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Abstract
Insulin stimulated glucose uptake requires the colocalization of myosin IIA (MyoIIA) and the
insulin-responsive glucose transporter 4 (GLUT4) at the plasma membrane for proper GLUT4
fusion. MyoIIA facilitates filamentous actin (F-actin) reorganization in various cell types. In
adipocytes F-actin reorganization is required for insulin-stimulated glucose uptake. What is not
known is whether MyoIIA interacts with F-actin to regulate insulin-induced GLUT4 fusion at the
plasma membrane. To elucidate the relationship between MyoIIA and F-actin, we examined the
colocalization of MyoIIA and F-actin at the plasma membrane upon insulin stimulation as well as
the regulation of this interaction. Our findings demonstrated that MyoIIA and F-actin colocalized
at the site of GLUT4 fusion with the plasma membrane upon insulin stimulation. Furthermore,
inhibition of MyoII with blebbistatin impaired F-actin localization at the plasma membrane. Next
we examined the regulatory role of calcium in MyoIIA-F-actin colocalization. Reduced calcium or
calmodulin levels decreased colocalization of MyoIIA and F-actin at the plasma membrane. While
calcium alone can translocate MyoIIA it did not stimulate F-actin accumulation at the plasma
membrane. Taken together, we established that while MyoIIA activity is required for F-actin
localization at the plasma membrane, it alone is insufficient to localize F-actin to the plasma
membrane.

Keywords
Myosin IIA; Filamentous actin (F-actin); Insulin-responsive glucose transporter (GLUT4);
Adipocytes; Calcium

Introduction
Insulin resistance of primarily skeletal muscle and adipose tissue is a major defect in type 2
diabetes. Insulin facilitates the translocation and fusion of insulin-responsive glucose
transporter (GLUT4)-containing vesicles to the plasma membrane to stimulate glucose
uptake [1,2]. The binding of insulin to its tyrosine kinase receptor stimulates several signal
transduction pathways, such as the phosphatidylinositol 3-kinase (PI3K), mitogen-activated
protein kinase, (MAPK), and calcium signaling pathways [3–5]. In addition to stimulating
these signaling pathways, insulin also induces cytoskeletal reorganization to facilitate the
translocation of GLUT4 vesicles from a perinuclear region to the plasma membrane as well
as GLUT4 fusion [6–8]. Cytoskeletal reorganization, specifically F-actin reorganization is
required for insulin-stimulated glucose uptake [6–9]. Since F-actin functions as a barrier at
the plasma membrane, F-actin must undergo reorganization during insulin stimulated
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glucose uptake in order for proper GLUT4 vesicle docking and fusion [6–8]. To accomplish
this function the actin cytoskeleton requires the myosin family of actin-based motor
proteins. Members of the myosin family have been shown to shuttle cargo (vesicles) along
actin filaments and also to contract actin filaments [10–18]. Contraction of the actomyosin
cytoskeleton can lead to the localized membrane remodeling required for vesicle fusion at
the plasma membrane [9,19]. Studies have shown that cortical actin remodeling must occur
in order for GLUT4 fusion with the plasma membrane [7,19]. What is not known is whether
MyoIIA interacts with cortical actin to facilitate GLUT4 vesicle fusion at the plasma
membrane.

The myosin responsible for actin filament contraction is ‘conventional’ myosin, MyoII [20].
Much of what is known about the function and regulation of MyoII comes from studies of
muscle MyoII. MyoII is a multi-subunit protein consisting of a pair of heavy chains (MHC),
a pair of essential light chains, and a pair of regulatory light chains (RLC). Binding of actin
and ATP to the globular head of the MHC initiates the motor activity of MyoII (reviewed in
[20]). Nonmuscle cells also express MyoII isoforms that function in a manner similar to
their muscle counterpart. Nonmuscle MyoII is similar to muscle MyoII, in that both are
regulated by phosphorylation of the RLC by myosin light chain kinase (MLCK) [20].
Phosphorylation of the RLC induces the binding of MyoII to F-actin [21,22]. However in
contrast to skeletal muscle MyoII, which is organized in a highly ordered and stable
arrangement with actin filaments in sarcomeres, nonmuscle MyoII is subject to changes in
localization and activation during various cellular processes [20]. Nonmuscle MyoII also
differs from muscle MyoII in that it is involved in the cytoskeletal remodeling of F-actin
[22,23]. Both these characteristics have implicated a role for nonmuscle MyoII in vesicle
transport and fusion [9]. Previous studies have suggested that there are distinct zones at the
cell cortex where myosin-dependent cytoskeletal reorganization occurs and allows for the
localized membrane remodeling required for vesicle fusion with the plasma membrane.
MyoII has been implicated in the regulation of exocytic processes in a variety of cells
including pancreatic islets [24], chromaffin cells [25] and parietal cells [26].

