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Abstract 

 Actins are among the most highly expressed proteins in eukaryotes and play a 

critical role in most cellular processes.  In mammals there exists six different actin 

isoforms, of which only the cytoplasmic βcyto- and γcyto-actins are ubiquitously expressed.  

Remarkably, the cytoplasmic actins differ at only 4 out of 375 amino acids and have been 

exactly conserved from birds to mammals.  It has been postulated that βcyto- and γcyto-

actin have distinct biological functions; therefore, to test this hypothesis we generated 

null alleles of the Actb and Actg1 genes.  Characterization of the resulting isoform-

specific null animals demonstrates that βcyto-actin but not γcyto-actin is essential for 

embryonic viability.  While γcyto-actin is largely dispensable for embryonic development, 

it does confer growth and survival advantages, as evidenced by the fact that γcyto-actin 

null embryos exhibited mild developmental delays and decreased postnatal survival.  

Furthermore, γcyto-actin null primary mouse embryonic fibroblasts (MEFs) had a mild 

growth deficiency and a slight increase in apoptosis, despite total actin levels being 

maintained.  In contrast to γcyto-actin null mice, βcyto-actin null mice were early 

embryonic lethal, indicating that βcyto-actin is an essential gene required for 

embryogenesis.  The lethality in βcyto-actin null mice is likely due to defects in cell 

growth and migration as these processes were severely impaired in βcyto-actin knockout 

primary MEFs.  Together, the distinct phenotypes observed in βcyto- and γcyto-actin 

knockout mice and cells demonstrate that while βcyto- and γcyto-actin can compensate for 

each other to a limited extent, they also have unique biological functions. 
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Actin Dynamics and Regulation 

Actin is a 42 kDa protein that is highly expressed in all eukaryotic cells and plays 

a fundamental role in most cellular processes through its ability to reversibly polymerize 

into stiff filaments.  Actin filaments are double helical polymers with molecular polarity 

owing to the fact that the asymmetric globular subunits all have the same orientation.  

One end of the filament is known as the barbed end and the other as the pointed end. The 

polarity of filaments is important as the two ends have different rate constants and 

different affinities for proteins that regulate actin dynamics.     

In the monomeric state, actin binds ATP in a deep cleft between its two lobes. 

Soon after assembly into filaments, actin hydrolyzes the ATP to ADP and dissociates the 

γ-phosphate (Figure 1.1).  While ATP stabilizes monomeric actin, it is not required for 

polymerization (1).  Rather, ATP hydrolysis and phosphate dissociation appear to provide 

an internal timer for the age of the filament and regulates filament disassembly through 

interactions with regulatory proteins. 

Under physiological conditions in vitro, actin monomers spontaneously 

polymerize into filaments (2).  Initiation of a filament is called nucleation, as actin 

monomers must first form a small oligomer called a nucleus.  These small oligomers are 

very unstable, making nucleation the rate-limiting step in actin polymerization.  Once a 

nucleus is formed filaments grow rapidly by the addition of monomers to both ends, 

however, the rate of elongation is greater at barbed ends than pointed ends.  Actin 

polymerization is reversible as filaments can also depolymerize by the dissociation of 

actin subunits.  Thus, a dynamic equilibrium between actin monomers and filaments 



 

 3 

exists and is dependent on the concentration of free monomers.  The dissociation 

equilibrium constant for monomer binding at the end of a polymer is called the critical 

concentration and differs at each end of the filament (Figure 1.1).  Polymerization occurs 

when monomeric actin is above the critical concentration and depolymerization favored 

when monomeric actin is below the critical concentration.  Therefore, once a steady-state 

is reached the concentration of monomers is slightly above the critical concentration at 

the barbed end and below that at the pointed end, resulting in a net addition of subunits at 

the barbed end and net loss at the pointed end.  This slow flux of subunits through the 

filament is known as treadmilling and occurs when the monomer concentration is 

intermediate between the critical concentrations for the barbed and pointed ends. 

 The spontaneous self-assembly and treadmilling of actin filaments observed in 

vitro cannot alone account for the many physiological roles of actin; therefore, eukaryotic 

cells have more than 100 actin binding proteins (ABPs) that function to regulate actin.  A 

large number of ABPs regulate the assembly and disassembly of actin filaments (3).  

Given that spontaneous nucleation is highly unfavorable, cells use proteins such as the 

Arp2/3 complex and formins to initiate new filaments.  Arp2/3 is a well-studied protein 

complex that can nucleate filaments from the side of existing filaments and plays an 

important role in expanding the network of filaments at the leading edge of motile cells.  

Additionally, many ABPs serve to regulate filament growth and disassembly.  For 

example, capping proteins can control filament length.  Capping proteins that bind the 

barbed end of filaments inhibit filament growth, while those that bind the pointed end 

reduce the loss of monomers from the filament, thereby promoting filament extension.  
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Other proteins function to drive filament disassembly, such as the actin-depolymerizing 

factor (ADF) and the cofilin family of proteins.  Some ABPs can also sever actin 

filaments, which rapidly increases actin dynamics.  Severing proteins mostly function to 

disassemble filaments but they can also function to provide new barbed ends for filament 

growth.  Finally, a set of monomer binding proteins allows for the availability of actin 

monomers to be tightly regulated.  Many cellular functions, such as migration, require 

rapid filament growth; therefore, a large pool of monomers, poised for polymerization, 

must be maintained in the cell. This is achieved through monomer-sequestering proteins, 

such as the thymosin family, which bind actin and prevent polymerization.  Appropriate 

signals then trigger the release of thymosin binding, resulting in a massive increase in the 

amount of monomeric actin available for polymerization.  Profilin, another actin 

monomer binding protein, facilitates the exchange of ADP for ATP and prevents 

nucleation and elongation of pointed ends but not barbed ends.    

 Another important set of actin binding proteins serves to organize actin into 

networks and higher-order structures that are essential to a cell’s form and function (4).  

Actin-bundling proteins, such as fimbrin and α-actinin, bundle actin filaments into linear 

arrays that are either loosely or tightly bundled depending on the architecture of the 

bundling protein.  In contrast, actin crosslinking proteins, such as filamin and spectrin, 

organize filaments into orthogonal arrays, the nature of which depends on the ABP.  

 Lastly, a group of ABPs utilize actin filaments as a scaffold, physical support or 

track (5).  Some of these proteins function to connect actin to membranes or other 

cytoskeletal networks, thereby providing a structural framework within cells.  In contrast, 
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the large superfamily of molecular motor proteins known as myosins utilizes the actin 

cytoskeleton to produce mechanical force and movement.  In an ATP-dependent manner, 

myosin generates force between actin filaments to produce the contractions necessary for 

a variety of cellular processes.  In addition, myosin can move organelles and 

macromolecular complexes along actin filaments over short distances.   
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Figure 1.1: Actin treadmilling in vitro. Rate constants for the association (µM-1s-1) and 

dissociation (s-1) of ATP-actin and ADP-actin at both ends of the actin filament are 

shown.  The ratio of the dissociation rate constant to the association rate constant gives 

the dissociation equilibrium constant K (µM), also known as the critical concentration.  

The critical concentrations for ATP-actin differ at the two ends, giving rise to a slow 

steady state treadmilling.  After assembly into filaments, ATP is rapidly hydrolyzed, 

followed by dissociation of the phosphate. T signifies ATP-bound actin and D signifies 

ADP-bound actin.  Adapted from (6).
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Figure 1.1 
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Cellular Functions of Actin 

Actin was first identified in muscle where it provides a scaffold on which myosin 

can generate force for muscle contraction.  It is now known that actin plays an important 

role in nearly all cell types and cell behaviors (7).  As a component of the cytoskeleton, 

actin provides the mechanical support required for the establishment and maintenance of 

cell shape and polarity.  Actin filaments can be organized into a variety of different 

arrangements that form a diverse array of cellular structures, such as microvilli, stress 

fibers and lamellipodia, which are critical to the cell’s function.  Actin filaments also play 

a role in internalization of membrane vesicles as well as provide tracks for cargo 

transport by myosin.  Additionally, actin dynamics feed into the serum response factor 

(SRF) gene regulatory pathway such that the level of monomeric actin in a cell regulates 

the expression of SRF target genes (8).  Many of these target genes include actin and 

actin regulators, thus it appears that actin itself is part of an autoregulatory feedback 

circuit that links actin dynamics with transcriptional regulation.  Furthermore, actin has 

been shown to associate with chromatin remodeling complexes and all three RNA 

polymerases, implicating a direct role for actin in gene transcription (9). 

 Actin also plays a critical role in cytokinesis, a complicated process involving 

more than 100 proteins (10).  During late stages of cell division a contractile ring, 

composed of myosin and actin filaments, assembles equatorially at the cell cortex (Figure 

1.2A).  The thin band of actin filaments is attached to the plasma membrane such that as 

myosin pulls filaments together the cell membrane ingresses.  As the contractile ring 

constricts, actin filaments depolymerize in proportion to the circumference.       
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One of the most well studied roles for actin is in cell motility, a fundamental 

process essential for embryonic development, wound healing, and immune responses.  

During cell migration four coordinated events occur: initial extension of a membrane 

protrusion, adhesion to the substratum, forward flow of cytosol, and retraction of the rear 

of the cell. Cell protrusions, or lamellipodia, extend by polymerization of actin filaments, 

which provide the necessary force to push the membrane forward and drive cell 

locomotion (Figure 1.2B) (6).  Lamellipodia contain a branched network of actin 

filaments with barbed ends oriented outward from the cell.  Branching is achieved 

through activation of the Arp2/3 complex, which mediates the initiation of new filaments 

as branches on preexisting filaments.  As actin filaments elongate by assembly of 

monomeric actin onto barbed ends, the leading edge membrane is pushed forward.  Since 

short filaments are stiffer than long filaments and are therefore more effective at pushing 

on the membrane, filaments are typically capped before growing longer than 0.5 µm.  A 

short distance behind the leading edge, actin filaments are disassembled with the help of 

ADF/cofilin proteins.  Profilin subsequently catalyzes the exchange of ADP for ATP, 

thus replenishing the pool of actin monomers ready for elongation at the leading edge.  In 

order to provide the adhesive traction for cell movement, actin bundles within 

lamellipodia form stable contacts, called focal adhesions, with the underlying substratum.  

As the contents of the cell are translocated forward through a myosin-dependent 

mechanism the focal adhesions eventually assume positions toward the back of the cell 

where they are disassembled. 
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 Through its many cellular functions, the actin cytoskeleton plays an essential role 

in embryonic development.  Most notably, the actin cytoskeleton provides the mechanical 

forces that drive embryonic morphogenesis, a process that controls the organized spatial 

distribution of cells and causes an organism to develop its shape.  Two types of actin-

based forces drive morphogenetic movements: protrusive and contractile (11).  Actin 

polymerization provides the protrusive force that drives cells forward, allowing cells to 

migrate along predetermined paths.  In contrast, actin filaments together with myosin 

motors generate the contractile forces that reorganize entire groups of cells into distinct 

embryonic structures.  This type of collective cell movement results from the fact that 

actin filaments are anchored to the plasma membrane at sites of cell-cell adhesion, 

allowing the actin cytoskeleton of an entire tissue to act as a single mechanical structure.   

 In addition to providing the necessary forces for embryonic morphogenesis, the 

actin cytoskeleton is important for other aspects of development.  For example, during 

embryogenesis cells must rapidly proliferate, requiring reorganization of the actin 

cytoskeleton and formation of an actin-myosin contractile ring.  Furthermore, the actin 

cytoskeleton provides mechanical support to cells, dictates cell shape and helps establish 

polarity, and forms the basis of specialized cellular structures necessary for the cell’s 

function. 
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Figure 1.2: Examples of actin-based cellular processes.  A: During cytokinesis, a 

contractile ring composed of actin filaments and myosin assembles equatorially at the cell 

cortex.  The contractile ring constricts as myosin pulls actin filaments together, causing 

the cell membrane to ingress.  B: Actin polymerization at the leading edge drives 

membrane extension and cell locomotion.  Upon receiving the appropriate extracellular 

signals, the Arp2/3 complex becomes activated by WASp/Scar proteins and initiates new 

filament growth as branches on preexisting filaments.  Rapid growth at the barbed end of 

the new branch pushes the membrane forward.  Capping proteins terminate filament 

elongation before the filaments become too long.  Filaments age by hydrolysis of ATP 

(white subunits turn yellow) followed by dissociation of the phosphate (subunits turn 

red), thus marking the filament for disassembly by ADF/cofilin.  Profilin subsequently 

binds actin monomers and catalyzes the exchange of ADP for ATP.  A pool of ATP-actin 

bound to profilin is then ready to elongate barbed ends as they become available at the 

leading edge.  Adapted from (7).
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Figure 1.2 
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Mammalian Actin Isoforms 

In mammals there exists six different actin isoforms expressed in a tissue specific 

pattern (12).  Four of the actin isoforms are muscle specific: αsmooth-actin and γsmooth-actin 

are predominately expressed in smooth muscle, while αcardiac-actin and αskeletal-actin are 

expressed in cardiac and skeletal muscle, respectively.  The remaining two isoforms are 

termed cytoplasmic actins (βcyto-actin and γcyto-actin) due to their ubiquitous expression in 

all cell types.  Actin isoforms are each encoded by different genes, yet share a very high 

degree of protein sequence homology (13).  The two most divergent isoforms differ by 

less than 7% of their primary sequence, while the cytoplasmic actins remarkably differ at 

only 4 out of 375 amino acids.  These 4 divergent residues reside in the first 10              

N-terminal amino acids and are biochemically very similar between the two isoforms 

(Table 1.1).  Importantly, all six isoforms have been exactly conserved from birds to 

mammals, implicating functional specificity for each isoform. 
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Functional Specificity of Actin Isoforms 

Functional specificity between muscle actins is evidenced by the fact that 

knockout of individual muscle-specific actin-isoforms in mice results in distinct 

phenotypes.  Knockout of αcardiac-actin, αsmooth-actin, or αskeletal-actin resulted in defects in 

cardiac, smooth, or skeletal muscle respectively (14-16).  Furthermore, transgenic 

overexpression of γsmooth-actin was unable to fully rescue the defects in αcardiac-actin 

knockout mice and overexpression of γcyto-actin did not rescue the phenotypes of αskeletal-

actin knockout mice (14, 17).  Together, these data indicate distinct cellular functions for 

each muscle-specific actin isoform.  While the cytoplasmic actin isoforms are 99% 

identical and ubiquitously expressed, several lines of evidence suggest that βcyto- and 

γcyto-actin also have some functional specificity.  

