. NMII contractions equally correlated with 

fission and fusion events (Fig 4C). 

To directly test if NMII contraction is required for microridge rearrangements, we treated 

48hpf fish with the specific NMII inhibitor blebbistatin (Straight et al., 2003) for one hour, then 

made 10-minute videos of periderm cells expressing Lifeact-GFP. NMII inhibition dramatically 

reduced fission and fusion compared to controls (Fig 4D-E, Video 2-6), demonstrating that NMII 

activity is required for microridge remodeling.  

NMII contraction regulates microridge density and spacing 

Given that NMII contraction promotes microridge rearrangements, and that these dynamic 

events negatively correlate with microridge alignment, we hypothesized that inhibiting NMII 

contraction may disrupt microridge maturation. To determine the long-term consequences of 

suppressing NMII activity, we treated zebrafish with blebbistatin for 24 hours, starting at 48hpf. 

Compared to controls, microridges in blebbistatin-treated animals were shorter, distributed less 

densely, and spaced more widely (Fig 5A-E). These observations indicate that microridges must 

be actively maintained by contraction, which may facilitate the incorporation of new pegs into 

established microridges. Blebbistatin also increased microridge alignment. This effect on 

alignment may be a consequence of the lower microridge density, since our alignment index 

measures the number of domains containing aligned microridges (Fig 5B,D,F), but could also 

indicate that suppressing contraction allows the system to settle into a local energy minimum (see 

https://paperpile.com/c/5KxnEo/PeVBc
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Discussion). Since long-term NMII inhibition can have deleterious, indirect effects on cells, we 

compared microridges on individual cells before and after 1-hour blebbistatin treatment. Similar 

to 24-hour treatment, 1-hour exposure to blebbistatin disrupted microridge spacing, decreasing 

density and increasing the microridge alignment index (Fig 6).   

High-resolution imaging reveals individual NMII minifilaments in the cortex 

Since NMII inhibition experiments could not disambiguate NMII’s role in regulating 

microridge fission and fusion, length maintenance, and spacing, we addressed these questions 

by imaging NMII organization and activity in the periderm cortex directly. To image NMII and F-

actin with improved spatial resolution, we used Airyscan microscopy (Weisshart, 2014). Using this 

approach, the NMII reporter often appeared as pairs of puncta (Fig 7A). The Myl12.1-EGFP NMII 

reporter is a fusion of EGFP to a myosin regulatory light chain (Maître et al., 2012; van Loon et 

al., 2020), which binds near myosin heads at opposing ends of NMII minifilaments. We thus 

speculated that puncta pairs represent ends of single bipolar minifilaments. Consistent with this 

possibility, the median distance between intensity maxima of NMII reporter doublets was 281nm 

(Fig 7B), similar to the reported length of bipolar minifilaments assembled in vitro (~300nm in 

length; (Billington et al., 2013)). To further test if these structures are individual minifilaments, we 

imaged periderm cells expressing reporters for both NMII light chain (Myl12.1-Ruby) and a C-

terminally tagged NMII heavy chain (Myh9a-EGFP). A fluorophore at the C-terminus of NMII 

heavy chains should localize to the middle of minifilaments, between NMII heavy chain heads 

(Fig 7C-D). Puncta in periderm cells expressing both reporters were arranged in the expected 

alternating pattern (Fig 7C-D). Thus, our imaging system allows us to distinguish individual NMII 

minifilaments within the plane of the apical cortex in cells of living animals.  

Cortical NMII minifilaments associate with pegs and microridges 

https://paperpile.com/c/5KxnEo/x1FL1
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To determine how NMII minifilaments are arranged relative to cell protrusions, we imaged 

them, along with F-actin, at several developmental stages. Prior to microridge formation (16 hpf), 

NMII minifilaments in the apical cortex were closely associated with microridge peg precursors 

(Fig 7A), and continued to associate with protrusions as pegs coalesced to form microridges. At 

24 hpf, NMII minifilaments were often attached to two separate microridges, bridging them end-

to-end or side-to-side (Fig 7E). This organization was maintained as microridges matured: At 

48hpf many cortical NMII “bridges” formed perpendicular connections between adjacent 

microridges, often appearing to consist of two end-to-end minifilaments (Fig 7E). 

NMII minifilaments orchestrate microridge rearrangement and spacing 

To observe how the organization of NMII minifilaments in the cortex relates to protrusion 

dynamics, we made high-resolution videos of periderm cells expressing Lifeact-Ruby and 

Myl12.1-EGFP. During early morphogenesis, appearance and disappearance of pegs often 

correlated with appearance and disappearance of NMII reporter signal, and movement of pegs 

was associated with a corresponding movement of the NMII reporter (Fig 8A, Video 2-7), 

confirming that NMII minifilaments are tethered to protrusions. At later stages, when microridges 

remodel, the orientation of NMII minifilaments correlated with the type of microridge 

rearrangement observed. Minifilaments connecting the ends of two microridges appeared to pull 

them together, fusing them into a longer microridge (Fig 8B, Video 2-7). By contrast, 

minifilaments oriented perpendicular to microridges were often associated with fission events, 

which occurred at the point where microridges attached to the minifilaments (Fig 8B, Video 2-7). 

Minifilaments arranged perpendicular to microridges also appeared to regulate microridge 

spacing: the attachment of minifilaments to two parallel microridges appeared to bring them closer 

together, whereas their disappearance or detachment allowed the two microridges to drift apart 

(Fig 8C, Video 2-7). These observations suggest that the spatial organization of individual cortical 
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NMII minifilaments directs the rearrangement of microridges, regulating the spacing between 

them and thus altering the microridge pattern on the apical surface. 

 

Discussion 

Our study reveals that cortical NMII orchestrates a unique process for the patterning and 

maturation of microridges. Cells retain microridges on their surfaces for days, and likely even 

weeks, but, unlike extremely stable stereocilia, microridges continuously remodel through an 

NMII-mediated “recombination” process of fission and fusion as they mature towards a more 

ordered, nematic arrangement (Fig 9). Thus, at least during the first week of development, 

microridges are not permanent cell identifiers, like a fingerprint, but evolving structures that form 

new patterns over time.  

Microridge pattern maturation minimizes surface energy  

The increasing nematic order of maturing microridge patterns suggests that they are 

governed by an energy minimization principle, which can be explained with concepts defined by 

physics. Optimal parallel packing of microridges likely minimizes the bending and stretching 

energy of the lipid bilayer that is coupled to the underlying cortex. Consistent with this idea, we 

found that the size of local alignment domains increased, and their number decreased, as 

microridge patterns matured (Fig 1, Fig 2). Inevitably, initial disorder in the emerging pattern 

brings about sharp boundaries between the domains of local alignment. These boundaries are 

defects in the nematic order, and thus associated with an energy penalty, a phenomenon well-

known in liquid crystals (Needleman and Dogic, 2017). The global energy minimum likely 

corresponds to concentric microridges arranged in parallel rings, like a target. Our observations 

show that microridge patterns, which are initially in states with many alignment domains, progress 

towards this well-ordered global minimum over time, a process that requires crossing energy 

https://paperpile.com/c/5KxnEo/7ulm
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barriers associated with fission and fusion of preexisting microridges. However, this global 

minimum cannot be readily reached from an arbitrary state with multiple alignment domains 

without crossing energy barriers associated with fission and fusion of preexisting microridges. 