We and others have demonstrated that MyoII plays a role in GLUT4-mediated glucose
uptake in adipocyte [13,14,27,28]. While 3T3-L1 adipocytes express both MyoIIA and IIB
isoforms, it is the IIA isoform that is regulated by insulin-stimulation [28]. Our studies show
that insulin specifically stimulates the phosphorylation of the RLC associated with the
MyoIIA isoform via MLCK [28] to induce its recruitment from a perinuclear region to the
plasma membrane in adipocytes. We also demonstrated that GLUT4 translocates to the
plasma membrane prior to MyoIIA recruitment [14]. Colocalization of MyoIIA and GLUT4
at the plasma membrane is required for proper GLUT4-vesicle fusion [14]. Studies
inhibiting MyoIIA demonstrated that GLUT4-mediated glucose uptake did not occur even
when GLUT4 translocated to the plasma membrane due to the lack of GLUT4 vesicle
fusion. Thus, the presence of MyoIIA at the plasma membrane is necessary for GLUT4
vesicle fusion with the plasma membrane.

Insulin signaling stimulates the phosphorylation of the RLC of MyoIIA by activating
MLCK, a calcium/calmodulin [14]. Reduced intracellular calcium levels impair MLCK
phosphorylation and subsequently MyoIIA activity and translocation to the plasma
membrane as well as GLUT4 fusion [13,14,27]. While calcium plays an essential role in the
activation of MyoIIA, the role of calmodulin is still unclear. Previous studies have shown
that while calmodulin can bind MLCK without being a part of the calcium/calmodulin
complex it does not activate MLCK without calcium binding [29].

In the present study we examined the insulin-induced colocalization of MyoIIA and F-actin
at the site of GLUT4 vesicle fusion at the plasma membrane as well as the regulatory factors
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involved. Our results reveal that while MyoIIA is necessary for F-actin localization at the
plasma membrane it is not sufficient to recruit F-actin to the plasma membrane. Thus our
studies are the first to identify the relationship between MyoIIA and F-actin during insulin-
stimulated glucose uptake in adipocytes.

Materials and methods
Materials

Tissue culture reagents were obtained from Gibco (Grand Island, NY). Dexamethasone, 3-
isobytyl-1-methyl-xanthine, rhodamine-labeled phalloidin, N-(4-Aminobutyl)-5-chloro-2-
naphthalenesulfonamide hydrochloride (W13), 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA) and MyoIIA antibody were from
Sigma (St. Louis, MO). Insulin was purchased from Roche Diagnostics Corporation
(Indianapolis, IN). A-23187 and blebbistatin were obtained from Calbiochem (San Diego,
CA). GLUT4 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
enhanced chemiluminescence (ECL) detection kit and horseradish peroxidase conjugated
secondary antibodies were from Amersham Bioscience (Piscataway, NJ).

Cell culture—Confluent 3T3-L1 preadipocytes were induced to differentiate in 10% Fetal
Bovine Serum (FBS)/Dulbecco’s Modified Eagle Media (DMEM) containing 0.52 mM 3-
isobutyl 1-methyl-xanthine (MIX), 1.7 μM insulin, and 1 μM dexamethasone (DEX). After
2 days, media was changed to 10%FBS/DMEM plus 0.425 μM insulin. The media was
replaced with 10%FBS/DMEM every other day [30].