βcyto-Actin and γcyto-actin are coexpressed in all cell types; however, their relative 

expression is under strict temporal and spatial regulation (18-21).  Throughout embryonic 

development βcyto- and γcyto-actin exhibit distinct patterns of expression in both space and 

time (20).  By adulthood, cytoplasmic actins are expressed at a ratio of approximately 2:1 

βcyto- to γcyto-actin; however, exceptions exist in some tissues (18-21).  Notably, βcyto- and 

γcyto-actin can regulate the synthesis of one another as perturbations in the expression of 

one of the isoforms leads to concomitant changes in the expression of the other such that 

total actin levels are maintained (22, 23).  Cytoplasmic actin expression is thus a highly 

regulated and complex process resulting in distinct spatial and temporal expression 

patterns between βcyto- and γcyto-actin.  These different expression patterns are thought to 

reflect different functional requirements for the two isoforms.  
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In addition to tissue-specific expression differences, βcyto- and γcyto-actin mRNA 

and protein have been shown to differentially localize within cells.  In cultured 

endothelial cells and 3T3 fibroblasts βcyto-actin was strictly localized to the leading edge 

of motile cytoplasm after mechanical injury (24).  The appearance of βcyto-actin at the 

wound edge correlated with a two- to threefold increase in βcyto-actin mRNA levels, 

which rose within 15-60 min after injury.  In myoblasts, βcyto-actin but not γcyto-actin 

mRNA was localized to the cell periphery, such as in extending processes and membrane 

ruffles, regions that reflect cell movement (25).  Furthermore, in developing neurons 

βcyto-actin was found to localize to growth cones and other actively growing structures, 

while γcyto-actin was uniformly distributed throughout the cell (26, 27).  The observed 

enrichment of βcyto-actin at the leading edge of migrating cells has led to the hypothesis 

that βcyto-actin is the main actin isoform that drives protrusion formation.   

Preferential targeting of βcyto-actin to the leading edge is thought to occur in part 

by zipcode binding protein 1 (ZBP1)-mediated asymmetric localization and translation of 

βcyto-actin mRNA.  The 3’-untranslated region of βcyto-actin mRNA contains a zipcode 

binding sequence not found in γcyto-actin mRNA that is recognized by ZBP1 (28, 29).  

Binding of ZBP1 in turn promotes transport of βcyto-actin mRNA to the cell periphery 

while preventing translation initiation (30, 31).  Once at the cell periphery, ZBP1 is 

released from the mRNA, thereby permitting localized translation (31).  Interference with 

βcyto-actin mRNA-ZBP1 binding using antisense oligonucleotides against the zipcode 

sequence resulted in reduced fibroblast motility (32) and blocked growth cone turning in 

response to guidance cues (33).  These studies suggest that ZBP1-mediated asymmetric 
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transport and translation of βcyto-actin mRNA is important for cell motility. It is worth 

noting that ZBP1 is known to associate with numerous mRNAs, including many other 

cytoskeletal-related proteins (34), suggesting that βcyto-actin may be part of an integrated 

cellular program that coordinately regulates mRNAs encoding functionally related 

proteins. 

The hypothesis that βcyto-actin enrichment at the leading edge drives protrusion 

formation was recently challenged by a study reporting that βcyto-actin is preferentially 

localized in stress fibers, while γcyto-actin primarily localized to lamellipodia in migrating 

fibroblasts (35).  These conflicting reports are not surprising given the inherent difficulty 

in immunostaining actin isoforms (36).  The small sequence differences between 

isoforms makes generating isoform specific antibodies challenging and requires 

establishing antibody specificity using knockout tissues, which until recently have not 

been available.  Furthermore, some actin-based structures, such as tightly bundled actin 

filaments, may not allow for antibody penetration or epitope unmasking.  Nonetheless, 

overexpression of βcyto-actin in myoblasts increased areas of membrane protrusions and 

nearly doubled the speed of migrating cells, suggesting that βcyto-actin in deed plays an 

important role in cell motility (37). 

Studies investigating post-translational modifications of actin isoforms also 

implicate a specific role for βcyto-actin in cell motility.  While both βcyto- and γcyto-actin 

are arginylated at the N-terminus, arginylated γcyto-actin is highly unstable and selectively 

degraded, thus only arginylated βcyto-actin is found in vivo (38, 39).  In fact, it was 

demonstrated that as much as 40% of intracellular βcyto-actin is arginylated in motile 
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fibroblasts (38).  Arginyltransferase (Ate1) knockout cells, which lack the enzyme 

necessary to carry out arginylation, failed to form normal lamellae and were migration 

deficient (38).  Importantly, the lamellae defect was rescued by reintroduction of           

N-terminally arginylated βcyto-actin, indicating that the defective lamellae in Ate1 

knockout cells is due specifically to a lack of arginylated βcyto-actin and not any of the 

other ABPs known to be arginylated.  The authors subsequently demonstrated a global 

disorganization of the cytoskeleton and reduced actin polymer levels in Ate1 knockout 

cells (39).  These defects were attributed to the fact that purified nonarginylated actin had 

altered polymerization properties, a greater tendency to aggregate, and altered 

interactions with several actin-binding proteins.  Together, these data indicate an 

important function for arginylated βcyto-actin in cytoskeletal maintenance and function.  

The first direct evidence that cytoplasmic actins are functionally distinct came 

from an overexpression study in cultured cells.  Mouse C2 myoblasts stably transfected 

with βcyto-actin or γcyto-actin elicited reciprocal effects on myoblast morphology (40).  

Cells expressing high levels of βcyto-actin displayed increases in cell surface area and 

thickness. In contrast, overexpression of γcyto-actin resulted in reduced cell surface area 

and a loss of actin stress fibers (40).  While other cell types may not interpret 

overexpression of cytoplasmic actins in the same way, the reciprocal phenotypes 

nonetheless suggest that βcyto- and γcyto-actin are functionally distinct. 

Additional evidence for unique biological functions between the cytoplasmic 

actins comes from knockdown studies.  In cultured cells, siRNA-induced silencing of 

either βcyto-actin or γcyto-actin led to a halt in cell growth, suggesting that the cytoplasmic 
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actins are both essential genes with non-redundant functions (41).  In a more recent study, 

it was shown that siRNA knockdown of βcyto-actin led to increased cell spreading, the 

formation of broad protrusions at the leading edge, and reduced stress-fiber content (35).  

In contrast, γcyto-actin knockdown resulted in a contractile phenotype with thick actin 

bundles and reduced lamellipodial structures.  Furthermore, siRNA-induced silencing of 

βcyto-actin or γcyto-actin actin led to differential effects on cell motility (35).  Together, 

these studies suggest distinct cellular roles for βcyto- and γcyto-actin; however, it remains 

possible that the observed phenotypes are due to off-target effects of siRNA knockdown.            

 In addition to siRNA-mediated knockdown in vitro, there are two independent 

reports of βcyto-actin knockdown in vivo using a targeted transgene approach (42, 43).  In 

both studies, transgene insertion into the βcyto-actin locus resulted in reduced βcyto-actin 

expression and mice homozygous for the targeted allele were embryonic lethal by 

embryonic day (E) 10.5.  These knockdown studies lend support to the idea that 

cytoplasmic actins are essential genes, each with non-overlapping functions. 

In order to definitively test whether βcyto- and γcyto-actin are essential genes and to 

help identify their distinct functions, the Ervasti laboratory generated both conditional 

and null alleles for the βcyto- and γcyto-actin genes.  Conditional knockout of γcyto-actin in 

skeletal muscle resulted in a progressive myopathy, characterized by muscle weakness 

and muscle cell death and regeneration (44).  In skeletal muscle, γcyto-actin is localized to 

the cortical cytoskeleton and composes a very minor population of the total actin; 

nonetheless, γcyto-actin appears to play an important role in maintaining muscle cell 

structure and function.  Upon generation of a null allele for γcyto-actin, it was discovered 
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that γcyto-actin is not essential for viability as a third of null animals (Actg1-/-) could be 

identified at weaning (45).  Nonetheless, Actg1-/- mice exhibited increased mortality and 

presented with a progressive hearing loss despite up-regulation of βcyto-actin, indicating 

distinct biological functions for γcyto-actin.     

The first goal of my thesis research was to identify the cause of lethality in   

Actg1-/- mice in an attempt to understand how γcyto-actin is functionally distinct from 

βcyto-actin in vivo.  To this end, I characterized the embryonic and postnatal development 

of Actg1-/- mice as well as assessed cell behavior of Actg1-/- primary mouse embryonic 

fibroblasts (MEFs).  My findings from this work are described in Chapter 2.  The second 

goal of my thesis research was to characterize βcyto-actin null mice (Actb-/-) and knockout 

MEFs to help identify specific biological functions for βcyto-actin.  These results are 

described in Chapter 3.  Together, the distinct phenotypes observed in βcyto-actin and 

γcyto-actin knockout mice and cells reveal unique biological functions for the cytoplasmic 

actin isoforms.  
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Chapter 2 

Delayed Embryonic Development and Impaired Cell Growth and  

Survival in Actg1 Null Mice 
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Bunnell, T.M., and Ervasti, J.M. (2010) Delayed embryonic development and impaired 

cell growth and survival in Actg1 null mice. Cytoskeleton (Hoboken) 67, 564-572 
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Actins are among the most highly expressed proteins in eukaryotes and play a 

central role in nearly all aspects of cell biology. While the intricate process of 

development undoubtedly requires a properly regulated actin cytoskeleton, little is known 

about the contributions of different actin isoforms during embryogenesis.  Of the six actin 

isoforms, only the two cytoplasmic actins, βcyto- and γcyto-actin, are ubiquitously 

expressed.  We found that γcyto-actin null (Actg1-/-) mice were fully viable during 

embryonic development, but most died within 48 hours of birth due to respiratory failure 

and cannibalization by the parents.  While no morphogenetic defects were identified, 

Actg1-/- mice exhibited stunted growth during embryonic and postnatal development as 

well as delayed cardiac outflow tract formation that resolved by birth.  Using primary 

mouse embryonic fibroblasts, we confirm that γcyto-actin is not required for cell 

migration.  The Actg1-/- cells, however, exhibited growth impairment and reduced cell 

viability, defects which perhaps contribute to the stunted growth and developmental 

delays observed in Actg1-/- embryos.  Since the total amount of actin protein was 

maintained in Actg1-/- cells, our data suggests a distinct requirement for γcyto-actin in cell 

growth and survival.    
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Introduction 

Actins are a major component of the cytoskeleton and play fundamental roles in 

most cellular processes, including muscle contraction, cell motility, cell division, cell 

signaling, establishment of cell polarity and maintenance of cell shape.  In higher 

eukaryotes there are six different actin isoforms, each encoded by distinct genes: four 

“muscle” actins predominately expressed in striated (αsk and αca) and smooth (αsm and 

γsm) muscle and two cytoplasmic “non-muscle” actins (βcyto and γcyto) which are 

ubiquitously expressed (13).  The actin family of proteins is highly conserved, with no 

two isoforms differing by more than 7% of their primary amino acid sequences.  

Incredibly, βcyto- and γcyto-actin differ at only 4 out of 375 amino acids and these small 

sequence differences are conserved from birds to mammals.   

 It has been hypothesized that the βcyto- and γcyto-actin isoforms confer unique 

functions in certain tissues and cell types. In support of this hypothesis, βcyto- and 

γcyto-actin mRNA and protein segregate to distinct intracellular compartments in a variety 

of cell types (26, 35, 46, 47).  Furthermore, siRNA-induced silencing revealed βcyto- and 

γcyto-actin as essential genes in cultured mammalian cells (41), suggesting non-redundant 

roles for the two non-muscle actin isoforms.  In addition, hypomorphic βcyto-actin mice 

are embryonic lethal (42, 43), indicating that βcyto-actin plays an essential role during 

embryonic development.  

During animal development, a properly regulated actin cytoskeleton is required to 

generate the protrusive and contractile forces necessary for morphogenetic processes.  

Disruption of the actin cytoskeleton, either through perturbations in actin-binding 
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proteins or through the use of actin-targeting drugs, leads to morphogenetic defects in 

several organisms, including worms, flies and mice (11, 48, 49).  In addition, actin is 

important for completing cell division, generating cell polarity, and maintaining cell 

shape, all processes critical for proper embryonic development.  Despite the well-

recognized roles for actin during development, little is know about the individual 

contributions from the different actin isoforms.  Indeed, βcyto- and γcyto-actin isoforms 

exhibit differential expression patterns during development (20), suggesting that each 

isoform performs specific and perhaps unique functions.  

We previously generated Actg1-/- mice and showed that γcyto-actin is not essential 

for viability, suggesting that other actin isoforms can at least partially compensate for 

γcyto-actin during embryonic development (45).  However, only one-third of the expected 

number of Actg1-/- mice were found at the time of weaning (45).  Therefore, we sought to 

characterize the embryonic and postnatal development of Actg1-/- mice to help identify 

processes that specifically require the γcyto-actin isoform during development.  

Surprisingly, Actg1-/- embryos were found at the expected Mendelian ratio throughout 

development and did not exhibit any gross developmental abnormalities.  The observed 

lethality of Actg1-/- mice occurred within the first 48 hours of birth, most likely resulting 

from respiratory distress.  This lethality could be explained by the mild developmental 

delays or stunted growth observed in Actg1-/- embryos.  Moreover, Actg1-/- mouse 

embryonic fibroblasts (MEFs) exhibited growth deficiencies due to reduced cell survival.  

Together, these data indicate that γcyto-actin is not essential for embryonic development; 

however, γcyto-actin does confer advantages for growth and survival.  
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Materials and Methods 

Animals 

Generation of Actg1+/- mice was described previously (45). Animals were housed 

and treated in accordance with the standards set by the University of Minnesota 

Institutional Animal Care and Use Committee.  Timed matings were carried out by 

housing a single Actg1+/- male with one to two Actg1+/- estrous females overnight.  

Vaginal plugs were checked the following morning as an indication that copulation had 

occurred, and male and females separated.  The day a plug was detected was considered 

E0.5 of development.  At the designated embryonic age, pregnant females were 

euthanized and embryos liberated from the uterine muscle and deciduum.  For each 

embryo, gross morphology was observed, crown-rump measurements taken and yolk sac 

or tail tissue recovered for genotype assessment.  Genotypic analysis was performed 

using PCR methods described previously (44).  Pregnant females were observed giving 

birth and newborn pups were monitored.  Within 3 hours of birth, lungs were dissected 

and examined. 

Histology and immunohistochemistry 

Embryonic and postnatal tissue was fixed in Bouin’s fluid for 2-24 hours, 

depending on the size of the tissue, and stored in 70% ethanol at 4°C.  Tissue was 

subsequently paraffin embedded and sectioned at 6 µm.  Hematoxylin and eosin staining 

of tissue sections was carried out as described (50).  Immunohistochemistry was 

performed using the standard Avidin-Biotin Complex technique.  Tissue sections were 

deparaffinized in xylenes, rehydrated through a series of graded ethanol and endogenous 
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peroxidase activity quenched with 1.0% H2O2.  Tissue was blocked with 2.5% goat serum 

and incubated with a polyclonal antibody to surfactant protein B (Abcam, ab40876) for 

1.5 hours at room temperature.  Sections were then incubated with a biotinylated 

secondary antibody (Vector Laboratories, BA1000), followed by incubation with the 

avidin:biotinylated enzyme complex (R.T.U. Vectastain Elite ABC Reagent, Vector 

Laboratories, PK7100).  Immune signal was detected by exposure to the peroxidase 

substrate 3,3’-diaminobenzidine.  Tissue sections were counterstained with hematoxylin.  

Histological analyses were carried out on serial sections from at least 3 different animals 

for each genotype/age described.               

Isolation and culture of primary MEFs 

Primary MEF cultures were established from E13.5 embryos.  Embryos were 

dissected in sterile PBS and the brain, heart, liver and other visceral organs removed.  

The carcass was then finely minced with a razorblade and incubated in 3.0 ml of 0.25% 

trypsin-EDTA at 4°C overnight.  Once the embryonic genotypes were determined, the 

minced tissue was incubated in a 37°C water bath for 30 minutes to activate the trypsin.  