Our results suggest that myosin activity facilitates the crossing of energy barriers, 

promoting fission and fusion and thus rearranging microridge patterns. The fact that myosin 

activity leads to microridge fission and fusion with approximately equal probability (Fig 3D) 

suggests that it does not increase their order or disorder per se, but rather provides quantal “kicks” 

that locally alter pattern topology. Thus, myosin activity is analogous to the thermodynamic 

temperature of the pattern--by randomly breaking and fusing individual microridges, myosin 

allows the pattern to cross energy barriers separating local energy minima. Following this 

thermodynamic analogy, the decrease in microridge rearrangement events over time corresponds 

to slowly lowering the temperature, or annealing, which is well-known in physics to help systems 

reach lower energy states on complex energy landscapes with multiple minima (van Laarhoven 

and Aarts, 1987). Blebbistatin may represent rapid quenching (a sharp temperature drop) that 

allows the system to descend into the closest energy minimum, perhaps explaining why 

blebbistatin in our experiments increased the alignment index. 

Microridges are modular protrusions 

Both the initial formation and remodeling of microridges demonstrate that they are modular 

structures: individual units (pegs) assemble into longer structures (microridges); once assembled, 

microridges can be broken at any point and attached to other microridges. This modular nature 

distinguishes microridges from other protrusions. However, the apparent simplicity of this process 

elides the complexity of rearrangement events at the molecular level, which likely involve multiple, 

locally regulated activities. Fission requires not just severing actin filaments, but also locally 

disassembling a supramolecular network of F-actin, keratin filaments, and actin-binding proteins 

https://paperpile.com/c/5KxnEo/8oSp
https://paperpile.com/c/5KxnEo/8oSp


106 
 

(Pinto et al., 2019), as well as membrane remodeling. Microridge remodeling events require NMII 

activity, but fission is likely instigated by upstream regulators that coordinate multiple biochemical 

activities. Such roles could be played by Rho family GTPases, which can regulate both F-actin 

stability and NMII contraction (Kelkar et al., 2020; Ridley, 2015), or Aurora B kinase, which 

promotes NMII activity (Minoshima et al., 2003; Touré et al., 2008) and disassembly of actin and 

keratin filaments (Field et al., 2019) at the cytokinetic furrow. Fusion likely requires F-actin 

polymerization, the activity of F-actin cross-linking proteins that link the cytoskeletal networks of 

the two parent microridges, and the reintegration of keratin filaments, which have the potential to 

connect with themselves end-to-end (Çolakoğlu and Brown, 2009). NMII activity may facilitate 

both fission and fusion by reducing surface tension, as it does during initial microridge formation 

(van Loon et al., 2020), and by physically pulling protrusions to rupture them or bring them 

together. 

The orientation of cortical NMII minifilaments determines the nature of microridge rearrangements  

Visualizing individual NMII minifilaments in the cortex of living cells provided insight into 

how they execute microridge rearrangements, as well as evidence that they play a direct role in 

microridge spacing (Fig 9). From the earliest steps of microridge morphogenesis, cortical 

minifilaments associate with protrusions. This observation suggests that the ends of individual 

minifilaments are biochemically tethered to the base of pegs and microridges, orthogonal to actin 

filaments in these protrusions. When two pegs are tethered to opposite ends of a minifilament, 

contraction brings them closer together, providing an opportunity for them to fuse into a nascent 

microridge. Similarly, contraction of peg-to-microridge minifilament bridges may contribute to 

microridge elongation, and contraction of minifilament bridges connecting two microridge ends 

may promote microridge fusion. The recruitment of keratin filaments into these growing 

protrusions likely helps stabilize them (Inaba et al., 2020), preventing fusion events from 

reversing. By contrast, minifilaments tethered to the sides of microridges sometimes promoted 

https://paperpile.com/c/5KxnEo/BLfr
https://paperpile.com/c/5KxnEo/pRkK+0EvX
https://paperpile.com/c/5KxnEo/QaJS+9Nv2
https://paperpile.com/c/5KxnEo/aWh7
https://paperpile.com/c/5KxnEo/AJOs
https://paperpile.com/c/5KxnEo/p6z1
https://paperpile.com/c/5KxnEo/tgsq
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fission, suggesting that minifilaments may pull on microridges to facilitate their local disassembly. 

If minifilaments bridged two parallel microridges, they often appeared to pull them closer together 

without severing them, providing direct evidence that NMII can regulate microridge spacing. At 

the later stages, microridges were often linked by a bridge of two perpendicular minifilaments 

aligned end-to-end. This arrangement raises the intriguing possibility that minifilaments could 

serve as molecular spacers for aligned microridges, similar to how spectrin tetramers determine 

the spacing of actin rings in axons (Xu et al., 2013). However, it is at least as likely that spacing 

length is determined by another factor, such as the minimization of membrane bending energy, 

and that minifilaments organize to accommodate that spacing. 

Minifilaments are typically thought to be isotropically oriented in the cortex of interphase 

cells (Kelkar et al., 2020), but our findings suggest that their association with microridges causes 

them to adopt a highly organized arrangement in the cortex of periderm cells. In mature periderm 

cells, since microridges align with cell borders and with one another, their arrangement 

approximates an ideal target-like concentric pattern; because minifilaments form perpendicular 

bridges between adjacent microridges, they are predominantly arranged radially towards the 

center of cells. Since contractility is influenced not just by minifilament density, but also the relative 

arrangement of NMII in the cortex (Kelkar et al., 2020), this unusual radial minifilament 

organization likely endows periderm cells with unique contractile properties. Collectively, our 

observations reveal a surprisingly organized arrangement of cortical minifilaments, indicating that 

understanding how cortical contraction executes specific biological processes will require a better 

understanding of cortical minifilament architecture. 