Confocal microscopy—3T3-L1 cells were cultured and differentiated on glass
coverslips. Adipocytes (Day 7–9) were serum starved for 4 h and then either left untreated
(basal), treated with 100 nM insulin (INS) or 50 μM BAPTA-AM, 100 μM blebbistatin or
70 μM W-13 for 15 min followed by 100 nM insulin for an additional 15 min. Adipocytes
were also treated with 0.1 μM A23187 for 15 min in the absence of insulin. Cells were then
fixed with 4% formaldehyde for 15 min and permeabilized with 0.1% triton X-100 for 10
min. Cells were incubated for 1 h with either MyoIIA or GLUT4 antibodies. Cells were
washed and incubated with the appropriate secondary antibodies. Rhodamine-labeled
phalloidin was used to stain F-actin. Finally, coverslips were mounted and MyoIIA, GLUT4
and F-actin were visualized by confocal microscopy. Images from three independent
experiments were quantified using Image-Pro Plus software (Silver Spring, MD).

Quantification of protein distribution at the plasma membrane—GLUT4,
MyoIIA, and F-actin levels were quantified via intensity of fluorescence both in the
cytoplasm and at the cell cortex. Intensity of fluorescence signal at the cortex and the
cytoplasm were measured and the ratio of the cortical/cytoplasmic signal was averaged for
individual cells (n=5) under various conditions. A percent change formula, [(Treatment
−Basal)/(Basal) × 100%], was used to determine the change in protein localization at the
plasma membrane.

Cytoskeletal fractionation
Cytoskeletal fractionation was performed as described previously [31]. Adipocytes (1.5 ×
106 cells) were pelleted by low speed centrifugation for 3 min. Pellets were resuspended in
equal volumes of Buffer A (0.1 M MES pH 6.8, 2.5 mM EGTA, 5 mM MgCl2, and 0.5 mM
ATP) and Buffer B (0.5% Triton X-100, 1X protease inhibitor mix and Buffer A), mixed for
5 s and then centrifuged for 1 min. The cytoskeletal pellet fraction was retained and the
proteins in the supernatant fraction (200 μL) were precipitated with acetone for 15 min on
ice and pelleted by centrifugation for 15 min.
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Immunoblot analysis
Supernatant and cytoskeletal pellets were resuspended in loading buffer and then subjected
to SDS-PAGE. Proteins were transferred to Immobilon membranes (Millipore) and then
analyzed by immunoblotting [32]. Protein bands were quantified by densitometry using
ImageQuant (version 5.2 for Windows) software.

Plasma lawn assay
Day-10 adipocytes were serum-starved for 4 h in the presence of 0.1% DMSO (vehicle) or
100 μM blebbistatin. Adipocytes were rinsed in cold PBS and incubated in poly-(L-lysine)
(0.5 mg/ml) for 1 min. Cells were then incubated in a hypotonic buffer (23 mM KCl, 10 mM
Hepes, 2 mM MgCl2, 1 mM EDTA, pH 7.5) and sonicated. Plasma membrane sheets were
incubated with rhodamine-labeled phalloidin or an anti-MyoIIA antibody and subjected to
confocal microscopy. Images from three independent experiments were quantified using
Image-Pro Plus software (Silver Spring, MD).

Results
MyoIIA and F-actin colocalize at the plasma membrane during insulin-stimulated glucose
uptake