After vigorous pipetting to break up the digested tissue, the cell suspension from each 

embryo was plated on two 10-cm tissue culture dishes with 10 ml of MEF culture 

medium (Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine 

serum, 50 units/ml Pencillin, 50 µg/ml Streptomycin and 100 µM non-essential amino 

acids).  The following day, cell monolayers were rinsed with sterile PBS and fresh MEF 

culture medium added.  Cells were split at approximately 90% confluency using 0.05% 
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trypsin-EDTA and all analyses were carried out before the fourth passage.  Cells were 

incubated in a humidified 37°C, 5% CO2 incubator.  

Analysis of actin composition and migration in MEFs 

Cell monolayers from nearly confluent 10-cm plates were washed twice with ice-

cold PBS.  After addition of 300 µl of ice-cold lysis buffer (50 mM Tris-HCl, pH8.0, 150 

mM NaCl, 1.0% NP-40, 0.02 mM PMSF, 0.05 µg/ml leupeptin, 5 mM EGTA), cells were 

collected by scraping and incubated on ice for 10 minutes.  Cellular debris was removed 

by centrifugation and the protein concentration of the supernatant was assayed with the 

Bio-Rad DC Protein Assay Kit.  Equal amounts of total protein were separated by 

SDS/PAGE and immunoblotted with the indicated antibodies (pan-actin, C4 (Seven Hills 

Bioreagents); γcyto-actin, mAb 2-4 (44); βcyto-actin, AC15 (Sigma); αsmooth-actin, 1A4 

(Sigma); αsarcomeric-actin, 5C5 (Sigma)).  The ratio of G-actin versus F-actin was 

determined with the G-actin/F-actin In Vivo Assay Kit (Cytoskeleton, BK037) based on 

the manufacturer’s protocol.  Briefly, cells were lysed in F-actin stabilization buffer and 

cell lysates centrifuged at 100,000 x g to separate the F-actin from G-actin pool.  The     

F-actin pellet was resuspended to the same volume as the supernatant and equal amount 

of samples loaded to each lane and analyzed by Western blotting using a pan-actin 

antibody (C4, Seven Hills Bioreagents).  For the positive control sample, 1 µM phalloidin 

was added to the lysis buffer and incubated with wild-type cells.  For both actin isoform 

composition and G/F-actin ratio analyses, fluorescently labeled secondary antibodies 

were detected and quantified from at least three separate experiments using an Odyssey 

infrared scanner and software (Li-Cor Biosciences, Lincoln, Nebraska, USA).   
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Rates of MEF cell migration were assessed using a standard scratch wound-

healing assay.  Cells were plated on glass-bottom dishes (MatTek Corp.) and allowed to 

grow to confluency.  Using a yellow pipette tip, a “wound” or scratch was made across 

the bottom of the dish.  Cell monolayers were subsequently rinsed with sterile PBS and 

fresh media, containing 25 mM HEPES to stabilize the pH, added to the cells.  For 

optical clarity, a glass coverslip was used to seal the dish, creating a self-contained sterile 

environment.  Time-lapse video of migrating cells was captured overnight at 10 min 

intervals using differential interference contrast (DIC) imaging on a Delta Vision 

personalDV (Applied Precision, Inc., Issaquah, Washington, USA) with a 40X (NA 1.35) 

oil objective using softWoRx 3.7.1 software.  The cells were maintained at 37°C by an 

environmental chamber enclosing the microscope.  ImageJ 1.43 software was used to 

measure wound area in the first frame and also in the frame just before the edges of the 

wound first meet (approximately the 20th frame).  The rate of migration was calculated as 

the change in wound area divided by the change in time.   

Analysis of cell growth in MEFs 

Cell size and viability were determined using the Vi-CELL Series Cell Viability 

Analyzer (Beckman Coulter, Inc.).  Cell monolayers were rinsed with PBS, harvested by 

trypsinization and resuspended in 1.0 ml of PBS before automated analysis by the 

Vi-CELL.  Between 200 and 3,000 cells were analyzed per sample.  For the growth 

curve, equal numbers (105) of passage 1 MEFs were plated in each well of 6-well plates 

and counted every 24 hours in duplicate using the Vi-CELL.  Cell Cycle analysis was 

carried out using flow cytometry to determine total DNA concentration per cell after 
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ethanol fixation and staining with a 20 µg/ml propidium iodide (PI) solution containing 

200 µg/ml ribonuclease A.  The PI fluorescent signal was collected on a BD Biosciences 

(San Jose, California, USA) FACSCalibur and cell cycle phases estimated using FlowJo 

software (Tree Star, Inc.). 

Apoptosis was detected using a FITC Annexin V Apoptosis Detection Kit (BD 

Pharmingen).  Cells were cultured for 48 hours, after which culture media was collected 

and cells trypsinized and counted.  Cells were resuspended to the same concentration in 

Binding Buffer and equal volumes incubated with FITC-Annexin V and Propidium 

Iodide for 15 minutes at room temperature in the dark.  Samples were subsequently 

diluted with Binding Buffer and analyzed by flow cytometry within an hour.  5 µM 

camptothecin was added to a plate of wild-type cells six hours before harvesting to serve 

as a positive control.  Compensation between FL1 and FL3 was carried out using FlowJo 

software (Tree Star, Inc.) and data collected from singly stained samples.  The Vi-Cell 

and FACSCalibur instruments were used at the University of Minnesota’s Masonic 

Cancer Center Flow Cytometry Core Facility. 
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Results 

Stunted growth and delayed cardiac development in Actg1-/- mice 

Timed matings were established between Actg1 heterozygous pairs and resulting 

Actg1-/- embryos examined.  Actg1-/- embryos were morphologically similar to their 

wild-type counterparts throughout development (Figure 2.1A).  However, they were 11% 

smaller in size, as measured by crown-rump length, from embryonic day (E) 10.5 to 

E18.5 (Figure 2.1B).  Actg1-/- mice remained smaller in size during the first 3 weeks of 

postnatal development (Figure 2.1C) and into adulthood (45).   

 Histological analysis of the developing embryo revealed a delay in the 

development of the cardiac outflow tract in Actg1-/- embryos.  During cardiac 

development, the proximal portion of the outflow cushions fuse and muscularize, 

eventually walling the aorta into the left ventricle and completing the formation of the 

ventricular septum (51).  In wild-type embryos the aorta was observed to be exclusively 

in communication with the left ventricle by E13.5, however, in Actg1-/- embryos this was 

not observed until E14.5 of development (Figure 2.2B-C).  Furthermore, in wild-type 

embryos but not Actg1-/- embryos, the ventricular septum was fully formed along the 

entire anterior-posterior axis by E14.5 (Figure 2.2D).  The ventricular septum was 

completely formed by E18.5 in Actg1-/- embryos, indicating a developmental delay rather 

than a failure of cardiac outflow tract formation (Figure 2.2E).     

Postnatal lethality in Actg1-/- mice       

 We previously measured sub-Mendelian ratios of Actg1-/- mice at weaning (45).  

To determine the time-point of lethality, timed matings were established and genotype 
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ratios determined at all stages of development.  Actg1-/- embryos were found at the 

expected frequency up through E18.5 of development (Table 2.1), indicating that γcyto-

actin is not required for embryonic viability.  However, within 24 hours following birth 

the observed frequency of Actg1-/- mice was significantly less than the expected 

Mendelian ratio (Table 2.1).  These data reveal that the observed lethality in Actg1-/- mice 

occurs postnatally.   

Direct observation of litters born from timed matings of heterozygotes revealed 

that some Actg1-/- mice presented with respiratory distress at birth.  Histological analysis 

of the developing lung did not indicate any gross morphological defects of Actg1-/- 

embryos (Figure 2.3A).  Furthermore, the expression of surfactant protein B, a marker of 

lung development, was comparable between Actg1+/- and Actg1-/- mice at E18.5 (Figure 

2.3A).  At the time of birth, however, some Actg1-/- mice experienced difficulty breathing, 

which correlated with variations in the extent of saccular inflation in the lung (Figure 

2.3B).  These data suggest that the increased postnatal lethality of Actg1-/- mice was 

primarily due to respiratory distress, which in turn led to maternal cannibalism of the 

affected pups.    

Characterization of Actg1-/- mouse embryonic fibroblasts 

In order to assess cellular behavior in the absence of γcyto-actin, primary MEFs 

were generated from Actg1+/+, Actg1+/- and Actg1-/- E13.5 embryos.  We confirmed that 

Actg1-/- MEFs completely lacked expression of γcyto-actin protein and showed that MEFs 

carrying only one wild-type copy of the Actg1 gene had reduced expression of γcyto-actin 

(Figure 2.4A-B).  Despite the absence or reduction of γcyto-actin expression, total actin 
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expression levels were not different across all genotypes (Figure 2.4A-B).  Total actin 

levels were maintained by upregulation of other actin isoforms, including the most 

closely related βcyto-actin (Figure 2.4A-B).  These data are consistent with our previous 

findings that total actin expression was maintained in adult Actg1+/- and Actg1-/- animals 

(45) and supports the existence of an actin feedback-regulatory mechanism (22, 23, 52).  

 We next determined whether the loss of γcyto-actin expression altered the ratio of 

globular (G)- to filamentous (F)-actin.  It is well established that the G- to F-actin ratio is 

critical for proper regulation of the cytoarchitecture (6) and regulation of gene expression 

via serum response factor (53, 54).  Using a quantitative Western blot approach, we 

found that the G- to F-actin ratio in MEFs was maintained in the absence of γcyto-actin 

expression (Figure 2.4C).   

The fact that morphogenesis progresses normally in Actg1-/- embryos would 

suggest that γcyto-actin is not required for cell migration in vivo.  To directly test the role 

of γcyto-actin during cell migration, however, we used an in vitro wound-healing assay.  

The rate of cell migration was comparable between Actg1+/+ and Actg1-/- MEFs (Figure 

2.5), indicating that γcyto-actin is not necessary for proper cell migration.  

Given the reduced size of Actg1-/- embryos, we analyzed growth properties of 

MEFs and found that Actg1-/- cells exhibited growth retardation compared to control cells 

(Figure 2.6A).  Comparable cell cycle profiles were observed between all genotypes 

(Figure 2.6D-E), indicating that the growth deficiency is not due to defects in the cell 

cycle.  Furthermore, we did not observe a difference in the average cell diameter between 

wild-type and Actg1-/- MEFs (Figure 2.6C), indicating that cell size was not altered by 
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γcyto-actin ablation.  The growth deficiency appears to be due to decreased cell survival, 

as cell viability was reduced in Actg1-/- MEFs compared to control cells (Figure 2.6B).  

Decreased cell survival is at least in part due to increased apoptosis (Figure 2.6F-G).  As 

determined by an Annexin V assay, the percent of apoptotic cells increased from 5.0 ± 

0.9 in wild-type MEFs to 8.6 ± 1.4 in Actg1-/- MEFs.  While this increase is not 

statistically significant, the trend is consistent with the subtle growth deficiency observed 

in both Actg1-/- cells and animals.  
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Figure 2.1: Stunted growth in Actg1-/- mice.   A: Shown are representative images of 

E18.5 Actg1+/- and Actg1-/- embryos.  Scale bar: 5mm.  B: Crown-rump length and C: 

body mass measurements during embryonic and postnatal development. Actg1-/- mice 

were significantly (one-way ANOVA, p < 0.05) smaller than Actg1+/+ and Actg1+/- 

controls from E11.5 onward.  n ≥ 4 for each genotype/timepoint; error bars represent 

s.e.m.  
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Figure 2.1 
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Figure 2.2:  Delayed development of the cardiac outflow tract in Actg1-/- embryos.  

Shown are typical hematoxylin and eosin stained transverse sections through the 

embryonic heart.  A: At E12.5 the aorta was observed to be in communication with the 

right ventricle in both Actg1+/- and Actg1-/- embryos.  B: By E13.5 the aorta was observed 

in exclusive communication with the left ventricle in Actg1+/- embryos but remained in 

communication with the right ventricle in all six Actg1-/- embryos examined.  C: By 

E14.5, however, the aorta had been walled into the left ventricle in six out of seven 

Actg1-/- embryos.  D: At E14.5 in Actg1+/- embryos, but not in the seven Actg1-/- embryos 

examined (arrow), the ventricular septum was completely formed along the entire 

anterior-posterior axis.  E: By E18.5 the ventricular septum had fully developed in all 

Actg1-/- embryos.  Scale bars: 500 µm. Ao, aorta; LV, left ventricle; RV, right ventricle; 

VS, ventricular septum. 
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Figure 2.2 
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Figure 2.3:  Partially penetrant respiratory failure observed in Actg1-/- newborns. 

Shown are representative transverse sections of the developing lung.  A: Hematoxylin 

and eosin staining of Actg1-/- lungs at E16.5 (top row) and E18.5 (middle row) revealed 

comparable morphology to wild-type.  Immunohistochemistry using an antibody to 

surfactant protein B as a marker of lung development showed no differences in 

expression between Actg1+/- and Actg1-/- lungs at E18.5 (bottom row).  B: In Actg1-/- 

lungs at P0 the extent of saccular inflation was variable and corresponds with observed 

variations in ability to breath at the time of birth.  Scale bars: 100 µm. 
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Figure 2.3 
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Figure 2.4:  Altered actin isoform expression with no change in levels of total actin 

in Actg1-/- MEFs.  A: Representative immunoblots of cell lysates from Actg1+/+, Actg1+/- 

and Actg1-/- MEFs probed with actin isoform specific antibodies.  B: Protein levels were 

quantified and are expressed relative to wild-type levels (n ≥ 3, mean ± s.e.m.).  C: 

Quantification of G- to F-actin ratios in Actg1+/+, Actg1+/- and Actg1-/- MEFs (n ≥ 3, 

mean ± s.e.m.). 
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Figure 2.4 
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Figure 2.5:  Comparable rates of cell migration between wild-type and Actg1-/- 

MEFs.  A-B: Still images from time-lapse video microscopy showing the wound edge in 

yellow at time 0 and 200 minutes from both Actg1+/+ and Actg1-/- MEF cultures.  C: 

Rates of cell migration were calculated as the change in wound area divided by the 

change in time (n ≥ 3, mean ± s.e.m.).  Scale bar: 100 µm.  
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Figure 2.5 
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Figure 2.6:  Impaired growth due to decreased cell survival in Actg1-/- MEFs.  A: 

Growth kinetics revealed impaired growth in Actg1-/- MEFs.  n = 4 for each genotype; 

error bars represent s.e.m. Asterisks denote significant differences (two-way ANOVA,    

p < 0.05).  B: Reduced cell viability in Actg1-/- MEFs as determined by an automated 

trypan blue exclusion assay (n = 13, mean ± s.e.m.). Asterisk denotes significant 

differences (one-way ANOVA, p < 0.05).  C: Mean MEF cell size as determined by the 

ViCELL Series’ automated contrast imaging and analysis (n = 13, mean ± s.e.m.).  D: 

Representative cell cycle profiles.  E: Mean percentage of cells in the G1, S, and G2 

phases of the cell cycle (n = 3, mean ± s.e.m.).  F: Dot plots from FITC-Annexin V flow 

cytometric analyses. The lower-right box represents early apoptotic cells (Annexin V-

FITC Positive/ PI Negative) while the upper right box represents dead cells (Annexin V-

FITC Positive/ PI Positive).  G: Mean percentage of apoptotic cells, defined as FITC-

positive and PI-negative (n ≥ 5, mean ± s.e.m.).  CPT, camptothecin.    
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Figure 2.6 
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Discussion 

The high degree of conservation of small sequence differences between the 

cytoplasmic actins has suggested distinct requirements for the two isoforms.  While γcyto-

actin is not absolutely essential for viability (45), we show that γcyto-actin clearly confers 

advantages during development, as Actg1-/- animals were smaller in size and exhibited a 

delay in the development of the cardiac outflow tract.  Furthermore, most Actg1-/- mice 

died during the postnatal period, likely due to respiratory distress and subsequent 

cannibalization by the parents.  In conjunction with our in vivo results, we observed 

reduced growth kinetics in Actg1-/- primary MEFs as a result of decreased cell survival. 