 

Materials and methods 

Zebrafish 

https://paperpile.com/c/5KxnEo/Oe9z
https://paperpile.com/c/5KxnEo/0EvX
https://paperpile.com/c/5KxnEo/0EvX
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Zebrafish (Danio rerio) were raised at 28.5°C on a 14-h/10-h light/dark cycle. Embryos 

were raised at 28.5°C in embryo water composed of 0.3 g/Liter Instant Ocean salt (Spectrum 

Brands, Inc.) and 0.1% methylene blue. Previously characterized zebrafish lines in this paper 

include AB wild-type fish (ZFIN: ZDB-GENO-960809-7), Tg(krt5:Gal4) (Rasmussen et al., 2015), 

Tg(UAS:Lifeact-GFP) (Helker et al., 2013), Tg(krt5:Lifeact-Ruby), and Tg(krt5:Myl12.1-EGFP) 

(van Loon et al., 2020). Tg(krt5:Gal4/+;UAS:Lifeact-GFP/+) zebrafish were incrossed or 

outcrossed to WT and screened for brightness on the day of imaging using a fluorescence 

dissecting microscope. For Airyscan microscopy, Tg(krt5:Myl12.1-EGFP) zebrafish were 

incrossed and injected with krt5:Lifeact-Ruby and krt5:Myl12.1-EGFP plasmids to improve 

brightness. All experimental procedures were approved by the Chancellor’s Animal Research 

Care Committee at the University of California, Los Angeles. 

Plasmids  

Previously characterized plasmids in this paper include krt5:Myl12.1-EGFP (van Loon et 

al., 2020) and UAS:mRuby-PH-PLC (Jiang et al., 2019). krt5-Myh9a-mCherry was constructed 

using the Gateway-based Tol2-kit (Kwan et al., 2007). The following vectors used to construct 

krt5-Myh9a-mCherry have previously been described: p5E-krt5 (Rasmussen et al., 2015), p3E-

mCherrypA (Kwan et al., 2007), and pDestTol2pA2 (Kwan et al., 2007). The Myh9a coding 

sequence was cloned from a cDNA library of 5dpf zebrafish larvae using the following primers: 

Forward: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTATATGTCAGACGCAGAGAAGTTC-

3’; Reverse: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTCAGGAGTTGGCTCG-3’. 

For transient transgene expression, ~5 nL plasmid (~25 ng/μL) was injected into single 

cell zebrafish embryos. 

Microscopy 

https://paperpile.com/c/5KxnEo/ZelUs
https://paperpile.com/c/5KxnEo/CKekV
https://paperpile.com/c/5KxnEo/p6z1
https://paperpile.com/c/5KxnEo/p6z1
https://paperpile.com/c/5KxnEo/p6z1
https://paperpile.com/c/5KxnEo/78wQ
https://paperpile.com/c/5KxnEo/afVdC
https://paperpile.com/c/5KxnEo/ZelUs
https://paperpile.com/c/5KxnEo/afVdC
https://paperpile.com/c/5KxnEo/afVdC
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Live fluorescent images and videos of periderm cells were acquired on a Zeiss LSM800 

confocal microscope. Images were acquired with Zeiss Zen Blue software using an EC Plan-

Neofluar 40×/1.30 oil DIC M27 objective with 2–3× digital zoom. Optimal resolution and Z-stack 

intervals were set using Zen software, except for videos for which a Z-stack interval of 0.75 μm 

was used to improve imaging speed. During imaging, zebrafish slide chambers were mounted on 

a heated stage set to 28°C. The x-y position and z-stack were occasionally adjusted during time-

lapse imaging to keep the cells of interest in the frame. For longitudinal experiments between 48-

96 hpf, zebrafish were rescued from mounting agarose each day after imaging using forceps, 

then placed in separate petri dishes for mounting and imaging on subsequent days. 

Airyscan microscopy was performed on a Zeiss LSM 880 confocal microscope with 

Airyscan in the Broad Stem Cell Institute Research Center/Molecular, Cell and Developmental 

Biology microscopy core at UCLA. Images were acquired with Zeiss Zen Black software using an 

Plan-Apochromat 63x/1.4 Oil DIC M27 objective with 2–5× digital zoom. After acquisition, 

Airyscan processing was performed with the default settings on Zen Black. 

To ablate periderm cells expressing Lifeact-GFP, we adapted a previously described 

method (O’Brien et al., 2009a; van Loon et al., 2020). Videos of cell stretching by periderm cell 

ablation were acquired using Zeiss Zen Black Software on a Zeiss LSM 880 multiphoton 

microscope using an EC Plan-Neofluar 40×/1.30 oil DIC M27 objective and a Coherent 

Chameleon Ultra II laser at a wavelength of 813 nm. A 488-nm laser was used to find and focus 

on the cell surface at 250× digital zoom, and the cell was then exposed to 813 nm laser 

illumination for 3–4 s at 5–6% laser power using “live” scanning. 

Drug Treatment 

(-)-Blebbistatin (Cayman Chemical) was dissolved in DMSO (Fisher Scientific). Treatment 

solutions were made with Ringer’s Solution and included the inhibitor, or equivalent concentration 

https://paperpile.com/c/5KxnEo/HHef+p6z1
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of DMSO (≤1%), as well as up to 0.4 mg/mL MS-222 (Sigma). Zebrafish larvae were exposed to 

the treatment solution for the specified period of time, then mounted in agarose and immersed in 

the same solution. For treatments longer than 2 hours, larvae were initially exposed to a treatment 

solution without MS-222 and then transferred to a similar solution containing up to 0.4 mg/mL MS-

222 ≥30min prior to imaging. For longitudinal experiments with blebbistatin, fish were first 

mounted in agarose and imaged, then rescued from agarose using forceps and exposed to 

treatment solutions. Approximately 30 minutes after exposure to treatment solutions, zebrafish 

were again mounted in agarose and slide chambers were filled with treatment solution. Zebrafish 

were imaged again after 1-hour exposure to treatment solutions. 

Image Analysis and Statistics 

All statistical testing was performed using RStudio (RStudio, Inc.). Data distributions were 

assessed for normality using the Shapiro-Wilk test and visually inspected using Q-Q plots. The 

appropriate parametric or non-parametric tests were then selected based on the normality of the 

data distributions being compared. 

Microridge analysis was performed using a custom Python script. Images of periderm cells 

were sum-projected and smoothened with a Gaussian filter. Pixel intensities were then normalized 

based on the modality of their intensity distribution. Unimodal distributions were normalized to the 

full width at the half maximum, while bimodal distributions were normalized to values between 

both maxima. Images were then processed with a Hessian filter, thresholded and skeletonized. 

Vectorized skeletons were smoothened and fitted to a normalized cell image to produce 

vectorized microridge lines. Distances between microridges and microridge orientations were 

then calculated. Microridge alignment domains were calculated by interpolating Q-tensor (Q = v 

⊗ v - ½I, where v is a unit tangent vector and I is a unit tensor).  
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Image management for presentation was performed using FIJI (Schindelin et al., 2012).  

The brightness and contrast of images were adjusted for the purpose of presentation.  All movies 

were stabilized for presentation and analysis purposes using the Image Stabilizer FIJI plugin 

(“Kang Li @ CMU - Image Stabilizer Plugin for ImageJ,” n.d.). 