Previous studies have shown that MyoIIA colocalizes with GLUT4 at the plasma membrane
to facilitate GLUT4 fusion in insulin-stimulated adipocytes. Similarly, insulin induces F-
actin reorganization at the cell cortex [7]. What is not known is whether MyoIIA facilitates
F-actin reorganization upon insulin stimulation. In pancreatic islets, MyoIIA and F-actin
colocalize during F-actin remodeling [33]. In order to determine if MyoIIA facilitates F-
actin reorganization we first had to establish whether MyoIIA and F-actin colocalize at the
plasma membrane upon insulin stimulation. To this end, fully differentiated 3T3-L1
adipocytes were serum starved for 4 h and then either left untreated or stimulated with
insulin. Using confocal microscopy, we observed that both MyoIIA and GLUT4 (data not
shown) translocated to the plasma membrane in the presence of insulin as shown previously
[28]. In the basal state, F-actin and MyoIIA colocalized primarily in the cytoplasm (Fig. 1A,
panels c and d, arrow indicating colocalization). Furthermore, we observed a clear insulin-
dependent co-localization of MyoIIA and F-actin at the plasma membrane (Fig. 1A, panels g
and h, arrow indicating colocalization). As shown previously, insulin induced a 30%
increase in the level of GLUT4 at the plasma membrane (Fig. 1B). Insulin also stimulated a
40% increase in MyoIIA and a 90% increase in F-actin at the plasma membrane (Fig. 1B).
Our results show that there was no difference in the signal intensity in the cytoplasm of
basal and insulin-treated adipocytes (106.5±14.06 versus 124.4±15.44, p<0.05) whereas
there was a difference at the plasma membrane (43.21±8.2 versus 80.37±10.69, p<0.05). In
complementary studies, plasma lawn assays also demonstrated a colocalization of F-actin
and MyoIIA at the plasma membrane upon insulin stimulation (Fig. 1C). Next, we wanted to
determine whether insulin increased the total levels of F-actin or reorganized the actin
present. Cell fractionation assays were performed to determine the total level of F-actin in
adipocytes in the presence and absence of insulin. As shown in Fig. 1D insulin stimulation
did not increase the levels of F-actin or MyoIIA in the pellet fraction. The soluble fractions
of both actin and MyoIIA were also detected in the supernatant fraction under both
conditions. These findings suggest that there is a redistribution of F-actin and MyoIIA
between the cytoplasm and the plasma membrane upon insulin stimulation such that there is
no net gain in the pellet fraction. It is possible that insulin induces these changes by an
assembly/disassembly mechanism of actin and MyoIIA. Furthermore since only a fraction of
the total MyoIIA is recruited to the plasma membrane, there appear to be distinct pools of
MyoIIA in the cell that respond differentially to insulin. These results demonstrate that
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MyoIIA and F-actin colocalize in proximity to the site of GLUT4 vesicle fusion with the
plasma membrane upon insulin stimulation.

Inhibition of MyoIIA impairs insulin induced F-actin localization at the plasma membrane
Our previous studies demonstrated that inhibition of MyoIIA with the MyoII specific
inhibitor, blebbistatin, impaired insulin-induced translocation of MyoIIA to the plasma
membrane as well as glucose uptake despite GLUT4 translocation to the plasma membrane
[14]. While, inhibition of MyoII activity did not prevent GLUT4 translocation to the plasma
membrane, it did impair the ability of GLUT4 to embed into the plasma membrane [14].
Since MyoII interacts with F-actin to organize cortical actin, we wanted to determine
whether MyoIIA activity is required for F-actin localization at the plasma membrane. 3T3-
L1 adipocytes were insulin stimulated in the presence or absence of 100 μM blebbistatin and
assessed for F-actin localization via confocal microscopy in both whole cells as well as
plasma lawns (Fig. 2). Our results show that insulin clearly induced localization of F-actin at
the plasma membrane as seen in whole cells as well as plasma lawns (Fig. 2, panels c and d).
We further show that inhibition of MyoII with blebbistatin impaired the insulin-stimulated
localization of F-actin at the plasma membrane (Fig. 2, panels e and f). These results suggest
that MyoII is required for F-actin localization at the plasma membrane upon insulin
stimulation.

Calcium regulates MyoIIA and F-actin colocalization at the plasma membrane
—To elucidate the mechanism regulating the insulin-induced colocalization of MyoIIA and
F-actin at the plasma membrane, we examined the role of calcium. Previous studies have
shown that Ca2+ is required for insulin-stimulated glucose uptake in adipocytes [34,35].
Furthermore, chelation of intracellular Ca2+, by 1, 2-bis (o-aminophenoxy)ethane-N,N,N′,N
′-tetraacetic acid tetra (acetoxy-methyl) ester (BAPTA-AM) impaired insulin-stimulated
glucose in adipocytes [34,35]. Our previous studies demonstrated that the Ca2+ regulated
kinase, MLCK, is required for MyoIIA translocation and GLUT4-mediated glucose uptake
[14]. Calcium has also been implicated in mediating the colocalization of MyoIIA and F-
actin to facilitate actin reorganization and subsequent docking of secretory granules to the
plasma membrane [33]. In order to determine whether calcium functions in a similar manner
during insulin-stimulated glucose uptake, mature 3T3-L1 adipocytes were subjected to
insulin stimulation in the presence or absence of 50 μM BAPTA-AM and assessed for
MyoIIA and F-actin localization via confocal microscopy (Fig. 3A). Our results show that
BAPTA-AM impaired the insulin-stimulated colocalization of MyoIIA and F-actin at the
plasma membrane (Fig. 3A, panels k and l). BAPTA-AM impaired both MyoIIA and F-actin
localization at the plasma membrane to less than half that observed during insulin
stimulation (Fig. 3B). As shown previously, BAPTA-AM impaired the translocation of
GLUT4 to the plasma membrane (Fig. 3B). These findings indicate the necessity of calcium
in the colocalization of GLUT4, MyoIIA, and F-actin at the plasma membrane.