Taken together, our data illustrates that γcyto-actin provides a distinct advantage for 

growth and survival both in vitro and in vivo. 

We provide evidence that increased apoptosis can at least partially account for the 

reduced cell survival of Actg1-/- MEFs.  Many studies have demonstrated that actin plays 

a key role in the regulation of apoptosis (55).  While actin has been linked to multiple 

stages of the apoptotic pathway, the precise mechanism by which actin regulates 

apoptosis remains elusive.  A greater understanding of the exact function of actin in 

programmed cell death will be necessary to elucidate the mechanism whereby the loss of 

γcyto-actin leads to increased apoptosis.  Nonetheless, elevated levels of apoptosis provide 

a possible explanation for the reduced body size and delayed development in Actg1-/- 

embryos. 

Until recently, βcyto-actin was thought to be the actin isoform critical for cell 

motility.  A range of studies have demonstrated that βcyto-actin is enriched at the leading 
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edge of migrating cells, while γcyto-actin is more uniformly distributed throughout the cell 

(24-27, 56).  Furthermore, βcyto-actin overexpression leads to increased areas of 

protrusion and cell migration (37).  In contrast, Dugina et al. (35) recently reported that 

γcyto-actin is the predominate species at lamellipodial protrusions and that a modest 

decrease in γcyto-actin induced by siRNA knockdown caused severe cell migration 

defects.  Our in vivo and in vitro results clearly demonstrate that γcyto-actin is not required 

for cell migration and is consistent with evidence that βcyto-actin is the predominant 

isoform that drives cell migration.  

It has long been thought that the strict evolutionary conservation of cytoplasmic 

actin coding sequences confers distinct and critical functions for βcyto and γcyto-actin.  We 

previously reported a progressive hearing loss in Actg1-/- adult mice (45) that is similar to 

human patients with γcyto-actin point mutations (57, 58).  The fact that total actin levels 

are maintained in Actg1-/- mouse tissues (45) and MEFs suggests that the phenotypes 

observed in Actg1-/- mice and cells are due to unique functions for γcyto-actin.  The four 

amino acid differences between βcyto and γcyto-actin are located at the N-terminus, where 

actin associated proteins are known to bind; however, there is limited evidence for actin 

isoform specific binding proteins (59, 60).  Alternatively, differential expression patterns 

could account for the lack of complete compensation by alternate actin isoforms in  

Actg1-/- animals.  The expression patterns of actin isoforms are known to be temporally 

and spatially regulated during development (20).  A new mouse model will be necessary 

to test whether transgenic expression of βcyto-actin, under the same regulatory control as 

γcyto-actin, can rescue the Actg1-/- phenotype.   
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Biochemical differences between βcyto and γcyto-actin could also account for subtle 

cellular phenotypes.  Bergeron et al. (61) recently reported that γcyto-actin filaments are 

less dynamic than βcyto-actin filaments, with γcyto-actin polymerizing more slowly and 

exhibiting enhanced filament stability.  These intrinsic biochemical differences likely 

contribute to the distinct requirements of the two cytoplasmic actins.     
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Chapter 3 

βcyto-Actin is an Essential Gene Required for Embryogenesis and Cell Migration 
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Of the six different actin isoforms, only βcyto- and γcyto-actin are ubiquitously 

expressed.  While together βcyto- and γcyto-actin undoubtedly play a critical role in most 

cellular processes, the unique contribution of each isoform is only just beginning to be 

understood. We generated a βcyto-actin knockout mouse (Actb-/-) and found the gene 

deletion to be early embryonic lethal, indicating that βcyto-actin is an essential gene 

required for embryogenesis.  The lethality in Actb-/- mice is likely due to defects in cell 

growth and migration as these processes were severely impaired in βcyto-actin knockout 

primary mouse embryonic fibroblasts (MEFs).  βcyto-Actin knockout MEFs exhibited a 

zero growth rate along with increased levels of apoptosis and a higher frequency of 

multinucleate cells.  In addition, we observed significant migration defects during 

random cell migration in βcyto-actin knockout MEFs but not γcyto-actin null (Actg1-/-) 

MEFs.  Migration defects in βcyto-actin knockout cells were associated with increased 

stress fibers and reduced leading edge dynamics, defects not observed in Actg1-/- cells.  

These distinct phenotypes occurred despite our observations that βcyto- and γcyto-actin 

completely colocalize in wild-type MEFs, suggesting that biochemical differences 

between the two isoforms rather than localization differences confer unique biological 

functions.  

 

 



 

 52 

Introduction 

Actin is important for providing cells with internal mechanical support, tracks for 

myosin motor proteins, and driving forces for cell movement.  These functions are 

attributed to the ability of actin to form stiff filaments that can rapidly assemble and 

disassemble according to the needs of the cell.  There exist six different, but highly 

conserved actin isoforms in vertebrates (reviewed in (13)).  Four of these isoforms are 

expressed primarily in striated (αsk and αca) and smooth (αsm and γsm) muscle cells, while 

the two cytoplasmic actins (βcyto and γcyto) are ubiquitously expressed.  Each isoform is 

the product of a separate gene, with Actb and Actg1 encoding for βcyto- and γcyto-actin 

respectively.  Conserved from birds to mammals, βcyto-actin and γcyto-actin differ at only 4 

biochemically similar amino acid residues, suggesting evolutionary pressure to maintain 

these small sequence differences.  In fact, it was recently demonstrated that these amino 

acid differences confer unique biochemical properties between the two isoforms (61).  

How these distinct properties translate to functional specificity within the cell, however, 

remains elusive. 

It has long been thought that the βcyto- and γcyto-actin isoforms confer unique 

biological functions.  This is strongly supported by the observation that βcyto- and γcyto-

actin deficient mice have distinct phenotypes.  It was first reported that mice 

hypomorphic for βcyto-actin die during development of uncharacterized defects (42, 43).  

In contrast, γcyto-actin null (Actg1-/-) mice are viable, however, they present with some 

notable phenotypes (45).  Specifically, γcyto-actin knockout resulted in developmental 

delays, reduced postnatal and adult survival, and progressive myopathy (44, 45, 62).  
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Additionally, βcyto- and γcyto-actin deficient hair cells display different patterns of 

progressive hearing loss and distinct stereocilia pathologies (63).  The fact that total actin 

expression levels are maintained in Actg1-/- tissues suggests that these phenotypes are due 

to changes in actin isoform composition and not the concentration of total actin.   

A dynamic actin cytoskeleton is essential for cell motility.  Specifically, actin 

polymerization at the leading edge provides the protrusive forces that drive membrane 

extension, while disassembly of older filaments a short distance behind the leading edge 

replenishes the pool of actin monomers (6).  We previously demonstrated that γcyto-actin 

is not required for cell motility (62), which is consistent with evidence that βcyto-actin is 

the predominant isoform driving cell migration.  First, one study demonstrated 

overexpression of βcyto-actin leads to an increase in membrane protrusions and cell 

migration (37).  Additionally, several studies have shown that βcyto-actin is enriched at the 

leading edge of migrating cells, while γcyto-actin is more uniformly distributed throughout 

the cell (24-27, 56).  Preferential targeting of βcyto-actin to the leading edge is thought to 

occur via a zipcode binding sequence found in βcyto-actin but not γcyto-actin mRNA.  This 

zipcode sequence is recognized by zipcode binding protein 1 (ZBP1), which mediates the 

asymmetric transport and translation of βcyto-actin mRNA (64).  Lastly, it has been shown 

that βcyto-actin but not γcyto-actin is N-terminally arginylated in vivo (39), which in turn 

regulates lamella formation in motile cells (38).  It has thus been proposed that in 

combination with preferential targeting of βcyto-actin to the leading edge, arginylation of 

βcyto-actin actin regulates formation of the distinctive actin network in lamella and thus 

facilitates membrane extension during cell migration (65).  Despite strong evidence that 
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βcyto-actin plays a specific role in cell migration, the effects of a targeted deletion of Actb 

on cell motility has never been examined.       

Cell motility is an essential process during the entire life span of vertebrates but is 

especially critical during many stages of development.  In addition to migration, 

embryonic development requires a properly regulated actin cytoskeleton for completing 

cell division, generating cell polarity, and directing cell shape changes.  We’ve 

previously shown that γcyto-actin is not essential for embryonic development, suggesting 

that other actin isoforms can compensate for the loss of γcyto-actin (45, 62).  Here, we 

sought to address whether βcyto-actin is uniquely required for embryonic development by 

generating a whole-body βcyto-actin knockout mouse (Actb-/-).  We found Actb-/- mice to 

be early embryonic lethal, demonstrating that βcyto-actin is essential for embryonic 

development.  This finding correlated with severe growth impairment and considerable 

migration defects in βcyto-actin knockout primary mouse embryonic fibroblasts (MEFs).  

Migration defects were associated with increased stress fibers and reduced membrane 

protrusion dynamics, despite the observation that βcyto- and γcyto-actin colocalize in wild-

type cells.  In contrast to βcyto-actin knockout MEFs, cell migration and membrane 

protrusion dynamics were normal in γcyto-actin null MEFs.  From these results we 

conclude that βcyto-actin but not γcyto-actin is an essential gene specifically required for 

cell migration. 
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Materials and Methods 

Animals  

Animals were housed and treated in accordance with the standards set by the 

University of Minnesota Institutional Animal Care and Use Committee.  The floxed Actb 

allele was described previously (63).  Mice carrying the floxed allele were crossed to 

mice expressing EIIa-cre (66) to generate Actb+/- mice.  Actb+/- mice were backcrossed to 

C57Bl/6 for 10 generations before intercross breedings were arranged.  CAGGCre-ERTM 

transgenic mice (67) (obtained from Jackson labs on the C57Bl/6 background) and 

Actg1+/- mice (45) have been previously described.  Genotypic analyses were performed 

by standard PCR methods.   

Timed matings were established between heterozygous pairs and vaginal plugs 

checked in the morning as an indication that copulation had occurred.  The day a plug 

was detected was considered E0.5 of development.  At the designated embryonic age, 

pregnant females were euthanized and embryos liberated from the uterine muscle and 

deciduum.  Yolk sac tissue was recovered from later stage embryos and standard DNA 

isolation and PCR methods used for genotype assessment.  At E7.5-8.5 the entire 

embryonic tissue was placed in 10 µl lysis buffer (500 mM KCl, 100 mM Tris-HCl, 

0.45% NP-40, 0.45% Tween 20, and 500 µg/ml proteinase K) and incubated at 55°C for 

3 hours.  Samples were boiled 10 minutes to inactivate the proteinase K and used directly 

for PCR.     
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Cell culture and treatment 

Primary MEF cultures were established from E13.5 embryos as described (62).  

Cells from each embryo were grown to confluency on a 10-cm plate and subsequently 

frozen at 1x106 cells/ml in MEF freezing medium (Dulbecco’s Modified Eagle’s Medium 

supplemented with 30% fetal bovine serum and 10% dimethylsulfoxide) until ready for 

use.  Cells were then thawed and plated with MEF culture medium (Dulbecco’s Modified 

Eagle’s Medium supplemented with 10% fetal bovine serum, 50 µg/ml Streptomycin, 50 

units/ml Penicillin and 100µM nonessential amino acids).  The following day, 

homozygous Actb floxed (ActbL/L) and ActbL/L CAGGCre-ERTM cells were dosed with 1 

µM tamoxifen (Sigma) to initiate recombination.  After 3 consecutive days of tamoxifen 

treatment, MEF cultures were maintained for an additional 4 days to allow for protein 

turnover.  Cells were passaged by trypsinization (0.05% trypsin-EDTA) on a consistent 

basis and all analyses were carried out at the third passage.  Cells were incubated in a 

humidified 37°C, 5% CO2 incubator.         

Immunoblot analyses 

Tissues were collected from 9-week-old Actb+/+ and Actb+/- animals, snap frozen 

in liquid nitrogen, and ground into powder using a liquid nitrogen-cooled mortar and 

pestle.  Pulverized tissue was boiled in 1% SDS, 5 mM EGTA, and protease inhibitors for 

2 minutes followed by brief centrifugation to pellet out insoluble material.  MEF cell 

lysates were prepared as previously described (62).  Protein concentration of tissue and 

cell lysates was determined using the Bio-Rad DC Protein Assay Kit.  Equal amounts of 

total protein were separated by SDS/PAGE and immunoblotted with the following 
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antibodies: pan-actin (C4, Seven Hills Bioreagents), βcyto-actin (AC15, Sigma), γcyto-actin 

(mAb 2-4, (44)), αsmooth-actin (1A4, Sigma).  Fluorescently labeled secondary antibodies 

were detected and quantified using the Odyssey Infrared Imaging System (LI-COR 

Biosciences, Lincoln, NE). 

Immunofluorescent microscopy 

MEFs were plated on glass coverslips pre-coated with 5 µg/ml fibronectin (BD 

Biosciences) and cultured for 3 hours or overnight as indicated.  Cells were fixed in 4% 

paraformaldehyde (Electron Microscopy Sciences) in PBS for 10 min at 37°C and 

permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature.  

Treatment with cold methanol at -20°C for 10 minutes was necessary for use with βcyto- 

and γcyto-actin antibodies.  Cells were blocked for 1 hour in 3% bovine serum albumin 

and incubated with the actin-isoform specific antibodies βcyto-actin (FITC conjugated 

AC15, Abcam) and γcyto-actin (Alexa-568 conjugated mAb 1-37, (63)). F-actin was 

labeled with Phalloidin-Alexa 488 (Invitrogen).  Coverslips were mounted using ProLong 

Gold antifade reagent with DAPI (Invitrogen).  Images were acquired using a 20x (NA 

0.75), 40x oil (NA 1.35), or 100x oil (NA 1.40) objective on a Delta Vision personalDV 

microscope using softWoRx 3.7.1 software (Applied Precision).  Stacks of images were 

collected at 0.20 µm intervals, deconvolved using Resolve3d software (Applied 

Precision), and processed using ImageJ 1.43 software. 

G/F-actin ratios 

G- to F-actin ratios were determined using a commercial kit (Cytoskeleton) as 

previously described (62).   
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Analysis of cell growth 

To generate the growth curve, equal numbers (105) of MEFs were plated in each 

well of 6-well plates and cells counted every 24 hours in duplicate using a 

hemocytometer.  On the final day of the growth curve cells were replated on fibronectin-

coated coverslips and stained with phalloidin and DAPI as described above to quantify 

the percent multinucleate cells.  Cellular DNA content was analyzed by flow cytometry 

after staining ethanol-fixed cells with a 20 µg/ml propidium iodide solution containing 

200 µg/ml ribonuclease A.  Apoptosis was detected by flow cytometry using a FITC 

Annexin V Apoptosis Detection Kit (BD Pharmingen) as previously described (62).  