Microridge fusion and fission events were identified manually using the FIJI Multi-point 

tool. To measure distances from NMII contractions to fusion and fission events, NMII images were 

smoothened and contractions were automatically thresholded in FIJI with the Triangle method, 

then distances were measured between microridge rearrangement events and the edge of the 

nearest contraction using ‘rgeos’ and ‘sp’ R packages. 
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Figure 1. Microridge patterns mature over time. (A) Representative images of periderm cells 

expressing Lifeact-GFP in zebrafish larvae at the specified developmental stage. Images were 

inverted, so that high intensity fluorescence appears black and low intensity is white. (B) Dot and 

box-and-whisker plot of microridge density, defined as the sum microridge length (μm) normalized 

to apical cell area (μm2), on periderm cells at the specified stage. 48 hpf, n=34 cells from 12 fish; 

72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 fish. P=1.87x10-9, one-way ANOVA 

followed by Tukey’s HSD test: 48-72 hpf, P=3.32x10-3; 48-96 hpf, P=1.17x10-9; 72-96 hpf, 

P=6.65x10-3. (C) Top: diagram showing definition of microridge spacing distance. Microridge 

spacing was measured from a given point on a microridge to the nearest point on an adjacent 
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microridge. Bottom: profile plot of pixel intensity values across the width of a periderm cell 

expressing Lifeact-GFP on a 96 hpf zebrafish (indicated by dashed red line in A). (D) Visualization 

of microridge spacing in cells at the specified developmental stage. The distance to the nearest 

neighboring microridge is color-coded along microridges in each cell. Colors correspond to 

specific distances, as indicated on the bar to the left. (E) Dot and box-and-whisker plots of the 

mode distance between neighboring microridges in periderm cells at the specified stage. 48 hpf, 

n=34 cells from 12 fish; 72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 fish. P=0.089, 

one-way ANOVA. (F) Dot and box-and-whisker plot of microridge spacing variability, defined as 

the interquartile range of distances, between neighboring microridges in periderm cells at the 

specified stage. 48 hpf, n=34 cells from 12 fish; 72 hpf, n=24 cells from, 10 fish; 96 hpf n=34 cells 

from 15 fish. P=9.91x10-10, one-way ANOVA followed by Tukey’s HSD test: 48-72 hpf, P=7.72x10-

3; 48-96 hpf, P=8.11x10-10; 72-96 hpf, P=1.90x10-3. (G) Visualization of microridge orientation at 

the specified stages. Microridge orientations are color-coded along each microridge (top). Colors 

correspond to the color wheel on the upper left. Microridge alignment domains were expanded 

from microridge orientations (bottom), using the same color wheel and scale as the above 

microridge orientations. See Methods for details. (H) Dot and box-and-whisker plot of the 

microridge alignment index for periderm cells at the specified stage. 48 hpf, n=34 cells from 12 

fish; 72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 fish. P=2.96x10-12, one-way 

ANOVA followed by Tukey’s HSD test: 48-72 hpf, P=0.121; 48-96 hpf, P=4.02x10-10; 72-96 hpf, 

P=8.79x10-7. 

Scale bars: 10 μm (A) and 5 μm (D and G). 

‘*’ p ≥ 0.05, ‘**’ p ≥ 0.01, and ‘***’ p ≥ 0.001. 

For box-and-whisker plots, middle box line is the median, and lower and upper ends of boxes are 

25th and 75th percentiles, respectively.  
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Figure 2. Microridge patterns mature on individual periderm cells. (A) Microridge distances, 

orientations, and alignment domains in two cells from 48-96 hpf. (B) Line and point plot of 

microridge density, defined as the sum microridge length (μm) normalized to apical cell area 

(μm2), in periderm cells over time. n=28 cells from 9 fish. P=5.87x10-15, one-way repeated 

measures ANOVA. (C) Line and point plot of the mode distances between neighboring 

microridges in periderm cells over time. n=28 cells from 9 fish. P=4.08x10-4, one-way repeated 

measures ANOVA. (D) Line and point plot of microridge spacing variability (interquartile range of 

distances) between neighboring microridges in periderm cells over time. n=28 cells from 9 fish. 
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P=7.37x10-11, one-way repeated measures ANOVA. (E) Line and point plot of microridge 

alignment index in periderm cells over time. n=28 cells from 9 fish. P=5.16x10-8, one-way repeated 

measures ANOVA. 

Scale bars: 5 μm (A). 

‘***’ p ≥ 0.001. 
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Figure 3. Microridges dynamically rearrange. (A) Time-lapse images of 48 hpf zebrafish 

periderm cells expressing Lifeact-GFP demonstrating microridges undergoing fission or fusion. 

Orange arrowheads indicate fusion; blue arrowheads indicate fission. Images were inverted, so 
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that high intensity fluorescence appears black and low intensity is white. Images are still frames 

from Video 2-2. (B) Time-lapse images of 48hpf zebrafish periderm cells expressing Lifeact-GFP 

(actin) and mRuby-PH-PLC (membrane) demonstrating microridges undergoing fission or fusion. 

Orange arrowheads indicate fusion; blue arrowheads indicate fission. Images were inverted, so 

that high intensity fluorescence appears black and low intensity is white. Images are still frames 

from Video 2-3. (C) Jittered dot plot of the sum of fission and fusion events in each cell, normalized 

to cell apical area, over a 10-minute period (events/μm⋅min) at the specified stage. Middle bar 

represents the mean. n=5 cells from 5 fish at all stages. P=1.62x10-4, one-way ANOVA followed 

by Tukey’s HSD test: 48-72 hpf, P=9.75x10-4; 48-96 hpf, P=2.17x10-4; 72-96 hpf, P=0.629. (D) 

Stacked bar plot of the proportion of fission and fusion events indicated stages. Each bar 

represents one cell. n=5 cells from 5 fish at all developmental stages. Fusion events were used 

in a Test of Equal Proportions (P=0.224) and fusion event proportion estimates were 0.501, 0.543, 

and 0.488 for 48, 72, and 96hpf, respectively. (E) Scatter plot of microridge dynamics 

(events/μm⋅min) over a 10-minute period versus the microridge alignment index at the start of the 

10-minute period. n=5 cells from 5 fish at all developmental stages. P=1.16x10-4, Spearman’s 

rank correlation rho = -0.832. (F) Time-lapse image sequence of Lifeact-GFP-expressing 

periderm cells stretching in response to neighbor cell ablation on a 72 hpf zebrafish. Pre-ablation 

image shows the cell of interest between the ablated cells, and images of the cell of interest 

immediately after ablation (0 min) and at 30-minute intervals after ablation. The cell stretched 

dramatically, but microridge rearrangements did not appreciably increase. Images were inverted, 

so that high intensity fluorescence appears black and low intensity is white. Images are still frames 

from Video 2-4. 