While our studies show that calcium is necessary for MyoIIA and F-actin to colocalize at the
plasma membrane upon insulin stimulation we wanted to determine if calcium alone (in the
absence of insulin) was sufficient to colocalize MyoIIA and F-actin at the plasma membrane
of adipocytes. To increase the intracellular concentration of calcium, serum starved
adipocytes were incubated with the ionophore A23187 in the absence of insulin. Our results
demonstrate that while A23187 alone was able to stimulate translocation of MyoIIA to the
plasma membrane, it was unable to induce colocalization of MyoIIA and F-actin at the
plasma membrane (Fig. 3A, panels o and p). While as shown previously, A23187 induced
translocation of MyoIIA to the plasma membrane to the same extent as insulin (Fig. 3A,
panel n and Fig. 3C), A23187 was not able to increase the levels of F-actin at the plasma
membrane above basal levels (Fig. 3A, panel m and Fig. 3C). As expected, A23187 did not
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induce translocation of GLUT4 to the plasma membrane (Fig. 3C). Collectively, these data
indicate that while calcium is required for the colocalization of MyoIIA and F-actin at the
plasma membrane, calcium alone is not sufficient to increase the levels of F-actin at the
plasma membrane in adipocytes. Thus while insulin stimulates increases in intracellular
calcium, it must also stimulate multiple pathways to induce F-actin localization at the
plasma membrane in adipocytes. Also, these studies suggest that while MyoII is required for
F-actin localization at the plasma membrane upon insulin stimulation, the presence of
MyoIIA at the plasma membrane in the absence of insulin stimulation is insufficient to
localize F-actin at the plasma membrane.

Calmodulin is required for MyoIIA and F-actin colocalization
Since calcium is required for colocalization of MyoIIA and F-actin at the plasma membrane,
we wanted to determine if calmodulin was also involved. We used the calmodulin
antagonist, W13, to prevent the action of calcium–calmodulin complexes. A calcium–
calmodulin complex has been shown to activate MLCK, which results in the
phosphorylation of MyoIIA in other cell types [36]. Phosphorylation of MyoIIA is required
for its translocation to the plasma membrane [14]. To determine the role of calmodulin in
this process, Day 7 adipocytes were serum starved in the presence or absence of W13 and
then stimulated with insulin. As expected, MyoIIA was inhibited from localizing to the
plasma membrane when calmodulin was inactivated (Fig. 4A and B). Also, as shown
previously, GLUT4 translocation was inhibited in W13 treated adipocytes (Fig. 4B). Finally,
the presence of F-actin at the plasma membrane decreased by half when compared with
insulin stimulation alone (Fig. 4B). Collectively, these studies demonstrate the role of
calcium and calmodulin [30] in the colocalization of GLUT4, MyoIIA, and F-actin at the
plasma membrane during insulin stimulation.