Fluorescent signals were collected on a BD Biosciences FACSCalibur flow cytometer at 

the University of Minnesota’s Masonic Cancer Center Flow Cytometry Core Facility and 

data analysis was carried out using FlowJo software (Tree Star).   

Live-cell imaging 

Live-cell imaging was performed on a Delta Vision personalDV (Applied 

Precision) using differential interference contrast (DIC) imaging with a 40x (NA 1.35) oil 

objective or by phase contrast illumination with a 10x (NA 0.25) objective.  Cells were 

plated at a density of 2.0 x 103 cells/cm2 on glass-bottom dishes (MatTek Corp.) pre-

coated with 5 µg/ml fibronectin (BD Biosciences) and allowed to adhere for 3 hours 

before the start of imaging.  For optical clarity, the dish was sealed with vacuum grease 

and a glass coverslip.  MEF culture media containing 25 mM HEPES was used to 

stabilize the pH and the cells were maintained at 37°C by an environmental chamber 
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enclosing the microscope.  For random migration, images were captured at 10-minute 

intervals and cells tracked using the Manual Tracking plugin for ImageJ software.  Cells 

that divided or made contact with other cells during the experiment were not used for 

data analysis.  Velocity was calculated as the total track distance divided by the total time 

(240 minutes) and directionality (D/T) calculated as the linear distance (D) divided by the 

total track distance (T).  More than 85 cells from at least 3 independent experiments were 

analyzed.  For kymography, cells were imaged for 10 minutes at 3-second intervals using 

the 40x objective.  Kymographs were generated and analyzed as previously described 

(68) using the ImageJ Kymograph plugin.  At least 74 protrusion and 54 retraction events 

were quantified from between 15 and 40 lamellipodial protrusions for each genotype.  

Only lamellipodia that protruded consistently during the entire 10-minute movie were 

analyzed.   

Statistical analysis 

Unless otherwise noted, comparisons between 2 groups were performed by an 

unpaired t test.  Comparisons between more than 2 groups were performed by one-way 

ANOVA followed by Tukey’s post hoc test.  A value of p < 0.05 was considered 

statistically significant.      
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Results 

βcyto-Actin is essential for in vivo survival 

To determine the requirement for βcyto-actin in vivo we generated a null allele by 

deleting exons 2 and 3 of the Actb locus, thereby removing the translational start site.  

Mice heterozygous for the null allele (Actb+/-) were hypomorphic, expressing 18-33% 

less βcyto-actin compared to Actb+/+ mice depending on the tissue analyzed (Figure 3.1A-

B).  While compensatory up-regulation of other actin isoforms was observed in all 

tissues, total actin expression was only restored in the liver and kidneys but not in the 

brain or lungs (Figure 3.1A-B).  Despite just a modest decrease in βcyto-actin, 

approximately 30% of Actb+/- mice died between 5 and 18 weeks of age (Figure 3.1C), 

primarily due to hydrocephalus resulting from unknown causes.  Homozygous deletion of 

Actb resulted in embryonic lethality, as evidenced by the fact that no Actb-/- mice were 

live born.  Genotyping of embryos at various gestational ages from heterozygous crosses 

revealed less than expected frequencies of Actb-/- mice as early as E7.5 with no Actb-/- 

mice surviving beyond E8.5 (Table 3.1).  Already by E7.5 Actb-/- embryos were 

considerably smaller than their wild-type counterparts (Figure 3.1D).  The early 

embryonic lethality of Actb-/- mice indicates that βcyto-actin is an essential gene that plays 

a critical role during early stages of development.  

Establishing primary cultures of βcyto-actin knockout MEFs 

To assess whether there is a unique function for βcyto-actin in cell behavior, we 

established a system for knocking out βcyto-actin in primary MEFs.  Mice carrying floxed 

alleles of Actb (ActbL/L; (63)) were crossed to the CAGG-CreERTM transgenic line, which 
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express a tamoxifen-inducible Cre recombinase under the control of a ubiquitous 

promoter (67).  Primary MEFs were generated from ActbL/L and ActbL/L CAGG-CreERTM 

E13.5 embryos and treated with tamoxifen for 3 consecutive days to induce 

recombination in Cre expressing cells. While shorter treatment times with tamoxifen 

were also tested, we found it resulted in less efficient knockout.  After tamoxifen 

treatment, cells were cultured for an additional 4 days in order to allow for protein 

turnover.  Immunofluorescence with a βcyto-actin specific antibody demonstrated a lack of 

βcyto-actin expression in more than 95% of ActbL/L CAGG-CreERTM (herein referred to as 

ActbL/L Cre) cells (Figure 3.2A-B).  The small population of βcyto-actin positive cells 

likely represents those that did not undergo recombination.  Efficient ablation of βcyto-

actin was further confirmed by western blot analysis, which revealed total βcyto-actin 

protein levels in ActbL/L Cre cells to be less than 5% of ActbL/L cells (Figure 3.2C-D).  As 

a result of compensatory up-regulation of other actin isoforms, total actin expression was 

maintained in ActbL/L Cre cells (Figure 3.2C-D).  Importantly, this data indicates that any 

phenotypes resulting from knockout of βcyto-actin are due to changes in actin isoform 

composition and not the concentration of actin.    

βcyto-Actin and γcyto-actin colocalize in MEFs 

Many studies have reported distinct localization patterns of βcyto- and γcyto-actin in 

migrating cells (24-27, 35, 56); however, there are discrepancies between studies 

regarding the precise localization of the two isoforms.  Using our βcyto-actin knockout 

cells and γcyto-actin null (Actg1-/-) cells (62), we were able to verify isoform specificity of 

βcyto- and γcyto-actin antibodies (Figure 3.3A-B).  Simultaneous labeling of wild-type 
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MEFs with isoform-specific antibodies demonstrated colocalization of βcyto- and γcyto-

actin in all actin-containing structures at the resolution of light microscopy (Figure 3.3C-

D).  Both isoforms were localized to stress fibers, lamellipodial protrusions, and 

membrane ruffles, therefore we did not detect differential localization of βcyto- and γcyto-

actin in our primary MEFs under the described culture conditions. 

βcyto-Actin knockout leads to decreased G/F-actin ratios 

We observed more prominent stress fibers in ActbL/L Cre cells compared to wild-

type cells (Figure 3.3B-C), therefore we sought to assess the ratio of globular (G)- to 

filamentous (F)-actin.  We used high-speed centrifugation to separate the G- and F-actin 

pools from cell lysates, followed by quantitative Western blot analysis using a pan-actin 

antibody (Figure 3.4A-B).  The ratio of G- to F-actin was significantly decreased in 

ActbL/L Cre cells, thereby confirming increased cellular F-actin content in the absence of 

βcyto-actin (Figure 3.4B).   

βcyto-Actin knockout MEFs are growth impaired 

Reduced cell survival was previously observed in Actg1-/- MEFs (62); therefore 

we assessed the growth properties of βcyto-actin knockout cells.  Analysis of growth 

kinetics revealed ActbL/L Cre cells to be severely growth impaired (Figure 3.4C).  While 

ActbL/L cells exhibited a typical growth pattern, ActbL/L Cre cells failed to increase in 

number over a 7-day period (Figure 3.4C).  Contributing to this zero growth rate was 

increased apoptosis, as the percent of apoptotic cells was 13.1% in ActbL/L Cre MEFs 

compared to 3.2% in control MEFs (Figure 3.4D-E).  Multinucleate cells were also 

significantly increased in ActbL/L Cre MEFs, but not in Actg1-/- MEFs (Figure 3.4F).  This 
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result was further corroborated by flow cytometric analysis of DNA content, which 

revealed a larger percentage of cells with 4N DNA content in ActbL/L Cre cells compared 

to ActbL/L cells (Figure 3.4G). Due to the inherent difficulty in synchronizing primary 

cells, we were unable to further analyze the cytokinesis defect in ActbL/L Cre MEFs; 

nonetheless these data suggest that cytokinesis may specifically require βcyto-actin. 

Migration defects in the absence of βcyto-actin 

γcyto-Actin was previously shown to be dispensable for migration in vivo and in 

vitro (62); therefore we sought to investigate whether βcyto-actin might be important for 

cell migration.  Given the growth impairment of ActbL/L Cre cells, confluent cell 

monolayers for wound healing assays were difficult to achieve, therefore we used a 

random cell migration assay.  Individual cells were tracked at 10-minute intervals for 4 

hours and the velocity of migration and directional persistence calculated.  A clear 

difference in the migratory ability of ActbL/L Cre cells was observed (Figure 3.5A).  In 

contrast to Actg1-/- cells, migration velocity was significantly decreased in ActbL/L Cre 

cells compared to controls (Figure 3.5B).  Directional persistence was comparable across 

all genotypes (Figure 3.5C). 

 It has been suggested that βcyto-actin is the major actin isoform driving membrane 

protrusions at the leading edge of migrating cells.  To test this idea we analyzed 

kymographs from active lamellipodia of control, ActbL/L Cre, and Actg1-/- cells in order to 

assess leading edge dynamics in the absence of βcyto-actin or γcyto-actin (Figure 3.5D-G).  

Kymographs generated from ActbL/L Cre lamellipodia revealed that the frequency of 

protrusion and retraction events was significantly decreased compared to control 
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lamellipodia (Figure 3.5F-G).  Correspondingly, the average duration of protrusive events 

was increased in ActbL/L Cre cells (Figure 3.5F).  Most notable, however, is that 

protrusion velocity was significantly decreased in lamellipodia from ActbL/L Cre cells 

(Figure 3.5F).  The duration and velocity of retraction events was not affected by the loss 

of βcyto-actin (Figure 3.5G).  In contrast to ActbL/L Cre cells, leading edge dynamics in 

Actg1-/- cells was comparable to controls (Figure 3.5F-G). Together, these data indicate a 

specific function for βcyto-actin in membrane protrusion dynamics during cell migration.    
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Figure 3.1: In vivo characterization of βcyto-actin deficiency.  A: Representative 

immunoblots of SDS extracts from Actb+/+ and Actb+/- adult brain and kidney tissue 

probed with antibodies specific for βcyto-actin, γcyto-actin, αsm-actin, or pan-actin.  B: 

Protein levels were quantified from brain, liver, kidney and lung tissues.  Bar graphs 

represent relative expression levels in Actb+/- tissues as compared to Actb+/+ levels (n = 3, 

mean ± s.e.m.).  C: Kaplan-Meier survival curve of Actb+/+ and Actb+/- mice from 0 to 

320 days of age.  Tick marks represent censored animals.  Survival curves are 

significantly different (p < 0.0001, log-rank test; n ≥ 62 for each genotype).  D: 

Representative images of E7.5 Actb+/+ and Actb-/- embryos. Scale bar: 200 µm.      
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Figure 3.1 
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Figure 3.2: Efficient knockout of βcyto-actin in MEFs.  A-B: Representative images of 

ActbL/L (A) and ActbL/L Cre (B) MEFs cultured overnight and co-stained with antibodies 

to βcyto-actin (green) and γcyto-actin (red).  C: Representative immunoblots of cell lysates 

from ActbL/L and ActbL/L Cre MEFs probed with pan actin or actin isoform specific 

antibodies.  D: Expression levels in ActbL/L Cre cells relative to ActbL/L cells (n = 5, mean 

± s.e.m.).  
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Figure 3.2 
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Figure 3.3: βcyto-Actin and γcyto-actin colocalize in MEFs.  A-D: Cells were sparsely 

plated on fibronectin, incubated for 3 hours, and subsequently co-stained with antibodies 

to βcyto-actin (green) and γcyto-actin (red).  Actg1-/- (A) and ActbL/L Cre (B) cells 

demonstrate the isoform specificity of γcyto-actin and βcyto-actin antibodies respectively.  

In wild-type cells (C), all actin structures were co-labeled with βcyto- and γcyto-actin 

antibodies.  High magnification of membrane protrusions (D) demonstrates colocalization 

of βcyto- and γcyto-actin in lamellipodia. Cells were maintained in 10% serum.  Scale bars: 

20 µm. 

 



 

 71 

Figure 3.3 
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Figure 3.4: Severe growth deficiency in the absence of βcyto-actin.  A: Pan-actin 

labeled immunoblot of supernatant (S) and pellet (P) fractions from cell lysates after 

high-speed centrifugation.  G-actin and F-actin pools are found in the supernatant and 

pellet fractions respectively.  B: Quantitative Western blot results of G- to F-actin ratios 

(n = 3).  C: Growth curves of ActbL/L and ActbL/L Cre MEFs (n = 4).  Cell numbers were 

significantly decreased in ActbL/L Cre MEFs from day 2 onward as determined by an 

unpaired t test at each time-point.  D: Mean percentage of apoptotic cells, defined as 

FITC-positive and PI-negative (n = 4).  E: Dot plots from FITC-Annexin V flow 

cytometric analyses. The lower-right box represents early apoptotic cells while the upper 

right box represents dead cells.  F: Mean percentage of cells containing multiple nuclei 

from at least 3-4 independent experiments.  More than 250 cells were counted per 

experiment.  G: Representative traces from flow cytometric analyses of DNA content by 

propidium iodide staining.  Asterisks denote significant differences (p < 0.05); error bars 

represent s.e.m.  
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Figure 3.4 
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Figure 3.5: Impaired migration in βcyto-actin knockout MEFs.  A: Randomly 

migrating cells were tracked at 10-minute intervals for 4 hours.  Shown are representative 

examples of individual migration tracks of ActbL/L and ActbL/L Cre MEFs combined into a 

single figure.  B: Quantification of migration velocity (n ≥ 88 cells per genotype).  C: 

Directionality of cell migration was calculated as the linear distance (D) over the total 

track distance (T) of a cell.  D-E: Individual frames (D) and kymographs (E) from DIC 

time-lapse movies of ActbL/L and ActbL/L Cre MEFs.  Kymographs show lamellipodial 

activity along the lines in respective DIC images.  Images in panel D represent the last 

frame of the 10-minute movie.  Line: 10 µm.  F-G: Quantification of kymographs 

showing the frequency, persistence, and velocity of protrusion (F) and retraction (G) 

events.  For all box and whisker plots, whiskers indicate maximum and minimum values, 

the box represents the 25th-75th quartile, and the line indicates the median.  Asterisks 

denote significant differences (p < 0.05) from each of the other genotypes. 
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Figure 3.5 
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Discussion 

Actb-/- mice were early embryonic lethal, indicating βcyto-actin is an essential 

gene.  Our data is consistent with the previously reported embryonic lethality of mice 

homozygous for hypomorphic alleles of Actb (42, 43).  We observed less than expected 

frequencies of Actb-/- mice as early as E7.5, with those recovered at this stage appearing 

to have already begun degenerating.  Therefore, the lethality of Actb-/- mice begins prior 

to E7.5.  In contrast, Actg1-/- mice are fully viable throughout development, with some 

lethality occurring post-birth (45, 62).  Taken together, we conclude that βcyto-actin, but 

not γcyto-actin, is an essential gene required for early embryogenesis. Rapid cell growth 

and dynamic cell movements are critical processes during early stages of embryonic 

development, both of which were shown to be severely impaired in ActbL/L Cre MEFs.  