Scale bars: 1 μm (A and B) and 10 μm (E). 

‘***’ p ≥ 0.001.  
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Figure 4. Microridge rearrangements spatially and temporally correlate with NMII 

contraction. (A) Time-lapse images of 48 hpf zebrafish periderm cells expressing Lifeact-mRuby 

(actin) and Myl12.1-EGFP (myosin). Microridges fission as a myosin contraction dissipates (blue 

arrowheads). Microridges fuse as a myosin contraction intensifies (orange arrowheads). Images 

were inverted, so that high intensity fluorescence appears black and low intensity is white. Images 
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are still frames from Video 2-5. (B) Dot plot of the percentage of microridge fission and fusion 

events within 1μm of an NMII contraction over a 10-minute period. Graph compares unrotated 

channels to data analyzed after rotating the NMII fluorescence channel 90° relative to the actin 

fluorescence channel. Grey lines connect the unrotated samples to their rotated counterparts. 

n=6 cells from 6 fish, including 3 cells from 3 fish at 24 hpf and 3 cells from 3 fish at 48 hpf. 

P=2.27x10-4, paired t-test. (C) Dot plot of the percentage of microridge fission and fusion events 

within 1μm of an NMII contraction over a 10-minute period. Graph compares contraction-

associated fusion events to contraction-associated fission events in the same cells. Grey lines 

connect points from the same cell. n=6 cells from 6 fish, including 3 cells from 3 fish at 24 hpf and 

3 cells from 3 fish at 48 hpf. P=0.778, paired t-test. (D) Representative color-coded temporal 

projections (corresponding to the bar on the left) of images from 10-minute time-lapse movies 

(30-second intervals) in 49 hpf zebrafish periderm cells expressing Lifeact-GFP after 1hr 

exposure to 1% DMSO (vehicle control) or 50μM blebbistatin. Microridges in control cells are 

more dynamic over the 10-minute period, so control cells appear more colorful than blebbistatin-

treated cells. Images are temporal projections of Video 2-6. (E) Jittered dot plot of the sum of 

fission and fusion events in each cell, normalized to cell apical area, over a 10-minute period 

(events/μm⋅min) in cells after 1-hour exposure to 1% DMSO (vehicle control) or 50μM blebbistatin. 

n=5 cells from 5 fish for control and treatment. P=0.033, unpaired t-test. 

Scale bars: 5μm (D). 

‘*’ p ≥ 0.05 and ‘***’ p ≥ 0.001. 

Bars in dot plots represent the mean. 
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Figure 5. Inhibiting NMII changes microridge patterns. (A) Representative images of periderm 

cells expressing Lifeact-GFP on 72 hpf zebrafish after 24-hour exposure to the specified 

concentration of blebbistatin or vehicle control (DMSO). Images were inverted, so that high 

intensity fluorescence appears black and low intensity is white. (B) Visualizations of microridge 

distances, orientations, and alignment domains from periderm cells at 72 hpf after 24-hour 

exposure to the specified concentration of blebbistatin or vehicle control (DMSO). (C) Violin and 

box-and-whisker plot of projection length for periderm cells in 72 hpf zebrafish after 24-hour 

exposure to the specified concentration of blebbistatin or vehicle control (DMSO). DMSO, n=26 

cells from 9 fish; 5μM blebbistatin, n=27 cells from 9 fish; 50μM blebbistatin, n=29 cells from 9 

fish. P<2.2x10-16, Kruskal-Wallis test followed by Dunn test with Benjamini-Hochberg p-value 

adjustment: DMSO-5μM blebbistatin, P=0.173; DMSO-50μM blebbistatin, P=2.51x10-13; 5μM 
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blebbistatin-50μM blebbistatin, P=3.79x10-17. (D) Dot and box-and-whisker plot of microridge 

density, defined as the sum microridge length (μm) normalized to apical cell area (μm2), for 

periderm cells in 72 hpf zebrafish after 24-hour exposure to the specified concentration of 

blebbistatin or vehicle control (DMSO). DMSO, n=26 cells from 9 fish; 5μM blebbistatin, n=27 

cells from 9 fish; 50μM blebbistatin, n=29 cells from 9 fish. P=2.80x10-14, one-way ANOVA 

followed by Tukey’s HSD test: DMSO-5μM blebbistatin, P=3.07x10-3; DMSO-50μM blebbistatin, 

P<2x10-16; 5μM blebbistatin-50μM blebbistatin, P=7.70x10-8. (E)  Dot and box-and-whisker plot of 

the mode distance between neighboring microridges in periderm cells in 72 hpf zebrafish after 

24-hour exposure to the specified concentration of blebbistatin or vehicle control (DMSO). DMSO, 

n=26 cells from 9 fish; 5μM blebbistatin, n=27 cells from 9 fish; 50μM blebbistatin, n=29 cells from 

9 fish. P=0.318, one-way ANOVA. (F) Dot and box-and-whisker plot of the alignment index on 

periderm cells in 72 hpf zebrafish after 24-hour exposure to the specified concentration of 

blebbistatin or vehicle control (DMSO). DMSO, n=26 cells from 9 fish; 5μM blebbistatin, n=27 

cells from 9 fish; 50μM blebbistatin, n=29 cells from 9 fish. P=4.56x10-7, one-way ANOVA followed 

by Tukey’s HSD test: DMSO-5μM blebbistatin, P=1.11x10-5; DMSO-50μM blebbistatin, 

P=2.38x10-6; 5μM blebbistatin-50μM blebbistatin, P=0.951. 

Scale bars: 10uM (A) and 5μm (B). 

‘**’ p ≥ 0.01 and ‘***’ p ≥ 0.001.  

For box-and-whisker plots, middle box line is the median, and lower and upper ends of boxes are 

25th and 75th percentiles, respectively.  
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Figure 6. Short-term inhibition of NMII contractility alters microridge patterns in individual 

cells. (A) Representative visualizations of microridge distances, orientations, and alignment 

domains in periderm cells expressing Lifeact-GFP before (48 hpf, 0 hr) and after (49 hpf, 1hr) 1-

hour treatment with 50μM blebbistatin or vehicle (DMSO). (B) Line plot of microridge density, 
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defined as the sum microridge length (μm) normalized to apical cell area (μm2), from periderm 

cells before (48 hpf, 0 hr) and after (49 hpf, 1hr) 1-hour treatment with 50μM blebbistatin or vehicle 

control (DMSO). DMSO, n=22 cells from 4 fish; 50μM blebbistatin, n=25 cells from 4 fish. 