Discussion
Adipocytes possess an actin ‘barrier’ at the cell cortex that must be remodeled in order to
facilitate vesicle fusion with the plasma membrane. Previous studies have demonstrated that
dynamic actin reorganization is required for GLUT4-mediated glucose uptake [7]. Actin
reorganization can be mediated by contraction of F-actin by MyoII in nonmuscle cells. In
chromaffin cells, MyoII has been shown to remodel the actin cytoskeleton to facilitate
vesicle fusion at the plasma membrane by contracting actin [25]. MyoII has also been shown
to play a role in exocytic processes in pancreatic islets [24] and parietal cells [26]. Our
previous studies demonstrated that inhibition of MyoII impaired GLUT4-mediated glucose
uptake by preventing the proper insertion of GLUT4-containg vesicles in the plasma
membrane [14]. What is not known is whether MyoIIA aids in actin remodeling by
interacting with F-actin at the site of GLUT4 vesicle fusion. The studies presented here are
the first to characterize a MyoIIA–F-actin localization at the site of insulin-induced GLUT4
fusion at the plasma membrane in adipocytes.

Insulin-stimulated glucose uptake requires not only the translocation of GLUT4-containing
vesicles but also fusion of these vesicles with the plasma membrane, a process that requires
dramatic changes in the cytoskeleton at the cell cortex [7]. Alterations in the cytoskeleton
require coordinated changes in the organization and activities of both F-actin and MyoII but
what is not known is whether a MyoIIA–F-actin complex is involved. Our studies are the
first to reveal that insulin stimulates the colocalization of MyoIIA and F-actin at the site of
GLUT4 vesicle fusion at the plasma membrane. Furthermore we demonstrate that insulin
stimulation does not alter the total levels of F-actin (Fig. 1C) but instead induces a
redistribution of F-actin to the plasma membrane. This finding is in agreement with previous
studies which demonstrated that insulin stimulated a dynamic redistribution of actin in
adipocytes [7]. Similarly, trafficking of insulin granules in β-cells requires MyoIIA mediated

Stall et al. Page 6

Exp Cell Res. Author manuscript; available in PMC 2015 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



F-actin remodeling at the plasma membrane [33]. However this remodeling is described as a
depolymerization event [33]. Since actin remodeling is a dynamic process, it may require
polymerization and depolymerization at various sites to facilitate vesicle fusion.

Our previous studies demonstrated that inhibition of MyoIIA by blebbistatin impaired its
translocation from a perinuclear location to the plasma membrane in adipocytes but did not
inhibit GLUT4 translocation [28]. While blebbistatin inhibits the ATPase activity of MyoII,
it does not inhibit the interaction between actin and MyoII [37,38]. To determine whether F-
actin localization is dependent on MyoII, we treated cells with blebbistatin. In the present
study we show that blebbistatin treatment inhibited the insulin induced increased levels of F-
actin at the plasma membrane. This may be due to the fact that MyoII can stabilize F-actin
and thus in the absence of MyoIIA at the plasma membrane F-actin is unstable and increased
levels of F-actin cannot be detected [39]. Studies are in progress to determine whether
MyoIIA alters the stability of F-actin upon insulin stimulation in adipocytes. Interestingly,
the MyoIIB isoform which is present at the plasma membrane does not appear to facilitate
insulin induced F-actin accumulation at the plasma membrane [28]. This finding is further
evidence that the two MyoII isoforms have different roles in adipocytes.

Our studies are the first to show specifically that calcium plays a role in the colocalization of
GLUT4, MyoIIA, and F-actin at the plasma membrane during insulin stimulated glucose
uptake. Furthermore, our studies employing A23187 and BAPTA-AM provided evidence
that calcium is required but not sufficient for MyoIIA and F-actin to colocalize at the plasma
membrane during insulin stimulated glucose uptake. The presence of MyoIIA at the plasma
membrane is required to colocalize F-actin to the plasma membrane but it alone is not
sufficient. These findings suggest that insulin stimulates multiple pathways to reorganize F-
actin at the plasma membrane. Our studies show that chelation of calcium reduces the levels
of both MyoIIA and F-actin at the plasma membrane even in the presence of insulin. In
contrast, raising intracellular calcium levels in the absence of insulin only increased levels of
MyoIIA at the plasma membrane.