Therefore, we speculate that the lethality of Actb-/- mice is due largely to impaired cell 

growth and migration.  

Using an in vitro random cell migration assay, we showed that βcyto-actin 

knockout leads to dramatic migration defects, whereas cell motility in Actg1-/- cells was 

normal. One possible explanation for this unique requirement of βcyto-actin during cell 

migration is differential sub-cellular localization of βcyto- and γcyto-actin.  Several studies 

have reported preferential localization of βcyto-actin at the leading edge in migrating cells 

(24-27, 56).  Furthermore, zipcode-binding protein 1 (ZBP1) has been shown to regulate 

the asymmetric targeting of βcyto-actin mRNA to lamellipodia (28, 32, 69).  Under our 

cell culture conditions, however, we did not observe differential localization patterns of 

βcyto- and γcyto-actin using verified actin-isoform specific antibodies.  One reason for the 
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discrepancy between our results and those reported previously is that we used dye-

conjugated primary antibodies, which were shown by our lab to give different results 

compared to primary-secondary antibody combinations (63).  Nonetheless, our 

observations that βcyto- and γcyto-actin both localize to the leading edge in wild-type cells, 

suggests that the migration defect in ActbL/L Cre cells is not due to localization 

differences between βcyto- and γcyto-actin. 

  Alternatively, the presence of arginylated βcyto-actin but not γcyto-actin in vivo (39) 

may confer a specific function for βcyto-actin in cell migration.  Evidence from one study 

suggests that arginylation of βcyto-actin helps to regulate lamella formation and motility in 

fibroblasts (38).  It has therefore been suggested that arginylation of βcyto-actin results in 

the formation of filaments evenly coated with bulky positive charges, which prevents 

close interaction of filaments and thus facilitates the formation of the loose dendritic actin 

network found in lamellapodia (38, 65).  Whether the motility defects observed in ActbL/L 

Cre cells is specifically due to the loss of arginylated actin will require further 

investigation.  

Inherent biochemical differences between βcyto- and γcyto-actin provide an 

additional explanation for the differential requirement of the two isoforms during cell 

migration.  Using a baculovirus-driven expression system to produce pure populations of 

βcyto- and γcyto-actin, Bergeron et al. (61) recently demonstrated distinct biochemical 

properties of the two isoforms.  βcyto-Actin was shown to polymerize and depolymerize 

more rapidly than γcyto-actin, indicating βcyto-actin as the more dynamic isoform (61).  

This report is consistent with our observations of reduced leading edge dynamics in βcyto-
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actin knockout cells but not Actg1-/- cells.  In addition to fewer protrusion and retraction 

events, we observed a significant decrease in protrusion velocity, indicative of a slower 

rate of actin polymerization.  Our colocalization observations demonstrate that both βcyto-

actin and γcyto-actin are found at the leading edge.  In fact, βcyto- and γcyto-actin appear to 

readily copolymerize in vitro (61), suggesting that our observations of colocalization 

reflect copolymers of actin isoforms.  Bergeron et al. (61) show that the biochemical 

behavior of βcyto- and γcyto-actin copolymers reflects the relative percentage of each 

isoform.  Therefore, actin filament properties can be modulated by the ratio of βcyto-actin 

to γcyto-actin.  Taken together, our results indicate that actin filaments at the leading edge 

require incorporation of βcyto-actin for proper membrane protrusion dynamics during cell 

migration. 

In addition to reduced membrane dynamics, the observed increase in stress fibers 

likely also contributed to impaired migration in ActbL/L Cre MEFs.  In contrast with 

Actg1-/- cells, which showed no change in the G- to F-actin ratio (62), F-actin content was 

increased in βcyto-actin knockout cells.  Given that γcyto-actin was upregulated in ActbL/L 

Cre cells, increased F-actin content is consistent with the report that γcyto-actin 

polymerizes slower and exhibits greater filament stability than βcyto-actin (61).  We also 

observed upregulation of αsm-actin in ActbL/L Cre cells, which has been shown to 

correlate with more prominent stress fibers and decreased cell motility (70).    

We previously demonstrated that ablation of γcyto-actin leads to a mild growth 

impairment resulting from reduced cell survival (62).  In contrast, βcyto-actin knockout 

MEFs were severely growth impaired and exhibited a significant increase in apoptosis.  
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Thus, while γcyto-actin confers advantages for cell growth and survival, βcyto-actin is 

absolutely essential for maintaining cell growth potential.  Whether increased apoptosis 

in ActbL/L Cre MEFs is due to a direct function for βcyto-actin in cell survival is unknown.  

Increased apoptosis, however, most likely cannot fully account for the zero growth rate of 

ActbL/L Cre MEFs, suggesting that proliferation may also be affected by the loss of βcyto-

actin.  In addition, we observed an increase in the percent of multinucleated cells in 

ActbL/L Cre MEFs but not in Actg1-/- MEFs, indicating a possible unique function for 

βcyto-actin during cytokinesis.  In fact, it was recently reported that βcyto-actin is enriched 

at the contractile ring during cell division (35).  Since βcyto-actin is the more dynamic 

isoform (61), we postulate that it is important for the rapid reorganization of the actin 

cytoskeleton during cytokinesis. 

Given the lethality of Actb-/- mice, it is not surprising that βcyto-actin homozygous 

mutations have never been identified in humans.  However, there are two independent 

reports of βcyto-actin heterozygous mutations (71, 72).  In one case the mutation was 

identified in identical twins and associated with multiple developmental abnormalities 

(72, 73).  In the second case the mutation was associated with recurrent infection 

resulting from neutrophil dysfunction, including depressed chemotactic responses (71).  

In addition, significant increases in βcyto-actin expression levels have been observed in 

highly invasive variants of several different tumor cell lines (74-76), suggesting a 

potential role for βcyto-actin in tumor metastasis.  These reports are in agreement with our 

evidence that βcyto-actin is essential for embryogenesis and plays a critical role during cell 

migration.  Generation of βcyto-actin conditional knockouts will be necessary to further 
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study the in vivo requirement of βcyto-actin during specific developmental processes and 

in different migratory cell types. 
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Chapter 4 

Conclusions and Future Directions 
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Actin is fundamental to eukaryotic life.  In mammals there exists six different 

actin isoforms, of which only βcyto- and γcyto-actin are ubiquitously expressed.  The fact 

that βcyto- and γcyto-actin, which are 99% identical, have been exactly conserved from 

birds to mammals has led to the hypothesis that the two isoforms have unique functions.  

Since actin is essential for embryonic development, it was therefore predicted that βcyto- 

or γcyto-actin null mice would be embryonic lethal.  As described in Chapter 2, 

embryogenesis in γcyto-actin null mice was surprisingly normal, indicating that βcyto-actin 

can largely compensate for the loss of γcyto-actin during embryonic development.  

Nonetheless, γcyto-actin null embryos exhibited mild developmental delays and decreased 

postnatal survival.  Furthermore, γcyto-actin null primary MEFs had a mild growth 

deficiency and a slight increase in apoptosis, despite total actin levels being maintained.  

These data suggest that while γcyto-actin is largely dispensable for embryonic 

development, it does confer growth and survival advantages.  As described in Chapter 3 

and in contrast to γcyto-actin null mice, βcyto-actin null mice were early embryonic lethal.  

Together, these data indicate that βcyto-actin but not γcyto-actin is an essential gene 

required for early embryonic development.     

Given the very early lethality of βcyto-actin null embryos, it was difficult to assess 

how βcyto-actin might be important in development.  Therefore, we established a system 

for knocking out βcyto-actin in primary MEFs in order to assess the functional specificity 

of βcyto-actin in cellular processes important for development.  One key feature of early 

embryonic development is rapid cell growth and proliferation.  βcyto-Actin knockout 
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MEFs were severely growth impaired, showing no increase in cell number over a 7-day 

period.  Furthermore, βcyto-actin knockout cells exhibited a significant increase in 

apoptosis and in the percentage of multinucleate cells.  From these data, we postulate that 

growth deficiencies in the absence of βcyto-actin contribute to the early embryonic 

lethality of βcyto-actin null mice.          

 Perhaps the most well recognized role for actin during development is in 

morphogenesis, where it provides the necessary forces for cell movements.  Therefore, 

we investigated the ability of βcyto- and γcyto-actin knockout cells to migrate.  Not 

surprisingly given the normal development of γcyto-actin null mice, we did not observe 

any migratory defects in γcyto-actin null MEFs.  In contrast, migration was severely 

impaired in βcyto-actin knockout MEFs, suggesting that migration defects also contributed 

to the embryonic lethality of βcyto-actin null mice.  To determine whether βcyto-actin is 

required for cell migration in vivo, a conditional knockout approach using our βcyto-actin 

floxed allele will be necessary.  Given the relatively long half-life of actin, it will be 

difficult to assess migration events during development using conditional knockouts.  

However, cell migration is also essential in adult organisms, particularly in cells of the 

immune system; therefore, we are interested in crossing βcyto-actin floxed mice to CD4-

Cre animals (77) in order to assess whether βcyto-actin is required for T-cell migration in 

vivo.  

      The distinct phenotypes of βcyto- and γcyto-actin knockout animals and cells presented 

here and in previous work from the Ervasti laboratory (44, 45, 63) provide considerable 

evidence that the two cytoplasmic actins have unique biological roles.  Nevertheless, the 
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molecular mechanism(s) of isoform-specific functions remains elusive.  Using evidence 

from the literature, we provide here several ideas to explain how βcyto- and γcyto-actin are 

functionally distinct. 

It was recently demonstrated that the four amino acid differences between βcyto- 

and γcyto-actin confer distinct biochemical properties between the two isoforms (61).  

Using purified βcyto- and γcyto-actin produced in a recombinant baculovirus system, 

Bergeron et al. (61) provide convincing evidence that βcyto-actin is the more dynamic of 

the two isoforms. Specifically, βcyto-actin exhibited a faster monomeric nucleotide 

exchange rate, a shorter nucleation phase, a faster elongation rate, and depolymerized 

more rapidly than γcyto-actin.  These data are in line with several of the phenotypes we 

reported for βcyto-actin knockout cells.  Using kymograph analyses, we observed reduced 

protrusion and retraction frequencies as well as reduced protrusion velocity at the leading 

edge in βcyto-actin knockout cells.  Cell motility is driven by rapid polymerization and 

depolymerization of branched actin filaments at the leading edge (6), therefore our 

observations of reduced leading edge dynamics and cell motility in βcyto-actin knockout 

cells is consistent with βcyto-actin being the more dynamic isoform.  Conversely, γcyto-

actin is slower to polymerize and exhibits greater filament stability than βcyto-actin (61).  

In βcyto-actin knockout cells, we observed elevated levels of γcyto-actin along with 

increased F-actin content, which is fitting with the idea that γcyto-actin is less dynamic 

than βcyto-actin. 

Migration occurs as a result of a coordinated balance between the mechanical 

forces generated by actin polymerization at the leading edge and the resisting forces 
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generated by cell adhesions.  Actin polymerization and filament organization is tightly 

linked to focal adhesion formation and disassembly, therefore altered actin dynamics in 

βcyto-actin knockout cells could also cause changes in focal adhesion content and thus 

further contribute to the cell motility defect.  Whether focal adhesion content is altered in 

βcyto-actin knockout cells would be an interesting line of future investigation. 

In addition to cell migration, the process of cell division and cytokinesis requires 

a dynamic actin cytoskeleton.  During cell division, the actin cytoskeleton rapidly 

reorganizes such that the cell becomes rounded and a contractile ring composed of actin 

and myosin filaments forms at the cell cortex.  As the contractile ring constricts, the actin 

filaments must depolymerize in proportion to the ring’s circumference.  The requirement 

for a dynamic cytoskeleton during cytokinesis suggests that βcyto-actin may also be 

important for this process.  Indeed, we observed a significant increase in multinucleate 

cells in βcyto-actin knockout MEFs but not γcyto-actin null MEFs.  Our attempts to 

synchronize primary MEFs by serum starvation in order to more rigorously characterize 

this phenotype were unsuccessful.  Therefore, drug-induced synchronization of primary 

MEFs may be necessary to fully characterize the cytokinesis defect in βcyto-actin 

knockout cells.  We predict that cytokinesis proceeds more slowly in the absence of the 

more dynamic βcyto-actin isoform, resulting in some cells fusing together before 

cytokinesis can be completed. 

  The four amino acids that vary between βcyto- and γcyto-actin reside in the           

N-terminus.  A recent structural analysis of F-actin demonstrates that this part of the 

protein extends out from the filament where it is readily accessible to actin binding 
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proteins (ABPs) (78).  These data suggest that the divergent amino acids between the two 

isoforms could readily influence interactions with certain ABPs.  Identification of such 

proteins has been challenging due to the ubiquitous expression of βcyto- and γcyto-actin and 

the difficulty in obtaining pure populations of each.  Tzima et al. provide data that 

suggests annexin V binds specifically to γcyto-actin at the plasma membrane of platelets; 

however, their use of unverified actin-isoform specific antibodies raises some doubts 

about their results (60).  Differential binding affinities have been observed between 

muscle and cytoplasmic actins.  Specifically, several ABPs have been shown to interact 

more strongly with cytoplasmic actins than with αsk-actin, including profilin (79, 80), 

thymosin β4 (81), L-plastin (82), βcap73 (59), and Ezrin (83).  Furthermore, cofilin binds 

with greater cooperativity to cytoplasmic actin filaments than αsk-actin filaments (84).   

Whether βcyto- and γcyto-actin differentially interact with certain ABPs remains an open 

question.  With the recent establishment of a baculovirus-driven expression system for 

the two cytoplasmic actin isoforms (61), it will now be possible to biochemically analyze 

the interactions between each actin isoform and various ABPs.  As an alternative 

approach, affinity purification of actin and associated proteins from both βcyto- and γcyto-

actin knockout cell lysates followed by 2D gel electrophoresis and mass spectrometry 

may help to identify unique binding partners for each isoform.      

To test whether it is in fact the amino acid differences and not differences in 

coding or untranslated sequences that confer functional specificity, one could carry out a 

rescue experiment using “converted” actin constructs.  In such converted constructs, the 

nucleotide sequences encoding the 4 amino acids that are different between the isoforms 
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would be converted to those of the alternate isoform, leaving the remaining coding 

sequence and untranslated regions the same.  As such, a ‘βcyto-actin converted γcyto-actin’ 

construct would produce γcyto-actin protein from a construct containing mostly βcyto-actin 

coding sequences and the βcyto-actin untranslated regions (and vice versa).  If the amino 

acid differences between βcyto- and γcyto-actin do indeed confer functional specificity for 

βcyto-actin in cell migration then the ‘βcyto-actin converted γcyto-actin’ construct will not be 

able to rescue the phenotype while a ‘γcyto-actin converted βcyto-actin’ construct will.  If 

the result is reversed or only a partial rescue is observed that would indicate that coding 

sequence differences or the untranslated regions confer functional specificity.  In fact, 

there was a recent in vitro study suggesting that the differences in coding sequence 

between βcyto- and γcyto-actin confer different translation rates.  γcyto-Actin was translated 

more slowly than βcyto-actin, resulting in the exposure of a normally hidden lysine residue 

near the N-terminus, which in turn attracts the ubiquitin conjugation machinery upon 

cotranslational arginylation of γcyto-actin at the N-terminus.  Such ubiquitination leads to 

the preferential degradation of arginylated γcyto-actin (39).  