P=4.09x10-11, one-way repeated measures ANOVA. (C) Line plot of microridge spacing mode 

from periderm cells before (48 hpf, 0 hr) and after (49 hpf, 1hr) 1-hour treatment with 50μM 

blebbistatin or vehicle control (DMSO). DMSO, n=22 cells from 4 fish; 50μM blebbistatin, n=25 

cells from 4 fish. P=7.76x10-6, one-way repeated measures ANOVA. (D) Line plot of microridge 

spacing variability (interquartile range of distances) between neighboring microridges in periderm 

cells before (48 hpf, 0 hr) and after (49 hpf, 1hr) 1-hour treatment with 50μM blebbistatin or vehicle 

control (DMSO). DMSO, n=22 cells from 4 fish; 50μM blebbistatin, n=25 cells from 4 fish. P<2x10-

16, one-way repeated measures ANOVA. (E) Line plot of the alignment index in periderm cells 

before (48 hpf, 0 hr) and after (49 hpf, 1hr) 1-hour treatment with 50μM blebbistatin or vehicle 

control (DMSO). DMSO, n=22 cells from 4 fish; 50μM blebbistatin, n=25 cells from 4 fish. 

P=1.02x10-8, one-way repeated measures ANOVA. 

Scale bars: 5μm (A). 

‘***’ p ≥ 0.001.  
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Figure 7. NMII minifilaments connect adjacent pegs and microridges. (A) Airyscan image of 

a 16 hpf zebrafish periderm cell expressing fluorescent reporters for actin (Lifeact-Ruby) and NMII 

light chain (Myl12.1-GFP). Pairs of green puncta (yellow brackets) appear in the cortex between 

adjacent pegs (magenta puncta). (B) Histogram of distances between the intensity maxima of 

presumptive NMII minifilaments.  Inset is a representative image showing GFP signal at opposing 

ends of a presumptive NMII minifilament in a periderm cell expressing reporters for actin (Lifeact-

Ruby) and NMII light chain (Myl12.1-GFP). n=49 minifilaments from 4 cells on 4 fish. (C) Airyscan 
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image of a 24 hpf zebrafish periderm cell expressing fluorescent reporters for NMII heavy chain 

(NMIIHC, Myh9a-mCherry) and NMII light chain (NMIILC, Myl12.1-GFP). NMIIHC channel was 

pseudo-colored blue. Brackets show examples of GFP-mCherry-GFP fluorescence patterns. (D) 

Diagram of NMII fluorescent protein fusion design and expected NMII minifilament fluorescence 

pattern. The upper graphic shows an NMII macromolecule, composed of two heavy chains, two 

essential light chains, and two regulatory light chains. GFP was fused to the regulatory light chains 

(Myl12.1-GFP), while mCherry was fused to the tail of the heavy chains (Myh9a-mCherry; 

represented in blue). The middle graphic shows the expected fluorescence pattern when multiple 

NMII macromolecules, labelled like the one in the upper graphic, assemble into an NMII 

minifilament. The lower Airyscan image shows an NMII minifilament in the cortex of a 24hpf 

zebrafish periderm cell expressing Myl12.1-GFP and Myh9a-mCherry. (E) Airyscan images 

showing NMII minifilaments connecting adjacent microridges side-to-side and end-to-end during 

(24hpf) and after (48hpf) microridge formation in periderm cells expressing reporters for actin 

(Lifeact-Ruby) and NMII light chain (Myl12.1-GFP). Dotted lines track along NMII minifilament 

“bridges”. 

Scale bars: 1 μm (A, C, & E) and 500 nm (B & D)  
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Figure 8. NMII minifilaments dynamically connect pegs and organize microridge 

rearrangements. (A) Airyscan time-lapse images of NMII minifilaments dynamically connecting 

pegs as they emerge in the cortex of a periderm cell expressing fluorescent reporters for actin 

(Lifeact-mRuby) and NMII (Myl12.1-GFP). Dotted lines track along NMII minifilament “bridges”. 

Images include still frames from Video 2-7. (B) Airyscan time-lapse images of microridge 

rearrangements (white arrowheads) in periderm cells expressing fluorescent reporters for actin 

(Lifeact-mRuby) and NMII (Myl12.1-GFP). In the upper panels, an NMII minifilament connects the 

ends of adjacent microridges, fusing them together. In the lower panels, NMII minifilaments line 

up perpendicular to a microridge and appear to sever it. Images are still frames from Video 2-7. 

(C) Airyscan time-lapse images of microridge spacing dynamics in periderm cells expressing 

fluorescent reporters for actin (Lifeact-mRuby) and NMII (Myl12.1-GFP). Dotted line highlights 

narrowing and widening regions. Top rows show Airyscan images; bottom rows show color-coded 
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distances. Colors correspond to color bars on the left. The upper two rows show NMII 

minifilaments connecting two adjacent microridges and apparently pulling them together. The 

lower two rows show the NMII minifilament bridge between microridges dissipating as the 

adjacent microridges separate. Images are still frames from Video 2-7. 

Scale bars: 1μm (A and B).  
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Figure 9. Model for microridge maturation and minifilament-mediated rearrangements 

Top: The nematic order of microridge patterns increases as rearrangements decrease in 

frequency.  Bottom: The orientation of NMII minifilaments determines the outcome of 

rearrangement events and regulates spacing (see Discussion).  
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Fig S1. Additional quantification of morphological changes in maturing microridges. (A) 

Violin and box-and-whisker plot of protrusion length for periderm cells at the specified stage. 48 

hpf, n=34 cells from 12 fish; 72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 fish. 

P<2.2x10-16, Kruskal-Wallis test followed by Dunn test with Benjamini-Hochberg p-value 

adjustment: 48-72 hpf, P=1.36x10-14; 48-96 hpf, P=2.67x10-59; 72-96 hpf, P=6.08x10-14. (B) Dot 

and box-and-whisker plot of average protrusion length on periderm cells at the specified stage. 

48 hpf, n=34 cells from 12 fish; 72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 fish. 

P=1.81x10-10,  Kruskal-Wallis test followed by Dunn test with Benjamini-Hochberg p-value 

adjustment: 48-72 hpf, P=0.019; 48-96 hpf, P=8.60x10-11; 72-96 hpf, P=3.05x10-4. (C) Box-and-

whisker plot of protrusion number distributed among pegs (<0.75μm), short microridges (0.75-
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5μm), and long microridges (>5μm) on periderm cells at the specified stage. 48 hpf, n=34 cells 

from 12 fish; 72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 fish.  Two-way ANOVA 

with interaction: hpf, P=3.12x10-12; protrusion type, P=4.84x10-3; hpf-protrusion type interaction, 

P=3.03x10-5. (D) Dot and box-and-whisker plot of periderm cell apical area at the specified stage. 

48 hpf, n=34 cells from 12 fish; 72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 fish. 

P=0.011,  Kruskal-Wallis test followed by Dunn test with Benjamini-Hochberg p-value adjustment: 

48-72 hpf, P=0.722; 48-96 hpf, P=0.014; 72-96 hpf, P=0.041. (E) Dot and box-and-whisker plot 

of microridge spacing mean for periderm cells at the specified stage. 48 hpf, n=34 cells from 12 

fish; 72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 fish. P=0.308,  one-way ANOVA. 