In summary, our studies show for the first time that insulin stimulates colocalization of
MyoIIA and F-actin at the site of GLUT4 vesicle fusion at the plasma membrane of
adipocytes. We also demonstrate that impairing MyoIIA translocation to the plasma
membrane by either blebbistatin treatment or reduced calcium levels prevents increases in F-
actin at the plasma membrane. The requirement of MyoIIA to localize F-actin may facilitate
the actin reorganization required for GLUT4 vesicle fusion at the plasma membrane. The
requirement for MyoIIA suggests that it may assist with actin reorganization by both
stabilizing F-actin and also to contracting F-actin to facilitate GLUT4 vesicle fusion at the
plasma membrane. It is also possible that MyoIIA regulates F-actin turnover by acting as a
depolymerization agent [40]. Finally we demonstrated that calcium is necessary but not
sufficient in the colocalization of MyoIIA and F-actin at the plasma membrane. Collectively,
our results are the first to reveal that MyoIIA facilitates insulin-stimulated glucose uptake in
3T3-LI adipocytes by localizing F-actin to the site of GLUT4 vesicle fusion.
Characterization of the role of MyoII in GLUT4 vesicle trafficking is critical to
understanding the role of the cytoskeleton in insulin-stimulated glucose uptake and will
provide new targets for regulation.
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Fig. 1.
MyoIIA and F-actin colocalize at the plasma membrane in response to insulin. Day 7 3T3-
L1 adipocytes were serum starved for 4 h and then either left untreated (basal) or treated
with 100 nM insulin for 15 min. (A) Confocal microscopy was employed to determine the
localization of MyoIIA and F-actin as described in Materials and methods. White arrows
indicate either cytoplasmic or plasma membrane localization. (B) Distribution of GLUT4,
MyoIIA, and F-actin in the cytoplasm and at the cell cortex under basal and insulin
conditions were quantified as described in Material and methods. Briefly, ratios of
fluorescence intensity comparing the levels of protein present in the cytoplasm to the cell
cortex were determined, and then a percent difference of basal to insulin was calculated.
Images are representative of 3 independent experiments. (C) Plasma lawns were prepared
and MyoIIA and F-actin were visualized by confocal microscopy as described in Material
and methods. (D) Adipocytes were fractionated as described in Materials and methods and
pellet and supernatant proteins were subjected to SDS-PAGE, transferred and
immunoblotted for actin. Images are representative of 3 independent experiments.
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Fig. 2.
Blebbistatin decreased the level of F-actin at the plasma membrane upon insulin stimulation.
(A) Adipocytes were serum starved for 4 h and then either left untreated (Basal) or
stimulated with 100 nM insulin alone or blebbistatin (100 μM) for 15 min followed by 100
nM insulin for an additional 15 min. Whole cells and plasma lawns were prepared as
described in the Material and methods section. MyoIIA and F-actin were visualized by
confocal microscopy in whole cells and plasma lawns as described in Materials and
methods. Images are representative of 3 independent experiments.
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Fig. 3.
Calcium is required but not sufficient to colocalize MyoIIA and F-actin at the plasma
membrane. (A) 3T3-L1 adipocytes (Day 7) were serum starved for 4 h and then either left
untreated (basal), treated with 100 nM insulin for 15 min, treated with BAPTA-AM (50 μM)
for 15 min followed by 100 nM insulin for an additional 15 min or with A23187 (0.1 μM)
for 15 min in the absence of insulin. Confocal microscopy was used to determine the
localization of MyoIIA and F-actin as described in Material and methods. White arrows
indicate either cytoplasmic or cell cortex localization. Distribution of GLUT4, MyoIIA, and
F-actin localized in the cytoplasm and at the cell cortex was quantified for (B) BAPTA-AM
and (C) A23187 as described in Material and methods. Images are representative of 3
independent experiments.
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Fig. 4.
Calmodulin is required for the colocalization of MyoIIA and F-actin. (A) Mature 3T3-L1
adipocytes grown on coverslips were serum starved for 4 h and then either left untreated
(basal), treated with 100 nM insulin for 15 min, or treated with W13 (70 μM) for 15 min and
then stimulated with 100 nM insulin for 15 min. Confocal microscopy was used to visualize
the localization of MyoIIA and F-actin. White arrows indicate either cytoplasmic or cell
cortex localization. (B) Distribution of GLUT4, MyoIIA, and F-actin within the cell and at
the cortex under basal, insulin or W13 conditions was quantified as described in the
Materials and methods. Images are representative of 3 independent experiments.
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