Additionally, a regulatory element in the untranslated region of βcyto-actin mRNA 

has also been suggested to confer functional specificity.  The 3’-untranslated region 

(UTR) of βcyto-actin mRNA contains a 54 nucleotide zipcode sequence not found in γcyto-

actin mRNA.  The zipcode sequence is recognized and bound by the zipcode binding 

protein 1 (ZBP1), which mediates the asymmetric localization of βcyto-actin to the leading 

edge and is thought to be important for cell motility (reviewed in (64)).  Using a rescue 

strategy, our βcyto-actin knockout cells provide an excellent model system for specifically 
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testing the importance of the βcyto-actin zipcode sequence in cell migration.  If the 

zipcode sequence is indeed important for cell motility, then a βcyto-actin construct lacking 

the zipcode sequence should be unable to rescue the migration phenotype to the same 

extent as a wild-type construct.  As an additional approach, the 3’-UTR of βcyto-actin 

could be replaced with the 3’-UTR of γcyto-actin, which does not contain the zipcode 

sequence.  Conversely, the 3’-UTR of γcyto-actin could be swapped for the 3’-UTR of 

βcyto-actin in order to assess whether γcyto-actin under the regulation of the βcyto-actin 3’-

UTR is sufficient to rescue the migration phenotype.  We predict that this will not be the 

case given the biochemical differences between the two isoforms, however, a partial 

rescue may be observed.   

It is also possible that gene expression of ABPs is dysregulated in βcyto-actin 

knockout cells, thus disrupting the normal function of actin and contributing to the 

observed phenotypes.  In support of this idea are several bodies of work that implicate a 

role for actin in gene transcription (reviewed in (9)).  First, actin has been found in 

association with chromatin-remodeling and histone acetyl transferase complexes, 

suggesting a functional link between actin and regulation of chromatin structure.  Second, 

actin is required for transcription by all three nuclear RNA polymerases, where it appears 

to play a role in multiple stages of the transcription process.  There is some evidence, 

albeit weak, that the actin isoform associated with chromatin remodeling complexes and 

RNA polymerases is βcyto-actin (85-88).  Finally, the serum response factor (SRF) gene 

regulatory pathway is tightly regulated by actin dynamics. Monomeric actin binds to 

myocardin-related transcription factors (MRTFs) and inhibits their ability to bind and 
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activate the transcription factor SRF.  Importantly, MRTFs trigger the expression of a 

subset of SRF target genes that are primarily actin regulators, thus creating an 

autoregulatory feedback circuit.  In βcyto-actin knockout cells we observed a decrease in 

the G- to F-actin ratio, indicating that the levels of G-actin are decreased.  As such, one 

would predict an upregulation of MRTF-SRF target genes.  All together, there is 

sufficient precedent for investigating perturbations in gene expression in βcyto-actin 

knockout cells.  To this end, we are interested in utilizing a Cytoskeleton Regulators RT2 

PCR Array (SA Biosciences) to compare the expression of a focused panel of genes 

between wild-type and βcyto-actin knockout MEFs.   

 Total actin expression levels were maintained in βcyto-actin knockout cells as a 

result of an upregulation of other actin isoforms.  While the most closely related γcyto-

actin isoform was predictably upregulated, αsmooth-actin expression was surprisingly 

increased as well.  This raises the possibility that elevated expression of αsmooth-actin 

contributes to the observed phenotypes in βcyto-actin knockout cells.  Indeed, αsmooth-actin 

expression has been shown to correlate with more prominent stress fibers and decreased 

cell motility (70).  Furthermore, αsmooth-actin is the most significant marker of 

myofibroblasts, a cell-type with a phenotype intermediate between fibroblasts and 

smooth muscle cells (89).  Hallmarks of the myofibroblast are the formation of 

contractile bundles composed of actin and myosin and well-developed cell-matrix 

interactions.  It is therefore plausible that the elevated expression of αsmooth-actin in βcyto-

actin knockout cells leads to a myofibroblast-like phenotype.  In order to test the extent to 

which αsmooth-actin is contributing to the phenotypes in βcyto-actin knockout cells, we are 
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interested in knocking down αsmooth-actin expression by siRNA and testing for 

phenotypic rescue.  Presumably, total actin levels will continue to be maintained as a 

result of a further increase in γcyto-actin protein expression, however, if this is not the case 

the results from such an experiment will be difficult to interpret.  

 The distinct phenotypes observed in βcyto- and γcyto-actin knockout mice and cells 

demonstrate that while βcyto- and γcyto-actin can compensate for each other to a limited 

extent, they also have unique biological functions.  The use of in vivo, tissue-specific 

ablation studies will most definitively reveal these distinct biological roles.  To this end, 

the Ervasti laboratory is currently investigating the role of βcyto- and γcyto-actin in the 

auditory and nervous system using tissue-specific knockouts.  Furthermore, we are 

working in collaboration with Dr. Yoji Shimizu to examine whether βcyto-actin is 

necessary for in vivo T-cell migration and function.  In parallel with these in vivo studies, 

the in vitro knockout culture strategy established through my thesis work provides an 

excellent model system for dissecting apart the molecular mechanism(s) that confer 

functional specificity between βcyto- and γcyto-actin.   
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Appendix 

Destabilization of the Dystrophin-Glycoprotein Complex without Functional 

Deficits in α-Dystrobrevin Null Muscle 

 

My thesis work stemmed from my initial interest in investigating unique roles for 

each cytoplasmic actin isoform in mammalian development.  Since developmental 

biology was a new area of scientific research for the Ervasti laboratory, I had decided to 

take on an additional “backup” project that more closely aligned with established areas of 

research in the Ervasti laboratory.  As such, I investigated the biochemical stability of the 

dystrophin-glycoprotein complex as well as muscle performance in α-dystrobrevin null 

mice, a previously reported dystrophic mouse model exhibiting extensive myofiber 

degeneration.  This investigation led to the surprising conclusion that instability of the 

dystrophin-glycoprotein complex and myofiber degeneration do not necessarily lead to 

altered muscle performance.  This work was co-authored with a fellow graduate student, 

Michele Jaeger, and published in PLoS One. 
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The following report is unmodified from the published article: 

 

Bunnell, T.M.1, Jaeger, M.A.1, Fitzsimons, D.P., Prins, K.W., Ervasti, J.M. (2008) 

Destabilization of the dystrophin-glycoprotein complex without functional deficits in 

α-dystrobrevin null muscle. PLoS One 3(7):e2604 

 

1 Both authors contributed equally to this work. 

 

 

 

 

 

 

 

 

 

 

Tina Bunnell performed the biochemical and whole-body tension experiments, as well as 

analyzed the ex vivo force measurement data.  Michele Jaeger performed the histological 

and immunofluorescence analyses.  Dan Fitzsimons performed the ex vivo force 

measurements.  Kurt Prins performed the treadmill exhaustion study.  Tina Bunnell and 

Michele Jaeger co-wrote the manuscript. 
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α-Dystrobrevin is a component of the dystrophin-glycoprotein complex (DGC) 

and is thought to have both structural and signaling roles in skeletal muscle. Mice 

deficient for α-dystrobrevin (adbn-/-) exhibit extensive myofiber degeneration and 

neuromuscular junction abnormalities.  However, the biochemical stability of the DGC 

and the functional performance of adbn-/- muscle have not been characterized.  Here we 

show that the biochemical association between dystrophin and β-dystroglycan is 

compromised in adbn-/- skeletal muscle, suggesting that α-dystrobrevin plays a structural 

role in stabilizing the DGC.  However, despite muscle cell death and DGC 

destabilization, costamere organization and physiological performance is normal in  

adbn-/- skeletal muscle.  Our results demonstrate that myofiber degeneration alone does 

not cause functional deficits and suggests that more complex pathological factors 

contribute to the development of muscle weakness in muscular dystrophy. 
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Introduction 

The dystrophin-glycoprotein complex (DGC) is comprised of dystrophin, the 

dystroglycans (α and β), the sarcoglycans (α, β, γ and δ), sarcospan, the syntrophins (α1, 

β1, β2) and α-dystrobrevin [1].  In skeletal muscle, this large complex of 

membrane-associated proteins links the sub-sarcolemmal actin cytoskeleton to the 

extracellular matrix and is thought to provide protection from stresses imposed during 

muscle contraction [2].  Mutations in several DGC components result in muscular 

dystrophy in both humans and a variety of animal models.  Dystrophin is one of the best 

characterized DGC proteins and its absence in humans and the mdx mouse leads to a 

destabilization of the DGC, sarcolemmal fragility, myofiber degeneration and muscle 

weakness [3].  The absence of functional sarcoglycans (α-β-γ-and δ-) or dystroglycan 

also result in muscular dystrophies with similar pathological features [4–6].   

α-Dystrobrevin is a dystrophin-related protein that binds directly to dystrophin, 

syntrophin, and the sarcoglycan complex [7–10].  In addition, α-dystrobrevin binds to the 

intermediate filament proteins syncoilin and synemin, thereby linking the DGC to the 

intermediate filament network [11,12].  The importance of α-dystrobrevin in maintaining 

healthy muscle is demonstrated by the α-dystrobrevin null (adbn-/-) mouse, which 

exhibits extensive myofiber degeneration [13].  However, several important questions 

remain regarding the function of α-dystrobrevin and the relationship of the adbn-/- muscle 

phenotype to other dystrophic animal models.  In particular, whether the absence of 

α-dystrobrevin leads to DGC instability or causes deficits in muscle function remain to 

be assessed.   
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To further investigate the consequences of α-dystrobrevin deficiency, we 

examined the biochemical stability of the DGC and also measured the in vivo and ex vivo 

physiological performance of adbn-/- muscle.  Our results suggest that the interaction 

between dystrophin and β-dystroglycan is compromised by the loss of α-dystrobrevin, 

implicating a role for α-dystrobrevin in stabilizing the DGC.  However, muscle function 

was not compromised in adbn-/- mice, which demonstrates that substantial muscle cell 

necrosis can occur without adverse effect on physiological performance. 
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Materials and Methods 

Animals  

A breeding pair of adbn-/- mice was generously provided by Dr. R. Mark Grady 

(Washington University, St. Louis, MO).  To generate adbn+/- mice for controls, we 

outcrossed an adbn-/- male (SV129J/ C57Bl/6J mixed background) to an SV129J wild-

type female to obtain adbn+/- mice.  Subsequent mating between adbn+/- and adbn-/- mice 

provided adbn-/- and littermate control adbn+/- animals.  Genotypic analyses were 

performed by standard PCR methods. 

Light and Confocal Microscopy  

For light microscopy, muscles were dissected from adbn-/- and adbn+/- 7 

month-old mice, quickly frozen in liquid nitrogen-cooled isopentane and mounted in 

O.C.T medium (TissueTek, Torrance, CA).  10 µm cryosections were cut on a Leica 

CM3050 cryostat, air-dried and stained with hematoxylin and eosin-phloxine.  Images 

were obtained on a Zeiss Axiovert 25 microscope fitted with a Leica DFC300 FX camera 

using Image Pro Plus 5.1 software.   

Costamere images were obtained according to previously described methods [23].  

Mice were trans-cardially perfused with ice-cold 2% paraformaldehyde in phosphate 

buffered saline (PBS).  Quadriceps were dissected, adhered to a cryostat chuck with 

O.C.T. medium and quickly frozen in liquid-nitrogen slush.  20 µm longitudinal 

cryosections were cut and stored at -80°C.  For confocal microscopy, sections were 

thawed, blocked for 30 minutes in PBS/BSA (PBS containing 1 mg/ml bovine serum 

albumin and 10 mM NaN3) and incubated with a 1:100 dilution of Rabbit 2 polyclonal 
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antibody to dystrophin [25] for 2 hours at room temperature.  Sections were rinsed with 

PBS/BSA, incubated with 1:200 Alexa-488-conjugated 2° antibody (Molecular Probes, 

Carlsbad, CA) for 30 minutes at room temperature and rinsed with PBS/BSA.  To 

visualize nuclei, 8 µM TO-PRO 3 iodide (Molecular Probes, Carlsbad, CA) was applied 

to sections for 5 minutes, rinsed with PBS/BSA and a coverslip applied with a drop of 

Slow-Fade Reagent (Molecular Probes, Carlsbad, CA).  Slides were viewed on an 

Olympus Fluoview 1000 inverted confocal microscope with a 60x (NA 1.4) oil objective 

at the University of Minnesota-Twin Cities Biomedical Imaging Processing Laboratory.  

Laser power and PMT voltage were adjusted so that 2° antibody alone did not produce 

signal.   

Biochemical Analysis of DGC Stability 

Skeletal muscle was dissected, snap-frozen in liquid nitrogen, and pulverized in a 

liquid nitrogen-cooled mortar and pestle.  Total muscle homogenates were prepared by 

solubilizing pulverized muscle in 1% SDS, 5 mM EGTA, and protease inhibitors for 2 

minutes at 100°C. The supernatant was collected after brief centrifugation and its protein 

concentration determined using the Bio-Rad DC Protein Assay Kit II (Bio-Rad, Hercules, 

CA).  To enrich for the DGC, pulverized muscle was solubilized in 10 volumes/g of 50 

mM Tris-HCl, 0.5 M NaCl, 1% digitonin and a cocktail of protease inhibitors for 1 hour 

at 4°C with gentle mixing.  After high-speed centrifugation, the supernatant was applied 

to a WGA-Sepharose column (Sigma-Aldrich, St. Louis, MO) pre-equilibrated with wash 

buffer (50 mM Tris-HCl, 0.5 M NaCl, 0.1% digitonin, and protease inhibitors) for 2 

hours at 4°C to enrich for dystroglycan and associated proteins.  The column was washed 
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and bound proteins eluted with Laemmli sample buffer (3% SDS and 1% 

β-mercaptoethanol) at 100°C.  Dystrophin and β-dystroglycan immunoreactivity in SDS 

muscle solubilates (50 µg total protein) and WGA elutes were measured by quantitative 

western blot analysis using the monoclonal antibodies NCL-DYS1 to dystrophin and 

NCL-b-DG to β-dystroglycan (Novocastra Laboratories Ltd, Newcastle upon Tyne, UK).  

Secondary antibodies were IRDye 800- or IRDye680-conjugated goat anti-mouse IgG 

and the fluorescent signals were detected and quantified using the Odyssey Infrared 

Imaging System (LI-COR Biosciences, Lincoln, NE).  Relative levels of dystrophin from 

WGA elutes were determined by normalizing dystrophin signals to the corresponding 

β-dystroglycan signal.  Statistical significance at p<0.05 was determined using a one-

sample t-test.      