(F) Dot and box-and-whisker plot of microridge spacing median for periderm cells at the specified 

stage. 48 hpf, n=34 cells from 12 fish; 72 hpf, n=24 cells from 10 fish; 96 hpf, n=34 cells from 15 

fish. P=0.569,  one-way ANOVA. 

‘*’ p ≥ 0.05 and ‘***’ p ≥ 0.001. 

For box-and-whisker plots, middle box line is the median, and lower and upper ends of boxes are 

25th and 75th percentiles, respectively. 
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Video Legends 

Video 2-1. Microridge fusion and fission diminish as microridge patterns mature 

10-minute time-lapse videos with 30-second intervals of periderm cells expressing Lifeact-GFP in 

zebrafish at the indicated developmental stage. Microridge fusion and fission attenuate as 

microridges become longer and more aligned at each stage. Orange circles show locations of 

microridge fusions. Blue circles show locations of microridge fissions. Scale bar: 10μm. 

 

Video 2-2. Microridges fuse and fission 

4.5-minute time-lapse videos with 30-second intervals of periderm cells expressing Lifeact-GFP 

in 48hpf zebrafish. White arrowheads show locations of microridge fusion and fission events. 

Scale bar: 1μm. 

 

Video 2-3. Microridge fusion and fission reflect fusion and fission of the plasma membrane 

10-minute time-lapse video with 30-second intervals of periderm cells expressing fluorescent 

reporters for actin (Lifeact-GFP) and membrane (mRuby-PH-PLC) on 48hpf zebrafish. Microridge 

fusion (yellow arrowhead) and fission (white arrowhead) in the actin channel are mimicked by 

fission and fusion of projections in the membrane channel. Time-lapse frames are sum projection 

images. Scale bar: 1μm. 

 

Video 2-4. Rapid cell shape changes do not induce microridge fusion and fission 

60-minute time-lapse video with 1-minute intervals of periderm cells expressing Lifeact-GFP on 

72hpf zebrafish. Time-lapse begins immediately after laser ablation of periderm cells on either 
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side of the cell of interest. The cell of interest rapidly elongates between the two wounds, but does 

not increase fusion and fission events. Scale bar: 10μm. 

 

Video 2-5. NMII contractions correlate with microridge fusion and fission 

10-minute time-lapse video with 30-second intervals of periderm cells expressing fluorescent 

reporters for actin (Lifeact-mRuby) and NMII (Myl12.1-EGFP) on 48hpf zebrafish. Microridges 

fuse near sites of intensifying myosin fluorescence signal (yellow arrowheads) and fission near 

sites of diminishing myosin fluorescence signal (white arrowhead). Scale bar: 1μm. 

 

Video 2-6. Short-term NMII inhibition reduces microridge fusion and fission 

10-minute time-lapse video with 30-second intervals of periderm cells expressing Lifeact-GFP on 

49hpf zebrafish after 1-hour treatment with 1% DMSO or 50μm blebbistatin. Microridge fusion 

and fission decrease in periderm cells after 1-hour treatment with blebbistatin. Orange circles 

show locations of microridge fusions. Blue circles show locations of microridge fissions. Scale 

bar: 5μm. 

 

Video 2-7. NMII minifilaments coordinate peg dynamics and microridge fusion, fission, and 

spacing 

9-minute time-lapse videos with 1-minute intervals of periderm cells expressing fluorescent 

reporters for actin (Lifeact-mRuby) and NMII (Myl12.1-EGFP). NMII minifilaments appear as two 

green puncta. Different NMII-mediated events indicated by title cards. "Bridges" of one or two 

NMII minifilaments attach to pegs as they appear, and occasionally pull them toward one another. 

NMII minifilaments connect two microridge ends and fuse them into a longer microridge. NMII 
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minifilaments oriented perpendicular to a microridge in the x-y plane sever a microridge. Finally, 

NMII minifilament "bridges" connecting two adjacent microridges contract to pull the microridges 

closer together, and allow microridges to drift further apart as they disappear. Scale bar: 1μm. 
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The observations and experiments performed here describe the mechanisms of 

microridge formation and pattern maturation in live animals.  This work also demonstrates 

essential roles for NMII contraction in both of these processes.  During early larval development, 

the surfaces of zebrafish periderm cells are covered in finger-like protrusions that we have dubbed 

“pegs”.  At this early stage, NMII contracts the apical cortex, constricting periderm cells and 

appearing in localized pulses that concentrate near cell borders.  Cortical NMII contractions 

reduce membrane surface tension allowing pegs to fuse to one another and thereby elongate into 

microridges.  Locally, individual NMII minifilaments in the cortex tether pegs to one another and 

contract between them, pulling them together.  As periderm cells constrict, NMII contraction 

gradually spreads from cell borders toward the center of the cell surface, becoming ubiquitous 

across the cortex of periderm cells.  Microridges gradually assemble and elongate through a 

dynamic process of fission and fusion which occurs in a pattern that mimics the concentric 

progression of cortical contraction.  Cortical NMII minifilaments connect adjacent microridges and 

orchestrate fusion and fission events by pulling them together or apart.  Microridges continue to 

fuse and fission after they finish formation and cover the surface of periderm cells.  However, 

these dynamic microridge rearrangements diminish as the microridge pattern matures.  As the 

larvae develops, microridges locally align with one another and become more evenly spaced.  

Continued NMII contraction after initial microridge formation allows periderm cells to reorganize 

microridges into more energetically favorable conformations, progressively creating more ordered 

patterns. 

In the process of investigating the role of NMII contraction in microridge morphogenesis, 

this dissertation has described broader principles that could have implications outside the context 

of microridge development.  First, is the important role that contraction plays in reducing 

membrane tension to allow the formation of protrusions.  In some contexts, actin polymerization 

is sufficient to bend the cell membrane and form a protrusion (Raucher and Sheetz, 2000; Leijnse 

https://paperpile.com/c/iXKlks/OPHhX+Svivc
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et al., 2015).  This work demonstrates that NMII contraction can be used to overcome the same 

energy barrier.  The second principle my work has demonstrated is that the morphology of 

protrusions can be directly affected by the organization of the underlying cytoskeletal network, i.e. 

the apical cortex/terminal web.  Although the relationship between the networks of protrusions 

and cortices is still incompletely understood, the impact of cortical myosin organization on the 

morphogenesis of microridges demonstrates that the two networks are inextricably linked.  This 

principle is further supported by additional observations in which the morphology of protrusions 

and the organization of the terminal web are disrupted simultaneously (Seki et al., 2017). 

Although the experiments described in this dissertation greatly progress our 

understanding of microridge formation and pattern maturation, there are many aspects of both 

processes that warrant further investigation.  One open question concerns the origin of the 

microridge precursor structures, pegs.  Morphologically, pegs bear resemblance to microvilli, 

which are found on many cell types (Elsaesser and Paysan, 2007; Fisher et al., 2008; Sauvanet 

et al., 2015), and can mature into other types of protrusions, like stereocilia (Tilney et al., 1992), 

or even assemble into microridge structures (Gorelik et al., 2003).  With the exception of actin, 

very few molecular components of pegs are known, and further work will be needed to determine 

their similarity to microvilli.  Although it is still a topic of active research in microvilli, it will be of 

particular importance to identify the actin-nucleating and polymerizing proteins that form pegs.  

The ability to directly inhibit peg formation would help answer an important question about 

microridge structure and assembly: whether pegs are molecularly unique structures that retain a 

distinct molecular organization within microridges.  There are several lines of evidence that 

suggest that pegs are structurally distinct microridge components.  Previous TEM studies have 

shown both bundled and branched actin organizations within microridges (Bereiter-Hahn et al., 

1979; Schliwa, 1975; Uehara et al., 1991).  This work and other studies (Lam et al., 2015; Inaba 

et al., 2020; Pinto et al., 2019) have demonstrated that inhibiting the branched actin nucleator 

https://paperpile.com/c/iXKlks/OPHhX+Svivc
https://paperpile.com/c/iXKlks/vazxp
https://paperpile.com/c/iXKlks/ueqAa+zbQwm+Joul9
https://paperpile.com/c/iXKlks/ueqAa+zbQwm+Joul9
https://paperpile.com/c/iXKlks/qp7Rb
https://paperpile.com/c/iXKlks/2LyN9
https://paperpile.com/c/iXKlks/iYg16+wVDZJ+ctgX8
https://paperpile.com/c/iXKlks/iYg16+wVDZJ+ctgX8
https://paperpile.com/c/iXKlks/K0OQs+Gk3iH+L8zBB
https://paperpile.com/c/iXKlks/K0OQs+Gk3iH+L8zBB
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Arp2/3 prevents microridge elongation and disassembles microridges, but has no apparent effects 

on pegs.  Finally, actin fluorescence reporters reveal bright punctae that appear within, and 

sometimes move between, mature microridges (this dissertation).  However, it has not been 

explicitly established that pegs retain their molecular identity within microridges.  Inhibition of peg 

formation or identification of peg-specific proteins could address whether pegs are required for 

microridge formation, whether bright actin fluorescence reporter punctae represent pegs within 

microridges, and whether peg dynamics contribute to the densification of microridge protrusions 

on periderm cells over time. 

 Another aspect of microridge formation and pattern maturation that warrants further study 

is the regulation of the, apparently stochastic, contractile activity of the periderm cell cortex.  NMII 

contractions similar to those I have observed in periderm cells have also been observed in other 

epithelial cells (Solon et al., 2009; Martin et al., 2009; Munro et al., 2004; Fernandez-Gonzalez 

and Zallen, 2011).  In many of these systems pulsatile NMII contraction is activated by RhoA 

through ROCK (Mason et al., 2013; Munjal et al., 2015).  I demonstrated that ROCK is required 

for NMII contraction and microridge development, suggesting that NMII contractions in periderm 

cells are also regulated by RhoA.  Expression of a dominant negative RhoA protein has also been 

shown to alter microridge spacing (Lam et al., 2015).  However, RhoA regulation is complex and 

can be influenced by many different factors including signalling from GPCRs (Kerridge et al., 

2016), interaction with apico-basal polarity proteins (Silver et al., 2019), and feedback from it’s 

own downstream effects (Munjal et al., 2015; Segal et al., 2018).  Additional experiments will be 

required to determine how RhoA regulates contraction during microridge formation and pattern 

maturation.  Several fluorescent reporters have been used to visualize RhoA activity in live cells 

(Benink and Bement, 2005; Munjal et al., 2015).  Direct visualization of RhoA activity in periderm 

cells would allow us to see local activity patterns of RhoA and analyze how they spatially and 

temporally correlate with NMII contraction.  To determine how RhoA is regulated upstream, I 

https://paperpile.com/c/iXKlks/Ouvun+DK1wj+lEzej+qcoaT
https://paperpile.com/c/iXKlks/Ouvun+DK1wj+lEzej+qcoaT
https://paperpile.com/c/iXKlks/h42Ia+T7tnl
https://paperpile.com/c/iXKlks/K0OQs
https://paperpile.com/c/iXKlks/hs5WE
https://paperpile.com/c/iXKlks/hs5WE
https://paperpile.com/c/iXKlks/4e0cr
https://paperpile.com/c/iXKlks/T7tnl+yGVrw
https://paperpile.com/c/iXKlks/RzjPM+T7tnl
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would analyze NMII and RhoA fluorescent reporter activity in a small CRISPR screen of potential 

GEF and GAP regulators of RhoA using a screening method previously-validated in zebrafish 

(Wu et al., 2018). 

NMII contraction can also be affected by the organization of the actin network.  The 

orientation, length, and connectivity of actin all impact tension generated by myosins (Kelkar et 

al., 2020).  During microridge formation cortical NMII contraction relieves membrane tension and 

allows pegs to coalesce into microridges.  It is possible that contraction plays a similar role in 

rearranging microridges after they have formed.  I observed that NMII minifilaments in the cortex 

are associated with, and oriented perpendicular to, the sides of microridges.  The formation and 

maturation of microridge patterns may, therefore, represent a gradual reorganization or the 

cortical actomyosin network: an initially isotropic cortex, present while pegs are the predominant 

protrusions, may transition to an anisotropic cortex in which NMII minifilaments are radially 

arranged, connecting the microridges, which wrap around the cell surface in a roughly concentric 

pattern.  This would result in a feedback mechanism by which NMII contractility is not only 

regulated biochemically, but also by its own effects on the changing architecture of the cortical 

actomyosin network as microridges form and organize on the cell surface.  Further investigation 

will be required to test this possibility more directly.  Platinum replica electron microscopy could 

confirm my observations and provide insight into cortical organization in much greater detail.  

Inhibiting cortical components, like actin crosslinking proteins, would allow us to observe how 

altering cortical organization affects NMII contraction, as well as microridge formation and pattern 

maturation.  Another way to test this hypothesis would be to observe myosin contraction and 

minifilament organization during the anisotropic microridge formation that occurs in rapidly 

elongating cells following neighbor cell ablation.  These experiments, and others, will contribute 

to more fully understanding the complex interplay between the apical cortex and microridge 

protrusions.  

https://paperpile.com/c/iXKlks/XLMSi
https://paperpile.com/c/iXKlks/mVhGJ
https://paperpile.com/c/iXKlks/mVhGJ
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