Ex Vivo Force Measurements 

All force measurements were obtained as previously described [43] from both 

male and female mice at 2 and 7 months of age.  Experiments were conducted on both the 

right and left EDL muscle for each mouse.  The EDL muscle was dissected and one 

tendon attached to a rigid support and the other to a dual-mode servomotor.  The muscle 

was allowed to equilibrate in a Ca2+-Ringer’s solution continuously gassed with 95% 

O2/5% CO2 to maintain a pH of 7.6 at 30°C.  Platinum plate electrodes were positioned 

on either side of the muscle and stimulation induced by a single pulse lasting 200 

microseconds.  The muscle was adjusted to the optimal length (L0) at which maximal 

twitch force was achieved.  Muscle was then subjected to an ECC regimen which 

consisted of five maximal tetanic stimulations at a frequency of 150 Hertz.  Each 
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stimulation was carried out over 700 milliseconds; over the final 200 milliseconds the 

muscle was lengthened at a velocity of 0.5 L0/second resulting in a total stretch of 10% 

L0.  A five-minute recovery time was allowed between measurements.  The average force 

produced during a stretch was calculated by integrating the force-time curve and dividing 

this value by the duration of the stretch.  Work was calculated by multiplying the average 

force produced during a stretch by the length of the displacement and normalized to 

muscle mass.  Upon completion of the ECC protocol, muscle was weighed and 

subsequently bathed in 0.1% Procion orange, washed, and frozen for cryosectioning.  

Cross sectional area of each muscle was calculated according to Brooks and Faulkner 

[44] by dividing muscle wet mass by the product of  L0, the EDL fiber-to-muscle length 

constant 0.44, and 1.06 grams/centimeter3, the density of mammalian skeletal muscle 

[44].  Differences between genotypes at each time point were assessed by using a 

Student’s two-tailed t-test for independent samples to determine significance at p<0.05.                  

In Vivo Physiological Performance 

The WBT protocol was carried out as previously described [43].  A mouse was 

attached by the tail to a horizontally mounted force transducer using suture silk and 

subsequently placed in an apparatus that allowed only forward movement.  The force 

evoked by gentle tail pinches (approximately 5 pinches per minute) was recorded for 5 

minutes and the top 5 values were identified and normalized to body mass. 

Maximal exercise performance was tested on a Columbus Instruments treadmill 

with an uphill grade of 15°.  Mice were acclimated to the treadmill by running at a speed 

of 10 meters per minute for 5 minutes, three times a week, for two weeks.  To determine 
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maximal exercise performance mice were run on the treadmill for 5 minutes, at a speed of 

10 meters per minute, followed by a 1 meter per minute increase in speed every minute 

until exhaustion.  Mice were considered exhausted when they refused to stay off a shock 

bar for at least 5 seconds.  Maximal exercise capacity was determined as the average 

duration of two trials separated by two days.  Differences between adbn+/- and adbn-/- 

mice at each time point were assessed by using a Student’s two-tailed t-test for 

independent samples to determine significance at p<0.05.     
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Results  

α-dystrobrevin biochemically stabilizes the DGC 

We first assessed general histopathology by performing hematoxylin and eosin-

phloxine staining on quadriceps, gastrocnemius and tibialis anterior muscles from 7 

month old adbn+/- and adbn-/- mice (Figure 1; tibialis anterior muscle not shown).  

Consistent with the findings of Grady et al. [13], adbn-/- skeletal muscle exhibited pockets 

of centrally-nucleated fibers, indicating that muscle degeneration and regeneration had 

occurred.  Overall, approximately 50% of the fibers contained central nuclei in all muscle 

types examined.  However, unlike other animal models in which DGC components have 

been ablated [14–20], we observed no evidence of fibrosis, mononuclear cell infiltration 

or adipose deposition. 

Previous work implicated α-dystrobrevin as a linker protein between dystrophin 

and the sarcoglycan complex [10].  To assess whether α-dystrobrevin may play a 

structural role within the DGC, we measured the biochemical stability of the dystrophin-

dystroglycan interaction in adbn-/- mice.  Since it was initially reported that adbn-/- mice 

exhibit a progressive myopathy [13] we measured the biochemical stability of the DGC at 

both 2 and 7 months of age.  Western blot analysis of SDS homogenates confirmed the 

absence of α-dystrobrevin in adbn-/- muscle (Figure 2A).  Total muscle lysates from 

adbn+/- and adbn-/- muscle also exhibited comparable levels of dystrophin (Figure 2A) 

and β-dystroglycan (data not shown), consistent with reports from Grady et al. [21].  

However, upon enrichment of the DGC from digitonin-solubilized muscle by wheat germ 

agglutinin (WGA) chromatography [22], dystrophin immunoreactivity in adbn-/- muscle 
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was significantly reduced to 26% and 30% of that in adbn+/- muscle at 2 and 7 months of 

age, respectively (Figure 2B-C).  These data indicate that the biochemical interaction of 

dystrophin with the dystroglycan complex is compromised in the absence of α-

dystrobrevin.    

Costameres are structurally normal in adbn-/- muscle 

It was previously shown that the dystrophin-deficient mdx mouse exhibits altered 

costamere organization [23,24] and impaired costamere anchorage to the sarcolemma 

[25].  In addition to its association with dystrophin, α-dystrobrevin interacts both directly 

and indirectly with several intermediate filament proteins within the costameric network 

[11,12].   Similar to the mdx mouse, mice deficient for desmin, an intermediate filament 

protein that interacts indirectly with α-dystrobrevin via its association with syncoilin 

[11,26], display a loss of costamere structure in certain muscles [27].  Given that 

α-dystrobrevin interacts with proteins necessary for proper costamere formation and 

stabilizes the DGC (Figure 2), we investigated costamere organization in adbn-/- mice.  

Both wild-type and adbn-/- skeletal muscle at 7 months of age exhibited highly organized 

rectilinear costamere structures with predominate dystrophin staining at the Z-line, finer 

transverse elements in register with the M-line and longitudinal elements (Figure 3).  

These results indicate that α-dystrobrevin is not required for proper costamere 

organization.  

Physiological performance is normal in adbn-/- mice 

To investigate the functional consequences of DGC instability (Figure 2) and 

muscle cell death (Figure 1) in adbn-/- mice, we assessed ex vivo and in vivo physiological 
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performance using established techniques.  Contractile properties of isolated extensor 

digitorum longus (EDL) muscles from adbn+/- and adbn-/- mice were determined at 2 and 

7 months of age (Table 1).  At both ages, isometric twitch force and specific force did not 

significantly differ between control and null muscle.  Furthermore, adbn-/- muscle did not 

show an increased force drop after four eccentric contractions (ECCs).  Since work done 

to stretch the muscle is the best predictor of the magnitude of contraction-induced injury 

[28], we calculated the combined work from all four ECCs and did not observe a 

significant difference between adbn+/- and adbn-/- muscle.  In addition, we did not see an 

increase in Procion orange infiltration of adbn-/- myofibers compared to control after 

eccentric contractions (data not shown), indicating that sarcolemmal stability is not 

affected in adbn-/- muscle.   

Total body strength was assessed by measuring whole-body tension (WBT), 

defined as the forward pulling tension exerted by an individual mouse in response to a 

tail pinch stimulus [29].  Maximal responses (WBT1) and the average of the top five 

responses (WBT1-5) did not differ between adbn+/- and adbn-/- animals at either 2 or 7 

months of age (Figure 4A).  To evaluate the endurance capacity of adbn-/- mice, maximal 

exercise performance tests were carried out using an uphill treadmill running regimen.  

At 7 months of age adbn-/- mice displayed similar times to exhaustion as adbn+/- mice 

(Figure 4B).  Together, these data demonstrate that despite biochemical destabilization of 

the DGC and substantial muscle necrosis, adbn-/- mice exhibit normal skeletal muscle 

function.   
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Figure 1: Histology of adbn+/- and adbn-/- muscle.  Shown are representative 

hematoxylin and eosin stained sections of quadriceps and gastrocnemius muscle from 7 

month adbn+/- and adbn-/- mice.   Focal areas of centrally-nucleated fibers are evident 

throughout adbn-/- muscles, indicative of myofiber degeneration and regeneration.   
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Figure 2: α-Dystrobrevin biochemically stabilizes the DGC.  A: Representative 

immunoblots for α-dystrobrevin and dystrophin from SDS-solubilized skeletal muscle.  

B: Representative immunoblots for β-dystroglycan and dystrophin from digitonin-

solubilized skeletal muscle enriched for the DGC using WGA-chromatography.  C: 

Quantification of the relative levels of dystrophin, after normalizing to β-dystroglycan 

intensity, from muscle solubilates incubated with WGA-agarose beads.  Asterisks denotes 

a significant (one-sample t-test, p < 0.05) reduction in the levels of dystrophin.  n = 3 for 

each genotype/time point; error bars represent s.e.m.   
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Figure 2 
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Figure 3: Normal costameres in adbn-/- muscle.  Longitudinal cryosections of 

quadriceps from 7 month old mice stained with Rabbit 2 polyclonal antibody to 

dystrophin.  Nuclei are stained blue.  
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Figure 3 
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Figure 4: adbn-/- mice exhibit normal physiological performance in vivo.  A: Whole-

body tension analysis depicting averages of the maximal response (WBT1) and the top 

five responses (WBT1-5) at 2 and 7 months of age.  n ≥ 3 for each genotype/time point.  

B: Time to exhaustion during uphill treadmill running at 7 months of age.  n = 4 for each 

genotype.  No significant differences were observed.  Error bars represent s.e.m.  
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Discussion 

Since the initial observation that adbn-/- mice exhibit skeletal and cardiac muscle 

cell necrosis [13], the adbn-/- mouse has been considered an animal model for muscular 

dystrophy.  However, as muscular dystrophy is characterized by both muscle cell death 

and muscle weakness, we examined the functional performance of adbn-/- muscle.  

Surprisingly, adbn-/- muscle was indistinguishable from control muscle using both in vivo 

and ex vivo analyses.  These results were unanticipated, as adbn-/- mice exhibit an 

elevated presence of centrally-nucleated fibers similar to other mouse models of muscular 

dystrophy [13].  Although the exact cause(s) of muscle cell death and weakness in 

muscular dystrophy remains to be determined, it is reasonable to postulate that cell death 

contributes to the development of muscle weakness.  Our results suggest that a more 

complex pathomechanism underlies the decreased physiological performance associated 

with muscular dystrophies.  

 Some fundamental differences in the histological observations between adbn-/- 

mice and other DGC-associated muscular dystrophy mouse models may help to explain 

the lack of a functional deficit in adbn-/- mice.  Unlike muscle from dystrophin-, 

sarcoglycan- and dystroglycan-deficient animals [14–20], adbn-/- muscle does not exhibit 

significant fibrosis, mononuclear cell infiltration or increased membrane damage.  

Therefore, fibrosis, inflammation and membrane fragility may be factors contributing to 

the force deficits observed in dystrophic animal models.  In fact, replacement of muscle 

fibers with less elastic fibrotic connective tissue has previously been suggested to 

contribute to decreased force production [30].  Furthermore, treatment of dystrophic mice 
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and humans with corticosteroids, which is believed to help reduce inflammation, 

improves muscle function [31,32], supporting the idea that inflammation also contributes 

to muscle weakness.   

While the cause of muscle cell death in DGC-related muscular dystrophies is 

unclear, a leading hypothesis is that damage to the sarcolemma during muscle contraction 

causes a loss of calcium homeostasis, leading to activation of proteases and eventual cell 

death [33].  However, similar to our findings in adbn-/- mice, Warner et al. [34] report that 

Dp260/mdx mice exhibit muscle cell necrosis in the absence of sarcolemmal damage.  

These results indicate that sarcolemmal instability is not the sole cause of cell death.  In 

the absence of sarcolemmal fragility, it has been hypothesized that cell death in adbn-/- 

mice results from aberrant signaling.  Grady et al. [13] demonstrated a loss of 

sarcolemmal-localized neuronal nitric oxide synthase (nNOS) and impaired nNOS 

signaling in adbn-/- mice [13].  Impaired nNOS signaling leads to vasoconstriction and 

thereby decreased blood flow in active muscle [35].  Such ischemic conditions could 

explain the focal areas of necrosis observed in adbn-/- mice, which is similar to the 

histology of δ-sarcoglycan null mice in which vascular function is perturbed [36].  

However, the loss of nNOS alone is unlikely to account for the dystrophy in adbn-/- mice 

since nNOS-deficient mice are not detectably dystrophic [37].  The question therefore 

remains as to what causes cell death in the absence of sarcolemmal damage.  

Understanding the mechanism underlying muscle degeneration in adbn-/- mice may 

provide insight into the molecular and cellular requirements for muscle cell death in other 

animal models of muscular dystrophy.   
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While it has previously been proposed that α-dystrobrevin plays a structural role 

in the DGC [10–12], we provide the first direct evidence that α-dystrobrevin helps to 

biochemically stabilize the interaction of dystrophin with the dystroglycan complex.  

Prior immunohistochemical analyses in adbn-/- mice have suggested that all other DGC 

components are expressed at normal levels and localize properly to the sarcolemma [13].  

Similarly, we found that total dystrophin levels were equivalent in control and adbn-/- 

skeletal muscle extracts, but reduced by 70% in DGC-enriched fractions from adbn-/- 

muscle.  This result suggests that the association between dystrophin and the glycoprotein 

complex is compromised in the absence of α-dystrobrevin.  Although the destabilization 

of the DGC may contribute to the muscle cell necrosis in adbn-/- mice, it appears that the 

degree of dystrophin destabilization is insufficient to render the membrane susceptible to 

damage, cause costamere disorganization or alter the functional performance of the 

skeletal muscle.  Furthermore, the upregulation of the cytoskeletal protein syncoilin [38] 

may be providing compensatory structural stabilization to the sarcolemma in the absence 

of α-dystrobrevin.  

In addition to the sarcolemma, α-dystrobrevin is also enriched at the 

neuromuscular junction (NMJ).  Previous work has shown that adbn-/- mice exhibit 

defects in the maturation and maintenance of the postsynaptic membrane at the NMJ as 

the result of increased mobility and turnover of acetylcholine receptors (AChRs) [21,39].  

Similarly, dystroglycan deficiency also disrupts the organization and stability of AChR 

clusters [40].  These studies suggest that the DGC is important for anchoring AChRs at 

synapses and maintaining postsynaptic receptor density at the NMJ.  Our data illustrating 
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the instability of the DGC in adbn-/- mice provides a possible explanation for the 

increased AChR mobility.  While acetylcholinesterase (AChE) mobility is also increased 

in adbn-/- mice [41], it is unclear whether this is an indirect result of changes in AChRs or 

whether α-dystrobrevin and the DGC play a direct role in AChE stability.  Nonetheless, 

disruption of AChE stability could result in prolonged muscle hyperexcitability, which 

over time may contribute to the observed cell death in adbn-/- mice.  In support of this 

idea, mutations in the Caenorhabditis elegans dystrobrevin-like gene cause 

hypercontractility, which leads to muscle degeneration when on a sensitized background 

[42].        

Study of the adbn-/- mouse has provided insight into the pathological factors that 

contribute to the development of muscular dystrophy.  The observation that muscle cell 

necrosis and functional deficits are separable phenotypes forces us to reconsider the 

traditional view that muscle cell death is a causative factor for muscle weakness in 

muscle diseases.  Furthermore, the adbn-/- mouse suggests that membrane fragility is not 

the sole contributing factor for muscle cell death in DGC-related muscular dystrophies.  

Further studies are needed to compare the cellular and molecular differences between the 

adbn-/- mouse and other DGC-related mouse models in order to help dissect the 

mechanisms underlying the development of muscular dystrophies.      
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